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EVALUACIÓN DEL POTENCIAL COMO BIOCOMBUSTIBLES 

DE ESPECIES DESARROLLADAS EN SUELOS 

CONTAMINADOS 

 

1. Resumen 

La demanda mundial de producción de energía primaria aumenta cada vez más, con un 

crecimiento esperado del 1,4 % anual hasta el 2035 (Pimentel et al., 2017). También 

en el ámbito del transporte se espera que en 2030 el uso de la energía sea 

aproximadamente un 50 % superior al ocurrido en la década de los 90. Para hacer frente 

a la creciente demanda de producción de energía y, al mismo tiempo, abordar los 

problemas de protección del medio ambiente, la Unión Europea ha fijado dentro de la 

“Estrategia Europa 2020” el objetivo de aumentar la proporción de energías renovables 

al 20 %. Todo ello ha llevado a la necesidad de intervenir con medidas apropiadas para 

alcanzar objetivos económicos, sociales y medioambientales, como por ejemplo la 

reducción del consumo de combustible y electricidad, la contención de las emisiones a 

la atmósfera de gases de efecto invernadero (dióxido de carbono, metano, óxido nitroso 

y varios hidrocarburos), la mejora de la calidad ambiental en los centros urbanos, etc. 

La búsqueda de medidas efectivas para la mejora del medio ambiente se dirige hacia la 

sustitución progresiva de los combustibles fósiles tradicionales por los de origen 

biológico: materiales y residuos de origen agrícola y ganadero como residuos vegetales 

y estiércoles de animales, también subproductos de la industria agroalimentaria, y 

residuos urbanos.  

Mediante la fitoestabilización, el establecimiento de una cubierta vegetal autóctona y 

autosuficiente sobre suelos contaminados podría reducir el riesgo de una transferencia 
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incontrolada de contaminantes al medio ambiente, promoviendo la remediación de los 

suelos contaminados y al mismo tiempo, estos procesos pueden proporcionar biomasa 

vegetal útil para la producción de (bio)energía. Esto puede considerarse una opción 

adecuada y respetuosa con el medio ambiente para lograr la cuota de energía renovable 

deseada.  

El objetivo de esta Tesis fue proporcionar información relevante, actualizada y útil 

sobre el potencial de producción de bioenergía de las especies vegetales que se utilizan 

para la remediación de suelos mediante la fitoestabilización de suelos contaminados 

con elementos traza. Los objetivos parciales fueron:  

- Revisar las principales técnicas de producción de energía;  

- Determinar las características de las especies vegetales utilizadas para los diferentes 

bio-combustibles; 

- Identificar especies vegetales nativas con características compatibles con la 

producción de bioenergía que, al mismo tiempo, puedan tolerar altos niveles de 

metales pesados y metaloides en los suelos donde se cultivan;  

- Revisar el potencial de las especies vegetales que crecen espontáneamente en sitios 

contaminados para la remediación de suelos contaminados mediante fitoextracción y 

fitoestabilización;  

- Determinar el potencial de producción térmica y de biogás de biomasa vegetal a partir 

de suelos contaminados con elementos traza para definir su utilidad para la 

producción de bioenergía. 

El trabajo que se presenta en la presente memoria de Tesis Doctoral se divide en tres 

partes:  

1. Revisión de las características químicas y bioenergéticas de los biocarburantes, 

las principales técnicas y procesos para su producción, así como las 

características de las distintas materias primas; 

2. Recopilación de las técnicas naturales para la recuperación de suelos 

contaminados con elementos traza, centrada en la fitorremediación; 
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3. Evaluación de las características químicas y físicas de la biomasa de plantas 

autóctonas que crecen espontáneamente en suelos altamente contaminados por 

elementos traza debido a la actividad minera, centrado específicamente en la 

zona de Cartagena-La Unión, y su potencial uso para la producción de 

bioenergía (combustión y digestión anaerobia). 

Hasta la fecha, la mayor parte de las investigaciones se han centrado en la obtención 

de biocombustibles de primera generación, en particular: bioetanol (alcohol etílico), 

producido a partir de residuos y cultivos de alto contenido en azúcares, almidón y 

lignocelulosa; biodiesel, como un producto del procesamiento de los aceites vegetales 

obtenidos del cultivo de girasol, canola, soja y otros cultivos oleaginosos; biogás, 

combustible gaseoso mezcla de metano y CO2, obtenido de la fermentación de residuos 

orgánicos de origen animal y vegetal. Los biocombustibles de segunda generación 

derivan de la conversión de biomasa lignocelulósica a través de la gasificación y la 

conversión de la celulosa en azúcares. Las ventajas de estos biocombustibles estriban 

en la facilidad para disponer de las materias primas y las bajas emisiones de gases de 

efecto invernadero que causa la obtención de las mismas, claramente inferiores a las 

producidas por los biocombustibles de primera generación. De hecho las plantas 

herbáceas perennes como el Miscanthus, utilizadas para biocombustibles, pueden 

cultivarse en suelos pobres en nutrientes no aptos para cultivos agroalimentarios; este 

tipo de plantas tiene un bajo impacto ambiental debido a la mayor absorción de CO2 y 

menor uso de fertilizantes en el cultivo (emisiones GHG en g Ceq MJ-1): Maiz 2,08, 

Mischanthus 0,512; Rowe et al., 2009). 

Biocombustibles de primera generación 

El término “biocombustible” se refiere a un combustible en estado líquido o gaseoso 

obtenido a partir de biomasa (Demirbas, 2009). Tradicionalmente, el uso de 

biocombustibles se ha vinculado al sector del transporte, para vehículos de motor, en 

sustitución de combustibles fósiles. Sin embargo, recientemente se ha producido una 

rápida expansión en la producción y aplicación de biocombustibles para la generación 

de energía eléctrica y térmica, y en particular, para la cogeneración. Por lo tanto, el 

concepto actual de biocombustible ha superado el vínculo con el sector del transporte 

y se ha dado más énfasis a otras aplicaciones. Biocombustibles de primera generación 
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se producen con el uso de tecnologías convencionales, como extracción, fermentación 

o simples métodos físicos de prensado, a partir de azúcares, almidones, semillas 

oleaginosas o grasas animales (Tablas 1,2). Por ejemplo, biodiésel a partir de aceites 

vegetales puros; bioetanol producido a partir de cereales y materias primas azucaradas; 

bio-ETBE (etil terc-butil éter) producido a partir de bioetanol y biogás de sistemas de 

digestión anaeróbia (AD). Su producción y aplicación ya existe, siendo los principales 

márgenes de mejora la reducción de los costes de producción, la optimización del 

balance energético, el aumento de los rendimientos energéticos de los motores, y el 

aumento del porcentaje de uso en mezclas con combustibles fósiles. Sin embargo, la 

producción de biocombustibles de primera generación es limitada porque podría tener 

un efecto negativo sobre la biodisponibilidad y disponibilidad de alimentos, ya que las 

materias primas utilizadas también son recursos alimentarios. 

 

Tabla 1. Biocombustibles de primera generación. 

Biocombustibles Composición Proceso de obtención Materias primas Referencias 

Biodiesel Mezcla de 

ésteres 

metílicos  

Extracción de aceites de 

semillas oleaginosas, 

refino y conversión 

química 

(transesterificación)  

Cultivos de semillas 

oleaginosas: girasol, 

colza, soja y aceite de 

palma 

Naik et al. (2010) 

Rowe et al. (2009) 

Cencič et al. (2007) 

Van Gerper (2007) 

Bioetanol Alcohol etílico Fermentación de los 

azúcares presentes en la 

biomasa 

Sacaríferos: 

remolacha azucarera, 

caña de azúcar, sorgo 

azucarado. 

Almidón: maiz. 

Lignocelulosa: sorgo 

para biomasa. 

Naik et al.(2010) 

Rowe et al. (2009) 

Chiaramonti (2007) 

Bio-ETBE Etil-terc-

butil-éter 

Compuesto orgánico 

derivado de alcoholes de 

etilo e isobutilo 

bioetanol obtenido a 

partir de biomasa o 

de la parte 

biodegradable de los 

residuos 

Cencič et al. (2007) 

Wallace et al. (2009) 

Aceites vegetales  Extracción mecánica. Semillas oleaginosas Cencič et al. (2007) 
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Tabla 2. Características químicas de los biocombustibles de primera generación (Cencič 

et al., 2007). 

Características Biodiesel Aceites vegetales Bioetanol Bio-

ETBE Girasol  Colza  Soja  Palma 

Valor calorífico 

inferior (LHV) 

(MJ kg-1) 

37 39,6 37,4 36,8 36,5 27 36 

Contenido de 

oxígeno (% 

peso) 

11 10 10,4 10,3 11,5 35 16 

Índice de Yodo 108,7 110-143 94-120 117-143 35-61 9 - 

Número de 

Cetano 

56 37 32-37,6 36-39 38-42 - - 

Número de 

Octano 

- - - - - 113 102 

Punto de 

inflamación 

(°C) 

160 274 246 254 - 12 -19 

Punto de 

enturbiamiento 

(°C) 

-2 7,2 -3,9 -3,9 - -  

Punto de flujo 

(°C) 

-9 -15,0 -31,7 -12,2 - -  

Viscosidad (cSt) 5,1 (20°C) 37,1 (38 °C) 37 (38 °C) 28,5-32,6 

(a38 °C) 

8,3 (38 °C) 1,09 (38 °C)  

Estado Líquido Líquido Límpido Líquido Límpido Líquido Límpido 

Apariencia Límpido Líquido Límpido Líquido Límpido Líquido Límpido 
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Biocombustibles de segunda generación 

Los biocombustibles de segunda generación representan una mejora adicional ya que 

se obtienen de la biomasa lignocelulósica, e implican mayor grado de innovación que 

los procesos implicados en la generación de aquellos de primera generación. Se definen 

como de “segunda generación”, ya que muestran mejores características y rendimiento 

que los de los biocombustibles de primera generación y, al mismo tiempo, requieren 

soluciones tecnológicas y de procesamiento más complejas y mejoradas. 

Los biocombustibles de segunda generación (Tablas 3,4) se pueden obtener por 

procesos de conversión termoquímica de biomasa: pirólisis y gasificación. En ellos la 

biomasa sólida se somete a un aumento progresivo de la temperatura, en ausencia 

parcial o total de oxígeno, y se producen procesos termoquímicos importantes 

(oxidación, descarbonilación o descarboxilación), que originan combustibles sólidos 

(ej. biochar o biocarbón), líquidos (ej. bioaceite o biometanol) o gaseosos (ej. syngas, 

biogás o biometano), que son la base para el desarrollo de la producción de los 

biocombustibles de segunda generación. Los procesos a los que se somete la biomasa 

durante el calentamiento progresivo son los siguientes: secado (150 °C), tostado (entre 

150 °C y 270-280 °C), pirólisis (carbonización) (valores máximos de 550-600 °C), y 

gasificación (a temperaturas entre 600 °C y 1.500 °C).  

Dentro de los procesos bioquímicos para la obtención de biocombustibles se incluye la 

digestión anaerobia para la producción de biogás, que tras su purificación 

(deshidratación, desulfurización, eliminación de amoniaco, mercaptanos y material 

particulado) y mejora (eliminación de CO2) lleva a la producción de biometano, con 

características similates al gas natural. Otros procesos bioquímicos son la fermentación 

alcoholica y la transesterificación.  
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Tabla 3. Biocombustibles de segunda generación. 

Biocombustibles Composición Proceso de obtención Materias primas Referencias 

Syngas (o gas de 

síntesis) 

CO, H2, N2 y 

CO2 

Gasificación Biomasa Murphy et al. 

(2004) 

Biogás 

(biometano) 

Mezcla de CH4 

y CO2 

Digestión anaeróbica Estiércol, biomasa de cultivos 

energéticos, residuos de 

cultivos, residuos de matadero y 

de las industrias 

agroalimentarias, lodo EDAR y 

fracción orgánica de residuos 

sólidos urbanos 

Braun (2007) 

Naik et al. (2010) 

Biohidrógeno Hidrógeno Fotofermentación de 

ácidos orgánicos, 

productos intermedios 

de las vías metabólicas 

microbianas, mediante la 

radiación solar. 

Biomasa y/o la fracción 

biodegradable de los residuos 

Kotay and Das 

(2008) 

Bioaceite Aceite Pirólisis de la biomasa 

lignocelulósica 

Biomasa lignocelulósica Jahirul et al. 

(2012) 

Vivarelli and 

Tondi (2004) 

Biometanol Metanol Gasificación de la 

biomasa y la conversión 

catalítica de CO2 y H2,a 

temperatura 400 °C y 

presión 40-80 atm. 

Biomasa lignocelulósica Cencič et al. 

(2007) 

Wakker et al. 

(2005) 

Biodimetiléter 

(bio-DME)  

Dimetil éter Gasificación de biomasa 

lignocelulósica a 

biometanol y su 

posterior conversión a 

bio-DME 

Biomasa Cencič et al. 

(2007) 

Wakker et al. 

(2005) 

Bio-MTBE 

(metilterbutiléter)  

Metil-ter-butil-

éter 

A partir de biometanol, 

eleva el índice de octano 

de la gasolina, sin 

disminuir su densidad 

energética y aumentar su 

volatilidad. 

Biomasa lignocelulósica Busch et al. 

(2012) 
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Biobutanol Butanol Fermentación de 

azúcares por Clostridium 

acetobutylicum 

Sacaríferos: remolacha 

azucarera, caña de azúcar, sorgo 

azucarado 

Almidón: maiz 

Lignocelulosa: sorgo para 

biomasa 

Yusoff et al. 

(2015) 

FT-diésel 

(FT-líquidos o 

biocombustibles 

sintéticos)  

Hidrocarburos 

sintéticos 

Síntesis de Fischer-

Tropsch: gasificación de 

la biomasa 

lignocelulósica, 

purificación y 

acondicionamiento del 

gas de síntesis producido 

y conversión a 

biocombustibles líquidos 

Biomasa Naik et al. (2010) 

Cencič et al. 

(2007) 
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Tabla 4. Características químicas de los biocombustibles de segunda generación (Cencič et al., 2007; Murphy et al., 2004). 

Características Biogás Biohidrógeno Syngas Bioaceite Bio-

metanol 

Bio-DME Bio-MTBE Bio- 

butanol 

FT-

diesel Tipo de gasificador 

aire oxígeno vapor 

Valor calorífico inferior (LHV) 

(MJ kg-1) 

23,3 10,05 4,2 10 12 18,5 19,5 28,3 35  36 42.9 

Oxígeno (% peso)  trazas  - 45 34,7 35 18  22  

Metano (% peso) 65  2-4 4-6 12,4 - - - - - 

CO2 (% peso) 40  14-17 25-29 17-19 - - - - - - 

H2S (% peso) 0,1  - - - - - - - 

Número de cetano - - 0,2-1 0,7 2,5 10 5 57 - 17 74 

Número de octano - 130 - - 104,3 - 110  87  

Temperatura de ebullición (° C)  -252 - - 65 -23 55  118  

Punto de inflamación (° C) - 585 - - 464 292 -  35 315 

Estado gaseoso gaseoso gaseoso líquido líquido gaseoso líquido  líquido líquido 

Apariencia gaseoso gaseoso gaseoso límpido límpido gaseoso límpido  límpido límpido 
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El biogás se produce por digestión anaeróbica a partir de múltiples materias primas, 

principalmente biomasa vegetal y residuos orgánicos. La digestión anaerobia produce 

la degradación y la estabilización de la materia orgánica compleja por la acción de los 

microorganismos en ausencia de oxígeno, que conducen a la producción del biogás rico 

en CH4 y CO2 que se pueden utilizar como fuente de energía renovable para reemplazar 

las fuentes de energía fósiles (Raposo et al., 2011). Las diferentes etapas del proceso 

de digestión están definidas por los diferentes microorganismos implicados en los 

procesos bioquímicos que suceden: hidrólisis, acidogénesis, acetogénesis y 

metanogénesis. Cada una de las etapas se lleva a cabo por microorganismos 

específicos. La digestión anaeróbica se considera una fuente competitiva para la 

producción de energía renovable en términos de eficiencia y costo. Para evaluar la 

biodegradabilidad anaerobia de un sustrato orgánico como materia prima en 

biodigestión, se ha utilizado comúnmente una prueba conocida como el potencial de 

metano bioquímico (BMP) (Angelidaki et al., 2009). El interés actual por el uso de 

diferentes sustratos orgánicos para la bioconversión anaeróbica está creciendo a nivel 

mundial, pero no hay referencias claras y comparables debido a los múltiples factores 

que influyen en el proceso de digestión anaerobia (o biometanización). Además, las 

diferentes tecnologías varían significativamente los resultados de producción de 

biogás.  

Algunos factores que afectan a la biodegradabilidad y, por lo tanto, a la producción de 

biogás, incluyen: la materia prima, el tipo y proporción de inóculo y las condiciones de 

trabajo y tipo de bioreactor. En particular, con respecto a la materia prima, es 

importante conocer las características del sustrato, tales como humedad, sólidos totales 

y sólidos volátiles, y especialmente de su materia orgánica, la presencia de polímeros 

como celulosa, hemicelulosa y lignina, pero también otros compuestos como grasas, 

fenoles, etc., que van a condicionar la degradación microbiana, y por tanto definir su 

potencial de generación de biogás (Raposo et al., 2011). De hecho, la biodegradabilidad 

está limitada por la cristalinidad de la celulosa y el contenido de lignina (Nizami et al., 

2009) y la composición elemental. La relación entre el tamaño de partícula y la 

biodegradabilidad todavía no se ha aclarado, pero para permitir una comparación de 

los resultados el tamaño de partícula debe ser ≤ 10 mm, y la concentración de sólidos 

totales < 10 % (Hansen et al., 2004). En cuanto a la influencia del inóculo depende 
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principalmente de seis factores: origen/fuente, concentración, actividad, pre-

incubación, aclimatación/adaptación y preservación (Raposo et al., 2011).  

La denominada co-digestión se ha desarrollado para mejorar la eficiencia en la 

producción de biogás y además para introducir en el proceso sustratos de diferentes 

orígenes, principalmente aquellos considerados como residuos (por ejemplo, residuos 

agrícolas, estiércol de animales, residuos agroindustriales, cultivos especializados). En 

co-digestión, los diversos materiales se mezclan en proporciones adecuadas para 

aumentar la degradabilidad y, por lo tanto, la eficiencia del proceso. Entre los cultivos 

dedicados, además del ensilado de maíz tradicional, el sorgo azucarado y el triticale 

parecen ser interesantes. Además, la rotación de cultivos permite una mayor 

flexibilidad de gestión y mejora la disponibilidad de sustratos durante todo el año 

(Cencič et al., 2007). 

La biomasa vegetal para la producción de biocombustibles ha evolucionado desde los 

denominados cultivos energéticos (como el maíz) que compiten en recursos con la 

producción de alimentos, a biomasa forestal y hasta biomasa residual, como restos de 

poda o residuos agrícolas y agroalimentarios, e incluso biomasa de especies silvestres 

procedentes de suelos no agrícolas. Por ejemplo, el sorgo es una alternativa 

prometedora en el sector de la bioenergía, gracias a sus características agronómicas y 

adaptabilidad a condiciones limitantes del suelo y del clima. En comparación con el 

eucalipto, por ejemplo, la producción de materia seca de sorgo es de unas 40 t ha–1 en 

cinco meses frente a las 20 t ha−1 en aproximadamente siete años del primero (Pimentel 

et al., 2017). Hay tres tipos agronómicos de sorgo: sorgo de biomasa, que tiene un alto 

rendimiento (alrededor de 30 t ha-1 de tallo seco) y por esta razón son más adecuados 

para la generación de biocombustibles sólidos (es decir, combustión directa); sorgo 

forrajero, cuya biomasa tiene un menor contenido de lignina en los tallos que otros 

cultivos y, por tanto, es más adecuado para la generación de biocombustibles líquidos; 

y sorgo de azúcar, a partir del cual se produce bioetanol de segunda generación en 

rendimentos similares a los de otros cultivos de biomasa como la remolacha azucarera, 

el maíz o la caña de azúcar. Por lo tanto, el sorgo tiene varios usos potenciales que 

pueden ser explotados por el sector bioenergético, según el grupo agronómico y parte 

de la planta utilizada (Pimentel at al., 2017). 
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Dentro de las especies con mayor futuro para la producción de biocombustibles o 

bioenergía se encuentra Arundo donax, o caña común. Es una planta herbácea perenne 

de tallo largo, hueco y robusto que crece incluso en suelos relativamente pobres. Desde 

su área de origen en la Cuenca del Mediterráneo y Medio Oriente, su distribución se ha 

expandido a regiones templadas y subtropicales de ambos hemisferios. Es una planta 

hidrófita capaz de crecer en suelos ricos en agua. Los estudios han demostrado que 

existen diferencias fenotípicas hereditarias entre los clones de A. donax en lo que 

respecta, por ejemplo, al número, diámetro y altura de los tallos (Cosentino et al., 2006; 

Pilu et al., 2014). El uso de A. donax para la producción de bioenergía se justifica no 

solo por sus altos rendimientos de biomasa (37,7 t ha−1) sino también porque ha 

demostrado su aplicación en la producción de bioenergía, tanto a través de la digestión 

anaerobia con la producción de biogás y mediante combustión directa de su biomasa. 

Los estudios realizados por Corno et al. (2016) demostraron que A. donax puede 

reemplazar efectivamente al maíz en los procesos de digestión anaerobia, reduciendo 

los costos de producción, tanto de biomasa como de electricidad. 

Recuperación de suelos contaminados 

La segunda generación de biocombustibles tiene la ventaja de poder producirse a partir 

de biomasa lignocelulósica a coste cero, cuando dicha biomasa procede de residuos 

agrícolas, o de cultivos no alimentarios. Las nuevas tendencias en la obtención de 

biocombustibles se centran en biomasas generadas en los procesos de recuperación de 

suelos degradados o contaminados, evitando así la competencia con los cultivos de 

consumo alimenticio por los recursos naturales (suelo y agua).  

El término suelo contaminado se refiere a todas aquellas áreas en las que, como 

resultado de las actividades humanas, se ha producido la alteración de las 

características del mismo, y las concentraciones de compuestos o elementos tóxicos 

superan los límites legales. Los agentes potencialmente contaminantes del suelo están 

fundamentalmente asociados a residuos derivados de actividades industriales, mineras, 

agrícolas y ganaderas. Los principales contaminantes de los suelos son: 
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- Los metales pesados, se producen por deposición atmosférica, la cenizas y escorias 

de los procesos de combustión de carbón fósil o derivados del petróleo, el aporte directo 

de actividades agricolas, residuos industriales, urbanos y mineros;  

- La acidificación por la lluvia ácida, deposiciones húmedas (agua de lluvia, nieve y 

niebla) o secas (gases o partículas sólidas) de la atmósfera constituida principalmente 

por SO2 y amoniaco, que proceden fundamentalmente de actividades industriales;  

- La salinización, como el resultado de la acumulación de sales solubles en la superficie 

del suelo, que se refleja en un incremento en la conductividad eléctrica de la disolución 

del suelo con efectos adversos sobre las propriedades físicas y químicas del suelo, que 

dificulta el crecimiento y la productividad vegetal; 

- Los fitosanitarios, como plaguicidas, herbicidas, fungicidas y fertilizantes que se 

utilizan para progeger los cultivos frente a plagas (insectos, hongos, nematodos, 

malashierbas, etc.) y enfermedades, con frecuencia formulados con compuestos 

orgánicos de difícil degradabilidad y con presencia de metales pesados o metaloides 

cuya aplicación excesiva o prolongada puede llevar a su acumulación en el suelo; 

- Los compuestos orgánicos persistentes dificilmente degradables en el suelo y las 

aguas, como diversos tipos de hidrocarburos, fenoles, compuestos orgánicos volátiles 

(COVS), alcoholes, éteres, disolventes clorados, isocianatos, cianuros orgánicos, etc. 

- Los contaminantes emergentes, como los productos farmaceúticos y de cuidado 

personal, productos veterinarios, plásticos, microplásticos, aditivos diversos o 

nanopartículas. 

Las técnicas de recuperación de suelos son muy variadas y dependen de un gran número 

de variables, por lo que es una técnica específica del sitio, tales como: el tipo de 

contaminante y su concentración, la profundidad de la contaminación; las 

características del suelo como la composición mineral, el pH del suelo o sus 

características químicas; las condiciones ambientales e hidrológicas de la zona; la 

vegetación. 
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El problema de los suelos contaminados es muy relevante y adquiere una importancia 

extremadamente alta en el campo del riesgo ambiental y la salud pública. Las áreas 

sujetas a contaminación y que, por lo tanto, necesitan recuperación son muy numerosas 

en Europa, e incluyen instalaciones de distribución y almacenamiento de combustible, 

áreas artesanales e industriales, zonas mineras, vertederos ilegales y áreas de depósito 

de residuos, etc. Estas áreas son a menudo una fuente de contaminación para el medio 

ambiente circundante debido a la difusión de los contaminantes mediante la dispersión 

de partículas de polvo, la lixiviación y la erosión de los suelos (Rodriguez-Eugenio et 

al., 2018). En Europa existen unos tres millones de sitios potencialmente contaminados, 

pero no existe ninguna estimación del tamaño real de la contaminación y sus efectos al 

medioambiente. Se estima que existen más de 137.000 km2 que necesitan recuperación 

(Tóth et al., 2016). En España, la política con respecto a la recuperación de suelos 

contaminados comenzó principalmente en la década de 1990. En la actualidad la Ley 

22/2011, de 28 de julio, de residuos y suelos contaminados consistió en la transposición 

de la Directiva marco de residuos (Directiva 2008/98/CE). Esta ley fue modificada por 

la Ley 5/2013 de 11 de junio en lo que respecta a la prevención y control integrados de 

la contaminación. En la actualidad se encuentra en fase de consulta pública un nuevo 

anteproyecto de ley de Residuos y Suelos Contaminados del 02/06/2020, que pretende 

transponer dos Directivas comunitarias: Directiva (UE) 2018/851 sobre los residuos, y 

Directiva (UE) 2019/904, relativa a la reducción del impacto de determinados 

productos de plástico en el medio ambiente. La nueva Ley revisará y actualizará el 

régimen jurídico aplicable a los residuos y a los suelos contaminados. 

La necesidad de descontaminar grandes extensiones de terreno se ve limitada por el 

alto costo de las técnicas actualmente disponibles, normalmente procesos de ingeniería 

química, invasivos y que causan profundas alteraciones químicas, físicas y biológicas 

en los suelos sujetos a recuperación. A menudo el suelo ya no es adecuado para el 

cultivo porque durante el proceso de descontaminación toda actividad biológica resulta 

drásticamente afectada (Mancuso et al., 2004). Para superar estos problemas, se han 

desarrollado alternativas más baratas y respetuosas con el medio ambiente, como es la 

fitorremediación (o fitorrecuperación), definido como el uso de plantas para el 

tratamiento de matrices contaminadas (Salt et al., 1998; Raskin et al., 1999; Pulford 

and Watson, 2003; Bonomo, 2005). 
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La fitorremediación se basa en la capacidad de algunas especies de plantas para 

asimilar, acumular, inmovilizar y degradar contaminantes. Este método de 

rehabilitación explota la interacción compleja entre el sistema de raíces de plantas y los 

microorganismos del suelo. La técnica se basa en los procesos naturales realizados por 

las plantas, que incluyen: absorción directa de metales y algunos compuestos 

orgánicos; acumulación o transformación de las mismas sustancias químicas por 

lignificación, metabolización o volatilización; uso de enzimas liberadas por las plantas 

para catalizar la degradación de compuestos orgánicos contaminantes; liberación de 

exudados en la rizosfera, que aportan carbono al suelo, modifican el pH y estimulan la 

actividad microbiana para la degradación de contaminantes. 

De acuerdo con los diferentes mecanismos de acción, es posible clasificar las diversas 

técnicas de fitorremediación en: fitoextracción o fitoacumulación, fitodegradación o 

fitotransformación, fitoestimulación, fitovolatilización, fitoestabilización o 

fitoinmovilización y rizofiltración. La elección de las especies de plantas que se 

utilizarán es una fase crucial en el desarrollo de una estrategia de fitorremediación. El 

uso de especies nativas del área a recuperar se aconseja especialmente, a fin de evitar 

la alteración del equilibrio existente en el ecosistema por la introducción de especies 

exóticas. La elección del tipo de fitotecnología y por tanto de las expecies a utilizar 

depende del tipo y grado de contaminación y de los objetivos de recuperación 

(contención, estabilización, aislamiento, asimilación, reducción, desintoxicación o 

degradación de contaminantes). Dependiendo de estos objetivos, la definición de la 

estrategia de fitorrecuperación no puede ignorar el conocimiento apropiado de las 

características del sitio desde el punto de vista edafológico, climático e hidrológico 

(Bonomo, 2005).  

La recuperación de suelos contaminados por elementos traza (metales pesados y 

metaloides) se presenta como un problema bastante complicado que enfrentar, debido 

al hecho de que dichos elementos no pueden ser degradados, a diferencia de los 

contaminantes orgánicos, y permanecen y se acumulan en el suelo (Wade et al., 1993). 

La fitoextracción de metales pesados consiste en la absorción de contaminantes a través 

del sistema de raíces y en la posterior translocación dentro de la planta. Los 

contaminantes concentrados en los tejidos de la planta se eliminan luego cosechando 
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las plantas, o partes de ellas (Nardella, 2003; Lasat, 2002). La eficacia de la 

fitoextracción de una planta está determinada por algunos factores: la producción de 

biomasa; el factor de translocación; el factor de bioacumulación (McGrath and Zhao, 

2003). En cambio las plantas adecuadas para fitoestabilización requieren raíces 

profundas; y baja tasa de transferencia de los contaminantes desde las raíces a las partes 

aéreas (Rizzi et al., 2004). En el caso de la fitoestabilización o fitoinmovilización, las 

plantas poseen un mecanismo de tolerancia mediante exclusión, evitando su entrada en 

sus tejidos a nivel radicular, inmovilizándolo en la rizosfera o reteniendo el 

contaminante a nivel de raíz, limitando su transporte a la parte aérea.  

Una de las limitaciones de los procesos de fitorrecuperación es la eliminación de la 

biomasa generada, que sin embargo podría ser reciclada utilizándo la para la 

producción de biocombustibles (Chaney et al., 1997; Kramer, 2005). Esto evitaría un 

problema muy importante de riesgo de impacto ambiental como la eliminación de 

biomasa y la destrucción potencial y creciente del hábitat y la biodiversidad, que 

transformaría grandes áreas agrícolas y convertiría otras áreas, como bosques o pastos, 

en producción de masa vegetal para biocombustibles. 

La combinación de la fitorrecuperación con la producción de biomasa para la obtención 

de biocombustibles está siendo objeto de estudio en la actualidad, ya que permitiría 

proporcionar un valor añadido a la biomasa vegetal generada durante el proceso de 

recuperación, reduciendo los costes del mismo y a la vez promover los objetivos de 

reducción de combustibles fósiles y de incremento de la energía renovable. 

La planificación de una intervención de fitorremediación debe partir siempre de la 

observación directa del lugar y, sobre todo, de la investigación de las especies presentes 

de forma natural en el lugar, bien adaptadas a las condiciones climáticas y edafológicas, 

y que han adquirido determinadas características de tolerancia. La selección de plantas 

debe tener en cuenta:  

- Grado y profundidad de la contaminación. Por ejemplo, la descontaminación de 

suelos contaminados superficialmente prefiere especies con sistema radicular 

superficial, propio de cultivos herbáceos; mientras que para una contaminación más 
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profunda se recomiendan especies con sistemas de raíces profundas más desarrolladas 

como las plantas arbóreas (Gómez et al., 2019);  

- Mecanismos de respuesta fisiológica y tolerancia a la contaminación de las plantas.  

Las especies de plantas que son particularmente adecuadas para vivir en suelos con un 

alto contenido de metales pesados se denominan metalofitas. Las especies de plantas 

se pueden dividir en tres tipos generales en función de su respuesta frente a los 

elementos traza (ET, metales pesados y metaloides) (Baker, 1981):  

 especies acumuladoras, las cuales asimilan los ET del suelo y los concentran en 

las partes aéreas de las plantas;  

 especies indicadoras, aquellas en las que la absorción y el transporte de ET 

desde las raíces a la parte aérea está controlada y la concentración interna (en 

la planta) refleja la concentración externa (en el suelo);  

 especies exclusoras, las cuales mantienen las concentraciones de ET en la parte 

aérea (tallos y hojas) en valores bajos y constantes, incluso en presencia de altas 

concentraciones en el suelo, hasta que se alcanza el valor crítico por encima del 

cual el mecanismo de control se sobrepasa y se produce una entrada ilimitada 

del contaminante que provoca toxicidad y muerte. Estas especies tienden a 

acumular ET en las raíces y limitan el transporte a las partes aéreas (Ali et al., 

2013). 

La capacidad de las plantas para extraer ET del suelo y transferirlas a sus tejidos se 

puede evaluar a través de varios parámetros: el factor de bioconcentración (BCF), como 

la relación entre la concentración total de ET en los tejidos vegetales (parte aérea o 

raíces cosechables) y la en la matriz o suelo (Conesa et al., 2007), en formas totales o 

solubles (Mench et al., 2010); la tasa de acumulación (RA), como el contenido total de 

ET en los tejidos durante el período experimental (Mench et al., 2010); la razón de 

translocación (TR; también llamado factor de translocación; Conesa et al., 2007), 

indica la relación entre la concentración total de ET presente en las partes aéreas con 

respecto a la presente en las raíces (Mench et al., 2010).  



Resumen 

 

22 

Hasta la fecha, se han identificado alrededor de 400 especies hiperacumuladoras, en su 

mayoría de las familias de Caryophyllaceae, Cyperaceae, Poaceae, Fabaceae, 

Chenopodiaceae, Asteraceae, pero especialmente Brassicaceae (como Thlaspi 

actualmente Noccaea y Alyssum). Por ejemplo, Arabidopsis halleri acumula Cd (> 100 

mg kg-1) y Zn (> 20.000 mg kg-1; McGrath et al., 2006) y Thlaspi (Noccaea) 

caerulescens acumula Zn (hojas 100-300 mg kg-1; tallos 10.023-25.561mg kg-1; raíces 

3.307- 4.269 mg kg-1), Pb (tallos 4.409-4.706 mg kg-1; raíces 14.485-51.156 mg kg-1) 

y Cd (tallos 425-1.006 mg kg-1; raíces 174-340 mg kg-1) (Assunção et al., 2003; El 

Kheir et al., 2008). 

Las plantas de gran biomasa pueden ser útiles para la fitoextracción asistida o inducida. 

Por ejemplo, en Brassica juncea, Helianthus annuus y Zea mays se observó un aumento 

significativo en la translocación de Pb a las partes cosechables de la planta tras la 

adición de K2EDTA al suelo (Magistrelli et al., 2002). En particular, bajo estas 

condiciones, B. juncea mostró una acumulación de Pb en las partes aéreas con valores 

de hasta 1,5 % de biomasa seca (Huang and Cunningham, 1996; Huang et al., 1997; 

Blaylock et al., 1997). Al finalizar el proceso de recuperación mediante fitoextracción 

inducida, es importante planificar el manejo de la biomasa vegetal producida, 

evaluando el método de disposición más adecuado en relación al tipo y concentración 

de contaminantes presentes y los requisitos normativos sobre residuos. Para la 

fitoinmovilización y la fitoestabilización, los contaminantes permanecen retenidos en 

el sistema radicular y la rizosfera, con un transporte reducido de las raíces a las hojas. 

Las especies candidatas a realizar fitoestabilización deben presentarse como 

excluyentes o exclusoras de ET, con un BCF y un TR < 1 (Mench et al., 2010; Mendez 

and Maier, 2008), con el fin de minimizar la translocación a las partes aéreas y la 

difusión en el cadena alimentaria. Estas plantas tienen la capacidad de inmovilizar 

contaminantes en el suelo mediante mecanismos de absorción y acumulación dentro de 

las raíces, adsorción en la superficie radicular, precipitación en la rizosfera y además 

promueven la estabilización física del suelo (Suthan Suthersan, 2002). 

Utilización de especies fitorremediadoras para la producción de bioenergía 

La capacidad como biocombustible de especies de plantas desarrolladas en suelos 

contaminados se evaluó en condiciones de laboratorio. El objetivo del estudio fue 
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identificar las especies vegetales nativas que tienen características adecuadas para la 

producción de bioenergía bien mediante combustión o mediante digestión anaerobia y 

que, al mismo tiempo, pueden tolerar altos niveles de metales pesados y metaloides 

para su utilización en la recuperación de suelos contaminados mediante las tecnologías 

de recuperación más prometedoras: la fitoextracción o la fitoestabilización.  

Para ello se recogieron diferentes especies de plantas completamente desarrolladas, que 

crecen espontáneamente en la Sierra Minera de La Unión - Cartagena, como: 

Arundo donax L. (Poaceae), Phragmites australis L. (Poaceae), Piptatherum 

miliaceum L. Coss. (Poaceae) y Foeniculum vulgare Mill. (Apiaceae) de la rambla de 

El Gorguel (Cartagena); Dittrichia viscosa L. (Asteraceae), Atriplex halimus L. 

(Chenopodiaceae), Bituminaria bituminosa L. Stirton (Fabaceae) y Zygophyllum 

fabago L. (Zygophyllaceae) de El Llano del Beal (Cartagena). 

Las plantas se caracterizaron químicamente respecto a: concentración de macro y 

micronutrientes y elementos traza por ICP-OES tras digestión ácida en microondas 

(Tablas 3.1 y 3.2 del Capítulo 3).; sólidos totales (ST) y volátiles (SV); concentración 

de lignina y holocelulosa (como suma de celulosa y hemicelulosa); análisis elemental 

de N, C, S, H; y carbohidratos solubles (Tablas 3.5 y 3.6 del Capítulo 3). 

Mediante el análisis elemental se calculó el valor calorífico superior (HHV) para 

determinar su capacidad de generar energía mediante combustión (MJ kg-1). Se realizó 

un experimento de digestión anaeróbica para determinar el potencial de generación de 

biogás y el BMP. 
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Tabla 5. Composición química de las plantas utilizadas en los experimentos (valores medios ± se, n = 2). 

Plantas Cenizas 

(%) 

Sólidos volátiles 

(%) 

Holocelulosa 

(%) 

Lignina 

(%) 

Carbohidratos 

solubles 

(g kg-1 dw) 

HHV  

(MJ kg-1) 

D. viscosa 7,03 ± 0,02 c 90,82 ± 0,16 b 50,94 ± 7,21 bc 26,96 ± 0,72 a 54,85 ± 2,95 bc 17,96 ± 0,03 c 

A. halimus 14,25 ± 0,14 b 84,14 ± 0,05 c 62,11 ± 5,73 abc 22,40 ± 0,23 b 12,40 ± 0,40 f 16,03 ± 0,04 e 

B. bituminosa 5,31 ± 0,06 c 93,19 ± 0,02 a 65,19 ± 0,57 abc 20,09 ± 0,45 bc 26,50 ± 0,80 ef 17,62 ± 0,04 d 

Z. fabago 16,28 ± 0,31 a 80,57 ± 0,57 d 48,58 ± 6,07 c 17,08 ± 0,92 c 35,15 ± 0,95 de 15,66 ± 0,01 f 

A. donax 6,26 ± 0,19 c 93,74 ± 0,19 a 68,23 ± 0,59 abc 20,92 ± 1,67 bc 83,85 ± 3,15 a 18,75 ± 0,00 a 

P. australis 6,81 ± 0,45 c 93,19 ± 0,45 a 72,32 ± 056 a 20,87 ± 0,55 bc 49,50 ± 0,01 cd 18,49 ± 0,01 b 

P. miliaceum 7,09 ± 0,61 c 92,92 ± 0,60 a 72,42 ± 0,65 a 18,42 ± 0,33 bc 44,15 ± 3,05 cde 17,87 ± 0,03 c 

F. vulgare 6,92 ± 0,33 c 93,08 ± 0,33 a 70,98 ± 0,38 ab 19,59 ± 0,33 bc 69,35 ± 7,35 ab 17,89 ± 0,08 c 

ANOVA *** *** ** ** *** *** 

** y***: significativo a P < 0,01 y 0,001, respectivamente. Valores seguidos por la misma letra en cada columna no difieren significativamente 

de acuerdo al test de Tukey a P < 0,05. 
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Tabla 6. Resultados de la degradación anaerobia de las plantas y parámetros del ajuste al modelo cinético de primer orden (media ± se; n=2). 

Plantas 
Bm 

(mL g-1SV) 

B0 

(mL g-1SV) 

Kd 

(h-1) 

BMP 

(mL CH4 g-1 SV) 

TBMP 

(mL CH4 g-1 SV) 

Biodegradabilidad 

anaerobica (%) 

D. viscosa 180,9 ± 3,6 bc 182,2 ± 5,0 bc 0,012 ± 0,001 bc 131,2±3,6 bc 497,9 ± 26,6 26,4± 0,7 bcd 

A. halimus 116,6 ± 10,7 c 119,9 ± 14,8 c 0,012 ± 0,004 bc 86,0±10,4 c 576,5± 30,6 15,1 ± 2,9 c 

B. bituminosa 224,4 ± 3,2 ab 239,2 ± 0,6 ab 0,011 ± 0,001 bc 177,6±1,1 ab 525,3 ± 6,2 33,8 ± 0,2 abc 

Z. fabago 173,8 ± 2,5 bc 184,0 ± 0,1 bc 0,025 ± 0,001 a 130,6±0,04 bc 514,7± 39,9 25,5 ± 2,0 cd 

A. donax 261,4 ± 1,5 a 315,9 ± 25,5 a 0,006 ± 0,001 bc 227,4±18,4 a 517,1± 9,8 43,9 ± 2,7 a 

P. australis 234,5 ± 9,6 ab 307,0 ± 23,6 a 0,004 ± 0,001 c 218,0±16,8 a 533,5± 9,3 40,8± 2,4 ab 

P. miliaceum 277,5 ± 26,9 a 292,3 ± 38,8 ab 0,015 ± 0,003 ab 204,6±27,2 ab 518,9± 2,7 39,5± 5,5 abc 

F. vulgare 211,5 ± 16,1 ab 219,4 ±15,3 abc 0,008 ±0,0002 bc 154,6±108 abc 524,3± 2,0 29,5± 2,2 abcd 

ANOVA *** ** ** ** Ns ** 

** y ***: significativo a P < 0,01 y 0,001, respectivamente. Ns = no significativo. Valores seguidos por la misma letra en cada columna no difieren 

significativamente de acuerdo al test de Tukey a P < 0,05. 
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Resultados y conclusiones 

Las diferentes técnicas para obtener bioenergía requieren diferentes características en 

la biomasa vegetal. Por ejemplo, en combustión directa, la biomasa debe tener un bajo 

contenido de agua (< 10-12 %) y cenizas y una alta concentración de lignina. De las 

plantas estudiadas, A. donax y P. australis poseen características adecuadas (bajos 

valores de cenizas y altas concentraciones de lignina) para generar energía térmica 

mediante combustión, con altos valores de HHV, aunque inferiores a los del carbón 

(22,7 MJ kg-1; Boundy et al., 2011), pero similares a los valores de residuos forestales 

y de poda de árboles (15,4 y 19,5 MJ kg-1, respectivamente; Boundy et al., 2011). 

Los materiales más adecuados para la producción de biogás a través del proceso de 

digestión anaerobia son aquellos con un alto contenido de materia orgánica. La 

producción de biogás y el potencial de producción de biogás obtenido en el 

experimento de digestión anaeróbica fueron generalmente bajos para todas las especies 

de plantas en comparación con los reportados para cultivos energéticos como el maíz 

(345 mL g-1 en toda la planta), y también para otras especies herbáceas, como la ortiga 

(210-420 mL g-1), raygrás (360 mL g-1) o girasol (454 mL g-1 en toda la planta) (Amon 

et al., 2007; Braun, 2007; Raposo et al., 2011). Solo los valores de B0 para P. miliaceum 

y A. donax se acercaron a los reportados previamente por Bernal et al. (2019) para 

especies utilizadas en fitorrecuperación. Los valores de BMP son mayores para las 

especies de A. donax (227,4 mL g-1), P. australis (218,0 mL g-1) y P. miliaceum (204,6 

mL g-1), con valores cercanos a los encontrados para los residuos sólidos derivados de 

extracción de aceite de girasol (entre 107 y 227 mL g-1; Raposo et al., 2008), y del silo 

de maíz, cardo y sorgo (267, 308 y 241 mL g-1, respectivamente; Kalamaras and 

Kotsopoulos, 2014). Pero, los valores obtenidos de las partes vegetativas aéreas de S. 

marianum (174 mL g-1) y H. annuus (119 mL g-1) por Hunce et al. (2019) se pueden 

comparar con los resultados menores obtenidos en este estudio.  

La BMP teórica (TBMP) tuvo valores entre 497,9 mL g-1 (D. viscosa) y 576,5 mL g-1 

(A. halimus), dando una biodegradabilidad anaeróbica promedio entre 15.1 % (A. 

halimus) y 43.9 % (A. donax). Solo los resultados obtenidos para A. halimus, Z. fabago, 

D. viscosa y F. vulgare son inferiores a los resultados encontrados para restos de poda 

y madera, también para biomasa de plantas silvestres y restos de cultivos (32,7 - 44,9 
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%) (Triolo et al., 2012), mientras que para el resto de especies se obtuvieron valores 

similares o incluso superiores. La baja degradabilidad encontrada para A. halimus y D. 

viscosa se puede asociar con el mayor valor de lignina obtenido para la misma especie 

en comparación con las otras (22,4 y 27,0 % respectivamente). Las especies P. 

miliaceum, P. australis y A. donax son las especies con mejores perspectivas para la 

producción de biogás. 

Los datos experimentales considerados en este estudio mostraron que la concentración 

de ET en las plantas de los suelos mineros no afectó la producción de biogás, ni la 

producción de energía térmica según el poder calorífico superior. Los resultados 

obtenidos en la matriz de correlación mostraron que la degradación anaeróbica no 

estuvo influenciada por la presencia de ET en las plantas (no existieron correlaciones 

significativas entre los parámetros de digestión anaeróbica y las concentraciones de ET 

en las plantas; datos no mostrados). Si bien la acumulación de Pb afectó negativamente 

la degradación anaeróbica de la biomasa de N. glauca (225-231 mg Pb kg-1 dw), y por 

tanto la producción de biogás (Bernal et al., 2019). Sin embargo, la concentración de 

Pb en las plantas estudiadas no alcanzó tales niveles para afectar negativamente la 

degradación anaeróbica de la biomasa vegetal. Algunos ET han mostrado efectos 

positivos en la digestión anaeróbica (Demirel and Scherer, 2011); sin embargo, por 

encima de ciertas concentraciones se vuelven inhibitorias o tóxicas (Zhang et al., 2003). 

Las concentraciones de ET determinadas en las plantas fueron todas inferiores a esos 

valores (concentraciones de ET tóxicas en las plantas para digestión anaeróbica: Cd 

180, Cu 40, Zn 100 y Pb 30 mg kg-1; Bozym et al., 2015) excepto para Zn. 

Probablemente, el aporte de ciertos micronutrientes, como Fe y Mn, podría haber 

estimulado efectos positivos sobre el crecimiento de casi todo tipo de microorganismos 

en los digestores anaeróbicos (Mudhoo and Kumar, 2013). 

Por tanto, las especies más adecuadas para la producción de biogás parecen ser las de 

la familia Poaceae, y fue la presencia de altas concentraciones de Mg y Na en las plantas 

(partes aéreas) lo que condicionó la producción de energía como biogás por digestión 

anaeróbica.  

Además, las correlaciones positivas entre los valores de HHV y la producción de biogás 

sugieren que las especies investigadas pueden utilizarse ventajosamente en general para 
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la fitorremediación de suelos contaminados con ET y luego utilizarse como biomasa 

para la producción de energía térmica o biogás. 

Por tanto, las especies P. miliaceum, P. australis y A. donax son las que poseen mejores 

perspectivas para la producción de biogás. Sin embargo, D. viscosa y A. halimus tienen 

características mas adecuadas para la obtención de bioenergía mediante su combustión 

directa en lugar de biotransformación anaerobia en biogás, debido a su bajo contenido 

en cenizas y alta concentración de lignina. No obstante, la presencia de elevadas 

concentraciones de Na y Mg concentrations en A. halimus puede limitar su utilidad en 

combustión. 
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2. GENERAL INTRODUCTION 

2.1. The use of plant biomass for bioenergy production. 

The global demand for production of primary energy is continuously increasing. 

Consequently, the need to intervene with appropriate measures has arisen in order 

to achieve economic, social and environmental objectives such as the reduction of 

fuel and electricity consumption, the containment of atmosphere emissions of 

greenhouse gases (carbon dioxide, methane and other hydrocarbons) and the 

improvement of environmental quality in urban centers. In order to meet the 

growing demand for energy and at the same time address environmental protection 

issues, the European Union has set itself the goal of increasing the share of 

renewable energy to 20%, among other objectives of the Europe 2020 Strategy.  

The search for efficient measures for the overall improvement of the environment 

is oriented towards the replacement of traditional fossil fuels by the production of 

bioenergy (also called green energy). In fact, the different materials and biomass 

obtained from specific agricultural production and / or plant residues, have physico-

chemical and biological characteristics of interest for their use as renewable energy 

sources. To date, the largest number of investigations and results have focused in 

first generation biofuels, in particular: bioethanol (ethyl alcohol), produced from 

residues and crops of sugar, starch and lignocellulose; biodiesel, as a product of oil 

processing vegetables obtained from the cultivation of sunflower, canola, soybeans 

and other oilseed crops; biogas, a gaseous fuel made of a mixture of methane and 

CO2, obtained from the fermentation of animal and vegetable waste and organic 

waste. The second generation biofuels are derived from the conversion of biomass 

through gasification and the conversion of cellulose into sugars. The advantages of 

these biofuels are the ease of availability of raw materials and the fact that 

greenhouse gas emissions in obtaining raw materials, are clearly inferior to those 

of the first biofuels generation (Grippi et al., 2020). 



General Introduction 
 

36 

The first chapter of this Thesis (Chapter 1) consist of a review of the existing recent 

and relevant literature on this regard, with the aim to provide an overview of the 

chemical and bioenergetic characteristics of biofuels, the main techniques and 

processes employed for their production, and the characteristics of the different 

feedstock materials, especially potential energy crops. 

2.2. Phytoremediation of contaminated soils: potential for bioenergy 

production. 

Soil pollution is a current major global problem due to the associated risk for both 

the environment and the public health that it confers. The term pollution generally 

refers to all the alterations caused in the environment due to the release of harmful 

substances (so-called contaminants) into the atmosphere, water and soil. Pollution 

is associated to both the intrinsic toxicity of the contaminant and the release of 

quantities exceeding the natural self-purification capacity of ecosystems. As a 

result, the soil physical, chemical and biological characteristics are modified in such 

a way that is unfavourable to the life of plant and animal organisms (including 

humans). Anthropogenic pollution is caused by the release of contaminants from 

different origin: urban biological wastes, agricultural residues or by-products (use 

of fertilizers and pesticides, animal manure) and industrial activities (mining, 

production of energy and consumer goods, etc.). The areas that need to be 

decontaminated include, therefore, fuel distribution and storage sites, craft and 

industrial areas, mining areas, illegal landfills, waste disposal areas, etc. These areas 

are often a source of pollution for the surrounding environment due to the spread of 

pollutants through the dispersion of dust particles, leaching and soil erosion 

(Rodriguez-Eugenio et al., 2018).  

In Spain, the policy regarding the recovery of contaminated sites began 

substantially in the 1990s. In 1995, the Ministry of the Environment approved the 

National Recovery Plan of Contaminated Soils (1995-2005), which establishes a 

series of objectives in management matters and a joint financing mechanism with 

the Regional Governments, constituting the general framework for the recovery of 

contaminated sites. In 1998, the Spanish Law on Waste (Ley de Residuos) was 

approved (Law 10/1998, of April 21, on Waste), and then the law of July 28, 2011 

that applies to all types of waste, with the exception of polluting emissions into the 
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atmosphere, radioactive waste and discharges into waterways. One of the 

fundamental principles of the law was the introduction of a policy of “prevention” 

of waste, regulation of the production phase and market introduction of products 

that, once used, generate residual materials. 

The Regional Governments must also maintain an inventory of “contaminated 

soils”, implementing all the necessary procedures for their recovery. In 2005, the 

implementing regulation was adopted, Royal Decree 9/2005 of January 14, which 

describes the list of potentially polluting activities in the soil and the criteria and 

standards for the declaration of contaminated soils (still in effect). The decree uses 

the category of generic levels of reference (GRLs), among which is the 

concentration of a contaminant in the soil that does not pose a higher risk than the 

maximum acceptable risk to human health or for ecosystems. From the GRLs, the 

Regional Governments may decide to declare a site contaminated in case the GRLs 

are exceeded or request to run a site-specific risk analysis. But nevertheless, may 

consider the potential risk low enough not to require more actions. The decree takes 

into consideration three types of use of the land: industrial, residential and natural. 

For all three types, different exposure scenarios are considered. In particular, for 

the three types human-related factors are considered, while only for the third 

typology the ecosystem is taken into consideration. 

In 2009, the National Integrated Waste Plan was approved for the period 2009- 

2015, part of which is dedicated to contaminated soils. Subsequently, the Law 

22/2011, of July 28, on Waste and Contaminated Soils transposes to the Spanish 

legislation the EU Directive 2008/98/EC on waste, with which has established a 

comprehensive legal framework in the field of management of waste. The Law 

22/2011, which at the same time repealed the previous legislation of 1998, has 

oriented the waste policy with the principles of maximizing the use of resources, on 

the one hand, and on the other, minimize the environmental impact, by introduction 

of measures for the prevention, reuse and recycling of waste, and the promotion of 

scientific and technological innovation that allows reduce the emission of harmful 

gases into the atmosphere. 

Currently, there are about three million potentially contaminated sites in Europe 

and over 137,000 km2 require remediation (Tóth et al., 2016). However, the need 
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of decontaminating large areas is hampered by the high cost of currently available 

techniques, usually invasive processes that cause profound chemical, physical and 

biological changes in the soils subject to recovery (Mancuso et al., 2004). To 

overcome these problems, research has focused on cheaper and more 

environmentally friendly alternative methods such as phytoremediation (or 

phytodepuration), defined as the use of plants to treat contaminated matrices (Salt 

et al., 1998). The selection of the plant species is crucial for successful 

phytoremediation, as the plants should be able to tolerate contaminants, and to be 

adapted to the soils and climatic conditions of the area. The cultivation of 

lignocellulosic biomass crops (mainly native species) in contaminated soils for both 

phytoremediation and bioenergy production has numerous advantages such as 

(Bernal et al., 2019): reduction in the competition with food production for 

bioenergy; low consumption of natural resources (soil and water); compliance with 

conservation objectives and environmental protection; increased food safety; 

replenishment of soil C reserves; improvement of  soil health; low or zero cost of 

funding; as well as to avoid the introduction of foreign species into the soil 

ecosystem to be remediated. 

Detailed information regarding soil contamination, remediation alternatives and the 

use of plant biomass coming from phytoremediation experiments for the production 

of bioenergy is provided in the second chapter of the Thesis (Chapter 2). An 

overview of common plants used in the remediation of trace elements contaminated 

soils together with precise examples of plant species that have shown potential for 

bioenergy production are summarized in this chapter. 

2.3. The Cartagena-La Unión mining district: the use of local species as 

bioenergy sources. 

The use of plants to restore contaminated soils through phytoremediation seems to 

be a promising alternative as a method to produce biomass for bioenergy. The 

Cartagena-La Unión mining district is a mountainous formation that extends from 

east to west along 26 km of coast from the city of Cartagena to the end of Palos 

Cope, passing through the municipality of La Unión, in the Region of Murcia 

(Spain). Since ancient times, this area was exploited intensely for the extraction of 

silver, lead, zinc and other metallic minerals. Mining is one of the main industrial 
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activities that can generate a significant environmental impact, even many years 

after the closure of the mining activities themselves (Fanfani et al., 2000; Conesa 

and Schulin, 2010). The Cartagena-La Unión mining district, as well as most of the 

former mining lands, can be considered suitable for non-invasive remediation 

technologies, such as phytostabilization (Mendez and Maier, 2008), due to the large 

surface area that may have to be treated (Conesa et al., 2008).  

Several studies have given promising results for phytoremediation with native 

species belonging to the Asteraceae family such as Helichrysum decumbens and 

Dittrichia viscosa (Conesa et al., 2008). Furthermore, spontaneous growth of 

species such as Lygeum spartum, Piptatherum miliaceum and Zygophyllum fabago 

(Faz et al., 2008; Conesa et al., 2007) was achieved through the application of 

organic and inorganic soil amendments, such as pig manure in combination with 

lime. In addition, different combinations of soil amendments with native species 

have demonstrated to be useful for the phytostabilization of trace elements 

contaminated soils of this mining area (Clemente et al., 2019; Pardo et al., 2014, 

2017).  

The third (and last) chapter of the Thesis (Chapter 3) tries to identify native plant 

species from the Sierra Minera of Cartagena-La Unión that have characteristics 

suitable for the production of bioenergy and that, at the same time, can tolerate high 

levels of potentially toxic TEs, and could therefore be used in the recovery of 

contaminated soils through Phyto stabilization. The potential for thermal and biogas 

production of the biomass of plant species growing in TEs contaminated mine soils 

was determined in order to estimate the usefulness of these species for bioenergy 

production. 
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Hypothesis  

Through phytostabilization, the establishment of an autochthonous and self-

sufficient vegetation cover on contaminated soils could reduce the risk of an 

uncontrolled transfer of pollutants into the environment, promoting the remediation 

of the soils. At the same time, these processed can provide useful plant biomass for 

the production of (bio)energy. This can be considered a suitable and 

environmentally friendly option to achieve the desired renewable energy share. 

 

Objectives 

The aim of this Thesis was to provide relevant, up to date and useful information 

concerning the bioenergy production potential of plant species that are used for soil 

remediation by phytostabilization of trace elements contaminated soils. The partial 

objectives were: 

- To review the main techniques of energy production; 

-To determine the characteristics of the plant species used for the different biofuels; 

- To identify native plant species with characteristics compatible with the bioenergy 

production which, at the same time, can tolerate high levels of heavy metals and 

metalloids in the soils where they are grown; 

- To review the potential of plant species that grow spontaneously in polluted sites 

for the remediation of contaminated soils through phytoextraction and 

phytostabilisation; 

- To determine the potential for thermal and biogas production of plant biomass 

from trace elements contaminated soils to define their usefulness for bioenergy 

production. 
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CHAPTER 1 

CHEMICAL AND BIOENERGETIC CHARACTERIZATION OF 

BIOFUELS FROM PLANT BIOMASS: PERSPECTIVES FOR 

SOUTHERN EUROPE 

 

1. THE BIOENERGY SITUATION IN EUROPE 

The Directive 2009/28/EC established a series of legally binding targets for renewable 

energy production that has led to a considerable increase in the demand for and production 

of renewable energy in the European Union (EU). The EU as a whole is likely going to 

meet its 2020 goals, but some of the states within the EU may need additional efforts to 

meet their obligations regarding the share of energy derived from renewable sources in 

the gross final consumption of energy. 

Two of the key objectives of the Europe 2020 strategy are a reduction in greenhouse gas 

emissions of at least 20% compared to 1990 levels and an increase in the share of 

renewable energy in the final energy consumption of 20%. 

Consequently, it is thought that primary production of renewable energy will increase in 

the long-term (Figure 1). However, despite the growth of new and renewable energy 

sources, such as solar and wind power, most of the increase in the contribution of 

renewable energy could be attributable to biomass. In 2015, the production of primary 

renewable energy in the EU increased by 3.8% compared to 2014 (Eurostat, 2017). For 

example, electricity production from solid renewables (wood and other solid biomass) 

used in conventional thermal power stations increased from 3.5% to 7% in 2015. In 
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addition, the production of liquid biofuels has increased significantly, with an average 

annual growth rate of 32% between 2000 and 2010 (EEA, 2015, 2018).  

The year 2018 was a key one for the renewable gas sector in Europe. Several legislative 

innovations were introduced and adopted by institutions of the Community in order to 

strengthen its role in the energy transition. New technologies such as power-to-gas and 

biomass gasification will also be protagonists of this transition. The number of biogas 

plants in Europe has grown exponentially in the last decade. Between 2009 and 2016, it 

almost tripled, going from 6200 to 17,662 units, and the growth was particularly intense 

from 2010 to 2012 (Figure 2). A similar increase was observed in the number of farm-

based plants, from 4797 units in 2009 to 12,496 in 2016; such plants are by far the most 

numerous in the EU, followed by plants that convert sewage sludge (2838), urban waste 

(1604), and other types of waste (688) (Troussier, 2018). 

 

Figure 1. Primary production of energy (Mtoe) from renewable sources, EU—

28, 1990–2016 (adapted from Eurostat, 2017; © European Union). 

According to Eurostat (Eurostat, 2017), the annual production of biogas in the EU was 

181,565 GWh in 2015, with Germany, the United Kingdom, Italy, and France representing 

the main producing countries. In 2016, the most dynamic countries in the construction of 

new plants were France (+93) and the United Kingdom (+41). In parallel with the growing 

maturity of biogas technologies and industry, from 2016 there has been also a substantial 

increase in the quantity of biomethane produced in Europe. Biomethane is a gas that 

contains about 97% CH4 (quality of natural gas) and is obtained from biogas (about 50%–
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75% CH4) after purification (dehydration, desulfurization, removal of gaseous ammonia, 

mercaptans, dust) and upgrading (removal of carbon dioxide) (Braun, 2007; Adnan et al., 

2019). Like biogas plants, biomethane plants (which currently number around 500 units 

in the EU; Troussier, 2018) mainly use resources from the agricultural sector (380 plants), 

but also waste (115 plants) and sewage sludge (73). In 2016, EU production of biomethane 

amounted to 17,264 GWh, with development driven mainly by Germany (+900 GWh), 

France (+133 GWh), and Sweden (+78 GWh) (Figure 3). 

 

Figure 2. Evolution of the number of biogas plants in Europe (number of 

biogas plants; adapted from Troussier, 2018). 

This growth will likely continue in the next few years, driven by the excellent 

environmental performance of biomethane and its use as vehicle fuel, and should be 

immediately achievable by exploiting the existing technologies. The countries that have a 

large potential for raw materials generation and have defined specific targets for the 

production of biomethane will consequently experience a significant development in this 

sector. This is the case, for example, of France, the Scandinavian peninsula, and Italy 

(Troussier, 2018). 
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Figure 3. Biomethane production in Europe (GWh) and EU countries active in the 

production of biomethane (Eurostat, 2017). 

 

 

Figure 4. Share of energy from renewable sources in the EU Member states (in 

% (stacked) of gross final energy consumption; Eurostat, 2017). 
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Renewable energy (understood as that coming exclusively from sources that replenish 

themselves naturally) available for final consumption increased by 68% between 2005 and 

2015, and by 4.4% in 2015 compared to 2014 (Eurostat, 2017). In the EU-28, the 

contribution of energy from renewable sources to the gross final consumption of energy 

increased from 8.5% in 2004 to 16.7% in 2015. This is a clear index of progress towards 

the Europe 2020 target of 20% (Figure 4). With energy from renewable sources 

representing more than half (53.9%) of its gross final consumption of energy, in 2015 

Sweden had by far the highest share, ahead of Finland (39.3%), Latvia (37.6%), Austria 

(33.0%), and Denmark (30.8%). Contrastingly, the lowest percentages of renewable 

energy were registered in Luxembourg and Malta (both 5.0%), the Netherlands (5.8%), 

Belgium (7.9%), and the United Kingdom (8.2%; Eurostat, 2017). The percentage of the 

total energy used for heating and cooling coming from renewable energy in the EU-28 

increased from 10.2% in 2004 to 18.6% in 2015. In addition, renewable energy will 

continue to play a key role in helping the EU meet its energy needs beyond 2020, and 

member states have agreed on a new EU renewable energy target of at least 32% by 2030 

and 55%–75% by 2050 (EEA, 2018). 

 

2. BIOFUELS CLASSIFICATION 

The term “biofuel” refers to a fuel in the liquid or gaseous state obtained from biomass 

(Demirbas, 2009). Traditionally, the use of biofuels has been linked to the transport sector, 

for motor vehicles, to replace fossil fuels. However, there has been a recent and rapid 

expansion of the production and application of biofuels for electrical and thermal energy 

generation, and in particular, for cogeneration. Therefore, the current concept of biofuel 

has outgrown the link with the transport sector, and more emphasis has been given to other 

applications. Based on the state of maturity of the production and use technologies, 

biofuels can be divided in two categories (Naik et al., 2010): 

1. First-generation biofuels: e.g., biodiesel from pure vegetable oils, bioethanol 

produced from cereals and sugary raw materials, bio-ETBE (ethyl tert-butyl ether) 

produced from bioethanol, and biogas from anaerobic digestion (AD) systems. Their 

production and application has already started, while the main margins for 

improvement being, at the moment, the reduction of production costs, the 
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optimization of the energy balance, the increase in the energy yields of the engines, 

and the increase in the percentage of use in mixtures with fossil fuels; 

2. Second-generation biofuels: e.g., bioethanol produced from lignocellulosic raw 

materials, biohydrogen, syngas, bio-oil, biomethanol, biodimethylether, bio-MTBE 

(methyl tert-butyl ether), biobutanol, and synthetic diesel, obtained through the 

Fischer–Tropsch reaction. Their production has not yet started on a commercial scale 

and is limited to experimental installations. The second-generation biofuels are linked 

by the possibility of being produced from lignocellulosic biomass at low or zero cost. 

This differentiation between first- and second-generation biofuels is important as the 

former often stand in concurrence with or have undesired economic influences on food 

production, which implies a series of social/moral and economic consequences that have 

to be considered (Rowe et al., 2009). First-generation biofuels normally offer some 

advantages in terms of energy production potential, but they have some disadvantages 

such as raw materials supply, impact on biodiversity and land use, and competition with 

food crops, which provokes the increase in food prices resulting from increased production 

of these fuels (Naik et al., 2010). 

However, the production of second-generation biofuels can imply benefits in terms of C-

mitigation and ecosystem services, with a demonstrated lower impact on greenhouse gas 

emissions than the traditional fuels from fossil sources (Rowe et al., 2009). Therefore, 

second-generation biofuels, produced from plant biomass, one of the most abundant and 

underused biological resource systems on the planet, can be considered a viable 

alternative. Biomass, in fact, can be simply burned to produce heat and electricity, or used 

to produce liquid biofuels. But, as the production of biofuels from agricultural by-products 

could only meet part of the growing demand for liquid fuels, interest has shifted towards 

the use of dedicated crops. Second-generation biofuels could, therefore, significantly 

reduce CO2 production, not compete with food crops, and in some cases offer better engine 

performance. If marketed, the cost of second-generation biofuels has the potential to be 

comparable to standard petrol or diesel and would be the cheapest route to low-carbon 

renewable energy for transport (Naik et al., 2010). 

Comparing the higher heating value (HHV) and lower heating value (LHV) of biofuels 

with those of fossil fuels, it can be seen that they are normally lower than those presented, 
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for example, by gasoline (HHV = 46.9 MJ kg−1, LHV = 44.2 MJ kg−1), fuel oil (HHV = 

43.3 MJ kg−1, LHV = 40.0 MJ kg−1), and diesel fuel (HHV = 45.6, LHV = 42.6). However, 

the use of biomass provides many environmental benefits (Protásio et al., 2013). The 

production costs of biofuels are, at present, higher than those of fossil substitutes, even 

using the most advanced technologies. The cost of producing biogas varies greatly 

depending on the technology used and, above all, on the raw materials used, which are in 

most cases self-produced. For these reasons, the definition of the cost is problematic and 

subject to strong variability depending on the specific situation. In the EU, the 

optimization of the supply chains and the exploitation of new raw materials allowed a 

reduction in production costs from 2007 to 2010 of up to 30% (Cencič et al., 2007).  

Economic, social, and environmental impacts (including greenhouse gases (GHG) 

emissions and soil, water, and biodiversity impacts) have been evaluated by IEA (2010). 

The report indicated, through life cycle assessment (LCA) case studies, that bioethanol 

production from sugar cane significantly reduces the GHG emissions in comparison with 

fossil fuels, while the benefits are not clearly demonstrated for other biomass sources. 

However, clear reductions in GHG emissions were estimated for second-generation 

bioethanol and biodiesel production from lignocellulose biomass.  

2.1. First generation biofuels. 

 Biodiesel consists of a mixture of methyl esters produced by the chemical conversion 

of animal and/or vegetable oils and fats and is characterized by a high energy density 

(37 MJ kg−1; Naik et al., 2010). The materials used for the production of biodiesel are 

oilseed crops, such as sunflower and rapeseed. Other species, such as soybean or palm 

oil, are of less interest because their seeds have fairly modest oil contents or they pose 

problems of environmental and socioeconomic sustainability, respectively (Cencič et 

al., 2007). The production process includes the extraction of oils from the seeds, 

refining, and chemical conversion into biodiesel by transesterification reactions (Van 

Gerper, 2007). The process can be considered energetically efficient, with an 

output/input energy ratio between 1.25–3.67 for soybean (depending on the 

production conditions) and 2.29 for rapeseed oil (Rowe et al., 2009), greater than 0.84 

considered for diesel oil. Biodiesel is used in thermal motors for the direct production 

of electrical and thermal energy. However, the biodiesel production sector faces 
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strong competition from the oil production sectors for human consumption of the 

same resources. Due to some of its properties (like a higher cetane number than gas), 

biodiesel performs better than diesel, as it shows a greater readiness to ignite and its 

higher flash point value, compared to diesel, ensures greater safety in handling 

(Cencič et al., 2007).  

 Bioethanol is the ethyl alcohol produced by the fermentation of the sugars present in 

biomass in absence of oxygen and is characterized by a high energy content (27 MJ 

kg−1) (Chiaramonti, 2007). The raw materials are divided, according to their 

carbohydrates content, into saccharides (simple sugars), starch, and lignocellulose 

(cellulose and hemicellulose). Traditionally-used crops are sugar beet in Europe and 

sugar cane in Brazil as sugar crops (Naik et al., 2010), and maize as a starch crop 

(Chiaramonti, 2007). The use of lignocellulosic biomass requires different pre-

treatments followed by a hydrolysis (acid or enzymatic) step to obtain the monomeric 

sugars for microbial fermentation (Chiaramonti, 2007). In the case of bioethanol 

production from starch or sugar crops (wheat grain or sugar beet), hydrolysis, 

fermentation, and distillation are the most energy demanding steps (64%–74% of total 

energy input) and involve the greatest GHG emissions, but the use of straw reduces 

the GHG emissions as this is a waste by-product of grain production (Rowe et al., 

2009). Therefore, bioethanol production from by-products is a more environmentally 

friendly procedure than the production from grain. In terms of energy efficiency, the 

energy ratio ranges between 1.2 (for maize) to 2.78 for sugar beet (Rowe et al., 2009). 

But the efficiency depends on the conditions of the industrial process. However, clear 

advantages in terms of GHG emissions have been revealed by Rowe et al. (2009), 

with values generally lower that 12 g C eq MJ−1, in comparison with the range found 

for fuels from fossil sources (18–36.4 g C eq MJ−1).  

 Bio-ETBE (ethyl-tert-butyl-ether) is an organic compound derived from ethyl and 

isobutyl alcohols that can be used as an anti-detonator to increase the octane level in 

gasoline (Wallace et al., 2009). Bio-ETBE is produced from bioethanol and, 

therefore, shares its raw materials (cereals and sugary raw materials). It is produced 

through the chemical reaction between isobutanol and bioethanol, with acid catalysis, 

which takes place on the surface of an ion exchange resin (Cencič et al., 2007). 
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 Pure vegetable oils are obtained by mechanical extraction from oil seeds. Some 

properties, such as the net calorific value (or lower heating value, LHV), are 

comparable to those of biodiesel (Cencič et al., 2007). 

 Biogas is a mixture of the gases carbon dioxide (CO2) and methane (CH4), produced 

as a result of the successive biochemical reactions that take place during the AD 

process—biomethanation (hydrolysis, acidogenesis, acetogenesis, methanogenesis). 

The presence of methane in the composition of biogas (50%–75%) (Braun, 2007) has 

a decisive influence on its energy capacity (average of 23 MJ Nm−3). Pure vegetable 

oils and biogas are mainly used for the production of electricity and thermal energy 

generation and cogeneration. Their use in the transport sector is currently limited 

(Naik et al., 2010). 

2.2. Second-Generation Biofuels 

Innovative “second-generation” biofuels are obtained from lignocellulosic biomass and 

represent a promising technological improvement. These biofuels show better 

characteristics and performance than those of the first generation (Tables 1.1,1.2) but, at 

the same time, require more complex and improved technological and processing 

solutions.  

 Biohydrogen is obtained from the biomass and/or the biodegradable fraction of 

organic wastes through two different processes: a thermochemical process, which 

involves gasification followed by a steam-reforming phase to increase the final 

hydrogen content; and microbial fermentation of sugars in the dark, under anaerobic 

conditions. Different microorganisms (Enterobacter, Citrobacter, Bacillus, and 

Clostridium) have been reported to produce hydrogen through dark fermentation 

(Kotay and Das, 2008). This option is similar to AD but is reformulated to produce 

hydrogen directly instead of methane. While dark fermentation is a major light-

independent process, other biological options for biohydrogen production are light-

mediated processes, which include direct or indirect biophotolysis and 

photofermentation. Biophotolysis involves the light-driven decomposition of water in 

the presence of micro-algae or cyanobacteria, while in photofermentation, 

photosynthetic microorganisms convert organic acids, intermediate products of the 
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microbial metabolic pathways, into biohydrogen in the presence of solar radiation 

(Kotay and Das, 2008).  

 Bio-oil is the liquid product of lignocellulosic biomass pyrolysis, with similar 

characteristics to petroleum. The pyrolysis process is the initial stage of combustion 

and gasification processes. Pyrolysis is a thermochemical transformation process at a 

temperature of about 500 °C, generally carried out in an oxygen-free environment, 

which yields liquid (bio-oil), solid (biochar), and gas products. Fast pyrolysis is 

preferred to increase the bio-oil yield, while slow processes are used to obtain biochar 

(Jahirul et al., 2012). In the fast pyrolysis process, the biomass is rapidly heated to a 

high temperature in the absence of oxygen, producing about 60%–75% oil products, 

15%–25% solid products, and 10%–20% gaseous phase. The characteristics of the 

fast pyrolysis process are a high rate of heat transfer and heating, a very short 

residence time of the steam, and rapid cooling of the vapors and aerosol to give a high 

yield of bio-oil and precision in the control of the reaction temperature. This 

technology has been widely studied in the last decade because it shows several 

advantages, like: (i) the production of renewable fuels for boilers, engines, and 

turbines; (ii) low costs; (iii) low CO2 production; (iv) the possibility of using second-

generation bio-oil and waste materials (forest residues, urban and industrial waste, 

etc.); (v) ease of storage and transport of liquid fuels; (vi) high energy density 

compared to combustible gases; (vii) the possibility of separating the minerals, to be 

recycled as nutrients for the soil; (viii) the possibility of primary separation of sugars 

and lignin (Jahirul et al., 2012). Bio-oil is one of the highest-quality combustible 

hydrocarbons, although it is currently burdened by unacceptable energy and economic 

costs (Vivarelli and Tondi, 2004; Zafar, 2018). 

 Biomethanol is obtained from lignocellulosic biomass, while traditional methanol is 

obtained by the catalytic conversion of a fossil fuel (usually natural gas). However, 

the most widespread process involves the gasification of the biomass and the catalytic 

conversion (with chromium oxide and zinc oxide) of the CO2 and H2 present in the 

syngas obtained into biomethanol. The reaction for the production of biomethanol 

generally occurs under conditions of high temperature (400 °C) and pressure (40–80 

atm; Cencič et al., 2007). The main problem of biomethanol is linked to the safety of 

the storage, transport, and handling phases, as it burns without a visible flame and is 
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toxic by inhalation, contact, and ingestion. Moreover, its low volatility (boiling 

temperature of 78.4 °C, higher than that of petrol, normally around 30–35 °C) leads 

to problems and higher costs associated with the distribution network (Wakker et al., 

2005). 

 Biodimethyl ether (bio-DME) is dimethyl ether obtained from biomass. The 

production process is based on the gasification of lignocellulosic biomass to 

biomethanol and its subsequent conversion to bio-DME. The bio-DME is gaseous at 

room temperature and liquid at pressures above 5 bar, or if the temperature is below 

−25 °C. In general, it can be used in the liquid state, operating at pressure values in 

the order of 5–10 bar (Cencič et al., 2007). DME and BioDME are most commonly 

used as substitutes for propane in liquid petroleum gas (LPG), especially in Asia, but 

can also be used as substitutes for diesel fuel in transportation. Besides being able to 

be produced from a number of renewable and sustainable resources, bio-DME also 

has the advantage of having a higher cetane number than traditional diesel and, 

therefore, better combustion quality than diesel fuel during compression ignition. As 

a result, an engine tailored to work with DME can achieve higher efficiencies, better 

mileage, and emissions reductions (Wakker et al., 2005). 

 Bio-methyl tert-butyl ether (bio-MTBE) is produced from biomethanol and has the 

effect of raising the octane number in gasoline, without reducing its energy density or 

increasing its volatility. Since isobutene from oil also participates in the synthesis 

reaction, bio-MTBE is considered a biofuel to the extent that biomethanol is present 

in its composition (36%). With the gradual elimination of lead, since the mid-1980s 

it has become one of the most used components for the formulation of gasoline. The 

lower cost and toxicity of bio-MTBE relative to tetraethyl lead and benzene have 

increased its use as an anti-knocking agent in all green gasolines. Nowadays, bio-

MTBE is used in percentages ranging from 7% to 12% in volume (Busch et al., 2012).  

 Biobutanol is a liquid biofuel produced, through the fermentation of sugars by the 

microorganism Clostridium acetobutylicum, from the same raw materials as 

bioethanol (Yusoff et al., 2015). Biobutanol has some positive characteristics 

compared to bioethanol: it is less corrosive, its mixture with fossil fuels is more 

convenient because the mixtures do not undergo phase separation, and the storage and 
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distribution of biobutanol are easier. Although biobutanol has a higher energy density 

than bioethanol, it has a lower octane number and, therefore, better performance 

(Yusoff et al., 2015). 

Fischer–Tropsch diesel (FT-diesel, FT-liquid, or synthetic biofuels) consists of 

synthetic hydrocarbons or mixtures of synthetic hydrocarbons derived from biomass. 

The best-known process for the conversion of energy from lignocellulosic biomass 

into liquid biofuels (biomass to liquid, BTL) is Fischer–Tropsch synthesis, which was 

used on a large scale in Germany during World War II (Naik et al., 2010). The so-

called Fischer–Tropsch process consists of the gasification of the lignocellulosic 

biomass, the purification and conditioning of the synthesis gas produced (a mixture 

of carbon monoxide (CO) and hydrogen (H2)), and its subsequent conversion to liquid 

biofuels (FT-liquids). The liquid products consist of straight-chain hydrocarbons, do 

not contain sulfur compounds (which are eliminated in the purification process), and 

can be converted into fuels for automotive use (Naik et al., 2010). FT-diesel has a 

behavior similar to that of fossil fuels, in terms of lower calorific value, density, and 

viscosity, but also a higher cetane number and lower aromatic content, which results 

in lower emissions of particulate matter and nitrogen oxides. The two fuels can be 

mixed in any proportion, without the need to make changes in the engine and the 

distribution infrastructures (Cencič et al., 2007). 

  
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Table 1.1. Physico-chemical characteristics of first-generation biofuels (adapted from Cencič et al., 2007. © Consorzio per l’AREA di 

ricerca scientifica e tecnologica di Trieste). LHV: lower heating value; Bio-ETBE: bioethyl tert-butyl ether. 

Characteristics Biodiesel 
Vegetable Oils Bioethanol Bio-ETBE 

Sunflower Rapeseed Soybean Palm   

LHV (MJ kg−1) 37 39.6 37.4 36.8 36.5 27 36 

Oxygen content (% 

weight) 
11 10 10.4 10.3 11.5 35 16 

Iodine number 108.7 110–143 94–120 117–143 35–61 - - 

Cetane number 56 37 32–37.6 36–39 38–42 27 - 

Octane number - - - - - 113 110 

Flash point (°C) 160 274 246 254 - 13 - 

Cloud point (°C) −2 7.2 −3.9 −3.9 - - - 

Point of flow (°C) −9 −15.0 −31.7 −12.2 - - - 

Viscosity (cSt) 5.1 (20 °C) 37.1 (38 °C) 37 (38 °C) 28.5–32.6 (38 °C) 8.3 (38 °C) 0.5 (20 °C)  

State Liquid Liquid Liquid Liquid Liquid Liquid Liquid 

Appearance Limpid Limpid Limpid Limpid Limpid Limpid Limpid 
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Table 1.2. Physico-chemical characteristics of second-generation biofuels (modified from Cencič et al., 2007. © Consorzio per l’AREA di 

ricerca scientifica e tecnologica di Trieste).  LHV: lower heating value; Bio-DME: biodimethyl ether; Bio-MTBE: biomethyl tert-butyl 

ether; FT-Diesel: Fischer–Tropsch diesel. 

Characteristics Biogas 

Bio 

Hydroge

n 

Syngas Bio-

Oil 
Biomethanol Bio-DME 

Bio-

MTBE 
Biobutanol 

FT-

Diesel Type of Gasifier 

Air Oxygen Vapor       

LHV (MJ kg−1) 23.3 10.05 4.2 10 12 18.5 19.5 28.3 35 36 42.9 

Oxygen (% weight) traces  - 45 34.7 35 18 22  

Methane (% weight) 65  2–4 4–6 12.4 - - - - - 

CO2 (% weight) 40  
14–

17 
25–29 17–19 - - - - - - 

H2S (% weight) 0.1  - - - - - - - 

Cetane number - - 0.2–1 0.7 2.5 10 5 57 - 17 74 

Octane number - 130 - - 104.3 - 110 87  

Boiling temperature 

(°C) 
 −252 - - 65 −23 55 118  

Flash point (°C) - 585 - - 464 292 - 35 315 

State Gaseous Gaseous Gaseous Liquid Liquid Gaseous Liquid Liquid Liquid 

Appearance Gaseous Gaseous Gaseous Limpid Limpid Gaseous Limpid Limpid Limpid 
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3. PROCESSES FOR BIOENERGY PRODUCTION 

The methods of biomass conversion for the production of energy are classified as 

thermochemical, biological, or physical (Figure 5). 

 3.1. Methods of Biomass Thermochemical Conversion 

Thermochemical biomass conversion involves drying, roasting, pyrolysis, and 

gasification. If the solid biomass is subjected to a progressive increase in temperature, in 

the partial or total absence of oxygen, several thermochemical processes take place, which 

originate other fuels in solid, liquid, or gaseous form (Naik et al., 2010). Although these 

methods have been widely used in recent years, thermochemical conversion can be still 

considered the basis for the development of the second-generation biofuels. 

 

 

Figure 5. Processes for bioenergy production. 

Combustion is the most conventional process. Efficient combustion requires the 

reduction of the water content of the biomass, generally achieved by open-air drying. 

Combustion of wet material is less energy efficient as energy is used for evaporation of 

the water content (Candolo, 2005; Gebreegziabher et al., 2013). For the combustion 
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process to be effective (i.e., compensate the energy used for drying with the improvement 

in the efficiency of the process), the optimum moisture content of plant biomasses (wood 

chips, plant residues) has been set to be 10%–15% (Roos, 2008). Pelletizing (the 

compression and mechanical pressing process) is an effective method to increase density 

and reduce moisture. Combustion is, from a thermodynamic point of view, a process of 

conversion of the chemical energy of the fuel (biomass) into heat. The heat is mostly 

generated by the oxidation of the carbon, in the presence of sufficient oxygen, to CO2. The 

biomasses for the production of energy by combustion are generally wood processing 

residues, and cogeneration is used to produce heat and electricity (Candolo, 2005). A 

portion of the heat produced is used to produce steam for power turbines connected to 

electric generators. The remaining heat can be used by industrial or residential users. The 

efficiency of these plants is in the order of 20%–25% and, therefore, rather modest. 

Medium–large cogeneration plants can obtain energy efficiencies close to 25%, with about 

10 MW of electric power. To generate these powers, the quantities of biomass to be burned 

become considerable, and complex and costly systems are needed for the elimination of 

the toxic substances present in the fumes (Candolo, 2005). 

According to the temperature reached, the thermochemical processes can be classified as:  

 Drying, which occurs at temperatures of up to 150 °C, when water evaporates without 

substantial chemical modification of the raw material; 

 Roasting, which arises between 150 °C and 280 °C, when in addition to water, some 

organic volatile compounds are released, including acetic acid, methanol, and carbon 

dioxide. The solid residue darkens, becomes very stable microbiologically, and 

reaches a high energy density; 

 Pyrolysis (carbonization), which takes place when temperatures reach maximum 

values of 550–600 °C. During this process, the division of the C–C and C–O bonds 

(decarbonylation and decarboxylation) occurs with the production of gas (mainly 

carbon monoxide, hydrogen, carbon dioxide, and methane), hydrocarbons (also of 

high molecular weight, such as tars), phenols, esters, acetic acid, methanol, and water. 

The resulting solid residue is charcoal (or biochar), while the gas released, if properly 

cooled, can be divided in two types of product: the non-condensable part and the 
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condensable part, which is liquid at room temperature and is called “pyrolytic juice” 

or “bio-oil” (Naik et al., 2010). Biochar, with a carbon content greater than 95%, has 

an LHV of approximately 29.3 MJ kg−1; the energetic value of bio-oil can range 

between 7 and 18 MJ kg−1 according to the water content, while the gas is 

characterized by an LHV of 4.8 MJ Nm−3 (Cencič et al., 2007); 

 Gasification, which takes place at temperatures between 600 and 1500 °C, with the 

total gasification of the biomass. Carbonaceous and organic compounds are converted 

into fuel gas, also known as syngas, a mixture of mainly carbon monoxide and 

hydrogen. The syngas can be further converted to hydrogen and CO2. The high 

temperatures are obtained by burning aliquots of biomass in the reactor. Air or pure 

oxygen can be used as a gasification agent: in the first case, the gas produced will 

contain a high concentration of molecular nitrogen (N2), while in the second case it 

will have a lower presence of N2 but a higher LHV (up to 10.5 MJ Nm−3; Cencič et 

al., 2007). 

3.2. Biochemical Methods 

3.2.1. Alcoholic Fermentation 

This process is based on the transformation of carbohydrates into ethanol by 

microorganisms (Saccharomyces cerevisiae). The optimal activity of the yeast occurs at 

33–35 °C and pH 3–5. The maximum concentration of bioethanol in the growth medium 

must not exceed 11% by volume, since higher concentrations can inhibit the activity of 

the yeast (Naik et al., 2010). During continuous fermentation, the concentration of 

bioethanol is maintained at levels close to the microorganisms’ tolerance values (Cencič 

et al., 2007). 

At the industrial level, fed-batch fermentation and semi-discontinuous fermentation are 

widely used to fulfill the dual purposes of maintaining the concentration of bioethanol 

below the threshold for inhibition of yeast and operating under variable volume 

conditions. In fed-batch fermentation, there is an initial batch phase followed by the fed-

batch process once an adequate amount of microbial biomass is reached. This technique 

is ideal for processes in which either cell growth or product formation is sensitive to the 
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concentration of the limiting substrate (Zohri et al., 2017). Finally, semi-discontinuous 

fermentation can be considered as a combination of the fed-batch and continuous 

processes. In this operation, the feed solution is fed at constant intervals, while the effluent 

is removed discontinuously. The advantage of this system is that the intermittent feeding 

of the substrate, which has an inhibitory effect on the production of the catabolites, keeps 

its concentration low, improving fermentation productivity. Both methods have the 

advantage that there is no non-productive idle time for cleaning and re-sterilization and 

not much control is required. However, there is a high risk of contamination and mutation 

due to the long periods of cultivation and handling, and since larger reactor volumes are 

required, investment costs are higher (Zohri et al., 2017). 

Several studies have focused on enhancing the digestibility of lignocellulosic biomass 

through physical, chemical, biological, and hybrid pretreatments in the production of 

liquid fuels (primarily ethanol) via biochemical pathways (FitzPatrick et al., 2010; Takara 

and Khanal, 2011; Sawatdeenarunat et al., 2015.  

3.2.2. Transesterification 

Transesterification is a chemical reaction in which the main result is the rupture of the 

triglyceride molecules, i.e., the fatty acids that characterize vegetable oil and are the basis 

of its high viscosity. The transesterification process takes place using an alcoholic reagent 

(methanol or ethanol), whose action is reinforced and accelerated by a catalyst (caustic 

soda). Alcohol, reacting with fatty acids, produces methyl esters (i.e., biodiesel), with a 

yield of 90% by weight, and glycerol (or glycerin), with a yield of 10% by weight (Naik 

et al., 2010; Van Gerper, 2007). The splitting of triglycerides, components of oils, into 

methyl esters has the effect of reducing their viscosity to values close to those of diesel 

fuel and, as a result, simplifies the interventions necessary for the preparation of the 

motors, especially for automotive applications. Transesterification can be carried out 

using different operational temperature and pressure conditions, which are selected in 

terms of the desired production capacities, the quality of the vegetable oils, and the 

economic investment that is envisaged (Cencič et al., 2007). 

3.2.3. Aerobic Digestion 



Chapter 1 

 

61 

This process involves the degradation of organic substances by microorganisms under 

aerobic conditions. The bacteria degrade complex organic substances into simple 

compounds, with the final production of CO2, H2O, and heat, which is produced in 

proportion to the microbial metabolic activity (Shammas and Wang, 2007), and can 

therefore be considered a bioenergy production process. 

One example of bioenergy production through aerobic degradation is composting. 

Composting consists of a spontaneous biological decomposition of solid organic material 

in a predominantly aerobic environment, during which primarily bacteria, fungi, and other 

microorganisms transform organic materials into a stable product called compost, useful 

as a fertilizer or soil amendment (Bernal et al., 2017). Composting is an exothermic and 

spontaneous process in which the microbial activity releases energy as heat, increasing the 

temperature of the material, which can then be recovered for the production of renewable 

energy as bioenergy (Onwosi et al., 2017; Smith et al., 2017). Although the ultimate 

energy available from a composting substrate is the same as that available from the 

combustion of the substrate, the actual amount of heat produced is determined by factors 

such as the feedstock energy content, biodegradability, duration of the composting 

process, and composting conditions (Smith et al., 2017). In fact, composting does not lead 

to biofuel production, but it can be considered a source of renewable thermal energy. The 

heat produced from composting can be used directly as vapor for greenhouse heating, as 

hydronic heating through conduction of heat exchanges inside the pile for consumption of 

hot water, and by a condenser-type heat exchanger (Smith et al., 2017). The last option is 

considered the most efficient for energy recovery. Different heat recoveries have been 

reported from the composting process: 1.9 MJ kg−1 of organic matter from tomato plant 

residues using a rotary drum bioreactor (Alkoaik et al., 2018); 6 MJ kg−1 of compost from 

kitchen and garden waste (Neugebauer, 2018); 17.7–32.9 MJ h−1 during the composting 

of animal manure, animal bedding, and waste feed hay in a commercial-scale system with 

compost vapor temperatures of 51–66 °C (Smith and Aber, 2018). 

3.2.4. Anaerobic Digestion 

This biochemical conversion process takes place in the absence of oxygen and entails the 

microbial degradation of complex organic substances (lipids, proteins, carbohydrates) 
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contained in plants and animal by-products, with the production of gas (biogas). The raw 

biogas is usually constituted mainly of methane (about 50%–75%), CO2 (25%–50%), H2O 

(1%–5%), and other minor volatile components, such as N2, H2S, NH3 and siloxanes or 

other organic hydrocarbons (Braun, 2007). During AD, degradation and stabilization of 

complex organic matter are performed by microorganisms, leading to the production of 

an energy-rich biogas that can be used as renewable energy to replace fossil energy sources 

(Raposo et al., 2011; Angelidaki et al., 2011). 

The digestion of the biomass takes place in four phases (Figure 6): hydrolysis, 

acidogenesis, acetogenesis, and methanogenesis, each one carried out by specific 

microorganisms (Braun, 2007). In the hydrolysis phase, complex organic substrates, such 

as proteins, fats, and carbohydrates, are degraded by different bacterial groups, with the 

formation of simple compounds, such as amino acids, fatty acids, monosaccharides, and 

alcohols. The acidogenic phase oxidates microbially the hydrolyzed simple organic 

substrates to low molecular weight intermediate compounds (e.g., lactic, propionic, 

butyric, formic, and acetic acids, ethanol, and H2), which are converted into acetate in the 

subsequent acetogenic phase by acetogenic bacteria. Then, methanogenic archaea are 

responsible for the final degradation and the formation of CH4 (Raposo et al., 2011). 

Normally, the biogas produced is used in an endothermic engine to produce electricity. 

The electricity produced can be directly fed into the distribution network and sold at a 

remunerative price as a renewable energy source. Frequently, the digested material is 

applied to agricultural soil as a source of nutrients (due to its high concentration of 

nutrients, mainly N as NH4
+ that is directly available to plants), partially substituting 

mineral fertilizers (Alburquerque et al., 2012). The most widely used biomass is maize 

silage (about 10 m3 of methane can be obtained from 1 t of maize silage; Candolo, 2005). 

However, other organic materials are also used frequently as feedstocks for AD, like 

animal manure, crop residues, sewage sludge, industrial wastewater, food waste, and 

municipal solid waste (Braun, 2007; Sawatdeenarunat et al., 2015). 
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Figure 6. Phases of the anaerobic digestion process (adapted from Naik et al., 

2010. © Elsevier Ltd). 

The calorific value of the biogas obtained varies according to the methane content. A 

typical value can be about 23,000 kJ Nm-3 (Cencič et al., 2007). The biogas can be treated, 

accumulated, and used as fuel for gas boilers or internal combustion engines. However, it 

can also be purified (i.e., removal of CO2, H2O, H2S- or S-containing compounds 

(mercaptans), siloxanes, and other minor components) (Braun, 2007; Deublein and 

Steinhauser, 2008) and upgraded to produce biomethane (97% CH4), with a quality 

equivalent to natural gas, which can be used as a biofuel for transport and for introduction 

into the natural gas network. Upgrading the biogas by removing CO2 and increasing the 

CH4 concentration increases the energy content of the biogas, but also the costs of biogas 

production. Some technologies for biogas upgrading are already available, and others are 

in the pilot or demonstration plant stage (Petersson and Wellinger, 2009). Four methods 

are in use for biogas upgrading through CO2 removal: washing on a temperature or 

pressure swing, in which a liquid removes CO2; cryogenic, based on cooling and 

compressing for removing liquid CO2; vacuum pressure swing adsorption (VPSA), in 

which a packed bed absorbs CO2; selective membranes, which permeate through the CO2 

Hydrolysis

Fermentation
Acidification

Acetogenesis

              

Hydrolytic bacteria
(exoenzymes)

Fermentative/
acidogenic bacteria

Methanogenic 
bacteria

CH4 + CO2

Hydrogen, Carbon dioxide

Syntrophic 
acetogenic 

bacteria
Acetate

             
                            

Fatty acidsSugarAmino acids

CarbohydratesProteins Lipids

Complex Molecules



Chapter 1 

 

64 

or methane, depending on the applied membrane (Kampman et al., 2016). Anaerobic 

digestion is, therefore, considered a competitive source for the production of renewable 

energy in terms of efficiency and cost (Braun, 2007; Raposo et al., 2011). Considering the 

energy requirement of the process (input) and the energy produced (output), the 

output/input ratio reveals a high efficiency for crop residues such as potatoes, fodder beet, 

and maize (4.6–5.1), with low efficiency for rye and rapeseed oil (1.4 and 2.1, 

respectively) (Braun, 2007). 

More recently, lignocellulosic biomasses, namely agro-residues and energy crops, have 

been gaining much attention as candidate feedstocks for the generation of bioenergy and 

biobased products (Amon et al., 2007; Braun, 2007; Oslaj et al., 2010). Unlike 

conventional biorenewable feedstocks (i.e., sugar- and starch-rich crops), lignocellulosic 

biomass does not directly compete with food or feed production (Sawatdeenarunat et al., 

2015). The composition of lignocellulosic biomass, however, consists primarily of 

cellulose, hemicellulose, and lignin, and the combination of these components creates a 

highly resistant and recalcitrant biomass structure. Consequently, the hydrolysis of 

lignocellulose often becomes the rate-limiting step during traditional AD (Khanal, 2008). 

In any case, lignocellulosic biomass has a great potential to serve as a feedstock for CH4 

production. The complexity of the biomass structure and the lack of appropriate digesters 

designed for efficient handling of the high-solids biomass are major challenges in the 

digestion of lignocellulosic biomass. However, harvesting of the biomass at an appropriate 

stage of maturity and co-digesting it with other feedstocks significantly enhances the CH4 

yield (Sawatdeenarunat et al., 2015). 

A common alternative biological pretreatment of feedstocks is treating them with rumen 

microorganisms (RM), the microflora found in ruminant stomachs, which create an in situ 

cellulolytic ecosystem that has a high potential to degrade the complex carbohydrate 

structures of lignocellulosic biomass (Hu and Yu, 2005). Anaerobic degradation using RM 

is a pH-dependent process. The highest efficiency in terms of substrate digestion was 

found at a pH between 6.8 and 7.3 (Hu et al., 2004).  

To evaluate a specific organic substrate for biogas production through AD, the 

biochemical methane potential (BMP) test is commonly used (Angelidaki et al., 2009). 
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The general principle is the anaerobic incubation of the organic substrate in an inoculum 

containing a suitable medium (water and minerals) with a variety of anaerobic 

microorganisms, at neutral pH and with specific temperature conditions (mesophilic or 

thermophilic). The substrate acts as a source of carbon and energy for the microorganisms. 

During the incubation, the production and composition of the biogas and the degradation 

rate of the substrate are evaluated and the conversion rate determined (Raposo et al., 

2011). The determination of the BMP allows the definition of the potential of a material 

to produce biogas by AD on an industrial scale. However, the efficiency of the industrial 

process must be proven.  

The factors that affect the biodegradability and, therefore, the production of biogas 

include: the characteristics of the input materials (composition of the organic matter, 

moisture, total solids and volatile solids contents, biodegradability, and even the 

crystallinity of the cellulose) and the inoculation and anaerobic conditions (Amon et al., 

2007; Lehtomäki et al., 2008; Nizami et al., 2009; Oslaj et al., 2010; Plöchl et al., 2009; 

Raposo et al., 2011). 

In general, AD is classified into three important groups based on the operating total solids 

(TS) content: liquid (L-AD), with TS < 10%; semi-solid (S-AD), with 10%–20% TS; and 

solid-state (SS-AD), with TS > 20% (Cui et al., 2011; Karthikeyan and Visvanathan, 

2012). However, Brown et al. (2012) referred to liquid and solid-state AD with TS content 

< or >15%, respectively. SS-AD is ideal for high-solids organic feedstocks, which 

typically have a TS content between 10% and 50%, like energy crops, food wastes, 

livestock manure, agro-residues, etc. (Lehtomäki et al., 2008). In recent years, there has 

been growing interest in SS-AD with agricultural and forest residues, and also with energy 

crops. The advantages of SS-AD, in comparison to L-AD, are: lower reactor volumes, 

higher organic loading rates (OLRs), less water for dilution, a lower mixing requirement, 

no floating substrates (in the bioreactor), lower costs for managing the digestate, and 

overall, a lower energy input for operation (Karthikeyan and Visvanathan, 2012; Liew et 

al., 2012). Typically, due to the higher OLR during SS-AD, the accumulation of volatile 

fatty acids (VFAs), organic acids, and ammonia leads to an overload of the reactor and 

the whole system is prone to fail, especially when energy crops are used as a mono-

substrate. Thus, the high solids content in SS-AD, which is considered an advantage, can 
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also produce dead zones in the reactor and can lead to reductions in CH4 production 

efficiency, as well as causing an overload of the reactor. Therefore, in this regard, further 

research is needed on reactor configurations to eliminate the build-up of toxic and/or 

inhibitory compounds in SS-AD systems. The efficiency of SS-AD systems can be further 

improved through different reactor operating strategies, adequate OLRs and retention 

times, maintenance of healthy and well-balanced microbial communities, and subsequent 

identification and quantification of the efficiency of lignocellulosic-biomass-digesting 

microbes (Sawatdeenarunat et al., 2015). A possible future path for SS-ADs could be the 

two-step co-digestion of energy crops and animal manure. This approach could improve 

the microbial hydrolysis of substrates, prevent VFA build-up, and provide the necessary 

nutrients and trace elements. It would also be interesting to study and understand how the 

maturity and composition of animal feed affect the digestibility of biomass 

(Sawatdeenarunat et al., 2015). 

The AD of N-rich substrates, such as animal manures, is also not recommended as it can 

result in digester instability caused by ammonia toxicity from the rapid degradation of 

organic nitrogen such as urea and protein (Abouelenien et al., 2014). In co-digestion 

processes, substrates from different origins (e.g., animal manures, agroindustrial wastes, 

crop residues, etc.) are mixed to increase their degradability and also to adjust the C/N 

ratio and, therefore, the efficiency of the process. The C/N ratio of feedstocks is critically 

important to facilitate the conversion of lignocellulosic biomass to CH4 (Wu et al., 2010; 

Giuliano et al., 2013; Ye et al., 2013).  

Thus, co-digestion of carbohydrate-rich lignocellulosic biomass with nitrogen-rich animal 

waste has significant implications for the maintenance of an optimal C/N ratio for 

commercial CH4 production with renewable feedstocks (Braun, 2007; Giuliano et al., 

2013). Several studies to date have demonstrated the successful anaerobic co-digestion of 

livestock wastes and lignocelluloses. Ye et al. (2013) reported the co-digestion of rice 

straw and swine manure in a series of batch experiments where co-digestion increased the 

CH4 yield by an impressive 71% compared to the mono-digestion of rice straw, using a 

pig manure to rice straw ratio of 2:1 (on a vs. basis). The C/N ratios of the co-substrates 

(i.e., the mixture of swine manure and rice straw) and mono-substrate (i.e., rice straw) 

were 21.7 and 47, respectively. 
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3.3. Physical Methods 

Physical conversion is essentially a process of mechanical pressing of crops with high oil 

content (like sunflower, rapeseed, and soybean). The vegetable oil obtained, which is a 

mixture of fatty acid esters, can be used directly as fuel for slightly modified diesel engines 

or can be chemically treated to make it similar to diesel fuel (biodiesel; Candolo, 2005). 

The oils are normally extracted from the seeds of plants through cold or hot mechanical 

extraction methods, similar to those for producing oil for human consumption. They 

consist of a screening and press or centrifuge system, filtration (with carbon filters, plate 

filters, or centrifugal filters), and storage in tanks. The operational conditions can be 

continuous, taking place between the inner walls of a cylindrical chamber with a 

mechanical element (generally a screw) inside, in rotation on its longitudinal axis, or 

discontinuous, run with compression cycles (Ciaschini et al., 2005). During the extraction, 

the temperature can increase due to the friction occurring between the seeds and the press, 

but the temperature can also be controlled by a thermoregulation system. Average oil 

yields are 30%–33% by weight, but by optimizing the parameters that regulate the process, 

yields can reach 36% by weight. In fact, both the pressure and the temperature of the 

extraction significantly affect the yield; the influence of the pressure seems to be, however, 

more important than that of the temperature (Ciaschini et al., 2005). 

 

4. CHARACTERISTICS OF THE SOURCE MATERIALS FOR BIOENERGY 

PRODUCTION 

Among the different renewable energy sources, plant biomass is the most versatile from 

which to obtain solid, liquid, or gaseous fuels, and, in some cases, it can be directly used 

as a fuel (Iaboni and De Stefanis, 2003). It constitutes, therefore, a renewable and 

inexhaustible resource—if properly used—for the production of (bio)energy. 

Conventionally, biomass can be classified into three sectors: 

 Lignocellulosic materials, which include biomass crops and crop residues; 
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 Biofuel crops, which are subdivided into oilseed crops, such as rapeseed and 

sunflower, and sugary crops, such as sugar cane; and 

 Organic materials, from which biogas can be obtained through fermentation or 

degradation (Iaboni and De Stefanis, 2003). 

The biomasses suitable for energy transformation, whether it takes place directly using the 

biomass or after its transformation into a solid, liquid, or gaseous fuel, can also be 

subdivided by category of origin into the following types: 

 Forestry and agroforestry: residues from silvicultural or agroforestry activities, use of 

coppice woods, etc.; 

 Agriculture: crop residues deriving from agricultural activity and dedicated crops of 

lignocellulosic species, oleaginous plants (for the extraction of oils and their 

transformation into biodiesel), and alcohol plants (for the production of bioethanol); 

 Livestock waste: for the production of biogas; 

 Industrial: waste from wood or wood products and the paper industry, as well as 

residues from the agri-food industry; 

 Urban waste: residues from public gardens, maintenance operations, and the wet 

fraction of municipal solid waste.  
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Table 1.3. Chemical composition of energy crops. 

Crop Carbohydrate (% d.m.) Fat (% d.m.) Protein (% d.m.) Ash (% d.m.) Dry Matter (t ha−1) Moisture (%) 

Oilseed crops 

Rapeseed 17.0 a 41–50 b 24.7 a 4.3 a 7.5 a 9–12 c 

Sunflower 15.9 a 48–55 b 25.2 a 4.2 a 4.0 a 9 c 

Soy 31.8 a 18–21 b 37.9 a 5.2 a 5.4 a  

Abyssinian mustard 30–38 q 30–39 b 38.9 q 5.2 q - 8.9 q 

Alcohol crops 

Sugary       

Sugar beet 
Roots 18 b (sucrose. glucose, 

fructose) 

Leaves 2.7 e 

Pulp 0.2 e 

Leaves 16 e 

Pulp 1.00 e 

Leaves 32 e 

Pulp 0.50 e 
30–40 d - 

Sugar sorghum 
Stems 15 b (sucrose, glucose, 

fructose) 
2.0–2.4 f 8.6–9.4 f 

Panicle 7.85 g 

Leaf 9.44 g 

Stalk 4.38 g 

Bagasse 3.41 g 

25.29 g 

Panicle 36.43 g 

Leaf 60.58 g 

Stalk 66.40 g 

Bagasse 47–

56.62 g 

Starchy        

Triticale 13 (Starch) e 3.23 e 8.6 e 6.01 e 16.5 d 50 c 

Forage sorghum Grains 

11 b (cellulose) 18 b 

(hemicellulose) 

30 b (starch) 

1.7–2.3 f 8.2–9.9 f 

Panicle 4.19 g 

Leaf 9.22 g 

Stalk7.19 g 

21.37 g 

Panicle 49.80 g 

Leaf 60.45 g 

Stalk 71.26 g 

Bagasse 46.50 g 

Maize  Grains 70 b (starch) 1.9–2.6 f 6.6–8.6 f Bagasse 1.1 r 21.5 d 27.7–33.9 f 
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Table 1.3. Chemical composition of energy crops (cont.).  

Crop Carbohydrate (% d.m.) Fat (% d.m.) Protein (% d.m.) Ash (% d.m.) Dry Matter (t ha−1) Moisture (%) 

Lignocellulosic  

Biomass sorghum -- 1.6–3.3 f 7.8–10.2 f 
Panicle 4.34 g 

Leaf 6.30 g 

Stalk 4.77 g 

42.33 g 

Panicle 52.79 g 

Leaf 47.90 g 

Stalk 66.22 g 

Common cane  
31 b cellulose 

22 hemicellulose 
0.8–1 1.3–3.7 h 

Leaves 11.3 d 

Stems 3.2 d 
37.7 d  

Miscanthus 
41 l cellulose 

24 l hemicellulose 
----- 1.0–2.2 h 

Leaves 6.2 d 

Stems 2.9 d 
15–30 d 

31 i average of 

two years 

Cardoon 
41 m cellulose 

23.6 m hemicellulose 
0.1 2.9–3.7 h 6.8–8.2 h 0.4–24.8 h 19.1–55.5 h 

Switchgrass 63.2 n 4.0 n 12.8 p 
Leaves 7–7.6 d 

Stems 2.3-2.6 d 
10–25 o 35–45 o 

a (Santonoceto, 2014); b (Cencič et al., 2007);c (Mancini et al., 2011); d (Corno et al., 2014); e (Calabrò, 2018); f (Giunco, 2015); g 

(average of 2 sorghum cultivars, modified from (Calabrò, 2018); h (Mantineo et al., 2009); i (Giovanardi et al., 2009); l (Consentino et 

al., 2007); m (Palumbo and Mastro, 2014); n (Petrini et al., 2005); o (Saccani et al., 2015); p (Anaborapi, 2001); q (average of 4 Brassica 

carinata cultivars from (Xin et al., 2013); r (Demirbas, 2004). 
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Depending on the type of biomass used and the type of processing used, it is possible to 

classify biomass in two groups: that produced specifically for energy purposes (dedicated 

crops) and that recovered from the agricultural, forestry, and agroindustrial sectors 

(recovery biomass). The dedicated crops can be classified in terms of the specialization of 

production or of the physico-chemical characteristics of the cultivated species to which 

the transformation process is inevitably linked (Table 1.3). In fact, dedicated crops can be 

divided into three main categories: lignocellulosic biomass crops, oil crops, and alcohol 

crops (Marrone, 2014). 

Studies carried out to date have shown that the efficacy of the different processes of 

energetic transformation, such as direct combustion, conversion into bioethanol, and the 

gasification of lignocellulosic crops, depends not only on the physico-chemical properties 

of the different plant species but also on the different parts of the plant (stems, leaves) 

used. For example, for direct combustion the biomass at harvest must have low water and 

ash content and a high amount of raw lignin; whereas, in the production of ethanol or in 

gasification systems, the lignocellulose components (such as cellulose and hemicellulose) 

are important (Consentino et al., 2007). In AD, if traditionally the materials used were 

mainly animal manure or slurry, today co-digestion processes are favored (Abouelenien 

et al., 2014; Giuliano et al., 2013; Wu et al., 2010; Ye et al., 2013). Co-digestion can 

achieve a significant enhancement of the biogas yields and, therefore, of the energy 

produced, as well as greater stability of the digestion process (Cavinato et al., 2010; Cencič 

et al., 2007). Silage maize is the most widely used material, both for its high energy and 

crop yield (at least in particularly suitable areas) and for its low market value. Currently, 

great interest has also been aroused by some crops, such as sugary sorghum and triticale, 

also with a view to crop rotation, which allows greater management flexibility and 

enhances the availability of substrates throughout the year (Cencič et al., 2007). 

Sorghum is a promising alternative in the bioenergy sector, thanks to its agronomic 

characteristics and adaptability to limiting soil and climatic conditions. Compared to 

eucalyptus, for example, the production of sorghum dry matter is 40 t ha−1 in five months 

against the 20 t ha−1 in about seven years of the former (Pimentel et al., 2017). There are 

three agronomic types of sorghum: (i) biomass sorghum, whose crops have a high yield 

(about 30 t ha−1 of dry stem) and for this reason are more suitable for the generation of 
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solid biofuels (i.e., direct combustion); (ii) forage sorghum, whose biomass has a lower 

lignin content in the stems than other crops and, therefore, is more suitable for the 

generation of liquid biofuels; and (iii) sugar sorghum, from which second-generation 

bioethanol is produced in yields similar to those of other biomass crops like sugar beet, 

maize, or sugar cane (Table 1.4). Therefore, sorghum has several potential uses that can 

be exploited by the bioenergy sector, according to the agronomic group and the part of the 

plant used (Pimentel et al., 2017). 

The use of sorghum, when compared to other bioenergy crops, is advantageous both for 

its agronomic characteristics and for its adaptability to different pedo-climatic conditions. 

Compared to eucalyptus, for example, the production of sorghum dry matter is 40 t ha-1 in 

five months against the 20 t ha-1 in about seven years of the former. Pimentel et al. (2017) 

studied the productive potential of the three different sorghum agronomic types (biomass, 

sugar, and fodder) and concluded that in all the cultivars the production of biomass in the 

stalk (67-78 %) was greater than in the leaves (16-20 %) and panicle (3.6-11 %; Table 

1.3). Only the panicles of the three types of cultivar showed acceptable moisture 

percentages (< 50 %; Vieira, 2012). The panicles also showed the highest hemicellulose 

content (biomass 37.4, sugar 39.8, forage 41.5 %; Table 1.5), while cellulose was higher 

in the stalk (biomass 29.1, sugar 28.3, forage 25.6 %; Table 1.5) and leaves (biomass 25.2, 

sugar 21.0, forage 26.9 %; Table 1.5) than in the panicles (biomass 22.7, sugar 15.7, forage 

13.3 %; Table 1.5). 

For ethanol (first and second generation) and bioelectricity production, as well as direct 

combustion, only the stalk is used. The other parts (panicle and leaves) are used as 

agroindustrial waste, for animal feed production, or for production of energy through 

pyrolysis. By comparison, the production of cellulose from eucalyptus has high costs 

because of its high lignin content and because the forest cycle is about seven years. The 

use of sorghum is therefore competitive since the bagasse of sugar sorghum contains, on 

average, 30% cellulose, against 34% for wheat straw, 40% for sugar cane bagasse, 32% 

for maize cob, and 46% for Eucalyptus globulus wood (Silva, 2010). The amount of lignin, 

which has a more complex structure compared to cellulose and hemicellulose, can 

positively influence the thermal degradation of biomass. The component that has the 

highest percentage of lignin is the stalk of biomass sorghum (18.7%). 
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Table 1.4. Average yields of biodiesel, pure vegetable oil, bioethanol, and bio-ETBE, and the lower anaerobic biogasification 

potential (ABP), biomethane production (BMP), and higher heating value (HHV) of the principal energy crops. 

Crops 
Biodiesel 

(t ha−1) 

Pure 

Vegetable Oil 

(t ha−1) 

Bio-Ethanol 

(L ha−1) 

Bio-

ETBE 

(t ha−1) 

ABP 

(Nm3 t−1 DM) 

BMP 

(Nm3 CH4 ha−1) 

HHV 

(MJ kg−1) 

Rapeseed 0.9 a 0.8 a - - - - - 

Sunflower 1.1 a 1.0 a - - - 832–4695 b,c - 

Soy 0.6 a 0.5 a - - - - - 

Abyssinian mustard 1.0 a 0.9 a - - - - - 

Sugar beet roots - - 5000-6000 d,e,f 9.6 a - 1954-6309 c - 

Sugar sorghum stems - - 2800-6000 h,m,n,f 8.3 a 423 g 2124–8370 c,i,l - 

Maize  - - 

grains 

starch 

stover 

700-3232 h,m,n,q 

2010-4000 d,r 

700-2000 q,r 

7.2 a 694 g 

5453-7768 o,p 

5300–9000 b 

5862-12150 b,c,i 

stover 18.4 

g 

Common cane - - 11000 s 524 g 9580-19,440 t,u 18.7 g 

Triticale - - 2843 v 677 g 1000–5944 c,i,z - 

Miscanthus - - 8812 q - - 18.7 g 

Sugar cane - - 3000-8000 e,f,h,n,m - - 16.8 g 

a (Cencič et al., 2007); b (Amon et al., 2007); c (Murphy et al., 2011); d (Adams et al., 2009); e (Ziska et al., 2009); f (Almodares and Hadi, 2009); g (Corno et 

al., 2014); h (Jansson et al., 2009); i (Schievano et al., 2014); l (Seppälä et al., 2013); m (Ravindranath et al., 2011); n (Duku et al., 2011); o (Thyø and Wenzel, 

2007); p (Oslaj et al., 2010); q (Quin et al., 2011); r (Keshwani and Cheng, 2009); s (Williams et al., 2008); t (Ragaglini et al., 2014); u (Corno et al., 2014); v 

(average value from Rosenberger et al. (2002), Table 8); z (Gatta et al., 2013). 
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Forage sorghum cultivars have a low concentration of lignin in the stalk (5.75%; Table 

1.3). This makes them good candidates for hydrolysis, which yields sugars for the 

production of second-generation ethanol and, consequently, for the production of liquid 

biofuels. The ash content ranges from 3.41% to 9.44% (Table 1.3), values close to those 

of the maize cob (1.1% DW) and sugar cane bagasse (11.3% FW; Demirbas, 2004). Plant 

ashes contain reasonable quantities of micro- and macro-nutrients and are effective for 

reducing soil acidity, increasing the pH of the soil and its soluble concentrations of Mg, 

P, and K, and, therefore, can be used as fertilizers. However, in the bioenergy industries 

that use pyrolysis, the production of a great amount of ashes represents a disadvantage due 

to the need for their continuous removal from the furnace. 

Arundo donax, or common cane, is an herbaceous perennial plant with a long, hollow, and 

robust stem that grows even in relatively poor soils. From its area of origin in the 

Mediterranean Basin and the Middle East, its distribution has expanded to temperate and 

subtropical regions of both hemispheres. It is a hydrophytic plant capable of growing in 

soils rich in water. Studies have shown that hereditary phenotypic differences exist among 

the clones of A. donax as regards, for example, the number, diameter, and height of the 

culms (Consentino et al., 2006a; Pilu et al., 2014). Therefore, the genetic improvement of 

the species could lead to an improvement in the production of biomass. The use of A. 

donax for the production of bioenergy is justified not only by its high biomass yields (37.7 

t ha−1; Table 1.3) but also because it has proven application in the production of 

bioenergy/biofuels, both through AD for the production of biogas and through direct 

combustion of its biomass (Table 1.4). Its anaerobic biogasification potential (ABP; 524 

Nm3 t−1 DM) is about 75%, 77%, and 124% of those of maize (694 Nm3 t−1 DM), triticale 

(677 Nm3 t−1 DM), and sorghum (423 Nm3 t−1 DM), respectively, in terms of productivity 

per unit area (40 t ha−1). The average production of biomethane from these plants (12618 

± 3588 Nm3 t−1 DM) varies according to the agronomic environment but is still higher 

than that of traditional energy crops (Table 1.4).  
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Table 1.5. Cellulose, hemicellulose, and lignin contents of principal energy 

crops. 

 

Crops 
Part of the 

plant 

Cellulose 

(%) 

Lignin 

(%) 

Hemicellulose 

(%) 
Reference 

Biomass sorghum 

Panicle 22.73 6.91 37.37 

Pimentel et al. (2017) Leaf 25.22 5.51 34.76 

Stalk 29.14 18.69 28.77 

Sugar sorghum 

Panicle 15.65 4.98 39.81 

Pimentel et al. (2017) 
Leaf 20.98 4.82 34.03 

Stalk 28.33 8.28 27.20 

Bagasse 31.67 9.32 29.30 

Forage sorghum 

Panicle 13.32 5.77 41.52 

Pimentel et al. (2017) Leaf 26.90 6.28 34.30 

Stalk 25.56 5.75 32.25 

Common cane 

Leaves 31.1  28.8 
Cosentino et al. (2007) 

Stems 32.7 16.8 28.9 

Bagasse 40   Pimentel et al. (2017) 

Corn 
Plant 21.9-19.9 

1.4-2.1 20.8-17.3 
Giunco et al. (2015) 

Panicle 32 Pimentel et al. (2017) 

Miscanthus 
Leaves 41.2  24.2 

Cosentino et al. (2007) 
Stems 41.3 12.8 28.6 

Cardoon Plant 41.4 7.3 23.6 
Palumbo and Mastro 

(2014) 

Abyssinian mustard Plant 5.26 1.90 4.94 Xin et al. (2013) 

Sunflower Seeds 43.28  2.37 

Calabrò (2018) 
Soy 

Soybean 

bark 
45.9 2.3 18 

Sugar beet Pulp 13.18 3.82 17 

Triticale Plant 35.1 5.1 19.4 

Switchgrass Plant 31.0 17.6 20.4 
Palumbo and Mastro 

(2014) 
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With regard to the production of bioethanol, A. donax produces about 10,000 L ha−1, at 

least 50% more than sugar cane (3000–6756 L ha−1) and sugar beet (5000–6000 L ha−1), 

and about 20% more than Miscanthus (8812 L ha−1). The use of A. donax for direct 

combustion is promising as its higher heating value (HHV, 18.7 MJ kg−1) is higher than 

or not significantly different from those of other crops such as sugar cane (16.8 MJ kg−1), 

maize (18.4 MJ kg−1), Miscanthus (18.7 MJ kg−1), switchgrass (19.1 MJ kg−1), and poplar 

(19.5 MJ kg−1; Corno et al., 2014). However, the high ash production (11.3 t ha−1) can be 

a problem for combustion in comparison to other crops (Table 1.3). Monti et al. (2008) 

highlighted that the part of the plant that produces more ash is the leaves and, therefore, 

with proper agronomic management, this problem could be overcome. The synthesis of 

both biomethane and bioethanol yields reusable secondary products for the production of 

more bioenergy and/or bioproducts. For example, AD yields, as a secondary product, a 

digestate, usable as organic fertilizer (Ledda et al., 2013). In this way, the sustainability 

of the total energy production process is improved. Studies carried out by Corno et al. 

(2016) on AD showed that A. donax was able to effectively replace maize by reducing the 

production costs of both biomass and electricity. 

 

5. CULTIVATION TECHNIQUES 

Biomass sorghum (Sorghum bicolor L.) has recently become a crop of extreme interest 

for bioenergy production because of the high yields that it can reach and the relatively 

simple cultivation technique that it requires. This species belongs to the family Poaceae, 

like grain crops and sugar cane, and is suitable for cultivation in temperate zones, with a 

spring-summer cycle. From the morphological point of view, between biomass and sugar 

sorghum there are no substantial differences. However, in terms of composition, the two 

varieties are quite different, and this justifies their different uses (Gelleti et al., 2006). In 

the fiber type, the production of structural carbohydrates, and in particular cellulose, 

prevails; whereas in the sugar type, at least 30% of all the accumulated dry matter consists 

of simple sugars (sucrose, glucose, and fructose). Sorghum is native to central–eastern 

Africa (Sudan, Ethiopia), but it is currently widespread in Africa and the USA, although 

still little diffused in Europe. It has a minimum temperature for germination of 13 °C and 

an optimal growth temperature range of 24–25 °C. It prefers medium-textured soils and is 
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moderately tolerant of salinity. Fiber (biomass) sorghum is a variety characterized by high 

efficiency in the use of water and can be grown in semi-arid and Mediterranean 

environments in conditions of limited water supply. Experimental tests have shown some 

variability in biomass yield, from 15 to over 40 t ha−1 of dry matter (Bonari et al., 2004). 

In the Mediterranean area, medium–late-cycle hybrids (emergence-flowering period of 

more than 90 days) are preferred as they provide maximum yield with a smaller amount 

of grain at the time of collection. The harvest can be carried out 10-20 days before the 

flowering phase - when the accumulation of dry matter and cellulose in the culm is highest 

(Gelleti et al., 2006). 

Sugar sorghum (Sorghum bicolor L. var. saccharatum) belongs to the Poaceae family. 

The composition of the plant diverges considerably, as mentioned above, from the fiber 

types. The marrow in sugar types is rich in sucrose (15%–20%), but the presence of free 

glucose and fructose hinders the crystallization of sucrose, making it technically 

impossible to use sugar sorghum for the production of crystallized sugar. Sugar sorghum 

is usually used as fodder or for the production of molasses (Gelleti et al., 2006). The 

pedoclimatic requirements and the main cultivation techniques are very similar to those 

of fiber sorghum. The high content of sugars and the high water content of the plant stems 

cause major problems for the storage of the collected biomass (e.g., fermentation). The 

fresh matter yield is around 80 t ha−1 (Gelleti et al., 2006). Bio-ethanol, bio-ETBE, biogas, 

and biomethane can be obtained from this plant in yields similar to those of other common 

energy crops (Table 1.4). 

Common cane (Arundo donax L.), also known as common reed, is a perennial species of 

the Poaceae and is typical of the Mediterranean regions. It can grow spontaneously and is 

cultivated in small areas, mainly for the production of supports for vines or vegetable 

crops (Corno et al., 2014). It grows evergreen in different environments, but it is sensitive 

to low temperatures, which can also compromise the vitality of the rhizomes when they 

grow near the surface (Gelleti et al., 2006). This species is not an aquatic plant and does 

not particularly like stagnant water. Regarding soil, it is widely adaptable, although it 

prefers deep, sandy soils that are rich in organic matter, alkaline, and rich in calcium. Clay, 

shallow, and impermeable soils are not appropriate for this species. Yields exceeding 40 t 

ha−1 of dry matter can be obtained from the second cropping year (Gelleti et al., 2006). 
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Propagation and implantation represent two aspects of the agronomic techniques that have 

not yet been optimized and which greatly influence the economics of the crop. Some 

studies are in progress to identify suitable solutions for the collection of rhizomes (Corno 

et al., 2014). Lately, techniques that use plants obtained through in vitro micro-

propagation have been increasingly gaining ground as they ensure uniformity of growth, 

high production standards, the possibility of mechanizing operations, and practically 

100% rooting. Since domestic cane is a plant with a high photosynthetic capacity and is 

able to make the best use of soil fertility, soil nutrition can be easily managed - for 

example, using sewage sludge and/or the digestate that is normally available from the 

biogas producers (Gelleti et al., 2006). Bio-ethanol and BMP yields are particularly high 

for this species when compared to other energy crops (Table 1.4), which consequently 

shows high energy yields and CO2-saving potential (Table 1.6). 

Miscanthus refers to the species Miscanthus sinensis Anderss, one of 14–20 species 

within the genus Miscanthus (part of the Poaceae family). These plants are native to 

Southeast Asia and were initially introduced into Europe in the 20th century as ornamental 

plants. Miscanthus has adapted well to temperate climates and is resistant to low 

temperatures. Although the shoots and leaves can be damaged at temperatures close to 0 

°C, the rhizomes, if well developed, can remain viable at temperatures below 0 °C for a 

long time (Gelleti et al., 2006). Regarding soil preferences, although widely adaptable, 

Miscanthus plants prefer deep, sandy soils rich in organic matter. The biomass of 

Miscanthus benefits greatly from a supply of water and, therefore, fully develops its 

production potential in well-irrigated areas (Gelleti et al., 2006). The interest in this 

species is relatively recent and, consequently, there is only a limited number of studies on 

the genetic variability, for both morphological and productive characters. Currently, the 

most used genotype in experimental sites is Miscanthus x giganteus, a sterile Miscanthus 

hybrid of M. sinensis and M. sacchariflorus. The different multi-year trials carried out 

with this genotype indicate that the average yields in the period of maximum accumulation 

of dry matter are equal to about 30 t ha−1 year−1 from the year subsequent to that of 

establishment. The “giganteus” variety can only be propagated by vegetative means, using 

rhizomes or micro-propagated seedlings. Multiplication by rhizomes can be achieved 

through mechanical extirpation from one-year-old plants: the stumps can be fragmented 

into rhizomes of acceptable size by a rotary tiller, while commercially available machines, 
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suitably modified, can be used for the collection of rhizomes from the soil (Di Candilo 

and Facciotto, 2012). This species has an elevated bio-ethanol and bio-ETBE yield (Table 

1.4) and a relatively low LHV (Table 1.6) 

Table 1.6. Lower heating value (LHV), energy yield (difference between the 

energy content of the biomass produced and the auxiliary energy fed into the 

cropping system), yield (ratio of output and energy inputs), and CO2 saving of 

principal energy crops. 

Crops 
LHV 

(MJ kg−1) 

Energy Yield 

(GJ ha−1) 
Yield 

CO2 Saving 

(t CO2 eq. ha−1 

year−1) 

References 

Common 

cane 
16.7-18.3 

280 first year 

592 from the 

second year 

7.4 first year 

77 from the 

second year 

37.7 
(Bracco et al., 2008) 

Cardoon 14–17 133–344 7–31 19 
(Bracco et al., 2008) 

Abyssinian 

mustard 

13 straw 

20 panicle 
4–44 1.7–13.4 0.2–2.4 (Bracco et al., 2008) 

Sorghum 17.99 762 a - - 
(Monti et al., 2006) 

Maize 16.7 359 a - - 
(Monti et al., 2006) 

Miscanthus 11.92 179–378 a - - 
(Monti et al., 2006) 

Switchgrass 18.2 182–455 a - - 
(Monti et al., 2006) 

a Estimated using dry matter (Table 1.3) and LHV. 

Switchgrass (Panicum virgatum L.) belongs to the family Poaceae. It is an herbaceous 

plant, C4, rhizomatous, perennial, and native to North America, where it has spread from 

the 55° N latitude down to Mexico as an important species in the prairies and pastures. It 

is used for many different purposes, including the production of energy (Petrini et al., 

2005). Varieties from America can adapt to the climatic conditions of the Mediterranean 

area. Switchgrass is an undemanding crop, adapted to resist water stress and long periods 

of intense cold. Regarding the characteristics of the soil, its growth is generally favored in 
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moist and loamy soils. The main processing of the soil and subsequent preparatory work 

do not differ from those normally applied for other renewal crops sown in late spring, such 

as maize and sorghum (Gelleti et al., 2006). Switchgrass requires an optimal seedbed 

preparation in order to achieve good seedling emergence. In the first year of cultivation, 

dry matter production levels of 6 to 12 t ha−1 are expected, while in the following years, 

from 14 to 24 t ha−1 of dry matter can be obtained (Gelleti et al., 2006). A relatively high 

LHV has been reported for this species (Table 1.6). 

Sunflower (Helianthus annuus L.) belongs to the family Asteraceae (Compositae) and is 

the most important among the 100 species of the genus Helianthus. Sunflower is a crop 

with a spring–summer cycle that shows good adaptability and does not have an excessive 

demand for soil macronutrients. Being originally from environments with a temperate 

climate, it prefers relatively high temperatures (Gelleti et al., 2006). Sunflower plants do 

not grow well in loose substrates, as they tend to be sterile and unable to retain water, and 

prefer medium-textured, deep, or organic soils. This species is moderately tolerant of 

salinity. Although its root system has a tapering structure, sunflower does not possess a 

strong penetrative capacity in the soil and, therefore, it needs adequate preparatory 

interventions, especially in the most challenging soils. Sunflower, due to the rapidity of 

its development, normally has a suffocating effect on weeds. It must, however, be 

protected in the initial phases of the growing cycle (Brunetti et al., 2009). Biodiesel, pure 

vegetable oil and biogas/biomethane can be obtained from this species (Table 1.4). 

Rapeseed (Brassica napus L.) belongs to the group of oleaginous plants, and in particular, 

to the family Brassicaceae (Cruciferae) and the genus Brassica. Spontaneous in Europe 

and in the Northwest of Africa, it is believed to have been domesticated after the 

nutritional value of the seeds of this weed, often infesting fields of cereals, was discovered. 

In the Mediterranean climate, the biological cycle of rapeseed is autumn-spring (Brunetti 

et al., 2009). Rapeseed is a microthermic plant and, therefore, does not need high 

temperatures to develop. This crop does not resist drought periods well, especially during 

the stages of rising and flowering. Rapeseed prefers temperate climates, humid and not 

too sunny. The crop is not particularly demanding: it prefers deep, fresh, fertile, and light 

soils, but it adapts to clay, calcareous, and peat ones, provided they are well drained. It 

shows moderate tolerance of salinity and low soil pH. For instance, in the dry regions of 
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central and northern Italy, rapeseed can alternate with wheat. Particular attention must be 

paid to the preparation of the seedbed as the seeds are small. At the end of the growing 

cycle, the crop helps to enrich the soil with organic matter and nutritive elements derived 

from the abundant mass of its residues. As this species performs a good part of its cycle 

in cold and rainy months, it actively explores the soil, intercepting and taking up nitrate, 

thus helping to limit the risk of leaching (Gelleti et al., 2006). The average yields in central 

Europe (France–Germany) vary from 3 to 4 t ha−1 (Brunetti et al., 2009). The energy yield 

depends very much on the cultivation techniques and conditions and can vary between 4 

and 44 GJ ha−1 (Table 1.6). In terms of CO2 emissions, the savings are much lower for 

liquid biofuels than for solid ones; for rapeseed, they are estimated to be 0.2–2.4 t ha−1 

year−1 in CO2 equivalents (Consentino et al., 2005). 

Sugar beet (Beta vulgaris L.) is cultivated for the production of sugar. It has been 

exploited with this aim since 1700, allowing sugar, once produced only from sugar cane, 

to become a product for general use. The sugar produced is sucrose, a disaccharide 

composed of glucose and fructose. The cultivation of sugar beet particularly benefits from 

deep and permeable soils that are well drained. The plant has good tolerance of saline 

soils. The preparation of the soil for sugar beet cultivation is done following normal 

agricultural practices, according to the type of soil: the tap-root must be able to penetrate 

deep in the soil and find no (hard) layers that limit its development, while waterlogging 

should be avoided (Giandon et al., 2010). The yield of tap-roots varies between 45 and 50 

t ha−1 (Gelleti et al., 2006). Bio-ethanol, bio-ETBE and biogas can be obtained from this 

species in elevated yields (Table 1.4).  

Maize (Zea mays L.) is a species native to the tropical and subtropical climate zones of 

the American continent. Introduced into Spain in 1493, maize spread quickly in other 

European countries, first for ornamental purposes, and a century later as a food resource. 

From Europe, mainly by the Portuguese, maize was spread in Africa and Asia, while it 

was taken to North America by the British. Maize is a plant with a summer cycle and is 

sown in spring; it is sensitive to cold, especially during the early stages of development 

(Gelleti et al., 2006). Regarding soil requirements, deep soils with pH between 6 and 6.5 

are excellent for maize cultivation, which has high water requirements. Maize plants are 

large and have a root system that reaches to a depth of 1.5-2 m. Traditional soil preparation 
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is based on plowing to 25 cm for loose soils and to 30-35 cm in heavy soils. Water 

availability is often one of the limiting factors, and about 300-400 m3 ha−1 of water has to 

be supplied for irrigation. The dry matter yield varies from 22 to 26 t ha−1. The grain is 

harvested with a moisture content of 21%-28%, usually 10–15 days after maturation 

(Giandon et al., 2010). Different bio-ethanol and biogas yields can be obtained when 

different parts of the plants are used for biofuel production (Table 1.4). 

Cardoon (Cynara cardunculus L.), also known as the artichoke thistle, is a traditional 

horticultural multi-year crop characterized by high rusticity, being widespread throughout 

southern Europe. The cultivation is simple, as the cardoon can be propagated by seeds and 

normally does not need irrigation. In terms of productivity, the results obtained from 

experiments demonstrate that for low-input cultivation regimes, the biomass yields vary 

between 14 and 20 t ha−1 of dry matter (Consentino et al., 2005). With regard to oil 

production, taking into account the average results obtained from various studies carried 

out in Sicily and in Spain, a seed yield ranging from 0.4 to 2.8 t ha−1 is expected, with an 

oleic content that varies between 18% and 27%. The achenes (the achene represents the 

typical fruit of the Asteraceae, the botanical family to which the genus Cynara belongs), 

where the seeds are contained, represent, in total, 30% of the dry matter of the flower 

heads and about 8%–10% of the total biomass (Fernández and Curt, 2004; Foti et al., 1999; 

Gherbin et al., 2001; Piscioneri et al., 2000). It should be noted that in the cultivation of 

cardoon, both for biomass and for seed, yields decrease with time and tend to decrease 

more or less significantly from the third year onwards (Consentino et al., 2006b). From an 

energetic point of view, the biomass of the cardoon has an LHV equal to 14–17 MJ kg−1 

(Table 1.6), with a considerable ash content (10%–16%) that increases the risk of slagging 

and fouling, even if the overall silica content is less of a problem and the melting 

temperature exceeds 1200 °C (Angelini et al., 1999). The average energy yield fluctuates 

around 133–344 GJ ha−1, influenced by different crop factors. As far as carbon emissions 

are concerned (Table 1.6), cardoon can save about 19 t ha−1 per year of CO2 eq 

(Consentino et al., 2006b). 

Abyssinian mustard (Brassica carinata A. Braun) has an annual crop cycle and is mainly 

destined to the production of oil for biodiesel as it is not intended to be used as a food or 

fodder crop. It has been studied since the 1990s, together with other species of the 
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Brassicaceae, for its content of seed oil rich in long-chain fatty acids, which is of interest 

to the lipochemical industry. These studies have shown the excellent adaptability of this 

crop to southern European environments, in relation to the early flowering, the non-

dehiscence of the siliqua (the typical fruit of the botanical Brassicaceae family), the 

resistance to lodging and the main biotic adversities, and the adaptability to the typical 

rainfed agriculture conditions (Bracco et al., 2008). In rotations, B. carinata can follow 

both cereals and legumes, while the cultivation of successive crops of B. carinata is not 

recommended due to the possible establishment of plant pathogens. In relation to yields, 

the available data show an average production of about 1.4 t ha−1, with minimum and 

maximum values of 0.5 and 3.5 t ha−1, respectively (Bracco et al., 2008; Mazzoncini and 

Angelini, 2002; Messina and Pecorino, 2008). The average seed moisture content at 

harvest is 5%, with an oil content of 43% and a total yield of about 1.44 t ha−1. From an 

energetic point of view, this species has an HHV of about 40 MJ kg−1, with low viscosity 

values, which makes it particularly suitable for the needs of the main engine manufacturers 

and better in comparison to the most common raw vegetable oils (Messina, 2008). 

However, this species shows moderate energy yield and CO2 saving values (Table 1.6). 

It can be therefore summarized that biomass sorghum has characteristics that allow its use 

in direct combustion and in energy cogeneration. The different parts of the plant can be 

used differently depending on their chemical composition and their percentage presence 

in the total biomass. Common cane, despite the variability in biomass production, 

produces much more biomass than other energy crops, leading to a much higher 

fuel/energy production per unit area (592 GJ ha−1 from the second year; Table 1.6). The 

data collected here suggest the use of this crop as a substitute for traditional energy crops, 

which would also reduce the costs of biomass production. Indeed, large-scale approaches 

confirm previous findings that the use of common cane was able to reduce both the costs 

of producing biogas and the total area needed to produce the energy crop, thus making 

biogas production more sustainable. This plant species can produce about 160 m3 of 

biogas per tonne, but considering the high biomass production, one hectare of common 

cane produces a similar amount of biogas to 1.5 hectares of maize, but with a lower use 

of resources. The calorific value is comparable to that of other crops used for this purpose, 

but also in this case, the high productivity per hectare makes it very competitive, allowing 

energy performances above 200,000 kWh ha−1 (twice as much as other herbaceous crops 
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and trees). This plant species could replace maize as a bioenergy crop, reducing the 

production costs of both biomass and electricity, due to either the higher biomass 

productivity or the reduction in the cost of the biomass. However, the colonizing capacity 

of common cane, due to its subterranean organs, could compromise the conditions of 

habitability of the soil (for the subsequent crop) at the end of the cropping cycle, which is 

why many agricultural producers are reluctant to cultivate it. For this reason, at the end of 

the cycle, it is necessary to implement a reclamation program consisting of a series of 

alternating cultivation operations, involving deep processes and chemical weeding before 

soil preparation for the next crop (Bracco et al., 2008). Cardoon, like common cane, is an 

endemic multi-year herbaceous species characterized by high productivity, and it is 

particularly adaptable to Mediterranean environments. Moreover, due to its low water and 

nutritional requirements, it is possible to hypothesize its cultivation in low energy-input 

systems. In fact, apart from the operations of planting, the interventions in the cultivation 

cycle are limited to the fertilization and collection of biomass. The use of cardoon as a 

bioenergy crop allows for more scenarios consisting of the exclusive production of 

biomass or the double production of biomass together with seeds for oil extraction 

(Encinar et al., 2002; Fernández and Curt, 2004; Foti et al., 1999). The low quantity of 

moisture present in the harvested biomass enhances its commercial quality for 

combustion. Despite the higher oil content of rapeseed (B. napus) (Messina and Pecorino, 

2008), the cultivation characteristics of B. carinata give it greater production stability 

compared to rapeseed. Moreover, in the case of B. carinata, an advanced phase of 

experimentation is underway to confirm its adaptability to the hot, arid environment of 

Mediterranean arable land and to cultivation regimes with reduced use of technical means, 

as well as its suitability for inclusion in rotation programs with other food and fodder 

plants. 

 

6. CONCLUSIONS AND PERSPECTIVES 

In order to address the increasing demand for energy production and at the same time deal 

with environmental protection issues, the European Union has set the goal of increasing 

the share of renewable energy to 20%, among other objectives of the “Europe 2020 

Strategy”. The studies carried out to date show that some plant species have particular 
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physical and chemical characteristics for their use as biomass crops for bioenergy 

production, with clear advantages both in terms of energy production and at the economic 

level. Moreover, it is clear that the different techniques used to obtain bioenergy require 

different characteristics in plant biomass. For example, in direct combustion, the biomass 

at harvest should have low water (<10%-12%) and ash content and a high amount of 

lignin. In the production of ethanol or in gasification systems, the lignocellulosic 

components (such as cellulose and hemicellulose) are important. The most suitable 

materials for the production of biogas through the process of AD are those with a high 

content of organic matter; for example, the biomasses obtained from energy crops such as 

maize. 

The use of plant biomass for the production of (bio)energy can therefore be considered a 

suitable and environmentally friendly option to achieve the desired renewable energy 

share. The appearance of new and alternative plant species, like the ones described in this 

review, may help to pave the way to the implementation of the different energy production 

alternatives that are currently being established and or developed, particularly in southern 

European countries. The lower fertilization needs and higher adaptability to different soil 

types, including degraded and contaminated ones, of some of these species compared to 

conventional crops used for bioenergy production, together with their elevated energy 

yield potential, make the cultivation of these plants both economically and 

environmentally profitable. In addition, the competition for land use and agricultural 

resources with food crops would be significantly diminished, a relevant step towards the 

necessary sustainability of agroecosystems in southern Europe. 
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CHAPTER 2 

THE USE OF ENERGY CROPS FOR THE RECOVERY OF TRACE 

ELEMENTS CONTAMINATED SOILS 

1. INTRODUCTION 

Soil contamination is a current major global problem due to the risk it presents for both 

the environmentand the public health. The areas subject to pollution and, therefore,that 

have to be reclaimed are numerous in Europe, and include fuel distribution and storage 

facilities, craft and industrial areas, mining areas, illegal landfills, waste disposal areas, 

etc. These areas are often a source of pollution for the surrounding environment due to the 

spread of pollutants through the dispersion of dust particles, lixiviation and soil erosion 

(Rodriguez-Eugenio et al., 2018). There are about three million potentially contaminated 

sites in Europe and more than 1,300 polluted or contaminated sites in the United States of 

America (Rodriguez-Eugenio et al., 2018). Despite there is no estimation of the actual 

extent of the pollution and its effects on the environment. Over 137,000 km2 (6.24% of all 

agricultural soils in Europe) need remediation activities (Tóth et al., 2016). 

However, the need of decontamining large areas is hampered by the high cost of currently 

available techniques, usually chemical engineering processes, which are also invasive and 

cause profound chemical, physical and biological changes in the soils subject to recovery. 

In fact, at the end of the remediation of the soil, this is often no longer suitable for 

cultivation because during the decontamination process all biological activity (useful 

microorganisms and soil fauna) is drastically impaired (Mancuso et al., 2004). To 

overcome these problems, research has focused on cheaper and more environmentally 

friendly alternative methods such as phytoremediation, defined as the use of plants to treat 

contaminated matrices (Salt et al., 1998; Raskin et al., 1999; Pulford et al., 2003; 

Barbafieri, 2005). The selection of the plant species is crucial for successful 
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phytoremediation, as the plants should be able to tolerate the contaminants and to be 

adapted to the soils and climatic conditions of the area. In addition, in order to ensure the 

economical viability of the remediation processes, the use of energetic plant species for 

soil remediation is currently being deeply studied and under development. 

The cultivation of lignocellulosic biomass with energetic application (bioenergy) in 

contaminated soils has numerous advantages, such as (Bernal et al., 2019): reduction in 

the competition with food production for bioenergy;low consumption of natural resources 

(soil and water);compliance with conservation objectives and environmental 

protection;increased food safety;replenishment of soil C reserves;improvement of soil 

health; low or zero cost of funding; and the use of native species as bioenergy crops, which 

would limit the introduction of non-native species into the soil ecosystem to be 

remediated. 

 

2. SOILS AND THE ENVIRONMENT 

Soil is the upper layer of the earth’s crust, represents the interface between land, air and 

water and is home to most of the living organisms on the planet. Given the extremely long 

time it takes to form the soil (of the order of thousands of years), it can be considered to 

be a non-renewable resource (Jones et al., 2012). Many substances are stored, filtered and 

processed in the soil, including water, nutrients and carbon. Because of their biological, 

socio-economic and environmental importance, all these functions must be protected. 

The soil originates from a parent material, generally bedrock, which is the source of the 

mineral content, as a consequence of the incessant action of meteoric degradation through 

different physico-chemical processes: crushing of the rock by the atmospheric agents or 

the roots of the plants; exposure to water, air and erosion; and interaction with 

microorganisms. 

Soils are mainly composed of:- An inorganic fraction, normally the major component, 

consisting of solid debris (gravels, sands, etc.) containing minerals derived from the 

degradation of the bedrock or transported from different places, from chemical 

compounds in solution such as salts, oxides, hydroxides, etc., and colloidal clays; 
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- An organic, quantitatively minor fraction, which derives from the activity and 

decomposition of organisms that trigger mineralization processes, with the formation of 

organic compounds, and the humification that transforms plant and animal remains in 

humus, a colloidal mixture of predominantly organic substances (lignin, proteins, glucids, 

lipids, organic acids, etc.) in which no biological structure is longer recognizable; 

-Water, which occupies the soil’s interstices and comes mainly from atmospheric 

precipitation; 

-Gas (O2 and CO2) in varying amounts, which occupies pores not filled by water; water 

and air confined to the empty spaces of the soil play a vital role for plants, also allowing 

the roots to breathe. 

2.1. Soil quality 

Defining and assessing soil quality is not easy and the approach has changed considerably 

over time. Soil is a living ecosystem and, therefore, the assessment of soil quality cannot 

be limited, as in the case of air or water, to its concentrationof pollutants.Soil quality can 

be defined more broadly as “the capacitity of a soil to function within ecosystem and land 

use boundaries to sustain biological productivity, maintain environmental quality and 

promote plant and animal health” (Bünemann et al., 2018). 

Soil quality is related to the use of the soil. Therfore,and to carry out a precise assessment 

of the quality of a soil, the selection of soil quality indicators chosen based on their 

relationwith the functions of the soil or ecosystem services is required (Bünemann et al., 

2018).These indicators can be divided into physical, chemical and biological; the most 

commonly used ones are (Bünemann et al., 2018): 

➢ Physical parameters 

o water storage capacity (water-holding capacity, watercontent, sorptivity, 

water-filled pore space,water retention, field capacity, permanent wilting 

point, plant-available water content, hydraulic conductivity of the saturated 

soil); 

https://www.collinsdictionary.com/it/dizionario/inglese-italiano/physical_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/parameter_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/water_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/storage_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/holding_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/capacity_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/water_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/water_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/water_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/filled_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/pore_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/space_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/water_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/retention_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/field_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/capacity_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/permanent_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/wilt_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/point_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/plant_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/available_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/water_1
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o bulk and particle density; 

o texture (particle-sizedistribution,soiltexture(% of sand,siltand clay)). 

➢ Chemical parameters 

o Total organic matter and total organic carbon, soil color and odor (if related 

to organic matter), organic matter humification (humic and fulvic 

substances and humification indices); 

o pH; 

o Soil salinity (electrical conductivity and soluble salts); 

o Macronutrients (P, K, Ca, Mg, K often aspart of nutrient availability or 

extractable); 

o Total N and inorganic forms including NH4
+ and NO3

-; 

o Cation exchange capacity and exchangeable cations. 

➢ Biological parameters 

o Soil respiration, microbial activity; 

o Microbial biomass (microbial biomass, microbial C, microbial N, 

microbial P, bacterial biomass, fungal biomass); 

o C, N and P mineralization processes; 

o Soil macrofauna (including earthworms). 

Extrinsic factors, such as those related to the climate, management or site data, are rarely 

mentioned, as well as those related to the yield, plant nutrient status and other measures 

of ecosystem services.Thisimplies that soil quality is usually not related to ecosystem 

services or soil threats. However, in some studies indicators such as earthworms, which 

serve as indicators for both the water and nutrient cycles, are taken into consideration 

(Lima et al., 2013). 

https://www.collinsdictionary.com/it/dizionario/inglese-italiano/bulk_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/texture_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/size_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/size_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/soil_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/soil_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/silt_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/chemical_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/parameter_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/total_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/organic_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/matter_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/carbon_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/soil_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/color_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/and_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/odour_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/related_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/to_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/organic_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/p_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/k_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/ca_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/mg_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/as_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/as_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/of_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/nutrient_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/availability_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/or_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/total_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/cation_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/exchange_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/biological_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/parameter_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/soil_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/c_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/n_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/p_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/bacterial_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/n_1
https://www.collinsdictionary.com/it/dizionario/inglese-italiano/earthworm_1
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Recent developments in soil biology highlight the fundamental role of soil-living 

organisms for its function.Such studies have focusedon the use of new or more efficient 

biological and biochemical indicators to improve the quality assessment of soil. Biological 

indicators are in fact necessary to link abiotic soil properties to changes in soil functions, 

with regard to biochemical and biophysical transformations (Lehman et al., 2015).Soil 

biota is considered the most sensitive indicators of soil quality, due to their very high 

reactivity to changes in environmental conditions (Bünemann et al., 2018). Molecular 

studies basedon DNA and RNA have a great potential to perform fast and economic 

measurements on processes between soil biota and the soil itself (Bouchez et al., 2016). 

All these indicators together allow a better and more detailed assessment of soil quality. 

However, it is necessary to keep in mind the practical use of these indicators by the 

different stakeholders.The practical limitations together with the absence of standardized 

operating procedures and accepted limit values, as well as the lack of functional 

connections with soil processes and management implications, make it difficult to apply 

these new indicators in routine assessments of soil quality (Callahan et al., 2016). 

Concerning the chemical parameters, the total sum of the exchangeable cations (mainly 

Ca2+, Mg2+, K+, Na+, H+, Al3+) present on the surface of the soil colloids is called “cation 

exchange capacity” (ANPA, 2001).The CEC characterizes a soil not only from an 

agronomical aspect, i.e. for its fertility, but also from an environmental point of view, 

indicating its buffering capacity with respect to the presence of contaminats like, for 

example, heavy metals. The CEC is high in soils rich in clay and organic matter and can 

be considered as a substantially stable property. Also, soil pH influences the biological 

activity of certain functional groups of microorganisms that intervene directly in the 

biochemical cycles of different elements, such as nitrogen and sulphur. In addition, the 

pH has a more or less relevant influence on soil structure, as it affects the factors that 

determine the flocculation status of colloids (ANPA, 2001). 

Regarding the physical properties, the useful depth is an indicator of the thickness of soil 

that can actually be explored by the root system and can be used by the roots of plants to 

draw water and nutrients from them (ANPA, 2001). In general, soil depth is assessed by 

identifying the contact between soil and unpedogenized geological substrat, whereas the 

“functional depth”or“useful depth”assessesin addition if some horizons are so dense and 
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hardened to prevent theroot, or if there is free water, such as to induce asphyxia in most 

plants. 

The gravitational water expresses the capacity of the soils to remove the excess water by 

percolation (leaching) or surface flow (ANPA, 2001).The permeability refers to capacity 

of the soil to allowthe air and water to move down the soil profile. It depends on numerous 

physical characteristics of the soil, such as the pores size, continuity and distribution, and 

properties, which are in turn related to the texture, the particle size and structure. 

Permeability is a soil property of priority interest and value for environmental purposes, 

since it is closely related to the hydrological behavior of soils and, therefore, to the risks 

of vulnerability of underground and superficial water.  

The protective function of the soil expresses the ability of the soil to act as a barrier or a 

filter to the potential pollutants and to protect groundwater, surface water and food chain 

from contamination (ANPA, 2001). Soils, in fact, regulate the hydrological flows, 

controlling the transport of solutes in depth and the movement of the water on the surface, 

and promote the inactivation of the toxic substances through processes of adsorption, 

precipitation and biochemical and microbiological decomposition. The protective 

function of soils is relevant in the analysis of many environmental risks, such as 

contamination and eutrophication of water resources, erosion, compaction, flooding and 

acidification. 

 

3. TYPES OF SOIL CONTAMINATION  

Both polluted and unpolluted soils contain a variety of compounds that are naturally 

present, as metals, inorganic ions, salts (e.g. phosphates, carbonates, sulphates, nitrates) 

and countless organic compounds (e.g. lipids, proteins, DNA, fatty acids, hydrocarbons, 

PAHs, alcohols, etc.). However, pollution takes place when the quantities of soil 

contaminants exceed the natural (background) levels. Soil contamination can be defined 

as “the introduction of contaminants that can damage or destroy different soil functions 

and cause forms of indirect contamination” (Ashraf et al., 2014). There are, therefore, two 

main causes of soil pollution: natural causes and anthropogenic (artificial) causes. The 
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natural processes leading to soil pollution are: the natural accumulation of compounds in 

the soil due to imbalances between atmospheric deposition and precipitation; natural 

production in the soil under certain environmental conditions (e.g. volcano eruptions); and 

losses from sewer lines to the subsoil. Human (anthropogenic) soil pollution originates in 

different types of processes, some voluntary (industrial) and others accidental. 

The main sources of anthropological pollution can be diffuse, i.e. contamination of large 

areas due mainly to atmospheric deposition, flow and sedimentation; or localized 

contamination due to agriculture and horticulture, urban soils and industrial and/or mining 

contamination (Alloway, 2013). Soil contamination from diffuse sources is mainly 

associated with industrial emissions, vehicle traffic, energy production and waste 

treatment plants and the dispersion of pesticides, fertilizers, livestock slurry and sewage 

sludge in agriculture. In particular, the use (or misuse) of pesticides in agriculture has led 

to consider them as one of the main sources of diffuse soil pollution (Jones et al., 2012). 

The danger associated with the application of pesticides is given by their solubilization 

and consequent absorption, degradation and transport in the soil, which is the first receptor 

and the first and most important barrier to the penetration of pollutants to the aquifers. 

Another risk of pollution deriving from agricultural practices is dueto the use of 

farmeffluents (such as animal manures) in the soil, which can cause the overload of 

nutrients (NO3
-) on the aquifers and accumulation in the soil of certain heavy metals 

present in animal manures (mainly Cu and Zn). Therefore, the composition of the surface 

layer of the soil is influenced by both local contamination and the transport of 

contaminants over long distances. Soil pollution from point sources, and therefore the 

presence of contaminated sites, represents a degradation of soil quality that prevents the 

proper development of the soil functions. 

Contaminants present in the soil can be dangerous even atvery low concentrations for both 

human health and the environment. In fact the toxicity of a soil is not necessarily 

determined by the total concentration of the contaminants as phytotoxicity may be absent 

at high total concentrations, while biological processes may be compromised by levels of 

trace elements lower than the maximum permitted levels (Clemente et al., 2015). In 

addition, the simultaneous presence of multiple contaminants in the soil may cause 

interaction effects (sinergism or anthagonism) and amplify their negative influence. 
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3.1. Trace elements 

Inorganic contaminants include metallic elements, comprising the usually called heavy 

metals, like cadmium (Cd), chromium (Cr), copper (Cu), mercury (Hg), nickel (Ni), lead 

(Pb), and (Zn), and metalloids, like arsenic (As), antimony (Sb) or selenium (Se), with 

some characteristics similar to metals and others to non-metals. Metal(loid)s are elements 

that can be found naturally in soil. Some of these (e.g. Fe, Mn, Zn, Cu, Ni and Mo) are 

essential plant nutrients (Dal Corso et al., 2013), while others, such as Cd, Pb and Hg, 

have no biological function (Tangahu et al., 2011). The whole group can be termed 

potentially toxic trace elements (TEs), because their toxicity is not absolute, on the 

contrary, highly dependent on different factors (e.g., total concentration, bioavailability, 

environmental conditions, target organism). These elements originate both from natural 

sources, such as the pedogenetic substrate, and from anthropogenic sources such as 

industrial, civil and agricultural activities. The TEs originating from the pedogenetic 

substrate are considered as geochemical pollutants, which can produce biological damage 

and are normally limited to restricted areas. The TEs resulting from industrial activities 

are mostly Zn, Cu, Pb, Cr, Ni, Cd and Hg, while those coming from civil activities like 

fuels used for heating and exhaust gas from vehicle traffic are mainly Pb, Cd and Zn 

(ANPA, 2001). Some agricultural activities can be a source of pollution with TEs to the 

soil. More than 10 % of the fungicides and insecticides used in the past provided As, Cu, 

Hg, Mn, Pb and Zn to the soils. Pig slurry may contain significant amounts of Zn and Cu 

that originate from the animal’s diet supplements (Moral et al., 2008; Clemente et al., 

2020). Finally, some fertilizers can contain As, Co, Cr, Cu, Mn, Mo, Ni, Pb and Zn, which 

may derive both from the raw materials and from industrial processes. Among these, 

perfosphates are particularly suspects for their possible contribution of Cd and Pb (ANPA, 

2001). One of the main sources of metal contamination is undoubtedly mining, in 

particular, the residual fraction resulting from the extraction process. These residues are 

characterised by a high presence of particles belonging to the silty and sandy fraction, low 

content of biological nutrients (such as N, P, K) and organic matter (Mendez and Maier, 

2008). Trace elements, unlike other contaminants, cannot be degraded, can have harmful 

effects on biological systems and often accumulate there. They can cause negative effects 

on biological systems even if present in very low concentrations. In plants, they can alter 

development, the ability to create plant cover and have a negative impact on soil 
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microflora (Tangahu et al., 2011). Typically, the following concentrations of metals and 

metalloids can be found in plants (Van der Ent et al., 2013): Ni (1.5), Zn (50), Cd (0.05), 

Pb (1), Cu (10), Co (0.2), Cr (1.5), Mn (200), Tl (0.02), As (0.1) and Se (0.02) (μg g-1). 

Some TEs (mainly metals) are enzymatic cofactors and are involved in important 

metabolic processes. For example, Mn and Cu are essential for photosynthetic activity, 

others such as Zn are involved in the transcription of DNA, Ni in the hydrolysis of urea 

into carbon dioxide and ammonia, and Co and Zn in the formation of legume nodules and 

are therefore important for nitrogen fixing (Vamerali et al., 2009). The interactions that 

can occur between metals and macronutrients, as regards absorption and transport, depend 

on the concentrations in which they are found in the soil. Phytotoxicity is often associated 

with non-essential TEs such as As, Cd, Cr and Pb. These elements, with the exception of 

Cr, are not essential for humans and can enter the food chain through different foods. In 

general, As, Co, Cu, Cr, Pb, Hg are not easily transferred into aerial plant biomass (Amer 

et al., 2013; Kumar et al. 1995; Tangahu et al., 2011; Vamerali et al., 2009), but rather 

accumulated mainly in root cells, while Cd, Ni, and Zn show a fair mobility (Trakal et al., 

2015). A very toxic TE for plants and human health is mercury; in fact, in the metallic 

form of Hg damages photosynthetic activity and oxidative metabolism, because it 

interferes with the electron transport in chloroplasts and mitochondria. Furthermore, Hg 

inhibits the activity of aquaporins and reduces water absorption by plants (Tangahu et al., 

2011). Another highly toxic TE is As, some of its compounds have been used in the past 

as herbicides; it is generally phytotoxic at concentrations <20 mg kg−1 in the whole plant. 

However, there are species such as Pteris vittata L. capable of accumulating 

concentrations> 1000 mg kg−1 in the aerial part only (Tangahu et al., 2011; Vamerali et 

al., 2009). 

The toxicity of anelementis related to its mobility (i.e., itsability to migrate to deep soil 

layers with the risk of contamination of groundwater), and its bioavailability (i.e., the 

ability to be absorbed by the vegetation and/or soil living organisms), with the direct risk 

of entering the food chain (Dominguez et al., 2017).Within the soil system, TEs can be 

present in different forms:as ions dissolved in the soil solution; forming insoluble 

salts;adsorbed on colloids (clays and/or organic matter); as elements of plant tissues;and 

as components of the crystalline lattice of minerals. The most dangerous forms are 
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therefore the soluble and adsorbed ones, as these can easily move through the soil profile 

and are easily accessible to plant roots and soil living organisms (Clemens 2006; Morgan, 

2013). 

The bioavailability of TEs in contaminated soils depends on different physical, chemical 

and biological factors (Committee on Bioavailability of Contaminants in Soils and 

Sediments, 2002). 

➢ Physical: the texture and structure of the soil influence the distribution of 

metals in the various soil horizons. The presence in the soil of neo-forming 

compounds such as clay minerals, iron and alluminium oxides/hydroxides, makes 

the soil capable of adsorbing and retaining heavy metals and metaloids. The 

affinity between clay minerals and TEs depends on the colloidal nature, and the 

number of surface charges able to actively retain ions. A very coarse structure, on 

the other hand, makes most of the metal inaccessible to the roots of plants (De 

Vivo et al., 2004). 

➢ Chemical: conditions such as soil acidity and redox status can influence 

the bioavailability of TEs. For instance, some metals are mobilized in acidic 

conditions, while other TEs (such as As) are mobilized under alkaline conditions. 

High levels of redox potential (Eh) are typical of dry and well-aeratedsoils; 

conversely, soils rich in organic matter and under submerged conditionstend to 

have reduced conditions with low Eh. This last condition can promote 

solubilization, and a consequent greater bioavailability of metals (Petruzzelli and 

Pedron, 2007). The organic matter (OM) level of the soil and its soluble fraction 

and humification degree can affect the solubility, availability and toxicity of TEs 

in the soil (Bernal et al., 2009). 

➢ Biological aspects: soil biota, in particular bacteria, fungi and higher 

plants, can strongly modify the chemical and physical conditions of the soil and 

the processes that determine the bioavailability of TEs. For example, in mining 

soils, chemolithotrophic bacteria can acidify the soil and therefore increasethe 

mobility of the TEs, or even provoke their precipitationin the form of sulfides 
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(Ernst, 1996).The symbiotic association between fungi and roots (mycorrhiza) in 

soils contaminated with TEs causes the increase of mycorrhizosphere volume, 

compared to the rhizosphere alone, providing greater access to soil resources 

including macro-, micro- and even non-essential elements. Because of these 

changes, it can be expected that the entire microflora around the root (rhizosphere) 

influences TEs speciation and therefore their bioavailability in the soil (Audet and 

Charest, 2009; Martínez-Alcalá et al., 2009). 

Agricutural practices, such as the addition of organic (compost, biosolids as sewage 

sludge, animal manure manure and slurries, peat, municipal solid waste, etc.) and 

inorganic (liming, by-products of industrial activities) amendments can be avery effective 

way to reducethe bioavailability and toxicity of TEs in contamined soils (Bernal et al., 

2009; Puschenreiter et al., 2005). In fact, the organic matter from organic amendments 

can bind TEs such as Cu, Fe, Mn and Zn, transforming them into insoluble forms. The 

addition of organic matter (OM) to contaminated soils may influence TEs fractionation 

through the following mechanisms: 

 Mobilization of the TEs by complexation with soluble OM (mainly for Cd, Zn and 

Ni); 

 Decomposition of the OM to which they are linked, releasing them into the soil 

solution; 

 Formation of metal complexes; 

 Retention in the exchangeable sites; 

 Adsorption to colloidal particles of OM. 

3.2. Soil nutrients 

The increase in nutritional requirements to feed the growing population has led to the need 

for addition of nitrogen (N), phosphorous (P) and potassium (K) to soils through both 

synthetic and organic fertilizers. However, over application or inadequate use of fertilizer 

products can lead to a reduction in nutrient use efficiency and, in turn, a reduction in crop 
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yields (Hossain et al., 2005; Zhu et al., 2005; Hao et al., 2003). The excessive supply of 

N and P is the cause of nitrate pollution in water. In fact, these nutrients are able to 

penetrate into groundwater or be transported by surface run-off to water bodies, causing 

their eutrophication and significant environmental (Good and Beatty, 2011; Vitousek et 

al., 2009; Withers et al., 2014) and human health concern (EC, 1991; Frumin and 

Gildeeva, 2014; Pretty et al., 2003; Yaron et al., 2012). Furthermore, the presence of some 

TEs has been detected in some P and N fertilizers, including As, Cd, Cr, Hg, Pb and Zn 

(Steffan et al., 2018). Phosphate fertilizers are, among all mineral fertilizers, the major 

source of TEs, as these are normally present in the phospahate rock that is used as the 

source of P for P-fertilizers (McLaughlin et al., 1996).  

3.3. Pesticides and POPs 

The term “pesticides” is commonly used as a synonym for plant protection products. The 

term “pesticides” is, however, a broader term that also includes products such as biocides, 

which are not intended for use on plants, but serve to eradicate harmful organisms and 

carriers of diseases (https://www.efsa.europa.eu/it/topics/topic/pesticides). Plant 

protection products are pesticides used to keep crops healthy and prevent them from being 

affected by diseases and pests. They include herbicides, fungicides, insecticides, 

acaricides, plant growth regulators and repellents. These products contain at least one 

active substance, which can be chemical substances or micro-organisms, including 

viruses, which allow the product to perform its action (USEPA, 2014). 

Some pesticides are also persistent organic pollutants (POPs), i.e. chemical substances 

that persist in the environment, bioaccumulate through the food network and pose the risk 

of causing adverse effects on human health and the environment. POPs include 

chlorinated and brominated aromatic compounds (such as polychlorinated biphenyls, 

PCBs) and organochlorinated pesticides (such as DDT), as well as industrial chemical 

substances and by-products of industrial processes (such as dioxins and furans) (US EPA, 

2014). POPs form stable bonds with soil organic matter, where they remain in a non-

extractable form. However, changes in environmental conditions can alter the amount of 

POPs in the soil. For example, the increase in temperatures produces an increase in the 

volatilization of POPs from soils (Komprda et al., 2013), while low temperatures favor 

their deposition (Guzzella et al., 2011). 

https://www.efsa.europa.eu/it/topics/topic/pesticides
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Polycyclic aromatic hydrocarbons (PAHs) are a group of persistent, semi-volatile organic 

pollutants (e.g., fluoranthene, naphthalene, pyrene, phenantrene and benzopyrene; Lerda, 

2011). Most PAHs, due to their persistence and hydrophobicity, tend to be retained in the 

soils for a long period of time and, for this reason, they can be also considered POPs. They 

are widespread in air, water, soils and sediments (Lin et al., 2013). PAHs are relatively 

soluble in water and organic solvents, they accumulate in the lipid tissues of plants and 

animals, but they do not tend to accumulate in the tissues of plants with a high water 

content. In general, there is a limited transfer from the soil to plants (vegetables) roots 

(Abdel-Shafy and Mansour, 2016). 

3.4. Radionuclides 

The most common radionuclides found in soils are 40K, 238U, 232Th, 90Sr and 137Cs 

(Wallova et al., 2012). The sources can be both natural or anthropogenic, but the majority 

derives from nuclear pollution due to nuclear weapons tests, from the management of 

nuclear waste and disposal, from the extraction of radioactive minerals (Ćujić et al., 2015) 

and from nuclear accidents, as for instance Tre Mile Island, United States of America 

(1979); Chernobyl, Ukrainian SSR (1986); Goiânia, Brazil (1987); Tokaimura (1999) and 

Fukushima (2011) in Japan. 

3.5. Emerging pollutants 

Emerging pollutants (EPs) refer to a large number of synthetic or naturally occurring 

chemicals that have recently appeared in the environment and are not commonly 

monitored (Geissen et al., 2015). Because the sources of EPs are different, their nature, 

physic and even chemical properties are different, including their volatility, polarity, 

adsorption, persistence and interaction with the environment. The main EPs that affect 

soils are: 

 Pharmaceutical and personal care products (PPCP): pharmaceutical and chemical 

products including cosmetics, perfumes, food supplements and additives used in 

many household cleaning items. They are biologically active compounds (Boxall 

et al., 2012), designed to interact with hormonal processes or living tissues; 

therefore, it is necessary to know the fate, the effects and the potential risk when 
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they are released in the environment. Studies have proven the chronic toxicity to 

soil and aquatic organisms (Chalew and Halden, 2009), and the presence of PPCP 

has been linked to the development of antibiotic-resistant bacteria, feminization of 

male fish and genotoxicity of aquatic organisms (Costanzo, et al., 2005); 

Medicinal and veterinary products are present in the environment deriving from 

human and livestock treatment to promote growth and disease reduction or 

prevention. These substances are absorbed and undergo metabolic reactions (e.g., 

hydroxylation, splitting or glucuronation) to produce metabolites, which may be 

even more harmful than the original compounds (Díaz-Cruz and Barceló, 2005). 

Furthermore, large quantities of drugs are not assimilated or metabolized and can 

return to the environment via faeces and urine in urban wastewater and animal 

manure. Then, the application of sewage sludge or animal manure to agricultural 

soils as fertilizer products, or when treated wastewater is used for agricultural 

irrigation, crops are exposed to antibiotics that can persist in soils for several to 

several hundred days. Studies have shown that some antibiotics, particularly 

tetracycline, amoxicillin and fluoroquinolones, can be absorbed by cultivated 

plants (Azanu et al., 2016); 

 Plasticisers are additives used to increase flexibility or plasticity, such as bisphenol 

A (BPA) or phthalate esters (PAE) that are particularly recognised as endocrine 

disrupters (Ghisari and Bonefeld-Jorgensen, 2009). These polymers can befound 

in products such as lubricating oils, car parts, paints, glues, insect repellents, 

photographic films, perfumes and food packaging. Both PAE and BPA have been 

detected in food and humans and are listed as toxic agents in different international 

regulations (Rodriguez-Eugenio et al., 2018; Yen, Lin-Tan and Lin, 2011); BPAs 

in particular have already been banned or strictly regulated (Rodriguez-Eugenio et 

al., 2018). 

 Two other major groups of emerging contaminants are manmade nanoparticles 

(MNPs) and treatment by-products. They are present in over a thousand products, 

also as additives for paints, cosmetics, fabrics, papers, plastics and food products 

(Rodriguez-Eugenio et al., 2018), in fabrics to produce self-cleaning, water-

repellent and antimicrobial and abrasion-resistant clothing. Artificial nanoparticles 
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have toxic effects on organisms through mechanisms of: generation of reactive 

species of oxygen (which cause oxidative stress); alteration of the permeation 

properties of membrane cells (thus interfering with physiological activities); 

alteration of the process of electron transfer and; finally, modification of the 

conformation of proteins (interfering with the transfer of bio-signals and gene 

formation (Pan and Xing, 2012). 

 Plastics and microplastics. The main source of plastic contamination in soil is 

the degradation of plastics used in agriculture (from greenhouses, tunnels, mulch, 

irrigation systems, silage and packaging; Rillig et al., 2017). Although plastic 

debris can enter the soil through the application of low quality municipal solid 

waste (Weithmann et al., 2018), sewage sludge (Corradini et al., 2019) and 

irrigation (Mohapatra et al. 2016). Among the different uses of plastic, mulching 

is the more likely to lead to plastic contamination in soil (Hayes et al., 2017). Over 

the last few years, new biodegradable mulching films, either biobased or synthetic 

or a blend of both, have been developed (Sintim and Flury 2017). The actual 

information available regarding degradation rate of biodegradable plastic in the 

soil is controversial as biodegradation standard tests are often carried out in 

optimum (unreal) environments, with constant humidity, temperature and 

oxygenation (Napper and Thompson, 2019). 

 

4. LEGISLATION ON CONTAMINATED SOILS 

In Spain, the policies related to the recovery of contaminated sites started in the 1990s. In 

1995, the Ministry of the Environment approved the National Plan for the Recovery of 

Contaminated Soils (1995-2005), which set out a number of objectives for the 

management mechanism and co-financing with the autonomous regions, which 

constitutes the general framework for the recovery of contaminated sites in Spain. In 1998, 

the law on waste (Law 10/1998, of 21 April on waste) was approved and repealed by the 

law of 28 July 2011. It applied to all types of waste, with the exception of air pollutant 

emissions, radioactive waste and discharges into waterways. One of the fundamental 

principles of the law was the introduction of a policy of “prevention”of waste, i.e. the 
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regulation of the production phase and the introduction on the market of products that, 

once used, generate waste materials. The autonomous communities were also asked to 

maintain an inventory of “contaminated land” and to implement all the procedures 

necessary for their recovery. 

In 2005, the implementing regulation Royal Decree 9/2005 of 14 January 2005, was 

adopted in Spain, describing the relationships between potentially soil polluting activities 

and the criteria and standards for the declaration of contaminated soils. The decree uses 

the generic category of reference levels (NGR), including the concentration of a pollutant 

in the soil that does not imply a higher risk than the maximum acceptable for human health 

or the ecosystem. Starting with NGRs, autonomous communities may decide to declare a 

contaminated site if the NGR is exceeded, or to require a specific risk analysis to be carried 

out for the site. However, they may consider the potential risk low enough to require no 

further action. The decree considers three types of land use: industrial, residential and 

natural. 

In 2009, the National Integrated Waste Plan for the period 2009-2015 (Plan Nacional 

Integrado de Residuos para el periodo 2008-2015) was approved in Spain, part of which 

is dedicated to contaminated soils. Subsequently, Law 22/2011 of July 28, 2011 

transposed into Spanish law the EU Directive 2008/98/EC on waste, which established a 

comprehensive legal framework, at European level, on waste management. Law 22/2011 

oriented waste policy towards the principles of maximum use of resources, on the one 

hand, and minimizing environmental impact by introducing measures for the prevention, 

reuse and recycling of waste on the other hand, and promoted scientific and technological 

innovation to reduce emissions of harmful gases into the atmosphere. 

At the moment, a new legislation concerning wastes and contaminated soils is under 

discussion in Spain, in order to adapt the actual legislation to the requirements of the 

European Circular Economy Package. The new law includes the EU Directive 

2018/851/EC, which modified the EU Directive 2008/98/EC on waste, and the EU 

Directive 2019/904 related to the reduction of the impact of several plastic products in the 

environment. The regulation concerning contaminated soils maintains the potentially 

contaminant activities described in the previous legislation, including the procedure to 

declare a soil contaminated, and the inventories of contaminated soils at national and 
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regional levels. Also, the responsabilities for decontamination and remediation of a 

contaminated soil are updated and a new National Inventory of voluntary decontamination 

of contaminated soils is included.  

 

5. PHYTOREMEDIATION 

Phytoremediation techniques (Figure 2.1) were born at the beginning of the 90’s and 

today, still in an experimental phase, they tend to establish theirselves as a consistent an 

effective restoration approach. They consist of a series of technologies used for 

environmental restoration and are based on the ability of some plant species to assimilate, 

accumulate, immobilize and degrade contaminants, such as trace elements, organic 

compounds and radioactive elements present in soil and groundwater (EPA, 2012). This 

method of rehabilitation exploits different phenomena that occur in the soil-plant system, 

including the complex interaction between the roots of the plants and soil microorganisms 

(Kidd et al., 2009). 

The contaminants that can be addressed by these technologies are numerous: trace 

elements (including metals like Cd, Cr, Pb, Co, Ni, Se, Zn, Ag and Hg and metalloids like 

As and Sb), radionuclides (Cs, U, Sr), chlorinated solvents, hydrocarbons, chlorinated 

pesticides, organophosphate insecticides, herbicides, explosives, emulsifiers, 

polychlorinated biphenyls and organic compounds. Phytoremediation is based on natural 

processes carried out by plants and their associated microorganisms, which include: direct 

absorption of TEs and some organic compounds; accumulation or transformation of the 

same chemicals by lignification, metabolisation or volatilization; use of enzymes released 

by plants to catalyze the degradation of organic pollutants; release of exudates in the 

rhizosphere, leading to anstimulation of the microbial activity and the immobilization or 

degradation of the pollutants. 
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Figure 2.1. Phytoremediation processes. 

 

Phytoremediation techniques can be divided into two categories: “in-situ” and “ex-situ”. 

The in-situ interventions allow the decontamination of affected areas on site, i.e., without 

removing the soil or water to be reclaimed. This method is therefore preferred to the ex-

situ ones both from an environmental, agronomic and economic point of view (Quintella 

et al. 2019). Ex-situ interventions are used only when the in-situ methods cannot guarantee 

sufficient levels of remediation, or when, due to the particular characteristics of the 

contaminated matrix or the high concentration of pollutants, the excavation of the soil and 

its subsequent treatment becomes necessary even at a considerable distance from the place 

of intervention. This certainly requires costs and a much higher environmental impact 

linked to the numerous operations of removal and transport (Zerbi and Marchiol, 2004). 

Phytoremediation, depending on the reclamation mechanism involved, can be divided into 

different types, namely phytoextraction, phytostabilization, rhizodegradation, 

phytodegradation or phytotransformation, phytovolatilization and rhizofiltration (Salt et 

al, 1998; Cunningham et al., 1995; Miceli, 2001; Pulford and Watson, 2003; Wong, 2003; 

Zerbi and Marchiol, 2004; Mertens et al., 2004; Rizzi et al., 2004; Kramer, 2005). The 
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type of mechanism of action to be used will depend on the type and degree of 

contamination and the objectives of restoration (containment, stabilization, isolation, 

assimilation, reduction, detoxification or degradation of pollutants). In accordance with 

these objectives, the selection of the most appropriate phytoremediation strategy cannot 

ignore the adequate knowledge of the site characteristics from the soil, climate and 

hydrological point of view (Barbafieri, 2005). 

5.1. Phytoextraction 

The phytoextraction of heavy metals and metalloids consists in the absorption of 

contaminants through the root system and the subsequent translocation and accumulation 

in the above ground parts of the plant (shoots, leaves, stems), which are then harvested 

and the contaminants removed from the soil. Different processes are involved in this 

technology:  

 compartmentalization, i.e., segregation of the contaminants in the vacuoles; 

 chelation, which allows pollutants to be irreversibly bound to organic molecules 

such as phytochemicals or citric acid, or to proteins present on the cells of the root 

surface; 

 biotransformation, which transforms the contaminats into biologically less active 

and therefore less toxic forms. 

The useful plant species for this technology should be tolerant to the contaminant by 

accumulation (accumulators/hyperaccumulators; see section 6.3). Phytoextraction can be 

successfully applied in soils with shallow contamination so the roots have direct access to 

the contaminants, and soil concentrations are just above thresholds or guide levels 

(Dickinson et al., 2009).  

Therefore, two different phytoextraction approaches exist (Sas-Nowosielska et al., 2004): 

1) Continuous phytoextraction: that uses hyperaccumulator plant species which are able 

to absorb and accumulate high concentrations of pollutant during the entire life cycle, 

although they usually produce little biomass. 
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2) Induced or assisted phytoextraction: that uses species (mainly crops) with high 

biomass productivity, capable of absorbing high amounts of the contaminant for a limited 

time, after it has been mobilised in the soil by a chelator. The bioavailable fraction of the 

contaminants in the soil is that present in chemical forms that can be absorbed by the plant, 

which is often only a small fraction of the total present in the soil. However, the addition 

to the soil of chelating agents (EDTA, oxalic acid, citric acid), which form water-soluble 

compounds with the TEs, increases their solubility and availability and therefore, can 

potentially increase their absorbtion by the plants and their accumulation in the aerial part 

at a high level (Suthan Suthersan, 2002).  

5.2. Phytoimmobilization and phytostabilization 

Phytoimmobilization or phytostabilization refers to the process by which plants stabilize 

the contaminants through their immobilization in the rhizosphere (the part of the soil in 

contact with the roots) thanks to the production of roots exudates, or in the roots, thus 

reducing their mobility and their bioavailability. These technologies prevent the migration 

of the contaminants into groundwater or, ultimately, entering into the food chain, without 

the contaminants themselves being removed from the soil (Suthan Suthersan, 2002).  

Phytoimmobilization leads to the transformation of soil TEs into less toxic forms, but not 

to their removal from the soil. Phytostabilization refers to the physical retention of the 

contaminants through the action of the root system, to prevent the contaminant from 

migrating to the underground layers or dispersing into the environment (Chaney et al, 

1997). Tolerant plant species by exclusion are used for these technologies. 

5.3. Rhizodegradation 

Rhizodegradation is the degradation of organic contaminants that occurs in the 

rhizosphere. The technique is based on the symbiotic relationship established in the soil 

between microorganisms (bacteria, fungi and yeasts) and the plant root system, which is 

able to exude certain compounds (sugars, amino acids, fatty acids, phenols, etc.). 

Enzymesand lysates (substances released by cell lysis) allow the establishment of 

favourable conditions (e.g., acid pH conditions) for the development and growth of 

communities of microorganisms capable of metabolizing a wide variety of organic 

contaminants such as hydrocarbons, PAHs, BTEX, pesticides, chlorinated solvents, PCBs 
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and surfactants (EPA, 2000). Since contact between the root system and the contaminated 

matrix is essential for the success of this technology, root extension, in terms of density 

and depth, plays a key role in the treatment of sites contaminated with organic compounds 

(EPA, 2000). 

5.4. Phytodegradation 

Phytodegradation or phytotransformation consists in the absorption of contaminants, 

which are accumulated in the plant tissues, and then degraded through natural metabolic 

processes. Complex organic molecules are reduced to simple organic molecules and 

incorporated into plant tissues through internal processes of lignification, or they can be 

mineralized to carbon dioxide and water, thus promoting plant growth (EPA, 2000). 

5.5. Phytovolatilization 

Phytovolatilization consists in the absorption of the contaminant from the soil and, once 

in the plant, is transported to the leaves and from there through the stomata from which is 

released into the atmosphere by transpiration. This technique is useful for volatile 

inorganic and organic contaminants such as benzene, chlorinated solvents, As, Hg, Se 

(EPA, 2000). 

5.6. Rhizofiltration 

Rhizofiltration is the uptake by the root system of the pollutants present in dissolved form 

in groundwater or contaminated water. It occurs mainly in the root zone, through 

processes of adsorption, concentration or precipitation of the contaminants. Consequently, 

this process is not used for soil remediation but rather for the treatment of water and 

wastewaters, but could be used in the presence of marshy or stagnant soils. This technique 

essentially consists of using plants as a hydraulic barrier against contaminants dissolved 

in the water, favouring their precipitation. Usually, this technique is used for ex-situ 

treatments, where the water is transferred to artificial hydroponic systems (wetlands), in 

which the plants grow with virtually immersed roots and once the roots are saturated with 

contaminants they are collected, dried and sent to the final process. This mechanism has 

been shown to be useful to accumulate mainly heavy metals such as Pb, Cd, Zn, Cr, Cu 

and radionuclides such as Uranium 234 and Cesium 137 (EPA, 2000). 
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6. FACTORS INFLUENCING PHYTOREMEDIATION 

Phytoremediation effectiveness depends on a large number of variables and it is a site-

specific technique. Themost remarkable variables that condition these processes are: 

 the type and concentration of the contaminants and depth of contamination; 

 environmental characteristics (climatic and soil conditions) such as the hydric 

status, mineral composition, pH of the soil and all chemical and physical aspects 

affecting the availability of the contaminants; 

 the requirement of soil organic/inorganic amendments; 

 the plant species. 

6.1. Contaminants and soil conditions 

The type of contaminant and the interactions between the different contaminants 

determines the most recommended remediation technology. In fact, often the sites are 

contaminated by several elements or type of contaminants. For instance, most of the 

studies on phytoextraction have been performed with plants in matrices polluted by a 

single element, even if some species seem to tolerate several substances simultaneously. 

However, there is still not enough experimental evidence to prove the efficiency of 

remediation in pluri-contaminated soils. It is assumed that in multi-contaminated soils it 

would be necessary to carry out integrated treatments involving different species 

simultaneously or in rotation, depending on their specific mechanisms of action (ITRC 

2009; Kidd et al. 2015). 

The concentration of the contaminant also influences the outcome of phytoremediation, 

because exccesively high concentrations can be toxic for the plants, reducing the 

absorption potential by inhibiting the growth and survival of the plant and therefore the 

success of the intervention. This is because each plant species has a specific level of 

tolerance for a certain contaminant, above which the physiological mechanisms of the 

plants to cope with the contaminant are overcomed (Clemens et al., 2002).   
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Moreover, the depth of the contamination affects the success of the phytoremediation. 

Large areas with a surface contamination are easier to reclaim than small areas with a deep 

contamination, as the plant roots cannot penetrate to those layers. The use of trees for 

phytoremediation is a good option for deep contamination (EPA, 2000; Gómez, et al. 

2019).Most studies to date have focused on the genus Populus and Salix, as they can 

virtually consider ideal trees for phytoremediation, due to their characteristics such as: 

pioneer, fast growth, high transpiration, big roots, natural tolerance to pollution and stress, 

economic and ecological values (Gómez et al., 2019).  

As previously indicated, low soil pH values favour the solubility of most TEs, which can 

therefore be easily absorbed by the plants. Such solubility increases the risk of leaching 

down the soil profile and thus reaching the underground aquifers causing their 

pollution.The pH of the soil is decisive both for the physiological development of the 

plants and for life in the soil in general. A soil that tends to be acidic would therefore be 

favourable for phytoextraction interventions. In fact, soil acidification resulting from the 

use of ammonium sulphate, used as a fertilizer, is capable of favouring mobility and the 

assimilation of Cd and Zn (Chaney et al., 2000). Several studies indicated that, after the 

process of phytoextraction carried out in soils with acid reaction and thanks to the activity 

of plants and the favorable actions exerted by microorganisms in the rhizosphere, the soil 

can be returned to agricultural activity and to the normal development of the ecosystem, 

possibly bringing the pH back to a level close to neutrality (Chaney et al., 2000).However, 

liming can reduce the mobility and toxicity of TEs to plants, as lime can in fact increase 

the ability of the soil to bind metals, and their precipitation in insoluble forms, reducing 

their mobility and therefore the potential for phytoextraction, but improving the conditions 

for phytoimmobilization or phytostabilization.  

Phosphorus, for example, is an essential macronutrient for plants, and P-fertilization is 

basic for increasing the biomass production and the development of the root system. 

However, the addition of phosphate fertilizers can also inhibit the absorption of some 

contaminants such as Pb and other heavy metals, due to their precipitation as metal 

phosphates (Chaney et al., 2000). One possible solution could be through foliar P-fertilizer 

applications, to guarantee the nutrient to the plant without interfering with the mobility of 

the metals. 
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Soils and sediments have a certain capacity to store and immobilise chemical substances, 

but this can vary when the factors that can influence their storage capacity and, therefore, 

modify their bioavailability with the consequent mobilisation in the environment, 

intervene ((Narasimha et al., 2020). The capacity of soils to adsorb and immobilize TEs 

is strongly influenced by properties such as pH (as already discussed) redox potential, 

salinity and organic content, which in turn directly affect the cation exchange capacity and 

soil structure (Zhang et al., 2014; Diacono and Montemurro, 2015; Wang et al., 2014). 

The above properties are strongly influenced by temperature and precipitation and thus 

the moisture content of the soil (Karmakar et al., 2016), which affect the kinetics of 

microbial processes that determine the organic content of soils (Karmakar et al., 2016; 

Stigliani et al., 1991). An increase in soil moisture leads to an increase in the organic 

matter content, a decrease in dissolved oxygen content and thus low redox potential values 

(Husson, 2013; Schulz et al., 2015), influencing the mobility of TEs (Narasimha et al., 

2020).However, high temperature and low humidity conditions make the soils drier, more 

porous and aerated; microbial decomposition increases with a decrease in organic matter, 

and the soils are richer in oxygen and therefore have a high redox potential (Schulz et al., 

2015; Husson, 2013). Furthermore, there is an increase in salinity when the 

evapotranspiration rate is higher than the precipitation rate.  

Moreover, decreasing the organic matter content led to reduced cation exchange capacity 

of the soil, limiting the capacity of the soil to adsorb TEs (Narasimha et al., 2020). High 

redox potential leads to a greater mobilization of metals in the form of soluble sulphates 

and finally the increase in salinity reduces the storage capacity of TEs (Acosta et al., 

2011).This means that the increase in temperatures due to global warming could 

significantly reduce the capacity of soils to store TEs (Wilson and Bell, 1996; Acosta et 

al., 2011), and thus increase their bioavailability. 

6.2. Organic and inorganic amendments 

Soil amendments can affect the solubility, toxicity and distribution of TEs in the soil. The 

effects depend both on the characteristics, properties and chemical composition of the 

amendment, andon the characteristics of the soil and the specific contaminants present. 

Therefore, the selection of an appropriate amendment for a particular site is a crucial step 

in assisting the phytoremediation process (Bernal et al., 2009). 
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Contaminated soils often present low fertity and have a low content of organic matter. 

This leads to a scarce presence of microbial biomass and activity, poor nutrient availability 

and, moreover, there is often a limited or almost non-existent vegetation cover. It has been 

demonstrated that the addition of exogenous OM has beneficial effects on soil fertility, 

affecting positively the physical, chemical and biological soil properties (Bernal et al., 

2009). The most important are: 

 formation of stable aggregates, which improve water permeability and 

porosity; 

 improvement of the soil capacity to retain water, increasing the amount of 

water available to the plants and favoring seed germination; 

 increase of the cation exchange capacity (CEC), which favors the adsorption 

of some nutrients reducing their loss by leaching; 

 gradual release of mineral elements, through a slow mineralization, which thus 

represents a source of N, K, P and S for plant growth; 

 a source of organic C and energy for soil microorganisms involved in the 

transformations that take place in the soil itself. 

Therefore, the correct choice of the amendments considering the soil characteristics is a 

fundamental step in the phytoremediation process. The beneficial effects of some organic 

soil amendments used in phytoremediation of TEs contaminated soils have been already 

reported (Bernal et al., 2009; Clemente et al., 2015; Pardo et al., 2017): 

➢ Animal manures are used in phytostabilization, as they normally decrease Cd, Ni, 

Pb, Zn solubility and enhance fixation into non-extractable forms in the soils; they 

can increase soil pH and reduce Eh; 

➢ Peat can be used in phytoextration, as it increases soluble and exchangeable forms 

of Cd, Ni and Zn in soil, due to its acidic pH and its content of humic substances, 

and enhances Zn accumulation in the plants; 
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➢ Composted municipal solid wastes can be used in soil restoration, as they can 

reduce Cd, Cu, Zn leaching; 

➢ Sewage sludge is used in stabilization and immobilization, decreasing Cd, Pb and 

Zn solubility and leaching through their accumulation in the least-available soil 

fractions; 

➢ Compost (well-matured from different sources – olive mill wastes, animal 

manures, etc.) is used in stabilization and immobilization, through reducion of 

water-soluble Pb and Cd and plant Pb uptake, but a temporary increase in 

exchangeable Zn can occur shortly after soil application; 

➢ Olive-mill wastes can be useful for phytoextraction, as they tend to increase soil 

Mn solubility and the metals associated with Mn oxides leading to metal 

accumulation in plants. 

Recent studies have shown the effectiveness of different combinations of organic and 

inorganic soil amendments (such as solid fraction of pig slurry with paper-mill sludge, 

lime or a commercial derivative of red mud) for the phytostabilization of acid mine soils 

contaminated with TEs (Clemente et al. 2019; Pardo et al ., 2014). The combinations of 

amendments tested significantly increased soil pH (up to 5 and 6) and concentrations of 

total organic Cand total N, allowing adequate growth and development of the plants 

studied, such as native species from southern Spain (Silybum marianum and Piptatherum 

miliaceum), while the same plants were not able to grow in untreated soils. The aim of 

combining organic and inorganic soil amendments is to improve simultaneously different 

soil properties, such as the increase of soil pH in acid soils or improving As adsorbtion 

capacity of the soil through the addition of Fe-oxides, and at the same time improve soil 

fertility through the OM added by the organic amendment. Such combinations led to a 

significant stabilization of the contaminants in the soil, reducing the concentrations of 

their soluble and highly mobile chemical forms in the soil (the most available for plants).  

Yang et al. (2012) found that both organic acids with low relative molecular weight (like 

acetic acid and citric acid), ethylenediamine tetraacetic acid (EDTA), sepiolite and 

fosfogypsum have different effects on plant growth when added to TEs contaminated 
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soils. Water-soluble chelates of certain TEs (Schmidt, 2003) can be particularly useful in 

their mobilization in high pH soils for their phytoextraction (Rodriguez Eugenio et al., 

2018). Furthermore, chelates facilitate TEs translocation from the roots to the shoot (Shen 

et al., 2002; Santos et al., 2006), especially in the case of Pb-EDTA complexes (Sarret et 

al., 2001), Pb-EDDS (Tandy et al., 2006), Cu-NTA (Wenger et al., 2002), Cu-EDDS (Luo 

et al., 2005) and Zn-EDTA (Collins et al., 2002). Some studies have been carried out to 

avoid the environmental risks caused by the use of chelators, such as the leaching of metal-

chelate complexes in to groundwater (Meers et al., 2005). For example, the formulation 

of slow-release EDTA granules by coating with silicates (Li et al., 2005), or on the 

formulation of biodegradable aminopolycarboxylic acids (APCAs) like EDDS, NTA, 

methylglycinediacetate (MGDA) and hydroxyminodisuccinic acid (HIDS) (Grčman et al., 

2003; Tamura et al., 2005; Freitas and Nascimento, 2009; Rahman et al., 2009). EDTA is 

one of the best complexing agents used for the extraction of trace metals from 

contaminated soils, since it forms particularly stable and soluble complexes with many 

metal cations in molar ratio 1: 1 and over a wide range of pH values, but the main problem 

is the high solubility and mobility of metal complexes. Among organic acids, citric acid 

has shown high extraction capacity of trace metals (Polettini, 2009) and has a low 

environmental impact, as it is easily degradable both in aerobic and anaerobic conditions 

(Romkens, 2002). Other chelating organic substances, at lower cost and biodegradable 

can be useful for phytoxtraction, including for example pyruvic, citric, succinic, fumaric, 

malic, oxaloacetic, VFA (formic, acetic, propionic and butyric), oxalic, glycolic, lactic, 

tartaric, cinnamic, caffeic, ferulic and gallic acid (Bassi et al., 2000; Polettini, 2009; 

Romkens, 2002).  

The mechanism of action of sepiolite and phosphogypsum towards TEs is quite different, 

and mainly refers to their absorption capacity (Yang et al., 2012). Adsorption is considered 

one of the most interesting alternative mechanisms for the removal of soluble heavy 

metals and other ions in heterogeneous systems, for its simplicity of application (Kocaoba 

et al., 2009) and for the possibility of using natural adsorbents with low cost such as 

agricultural wastes (wool, rice straw, coconut husks and peat moss), or processing waste 

biomass (Kocaoba et al., 2009). Other natural materials such as clay and zeolite (Kara et 

al., 2003) have been found useful adsorbents for heavy metals; in fact, zeolite has a high 

selectivity and absorption capacity due to its high porosity and sieving properties, and they 
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are widely used as ion exchangers. In general, clay minerals, important natural 

constituents of soils, filter pollutants from water both through ion exchange and above all 

adsorption mechanisms, thanks to their high specificity of the surface area, chemical and 

mechanical stability, stratified structures, high capacity to cation exchange, etc. This 

convenient method is relatively simple and safe due to the operating conditions (Kocaoba 

et al., 2009). 

6.3. Plant selection 

The selection of the plant species to be used for a specific phytoremediation technology 

is equally crucial for the sucess of the process. The current tendence is to select 

spontaneous wild plant species with presence in the area to be remediated, so as not to 

alter the existing balance of the ecosystem with the introduction of exotic species, or to 

use crop plants for non-food purposes in order to obtain an economical benefit during the 

remediation programme (Kidd et al., 2015). The design of a phytoremediation intervention 

must therefore always start from the direct observation of the site, and especially searching 

for the species present naturally in the site as they are well adapted to climatic and 

pedological conditions, and have adquired certain characteristics of tolerance. Moreover, 

the plant selection cannot be separated from the evaluation of the degree and depth of the 

contamination. For example, the decontamination of superficially polluted soils prefers 

species with a superficial root system and rich in capillaries, typical of herbaceous crops; 

while for deeper contamination, species with more developed deep root systems such as 

tree plants (Gómez et al. 2019) are recomended.  

The physiological response of the plants to the contamination and the mechanisms of 

tolerance must be also taken into account for plant selection. Plant species that have 

adapted particularly well to living on soils with high metal content are called 

metallophytes. The plant species can be divided into three general types (Baker, 1981; 

Figure 2.2):  

- Accumulator species, if the TEs are taken up from the soil and concentrated in the 

aboveground parts of the plants; 
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- indicator species, if the uptake and transport of TEs from roots to shoots is such 

that the internal concentration reflects the external concentration; 

- excluder species, if the concentrations of TEs in the shoots are low and constant 

even in the presence of high concentrations in the soil, up to the critical value 

above which the mechanism breaks down and unlimited transport occurs; these 

have the tendency to accumulate TEs in the roots and limit transport in the aerial 

parts (Ali et al., 2013). 

 

Figure 2.2. Schematic representation of the plant response to trace elements (TEs) in the 

soil: Accumulator (in black), excluder (in red) and indicator (in blue). Axes are not at 

real scales. 

The ability of plants to extract TEs from the soil and transfer them into their tissues can 

be assessed through several parameters: the bioconcentration factor (BCF), as the ratio 

between the total TE concentration in plant tissues (aerial part or roots) and the 

concentration in the matrix (Conesa et al., 2007), total or soluble (Mench et al., 2010); the 

accumulation rate (AR), as the total TE content in the tissues during the experimental time 

(Mench et al., 2010). The translocation ratio (TR; also called translocation factor; Conesa 

et al., 2007), indicates the ratio between the total concentration of TE present in the aerial 

parts with that present in the roots (Mench et al., 2010). All these indicators, BCF, AR 

and TR can also be expressed in percentage terms (Ali et al., 2013).  



Chapter 2 

 

124 

 

 

7. PLANT SPECIES USED FOR THE REMEDIATIONOF CONTAMINATED 

SOILS AND THEIR CHARACTERISTICS. 

The plant species suitable for each phytoremediation technologyshould be tolerant to the 

contaminant with a specific mechanism to provide the particular physiological 

characteristics necessary for the efficient accumulation, exclusion, degradation or 

adsorption of the contaminant. 

7.1. Tolerance and mechanisms of tolerance 

The tolerance is the ability of the plant to resist high levels of toxic compounds in the 

growing media. While toxicity is the ability of a potentially toxic substance to produce a 

plant damage. There are two possibilitiesof tolerance: stress avoidance, which consists on 

preventing the entrance of the contaminant in the plant tissue; or real mechanisms of 

tolerance, consisting in fighting the stress caused by the contaminant. When the uptake 

and translocation of the TEs is favoured, the concentration of TEs in the shoots with 

respect to roots is > 1. The excluder species maintain the concentration of TEs low in a 

wide range of soil concentrations until the mechanism of tolerance is surpassed and plants 

die due to TEs toxicity. The mechanism of tolerance mainly consist of stress avoidance 

by maintaining the toxic compound at the roots level; the concentration of TEs in shoots 

with respect to roots is < 1. Indicator plants reflect in their tissue the concentration in the 

soil; their concentration of TEs in shoots with respect to roots is about 1. 

As phytoextraction is based on the uptake of the contaminants by plant biomass and their 

removal by plant harvesting, the uptake, translocation and yield of the plants condition the 

success of the process. The amount of metal removed annually per unit area (Q) can be 

expressed according to the following formula (Magistrelli et al., 2002):  

Q = C× B× n  

Where ‘C’ is the concentration of the TE in the plant (mg kg-1 dw), ‘B’ the biomass 

produced per crop per unit area (kg m-2 dw) and ‘n’ the number of harvests achievable 

each year.  
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Consequently, with a view to using plants for phytoextracion, low values of Q often do 

not allow to obtain an acceptable phytoextraction yield. For phytoextraction to be carried 

out, plants must be able to accumulate high concentrations of TEs in the removable parts 

(for example the stems or leaves), and reach a satisfactory quantity of biomass (Kidd et 

al., 2015). Phytoextraction depends on the annual accumulation of TEs in the aerial 

biomass, which can then be removed to support soil remediation (Chaney et al., 2007). 

Some plant species have the ability to accumulate extremely high concentrations of TEs 

in their above-ground parts under natural conditions without reduction of their biomass 

and, they are known as hyperaccumulator plants (e.g., TE concentrations in the aerial part 

oscillate, depending on the element considered, between 100 and 10.000 mg kg-1; Baker 

and Brooks, 1989). 

Several species show TE concentrations in the leaves exceeding the following limits under 

natural conditions are recognized as hyperaccumulators: 100 for Cd, Se and Tl; 300 for 

Co, Cr and Cu; 1000 for As, Ni and Pb; 3000 per Zn and 10,000 per Mn (µg g-1 dw; Ali 

et al., 2013; Pollard et al., 2014; Van der Ent et al., 2013). These values are on average 

100 times larger than those normally contained in plants growing in metalliferous soils 

(Ali et al., 2013) and could be further supported by other characteristics such as a BCF> 

1, TR> 1, extreme metal tolerance (Van der Ent et al., 2013). 

To date, about 400 hyperaccumulatorspecieshave been identified, mostly from the 

families of Caryophyllaceae, Cyperaceae, Poaceae, Fabaceae, Chenopodiaceae, 

Asteraceae, but above all the Brassicaceae (such as Thlaspi now Noccaea and Alyssum). 

For instance, Arabidopsis hallerican accumulate Cd (>100 mg kg-1) and Zn (>20000 mg 

kg-1; McGrath et al., 2006) and Thlaspi (Noccaea) caeraluscens can accumulate Zn (leaf 

100-300 mg kg-1; shoots10.023-25.561mg kg-1; roots 3.307-4.269mg kg-1), Pb (shoots 

4.409-4.706 mg kg-1; roots 14.485-51.156 mg kg-1) and Cd (shoots 425-1.006 mg kg-1; 

roots 174-340 mg kg-1) by their transport through the xylem system (Assunção et al., 2003; 

El Kheir et al., 2008).  

Various studies have shown that the efficiency of phytoextraction can be improved by 

transferring the genes responsible for hyperaccumulation to species that have a high 

biomass production (Martínez et al., 2006). The species Nicotiana glauca, characterized 

by a high biomass production, considerable root depth and ease of propagation, was 
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transformed with the wheat PC synthase gene TaPCS1 which conferred increased 

tolerance to Cd and Pb (longer root length in the transformed plants) and favoured Pb 

concentration in roots and shoots (Gisbert et al., 2006). The overexpressed gene confers 

up to 9 and 36 times more Cd and Pb accumulation in the shoots under hydroponic 

conditions, and a 3- and 6-fold increase in mining soils (Martínez et al., 2006. The 

modified species showed a greater accumulation of heavy metals and boron, and a yield 

of biomass 100 times greater in the genetically modified plant (Martínez et al., 2006). In 

contrast, the species Thlaspi caerulescens, whose hyperaccumulation capacity is well 

known (McGrath et al., 2006), was unable to survive in the soil highly contaminated by 

Pb and Zn (> 11.000 mg kg-1 of Pb and> 4.500 mg kg-1 for Zn) (Martínez et al., 2006). 

Other option for phytoextraction is to use the so-called “biomass plants”, which are able 

to accumulate toxic elements in their tissues and, although not been able to 

hyperaccumulate, they provide a high yield of dry matter. Most of them belong to the 

Brassicaceae family (including Brassica napus, Brassica juncea L. Czern and Raphanus 

sativus L.; Mosca et al., 2004), but other species can be used: Helianthus annuus L., 

Nicotiana tabacum, Linum usitatissimum, Mentha sp., Gossypium herbaceum, Zea mays 

(Navari-Izzo et al., 2004), Lolium multiflorum L. (Rizzi et al., 2004), Hordeum vulgare L. 

(Calace et al., 2004; Molas and Baran, 2004) and Medicago sativa L. (Hernandez-Pinero 

et al., 2002; Peralta-Videa et al., 2002). In general, species that show a moderate-high 

bioconcentration factor of metals together with good biomass production can reach a 

considerable extraction of TEs (Kidd et al., 2015). Plants that produce a high amount of 

biomass and accumulate moderate levels of TEs in their tissues are recommended for 

phytoextraction, precisely because the low concentration of contaminants in the tissues 

can be compensated by the high amount of aerial biomass (Van Oosten and Maggio, 

2015). 

Such biomass plants can be useful for assited or induced phytoextraction. For example, in 

Brassica juncea, Helianthus annuus and Zea mays a significant increase in Pb 

translocation to the harvestable parts of the plant was observed following the addition of 

K2EDTA to the medium (Magistrelli et al., 2002). In particular, under these conditions, B. 

juncea showed an accumulation of Pb in the aerial parts with values up to 1.5% of dry 

biomass (Huang and Cunningham, 1996; Huang et al., 1997; Blaylock et al., 1997). The 

https://it.wikipedia.org/wiki/Gossypium_herbaceum


Chapter 2 

 

127 

uptake of the metal-chelate complex is an acute process that takes place in one to two 

weeks, at the end of which, when obvious symptoms of toxicity appear on the plant, it is 

collected and disposed of (Magistrelli et al., 2002). Moreover, in assisted phytoextraction, 

toxicity to the plant often seems to be associated, rather than to the TE, with the excess of 

chelate added (normally associated with Ca2+ deficiency, essential for the thickening and 

robustness of cell walls, and Mg2+ deficiency essential for photosynthesis), which 

presumably modifies the balance between micro and macro nutrients, regulated with 

extreme precision in all cells (Clemens, 2001). At the end of a remediation intervention 

through enhanced phytoextraction, it is important to plan the management of the produced 

plant biomass, evaluating the most suitable disposal method in relation to the type and 

concentration of the contaminants present, and to the regulatory requirements on waste.  

For phytoimmobilization and phytostabilization, plant species must be tolerant to the 

toxicity by exclusion. The contaminants remain retainedin the root system and in the 

rhizosphere (Hunce et al., 2019), with reduced transport from the roots to the shoots. 

Candidate species to carry out phytostabilization must show themselves as TEs excluders, 

with a BCF and a TR <1 (Mench et al., 2010; Mendez and Maier, 2008), in order to 

minimize translocation in the aerial parts and diffusion in the food chain. These plants 

have the ability to immobilize pollutants in the soil through mechanisms of absorption and 

accumulation within the roots, adsorption on the root surface, precipitation in the 

rhizosphere, and physical stabilization of the soil (Suthan Suthersan, 2002).  

There are three fundamental processes that characterize the technique of 

phytostabilization: 

1) Phytostabilization in the root area: plants release proteins and enzymes into the 

rhizosphere that cause the precipitation or immobilization of contaminants in the 

surrounding soil, diminishing the bioavailable fraction of the pollutant. The addition of 

soil improvers such as phosphates, lime, gypsum and organic matter, can improve the 

sequestering capacity against certain metals (Pb, Cd, Zn, As). In addition, the presence of 

mycorrhizae in the rhizosphere, in particular ectomycorrhizae, can increase the 

immobilization of inorganic contaminants and simultaneously have beneficial effects on 

plant nutrition (Tsao, 2003).  
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2) Phytostatization on root membranes: proteins and enzymes in the root cell walls are 

able to bind and stabilize the contaminant on the external surface of the root membranes; 

in this way, its entry inside the plant is avoided. 

3) Phytostabilization in radical cells: proteins and enzymes in cell walls can facilitate 

the transport of contaminants through radical membranes. Once absorbed, they can be 

retained in the vacuoles of the radical cells, thus avoiding their transfer to aboveground 

organs (I.T.R.C., 2001).  

Plants not only directly stabilize contaminants, but also act indirectly by reducing their 

spread due to erosive agents such as rain and wind (I.T.R.C., 1999). For the application of 

this technique, robust trees with an extensive root system (poplars, willows) or herbaceous 

plants with very dense fibrous roots that prevent soil erosion and retain contaminants are 

required (Schnoor, 1998). Among herbaceous plants, Agrostis tenuis has been found 

effective for the treatment of soils contaminated by Pb, Zn and Cu, and Festuca rubra for 

Pb and Zn (E.P.A., 2000). 

7.2. Examples of phytoextraction and phytostabilization 

- Arundo donax L.: this plant species is characterized by a high tolerance to different TEs 

(Cd, Ni, Pb, Zn) (Papazoglou et al., 2005; Kos et al., 2003a) and it is particularly suitable 

for phytoextraction in sites heavily polluted with TEs such as Zn, Pb, Cd and Ni and 

showed no symptoms of toxicity up to 600 μg L− 1 of As when grow in wastewater (Mirza 

et al., 2010; Table 2.1). The characteristics that make it suitable for phytoextraction are: 

rapid growth, poor crop needs, adaptability to different soil and drought conditions, deep 

root system and high biomass production (Grippi et al., 2020). The ability to accumulate 

occurs mainly in the aerial part of the plant (stems and leaves), thus allowing an easy 

removal from the site (Gou and Miao, 2010). Furthermore, A. donax is not eaten by 

animals and this prevents toxic and persistent substances from entering the food chain. 

- Cannabis sativa L.: This species has been successfully used in the treatment of water 

and soils contaminated by TEs (Table 2.2.), radionuclides, and aromatic compounds 

(hydrocarbons and PCBs) (Citterio et al., 2003; Linger et al., 2002; Vandenhove et 

al.,2005; Kos et al., 2003b, Patent WO/2008/029423). The high biomass production, the 
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large plasticity, which allows hemp to be grown under a wide variety of agro-ecological 

conditions, and the possibility to use its biomass in non-food industries, make this species 

attractive for phytoremediation (Linger et al., 2002; Citterio et al., 2003; Arru et al., 2004). 

Excellent phytoextraction capacities are attributed to the hemp both of organic 

contaminants and TEs (in particular Pb, Cd, Cr, Hg, Zn and radioactive elements) 

accumulated in a variable percentage depending on the element and the vegetative organ. 

- Cynara cardunculus spp. L.: It can be cultivated as a biomass crop in rural and marginal 

environments due to its reduced needs and perfect adaptation to Mediterranean 

environments. Many studies have highlighted the ability of the variety C. cardunculus 

sylvestris, or wild thistle, to accumulate several TEs such as Pb, Zn, Cd, As (Dominguez 

et al., 2017; Table 2.3). 

- Dittricha viscosa: this plant species produced a high biomass with high calorific value 

in highly degraded soils (Dominguez et al., 2017; Table 2.4). 

- Festuca arundinacea S.: Its developed root system is effective for reducing the leaching 

of pollutants and soil erosion in general, and shows an excellent phytostabilization 

capacity. Studies have shown high levels of accumulation of Pb (21.500 mg kg-1) and Zn 

(3.000 mg kg-1) especially in roots (Begonia et al., 2005; Table 2.5). This plant can be 

used for the remediation of soils contaminated by heavy metals through phytostabilization 

(Begonia et al., 2005; Soleimani and Hajabbasi, 2010). 

- Helianthus annuus L.: the high biomass production rate, the vigorous transpiration 

potential and the dense root system make sunflower useful plant for phytoremediation 

projects. It can extract pollutants from soil, such as Pb, Cd, Cr, Ni (Chen and Cutright, 

2001) and radionuclides (Dushenkov et al., 1999; Table 2.6). H. annuus can also grown 

to remove toxic metals and uranium from aqueous solutions by rhizofiltration (Dushenkov 

et al., 1995). 

- Jatropha curcas: it has excellent abilities towards phytoremediation of heavy metals, 

such as Al, Fe, Cr, Mn, As, Zn, Cd and Pb (Table 2.7), but also towards hydrocarbons and 

pesticides soil remediation (Yadav et al., 2009; Kumar et al., 2008). 



Chapter 2 

 

130 

 

- Miscanthus sp.: the accumulation of heavy metals, such as As, Sn, Cd, Cr, Cu, Ni, Pb, 

Zn and Al, occurs mainly in below ground (brooches and rhizomes) while minimum in 

above ground (stems and leaves) biomass (Pandey et al. 2016; Nsanganwimana et al., 

2014). Moreover, Miscanthus, in particular M. giganteus, is useful in the biodegradation 

of organic pollutants such as polycyclic aromatic hydrocarbons, petroleum and pesticides 

by its root exudates (Técher et al., 2011). Based on Miscanthus’ capacity to sequestrate 

inorganic contaminants into the root system and to induce dissipation of persistent organic 

contaminants in soil, these plant species are favorable for phytostabilization and 

phytodegradation (Table 2.8).  

- Silybum marianum: It is able to colonize highly contaminated soils; biomass production 

and calorific value are not affected by the presence of high concentrations of TEs 

(Dominguez et al., 2017; Clemente et al., 2019; Table 2.9). 
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Table 2.1. Case studies of TEs phytoremediation usning A. donax L. 

Contaminants Phytotechnology Contaminant concn. Plant effects Others Reference 

Arsenic Phytoextraction in 

wastewater 

As2O3 (0, 50, 100, 300, 

600 and 1000 μg L−1 As) 

Increasing As concentration (50 

to 600 μg L−1) in growing media 

increased shoot and root 

biomass without toxicity. 

Elevated oxidative stress at 

1000 μg L−1 of As. 

 Mirza et al. (2010) 

Pb, Zn and Cd Induced soil 

phytoextraction 

Pb: 1100 mg kg-1;Zn: 800 

mg kg-1; Cd: 5.5 mg kg-1 

With EDTA: Pb: 26.95 mg kg-

1;Zn: 71.44 mg kg-1; Cd:4.02 

mg kg-1 

Phytoextraction 

potential (kg ha-1): 

0.54 of Pb, 1.43 of 

Zn, 0.08 of Cd. 

Grčman and 

Lestan. (2003) 

Cd and Ni Soil 

phytoextraction 

Metals added through 

irrigation: 

Treatment 5 ppm: 0.085 

mM Ni, 0.05 mM Cd  

Treatment 500 ppm: 

0.85mM Ni, 0.24mM Cd; 

Treatment 100ppm: 

1.7mM Ni, 0.48mM Cd 

Plants in all treatments showed 

no detrimental or toxic 

symptoms and increased in stem 

height, diameter, and number of 

nodes, and similar plant 

production with respect to 

treatment without metals. 

Photosynthetic rates 

of the plants were 

unafected by the 

treaments. 

Papazoglou et al. 

(2005) 
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Table 2.2. Case studies of TEs phytoremediation using C. sativa L. 

Contaminants Phytotechnology Contaminant conc. Plant effects Others Reference 

Cd, Cr and Ni 

 

 

Phytoaccululation 

for Cd and Ni. 

 

Tolerant plant for Cr: 

Phytostabilization 

Soil 1: 27 µg g-1 Cd, 

74 µg g-1 Ni, 126 µg g-1 

Cr. 

Soil 2: 82 µg g-1 Cd, 

115 µg g-1 Ni, 139 µg g-1 

Cr. 

No significant alteration in 

plant growth or morphology 

was detected. 

A high hemp reactivity to 

heavy metal stress with an 

increase in phytochelatin and 

DNA content. 

Metals were 

preferentially 

accumulated in the 

roots and only 

partially translocated 

to the above-ground 

tissues. 

Citterio et al. 

(2003) 

Pb, Zn and Cd Induced 

phytoextraction.  

Addition of 5 mmol kg-1 

EDDS:  

Pb uptake: 220.6 mg kg-1;  

Zn uptake: 105.1 mg kg-1;  

Cd uptake: 0.76 mg kg-1. 

Addition of 10 mmol/kg 

of EDDS:  

Pb uptake: 1053 mg kg-1; 

Zn uptake: 211mg kg-1; 

Cd uptake: 5.4 mg kg-1 

The percentage of Pb 

phytoextracted in a single cycle 

was only approx. 0.6% of the 

total Pb present in the upper 30 

cm of soil.  

The achieved Pb concentration 

in C. sativa was far from the Pb 

concentrations required for 

efficient soil remediation 

within a reasonable time span. 

Phytoextraction 

potential: 5.51 kg ha-1 

Pb; 263 kg ha-1 Zn; 

0,019 kg ha-1 Cd. 

 

 

Kos et al. (2003b) 
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Table 2.3. Case studies of TEs phytoremediation usning C. cardunculus L. 

Contaminants Phytotechnology Contaminant conc. Plant effects Others Reference 

As, Cd, Cu, Fe, 

Pb, Zn 

Phytoextraction Pseudo total TE in soil 

(mg kg-1): 

3.6<As<136.6 

0.09<Cd<1.59 

23.2<Cu<159.0 

2.282<Fe<8364 

11.6<Pb<189.8 

15.6<Zn<484.3  

High capacity for Cu uptake 

from soil and for its 

translocation and accumulation 

into aboveground biomass. 

TE concentrations in 

plant shoots (mg kg-

1): 

0.08<As<0.49 

0.10<Cd<1.59 

60.6<Cu<87.6 

47.9<Zn<148.5 

Dominguez et al. 

(2017) 

 

Table 2.4. Case studies of TEs phytoremediation usning D. viscosa L. 

Contaminants Phytotechnology Contaminant conc. Plant effects Others Reference 

As, Cd, Cu, 

Fe, Pb, Zn 

Phytoextraction or 

phytostabilization 

Pseudo total TE in soil 

(mg kg-1): 

3.6<As<136.6 

0.09<Cd<1.59 

23.2<Cu<159.0 

2.282<Fe<8364 

11.6<Pb<189.8 

15.6<Zn<484.3  

High biomass yield in soils 

with high concentrations of 

soluble TE. Given the high 

calorific value of its biomass 

and the large extension of its 

root system this species could 

be considered a bioenergy 

crop. 

TE concentrations in 

plant shoots (mg kg-

1): 

0.28<As<0.61 

0.28<Cd<3.16 

47.0<Cu<105.2 

44.6<Zn<123.8 

Dominguez et al. 

(2017) 
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Table 2.5. Case studies of TEs phytoremediation usning F. arundinacea S. 

Contaminants Phytotechnology Contaminant conc. Plant effects Others Reference 

Pb Induced 

phytoextraction 

 

0, 1000, 2000 mg Pb 

kg-1dry soil.  

High plant biomass, tolerate 

high levels of Pb and chelates 

applied to the soil. No 

phytotoxic effects of Pb and/or 

chelates except for a slight 

reduction of radical biomass. 

Six weeks after planting, 

aqueous solutions of 

EDTA (0, 5 mmol kg-1 

dry soil) and acetic acid 

(5 mmol kg-1 dry soil) 

were applied to the root 

zone, and all plants were 

harvested a week later. 

Begonia et al. 

(2005) 

 

Table 2.6. Case studies of TEs phytoremediation usning H. annuus L. 

Contaminants Phytotechnology Contaminant conc. Plant effects Others Reference 
137Cs Phytostabilisation Total 137Cs removed 

from soil by plant was 

319 Bq m-2 

The roots had a greater 
137Cs activity compared to 

the above ground parts. 

The bioaccumulation 

coefficient was about 0.25. 

 Dushenkov et al. 

(1999) 

As, Cu, Fe, Pb, 

Zn 

Phytostabilisation Cu 230 μg g−1,  

Pb 19129 μg g−1 

Zn 2257 μg g−1 

As 1976 μg g−1 

Fe 215 mg g−1. 

TE transfer to the aerial 

parts is limited, which 

makes biomass recycling 

possible, with low 

environmental concern. 

 Bernal et al. 

(2019) 
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Table 2.7. Case studies of TEs phytoremediation usning J. curcas L. 

Contaminants Phytotechnology Contaminant conc. Plant effects Others Reference 

As, Cr, Zn Phytostabilisation 0,25,50,100,250 and 

500 mg kg-1 for As and 

Cr, 0, 500, 1000, 2000, 

3000 and 4000 mg kg-

1 for Zn. 

Concentration in roots (mg kg-1): 

2.8<As<29.0 

1.5<Cr<8.5 

4.3<As<674.9 

Concentration in shoot (mg kg-1): 

0.4<As<12.5 

0.2<Cr<3.6 

0.3<Zn<120.9 

Plants survived on 

As, Cr and Zn 

contaminated 

soils up to 250, 

100 and 3000 mg 

kg-1, respectively 

Yadav et al. 

(2009) 

 

Table 2.8. Case studies of TEs phytoremediation usning Miscanthus sp. plants. 

Contaminants Phytotechnology Contaminant conc.  Plant effects Others Reference 

As, Cd, Cu, Cr, 

Pb, Zn, 

Xenobiotics. 

Phytostabilisation, 

Phytodegradation 

 

Soil pH 8.5 = 78 mg kg-1 As 

Soil pH 5.2= 13.7 mg kg-1 Cd 

Soil pH 6.8 = 130 mg kg-1 Cu, 

271 mg kg-1 Pb, 365 mg kg-1 Zn, 

55 mg kg-1 Cr 

TE accumulation in roots, and 

limited TE transfer to shoots, 

promoted degradation of 

organic xenobiotics and 

improved soil quality. 

Miscanthus is suitable crop for 

combining biomass 

production and ecological 

restoration of contaminated 

and marginal land. 

M. giganteus 

reduce human and 

environmental 

risks; a suitable 

option for the 

phytomanagement 

of contaminated 

sites. 

Nsanganwimana 

et al. (2014) 
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Table 2.9. Case studies of TEs phytoremediation usning S. marianum L. 

Contaminants Phytotechnology Contaminant conc. Plant effects Others Reference 

As, Cd, Cu, Fe, 

Pb, Zn 

Phytoextraction Pseudo total TE in soil 

(mg kg-1): 

3.6<As<136.6 

0.09<Cd<1.59 

23.2<Cu<159.0 

2.282<Fe<8364 

11.6<Pb<189.8 

15.6<Zn<484.3  

The results suggest a 

significant accumulation of TE 

in above-ground biomass in S. 

marianum. 

TE concentrations in 

plant shoots (mg kg-

1): 

0.20<As<1.45 

0.16<Cd<2.72 

51.7<Cu<69.8 

43.9<Zn<359.7 

Dominguez et al. 

(2017) 

As, Cd, Cu, 

Mn, Pb, Zn 

Phytostabilisation 

 

Pseudo total TE in soil 

(mg kg-1): As 1976, Cd 

12, Cu 230, Mn 968, Pb 

19, Zn 2257.  

Plant survival in heavily 

contaminated soils. The use of 

native plants in combination 

with the amendments reduced 

soluble, mobile and available 

TEs forms in the soil. The TE 

concentrations in the aerial part 

of the plants were considered 

normal and do not represent 

any environmental concern. 

Amendments used: 

solid fraction of pig 

slurry; paper mill 

sludge; a commercial 

red mud derivative. 

Clemente et al. 

(2019) 
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8. PLANT BIOMASS FROM PHYTOREMEDIATION AS A SOURCE OF 

BIOENERGY 

One of the major dilemmas that the phytoremediation technologies has tocope with is the 

use of the plant biomass derived from the restoration of contaminated soils (Pandey et al., 

2016). The goal to achieve is to recycle these biomasses in a clean way, obtaining useful 

derived products and materials, from bio-plastics to dyes, from the transformation of fibers 

to the production of materials for bio-construction and the production of biofuels. This 

would make the whole process economically sustainable and would give an even more 

“noble” purpose to the phytoremediation intervention (Pandey et al., 2016). Recently, the 

use of biomass has mainly aimed at the production of biofuels (Gelleti et al., 2006; Cencič 

et al., 2007), which could replace fosil fuels derived from oil, representing an 

environmental friendly option. 

Valid options for the recycling of plant biomass produced during the phytoremediation of 

contaminated land include the production of renewable energy, such as biogas or thermal 

energy (Iaboni and De Stefanis, 2003; Grippi et al., 2020). The presence of TEs and the 

nature of the organic matter can affect the biodegradability of biomass (Bernal et al., 

2019). One of the major challenges in the use of biomass for energy production is the 

transfer of pollutants (such as TE) to plants (Van Ginneken et al.,2007; Gomes, 2012; Sas-

Nowosielska et al., 2004), affecting the bioenergetic value. In the case of species used for 

phytotabilisation, the transfer of TEs to the aereal parts is limited, which makes their 

recycling possible, with little environmental concern. 

Table 2.10 shows the activation Energy (Ea), Gross calorific and thermal decomposition 

values of the main bioenergy crops useful for phytoremediation. The main technologies 

for the thermochemical conversion of biomass are combustion, gasification and pyrolysis 

(McKendry, 2002). Pyrolysis has some advantages over combustion and gasification: it 

requires relatively lower temperatures, no oxygen and a liquid bio-oil can be produced 

(syngas) (Bridgwater et al., 2001). Thermogravimetric analysis (TGA) is frequently 

applied to study the pyrolytic kinetics of lignocellulosic biomass (Chen et al., 2017; 

Damartzis et al., 2011; Ferreira et al., 2016). The analysis of the gases produced during 

pyrolysis is, however, important for a full characterization of the environmental 

implications of this conversion technology and the potential production of syngas. 
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Thermal analysis and differential scanning calorimetry (DSC) demonstrated their 

usefullness as techniques both for the evaluation of the thermal characteristics of different 

organic materials and for the determination of their most adequate degradation process to 

obtain energy. In fact, both thermogravimetric analysis (TGA) and derivative 

thermogravimetric curves (DTG) are useful instruments for the evaluation of the 

behaviour of a material when subjected to temperature changes in combustion or pyrolysis 

processes (Bernal et al., 2019). Several studies have assessed the possible influence of 

high concentrations of soluble TEs in the growth medium on the quality of biomass for 

energy production through pyrolysis (Dominguez et al., 2017). Soil contamination could 

affect the chemical composition of plants that lead to lower biomass quality for biofuel 

production (Madejón et al., 2016).  

Soil pollution inevitably leads to changes in the physical and chemical properties of 

biomass, properties on which their use for energy production depends (Grippi et al., 2020): 

combustion requires a low moisture and ash content; the production of biogas through 

anaerobic digestion (AD) requires a high content of biodegradable organic matter; the 

production of ethanol requires high amounts of sugars and cellulosic components. 

The analysis of the biomass behaviour during thermochemical conversion is essential for 

a full identification of their potential as bioenergy crops. The main transformation of 

biomass takes place at low temperatures (150-380 °C), and lower temperature values were 

found for C. sativa (225-375 °C) and A. donax (180-370 °C), than for C. zizanoides L. 

(200-450 °C) and R. communis (160-520 °C) indicating the presence of readily-available 

organic substances (Table 2.10).The activation energy values were all between 110 and 

400 kJ mol-1 except for H. annuus (78 kJ mol-1) and J. curcas (40 kJ mol-1); the gross 

calorific values were in the range 16-19 MJ kg-1 for all plant biomass tested (Table 2.10); 

being C. cardunculus and R. communis the less suitable for thermal energy production 

due to their low calorific values and high temperature for thermal decomposition. The 

values found are not far from the average GCV values of commonly used fuels, such as 

coal (18 MJ kg-1), while they are slightly lower than petroleum-derived fuels with HHV 

values ranging from about 25 MJ kg-1 (for alcohols) to 55 MJ kg-1 (for methane) (Dincer 

and Zamfirescu, 2014). Table 2.11 shows the possible uses of the plant biomass from 

phytoremediation experiments for the production of biofuels (Pandey et al., 2016).  



Chapter 2 

 

139 

Table 2.10. Bioenergenic characteristic of crops used in phytoremediation. Activation 

energy: Ea, by α=0.5 FWO method. 

Crops 
(Families) 

Gross calorific 
value 

(MJ kg-1) 

Ea 
(KJ mol-1) 

Thermal 
decomposition 

(°C) 

References 

Arundo donax L. 
(Poaceae) 

17 110 1) 180-370 
2) 370-750 

Jeguirim et al. (2010) 

Brassica spp 
(Brassicaceae) 

19 150-404 200-450 Várhegyiet al. (2009) 
Karaosmanoglu et al. 
(2001) 
Licata et al. (2017) 

Cannabis sativa 
L. 

(Cannabaceae) 

17-19 60-174 1) 225-325 
325-375 

2) 250-500 

Kolarikova et al. (2013) 
Branca et al. (2016) 

Chrysopogon 
zizanoides L. 

(Poaceae) 

16 150-189 1) 30-200 
2) 200-450 
3) 450-800 

Thakur et al. (2018) 

Cynara 
cardunculus spp. 

(Compositae) 

15 
 
 

38-356 200-500 Damartis et al. (2011) 

Dittricha 
viscosaL. 

(Asteraceae) 

- 317 1) 60-180 
2) 180-570 
(200-400 
250–380) 

3) 570-800  

Dominguez et al. (2017) 

Helianthus annus 
L. 

(Asteraceae) 

17-21 78 353-542 Hunce et al. (2019) 
Zabaniotou et al. (2008) 
Nehdi et al. (2013) 

Jatropha curcas 
L. 

(Euphorbiaceae) 

18-39 40 113-318 Ružbarský et al. (2014) 
Jain et al. (2012) 

Miscanthus sp. 
(Poaceae) 

18 128 250-400 Dominguez et al. (2017) 
Cortés et al. (2015) 

Ricinus 
communis L. 

(Euphorbiaceae) 

14 216 1) 128-160 
2) 160-520  
3) 150-900 

Kaur et al. (2018) 

Silybum 
marianum L. 
(Compositae) 

14-17 295 1) 60-180 
2) 180-570 
(200-400  
250-380) 

3) 570-800 

Hunce et al. (2019) 
Dominguez et al. (2017) 

*= Flynn-Wall-Ozawa: This method covers the determination of the overall kinetic 

parameters for exothermic reactions.  
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Table 2.11. Multipurpose benefits of phytoremediation crops according to the pollutant. 

Plants 
(Families) 

Pollutants Trace element 
in biomass 
(mg kg-1) 

Potential 
Phytoproducts 

References 

Arundo donax L. 
(Poaceae) 

Nutrients, 
TEs (Cd, As, Ni, Pb), 

POPs. 

 Bioethanol from 
biomass, charchoal 

Pandey et al. (2016) 
Liu et al. (2012) 

Brassica spp 
(Brassicaceae) 

TEs (Cd, Cu, Ni, Zn, 
Cr, Se, Pb), 

POPs 

Pb 10-106 Bionergy 
production from 

biomass 

Pandey et al. (2016) 

Cannabis sativa 
L. 

(Cannabaceae) 

TEs (Cd, Hg, Zn, Cr, 
Pb) 

- Bionergy 
production from 

biomass 

Pandey et al. (2016) 

Chrysopogon 
zizanoides L. 

(Poaceae) 

TEs (Al, As, Mn, Cd, 
Ni, Cu, Se, Hg, Zn, 

Cr, Pb), 
Pesticides(Diuron, 

Atrazine), DDT 

- Bioethanol from 
biomass 

Truonge Baker 
(1998) 

Cynara 
cardunculus spp. 

(Compositae) 

TEs (Cd, As, Zn, Pb) As 0-1 

Cd 0.1-1.8 
Cu 29-146 
Zn 32-239 

Bionergy 
production from 

biomass 

Dominguez at al. 
(2017) 

Pandey et al. (2016) 

Dittricha viscosa 
L. 

(Asteraceae) 

TEs (Cd, As, Zn, Pb) As 0.1-1.1 

Cd 0.2-3.3 
Cu 33-146 
Zn 31-138 

Bionergy 
production from 

biomass 

Dominguez et al. 
(2017) 

Festuca 
arundinacea S. 

(Poaceae) 

TEs (Cd, Zn, Pb), 
PCB 

Pb 21.500 (roots) 
Zn 3000 

Bioethanol from 
biomass 

Begonia et al. (2005) 

Helianthus 
annusL. 

(Asteraceae) 

POPs, 
TEs (Zn, Cu, Cd, Cr, 

Pb, Hg), 
Radionuclides (Sr, 
Ce134 &137, U) 

- Bioenergy, 
bioethanol, charcoal 

Smith et al. (2013) 
Cutright et al. (2010) 

Dushenkov et al. 
(1999) 

McIntyre (2003) 

Jatropha curcas 
L. 

(Euphorbiaceae) 

POPs, 
TEs (Al, Fe, Cr, Mn, 

Ar, Zn, Cd, Pb), 
pesticides 

- Biodiesel from seed 
oil, biofertilizer, 

charcoal 

Pandey et al. (2016) 
Abhilash et al. (2013) 

Miscanthus sp 
(Poaceae) 

TEs (Al, As, Sn, Cu, 
Cr, Ni, Zn, Cd, Pb), 

POPs, 
pesticides 

- Bioethanol from 
biomass, biogas 

StClair et al. (2008) 
Zhao et al. (2012) 

Pandey et al. (2016) 
Técher et al. (2011) 

Ricinus 
communis L. 

(Euphorbiaceae) 

TEs(Cd, Pb, Zn, As), 
DDT 

Cd 400 Bioenergy crop, 
biodiesel 

Huang et al. (2011) 
Costa et al. (2012) 

Pandey et al. (2016) 
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production from 
seed oil 

Silybum 
marianum L. 
(Compositae) 

TEs 
(Cd) 

As 0-2 

Cd 0.15-2.92 
Cu 40-83 

Zn  36.4-430.6 

Bionergy 
production from 

biomass 

Dominguez et al. 
(2017) 

 

Bernal et al. (2019) suggested that the properties of the plant biomass (as thermochemical 

conversion, activation energy and gross calorific value), for their pyrolysis, were not 

significantly affected by the presence of high concentrations of soluble TEs in the soil. To 

confirm the suitability of the biomass grown in TE contaminated soils in the 

Mediterranean region for bioenergy purposes, other data should be considered in future 

studies, such as a complete characterization of the energy balance from crop settlement to 

biomass processing, as well as an assessment of potential problems associated with the 

production of metal-containing ash during thermochemical conversion. 

Therefore, there is certainly a potential link between the cultivation of energy crops and 

the phytoremediation of contaminated soils (Pidlisnyuk et al., 2014). More attention has 

been paid to fast-growing wood species, less to non-woody perennial crops (Técher et al., 

2011) and only a few sources are found on perennial herbaceous crops (Rakhmetov et al., 

2007). Also, the introduction of new crops in any ecosystem leads to new interrelations 

between vegetation, soil, water and air. In addition, the use of native plants would allow 

a higher chance of survival, growth and reproduction under these environmental stress 

conditions than plants introduced from other environments (Adriano, 2001; Antonsiewicz 

et al., 2008).  

 

9. CONCLUSIONS 

Phytoremediation is a remediation technology for application on large areas, with low 

expenses in terms of intervention costs. The recovery of the environmental value of 

contaminated areas, and its high public acceptance constitute the strengths of this 

technology. Furthermore, from the studies on phytoremediation, new tendences have 

emerged. The vegetative cover of an already reclaimed site has the dual effect of physical 

stabilization of the soil (by controlling erosive processes) and refinement of the 
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remediation process (through degradation mechanisms, accumulation and immobilization 

of residual contaminants). Also, phytoremediation can be improved by the use of 

herbaceous species specific to the type of contamination and site, and in particular the use 

of native plants that have a greater chance of survival, growth and reproduction in 

conditions of a particular environmental stress due to the specific soil contaminants. The 

most innovative perspective of phytoremediation consists on the use of plant biomass for 

the bioenergy production, through low-cost techniques. Special interest for the 

combination of phytoremediation and bioenergy (thermal) production has been found for 

Arundo donax, Cannabis sativa, Helianthus annuus, Jatropha curcas and Miscanthus. 

The use of other species, like Silybum marianum, for biogas production has also be 

envisaged. Therefore, the use of high biomass energy crops opens a new perspective for 

developing a low cost and environmentally friendly phytoremediation technology 

applicable to different contaminated soils under diverse climatic and environmental 

conditions. Research in this area gives hope that in the near future phytoremediation will 

occupy a prominent place among remediation technologies. 
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CHAPTER 3 

POTENTIAL FOR BIOENERGY PRODUCTION OF PLANT 

BIOMASS FROM TRACE-ELEMENTS CONTAMINATED SOILS 

UNDER MEDITERRANEAN CLIMATE CONDITIONS 

 

1. INTRODUCTION 

The mining district of Cartagena-La Unión is a mountain formation that extends from 

east to west along 26 km of coast from the city of Cartagena to the end of Palos Cope, 

passing through the municipality of La Unión, in the Region of Murcia (Spain). In 

ancient times, this area was exploited intensely for ores containing silver, lead, zinc 

and other metallic minerals. After the Spanish Civil War, a large open-pit mining 

operation caused serious environmental problems up until the definitive cessation of 

the mining activities in 1990. As a consequence of this vast historical process of 

industrial exploitation and intense human activity, the landscape of the Cartagena-La 

Unión area has been marked and transformed into a sterile area of around 50 km2, the 

old vegetation cover has disappeared along with habitat and numerous species (Conesa 

and Schulin, 2010). In addition, the Portmán bay resulted completely collapsed, as it 

received about 33 million cubic meters of toxic mining wastes, the seashore advanced 

up to 700 meters and the seabed was affected by sediments loaded with potentially 

toxic trace elements (TEs) up to 12 km offshore. 

The tailings of the mining district of Cartagena - La Unión can be classified in (Conesa 

et al., 2006; Conesa et al., 2008a): 
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- Acid tailings, with a pH of about 3, characterized by the presence of oxidized and 

reduced minerals (such as magnetite and sphalerite), which have shown high soluble 

concentrations of metals such as Zn or Cd (up to 14 % of total Zn has been detected in 

water extracts); 

- Tailings with neutral pH, characterized by the presence of non-oxidizing minerals 

such as quartz and gypsum, with low solubility of metals but easily extractable with 

chelating agents such as EDTA. 

These tailings contain mainly Fe (11-26 %), Si (8-13 %), Al (2-4 %) and S (2-3 %), 

and other TEs such as Zn (9100 mg kg-1), As (1900 mg kg-1), Cd (10–34 mg kg-1) and 

Pb (5000–7000 mg kg-1). However, low values (between 77-160 mg kg-1 Cu, 28-150 

mg kg-1 Pb and 93-400 mg kg-1 Zn) have been reported for local cultivated land 

(Conesa, 2003). 

Mining is one of the most relevant industrial activities that generate a significant 

environmental impact, even many years after the closure of the mining activities 

themselves (Fanfani et al., 2000; Conesa and Schulin, 2010).The main environmental 

problems that mining activities provoke are due to: 

- Erosion of the soils. The excavation of open cast mines makes the soil rocky and 

therefore more hostile to the growth of vegetation. In particular, in the mining district 

of Cartagena-La Unión about 70 % of the area and about 80 % of the total volume of 

waste deposits are made up of mine spoil and mine tailings. Mine tailings are generally 

characterized by low pH values, high concentrations of heavy metals and metalloids, 

lack of nutrients, low water retention capacity and high electrical conductivity. These 

factors make the environment adverse for plant growth and, consequently, the surface 

soils remain generally bare of vegetation and exposed to erosion (Conesa and Schulin, 

2010). 

- Release of potentially toxic TEs. Another major problem related to erosion, due 

mostly to the action of wind and rain water, is the release of TEs from mining sites 

over time, which can lead to widespread contamination over large areas. 



Chapter 3 

 

161 

- Air pollution. Exposure to tailings emitted dust can pose health risks to nearby 

populations. 

- Chemical pollution of surface and underground water and contamination of the food 

chain. The use of local groundwater for the irrigation of private gardens and 

agricultural land can generate an unwanted transfer of potentially toxic TEs to crops 

and, therefore, enter the food cycle (Conesa et al., 2010). Despite the soils showed 

elevated metal concentrations (510 mg kg-1 Pb and 910 mg kg-1 Zn), the concentrations 

found in plant leaves were rather low( Pb < 20 mg kg-1; Cu 10-28 mg kg-1; Zn 60-85 

mg kg-1). The high pH of local soils seemed to limit the accumulation of metals by the 

plants (Navarro et al., 2006). 

- Reduction of biodiversity. For instance, the dispersion of mining waste into the 

surrounding environment and the consequent absorption of pollutants by local 

ecosystems in Portmán Bay has led to colonization by spontaneous plant species that 

show adaptation to metal contamination and saline soils (Conesa and Faz, 2009). 

Halophytic species like Sarcocornia fruticosa, Salicornia ramossisima and 

Arthrocnemum macrostachyum, or other species typical of saline areas like Phagmites 

australis and Tamarix canariensis, can be often found in those soils (Conesa and Faz, 

2009). Furthermore, mining waste discharged into the Mar Menor lagoon and the 

Mediterranean Sea are known to strongly influence their respective biological and 

faunal communities (María-Cervantes et al., 2009; Sanchiz et al., 2000; Deheyn et al., 

2000). 

In the last twenty years, the growing awareness of the need to combine production 

activities and economic development with the protection of the environment has 

stimulated numerous studies and initiatives to understand the mechanisms of dispersion 

of toxic elements from mining activities, especially in countries such as the USA, 

Canada and Australia. Such activities have tried to foresee and prevent the 

consequences, and/or propose suitable containment and remediation measures. In this 

regard, plant technologies have proven to be an effective and promising low-cost tool 

for the in situ stabilization of metal contaminated sites. The Cartagena-La Unión 

mining district, as most former mining areas, is considered suitable for non-invasive 

remediation technologies, such as phytostabilization (Mendez and Maier, 2008), due 
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to the huge areas to be treated (Conesa et al., 2008b). Through phytostabilization, the 

establishment of a self-sufficient vegetative cover reduces the risk of an uncontrolled 

transfer of pollutants into the environment. 

In order to address the increasing demand for energy production and at the same time 

deal with environmental protection issues, the European Union has set the goal of 

increasing the share of renewable energy to 20 %, among other objectives of the 

“Europe 2020 Strategy”. Bioenergy is the main renewable energy source in the world. 

In total, firewood represents more than 56 % of the total bioenergy; vegetable waste is 

the second largest source of bioenergy in Asia (122 Mtoe) and Africa (76 Mtoe), biogas 

in Europe (15.8 Mtoe), biogasoline in North and Central America (28.6 Mtoe), and 

bagasse (34.9 Mtoe) and biogasoline (15.7 Mtoe) in South America. 

The studies carried out to date show that some plant species have particular physical 

and chemical characteristics for their use as biomass crops for bioenergy production 

(Grippi et al., 2020), with clear advantages both in terms of energy production and at 

the economic level. The use of plant biomass for the production of (bio)energy can 

therefore be considered a suitable and environmentally friendly option to achieve the 

desired renewable energy share. Bibliographic research has shown that plants 

belonging to the families of Poaceae, Asteraceae, Brassicaceae and Graminaceae, with 

particular consideration for Sorghum, Miscanthus and Arundo donax, all belonging to 

the family of Poaceae, have characteristics suitable for their use as biofuels (Grippi et 

al., 2020; see Chapter 1, Section 5). In addition, the use of contaminated soils to 

produce energy crops may help to avoid competition with food production (Rowe et 

al., 2009), and the use of native species as bioenergy crops would limit the introduction 

of non-native species into the soil ecosystem to be remediated. This is particularly 

relevant for phytostabilization, as the plants have low TE concentration in their 

harvestable tissues. Species such as milk thistle (Silybum marianum), Dittrichia 

viscosa, Piptatherum miliaceum and Nicotiana glauca have been tested in soils with 

high TE content and for the production of bioenergy (Bernal et al., 2019; Domínguez 

et al., 2017a,b; Hunce et al., 2019). 
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Therefore, the objectives of this study were: 

- To identify native plant species that have characteristics suitable for the production 

of bioenergy and that, at the same time, can tolerate high levels of potentially toxic TEs 

(heavy metals and metalloids) to be used in the recovery of contaminated soils through 

promising recovery technologies (phytostabilization); 

- To define the potential for thermal and biogas production of plant biomass from TEs 

contaminated mine soils in order to determine the usefulness of these species for 

bioenergy production. 

 

2. MATERIALS AND METHODS 

2.1. Plant sampling and sample preparation 

Different plant species growing spontaneously in the areas of El Gorguel and El Llano 

del Beal, within the Sierra Minera of La Unión-Cartagena, were sampled by cutting the 

aerial part (shoots) of several individuals of fully developed plants. The species 

included Arundo donax L. (Poaceae), Phragmites australis (Cav.) Trin. ex Steud. 

(Poaceae), Piptatherum miliaceum (L.) Coss. (Poaceae), Dittrichia viscosa (L.) Greuter 

(Asteraceae), Zygophyllum fabago L. (Zygophyllaceae), Bituminaria bituminosa L. 

Stirton (Fabaceae), Atriplex halimus L. (Chenopodiaceae) and Foeniculum vulgare 

Mill. (Apiaceae). The fresh samples were taken to the laboratory, washed with 

deionized water, dried at 60 ºC during 48 h and ground to < 0.5 mm in a stainless steel 

laboratory mill (A10 IKA Labortechnik, Staufen, Germany) prior to experiments and 

analysis. 

2.2. Chemical analyses 

The chemical composition of plant samples was determined for macro- and 

micronutrients and TEs by inductively coupled plasma optical emission spectroscopy 

(ICP-OES; THERMO ICAP 6500 DUO instrument, Thermo Scientific), after 

microwave-assisted digestion (ETHOS1, Milestone) with H2O2 and HNO3 (1:4 v/v). 

The analytical accuracy was verified with a certified reference material (NCS DC 
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73349). Total solids (TS) were determined by drying at 105 °C, and volatile solids (VS) 

by ashing at 550 ºC in a muffle furnace (Carbolite AAF 11/3, Hope Valley, England) 

according to EPA method 1684 (EPA, 2001). The concentration of lignin and 

holocellulose were determined according to the American National Standard method 

(ANSI and ASTM, 1977a,b). The elemental analysis of C, N, S and H was carried out 

using a LECO CHNS-932 analyzer. The concentration of soluble carbohydrates was 

determined through the anthrone method (Hedge and Hofreiter, 1962). The higher 

heating value (HHV; MJ kg-1) of the plant biomass was calculated with the data 

obtained from the elemental analysis, using the method of Sheng and Azevedo (2005), 

according to the following equation: 

HHV (MJ kg-1) = -1.3675 + 0.3137 × %C + 0.7009 × %H + 0.0318 × %O                   (Eq. 1) 

All the analyses were done at least in duplicate. 

2.3. Anaerobic degradation 

Biogas production of the plant samples was determined through anaerobic digestion, 

using the ANKOM Gas Production System with 305 and 310 mL bottles (ANKOMRF, 

ANKOM Technology, Macedon, NY, USA). With this system, the increase in pressure 

caused by the generation of gas in the absence of oxygen is automatically recorded, 

through which the volume of biogas produced is then calculated and expressed as the 

volume in mL of CH4 per gram of VS. The anaerobic inoculum was collected from an 

urban wastewater plant under mesophilic conditions (reactor capacity 7612 m3; 

hydraulic retention time 29.7 days) and previously incubated at 37 °C for 24 hours. The 

composition of the inoculum was: pH 7.37 ± 0.03, electrical conductivity 14.78 ± 3.58 

dS m-1, total solids 21.67 ± 4.13 g L-1 and volatile solids 14.02 ± 2.12 g L-1. 

Then, 0.5 g of each plant sample was mixed with 100 mL of pre-incubated inoculum 

in individual bottles (VS ratio 1:3, substrate:inoculum). The mixtures were then 

incubated in the absence of oxygen at a temperature of 37 °C under continuous stirring. 

A control sample without plant material and a positive control containing 0.5 g of 

cellulose were also used. The samples were run in duplicate. Before starting the system, 

the anaerobic conditions were obtained by filling the headspace of the containers with 
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an N2/CO2 mixture (80:20, v:v). The pressure generated inside the containers was 

recorded at 15 min. intervals throughout the experiment. The results were expressed as 

volume of biogas per unit of volatile solids of the plant. The volume of biogas produced 

was calculated using Avogadro’s ideal gas law, as shown below: 

Biogas (mL g-1) = [VH × (Ps-Pi) × R × T × 22.414 × 1000] / m                        (Eq. 2) 

Where VH is the volume of the headspace (L); Ps is the pressure in kPa of the sample; 

Pi is the pressure in kPa of the inoculum; R is the gas constant (8.314463 L Pa K-1 mol-

1); T is the temperature in Kelvin (ºK); m is the weight of the sample (g of VS). 

The experiment finished when the biogas production reached almost the maximum in 

most samples (14-16 days). Then, biogas aliquots (in duplicate) from each sample were 

taken from each bottle through the septa port using a 10 mL glass syringe, and samples 

were kept in vacuum containers prior to analysis (Hansen et al., 2004). These gas 

samples were considered representative of biogas composition as the generated gases 

accumulated in the bottles throughout the incubation period. The percentage of 

methane (CH4) in the biogas samples was analyzed using a Gas Chromatography 

system (Agilent 490 Micro GC, Santa Clara, CA, USA). The biochemical methane 

potential (BMP) of each plant material was calculated from the biogas production 

potential and the percentage of CH4. The theoretical BMP (TBMP) was calculated from 

the plant characteristics using a stoichiometric equation based on the concentrations of 

lignin, holocellulose, soluble carbohydrates, proteins (calculated by multiplying N 

concentration by 6.25) and fats (Triolo et al., 2012): 

TBMP = ([lipid] × 1014 + [protein] × 496 + [carbohydrate] × 415 + [lignin] × 727) × 

0.001 (Eq. 3). 

The lipid concentration of the aerial vegetative parts was estimated as 3.09 g kg-1 dry 

matter (Triolo et al., 2012; Hunce et al., 2019) for the TBMP calculation (Eq. 3). The 

ratio BMP/TBMP was used as the anaerobic biodegradability. 

The experimental results of the biogas production were described by a first order 

kinetic model:  
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Bm = B0 × (1-e-Kd× t)                                                                                        (Eq. 4) 

Where Bm is the biogas (mL g-1VS) produced at time t; B0 indicates the maximum 

biogas production potential (mL g− 1VS); and Kd is the anaerobic degradation rate 

constant. The experimental results were fitted to the model by the nonlinear least square 

technique (Marquardt-Levenberg algorithm), using the software Sigma Plot v.14.0 

(Systat Software Inc.). 

2.4. Statistical analysis 

The effect of plant species on the plant composition, HHV and on the results of 

anaerobic degradation was determined by a one-way ANOVA. Differences between 

means were determined using Tukey’s test at P<0.05. Before the statistical analysis, 

the data were tested for normality using the Kolmogorov–Smirnov test. Pearson’s 

correlation coefficients between the degradation parameters and the TE concentrations 

in the plants were also determined (IBM SPSS Statistics 25 software). 

 

3. RESULTS AND DISCUSSION 

3.1. Plant composition 

Nitrogen (N), phosphorus (P), potassium (K), and sulfur (S) are the main 

macronutrients, these elements are essential to plants and they are needed in large 

quantities for crop growth (Sathya et al., 2016). They are naturally present in the 

environment; however, their availability to plants in soils can be limited due to their 

natural forms. Therefore, fertilizers are applied to increase the crop yields but, an 

excessive fertilization and macronutrients intake can lead to a deficiency of 

micronutrients such as copper (Cu), manganese (Mn), iron (Fe) and zinc (Zn), which 

act as a cofactor for several enzymes involved in different metabolic processes (Barker 

and Pilbeam, 2015). 

The highest K concentration occurred in A. halimus and the lowest in P. australis, with 

significant differences between the plant species (Table 3.1). The concentrations of P 

in the plants were within a narrow range, with the highest value in Z. fabago and the 
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lowest also in P. australis, which may result from low nutrient transfer from roots to 

shoots of the latter plant. The nutrient concentrations in the aboveground tissues of P. 

australis usually decrease during the growing season as a result of the “dilution effect”, 

and also due to their slow transfer from the below ground tissues at the end of the 

growing season (Zhao et al., 2013). The concentrations of K and P in D. viscosa were 

slightly higher than the values found by Martinez-Fernandez et al. (2014) (K 6.2 g kg-

1; P 0.4 g kg-1), while the Ca, Mg and Na concentrations were much lower in the present 

experiment (Ca 23.4 g kg-1; Mg 11.6 g  kg-1; Na 22.0 g kg-1; Martinez-Fernandez et al., 

2014). The concentrations of Ca and Mg in B. bituminosa (Ca 19.6 g kg-1; Mg 8.2 g 

kg-1) and in P. miliaceum (Ca 4.9 g kg-1; Mg 7.0 g kg-1) were all clearly lower than 

those reported by the same authors. The N concentrations were the highest in Z. fabago 

and B. bituminosa (Table 3.6), the later with the lowest C/N ratio. However, D. viscosa 

and P. australis showed the lowest N values, which were significantly different from 

the rest of the samples. 

Table 3.1. Macronutrient and sodium concentrations in the plants used in the 

experiment (average ± se; n = 2). For nitrogen see Table 3.6. 

Plants K 

(g kg-1) 

P 

(g kg-1) 

Ca 

(g kg-1) 

Mg 

(g kg-1) 

Na 

(g kg-1) 

D. viscosa 11.5 ± 0.4 c 1.0 ± 0.02 b 4.6 ± 0.1 d 3.1 ± 0.1 c 4.1 ± 0.1 c 

A. halimus 27.1 ± 0.03 a 0.6 ± 0.01 d 3.3 ± 0.2 e 6.4 ± 0.1 a 10.2 ± 0.7 b 

B. bituminosa 14.1 ± 0.4 b 1.0 ± 0.03 b 10.3 ± 0.3 b 3.2 ± 0.1 bc 0.3 ± 0.01 g 

Z. fabago 9.6 ± 0.1 d 1.4 ± 0.02 a 26.8 ± 0.01 a 3.6 ± 0.05 b 18.1 ± 0.04 a 

A. donax 13.0 ± 0.2 b 0.7 ± 0.03 c 2.5 ± 0.1 f 1.2 ± 0.04 f 0.2 ± 0.01 h 

P. australis 5.8 ± 0.06e 0.3 ± 0.01 e 1.6 ± 0.002 h 2.3 ± 0.01 d 0.6 ± 0.01 e 

P. miliaceum 9.7 ± 0.1 d 0.7 ± .010 c 2.2 ± 0.0005g 1.2 ± 0.01 f 0.3 ± 0.003 f 

F. vulgare 12.9 ± 0.2 b 0.6 ± 0.03 d 7.7 ± 0.1 c 1.8 ± 0.14 e 2.4 ± 0.12 d 

ANOVA *** *** *** *** *** 

***: significant at P< 0.001. Values followed by the same letter in each column do 

not differ significantly according to Tukey’s test at P < 0.05. 
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The concentrations of TEs (As, Cd, Pb and Zn) were above the range of concentrations 

considered as normal for plants (Kabata-Pendias, 2011) in most of the plant species 

analyzed (Table 3.2). However, these values can be found in plants growing 

spontaneously in mine affected soils (Martínez-Fernández et al., 2014). The highest 

TEs concentrations were found in D. viscosa (Al, As, Cd, Pb), P. australis (As, Cu, 

Mn and Zn) and P. miliaceum (Al, Pb; Table 3.2). The results obtained for D. viscosa 

are close to those found by Barbafieri et al. (2011) and to those reported by Martínez-

Fernández (2014) from a pot experiment using soils from the same contaminated area 

(El Gorguel). The values obtained for As concentration in P. australis are within a 

similar range to those reported by Baroni et al. (2004), while the values of Cu 

concentration were overall higher than those reported in the literature for this species 

(7.76-9.05 mg kg-1). Trace element concentration in P. miliaceum plants were very 

similar to those found by Arco-Lázaro et al. (2017) and Párraga-Aguado et al. (2015) 

in pot experiments using soils from the same mining area. However, the concentrations 

of As, Pb and Zn in this species were lower than those reported in the general literature 

(Table 3.3), while Cd and Cu ones were comparable to those found in the aerial parts 

of this species by Marchiol et al.(2013) and Kabas et al.(2012). The concentrations of 

TEs and As found in B. bituminosa were within similar ranges to those previously 

reported for this species in soils from this mining area (Arco-Lázaro et al., 2017). 

Contrastingly, the TEs concentrations in A. halimus and Z. fabago were much lower 

than those reported by Pardo et al. (2017) for plants grown in mine tailings with 

extremely high TEs concentrations. The plants of F. vulgare showed overall low TEs 

concentrations, while A. donax presented quite high Zn concentrations (similar to those 

in D. viscosa), which are in agreement with the results of Barbafieri et al. (2011) (Table 

3.3). 

The plant individuals collected did not show any evident toxicity symptom and were 

all growing spontaneously in areas heavily affected by mining activity. In fact, with 

the only exception of Zn in most samples (in particular D. viscosa, A. donax and P. 

australis; Table 3.2) and As, Cd or Pb in some of them (e.g., D. viscosa, P.australis 

and P. miliaceum), toxic concentrations of the different TEs were not reached in the 

studied plants. Critical toxicity levels of TEs in plants are (mg kg-1): As 5-20, Cd 5-30, 

Cu 20-100, Mn 400-1000, Pb 30-300, Zn 100-400 (Kabata-Pendias, 2011). Positive 
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significant correlations were found between the concentrations of the different TEs in 

the plans (Table 3.4), which is a common feature of plants growing in metalliferous 

and TEs contaminated soils (Clemente et al., 2019; Pardo et al., 2016, 2017). 
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Table 3.2. Trace element concentrations in the plants used in the experiment (average ± se; n = 2). 

Plants Al (mg kg-1) As (mg kg-1) Cd (mg kg-1) Cu (mg kg-1) Fe (mg kg-1) Mn (mg kg-1) Pb (mg kg-1) Zn (mg kg-1) 

D. viscosa 563.4 ± 47.0 a 5.6 ± 0.08 a 8.0 ± 0.31 a 13.70 ± 0.12 b 1099.4 ± 29.3 a 70.9 ± 0.2 c 108.5 ± 3.374 a 347.5 ± 2.9 b 

A. halimus 76.4 ± 4.7 d 0.7 ± 0.15 c 2.8 ± 0.03 d 5.81 ± 0.17 e 106.1 ± 6.1 fg 73.5 ± 0.9 c 11.1 ± 0.8 e 254.9 ± 6.1 c 

B. bituminosa 200.0 ± 1.5 c 1.4 ± 0.10 bc 2.2 ± 0.07 d 7.46 ± 0.05 d 282.4 ± 4.1 d 70.6 ± 2.0 c 45.4 ± 1.7 c 197.7 ± 3.1 d 

Z. fabago 88.6 ± 14.6 d 1.9 ± 0.26 b 0.5 ± 0.1 e 8.00 ± 0.18 d 101.6 ± 1.4 g 52.5 ± 0.1 e 5.1 ± 0.3 g 158.2 ± 1.4 e 

A. donax 364.2 ± 6.9 b 0.6 ± 0.12 c 4.1 ± 0.06 c 11.19 ± 0.21 c 230.3 ± 4.0 e 84.2 ± 1.4 b 17.8 ± 0.7 d 314.8 ± 3.8 b 

P. australis 336.9 ± 4.2 b 3.0± 0.27 ab 5.7 ± 0.16 b 17.74 ± 0.24 a 446.2 ± 9.9 c 241.4  ± 0.4a 77.1 ± 3.4 b 646.0 ± 19.3 a 

P. miliaceum 571.7 ± 22.5 a 2.1 ± 0.74 b 5.4 ± 0.05 b 14.46 ± 0.27 b 670.0 ± 8.2 b 59.2 ± 0.5 d 94.1 ±1.9 ab 276.8 ± 1.7 c 

F. vulgare 95.7 ±3. 8 cd 1.3 ± 0.03 bc 0.56 ± 0.02 e 5.56 ± 0.1 e 121.2 ± 3.0 f 34.4 ± 0.4 f 8.3 ± 0.364 f 76.3± 2.5 f 

ANOVA *** *** *** *** *** *** *** *** 

***: significant at P < 0.001. Values followed by the same letter in each column do not differ significantly according to Tukey’s test at P < 0.05. 
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Table 3.3. Trace elements (TEs) concentration (mg kg-1) in plants of D. viscosa, A. 

donax, P. australis and P. miliaceum from different sites affected by mining 

activities. 

TEs D. viscosa A. donax P. australis P. miliaceum References 

As  Leaves 2.97  Leaves 3.71 Leaves 7.5 Baroni et al. (2004) 

Cd  
Leaves 10-44 
Stems 5-17 
Roots 5-19 

0.5-3.0   
Barbafieri et al. 
(2011) 

 Leaves 2.97    Baroni et al. (2004) 

 
Shoots 122 
Roots 106 

  
Leaves/stems 
7.76 
Roots 417 

Marchiol et al. (2013) 

 
Shoots 1.06 
Roots 5.66 

   Conesa et al. (2006) 

Cu  
Shoots 55.9 
Roots 44.7 

 
Shoots/stems 
7.76 
Roots 9.05 

Shoots 5.22 
Roots 724 

Marchiol et al. (2013) 

 
Shoots 19 
Roots 5.6 

   Conesa et al. (2006) 

    
Shoots 19.7 
Roots 1.61 

Kabas et al. (2012) 

Pb  
Leaves 230-700 
Stems 56-150 
Roots 34-430 

Leaves/Stem
s 10-38 
Root 8-21 

  
Barbafieri et al. 
(2011) 

 Roots 569    Marchiol et al. (2013) 

    
Shoots 20.4 
Roots 350 

Kabas et al. (2012) 

    Shoots 981 Melendo et al. (2002) 

Zn 

Leaves 770-
2900 
Stems 210-430 
Root 200-370 

Leaves/stems 
210-630 
Root 130-240 

  
Barbafieri et al. 
(2011) 

 Roots 1172    Marchiol et al. (2013) 

 Leaves 2000    
Jiménez-Cárceles et 
al. (2008) 

 Shoots 638    Conesa et al. (2006) 

    
Shoots 520 
Roots 662 

Kabas et al. (2012) 
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Table 3.4. Pearson’s correlation coefficients between the concentrations of the 

different TEs in the plants (n = 8). 

 
Al Plants As Plants Cd Plants Cu Plants Fe Plants Mn Plants 

CdPlants 0.887** 0.728*     

CuPlants 0.796* 0.588 0.818*    

FePlants 0.885** 0.887** 0.890** 0.672   

PbPlants 0.883** 0.795* 0.885** 0.799* 0.934** 0.339 

ZnPlants 0.467 0.413 0.707 0.852** 0.403 0.934** 

* and **: significant at P < 0.05 and 0.01, respectively 

 

Lignin is one of the main constituents of plants, found between the cell walls of the 

fibers and performs the function of binder by imparting hardness and rigidity to the 

plant (Zimbardi et al., 1999). Lignin usually represents 15-35 % of plant biomass, 

depending on the species. In the present experiment, the highest lignin concentrations 

were found in D. viscosa (27.0 %) and A. halimus (22.4 %), while the other species 

showed lower and similar concentrations (Table 3.5). Comparing the experimental data 

with those of plant species used for bioenergy production (e.g., Sorghum vulgare Pers. 

(stalk) 18.69 %, Arundo donax L. (stems) 16.8 %, Miscanthus sinensis var. Giganteus 

(stems) 12.8 %, Panicum virgatum L. (whole plant) 17.6 %; Cosentino et al., 2007; 

Palumbo and Mastro, 2014; Pimentel et al. ,2017), our results here were generally 

higher than in those species. The content of lignin of each species is of great relevance 

for the use of plant biomass for energy purposes, for example, it may condition its 

suitability for combustion. Regarding soluble carbohydrates, the highest values were 

found in A. donax and F. vulgare (Table 3.5), which indicates the feasibility for 

microbial degradation; while the concentration of holocellulose (sum of cellulose and 

hemicellulose) was quite similar in all samples and only slightly higher for P. 

miliaceum and P. australis. The values found for A. donax were similar to those found 

by Cencič et al. (2007) for this species, and for the rest of the species the concentrations 

determined were generally higher than those found in other lignocellulosic species (53-

65 %; see Chapter 1, Table 1.5). 
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Volatile solids (VS) concentrations were high for all species with values ranging from 

80.6 to 93.7 % (Table 3.5), close to the values found for P. miliaceum 87.2 %, S. 

marianum 77.7 %, H. annuus 83.2 % and N. glauca 78.1 % (Bernal et al., 2019). The 

concentration of VS indicates the quantity of organic matter contained in the biomass 

that can be potentially transformable into biogas, or combusted and is therefore another 

parameter of relevance regarding the possible use of the different species for bioenergy 

production. 

The elemental (C, N, S and H) composition of the plants is shown in Table 3.6. The 

concentrations of C (%) were very similar in all samples, while N ones were 

significantly higher in the leguminous species (Z. fabago and B. bituminosa) and in A. 

halimus than in the rest of the plants. Sulfur concentration was also the highest in Z. 

fabago samples. These results were used to determine the HHV, which were found 

within a rather narrow range (15.66-18.75 MJ kg-1), the lowest values being found in 

Z. fabago and the highest in A. donax samples (Table 3.6). These values are in the 

upper limit of the range found by Bernal et al. (2019) for P. miliaceum, S. marianum, 

H. annuus and N. glauca (14.76-17.45 MJ kg-1). The results of the present experiment 

were slightly higher than those determined for S. marianum and H. annuus plants using 

a calorimetric bomb (12.5-17.5 MJ kg-1) (Hunce et al., 2019). Results of McKendry 

(2002) for different types of plants (fir 21 MJ kg-1, Danish pine 21.2 MJ kg-1, willow 

20 MJ kg-1, poplar 18.5 MJ kg-1, cereal straw 17.3 MJ kg-1, Switchgrass 17.4 MJ kg-1, 

Miscanthus 18.5 MJ kg-1) and by Boundy et al. (2011) for herbaceous species (17.2 MJ 

kg-1) were close to most values found here. The HHVs found were lower than that of 

coal (22.7 MJ kg-1; Boundy et al., 2011), but close to the values of forest residues and 

farmed trees (15.4 and 19.5 MJ kg-1, respectively; Boundy et al., 2011). Even though 

the lignin content of lignocellulosic biomass has been generally related with the heating 

value (Saidur et al., 2011), no significant correlation was found between lignin 

concentration and HHV in our samples. However, the content of VS and carbohydrates 

showed significant positive correlations with HHVs in the plants studied (r = 0.946 and 

0.731, P < 0.001 and 0.05, respectively). The calorific value did not seem to be 

influenced by the presence of TE concentrations in the plant biomass, as there were no 

significant correlations between As, Cd, Cu, Pb and Zn concentrations and HHV in the 

samples (data not shown). In fact, Mg and Na concentrations in the plants negatively 
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correlated HHV (r = -0.765 and -0.914, P < 0.05 and 0.01, respectively), indicating that 

the salt accumulation in the plants can affect their calorific potential and therefore the 

use of the plants for combustion. High mineral content and high ash values can result 

in low HHV and such a high ash content may also represent a potential problem of 

fouling and slagging in combustion equipment (Bernal et al., 2019). 

3.2. Anaerobic digestion 

The biogas produced after 16 days of anaerobic digestion (Bm) was the lowest for A. 

halimus followed by Z. fabago and D. viscosa, without significant differences between 

the rest of the plants (P. miliaceum, A. donax, P. australis, B. bituminosa and F. 

vulgare; Table 3.7). In general, the values found were lower than those reported for 

other energy crops such as sunflower (up to 454 mL g-1 VS; Amon et al., 2007). 

However, a lag-phase was found for P. miliaceum at the beginning of the experiment 

(Figure 3.1), indicating an initial difficulty for the microbial degradation. The 

composition of the plants cannot explain this behavior, as none of the studied factors 

differed strongly from those of the other plant species. In fact, the Bm values were the 

highest at the end of the experiment, then the initial lag-phase of microbial degradation 

did not limit the anaerobic process of biogas production. Similar results were found by 

Bernal et al. (2019) for this plant species (Bm 235-270 mL g-1 SV). 

The results fitted at highly significant level the first order kinetic model (at P < 0.001 

in all samples; data do not shown). The values of B0 mirrored those of Bm and followed 

a very similar order for the different species studied: the highest for A. donax and P. 

australis without significant differences with the results for B. bituminosa, P. 

miliaceum and F. vulgare; and lowest for A. halimus (Table 3.7). Therefore, the 

anaerobic degradation of the plant biomass was almost complete at the end of the 

experimental time. The highest value of the rate constant (Kd) was found for Z. fabago 

(Table 3.7), indicating that the maximum production of biogas was reached earlier for 

this biomass than for the other plant species, regardless of the total amount of biogas 

produced. This could be attributed to the lower amount of lignin in Z. fabago plants 

compared to the other species, as it has been previously shown that the difficulty of 

degradation of highly lignocellulosic materials leads to limitations during the 

hydrolysis phase (Bernal et al., 2019; Hunce et al., 2019). 
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Table 3.5. Chemical composition of the plant samples used in the experiments (average values ± se, n = 2). 

Plants Ash 

(%) 

VS 

(%) 

Holocellulose 

(%) 

Lignin 

(%) 

Soluble carbohydrates 

(g kg-1 dw) 

D. viscosa 7.03 ± 0.02 c 90.82 ± 0.16 b 50.94 ± 7.21 bc 26.96 ± 0.72 a 54.85 ± 2.95 bc 

A. halimus 14.25 ± 0.14 b 84.14 ± 0.05 c 62.11 ± 5.73 abc 22.40 ± 0.23 b 12.40 ± 0.40 f 

B. bituminosa 5.31 ± 0.06 c 93.19 ± 0.02 a 65.19 ± 0.57 abc 20.09 ± 0.45 bc 26.5 ± 0.80 ef 

Z. fabago 16.28 ± 0.31 a 80.57 ± 0.57 d 48.58 ± 6.07 c 17.08 ± 0.92 c 35.15 ± 0.95 de 

A. donax 6.26 ± 0.19 c 93.74 ± 0.19 a 68.23 ± 0.59 abc 20.92 ± 1.67 bc 83.85 ± 3.15 a 

P. australis 6.81 ± 0.45 c 93.19 ± 0.45 a 72.32 ± 056 a 20.87 ± 0.55 bc 49.5 ± 0.01 cd 

P. miliaceum 7.09 ± 0.61 c 92.92 ± 0.60 a 72.42 ± 0.65 a 18.42 ± 0.33 bc 44.15 ± 3.05 cde 

F. vulgare 6.92 ± 0.33 c 93.08 ± 0.33 a 70.98 ± 0.38 ab 19.59 ± 0.33 bc 69.35 ± 7.35 ab 

ANOVA *** *** ** ** *** 

** and ***: significant at P < 0.01 and 0.001, respectively. Values followed by the same letter in each column do not differ significantly 

according to Tukey’s test at P < 0.05.  
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Table 3.6. Elemental composition and higher heating value (HHV) of the plants (average values ± se; n = 2). 

Plants C (%) N (%) C/N S (%) H (%) HHV (MJ kg-1) 

D. viscosa 46.24 ± 0.09 a 0.57 ± 0.01 e 80.85 ± 1.44 a 0.10 ± 0.02 d 5.12 ± 0.08 d 17.96 ± 0.03 c 

A. halimus 41.33 ± 0.01 e 1.21 ± 0.00 b 34.27 ± 0.07 d 0.14 ± 0.02 cd 4.66 ± 0.07 e 16.03 ± 0.04 e 

B. bituminosa 45.01 ± 0.09 b 1.48 ± 0.01 ab 30.49 ± 0.26 d 0.07 ± 0.01 d 5.07 ± 0.02 d 17.62 ± 0.04 d 

Z. fabago 40.33 ± 0.02 f 1.99 ± 0.08 a 20.35 ± 0.86 e 0.52 ± 0.07 a 4.75 ± 0.02 e 15.66 ± 0.01 f 

A. donax 43.13 ± 0.02 c 0.72 ± 0.02 cd 59.93 ± 1.22 bc 0.32 ± 0.02 b 7.50 ± 0.01 a 18.75 ± 0.00 a 

P. australis 43.38 ± 0.05 c 0.59 ± 0.00 e 73.84 ± 0.27 a 0.29 ± 0.02 bc 7.02 ± 0.01 b 18.49 ± 0.01 b 

P. miliaceum 42.70 ± 0.04 d 0.66 ± 0.03 d 64.43 ± 2.75 b 0.19 ± 0.00 bcd 6.38 ± 0.03 c 17.87 ± 0.03 c 

F. vulgare 43.44 ± 0.11 c 0.77 ± 0.02 c 56.38 ± 1.39 c 0.08 ± 0.02 d 6.11 ± 0.07 c 17.89 ± 0.08 c 

ANOVA *** *** *** *** *** *** 

***: significant at P < 0.001. Values followed by the same letter in each column do not differ significantly according to Tukey’s test at P < 

0.05. 
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Biogas production and biogas production potential obtained in the anaerobic digestion 

experiment were generally low for all plant species compared to those reported for 

energy crops such as maize (345 mL g-1 in whole plant), and also to other herbaceous 

species, such as nettle (210-420 mL g-1), ryegrass (360 mL g-1) or sunflower (454 mL 

g-1 in whole plant) (Amon et al., 2007; Braun et al., 2007; Raposo et al., 2011). Indeed, 

only the values of B0 for P. miliaceum and A. donax were close to those previously 

reported by Bernal et al. (2019) (Table 3.7).  

The variability of values of the biogas production potential (and biochemical methane 

potential, BMP) of crops may be due to the different lignin content (Gunaseeland, 

2007; Nizami et al., 2009) and to the physiological state of the plants at the time of the 

harvest. Actually, the biogas yield (and BMP) decreases in the late harvesting times 

(Braun et al., 2007). Also, B0 depends on total soluble carbohydrates, concentrations 

of N, ash and the ratio lignin to ADF (acid detergent fiber) (Gunaseelan, 2007). In fact, 

the data for biogas production potential of P. miliaceum can be linked to its high 

concentration of N and low C/N ratio.  

The BMP values were higher for A. donax (227.4 mL g-1), P. australis (218.0 mL g-1) 

and P. miliaceum (204.6 mL g-1) species (Table 3.7), with values close to those found 

for solid wastes derived from H. annuus oil extraction (between 107 and 227 mL g-1; 

Raposo et al. (2008), and of maize, thistle and sorghum silage (267, 308, and 241 mL 

g-1, respectively; Kalamaras and Kotsopoulos, 2014). However, the values obtained 

from the aerial vegetative parts of S. marianum (174 mL g-1) and H. annuus (119 mL 

g-1) by Hunce et al. (2019) can be compared with the lowest results obtained in this 

study.  
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Figure 3.1. Biogas production from the plants under anaerobic conditions. The symbols are 

the experimental data and the lines the degradation predicted by a first-order kinetic model 

for each sample (n = 2). 
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The theoretical BMP (TBMP) had values between 497.9 mL g-1 (D. viscosa) and 576.5 

mL g-1 (A. halimus), giving an average anaerobic biodegradability between 15.1 % (A. 

halimus) and 43.9 % (A. donax). Only the results obtained for A. halimus, Z. fabago, 

D. viscosa and F. vulgare (Table 3.7) were lower than the results found for cuts of 

wood and hedges and wild plants (32.7-44.9 %), as well as for crops (Triolo et al., 

2012), while similar or even higher values were obtained for the rest of species (Table 

3.7). The low degradability found for A. halimus and D. viscosa can be associated with 

the higher lignin value obtained for the same species compared to the others (22.4 and 

27.0 %, respectively). It is known that lignin influences the production of biogas in the 

anaerobic digestion of lignocellulosic substrates such as agricultural crops, due to its 

low biodegradability associated to its complex structure (Buffiere et al., 2006). But 

other factors, such as the salt content, may have reduced their anaerobic degradability, 

especially in A. halimus, with high Na concentration in their biomass. Like other 

halophytes, A. halimus accumulates Na+ ions in its tissues for osmotic adjustment as a 

tolerance mechanism in response to soil salinity (Walker and Lutts, 2014). In our 

experiment, negative correlations were found between the concentration of Mg and Na 

and BMP and anaerobic biodegradability (for Mg: r = -0.926 and -0.878 both at P < 

0.01, respectively; for Na: r = -0.715 and -0.707 at P < 0.05, respectively). 

Contrastingly, Kd positively correlated with P, Ca and Na concentrations in the plants 

(r = 0.832, 0.809 and 0.800, respectively, all P < 0.05), indicating a faster degradation 

of the plants with the highest concentrations of these elements. 

The concentrations of VS, H, and HHV, correlated positively with Bm, B0 and BMP 

values in the plants (Table 3.8). However, no significant correlations were found 

between anaerobic digestion parameters and holocellulose, lignin or carbohydrates 

concentrations in the plants, which indicates that other factors other than these 

influenced the anaerobic degradation, such as the mineral content (Mg and Na) 

previously discussed, which also affected the thermal energy released by combustion 

(HHV).  
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Table 3.7. Results of anaerobic degradation of the plants and the parameters of the first-order kinetic model (mean ± se; n = 2). 

Plants 
Bm 

(mL g-1SV) 

B0 

(mL g-1SV) 

Kd 

(h-1) 

BMP 

(mL CH4g-1 SV) 

TBMP 

(mL CH4g-1 SV) 

Anaerobic 

biodegradability 

D. viscosa 180.9 ± 3.6 bc 182.2 ± 5.0 bc 0.012 ± 0.001 bc 131.2±3.6bc 497.9 ± 26.6 26.4± 0.7bcd 

A. halimus 116.6 ± 10.7 c 119.9 ± 14.8 c 0.012 ± 0.004 bc 86.0±10.4 c 576.5± 30.6 15.1 ± 2.9 c 

B. bituminosa 224.4 ± 3.2 ab 239.2 ± 0.6 ab 0.011 ± 0.001 bc 177.6±1.1 ab 525.3 ± 6.2 33.8 ± 0.2abc 

Z. fabago 173.8 ± 2.5 bc 184.0 ± 0.1 bc 0.025 ± 0.001 a 130.6±0.04bc 514.7± 39.9 25.5 ± 2.0cd 

A. donax 261.4 ± 1.5 a 315.9 ± 25.5 a 0.006 ± 0.001 bc 227.4±18.4a 517.1± 9.8 43.9 ± 2.7 a 

P. australis 234.5 ± 9.6 ab 307.0 ± 23.6 a 0.004 ± 0.001 c 218.0±16.8 a 533.5± 9.3 40.8± 2.4ab 

P. miliaceum 277.5 ± 26.9 a 292.3 ± 38.8 ab 0.015 ± 0.003 ab 204.6±27.2 ab 518.9± 2.7 39.5± 5.5 abc 

F. vulgare 211.5 ± 16.1 ab 219.4 ±15.3 abc 0.008 ±0.0002 bc 154.6±108abc 524.3± 2.0 29.5± 2.2abcd 

ANOVA *** ** ** ** Ns ** 

** and ***: significant at P < 0.01 and 0.001, respectively. Ns = not significant. Values followed by the same letter in each column do 

not differ significantly according to Tukey’s test at P < 0.05. 
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Table 3.8. Pearson’s correlation coefficients between plant composition, HHV and anaerobic digestion related parameters (n = 8). 

 Ashes VS N H HHV Bm B0 Kd BMP 

Bm -0.721 * 0.759* -0.448 0.789* 0.760*     

B0 -0.675 0.730* -0.471 0.896** 0.792* 0.947***    

Kd 0.721* -0.777* 0.739* -0.658 -0.792* -0.336 -0.476   

BMP -0.693 0.740* -0.451 0.882** 0.798* 0.943*** 0.998*** -0.488  

Anaerobic 

Biodegradability 
-0.700 0.738* -0.451 0.869** 0.016 0.955*** 0.994*** -0.451 0.996*** 

*, ** and ***: significant at P < 0.05, 0.01 and 0.001, respectively 
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Although high lignin concentration in the plants may be indicative of a low 

biodegradability (Bernal et al., 2009; Nizami et al., 2009), the species studied in the 

present experiment showed lignin concentrations within a rather narrow range (17-27 

%), which provoked that this parameter was not significantly related to any of the 

calorific or biogas determined parameters. Other parameters like VS, Mg and Na 

concentration in the plants and carbohydrates content (for HHV) seemed to be of higher 

relevance for the potential of the biomass of the different plant species studied for their 

energetic transformation.  

The results obtained from the correlation test showed that the anaerobic degradation 

was not influenced by the presence of TEs in the plants (no significant correlations 

between anaerobic digestion parameters and TEs concentrations in the plants; data not 

shown). Although Pb accumulation negatively affected the anaerobic degradation of 

N. glauca biomass (225-231 mg Pb kg-1 dw), and therefore the biogas production 

(Bernal et al., 2019), the concentration of Pb in the studied plants did not reach such 

levels to affect negatively the anaerobic degradation of the plant biomass. All microbial 

processes require nutrients and certain TEs for their development. Some of these are 

essential macro- and micronutrients (N, P, S, K, Mg, Na, Ca, Fe, Cr, Co, Cu, Mn, Mo, 

Ni, Se, V and Zn), which are needed as part of the active site of enzymes (Kida et al., 

2001). Some TEs have shown positive effects on anaerobic digestion (Demirel et al., 

2011); however, above certain concentrations they become inhibitory or toxic (Zhang 

et al., 2003). Bozym et al. (2015) reported the TE concentrations in the plants that can 

be considered toxic for anaerobic digestion: Cd 180, Cu 40, Zn 100 and Pb 30 mg kg-

1. The concentrations of TEs determined in the plants were all lower than those values 

except for Zn (Table 3.2). Probably, the contribution of certain micronutrients, such as 

Fe and Mn could have stimulated positive effects on the growth of almost all types of 

microorganisms in the anaerobic digesters (Mudhoo and Kumar, 2013).  

 

7. CONCLUSIONS 

The concentration of TEs in the plants from mining sites did not affect biogas 

production, or the production of thermal energy according to the higher heating value. 
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In particular, the species P. miliaceum, P. australis and A. donax are the species with 

the best perspectives for the production of biogas. Contrastingly, D. viscosa and A. 

halimus plants have more adequate characteristics for their direct combustion, due to 

their low ash and humidity values and higher lignin concentrations, than for their 

anaerobic transformation. However, the presence of elevated Na and Mg 

concentrations in A. halimus can limit its usefulness for combustion. Therefore, the 

most suitable species for the production of biogas seem to be those belonging to the 

Poaceae family, and the presence of high Mg and Na concentrations in the plants (aerial 

parts) can condition the production of energy by anaerobic digestion. Furthermore, the 

positive correlations between the values of HHV and biogas production suggest that 

the species investigated can be used for the phytostabilization of TEs contaminated 

soils, and their biomass used for the production of thermal energy or biogas. 
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6. SUMMARY AND CONCLUSIONS 

In order to address the increasing demand for energy production and at the same time 

deal with environmental protection issues, the European Union has set the goal of 

increasing the share of renewable energy to 20%, among other objectives of the Europe 

2020 Strategy. Some plant species have particular physical and chemical characteristics 

for their use as biomass crops for bioenergy production, with clear advantages both in 

terms of energy production and at the economic level. Moreover, it is clear that the 

different techniques used to obtain bioenergy require different characteristics in plant 

biomass. For example, the biomass for direct combustion should have at harvest both 

low water content (moisture < 10-12 %) and ash content, and a high concentration of 

lignin. For the production of bioethanol or for gasification, the plants may have high 

concentrations of sugars and lignocellulosic components (such as cellulose and 

hemicellulose) able to release sugars. The most suitable materials for the production of 

biogas through anaerobic digestion are those with a high concentration of 

biodegradable organic matter and low ash content. 

The use of plant biomass for the production of bioenergy can therefore be considered 

a suitable and environmentally friendly option to achieve the desired renewable energy 

share. Of particular interest are a number of promising native wild plant species (non-

food crops) such as those described in this Thesis (A. donax, A. halimus, B. bituminosa, 

D. viscosa, F. vulgare, P australis, P. miliaceum and Z. fabago), which can be very 

valid alternative raw materials for the production of (bio)energy. Furthermore, this 

could be done through innovative biocompatible and economically sustainable 

techniques that are currently being defined and / or developed, particularly in southern 

European countries. The low fertilization requirements and high adaptability to 

different soil types, including degraded and contaminated sites, of some of these 

species compared to conventional energy crops, together with their elevated energy 
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yield potential, make the cultivation of these plants both economically and 

environmentally profitable. In addition, the competition for land use and agricultural 

resources with food crops would be avoided, this meaning a relevant step towards the 

necessary sustainability of agroecosystems in Southern Europe.  

In particular, the experimental data considered in this study showed that the 

concentration of trace elements in the plants from mining sites did not affect their 

biogas production potential, or the production of thermal energy according to the high 

heating value (HHV) found for the studied species. In particular, the species P. 

miliaceum, P. australis and A. donax have shown the best perspectives for the 

production of biogas. Contrastingly, D. viscosa and A. halimus have adequate 

characteristics for their direct combustion, due to their low ash and moisture content 

and their high lignin concentrations, but less useful for biogas production by anaerobic 

digestion. Therefore, the most suitable species for the production of biogas seem to be 

those belonging to the Poaceae family, and the presence of high Mg and Na 

concentrations in the plants (aerial parts) conditioned the production of energy by 

anaerobic digestion more than the presence of potentially toxic trace elements (TEs) . 

Furthermore, the positive correlations between the values of HHV and biogas 

production suggest that the species investigated can be useful for phytoremediation of 

TEs contaminated soils, and their biomass used for the production of either thermal 

energy by combustion or biogas by anaerobic digestion. 

 


