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Resumen

Las tecnologias convencionales de tratamiento de aguas residuales (TAR) como fangos activos
0 procesos anaerobios conllevan altos costes de operacion por la necesidad de aireacion para
la oxidacién de materia organica y/o NH," o de aumentar la eliminacién de nutrientes de las
aguas para poder ser vertidas al medio, respectivamente. En este contexto, los procesos de
TAR mediante sistemas simbidticos algas-bacterias constituyen una alternativa eficiente y
medioambientalmente mas sostenible a sus homélogos bioldgicos. Gracias a esta interaccion
simbidtica, el carbono organico de las aguas residuales es oxidado por los microorganismos
heterdtrofos a CO,, el cual puede ser asimilado en forma de biomasa por las microalgas
durante la fotosintesis (en presencia de luz), junto con el carbono inorgénico y los nutrientes
contenidos en las aguas residuales (nitrégeno y fésforo, principalmente). A su vez, el oxigeno
producido durante la fotosintesis es suficiente para que los microorganismos heterdtrofos y
autétrofos puedan oxidar la materia organica y el NH," de las aguas residuales,
respectivamente, lo que representa un ahorro considerable en comparacion con los sistemas
tradicionales de aireacion mecdnica. Ademds, la biomasa generada durante este proceso tiene
un valor afiadido como materia prima para la produccion de biocombustible y/o
biofertilizante. Esta biotecnologia permite integrar el tratamiento de aguas residuales y la
limpieza de biogds o el tratamiento de gases de combustién (aprovechando el CO, de estos
gases para crecimiento algal y asi obtener una mayor eliminacidon de nutrientes de las aguas
residuales). Sin embargo, para poder aplicar esta tecnologia en las estaciones depuradoras de
aguas residuales (EDARs) y asegurar su viabilidad y sostenibilidad es necesario que se lleven a
cabo previamente algunas mejoras y optimizacién del proceso. Ademas, algunas de las
limitaciones técnicas (como el alto coste de cosechado de la biomasa algal o los altos tiempos
de residencia del agua residual requeridos para su tratamiento) deben de ser superadas. De
este modo, esta tesis se centrd tanto en la determinacién del potencial como en la superacion
de las limitaciones que presenta el TAR en sistemas algas-bacterias como paso previo a su

aplicacion a escala real.

En el Capitulo 1 se presenta el estado del arte de la biotecnologia algas-bacterias para TAR,

mientras que en el Capitulo 2 se recogen los objetivos de la tesis y su desarrollo.

Debido a la alta variabilidad en la composicion de las aguas residuales es necesario determinar
las posibles limitaciones de las mismas para ser tratadas de manera dptima por sistemas algas-
bacterias. Acorde a esta necesidad, en el Capitulo 3 se estudia la biodegradabilidad por

sistemas algas-bacterias en sistemas discontinuos y cerrados de cinco aguas residuales



agroindustriales: agua residual de procesado de patata (PW), de piscifactoria (FW), de
produccidn de piensos de animales (MW), de café (CW) y de levaduras (YW). Se eligieron estas
aguas residuales, en primer lugar, por pertenecer a agroindustrias caracteristicas de la regiéon
(Castilla-Leodn) y por sus altas concentraciones de carbono y nutrientes. También se eligieron
éstas por tener composiciones muy distintas entre ellas, lo que proporciona un amplio abanico
de posibilidades para determinar la posible aplicacion y limitaciones de sistemas algas-
bacterias aplicados a diferentes tipos de aguas residuales. Asi, se concluyé que las altas
concentraciones de NH; (=100 mg N-NH,* L™ a pH 8) y los altos pHs (210) pueden inhibir la
actividad del consorcio algal-bacteriano, por lo que para el tratamiento fotosintético éptimo
de algunas aguas residuales seria necesario diluir previamente el influente a tratar y/o
controlar el pH (normalmente con adicion de CO,). También se determiné que la relacién
Optima de composicién C/N/P (carbono/nitrogeno/fésforo) en las aguas residuales para ser
tratadas por esta biotecnologia debe ser 100/18/2 (g/g/g), siendo el carbono organico

biodegradable el principal limitante para obtener una mayor depuracién de nutrientes.

Los altos costes de cosechado de biomasa algal en sistemas convencionales (normalmente
sistemas de lagunaje en los que la biomasa se encuentra en suspension) conllevan la necesidad
de desarrollar sistemas mas efectivos de recogida de la misma. En este contexto, en el
Capitulo 4 se estudia la eliminacién de C, N y P de digestato y agua residual doméstica primaria
en dos biorreactores abiertos de 31 Ly 0.5 m” de superficie de cultivo en los que la biomasa
crece adherida a las paredes del mismo (biopelicula - crecimiento inmovilizado). Uno de los
biorreactores se operd con un periodo de luz:oscuridad de 16:8 horas con una radiacion
fotosintéticamente activa de 88+16 pmol m™ s, mientras que el otro biorreactor no se
ilumind, comparandose en este sentido la diferencia entre un reactor de biopelicula algas-
bacterias con uno de biopelicula de bacterias Unicamente. El funcionamiento de los
biorreactores sélo fue efectivo durante el tratamiento de agua residual primaria doméstica
como consecuencia de la limitacidn por carbono en el digestato. Asi, los resultados mostraron
una eliminacion similar de carbono total (organico e inorganico, 280%) en ambos sistemas e
independiente del tiempo hidraulico de residencia (THR) (3 — 10 dias). En el fotobiorreactor
iluminado, este carbono se elimind por stripping y asimilacion como biomasa algal, mientras
gue la alta actividad nitrificante en el sistema no iluminado disminuyd el pH hasta valores de
5.8, siendo la eliminacion por stripping a estos pHs el principal mecanismo de eliminacién de
carbono. Por otro lado, a pesar de que todo el NH," fue oxidado en ambos sistemas
independientemente del THR, la eliminacion de nitrégeno fue dos veces superior en el sistema

iluminado (principalmente por asimilacion como biomasa algal y stripping), mientras que el



fosforo sélo fue eliminado de forma efectiva mediante su asimilacion en forma de biomasa
algal en el sistema iluminado. Asi, las mayores eficiencias de eliminacién de C, N y P (91+3%,
70+8% y 85+9%, respectivamente) se registraron para un THR de 10 dias en el sistema
iluminado. Sin embargo, la alta tasa de evaporacién en este sistema (0.5-6.7 L m? d)
contribuyé al deterioro de la calidad del efluente. En este biorreactor (Unicamente en el
sistema iluminado porque en el sistema sin luz el crecimiento de biomasa fue despreciable) el
cosechado de biomasa algal mediante raspado mecdnico de la superficie fue efectivo y para
secar la biomasa no fue necesario centrifugar el efluente. Sin embargo, la alta eliminacién de C

y N por stripping conllevé una baja productividad de biomasa (max. 3.1gm™d™).

En el Capitulo 5, con el objetivo de aumentar la productividad en fotobiorreactores de
biopelicula y evitar tanto la eliminacién de C y N por stripping asi como las altas tasas de
evaporacion, se evalud comparativamente el funcionamiento de un fotobiorreactor de
biopelicula cerrado (tubular) y otro abierto. En ambos fotobiorreactores, con un volumen total
de 31 Ly 0.5 m” de superficie de cultivo, se traté agua residual doméstica primaria con un THR
entre 5 y 10 d bajo un periodo de luz:oscuridad de 16:8 horas a una radiacidn
fotosintéticamente activa de 74+3 umol m™ s™. Los resultados mostraron una eliminacién de
carbono organico similar en ambos sistemas (63-97%). Sin embargo, la eliminacién de carbono
inorganico y nutrientes fue siempre mds efectiva en el sistema abierto (sobre todo en cuanto a
eliminacién de P mediante su asimilaciéon en forma de biomasa algal). Como consecuencia del
pequefio didmetro de los tubos (1 cm) en el fotobiorreactor tubular, el excesivo crecimiento de
biomasa algal en las primeras fases de trabajo provocd el colapso de los mismos, lo que
conllevé una menor efectividad en el tratamiento del agua residual. De manera similar al
capitulo 4, el tratamiento mas efectivo del agua residual se registré para un THR de 10 d en el
sistema abierto, con eliminaciones de C, N y P de 89+2%, 921+5% y 96+2%, respectivamente.
Los mecanismos de eliminacidn de C, N y P fueron también los mismos que los registrados en
el capitulo anterior. Durante esta experimentacion también se concluyd que la composicion de
la biomasa algal fue bastante similar independientemente del tipo de fotobiorreactor y de las
condiciones de operacién (C: 43.1+2.3%, N: 7.6£0.7% y P: 0.9% para el sistema cerrado y C:
44.8+1.5%, N: 8.5+0.6% y P: 1.0+0.2% para el sistema abierto). Por otro lado, también se
estudio la evolucidn de la poblacién de microalgas en ambos biorreactores dependiendo de las
condiciones de operacién con el objetivo de determinar las especies de microalgas mas
efectivas para depurar el agua residual. Los resultados mostraron como en el sistema cerrado
la diversidad de especies fue menor que en el abierto como consecuencia de su menor

exposicion al ambiente. En ambos sistemas, microalgas del género Phormidium, Scenedesmus



y Chlorella fueron identificadas, lo que indico su resistencia a la contaminacién y su idoneidad

para el tratamiento de aguas residuales.

Los resultados obtenidos en los capitulos 4 y 5 mostraron la dificultad del posible escalado de
los fotobiorreactores de biopelicula. En este escenario, el escalado de fotobiorreactores
abiertos convencionales de crecimiento de biomasa algal en suspensién (en su modalidad high
rate algal ponds (HRAPs)) cuenta actualmente con un mayor nimero de estudios. Sin embargo,
son varias las limitaciones que se tienen que superar para su aplicacion final en EDARs e
industrias. Por ello, en el Capitulo 6 se operd un HRAP de 180 L en exterior (Valladolid, Espafia)
desde abril hasta octubre con el objetivo de tratar agua de piscifactoria (que después seria
combinada con agua residual urbana primaria por su limitacion en nitrégeno). Uno de los
objetivos de este trabajo fue estudiar la influencia de las condiciones ambientales de la regidn
(caracterizada por veranos muy calurosos y secos) en la calidad final del efluente tratado. Asi,
las eliminaciones de Demanda Quimica de Oxigeno (DQO), nitrégeno Kjeldahl total (NKT) y
fosforo total (PT) maximas para el agua de piscifactoria fueron de 77+9%, 83+10% y 94+6%,
respectivamente, para un THR de 10 d. El Cy N de las aguas residuales fueron eliminados por
asimilacién en forma de biomasa algal (52+12% y 74+22%, respectivamente) y volatilizacidn,
siendo el fésforo eliminado Unicamente por asimilacién como biomasa (69+23%). Debido a las
altas eliminaciones de carbono por mecanismos abidticos y las bajas cargas alimentadas, la
productividad en el sistema fue baja (max. 5 g m™ d™). El cosechado de la biomasa del efluente
se realizd en un sedimentador de 8 L con una eficacia de 82+18%, lo que conllevé una
concentracién de soélidos en suspension en el efluente final inferior a la establecida por la
normativa Europea de descarga (35 mg sdlidos suspendidos totales (SST) L™). Este método de
eliminacidn de biomasa algal representa una alternativa muy econédmica en comparacion con
técnicas fisico-quimicas o mecdnicas como centrifugacién o filtracién. La limitacidon principal
del sistema fueron las altas tasas de evaporacién, que alcanzaron maximos de 15 L m? d™ a
finales de verano. Sin embargo, y a pesar de la necesidad de seguir trabajando en la
optimizacidon de HRAPs para disminuir esta evaporacion, el escalado de este sistema con una
menor turbulencia (mediante el correcto dimensionamiento del motor) reduciria este valor

considerablemente.

La efectividad en el TAR de los sistemas algas-bacterias mostrada en los capitulos anteriores
permitié dar un paso mas e integrar con este tratamiento del agua la limpieza del biogds
obtenido en las EDARs para poder ser inyectado en las redes de gas natural o usado como
combustible en automocién. En este escenario, en el Capitulo 7 se estudio la integracion del

tratamiento de agua residual con biogas en un fotobiorreactor de 180 L interconectado a una
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columna de absorcidn de biogas de 2.5 L mediante recirculacidén del efluente liquido con un
periodo luz:oscuridad de 16:8 h y a una radiacidn fotosintéticamente activa de 104125 pmol m”
25 En el Capitulo 7.1 se traté digestato de EDAR diluido con el objetivo, en primer lugar, de
evitar la inhibicién de las microalgas por las altas concentraciones de amonio (446+101 mg N-
NH," L") y en segundo lugar, para poder trabajar en condiciones de limitacién de nutrientes y
promover la acumulacién de lipidos en las microalgas. El sistema se operd a 7 d de THR,
independientemente de la dilucion del digestato (30 o 70 veces). El biogas sintético alimentado
que se usO contenia Unicamente CO, (30%) y N, (70%). Los resultados mostraron una
eliminacion maxima de CO, del 99%, conjuntamente con una eliminacion completa de
nitrégeno y del 82% de fésforo del digestato diluido 70 veces. Sin embargo, en estas
condiciones de operacién la concentracidn de O, en el biogas tratado fue alrededor del 20%, lo
gue no seria apto en ningln caso para ser inyectado en la red (mdximo valor permitido de
0.3% segun la legislacion espafiola). Por otro lado, el contenido en lipidos de la biomasa algal
recogida fue muy bajo (2.9-11.2%) incluso en condiciones extremas de limitacion de nitrégeno,
lo que indicd que esta estrategia de operacidn no es adecuada para produccién de biodiesel.
La eficiencia de recogida de biomasa algal en el HRAP en un sedimentador de 8 L fue del 95%,
corroborando la efectividad mostrada en el capitulo 6. Finalmente, también se estudid la
evolucién de la poblacidon de microalgas, mostrandose una alta variabilidad y diversidad, sin
qgue predominara Unicamente un tipo de microalga a lo largo de toda la operacion. En el
Capitulo 7.2 se trabajo en este mismo sistema y en las mismas condiciones de iluminacion para
tratar digestato de vinaza digerida y vinaza sin digerir (ambos efluentes diluidos). En este caso,
la composicién del biogas sintético fue de CO, (29.5%), H,S (0.5%) y CH,4 (70%). Durante esta
experimentacion el objetivo principal fue disminuir la cantidad de oxigeno en el biogas
purificado. En estas condiciones, se consiguié un valor minimo de O, en el biogas depurado del
0.71£0.2% cuando la vinaza sin digerir y sin diluir se alimenté directamente en la columna de
absorcién con el fin de promover el consumo microbiano del O, disuelto para la oxidacion de
materia organica (lo que redujo la desorcion del mismo al biogas tratado) para un THR de 7 d.
En estas condiciones, la eliminacién de CO, y H,S del biogds sintético fue del 72+1% y del
100+0%, respectivamente. Sin embargo, al tratarse de un sistema abierto tuvo lugar la
desorcion del N, disuelto en el caldo de cultivo, lo que redujo la pureza final del biogas tratado
a un contenido en CH,4 (8112%) inferior a la requerida por la ley (295%). A su vez, la eliminacién
de C, N y P de la vinaza cruda diluida fue del 72+4%, 74+3% y 78+5%, respectivamente. La
méxima productividad de biomasa que se alcanzé fue de 16.9+0.7 g m™ d™*, que coincidié con
el periodo de alimentacion de vinaza cruda diluida, mientras que la eliminacion por

sedimentacion de la biomasa algal del efluente tratado fue efectiva en todas las condiciones

Vv



de operacion (98.6+0.5%). Finalmente, el estudio de las dindmicas de poblacién de microalgas
y bacterias revelé en ambos casos una alta diversidad de especies en cualquiera de las

condiciones de operacidén evaluadas.

En el Capitulo 8 se integré también el tratamiento de agua residual y de gases de combustién,
lo que tedricamente aumentaria la eliminacién de nutrientes del agua residual por aumento en
la produccién de biomasa. Esta experimentacion se realizé en exterior (Almeria, Espaia) en
fotobiorreactores de 700, 800 y 850 L de volumen total desde julio hasta diciembre y se
estudid la influencia del pH (7, 8, 9) y de la fuente de CO, para el control de pH (CO, puro o gas
de combustién) en la efectividad de tratamiento de agua residual doméstica primaria (DQO,
nitrégeno total (NT), PT y Escherichia coli), en la composicion de la biomasa algas-bacterias y
en la productividad. Los sistemas se operaron a un THR entre 2.7 y 6.7 d, lo que supuso una
disminucion considerable respecto a las experimentaciones de los capitulos anteriores. Las
eliminaciones medias de DQO, NT, PTy E. coli a lo largo de los 6 meses de operacidn fueron de
84+7%, 79+14%, 57+12% y 93+7%, respectivamente. En el rango de pH de trabajo (de 7 a 9) no
se registré variabilidad en ninguno de los parametros evaluados. Sin embargo, la adicién de
CO, de gas de combustion en vez de CO, puro mostré una ligera mejora en el tratamiento del
agua residual (posiblemente como consecuencia de una mejor eliminacién de oxigeno al estar
mas tiempo la valvula de CO, abierta para poder controlar el pH de manera adecuada).
También se comparé el funcionamiento de los fotobiorreactores con y sin adicion de CO,,
concluyéndose que en ninguno de los casos el CO, aportado por el gas de combustidn
aumenté la eliminacién de nutrientes o productividad de biomasa algal como consecuencia de
su alta tasa de eliminacién por stripping. La productividad de biomasa se mantuvo entre 17+1
gm?d*enjulioy4+0 g m? d™ en diciembre. El mayor contenido de C, N y P (64.8%, 12.6% y
2.4% respectivamente) en la biomasa se registré con adicidén de CO, de gas de combustion. Por
otro lado, la composicidn en proteinas de esta biomasa fue bastante constante a lo largo de
toda la operacidn (38.213.3%), a pesar de que la composicion en lipidos y carbohidratos fue
bastante variable (desde 5.8% a 23.0% y de 38.0% a 61.2%, respectivamente). Finalmente, la
medida del maximo rendimiento cuantico de la biomasa (Fv/Fm) mostré cémo las altas

radiaciones solares en verano (hasta 900 W m™) disminuyeron la actividad de las microalgas.

La integracién de HRAPs en EDARs ha sido propuesta como tratamiento secundario y terciario.
Por otro lado, también han sido varias las aplicaciones de la biomasa algal que se han
propuesto para revalorizar la biomasa generada durante el proceso de tratamiento. Sin
embargo, es necesario definir las etapas previas y posteriores necesarias al HRAP en EDARs

para cumplir con los limites de descarga de las aguas residuales. A su vez, en todas las
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experimentaciones realizadas con HRAPs tampoco se ha considerado el coste y manejo de los
biosdlidos durante su revalorizacion. En este contexto, en el Capitulo 9 se tuvieron en cuenta
estas limitaciones y se llevd a cabo un estudio de la implantacion de HRAPs en dos
configuraciones distintas de EDARs para una poblacién de 2000 habitantes. En la primera
configuracion, el agua cruda residual es sometida a tratamiento primario previamente al
sistema de algas y bacterias y la biomasa generada en el HRAP se separa por sedimentacion y
se digiere de manera anaerobia. En la segunda configuracién, se lleva a cabo un
pretratamiento del agua residual para eliminacion de arena Unicamente y la biomasa
producida en el HRAP se separa en un sedimentador y se seca primero en un filtro prensa y
después en un secadero solar. A pesar de la eficiente produccién de energia durante la
digestién anaerobia (10.7 € por habitante al afio), el manejo del digestato producido, asi como
su almacenamiento y transporte para utilizar en los cultivos cuando es necesario, conllevaria
elevados costes (32.5 € por habitante al afio) y la implementacidn de esta biotecnologia para
pequefias comunidades representaria un coste prohibitivo. Sin embargo, el secado de biomasa
algal en invernadero permitiria almacenar durante un afio los biosdlidos y utilizarlos en los
cultivos cuando fuera necesario y en estado sdlido, reduciendo asi hasta en 13 veces los costes

en transporte.

Finalmente, todas las conclusiones de los trabajos realizados y las propuestas de investigacion

futura derivadas de los resultados obtenidos en esta tesis se resumieron en el Capitulo 10.
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Abstract

Conventional technologies for wastewater treatment (WWT) such as activated sludge or
anaerobic digestion entail high operating costs due to the high O, requirements for organic
matter and/or NH," oxidation and to the necessity to increase nutrient removal from
anaerobically digested WW, respectively. In this context, WWT by algal-bacterial systems
constitutes a cost-efficient and environmentally friendly alternative to their biological
counterparts. Algal-bacterial photobioreactors are based on the oxidation by heterotrophic
microorganisms of the organic carbon present in the WW to CO,, which is assimilated by
microalgae during photosynthesis (in the presence of light) together with the inorganic carbon
and nutrients present in the WW (mainly nitrogen and phosphorus). The O, produced during
photosynthesis is in turn used by heterotrophic and autotrophic microorganisms to oxidize the
organic carbon and NH," from WW, respectively, which constitutes an important energy saving
compared to conventional mechanically aerated systems. Likewise, the biomass generated in
the process can be used as a feedstock for biofuel production or as a biofertilizer. On the other
hand, this biotechnology allows the integration of WWT and biogas upgrading or flue gas
treatment (the CO, content in these gases can enhanced nutrient removal by assimilation into
algal biomass). However, technical improvements and an optimization of the process must be
conducted in order to ensure its economic viability and sustainability prior to the
implementation of this technology in conventional wastewater treatment plants (WWTPs). In
this context, particular attention should be given to technical limitations such as the high
biomass harvesting cost or the high hydraulic retention time (HRT) required for WWT.
Therefore, this thesis focused on the determination of the potential and the overcoming of the

current limitations of algal-bacterial processes prior to a successful technology scale-up.

The state of the art about TAR by algal-bacterial system is presented in Chapter 1, while the

objectives and development of the thesis are summarized in Chapter 2.

The high variability in the composition of WWs entails the need to determine their potential
limitations for an optimum treatment by algal-bacterial processes. In this regard, the
biodegradability by algal-bacterial systems of five agroindustrial wastewaters (potato
processing WW (PW), fish processing WW (FW), animal feed production WW (MW), coffee
manufacturing WW (CW) and yeast production WW (YW)) was investigated in enclosed batch
biodegradation tests in Chapter 3. These WWSs were selected based on their origin
(representative agroindustries of Castilla-Ledn) and on their high concentrations of carbon and

nutrients. These WWs were also chosen based on their high variability in composition, which
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allows elucidating the range of application and limitations of algal-bacterial systems during
their WWT. The results showed that high concentrations of NH; (<100 mg N-NH," L™ at pH 8)
and high pHs (>10) inhibited the activity of the algal-bacterial consortium. In this regard, some
WWs should be previously diluted or the pH should be controlled (e.g by CO, addition) for an
effective WWT by algal-bacterial processes. The optimum C/N/P
(carbon/nitrogen/phosphorus) ratio of the WW to be treated by this biotechnology was
estimated to = 100/18/2 (g/g/g), biodegradable carbon being the main limiting component to

obtain a high nutrient removal.

The high operating cost of biomass harvesting in conventional photobioreactors (often
suspended growth high rate algal ponds (HRAPs)) requires the development of more cost-
effective harvesting techniques. Thus, the removal of C, N and P from centrate and primary
domestic WW was studied in Chapter 4 in two open bioreactors of 31 L and 0.5 m* of
cultivation surface with biomass attached onto their surfaces (biofilm), which allowed to
obtain a rapidly settling biomass with a low water content. One of the bioreactors was
operated under a light:dark illumination regime of 16h:8h at a photosynthetically active
radiation (PAR) of 88+16 pmol m™ s™, while the other bioreactor was operated under dark
conditions. Hence, this research allowed the comparison of the performance of an algal-
bacterial biofilm bioreactor and a bacterial biofilm bioreactor. The performance of the
bioreactors was only effective during primary domestic WWT as a result of the severe carbon
limitation during the treatment of centrate (similarly to chapter 3). The results showed similar
total carbon removal (organic and inorganic C removals 280%) in both systems, regardless of
the HRT (3-10 d). Carbon was removed by stripping and assimilation into biomass in the algal-
bacterial biofilm bioreactor, while the high nitrification activity in the bacterial biofilm
bioreactor decreased the pH to 5.8. Stripping at this low pH was the main C removal
mechanism. On the other hand, although complete NH," oxidation took place in both
bioreactors, N removal was twice higher in the algal-bacterial biofilm system (mainly by
assimilation into biomass and stripping). Likewise, P was only efficiently removed via
assimilation into biomass in the algal-bacterial biofilm bioreactor. In this regard, the highest C,
N and P removals (91£3%, 70+8% and 85+9%, respectively) were recorded at a HRT of 10 d in
the algal-bacterial bioreactor. However, the high water evaporation (0.5-6.7 L m? d!) of this
system contributed to the deterioration of the effluent quality. The harvesting of the biomass
by surface scratching in the algal-bacterial biofilm bioreactor (in the bacterial biofilm

bioreactor biomass growth was negligible) was effective and centrifugation was not required



to dry the biomass. Finally, the high removal of C and N by stripping resulted into a low

biomass productivity (max. 3.1gm?>d™).

In Chapter 5, the performance of an enclosed (tubular) and an open algal-bacterial biofilm
photobioreactors was compared in order to prevent the high C and N removal by striping
typically encountered in open algal-bacterial biofilm photobioreactors (and the high water
evaporation) to finally increase biomass productivity. Both photobioreactors, with a total
volume of 31 L and 0.5 m? of illuminated surface, treated primary domestic WW at a HRT
between 5 and 10 d under a light:dark illumination regime of 16h:8 h at a PAR of 74£3 pumol m’
2 s, The results showed a similar organic carbon removal in both systems regardless of the
operational conditions (63-97%). However, inorganic carbon and nutrient removal was always
higher in the open system (particularly in terms of P removal by assimilation into biomass). The
excessive algal-bacterial biomass growth during the first experimental stages caused biomass
clogging in the tubes due to their small diameter (1 cm), which resulted in a low WWT
performance. Similarly to the results obtained in Chapter 4, the most effective WWT was
recorded at a HRT of 10 d in the open photobioreactor, with C, N and P removals of 89+2%,
92+5% and 96+2%, respectively. The C, N and P removal mechanisms were also similar to
those identified in the previous chapter. During this experimental work, the biomass
composition remained constant regardless of the photobioreactor configuration and
operational conditions (C: 43.1£2.3%, N: 7.6£0.7% and P: 0.9% in the enclosed system and C:
44.8+1.5%, N: 8.5+0.6% and P: 1.0£0.2% in the open system). On the other hand, the
microalgae population dynamics were also studied in both photobioreactors with the main
objective to determine the most effective microalgae species for WWT. The results showed a
lower biodiversity in the enclosed system due to its lower risk contamination. Phormidium,
Scenedesmus and Chlorella were identified in both systems, which confirmed their high

tolerance to pollution and suitability for WWT.

The results obtained in chapters 4 and 5 highlighted the difficulty of biofilm photobioreactor
scale-up. In this context, the application at full scale of suspended growth conventional
photobioreactors (e.g HRAPs) has been more extensively investigated. However, there are still
some limitations to be overcome before their final application in conventional WWTPs and
industries. An outdoors (Valladolid, Spain) 180 L HRAP was operated from April to October in
Chapter 6 in order to treat fish farm wastewater (this WW was also combined with domestic
WW based on its low nitrogen content). This research aimed at studying the influence of the
environmental conditions of the region (characterized by warm and dry summers) on the

quality of the final treated effluent. Thus, maximum Chemical Oxygen Demand (COD), total
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kjeldahl nitrogen (TKN) and total phosphorus (TP) removal efficiencies of 77+9%, 83+10% and
9416%, respectively, were recorded at 10 d of HRT. The C and N present in the WW were
removed via assimilation into biomass (52112% and 74+22%, respectively) and stripping,
phosphorus being removed exclusively by assimilation into biomass (69+23%). The high
fraction of C removed by stripping together with low C and nutrient loading rates resulted in
low biomass productivities (max. 5 g m™ d). Biomass harvesting was conducted in an 8 L
settler located after the HRAP with a removal efficiency of 82+18%, which supported a total
suspended solid concentration in the effluent below the EU Directive for WW discharge into
the environment (35 mg total suspended solids (TSS) L™). This harvesting technique constitutes
an economic alternative to conventional physicochemical or mechanical processes such as
centrifugation or filtration. The main limitation of the system evaluated was its high water
evaporation rates, which achieved a maximum of 15 L m™ d™ by the end of the summer.
However, and despite the need to develop further strategies to decrease the water
evaporation in HRAPs, the scale-up of this system with lower turbulence (via correct engine

sizing) would significantly reduce the water footprint of the process.

The effectiveness of algal-bacterial systems for WWT shown in previous chapters supported
the integration of WWT and biogas upgrading (to produce a biomethane to be injected into
natural gas grids or used as a vehicle fuel). In this context, the integration of WWT and biogas
upgrading by algal-bacterial systems was evaluated in Chapter 7 in a photobioreactor of 180 L
interconnected via recirculation of the cultivation broth to an external absorption column of
2.5 L. The system operated under a light:dark illumination regime of 16h:8h at a PAR of 104+25
umol m? s™ using diluted centrate as a free nutrient source (Chapter 7.1). Centrate was diluted
to avoid microalgae inhibition by the high NH," concentrations of centrate (446+101 mg N-
NH," L") and to induce nutrient starvation in order to promote microalgae lipid accumulation.
The HRAP was operated at 7 d of HRT regardless of the dilution of the centrate (30 or 70
times). The synthetic biogas used in Chapter 7.1 contained CO, at 30%. The results showed a
maximum CO, removal efficiency of 99%, concomitant with nitrogen and phosphorus removal
efficiencies of 100% and 82%, respectively, using 70 times diluted centrate. However, the
concentration of O, in the upgraded biogas was =20% at these operational conditions, which
would hinder the injection of the treated biogas into natural gas grids (maximum allowed
concentration of 0.3% in Spain). On the other hand, a low lipid content (2.9-11.2%) was
recorded in the algal-bacterial biomass, even under the extreme conditions imposed by
nitrogen limitation, which revealed that this biomass was not adequate for biodiesel

production. The efficiency of biomass harvesting in an 8 L settler interconnected to the HRAP
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was 95%, which confirmed the high efficiency of natural biomass settling recorded in chapter
6. Finally, the study of the dynamics of microalgae population showed a high variability and
diversity of microalgae over the experimental period, without the predominance of a
microalga strain during HRAP operation. The same experimental system under the same
irradiation regime was operated in Chapter 7.2 for the treatment of digested vinasse and raw
vinasse (both in diluted form). The composition of the synthetic biogas was CO, (29.5%), H,S
(0.5%) and CH,4 (70%). This study was devised to decrease the O, content in the upgraded
biogas. Hence, the minimum O, concentration recorded in the upgraded biogas was 0.7+0.2%
when raw vinasse was fed directly into the absorption column (without dilution) in order to
promote the microbial consumption of the dissolved O, for organic matter oxidation (which
minimized O, desorption to the upgraded biogas) at a HRT of 7 d. At these operational
conditions, the CO, and H,S removals accounted for 72+1% and 100+0%, respectively.
However, the large amounts of N, desorbed from the cultivation broth to the upgraded biogas
due to the open configuration of HRAPs resulted into a low CH,4 concentration (81+2%), which
was significantly lower than the required for biomethane injection (295%). The C, N and P
removal efficiencies of the system for diluted raw vinasse were 72+4%, 74+3% and 78+5%,
respectively. On the other hand, a maximum biomass productivity of 16.9+0.7 g m™ d™* was
achieved when raw diluted vinasse was fed into the system, while biomass harvesting by
gravity sedimentation was effective (98.6+0.5%) regardless of the operational conditions.
Finally, the monitoring of the dynamics of microalgae and bacteria population revealed a high

microbial diversity regardless of the operational conditions.

The integration of WWT and flue gas treatment was carried out in Chapter 8, which
theoretically would increase nutrient removal efficiency in the process due to the increase in
microalgae production. This experimental research was carried out outdoors (Almeria, Spain)
in semi-industrial HRAPs of 700, 800 and 850 L from July to December. The influence of pH (7,
8 or 9) and CO, source for pH control (pure CO, or CO, from flue gas) on the efficiency of
primary domestic WWT (COD, total nitrogen (TN), TP and Escherichia coli), on the composition
of the algal-bacterial biomass and on biomass productivity was evaluated. The HRAPs were
operated at a HRT from 2.7 to 6.7 d, which entailed a significant decrease compared to
previous experimental works in HRAPs. Average COD, TN, TP and Escherichia coli removal
efficiencies of 84+7%, 79+14%, 57+12% and 93+7%, respectively, were recorded during the six
operational months. The influence of pH on the evaluated parameters in the tested range
(from 7 to 9) was negligible. However, pH control by CO, addition from flue gas showed a

slightly superior performance in WWT compared to the use of pure CO, (likely as a result of
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the enhanced dissolved O, removal from the cultivation broth mediated by the larger gas flow
rate injected). The evaluation of the photobioreactors performance with and without CO,
addition showed that CO, addition from flue gas did not increase the nutrient removal
efficiency or biomass productivity, likely due to the high extent of C removal by stripping.
Biomass productivity ranged from 17+1 g m™> d™ in July to 440 g m™ d™ in December. The
highest C, N and P biomass content (64.8%, 12.6% and 2.4%, respectively) was recorded when
pH was controlled with flue gas. On the other hand, the protein content in the biomass
remained constant (38.2+3.3%), while the lipid and carbohydrate contents ranged from 5.8%
to 23.0% and from 38.0% a 61.2%, respectively. Finally, the high values of maximum quantum
yield (Fv/Fm) revealed that the high light irradiances in summer (up to 900 W m™) induced a

decrease in microalgae activity.

The integration of HRAPs in conventional WWTPs has been considered for secondary and
tertiary treatment. Likewise, several scenarios to reuse the harvested biomass in order to
improve the economic and energy balance of this biotechnology in current WWTPs have been
proposed. However, the previous and subsequent unit operations required for integration of
HRAPs within a full WWT scheme in order to achieve the concentrations in the effluent
required by the EU Directive must be identified. Furthermore, biosolids management and their
associated costs for the revalorization of the harvested biomass in HRAPs are often
disregarded. These limitations were considered in Chapter 9 during the evaluation of the full
integration of HRAPs in conventional WWTPs under two different configurations for a
population of 2000 person equivalent. In the first configuration, the raw WW was primary
settled after pretreatment and the harvested biomass in the settler (after secondary WWT in
the HRAP) was anaerobically digested. In the second configuration, the total fixed solids were
removed before WW was introduced into the HRAP while the harvested algal-bacterial
biomass in the settler was first dewatered in a belt press and then dried in a solar drying. The
calculations showed that, despite the benefit derived from anaerobic digestion (10.7 € per
inhabitant every year), the management of the digestate (including storage and seasonal land
disposal) would imply prohibitive operating costs (32.5 € per inhabitant every year), which
could eventually compromise the implementation of this biotechnology in small populations
scenarios. On the contrary, the drying of the undigested solids would allow the storage of the
biosolids for up to 1 year and their further land application when convenient. This alternative

would reduce the transportation costs by a factor of 13.

Finally, the conclusions and future work based on the results here obtained were summarized

in Chapter 10.
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1.1 Wastewater pollution

The world human population has increased from 2.6 to 7.2 billion people from 1950 to 2015.
This growth has been mainly driven by the widespread implementation of modern medicine
and improvements in working conditions, nutrition and food quality after World War Il (Fig. 1)
(Lee, 2003). The world human population is estimated to reach 9.4 billion people by 2050 and
stabilized by 2110 when fertility rate decreases in developing countries (Pimentel and Burgess,

2015; United States Census Bureau, 2013).
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Figure 1. World human population increase (Source: United States Census Bureau, 2013): the bold line

represents the real population, while the thin line refers to the estimated population.

Wastewater (WW) generation has also increased concomitantly to the increase in world
human population (Fig. 2). Thus, WW generation worldwide (including domestic, commercial
and industrial effluents in urban areas) averaged 275 billions of m®year™ in the period 2008-
2012 (Aquastat, 2015). Despite their variable nature, WW are mainly characterized by their
high concentrations of chemical oxygen demand (COD), which range from = 400-500 mg L™ in
domestic WWSs to 350000 mg L™ in effluents from chemical industries (Metcalf and Eddy, 2003;
Wesley, 2000). WWs also present high concentrations of total suspended solids (TSS),
nitrogen, phosphorus and pathogens (the latter mainly found in domestic wastewaters)
(Rooke, 2003). Likewise, heavy metals, cyanide, toxic organics or priority pollutants (e.g.
benzene) are typically found in industrial wastewaters (Wesley, 2000). The uncontrolled
disposal of these WWs into natural water bodies such as lakes or rivers causes a severe
environmental damage derived from the depletion of dissolved oxygen concentration,

eutrophication and contamination of surface and groundwater (Wesley, 2000).
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Figure 2. Total wastewater generation (Source: Aquastat, 2015).

Other parameters of WW that can affect the quality of the natural receiving water bodies are
the pH and temperature of the effluent and its color and turbidity, which can hamper light
penetration (Metcalf and Eddy, 2003). In addition, WW disposal promotes mal odors emissions
and several human illnesses such as gastroenteritis, acute respiratory disease and eye, ear and
skin infections (Dwight et al., 2005). For instance, the total number of people affected by
diseases associated to a poor water management in the period 1998-2002 accounted for 655
and 866 per 1000 inhabitants in Burkina Faso and the Philippines, respectively (Aquastat,

2015). Therefore, a cost-efficient WW treatment is a current mandatory necessity worldwide.

1.2 Conventional technologies for wastewater treatment

The first WW management strategies were focused on domestic WW treatment because most
municipal WW generated prior to the industrial development originated from domestic
sources (Metcalf and Eddy, 2003; Rooke, 2003). The main steps, objectives and techniques
traditionally used for WW treatment are shown in Table 1 (Wesley, 2000; Rooke, 2003;
Metcalf and Eddy, 2003). A conventional wastewater treatment plant (WWTP) based on
mechanical aeration (normally activated sludge processes) for organic matter and nutrients
(mainly NH,") oxidation requires a net annual energy input of =40 kWh per population
equivalent (Meerburg et al., 2015). This demand of electricity corresponds to approximately
50%-60% of the total operating costs in conventional WWTPs, which compromises their
economic and environmental sustainability (Meerburg et al., 2015; Curtis, 2010). In addition,

activated sludge processes based on denitrification-nitrification or supplemented with
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chemical precipitation contribute to a significant loss of nutrients. On the other hand,
anaerobic processes have been also widely applied for WW and sludge treatment (Wesley,
2000; Rooke, 2003; Meerburg et al., 2015). Despite this technology allows for the production
of renewable energy in the form of biogas (with a CH, content of = 40-75%), its poor nutrient
removal capacity and the low temperatures prevailing in most European and North American
countries have limited its widespread application (Meerbug et al., 2015; Ryckebosch et al.,

2011; Wilkie and Mulbry, 2002).

Table 1. Wastewater treatment steps, objectives and conventional technologies.

WASTEWATER
TREATMENT STEP OBJECTIVE CONVENTIONAL TECHNOLOGIES
Removal of the largest particles that - Sedimentation
can cause operational problems during - Screening
PRIMARY WW treatment and removal of a - Flotation
fraction of the suspended solids and - Filtration
organic matter content in the raw WW - Chemical precipitation
- Lagoons
Removal of biodegradable organic - Aerated lagoons
SECONDARY matter (dissolved or suspension) and - Activated sludge
the remaining suspended solids - Trickling filters
- Anaerobic digesters
- Nitrification/Denitrification
Removal of nutrients (mainly nitrogen i Bl?lgﬁ:;lis:f;fehc?t?t:g;wal
TERTIARY and phosphorus) and pathogen . .p
. . - Chlorination
disinfection .
- Ozonation
-UV-treatment
Removal of toxic compounds and non- - Activated Carbon
QUATERNARY biodegradable suspended materials - Chemical Flocculation
- Osmosis
QUINARY Removal of heavy metals - Distillation
- Electrodialysis

The above mentioned limitations of conventional WW treatment technologies, together with
the higher recalcitrance of industrial wastewaters and the stricter wastewater discharge
regulations (Table 2), have promoted the development of innovative wastewater treatment
techniques (Wesley, 2000; Metcalf and Eddy, 2003; Curtis, 2000). For instance, the new
designs of membrane bioreactors producing less sludge than conventional activated sludge
processes have been successfully applied to the treatment of domestic and industrial WW,

although membrane fouling and the need for hazardous cleaning chemicals still limit the
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technical and environmental performance of this technology (Ahmad et al., 2013). Likewise,
microbial fuel cells are anaerobic systems where the organic carbon content present in the
WW is hydrolyzed, fermented and broken down into simpler compounds, whose electrons are
donated to an electrode with the concomitant production of electricity (Curtis, 2010).
However, microbial fuel cells have been only operated at a lab/pilot scale and often with
synthetic wastewater at moderate temperatures (Curtis, 2010). lon exchange-based WW
treatment allows for a successful nutrient (N-NH,", NO5, PO,*) and heavy metal removals at
the expenses of prohibitive operating costs (Bochenek et al., 2011). Other chemical techniques
such as the addition of chelating agents or metals (Al (Il1), Ca**, Fe (111) and Fe (1)) are effective
for wastewater treatment but they involve a higher ecotoxicity compared to biological
techniques (loannou et al., 2015). In this context, the development of cost-effective and
environmentally friendly technologies is a must in order to achieve a sustainable wastewater

treatment.

Table 2. Maximum COD, TN, TP and TSS concentrations allowed for WW
discharge (Directive 2000/60/EC).

Parameter Limit of discharge (mg L")
Chemical Oxygen Demand (COD) 125
Total nitrogen (TN) 15
Total phosphorus (TP) 2
Total suspended solids (TSS) 35

1.3 Algal-bacterial processes for the treatment of wastewater

Algal-bacterial processes have emerged as a promising low-cost, environmentally friendly and
sustainable biotechnology for WW treatment able to solve the main drawbacks of the above
described technologies (De Godos et al., 2009). The synergistic interactions between
photosynthesis and heterotrophic/nitrifying metabolism support the oxidation of the organic
matter and nitrogen (mainly as N-NH,") present in the wastewater into CO, and N-NOj,
respectively, using the O, photosynthetically produced. These bioreaction products, together
with the P-PO,> of the wastewater and in the presence of light, can be assimilated by
microalgae and bacteria in photobioreactors (Mufioz and Guieysse, 2006) (Fig. 3). Likewise,
microalgae-based processes allow for the removal of pathogens such as Escherichia Coli or
Vibrio cholera as a result of solar (UV) light penetration and the increase in pH and dissolved
oxygen concentrations mediated by algal photosynthesis (Heubeck et al., 2007; Craggs et al.,
2004; Schumacher et al., 2003). Furthermore, algal-bacterial processes can remove heavy

metals by biosorption or by precipitation as a consequence of the above mentioned pH
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increase (Oswald, 2003; Mufioz and Guieysse, 2006). Finally, this technology has been also
successfully applied for vet antibiotics and emerging organic contaminants removals from

livestock effluents and urban wastewaters, respectively (De Godos et al., 2012; Matamoros et

al., 2015).
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Figure 3. Algal-bacterial synergistic interactions during wastewater treatment: organic carbon and

nutrient removal concomitant with algal biomass production.

The low-cost oxygen production by microalgae offers an economic advantage compared to the
mechanical oxygenation of activated sludge processes (De Godos et al., 2009b). The higher
nutrient assimilations as a result of the high biomass production rates in algal-bacterial
photobioreactors represent another advantage over anaerobic and activated sludge processes
(De Godos et al., 2009b; Gonzalez et al., 2008). On the other hand, the high cost of reagents
acquisition for phosphorus precipitation in conventional WWTPs and the high energy
requirements for reverse osmosis applied for heavy metals removal might be overcome by
algal-bacterial processes based on the photosynthetically induced pH increase and high
biomass productivities (Wesley, 2000; Munoz and Guieysse, 2006; Kumar et al., 2015).
Likewise, algal-bacterial processes could replace the use of chlorine or ozone for pathogens
removals (Giannakis et al., 2015; Verbyla and Mihelcic, 2015). For instance, Posadas et al.
(2015) recorded average E. Coli removal efficiencies of 93+7% during secondary domestic
wastewater treatment in three outdoors photobioreactors located in Almeria (Spain) from July
to December. In this context, secondary, tertiary, quaternary and quinary conventional WW
treatment technologies showed in table 1 could be reduced eventually to one single step
process by implementing microalgae-based photobioreactors (De la Nolie et al., 1992).

The first applications of algal-bacterial systems were carried out in the mid 50’s for domestic
WW treatment in California in the open photobioreactors namely high rate algal ponds

(HRAPs) (Oswald, 1988). Since then, successive studies have extended the application of algal-



Chapter 1: Introduction

bacterial processes to industrial, agro-industrial and livestock effluents under different
photobioreactor configurations (Mufioz and Guieysse, 2006; Mufioz et al., 2009; De Godos et

al., 2009; Zamalloa, 2013).

1.3.1 Parameters influencing wastewater treatment in algal-bacterial

processes

a. Environmental parameters

a.1pH

Based on the fact that the optimum pH for bacterial growth is slightly lower than that of
microalgae (=6.5-7.5 compared to =7.5-9.0), the optimum pH for WW treatment in
photobioreactors ranges from 7 to 9 (Posadas et al., 2015; Metcalf and Eddy, 2003; Arbid et al.,
2013). The pH of the cultivation broth depends on photosynthetic activity, algal/bacterial
endogenous respiration, alkalinity and ionic composition of the target wastewater and the
activity and type of autotrophic and heterotrophic metabolisms (Park et al., 2011b). Thus, pH
increases during photosynthesis as a result of microalgae CO, uptake, and, in the absence of
pH control, this parameter can reach values of up to 11, which could even inhibit both
microalgae and bacteria activity (Posadas et al., 2014; Park and Craggs, 2010). The pH in
photobioreactors is typically controlled by CO, addition (pure CO, or flue gas) at a set point of
8 (Park et al., 2011b; Arbid et al., 2013). On the other hand, nitrifying activity decreases the pH
in photobioreactors as a result of H* release, which could eventually reduce wastewater
treatment efficiency (Metcalf and Eddy, 2003). In this context, base addition might be required
when treating wastewaters with a low alkalinity in photobioreactors operated at a high
nitrification activity (Posadas et al., 2013). On the contrary, wastewaters with a high alkalinity
(i.e. high inorganic carbon (IC) concentrations) can maintain a constant pH during WW

treatment due to their high buffer capacity (Posadas et al., 2015b; De Godos et al., 2009b).

a.2 Dissolved oxygen

Dissolved oxygen (DO) concentrations in the cultivation broth must be higher than 2 mg 0, L
in order to support high microbial rates of organic matter oxidation and nitrification (Metcalf
and Eddy, 2003). On the other hand, microalgae activity could be inhibited at oxygen
concentrations higher than 25 mg O, L™* (=300-400% higher than air saturation) (Molina et al.,
2001). Despite lower DO concentrations are typically recorded in algal-bacterial

photobioreactors treating WWs than in photosynthetic mass cultivation systems, oxygen
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saturation can reach values of up to 300% during the peak radiation hours when treating
domestic WW despite bacterial consumption (Posadas et al., 2015). In this context, oxygen
removal from the cultivation broth might be mandatory in photobioreactors in order to avoid
bacterial inhibition. O, stripping is often carried out by air sparging in enclosed columns
(enclosed systems) or in sumps (open systems, mainly HRAPs) (Molina et al., 2001; Mendoza et

al., 2013b).

a.3 Temperature

Temperature is a critical factor that affects microbial activity during WW treatment. For
instance, bacterial activity can double when temperature increases by 10°C, while at
temperatures higher than 282C the oxidation of NH," is faster than NO,™ oxidation (Metcalf and
Eddy, 2003). On the other hand, the optimum temperature range for algal-bacterial growth
has been set at 15-302C (Arbid et al., 2013; Hu, 2004), although some authors have suggested

this optimum range for microalgae growth to 28-352C (Pulz, 2001).

a.4 Irradiation

The type and intensity of culture irradiation are critical factors governing microalgae
photosynthetic activity and therefore, oxygen production, pH and nutrient fixation into
biomass (Raeesossadati et al., 2014). In this context, the photosynthetic active radiation (PAR)
corresponds to the radiation in the wavelength range (from 400 to 750 nm) supporting
photosynthesis, which represents =48% of the total solar energy (near) (Park et al., 2011b; Yen
et al., 2012). The O, production in the presence of light and the assimilation of inorganic
carbon (CO,) into algal biomass (CH,0) is described by the photosynthesis “Z scheme” (Park et
al., 2011b):

Photo-System | (PS1): 2 H,0 > 0, + 4 H* (1)
Photo-System Il (PS Il): CO, + 4 H*>CH,0 + H,0 (2)

The light energy absorbed by microalgae is first stored as NADPH, and ATP, which are then
used to produce new biomass. The photosynthetic process is the result of two sets of
interconnected light and dark reactions (Fig. 4) (Masojidek et al., 2004). Under optimum PS |
and PS Il operation, 8 electrons are necessary to carry out the complete photosynthesis with
the subsequent production of 1 mol of CH,0, which would correspond to a photosynthetic

solar conversion efficiency of 33.8% (Nphotosynthesis) (Park et al., 2011b).
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Figure 4. Basic scheme of the light and dark reactions underlying photosynthesis (Masodijek et al.,

2004).

The influence of light intensity on microalgae growth is typically described by a P/I curve

(Photosynthetic Rate/Light Intensity) accounting for three phases: i) light limitation:

microalgae P increases proportionally to | and photosynthesis is limited by the rate of photons

capture, ii) light saturation: constant microalgae P regardless of the increase in I, which

corresponds to the maximum P and in this case photosynthesis is limited by the rate of the
reactions following the capture of photons, and iii) light-inhibition: microalgae P declines at
increasing | as a result of the deactivation of key proteins in the photosynthetic systems
(Béchet et al., 2013). Light intensity must be homogeneously distributed along the entire
microalgae culture in the photobioreactor at saturation light conditions in order to maximize
biomass productivity, which is difficult to achieve at high biomass concentrations due to
mutual shading (Yen et al., 2014). Photosynthesis in most microalgae species, at the above
mentioned optimum temperature range, gets saturated at light irradiances of =200-250umol
m? s™ (Torzillo et al., 2003; Ogbonna and Tanaka, 2000; Sousa et al., 2012; Talbot et al., 1991).
This value corresponds to approximately 10% and 17% (Nsaturation) Of the summer and winter
peak outdoors light irradiances (2500 umol m™ s and =1200 umol m™ s™), respectively, in
temperate latitudes (Park et al., 2011b; Burlew, 1953). Therefore, and based on the fact that
=10-20% of the total solar radiation is lost by reflection (Nrefiection) (at the above mentioned
optimum values for microalgae cultivation) the maximum light irradiance that can be fixed by
microalgae ranges from 1.3% to 7% (also depending on the photobioreactor design) (Nrea)

(Park and Craggs, 2011b). These values were estimated using equation 3:

Nreal™ [n PAR® r]photosynthesis'(l'n reflection) ) I']saturation] -100 (3)

Based on these overall photosynthetic efficiencies (n.a), on the above mentioned light
irradiances (G) in summer and winter expressed in MJ m™? d*, and on the (E) specific heat value
of the dry algal biomass (=22.5 MJ Kg"l), the maximum algal biomass productivity (Pproductivity)
that can be achieved in HRAPs accounts for =30 g m™? d™ (Park et al., 2011b). This productivity

was calculated according to equation (4):
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GNreal (%)
P L T freal L70) 4
productivity £100 (4)

Both the rate of photosynthesis and biomass productivity, when no other factors limit or
inhibit microalgae growth, are determined by light availability in the cultivation broth (Molina
et al., 1999). Hoffman (1998) reported algal biomass productivities in HRAPs and in periphyton
photobioreactors to range between 10 and 35 g m™” d*. Likewise, Posadas et al. (2015)
recorded a maximum algal biomass productivity value of 1741 g m™? d™ and a minimum of 4+0
g m”* d " at average light irradiances of 197241230 umol m™ s™ (summer) and 12644662 pumol
m? s (winter), respectively, during secondary domestic WW treatment in pilot HRAPs located

in Almeria (Spain).

WW treatment under outdoors conditions is subjected to the daily and seasonal variations of
irradiance. Thus, microalgae growth and the oxidation of organic matter and NH," may be
limited by light during the dawn and dusk, while the culture may be photo saturated during
midday due to solar irradiances exceeding 2000 pmol m™ s™* (Molina et al., 1999). The degree
of light saturation is often quantified using the culture maximum quantum yield (Fv/Fm), which
estimates the photochemical yield of PS Il and indirectly the chlorophyll cell fluorescence
(Masojidek et al., 2004). The ratio Fv/Fm strongly decreases when light irradiance is above the
saturation limit (Torzillo et al., 2003). For example, Posadas et al. (2015) recorded a Fv/Fm
increase from 0.33+0.03 to 0.59+0.01 in a 700 L HRAP treating secondary domestic wastewater
when maximum light irradiance decreased from 3713 to 2394 pmol m™ s™. Several operational
and design strategies have been proposed in order to mitigate microalgae photoinhibition
under outdoors conditions such as: i) increasing cell density and mixing, ii) tailored design of
innovative photobioreactors to dilute the impinging irradiation or iii) searching for strains with
small antenna size able to withstand to high oxygen concentrations. However, these
approaches have resulted ineffective to mitigate photoinhibition in the long term (Torzillo et

al., 2003).

On the other hand, inhibition of bacterial nitrifiying activity has been recorded by Vergara et al.
(2016) at light irradiances higher than 250 umol m™ s™. This inhibition could have been caused
by: i) a photoxidative damage of 400-430 nm photons to the enzyme ammonium oxygenase or
its associated porphyrins co-factors, ii) an interference of the high light intensities during the
synthesis of polypeptides involved in the ammonia monooxygenase system or iii) a damage in
cytocromo-c (a protein involved in the electron transport chain). Nevertheless, this pernicious
effect is alleviated at high microalgae culture densities, which rapidly decrease the average

light irradiance within the culture.

11



Chapter 1: Introduction

a.5 Water evaporation rate

Water evaporation rates constitute another influential parameter that determines both the
performance of the open photobioreactors (effluent concentrations) and the environmental
sustainability of the process (water footprint). The evaporation rate depends on environmental
parameters such as air and water temperature, solar irradiation, relative humidity and wind
speed, photobioreactor turbulence and culture thickness (Murphy and Berberoglu, 2012).
Guieysse et al. (2013) estimated the water footprint of outdoors 25 cm deep HRAPs operated
at 7 d of hydraulic retention time (HRT) in Arid, Mediterranean, Subtropical, Temperate and
Tropical regions to 6.2, 3.6, 3.2, 2.0 and 1.3 L m™ d™, respectively. Likewise, Murphy and
Berberoglu (2012) recorded evaporation losses of 6.0, 7.3, 3.4 and 1.0 L m™ d™ in the spring,
summer, fall and winter, respectively, in algal biofilm photobioreactors at simulated
environmental conditions similar to those found in Memphis (USA). Water evaporation
prevents the increase in temperature to inhibitory values (Boelee et al., 2014). Nevertheless,
water evaporation losses could eventually compromise the quality of the treated wastewater
in open algal-bacterial photobioreactors due to the inherent increase in pollutant
concentrations in the treated effluent (Posadas et al., 2015b; Matamoros et al., 2015). Some
authors have proposed the use of cooling systems in order to decrease these high evaporative
rates or the addition of fresh water to replace water losses (Murphy and Berberoglu, 2012;
Alcantara et al., 2015b). However, these actions might compromise the environmental and

economic sustainability of microalgae-based wastewater treatment.

b. Wastewaters characteristics

b.1 Carbon, nitrogen and phosphorus composition

The carbon (C), nitrogen (N) and phosphorus (P) content of the algal-bacterial biomass
cultivated in wastewaters ranges from 40% to 60%, from 4% to 12% and from 0.5% to 2%,
respectively (Posadas et al., 2014; 2015; Dominguez Cabanelas et al.,, 2013). The type of
wastewater and the concentration of these macro nutrients can influence the final biomass
composition (Serejo et al., 2015). Posadas et al. (2014) concluded that, in the absence of
inhibitory or recalcitrant compounds, the initial C/N/P ratio of a wastewater was correlated
with its biodegradability, the optimum biodegradability ratio being 100/18/2. In this context,
most research studies evaluating wastewater treatment (domestic, industrial, agroindustrial
and livestock effluents) using microalgae-based processes were operated under carbon

limitation (Park and Craggs, 2010; Arbid et al., 2013). CO, addition from flue gas or biogas
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could partially mitigate the above mentioned carbon deficiency (Park and Craggs, 2010; Bahr

etal., 2014).

b.2 Inhibitory compounds

The presence of toxic inhibitory compounds in WW, even at moderate or low concentrations,

can severely affect the activity of microalgae and bacteria and therefore the performance of

WW treatment.

N-NH,', at concentrations higher than =100 mg N-NH," L™ and pHs =7-8, can inhibit
photosynthetic activity in some microalgae (or cyanobacteria) species (Posadas et al.,
2014). This inhibitory effect increases at high pHs based on the aqueous NH,"
equilibrium (Gonzalez et al., 2008; Alcantara et al., 2013):

NH;"+ OH > NH; + H,0 (pK,=9.25) (5)

In this context, effluents with high NH," concentrations such as livestock wastewaters
(=600-3000 mg N-NH," L?), centrates (=400-800 mg N-NH," L) or anaerobically
digested agroindustrial effluents (=600-800 mg N-NH," L) need to be previously
diluted or provided at low loading rates in order to avoid microalgae inhibition

(Posadas et al 2015c; De Godos et al., 2009; Serejo et al., 2015).

Heavy metals can inhibit bacterial growth, photosynthesis and even generate
morphological modifications in the microalgae cell walls at very low concentrations
(Mufioz and Guieysse, 2006; Gopinath et al., 2011). The most common heavy metals
found in WW include Cu, Cd, Cr, Hg, Pb and Zn (Kumar et al., 2015). Mufioz et al.
(2006) observed Chlorella sorokiniana inhibition at Cu (Il) concentrations of 2 mg L™,
while Heng et al. (2004) reported that Cd (II) and Pb (ll) inhibited the growth of

Anabeanaflos-aquae by 50% at concentrations of 0.15 and 1 pg L™, respectively.

Toxic organic pollutants such as salicylate, phenol or phenanthrene can also decrease
the activity of microalgae and bacteria (Borde et al., 2003). Microalgae have been
reported to be more easily inhibited in the presence of hazardous compounds than
their bacterial counterparts. For instance, Borde et al. (2003) found a complete
inhibition of Chlorella sorokiniana growth at 10 mg phenanthrene L*, while a
Pseudomonas strain used in symbiosis with this microalga was able to biodegraded
phenanthrene at 25 mg L. More resistant microalgae and bacterial strains to high
pollutants concentrations can be obtained by genetic manipulation, by cell adaptation

to progressively higher pollutant concentrations or by isolation of strains from heavily
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contaminated sites (Malik, 2004). For instance, Serejo et al. (2015) isolated a Chlorella
vulgaris strain from a vinasse storage pond of a sugar and ethanol industry located in
Mato Grosso do Sul (Brazil) and adapted this microalga strain to diluted anaerobically

digested vinasse collected from a food industry located in Valladolid (Spain).
c¢. Operational conditions

c.1 Hydraulic retention time

The HRT measures the average length of time that the WW remains in the photobioreactor
and directly determines the carbon and nutrient loads supplied to the photobioreactor and
therefore the biomass productivity (Arbid et al., 2013; Metcalf and Eddy, 2003). The HRT (d)

can be calculated using equation 6:

HRT =~ (6)
Q

where V is the photobioreactor volume (L) and Q the influent WW flow rate (L d!) The HRTs
reported for WW treatment in photobioreactors can range from 23 d in a 180 L indoor HRAP
treating seven times diluted centrate to 2.7 d for secondary domestic WW treatment under
outdoors conditions in Almeria (Spain) in 700-850 L HRAPs (Posadas et al., 2015; Bahr et al.,
2014). These values are significantly higher than the typical HRTs applied in activated sludge or
UASB reactors (=3-12 h and =5-24 h, respectively) (Metcalf and Eddy, 2003). Therefore, the
HRTs of algal-bacterial photobioreactors should be decreased in order to compete with the
conventional technologies in terms of footprint and investment costs. An optimization of the
HRT must be conducted for each photobioreactor configuration-wastewater-environmental
conditions scenario in order to avoid the overload or under-use the natural purification
capacity of algal-bacterial systems (Posadas et al., 2014b; Arbid et al., 2013). For instance,
Posadas et al. (2013) recorded a phosphorus removal efficiency decrease from 57+17% to
36122% when the HRT was decreased from 5.2 d to 3.1 d during secondary domestic

wastewater in a 31 L algal-biofilm photobioreactor.
¢.2 Mixing

Mixing is necessary to prevent the settling of microalgae and bacteria (which could cause
anaerobic biomass decomposition); to avoid thermal and nutritional stratification inside the
reactor; to remove the photosynthetically generated oxygen and to provide light access to

microalgae, which would ultimately determine the light regime and, therefore, biomass
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productivity in suspended cultures (Tredici, 2004). Optimum cultivation broth velocities for
biomass recirculation in HRAPs (the most conventional design for wastewater treatment in
algal-bacterial systems) range from 15 to 30 cm s™ (Tredici, 2004). Despite mixing constitutes
the higher cost of this biotechnology, the energy required for proper mixing to achieve a
successful organic matter oxidation and nitrification would be reduced from 40 KWh person
equivalent (P.E.)! y™ in activated sludge processes to = 7 KWh p.e™ y* (Posadas et al., 2016b).
Mixing also determines water evaporation losses and CO,/NHj; stripping since this parameter
directly impacts the liquid-gas mass transfer coefficient (Posadas et al., 2013). Likewise, the
mixing device is an important factor influencing the shear stress exerted on the microbial
community, which is a key issue due to the fragility of most microalgae and bacterial cells
(Barbosa et al., 2004). Mendoza et al. (2013) optimized the energy cost and liquid mixing in a
100 m length and 1 m wide channel HRAP at different depths (from 10 to 30 cm) concluding

that mixing in a HRAP takes place mainly in the sump, paddlewheel and bends.

c.3 Other operational conditions

Other operational parameters such as the external CO, supply, that can influence both the
performance of wastewater treatment in algal-bacterial processes and the extent of the

carbon and nutrient removal mechanisms are below discussed.

1.3.2 Mechanisms of C, N and P removal in algal-bacterial processes

a. Carbon removal

Assimilation into biomass (biotic) and CO, stripping (abiotic) are the major mechanisms
underlying carbon removal from wastewaters in open algal-bacterial photobioreactors
(Posadas et al.,, 2014; 2015). Inorganic carbon is assimilated by microalgae during
photosynthesis and by nitrifying bacteria according to the following biochemical processes

(Metcalf and Eddy, 2003):
4.92 CO, +0.99 H,0 + 0.15 NO5™ + 0.0094 PO,> = CHy7 004No.15Poo0sa + 1.52 O, + 0.28 H* (7)
NH;" +1.830, +1.98HCO;3 > 0.021CsH;0,N + 0.98NO3 + 1.041H,0 + 1.88H,CO3 (8)

However, the fraction of carbon assimilated by nitrifying bacteria is significantly lower than
that by microalgae and it could be in fact considered negligible even under high nitrification
activities in algal-bacterial photobioreactors (Posadas et al., 2014b). On the other hand, the

share of carbon removed by stripping is influenced by the IC concentration in the cultivation
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broth, the pH and the liquid-gas mass transfer coefficients according to the CO, equilibrium

(Metcalf and Eddy, 2003):
CO,(1)+ H,0(1)¢> H,CO3¢> HCO; ™+ H'¢> CO5* + 2H"
[PKa1(H,CO*€> HCO5™) = 6.35; pKo(HCO5 ¢> CO5”) = 10.33] (9)

The concentration of IC in the cultivation medium is determined by the IC concentration of the
inlet wastewater, the external CO, supply (if any,) the total organic carbon (TOC) oxidized by
bacteria and the IC consumption by microalgae and nitrifying bacteria (Posadas et al., 2013;
2015c). Therefore, at aqueous CO, concentrations higher than 0.38 mg L™, which corresponds
to the CO, concentration in equilibrium with the atmospheric CO, concentration, IC is removed
by stripping as a result of the positive concentration gradient from the aqueous phase to the
atmosphere. Carbon removal by this abiotic mechanism, together with the low C/N ratio of
most wastewaters, decreases the effectiveness of nutrient removal and biomass productivity
(Posadas et al., 2013). Abiotic carbon removal can contribute to more than 50% of the total C
removed from the wastewaters in open photobioreactors under low photosynthetic activities
(Posadas et al., 2013; 2015; 2016). For instance, Posadas et al. (2014b) recorded a recovery (as
harvested biomass) of only 13+4% of the total carbon removed during secondary domestic
wastewater treatment in an indoor 31 L algal-bacterial biofilm photobioreactor when the pH

decreased to 6.70.2 due to the intense nitrification activity.
b. Nitrogen removal

The nitrogen present in wastewaters can be removed by assimilation into biomass (biotic) and
by NH; stripping (abiotic) in open algal-bacterial photobioreactors (Cai et al., 2013). Despite
nitrogen assimilation into biomass can be carried out by microalgae and bacteria, an study
conducted by Posadas et al. (2013) found twice higher nutrient (N and P) removals in algal-
bacterial systems than in bacterial systems as a result of the additional photosynthetic IC
fixation by microalgae. In fact, the high HRTs required in the algal-bacterial processes to carry
out a successful wastewater treatment are due to the need to remove nitrogen (and
phosphorous) by assimilation (Alcantara et al., 2015c). Microalgae can assimilate NO3', NO, or
NH," through the biological reactions shown in figure 5, where all forms of inorganic nitrogen
are ultimately reduced to ammonium prior to being incorporated into aminoacids. Thus, NH,*
constitutes the preferred inorganic nitrogen source by microalgae and bacteria because its
assimilation involves the lower energy consumption. In this context, nitrite or nitrate

consumption by microalgae does not occur until ammonium is almost completely depleted in
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the cultivation medium (Cai et al., 2013). This facilitates microalgae cultivation in WW due to
the fact that most of the total nitrogen (TN) content in WW remains in the form of NH,"
(Metcalf and Eddy, 2003). However, under non IC limiting conditions, the faster NH," oxidation
(at DO 22 mg 0, L™) compared to N assimilation into biomass or NHs stripping often results in
the bioconversion of most of the TN content into NOs;, which involves high energy
requirements for assimilation and a decrease in the TN removal efficiencies (Posadas et al.,
2013; 2015; 2015b; Cai et al., 2013). For instance, Posadas et al. (2015) recorded a TN removal
efficiency of 75£3% when nitrification accounted for 21.6+1.0% of the TN input in a 800 L HRAP
during secondary domestic wastewater at pH 8, while this removal increased to 93+2% when
nitrification activity was suppressed as a consequence of the low outdoors temperatures (and

the negligible NH," oxidation rate promoted higher N removals by stripping).

nitrate nitrite glutamine
reductase reductase synthetase

NOy ——> NO, ——=<2 NH,/ —=> L-glutamine

¢\

NADH NAD* 6Fdeq 6Fdox ATP ADP
+ + + + + +
H* H,0 8H* 2 H,0 Glu PO,

Figure 5. Assimilation of inorganic nitrogen by microalgae (Cai et al., 2013).

Abiotic nitrogen removal takes place by NH; volatilization, which depends on the pH and
concentration of NH," in the cultivation broth and on the liquid-gas mass transfer coefficient
(Metcalf and Eddy, 2003). Based on its negligible atmospheric concentration, the NH;
concentration gradient from the cultivation broth to the atmosphere is always positive. In this
context, Posadas et al. (2015) confirmed that NH; stripping from WW has an important
contribution to TN removal in the absence of nitrification in algal-bacterial systems with low

biomass concentrations (Garcia et al., 2000b).
c. Phosphorus removal

Phosphorus (typically present in wastewaters as PO,”) can be removed by assimilation into
biomass (biotic) or by precipitation at high pHs (>9) (Cai et al., 2013; Heubeck et al., 2007).
However, assimilation into biomass often represents the only P removal mechanism during
WW treatment in algal-bacterial processes based on the optimum pH operational range (7-9)
(Posadas et al.,, 2015; 2015b). Despite P biomass composition ranges from 0.5 to 2%,
Dominguez Cabanelas et al. (2011) recorded a P content of 4% in microalgae grown in

centrate. This large P content was likely mediated by a luxury phosphorus uptake mechanism
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present in some microalgae species, which can be influenced by the phosphate concentration
in the wastewaters, the light intensity and the temperature (Powell et al., 2008; 2009;
Alcantara et al., 2013; 2015). Thus, phosphorus can be accumulated as polyphosphate by
microalgae and then used as a P reserve when the external phosphorus concentration limits
biomass growth or as an energy source (Brown and Shilton, 2014). Luxury uptake is
competitive with intracellular phosphorus assimilation to sustain microbial growth and the
optimization of the HRTs in algal ponds to boost polyphosphate accumulation during

wastewater treatment is currently under studied (Brown and Shilton, 2014).

1.3.3 Microalgae and bacteria diversity

The top 6 most pollution-tolerant genera of microalgae reported are Euglena, Oscillatoria,
Chlamydomonas, Scenedesmus, Chlorella and Nitzschia, while the top 4 most pollution-
tolerant reported microalgae species correspond to Euglena viridis, Nitzschia palea,
Oscillatoria limosa and Scenedesmus quadricauda (Palmer, 1969). In this context, different
species of Chlorophytes such as Chlorella and Scenedesmus have been tested for their
effectiveness for carbon and nutrient removals from different types of wastewater (Cai et al.,
2013). For instance, Arbid et al. (2014) evaluated the potential of Scenedesmus obliquus,
Chlorella vulgaris, Chlorella kessleri and a natural Bloom of microalgae to support the
treatment of urban and synthetic WW using air supplemented with 5% of CO,.

High microalgae diversity is often found during the continuous treatment of different types of
wastewaters under outdoors or laboratory conditions, with a higher microalgae diversity in
open systems than in enclosed as a result of the higher contamination risk (Posadas et al.,
2014b; 2015c; Garcia et al., 2000). In this context, the predominance of the inoculated
microalgae in the photobioreactors cannot be guaranteed during long term operation due to
microalgae adaptability to the environmental and operational conditions, unless extreme
cultivation conditions are employed as a selective pressure (De Godos et al., 2009). Thus,
Serejo et al. (2015) inoculated with Chlorella sp. an indoor 180 L HRAP treating diluted
anaerobically digested vinasse at 7 d of HRT and after 30 d of operation this species was
replaced by Pseudanabaena sp. Monoalgal cultures are not common during the treatment of
wastewaters in photobioreactors, despite a microalgae strain can eventually be predominant
during a certain period of time (Photograph 1) (Posadas et al., 2014b; Serejo et al., 2015). The
predominance of a target microalga species can be achieved by recirculation of the harvested

biomass as recently shown by Park et al. (2011) or at high microalgae density cultures (=2 g TSS
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L"), as are the cases of the pilot HRAPs located in Almeria and Chiclana de la Frontera (Spain)
with cultivations of Scenedesmus and Coelastrum sp., respectively (Posadas et al., 2015; All-
gas, 2013). Finally, higher microalgae diversity is typically found in outdoors cultures during
summer as a result of the higher temperatures and light irradiances favoring microalgae

growth (De Godos et al., 2009).

Photograph 1. a) Microscopic view of a microalgae consortium during secondary domestic wastewater
treatment (Predominance of Scenedesmus) (Posadas et al., 2014b); b) Microscopic view of filamentous

microalgae and bacteria flocs during centrate treatment (Posadas et al., 2016).

On the other hand, Denaturing Gradient Gel Eletrophoresis (DGGE) analyses have been
consistently carried out in algal-bacterial photobioreactors in order to determine the richness
and composition of the bacterial community supporting WW treatment. Thus, Posadas et al.
(2015c) recorded a high bacterial diversity (2.8-3.3) during the treatment of diluted
anaerobically digested vinasse in a 180 L HRAP with simultaneous biogas upgrading based on
the Shannon-Wiener diversity index (which indicates low and high bacterial diversity for 1.5
and 3.5, respectively) (McDonald, 2003). Similarly, Alcantara et al. (2015) found a high
microbial diversity (Shannon-Wiener indices of 2.6-3.5) during the evaluation of WW
treatment in a novel anoxic-aerobic algal-bacterial photobioreactor. On the contrary, Erkelens
et al. (2014) recorded a Shannon-Wiener ranging from 0.5 to 3 during Tetraselmis-based
treatment of digestate effluent. Different phyla of bacteria such as Proteobacteria, Firmicutes
and Chlamydiae have been identified during the treatment of piggery and anaerobically
digested vinasse effluents in HRAPs (Posadas et al., 2015c; Ferrero et al., 2012). Despite the
understanding provided by these preliminary results, there is still a lack of systematic studies
devoted to determine possible correlation between clusters of microalgae and bacteria during
WW treatment, which will help elucidating on the underpinning mechanisms of symbiotic

interaction between both groups. In this context, the application of advanced molecular
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techniques will enable a more detailed characterization of the structure and functionality of

the microbial populations and their mutualistic interactions.
1.4 Photobioreactors design

The optimization of photobioreactor design for wastewater treatment should be conducted
based on the prevailing environmental conditions and the target extent of the C, N and P
removal mechanisms. Thus, key factors to be considered during the construction of a lab, pilot
or industrial scale photobioreactor are the optimization of light supply (high surface/volume
ratio); the mixing and degassing efficiency (0,/CO, exchange); maximum allowed water
footprint and the carbon and nutrients supply at the minimum construction and operation
costs (Posten et al., 2009; Tredici et al., 2004). Photobioreactors can be classified according to

the type of biomass growth into suspended or biofilm systems.
a. Suspended growth photobioreactors

Suspended cell growth is the most common cultivation method for microalgae mass
production (Katarzyna et al., 2015). HRAPs and tubular photobioreactors (TPBRs) constitute
the most common open and enclosed photobioreactor configurations, respectively (Fig. 6)

(Alcantara et al., 2015c).

HRAPs have been the most applied algal-bacterial photobioreactor configuration for the
treatment of domestic (secondary or tertiary), livestock, agroindustrial and industrial WW
(Table 3) (De Godos et al., 2009; Serejo et al. 2015; Razzak et al., 2013). HRAPs, also called
raceways, are open shallow ponds with a paddle wheel to provide culture mixing and
recirculation (15-30 cm s™) and the access of microalgae to light and nutrients (De Godos et al.,
2009). The depth of the HRAPs ranges from 10 to 30 cm and some designs are provided with a
sump and bends to improve mixing, CO, supply and O, removal (Mendoza et al., 2013; 2013b).
The main advantages of this photobioreactor configuration are their relatively easy
construction and operation, and their low operational and maintenance costs, while their main
disadvantage is the low light photosynthetic efficiency (=2.5%), which results in low biomass
productivities (= 5 - 20 g m™> d) (Park et al., 2011; Saeid and Chojnacka, 2015). Typical biomass
concentrations in HRAPs range from 0.3 to 1 g TSS L™ with optimum HRTs between 3 and 10 d
(Arbid et al., 2013; Posadas et al., 2015).
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Figure 6. Photobioreactor configurations for suspended growth microalgae cultivation: a) High rate algal

pond (open system); b) Tubular photobioreactor (TPBR) (enclosed system).
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Table 3. Main results obtained during the treatment of wastewaters in HRAPs; O=outdoors; I=laboratory conditions (indoor); RE= removal efficiency.

Wastewater Gas treatment lllumination/City Volume (L) HRT (d) Relevant information Reference

HRAP A: 4-10 Annual average TN-RE = 73% (HRAP
Domestic O: Barcelona (Spain) 570 : A) and = 57% (HRAP B). NH," Garcia et al., 2000b

Al 26 B removal by stripping = 47% (HRAP
A) and = 32% (HRAP B)
Annual average COD-RE = 66-85%;
NH,"-RE summer = 99%; Emerging
HRAP A: 4 contaminant removal 2 90%:
D i - :B i ., 201
omestic O: Barcelona (Spain) 500 HRAP B: 8 caffeine, acetaminophen, Matamoros et al., 2015

ibuprofen, methyl
dihydrojasmonate, oxybenzone

COD-RE = 76211%; TKN-RE =
88+6%); P-RE: = 10%;Biomass
Swine manure - O: Valladolid (Spain) 464 10 productivity = 21-28 g m2d’; De Godos et al., 2009
Higher microalgae biodiversity in
summer than in winter

Maximum values: COD-RE = 77+9%;
TKN-RE = 83+10%; P-RE = 9416%;
Biomass productivity =5 g m?d?’;

Evaporation losses =15 L m2d*!
- = %: - = %: -
I PAR =280 pmol m2 s/ CODs-RE = 89%; TN-RE = 80%; TP

. B . o .
Synthetic sewage water light:dark cycles 12:12 h 7 7 RE = 84%; Producthn of 0.005% g  Alcantara et al., 2015b
N-N,0-g N input

CODs-RE: = 90%; TP-RE: =70-90%;

Fish farm + primary

domestic - O: Valladolid (Spain) 180 7-20

Posadas et al., 2015b

O (HRAP A): Valladolid Max. Biomass productivity = 12.7 g
(Spain); I (HRAP B): I: 4500 m2d?’ pH range = 7-8.5; Biomass
Slaughterhouse --- + 150 lux located 20 cm 75 10-15 composition: lipids (12.8-14.8%), Herndndez et al., 2016
over the surface cycles carbohydrates (12.6%-25.6%),
12:12 h proteins (45.1%-57.8%), ash (4.1%-
5.5%)

22



Chapter 1: Introduction

Wastewater

Gas treatment

lllumination/City

Volume (L)

HRT (d)

Relevant information

Reference

Secondary domestic

Diluted Centrates

Primary domestic

Secondary domestic

Swine manure

Flue gas

Flue gas

Flue gas

Flue gas

O: Cadiz (Spain)

O: Almeria (Spain)

O: Almeria (Spain)

O: Cadiz (Spain)

0: Valladolid (Spain)

530

800

700; 800; 850

533 (HRAP);
593(HRAP+S

(sump)

465

10

2.7+0.1-6.7+0.4

8;8

10

Maximum values: TN-RE = 60+£1%,;

Biomass productivity = 8.3t1.4 gm’

gt Lipid content (20.8+0.2%)

Production of microalgae at dilution

rates only lower than 30%; Biomass

concentration of =0.48 g TSS L™ at
20%; Max. TN-RE = 40%

Average values: COD-RE = 84+7%;
TN-RE = 791£14%; TP-RE =57+12%;
E. Coli-RE = 93+7%; Biomass
productivity = 4+0to 171 g m2d’;
Biomass composition: C (64.8%); N
(12.6%); P (2.4%); Proteins
(38.243.3%); lipids (6% to 23%);
carbohydrates (38% to 61%)

Maximum values (HRAP+S) TN-RE =
92.15+1.45%; TP-RE = 95.10+0.84%;
Biomass productivity = 19.77+£0.38

-2 41 . oy
g m” d~; Biomass composition: C
(40.0£1.0% to 47.5£2.05%); N
(3.240.1% to 4.2+0.2%); Lipids
(19.74£0.7% to 25.7£0.9%)

COD-RE = 56+31%; NH,"-RE =
98+1%; TP-RE <15%; Max. biomass
concentration: HRAP A (CO, flue
gas) = 500 mg VSS L; HRAP B (no
CO, flue gas) = 400 mg VVSS L™

Arbid et al., 2013b

Ledda et al., 2015

Posadas et al., 2015

Arbid et al., 2013

De Godos et al., 2010
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Wastewater

Gas treatment

lllumination/City

Volume (L)

HRT (d)

Relevant information

Reference

Diluted centrates

Diluted anaerobically
digested vinasse

Diluted centrates

Diluted anaerobically
digested vinasse / Raw
vinasse

Diluted centrates

Diluted centrates

Synthetic biogas

Synthetic biogas

Synthetic biogas

Synthetic biogas

Pure CO,

Pure CO,

I: PAR = 80 umol m?s™"/
light:dark cycles 24:0 h

I: PAR = 104425 pmol m™ s’
'/ light:dark cycles 16:8 h

I: PAR = 755 pmol m” s™/
light:dark cycles 24:0 h

I: PAR = 104+25mol m2 s/
light:dark cycles 16:8 h

O: Hamilton (New Zealand)

O: Hamilton (New Zealand)

180

180

180

180

8000

8000

23

7.4+0.3

7.4£0.2

4-8

CO,-RE: = 40£6%; H,S-RE =100%;
Biomass concentration = 0.6£0.2 g
TSS LY; pH:7

CO,-RE = 80%; H,S-RE = 100%;
Max. biomass productivity = 12+1 g
22 41 . ars
m ™~ d; Biomass composition: C
(4942%); N (9+0%); P (1£0%); High
carbohydrate content = 60%-76%

CO,-RE = 99%; TN-RE = 100%; TP-RE
= 82%; Low lipid content (2.9-
11.2%); Settler Biomass RE: 95%

CO,-RE = 72+1%; H,S-RE =
100%; Minimum O, level in the
upgraded biogas of 0.7+0.2%; TC-RE
= 72+4%; TN-RE = 74+3%; TP-RE =
78+5%; Max. biomass productivity
~16.9+0.7 g m™ d; Settler Biomass
RE = 98.6+0.5%

Recycling of harvested biomass
increased algal harvesting RE from
60 to 85% and microalgae size = 13-

30%

Max. biomass productivity = 24.7 g
m™ d; Biomass settling RE (8 d
HRT) = 83%; (4 d HRT) = 69%

Bahret al., 2014

Serejo et al., 2015

Posadas et al., 2016

Posadas et al., 2015c

Park etal., 2011

Park and Craggs, 2010
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Wastewater

Gas treatment lllumination/City Volume (L) HRT (d)

Relevant information

Reference

Primary domestic

Primary domestic

Primary domestic

2.23m’ of
cultivation
. . surface/
Pure CO, O: Hamilton (New Zealand) Different 4-9
depth:

20/30/40 cm

O: Christchurch (New

Pure CO, Zealand)

4375000 5.5-9

O: Christchurch (New

Pure CO, Zealand)

4375000 8-9

NH4"-RE: from 59+18% (40 cm
depth) to 79+3% (20 cm depth); P-
RE: from 12+10% (40 cm depth) to
34+26% (20 cm depth); pH: 9.2+0.2

(20 cm depth); 8.8+0.0 (30 cm

depth); 8.6£0.0 (40 cm depth)

Max. N-NH;"-RE = 79+13%; Ps-RE =
49+22%; pH range = 9.0+£0.4 to
9.7+.6; Maximum electron transfer
rate (ERTmay) = 1.731£0.26 pmol e
mg Chl-a*s™

BODs-RE = 50%; N-NH, -RE = 65%;
Ps-RE =19%; E. coli-RE = 2 log;
Biomass productivity: = 8 g VSS m*
d’; pH=9.1-9.3

Sutherland et al., 2014b

Sutherland et al., 2014

Cragss et al., 2012
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TPBRs have been traditionally applied to the mass cultivation of microalgae with industrial
interest using synthetic mineral salt media and external CO, supply rather than for WW
treatment mainly due to their lower contamination risk and the more efficient control of
cultivation conditions compared to their open counterparts (Grobbelaar, 2010). The optimum
diameter of the tubes in TPBRs ranges from 1 to 12 cm, since smaller diameters could cause
biomass clogging (Posadas et al., 2014b; Posten et al., 2009; Acién et al., 2012). Likewise, the
recommended linear velocity in the tubes should be between 20 and 50 cm s*, which is
commonly controlled by the use of airlift systems or centrifugal pumps (Posten et al., 2009).
Their higher ratio of illuminated surface to photobioreactor volume compared to HRAPs entails
higher photosynthetic efficiency (up to 7%) and, consequently, higher biomass concentrations
and productivities (up to 6 g TSS L™ and up to 40 g m™ d, respectively) (Posten, 2009). The
most typical HRT to support the above mentioned biomass concentrations and productivities
in these TPBRs is 3 d (Acién et al., 2012). However, the main disadvantages of TPBRs are their
high construction and operational cost (48 kWh m™ WW treated), operational issues such as
temperature control or oxygen removal and biofouling (Acién et al., 2012; Razzak et al., 2013).
In this context, Arbid et al. (2013) reported deterioration in COD removal efficiency in a 350 L
TPBR during tertiary wastewater treatment due to their high temperatures and low irradiances

as a consequence of biofouling and hydrolysis of the attached biomass into the tubes (Table 4).

The low biomass concentrations typically encountered in suspended growth photobioreactors
(<1% of dry algal biomass) entails the need to harvest large volumes of water to separate the
treated WW from the suspended biomass produced (Katarzyna et al. 2015). Furthermore, the
small size of microalgae cells, together with their strong negative surface charge and their
density similar to water, increase the difficulty to separate the suspended algal-bacterial
biomass after WW treatment (Park et al., 2011; Christenson and Sims, 2011). In this regard,
microalgae harvesting often constitutes the bottleneck of the economic sustainability of
microalgae-based WW treatment (Acién et al.,, 2012; Norsker et al., 2011). Despite the
existence of several algal biomass harvesting techniques (Table 5), harvesting by gravity
sedimentation is one of the most inexpensive and preferred techniques due to its simplicity
(Barros et al., 2015). Posadas et al. (2015c) recorded an average harvesting efficiency of
98.6+0.5% by natural biomass settling during the treatment of diluted anaerobically digested
vinasse and raw vinasse in a 180 L HRAP interconnected to a settler with a HRT of 23.5+0.3
min. Likewise, Park et al. (2011) enhanced the natural settleability of the algal biomass via
recirculation of the readily settleable algal species in an 8000 L HRAP during secondary

domestic wastewater treatment.
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Table 4. Main results obtained during the treatment of wastewaters in TBPRs; O=outdoors; |=laboratory conditions (indoor); RE= removal efficiency.

Wastewater Gas treatment lllumination/City Volume (L) HRT (d) Relevant information Reference

Maximum values: TN-RE = 87+1%.
Secondary domestic O: Cadiz (Spain) 380 10 Biomass concentration = 21.8+0.3 g Arbid et al., 2013b
m™ d; Lipid content (20.8+0.2%)

Maximum values: TN-RE = 95%;
TP-RE = 95%; Biomass productivity
. ey . =35¢g m™ d; Biomass composition: .
Secondary domestic Flue gas O: Cadiz (Spain) 330 4 C (40.0+1.0% to 47.542.05%); N Arbid et al., 2013
(3.24£0.1% to 4.2+0.2%); Lipids
(19.740.7% to 25.7+0.9%)

Production of microalgae at
dilution rates < 30%; Biomass
concentration of = 0.48 g L' at 15%
centrate dilution; Max TN-RE= 90%

Diluted Centrates Flue gas O: Almeria (Spain) 340 3 Ledda et al., 2015

No P addition/ P addition: Biomass
concentration=05gL"/=1.0gL
' TN-RE = 49.4%/ = 95.7%;
TP-RE = 99.0%/ ~99.7%

Fish farm Pure CO, O:’Il/(!:;;nr?ae:d(;he 40 Runs of 15 d Michels et al., 2014
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Table 5. Fundamentals, advantages and disadvantages of the most applied microalgal biomass harvesting techniques (De Godos et al., 2011; Barros et al., 2015;
Christenson and Sims, 2011). BREf= Biomass Recovery Efficiency

PROCESS METHOD FUNDAMENTALS ADVANTAGES DISADVANTAGES
Addition of different flocculants/coagulants
. . (chitosan, AICI; or (Fe,S0,);) to promote Simple and fast / Low energy High costs of chemical flocculants/
CHEMICAL Flocculation/Coagulation the subsequent sedimentation of requirements Adjustment of the pH of the treated WW

microalgae (BREf: = 67-99%)

Gas bubbles supplied to the cultivation

broth provide the lifting force needed for Feasible for large scale .
. . . L Often needs a previous
Flotation microalgae flotation and separation. applications/ Low space flocculation/coagulation ste
Commonly used in WW treatment requirements/ Short hydraulic & P
preceded by coagulation/flocculation retention times
processes (BREf: = 32-92%)
Centrifugation of the algal broth Fast method/ High biomass Very expensive/ High energy
Centrifugation (dewatering). Cost-effective for high value recovery efficiencies/ Suitable  requirements/ Possible cell damage due
products (BREf: = 90-96%) for all microalgal species to high shear forces
Need for a previous
MECHANICAL Microalgae filtration through a membrane High biomass recovery cosliulaitrl10no/i]’qtc;\c:Lrjrll?etrlrcl);r::epi/nz?::snegsOr
Filtration g g efficiencies/ Separation of the 88Ing

(dewatering) (BREf: = 82-98%) operating costs/ Regular cleaning of the
membrane/ High cost of the membrane

replacement and pumping

shear sensitive species

High HRT— Possibility of biomass
deterioration/ Low concentration of algae
sludge/ Settling capacity dependent on
microalgae species

Natural biomass settling. Optimum for low

G it di tati
ravity sedimentation value products (BREf: = 30-98%)

Simple and inexpensive

An electrical field is applied to the
Electrical based methods  cultivation broth and the cells (negatively
charged) are separated (BREf: = 60-99%)

Applicable to a wide variety of  High energy and investment costs/ Low
microalgal species experience available

Autoflocculation as a consequence of the
BIOLOGICAL Auto and bioflocculation pH increase mediated by the microalgal
photosynthesis (BREf: = 90%)

Changes in cellular composition/
Possibility of microbiological
contamination

Inexpensive/ Non toxic to
microalgal biomass
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b. Biofilm Photobioreactors

Algal-bacterial cells can be also confined within a matrix (enclosure method) or in a biofilm
attached onto the photobioreactor’s surface (non-enclosure method) (Posadas et al., 2013;
Katarzyna et al., 2015). However, the high price of immobilization materials (e. g. carrageenan,
chitosan and alginate) and their structural weakness during long term operation (particularly
at high PO,> concentrations) have promoted a major development of non-enclosure methods
(Hoffmann, 1998; De Godos et al., 2009b; Mufioz et al., 2009).

Biofilm photobioreactors allow for an efficient carbon and nutrient removals from different
WW such as secondary or tertiary domestic effluents, digested and raw manure effluents and
industrial WW at low HRTs (Boelee et al., 2011; Zamalloa et al., 2013; Craggs et al; 1996;
Kebede et al., 2004). This photobioreactor design prevents from biomass washout and offers
microalgae protection against pollutant toxicity due to the diffusional gradients established
within the biofilm (Hoffman, 1998). Microalgae can be harvested by scratching the biofilm
surface in open algal turf scrubbers or by settling after biofilm detachment (Posadas et al.,
2013; 2014b; Boeele et al., 2011). However, biofilm biomass harvesting frequency is still a
critical issue during WW treatment, which must be optimized in each photobioreactor
depending on its design and C, N and P loading rates since it ultimately determines biofilm
thickness (Kesaano and Sims, 2014). Steady state thicknesses of the attached algal biomass in
biofilm photobioreactors can vary from 130 um to 4 mm, with a water layer thickness from 10
to 20 mm (Boelee et al., 2014). This thin algal-water layer implies high water evaporative rates
per volume of photobioreactor and high temperatures due to the high volumetric liquid-gas
mass transfer coefficient and the low thermal inertia, respectively (Murphy and Berberog,
2012). Another critical consideration is the availability of light due to the immobilization of
high concentrations microalgae cells, which could eventually induce light limitation in the inner
part of the biofilm and photoinhibition/photooxidation in the cells continuously exposed to
solar irradiance (Schnurr et al., 2014). In this context, Schnurr et al. (2014) empirically
determined that only the first few hundreds micrometres of microalgal biofilms receive
enough light to be photosynthetically active. Mixing and CO,/0, gas exchange are also crucial
in biofilm photobioreactors, which is often carried out via an internal liquid recirculation flow
of =5-20 cm s™ (Kesaano and Sims, 2014; Wilkie and Mulbry, 2002). Currently, the main
challenge of biofilm photobioreactors is their transition from bench and pilot scale to full-scale
(Kesaano and Sims, 2014). The main configuration of algal-bacterial biofilm photobioreactors
evaluated up to date is the algal turf scrubber (ATS), the enclosed algal-bacterial biofilm

photobioreactor (EPBR) and the rotating algal-bacterial photobioreactor (RPBR) (Fig. 7).

29



Chapter 1: Introduction

3 l::: b) AlRy, "I:}
ALGAL-BACTERIAL ! v/ J \

e f BIOFILM EFFLUENT ¢m s TUBE
= \/ WASTEWATER 8
"> FLOW DOWN DEGASSER
Slope: <
0.25-2% 7 5le° B:CLTGQaLlAL
SOLID SUPPORT q
=) EFFLUENT g & CULTURE
< o
RECIRCULATION t )
O O
(o]
INFLUENT INFLUENT s °°°
AIR,,

c) # d) ﬁ
«— AR ALGAL-BACTERIAL / J \ ALGAL-
.~ BIOFILM ROTATORY BACTERIAL
WASTEWATER DISK ﬁ/ BIOFILM

FLOW DOWN
- EFFLUENT

Slope:
0.25-2%

FLAT
PANEL

&
<

RECIRCULATION f
INFLUENT

WASTEWATER

Figure 7. Different configurations of biofilm photobioreactors: a) Algal-turf scrubber (ATS) (open system); b) Tubular enclosed photobioreactor (TPBR); c) Flat plate enclosed

photobioreactor (FPBR); d) Rotating algal-bacterial photobioreactor (RPBR) (open system).
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ATSs are open photobioreactors where the growth of microalgae (mainly filamentous) and
benthic bacteria occurs in the form of biofilm into an inclined plastic mesh (=0.5-2% slope) and
the wastewater flows downwards (Fig. 7a) (Alcantara et al., 2015c). The microbial community
attached onto the liner in the ATSs is called periphyton and supports both carbon and nutrient
removal from WW, biosorption of heavy metals and the photosynthetically mediated increase
in pH and DO concentration (D’Aiuto et al., 2015). These photobioreactors were developed in
the early 1980s by Dr. Walter Adey at the Smithsonian Institution in Washington (USA) (Adey
et al.,, 2013). The effectiveness of the ATSs for carbon and nutrient removal has been
successfully proven in aquacultural, agricultural, domestic and industrial WW (Table 6)
(Posadas et al., 2013; Kangas and Mulbry, 2014; Alcantara et al., 2015c; Craggs et al., 1996).
The main advantages of ATSs are their simple design and construction and their high biomass
productivities (x25-45 g m™ d™ when nutrients availability and irradiance are high) (Adey et al.,
2013). Another important advantage is that the separation of treated wastewater and algal
biomass can be easily carried out by scrapping or vacuuming the ATS surface (Posadas et al.,
2013; 2014b; Adey et al., 2013; Mulbry et al., 2008). Posadas et al. (2013) identified their high
water evaporation rates and high carbon and nitrogen stripping as the main disadvantages of

these photobioreactors in terms of wastewater treatment.

EPBRs were designed to overcome the above mentioned disadvantages of ATS during
agricultural, domestic and industrial wastewaters treatment (Posadas et al., 2014b; Gonzalez
et al., 2008b; De Godos et al., 2009b; Zamalloa et al., 2013; Mufioz et al., 2009). Tubular (Fig.
7b) and flat plate (Fig. 7c) biofilm photobioreactors are so far the only configuration of EPBRs
evaluated for WW treatment (Alcantara et al.,, 2015c). In this particular photobioreactor
configuration, the algal-bacterial biomass grows attached onto the inner part of the
photobioreactor wall as a consequence of its natural capacity of adherence to the surfaces
(Zamalloa et al., 2013). The main difference between EBPR in suspended or attached growth
configurations is the use of inner particles that in a suspended system avoid the growth of the
biomass into the surface, while in an attached system the absence of these particles aims the
growth of the biomass onto the surface. De Godos et al. (2009b) recorded N and P removal
efficiencies of 94-100% and 70-90%, respectively, during the treatment of centrifuged swine
slurry in a 7 L tubular biofilm photobioreactor. Unfortunately, biomass clogging inside enclosed
photobioreactors is likely to occur during the treatment of secondary domestic wastewater if
not enough shear stress is provided by the recirculating cultivation broth (Posadas et al.,

2014b). Despite the promising results obtained, the performance of EPBRs for WW treatment
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should be further tested at large scale under outdoors conditions in order to elucidate the full

potential of this photosynthetic biofilm technology (Table 7).

RPBRs are rotating cylinders with the algal-bacterial biofilm attached onto the external
cylinder surface partially submerged in wastewater, which are alternatively rotated to expose
the biofilm to the wastewater and the open atmosphere (Fig. 7d) (Christenson and Sims,
2012). Similarly to their biofilm photobioreactor counterparts, algal harvesting by scrapping
constitutes an important economic advantage in this system (Gross et al., 2013). RPBRs are
based on the conventional rotating disks used in WWTPs, where bacterial biofilms have shown
an efficient organic matter removal at large scale. Despite RPBRs have been tested only at lab-
scale mainly for tertiary wastewater treatment, recent studies have been focused on exploring

optimal operation conditions to scale-up RPBRs (Gross et al., 2013) (Table 8).

32



Chapter 1: Introduction

Table 6. Results obtained during the treatment of wastewaters in ATSs. O=outdoors; I=laboratory conditions (indoor); RE= removal efficiency

Wastewater Gas treatment lllumination/City Volume (L) HRT (d) Relevant information Reference
TN-RE = 1.11+0.48 g m™ d"*; TP-RE =
1021 m*of cultivation |0 Fate: 0.73£.28 g P m™ d’’; Max. Biomass
Secondary domestic O: Patterson (USA) 436-1226 /25208 . Craggs et al., 1996
surface me dt productivity =35 g m™ d; Biomass
composition: N (3.1%); P (2.1%)

Diluted ; I PARI ~ 88116 1 (05 m of TC-RE: >80%; TN-RE: 70+8%; TP-RE: posad |
luted centrates an hmolm? s/ 31{05m’o 31104 8549% Max. Biomass productiity=31  Posadasetal,
primary domestic ight:dark cycles cultivation surface) g m2 d’ : Evaporative rate: 0.5-6.7 L m’2

16:8 h q?
. 4 m” of cultivation Max. TP-RE = 97£1%; Biomass Sukacova et al.,

Secondary domestic --- O: Glogow (Poland) surface 1-4 productivity = 5.6 1 g m2d™ 5015

I: PAR = 40-140 COD-RE = 77%-95%; TN-RE = 39-62%; TP-
Dairv manure N pmol m?s?'/ 1.86 m” of cultivation <20 RE = 51-93%; Biomass composition: N Wilkie and Mulbry,
¥ light:dark cycles surface (4.9-7.1%); P (1.5-2.1%); Max. Biomass 2002
16:8 h productivity =5.5 g m?d*
Max. values: TOC-RE = 89+2%; TN-RE =
: = ar
: : l: PAR = 74£3 umol 31 (0.5 m? of 92+5%; TP-RE = 96+2%; Max. Biomass Posadas et al.,
Primary domestic -—- m s/ light:dark L 5-10 .. 2 41
cveles 16:8 h cultivation surface) productivity: = 3.6£0.8gm™“ d; 2014b
y ’ Evaporative rate = 3.6£0.8 Lm~ d*
2 L Max. biomass productivity = 25 g m2d™;
Dairy manure ---/ Pure CO, O: Maryland (USA) 30m :):r?:(l:t;vatlon I;fsflsjc;erljtdglf Biomass composition: N (7%); P (1%);No  Mulbry et al., 2008

differences with CO, supply
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Table 7. Results obtained during the treatment of wastewaters in EPBRs. O=outdoors; I=laboratory conditions (indoor); RE= removal efficiency.

Wastewater

lllumination / City

Volume (L)

HRT (d)

Relevant information

Reference

Primary domestic

Swine manure

Swine manure

Primary domestic

O: Gent (Belgium)

l: PAR = 135 umol m?> s/
light:dark cycles 24:0 h

l: PAR = 135 umol m?> s/
light:dark cycles 24:0 h

I: PAR = 7443 pmol m? s/
light:dark cycles 16:8 h

5L ( 0.5 m” of cultivation
surface)

4.9

7.5

31 (0.5 m”* of cultivation
surface)

10

5-10

COD-RE = 74%; TN-RE =
67%; TP-RE = 96%; TSS-RE =
82%; Biomass productivity =

25¢g m~d™*

COD-RE = 75%; Max. NH, -
RE = 99%, max. P-RE =~ 86%

NH,'-RE = 94-100%: P-PO,>~
RE =70%-90%); Biomass
retention: 292%; Max. pH
=10.3

Max. values: TOC-RE =
89+2%; TN-RE = 35%: TP-RE
= 0%; { | Biomass
productivity

Zamalloa et al., 2013

Gonzélez et al., 2008b

De Godos et al., 2009b

Posadas et al., 2014b
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Table 8. Results obtained during the treatment of wastewaters in RPBRs. O=outdoors; |I=laboratory conditions (indoor); RE= removal efficiency

Wastewater lllumination/City Volume (L) HRT (d) Relevant information Reference
Average removal rates: TN =14.1gm
I: PAR = 170 pumol m 2d'l; Ps=21g m? d'l; Max. biomass
Secondary domestic 25l light:dark 8/535 10 productivity =5gm 2 d; Efficient Christenson and Sims, 2012
cycles 14:10 h harvesting : biomass
concentration—->12-16% solids
1-12 (semi-

Synthetic petroleum
hydrocarbon

Synthetic acid mine
drainage

I: 1000-1100 lux/
light:dark cycles 18:6
h

I: PAR = 189 umol m
2sly light:dark
cycles 12:12 h

4 (0.83 m” of cultivation
surface)

15

continuous with
different loads of
phenol)

Max. COD-RE = 97%; TP-RE = 97%;
Tolerant limit of diesel concentration
for microalgae: 0.08%;

Max. heavy metals-RE: %Cu=51%;
%Ni=47%; %Mn=45%; %Zn=35%;
%Sb=~50%; %Se=~50%; %Co=~15

Chavan and Mukheriji, 2010

Orandi et al., 2012
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1.5 Biomass composition and applications

Proteins (6-52%), lipids (5-77%), carbohydrates (5-82%) and ashes (5-15%) are the main
microalgae constituents (Rebolloso Fuentes et al., 2000; Chisti, 2007; Serejo et al., 2015;
Gémez et al.,, 2013; Zhu, 2015). Microalgae also represent a valuable feedstock for the
production of key vitamins such as A, B, or Bg, and pigments such as chlorophyll (0.5-1.5%) and
carotenoids (0.1-0.2% although Dunaliella can accumulate up to 14%) (Becker, 2007). This
wide variability in microalgal biomass composition is based on the high diversity of microalgae
species and their high metabolic plasticity (George et al., 2014; Zhu, 2015). For instance, the
major fraction of the harvested biomass cultured without nutrient limitations is protein, which
could achieve contents of up to 52% (Sialve et al., 2009). On the other hand, microalgae
cultivation under nitrogen starvation conditions can boost lipid accumulation (Breuer et al.,
2012). Thus, Toledo-Cervantes et al. (2013) recorded an increase in non polar lipids from 20 to
55.7% when Scenedesmus obtusiusculus was subjected to nitrogen limitation. Similarly,
microalgae can accumulate carbohydrates under phosphorous limiting conditions (Margarites
and Costas, 2014). For instance, Serejo et al. (2015) recorded a microalgae carbohydrate
content of 81.8+1.3% when phosphorus limited the biodegradation process during the
treatment of diluted anaerobic digested vinasse in a 180 L HRAP. However, microalgae
cultivation coupled to WW treatment limits tailoring biomass composition via culture medium
optimization, although microalgae composition has been reported to be influenced by WW
composition (Posadas et al., 2015c). This high variability on microalgae chemical composition
implies the need to characterize the biomass under each particular operation conditions (Zhu,

2015).

Chlorella, Arthospira (Spirulina) platensis, Dunaliella, Haematoccus, Porphyridium sp.,
Nannochloropsis and Nostoc are among microalgae species of industrial interest (lwamoto,
2004; Hu, 2004; Ben-Amotz, 2004; Cysewski, 2004; Arad and Richmond, 2004; Zitelli et al.,
2004; Danxiang et al., 2004). Currently, microalgae are mainly applied for human nutrition
supplements and high value products (e. g. astaxanthin, B-carotene or w-3) while their main
uses under current research are the production of biofuels and biofertilizers and animal
nutrition (poultry, pigs, ruminants and aquaculture) (Becker, 2004; Acién et al., 2014; Chisti,
2007; Romero Garcia et al., 2012b). The production of bioplastics has also been suggested as
alternative application of microalgae and it is currently under study based on the fact that
microalgae can accumulate poly-B-hydroxybutyrates (PHBs) (up to intracellular level of 21.5%

cell dry in Nostoc Muscorum) (Serejo et al., 2015; Zeller et al., 2013; Haase et al., 2012; Balaji et
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al., 2013). In the context of WW treatment, the most straight-forward use of the harvested
biomass might be as a feedstock for the production of commodities such as biofuels and

biofertilizers (Acién et al., 2014).

1.5.1 Biofuels

a. Biodiesel

Numerous investigations have been focused on the production of biodiesel from microalgae
based on their potential high lipid content (Schizochytrium sp. can accumulate until 77%) since
the publication of the article Biodiesel from microalgae in 2007 by the professor Yusuf Chisti
(Chisti, 2007). Several strategies, as the above mentioned nitrogen limitation, have been
applied to trigger microalgae lipid accumulation. Likewise, innovative downstream processes
have been concomitantly developed to extract the lipid content from microalgae, in-situ
transesterification of wet biomass with methanol being one of the most widely applied
(Toledo-Cervantes et al., 2013; Cerdn-Garcia et al.,, 2013). However, there are still some
constraints to produce biodiesel from the harvested biomass obtained from wastewater
treatment due to their low lipid content (2-23%), which makes biodiesel production non-
sustainable from an economic and environmental view point (Posadas et al., 2016; Sepulveda

et al., 2015; Serejo et al., 2015; Gdmez et al., 2013).

b. Bioethanol

The high carbohydrate content recorded in the harvested biomass obtained during WW
treatment (30-82%) has raised interest in the production of bioethanol (Posadas et al., 2015;
Serejo et al., 2015; Cea-Barcia et al., 2014). However, the industrial production of bioethanol
from microalgae is still under development, the effectiveness of the pre-treatments needed
for microalgae disruption and hydrolysis of the complex carbohydrates into simple sugars

being one of the limiting steps of this biotechnological process (Hernandez et al., 2015).
c. Biogas

The anaerobic digestion of the microalgae biomass generated during WW treatment has been
investigated since the late 1950s (Metcalf and Eddy, 2003). Biogas production is species-
specific and, similarly to bioethanol production, numerous pre-treatments have been
developed to disrupt the strong cell walls of microalgae and make the intracellular content

available to the anaerobic community (Ramos Suarez et al., 2014; Alzate et al., 2014).
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Alcantara et al. (2013) recorded a recovery of energy of 48% and 61% from the chemical
energy fixed during photoautothopic and mixotrophic microalgae growth, respectively. On the
other hand, the high protein content of the microalgal biomass can inhibit the activity of the
anaerobic community as a result of the high NH," concentrations (Ramos Sudrez et al., 2014;

Olsson et al., 2014).
d. Biohydrogen

The production of biohydrogen from microalgae can be carried out by biophotolysis (direct or
indirect photolysis) or by catabolism of endogenous substrate (Show and Lee, 2014). Currently,
the production and the molecular pathways above mentioned are under investigation in order

to optimize the process (Oncel et al., 2015).

The production of only one type of biofuel from microalgae is not an economically or
environmentally sustainable alternative based on the above mentioned disadvantages of the
individual bioprocesses. In this context, the implementation of a biorefinery approach is crucial
for a cost-effective and sustainable valorization of the algal-bacterial biomass produced during
WW treatment (Zhu et al., 2015; Acién et al., 2014). A biorefinery consists of separation of the
different components present in microalgal biomass (primary biorefinery) and their
subsequent downstream (secondary biorefinery) to obtain different biofuels or bioproducts

(Zhu et al., 2015).

1.5.2 Biofertilizers

The use of microalgae cultivated in WW as biofertilizers has been repeatedly proposed based
on their high protein content (Romero Garcia et al., 2012b; Ordog et al., 2004; Sepulveda et al.,
2015). In this regard, Romero Garcia et al. (2012) developed an enzymatic process to produce a
concentrated free-aminoacid solution from microalgal biomass that is currently under

commercialization.

1.6 Algal-bacterial processes for the simultaneous wastewater and gas

treatment

Most wastewaters often present a low C/N/P ratio compared to the ratio 100/18/2 recorded in
the harvested biomass, which entails the occurrence of a carbon limitation during microalgae-

based WW treatment (Posadas et al., 2014; Park and Craggs, 2010). In this context, the
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additional supply of biogas or flue gas to the cultivation medium (Fig. 8), could increase the
availability of inorganic carbon in the cultivation medium and therefore, biomass productivity
and nutrient recovery from WW (Arbid et al., 2013). CO, supply into the cultivation broth also
contributes to pH control (Acién et al., 2012; Arbid et al., 2013). In this context, algal-bacterial
symbiosis can support a combined wastewater treatment and biogas upgrading or flue gas
purification (Serejo et al., 2015; Bahr et al., 2014) (Fig. 8).

BIOGAS/FLUE
GAS: CO,
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Figure 8. Algal-bacterial synergetic interactions during the simultaneous treatment of wastewater and

CO, from biogas or flue gas.
1.6.1 Wastewater treatment coupled with biogas upgrading

Biogas, which is produced via anaerobic digestion of organic substrate, constitutes a biofuel
able to reduce the current fossil fuel dependence of our society (Mufioz et al., 2015). The total
biogas primary energy produced during 2013 in the European Union accounted for 13.4 Mtoe,
which corresponded to an electricity generation of 52.3 TWh (EurObserv’ER, 2014). Biogas is
produced in WWTPs (sludge anaerobic digestion), in landfills and during the anaerobic
digestion of agricultural or agro-industrial organic wastes (Ryckebosch et al., 2011). Despite its
chemical composition can vary depending on the nature of the organic substrates and the
operational conditions during anaerobic digestion, raw biogas is mainly composed of CH, (40-
75%), CO, (15-60%), H,O (5-10%), N, (0-2%), H,S (0.005-2%), O, (0-1%), NH; (<1%),
halogenated hydrocarbons (<0.6%), CO (<0.6%) and siloxanes (0-0.02%) (Ryckebosch et al.,
2011; Mufioz et al., 2015). Biogas can be used for industrial and domestic heating in kitchen
stoves, as a substrate in fuel cells, as a fuel for the combined production of electricity and heat,
as a feedstock to produce fine and bulk chemicals, as a vehicle fuel or it can be injected into
the natural gas grid for industrial or domestic uses according to the European Directive
2003/55/EC (Bauer et al., 2013; Wellinger and Lindberg, 1999; Weiland, 2010). However, the

efficient use of biogas in the two latter applications requires a previous upgrading to
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“biomethane” in order to achieve a CH, content of 95-97% and 1-3% of CO, (Bauer et al., 2013;
Ryckebosch et al., 2011). In this context, countries like Germany, Sweden, Spain and
Switzerland have defined quality standards for biomethane injection into their natural gas
grids (Weiland, 2010; Persson et al., 2006). For instance, the purity of CH,4 in the upgraded
biogas must be higher than 95% for injection into the grids, with a CO, and O, contents lower
than 2% and 0.3%, respectively, according to the Spanish legislation (BOE, 2013). Likewise, the
H,S levels required for biomethane injection into natural gas grids and for use as a vehicle fuel
should be lower than 5 mg m™ (0.0004%) (Bailén and Hinge, 2012). In this regard, the removal
of CO, and H,S from raw biogas is needed since it entails a decrease in biogas transportation
and compression costs, an increase of its specific calorific value and a reduction of the toxicity,

bad odors and corrosion in pipelines and engines (Serejo et al., 2015).

Conventional technologies for CO, removal from biogas are based on physical/chemical
processes such as scrubbing with water, organic solvents or chemical solutions, membrane
separation, pressure swing adsorption, vacuum swing adsorption and cryogenic CO, separation
(Mufioz et al., 2015; Ryckebosch et al., 2011). Despite these technologies are the most
commonly applied at large scale based on their commercial availability (Bauer et al., 2013),
physical/chemical technologies present some disadvantages such as a low membranes
selectivity, high investment and operating costs along with high environmental impact
(Ryckebosch et al., 2011; Bailéon and Hinge, 2012; Molino et al., 2013). On the other hand,
biotechnologies for CO, removal from biogas such as chemoautotrophic, photosynthetic or
enzymatic (immobilized enzyme carbonic anhydrase) processes exhibit low environmental
impact and low operating costs. Unfortunately, they have been mainly tested at laboratory
and pilot scale (Ryckebosch et al., Mufioz et al., 2015). Similarly, technologies for H,S removal
from biogas can be classified into physical/chemical (in-situ chemical precipitation, adsorption,
absorption and membrane separation) and biological (biofiltration, in-situ microaerobic H,S
removal and algal-bacterial processes) (Ryckebosch et al. 2011, Mufioz et al., 2015; Bahr et al.,
2014; Ramos et al., 2013). Biological techniques for H,S removal are gradually replacing their
physical/chemical counterparts as a result of their comparable removal efficiencies and their

lower operating costs and environmental impacts (Mufioz et al., 2015).

Physical/chemical technologies such as water/chemical scrubbing and membrane separation
allow for a simultaneous removal of CO, and H,S at the expenses of high operation costs
(Tippayawong and Thanompongchart, 2010; Ryckebosch et al. 2011; Bahr et al., 2014). In this

context, microalgae-based processes allow for a simultaneous CO, and H,S removals from
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biogas under an innovative, environmentally friendly and low-cost operation (Posadas et al.,
2015c). This biotechnology is based on the simultaneous CO, consumption by microalgae
mediated by photosynthesis and the oxidation of H,S to SO,> by sulfur oxidizing bacteria (or
chemical oxidation) using the O, produced by microalgae (Bahr et al., 2014; Mufoz et al.,
2015). The economic feasibility and sustainability of this process can be enhanced if
microalgae are cultivated in wastewaters, which would entail a simultaneous biogas upgrading

and wastewater treatment (Fig. 9) (Serejo et al., 2015).
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Figure 9. Algal-bacterial synergistic interactions during the simultaneous wastewater treatment and
biogas upgrading.

BIOGAS

The integration of these processes has been addressed in the past. For instance, Conde et al.
(1993) coupled piggery wastewater treatment and biogas upgrading in a 15 L HRAP coupled
with an internal biogas absorption column (namely BIOLIFT). The authors obtained a final
biogas composition of: 88-97% CH,, 2.5-11.5% CO, and less than 0.5% of H,S (from an initial
composition of 55-71% CH,, 44-48% CO, and less than 1% of H,S). Similarly, Zhao et al. (2013)
obtained a maximum CH, purity of 92.74+3.56% under culture irradiances of 1200-1600 pmol
m? s* during the simultaneous treatment of digestate and biogas in 96 1-L bag-
photobioreactors. Bahr et al. (2014) evaluated the simultaneous treatment of diluted centrate
and biogas upgrading in a 180 L HRAP operated at 23 d of HRT coupled with an absorption
column of 2.5 L. The results showed a final CO, removal efficiency of 40% concomitant with a
complete H,S removal regardless of the operational conditions, which was favored by its
higher solubility in the aqueous phase (adimensional Henry’s constant of 2.44 for H,S
compared to 0.83 for CO, (Sander, 1999)) and the high DO concentrations in the cultivation
broth mediated by photosynthetic activity. In a similar experimental set-up, Posadas et al.

(2016) recorded CO, removals from synthetic biogas of 99% and O, concentrations in the

upgraded biogas of = 20% during the treatment of diluted centrates, while Serejo et al. (2015)
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recorded CO, and H,S removals of = 80% and 100%, respectively, with O, concentrations in the
upgraded biomethane ranging from 2+1% to 1+0% during the treatment of diluted
anaerobically digested vinasse. Despite this significant reduction in the concentration of O,in
the upgraded biogas between both investigations, the final O, concentration reported by
Serejo et al. (2015) was still higher than the regulations established by BOE (2013) to inject the
biomethane into natural gas grids. These high O, concentrations in the biomethane were
caused by the desorption of the photosynthetically produced O, concentrations from the
recycling algal cultivation broth, which severely challenges the application of this novel
biotechnology. In this context, Posadas et al (2015c) evaluated several operational strategies
to minimize the O, concentration in the final biomethane in a similar experimental design
treating anaerobically digested vinasse. The authors obtained a maximum CO, and H,S
removals of 7211% and 100+0%, respectively, along with O, levels of 0.7£0.2%, very close to
the compliance with the requirements for injection of biomethane in natural gas networks.
However, the purity of CH;was 81+2% as a result of the high N, concentrations (=6-8%), which
was also desorbed from the cultivation broth. Similar N, contamination issues have been
recorded in water scrubbing technologies, which requires further investigations (Bauer et al.,

2013).
1.6.2 Wastewater treatment coupled with flue gas purification

The total annual anthropogenic CO, emissions have increased from 22 to 33 Gt from 1990 to
2010, and they are expected to reach 41 Gt by 2030 although the target worldwide emission
was set at 26 Gt (World Bank, 2014; United Nations, 2015). These high emissions cause
important environmental problems such as an increase in the global warming effect and a
modification of the pH in the oceans, which severely affects marine ecosystems (Hunter,
2007). The combustion of fossil fuels constitutes 93.5% of the total CO, emissions, which
contain CO, concentrations ranging from 5 to 20% (EPA, 2015; Arbid et al., 2013; Warmuzinski
et al., 2015; Raeesossadati et al., 2014). In this context, the development and implementation
of technologies for the capture of CO, from industrial emissions is mandatory according to the

European Directive 2009/31/EC.

Scrubbing with alkaline sorbents and cryogenic separation are among the conventional
technologies for CO, removal from flue gases (Granite and O’Brien, 2005). Novel techniques
such as electrochemical, membrane, enzymatic, photosynthetic, catalytic routes and chemical
looping combustion for CO, separation or conversion exhibit lower operating costs than their

conventional counterparts (Granite and O’Brien, 2005; Warmuzinski et al., 2015). However,
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only the biological techniques present a low environmental impact. In this regard,
photosynthetic CO, capture processes supported by microalgae in photobioreactors allows for
the removal of CO, in an environmentally friendly way (Raeesossadati et al.,, 2014). In
microalgae-based processes, the flue gases are sparged into the cultivation broth and CO, is
transferred from the gas to the liquid phase (Sander, 1999). The dissolved CO, is then
consumed by microalgae during photosynthesis in the presence of light. Therefore, the C-CO,
from flue gas is recovered as a valuable algal biomass, which can be further valorized
(Raeesossadati et al., 2014). The economic and environmental sustainability of the process can
be significantly improved when microalgae cultivation is supported by a free nutrients and

water source such as wastewaters (Park and Cragss, 2010).

Thus, Arbid et al. (2013) integrated flue gas purification from a 1600 MW combined cycle plant
and tertiary domestic wastewater treatment in two HRAPs (one with sump, 593 L, and other
without sump, 533 L) and in a tubular airlift photobioreactor of 330 L under outdoors
conditions in Arcos de la Frontera (Cadiz, Spain). These authors concluded that CO, addition
from flue gas increased both biomass productivity and the removal of nitrogen and
phosphorus from wastewater. Similarly, Posadas et al. (2015) coupled secondary domestic
wastewater treatment and flue gas purification in three outdoors HRAPs located in Almeria
(Spain) with volumes ranging from 700 L (without sump) to 850 (sump of 150 L). However, no
increase in biomass productivity or nutrient removals efficiency was recorded during flue gas
sparging due to the high contribution of CO, removal by stripping and the fact that the process
was limited by light supply. De Godos et al. (2010) evaluated the influence of flue gas sparging
during the treatment of diluted piggery effluents in two outdoors HRAPs of 465 L operated at
10 d of HRT in Valladolid (Spain). This study concluded that assimilation of the CO, transferred
to the liquid phase would only occur under inorganic carbon limitation and will never take
place under light, or nutrient limiting conditions. The integration of tertiary domestic
wastewater treatment and flue gas purification at real scale is the main objective of the
European Project All GAS, which has been conducted by AQUALIA since 2012. In this project, a
total HRAP cultivation surface of 1000 m” is under construction for the treatment of the WW
from Chiclana de la Frontera (Cadiz, Spain) coupled to CO, supplementation from flue gas from
the olive pits combustion, which will be also used to control the pH of the cultivation broth

(All-gas, 2013; De Godos et al., 2016).
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1.7 Economic and environmental sustainability of algal-bacterial
processes

1.7.1 Costs and integration in conventional WWTPs

HRAPs are the preferred photobioreactor configuration for WW treatment based on their low
mixing costs (0.1 € L' WW treated) compared to TPBRs (1.6 € L'* WW treated) and flat plate
photobioreactors (3.9 € L'* WW treated) (Acién et al., 2012; Norsker et al., 2011). Thus,
different configurations for the integration of HRAPs in conventional WWTPs have been
proposed during secondary and tertiary WW treatment (Steele et al., 2014). In this context,
HRAPs require large areas for implementation as a result of their low photosynthetic
efficiency, but are energy-efficient based on their low energy consumption for mixing, which

would ultimately determine the size of the population to be served (Posadas et al., 2016b).

The removal of fixed suspended solids (FSS) in a conventional grit settler would provide higher
loads of biodegradable COD for complete nutrient removal in algal-bacterial processes than
the removal of part of bCOD during primary settling (Posadas et al., 2016b; Park and Craggs,
2011). Therefore, any HRAP designed for complete N or P removal from domestic WW de facto
would provide free and environmental benign capacity for biodegradable COD removal
(Posadas et al., 2016b). In this context, HRAPs should be more preferentially applied for
secondary domestic WW instead of for tertiary WW, which would reduce an operation unit in
conventional WWTPs (Posadas et al., 2016b). Likewise, and despite the positive energy balance
of anaerobic digestion of the harvested biomass in HRAPs (extra 0.5 kWh m™ WW treated), the
management of the generated digestate implies the need to propose alternative uses of this
biomass for economic integration in the WWTPs without the drawback of liquid effluents
management (De Godos et al., 2016). In this context, Posadas et al. (2016b) proposed the use

of solar drying for an efficient storage and biosolids transportation and reuse as biofertilizer.
1.7.2 Energy consumption and greenhouse gas (GHG) emissions

HRAPs constitute a favorable alternative to conventional processes such as activated sludge
from an energy consumption viewpoint based on their low required energy for mixing (0.023
kWh m™® WW treated in HRAPs compared to 0.33-0.62 kWh m™ WW treated in activated
sludge) (Alcantara et al., 2015c). Therefore, considering an electricity generation carbon
footprint of 362 g CO, kWh™ (EU) (IPCC, 2014), HRAPs would decrease the carbon footprint
from =119-224 g CO, m™> WW treated (activated sludge) to 8.3 g CO, m™> WW treated.
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Besides this reduction in CO, emissions, N,O (a GHG with a 310 times higher global warming
potential) emissions in HRAPs would also decrease from = 0.01-6.6% N-N,O kg Ninpu{l in
conventional activated sludge processes (depending on the configuration) to = 0.047% N-N,O
kg Ninput'l (ICheme Metrics Sustainability, 2014; Kampschreur et al., 2009; Alcantara et al.,
2015b). In this context, N-NH; volatilization, which is one the main nitrogen removal
mechanisms in HRAPs, causes indirect N,O emissions (conversion factor of 0.01 Kg N-N,O Kg N-
NH;™) (IPCC, 2006; Garcia et al., 2000). Hence, nitrification activity would contribute to reduce
the overall carbon footprint of HRAPs by conversion NH," into NO;, which would prevent
ammonia volatilization. This fact will ultimately increase biomass productivity (Posadas et al.,

2015).

1.7.3 Water footprint

The water evaporation (expressed as m® of water evaporated per m’> of water treated) is
directly proportional to the HRT and can compromise the environmental sustainability of the
process (Guieysse et al., 2013; Alcantara et al., 2015c). Thus, Posadas et al. (2016b) estimated
a maximum water evaporation of 6.4% in a 0.25 cm depth HRAP located in a temperate area
and operated at 7 d of HRT. However, Guieysse et al. (2013) estimated a water evaporation of
15% in a HRAP located in Arizona at the above mentioned operational conditions. This water
evaporations can represent up to 40 years of rainfall equivalent in Arizona, which challenges
the application of HRAPs in areas with water scarcity (considering also the deterioration in the
quality of the treated effluent) (Guieysse et al., 2013). Therefore, a further optimization of the
operational strategies is required to decrease the water losses by evaporation, which

constitutes the main responsible of water footprint in HRAPs (Alcantara et al., 2015c).
1.7.4 Land use

The land use of HRAPs can range from 5 to 13 m? P.E.? (Alcantara et al., 2015c; Posadas et al.,
2016b). These values, even the lowest reported, restrict the implementation of HRAPs to
small-medium communities (Steele et al., 2014). However, due to the fact that cost of
microalgae-based WWT is mainly driven by the cost of land, the initial investment is not lost as
the land value would remain (or even increase in the long term) (Alcdntara et al., 2015c).
Therefore, and contrary to conventional WWTPs where the main investment costs are
mechanical, electrical and civil equipments which are depreciated in the long term, algal-

bacterial processes would not entail a loss of the initial investment.
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Chapter 2: Aims and scope

2.1 Justification of the thesis

The exponential increase of human population during the past century has resulted in the
production of large amounts of WW, whose uncontrolled disposal has caused severe episodes
of environmental pollution such as eutrophication and oxygen depletion in lakes and rivers.
Despite the availability of physical/chemical and biological technologies for WW treatment
since the earliest 1900s, there is still a lack of low-cost, environmentally friendly and
sustainable technologies for the treatment of domestic and industrial WW. In this context,
algal-bacterial processes have emerged as a potential alternative to conventional technologies.
This bioprocess allows energy savings in aeration compared to conventional activated sludge
WWTPs as a result of the free process oxygenation by microalgae during photosynthesis and
compared to anaerobic processes due the enhanced nutrient removal supported by the dual
heterotrophic-autotrophic algal-metabolism. In addition, the algal-bacterial biomass harvested
from WW treatment could be used as a valuable feedstock for the production of biofuels
and/or biofertilizers. Another important advantage of algal-bacterial processes derives from
the possibility to integrate WW treatment with biogas upgrading or flue gas treatment, which
contributes to mitigate GHG emissions and to enhance nutrient recovery from WW. However,
and despite all these advantages, some limitations must be overcome prior scaling-up of
microalgae-based WW treatment processes. For instance, the influence of the composition of
the WW on the treatment performance is still unclear in algal-bacterial processes. Likewise,
biomass harvesting constitutes one of the main economic bottlenecks for the full-scale
implementation of this biotechnology, which requires the development of innovative
harvesting strategies. The dynamics of microalgae and bacteria populations during WW
treatment are also unknown, while the optimization of the simultaneous WW and gas
treatment should be further evaluated at pilot scale. Finally, the viability of the application of
microalgal biotechnology in a conventional WWTP should be evaluated in terms of efficient
use of land and energy, while meeting the current Directive for WW treatment discharge into
the environment with an effective biosolid management. Thus, more research focused on the
optimization of this biotechnology should be carried out in order to overcome the above
mentioned limitations and move microalgae-based processes from a promising lab-scale

process to a sustainable full scale technology.
2.2 Main objectives

The overall objective of the present thesis was to determine the potential, limitations and

challenges of algal-bacterial processes for an optimum WW treatment under different
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photobioreactor configurations and operational conditions prior to technology scale-up. More

specifically, the individual goals to achieve this overall objective were:

1. The study of the influence of the C/N/P ratio, dilution and inhibitory parameters of the
WW on its final biodegradability in algal-bacterial systems in terms of carbon and
nutrient removal efficiencies.

2. The evaluation of innovative photobioreactor designs to support a low cost biomass
harvesting.

3. A comparative evaluation of conventional and emerging photobioreactor
configurations for the treatment of multiple wastewaters.

4. Characterization of the dynamics of microalgae and bacteria populations present in
the photobioreactors during WW treatment.

5. Optimization of the simultaneous biogas upgrading and WW treatment in algal-
bacterial photobioreactors.

6. Integration of flue gas treatment and secondary domestic WW treatment in algal-
bacterial systems.

7. Determination of the influence of pH and CO, source on the performance of open
photobioreactors during secondary domestic WW treatment.

8. Evaluation of the integration of HRAPs within a full treatment system to efficiently
using land, energy and water while meeting stringent requirements for nutrient

removal and biosolid management.
2.3 Development of the thesis

In the present thesis, all experimental and literature review work was focused on the
achievement of the main objective and on the evaluation of the potential application of this

biotechnology at full scale.

In order to fulfill the first objective, five different agroindustrial wastewaters (potato
processing WW (PW), fish processing WW (FW), animal feed production WW (MW), coffee
manufacturing WW (CW) and yeast production WW (YW)) were chosen as representatives of
the agroindustrial sector considering the high variability of these kind of wastewaters (Chapter

3).

Different designs of algal-bacterial biofilm photobioreactors were evaluated in order to

enhance the harvestability of the biomass produced during WW treatment (Chapters 4 and 5).
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Similarly, biomass settling in suspended growth HRAPs was also assessed to determine its cost

effectiveness at large scale (Chapters 6-7).

The performance of several photobioreactors configurations to treat different wastewaters
was evaluated in order to comply with the third objective, (Chapters 4-8). Thus, the
performance of an algal-bacterial and a bacterial biofilm photobioreactors was compared
during centrate and secondary domestic WW treatment (Chapter 4). Likewise, an open and an
enclosed algal-bacterial biofilm photobioreactors were comparatively evaluated during
secondary domestic WW treatment (Chapter 5). An outdoors HRAP of 180 L treating fish farm
wastewater in Valladolid (Spain) (Chapter 6) and a similar indoor photobioreactor treating
both centrate (Chapter 7.1) and anaerobically digested vinasse and raw vinasse (Chapter 7.2)
were also evaluated. Finally, three HRAPs with volumes ranging from 700 to 850 L were
assessed during secondary domestic WW treatment under outdoors conditions in the facilities
of Las Palmerillas (Almeria, Spain) (Chapter 8). The most relevant information about the
influence of the environmental conditions on process performance was obtained in the

experimental work conducted outdoors (Chapters 6 and 8).

The characterization of the structure of microalgae population was carried out in the
comparative evaluation of the performance of an open and enclosed 31 L algal-bacterial
photobioreactors treating secondary domestic WW at laboratory conditions (Chapter 5) and
during the simultaneous biogas upgrading and centrate treatment in a indoor 180 L HRAP
(Chapter 7.1). On the other hand, the characterization of both microalgae and bacteria
population was carried in an indoor 180 L HRAP during anaerobically digested vinasse and raw

vinasse treatment coupled with biogas upgrading (Chapter 7.2).

In order to fulfill objective 5, the treatment of centrate, anaerobically digested vinasse and raw
vinasse in an indoor 180 L HRAP was coupled with biogas upgrading in an external 2.5 L
absorption column (Chapter 7). Chapter 7.1 was focused on the maximization of CO, removal
from a synthetic biogas while Chapter 7.2 evaluated different operational strategies to

minimize the O, content in the upgraded biogas.

Objectives 6 and 7 were studied in Chapter 8 in the three outdoors photobioreactors at pilot
scale (from 700 to 850 L) under different seasonal conditions. During this research, domestic
WW treatment was integrated with flue gas treatment under different pH values (from 7 to 9)

to assess the influence of pH on WW treatment.
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Chapter 2: Aims and scope

Biomass valorization was evaluated in several chapters. An analysis of the elemental
composition of the biomass was carried in all experimental studies, while the macromolecular
composition was only analyzed in Chapter 8 to determine its potential valorization based on its
fraction of carbohydrates, lipids, proteins and ash. Likewise, different nutrient starvation
strategies were applied in Chapter 7.1 to increase biomass lipid content during the
simultaneous treatment of centrate and biogas upgrading. Finally, Chapter 9 discussed the
different applications of the harvested biomass (anaerobic digestion or solar drying prior to
biomass use as biofertilizer) within a full integration of HRAPs in conventional WWTPs.
Chapter 9 also evaluated the required unit operations for algal-bacterial processes to support
an efficient use of land, energy and water while optimizing biosolid management during

wastewater treatment.
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Abstract The potential of algal-bacterial symbiosis for the
removal of carbon, nitrogen and phosphorus from five agro-
industrial wastewaters was investigated in enclosed batch
biodegradation tests using a mixed microalgae consortium
and activated sludge as model microorganisms. The target
wastewaters were obtained from potato processing (PW), fish
processing (FW), animal feed production (MW), coffee
manufacturing (CW) and yeast production (YW). The initial
C/N/P ratio of the agro-industrial wastewater was correlated
with its biodegradability. Thus, the highest removals of total
organic carbon (TOC) and nitrogen were recorded in two fold
diluted FW (64+2 % and 8541 %, respectively), while the
maximum P-PO,>” removal achieved was 89+1 % in undi-
luted PW. The biodegradable TOC was in most cases the
limiting component in the treatment of the wastewaters eval-
uated. This study confirmed the potential of coupling carbon
and nutrient recovery from agro-industrial effluents with the
production of a valuable algal-bacterial biomass, despite their
poor biodegradability.
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Introduction

Large volumes of wastewaters from industries processing
agricultural and livestock raw materials are annually disposed
to aquatic ecosystems worldwide as a result of the increasing
food demand (Dareioti et al. 2009; Bhatnagar and Sillanpaa
2010). In Spain, the total estimated volume of food-processing
industry wastewaters produced in 2008 was 190,000,000 m®
(Eurostat 2008). These agro-industrial effluents are mainly
characterized by a high concentration of organic matter, nitro-
gen and phosphorus, and a variable pH (Drogui et al. 2008).
Both the flow rate and characteristics of these wastewaters are
industry specific and can vary significantly throughout the
year because of the seasonal nature of the raw material pro-
cessing (Dareioti et al. 2009). The uncontrolled disposal of
such effluents in natural water bodies often results in surface
and groundwater contamination and other environmental
problems such as eutrophication and ecosystem imbalance
(Drogui et al. 2008). Therefore, the development of cost-
effective and environmentally friendly methods for the treat-
ment of agro-industrial effluents is mandatory.

Although anaerobic digestion constitutes one of the most
commonly used processes for agro-industrial wastewater
treatment, its performance is often limited by poor nutrient
removal (Rovirosa et al. 1995; Wilkie and Mulbry 2002). On
the other hand, while activated sludge processes require a
high-energy input for mechanical aeration, physical/chemical
technologies such as adsorption, coagulation—flocculation or
ion exchange involve prohibitive operating costs, which could
compromise the economic viability of the agro-industries
(Gonzalez et al. 2008; Bhatnagar and Sillanpaé 2010). In this
context, microalgae-based treatment can overcome these lim-
itations by supporting an in situ oxygen production via pho-
tosynthesis and nutrient removal via assimilation into the
algal-bacterial biomass in a simple and economic process
(De Godos et al. 2009). Thus, in the presence of sunlight,
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microalgae consume the CO, released during the bacterial
mineralization of the organic matter and, in turn, produce the
0, required by bacteria for the mineralization and NH,"
oxidation (Oswald 1988; Muiloz et al. 2005). This technology
generates large amounts of residual microalgae biomass
which constitutes a valuable feedstock for renewable energy
production (Rawat et al. 2011; Rusten and Sahu 2011).

The first studies based on microalgal-bacterial symbiosis
were carried out in California in the mid-1950s for the treat-
ment of domestic wastewaters in high-rate algal ponds
(HRAPs) (Oswald 1988), and recent studies have extended
its application to industrial and livestock effluents (Muiloz and
Guieysse 2006; Gonzalez et al. 2011). However, little atten-
tion has been given to the treatment of agro-industrial waste-
waters in microalgal-bacterial photobioreactors, despite their
relevance. In this context, Gonzalez et al. (1997) revealed the
potential of microalgae-based systems for the removal of
ammonia and phosphorus in agro-industrial wastewaters
using the microalgae Chlorella vulgaris and Scenedesmus
dimorphus. Nevertheless, due to the large variability in the
characteristics of agro-industrial wastewaters, a systematic
evaluation of the performance of this technology on each
specific wastewater is needed to confirm its cost-
effectiveness and to determine both the maximum biodegra-
dation potential and limitations. This need was stressed in a
recent study by Bahr et al. (2011), who reported that pollutant
biodegradation in algal-bacterial systems was intrinsically
linked to the carbon oxidation-reduction state.

This study systematically evaluated the potential and lim-
itations of microalgal-bacterial symbiosis for the removal of
carbon, nitrogen and phosphorus from five representative
agro-industrial effluents in Castilla y Ledn (Spain): potato
processing, fish processing, animal feed production, lyophi-
lized coffee manufacturing and yeast production. A mixed
microalgae consortium from a HRAP in symbiosis with acti-
vated sludge was used as a model algal-bacterial consortium.
Special attention was given to the elucidation of the parame-
ters limiting the biodegradation process for each agro-
industrial wastewater and to the carbon and nitrogen biomass
content in each biodegradability test (the latter being relevant
in the optimization of assimilatory nitrogen removal).

Materials and methods
Agro-industrial wastewater pretreatment and characterization

Five fresh wastewaters originated from different agro-
industries in the region of Castilla y Leon (Spain) were used
in this study: potato processing wastewater (PW), fish pro-
cessing wastewater (FW), wastewater from an industry pro-
ducing animal food (MW), lyophilized coffee manufacturing
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wastewater (CW) and wastewater from a yeast production
factory previously subjected to anaerobic digestion (YW).

Samples were collected in 25-L polypropylene bottles and
kept at 4 °C for 24 h prior to use. All agro-industrial waste-
waters were pretreated by centrifugation at 15,317xg for
10 min at 23 °C and filtered through 0.40-pum filters. There-
fore, only the soluble fraction of carbon, nitrogen and phos-
phorus was considered in the present study (Table 1).

Microorganisms and culture conditions

A mixed microalgae consortium, whose population structure
in number of cells was composed of Phormidium (71 %),
Oocystis (20 %) and Microspora (9 %), was collected from a
HRAP treating diluted centrates at the Department of Chem-
ical Engineering and Environmental Technology (University
of Valladolid, Spain). Centrates constitute the liquid fraction
derived from the centrifugation of the effluents from the
anaerobic digestion of primary and secondary sludge in con-
ventional activated sludge wastewater treatment plants. Due to
their high N-NH," concentrations (>600 mg N-NH, L"), the
dilution of these centrates with tap water was conducted prior
to feeding the HRAP in order to avoid microalgae inhibition
(Gonzalez et al. 2008).

Photosynthetically oxygenated agro-industrial wastewater
treatment

Unless otherwise specified, all tests described below were
incubated at 30 °C (temperature controlled by a thermostatic
water bath) under magnetic agitation (200 rpm) and diluted
with tap water. Tests conducted with undiluted, 2, 4, 10, 20
and 100 times diluted pretreated agro-industrial wastewater
will be herein referred as 1x, 2%, 4x, 10x, 20x and 100X,
respectively. Control tests deprived of biological activity
(200 mg L™" of CuCl,) will be referred as Bx and were
performed in order to assess any potential abiotic carbon,
nitrogen or phosphorous degradation. All tests were cultivated
in duplicate under a 12:12-h light/dark illumination regime at
76+4 umol-photons m 25 .

Glass bottles of 1,250 mL (22 cmx10.5 cm heightx diam-
eter) were filled with 1,000 mL of undiluted, 2x and 4x
diluted pretreated wastewater. The experimental series with
CW was carried out at 2%, 10x, 20x and 100x dilutions due to
the potential presence of toxic compounds for microalgae
activity (Dinsdale et al. 1997). An additional test with 10x
diluted wastewater was conducted with YW due to its high
NH," concentration and therefore potential inhibition on
microalgae (Gonzalez et al. 2008). Control tests were carried
out for each wastewater at 4x and at 20% in CW. All tests were
inoculated with 2.2 mL of activated sludge and 22 mL of
microalgae culture, resulting in final concentrations of 8+
1 mg volatile suspended solids L™ (mg VSS L") and 15+
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Table 1 Composition of the sol-

uble fraction of the five agro-in- Parameters Agro-industrial wastewaters
dustrial wastewaters evaluated
PW FW MW CW YW

TOC (mg L) 327 381 959 8,532 1,186
IC(mgL™") 54 51 37 171 1,353
TN (mg N L™ 69 82 197 766 703
N-NH," (mg L™ 13 9 189 101 565
N-NO, (mg L™ <D.L. <D.L. <D.L. 3 <D.L.
N-NO; (mg L) <D.L. <D.L. <D.L. <D.L. <D.L.
Peotupie (mg P L) 6 6 27 59 7

<D.L. below the HPLC-IC de- pH 7.1 7.7 6.0 7.0 8.1

tection limit 1.1 mg N-NO; L™ C/N/P (g/g/g) 100/18/2 100/19/1 100/20/3 100/9/1 100/28/0.3

and 1.5 mg N-NO, L'

7 mg VSS L™, respectively. The bottles were finally flushed
with helium, closed with butyl septa and then sealed with
plastic caps in order to ensure that the biodegradation of the
agro-industrial wastewaters proceeded exclusively driven by
photosynthetic oxygenation.

Liquid samples were periodically withdrawn from the
tests based on the time course of the total organic carbon
(TOC) concentration and the maximum total sampling lim-
itation of 15 % of the initial liquid volume. This conserva-
tive maximum sampling volume of 15 % was established in
order to prevent experimental biases caused by the variations
in the total liquid volume such as a vacuum-mediated air
introduction to the bottles or changes with time in the
agitation pattern and illuminated surface to volume ratio.
Liquid samples were centrifuged for 10 min at 5,000 rpm
(Kubota 5000, Japan) and filtered through 0.20-pm nylon
filters to monitor the dissolved TOC, inorganic carbon (IC),
total nitrogen (TN), N-NH,", N-NO,~, N-NO;~, P-PO,*~
and pH. Phosphorus concentration was measured at the
beginning and end of the tests. Sampling during experimen-
tation considered a maximum final volume withdrawal of
15 % of the initial value. Gas samples of 100 pL were also
taken using gas-tight syringes (Hamilton Co., USA) to re-
cord CO,, O, and N, concentrations in the flask’s headspace
by GC-TCD. Test monitoring stopped when the TOC con-
centration remained constant for at least two consecutive
samplings. The final biomass in each test was collected by
centrifugation (15,317 x g and 10 min) and dried at 105 °C
for 24 h in order to determine its carbon and nitrogen (C and
N) composition. Finally, it must be stressed that biomass
concentration was not monitored in any of the biodegrada-
tion tests due to the formation of flocs in the algal culture
(which hindered the accurate determination of biomass con-
centration by absorbance measurements) and the above men-
tioned sampling volume limitation during test monitoring.
Thus, these preliminary biodegradability tests only consid-
ered the monitoring of the concentrations of the agro-
industrial wastewater pollutants and biomass compositions.

Systematic determination of the limiting component
in the biodegradation tests

In order to elucidate the limiting component (C, N or P) in the
biodegradation of each wastewater, phosphorus (KH,PO,) at
10 mg P L™" was added from a stock solution in one of the
duplicate assays at the end of the experiment (when TOC
concentration was constant for two samplings). If TOC con-
centration in this duplicate remained stable after KH,PO,
addition, ammonium (NH,4CI) at 10 mg N L™ was further
added.

Analytical procedures

TOC, IC and TN concentrations were determined using a
Shimadzu TOC-VCSH analyzer (Japan) equipped with a
TNM-1 chemiluminescence module. Based on the different
wastewater characteristics (turbidity and matrix effects), three
different N-NH, " determination methods were used: selective
ammonia electrode Orion Dual Star (Thermo Scientific, The
Netherlands) in PW, Nessler analytical method using a spec-
trophotometer U-2000 (Hitachi, Japan) at 425 nm in FW and
MW, and distillation using a Biitcher distiller (KlejFlex
K-360, Spain) in CW and YW. N-NO3, N-NO, and P-
PO4>~ were analysed via HPLC-IC using a Waters 515 HPLC
pump coupled with a conductivity detector (Waters 432) and
equipped with an IC-PAK Anion HC column (4.6 150 mm)
and an IC-Pak Anion Guard-Pak (Waters). All analyses were
carried out according to standard methods (Eaton et al. 2005).
A Eutech CyberScan pH510 (Eutech Instruments, The Neth-
erlands) was used for pH determination. The headspace con-
centrations of CO,, O, and N, were analysed using a gas
chromatograph (Varian CP-3800, USA) coupled with a ther-
mal conductivity detector and equipped with a CP-Molsieve
5A (15 mx0.53 mmx 15 pm) and CP-PoraBOND Q (25 mx
0.53 mmx15 pum) columns. Injector and detector tempera-
tures were maintained at 150 and 175 °C, respectively. Helium
was used as the carrier gas at 13.7 mL min '. The light
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intensity was measured with a LI-250A light meter (LI-COR
Biosciences, Germany). The determination of the C and N
biomass content was performed using a LECO CHNS-932 at
the Instrumental Techniques Laboratory of Universidad
Complutense de Madrid (Spain).

Results

TOC and TN concentrations in the pretreated wastewa-
ters ranged, respectively, from 327 mg TOC L' and
69 mg TN L' in PW to 8,532 mg TOC L' and
766 mg TN L' in CW. The lowest IC concentration
was recorded in FW (51 mg L™') and the highest
(1,353 mg L") in MW. Likewise, soluble phosphorus
concentration varied from 6 mg P L™' in PW and FW to
59 mg P L' in CW, while pH ranged between 6 (MW)
and 8.1 (YW). In this context, the C/N/P (g/g/g) ratio
varied from 100/9/1 in CW to 100/28/0.3 in YW
(Table 1).

Biodegradability of agro-industrial wastewaters

The parameters monitored in the control tests remained con-
stant regardless of the wastewater tested.

Fig. 1 Time course of (a) TOC,
(b) TN, (¢) pH, (d) N-NH,", (e)
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Biodegradation of potato processing wastewater

PW underwent fast carbon and nutrient removal regardless of
the dilution applied. TOC removal occurred in 1%, 2% and 4x
within the first 40 h of experimentation, with total removal
efficiencies (REs) of 31+£8, 38+3 and 54+8 % (Fig. la),
respectively. Likewise, TN concentration decreased within
the first 86 h, with TN REs of 19+1, 52+0.1 and 60+0.4 %
in 1x, 2x and 4x, respectively. The decrease in TN in 1x and
2x was initially correlated with an increase in N-NH, ", while
in 4%, N-NH," decreased from 3+0.1 to 1£0.1 mg L!
(Fig. 1b, d). Neither NO, nor NO; were detected in the
biodegradability assays regardless of the PW dilution. The O,
concentration in the flask’s headspace of 4x tests increased to
206+3 gm ° in the first 134 h, concomitantly with a complete
CO, depletion and a steady pH increase to 11.1+0.1 mediated
by the decrease in IC concentration (data not shown). Simi-
larly, complete CO, depletion in 2x occurred within the first
134 h, with progressive O, accumulation to 49+10 g m > and
a pH increase 9.6+0.2 after 183 h. On the contrary, negligible
O, headspace concentrations were recorded in 1x, where pH
remained constant at 7.2+0.2 and the headspace CO, concen-
tration increased from 4042 to 100+11 g m™> by the end of
the experiment (Fig. lc, e, ). Phosphorus REs of 89, 80 and
87 % were achieved in 1x, 2% and 4x, respectively. Finally,
TOC concentration in 1x decreased from 200 to 160 mg L ™"
as a result of P—PO437 addition , while no further decrease in
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TOC concentration was recorded after P-PO,>~ and N-NH,"
addition in 2% and 4%,

Biodegradation of fish processing wastewater

FW underwent a progressive carbon and nutrient removal
regardless of the dilution applied. The TOC concentration
steadily decreased from 368+2 to 162420 mg L™ in 1x in
327 h, from 195+2 to 70+3 mg L 'in2x in 279 h, and from
75+1 to 45+2 mg L™ in 4x in 156 h (Fig. 2a), which
corresponded to TOC REs of 5642, 64+2 and 40+1 %,
respectively. Likewise, TN decreased concomitantly with
TOC, resulting in TN REs of 64+1, 85+1 and 74+1 %,
respectively (Fig. 2b). N-NH," concentration initially in-
creased from 8+1 to 40+0.4 mg L' in 1x but decreased to
14+2 mg L' by the end of the test. A similar trend was
recorded in 2x and 4x (Fig. 2d). Neither NO, nor NO;
was detected in the cultivation broth regardless of the dilution
tested. The headspace CO, concentration initially in-
creased during the first hours of experimentation up to
14242, 63+3 and 2248 g m > in Ix, 2x and 4x,
respectively, followed by a faster decrease until com-
plete depletion (Fig. 2e¢). The recorded pH values in-
creased concomitantly with the decrease in CO, concen-
tration to maximum values of 8.1+0.1, 8.7+0.1, and 9.3
+1.4 in 1%, 2% and 4x tests, respectively (Fig. 2c). The
headspace oxygen concentration remained close to zero
in 1x and 2x during the entire test and gradually in-
creased from 13+1 to 44+1 g m > in 4x tests (Fig. 2f).

Fig. 2 Time course of (a) TOC,
(b) TN, (¢) pH, (d) N-NH,", (e)
CO, and (f) O, headspace
concentrations during FW

a) 400
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Due to the low phosphorus concentration (<6 mg P L")
and the coloured nature of FW, the final P-PO,* re-
movals were not experimentally determined. No further
decrease in TOC and TN concentrations (which
remained >5 mg N L") was recorded after P-PO,”>"
addition.

Biodegradation of animal feed production wastewater

The biodegradation of MW diluted 2x and 4% in enclosed
algal-bacterial systems was characterized by an initial lag
phase followed by a rapid decrease in carbon concentra-
tions, which resulted in final TOC REs of 49+1 % in
374 h and 42+2 % in 246 h, respectively (Fig. 3a). TN
and N-NH," concentrations were similar and correlated
throughout the entire biodegradation process (Fig. 3b, d).
The final TN REs in 2% and 4x were 62+2 and 80+2 %,
respectively. Neither NO, nor NO; was detected in the
biodegradability assays regardless of the MW dilution. The
initial pH values steadily increased from pH 6.7 to 9.6
and 10.4 in 2x and 4x, respectively (Fig. 3c), while the
initial CO, present in the flask headspace was completely
removed by the end of the test in 2x and 4% (Fig. 3¢). On
the other hand, the O, concentration in the flask head-
space rapidly decreased during the first 22 h in 2x and
4%, while a sudden O, concentration increase to 120+
5 g m > was recorded in 4x after 175 h (Fig. 3f). Phos-
phorus removals in 2x and 4x achieved final values of 83
+5 and 5749 %, respectively. No significant biological
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Fig. 3 Time course of (a) TOC,
(b) TN, (C) pH’ (d) N'NH4+5 (e)
CO, and (f) O, headspace
concentrations during MW
biodegradation in algal-bacterial
photobioreactors in undiluted
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activity, estimated from the variation in TOC, TN, pH and
CO, concentrations, was recorded in undiluted tests de-
spite the recorded O, depletion within the first 22 h. No
further decrease in TOC was recorded after P-PO,>~ addi-
tion in none of the assays, while N-NH," was not sup-
plemented based on its high concentrations at the end of
the tests.

Biodegradation of lyophilized coffee manufacturing
wastewater

Organic matter biodegradation in CW tests was character-
ized by a rapid initial TOC decrease, which resulted in
final TOC REs of 18+2, 23+4, 21+8 and 56+2 % in 2x,
10%, 20x and 100x, respectively, (Fig. 4a). TN decreased
concomitantly with TOC, with final REs of 8+2, 2748,
32413 and 80+4 % in 2%, 10x, 20x and 100x, respec-
tively. The time course of N-NH," was characterized by
an initial concentration decrease during the first stages of
the biodegradation process, followed by a slight increase
(Fig. 4d). Similar to the observations in the previous agro-
industrial wastewaters tested, neither NO, nor NO; was
recorded in the cultivation broths. The CO, headspace
concentration increased to 1,542+107, 408+1 and 232+
4 g m in 2x, 10x and 20x, respectively, while pH
decreased respectively to 4.9+0.2, 5.24+0.0 and 6.1+0.2
by the end of the test. The headspace O, concentration in
these assays was depleted after 95 h. On the contrary, CO,
concentration in 100x CW was negligible while pH and
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O, concentrations increased to 9.6+0.4 and 185+
49 g m >, respectively, by the end of the process
(Fig. 4c, e, f). The spectrophotometric determination of
phosphorus concentration was not possible due to the
coloured nature of CW and the relatively high HPLC-
UV detection limit (1.6 mg P-PO4> L"), which only
allowed the determination of phosphorus concentration
in 2x (P-PO,>~ RE of 8+1 %). At the end of the assay,
the addition of P-PO,>" at 10 mg L' in one of the
duplicates did not result in significant variations in TOC
or TN concentration. N-NH," was not supplemented
based on its high concentrations at the end of the tests.

Biodegradation of yeast production wastewater

Low TOC REs of 27410 and 33+2 % were achieved in
4x and 10x YW, respectively (Fig. 5a), in 395 h. The TN
REs achieved in 4% and 10x accounted for 12+1 and 50+
1 %, respectively, while N-NH," REs were 2342 and 38+
1 %, respectively. Neither NO, nor NOj3 was recorded
during the experimental period, while pH increased from
pH 8 to 8.6 in 4% and from pH 8.2 to 9.1 in 10%. This
increase was correlated to a headspace CO, uptake from
27+0.2 to 15+5 g m > and from 13+0.1 to 1+0.1 g m*
in 4x and 10x, respectively, concomitantly with an O,
increase from 9+0.1 to 153+10 g m > and from 19+2 to
406+3 g m >, respectively. Once again, the spectrophoto-
metric determination of phosphorus concentration was not
possible due to the coloured nature of the YW. The
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Fig. 4 Time course of (a) TOC,
(b) TNs (C) pH’ (d) N'NH4+5 (e)
CO; and (f) O, headspace during
CW biodegradation in algal—
bacterial photobioreactors in 2
times diluted (={J=), 10 times
diluted (<)), 20 times diluted
(—4p—), 100 times diluted (—f—)
and control tests (=)

addition of P-PO,”" to one of the duplicates at the end of
the test resulted in a TOC concentration decrease from
226 to 186 mg L' in 4x and from 93 to 48 mg L' in
10x. No significant variations in TOC, TN and headspace
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Table 2 Carbon and nitrogen contents in percentage of the harvested biomass in the respective wastewaters and dilutions at the end of the

biodegradability tests

Dilutions Agro-industrial wastewaters

PW FW MW CW YW

C N C N C N C N C N
1x 51.0 8.8 56.8 8.4 N.B.O. N.B.O. N.T. N.T. N.B.O. N.B.O.
2% 443 7.1 53.8 75 46.2 9.0 50.6 9.5 N.B.O. N.B.O.
4x 42.8 6.5 42.1 5.7 452 8.6 N.T. N.T. 389 7.1
10x N.T. N.T. N.T. N.T. N.T. N.T. 49.6 8.7 35.1 6.2
20x% N.T. N.T. N.T. N.T. N.T. N.T. 49.0 8.4 N.T. N.T.
100x% N.T. N.T. N.T. N.T. N.T. N.T. 40.4 4.1 N.T. N.T.

Due to the low amount of biomass formed in some biodegradation tests, the experimental determination of the P content in the biomass was not

performed

Carbon and nitrogen biomass content was analysed in the duplicate batch bottles in which the determination of the limiting component was not carried

out

N.B.O. non biodegradation observed, V.7 non-tested

pH 8.1 and 8.2 in 1x and 2x, respectively (Fig. 5c¢). The
headspace CO, concentration increased slightly in 1x and
2% from 102+2 to 229429 g m > and from 54+3 to 86+
14 g m?, respectively, with a sudden decrease at the end
of the process (Fig. Se).

Carbon and nitrogen biomass content

A higher carbon and nitrogen content in the biomass was
recorded when decreasing wastewater dilution regardless of
the treated wastewater (Table 2). Despite its high inorganic
carbon concentration, the lowest carbon content was recorded
in the biomass harvested from YW biodegradation in 4x and
10x tests (39 and 35 %, respectively).

Discussion

The preliminary analysis of the agro-industrial wastewaters
tested showed a wide range of concentrations for the different
parameters evaluated (Table 1). Likewise, the biodegradability
tests showed varied carbon and nutrient removals depending
on the agro-industrial wastewater evaluated and the dilution
tested. The optimal C/N/P ratio in a wastewater for microalgae
growth reported in literature is 100/18/2 (Oswald 1988),
which corresponded to the C/N/P ratio of PW (Table 1) as
well as to the fastest carbon and nitrogen removal rates re-
corded among the five wastewaters. The C/N/P ratio of FW
and MW was also similar to this optimal ratio and supported
efficient carbon and nutrient removals. CW had a low C/N
ratio, while YW had both a low P content and C/N ratio,
which could explain their low biodegradability. These results
are in agreement with those recently reported by Yan et al.

@ Springer

(2013), who recorded a significant influence of the C/N ratio
of domestic sewage on the microalgae-based removal of ni-
trogen and phosphorus, with an optimum value of 5:1. Like-
wise, Cai et al. (2013) observed different N and P removals
depending on their initial ratio in the cultivation medium.

The fact that negligible C, N and P removals were recorded
in the control tests confirmed that both carbon and nutrient
removals in the biotic tests occurred exclusively supported by
the symbiosis between microalgae and bacteria. In this con-
text, TOC removal occurred via heterotrophic bacterial oxi-
dation, which entailed a significant O, consumption and CO,
production. On the other hand, based on the absence of NH,"
nitrification and the enclosed nature of the test, IC was re-
moved photosynthetically via microalgae assimilation, with
the subsequent increase in the pH of the cultivation medium
and the release of O, as a result of photosynthetic CO,
consumption (Gonzalez et al. 2008). At this point, it should
be also stressed that despite low O, concentrations were
recorded throughout most biodegradation stages, TOC remov-
al occurred aerobically due to the continuous in situ oxygen
supply by microalgae, as noted earlier by Guieysse et al.
(2002). NHj stripping to the headspace could have contribut-
ed to TN removal based on the high pH levels recorded at the
end of microalgal cultivations. However, the low equilibrium
headspace NH; concentrations estimated theoretically sug-
gested that nitrogen assimilation into biomass was the main
N removal mechanism.

In this particular study, floc formation in the microalgal—
bacterial cultures hindered the accurate determination of bio-
mass concentration by culture absorbance measurements,
which is an analytical technique with low sampling volume
requirements. Biomass quantification through conventional
total suspended solid analyses was not carried out due to the
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high sampling volume needed for this analytical technique
(>25 mL due to the low biomass concentrations in the sys-
tems, visual observation), which would have entailed the
withdrawal of total sampling volumes far above the conserva-
tive maximum final sampling volume of 15 % selected for
these standard biodegradability tests. However, despite the
fact that biomass concentration was not periodically moni-
tored, the impact of a biomass-mediated light scattering or
light limitation on the results obtained was negligible due to
the low biomass concentration supported by the final carbon
removal recorded. Thus, the maximum final biomass concen-
tration estimated based on the total carbon removed and the C
content of the final harvested biomass was 0.17 g L™" in 2x
FW tests, which likely supported an efficient light distribution
in the bottles. Finally, the fact that the soluble fraction of the
agro-industrial wastewaters was used in the biodegradability
assays did not invalidate the results here obtained due to the
fact that any particulate organic matter present in the waste-
waters ultimately would be hydrolyzed by the microorganisms
prior to cell uptake in soluble form. Full-scale wastewater
treatment plants are nowadays operated with preliminary
screening units, primary settlers and rotary fine screens, which
generate wastewaters with a low content of particulate pollu-
tion (similar to those obtained here by filtration) (Metcalf
2003). Besides, the contribution of the particulate organic
matter to the total C, N and P load in the raw wastewaters
evaluated in this study was low.

Biodegradability of agro-industrial wastewaters

The biodegradable total organic carbon was the limiting com-
ponent during wastewater treatment in most of the evaluated
agro-industrial effluents and dilutions. The high pH values
and the high N-NH," concentrations in some wastewaters
might have also inhibited the biodegradation process
(Craggs et al. 2011). Thus, the results here obtained highlight
the need for an external carbon source (CO,) supply, the
implementation of pH control strategies and the dilution of
the high N-NH," concentrations in conventional HRAPs for
optimal wastewater treatment (Craggs et al. 2011; De la Noiie
et al. 1994).

Biodegradation of potato processing wastewater

Carbon and nutrient concentrations in potato processing
wastewater were relatively low compared to the other agro-
industrial wastewaters tested despite its neutral pH and opti-
mal C/N/P ratio (Table 1). The rapid TOC removal and
increase in the cultivation pH in 2x and 4x suggest the
occurrence of an active microalgae population capable of
satisfying the bacterial oxygen demand of the biodegradation
process (Olguin 2003). The TN decrease correlated with an
increase in N-NH, " concentration for 1x and 2x, which was

likely due to the ammonification of the dissolved organic N
(which constitutes the major fraction of TN in PW) (Fig. 1b,
d). However, N-NH," concentration decreased accordingly to
TN in 4% probably mediated by the low ammonification rate
as a consequence of the low organic N concentration. The
absence of NO, and NO; in the biodegradation assays,
together with the enclosed nature of the tests, suggests that
most of the ammonium was removed via assimilation into
biomass prior to ammonification. The absence of nitrification
in this series of tests was probably mediated by the low
fraction of nitrifying bacteria present in the inoculum (15+
7 mg VSS L' of total bacterial biomass), their low growth
rate and the high initial oxygen demand of the TOC-degrading
heterotrophic bacteria (which outcompete nitrifiers). Like-
wise, the high pHs might have inhibited NH," nitrification
despite the high O, concentrations at the end of the tests in 2x
and 4% (Metcalf 2003). Although TOC removal stopped after
50 h in all dilution tests, the fact that O, concentration only
increased significantly in 4% (due to its higher microalgae
activity and the lower oxygen demand of the wastewater)
and in a lower extent in 2%, suggests a partial inhibition of
microalgae activity mediated by the wastewater. The system-
atic determination of the limiting component in this biodegra-
dation test series concluded that the limiting component in 1x
was phosphorus, while biodegradable TOC might limit the
biodegradation process in 2x and 4. However, a potential
inhibition mediated by the high pH values recorded in 2x and
4x was more likely to inhibit bacterial activity than the ab-
sence of biodegradable TOC.

Biodegradation of fish processing wastewater

Fish processing wastewater showed similar characteristics
than PW, although its pH was slightly higher (Table 1). The
progressive TOC decrease and the increase of CO, concen-
trations during the first hours of experimentation indicated an
intense bacterial activity. However, the decrease in CO, con-
centration concomitant with the increase in pH and O, con-
centrations indicated a strong microalgae activity by the end
of the tests. The high photosynthetic activity and the low
oxygen demand during the last stages of the FW biodegrada-
tion process resulted in the high O, concentrations recorded in
4x. Ammonification was identified as the main responsible of
the initial N-NH," concentration increase in the assays. The
difference between TN and N-NH," concentrations and the
absence of NO, and NO; clearly indicate that organic
nitrogen was the main component of the total nitrogen in
FW. The reasons underlying the lack of nitrification in this
test were likely similar to those discussed in PW, and this
rationale could be applied to all agro-industrial wastewaters
tested. The biodegradable TOC was the limiting component of
the process regardless of the dilution.
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Biodegradation of animal feed production wastewater

The animal feed production wastewater was initially charac-
terized by moderate carbon and nutrient concentrations com-
pared to the other agro-industrial wastewaters tested, a
favourable C/N/P ratio and a slightly acidic pH (Table 1).
The lag phase recorded for TOC and TN removal in 2% and
4x, together with the rapid oxygen depletion, suggests that
microalgae activity likely limited the biodegradation process
during the initial stages of the processes. On the other hand,
the O, concentration increase recorded in 4x at the end of the
test was likely due to the depletion of all potential oxidizable
substrates (TOC) and to active microalgal photosynthesis. In
any case, the absence of O, in the bottle’s headspace during
most of the biodegradation assays likely inhibited NH,4" nitri-
fication. In this context, the high correlation between TN and
N-NH," concentrations indicated that N-NH,4"~ was the only
contributor to TN. The increase in pH in 2x and 4x was
probably mediated by an intense photosynthetic activity
(CO, uptake) by the end of the test and a potential release of
basic metabolites. The concentration of biodegradable TOC
likely limited the biodegradation process in this particular
wastewater based on the high N-NH,4" concentrations and
absence of biological activity after PO4>~ addition. In the
particular case of 1x, the high N-NH," concentrations or the
presence of inhibitory compounds might have exerted a det-
rimental effect on microalgae activity and therefore on the O,

supply.

Biodegradation of lyophilized coffee manufacturing
wastewater

The TOC and nutrient concentrations in the lyophilized coffee
manufacturing wastewater ranked the highest among the five
agro-industrial wastewaters tested. A neutral pH and a low
C/N ratio, compared to the optimum reported, also character-
ized CW (Table 1). The low TOC REs recorded highlighted
the highly recalcitrant nature of this wastewater. The initial N-
NH, " concentration decrease was likely due to assimilation
into algal-biomass (based on the absence of nitrifying activity
and enclosed nature of the tests), while the subsequent in-
crease was likely due to ammonification of N-organic. The
differences in TN and N-NH," concentrations, along with the
absence of NO, and NOs', suggest that organic N was the
main nitrogenous component in CW. The highest bacterial
activity was recorded in 2Xx as shown by the highest CO,
concentrations and the lowest pHs among the dilutions tested.
On the other hand, the highest microalgae activity was record-
ed in 100x based on the highest O, concentrations and pHs.
The high CO, concentrations recorded in the absence of both
0O, and microalgae growth in 2%, 10x and 20x% (visual obser-
vation) suggest the occurrence of anaerobic organic matter
biodegradation, which could also explain the recorded
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decrease in the pH of the cultivation broths. The biodegrad-
able TOC was the limiting component of the biodegradation
process regardless of the wastewater dilution. However, a
potential inhibition of the algal-bacterial community by some
toxic compounds present in the wastewater cannot be ruled
out based on the high microalgae activity at the highest CW
dilution.

Biodegradation of yeast production wastewater

Yeast production wastewater was characterized by a low
soluble phosphorus, moderate TOC and high N-NH," and
IC concentrations compared to the rest of agro-industrial
wastewaters evaluated (Table 1). The low TOC removal rates
together with the gradual CO, accumulation within the first
hours of experimentation suggested an initial low bacterial
activity in 4x and 10x. However, photosynthesis was more
likely to limit the biodegradation process based on the low O,
concentrations recorded in the headspace. In the absence of
NO;~ and NO, , the results suggest that N-NH," and N-
organic were the main contributors to TN (94.8 and 5.2 %,
respectively). The high buffer capacity of this wastewater, as a
result of its high IC concentrations (Table 1), limited the pH
increase in tests 4x and 10x. The systematic determination of
the limiting component in 4x and 10x confirmed that phos-
phorus was the limiting substrate in the biodegradation of this
anaerobically pretreated wastewater. On the other hand, the
high N-NH," concentrations of this wastewater likely
inhibited microalgae activity in 1x and 2x and therefore the
biodegradation process. However, the fact that the variations
in CO, concentration were not correlated to a decrease in the
TOC, TN or O, concentrations suggests that they might have
been just abiotically induced by variations in pH (Fig. 5c).

Carbon and nitrogen biomass content

The increase in the cultivation medium of the C and N
available for biomass growth when decreasing wastewater
dilution likely induced the increase in carbon and nitrogen
contents recorded in the biomass harvested at the end of the
biodegradation tests. The C and N contents were within con-
ventional reported ranges (C 40-60 %; N 4-9 %) (Grobelaar
2004; Cabanelas et al. 2013). This study confirmed that C and
N recovery during microalgae-based wastewater treatment
constitutes an opportunity to enhance the economic viability
and sustainability of agro-industry.

In conclusion, in the absence of inhibitory compounds, the
initial C/N/P ratio of the agro-industrial wastewater was cor-
related with its biodegradability. PW and FW were effectively
treated in terms of carbon and nutrient removal. Low carbon
and nutrient removal was recorded in CW and YW, the most
recalcitrant wastewaters. Despite the low TOC removal effi-
ciencies recorded, the biodegradable organic carbon was in
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most cases the limiting component in the biodegradation,
although eventually the combination of high pH values and
high N-NH," concentrations might have also limited waste-
water treatment. A similar carbon and nitrogen biomass con-
tent, higher than the lower dilution applied, was recorded
regardless of the target wastewater.
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1. Introduction

The rapid growth of human population over the past century
from 1600 to 6700 million people (UN, 2011) has entailed the gen-
eration of huge amounts of domestic wastewaters worldwide
(Craggs et al., 1996a). Despite their high geographic and seasonal
variability in terms of flowrates and contaminant concentrations,
domestic wastewaters are often characterized by their high organ-
ic matter and nutrient loads (Metcalf and Eddy, 2003), whose
uncontrolled disposal into the environment is gradually deteriorat-
ing water quality in lakes and rivers as a result of eutrophication
and O, depletion (de Bashan and Bashan, 2010). In this context,
the increasing public concern about preservation of natural water
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resources has triggered the development of a wide range wastewa-
ter treatment technologies and the enforcement of stricter waste-
water discharge regulations (de la Noiie et al., 1992). However,
conventional wastewater treatment technologies such as aerobic
activated sludge processes or anaerobic digestion still present se-
vere technical-economic limitations caused by their high energy
requirements and poor nutrient removals, respectively (de Godos
et al., 2010).

In this regard, algal-bacterial processes constitute an environ-
mentally friendly alternative for the treatment of domestic waste-
waters able to overcome the above mentioned limitations (Mufioz
and Guieysse, 2006). These sun-powered, operationally simple
processes are based on the symbiotic interactions between micro-
algae and bacteria. In brief, the oxygen photosynthetically pro-
duced by microalgae in the presence of light and CO, is used by
bacteria to in situ oxidize the organic matter and nutrients present
in the wastewater, producing in return the CO, needed for micro-
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algae photosynthesis (Mufioz and Guieysse, 2006). The first appli-
cations of this technology were implemented in the mid 1950s in
California for the treatment of domestic wastewaters in the so
called high-rate-algal-ponds (HRAPs) (Oswald, 1988). Although
successful nutrient and organic matter removals have been consis-
tently recorded in HRAPs (de Godos et al., 2009a), the harvesting of
the microalgae produced still constitutes one of the operational
limitations of this technology due to their small cell size, strong
negative surface charge, low and varying microalgae concentra-
tions, and similar density of microalgae cells to water (Park et al.,
2011). For instance, Garcia et al. (2000) reported maximum micro-
algal biomass removal efficiencies of 80% in a settler operated at
surface loading rates of 2m?>m~2d~!, which are 20 times lower
than those typically applied in activated sludge settlers.

Biofilm photobioreactors represent an innovative approach to
enhance biomass harvesting in microalgae-based wastewater
treatment processes (Boelee et al., 2011). Hence, biofilm photobi-
oreactors allow for the simultaneous production of a biomass-free
effluent and an easily harvestable biomass (de Godos et al., 2009b).
However, the high cost of microalgae immobilization materials
(e.g. carrageenan, chitosan and alginate), together with their struc-
tural weakness during long term operation (especially in the pres-
ence of high PO;3 concentrations), have promoted the
development of a new generation of enclosed biofilm photobiore-
actors. These innovative phototrophic biofilm bioreactors are
based on the sole biofilm attachment to the photobioreactor walls
and have shown promising carbon and nutrient removal capacities
during the treatment of secondary domestic wastewaters (Boelee
et al,, 2011; Guzzon et al., 2008; Zamalloa et al., 2013) and both
digested and raw manure effluents (Craggs et al., 1996b; Kebede-
Westhead et al., 2004; Muiioz et al., 2009; Pizarro et al., 2002; Wil-
kie and Mulbry, 2002). For example, uptake rates of nitrate
and phosphate from municipal secondary effluents of up to 1.0 g
NO; m2d'and 034 gPm 2d ', respectively, have been reported
in an open microalgal biofilm photobioreactor (Boelee et al., 2011).
Likewise, up to 83 +25% and 91 + 12% of the total nitrogen and
phosphorus removed from dairy manure wastewater, respectively,
were recovered in the harvested microalgal biomass in an algal turf
scrubber (ATS) (Mulbry et al., 2008). Due to the fact that the previ-
ous studies of algal-bacterial biofilm bioreactors were based on the
treatment of wastewaters previously treated aerobically or anaer-
obically (where most of the carbon content was removed), these
studies (Table 1) only focused on nitrogen and phosphorus re-
moval. However, despite the promising performance of algal bio-
film bioreactors for the treatment of secondary domestic and
anaerobically digested livestock effluents, there is no single study
focused on the evaluation of the potential of these innovative bio-

film photobioreactors as a core technology for the treatment of
centrate and raw domestic wastewaters.

This research was based on the previously reported successful
nutrient removal performance of algal-bacterial biofilm bioreac-
tors treating diluted manure effluents and on their potential for
algal biomass retention in order to reduce the harvesting costs, un-
der the hypothesis that the characteristics of these photobioreactor
configurations and the mechanisms underlying pollutant removal
in algal-bacterial biofilms can support an efficient C, N, P and solid
removal during the treatment of centrates and domestic wastewa-
ter. Thus, in this work, the potential of an open algal-bacterial
biofilm photobioreactor and a control open bacterial biofilm biore-
actor to remove carbon, nitrogen and phosphorous from diluted
centrates and domestic wastewaters was comparatively evaluated
for 220days. The influence of the hydraulic residence time
and effluent recycling flowrate on wastewater treatment perfor-
mance was investigated. Finally, the influence of carbon and nutri-
ent loading rate on biomass composition was also assessed.

2. Methods
2.1. Microorganisms and culture conditions

The biofilm bioreactors were inoculated with a microalgal con-
sortium collected from a pilot HRAP treating diluted centrates at
the Department of Chemical Engineering and Environmental Tech-
nology (University of Valladolid, Spain), and with activated sludge
from Valladolid wastewater treatment plant (WWTP).

2.2. Wastewaters

Centrate wastewater was obtained by centrifugation of the
anaerobically digested mixed sludge of Valladolid WWTP (Spain).
Centrates were diluted with tap water due to the potential inhibi-
tion of microalgae growth by their high NH, concentrations (Gon-
zalez et al., 2008). Raw domestic wastewater was directly collected
from a public sewer nearby the Department of Chemical Engineer-
ing and Environmental Technology of Valladolid University. The
domestic wastewater was pre-treated by screening and primary
sedimentation (3 h of retention time) (Table 2).

2.3. Experimental set-up

The experimental set-up consisted of two identical 31 L biofilm
bioreactors with a cultivation surface of 0.5 m? (1 m long and 0.5 m
wide) at a slope of 0.5% in order to maintain a uniform downflow
(with a maximum water layer of 0.5 cm) and two chambers of

Table 1
Operational parameters and nutrient removal performance in algal-bacterial biofilm photobioreactors treating different types of wastewaters.
Photobioreactor Wastewater TN load TN removed (%) TP load TP removed (%) Reference
(gm2d") (gm>d")
ATS + ultraviolet system Secondary sewage 8-0.8 50 (n.Lr.) 14-3 52 (LLr.)-40 (h.Lr.) Craggs et al. (1996b)
(uv)
BAGC Dairy manure 1.03-0.64 42 (LLr.)-38 (h.L.r.)(a.b.) 0.16-0.08 100 (l.L.r.)-69 (h.Lr.) Wilkie and Mulbry
(a.b.) (2002)
Laboratory-scale ATS Dairy manure 0.80-0.05 84 (LLr.)-73 (h.l.r.) 0.16-0.01 100 (L.Lr.)-98 (h.Lr.) Pizarro et al. (2002)
Laboratory-scale ATS Anaerobically digested dairy 3.7-0.8 359+11.4 (ab.) 0.58-0.12 343 £6.2 (a.b.) Kebede-Westhead
manure effluent et al. (2004)
Outdoors ATS raceways Anaerobically digested dairy 2.5-0.3 83 +25(LLr.)-57+13 0.40-0.05 91+12(LLr.)-62+11 Mulbry et al. (2008)
(Maryland, USA) manure effluent (h.L.r.) (a.b.) (h.L.r.) (a.b.)
Flow cell (algal biofilm) Effluent from a municipal 453-0.11 22 0.50-0.01 26 Boelee et al. (2011)

WWTP

a.b. = recovery in algal biomass.

L.Lr. = low loading rate; h.Lr. = high loading rate; n.Lr. = no loading rate influence.
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Table 2
Composition of the centrate and pre-treated domestic wastewater.

Wastewater TOC (mgL™") IC (mg L") TN (mg L) NHZ (mgNL™") PO} (mgP L") C:N:P ratio TSS (g L) pH

Raw centrate 76 £7 717 £36 666 + 36 646 + 29 101 £31 100:84:13 0.01 +0.01 7.47 £ 0.02

Domestic wastewater 181+ 69 100 +23 91+14 66 £ 16 7+3 100:32:02 0.35+0.10 7.11+0.35
Neither NO, nor NO; were detected in the raw wastewaters.
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Fig. 1. Schematic diagram of the laboratory scale biofilm bioreactors.

15.5 L as distribution and settling units, respectively (Craggs et al.,
1996b). Both the raw wastewater and effluent recirculation en-
trances were located in the distribution chamber. The mixture of
wastewater and recycled effluent was distributed homogeneously
from the distribution chamber along the cultivation surface and
collected in the settling chamber, where both the effluent and
recirculation outlets were located (Fig. 1).

The bioreactors were built in 5 mm thick foam PVC. The cultiva-
tion surfaces were sanded in order to promote microbial attach-
ment (Boelee et al., 2011) (Fig. 1). The biofilm bioreactor A was
exposed to a light:dark regime of 16:8 h:h at an average photosyn-
thetically active radiation (PAR) of 88 +16 umolm 2s~! during
the illuminated period (Wilkie and Mulbry, 2002) using a bank of
six fluorescent lamps (Philips, 40 W, Germany) located 15 cm over
the phototrophic biofilm surface. The biofilm bioreactor B was par-
tially covered to prevent light penetration and served as control in
the evaluation of the influence of microalgae growth during bio-
film-based wastewater treatment. The bioreactors were inoculated
with 3 L of microalgal consortium (0.8 g TSSL™!) and 0.5 L of acti-
vated sludge (9.1 g TSSL™1).

The biofilm bioreactors were operated at hydraulic retention
times (HRT) of 10.4, 5.2 and 3.1 d with a continuous internal efflu-
ent recycling (Watson Marlow M60617) of 42 L m~2 min~! in the

according to typical values reported for wastewater treatment in
microalgae-bacteria systems such as HRAPs (Groeneweg et al.,
1980; Wang et al., 1996; de Godos et al., 2009a). The wastewaters
treated were maintained at 4°C under magnetic agitation
(200 rpm) during the entire experimentation. Six different opera-
tional conditions were tested along the 220 d of experimentation
(Table 3). Ten times diluted centrate was initially treated in the
biofilm bioreactors at 10.4 d of HRT in the two first stages (oper-
ated at an effluent recycling rate of 4.2 L m~2d~!), while domestic
wastewater was subsequently treated at 10.4, 5.2 and 3.1 d of HRT
in the third, fourth and fifth stage, respectively, also at an effluent
recycling rate of 4.2 L m~2d~". The carbon, nitrogen and phospho-
rus loads ranged from 0.6 t0 49gCm2d!',04t0 1.7gNm2d!
and 0.1 to 0.34 g Pm~2d"!, respectively. The influence of the efflu-
ent recycling rate on process performance was evaluated at 3.1 d of
HRT in stage VI.

The temperature of the cultivation broth in the bioreactors, the
dissolved O, concentration (DOC) and the influent and effluent
flow rates were daily measured. The PAR was weekly monitored
and the percentage of impinging light stored as chemical energy
into biomass (photosynthetic efficiency, PE) was computed accord-
ing to Eq. (1):

first five operational stages and 9.0 L m 2 min~! in the last opera- PE — W-E 100 (1)
tional stage (Table 3) (Mulbry et al., 2008). The HRTs were chosen G
Table 3
Operational conditions evaluated during the comparison of the bioremediation performance of the biofilm bioreactors.
Stage no.  Time (d)  Wastewater Feed flow Recirculation flow  HRT (d) pH C(gm2d') N(gm=2d"') P(gm32d")
(Lm2d™") (Lm?min ")
1 1-22 Diluted 1:10 centrate 6 4.2 104 +0.1 84+0.1 0.6 £0.0 04+0.0 0.05+0.03
Il 23-79 Diluted 1:10 centrate 6 4.2 104 £0.1 7.9+0.0 0.5+0.0 04+0.0 0.05 +0.04
11 80-134 Domestic wastewater 6 4.2 104 +0.1 74+03 1.8+0.0 0.6+0.0 0.03 £0.02
v 135-165 Domestic wastewater 12 4.2 52+00 7.0£0.0 3.7+0.0 1.2+0.0 0.08 +0.03
\% 166-190 Domestic wastewater 20 4.2 3.1x00 7.0£0.0 49+0.0 1.6+0.1 0.12+0.03
VI 191-220 Domestic wastewater 20 9.0 3.1+£0.0 7.0+£0.0 48+0.0 1.7+0.2 0.11 £0.01

¢ Total carbon (TC) loads were calculated considering the influent TOC and IC concentrations.

b Nitrogen loads were determined from the influent TN concentrations.
€ Phosphorus loads corresponded to soluble phosphate concentrations.
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where W represents the total harvested biomass in the cultivation
surface (kg m~2d "), E the specific heating value of the dry micro-
algal biomass (22.5 M] kg~ ! according to USDOE (1994) and Illman
et al. (2000)) and G the impinging radiation (M] m~2d~!). Liquid
samples of 300 ml from the influent and effluent of both bioreactors
were drawn twice a week to monitor the pH and the concentration
of total organic carbon (TOC), inorganic carbon (IC), total nitrogen
(TN), NH;, NO;, NO;3, POi’, total suspended solids (TSS) and volatile
suspended solids (VSS). The carbon, nitrogen, phosphorous and sus-
pended solid removal efficiency (RE) was calculated taking into ac-
count the corresponding empirical evaporation losses according to
Eq. (2):

_ (Qin . Cin - Quut . Cout) .
RE = Qin : Cin 100 (2)

where Q;, represents the influent flowrate (L d~!); Quy the effluent
flowrate (Ld™1); and Gy, and Coy are the influent and effluent con-
centrations of the target monitored parameters, respectively
(mg L.

The areal microalgal-bacterial biomass productivity was esti-
mated by periodically harvesting the biomass from the cultivation
surface of bioreactor A (Fig. 1) by mechanical scraping with a wood
strip and from the settling chamber, while in bioreactor B biomass
harvesting was carried out only twice over the 220 d of operation
based on the negligible bacterial growth. The harvested biomass
was dried for 24 h at 105 °C in a P-Selecta laboratory stove (SELEC-
TA, Spain) prior to quantification.

2.4. Analytical procedure

TOC, IC and TN concentrations were determined using a Shima-
dzu TOC-VCSH analyzer (Japan) equipped with a TNM-1chemilu-
minescence module. N-NH; concentration was determined using
an Orion Dual Star ammonia electrode (Thermo Scientific, The
Netherlands). N-NO;, N-NO, and P-PO}~ concentrations were ana-
lyzed via HPLC-IC (Waters 432, conductivity detector, USA). All
these analyses, including TSS and VSS determinations, were carried
out according to Standard Methods (Eaton et al., 2005). A Crison
micropH 2002 (Crison instruments, Spain) was used for pH deter-
mination. DOC and water temperature were recorded using an OXI
330i oximeter (WTW, Germany). The PAR was measured with a Li-
250A light meter (Li-COR Biosciences, Germany). The determina-
tion of the C and N content of the biomass was performed using
a LECO CHNS-932 analyzer, while the analysis of its phosphorus
content was carried out spectrophotometrically according to stan-
dard methods (Spectrophotometer U-2000, Hitachi, Japan).

3. Results and discussion

The low C/N/P ratio in both the centrate and domestic wastewa-
ter (Table 2), compared to the optimum reported C/N/P ratio for
microalgae growth of 100/18/2, suggests a potential C limitation
during wastewater treatment (Oswald, 1988). Despite different
carbon, nitrogen and phosphorous REs were recorded depending
on the type of wastewater and loading applied, the photobiofilm
bioreactor always supported significantly higher nutrient removals
(~x2). The DOC was always higher than 3 mg O, L™! regardless of
the bioreactor and operational stage, which suggests that neither
organic matter oxidation nor nitrification were limited by oxygen
supply.

3.1. Centrate wastewater treatment

Stage I involved the start-up of the biofilm bioreactors and the
tailoring of their design and operation. During this first period, the

biofilm bioreactors treated 10 times diluted centrate at an HRT of
10.4d. A thin and unstable algal-bacterial biofilm developed in
bioreactor A due to its poor adherence and robustness, which re-
sulted in a continuous biofilm detachment and subsequent biofilm
floc disruption in the settling chamber. The low biodegradable TOC
concentration available in the centrates, likely inducing a poor
extracellular polymer formation, resulted in a poor microbial
diversity and stability of the biofilm. A similar microalgae biofilm
washout was reported by Boelee et al. (2011) during the tertiary
treatment of a secondary effluent from an activated sludge process
in an ATS. The illumination of the distribution and settling cham-
bers also promoted the growth of suspended microalgae in biore-
actor A during stage I, which resulted in negative TOC and TSS
REs since a significant fraction of the inlet IC was photosyntheti-
cally transformed into particulate organic carbon in the form of
suspended microalgae biomass (Figs. 2a and 3). Therefore, in order
to prevent the growth of suspended microalgae, the distribution
and settling chambers were covered with a black rubber from
day 22 onwards. This modification constituted the main improve-
ment carried out from the results obtained in the start-up period in
both systems. Likewise, despite TOC and TSS removal efficiencies
in bioreactor B were significantly higher than in bioreactor A, these
REs were negligible or negative, concluding that both organic mat-
ter and suspended solid removals from centrate were not efficient
during stage I regardless of the biofilm bioreactor tested (Figs. 2a
and 3).

Stage II focused on the study of the different carbon and nutri-
ent removal mechanisms from diluted centrate and on the compar-
ison of the C, N and P removal efficiency in the algal-bacterial and
bacterial biofilm bioreactors. The covering of the distribution and
settling chambers initially resulted in enhanced TOC and TSS re-
moval efficiencies in both bioreactors compared to those achieved
at the end of stage 1. However, a gradual decrease in the TOC and
TSS removal capacity caused by the detachment and washout of
the algal-bacterial biofilm in bioreactor A occurred approximately
from day 56 onwards (Figs. 2a and 3). Likewise, a gradual deterio-
ration in TOC and TSS removal was also recorded in bioreactor B.
The average biomass harvested from bioreactor A surface during
the first days of stage Il was 0.5 g m2d~!, which entailed a light
utilization efficiency of 0.4%. This PE was lower than that reported
by Ozkan et al. (2012) in a lab-scale algal biofilm photobioreactor
(2.02 £ 0.17%) supplied with the autotrophic mineral salt medium
BG-11. This low light utilization efficiency at the low light intensi-
ties here used suggests that another parameter such as carbon sup-
ply limited microalgae growth. At the end of stage II, the removal
of TOC in the phototrophic bioreactor was negative and negligible
in bioreactor B, while TSS removal in both bioreactors was approx.
~0%.

The removal of inorganic carbon was almost complete at the
end of stage Il in both bioreactors, but while assimilation into bio-
mass was likely the main IC removal mechanism in the algal-bac-
terial bioreactor, CO, stripping governed the fate of IC in the
bacterial bioreactor since only 1.2 +0.5% of the initial IC was
assimilated as nitrifying biomass. On the other hand, TN removal
efficiencies decreased from 80% to 60% (corresponding to a de-
crease in the TN concentration removal from 62 to 41 mgNL™1)
in bioreactor A, with a complete NH; removal and an increase in
the contribution of nitrification to NH; removal from 9% to 43%,
which brought about a decrease in the pH from 7.5 to 6.5 during
stage II. Likewise, TN removal decreased to 21% (14 mgNL™!) in
bioreactor B with a decrease in NH; RE to 86% and a contribution
of nitrification to NH; removal of 63 *37%. Phosphorus removal
decreased from 77% to 54% (9-8 mg P L™!) in bioreactor A and re-
mained below 21% (3 mgP L") in bioreactor B, which confirmed
once again the key role of biomass formation on C and nutrient re-
moval in the algal-bacterial biofilm. The results here obtained
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Fig. 2. Time course of the influent concentrations (diamonds) and removal efficiencies (circles) of TOC (a) and IC (b) during the treatment of diluted centrate and domestic
wastewater in the biofilm bioreactor A (open symbols) and B (closed symbols).
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Fig. 3. Time course of the effluent concentrations (diamonds) and removal efficiencies (circles) of TSS during the treatment of diluted centrate (stages I and II) and domestic
wastewater (stages III-VI) in the biofilm bioreactor A (open symbols) and B (closed symbols).

were in agreement with those reported in an ATS treating dairy
manure at comparable N and P loads (~0.64gNm2d~' and
~0.08 gPm2d '), where lower TN-RE (40%) but higher TP-RE
(69%) were recorded (Wilkie and Mulbry, 2002). Like in stage I,
the poor adherence of the algal-bacterial biofilm together with
the resuspension of the detached biomass in the settling chamber
resulted in a negligible biomass harvested, whose composition was
not possible to determine. Therefore, the contribution of stripping
and assimilation to C, N and P removal was not quantified during
stage II. The low biofilm adherence and the low growth rates of
the algal-bacterial biofilm seem to confirm the hypothesis of a po-
tential carbon limitation in both bioreactors, where besides the
low carbon fraction originally present in the raw centrate (Table 2),
part of it was removed by stripping in the bioreactors. Likewise,
these results support the initial hypothesis of an efficient nutrient

removal in the algal-bacterial biofilm during the treatment of di-
luted centrate.

The temperature of the cultivation broth is a critical parameter
in biofilm activity and the thin water layer configuration in these
bioreactors render them more sensitive to ambient temperature
fluctuations than conventional suspended cultures (Murphy and
Berberog, 2012). In addition, despite water temperatures in both
bioreactors were similar and varied accordingly to the external
temperature (data not shown), the evaporation losses in bioreactor
A(25+02and 29+0.4L m 2d ! in stages I and II, respectively)
were approximately two times higher than in bioreactor B
(13203 and 1.2+03Lm2d ! in stages | and II, respectively),
which can be explained by the partial covering of bioreactor B to
avoid light penetration (Ozkan et al., 2012). The water evaporation
losses here recorded during the 220 operational days were in
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agreement with those reported by Murphy and Berberog (2012)
(1-7.3Lm2d™").

3.2. Domestic wastewater treatment

During stage III the bioreactors were fed with primary settled
domestic wastewater in order to elucidate whether wastewater
treatment and the robustness of the biofilm were more effective
for wastewaters with a higher carbon content in comparison with
centrates. In addition, the different C, N and P removal mechanisms
in period III were studied. The treatment of domestic wastewater
at 10.4 d of HRT entailed higher carbon loads but similar nutrients
loads (Table 3). TOC and IC removals in the algal-bacterial biofilm
reactor accounted for 90 + 3% and 91 + 6% (corresponding to con-
centrations of 172+27 and 105+54mgCL"!, respectively),
respectively, ~which corresponded to a removal of
1.7 £ 0.4 g Cm~2d~'. However, only 50 + 1% of the total C removed
was recovered as algal-bacterial biomass. Similar removal efficien-
cies for TOC and IC were reached in the control bacterial biofilm
(86 £ 8% and 97 * 2%, respectively, corresponding to 171 £ 65 and
106 + 26 mg CL 1), where IC removal by stripping was the major
C removal mechanism based on the absence of microalgae growth,
the negligible contribution of IC assimilation into nitrifying bio-
mass (1.8 £ 0.7% of the influent IC) and the low pH values. A robust
algal-bacterial biofilm established in the cultivation surface of bio-
reactor A during stage IIl, concomitant with a complete TSS re-
moval (Fig. 3). The average areal biomass harvested during this
stage was 2 + 1 gm~2d~', which corresponded to a photosynthetic
efficiency of 1.5%. These results confirmed the initial hypothesis
that higher TOC biodegradable concentrations in the wastewater
would support more robust biofilms and the fact that process per-
formance was initially limited by carbon supply. Likewise, TSS re-
moval in bioreactor B was almost complete despite the thin
bacterial biofilm formed. Significant differences were recorded in
the removal of nutrients in both bioreactors during stage III. Aver-
age TN removal efficiencies of 70 + 8% and 36 + 8% (corresponding
to eliminations of 72 + 13 and 37 + 11 mg N L~!) were recorded in
the algal-bacterial and bacterial bioreactors, respectively. Despite
the low share of NH; in the cultivation broth of bioreactor A
(3.6% at pH ~ 7.7), stripping was the main mechanism for TN re-
moval since only 36 + 15% of the TN removed was recovered as bio-
mass. A similar nitrogen percentage (36 + 11%) was recovered from
diluted dairy manure as algal biomass in a laboratory ATS at N
loading rates between 0.8 and 3.7gm 2d~! (Kebede-Westhead
et al., 2004). Nitrification accounted for 29 + 7% and 62 + 11% of
the NH; removed in bioreactors A and B, respectively, with maxi-
mum NO; concentrations in this experimental period of 58 and
83 mg N-NO; L™, respectively. This high nitrification activity in
the bacterial biofilm bioreactor decreased the pH to 5.2 by the
end of stage III. In this context, while the low NH; concentrations
in the algal-bacterial biofilm bioreactor likely limited the nitrifica-
tion process, the presence of sufficiently high O, and NH; concen-
trations in bioreactor B suggest that either the low IC
concentrations or the pH limited NH, oxidation in the bacterial
biofilm (see Fig. 4).

The algal-bacterial biofilm exhibited P-PO} REs of 85 + 9% (cor-
responding to a removal of 6 £3 mgP L") in bioreactor A, while
negative REs were recorded in the control bacterial biofilm reactor
during stage III. Hence, while phosphorus removal in bioreactor A
occurred via biomass assimilation (85 + 13% of the P removed was
recovered in the harvested biomass), the negative REs in bioreactor
B were likely due to the hydrolysis of the biomass formed in the
previous operational stages (hypothesis based on the absence of
a significant biomass recovery in the control bioreactor). The phos-
phorus recovered as algal biomass in the current research was
higher than the reported recoveries in a similar lab-scale ATS

(34 + 6%) treating dairy manure at phosphorus loading rates be-
tween 0.12 and 0.58 gP m~2d ! (Kebede-Westhead et al., 2004).

The results from stage Il showed higher carbon and nutrient
recoveries in the algal biomass harvested compared to those re-
corded during diluted centrate treatment at the same HRT. In this
context, the higher carbon content of this wastewater likely miti-
gated the previous carbon limitation. Likewise, the satisfactory
performance of the algal-bacterial biofilm for the recovery of
nutrients from the domestic wastewater was confirmed by the
higher nutrient removal recorded in the algal-bacterial biofilm
compared to its bacterial counterpart. However, an HRT of 10d is
significantly higher than those typically used in conventional
activated sludge processes. Therefore, the performance of the
algal-bacterial biofilm bioreactor at lower HRTs (lower total
bioreactor volumes for the same wastewater flowrate) must be
evaluated.

The potential of both biofilm bioreactors was challenged by
decreasing the HRT to 5.2 d (stage IV) and 3.1 d (stage V), respec-
tively. The results obtained suggest that the same mechanisms dis-
cussed in stage Il governed carbon and nutrient removal in stages
IV and V. The algal-bacterial biofilm reactor supported TOC and IC
removal efficiencies of 86 + 3% and 81 + 8% (corresponding to elim-
inations of 180+29 and 84+ 15mgCL™"), respectively, during
stage IV, and 86 + 6% and 85 + 12% (corresponding to eliminations
of 179 £ 15 and 78 + 14 mg C L™1), respectively, in stage V. The fact
that only 48 + 5% and 33 + 5% of the total removed C was recovered
as biomass in stages IV and V, respectively, suggest that stripping
was the main C removal mechanism in the algal-bacterial biofilm.
On the other hand, TOC and IC removal efficiencies of 87 + 3% and
92+4% (18220 and 87 +10mg CL™!), respectively, were re-
corded during stage IV in the bacterial biofilm, and 94 + 2% and
91+ 5% (183 +28 and 84 + 10 mg C L™!), respectively, during stage
V. The high CO, gradients between the liquid and the gas phase
(4.9 and 6.6 mg CO, L~ in the liquid phase in stages IV and V vs.
0.31 mg CO, L' in equilibrium with the atmospheric CO, concen-
tration) led to an intense IC removal by stripping. The carbon
assimilated as nitrifying biomass was estimated to 0.8 + 0.2% and
0.3 £ 0.2% of the inlet IC in stages IV and V, respectively, which con-
firmed the hypothesis of CO, stripping as the main C removal
mechanism in bioreactor B. The algal-bacterial biomass harvested
during both periods accounted for 3.1 and 2.6 gm~2d~! (corre-
sponding to PEs of 2.6% and 2.2%, respectively), while a negligible
biomass accumulation was observed in the bacterial biofilm. The
high robustness of the biofilms formed in both bioreactors sup-
ported an efficient TSS removal (Fig. 3).

On the other hand, the TN removal in bioreactor A remained
approximately constant in stages IV and V at 59+11% and
54 +8% (corresponding to eliminations of 57+12 and
42+7mgNL™"), respectively. Surprisingly, NH; volatilization
was likely the main removal mechanism in the algal-bacterial bio-
film since only 37 +13% and 30 + 15% of the TN removed was
recovered as biomass. NH; was completely removed in the stages
IV and V in the algal-bacterial biofilm, with nitrification account-
ing for 47 + 11% and 78 + 18% of the influent NH; in a process likely
limited by the low NH; concentrations. The bacterial biofilm sup-
ported TN removals of 29 +6% and 34 + 18% (corresponding to
removals of 2827 and 296 mgL~!) in the periods IV and V,
respectively, but an incomplete NH; removal in both stages. The
decrease in the contribution of nitrification to the total NH; re-
moval from stages IV to V (78 £ 18% and 53 + 19%, respectively)
could be attributed to the concomitant decrease in the influent
NH; concentration. Likewise, phosphorus removal in stages IV
and V during the operation of bioreactor A decreased to 57 + 17%
and 36+22% (5+1 and 2+1mgL!), respectively. Despite
90 + 8% and 86 + 10% of the total P removed was recovered in the
harvested biomass, the lower phosphorus removals achieved com-
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Fig. 4. Time course of the influent concentrations (diamonds) and removal efficiencies (circles) of TN (a), ammonium (b) and nitrite (squares)/nitrate (triangles) effluent
concentrations during the treatment of diluted centrate and domestic wastewater in the biofilm bioreactor A (open) and B (closed).

pared to stage Il were likely due to an overload of the biofilm puri-
fication capacity mediated by the high C, N and P loads, and the
intensive C stripping from the system, which limited nutrient
assimilation. In this context, a decrease in nutrient removal effi-
ciencies at increasing loading rates was also reported in a benthic
microalgae growth chamber (BAGC) treating dairy manure (Wilkie
and Mulbry, 2002) (Table 1). Therefore, the lower HRTs tested did
not result in an improvement in the carbon and nutrient removal
efficiency in none of the bioreactor configuration tested. In this re-
gard, the high HRTs in the algal-bacterial biofilm reactor for opti-
mum biodegradation performance still involve the need for further
developments targeting a significant decrease in the HRT to be able
to compete with conventional wastewater treatment technologies
such as activated sludge processes or UASB bioreactors.

In the final stage, the HRT was set at 3 d and the recirculation
rate increased in order to assess any improvement in the biodegra-
dation performance of the bioreactors as a result of a higher turbu-
lence regime (see Fig. 5).

The increase in the effluent recycling rate up to 9L m 2 min~!

in stage VI did not result in significant enhancements in process
performance. Hence, the removal of TOC, TSS, IC, TN, NH; and
PO}~ remained similar to those recorded in stage V in both biofilm
reactors, and did not compensate the extra energy costs mediated
by the increase of the effluent recycling rate. Similar results were
recently reported by Higgins and Kendall (2012) in the evaluation
of a life cycle energy of an ATS, who concluded that higher water
recirculation rates result in a net increase in energy consumption
without an enhancement in the ATS biomass productivity (g m—2 -
d~"). Despite a sudden decrease in NO; concentrations at the end
of stage V, the contribution of nitrification to NH; removal gradu-
ally recovered in stage VI in both bioreactors. The production of
algal-bacterial biomass remained similar to that obtained in stage
V (29 gm™2d~!), with an associated PE of 2.4%. C, N and P
assimilation into the algal-bacterial biomass accounted for
30+5%, 21+13% and 102 £ 5% of their respective removals. The
mechanical harvesting of the biomass in the algal-bacterial biofilm



