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El valor es el punto intermedio entre la cobardia y
la impetuosidad irreflexiva.

Aristoteles

El éxito no es definitivo, el fracaso no es
fatidico. Lo que cuenta es el valor para
continuar

Winston Churchill
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Resumen

En la Unién Europea se generan anualmente hasta 3000 millones
de toneladas de residuos. Entre ellos, los residuos sélidos de origen
organico tienen un gran potencial para satisfacer parcialmente la
produccién de productos quimicos, reduciéndose el impacto
medioambiental e incrementandose la sostenibilidad de los procesos
respecto a los basados en recursos fésiles. Sin embargo, este tipo de
residuos son complejos debido a su alta heterogeneidad, por lo que se
requieren nuevos procesos de conversion que permitan reducir su
complejidad en compuestos sencillos antes de convertirlos en productos
de alto valor como, por ejemplo, plasticos biodegradables. Una de las
posibilidades consiste en combinar la gasificacién de los residuos para
producir moléculas sencillas (principalmente Hz y CO, mas conocido
como syngas) con la fermentaciéon de dicho gas para producir
bioplésticos.

El trabajo realizado durante esta Tesis se ha centrado en la
optimizacién del proceso de produccién de gas de sintesis (syngas), a
partir de diferentes residuos organicos, mediante una novedosa
tecnologia de pirdlisis inducida por microondas como alternativa a un
proceso convencional de gasificacién. La finalidad del syngas producido
es ser utilizado como sustrato en un proceso de biocatalisis
(fermentacién) para la sintesis de bioplasticos; en particular, del
biopolimero PHB. Esta memoria se ha estructurado en las tres
secciones que se indican a continuacion.

La primera seccion de esta memoria comprende el trabajo
experimental consistente en la evaluacién de la idoneidad de diferentes
residuos sélidos organicos para producir syngas mediante la tecnologia
de pirdlisis inducida por microondas. Para ello, se han utilizado
residuos sélidos urbanos (tanto la fraccién organica como la fraccién de
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plasticos), residuos agricolas, lodo de depuradora y microalgas,
habiéndose llevado a cabo una comparativa con la tecnologia de
pirdlisis convencional a diferentes temperaturas. Ademaés, se han
estudiado las caracteristicas de la fraccion de aceites obtenida asi como
las alternativas mas apropiadas para la gestién de la fraccién sélida
resultante del proceso de pirdlisis y su composiciéon. La segunda seccién
de esta Tesis esta centrada en la influencia que diferentes parametros,
como son la concentraciéon de material captador de microondas, la
humedad de los residuos, el gas portador o las propiedades dieléctricas
de los residuos, tienen en la pirdlisis inducida por microondas. Por
altimo, la tercera seccién aborda el estudio de aplicacién de syngas
preparado a partir de residuos en el crecimiento de la bacteria
Rhodospirillum rubrum y en la produccién del biopolimero PHB.

La versatilidad del proceso de pirélisis inducida por microondas es
especialmente atractiva, ya que se pueden ajustar las condiciones para
producir el syngas mas apropiado en funcién de los requerimientos de
las bacterias que llevan a cabo el proceso de fermentacién.
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Abstract

Up to 3000 million tons of waste are generated in the European
Union every year. Of these, organic solid wastes have the potential to
partially satisfy the production of chemicals, whilst the environmental
impact can be minimized and the sustainability of the processes
increased compared to the production processes based on fossil
resources. However, these wastes are complex due to their high
heterogeneity and new conversion processes are necessary before they
can be converted into high value products; e.g., biodegradable plastics.
One possibility is to combine the gasification of wastes to produce
simple molecules (mainly Hz and CO, known as syngas), which could
then be easily metabolized by bacteria to produce bioplastics.

The work conducted for this Thesis has been focused on optimizing
the production process of synthesis gas (syngas) from different organic
residues by means of a novel technology, microwave-induced pyrolysis
as an alternative to the conventional gasification process. The objective
is to produce syngas for use as a substrate in a biocatalytic process
(fermentation) for the synthesis of bioplastics; mainly, the biopolymer
‘PHB’. This dissertation is divided into the three sections outlined

below.

The first section comprises the experimental tests performed to
evaluate the suitability of various solid organic wastes for producing
syngas by means of microwave-induced pyrolysis. These wastes include
municipal solid waste (both the organic fraction as well as the plastic
fraction), agricultural waste, sewage sludge and algae. First, a
comparison with the production of syngas from conventional pyrolysis
at different temperatures was carried out. In addition, the most
appropriate alternative for valorizing the solid fraction resulting from
pyrolysis and its composition as well as the characteristics of the oil
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fraction were studied. The second section of this Thesis is focused on
the influence of key parameters on microwave-induced pyrolysis, such
as the concentration of microwave absorbent materials, the moisture
content of the residues, the carrier gas used and the dielectric
properties of the wastes. Finally, the third section deals with the
application of the syngas prepared from wastes to the growth of the
bacterium Rhodospirillum rubrum and PHB production.

Microwave-induced pyrolysis has been demonstrated to be a highly
versatile process as the operating conditions can be easily tailored to
produce the most appropriate syngas depending on the requirements of
different syngas-fermenting bacteria.
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La presente Tesis Doctoral describe la posibilidad de integrar un
proceso de pirdlisis inducido por microondas, para la generacién de un
gas de sintesis (syngas) adecuado, en la producciéon de bioplasticos a
partir de dicho syngas. Las publicaciones cientificas generadas a partir
de este trabajo ya publicadas (7), aceptadas (1) o en preparacién para
enviar (1) a diferentes revistas cientificas, constituyen el ntcleo de esta
tesis, que ha sido organizada tal y como se ilustra en la Figura I.

Figura I Estructura de la Tesis Doctoral



En la seccién de Introducciéon (Capitulo 1), se presenta la
posibilidad de integrar distintos procesos de diferentes tipos de
biorefineria. Particularmente, se analiza la posibilidad de utilizar
procesos de biorefinerias termoquimicas (pirdlisis y gasificacion) junto
a procesos de biorefinerias  lignocelulésicas  (fermentacién
microbiolégica). Concretamente, se evaltia la posibilidad de obtener
syngas a partir de residuos sélidos organicos complejos muy diferentes
entre si, para ser posteriormente utilizado como sustrato para la
produccién de productos quimicos como el etanol o materiales de alto
valor como los biopolimeros. Posteriormente, se presenta el proceso de
pirdlisis y la posible utilizaciéon de la radiacién microondas para llevarlo
a cabo, junto a las potenciales ventajas que este método de
calentamiento ofrece.

Después de esta seccidn, se especifican los diferentes Objetivos de
esta Tesis Doctoral (Capitulo 2), asi como una descripcién somera de los
materiales y equipos utilizados durante la parte Experimental
(Capitulo 3).

La secciéon de Resultados y Discusion se divide en tres bloques
principales que contienen los resultados mas relevantes y las
principales conclusiones de los articulos que se incluyen en cada
bloque. El Bloque I (Capitulo 4, Publicaciones I, II y III) contiene un
analisis sobre la idoneidad de diferentes residuos organicos para la
produccién de syngas mediante tecnologias de pirdlisis convencionales
y novedosas (asistidas con microondas), asi como la influencia de la
temperatura en dicho proceso. Ademas, se propone el uso de la fraccién
sélida resultante del proceso como aditivo a suelos de cultivo. El Bloque
II (Capitulo 5, Publicaciones IV, V, VI y VII) presenta la influencia
de diversos factores sobre la pirdlisis con microondas, como son la
presencia de materiales captadores de microondas en el reactor, la
humedad del residuo y la utilizacién de un gas portador. Asi mismo, se
estudia el comportamiento dieléctrico de los residuos para un posible
disefio de un prototipo donde llevar a cabo la pirdlisis. Por ultimo, en el
Bloque III (Capitulo 6, Publicacién VIII) se presenta por primera vez
un estudio acerca de produccién de bioplasticos (PHB) a partir de
syngas procedente de la pirdlisis de residuos s6lidos urbanos.



Prélogo 3

Las principales conclusiones que se derivan de la presente Tesis
Doctoral se resumen en el Capitulo 7, Conclusiones.

Para finalizar, en el Anexo se adjunta, como Publicacién IX, un
capitulo de libro perteneciente a la serie Production of Biofuels and
Chemicals with Microwave de la editorial Springer, donde se puede
encontrar una extensa recopilacién de estudios acerca del uso de las
microondas como fuente de calentamiento para llevar a cabo la pirdlisis
de residuos organicos y su aplicacién a la produccién de bioplasticos.
en el Anexo se

Ademas, incluye el Material Suplementario

correspondiente a las Publicaciones I, II, III y VII.

En la Tabla I se presenta una descripcion detallada de las
publicaciones incluidas en este trabajo.

Tabla I Revistas y libros cientificos que recogen las publicaciones incluidas en
la presente Memoria (© Thomson Reuters Journal Citation Reports 2015)

Publ. I. Journal of Analytical and 3.564
4. Resultados y Discusién: Applied Pyrolysis 111 (2015) 55-63
153;2;1:: I ;Pros::ttilron g: Publ. II: Journal of Analytical and 3.564
sustratos sélidos Applied Pyrolysis 114 (2015) 256-264
organicos) Publ. III: Bioresource Technology 144
(2013) 240-246 4.494
Publ. IV: Journal of Analytical and 3.564
Applied Pyrolysis 105 (2014) 234-240
5. Resultados y Discusién: Publ. V: Fuel 132 (2014) 20-26 3.520
Bloque II (Parametros ’
influyentes en la pirélisis Publ. VI: Journal of Analytical and
con microondas) Applied Pyrolysis 113 (2015) 153-157 3.564
Publ. VII: Fuel (Aceptado); 3.520

6. Resultados y Discusién:
Bloque III (Sintesis de
bioplasticos)

Anexo

doi: 10.1016/;.fuel.2016.01.016

Publ. VIII: En preparacién

Publ. IX: Biofuels and Biorefineries 3
(2015) 99-127



De forma complementaria a las publicaciones indicadas
anteriormente, han sido aceptados para su comunicacién en congresos
los siguientes trabajos:

e Influencia del captador carbonoso en la pirélisis con microondas de
residuos sélidos urbanos. D. Beneroso, J.M. Bermudez, E.G. Calvo,
A. Arenillas, J.A. Menéndez. XII Reunién del Grupo Esparol del
Carbén. Madrid — 20 al 23 de Octubre del 2013. Comunicacién en
Péster.

e Syngas from waste valorization for bioplastics production. D.
Beneroso, J.M. Bermudez, A. Arenillas, J.A. Menéndez. 20th
International Symposium on Analytical and Applied Pyrolysis.
Birmingham — 19 al 23 de Mayo al 2014. Comunicacién en Péster.

o Influence of carrier gas on the microwave-induced pyrolysis. J.M.
Bermudez, D. Beneroso, A. Arenillas, J.A. Menéndez. 20tk
International Symposium on Analytical and Applied Pyrolysis.
Birmingham — 19 al 23 de Mayo al 2014. Comunicacién en Péster.

e Drying, pyrolysis and gasification (all in one microwave induced
process) of municipal solid wastes for syngas production. D.
Beneroso, J.M. Bermudez, A. Arenillas, J.A. Menéndez.
International Conference on Clean Energy. Estambul — 8 al 12 de
Junio del 2014. Comunicacién Oral.

e  Microwaving municipal solid wastes for a better outcome. D.
Beneroso, J.M. Bermudez, A. Arenillas, J.A. Menéndez, F. de la
Pena, J.L. Garcia, M.A. Prieto. II International Congress of
Chemical Engineering of ANQUE. Madrid — 1 al 4 de Julio del
2014. Comunicacién en Péster.

e New insights into microwave-based biorefinery approaches. D.
Beneroso, A. Arenillas, M.A. Montes-Moran, J.A. Menéndez. 15tk
International Conference on Microwave and High Frequency
Heating. Cracovia — 14 al 17 de Septiembre del 2015.
Comunicacién Oral.



Prélogo 5

Escalado de procesos de conversion de materiales carbonosos
asistidos con microondas. D. Beneroso, A. Arenillas, J.A.
Menéndez. XIII Reunién del Grupo Espariol del Carbén. Alicante —
18 al 21 de Octubre del 2015. Comunicacién en Péster.

Ademais, se presentd la siguiente ponencia invitada en el Curso

“Biomass & Waste Conversion Technologies: Syngas production and

biotechnological application”, organizado por el Proyecto Europeo
SYNPOL:

Syngas production for biotechnological fermentations. D. Beneroso.
Curso “Biomass & Waste Conversion Technologies: Syngas
production and biotechnological application”. Oviedo — 31 de
Octubre del 2014.

Por otra parte, se han publicado otros articulos cientificos durante

el desarrollo de esta Tesis Doctoral dentro de la tematica de procesos de

conversion asistidos por microondas:

Energy consumption estimation in the scaling-up of microwave
heating processes. J.M. Bermudez, D. Beneroso, N. Rey-Raap, A.
Arenillas, J.A. Menéndez. Chemical Engineering and Processing:
Process Intensification 95 (2015) 1-8.

Bioplastics via microwave pyrolysis of wastes. D. Beneroso, J.A.
Menéndez. Ampere Newsletter 79 (2013) 1-5.






Capitulo 1

Introduccion

1.1 Nuevo concepto de biorefineria: hacia la
produccion de bioplasticos

El uso de recursos de origen fésil como combustibles para el
transporte o como precursores en la fabricaciéon de productos quimicos
estd profundamente arraigado en la sociedad actual, pero es evidente
que al ritmo actual la utilizaciéon de los mismos no es sostenible. Esto es
debido tanto a que las reservas son finitas como, ademads, al impacto
medioambiental negativo que provocan. Por ejemplo, en 2012 se
produjeron a nivel mundial 288 millones de toneladas de materiales
poliméricos, de los cuales mas del 99% procedian de fuentes fésiles, lo
cual supuso que mas de 25 millones de toneladas de plasticos
terminasen en vertederos o directamente en el propio medioambiente

(EUROPEAN BIOPLASTICS, 2014).
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Figura 1.1 Evoluciéon de la produccién y vertidos de plasticos en la Unién
Europea



En la Figura 1.1, se observa la evolucién en la produccién de
plasticos y los residuos asociados en la Unién Europea durante los
ultimos afios, habiéndose aumentado de manera leve la generacién de
residuos. Sin embargo, la disposicion en vertederos ha 1ido
disminuyendo a favor del reciclado y del uso como combustible en
proyectos de valorizacién energética, pasando de representar en 2006 el
50% a un 38% en el afio 2012.

El hecho de que estos residuos plasticos acaben vertidos en el
medioambiente, supone un gran problema, ya que este tipo de plasticos
presentan una alta resistencia a la degradacion. Es por ello que surge
la necesidad de desarrollar alternativas que permitan convertir
recursos renovables en plasticos sostenibles a bajo coste como, por
ejemplo, nuevos biopolimeros. De esta forma, se podria reducir
considerablemente el impacto medioambiental que provocan los
recursos fosiles, asi como generar materiales biodegradables.
Evidentemente, el desarrollo e implantacién de esta alternativa
necesita de un tiempo considerable; sin embargo, una posible estrategia
es comenzar adoptando medidas a corto plazo que permitan reducir el
impacto de los combustibles fésiles. En este sentido, la valorizacién de
residuos de origen antropogénico mediante tecnologias de conversién
termoquimicas y bioquimicas hacia productos de alto valor que
sustituyan a los recursos fésiles parece ser el camino a seguir. Es por
ello que en los dltimos afios existe un creciente interés en actividades
I+D centradas en dicho campo (GAVRILESCU, 2010).

La generacion de residuos de origen antropogénico es una cuestion
que afecta a toda la sociedad. De media, cada una de las 500 millones
de personas que viven en la UE genera alrededor de media tonelada de
residuos urbanos anualmente. A éstos, hay que anadir los residuos
generados por otras actividades como la construcciéon (900 millones de
toneladas), la industria (360 millones de toneladas) y las fuentes de
produccién de energia y suministro de aguas (95 millones de
toneladas), entre otras. Entre todas estas actividades, la UE produce
hasta 3000 millones de toneladas de residuos al afio (EUROPEAN
COMMISSION, 2010). Los residuos generados de este tipo de
actividades se pueden clasificar en funcién de su composicién o de su
origen. Respecto de la composicién, es comun clasificarlos como
organicos (subproductos de la biomasa y residuos biomasicos) e
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inorganicos (plasticos, vidrios, metales, etc.). En cuanto a su origen, los
residuos pueden ser municipales o industriales, lo cual influye en que
sean homogéneos o que presenten una composicién méas heterogénea
(UNITED NATIONS ENVIRONMENT PROGRAMME, 2009).

Cuanto mas compleja sea la naturaleza de los residuos, la
eliminacién y/o reciclado de los mismos se hace més dificultosa, lo que
requiere la integracién de diferentes tecnologias para conseguir
procesos eficientes. En el caso particular de los residuos bioma4sicos,
dicha integracién de procesos se conoce bajo el nombre de biorefineria.
Este término se basa en un concepto analogo al de una refineria
petroquimica convencional y ha sido ampliamente utilizado para
describir los procesos que generan productos de alto valor a partir de
materia organica. La biomasa y los residuos biomasicos tienen un gran
potencial para satisfacer parcialmente la produccién de productos
quimicos, a la vez de minimizar el impacto medioambiental e
incrementar la sostenibilidad de los procesos. Sin embargo, la
posibilidad de reciclar de forma eficiente este tipo de residuos en una
biorefineria depende, sobre todo, de la complejidad de los mismos. En la
Tabla 1.1 se muestra un resumen de las diferentes configuraciones de
biorefineria existentes junto con las tecnologias empleadas. Como se
observa, la biorefineria termoquimica es la tnica capaz de procesar
todo tipo de residuos organicos, lo que es un punto a favor de esta
alternativa, y su principal objetivo es producir combustibles de segunda
generacion. Este tipo de biorefineria se suele dividir en dos partes: la
primera dedicada a la produccién de gas de sintesis o syngas (Hz2+CO)
mediante vias termoquimicas, y la segunda dedicada a utilizar dicho
syngas para la sintesis de biocombustibles, productos quimicos o en
procesos de generacion de calor y electricidad.

Los procesos termoquimicos producen una amplia gama de
productos, a través de la descomposicién térmica de la biomasa y el
reformado de los productos generados de la misma. Los procesos
termoquimicos se llevan a cabo bajo diferentes concentraciones de
agentes oxidantes, variando desde la combustién, en la que se usa aire,
hasta la pirdlisis que se realiza en ausencia de oxigeno, pasando por la
gasificacion, en la cual tiene lugar una oxidacién parcial de la biomasa.
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Tabla 1.1 Diferentes tipos de biorefineria (CARDENAS VARGAS, 2012)

. R Biomasa Pretratamiento, prensado,
Biorefineria , . .,
d humeda: pastos fraccionado, separaciéon y
verde . . iy
y cultivos verdes digestion
. . Cultivos
Biorefineria . . -
. completos: paja Molido y conversién
de cultivo . . _
de trigo, centeno bioquimica
completo ,
y maiz
Madera,
residuos
. R agricolas, Pretratamiento, hidrélisis
Biorefineria . , . . .-
. L. cultivos quimica y enzimatica,
lignoceluldsica Y 2 .,
energéticos y fermentacién y separacion
residuos
municipales
Biomasa
Biorefineria acuética: ., .,
. . Extraccién y separacién
marina microalgas y
macroalgas
Conversién termoquimica:
Biorefineria Todo tipo de torrefaccion, pirdlisis y
termoquimica biomasa gasificacion. Separacién y

sintesis catalitica

Aunque estos procesos presentan altos costes de capital y costes
operacionales debido a las altas temperaturas utilizadas, presentan
una gran ventaja sobre los procesos bioquimicos, ya que pueden
convertir todos los componentes orgdnicos presentes en la biomasa,
aprovechando plenamente su potencial para la produccién de
combustibles y productos quimicos (SUN, 2002, BRIDGWATER, 2006,
LUQUE, 2008). Por lo tanto, parece estar claro que lo que se necesita
para aprovechar dicho potencial es un proceso a baja temperatura que
pueda maximizar la conversiéon a productos tutiles. Cada uno de los
principales procesos termoquimicos (gasificacién, pirdlisis 'y
torrefacciéon) genera una distribucién de productos diferente. La Figura
1.2 muestra una visién general de las aplicaciones de dichos productos.
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Figura 1.2 Distribucién de productos a partir de diferentes procesos
termoquimicos de la biomasa

Aunque las biorefinerias son una alternativa a las refinerias
petroquimicas convencionales, en cuanto a la producciéon de diferentes
productos quimicos, en algunos casos se requieren Nuevos pProcesos
para el tratamiento de residuos més complejos, como los residuos
sélidos urbanos (RSU). Una de las posibilidades consiste en integrar
entre si diferentes configuraciones de biorefineria, como es el caso de la
biorefineria de “dos plataformas” combinando la gasificacién de
residuos (biorefineria termoquimica) seguida de una etapa de
fermentacién biolégica de los gases producidos (HENSTRA, 2007,
MUNASINGHE, 2010, WILKINS, 2011), como se observa en la Figura
1.3.

La gasificacién de materia organica produce una fraccién gaseosa
rica en H2, CO y, en menor medida, COz e hidrocarburos ligeros. En
general, se considera syngas a la mezcla de Hz2 y CO, aunque para
determinadas aplicaciones, como es el caso de la fermentacién del gas
de sintesis, el CO2 también se puede considerar como componente del
syngas.
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Figura 1.3 Gasificacion de biomasa integrada en un proceso de fermentacion de
syngas para producir biocombustibles MOHAMMADI, 2011)

Este syngas puede utilizarse como producto base para la sintesis
de productos quimicos de alto valor a través del conocido proceso
Fischer—Tropsch. En la actualidad, el syngas es un importante
intermediario en la industria quimica, siendo su principal mercado la
industria del amoniaco, la produccién de metanol (VAN DER DRIFT,
2006) o la produccién de hidrégeno para ser posteriormente utilizado en
refinerias.

Sin embargo, la conversién de los componentes del syngas puede
tener un excesivo coste, ademas de ser muy susceptible al
envenenamiento de los catalizadores empleados, limitando de esta
manera la produccién (TTRADO-ACEVEDO, 2010). Una de las posibles
soluciones consiste en el uso de microorganismos capaces de convertir
el CO en compuestos de cadena carbonada de interés, como el etanol o
el butanol. Es por ello, que el uso combinado de un proceso
termoquimico para generar syngas con un proceso de fermentacién
biolégica se haya convertido en una alternativa MOHAMMADI, 2011).
Para ello, es necesario disefiar unas bacterias con herramientas propias
del campo de la ingenieria genética que permitan transformar
eficientemente el syngas en los bioproductos deseados (KOPKE, 2010).
Ademas, también se esta trabajando en el disefio y la optimizacién de
los reactores para mejorar la productividad de los microorganismos
capaces de fermentar el syngas, de forma que el proceso pueda ser mas
competitivo a nivel de costes (WILKINS, 2011). De hecho, la
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fermentacién de syngas ya esta siendo explotada por varias compafias
en EEUU (Coskata, INEOS Bio, LanzaTech, Syngas Biofuels Energy o
BRI Energy) para la produccién de etanol.

Hasta ahora, la aplicacién de tecnologias de fermentaciéon
utilizando productos procedentes de la gasificacién de biomasa o de
residuos biomaésicos, se ha enfocado principalmente hacia la produccién
de biocombustibles. Sin embargo, existen pocos estudios en la
bibliografia que integren la tecnologia de gasificacion con la
fermentaciéon para la producciéon de biopolimeros (DO, 2007, CHOI,
2010). Para producir biopolimeros, los especialistas en ingenieria
genética también deben disefar de forma dptima unas super-bacterias
que conviertan de manera eficiente el gas de sintesis tanto en
precursores de biopolimeros (por ejemplo, el 4cido succinico, el
butanodiol o el 4acido hidroxibutirico), como en biopolimeros
directamente, como los polihidroxialcanoatos.

Los biopolimeros, no solo son aquellos polimeros procedentes de
fuentes biolégicas, sino que también pueden considerarse como
biopolimeros aquellos que son biodegradables incluso si proceden de
fuentes fosiles. Desde un punto de vista sostenible, los biopolimeros
mas interesantes son aquellos que cumplen las dos condiciones
anteriores. Uno de los ejemplos méas conocidos son los
polihidroxialcanoatos, como el PHB poli(3-hidroxibutirato) o el PHBV
poli(3-hidroxibutirato-co-3-hidroxivalerato). Estos biopolimeros se
pueden utilizar en procesos de moldeo por inyeccién, extrusién o
recubrimiento de papeles, y en otras numerosas aplicaciones como
material de envases, cuberteria o productos de oficina. Ademas,
también han demostrado su potencial en el campo de la biomedicina,
como en la reparaciéon de tejidos o en sistemas de administracion de
farmacos. Este amplio abanico de utilidades se debe a que los
polihidroxialcanoatos son poliésteres con una estructura muy versatil,
de forma que sus propiedades termo-mecdnicas se pueden ajustar a las
de los plasticos convencionales (SUDESH, 2000, LOO, 2007).

De acuerdo a un informe de la organizacién European Bioplastics
(EUROPEAN BIOPLASTICS, 2014), la produccién mundial de
biopolimeros en 2009 fue de 0,25 millones de toneladas, habiéndose
incrementado en el afio 2012 hasta 1,40 millones de toneladas. Ademas,
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para el afio 2017 se estima una producciéon de 6,19 millones de
toneladas (THE FREEDONIA GROUP, 2009), dentro de la cual, los
polihidroxialcanoatos y el 4cido polilactico procedente de fuentes
renovables, parece que encabezaran la produccién de biopolimeros.

Los polihidroxialcanoatos se pueden obtener a partir de
determinados cultivos vegetales, ya que algunos tejidos de plantas son
capaces de generarlos mediante la fotosintesis (SURIYAMONGKOL,
2007), o mediante procesos de fermentacién, aunque el primer método
todavia presenta importantes desafios que resolver. El proceso de
fermentacion se lleva a cabo en un reactor en el que se encuentra un
medio acuoso mineralizado, en el cual se inocula el microorganismo y
una fuente carbonosa que permita el crecimiento del mismo y, por ende,
la produccién de polihidroxialcanoatos. Hasta el momento, se han
utilizado sustratos carbonosos como la fructosa, la glucosa, el metanol o
el butirato, que pueden llegar a suponer hasta el 50% del coste total de
produccién de los polihidroxialcanoatos. Por esta razén, para asegurar
la viabilidad comercial de este proceso, es esencial el uso de recursos
renovables mas baratos, como pueden ser los RSU, previa gasificacién
de los mismos.

El uso de bacterias como biocatalizadores para la fermentacion del
syngas presenta importantes ventajas frente al uso de catalizadores
metalicos convencionales utilizados en procesos de conversion de
syngas, tal como se muestra en la Tabla 1.2.

A pesar de que el CO es téxico para la mayoria de la materia viva,
existen numerosos microorganismos que pueden metabolizarlo como
fuente de carbono y/o energia para su crecimiento. Por ello, el syngas
puede ser utilizado por determinados microorganismos como sustrato
para su crecimiento y produccién de determinados metabolitos
(HENSTRA, 2007, MUNASINGHE, 2010, WILKINS, 2011).
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Tabla 1.2 Valoracién de los procesos biocataliticos frente a cataliticos
convencionales (BROWN, 2007)

Residuos orgdnicos para producir
syngas: disponibles abundantemente,
no requieren costes de produccion
adicionales y no son un sustrato que

comprometan la cadena alimentaria La transferencia de materia
de los componentes del
La fermentacion de syngas se lleva a syngas hacia el medio de
cabo a bajas temperaturas y presiones, fermentacién es limitada,
lo que reduce los costes de operaciéon debida a las bajas
solubilidades del CO y Ha,
En general, los biocatalizadores aunque existen alternativas
presentan cierta tolerancia hacia en el disefio para su mejora
compuestos sulfurosos, >2% H2S o COS (BREDWELL, 1999)
Al ser el syngas gaseoso, el tiempo de La produccion volumétrica es
residencia es independiente de la relativamente baja
alimentacién de sustrato, lo que
permite controlar la inhibicién que Algunos componentes
pueda provocar y la formacién de organicos que pueda contener
determinados subproductos el flujo de syngas pueden

inhibir el proceso biocatalitico
Los procesos de fermentacién son poco
sensibles a la relaciéon Hz/CO, debido a
la alta especificidad de las reacciones
enzimaticas

Estos microorganismos se pueden clasificar en:

e Aultdtrofos, que usan compuestos con un solo atomo de carbono
(C1) como unica fuente de carbono, e hidrégeno o luz como
fuente de energia.

e  Unicarbondétrofos, que usan compuestos C1 como fuente tanto
de carbono como de energia.

Estas bacterias son capaces de oxidar el CO, proceso que esta
acoplado a otros procesos bioquimicos, como la desulfuracién,
hidrogenogénesis, acetogénesis y metanogénesis (OELGESCHLAGER,
2008). De esta forma, existen, entre otros, diferentes mecanismos que
involucran la oxidacién del CO:
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Bacterias que pueden llevar a cabo el ciclo metabdlico de Calvin.
Estas bacterias pueden utilizar la luz para producir hidrégeno y
CO2 a partir de CO mediante la reaccion water-gas shift
biocatalizada por la enzima CODH (FERRY, 1995). Un ejemplo
de estas bacterias es la Rhodospirillum rubrum, capaz de crecer
bajo una amplia variedad de condiciones anaerobias, siendo una
bacteria particularmente apropiada para crecer en syngas (DO,
2007). R. rubrum puede metabolizar CO en condiciones
anaerobias como unica fuente de carbono y energia, tanto en
presencia como en ausencia de luz. De esta forma, la materia
celular asimila parte del CO: producido, mientras que la
cantidad no asimilada se desprende al ambiente junto con el Hs
producido. Aunque el H2 es un subproducto del metabolismo, se
puede separar facilmente de la fase acuosa debido a su baja
solubilidad y se considera como un producto de alto valor, hecho
que ha supuesto que R. Rubrum sea un microorganismo muy
atractivo para la conversién de syngas en productos de valor
anadido. La Figura 1.4 muestra cémo esta bacteria puede utilizar
CO contenido en el syngas para producir biopolimeros (PHB).

Bacterias que pueden metabolizar los componentes del syngas
para producir compuestos quimicos de interés como el Aacido
acético o el etanol mediante la ruta metabdlica acetyl-CoA o
Wood-Ljungdahl, como se observa en la Figura 1.5. Esta ruta
puede utilizar CO y Hz como fuentes de energia (mediante la
generacion de electrones via enzimatica CODH o hidrogenasa,
respectivamente) y CO y CO2 como fuentes de carbono. Algunos
ejemplos de estas bacterias son Clostridium aceticum,
Acetobacterium woodii, Clostridium Iljungdahlii, Clostridium
thermoaceticum, Clostridium autoethanogenum, Clostridium

ragsdalei ) Butyribacterium methylotrophicum
(OELGESCHLAGER, 2008).
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Figura 1.5. Esquema simplificado de la ruta metabdlica Wood-Ljungdahl.
CODH: CO deshidrogenasa; ACS: Acil-CoA sintetasa; THF: tetrahidrofolato.

En el contexto de la produccibn de biopolimeros
(polihidroxialcanoatos), las rutas metabdlicas son complejas y diversas
y, de hecho, hoy en dia continian bajo investigacién (LARA L.
MADISON, 1999).



18

1.2 Integracion de las microondas en la biorefineria
termoquimica

Como se ha citado anteriormente, la tecnologia mas apropiada
para producir syngas a partir de biomasa es la gasificacién; es decir,
mediante una oxidacién parcial a altas temperaturas con un agente
oxidante (vapor de agua, aire u oxigeno). Sin embargo, la tecnologia de
pirdlisis también puede ser contemplada como una ruta de conversion
apropiada, ya que también permite una alta recuperacién de la energia
contenida en los residuos y produce menos especies contaminantes que
otras tecnologias como la incineracion. Ademas, los procesos de pirdlisis
producen una distribucién de productos en forma de fraccién sélida
(char), fraccién liquida y fracciéon gaseosa, con numerosas aplicaciones,
y que puede ser controlada mediante la modificacién de la velocidad de
calentamiento, la temperatura y el tiempo de residencia
(DOMINGUEZ, 2007b). De esta forma, y dada la naturaleza
endotérmica de la pirdlisis, las altas temperaturas y velocidades de
calentamiento favorecen las reacciones de descomposiciéon. A baja
temperatura y velocidad de calentamiento y alto tiempo de residencia,
se favorece la producciéon de char; sin embargo, alta temperatura y
velocidad de calentamiento durante un alto tiempo de residencia
favorecen la produccién de gases, mientras que para optimizar la
produccién de aceites son necesarias temperaturas moderadas y
tiempos de residencia bajos.

En la Figura 1.6, se representa de forma esqueméatica la
distribucién de productos resultantes de la pirélisis de residuos. En
primer lugar, tiene lugar una primera etapa, denominada pirdlisis
primaria. En esta etapa (300 — 700 °C) tiene lugar la descomposicién
termoquimica del residuo y se produce un sélido (char), aceites, gases
ligeros y agua, cuya distribucién depende principalmente de la
temperatura de pirdlisis. A medida que aumenta la temperatura, se
evapora la humedad del residuo, seguido de la desvolatilizacién y
degradacién térmica del residuo seco. Por encima de los 700 °C, tiene
lugar la etapa secundaria, denominada pirdlisis secundaria. En esta
etapa tienen lugar la gasificacién del residuo sélido y las reacciones
secundarias de reformado y craqueo de los aceites, incluyendo la
descarboxilacion, la descarbonilacion, la deshidrogenacién, la ciclacién,
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la aromatizacién y la polimerizacién de los aceites. Como resultado, los
aceites (especialmente los mas pesados) se adsorben en la superficie del
residuo sélido y pueden ser craqueados por alguna fase metdlica que
pueda contener el solido, produciéndose de esta forma mas H20, COq,
CO, alcanos, alquenos y aromAaticos.

Gases
igeros ﬂ

II2, CO, COgz, CIl4, Cz2lIl4, C2lls,
C3y C4

Hz, CO, CO2
Residuo Gasificacion del char
Organico
A——
- H20
‘ Depésitos
de carbono Reformado de aceites
[ )
He, CO, CO2

Craquem Hz, CO, CO2, CHa,

deaceites  cu,Hy4 C2He, Cay Ca

Deposiciény
adsorcién de aceites

Figura 1.6 Proceso de pirélisis de un residuo organico

A pesar de que los métodos mas estudiados para la produccién de
syngas a partir de biomasa estan basados, principalmente, en procesos
de gasificacidn, el uso de nuevas condiciones de operacién en procesos
de pirdlisis puede contribuir a obtener un mayor rendimiento en syngas
y, por tanto a reducir los costes ya que no seria necesario suministrar
agentes oxidantes como el vapor de agua. En este sentido, el uso de las
microondas como método de calentamiento en procesos de pirélisis hace
que la distribucion de temperaturas del material sea totalmente
diferente, siendo posible obtener velocidades de calentamiento rapidas
y apareciendo en el residuo unos puntos calientes denominados
microplasmas (MENENDEZ, 2011). Todos estos factores parecen
incrementar el rendimiento en fraccién gaseosa y el contenido en
syngas.

La radiacién microondas pertenece a la zona del espectro
electromagnético comprendida entre 0,3 y 300 GHz. Al igual que los
microondas domésticos, aquellos que se han utilizado en el estudio de
la quimica asistida con microondas operan a 2,45 GHz, aunque parece
ser que el uso de una frecuencia de 915 MHz es también apropiada,
sobre todo para procesos que tengan lugar a mayor escala, ya que la
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distancia de penetracién de las ondas es mayor. Desde principios de
la década de 1980, el interés en el campo de los procesos inducidos
por microondas ha ido creciendo, debido principalmente a las
grandes ventajas que esta tecnologia  ofrece frente al
calentamiento convencional, como son las siguientes:

o Kficiencia energética. Puesto que no es necesario calentar el
aire ni las paredes de un horno para producir el
calentamiento, sino que la energia actia directamente sobre
el material, se consigue disminuir el consumo energético. Esto
implica que en el microondas, el material se encuentra a
mayor temperatura que la atmésfera que lo rodea, dandose la
situacién contraria a la del calentamiento convencional.

e Rapidez de tratamiento. El calentamiento con microondas es
un calentamiento volumétrico que no depende de la
transferencia de calor por conveccién o conduccién. Asi, se
evitan los tiempos de calentamiento y enfriamiento del
equipo, lo cual reduce el tiempo y coste del proceso.

e (Calentamiento uniforme. Al considerar el material que se
calienta de manera aislada, no podria decirse que existe un
gradiente de temperatura en su interior, puesto que la energia
microondas se aplica directamente a todo el volumen
considerado. Sin embargo, con materiales carbonosos pueden
llegar a aparecer microplasmas que originan puntos calientes,
y por tanto, “microgradientes” de temperatura, puesto que
estos microplasmas se encuentran a temperaturas mucho
mayores que la temperatura media del material. Dependiendo
del tipo de aplicacién, la formaciéon de microplasmas puede
resultar un inconveniente o una gran ventaja (MENENDEZ,
2006, DOMINGUEZ, 2007a, DOMINGUEZ, 2007b).

e Control electrénico instantaneo. La energia microondas tiene
la ventaja de que se puede aplicar y retirar de manera
instantanea. Ademadas, se puede regular facilmente la
intensidad del tratamiento variando la potencia emitida.
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e Equipos compactos. Los equipos para tratamiento en
microondas suelen ser de menor tamano que los equipos
convencionales. Esto, unido a la rapidez del calentamiento,
permite disminuir el espacio para el procesamiento, lo que
implica menores costes.

e (Calentamiento selectivo. Las diferencias en el
comportamiento de distintos materiales frente a las
microondas, pueden ser una gran ventaja en el ambito
industrial. De esta forma, existen materiales trasparentes que
no interfieren con las microondas (vidrio, ceramica o cuarzo),
materiales absorbentes de microondas, conocidos como
dieléctricos (agua, aceite o materiales carbonosos) o
materiales que las reflejan, como los metélicos.

Por todas estas ventajas, el calentamiento con microondas se ha
aplicado a un amplio abanico de procesos diferentes como la
valorizacion de biomasa y residuos organicos (LUDLOW-PALAFOX,
2001, MENENDEZ, 2002, MIURA, 2004, ROBINSON, 2007,
HUSSAIN, 2012), sintesis de materiales (BOGDAL, 2003, TOMPSETT,
2006), procesos metalurgicos (HAQUE, 1999), catalisis (ZHANG, 2006),
sintesis organica (LIDSTROM, 2001), procesos de extraccién
(CRAVOTTO, 2008), etc.

Es importante tener en cuenta que las microondas no son una
forma de calor, sino una forma de energia que se manifiesta en forma
de calor a través de su interaccién con los materiales. El calentamiento
con microondas se lleva a cabo, principalmente, a través de dos
mecanismos que poseen la misma escala de tiempo que la oscilacién del
campo eléctrico, dando lugar a un desfase entre la polarizacién y el
campo: la polarizacién por orientacién dipolar y la polarizaciéon de carga
espacial (conocida como efecto Maxwell-Wagner). Como resultado, tiene
lugar una absorcién de energia y un calentamiento por efecto Joule
(ZLOTORZYNSKI, 1995). El mecanismo de polarizacién por orientacién
dipolar, mostrado en la Figura 1.7, tiene lugar cuando las moléculas
que presentan un momento dipolar se exponen a la accién de un campo
eléctrico, tratandose éstas de alinear con el campo. Cuando el campo
eléctrico se relaja (amplitud con valor cero), los dipolos se orientan al
azar (Figura 1.7 (a)) para ser empujados a alinearse de nuevo cuando la
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intensidad del campo eléctrico aumenta hasta llegar a un maximo
(Figura 1.7 (b)). Cuando este proceso ocurre millones de veces por
segundo, se produce una conversién de energia del campo eléctrico en
energia potencial almacenada en el material, y luego, en energia
térmica por friccién molecular (MUJUMDAR, 2006).

(2) b L

E—

04

Figura 1.7 (a) Disposicién al azar de los dipolos sin estar sometidos a un campo
eléctrico externo y (b) Alineacién de los dipolos cuando se les somete a un

campo eléctrico externo

En cuanto al mecanismo de Maxwell-Wagner, éste aparece en
materiales que poseen electrones libres cuyos desplazamientos estan
restringidos por obstaculos, tales como bordes de particula. Cuando se
aplica un campo eléctrico externo, los electrones se acumulan sobre el
obstaculo y el resultado es una separacion de cargas que polariza el
material. Algunos materiales carbonosos, como los carbones activados o
el carbonizado procedente de una pirdlisis, presentan electrones m
deslocalizados con amplia movilidad, que permiten el calentamiento del
material a través de este mecanismo (Figura 1.8).

Energia
térmica

Microondas ‘:%)

2.45 GHz

Char procedente de la
pirolisis de materia
organica

Figura 1.8 Desfase entre el campo eléctrico y la polarizacién de los electrones
deslocalizados en materiales carbonosos

La capacidad que presentan los materiales dieléctricos para ser
calentados bajo la accién de microondas viene determinada por el factor
de disipacién, tg §, que a su vez estd compuesto de dos parametros: la
constante dieléctrica (2’) y el factor de pérdida dieléctrica (£”):
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e

tgd = o (Ec. 1)

La constante dieléctrica representa la capacidad del material para
ser polarizado, y el factor de pérdida dieléctrica representa la
disipacion de energia del campo eléctrico en forma de calor en el
interior del material, que depende de la conductividad del mismo. En
general, los materiales que poseen un alto factor de disipaciéon son los
que permiten una mayor conversion de las microondas en energia
térmica, con lo que se calientan mas rapidamente. Para disenar un
proceso asistido con microondas, es esencial contar con una buena
estimacién de estas propiedades para determinar la velocidad a la cual
el calor sera absorbido por el material y la distribucién del campo
eléctrico. Estas constantes varian con la composicion, la temperatura,
la frecuencia de la radiacién microondas y la densidad del material
(SALSMAN, 1990).

Por otra parte, conocer las propiedades dieléctricas anteriores
permite determinar la distancia de penetracién de las microondas
dentro de un material (Ds). Este parametro es importante ya que
determinara si el calentamiento es uniforme en todo el volumen del
material, y suele referirse a la distancia de penetracién a la cual la
potencia incidente se ha reducido en un factor e™! respecto de la
superficie:

NG,

2Tern

(Ec. 2)

N

donde A, es la longitud de onda incidente, ¢ es la constante dieléctrica
del material relativa a la del vacio y ¢£” es el factor de pérdida
dieléctrica del material relativa a la del vacio (CLARK, 2000). Por
tanto, cuanto mayor sea el factor de disipacién, menor sera la distancia
de penetracion pero mayor la conversidon en energia térmica. Asi, la
susceptibilidad de un material a ser calentado mediante radiacién
microondas, ademds de por su conductividad térmica, estd mucho mas
influenciado por la distancia de penetraciéon de las microondas en el
interior del material. Asi mismo, a partir de las propiedades
dieléctricas se puede determinar la potencia absorbida por unidad de
volumen (P), que viene dada por la siguiente ecuacién:
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P =2nfeye'E?  (Ec. 3)

donde f es la frecuencia de la radiacién microondas y E es la magnitud
del campo eléctrico generado en el volumen del material.

En el caso de materiales formados por macromoléculas, como es el
caso de los residuos biomaésicos o los residuos plasticos, la polarizacién
solo ocurre en pequefias partes de las moléculas debido a la rigidez de
las estructuras cristalinas, por lo que solo las regiones amorfas son
capaces de alinearse con el campo eléctrico aplicado. Estas
macromoléculas presentan generalmente una amplia distribucién de
tiempos de relajacién (que es el tiempo empleado por el dipolo en
revertir su posicién después de ser polarizado), dando lugar a un factor
de pérdida dieléctrica muy bajo en un amplio intervalo de frecuencias.
Es por ello que en la mayoria de los estudios, para conseguir una
temperatura lo suficientemente alta como para que tenga lugar la
pirélisis se afiaden captadores de microondas a la materia a pirolizar,
tales como materiales carbonosos como char, carbén activado o grafito.
Una vez que la piré6lisis comienza, tiene lugar la desvolatilizacién de la
materia produciendo char que actuara como captador de microondas.

El uso de microondas en el tratamiento de biomasa data de
principios de la década de 1970. Los sustratos empleados son, por
tanto, numerosos e incluyen biomasa vegetal como la madera o
residuos agricolas, plasticos y residuos urbanos. Ademas, las
investigaciones llevadas a cabo indican que diferentes factores como el
tamano de particula, la potencia de la radiacién microondas, el tiempo
de radiacién o la naturaleza del material estan directamente ligados a
la eficiencia del proceso asistido con microondas. En lo que concierne a
los procesos termoquimicos, se ha estudiado el uso del calentamiento
con microondas en procesos de gasificacion, pirdlisis, torrefacciéon o
licuefaccién. Por ejemplo, para la produccién de una fraccién gaseosa
rica en syngas se han utilizado lodos de depuradora, habiéndose
obtenido concentraciones de Hz + CO del 62 vol.% en comparacién con
un 25 vol.% mediante tecnologias de calentamiento convencional
(MENENDEZ, 2004). Otro residuo que presenta serios problemas para
el medioambiente es el aceite residual de los automoéviles. Mediante
una pirdlisis inducida por microondas fue posible obtener un
rendimiento en gas del 41%, conteniendo hasta un 35 vol.% de Hz + CO,



Introduccion 25

junto a una gran cantidad de hidrocarburos ligeros de especial interés
como combustible (LAM, 2012). Por otra parte, el uso de residuos
lignocelulésicos como sustrato para la pirélisis con microondas es muy
interesante para producir una fraccién gaseosa rica en hidrégeno, como,
por ejemplo, la paja (ZHAO, 2010). Y es que la principal ventaja de la
pirdlisis inducida por microondas frente a la pirdlisis convencional
parece no solo ser la mejor calidad del gas producido (en cuanto a
concentracién en syngas se refiere), sino también la mejora del
rendimiento en fraccidn gaseosa, la reduccién en procesos de
pretratamiento y el ahorro energético (LUQUE, 2012). Por todas estas
razones, la pirdlisis inducida por microondas ofrece una oportunidad
excelente para la valorizacion de residuos y evitar procesos de
tratamiento posteriores.

En general, los principales factores que afectan a la pirdlisis
inducida con microondas en las caracteristicas del gas producido son la
naturaleza del sustrato y su contenido en humedad, la potencia de las
microondas (y, por tanto, la temperatura de pirdlisis), la presencia de
materiales captadores de microondas y su concentracidn, y el disefio del
reactor. Debido a la influencia de tantos parametros y a las
interrelaciones entre ellos, un pequeno cambio en alguno de estos
parametros podria producir un syngas diferente, lo cual hace a la
pirdlisis inducida por microondas un proceso muy versatil.

En la mayoria de las publicaciones cientificas, las cavidades
utilizadas son, simplemente, microondas domésticos modificados con
controladores de temperatura. Sin embargo, para llevar a cabo su
implementacién industrial, y particularmente para tratar materiales
heterogéneos como residuos urbanos, hay que llevar a cabo un disefio
especifico de la cavidad para controlar y maximizar la velocidad de
calentamiento, el tiempo de residencia y, sobre todo, mejorar el grado
de uniformidad en el calentamiento del material. Sin embargo, el
escalado de procesos asistidos con microondas no es una tarea facil,
debido a diversos factores como la dificultad de generar una buena

dispersion de las microondas cuando se incrementa el volumen del
reactor (DOUCET, 2014).

La comercializacién de esta tecnologia se basa no sélo en las areas
de uso y las propiedades de los materiales producidos, sino también en
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la economia del proceso. En este sentido, la viabilidad econémica es un
mix por el que deben evaluarse los costes de capital, el coste de la
energia, las leyes medioambientales y los costes de operacién frente al
mercado de los productos finales, las caracteristicas especiales de los
productos y la mejora de la produccién a través del uso de las
microondas (y, como consecuencia, la reduccién de espacio de la planta
y de los costes de mano de obra que supondria). En los procesos
industriales asistidos con microondas que se han implantado con éxito,
como es el caso de procesos de secado o en la vulcanizaciéon del caucho,
los dos ultimos factores son, probablemente, las principales razones por
las que seleccionar un proceso inducido por microondas respecto a los
procesos convencionales. Un buen ejemplo de ellos es el caso de la
sintesis asistida con microondas de xerogeles de resorcinol -
formaldehido, mediante la cual el tiempo de sintesis disminuye de 4
dias (mediante procesos de calentamiento convencionales) a 5h
(CALVO, 2011); mejorandose enormemente no sélo la productividad,
sino también el consumo energético.

En cuanto a los costes de capital de una planta de procesado con
microondas, se suele establecer que para plantas con una potencia
instalada mayor de 20 kW, el coste se sitia en la horquilla 3000 —
60008 por kW. En el caso de plantas con menor potencia o para plantas
que necesiten de un disefio muy especifico, estos costes pueden exceder
los 75008 por kW (KORAL, 2013). En cualquier caso, el coste del
generador de microondas, conocido como magnetron, representa menos
del 50% del coste total del sistema, lo que permitiria trabajar con
equipos modulares en lugar de sistemas de grandes dimensiones vy,
probablemente, menos eficientes. Sin embargo, es importante tener en
cuenta que debido a las diferencias técnicas existentes entre equipos de
calentamiento convencionales y microondas, los equipos de procesos
asistidos con microondas suelen ser més caros, aunque esto puede ser
ampliamente compensado por las ventajas que proporcionan las
microondas en el producto obtenido. Respecto a los costes de operacion
de una planta de procesado con microondas, éstos incluirian el coste de
la energia, que depende de la localizacién de la planta, la eficiencia de
conversion de energia eléctrica en microondas por parte del magnetron,
que suele estar entre el 50 y el 75% dependiendo de la frecuencia
usada, o el coste de mantenimiento y reparacion.
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En cuanto al caso especifico de la pirdlisis inducida por
microondas, se han llevado a cabo algunos intentos de escalado, como
los reactores disefiados por el Centre for Biorefining de la Universidad
de Minnesota, la compania Scandinavian Biofuel
(SCANDINAVIANBIOFUELS, 2014) o el King Mongkut’s Institute of
Technology Ladkrabang (PAYAKKAWAN, 2012), mostrando resultados
prometedores para esta tecnologia. Sin embargo, el objetivo de estas
plantas ha estado enfocado en la obtencién de la fraccién liquida o la
fraccién sélida, por lo que desde el punto de vista de la producciéon de
syngas, no se encuentra disponible ninguna informacién. En este
sentido, se pueden encontrar trabajos a una escala de 100 — 300 g de
sustrato por parte de Serio et al. (SERIO, 2013), que trabajaron en el
disefio de un reactor con microondas en el que se insert6 una zona de
craqueo que minimizaba la produccién de liquidos y sélidos, aunque
esta escala contintia estando lejos de ser considerada como planta
piloto. Por otra parte, Zao et al. llevaron a cabo la pirdlisis asistida con
microondas a una escala de 30 kg de residuos agricolas, produciéndose
una gran cantidad de syngas, y demostrando ser, ademads, un proceso
mucho més rapido y eficiente que la pirdlisis convencional (ZHAO,
2010). A este mismo resultado también se llegb en otro estudio acerca
del consumo energético de la torrefacciéon de paja en una planta piloto
capaz de procesar 30 kg/h (BUDARIN, 2011), demostrando ser la
torrefaccién inducida por microondas 1,5 veces mas eficiente que el
correspondiente proceso convencional.

Como se puede comprobar a partir de las publicaciones cientificas
recogidas en la presente memoria, la produccién de syngas a partir de
residuos orgdanicos se favorece enormemente gracias a la tecnologia
microondas. El proceso de pirdlisis asistido con microondas se ha
venido desarrollando desde hace afios en el grupo de investigacién
Microondas y Carbones para Aplicaciones Tecnolégicas (MCAT) del
INCAR-CSIC. La radiacién microondas aplicada a la pirdlisis de
residuos organicos ha permitido la producciéon de una fracciéon gaseosa
muy apropiada para ser utilizada como sustrato en la sintesis de
biopolimeros, con una composicién muy diferente a su homodloga
obtenida a partir de tecnologias de pirélisis convencionales.

Se puede encontrar mas informacién acerca del uso y versatilidad
de la tecnologia de microondas aplicada a la pir6lisis para producir
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syngas en el Anexo, donde se adjunta el capitulo Microwave Pyrolysis
of Organic Wastes for Syngas-Derived Biopolymers Production del libro
“Production of Biofuels and Chemicals with Microwave”.
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Capitulo 2
Objetivos

De acuerdo con las ideas presentadas en la secciéon de
Introduccién, el OBJETIVO GENERAL de esta Tesis Doctoral es
desarrollar un proceso de pirédlisis de residuos orgdanicos inducido
por microondas que servira para la produccién de un syngas
adecuado para su uso como sustrato en la produccién de bioplasticos,
tal como se observa en la Figura 2.1.

- e ‘
Microondas

H:+ CO
(SYNGAS)

RESIDUOS ——
ORGANICOS | BIOPLASTICOS

Figura 2.1 Objetivo general de la Tesis Doctoral

Para conseguir este objetivo general, se proponen los siguientes
objetivos especificos:

e Seleccionar, preparar y caracterizar diferentes muestras de
residuos sélidos orgéanicos: residuos sé6lidos urbanos
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(fraccién organica y fraccion de plasticos), residuos
agricolas, lodos de depuradora y microalgas.

Estudiar la produccién de syngas y su composicién
mediante la pirdlisis convencional de los residuos
organicos.

Estudiar la produccion de syngas y su composicién
mediante la pirdlisis inducida por microondas de los
residuos organicos.

Optimizar las condiciones de operacién del proceso de
pirdlisis inducido por microondas, para obtener un gas rico
en syngas adecuado para la posterior produccién de
bioplasticos por parte de diferentes bacterias. Las
condiciones de operacion estudiadas son:

Residuo organico a utilizar.

Temperatura.

Concentraciéon del captador de microondas.
Humedad del residuo.

O O O 0O ©O

Gas portador del proceso de pirdlisis.

Estudiar el comportamiento dieléctrico de los residuos mas
apropiados para determinar los parametros de disefio de
un prototipo de reactor.

Estudiar el crecimiento de la bacteria Rhodospirillum
rubrum y la produccién del biopolimero PHB mediante la
fermentacion de syngas procedente de  pirdlisis
convencional y de pirélisis con microondas del residuo mas
apropiado.
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Experimental

3.1 Residuos utilizados como sustratos para la
pirolisis

En este apartado se describe la naturaleza de los materiales que
van a ser utilizados en este trabajo para ser sometidos a procesos de
pirdlisis: su origen y causas de su generacion, asi como datos relativos a
su produccién y gestion. Todos los residuos proceden de la empresa
Abengoa Bioenergia Nuevas Tecnologias (Sevilla, Espana), excepto las
microalgas que fueron suministradas por Exeleria S.L. A pesar de ser
sustratos con un gran potencial para la sintesis de productos de alto
valor, los residuos utilizados en este trabajo no se encuentran en
general lo suficientemente explotados.

3.1.1 Residuos sélidos urbanos

Los residuos sélidos urbanos (RSU) consisten en una mezcla
compleja de componentes bioldgicos (lignina, carbohidratos, proteinas o
lipidos), componentes petroquimicos (plasticos, aceites o detergentes) y
algunos componentes inorganicos (PREDA, 2007). En general, los RSU
estan formados por un tercio de materia compostable (como restos de
alimentos de cocinas); un tercio de materia combustible (plasticos,
papel, materia textil, etc.) y otro tercio de materia inerte (vidrio,
materiales ceramicos, metales, etc.). Es importante tener en cuenta que
las dos primeras fracciones contienen una gran cantidad de carbono
que podria ser utilizado en procesos de conversiéon hacia bioproductos
mediante el uso de procesos alternativos a la combustion.
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Como regla general, se genera aproximadamente 1 kg de basura
doméstica por ciudadano y dia. En algunos paises industrializados, este
valor puede ser incluso el doble. La OCDE estima que en 2020, se
podria generar un 45% mas de residuos de aquellos producidos en 1995
(EUROPEAN COMISSION, 2010). La mayor parte los RSU es
combustionada en incineradoras o depositada en vertederos (67%). Sin
embargo, ambos métodos suponen un serio impacto medioambiental. El
depdsito en vertederos no sélo ocupa cada vez mas espacio terrestre,
sino que también produce contaminacién atmosférica, en el agua y en
los suelos, mediante la emisién de gases de efecto invernadero como el
CO: y el CHy4, o la lixiviaciéon de productos quimicos téxicos y pesticidas
hacia el suelo y las aguas subterraneas. Ademas, si la combustién de
los RSU es incompleta, se pueden liberar sustancias peligrosas como
las dioxinas o gases acidos.

En este trabajo, se han utilizado dos fracciones procedentes de
RSU: una fraccién orgdnica y una fraccién compuesta por residuos
plasticos, con las siguientes caracteristicas:

e La fraccién organica de RSU (que, a partir de ahora, sera
llamada MSW) procede de un vertedero situado en Sevilla.

Se llevé a cabo un pretratamiento previo a su uso como
sustrato mediante el cual se redujo a un tamafio de
particula de entre 1 y 3 mm. Ademads, también se cuenta
con una fracciéon derivada de la anterior, que fue sometida
a un proceso de secado y a una eliminacién parcial de

inertes (p.e., restos de vidrios), que a partir de ahora sera
llamada MSWd.

e La fraccién de residuos sélidos plésticos (a partir de ahora,

serd llamada PLA) estd formada con una mezcla compleja
de plasticos y procede del mismo vertedero situado en
Sevilla. Se llevd a cabo un pretratamiento previo a su uso
como sustrato mediante el que se redujo su tamano de
particula a un intervalo de entre 1 y 3 mm.
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3.1.2 Residuos agricolas

La Unién Europea estima que sus estados miembros producen un
total de 700 millones de toneladas de residuos agricolas al afio. Estos
materiales lignoceluldsicos (es decir, plantas derivadas de cultivos
energéticos, residuos de actividades forestales y residuos agricolas y
vegetales) son ejemplos excelentes de materiales biomésicos con un
gran potencial para la sintesis de productos organicos de alto valor,
debido a la alta disponibilidad de biomasa y su gran contenido en
carbono. Sin embargo, la conversiéon de materiales lignocelulésicos en
biocombustibles o biomateriales mediante el proceso convencional de
hidrdlisis enzimatica y posterior fermentacién (Figura 3.1) hace que se
pierda gran parte del material inicial, puesto que la lignina presente se
desecha; ademas, las etapas de pretratamiento aumentan el coste del
proceso, pero son muy necesarias debido a que permiten aumentar la
produccién y, en definitiva, el rendimiento de la etapa posterior de
fermentacién.

La fraccién de residuos agricolas utilizada en este trabajo (que
serd llamada como STR) procede de una planta de producciéon de

biocombustibles situada en Salamanca. Se llevdé a cabo un
pretratamiento previo a su uso como sustrato mediante el cual se
redujo a un tamarno de particula de entre 1y 3 mm.

Figura 3.1 Proceso de obtencién de bioproductos a partir de materiales
lignocelulésicos
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3.1.3 Lodos de depuradora

Los lodos de depuradora procedentes de EDAR constituyen un
residuo organico muy complejo dificil de valorizar, ya que tienen en
general un bajo contenido en carbono y una alta proporcién de
contaminantes. La produccién de lodos ha ido incrementando en la
mayoria de los estados miembros de la Unién Europea, hasta producir
en Espafia unos 1,1 millones de toneladas (en base seca) en 2012 de
acuerdo al Registro Nacional de Lodos, lo cual puede ser atribuido
principalmente a la implementacién de la directiva sobre tratamiento
de aguas residuales 91/271/EEC (GENDEBIEN, 2010). La mayor parte
de estos lodos (81%) se destind a aplicaciones agricolas; sin embargo,
los métodos principales de post-tratamiento son la incineraciéon y el
vertido en vertederos, ya que la primera alternativa presenta riesgos de
contaminacién en los suelos.

La fraccién de lodo de depuradoras utilizada en este trabajo, que a

partir de ahora sera llamada SSd, procede de una planta de
tratamiento de aguas residuales situada en Sevilla Se llevé a cabo un
pretratamiento previo a su uso como sustrato mediante el cual se
someti6 a un secado después del tratamiento secundario de las aguas
residuales y se redujo a un tamano de particula de entre 1y 3 mm.

3.1.4 Microalgas

Las microalgas son microorganismos fotosintéticos que crecen
rapidamente gracias a su estructura unicelular, como las algas verdes
(Chlorophyta) y las diatomeas (Bacillariophyta). Son faciles de cultivar,
pueden crecer con pocos cuidados utilizando agua no apta para
consumo humano y es facil obtener sus nutrientes, por ejemplo, de
aguas residuales. En la actualidad, se espera que las microalgas sean
una fuente importante de productos de alto valor con aplicaciones en
diferentes dareas biotecnolégicas (farmacia, industria alimentaria,
cosmética, etc) y, especialmente en la producciéon de biocombustibles
(las microalgas constituyen la fuente de la llamada tercera generacién
de biocombustibles). El creciente interés en la aplicacion de las
microalgas para producir biocombustibles se debe a sus potenciales
ventajas frente a otros cultivos terrestres de biomasa, como son: (1)
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produccién durante todo el afio, lo que garantiza una mayor produccién
de biocombustibles; (2) uso de aguas residuales como fuente de
nutrientes de las microalgas; (3) eliminacién del uso de pesticidas o
herbicidas; y (4) la posibilidad de cultivarlas en aguas salobres o tierras
no cultivables, resultando en wuna minimizacién del impacto
medioambiental. Sin embargo, resulta ain necesario reducir los costes
de produccién de estos biocombustibles a niveles de los combustibles
fosiles.

El contenido promedio de lipidos en las microalgas alcanza el 70%.
Las especies mas comunes (Chlorella, Crypthecodinium, Cylindrotheca,
Dunaliella, Isochrysis, Nannochloris, Nannochloropsis, Neochloris,
Nitzschia, Phaeodactylum, Porphyridium, Schizochytrium, Tetraselmis)
tienen niveles de aceite (lipidos) del 20 a 50%. También es significativa
la composicion en acidos grasos, ya que pueden tener efecto en las
caracteristicas del biocombustible producido. De esta forma, el
rendimiento en aceite de las microalgas es mucho mayor que el de los
vegetales. Por ejemplo, el maiz puede producir 172 L/Ha de aceite y el
girasol es capaz de producir 952 L/Ha, mientras que las microalgas
pueden llegar a producir hasta 95000 L/Ha (GAO, 2012).

En esta Tesis, se ha wutilizado la microalga Scenedesmus
almeriensis, tanto en su forma original (previamente sometida a un
proceso de secado), como el residuo de microalga que queda tras un
proceso de extraccion de lipidos, tal como se describe en la
correspondiente Publicaciéon III.

3.2 Dispositivos experimentales para llevar a cabo
los procesos de pirdlisis

El proceso de pirdlisis de residuos organicos se ha llevado a cabo
en un horno eléctrico y en dos hornos microondas diferentes, uno con
control de temperatura y otro con control de potencia.

El horno utilizado para llevar a cabo la pirélisis convencional
funciona con energia eléctrica convencional. Concretamente, es de tipo
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modular, cilindrico y vertical, con una potencia de 1450 W, lo que
permite alcanzar una temperatura maxima de 1100 °C (Figura 3.2a).

Figura 3.2 Equipamiento para llevar a cabo a) Pirdlisis convencional (1. Panel
de control; 2. Horno eléctrico; 3. Reactor; 4. Sistema de condensacion de aceites;
5. Bolsa Tedlar; 6. Termopar); b) Pirélisis inducida por microondas con control
de temperatura (1. Panel de control; 2. Magnetrén; 3. Tornillos de
sintonizacién; 4. Disipador de ondas reflejadas y transmitidas; 5. Guia de
ondas; 6.Reactor; 7. Pirometro; 8. Sistema de condensacién de aceites; 9. Bolsa
Tedlar)
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El horno microondas unimodo con control de temperatura (Figura
3.2b), llamado asi porque unicamente trabaja en un modo de
resonancia, opera a una frecuencia de 2450 MHz.

Este sistema consta de un generador de microondas, en este caso
un magnetréon MES (Microondas E'nergie Systémes) controlado por un
modulador de potencia que permite variar la potencia generada entre 0
y 1860 W, segun la temperatura de trabajo deseada. Las ondas
generadas se propagan a través de la guia de ondas hasta la zona de
utilizacién. Esta construida en acero inoxidable y tiene una seccidon
rectangular en la zona en la que se sitta la muestra de 8.5 x 14 cm2. En
su interior, la propagacién de las ondas se produce por reflexiones
multiples sobre las paredes. La guia de ondas del equipo dispone de un
orificio en su parte superior por el que se introduce el reactor en el que
se colocara el material a tratar. El reactor posee un orificio en la parte
superior que permite introducir el gas que inertiza las muestras
durante la pirdlisis, y otro que permite la salida de gases.

Por otra parte, la temperatura alcanzada durante los experimentos
se mide con un pirémetro 6ptico. Este dispone de un controlador para
seleccionar y modificar los parametros de entrada del pirémetro como
la emisividad de la muestra. Para que la medida de temperatura sea
eficaz, es necesario que el campo visual del pirémetro, delimitado por
un orificio lateral en la guia de ondas, esté situado de frente a la
muestra. También es importante determinar la emisividad de la
muestra de la forma mas exacta posible, para lo cual se ha optado por
hacer un calibrado de emisividad con los carbonizados de los residuos
que se van a emplear.

Una vez que las microondas llegan a la muestra, pueden darse
varias situaciones: que sean absorbidas por el material, lo que
contribuye a un aumento de su temperatura, que atraviesen la muestra
sin ser absorbidas o que se reflejen cambiando su trayectoria en sentido
contrario al que avanzaban. En estos dos ultimos casos, la fracciéon no
absorbida llega a dos detectores que la cuantifican y la expresan en
porcentaje de potencia transmitida o reflejada, segtn el caso. La que se
refleja es modulada por un dispositivo de orificios equipado con
tornillos que permiten minimizar la potencia reflejada y evitar la
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entrada de las ondas en el magnetréon. Después de que la energia no
absorbida pasa por los detectores, se disipa en una carga de agua,
protegiendo asi al magnetrén de posibles reflexiones que pudieran
perjudicar su funcionamiento.

En cuanto al horno microondas unimodo con control de potencia
(Figura 3.3), consiste en el mismo magnetrén que el sistema anterior,
pero con una guia de ondas y una cavidad unimodo diferentes que, por
su geometria, permite una absorciéon mas eficiente de las microondas.

Figura 3.3 Dispositivo experimental para la pirdlisis con microondas con
control de potencia (1. Panel de control; 2. Magnetrén; 3. Tornillos
sintonizadores; 4. Pared mdévil sintonizadora; 5. Cavidad del reactor; 6.
Termopar)

3.3 Técnicas experimentales

e Andlisis de los residuos y la fraccion sélida

Los analisis para caracterizar la composicién de las muestras de
residuos sélidos organicos, asi como de algunas de las fracciones sélidas

resultantes de la pirdlisis, se llevaron a cabo en tres etapas:

1. Pretratamiento: A fin de que la caracterizacién entre muestras
sea comparable, es necesario llevar a cabo un proceso de
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molienda para reducir al mismo tamafio de particula los
diferentes sélidos. Esto se realiza mediante el uso de una
trituradora de mandibulas. Posteriormente, el sélido triturado
se somete a un proceso de molienda en condiciones mas
controladas para reducir su tamano a un intervalo de 1 — 3 mm
mediante un molino pulverizador de anillos.

2. Analisis inmediato: Permite la caracterizaciéon del sélido en

cuanto a su contenido en humedad, materia volatil y cenizas, a
través del comportamiento térmico del mismo. Para ello se
empleé un horno LECO TGA-601.

3. Anadlisis elemental: Es una técnica instrumental utilizada para
obtener el contenido en C (carbono), H (hidrégeno), N
(nitrégeno) y S (azufre), medido en porcentaje en masa. La
técnica de analisis se basa en la combustién completa de una
muestra que se somete a un tratamiento térmico a alta
temperatura, aproximadamente 950 °C, y bajo una atmoésfera
de oxigeno puro. Con ello, se consigue la conversion total de los
elementos mencionados previamente en gases simples como
CO2, H:20, SOz y NOx, que posteriormente es reducido con Cu
a N2. Estos productos de combustiéon son medidos y procesados
mediante un detector de conductividad térmica obteniéndose,
al final, el contenido porcentual de cada elemento en la
muestra analizada. El contenido en carbono, hidrédgeno,
nitrégeno y azufre se determiné en un microanalizador LECO-
CHNS-932 mediante la combustién de aproximadamente 1 mg
de muestra. El oxigeno, sin embargo, se evalud directamente
mediante microanalisis en un horno modelo LECO-TF-900. Por
otra parte, también se llevé a cabo la determinaciéon de Cl
(cloro), porque representa un posible contaminante y agente
corrosivo en sistemas de pirdlisis, mediante un método de
potenciometria y de acuerdo a un protocolo interno de la
empresa suministradora de los residuos (Abengoa Bioenergia
Nuevas Tecnologias).

4. Determinacién de los metales presentes en las cenizas: El
contenido metalico de las cenizas puede tener influencia en
procesos de gasificacién actuando como catalizadores. Se
determiné mediante la concentraciéon de Cu, Cd, Mn, Zn, Fe,
Pb, Cr, Ni y Tl mediante espectroscopia de absorcién atémica
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previo tratamiento acido de las muestras y de acuerdo a un
protocolo interno de la empresa suministradora de los residuos
(Abengoa Bioenergia Nuevas Tecnologias).

Andlisis de la fraccidn liquida

Para caracterizar los aceites procedentes de la pirdlisis, se

utilizaron dos rutas diferentes de pretratamiento previas al analisis

mediante GC-MS (cromatografia de gases acoplada a espectrometria de

masas):

Para llevar a cabo la primera ruta de andlisis, se anadid
sulfato sédico anhidro a la fraccién de aceites para eliminar las
trazas de agua que pudiera contener, y se inyectd
directamente en el equipo GC-MS para identificar los
componentes volatiles.

La segunda ruta de preparacién consistié en una etapa de
metanolisis, en la cual se adicionaron a las distintas fracciones
de aceites 2 mL de una disolucién de metanol con 15% de acido
sulfarico y 0,5 mg/mL de éacido 3-metilbenzoico (patrén
interno), seguido de una incubacién de la mezcla a 80 °C
durante 7 h. Después de enfriar, se afiadi6 1 mL de agua
desmineralizada y 1 mL de cloroformo, separandose la fase
organica resultante, que fue analizada mediante GC-MS. El
hecho de wutilizar una etapa de metanolisis sirve para
transformar compuestos no volatiles, como los acidos grasos,
en derivados de metil ésteres, que son compuestos volatiles y
se pueden identificar mediante GC-MS.

Las muestras de fracciones liquidas se analizaron mediante GC-

MS usando un cromatoégrafo de gases Agilent 7890A gas chromatograph
(Agilent Technologies, Palo Alto, California, USA) acoplado a un
espectrometro de masas Agilent 5975C (electron ionization, 70 eV)

(Agilent Technologies, Palo Alto, California, USA) y equipado con una

columna capilar de 30 m x 0,25 mm de diametro interno. HP-5 (methyl

silicone bonded) (Agilent Technologies). Las condiciones de operacion en

el

caso de wusar la primera ruta de pretratamiento descrita

anteriormente fueron split ratio (50:1) y temperatura del inyector
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(350 °C). La temperatura de la columna se mantuvo durante 3 min a
40 °C, aumentandose hasta 325 °C a una velocidad de calentamiento de
7°C minl. En el caso de usar la segunda ruta de pretratamiento
(metanolisis), se utilizé un split ratio de 20:1 y una temperatura del
inyector de 350 °C. La temperatura de la columna se mantuvo a 40 °C
durante 3 min, aumentdndose hasta 325°C a una velocidad de
calentamiento de 20 °C min-1.

Los espectros de masas resultantes y los tiempos de retencién
obtenidos mediante GC se utilizaron para identificar los componentes
eluidos mediante comparaciéon con los estandares encontrados en la
base de datos NIST Mass Spectral Database. La semi-cuantificacion de
dichos compuestos identificados se llev) a cabo utilizando el porcentaje
de area bajo cada pico respecto al area total de todos los picos de los
correspondientes cromatogramas.

e Andlisis de la fraccién gaseosa

Los gases recogidos durante la pirdlisis se analizaron en un
cromatégrafo de gases Varian CP3800, provisto de un detector de
conductividad térmica (TDC) y dos columnas cromatograficas
conectadas en series. Una de las columnas es Hayesep @, malla 80/100,
de 2 m de longitud y 1/8” de diametro y otra de tamiz molecular 13X,
malla 80/100 con unas dimensiones de 1,50 m de longitud y 1/8” de
diametro. La segunda columna se encuentra en bypass mediante una
valvula de 6 puertos para el analisis de COz2 y de los hidrocarburos. El
método cromatografico para determinar la concentracion de Hz, CHy,
CO2, C2H4, C2He, N2 y CO es el siguiente: la temperatura inicial del
horno es de 40 °C, manteniéndose durante 1,2 min con un flujo
continuo de 30 mL min! de helio como gas portador. Después se
aumenta hasta 65 °C con una velocidad de calentamiento de 50 °Cmin-!,
temperatura que se mantiene constante durante 3,7 min. Por dltimo, se
enfria el horno hasta 55 °C a una velocidad de 20 °C min! y dicha
temperatura se mantiene durante 3,1 min. La temperatura del inyector
y del detector es de 150 °C, y el volumen de muestra inyectada de
100 pL. Previamente se hizo un calibrado a partir de mezclas de gases
patrén de composicidon conocida y similar a la prevista en los gases a
analizar.
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e  Determinacion de las propiedades dieléctricas de los residuos

Para llevar a cabo la determinacién de las constantes ' y €” a 2.45
GHz se utilizé el siguiente procedimiento. En primer lugar, las
diferentes muestras de residuos, contenidas en un tubo de cuarzo de
5 mm de didmetro interno y 43 mm de altura, se calentaron en un
horno de conveccion GALLUR, modelo DIELKITV/DIELKITC hasta la
temperatura correspondiente de medicion de las propiedades
dieléctricas (25, 50, 100, 200, 300, 400, 500, 600, 700, 800 y 1000 °C) y
en ausencia de oxigeno. Una vez alcanzada la temperatura, se
colocaron rapidamente (maximo 3 s) en medio de una guia de ondas
MICROGEM WR340, modelo NANOHOLDER, donde se determinaron
los parametros de reflexién de las ondas transmitidas (S11, Si2, S21 y
S22) en los dos puertos de la guia mediante un analizador vectorial de
redes RHODE & SCHWARZ, modelo ZVA67 (Figura 3.4). Después, el
sistema se modelizé mediante el software comercial CST Microwave
Studio 4.0 y, mediante una técnica inversa, se obtuvieron los valores de
las permitividades a cada temperatura a partir de los parametros de
reflexion (REQUENA-PEREZ, 2006).

Figura 3.4 Guia de ondas NANOHOLDER (al frente) que contiene el tubo de
cuarzo donde se inserta la muestra y analizador vectorial de redes (al fondo)
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Capitulo 4

Resultados y Discusion: Bloque I

Produccién de syngas a partir de

sustratos sd6lidos organicos

Este bloque incluye los trabajos centrados en la produccién de
syngas a partir de residuos sélidos orgénicos de distinta naturaleza
mediante la tecnologia de pirdlisis, tanto de forma convencional como
inducida por radiacién microondas.

En la Publicacién I se compara el uso de diferentes sustratos
organicos, temperaturas y métodos de calentamiento (convencional y
microondas) para la produccion de syngas; ademads, se examina la
posibilidad de integrar este proceso junto a un proceso de fermentacién
microbiolégica para la produccién de bioplasticos. En la Publicacion 11
se muestra un andlisis de la fraccién liquida de la pirélisis convencional
y por microondas de los residuos organicos de la Publicacién I, haciendo
especial énfasis en la produccién de compuestos peligrosos (PAH). La
Publicacién IIT muestra el uso de microalgas como sustrato alternativo
para la produccién de syngas.

4.1 Residuos organicos

Como se indicaba en la seccién de Introducciéon, la produccién de
biopldsticos es una alternativa a los plasticos convencionales
procedentes de fuentes fésiles. Sin embargo, el elevado coste de
produccién es uno de los principales problemas que presenta esta
opcién. Desde un punto de vista econdémico, la mayor contribucién al
coste total de la produccién de los bioplasticos es la del sustrato
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carbonoso para la fermentacién, habiéndose utilizado metanol,
butirato, succinato, alcanoatos, glucosa o acidos grasos (LEMOS, 1998).
Para disminuir dicho coste, se estan investigando diferentes estrategias
como el desarrollo de cepas de bacterias recombinantes que sean
capaces de utilizar fuentes de carbono més baratas como el syngas
(JIN, 2014). Ademaés, si el syngas procede de recursos renovables, esta
alternativa tendria un punto a favor desde una perspectiva
medioambiental. En este sentido, en la Publicaciéon I se propone la
produccién de syngas mediante pirdlisis usando residuos organicos
complejos y heterogéneos de diferente naturaleza como son:

e Residuos sélidos urbanos (RSU), tanto la fraccién orgéanica
(seca y huimeda) como la fraccién de plasticos.

e Residuos agricolas.

e Lodo de depuradora.

Es importante considerar que, en el caso concreto de la
fermentaciéon de syngas, las bacterias pueden utilizar Hz, CO y COg,
por lo que este ultimo gas también se ha incluido bajo la definicién de
syngas.

La Figura 4.1 muestra el esquema experimental que se sigui6 para
la pirdlisis de dichos residuos con captura de fase condensable (liquida)
y gaseosa utilizando los dos dispositivos de calentamiento descritos en
la seccion Experimental.

Se decidi6 llevar a cabo la pirdlisis en atmésfera de Nz, tanto
convencional como con microondas, a dos temperaturas: 400 °C y
800 °C. Esta decision estuvo basada en el comportamiento de
desvolatilizacién de los residuos, determinado mediante la técnica de
termogravimetria. En el caso de la fraccién organica seca de RSU
(Figura 4.2), la mayor generacién de volatiles tiene lugar alrededor de
330 °C (primer pico de la DTGA), finalizando esta primera etapa de
desvolatilizacién alrededor de 400 °C. Por otra parte, se eligié también
la temperatura de 800 °C, ya que a esta temperatura ha finalizado el
proceso de desvolatilizacién, ademas de encontrarse favorecidas
reacciones secundarias de gasificacién y reformado de los volatiles
generados (reacciones 1-4), lo cual resulta interesante de cara a
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favorecer la produccién de syngas.
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Horno microondas

. . I
s Horno eléctrico
convencional

unimodo

B g o

m

Fraccion sélida: char

Fraccion liquida: tar

Fraccidn gaseosa: syngas

Figura 4.1 Esquema experimental del proceso de pirdlisis convencional y

asistida con microondas

CHs+CO2¢>2H2+2CO
CH:+H20++>3Hz2+CO
CuHm +n CO2 > 2n CO + (n/2) He
CoHm +n H20 < n CO + (n +m/2) He

Reaccion 1
Reaccién 2
Reaccién 3

Reaccién 4

En el caso de la pirdlisis con microondas, se utiliz6 como captador
de microondas el carbonizado procedente de una pirdlisis convencional
de cada residuo a 800 °C, en una relacién masica 0.3:1 (captador :

residuo seco).

Una vez seleccionadas las temperaturas de operaciéon y llevada a

cabo la metodologia experimental presentada en la Figura 4.1, se
determiné el rendimiento en masa de cada fraccién resultante de la

pirdlisis asi como la produccién volumétrica de la fraccién objetivo,

que es la gaseosa y, mas concretamente, la produccién en syngas. Asi
mismo, se caracteriz6 la composicion de dicha fraccidén gaseosa.
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Figura 4.2 Termogravimetria de la fraccién organica de RSU (10 °C/min; 20
mL/min N2)

Respecto a la pirdlisis convencional, al usar 400 °C el
rendimiento en gas es extremadamente bajo; incluso en algunos casos
como el de la fraccién organica humeda del RSU, es menor del 5% en
masa. Ademas, el COz es el gas que mas se produce junto a grandes
cantidades de hidrocarburos, mientras que no se detectd la presencia de
H:. Por tanto, estas condiciones no son las adecuadas para conseguir el
objetivo general de este trabajo, ya que no se maximiza la produccién
de syngas. Por otra parte, al aumentar la temperatura hasta 800 °C, los
rendimientos en gas son considerablemente mas altos y la composiciéon
de las fracciones gaseosas obtenidas se acerca més a la de un syngas.
Todos los residuos pirolizados produjeron méas de un 20 vol% de Ha,
excepto la fraccién de plasticos de RSU (que tan solo gener6 un 9 vol%,
aproximadamente). Ademds, se encontré que la fraccién gaseosa
resultante de la pirélisis de estos plasticos consistia principalmente en
una mezcla de hidrocarburos y, por lo tanto, se descarté el uso de este
sustrato para la producciéon de syngas mediante esta tecnologia.

Por otra parte, la pirélisis inducida por microondas presentd
resultados mucho mas interesantes desde el punto de vista del objetivo
general de esta tesis. La produccibon maxima de syngas fue de
0.83 L " gresiduo’!, correspondiente al residuo agricola, mucho mayor que
la obtenida mediante pirdlisis convencional (0.44 L- gresiawo!) a la



Resultados y Discusion: Bloque I 53

misma temperatura (800 °C). La concentracién de syngas de la fraccién
gaseosa superdé el 90 vol% en muchos casos, incluso a baja temperatura
(400 °C). Resulta especialmente atractivo utilizar como sustratos ambas
fracciones organicas procedentes del RSU, ya que son capaces de
producir concentraciones de H:2 cercanas al 50 vol% a ambas
temperaturas de operacién. Por tanto, la pirélisis inducida por
microondas presenta la enorme ventaja de reducir el contenido en
hidrocarburos en la fraccién gaseosa a favor del contenido en syngas, lo
que supone un syngas de mayor calidad para la fermentacién. Sin
embargo, tal como ocurre en el caso de la pirdlisis convencional, los
gases generados en la pirdlisis con microondas de la fracciéon de
plasticos de RSU, tienen una concentracién de syngas relativamente
baja (30-45 vol%), ademas de producirse gran cantidad de
hidrocarburos que podrian inhibir el crecimiento posterior de las
bacterias y, por tanto, la produccién de bioplasticos (MUNASINGHE,
2010). Este caso tan solo ocurre usando como sustrato la fraccién de
plasticos de RSU.

Ademas, el calentamiento con microondas proporciona una mayor
variedad en cuanto a la composicién del syngas producido. En este
sentido, se pueden obtener ratios H2/CO entre 1.0 y 2.3 y ratios
CO/COz2 entre 0.5 y 4.5 con tan solo un cambio en las condiciones de
operaciéon y el sustrato, mientras que mediante calentamiento
convencional, dichos ratios tan solo varian entre 0.0 y 1.0 y entre 0.1 y
1.1 respectivamente.

En cuanto al sustrato mas apropiado para generar un syngas de
mayor calidad (90-95 vol% de la fraccién gaseosa), éstos son el residuo
agricola y, especialmente importante desde un punto de vista
medioambiental, la fracciéon organica de RSU.

Los resultados obtenidos en este trabajo muestran que
determinados residuos organicos podrian utilizarse en una unidad
de procesamiento termoquimica para producir syngas. En concreto, la
pirdlisis inducida por microondas se perfila como un proceso muy
efectivo para producir un syngas de calidad para ser usado como
sustrato en la produccién de bioplasticos mediante la fermentacién del
mismo sin la necesidad de usar ningun agente gasificante.
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4.2 Analisis de los aceites

Uno de los principales problemas que presenta la tecnologia de
pirélisis convencional para la produccion de syngas es el elevado
rendimiento en aceites. Esta fraccion liquida es una mezcla muy
compleja de compuestos organicos de naturaleza muy diversa, pudiendo
resultar de gran utilidad, tras un proceso de upgrading, como
biocombustible. Sin embargo, para maximizar la produccién de syngas
es necesario minimizar el rendimiento de esta fraccion liquida, lo cual
puede tener lugar si la pirdlisis se lleva a cabo mediante radiacién
microondas en lugar de usar un calentamiento convencional.

Por otra parte, parece ser que el mecanismo de calentamiento
mediante microondas tiene gran influencia sobre la composicién de la
fraccién de aceites. De especial interés es el andlisis de la presencia de
hidrocarburos aromaticos policiclicos (PAH), ya que éstos pueden llegar
a ser peligrosos para la salud y el medioambiente. En este sentido, en
la Publicacioén II se lleva a cabo una comparacién entre la produccién
y composicién de los aceites producidos mediante pirdlisis convencional
y pirélisis inducida por microondas. Para ello, se han utilizado los
diferentes residuos organicos estudiados anteriormente para la
produccién de syngas en la Publicacion I, habiéndose caracterizado
mediante la técnica GC-MS la composiciéon de los aceites producidos a
800 °C, puesto que es la temperatura a la cual se maximiza la
produccién de syngas.

Existen algunos trabajos de investigaciéon en los que se analiza la
pirdlisis con microondas de lodos de depuradora, encontrandose que se
genera una menor concentracion de PAH en los aceites en comparacién
a la producida mediante pirélisis convencional (DOMINGUEZ, 2005).
Sin embargo, este resultado no puede ser generalizado a diferentes
tipos de residuos organicos. Este vacio se estudia a lo largo de la
Publicacién II, donde se utilizan residuos de muy diferente naturaleza
(fracciéon organica de RSU, lodo de depuradora, residuo agricola y
fraccion de plasticos de RSU). El andlisis de las fracciones de aceites
concluyé que la produccién de PAH es menor en el caso de la pirdlisis
con microondas, pero solamente en los casos de la fraccién orgénica de
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RSU y del lodo de depuradora. Una de las posibles causas es que la
naturaleza polimérica de la fracciéon de plasticos de RSU y del residuo
agricola favorecen las reacciones de ciclacién y condensacién que
producen los PAH, mientras que la naturaleza tan heterogénea de la
fraccién organica de RSU y del lodo de depuradora contiene otro tipo de
componentes no tan poliméricos, por lo que las reacciones
anteriormente citadas no tienen lugar en tanta extension.

Por otra parte, es de especial interés la composicién de los aceites
procedentes de la pirélisis con microondas de la fraccién de plasticos,
puesto que dicha fraccién presenta un alto contenido en aromaéticos
(benceno, tolueno y xilenos).

4.3 Analisis de la fraccion solida

En el caso de la pirélisis inducida por microondas, la fraccion
sélida presenta un papel importante, ya que puede reciclarse para ser
usada como captadora de microondas en posteriores procesos de
pirdlisis para alcanzar la temperatura necesaria con el fin de
maximizar la producciéon de syngas (800 °C), como se detallara en el
capitulo Resultados y Discusién: Bloque II. El hecho de usar dicha
fraccidbn como captadora de microondas presenta tres importantes
ventajas: (1) La fraccién sélida es un producto del propio proceso de
pirdlisis y, por lo tanto, no contiene ningin componente ajeno que
pueda afectar a la composicién de las fracciones resultantes; (2) se trata
de un proceso de gestién de dicha fraccién sélida; y (3) el uso de
captadores de microondas permite que el consumo energético de un
proceso de pirdlisis inducido por microondas se pueda disminuir
drasticamente, debido que aumenta la velocidad de calentamiento y el
tiempo de los procesos de conversioén sélido-gas es menor.

Por todo lo anterior, se analizaron las fracciones sdélidas
resultantes de los procesos de pirdlisis inducida por microondas a
800 °C. La Tabla 4.1 presenta los resultados. En concreto, la fraccion
sélida procedente del residuo agricola es la que presenta un menor
contenido en cenizas y una mayor concentracién de carbono, por lo que
a priori es la que presentara propiedades dieléctricas méas favorables
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para convertir la energia microondas en energia térmica. Ademas,
podria utilizarse también como combustible sélido por su contenido en
carbono o como material de partida para producir adsorbentes
mediante un proceso de activacién fisica o quimica. Sin embargo, los
carbonizados de las restantes fracciones tienen una aplicabilidad més
limitada por su alto contenido en cenizas, aunque han mostrado ser
efectivos para ser utilizados como captadores de microondas durante la
pirélisis con microondas de las correspondientes fracciones orgdnicas.

Tabla 4.1 Analisis de la fraccién sélida resultante de la pir6lisis con microondas
a 800 °C (resultados en base seca)

Humedad 1.7 3.2 6.1 4.2
Cenizas 76.1 58.9 32.3 55.4
hiz::::f 5.1 4.3 6.2 4.0

C 21.0 36.6 64.7 39.3
H 0.2 0.5 0.5 0.6
N 0.7 0.8 0.8 3.4
S 1.1 0.8 0.2 0.1
o* 0.9 2.4 1.5 1.2

* Calculado por diferencia

Asi mismo, la caracterizacion de las fracciones sélidas procedentes
de la pirdlisis convencional a 800 °C se muestra en la Tabla 4.2. Al
igual que ocurre con la caracterizacién de los carbonizados procedentes
de la pirdlisis en microondas, es el residuo agricola el que presenta
mayor concentracién de carbono y menor de cenizas.

Es importante sefialar que algunos trabajos enfocados en la
fermentacion de syngas, han utilizado la fraccién sélida, sola o
mezclada con la fraccién liquida, como filtro del syngas producido
previa introduccién del mismo en el proceso de fermentacién. Parece
ser que dicho filtro elimina compuestos méas pesados que, adem4s,
podrian ser téxicos para las bacterias (DO, 2007).
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Tabla 4.2 Analisis de la fraccién sélida resultante de la pirélisis convencional a
800 °C (resultados en base seca)

Humedad 3.3 5.6 6.1 1.9
Cenizas 66.6 63.5 27.5 53.4
1\:{2;:::‘ 1.7 3.2 4.3 1.8

C 30.7 28.9 67.2 41.3
H 0.1 0.3 0.8 0.5
N 1.0 0.9 1.1 4.0
S 0.7 0.9 0.2 0.1
o* 0.9 5.5 3.2 0.7

* Calculado por diferencia

Sin embargo, una de las opciones méas viables e inmediatas para
dar salida a esta fraccién sélida es el uso de la misma como aditivo en
suelos. Para ello, se llev6 a cabo (en colaboracién con la compania OWS,
dentro del marco del proyecto europeo SYNPOL) una serie de pruebas
de ecotoxicidad agregando diferentes cantidades de carbonizado de
RSU organico y residuos agricolas (1% y 3%) a un suelo en el que se
hizo germinar dos plantas diferentes: cebada y berro. Teniendo en
cuenta que la maxima cantidad de compost que se puede anadir al
suelo en Europa es del 1.14%, la concentracién de carbonizado del 3%
incluye un factor de seguridad 3. Ademas, también se llevé a cabo una
prueba sin agregar carbonizado (blanco). En la Tabla 4.3 se presentan
las pruebas evaluadas.

Tabla 4.3 Composicion de las muestras de suelo estudiadas

Blanco 180 0.0

1% RSU orgéanico 180 1.8
3% RSU organico 180 5.4
1% Residuo agricola 180 1.8
3% Residuo agricola 180 5.4

De acuerdo con la normativa europea EN 13432 Requirements for
packaging recoverable through composting and biodegradation - Test
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scheme and evaluation criteria for the final acceptance of packaging
(2000), la norma americana ASTM D6400 Standard Specification for
Labeling of Plastics Designed to be Aerobically Composted in Municipal
or Industrial Facilities (2012) y la norma internacional ISO 17088
Specifications for compostable plastics (2012), cuando una planta se
somete a un test de ecotoxicidad tras afadir compost a un suelo, la
velocidad de germinacién! y la biomasa contenida en la planta (en base
fresca o seca) deberian ser mayores del 90% de las obtenidas en el
correspondiente experimento en blanco.

e Test de ecotoxidad en cebada

Este test se realizé transcurridos 10 dias. En la Tabla 4.4 se
representan los resultados obtenidos en cada caso.

Tabla 4.4 Velocidad de germinacién relativa y biomasa obtenida de cebada en
los diferentes suelos modificados con carbonizados

Bi Bi
Velocidad iomasa iomasa

Velocidad de fresca seca
Muestra de Biomasa 2 . respecto respecto
germinacion 1 1
a a

1
!l‘:;:l:;zt(()‘ya) blanco blanco
: (%) (%)

de suelo  germinacion fresca (g)
(%)

Blanco 93.3+3.1 3.07+0.22  0.66+0.01 -

1%,RS.U 86.0+£9.2 4.16+£0.57 0.64+0.03 92.1 135.2 97.2
organico

3%,RS.U 90.0+3.5 5.20+0.36  0.69+0.06 96.4 169.4 104.2
organico

1%

Residuo 82.0+6.0 5.76x£0.17 0.62+0.03 87.9 187.5 94.4
agricola

3%

Residuo 72.0+£3.5 4.73+0.31 0.54+0.06 77.1 154.1 81.6
agricola

Como se observa, la velocidad de germinacién esta por debajo del
nivel aceptable del 90% en los casos en los que se anade carbonizado
del residuo agricola. La biomasa obtenida esta en general por encima
del nivel del 90%, pero no en el caso de la biomasa seca al afiadir un 3%
de residuo agricola.

! La velocidad de germinacion relativa se determiné como el porcentaje de plantas
germinadas respecto de la cantidad total de semillas afiadidas inicialmente al suelo.
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o Test de ecotoxidad en berros

Este test se realizé transcurridos 14 dias. En la Tabla 4.5 se
representan los resultados obtenidos en cada caso.

Tabla 4.5 Velocidad de germinacién relativa y biomasa obtenida de berros en
los diferentes suelos modificados con carbonizados

: Velocidad Biomasa Biomasa
Velocidad de fresca seca
Muestra de Biomasa Biomasa respecto respecto
de suelo germinacion fresca (g) seca (g) al al
(%) blanco blanco

(%) (%)

germinacion
respecto al
blanco (%)

Blanco 92.0+4.4 4.13+0.39  0.23+0.01

1%,RS.U 94.3+13.7 4.29+0.16  0.26+0.01 102.5 103.7 109.2
organico

3%,RS.U 94.0+3.8 4.39+0.51 0.25+0.02 102.2 106.1 105.4
organico

1%

Residuo 75.7+1.7 3.23+0.49  0.20+0.04 82.2 78.3 87.2
agricola

3%

Residuo 83.7+12.7 3.83+0.78  0.23+0.02 90.9 92.6 97.1
agricola

Como se observa, la velocidad de germinacién estd en general por
encima del nivel aceptable del 90%, excepto en el caso de anadir un 1%
de carbonizado de residuo agricola. La biomasa obtenida esta por
encima del nivel del 90%, excepto el caso de anadir también un 1% de
residuo agricola.

En vista a estos resultados, puede concluirse que el efecto téoxico
de los carbonizados en el crecimiento de las plantas es muy
limitado o inexistente.

4.4 Microalgas

El término genérico microalgas se refiere a un gran grupo de
diversos  microorganismos fotosintéticos y de dimensiones
microscopicas. De entre otros tipos de biomasa, el uso de las microalgas
destaca por sus multiples ventajas, tales como su rapida velocidad de
crecimiento, alta tasa de produccién por unidad de superficie cultivada,
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alta eficiencia para capturar COz2 o no competir con biomasa agricola
con fines alimentarios. En la Figura 4.3 se representan los principales
usos de las microalgas.

Microalgas

Gasificacion

Bio-oil Bioalcoholes
Syngas Biogas

Biodiesel

Figura 4.3 Principales aplicaciones de las microalgas

De interés para el caso concreto de esta tesis es la conversion
termoquimica de las microalgas para producir syngas. Es por ello que
se decidi6 examinar el comportamiento de la microalga Scenedesmus
almeriensis como sustrato de pirdlisis, tanto convencional como
inducida por microondas, en la Publicacion III.

En el caso de biomasa marina, existen diferentes trabajos de
investigacién enfocados en la pirdlisis convencional para la produccién
de aceites (MIAO, 2004, BRENNAN, 2010, DU, 2011). Sin embargo,
aunque la produccién de aceites de pirélisis a partir de microalgas es
superior a la obtenida con otros tipos de biomasa (TABERNERO, 2012),
estos aceites se caracterizan por ser de caracter acido, inestables y
viscosos ademas de presentar proporciones notables de compuestos
nitrogenados, lo que hace que sea necesario someterlos a un proceso de
mejora para que puedan ser usados como biocombustibles. Por estas
razones, la produccién de syngas a partir de microalgas puede ser una
alternativa prometedora a la produccién de aceites.

Los resultados de la Publicacién III presentan, por primera vez, la
pirdlisis inducida por microondas de una microalga con el objetivo de
maximizar la produccién de gas y, concretamente, la proporcién de
syngas. Ademas, también se estudia la pirdlisis del residuo sélido de la
misma microalga obtenido tras haber sido sometida a un proceso de
extraccién de lipidos. En la Figura 4.4 se muestra el procedimiento
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experimental seguido para obtener el syngas.

f=)

Fraccién sélida: char

Horno eléctrico
convencional

13

Filtracion

Fraccién liquida: tar

3 1 - =
Horno microondas

Fraccidn gaseosa: syngas

unimodo
- iy

Figura 4.4 Esquema experimental del proceso de pirdlisis convencional y

asistida con microondas de la microalga y de su residuo de extraccién

En el caso de la pirdlisis con microondas, para alcanzar la
temperatura de pirélisis se utiliz6 como captador de microondas el
carbonizado procedente de una pir6lisis convencional de la microalga o
su residuo de extraccién a 800 °C, en una relacién madasica 0.3:0.7
(captador : residuo seco).

Los resultados de este trabajo indican que mediante la pirdlisis
inducida por microondas es posible conseguir una fraccién gaseosa con
un alto contenido en Hz (50 vol%, aproximadamente) a partir de la
microalga y de su residuo de extraccion independientemente de la
temperatura de pirdlisis. Asi mismo, la produccion de CO se ve
favorecida mediante el calentamiento con microondas en detrimento de
la de CO2 e hidrocarburos ligeros. Adem4s, la produccién de gas es
mucho mayor que en el caso de la pir6lisis convencional, sobre todo a
baja temperatura (400 °C). Por ejemplo, la pirdlisis en microondas de la
microalga a 400 °C da lugar a una produccién de gas 307% superior a la
llevada a cabo de forma convencional.
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Por otra parte, se ha observado que el residuo sélido de extraccién
de la microalga es capaz de producir una mayor concentracién de
syngas en todas las condiciones experimentales. Este hecho podria
atribuirse a que durante el proceso de extraccidn en metanol, se
extraen compuestos pesados como los lipidos, haciendo que la fraccién
liquida resultante de la pirdlisis sea més facil de craquear y reformar y
se produzca una mayor cantidad de gas.

Ademas, se evalud la posible actividad catalitica de los metales
presentes en el carbonizado utilizado como captador de microondas,
comparando la caracterizacién de la fraccidn gaseosa con aquella
resultante de la pirélisis utilizando grafito como captador de
microondas, ya que en otros estudios se ha observado dicho efecto
catalitico (BERMUDEZ, 2014). Sin embargo, no se observaron
diferencias significativas, por lo que se concluyé que los metales
presentes en el carbonizado de la microalga Scenedesmus almeriensis
no presentan actividad catalitica en el proceso de pir6lisis.

Los resultados obtenidos en este trabajo muestran que las
microalgas son un sustrato muy apropiado para la produccién de
syngas mediante pirolisis inducida por microondas. En concreto, el
residuo sélido procedente de la extraccion de lipidos de las
microalgas es particularmente adecuado para conseguir tal fin, ademas
de suponer una via de gestién de un residuo procedente del proceso de
obtencién de biodiesel.
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In this article we propose the possibility of obtaining syngas from very different and complex organic
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1. Introduction

Plastics are widely used in almost all industries, especially in
the packaging and building sectors, due to their great versatility,
low weight and excellent electrical and thermal insulation prop-
erties. Although the production of plastics has grown worldwide
since 1950, in the European Union, this production has remained
practically constant at 55-60 million tons per year since 2000.
The production process leads inevitably to the generation of large
amounts of plastic waste. The slow degradation rate, the potential
risk of accidental fire and the heavy metals content in plastic addi-
tives have been proposed as the potential reasons for the search
for alternative means of disposal to landfill, such as re-extrusion,
mechanical recycling, chemical recycling or energy recovery [1,2].
The increasing use of these technologies has led to a decrease in
the amount of waste plastic sent to landfill sites since 2008. Alter-
natively, because of the finite sources of fossil reserves, bioplastics
production is a niche industry that is being developed in an attempt
to overcome the non-degradability problem of fossil-based plastics,

Abbreviations: EF, electric furnace; MIP, microwave-induced pyrolysis; MWS,
municipal solid waste fraction; MSWd, dried municipal solid waste fraction; PHA,
polyhydroxyalkanoates; PLA, plastic solid waste fraction; SSd, dried sewage sludge
fraction; STP, standard conditions for temperature and pressure; STR, straw fraction.

* Corresponding author. Tel.: +34 985 118972; fax: +34 985 297672.

E-mail address: angelmd@incar.csic.es (J.A. Menéndez).

http://dx.doi.org/10.1016/j.jaap.2014.12.011
0165-2370/© 2014 Elsevier B.V. All rights reserved.

and to help reduce the carbon footprint of products [3,4]. According
to European Bioplastics (http://en.european-bioplastics.org/), bio-
plastics are economically innovative and have great potential for
further economic growth along the value added chain.

Of special interest are those plastics that are biobased and
biodegradable, such as polyhydroxyalkanoates [5] (PHA), which
can be employed for short-life applications such as packaging
[6], certain agricultural applications [7] and bags suitable for
organic recycling, although more sophisticated uses of PHA have
also recently been reported (tissue repair and regeneration, drug
delivery systems or heart tissue engineering) [8,9]. Since PHA
are polyesters with a highly versatile structure, their potential is
immense. Their thermo-mechanical properties can even be tailored
to make them comparable to those of conventional plastics [10,11].
PHA can be made by causing microorganisms to accumulate them.
High-value substrates such as sucrose, methanol or vegetable oils
can then be subjected to fermentation and converted into PHA.
However, the cost of these carbon sources, which may amount to as
much as 50% of the total production cost of PHA, is the main reason
for the slow growth of the PHA industry [12]. For this reason, the
use of cheaper renewable resources as substrates such as wastes
from biodiesel production [13], waste plant oils [14], paper indus-
try wastewater [15] or dairy wastewater activated sludge [16], is
essential to ensure the commercial viability of the process. Another
attractive alternative would be to use syngas, defined for this par-
ticular application as CO + H, + CO,. Syngas fermentation has been
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Table 1
Advantages and drawbacks of using syngas in biocatalytic processes.

Organic waste to produce syngas: abundantly available, does not require additional

production costs and is a substrate that does not compete with human nutrition [37]
Syngas fermentation needs low operating temperatures and pressures, reducing energy

and operating costs
Biocatalysts usually show a sulphide tolerance of >=2% H,S or COS [46,47|

Allows the bioreactor hydraulic retention time to be uncoupled from the substrate supply,

making it possible to control substrate inhibition and product formation [42]

Biological fermentation does not require a fixed H,/CO ratio due to the specificity of

enzymatic reactions [39]
Advantages

Mass-transfer limitations of syngas components to the
fermentation medium due the low solubilities of CO and
H; [48], although various attempts to overcome this have
been reported [49]

Relatively low volumetric productivity [49]

Some components might be inhibit the metabolism of
bacteria, such as tars, SOy and NO,; syngas cleaning may be
necessary [35,50,51]

Drawbacks

proposed as a conversion route to produce bulk chemicals such
as ethanol [17], acetate [18] or butyrate [19]. The use of syngas
fermentation affords significant advantages over conventional pro-
cesses for producing such chemicals as shown in Table 1.

Even though more than 300 microorganisms are known to syn-
thesize PHA [20], few of them are able to process the syngas
components [21]. For instance, autotroph microorganisms can use
single-carbon compounds (CO and/or CO;) as their sole carbon
source and CO and H; as their energy source; whereas, unicar-
bonotroph microorganisms are only able to use CO directly as
their sole source of both carbon and energy. The use of syngas as
substrate to produce PHA is a truly novel research area, and this
explains why so little information is available. Do et al. studied
the growth of Rhodospirillum rubrum on seed corn-derived syn-
gas containing 8.8% H,, 17.2% CO and 16.3% CO,, which resulted
in a mixture of two types of PHA (B-hydroxybutyrate and (3-
hydroxyvalerate) [22]. According to these authors, small quantities
of H,S in the syngas may have been responsible for increased
growth rates. The results of their research were used to develop
a techno-economic model to demonstrate the feasibility of PHA
production from biomass-derived syngas fermentation [23]. It is
with this aim that the SYNPOL project (http://www.synpol.org) is
currently being developed and is expected to enable the European
Union to lead the way in the field of syngas fermentation technology
for waste valorization and sustainable biopolymer production.

We propose a new potential bioprocessing scheme in Fig. 1
for the production of biodegradable polyhydroxyalkanoates. As
shown, the syngas stream can be obtained from renewable feed-
stock. The microwave pyrolysis of biomass has demonstrated its
potential to maximize both the gas yield and syngas concentra-
tion, and so is the most appropriate heating method to obtain
syngas for fermentation [24-29]. This process prevents the gen-
eration of wastes, e.g., by recirculating part of the solid char to
the reactor as a microwave receptor material [28]. The microwave
heating mechanism is volumetric and yields quite different prod-
uct distributions by favoring heterogeneous reactions between the
volatiles released and the carbonaceous waste. This makes it possi-
ble to increase the concentration of valuable products, such as CO,
for bioplastics production. In short, microwave pyrolysis offers an
excellent opportunity for diverting organic waste away from the
traditional disposal methods such as landfill and incineration and
the possibility of recovering commercially valuable products from
wastes. Besides, the use of microwave pyrolysis to produce syngas
on a large scale will probably contribute to a more environmentally
sustainable and energy-efficient process compared to conventional
heating processes, as has been demonstrated in a recent study in
which energy efficiency of microwave pyrolysis of wheat straw was
1.5 times higher than the energy efficiency achieved by a conven-
tional pyrolysis process [30]. Although this technology has been
widely studied, it has never been previously proposed for the pro-
duction of syngas for use in fermentation processes. Moreover, no
studies have yet explored the possibility of applying microwave-
induced pyrolysis to the biopolymer production process through
syngas fermentation. Once the syngas is fermented by bacteria, PHA

can be recovered by using a solvent extraction; e.g., using chloro-
form and methanol [31] or combining surfactant addition to break
down the cell wall followed by solubilization of cell material with
sodium hypochlorite [23]. This stage should be followed by the sep-
aration of the PHA-containing phase from the residual cell material
by sedimentation.

In this article we offer an extensive comparative study of organic
wastes and their pyrolysis-derived syngas at different tempera-
tures and in two different heating systems for their subsequent use
as feedstock for bioplastics production by means of syngas fermen-
tation. Of particular interest is the innovative use of microwaves to
achieve this goal, as this possibility to the best of our knowledge
has never been considered before in the literature.

2. Material and methods
2.1. Samples preparation

Five different samples, provided by BEFESA Gestion de Residuos
Industriales S.L. (Seville, Spain), were selected for this study:

—_

. An organic fraction from a municipal solid waste, obtained from
a landfill in Seville (Spain). This fraction was subjected to a size
reduction of 1-3 mm. This sample will be labelled as MSW.

. An organic fraction from a municipal solid waste, dried and
partially cleaned from inerts. This fraction was taken from the
previous fraction (MSW) and subjected to removal of moisture
and inert solids, such as glass or metals. After this pre-treatment,
the fraction size was reduced to 1-3 mm. This sample will be
labelled as MSWd.

. A plastic fraction from a municipal solid waste. This sample, a
complex mixture of plastic residues, was obtained from the same
landfill in Seville. The fraction was milled to 1-3 mm and will be
labelled as PLA.

. An agricultural residue. This sample was obtained from a
biodiesel production plant located in Salamanca (Spain) and is
composed of straw. The sample was also milled to a size range
of 1-3 mm. This sample will be labelled as STR.

. Dried sewage sludge. This sample was collected from a wastewa-
ter plantin Seville. The sludge after being subjected to secondary
treatment was dried to facilitate transportation. After being
dried, the sample was milled to a size range of 1-3 mm. This
sample will be labelled as SSd.

N

w

N

w

2.2. Analysis of the samples

The moisture, ash content and volatile matter data of the
residues were obtained by means of a LECO TGA-601. To per-
form the ultimate analysis, a LECO-CHNS-932 micro-analyzer and a
LECO-TF-900 furnace were used. The micro-analyzer provides car-
bon, hydrogen, nitrogen, and sulfur percentage composition. The
oxygen content was determined from the LECO-TF-900 furnace.
The content of metals from the ashes was determined by means
of atomic absorption spectroscopy using an Agilent 7700x. The
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Fig. 1. Integrated microwave pyrolysis for the polyhydroxyalkanoates production process through syngas fermentation.

Table 2

Proximate and ultimate analyses of the different residues. Content of metals of the ashes.

Residue Municipal solid waste - Municipal solid waste - dried Municipal solid waste - Straw Sewage sludge
organic fraction and clean organic fraction plastic fraction (dried)
Label Msw MSWd PLA STR SSd
Proximate analysis Moisture 46.3 2.8 13 115 34
(wt%) Ash? 226 27.7 8.9 6.3 15.4
Volatile matter? 68.0 61.1 88.9 76.2 74.5
Ultimate analysis (wt%) C 36.0 45.1 70.9 45.0 438
H 5.8 5.4 9.7 5.0 6.1
N 16 2.1 12 16 9.7
N 0.2 0.4 0.5 0.0 0.1
o 338 193 9.1 42.0 24.9
Content of metals Cu 24.6 44.8 50.8 0.00 153.4
(ppm) cd <0.1 <0.1 <0.1 0.41 2.0
Mn 13.5 83.0 18.8 18.3 40.4
Zn 100.5 1829 732 6.6 459.8
Fe 4880.1 8896.3 1098.8 286.9 2984.6
Pb 171 308 4.7 <0.1 1.6
Cr 32.0 58.7 725 0.0 11.7
Ni 9.6 17.6 247 <0.1 28
Tl <0.1 <0.1 <0.1 0.0 0.0
2 Dry basis.

results from this characterization are presented in Table 2. The TGA
and DTGA profiles were obtained using a SDTQ600 Thermobalance
(provided by TA Instruments) using a flowrate of N, of 20 mL/min
with a heating rate of 10°C/min up to 1000°C. The thermogravi-
metric behavior of the residues is shown in the Supplementary Data
(see Figs. S1-S5).

2.3. Conventional pyrolysis of samples

Conventional pyrolysis was performed at two different temper-
atures (400 and 800°C) in the electric furnace (EF) shown in Fig. 2a.
Approximately 4 g of sample was introduced into a quartz reac-
tor. First, the reactor was placed outside the EF and was purged
with N; for 30 min at a flow rate of 50 mLgyp min~! to ensure an
oxygen-free atmosphere. Meanwhile, the EF was heated up to the
pyrolysis temperature. Once the reactor had been purged and the
EF had reached the desired temperature, the N, flow was reduced
to 10 mLgrp min~" and the reactor was introduced into the EF for
pyrolysis, the duration of which was 1 h. The gases evolved during
pyrolysis were forced to pass through a condensing system (cooled
by a cryogenic solution of water and NaCl) where the condens-
able compounds were removed from the gaseous fraction. Both

the reactor and the condensing system were weighed before and
after the pyrolysis experiment to determine the solid and liquid
yields (respectively). The gas yield was determined by difference.
Then, the gaseous fraction was collected in a Tedlar® bag and ana-
lysed by means of a Varian-CP3800 gas-chromatograph equipped
with a TCD detector and two columns connected in series. The first
column was 80/100 Hayesep Q (2m x 1/8 in. x 2mm) and the sec-
ond column was a 80/100 Molesieve 13X (1.5m x 1/8 in. x 2 mm).
The second column was bypassed by a six-port valve for the anal-
ysis of the CO, and hydrocarbons. The carrier gas flow (He) was
30 mL/min. The initial oven temperature was set at 40°C, which
was maintained for 1.2 min. It was then programmed to rise from
40 to 65°C at 50°C/min with an isothermic step of 3.3 min. The
temperature was then lowered from 65 to 55°C at 20 °C/min and
held for 2.6 min. The injector and detector temperatures were fixed
at 150°C. The TCD was calibrated using a standard gas mixture.

2.4. Microwave-induced pyrolysis of

Microwave-induced pyrolysis (MIP) was performed using the
microwave oven shown in Fig. 2b. This system provided by MES
(Microondes Energie Systémes) consists of a microwave magnetron
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Fig. 2. Experimental set-up used: (a) conventional pyrolysis; (b) microwave-induced pyrolysis.

with a maximum output power of 2 kW operating at 2450 MHz and
a single mode cavity where the sample-containing quartz reactor
was placed. As in the conventional pyrolysis, the reactor was purged
with N3 for 30 min at a flow rate of 50 mLsrp min~'. Then, the flow
rate was reduced to 10 mLstp min~! and the microwave irradiation
was switched on during 1 h. The reflected power was regulated by
means of tuning screws until it reached zero. The same system as
that used in conventional pyrolysis, was used to collect the liquid
and gaseous fractions.

Owing to the low capacity of organic wastes used in this study
to absorb microwaves, it was necessary to use a microwave recep-
tor to induce the pyrolysis [27]. After the microwaves started to
pass through the sample, they are absorbed by the receptor and
the temperature increases. This allows the heat to be conducted to
the waste until a temperature high enough to start the pyrolysis is
reached. As the pyrolysis proceeds, the waste is carbonized and is
then able to absorb microwaves, so that from that point on it can
be directly heated by microwave radiation. The most appropriate
material for use as microwave receptor is the char obtained from
the previous pyrolysis, since it is a product of the process itself and
does not contain any strange material that might influence the com-
position of the fractions. Nevertheless, other microwave receptor
materials, such as SiC, CaO or activated carbons, could be used influ-
encing pyrolysis reactions [32]. For this study, a receptor-to-dry
feedstock mass ratio of 0.3:1 was selected. This ratio was selected
after several preliminary experiments, which showed that this was
the lowest ratio that would allow the biomass to be heated to the
desired temperature while avoiding the thermal runaway effect

which could result from microwave heating [27]. The experiments
were performed in duplicate to check the repeatability. The errors
came to less than 3% for the gas composition and less than 6% for
the yields.

3. Results and discussion
3.1. Conventional vs. microwave-induced pyrolysis

Fig. 3 shows the specific yields from the three fractions obtained
in the pyrolysis at 400 and 800 °C by conventional and microwave-
induced pyrolysis. Some general trends can be clearly observed,
although they are more pronounced at 400°C than at 800 °C.

MIP enhances the gas production whereas the production of
liquid is reduced in almost all cases. At 400°C, MIP gives rise to
greater gas yields than conventional pyrolysis. These consist of a
percent increase from 42% in the case of SSd to more than 100%
in the case of MSW and MSWd. The liquid yields are lower from
MIP, with the exception of SSd and PLA. These wastes contain a
larger amount of volatiles that are released at temperatures slightly
higher than 400 °C compared to the other residues (see Figs. S1-S5
of ESI). Such volatiles can be removed from SSd and PLA by means
of microwave heating but not by conventional heating and hence
the liquid yield is increased. This ability of microwave heating to
promote processes occurring at temperatures higher than the oper-
ating temperature is due to the presence of microplasmas [33,34].
These microplasmas are sparks or hot spots that last just a frac-
tion of second and reach temperatures considerably superior to the
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Fig. 3. Fraction yields (wt%) from the conventional (EF) and microwave-induced (MW) pyrolysis of the different residues at: (a) 400°C; and (b) 800°C.
Table 3
Composition of the gaseous fraction (vol%) obtained in the conventional and microwave-induced pyrolysis of the different residues.
400°C
Conventional Microwave
MsSwW MSwd PLA STR SSd MSwW MSswd PLA STR SSd
H; 0.0 0.0 0.0 0.0 0.0 51.4 46.2 9.1 324 213
co 20.3 16.3 73 30.1 6.6 233 333 8.8 23.6 154
CO, 48.8 37.9 28.2 48.5 47.0 19.0 11.0 14.8 33.2 224
Syngas 69.1 54.2 35.5 78.6 53.6 93.7 90.5 32.7 89.2 59.1
CHy 12 1.1 12 22 3.0 39 5.1 14.1 8.6 12.9
G 1.0 0.7 32 0.9 17 24 4.4 238 23 8.1
Other® 28.7 44.0 60.1 183 417 0.0 0.0 29.5 0.0 20.0
H,/CO 0.00 0.00 0.00 0.00 0.00 2.21 139 1.03 137 138
CO/CO, 0.42 0.43 0.26 0.62 0.14 123 3.03 0.59 0.71 0.69
800°C
Conventional Microwave
MsSwW MSwd PLA STR SSd MsSwW Mswd PLA STR SSd
Ha 224 214 9.2 19.8 15.8 47.6 50.4 26.6 49.1 48.2
co 243 25.6 9.6 31.1 18.1 33.7 36.2 115 374 22.6
CO, 239 25.5 13 289 17.6 13.6 8.0 8.1 8.7 152
Syngas 70.6 72.5 30.1 79.8 51.5 94.9 94.6 46.2 95.2 86.0
CH4 11.2 12.7 203 13.0 20.7 31 33 20.0 3.7 8.1
G 8.9 8.5 26.0 29 123 20 23 17.5 12 59
Other® 9.2 6.3 23.7 4.2 144 0.0 0.0 163 0.0 0.0
H,/CO 0.92 0.84 0.96 0.64 0.87 141 1.39 231 131 213
CO/CO, 1.02 1.00 0.85 1.08 1.03 248 4.53 1.42 4.30 1.49

4 Higher hydrocarbons (Cs, C4, >C4) and aromatics.

mean temperature of the material, which remains at the operating
temperature. However, temperature measurement of microplas-
mas is a very complex issue, although this temperature must be
high enough to allow for such high H, and CO concentrations
observed in the gas fraction during MIP as shown in Table 3. This
phenomenon resembles what occurs in a lightning storm, where
the rays achieve an extremely high temperature without affect-
ing the mean temperature of the atmosphere. For this reason,
microwave heating is able to extract higher amounts of volatiles
[24,25,27]. These volatiles are recovered in the liquid fraction since
temperatures are not high enough for further cracking into gaseous
products. In the case of the MSW, although there is a small decrease
in liquid production when microwave heating is used, the liquid
yields are very similar in both heating devices and considerably
higher than in the other wastes. This is due to the high mois-
ture content, which mainly accumulates as water within the liquid
fraction. Finally, the solid yields are lower in the MIP than in the
conventional pyrolysis in all the wastes [26]. As previously men-
tioned, the reason for this is that at 400°C microwaves are able

to extract more volatiles than conventional heating, but cracking
reactions are only slightly promoted, as a result of which only a
small amount of coke is produced (Table 4, Reactions 1 and 2).

At 800°C, the differences between both heating devices are not
as great and, in some cases, the yields do not follow the same trends
as in the experiments at 400°C. In the case of the gas yields, some

Table 4
Main chemical reactions involved in pyrolysis.
Number Reaction AHagsk (kJmol~1)
1 CHg < C+2H, 76
2 CoHm < n C+(m/2) Hy
3 CoHg < CoHa +Hy 136
4 CHy4 +COz < 2H, +2CO 247
5 CHs +H0 < 3H, +CO 205
6 CoHm +nH20 < n CO+(n+m/2) Hy
7 CyHm +n COz <> 2n CO+(n/2) Hy
8 C+CO; «2CO 173
9 C+H;0 < CO+H, 131
10 C+2H,0 « COz +2H; 90
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Table 5
Ha, CO, CO,, syngas and total gas productions (on a dry basis) in the conventional and microwave-induced pyrolysis of the different residues.
400 °C
Conventional Microwave
MSW Mswd PLA STR SSd MSW MSwd PLA STR SSd
Productions Ha 0.00 0.00 0.00 0.00 0.00 0.07 0.17 0.02 0.16 0.05
(Lste/gwaste) co 0.00 0.01 0.00 0.05 0.01 0.03 0.12 0.02 0.11 0.03
CO, 0.01 0.02 0.01 0.08 0.04 0.03 0.04 0.04 0.17 0.05
Syngas 0.01 0.03 0.02 0.13 0.04 0.13 0.33 0.09 0.44 0.13
Total gas 0.02 0.04 0.05 0.16 0.08 0.14 0.36 0.26 0.50 0.22
800°C
Conventional Microwave
MSW Mswd PLA STR SSd Msw MSwd PLA STR SSd
Productions Ha 0.08 0.07 0.04 0.07 0.05 0.23 0.34 0.13 0.43 0.21
(Lstp/@waste) co 0.09 0.08 0.04 0.11 0.06 0.16 0.25 0.06 033 0.10
CO, 0.09 0.08 0.05 0.10 0.05 0.07 0.05 0.04 0.08 0.07
Syngas 0.26 0.24 0.13 0.30 0.16 0.46 0.64 0.23 0.83 0.37
Total gas 0.36 0.32 0.43 0.40 0.31 0.48 0.68 0.50 0.88 0.43

of the wastes show similar levels of gas production in both devices
(MSW and SSd), which may even be lower in the MIP than in con-
ventional pyrolysis (PLA). From the results in Table 3, it can be seen
that in these cases (MSW, SSd and PLA), the gases produced in
the electric furnace have considerable amounts of hydrocarbons
(CH4, C; and >C;). These compounds, under microwave heating,
can be easily cracked into smaller hydrocarbons and coke (Table 4,
Reactions 1 and 2). Thus, a large amount of the gases that are pro-
duced in the EF, especially from these hydrocarbons, is deposited
as coke, but to a much lesser extent than with microwave heating,
which favors the formation of light gases (especially H, and CO).
As a result, coke production from these cracking reactions leads to
higher solid yields. However, the increase in the solid yield is also
a consequence of the cracking of the liquid fraction compounds, so
that the liquid fraction yield decreases in all cases. Only MSW (due
to its high water content) and SSd show similar levels of liquid pro-
ductions in MIP and conventional pyrolysis (Fig. 3). However, it is
important to bear in mind that these yields are expressed in mass
terms. Nevertheless, gas volumetric production (which depends on
the gas yield and composition) increases in the MIP regardless of
the residue and the temperature used.

The most remarkable differences between MIP and conventional
pyrolysis are to be seen in the composition of the gas fractions
(Table 3). Conventional pyrolysis does not produce H; at low tem-
peratures (400°C), whereas, MIP is able to produce it in high
concentrations at both of the temperatures. Moreover, in conven-
tional pyrolysis, the maximum H; concentration achieved is ca. 20%
in the case of MSW and MSWd at 800 °C. In the case of MIP, the low-
est Hy value achieved is slightly higher than 20%, in the pyrolysis
of SSd at 400°C (with the exception of PLA, which gave the worst
results irrespective of the temperature and heating device used to
produce the syngas; being this due to the nature of this substrate,
which is mainly composed of polymeric carbon chains with lower
H/C and O/C molar ratios compared to the other residues). In terms
of syngas concentration (being the sum of H,, CO and CO, concen-
trations, which are the gases involved in fermentation processes),
the results are even more favorable to MIP. As can be seen, MIP
gives rise to syngas concentrations above 90vol% in many cases,
even at 400 °C. Only in the case of plastics pyrolysis, is the syngas
concentration value really low for both heating devices (30-35% in
the case of conventional pyrolysis and 32-46% in the case of MIP).
Furthermore, owing to the high proportions of other compounds
(CHy, Cy, higher hydrocarbons and aromatics) which may damage
the bacteria and inhibit the fermentation process [35], the plastic

fraction from municipal solid waste can be discarded as substrate
for this process. Here, MIP offers a significant advantage over con-
ventional pyrolysis, since itis able to minimize the presence of these
compounds within the gas fractions, which will favor a higher qual-
ity syngas available for fermentation with the exception of using
plastic waste.

The H,/CO and CO/CO, ratios of the gas fractions obtained are
also shown in Table 3. The values of these parameters reveal that
MIP promotes the generation of H; and CO over CO,. As can be seen,
these ratios are higher in microwave heating than in conventional
heating.

Nevertheless, it is not only necessary to consider the com-
position of the gas fraction in applying pyrolysis to bioplastics
production via syngas fermentation [23], but also the production
of the key gases (H,, CO, CO,) for it is one of the parameters that
determines the effectiveness of these materials as substrates for the
pyrolysis. The results of the specific productions (Lstp g~! of residue
pyrolysed) of Ha, CO, CO, syngas and total gas (including all the
gaseous compounds) are shown in Table 5. As mentioned above,
the volumetric production of gas in MIP is higher than in conven-
tional pyrolysis in all cases. This is due to the fact that MIP favors
the production of lighter gases, such as H, and CO, due to cracking
reactions, dehydrogenating reactions (Table 4, Reaction 3), reform-
ing reactions (Table 4, Reactions 4-7) and gasification processes
(Table 4, Reactions 8-10), where CHy4, CO,, the carbonaceous matter
and steam are converted to lighter products. As already mentioned,
the differences between MIP and conventional heating are appar-
ent even at 400 °C, the production of syngas in MIP being as much
as ten times higher than in the case of conventional heating. This is
mainly due to the large amounts of H, produced by means of MIP,
even at low temperatures. At 800 °C, the gap, although still wide,
narrows, the syngas production in MIP being between 75 and 180%
higher than in conventional heating.

Inview of these results, it is clear that microwave-induced pyrol-
ysis is a quite good technique for generating syngas from wastes
without the need of a gasifying agent, as would be necessary in
the case of other technologies such as gasification. This method is
bound to increase the production of the key gases necessary for
syngas fermentation (H,, CO and CO;) and PHA production.

3.2. Applicability of syngas to bioplastics production

Great efforts are being made to metabolically engineer bacteria
to produce a broad variety of bulk chemicals, bioplastics and bio-
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Fig.4. (a) Syngas production versus H,/(CO +CO;) ratio and (b) CO/CO, ratio versus
H2/CO ratio of the gas produced in the conventional (EF) and microwave-induced
(MW) pyrolysis of the different wastes studied.

fuels [36,37] and to extend the use of substrates in the area of R&D
bacterial fermentation. Researchers are strongly in favor of syngas
fermentation for bioplastics production [21,38], but to date very
few studies on syngas-derived biopolymers have been published.
It has been widely claimed that, even though biological catalysts
use a wide range of syngas H,/CO ratios, they retain their product
specificity [39]. Therefore, the syngas production process needs to
be focused on the most effective means of conversion in terms of
energy efficiency and production.

From the point of view of energy efficiency, it has been observed
that the scaling-up of microwave-heated processes from lab to
kilogram scale can be more energy efficient than conventionally
heated systems [30,40]. In particular, high-temperature processing,
such as pyrolysis, using powerful magnetrons over an optimized
frequency range appears to be very promising. Indeed, Scandina-
vian Biofuel Company has already taken out a patent to perform
microwave-induced pyrolysis on an industrial scale [41].

From the point of view of production, Fig. 4a evidences the supe-
riority of MIP in terms of syngas yield, especially in the case of
the STR and MSWd substrates, whose maximum values are 0.83
and 0.64 Lstp g~ ' waste, respectively. Moreover, MIP offers a wider
variety since the conventional pyrolysis yields only range from
0.01 to 0.26 Lstp g~ ' waste. Although conventional pyrolysis yields
a syngas composition that is richer in carbon (i.e., low values of
H,/(CO+CO,) ratio), it is important to note that the largest part is
CO,, whereas, CO is normally the preferred substrate for fermen-
tation [21,22,42]. In this respect, MIP improves CO production and
the H,/(CO+CO,) ratio may even get to be higher than 1, so that
the H, production would be greater than that of carbon oxides,
except in the case of STR. However, neither of the organic frac-
tions from municipal solid waste (MSW and MSWd) produce more
carbon substrate (CO +CO,) than H in MIP.

As can be seen from Fig. 4b, microwave pyrolysis offers a
wider range of syngas compositions, although it is not possible
to produce syngas with H,/CO ratios lower than 1. If necessary,
conventional pyrolysis can be employed despite the serious draw-
back of undesired compounds (hydrocarbons and aromatics). In
fact, if H,/CO ratios greater than 1 are used for syngas fermenta-
tion, as in microwave-induced pyrolysis, an excess of hydrogen
may be the result. This, however, is a highly valuable chemical
that does not greatly affect the fermentation process. Indeed, in
a study by Do et al.,, R. rubrum was cultivated on syngas to pro-
duce PHA (with ratios of H,/CO=0.5 and CO/CO, =1.1) [22]. This
gas composition was based on a typical stream from an air-blown
gasifier, and therefore had not been optimized for PHA production.
R. rubrum metabolized CO as the only substrate and produced H,
via the biocatalytic water-gas shift reaction (CO+H;0 < CO, +H;)
in addition to the H, from the syngas fed to the bioreactor. How-
ever, this should be considered an advantage, as H, produced by a
biorefinery is a co-product that has a high market value [23].

In spite of the repeated calls in the literature for a syngas H,/CO
ratio independent of biocatalytic processes, there is some contro-
versy surrounding this issue. Heiskanen et al. studied the effect of
the syngas composition on Butyribacterium methylotrophicum [43].
The addition of hydrogen was reported to increase the formation
of useful chemicals, such as butyric acid from B. methylotroph-
icum. In their study, they used a mixture of H,/CO/CO, in ratios
of H/CO=1.1 and CO/CO; = 1.4, and found that B. metylotrophicum
preferentially uses most of the CO before consuming hydrogen as
reported in another study with Eubacterium limosum [44]. This sug-
gests that CO, was not indispensable to the growth of bacteria on
CO, but increased the initial growth rates of B. metylotrophicum,
and was converted to valuable organic products in the presence of
H; once the CO concentration reached a low enough level. Thus,
the subsequent uptake of these gases should be taken into account
when designing the fermentation process. In addition, Vega et al.
reported the growth of Peptostreptococcus productus (strain U-1)
on CO and CO;,/H; to produce acetate and found that its growth
on CO,/H; could not be sustained, but when CO, and H, were fed
together with CO, with the resulting change in H,/CO ratio, they
contributed to the production of acetate [45]. This suggests that
the composition of the syngas has an effect on the growth rate and
on the products obtained from fermentation.

Whatever the case, CO is by far the most important carbon
source from syngas to be used by bacteria [21] and, clearly,
microwave-induced pyrolysis can provide the level of CO required
by offering CO/CO, ratios from 0.6 to 4.5, whereas, conventional
pyrolysis can only offer a range of 0.1-1.1 (Fig. 4b). Furthermore,
as previously indicated, the use of microwaves allows the potential
destruction of components that may be toxic to the bacteria. This is
a very important advantage, since the need to remove these com-
pounds prior to syngas use will increase the production costs that
can be avoided with microwave-induced pyrolysis.
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Therefore, optimization of the syngas composition should
be evaluated on a case-by-case basis by metabolic engineers
for possible further bioplastics synthesis, bearing in mind that
microwave-derived syngas offers overwhelming advantages over
traditional methods of syngas production.

4. Conclusions

Syngas fermentation is attracting widespread interest for imple-
mentation in biorefineries and great efforts are being made to
metabolically engineer microorganisms for the production of
specifically targeted chemicals. Organic waste has been demon-
strated to have the potential for producing a high quality syngas
when microwave-induced pyrolysis is used as the main thermo-
chemical route. CO has been found to be the main carbon substrate
for fermentation by bacteria and the microwave heating to be the
most efficient means of producing a syngas with high CO/CO, ratios,
which are even greater than 4 when straw and the organic fraction
of municipal solid waste (dried and partially cleaned of inert solids)
are used. The plastics fraction of the municipal solid waste has been
found to be unsuitable for syngas production, since its fossil-based
nature leads to significant amounts of hydrocarbons and aromatics
in the composition of the gas produced, which can be highly dam-
aging to the bacteria. Except in this case, microwaves have been
demonstrated to drastically reduce the hydrocarbons and aromat-
ics content of the syngas produced. Furthermore, the gas obtained
from microwave pyrolysis contains exceptionally high H, concen-
trations, which amount to 49 vol% in the case of straw pyrolysis.
This H, could be used by bacteria as an energy source or remain as a
valuable by-product for future use. To sum up, microwave-induced
pyrolysis has been confirmed to be a highly useful technology for
producing syngas for use as in the production of bioplastics, due
to its high gas production potential, high syngas concentration and
low proportion of toxic compounds.
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1. Introduction

Climate change and its relationship with CO, emissions has
become an issue of major concern in recent years [1]. Although
several efforts are being made to bring this phenomenon under con-
trol, the problem continues to grow. According to the World Energy
Outlook of the International Energy Agency, the energy demand is
expected to increase until 2035 and the associated CO, emissions
torise by 20% [2]. Indeed, fossil fuels will continue to be the primary
source of energy generation in the short to medium term. However,
in the same report this organization states that government poli-
cies can influence the pace of fossil fuel consumption. Governments
have already taken concrete decisions to reduce the risks associated
with fossil fuel emissions. Some examples are the Climate Action
Planin USA or the European Strategic Energy Technology Plan of the
European Union [3,4]. In the case of the EU plan, one of its objec-
tives is that 14% of the European energy mix should come from
cost-competitive and sustainable bioenergy by 2020. Accordingly,
technologies such as pyrolysis or gasification are going to play a

* Corresponding author. Fax: +34 985 297672.
E-mail address: angelmd@incar.csic.es (J.A. Menéndez).

http://dx.doi.org/10.1016/j.jaap.2015.06.006
0165-2370/© 2015 Elsevier B.V. All rights reserved.

key role in the development of this cost-competitive bioenergy in
the near future [4].

Pyrolysis is a process in which organic matter is thermally
decomposed without the use of oxidizing agents to yield three dif-
ferent fractions: a solid residue commonly known as char, a liquid
oily fraction (tar) and a gaseous fraction. Gasification is a process
which begins with a pyrolysis step that is then followed by the
gasification of char and the reforming and cracking of tars and light
hydrocarbons by a gasifying component, such as steam or oxygen.
As a consequence, gasification usually yields higher amounts of gas
than pyrolysis [5].

One of the main problems with both technologies is the pro-
duction of a large amount of tars [6]. This liquid fraction is a
complex mixture of organic chemicals largely composed of aro-
matic and polycyclic aromatic hydrocarbons that can be hazardous
for health and the environment. Moreover, they can cause problems
that affect the process itself including the fouling of engines and
the deactivation of catalysts [7,8]. For these reasons, research into
biomass pyrolysis and gasification is looking for ways to decrease
the production of tars or, at least to improve their quality, by keep-
ing the proportions of complex compounds like polycyclic aromatic
hydrocarbons (PAH) down to a minimum.

For this reason, the use of microwave heating is seen as an
appealing alternative since the main feature of microwave-induced



80

D. Beneroso et al. / Journal of Analytical and Applied Pyrolysis 114 (2015) 256-264 257

pyrolysis (MIP) is its ability to maximize the production of gas and
minimize that of tars [9]. This tendency has been tested with many
different types of residues, including algae, municipal solid wastes,
agricultural wastes, sewage sludge and automotive wastes [10-13].
However, so far the effect of microwaves upon the quality of the
tars has not been given serious consideration. Some studies have
pointed out that, while MIP could serve to minimize the production
of PAH [14], the type of residue used might also be an influential fac-
tor. In this regard, the gaseous composition from the MIP seems to
be very similar regardless of the residue pyrolysed with few excep-
tions [12,13,15,16], syngas (H, +CO), CO, and light hydrocarbons
being the most common gaseous species found. On the other hand,
the influence of the type of residue on oil composition is much
more prominent. For this reason, the trends observed in the pro-
duction of PAH by MIP in the study of Dominguez et al. [14] cannot
be generalized without carrying out a deeper study of the process
with several types of wastes. It is the aim of the present study to
make up for this shortcoming by gaining further insight into the
influence of microwave heating on the composition of the tars pro-
duced during the pyrolysis of different types of organic residues as
acontinuation of a previous study in which the suitability of several
organic wastes was examined in order to maximize the production
of syngas for further bioplastics production [17].

2. Experimental
2.1. Materials

Four different samples, provided by BEFESA Gestion de Residuos
Industriales S.L. (Seville, Spain), were selected for this study:

* An organic fraction from a municipal solid waste, dried and par-
tially cleaned from inerts, such as glass and metals. After this
pre-treatment, the fraction size was reduced to 1-3 mm. This
sample has been labelled MSWd.

¢ Dried sewage sludge. This sample was collected from a wastewa-
ter plant in Seville. The sludge, after being subjected to secondary
treatment, was dried to facilitate transportation. After being
dried, the sample was milled down to a size range of 1-3 mm.
This sample has been labelled SSd.

® A plastic fraction from a municipal solid waste. This sample, a
complex mixture of plastic residues, was obtained from the same
landfill site in Seville. The fraction was milled to 1-3 mm and has
been labelled PLA.

* An agricultural residue. This sample was obtained from a
biodiesel production plant located in Salamanca (Spain) and is
composed of straw. The sample was also milled down to a size
range of 1-3 mm. This sample has been labelled STR.

The moisture, ash content and volatile matter data of the
residues were obtained by means of a LECO TGA-601. To per-
form the ultimate analysis, a LECO-CHNS-932 micro-analyzer and a
LECO-TF-900 furnace were used. The metallic content of the ashes
was determined by means of ICP-MS analysis. First, the samples
were dissolved in inorganic acids (HNO3 4N and concentrated HCl)
and digested using microwave heating in a MILESTONE ETHOS 1
oven at 600 W during 35 min. Identification of the elements was
carried out on an Agilent 7700x using a Ar plasma. An external cali-
bration method between 0 and 1000 ppb internal standard (Sc) and
a collision cell of He (to eliminate possible matrix interferences)
was used to determine the concentration of metals. The results of
this characterization are presented in Table 1.

2.2. Pyrolysis techniques

Conventional pyrolysis (CP) was performed at 800°C in an elec-
tric furnace. Approximately 4 g of sample was introduced into a
quartz reactor. First, the reactor was placed outside the furnace
and purged with N, for 30 min at a flow rate of 50mLmin~! to
ensure an oxygen-free atmosphere. Meanwhile, the furnace was
heated up to 800°C. Once the reactor had been purged and the
electric furnace had reached the desired temperature, the N, flow
was reduced to 10mLmin~" and the reactor was introduced into
the furnace for pyrolysis, the duration of which was 1h. The use
of such a low flow rate favours secondary reactions of tar allowing
for a maximum syngas production [17,18]. The volatiles evolved
during pyrolysis were forced to pass through a condensing sys-
tem (cooled by a cryogenic solution of water and NaCl) where the
condensable compounds were removed from the gaseous fraction.
Both the reactor and the condensing system were weighed before
and after the pyrolysis experiment to determine the solid and liquid
yields (respectively). The gas yield was determined by difference.
Each experiment was performed in duplicate to check the repeata-
bility and the errors came to less than 6% both for the yields and
the gas composition [17].

Microwave-induced pyrolysis (MIP) was performed using a
microwave oven consisting of a microwave magnetron with a
maximum output power of 2kW operating at 2450 MHz and a
single mode cavity where the sample-containing quartz reactor
was placed. As in conventional pyrolysis, the reactor was purged
with N, for 30 min at a flow rate of 50 mLmin~!. The flow rate
was then reduced to 10mLmin~! and the microwave irradiation
was switched on and regulated until a temperature of 800°C was
reached. The reflected power was regulated by means of tuning
screws until it reached zero. The same system as that used in CP
was used to collect the liquid fraction.

Owing to the poor capacity of organic wastes used in this study
toabsorb microwaves, it was necessary to use a microwave receptor
material to induce the pyrolysis [12]. For the purpose of this study,
the char obtained from a previous pyrolysis at the same temper-
ature (hence, very unlikely to release any volatiles at 800°C) was
employed as a microwave receptor at a receptor-to-feedstock mass
ratio of 0.3:1.

2.3. Characterization of the oil fractions

To characterize the oils, a semi-quantitative study was carried
out by calculating the percentage of area of the chromatographic
peaks. Two different sample preparations were performed before
the GC-MS analysis:

 In the first, anhydrous sodium sulfate (Na;SO4) was added to the
condensed oil fraction to remove all traces of water, and injected
directly into the GC-MS in order to identify the volatile com-
pounds.

¢ In the second, the following methanolysis step was included.
2 mL of methanol containing 15% sulfuric acid and 0.5 mg/mL of
3-methylbenzoic acid (internal standard), was introduced, after
dehydration of the oil with Na;SO4, followed by an incubation
period of 7 h at 80°C. After cooling, 1 mL of demineralized water
and 1 mL of chloroform were added and the organic phase was
analyzed by GC-MS. During the methanolysis step, the non-
volatile compounds (mainly fatty acids) were turned into methyl
ester derivatives, which are volatile compounds and can be easily
identified by GC-MS.

All the samples were analyzed by GC-MS using an Agilent 7890A
gas chromatograph (Agilent Technologies, Palo Alto, California,
USA) coupled to an Agilent 5975C mass detector (electron ioniza-
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Proximate analysis(wt.%)  Ultimate analysis (wt.%)”

Metal content of ashes (mgkg ')

MC Ash? VM? C H N S o H/C atomic 0/C atomic Fe Zn Cu Cr Mn Pb Ni
MSwd 2.8 27.7 61.1 36.0 5.8 16 0.2 338 19 0.7 8896 183 45 59 83 31 18
SSd 3.4 154 74.5 43.8 6.1 9.7 0.1 249 17 0.4 2985 460 153 12 40 2 3
PLA 13 8.9 88.9 70.9 9.7 12 0.5 9.1 16 0.1 1099 73 51 73 19 5 25
STR 115 6.3 76.2 45.0 5.0 16 0.0 42.0 13 0.7 287 7 0 0 18 tr tr

@ Dry basis; MC: Moisture content; VM: volatile matter content; tr: traces (<0.1 mgkg').

Table 2
Fraction yields obtained from the conventional (CP) and microwave-induced (MIP)
pyrolysis of different residues at 800°C[17].

Residue Solidyield (wt.%) Oil yield (wt.%) Gas yield (wt.%)

cP Mip cP MIP cp Mmip
MSWd 40.2 439 237 7.8 36.1 48.3
SSd 313 32.8 34.7 34.3 34.0 329
STR 245 228 37.9 213 376 55.9
PLA 112 35.2 36.8 203 53.0 44.5

tion, 70eV) (Agilent Technologies, Palo Alto, California, USA) and
equipped with a 30 m x 0.25 mmi.d. capillary column (0.25 m film
thickness) HP-5 (methyl silicone bonded) (Agilent Technologies).
The working conditions for the first sample (volatile compounds)
were as follows: a split ratio of 50:1 (0.02 p.L of oil sample in 1 L
of dichloromethane) and an injector temperature of 350°C; a col-
umn temperature of 40°C for 3 min, which was then increased
to 325°C at 7°Cmin~'. The methanolysed samples were analyzed
using the same equipment under the following working conditions:
a split ratio of 20:1 (0.25 pL of oil sample) an injector tempera-
ture of 350 °C; a column temperature of 40 °C for 3 min, which was
then heated to 325°C at 20°Cmin~"'. Blank analyses were also con-
ducted to prevent possible procedural contaminants to be taken
into account in the oil characterization.

The mass spectra and retention data were used to identify the
compounds by comparing them with those of the standard in the
NIST Mass Spectral Database. Those compounds were identified
with a probability higher than 80%. The semi-quantification study
was conducted on the basis of the percentage of area under each
peak compared to the total amount of area under all the peaks in
the chromatogram. The relative standard deviations obtained for
testing the reproducibility for the peak areas came to less than 4%
and the retention times to less than 1%.

3. Results and discussion

The data related to the ultimate composition, proximate analy-
sis, H/C ratio and the ash metallic analysis of the different selected
residues are presented in Table 1. The results reveal significant dif-
ferences in the nature of the residues, which range from low carbon
and high ash contents in the case of the MSW fraction, to high
carbon and low ash contents, in the case of the PLA fraction. Further-
more, the straw sample and the organic fraction from the municipal
solid waste have a high organic oxygen concentration. The values
obtained for the H/C atomic ratio are high in the cases of MSWd, PLA
and SSd fractions reflecting the marked aliphatic character of these
wastes and the presence of long chains of —CH,— groups. The O/C
atomic ratio values of the wastes, which range from 0.43 to 0.70,
are very similar to the O/C values of the biomass samples [19], with
the exception of the PLA fraction, which has quite a low ratio, which
is indicative of a high heating value.

Table 2 shows the solid, oil and gas yields resulting from the
residues during conventional pyrolysis and microwave pyrolysis.
MIP has been reported to be an effective way to maximize the gas

yield from the pyrolysis of biomass and organic wastes [12,13,15].
This finding is in agreement with the yields presented in Table 2
in the cases of MSWd and STR, with oil showing the lowest yield
for all the residues subjected to MIP, the resulting values ranging
between 7 and 34wt.%. Nevertheless, the SSd and PLA fractions
produce slightly more gas in the case of CP. This could be due to
the fact that these fractions produce more hydrocarbons, such as
CHy, CoHy, CoHg, C3Hg or C3Hg, which can be easily cracked into
hydrogen, smaller hydrocarbons and coke under microwave radi-
ation, resulting in an increase in the solid fraction yield [20], as is
shown by Reactions (1) and (2) below. However, the increase in the
solid yield is also a consequence of the cracking of the oil fraction
components, which means that the oil fraction yield decreases in
all cases.

CHq< C + 2H; (1)
CyHm < nC + (m/2)H, (2)

With respect to the composition of the oil fraction, GC-MS
analysis revealed that both CP and MIP derived oils were com-
posed of a mixture of low and high molecular weight compounds.
As an example, the chromatograms of MSWd-derived oils from
both preparation methods are presented in Fig. 1. In the case
of chromatograms following the first preparation method (with-
out methanolysis step), the compounds detected are listed in the
Supplementary material. Fig. 2 shows the weight distribution (in
molecular weight) of the compounds present in the oils, which
depends on the pyrolysed residue and the heating mechanism. It
should be pointed out that the values of relative abundance do not
represent the real concentrations of the compounds. Rather, they
indicate the different compositions of the resulting oils.

Fig. 2(a) shows that in the case of the MSWd fraction, MIP
induces lesser amounts of oils in all the molecular weight intervals
studied, with the exception of the 250-300 g/mol interval. During
the microwave-induced pyrolysis of MSWd, it was observed that
the production of volatiles was much more rapid and steeper com-
pared to the other residues. This may have prevented the volatiles
from being cracked to a certain extent, giving rise to heavier oil
compounds. Nevertheless, when the results from CP and MIP are
compared, the distribution shapes are very similar in both cases.

However, the distribution shapes of the different heating mech-
anisms are not always similar, since here the distribution also
depends on the type of pyrolysed residue. In the case of the SSd
fraction, according to its oil weight distribution (Fig. 2(b)), MIP pro-
duces lighter compounds as the distribution shifts to low molecular
weights, in contrast to CP, which favors the production of heav-
ier compounds, such as siloxanes, fatty acids and large amides. A
similar distribution can be observed in the case of the PLA frac-
tion, where most of the MIP oil compounds are generated in the
interval 100-150 g/mol, with ethylbenzene and styrene as the main
compounds. These results contrast with CP that favors the produc-
tion of large-chain olefins, such as eicosadienes. In the case of the
STR fraction both heating mechanisms favor lighter oil compounds,
especially CP which produces large quantities of acetic acid and
acetol.
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Fig. 1. Chromatograms of MSWd-derived oils from CP and MIP.

Pyrolysis oils are complex mixtures of organic compounds
with a wide variety of chemical groups. To qualitatively describe
their composition, the compounds identified in the oils have been
grouped into the following classes: BTX (benzene, toluene, xylene
and their alkyl-derivatives), PAH (polycyclic aromatic hydrocar-
bons), aliphatics (alkanes and alkenes), oxygenates (alcohols,
ketones, esters and their derivatives), nitrogenates (amides, nitriles
and N-heterocyclic compounds), fatty acids and, where applicable,
siloxanes.

Fig. 3 shows the proportions of the different classes of com-
pounds identified in the pyrolysis oils. Large amounts of BTX
compounds were obtained from the SSd and PLA fractions under
MIP. Of particular interest is the large amount of BTX detected in the
plastic derived oil. PLA is composed basically of polymeric chains
and when it was subjected to MIP, the amount of aliphatic oil was
reduced compared to the oil from CP that favors the production of
aromatic compounds (BTX). Aromatics are likely to be formed via
Diels-Alder type secondary reactions, which involve the cyclisation
of alkenes (produced from the thermal degradation of the PLA frac-
tion) to form aromatic hydrocarbons (first step in Reaction (3), see
below) [21]. These secondary reactions are likely to occur in MIP as
reported in other pyrolysis processes [14,21,22]. Furthermore, the

products from Diels-Alder reactions may undergo condensation to
yield PAH when the temperature is high enough, ca. 700 °C (second
and third steps in Reaction (3)) [22]. The increase observed in the
PAH content in the PLA-derived oil under microwave pyrolysis can
also be explained by Reaction (3), since microwaves generate hot
spots inside the residue which locally induce temperatures much

higher than 800°C [23].
Ju— O=00— 3,

There is also an increase in the PAH content in the oil from
the STR agroresidue. In this case, no polycyclic aromatic hydrocar-
bons were detected under CP. However, MIP generates naphthalene
and low amounts of methylnaphthalene, fluorene and anthracene.
These compounds have been previously detected in the oil derived
from the MIP of agroresidues [11]. They are probably produced
via reactions similar to Reaction (3) involving polymeric derived
olefins from the lignocellulosic structures and deoxygenation reac-
tions (carbonyl and methoxy groups are removed) that yield more
stable aromatic species [24], as reported in the case of wood waste
pyrolysis at high temperature [22].
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Fig. 2. Molecular weight distribution of compounds according to their relative abundances in the oil fraction obtained from (a) a municipal solid waste (MSWd); (b) a sewage

sludge (SSd); (c) a plastic solid waste (PLA) and (d) agroresidues (STR).

Nevertheless, MIP does not always increase the amount of PAH
and the higher local temperatures during MIP are not the only fac-
tor responsible for the production of PAH. The type of pyrolysed
substrate also has an influence. Fig. 2(a) and (b) shows that both
the MSWd and SSd fractions produce lower amounts of PAH under
MIP than under CP. This reduction has already been reported for
the MIP of different sewage sludges [25].

The differences in PAH contents depend on the type of residue.
Some residues have a highly polymeric nature (e.g. plastics),
and are more easily converted into dienes and olefinic structures
(Fig. 4). They are able therefore to overcome Reaction (3) - type
reactions that generate PAH compounds. However, this is not the
case of MSWd and SSd, which are heterogeneous materials. Lig-
nocellulosics also have a polymeric nature but in this case PAH
compounds are favored by the deoxygenation of furans, phenols
and cyclopentadienes during the thermal degradation of cellulose
[26].

Although the PAH concentration increases in the oils from
PLA and STR as a result of MIP, no PAH carcinogens, (i.e.,
benz|[a][8]anthracene, benzo[a]pyrene and dibenz[a,h]anthracene
[27]), were detected in the oil product, none of the typical fragments
from those PAH within the NIST database were observed during the
mass spectrometry analysis under the experimental protocol used.

With respect to the aliphatic compounds present in the oils, the
total yield was very low in the case of the SSd and STR fractions.
However, this value reached nearly 20% in the MSWd fraction. A
common observation is that these aliphatics consist of straight long
chain hydrocarbons (>Cy(), which represent an potential source of
kerosene and diesel. The PLA fraction shows the largest amount of
aliphatics, especially from CP (40%) where the formation of alkenes
is clearly promoted to the detriment of alkanes in the C;,-Cyq range.
During microwave pyrolysis, the aliphatics content drops to 20% in
favor of aromatics.

Most of the oxygenated compounds are ketones, esters and
alcohols, the concentration of which depend on the nature of the
residue and the heating mechanism employed. The oxygenates
present in the oil produced by conventional and microwave pyrol-
ysis of MSWd are mainly alkyl cyclopentenones, aliphatic and
aromatic ketones. However, no ketones were observed in the
SSd-derived oil, the major oxygenates being esters and aromatic
alcohols. Nevertheless a significant decrease in the yield of the oxy-
genates occurred in the case of MIP. With respect to the PLA-derived
oil, CP yielded two main long chain alcohols (1-eicosanol and 1-
pentacosanol), although with microwave pyrolysis the presence of
oxygenates in the oil is practically excluded. In the case of the STR
fraction, oxygenates are by far the most important group, especially
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Fig. 3. Relative abundance of different groups of compounds found in the oil fraction obtained from (a) a municipal solid waste (MSWd); (b) a sewage sludge (SSd); (c) a

plastic solid waste (PLA) and (d) Agroresidues (STR).

during CP, which is in accordance with the high oxygen content of
lignocellulosic materials as in this case. The conventional pyrolysis
of STR produces large quantities of acetic acid and ketones, whereas
MIP promotes the production of phenol and phenol-derivatives.
Nitrogen-containing compounds are present especially in the oils
from SSd, since this fraction initially contains a large amount of
nitrogen compared to the other residues. The compounds detected
in the oils from SSd comprised long chain aliphatic amides in the
case of CP and nitriles, pyridine, pyrrole and their derivatives in MIP.
Furthermore, a large quantity of siloxanes was detected in the SSd-
derived oil, as is usually the case with biogas and sewage sludges
[28].

Another important constituent of the pyrolysis oils are fatty
acids. It can be seen from Fig. 3, that the SSd fraction does not
produce fatty acids during MIP in contrast with its high content
under CP. Because fatty acids are high molecular weight long chains,
a GC-MS analysis was performed after a methanolysis step in
order to identify non-volatile compounds that were not detected
by GC-MS. The results of these analyses for each residue derived-oil
are presented in Table 3 . Within the MSWd fraction, palmitic and

Fig. 4. A typical polymer beta scission mechanism.
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oleic acids were the most relevant compounds. The correspond-
ing methyl esters were the main compounds in the oils from SSd.
These compounds are of special interest owing to the fact that they
can be used as source of biodiesel or even as platform molecules
that can be converted into a variety of fuel additives through cat-
alytic transformations [29]. Similar results were obtained from an
analysis of the oil from the STR fraction after microwave pyroly-
sis. Here palmitic, linoleic, levulinic and tetradecanoic acid methyl
esters made up most of the compounds detected. In the case of
the oils from PLA, the resulting distributions between CP and MIP
differ considerably, since the main components are benzoic and
palmitic acids methyl esters in the case of conventional pyroly-
sis, but methoxyethyl benzene and ethylbenzene in the case of
microwave pyrolysis. MIP gives rise to a wider distribution of prod-
ucts and generates alkyl-derivatives of BTX compounds, as can be
seen from Fig. 3.

It is important to point out that the oil yield from MIP is always
lower than that obtained from CP, suggesting that the production
of identified chemicals can be reduced. This is the case of MSW(d, for
which arough estimation predicts a yield of PAH from conventional
pyrolysis of around 70 mg/gwaste against 15 mg/gwaste from MIP.
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The microwave induced pyrolysis of the microalgae Scenedesmus almeriensis and its extraction residue
was carried out at 400 and 800 °C. The results show that it is possible to obtain a gas fraction with a high
content (c.a. 50 vol.%) in H, from both materials, regardless of the pyrolysis temperature. Furthermore, an
outstanding syngas production and high gas yields were achieved. The maximum syngas concentration
obtained was c.a. 94 vol.%, in the case of the pyrolysis of the residue at 800 °C, indicating that the produc-

tion of CO, and light hydrocarbons was minimized. The same experiments were carried out in a conven-
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tional electric furnace in order to compare the products and yields obtained. It was found that microwave
induced pyrolysis gives rise not only to higher gas yields but also to greater syngas and H, production.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Microalgae are expected to become an important source of
high-value products with several applications in a large number
of areas of biotechnology (such as cosmetics, pharmacy and food)
and, especially, in biofuels production (Brennan and Owende,
2010; Carriquiry et al., 2011; Chisti, 2007; Tabernero et al., 2012;
Xu et al., 2011). The increasing interest in microalgae as a source
of biofuel (the so-called third generation biofuel) is due to the sev-
eral advantages that it offers over terrestrial oil crops. These advan-

* Corresponding author. Tel.: +34 985 118972; fax: +34 985 297672.
E-mail address: Imd@incar.csic.es (J.A. é ).

0960-8524/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.biortech.2013.06.102

tages include: (1) an all-the-year-round production (which
guarantees a considerably higher bio-oil production than oilseed
crops); (2) the use of wastewater as a source of nutrients; (3) the
elimination of the need for herbicides or pesticides; and (4) their
possible cultivation in brackish water or non-arable land, resulting
in a minimisation of the associated environmental impact (Bren-
nan and Owende, 2010; Chisti, 2007). For these reasons and with
the expected increase in liquid biofuel consumption, microalgae
seem to be the only biofuel source able to completely replace con-
ventional fuels (Chisti, 2007; Ferrel and Sarisky-Reed, 2010; Tab-
ernero et al.,, 2012).

However, a number of technical and economic factors, such as
species selection, photosynthetic efficiency and production costs,
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have so far impeded the industrial development of biofuels from
microalgae (Brennan and Owende, 2010; Carriquiry et al., 2011;
Xu et al., 2011). Before it can be commercially viable, it is necessary
to reduce the production costs of microalgae-based biofuels from
their current levels, which far exceed the prices of petroleum fuels
(Brennan and Owende, 2010; Carriquiry et al., 2011; Tabernero
et al., 2012). Several economic analyses and LCA studies have been
carried out with the aim of identifying weaknesses and potential
improvements that could be made in the production processes in
order to achieve a more sustainable and economically feasible pro-
duction process (Campbell et al., 2011; Delrue et al., 2012; Ferrel
and Sarisky-Reed, 2010; Harun et al., 2011; Lardon et al., 2009;
Tabernero et al., 2012; Xu et al., 2011). Since Chisti proposed the
application of the biorefinery concept to microalgae-based fuel
production (Chisti, 2007), all of these studies have emphasized
the importance of exploiting the residues generated in the produc-
tion process, especially those produced after oil extraction.

Thermochemical conversion through pyrolysis has been pro-
posed for both microalgae and their extraction residues in order
to obtain three fractions: solid (bio-char), liquid (bio-oils) and gas-
eous (bio-gas). Conventional pyrolysis (CP) is mainly focused on
the production of liquid products (Brennan and Owende, 2010;
Miao and Wu, 2004; Miao et al., 2004). In the particular case of
the pyrolysis of microalgae biomass, the studies performed to date
have been aimed at maximising the yields of this fraction (Campa-
nella et al., 2012; Du et al., 2011; Grierson et al., 2011; Hu et al.,
2012; Miao et al., 2004; Thangalazhy-Gopakumar et al., 2012; Xu
et al., 2011). However, although the pyrolysis oils obtained from
microalgae are superior to those obtained from other biomass
feedstocks (Du et al., 2011; Miao et al., 2004; Tabernero et al.,
2012), these oils are acidic, unstable, and. viscous. Moreover, they
contain solids, chemically dissolved water and significant propor-
tions of nitrogen compounds, making it necessary to apply addi-
tional upgrading processes for the oils to be useful for biofuel
production (Brennan and Owende, 2010; Campanella et al., 2012;
Sanchez-Silva et al.,, 2013; Wang et al., 2013).

An attractive alternative for the pyrolysis of microalgae biomass
could be that of bio-gas production, with the aim of obtaining the
maximum possible amount of high-value components of which
synthesis gas (syngas) is just one example. There have recently ap-
peared new ways to exploit the potential of syngas from waste
pyrolysis. For example, the SYNPOL project will enable the EU to
take a global lead in syngas fermentation technology for waste
revalorisation and the production of new materials such as bio-
polymers (http://www.synpol.org/). For this purpose, microwave-
induced pyrolysis (MIP) seems to be the way forward. Previous
studies on the MIP of biomass have shown the ability of this tech-
nology to produce higher yields of the gas fraction and a greater
concentration of bio-syngas and bio-hydrogen in this gaseous
product than CP (Dominguez et al., 2007; Fernandez et al., 2010;
Ferndndez et al., 2009), probably due to the presence of microplas-
mas and hot spots formed during microwave heating (Menéndez
et al,, 2011). Moreover, MIP presents several advantages over CP,
such as a better control over the process, faster heating or lower
temperatures (Du et al., 2011; Ferndndez et al., 2010; Ferndndez
et al,, 2009; Hu et al., 2012; Luque et al., 2012).

To the best of our knowledge, there have been no studies on the
MIP of microalgae with the aim of maximising gas production and
the proportion of high-value components, such as Hy, in the gas
fraction. The novelty of the present work is to study and compare
the CP and MIP of the microalga Scenedesmus almeriensis and its
extraction residue, so as to obtain the maximum possible gas yield
and the highest bio-syngas and bio-hydrogen proportions in this
fraction. In addition, this is the first time that an extraction residue
of microalgae has been subjected to a revalorization process for
this purpose.”

2. Methods
2.1. Materials

The microalga selected for this study was Scenedesmus almerien-
sis, supplied by Exeleria, S.L. The algae biomass was dried in the
harvesting facilities before being supplied to the lab for the exper-
iments. The microalga was used both as received and after being
subjected to an extraction process. The extraction was carried
out using methanol as solvent, at a temperature of 50 °C under
magnetic stirring. After the extraction, the extract and the residue
were separated by filtration. Table 1 shows the elemental and
proximate analysis of the microalga and the extraction residue,
which will be labelled as A and R respectively.

2.2. Experimental procedure

The pyrolysis of A and R was carried out in a conventional elec-
trical furnace and in a single mode microwave oven at 400 and
800 °C. About 4 g of sample was placed in a quartz reactor. The
reactor was purged with He for 30 min at a flow rate of
100 mLSTP min~'. The helium flow rate was then set to
20 mL STP min~" for the pyrolysis experiments.

In the case of CP, the reactor with the sample was introduced
into the conventional furnace previously heated up to the desired
pyrolysis temperature, to enable the temperature of the sample
to rise rapidly. In the case of MIP, the quartz reactor was placed
in the centre of the microwave guide before being subjected to
irradiation. Details of this experimental set-up have been described
elsewhere (Dominguez et al., 2005). Since biomass is a poor micro-
wave absorber, it is necessary to mix it with an appropriate micro-
wave absorber to achieve the high temperatures required for
pyrolysis (Dominguez et al., 2005; Fernandez et al., 2009). The char
obtained from the pyrolysis of the sample at 800 °C in the electrical
furnace, was used as microwave absorber in an absorber: sample
proportion of about 30:70 wt.%. This ratio was selected after sev-
eral preliminary experiments, which showed that this was the low-
est ratio that would allow the biomass to be heated to the desired
temperature while avoiding the thermal runaway effect which
could result from microwave heating. An additional experiment
was performed with graphite dust as microwave absorber in order
to study the possible catalytic effect of the char.

In the electric furnace the temperature was monitored by
means of a thermocouple of type K, whereas in the microwave
oven, due to the inherent difficulties involved in measuring this
parameter in microwave devices (Menéndez et al., 1999), the tem-
perature of the sample, which was regulated by manual adjust-
ment of the microwave power (250 W and 950 W to reach 400 °C
and 800 °C respectively), was monitored by means of an infrared
optical pyrometer. MIP temperature was measured following a
correction procedure described previously by our research group
(Menéndez et al., 1999). The time-temperature profiles for the
samples are included in the Supplementary Data document. In
the electric furnace, the temperature started to rise as soon as

Table 1
Elemental and proximate analysis of the microalgae (A) and the extraction residue
(R).

Proximate analysis (wt.%) Ultimate analysis (wt.%)*

Moisture ~ Ash®  Volatile matter C H N S [od
A 65 18.1 70.7 438 57 81 06 236
R 58 195 698 424 56 88 07 230

@ Dry basis.
b Calculated by difference.
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the reactor had been placed inside the furnace, while in the micro-
wave oven, it took about 5-7 min to start to rise, since during this
time only the microwave absorber was heated by the microwave
irradiation. The rest of the sample was heated by conduction as
the microwave absorber temperature rose.

The experiments were labelled X-YZ, where X was the material
pyrolysed (A in the case of the microalga and R in the case of the
extraction residue), Y was the heating device used to carry out
the pyrolysis (C for CP and M for MIP), and Z was the pyrolysis tem-
perature (400 or 800 °C). As an example, A-M400 is the pyrolysis
experiment performed on microalga by means of microwave heat-
ing at 400 °C.

The total time for the experiments was chosen on the basis of
the outlet flow rate of the pyrolysis gases. The experiments were
considered completed once the flow rate of the gases produced
in the pyrolysis was less than 0.6 mL STP min~! (i.e., 3% of the He
flow rate).

The volatiles evolved from the pyrolysis of the sample were
passed through a condensing system, cooled by a cryogenic solu-
tion of water and NaCl. The bio-oil fraction was recovered from
the condensing system by dissolving it in dichloromethane. It
was then subjected to further evaporation of the solvent at 40 °C.
This fraction was not analysed, since it is was considered to be out-
side the scope of this work. The non-condensable gases were col-
lected, at intervals of 10 min, in Tedlar sample bags with a
polypropylene fitting for sampling and then analysed by gas chro-
matography. The composition of the gaseous fraction can be deter-
mined from the composition of each bag and the He flowrate
(which is constant at the inlet and the outlet of the reactor because
He cannot be produced or consumed in the pyrolysis process). The
solid and oil fraction yields were calculated from the weight of
each fraction, while the gas yield was evaluated by difference. In
the case of the solid fraction, it is impossible to discern the amount
of CO, reacting with the initial microwave absorber or the char
that is being formed in the pyrolysis (which also acts as new micro-
wave absorber). In consequence, the yield of solid fraction has been
calculated assuming that the gasification of the initial microwave
absorber is negligible. The experiments were performed in dupli-
cate to check the repeatability. The errors came to less than 5%
both for the yields and the gas composition.

3. Results and discussion
3.1. Gas production

As was explained in the Section 2.2., all the experiments were
run until the gas produced was less than 0.6 mL min~'. However,
pyrolysis could be concluded before this point was reached be-
cause of the low amount of gas produced (see Fig. 1). Another pos-
sibility was to set the end of pyrolysis at a certain percentage of the
maximum value of the outlet flow rate. In this study, the time se-
lected for calculating the production, yields and gas compositions
was the point at which the gas outlet flow rate had fallen to 5%
of the maximum amount of gas produced during the experiment
(tsg). Fig. 1a and b show the evolution of the outlet flow rate
(LSTP min~' g~'), normalised per gram of sample, during the pyro-
lysis of A and R, respectively. It can be seen that A-M400 and A-
MB800 yielded the highest outlet flow rate value, around
0.035LSTPmin~' g~ .

At lower temperature (400 °C), MIP yielded a much higher out-
let flow rate (Fig. 1) and gas production (Fig. 2) than CP. This out-
standing result highlights the advantage of using MIP rather than
CP for gas production, since it is possible to obtain much higher
values of gas production at much lower temperatures due to the
presence of hot spots and microplasmas in MIP. These hot spots
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Fig. 1. Evolution of the outlet flow rate (LSTPmin™' g ') during the different
pyrolysis experiments of (a) the microalga and (b) residue.

are at much higher temperatures than the overall temperature of
the system (400 °C). This phenomenon allows the development
of processes that will not take place at the overall temperature of
the bulk, i.e., microwave irradiation has a pseudo-catalytic effect
(Menéndez et al., 2011; Zhang et al., 2003). At 800 °C, the same
trend is observed although during the first 5 min of experiment
A-C800, CP furnishes a slightly higher outlet flow rate, which could
be attributed to the fact that the microwave heating of the sample
is delayed since, initially, only the microwave absorber is heated by
means of microwave irradiation.

Gas production is also affected by the temperature of pyrolysis.
The higher the temperature is, the higher the production, although
this difference is much less noticeable in the case of microwave
heating. If both materials are compared, R shows higher gas pro-
duction values than A in all cases, particularly in the CP
experiments.

Although in some cases the time required for CP is less than for
MIP, suggesting an a priori energy saving, Fig. 2 shows that the
cumulative production achieved is far greater with microwave
heating even at 400 °C. The tsy values are indicated by arrows. In
the case of A-C400, it was not possible to reduce the flow rate to
5% of the maximum flow rate after 140 min because the maximum
flow rate was very low to begin with.

3.2. Product yields

The char, oil and gas yields for A and R under different pyrolysis
conditions are presented in Fig. 3. From the yield data it can be
seen that the distribution of products differs considerably depend-
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Fig. 3. Fraction yields (wt.%) from the pyrolysis of microalga and its residue as a
function of the heating method and the pyrolysis temperature.

ing on several factors. With the same thermal treatment, A and R
show similar yields of solids. However, the oil and gas yields are
strongly dependent on the heating method and the raw material
to be pyrolysed.

CP always gives higher oil yields and lower gas yields than MIP,
as has been stated in other studies on biomass materials (Domin-
guez et al., 2007; Fernandez et al., 2009). Typical oil yields of up
to 75 wt.% at 500 °C have been reported for conventional biomass
fast pyrolysis (Bridgwater, 2012), whereas in the experiments here
reported the highest value attained in an electric furnace was
around 48 wt.% at 800 °C. However, MIP always produced a greater

gas yield than CP as previously demonstrated by our research
group (Dominguez et al., 2007; Ferndndez et al., 2010; 2009).

It can be seen from Fig. 3 that the gas yield from the pyrolysis of
R is much higher than for A, except in the case of experiment A-
M800 where it is only slightly higher. This could be due to the fact
that, with the extraction of the residue from the microalga, heavy
compounds such as lipids are removed, resulting in an oil fraction
which is easier to crack.

The effect of temperature was also assessed. It was observed
that an increase in pyrolysis temperature leads to a decrease in
the solid fraction and an increase in the gas yield. This can be
attributed to an increase in the devolatilization of the organic
material and the secondary cracking of pyrolysis vapours into
incondensable gases. It is to be noted that at low temperature
(400 °C), MIP gives rise to an exceptional gas yield compared to
CP (307% higher in the case of A pyrolysis). This result highlights
one of the main advantages of using microwave heating since typ-
ical gas fraction yields via conventional fast pyrolysis are about
10 wt.% (Bridgwater, 2012). Nevertheless, the gas yield difference
between conventional or microwave heating decreases at the high-
er temperature (800 °C) although the difference is still appreciable
(278% higher in the case of A pyrolysis). It should also be noted that
the microalga Scenedesmus almeriensis utilised in this study gives a
gas yield of 45 wt.% for the experiment A-M400, which is higher
than that obtained with other types of microalgae such as Chlorella
sp. when subjected to MIP at even higher temperatures (Du et al.,
2011).

To sum up, these results highlight that microalgae, and particu-
larly the residues obtained after the extraction process, are very
attractive substrates for obtaining gaseous products by means of
pyrolysis, especially by MIP.

3.3. Gas fraction analysis

The effects of pyrolysis temperature and heating method on the
composition of the gas fraction from CP and MIP are shown in
Fig. 4a and 4b respectively. The main gases obtained are H,, CHg,
C,Ha4, CoHg, CO and CO,. Thus, hydrogen is produced by the crack-
ing of volatiles and reforming reactions; and methane, ethylene
and ethane by cracking and depolymerization reactions. Finally,
carbon monoxide and carbon dioxide were obtained from the
depolymerisation of oxygenated organic compounds of biomass,
the dehydrogenation of phenolic groups, the cracking of carbonyl
groups, the rupture of oxygenated heterocycles or secondary
char/hydrocarbon gasification reactions (reactions 1, 2, 4, 7, 8
and 9 in Table 2). It should be noted, too, that pyrolytic gases
may participate in secondary reactions that might modify the com-
position of the outlet gas.”

In CP a gas rich in CO, is obtained at 400 °C (67% and 77% for A
and R, respectively). From the results shown in Fig. 4a, it is clear
that the CO, concentration is highly dependent on the pyrolysis
temperature, since at 800 °C it is reduced to c.a. 12%. A positive ef-
fect on the total amount of gases generated is exerted when the
temperature is increased, as is confirmed in Figs. 1 and 2. However,
the increase in carbon dioxide produced at 800 °C is negligible
compared to the other gases. There is therefore a decrease in CO,
concentration, as has been reported for several agricultural resi-
dues (Encinar et al., 1996; Zanzi et al., 2002).

The H,, CO, CH4 and C,H,4 concentrations on the other hand, in-
crease at 800 °C. A higher temperature favours the cracking of the
hydrocarbons (Table 2, reactions 3 and 6) and reforming reactions
(Table 2, reactions 1, 2, 7 and 8) in the gas fraction, which leads to
an increase in the yield of H, and CO. Hydrogen is not detected at
400 °C for any material, although it is the main gas at 800 °C with a
yield at this temperature of approximately 30%. The carbon mon-
oxide concentration starts at 9% for A and at 11% for R pyrolysis
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Fig. 4. Gas composition (vol.%) of the gas fraction produced from: (a) the CP and (b)
MIP of A and R at different temperatures.

Table 2

Main chemical reactions involved in the pyrolysis process.
Number Reaction AHyg5 (k] mol ')
1 CH4+CO; > 2 Hy+2 CO 247
2 CH4 + Hy0 <3 Hy + CO 205
3 CHs - C+2 Hy 76
4 CO,+C-2CO 173
5 C3Hg «» CoHa + Hy 136
6 CuHm — n C+(m/2) Hy
7 CpHp + 1 Hy0 <> 1 CO + (n +m/2) Hy
8 CpHp + 0 CO, < 2n CO + (n/2) Hy
9 C+Hy0 < CO+Hy 131

and reaches a value of 20% and 25% respectively at 800 °C, which
means that its concentration has approximately doubled with the
doubling of the temperature. As a consequence, the best value
achieved for the total concentration of CO + H; (syngas) by means
of CP is 56.4% corresponding to R-C800.

The contribution of methane varies from 13% at 400 °C to 24% at
800 °C for A and from 6% to 21% in the case of R. The C;Hg concen-
tration is reduced at 800 °C probably due to the dehydrogenation
of ethane (Table 2, reactions 5). In the case of C;Hy4, although its
concentration is very low at 400 °C (2% for both materials), it in-
creases by more than three times at 800 °C.

As can be seen from Fig. 4b, the product distribution with MIP is
qualitatively very different from that obtained with CP. It is evident
therefore that microwave heating favours the formation of CO + H,
(syngas). Hydrogen is the main gas produced regardless of the raw
material and pyrolysis temperature. The high H, concentration ob-
tained in the case of A-M400 (48%) is even higher than that ob-
tained at 800 °C by CP (A-C800, 34%), but the concentration is
greater when pyrolysing R. The highest H, content achieved is
50%, corresponding to the R-M800 experiment. This remarkable re-
sult can again be attributed to the presence of hot spots and
microplasmas in MIP, and their pseudo-catalytic effect.

Table 3
Synthesis gas concentration and its H,/CO ratio from the conventional and microwave
pyrolysis of A and R at different temperatures.

Microalgae Residue of microalgae

A- A- A- A- R- R- R- R-

C400 €800 M400 M800 (€400 (€800 M400 MS800
Syngas 9.2 535 685 87.7 114 564 745 93.8
(vol.%)
H,/CO 0 1.7 23 1.2 0 13 1.9 1.1

The carbon monoxide concentration is also higher in MIP and
increases with temperature, especially in the case of R. Experiment
R-M400 releases a CO concentration of 26% compared to the 44%
generated in R-M800. Thus, taking into account that H, remains
practically constant for all experiments, the variability in CO leads
to gas mixtures with different H,/CO ratios, as is shown in Table 3.
These results, in combination with the quicker heating rates pro-
vided by microwave heating, give MIP another advantage of MIP
over CP. In MIP it is possible to increase or decrease temperatures
very quickly, simply by adjusting the power emitted. This allows
the composition of the syngas obtained to be easily changed from
low to high values of H,/CO or vice versa. In CP, the heating inertia
rules out this possibility. With microwave heating, the H,/CO ratio
decreases when the temperature increases. The opposite occurs if
heating is carried out in the conventional electric furnace. More-
over, the total concentration of syngas is much higher in the gases
obtained by MIP than in CP, with values as high as 93.8% in the case
of R-M800 compared to values of 56.4% for R-C800.

In contrast, the concentrations of CO,, CH, CyH4 and CyHg
formed by MIP decrease with the increase in temperature. If the
CO, concentrations resulting from the two heating methods at
the same pyrolysis temperature are compared, it can be seen that
the CO, concentrations from MIP are always lower than those from
CP, and that the lower the temperature, the greater the difference.
This is because the reaction between the char and CO, generates
CO (Table 2, reaction 4) and because dry reforming reactions (Ta-
ble 2, reactions 1 and 8) are favoured at high temperatures.

On the whole, the methane contents in the CP gases are higher
than in the case of MIP which indicates that reforming reactions
involving CH,4 (Table 2, reactions 1 and 2) are favoured in MIP
(Wang et al., 2009). The presence of C, compounds in MIP is scar-
cely noticeable. In conventional heating, the heat flow goes from
the walls of the reactor to the sample, so the temperature is higher
in the reactor than inside the bulk sample. This creates favourable
conditions for the homogeneous cracking of the liquid compo-
nents, leading to an increase in the hydrocarbon content of the
pyrolysis gas. In contrast, when microwave heating is used, the
heat is produced by the interaction of the sample with the electro-
magnetic field, so the temperature is higher in the sample than in
the reactor, favouring the heterogeneous catalytic decomposition
of hydrocarbons (Table 2, reactions 3 and 6) (Dominguez et al.,
2006). This might explain why the value of the total light hydrocar-
bon yield (CH4 + CoHg + CoHy) is higher in all of the experiments
carried out in the electric furnace for both materials.

Regarding the influence of the extraction procedure on the gas
composition, there are no big differences, possibly due to the sim-
ilar proximate and ultimate compositions of the microalga and its
extraction residue. Therefore the influence of pyrolysed material is
not a meaningful characteristic in this sense.

3.4. Catalytic effects of the microwave absorber

Besides the pseudo-catalytic effect resulting from the micropl-
asmas caused by microwave heating (Menéndez et al., 2011; Zhang
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Fig. 5. Gas composition (vol.%) of the gas fraction produced in the experiments A-
M400, A-M400-G, A-C400, A-C400-Abs, A-C800 and A-C800-Abs.

et al., 2003), the metallic content of the char used as microwave
absorber can catalyse reforming reactions or the decomposition
of hydrocarbons, and favour the generation of large amounts of
hydrogen in MIP. A semiquantitative analysis of the metal content
of the microwave absorber was performed using an ICP-MS 7700x
Agilent, finding that the main metals present in the material are: K
(3wt%), Mg (2wt.%), Na (1wt.%), Fe (7000 ppm), Sr and Mn
(1500 ppm), Si (1000 ppm), Ba (300 ppm) and Cu and Zn
(200 ppm). To confirm or discard this catalytic effect, three addi-
tional experiments were performed. The A-M400 experiment was
repeated using graphite dust as microwave absorber (the experi-
ment was labelled as A-M400-G) in order to study the MIP without
the presence of the metallic content of the char. Experiments A-
C400 and A-C800 were repeated with the addition of the char
(the experiments were labelled as A-C400-Abs and A-C800-Abs),
in the same proportion as in MIP, to determine whether any
change occurred in the gas composition due to the presence of
the metallic content of the char. The results are shown in Fig. 5.
As can be seen, there are no significant differences when graphite
is used as microwave absorber in the MIP or when the char is
added to the CP, which suggests that the metal content of the char
has no substantial catalytic effect. The only noteworthy difference
is the change in the proportions of CO and CO, in MIP with the dif-
ferent absorbers. With char, the CO concentration is higher than
with graphite dust, while in the case of the CO, the highest concen-
tration results from mixing the microalga is achieved with a mix-
ture of microalga and graphite dust. This may be related to the
gasification of the char.

3.5. Heating values of the pyrolysis gases

Higher heating values (HHV) were calculated from the mean of
the individual heating values of the compounds present in the gas
fraction. Fig. 6 shows the energy content of the gas fraction per
gram of pyrolysed material (Eg) under conventional and microwave
heating, which was calculated from HHV. This bubble graph pre-
sents a global view of the gas yield (expressed as wt.%) and syngas
content (expressed as vol.%). The size of the bubble represents Eg. It
is evident from the diagram that microwave heating provides a gas
with a higher Eg than in conventional heating, as in the case of the
gas yield and syngas production.

The optimal conditions appear when the highest values for gas
yield and syngas content are reached. These values were obtained
in experiments A-M800 (57.5 wt.% of gas yield and 87.7 vol.% of
syngas) and R-M800 (57.2 wt.% of gas yield and 93.8 vol.% of syn-
gas), which gave E, values of 3.36 and 3.15 Wh g™, respectively.

The effect of pyrolysis temperature on E is considerable. If the
pyrolysis temperature rises, the Eg increases, especially in CP. If we
compare both materials when pyrolysed by means of conventional
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Fig. 6. Comparative diagram between the gas yield (wt.%) and syngas production
(vol.%) during the pyrolysis of the microalga and its residue by CP and MIP. The size
of the bubble represents the E; values (Whg '), which are shown between
parentheses, after the pyrolysis temperature.

heating, in A the Eg is almost five times higher with a rise in the
pyrolysis temperature from 400 to 800 °C, whereas in R, this differ-
ence is ten times higher. However, these differences are made to
appear almost insignificant when compared to the values reached
by microwave heating.

The Eg values obtained are rather low compared to those of
other fossil fuels, such as natural gas (15.6 Wh g~ ' gas). However,
attention needs to be paid to the units in which Eg is expressed.
The results in this paper have been normalized per gram of raw
material instead of per gram of gas produced. In the case just me-
tioned, the best E, would be 5.8 Wh g™ gas. Similar E, values have
been obtained with other biomass materials (Raveendran and Ga-
nesh, 1996). Moreover, the Eg values of this study are comparable
to those achieved with synthetic coal gas or blast furnace gas (Per-
ry and Green, 1997). Nevertheless, it is important to note that the
goal of the pyrolysis processes performed herein is to maximise the
syngas production, which do not have particularly high energy
content, but can be used for many other applications different from
its use as direct fuel. These include hydrogen and methanol pro-
duction, Fischer-Tropsch and synthesis of biopolymers via bacte-
rial fermentation of syngas, among others (Bridgwater, 2012;
http://www.synpol.org/).

4. Conclusions

This study has demonstrated the great potential of microalgae
and their extraction residue for use as hydrogen and syngas source
via microwave induced pyrolysis. The MIP of the residue at 800 °C
was found to be optimal for attaining a maximum syngas concen-
tration (93.8 vol.%), whereas the MIP of microalga at 400 °C pro-
duced the gas fraction with the highest H,/CO ratio (2.3). The
drastic differences in fraction yields and product distribution be-
tween CP and MIP in this work provide convincing evidence of
the superiority of MIP for syngas and H, production, even at low
temperatures.
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Capitulo 5

Resultados y Discusion: Bloque II

Parametros influyentes en la pirdlisis

con microondas

Este bloque incluye los trabajos centrados en la influencia de los
parametros de operacién sobre el proceso de pirdlisis con microondas
para la produccién de syngas. La temperatura de pirdlisis es uno de
dichos parametros; sin embargo, su efecto en la producciéon de syngas
va ha sido analizado por conveniencia en las publicaciones presentadas
en el Bloque I.

En la Publicacién IV se analiza el efecto de la potencia de
microondas y la proporcién de captador afiadida al sustrato en la
produccién de syngas. La Publicacién V muestra la influencia de la
humedad del sustrato en la produccién de syngas mediante pirdlisis
inducida por microondas. En la Publicacién VI se analiza el posible
efecto del gas portador ya que, en principio, podria afectar a la
naturaleza de los microplasmas generados al aplicar las microondas
sobre el captador, haciendo que la produccién de syngas pudiera verse
afectada. Por ultimo, en la Publicacion VII se analiza el
comportamiento dieléctrico (es decir, la capacidad de absorcién de
microondas y conversion en energia térmica) de los residuos en funcién
de la temperatura, y como este hecho influye en la eficiencia energética
del proceso de pirdlisis.

Para el desarrollo de este Bloque II, se seleccioné como sustrato la
fracciéon organica de RSU, ya que proporciond unos resultados muy
prometedores en cuanto a produccién de syngas, tal y como se ha
presentado en el Bloque I. Ademas, esta fraccién de RSU resulta ser un
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sustrato muy novedoso respecto a su aplicacién en un proceso de
pirélisis inducido por microondas, ya que apenas existen referencias
bibliograficas acerca del mismo.

5.1 Captador de microondas

Como se adelanté en la seccién de Introduccién, para conseguir
una temperatura lo suficientemente alta como para que tenga lugar la
pirdlisis de un material transparente a la radiacién microondas, es
decir, con malas propiedades dieléctricas, resulta necesario afadir
captadores de microondas al residuo a pirolizar, tales como el propio
carbonizado de dicho residuo. La influencia del captador es uno de los
principales factores que afecta a la pirdlisis con microondas, ya que
dependiendo de su naturaleza, y por tanto de sus propiedades
dieléctricas, tiene lugar un perfil de temperatura determinado. De esta
forma, los captadores de microondas que sean susceptibles de provocar
velocidades de calentamiento y temperaturas altas favoreceran la
produccién de gases, lo que implica cambios en la distribucién de
productos y, por tanto, en la proporcién de syngas.

En este sentido, la temperatura alcanzada en un proceso de
calentamiento con microondas parece depender de las propiedades
dieléctricas del captador, mientras que la velocidad de calentamiento
parece estar mas relacionada con la composicion quimica y la
estructura fisica del mismo. Sin embargo, no solo es importante la
naturaleza del captador de microondas (ZUO, 2011), sino también su
concentracién en el medio de reaccién. Sin embargo, el efecto este
parametro en la produccién de syngas no ha sido estudiado en los
trabajos de investigacién que pueden encontrarse en la literatura; por
el contrario, la mayoria de estudios acerca del efecto de la
concentracién del captador de microondas se ha centrado en la
produccién de aceites (SALEMA, 2011, SALEMA, 2012, ABUBAKAR,
2013). Dicho parametro debe ser optimizado, ya que no solo mejora la
concentracién de syngas, sino que también puede permitir una
reduccién notable en el consumo energético del proceso de pirdlisis
inducido por microondas. Con este objetivo se presenta la Publicacion
IV, cuyo procedimiento experimental se resume en la Figura 5.1.
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Fraccidn gaseosa: syngas

Captura de fase
pgaseosay analisis
por cromatografia de

gases

Horno microondas
unimodo

Potencia (W)
150, 250, 350 y 450

Ratio captador:RST
0.2:1, 0.4:1 y 1:1

Figura 5.1 Esquema experimental del estudio de optimizacién de potencia y
concentracion de captador de microondas en la pirélisis de la fracciéon organica
de RSU

Para llevar a cabo el estudio de optimizacién, se empleb un disefio
experimental sobre el cual se aplicé la metodologia de superficies de
respuesta a través de la interaccion entre el factor potencia y el factor
ratio captador:RSU. De esta forma, se observ) que la contribucién de
la potencia de radiacién microondas a la produccién de syngas es
mucho mas significativa que la concentracion de captador de
microondas. Este resultado era de esperar, puesto que al aumentar la
potencia se genera una mayor potencia volumétrica que hace que la
velocidad de calentamiento sea mayor, favoreciendo la produccién de
gas, que resulta ser casi el doble al pasar de 150 W a 450 W, pero
penalizando el consumo energético.

Sin embargo, la presencia del carbonizado como captador de
microondas también parece tener un efecto significativo, aunque en
menor grado que la potencia. De esta forma, es posible obtener una
fraccién gaseosa con una concentracién en syngas de entre 80 y 94 vol%
a bajas potencias. El valor minimo del ratio captador:RSU fue 0.2:1, ya
que por debajo de este valor no fue posible llevar a cabo la pirdlisis
debido a la transparencia del residuo a las microondas. Este resultado
es de extrema importancia, ya que incluso utilizando altas potencias
(450 W) es absolutamente necesaria la adicién de captador al residuo
para llevar a cabo la pirélisis en microondas.
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Ademas de ser necesario un ratio captador:RSU minimo, se
encontr6 que, precisamente, este valor fue el mas Optimo para
maximizar la concentracién y produccién de syngas a partir de la
fraccién organica de RSU seca. Este efecto ya ha sido descrito por otros
autores, indicando que, posiblemente, cuando se utiliza una alta
concentracién de captador de microondas, la temperatura final del
proceso puede ser menor debido a que el captador se calienta de forma
muy localizada y la transferencia de calor hacia el residuo a pirolizar
no es tan eficiente (SALEMA, 2012). Realmente, este hecho podria
entenderse como un efecto mixto entre la cantidad de captador y el
disefio geométrico del reactor.

Por otra parte, se analizé el efecto de la concentracién de captador
de microondas en el caso de usar la fraccién organica de RSU humeda.
En este caso, las tendencias observadas fueron diferentes. El vapor de
agua generado a partir de la humedad parece participar en reacciones
de gasificacién, que estarian mas favorecidas en el caso de disponer de
una mayor concentracién de captador carbonizado, como se muestra en
las reacciones 5-6. Asi mismo, las reacciones 2 y 4 también estarian
favorecidas. De esta forma, podria explicarse la mayor producciéon de
gas (en base seca de residuo) y de H2 y CO2 que tienen lugar en el caso
de utilizar la fraccion humeda.

C+H:2:0«< H2 +CO Reaccion 5
C+2H:0< 2H2+COq Reaccion 6

Los resultados obtenidos en este trabajo sugieren que la utilizacién
de un material captador de microondas resulta esencial para llevar a
cabo la pirdlisis inducida por microondas, y que el carbonizado
resultante de la propia pirélisis del residuo es muy adecuado para ser
utilizado como captador. Ademds de conseguir la temperatura de
pirdlisis necesaria, es una forma de aprovechar la fraccién sélida del
proceso de pirdlisis sin introducir un material ajeno al propio proceso.
Por otra parte, hay que remarcar que el contenido en humedad del
residuo a pirolizar favorece la produccién de gas. Este resultado abre la
puerta al disefio de una unidad que podria integrar los procesos de
secado y pirdlisis para favorecer la produccion de syngas. Esta
posibilidad ha sido investigada y los resultados obtenidos se presentan
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a continuacidén en la Publicaciéon V.

5.2 Humedad

Una alternativa para mejorar la eficiencia de una planta consiste
en la integracién de procesos. En este sentido, la incorporaciéon de
diferentes procesos fisico-quimicos en una misma unidad de proceso
resulta especialmente atractiva. La Publicacion V se basa en este
concepto con el fin de desarrollar una metodologia que permita un
tratamiento de valorizacién de residuos sélidos urbanos.

La humedad se encuentra presente en los residuos urbanos en un
porcentaje aproximado del 40% en masa, si bien es cierto que puede
oscilar en el intervalo 25 - 60%. Esta caracteristica debe de ser tenida
en cuenta en los procesos de compresion de residuos, producciéon de
lixiviados, transporte, procesos de transformacidén, tratamientos de
incineracién o de recuperacion energética, y procesos de separacion de
residuos en la correspondiente planta de reciclado. En procesos de
conversion termoquimica, no es deseable un contenido en humedad alto
porque la eficiencia del proceso disminuye, ya que se necesita una gran
cantidad de energia para convertir el agua liquida en vapor (NIU,
2013), ademas de producir gases combustibles de menor poder calorifico
y aumentar los costes de transporte. Sin embargo, el efecto de la
presencia de humedad durante un proceso de conversién termoquimica
asistido con microondas puede ser diferente, ya que el agua es un buen
captador de microondas y se pueden favorecer reacciones heterogéneas
con vapor de agua como agente gasificante.

De esta forma, en la Publicacién V se propone la integracién de
tres procesos (secado, pirdlisis y gasificacién) de la fraccidon organica de
RSU en un reactor calentado por microondas, con el objetivo de
producir syngas. Para ello, se ha utilizado la fracciéon organica de RSU
con diferentes grados de humedad, habiéndose sometido la fraccién
humeda, que posee un 45% de humedad, a secados parciales en una
estufa para obtener diferentes contenidos de humedad (0%, 12% y
34%), tal y como se muestra en la Figura 5.2.
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Fraccion gaseosa: syngas

Captura de fase
gaseosay analisis
por cromatografia de
gases

Herne microondas
unimodeo

Potencia 150 W ‘

| 60°C Ratio eaptador:RSU 1:1
0, 10,20 min o todala
noche C+Hy0 = €O+ Hy. AH® - 131 k) miol !

€2 M0 €0z + 2Hs, AH® - 90 K] mal*

it cammalotve prodection (L)

Figura 5.2 Esquema experimental del estudio de la influencia de la humedad
en la pirdlisis de la fraccién organica de RSU

Se escogi6 una potencia de 150 W para estudiar con mas claridad
el efecto de la humedad, ya que en la anterior Publicaciéon IV se observé
que a una densidad de potencia elevada, el efecto de la humedad en la
produccién de syngas es menor. Por otra parte, el ratio captador:RSU
fue 1:1, ya que en la misma Publicacién IV se mostré que con un
residuo himedo, un ratio elevado proporciona una mayor concentracion
de syngas, ya que hay mayor cantidad de carbono susceptible de ser
gasificado con el vapor generado a partir de la humedad del residuo.

Los resultados obtenidos en este trabajo sugieren que existe un
contenido en humedad 6ptimo para la produccién de syngas (12%),
debido probablemente a que el calentamiento se ve favorecido con
microondas, teniendo lugar una absorcién de microondas més eficiente;
sin embargo, a mayores contenidos en humedad, la produccién
comienza a caer. Ademads, se ha confirmado que la produccién gaseosa
se ve favorecida a mayor contenido de humedad del residuo, lo cual
puede ser atribuible a las reacciones de gasificacion en las que
participa el vapor de agua. De esta forma, se ha encontrado un entorno
en el cual es favorecedora la integracién del secado con los procesos de
pirélisis y gasificacion para la produccién de syngas, ya que ademaés
todo parece indicar que el consumo energético podria disminuir
respecto a la pirdlisis del residuo seco (SERIO, 2012).
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5.3 Gas portador

Durante el calentamiento con microondas de materiales
carbonosos, se producen microplasmas (MENENDEZ, 2011). En este
sentido, se ha encontrado que en reacciones heterogéneas asistidas con
microondas tiene lugar una mejora de la actividad catalitica,
habiéndose atribuido a la existencia de dichos microplasmas, ya que en
estos puntos existe una temperatura mucho mayor que la temperatura
media del lecho catalitico (ZHANG, 2003). De hecho, se ha sugerido que
los microplasmas pueden provocar cambios en las constantes de
equilibrio, por lo que se suele hablar de que los microplasmas producen
un efecto pseudo-catalitico durante el calentamiento con microondas.
En el contexto de un proceso de pirdlisis inducido por microondas, son
los microplasmas los que permiten facilitar la extraccién de volatiles y
que las reacciones heterogéneas entre el sélido carbonoso y los volatiles
para producir syngas se vean favorecidas.

Existen algunas evidencias de que uno de los factores que influyen
directamente en la generacién de estos microplasmas es la atmoésfera
gaseosa que los rodean. Asi, la presencia de Hz durante el reformado
seco de gas de coqueria asistido con microondas parece ser la
responsable de obtener unos microplasmas de mayor temperatura que
los que se producen en el reformado seco de metano (BERMUDEZ,
2012).

Por otra parte, existen algunos trabajos acerca de la influencia del
gas portador en el proceso de pirdlisis con microondas, pero siempre
enfocados hacia la influencia del tiempo de contacto entre la materia a
pirolizar y dicho gas. Sin embargo, no existen en la literatura trabajos
enfocados en la influencia de la composicién de dicho gas portador en la
distribucién de productos de la pirdlisis. En este sentido, en la
Publicacion VI se analiza el efecto que tiene utilizar como gases
portadores N2 y He sobre la produccién de syngas, asi como el hecho de
no utilizar ningin gas portador.

Los resultados obtenidos en este trabajo indican que la pirdlisis
inducida por microondas de residuos puede llevarse a cabo sin utilizar
un gas portador, si previamente se ha inertizado el reactor, lo que
supone un menor coste operacional. Por otra parte, el hecho de utilizar
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N2 o He como gas portador parece no afectar significativamente a la
produccién de syngas.

5.4 Propiedades dieléctricas

Para llevar a cabo el disefio y escalado de procesos que hagan uso
de la tecnologia de calentamiento con microondas, resulta esencial
seleccionar el tipo de cavidad adecuada. Para ello, tanto los
requerimientos del proceso como las propiedades directamente
relacionadas con el calentamiento con microondas, deben conocerse en
detalle. En este sentido, se deben conocer las propiedades dieléctricas
de los materiales procesados en funcién de la temperatura del proceso,
puesto que seran determinantes a la hora de evaluar la eficiencia del
proceso en términos de potencia absorbida por la carga.

En la Publicaciéon VII, se determina la respuesta dieléctrica de la
fraccién orgénica de RSU en funcién de la concentraciéon de captador de
microondas afiadida (relaciones masicas captador:RSU 0:1, 0.3:1, 0.6:1
y 1:0) y de la temperatura de pirdlisis. Dicha respuesta se ha evaluado
a diferentes temperaturas durante el proceso de pirdlisis en términos
de la constante dieléctrica €', el factor de pérdidas dieléctrico &’ y la
distancia de penetracién en el material. Para ello, se ha utilizado una
metodologia inversa (Figura 5.3), basada en un método de optimizacién
que permite obtener las propiedades dieléctricas mediante la
comparacién entre los coeficientes de reflexién de ondas derivados del
material real y del material simulado (S11, S12 vy S22) (REQUENA-
PEREZ, 2006). Estos coeficientes dependen de la capacidad de
absorcién de microondas de los materiales y, por tanto, de ' y €".
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Figura 5.3 Esquema experimental utilizado para la determinacién de las
propiedades dieléctricas de los residuos

En la Figura 5.4 se representa, a modo de ejemplo, la variacién de
la constante dieléctrica con la temperatura, €', de la mezcla captador:
residuo en una proporcién masica 0.3:1. Asi mismo, en la Figura 5.5 se
representa la variacién del factor de pérdidas dieléctricas con la
temperatura, €, y en la Figura 5.6 la variacién de la tangente de
pérdidas dieléctricas. Todas las propiedades mencionadas se mantienen
aproximadamente constantes, con tendencia a disminuir al acercarse a
los 400 °C, siendo la absorcién de microondas muy moderada. Sin
embargo, a partir de 500 °C, el comportamiento del residuo es
completamente diferente: la tangente de pérdidas dieléctricas aumenta
de forma considerable hasta un méaximo de 1.7, valor que se
corresponde con la pirdlisis a 800 °C. A esta temperatura tiene lugar,
por tanto, la maxima conversion de energia electromagnética
microondas en energia térmica debido al incremento de la densidad de
electrones deslocalizados en la estructura carbonosa como consecuencia
de la pérdida de volatiles, tal como se explicé en el capitulo de
Introduccion.
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Por otra parte, la constante dieléctrica crece continuamente hasta
1000 °C, mientras que el factor de pérdidas dieléctricas muestra un pico
a 800 °C, el cual se puede asociar a un fenémeno de polarizacién
interfacial, indicando que tiene lugar un cambio estructural en el
material (PENG, 2012).
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Figura 5.4 Constante dieléctrica del captador + residuo (0.3:1) en funcién de la
temperatura a 2.45 GHz

Ademads, como consecuencia del incremento de la absorcién de
microondas al aumentar la temperatura, la distancia de penetraciéon de
las mismas se ve reducida a partir de 400 °C hasta 800 °C, temperatura
a la que dicha distancia es minima, por lo que el resto del material se
calentaria por transferencia de calor (Figura 5.7). Este aspecto es
fundamental a tener en cuenta en el disefio y modo de operacién de un
prototipo de reactor para llevar a cabo la pirdlisis a mayor escala. En
este sentido, se estd comenzando a trabajar en novedosos disefios como
la pirdlisis inducida por microondas utilizando un lecho fluidizado, lo
que evitaria los problemas de dispersién de ondas en un lecho fijo por
encontrarse el material compactado (XIE, 2014).
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Figura 5.5 Factor de pérdidas dieléctricas del captador + residuo (0.3:1) en
funcién de la temperatura a 2.45 GHz
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Figura 5.6 Tangente de pérdidas dieléctricas del captador + residuo (0.3:1) en
funcién de la temperatura a 2.45 GHz
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Figura 5.7 Distancia de penetracién de las microondas en la mezcla captador +
residuo (0.3:1) en funcién de la temperatura a 2.45 GHz

Gracias al valor del parametro tan d, se ha podido determinar que
la eficiencia de la conversién de energia microondas en calor es casi
20 veces superior cuando se anade captador al RSU a
temperatura ambiente. Esta diferencia ha resultado ser incluso mayor
en el intervalo 600 — 800 °C, lo cual es muy prometedor en procesos de
pirdlisis.

Adema3s, cuanto mayor es la concentracién de captador afiadido, el
efecto de thermal runaway (mediante el cual, la energia de las
microondas se concentra en un material absorbente cuya velocidad de
absorcion aumenta con la temperatura dando lugar a un crecimiento
exponencial de la velocidad de calentamiento) ocurre a mas baja
temperatura, aunque el calentamiento es maéas heterogéneo y la
distancia de penetracion de las microondas es menor. Por tanto, la
composicion de la mezcla de partida influira en gran medida en el
comportamiento dieléctrico al aumentar la temperatura a pesar de
que el producto final sea el mismo (char).
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Por lo tanto, existen dos efectos contrapuestos al afadir captador
de microondas que deberian ser tenidos en cuenta para conseguir un
proceso de pirélisis con microondas més eficiente, tal y como se muestra
en la Figura 5.8.

[ Baja concentracién de captador ] [ Alta concentracién de captador ]

_C . )x_,/ .
® O ®
~ - °5 <>K“’
. N

Mayor distancia de Menor distancia de
penetracion penetracion
| [
+  Calentamiento homogéneo *  Calentamiento heterogéneo
*  Menortan§ *  Mayortan &
= Mayor consumo energético = Menor consumo energético
para iniciar la pirclisis para iniciar la pirdlisis

Figura 5.8 Efecto de la concentracion de captador (circulos oscuros) en el
calentamiento con microondas. Los circulos blancos representan el residuo
organico transparente a las microondas

Evidentemente, el consumo energético del proceso de pirdlisis
inducida por microondas también dependera del diseno geométrico
del reactor ademas de las propiedades dieléctricas de los residuos. A
modo de referencia, en un estudio reciente en el que se llevd a cabo la
pirdlisis de residuos sélidos urbanos con microondas a mayor escala (20

kW), los autores reportaron consumos energéticos del orden de 0.5 — 0.7
kWh/kg (LI, 2011).
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Microwave pyrolysis is presented in this study as a recycling approach for municipal solid waste treat-
ment. The process is based on the conversion of solid waste to syngas (CO +H;) by means of a microwave
absorbent. Experiments to characterise the syngas produced were performed using the char obtained
from the pyrolysis of a municipal solid waste as microwave absorbent in the microwave power range of
150-450W and in an absorbent-to-waste ratio range of 0.2:1 to 1:1 (wt.%:wt.%). A rich-syngas fraction
with a high H, content (c.a. 50-55 vol.%) was obtained and analysed by means of response surface method-
ology through the interaction between the microwave power and absorbent-to-waste ratio. Moreover, a
positive effect of the moisture content on gas production is attained since gasification of the char occurs.
Thus, the simple use of a cheap waste-derived char leads to a reduction in the microwave power and
economic cost of the process.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Municipal solid waste (MSW) consists mainly of waste from
households (60-90%), though similar wastes from other sources
such as commerce or public institutions are also included. Accord-
ing to Eurostat, which is the statistical body of the EU, MSW
generation in Europe has remained stable at about 260 Mt per year
since 2002 [1]. Various management alternatives are available for
the treatment of MSW such as landfilling, incineration, recycling
or composting. In recent years, recycling has increased, although
landfilling still remains the most widely used method of disposal,
in spite of its several drawbacks, such as the leaching of danger-
ous chemicals into the soil and the release of methane to the air.
However, this gap has narrowed in the last few years. In the EU the
landfill/recycling MSW weight ratio was 56/17 in 2001 compared
to 37/251in 2011 [2].

Pyrolysis technology has emerged not only as a very effective
way of MSW disposal but also as an attractive technology for val-
orising these residues by producing fuels or precursors of valuable
chemicals, such as syngas (CO+H,). As an example, the SYNPOL
project [3] aims to produce new biopolymers via the fermentation
of syngas from waste materials.

Several studies have been carried out on MSW pyrolysis [4-7].
In general, the syngas content of the gas fraction produced in

* Corresponding author. Tel.: +34 985 118972; fax: +34 985 297672.
E-mail addresses: angelmd@incar.csic.es, jmbermen@gmail.com
(J.A. Menéndez).

0165-2370/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jaap.2013.11.009

pyrolysis processes is not very high, since it is mixed with large
amounts of CO,, CHy4 and light hydrocarbons. As a way to improve
the syngas concentration and, especially, the H, content, several
researchers have proposed catalytic pyrolysis. In such cases, the
role of the catalyst, such as dolomite [4], is to crack the heavy com-
pounds in order to obtain lighter gases. However, the same effect
can be achieved by means of microwave irradiation, without the
need to add a catalyst to the system, as demonstrated in previ-
ous studies [8-10]. Microwaves are able to generate microplasmas,
which promote heterogeneous catalytic reactions, but not all mate-
rials can be heated by means of microwave irradiation, since some
materials are transparent to microwaves. To solve this problem,
the addition of carbon-rich materials has been proposed to absorb
microwaves [11-14]. The material to be pyrolysed is then heated by
conduction. Use of the char obtained from MSW pyrolysis process,
as microwave absorbent is an attractive solution since it avoids the
addition of materials that might increase the cost of the process.
The microwave pyrolysis of MSW has been performed previ-
ously by Gedam and Regupathi [15], but it is still at an early stage
of development. In the study of Gedam and Regupathi, both the
microwave power and irradiation time were varied. Although a
minimum value of power was required to carry out the pyrolysis
of MSW, the addition of different carbon materials that served as
microwave absorbents allowed the pyrolysis to proceed at a lower
microwave power. Surprisingly, no hydrogen was produced other
than trace concentrations, providing a gas rich in CO, CO, and CHy.
So far the effect of the amount of microwave absorbent on MSW
pyrolysis has not received much attention. However, this parame-
ter has been studied in relation to other materials. The microwave
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induced pyrolysis (MIP) of microalgae with various microwave
absorbents, such as activated carbon, Ca0, SiC or microalgae char
has been carried out by Hu et al. [16]. These authors found that
there was a specific proportion of absorbent-to-microalga at which
the liquid fraction was maximised, depending on the absorbent
used. Oil palm shell biomass was recently subjected to MIP in a
study by Salema and Ani [17], which showed the importance of
the quantity of microwave absorbent added to the oil palm shell as
a method of controlling the pyrolysis temperature in an overhead
stirrer reactor. The authors reported that an increase in microwave
absorbent led to a decrease in the pyrolysis temperature and in turn
in to higher solid fraction yields. All of these studies were focused
on maximising the liquid fraction yield. However, to the best of
our knowledge, no studies have been aimed at maximising the gas
fraction yield.

Herein, we report for the first time on a statistical model based
on response surface methodology (RSM) designed to assess the
combined effect of microwave power and ratio of microwave
absorbent-to-waste upon the amount and characteristics of the
syngas generated from MIP. In addition, the effect of moisture con-
tent of the MSW is evaluated.

2. Materials and methods
2.1. Materials

The sample selected for this study was an organic fraction from
a municipal solid waste, supplied by BEFESA Gestion de Residuos
Industriales S.L. (Seville, Spain) in two forms: wet (with a moisture
content of c.a. 45wt.%) and dry (with a moisture content of c.a.
1.5wt.%). The dry and wet fractions will be labelled as D and W,
respectively. Proximate and ultimate analyses were performed to
characterise the composition of the feedstock samples. The mois-
ture, ash content and volatile matter data (from a LECO TGA-601)
are summarised in Table 1 together with the ultimate analysis
results (a LECO-CHNS-932 micro-analyser and LECO-TF-900 fur-
nace were used). Metallic content of the ashes from the organic
MSW was determined by means of atomic absorption spectroscopy.

The gases were analysed in a Varian-CP3800 gas-
chromatograph equipped with a TCD detector and two columns
connected in series. The first column was 80/100 Hayesep
Q (2mx1/8in.x2mm) and the second column was 80/100
Molesieve 13x (1.5m x 1/8in.x2mm). The second column
was bypassed by a six-port valve for the analysis of CO, and
hydrocarbons. The TCD was calibrated with a standard gas
mixture.

2.2. Microwave induced pyrolysis

The pyrolysis of D and W was carried out in a microwave oven
which consisted basically of a microwave magnetron with a max-
imum output power of 2 kW operating at 2450 MHz and a single
mode cavity where the sample was irradiated using powers ranging
from 150 to 450 W. The single mode cavity allows a well-defined
electric field in a relatively small volume due to the superposition
of incident and reflected waves, and causes the microwave field
to focus on a given location [18]. The reflected power is regulated
until it is reduced to zero by means of stub tuners. About 3 g of
sample (on a dry basis) was placed on an inert bed inside a quartz
reactor. The reactor was purged with N, for 30 min at a flow rate
of 50 mLstp min~'. The N; flow rate was then set to 10 mLgyp min~!
for the pyrolysis experiments in order to ensure an oxygen-free
atmosphere.

As mentioned in previous studies on microwave induced pyrol-
ysis of biomass, it is also necessary to mix the MSW fraction with

an appropriate microwave absorbent to achieve the high tem-
peratures required for pyrolysis [11-14]. The char obtained from
the prior pyrolysis of D and W at 800°C in an electrical furnace
was used as microwave absorbent in different absorbent-to-waste
ratios (0.2:1, 0.4:1 and 1:1), in order to evaluate the influence of
this parameter on the characteristics of the syngas. Preliminary
experiments showed that lower values of absorbent-to-waste ratio
prevented the pyrolysis of the MSW fraction.

The experiments lasted 1h, but the time chosen for the calcu-
lation of the parameters was 40 min, since by this time all the MIP
experiments would have reached 90% of total syngas production.

The volatiles released from the pyrolysis of both organic frac-
tions were passed through a condensing system cooled by a
cryogenic solution of water and NaCl. The liquid fraction was recov-
ered from the condensing system by dissolving it in CH,Cl,. It
was then subjected to further evaporation to remove the solvent
at 40°C. The non-condensable gases were collected at intervals of
10 min in Tedlar sample bags and then analysed by gas chromatog-
raphy. The composition of the gaseous fraction was determined
from the composition of each bag and the N, flow rate.

2.3. Statistical model

RSM is a widely used technique for the optimisation of a set
of parameters. This methodology assesses the combined effect of
a set of independent variables on response variables by means of
three-dimensional surface plots. The experimental response vari-
ables are fitted to a mathematical model by multiple regression
analysis, which is then subjected to statistical evaluation by means
of the analysis of variance (ANOVA) in order to determine whether
the model and model parameters are significant on the basis of the
p-value to within a certain level of confidence, e.g. at 95%. In the
field of MIP, only a few studies employ RSM [19,20], but none of
them are focused on the influence of the microwave power or on
the effect of the microwave absorbent on the syngas produced.

As mentioned at the end of Section 1, three factors were selected
as the independent variables used to model the characteristics of
the gas obtained from the MIP of the organic fraction of munici-
pal solid waste: the microwave power (P, expressed in Watts), the
absorbent-to-waste ratio (A, wt.%:wt.%) and the moisture content
(M, wt.%). The values of P ranged from 150 W to 450 W and those
of A from 0.2:1 to 1:1. Additional experiments were performed on
the W fraction (45 wt.% of moisture) to evaluate the influence of the
water content on the pyrolysis process.

In order to model the gas fraction evolved during the MIP,
the following response variables were characterised: the syngas
concentration, i.e. CO+H, concentration in the pyrolysis gases (S,
vol.%); the syngas production (SP, Lstp gusw ') and the Hp, CO, CO,
and CH4 concentrations in the gas fraction (vol.%). The experimental
design is shown in Table 2.

The experimental results for D and W were fitted using a poly-
nomial quadratic equation (Eq. (2.1)) by means of Design Expert®
software to correlate the response variables R(P, A) to the inde-
pendent variables P and A within the model parameters: the offset
term («), the linear effects (B, y) the squared effects (4, €) and the
interaction term ({):

R(P, A)=a+ P+ yA+ 8P? + eA? + (PA (2.1)
3. Results and discussion
3.1. Syngas production models

The main objective of this study is to characterise the syngas

generated by the microwave induced pyrolysis of municipal
solid waste and determine its composition and production. The
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Table 1
Proximate and ultimate analyses of the organic fraction from MSW and metal content of the ashes.
Proximate analysis (wt.%) Ultimate analysis (wt.%)"
Moisture Ash® Volatile matter” C H N S [e] e}
1.5" 30.3 61.1 394 5.2 15 0.4 0.9 223
Metal content of ashes (Mgmeta1/kgmsw )
Fe Zn Mn Cr Cu Pb Ni
8896 183 83 59 45 31 18

2 Dry basis.
b Moisture content of D. In the case of W, moisture content is 45 wt.%.
¢ Calculated by difference.

relationships between the factors P and A and the responses S and
SP are illustrated in Fig. 1(a)-(b). Qualitatively, an increase in the
microwave power directed at the sample leads to a higher syngas
concentration and production. Factor A seems to have only a slight
effect on the responses studied. The regression models calculated
to predict S (vol.%) and SP (Lstp gmsw ') are expressed as follows:

S = 75.247 + 0.087P — 0.787A + 0.024PA
—1.171 x 1074p2 — 7.885A2 (3.1)

SP = 0.039 + 1.765P — 0.393A + 3.395 x 107°PA
—~1.870 x 1075P2 4 0.253A2 (3.2)

To statistically quantify the influences of the P and A factors,
ANOVA tests were performed. In Table 3, the model p-values «0.05
suggest that both models are significant to within a 95% confidence
level. In the case of the syngas concentration model (Eq. (3.1)), the
linear term for microwave power (P) has the greatest effect on the
H; + CO content due to the extremely low p-value (<0.0001). In con-
trast, the influence of the microwave absorbent quantity, although
significant, is not as great. The term for the absorbent-to-waste ratio
(A) has a significant effect on S with a p-value of 0.0012. In the case
of the syngas production model, the terms P and A were found to
be significant factors too.

From the surface plots of the regression models (Fig. 1(a)-(b)),
it is possible to determine the effect exerted by P and A on the
response variables in the experimental space studied. At a low
microwave power (150,250 and 350 W), a high A leads to a decrease
inboth the syngas concentration and production, although at450 W
the trend of S seems to change, since a maximum appears at

Table 2
Experimental design for the MIP of organic MSW.
Experiment P (W) A (wt.% absorbent:wt.% residue) M (Wt.%)
1 150 0.2:1 15
2 150 0.4:1 15
3 150 1:1 15
4 250 0.2:1 15
5 250 0.4:1 15
6 250 1:1 15
7 350 0.2:1 15
8 350 0.4:1 15
9 350 1:1 15
10 450 0.2:1 15
11 450 0.4:1 15
12 450 1:1 15
13 150 0.2:1 45
14 150 1:1 45
15 450 0.2:1 45
16 450 1:1 45

A=0.4:1. Anyway, the concentration of syngas in the gas fraction
obtained over the entire range of experimental conditions studied
is considerable (>80 vol.% in all the cases). In short, the MIP of MSW
is very selective towards syngas.

To investigate the fit of the model, the R-squared and Adjusted
R-squared values were evaluated. As can be observed in Table 3,
the S model has an R? value of 0.989, indicating that the model
variation of 98.9% for the syngas concentration is attributable to
the independent variables and only 1.1% of the total variation could
not be explained by the model. The value of Adj-R? is also very
high, lending further support to the high significance of the model
proposed. In the case of the SP model, similar conclusions can be
drawn.

Of the two factors (i.e. microwave power and the absorbent-
to-waste ratio), microwave power plays the more important role

A 0.27150

Fig. 1. Response surface plots based on syngas concentration (S, vol.%) (a), and
syngas production (SP, Lsrp gmsw™") (b), as a function of microwave power (P) and
absorbent-to-waste ratio (A).
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Table 3
ANOVA for the syngas models (S and SP).
Source Sum of squares Degree of freedom Mean square Fvalue p-Value Significance (to within a 95% R?Adj-R?
confidence level)
Response: syngas composition (S, vol.%)
Model 179.697 5 35.939 109.125 <0.0001 Significant 0.989
P 145.264 1 145.264 441.072 <0.0001 Significant 0.980
A 10.904 1 10.904 33.109 0.0012 Significant
PA 10.359 1 10.349 31.423 0.0014 Significant
P2 16.450 1 16.450 49.948 0.0004 Significant
A? 2204 1 2.204 6.692 0.0414 Significant
Response: syngas production (SP, Lsip gmsw ')
Model 068 5 0.014 52.400 0.0010 Significant 0.985
P 0.062 1 0.062 235.94 <0.0001 Significant 0.966
A 0.005 1 0.005 17.78 0.014 Significant
PA 1.932x 109 1 1.932 % 10 0.074 0.799 Not significant
p? 0.003 1 0.003 10.770 0.031 Significant
A? 0.001 1 0.001 5.700 0.075 Not significant

in MIP. Nevertheless, it is important to emphasise that without
the presence of a microwave absorbent, it would be impossible
to carry out the MIP experiments and that its presence allows the
microwave power to be reduced, as mentioned by Gedam and Regu-
pathi [15]. These authors found that with a single mode cavity, the
MIP of MSW was not possible without the addition of a microwave
absorbent, unless the microwave power was higher than 450 W.
However, the addition of carbonaceous absorbents such as char-
coal with an A value of 0.5:1 allowed MSW to be pyrolysed even
at 100W. In a more recent study by Hu et al. [16], the authors
performed the MIP of microalgae without any absorbents but at
powers higher than 750 W. They also found that the addition of
small amounts of solid residue obtained from the microalgae pro-
moted gas production.

3.2. Gas component models

The response surface models corresponding to the major com-
ponents of the gas fraction (i.e. H,, CO, CO, and CHy4) are shown in
Fig. 2(a)-(d). From the trends of these models, it can be seen that
the concentrations of the most valuable components (H, and CO)
were favoured by the power irradiated at the sample. As observed
by Hu et al. [16], the higher the microwave power is, the higher
the temperature reached inside the bulk, since both the microwave
density and the microwave energy absorbed by the bulk increase.
As a consequence, the endothermic reactions leading to the forma-
tion of syngas are favoured [9]. On the other hand, the addition of
absorbent to MSW seems to have little effect on the gas concen-
trations. To assess the effects of both factors more effectively, the
following regression models for H,, CO, CO, and CH4 (vol.%) were
obtained:

Hy = 42.367 + 0.048P + 8.242A + 6.475 x 10 PA

—6.183 x 107°P? — 8.162A% (3.3)
CO =32.870 4 0.039P — 9.013A + 0.018PA

—5.533 x 107°P2 + 0.271A% (3.4)
€O, =9.114 - 0.019P + 2.693A (3.5)
CHy = 9.768 — 0.039P + 1.524A — 0.015A

+6.508 x 1075P2 + 2.667A% (3.6)

ANOVA tests were carried out as in Section 3.2. The model p-
values «0.05 (Table 4) imply that all the models are significant to

within a confidence level of 95%. In the case of the hydrogen concen-
tration model (Eq. (3.3)), the only significant term is the microwave
power linear term (P) since its p-value is 0.0029. No significance was
found for the other terms. In the case of the CO model (Eq. (3.4)),
both the P and the A terms have significance, their p-values 0.0028
and 0.0310 being respectively. For CO,, a linear model was found
to be the most accurate (Eq. (3.5)). Both linear terms were found
to be significant for the CO, model. However, the trend of the CO,
model was the opposite to that of the CO model. This is because CO
and CO; are related by Boudouard’s equilibrium (Eq. (3.7)):
C + COy < 2CO, AH°= 173kmol . (3.7)

From Fig. 2(b) and (c) it can be observed that the maximum
CO, concentration corresponds to the conditions at which the CO
concentration is minimised (low power and a high quantity of
microwave absorbent) and vice versa. This behaviour could be due
to the fact that, as A increases, the bulk temperature decreases as
stated in another study by Salema and Ani [17] and that the lower
power leads to lower temperatures, shifting Eq. (3.7) to the side of
reactants since it has an endothermic enthalpy (173 k] mol~1).

Finally, in the CH4 model (Eq. (3.6)), P is the only significant
factor since it has p-value of 0.0044, and its trend is similar to that
of the CO, model. Endothermic reforming reaction of methane (Eq.
(3.8)) is favoured at high power and so CO and H; production from
these reactions is greater.

CHg +COy < 2Hp +2C0O, AH® = 247 kJmol~'. (3.8)

From the mathematical models presented above (Egs.
(3.3)-(3.6)), it can be seen that the microwave power has a
positive effect on H, and CO production, but a negative effect on
the production of CO, and CH,4. Moreover, the addition of larger
quantities of absorbent to MSW inhibits the production of CO
but favours the production of CO,. Table 4 shows that factor A
has no significance for the H, and CH4 response variables in the
experimental set-up employed in this study. Anyway, it would
seem that the hydrogen model would not represent the physical
process very well since the absorbent would modify the pyrolysis
temperature and, hence, affect the production of hydrogen. As
scale-effects may be masking this point, larger scale experiments
are being carried out by our research group.

An interesting point in relation to the quality of the syngas pro-
duced is the H,/CO ratio, especially in regard to its future use. For
example, in the case of methanol synthesis from syngas, a H,/CO
ratio of around 2 would be the ideal [21]. In this work, it was found
that from the microwave pyrolysis of MSW, this parameter does not
vary appreciably. H,/CO ratios between 1.3 and 1.5 were obtained
over the entire experimental space analysed.
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Fig. 2. Response surface plots based on H; (a), CO (b), CO; (c) and CHy4 (d) concentrations (vol.%) in the gas fraction as a function of microwave power (P) and absorbent-to-waste

ratio (A).

3.3. Effect of the moisture content of the MSW

Since the wet fraction has a large moisture content (M), H,0

enrichment in H, CO or CO, depending on the experimental con-
ditions.

0 _ -1
might be expected to play an important role in the pyrolysis pro- €+ Ho0 © Hp+CO, - AHT=131kjmol G9
cess via the gasification reactions of the char (Egs. (3.9) and (3.10)) C + 2H;0 < 2H; +CO;, AHP = 90kJmol~! (3.10)
and the reforming reactions (Eqs. (3.11) and (3.12)), leading to an CHa+Hs0 < 3Hp +CO, AH® = 205k]mol-! 311)
Table 4
ANOVA for the gas fraction component models.
Source Sum of squares Degree of freedom Mean square  Fvalue p-Value Significance (to within a 95% R?Adj-R?
confidence level)
Response: hydrogen concentration (Ha, vol.%)
Model 37.809 5 7.562 5.726 0.0277 Significant 0.827
P 30.811 1 30.811 23.330 0.0029 Significant 0.682
A 0.195 1 0.195 0.148 0.7138 Not significant
PA 0.727 1 0.727 0.550 0.4862 Not significant
P? 4.588 1 4.588 3.474 0.1116 Not significant
A2 2.361 1 2.361 1.788 0.2297 Not significant
Response: carbon monoxide concentration (CO, vol.%)
Model 62.265 5 12.453 6.967 0.0175 Significant 0.853
P 42.210 1 42.210 23.615 0.0028 Significant 0.731
A 14.045 1 14.045 7.857 0.0310 Significant
PA 5.566 1 5.566 3.114 0.1281 Not significant
P2 3.674 1 3.674 2.055 0.2016 Not significant
A2 0.003 1 0.003 0.002 0.9708 Not significant
Response: carbon dioxide concentration (CO,, vol.%)
Model 63.830 2 31.910 50.230 <0.0001 Significant 0.918
P 53.770 1 53.770 84.640 <0.0001 Significant 0.899
A 10.050 1 10.050 15.830 0.0032 Significant
Response: methane concentration (CHg, vol.%)
Model 20.628 5 4.126 6.032 0.0246 Significant 0.834
P 13.455 1 13.455 19.672 0.0044 Significant 0.695
A 0.146 1 0.146 0.213 0.6606 Not significant
PA 3.706 1 3.706 5.419 0.0588 Not significant
P? 5.083 1 5.083 7.431 0.0344 Significant
A2 0.252 1 0.252 0.369 0.5661 Not significant
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Table 5
Comparison of the gas fraction from the MIP of the dry fraction (D) and the wet
fraction (W) with different A ratios (0.2:1 and 1:1) at 150 W and 450 W.

A=0.2:1 A=1:1
D w D w
P=150W
H; (vol.%) 49.37 53.40 48.94 57.03
CO (vol.%) 36.89 33.72 31.46 2345
€O, (vol.%) 6.52 7.62 9.59 15.33
CHy (vol.%) 5.43 3.99 7.70 3.05
S (vol.%) 86.26 87.12 80.40 80.48
Gas production (Lstp gmsw)" 0.64 0.92 0.58 1.06
SP (Lstp/gmsw)’ 0.55 0.73 047 0.85
P=450W
H; (vol.%) 53.54 53.10 54.30 53.61
CO (vol.%) 38.60 37.42 38.66 41.13
CO; (vol.%) 217 5.17 3.50 3.77
CHa (vol.%) 422 2.50 2.50 1.01
S (vol.%) 92.14 90.52 92.96 94.74
Gas production (Lstp 8usw)" 0.79 0.94 0.73 1.10
SP (Lste/gmsw )’ 073 0.85 0.68 1.05

4 Calculated on a dry basis.

CpHm +nHy0 < (n+m/2)H, +nCO (3.12)

The MIP experiments on W were conducted at both low and high
power (150 W and 450 W). In addition, the quantity of microwave
absorbent was evaluated along with M, using A ratios of 0.2:1 and
1:1, as shown in Table 2. The results of the analysis of the gas frac-
tion for these cases are reported in Table 5. As might be expected
from Eq. (3.10), the H, and CO, concentrations obtained from the
wet fraction at 150 W are greater than those obtained from the dry
fraction. In fact, water condenses at the top of the reactor, which is
atamuch lower temperature than the sample. In other words, there
is awater reflux effect which favours a vapour-rich atmosphere and
the gasification of the char. However, when the power is increased
to 450 W, there are no appreciable differences in the gas compo-
sition of W and D. Therefore, Eq. (3.9) might be taking place to a
much greater extent than Eq. (3.10), since the endothermic charac-
ter of Eq. (3.9) is favoured by the higher temperatures. Moreover,
M also affects the CH4 concentration in the gas fraction by reduc-
ing its content. This may be due to the steam reforming reaction
of methane (Eq. (3.11)). At 450 W the higher temperature would
favour the thermal cracking and the steam reforming reaction of
CH4 much more than at 150 W. Finally, it could be remarkable that
the percentage of syngas within the gas fractions seems to be simi-
lar regardless the moisture content. However, this behaviour might
not be generalised yet.

Also important is the effect of moisture on syngas production. At
450 W, the W fraction produces 35% more syngas than the D fraction
when aratio 1:1 is employed, but their values converge at a ratio of
0.2:1, there being a difference in this case of around 15%. There is
also a marked difference between these values at 150 W, since the
W fraction produces much more syngas than fraction D (45% higher)
when a 1:1 ratio is employed. Once more, these values converge at
a ratio of 0.2:1, the wet fraction producing 25% more syngas than
the dry fraction. This suggests that moisture content favours the
production of a greater amount of gas, an impression that is con-
firmed by the results in Table 5. This is an interesting point since
it implies that the drying and pyrolysis processes of MSW could be
integrated in the MIP process to increase the production of gas.

Both the quantity of absorbent and the moisture content influ-
ence the gas composition. However, in the case of the wet fraction
the amount of absorbent added has amuch greater influence. Hence
gasification of the char from the wet fraction is bound to occur. At
150W, a greater increase in H, and CO,, is observed at a ratio of 1:1
than at 0.2:1. However, at 450 W the CO, concentration decreases
as CO is produced due to the increase in the quantity of absorbent.

Thus, it may be assumed that the Boudouard equilibrium (Eq. (3.7))
is controlling the process in these conditions. In contrast, the syngas
production results reported in the above paragraph suggest that the
addition of more microwave absorbent to the wet fraction improves
the production of syngas, which is not the case with the dry fraction.
Once more, this evidences the importance of the char gasification
reactions.

4. Conclusions

This study has demonstrated the possibility of recycling
the char obtained from municipal solid wastes for use as
microwave absorbent in the microwave pyrolysis process.
Although microwave power is the most important factor for
controlling the pyrolysis, since higher power allows better con-
version to syngas and syngas production, the presence of the
char in the material subjected to microwave pyrolysis is of over-
whelming importance. This allows a rich syngas (CO +H;) fraction
(c.a. 80-94vol.% of the gas fraction) to be obtained with a low
microwave power. A minimum A ratio of 0.2:1 was found to be
necessary to induce the microwave pyrolysis process. In addition,
low ratios seem to be more suitable for obtaining a higher concen-
tration and production of syngas. Moisture also plays an important
role, as it favours H, and CO, production, especially at low power,
in addition to improving the syngas production process.

List of abbreviations

A absorbent-to-waste ratio (kg:kg)

ANOVA analysis of variance

D dry fraction from organic municipal solid waste
MIP microwave induced pyrolysis

MSW  municipal solid waste

P microwave power (watts)

RSM response surface methodology

S syngas concentration (vol.%)

SP syngas production (Lstp gmsw ')

w wet fraction from organic municipal solid waste
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1. Introduction

The concept “biorefinery” refers to a processing plant where
biomass feedstock is converted into valuable products by means
of a combination of biological, thermal and chemical processes.
The resulting high-value products, such as chemicals and new
materials, derived-fuel and the additional power and heat produc-
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0016-2361/© 2014 Elsevier Ltd. All rights reserved.

tion may well help to lower energy costs and reduce greenhouse
gas emissions produced by traditional power facilities.
Nonetheless, there remain a number of barriers related to the
implementation and commercialization of the biorefinery that
need to be overcome. Apart from non-technical barriers, such as
restrictions on use of land or the environmental effects of large
areas of feedstock monoculture, reliable equipment designs for
the thermochemical conversion of organic feedstock need to be
extensively demonstrated on a larger scale [1]. To this end, inte-
grated process platforms appear the most promising way forward.
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In general, the drying of biomass materials before their intro-
duction into the conversion units is desirable, since high moisture
contents are known to produce fuel gas of lower effective heating
value and lead to higher transportation costs, although a large
amount of energy is consumed to remove the moisture. Dryers
are designed taking into consideration that the wet material must
be heated from the inlet temperature up to the wet bulb tempera-
ture in order to produce a driving force for surface water to be
removed from the material. Afterwards, the material must be
heated to drive water from the inside of the biomass to the surface
so that it can evaporate. Nevertheless, the benefits provided by the
drying of organic feedstock must be balanced against the increased
operating and capital cost [2].

Pyrolysis and gasification are the main thermochemical conver-
sion processes that have been developed within the biorefinery con-
cept to produce synthesis gas (or syngas). Both technologies need an
external source of heating to yield gaseous and oily products, whose
characteristics depend on feedstock composition, temperature,
reactor configuration, gasifying agent, etc. Pyrolysis may be defined
as the regime in which the organic matter is degraded by thermal
reactions in the absence of oxidizing agents. A gasification process,
however, begins with a pyrolysis step followed by the gasification
of char and reforming reactions of tar and light hydrocarbons
through the addition of a gasifying component such as steam. As a
result, gasification usually yields higher amounts of gas fraction than
pyrolysis [3].In order to develop an integrated platform of these pro-
cesses in a biorefinery, microwave heating should also be considered
as an attractive alternative. This method is very tolerant of water
compared to conventional pyrolysis and is suitable for most biomass
types without pre-drying [4]. Owing to its volumetric nature and
high heating rates, a large quantity of steam is generated from the
moisture content at the temperatures at which gasification and
reforming reactions take place. As a consequence, drying, pyrolysis
and gasification processes of wet organic feedstock could all be inte-
grated together in a single microwave induced process (MIP). This
method has already been demonstrated by our research group to
be afeasible option [5]. In that particular case, it was used to demon-
strate a new alternative for wet sewage sludge management which
resulted in a gas fraction rich in CO and H,, making this approach
interesting for further production of valuable chemicals [6]. In the
previous study, conventional and microwave heating techniques
were compared, it being concluded that higher gas yields could be
obtained with conventional heating, though the gas from microwave
heating was richer in syngas. It should be pointed out however, that
the gas yields were expressed in terms of weight percentage of the
initial sewage sludge mass, which could be misleading for the eval-
uation of gas production. For instance, a gas fraction richer in hydro-
gen would result in a lower mass of gas due to the low molecular
weight of hydrogen, which does not mean a lower volumetric gas
production. An alternative more accurate way to calculate gas pro-
duction might be based on the volume of gas produced per unit of
feedstock mass. Results from the literature show that the production
of syngas from biowaste microwave pyrolysis by means of this alter-
native approach is far higher than that from conventional heating
[7].

The influence of the moisture content, and the need for feed-
stock pre-drying, on the gas characteristics from pyrolysis and gas-
ification has been evaluated in several studies, even though further
research is still needed. Xiong et al. performed the pyrolysis of dif-
ferent sewage sludges by conventional heating [8]. The steam-rich
atmosphere generated by the moisture content of the sludge was
found to favour the steam reforming reactions of volatile com-
pounds as well as the gasification of solid char, which in turn
improved the gas weight yields and the H, content. Xie et al.
reported that an increase in the moisture content in sewage sludge
improved the contents of CO,, CH4 and H, and reduced the tar yield

under air gasification, but they provided no results on gas produc-
tion [9]. Niu et al. simulated the gasification of municipal solid
waste with different moisture contents. A higher heat input to
the gasifier for turning liquid water into superheated steam and
a lower gasification efficiency were the effects of the high moisture
contents, suggesting that the input feedstock stream should be
predried to ensure an optimal gasification performance [10]. More-
over, the H, concentration increased slightly in spite of a notice-
able drop in CO content. Dominguez et al. observed that the
influence of sewage sludge moisture on the gas products from
microwave pyrolysis was negligible, but only a wet and a dried
samples were used [11]. However, they attributed this to the fact
that water was eliminated very quickly from the reactor and did
not have to time to participate in gasification reactions. This prob-
lem could have been resolved by using a better reactor design, to
enhance the extent of these reactions. Since microwave heating
is driven volumetrically, heterogeneous reactions between the
water released and the organic waste are much more favored than
under conventional heating, which may lead to an increase in the
yield of valuable products. Wang et al. recently conducted sewage
sludge microwave pyrolysis at 850 °C in a single mode reactor and
observed an increase in the H, and CO concentrations at higher
moisture contents while the CO, and CH,4 concentrations decreased
[12]. Interestingly, CO production seemed to increase with mois-
ture if microwave heating was applied instead of conventional
heating. The results obtained were substantially higher than under
conventional pyrolysis.

Syngas production by means of microwave heating in the pres-
ence moisture has been widely discussed. The question that still
remains to be answered is whether the presence of moisture
improves gas production from the microwave pyrolysis of organic
residues. If so, this introduces the possibility of creating a new effi-
cient integrated platform for the green disposal of municipal solid
wastes through the integration of the drying step into the pyrolysis
reactor. The aim of this work is to demonstrate the feasibility of
this alternative.

2. Methods
2.1. Materials

The sample selected for this study was a wet organic fraction
from a municipal solid waste, supplied by BEFESA Gestion de Resid-
uos Industriales S. L. (Seville, Spain) with a moisture content of
45 wt.%. This fraction was deposited in three vessels and subjected
to partial drying in a stove at 60 °C over different drying times
(10 min, 20 min and overnight), resulting in three fractions with
moisture contents of 34, 12 and 0 wt.%. The samples were immedi-
ately stored in a freezer to preserve their moisture content. The
samples will be labelled as MSW-X, where X is the moisture. To
corroborate the effect of moisture on the pyrolysis gas from other
residues, two fractions (dry and 60 wt.% of moisture) from a sew-
age sludge, SS-0 and SS-60, and two other fractions from straw res-
idues (dry and 11 wt.% of moisture), ST-0 and ST-11, were also
subjected to MIP. The moisture, ash content and volatile matter
data (from a LECO TGA-601) are summarised in Table 1 together
with the ultimate analysis results (a LECO-CHNS-932 micro-ana-
lyser and LECO-TF-900 furnace were used). The metallic content
of the ashes was determined by means of atomic absorption
spectroscopy.

2.2. Methods

The pyrolysis was carried out in a microwave oven which con-
sisted of a microwave magnetron with a maximum output power



Publicacion V

129

22 D. Beneroso et al./Fuel 132 (2014) 20-26

Table 1
Proximate and ultimate analyses of the organic wastes and metal content of the ashes.

Feedstock Proximate analysis (wt.%) Ultimate analysis (wt.%)"
Moisture Ash’ Volatile matter" C H N S (o]
Msw 46.3 22.6 68.0 36.0 5.8 1.6 0.2 338
ss 60.0 15.4 74.5 438 6.1 9.7 0.1 249
ST 115 6.4 76.2 45.0 5.0 1.6 0.1 419
Fe Zn Mn Cr Cu Pb Ni cd
Metal content of ashes (Mgpea/kg)
MSW 8896.3 182.9 82.9 58.7 4438 30.8 17.6 <0.1
ss 2984.6 459.8 404 117 153.4 16 2.8 1.9
ST 286.9 6.6 183 0.0 0.0 <0.1 <0.1 04
@ Dry basis.
of 2 kW operating at 2450 MHz and a single mode cavity where the 2.0
sample was irradiated using 150 W of emitted microwave power - MSW-12 -#-MSW-34 -+~MSW-45

(representing approximately 225W of consumed power). The
reflected power was regulated until reduced to zero by means of
stub tuners. About 3 g of sample (on a dry basis) was placed on
an inert bed inside a quartz reactor. The reactor was purged with
N, for 30 min at a flow rate of 50 mLsrp min~'. The N, flow rate
was then set to 10 mLsrp min~! for the pyrolysis experiments in
order to ensure an oxygen-free atmosphere. The sample was mixed
with an appropriate microwave absorbent to induce the thermo-
chemical process, as organic residues are transparent to micro-
waves. The char obtained from the pyrolysis of previous
performed in the same microwave reactor was used as the micro-
wave absorbent in an absorbent-to-sample ratio of 1:1, since a pre-
vious study had shown that in the case of the wet fraction from the
same organic residue, a higher amount of microwave absorbent
would enhance the gasification of the char and, in turn the produc-
tion of gas [13]. Each experiment lasted 1h and was repeated
twice. The results from the experiments were calculated as the
average of the repetitions. Details of the experimental set-up used
to collect the oils and gas can be found elsewhere [13].

The gases were analysed in a Varian-CP3800 gas-chromato-
graph equipped with a TCD detector and two columns connected
in series. The first column was 80/100 Hayesep Q (2m x 1/
8in. x 2mm) and the second column was a 80/100 Molesieve
13X (1.5m x 1/8 in. x 2 mm). The second column was bypassed
by a six-port valve for the analysis of the CO, and hydrocarbons.
The carrier gas flow (He) was 30 mL/min. The initial oven temper-
ature was set at 40 °C, which was maintained for 1.2 min. It was
then programmed to rise from 40 to 65 °C at 50 °C/min with an iso-
thermic step of 3.3 min. The temperature was then lowered from
65 to 55°C at 20 °C/min and held for 2.6 min. The injector and
detector temperatures were fixed at 150 °C. The TCD was cali-
brated using a standard gas mixture.

3. Results and discussion
3.1. Gas production

The gas productions from the wet fractions from the MSW (cal-
culated on a dry basis) have been normalized to the gas production
from the dry fraction (MSW-0), as shown in Fig. 1. Two stages can
be clearly identified during the gas production: the first from the
initial time to ca. 20 min when production increases, and the sec-
ond stage from ca. 20 min until the end of the pyrolysis experi-
ment. There is a very large peak of volatiles production at ca.
15 min, during the first stage. From this point, the differences
between the gas productions for different moisture contents
become more pronounced. Afterwards, the production rate slows
down and the differences diminish. Since the relative production

Relative gas production
=

1.2
1.0
0 1 10 20 30 40 50 60
0.8
Time (min)

Fig. 1. Relative gas production (L gy, on a dry basis) at different moisture
contents in MSW relative to dry MSW gas production.

is higher than 1 for all the wet samples studied after 5 min, a
higher gas production than that corresponding to the dry sample
is bound to occur. Furthermore, it can be seen that the higher the
moisture content is, the greater the gas production. Fig. 2(a)
depicts the absolute values of gas production (L gyt on a dry
basis). The main reason for this is the gasification reaction of the
microwave absorbent and the char formed during the pyrolysis
as a result of which syngas and CO, are produced:

C+H,0 - CO+H,, AH®=131k mol™’

C+2Hy0 < CO; +2Hy, AH® =90k mol ™’

As can be seen, the solid fraction yields decrease with the mois-
ture content (Table 2), confirming that the initial water present in
the samples has a positive effect on the gasification of char.

If the trends in Fig. 2(a) are compared, a noticeable gap can be
observed between MSW-0 and MSW-12 (MSW-12 is a 24% higher).
However, the differences between MSW-12, MSW-34 and MSW-45
are smaller, which suggests that a small amount of water favours
the production of gas, although a large quantity does not signifi-
cantly improve it.

3.2. Gas composition

The gas composition of each MSW fraction is depicted in
Fig. 2(b)-(f). As pointed out by Dominguez et al. [11], the gas com-
position remains essentially the same regardless of the moisture
content, once the second stage (>20 min) has been reached. In fact,
there appears to be a value of moisture content value at which the
steam generated reaches a saturation point preventing further gas-
ification reactions. This possibility has also been suggested in
another study based on the conventional pyrolysis of sewage
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Fig. 2. (a) Total cumulative gas production (on a dry basis) and cumulative concentration of (b) Hy, (c)

contents in MSW.

Table 2
The effect of moisture content on the solid MSW pyrolysed.

Moisture content (wt.%) Solid residue yield (wt.%)"

0 68
12 61
34 58
45 48

2 Solid yield is expressed as the ratio of final solid residue mass to the initial load
mass (MSW + microwave absorbent).

sludge [8], in which a moisture content of ca. 50 wt.% is proposed
as being the critical value in the production of hydrogen. Neverthe-
less, with microwave heating this saturation point seems to be
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reached at lower moisture contents, at least in the case of the
organic MSW used in the present study, since at the end of the
experiments the difference in hydrogen concentrations among
the wet fractions was less than 7 vol.%, whereas in the study of
Xiong, it reached ca. 40vol.%. Besides, both the hydrogen
(Fig. 2(b)) and syngas concentrations (Fig. 3) are greater in the case
of MSW-12, hence 12 wt.% can be assumed to be the critical mois-
ture content in these cases. Nevertheless, during the first 5 min,
MSW-45 is the fraction which gives off more hydrogen. In the case
of CO (Fig. 2(c)), although the differences are also very small, it can
be seen that the presence of moisture slightly improves the CO pro-
duced, but only after 10 min, perhaps due to the prolongation of
char gasification. However, at the beginning of the process, the
CO concentration is 50% greater in the case of the dry fraction
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Fig. 3. Syngas concentration (vol.%) from the MIP of the MSW as a function of the
moisture content and the pyrolysis time.

MSW-0. In the case of CO,, the profiles depicted in Fig. 2(d) show a
common trend. Thus, the water gas shift reaction, as illustrated
below, which should lead to a higher CO, concentration with mois-
ture, cannot be taking place to any significant degree:

CO + H;0 « CO; + H,,

As for the CH4 concentration, the MSW-0 sample generates
more methane and the differences between the wet fractions are
more pronounced. For instance, MSW-0 produces ca. 130% more
than MSW-12 and MSW-34. This marked difference could be due
to a mixed effect of the dilution of methane at a higher moisture
content and the reforming reactions of hydrocarbons. However it
has not been possible so far to elucidate which explanation is more
plausible.

The syngas concentration has been plotted in Fig. 3 as a function
of the moisture content and the pyrolysis time and ranges from 70
to 88 vol.%. It is clear that the syngas concentration is significantly
enhanced with time at the expense of higher energy consumption.
This is because more thermal cracking takes place, enhancing the
conversion of volatiles to H, and CO, as occurs when microwave
heating is used [6,14]. The highest moisture contents (34 and
45 wt.%) seem to disfavour the syngas content compared to
MSW-12. Interestingly, the dry fraction MSW-0 produces the
smallest syngas concentration at the expense of hydrocarbon
(CH4 and C,) production. This indicates that MSW-12 is the most
appropriate fraction for maximising the syngas concentration.

Fig. 4(a)-(b) shows the quality of the gas fraction in terms of H,/
CO and CO/CO, ratios. At the very beginning of the first pyrolysis
stage, the highest H,/CO ratio corresponds to MSW-45 (2.44), but
there is a significant decrease affecting all the wet fractions from
that point, especially during the first stage (<20 min). This is due
to the increased CO production as can be seen in Fig. 2(c). However,
for MSW-0 the opposite tendency was found with H, production
increasing in the first stage and reaching its highest H,/CO value
(1.62) at 60 min. It can be concluded therefore that the moisture
content improves the gas quality towards H; if the pyrolysis time
is not extended beyond 10 min. The H,/CO ratio will then remain
constant at approximately 1.5-1.6 regardless of the moisture con-
tent. In the case of the CO/CO ratio, a rising tendency with time is
observed, which may indicate that CO, is being converted to CO, as
can be observed from Fig. 2(d), where there is a progressive fall in
the CO, concentration pattern from the very beginning of the pro-
cess. MSW-12 shows the highest CO/CO, ratio over the entire
experiment. This sample, which displays the critical moisture con-
tent, gives rise to the greatest extent of gasification reactions.

In order to check whether the moisture content affects the gas
production in a positive way with different organic feedstocks,
two other residues (sewage sludge and agricultural straw residue)

AH® = —41 k] mol '
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Fig. 4. (a) H2/CO and (b) CO/CO ratios from the MIP of the MSW as a function of the
moisture content and the pyrolysis time.

were subjected to microwave pyrolysis under the same experi-
mental conditions as the MSW. The results from these experiments
are presented in Table 3. In all the cases, a significant reduction in
solid yield is observed at the expense of an improvement in the gas
yield, as occurred with MSW, especially in the case of the wet sew-
age sludge, SS-60, which yielded 60 wt.% of gas fraction. With
respect to the gas composition (values are reported at 60 min), dif-
ferences are more appreciable in SS and ST, particularly in the case
of hydrocarbons content (HC). This is due to the fact that moisture
content favours the gasification of tar and light hydrocarbon gases.
The gas fraction from the pyrolysis of the straw residue was clearly
the fraction most affected by moisture content. For this reason,
feeding wet feedstock to a full-scale pyrolysis reactor would pro-
mote syngas production considerably. Anyway, from these results
it can be concluded with a fair degree of certainty that regardless of
the moisture content which is bound to improve gas production,
the type of feedstock is of extreme importance for gas production
as previously reported by our research group [15].

3.3. Energetic considerations

A lower energy consumption is usually stated as one of the
main advantages of microwave heating. However, this aspect in
relation to the scaling-up of microwave pyrolysis has not been
dealt with in depth in the literature. Only one study on low tem-
perature pyrolysis of wheat straw deals with the energy require-
ments when the feedstock mass to be pyrolysed is increased
from a few grams up to 200 g [4]. In that case, it can be observed
that there exists a critical mass at which the specific energy con-
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Table 3
Characteristics from the MIP of MSW, SS and ST at different moisture contents.

Feedstock Solid yield (wt.%) Liquid yield (wt.%)" Gas yield (wt.%) [H2] (vol.%) [CO] (vol.%) [COs] (vol.%) [CH4] (vol.%) [HC]" (vol.%)

MSW-0 68 6 26 52.0 321 8.9 5.0 2.0

MSW-45 48 4 48 51.5 349 9.0 33 13

SS-0 64 9 27 355 23.0 6.2 3.5 31.8

SS-60 34 6 60 388 321 4.6 3.5 21.0

ST-0 68 4 28 42.0 271 114 3.5 16.0

ST-11 59 3 38 53.1 349 8.6 2.7 0.7

2 The liquid yield is calculated on a dry basis.
b Hydrocarbons concentration (C, and higher).

sumption needed to achieve the desired temperature falls drasti-
cally; i.e., energy consumption in lab-scale experiments can lead
to wrong conclusions, since the specific energy needed for a few
grams is much higher than that needed for a larger quantity of
feedstock. To corroborate whether this also happens in other
microwave heating processes, Fig. 5 shows the corresponding
trends for two other very different processes: the heating of SiC
samples up to 600 °C and of pure water up to 80 °C. As can be seen,
regardless of the type of process and targeted temperature, there is
always a critical mass and a hyperbolical trend with increasing
mass. For example, the microwave heating of 5g of pure water
requires ca. 85kj g~! to reach 80°C and for this temperature to
be held for 15 min, whereas only 4.25k]g ' are necessary for
300 g to reach the same temperature, representing a reduction in
specific energy of 95%.

Presumably, in our microwave pyrolysis-gasification process, a
similar behaviour can be expected when scaling-up. As 3 g of MSW
was used in this study, the energy consumption corresponding to
225 W during a 1 h experiment was 270 k] g~ ! (810 kJ). Therefore,
a reduction in consumption of more than 90% could be achieved by
increasing the residue mass to beyond 200 g. However, it is neces-
sary to take into account the moisture content since the latent heat
of evaporation of water (2.257 k] g~') cannot be ignored. At a small
scale (as in our MSW pyrolysis experiments), since there is a very
high specific consumption, the energy required to evaporate the
water is relatively small. For example, 2.46 g of water were present
in the MSW-45 pyrolysis and only 5.55 kJ in 810 k] were theoreti-
cally necessary to evaporate the moisture, which is less than 1% of
the total amount of energy. Nonetheless, at higher scales the situ-
ation is completely different. For example, to pyrolyse 200 g of
MSW-45 using the same input power as at lab-scale, it would be

© Heating of SiC  © Torrefaction 4 Heating of water

= 100 Specic Energy
S g P Tompetr ) ST SR i ppates
Q (kdig)

80 f

b} -8 Heating of o :‘? :;m"‘"';

5 70 sic! 600 60 365-m 091 m:w “mxs.

g o [Po—

g Torrefaction’ 180 125 364m® 082 e

& i pyrlyss
eating o an (oo  Orenicsymhess

'§ ater 80 86 243-m 099 ol exacion

=

]

E

s

z =0t . - S —
200 400 600 800 1000

Mass (g)

Fig. 5. Normalized specific energy dependence on the mass to achieve the desired
temperature (i.e., the energy per unit of mass divided by the energy required for the
lowest mass tested) in three different microwave induced processes. References:
!Electromagnetic simulations in MW and RF processing. AMPERE short course given
by Dr. Eng. Paolo Veronesi from Department of Engineering “Enzo Ferrari” (Modena,
Italy) on 16th September 2013; ?Ref. [4]; *Experiments performed in our laboratory.

necessary to evaporate 90 g of water, representing 203 k] or 25%
of the total amount of energy, the remaining energy being left to
overcome the pyrolysis. However, this would lead to a poorer syn-
gas quality, since the power density would be lower. Ultimately,
although the integration of the drying step into our microwave
pyrolysis-gasification process might be feasible, an economic
assessment of the consumption of the microwave scaled-up pro-
cess and the value of the final products would help to decide
whether this process could become cost-effective.

4. Conclusions

This paper has dealt with the integration of the drying step of
organic waste into a microwave pyrolysis reactor, as an alternative
process for syngas production. This would make it unnecessary to
install a previous dryer to the pyrolysis reactor and also allows the
in situ gasification of the solid waste, improving the gas yield
regardless of the organic waste.

This is the first time that the influence of the moisture content
on microwave pyrolysis of municipal solid waste has been studied
in a systematically way, having found out that there appears to be
an optimal moisture content which maximises the syngas. In this
study, 12 wt.% of moisture in MSW was found to be the saturation
point (yielding ca. 90 vol.% of syngas) beyond which syngas con-
centration started to fall.

Nevertheless, despite these advantages, the energy required to
evaporate the moisture is high, which could be a limiting factor
for the energy balance of a successful prototype design.
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carrier gas.

Interest in microwave-induced pyrolysis has increased in recent years due to its several advantages
over conventional pyrolysis. Most of these advantages are related to the presence of microplasmas
in microwave heating, since the pyrolysis reactions that take place in a plasma atmosphere gener-
ally produce light molecules, such as H, and CO. Although the exact nature of these plasmas is as yet
unknown, it is likely to be dependent on the ionization of the surrounding gases. For this reason, the
influence of different carrier gases (N, He or no carrier gas) on microwave-induced pyrolysis was cho-
sen as the subject of this study. It was found that microwave-induced pyrolysis can be used to obtain
equally good gas compositions and yields after the reactor has been inertized, without the need for a

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Microwave heating has attracted increasing attention as an
energy source for pyrolysis processes over the last decade [1].
This interest stems from the advantages that microwave heating
offers over conventional heating, including higher heating rates,
volumetric and selective heating, shorter operation times and a
quick start-stop capability [2,3]. In the specific case of pyrolysis,
microwave heating has been demonstrated to produce extraor-
dinary gas yields, especially, of syngas [1,4,5]. This has promoted
interest in microwave-induced pyrolysis (MIP) as a means of con-
verting organic feedstock in biorefineries into energy, fuels or
materials [6,7]. Apart from parameters, such as the operating con-
ditions or the type of feedstock used in the process [1,8,9], the
main reason for this high productivity seems to be the presence
of microplasmas during microwave heating [2,10].

These plasmas are hot spots that are confined to a very tiny
space and last only a fraction of a second. The temperature at these
points is significantly higher than the mean temperature of the
rest of the material and high enough to cause the ionization of
the surrounding molecules. It is thought that these plasmas can
influence the yields of the different fractions (solid, liquid and gas)
obtained in the pyrolysis as well as the composition of the gas
produced [4]. These localised higher temperatures facilitate the
extraction of volatiles from the matter. In addition, the plasmas
enhance heterogeneous reactions (such as thermal cracking or the

7 Selected Paper from Pyrolysis 2014, Birmingham, U.K. 19-23 May 2014.
* Corresponding author. Tel.: +34 985 118972; fax: +34 985 297672.
E-mail address: angelmd@incar.csic.es (J.A. Menéndez).

http://dx.doi.org/10.1016/j.jaap.2014.12.005
0165-2370/© 2014 Elsevier B.V. All rights reserved.

reforming of hydrocarbons) [2,11]; thus, modifying the composi-
tion of the evolved volatiles. Although the nature of these plasmas
is unknown, there is some evidence to suggest that it is depen-
dent on the gaseous molecules that are being ionized within the
plasma. For example, during the microwave-assisted dry reform-
ing of coke oven gas (55-60% H,, 23-27% CHa4, 5-8% CO, 3-6% N,
<2% CO, and hydrocarbons), microplasmas were formed reaching
apparently much higher temperature compared to the microwave-
assisted dry reforming of methane due to the presence of high
proportions of Hy in the coke oven gas [12]. For this reason, the
carrier gas used in the pyrolysis can affect the microplasmas and
influence the distribution of the product obtained in the process.
Several works have been focused on the influence of the carrier
gas on the pyrolysis in physical terms (i.e. contact time or dilution).
However, there is a lack of studies on the influence of this parameter
upon the microplasmas.

The objective of the present study is to fill this gap by undertak-
ing an analysis of the yields and gas compositions obtained with
N> and He as carrier gases and, in some cases, in the absence of a
carrier gas in order to determine their influence on the process of
microwave-induced pyrolysis.

2. Material and methods
2.1. Waste used in pyrolysis

The sample selected for this study was a dried and cleaned
organic fraction from a municipal solid waste, supplied by BEFESA

Gestion de Residuos Industriales S. L. (Seville, Spain). Details of the
characterisation of this sample can be found elsewhere [13]. The



138

154 D. Beneroso et al. / Journal of Analytical and Applied Pyrolysis 113 (2015) 153-157

study of the influence of the carrier gas on pyrolysis was carried
out using nitrogen, helium and no carrier gas.

2.2. Pyrolysis techniques and characterisation of the gases

Microwave-induced pyrolysis was performed at 400 and 800 °C
using the system shown in Fig. 1b. This system consists of a
microwave magnetron with a maximum output power of 2 kW
operating at 2450 MHz and a single mode cavity where the sample
is placed (approximately 4 g of waste), coupled to a condenser and
a gas collecting station (Fig. 1c). In the case of microwave-induced
pyrolysis, the temperature measurement has been carried out in
such a way that we measure the bulk temperature. Previously to
the pyrolysis experiments, an optical infrared pyrometer was cali-
brated in the following manner: some char was introduced in the
same reactor and then subjected to a constant microwave irradia-
tion power. After stabilization of the temperature, the microwave
power was switched off, and a thermocouple was introduced into
the bulk. At the same time, the emissivity of the sample was
adjusted so that both thermocouple and pyrometer measured tem-
peratures were the same. This procedure was repeated several
times until temperatures were equalised. The value of the adjusted
emissivity was then utilised for the pyrolysis experiments in order
to obtain the overall temperature. In this case, the temperature was

Temperature
Controller

Thermocouple

measured with an error of about 3-5%. This procedure has demon-
strated to be quite accurate in this experimental set-up, as has been
reported in [14].

The gas collector is fitted with a pump by means of which the
resulting pyrolysis gas is fed into a gas cylinder. A series of valves are
so tuned as to prevent a vacuum from forming inside the reactor
while the evolved gas is being compressed inside the station by
means of a looping circuit. The valve-tuning procedure which is
illustrated in Fig. 2 is as follows:

a) Cylinder purge: In order to ensure the removal of all previous
pyrolysis gases from inside the cylinder, the pump is used to
produce a vacuum inside the cylinder.

b) Cylinder inertisation: A carrier gas (N, or He) is fed into the
cylinder so as to ensure a clean atmosphere inside.

Both steps are repeated three times. Once the cylinder has been
cleaned and is in a state of vacuum, the pyrolysis process is initiated
and the gas passes through the system until it reaches the cylinder
where it is stored (step c in Fig. 2).

To study the influence of the carrier gas, the reactor was initially
purged with N, or He for 30 min at a flow rate of 50 mLgp min~!.
When no carrier gas was used, the purge was carried out with N,.
The flow rate was then reduced to 10 mLgrp min~! (or switched

a .
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Fig. 1. Schematic of: (a) the experimental setup of conventional pyrolysis; (b) the experimental setup of microwave pyrolysis; (c) the gas collecting station.
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Fig. 2. Schematic of the gas collecting station during: (a) the cylinder purge; (b) the cylinder being filled with inert gas (N;); (c) the cylinder being filled with the pyrolysis

gas.

off in the event of no carrier gas being used), and the microwave
irradiation was switched on during 1h. The reflected power was
regulated by means of tuning screws until it reached zero. However,
owing to the poor capacity of organic wastes to absorb microwaves,
it was necessary to use a microwave receptor to induce the pyrol-
ysis. The char obtained from previous pyrolysis was used for this
purpose, since it is a product of the process itself, does not contain
any strange material that might influence the composition of the
fractions and is known to facilitate rapid heating and to achieve the
necessary pyrolysis temperature in a short time [4,6,13]. For this
study, a receptor-to-residue mass ratio of 0.3:1 was selected. The
volatiles evolved during the pyrolysis were forced to pass through
a condensing system (cooled by a cryogenic solution of water and
NacCl) where the condensable compounds were removed from the
gaseous fraction. The gaseous fraction in the cylinder was then ana-
lysed by means of a Varian-CP3800 gas chromatograph equipped
with a TCD detector and two columns connected in series. The first

100
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] No Carrier

Gas yield (wt.%)
=
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800-EF  800-MW

i
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0
400-MW

Fig.3. Gasyields of the different experiments carried out at 400 and 800 °C employ-
ing different ovens, i.e. conventional pyrolysis (EF) or microwave pyrolysis (MW),
and carrier gases.

column was 80/100Hayesep Q (2 m x 1/8 inch x 2 mm) and the sec-
ond column was a 80/100 Molesieve 13X (1.5 m x 1/8 inch x 2 mm).
The second column was bypassed by a six-port valve for the anal-
ysis of the CO, and hydrocarbons. The carrier gas flow (He) was
30mLmin~!. The initial oven temperature was set at 40 °C, which
was maintained for 1.2 min. It was then programmed to rise from
40 to 65°C at 50°Cmin~! with an isothermal step of 3.7 min. The
temperature was then lowered from 65 to 55°C at 20°Cmin~!
and held for 3.1 min. The injector and detector temperatures were
fixed at 150 °C. The TCD was calibrated using a standard gas mix-
ture. The amounts of the solids and most of the liquids (ca. 90 wt%)
were determined by direct weighing. The amount of rest of the
oils stuck to the walls of the pipes after the pyrolysis experiments
was determined by weighing the pipes before and after the exper-
iment, adding the result to the liquid fraction. The gas fraction was
determined balancing to 100 wt%. Each experiment was performed
in duplicate to check the repeatability and the errors came to less
than 6% both for the yields and the gas composition.

For purposes of comparing the influence of different carrier
gas in a different heating mode, conventional pyrolysis was per-
formed in an electric furnace (EF) using the same quartz reactor
(33.5 x 3.5cm id), temperatures (400 and 800 °C), flowrate of car-
rier (10mLgrp min~') and oils collector as in MIP in order to
determine whether the nature of the carrier gas affected the
microplasmas generated during MIP, and in turn the fraction yields
obtained from the pyrolysis. A schematic picture of the experi-
mental setup is provided in Fig. 1a. In this case, the temperature
during conventional pyrolysis was measured by means of a ther-
mocouple of type K which measured with an error of 0.5%. The
conventional pyrolysis was carried out without the addition of char
to the residue, since this is not necessary to induce the pyrolysis.
Although the char does not have significant porosity and superficial
groups to act as a catalyst, the ashes contain certain metals (mainly
Fe, Zn, Cu, Mn, Cr and Ni [6]) which could catalyse some reac-
tions. This would take place in microwave-induced pyrolysis but
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also during conventional pyrolysis although not using char, since
those metals remain in the solid fraction from the residue. In fact,
the addition of char during conventional pyrolysis of organic waste
has demonstrated to have little influence or, at best, no influence
on the composition of the gas fraction. For instance, in the case of
the conventional pyrolysis of microalgae, the addition of char did
not show any significant difference in the gas composition [4].

3. Results and discussion

The effect of using different carrier gases during pyrolysis on the
gas yield is illustrated in Fig. 3. As can be seen, there are almost no
differences in the yields obtained with the different carrier gases
(on a carrier gas free basis). The use of He enhances the gas yield
slightly, although this enhancement cannot be strictly attributed to
the microplasma phenomenon, since there is also a slight increase
in the case of conventional pyrolysis at 800 °C, where no microplas-
mas are generated. Furthermore, MIP increases the gas yield more
than conventional pyrolysis, regardless of whether N, or He is used,
as has been reported previously [4,8].

The carrier gas also influences the gas composition (Table 1). In
the case of MIP, N, and He produce nearly the same composition
with a syngas (H; + CO) concentration at 400 °C of ca. 80 vol%. Nev-
ertheless, if no carrier gas is used, the syngas proportion is less than
that produced (ca. 69 vol%), the generation of CO, and CHy in this
case being favoured. Consequently, it is thought that the use of a
carrier gas during MIP may favour gasification and methane crack-
ing reactions (Reactions (1) and (2)), by allowing a better contact
between the solid and gas phases. At a higher temperature, 800°C,
MIP provides nearly the same composition regardless of whether a
carrier gas is used or not.

C + COy < 2C0 (1)
CHy < C + 2H; (2)

In conventional heating, the absence of a carrier gas favours the
generation of CO,, aromatics and high hydrocarbons (>C;). This
gives rise to a low-quality gas fraction in terms of syngas pro-
duction, especially at 400°C, evidencing the superiority of MIP,
since at 400 °C microwaves reduce the high hydrocarbon content
from 52.36 vol% to virtually Ovol%. For this reason, in the case of
conventional pyrolysis, it is important to use a carrier gas at low

Table 1
Compositions of the gas fractions obtained at 400 and 800 °C employing different
ovens and carrier gases.

400°C
EF MW
N2 He No carrier N2 He No carrier
Hy 0.9 1.3 0.0 46.2 46.4 38.0
co 134 25 11.7 333 33.9 31.0
CO, 76.3 83.3 32.8 11.0 11.0 18.3
CHa 1.9 3.0 1.8 5.1 53 83
G 13 21 13 4.4 3.4 4.4
Others 6.1 8.0 52.36 0.0 0.0 0.0
800°C
EF MW
N2 He No carrier N2 He No carrier
H; 21.2 232 17.8 50.4 49.5 52.0
co 253 26.4 17.1 36.2 37.6 33.9
CO, 25.2 22.0 31.8 8.0 6.9 85
CHa 12.6 13.6 11.0 33 37 4.3
G 8.4 87 8.5 13 24 14
Others 4.2 4.0 10.1 0.0 0.0 0.0

Table 2
Energy content of the gas fraction.
400°C
EF MW
N, He Nocarrier N; He No carrier
From the waste J/g of waste 0.9 0.8 3.2 8.7 9.7 80
In the gas J/g of gas 6.1 68 27.1 180 174 152
800°C
EF MW
N2 He No Carrier N, He No Carrier
From the waste J/g of waste 6.9 6.8 69 86 102 93
In the gas J/g of gas 19.2 17.3 209 179 182 179

temperatures. However, the differences with conventional pyrol-
ysis at high temperature (800 °C) whether a carrier gas is used or
not are not so great, the gas composition being nearly the same
with N and He, though without a carrier gas, the syngas concen-
tration diminishes in favour of CO, and heavy hydrocarbons. This
can be attributed to a smaller conversion of tar and gases to syn-
gas, perhaps due to a poorer contact between the solid and gas
phases.

Besides the composition of the gas fraction, it is also necessary
to consider the energy content in terms of the energy of the gas
obtained both per gram of waste pyrolysed and per gram of gas,
which depend on the pyrolysis yields and the composition of the
gas fraction, as shown in Table 2. The largest differences corre-
spond to conventional pyrolysis at low temperature. In this case
the energy content per gram of gas is the maximum value obtained.
This is due to the large proportion of heavy hydrocarbons, which
are much more energetic than CHy, H, or C;, present in the gaseous
fractions obtained under other experimental conditions. The large
proportions of high hydrocarbons may be due to the longer resi-
dence time, as has been recently reported in the case of the pyrolysis
of other wastes [15,16]. However, at higher temperatures, the dif-
ferences are not as great. The energy extracted from the waste is
almost the same and the energy contents of the gases are simi-
lar, the maximum value being reached in the experiment with no
carrier gas.

When microwave heating is used more energy is extracted from
the waste than under conventional heating. Both at low and high
temperatures the energy extracted from the waste and the energy
content of the gas are very similar regardless of the carrier gas used.
When no carrier gas is used, the values are slightly lower than with
N, or He.

4. Conclusions

The use of different carriers affects the yields of the fractions
obtained during the pyrolysis of organic residues only slightly. In
the case of conventional pyrolysis, the absence of a carrier gas pro-
motes the generation of CO,, aromatics and heavy hydrocarbons,
yielding a gas fraction of low quality. Nevertheless, in microwave
pyrolysis, and especially at high temperature, no significant differ-
ences in the gas composition were observed when using different
carriers, though a small increase in the gas yield was obtained with
helium as carrier gas. The results of this point the way to the imple-
mentation of microwave pyrolysis without the need for a carrier
gas.
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Abstract

The lack of dielectric properties data has often been named as one of the
reasons that has hampered the simulation of microwave processing of biomass
feedstock and process design. In this work, the dielectric behavior of an organic
fraction from municipal solid wastes during pyrolysis has been monitored as a
function of temperature. Furthermore, the effect of the addition of a microwave
absorbent material (carbonaceous char) to the raw biowaste upon the dielectric
properties has been investigated for the first time.

The efficiency of the conversion of microwave energy to heat, measured by
means of the tan & parameter, is shown in this study to be nearly 20 times
higher when the absorbent char is added to the reaction bulk at room
temperature and this gap is even greater in the 600 — 800 °C range.
Nevertheless, the results suggest that the addition of increasing amounts of
microwave absorbent (up to ca. 40%) impairs microwave penetration, which
gives rise to a less homogeneous heating of the bulk. There is therefore an
optimum proportion that balances heat conversion and penetration depth.

The results of this study lend support to the use of char as a means to induce
thermochemical treatments by microwaves and reduce energy consumption in
the process.

Keywords: Dielectric properties, Microwave pyrolysis, Biomass pyrolysis,
Microwave heating modeling, Microwave absorbent
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1. Introduction

On average, every one of the more than 500 million people living in the
European Union (EU) throws away around half a ton of household
rubbish a year. This is on top of the huge amount of waste generated
from activities such as manufacturing (360 million tons) and
construction (900 million tons), while the supply of water and the
production of useful energy generate another 95 million tons.
Altogether, the EU produces up to 3 billion tons of waste every year [1].
A significant proportion of waste going to landfill is organic material,
(1.e. derived from both biomass and petroleum sources).
Thermochemical conversion processes, involving pyrolysis and
gasification, can convert this waste at source into potentially useful
chemical feedstocks and fuels after the removal of the more readily

recyclable materials, such as metals, glass, etc.

A number of processes are now under development or are at the
demonstration stage, whose aim 1s to provide more cost-effective,
environmentally and socially acceptable alternatives to incineration
plants. One of these new technologies is microwave pyrolysis based on
dielectric heating. This process benefits from the main advantages of
using microwaves, such as rapid, volumetric and selective heating, and
avoids the need to shred the feedstock and to pre-dry the samples,
resulting in a substantial reduction in the costs associated with these
steps [2-5]. In spite of these advantages, this technology has not yet
reached industrial scale owing to the lack of economic analyses on a
large scale and the absence of sufficient data to quantify the dielectric

properties of the input feedstocks.
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The property that determines the dielectric response of material under
the influence of an electric field is the relative complex permittivity, &,
which is expressed as a function of a real component known as the
dielectric constant (which represents the ability of dielectrics to store
electrical energy) and an imaginary component known as the dielectric
loss factor (which represents the ability of a material to absorb the

electric energy):

e =¢ —je"(1)

where j=+v—1 and & and &" are the dielectric constant and the
dielectric loss factor relative to the corresponding dielectric properties

of free space.

An estimation of these properties is essential for the effective design
and scaling up of microwave heating processes to ensure an accurate
prediction of the absorbed power density; i.e. the rate at which the
electromagnetic energy is converted to heat in the material. Dielectric
properties may vary with composition, frequency, temperature and
even material density [6] and, therefore, it is essential to characterize

their variation in relation to those parameters.

Several studies have attempted to characterize the dielectric properties
of coal [7] and some kinds of biomass [8, 9] since it is known that the
dielectric loss of these materials at low temperatures is negligible,
making them transparent to microwaves. However, when the
substrates are subjected to higher temperatures (i.e. temperatures
higher than 600 °C), the structures become essentially char, which is

known to be a high microwave absorbing material due to the Maxwell-
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Wagner effect which causes a very high displacement of m-electrons on
carbonized structures [10]. It 1is for this reason that different
microwave receptor materials are added to biomass during microwave
pyrolysis, so that a high enough temperature is reached to induce
pyrolysis [11, 12]. However, most published studies are focused solely
on the dependence of dielectric properties upon frequency radiation at
room temperature [13-16] and ignore the need for a comprehensive
study of the whole microwave pyrolysis process. In other words, an in-
depth and extensive study of the dependence of dielectric properties on
temperature is needed to obtain a better understanding of the dielectric
response of organic substrates during microwave pyrolysis and of
mixed organic substrates when used with microwave susceptors.

This paper investigates the microwave absorption capability of a
biodegradable waste and its mixture with microwave absorbent char on
the basis of their dielectric properties, from room temperature up to

800 °C at the commonly used frequency of 2.45 GHz.

2. Materials and Methods

2.1 Biowaste preparation and characterization

The biodegradable waste used for this study was an organic fraction
from a municipal solid waste, obtained from a landfill in Seville
(Spain). The waste was dried, partially cleaned of inerts such as glass
or metals and size-reduced to 1-3 mm. This fraction has been labelled
as MSWd. The pre-treatment of this organic residue allows a good
homogeneity of this fraction. Actually, this fraction has been used in
other studies to produce synthesis gas by means of microwave-induced
pyrolysis and the composition of the gas was quite homogeneous when

repeating the tests [17].
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In order to assess the effect of adding char as microwave absorber to
the biowaste upon the dielectric response, a carbonaceous solid char
was prepared by subjecting the biowaste sample to a temperature of
800 °C in an electric furnace for 1 h in an oxygen-free atmosphere. This
has been labelled Char-MSWd. The mixtures of char:biowaste were
prepared in weight ratios of 0.3:1 and 0.6:1. These two mixture ratios
were considered on the basis of keeping the amount of char as low as
possible to induce the microwave pyrolysis. In previous studies [17], we
used 0.3:1 ratio; thus, we have used this same ratio in this work.
Furthermore, a larger amount (0.6:1 ratio) was considered to study the

effect of adding char to feedstock as microwave absorbent.

The moisture, ash content and volatile matter data of the residues were
obtained on a LECO TGA-601 device. To perform the ultimate analysis,
a LECO-CHNS-932 micro-analyzer and a LECO-TF-900 furnace were
used. The micro-analyzer provided data on the carbon, hydrogen,
nitrogen, and sulfur percentage composition. The oxygen content was
determined using the LECO-TF-900 furnace. The results of proximate
and ultimate analyses of the MSWd and char-derived samples are
presented in Table 1.
Table 1. Proximate and ultimate analyses of the MSWd and Char-MSWd

fractions (*Dry basis)

. . Char from
. Municipal ..
Residue . municipal
solid waste .
solid waste
Label MSWd Char-MSWd
Moisture 2.8 3.3
Proximate Ash* 27.7 66.6
analysis
(wt.%) Volatile 61.1 17

matter®
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C 45.1 30.7

Ultimate H 5.4 0.1

analysis N 2.1 1.0
0,

(wt.%) S 0.4 0.7

0 19.3 0.9

2.2 Measurement of dielectric properties

An inverse methodology to obtain the permittivity of the different
biowastes was used (Fig. 1) [18]. This technique is one of the most
appropriate; other techniques such as standard coaxial probes may lead
to lower precision since air bubbles below the coaxial probe can result
in lower values of permittivity; resonant-cavity technique is typically
used for low-loss materials (which is not our case) and identifying the
resonant frequency and quality factor (intrinsic parameters of this
technique) would have been difficult due to the high absorption of the
materials. First, each sample (see Sample R in Fig. 1) was introduced
and uniformly compacted into a quartz tube (i.d. 5 mm, height 43 mm;
MSWd bulk density: 166 kg/m3; char bulk density: 353 kg/m3) and
heated up to a specific temperature in an oxygen-free atmosphere by a
GALLUR convection oven. The samples were subjected to 25, 50, 100,
200, 300, 400, 500, 600, 700, 800 and 1000 °C before being very quickly
placed (maximum 3 s) in the middle of a WR-340 waveguide where the
scattering parameters (i.e., S11, Si2, S21 and Ss2) were measured by
means of a RHODE & SCHWARZ, model ZVA67 vector network
analyzer set to a frequency of 2.45 GHz. S-parameters describe the
response of an N-port network to voltage signals at each port. The first
number in the subscript refers to the responding port, while the second
number refers to the incident port. Thus S21 means the response at

port 2 due to a signal at port 1. Afterwards, the measurement system
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was modeled (Sample S in Fig. 1) by using CST Microwave Studio (CST
MWS) commercial software and, by inverse techniques, the value of the
complex permittivity of each sample at the corresponding temperature
was obtained. That is to say, an optimization method (a genetic
algorithm combined with a gradient descent optimization method) [18]
was applied to the model to obtain a simulated material that would
induce the same scattering parameters as those previously measured.
As initial values for the corresponding optimization method, the
permittivity of the materials was measured in a portable DIMAS
dielectrometer, model DIELKITV/DIELKITC at room temperature. The
errors during measurements are included in the Supplementary
Material. Furthermore, to minimize the uncertainty of the sample
cooling on the permittivity measurements during the sample transfer
from the oven to the waveguide, the cooling curve was previously
estimated and can be found in the Supplementary Material. This curve
allows establishing the operating temperature of the oven in order to
reach the nominal temperature into the waveguide.

Sample R Sample §

Real Simulated
Vector network §22r S11s 5225 CST MWS
S11r
analyzer @2.45 GHz — s12r s21r 125 521s — software
Waveguide WR340 Waveguide WR340

\

Optimization procedure
(Genetic Algorthm +
Gradient Descent
Optimization method)

!

Figure 1. Inverse methodology for determining the dielectric properties based
on the procedure described in [17]
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2.3 Loss tangent calculation

The loss tangent is an important dielectric property which is directly
related to the ability of a specific material to convert electromagnetic
energy into heat at a given temperature and frequency. This property

1s defined as:

Sl

’
tan § = - 2

Furthermore, the relationship between the dielectric properties of

biowaste and char was investigated for the two material mixtures over

the selected temperature range. The dielectric properties of a mixture

of two different materials can be modeled by using different equations

such as the Landau, Lifshitz and Looyenga equation (Equation 3), as

reported in [19]:

x1/3 __ *1/3  _ *1/3 *1/3
€ = UMSWd[SMSWd Schar—MSWd] + €har—mswa (3)

where Uyswq 1s the volumetric fraction of the material MSWd, which
was calculated from its density, and eygwq and €ihar—mswa are the
permittivity of the biomass and char fractions, respectively. The
accuracy of this model was tested using the experimental data obtained

over the temperature range selected.

2.4 Skin depth calculation

The skin depth, also known as penetration depth (Ds), is defined as the
distance from the surface into the materials at which the travelling
electromagnetic wave power drops to el from its value at the surface.

The skin depth can be calculated using Equation 4 [20]:
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D, = AoVe" 4)

2me"

where A, is the microwave wavelength in free space. The skin depth is
an important parameter since the use of microwaves as a heating
medium usually involves scaling-up limitations due to the difficulty of
properly dispersing the microwaves as the material increases in

volume [21].

3. Results and Discussion

The measured dielectric properties of the MSWd and Char-MSWd
fractions are shown in Fig. 2 (a) and (b), respectively, versus the
increase in temperature. As can be seen, the dielectric properties
depend greatly on the temperature during pyrolysis, particularly at

high temperatures.

3 8

Dielectric constant (')

4] 200 400 600 200 0 200 400 600 800
Temperature (2C) Temperature (2C)

Figure 2. Dielectric properties of the (a) MSWd fraction (b) Char-MSWd
fraction during pyrolysis.

The dielectric constant and loss factor for MSWd show a nearly
constant value from room temperature up to 500 °C, corresponding to
the pyrolysis step. A sharp increase in the dielectric constant is

observed beyond 600 °C corresponding to development of char
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formation that shows a maximum value at 800 °C. In the case of the
loss factor, there is a gradual increase up to 800 °C as a consequence of
the higher conductivity of the sample because of the occurrence of -
electron conduction when aromatized structures are formed during
pyrolysis [7, 10]. Although not graphed in this paper, a further
temperature increase up to 1000 °C exponentially increased the loss

factor up to £""'=13.

The Char-MSWd fraction follows the same dielectric constant pattern
as the MSWd fraction, although it reaches much higher values. Of
particular interest is the very high value even at room temperature,
due to the greater capability of the carbon to store electrical energy
from microwaves. However, the evolution of the loss factor with
increasing temperature is quite different from that of MSWd. As can be
seen in Fig. 2(b), the loss factor is £'=12 at 800 °C; this value is similar
to that of the MSWd fraction at 1000 °C, as reported above, which
suggests that the higher the char concentration is, the lower the
temperature required to reach large loss factors. Thus, it seems that
the initial characteristics of the starting material have a significant
influence on dielectric behavior during pyrolysis despite the fact that
the solid material produced must be the same at the end of pyrolysis

(char).

In addition, the loss factor peaks indicate a typical relaxation
polarization behavior [7]. During the measurement of the dielectric
properties of the Char-MSWd fraction, different local power absorption
rates along the sample volume in the form of thermal runaway effect

could have taken place and, therefore, increased the measurement
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uncertainty and loss factor fluctuation. This is not the case of the

MSWd fraction, whose loss factor does not show any fluctuation.

Fig. 3 shows the variation of the tan 6 parameter for the MSWd and
Char-MSWd fractions.

(a) 045 {b) 0.45

0.40 0.40 D\\
0.35 / 0.35 e
+ 030 \\ £ 030

o o

®0.25 \ & 0.25

i) 2

9 0.20 \ w 0.20 \

Soas \ Zo1s s
0.10 \ 0.10

005 . / L\ 0.05

0.00 0.00
] 200 400 &00 200 o 200 400 600 800
Temperature (2C) Temperature (2C)

Figure 3. Evolution of tan § during pyrolysis for the (a) MSWd and (b) Char-
MSWd fractions.

At lower temperatures (<500 °C), the thermochemical decomposition of
organic matter takes place, and the polar compounds that might have
contributed to the heating of the material are quickly released. Thus
poor tan § values (=0.02) are attained in the case of the MSWd fraction.
In the 500 - 600 °C range, tan 6 increases up to 0.35, but it decreases
again after 600 °C. From an energetic point of view, the 500 — 600 °C
range seems to be the most suitable for minimizing the consumption of
energy during pyrolysis. However, a radical increase in tan 6 (=7.5) was
observed at 1000 °C (not shown in Fig. 3). In the case of the Char-
MSWd fraction, tan 6 is higher at low temperatures (=0.40), which
means that under these conditions char is a microwave absorbent
material and so it can be used to induce the pyrolysis of biowastes and
other biomass feedstock. This value is similar to those previously

reported for similar materials, such as carbon black (0.35-0.85) and
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charcoal (0.11-0.29) at room temperature and 2.45 GHz [10]. However,
it can be seen that at temperatures higher than 600 °C, the microwave
absorption capability decreases and tan 6 approaches that of water (tan
6 =0.118 at 2.45 GHz and 25 °C). A similar behavior was observed in
the case of the char from oil palm shell [22]. This tendency has not yet
been explained, but it is probably related to the fact that the dielectric
constant increases monotonically with temperature, while the loss
factor remains essentially within the same narrow range (¢''=5-12).

The dielectric behavior of mixed biowaste and char was also
investigated, for which an intermediate response somewhere between
that obtained for the MSWd and char fraction was initially expected.
The dielectric properties for the 0.3:1 and 0.6:1 mixtures obtained using
the Landau, Lifshitz and Looyenga model are shown in Fig. 4 and Fig.
5 respectively, along with the experimental measurements. The values
for temperatures lower than 500 °C are also included at a higher scale
to make them clearer. The model predicts the tendency of the measured
dielectric constant values slightly well. Nevertheless, the loss factor is
not modeled accurately, especially in the 600 — 800 °C range, as it
underestimates the experimental values. This suggests the occurrence
of a thermal runaway effect when the organic feedstock is mixed with a
microwave absorbent material, leading to the boosting of heat loss at
lower temperatures compared to pure biowaste pyrolysis. This
phenomenon occurs because the microwave energy is concentrated in
the microwave absorbent (usually metallic oxides and carbonaceous
materials), whose rate of absorption (referred to as thermal
absorptivity) increases with temperature, leading to an exponential
increase in the heating rate [23]. Consequently, microwave power
needs to be properly controlled, especially beyond 600 °C, to avoid a

dramatic increase in temperature.
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¢ 0.3:1 mixture (model) ——0.3:1 mixture (experimental)
® 0.6:1 mixture (experimental)- - - 0.6:1 mixture (model)
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Figure 4. Dielectric constant of the mixtures.
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Figure 5. Loss factor of the mixtures.

In addition, the effect of the concentration of the microwave absorbent
on tan & is shown in Fig. 6. At lower temperatures, tan § seems to
remain approximately the same regardless of the char concentration.
However, in the 200 - 700 °C range, the higher char concentration

(0.6:1 mixture) provides a better conversion of microwaves into heat,
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especially in the 500 — 700 °C range. As shown in Fig. 5, thermal
runaway starts at a lower temperature in the case of a higher char
concentration. Nevertheless, it is the lower char concentration that
provides a more efficient heating at 800 °C. Again, this suggests that it
is the initial characteristics of the starting material (in this case, the
different char concentration) that determine dielectric behavior despite
the fact that the final product is char.
From the observations made so far it follows that dependence of the
dielectric properties on temperature must be taken into account when
designing a microwave applicator to ensure an energy efficient
operation and so obtain the desired products. For instance, the
production of syngas (Hz+CO) from biowaste is highly favoured at 600
— 800 °C during microwave-induced pyrolysis, which matches with the
highest energy conversion to heat [17]. As a means of comparison, the
evolution of the loss tangent in the case of MSWd has been included in
Fig. 6.
2.0
1.8
1.6
1.4
‘gn 1.2
E 1.0 -+No char

§ 0.8 —-0.3:1 mixture
-

0.6 --0.6:1 mixture
0.4
0.2

0.0
0 200 400 600 800
Temperature (2C)

Figure 6. Evolution of tan § during pyrolysis for the different char/biowaste

mixtures. tan 6 from MSWd fraction is also depicted as a means of comparison.
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It can be seen that the addition of the microwave absorbent char
improves the conversion of electromagnetic energy into heat, the loss
tangent being ca. 17 times higher at room temperature (0.33 vs 0.02).
This is an encouraging result for the scaling-up of microwave-induced
pyrolysis, because the addition of char to the feedstock to be pyrolysed
will contribute greatly to a reduction in energy requirements and costs.
In a recent report, a reduction of 30% in energy expenditure was
reported by properly mixing the organic feedstock with 10 wt.% char
[24]. Consequently, the most appropriate way to carry out microwave-
induced pyrolysis at high temperature is to use char as microwave
absorbent mixed with the organic feedstock.

Besides, as reported in the Introduction, microwave processing avoids
the need for pre-drying the feedstock. However, a pre-treated sample
has been used in this work. As a means of comparison, the effect of the
moisture content on the dielectric properties of the residue was
measured (at 25 °C): tan § parameter increased up to 0.6 compared to
0.3; moisture can then slightly improve the microwave absorption of

the residue at low temperature.

The skin depth of these mixtures during pyrolysis is illustrated in Fig.
7. A peak corresponding to the highest microwave skin depth was
observed at 400 °C, as also reported by [25]. This is assigned to the
onset of the pyrolysis, when volatiles begin to be released. However, a
remarkable decrease in the skin depth is observed beyond 400 °C,
which indicates strong microwave absorption by the char because of the
high density of m-electrons. Throughout the pyrolysis process, the 0.6:1
mixture exhibits lower skin depths due to the higher concentration of
microwave absorbent char, which is not surprising given its dielectric

properties and hence higher microwave absorption capability.
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Figure 7. Microwave skin depth for the mixtures of MSWd with Char-MSWd
during pyrolysis.

Two opposing effects then can be inferred from the microwave-
absorbent concentration used to maximize both the skin depth and
microwave absorption, as shown in Fig. 8 On the one hand, for
homogeneously blended mixtures, the skin depth is greater at low char
concentrations (Fig. 7) because a larger amount of transparent
material (biowaste) is present, which ensures a more homogeneous
heating, although it is possible that more energy will be consumed (Fig.
6). On the other hand, microwave absorption is greater at high char
concentrations where the penetration depth is smaller since char is
produced preferentially on the outer surfaces, leading to a more
heterogeneous heating. These effects may have a direct influence on
the process performance. For instance, the effect of char concentration
on the microwave-induced pyrolysis of the biowaste used in our study
to produce syngas was found to be determinant [12]. In their study,

Beneroso et al. found that a low char concentration led to a higher
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syngas concentration in the gas from the pyrolysis, probably due to the
greater penetration depth of microwaves into the bulk which led to a

more homogenous heating.
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Progress of the pyrolysis -
Figure 8. Effect of the microwave absorbent (mw absorbent) concentration on
the microwave heating efficiency. In the initial phase, only the added
microwave receptor is able to absorb microwaves and produce heat, which
allows the nearby particles of the mw transparent biowaste to be heated by
convection, conduction and radiation. Later, the removal of volatiles produces
char, which will act as a mw absorbent, enabling the pyrolysis process to be
sustained. Depending on the concentration of the initial mw absorbent, first,
secondary, tertiary, etc. generations of mw absorbents may be obtained. Unlike
the case of high char concentration, better penetration depths are attained at
low char concentrations, making it possible to develop larger generations of mw
absorbents during pyrolysis, and thereby facilitating more homogeneous
heating.

4. Conclusion
The dielectric properties of an organic fraction from a municipal solid
waste were determined at 2.45 GHz from room temperature to 800 °C.
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The dielectric properties of the biowaste remained constant during
pyrolysis up to 400 °C; then there was a sharp increase in both the
dielectric constant and loss factor, owing to the release of volatiles and
honeycomb-like carbon structures with a high delocalised electron
density. Furthermore, the addition of char as microwave absorbent to
the feedstock proved to be an effective way to reduce the energy
consumption of the pyrolysis process, because it provided the bulk with
a high tan § at room temperature, although it reduced the penetration
depth, which resulted in a more heterogeneous heating when a high
concentration of char was used.

The dielectric characterization addressed in this paper could serve as a
starting point for the design of suitable equipment to perform the
microwave-induced pyrolysis at industrial scale with the appropriate
simulation software.

Acknowledgments

The research leading to these results has received funding from the European
Union’s Seventh Framework Programme for research, technological
development and demonstration under grant agreement n° 311815 (SYNPOL
project). D. B. also acknowledges the financial support received from PCTI and
FICYT of the Government of the Principado de Asturias.



Publicacion VII 163

References

[1] European Commission, Being wise with waste: the EU’s approach to waste
management, in, 2010.

[2] D. Beneroso, J.M. Bermudez, A. Arenillas, J.A. Menéndez, Integrated
microwave drying, pyrolysis and gasification for valorisation of organic wastes
to syngas, Fuel, 132 (2014) 20-26.

[3] V.L. Budarin, P.S. Shuttleworth, J.R. Dodson, A.J. Hunt, B. Lanigan, R.
Marriott, K.J. Milkowski, A.J. Wilson, S.W. Breeden, J. Fan, E.H.K. Sin, J.H.
Clark, Use of green chemical technologies in an integrated biorefinery, Energy
& Environmental Science, 4 (2011) 471-479.

[4] F. Motasemi, M.T. Afzal, A review on the microwave-assisted pyrolysis
technique, Renewable and Sustainable Energy Reviews, 28 (2013) 317-330.

[6] D. Beneroso, J. Bermtdez, A. Arenillas, J. Menéndez, Microwave Pyrolysis
of Organic Wastes for Syngas-Derived Biopolymers Production, in: Production
of Biofuels and Chemicals with Microwave, Springer, 2015, pp. 99-127.

[6] J.B. Salsman, Technique for Measuring the Dielectric Properties of
Minerals as a Function of Temperature and Density at Microwave Heating
Frequencies, MRS Online Proceedings Library, 189 (1990) null-null.

[7] Z. Peng, J.-Y. Hwang, B.-G. Kim, J. Mouris, R. Hutcheon, Microwave
Absorption Capability of High Volatile Bituminous Coal during Pyrolysis,
Energy & Fuels, 26 (2012) 5146-5151.

[8] F. Motasemi, M.T. Afzal, A.A. Salema, Microwave dielectric
characterization of hay during pyrolysis, Industrial Crops and Products, 61
(2014) 492-498.

[9] F. Motasemi, M.T. Afzal, A.A. Salema, J. Mouris, R.M. Hutcheon,
Microwave dielectric characterization of switchgrass for bioenergy and biofuel,
Fuel, 124 (2014) 151-157.

[10] J.A. Menéndez, A. Arenillas, B. Fidalgo, Y. Fernandez, L. Zubizarreta,
E.G. Calvo, J.M. Bermudez, Microwave heating processes involving carbon
materials, Fuel Processing Technology, 91 (2010) 1-8.

[11] D. Beneroso, J. M. Bermudez, A. Arenillas, J.A. Menéndez, Microwave
pyrolysis of microalgae for high syngas production, Bioresource Technology,
144 (2013) 240-246.

[12] D. Beneroso, J.M. Bermudez, A. Arenillas, J.A. Menéndez, Influence of the
microwave absorbent and moisture content on the microwave pyrolysis of an
organic municipal solid waste, Journal of Analytical and Applied Pyrolysis, 105
(2014) 234-240.

[13] A.A. Salema, Y.K. Yeow, K. Ishaque, F.N. Ani, M.T. Afzal, A. Hassan,
Dielectric properties and microwave heating of oil palm biomass and biochar,
Industrial Crops and Products, 50 (2013) 366-374.



164

[14] R. Omar, A. Idris, R. Yunus, K. Khalid, M.I. Aida Isma, Characterization
of empty fruit bunch for microwave-assisted pyrolysis, Fuel, 90 (2011) 1536-
1544.

[15] S. Ramasamy, B. Moghtaderi, Dielectric properties of typical Australian
wood-based biomass materials at microwave frequency, Energy & Fuels, 24
(2010) 4534-4548.

[16] A.A. Salema, M.T. Afzal, Numerical simulation of heating behaviour in
biomass bed and pellets under multimode microwave system, International
Journal of Thermal Sciences, 91 (2015) 12-24.

[17] M.E. Requena-Perez, A. Albero-Ortiz, J. Monzo-Cabrera, A. Diaz-Morcillo,
Combined use of genetic algorithms and gradient descent optmization methods
for accurate inverse permittivity measurement, Microwave Theory and
Techniques, IEEE Transactions on, 54 (2006) 615-624.

[18] D.C. Dube, Study of Landau-Lifshitz-Looyenga's formula for dielectric
correlation between powder and bulk, Journal of Physics D: Applied Physics, 3
(1970) 1648.

[19] J.P. Robinson, S.W. Kingman, E.H. Lester, C. Yi, Microwave remediation
of hydrocarbon-contaminated soils — Scale-up using batch reactors, Separation
and Purification Technology, 96 (2012) 12-19.

[20] J. Doucet, J.-P. Laviolette, S. Farag, J. Chaouki, Distributed Microwave
Pyrolysis of Domestic Waste, Waste Biomass Valor, 5 (2014) 1-10.

[21] M. Tripathi, J.N. Sahu, P. Ganesan, T.K. Dey, Effect of temperature on
dielectric properties and penetration depth of oil palm shell (OPS) and OPS
char synthesized by microwave pyrolysis of OPS, Fuel, 153 (2015) 257-266.

[22] Y. Ferndndez, A. Arenillas, J A Menéndez, Microwave Heating Applied to
Pyrolysis, Advances in Induction and Microwave Heating of Mineral and
Organic Materials, Stanistaw Grundas (Ed.), ISBN: 978-953-307-522-8, InTech,
InTech, 2011.

[23] D. Beneroso, J.M. Bermudez, A. Arenillas, J.A. Menéndez, Comparing the
composition of the synthesis-gas obtained from the pyrolysis of different
organic residues for a potential use in the synthesis of bioplastics, Journal of
Analytical and Applied Pyrolysis, 111 (2015) 55-63.

[24] J.P. Robinson, C.E. Snape, S.W. Kingman, Developing high power
microwave processing as an effective technology for the thermo-chemical
conversion of biodegradable municipal waste, in: Technology REsearch and
Innovation Fund Project Report, University of Nottingham, 2010.

[25] H.H. Sait, A.A. Salema, Microwave dielectric characterization of Saudi
Arabian date palm biomass during pyrolysis and at industrial frequencies,
Fuel, 161 (2015) 239-2417.



Capitulo 6
Resultados y Discusion: Bloque III

Sintesis de bioplasticos

En este bloque se incluye la Publicacion VIII, en la que se analiza
la posibilidad de utilizar el syngas producido en la pirdlisis de residuos
como sustrato de fermentacién. Para ello, se ha cultivado la bacteria
Rhodospirillum rubrum y se ha estudiado su fisiologia, asi como la
produccién de un importante biopolimero, el PHB, también llamado
poli(3-hidroxibutirato).

6.1 Produccion de PHB mediante la fermentacion
de syngas

La bacteria Rhodospirillum rubrum es capaz de sintetizar y
acumular biopolimeros (polihidroxialcanoatos) en medios ricos en
syngas (DO 2007). En concreto, puede producir el polimero PHB
mediante una ruta metabdlica consistente en tres reacciones
enzimaticas a partir del intermediario de reaccién acetil-CoA (Figura
6.1).

Una posibilidad para sintetizar las moléculas del intermediario
acetil-CoA es a partir de los componentes del syngas a través de la
conocida ruta metabdlica Wood-Ljungdhal, tal como se expuso en la
Introduccién (OELGESCHLAGER 2008).

El mecanismo propuesto para la sintesis de PHB en
Rhodospirillum rubrum se describe a continuacion. La primera etapa
para la sintesis de PHB consiste en la condensacién de dos moléculas
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del intermediario acetil-CoA catalizada por 3-ketotiolasa para producir
acetoacetil-CoA. A continuacién, tiene lugar la reduccién de acetoacetil-
CoA a 3-hidroxibutiril-CoA, reaccién que es catalizada por la
acetoacetil-CoA reductasa. Por ultimo, la enzima PHB-sintasa provoca
la polimerizacion de los mondémeros de 3-hidroxibutiril-CoA para

producir PHB.
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Figura 6.1 Ruta metabdlica en R. rubrum para la produccién de PHB a partir
de acetil-CoA

En la Publicacion VIII, se estudia la fermentacién de syngas
procedente de la pirdlisis convencional y de la piré6lisis inducida por
microondas de la fracciéon organica de RSU a 800 °C y en ausencia de
luz. Para ello, se ha determinado la velocidad de crecimiento de la
bacteria en el medio, el consumo de la fuente de carbono, el
rendimiento en biomasa y la produccion de PHB. Los resultados
revelan que la bacteria R. rubrum es capaz de llevar a cabo la
fermentacién de syngas bajo las dos condiciones estudiadas, habiéndose
encontrado que la relaciéon CO/Hz en el syngas no es un parametro
determinante en la producciéon del biopolimero, lo que supone
una ventaja notable sobre los procesos cataliticos convencionales al no
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tener que ajustar la composicién del syngas antes de la etapa catalitica.

Ademas, a efectos de comparacion, se utilizé un syngas artificial
con una composicién 40% CO, 40% Hz, 10% COz y 10% Ns2. A pesar de
las diferencias en concentraciones de gases, la conversion del CO fue
practicamente la misma en los diferentes syngas ensayados,
aproximadamente un 40%, asi como la velocidad de crecimiento de las
bacterias, aproximadamente 0.07 h-l. Por otra parte, la produccién de
PHB también es similar en los diferentes casos, aunque algo superior al
utilizar el syngas artificial, ya que se obtiene un rendimiento de un
15% en masa de biomasa seca frente a un 10% al usar los dos syngas
derivados de la pirdlisis del residuo.

Los resultados de esta Publicacion VIII a escala de laboratorio
sirven de referencia para el estudio de la fermentaciéon de syngas a
escala de planta piloto, el cual esta siendo llevado a cabo por el grupo
de investigacién Bioprocesses and Biomaterials de Haute Ecole
Spécialisée de Suisse Occidentale en colaboracién con la empresa
INFORS, también dentro del marco del proyecto SYNPOL.

Por otra parte, se analizé la posibilidad de eliminar el extracto de
levadura del medio de cultivo y se comparé el crecimiento de R. rubrum
en syngas con luz o en ausencia de la misma. En este caso, se observd
que la bacteria solo crece al utilizar syngas obtenido a partir de
pirdlisis inducida con microondas, pero no en el syngas derivado de la
pirdlisis convencional (Tabla 6.1). Este hecho demuestra la ventaja de
utilizar microondas como método de calentamiento, al menos en el
crecimiento de las bacterias.

Tabla 6.1 Velocidad de crecimiento de R. rubrum en diferentes gases de
sintesis sin afiadir extracto de levadura

Condiciones LUZ OSCURIDAD LUZ OSCURIDAD
p(h't)y  0.031+0.005 0.022+0.005 ND* ND*

* ND: Crecimiento no detectado
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Syngas obtained by pyrolysis of household wastes as

feedstock for polyhydroxyalkanoate production

O. Revelles?, D. Beneroso?, J.A. Menéndez2, A. Arenillas?, J.L.. Garcial,
M.A. Prieto!

Abstract

Background: The massive production of urban and agricultural wastes arises
a clear need for alternative processes of disposal and waste management. The
current trends of bio-economy lies on waste revalorization strategies and are
committed to the development and implementation of cost-efficient
biotechnology processes for the conversion of wastes, into bulk bioproducts such
as bioplastics. In this context, the utilization of organic household wastes to
produce syngas (H2+CO), is considered as potential feedstock for
polyhydroxyalkanoates (PHA) by syngas fermentation, but the implementation
of these strategies still requires many challenges to overcome (e.g. syngas
productivity from wastes, mass transfer during the fermentation, presence of
growth inhibitors in syngas, bioproduction yield, etc). Rhodospirillum rubrum
is one of the microorganisms pointed as potential biocatalysts for this process,
since it is able to growth in syngas and produces PHA. In this work, the use of
R. rubrum as microbial cell factory for the production of PHA from household
wastes is evaluated.

Results: The organic fraction of municipal solid wastes from a European city
(Seville) has been subjected to two different high-temperature pyrolysis
processes to produce syngas, i.e. standard pyrolysis and microwave pyrolysis.
By determining growth rate, uptake rate, biomass yield and PHA production in
R. rubrum, we performed a physiological analysis of the process, and the
effectiveness of the different pyrolysis techniques was assessed. The results
revealed strong syngas fermentation robustness where the ratio CO/Hz is not a
critical parameter for PHA production.

Conclusions: We demonstrate the potential of using biowastes as a primary
source for the production of syngas to be applied in the production of
biodegradable biopolymers by R. rubrum. Microwave induced pyrolysis appears
as potential alternative to standard pyrolysis, allowing to reduce cost in terms
of energy and time as well as increasing syngas production, while it gives the
same syngas fermentation yield as the standard pyrolysis.

Keywords

Microwave pyrolysis, polyhydroxyalkanoates, syngas, waste management,
syngas fermentation, Rhodospirillum rubrum

Background

The development of a bio-based industry requires the production of
chemicals and biomaterials to be settled on the exploitation of non-
fossil carbon resources. Municipal solid wastes and other waste
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resources, such as agricultural residues and sewage sludge contain
significant reusable carbon fractions suitable for eco-efficient
valorization processes. These resources take advantage over fossil
sources as they are abundantly available, do not require additional
production costs and are substrates that do not compete with human
nutrition.

In this context, thermochemical conversion technologies, other than
combustion, such as pyrolysis and gasification are becoming widely
accepted as suitable valorization alternatives for non-fossil resources
(ARENA, 2012, TANIGAKI, 2013); for instance, the gasification of
organic wastes may produce syngas (CO+Hgz), which as a platform
chemical for the production of bulk chemicals such as ethanol, butanol,
acetic acid or butyric acid. In this regard, the microbial bioconversion of
wastes presents a highly attractive potential nowadays (KOUTINAS,
2014) (DRZYZGA, 2015). Of special interest is the development of the
chemical industry devoted to produce biobased and biodegradable
plastics, such as polyhydroxyalkanoates (PHA), with many short-life
applications (REDDY, 2003, MADBOULY, 2014) and even medical uses
(CHEN, 2005). These bioplastics represent an alternative to oil-derived
plastics and are degraded by many microorganisms, having gained
importance in the last years (KESHAVARZ, 2010, NIKODINOVIC-
RUNIC, 2013).

The production of syngas from biomass and organic wastes is mainly
accomplished by means of gasification processes, in which the organic
substrate is partially oxidized with H20 or Oz at high temperature
(800 — 1300 °C). However, there are new emerging thermal conversion
technologies such as the microwave-induced pyrolysis, which avoids the
use of gasifying agents. Compared to conventional pyrolysis processes,
in which a free-oxygen atmosphere is used to thermally decompose the
organic material at 400 — 800 °C producing large amounts of bio-oil
instead of syngas, microwave pyrolysis has been reported as an
effective way to increase the waste conversion to H2 and CO at a lower
energy consumption (BUDARIN, 2011, BENEROSO, 2013,
BENEROSO, 2014).

Despite the toxicity of CO for most organisms, several microorganisms
can use CO as source of carbon and/or energy for growth. In this
regard, Rhodospirillum rubrum, which is the type strain for the
Rhodospirillaceae family, is able to growth under a broad variety of
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conditions, including syngas (DO, 2007). This bacterium can utilize CO
under anaerobic conditions as a sole carbon and energy source in the
presence or absence of light (KERBY, 1995a). When exposed to CO,
both a CODH and a CO-insensitive hydrogenase are induced. Part of
the CO2 produced is assimilated into cell material and the remaining
COq2, along with Hgz, are released into the environment. Furthermore,
R. rubrum is an attractive syngas utilizer for its ability to produce PHA
as an energy storage molecule. Do et al. studied the growth of R.
rubrum on seed corn-derived syngas observing the production of poly(3-
hydroxybutyrate) (PHB) (DO, 2007). Heinrich et al. studied the
heterologous overexpression of different genes encoding pyridine
nucleotide transhydrogenases (pntAB, udhA) and acetoacetyl-CoA
reductases (PhaB) in R. rubrum S1, which was also able to synthesize
an industrially relevant copolymer poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) P(HB-HV) from syngas. This engineered bacterium
was pointed out as a promising production strain for syngas derived
second generation biopolymers (HEINRICH, 2015).

It is evident that fermentative production of chemicals and biopolymers
via refining of waste and by-product streams is a highly important
research area with significant prospects for industrial applications
(MUNASINGHE, 2010, BENEROSO, 2015b). In this article we show
the utilization of household waste-derived syngas for the production of
PHB biopolymer. Of particular interest is the innovative use of
microwaves to achieve this goal, as this technology provides a syngas
able to induce an efficient growth of R. rubrum reducing cost in terms
of energy and time at a much higher syngas productivity, compared to
syngas from conventional pyrolysis technologies. The fermentative
robustness of R. rubrum is further discussed.

Results and discussion

Effect of syngas derived from pyrolysis on R. rubrum physiology

R. rubrum catalyzes the bioconversion of syngas into PHA and biomass
thanks to a CO-dehydrogenase and a CO2 metabolic fixation system
(REVELLES, 2015a, REVELLES, 2015b). The effect of the different
syngas composition on the physiology of R. rubrum during syngas
fermentation has been investigated. Both syngas samples obtained
from the previous pyrolysis processes were used as substrate for the
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growing of R. rubrum in light on RRNCO medium (see Methods). The
effect of microwave-induced pyrolysis and standard pyrolysis are
showed in Table 1 comparatively when using commercial syngas (40%
CO, 40% Hz, 10% CO2 and 10% N32).

Table 1 Kinetic Growth parameters of R. rubrum with syngas in
darkness under different syngas composition

Physiological Parameters

Syngas

n ODsoof Yws qs PHB
Synthetic 0-079 4 g.0.10 0.240.05  5.1+0.05 1542

y £0.005 . . . . . .

Microwave  0.071 /=005 0.3140.05 3.3+0.40 1041
pyrolysis +0.005
Standafd 0.074 0.5+0.05 0.42+0.07 5.9+1.00 10+2
pyrolysis +0.010

p (h-1), specific growth rate; OD600f (-), optical density at 600 nm; Yys (gDW g1), biomass
dry-weight production yield; qs (mmol gDW-! h-1), carbon source uptake rate; PHB (% cell
dry weight). Values represent the mean + standard deviation of three independent
biological replicates.

None difference in the growth rate p (~0.07 hl) has been observed
among the three syngas tested. However, the biomass productivity (h!-
ODeoo) was significantly higher when synthetic syngas was used for the
fermentation process (0.06 vs 0.03) due to the final ODsoo reached with
synthetic syngas (almost twice higher). The lower final ODsoo observed
in culture fed with syngas from microwave-induced pyrolysis and
standard pyrolysis could be a consequence of different factors that will
need further investigation. For example, the presence of CHs and
heavier hydrocarbons could have an inhibitory effect in the final
growth of the culture. By HPLC analysis the presence of extracellular
detected.
Interestingly, when syngas from microwave-induced pyrolysis was used

products was measured and none intermediate was
in the fermentation process slight differences were found for the
acetate uptake rate (3.3 £ 0.4 mmol gDW-! h-l) compared to syngas
obtained from standard induced pyrolysis and synthetic syngas.
Further, the yield of biomass from acetate was approximately the same
when either microwave-induced or standard pyrolysis was used during

the fermentation processes (see Table 1). Another important factor that
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can affect the biomass yield of R. rubrum during the fermentation
process is the lower concentration of the dissolved syngas components
needed for the growth, especially CO (Table 2).

Table 2 Gas composition of the different syngas studied

Syngas composition (vol.%)

Gases
Synthetic Microwave Standard
CO 40 35 25
CO: 10 10 25
H: 40 50 20

The CO consumption along the growth curve for each different syngas
fermentation process was monitored (see Methods). Samples at time
zero and after 72 h of incubation were taken and the differences in the
final CO values were measured using a gas chromatograph (GC)
equipped with a thermal conductivity detector (TCD). The data are
shown in Table 3. The CO conversion registered was of about 40% for
all the cases analyzed, showing a clear CO consumption.

Table 3 CO consumption during syngas fermentation

% Conversion
Gas

Synthetic Microwave Standard
CcO 39+4 38+ 10 38+ 1.7

Biopolymers production from Syngas

Under CO-rich media, R. rubrum is known to accumulate PHB (DO,
2007). In the presence of acetate, Rhodospirillum rubrum catalyzes the
bioconversion of syngas into PHB and biomass using the CO-
dehydrogenase, which catalyzes the biological oxidation of CO into
COz2: COz is then assimilated into cell material and PHB by the action
of at least two carboxylases from the central carbon metabolism
(REVELLES, 2015a). PHB is produced by a biosynthetic pathway
consisting of three different enzymatic reactions from acetyl-CoA
(Figure 1). The first step is the condensation of two acetyl-CoA
molecules into acetoacetylCoA by 3-ketothiolase (PhaA). Then,
acetoacetyl-CoA reductase (PhaB) allows the reduction of acetoacetyl-
CoA by NADH to 3-hydroxybutyryl-CoA. Finally, the (R)-3-
hydroxybutyryl-CoA monomers are polymerized into PHB by PHB
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synthase (PhaC). The depolymerase PhaZ is involved in the polyester
hydrolysis for releasing the monomers to the central metabolism
(Figure 1).

PHB METABOLISM SYNGAS CO METABOLISM
" pHB |
(Phaz ) u
— . Y 07)\
SM}MM I@ 2 2H+CO2+ Je

Acetoacetyl-CoA welle 3-Hydroxybutyryl-CoA
PhaB

Figure 1 Polyhydroxybutyrate pathway of R. rubrum.

Previous studies by Revelles and coworkers (REVELLES, 2015a) have
shown that approximately 40% of PHB total carbon backbone comes
from the carbon fraction of syngas. However, the use of acetate during
syngas fermentation is critical to accumulate PHB. In this study, the
effect of syngas composition on PHB accumulation was also
determined. The granules of PHB can be clearly observed in R. rubrum

by transmission electronic microscopy (TEM) (Figure 2) during syngas
fermentation when using microwave-induced pyrolysis (Figure 2.A) or
standard pyrolysis (Figure 2.B). The % of PHB detected in the three
tested conditions was similar being slightly higher for synthetic syngas
(see Table 1).

Figure 2 TEM micrography of R. rubrum growing in medium RRNCO fed with
microwave (A) and standard (B) pyrolysis derived syngas, both containing PHB

-

granules.
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These results show the robustness of R. rubrum to accumulate PHB
regardless the composition of syngas, as well as, the process used to
produce such mixture.

Conclusion

Organic trash provides an excellent resource of biomass that can be
utilized for generating commodity products such as biopolymers.
Further, it is not exploited as other biomass feedstock such as
lignocellulosics. In this work it is demonstrated the potential of these
residues for producing syngas as chemical platform for the synthesis of
biopolymers. The use of microwave-induced pyrolysis is an advantaged
strategy versus standard pyrolysis since allows to reduce time and
energy in the process of syngas synthesis, hence reducing cost, and
permitting a much higher syngas volumetric productivity, without
affecting syngas fermentation. Finally, using R. rubrum as biocatalyst
expands the potential of this technology due to the higher robustness of
this microorganism in the production of PHB during syngas
fermentation.

Methods

Production of syngas

An organic fraction from a municipal solid waste provided by
ABENGOA BIOENERGIA from a landfill in Sevilla (Spain) was used
in this study. This fraction was taken from an organic fraction from
municipal solid waste and was subjected to removal of moisture and
inert solids, such as glass or metals. After this pre-treatment, the
fraction size was reduced to 1-3 mm. The characterization of the
sample can be found in (BENEROSO, 2015a). To prepare the different
syngas, the biowaste was subjected to pyrolysis at 800 °C by means of
two different technologies: a standard pyrolysis in an electrical furnace
and a microwave-induced pyrolysis in a microwave oven. The

corresponding methodology has already been described in
(BENEROSO, 2015a).
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Culture Conditions

Starter cultures of R. rubrum (ATCC 11170) were grown under
anaerobic conditions on RRNCO medium (KERBY) supplemented with
15 mM fructose at 30 °C until stationary phase (ODsoo 1.5). Briefly,
RRNCO medium contains per liter of distilled water: 2 ug of biotin, 10
mL of a chelated iron-molybdenun solution (0.28 g of H3BOs, 2 g of
Naz2EDTA, 0.4 g of ferric citrate, and 0.1 g of Na:MoO4 per liter of
distilled water), 250 mg of MgSO4 7TH20, 132 mg of CaCls 2H20, 1 g of
NH4Cl, 20 uM NiClz, 1.0 g of yeast extract, 2.1 g of MOPS and 0.82 g of
sodium acetate. Prior inoculation we added anoxic solutions of 1.91 M
potassium phosphate (pH 7.0) (0.05 mL), of 1% Na2S 9H20 (0.1 mL)
and of 0.5 M NaHCO3z (pH 8.0) (0.25 mL). This culture was used as
preinoculum for syngas fermentation. Syngas experiments were done
in RRNCO supplemented with 10 mM acetate. Syngas fermentation
was carried out in bottles of 100 mL containing 20 mL of RRNCO
medium. Prior adding syngas the closed degasified serum vials were
subjected to 1 min vacuum-purge and the atmosphere were further
saturated with syngas to 1 atm of pressure. This procedure was
repeated every day for syngas feeding (REVELLES, 2015b). When it
was mentioned a commercial syngas provide by Air Liquide was used,
this syngas is made out of 40% CO, 40% Hz, 10% CO2 and 10% N2 (Air
Liquide, www.airliquide.com).

Growth characterization

The growth rate (u) was determined from log-linear regression of time-
dependent changes in optical density at 600 nm (ODeoo), measured
with a spectrophotometer (UV-VIS Spectophotometer Shimatzu UV
mini 1240) with appropriate dilutions when needed. Acetate was
quantified using an HPLC system (GILSON), equipped with an Aminex
HPX-87H column. A mobile phase of 2.5 mM H2SO4 solution at a 0.6
mL/min flow rate was used and the column operated at 40 °C. Rates of
disappearance and/or appearance of substrates and products in the
culture supernatants were determined (REVELLES, 2015b). To
calculate specific biomass yields, correlation factors between cell dry
weights and optical density (gcow/ODseoo) were established for each
condition.
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PHB/PHA quantification by GC analysis

PHB/PHA was isolated and purified using cells harvested from
different growing phases by centrifugation at 8,000 x g for 15 min at
4 °C (Eppendorf Centrifuge 5810R). Cells were then washed twice in
distilled water and lyophilized in Cryodos-50 (Telstar, Terrasa, Spain)
at -56°C and 102 mbar. Further, PHB monomer composition and
cellular PHB content were determined by gas chromatography (GC) of
the methanolysed polyester. Methanolysis was carried out by
suspending 5-10 mg of lyophilized cells in 0.5 mL of chloroform and 2

mL of methanol containing 15% sulfuric acid and 0.5 mg mL™ 1 of 3-
methylbenzoic acid (internal standard), followed by an incubation at
80 °C for 7 h. After cooling, 1 mL of demineralized water and 1 mL of
chloroform were added and the organic phase containing the methyl
esters was analyzed by GC (DE EUGENIO, 2010). A standard curve
from 0.5 to 2 mg of PHB (Sigma Cat: 36,350-2) was used to interpolate
sample data.

CO analysis

The CO was analyzed by using a gas chromatograph (Agilent 7890A
GC) equipped with a thermal conductivity detector (TCD) and two
columns connected in series (80/100 Porapak Q and 70/80 Molesieve
13X) (REVELLES, 2015b). The initial oven temperature was 30 °C,
which was maintained with an isothermic step of 5 min. It was then

programmed with a rate of 25 °C min ! until reached 180 °C. The
injector and detector temperatures were 150 and 250 °C, respectively.
Helium (Air Liquide, www.airliquide.com) was used as carrier gas.
Samples were taken from the headspace of the culture a different times
using a tight gas syringe and added to HS-vials, previously degasified
with helium. Prior to the measurements the gas analyzer was
calibrated by a standard gas and a calibration curve was established.
The calculation for gas concentration was carried out using the GC
data analysis software (ChemStation rev. B.04.03-SP1; Agilent
Technologies, Inc.).
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Capitulo 7

Conclusiones

Esta memoria, y las publicaciones presentadas en ella, muestran
los resultados derivados del estudio del proceso de pirdlisis inducido por
microondas de diferentes residuos organicos con el fin de producir un
syngas adecuado para su posterior utilizacién en la sintesis de
bioplasticos. A continuacién se presentan las conclusiones mas
relevantes derivadas de dicho trabajo.

Produccion de syngas a partir de sustratos sélidos orgdnicos

v" Se pueden utilizar determinados residuos organicos (fraccién
organica de RSU, residuos agricolas y lodos de depuradora)
para producir syngas mediante tecnologias de pirolisis.

v" La pirdlisis inducida por microondas de residuos orgénicos se
puede utilizar para producir un syngas de alta calidad, es
decir, con una concentracién superior al 90 vol.% de Hz + CO,
incluso a temperatura relativamente baja (400 °C).

v' La produccién de syngas se favorece a mayores temperaturas
(800 °C). Ademas, la velocidad de calentamiento en el caso de la
pirdlisis con microondas, al ser més alta que durante una
pirdlisis convencional, hace que se favorezca la produccion de
gas.

v' Las microalgas también son un sustrato muy adecuado para
producir syngas a partir de la pirdlisis de las mismas con
microondas.
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v' Al presentar una calidad excepcionalmente alta con una

concentracién practicamente nula en hidrocarburos, el syngas
procedente de la pirdlisis con microondas puede utilizarse en
produccién de bioplasticos mediante la fermentacién del
mismo.

La concentracién de compuestos peligrosos, como los PAH, en
los aceites procedentes de la pirdlisis de residuos dependen
tanto de la naturaleza de los mismos como del método de
calentamiento. En general, los residuos muy heterogéneos,
como los casos de la fraccion organica de RSU o los lodos de
depuradoras, producen menor concentracién de PAH cuando se
utiliza radiacién microondas.

Pardametros influyentes en la pirélisis con microondas

v Para llevar a cabo la pirdlisis con microondas de residuos

organicos, que son transparentes a la radiacién microondas, es
necesario mezclar los residuos con un material captador de
microondas para inducir la pirdlisis.

Cuanto mayor es la cantidad de captador anadida, éste se
calienta més rapidamente y es el que absorbe practicamente
toda la radiacién microondas y, por conduccién, conveccién y
radiacién, transfiere el calor al residuo organico. De esta forma,
las microondas no penetran hasta el centro del mismo. Sin
embargo, si1 la cantidad de captador es menor, las microondas
pueden penetrar en todo el volumen de residuo y, aunque en
principio el calentamiento es madas lento, también es mas
uniforme.

La adicién de un material captador permite reducir el consumo
energético de la pirdlisis, ya que la energia necesaria para
inducir la pir6lisis es menor.

La humedad del residuo orgédnico de partida influye en la
produccién de syngas mediante pirdlisis inducida por
microondas. Existe una humedad o6ptima a la cual la
concentracién de H2+CO en la fraccién gaseosa se maximiza.
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En el caso del residuo estudiado, la fraccién organica de RSU,
esta humedad fue del 12%.

v" El rendimiento en fraccién gaseosa es mayor cuanto mayor es la
humedad del residuo inicial debido a que dicho contenido en
agua favorece las reacciones de gasificacién del sélido carbonoso
y de reformado de los aceites. Ademas, la produccién de syngas
se ve mas favorecida en el caso del residuo humedo a mayores
concentraciones de captador, al contrario de lo que ocurre al
usar el residuo seco.

v' El gas portador, N2 o He, utilizado durante la pirdlisis con
microondas de residuos no parece tener una influencia
significativa en la produccién de syngas. Es posible llevar a
cabo la pirdlisis con microondas de residuos sin utilizar un gas
portador, sin que ello comprometa la calidad del syngas.

v Las propiedades dieléctricas de las mezclas de fraccién
organica de RSU con el captador carbonoso se mantienen
aproximadamente constantes, con tendencia disminuir al
acercarse a los 400 °C. A partir de 600 °C, dichas propiedades
aumentan radicalmente hasta una permitividad de £* = 56.1 —
93.8j, en el caso de la mezcla 0.3:1, y de €* = 119.9 — 130.7j, en
el caso de la mezcla 0.6:1, a 800 °C.

v' Al anadir captador al residuo, se reduce la temperatura a la que
aumentan exponencialmente las pérdidas de calor. Ademas, la
conversién de energia microondas en calor es casi 20 veces
superior a temperatura ambiente.

Sintesis de biopldsticos

v' La bacteria R. rubrum es capaz de llevar a cabo la fermentacién
de syngas procedente tanto de pirdlisis convencional como de
pirélisis con microondas de la fraccién organica de RSU a
800 °C. Por tanto, el ratio CO/Hz2 en el syngas no es un
parametro determinante en la produccién del biopolimero. Sin
embargo, se demostré en el Bloque I de esta Tesis que la
produccién de syngas es bastante mayor en el caso de utilizar la
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pirdlisis con microondas, lo que supone una ventaja competitiva
respecto a la pirdlisis convencional para ser integrada en la
produccién de bioplésticos.

La conversion del CO fue practicamente la misma en los
diferentes syngas, aproximadamente un 40%, asi como la
velocidad de crecimiento de las bacterias 0.07 h-1.

La produccién de PHB también es similar en los diferentes
casos, aproximadamente un 10% en masa respecto a la biomasa
seca producida.

En ausencia de extracto de levadura en el medio de
fermentacién, el syngas procedente de pirdlisis de microondas
parece ser el Unico que posibilita el crecimiento de la bacteria
R. rubrum.



Anexo

En este Anexo se adjunta como Publicaciéon IX un capitulo del
libro “Production of Biofuels and Chemicals with Microwave”, titulado
Microwave Pyrolysis of Organic Wastes for Syngas-Derived Biopolymers
Production. En el mismo, se lleva a cabo un estudio del arte acerca del
uso y de la versatilidad de la tecnologia de microondas aplicada a la
pirdlisis para producir syngas.

Asi mismo, se incluye el Material Suplementario de la
Publicacion I, Publicacion 11, Publicacién III y Publicacion VII.
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Chapter 6
Microwave Pyrolysis of Organic Wastes
for Syngas-Derived Biopolymers Production

D. Beneroso, J.M. Bermiidez, A. Arenillas and J.A. Menéndez

Abstract Bioplastics production is a growing industry that offers an alterna-
tive to that of conventional fossil-derived plastics. Polyhydroxyalkanoates are
biopolymers whose thermo-mechanical properties can be comparable to those
of conventional plastics. Polyhydroxyalkanoates can be produced through the
bacterial fermentation of carbon substrates, although to be commercially viable
cheap renewable resources such as syngas (CO + Hjs + CO;) from waste pyroly-
sis are required. Microwave pyrolysis has been demonstrated to have the poten-
tial of maximising both the gas production and syngas concentration. Hence it
is an appropriate thermochemical route for further syngas fermentation. A com-
bination of different factors, such as the type of waste, the moisture content, the
pyrolysis temperature or the use of a microwave receptor makes microwave pyrol-
ysis highly versatile, so that the syngas produced can be virtually tailored to the
specific requirements of the bacteria.
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6.1 Introduction to Biopolymers: Classification, Uses
and Production

The exploitation of fossil fuels for transportation purposes and for the production
of commodity chemicals is deeply engrained in our society, but it is becoming
increasingly evident that the continued use of these resources at current rates is
unsustainable. The main drawbacks of fossil fuels are their limited reserves and
their negative environmental impact as the combustion of these fuels releases not
only CO; but other pollutants, such as sulphur and nitrogen oxides.

In 2012, the production of polymeric materials amounted to 288 Mt world-
wide (mainly polyethylenes, polypropylenes, polyvinylchloride and polyurethane),
more than 99 % of which originated from fossil resources [1]. The European
Union alone produced ca. 20 % (i.e., 57 Mt) of these materials, of which more
than 25 million tons were either landfilled or disposed of directly into the environ-
ment [2], causing serious environmental problems due to their high resistance to
degradation. Therefore, there is a clear need for alternative processes of disposal
via the development and application of industrial biotechnologies based on the
conversion of renewable raw materials into sustainable, cost-efficient bulk bio-
products such as new biopolymers.

Biopolymers not only consist of bio-based polymers (i.e., polymers synthesised
from biomass or renewable resources), but also of biodegradable materials even if
synthesised from fossil resources. Figure 6.1 shows a common way of classifying
biopolymers with examples of different types.

Polymers that are both bio-based and biodegradable are the most practical
from the point of view of disposal since they can be degraded by microorganisms.
Polyhydroxyalkanoates, such as PHB poly(3-hydroxybutyrate) or PHBV poly(3-
hydroxybutyrate-co-3-hydroxyvalerate), are well-known examples of biobased
biodegradable polymers. They can be used in injection moulding, extrusion or
paper coating, and in numerous other applications such as packaging, cutlery or
office supplies [3]. They have also been successfully used in biomedical uses such
as tissue repair and regeneration or drug delivery systems [4, 5]. Since polyhy-
droxyalkanoates are polyesters with a highly versatile structure, the possibilities
of application are numerous. Their thermo-mechanical properties can even be tai-
lored to make them comparable to conventional plastics [6, 7]. Table 6.1 shows a
comparison between some polyhydroxyalkanoates and typical fossil-based poly-
mers. Short chain-length polymers, such as PHB, are typically rigid and brittle,
while medium chain-length polymers, such as PHBV, can be more elastic, but
usually have less mechanical strength. As can be seen from Table 6.1, the melt-
ing point and tensile strength of polypropylene and PHB are very close, although
the elongation to break differs a lot. However, the addition of 4-hydroxybutyrate
to PHB allows a much higher elongation to break, close to that of polypropyl-
ene, although slightly reducing the tensile strength. In short, the thermo-mechan-
ical properties can be tuned by blending different monomers in the appropriate
proportion.
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Fossil-based and

Biobased and non-

biodegradable biodegradable
= Bio-LDPE - PBSA
« Bio-PET -PEA
=NY 11 «PCL
-PBST

-PTT
«PBAT

Biobased a

biodegradable
- PHB
+ PHBV
« PHBO
*PLA

Fig. 6.1 Classification of biopolymers. LDPE low-density polyethylene; PET poly(cthylene-
terephthalate); NY [/ nylon 11; PTT polytrimethylene terephthalate; PHB poly(3-hydroxy-
butyrate); PHBV poly(3-hydroxybutyrate-co-3-hydroxyvalerate); PLA polylactide; PHBO
poly(hydroxybutyrate-co-hydroxyoctanoate); PBSA poly(butylene-succinate-co-adipate); PEA
polyesteramide; PCL polycaprolactone; PBST poly(butylene-succinate-co-terephthalate); PBAT
aromatic copolyesters

Table 6.1 Comparison of some thermo-mechanical properties of biopolymers from biopolymers
and fossil-based polymers P(3HB-co-20 mol% 3HV): poly(3-hydroxybutyrate-co-3-hydroxy-
valerate) containing 20 mol% of hydroxyvalerate; P(3HB-co-16 mol% 4HB): poly(3-hydroxybu-
tyrate-co-4-hydroxybutyrate) containing 16 mol% of hydroxybutyrate

Polymer Melting tem- Glass transition | Tensile strength | Elongation to
perature (°C) temperature (°C) | (MPa) break (%)

PHB 180 4 40 5

P(3HB-co-20 mol% | 145 =1 20 50

IHV)

P(3HB-co-16 mol% | 150 -7 26 444

4HB)

Polypropylene 176 —10 38 400

Low-density 130 -30 10 620

polyethylene

According to a Eurepean Bioplastics report [8], biopolymers are economically
innovative and offer great potential for further economic growth along the value
added chain, especially in Asia and South America. In 2009, biopolymers production
amounted to 0.25 Mt worldwide, increasing in 2012 up to 1.40 Mt and with a pro-
jected production target of 6.19 Mt for 2017 and it has been predicted that the biopol-
ymers industry will be worth $5 billion by 2018 [9]. Furthermore, the European
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Bioplastics report estimates that bio-based polylactic acid and polyhydroxyalkanoates
will spearhead the increased production capacity of biodegradable biopolymers.

Polyhydroxyalkanoates can be produced biologically, since some plant tissues
are able to generate them through photosynthesis [10, 11], or through biosynthe-
sis, though the former method still presents considerable challenges. Fermentation
involves filling a bioreactor with a mineral medium and inoculating it with a seed
that contains the microorganism. It is also necessary to provide a carbon source
to allow cell growth and polyhydroxyalkanoate production. At present, high
cost substrates such as sucrose, fructose, glucose, methanol or butyrate are used,
and account for as much as 50 % of the total production cost of polyhydroxyal-
kanoates. For this reason, the use of cheaper renewable resources as substrates
such as glycerol waste from biodiesel production or cellulose hydrolysates from
paper industry wastewater is essential to ensure the commercial viability of the
process [12].

Another interesting option consists of the use of syngas as will be discussed in
the Sect. 6.2, since CO and CO> containing in the syngas could be used as carbon
source to allow for the production of polyhydroxyalkanoates.

6.2 Biopolymers from Syngas Fermentation

Although biorefineries represent an alternative to fossil organic material-based
petrochemical refineries, in some cases innovative processing methods are
required for the more complex wastes. Organic waste is abundantly available
(e.g. in municipal solid wastes, agricultural residues or sewage sludge), does not
entail additional production costs and is a substrate that does not compete with
human nutrition [13]. For these reasons, organic wastes are a potential feedstock
for value-added products and are often insufficiently exploited. For example, their
pyrolysis and gasification is able to yield syngas (CO + Hj), which is a valuable
commodity. Despite the world market for syngas being dominated by the ammo-
nia industry and the production of Ha for use in refineries, the chemical conver-
sion of syngas components can be expensive and highly susceptible to catalyst
poisoning, with the consequent limitations on the chemical yields [14]. This has
encouraged research into microorganisms that could be used to convert CO into
different multicarbon compounds. Research related to the fermentative production
of chemicals from syngas has greatly increased in recent years, especially in rela-
tion to the genetic manipulation of microorganisms to enhance the production of
specifically targeted chemicals and to optimise reactors and fermentation media.
Table 6.2 shows the production of valuable chemicals by different microorganisms
which are able to ferment syngas. As can be seen, some microorganisms, such as
Clostridiumn ljungdahlii or Clostridium carboxidivorans, are able to metabolise
different syngas compositions and produce the same final products, thus making
the fermentation step a very versatile one.
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Although syngas fermentation has been proposed as an attractive conversion
route to produce bulk chemicals such as ethanol, acetate or butyrate [15-17], and is
exploited by companies such as Coskata, INEOS Bie or LanzaTech, no large-scale
projects for producing biopolymers by this route have been undertaken. The use of
syngas as substrate to produce polyhydroxyalkanoates is a truly novel research
area, and this explains why so little information is available. Only the growth of
Rhodospirillum rubrum on corn seed-derived syngas! (8.8 % Ha, 17.2 % CO and
16.3 % CO») has been studied, resulting in a mixture of 86 % poly(3-hydroxybu-
tyrate) and 14 % poly(3-hydroxyvalerate) [18]. The polyhydroxyalkanoates content
reached to 38 % of the cellular dry weight. The results of that research study were
used to develop a techno-economic model to demonstrate the feasibility of polyhy-
droxyalkanoates production from biomass-derived syngas fermentation, conclud-
ing that the production of polyhydroxyalkanoates by syngas fermentation was
$2-$4 cheaper to produce per kilogram than by sugar fermentation [19]. A US pat-
ent that involves the photoconversion of syngas to biodegradable plastics was
granted to Weaver and Maness [20]; Rhodobacter sp. CBS were found to grow in
mixtures of Hy + CO in an acetate medium with a limited amount of N3, account-
ing for a very high PHB content of about 79 % of their dry weight.

! The gas fraction from pyrolysis and gasification can be mainly composed by syngas, being
mixed with other gases such light hydrocarbons. Although syngas is strictly known as the mix-
ture of Hz and CO, the CO3 resulting from pyrolysis of biowaste can also be fermented by some
bacteria to produce biopolymers. Therefore, from now on, syngas will be referred to the mixture
of Ha, CO and CO», being the gas fraction rich in syngas if the syngas concentration is greater
than 80 vol%.
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Another close alternative consists of the syngas fermentation to yield building
blocks for further polyhydroxyalkanoates synthesis through their polyconden-
sation. These blocks are mainly diacids and dialcohols such as succinic acid or
2,3-butanediol obtained from Clostridium autoethanogenum, Clostridium ljungda-
hiii or Clostridium ragsdalei [21].

Thus, organic waste pyrolysis and gasification followed by microbial fer-
mentation processing has become a promising industrial procedure [13], and is
schematically represented in Fig. 6.2. The downstream process, after the syngas
fermentation bioreactor, consists in isolating the polyhydroxyalkanoates from the
residual cell mass by means of a recovery agent. Although several agents have
been proposed, such as 1,2-polypropylene carbonate or MTBE, extraction of
the biopolymer with chloroform appears to be a commonly used approach as it
has been reported to offer certain advantages over the other extraction methods,
although on the downside it is not environmentally friendly [22]. Once the recov-
ery agent has been mixed with the bioreactor output stream, the residual cell mass
is separated in a solid-liquid separator and the stream containing polyhydroxyal-
kanoates can then be subjected to a drying process to yield the resulting product.

6.3 Syngas from the Microwave Pyrolysis of Organic
Wastes

At present, the most widespread process for the production of syngas is the reforming
of methane (natural gas) with steam, although this suffers from several drawbacks, such
as the high-energy costs due to the endothermicity of the reforming reaction, the use
of metallic catalysts or the need for an additional unit after the reformer to adjust the
H,/CO ratio depending on the intended use of the syngas produced. These disadvan-
tages have encouraged efforts towards finding different ways of producing syngas such
as the gasification of organic wastes. Moreover, although the current methods of syn-
gas production from organic wastes are mainly based on steam gasification processes,
novel operating conditions in the pyrolysis process could contribute to maximising the
yield, and so, to a reduction in costs since no steam supply would be necessary.

Pyrolysis involves heating organic matter in an inert atmosphere (400-800 °C),
to produce a volatiles fraction, containing gases (which, depending on the material
being pyrolysed, may include syngas) and oil components, and a carbon-rich solid
residue, which is usually referred to as char. To prevent combustion reactions, a
previous inertisation of the reactor by means of Ny is usually carried out both at
lab-scale and industrially. However, once the pyrolysis has started it is a common
practice in industry to recirculate the non-condensable gases from the outlet of
the condensing system [23]. Two main stages can be distinguished in the pyroly-
s5is process: primary pyrolysis, which involves the devolatilisation of the material
(decarboxylation, dehydrogenation and dehydration); and secondary pyrolysis,
which involves the thermal and catalytic cracking of the heavy compounds and
char into light gases [39].
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The yields of the pyrolysis products depend on the operating conditions (essen-
tially temperature, heating rate and residence time of the volatiles in the hot zone),
and on the hydrodynamics of the reactor employed. The operating temperature, which
is related to the energy needed to break up the bonds in molecules also influences
possible secondary reactions between the compounds generated and it therefore
determines the final gas composition. In addition, the higher the heating rate is, the
more quickly the decomposition reactions take place. Consequently, lower process
temperatures and heating rates and longer volatiles residence times will favour the
production of char; high temperatures and heating rates and longer residence times
will increase the conversion to gas, while moderate temperatures and short volatiles
residence times are required to produce oils [40]. Figure 6.3a shows a typical micro-
wave pyrolysis unit at lab-scale, consisting of a magnetron that is controlled by means
of a PID controller to adjust the power emitted to the sample. The volatiles evolved
during pyrolysis pass through a condensing system and the incondensable gases are
gathered in metallic cylinders using a gas pump. Meanwhile, Fig. 6.3b shows a pilot
scale microwave pyrolyzer successfully used for biomass carbonisation purposes.

As mentioned above, although syngas production is mainly carried out through
the steam reforming of natural gas, an alternative to this method is the thermo-
chemical conversion of organic wastes, which has generally been studied either by
applying high temperatures or by using a catalyst at a much lower temperature. The
main drawback of these processes is that the syngas yield is usually lower than the
oil yields. Nevertheless, in recent years microwave heating has been accepted as
an alternative for the pyrolysis of biowaste [42, 43], since it has demonstrated its
potential to maximise the gas yield and is therefore considered an appropriate heat-
ing method for obtaining syngas for fermentation purposes [44-47].

Fig. 6.3 a Microwave pyrolysis unit at lab-scale: / PID control panel; 2 cavity containing the
magnetron; 3 tuning screws; 4 applicator-reactor; 5 waveguide; 6 thermocouple; 7 condens-
ing system; 8 gas collecting system. b Continuous microwave biomass carbonization system.
Reprinted with permission from [41], Copyright @ 2014, Elsevier
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Extensive research has been devoted to the valorisation of problematic wastes
through microwave-induced pyrolysis. For instance, sewage sludge has been used
for the production of bio-oil with negligible concentrations of hazardous polycy-
clic aromatic hydrocarbons under different operating conditions with the added
advantage that the properties of this fuel are easily tuneable [48]. Sewage sludge
has also been subjected to microwave radiation in order to obtain a syngas-rich
gas fraction, resulting in yields of up to 62 vol% of Hy + CO compared to just
25 vol% obtained by conventional pyrolysis [49]. Another waste which poses a
significant disposal problem is residual automotive engine oil. When subjected to
microwave pyrolysis to obtain a gaseous fuel, a gas yield of 41 wt% containing up
to 35 vol% of Hy + CO, with a large amount of light hydrocarbons was achieved
in one study [50]. Agricultural residues have also been widely used to produce a
Hj-rich gas fraction by means of microwave-induced pyrolysis. In particular, rice
straw has proved to be a good feedstock, yielding Hs concentrations of ca. 51
vol% [51]. Experiments on a larger scale (ca. 30 kg) with corn stalk have yielded
high amounts of H from microwave pyrolysis [52]. Moreover, a key advantage
with microwave heating pointed out in this study is that the pyrolysis of the centre
of the stalk bale is completed after only 120 min, whereas just the evaporation of
the moisture at the centre takes 300 min in conventional heating. This indicates
that, for the same amount of power expenditure, microwave-induced pyrolysis is
faster and, hence, more energy-efficient, apart from yielding more syngas than
conventional pyrolysis.

In contrast to conventional heating, the microwave heating mechanism is a
more volumetric process because the material itself generates the heat and can be
very rapid and selective [53]. Therefore, if it is applied in pyrolysis processes, a
different product distribution can be expected. However, not all materials absorb
microwaves. For example, biomass contains water, so will absorb microwaves at
room temperature. However, once the water is evolved, the biomass becomes more
transparent to microwaves and therefore more difficult to be heated up to high
temperatures (i.e., temperatures above 400 °C). In the case of high polymers, such
as those present in biomass, the areas of these macromolecules that are polarisable
by microwaves are further restricted by the rigidity of structures in the crystal-
line regions. As a result, only amorphous regions can align to the applied electric
field, resulting in a smaller dielectric loss over a wide range of frequencies. For
this reason, it is generally necessary to mix a highly microwave-absorbent material
with the biomass to induce the pyrolysis. Then as the microwaves pass through the
bulk, this material absorbs them and the temperature increases. The heat is then
conducted throughout the bulk of the sample until a temperature high enough for
pyrolysis to begin is reached. However, under certain circumstances the use of this
microwave-absorbent material has seemed to be unnecessary [54].

As the pyrolysis proceeds, the organic waste is carbonised into char, as a result
of which its structural order is modified allowing the conduction of free electrons
(Fig. 6.4). This leads to a high dielectric constant and loss factors and, hence, a
high microwave absorption capacity, so that from then on the remaining biowaste
can be directly pyrolysed [55, 56]. Therefore, the most appropriate material for use
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Fig. 6.4 The resulting char from organic feedstock pyrolysis is a microwave-absorbent material

as a result of the delocalised w-electrons, which cannot couple to the changes of phase of the
electric field, and so the accumulated energy dissipates in the form of heat

Table 6.3 Chemical reactions involving the production of the syngas components

Reaction number Reaction AHagg x
(kI mol™)

1 C+COz2+ 2C0O 173

2 C + Hy0 « CO + Hj 131

3 C + 2H,0 « CO3 + 2H, 90

4 CHy + CO2 « 2Hz + 2CO 247

5 CHs + H20 « 3Hz2 + CO 205

6 C Hp, + nHaO < nCO + (n + m/2) Ha

7 CpH;, + nCO, < 2nCO + (n/2) Hy

8 CHs «» C + 2H2 76

9 C,Hy, <+ nC +(m/2) Hy

10 CO + Hy0 «» COz + Hy —41

as microwave-absorbent might be the char obtained from each previous pyrolysis,
since it is a direct product of the actual pyrolysis process itself and so does not
contain any foreign material that might influence the composition of the fractions.
Owing to its volumetric nature, microwave heating greatly favours heterogene-
ous reactions between the volatiles released during pyrolysis and the char [57].
This makes it possible to increase the gas yield and concentration of valuable
products for the production of biopolymers, such as CO, since the carbonaceous
char can be gasified with the CO; and H,O resulting from the volatiles evolved
during pyrolysis, as can be seen in reactions 1-3 in Table 6.3. Table 6.3 shows
the main chemical reactions that will result in the desired syngas components
for the production of biopolymers (Hz, CO and CO5). In addition, hydrocarbons
(e.g., CH4, CaHy or CaHg) can be reformed by the action of CO2 and HaO (reac-
tions 4-7) and cracked to yield coke and H; (reactions 8 and 9). As a result of all
these reaction pathways, the conversion to syngas can be substantially enhanced.
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Table 6.4 Syngas component yields (Lgtp kg"j from conventional (CP) and microwave (MIP)
pyrolysis of organic feedstock

Feedstock (temperature, °C) | Hz production | CO production | CO; production | Reference
CpP MIP cP MIP CP MIP

Microalgae (400) 0.0 |287.4 32 1236 234 | 894 147)
Coffee hulls (500) 35.7 2203 793 | 1595 (2176 |175.7 [59]
Macroalgae industrial 68.5 |259.6 552 | 1159 |108.4 | 884 [60]

solid waste (750)

Glycerol (800) 280.4 |370.0 |472.6 |488.2 13.6 | 19.1 [61]
Sewage sludge (1,000) 134.1 |170.7 749 |100.2 54.6 43.6 162]

To demonstrate the potential of microwave heating to enhance the reactions
presented above, Table 6.4 provides a comparison of syngas components produc-
tion when different organic feedstocks are subjected to temperature-controlled
pyrolysis by means of conventional and microwave heating. Regardless of the
nature of the feedstock, it can be seen that Microwave-Induced Pyrolysis (MIP) is
able to produce much larger amounts of syngas than conventionally-heated pyroly-
sis processes (CP). For instance, the MIP of the macroalgae industrial solid waste
produces 463.9 Lgrp of syngas per kg of waste, which is twice the amount pro-
duced by conventional pyrolysis (232.1 Lgtp kg"). Microwave heating initiates
a process that proceeds at temperatures higher than the operating temperature due
to the presence of microplasmas, consisting of hot spots that last just a fraction of
a second but in that time reach temperatures considerably higher than the mean
temperature [58]. This induces the thermal cracking of the volatiles into lighter
gaseous molecules, such as H and CO.

Apart from the greater yield achieved by means of MIP, there is also an
enhancement of the quality of the syngas, i.e. the concentration of the main
gases. Table 6.5 contains an analysis of the gas fraction compositions from the
two pyrolysis processes (CP and MIP). Regardless of the organic feedstock and

Table 6.5 Gas fraction composition (vol%) from conventional (CP) and microwave (MIP)
pyrolysis of organic feedstock

Feedstock H; co CcO, Syngas Hydrocarbons | Reference
(tlemperature, °C)

CP |MIP (CP |MIP |CP |MIP | CP |MIP |CP |MIP

Microalgae 00479 | 92 (206 [668[14.9 [76.0 [834 (240 [166 |[47]
(400)
Colffee hulls 93356 206 |258 | 566|284 |865 |89.8 | 135 | 102 |[[59])
(500)
Macroalgae 228|518 | 184 [231 [361 [17.6 |77.3 [925 |227 | 75 |[60]

industrial solid
waste (750)

Glycerol (800) | 28.9 | 34.6 |48.7 |459 14| 1.8 |79.0 (823 |21.0 |17.7 [o1]

Sewage sludge | 35.5 | 48.8 | 19.9 [287 | 145 [ 125 [69.9 [90.0 [30.1 [10.0 [[62]
(1,000)
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temperature, it can be observed that there is an increase in Ha and CO concen-
trations in MIP with respect to CP. However the CO; content is reduced by MIP
with the exception of glycerol, which is nearly the same as in CP. Also remarkable
is the decrease in hydrocarbon concentration. For instance, the MIP of the mac-
roalgae industrial solid waste produces a reduction in the hydrocarbon content of
around 67 vol% while the syngas concentration is increased by around 20 vol%.

The advantage of MIP over CP is not only the better quality of the gas pro-
duced, but also the reduced feedstock pre-treatment required and the energy saved
by the significantly reduced process temperatures [45]. Microwave-induced pyrol-
ysis offers an excellent opportunity for recovering commercially valuable products
from wastes and for diverting organic wastes away from the traditional disposal
methods, such as landfill and incineration.

6.4 Tuning the Syngas Composition by Microwave Heating

The most important factors in MIP for the resulting gas are the nature of the waste
and its moisture content, the microwave power emitted (and therefore, the tem-
perature), the presence of microwave-absorbent materials and the design of the
reactor. Owing to the influence of so many parameters and the interrelationships
between them, a small change in any one parameter could lead to a very different
syngas. This makes MIP a very versatile process.

The yield and quality of the biopolymers produced via syngas fermentation can
be affected by the operating parameters in the MIP. This implies that these factors
can be tuned to obtain the most suitable gas fraction for the production of biopol-
ymers, i.e. a gas fraction containing the maximum possible quantity of syngas
(Ha2 + CO and/or CO3) in relation to other by-products. So-called acetogenic bac-
teria can be used to ferment these syngas components via the biochemical mecha-
nism referred to as Wood-Ljungdahl [63] and then it should be identified the better
syngas composition for each bacteria.

6.4.1 Effect of the Type of Waste

Depending on the type of waste, i.e. its chemical structure, the production and
quality of the syngas produced through MIP can be adjusted. Most of the studied
substrates are lignocellulosic residues, such as coffee hulls [59], algae [47, 60],
wheat straw [64], rice straw [51] and corn stalk [52]. Lignocellulosic substrate has
the peculiarity that it produces a rich-syngas fraction, allowing the syngas concen-
tration to exceed 90 vol% in all the cases studied, which is of special interest for
syngas fermentation.

The use of sewage sludge and municipal solid wastes for syngas production by
MIP has also attracted increasing interest in recent years [49, 65-67]. Table 6.6
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Table 6.6 Proximate and ultimate analyses of some organic wastes

Organic solid Plastic solid Sewage sludge Waste automotive
waste [68] waste [68] [68] engine oil [50]

Moisture content | 46.3 1.3 34 4.0

(Wt%)

Percentage mass basis (dry)

Volatile matter 68.0 88.9 74.5 97.9

Fixed carbon 9.4 22 10.1 1.1

Ash 22,6 8.9 154 1.0

C 36.0 70.9 43.8 81.0

H 58 9.7 6.1 15.0

[¢] 338 9.1 24.9 2l

N 1.6 1.2 9.7 0.1

S 0.2 0.5 0.1 0.8

shows the proximate and ultimate analyses of some selected organic wastes,
which often cause environmental problems. It can be seen that the volatile mat-
ter content is typically high, which is useful for the production of gases in ther-
mochemical processes. However, the ash contents are diverse, due to the presence
of different metallic compounds including Fe, Zn or Cu. These ashes may have a
certain catalytic effect on liquid and gas production, and alter the composition of
the syngas [57]. Both the ashes and the fixed carbon contribute to increasing the
solid yield during pyrolysis. However, it is not the lowest sum of ash and fixed
carbon contents that results in the smallest solid yields in MIP. This is the case
of the plastic solid waste shown in Table 6.6, which gives rise to the highest solid
yield as depicted in Fig. 6.5. In fact, as the plastic fraction is mainly formed by

mH2 mCO mCO02
mCH4 c2 u>C2
SSolid yield (wt%) OLiquid yield (wt.% )2 Gas yield (wt.%)

N
N
.
.
.
\
\
.

Organic solid Plastic solid waste Sewage sludge Waste automotive
waste engine oil

Fig. 6.5 Gas composition and fraction yields from MIP at 800 °C of different organic wastes.
The values of gas concentrations are given in vol% units
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hydrocarbon chains (C,H,,), they can easily be decomposed by microwaves, to
yield coke which increases the solid yield (Table 6.3, reaction 9).

Moreover, the moisture content is usually variable in organic wastes. For
instance, as a result of the elevated moisture content of the organic solid waste in
Table 6.6, a high liquid yield is obtained (see Fig. 6.5), being then this liquid frac-
tion formed by a large aqueous portion. But moisture also affects the gas fraction
composition and so it is an important tuneable parameter for obtaining an adequate
syngas for biopolymers synthesis and will be discussed in Sect. 6.4.2.

Moreover, the carbon, hydrogen and oxygen contents of the wastes have an
important influence on the syngas composition. For instance, the organic solid
waste and the sewage sludge fractions from Table 6.6 have relatively a high oxy-
gen content, which leads to a high proportion of carbon oxides (CO and CO»),
as shown in Fig. 6.4. However, the low oxygen content in the waste engine oil
and the plastic waste leads to relatively low concentrations of carbon oxides. Of
special interest is the low amount of CO, the production of which is known to be
greatly promoted by MIP. Moreover, the typically high carbon content in plastics
and engine oils, due to their hydrocarbon nature, allows the production of CHy,
paraffins and olefins, which are generally produced in small amounts from other
residues.

As for sulphur-containing compounds, the gas fraction from pyrolysis may con-
tain traces of HsS, though it has been found that some microorganisms employed
in syngas fermentation show a sulphide tolerance of =2 % H>S or COS [69].
Indeed, the presence of small quantities of H;S in the syngas could be useful for
increasing the growth rates of microorganisms, as pointed out by Do et al. in their
study of the production of biopolymers via syngas fermentation [18].

Nitrogen may be present in large amounts as in the case of sewage sludge, in
various forms such inorganic nitrogen, proteins, pyrrole and pyridine. These com-
pounds may generate gaseous NH3 and HCN during pyrolysis. Tian et al. [70]
studied the microwave pyrolysis of sewage sludge and pointed out that NH3 and
HCN production can be reduced using this method. In the least favourable case,
which occurred at 500-800 °C, the contribution of the nitrogenous gas emission
was just 24.9 wt% of the total nitrogen content of the sewage sludge, which repre-
sents only 1.2 wt% of the sewage sludge bulk (on a dry basis). Nevertheless, this
tiny amount of nitrogenous compounds could prevent sewage sludge from being
used to yield syngas for biopolymers, depending on the possible inhibiting effect
on the metabolism of each bacterium.

Thus the nature of the wastes has an important impact on the quality of the syn-
gas and not all organic wastes are suitable for producing an adequate syngas for
biopolymer production. As previously mentioned, some wastes yield high quanti-
ties of hydrocarbons within the gas fraction (CHy, olefins, paraffins and aromat-
ics), mainly due to the depolymerisation of the large carbon chains and their low
oxygen content compared to that of other organic wastes [50, 71]. These gases
may severely inhibit the uptake of syngas by the microorganisms used to produce
the biopolymers [72]. However, such gases can be almost totally removed if the
proper residue is selected for pyrolysis by microwave irradiation. MIP is highly
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advantageous for the minimisation of these undesired compounds, since large
quantities of hydrocarbons are usually generated in conventional pyrolysis pro-
cesses [73].

In short, it would seem that the most suitable organic wastes for subsequent
syngas fermentation are organic fractions from municipal solid wastes and agri-
cultural residues; since they are capable of producing a reasonably pure syngas
devoid of large hydrocarbons and sulphur and nitrogen-derived compounds toxic
to bacteria.

6.4.2 Effect of the Moisture Content

It is well known that the drying of the feedstock before it is subjected to con-
ventional pyro-gasification processes is desirable, since high moisture contents
produce fuel gas with a lower effective heating value and also lead to higher trans-
portation costs, even though a large amount of energy consumption is required to
remove the moisture [74].

Microwave heating is known to be very tolerant of water compared with con-
ventional heating due to its specific dielectric properties, which makes MIP a
potential processing alternative for most biomass materials without the need for
pre-drying [75-77]. The steam generated from the moisture during MIP can serve
as a gasification agent for volatiles and carbonaceous solid char (Table 6.3, reac-
tions 2, 3, 5 and 6).

The influence of the moisture content on the gas characteristics in pyrolysis
and gasification processes has been evaluated in several studies, although most of
these works were carried out using conventional heating. Xie et al. [78] reported
that an increase in the moisture content in sewage sludge improved the contents
of CO; and H; and reduced the tar yield under air gasification, resulting in higher
gas yields. Xiong et al. [79] conducted conventional pyrolysis of different sew-
age sludge and found that a steam-rich environment favoured the steam reforming
reactions of volatiles (Table 6.3, reactions 5-6), as well as the gasification of solid
char (Table 6.3, reactions 2-3), improving the gas yield and the Hz and CO; con-
centrations. Conventional heating methods and MIP both seem to generate steam
that can increase the Ha and CO3 content, possibly due to the water-gas shift reac-
tion (Table 6.3, reaction 10).

On the other hand, the influence of the moisture content on syngas character-
istics when microwave heating is applied has been less studied. Wang et al. [65]
conducted microwave pyrolysis of sewage sludge at 850 °C in a single mode reac-
tor and observed an increase in the Hz and CO concentrations at higher moisture
contents while the CO; and CHy contents decreased. This may indicate that meth-
ane steam reforming (Table 6.3, reaction 5) would be favoured in these operating
conditions.

The effect of the moisture content of an organic municipal solid waste subjected to
microwave heating has also been studied in a previous work by Beneroso et al. [66].
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The wet samples (45 wt% of moisture) were observed to produce higher gas yields
regardless of the microwave power and microwave receptor concentration with Hz
and CO» concentrations being most favoured, especially at low power.

A detailed study on the gas fraction obtained from MIP of feces simulants
with different moisture contents has been conducted by Serio et al. [76]. In gen-
eral, the gas composition did not appear to be significantly influenced by the water
content of the sample. Interestingly, as can be seen in Fig. 6.6, the presence of
moisture may enhance the gas volume produced on a dry basis. This can be attrib-
uted to gasification and steam reforming reactions as in the case of conventional
pyrolysis. In the present study, the energy consumption of the process was also
assessed. Although larger amounts of water should have led to a higher energy
demand, it was the dry sample that unexpectedly required twice the amount of
energy to complete the pyrolysis, compared to the wet samples, at least on the lab-
scale. Figure 6.6 shows a decreasing trend in the energy requirement as the mois-
ture content increases, although above 40 wt% the energy requirement starts to
increase. This result is attributed to the fact that water is a good microwave recep-
tor, resulting in a more efficient absorption of microwaves. This result is of great
importance because the need for a previous waste pre-drying step in the pyroly-
sis reactor may not then be necessary. Moreover, the Hy 4+ CO concentration is
maximised with a minimum energy requirement. Hence, 40 wt% would seem to
be an optimal moisture content. It has also recently been suggested that an opti-
mal moisture content can be obtained by maximising the Hy + CO concentration
in the MIP of an organic municipal waste [77]. The study in question proposes a
new biorefinery integrated process called the all-in-one process, where the drying,
pyrolysis and gasification are carried out in the same microwave reactor.

In the biopolymer production process, the increased moisture content in organic
wastes may lead to a higher gas production in MIP, which may help to increase
the production of biopolymers. Furthermore, the gas composition can be enriched
with Hy, CO; or CO, by using the moisture content of the pyrolysed feedstock as
the tuning parameter.
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6.4.3 Effect of the Temperature

Temperature plays an important role in the conversion of reactants through a spe-
cific reaction pathway. Temperature has the same effect in microwave-assisted
pyrolysis processes as in conventional pyrolysis processes: higher temperatures pro-
mote the release of volatiles from the feedstock. Moreover, high heating rates yield
higher gas fraction yields. This may be the case of MIP, since the heating rate dur-
ing microwave heating is known to be high enough to favour gas production [45].

To reach a certain temperature by means of microwave irradiation it is nec-
essary to control the microwave power emitted to the reaction bulk. However,
depending on the amount of power, the heating rate will vary, thus affecting the
syngas yield and composition. Zhao et al. [64] studied the effect of the tempera-
ture on the yields of products from the microwave pyrolysis of wheat straw. They
conducted the pyrolysis at 500 °C applying 400, 500 and 600 W until the desired
temperature was reached; hence, the heating rate was increased each time. As a
result, under a microwave power of 600 W, the gas yield was increased from 20
wt% (at 400 W) to 30 wt%. In addition, the concentration of Hy + CO produced
rose from 56 vol% at 400 W to 69 vol% at 600 W. This was accompanied by a
reduction in the CO3 concentration from 33 to 23 vol%.

Temperature can be maintained at a constant value if the appropriate microwave
power is selected. Dominguez et al. [59] investigated the quality of the gas fraction
from the MIP of coffee hulls at 500, 800 and 1,000 °C by adjusting the appropriate
power (130, 270 and 420 W respectively). As a result of the increase in tempera-
ture, the Hz + CO concentration rose from 61 to 73 vol%, while the CO; concen-
tration decreased from 28 to 18 vol%. Similar findings were recorded for the MIP
of a microalga, where the gas yield was enhanced by ca. 30 wt% when tempera-
ture was increased from 400 to 800 °C [47]. The Hz + CO concentration rose in
this case from 69 to 88 vol%. This behaviour has also been observed in numerous
other studies of the MIP of organic wastes [61, 66]. A greater amount of micro-
wave power favours the production of syngas.

An increase in both microwave power (and hence, heating rate) and tempera-
ture in MIP has been demonstrated to produce higher H> and CO concentrations.
However, most studies on MIP have been conducted on a small scale, so it is
important to determine whether microwave heating will also be a good alternative
for syngas production if a larger-sized feedstock were used. In this regard, Zhao
et al. [52] obtained useful information from the operation of a large-scale MIP of
corn stalk bale. In their study, microwave powers of 0.334 and 0.668 kW kg—! were
used, providing a final temperature in the range of 575-625 °C, depending on the
position of the thermocouples, although when 0.668 kW kg~! was used, the final
temperature was achieved much more quickly. The Ha 4+ CO concentration was
higher than 50 vol%. while the gas yield was ca. 25-30 wt%, similar to lab-scale
experiments [64]. The special heating characteristics of microwaves which max-
imises the production of H; and CO, as mentioned in Sect. 6.3, also seem to take
place also at a larger scale, implying that microwave-induced pyrolysis would be
a highly appropriate way to produce syngas from organic waste at industrial scale.
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The integration of MIP into the production process of biopolymers does seem
feasible, especially considering the high quality of the resulting gas. The pyroly-
sis temperature can then be exploited as a handy tuning parameter to adjust the
H; + CO and CO; contents necessary for the subsequent fermentation stage.

6.4.4 Effect of Microwave-Absorbent Addition

As mentioned in Sect. 6.3, bio-solids and most organic wastes are, in general,
almost transparent to the microwave radiation (i.e., poor dielectric properties), and
are unable to absorb enough energy to achieve the necessary pyrolysis tempera-
ture. The addition of a microwave-absorbent material (henceforth, it will be called
receptor) to the reaction bulk will help to achieve the desired temperature. The
receptor is one of the main factors in MIP, since, depending on the type of recep-
tor (and hence its dielectric properties), different heating profiles can be obtained.
A typical heating profile is as follows. First, the temperature rises from the ambi-
ent temperature to 100 °C, enabling the feedstock moisture to be evaporated. After
this, the temperature usually reaches a plateau before arriving at the pyrolysis tem-
perature; the temperature then rises quickly corresponding to the stage at which
the release of the majority of the volatiles occurs. Once the corresponding volatiles
have evolved, a thermal equilibrium is achieved [52].

Accordingly, the receptors that lead to both high heating rates and tempera-
tures favour the production of gaseous compounds, causing changes to the yield
and composition of the syngas. The heating mechanism by which the mixture
of organic feedstock and receptor achieves a high temperature is qualitatively
depicted in Fig. 6.7.

In the initial phase [Fig. 6.7(1)], only the added microwave receptor is able to
absorb microwaves and produce heat (red circles), which allows the adjacent par-
ticles of the microwave-transparent materials, i.e. organic wastes (blue circles), to
be heated by conventional heat transfer mechanisms (conduction, convection and
radiation). This heat flux allows the removal of volatiles producing char, which
will act as a microwave receptor contributing to the final pyrolysis temperature
[Fig. 6.7(2, 3)]. Finally, a thermal equilibrium is reached [Fig. 6.7(4)]. In this way,
the creation of the microwave-receptor bulk resembles what occurs in a chain
reaction for which an initiator, often a free chemical radical, is required.

It has been stated that the temperature achieved by MIP is mainly due to the
dielectric properties of the receptor. Zuo et al. [80] highlighted the importance
of the receptor in the production of biofuel by the MIP of sewage sludge. They
used activated carbon, pulverous silicon carbide, graphite and a pyrolytic carbo-
naceous residue from sewage sludge as receptors in the same concentrations. At a
constant microwave power of 1,000 W, the silicon carbide allowed the temperature
rise to 1,130 °C, whereas the use of graphite resulted in the lowest temperature of
780 °C. As a result, the highest gas yield was obtained by microwave pyrolysis
with SiC as receptor, 28 wt% higher than the gas yield obtained from microwave
pyrolysis using graphite (Fig. 6.8).
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Fig. 6.7 Phases during the MIP of mixed microwave-transparent material particles (blue circles)
and microwave receptors (red circles), where the formation of microwave receptors is shown
along with temperature (T) increase
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Fig. 6.8 Comparison of the fractions yields and syngas quality from the MIP of a sewage sludge
using different receptors. Data extracted from Ref. [80]

Moreover, the heating rate is usually related to the chemical composition and
physical structure of the receptor. In the same study Zuo et al. observed that high
heating rates minimised condensation reactions from the oil to the solid fraction,
as occurs when activated carbon is used as receptor. In addition to the differences
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found in the fraction yields, Fig. 6.8 also shows the syngas quality obtained. As
can be seen, with the exception of graphite, all the receptors favoured the con-
centration of Hy to the detriment of the concentration of CO. Thus, if the syn-
gas obtained from this sewage sludge for use in biopolymers production needed
to be adjusted to a high CO concentration, the use of graphite as receptor would
be an interesting option. The CO; concentration was minimal when activated car-
bon or graphite were employed. Nevertheless, it is important to bear in mind that
the results depend on the nature of the feedstock and the microwave power. For
instance, the use of graphite dust as microwave-absorbent material in the MIP of
the microalga Scenedesmus almeriensis led to the opposite behaviour: a higher
H»/CO ratio and a lower CO/CO; ratio were obtained compared to when the
carbonaceous residue from the microalga was used [47].

Hu et al. [81] showed the enhancement of the microwave-induced pyroly-
sis reactions of the microalga Chlorella vulgaris by mixing it with activated car-
bon, Ca0, 8iC and the solid residue obtained from the pyrolysis of the microalga.
Under 1,500 W, the gas yields increased by 75.7, 50.0, 24.5 and 25.8 % with
respect to the pyrolysis of the pure microalga. These differences were attributed to
both the thermal and catalytic cracking of bio-oil vapours into incondensable gases
at high temperatures, the receptors possibly acting as catalysts for some reaction
pathways. However, no gas analyses were performed to establish the quality of the
syngas.

The MIP of municipal solid waste using different receptors has also been per-
tormed by Gedam and Regupathi [67]. Charcoal, graphite powder and iron pow-
ders were used as microwave-absorbent materials. At the same microwave power,
the use of charcoal or graphite instead of iron powders always led to a greater vol-
atilisation of the waste.

However, it is not only the type of the receptor that leads to different prod-
ucts, but also the quantity of receptor added. Salema and Ani [82-84] studied
the MIP of oil palm biomass in a multimode reactor, and found that the product
yields depend on the ratio of the receptor to the biomass. Under 450 W, the fol-
lowing different ratios were tested using char from oil palm as receptor: 0.25:1,
0.5:1 and 1:1. The addition of char resulted in an increase in the temperature and
the gas yield was maximised in the case of the highest receptor addition (ratio
1:1), although the most remarkable differences correspond to the solid yield [82].
These authors repeated the same pyrolysis process in an overhead stirred reactor,
with quite different results from the previous work: the temperature profiles were
observed to decrease with the addition of the receptor [84]. They suggested that at
high receptor-to-biomass ratios, the temperature might have dropped owing to the
selective heating nature of microwave irradiation, since the receptor gets heated
due to localised heating and the heat cannot be transferred efficiently to the bio-
mass material, with the result that the heating period stage is delayed. In this way,
with low receptor quantities, the volatile matter is released much earlier from the
biomass materials and thus, a higher temperature can be achieved [83]. Hence,
syngas production was lower for a high receptor-to-biomass ratios. Similar results
were obtained by Beneroso et al. [66] who studied the influence of the receptor in
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the MIP of an organic municipal solid waste to produce syngas in a single-mode
reactor. The use of lower receptor-to-waste ratios resulted in the most appropriate
conditions for optimising the concentration and production of syngas.

There is, therefore, some controversy as to the most important factor, type
or concentration of receptor, to ensure a rapid heating in MIP and the produc-
tion of syngas, the last-mentioned being perhaps the most important. Some stud-
ies included estimations of the complex permittivity of mixtures of materials
to describe thermal behaviour under microwave irradiation. In the case of the
microwave pyrolysis of plastics, some of these equations have been used to pre-
dict the dielectric properties of mixtures consisting of polyethylene and a micro-
wave-receptor material [85]. In these cases, when Landau and Lifshitz, Looyenga
mixture equation is used, the concentration of the receptor seems to have more
influence on the permittivity of the mixture. However, it is important to note that
the hydrodynamic conditions of the reactor may alter this result.

Although the effect of the addition of receptor on the gas composition has
not generally been the main topic of interest, since the majority of studies have
focused on the production of oil, it seems clear that, depending on the configura-
tion of the reactor, the addition of a suitable microwave-absorbent material to the
pyrolysis medium may well help to enhance the generation of syngas for biopoly-
mer production.

6.5 Equipment: The Challenge of Scaling-Up

The interest generated by microwave-induced pyrolysis for the generation of syn-
gas that can be used in fermentation processes, has been mentioned in previous
sections. However, there is a considerable obstacle to overcome prior to its indus-
trial implementation and that is the scaling-up of the process.

For biopelymer production, the high gas yields and the possibility of tuning
the composition of the gaseous fraction are two outstanding advantages of this
technology. However, other important features of MIP must also be considered,
including:

* Better control of the heating process compared to conventional heating due to
minimisation of the inertia during heating and cooling [42, 86].

e Non-contact and selective heating [56].

Reduced processing time, and an increase in the production rate [87].

e Enhancement and acceleration of the chemical reactions [88, 89].

* Avoidance of the need to shred the feedstock and to pre-dry the sample, leading
to a reduction in the costs associated with this step [75, 77, 88].

In spite of all of these advantages, this technology has not yet reached industrial
scale. Although success has accompanied the scaling-up of microwave heating
in other processes such as food processing, drying applications or rubber vul-
canisation [90, 91], certain factors have hampered the industrial development
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of microwave-induced pyrolysis. There are almost no studies that deal with the
energy and economic costs of this technology on a large scale. Moreover, the
absence of sufficient data to quantify the dielectric properties of input feedstocks
or to dispel doubts about the heat transfer and chemical reactivity nature of micro-
wave heating, are factors that have hindered the design of suitable equipment
[50, 88, 91]. Design parameters such the operation mode (continuous or batch),
the addition of a stirring system to the process, the frequency of the microwave
radiation to be used or the mode of heating (single mode or multimode) must be
carefully considered to obtain optimum designs that can prove economically com-
petitive [91].

To overcome these problems, some scale-up attempts have been tried by sev-
eral researchers and companies, such as the reactors designed by the Centre for
Biorefining of the University of Minnesota, the Scandinavian Biofuel Company
or the King Mongkut’s Institute of Technology Ladkrabang. These efforts have
produced encouraging results and have shown that MIP technology could become
competitive with the right financial incentives. However, from the point of view
of the use of this technology for syngas production, the results are not conclu-
sive. In the case of the equipment designed by the University of Minnesota and
the Scandinavian Biofuel Company, the aims of the projects were focused on the
production of bio-oils. In the case of the reactor designed by the King Mongkut’s
Institute of Technology Ladkrabang, which is shown in Fig. 6.3b, the main objec-
tive of the project was to use the equipment for the carbonization of biomass [41].
The main goal of these projects was not the production of syngas and the designs
were not optimised for this purpose. The design parameters such as temperature,
reactor geometry and downstream reforming steps for maximising gas production
differ from those used to maximise liquid and solid fractions [92]. A design simi-
lar to that of Serio et al. [93] would be more suitable for assessing the viability of
MIP for syngas production. In this design, high temperatures were applied and a
cracking zone was embedded in the reactor, increasing the gas yield and diminish-
ing the production of oils and solids. However, the amount of sample used (ca.
100 g) was a long way off from large scale proportions.

Probably, the most important factor that can tip the scales in favour of or
against the industrial implementation of microwave-induced pyrolysis is its energy
efficiency. Although this is not the only factor to take into account when deciding
whether to apply this technology for the generation of syngas for biopolymer pro-
duction, reducing the energy consumption will clearly contribute to making these
processes economically viable [50, 91]. Although the cost of the biopolymers will
depend on many factors, the pyrolysis process is by far the most energy—intensive
step in the production chain, and so improving microwave-induced pyrolysis tech-
nology is extremely important [86].

Several authors have claimed that the use of microwaves as heating source can
lead to greater energy efficiency compared with conventional pyrolysis [50, 56,
88, 91]. However, energy efficiency has not been studied in depth, and the reports
that can be found in the literature once again are focused on the production of oils
rather than syngas [50]. Moreover, there are almost no works on the variation of
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Fig. 6.9 Normalised trends
of the energy required per
gram of sample for different
microwave-assisted processes
with increasing sample
weight. Adapted from [77]
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energy consumption with scale. Some researchers subscribe to the idea that spe-
cific energy consumption declines as the scale increases, regardless of the type
of microwave-heated process, since there is a critical mass at which the specific
energy consumption needed to achieve a desired temperature falls exponentially
as can be seen in Fig. 6.9. The first results in support of this were obtained by
Budarin et al. [75]. In their work, it was found that energy consumption in the low-
temperature microwave-assisted pyrolysis of wheat straw decreased from above
120 kl/g (sample amount, 0.2 g) to 2.2 kl/g (sample amount, 200 g). Moreover, a
subsequent scale-up to a pilot plant able to process 30 kg/h revealed that the energy
consumption decreased to less than 2 kJ/g. In the light of these results, the authors
concluded that the energy efficiency of this microwave-assisted process was 1.5
times higher than the energy efficiency achieved by a conventional process.

To sum up, in spite of the wide research that has been conducted on micro-
wave-induced pyrolysis, the industrial development of this technology is still
faced with a big challenge. There are several obstacles that must be overcome
before pyrolysis processes can be optimised and demonstrated to be commercially
attractive.

6.6 Conclusions and Future Outlook

Syngas fermentation is attracting widespread interest for implementation in biore-
fineries and great efforts are being made to metabolically engineer microorganisms
for the production of specifically targeted chemicals such as biopolymers. In this
chapter, we have explained how microwave-induced pyrolysis has the potential
to produce a high quality syngas from organic wastes by drastically reducing the
hydrocarbons content. The integration of a microwave reactor into a biorefinery
will allow the treatment and recycling of complex biological and chemical wastes
and raw materials aided by the innovative biotechnological approach of biopoly-
mer production from syngas, which will not only benefit the environmental man-
agement of terrestrial wastes, but also reduce the harmful environmental impact of
petrochemical plastics.
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Compounds detected in the chromatograms of MSWd-derived oils from

CP and MIP following the first preparation method described (without

methanolysis).

Retention Compound Conventional Microwave
Time Pyrolysis Pyrolysis
(min)

4.171 Pyridine - 0.59
4.661 Toluene 0.58% -
5.814 2-Methylpyridine - 0.44%
6.253 2-Cyclopenten-1-one 1.00% 0.93%
6.863 Furfuryl alcohol 0.69% 0.82%
6.992 Ethylbenzene 0.53% 0.44%
7.766 Styrene 4.18% 5.60%
8.162 2-Methyl-2- 0.47% 0.50%
Cyclopenten-1-one
9.668 3-Methyl-2- 0.62% 0.48%
Cyclopenten-1-one
10.158 Phenol 4.55% 1.79%
11.25 2-Hydroxi-3-Methyl-2- 0.97% 1.64%
Cyclopenten-lone
11.551 2,3 Dimethyl-2- 0.38% 0.27%
cyclopenten-1-one
11.698 Indene 1.33% 1.61%
11.956 0-Cresol 1.26% 0.85%
12.222 1-Phenyletanone 1.94% 0.48%
12.455 Cresol 2.67% 1.32%
12.79 2-Methoxyphenol 1.10% 0.96%
13.177 2,6-Xylenol 0.31% -
13.435 3-Ethyl-2-Hydroxi-2- - 0.61%
Cyclopenten-1-one
13.926 Toluene diisocyanate 0.68% -
14.158 2-Methyl indene 1.21% 0.36%
14.304 1-Methyl-2- 0.55% -
Cyclopropen-Benzene
14.51 Benzoic acid - 0.52%
14.528 2-Ethyl-Phenol 0.39% -
14.958 Naphthalene 4.11% 4.02%
15.044 1-Dodecene 0.65% 0.31%
15.448 Methacrylic acid - 0.85%
16.394 Caprolactam 0.94% 0.52%
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16.979 1,12-Tridecadiene 0.90% -
17.134 1-Tridecene 1.03% 0.45%
17.306 1-Methyl-Naftalene 1.90% 0.79%
17.427 p-Xilene 0.59% -
17.659 2-Methyl-Naftalene 1.22% 0.79%
18.381 Syringol 0.31% -
18.983 Biphenyl 2.31% 1.563%
19.104 Tetradecene 1.54% 0.95%
19.25 Tetradecane 0.33% 0.27%
20.343 Acenaphthylene 1.30% 1.05%
20.816 1,12-Tridecadiene 0.38% -
20.945 Pentadecene 1.63% 0.90%
22.57 1,13-Tetradecadieno 0.48% -

22.7 Fluorene 1.88% 1.54%
22.803 Hexadecane - 0.32%
24.231 1,9-Tetradecadiene 0.49% 0.40%
24.342 Heptadecene 1.01% 0.78%
24.454 Heptadecane - 0.48%
24.773 Stilbene 0.56% -
25.383 Pyrrolo[1,2-a]pyrazine - 0.68%
25.96 Phenanthrene 3.79% 2.31%
26.106 Anthracene 0.84% 0.39%
27.121 1-Phenylnaphthalene 0.41% 0.28%
27.319 Eicosadiene 0.49% 0.32%
27.405 Heptadecene 0.94% 0.83%
27.766 1-Methylanthracene 0.47% -
27.887 Hexadecanoic acid, 0.31% 0.47%

methyl ester

28.42 Hexadecanoic acid 6.05% 4.28%
28.755 2-Phenylnaphthalene 1.43% 0.50%
28.833 Octadecene 0.84% 0.77%

28.91 Eicosane - 2.83%
30.037 Fluoranthene 1.03% 0.57%
30.114 Hexadecenol 0.49% 0.40%
30.192 Nonadecene 0.76% 0.56%
30.312 Oleic acid, methyl 0.33%

ester
30.837 Oleic acid 4.72% 7.17%
31.112 Stearic acid 2.28% 2.12%
31.439 Phenol, 4,4’-(1- 0.38%
methylethylidene)bis
31.499 1-Docosene 1.10% 0.46%
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31.559 Docosane - 0.27%
32.024 2-Methylfluoranthene 0.45% -
32.239 Benzofluorene 0.42% 0.48%
32.669 Eicosadiene - 0.27%
32.738 Nonadecene 0.83% 0.66%
34.932 Chrysene 0.66% -
35.043 Triphenylene 0.38% -
35.138 Nonadecane - 0.38%
35.766 Phthalic acid 1.70% 3.63%
36.196 9-Tricosene 0.33%
37.263 1-Nonadecene 0.67% 3.92%
38.295 Cyclooctacosane 1.49% -
39.31 Benzoacephenantrilene 2.27% 2.32%
40.248 5-Nonadecene 1.06% -
41.177 1-Docosene 1.30% 0.68%
42.071 Eicosene 1.13% -
42.94 Dibenzochrysene 1.02% -
42.948 Nonadecene 2.24%
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Error in measurements
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tand vs Temperature Material 1
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Mixture Char:MSWd (0.3:1)
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tand vs Temperature Material 2
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Mixture Char:MSWd (0.6:1)

& vs Temperature Material 3
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tand vs Temperature Material 3
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tand vs Temperature Material 4
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Cooling down curve
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