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RESUMEN

El objetivo de este proyecto fue evaluar la influencia de la digestion anaerobia convencional (DAC)
y la digestion anaerobia avanzada (DAA) de lodos sanitarios en la composicion (es decir en las
caracteristicas fisicoquimicas y microbioldgicas, y en la concentracién de microcontaminantes) y
en la fitotoxicidad directa e indirecta de los biosdlidos (BS) generados. La hipétesis de investigacion
fue que la DAA produciria un cambio mas favorable en la composicion y la fitotoxicidad de los BS
en comparacion con los generados por DAC, considerando como finalidad la aplicacion benéfica
de los BS.

Se operaron por aproximadamente 200 dias, dos reactores anaerobios en condiciones mesofilicas
a escala de laboratorio operados con un tiempo de retencion de lodos de 30 dias. Uno en fue
alimentado directamente con lodos sanitarios (DAC) y el otro fue alimentado con el mismo lodo
sanitario pero pre-tratado (DAA). Se utilizd un pre-tratamiento secuencial de ultrasonido seguido
de una etapa térmica a baja temperatura (55°C). Durante el periodo de operacion el desempefio
de ambos reactores fue evaluado mediante la determinacion de la reduccion solidos totales (ST),
materia organica estimada mediante la demanda quimica de oxigeno (DQO) y el rendimiento de

generacion de metano.

Los BS generados por ambos reactores fueron destinados para diferentes propésitos. Una fraccién
fue utilizada para realizar caracterizaciones fisicoquimicas como determinacion de ST, de sdlidos
volatiles (SV), pH, conductividad, humedad, contenido de metales, contenido de nutrientes
(nitrégeno, foésforo y potasio), materia organica, entre otros. A otra fraccion se le determinaron
agentes patdégenos como coliformes totales y fecales. Otra fraccion de los BS fue destinada a los
ensayos de fitotoxicidad directa e indirecta. Una ultima fraccion fue utilizada en la determinacion
de los microcontaminantes (tonalide, galaxolide, triclosan, hidroxitolueno butilado, fenantreno,

pireno, 4-nonilfenal, tert-octilfenol, bisfenol A'y 17B-etinil estradiol).

El desempefio de la digestion anaerobia mejord con la incorporacién del pre-tratamiento
secuencial. Con remociones de DQO y SV un 12.89% y 4.25% mayores que el sistema de DAC.
El rendimiento de metano fue un 30.24% mayor en DAA que el sistema DAC. Respecto a las

caracteristicas fisicoquimicas de los BS, la concentracion de nitrégeno total, fésforo total, amonio,

18



cobre, zinc y mercurio; fueron entre 1.05-1.58 veces mayores en los BS de DAA en comparacion
con los procedentes de DAC. Comportamiento relacionado principalmente con la solubilizacion de

la materia organica debido al pre-tratamiento.

Considerando los 10 microcontaminantes determinados, ambos sistemas resultaron en la
acumulacién de 8 de los microcontaminantes. Siendo el triclosan el Unico compuesto removido
durante la DAC y DAA y el 17p-etinil estradiol el compuesto que no se detectd ni en los lodos
sanitarios parentales, ni en los BS. Sin embargo, la DAA resultd en la disminucion de 7 de los 9

compuestos detectados respecto a la DAC.

La fitotoxicidad directa e indirecta de los BS y de los lodos sanitarios parentales, fue evaluada
mediante dos plantas dicotiledéneas y una monocotiledonea, Lactuca sativa, Raphanus sativus y
Triticum aestivum, respectivamente. Los resultados mostraron la alta fitotoxicidad de los lodos
sanitarios, relacionada con la materia orgénica putrescible, es decir, la falta de estabilizacion. La
fitotoxicidad indirecta de los BS de DAC causaron efectos positivos en R. sativus y T. aestivum,
pero para L. sativa se observo una alta toxicidad. En el caso de los BS de DAA, estos mostraron
un efecto benéfico o la no presencia de sustancias fitotoxicas para las tres plantas testeadas. En
el caso de la fitotoxicidad directa los BS de DAC fueron ligeramente mas benéficos que los BS de
DAA, con aumentos entre 4-20% en el indice de germinacion de DAC en comparacion a DAA 'y

con ECso promedio de 164 g/kg y 159 g/kg, para los BS de DAC y DAA respectivamente.

Por tanto, se rechaza la hipotesis planteada. Aunque la aplicacion del pre-tratamiento secuencial
de ultrasonido seguido de un tratamiento térmico a baja temperatura (55°C) mejoré la conversion
de la materia organica, incremento la produccion de metano, aumento la remocion de organismos
patégenos y de microcontaminantes. Los resultados de fitotoxicidad directa e indirecta de los
biosolidos procedentes de digestion anaerobia convencional y avanzada, no mostraron diferencias

significativas.
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ABSTRACT

The aim of this project was to evaluate the influence of conventional anaerobic digestion (CAD) and
advanced anaerobic digestion (AAD) of sewage sludge in the composition (i.e. physicochemical
and microbiological characteristics, and the concentration of micropollutants) and in the direct and
indirect phytotoxicity of the biosolids (BS) generated. The hypothesis was that the ADF produced
more favorable changes in the composition and phytotoxicity of the BS than those generated by

CAD, considering as a final purpose the beneficial application of the BS.

For 200 days, two laboratory-scale anaerobic reactors under mesophilic conditions were operated
at sludge retention time of 30 days. One was fed directly with sewage sludge (CAD) and the other
one was fed with the same sewage sludge but pre-treated (AAD). A sequential pre-treatment of
ultrasound followed by a thermal low temperature (55°C) stage was used. During the operation time
the performance of both reactors was evaluated by determining the total solid (TS) reduction,

organic matter estimated as chemical oxygen demand (COD) and the methane yield.

The BS generated by both reactors were used for different purposes. A fraction was used to perform
physicochemical characterizations such as determination of TS, volatile solids (VS), pH,
conductivity, humidity, metal content, nutrient content (nitrogen, phosphorus and potassium),
organic matter, among others. Another fraction was used to determined pathogens as total and
fecal coliforms. Another fraction of the BS was used for direct and indirect phytotoxicity assay. A
final fraction was used in the determination of microcontaminants (tonalide, galaxolide, triclosan,
butylated hydroxytoluene, phenanthrene, pyrene, 4-nonylphenol, tert-octylphenol, bisphenol A and
17B-ethinyl estradiol).

The anaerobic digestion performance improved with the incorporation of the sequential pre-
treatment of ultrasound followed by a low-temperature thermal stage. With COD and VS removals
12.89% and 4.25% higher than the CAD system. And the methane yield in AAD was 30.24% higher
than the CAD system. Regarding the physicochemical characteristics of the BS, the concentration

of total nitrogen, total phosphorus, ammonium, copper, zinc, and mercury; were between 1.05-1.58
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times higher in the BS from AAD compared to those from CAD. Behavior related mainly to the

solubilization of organic matter due to pre-treatment.

Considering the 10 microcontaminants determined, both systems resulted in the accumulation of 8
of the microcontaminants. Triclosan being the only compound removed during CAD and AAD, and
17B-ethinyl estradiol the compound that was not detected in either SS or BS. However, AAD

resulted in a decrease of 7 of the 9 compounds detected with respect to CAD.

The direct and indirect phytotoxicity of the BS and the parental SS, which was evaluated by two
dicotyledonous plants and one monocotyledonous; Lactuca sativa, Raphanus sativus, and Triticum
aestivum, respectively. The results showed the high phytotoxicity of sewage sludge, related to
putrescible organic matter, that is, the lack of stabilization. Indirect phytotoxicity of BS from CAD
caused positive effects in R. sativus and T. aestivum, but for L. sativa high toxicity was observed.
In the case of the BS from AAD, these showed a beneficial effect or the absence of phytotoxic
substances for the three plants tested. In the case of direct phytotoxicity, the BS from CAD was
slightly more beneficial than those from AAD, with increases between 4-20% in the germination
index of CAD compared to AAD and with an average ECso of 164 g/kg and 159 g/kg, for the BS
from CAD and AAD, respectively.

Therefore, the hypothesis is rejected. Although the application of sequential pre-treatment of
ultrasound followed by a low temperature treatment (55°C) improved the conversion of organic
matter, the methane production increased, the elimination of pathogens and microcontaminants
increased. The results of the direct and indirect phytotoxicity of the biosolids from conventional and

advanced anaerobic digestion, showed no significant differences.
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1. Introduccion

Los asentamientos humanos y las actividades que en ellos se desarrollan producen una presion
sobre los sistemas acuaticos continentales por la demanda de agua (uso y consumo) y la
disposicion de las aguas residuales, es decir, los efluentes que resultan del uso del agua en las
viviendas (aguas servidas, AS), el comercio y la industria. La descarga de aguas servidas sin un
tratamiento adecuado afecta el funcionamiento de los sistemas acuaticos donde son vertidas por
los aportes de materia organica, nutrientes y compuestos quimicos que producen variaciones en
el oxigeno disuelto, posible eutrofizacion o toxicidad. La inadecuada gestion de las aguas
residuales repercute tanto en la salud de los ecosistemas como en el bienestar de las personas.
Por ejemplo, consecuencia de la insalubridad del agua de consumo y un saneamiento deficiente,
en paises de bajos y de medianos ingresos mueren mas de 842 000 personas cada afio, de las
cuales cerca del 33% de las muertes esta relaciona directamente con un saneamiento deficiente
(WHO, 2018). Por ello, las plantas de tratamiento de aguas servidas (PTAS) cumplen un papel
fundamental en la depuracion adecuada de las aguas servidas para mantener la salud de los

ecosistemas y del ser humano.

El sistema de lodos activados es una de las tecnologias ampliamente utilizada para el tratamiento
de las AS, por ejemplo, en Chile mas del 60% de las plantas de tratamiento de agua servida (PTAS)
corresponden a esta tecnologia. En este tipo de PTAS alrededor del 60% de la materia organica
presente en el AS sera transferida a los lodos sanitarios (LS), el manejo de estos implica un costo
entre 30-65% del costo de operacion de la PTAS (Pérez-Elvira et al., 2006). La disposicion de los
LS sin estabilizacion en rellenos sanitarios disminuye la vida util del predio y podria generar
problemas de emision de gases de efecto invernadero y lixiviados (Du, 2015). Entre las tecnologias
de tratamiento de LS se incluyen secado térmico, aplicacién de cal, compostaje, incineracién y
digestion anaerobia. Luego de ser estabilizados pueden ser dispuestos en rellenos sanitarios,
mono-rellenos, aplicados como mejorador de predios agricolas o en la recuperacion de suelos

degradados.

La estabilizacion de LS mediante digestion anaerobia permite una reduccién del volumen de lodo,
tiene requerimientos de energia relativamente bajos, produce biogas que puede ser aprovechado,

y genera un LS estabilizado (biosélido, BS) que podria tener un uso benéfico (McNamara et al.,
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2012; Stasinakis, 2012; Tiwary et al., 2015). Sin embargo, la digestion anaerobia convencional
(DAC) de LS se ve limitada por la conversion de proteinas a aminoacidos, de carbohidratos a
azucares y de lipidos a acidos grasos, es decir, la hidrélisis de los solidos organicos. Por ello, se
han implementado sistemas con digestién anaerobia avanzada (digestion anaerobia con un pre-
tratamiento, DAA) para facilitar la hidrolisis del lodo y asi mejorar el desempefio de la digestion
anaerobia. El efecto de los pre-tratamientos en el desempefio de la digestién anaerobia ha sido
estudiado principalmente con la finalidad de aumentar la produccidn de biogas y reducir el volumen
de sdlidos. No obstante, existe un vacio de conocimiento sobre la calidad del biosélido, tema

fundamental para fomentar su uso benéfico o idear nuevas estrategias de tratamiento.

Si bien, el uso de BS presenta multiples beneficios econémicos y ambientales como recuperacion
de suelos deteriorados, disminucion del uso de fertilizantes artificiales en predios agricolas y
reutilizacion de residuos. Sin embargo, su aplicacién en suelo enfrenta un gran desafio: la
seguridad alimentaria y ecosistémica debido a algunos de los componentes de los biosolidos. Lo
que hace necesaria una evaluacion integral de la calidad (fisica, quimica, microbiolgica y
fitotoxicoldgica) del biosolido. Por ello, el objetivo de este proyecto fue evaluar la influencia de la
digestién anaerobia convencional y avanzada en la composicién y fitotoxicidad del biosélido

producido.

2. Sumarioy estructura de la tesis

Esta tesis tiene como objetivo evaluar la influencia de la digestién anaerobia convencional y
avanzada, en la composicion (caracteristicas fisicoquimicas, microbioldgicas y en la concentracion
de microcontaminantes) y fitotoxicidad del biosolido obtenido. Evaluar la calidad del biosélido
considerando parametros fisicoquimicos, microbiolégicos y fitotoxicolégicos, impulsa el desarrollo
de herramientas de evaluacion ambiental, la optimizacion de los procesos de tratamiento de aguas
servidas y de lodos sanitarios, asi como el fomento a su gestion adecuada. Aspectos
fundamentales para lograr un cambio de paradigma de “tratamiento para disponer” por “tratamiento

para reusar”.

La incorporacion del pre-tratamiento secuencial que integra procesos fisicos y bioldgicos para

promover la etapa hidrolitica de la digestion anaerobia mejora el desempefio de esta y a la vez
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genere un biosdlido con un grado de estabilizacion mayor lo que podria conllevar a un mayor
potencial de uso como remediador o fertilizante. Para confirmar esta hipétesis se desarrollé la
presente investigacion resumida en la Figura 1 y estructurada de la siguiente manera. En el
Capitulo Il se presenta el marco teérico, abordando y profundizando en conceptos de importancia
sobre el tratamientos de las aguas servidas, los fundamento tedricos de la digestion anaerobia y
los tipos de pre-tratamientos existentes. En el Capitulo |1l se establece la hipétesis del estudio, asi

como el objetivo general y los objeticos especificos.

Los Capitulos entre el IV y el VIl se da respuesta a los objetivos especificos planteados de la
siguiente manera. Los Capitulo IV y V responden el objetivo especifico 1 y 2, mostrando los
principales resultados del efecto de la digestion anaerobia convencional y avanzada en la
concentraciéon de microcontaminantes, asi como una revision bibliografica sobre la presencia y el
destino de los microcontaminantes durante la digestion anaerobia y su implicancia en el marco de
la economia circular. Los Capitulos VI y VII se presentan los resultados relacionados con la

fitotoxicidad directa e indirecta, respondiendo al objetivo especifico 1y 3.

Finalmente, en el Capitulo VIII se presenta la discusion general de los principales resultados de la
tesis. El Capitulo IX presenta las principales conclusiones y las recomendaciones sugeridas.
Terminando con los Anexos | y Il donde se presentan los productos de la tesis (congresos

nacionales e internacionales y las publicaciones).
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Tratamiento de aguas servidas y generacion de lodos sanitarios
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Figura 1. Diagrama del proceso de tratamiento de aguas servidas y lodos sanitarios.

1.1. Generacion y tratamiento de aguas servidas
El tratamiento de las aguas servidas (AS) es fundamental para garantizar la estabilidad de los
ecosistemas, asi como para mantener la salud publica. La composicion de las estas dependera del

asentamiento que las origine, pero comunmente su composicién variara entre los parametros y

valores presentados en la Tabla 1.
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Tabla 1. Caracterizacion fisicoquimica y microbiologica tipicas de las aguas servidas.

Tipo de agua servida

Parametro Unidad Concentrada  Media  Diluida
Sélidos totales mg/L 390 720 1230
Sélidos suspendidos totales mg/L 120 210 400
Sélidos suspendidos volatiles mg/L 95 160 315
Sélidos disueltos totales mg/L 270 500 860
Sélidos disueltos volatiles mg/L 110 200 340
Sélidos sedimentables mg/L 5 10 20
Demanda bioquimica de oxigeno mg O2/L 110 190 350
Carbono organico total mg/L 80 140 260
Demanda quimica de oxigeno mg Oa/L 250 430 800
Nitrégeno total mg/L 20 40 70
Nitrégeno organico mg/L 8 15 25
Nitrégeno amoniacal mg/L 12 25 45
Fésforo total ma/L 4 7 12
Fésforo organico ma/L 1 2 4
Fésforo inorganico ma/L 3 5 10
Grasas y aceites mg/L 50 90 100
Compuestos organicos volatiles mg/L <100 100-400 >400
Coliformes totales NMP/100mL 106-108 107-10°  107-1010
Coliformes fecales NMP/100mL 103-108 104108  105-108
Ooquistes de Crystoporidium NMP/100mL 10-1-100 10--10"  10-1-102
Quistes de Giarda lambia NMP/100mL 10-1-101 101-102  10--103

NMP: nimero mas probable. Fuente: Tchobanoglous et al. (2003)

El tratamiento del AS se da mediante una serie de etapas, donde cada una de estas puede consistir
en uno 0 mas procesos de tratamiento (Spellman, 2009). La cantidad de etapas de tratamiento
requeridas dependen en gran medida de la calidad necesaria de las aguas tratadas para poder ser
vertida al cuerpo de agua receptor. Las principales etapas en el tratamiento de las aguas servidas
son: tratamiento preliminar, tratamiento primario, tratamiento secundario, tratamiento terciario o
avanzado, desinfeccion y tratamiento de lodos sanitarios (Figura 1); las cuales se describen
brevemente en la Tabla 2.
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Tabla 2. Principales etapas del tratamiento de aguas servidas.

Etapa Objetivol/caracteristicas Tecnologia usada
Remocién de materiales de gran tamafio o que puedan afectar
equipos o etapas siguientes, tales como: ramas, arenas, grasas y
aceites.

Remocién de sélido sedimentables. Reduccién de la concentracion
de sélidos suspendidos entre un 40-70% y entre un 30-40% de la  Sedimentador 0
DBO. El material sedimentado se conoce como lodo sanitario clarificador

primario.

Remocién de la materia organica disuelta y coloidal por medio de la

accién microbioldgica del reactor biolégico, entre un 85-95% de la  Lodos activados,
DBO. Posterior al reactor biolégico se encuentra un sedimentador lagunas facultativas,
donde se obtiene una corriente de agua depurada y otra de lodos  biodiscos, digestor
(lodos sanitarios secundario). Una fraccién de lodos secundarios es  anaerobio

recirculada al reactor bioldgico y la otra es purgada.

Remocion de metales, compuestos quimicos especificos o
nutrientes como nitrégeno y fosforo.

Remocién de microorganismos para eliminar o reducir la posibilidad ~ Aplicacién  de  cloro,
de enfermedades cuando las aguas tratadas sean descargadas. 0zono o luz ultravioleta
Digestion ~ anaerobia,
compostaje, aplicacion
de cal

DBO: demanda biolégica de oxigeno. Fuente: Gray and EBSCOhost (2010) ; Spellman (2009)

Preliminar o
pre-tratamiento

Rejillas, cribado, tornillo
sin fin, flotacion

Primario

Secundario
Terciario Coagulacion-floculacion
Desinfeccion

Estabilizacién de los lodos removidos del tratamiento primario y

Lodos sanitarios ,
secundario.

Durante el proceso de saneamiento de las aguas servidas se producen dos lineas de flujo, la
primera corresponde a la linea de agua que considera desde el influente (agua servida) hasta el
efluente (agua depurada) que es descargado al cuerpo de agua receptor. La otra corriente
corresponde a la linea de lodos sanitarios, corriente semi-sélida producto de la mezcla de los lodos
sanitarios (LS) primarios y secundarios (Figura 1). Para la linea de agua el sistema de lodos
activados es una de las tecnologias ampliamente utilizada, por ejemplo, en Chile més del 60% de
las PTAS emplean esta tecnologia (Figura 2). En este tipo de PTAS alrededor del 60% de la materia
organica presente en el agua servida sera transferida a los LS (Tchobanoglous et al., 2003), los
sistemas convencionales de lodos activados y los sistemas con aireacion extendida tienen una
produccion de lodos secundarios sin espesar se estimada en 8.14 kg/hab-afio y 6.15 kg/hab-afio,

respectivamente (Vera et al., 2013).

El manejo de los LS implica un costo entre 30-65% del costo de operacion de la PTAS (Pérez-
Elvira et al., 2006). La disposicion de los lodos sanitarios sin estabilizacién en rellenos sanitarios

disminuye la vida util del predio y podria generar problemas de emisiéon de gases de efecto
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invernadero y lixiviados (Du, 2015). Entre las tecnologias de tratamiento de lodos sanitarios se

incluyen secado térmico, aplicacion de cal, compostaje, incineracion y digestion anaerobia.
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Figura 2. Tecnologias de tratamiento de aguas servidas en Chile. Modificado de SISS (2018).

1.2. Manejo de lodos sanitarios y de biosélidos

Los LS no se pueden disponer en el ambiente debido a los impactos ambientales asociados a su
composicion, tales como contaminacion por metales, lixiviacion de nutrientes, propagacion de
patdgenos y contaminacion por microcontaminantes organicos (Coors et al., 2016; Nogueirol et al.,
2013; Petrie et al., 2014). Pese a ello, los lodos sanitarios tienen el potencial de ser valorizados si
son estabilizados de forma adecuada, ya que la presencia de micro y macro-nutrientes y de materia
organica estabilizada los convierte en una alternativa de fertilizante y enmienda de suelos (Goss et
al., 2013; Hospido et al., 2010).

En el afio 2017 Chile contaba con 265 PTAS las cuales generaron 653 405 m3 de biosdlidos, de
los cuales el 49% fue generado en la Regidn Metropolitana y 12% en la Region del Biobio (SISS,
2018). En la Tabla 3 se presenta la generacion regional de biosélidos para el afio 2017, asi como
el destino de los biosélidos. Solo un 39% de los biosolidos generados son utilizados en la aplicacién
benéfica (uso agricola o forestal), principalmente en la zona centro/sur de Chile.
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Tabla 3. Destino final de los de biosélidos y estado de aplicacidn del reglamento de aplicacion de

lodos en Chile por region en el 2017,

L PTAS con o sin
.. o Aplicacion en .,
.l Generacion  Relleno sanitario / autorizacién del
Region N suelo
(m3/afio) monorrelleno reglamento D.S. 04/09*
m3aio % Con Sin

Arica y Parinacota - - - -
Tarapaca 7304 7304 0 5
Antofagasta 13 222 13 222 0 2 5
Atacama 24759 24 759 0 2 5
Coquimbo 2768 2768 0 18 2
Valparaiso 43 678 43 678 - 0 5 20
Metropolitana 319176 206 021 113155 35 26 7
O’Higgings 43 390 17706 25684 59 1 13
Maule 42 345 38 644 3701 9 27 4
Biobio 78 556 21572 56984 73 37 4
Araucania 22925 801 22124 97 31 3
Los Rios 15282 6 766 8516 56 10 1
Los Lagos 27792 12290 15502 56 17 1
Aysén 6342 296 6 046 95 8
Magallanes 5867 0 5867 100 1 -

Total 653 405 395825 257579 39 200 65

*D.S.04/09: Decreto Supremo 04/09 Reglamento para el manejo de lodos generados en plantas de tratamiento de aguas servidas.
PTAS: planta de tratamiento de agua servida. Fuente: SISS (2018)

2. Composicion de los lodos sanitarios y biosélidos

Los lodo sanitarios (LS) son una mezcla compleja de microorganismos, materia organica sin digerir
(papel, residuos de plantas, aceites y materia fecal), materia inorganica y agua (Samolada and
Zabaniotou, 2014). El material sin digerir contiene una mezcla compleja de moléculas provenientes
de proteinas, péptidos, lipidos, polisacaridos, macromoléculas de plantas (ligninas o taninos) o
estructuras alifaticas y microcontaminantes o contaminantes emergentes (la preocupacién por
estos es reciente y usualmente se encuentran en concentraciones <10 g/L), como antibioticos,
antidepresivos, pesticidas, detergentes, fertilizantes, preservantes, fragancias, hormonas,
nanoparticulas, retardantes de llama entre otros (Carballa et al. 2007; Artola-Garicano et al. 2003;
Samolada & Zabaniotou 2014). La composicién de los LS y de los biosdlidos (BS) variara
dependiendo de las caracteristicas del agua servida y del tipo de tecnologias de tratamiento
utilizada. A continuacion, se presentan los valores reportados para los principales componentes de

los LS y BS, materia organica, nutrientes, metales y microcontaminantes.
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Tabla 4. Caracteristicas fisicoquimicas de los lodos sanitarios y de biosolidos generados por diferentes tecnologias de estabilizacion.

, , Biosélido

Parametro Unidades DAC DAA Compost Digestion aerobia Otro LS
pH - 5.8-8.4 5.4-6.8 5.8-8.1 6.1-9.5 5.6-10.4 55-7.8
Humedad % 15.4-79.76 - - 80.00-97.17 33.52-87.00 -
CE mS/cm 0.93-9.91 - 4.3-9.31 1.5-8.9 1.2-5.84 0.005-5.19
MO % 24-72 18.8-50.20 34.4-87.2 64.00-70.31 10-92 -
TOC % 18.3-49.8 11.0-29.2 231 15.72-41.60 9.82-43.7 -
Nt % 2.4-4.7 1.6-4.1 1.98-3.26 2.21-18.3 1.5-7.5 -
N-NH4 g/kg 0.59-15.1 - 0.35-15.4 1.3-14.0 0.17-20.18 4.905-20.179
Pt g/kg 13.6-60.0 9-53 12-39.2 7-34 4.2-101.8 10.2-60.8
K mg/kg 2300-8000 - - 1.9-9 1.17-6430 -
DQO glL 22 - - 31.6 - 30-110

CE: conductividad eléctrica; Nt: nitrégeno total; NTK: Nitrgeno total Kjeldahl; Pt; fésforo total; DQO: demanda quimica de oxigeno; DAC: digestion anaerobia convencional; DAA: digestion anaerobia avanzada;
LS: lodo sanitario. Fuente: (Adamcova et al., 2016; Alvarenga et al., 2016, 2008, 2007; Andrés et al., 2011; Artuso et al., 2011; Bonomo et al., 2016; Carballa et al., 2009; Carbonell et al., 2009; Carmen Antolin et
al., 2010; Christofoletti et al., 2013, 2012; Domene et al., 2011, 2010; Fuentes et al., 2006, 2004; Groth et al., 2016; Hernandez et al., 2016; Huguier et al., 2015; Lakhdar et al., 2012; Li et al., 2014; Lloret et al.,
2016; Malara and Oleszczuk, 2013; Mattana et al., 2014; Mohamed et al., 2016; Murakami et al., 2009; Nafez et al., 2015; Oleszczuk, 2010, 2008a; Oleszczuk et al., 2012a, 2012b; Oleszczuk and Hollert, 2011;
Renaud et al., 2017; Roig et al., 2012; Rossini-Oliva et al., 2017; Samolada and Zabaniotou, 2014; Singh and Agrawal, 2008)
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Es comun para lodos primarios que los sélidos totales (ST) fluctien entren 2-8%, las grasas entre
13-65% de ST, las proteinas entre 20-30% de ST, el nitrégeno entre 1,5-4,0% de ST vy el fésforo
entre 0,2-0,6% de ST (Speece, 2008). En el caso del lodo secundario, los ST fluctuan entren 0,8-
1,2%, las grasas entre 5-12% de ST, las proteinas entre 32-41% de ST, el nitrégeno entre 2,4-5,0%
de ST y el fésforo entre 0,6-2,3% de ST (Speece, 2008). En la Tabla 4 se presentan otras
caracteristicas fisicoquimicas relacionadas con el contenido de materia organica (estimada por
medio de la DQO) y contenido de nutrientes (nitrdgeno y fosforo) de los LS y BS reportada en la

literatura.

Los metales pueden estar solubles, adsorbido en la materia organica o inorganica, como enlace
organico o inorganico, o0 como residuo (Du, 2015). En la Tabla 5 se presentan una recopilacién de
las concentraciones de metales y no metales en los LS y BS reportadas en literatura. Ramirez et
al. (2008) muestran que la concentracion de metales entre los LS deshidratados, BS estabilizado
mediante compostaje y BS estabilizado mediante secado térmico, presentan contenidos similares
para Pb (78-92 mg/kg), Zn (890-1028 mg/kg), Cd (3.1-3.5 mg/kg), Hg (2.13-2.51 mg/kg), Ni (45-76
mg/kg) y Cu (798-933 mg/kg), excepto para el Cr (54-127 mg/kg), el cual tuvo una concentracion
mayor (aproximadamente un 42%) en el BS estabilizado por secado térmicamente. Por otra parte,
Carballa et al. (2009) evaluaron el impacto de la DAA (pre-tratamiento alcalino, térmico y o0zono),
donde los contenidos de metales se mantuvieron dentro del mismo rango en los BS y en los LS:
Cu (170-680 mg/kg), Ni (32-152 mg/kg), Cr (19-318 mg/kg), Fe (4370-25370 mg/kg), Zn (360-2400
mg/kg), Pb (66-167 mg/kg), Cd (<1-3 mg/kg) y Hg (1.0-2.2 mg/kg).

Los LSy los BS contienen organismos patdégenos como virus (entéricos y bacteriéfagos), bacterias
(salmonela, clostridium, estreptococos fecales, coliformes fecales y totales), protozoos (Giardia
lamblia, Ascaris) y helmintos (Trichuris pss, Toxocara) (EPA, 2003). En los LS se han reportado
concentraciones entre 10%-10” NMP (nimero mas probable) por gramo de solidos totales (ST) de
T. coliforms, 102-106 NMP/g ST de E .coli, 10210 NMP/g ST de F. streptococcus, 104-106 NMP/g
ST de C. perfringens y la presencia de Salmonella spp (Carballa et al., 2009; Corréa et al., 2016).
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Tabla 5. Concentracion de metales y no metales en los lodos sanitarios y biosélidos (mg/kg)

Parametro Lodo sanitario Biosoélidos
Cu 174-331 76-2013

Ni 13-64 15-228

Cr 12-244 19-981

Fe 2080-24380 4370-30200
Zn 342-1035 360-4140
Pb 1-124 24-450

Cd 1-4 1-23

Hg 1-2 1-3

Mn 220 160-2621
Ba 518 201-454

As 1 7-17

Ca 114-8221 2322-41190
K 10-4322 2-10122

Mg 3761 994-10248
Na 12-2764 445-1114
Mo <1 7

S 18306 1200-13855
Se <1 3-50

Fuente: Adamcova et al. (2016); Arata et al. (2015); Carballa et al. (2009); Celis et al. (2008); Corréa et al. (2016); Lesty (2003); Li et al. (2014);
Nafez et al. (2015); Ramirez et al. (2008); Ros et al. (2015); Samolada & Zabaniotou (2014); Singh & Agrawal (2008); Zoghlami et al. (2016)

Entre los padecimientos causados por bacterias presentes en LS estan: salmonelosis (Salmonella
sp.), disenteria (Shigella sp.) y gastroenteritis (Escherichia coli, Campylobacter jejuni, Yersinia sp.);
entre los causados por virus: infecciones hepaticas (Hepatitis A), gastroenteritis (Norwalk,
Rotavirus, reovirus, astrovirus, caliciviruses), diarrea (Norwalk, Rotavirus, Echovirus) y poliomelitis
(poliovirus); entre las causadas por protozoarios: gastroenteritis (Cryptosporidum), giardiasis
(Giardia lambia), diarrea (Balantidium coli) y toxoplasmosis ( Toxoplasma gondii); y los causados
por helmintos (Ascaris lumbricoide, Ascaris suum, Trichuris trichiura, Toxocara canis, Taenia
sanginafa, Taenia solium, Necator americanus, Hymenolepis nana): dolor abdominal, vomito,

cansancio, nerviosismo y anorexia (EPA, 2003).

Los BS deberian contener una menor cantidad de patdgenos respecto al LS parental. La
disminucion de patogenos dependera del tipo de tecnologia utilizada en la estabilizacion de los LS
y de la salud de la poblaciéon. Por ejemplo, se presentan reducciones entre 0.5-4.0 log en bacterias

para BS estabilizados por medio de DA, digestién aerobia, secado con aire y aplicacion con cal,
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mientras que se podrian lograr reducciones entre 2-4 log por medio de compostaje (EPA, 2003).
En el caso de virus, reducciones entre 0.5-2.0 log son posibles con DA o digestion aerobia y entre
2-4 log con compostaje o uso de cal (EPA, 2003). En general, en BS se reportan contenidos de C.
perfringens entre 102-105 NMP/g ST, coliformes fecales entre 100-104 NMP/g ST, T. coliforms ente
102-108 NMP/g ST, E. coli entre 10-2-10* NMP/g ST, F. streptococcus 10--105 NMP/g ST y entre
0-13 huevos viables de helmintos por 10g ST (Arata et al., 2015; Carballa et al., 2009; Corréa et
al., 2016; Lesty, 2003; Nafez et al., 2015).

Carballa et al. (2009) evaluaron el impacto de la DAA (pre-tratamiento alcalino, térmico y 0zono)
reportando mejoras en la eliminacion (>90%) de T. coliforms, E. coli, F. strptococcus y Salmonella
spp., tanto en procesos con DAC y con DAA, excepto para la eliminacién de C. perfringens (>70%
en DAA y entre 28-56% en DA convencional). En general, en el caso del uso de DAA, se han
reportado disminuciones o remociones de Streptococcus fecalis (pre-tratamiento térmico <100°C
y adicion alcalina), de coliformes fecales y E. coli (ultrasonido, microondas, ozono, adicion alcalina
y adicién acida), de C. perfringens (microondas y adicion alcalina) y Salmonella spp (microondas,

adicion alcalina y adicién acida) (Neumann et al., 2016).

El uso extendido de compuestos quimicos ha provocado que estos sean omnipresentes en las
aguas servidas a nivel mundial y por ende entren en las plantas de tratamiento de aguas servidas
(PTAS) y se estén presentes en los LS y BS (Bergersen et al., 2012; Malmborg and Magnér, 2015;
Stasinakis, 2012). El destino de los microcontaminantes en las PTAS depende de varios factores
como las caracteristicas fisico-quimicas del compuesto (peso molecular, hidrofobicidad, solubilidad
en agua, pka, biodegradacion y biodisponibilidad), caracteristicas de las aguas servidas y de los LS
generados (pH, contenido de materia organica y cationes), parametros operacionales de la PTAS
(presencia o ausencia de sedimentador primario, tiempo de retencion hidraulico y de lodos, tipo de
tratamiento secundario, carga organica) y la frecuencia de uso de los compuestos por parte de la
poblacion (Carballa et al., 2006; Samaras et al., 2014; Verlicchi & Zambello, 2015).

Por ejemplo, el ibuprofeno, metoprolol y trimetoprima se particionan en la fase acuosa, la
carbamazepina y diclofenaco pueden encontrarse entre las fases acuosa y solida (Carballa et al.,
2007; Malmborg & Magnér, 2015). Mientras que compuestos estrogenados, paroxetina, citalopram,
fluoxetina, sertralina, triclosan, triclorocarban, bisfenol A, norfloxacin, ofloxacin y criprofloxacin son
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afines a la fraccion solida (Bergersen et al., 2012; Malmborg & Magnér, 2015; Petrie et al., 2014).
En general, las concentraciones de microcontaminantes en los LS y BS reportadas en la literatura

se presentan en la Tabla 6.

Tabla 6. Concentraciones de microcontaminantes en lodos sanitarios y biosolidos (ug/kg).

Microcontaminante LOd? . Biosélido
Sanitario

Claritromicina, eritromicina, ketoconazol, ofloxacin,

oxitetraciclina, sulfamethoxazole, triclosan, triclorocarban, antimicrobiotico ~ 8-80000 <1-133000

tetraciclina, trimetroprima, ciprofloxacin, norfloxacin

Citalopram, fluoxetina, sertralina antidepresivo 19-270 39-770

Carbamazepina antiepiléptico 300 <1-1891

Diclorofenaco, ibuprofeno, naproxeno antiinflamatorio ~ 10-1185 <1-1738

Tonalida, galaxolide fragancia 10200- 16000-

’ 187000 81000
Estrona, 173-estradiol, estradiol, 17a-etinilestradiol, hormona <1-887 9-22000
progesterona, testosterona

4900- 25000-

Sulfonatos de alquilbenceno lineales, nonilfenoles surfactante 9200000 5579000

Fuente: Al-Rajab et al. (2015); Carballa et al. (2007); Carballa et al. (2009); Combalbert & Hernandez-Raquet (2010); Malmborg & Magnér (2015);
McNamara et al. (2012); McNamara et al. (2014); Ramirez et al. (2008); Rastetter & Gerhardt (2015); Ros et al. (2015); Shargil et al. (2015);
Symsaris et al. (2015); Verlicchi & Zambello (2015); Wu et al. (2015); Zhang et al. (2015)

Entre los compuestos que han reportado una reduccion durante la DAC estan: paroxetina (98%),
naproxeno (80%), sulfamethoxazole (80%) y roxitromicina (80%) (Bergersen et al., 2012; Carballa
et al., 2006; McAvoy et al., 2015). Otros como fluoxetina (reduccion 32%), fluvoxamina (53%),
sertralina (38%), diazepam (50%) e ibuprofeno (40%) podrian tener un mayor potencial de
acumulacion (Bergersen et al., 2012; Carballa et al., 2006; Malmborg & Magnér, 2015). Sin
embargo, existen contradicciones entre investigaciones, por ejemplo, en la degradacion de
compuestos estrogénicos algunos estudios reportan remocion en la digestion anaerobia mesofilica
o termdfila con o sin pre-tratamiento (Carballa, et al., 2007; Carballa et al., 2006). Otros estudios
reportan remocidn solo con el uso de pre-tratamiento (Malmborg & Magnér, 2015; Muz et al., 2013).
Otros estudios concluyen que la remocién de este tipo de compuestos no se logra en ninguna
condicion de DAC o DAA (Chawla et al., 2014; Holbrook et al., 2002).
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3. Digestion anaerobia convencional y avanzada de lodos sanitarios

La digestion anaerobia es una alternativa interesante para la estabilizacion porque permite una
reduccion del volumen de los LS, tiene requerimientos de energia relativamente bajos, produce
biogas que puede ser aprovechado, y genera un lodo sanitario estabilizado (biosélido, BS) que

podria tener un uso benéfico (McNamara et al., 2012; Stasinakis, 2012; Tiwary et al., 2015).

3.1. Descripcion del proceso de digestion anaerobia convencional y avanzada

La digestion anaerobia es un proceso que sucede en condiciones estrictas de ausencia de oxigeno,
donde la materia organica compleja es degradada por un consorcio microbiano formando un
digestado y biogas, este ultimo compuesto principalmente por metano y dioxido de carbono
(Speece, 2008). El ecosistema anaerdbico es el resultado de una compleja interaccion de varios
microorganismos de diferentes especies, cada cual con aspectos fisioldgicos, nutricionales,
cinéticas de crecimiento y sensibilidad a factores ambientales propias (Appels et al., 2008). A partir
de andlisis de metagendmica de lodos anaerobios se reporta que entre el 83-95% de las
secuencias gendmicas corresponden al dominio Bacteria, entre 2-5% a Archaea y entre el 0.3-2%
al Eukaryota (Ying Yang et al., 2014). Encontrando en el dominio Bacteria a las Proteobacteria,
Bacteroidetes y Firmicutes como los filos mas abundantes (Traversi et al., 2012; Ying Yang et al.,
2014). Los organismos metanogénicos méas abundantes se encuentran los géneros Methanosaeta
y Methanosarcina (Ying Yang et al., 2014). Durante la digestién anaerobia se distinguen 4 etapas
principales (Figura 3), las cuales seran brevemente descritas a continuacion (Appels et al., 2008;
Speece, 2008; van Lier et al., 2008):
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i MATERIA ORGANICA COMPLEJA
[ Carbohidratos ] [ Proteinas ] [ Lipidos

....................................................................................................

HIDROLISIS

CeHyp0y +2H;0 — CoHy;0,+ H;

[ Monosacaridos, aminoacidos ] [ Acidos grasos, alcoholes

ACIDOGENESIS

C4H,,04 <> 2CH,CH,0H +2C0,
CyH1204 + 2H, < 2CH,CH,COOH + 2H,0
Cy4Hy,05 — 3CH,COOH

Productos intermediarios

propionato, butirato, etanal, otros

Fermentacion

£91G0JOBUE UQIIEPIXD

ACETOGENESIS

CH,CH,C00™ + 3H,0 < CH,C00™ + H* + HCO3 + 3H,
CsHyy0g + 2H,0 © 2CH,COOH + 2C0, + 4H,
CH,CH,0H + 2H,0 < CH,C00™ + 3H, + H*

. Hidrogeno
H 1
SUks [ Dioxido de carbono ]

METANOGENESIS Metanogénesis Metancgénesis
CH,COOH — CH, + CO, acetoclastica \ hidrogenotréfica
€O, + 4H, — CHy + 2H,0
2CH,CH,0H + €O, — CH, + 2CH,COOH [ Metano ]
Diéxido de carbono

Figura 3. Representacion esquematica del proceso de digestion anaerobia y los microorganismos

involucrados. Modificado de Speece (2008).

Hidrolisis: es un proceso enzimatico en el que se da la conversidn de carbohidratos, proteinas y
lipidos en monosacaridos, aminoacidos y acidos grasos de cadena larga, respectivamente. La
transformacion se da por exoenzimas, la degradacion de los carbohidratos es producto de la accién
de las celulasas que los degradan en monosacaridos, disacaridos y trisacaridos; la degradacion de
proteinas es mediada por proteasas y peptidasas que las transforman en aminoacidos; la
catabolizacion de lipidos es mediada por lipasas que los transforman en &cidos grasos de cadenas

largas y glicerol (Figura 4).
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Figura 4. Representacion esquematica de la hidrdlisis de lipidos en acidos grasos de cadena larga.
Modificado de van Lier et al. (2008).

Acidogénesis: los monosacaridos, aminoacidos y acidos grasos de cadena larga ingresan por la
membrana celular de las bacterias y son oxidados anaerébicamente o fermentados en una mezcla
de 4cidos grasos volatiles, alcoholes, acido lactico, hidrégeno y diéxido de carbono. En esta etapa
actian tanto microorganismos hidroliticos como no-hidroliticos. En el proceso de digestion
anaerobia la etapa acidogénica es la de mayor taza de conversion de sustratos con una energia
de libre de Gibbs (AG®’) méas favorable, resultando en razones de crecimiento bacteriano entre 10

y 20 veces mayor que los organismos metanogénicos (Tabla 7).

Tabla 7. Propiedades cinéticas promedio de los organismos acidogénicos y metanogénicos.

Etapa Tasa de conversion Y Ks Mm

(gDQO/ g SSV d) (gSSVigbQO) (mgDQOIL) (1/d)

Acidogénesis 13 0.15 200 2.00
Metanogénesis 3 0.03 30 0.12
General 2 0.03-0.18 - 0.12

DQO: demanda quimica de oxigeno; SSV: sélidos suspendidos volatiles; Y: tasa de crecimiento bacteriano, Ks: constante de
afinidad por el sustrato; um: tasa de crecimiento especifico. Fuente: van Lier et al. (2008)

Acetogénesis: los acidos grasos de cadena corta son convertidos en acetato, hidrogeno y dioxido
de carbono. Los intermediarios principales en la acetogénesis son el propionato y el butirato, pero
también lactato, etanol, metanol, hidrogeno y dioxido de carbono, también son convertidos en
acetato. En esta etapa es de vital importancia la relacion sintréfica de las bacterias acetogénicas

generadoras de hidrégeno y de las bacterias metanogénicas hidrogenotréficas que lo consumen,
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esto debido a que alrededor del 70% del metano se produce via organismos metanogénicos
acetoclasticos y la oxidacion del &cido propidnico y del butirato requieren presiones parciales de

hidrogeno bajo 104y 10-3 atm, respectivamente.

Metanogénesis: en la ultima etapa de la digestion anaerobia el hidrogeno y el acetato son
convertidos en metano y didxido de carbono por arqueas metanogénicas. Los organismos
metanogénicos son anaerobios estrictos con un espectro muy corto de sustratos: acetato,
metilaminas, metanol, formiato, hidrégeno, diéxido de carbono o mondxido de carbono. El
hidrégeno es convertido por microorganismos metanogénicos hidrogenotropicos y el acetato por
metanogénicos acetoclasticos. Los primeros poseen tasas de crecimiento entre 4 a 12 veces
mayores que los segundos (Tabla 8). Sin embargo, la mayor cantidad de metano es generado por

via acetoclastica.

Tabla 8. Reacciones metanogénicas mas importantes, su correspondiente energia libre de Gibbs

(AG®) y algunas propiedades cinéticas.

K
AG® Mmax Ta °

Etapa Reaccion (mg
(kdimol)  (1/d)  (d) DQOIL)
Metanogénesis _ _ _ 0.12* 58 30*
acetotrsfica CH3CO0™ +H;0 = CH, +HCO; 31 7qm qgn gg0m
Metanogénesis CO, + 4H, — CH, + 2H,0 431 285 02 006
hidrogenotropica

* Methanosarcina sp.; ** Methanosaeta sp.; DQO: demanda quimica de oxigeno; Td: tiempo de duplicacion, Ks: constante de afinidad por el
sustrato; umax: tasa de crecimiento especifico méaximo. Modificado de van Lier et al. (2008).

En la digestion anaerobia de LS, la hidrélisis es la etapa limitante debido a la presencia de materia
organica particulada, compuestos de alto peso molecular y sustancias poliméricas extracelulares
(Dohanyos et al., 2004; Gianico et al., 2013). Para superar esta limitacion en la digestiéon anaerobia
convencional (DAC) de LS se han incorporado etapas previas, pre-tratamientos, dando lugar a lo
que se conoce como digestién anaerobia avanzada (DAA). Los pre-tratamientos se clasifican en
procesos fisicos, quimicos, biolégicos o combinados, los cuales pueden mejorar la tasa de

digestién y de biodegradabilidad de los LS (Neumann et al., 2016).
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3.2. Pre-tratamiento de lodos sanitarios

Desde finales de los 1970’s se ha estudiado la aplicacién de pre-tratamientos térmicos para mejorar
la biodegradabilidad de los lodos sanitarios previo a la DA (Haug et al., 1978). Actualmente la DAA
ha recibido considerable atencidn y se han incorporado una amplia gama de pre-tratamientos los
cuales se encuentran en diferentes etapas de desarrollo y aplicacion (Ariunbaatar et al., 2014;
Carlsson et al., 2012; Carrére et al., 2010; Neumann et al., 2016). A continuacién, se describen los
principales tipos de pre-tratamiento fisicos, quimicos y biolégicos y en la Tabla 9 se muestra un

resumen de las condiciones operacionales y principales efectos de los tipos de pre-tratamiento.

Pre-tratamiento fisico: en esta categoria estan aquellos basados en fendmenos hidrodinamicos
(térmico), hidromecanicos (ultrasonido, cambios de presion, molienda) y electromagnéticos (pulsos
eléctricos, microondas). El pre-tratamiento hidromecanico involucra el uso de la fuerza para romper
las células de los microorganismos, aumentando la superficie de contacto y mejorando el contacto
entre el sustrato y las bacterias anaerobias (Ariunbaatar et al., 2014), para este pre-tratamiento se
reportan aumentos en la produccién de biogas entre 6-260% y reducciones de sdlidos entre 6-
106% (Neumann etal., 2016). El uso de sistemas de baja temperatura (70-100°C), alta temperatura
(>100°C), y secuencias de congelacién/descongelacion corresponden a pre-tratamientos
hidrodinamicos, en los que se reportan aumentos en la produccién de biogas entre 10-984% y
reduccion de sélidos entre 30-615% (Neumann et al., 2016); estos sistemas utilizan el calor para

destruir las paredes celulares del lodo sanitario y acelerar la DA (Ariunbaatar et al., 2014).

Pre-tratamiento quimico: en esta categoria se agrupan los pre-tratamientos basados en la adicion
de compuestos &cidos (acido periacético), alcalinos (hidréxido de sodio) u oxidantes (ozono,
reactivo Fenton, peréxido de hidrégeno) que faciliten la hidrdlisis del lodo sanitario (Appels et al.,
2011; Carrere etal., 2010). Este tipo de pre-tratamiento logra aumentos en la produccion de biogas

entre 11-200% con reducciones de sélidos entre 12-72% (Neumann et al., 2016).

Pre-tratamiento bioldgico: el pre-tratamiento bioldgico incluye tanto métodos anaerobios como
aerobios, asi como la adiccién de enzimas especificas como peptidasa, carbohidrolasa y lipasa, o
bien el uso de la actividad enzimatica endégena de los lodos sanitarios, particularmente de los
lodos secundarios (Ariunbaatar etal., 2014), obteniendo aumentos en la produccion de biogas entre
3-85% y reduccién de sélidos entre 4-53% (Neumann et al., 2016).
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Tabla 9. Resumen de los principales pre-tratamientos, condiciones operacionales y efectos sobre la digestion anaerobia.

Principales efectos en la DA

Tipo Pre-tratamiento Condiciones del pre-tratamiento Aumento (%)  Reduccion
Biogds Metano SV (%)
Alta temperatura (100-210°C)  100-210°C; 20-60 min; 3-21 bar 25-150 7-105
Térmico Baja temperatura (<100°C) 70-95°C; 15 min-7 d 10-984  2-10 10-40
Congelado/descongelado -80 a-10°C; 24 h congelado; 12-15 h descongelado 52 4
Ultrasonido 112-108000 kJ/kg ST; 60-480 W; 20-200 kHz; 0.5-60 min 4-83 6-47
HAP 50-600 bar; 300-3380 kJ/kg ST; 1-2 ciclos 17-115 7-138
Fisico Microondas 336000 kd/m3; 30-175°C; 800-1250 MW; 2450 MHz 16-50 23-48
Electrélisis y pulso eléctrico 1.1-34 KWh/m3; 8-30kV/cm - 10-100 9
Irradiacion dual 55°C; 100 pumol/m2s; 8-48 h; 60 W - 12-42 53-73
Cavitacion 12 bar; 15-90 min; ciclos de 3 min 94 - -
Alcalino 8-12 pH; 30 min-8 d - 13-120 >133
Acido 1-6 pH; 1-24 h 12-32 - 5
Quimico Ozono 0.1-0.16 g Os/ g ST; 1-3h 8200 - -
Fenton 5-100 g H202/ kg; 0.4-5.0 g Fe(ll); 60 min; pH 3 (H2S04) - 19-30  31-72
POMS/DMO peroxidacion 30-60 g POMS/kg; 330-660 g DMO/kg; 1 h 11-33 79-185
Digestion aerobia 55-65°C; 0.5-2 d; 5 Laire/min - 10-79 11-67
Biolégico Adicion de enzimas 0.06-18% de enzimas; 37-50°C; 4 h-11 d 12 - 1-16
Digestion dual 37-70°C; 0.5-6 d 11-50 - 10-53
Auto-hidrélisis 42-55°C; 12-48 h - 16-23 -
Alta temperatura-quimico 2-12 pH; 115-170°C; 5-35 min 40-154 72
Baja temperatura-quimico 8-11 pH; 50-90°C; 0.5-33 h - 20-70 -
Microondas-alcalino 10-12.5 pH; 1-51 min; 100-210°C 44-228 17-228  28-262
Alta presién-ozono 6-11 g Os/ g ST; 5-20 ciclos; 690-1040 kPa; 16 min 47 107 16-41
Ultrasonido-alcalino 8-13 pH; 6000-30000 kJ/kg ST; 20 kHz 38-55 -
Combinado Ultrasonido-0zono 1000-12000 kJ/ kg ST; 0.012-0.12 g Os/ g ST; 20 kHz 26-36  15-100  18-21
Mecanico-alcalino 2500 rpm; 11-13 pH; 30-90 min - 84-832 -
Electroquimico 7-12 pH; 5-20 V; 40 min 63 20 17
Microondas-térmico 2450 MHz; 96°C microondas; 55°C térmico; 5 d 94-100 99-106
Alta presién-quimico-térmico 10-11 pH; 6000-12000 PSI; 30 min; 55°C; 2d - 45-81 5-21
Ultrasonido-térmico 24 kHz; 0.4-0.5 kWh/kg ST; 37°C; 3-5d - 8-33 40-70
Fisico-quimico-térmico 9-11 pH; 12 bar; 30 min; 35°C, 5-9d 13-28 56

DA: digestion anaerobia; SV: sélidos volatiles; HAP: homogenizacion a altas presiones ST: sélidos totales; POMS: peroximonosulfato; DMO: dimetildioxirano; BS: biosélido. Modificado de Neumann et al. (2016)
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Pre-tratamiento combinado: Considerando un balance energético, no todos los pre-tratamientos
a escala de laboratorio son energéticamente factibles en una escala real (Cano et al., 2015). Para
superar esta barrera se propone el uso de sistemas combinados, estrategia que tiene el potencial
de generar efectos sinérgicos en la biodegradabilidad y solubilizacién de los lodos sanitarios (Dhar
et al., 2012; Neumann et al., 2018). Se ha investigado la aplicacion de procesos termo-quimicos
(Harris and McCabe, 2015; Kim et al., 2003), fisico-quimicos (Tian et al., 2015; Tyagi and Lo, 2011)
y fisico-bioldgicos (Gianico et al., 2013; Neumann et al., 2017). Esta Ultima combinacion resulta
interesante porque busca favorecer la actividad enzimatica endégena del lodo sanitario sin la
adiccion de compuestos. Esto consecuencia a que en la etapa fisica se da la disrupcion parcial de
las sustancias poliméricas extracelulares, las cuales cuentan con una serie de enzimas como
proteasas, amilasas, lipasas, fosfatasas, aminopeptidasas, dehidrogenasas y glucosidadas que
podrian contribuir en la hidrélisis del lodo sanitario una vez que fuesen liberadas de la matriz de los

floculos y reactivadas durante una etapa subsecuente (Carvajal et al., 2013; Neumann et al., 2017).

En particular, la combinacion ultrasonido y tratamiento térmico a bajas temperaturas (70-95°C)
permite la disrupcion fisica de los fléculos y brinda condiciones favorables para la reactivacién de
la actividad enzimética endégena (Carvajal et al., 2013; Neumann et al., 2017). Estudios previos
reportan que esta secuencia de pre-tratamientos resultd en incrementos de 458 — 1030% y 252 -
674% en la concentracion soluble de carbohidratos y proteinas, respectivamente (Neumann et al.,

2017) y aumentos en la generacion de biogas de 19% (Neumann et al., 2018).

4. Herramientas de evaluacion de los biosélidos para su uso benéfico en suelo

El uso de BS presenta mdltiples beneficios econémicos y ambientales. Sin embargo, su
implementacion en la agricultura enfrenta un gran desafio: la seguridad alimentaria, ecosistémica
y el riesgo asociado a los microcontaminantes (Wu et al., 2015). Es importante considerar que los
analisis requeridos por las diferentes normativas no predice o considera efectos sinérgicos de las
sustancias organicas e inorganicas presentes en una muestra compleja como los BS (Corréa et al.,
2016; Kapanen & Itavaara, 2001), es decir, las consideraciones fisicoquimicas establecidas en las
normativas no son suficientes para evaluar correctamente los BS. Por ejemplo, los analisis

quimicos son una metodologia de control de contaminantes, pero no proveen informacion directa
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sobre los efectos bioldgicos del toxico o de la mezcla de estos. Por otra parte, sistemas de
monitoreo biologico permiten una evaluacion ecotoxicologica pero no proveen la identidad del

contaminante (Ramirez et al., 2008).

La toxicidad es el potencial relativo de una sustancia (téxico) o combinacién de ellas, de producir
dafio a los organismos vivos, es una cualidad multifactorial que depende de factores ambientales,
ecologicos, presencia de otras sustancias y caracteristicas fisicoquimicas del toxico. Considerando
la gran gama de microcontaminates que pueden estar presentes en los biosolidos (Ver Tabla 4 del
Capitulo 1V) y la multifactoriedad de la toxicidad, la evaluacion de la carga de contaminantes es

importante para la determinacién de la calidad de los biosolidos.

La toxicidad se puede manifestar como toxicidad aguda (répida y severa), subletal (debajo del nivel
que causa la muerte directamente) o crénica (se manifiesta en un periodo de tiempo mas tardio,
dias/afios dependiendo del ciclo de vida del organismo). Los biosdlidos aplicados en suelos pueden
causar fitotoxicidad (toxicidad aguda), alteraciones en la biota del suelo (toxicidad aguda y/o
cronica), translocacion de contaminantes, o bien, pueden causar efectos toxicologicos a nivel

molecular y celular como la disrupcion endocrina.

La toxicidad de los contaminantes en biosélidos puede ser monitoreada por medio de herramientas
de ecotoxicologia y ecotoxicogendémica. Donde la ecotoxicogenomica se refiere a la integracion de
las ciencias basadas en la gendmica y la ecotoxicologia, por medio del uso de tecnologias basadas
en arreglos de ADN, proteémicoa y metaboliomica (Oliveira et al., 2015). La ecotoxicologia es la
rama de la toxicologia que estudia los efectos toxicos causados por contaminantes en los diferentes
niveles ecosistémicos (animales, plantas y microorganismos). En el caso de los biosélidos que van
a ser aplicados en suelos, su efecto fitotoxico es un parametro de toxicidad aguda (afecta las etapas

iniciales de desarrollo vegetal, la germinacion) de gran interés.

Los ensayos de fitotoxicidad son herramientas rapidas y de bajos requerimientos instrumentales
para medir las respuestas biologicas (Oleszczuk and Hollert, 2011). Sin embargo, para evaluar
correctamente la fitotoxicidad de los biosélidos se debe de tener en cuenta la influencia de la matriz
seleccionada para los ensayos, ya que esta influird en el comportamiento de los contaminantes

presentes (Ramirez et al., 2008). Si se utiliza la matriz completa, todo el biosélidos se denomina
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fitotoxicidad directa, por otra parte si se utiliza un extracto representativo se conoce como

fitotoxicidad indirecta (Alvarenga et al., 2016; Kapanen et al., 2013).

La fitotoxicidad directa evita problemas durante las extracciones y es una representacion mas
cercana a las condiciones reales de disposicion de biosélidos, sin embargo el alto contenido de
materia organica podria enmascarar algunos contaminantes (Alvarenga et al., 2016; Kapanen et
al., 2013). Por ello, evaluar un extracto con agua o elutriado de los biosélidos podria aportar
informacion toxicolégica de interés, ya que esta fraccion esta asociada a los compuestos a con una
mayor biodisponibilidad (Alvarenga et al., 2016). También es importante considerar que diferentes
especies de plantas responden de manera diferente a un mismo grado de contaminacion
(Adamcova et al., 2016). Algunas de las plantas utilizadas para determinar la fitotoxicidad de los
biosélidos son: Brassica rapa L, Lolium perenne L, Trifolium pratense L, Allium cepa, Sinapis alba
L, Lepidium sativum, Sorghum saccharatum, Avena sativa, Cucumis sativus, Hordeum vulgare L,

Lactuca sativa y Trifolium pratense.

5. Marco legal de la aplicacién de biosoélidos en el suelo

Para prevenir efectos adversos por la aplicacion de BS en suelos en diversas partes del mundo se
han desarrollado e implementado normas y guias de aplicacién. Por ejemplo, en Australia, Europa,
Estados Unidos y Chile se ha acogido la NSW-EPA (2000), CEC (1986), USEPA (1992) y DS04/00-
MINSEGPRES (2009) respectivamente. En la Tabla 10 se muestran las concentraciones de

metales consideras por las normativas mencionadas anteriormente.

Tabla 10. Regulaciones internacionales sobre el contenido de algunos metales (mg/kg) en los

biosolidos para su disposicion en suelo.

Regulacion
Metal (mg/kg) NSW-EPA CEC USEPA DS04/00
Australia Europa  Estados Unidos Chile

Cd 3-32 20-40 85 8-40
Cu 100-2000  1000-1750 4300 1000-1200
Ni 60-300 300-400 420 80-420
Pb 150-500  750-1200 840 300-400
Zn 200-3500  2500-4000 7500 2000-2800
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La normativa en Chile, el Decreto Supremo 04 especificamente, estable que un LS ha sido
estabilizado si se ha reducido su potencial de atraccion de vectores, cuyo principal parametro es
una reduccién de al menos un 38% de solidos volatiles (MINSEGPRES, 2009). EI BS generado se
puede clasificar en Clase A y Clase B. Los primeros son aptos para aplicacion sin restriccion; los
segundos son aptos para aplicacion benéfica, con restricciones de aplicacion segun tipo y
localizacion de los suelos y cultivos. Para ser clasificado como Clase A el biosdlido debe tener una
densidad de coliformes menor a 1 000 NMP/g ST; o una densidad de Salmonella sp. menor a 3
NMP/4 g ST y un contenido de ova helmintica viable menor a 1 /4g ST. Mientras los Clase B deben
presentar una media geométrica del contenido de coliformes fecales menor que 2 000 000 NMP/g
ST (MINSEGPRES, 2009).

Sin embargo, existe un vacio en los limites sobre la cantidad de microcotaminantes orgénicos en
los BS para disponer en suelos (Petrie et al., 2014; Verlicchi and Zambello, 2015). Entre las pocas
normas que consideran este tipo de compuestos esta la Guia de utilizaciéon de compost y digestato
de Suiza que contempla un valor limite para hidrocarburos arométicos policiclicos (PAH: polycyclic
aromatic hydrocarbons) de 4 mg/kg y 20 ng I-TEC/ mg/kg (I-TEC: International Toxicity
Equivalents), por otra parte, el Ministerio de Ambiente Danés establece como concentracion limite
de PAH de 3 mg/kg, 1300 mg /kg de sulfonatos de alquilbenceno lineales y 10 mg/kg de nonilfenoles
y en Austria los PAHs no pueden sobrepasar los 6 mg/kg y los bifenoles policiclicos los 0.2 mg/kg
(Al Seadi and Lukehurtst, 2012). No obstante, se estan realizando algunos esfuerzos para mejorar
este aspecto, en Alemania por ejemplo, se planea implementar una directiva con valores limites
para contaminantes organicos persistentes (POPs: persistent organic pollutants) (Rastetter and
Gerhardt, 2015).

La toxicidad de los biosolidos, como la toxicidad de cualquier residuo organico, es el resultado de
la combinacion de multiples factores. Investigar los efectos de los compuestos de los biosélidos en
el ambiente, tanto en forma individual como una mezcla compleja, es trascendental para determinar
la calidad de los biosélidos de manera integral, que permita tomar las medidas adecuadas para

disponer y tratar este tipo de residuo.
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CAPITULO lll

HIPOTESIS Y OBJETIVOS
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1. Hipétesis

La digestion anaerobia avanzada de lodos sanitarios causa un cambio significativo favorable en la
composicion  (caracteristicas fisicoquimicas, microbiolégicas y en la concentracion de
microcontaminantes) y en la fitotoxicidad del biosélido en comparacion con el obtenido por digestion

anaerobia convencional, propiciando preferencialmente el uso benéfico de dicho biosolido.
2. Objetivos
2.1 Objetivo general

Evaluar la influencia de la digestion anaerobia convencional y avanzada utilizando un pre-
tratamiento secuencial de ultrasonido seguido de una etapa térmica a baja temperatura (55°C) en
la composicion (caracteristicas fisicoquimicas, microbiolégicas y en la concentracion de

microcontaminantes) y en la fitotoxicidad directa e indirecta de los biosélidos generados.
2.2 Objetivos especificos

» Determinar la influencia de la digestion anaerobia convencional y avanzada en el
desempefio de la digestion y en las caracteristicas fisicoquimicas y microbiolégicas de los

biosélidos generados.

« Evaluar la influencia de la digestion anaerobia convencional y avanzada en la

concentracion de microcontaminantes de los biosélidos generados.

« Evaluar la fitotoxicidad directa e indirecta de los biosélidos producto de un proceso de

digestion anaerobia convencional y avanzada.
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CAPITULO IV

ORGANIC MICROPOLLUTANTS IN SEWAGE SLUDGE:
INFLUENCE OF THERMAL AND ULTRASOUND
HYDROLYSIS PROCESSES PRIOR TO ANAEROBIC
STABILIZATION

Reyes-Contreras C., Neumann P., Barriga F., Venegas M., Dominguez C., Bayona J.M. and Vidal
G. 2018. Organic micropollutants in sewage sludge: influence of thermal and ultrasound hydrolysis
processes  prior to  anaerobic  stabilization.  Environmental  Technology.  DOI:
10.1080/09593330.2018.1534892
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Abstract

Organic micropollutants (OMP) in household and industrial wastewater are not efficiently removed
by conventional treatment processes and a significant fraction ends in sludge. Proper valorization
technologies become fundamental to attain sustainable sewage sludge management, with
anaerobic digestion (AD) as one of the preferred strategies. However, it exhibits some limitations
that can be overcome with pre-treatment processes. In this study, the influence of different pre-
treatment configurations over OMP concentration and removal during AD was assessed. The
incorporation of a sequential US — TT-PT resulted in decreased concentrations of 7 of the 9 detected
compounds in biosolids compared to conventional AD digestate, with bisphenol-A and ter-
octylphenol showing the opposite effect. The results suggest that the assessed PT could improve
the removal of sequestered or highly hydrophobic compounds through their solubilization and

increased bioavailability.
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1. Introduction

Sewage treatment represents a fundamental mainstay for public health protection. Through
successive physical, chemical and biological processes, efficient removal of solids, organic matter,
nutrients and pathogens can be achieved. However, removal of organic micropollutants (OMP) that
enter in the sewage system from household and industrial wastewaters is not always efficient, being
influenced by the physicochemical characteristics of the pollutant and the treatment technology
used (Luo et al., 2014). Furthermore, in most conventional treatment processes the fate of a
significant fraction of the different OMP is the sludge generated during the depuration process
(Kinney et al., 2006; Kupper et al., 2004; Martin et al., 2012).

Sewage sludge (SS) generated during activated sludge processes is characterized by high
concentrations of solids (2 - 12% total solids for liquid sludge and 12 - 40% for dehydrated sludge),
organic matter (55 - 85% of volatile solids in dry basis), pathogens (109 fecal coliforms/100 mL,
2500 - 70000 virus/ 100 mL, 200 - 1,000 Helminth/ 100 mL) and nutrients (> 8 mg P/ kg, > 30 mg
N/ kg, > 3 mg K/ kg) (EPA, 1995; Maria et al., 2010). Therefore, proper treatment and disposal
alternatives are necessary in order to avoid impacts such as pathogen spread, toxicological effects
or uncontrolled input of nutrients to natural ecosystems. In this scenario, management of sludge
can rise up to 50% of the total operational costs of current-technology depuration plants (Appels et
al., 2008).

Therefore, proper valorization technologies become fundamental to attain sustainable SS
management practices. One of the preferred strategies is the use of anaerobic digestion (AD)
followed by land application, which allows biogas production and nutrient re-cycling by means of
digestate use as organic fertilizer. However, SS conversion during AD is limited by the low
hydrolysis rate of solids and complex organic compounds, which in turn hinders biogas production
and the overall organic matter removal during the process (Neumann et al., 2016). Similarly, the
degradation of OMP is also limited during AD, as most pharmaceuticals, industrial additives,
fragrances and other synthetic compounds present low biodegradability as a result of the high
stability of most of the commercially available substances (Oller et al., 2011). The associated risk

of contamination and potential human exposure to the OMP present in SS digestate therefore
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restricts its use as soil conditioner or fertilizer, and novel strategies become necessary to decrease

their concentration and ensure the safety of its management.

One of the most extended methods to improve AD hydrolysis and its overall performance is the use
of pre-treatments. Pre-treatments imply the use of physical, chemical or biological processes in
single or combined configurations in order to hydrolyze SS previous to AD, increasing biogas
production and the performance of the stabilization process (Carrére et al., 2010). Most pre-
treatment studies have been oriented to biogas production improvements, which has been observed
to be related to the efficiency of solubilization achieved through thermal hydrolysis, cavitation,
oxidation and other phenomena depending on process configuration (Devlin et al., 2011; Neumann
etal.,, 2018, 2016).

However, solubilization can also increase the bioavailability of OMP to the anaerobic
microorganisms, increasing their degradation rate during the AD process. Previous reports indicate
that co-metabolism is an important OMP degradation mechanism during AD, which depends on the
availability of the specific compounds and therefore the equilibrium between the particulate and
soluble phases of sludge (Barret et al., 2010; Delgadillo-Mirquez et al., 2011). Similarly, Aemig et
al. (2016) observed that the distribution of PAHs in the different fractions of sludge organic matter
greatly influence their degradation during AD, suggesting that hydrolysis processes can be used as
a strategy to improve OMP degradation through their transfer to the more accessible phase of
sludge. Table 1 shows the results of some previous studies regarding the influence of different pre-

treatment processes over OMP removal during AD.

In this work, the influence of ultrasound (US) and thermal (TT; 55°C) pre-treatments over the
presence of 10 hydrophobic OMP in mixed SS samples was assessed, mainly selected because of
their ubiquity and high frequency of detection (Jones-Lepp and Stevens, 2007). The removal of
those compounds in conventional and advanced (i.e. including pre-treatment) AD reactors was also
assessed, including a sequential US — TT process which has been reported previously to positively

influence AD performance without affecting process stability (Neumann et al., 2018, 2017).
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Table 1. Reported effect of some pre-treatment processes over OMP degradation during sewage sludge AD

Studied OMP

Pre-treatment
process

Main effects on removal

Reference

Naphthalene; Pyrene

Ultrasound (20 kHz; 0

Removal efficiency
Naphthalene: 24.19 £ 1.7 %

Benabdallah El-

to 15,000 kJ/kg TS) Pyrene: 11.13 £ 2.4 % Hadj et al. (2007)
Removal efficiency Gallipoli &
. _ 0, .
. Ultrasound (200 kHz) oo =427 Braguglia (2012)
Linear alkylbenzenesulphonates (LAS) Removal efficiency Gallipoli et al
. _ 0 .
LAS: 38 -50 % (2014)

F/l ratios of 0.3 favors the removal of LAS during AD

diethyl phthalate; dibutyl phtha-
late; diethylhexyl phthalate esters

Thermal (70°C)
Enzymatic
(commerecial lipase;
28°C)

Removal efficiency

<30%

Thermal pre-treatment did not had a positive effect over
removal, while the enzymatic process was very efficient in the
removal of the studied OMP

Gavala et al. (2004)

Galoxolide; Tonalide; Carbamazepine; Diazepam;
Ibuprofen; Diclofenac; lopromide
Sulphamethoxazole; Estrone; 17 — estradiol; 17a -
ethinylestradiol

Ozonation

(20 mg Oslg TSS; ~2h)

Removal efficiency

20-99%

Removal of carbamazepine was only observed during
thermophilic AD after ozonation

Carballa et al.
(2007)

12 PAHSs, including phenanthrene, anthracene,
fluoranthene, pyrene, chrysene and related
compounds

Ozonation
(0.1 g 03/gTS)

Removal efficiency

20- 63%

PAH removal was related to their solubility

Efficiency in PAH removal was improved an average of 68%
by sludge pre-ozonation, with or without tyloxapol (surfactant)
addition

Bernal-Martinez et
al (2007)

F/I: Food-to-inoculum ratio
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2. Materials and methods

2.1. Sludge sampling

Mixed sludge samples (MSS) were obtained from the Bio-Bio sewage treatment plant in South-
Central Chile (36° 48’ S, 73° 08’ W). The plant treats urban and industrial wastewaters generated
in the metropolitan area of Concepcidn, representing ~500000 inhabitants. Samples were obtained
after sludge thickening, transported to the laboratory and stored at 4 °C until analysis. The primary
to secondary sludge ratio of the MSS was approximately 40-60% in volume and 65-35% in total
solids (TS). Anaerobic inoculum for the AD assays was obtained from the internal recirculation of
the 8000 m3 digesters used in the plant to stabilize the MSS.

2.2. Pre-treatments

2.2.1. Ultrasound (US)

US pre-treatment was performed using a Hielscher UP200St device (Hielscher Ultrasonics GmbH,
Germany), at 26 kHz frequency and 200 W power. Briefly, 500 mL of MSS were subjected to US
application inside a continuously stirred beaker, with a specific energy (SE) of 2000 kJ/ kg TS.
Treatment time varied according to total solids concentration (TS) in the sample, in the range of 2.3
—-6.1minfora TS of 25.1 - 65.9 g TS/ L. SE was estimated based on Eq. (1).

Ko, Pxt
(ﬁ) = Ues (1)

where P is the power of the US device (200 W), t the pre-treatment time (s), V the sample volume
(0.5L) and TS the total solids concentration (kg/ L).

2.2.2. Thermal treatment (TT)

TT was performed at 55 °C inside a Gerhardt Termoshake THO 500 (Gerhardt GmbH & Co.,
Germany) orbital stirrer, for 8 h at 70 rpm of continuous agitation. MSS was placed inside 500 mL
beakers, covered with performed tops in order to avoid high water evaporation rates. As micro-
aerobic conditions have been reported to favor solubilization of sludge in those conditions (Carvajal

etal., 2013), plastic hoses were placed within the MSS and connected to the atmosphere.
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Solubilization efficiency of pre-treatments (PT) was estimated using the COD solubilization factor
(f) (Bougrier et al., 2006), corresponding to the ratio between the increase in soluble COD due to

pretreatment and the initial particulate COD, as shown in Eq. (2).

CODs-CODsk , 400

f(%) - COD7r-CODgr (2)

where CODs is the COD determined in the soluble phase of the MSS after PT (mg/ L), CODsr is
the COD determined in the soluble phase of the raw MSS (mg/ L) and COD1r is the total COD of
the raw MSS (mg/ L).

2.3 Anaerobic digestion

Two semi-continuous digesters of 10 L total volume were used during the assays. One of the
reactors was fed with raw (non-pretreated) MSS, which constituted the control reactor of the
experiment (CR), whereas the other was fed MSS after the sequential application of both PT
described in section 2.2 (Pre-treatment reactor, PTR). Both digesters were operated at mesophilic
conditions (37 °C) and with a solids retention time (SRT) of 30 d. Further details regarding the

digesters set-up and operation can be found elsewhere (Neumann et al., 2018).

2.4 Sludge characterization

Sludge and digestate (biosolids) physicochemical characteristics including chemical oxygen
demand (COD), total solids (TS), volatiles solids (VS) were characterized according to Standard
Methods (APHA, 2001). Ammonia nitrogen (NH4*-N) was determined using a Merck- Millipore
Spectroquant® photometric test (2.0-150 mg/L NH4*-N) using a UV-VIS Spectroquant® Nova
60/Merck photometer.

2.5 Organic micropollutants (OMP) determination

OMP concentrations were determined in samples of MSS before and after anaerobic digestion.
Raw, ultrasonicated and thermally treated MSS samples were assessed, as well as digestate

coming from CR and PTR. Results were expressed as ug/g of dry matter.
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2.5.1 Chemicals and reagents

n-Hexane, methanol, ethyl acetate, acetone (SupraSolv® quality), casein peptone (triptone),
sodium chloride (NaCl) and hexahydrate magnesium chloride (MgCl2 6H20) were acquired from
Merck (Darmstadt, Germany). Triclosan (TCS), tonalide (TNL), galaxolide (GXL), bisphenol A
(BFA), butylhydroxytoluene (BHT), butylhydroxyanisole, phenanthrene (PNT), pyrene (PRN), 4—
nonylphenol (4NP), tert-octylphenol (TOP), 17-B-ethinylestradiol, 2,2’-dinitrobiphenyl, 10,11-
dihydrocarbamazepine and triphenyl amine were acquired from Sigma-Aldrich (Steinheim,
Germany). Florisil® and sodium sulfate anhydrous (Na2SO4) were acquired from Fluka (Buchs,

Switzerland).

2.5.2 Analytical procedure

Molecular structure, main applications and physicochemical properties (molecular weight, log KOW
and log KOC) of the studied OMP are provided in Table 2. MSS and digestate were centrifugated
for 10 min at 3000 rpm and the solid fraction was liofilized. Briefly, 5 g of the liofilized samples were
spiked with a mixture of surrogates (50 ng 2,2’-dinitrobiphenyl for fragrances and 10,11-
dihydrocarbamazepine for neutral compounds), they were homogenized in vortex and left to
equilibrate for 12 h at 4°C. Samples were extracted using US with 5 mL of a n-hexane/acetone (1:1,
viv) for 10 min. The extraction was performed three times and the extracts were combined and
reduced to ca. 1 mL with nitrogen gas. Extract clean up was performed by adsorption
chromatography using 3 g of Florisil® (activated at 400°C and deactivated with 1% water) and finally
eluted with 5 mL ethyl acetate. The extracts were concentrated to ca. 1 mL under a gentle stream

of nitrogen and 125 ng of triphenylamine (TPhA) were added as internal standard.

Derivatized extracts were analyzed in a EI-GC-MS/MS Bruker 450-GC gas chromatography
coupled to a Bruker 320-MS triple-stage quadrupole mass spectrometer (Bruker Daltonics Inc.,
Billerica, MA, USA).
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Table 2. Target organic micropollutants.

I log log  Molecular weight Molecular LOD LoQ
Analyte Applications Kow  Koc' (g mol) Structure (ngg?) (ngg)
Tonalide (TNL) 6.35 472 258.4 65 100
Fragrances
Galaxolide (GLX) 6.26 410 258.4 87 148
Triclosan (TCS) Antibacterial/antifungal 466  3.93 289.5 73 121
_______________________ ; G —
Butylated Antioxidant used in the food, cosmetic and :
hydroxytoluene (BHT) pharmaceutical industries 503 391 2204 89 184

Phenanthrene (PNT) Energy generation 435  3.87 178.2 G 83 108
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Table 2. Continued.

I log log  Molecular weight Molecular LOD LoQ
Analyte Applications Kow  Koc' (g mol) Structure (ngg?) (ngg)
Pyrene (PRN) 493 424 202.3 O‘ 58 76
-ioni CH
4-nonyl phenol (4NP) Non-ionic surfac.tant precursor and 599 4928 220.4 ] 7 97
degradation product
Ho
"""""""""""""""" A o T
. 0 _- . H1
Tert-octylphenol (TOP) Starting material for nqn ionic surfactant 598 401 206.3 H,C——cH, 101 163
production H
i__ ___________________________;; ___________________________
HO
Bisphenol-A (BPA) Manufacture of plastics and epoxy resins 332 310 228.3 O " O oH 75 92
3
178 - ethynyl estradiol Synthetic hormone 412 271 296.4 72 143

(17EE)

*Log KOW and Log KOC were obtained from EPIsuite v4.00. LOD: limit of detection; LOQ: limit of quantification

59



The derivatization of samples was carried out by methylation of the acidic hydroxyl groups in a
programmed temperature vapolirizing (PTV) injector of the gas chromatograph by adding 10 pL
TMSH to a 50 uL samples aliquot before injection. A volume of 5 pL was injected into a Bruker
Bruker 450-GC gas chromatography coupled to a Bruker 320-MS triple quadrupole mass
spectrometer fitted with a 20 m x0.18 mm i.d. and 0.18 um film thickness TRB-5MS capilar column
coated with 5% diphenyl 95% dimethyl polysiloxane from Teknokroma (Sant Cugar del Valles,
Sapin). The PTV injector was set at 60°C for 0.5 min and then rapidly heated up to 300°C at 200°C
min-' and held for 10 min. Then, the injector was cooled to the initial 60 °C at 200 °C min-1. Helium
was used as carrier gas (99.9995%) and the flow was selected at 0.6 mL/min. The oven temperature
was held at 60°C for 3.5 min and then the temperature was programmed at 30°C/min to a 150°C
and finally at 8°C/min to 320°C holding the final temperature for 10 minutes. Temperature of the
transfer line and ion source were of 250°C, 200°C, respectively. Qualitative and quantitative analysis
were performed in multiple reaction monitoring mode (MRM), tracking two transitions for every
compound as described elsewhere (Reyes-Contreras et al., 2011). Surrogate recovery was 78 +
4% and 83 + 7% for fragrances and neutral compounds, respectively. Correlation coefficient (R2)

of the calibration curves was in all cases over 0.999.

2.6 Statistical analysis

Statistical significance of OMP concentration after each treatment compared to raw MSS samples
was tested by the Wilcoxon signed-rank test (non-parametric test) using Stata software (version
14.2), against a null hypothesis of no difference. A P-value of <0.05 was considered statistically

significant.
3. Results and discussion

Table 3 shows the physicochemical parameters of the different MSS and digestate samples. The
main effect of pre-treatments (PT) namely US, TT and US+TT was an increase of 250 — 415% in
soluble COD concentration (CODs) in the MSS, resulting in 7.8 — 12.9% solubilization factors
depending on PT configuration. Moreover, ammonia nitrogen concentration (N-NH4*) also showed
increases up to 100%, related with both US and TT pre-treatments. However, no effects were
observed over total COD (CODt) or solids concentrations (TS, VS).
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Table 3. Average concentrations and standard deviation of the physicochemical parameters of sludge and digestate samples.

Parameter  Unit Raw MSS MSS after US  MSS after TT MSS after US-TT Biosolid after AD Biosolid after US - TT and AD

COD: g/lL 454 £5.0 488 +53 50.9 50.7 £5.6 33.8+1.2 32317
COD:s mg/L 13709 +20.8 4874.7+219.2 4803.8 7057.0 + 1326.7 23143 £184.9 2109.8 £245.7
CODs/CODt % 3.02 £0.01 10.00 £0.03 9.44 13.91 £0.07 6.85 £ 0.04 6.54 £0.05
f % - 7.96 +0.04 7.80 12.92 £0.09 - -
TS glL 36.5+2.1 35.7+0.1 - 359+89 23.8+0.6 244+19
VS glL 2719+07 26.7+1.0 - 269+53 16.1+£0.6 15.6+04
N-NH4 glL 0.2+0.01 0.3+0.01 - 0.4 +£0.07 0.9+0.06 1.1+£0.03

COD: chemical oxygen demand; TS: total solids; VS: volatile solids; N-NH4: ammonia nitrogen; MSS: mixed sewage sludge; US: ultrasound; TT: thermal treatment; AD: anaerobic digestion

Table 4. Average concentration + standard deviation of the OMP in sludge and digestate samples.

MSS Digestate
Analyte us TT Conventional AD o US=TTand AD e o
Raw (ug/g) (ug/g) (uglg) (ug/g) Variation™ (%) (uglg) Variation™ (%)
Tonalide 015+£0.04 0.24+0.03 0.17+£0.02 0.29 £0.06 93.3 0.12£0.05 -20.0
Galaxolide 34.86 £6.33 45.66+7.14 34.58+4.23 59.41 £9.71 704 43,99 £8.92 26.2
Triclosan 10.30£3.35 13.37+3.56 10.70 £2.91 9.28 +3.45 9.9 247 £0.52 -76.0
BHT 172+0.70 328+1.05 247+0.55 7924273 360.5 6.43+£2.16 273.8
Phenanthrene 0.26+0.02 040+0.03 0.31+0.06 0.48 £0.11 84.6 0.33+£0.05 26.9
Pyrene 0.14+£0.07 0.23+£0.04 0.08+0.01 0.24 £0.06 714 0.19+£0.06 35.7
4-nonylphenol 134+005 199+022 1.89+0.06 245+0.45 82.8 1.45+0.07 8.2
4-Tert-octylphenol  0.32+0.05 0.25+0.07 0.32+0.06 0.94 £0.19 193.8 117 +£0.24 265.6
Bisphenol-A 022+0.16 240+£0.21 0.24 £0.02 0.29 £0.09 31.8 0.67 £0.12 204.5
17B-Ethinylestradiol <LOD <LOD <LOD <LOD N/A <LOD N/A

N/A: Not applicable . * Compared to raw sludge; MSS: mixed sewage sludge; US: ultrasound; TT: thermal treatment; AD: anaerobic digestion
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Whereas conventional AD led to removals of 25.6, 34.8 and 42.3% in CODt, TS and VS
concentrations, respectively, AD after the sequential pre-treatment showed removals of 28.9, 33.1
and 44.1% in the same parameters. Although PT resulted in a 20% increased concentration of N-
NH4* inside the digester, the observed values in both CR and PTR were under the inhibitory
threshold reported in literature (Chen et al., 2008; Yenigin and Demirel, 2013). During conventional
AD, an increase of 127% in the CODs/CODt ratio was observed in digestate compared to raw MSS,
related to the biological hydrolysis and solubilization of organic matter that occurs during the first
steps of AD (Gujer and Zehnder, 1983). However, digestate coming from both digesters showed

similar CODs values.

Table 4 shows the concentration of the measured OMP in sludge and digestate samples. 9 of the
10 studied compounds were detected in the samples, with the exception of 17EE. PT processes led
to increases of 13 — 991% in the concentration of all OMP except 4-tert—octylphenol, most likely
related to water evaporation during PT application. Moreover, as US led to higher increases (30 —
991%) compared to TT (4 — 44%), this effect could be at least partially attributed to a positive
influence of this PT over the extraction and recovery procedure of OMP from MSS, as US is one of

the techniques used for OMP extraction from sludge matrices (Zuloaga et al., 2012).

AD resulted in up to 360% increased concentrations for most of the studied OMP in MSS, with
removal being only achieved for TNL (in the pretreated-sludge digester) and TCS (in the
conventional and pretreated-sludge digesters). Figure 1 summarizes the influence of both digestion
processes over the concentration of OMP, expressed as the ratio between the output (digestate; C)
and input (raw MSS; Co) concentrations of the systems. This result is in contradiction with previous
reports, which show that while AD in unable to fully degrade most OMP from sludge, removals of
10 — 99% can be achieved depending on OMP physicochemical properties and operational
conditions of digestion (Benabdallah El-Hadj et al., 2007; Bernal-Martinez et al., 2007; Carballa et
al., 2007; Gallipoli et al., 2014; Gallipoli and Braguglia, 2012; Gavala et al., 2004). The observed
accumulation of OMP inside the digesters could be related to its low biodegradation compared to
most of the organic matter that composes MSS, as the transformation of biodegradable organic
matter could led to increased concentration of non-biodegradable compounds during AD. However,

the increases in OMP concentration surpassed the expected increases based on solids removal
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efficiencies during digestion (Table 3), and therefore other accumulation mechanisms must be

involved in the observed effect.

50
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C/C, ratio of OMP
=

Figure 1. Ratio of digestate (C) to raw MSS (Co) concentration of the assessed OMP for the

conventional digestion (CJ) and pretreated sludge digestion (&) processes.

Table 5 shows the results of the non-parametric statistical tests performed over OMP concentrations
in the different samples. Statistical analysis between treatments showed some significant
differences. However, when P-values were adjusted for multiple comparisons, these differences
have not been confirmed, and only some trends are observed. In order to confirm this hypothesis,

additional measurements would be necessary.
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Table 5. P-values for Wilcoxon test of OMP after each treatment compared to the raw MSS. Shaded

cells indicate significant differences between the samples.

Raw MSS vs AD RawMSSvsUS RawMSSvsTT RawMSSvsUS -TT and

omp digestate sludge sludge AD digestate
Galaxolide 0.0495 0.2752 0.8273 0.2752
Tonalide 0.0495 0.0495 0.5127 0.2752
Triclosan 0.2752 0.5127 0.8273 0.0495
4-nonylphenol 0.8273 0.2752 0.8273 0.0495
Phenanthrene 0.0495 0.0495 0.2752 0.1266
Pyrene 0.2752 0.1266 0.5127 0.8273
BHT 0.0463 0.1212 0.2683 0.0463
Bisphenol-A 0.8273 0.0495 0.5127 0.0495
4-Tert-octylphenol 0.0495 0.2752 0.8273 0.0495

MSS: mixed sewage sludge; US: ultrasound; TT: thermal treatment; AD: anaerobic digestion

Figure 2 shows the variation in the digestate concentration of OMP caused by the sequential pre-
treatment over the different assessed compounds. PT caused reductions in the OMP concentrations
of 73% for TCS, 59% for TNL, 41% for 4NP, 19% for BHT, 31% for PNT, 26% for GLX and 21% for
PRN. On the other hand, PT resulted in an increased digestate concentration of BPA and TOP of
131% and 25%, respectively.

BPA and TOP are in the low and medium range of Koc for the studied OMP, indicating compounds
with comparatively lower hidrophibicities and affinities to the particulate fraction of sludge. During
AD, the fate of OMP is mainly goberned by its sorption and biodegradation, as volatilization to the
gaseous phase results negligible (Alvarino et al., 2014). Biodegradation is also directly related to
sorption, as limited bioavalaibility of OMP hinders its biotransformation. While it has been observed
that a fraction of OMP sorbed to particles can indeed be available for degradation (Fountoulakis et
al., 2006) and that desorption partially occurs during AD (Macherzynski et al., 2014), PTs could
increase their overall bioavailavility through improved transfer of strongly linked compounds from
the sludge matrix to the soluble phase (Aemig et al., 2016). As factors that increase the linking of
OMC to sludge such as ageing and high hydrophobicity can decrease its biotransformation (Barret
etal., 2010; Gonzalez-Gil et al., 2016), it is expected that the use of PTs will have a higher influence

over the biodegradation and removal of sequestered or highly hydrophobic compounds during AD.
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Figure 2. Variation in the OMP concentration in digestate associated with the implementation of the
sequential pre-treatment. Negative values represent decreases in the OMP concentration, while
positive values represent increases. OMP were classified in three groups according to their log Koc:
Red: High (>4.5); Orange: Medium (4.0 — 4.5); Green: Low (<4.0).

4. Conclusion

The influence of different PT configurations over the presence and anaerobic transformation of 10
OMP in mixed sewage sludge (MSS) was assessed. The main effect of the different PT
configurations over MSS properties was the solubilization of CODs (7.8 — 12.9% solubilization
factors depending on configuration) and increased ammonia concentration (up to 100%).
Conventional AD led to removals of 25.6, 34.8 and 42.3% in CODt, TS and VS concentrations,
respectively, whereas AD after sequential US — TT PT showed removals of 28.9, 33.1 and 44.1%

in the same parameters.

A total of 9 OMP were detected in MSS samples. Conventional and pretreated sludge AD resulted
in the accumulation of OMP in the digestate, and only TCS was removed in all the studied
conditions. The sequential US — TT-PT assessed in this work resulted in decreased concentrations
of 7 of the 9 detected compounds in digestate compared to conventional AD (19 to 73%), with BPA

and ter—octylphenol showing the opposite effect. Overall, the results suggest that the assessed PT
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could mainly improve the removal of sequestered or highly hydrophobic compounds through their

solubilization and increased bioavailability.
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Abstract

Circular economy (CE) is defined as a system in which the value of products, materials and
resources is maintained for as long as possible, minimizing their consumption and the generation
of waste. Within the CE framework, anaerobic digestion (AD) represents an attractive technology,
as it uses waste to produce biogas as renewable energy and stabilizes the sewage sludge for land
application. In this way, this technology contributes to “closing the loop” between energy
consumption, food production and the disposal of the subsequent waste. These potential benefits
may be limited by negative impacts related to the land disposal of the stabilized sewage sludge. For
example, the presence of micropollutants (MPs) in the input sewage and the inability of current AD
methods to remove them from the stabilized sewage are recognized potential risks for human health
and for the environment. The aim of this mini-review is to provide an overview of the different MPs
present in the raw sewage sludge and stabilized sewage sludge (biosolids) with AD, to assess their
potential adverse effects, and to highlight possible remediation strategies. This review will focus on
three important groups: pharmaceuticals and personal care products (PPCPs), metallic trace

elements, and polycyclic aromatic hydrocarbons (PAHs). The resulting toxicity of the biosolids will
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depend on the operational characteristics of AD and on the physicochemical properties of the
different MPs. These two factors ultimately determine their final concentration, their persistence and
bioaccumulative potential, and the formation of metabolites, which sometimes can be more toxic

than the corresponding parental compounds.
1. Introduction

Sewage sludge generation has increased in the last decades due to the introduction of aerated
technologies (i.e., activated sludge) in sewage treatment. As a consequence, the accumulation of
non-stabilized sludge generates environmental problems for populations and ecosystems. Sewage
sludge is characterized by high concentrations of solids and organic matter, with a significant
presence of pathogens, including antibiotic resistant bacteria (Neumann et al. 2016). In addition, it
contains a variety of micropollutants (MPs), like pharmaceuticals, hormones, pesticides, and
household and industrial chemicals (Gonzalez-Gil et al. 2018), which may constitute a risk for

environmental and human health.

Anaerobic digestion (AD) is a widely used process for sewage sludge stabilization, in which the
organic matter is broken down by a consortium of microorganisms under anaerobic conditions
(Chen et al. 2008). During AD, biogas is produced as a mixture of gaseous compounds, principally
methane (CH4) and carbon dioxide (CO2), via volatile fatty acid (VFA) degradation (Zhang et al.
2016). Moreover, the organic matter is transferred to a semisolid phase during the treatment,

constituting the so-called stabilized sewage sludge or biosolids (Neumann et al. 2017, 2018).

These two resources, biogas and the biosolids, constitute valuable resources under the concept of
circular economy (CE). CE is defined as an alternative to the traditional economy in which the value
of products, materials and resources is maintained for as long as possible, therefore minimizing
waste production and resource consumption (Malinauskaite et al. 2017). The need to transition to
CE is recognized as an essential element in developing a sustainable, resource-efficient and
competitive economy. In this context, the biogas produced in DA represented a commercial value
as a bioenergy source (Appels et al. 2008). Likewise, the biosolids from DA offers a sustainable
waste treatment strategy that combines waste stabilization and nutrient recovery, and it can be used

as biofertilizer for soil application with beneficial effects (Abdullahi et al. 2008).
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The use of stabilized sewage sludge for agricultural purposes is an attractive solution for enhance
the soil fertility because it increases soil organic C storage, improves soil aeration and favors cation
exchange (Mattana et al. 2014). However, the presence of pollutants, like heavy metals, organic
pollutants and pathogens, represents potential risks for the environment and human health
(Alvarenga et al. 2016). An active line of research is currently being developed to study the
presence, concentrations, fate and potential negative effects of MPs found in sewage sludge and
biosolids (Gao et al. 2012; Martin et al. 2015a; Stasinakis et al. 2012; Gonzalez-Gil et al. 2016).
The objective of this mini-review is to provide an overview of the different MPs present during the
AD of sewage sludge, their associated risks and the possible remediation measures, under the

framework of the circular economy.
2. Bibliometric analysis

For the bibliometric search, Scopus and Web of science database were used. The search parameter
was anaerobic digestion, sewage sludge, and biosolid. These parameters were associated with
their appearance in the article title, abstract, and keywords. From this search, 9761 articles were
found. Subsequently, a process of data depuration was carried out. Any article outside the
objectives of this work was eliminated. At the end of this process, the data set was 3168 articles
from the year 1947 until 2019. From the initial data set, a new data set was elaborated considering
the articles in the micropollutants category. The software VOS viewer 1.6.11 (CWTS 2019), was
used for construct and visualizing the bibliometric data set, considering the co-occurrence networks

of important terms extracted from the title and abstract fields in the data sets.
2.1. General bibliometric analysis

Figure 1 shows the distribution of the 3168 articles in five topics considering the investigation of the
behaviors of organic matter, micropollutant, heavy metals, pathogens and nutrients. The
predominant topic in the data set was the behaviors of organic matter with 64% of the articles, that
mainly considered the pre-treatment and operational parameter influence on anaerobic digestion
development. Followed by 15% of the articles in the data set that investigate the behaviors of the

micropollutant during anaerobic digestion of sewage sludge. Finally, with 6, 7, and 8% of the articles
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in the data set are researches that analyzed the behaviors of pathogens, nutrients, and heavy

metals, respectively.

Considered topic

= Micropollutants

= Nutrient

< = Pathogen
Heavy metals

= Organic matter

Figure 1. Percentage distribution of topics related to the behaviors of organic matter,
micropollutants, heavy metals, nutrients and pathogens in the anaerobic digestion of sewage

sludge.

There is a gradual increase in the number of publications that study other issues besides the
performance of anaerobic digestion of sewage sludge (64% of the data set, Figure 1), where the
research that considers the behaviors of heavy metals, nutrients and pathogens have maintained
similar numbers of publications over time (Figure 2). On the other hand, since 2000-2009 the
number of publications related to the behaviors of micropollutants has increased considerably,
reaching nearly 100 publications for that period, while the other topics have less than 50 publications
for the same period. Trend that is more marked in the last 10 years, where the number of
publications related to micropollutants exceeds 300, while in the other subjects does not exceed

100 publications.

74



Micropollutants

Number of publications

Heavy metals
Nutrient
Pathogen

s .- _'- ‘f

1947-1979 1980-1989 1990-1999 2000-2009 2010-2019
Years

Figure 2. Temporal trend of topics related to the behaviors of micropollutants, heavy metals,

nutrients and pathogens in the anaerobic digestion of sewage sludge.

2.2. Co-occurrence network analysis

Figure 3 shows a general visualization considering the co-occurrence networks of terms extracted
from the title and abstract fields in the data sets of micropollutant topics. Figure 3a shows a general
visualization of all the terms grouped in six clusters. It can be seen some general terms as sewage
treatment, country, analyte, WAS (wasted activated sludge), waste, anaerobic fermentation,
digestate. This general term overshadows other more specific and interesting to analyze. So, Figure
3b showed a specific co-occurrence network with eight clusters (colors in Figure 3a are not related
to color in Figure 3b). Besides, Figure 3c shows the same cluster from 3b but colored by publication

year, this show how a contaminant or term of interest trend with the passage of the time.

The red cluster (Figure 3b) are related with terms as antibiotic resistance bacterium and genes,
where the principal genes where inti1 (integron), sul1 (sulfonamide-resistance gene), and
tetracycline resistance genes (tetX, tetG, tetA, tetO). The occurrence of these terms has been
stronger in the last five years (Figure 3c). The green cluster (Figure 3b) grouped xenobiotic
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compound as dioxins and furans (PCDD/F), and phthalates compounds as phthalic acid esters
(PAE), dibutyl phthalate (DBP), di-(2-ethyhexyl) phthalate) (DEHP), and polychlorinated biphenyl
(PCB), where the occurrence of these terms was stronger before 2006 (Figure 3c). The purple
cluster (Figure 3b) consider polycyclic aromatic hydrocarbons (PAH, PAHSs) principality, with a

temporal occurrence between 2006-2008 (Figure 3c).

Furthermore, the cyan cluster (Figure 3b) consider generic term as trace organic compounds
(TROC, TROCs) and two pharmaceutical compound caffeine and paracetamol, a stimulant and an
analgesic, respectively. With a temporal occurrence more frequent in the last five years (Figure 3c).
Another cluster with a temporal frequency stronger in this same period (Figure 3c) is the brown one
(Figure 3b) which group nano-compound related term as engineered nanomaterials (ENM), and a
nanoparticle, as well as nano-molecules as zinc oxide (ZnO). On the other hand, the orange cluster
(Figure 3b) mainly consider two antibacterial agents: triclosan (TCS) and triclocarban (TCC) with a

temporary occurrence between 2010 and 2019.

The last two clusters consider several pharmaceuticals and personal care products (PPCP). The
blue cluster (Figure 3b) group synthetic musk and fragrances as galaxolide (HHCB) and tonalide
(AHTN); anti-inflammatory drugs as ibuprofen and diclofenac (DCF); anti-epileptic drug as
carbamazepine (CBZ), antibiotics as ciprofloxacin and ofloxacin; and other compounds as siloxane,
clofibric acid (CFA). The temporary occurrence of this cluster is between 2010-2014 (Figure 3c).
The last cluster (yellow, Figure 3b) include four types of compound: surfactant as linear
alkylbenzene sulphonates (LAS); anti-inflammatory drugs as ketoprofen and naproxen; estrogens
and hormones as estrone (E1), estrogen, and 17a-ethinylestradiol (EE2); and industrial estrogens
as bisphenol A, nonylphenol (NPE) compounds: nonylphenol(poly)ethoxylates (NPEO),
nonylphenol monoethoxylate (NP1EQ), and nonylphenol diethoxylate (NP2EO). Also, this cluster
includes general terms as endocrine disrupting compounds (EDC, EDCs)). The temporary

occurrence of this cluster varies widely during the time (Figure 3c).
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Figure 3. Co-occurrence networks term of the data set considering micropollutant topic. a) general

co-occurrence networks considering all term from the data set, b) specific co-occurrence networks

term colored by cluster; and c) specific co-occurrence networks term colored by publication year.
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3. Micropollutants (MPs)

MPs are anthropogenic or natural compounds present in the environment at trace concentrations
ranging from ng/L to pg/L (Kim et al. 2007) for which negative effects on environmental or human
health are either confirmed or suspected, even at environmentally relevant low concentrations. This
relatively low concentrations of MPs in wastewaters not only complicates their detection and
quantitation, but also creates challenges for water and wastewater treatment processes (Luo et al.
2014). As the potential relevance of these substances in the global anthropogenic toxicity has been
realized only recently, these compounds are also referred to as Contaminants of Emerging Concern
(CEC). These contaminants include pharmaceuticals and personal care products (PPCPs), metallic
trace elements, polycyclic aromatic hydrocarbons (PAHSs), plasticizers, flame retardants and
surfactants. The described toxic effects of MPs cover a wide range of deleterious effects, from DNA
damage and mutagenesis to dysfunctions in the endocrine system, reproductive toxicity,
immunological impairment or developmental defects, both humans and the wildlife (De Jesus
Gaffney et al. 2015; WHO 2006).

The occurrence of MPs in sewage sludge and biosolids from AD has been widely reported (Clara
et al. 2011; Kupper et al. 2004; Gonzalez-Gil et al. 2016; Stasinakis 2012). The concentrations of
these compounds in sewage sludge are associated to their physicochemical properties such water
solubility, the octanol-water partition coefficient (Log Kow), and soil adsorption coefficient (Log Koc).
Kow is frequently used to predict absorption of MPs on solids (Luo et al. 2014). According to Rogers
(1996), Log Kow<2.5 indicates low sorption potential, 2.5<Log Kow<4 indicates medium sorption
potential and Log Kow>4 indicates high sorption potential. In the same way, Koc is @ measure of the
tendency of compounds to bind to soils. Higher Log Koc values correlate to less mobile organic
chemicals while lower Log Koc values correlate to more mobile organic chemicals (USEPA 2002).
Moreover, the sludge characteristics (pH, organic matter, cation’s concentration, and others) and
the operation parameters of treatment plants, as the hydraulic retention time and organic loading

rates (OLRs) also affected the concentration of MPs (Stesinakis et al. 2008).
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3.1. Pharmaceuticals and personal care products (PPCPs) in sewage sludge

As an important group of MPs, PPCPs have received growing attention in recent years for their
possible negative effects to the environment and human health (Ebele et al. 2017). They contain
diverse groups of organic compounds used for the daily personal care, like soaps, lotions,
fragrances and sunscreens (Liu et al. 2013). Table 1 shows the physicochemical properties and
concentrations of PPCPs detected in sewage sludge and biosolids from AD. Regarding fragrances,
the most common compounds were galaxolide and tonalide, with values that varied between 13 to
427000 pg/kg in sewage sludge. These substances have hydrophobic characteristics, with Log Kow
values above 6, and therefore found in the solid phase (sewage sludge) rather than in the liquid
phase (Clara et al. 2011). Triclosan is the mostly current used in bactericide in toothpaste,
detergents and sports clothing (Bester 2003), reaching concentrations of 620 to 17500 pg/kg in
secondary sludge and 190 to 9850 pg/kg in biosolids.

Pharmaceutical drugs are also present in both urban and agricultural sewage emissions. The most
prevalent compound in sewage sludges is ibuprofen, with values that fluctuate between 1.9 to 950
pglkg. For this anti-inflammatory compound, Log Kow is ranged between 2.5 and 4, being therefore
presentin both sludge phases (solid and liquid) (Gonzalez-Gil et al. 2016). Hormones and hormone-
like compounds are also commonly found in sludges, either from natural sources (estriol, estrone
and estradiol) or from hormonal regulation pharmaceuticals, like ethynyl estradiol or progestanes
(Lai et al. 2002). These compounds are extremely potent toxicants as they are able of interact with
the endocrine system, altering it and affecting the reproductive functions of humans and other
animals, a toxic effect known as endocrine disruption (ED). The best-known ED activity is the
feminization effect of many natural or synthetic estrogens, which are found both in the sewage
effluents and sludges, at concentrations high enough to elicit physiological responses in fish and

other vertebrates (Céspedes et al. 2004; Chamorro et al. 2010).

A particular category of pharmaceuticals also present in sewage sludge are antibiotics, widely used
in both human and livestock antibacterial treatments. Although their toxicity for humans and animals
is intrinsically very low, there is a growing concern that their persistence in sludges and soils may
favor the emergence of antibiotic resistant bacteria that can ultimately result in untreatable bacterial

ilinesses in humans or livestock (Pifia et al. 2018; Zhang et al. 2009). One example is
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sulfamethoxazole, found in sewage sludge at concentrations around 100pg/kg, and with a high
potential to migrate to the liquid phase, given its Log Kow value 0f0.89 as shown Table 1 (Gonzalez-
Gil et al. 2018).
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Table 1. Physical-chemical properties and concentrations of PPCPs detected in sewage sludge.

Classification Analyte LogKow Log Koc Molecular structure Matrix Concentration (ug/kg) Ref.
Digested sludge 4000
Biosolid 78-427000
Tonalide 6.35 4.72 HAREIHEIRE)
Secondary sludge 400-11200
UASB sludge 803-2407
Digested sludge 26000
3 Biosolid 13-177000
Galaxolide 6.26 4.10 CH, (1L[25(3L(4L[5]
- Secondary sludge 4200-36000
Fragances i UASB sludge 3842-12304
Phantolide 5.30 3.64 Secondary sludge 200-1800 [3]
Traseolide 5.76 3.77 Secondary sludge 200-1000 [3]
Digested sludge 1000-2400 [6][7]
Antibiotics Ciprofloxacin 0.28 1.55
Secondary sludge 960 [81;19]
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Table 1. Continued.

Lo Lo
Classification Analyte K g K g Molecular structure Matrix Concentration (ug/kg) Ref.
ow 0C
o] o]
F H
Norfloxacin 103 196 ~ || Digested sludge 1500-2400 [8]
HN\) HC )
Antibiotics
o. o N9
V M_CHz
Sulfamethoxazole ~ 0.89  3.185 /©/ N Secondary sludge 113 [10]
H,N
HO Biosolid 1400 2]
Acetaminophen 0.46 1.79 Q -
HN_{ Secondary sludge 11 [6]
CH,
CH;
i_ _OH
Drugs Ibuprofen 397 259 CH, Secondary sludge 1.9-950 (11,112
H,C
e
Naproxen 3.18 2.54 H, OO Secondary sludge 32.9-50 [13];[7]
HO 0

82



Table 1. Continued.

Lo Lo
Classification Analyte K g K g Molecular structure Matrix Concentration (ug/kg) Ref.
ow 0C
CK@iH Secondary sludge 620-17500 [141[15];[16]
Triclosan 4.76 4.26 cl
Biosolids 190-9850 [16]
cl
cl @

Personal Care /=N

Clotimazole 626  6.21 Q . Secondary sludge 50 (7]
Products
QA
Q

Econazole 5.61 4.57 c Secondary sludge 210 17

83



Table 1. Continued.

Lo Lo
Classification Analyte g K g Molecular structure Matrix Concentration (ug/kg) Ref.
ow 0C

OH
CH,

B-Estradiol 4.01 4.20 Secondary sludge 17-50
HO
Hormones Estriol 2.45 2.90 Secondary sludge 80 [125:13]
Ethinylestradiol ~ 3.67 4.68 Secondary sludge 24-160

Notes: Kow: octanol-water partition coefficient; Koc: soil adsorption coefficient. Both values were obtained from Chemspider®; References: [1]: Stevens et al. (2003); [2]: Kinney et al. (2004); [3]: Kupper et al.

(2004); [4]: Clara et al. (2011); [5]: Reyes-Contreras et al. (2011); [6]: Gao et al. (2012); [7]: Martin et al. (2015); [8]: Golet et al. (2002); [9]: Jia et al. (2012); [10]: Gobel et al. (2005); [11]: Martin et al. (2012a);
[12]: Martin et al. (2012b); [13]: Heidler et al. (2009); [14]: Chu and Metcalfe (2007); [15]: Peysson and Vulliet (2013); [16]: Stasinakis et al. (2008); [17]: Lindberg et al. (2010)
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3.2. Metallic trace elements in sewage sludge

Metallic elements are ubiquitously found as traces in the environment due to natural geological
activities. Many of them (Fe, Cu, Zn) are in fact essential micronutrients involved in enzyme activities
of organisms (Madigan et al. 2012). However, when concentrations reach excessive values, heavy
metals can cause important environmental and human health impacts due to their interactions with
molecules of high importance in living organisms (Thanh et al. 2016). Metallic trace elements have
an important role in AD performance, a fact that has been traditionally overlooked. Fe and Ni act as
cofactors of hydrogenases participating in the acidogenic and methanogenic hydrogenotrophic
stages of CH4 production (Braga et al. 2017). Conversely, excessively high trace metal
concentrations may result in AD inhibition (Vignais and Colbeau 2004). Finally, an excessive metal
content in the sewage sludge will cause harm to the environment and minimize the quality and

applicability of AD products in land disposal (Thanh et al. 2016).

Table 2 shows a summary of concentrations of metallic trace elements in different samples of
sewage sludge and biosolids from AD. As observed, all the reported concentrations are below the
limits established in international directives, and the sludges can therefore be used in agriculture.
The data also show a high variability in the concentrations of environmentally important metals, like
Pb or Cr, that can be attributed to the characteristics of the wastewaters that originated the sludge
samples, and therefore to variables like city economy, size, industrialization and rain/wastewater

management strategies.
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Table 2 Concentration of different metallic trace elements in sewage sludge and maximum

permissible concentration for agricultural uses according to European Union recommendations.

Metals

Concentration (mg/kg)

EU recommendations (mg/kg)*

Ref.

Al

As
B

Be
Cd
Cu
Cr
Fe
Hg
Mn
Ni

Pb
Se
n

9900
<0.01-3.67
23.8-59.58
0.43
0.94-8.3
58.7-700
13-627
10.56-25000
<0.01-7.97
98-587
6.7-239.4
11.7-800
21-166.1
250-1378

40
1750
1500
25
400
1200

4000

(1]

(112531 [4]

(112

3]

(11, [2L;[3L: (41,55 [6L[71:(8]
(15[2];(35 (4115 6171 [8L3[9]
(11,2131 [41;[55 (6171191
(13[2];3];[5];16]
[1];[3L;[4L:[5]

(15(2];03]

(2L (3] (4556171091
(13[2L;3%[4L;(51 6171 [8L3[9]
3]

(11(3]; (55 [61,[71;[81,[9]

References: [1]: Maria et al. (2010); [2]: Aguilera et al. (2007); [3]: Silva Oliveira et al. (2007); [4]: Tampio et al. (2016); [5]: De
Souza Pereira and Kuch (2005); [6]: Garrido et al. (2012); [7]: Gondek et al. (2018); [8]: Villar and Garcia (2006); [9]: Braga et al.

(2017).*Directive 86/278/EEC.

3.3. Polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) and
polychlorinated dibenzodioxins and dibenzofurans (PCDD/Fs) in sewage sludge

PAHSs are products of incomplete combustions, with their main source being the burning of biomass

and fossil fuels. The structure of these hydrophobic organic compounds contains at least two fused

benzene rings. This complex molecular structure conditions their biological degradation (Zhou et al.

2015), and their hydrophobic nature promotes a high affinity for organic phases of soil and specific

mineral surfaces (Yang et al. 2013). Table 3 summarizes different studies that reported the

occurrence and concentration of these MPs in sewage sludge and biosolids. Paraiba et al. (2010)

conducted a study in order to assess the presence of PAHs in soil and sewage sludges and to

simulate the long-term risk of soil contamination by PAHs. They found that the maximum

concentration of PAHs in sewage sludge from a municipal treatment plant was 2.5 mg/kg. The same

values were reported by Wolejko et al. (2018) with concentrations that varied between 2.3-2.6

mg/kg. This study analyses sources of 16 PAHs and determine how sewage sludge changes PAHs

content in urbanized areas soils. Exposure to PAHs, either by inhalation or by ingestion, have been
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associated to a variety of detrimental effects, including cardiotoxicity, mutagenicity, carcinogenesis

and respiratory illnesses (Mesquita et al. 2014).

Another group of pollutants that have received attention are polychlorinated biphenyls (PCBs).
PCBs are a family of compounds that were extensively used as dielectric and coolant fluids,
especially in transformers, capacitors, and electric motors before being banned in 2001 by the
Stockholm Convention. Due to their extremely high persistence and hydrophobicity (log Kow values
from 4.5 10 8.2), they are found predominantly absorbed on the sludge sediment and bioaccumulate
along the trophic chains, reaching extremely high concentrations in top predators (Van der Oost et
al 2003). This high bioaccumulative potential is on the root of their multiple negative effects on
health, including carcinogenesis and effects on the immune, neurological, endocrine, and
reproductive systems (Rosinska and Karwowska 2017). Leiva et al. (2010) studied the mobility and
behavior of PCBs in soils amended with biosolids, using spiked anaerobically digested sludge from
a disposition site. The concentration of PCBs prior to the external addition of pollutants were around
0.44 and 0.66 mg/kg. Likewise, Rosinska and Karwowska (2017) evaluated the influence of
mesophilic AD on degradation of PCB in sewage sludge and on dynamics changes during the
process. In this case, concentrations reported were between 0.0016 to 0.023 mg/kg and showed

that after the digestion, the concentrations of PCBs decreased 57-90.3%.

Polychlorinated dibenzodioxins and dibenzofurans (PCDD/Fs) are two groups of tricyclics, planar
aromatic compounds. They are mainly introduced into the biosphere as a by-product of the chemical
manufacturing industry or as a result of combustion of organic substances in the presence of
chlorinated compounds, like manufacture of chlorophenols, pulp chlorination and incineration of
wastes (Mufioz et al. 2018). While some PCDD/Fs have been shown to form during wastewater
treatment processes, this is considered as a minor source, insignificant compared with inputs via
the sludge itself (Alcock and Jones 1996). De Souza Pereira and Kuch (2005) found concentrations
of PCDD/Fs of 1313 pg/g for digested sludge with toxicities (I-TEQ/g) within the range of other
studies and concentrations below the upper limit concentration for land disposal, according to

German federal legislation for agricultural use (100 pg I-TEQ/g, dry weight).
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Table 3 Summary of studies reporting concentration of organic micropollutants in sewage sludge.

Pollutant Matrix studies Concentration Objective of the study Ref
To assess the presence of PAHs in soil
Sewage sludge from ,
S <2.5 mg/kg and sewage sludge and to simulate along-  [1].
municipal WWTP. . \ .
PAHs term risk of soil contamination by PAHSs.
Sewage sludge from the To determine the sewage sludge influence
WWTP of 4 SBR. 2.3-2.6 mg/kg on changes in PAHs contents in urbanized  [2]
areas.
For samples
Anaerobically digested without PCBs: 0.44- To assess the mobility and behavior of
sludge forms a monofill 0.66 mg/kg . .
. . . PCBs in soils amended with sewage [3]
with and without external ~ For samples with sludae
addition of PCBS. PCBs: 535-574 g8
PCBs
ma/kg
Digested sludae from a To evaluate the influence of mesophilic
g . g . 0.0016-0.023 anaerobic digestion on the dynamics of
mesophilic anaerobic L [4]
S mg/kg changes and the degradation kinetics of
digestion. .
PCBs in sewage sludge.
. To study the concentration of heavy metals
wﬁiﬁed sludgefromthe 1515 o4 I-TEQ)g  and PDDC/PCDF and PCB in different [5]
' sludge samples.
PCDD/F  Samples of compost from T.O dgduce the faF:tors that can cause 3
a composting plant and significant formation of PCDD/F and some
posting p 17 pg I-TEQ/g explanation to justify the different [6]
sewage sludge from . . .
WWTPs concentrations of dioxins observed in

samples of the same composting plant.

Notes: I-TEQ: International Toxic Equivalency; SBR: Sequencing Batch Reactor; WWTP: wastewater treatment plants; References: [1]: Paraiba
et al. (2001); [2]: Wolejko et al. (2018); [3] : Leiva et al. (2010); [4]: Rosinska and Karwowska (2017); [5]: De Souza Pereira and Kuch (2005); [6]:
Mufioz et al. (2018).

3.4. Biotransformation of micropollutants (MPs) during anaerobic digestion (AD)

In general, MPs can be removed mainly through processes: biotransformation and adsorption (Liu
et al. 2013). It is known that the capacity of AD to remove MPs by biotransformation is limited
(Stasinakis 2012). The main factors influencing this biotransformation process were
physicochemical properties of MPs, temperature (mesophilic and thermophilic digestion), sludge
retention time (SRT) and OLR (Gonzalez-Gil et al. 2018). Table 4 summarizes the removal
efficiencies of different MPs during AD. Gonzalez-Gil et al. (2016) studied the removal of 20 MPs
during mesophilic (37°C) and thermophilic (55°C) AD, also used chemical and biological methods

to evaluate the potential risks of MPs. For B-estradiol, galaxolide and triclosan, they were not
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eliminated during AD (mesophilic and thermophilic) with values below 20%. The biotransformation
of ibuprofen was also studied with values close to 30%. Finally, sulfamethoxazole was presented in
the group where the compounds were most efficiently removed with percentages above 80%. In
this study, the influence of temperature (37°C and 55°C) on the biotransformation of MPs was not
significant, except for one compound (17a-ethinylestradiol). Regarding bioassays applied in this
research, the different results showed that temperature (55°C) reduced the estrogenic activity in
cell line MCF-7 and according to the Ames test, the mutagenic activities were not detected but

genotoxic effects were observed in Comet test.

In addition, Braguglia et al. (2015) evaluated the impact of AD with pre-treatment (thermal hydrolysis
and ultrasound) operated in thermophilic conditions on the quality of final digested sludges by
assessing MPs. The biotransformations of PAHs and PCBs were 33-73% and 70%, respectively.
However, the biosolids showed toxicity to Arthrobacter globiformis. Furthermore, Butkovskyi et al.
(2016) studied the removal of MPs during the composting of upflow anaerobic sludge bed sludge
and waste wood. This study achieved removal efficiencies up to 85% for diclofenac, carbamazepine,
metoprolol and triclosan. Percentages (12-24%) of this last compound was transformed to
methyltriclosan, a persistent by-product having a potential for accumulation in soils. The acute

toxicity of this MP was reported by bioluminescence inhibition of Vibrio fischeri (Farré et al. 2008).

Other factors that influence the removal of different MPs during AD are microbial population
composition and metabolism MPs. Gonzalez-Gil et al. (2018) evaluated the role of methanogenesis
on the biotransformation of 20 MPs. This study showed that this process influenced for more than
50% of MPs biotransformation during AD. Within the MPs, some compounds such antibiotics
(sulfamethoxazole, roxithromycin) and neuro-drugs (fluoxetine, citalopram) can be removed
efficiently during AD. However, other compounds (fragrances and anti-inflammatories) are
persistent and refractory to AD process (Gonzalez-Gil et al. 2016). In addition to studying
operational and microbiological parameters that influence the biotransformation of MPs during AD,
the application of complementary advanced technologies (oxidation, microfiltration and
ultrafiltration) may be consider without forgetting the use of bioassays for evaluating the potential

toxicity of sludges (Liu et al. 2013).
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Table 4 Removal efficiencies of different micropollutants during anaerobic digestion for environmental mitigation.

. Concentration in Removal Biotransformation .
Micropollutant Sewage Sludge Technology of Treatment Efficiencies (%) Products Toxicity Analyses Ref.
B-Estradiol 0.6-1.2 glLe <0% ) -Estrogenic activity using Human
Galaxolide 141 pg/La Lab-scale anaerobic digesters operated in 8.2% - g y . g
. . o . o Breast cancer cell line MCF-7
Triclosan 38.1 pg/La mesophilic (37°C) and thermophilic (55°C) 17.1% - o 1
o -Genetoxic activity using Ames®
Ibuprofen 11.8-25.6 pg/La conditions 28.5% - and Cometetests
Sulfamethoxazole 17.8 pglLa 85% -
PAHs 1.7-3.6 pg/ge Lab-scale anaerobic digesters operated in 33-73% - Ecotoxicological tests with
thermophilic conditions and with different Arthrobacter globiformis and  [2]
- d 0,
PCBs 0.01-0.04 'y pretreatment (thermal hydrolysis and ultrasound) 70% Eisenia fetida
Diclofenac 995 pglgd 99.7-99.8 -
acridone-N-
Carbamazepine 925.4 uglg Full-scale UASB reactor 87.8-88.1 carbaldehyde B|oIum|r:ZZZinf?:C;1;iblt|on of (3L4]
Metoprolol 973.2ug/g¢ 94.2-95.1 -
92.9-96.6 methyltriclosan

Triclosan 296ug/g¢

Notes:a Total concentration of micropollutants (solid and liquid phase); b point mutation in TA98 strain of Salmonella typhimurium; c performed in human leukocytes; d concentration determined in solid phase, UASB:

upflow anaerobic sludge bed.References: [1] Gonzalez-Gil et al. (2016); [2] Braguglia et al. (2015); [3] Butkovskyi et al. (2016); [4] Farré et al. (2008).
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4. Perspectives of biosolids from anaerobic land disposal under the concept of circular
economy (CE)

The CE consists of an economic system focused on maximizing the reuse of resources and
products and minimizing their depreciation. In December 2015, the European Community
introduced an action under the framework of CE called “Closing the loop” (European Commission
2015). This plan action defines two material cycles. The technical cycle relies in the use of mineral
resources as production inputs, where products and their parts are designed and marketed in a way
that they can be maintained and reused, maximizing their quality and their economic value. Within
the biological cycle, resources used as production inputs have a biological origin, allowing for
products to be safely discarded into the natural system once they reach their end of useful life. The

system is meant to be both ecologically and economically restorative (Breure et al. 2018).

Figure 4 shows a schematic diagram of AD process under the strategy of CE. The wastewater
treatment plants (WTP) using AD technology offer a suitable scenario for the application of the EC
principle. The production of biogas and biosolids could be at the center of this sustainable system,
in which the human waste supplies the production inputs. This energy can then go back to the
community and WTP effluents and the biosolids can be used as a biofertilizer in crop production,

so the cycle can go on and “close the loop” (Blades et al. 2017).

The land application of biosolids is a suitable option for recovery of mineral and organic constituents
of soil for agricultural system. In fact, during the AD process, the biosolids has sizable
concentrations of ammonium and orthophosphate, which are easily available for plant growth,
allowing substitution or at least reduction of the use of chemical fertilizers (Da Ros et al. 2018).
Despite these benefits, the biosolids present concentration of MPs such as PPCPs, metallic trace
elements, and PAHSs, which have a potential impact on the environment and human health. Because
of their persistence, some MPs could be toxic and bioaccumulate with potential significant impacts

including short-term and long-term toxicity, endocrine disrupting effect and antibiotic resistance.
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Figure 4. Schematic diagram of anaerobic digestion process under the strategy of circular

economy.

This bioaccumulation is associated with the high lipid solubility property of a compound and its ability
to accumulate in the fatty tissues of living organisms for a long time. These persistent compounds
move up the food chain and they increase in concentration as they are processed and metabolized
in certain tissues of organisms, increasing their toxicity in the environment (Grandclément et al.
2017). During the AD process, the transformation of MPs may occur depending on the
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physicochemical characteristics of the substance and conditions of the treatment. During this
process, MPs can be removed or partially transformed to metabolites or in some instances left
unchanged. In some cases, these transformation products can be more toxic and persistent than

the initial compounds (Ebele et al. 2017).

The intrinsic complexity of human, agricultural and industrial residues from modern societies makes
it impossible to identify, quantify and monitor all possible MPs present in a given sludge sample.
Therefore, the establishment of permissible concentrations for an always limited number of MPs is
not enough to define safe levels of chemical pollutants in a regulatory framework. An integrated
measurement of the toxicity of a given sample can be performed with bioassays, which study
specific biological changes (or endpoints) that occur in an organism after being exposed to a given
substance or environmental sample. Bioassays can analyze the cumulative toxicity not only of the
parental MPs, but also of their biotransformation products. For this reason, they can be used to
evaluate the eco-toxicological effects of stabilized sewage sludge in both the receiving ecosystems
and the human populations consuming the products from the amended soils (Gonzalez-Gil et al.
2016, see Figure 5). Bioassay endpoints can be on the molecular level (e.g., antibiotic resistance
genes), microorganism level (e.g., the Microtox assay) or organism level (e.g., Daphnia magna or
phytotoxicity assays) (Alvarenga et al. 2016). At the global level, life cycle analyses (LCA) are
methodologies that allow the estimation of the environmental impacts of products, processes and
services, potentially including all steps from raw material extraction to waste disposal (Cartes et al.
2018).
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Figure 5. Schematic diagram of different analyses for evaluating the potential impacts and risks of

the land disposal of biosolids.

5. Conclusions

Under the concept of CE, AD is an attractive technology that allowed to “close the loop” because
this system is focused on maximizing the reuse of resources and minimizing their depreciation with
the reuse of biogas and the land disposal of biosolids. Despite benefits for soil properties, this
sewage sludge contains different MP such PPCPs, metallic trace elements and PAHs, which are
associated to negative effects for the human health and the environment. These compounds are
found in biosolids from AD with concentrations that depend of the physicochemical properties of
MPs and the operational characteristics of the AD treatment (SRT, OLR). Because of their
persistency, toxicity and bioaccumulative capacity, it is necessary to evaluate the potential risks of
their presence on the biosolids. To date, there is no discharge guidelines and standards for most of
these compounds. However, the EU water framework directive announces a list of 45 priority
substances or groups of substance which include metals, pesticides, PAHs and endocrine

disruptors. While is generally recognized that no chemical procedure will ever be sensitive enough
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to detect and quantify the thousands of potentially harmful compounds present in sewage, no
guideline contemplates yet the use of bioassays in the evaluation of potential risks. For these
reasons, it is imperative the study in detail of the effect of MPs using bioassays such phytotoxicity

tests, mutagenic assays and antibiotic resistance genes.
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Abstract

The aim of this study is to evaluate the influence of sewage biosolids phytotoxicity by anaerobic
digestion with pretreatment. The phytotoxicity was evaluated on sewage sludge (SS) and biosolids
that came from conventional anaerobic digestion (CAD) and anaerobic digestion with a pretreatment
by sequential ultrasound and low-thermal hydrolysis, called advance anaerobic digestion (AAD). To
compare the phytotoxicity, eight elutriate concentrations (0.5%-100% v/v) from SS, CAD and AAD
were studied on three testing plants: Lactuca sativa, Raphanus sativus and Triticum aestivum. The
percentage of seed germination inhibition, root elongation and germination index (Gl) were
evaluated. Gl is a phytotoxicity indicator that combines seed germination and root growth, therefore
reflecting a more complete estimation of toxicity. Phytotoxicity assays showed that SS, CAD and
AAD elutriates have a beneficial effect on R. sativus. Similar results were observed for T. aestivum
for CAD and AAD, with Gl values up to 80% in both biosolids. Only for SS, moderate toxicity was
observed in T. aestivum. Moreover, L. sativa showed Gl values below 50% for SS and CAD, which
reflected high toxicity. Only for AAD, no presence of phytotoxic substances was observed in L.
sativa. This study concluded that biosolids from AAD improved the plants’ development with a Gl
above 78% with respect to biosolids from SS and CAD and reduced the phytotoxicity of sewage

biosolid.
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1. Introduction

In recent decades, sewage sludge (SS) generation has increased due to the aerated technology
(i.e., activated sludge) used in sewage treatment (Stiborova et al. 2017). The accumulation of non-
stabilized SS generates environmental problems for populations and ecosystems (Alvarenga et al.
2016). Conventional anaerobic digestion (CAD) generates a stabilized SS (called biosolid) that can
be used as a soil amendment with beneficial effects (Fuentes et al. 2004). In terms of methane
production, CAD can be improved by using a pretreatment (Neumann et al. 2016). Thus, advanced
anaerobic digestion (AAD) consisting of a sequential ultrasound and low-thermal hydrolysis (55 °C-
90 °C) has been proposed as an economically feasible pretreatment technology (Carvajal et al.
2013; Dhar et al. 2012; Neumann et al. 2017).

The potential risks of biosolids being used as a soil amendment are studied by ecotoxicological
assessment (Walter et al. 2006). Specifically, the phytotoxicity assay is a quick tool to evaluate the
ecotoxicity of biosolids due to its simplicity and sensitivity (Gerber et al. 2017). A common
phytotoxicity indicator is the germination index (Gl). The Gl is index forming a cumulative toxicity
evaluation of sewage sludges and biosolids elutriates taking into consideration both seed
germination and root growth (Oleszczuk 2009; Rodriguez-Rodriguez et al. 2011), where Gl below
50% indicates high toxicity effect (Roig et al. 2012). Many researchers have studied the phytotoxicity
effects of biosolids from CAD (Fuentes et al. 2004; Ramirez et al. 2008; Walter et al. 2006) and
showed that the percentages of relative seed germination of Lepidium sativus (cress) and Hordeum
vulgare (barley) were more than 70% (Fuentes et al. 2004). However, the Gl revealed that this
biosolid had toxic effects less than 50% on L. sativus seeds. Similar results have been reported for
the germination of L. sativus, H. vulgare and Avena sterilis, which show an inhibition Gl of below
60% for biosolids from CAD (Walter et al. 2006). By contrast, Ramirez et al. (2008), show an 80%
inhibitory effect of composted biosolids on Brassica rapa (turnip), Lolium perenne (ray grass) and
Trifolium pratense (red clover). However, studies of the effect of pretreatment on the phytotoxicity

of biosolids have not yet been reported.

For this reason, the aim of this study was to evaluate the influence of anaerobic digestion with

pretreatment on the phytotoxicity of sewage sludge-derived elutriates.
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2. Materials and methods
2.1. Biosolid and elutriate samples

The sewage sludge (SS) samples were collected from a municipal wastewater treatment plant in
Concepcion, Biobio Region, Chile (36° 48’ S, 73° 08’ W). The plant treats wastewater of
approximately 500,000 inhabitants. Two types of biosolids were used. One biosolid came from
conventional anaerobic digestion (CAD), and the other came from advanced anaerobic digestion
(AAD). The pretreatment in AAD consists of a sequential process; ultrasound followed by a low-
temperature thermal process according to Neumann et al. (2017). All samples were stored at 4 °C

for 20 days until use.

Elutriate samples were separately obtained from SS and biosolids from CAD and AAD according to
Pandard et al. (2006) and Wilke et al. (2008). The elutriates were obtained by adding distilled water
to the samples at a ratio of 1:10 m/v (wet weigh). The mix was agitated at room temperature for 24
h. Then, it was centrifuged at 3000 rpm (2000 x g) in a Sigma 3-16 L centrifuge (Sigma
Laborzentrifugen GmbH, Germany) for 10 min. Finally, the supernatant was filtered through a
membrane filter of pore size 0.45 ym (Whatman). The elutriates were stored at 4°C for 7 days until

use.
2.2. Physicochemical characterization

Physicochemical parameters, pH, and conductivity were measured with OAKTON portrait
multiparameter (PC650-480485). The total phosphorus (TP), nitrogen of the ammonium (NH4*-N)
and total nitrogen (TN) of the elutriates were determined with specific determination Kkits, line
Spectroquant-Nova 60 of Merck®. For the sludge samples, organic matter, as the chemical oxygen
demand (COD), total organic carbon (TOC) (catalytic combustion by oxidation method and NDIR
detection), volatile solids (VS) and total solids (TS) and the following parameters were determined
according to Standard Methods (APHA 2012). The TP was determined by the
vanadomolybdophosphoric acid colorimetric method, while the NH4*-N and Total Kjeldahl Nitrogen
(TKN) were determined by the titrimetric method. Arsenic (As) and selenium (Se) were determined
by hydride generation/atomic absorption spectrometry; cadmium (Cd), copper (Cu), nickel (Ni), lead
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(Pb), and zinc (Zn) were determined by flame atomic absorption spectrometry (direct air-acetylene

flame method); and mercury (Hg) was determined by cold-vapor atomic absorption spectrometry.
2.3. Phytotoxicity assay

The phytotoxicity assay was conducted according to 208 OECD/OCDE (2006) methodology. Two
dicotyledonous plants, Lactuca sativa (lettuce) and Raphanus sativus (radish), and one
monocotyledonous plant, Triticum aestivum (wheat), were used. This assay considers the indirect
phytotoxicity, which consists of a representative extract from the whole matrix of SS, CAD and AAD.
Eight elutriates of different concentrations in %v/v, denoted by E, were evaluated: 0.5%E, 1%E,
5%E, 10%E, 20%E, 40%E, 80%E and 100%E. Distilled water was used as a control (C).

Ten seeds were placed in Petri dishes, and 5 mL of the appropriate elutriate concentration was
added. The seeds were incubated at room temperature (25 °C-27 °C) under continuous light
conditions. The incubation time depend on the plant species with 6 dayS for L. sativa, 5 days for R.
sativus, and 5 days for T. aestivum. The bioassay was conducted in triplicate. The toxicity endpoints
that were assessed, were seed germination, root elongation and sprout length (Fuentes et al. 2004).

The percentage of inhibition was calculated for seed germination and root elongation, as follows:

- *100% Equation 1

Inhibitionpercentage =

where C corresponds to the value (number of seeds germinated or root length) in the control and E
corresponds to the value (number of seeds germinated or root length) in the elutriate (Oleszczuk
and Hollert 2011).

The germination index (GI) was determined using equation 2. The Gl was toxicologically classified
according to Roig et al. (2012) as follows: beneficial effect (Gl = 100), no presence of phytotoxic
substances (100 >Gl = 80), moderate toxicity (80 > Gl >50), and high toxicity (50 = GlI).

Se , Rl * 100%

Gl = .
Sc i RL, Equation 2
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where Seand Sc are the number of germinated seeds on the elutriate and the control and RLe and
RLc are the mean root length of the seeds on the elutriate and the control, respectively (Tiquia et
al. 1996).

2.4. Data analysis

Statistical differences between treatments were assessed through a non-parametric analysis of
variance (p<0.05, Kruskal Wallis test). InfoStat (version 2016) and the Origin 8 software were used

to perform the statistical analysis.
3. Results and discussion
3.1. Physicochemical characterization of biosolids and elutriates from SS, CAD and AAD

Table 1 shows the physicochemical characterization and heavy metal content of SS and the
biosolids from CAD and AAD. In all samples, the pH was slightly alkaline with values between 7.7
and 8.8. These results were consistent with those reported in the literature, which fluctuated from
7.9 to 8.7 for similar treatments (Fuentes et al. 2004; Ramirez et al. 2008; Wallter et al. 2006). In the
case of conductivity, the values ranged from 1.7 to 2.0 mS/cm with non-significant differences
between SS, CAD and AAD (p>0.05). For the COD, VS and TS, the biosolids from CAD and AAD
showed concentrations and percentages that were 2 times lower than those obtained for SS. This
difference is expected because CAD and AAD reduce the solid content of SS through the hydrolysis
of high-molecular-weight compounds (Neumann et al. 2016). Regarding the nutrient content, the
TKN contents were 33% and 30% higher in the biosolids from CAD and AAD than they were in SS,
respectively. However, non-significant differences between SS and biosolids (CAD and AAD) were
observed in NH4*-N content, with values that ranged from 12.9 to 15.6 g/kg. In anaerobic digestion,
the the main forms of nitrogen are organic nitrogen and NH4*-N, due to the absence of an adequate
electron acceptor in anaerobic digestion that hinders the oxidation of nitrogen, therefore NOx- is
unusual in anaerobic digestion effluent (Yang et al. 2018). Hence, nitrogen in the biosolids were
mainly in the organic form representing more than 70% of the TKN content. This result is similar to
those found by Da Ros et al. (2018), who reported organic nitrogen content of 63%-76% for biosolids
from CAD.
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Moreover, for SS and biosolids from CAD and AAD, the Hg, Ni and Pb contents were below 3 mg/kg
without significant differences (p>0.05). In contrast, the Cu and Zn contents increased by 63% and
79%, respectively, with the stabilization of SS. According to Chipasa (2003), CAD can cause an
increase of 50%-99% in the content of heavy metal (Zn, Pb, Cu and Cd) relative to SS, which is
related to the degradation of organic and inorganic matter. Carballa et al. (2009), related the
average solid removal in CAD and AAD with the heavy metal increase of around 50%. According to
the above, the low amounts of Hg, Ni and Pb in the SS make the reduction of organic matter in
biosolids does not influence an increase in its concentration. Besides, the behavior of Cu could also
be affected by precipitation and accumulation as inorganic salts in the reactor (Neumann et al.
2018). Despite these values, the heavy metal content in SS and the biosolids from CAD and AAD
were below European (Directive 86/278/EEC) and Chilean (DS 04) legislation, (Council of the
European Union 1986; Gobierno de Chile 2010), which indicate that it can be used for soil

amendment.

Table 1. Physicochemical characterization and heavy metal content of biosolids from conventional

anaerobic digestion (CAD), advanced anaerobic digestion (AAD) and sewage sludge (SS).

Parameter SS CAD AAD
Conductivity (mS/cm) 1.720+£0.001  1.740+0.001 2.050£0.001
COD (g/L) 118.62+8.07  68.59+8.96 62.25+4.45
pH 7.77+0.01 8.76+0.01 8.43+0.01
TS (%) 10.43£0.65 6.31+0.12 5.30+0.03
VS (%) 7.08+0.33 4.24+0.08 3.51+0.01
TKN (g/kg) 4515 68.01 64.80
NH4*-N (g/kg) 12.90 13.98 15.62

TP (g/kg) 1.08 1.40 1.28

Cu (mg/kg) 167 288 455

Hg (mg/kg) 1.33 1.28 1.94

Ni (mg/kg) <1 <1 <1

Pb (mg/kg) <3 <3 <3

Zn (mglkg) 147 656 702

Data expressed as mean + standard deviation. SS: sewage sludge; CAD: conventional anaerobic digestion; AAD:
advanced anaerobic digestion; COD: chemical oxygen demand; TS: total solids; VS: volatile solids; TKN: Total
Kjeldahl Nitrogen; TP: total phosphorus.
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By contrast, Table 2 shows physicochemical characterization of the SS, CAD and SS elutriates.
Similar behaviors to those of the solid matrix (Table 1) were observed for COD and TOC
concentrations in elutriates from SS, CAD and AAD. In this case, the values were 1.7 times lower
in the CAD and AAD elutriates than in SS. Similarly, the NH4*-N concentrations ranged between
91.0 and 101.5 mg/L in the elutriates, and it represented the predominant nitrogen form with 91%-
98% of TN. The heavy metal content was not determined in the SS, CAD and AAD elutriates
because it was expected they are present as metal precipitates in the sludge flocs of the solid matrix,
and therefore, their values would be negligible (Chipasa 2003). This is supported by Alvarenga et
al. (2016), who observed that the Cd, Cr, Cu, Ni and Zn contents were below the detection limit in
elutriates from biosolids from CAD. For this reason, it was unlikely the presence of heavy metal

would influence the phytotoxicity of the elutriates.

Table 2. Physicochemical characterization of elutriate from sewage sludge (SS), conventional

anaerobic digestion (CAD) and advanced anaerobic digestion (AAD) biosolids.

Parameter SS CAD AAD
Conductivity (mS/cm) 0.860£0.024 0.920+0.017 0.800+0.003
COD (g/L) 0.30+0.06 0.18+0.02 0.18+0.002
pH 7.59+0.28 7.05+0.13 7.63+0.19
TN (mg/L) 111.0+1.2 93.0+1.2 94.0+1.2
NH4*-N (mg/L) 101.549.7 91.3+2.2 91.0+5.0
TP (mglL) 42.30+0.13 42.30+0.13 34.20+0.13
TOC (mglL) 42.58+0.01 20.25+0.01 24.82+0.01

Data expressed as mean * standard deviation. SS: sewage sludge; CAD: conventional anaerobic digestion; AAD: advanced
anaerobic digestion; COD: chemical oxygen demand; TN: total nitrogen; TP: total phosphorus; TOC: total organic carbon.

3.2. Phytotoxicity effects of SS, CAD and AAD on plant growth development

Figure 1 shows the relative root length of R. sativus, T. aestivum and L. sativa with different elutriate
percentages of SS, CAD and AAD. For R. sativus, SS, CAD and ADD had positive effects on the
root elongation, with values that were 24%-44%, 15%-29% and 12%-36% higher in the different
elutriates than in the control, respectively. In the case of T. aestivum, in SS, CAD and AAD, the
mean root lengths of different elutriate percentages were above 5.61 cm, 2.62 cm and 3.80 cm,
respectively, which corresponded to the values of the control samples. Similar to R. sativus, the root

elongation was stimulated by SS, CAD and AAD. Likewise, for L. sativa, the mean root lengths of
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the elutriate percentages were similar to the control samples, with values close to 0.38 cm, 0.71 cm
and 0.43 cm in SS, CAD and AAD, respectively. By contrast, Figure 2 shows the relative sprout
length of R. sativus, T. aestivum and L. sativa with different elutriate percentages of SS, CAD and
AAD. For R. sativus and T. aestivum, similar behaviors were observed. In SS, CAD and AAD, the
relative sprout lengths were similar to the values of the control samples, which were in the range of
1.11-2.06 cm, 0.89-2.06 cm and 0.73-2.11 cm, respectively. In these cases, the sprout elongation
was stimulated, whereas differences close to 10% between the elutriate percentages and the control
were observed (p>0.05). For L. sativa, the mean sprout length showed a decrease that was close
to 50% and 64% in SS and CAD, respectively, in relation to the control samples. However, the mean
sprout lengths were relative constant, with values close to 0.30 cm in all the elutriate percentages
for AAD.
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Figure 1. Relative root length (cm) of plant tested (R. sativus, T. aestivum, and L. sativa) with
different elutriate percentages (C:0%, 0.5%E, 1%E, 5%E, 10%E, 20%E, 40%E, 80%E, and 100%E)
of sewage sludge (SS), conventional anaerobic digestion (CAD) and advanced anaerobic digestion
(AAD). Treatments marked with the same letter were not significantly different (Kruskal-Wallis
p>0.05).
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Figure 2. Relative sprout length (cm) of plant tested (R. sativus, T. aestivum, and L. sativa) with
different elutriate percentages (C:0%, 0.5%E, 1%E, 5%E, 10%E, 20%E, 40%E, 80%E, and 100%E)
of sewage sludge (SS), conventional anaerobic digestion (CAD) and advanced anaerobic digestion
(AAD). The treatments, marked with the same letter, were not significantly different (Kruskal-Wallis
p>0.05).

Consequently, the same tendencies of the relative root and sprout length (Figures 1 and 2) were
observed in the inhibition percentages. Figure 3 shows the relative seed and root inhibition of
different elutriate percentages from SS, CAD and AAD. In this case, a positive value indicates an
adverse effect on the plant development, and a negative value indicates a beneficial effect. The
biosolids-derived elutriates had an effect on the seed germination of the tested plants (Fig. 3), for
R. sativus and T. aestivum had a positive effect on the seed germination, with percentages of -30%-
4% and -11%-15% in the biosolids samples (CAD and AAD), respectively. For L. sativa, the

germination inhibition shows an adverse effect in all samples (SS, CAD and AAD), with values of
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18%-24% (Fig. 3). In this case, L. sativa appeared to be more sensitive than R. sativus and T.
aestivum. Moreover, the results from root inhibition showed the same behavior for L. sativa. The
elutriate percentages of SS, CAD and AAD caused negative effects with values that varied from -
107% to 58%. However, for R. sativus and T. aestivum, the root inhibition showed beneficial results
for the three elutriates, with -53%-10%, -42%-38% and -54%-10% for SS, CAD, and AAD,
respectively. These results were in agreement with the literature, where seeds of root crops, cereals
and legumes such R. sativus and T. aestivum contain more food reserve than seeds of leafy plants;
thus, they tend to have lower sensitivity to toxicity (Tiquia et al. 1996). Similarly, Alvarenga et al.
(2016) reported that for seed germination, L. sativa was more sensitive than L. perenne to different
SS and compost elutriates. The same tendencies were observed in Bank and Schultz (2005), who
tested L. sativa, Panicum miliaceum (P. miliaceum), R. sativum, Trifolium pretense (T. pretense)
and T. aestivum for sensitivity to petroleum contamination in germination tests. One possible
explanation for this behavior was the presence of some chemical pollutant such NH4*-N, which can
inhibit plant development (Fuentes et al. 2006). The toxicity of this compound was often expressed
as root inhibition characterized by damage in the root, where the production of short, thick, less
branched and darkly colored roots is the specific feature of the toxicity (Li et al. 2013). For L. sativa
exposed to SS-derivated elutriates effects on the thickness of the root and darkening at the end of
the root were evidenced. Furthermore, Tabatabaei et al. (2006) established that the optimum level
of NH4*-N concentration for lettuce was 36 mg/L. In this study, for SS, CAD and AAD, the NH4*-N

concentrations were above 91.0 mg/L (Table 2).
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Figure 3. The relative seed and root inhibition (%) of the plant tested (R. sativus, T. aestivum and
L. sativa) with different elutriate percentages (0.5%E, 1%E, 5%E, 10%E, 20%E, 40%E, 80%E, and
100%E) of sewage sludge (SS), conventional anaerobic digestion (CAD) and advanced anaerobic
digestion (AAD). Columns, within each type of sample, marked with the same letter were not
significantly different (Kruskal-Wallis p>0.05). Elutriates from o sewage sludge, m conventional

anaerobic digestion, m advanced anaerobic digestion.

Equally important, the inhibition of R. sativus, T. aestivum and L. sativa seed germination was 3.5
times more sensitive than that of root elongation. Divided opinions about the sensitivity of the root
length and seed germination can be observed in the literature. Oleszczuk (2008) reported that the
root inhibition of L. sativum was more sensitive than seed germination, with values ranging from-
20% to 75% and -30% to -10%, respectively. However, Oleszczuk and Hollert (2011) showed that
seed germination inhibition was slightly more sensitive than root length inhibition. In this case, the
percentage fluctuated in the ranges of 0%-90% and 95%-100% for the seed germination and root

length, respectively.
114



Moreover, SS elutriates had the most severe inhibition effect in all tested plants (L. sativa, R. sativus
and T. aestivum), with percentages rising to almost 60% of the inhibition (Figure 3). This result could
be related to the low stability stage of the SS, and it is corroborated with the Gl percentages. Figure
4 shows the Gl of the plants tested for SS, CAD and AAD elutriates. For R. sativus, the Gl reported
values above 80%, which indicated no presence of phytotoxic substances in SS, CAD and AAD
(Figure 4a). In the case of T. aestivum, biosolids-derived elutriates (CAD and AAD) have positive
effects on GlI, with percentages above 109% and 103%, respectively (Figure 4b). Meanwhile, SS-
derived elutriates produced moderate and high toxicity in T. aestivum with Gl below 76% for 0.5%E,
40%E and 100%E and a Gl of 46% for 80%E. As seen in Figure 3, L. sativa was the most sensitive
plant tested (Figure 4c), with Gl fluctuated in the range 33%-231%, 45%-148%, and 78%-105% for
SS, CAD, and AAD, respectively.

In general, for the different endpoints evaluated, the source of the sample (SS, CAD or AAD-derived
elutriated) showed a greater influence on the phytotoxicity than the concentrations of elutriated
applied. That's why in Table 3 summarizes the toxicity classification of SS, CAD and AAD for
100%E, according to Gl. Considering the three plants that were evaluated, AAD elutriates showed
the most beneficial effects. The results from the Kruskal-Wallis test (analysis of variance non-
parametric) while considering the GI from E8 evidenced significant differences (p<0.05) between
the samples studied (SS, CAD, AAD). It is reported that the degree of stability of the organic matter
is a critical factor in biosolids phytotoxicity (Fuentes et al. 2006). Fuentes et al. (2006) compared
the phytotoxicity of different types of sludge on H. vulgare and L. sativum. In this case, the Gl values
were 35% higher in the sludge that was stabilized with anaerobic digestion (Gl: 75%) than non-
stabilized (Gl: 48%) for H. vulgare. This behavior can be explained by the partial degradation of
organic pollutants, which reduces the organic matter and modifies its distribution and availability
(Petersen et al. 2003; Smith and Tibbett 2004). As mentioned in Tables 1 and 2, the organic matter
concentration, measured as COD, was reduced 40%-42% in CAD and AAD. Furthermore, Ramirez
et al. (2008) indicated that the phytotoxicity of SS was reduced when post-treatments such as
composting and thermal-drying were applied. In this study, Gl values over 80% showed that the
phytotoxicity of biosolids was lessened when a pretreatment (sequential ultrasound and low-thermal

hydrolysis) was added (Table 3). The pretreating in the AAD process promotes both the hydrolysis
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mechanism and the solubilization of the SS (Neumann et al. 2018) that promote the biosolids

stabilization and contributes to the decrease of phytotoxicity thereof (Fuentes et al. 2006).
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Figure 4. Germination Index (%) relative to plant tested (a) R. sativus, b) T. aestivum and c) L.
sativa) with different elutriate percentages (0.5%E, 1%E, 5%E, 10%E, 20%E, 40%E, 80%E, and
100%E) from sewage sludge (SS) and biosolids (BS). (mean + S.D., n=3) Columns, within each
type of sample, marked with the same letter, were not significantly different (Kruskal-Wallis p>0.05).
Elutriates from o sewage sludge, m conventional anaerobic digestion, m advanced anaerobic

digestion.
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Table 3. Toxicity classification according to Germination Index of elutriate (100%E) from sewage

sludge (SS), conventional anaerobic digestion (CAD) and advanced anaerobic digestion (AAD)

biosolids.
Sample  R. sativus T. aestivum L. sativa
SS Beneficial effect  Moderate toxicity High toxicity
CAD Beneficial effect  Beneficial effect High toxicity
AAD Beneficial effect  No presence of phytotoxic substances  No presence of phytotoxic substances

SS: sewage sludge; CAD: conventional anaerobic digestion; AAD: advanced anaerobic digestion. Gl was toxicologically classified according
to Roig et al. (2012) in beneficial effect (Gl = 100), no presence of phytotoxic substances (100 > Gl = 80), moderate toxicity (80 > GI > 50),
and high toxicity (50 = Gl).

Phytotoxicity assay can be direct when the whole matrix is used or indirect when a representative
extract is used (Ramirez et al. 2008). It is known that direct phytotoxicity avoids extraction problem
and represent more closely the real exposure conditions, but the high content of organic matter in
the SS and biosolids could hide the effect of some pollutants (Alvarenga et al. 2016; Ramirez et al.
2008). Within this scenario, elutriate or water-extracts are a suitable matrix to evaluate phytotoxicity,
because elutriate contains an important bioavailable fraction of pollutants (Alvarenga et al. 2016;
Ramirez et al. 2008). Considering the aforementioned, this study is presented as a first step in the
evaluation of AAD biosolids for soil application. Showing promising results with a decreased in
phytotoxicity of the AAD-derivated elutriated. Currently, a second stage of the AAD-biosolids

evaluation is being carried out using a mixture of reference soil and the biosolids.
4. Conclusions

In this study, L. sativa was the most sensitive plant tested, with percentages of germination and root
length inhibition in the range of -107% to 58%, -29% to 55%, and -13% to 24% in SS, CAD and
AAD. With regard to the effect of different samples on GI, SS showed moderate and high toxicity
for T. aestivum and L. sativa. For CAD in R. sativus and T. aestivum, Gl indicated a positive effect
on the plant development. However, different behaviors were observed for L. sativa, with Gl values
below 50%, which showed high toxicity. Moreover, for AAD, beneficial effects or no presence of
phytotoxic substances were reported for tested plants. The Gl results of up to 90% showed that the
application of a pretreatment (sequential ultrasound and low-thermal hydrolysis) enhanced the

phytotoxicity of the sewage biosolids.
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Abstract

The aim of this study was to evaluate the influence of different anaerobic digestion processes on
phytotoxicity of biosolids (BS) for soil application. Three different plants species, Lactuca sativa,
Raphanus sativus, and Triticum aestivum were subjected to seven treatments of different BS (T: 5-
1000 g/kg). In this case, the BS samples come from the stabilization of sewage sludge (SS) using
separately conventional anaerobic digestion (CAD) and advanced anaerobic digestion (AAD) with
a sequential pre-treatment of ultrasound followed by a low-temperature thermal process. To
evaluate the phytotoxicity, germination inhibition percentages, the root and sprout growth, the
germination index (Gl) and ECso were determined. The results showed that the application of SS
with a concentration of 250 g/kg inhibited the germination of L. sativa, R. sativus and T. aestivum
with percentages that varied between 50-100%. This study concludes that the application of BS of
100 g/kg shows beneficial effects (Gl 2100) or no presence of phytotoxicity (100 > Gl = 80). This
result was corroborated by the ECso average of 164 g/kg and 159 g/kg for all the endpoints and
plants evaluated with BS of CAD and AAD, respectively.
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1. Introduction

Under the scenario of climate change and the threat of availability of natural resources such as
water and phosphorus, it is necessary a paradigmatic shift from “end-of-pipe-approach” to
‘resources-oriented-approach”. Moreover, under this new perspective, the life cycle of materials
have to be considered in the framework of the circular economy (Alvarenga et al., 2017; Papa et
al., 2017). In this context, the wastewater treatment plants (WWTPs) should tend to be designed

with technologies that allow for closing cycles and recovery of resources (Papa et al., 2017).

Biosolids (BS) (stabilized sewage sludge (SS)) are resources generated by WWTPs which could
be considered raw materials used to soil amendment in agriculture due to their physicochemical
properties (Alvarenga et al., 2017). The use of BS on soil offers economic and environmental
benefits because they: a) allow the recycling of micro- and macronutrients (nitrogen, phosphorus,
and potassium); b) enhance soil organic carbon storage; c) promote the formation of stable
aggregates; d) improve water holding capacity, soil cationic exchange and aeration and e) promote
erosion resistance. (Alvarenga et al., 2017; Antilén et al., 2014). However, the use of BS as soil
improvers faces important challenges of food and ecosystem security. An inefficient stabilization of
SS, its mean with ratio of volatile solids/total solids (VS/TS) above 0.6 and with values of VS removal
below 40% (Braguglia et al., 2015), can cause the soil contamination with heavy metals due to the
extractability of metal are greater in less stabilized sludges (Fuentes et al., 2006), eutrophication of
water bodies and risks associated with pathogenic microorganisms and micropollutants (Wu et al.,
2015).

The stabilization of SS using conventional anaerobic digestion (CAD) reduces the solids contents,
produces biogas (60-70% methane) and generates BS which have a potential use as a soil
amendment (Tiwary et al., 2015). However, CAD is limited by the hydrolysis of organic solids in the
SS. For improving the hydrolysis stage, different pre-treatment (physical, chemical and biological)
have been extensively studied (Neumann et al., 2016). The use of pre-treatment in anaerobic
digestion process is known as advanced anaerobic digestion (AAD). The implementation of AAD
with sequential ultrasound and thermal pre-treatment at low temperature (55-90°C) can increase
the methane yield between 19-30% (Carvajal et al., 2013; Neumann et al., 2018). This combination

of ultrasound and thermal (at low temperature) treatments allows the physical disruption of the flocs
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and provide favorable conditions for the reactivation of the endogenous enzymatic activity
(Neumann et al., 2017). Conversely, the effect of AAD on BS properties has not yet been fully

reported.

Bioassays are interesting tools for evaluating the ecotoxicological effects of BS from CAD and AAD,
and the phytotoxicity is a useful assay because it is a quick and simple tool for the evaluation of
ecotoxicity (Gerber et al., 2017). Ramirez et al. (2008) evaluated the potential phytotoxicity effects
(Brassica rapa, Lolium perenne, and Trifolium pratense) of BS on soil from different stabilization
methods. In this study, a strong negative correlation (r=0.9) between the degree of organic matter
stability and toxicity was observed. Regarding ECso of germination, for BS from composting with
application doses between 60-670 g/kg, these values fluctuated between 478-610 g/kg, whereas
the ECso for fresh sludge with application doses between 12-228 g/kg varied between 17-36 g/kg.
These results suggested that when the stability degree of sludge is higher, the toxicity effects are
lower (Ramirez et al., 2008). Oleszczuk (2008) used Lepidium sativum to study the phytotoxicity of
BS (SS stabilized by composting), for application doses of 6%, the percentages of germination
inhibition varied between -20 a -10%, whereas for application doses of 24%, significant germination
inhibitions were determined with percentages between 20 a 100%. Moreover, Adamcova et al.
(2016) reported that BS from CAD have a strong toxic effect on Sinapis alba with growth inhibition
percentages that fluctuated from 70 to 100% for application doses of 10-100%.

Few studies have considered the phytotoxicity of BS from CAD (Adamcova et al., 2016; Domene et
al., 2011; Kinney et al., 2012; Ramirez et al., 2008) and the study of the phytotoxicity of BS from
AAD is even more scarce. For that reason, the aim of this study was to evaluate the influence of

different anaerobic digestion processes on BS phytotoxicity for soil application.

2. Materials and methods

2.1. Biosolids samples and artificial soil

The BS used came from two lab scale anaerobic reactor. One reactor was operated under
conventional conditions (CAD) and the other under advanced conditions (AAD) used a sequential
pre-treatment (Figure 1). The pre-treatment consists in a ultrasound step (at 26 kHz and with a

specific energy of 2000 kJ/kg total solids) follows by the low-temperature thermal process (55°C)
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according to Neumann et al. (2017). The sewage sludge (SS) used to feed the anaerobic reactor
were from a municipal wastewater treatment plant in Concepcidn, Biobio Region, Chile (36° 48’ S,
73° 08" W). A composite sample was used. A daily sample was taken during the operational time
of the reactor. All the samples were stored at 4°C until use. The composite sample was
centrifugated and dried before to be used in the assay. To evaluate the phytotoxicity on soil, artificial
soil was used as a control. Their composition was according to OCDE guidelines 207 (OECD 1984)
with 10% of peat, 20% of kaolin clay and 70% of sand.

Phytotoxicity assays on soil
N
BS [Seeds ~
} BS
} Soil
CAD
EH
— B - .‘t Raphanus sativus
F{ > - & Lactuca sativa

Ultrasound Thermical CAD - Triticum aestivum

‘ Treatment |

AAD

Seeds
]» Soil J

Control

Figure 1. Experimental schematic diagram design used for phytotoxicity assays in the soil. Where
SS: sewage sludge, CAD: conventional anaerobic digestion, AAD: advanced anaerobic digestion,
BS: biosolids.

2.2. Physicochemical characterization

Physicochemical characterization of SS, BS (CAD and AAD), and artificial soil were realized.
chemical oxygen demand (COD), volatile solids (VS), and total solids (TS) were measured
according to Standard Methods for the Examination of Water and Wastewater (APHA 2012). Total
phosphorus (TP), potassium (K), the nitrogen of the ammonium (NH4*-N) and total nitrogen (TN)
were determined with specific determination kits, line Spectroquant-Nova 60 of Merck®.
Conductivity and pH were measured with a portrait multiparameter OAKTON (PC650-480485).
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2.3. Phytotoxicity assay

Considering the plant used in different phytotoxicity assay (Kinney et al., 2012; Ramirez et al., 2008)
and the recommended by the methodology used (OECD/OCDE, 2006). As testing plants one
monocotyledonous and two dicotyledonous plants were used, Triticum aestivum, Lactuca sativa,
and Raphanus sativus, respectively. Seven treatments (T, the term “treatment” will continue to be
used as a reference to different experiments carried out)); T1: 5 g/kg, T2: 50 g/kg, T3: 100 g/kg, T4:
250 g/kg, T5: 500 g/kg, T6: 750 g/kg, and T7: 1000 g/kg, were used. The artificial soil was used as

a control (C).

Following 208 OECD (2006) methodology, ten seeds were placed in Petri dishes and 45 g of the
corresponding treatment was added. Continuous light and room temperature (24-26°C) were the
incubation conditions. The bioassay was carried in triplicate. The endpoints assessed were seed
germination, root elongation and, sprout length (Fuentes et al., 2004). Inhibition of seed germination
and root elongation, as the germination index (GlI, equation 1) were calculated as mentioned by
Venegas et al. (2018). The Gl was classified into beneficial effect (GI = 100), no presence of
phytotoxic substances (100 > Gl = 80), moderate toxicity (80 > GI >50), and high toxicity (50 = GI)
(Roig et al., 2012).

Sy RL
Gl ==L+

Equation 1

where Srand Sc are the number of germinated seeds on the treatment and the control and RLr
and RLc are the mean root length of the seeds on the treatment and the control, respectively.

2.4. Data analysis

Shapiro-Wilk test was applied to verify the normality of the data set. Then, non-parametric analysis
of variance was used to evaluated the stadistical differences between treatment (p<0.05, Kruskal
Wallis test). The statistical analysis, including ECso value, was performed with the software InfoStat
(version 2016) and Origin 8.
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3. Results and discussion
3.1. Physicochemical characterization of SS and BS from CAD and AAD

Table 1 shows the physicochemical characterization of SS, BS from CAD and AAD and soil used
as a control (C). For C and SS, the pH values were slightly acid with averages of 6.07 and 6.80,
respectively. In the case of BS from CAD and AAD, these values showed a neutral tendency with
averages of 7.23 and 7.43, respectively. Similar results were reported for stabilized BS with
anaerobic digestion present in literature with pH ranges that varied between 6.50-7.54 (Alvarenga
etal., 2008; Carbonell et al., 2009; Ferreiro-Dominguez et al., 2011). Nutrients concentrations in C
were related to the composition of peat and kaolin presented in the mix. The main minerals of kaolin
were kaolinite (Al2Si20s(OH)4) and muscovite (KAI2(AlSisO10)(OH)2) (Arias and Sen, 2009). For this
reason, the nutrient contribution of soil was reflected in the K content which was between 1.79 to
3.12 times higherin C than in SS, CAD, and AAD. In the case of BS, the K content remained within
the reported values between 1.3-2.9 g/kg (Alvarenga et al., 2008; Moreira et al., 2008; Ramirez et
al., 2008). Moreover, the average concentrations of TP that varied between 19.3-34.9 g/kg were
similar to those reported for stabilized BS with anaerobic digestion (Ferreiro-Dominguez etal., 2011;
Ramirez et al., 2008). The TP in AAD was approximately 55% higher than the content in SS and
CAD (p<0.05). This behavior could be related to the effect of pre-treatment on cell lysis which
increases the availability of some compounds, phosphorus between them (Reyes-Contreras et al.,
2018). Previous studies report that CAD led to increase of almost all elements monitored up to
378% higher in BS compared to SS, and pre-treatment led to increases of up to 58% in the
concentration of the studied elements in the BS compared to CAD (Appels et al., 2010; Neumann
etal., 2018).

Regarding the TN content, non-significant differences between BS (CAD and AAD) were reported
(p>0.05) with variations between 62.1-65.3 g/kg. The SS and BS (CAD and AAD) used in this study
were study before considering metal and microcontaminant concentration (Reyes-Contreras et al.,
2018; Venegas et al., 2018). The metal content in the SS and the biosolids (CAD and AAD) were
bellow European (Directive 86/278/EEC) and Chilean (DS 04) legislation, which indicate that it can
be used for soil amendment (Venegas et al., 2018). Future investigation related with the ecotoxicity

of BS from AAD, should related other compounds, as microcontaminant, present in the SS and the
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effect of the stabilization technology. Reyes-Contreras et al. (2018), studied the influence of the pre-
treatment over the removal of some microcontaminant, suggesting that pre-treatment could improve
the removal of sequestered or highly hydrophobic compounds through their solubilization and
increased bioavailability during anaerobic digestion. However, an ecotoxicological approach is

needed to evaluate the suitability of the BS as an amendment to the soil.

Table 1. Physicochemical characterization of sewage sludge and biosolids from conventional and

advanced anaerobic digestion biosolids at different concentration ratio.

Parameter Units C SS CAD AAD
VSITS - 0.07 0.7 0.6 0.5
COoD g/L 28.65+5.47 172.31£16.11 174.95455.17 150.25+64.28
pH - 6.07+0.21 6.80+0.06 7.23+0.07 7.43+0.13
TP g/kg 10.74£0.5 19.3£2.5 18.9+0.7 34.9+1.6

K g/kg 4.75+0.07 1.52+0.07 1.89+0.07 2.65+0.07
TN g/kg 19.76.0+5.6 78.42+5.2 62.130£0.5 65.31+14.3
NH4*-N g/kg 4.7+1.2 36.9+0.48 17.5+0.48 22.6+0.48

C: control soil; SS: sewage sludge; CAD: Conventional Anaerobic Digestion; AAD: Advanced Anaerobic Digestion; VS: volatile solids; TS:
total solids; COD: chemical oxygen demand; TP: total phosphorous; K: potassium; TN: total nitrogen; NH4+-N: nitrogen of the ammonium.

3.2. Effects of SS, CAD, and AAD on plants’ growth

Figure 2 shows the relative root length of R. sativus, T. aestivum and L. sativa for different
application doses (treatments) of SS, CAD, and AAD. These bioassays showed negative effects of
SS samples on the three plants tested. For R. sativus and L. sativa, the root elongation decreased
between 32-98% and 33-68%, respectively for all application doses of SS. The same behavior was
observed in the root length of T. aestivum for application doses between 50-250 g/kg which showed
decreases between 15-71%. However, non-significant differences with respect to the control plant
were observed for the application dose of 5 g/kg corresponding to SS (p>0.05). Regarding the
effects of CAD and AAD on the root length of R. sativus, the results were similar. In the case of the
application dose of 5 g/kg, the root length increased between 7-8% with respect to the control plant.
In contrast, reductions of the root growth between 17-51% were determined for application doses
of 50-250 g/kg and these reductions were greater to 90% when the doses were above 500 g/kg.
For T. aestivum, the application dose of 50 g/kg of CAD caused an increase in the root growth of
77% whereas the application dose of 5 g/lkg of AAD increased this parameter on 61%. In the case

of the behavior of L. sativa, application doses between 5-100 g/kg of CAD had non-significant
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differences with the control species (p>0.05). For application doses of 50 g/kg corresponding to
AAD, the root growth increased on 40%. In general, samples from CAD and AAD have positive

effects on the root length of the three plants species evaluated for application doses below 50 g/kg.
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Figure 2. Relative root length (cm) of plant tested (R. sativus, T. aestivum, and L. sativa) with
different treatments (C: 0, T1: 5, T2: 50, T3: 100, T4: 250, T5: 500, T6: 750, and T7: 1000 g/kg) of
sewage sludge (SS), conventional anaerobic digestion (CAD) and advanced anaerobic digestion
(AAD) is presented with a matrix form, where column corresponds to the stabilization stage and row
to the plant used. Treatment marked with the same letter, are not significantly different (Kruskal-
Wallis p>0.05).

Moreover, Figure 3 shows the relative sprout length of R. sativus, T. aestivum and L. sativa for
different application doses of SS, CAD, and AAD. The results showed positive effects of the different
samples on this endpoint evaluated for doses below 100 g/kg. In the case of R. sativus, the sprout
growth was stimulated for application doses of 5-50 g/kg corresponding to SS, CAD, and AAD with
values of 1.2-3.0 cm, 1.5-4.4 cm, and 1.0- 2.9 cm, respectively. The positive effects were also
observed for SS, CAD, and AAD in L. sativa. For application doses of 5-50 g/kg, 100 g/kg, and 5-
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100 g/kg of the samples before named, the sprout growth was between 0.8-1.7 cm, 0.4-1.7 cm, and
0.5-1.6 cm, respectively. However, for T. aestivum, significant differences with respect to the control
species were detected for the application doses of 50 g/kg corresponding to CAD and for the
application doses of 5 and 50 g/kg corresponding to AAD (p>0.095). In these cases, the sprout growth

varied between 1.5-7.6 cm and 1.8-7.0 cm, respectively.
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Figure 3. Relative sprout length (cm) of plant tested (R. sativus, T. aestivum, and L. sativa) with
different treatments (C: 0, T1: 5, T2: 50, T3: 100, T4: 250, T5: 500, T6: 750, and T7: 1000 g/kg) of
sewage sludge (SS), conventional anaerobic digestion (CAD) and advanced anaerobic digestion
(AAD) is presented with a matrix form, where column corresponds to the stabilization stage and row
to the plant used. Treatment, marked with the same letter, are not significantly different (Kruskal-
Wallis p>0.05).
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3.3. Effects of SS, CAD, and AAD on phytotoxicity index

Figure 4 shows the relative seed and root inhibition percentages of R. sativus, T. aestivum and L.
sativa exposed to SS, CAD, and AAD. Even with the application dose of 0.5%, the use of different
doses of SS caused the greatest inhibitions in both germination and root growth. Except for T.
aestivum seed germination where doses of SS between 5-100 g/kg caused positive effects with
percentages between 14-24%. In the cases of CAD and AAD, doses above 250 g/kg inhibited the
germination of the three plants evaluated with values higher than 50%. The same positive effect
was observed for T. aestivum, percentages between 33-38% and 28-33% were obtained for doses
between 5-100 g/kg of CAD and AAD, respectively.

On the other hand, the results of this study can be compared with those presented in Table 2. For
L. sativa, Kinney et al. (2012) reported germination inhibition that varied between 13-71%. In this
study, similar ranges were obtained for CAD and AAD achieving values that fluctuated between 0-
60% and 10-55%, respectively. Likewise, Ramirez et al. (2008) determined percentages of
germination inhibition of 98, 23 and 74% for B. rapa, L. perenne and T. pretense, respectively, when
the application dose was 151.4 g/kg. Moreover, for higher application doses (>151.4 g/kg), the
inhibition percentages were 100%. Adamcova et al. (2016) showed that application doses of BS
above 100 g/kg inhibited the germination of S. alba with percentages that varied between 94-100%.
In this study, similar tendencies were observed for R. sativus, T. aestivum and L. sativa where
application doses of BS (CAD and AAD) above 100 g/kg produced germination inhibitions between
53-87%, 47-100%, and 55-100%, respectively.

Other studies have been reported lower inhibition percentages or benefits effects. In the cases of
S. lycopersicum, L. perenne, P. ahip and B. rapa, these values were close to 11, 3, 23 and 15%,
respectively (Domene et al., 2011; Rossini-Oliva et al., 2017). For R. sativus, T. aestivum and L.
sativa, the germination inhibition percentages fluctuated from 3 to 47%, from -38 to -28% and from

0 to 40%, respectively for application doses of CAD and AAD below 100 g/kg.
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Table 2. Summary of the main parameters considered during phytotoxic assays for evaluating ecotoxicity of biosolids from anaerobic digestion

stabilization process.

Soil Stabilization process Application doses Endpoint Plant Inhibition in germination (%) References
. 21.5,56.99, 35.48, 70.97 ,
0, l ) )
CAD 0,1,2 3, 4% G Lactuca sativa 13,33, 47 67 (Kinney et al., 2012)
Triticum aestivum 3.67,7.44,3.77
CAD 0, 30, 60, 120 t/ha G/BIGW  Vicia sativa 0,00 (Carbonell et al., 2009)
Brassica rapa 25.93,25.93, -11.11
Dactylis glomerata L
CAD 0,3.65,7.30,14.6tha B Lolium perenne L. (Ferreiro-Dominguez et al., 2011)
Trifolium repens L.
s CAD 0,5.1,10.2, 100% B/BA Lolium multiflorum Lam. (Alvarenga et al., 2008)
§ Solanum lycopersicum ~ 11.96, 11.96
CAD/C 0,2, 10% G/B/P Lolium perenne L -3.30, 3.30 (Rossini-Oliva et al., 2017)
Pachyrhizus ahip 28.73,22.99
. 11.1,11.1,16.7, 1.1
Brassica rapa L 10.10.15. 15
CICAD 0, 1.2, 4,20, 50 g/k G L D t al., 2011
9 pT— 56,16.7,22.2, 22.2 (Domene et al., 2011)
P 5,15, 20, 15
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Table 2. Continued

Stabilization

Soil process Application doses Endpoint Plant Inhibition in germination (%) References
79.30, 96.69, 98.63, 100 (Adamcové et al
CAD 10, 25, 50, 100% G/RL Sinapis alba L 70.45,94.18, 99.64, 100 2016) K
81.60, 97.63, 98.99, 100
Lepidium sativum
L (Alvarenga et al.,
0,
CAD 0,25,50,75, 100% GW Hordeum vulgare 2007)
L
CADINS 0, 4, 8 glkg GiB Brassica rapa No interference in seed (Moreira et al., 2008)
Avena sativa germination
Brassica rapa 15, 44, 20, 98, 100, 100
g 0}k53.1, 75.2,106.7, 151.4, 214.7, 304.6 &l peronne 3,911, 23, 100, 100
= g'g Trifolium pretense 21, 38, 53, 74, 100, 100
AeD/CAD/C GIGW (Ramirez et al., 2008)
Brassica rapa 56, 83, 87, 91, 100, 100
0,3.0,4.9,8.1,13.3,21.8,35.7 g/kg Lolium perenne 44, 49, 53, 100, 100, 100
Trifolium pretense 17, 25, 56, 82, 100, 100
Raphanus sativus 3,27, 47, 53, 83, 67, 87
P 23,20, 43, 60, 67, 63, 87
AAD 0, 0.5, 5, 10, 25, 50, 75, 100% GIRUGW  Triticum aestivum o0 o0 36 47,100, 100, 100 7, study

Lactuca sativa

-28,-33,-33, 71, 90, 100, 100
0, 10, 40, 60, 85, 85, 100
30, 10, 40, 55, 85, 85, 90

Stabilization process: AeD: aerobic digestion, NS: non-stabilized, CAD: conventional anaerobic digestion, AAD: advanced anaerobic digestion, AD: anaerobic digestion, Dg: digestion not specify, C: compost.
Endpoint: G: germination, B: biomass, RL: root length, BA: bioaccumulation, GW: growth, P: pigment or chlorophyll related.
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Regarding the inhibition of the root growth, the SS application caused inhibitory effects with
percentages that varied between 32-97%, 15-71% and 34-68% for R. sativus, T. aestivum, and L.
sativa, respectively (Figure 4). The same results were observed for application doses above 250
g/kg of CAD and AAD for R. sativus and L. sativa which presented inhibition percentages of the root
growth higher than 45%. Itis reported that BS from CAD had a high degree of toxicity with inhibition
on the root growth of Sinapis alba with percentages that fluctuated between 70-100% for application
doses between 100-1000 g/kg (Adamcova et al., 2016). However, stimulant effects on the root
growth were determined for BS application rates of 5 g/kg for R. sativus, 5-50 g/kg for T. aestivum,

50 and 100 g/kg for L. sativa with percentages of -8%, -13 to -77% and -12 to -40%, respectively.
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Figure 4. The relative seed and root inhibition (%) of plant tested (R. sativus, T. aestivum and L.
sativa) with different treatments (C: 0, T1: 5, T2: 50, T3: 100, T4: 250, T5: 500, T6: 750, and T7:
1000 g/kg) of sewage sludge (SS, white square), conventional anaerobic digestion (CAD, gray

square) and advanced anaerobic digestion (AAD, black square).
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Figure 5 shows the germination index (Gl) of R. sativus, T. aestivum and L. sativa for different
application doses of SS, CAD, and AAD. In the case of R. sativus, high toxic effects with GI < 50%
were observed for application doses below 100 g/kg of SS, CAD, and AAD. Regarding the effects
of CAD on this plant tested, application doses of 5 g/kg achieved Gl = 100% which indicated a
positive influence on seeds germination. However, for application dose of 50 g/kg, moderated
toxicity with GI between 50 and 80% was reported. The same tendency was observed for the same
application doses of AAD. For T. aestivum, GI = 100% were achieved with application doses
between 5-100 g/kg of CAD and AAD which indicated benefit effects. For L. sativa, a positive effect
on seeds germination was determined for application doses of 50 g/kg of AAD with Gl = 100%.
Ours previous studies of the phytotoxicity of elutriated from BS (CAD and AAD) showed that AAD
elutriated had a beneficial effects or no presence of phytotoxic substances for the same tested
plants and conclude that the application of a pretreatment (sequential ultrasound and low-thermal

hydrolysis) reduce the phytotoxicity of the sewage biosolids-elutriated with Gl up to 90% (Venegas
etal., 2018).
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Figure 5. Germination Index (%) relative to plant tested ( a) R. sativus, b) T. aestivum and c) L.
sativa) with different treatments (C: 0, T1: 5, T2: 50, T3: 100, T4: 250, T5: 500, T6: 750, and T7:
1000 g/kg) of sewage sludge (SS, white square), conventional anaerobic digestion (CAD, gray

square) and advanced anaerobic digestion (AAD, black square).
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Table 3 shows the ECso toxicity values for germination, root length and sprout length for different
plants and samples evaluated. In agreement with the results in table 3, in this study, the bioassays
with SS have the highest toxic effects for all the endpoints in the three plants tested with the lowest
ECso value, 19 g /kg for the sprout length of R. sativus. The phytotoxicity assay with CAD and AAD
biosolids had similar ECso values. The most toxic effect of the BS was related with CAD samples
and was on the sprout length of R. sativus and T. aestivum with values of 97 and 91 glkg,
respectively. The highest ECso values 146, 222 and 230 g/kg for the root growth of R. sativus, for
the sprout length of L. sativa and for T. aestivum germination, respectively. Ramirez et al. (2008)
reported ECso values for the germination (table 3) between 21-82 g/kg for BS from anaerobic
digestion with and without post-treatment with thermally dried. These values were more toxic than
those reported in this study with values for SS and BS (CAD and AAD) samples between 89-163
g/kg and 102-230 g/kg, respectively. Similar results were observed for the sprout length. In this
case, Ramirez et al. (2008) showed values between 23-80 g/kg whereas, in this study, these values
varied between 19-58 g/kg and between 91-222 g/kg for plants exposed to SS and BS (CAD and
AAD), respectively.

Table 3. ECso toxicity values for germination, root length and sprout length as g/kg, with their

standard error in parentheses.

. Sample from
Endpoint ss CAD  AAD
R. sativus 163 (7) 201 (49) 211 (50)
Germination ECs (g/kg)  T. aestivum 158 (16) 230 (10) 199 (17)
L. sativa 89 (2) 164 (18) 173 (40)
R. sativus 83 (10) 146 (27) 102 (23)
Root length ECso0 (g/kg)  T. aestivum 86 (1) 115(51) 116 (6)
L. sativa 71(11) 207 (61) 118 (42)
R. sativus 19 (1) 97 (39) 186 (48)
Sprout length ECso (g/kg) T. aestivum 37 (175) 91 (20) 129 (16)

L sativa  583)  222(130) 196 (9)

SS: sewage sludge, CAD: conventional anaerobic digestion, AAD: advanced anaerobic digestion.
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3.4. Relation of operational conditions, physicochemical characteristic and the

phytotoxicity assay

The use of AAD allows reaching a better anaerobic digestion performance reaching an increasing
in biogas production and a reduction in solids content (Neumann et al., 2016). The sequential pre-
treatment used in this study allows an increase of 19% in methane yield and a 33% reduction in
total solids. Also, a decrease between 19-73% in the concentration of tonalide, galaxolide, triclosan,
butylated hydroxytoluene, phenanthrene, pyrene, 4-nonylphenol, and 17p-ethynylestradiol in the
BS (AAD) was achieved, this compared to the concentration in BS from CAD (Reyes-Contreras et
al., 2018). However, the average concentration of this micropollutant rise in the BS compared with
the parental SS, between 31-360% for CAD, and 8-274% for AAD, with concentration in the range
of 0.29-59.41 pg/g and 0.12-43.99 pg/g for CAD and AAD, respectively (Reyes-Contreras et al.,
2018).

Ecotoxicity data, phytotoxicity among them, associated to BS micropollutants are very scarce
(Richter et al., 2016). From the few studies carry on, Richter et al. (2016) found that for BS (CAD)
at application rate of 5 ton/ha evaluated with Brassica napus, ECso values for ketoconazole and
BDDA (benzododecinium chloride) tent to be higher in the assay with BS compared to the assay
without them. Pefia et al. (2014), reported that BS application significantly reduce pesticides
phytotoxicity uptake into rygrass. Prosser et al. (2014), found that BS from CAD at 12-29 ton/ha
significantly reduced triclosan uptake into plants roots. This behaviors in the reduction in the toxicity,
may be related with the sequestration processes that could reduce the bioavailability of the
micropollutants (Richter et al., 2016; Wu et al., 2009).

Comparing the concentration of micropollutants evaluated by Richter et al. (2016) and Pefia et al.
(2014), 62.5-1000 ug/g of ketoconazole and 7.6-46.6 ug/g triclosan, respectively; with the range in
the BS (CAD and AAD) used in this study 0.12-59.41 ug/g of all micropollutants evaluated and 2.47-
9.28 uglg of triclosan. The concentration of micropollutants in this study are lower than the other
studies before mentioned and considering the possible effect of sequestration of the micropollutants
in the BS, the effect of the micropollutants in the phytotoxicity assay could be considered

insignificant.
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The metal content of the BS (CAD and AAD) used in these study has been determinate in previous
research by Venegas et al. (2018), were an increase Cu and Zn concentration was reported for both
BS. These behaviors in metal concentration have been related to the degradation of organic and
inorganic matter during the digestion (Carballa et al., 2009; Chipasa, 2003). Zinc and copper are
essentials elements, are metalloenzimes for enzyme such as anhydrases, dehydrogenases,
oxidases and peroxidases (Kopittke and Menzies, 2006; Rout and Das, 2009). Zinc plays an
important role in regulating the nitrogen metabolism, cell multiplication, photosynthesis and auxin
synthesis (Rout and Das, 2009); copper plays an important role in CO2 assimilation, ATP synthesis,
also is component of various proteins of the photosynthetic system and of the respiratory electron
transport chain (Yadav, 2010).

Metal content of BS, particularly Zn and Cu concentration, has not been related to phytotoxicity of
BS from different stabilization processes (CAD, aerobic digestion, stabilization pond) (Fuentes et
al., 2004; Wollan et al., 1978). For Lolium perenne at concentration between 990-1050 mg/kg and
2213-5650 mg/kg of Zn and Cu, respectively, (Wollan et al., 1978) and for Hordeum vulgare and
Lepidium sativum at concentrations between 458-871 mg/kg and 146-337 mg/kg of Zn and Cu,
respectively, (Fuentes et al., 2004) the phytotoxicity were associated to the influence of nitrogenous
compounds as ammonia and ammonium and not to the metal content. Metal phytotoxicity can result
only if metal can move from the soil to the roots systems (Rout and Das, 2009), so considering the
low extractability of metal from BS (Fuentes et al., 2006), and that Zn and Cu concentration in this
study were lower than the reported in other research, it is likely that the concentration of metals is

not the main cause of the negative effects on tested plants growth.

Due the metabolic route of anaerobic digestion process, organic nitrogen and NH4*-N are the main
forms of nitrogen present in the BS (Yang et al., 2018). The NH4*-N concentration was 29% greater
in AAD than in CAD. That agree with the increase of the solubilization of organic matter, including
nitrogen compounds, due the application of a pre-treatment step (Carvajal et al., 2013; Dhar et al.,
2012; Neumann et al., 2018). In phytotoxicity assay of BS from anaerobic digestion is common

attributed a negative effect on seed germination to the release of NH4*-N (Fuentes et al., 2006).
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For Lepidium sativum concentration under 2000 mg/kg of NH4*-N shows Gl >80 (Tiquia, 2010).
Similar results were found in this study, where the Gl of the BS (CAD and AAD) indicated benefit
effects (Gl = 100) or no presence of phytotoxicity (100 > GI = 80) for application doses between 5-
100 g/kg. At these application rate of BS the content of NH4*-N vary between 87-1750 mg/kg for
CAD, and 113-2260 mg/kg for AAD.

4 Conclusions

The application of SS samples on soil had greater toxic effects in the different endpoints with
germination inhibition percentages above 50% for application doses of 250 g/kg. Regarding Gl
values, benefit effects (GI =2100) or no presence of phytotoxicity (100 > Gl = 80) were observed for
application doses of BS (CAD and AAD) between 5-100 g/kg. Between BS evaluated, CAD samples
were slightly more beneficial than those of AAD with an increased-on Gl value between 4-20% for
R. sativus with application doses between 5-50 g/kg. In the case of T. aestivum and L. sativa, these
differences were 35% and 45% for application doses of 50 g/kg and 5 g/kg, respectively. These
results were corroborated with ECso values. For all plants tested with CAD, the most toxic value was
91 g/kg with an average of 164 g/kg for the endpoints evaluated. Likewise, for the endpoints and
plants evaluated with AAD, these values were 102 g/kg with an average of 159 g/kg. Regarding the
plant development, L. sativa was the most sensible plant with germination and root growth
inhibitions between 0-100% and -40 and 94%, respectively.
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CAPITULO VIII

DISCUSION
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Toda actividad humana requiere del uso y consumo de agua potable, una vez utilizada se generan aguas
servidas y durante el tratamiento de estas la generacién de lodos sanitarios (LS), tal como se mostr6 en la
Figura 1 del Capitulo Il. Los LS pueden ser tratados por medio de digestion anaerobia convencional (DAC)
0 avanzada (DAA), tal como se presentd en la seccion 2 del Capitulo Il. Una vez estabilizados los LS,
denominados biosdlidos (BS), tienen el potencial de ser aplicado como mejorador de suelos. Pero debido a
sus mismas caracteristicas, la aplicacion de BS tiene una serie de implicaciones, las cuales se discutiran en

las secciones siguientes.

La Figura 1 presenta la propuesta de un sistema de economia circular en el sector sanitario. Donde la
estabilizacién de los LS por medio de digestion anaerobia presenta la oportunidad de utilizar un subproducto
del tratamiento de las aguas servidas para la obtencion de energia, asi como el uso de los BS como
mejoradores de suelo, es decir, se puede dar un cambio de paradigma de “tratamiento para disponer” por
“tratamiento para reusar” incorporando al sector sanitario cada vez mas a la ideologia de la economia

circular.
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Figura 1. Propuesta de un sistema de economia circular en el sector sanitario.
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Pero para poder cerrar el ciclo del sector sanitario de forma segura se debe evaluar la calidad del BS
considerando parametros fisicoquimicos, microbioldgicos y fitotoxicoldgicos. Por ello el objetivo de esta tesis
fue determinar la influencia de la digestion anaerobia convencional y avanzada en la composicion y
fitotoxicidad de los BS obtenidos. La aplicacidn de un pre-tratamiento secuencial de ultrasonido seguido de
un tratamiento térmico a baja temperatura, produce la disrupcién fisica de las células liberando las enzimas
enddgenas durante el ultrasonido y posteriormente en la etapa térmica del pre-tratamiento estimular una
reactivacion de la actividad enzimatica enddégena, asi como una hidrélisis térmica. Lo que resulta en
incrementos de 458 — 1030% y 252 - 674% en la concentracion soluble de carbohidratos y proteinas,
respectivamente (Neumann et al., 2017) y aumentos en el rendimiento de metano de 30%. Una mayor
discusion del efecto del pre-tratamiento en la digestion anaerobia se presenta en la seccion 1 de este

Capitulo.

Considerando que los BS generados por la DAC y DAA van a ser aplicados como remediadores, se evalu6
la fitotoxicidad directa e indirecta. Esto debido a que los ensayos de fitotoxicidad son herramientas Utiles
para evaluar residuos a ser aplicados en el suelo. Para este proposito se realizaron bioensayos con semillas
de Lactuca sativa, Raphanus sativus, y Triticum aestivum. En la seccion 3 y 4 se abordan a profundidad los
efectos de los BS generados en la fitotoxicidad indirecta y directa respectivamente. En la seccion 5 se

profundiza en las implicaciones de la aplicacion benéfica de BS.

1. Influencia del pre-tratamiento en la digestion anaerobia y en las caracteristicas del biosdlido

El primer objetivo especifico del estudio fue determinar la influencia de la DAC y DAA en el desempefio de
la digestion y en las caracteristicas fisicoquimicas y microbioldgicas de los BS generados. Para evaluar la
influencia del pre-tratamiento secuencial en el desempefio de la digestién anaerobia se monitorearon
parametros operacionales como transformacion de materia organica (demanda quimica de oxigeno, amonio,
solidos totales y volatiles), produccion de biogas y rendimiento de generacién de metano. También se

monitore6 el LS utilizado, asi como los BS generados por ambos reactores, DAC y DAA.

En la Figura 2 se presenta el porcentaje de eliminacién de la demanda quimica de oxigeno (DQO) y el
rendimiento en la generacion de metano que presentaron los reactores durante el periodo de operacién de
aproximadamente 200 dias. El reactor con DAA mostrd un promedio de eliminacién de DQO de 38.55% y

rendimiento promedio de metano de 216.31 mL/g SVo (sélidos volatiles iniciales). Esto corresponde a
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aumentos en la eliminacién de la DQO y en el rendimiento de metano de un 19.76% y 30.24%,
respectivamente, en comparacion con el reactor DAC. Investigaciones sobre este mismo pre-tratamiento
secuencial reportan aumentos en el rendimientos de metano entre 14-50% y eliminaciones de DQO entre
17-28% mayores que la DAC (Dhar et al., 2012; Neumann et al., 2018; Sahinkaya and Sevimli, 2013). El
aumento del rendimiento de metano y mayores eliminaciones de DQO se debe a que el pre-tratamiento
secuencial incrementa la solubilizacion de la DQO en factores entre 3.5-17.1%, cumpliendo el propésito de

facilitar la etapa hidrolitica de la digestion anaerobia y mejorar el desempefio de esta.
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Figura 2. Eliminacién de la demanda quimica de oxigeno (DQO, barras rojas) y el rendimiento de metano

(barras azules) de los sistemas de digestion anaerobia convencional (DAC) y avanzada (DAA).

En los capitulos anteriores (IV, Vly VII), se ha discutido el efecto de la DAC y la DAA sobre las caracteristicas
fisicoquimicas de los BS generados, asi como una descripcion de las caracteristicas de los LS parentales.
En la Tabla 1 se muestra un resumen de las principales caracteristicas fisicoquimicas de los BS de DAC y
DAA. El pH de los BS mostrd una tendencia hacia la neutralidad con promedios de 7.23 y 7.43 para los BS
de DAC y DAA, respectivamente. Valores que se encuentran dentro de los reportados en la literatura para

sistemas de digestién anaerobia, 6.50-7.54 (Alvarenga et al., 2008; Carbonell et al., 2009; Ferreiro-
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Dominguez et al., 2011). En la seccion 4 de la discusion se profundiza sobre la relacion entre los valores de

estos parametros y la fitotoxicidad.

El contenido de potasio y fosforo en los BS también se encontraron dentro de los rangos reportados en la
literatura 1.3-2.9 g/kg y 19.3-34.9 g/kg respectivamente (Alvarenga et al., 2008; Ferreiro-Dominguez et al.,
2011; Moreira et al., 2008; Ramirez et al., 2008). Sin embargo, se reporta un contenido de fosforo en los BS
de DAA con concentraciones aproximadamente 55% mayor (p > 0.05), lo cual se asocia al efecto de la lisis
celular debido al pre-tratamiento, que produce incrementos de 458 — 1030% y 252 — 674% en la
concentracion soluble de carbohidratos y proteinas, respectivamente (Neumann et al., 2017). Aumentando

la disponibilidad de algunos compuestos como el fésforo (Reyes-Contreras et al., 2018).

En el caso del contenido de nitrdgeno total no se encontraron diferencias significativas (p > 0.05) entre los
BS de DAC y DAA. El contenido de metales se encuentra dentro los limites permitidos por el Decreto
Supremo 04, legislacidn chilena para aplicacion de BS en suelo (MINSEGPRES, 2009). La estabilizacién de

los BS se refleja en remociones de SV del 41% y 48%, asi como en razones de SV/ST de 0.7 y 0.6 para

CAD y AAD respectivamente.

Tabla 1. Caracterizacion fisicoquimica de los biosolidos de digestion anaerobia convencional y avanzada.
Parametro Unidades CAD AAD
SV/IST - 0.6 0.5
DQO g/L 174.95£55.17 150.25+64.28
pH - 7.23+0.07 7.43+0.13
Humedad % 88.85+0.42 87.19+0.95
MO % 67.89+0.23 64.54+0.19
CE mS/cm 2.83+0.18 2.45+0.65
CoT % 53.0040.01 69.00+0.01
Pt g/kg 18.940.7 34.9+1.6
K g/kg 1.89+0.07 2.65+0.07
N a/kg 62.130+0.5 65.31+14.3
N-NHz* glkg 17.5+0.48 22.60.48
Cu ma/kg 288 455
Ni ma/kg <1 <1
Zn ma/kg 656 702
Pb ma/kg <3 <3
Hg mg/kg 1.28 1.94

CE: conductividad eléctrica; Nt: nitrégeno total; NTK: Nitrogeno total Kjeldahl; Pt; fésforo total; SV: solidos volatiles; ST: sélidos totales; DQO:
demanda quimica de oxigeno; DAC: digestion anaerobia convencional; DAA: digestion anaerobia avanzada.
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Respecto al efecto de la DAC y la DAA sobre la concentracion de patdégenos en la Tabla 2 se muestra una
comparativa de la remocidn de patdgenos obtenida en esta investigacion y la reportada en la literatura. El
efecto del pre-tratamiento sobre la remocion de patégenos esta asociada a que la implosion de las burbujas
durante la cavitacion debido a la aplicacion del ultrasonido generan esfuerzos de corte sobre los
microorganismos, mientras que la aplicacion del pre-tratamiento térmico contribuye a la inactivacién de
patdgenos debido al efecto de la temperatura en la desnaturalizacién de proteinas (Carballa et al., 2009;
Harris and McCabe, 2015).

En este estudio la DAC logré reducciones logaritmicas para coliformes fecales, coliformes totales y colifagos
somaticos de 2.03, 1.78 y 0.37; respectivamente. Mientras, que la DAA logré remociones de 2.15, 2.05 y
1.16 para los mismos parametros. Para DAC se reportan remociones entre 2.1-2.8; 2.3-2.8 y 0.6-0.7 para
coliformes totales, coliformes fecales y colifagos somaticos, respectivamente; mientras que para la DAA 2.4-
3.1y 1.5 para coliformes totales/fecales y colifagos somaticos, respectivamente (Levantesi et al., 2015). El
hecho de que la DAA presente mayores remociones de agentes patdgenos que la DAC, esta ligado al efecto
del pre-tratamiento. Los efectos hidroliticos debidos a la fuerza de corte producido por la etapa de ultrasonido
y a la desnaturalizacion de enzimas debido a la etapa térmica, también afectan a los agentes patdégenos lo

que genera una mayor remocion de estos en el proceso de DAA.

Tabla 2. Efecto de la digestion anaerobia convencional y avanzada en la concentracion de patégenos.

Muestra Coliformes fecales Coliformes totales Colifagos somaticos
NMP/g ST NMP/g ST UFC/g ST
LS - 1.2x102-2.4x107 8.9x102-8.1x1086
Literatura DAC 1.9x104-7.19x107 1.1x102-6.1x10° 6.0x101-3.8x108
DAA - 9.0x10-2-2.5x105 4.5x102-3.8x105
LS 4.78x109 4.78x109 5.81x108
Este estudio DAC 4.50x105 7.86x105 2.45x108
DAA 3.40x108 4.21x105 4.02x105

LS: lodo sanitario; DAC: digestion anaerobia convencional; DAA: digestion anaerobia avanzada; NMP: nimero mas probable; ST: sélidos totales; UFC:
unidades formadoras de colonia.

Referencias: (Bonomo et al., 2016; Carballa et al., 2009; Carmen Antolin et al., 2010; Corréa Martins et al., 2016; Nafez et al., 2015; Renaud et al., 2017;
Ros et al., 2015)

Si bien estos resultados de remocién son comparables con procesos de digestion reportados (Tabla 2), la
densidad de coliformes fecales obtenidas es superior para que ambos BS sean clasificados como Clase A
(103 NMP/g ST; MINSEGPRES 2009), pero si logran ser clasificados como Clase B (2x106 NMP/g ST;
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MINSEGPRES 2009). Esto estaria relacionado con la elevada presencia de dichos microorganismos en las
muestras de LS parental (4.8x10° NMP/g ST).

Respeto al efecto de los procesos de digestion anaerobia en el contenido de metales en los BS, los
resultados reportados en la literatura, muestran que la concentracion de metales en los BS generados ya
sea por DAC o DAA'y la concentracion en los LS parentales tienden a permanecer en el mismo rango. Sin
embargo, se pueden presentar aumentos en algunos casos, tal como en los BS estudiados, los que
presentaron aumentos en la concentracion de Cu y de Zn, con concentraciones entre 1.7-2.7 y 4.5-4.8 veces
mayores que los LS, y el pre-tratamiento resulté ademas en incrementos de 7 — 58% en la concentracion de
As, Cu, Hgy Zn. Esto se asocia a la mayor eliminacion de materia organica durante la DAC y DAA (Neumann
et al., 2018). Dicho comportamiento también se podria asociar con fendmenos de precipitacidn y

acumulacion en los reactores (Carballa et al., 2009).

2. Efecto del pre-tratamiento en la digestion anaerobia sobre la concentracion de

microcontaminantes en el biosdlido generado

El segundo objetivo especifico fue evaluar la influencia de la DAC y DAA en la concentracion de
microcontaminantes en los BS generados. En el capitulo IV se discute el efecto de la DAC y la DAA sobre
la concentraciéon de microcontaminantes. Mientras que el capitulo V se examina la literatura existente
relacionada con la presencia y destino de los microcontaminantes durante el tratamiento de las aguas

servidas, particularmente la estabilizacion de los LS con tecnologia de DAC y DAA.

Evaluar el efecto de las tecnologias de estabilizaciéon de LS en la toxicocinética de microcontaminantes
enfrenta muchos retos. Los LS son una matriz compleja y la determinacion de microcontaminantes muchas
veces enfrenta problemas respecto a las técnicas analiticas existentes para su determinacion en este tipo
de matrices. Ademas, factores metodologicos como dopar los LS, pueden conllevar a una mala
interpretacidn toxicocinética ya que muchas veces sobrepasan las concentraciones encontradas en las
PTAS (Artola-Garicano et al., 2003). A continuacién, se discuten los resultados del efecto del pre-tratamiento
en la concentracion de microcontaminantes y se compara con lo reportado por la literatura considerando los

retos antes mencionados.

El destino de los microcontaminantes durante el tratamiento de las aguas servidas depende de las

propiedades fisicoquimicas del compuesto (peso molecular, hidrofobicidad, solubilidad en agua, pKa,
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biodegradabilidad), de las caracteristicas de las aguas servidas y de los LS generados (pH, materia orgénica,
concentracion de cationes); parametros operacionales de la planta de tratamiento (presencia o ausencia de
sedimentar primario, tiempo de residencia hidraulica, tiempo de residencia de lodos, tipo de tratamiento
secundario, carga volumétrica) y de la frecuencia de uso de los microcontaminantes (Carballa et al., 2008;
Holbrook et al., 2002; Radjenovi¢ et al., 2009; Stasinakis, 2012). La remocion de los microcontaminantes se
da por procesos abidticos como la sorcion, fotdlisis o degradacion hidrolitica; o por procesos de

biotransformacién o biodegradacién (Bergersen et al., 2012; Radjenovi¢ et al., 2009).

La sorcion de microcontaminantes puede ser predicha con base los valores de Kq, donde los compuestos
no iénicos tienden a ser absorbidos en la fraccion lipidica o sorbidos en la fraccion organica (Carballa et al.,
2008; Ternes et al., 2004). Sin embargo, interacciones electrostaticas especificas son de gran importancia
para ciertos farmacos, por ejemplo, los fluorochinolones tienen una Kgq alta pero un Kow extremadamente
bajo (Ternes et al., 2004). La Kow describe la hidrofobicidad de los compuestos, no esta creada para
discriminar entre las caracteristicas de sorcidn de varios compuestos polares en soluciones acuosas, asi,
para la mayoria de los farmacos no se esperaria que la Kq pueda ser predicha en funcién de la Kow (Ternes
et al., 2004). Sin embargo, para algunas fragancias hidrofébicas se podrian lograr resultados comparables
(Carballa et al., 2008; Ternes et al., 2004).

Respecto a la sorcion de microcontaminantes en los LS, existe una diferencia entre la sorcion en lodo
primario y lodo secundario, esta depende principalmente de los mecanismos de absorcién, interaccion de
los grupos alifaticos y aromaticos de un compuesto con la membrada lipofilica de la célula de un
microorganismo y la fraccion lipidica del lodo, y de la interaccion electrostatica de los grupos cargado
positivamente de los compuestos con la superficie cargada positivamente de los microorganismos (Ternes
et al., 2004). La tendencia es que los lodos primarios estén mas contaminados con microcontaminantes

organicos, especialmente de aquellos que son hidrofébicos (Ak et al., 2013; Chawla et al., 2014).

Respecto al efecto de la DAC y DAA sobre los microcontaminantes, la Figura 3 muestra los objetivos de
estudio de las investigaciones, donde el 39% de las investigaciones ha evaluado la remocion de los
microcontaminantes durante la digestion anaerobia. Un 11% de las investigaciones ha evaluado el efecto
de la aplicacién de un pre-tratamiento, particularmente el uso de ozono, ultrasonido, temperatura y
microondas. En la Tabla 3 muestra el comportamiento de los 10 microcontaminantes determinados durante

el proceso de DAC y DAA, asi como la remocion reportada en la literatura y la obtenida en esta investigacion.
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M Destino del microcontaminante

H Impacto del microcontaminante en el rendimiento
de la digestion anaerobia

M Efecto de las condiciones operacionales de la
digestidn anaerobia sobre los microcontamiantes

H Remocion del microcontaminante

M Efecto del microcontaminante en el consorcio
bacteriano anaerobio

M Efecto del pre-tratamiento en la concentracion de
microcontaminantes

Figura 3. Objetivos de estudio de las investigaciones relacionadas a digestion anaerobia y

microcontaminantes.

Entre los microcontaminantes determinados en los LS y BS se encuentran compuestos pertenecientes a
diferentes grupos de interés como las fragancias, antibacteriales, antioxidantes, surfactantes y hormonas
sintéticas. Se detectaron 9 de los 10 compuestos analizados, siendo el 17[-etinil estradiol, el compuesto no
detectado en ninguna de las muestras de BS ni en el LS parental. En el Capitulo V se discute a profundidad

el efecto de cada etapa de pre-tratamiento sobre las concentraciones de los microcontaminantes.

Durante la aplicacion del pre-tratamiento secuencial aumenté la concentracién de microcontaminantes entre
un 13-991%, esto se relacion6 principalmente con la evaporacion de agua, asi como al efecto extraccion y
recuperacion producido por la etapa de ultrasonido. El proceso de DAC causé aumentos en la concentracién
de microcontaminantes de hasta un 360%, y el Unico compuesto removido en este proceso fue el triclosan
en un 10%. Por otra parte, el proceso de DAA caus6 aumentos de hasta un 274%, y logré la remocion de
tonalide y de triclosan en un 20% y 76%, respectivamente. Esta acumulacion de microcontaminantes podria
estar relacionada con su baja biodegradabilidad en comparacion a la mayoria de los compuestos organicos

presentes en los LS.

Al comparar el comportamiento de microcontaminantes entre los sistemas de DAC y DAA. El proceso de
DAA caus6 una reduccion de 7 de los 9 compuestos: un 73% de triclosan, 59% de tonalide, 41% de 4-
nonilfenol, 19% de hidroxitolueno butilado, 31% de fenantreno, 26% de galaxolide y un 21% de pireno; y un
aumento en la concentracion de bisfenol A un 131% y de tert-octilfenol un 25%. Este aumento en la reduccion
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de microcontaminantes en la DAA en comparacién con la DAC, se puede asociar al efecto del ultrasonido
que produce cambios fisicos y quimicos debido a la implosion y cavitacion de las microburbujas, las cuales
degradan moléculas complejas al desintegrarlas, ya sea por la reaccion con los radicales hidroxilo o por una

combinacion de todos los fendmenos descritos (Chawla et al., 2014).

Entre los compuestos que han reportado una reduccion durante la DAC estan: paroxetina (98%), naproxeno
(80%), sulfamethoxazole (80%) y roxitromicina (80%) (Bergersen et al., 2012; Carballa et al., 2006; McAvoy
etal., 2015). Otros como fluoxetina (reduccion 32%), fluvoxamina (53%), sertralina (38%), diazepam (50%)
e ibuprofeno (40%) podrian tener un mayor potencial de acumulacién (Bergersen et al., 2012; Carballa et
al., 2006; Malmborg and Magnér, 2015). En la Tabla 3 se muestras las remociones durante la DAC y DAA,
donde se reportan remociones de algunos antibiéticos, estrdgenos naturales, fragancias y naproxenos
(Bergersen et al., 2012). Sin embargo, también se reportan algunas discrepancias respecto al efecto de la
digestion anaerobia sobre los nonilfenoles y compuestos estrogénicos (Carballa et al., 2008; Chawla et al.,
2014; Holbrook et al., 2002; Samaras et al., 2014). Este comportamiento se ha asociado a que compuestos
lipofilicos tienen una degradacion mas lenta debido a la presencia de materia organica natural en los LS
(Samaras et al., 2014). En el caso particular de los nonilfenoles, un aumento en la concentracion de estos
después de la estabilizacion de los LS se relaciona con el hecho de que son productos de degradacion de

otros compuestos (Samaras et al., 2014).

Considerando el efecto que la presencia de ciertos microcontaminantes pueda causar en el consorcio
bacteriano se ha reportado una correlacion entre el aumento de diclofenaco y triclosan y la reduccion del
rendimiento de la generacion de metano (Symsaris et al., 2015). Por otra parte, se ha reportado que
presencia de microcontaminantes tiene un efecto positivo en la produccién de biogas debido al aporte de
carbono de los farmacos (en particular el aporte carbonacea de los compuestos excipientes), en este caso
de inhibidores de la recaptacion de serotonina como: citalopram, sertralina, paroxetina, fluvoxamina y

fluoxetina (Bergersen et al., 2012).
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Tabla 3. Comportamiento de los contaminantes emergentes durante la digestion anaerobia convencional y

avanzada.
Remocion (%)
C Log Log . .
Compuesto Aplicacién K K Literatura Este estudio
* ™ DAC DAA DAC  DAA
Tonalide 6.35 472 35-82 :;25 (-93) 20
Fragancias 65
Galaxolide 6.26 410 35-75 87 (-70) (-26)
Triclosan Antibacterial/antifingico 466  3.93 7-81 sd 10 76
Hld.roxnolueno Ant|o>$|Qante gsado gn comlda,’ . 503 391 o o (360)  (-274)
butilado cosméticos e industria farmacéutica
Fenantreno Generacion de eneraia 435  3.87 sd sd (-85) (-27)
Pireno g 493 424 s s () (-36)
A-nonilfenol Precursor de surfactante no idnico y 599 428 11-91 o (-83) 8)

producto de degradacién

Material parental de produccion de
surfactantes no iénicos
Ma{nL.Jfactura de plasticos y resinas 332 310 78-90 sd (-32) (-205)
epoxicas

17B-etinil estradiol  Hormona sintética 412 271 (-185-56 0-74 <LD <LD

sd: no se encontraron datos en la bibliografia; DAC: digestion anaerobia convencional, DAA: digestién anaerobia avanzada
Referencias: (Ak et al., 2013; Carballa et al., 2006; Marta Carballa et al., 2007; Chawla et al., 2014; Hamid and Eskicioglu, 2013; Holbrook et al., 2002;
Malmborg and Magnér, 2015; Ogunyoku and Young, 2014; Papa et al., 2015; Reyes-Contreras et al., 2018; Samaras et al., 2014; US EPA, 2012)

Tert-octilfenol 528 401 sd sd (-194)  (-266)

Bisfenol A

3. Efecto del pre-tratamiento en la digestion anaerobia sobre la fitotoxicidad directa e indirecta del
biosdlido

El tercer objetivo establecido en la tesis fue evaluar la fitotoxicidad directa e indirecta de los biosélidos

producto de un proceso de digestion DAC y DAA. La fitotoxicidad indirecta se discutié en el capitulo VI. Esta

se evalu6 mediante la extraccion de elutriado de las muestras de BS y del LS y posteriormente semillas de

Lactuca sativa, Raphanus sativus, y Triticum aestivum, fueron expuestas a concentraciones entre 0.5 a

100% de elutriado. Por otra parte, la fitotoxicidad directa fue discutida en el capitulo VII. En este caso

utilizando la matriz completa de los BS y del LS y suelo artificial como control.

Los bioensayos de fitotoxicidad son una herramienta rapida y simple para la evaluacién de los efectos
ecotoxicoldgicos de residuos que seran aplicados como remediadores de suelo (Gerber et al., 2017),

ademas el uso de plantas se relaciona con su rol ecolégico como productores primarios (Oleszczuk, 2008b;
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Wilke et al., 2008). También es importante considerar que la fitotoxicidad directa representa de manera mas
cercana las condiciones reales de aplicacion de BS y se evitan problemas de extraccion, pero los altos
contenidos de materia organica podria enmascarar el efecto de algunos compuestos, por ello la importancia
de considerar también la fitotoxicidad indirecta, particularmente el elutriado que corresponde a la fraccion

de compuestos mas biodisponibles (Alvarenga et al. 2016; Kapanen et al. 2013; Ramirez et al. 2008b).

Respecto a las plantas seleccionadas, estas han sido ampliamente utilizadas como indicadores de
fitotoxicidad (Fuentes et al., 2004; Kinney et al., 2012; Oleszczuk, 2010; Oleszczuk et al., 2011; W. A.
Ramirez et al., 2008) y son parte de las plantas recomendadas en diversas metodologias (OECD/OCDE,
2006). En la Tabla 4 se muestran algunos de los requerimientos nutricionales de las tres plantas utilizadas
en los bioensayos. Las tres plantas poseen requerimientos nutricionales en tasas similares, las principales
diferencias estan en las temperaturas optimas de germinacion y en el pH éptimo; dénde L. sativa muestra
una sensibilidad mayor en estos parametros. Ademas, se reporta que L. sativa y R. sativus son poco
tolerables a la salinidad, donde conductividades eléctricas mayores a 1.3 dS/m generan pérdidas en la

productividad de dichos cultivos (Medina Jiménez, 2010).

Tabla 4. Principales requerimientos nutricionales de las Lactuca sativa, Raphanus sativus, y Triticum

aestivum
Parametro Lactuca sativa Raphanus sativus  Triticum aestivum
Temperatura dptima de germinacion (°C)  15-18 20-25 20-25
pH dptimo de germinacion 6.0-6.8 5.5-6.8 5.8-6.2
Nitrégeno (kg/ha) 80-190 80-100 70-200
Fésforo (kg/ha) 50-150 30-40 13-35
Potasio (kg/ha) 80-275 90-113 48-65

Fuente: Campillo (2015); Kehr et al. (2014); Medina Jiménez (2010)
En la Figura 4 se presenta la inhibicion de germinacién y de crecimiento resultado de los bioensayos de
fitotoxicidad directa e indirecta. Tanto en los bioensayos con fitotoxicidad directa como indirecta, la mayoria

de las plantas expuestas a LS mostraron inhibicién en su desarrollo.

El elutriado de los BS tiene un efecto positivo en la germinacion y el crecimiento de la raiz de R. sativus y
de T. aestivum, con aumentos en la germinacién entre 15% y 30%, y aumentos en el crecimiento de la raiz
entre 38% y 54%. Mientras que para L. sativa todos los elutriados causaron un efecto inhibitorio con en la
germinacion y crecimiento de la raiz, con inhibiciones de hasta un 58%. En el caso de la fitotoxicidad directa,

aplicaciones de BS sobre el 10% produjeron inhibiciones de germinacion para R. sativus, T. aestivumy L.

155



sativa, entre 53-87%, 47-100%, y 55-100%, respectivamente. Por otra parte, dosis de aplicacién menores al
10% presentan efectos fluctuantes en la germinacion con inhibiciones variando entre 3 a 47%, (-38) a (-28)%
y 0 a 40%, para R. sativus, T. aestivum y L. sativa, respectivamente. En la seccion 4 de la discusion se
profundiza sobre la relacién de las caracteristicas fisicoquimicas de los BS y los valores de fitotoxicidad

obtenidos.

L. sativa es la plantan con mayor sensibilidad en el elutriado, tanto en la inhibicion de germinaciéon como del
crecimiento de la raiz. La sensibilidad de esta planta ha sido reportada por diversas investigaciones
(Alvarenga et al., 2016; Banks and Schultz, 2005). Estos resultados concuerdan con lo reportado en la
literatura, de que las semillas de tubérculos, cereales y legumbres, tales como R. sativus y T. aestivum,
contienen mayores reservas de alimento que las semillas de plantas herbaceas, por lo que tienen a poseer

menor sensibilidad a la toxicidad (Tiquia et al., 1996).
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Figura 4. Comparacion del porcentaje de inhibicién de germinacion y crecimiento de la raiz de los biosolidos de acuerdo con su fitotoxicidad directa

o indirecta. Lodo sanitario: azul; biosélido de digestion anaerobia convencional: anaranjado; biosélido de digestién anaerobia avanzada: gris. Eje

de x corresponde a las concentraciones en porcentaje y el eje y al porcentaje de inhibicion.

157



En la Figura 5, se muestra una comparativa de los indices de germinacién (IG). El calculo de este
se describe y discute en los capitulos VI'y VII. EI |G combina la germinacion y el crecimiento de la
raiz, entregando una estimacion de la toxicidad mas completa, lo que la convierte en un parametro
de toxicidad mas practico. Considerando la clasificacion toxicologica dada por Roig et al. (2012), el
|G se puede clasificar de la siguiente manera: efecto benéfico IG = 100, sin presencia de sustancias
fitotoxicas 100 > IG = 80, toxicidad moderada 80 > |G = 50 y alta toxicidad IG < 50.

La fitotoxicidad indirecta de los BS indica la no presencia de sustancias fitotdxicas para R. sativus,
efectos benéficos para T. aestivum. En particular, para los BS de DAA mostro efectos benéficos en
el desarrollo de las plantas evaluadas. Para el caso de la fitotoxicidad directa, dosis de aplicacion
de BS mayores a 10% muestran efectos negativos en el desarrollo de las plantas testeadas. Sin
embargo, dosis de aplicacion menores o iguales al 10% indican un efecto favorable en las plantas,
donde ambos BS produjeron efectos similares. Estos resultados concuerdan con los reportados en
la literatura'y como se discute en los capitulos VI y VI, esto se relaciona con el grado de estabilidad
de la materia orgénica de los BS, asi como a la degradacién parcial de algunos contaminantes y a
la modificacion de la biodisponibilidad de estos. La aplicacion del pre-tratamiento secuencial
aumenta la solubilizacion de los LS, promueve una mayor estabilizacién de los lodos durante la
digestién anaerobia, lo que contribuye a una menor fitotoxicidad. En la seccién 4 de la discusion se

profundiza sobre la relacién de las caracteristicas fisicoquimicas de los BS y la fitotoxicidad.

La tasa de aplicacion de BS para usos agricolas suele variar entre 5-90 ton/ha, que dependiendo
de la densidad del suelo y la profundidad de aplicacion corresponderia aproximadamente a tasas
de aplicacion de 2-35 g/kg. Valores mucho menores a los arrojados en esta investigacion para la
ECso de la germinacion, crecimiento de raiz y crecimiento del brote, cuando se aplican BS
provenientes de DAC y DAA (164-230 g/kg, 102-207 g/kg y 91-222 g/kg, respectivamente). En la
literatura se reportan valores de ECso para la germinacion (21-82 g/kg) y para el crecimiento del
brote (23-80 g/kg) mas tdxicos que los obtenidos en esta investigacion (Ramirez et al., 2008). Lo
que indica que a tasas de aplicacién para usos agricolas la aplicacién de los BS de DAC y DAA
estudiados producen efectos benéficos en el desarrollo temprano de las plantas evaluadas o bien

los BS se logran categorizar como sin presencia de sustancias fitotdxicas.
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Figura 5. Comparacion del indice de Germinacion de los bioslidos de acuerdo con su fitotoxicidad
directa o indirecta. Lodo sanitario: azul; biosélidos de digestion anaerobia convencional:
anaranjado; biosolido de digestion anaerobia avanzada: gris. Los vértices corresponden a las

concentraciones utilizadas en porcentaje.
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4. Relacion de parametros operacionales, caracteristicas fisicoquimicas y la fitotoxicidad

de los biosélidos

Integrando los resultados y discusion de las secciones anteriores como lo presentado en los
capitulos del IV al VIIl'y para para poder responder de mejor forma al objetivo general de este
trabajo se presenta en la siguiente seccion donde se expone la relaciéon de las condiciones

operacionales, de las caracteristicas fisicoquimicas y de los ensayos de fitotoxicidad.

La aplicacion de un pre-tratamiento durante de la estabilizaciéon de LS con digestién anaerobia
permite mejoras en el desemperio del reactor, aumentando la generacion de biogas y la reduccion
de sdlidos (Neumann et al., 2016). Particularmente, el pre-tratamiento secuencial aplicado en esta
investigacion permitié aumentos de 30% en la generacién de metano y reducciones de sélidos de
hasta un 33%. También, la aplicacion del pre-tratamiento permitié una reduccion de entre 19-73%
en la concentracién de microcontaminantes en el BS de DAA en comparacion con el BS de DAC.
Sin embargo, al comparar la concentracion de microcontaminantes de los BS con el LS parental se
evidencié un aumento entre 31-360% para DAC y entre 8-274% DAA lo que corresponde a

concentraciones entre 0.29-59.41 ug/g y 0.12-4.99 pglg, respectivamente.

Respecto a la fitotoxicidad, esta es resultado de la combinacién de varios factores como la
exposicion a metales pesados, compuestos nitrogenados, acidos grasos de bajo peso molecular y
microcontaminantes (Mafias and De las Heras, 2018). No obstante, las investigaciones que
relaciones la fitotoxicidad con la presencia de microcontaminantes es escasa. Entre ellas, las
investigaciones de Pefia et al. (2014) y Richter et al. (2016) concuerdan que la aplicacion de BS en
suelo reduce la fitotoxicidad de microcontaminantes como el ketoconazol, BBDA (cloruro de
benzododecinio) y triclosan. Esta reduccién en la fitotoxicidad debido a la aplicacién de BS puede
estar relacionada con el secuestro de los microcontaminantes, lo que reduciria su biodisponibilidad
(Richter et al., 2016; Wu et al., 2009).

Como comparacién de las concentraciones de microcontaminantes utilizadas por Pefia et al. (2014)
y Richter et al. (2016) para ketoconazole y triclosan fueron de 62.5-1000.0 ug/g y 7.6-46.6 ug/g,
respectivamente. Mientras las concentraciones reportadas en este estudio para ambos BS fueron

menores, variando entre 0.12-59.41 ug/g para los 10 compuestos cuantificados, y concentraciones
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entre 2.47-9.28 ug/g para el triclosan. Por tanto, considerando las concentraciones menores a las
reportadas en la literatura y al posible efecto de secuestro de los microcontaminantes en la materia

organica estabilizada, la fitotoxicidad debida a estos podria considerarse despreciable.

Respecto al contenido de metales, estos se encuentran por debajo de los limites establecidos en
la normativa chilena, el DS 04, para disposicién de lodos sanitarios (MINSEGPRES, 2009)
(Capitulo I, Tabla 7). En la literatura se reportan concentraciones de metales mucho mayores a las
encontradas en los BS estudiados (Tabla 1) y la fitotoxicidad ha sido atribuida a la presencia de
compuestos nitrogenados y no a la de metales (Fuentes et al., 2004; Wollan et al., 1978). Ademas,
dada la baja extractabilidad, es decir, poca disponibilidad de los metales en los BS, reportada por
Fuentes et al. (2006) y considerando que para que el metal produzca un efecto fitotdxico este debe
estar disponible para moverse del suelo a la raiz, es probable que la fitotoxicidad directa e indirecta

evidenciada en esta investigacion no sea respuesta directa al contenido de metales en los BS.

En el proceso de digestion anaerobia debido a la ausencia de un aceptor adecuado de electrones
(oxigeno) impide la oxidacion del nitrdgeno, por ello las principales formas nitrogenadas
encontradas en los digestatos, los BS en esta investigacion, son: el nitrdgeno organico y el
nitrbgeno amoniacal (Yang et al., 2018). La aplicacién de un pre-tratamiento aumenta la
solubilizacion de la materia organica, incluyendo los compuestos nitrogenados, esto se refleja en
un aumento en la concentracion de N-NH4* un 29% mayor en los BS de DAA en comparacién a
los de DAC.

Ramirez et al. (2008) realizaron bioensayos con Lolium perenne L., Brassica rapa L.y Trifolium
pratense L utilizando 3 extractos (agua, metanol y diclorometano con concentraciones entre 0-1500
g/L) de LS bajo tres condiciones de estabilizacion (DAC, DAC + compostado con chips de madera
y DAC + secado térmico). El IG se correlaciond positivamente con el grado de estabilidad de la
materia organica del BS y una correlacion negativa con el contenido de nitrégeno total y amonio.
Los IG para los biosélidos de DAC, DAC + compostado con chips de madera y DAC + secado
térmico fueron de 2.9-45.8; 40.9-86.2 y 24.6-64.4 respectivamente. Ademas, los mayores efectos
fitotoxicos se evidenciaron en los extractos con agua y los menores para los extractos con
diclorometano, es decir, los mayores efectos se debieron principalmente a los compuestos

hidrofilicos o sustancias de mediana polaridad.
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Considerando lo discutido anteriormente se tiene que dosis de aplicacion de BS entre 5-100 g/kg
mostré efectos benéficos (IG = 100) o la no presencia de sustancias fitotoxicas (100 > IG = 80). El
contenido de N-NH4* seria de 87-1750 mg/kg para BS de DAC y entre 113-2260 mg/kg para los
provenientes de DAA, similar a lo reportado por Tiquia (2010) donde concentraciones de N-NH4*

bajo de los 2000 mg/kg se asociaron a |G sobre 80.

Dosis de aplicacién de BS de 100 g/kg equivalen aproximadamente a 26 ton/ha, en la Tabla 5. Se
presentan los aportes de nutrientes asociados esta tasa de aplicacion y a una tasa de 90 ton/ha
que es el maximo regulado. Durante el primer afio de aplicacién de BS se estima que el 35% del
nitrégeno total, 40% del fosforo total y 100% del potasio se encuentra disponible para que sea

tomado por las plantas (Arduini et al., 2018; Sullivan et al., 2015).

Tabla 5. Aporte de nutrientes debido a la aplicacion de biosélidos procedentes de digestion

anaerobia convencional y avanzada.

L Nutrientes Nutrientes disponibles en el primer afio de
Tasa de aplicacion de BS Co
BS (ton/ha) aplicacion (kg/ha)
(ton/ha)

N B K N P K

DAC 26 11 03 0.03 385 120 30
90 38 12 041 1330 480 100

DAA 26 11 06 0.04 385 240 40
90 38 21 02 1330 840 200

BS: biosolido; DAC: digestion anaerobia convencional; DAA: digestion anaerobia avanzada; N: nitrégeno; P: fésforo; K: potasio

5. Implicaciones de la aplicacion de biosdlidos provenientes de digestion anaerobia

convencional y avanzada

5.1 Composicion de los biosdlidos y su repercusion en la aplicacién en suelo

La aplicacion de biosélidos en suelos es una alternativa para el reciclaje de materia organica, macro
y micronutrientes, y al mismo tiempo reducir el uso de fertilizantes artificiales (Hosseini Koupaie
and Eskicioglu, 2015). Alrededor de un 20% de la materia organica del biosélido corresponde a
acidos fulvicos y humicos (Yuning Yang et al., 2014). La materia humica influye en las propiedades
fisicas, quimicas y biolégicas del suelo como la porosidad y estructura (rompimiento de arcillas y

aumento de la resistencia a la erosion), la infiltracion de agua, la humedad y la actividad biolégica
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de los organismos del suelo, asi como la dinamica de nutrientes, el crecimiento y nutricion de las
plantas (Antilén et al., 2014; Nardi et al., 2009; Pefia-Méndez et al., 2005; Pinton et al., 2009).

Pocos estudios han considerado el efecto de la DAA en las sustancias humicas de los BS. Zhen et
al. (2014) evaluaron la humificacion de los BS después de DAA con un pre-tratamiento electro-
alcalino, encontrando que los indices de humificacion correspondian a materia humica madura.
Yuning Yang et al. (2014) encontraron que DAA con un pre-tratamiento térmico reducia el tamafio

promedio de la materia humica, pero aumentaba la madures de los &cidos humicos y fulvicos.

La cantidad de nutrientes en los BS los ha hecho atractivos para uso agricola o recuperacion de
suelos, de modo que esta practica estd aumentando alrededor del mundo (Li et al., 2015; Rastetter
and Gerhardt, 2015; Symsaris et al., 2015; Verlicchi and Zambello, 2015; Zhang et al., 2015). En
Canada aproximadamente 388 700 toneladas BS son producidas anualmente y cerca del 43% son
aplicadas en suelos, en Israel cerca de la mitad del BS producido en Shafdan (la PTAS méas grande)
es utilizado en la agricultura, en Estados Unidos més del 50% de BS es aplicado en terrenos y en
Europa cerca del 53% de BS son reusados en la agricultura (EPA, 2016; Hamid and Eskicioglu,
2013; Shargil et al., 2015; Stasinakis, 2012; Verlicchi and Zambello, 2015). En Chile el 39% de los
BS generados son aplicados en el suelo; en la Regidn del Biobio un 73% de los BS generados en
la Regién (equivalente a un 8.72% de los generados en el pais) son aplicados en el suelo,

principalmente en predios forestales (SISS, 2018).

Al utilizar la digestion anaerobia para estabilizar los LS algunos paises han utilizado el biogas
generado como fuente de energia. Por ejemplo, en Brasil la DA de lodos sanitarios aporta un 7%
al total de biogés producido en el pais, en Dinamarca 21%, en Finlandia 22%, en Francia 8%, en
Alemania 7%, en Noruega 33%, en Corea del Sur 38%, en Suecia 40%, en Suiza 49%, en Holanda
20% Yy en el Reino Unido 11% (Bachmann et al., 2015). En Chile solamente las PTAS de La Farfana,
Talagante, Gran Concepcion, Temuco, Osorno y El Trebal estabilizan sus lodos sanitarios mediante
DA, estas generaron 65.8 millones de metros cubicos de biogas, el 75.4% de este se aprovechd,

ya sea en las mismas plantas o en las ciudades correspondientes (SISS, 2018).

Pese a lo anterior, la carga de nutrientes también puede ser fuente de contaminacion, por ejemplo,

la aplicacién de biosélidos podria promover la existencia de nitrificadores en el suelo, aumentando
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la tasa de transformacidn de amonio a nitrato y se podria dar la lixiviacion de nitratos contaminando
cuerpos de agua (Gallardo et al., 2016). También la cantidad de amonio podria tener un efecto
negativo en las plantas debido a una inhibicion en la germinacion de las semillas (Fuentes et al.,
2006). Tal como se ha mostrado en esta investigacion, donde los resultados apuntan a que la

fitotoxicidad directa e indirecta esta asociada a las concentraciones de nitrégeno amoniacal.

Algunos metales son macronutrientes (K, Mg, Ca), otros micronutrientes (Mn, Fe, Co, Cu, Mo, Ni,
Zn, Cr) esenciales para el crecimiento de los organismos (Thanh et al., 2016). El exceso de estos
o la presencia de metales tdxicos (Cd, Pb, Hg) pueden producir enfermedades cronicas o aguadas
(Clarke et al., 2016; Gola et al., 2016; Thanh et al., 2016). Entre los factores que hacen que los
metales sean toxicos esta la interferencia que los metales no esenciales producen en el organismo:
sustitucion de los metales esenciales en sitios activos de las enzimas, interferencia con las vias de
sefializacion intracelular y el metabolismo del Ca, estrés oxidativo (produccién excesiva de
radicales libres) o interferencia con la transcripcion, traduccién y reparacion del ADN (Clarke et al.,
2016). Entre los problemas de salud (humana) relacionados con contaminacién con metales estan:
dafio hepatico (Cd, Cu, Cr, Zn), dafio pulmonar (Cd, Cu, Ni), dafio a la piel (Cr, Cu, Ni), dafio
gastrico (Cu, Cr, Zn), dafio a los rifiones (Cd, Cu, Cr, Cu, Ni), dafio neuroldgico (Pb), carcinomas
(Cd, Cr, Cu, Ni), entre otros (Clarke et al., 2016; Gola et al., 2016).

Los contenidos de metales entre BS producidos por medio de DAC o DAA y los LS parentales
tienen a permanecer en el mismo rango, tal como se discutié en el Capitulo IV y en la seccién 1 de
este Capitulo. Donde la estabilizaciéon de los BS influye en la extractabilidad de los metales,
haciéndolos menos biodisponibles y por ende generando menores toxicidades asociadas a la
concentracion de metales. Al considerar contaminacién por escorrentia, Clarke et al. (2016)
evaluaron cuantitativamente el riesgo por metales en aguas superficiales después de la aplicacion
de BS (estabilizados con DAC, cal o secado térmico) en praderas, concluyendo que la
concentracion de metales en los BS no representaba un riesgo para la salud humana considerando
la ingesta via agua superficial (potabilizada). De manera semejante, Hosseini Koupaie & Eskicioglu
(2015) realizaron un analisis probabilistico de riesgo para la salud debido al contenido de Cd (0.80
mg/kg), Cu (524.70 mg/kg) y Zn (332.02 mg/kg) en BS aplicados como fertilizante (5-100 ton/ha),
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cuyos resultados indican que no existe un riesgo potencial en la salud humana debido a la

aplicacion a largo plazo de estos BS como fertilizante.

La presencia de agentes patdgenos es otra de las consideraciones para la aplicacion de BS en el
suelo. Si bien la concentracion de estos es menor en los BS, es importante considerar medidas
para evitar el recrecimiento de las poblaciones y para prevenir el contacto con personas y animales.
Entre la generacion de BS y su aplicacion en suelo existe un lapso que puede favorecer el
recrecimiento de los patdgenos. Por ejemplo, BS provenientes de la centrifugacion de lodo digerido
anaerobicamente reporté un aumento de 2-4 log de coliformes fecales y E.coli cuando fueron
almacenadas en condiciones de 25-37°C por 24h (Navab-Daneshmand et al., 2014). Otro aspecto
importante, es la sobrevivencia de los patdgenos en el suelo o plantas con las que tengan contacto
los BS durante su aplicacién en suelo. En el suelo las bacterias, virus, quistes de protozoarios y
ovas helminticas tienen un tiempo de sobrevivencia aproximado de 2 meses, 3 meses, 2 dias y 2
afios respectivamente; mientras que en plantas de 1 mes, 1 mes, 2 dias y 1 mes respectivamente
(EPA, 2003).

En el caso de la presencia de microcontaminantes surge la preocupacion de la translocacion de
contaminantes de BS a plantas y posteriormente de plantas a humanos (Malchi et al., 2015; Shargil
etal., 2015). En esta situacion, la presencia de microcontaminantes en el suelo una vez aplicados
los BS dependera de condiciones fisico-quimicas, tanto del suelo como del BS, factores climaticos
(temperatura, humedad, radiacién solar) y la manera y razén de aplicacién de los BS (Al-Rajab et
al., 2015; Verlicchi and Zambello, 2015; Wang and Wang, 2015). Entre compuestos reportados en
suelos remediados con BS estan tetrabromobisfenol A, estradiol, tetraciclina, triclosén,
triclorocarban, ciprofloxacin y ofloxacin (McAvoy et al., 2015; Verlicchi and Zambello, 2015). Sin
embargo, compuestos como bisfenol A, nonilfenoles, triclosan vy triclorocarban pueden ser
degradados en condiciones aerobias una vez aplicados los BS (Petrovi¢ and Barcelo, 2004;
Verlicchi and Zambello, 2015; Zhang et al., 2015). Por ejemplo, el tiempo de degradacién media
del triclosan pasé de 80 dias en el BS a 17 dias cuando fue aplicado en suelo, el triclorocarban

paso de 157 a 80 dias y el naproxeno pasé de 10 a 3 dias (Al-Rajab et al., 2015).

Respecto a la translocacién de microcontaminantes, Zhang et al. (2015) reporta concentraciones

bisfenol A entre 3.12-75.5 ug/kg en hojas y entre 1.28-31.0 ug/kg en la raiz de vegetales y entre
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0.62-15.0 pg/kg en cereales. Shargil et al. (2015) reporta en hojas de lechuga concentraciones de
estronay testosterona entre 0.7-6.7 y 31-73 ug/kg respectivamente. El riesgo para la salud humana
de la presencia de estos compuestos en plantas de interés agrondmico esta siendo estudiado en
detalle y algunos autores ya sugieren que la ingesta de verduras regadas con aguas residuales o

abonadas con BS tiene que ser controlada (Malchi et al., 2014; Paltiel et al., 2016).

5.2 Costos econémicos de la aplicacion de biosélidos en suelo

El analisis costo/beneficio de la aplicacion de BS no formd parte de los objetivos de esta
investigacion. Sin embargo, en esta seccion se presentan algunas aristas sobre dicho topico. Los
costos econdmicos relacionados con la aplicacion benéfica de BS varian de pais en pais, dependen
de la tecnologia de estabilizacion utilizada y de las condiciones en que se vayan a disponer los BS
(solidos 0 semi-sdlidos), asi como las distancias entre los predios de disposicién y la planta de
tratamiento. Sin embargo, el Reporte Econémico de la Comisién Europea sobre lodos/biosélidos
indica que la aplicacion en suelo (uso agricola, forestal, silvicola o restauracién de suelo) es la
menos costosa, mientras que la disposicion en relleno sanitario o la incineracion implican costos

economicos mayores.

Pese a que los beneficios de los BS son conocidos y su aplicacién ha sido amplia a nivel mundial,
cifras concretas sobre los beneficios econdmicos son escasas y al menos a nivel nacional de dificil
acceso. En Ontario, Canadé; mas del 80% de los municipios aplican sus BS en el suelo con
beneficios econdmicos estimados en US$250/ha debido al aporte de nutrientes como nitrégeno y
fosforo, que anualmente representa ahorros para el programa de BS de Ontario de
aproximadamente US$5 millones (WEAO, 2009). Sullivan et al. (2015), estimaron el valor
economico del aporte de nutrientes durante el primer afio de aplicacion de BS procedentes de DAC,
considerando el precio promedio de fertilizantes inorganicos, el cual correspondié a $48.55 por
tonelada de BS y este valor no incluye los beneficios potenciales a la calidad del suelo, los cuales
son dificiles de cuantificar econémicamente y dependen de cada locacion donde los BS vayan a

ser aplicados.
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CAPITULO IX

CONCLUSIONES Y RECOMENDACIONES
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1.

Conclusiones

El desempefio de la DAA, respecto de la produccion de metano fue un 30.24% mayor que en el
reactor con DAC. Debido a esto, las caracteristicas fisicoquimicas de fosforo, potasio, nitrogeno
y amonio en los BS de DAA fueron un 85%, 40%, 5% y 29% mayores que en los BS de DAC,
respectivamente. Ademas, la DAC alcanz6 eliminaciones de 25.6%, 34.8% y 42.3% de DQO,
STy SV, respectivamente. Mientras que la DAA logré eliminaciones de 28.9%, 33.1% y 44.1%,
para los mismos parametros. La DAC logré reducciones logaritmicas para coliformes fecales,
coliformes totales y colifagos somaticos de 2.03, 1.78 y 0.37; respectivamente. Mientras, que la
DAA logr6 remociones de 2.15, 2.05 y 1.16 para los mismos parametros.

Respecto al efecto de la digestion anaerobia en la concentracién de microcontaminantes, ambas
configuraciones resultaron en la acumulacion de 8 de los 10 microcontaminantes determinados.
Siendo el triclosan el unico compuesto que fue eliminado durante la DAC y la DAA. Sin embargo,
la DAA resultd en la disminucién de 7 de los 9 compuestos detectados respecto a la DAC.

La fitotoxicidad indirecta, las muestras de LS causaron efectos fitotoxicos que variaron desde
moderado (80 > GI > 50) hasta altamente fitotdxico (50 = Gl). Mientras que los elutriados de BS
de DAC causaron efectos positivos en el desarrollo de las plantas de R. sativus y T. aestivum,
pero para L. sativa se observéd una alta toxicidad. En el caso de los elutriados de DAA, estos
mostraron un efecto benéfico o la no presencia de sustancias fitotoxicas para las tres plantas
testeadas. Respecto a |a fitotoxicidad directa, la aplicacion de LS generd efectos fitotdxicos con
porcentajes de inhibicién en la germinacion sobre el 50% desde dosis de aplicacion de 250 g/kg.
Por otra parte, la aplicacién de BS entre 5-100 g/kg mostré efectos benéficos o la no presencia
de sustancias fitotoxicas. Los BS de DAC fueron ligeramente mas benéficos que los BS de DAA,

con aumentos entre 4-20% en el IG de DAC en comparacion a DAA.

Con base en los resultados obtenidos, se rechaza la hipétesis planteada de que la digestién

anaerobia avanzada causaba un cambio significativo en las caracteristicas fisicoquimicas,

microbiolégicas y fitotoxicologicas del biosélido en comparacion al biosélido de digestion anaerobia

convencional. Aunque la aplicacion del pre-tratamiento secuencial de ultrasonido seguido de un

tratamiento térmico a baja temperatura (55°C) mejor6 la conversion de la materia, incrementé la

produccion de metano, aumento el contenido de nutrientes en el biosolido, aumenté la remocidn

168



de organismos patogenos y de microcontaminantes. Los resultados de fitotoxicidad directa e
indirecta de los biosolidos procedentes de digestion anaerobia y avanzada, no mostraron

diferencias significativas.
2. Recomendaciones finales

Considerando el efecto positivo del pre-tratamiento secuencial evaluado en este estudio sobre la
remocion de solidos y en las mejoras en el desempefio de la digestion anaerobia, se recomienda
evaluar un escalamiento del sistema a escala piloto. Ademas de operar los sistemas durante
periodos mayores, que consideren los cambios temporales en las caracteristicas de las aguas
servidas por ende en el lodo sanitario parental, lo anterior debido a los cambios estacionales y los
cambios en el patrén de uso y de consumo de la poblacion. De igual manera, se recomienda una

evaluacion economica de la tecnologia.

Por otra parte, se recomienda evaluar el efecto de la estacionalidad en las caracteristicas de los
biosdlidos en particular en la concentracién de microcontaminantes. De igual manera se

recomienda evaluar el efecto de la aplicacién de biosolidos en el mediano y largo plazo en el suelo.

También, se recomienda evaluar la ecotoxicidad de los biosélidos generados considerando otros
bioensayos y niveles sistémicos. Tales como bioensayos con organismos acuaticos o bien con
técnicas de metagenomica que permitan evaluar la presencia de genes de resistencia a
antibioticos, por ejemplo, o la aplicacion de bioensayos sin dejar de lado que ciertos ensayos de
genotoxicidad o el uso de ciertos bioreceptores con levaduras pierden sensibilidad con matrices

como los biosolidos.
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ABSTRACT ARTICLE HISTORY
Organic micropollutants (OMP) in the household and industrial wastewater are not efficiently  Received 23 July 2018
removed by conventional treatment processes and a significant fraction ends in sludge. Proper  Accepted 5 October 2018
valorization technologies become fundamental to attain sustainable sewage sludge

management, with anaerobic digestion (AD) as one of the preferred strategies. However, it :::wof‘b? .

L o y . erohic digestion; sewage
exhibits some limitations that can be overcome with pre-treatment processes. In this study, the <ludge; ultraound: thermal
influence of different pre-treatment configurations over OMP concentration and removal during treatment; organic
AD was assessed. The incorporation of a sequential US - TT-PT resulted in decreased mikcropollutants
concentrations of 7 of the 9 detected compounds in biosolids compared to conventional AD
digestate, with bisphenol-A and ter-octylphenal showing the opposite effect. The results suggest
that the assessed PT could improve the removal of sequestered or highly hydrophobic
compounds through their solubilization and increased bicavailability.
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1. Introduction 12-40% for dehydrated sludge), organic matter (55-
85% of volatile solids in dry basis), pathogens (10%
faecal coliforms/100 mL, 2500-70,000 wirus/100 mL,
200-1000 Helminth/100 mL) and nutrients (>8 mgP/kg,
>30 mgh/kg, >3 mgk/kg) [5,6]. Therefore, proper treat-
ment and disposal alternatives are necessary in order
to avoid impacts such as pathogen spread, toxicological
effects or uncontrolled input of nutrients to natural eco-
systems. In this scenario, management of sludge can rise
up to 50% of the total operational costs of current-tech-
nology depuration plants [7].

One of the preferred strategies is the use of anaerobic
digestion (AD) followed by land application, which allows
biogas production and nutrient re-cycling by means of
digestate use as organic fertilizer. However, 55 conver-
sion during AD is limited by the low hydrolysis rate of
solids and complex organic compounds, which in turn

Sewage treatment represents a fundamental mainstay
for public health protection. Through successive phys-
ical, chemical and biological processes, efficient
removal of solids, erganic matter, nutrients and patho-
gens can be achieved. However, removal of organic
micropollutants (OMP) that enter in the sewage system
from household and industrial wastewaters is not
always efficient, being influenced by the physicochem-
ical characteristics of the pollutant and the treatment
technology used [1]. Furthermore, in most conventional
treatment processes the fate of a significant fraction of
the different OMP is the sludge generated during the
depuration process [2-4].

Sewage sludge (55) generated during activated
sludge processes is characterized by high concentrations
of solids (2-12% total solids for liquid sludge and
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Abstract The aim of this study is to evaluate the influ-
ence of anaerobic digestion with pretreatment on the
phytotoxicity of sewage sludge. The phytotoxicity was
evaluated on sewage sludge (SS) and biosolids that
came from conventional anaerobic digestion (CAD)
and anaerobic digestion with a pretreatment by sequen-
tial ultrasound and low-thermal hydrolysis, called ad-
vance anaerobic digestion (AAD). To compare the phy-
totoxicity, eight elutriate concentrations (0.5-100% v/v)
from SS, CAD, and AAD were studied on three testing
plants: Lactuca sativa, Raphanus sativus, and Triticum
aestivum. The percentages of seed germination inhibi-
tion, root elongation, and germination index (GI) were
evaluated. GI is an phytotoxicity indicator that com-
bines seed germination and root growth, therefore
reflecting a more complete estimation of toxicity. Phy-
totoxicity assays showed that SS, CAD, and AAD elu-
triates have a beneficial effect on R. safivus. Similar
results were observed for 7. aestivum for CAD and
AAD, with GI values up to 80% in both biosolids. Only
for SS, moderate toxicity was observed in I. aestivum.
Moreover, L. sativa showed GI values below 50% for
SS and CAD, which reflected high toxicity. Only for
AAD, no presence of phytotoxic substances was ob-
served in L. sativa. This study concluded that biosolids
from AAD improved the plants” development with a GI
above 78% with respect to biosolids from SS and CAD
and reduced the phytotoxicity of sewage biosolid.

M. Venegas - A. M. Leiva - G. Vidal (P<)
Environmental Engineering & Biotechnology Group,
Environmental Science Faculty & EULA-CHILE Center,

Keywords Phytotoxicity - Biosolid - Anaerobic
digestion - Pretreatment - Sewage sludge

1 Introduction

In recent decades, sewage sludge (SS) generation has
increased due to the aerated technology (i.e., activated
sludge) used in sewage treatment (Stiborova et al.
2017). The accumulation of non-stabilized SS generates
environmental problems for populations and ecosys-
tems (Alvarenga et al. 2016). Conventional anaerobic
digestion (CAD) generates a stabilized SS (called bio-
solid) that can be used as a soil amendment with bene-
ficial effects (Fuentes et al. 2004). In terms of methane
production, CAD can be improved by using a pretreat-
ment (Neumann et al. 2016). Thus, advanced anaerobic
digestion (AAD) consisting of a sequential ultrasound
and low-thermal hydrolysis (55-90 °C) has been pro-
posed as an economically feasible pretreatment technol-
ogy (Carvajal et al. 2013; Dhar et al. 2012; Neumann
et al. 2017).

The potential risks of biosolids being used as a soil
amendment are studied by ecotoxicological assessment
(Walter et al. 2006). Specifically, the phytotoxicity assay
is a quick tool to evaluate the ecotoxicity of biosolids
due to its simplicity and sensitivity (Gerber et al. 2017).
A common phytotoxicity indicator is the germination
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ARTICLE INFO ABSTRACT

Article history: The aim of this study was to evaluate the influence of different anaerobic digestion
Received 1 April 2019 processes on the phytotoxicity of biosolids (BS) for soil application. Three different plants
Received in revised form 1 July 2019 species, Lactuca sativa, Raphanus sativus, and Triticum aestivum, were subjected to seven
Accepted 1 August 2019 treatments consisting of different amounts of BS (5-1000 g/kg). In this case, the biosolid
Available online 4 August 2019 samples came from the stabilization of sewage sludge (SS) and were obtained by using
Keywords: conventional anaerobic digestion (CAD) or advanced anaerobic digestion (AAD), which
Ultrasound includes a sequential ultrasound pre-treatment and a low-temperature thermal process.
Thermal hydrolysis To evaluate the phytotoxicity, the germination inhibition percentages, root and sprout
Bioassay growth, germination index (GI), and ECsq were determined. The results showed that the
Soil amendments application of SS with a concentration of 250 g/kg inhibited the germination of L. sativa,
Sewage sludge R. sativus and T. aestivum, with percentages that varied between 50%-100%. This study

concludes that the application of 100 g/kg BS shows either beneficial effects (Gl >100)
or no presence of phytotoxicity (100 > GI > 80). These results were corroborated by
ECspaverages of 164 g/kg and 159 g/kg obtained at endpoints from plants treated with
BS after CAD and AAD, respectively.

©2019 Published by Elsevier B.V.

1. Introduction

Under the threat of climate change and the limited availability of natural resources, such as water and phosphorus,
a paradigmatic shift from “end-of-pipe-approach” to “resources-oriented-approach” is necessary. Moreover, under this
new perspective, the life cycle of materials has to be considered in the framework of a circular economy (Alvarenga et al.,
2017; Papa et al, 2017). In this context, wastewater treatment plants (WWTPs) should be designed with technologies
that allow for closing cycles and the recovery of resources (Papa et al., 2017).

Biosolids (BS) (stabilized sewage sludge (SS)) are resources generated by WWTPs that could be considered as raw
materials for soil amendment use in agriculture due to their physicochemical properties (Alvarenga et al., 2017). The
use of BS on soil offers economic and environmental benefits because they: (a) allow for the recycling of micro- and
macronutrients (nitrogen, phosphorus, and potassium); (b) enhance soil organic carbon storage; (c¢) promote the formation
of stable aggregates; (d) improve the water holding capacity and soil cationic exchange and aeration; and e) promote
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