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La presente Tesis Doctoral ha sido desarrollada dentro del marco del proyecto

europeo LIFE+ “Operation CO,” (LIFE11 ENV/ES/535).

El objetivo principal del mismo es demostrar la viabilidad de los proyectos
forestales y agroforestales en el secuestro de carbono en Europa. En este sentido, la
primera linea de investigacion se centra en el papel que representan como sumidero de

CO; dos especies de matorral en una zona del proyecto.

Por otro lado, busca contribuir de manera significativa en la lucha contra el
cambio climatico y conseguir la conservacion y el manejo de bosques y carbono. Para
ello, es imprescindible conocer el potencial econémico y ecologico de las especies, por
lo que siguiendo esta orientacion surgen el resto de lineas de estudio, para la
caracterizacion fisico quimica de ambas especies, con el fin de enmarcar, reconocer y
valorizar su composicion como materia prima y un Optimo aprovechamiento de la

vegetacion mediterranea.






“Porque eso es, en verdad, toda investigacion: un hozar
permanente entre la porqueria y la quincalla para
después, con seso y paciencia, llevar finalmente algo de
sentido al papel en blanco. Algo que, ademads, sostenga sin
desmayo la locura de la busqueda, el caos del acopio, el
placer del hallazgo, el sufrir de la reflexion y, finalmente
(como espero), el premio del colofon™

Ramon Acin. La Noche antes de irse, 2016
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RESUMEN

Cistus ladanifer L. y Erica arborea L. son los representantes mas importantes de
los ecosistemas de matorral de clima mediterraneo en nuestra area geografica, donde
ocupan grandes superficies vegetales. Su presencia en estas superficies ha venido siendo
justificada por sus ventajas para reconstruir ecosistemas tras incendios forestales gracias
a la adaptacion de sus raices (rebrotadoras obligadas). Recientemente, han comenzado a
ser revalorizadas por su caracter de “sumideros perdidos” de carbono, necesarios para
completar el efecto sumidero de su alternativa, los sistemas arbolados, y con ello cerrar
el balance global de carbono a escala regional. Asimismo, el hecho de que ambas
especies ardan con mas facilidad que otras especies rebrotadoras debido a la presencia
de aceites esenciales, ha determinado que fijemos nuestra atencion en los componentes
responsables de tales aceites, a efectos de caracterizacion. Finalmente, las aplicaciones
como combustibles de los componentes de ambos arbustos, la explotacion de sus aceites
como productos de alto valor afiadido para la industria de cosméticos y la valorizacion
de furfural, hidroximetilfurfural y fibras de celulosa cristalina obtenidas del

fraccionamiento y tratamiento de sus maderas son objeto de consideracion.

Constituyen aportaciones sustanciales de la parte experimental de la Memoria: (a)
el analisis cartografico de C. ladanifer y E. arborea en un area de Castilla y Leon; (b) el
analisis elemental, espectroscopico y termogravimétrico de raiz, tallo, hojas y aceites de
ambas especies; (c) la cuantificacion de biomasa, carbono y diéxido de carbono fijado
por ambas especies; (d) la puesta a punto de un nuevo método para la obtencion de
cocientes root-to-shoot; (e) la determinacion de los poderes calorificos y cenizas de sus
diversos componentes con vista a su aplicacion como combustibles; (f) la
caracterizacion de los terpenoides de sus aceites esenciales; (g) la determinacion de los
contenidos de lignina, furfural, hidroximetilfurfural y azucares reductores en
hidrolizados; y (%) la caracterizacion de la cristalinidad de las microfibras de celulosa

para su aplicacion potencial en materiales compuestos.

Palabras clave: Cistus ladanifer; Erica arborea; cocientes root-to-shoot; poderes
calorificos; terpenoides; aceites esenciales; furfural; hidroximetilfurfural.
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ABSTRACT

Cistus ladanifer and Erica arborea are the most important representatives of
Mediterranean climate scrub ecosystems in our geographical area, where they occupy
large plant surfaces. Their presence in these areas can be ascribed to their advantages
for the rebuilding of ecosystems after forest fires, due to the adaptation of their roots
(obligate resprouting). They have recently begun to be revalued because of their role as
carbon sinks, needed to complete the sink effect of their alternative, tree systems, and
thereby to close the global carbon balance on a regional scale. Further, the fact that both
species burn more easily than other resprouting species on account of the presence of
essential oils, has led us to focus our attention on the components present in such oils,
for characterization purposes. Finally, the applications as fuels of both shrubs, the
exploitation of their oils as high added-value products for the cosmetics industry and the
valorization of furfural, hydroxymethyl furfural and crystalline cellulose fibers obtained

from the fractionation and treatment of their wood have been taken under consideration.

Substantive contributions of the experimental part of this PhD Thesis are: (a) the
cartographic analysis of C. ladanifer and E. arborea distribution in an area of Castilla y
Leon; (b) the elemental, spectroscopic and thermogravimetric analyses of root, stem,
leaves and oils of both species; (c) the accurate quantification of biomass, carbon and
carbon dioxide fixed by both species; (d) the development of a new method to obtain
root-to-shoot ratios; (e) the determination of higher heating values and ashes of their
various components with a view to their application as fuels; (f) the characterization of
the terpenoids of their essential oils; (g) the determination of furfural, hydroxymethyl-
furfural and reducing sugars in their derived hydrolysates; and (%) the characterization
of the crystallinity of the cellulose microfibers for their potential application in

composite materials.

Keywords: Cistus ladanifer; Erica arborea; root-to-shoot ratios; higher heating values;
essential oils; terpenoids; furfural; hydroxymethylfurfural; crystalline cellulose fibers.
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INTRODUCCION Y MARCO DE REFERENCIA

2.1. CONTEXTUALIZACION

2.1.1. El fenémeno de la matorralizacion en la region mediterranea. Idoneidad del
estudio de los matorrales de nuestra area geografica.

El reconocimiento del cambio climatico como un problema real y el consiguiente
establecimiento del Protocolo de Kyoto sirvieron como detonante en la investigacion
sobre el intercambio de carbono entre los ecosistemas terrestres y la atmosfera, siendo
esta capacidad de asimilacion el objetivo de las principales medidas de mitigacién que
se contemplan desde entonces. Sin embargo, se centran en los ecosistemas arbolados -
llevando a cabo reforestaciones y forestando terrenos agricolas abandonados,
principalmente-, y prescinden de ecosistemas no arbolados de gran abundancia como es
el caso del matorral. Tanto es asi, que FLUXNET, una red internacional que coordina
observaciones micrometeoroldgicas regionales y mide los intercambios de dioxido de
carbono, vapor de agua y energia entre los ecosistemas terrestres y la atmdsfera, cuenta
con poca informacion sobre los ecosistemas de matorral —los de menor representacion a
pesar de su gran extension- y carece de estimaciones de su potencial de fijacion de
carbono (Baldocchi ef al., 2001). Sin embargo, para estimar el ciclo de carbono a nivel
regional es importante hacerlo también a escala ecosistema, describiendo
detalladamente el ciclo de carbono con el fin de evitar “sumideros perdidos” que
desajusten el balance global real de carbono (Kowalski, 2006). En el caso de los
matorrales mediterraneos, la relevancia que ejercen en el funcionamiento y evolucion de
los ecosistemas terrestres es notable: restauracion ecologica, proteccion hidrologica y
edafica, micorrizado. Ademas, el abandono de los usos tradicionales del suelo como la
agricultura y ganaderia hacen que la superficie de matorral sea cada vez mayor,
conociéndose como procesos de matorralizacion. A pesar de que esta situacion ha hecho
aumentar la investigacion, conociéndose con mayor detalle la composicion de las
formaciones de matorral mediterraneo, su cobertura y distribucion, que por otro lado
son aspectos necesarios para el disefio y validacion de modelos y balances (no sélo para
estimar el potencial de fijacion de carbono sino también para conocer su viabilidad en
otros usos y aprovechamientos), ain es necesario profundizar en su estructura y

funcionamiento (Kummerow, 1989, Fernandez et al., 1995).
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En Espafia, Montero et al. (2005a; 2005b) propusieron una metodologia de
estimacion de carbono para las principales especies forestales de caracter arboreo, que
consistia en inventariar el vuelo midiendo didmetros y alturas para obtener una
estimacion de la biomasa y el volumen de muestra por unidad de superficie; tras lo cual
se calcula el contenido de carbono en hojas, tronco y raices, determinando asi las
cantidades de carbono y de CO, atmosférico equivalente. No obstante, no hay estudios
similares sobre formaciones de matorral y las investigaciones que se desarrollan tienen
como objetivo el estudio del potencial energético de la biomasa forestal, ya proceda de
restos de podas y cortas o de procesos industriales de transformacion de la madera

(Centro de innovacion y servicios de la madera, 2005).

2.1.2. La biomasa forestal en el escenario energético del PER 2011-2020

En la actualidad, la mayor parte de los 3.655 ktep de consumo térmico final de
biomasa en Espafia proviene del sector forestal, utilizandose en sector doméstico
mediante sistemas tradicionales poco eficientes (uso de lefias en equipos obsoletos) y en
industrias forestales para consumo térmico o cogeneracion. Existe una potencia
instalada de 533 MW abastecida con residuos de industrias agroforestales y restos de
cultivos agricolas, principalmente (IDAE, 2011).

En los ultimos afios se esta iniciando el desarrollo de los cultivos energéticos y de
la mecanizacion especifica para la recogida, extraccion y tratamiento de la biomasa.
Respecto a las aplicaciones, la implantacion de tecnologias modernas para la biomasa
térmica en edificios y los desarrollos tecnologicos en gasificacion y ciclos ORC para la
implantacion de cogeneraciones hacen prever, para los proximos afios, una importante
expansion de la biomasa en el sector térmico en edificios e instalaciones industriales.
Por consiguiente, ademas de avanzar en una mayor aportacion cuantitativa por parte de
la biomasa, se producirda un cambio cualitativo en cuanto a tecnologias actualizadas y
eficientes (IDAE, 2011).

El potencial de biomasa disponible en Espafia, bajo hipdtesis conservadoras, se
sitia en torno a 88 millones de toneladas de biomasa primaria en verde, incluyendo
restos de masas forestales existentes, restos agricolas, masas existentes sin explotar y
cultivos energéticos a implantar. A este potencial se suman mas de 12 millones de
toneladas de biomasa secundaria seca obtenida de residuos de industrias agroforestales

(IDAE, 2011).
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Para alcanzar los objetivos fijados en el area de biomasa (Tablas 1 y 2) se han
definido una serie de propuestas dirigidas a cada fase del aprovechamiento de la misma.
Las propuestas para el desarrollo de un mercado maduro de suministro de biomasa se
centran principalmente en la movilizacion del recurso. El apoyo al desarrollo de
aplicaciones térmicas, especialmente en edificios, se realizarda mediante campaias de
difusion, desarrollos normativos y nuevos sistemas de apoyo financiero, de incentivos y
de ayudas publicas a la inversion. El crecimiento de la produccion eléctrica con biomasa
se conseguird mediante la generacion y distribucion a través de pequeiias
cogeneraciones y centrales eléctricas en el entorno de 15 MW, para lo que se establecen
nuevos programas de financiacion y mejoras en el sistema de retribucion de la energia

eléctrica renovable (especialmente para instalaciones con menos de 2 MW).

Tabla 1. Objetivos 2010, 2015 y 2020 del plan de energias renovables 2011-2020 en el sector eléctrico
(potencia instalada, generacion bruta sin normalizar y generacion bruta normalizada). Datos IDAE

2010 2015 2020

MW GWh GWh(*) MW GWh GWh (¥ MW GWh  GWh (%)
Total 825 4228 (%) 1162 7142 (*%) 1950 12200 *%)
?gﬁg;asa 533 2820  (*¥) 817 4903 (%) 1350 8100 (%)
Residuos 115 663 (%) 125 938 (%) 200 1500 )
Biogis 177 745 (*% 220 1302 (*%) 400 2600 )

* GWh (*) se refiere a gigavatios por hora normalizados.

Tabla 2. Objetivos 2010, 2015 y 2020 del plan de energias renovables 2011-2020 en el sector de la
calefaccion y la refrigeracion. Datos IDAE

Ktep 2005 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Biomasa 3468 3729 3779 3810 3851 3884 4060 4255 4377 4485 4542 4653
Solida 3441 3695 3740 3765 3800 3827 3997 4185 4300 4400 4450 4553
Biogas 27 34 39 45 51 57 63 70 77 85 92 100

* La biomasa sodlida incluye residuos

En el Plan de Implementacion de la Industria Europea sobre Bioenergia (EIBI),
por lo que respecta al ambito de la biomasa sélida y gaseosa, se recoge la necesidad de
avanzar en todos los aspectos referentes a la disponibilidad y logistica de la biomasa
como materia prima para usos energéticos, y se mencionan tres cadenas de valor por su
especial interés, todas ellas basadas en procesos termoquimicos de conversion de la
materia prima:

- Biometano y otros combustibles gaseosos a partir de biomasa via gasificacion.
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- Generacion de energia eléctrica de alta eficiencia mediante gasificacion de biomasa.
- Vectores bioenergéticos a partir de biomasa mediante procesos termoquimicos distintos
a la gasificacion.

A nivel nacional, la Plataforma Tecnolégica Espafiola de la Biomasa, el
BIOPLAT, identifica los retos tecnoldgicos encuadrados en dos cadenas de valor: la
utilizaciéon de biocombustibles sélidos mediante combustion directa y la produccion y
utilizacion de biocombustibles s6lidos para gasificacion.

El analisis de los ultimos datos de consumo de biomasa térmica en Espafia (3.655
kept) por Comunidades Auténomas permite advertir que Andalucia, Galicia y Castilla y
Leodn son las autonomias con mayor consumo. Dicho consumo superior esta relacionado
con la existencia de empresas que precisan gran cantidad de biomasa y con la presencia
de un sector forestal desarrollado, ademas de por tener una estructura de poblacion en la
que el sector rural tiene un peso mayor y, por tanto, un consumo superior en el ambito
doméstico (IDAE, 2011).

El uso de la biomasa como recurso energético en lugar de los combustibles fosiles
comunmente utilizados supone unas ventajas medioambientales de primer orden, como
son: ciclo neutro de CO,, sin contribucion al efecto invernadero; disminucion de
emisiones de azufre; disminucién de emisiones de particulas; emisiones reducidas de
contaminantes como CO, HC y NOy; reduccion del mantenimiento de los peligros
derivados del escape de gases toxicos y combustibles en las casas; reduccidon de riesgos
de incendios forestales y de plagas de insectos; aprovechamiento de residuos agricolas,
evitando su quema en el terreno; posibilidad de utilizacion de tierras en barbecho con
cultivos energéticos; independencia de las fluctuaciones de los precios de los
combustibles provenientes del exterior, al no ser combustibles importados; mejora
socioeconomica de las areas rurales.

Ademas, la extraccion de residuos forestales destinados a la produccion de
biomasa implica, a su vez, una serie de ventajas: favorece la regeneracion natural de la
masa principal; facilita la repoblacion artificial de la masa forestal; posibilita el
crecimiento de arbolado; incrementa la capacidad de aprovechamiento de productos
forestales; facilita las operaciones selvicolas y los movimientos por el monte; mejora
estéticamente el monte; y aumenta la capacidad de acogida recreativa.

Segun datos del Plan de Energias Renovables (PER) del Ministerio de Industria,
Turismo y Comercio (MITYC), en el afio 2010, con un incremento de la potencia

eléctrica con biomasa de 1695 MW y un incremento en la energia primaria procedente
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de biomasa térmica de 582,5 ktep, las emisiones evitadas de CO, superarian los nueve
millones de toneladas (7364191 t CO, evitadas con biomasa eléctrica y 1788326 t CO,
evitadas con biomasa térmica). La heterogeneidad de recursos aprovechables es una
caracteristica intrinseca de los sistemas de produccion de energia asociados a la
biomasa. Ello aumenta su complejidad ya que cada proyecto necesita analisis
especificos de disponibilidad, extraccion, transporte y distribucion.

En Espaia, los principales desarrollos en el area de biomasa se han centrado en el
uso de residuos industriales, tanto forestales como agricolas. Respecto a la biomasa
forestal, ha sido utilizada tradicionalmente en el sector doméstico mediante sistemas
poco eficientes, algo que esta cambiando debido a la llegada al mercado de sistemas de
calefaccion y agua caliente modernos, de alta eficiencia y comodidad para el usuario.

Los residuos y materiales susceptibles de ser utilizados en la produccion de
energia son: residuos forestales, residuos agricolas lefiosos, residuos agricolas
herbaceos, residuos de industrias forestales y agricolas, cultivos energéticos. Dentro de
los usos de la biomasa, las aplicaciones térmicas con producciéon de calor y agua
caliente sanitaria son las mas comunes. En un nivel menor de desarrollo se situa la
produccion de electricidad, pues precisa de centrales térmicas especificas, que conllevan
inversiones elevadas y reducen el rendimiento. Esto explica el poco peso de la biomasa
eléctrica en el computo global de esta energia, 837 ktep de consumo en 2010 frente a los
3915 ktep de las aplicaciones térmicas.

La cuantificacion del carbono en la biomasa y la dindmica de fijacion atendiendo
al estado de conservacion del monte es una informacion relevante y necesaria en la
lucha contra el calentamiento global. Como se ha comentado anteriormente, son escasos
los estudios referidos a la fijacion de carbono por parte de especies arbustivas, dejando a
un lado el estudio de su papel en la fijacion del CO, global. El territorio forestal en
Castilla y Leon asciende a 4.8 millones de hectareas, lo que supone el 51% del
territorio. En contraste, la superficie forestal europea es 10 puntos inferior (41%) y la
superficie forestal mundial es del 39%. Por lo tanto, la superficie forestal per cépita es
de 1.92 ha/hab., mas de tres veces superior a la media espanola, 2.5 veces a la media
mundial y casi 6 veces superior a la media europea (Junta de Castilla y Leon, 2014). La
superficie ocupada por matorral en Castilla y Leon es significativa, superando las
900000 ha (19% de la superficie forestal); los matorrales mas abundantes son los
brezales (Erica sp. y Calluna sp.) y los escobonales (Genista sp., Cytisus sp., etc) con

273000 ha y 149000 ha respectivamente, seguidos de los jarales (Cistus sp.) con una
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superficie cercana a 55000 ha (PEFC, 2009). Es por ello que se considera de gran
importancia cuantificar la cantidad de carbono fijado por especies pertenecientes a dos
de los géneros mas abundantes de la Comunidad: Erica arborea L.y Cistus ladanifer L.

Ademas, no hay que olvidar las caracteristicas fisiologicas y fenoldgicas propias
de estas especies. Por ejemplo, la especie C. ladanifer produce una gran cantidad de
hojarasca de lenta degradacion formadora y creadora de suelo. Esta especie se desarrolla
en suelos pobres en nutrientes, siendo capaz de fijar carbono y desarrollarse

rapidamente a pesar de las limitaciones nutricionales e hidricas (Nunez, 1989).
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2.2. CARACTERIZACION DE JARALES Y BREZALES. SISTEMATICA,
FILOGEOGRAFIA Y USOS DE LAS ESPECIES ARBUSTIVAS BAJO
ESTUDIO

2.2.1. Caracteristicas generales de los jarales. Morfologia, distribucion y usos de
Cistus ladanifer

2.2.1.1. Caracteristicas generales de los jarales

Etimoldgicamente, la palabra castellana jara proviene del arabe andalusi sd 7a, y
¢ésta del arabe clasico sa 7a’, que significa tierra llena de vegetacion. Su clasificacion
botdnica indica que pertenece al género Cistus, de la familia Cistaceae y del oden
Violales; de clase Magnoliopsida y division Magnoliophyta del reino Plantae.

Los jarales estan constituidos por especies del género Cistus, las cuales forman
comunidades arbustivas de caracter serial de bajo nivel evolutivo asociadas a la fase
regresiva de encinares y bosques mixtos de encina y alcornoque. Cuando los jarales son
puros estan formados unicamente por C. ladanifer, aunque generalmente aparece
acompafiada de otros arbustos o matorrales y se distribuyen en manchas de gran
extension. Son representativos de los sistemas agro-silvo-pastorales mediterraneos, pues
debido a su caracter pionero aparecen en las primeras etapas de sucesion (colonizando
suelos degradados, principalmente tras el abandono de tierras agricolas o incendios
reiterados) y forman grandes extensiones con espesas coberturas. De hecho, el siguiente
fragmento ha sido extraido de las Anotaciones al libro de la monteria del Rey Alfonso
XI, por José A. Valverde:

Los jarales (Cistus ladanifer principalmente) se extienden con los fuegos y
colonizan suelos pobrisimos. Tras los incendios los pies de jara y madronio se
transforman en peligrosisimas lanzas que impiden el paso de las caballerias (de los
tractores ahora) y admiten solo el hombre cazador a pie. Con el tiempo, estos bosques
que no ceden al fuego e impiden el paso de caballos han venido a constituir el refugio
predilecto de la gran fauna (ciervos, jabalies, 0sos), que tiene en ellos sus querencias o
camas.

Ademés, al ser una especie pirofila activa, es capaz de mantener sus semillas sin
germinar durante afios, amoldarse a suelos pobres y otras situaciones de escasez; esta

adaptacion a distintos factores como temperatura, precipitacion, pH... hace que su nicho
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ecoldgico sea muy extenso, al adaptarse a habitats muy variados con condiciones

ambientales diferentes, como los extremos termopluviométricos del clima peninsular.

2.2.1.2. Morfologia, distribucion y usos de Cistus ladanifer

Conocida como jara pringosa, C. ladanifer es un arbusto siempre verde que en
condiciones Optimas puede llegar a medir hasta 2,5 o incluso hasta 4 m, pero que
habitualmente no supera los 2 m. Las hojas son opuestas, carecen de estipulas y se
sueldan entre si en la base; son enteras, alargadas y estrechas, alcanzando hasta 10 cm
de largo y 1,5 cm de anchura. En etapas iniciales estan fuertemente impregnadas de una
sustancia pegajosa -el lddano- que les da un aspecto lustroso y se adhiere facilmente a
manos y ropa. Florece de abril a junio, con flores muy grandes, de hasta 10 cm de
didmetro, con 3 sépalos y 5 pétalos de un color blanco puro que en ocasiones presentan
una mancha purpuirea en la base, denominandose jara de las cinco llagas. El fruto es
una capsula globosa con 7-10 compartimentos y que se abre en la madurez en otras

tantas valvas (Figura 1).

Figura 1. Ejemplar de C. ladanifer con una rama de E. arborea en primer plano y un enfoque selectivo
de capsulas de jara. (Tomado de M. Casares, 2017)

C. ladanifer es una especie autdctona de la Peninsula Ibérica (Figura 2), que
habita en la region mediterranea occidental y en las Islas Canarias. Es muy frecuente en
toda la parte silicea y de clima mediterrdneo de la Peninsula, tanto en Espafia como en

Portugal, faltando so6lo en el norte.
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Figura 2. Mapa de distribucion de Cistus ladanifer en la Peninsula Ibérica (haplotipos).
Tomado de Quintela-Sabaris et al., 2010

C. ladanifer crece en matorrales de sitios secos y soleados, generalmente en
ambiente de encinar, en terrenos siliceos (no calcéreos, tales como granitos, gneises,
cuarcitas y pizarras), especialmente en los suelos més degradados o menos
evolucionados, por lo que su presencia suele indicar suelos muy pobres. Se extiende
desde el nivel del mar, donde puede vivir incluso en las arenas de las dunas costeras
hasta unos 1500 m de altitud. Su area coincide en lineas generales con la de la encina,
ocupando el espacio que deja ésta cuando sus bosques se queman o talan y el suelo
carece de cal, aunque en ocasiones se cultiva como ornamental.

En Castilla y Leon, se ubican fundamentalmente en 4reas potenciales de los
encinares silicicolas; principalmente en Zamora y Leon (Figura 3), sobre todo en las
franjas mas occidentales (El Bierzo, entorno de la Maragateria, zonas mas bajas y secas
de los paramos leoneses, Aliste, Sayago, Alba y en menor medida La Carballeda), son
muy frecuentes en Salamanca, en el &mbito de las dehesas y montes de encina, aunque
también se hallan jarales al sur de Avila y puntualmente en Valladolid.

En nuestra region, los jarales son habitualmente monoespecificos, aunque en
ocasiones aparecen en agrupaciones mixtas con brezales (sobre todo en Ledn y norte de
Zamora) o incluso escobonares y retamares. Se asientan sobre laderas graniticas y sobre
esquistos pizarrosos. Se ven favorecidos por los incendios, a los que sobreviven gracias
a la elevada proporcion de semilla cuya germinacion se ve favorecida por el fuego
(plantas pirofilas). Extensos jarales pueden ser considerados una fase poco madura en el
desarrollo de manchas de vegetacion, en las que suelen entrar a formar parte y pasan a

dominar cuando son degradadas o incipientes.
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Figura 3. Jaral de Cistus ladanifer en tierras zamoranas

El nombre especifico de la jara pringosa, ladanifer, alude a la produccion por la
misma de laddano y que supone un mecanismo de defensa frente a la sequia, de manera
que refleja la radiacion UV solar y preserva asi el tejido vegetal y evita su desecacion.
Ademas, su abundancia le permite competir con éxito frente a distintas especies, ya que
puede inhibir el crecimiento de otras plantas, lo que explica también su caracter pionero.
No obstante, tiene la capacidad de asociarse mediante micorrizado a especies fungicas
con alto valor de mercado como Boletus edulis Bull. Esta resina se empled
antiguamente como medicinal: se le atribuian propiedades sedantes, y entraba en la
composicion del emplasto regio utilizado para la curacion de las hernias. El método de
recoleccion implicaba un rebafio de cabras que se hacia circular por un jaral denso,
peinandose luego la barba y el pelambre del animal para obtener el producto,
obteniéndose un lddano aromatizado a cabruno. También se han empleado hombres con
mandiles de cuero o se ha extraido por inmersion de la planta en agua hirviendo.
Actualmente se usa mas en perfumeria como fijador de perfumes pero ha vuelto a
recuperar cierto protagonismo medicinal como revulsivo y antiespasmodico, para tratar
las gastritis y Ulceras gastroduodenales. En uso externo se usa para combatir el
reumatismo y las neuralgias. Pero el uso de la resina no es muy recomendable por ser
bastante toxica.

En la actualidad se estd estudiando el potencial antifungico de los extractos de
Cistus ladanifer. Un estudio (Barrio, Duefas et al., 2013) realizado frente a especies de
Candida (Candida albicans, C. glabrata and C. parapsilosis ha mostrado que Cistus

ladanifer inhibe su crecimiento de un modo eficaz (MIC < 0.05 mg/mL), especialmente
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frente a C. glabrata, donde el extracto estudiado fue capaz de reducir las
concentraciones por debajo de 0.05 mg/mL en al menos tres registros y la inhibicion
total del crecimiento en concentraciones superiores a 0.625 mg/mL. Esta accion
antifingica ha de ser referida al contenido en acidos fendlicos y derivados (4 mg/g de
extracto), derivados de acido elagico (30 mg/g de extracto), y flavonoides tales como
catequinas, flavonoles y flavonas (4 mg/g de extracto). Los derivados de acido elagico
fueron el grupo madas abundante, siendo el pumicalagin gallate -un derivado de
punicalaginas atacado con acido galico-, quien aparecia en mayor cantidad (16 mg/g de

extracto).

2.2.2. Caracteristicas generales de los brezales. Morfologia, distribucion y usos de
Erica arborea

2.2.2.1.Caracteristicas generales

Etimologicamente, la palabra brezo procede del latin hispanico broccius, y éste
del celta vroicos; confer galés grug, irlandés antiguo froech y gaélico fraoch. Su
clasificacion botéanica indica que pertenece al género Erica, de la familia Ericaceae y
del oden FEricales; de clase Magnoliopsida de la division Magnoliophyta del reino
Plantae.

También denominada urce o urce branca en gallego y urze-branca en portugués,
siendo urce la primera referencia que existe sobre esta especie, debida a Teofrasto
(filosofo griego y contemporaneo de Aristoteles que escribid dos tratados de boténica,
Historia de las plantas, donde describe mas de 450 plantas y expone algunas nociones
de fisiologia vegetal, y Sobre las causas de las plantas, donde unifica y amplia el
conocimiento sobre plagas y enfermedades). Es Dioscorides (médico, farmacologo y
botanico griego del siglo I) quien la reconoce con el nombre de Erica (€peikn) en Libro
1(88).

Los brezales son matorrales de bajo nivel evolutivo, propio de suelos
desarrollados sobre sustratos acidos o basicos acidificados y dominado por diversas
ericaceas entre las que es comun Erica arborea. Se trata de comunidades de estructura
simple, con dominio de un estrato arbustivo bajo, aunque en ocasiones son frecuentes (y
abundantes) otras lefiosas de porte alto, como enebros y espinos. La cobertura de los
arbustos dominantes es variable, aunque en la mayor parte de los casos se trata de
matorrales densos. El recubrimiento de las herbaceas puede ser importante (hasta 50%-

70%), dejando un porcentaje de suelo desnudo no muy elevado (< 15%).
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El ramon de las ericaceas presenta escasa palatabilidad y valor nutritivo, debido a
sus bajos porcentajes en proteina y digestibilidad de la materia organica, y a sus altos
contenidos en fibra, por lo que resultan poco apetentes para el ganado. No obstante,
pueden constituir un alimento de volumen que es consumido cuando otros recursos son
escasos o estan agostados. En este sentido, la utilizacion de los brezos es muy baja
siempre que la disponibilidad de especies herbaceas apetecibles se sitlie por encima de
una altura minima (2-3 cm). A medida que la disponibilidad se reduce por debajo de
dicho nivel, el porcentaje de brezo en la dieta se incrementa en el ovino y de forma
menos notoria en el vacuno (Osoro et al., 1999). El ovino realiza un pastoreo selectivo
de los brotes nuevos y tiernos de las ericidceas, mientras el vacuno y equino no las
seleccionan de manera activa en condiciones normales de pastoreo, aunque las pueden
llegar a consumir; su efecto sobre estas comunidades se debe mas al pisoteo. En general,
se pastan en primavera, verano y otoflo por ganado mayor y menor. En el area
submediterranea pueden formar parte de zonas de pastoreo invernal que,
tradicionalmente, son empleadas por ganado mayor. El brezo, ademas, es muy

apreciado en apicultura y se utilizan con asiduidad en explotaciones apicolas.

2.2.2.2. Morfologia, distribucion y usos de Erica arborea

Erica deriva del griego erikein-ereiké, que significa romper, ya que una vez secas,
sus ramas se tronchan con facilidad y sus hojas se desprenden facilmente. Su nombre
latino aludia a todas las especies de brezo conocidas, incluso a la brecina (Calluna
vulgaris (L.) Hull). El epiteto especifico arborea alude al porte que puede alcanzar esta
planta.

Conocido como brezo blanco o brezo castellano, se trata generalmente de un
arbusto elevado y muy ramoso, de 2 a 4 m, que en la Peninsula Ibérica alcanza el porte
arboreo en algunos puntos del sur peninsular, como el Parque Natural de los
Alcornocales (Cadiz). Entre otras razones, esto es debido a que sus cepas son muy
apreciadas y se han cortado para diversos usos a lo largo del tiempo. No obstante, llega
hasta los 10 m en Canarias y alcanza los 15-20 m en el este de Africa, en las faldas del

Kilimanjaro (Figura 4).
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Figura 4. Mapa de distribucion mundial de Erica arborea (imagen tomada de Discover Life
http://www.discoverlife.org/mp/20q?search=FErica+arborea)

Las ramillas jovenes son blanquecinas y tienen tricomas desiguales. Su corteza es
parda y fibrosa, y al madurar se desprende en tiras alargadas y finas. De hojas lampinas,
persistentes, simples, finas y muy estrechas, en forma de acicula corta con los bordes
revueltos hacia el envés, de manera que parece que tengan un surco en la cara inferior.
Miden 3-8 mm de largo por 0,5-0,7 mm de ancho, y se disponen en las ramillas en
verticilos de 3 0 4 como las aspas de un ventilador. Las flores son blanquecinas, a veces
sonrosadas, y muy pequefias, de hasta 3 mm de longitud, con el pedunculo que las
sostiene bastante mas largo, y crecen en grupos terminales de forma piramidal. Tienen
forma de campanita cerrada y estrecha, y cuando maduran los estambres permanecen en
el interior, a diferencia de otras especies de brezos cuyos estambres sobresalen

asomando las anteras —parte superior del estambre que contiene el polen— al exterior

(Figura 5).

Figura 5. Ejemplar de E. arborea y un enfoque selectivo de un ramillete en flor
(tomado éste de J.L. Saez, 2017)
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El brezo blanco es una especie de area muy dispersa. Habita en la region
mediterranea, Canarias, Madeira, norte y este de Africa, Asia Menor, Caucaso. En la
Peninsula y Baleares es comun y se extiende de forma desigual. Es una planta tipica de
sustratos acidos y caracteristica de bosques humedos o asociada a la humedad que
proporcionan los cursos de agua. Se desarrolla en el seno de hayedos, pinares y
robledales, y se agrupa en extensas formaciones. Crece desde el nivel del mar hasta los
2000 m de altitud. En Canarias y Africa alcanza portes arboreos que llegan a superar los
10 m. Sorprende ver bosques densos de esta especie, que en la Peninsula y Baleares no
suelen pasar de un arbusto ramoso.

En Castilla y Le6n, los brezales de Erica arborea ocupan las laderas mas frescas y
humedas, con suelos que retienen suficiente cantidad de agua (Figura 6). Suelen llevar
plantulas de especies arboreas principales, como robles o abedules o pioneras
secundarias, como serbales. El brezal blanco puede aparecer sobre formadores de turba,

en ocasiones de notable espesor.

Figura 6. Brezal de Erica arborea en tierras zamoranas

Entre los usos tradicionales del brezo blanco destaca -al igual que con otras
especies de brezos y afines- la fabricacion de escobas, debido a su denso y fino ramaje.
También se utiliza para confeccionar tejadillos, empalizadas y cubiertas que pongan al
resguardo del viento, el sol, la lluvia y las miradas ajenas. Antiguamente, se
denominaba brezo a la cama armada sobre zarzos. Su lefa es un excelente combustible

y una de las mejores para fabricar carboén vegetal, apreciado en hornos y fraguas. Su
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madera es roja como el carmin, dura y densa, muy buscada por ebanistas y torneros para
pequeiias tallas.

Las raices son muy valoradas para fabricar pipas de fumar (ver cita), como sucede
en Catalufia y el norte de Africa, donde las extraen para luego exportarlas,
principalmente a Inglaterra. En el Parque Natural de los Alcornocales, en Cadiz, la raiz
de este brezo es muy buscada, debido a que sus cepas tienen un bello veteado que al
pulir proporciona figuras y arabescos muy valorados. Con ella se confeccionan los
salpicaderos y pomos de las palancas de cambio de los coches de lujo de la casa Ferrari.

En “El signo de los Cuatro” de Sir Arthur Conan Doyle leemos:

«Mi actividad se ha extendido ultimamente al Continente —dijo Holmes, al poco
rato, mientras llenaba su vieja pipa de raiz de brezo—».

Otro uso del brezo es como planta ornamental, si bien hay otras especies de brezo
de flores muy vistosas. No obstante, la medicina popular utilizaba la copa y la flor del
brezo blanco para aplicarlas como emplasto con el fin de curar las mordeduras de
serpientes. En los ultimos tiempos también se ha utilizado en repoblaciones forestales
con planta autdctona. Asimismo es conocida la denominada “tierra de brezo”, un
sustrato muy nutritivo para el cultivo de plantas de jardineria que se va formando
durante afios bajo el suelo de los brezales umbrosos.

Es una planta melifera, cuyas flores producen abundante néctar y a la vez su polen
es utilizado por las abejas (Terrab, 2004). Conocida desde la antigliedad, el brezo estaba
consagrado a dos diosas, a Venus Ericina, quien personificaba el amor impuro y era la
diosa patrona de las cortesanas, y a la diosa conocida como Uroica (Ur, nombre del
brezo entre los celtas), deidad que regia el solsticio estival con su cohorte de diligentes
abejas (Mc Innes, 2014). La miel de brezo es un constante en la industria de la
apicultura, apreciada internacionalmente por su sabor fuerte y penetrante, con un gusto
acido, aromatico y ligeramente amargo.

Segun el antropologo y escritor Juan Luis Arsuaga: «Los diferentes clanes
escoceses se distinguian entre si por el color de la planta que llevaban en el gorro (v
no, como suele pensarse, por los colores del estampado o “tartan”); por ejemplo, el
brezo rojo y el brezo blanco podian corresponder a clanes diferentes». En este sentido,
la novela Brezo blanco, de la escritora Nieves Hidalgo, trata de los conflictos entre los
clanes escoceses.

El brezo siempre ha cubierto vastas extensiones de terreno en Escocia y sus flores

han sido utilizadas para fabricar cerveza desde el ano 2000 a.C.
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2.3. AMBITO DE ESTUDIO

Las formaciones vegetales precisan de ciertas sustancias fundamentales, ademas
de la energia procedente del sol, para su existencia: el agua, que llega al suelo mediante
las precipitaciones, y los nutrientes, que dependen de la naturaleza de la roca madre, el
grado de evolucion edafica y el aporte de materia organica, y cuyo aprovechamiento -a
su vez- esta ligado al del agua, puesto que las plantas toman los nutrientes disueltos en

ella.

2.3.1. Situacion administrativa y econémica

El estudio se ha desarrollado en una zona proxima a la poblacion de Congosta, en
el municipio de Ayoo de Vidriales de la provincia de Zamora (Castilla y Leon, Espafia).
El término municipal del mismo nombre comprende las localidades de Ayoo de
Vidriales, Carracedo de Vidriales y Congosta (Figura 7); pertenece a la comarca de
Benavente y Los Valles (agrupacion voluntaria de municipios limitrofes con
caracteristicas geograficas, econdmicas, sociales e historicas afines) y constituye la
mancomunidad de servicios Valle del Tera, cuyo objetivo es la gestion de determinados
servicios publicos municipales (LOREACYL 14/2007, de 30 de noviembre). La zona
esta enclavada en el limite Sur de la Sierra Cabrera, en la transicion de ésta a la Sierra
de Carpuria, siendo ésta ultima la que forma el Valle de Vidriales, por lo que el relieve
se caracteriza por una continuacion de pequeias ondulaciones, mas o menos acentuadas,
en las cuales se encajan pequefios valles, marcados por intensos procesos erosivos,

todos ellos con direccion predominante hacia el Sureste.

5
Yoy I

Figura 7. Localizacion de la zona de estudio: Congosta, Ayoo de Vidriales, Zamora, Esparia

Con una superficie de ~60 km” cuenta con una poblacién total de 349 habitantes

en el ano 2016 (INE), la actividad econdmica principal es la Agricultura, ganaderia,
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caza y selvicultura; con 5399 ha de explotaciones (siendo 5194 en propiedad), 658 ha
son tierras labradas, 1380 ha destinadas a pastos permanentes, 1273 ha de especies
arboreas forestales y 2089 de otras tierras no forestales. De las 131 explotaciones
agricolas, 118 tienen menos de 5 ha, 568 ha estan destinadas a herbaceas y 89 a viiiedo.
Las unidades ganaderas del municipio ascienden a 88 bovinos, 234 ovinos, 24 caprinos,
178 porcinos, 24 equinos y 13 aves. Ademas, son cinco los cotos de caza del municipio,
privados, y que abarcan un total de 6191.7 ha. Ayo6 también cuenta con 13.50 ha de
superficie de la Red Natura 2000, bajo la denominaciéon de Lugar de Interés

Comunitario (LIC) Lagunas de Tera y Vidriales (VV.AA., 2013).

2.3.2. Caracteristicas fisicas del entorno

La superficie de matorral mixto analizada se encuentra entre las 25 ha
correspondientes a la zona B del proyecto LIFE+ Operation CO,: Integrated
agroforestry practices and natura conservation against climate change cuyo objetivo
principal es demostrar la viabilidad de los proyectos forestales y agroforestales en el

secuestro de carbono en Europa; enmarcado en las siguientes condiciones ambientales:

En términos de clasificacion, el clima de la zona de Ayod de Vidriales puede
enclavarse dentro del tipo Mediterraneo Templado, que por otro lado es el tipo climatico
predominante en la totalidad de la provincia. El régimen de precipitaciones, sin
embargo, es algo mas humedo de lo normal para este tipo climatico que seria de unos
440 mm/afio, alcanzandose en la zona precipitaciones de unos 850 mm/afo. La
caracterizacion agroclimatica de la zona la asigna un tipo de verano “maiz”, M; un tipo
de invierno “avena fresco”, av; y un régimen de humedad es “Mediterraneo seco”, Me.
Esta caracterizacion agroclimatica tomada del Mapa de Cultivos y Aprovechamiento de
la Provincia de Zamora (MAPA, 1984) hay que considerarla con la puntualizacién de la
altura mayor de Ayoo de Vidriales con respecto a la comarca en la que se enclava, es
decir de Benavente y los Valles, de clima mas benigno. El indice de potencialidad
agroclimatica de L. Turc para el secano es de 12, siendo para el regadio de 32. En
cuanto a las heladas, las temperaturas por debajo de los 0° C, son muy habituales,

comenzando generalmente en octubre y finalizando sobre el mes de mayo.

Geologicamente, pertenece al Mioceno (era del Cenozoico, periodo Terciario y
subsistema  Neogeno), piso  Pontiense-Vallesiense-Vindoboniense  superior,

correspondiente con una litologia de arcillas, arenas y conglomerados (Hoja 269-
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Arrabalde, del Mapa Geologico Nacional (MAGNA) del Instituto Geoldgico y Minero
de Espafia, IGME).

El suelo esta dentro del Orden de los Inceptisoles, caracterizados por ser suelos jovenes,
en evolucion, poco meteorizados y que comienzan a mostrar el desarrollo de los
horizontes de los que se componen. El suborden de estos suelos es el Ochrept, pues
tiene un epipedon umbrico, mientras que el subgrupo es el Xerochept debido a su
régimen de humedad xérico. (Mapa de suelos para Espafia del Sistema Espafiol De
Informacion de Suelos (SEISnet), basado en las claves de Taxonomia de Suelos del

United States Department of Agriculture, USDA).

2.3.3. Flora

La importancia de la vegetacion radica en el papel que desempetia este elemento
como productor primario de casi todos los ecosistemas, asi como en sus importantes
relaciones con el resto de los componentes bidticos y abiodticos del medio, tanto en si
misma como por ser un componente relevante de los ecosistemas y del paisaje. Ademas,
mejora la estructura y porosidad del suelo, favoreciendo la infiltracién y reduciendo la

escorrentia y la evaporacion.
Vegetacion potencial

Las series de vegetacion indican todo el conjunto de comunidades vegetales o
estadios que pueden hallarse en unos espacios teselares afines como resultado del
proceso de la sucesion, lo que incluye tanto las cualidades mesologicas, geograficas y
floristicas de la asociacion representativa de la etapa climax o cabeza de serie, como las
de las asociaciones iniciales o subseriales que pueden reemplazarla. Siendo la
vegetacion potencial la comunidad vegetal estable que existiria en un area dada como
consecuencia de la sucesion progresiva, sobre todo si el hombre dejase de alterar los

ecosistemas naturales terrestres (Rivas-Martinez, 2004).

Cada serie estd caracterizada por el piso bioclimatico, la vegetacion azonal y la
region, siendo: la zonificacion en funcién del gradiente término altitudinal, la
vegetacion que se desarrolla cuando las condiciones del suelo (salinidad, yesos, etc.)
predominan sobre el resto de las condiciones ambientales del lugar, y un territorio
extenso con especies, géneros e incluso familias propias, respectivamente. La zona de

estudio se encuentra en el piso supramediterraneo, al que se le atribuye una temperatura
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media anual de 13° C a 8° C, la temperatura media de las minimas del mes mas frio de -

1°C a -4°C, la temperatura media de las maximas del mes mas frio de 9°C a 2°C, el

indice de termicidad (T+m+M) de 210 a 60 y heladas entre los meses de septiembre a

junio. Presenta a su vez una vegetacion azonal de series climatoéfilas, dentro de la region

mediterranea. Con estas caracteristicas, pueden darse tres tipos de series de vegetacion

diferentes (Rivas-Martinez, 1987):

- Serie supramesomediterranea salmantina y orensano-sanabriense subhiimeda silicicola
de Quercus pyrenaica (roble melojo). Genisto jalcatae-Querceto pyrenaicae sigmetum
(serie 18e).

- Serie supramesomediterranea salmantina lusitano-duriense y orensano-sanabriense
silicicola de Quercus rotundijolia (encina). Genisto hystricis-Querceto rotundijoliae
sigmetum (serie 24b).

- Serie supramesomediterrdnea carpetana occidental, orensano-sanabriense y leonesa
himedo-hiperhtimeda silicicola de Quercus pyrenaica (roble melojo). Holco mollis-

Querceto pyrenaicae sigmetum (serie 18b).
Vegetacion actual

El area elegida tiene una vegetacion mixta de matorral, cuyas especies
predominantes son Erica arborea L. (Ea) y Cistus ladanifer L. (CI), propuestas por
Rivas Martinez como vegetacion potencial en las series de vegetacion de la zona: E.
arborea, Db, 5g, 5h, 8a, 8d, 9a, 9b, llb, 16a, 16b, 16e, 17, 18e, 18d, 18h, 21a, 21e, 23a,
23b, 23e, 25, 35 y C. ladanifer, 24a, 24b, 24e, 24d.

Entre la vegetacion arbdérea encontramos Pinus pinaster Aiton (variedad
mediterranea, xerdfila, ocupa terrenos desde el nivel del mar hasta los 1900 m de
altitud, en terrenos siliceos y calizas); Quercus pyrenaica Willd (especie ibérica por
excelencia, exclusiva de terrenos siliceos de montafia en la mitad Oeste de la Peninsula,
medra en laderas y paramos desde los 800 a los 1700 m y resiste la sequia estival, el frio
intenso y las heladas tardias. Valor protector muy elevado por desarrollarse a menudo
en terrenos pobres. De interés paisajistico por su crecimiento rapido y vital, sobre todo
en monte bajo y una vez que los brinzales enraizan bien; Quercus ilex subsp. ballota
(Dest.) Samp. —muy extendida en terrenos continentales por la Peninsula Ibérica—

(Figura 8). En estas formaciones de encinares cabe destacar que los inicos que aparecen
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en la zona estudidada, de forma pura y con un desarrollo 6ptimo, son los que se

encuentran en el paraje denominado “Monte Cocho”.

Figura 8. De izquierda a derecha y de arriba abajo: Yema y ramilla de Pinus pinaster, hoja de
Quercus pyrenaica, enves foliar de Q. ilex subsp. ballota, capsulas y planta de Cistus psilosepalus,

Halimium atriplicifolium, Halimium sp., Genista tridentata, Rosa sp. y muestra de Thymus sp.
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Entre la vegetacion arbustiva y de matorral, ademas de las dos especies bajo
estudio, encontramos: brezo comun, Calluna vulgaris; brezo bermejo, Erica cinerea,
brezo de escobas, Erica scoparia; carpazo, Cistus psilosepalus Sweet (en suelos frescos,
vaguadas y torrenteras; frecuentemente asociado a Erica lusitanica), jara blanca
Halimium atriplicifolium (Lam.) Spach (también llamada jara del diablo, sobre terrenos
siliceos, aunque tolera también los calizos); carquesa o carqueja, Genista tridentata L.,
(=Chamaespartium tridentatum), usual en terrenos siliceos y en bosques aclarados de
pinos o alcornoques; Rosa sp., frecuente en setos y espinares, orlas forestales y bosques;
generalmente en suelos frescos y ambientes con cierta humedad; desde el piso colino al
subalpino, pisos meso- y supramediterraneo; tomillo comin, Thymus sp.; y Satureja
intricata Lange, que aparece en tomillares y matorrales pulvinulares de los paramos y

montafas interiores de clima mediterraneo duro y continental (Figura 8).
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2.4. MARCO DE REFERENCIA. ESTADO DEL CONOCIMIENTO SOBRE
LAS CARACTERISTICAS Y APROVECHAMIENTO DE LAS ESPECIES
ARBUSTIVAS OBJETO DE ESTUDIO

2.4.1. Sumideros de carbono

La capacidad de fijacion de CO, por el matorral no es un area de estudio rica en
antecedentes. La mayor parte de los existentes proceden de publicaciones de los
Departamentos de Ingenieria Agricola y Forestal (Hernandez, Martin y Ruiz, 2007) y
Ciencias Agroforestales (Moyano y Charro, 2007) de la Universidad de Valladolid; del
Grupo de Investigacion de Estudios Funcionales de Ecosistemas Mediterraneos de la
Universidad de Extremadura (Alias-Gallego, 2009; Garcia-Rosa ef al., 2014), del grupo
de investigacion formado por Montero, Alonso, Ruiz-Peinado et al. (2002, 2005a,
2005b) y del grupo de Fisica Aplicada de la Universidad de Granada (Kowalski ef al.,
2003, 2006, 2008). La mayor parte, corresponden a especies arboreas y solo unos pocos

a matorrales. En dichos estudios esta representada C. ladanifer pero no E. arborea.

La importancia relativa de los matorrales en su funcién como sumidero resulta
evidenciada de la comparacion de los datos obtenidos para Pinus sylvestis L. del monte
de Valsain, con los de la Sierra Suroeste de la provincia de Badajoz: 461,9 tCO,/ha
(Montero et al., 2004) para la especie arborea y 25,32 tCO,/ha para los jarales
extremenios (Alias et al., 2009). Si comparamos porcentualmente la capacidad de
fijacion anual, el pinar fija 9,65 tCOy/ha/afio, mientras que los jarales estudiados 1,26
tCOy/ha/ano. En este caso, lo que se fija por ha y afio en los jarales estudiados es un
13% de lo que fija en el pinar. Por tanto, a pesar de ser cantidades inferiores no deben
desestimarse estos porcentajes relativos a ecosistemas y formaciones vegetales a priori

mas importantes en términos absolutos.
2.4.2. Combustibles solidos

La preocupacion por el uso de combustibles fosiles —no renovables— como
principal fuente de energia ha ido incrementando a lo largo del tiempo, lo que ha
llevado a investigadores, industria y agencias gubernamentales a desarrollar una fuerte
investigacion sobre el uso de recursos energéticos alternativos y renovables como lo es
la biomasa. Obtener energia a través de la biomasa es una de las opciones mads
prometedoras de energia renovable y uno de los principales objetivos en Europa debido
a sus implicaciones ambientales positivas (EU, 2011). Debido a esto, muchos paises

europeos estan desarrollando el uso de pellets o briquetas de madera para el suministro
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de energia a nivel local y muchas industrias estan viéndose forzadas a reemplazar los
combustibles fosiles por biomasa, neutral en cuanto a emisiones de CO;, y por tanto,

creandose un interesante mercado para pellet.

En nuestra region, la jara (C. ladanifer) y el brezo (E. arborea), son dos
matorrales muy comunes y atractivos para este mercado incipiente debido al elevado
volumen disponible de estas formaciones vegetales, sin embargo, no se suelen usar en la
fabricacion de pellets. Teniendo en cuenta la problematica que los incendios forestales
suponen en Espafia, la posibilidad de prevenir incendios sacando carga de combustible
del monte es una de las principales acciones preventivas de incendios, que dificilmente
se realiza debido al coste que ello supone, pero que podria ser compensado si esta
vegetacion arbustiva tuviera un valor comercial. El uso del sotobosque para la
fabricacion de pellets y briquetas transformara la concepcion que se tiene de éste,
dejando de ser considerado un problema a eliminar del bosque para convertirse en
energia renovable. No obstante, para que la biomasa pueda ser utilizada como una
fuente de energia alternativa, sus propiedades fisicoquimicas deben ser caracterizadas y
para ello es necesaria mas investigacion al respecto. Desconociendo estas propiedades,
no se puede desarrollar un buen disefio ni una seleccion Optima de equipos e

instalaciones para el tratamiento, almacenamiento y uso de la biomasa.

De los dos arbustos bajo estudio, el que presenta mayor potencial de rentabilidad
es el brezo, E. arborea, cuyo poder calorifico ha sido clasificado como el mas alto de
todas las especies perennes de madera dura del arco mediterraneo (Barboutis y Lykidis,

2014).

Dado que corteza y madera de C. ladanifer y de E. arborea presentan diferencias
en su estructura quimica, poseeran diferentes propiedades, especialmente en aquellas
relacionadas con su potencial aplicacion como combustibles. Esta distincion es
importante ya que la corteza de las especies perennes de madera dura generalmente
presenta mayor contenido en ceniza que la madera, siendo un 2% el umbral de
contenido de ceniza establecido por la Organizacion Internacional de Normalizacion en
la norma internacional ISO 17225-2:2014, la cual ha sustituido a la norma europea EN
14961-2 sobre pellets de madera para uso no industrial (Consejo Europeo del Pellet,
2011). En la reciente normativa, el poder calorifico neto requerido (NCV) o el poder
calorifico inferior (LHV) es >16.56 kJ-g™' y el valor calorifico mayor (HHV) >18.82
kJ-g’.

38



2.4.3. Precursores de productos de alto valor afiadido en Medicina y Cosmética
2.4.3.1. La oleorresina ladano

El ladano se obtiene al hervir las hojas y las ramas tiernas. Presenta un contenido
relativamente alto de ambrox (olor a &mbar) y, por lo tanto, es apreciado en perfumeria

como sustituto del ambar gris, procedente del cachalote, especie en peligro de extincion.

En el Génesis (37:25) se indica: “Y levantando los ojos divisaron una caravana
de ismaelitas que venian de Galaad, con camellos iban cargados de almaciga,
sandaraca, lddano, bdlsamo y cascara resinosa, e iban bajando para llevarlo a Egipto”

Los egipcios utilizaron el ladano, en los procesos de embalsamamiento.

También en el Génesis (43:11) esta escrito: “Entonces su padre Israel les dijo: Si
asi tiene que ser, haced esto: tomad de los mejores productos de la tierra en vuestras
vasijas, y llevad a aquel hombre como presente un poco de balsamo y un poco de miel,

resina aromdtica, mirra, nueces y almendras”.

Herddoto de Halicarnaso (484 a.C - 425 a.C), historiador y geografo griego; (111,
112): “Aun tiene mds de extraiio y maravilloso la droga del lédano o ladano como los
drabes lo llaman, que nacida en el mas hediondo lugar es la que mejor huele de todas,
cosa extrania por cierto va criandose en las barbas de las cabras y de los machos de
cabrios de donde se les extrae a la manera que del moho de los troncos de los arboles.
Es el mas provechosos de todos los ungiientos para mil usos, y de él, muy especialmente
se sirven los arabes para sus perfumes”. De hecho, la bola del lddano recogida
directamente en la planta o bien al peinar el pelo de las cabras, recubierta con musgo y

ambar se convirtid, en un codiciado ambientador natural para los arabes.

En el Dioscorides leemos: "Es una mata que crece a la manera del cisto empero
produce mas luenga y negras las hojas, sobre las cuales se recoge cierta grasa y
unctosa viscosidad, a la prima vera. Untado con vino, disminuye la fealdad de las

cicatrizes. Instilado con agua y miel, o con azeyte rosado, sana el dolor de oido".

Segun Andrés Laguna: "Esta especie de cisto que aqui describe Dioscorides de la
cual se coge el liquor de las boticas llamado ladano, y laudano, es aquella planta muy
pegajosa, que en castilla tiene por nombre xara. Escribe Plinio el Viejo que se coge de
la yedra cierto liquor, del cual suele hazerse el ladano. Empero aqueste error, como
tengo ya declarado, procede de la semejanza de los vocablos, porque cisto nos significa

xara y cisso por otra parte yedra, de suerte que tomo el uno por el otro".
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Francisco Suarez de Ribera (1548-1617) lo ilustr6 como el fruto en polvo de la
jara cura la disenteria o la diarrea; y el cocimiento de las cortezas cura las
hemorragias del aparato respiratorio o la leucorrea, sofocacion uterina e incluso cura

las encias ulceradas por el escorbuto.

Aunque ya no se usa, el ladano se tomaba en jarabes para la tos. También fue
usado en la preparacion de linimentos, pomadas y emplastos para el tratamiento de
dolores reumaticos. Encontr6 utilizacién para combatir sintomas de gastritis y otras
patologias del sistema digestivo y, asimismo, fue utilizado como sedante en el
insomnio, la ansiedad e histeria. Otra aplicacion, ciertamente curiosa, lo fue en el
tratamiento de la tosferina: la planta de jara se cortaba y era colgada boca abajo en el

dormitorio del enfermo.
2.4.3.2. Esencia de jara

La esencia de jara se obtiene a partir de la destilacion de la planta y se convierte
en un subproducto muchos mas puro y ecoldgico que la bola de ladano al no tener

ningun afiadido en su elaboracion.
2.4.3.3. Aceite de jara

El aceite de C. ladanifer es rico en monoterpenos (67%) y sesquiterpenos (20%) y
pobre en en diterpenos (3%). Los componentes principales son a-pineno
(broncodilatador), trans-pinocarveol, acetato de bornilo, 4-terpineol and camfeno
(monoterpenos); viridiflorol (emulador de estrogeno, también encontrado en propolio),
ledol y globulol (alcoholes sesquiterpénicos); y 15-nor-labdan-8-ol (diterpeno) (Gomes,
2005; Giilz et al., 1984; Verdeguer et al., 2012).

2.4.3.4. Extractos de brezo

E. arborea contiene muchos compuestos activos, tales como flavonoides,
monoterpenos, triterpenoides, glucdsidos fenilpropanoides y taninos condensados.
Ademads, extractos de la planta utilizados en Farmacia son considerados
antiinflamatorios, antioxidants y analgésicos. De hecho, se considera que en la
composicion de la corteza (con hojas) se encuentran triterpenoides, tales como friedelin,

lupeol, betulina y &cido ursélico (Khassan, 1977; Hegnauer, 1962).
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2.4.3.5. Aceite de brezo

Segun Bessah y Benyoussef (2014), el aceite esencial de las hojas de E. arborea
de origen argelino y destilado en agua (d=0.8587; [a] +2°44'), contiene 75
componentes, entre los que se encuentran como principales constituyentes: el acido
palmitico (33.3%), el (Z,Z,2)-9,12,15-octadecatrien-1-ol, un alcohol graso (6.6%) y el
nonacosano, un hidrocarburo de cadena lineal (6.1%). Otros componentes, presentes en
proporciones mas bajas, son el alcohol B-fencilico, B-cariofileno, B-bourboneno,

eugenol, ionol, geranil acetona and germacreno D.

2.4.3.6. Cerveza de brezo
De aroma intenso, afrutado y floral. Robert Louis Stevenson, en el poema Heather
Ale, dedicado a la cerveza de brezo que elaboraban los pictos, aparecen los siguientes
Versos:
«De las campanillas del brezo
lograron una bebida excelente

mucho mas dulce que la miel
y mds fuerte que el vino...».

2.4.3.7. Miel de brezo
La miel de brezo es muy apreciada por su gusto acido y aromatico. Debido a su
riqueza en hidroquinona, es un antiséptico urinario. También sirve para un cuidado

preventivo de la prostata y tiene uso contra anemias por su riqueza en hierro.

2.4.4. Precursores de combustibles liquidos: furfural e hidroximetilfurfural

Una interesante posibilidad de valorizacion de la biomasa de las especies
arbustivas Cistus ladanifer y Erica arborea pasa por su transformacion en biodiesel. De
cara a esta valorizacion, la hemicelulosa es la fraccion mdas prometedora ya que su
hidrolisis es mas sencilla, facilitando la obtencién de los aldehidos furfural e
hidroximetilfurfural (precursores de los combustibles liquidos) en condiciones mas

suaves y mediante procesos relativamente cortos.

En la presentacion del estado de conocimiento sobre los bioproductos bajo
consideracion so6lo nos ocuparemos de los antecedentes sobre los procesos de
transformacion de la biomasa arbustiva a furfural e hidroximetilfurfural, y no al de las
reacciones de condensacion aldolica e hidrogenacién que llevan a los combustibles
liquidos. Sin embargo, si haremos hincapi¢ en los productos derivados de furfural e

HMF.
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2.4.4.1. Furfural (2-furfuraldehido).

Es el tercer biocombustible que puede ser directamente utilizado en motores
diésel. Viene produciéndose desde 1922 (cuando Quaker Oats obtuvo la patente de su
produccion) a partir del bagazo de la cafia de azicar, cascarilla de arroz o de biomasa no

alimentaria.

Actualmente, se producen 250.000 t/afio y constituye, hoy por hoy, el tnico
compuesto quimico orgédnico insaturado preparado a partir de hidratos de carbono. Su
sintesis conlleva la hidrolisis en medio acuoso acido y a alta temperatura de la
hemicelulosa contenida en residuos agricolas y forestales, el 25% de cuya composicion
son polisacaridos de D-xilosa (xilosanos). No obstante, en disolucidon se encuentran
presentes hexosas susceptibles de producir 5-hidroximetil-furfural y posteriormente, el

acido levulinico.

A partir de furfural se producen una variedad de compuestos de interés industrial
tales como alcohol furfurilico, furfurilamina, acidos furoico y furanacrilico, furano y
tetrahidrofurano. Constituye, ademas, una unidad base (building block) para obtener
moléculas mdas complejas tales como difurfuril diamina y ésteres de acido
difurfurildicarboxilico, a partir de los cuales pueden obtenerse monomeros para la

fabricacion de poliamidas y poliésteres, respectivamente.

La mayor parte del furfural se utiliza como disolvente en el refinado de aceites
lubricantes y en la preparacion del nylon, junto con el alcohol furfurilico, en
condensaciones con formaldehido, fenol, acetona o urea, para obtener resinas con
excelentes propiedades para su termoconformado, alta resistencia a la corrosion, bajo
peligro de incendio y muy buena resistencia fisica, que se usan extensamente en la

industria de la fundicion como machos para moldes de alta calidad.

2.4.4.2. Hidroximetilfurfural y derivados.

El hidroximetilfurfural (HMF) es un derivado de un furano con un grupo alcohol
y un grupo aldehido y que se forman por descomposicion térmica o deshidratacion de
los glucidos. La coloracion anaranjada o rojiza que adquiere el melocoton maduro se
debe a la formacion de HMF a partir de fructosa. La miel reciente contiene 1-5 mg
HMF/kg de miel y la miel envejecida, hasta 40 mg/kg miel. Las uvas pasas pueden
contener hasta 100 mg/kg de HMF. A partir del HMF se pueden obtener 4 acidos
dicarboxilicos (maleico, malico, succinico y malonico) y acido glicédlico. De hecho, el

grupo de investigacion de Tecnologias Avanzadas Aplicadas al Desarrollo Rural
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Sostenible (TADRUS) de la Universidad de Valladolid, es capaz de obtener al 100%
acido levulinico a partir de fructosa pura. Hoy en dia, HMF y dacido levulinico son
consideradas especies quimicas muy versatiles y compuestos potenciales para la

produccion de biocombustibles.

El HMF se puede convertir en 2,5-dimetilfurano, que es un liquido
biocombustible que se puede utilizar como aditivo para sustituir a los alcoholes. Entre
sus derivados se encuentran los 4cidos delta-amino levulinico, difendlico, succinico, y
derivados como 1,4-butanodiol. Es un precursor del nylon, cauchos sintéticos y
plasticos y también del metiltetrahidrofurano (biofuel utilizado como aditivo del
petréleo, producido via hidrogenacion del acido levulinico o del furfural) y del ester
levulinato de etilo (aditivo tanto del diésel como del petrdleo y producido por

esterificacion del alcohol con acido levulinico).

2.4.5. Precursores para materiales compuestos: microfibras de celulosa como
particulados

Debido al répido incremento de los problemas ambientales, los polimeros
biodegradables y biocompatibles se utilizan cada vez en mayor cantidad. Los
bioplésticos nacieron de la inquietud de dar soluciéon a los impactos ambientales
generados por los residuos de plastico, y a reducir, a corto y medio plazo, la
dependencia del petréleo como recurso no renovable. Un bioplastico se define como el
material polimérico fabricado a partir de recursos renovables como azlcares, almidon,
celulosa, lactosa, patatas, cereales, melazas y otros, que no es fosil, se degrada con
rapidez, se puede comportar y se sintetiza con energia renovable. También se llama asi a
los sintéticos fabricados a partir de petréleo que son biodegradables. Asimismo, se
consideran bioplasticos las mezclas de ambos tipos de polimeros, como las de almidon
y policaprolactona, ya comercializados en algunos paises avanzados. Es importante
destacar que éstos materiales pueden procesarse utilizando técnicas convencionales tales

como extrusion y soplado.

Las aplicaciones de estos polimeros son multiples, desde carcasas de
computadoras, televisores, celulares, aparatos de musica, y productos como los envases
que generan un volumen importante de residuos como las botellas de bebidas, los films
para productos frescos y confiteria, las bandejas de polimero sobre la base de almidon

de maiz solubles en agua, hasta cintas adhesivas de celulosa modificada que puede
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usarse también como recubrimiento de bandejas de celulosa o almidon, films de
mezclas de Ecoflex con PLA (4cido lactico del maiz, ya granulado), y almidén para

envases de alimentos con atmosfera modificada.

Las propiedades mecanicas de los compuestos pueden cambiar con la
composicion quimica de las fibras. Las interfases juegan un rol importante en las
propiedades fisicas y mecénicas de los compuestos. Una buena adhesion a lo largo de la
interfase puede obtenerse a través de un mejor mojado de las fibras por la matriz
durante la fabricacion y también mediante enlaces quimicos entre ambos componentes.
La celulosa es un polimero hidrofilico que consiste en una cadena lineal de unidades de
anhidroglucosa con enlaces f-1,4 glucosidicos. La gran cantidad de grupos hidroxilo les
otorga a las fibras propiedades hidrofilicas. Cuando estas fibras se usan para reforzar
matrices hidrofobicas, el resultado es una interfase muy pobre y en consecuencia una
muy baja resistencia a la humedad y propiedades mecénicas menores a las deseadas. Por
lo tanto, los tratamientos quimicos de las fibras (celulosa) se vuelven importantes para
mejorar la adhesion fibra/matriz y, de esta forma, las propiedades de los materiales
compuestos obtenidos. El aumento de la compatibilidad entre la fibra y la matriz no s6lo
mejora la adhesion interfacial sino también el grado de dispersion del refuerzo dentro de
la matriz (haciendo mas fuertes las interacciones polimero-fibra que las fibra-fibra que

conducen a la aglomeracion) que es otro factor determinante de las propiedades finales.

Las micrografias SEM de la celulosa sin tratar suelen mostrar una morfologia
aglomerada en la que se pueden distinguir micro-fibras que conforman cada fibra
individual. En las micrografias de las fibras tratadas se puedo ver que a medida que el
tratamiento alcalino se hace mas agresivo, el diametro de las fibras disminuye (debido a

la separacion de las microfibras) y se dispersan.

En relacion con los materiales compuestos, se puede afirmar que la adhesion
fibra/matriz (de las fibras seleccionadas), suele mejorar respecto al de las fibras sin
tratar. Aun asi, las propiedades mecanicas de los compuestos solo alcanzan valores
optimizados cuando las fibras tienen la relacion de aspecto suficiente para actuar como
refuerzo de la matriz (es decir, cuando actian como propiamente fibras y no como
particulas). Las matrices que se han utilizado para la fabricacion de materiales
compuestos de celulosa abarcan termoplésticos, termoestables y cemento,

principalmente.
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Por otro lado, la parte medular en el desarrollo de este tipo de materiales es
mejorar la compatibilidad del material lignoceluldsico con las matrices utilizadas, para
lo cual, se utiliza una infinidad de métodos de modificacion superficial. Estos métodos
incluyen tratamientos alcalinos y &cidos y agentes compatibilizantes (i.e., silanos,
anhidridomaléico). Todas estas modificaciones superficiales tienen como objetivo final
el de mejorar las propiedades del material compuesto desarrollado. Al respecto se han
encontrado mejoras en algunas de las propiedades mecanicas de los materiales. Por
ejemplo, el mdédulo de Young aumenta con el contenido de fibras utilizadas, mientras
que, la resistencia a la tension del material compuesto disminuye. La disminucion en la
resistencia a la tension puede deberse a que, en los trabajos consultados, se utilizaron
fibras lignocelulosicas sin tratamiento, fibras cortas sin tener en cuenta el concepto de
longitud critica en el reforzamiento o fibras con tratamiento 4cido Gnicamente. Otra de
las propiedades que ha sido mejorada con las modificaciones superficiales es el esfuerzo
de corte interfacial, con mejoras superiores al 375% de esta propiedad al hacer
tratamientos superficiales a la fibra del bagazo de cafia en una matriz de poli(estireno)

(PS).

Las triquitas o nanowhiskers (CNWs, por sus siglas en inglés) y las microfibras de
celulosa representan un gran interés a los cientificos y tecndlogos hoy en dia, debido a
su naturaleza renovable, buenas propiedades mecanicas y una relacion
longitud/didmetro muy alta, lo que conduce a que presente un area superficial muy
grande, en comparacion con las fibras tradicionales. El modulo de elasticidad tedrico de
los CNWs materiales ha sido calculado en 167,5 GPa, por lo que se espera que su
capacidad de reforzamiento en matrices poliméricas sea excepcional. Las triquitas de
celulosa tienen tipicamente longitudes de cien a varios cientos de nandmetros y
diametros de entre 3-20 nm y, junto con las microfibras, son usualmente preparados por
hidrdlisis de fibras de celulosa. Ademas, se ha encontrado que en la obtencion de las
triquitas de celulosa, las dimensiones y la cristalinidad de éstas depende de las
condiciones de hidrdlisis (temperatura, concentracion de acido y tiempo de hidrolisis,

entre otros) y la fuente de celulosa que se haya empleado.

Respecto al tamafio de las triquitas es preciso decir que dependen del origen de la
celulosa: si es de origen bacteriano o marino (urochordata, tunicata,...) las triquitas son
mas largas, mientras que el uso de celulosa de madera nos conduce a triquitas mas

cortas.
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OBJETIVOS

En base a lo expuesto en la introduccion, se pretende caracterizar las propiedades
fisicas y estructurales de dos especies pirdfilas de matorral mediterraneo: Cistus
ladanifer y Erica arborea, dada su amplia extension en la Peninsula Ibérica, asi como el
aprovechamiento que se realiza de las mismas. Para ello, se ha estructurado la Tesis
Doctoral como un compendio de varias lineas de estudio individuales, que constan de
sus respectivos objetivos especificos y que han sido confeccionados como articulos para
su publicacion en diversas revistas internacionales especializadas.

De este modo, el primero de los objetivos principales consiste en la cuantificacion
del carbono contenido y su relacidon entre las partes aérea y radical (relacion root to

shoot). Como objetivos secundarios, enumeramos los siguientes:

Separacion de la biomasa en fracciones, cuantificacion y andlisis de su
distribucion, comparando la fisiologia de ambas especies y las diferencias

entre ambas.

Cuantificacion del porcentaje de carbono y nitrégeno contenidos en cada
fraccion, especialmente en la raiz debido a su omision en gran parte de los

métodos de estimacion de didxido de carbono fijado por la vegetacion.

Andlisis del comportamiento de ambas especies como sumideros de carbono

y su relevancia en la lucha contra el cambio climatico.

El objetivo principal que se persigue en la segunda linea de investigacion es la
caracterizacion de la madera de jara y de brezo para el estudio de las posibilidades

energéticas que €stas presentan. Los objetivos secundarios se enumeran a continuacion:
Correlacionar los célculos de poder calorifico superior y contenido de cenizas

de corteza y madera interna con otros métodos -directos e indirectos-

utilizados en la bibliografia.
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Analizar los diametros de las dos especies de matorral que permitirian su
valorizacion como combustibles bajo los requerimientos que establece la

normativa europea.

Como tercer objetivo se busca definir las propiedades fisicoquimicas de los
aceites esenciales de ambos matorrales. El objetivo particular de este estudio se define
en el siguiente punto:

Comparaciéon de los componentes quimicos principales de las fracciones en
que se ha dividido cada planta, entre ambas especies bajo estudio y entre los

aceites, gomas y resinas de otras especies con alto valor de mercado.

El proposito del cuarto y quinto objetivos son el fraccionamiento de la biomasa de
las dos especies arbustivas para obtener, por una parte, biocompuestos como furfural
(base quimica de herbicidas, fungicidas e insecticidas) e hidroximetilfurfural
(biocombustible para transporte) y por otra, microfibras cristalinas de celulosa para uso
como particulados/reforzantes de materiales compuestos. Los objetivos particulares

vinculados son:

Fraccionamiento y valorizacion de los componentes de la biomasa.

Producciodn de furfural e hidroximetil furfural.

Estudio de la cristalinidad de microfibras de celulosa para su utilizacion en

materiales compuestos.
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MATERIAL Y METODOS

Se recapitula brevemente el conjunto de métodos seguidos en la elaboracion de
cada articulo cientifico.

4.1. PREPARACION DE MUESTRAS

Muestras de ambas especies de Cistus ladanifer y Erica arborea fueron recogidas
atendiendo a que los individuos seleccionados estuvieran sanos y tuvieran
caracteristicas similares al resto de la poblacion. Posteriormente, se procedio a su apeo y
a la extraccion de la parte subterranea: ambas partes (aérea y radicular) se separaron
mediante una sierra y, siguiendo el procedimiento de Ruiz-Peinado ef al. se extrajo el
sistema radical con la ayuda de un tractor con un pico acoplado y unas piquetas para
completar el trabajo manualmente (Figura 9). Para cada planta, se excavo un circulo
alrededor con un diametro equivalente a dos veces su corona; ademds del grueso de la
raiz, se recogieron aquellas que permanecian en el agujero. Las muestras se trasladaron
integras a laboratorio (instalaciones de la ETSIIAA de la Universidad de Valladolid,
Espana) donde, valiéndose de un calibre (Figura 9), se separaron por fracciones y
pesaron en verde. En el caso de Cistus ladanifer fueron clasificadas en hojas, frutos,
ramas finas (con un didmetro comprendido entre 3 y 7 mm), materia gruesa (de 7-17
mm de didmetro) y raices. Por otro lado, Erica arborea, dada su morfologia y la
imposibilidad de separacion de las hojas, se dividido en cuatro fracciones: hojas con
flores y frutos, materia fina (<1 cm), materia gruesa (<5 cm) y raices, de acuerdo con
Mello et al. Ademas, para la valorizacion de Cistus ladanifer y Erica arborea como
combustible se diferencid la madera interna y externa de tallo y raiz (Ver 5.2.
Valorization of C. ladanifer and E. arborea shrubs for fuel: wood and bark thermal

characterization).
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Figura 9. Muestra de jara tras su extraccion y proceso de clasificacion de las fracciones.

Se determiné empiricamente el contenido de materia seca (biomasa) mediante la
extraccion de submuestras de cada fraccion (Figura 10). Las fracciones de las partes
aéreas se secaron en estufa a una temperatura de 102+2°C hasta peso constante,
momento en el cual se considera que el contenido de agua es nulo. La parte radical,
debido a su envergadura, fue pesada una vez su humedad se equilibré con el ambiente
(seco al aire) y se contrasto el resultado con el de una fraccion de la misma secada en
estufa. Posteriormente, cada fraccion se pasé por un molino de cuchillas y otro de bola y
se tamiz6 para obtener polvo de 1 mm (Figura 10). Los frutos de la jara y los elementos
gruesos del tallo requirieron de una prensa hidraulica, dada la resistencia de su

estructura al molido.

Figura 10. Submuestras seleccionadas antes y después de la pulverizacion
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4.2. METODOLOGIA PARA EL ANALISIS DEL MATORRAL
MEDITERRANEO COMO SUMIDEROS DE CARBONO Y PARA EL
CALCULO DE NUEVAS RELACIONES ROOT-TO-SHOOT
La determinacion de la concentracion tanto de carbono como de nitrégeno se ha

determinado con el analizador LECO CHN-2000 (LECO Corp., Saint Joseph, MI,

USA). Para el calibrado del analizador se prepararon cuatro repeticiones de 0.09 a 0.12

g de acido etilendiaminotetraacético al 99% (CAS No. 60-00-4), adquirido a Alfa Aesar

(Thermo Fisher (Kandel) GmbH, Karlsruhe, Germany); mientras que el peso de las

muestras de jara y brezo se mantiene constante, 0.10 g en la bascula de precision. Se

envuelven de forma individual en ldminas de estafio y se les da forma de esfera,
posteriormente se colocan en un muestreador automatico que las va introduciendo en el
equipo. El sistema automatizado realiza la combustion de las muestras a una
temperatura de 900°C, tras lo cual recoge los productos restantes de la combustion

(CO,, HyO, Oy, Ny and NOy). Los niveles de CO, y H,O se monitorizan con dos

detectores infrarrojos —selectivos y no dispersivos— independientes, y el N, se

determina mediante un detector de conductividad térmica. El aparato ofrece de forma
directa los resultados con el peso compensado, dando el porcentaje de contenido de

carbono y nitrogeno de cada fraccion (Figura 11).
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Figura 11. Lamina de estario en balanza de precision y equipo LECO CHN-2000

El ratio root-to-shoot (R) fue definido en 2006 por el IPCC, siendo la relacion
entre la biomasa de la parte subterranea o radical (root) y la de la parte aérea (shoot). Se
ha considerado la parte aérea como el sumatorio de hojas, ramas finas y materia gruesa.
Las ecuaciones para obtener el valor de R pueden variar de proyecto a proyecto,

variando segun especies, fase de crecimiento y el lugar, por lo que los célculos se han
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realizado, al igual que Sanquetta et al., bajo condiciones especificas e idénticas para las
muestras de las dos especies consideradas.

La espectroscopia infrarroja con transformada de Fourier (FTIR) es una técnica
analitica para la caracterizacion no destructiva de muestras bioldgicas. Se ha recogido el
espectro FTIR en transmitancia directa de hojas, materia fina, materia gruesa y raices de
C. ladanifer y E. arborea, utilizando un espectroémetro Thermo Nicolet iS50 (Thermo
Fisher Scientific, Waltham, MA, USA) y aplicando el método de pellets de bromuro
potasico (KBr). Estos se obtenian mezclando 1.0 wt% de muestra en 200 mg de KBr en
polvo e introduciéndolo en un troquel especifico para la formacion de los pellets de 13
mm de diametro; se forman en una prensa, aplicando el vacio con una fuerza de

aproximadamente 8 toneladas durante varios minutos (Figura 12).

Figura 12. Preparacion de una muestra en mortero tras su pesado (extremo superior izquierda), ejemplo
de pastilla de muestra KBr (izquierda inferior), prensa utilizada en la formacion de los pellets y equipo
utilizado

Los espectros se recogieron en el rango del infrarrojo medio (4000-400 cm™") con
una resolucion espectral de 4 cm ' y tomando 32 lecturas por muestra. Se realizaban
escaneres denominados background en intervalos de 60 min para un ajuste adecuado y
la correccion de los registros. Para ello se utiliz6 una pastilla de KBr puro, para asi
corregir tanto las pérdidas por dispersion de la luz infrarroja en cada pastilla como la
humedad absorbida por el KBr (Figura 12). La informacion vibracional fue analizada
con el software OMNIC v.9.3.32 (Thermo Fisher Scientific), enfocando el estudio en la
region de la huella dactilar (1900-800 cm "), puesto que es donde suceden la mayor

parte de las variaciones de la absorcion infrarroja.
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4.3. METODOLOGIA PARA LA VALORIZACION DE CISTUS LAD,ANIFER
Y  ERICA ARBiORE{l COMO COMBUSTIBLES SOLIDOS:
CARACTERIZACION TERMICA DE MADERA Y CORTEZA
Se ha determinado el poder calorifico superior llevando de nuevo todos los

productos derivados de la combustion a la temperatura previa a la misma, y

condensando el vapor producido. Equivale al calor de combustion en termodinamica ya

que el cambio de entalpia debido a la reaccidon conlleva que la temperatura previa y

posterior a la combustion de los componentes sea la misma; por lo tanto, el agua

generada en la combustion se condensa a estado liquido, produciendo su calor latente de

vaporizacion.

La estimacion de biomasa y de los valores calorificos correspondientes pueden
obtenerse mediante métodos directos e indirectos; mientras que los métodos directos
implican la destruccion de la biomasa, los indirectos utilizan ecuaciones para estimar los

valores calorificos a través de las mediciones de otras variables (Bombelli ez al. 2009).

Los valores calorificos han sido determinados mediante un método directo,
implicando la seleccion, tala y extraccion de la biomasa de cada una de las especies, con
su consecuente combustion (Figura 13). A partir de las muestras recolectadas y
correspondientemente separadas por fracciones (Ver 4.1. Preparacion de muestras), se
ha determinado para cada especie el didmetro del tallo, el grosor de la corteza y los
porcentajes de madera y corteza. Tras la separacion de la corteza del tallo de madera y
su correspondiente medicion, se trituraron las muestras con una astilladora portatil. En
el caso de C. ladanifer, se seleccionaron dos grupos de individuos atendiendo al
diametro medio del tallo y la edad, de modo que hubiera en la muestra didmetros
superiores a la media de ejemplares mayores y mas robustos, con el fin de tener mayor
probabilidad de cumplir los requisitos de la norma ISO 17225-2 para contenido en

cenizas (ENplus-B class).

Los valores calorificos de las fracciones se calcularon mediante metodologias
diferentes, tanto indirectamente aplicando ecuaciones ya estandarizadas como
empiricamente. En primer lugar, el alto poder calorifico se calculd a través del analisis
elemental de las muestras de ambas especies, siguiendo la normativa del Instituto
americano de Tecnologia del GAS (IGT) propuesta por Talwalkar et al. en 1981;
posteriormente se calculd aplicando los porcentajes de holocelulosa y de la mezcla de

lignina y extractos aplicando los factores propuestos por Aseeva et al. (2005) y Kienzle
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et al. (2001) y, finalmente, de manera experimental en un calorimetro de bomba Par
1261 de isoperibol (Thermo Fisher Scientific, Waltham, MA, EE.UU.) siguiendo los
procedimientos sefialados en la norma BS EN 14918:2009.

Ademads, también se ha calculado experimentalmente la entalpia total de
combustion mediante calorimetria de barrido diferencial (DSC) y analisis

termogravimétrico con termoanalisis diferencial.

Figura 13. Proceso seguido en la determinacion del contenido de cenizas, siguiendo la metodologia
descrita en I1SO 18122:2015. En el extremo superior izquierdo, un fragmento del tallo previo al serrado,
a su derecha, una muestra de los discos obtenidos, en el extremo inferior izquierdo, crisoles en mufla y a

su derecha, en el desecador
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4.4. METODOLOGIA PARA EL ESTUDIO VIBRACIONAL Y TERMICO DE
LOS ACEITES ESENCIALES DE CISTUS LADANIFER Y ERICA
ARBOREA
La extraccion de los aceites esenciales se llevdo a cabo mediante la

hidrodestilacion de 100 g de hojas frescas de C. ladanifer y de E. arborea (Figura 14),

se recogieron, secaron bajo sulfato anhidro de sodio y almacenaron hasta su utilizacion.

A su vez, de forma alternativa se extrajeron suspendiendo la materia vegetal seca en

alcohol amilico. No obstante, para confirmar su pureza, se determin6 la composicion

por cromatografia de gases acoplada a un espectrometro de masas (GC-MS).

En cambio, los aceites de Rosa rubiginosa L. y de Elaeis guineensis Jacq., la
mirra del género Commiphora, masilla de Pistacea lentiscus L. y goma tragacanto de
Astragalus, utilizados como comparacion, se obtuvieron de manera comercial; al igual

que una muestra de aceite esencial de E. arborea.

Se estudiaron los espectros de vibracion en el infrarrojo medio a través de un
espectrometro con transformada de Fourier equipado con un sistema de reflexion total
atenuada (ATR), los andlisis termogravimétricos (TG) y calorimétricos de barrido
diferencial (DSC) —a alta temperatura— en un autoanalizador térmico simultaneo vy,

los registros DSC a baja temperatura en un calorimetro de compensacion de energia.

Figura 14. Muestra de la exudacion de C. ladanifer en campo
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4.5. METODOLOGIA PARA EL FRACCIONAMIENTO DE LA BIOMASA DE
CISTUS LADANIFER Y ERICA ARBOREA Y SU CONVERSION A
PRODUCTOS CON VALOR ANADIDO. CARACTERIZACION DE
AZUCARES, LIGNINA, FURFURAL, 5-HIDROXIMETIL FURFURAL Y
MICROFIBRAS CRISTALINAS DE CELULOSA
El material objeto de estudio son distintas fracciones de la biomasa de Cistus

ladanifer y Erica arborea: corteza de tallo, tallo interno, tallo externo, corteza de raiz,

raiz interna y raiz externa, con sus respectivas réplicas.
En primer lugar, se separan las huminas dada su insolubilidad en medio alcalino.

Para ello, se preparan las disoluciones con 20 mg de cada muestra y 2 mL de NaOH 0.1

M, dejandolas 24 h en un agitador (Figura 15). Para obtener las huminas, se decanta y

lava el s6lido obtenido (material A). Del residuo correspondiente a las muestras de tallo

de ambas especies (las de mayor interés para la obtencion de microfibras de celulosa) se

han obtenido imagenes por microscopia electronica de barrido (SEM).

Figura 15. Secuencia del tratamiento con NaOH: pesado de muestras, adicion de la base, proceso de
agitacion con la ayuda de imanes y resultado tras la digestion
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De las disoluciones anteriores se extraen 0.3 mL por muestra y se diluyen en
matraces de 10 mL, aunque al ser la concentracion elevada para su registro en el
espectrofotometro, se llevaron a 25 mL (Figura 18). El pH debe ser neutro, por lo que se
debe neutralizar con HCI si asi fuese necesario. Si al afadirlo aparece precipitado, la
muestra contiene acidos himicos, que, al ser insolubles en medio acido, precipitan. En
cambio, los acidos fulvicos si son solubles (material B). Para la obtencion del patron se
emplea glucosa, prepardndose varias disoluciones de distintas concentraciones que
abarquen el rango de absorciones mas amplio posible (30-200 mg).

Para el tratamiento de hidrolizacion de la biomasa del material B, se han seguido
las siguientes metodologias:

En disolvente eutéctico profundo (Deep eutectic solvent, DES) con digestion
asistida por microondas. Para la hidrélisis de la biomasa de C. ladanifer y E. arborea
se utilizd un disolvente eutéctico profundo, un liquido i6nico con base de cloruro de
colina-urea (Figuras 16 y 17). Se prepar6 agitando la mezcla de cloruro de colina y la
urea (relacion molar de 1:2) a 80 °C hasta que se formara un liquido incoloro
homogéneo, para almacenarlo después en un desecador al vacio. Posteriormente, se
afadio a las muestras de biomasa (200 mg) cloruro de colina/urea y 4cido nitrico al 10%
(8 mL), con 6xido de titanio como catalizador (20 mg) y se trataron en un sistema de
digestion por microondas —horno microondas Ethos-One de la casa Milestone
(Sorisole, BG, Italy), equipado con un sistema de agitador magnético— a 120 °C para
un tiempo comprendido entre 1 y 60 min. Las muestras se dejaron enfriar a temperatura

ambiente. A continuacion, el DES se elimind mediante lavado con agua.

Figura 16. DES a base de cloruro de colina y urea donde el cation [colina] " es energéticamente
energético con [Cl(urea),]”

En disolvente polar aprotico DMAc, con bicarbonato de sodio y aplicacion de
microondas. Como método alternativo al anterior, se utilizaron 8 mL de N,N-
dimetilacetamida (DMAc), un liquido de alto punto de ebullicidon, incoloro y miscible

en agua, con 40 mg de hidrégenocarbonato de sodio (NaHCO3) como agente para el
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tratamiento de la madera de C. ladanifer y E. arborea, siendo sendas muestras de
biomasa de 200 mg. Se aplicé el mismo procedimiento que con el disolvente anterior: se
le aplicaron microondas con un agitador magnético a 120 °C entre 1 y 60 min, las
muestras se dejaron enfriar a temperatura ambiente y se eliminé la DMAc mediante
lavado con agua.

En DMAc como disolventey metoxido de potasio asistido con microondas. Este
tercer método surge como tercer recurso electivo. El tratamiento hidrolitico de 200 mg
de biomasa de C. ladanifer y E. arborea consistio en una mezcla de 8 mL de DMAc y
40 mg de metdxido de potasio (utilizado cominmente como catalizador en la
transesterificacion en la produccion de biodiesel). El ion metoxido se prepard en
laboratorio haciendo reaccionar metanol e hidroxido. Tras ello, se tratd la solucion

como en los métodos previos.

Figura 17. DES cristalizado a temperatura ambiente y preparacion de muestras en horno microondas

4.5.1. Métodos de determinacion de azucares, lignina, furfural e
hidroximetilfurfural

La cuantificacién de azucares reductores se ha realizado mediante el método de
Miller utilizando el acido 3-amino 5-nitrosalicilico (DNS) como reactivo mas especifico
de una disolucion que contiene hidréxido sodico y tartrato sddico potasico (Figura 18).
La disolucioén se prepara mezclando 0.8 g de NaOH, 15 g de tartrato sédico potasico y
0.5 g de DNS y se completa con agua destilada hasta 50 mL. Para asegurar su
homogeneidad, se la mantiene 5 minutos en ebullicion. Después, es enfriada con agua y
hielo, se le afiaden 5 mL de agua para compensar el volumen evaporado y se deja 15
min de reposo. Con esta disolucion, que llamaremos DNS, se preparan mezclas 1:1 con

las muestras y disoluciones patron a analizar: usualmente, 0.5 mL de DNS y 0.5 mL,
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tanto de cada muestra como a las disoluciones patron. La determinacion de azucares
reductores en estas mezclas se realiza a través de la medicion de sus absorbancias por

lectura espectrofotométrica a 540 nm (rango visible del espectro).

La determinaciéon de azucares totales se ha llevado a cabo por el método de
Dubois et al. (Figura 18). Este método es llamado fenol-sulfirico porque en la
preparacion de las soluciones de medida se mezclan, en tubos de ensayo, 1-2 mL de
muestra, 1 mL de fenol (5%) y 5 mL de 4cido sulfurico concentrado (95.5%). Los tubos
de ensayo que contienen estas soluciones se colocan en una gradilla que se mantiene en
bafio termostatado, entre 25-30 °C, durante 10-15 min. Como muestra patrén, se ha
utilizado glucosa a distintas concentraciones. La medida espectrofotométrica de
azucares totales se realiza a 490 nm (rango visible del espectro), longitud de onda a la

que las hexosas y sus derivados metilados presentan absorcion maxima.

El contenido de azlcares no reductores fue calculado por diferencia entre los

porcentajes de azlicares totales y azucares reductores.

Figura 18. Extracto de la disolucion en NaOH en matraces para su registro espectrofotomético (imagen
superior), distintas coloraciones tras los métodos descritos, siendo Miller, Dubois et al. y Chi et al. de
izquierda a derecha, respectivamente (imdgenes inferiores).
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Para determinar lignina acida soluble, furfural e hidroximetil furfural (HMF), se
ha seguido la metodologia utilizada por Chi et al (2009) con borohidruro como
reductor (Figura 18). En primer lugar, se analizan los 4cidos fulvicos en la region
ultravioleta del espectro entre 200 y 400 nm con el fin de obtener las relaciones E2:E3,
utilizadas en la estimacion de la aromaticidad y el peso molecular, E2:E4 como medida
de la humificacion y E4:E6, como medida para determinar el caracter del carbon
organico disuelto (Peacock et al, 2014). Después de ello, se adicionan 30 mg de
borohidruro de sodio y tras 5 min, una pequefia cantidad de HCI. Las muestras patrén
consideradas son lignina, furfural y HMF, que presentan absorbancias mdximas a
longitudes de onda de 205 nm, 277 nm y 285 nm, respectivamente. No obstante, si las
concentraciones de furfural e hidroximetilfurfural son elevadas, resulta mas idoneo
medir la lignina 4cida soluble a 280 nm. El valor de la lignina sera el registro previo a la
reduccioén de borohidruro, mientras que el del furfural y HMF sera el de la diferencia

entre el valor previo y el posterior.

4.5.2. Tratamiento de cristalinizacion de la celulosa y medidas de accesibilidad y
cristalinidad

Muestras de tallo de C. ladanifer y de E. arborea (200 mg), secadas previamente
a 70 °C, fueron trituradas en un molino de cuchillas y se sumergieron en 4 mL de una
solucion de NaOH (25% p/v) durante 24 h a temperatura ambiente con agitacion
magnética vigorosa. Posteriormente, se lavaron las fibras alcalinizadas, primero con
agua corriente y mas tarde con agua destilada hasta eliminar toda presencia alcalina en
el lavado y finalmente, fueron dejadas en un desecador al vacio hasta tener un peso

constante. El lavado alcalino fue reciclado para evitar contaminacion ambiental.

Alternativamente, también se utiliz6 un liquido i6nico, un disolvente eutéctico
profundo (DES) con base de cloruro de colina y urea para la fibrilacion de la celulosa de
la madera de C. ladanifer y E. arborea. Se prepard el DES de cloruro de colina/urea
agitando la mezcla de cloruro de colina y la urea (relacién molar de 1:2) a 80 °C hasta
que se formara un liquido incoloro homogéneo, para almacenarlo después en un

desecador al vacio.

Posteriormente, las muestras de celulosa (200 mg) fueron tratadas con una mezcla
de cloruro de colina/urea y HNOs (1.8 mL) y TiO, como catalizador (20 mg) en un
sistema de digestion por microondas —en horno microondas Ethos-One de la casa

Milestone (Sorisole, BG, Italy), equipado con un sistema de agitador magnético— a
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120 °C durante 30 min. Las muestras se dejaron enfriar a temperatura ambiente. A

continuacion, el DES se elimin6 mediante lavado con agua.

Para determinar la cristalinidad a través de difraccion de rayos X (XRPD), se
utilizé un difractrometro D8 Advance Bragg-Brentano de Bruker (Billerica, MA, USA)
en geometria de reflexion empleando radiacion Cuk, (A=1.5406 A). Los difractogramas
se recogieron mediante exploracion continua en el intervalo 26=5-80°. El indice de
cristalinidad (Crl) se calculdo a través de la ecuacion de Segal et al, Cri=[1-
Lin/lo02]%100, donde oo, es la intensidad maxima de la dispersion cristalina en la
reflexion 002 (26=22.3° en la celulosa) y I, se corresponde con la intensidad minima o
“valle” entre los picos a 26=18° y 22° El indice de amorficidad (4ml) es,

evidentemente, AmI=1-Crl.

Los espectros vibracionales de los materiales fueron analizados en el rango 400-
4000 cm” mediante un espectrometro Nicolet iS50 FT-IR, de Thermo Scientific
(Waltham, MA, USA), equipado con un sistema incorporado de reflexion total atenuada
(ATR) con diamante. Las bandas de absorciéon a 1430 y 890 cm™ fueron las utilizadas

en el célculo del indice de orden lateral (lateral order index, LOI).

Las micrografias SEM fueron tomadas con un microscopio Quanta 200FEG de
FEI (Hillsboro, OR, USA) con detectores de electrones retrodispersados y emitidos
(BSE y S, equipado con un espectrometro Genesis dispersivo de energia de rayos X

(EDS). Las muestras analizadas no han sido metalizadas.

Las mediciones de absorcién de yodo se llevaron a cabo para comprobar la
accesibilidad de la celulosa, segun el método ASTM D4607-94. Se calculd el ISV o
valor de absorcion de yodo (mg) mediante la ecuacion ISV=[(a-b)*cx254]/w, donde a es
el volumen de solucion de hiposulfito de sodio control (mL) utilizado, b es el volumen
de soluciéon de hiposulfito de sodio consumido con las muestras (mL), ¢ es la

concentracion molar de hiposulfito de sodio (mol/L), y w es el peso seco de la muestra

()

62






5.RESULTADOS

63






5.1. PUBLICACION #1:

MEDITERRANEAN SHRUBLANDS AS CARBON SINKS FOR
CLIMATE CHANGE MITIGATION: NEW ROOT TO SHOOT

RATIOS (CARBON MANAGEMENT, 2017. DOI:
10.1080/17583004.2017.1285178)
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Abstract

Shrublands play an important role in the reduction of atmospheric CO, and contribute to the mitigation of
the effects of Climate Change, due to their ability to act as carbon sinks and the large expanses of land
involved. Two of the most representative shrub species in the Iberian Peninsula, Cistus ladanifer L. and
Erica arborea L., were studied in terms of biomass distribution and carbon and nitrogen contents in the
different fractions. With a view to fast and cost-effective estimation of radical biomass, a new procedure
for facile root-to-shoot calculation based on vibrational data was proposed, resulting in an excellent
agreement with the values obtained from conventional direct belowground and aerial biomass
measurements: 0.23 for C. ladanifer and 0.54 for E. arborea. Carbon sequestration, estimated at 45 and
73 t CO, eq-ha™ for C. ladanider and E. arborea, respectively, was subsequently determined. Since these
values are substantially higher than those of other shrubs, these two key species can be deemed as
particularly promising for ecological restoration and carbon offsetting.

Keywords: Cistus ladanifer L.; Climate Change mitigation; CO, sinks; Erica arborea L.; shrubland; root
to shoot ratio.
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Introduction

Under the right conditions, woodlands and
shrublands play an important role in the
reduction of atmospheric CO, due to their
ability to act as carbon sinks (Watson and
Noble 2002). However, the efficiency of the
activities aimed at this reduction should
maintain a positive balance between the
absorbed and released carbon, and the ability
to estimate these quantities and to gain insight
into the carbon dynamics should then be
regarded as essential requisites (Orellana-
Rivadeneyra et al. 2012). It is in this context,
the European Union is funding lines of
research (such as project “CO, Operation”,
sponsored by LIFE+ program) focused on
demonstrating the viability of forestry and
agroforestry carbon sequestration projects,
extending the (carbon credits) green economy
as an alternative for future development and
significantly contributing to the fight against
Climate Change.

At present, there are different approaches
to estimate biomass and carbon stocks in
forests, based on information from forest
inventories and referred to factors or biomass
equations.  These  formulas  transform
diameter, weight or volume data into carbon
or biomass estimates (Somogyi et al. 2007).

According to Montero, Pasalodos-Tato,
Montoto, et al. (2013), in Spain there is
abundant information on some tree species
(Ibafiez, Vayreda, and Gracia 2002, Montero,
Ruiz-Peinado, and Muiioz 2005, Ruiz-
Peinado, del Rio, and Montero 2011, Ruiz-
Peinado, Montero, and Del Rio 2012), but
that on bushes and thickets formations is
much more limited (Alias et al. 2015, Garcia
Rosa 2013, Blanco Oyonarte and Navarro
Cerrillo 2003, Castro et al. 1996, Navarro
2004, Cerrillo and Oyonarte 2006, Mendoza-
Ponce and Galicia 2010, Paton et al. 1997).
Ruiz-Peinado, Montero, and Del Rio (2012)
emphasized the importance of the role that
shrubs play in water-limited agro-silvo-
pastoral systems by providing shelter and
forage for livestock, controlling erosion,
maintaining biodiversity, diversifying the
landscape, and above all, facilitating tree
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regeneration. Early successional shrublands
have become dominant because of the
abandonment of agricultural fields and the
increase in wildfires frequency in recent
decades (Masalles and Vigo 1987).
Furthermore, the carbon sink capacity of
shrubs could also help to mitigate the effects
of Climate Change, since they account for a
high proportion of the total plant biomass
(Ruiz-Peinado, Montero, and Del Rio 2012).

Some studies have evinced the existence of
some variability in the carbon content not
only between species but also between
different biomass fractions (Montero,
Pasalodos-Tato, Montoto, et al. 2013, Garcia
Rosa 2013, Gayoso A and Guerra C 2005,
Lin, Liu, and Lin 2002, Alias Gallego et al.
2009), in spite of the fact that the overall
average approaches 50% —the mean value
proposed by Kollmann (1959) and accepted
by the IPCC-. Given the ecological role of
these formations and their size in the Iberian
Peninsula mountains, it is essential to quantify
the biomass, carbon and nitrogen content
differential ratios both at intra- and
interspecies levels.

The study presented herein focuses on two
of the most representative shrub species of the
Iberian Peninsula, namely Cistus ladanifer L.
and Erica arborea L. (Figure 1), which
occupy surfaces of over 2,100,000 ha and
2,400,000 ha, respectively (MAPAMA 2016).
They have a wide distribution, according to
the Spanish Forest Map (MAPAMA 2006)
and the Anthos Spanish Plants Information
System (Spanish Biodiversity Foundation and
Spanish Royal Botanic Garden 2011), and
also appear accompanying tree species, in
such a way that they have their own
codification in the Spanish National Forest
Inventory (MAPAMA 2016).
Phytosociologically, these species are very
important in pure Mediterranean shrublands,
in siliceous soils (Serrada, Montero, and
Reque Kilchenmann 2008), and Cistus
ladanifer has a relevant role as an animal feed
source (Serrada, Montero, and Reque
Kilchenmann 2008). These species are
represented in various habitats of the Council
Directive 92/43/EEC.



Fractions of these two species, grown
under the same conditions, have Dbeen
assessed, placing particular emphasis on an
accurate determination of their radical
biomass, provided that the literature tends to
underestimate root:shoot ratios (R) according
to Mokany, Raison, and Prokushkin (2006).
The aim of this work has been to obtain these
ratios, since they are an expansion factor used
for inferring belowground biomass from
aboveground biomass measurements (IPCC
2006) and, provided that it is based on
biomass and carbon, it can provide ecological
values for the calculation of stock, production
and ecosystem productivity that are closer to
reality.

[FIG. 1]

Material and methods
Location

The study was carried out on a plot located
in the municipality of Ayo6 de Vidriales (42°
07" 10" N, 6° 06' 59"W), in the province of
Zamora, Castilla y Leon, Spain (Figure 2).
The chosen area (>1.2 ha) is a mixed
shrubland in which the dominant shrub
species are Erica arborea L. (Ea) and Cistus
ladanifer L. (CI).

With a continental climate —typical of the
northern plateau of the Iberian Peninsula—,
temperatures are extreme, with monthly
average temperature values ranging from -2
°C to 25 °C. Rainfall is scarce (about 440 mm
per year), with a pronounced drought period
from late May to mid-September. The soil
belongs to Inceptisols (i.e., soils of relatively
new origin, characterized by having only the
weakest appearance of horizons, or layers,
produced by soil-forming factors), suborder
Ochrept (i.e., it is a young soil with thin, light
colored horizons), with a xeric moisture
regime (Xerochept).

[FIG. 2]

Data sampling and fresh weight determination

Calculations for the estimation of biomass
and carbon stocks may be obtained either by
direct or by indirect methods (Sanquetta et al.
2004). Direct methods involve the destruction
of heavy biomass, whereas in indirect
methods regression models are used to
estimate stored biomass and carbon from
measurements of other variables —such as
DBH (diameter at breast height), tree height
(H) or age—, making the process easier
(Sanquetta, Corte, and da Silva 2011).

In the first part of this study, biomass was
determined by a destructive method, which
comprised the selection, felling and extraction
of biomass for each of the species (conducted
in December 2013). Selected samples
corresponded to healthy individuals and
featured similar characteristics to the rest of
the population. The aerial part was separated
from the roots using a saw and then,
following an analogous procedure to that
described by Ruiz-Peinado, Montero, and Del
Rio (2012), root systems were excavated by
using a tractor with a shovel and then spades
were used to complete the job. For each plant,
soil was excavated down in a circular area of
twice the mean crown diameter. In addition to
the main body of the roots, those remaining in
the hole were also collected.

25 samples of each species were
transported to the laboratory (ETSIIAA
facilities, Universidad de Valladolid, Spain),
where they were separated into different
fractions and weighed (fresh weight). In the
case of Cistus ladanifer, they were classified
into leaves, fruits, thin branches (3-7 mm in
diameter), thick branches (7-17 mm in
diameter) and roots. On the other hand, for
Erica arborea —given its morphology and the
impracticality of leaves separation— they were
divided into four fractions: leaves with
flowers and fruits, fine material (<1 cm), thick
material (<5 cm) and roots, in agreement with
de Mello et al. (2012).

Dry matter content

The dry matter (biomass) content was
empirically  determined by  extracting
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subsamples from each fraction. The fractions
of the aerial parts were dried in oven at
102£2°C until constant weight was attained
(at which the water content was assumed to
be zero). The roots, because of their size,
were weighted once their moisture was
balanced with the environment (i.e., air-dried)
and the results were crosschecked by
comparison with those obtained for some
fractions dried in the stove. The dry matter
content for each component was calculated, in
agreement with de Mello et al. (2012), using
the following expression:
Dry matter (%) = Wary . 100 [Eq. 1]
Weresh
where Wy, is the dry weight (g) and Wy, is
the fresh weight (g).

Subsequently, each fraction was ground in
a ball mill and homogenized to obtain 1 mm
sieve powder (the fruits of the gum rockrose
and some thick stem elements required a
hydraulic press, given the resistance of the
structure to grinding) for CHN analysis
(discussed below).

Root-to-shoot ratio as indicator of the
relationship between the belowground and aerial
biomass

Root-to-shoot ratios can be applied to
individual plants or to stands of vegetation at
a local, landscape, regional or biome scale
(Mokany, Raison, and Prokushkin 2006), and
they are often considered as constant or
species/area specific values in most studies
(Wang, Duan, and Zhang 2011). The root-to-
shoot ratio is defined by the IPCC (2006) as
the ratio of belowground (root) to
aboveground (shoot) biomass —including
leaves, thin branches and thick branches—, as
follows:

Wroot
B Wshoot [Eq 2]
where R is the root-to-shoot ratio
(dimensionless), W, is the root dry weight
(g) and W0 1s the aboveground dry weight

(2)-

The use of the root-to-shoot ratio as an
indicator of the relationship between the
belowground (root biomass) and aerial
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biomass (the sum of leaves, thin branches and
thick branches biomasses) is particularly
important, since it can serve as an estimator of
belowground carbon based on a simple
biometric survey of aboveground biomass
with lower costs (Schenk and Jackson 2002).
Consequently, realistic root-to-shoot ratios
play a key role in the improvement of the
accuracy of estimates of root biomass and, in
turn, in the estimation of the effects of
management and land-use changes in national
inventories of greenhouse gas emissions
(Mokany, Raison, and Prokushkin 2006).

The equations for the obtaining of the R
value may vary from project to project.
Individual standard values are frequently
used, such as those proposed by Kauppi,
Mielikainen, and Kuusela (1992), Kauppi,
Tomppo, and Ferm (1995), Lowe, Seufert,
and Raes (2000), UN-ECE/FAO (2000),
Federici et al. (2015) and IPCC (2006).
Nevertheless, it is known that these factors
also vary depending on the species, the
growth stage and the location: the R biomass
ratio of adult plants in Mediterranean
ecosystems tends to be higher than in more
temperate  ecosystems, possibly as an
adaptation to the summer dry season (Hilbert
1990, Lloret, Casanovas, and Penuelas 1999).
Consequently, calculations were performed
under specific and identical conditions for the
samples of the two species under study, in
agreement with Sanquetta, Corte, and da Silva
(2011).

FTIR spectroscopy as new tool to determine
root-to-shoot ratios

Fourier  transform  infrared (FTIR)
spectroscopy is a useful analytical technique
for the nondestructive characterization of
biological specimens. It is regarded as a rapid
and accurate method for the fast and
simultaneous qualitative and quantitative
characterization of natural products and their
constituents (Huck 2015). Molecular bonds
with an electric dipole moment that can
change by atomic displacement owing to
natural vibrations are IR active. These
vibrational ~modes are  quantitatively



measurable by FTIR spectroscopy (Griffiths
and Haseth 2007, Baker et al. 2014).

The FTIR spectra of leaves, thin branches,
thick branches and roots of C. ladanifer and
E. arborea were collected in direct
transmittance mode using a Thermo Nicolet
iS50 spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) and the potassium
bromide (KBr) pellet method. 13 mm-
diameter pellets were obtained by mixing 1.0
wt% sample into 200 mg of fine KBr powder
and then finely pulverizing and putting into a
pellet-forming die. A force of approximately
8 tons was applied under a vacuum of several
mm Hg for several minutes to form
transparent pellets. Spectra were recorded in
the mid-infrared range (4000-400 cm ') at a
spectral resolution of 4 cm ™', taking 32 scans
per sample. Background scanning and
correction was carried out at 60 min intervals,
using a pure KBr pellet for the background
spectra to correct for infrared light scattering
losses in the pellet and for moisture adsorbed
on the KBr (Evans 1991, Owen and Thomas
1989, Chen et al. 2010).

The vibrational data were analyzed with
OMNIC v.9.3.32 (Thermo Fisher Scientific)
software, focusing on the fingerprint region
(1900-800 cm'), in which most of the
variations of infrared absorption occur.
Within  the  fingerprint  region, four
wavenumbers  were selected for the
calculation of the shoot-to-root ratios: 1369
cm’, attributable to the C-H and C-O groups
of the hexose ring in cellulose; 1458 cm'l,
consistent with the saccharide backbone; 1514
cm’, attributed to the C=C stretching
vibration in the aromatic skeletal vibration in
lignin; and 1730 cm™, assigned to ester
linkage of the carboxylic group in
hemicelluloses.

Root-to-shoot ratios for both species, C.
ladanifer and E. arborea, based on vibrational
data were calculated using the corrected peak
areas at the four wavenumbers indicated
above and equation 3:

A
R}\ — Aroot _

Ashoot
roots

(leafs+thin branches+thick branches)

[Eq. 3]

where R; is the root-to-shoot ratio
(dimensionless) for each wavenumber; A,,,; is
the area of the peak in the roots sample; and
Agnoor 18 the aboveground peak area, i.e., the
summation of the peak areas in the leaves,
thin branches and thick branches samples. As
noted above, these ratios are often regarded as
constant or species/area specific values
(Wang, Duan, and Zhang 2011).

It should be clarified that the peak height
depends on the number of molecules present
(concentration) and on the strength of the
absorption (absorptivity). Conversely, the
area of the peak is regarded as a better
indicator of concentration, because the final
peak profile is the sum of all the individual
elements. Whereas in some cases the peak
height can be changed by a broadening
problem, the area will remain unchanged, as
the total number of molecules is constant.

The corrected areas (defined as the areas
under the spectrum bordered with a baseline)
in the spectral regions of interest were
determined with OMNIC software, using the
automatic baseline correction procedure prior
to area calculation. Figure 3 shows how the
areas at each selected wavenumber were
calculated, taking the fingerprint region of the
vibrational spectrum of E. arborea leaves as
an example.

[FIG. 3]

Carbon and nitrogen determination in the
laboratory

The determination of the carbon and
nitrogen concentrations was conducted using
a LECO CHN-2000 analyzer (LECO Corp.,
Saint Joseph, MI, USA).
Ethylenediaminetetraacetic acid, 99%; CAS
No. 60-00-4), purchased from Alfa Aesar
(Thermo Fisher (Kandel) GmbH, Karlsruhe,
Germany), was used for the analyzer
calibration in four replicates from 0.09 to 0.12
g, while the weight of the samples of the two
shrubs under study was always 0.10 g
(measured in a precision scale). Samples were
individually wrapped in tin foil and shaped
into spheres and, subsequently, they were
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placed in an autosampler that loaded them
into the apparatus. The automated system
performed the combustion of samples at a
temperature of 900 °C and the remaining
products of combustion (CO,, H,O, O,, N,
and NOy) were collected and mixed
thoroughly. CO, and H,O levels were
monitored by two independent selective non-
dispersive infrared detectors, and N, was
determined by a thermal conductivity
detector. The apparatus directly provided the
weight-compensated results as a percentage of
carbon and nitrogen content in each fraction.

There are many studies about the
allocation of nitrogen in the plants, provided
that it changes as a function of the species and
time of the year. However, there is a strong
linear relationship between plant nitrogen
concentration and the fraction of mass
allocated to leaves (Hilbert 1990, Agren and
Ingestad 1987):

P-S="2=aN [Eq. 4]
where P is the net photosynthesis, S is the
fraction of mass allocated to leaves, N is the
nitrogen concentration, and a is a constant.

Indirect calculation of carbon stock

Aboveground biomass was estimated from
the equations proposed by Montero,
Pasalodos-Tato, Lopez-Senespleda, et al.
(2013) for Mediterranean shrublands. These
equations, deemed as accurate for large
expanses of territory, are based on data from
the canopy cover and average height of
different species of Mediterranean shrublands
and provide tons of dry matter per hectare,
differing according to taxonomic affinities.
The species analyzed herein belong to the
formations classified as ‘gum rockroses and
Cistaceae shrublands’ [tr.] and ‘briar roots
and FEricaceae shrublands’ [tr.], and their
respective equations are as follows:

In(W, ¢) = —2.596 + 0.957 -
ln(HaV Cl) + 0.747 - ln(FCCaV Cl)

[Eq. 5]
In(W, ) = —2.921 + 0.984 - In(H,y ga) +
0.863 - In(FCCyy ga) [Eq. 6]
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where W, is the amount of aboveground
biomass, in tons of dry matter per hectare
(tons DW-ha'); H,, stands for the average
height of the shrub expressed in decimeters
(dm); and FCC,, represents the canopy cover
of the shrub expressed in %.

The root biomasses of each of the shrub
species were estimated by applying the value
of the root-to-shoot ratios determined in
previous sections to the aboveground biomass
calculated for each hectare of shrubland. The
average height was measured by a sample
inventory with a range pole, and the canopy
cover was determined through GIS
(Geographic Information Systems) tools,
using LARS (Low Altitude Remote Sensing)
data collected with a remotely piloted aircraft
(RPA).

The total amount of carbon stored was
predicted  using  the experimentally
determined carbon content of each fraction.
Thus, the tons of carbon per hectare of
shrubland were estimated using equation 7:

Cy = [Wacr - (CCshootc1 + Rer * Clroot ) +
Wa Ea "’ (Ccshoot Ea T REa ' CCroot Ea)] - S
[Eq. 7]
where C; is the total assimilated carbon (tons),
W, is the aboveground biomass (tons-ha™), R
is the root-to-shoot ratio, CC is the amount of

carbon absorbed by each fraction of biomass
(%), and S is the surface (ha).

Results and discussion
Biomass distribution and root-to-shoot ratios

Figure 4 shows the biomass distribution in
each plant: C. ladanifer has 19% of leaves,
1% of capsules, 29% of thin branches, 33% of
thick branches and 18% of roots; versus E.
arborea with 4% of leaves, 20% of thin
branches, 41% of thick branches and 35% of
roots. Thus, in C. ladanifer the aboveground
biomass accounted for 3.98 g, roughly 81.8%
of the total dry mass, whereas belowground
(roots) accounted for 0.89 g, 18.2%. On the
other hand, in E. arborea root biomass (8.06
g) represented 35.3% of the total dry mass,
while the remaining 64.6% (14.72 g)
corresponded to aboveground biomass.



Consequently, the root-to-shoot ratios,
calculated as the quotients of 18.2 by 81.8 and
35.8 by 64.6, were R=0.22 for C. ladanifer
and R=0.55 for E. arborea.

The distribution of biomass -and therefore
of carbon uptake- differed in the two shrub
species under study: whereas for C. ladanifer
biomass and assimilated carbon were roughly
similar in each of the components that the
plant was divided in, for E. arborea
significant differences were observed amongst
the various fractions. This becomes evident in
view of the values of R: while the aerial part
of C. ladanifer accounted for over 80% of the
dry weight of the plant, in E. arborea it was
ca. 65%. This can be ascribed to the
characteristics of the shrubs under study, such
as the labdanum present in the leaves of the
Cistaceae or the development of a root
capable of holding the arboreal freightage of
the Ericaceae. Moreover, it should also be
taken into consideration that, under such
environmental conditions, phenology reflects
the strategy of plants to cope with the
alternation of favourable and unfavourable
seasons for assimilation and growth (Castro-
Diez, Montserrat-marti, and Cornelissen
2003).

[FIG. 4]

Root-to-shoot ratios based on vibrational
analysis

The infrared spectra of the different
fractions of the two shrubs under study, C.
ladanifer and E. arborea, are depicted in
Figure 5. The main absorption bands and their
assignments are listed in Table 1.

[FIG. 5] [TABLE 1]

In the fingerprint region, four
wavenumbers were selected: 1369 cm’,
attributable to in-plane bending vibrations of
the C-H and C-O groups of the hexose ring in
the cellulose; 1458 cm'], associated with the
alkane deformation of CH and CH, in the
saccharide backbone; 1514 cm'l, ascribed to
the C=C stretching vibration in the aromatic
skeletal vibration in lignin; and 1730 cm’,

assigned to the ester linkage of the carboxylic
group of ferulic and p-coumaric acids in
hemicelluloses. The corrected area values for
these selected peaks are summarized in Table
2. In general terms, peak areas for E. arborea
were higher than those of C. ladanifer, in
particular those associated to thick branches
and roots (which are richer in lignin for E.
arborea, Table 3).

[TABLE 2] [TABLE 3]

Peak areas at 1369 cm™ and at 1514 cm’
were lower than those at 1730 cm™ at 1458
cm™. For the peak at 1369 cm™, leaves and
thin branches showed higher area values than
those of roots and thick branches, due to their
higher cellulose content. In Erica arborea, as
regards the peak at 1514 cm™, thick branches
and roots showed peak areas higher than those
of leaves and thin branches, due the higher
content of lignin of the former (mature wood
has high condensed lignin structures with
higher molecular weight than younger tissues)
(Amir et al. 2006). Conversely, for the peak at
1730 cm™ thin branches showed the highest
area values because of their higher content in
hemicellulose. In relation to this latter peak,
which is a hemicellulose content indicator, the
areas for both the thin and thick branches
proved to be the sum of the areas under the
three other peaks: 6.22=%(1.30+3.97+1.26);
3.90=)(0.86+2.66+0.93);
5.98~%(1.20+3.04+1.03);
4.77=%(1.75+2.60+0.94).

Regarding the 1458 cm™ peak in leaves,
the area values were the sum of the areas
obtained for the other bands, both for C.
ladanifer and E. arborea
(4.97=>(2.71+0.84+1.30) and
6.74=3(4.75+0.79+1.44), respectively). This
can be explained by the fact that this band is
an indicator of the overall polysaccharide
content (hemicellulose, lignin and cellulose).

On the basis of previous correlations, it is
possible to differentiate the roots from the
other plant components, which can be
grouped under the term ‘shoot’. The root
areas (Aroot) ranged from 0.85 to 4.56, while
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shoot areas (Ashoot) Were in the 3.41-15.50
range for both species (Table 4).

Root-to-shoot ratios based on vibrational
data (Rprr) for C. ladanifer and E. arborea,
for the four selected peaks, ranged from 0.25
to 0.33 and from 0.29 to 0.53, respectively
(see Table 4). In comparison with the results
based on belowground and aerial biomass
(Rbiomass=0.22  for C. ladanifer  and
Rubiomass=0.55 for E. arborea), the closest
values would be those associated with the
peak at 1369 cm™ (cellulose band) in the case
of C. ladanifer (Ryrir=0.25) and with the peak
at 1514 cm’ (lignin band) for E. arborea
(Rprir=0.53). This is in agreement with the
relative contents of vegetal components in the
two shrubs under study: very high in cellulose
for C. ladanifer and very high in lignin for F.
arborea (Table 3).

[TABLE 4]

Carbon and nitrogen concentrations

Carbon concentrations were analysed for
each the different components of the two
shrubs (Table 5), omitting the one for C.
ladanifer  capsules due to its low
representativeness and to allow comparison
between the components of both species. The
value of the carbon content (albeit slightly
higher in the leaves) did not vary in a
significant manner as regards the aerial and
root parts, with values of 48.38+1.02% for C.
ladanifer and 50.56+1.38% E. arborea. These
values are in excellent agreement with those
reported by Montero, Pasalodos-Tato,
Montoto, et al. (2013) for the aerial part of the
same species (49.70+£0.66% and
51.43+1.17%, respectively), to the Spanish
Forest Map 1:25,000 (MFE25) values
(49.64+1.04% and 50.57+1.62%,
respectively) and are very close to the 50%
value proposed by IPCC (2006).

[TABLE 5]
In relation to the amount of nitrogen per
unit mass, it was maximum in the leaves for

both species (18.89 mg-g” and 10.46 mg-g”
for C. ladanifer and E. arborea, respectively).
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The dissimilarity in the contents of N in the
leaves between C/ and Ea (Table 5) can be
explained according to equation 4, provided
that S is substantially higher in C. ladanifer
than in E. arborea and that P is three times
higher in April-May in species of genus
Cistus (Cistus incanus) than in species of
genus Erica (Erica multiflora) according to
Catoni and Gratani (2014).

The distribution of nitrogen content, which
resembles an inverse pyramid, reaching its
maximum nitrogen content in the leaves and
gradually decreasing as we move towards the
root, where it presents its minimum, is
consistent with that reported by Garcia Rosa
(2013) for fractions of C. ladanifer of
different ages. Nonetheless, the value
obtained in this study (1.89%) is higher than
that found by Garcia Rosa (2013), around
0.91%.

In the gum rockrose, the second highest
nitrogen content —albeit substantially lower—
corresponded to the thin branches (8.42 mg-g’
Y, followed by the roots (3.62 mg-g™") and by
the thick branches (2.66 mg-g™). Conversely,
in the briar root the leaves were followed by
the thick branches (3.78 mg-g™) and by thin
branches and roots (with almost identical
values, 3.41 and 3.40 mg-g”, respectively). If
the nitrogen content is analyzed considering
the biomass of each fraction (Figure 6), it may
be observed that the behavior is very different
in the two species: the values for the analyzed
fractions of C. ladanifer followed the order
leaves > thin branches > thick branches >
roots, which was almost reversed to that in E.
arborea: thick branches > roots > thin
branches > leaves.

[FIG. 6]

Carbon stocks

Upon calculation of the aboveground
biomass for each of the species, according to
Montero, Pasalodos-Tato, Lopez-Senespleda,
et al. (2013) (equations 5 and 6), the total
amount of carbon stored (Table 6) was
estimated with equation 7, wusing the
previously determined root-to-shoot ratios



(Table 4) and the carbon concentrations in
each of the fractions (Table 5). The carbon
dioxide equivalent was obtained by direct
conversion of the carbon stock using the ratio
of their atomic weights (44/12).

[TABLE 6]

In relation to the biomass (dry matter)
values, the obtained value for C. ladanifer
(25.45 t DW-ha') was significantly higher
than those reported by Alias Gallego et al.
(2009) (13.82 t DW-ha™) and Garcia Rosa
(2013) (17 t-ha™), but was similar to those
reported by Basanta (1982) (27.26 t DW-ha™)
or by Terradas (2001) (25 t DW-ha™).

It should be mentioned that, although the
aboveground biomass value for E. arborea
(25.61 t DW-ha") was only 19% higher than
that reported by Navarro (2004) (21.39 t
DW-ha'), the total biomass value (39.70 t
DW-ha') would be 85% higher than
Navarro’s estimation. Therefore, regardless of
whether biomass multiplied by carbon
concentration or carbon equations are directly
used for carbon quantification, omitting the
belowground biomass would be misleading,
as stated by Koehler, Watzlawick, and
Kirchner (2002), and it would seriously
affecting the accuracy of carbon stock
estimates.

The carbon stock values for C. ladanifer
(10.07 tC-ha™ and 2.19 tC-ha™ for the shoots
and roots, respectively) were —as expected—
higher than those reported by Alias et al.
(2015), Garcia Rosa (2013): 8.05 tC-ha™ and
1.41 tC-ha™', respectively. Nonetheless, these
differences may be ascribed to the fact the
latter are average values for specimens of
very different ages (ranging from 0-2 year-old
to 25-55 year-old specimens), whereas the
specimens studied in this work were much
more  homogeneous  (25-35  year-old
specimens) and the associated biomass would
be at its maximum (as noted by Garcia Rosa
(2013)).

It is also worth noting that the biomass
values for both species were significantly
higher than those of other shrubs: ca. 16 t-ha’
', 14 tha', 8.36 tha', and 3.17 tha’ for

Asparagus albus, Genista sp., Rosmarinus
officinalis  and  Retama  sphaerocarpa,
respectively (Garcia Rosa 2013). In turn, the
carbon sequestration associated to C.
ladanifer and E.arborea shrublands would
also be significantly higher.

Conclusions

In this work, different fractions of two
shrub species present in significant volumes
in  Mediterranean areas, namely Cistus
ladanifer and Erica arborea, have been
studied by several techniques. A faster,
cheaper and less time-consuming method for
root-to-shoot ratio calculation based on
vibrational data has been proposed: by using
the areas under selected peaks in the infrared
spectra, an excellent agreement with the
results from UN-ECE/FAO-IPCC/Sanquetta
et al. methodology (Rpiomass) Was obtained,
attaining the best correspondences for the
peak at 1369 cm™ (cellulose band) in the case
of C. ladanifer (Rrrir=0.25; Rpiomass=0.22) and
for the peak at 1514 cm™ (lignin band) for E.
arborea  (Rprir=0.53;  Rbiomass—0.55). The
elemental analysis confirmed that the
percentage of carbon in the aerial and radical
fractions did not differ in a significant
manner, so the use of a 0.5 global value for
the entire plant can be deemed as appropriate
for both species. The percentage distribution
of the biomass showed significant differences
between the two species. As regards carbon
storage, since carbon content did not depend
on the analyzed fraction but was directly
related to biomass, it could then be directly
quantified from the aerial biomass (which is
relatively easy to determine) using the root-
to-shoot ratios. The carbon stock values
(12.27 and 19.86 tC-ha for C. ladanifer and
E. arborea, respectively) were substantially
higher than those of other shrubs, evincing the
importance of these two shrubs species for the
mitigation of Climate Change and their
suitability for ecological restoration purposes,
in particular for poor soils.
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Tables

Table 1. Main absorption bands in the FTIR spectra of the different fractions of C. ladanifer and E. arborea and their assignments according to the literature (Emmanuel,
Odile, and Céline 2015, Faust 1997, Schwanninger et al. 2004, Traor¢, Kaal, and Martinez Cortizas 2016).

Wavenumber (cm™)

Ll icl TC RO LEa t1Ea TEa REa Vegetal component Bonds Assignment
1035 1050 1035 1035 1035 1050 1039 1031 Cellulose, hemicellulose, lignin C—O, C=C  Aromatic C—H in plane deformation; plus C—O deformation in primary
and C—C—O alcohols; plus C=0 stretch (unconjugated)
1081 Cellulose C—H C-O deformation in secondary alcohols and aliphatic ethers

1164 1155 Cellulose C—H C—O—C asymmetric valence vibration, C=0 stretching in aliphatic groups

1233 1243 1243 1251 1243 1247 1247 1247 Lignin C—H C—C plus C—O plus C=0 stretching (OH plane deformation, also COOH)

1317 1320 1320 1321 1331 1332 Cellulose, hemicellulose, lignin ~ C—O, CH, Condensation of guaiacyl unit and syringyl unit, syringyl unit and CH,
bending stretching; CH, rocking vibration

1367 1375 1375 1375 1373 1375 1375 1374 Cellulose C—H In-plane bending vibration of the C-H and C-O groups of the hexose ring

1455 1458 1457 1456 1455 1464 1459 1452 Saccharide backbone C—H Alkane deformation relating to CH and CH,, consistent with the saccharide
backbone

1515 1508 1508 1509 1517 1508 1513 1513 Lignin C=C Stretching vibration in the aromatic skeletal vibration

1615 1618 1617 1617 1616 1617 1617 1618 Cellulose, lignin O—H, C—O Absorbed O—H and conjugated C—O lignin or cellulose

1733 1735 1735 1736 1733 1739 1740 1736 Hemicellulose + lignin C=0 Ester linkage of the carboxylic group of ferulic and p-coumaric acids

2850 2852 Cellulose, hemicellulose, lignin CH stretch ~ Symmetric CH, valence vibration

2919 2921 2920 2919 2923 2918 2919 2928 Cellulose, hemicellulose, lignin CH stretch

3389 3413 3421 3405 3374 3409 3409 3405 Lignin O—H Intramolecular O;—H:---Os' in cellulose

Cl: Cistus ladanifer; Ea: Erica arborea; L: leaves; t: thin branches; T: thick branches; R: roots.
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Table 2. Corrected areas values for each fraction in C. ladanifer and E. arborea.

Wavenumber Cistus ladanifer L. Erica arborea L.

(cm'l) Leaves Thin branches Thick branches Roots Leaves Thin branches Thick branches Roots
1730 2.71 6.22 3.90 421 475 5.98 4.77 4.56
1514 0.84 1.30 0.86 0.85 0.79 1.20 1.75 1.97
1458 4.97 3.97 2.66 2.87 6.74 3.04 2.60 3.55
1369 1.30 1.26 0.93 0.88 1.44 1.03 0.94 1.15

Table 3. Percentages in terms of vegetal components for C. ladanifer and E. arborea (Ferro et al. 2015, Barboni et al.
2010, Leroy, Leoni, and Cancellieri 2010).

Cistus ladanifer Erica arborea
Cellulose (%) 54.9-55.7 37.3-41.1
Lignin (%) 24.5-34.2 39.3-40.1
Hemi-cellulose (%) 10.1-10.9 9.7-13.8
Extractive (%) 9.4-9.6 5.7-11.0

Table 4. Comparison of root-to-shoot ratios for C. ladanifer and E. arborea determined by two methodologies: using
vibrational data (Rgrr) and using the UN-ECE/FAO-IPCC procedure modified by Sanquetta, Corte, and da Silva (2011)

(Rbiomass) .

C. ladanifer E. arborea
FTIR method
Wavenumber (cm™) 1730 1514 1458 1369 1730 1514 1458 1369
Root area 4.21 0.85 2.87 0.88 4.56 1.97 3.55 1.15
Shoot area 12.83 3.00 11.60 3.49 15.50 3.74 12-38 3-41
Retr 0.33 0.28 0.25 0.25 0.29 0.53 0.29 0.34
UN-ECE/FAO-IPCC modified by Sanquetta
Riiomass 0.22 0.55

The underlined Rgrir values are the closest to those obtained by UN-ECE/FAO-IPCC method, modified by Sanquetta.

Table 5. C content, N content and C:N ratios for C. ladanifer and E. arborea.

Cistus ladanifer L. Erica arborea L.
Leaves Thin branches Thick branches Roots Leaves Thin branches  Thick branches Roots
C content (mg-g”’)  500.72 481.20 475.60 477.76 528.20 493.38 502.62 498.24
(0.37) (0.27) (0.59) (0.47) (0.22) (0.13) (0.31) (1.23)
N content (mg'g'l) 18.89 8.42 2.66 3.62 10.46 341 3.78 3.40
(0.02) (0.00) (0.18) (0.02) (0.03) (0.18) (0.04) (0.16)
C:N ratio 26.50 50.52
(0.05) (0.14)

All values are given in average + standard deviations (in brackets).

Table 6. Estimated biomass (dry matter), carbon stock and carbon dioxide equivalent.

iomass (t -ha” arbon stock (tC-ha » eq (t CO, eq-ha
Bi (tDW-ha') Carb k (tC-ha™) CO, eq (t CO, eq-ha™)

Shoot Root Total Shoot Root Total Shoot Root Total

C. ladafiner 20.86 4.59 25.45 10.07 2.19 12.27 36.94 8.04 44.97
E. arborea 25.61 14.09 39.70 12.84 7.02 19.86 47.07 25.73 72.80
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Figure captions

Figure 1. Cistus ladanifer L., also known as gum rockrose or labdanum (/eff); Erica arborea L., also known as briar
root or tree heath (right).
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Figure 2. Location of Castilla y Ledn region in the Iberian Peninsula (/eff); location of Zamora province in Castilla y
Leodn region (center); location of the shrubland under study in Zamora province (right).
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Figure 3. FTIR spectrum of E. arborea leaves with the corrected peak areas calculated at some selected wavenumbers
(cm™).
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Abstract

As a form of upgraded biomass characterized by its high energy density, low production costs,
and low process energy requirements, wood pellets are an environmentally friendly fuel allowing
for carbon neutral heating with high energy efficiency. In this work, the suitability of a valorization
of the woods from the two most representative shrub species from the Iberian Peninsula (namely
Cistus ladanifer L. and Erica arborea L.) for heating has been assessed. Whereas Erica arborea
met the requirements of ISO 17225-2:2014 for ENplus-B class (the calorific content for both wood
and bark was high and not significantly different, and the ash content was permissible for specimens
with branch diameter >2.8 cm), Cistus ladanifer was in the limit of the normative and only met the
requirements in terms of acceptable ash percentage (1.9%) and heating value (19 kJ-g™") for old
specimens with branch diameters >3.4 cm. Consequently, while the harvest of E. arborea for its use
as fuel does not need to be selective, that of C. ladanifer should be limited to the most robust
specimens and foliage should be avoided.

Keywords: ash content; biomass resources; gum rockrose; heating values; tree heath.

Introduction

A significant proportion of Mediterranean forest vegetation consists of evergreen small diameter
hardwood shrubs, such as Cistus ladanifer L. (gum rockrose) and Erica arborea L. (tree heath),
which have been traditionally used as fuelwood for domestic heating purposes. In the geographic
area under study (Castilla y Ledn, Spain) both species are so abundant that their utilization as a
biomass resource for energy purposes has aroused significant interest®.

Of the two bushes into consideration, the most potentially profitable would be E. arborea, whose
heating value was recently reported to be the highest of all evergreen Mediterranean hardwood
species (Barboutis and Lykidis 2014).

2 In fact, since 2012, field studies aimed at this valorization, funded by the European Union through the
LIFE+ and Joule programs, have been conducted in several municipalities in the province of Zamora (Spain).
The ultimate goal would be to collect tree heath and gum rockrose for their combustion in district heating
facilities (municipal boilers) in Fabero (Soria, Spain) and Las Navas del Marqués (Avila, Spain), as well as for
the electricity production plant located in Garray (Soria, Spain).
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The use of biomass as an energy source provides substantial socio-economic and environmental
benefits. However, bio-fuels have low bulk densities which limit their use to areas around their
origin, being this drawback a restrictive factor for their energy use. Nevertheless, densification by
pelleting minimizes this disadvantage. Global pellet production has considerably increased for the
last years (from 7 to 19 million tons between 2006 and 2012 (Duca et al. 2014), mainly in Europe
and North America, and the growth in pellet consumption has resulted in more diversity.
Consequently, the industry has started looking for products, such as wastes obtained from forestry
and scrubland wood. The doubtful quality of these materials originated the development of quality
standards in some countries, so as to guarantee the right use of the different types of pellets in
combustion equipment.

Due to differences in chemical structure, bark and wood from C. ladanifer and E. arborea should
show different properties, and in particular, those related to their applicability as fuels. This
differentiation is important because the bark of all evergreen hardwood species usually presents
significantly higher ash content than wood and, in agreement with the international standard ISO
17225-2:2014 (ISO 2014) —which has recently superseded the European Standard, EN 14961-2, for
the quality characteristics of pellets (European Pellet Council 2011)—, the threshold ash content
value is 2%. In this normative, the required net calorific value (NCV) or lower calorific value
(LHV) is >16.56 kJ-g"' and the higher heating value (HHV) is >18.82 kJ-g™.

The aims of the study presented herein have been: (i) to correlate the results of our analytical
determinations and related calculations on HHV and ash content (AC) for bark and wood from C.
ladanifer and E. arborea with those from other direct and indirect methods used in the literature;
and (ii) to explore which bark diameters would meet the ISO 17225-2:2014 (ISO 2014)/ENplus
(ENplus 2015) requirements for HHV and AC with a view to the valorization of these two shrub
species as fuels. This is in line with the work by other authors on woods from other species (Duca et
al. 2014, Miranda et al. 2017).

Material and methods

The quantity known as higher heating value (HHV) (also referred to as gross energy, upper
heating value, gross calorific value (GCV) or higher calorific value (HCV)) is determined by
bringing all the products of combustion back to the original pre-combustion temperature and, in
particular, condensing any vapor produced. This is the same as the thermodynamic heat of
combustion, since the enthalpy change for the reaction assumes a common temperature of the
compounds before and after combustion, in which case the water produced by combustion is
condensed to a liquid, hence yielding its latent heat of vaporization.

Calculations for the estimation of biomass and heating values may be obtained either by direct or
by indirect methods. Direct methods involve the destruction of heavy biomass, whereas in indirect
methods equations are used to estimate heating values from measurements of other variables,
making the process easier (Bombelli et al. 2009).

In the first part of this study, heating values were determined by a destructive method, which
comprised the selection, felling and extraction of biomass of each of the species and its subsequent
combustion.

The aerial part was separated from the roots using a saw and then, following an analogous
procedure to that described by Ruiz-Peinado Gertrudix et al. (2012), root systems were excavated
by using a tractor with a shovel and then spades to complete the job. For each plant, soil was
excavated down in a circular area of twice the mean crown diameter. In addition to the main body
of the roots, those remaining in the hole were also collected. Samples were transported to the
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laboratory (ETSITAA facilities, Universidad de Valladolid, Spain), where they were separated into
different fractions and weighed (fresh weight). In the case of C. ladanifer, they were classified into
leaves, xerochastic capsules, branches (thin: 3-7 mm in diameter; thick: 7-17 mm in diameter) and
roots. On the other hand, for E. arborea —given its morphology and the impracticality of leaves
separation— they were divided into four fractions: leaves with flowers and fruits, fine material (<1
cm), thick material (<5 cm) and roots, in agreement with Mello ef al. (2012).

In addition to aforementioned information, the stem diameter (2R), bark thickness (f) and wood
and bark percentages were characterized for both species. The proportion of bark was calculated as
the ratio of bark area in a transverse section to the total stem area of this section, according to
equation (Barmpoutis et al. 2015):

7 = 100[f &L (1)

R2
where Z=bark percentage (%), R=barked stem radius (cm) and f=bark thickness (cm).
For the determination of the bark percentage, the transverse surfaces were assumed to be

circular. Consequently, bark and wood were separated and the materials were ground by means of a
portable chipper. The resulting data is summarized in Tablel.

Table 1. Stem diameter and bark thickness of the shrub species under study. Values are given as an average of 10
repetitions, followed by the the minimum and maximum values in brackets.

Species Stem diameter, 2R (cm) Bark thickness, f(cm) Bark, Z (%) Wood (%)
C. ladanifer L. 1.9 (1.8-2.3) 0.15 (0.07-0.20) 29 71
C. ladanifer L.
(old specimens) 3.4(2.3-42) 0.20 (0.11-0.40) 22.5 77.5
E. arborea L. 2.8 (2.6-3.6) 0.18 (0.10-0.30) 25 75

It should be noted that for the study of C. ladanifer two sets of individuals were selected: ones
with average stem diameter (1.9 cm trunk diameter) and also robust old specimens (older than 12
years, according to the equation y = 1.5496x + 1.5342R? (Valares Masa et al. 2016)), with
diameters above the average, provided that this second group was more likely to meet the EN
standard. Ten repetitions were carried out for each group.

Calorific values, expressed as HHV, for C. ladanifer and E. arborea fractions were calculated
from elemental analysis data in agreement with the US Institute of Gas Technology (IGT)
(Talwalkar et al. 1981): HHV = 0.341 (%C) + 1.322 (%H) — 0.12 (%0 + %N), where %C, %H,
etc. are the mass fractions in wt% of dry material and HHV the heating value for dry material in
MlJ/kg. Although originally derived from data on coal, this formula has been shown to give
acceptable results for a wide range of carbonaceous materials including biomass (CHPQA 2008).

Alternatively, HHV values were also calculated from holocellulose and ligninet+extractives
percentages, following the guidelines of Aseeva ef al. (2005) and Kienzle ef al. (2001) and applying
a factor of 17.5 for holocellulose and of 25.5 for the lignine+extractives mixture.

Experimental HHV values were determined in a Parr 1261 isoperibol bomb calorimeter
(Thermo Fisher Scientific, Waltham, MA, USA) according to the method described in BS EN
14918:2009 standard (BSI 2010). Other experimental values, such as the total enthalpy of
combustion, were obtained from differential scanning calorimetry (DSC) curves by numerical
integration of the experimental signal on the whole temperature range (30-600 °C). DSC data were
obtained on a TA Instruments (New Castle, DE, USA) mod. Q100 v.9.0 DSC equipped with an
intracooler cooling unit at -25 °C (with a 1:1 volume mixture of ethylenglycol-water), at a heating
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rate f=20°C/min and at a N,:0; ratio of 4:1 (20 mL/min). Samples were hermetically sealed in
aluminium pans, and an empty pan was used as a reference. TG/DTG analyses were conducted with
a Perkin-Elmer (Waltham, MA, USA) STA6000 simultaneous thermal analyser by heating the
samples in a slow stream of N, (20 mL/min) from room temperature up to 700 °C, with a heating
rate of 20 °C/min. Pyris v.11 software was used for data analysis (PerkinElmer 2014). Temperature
calibration was performed with high-grade standards, biphenyl (CRM LGC 2610) and indium
(Perkin-Elmer, x=99.99%), which was also used for enthalpy calibration.

The elemental analysis and vegetal component percentages data used for above calculations,
collected from 25 samples of each species with an average height (Carrién-Prieto et al. 2016), is
summarized in Table 2. For the determination of ash content, the methodology described in ISO
18122:2015 (ISO 2015) was used, using 5 replicates.

Table 2. Overall chemical composition of C. ladanifer and E. arborea (Carrién-Prieto et al. 2017). Values are given as
an average of 25 repetitions, followed by the minimum and maximum values in brackets.

Cistus ladanifer L. Erica arborea L.
Elemental analysis:
C (%) 47.8 (47.5-50.1) 51.0 (49.3-52.8)
H (%) 6.4 (6.0-6.8) 6.2 (6.0-6.4)
N (%) 0.8 (0.3-1.9) 1.0 (0.3-1.1)
O (by diff.,, %) ~45.0 ~41.8
Vegetal components:
Cellulose (%) 55.0 (54.9-55.7)" 40.0 (37.3-41.1)
Lignin (%) 25.3(24.5-34.2) 39.5(39.3-40.1)
Hemi-cellulose (%) 10.2 (10.1-10.9)* 11.0 (9.7-13.8)*
Extractive (%) 9.5 (9.4-9.6) 9.5 (5.7-11.0)
Moisture (wt.%) 26.8 26.0

T This cellulose content is higher than that of most woods, which is usually in the 35-50% range.
! These hemicellulose contents are lower than those of most woods, which usually range from 20% to 30%.

Results

HHY values calculated from the elemental analysis data

Table 3. Carbon (C), hydrogen (H), nitrogen (N) and oxygen (O) percentages for C. ladanifer and E. arborea fractions
and HHYV values calculated thereof.

Cistus ladanifer L. Erica arborea L.

Leaves Thinbranches Thick branches Roots Leaves Thin branches Thick branches Roots
C (%) 50.07 48.12 47.56 47.76 52.82 49.34 50.26 49.82
(0.04) (0.03) (0.06) (0.05) (0.02) (0.01) (0.03) (0.12)

H (%) 6.4 6.4 6.4 6.4 6.2 6.2 6.2 6.2
(0.2) (0.2) (0.2) (0.2) (0.2) (0.2) (0.2) (0.2)

N (%) 1.89 0.84 0.27 0.36 1.05 0.34 0.38 0.34
(0.00) (0.00) (0.02) (0.00) (0.00) (0.02) (0.00) (0.02)
O (by diff., %) 41.64 44.60 45.77 45.48 39.93 44.12 43.16 43.64
HHV (kJ-g-1) 20.53 19.42 19.16 19.25 21.29 19.69 20.12 19.91

All values for the elemental analysis are given in average + standard deviations (in brackets) across five replicates. The value for C.
ladanifer capsules has been omitted due to its low representativeness and to allow comparison of the components of both species.
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HHYV values calculated from elemental analysis data according to the IGT formula are reported
in Table . HHV values for Cistus ladanifer, from the largest to the smallest, were: foliage (20.53
kJ-g™), thin branches (19.42 kJ-g™), thick branches (19.16 kJ-g") and roots (19.25 kJ-g"). The
result for branches was in close agreement with that reported by Dimitrakopoulos and Panov (2001)
(viz. 19.05 kJ-g™).

HHV values for Erica arborea, from the largest to the smallest, were: foliage (21.29 kJ-g™),
thick branches (19.69 kJ-g™), thin branches (20.12 kJ-g™), roots (19.91 kJ-g") and stem wood (19.8
kJ-g™"). These results were in reasonably good agreement with those reported by Dimitrakopoulos
and Panov (2001) for foliage (23.59 kJ-g™) and branches (19.34 kJ-g™).

HHY values calculated from the component percentages

Using Table 3 and the percentage of biomass distribution in each plant (Table 4), overall HHV
for both shrubs was readily calculated.

Table 4. Percentage of biomass distribution in each plant (Carrién-Prieto ef al. 2017)

Component percentage

Cistus ladanifer L. Erica arborea L.
Leaves (%) 19 4
Capsules (%) 1 -
Thin branches (%) 29 20
Thick branches (%) 33 41
Roots (%) 18 35

All values are given in average across 25 samples of each species.

Because C. ladanifer has 19% of leaves (%x20.53 kJ-g'1=3.87 kJ-g'l), 29% of thin branches
(x19.42 kJ-g'=5.655 kI-g™"), 33% of thick branches (x19.16 kJ-g'=6.346 kJ-g™") and 18% of roots
(x19.25 kJ-g"'=3.478 kJ-g "), the resultant HHV weighted average was 19.3 kJ-g™".

Likewise, E. arborea, with 4% of leaves (x21.29 kJ-g'=0.855 kJ-g™"), 20% of branches (x19.69
kJ-g'=3.952 kJ-g"), 41% of thick branches (x20.12 kJ-g"'=8.28 kJI-g") and 35% of roots (x19.91
kJ-g'=7.0 kI-g"), yielded a HHV weighted average of 20.0 kJ-g™.

By applying the weighted average formulas and percentages of bark and wood from Table 1 it
was possible to estimate HHV values of 19.5 kJ-g" (bark) and 19.3 kJ-g" (wood) for random
C. ladanifer specimens, and of 19.6 kJ-g" (bark) and 19.2 kJ-g" (wood) for old specimens. As
regards E. arborea, the bark and wood HHV values were 20.6 kJ-g™' and 19.9 kJ-g™', respectively.

If, alternatively, the HHV values were calculated from the maximum holocellulose and
lignint+extractives percentages (Table 2.) using the factors proposed by Aseeva et al. (2005) and
Kienzle et al. (2001) for such fractions, the results obtained were 20.2 kJ-g” for C. ladanifer and
22.1kJ-g" for E. arborea.

HHYV experimental values from calorimetry

HHYV, determined with an isoperibol bomb calorimeter according to the method described in the
EN 14918:2009 standard, yielded values of 19.7 kI-g" for C. ladanifer and 21.0 kI-g' for
E. arborea.
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Results from DSC and TG/DTG curves

DSC curves for C. ladanifer and E. arborea woods are shown in Fig. S1 and their thermal effects
(mainly due to holocellulose and lignin combustion) are summarized in Table 5. Overall enthalpy
change values obtained from these curves resulted in 18.04 kJ-g™' and 18.63 kJ-g™', respectively.

Table 5. Exothermic effects data for holocellulose and lignin in the DSC themograms for C. ladanifer and E. arborea

woods
Holocellulose (celluloset+hemicellulose) Lignin Overall enthalpy change
Thea (°C) Topnet (°C) Toeac(°0)  Toa(°C) AH (K).g")
C. ladanifer 365 455 479 18.04
E. arborea 376 392 527 535 18.63

Tpeax stands for the temperature at which the maximum mass loss occurred, according to TG/DTG measurements; T stands for the
temperature at which the maximum value of heat flux occurred, obtained from the DSC thermograms.

The ash content of the various fractions of C. ladanifer and E. arborea was estimated from the
residue after heating at 700 °C (Fig. S2 to Fig. S5), according to the usual temperature conditions
for pyrolysis in oxygen bomb calorimeters (Wang et al. 2016). Both the inner and outer parts of the
stem and those of the epidermis and cortex of the roots of C. ladanifer resulted in percentage values
ranging from 0.5% to 0.6%, with no significant differences between fractions. Conversely, for E.
arborea, the percentages for the stem outer part and the root epidermis ranged from 0.6 to 0.9%,
while those for the inner parts of the root and the stem were 0.19% and 0.36%, respectively. It is
worth noting that all these values were below 2%.

Ash content from UNE-EN ISO 18122:2016 method

Overall experimental ash content values obtained according UNE-EN ISO 18122:2015 norm
(ISO 2015) for C. ladanifer and E. arborea were 1.9% and 1.6% dry weight, respectively. When the
ash percentage was broken down for each of the fractions, for C. ladanifer it followed the order:
foliage (9.0%) > stem bark (7.0-6.5%) > roots (1.4%) > branches (1.1%) > stem wood (0.7-0.6%).
Likewise, for Erica arborea the AC order followed was: foliage (5.5%) > stem bark (5.0-4.6%) >
roots (1.7%) > branches (1.1%) > stem wood (0.5%). Simplified data for bark and wood fractions is
shown in Table 6.

Table 6. Experimental values for ash content (AC) from bark and wood fractions

Overall AC (%) Bark AC (%) Wood AC (%)
C. ladanifer L. 2.45 7.0 0.7
C. ladanifer L. (old specimens) 1.9 6.5 0.6
E. arborea L. 1.6 5.0 0.5

Values are given in average across 5 repetitions.

Discussion

The experimental and calculated HHV values for C. ladanifer specimens of indiscriminate age
were in the 19.0-19.4 range, as compared to 19.2-20.2 kJ-g"' for old specimens. These results were
slightly higher than those reported (according to the superseded EN 14775 norm) by Garcia Rosa
(2013) (17.8 kJ-g™") and Martinez et al. (2000) (17.9 kJ-g), and slightly lower than those reported
by Marques et al. (2011) (21.4 kJ-g™). Analogous results for E. arborea were in the 19.9-22.1 kJ-g™!
range, in excellent agreement with those reported by Zabaniotou et al. (2000) (20.58 kJ- g'l) and
Tihay et al. (2009) (21.4 kJ-g™") and somewhat higher than those reported by Barmpoutis et al.
(2015) (19.95 kJ-g ™).
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Whole enthalpy change values from thermal analysis were around 18.04 kJ-g” and 18.63 kJ-g
for C. ladanifer and E. arborea, respectively. These values can be assigned to low heating values
(LHV), provided that they would be in good agreement with those expected from the holocellulose
and lignin net calorific values (ca. 17 kJ-g” and ca. 21 kJ-g”, respectively (Energy research Centre
of the Netherlands 2012)) and the percentages reported in Table 2.. In fact, the value reported in the
literature for the LHV of C. ladanifer is 17.9 kJ-g”' (Martinez et al. 2000), very close to the one
reported herein.

The ash values obtained for randomly-chosen specimens of C. ladanifer according to UNE-EN
ISO 18122:2015 (ISO 2015) testing standard were lower than those referred by Ferro ef al. (2015)
(3.0-3.2%) and Marques et al. (2011) (whole plant, 3.1%; wood, 0.8%), determined according to
earlier EN norms, and were in agreement with those informed by Martinez et al. (2000) (2.3%). For
E. arborea, results presented in this study were lower than those reported by Dimitrakopoulos and
Panov (2001) (2.5% for leaves and 1.6% branches), Doat et al. (1981) (2.4%) and Boubaker et al.
(2004) (3.5%).

Regarding the ash content broken down for each of the fractions, the highest value was obtained
for stem bark (around 6.0%), thus identifying this fraction as the one which compromises the use of
these shrubs as fuelwood.

In terms of the requirements of ISO 17225-2:2014 (ISO 2014) for ash content of pellets (ENplus-
B class) and in view of Table 7, C. ladanifer stems with a diameter of 1.9 cm would be non-
compliant, while those with diameters over 3.4 cm would be acceptable. Consequently, we propose
this minimum barked diameter to produce pellets of ENplus-B class. The barked diameter value
proposed for E. arborea is entirely coincident with that suggested by Barboutis and Lykidis (2014)
following the EN 14961-2 norm.

Table 7. Minimum barked diameter to meet the requirements of ISO 17225-2 norm (ISO 2014) for ash content of
pellets and associated HHV values

Diameter (cm) Ash (%) EN class HHV (kJ-g")
C. ladanifer L. 3.40 1.9 ENplus B 19.2
E. arborea L. 2.80 1.5 ENplus B 19.9

Conclusion

One of the requirements of current European standards concerning biofuels in the form of pellets
for their use in rural district heating is the ash percentage maximum, limited to 2%. Ash content is
significantly influenced by the bark and foliage percentages of the plants to be used as fuel. Both
shrub species under study, C. ladanifer and E. arborea, yielded HHV values that met the
requirements established in the regulations for their use as fuel. However, only the ash contents for
E. arborea were compliant without ambiguity. In the case of C. ladanifer, biomass ash percentage
was in the upper limit of the normative and this would be a problem for its acceptance as fuelwood.
To ensure its adequacy, only old specimens (with stem diameters ranging from 2 to 4.8 cm) should
be harvested, avoid foliage.
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Electronic Supplementary Material

DSC, DTA and TG/DTG thermograms for C. ladanifer and E. arborea stems and roots are
depicted in Fig. S1 to Fig. S5.
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Essential oils from the two most representative shrub species from the Iberian Peninsula (namely Cistus ladanifer L. and Erica arborea L.) have been
characterized by Fourier transform infrared spectroscopy (FTIR) and thermoanalytical techniques (TG/DTG and DSC). Vibrational spectra have been
compared with those of components of the plants, and with those of oils, gums and resins from other species. The different content in terpenoids of C.
ladanifer oil (mainly mono- and sesquiterpenoids) and E. arborea oil (mainly triterpenoids) is reflected in the ATR-FTIR by the position of the bands at
around 2873 cm”, 1730 cm™ and 1678 cm™. As regards their thermal behavior, C. ladanifer-derived oil evinced higher thermal stability than that of
obtained from E. arborea: the pyrolysis of the former was sensitized at 210°C, whereas for the later it occurred at 143°C. These temperatures are high
enough to state that thermolabile constituents such as terpenoids are conserved in the hydrodistillation and that this extraction process ensures the recovery

of the main constituents of both essential oils.

Keywords: Cistus ladanifer L., Erica arborea L., Oils, TG/DTG, DSC, FTIR.

Pyrophytes are plants which have adapted to tolerate fire.
“Passive pyrophytes” (e.g., Asphodelus albus Willd.) are able to
resist the effects of fire, particularly when it passes over
quickly, and hence can out-compete less resistant plants, which
are damaged. “Active pyrophytes” (such as Cistus ladanifer L.
and Erica arborea L.) have a similar competing advantage, but
also contain volatile oils and hence encourage the incidence of
fires which are beneficial to them.

C. ladanifer (gum rockrose), native to the Western
Mediterranean, is known in Spanish as ‘Jara pringosa’
(meaning ‘sticky shrub’) because the whole plant is covered
with a sticky exudate of a fragrant resin. This resin, known as
‘labdanum’, ‘ladanum’, ‘laudanum’ or ‘ladanon’, is produced
by boiling the leaves and twigs. It presents a relatively high
content of ambrox (amber odor) and, consequently, it is valued
in perfumery as a substitute for ambergris (from the sperm
whale, which is an endangered species). Cistus essential oil is
obtained by either hydrodistillation or steam distillation of the
leaves and stems, reaching a price of over 200 €/L.

Cistus oil is relatively rich in monoterpenes (67%) and
sesquiterpenes (20%) and poor in diterpenes (3%). The major
constituents are a-pinene (a bronchodilator), frans-pinocarveol,
bornyl acetate, terpinen-4-ol and camphene (monoterpenes);
viridiflorol (estrogen mimic, also reported in propolis), ledol
and globulol (sesquiterpene alcohols); and 15-nor-labdan-8-ol
(diterpene) [1-3].

Erica arborea (tree heath) is in the heather family, Ericaceae. It
is native to the maquis shrublands (garrigue biome) of the
Mediterranean Basin, Portugal and the Canary and Madeira
Islands. The leaves and flowers of E. arborea have been
popularly used as an anti-rheumatic, a diuretic, an astringent
and in the treatment of urinary infections, while its wood (briar

root or bruyere in French) is used for making smoking pipes
and jewelry.

E. arborea contains many active compounds such as
flavonoids, monoterpenes, triterpenoids, phenylpropanoid
glucosides and condensed tannins [4]. Pharmacological

activities of the extracts from this plant have been reported to be
anti-inflammatory, antioxidant and analgesic. In fact, the
composition of its bark (with leaves) has been reported to
include triterpenoids such as friedelin, lupeol, betulin and
ursolic acid [5, 6].

According to Bessah and Benyoussef [4], the water-distilled
essential oil from leaves of E. arborea of Algerian origin
(d=0.8587; [a] +2°44') contains 75 components, amongst which
palmitic acid (33.3%), (Z,Z,2)-9,12,15-octadecatrien-1-ol, a
fatty alcohol (6.6%), and nonacosane, a straight-chain
hydrocarbon (6.1%), are the major constituents [4]. Other
components, present in lower proportions, are B-fenchyl
alcohol, B-caryophyllene, p-bourbonene, eugenol, ionol,
geranylacetone and germacrene D [4].

To the best of the authors’ knowledge, no vibrational or thermal
studies have been reported in the literature for any of the two
aforementioned oils. The thermal behavior of C. ladafiner has
been studied by TG and triple shot pyrolysis [7] of the entire
plant, and the studies on E. arborea have been aimed at the
assessment of the thermal behavior of the entire plant for its
integration in wildland fire spread models [8] or to measure its
ignitability, combustibility and sustainability as a forest fuel [9].

In the work presented herein, the physicochemical properties of
the essential oils obtained from these two pyrophytic
Mediterranean shrubs have been investigated by ATR-FTIR
vibrational spectroscopy and by thermogravimetric (TG) and
differential scanning calorimetric (DSC) thermoanalytical
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techniques. These data are of interest in extraction processes for
the cosmetics industry, provided that they reveal differentiation
patterns of the vegetable oil fingerprints.

ATR-FTIR spectra: The wavenumbers for the main bands in
the ATR-FTIR spectra of the oils of the two plants under study,
together with those from leaves, roots, capsules, fine and
coarse-texture components for each of the species, are
summarized in Table 1. A close similarity can be observed, on
the one hand, between the leaves and roots spectra and, on the
other hand, between the fine and coarse components spectra.
The capsules vibrational pattern for E. arborea exactly matched
that of the fine components and is listed in the same column.

Table 1: Main bands in the ATR-FTIR vibrational spectra of C. ladanifer and E.
arborea oils and various plant components. All wavenumber values are in cm™.

Cistus ladanifer Erica arborea

Oil Leaves Roots Fine Coarse  Oil Leaves Roots Capsules/Fine Coarse

3465 3412 3416 3419 3421 3360 3396 3405 3421 3412
2953 x x x x 2970 x x x x
2918 2919 2920 2922 2920 2931 2923 2929 2918 2919
2871 2850 x x 2874 2852 x 2850
x 2360 2361 2355 2361 X 2360 2361 2360 2360
x * 2344 2339 2343 x * 2344 2342 2343
1737 1733 1735 1732 1735 1721 1733 1736 1739 1740
1681 X X X X 1674 X X x X
x 1615 1617 1621 1617 1614 1616 1617 1616 1616
x 1515 1508 1505 1508 x 1516 1513 1508 1510
1448 1455 1452 1455 1457 1454 1455 1451 1464 1459
1375 1367 1375 1373 1375 1374 1373 1374 1375 1375
1328 * 1320 1320 1329 * 1331
1245 1232 1243 1242 1243 1249 1243 1247 1246 1247
1164 1164 1152 1151
1125
1111 1085 1081
x 1035 1035 1031 1035 1046 1035 1031 1050 1039
1015 1007
952 939
886 860
815 821
787 758
635 665
618 617 559 602 610 559 579 608 607

The oils spectra differed from those of the leaves, roots and other
plant components from which they were obtained by the absence
of the absorption bands at 2360 cm™ (absorbed CO,), 2344 cm’!
(glucose ring stretching), 1515 cm™ (benzene ring stretching in
lignin) and 1035 cm™ (lignin), present in the latter components.
Nonetheless, they all shared the presence of bands at 1455 cm’

(CH, cellulose, lignin) and 1375 cm’' (C-H cellulose,
hemicellulose) [10]. Bands specific to the oils are those which
appeared at 2960, 2873, 1678, 945 and 818 cm’'. The bands at
2060 and 2873 cm™ are assigned to asymmetrically and
symmetrically stretching vibration of C-H of aliphatic CHj
groups, due to the alkyl rest of the triglycerides present in large
quantities in vegetable oils, while the band at around 1678 cm’!
can either be attributed to C=C stretching vibration of cis
disubstituted olefins (RHC=CHR) or to an oxo group (a:f
unsaturated) from terpenoids. The C-H out-of-plane deformation
band observed between 952 and 939 cm™' is highly characteristic
of trans double bonds, and the band at around 818 cm™ is related
to an isopropylidine group (R,C=CHR), usual in terpenoids [11-
14].

The fact that the labdanum and tree heath oils spectra (Figure
1), as is the case for other oils, showed bands in common with
resins and gums has led us to compare these spectra with those
of rosehip and palm oils, myrrh and mastic resins and
tragacanth gum (see Table 2). It is worth noting that, in the
2920-1160 cm™ region, there is a high correspondence with the
bands of R. rubiginosa oil, a moderate correspondence with
those of other oils and resins, and low agreement with those of
tragacanth gum.

In the case of C. ladanifer oil, whose terpene composition is
favorable to low-number isoprenic units (monoterpenes and
sesquiterpenes), the band at 1737 cm™! (attributable to v(CO)
ester carbonyl or to terpenic oxo groups) is shared with rosehip
and palm oils, whereas the composition rich in terpenes with a
high number of isoprenic units (triterpenoids) exhibited by E.
arborea oil leads to a shift of this band towards lower
wavenumbers (1721 cm™). As regards the band at around 2875
cm’! (attributed to symmetrical v(C-H) from CHj;) in the E.
arborea spectrum, it should be noted that it agrees with that of
mastic resin. Another useful band in terms of differential
identification of the oils is that which appears at 1681 cm™ in C.
ladanifer oil and shifted to lower wavenumbers in tree heath oil
(1674 cm™") and rosehip oil (1653 cm™). This band does not
appear in palm pulp oil or in tragacanth gum.

Table 2: Comparison of the vibrational spectra of C. ladanider and E. arborea oils with rosehip and palm oils, myrrh and mastic resins and tragacanth gum.

C. ladanifer E. arborea

extract oil  extract  oil Myrrh resin - Mastic resin =~ Rosehip oil [15]  Palm pulp oil ~ Tragacanth gum Assignments
3465 OH group
3362 3366 3360 3348 3335
2969 2953 2969 2970 2949 3009 3004 asymmetric v(CH) from CH;
2915 2918 2930 2931 2925 2923 2914 2932 asymmetric v(CH) from CH,
2871 2875 2874 2874 symmetric v(CH) from CH;
2848 2834 2854 2853 2850
1732 1737 1735 1721 1732 1742 1736 1716 v(CO) ester carbonyl of triglycerides
1712 1710 1707
1655 1681 1674 1674 1635 1650 1653 x v(C=C) disubstituted olefins; olefinic terpenoids
1607 1614 1614 1601 1600 v(C=C) aromatic ring
1462 1448 1454 1454 1459 1456 1467 J(CH,) bending deformation
1435 1410 J(C-H) from CH, or CH; groups; CH, cellulose/lignin
1378 1375 1374 1374 1378 1377 1389 1371 J(CH,), bending deformation
CH hemicellulose, cellulose
1341 1328 1329 1328 1335 x J(CHj3) bending deformation
1298
1227 1245 1249 1249 1238 1245 1238 1243 1242 J(C-H), v(C-O-H).
1160 1164 1152 1142 1161 1160 1170 1145 methyl ester, v(CO)
1128 1125 1120 v(C-C)
1106 1111 1115
1083 1085 1084 1098 1100 stretching vibration of C—O ester groups
1048 1046 1045 1046 starch OH, cellulose
1032 1023 1034
993 1007 1007 1008 trans double bond
950 952 939 988 J(C-H) bending
876 886 860 860 841 837 892 4(C-0-C)
816 815 821 838 846 R,C=CHR isopropylidine
787
729 758 758 725 723 x p(CH,),
719 698 701 1,2-cis-disubstituted olefin
638 635 665 662 597 580 d(C-H) in the furan ring
563 559 559 595
527 521
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Figure 1: FTIR spectra of (a) Cistus ladanifer oil and (b) Erica arborea oil.

Thermal analysis: TG plots of gum rockrose and tree heath
oils showed mass loss in the 50-240°C and 100-220°C
temperature range, respectively, with a more abrupt pattern for
E. arborea (Figure 2). In both cases this mass loss corresponded
to pyrolysis, which was sensitized in the DTG curves by
endotherms at 151°C (C. ladanifer) and at 208°C (C. arborea).
From these temperatures, it can be seen that E. arborea oil
presents higher thermal stability than that of C. ladanifer. In
any case, the decomposition point of both oils is high enough to
ensure the preservation of terpenoids as main constituents. The
chief products of pyrolysis were straight-chain alkanes and
alkenes [16]. It should be noted that heating of isopropanol
extracts (not shown) resulted, after solvent evaporation, in
decomposition of the oils extending up to 400 °C.

The low-temperature DSC thermograms of the two oils under
study are depicted in Figure 3. Both C. ladanifer and E. arborea
oils vitrify upon cooling. Upon heating, only devitrification is
observed. For C. ladanifer oil the glass transition is observed at
T,=(-113 £ 1) °C and for E. arborea oil at T, = (-79 = 1) °C.
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Figure 2: Thermograms for (a) C. ladanifer oil, m = 21.14 mg; and (b) E.

arborea oil, m = 17.77 mg. The left y axis corresponds to the DSC curve,

while the two y axes on the right correspond to TG/DTG curves.
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Figure 3: Low-temperature DSC thermograms for (a) C. ladanifer oil, m =
4.1 mg; and (b) E. arborea oil, m = 5.7 mg. The cooling/heating rate was
|BI=50°C-min™".

As regards the FTIR results, this technique has proven useful to
identify the different components of various parts of the plants
and their derived products, serving as a fingerprint technique
which provides insight into the biochemical composition of the
samples. As noted by Huck [17], this method is particularly
suitable for the fast and simultaneous qualitative and
quantitative characterization of natural products and their
constituents. Thus, the data presented herein can be used for
quality control in the cosmetics industry.

With regard to the thermal stability of the oils under study, it is
high enough to ensure that their thermolabile constituents would
be preserved during hydro-distillation, which is the method
recommended by the French Pharmacopoeia for the extraction of
essential oils from dried spices and the quality control of essential
oils in the laboratory [18].

On another topic, provided that the two shrub species under
study are active pyrophytes, the results should also be put in
relation to their impact on forest fires: the flammability of the
shrubs under study (and, by extension, those of their resins and
oils) must be referred (apart from ignition time and moisture) to
their contents of terpenoids. The high flammability of E.
arborea can be ascribed to its high emission of terpenes
throughout all the year (which can reach up to 40 pug-gpy -h™),
in spite of the fact that its composition is relatively rich in low-
volatile terpenoids, such as triterpenoids. Conversely, although
C. ladanifer emits into the air modest amounts of terpenoids (<7
ng-gom -h™h), it has a very high flammability in the summer due
to the potentiated emission of a-pinene, a particularly volatile
monoterpene, which, as noted above, is an important
component of its essential oil [19].

The essential oils from two Western Mediterranean pyrophytes,
namely C. ladanifer and E. arborea, have been characterized by
ATR-FTIR spectroscopy and thermal analytical (TG/DTG and
DSC) techniques. Their vibrational spectra have been compared
with those of other parts of the plants (leaves, roots, capsules,
etc.) and with those of oils, gums and resins from other species.
The specific location of the bands from unsaturated and o:f
unsaturated oxogroups has been related to the different content
of terpenoids of C. ladanifer oil (mono- and sesquiterpenoids)
and E. arborea (triterpenoids). As regards the thermal behavior,
E. arborea oil showed higher thermal stability than that of C.
ladanifer, as evinced by the effects in the TG and DSC
thermograms (at 210°C and 143°C, respectively). Thus,
recognition of the TG and DSC characteristic patterns of both
essential oils can also be helpful in identifying the type of oil.
On the other hand, the delayed thermal decomposition of the
oils under study, together with the characterization of
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terpenoids by ATR-FTIR, provide evidence that oil constituents
that are thermolabile, such as terpenoids, are conserved in the
extraction process, thus ensuring that hydrodistillation is a
valuable method to recover the main constituents of these
essential oils.

Experimental

Samples: C. ladanifer and E. arborea samples were collected
from wild plants growing in the municipality of Ayod de
Vidriales (in the province of Zamora, Castilla y Leon, Spain)
during the flowering period (Spring 2015). Oils from Rosa
rubiginosa L. and Elaeis guineensis Jacq., myrrh from
Commiphora, mastic from Pistacia lentiscus L. and tragacanth
gum from Astragalus samples used for comparison purposes
were of commercial origin.

Methods: Hydro-distillation of 100 g of fresh and whole leaves of
C. ladanifer and E. arborea was carried out in a Clevenger-type
apparatus for 3 h. The essential oils were collected, dried under
anhydrous sodium sulfate and stored at 4°C until used. To
confirm their purity, essential oil composition was determined by
gas chromatography coupled to mass spectrometric (GC-MS)
analysis, according to the experimental conditions specified by
Bessah and Benyoussef [4]. A commercial sample E. arborea
essential oil, supplied by Radhe Shyam (Barcelona, Spain), was
also tested. An alternative extraction method consisting of
suspending the vegetal dry matter in amyl alcohol in a 1:2 (w/v)
ratio for 30 min, under constant shaking, at room temperature,
was also used to isolate high-purity oil from both plants.

Apparatus: GC/MS analysis was conducted with an Agilent
Technologies 7890A apparatus (Santa Clara, CA, USA). The
vibrational spectra of the materials in the 400-4000 cm’!
spectral range were measured using a Thermo Scientific
(Waltham, MA, USA) Nicolet iS50 FT-IR spectrometer,
equipped with an in-built diamond attenuated total reflection
(ATR) system. Spectra of the oils were recorded at room
temperature with a 1 cm™ spectral resolution, and 64 scans. TG
and high-temperature DSC analyses were conducted with a
Perkin-Elmer (Waltham, MA, USA) STA6000 simultaneous
thermal analyser by heating the samples in a slow stream of N,
(20 mL-min™") from room temperature up to 500°C, with a
heating rate of 20°C-min™'. Pyris v.11 software was used for
data analysis. The low-temperature DSC experiments were
performed in a Perkin-Elmer Pyris 1 power compensation
calorimeter. A liquid nitrogen Cryofill cooling unit was used,
and helium at a 20 mL-min™" flux was employed as the purge
gas. Samples were cooled to -170°C and then heated to room
temperature at a 50°C-min~' rate. The obtained data were
analysed using TA Instruments Universal Analysis V4.1D
software.
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On the Crystallinity of Cellulose Microfibers Derived from
C. ladanifer and E. arborea Shrubs

Paula Carrion-Prieto,” Pablo Martin-Ramos,b’*, Salvador Hernandez-Navarro,”
Luis F. Sanchez-Sastre,” José Luis Marcos-Robles,* and Jesis Martin-Gil*

The effectiveness of the use of cellulose fibers as particulates/composite
reinforcers involves the assessment of the crystallinity of such fibers. The
aim of the present work is to provide information on the degree of
crystallinity of the cellulose microfibers obtained from stems of Cistus
ladanifer L. and Erica arborea L. shrubs through two different treatments,
namely an alkaline treatment and a microwave-assisted deep eutectic
solvent (DES) method. The crystallinity indexes (Cr/) obtained from X-ray
powder diffraction patterns indicated that higher Cr/ were attained for
cellulose obtained from the DES treatment. Complementary information on
the degree of crystallinity was also retrieved from Attenuated Total
Reflection — Fourier-Transform Infrared spectroscopy (ATR-FTIR)
vibrational spectra, scanning electron microscopy (SEM) micrographs and
accessibility data for the DES-treated celluloses from the two species. The
crystallinity results for the fibers derived from these two Mediterranean
shrubs are within the range for wood pulp, opening the door to their
valorization for cellulose-derived packing applications or for their use as
reinforcers in composite materials in combination with other biopolymers.

Keywords: Cellulose, C. ladanifer; E. arborea; Fibers, Deep eutectic solvent

Contact information: a: Agriculture and Forestry Engineering Department, ETSIIAA, Universidad de
Valladolid. Avenida de Madrid, 44, 34004 Palencia, Spain; b: Department of Agricultural and
Environmental Sciences, EPS, Instituto de Investigacion en Ciencias Ambientales (IUCA), Universidad
de Zaragoza, Carretera de Cuarte s/n, 22071 Huesca, Spain; *Corresponding author: pmr@unizar.es

INTRODUCTION

Cellulosic fiber is a polycrystalline aggregate containing crystalline and non-
crystalline or amorphous components, i.e., it is formed by crystalline regions separated
by amorphous or less crystalline regions. The main chemical components of wood fiber
are cellulose (about 40% in natural fiber), hemicelluloses and lignin (approximately 20-
30% each). Hemicelluloses and lignin are amorphous substances, whereas cellulose has
ordered (crystalline) regions.

The content of ordered fibrils is a characteristic feature of cellulose molecules,
as a consequence of their tendency to form intra- and inter-molecular hydrogen bonds.
In fact, the highly crystalline tertiary fibrillar structure which confers cellulose with
great resistance to solvents and reagents has to be referred to the existence of such
intermolecular hydrogen bonds. The smallest fibrillar unit that has been identified
(referred to as ‘elemental fibril’) has an approximate cross-section of 3.0-3.5 nm.
Elemental fibrils, separated by less ordered regions, are grouped into microfibrils with
diameters greater than 25 nm (Ahtee et al. 1983; Kamide 2005; Stewart 1969).
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Natural plant fibers or biofibers have been used as a reinforcing material for
different types of matrices. Attention has recently focused on their use for the
reinforcement of natural polymer matrices and to attain environmentally-friendly
composite materials (since they are produced from natural resources). The advantages
of biofibers over traditional reinforcing fibers (such as fiberglass) are their low cost, low
density (with good specific properties), low roughness, biodegradability and the need
for less processing equipment. Some of the most widely used natural fibers for the
obtaining of reinforced materials are sisal, jute, flax and cellulose fibers from different
origins (Bledzki and Gassan 1999; Dante et al. 2014).

It is known that while Pinus laricio is the species with the highest relative
content in lignin and Cistus ladanifer L. (gum rockrose) is one of the richest in cellulose
(55-60%), Erica arborea L. (tree heath) is the plant species with highest holocellulose
(cellulose and hemicellulose) content (Barboni et al. 2010). These latter two species are
evergreen small diameter hardwood shrubs and constitute a significant proportion of
Mediterranean forest vegetation. Since 2012, field studies aimed at their valorization,
funded by the European Union through the LIFE+ and Joule programs, have been
conducted in several municipalities in the province of Zamora (Spain).

With a view to their valorization in cellulose-derived packing, a research topic
which was included in the top 10 innovations for 2025 according to the Intellectual
Property & Science business of Thomson Reuters (Thomson Reuters 2014), an
assessment of the crystallinity of their cellulose fibers is required. Consequently, the
study presented herein aims to gain insight —by using different characterization
techniques— on the degree of crystallinity of the cellulose microfibers obtained from the
stems of the two aforementioned pyrophytes, upon application of two different

treatments (viz. an alkaline method and a microwave-assisted deep eutectic solvent
method).

EXPERIMENTAL

Samples and Reagents

The samples used in this study were collected from a plot located in the
municipality of Ayo6 de Vidriales (42° 07' 10" N, 6° 06' 59"W), in the province of
Zamora, Castilla y Leon, Spain. The chosen area (>1.2 ha) is a mixed shrubland in
which the dominant shrub species are E. arborea and C. ladanifer (Carrion-Prieto et al.
2017).

Choline chloride, urea, sodium hydroxide and sodium thiosulfate were
purchased from PanReac AppliChem (Barcelona, Spain). Titanium dioxide (TiO,,
anatase variety) and Avicel® were supplied by Sigma Aldrich Quimica SL (Madrid,
Spain).

Treatments

Samples of the stem of C. ladanifer and E. arborea (200 mg) were ground in a
blade mill and predried at 70 °C for 24 h and then immersed in 4 mL of a NaOH
solution (25% w/v) with vigorous stirring at ambient for 24 h. The alkaline-treated
fibers were subsequently washed with running tap water and then distilled water until
no alkali was present in the wash, and finally dried under vacuum to a constant weight.
The alkali wash was recycled to avoid environmental pollution.

Alternatively, a deep eutectic solvent (DES) ionic liquids system, based on
choline chloride-urea, was also used for fibrillation of C. ladanifer and E. arborea wood
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cellulose. Choline chloride/urea DES was prepared by stirring the mixture of choline
chloride and urea (mole ratio 1:2) at 80 °C until a homogeneous colorless liquid was
formed (Sun et al. 2003) and then stored in a vacuum dryer. Subsequently, cellulose
samples (200 mg) were treated by a mixture of choline chloride/urea+tHNO3 (1.18 mL)
with TiO, (20 mg) as a catalyst, using a microwave digestion system —a Milestone
(Sorisole, BG, Italy) Ethos-One microwave oven equipped with a magnetic stirrer
system— at 120 °C for an effective time of 30 min. Samples were allowed to cool down
to room temperature. Then, the DES was removed by washing with water (da Silva
Lacerda et al. 2015; Li et al. 2011; Zhang and Zhao 2011).

Characterization

For the determination of crystallinity via X-ray powder diffraction (XRPD), data
were obtained with a Bruker (Billerica, MA, USA) D8 Advance Bragg-Brentano
diffractometer, in reflection geometry, employing Cu Ko radiation (A=1.5406 A).
Diffractograms were collected by continuous scanning over a diffraction angle 26=5—
80°. The crystallinity index (Crl) was calculated using equation Cr/=[1-I,n/lyp2]*100
from an internal reference method by Segal et al. (1959). In this equation, oy, is the
maximum intensity of crystalline scatter at the 002 reflection (in the case of cellulose, at
26=22.3°) and I, corresponds to the intensity of the minimum or ‘valley’ between the
peaks at 26=18° and 22°. The amorphicity index (4ml) is, obviously, AmI=1-Crl.

The vibrational spectra of the materials in the 400-4000 cm™ range were
measured using a Thermo Scientific (Waltham, MA, USA) Nicolet iS50 FT-IR
Spectrometer, equipped with an in-built diamond attenuated total reflection (ATR)
system. The absorption bands at 1430 and 890 cm™ were used for the calculation of the
lateral order index (LOI) (Kljun et al. 2011; O'Connor et al. 1958).

SEM micrographs were obtained with an FEI (Hillsboro, OR, USA) Quanta
200FEG microscope with BSE and SE detectors, equipped with a Genesis energy-
dispersive X-ray (EDS) spectrometer system. Non-metalized samples were used.

Iodine absorption measurements were used to test the accessibility of cellulose,
according to ASTM D4607-94 method. The ISV or iodine adsorption value (mg) was
calculated as ISV=[(a-b)*cx254]/w, where a is the consumable sodium hyposulphite
solution with control (mL), b is the consumable sodium hyposulphite solution with
samples (mL), ¢ is the molar concentration of sodium hyposulphite solution (mol/L),
and w is the dry weight of the sample (g).

RESULTS

Degree of Crystallinity from X-Ray Powder Diffraction Data

The determination of the crystallinity indexes from the intensities of the /oo, and
Lam peaks in the diffractograms of the cellulose fibers from E. arborea and C. ladanifer
after alkaline treatment (Fig. 1.) resulted in Cr/ values of around 39% and 38%,
respectively.

For the cellulose fibers from E. arborea and C. ladanifer subjected to the
microwave-assisted DES process (Fig. 2.), the calculation of the Cr/ yielded values of
51.2% and 51.6%, respectively.
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Fig. 1. X-ray powder diffraction patterns for the cellulose fibers from (a) E. arborea and (b) C. ladanifer
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Fig. 2. X-ray powder diffraction patterns for the cellulose fibers from (a) E. arborea and (b) C. ladanifer
after microwave-assisted DES treatment for 30 min. The very sharp peaks observed in both
diffractograms for 26>25° are spurious and can be unequivocally ascribed to some remaining TiO,,
anatase variety (ICDD PDF # 04-002-8296), used in the treatment.
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Degree of Crystallinity from ATR-FTIR and SEM Data

Having observed a higher Cr/ with the microwave-assisted DES method, the
crystallinity of the DES-treated samples was assessed using alternative approaches. The
comparison was made both by examining the bands of the infrared spectra of the
samples (calculating the lateral order index) as well as from information derived from
SEM micrographs.

Firstly, the FTIR spectra (Fig. 3.) allowed to retrieve information on the
interferences responsible for the uncertainty which affected the Cr/ determinations from
the X-ray powder diffraction patterns: the observation of minimized peaks at 1730 cm™
(associated with C=0O bonds of non-conjugated ketones present in hemicellulose
(Afanas’ ev et al. 2007; Moran et al. 2008; Pandey 1999)) evinced that the obtained
samples had a low contamination of amorphous hemicellulose. However, the
contamination with lignin would be higher: in fact, bands of medium intensity at 1268
and 1378 cm™ attributable to guaiacyl and syringyl units from lignin could be observed.
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Fig. 3. ATR-FTIR spectra of the cellulose fibers from E. arborea (solid line) and C. ladanifer (dashed
line) after microwave-assisted DES treatment of the inner stem.

In relation to the crystallinity, the lateral order index (LOI) based on the ratio of
absorption bands at specific wavenumbers can be used to interpret qualitative changes
in cellulose crystallinity: generally, as the LOI decreases crystallinity also decreases
(O'Connor et al. 1958). The absorption bands at 1430 and 893 cm™' can be used to study
the type of crystalline cellulose and the crystallinity changes (Kljun et al. 2011; Oh et al.
2005) because crystalline cellulose I spectrum clearly differs in this band from those of
cellulose II and amorphous cellulose. From the intensities of the bands in the spectra,
the LOI values for C. ladanifer and E. arborea samples were 2.2 and 2.9, respectively,
suggesting a higher crystallinity for the E. arborea-derived sample than for the treated
cellulose from C. ladanifer.

On the other hand, and also according Kljun et al. (2011), if a cellulose fiber has
a significant amount of crystalline cellulose I, the absorption band shifts toward 1430
cm ' and the amounts of cellulose I and amorphous cellulose decrease. Because of a
closer proximity of such band to 1430 cm™ for E. arborea (1428 cm™) than for C,
ladanifer (1422 cm™), a higher crystallinity can be presumed for the cellulose obtained
from the former.

Valuable information, complementary to previous results, could also be obtained
from the SEM micrographs of both samples. In the micrographs obtained for the fibers
of C. ladanifer inner stem (Fig. 4.a and Fig. 4.b), a structure made up of cellulose fibrils
agglomerated with each other, due to an incomplete removal of lignin, could be
observed. On the other hand, E. arborea cellulose fibers (Fig. 4.c and Fig. 4.d) showed
a more organized and regular morphology (more oriented) than those of C. ladanifer.
From the micrographs obtained for the fibers of the inner stem of E. arborea it was also
possible to recognize their dimensions: cylinders of length ranging from 100 to 110 pm
and with diameters between 9.20 and 15.30 um. The aspect ratio (L/d=7-10) of these
microfibers is high compared to that of untreated fibers (1.9-3.3) and makes them very
suitable for sonication to obtain nanowhiskers, an application contemplated in the
manufacture of composites.
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Fig. 4. SEM micrographs of the fibers after microwave-assisted DES-based treatment: inner stem of C.
ladanifer [400% (a) and 1000% (b) magnification] and inner stem of E. arborea [500% (c¢) and 1400% (d)
magnification].

Crystallinity from Accessibility Data

The accessibility of cellulose concerns the degree of difficulty with which some
low-molecular mass reagents are able to reach the hydroxyl groups of cellulose.
Adsorption of various solutes onto fibers occurs mainly on the amorphous regions and
usually to a lesser degree on the surfaces of crystallized areas. Thus, any method to
measure the fiber accessibility can be used for estimation of crystallinity (Roberts 1991;
Schleicher et al. 1991). The accessibility of DES-treated cellulose fibers from C.
ladanifer and E. arborea was studied in comparison with Avicel® microcrystalline
cellulose by means of iodine sorption method and results are summarized in Table 11.
Accessibility percentages were estimated taking the accessibility of amorphous
cellulose (ISV of 412 mg I,/g) as 100%.

Table 1. ISV Values and Accessibility and Crystallinity Estimations for Treated Cellulose Fibers from
Different Origins

lodine sorption value (mgl,/g cellulose) | Accessibility (%) | Crystallinity (%)
C. ladanifer 103.5 25.1 74.9
E. arborea 113.9 27.6 724
Avicel® 78.3 19.0 81.0

This indirect method led to significantly higher crystallinity estimations than the
other methods discussed above. Further, the value for C. ladanifer-derived cellulose
would be higher than that from E. arborea, and both of them would be quite close to
that obtained for Avicel® reference material.

DISCUSSION

The crystallinity indices obtained from the X-ray powder diffractograms using
the method proposed by Segal et al. (1959), suggested a higher effectiveness of the
microwave-assisted DES treatment in comparison with the application of the alkaline
treatment. Although this method is widely accepted for comparing the relative
differences between samples, the obtained Cr/ values can only be taken as a rough
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approximation, since a simple height comparison cannot be expected to provide a
reasonable estimate of cellulose crystallinity, as it excludes contributions from the other
crystalline peaks and neglects variation in peak width, which can also be affected by
crystallite size (Evans et al. 1995; French and Santiago Cintrén 2012; Ju et al. 2015;
Park et al. 2010). It should be remembered that Segal et al. (1959) only intended this
method to be used as a 'time-saving empirical measure of relative crystallinity'. The
more accurate XRD deconvolution method could not be used for the samples studied
herein, since the four/five peak fitting procedures are only reliable for purer cellulose
samples (e.g., filter paper, bleached kraft pulp, neutral sulfite semi-chemical pulp, ezc.
(Garvey et al. 2005; Hult and Berglund 2003)), which result in very clean diffraction
patterns.

As regards the results from the other indirect measurement techniques for DES-
treated samples, the degree of crystallinity was more favorable to C. ladanifer than to E.
arborea or vice versa depending on the chosen measurement method. Whereas the
ATR-FTIR vibrational spectra and SEM micrographs suggested higher crystallinity
values for E. arborea than for C. ladanifer, the indirect accessibility data from ISV
estimate pointed at a higher degree of crystallinity for C. ladanifer. In any case, the
differences were not significant.

The percentage of crystallinity for cellulose is a determining characteristic in
terms of its possible applications. For example, the low crystallinity of cellulose from
pineapple peel has been invoked to explain the excellent results obtained in the
preparation of solutions of that material in polyethylene glycol and in the manufacturing
of polyurethane foams (Vega-Baudrit et al. 2007). In contrast, the high crystallinity of
the cellulose from ramie fibers (Crl = 0.89) or Avicel® (CrI = 0.81-0.83) (Moya
Portuguéz et al. 1992) lends itself to the reinforcement for plastics which could be used
in place of glass (Mathijsen 2016).

In the case of the wood from the stems of C. ladanifer and E. arborea, the
crystallinity of their celluloses, in the 52-75% range, would be within the interval
established for wood pulp (60-85%) (Nufiez 2008). Thus, it can be anticipated that these
treated cellulose fibers would be suitable for their application as reinforcers of
composites, in combination with natural polymers, such as chitosan (Akhlaghi et al.
2013; de Mesquita et al. 2010), natural rubber (Bendahou et al. 2009), or soy protein
(Wang et al. 2006).

CONCLUSIONS

1. The information resulting from XRD data allowed to establish that the degree of
crystallinity of the MW-assisted DES-treated samples was higher than that of their
alkaline-treated counterparts.

2. The complementary ATR-FTIR spectra, SEM images and indirect accessibility data
from ISV for the DES-treated samples suggested that there were no significant
differences in the crystallinity of the cellulose microfibers derived from these two
Mediterranean shrubs.

3. The results of the present study indicate that the crystallinity of the treated fibers of
both C. ladanifer and E. arborea would be are within the range established for wood
pulp, which makes them suitable to be used in combination with natural polymers
for the manufacturing of composite materials.
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Abstract

Cistus ladanifer L. and Erica arborea L. biomass hydrolysate components, obtained
from microwave-assisted treatments with choline chloride/urea - HNO; 10%, N,N-
dimethylacetamide/NaHCO;3; and N,N-dimethylacetamide/CH;0K as solvents, have
been measured using a spectrophotometric method. Interference from acid-soluble
lignin was alleviated by the use of absorbance difference spectrum before and after
reduction with NaBHy4. The concentrations of furfural and 5-(hydroxymethyl)furfural in
the filtrate were determined by measuring the absorbance of the difference spectrum at
277 nm and 285 nm, respectively. Acid-soluble lignin was estimated by the absorbance
of the reduced hydrolysate at 280 nm. The total sugars content was calculated applying
the Dubois ef al. method at 490 nm, while for reducing sugars the Miller et al. method
at 540 nm was chosen. Non-reducing sugars content was calculated by difference
between total sugar and reducing sugars percentages. Our results reports the suitability
of applying MW-assisted choline chloride/urea deep eutectic solvent for extracting
lignin, furfural, 5-HMF and sugars from C. ladanifer and E. arborea biomass. The best
yield for lignin, furfural and 5-HMF was obtained for the 60 min-treatment; and the
greatest increase in the production of total and non-reducing sugars occurred for the
MW-treatment between 10 and 20 min.

Introduction

Lignin, interlaced with cellulose and hemicellulose, forms a complex crystal
structure called lignocellulose that provides support and protection to plant cells [1].
This matrix is difficult to degrade, requiring treatments that break down its structure,
hydrolyze the hemicellulose and increase the exposed surface to favor the enzymatic
hydrolysis of cellulose [2]. For this purpose, different pretreatments can be used:
physical processes, such as grinding or heating; chemical approaches, such as the
addition of acids or bases; physical-chemical treatments, such as self-hydrolysis or
thermo-hydrolysis; and biological ones, such as the use of enzymes capable of
degrading lignin (ligninases). In the study presented herein, after a milling step, several
types of treatments with different reagents/solvents have been assessed: based on an
alkali (NaOH), on a deep eutectic solvent (DES) mixture of choline chloride:urea and
HNO; 10%, on N,N-dimethylacetamide (DMAc)/NaHCO; and on DMAc/CH;0K,
respectively. DES were used to replace ionic liquids (ILs), which are more expensive
and toxic.
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During the conventional treatments of the biomass, the high temperatures reached in
the processes influence the composition of the by-products generated. While heating
improves enzymatic hydrolysis, it also has important drawbacks, such as the formation
of compounds that have an inhibitory effect on ethanol producing organisms. An
alternative to conventional heating is the application of microwave radiation [3-5], in
which the direct contact between the product and the electromagnetic field generated by
the microwaves results in a volumetric heating that causes an instantaneous temperature
increase [6,7].

The composition of the liquid phase of the treatments includes organic acids (mainly
acetic acid, formic acid and levulinic acid), furan derivatives (2-furfuraldehyde, furfural
and 5-(hydroxymethyl)-2-furaldehyde), and phenolic compounds (mainly coumaric
acid, syringaldehyde and vanillin) [8,9]. Under acidic conditions and especially at high
temperature, furfural is readily produced from pentoses and 5-HMF is readily formed
from hexoses. Because both furfural and 5-HMF are formed from carbohydrates, they
interfere with the accuracy of sugar analysis of any biomass materials. Furthermore,
both are harmful to the fermentation of sugars if the concentrations of these compounds
exceed certain thresholds [10].

This paper presents some MW-assisted treatments in different solvents carried out to
break the intrincate structure of two shrubs, C. ladanifer and E. arborea. Our main
objective was to compare the efficiency of the ChCl/urea - HNO3 10% DES system vs.
DMAc-based systems (DMAc/NaHCO3; and DMAc¢/CH;0K) in order to extract lignin,
furfural, 5-HMF and sugars.

Materials and methods
Materials

Samples of biomass (mainly from the stem) of two species typical of Mediterranean
scrublands, Erica arborea L. and Cistus ladanifer L., were selected, dried in a stove and
crushed in a knife mill. Furfural (CAS No. 98-01-1), HMF (CAS No. 67-47-0), lignin
(CAS No. 8068-05-1) and D-(+)-glucose analytical standards (CAS No. 50-99-7) were
purchased from Sigma-Aldrich. The standard solutions were prepared with deionized
water. Sodium borohydride (CAS No. 16940-66-2), 3-amino-5-nitrosalicylic acid
(DNS, CAS No. 831-51-6), phenol (CAS No. 108-95-2), choline chloride (CAS No. 67-
48-1), urea (CAS No. 57-13-6), titanium dioxide (CAS No. 13463-67-7), N,N’-
dimethylacetamide (DMAC, CAS No. 127-19-5), sodium bicarbonate (CAS No. 144-
55-8), potassium methoxide (CAS No. 865-33-8), sodium hydroxide (CAS No. 1310-
73-2) and potassium sodium tartrate (CAS No. 6381-59-5) were also supplied by Sigma
Aldrich.

Methods
Microwave-assisted deep eutectic solvent

A deep eutectic solvent “ionic liquid” system, based on choline chloride-urea (Figure
1) was assessed for the hydrolysis of C. ladanifer and E. arborea biomass. Choline
chloride/urea DES was prepared by stirring the mixture of choline chloride and urea
(mole ratio 1:2) at 80 °C until a homogeneous colorless liquid was formed, which was
then stored in a vacuum dryer. Subsequently, biomass samples (200 mg) were treated by
a mixture (8 mL) of choline chloride/urea and HNO; 10%, with TiO, (20 mg) as a
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catalyst into a microwave digestion system —a Milestone (Sorisole, BG, Italy) Ethos-
One microwave oven equipped with a magnetic stirrer system— at 120 °C for an
effective time between 1 and of 60 min. Samples were allowed to cool down to room
temperature. The DES was finally removed by washing with water.
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Figure 1. DES of ChCl and urea where a [choline]” cation is energetically competitive with [Cl(urea),] .

Microwave-assisted DMAc-sodium bicarbonate polar aprotic solvent

Alternatively to the DES-based method, 8 mL of a colourless, water-miscible, high
boiling liquid —viz. N,N -dimethylacetamide (DMAc) with formula CH3;C(O)N(CH3),—
was used, in the presence of 40 mg of sodium hydrogen carbonate (NaHCO3), as a
treatment agent for C. ladanifer and E. arborea woods (200 mg of biomass samples).
The same procedure explained above for the microwave-assisted DES treatment was
followed for the polar aprotic solvent-based treatment. DMAc was removed by washing
with water.

Microwave-assisted DMAc-potassium methoxide system

The third approach hydrolytic treatment for C. ladanifer and E. arborea biomass
(200 mg) was based on a mixture of 8 mL of DMAc with 40 mg of potassium
methoxide (commonly used as a catalyst for transesterification in the production of
biodiesel). The methoxide ion was prepared in situ by reacting methanol with
hydroxide. The solution was then treated as in the previously discussed methods.

Alkaline treatment

Solutions were prepared with 20 mg of each sample and 2 mL of 0.1 M NaOH,
which were stirred for 24 h. From these solutions, 0.3 mL of each sample were isolated
and then diluted to 25 mL (to keep the concentration within the spectrophotometer
measurement range and to avoid absorption flattening due to saturation). When
necessary, HCI was used to preserve the pH neutral.

ASL, Furfural and HMF content

The quantification of soluble lignin based on its characteristic peaks at 205 nm and
280 nm has been questioned for the determination of soluble lignin because formic acid
and acetic acid have significant absorption at 205 nm and furfural and HMF have
absorption maxima close to 277 and 285 nm, respectively. Recently, Sun et al. [11]
reported a method to eliminate the interference of furanic compounds by reduction with
alkaline sodium borohydride.

The acid-soluble lignin (ASL), furfural (F) and 5-(hydroxymethyl)-furfural (5-HMF)
contents were determined according to the methodology proposed by Chi et al. [12],
based on the measurement of their respective maximum absorbances at 205 nm, 277 nm
and 285 nm and which makes use of the effect of the reduction with borohydride on the
furfural and 5-HMF maxima. For these latter two chemical species, their initial
absorbance in the UV-vis spectrum was measured and, after 30 mg of sodium
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borohydride had been added (followed, after 5 min, by the addition of a small amount of
HCI), absorbance measurements were repeated. Their associated absorption maxima at
277 and 285 nm completely disappeared upon reduction with NaBHy. Therefore, the
furfural and HMF contents could be readily calculated from the absorbance difference
before and after reduction (AAgR) at their respective wavelengths.

Sugar content

The quantification of reducing sugars was conducted according to Miller [13], using
DNS as the most specific reagent in a solution containing sodium hydroxide and
potassium sodium tartrate. The solution was prepared by mixing 0.8 g of NaOH, 15 g of
sodium potassium tartrate and 0.5 g of DNS, completing up to 50 mL with distilled
water. To ensure homogeneity, it was boiled for 5 minutes. It was then cooled with
water and ice, 5 mL of water were added to compensate for the evaporated volume, and
it was allowed to rest for 15 minutes. With this solution, that will be referred to as DNS,
1:1 mixtures were prepared with the samples and the standard solutions to be analyzed
(usually 0.5 mL of DNS and 0.5 mL of either the sample or the standard solution). The
determination of reducing sugars in these mixtures was conducted by measuring their
absorbance at 540 nm.

The total sugars determination was carried out in agreement with the method
proposed by DuBois et al. [14]. This method is usually called ‘phenol-sulfuric acid
method’ because in the preparation of the measuring solutions, 1-2 mL of sample, 1 mL
of phenol (5%) and 5 mL of concentrated sulfuric acid (95.5%) are mixed in the test
tubes. The test tubes containing these solutions were placed in a rack which was kept in
a thermostatic bath, between 25 and 30 °C, for 10-15 min. Glucose at various
concentrations was used as a standard. The spectrophotometric measurement of the total
sugars was carried out at 490 nm, that is, at the wavelength at which hexoses and their
methylated derivatives exhibit their maximum absorption. Non-reducing sugars content
was calculated by difference between the total sugars and the reducing sugars
percentages.

Calibration curves

In order to obtain the calibration curves for each component under study, dissolutions
with different concentrations of the analytical standards used as a reference (viz.
furfural, lignin, 5S-HMF and glucose) were prepared. Absorption values for increasing
concentrations of the analytical standard were plotted and data was fitted with a straight
line, in agreement with Beer’s Law. The concentrations of furfural, 5S-HMF and acid-
soluble lignin were determined using these calibration curves. Each data point is the
mean of three determinations. Standard deviation bars have been omitted for clarity.

Results and discussions
Furfural, 5-HMF and ASL

Calibration curves for ASL, furfural and 5-HMF are shown below (Figure 2).
Excellent linear relationships (Eq. 1-3) were obtained at their three respective
wavelengths (at A=280 nm for ASL, at A=277 nm for furfural and at A=285 nm for 5-
HMF), with Pearson coefficients (R* values) above 0.95 in all cases.
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yus, = 109.11x + 0.0841; R? = 0.9802 Eq. 1
yp = 270.76x + 0.2236; R? = 0.9534 Eq. 2
yumr = 1056.2x + 0.017; R? = 0.9921 Eq.3
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Figure 2. Calibration curves for furfural, acid-soluble lignin and 5-(hydroxymethyl)-furfural
concentration.

The highest values of ASL, furfural and 5-HFM were generally obtained after 60 min
of microwave-assisted “ionic liquid” treatment, both for E. arborea and C. ladanifer-
derived biomass (see Table 1). As noted above, furfural and 5-HMF values, obtained by
the difference of the absorption values before and after the reduction with borohydride,
were not influenced by the lignin content.

Table 1. Lignin, furfural and 5-HMF in hydrolysates after a deep eutectic solvent MW-assisted
extraction.

Erica arborea Cistus ladanifer

Treatment  Time (min) ;0. (94) Furfural (%) HMF (%) LZ%Z)‘“ Furfural (%) IEQA)F
I 0.52 1.00 0.25 0.48 1.05 0.23

5 0.82 113 0.34 0.69 138 0.33

10 125 130 0.39 0.93 1.45 0.36

C&%‘::;;Eds 20 135 173 0.59 1.03 158 0.45
Vassiste 30 1.63 2.59 0.65 122 1.94 0.49
40 1.67 270 0.65 128 213 0.58

50 179 2.69 0.75 1.40 226 0.63

60 1.80 2.74 0.82 126 233 0.77

1 033 0.97 0.22 0.42 0.92 0.20

5 0.45 1.02 0.23 0.58 1.06 021

Polar aprotic 10 0.47 1.08 0.24 0.59 1.16 0.24
solvent MW- 20 0.55 118 0.25 0.61 120 0.26
assisted 30 0.69 126 027 0.62 123 0.28
extraction 40 0.80 137 0.28 0.70 125 0.28
50 0.85 1.43 0.33 0.79 129 0.29

60 0.90 1.46 0.34 0.78 130 0.29

] 0.52 0.62 0.00 0.46 0.62 0.05

5 0.69 0.93 0.02 0.64 0.80 0.05

10 0.90 1.08 0.02 0.68 1.06 0.07

Dl\l\f@f;gsiigf 20 0.98 1.43 0.06 0.73 129 0.09
v assise 30 0.99 1.42 0.11 0.76 1.25 0.09
40 1.04 137 0.12 0.77 116 0.10

50 1.07 136 0.15 0.80 130 0.11

60 1.10 135 0.18 0.82 123 0.13
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As depicted in Figure 3, both for E. arborea and C. ladanifer, the choline
chloride/urea treatment was more effective in the production of ASL, furfural and 5-
HMEF than the treatment with DMAc/sodium bicarbonate, which —in turn— showed a
better performance than the DM Ac/potassium methoxide approach.

It is worth noting that after the choline chloride/urea treatment, E. arborea samples
produced higher content in furan-derived products than those of C. ladanifer, although
the differences were not significant from a statistical point of view: it produced 0.22%
more furfural and 0.07% more 5-HMF. However, treatment times below 10 min showed
a higher production of furfural and 5-HMF from C. /ladanifer than from E. arborea. As
regards the lignin content in the liquid phase after the MW-assisted treatments, it was
higher in E. arborea than in C. ladanifer.
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Figure 3. Lignin, furfural and HMF yields for the E. arborea and C. ladanifer lignocellulosic biomass
hydrolysates after: () a deep eutectic solvent MW -assisted extraction; (b) a polar aprotic solvent MW-
assisted extraction; and (c¢) a DMAc/CH;0K solvent MW-assisted extraction. Total, reducing and no
reducing sugars in the hydrolysates after: (d) a MW-assisted ChCl/urea treatment; (¢) a MW-assisted
DMACc/NaHCOs; treatment; and (f) a MW -assisted DMAc/CH;0K treatment.

119



For the choline chloride/urea treated shrubs biomass, the values for soluble lignin
content (1.26-1.80%), furfural content (2.33-2.74%) and 5-HMF content (0.77-0.82%)
were in agreement with those reported by Chi et al. [12] for the acid hydrolysis of Pinus
taeda (ASL: 1.43%, furfural: 2.02%, and 5-HMF: 1.05%). Da Silva et al. found
furfural+5-HMF contents ranging from 0.57% for macauba shell and up to 7.28% or
native cellulose in one of its works [15], and furfural and 5-HMF values of 5.25% and
0.87%, respectively, for native cellulose in other of its investigations [16].

Non MW-assisted alkaline treatments (with NaOH), used for comparison purposes,
gave soluble lignin contents twice as high for E. arborea (2.25%) as those for C.
ladanifer (1.31%), and both were higher than those obtained for the other treatments.
However, furfural contents with the alkaline procedure were 0.40% for E. arborea and
0.19% for C. ladanifer, significantly lower than those obtained in the MW-assisted
treatments. HMF contents (0.52% and 0.47% for E. arborea and C. ladanifer,
respectively) were similar to those obtained after 20 min of MW-assisted DES treatment
and higher than those obtained in DMAc solvents.

Table 2. Comparative measurements of soluble lignin, furfural and HMF in the hydrolysates.

Shrubs Native
Component Solvent E. arborea C. ladanifer cellulose Hardwoods References

ChCl/urea 0.52-1.80 0.48-1.4

Lignin (%) DMAc/NaHCO; 0.33-0.90 0.42-0.79 1.43 Chietal [12]
DMAc/CH;0K 0.52-1.10 0.46-0.82
NaOH 2.25 1.31
ChCl/urea 1.00-2.74 1.05-2.33 2.30-5.25 Da Silva et al [15]

DMAc/NaHCO; 0.97-1.46 0.92-1-30
DMAc/CH;0K 0.62-1.43 0.62-1.30
NaOH 0.40 0.19
ChCl/urea 0.25-0.82 0.23-0.77 0.23-0.87 Da Silva et al [16]
DMAc/NaHCO; 0.22-0.34 0.20-0.29
DMAc/CH;0K 0.00-0.18 0.05-0.13
NaOH 0.52 0.47

Furfural (%)

HMF (%)

Sugar content

In order to obtain the calibration curves for glucose (depicted in Figure 4), reference
dissolutions with different concentrations of the analytical standard were prepared. The
equation of the calibration curve of total sugars (Eq. 4) was built by applying the
methodology proposed by DuBois et al. [14], measuring the absorbance at 490 nm. On
the other hand, the method by Miller [13] was used for the calibration for reducing
sugars (Eq. 5), measuring the absorbance at 540 nm. Eq. 6 is the difference resulting
between the calibration curves of total and reducing sugars. R” values were close to 1.

Yrs = 5.0694x + 0.0525; R? = 0.9807 Eq. 4
Vrs = 17.867x + 0.0442; R2 = 0.9946 Eq. 5
yNS = y490—y540 = —127976X + 00083 Eq. 6
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Figure 4. Calibration curves for glucose concentration.

From the data summarized in Table 3, it can be observed that the concentration of
reducing sugars in the hydrolysates obtained from both species was low (0.23-0.44%)).
Although E. arborea presented higher values than C. ladanifer, no statistically
significant differences were observed. On the other hand, the production of non-
reducing sugars was high, close to that of total sugars (provided that they were
determined by subtracting the reducing sugars from the total ones).

It can also be observed that the greatest increase in the production of total sugars —
and therefore of non-reducing sugars- occurred for MW-treatment between 10 and 20
min, both for C. ladanifer and E. arborea. For reducing sugars this occurs only for
DMACc treatments in the case of C. ladanifer. The greatest increase of production of
reducing sugars for E. arborea was between 5 and 10 min for all the treatments.

Both for E. arborea and C. ladanifer hydrolysates, the treatment with ionic liquids
was found to be more effective in terms of sugar production than the treatments based
on DMAc. No significant differences were observed between the results of the
microwave-assisted DMAc-potassium methoxide and the DMAc-sodium hydrogen
carbonate systems.

Upon application of the choline chloride/urea treatment, E. arborea samples
produced more total sugars than C. ladanifer ones. The reducing sugars content was
similar, although slightly higher in the former.

Upon alkaline treatment (Table 4) by 24 h, total sugar values obtained (4.63% for E.
arborea and 5.64% for C. ladanifer) were similar those obtained by 10-20 min MW-
assisted treatment in choline ChCl/urea solvent and higher than those in DMAc-based
solvents. Reducing sugars production (1.29% for E. arborea and 1.00% by C. ladanifer)
were three times higher than those of the microwave treatments. Non-reducing sugars
for the NaOH treatment (3.34% and 4.64%, respectively) would be similar to those
obtained for 5 min treatment with choline ChCl/urea, 40-50 min with DMAc/NaHCO;
and 50-60 min with DMAc/CH;OK in the case of E. arborea, and a 10 min treatment
with choline ChCl/urea in the case of C. ladanifer (the 4.64% was much higher than
values resulting from the DMAc solvent treatments).

For comparison purposes, Table 4 shows the concentration of total sugars and
reducing sugars for corncob (twice higher) and bamboo (ten times higher) [17]
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Table 3. Total (TS), reducing (RS) and non-reducing (NRS) sugars concentrations for the MW -assisted
ChCl/urea DMAc¢/NaHCO; and DMAc/CH;0K treatments as a function of exposure times.

Treatment Time (min) Erica arborea Cistus ladanifer
TS(%) RS(%) NRS(%) TS(%) RS(%) NRS (%)

1 2.94 0.17 2.76 3.33 0.12 3.21
5 3.54 0.20 3.34 3.97 0.14 3.84
ChCl:urea 10 4.04 0.27 3.78 4.86 0.23 4.63
DES MW- 20 6.45 0.28 6.17 6.36 0.23 6.13
assisted 30 8.15 0.31 7.84 7.03 0.28 6.75
extraction 40 8.44 0.35 8.09 8.06 0.29 .77
50 8.83 0.40 8.43 8.09 0.30 7.79
60 9.19 0.41 8.78 8.45 0.33 8.13
1 0.45 0.17 0.29 0.39 0.11 0.29
5 0.61 0.18 0.43 0.40 0.11 0.28
Polar aprotic 10 0.75 0.22 0.53 0.57 0.12 0.45
solvent MW- 20 2.46 0.25 2.21 2.44 0.19 2.25
assisted 30 3.29 0.28 3.01 2.44 0.19 2.25
extraction 40 3.33 0.28 3.05 2.60 0.20 2.40
50 3.68 0.30 3.37 2.70 0.23 247
60 3.74 0.34 3.40 3.22 0.23 2.99
1 0.28 0.16 0.11 0.12 0.12 0.00
5 0.71 0.19 0.52 0.26 0.13 0.13
10 1.05 0.28 0.77 0.63 0.16 0.47
DIACCILOK 20 263 030 233 221 026 1.94
extraction 30 3.27 0.36 291 2.39 0.28 2.11
40 3.32 0.37 2.95 2.64 0.29 2.35
50 3.48 0.42 3.06 2.82 0.33 2.49
60 3.80 0.44 3.36 2.90 0.36 2.54

Table 4. Comparison of the sugar concentrations in the shrubs hydrolysates studied herein with values
reported by other authors.

Shrubs
Component Solvent £ arborea C. ladanifer Corncob Bamboo References
ChCl/urea 2.94-9.19 3.33-8.45 18.6-20.9 Procentese et al. [18]

DMAc/NaHCO; 0.45-3.74 0.39-2.70
DMAc/CH;0K  0.28-3.80 0.12-2.90
NaOH 4.63 5.64
ChCl/urea 0.17-0.41 0.12-0.33
DMAc/NaHCO; 0.17-0.34 0.11-0.23 3.4 Wu et al. [19]
DMAc/CH;0K 0.16-0.44 0.12-0.36
NaOH 1.29 1.00
ChCl/urea 2.76-8.75 3.21-8.13
DMAc/NaHCO; 0.29-3.40 0.28-2.99
DMAc/CH;0K 0.11-3.36  0.00-2.54
NaOH 3.34 4.64

Total sugars (%)

Reducing sugars (%)

Non-reducing sugars (%)

Analysis of kinetic data

The kinetic coefficients (k), calculated for the different treatments, are reported in
Table 5. It may be observed that, in general terms, the highest constants agree with the
highest values of production. That is, for the ChCl/urea treatment, in addition to the
highest concentrations of lignin, furfural and reducing sugars, the highest kinetic
constants were also obtained —both for E. arborea and C. ladanifer—: kigni, values of
0.296 and 0.175, respectively; kjsuiva values of 0.319 and 0.065, respectively; and
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kreducing sugars Of 0.300 and 0.547, respectively. Another is the case of 5-HMF and
reducing sugars, for which the highest formation kinetics were obtained with the
DMACc/CH30K solvent (kg of 4.822 for E. arborea and 0.779 for C. ladanifer; krs of
1.404 and 1.778, respectively). The difference in the kinetic behavior between furfural
and 5-HMF has to be referred to the different percentages of pentose in the raw
materials [20].

Table 5. Kinetic coefficients (k), correlation coefficients (12) and initial concentration of each sample
(H,) determined from the concentration as a function of time for lignin, furfural, 5S-HMF, total sugars and
reducing sugars production from the hydrolysis of E. arborea and C. ladanifer lignocellulosic biomass.

E. arborea C. ladanifer
Component Solvent K 2 Hy K 2 Hy References
ChCl/urea 0.2959 0.9707 0.0320 0.1752 0.9479 0.0321

Lignin DMAc/NaHCO; 0.2118 0.8583 0.0321 0.0088 0.8646 0.0321
DMACc/CH;0K 0.0348 0.9745 0.0321 0.0042 0.9831 0.0320

ChCl/urea 0.3192 0.8214 0.0320 0.0649 0.8900 0.0321 0.2712 (macauba pulp) [16]
Furfural DMAc/NaHCO; 0.0011 0.8500 0.0321 0.0001 0.9905 0.0321
DMACc/CH;0K  0.0433 0.8908 0.0321 0.0309 0.8782 0.0320

0.2729 (macauba pulp), 0.0810

ChCl/urea 0.3844 0.9025 0.0320 0.3296 0.8365 0.0321 (macauba shell) [16]

>-HMF DMAc/NaHCO; 0.0025 0.6806 0.0321 0.0013 0.9240 0.0321

DMACc/CH;0K  4.8222 0.8024 0.0321 0.7798 0.8367 0.0320

ChCl/urea 0.3778 0.8704 0.0100 0.1605 0.9149 0.0100
Total sugars DMAc/NaHCO; 1.4143 0.8309 0.0100 1.3890 0.8024 0.0100
DMACc/CHs0K  1.4044 0.8928 0.0100 1.7780 0.8634 0.0100

ChCl/urea 0.3005 0.8780 0.0667 0.5469 0.9137 0.0668

R‘:S“;Zg DMAc/NaHCO; 0.1600 0.8976 0.0668 0.6234 0.8339 0.0668
& DMAC/CH;OK  0.4351 0.9132 0.0668 0.9528 0.8690 0.0668
Mechanisms

Although the three solvents under study have the ability to disrupt the hydrogen bond
network of biopolymers, their different mechanisms result in different efficiencies.
Further, the lower performance of DMAc systems can be explained by fact that they are
disturbed by water impurities [21].

In the DES system, ChCl may act as a bridge between the urea and the biomass
biopolymers units to, subsequently, weaken and break the specific linkages into the
biopolymer (e.g., the ether linkages between the phenylpropane units present in lignin,
as reported Alvarez-Vasco et al. [22]). Another possibility would be that, instead of
ChCl and urea, the intermediate agents were choline cation and [Cl(urea),] anion.

Other is the case of DMAc systems, where the hydroxyl groups of lignocellulosic
materials may interact with a sodium- or potassium-DMAc macrocation via hydrogen
bonding bridged by the bicarbonate or methoxide anions (Figure 5). Sodium or
potassium can interact with the carbonyl oxygen via ion-dipole interaction [23], but for
this interaction to take place, no biopolymer bound water can be present. On the
contrary, in the case of DES systems, this problem does not occur: since water is linked
to urea through hydrogen bonding, the deleterious water effect is suppressed [24].
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OH OH

Figure 5. Proposed interaction between DMAc-NaHCO; and DMAc-CH;0K solvents and sugar polymer

Conclusions

The results suggest that the DES treatment offers an efficient, safe, sustainable, and
cost effective alternative to conventional methods for the extraction of bioactive
compounds from C. ladanifer and E. arborea biomass. Samples of these shrubs may be
easily dissolved by a MW-assisted procedure in a ChCl/urea deep eutectic solvent to
give lignin, furfural, 5-(hydroxymethyl)furfural and sugars with reasonable yields.
Conversely, the DMAc/NaHCO3; and DMAc/CH3;0K solvent exchange systems would
not be appropriate due to water impurities disruptive effect.

A peculiarity of the present work compared to previous ones [15,16] is that the
current operating conditions led to higher contents of non-reducing sugars than reducing
sugars. This finding can be useful to modify cured phenol-formaldehyde resins: whereas
reduced sugars cannot be used to modify these resins, non-reducing sugars can be used
to replace a major portion of the adhesive resin. Another application of the non-reducing
sugars (sucrose) is their advantageous application as a starting material in bioprocesses
to produce succinic acid (one of the chemical platforms suggested by the DOE),
farnesene (sesquiterpenes) and sucralose.
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De los resultados del presente estudio se han alcanzado las siguientes conclusiones:

1.

Del muestreo de los arbustedos de Ayod de Vidriales (Zamora, Espana), se han
establecido las caracteristicas poblacionales, densidad y estructuras de edad para
jara (Cistus ladanifer) y brezo (Erica arborea). A partir del anélisis
ortofotografico de la superficie, cabe destacar que la densidad poblacional de

ambas especies es tan elevada que la fraccion de cavidad cubierta es total.

En relacion con la caracterizacion quimica a través de analisis elemental (CHN)
de hojas, tallos delgados, tallos gruesos y raices de ambas especies, se ha
confirmado que los contenidos de carbono en las fracciones aérea y radical no
difieren de forma significativa, por lo que el uso del valor global de 0.5
recomendado por la IPCC es aplicable. Con respecto a los contenidos de
nitrégeno, se observa una distribucion de piramide invertida, con los porcentajes
mas altos en las hojas y los mas bajos en las raices. Ahora bien, al analizar el
contenido en nitrogeno teniendo en cuenta la biomasa de cada fraccion, se ha
observado que el comportamiento es muy diferente en ambas especies: para C.
ladanifer sigue el orden hojas > tallos delgados > tallos gruesos > raices, mientras

para E. arborea es tallos gruesos > raices > tallos delgados > hojas.

Se han determinado los cocientes root-to-shoot para la estimacion de la biomasa
total a partir de medidas de biomasa aérea mediante métodos directos e indirectos.
Los cocientes obtenidos por el método UN-ECE/FAO-IPCC/Sanquetta et al. a
partir de las determinaciones de biomasa han resultado ser de 0.22 para C.
ladanifer y 0.55 para E. arborea, en consonancia con las notables diferencias en
cuanto a porcentajes de distribucion de biomasa para ambas especies. Por otra
parte, el analisis vibracional de las muestras mediante espectroscopia infrarroja
con transformada de Fourier (FTIR), una técnica no destructiva, rapida y de bajo
coste, ha permitido obtener excelentes estimaciones de los cocientes root-to-shoot.
Mediante el uso de las areas bajo los picos de absorcion de 1369 cm™ (banda
asociada a la celulosa) y de 1514 cm™ (banda asociada a lignina), para C.
ladanifer y E. arborea, respectivamente, se han obtenido cocientes de 0.25 y 0.53,

resultados practicamente idénticos a los obtenidos por el método tradicional.

En base a la informacion de contenidos de carbono y distribucion de la biomasa,

ha sido posible estudiar el comportamiento como sumideros de carbono de estos
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arbustedos. Se ha estimado que C. ladanifer and E. arborea almacenarian 12.27 y
19.86 tC-ha™, 0 45 y 73 tCO,eq-ha™’, valores sustancialmente mas altos que los de
otros arbustos, evidenciando la importancia de estas dos especies para la

mitigacion del Cambio Climatico.

El aprovechamiento como combustible de E. arborea cumple los requerimientos
EN 14961-2, pues los contenidos calorificos de nucleo y corteza son muy altos y
no significativamente diferentes y el contenido en cenizas para ejemplares con
diametro >2.8 cm es admisible. Otro es el caso de C. ladanifer, que se encuentra
en el limite permitido de la normativa y s6lo cumple los requerimientos para
ejemplares afiosos, cuando el didmetro de la madera es bastante grande (>3.4 cm)
y el porcentaje de corteza es inferior al 16%. So6lo en esas condiciones los
porcentajes de cenizas resultan aceptables (52%) y el contenido calorifico alcanza
un valor admisible para su uso como combustible (18 kJ/g). En consecuencia,
mientras la cosecha de E. arborea para utilizacion como fuel no tiene por qué
resultar selectiva, la de C. ladanifer deberia limitarse a los ejemplares mas

robustos.

La investigacion de las dos especies estudiadas como precursores de productos de
alto valor afiadido ha conducido al estudio de sus aceites esenciales, que alcanzan
precios de mercado superiores a 200 €/L en el caso de C. ladanifer. La
caracterizacion de sus componentes quimicos principales, realizada en
comparacion con otras partes de las plantas y con aceites, gomas y resinas de otras
especies, ha sido llevada a cabo por FTIR. La localizacién especifica de las
bandas de absorcion para grupos oxo a.f insaturados ha sido relacionado con el
diferente contenido en terpenoides de los aceites: mono- y sesquiterpenoides para

C. ladanifer y triterpenoides para E. arborea.

A efectos de incendios forestales, la inflamabilidad de los arbustos bajo estudio
(y, por extension, la de sus resinas y aceites) ha de ser referida (aparte de tiempo
de ignicién y porcentaje de humedad) a su contenido en los diversos tipos de
terpenoides y a la concentraciébn con que estas especies tipo isoprenoide son
emitidas al aire. La alta inflamabilidad de E. arborea ha de ser referida a sus altas
emisiones de terpenos durante todo el afo (que pueden alcanzar hasta 40
ng-gDM"-h™") por méas que su composicion sea relativamente rica en terpenoides

de baja volatilidad, como los triterpenoides. Por el contrario, C. ladanifer, aunque
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emite al aire cantidades modestas de terpenoides (<7 pg gDM'h™), posee una
inflamabilidad muy alta en verano debido a la emision potenciada de a-pineno, un

monoterpeno especialmente volatil, componente importante de su aceite esencial.

El analisis térmico ha evidenciado una mayor estabilidad del aceite de C.
ladanifer frente al de E. arborea. Pese a la termolabilidad de los terpenoides, la
hidrodestilacion ha resultado ser un procedimiento adecuado para su extraccion, al

no afectar a su persistencia.

De los sistemas de hidrolisis y extraccion utilizados para la conversion de la
biomasa de C. ladanifer y E. arborea en productos derivados, el sistema cloruro
de colina/urea-HNO3, 10% asistido por microondas ha proporcionado mejores
resultados en lignina, furfural, hidroximetilfurfural y azucares que los sistemas

DMAc/NaHCO; y DMAc/CH;0K, también asistidos por microondas.

Sin embargo, si el objetivo de tratar la biomasa de C. ladanifer y E. arborea es
recuperar azucares para subsiguiente sacarificacion enzimadtica, los muy bajos
contenidos en 5-HFM obtenidos con los sistemas dimetilacetamida
(especialmente, CH3OK) hacen de estos unos procedimientos ventajosos en

comparacion con el método tradicional que utiliza NaOH.

Los indices de cristalinidad del residuo celuldsico que resulta tras tratamiento por
cloruro de colina/urea asistido por microondas son mejores que los que resultan
del tratamiento alcalino. La informacion obtenida de los espectros ATR-FTIR,
imagenes SEM y datos de accesibilidad permite establecer que las cristalinidades
de las fibras de celulosa procedentes de E. arborea y C. ladanifer se encuentran
dentro del intervalo establecido para pulpa de madera y por consiguiente, pueden
ser de aplicacion en la industria del empaquetado y como reforzantes en

materiales compuestos.
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From the results of the present study the following conclusions have been reached:

Population characteristics, density and age structures for gum rockrose (Cistus
ladanifer) and heather (Erica arborea) have been established from the sampling
of shurblands in Ayoo6 de Vidriales (Zamora, Spain). From the orthophotographic
analysis of the surface, it is worth noting that the population density of both

species is so high that the entire soil is covered by the plant canopies.

In relation to the chemical characterization of leaves, thin stems, thick stems and
roots of both species by elemental analysis (CHN), it has been confirmed that the
carbon contents in the aerial and radical fractions do not differ significantly, so the
use of the global value of 0.5 recommended by the IPCC is applicable. With
respect to the nitrogen contents, an inverted pyramid distribution is observed, with
the highest percentages in the leaves and the lowest in the roots. However, when
analyzing the nitrogen contents taking into account the biomass of each fraction, it
has been observed that the behavior is very different in both species: for C.
ladanifer follows the order leaves> thin stems> thick stems> roots, while for E.

arborea 1s thick stems> roots> thin stems> leaves.

Root-to-shoot ratios have been determined for the estimation of total biomass
from aerial biomass measurements using direct and indirect methods. The ratios
obtained by the UN-ECE/FAO-IPCC/Sanquetta et al. from biomass
determinations have been found to be 0.22 for C. ladanifer and 0.55 for E.
arborea, in consonance with the notable differences in percentages of biomass
distribution for both species. On the other hand, the vibrational analysis of
samples using Fourier Transform Infrared Spectroscopy (FTIR), a non-
destructive, fast and low-cost technique, has allowed to obtain excellent estimates
of the root-to-shoot ratios. By using the areas under the absorption peaks of 1369
cm™ (band associated with cellulose) and 1514 cm™ (lignin-associated band), for
C. ladanifer and E. arborea, respectively, ratios of 0.25 and 0.53 were obtained,

i.e., almost identical results to those obtained by the traditional method.

Based on information on carbon content and biomass distribution, it has been
possible to study the behavior as carbon sinks of these shrubs. It has been

estimated that C. ladanifer and E. arborea would store 12.27 and 19.86 tC-ha™, or
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45 and 73 tCO,eq-ha™, values substantially higher than those of other shrubs,
evidencing the importance of these two species for the mitigation of Climate

Change.

The use of E. arborea as fuel fulfills the requirements of EN 14961-2, since the
calorific contents of core and bark are very high and not significantly different and
the ash content for specimens with a diameter> 2.8 cm is admissible. Another is
the case of C. ladanifer, which is within the limits allowed by the regulations and
only meets the requirements for elderly specimens, when the diameter of the
wood is quite large (> 3.4 cm) and the percentage of bark is less than 16%. Only
under these conditions the ash percentages are acceptable (<2%) and the calorific
content reaches an admissible value for use as fuel (18 kJ / g). Consequently,
while the crop of E. arborea for use as fuel does not have to be selective, C.

ladanifer should be limited to the most robust specimens.

The valorization of the two species studied on the basis of high value added
products has led to the study of their essential oils, which reach market prices in
excess of 200 €/L in the case of C. ladanifer. The characterization of their main
chemical components, performed in comparison with other parts of plants and
with oils, gums and resins of other species, has been carried out by FTIR. The
specific location of the absorption bands for oxo a.f unsaturated groups has been
related to the different terpenoid content of oils: mono- and sesquiterpenoids for

C. ladanifer and triterpenoids for E. arborea.

As regards forest fires, the flammability of the shrubs under study (and, by
extension, that of their resins and oils) must be referred to (in addition to ignition
time and percentage of moisture) their content in terpenoids and the concentration
with which these isoprenoid type species are emitted into the air. The high
flammability of E. arborea has to be referred to its high terpene emissions
throughout the year (which can reach up to 40 pg-gDM™-h™"), even though its
composition is relatively rich in low volatility terpenoids, such as triterpenoids. In
contrast, C. ladanifer, although emitting modest quantities of terpenoids (<7
ng-gDM™'h™"), has a very high flammability in summer due to the enhanced
emission of a-pinene, a particularly volatile monoterpene component important

part of its essential oil.
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The thermal analysis showed a greater stability of the oil of C. ladanifer as
compared to that of E. arborea. Despite the thermolability of terpenoids,
hydrodistillation has proven to be a suitable procedure for its extraction, as it does

not affect its persistence.

From the hydrolysis and extraction systems used for the conversion of C.
ladanifer and E. arborea biomass to by-products, the microwave-assisted
choline/urea-HNOj3 chloride system has attained better results in terms of lignin,
furfural, hydroxymethylfurfural and sugars production than the microwave
assisted DMAc/NaHCO3; and DMAc/CH;0K systems.

Nevertheless, if the aim of treating C. ladanifer and E. arborea biomass is to
recover sugars for subsequent enzymatic saccharification, the very low 5-HMF
contents attained with the dimetylacetamide systems (especially CH3;0K) make
them highly advantageous as compared to the traditional method using NaOH.

The crystallinity indices of the cellulosic residue resulting from treatment by
microwave assisted choline chloride/urea DES are better than those resulting from
the alkaline treatment. The information obtained from ATR-FTIR spectra, SEM
images and accessibility data makes it possible to establish that the crystallinity of
the cellulose fibers from E. arborea and C. ladanifer are within the range
established for wood pulp and can therefore be of application in the packaging

industry and as reinforcers in composite materials.
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