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Estructura de la Tesis Doctoral

Con objeto de facilitar la lectura y entendimiex® la presente memoria, se ha
considerado oportuno incluir en primer lugar unacdecion breve del contenido y
distribucion de la misma.

En cuanto a laistribucién, la memoria comienza con un listado de acrénimos y
simbolos empleados en el manuscrito para fac#itdectura. Asi mismo, se ha incluido
un indice con la relacion de tablas y figuras paraapida localizacion en la memoria. A
continuacion se inserta un indice global tras al sa adjunta un breve resumen para dar
una idea general del contenido de esta Tesis Dabétaroduciendo al lector en el trabajo
realizado de manera sencilla y directa. Seguidasremtesarrollan los ocho capitulos que
la componen, incluyendo en cada uno un indice prgpuna relacion de referencias
utilizadas en el mismo. Aunque esto origina quee@asiones se repita la misma cita en
varios capitulos, se ha considerado oportuno fauiéitér la elaboracion de la memoria,
en cualquier caso se ha manejado una base de gatoxuenta con mas de 200
referencias.

Respecto atontenida, el primer capitulo es una introduccion en la sgiexpone la
importancia de la temética tratada a través delamtgamiento general que nos permite
identificar los desafios de mayor relevancia agos se enfrenta esta investigacion. El
segundo capitulo recoge los objetivos marcadosstnisvestigacion y la metodologia
seguida para alcanzarlos. El tercer capitulo $a tfa una descripcion de los reactivos y
materiales, equipos de trabajo, condiciones y pliouentos experimentales empleados
en la realizacién de los distintos ensayos recagadm largo de esta memoria. El objeto
de este capitulo no es otro que permitir la reprodn experimental de los mismos en
cualquier otro laboratorio. Hay que indicar que este capitulo no se describen los
catalizadores estudiados ni su preparacion o aahivaya que se ha considerado mas
oportuno incluirlo en cada capitulo correspondiehtes capitulos cuarto, quinto, sexto y
séptimo de resultados y discusién de los mismostitopen el ndcleo de esta Tesis
Doctoral y entre sus distintos apartados se haiigwluna introduccion mostrando los
antecedentes concretos para centrar la tematicaeg@ebjeto de estudio en cada uno de
ellos. Finalmente, en el octavo capitulo se recdgemprincipales conclusiones derivadas
del trabajo desarrollado y de los resultados obtenén los distintos capitulos.
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Resumen / Summary

La presente memoria se desarrolla en un escenamadial donde lademanda
por obtener productos quimicos de origen renovables cada vez mayor por parte
de los consumidores Este hecho unido a que muchos de ellos se ohtideela
industria  petroleoquimica, con los inconvenientesedimambientales, de
abastecimiento y de fluctuacién del precio quealagociado, hace que se precise un
cambio con respecto al modelo actual. tirdica fuente renovable que contiene
carbono es la biomasa y por ello resulta muy atrasta su valorizacion para
obtener productos quimicosde elevada demanda como pueden ser los glicobss. L
glicoles presentan multitud de aplicaciones entre las getadan la sintesis de
polimeros, su uso como refrigerante y anticongelacmo fluido hidraulico, en la
fabricacion de detergentes y cosméticos o comdvaslien la industria farmacéutica.
De entre todos los tipos de biomasa, dgyteocelulosa y sus derivadosina de las de
mayor interés en la actualidad debido a su abumaaacsu bajo coste y a que no
compite directamente con la industria agroaliméataPor ello suvalorizacion
guimica mediante catdlisis heterogénepara la obtencion de productos quimicos se
presenta como una alternativa viable y en fuersaudello capaz de competir con las
fuentes actuales minimizando asi los problemas aaethientales y socioeconémicos
asociados a estos recursos.

Dentro de este contexto se engloba el trabajozeshdi en la presente Tesis
Doctoral cuyo objetivo principal es identificacion y el desarrollo de catalizadores
sélidos activos, selectivos y estables en la tramghacibn de biomasa
lignoceluldsica y sus derivados para obtener gliosd

Los estudios realizados en este trabajo puederolearge en dos bloques en
funcion del material de partida seleccionado paadyxir los glicoles. Asi en un
primer lugar se estudia edorbitol como reactivo inicial ya que se puede obtener de
la lignocelulosa por reacciones de hidrolisis/hignmeacion de la celulosa, su principal
constituyente. Se prepara una seriecdilizadores basados en Ri5 wt. %) por
impregnacion humeda sobre distintegportes (AbOs;, SiO,, TiO, y ZrO,) para
estudiar el papel de los mismos en las propieddggsoquimicas y en el
comportamiento catalitico en kadrogenolisis de sorbitol a glicolesLa reaccion se
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lleva a cabo eausencia de promotor basico y a moderadas presionds H, ya que

a pesar de ser parametros importantes para alcalt@arendimientos a glicoles, asi
sera mas visible el papel del soporte en los eatidres preparados. El catalizador
RuAl fue el que mostré una mayor actividad en la hienadjsis de sorbitol debido a
la presencia de umaayor concentracion superficial de centros acidos ge especies
Ru®" observada por la caracterizacion fisicoquimicaizadh a estas muestras,
favoreciendo asi las reacciones de deshidrogerhméomgenacion para obtener
glicoles.

Con el objetivo de mejorar el rendimiento a estosdpctos, se estudia la
hidrogenolisis de sorbitol emedio alcalino, bien mediante el uso de catalizadores de
RUAl adicionando un promotor basico al medio de reacciébn o en presencia de
catalizadores de Ruimpregnados directamente sobresaporte basicocomo es el
Ca(OH),. Este segundo enfoque presenta un mayor rendiméegticoles sugiriendo
gue se requiere un estrecho contacto entre las especiegtalicas y el promotor
bésica Se analiza ademas efecto promotor del Niincorporandolo al catalizador
RuCa-HT y se observa dicho efecto debido attaresferencia de carga entre ambos
metales que induce una mayor reducibilidad del Ry favorece asi la hidrogenacion
de los intermedios insaturados formados por cormbédis retroalddlica para dar
finalmente los glicoles. El catalizadoNiRuCa-HT que presentd el mejor
comportamiento cataliticmo es establalebido a la solubilidad parcial del soporte
Ca(OH),, sin embargo ladicion de pequefias cantidades de esta base en caidto
permite reutilizar este catalizador durante al menos cinco veces,temando
practicamente la misma actividad en todos elladgntizando su desactivacion.

En el segundo bloquede esta tesis se sustituye el sorbitol pelulosa o
lignocelulosa como reactivo de partida para estudiar su cortwersn glicoles. En
concreto para la@onversion directa de celulosa a glicolese precisan en principio
catalizadores en los que se combine un metal hedi@ge con especies que
proporcionen una ligera acidez al catalizador. €llor, se analiza en primer lugar la
adicion de 6xidos de W, Mo y Nb a catalizadores bados en Nisoportados sobre
SiO, y preparados por impregnacion a humedad incipidmte.mejores resultados se
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alcanzan con el catalizadbii\WSi debido a un efecto exclusivo entre el Ni y &V
qgue conduce a la formacion del 6xido mixto NiWQ no detectdndose fases mixtas
con los otros Oxidos promotores. Posteriormente realiza un estudio del
procedimiento de activacion evaluando la influencia de la temperatura de aeidn

y calcinacién en la formacion de la fase Niy&e confirma con estos experimentos
que aquellas condiciones de activacion que favarenenayor medida la aparicion del
NiWQO, en los catalizadores, coinciden con los mayoreslim@antos a glicoles
obtenidos por dichas muestras. Sin embargo, elizzatar NiWSi-800-873 el mas
activo de la serieno es estable ni reutilizableen mas de dos ciclos ya que se
desactiva principalmente por lixiviacion de sus coponentes (Ni, W y Si)en el
medio de reaccion.

_Considerando que los catalizadores basados en dlividaivos en la reaccion de
conversion de celulosa a glicoles pero inestabiedas condiciones utilizadasge
sintetiza otra serie de catalizadores modificandoi@rtos parametros como (i) la
relacion atomica Ni/W,(ii) los precursores utilizadogjii) la metodologia de
preparacion{iv) los soportes yv) el metal hidrogenante con objeto de aumentar su
rendimiento y sobre todo para mejorar la estalulidde estos sistemas. Los
catalizadores 0.63NiWSi-co y 0.05PtWAI mostraroa tendimientos a glicoles mas
altos por lo que se realiza un estudio de estaldilwbn estas muestras.E3NiIWSi-
co a pesar de ser ligeramente mas activo, no eslestabido a que sgesactiva por
lixiviacibn de sus constituyentes Sin embargo, e0.05PtWAI es un catalizador
activo y estableen esta reaccion permitiendo ser reutilizado alasedurante cuatro
ciclos. Finalmente, se llevaron a cabo experimeatogresencia de estos catalizadores
utilizando distintos tipos de biomasa lignocelul6sicdanto sin tratar, donde se
obtuvieron rendimientos a glicoles bajos, comoattat mediante procesessitu (a
temperatura y con disolventes como eDHy mezclas de ¥/GVL) e insitu para
alcanzar altos rendimientos a glicoles en un Gmpiaso. A pesar de los esfuerzos
dedicados a la metodologia de pretratamiento defaasa no se logran alcanzar altos
rendimientos. Sin embargo, se ha encontrado quadieién de la GVL como
disolvente directamente al medio de reaccion ingitu) permite alcanzar
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rendimientos del 63.6 % a glicolesen un Unico paso en la reaccion de conversion de
biomasa del cardo en presencia del catalizAdiFPtWAI.



Resumen / Summary

This memory is developed in a worldwide stage whieeedemand of chemicals
from renewable sources by consumers is increasin@esides, many of them are
obtained from petrochemistry industry with enviremtal, supply and price
fluctuations problems, so a change is requiredrdiigg the current model. Thanly
renewable source that contains carbon is biomass drhus, its valorization is very
attractive to produce chemicalsas glycolsGlycols have a multitude of applications
such as the synthesis of polymers, their use dampa@ntifreeze and hydraulic fluids,
in the manufacture of detergents and cosmeticsaaratiditives in the pharmaceutical
industry. Among all types of biomadigynocellulose and its derivativesare the most
interested due to their abundance, their low caost laecause they do not compete
directly with the agri-food industry. Therefore,eth chemical valorization by
heterogeneous catalysiss presented as a viable and an important routhapete
with the existing pathways minimizing the enviromta and socioeconomic problems
associated with these sources.

In this context the work performed in this Doctofaélesis is included whose main
objective is thadentification and development of solid active, settive and stable
catalysts in the lignocellulose biomass and its deatives transformation into
glycols.

The studies conducted in this work can be dividgd two groups depending on
the starting material selected to produce glydeitstly , sorbitol is selected as starting
reagent as it can be obtained from lignocellulds®ugh cellulose (its principal
constituent) hydrolysis/hydrogenation reactioAseries ofRu based catalystg5 wt.
%) are prepared by wet impregnation on differampports (Al,Os, SiO,, TiO, and
ZrO,) to study the role of the same in the physicochamroperties and in the
catalytic behavior isorbitol hydrogenolysis to glycolsThe reactions were conducted
undermoderate H, pressuresand in theabsence of basic promotersince despite
these parameters are very important for achievigly yields to glycols, the role of the
support in these conditions will be more visibRuAl catalyst showed the best
catalytic activity in the hydrogenolysis of sorbitlue to the presence oh&gher acid
sites concentration on its surface and Rii speciesobserved by the physicochemical
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characterization, favoring the dehydrogenation/bgdnation reactions to obtain
glycols.

With the aim of improving the glycols yield, thedrggenolysis of sorbitol was
studied in aralkaline medium by usingRuAl catalyst by adding a basic promoter
to the reaction medium or in the presenceRraf catalystsdirectly impregnated in a
basic support as Ca(OH),. This second approach presents a greater glydeld y
suggesting thal close contact between the metal and the basic pnoter is
required. In addition, thepromoter effect of Ni incorporation to RuCa-HT catalyst
was analyzed and this effect was observed duedioagge transfer between both
metals which induces the ruthenium surface reducility favoring the
hydrogenation of unsaturated intermediates formgdrdiroaldol condensation to
produce finally glycols.NiRuCa-HT catalyst which showed the best catalytic
behavior,s not stable due to the partial solubility of CaQH), support, however the
addition of small amounts of this base in each cyelallows it to be reusedor at
least five runs maintaining practically the samévéy in all of them and slowing
down its deactivation.

In thesecond partof this work, sorbitol is replaced logllulose or lignocellulose
as starting reagent to study their conversion t@ais. In particular, forcellulose
conversion to glycolscatalysts which combine a hydrogenating metalspaties that
provide a slight acidity to the catalyst are regdirTherefore, thaddition of W, Mo
and Nb oxides to Ni based catalysts supported onG and prepared by incipient
wetness impregnation was evaluated. The best sesult achieved witiNiWSi
catalyst because an exclusive effect between Ni andl which leads to the
formation of the mixed oxide NiWGQ,, but no mixed phases with the other oxides
promoters were detected. Subsequentlystwdy of the activation procedure is
performed evaluating the influence of the reductiod calcination temperatures in the
NiWO, phase formation. It is confirmed by these expenimethat the activation
conditions which favor to a greater extent the Ni)M@mation are those that also
allow obtaining higher yields to glycols. HowevaliWSi-800-873catalyst, the most
active of the seriess not stableand reusablein more than two reaction cyclesiags
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mainly deactivated by its components (Ni, W and Si)eaching in the reaction
medium.

Considering that NiW based catalysts are activihénconversion of cellulose to
glycols but unstable under the conditions usaapther series of catalysts were
synthesized by changing certain parametersuch as (i) the atomic Ni/W ratio, (ii)
the precursors used, (iii) the preparation methagigl (iv) the support and (v) the
hydrogenating metal, to increase its performanckenaainly to improve the stability of
these systems. The 0.63NiWSi-co and 0.05PtWAI gstlshowed the highest yields
to glycols, so a stability study was conducted witlese sampled).63NiWSi-co
catalyst despite being slightly more active is siaible because it deactivated by
leaching of its constituents However,0.05PtWAI is an active and stable catalysn
this reaction and it can be reused at least ddangcycles. Finally, some experiments
were done in the presence of these catalysts Ing déferent types of lignocellulose
biomasseither untreated with which lower glycols yieldsrevebtained as bgxsitu
(with high temperatures and with solvents g®©Hand mixtures of KD/GVL) and
insitu processes to achieve high yields to glycols imngle step. Despite the efforts
done in the biomass pretreatment methodology, iyeolg yield was not improved.
However, it has been found thdte direct addition of GVL as solvent to the
reaction medium (nsitu) allows achieving a 63.6 % glycols yieldn the cardoon
biomass reaction with.05PtWAI catalyst.
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Capitulo 1

1.1. Aspectos generales

El objetivo general de esta Tesis Doctoral es larizacién de recursos naturales
renovables, con alto contenido en carbono comadmdsa, para obtener productos
quimicos de manera que se minimicen los problersasiados al empleo masivo de
recursos fosiles. Para ello, se pretende desarmpitacesos sostenibles que hagan
frente a los principales inconvenientes que reptada explotacion de estos recursos
fésiles y en particular el petréleo. Por tantohaee necesario describir en primer lugar
el marco socio-econdmico en el que se desarrdbalesis Doctoral.

1.1.1. Escenario socio-econémico

Durante los dltimos afios la demanda de energiaogiuptos quimicos se ha
convertido en un factor clave paracakcimiento socioeconémicale un pais. Sin
embargo, dicho crecimiento debe encontrarse estnestite ligado a udesarrollo
medioambiental sostenibledel mismo.

El consumo o demanda de energia a nivel mundidl esperimentando un
crecimiento progresivo, sin embargo las fuentesedergia disponibles son en su
mayoria fuentes de origen fosil (petroleo, gas natural y carbon). Este modelo
energético se hace insostenible a medio y largropja que el uso de estas fuentes
presenta grandes inconvenientes como saga@hmientode las mismas, elesgo en
el abastecimientopara paises con pocos recursos naturales coni@c@soede Espafia
y aspectos medioambientales relacionados eraisiones contaminanteggases de
efecto invernadero responsables del cambio climatidemas, estos recursidsiles
estan concentrados mayoritariamente en ciertasnegjiinestables politicamente, lo
gue podria afectar a su produccion y comprometer raas laseguridad en el
suministro global de energia. Todo ello hace que existandgsriluctuaciones y
tensiones al alza en ptecio de estas energias de origen fésil. Si nos refarianta
energia consumida en Espafia, mas de la mitad (58t&aene del petréleo [1] y no
existen perspectivas reales de que este porcematggea disminuir a corto plazo, lo que
genera unanorme dependencia energética externaara nuestro pais.

15



Introduccion

En cuanto a laprobleméatica medioambiental asociada al empleo de
combustibles fésiles es necesario mencionar el ntzatgento global y la
contaminacion por SO CO, CH, NOx y particulas, entre otros. De todos estos
aspectos, destacan las emisiones de gases caudahtefecto invernadero. Como
consecuencia de esta preocupacién a nivel intemalcise adoptaron una serie de
regulaciones y acuerdos para reducir su impacttre E&stos hay que destacy: el
Protocolo de Kyotpcuyo objetivo es ejecutar una serie de medidasdieccion de
emisiones{ii) el Libro Blanco de las Energias Renovablegyo objetivo era alcanzar
en 2010 una penetracién minima del 12 % de lagdaete energia renovables en la
Union Europea(iii) més recientemente el “paquete 20/20/20”, que comete a los
paises de la UE con Birectiva 2009/28/CH2] relativa al fomento del uso de energia
procedente de fuentes renovables y por la que déicam y se derogan las Directivas
2001/77/CE y 2003/30/CE, a reducir sus emisionegages de efecto invernadero en
un 20 % y a incrementar el uso de fuentes de em@mgiovables de modo que
supongan el 20 % del uso total de energia. Asimigsta Directiva compromete a los
paises de la UE, también para el 2020, a reducime®20 % el consumo de energia
mediante la mejora de su eficiencia energéticaugaldel 10 % de biocarburantes. Por
altimo y a nivel naciond(iv) el Plan de Energias Renovables 2011-20890 objetivo
se basa en que las fuentes renovables represdént@nas el 20 % del consumo de
energia final en el afio 2020 (mismo objetivo qua e media de la UE), junto a una
contribucién minima del 10 % de fuentes de enamyiavables en el transporte para
ese afio [3].

Por tanto y con objeto de solucionar los probleoaes genera el uso de las
energias fésiles, se hace necesario cada vezpnsasover el uso y comercializacion
de fuentes de energia renovablegjue no se agoten, que produzcan menores
emisiones contaminantes (balance mucho méas faeonphta el CQ y que se
encuentren madeslocalizadas geograficamentesegurando asi en mayor medida su
abastecimiento.

16



Capitulo 1

1.1.2. La biomasa como fuente alternativa de carbono

Considerando toda la problemética asociada al eng#das fuentes fosiles para
obtener productos quimicos y energia y teniendouemta perspectivas de futuro, es
necesario desarrollar otras fuentes alternativasoes de hacer frente aunque sea
parcialmente al consumo creciente mundial de emgrgfoductos quimicos. Por tanto,
se requiere encontrar otras vias para producimgtod quimicos y combustibles desde
un punto de vista medioambientalmente mas sosgengiendo labiomasa una
alternativa atractiva y viable para ello. SeguroglatelPlan de Energias Renovables
2011-2020 las previsiones establecen que antes del 2100udda mundial de
participacion de la biomasa en la produccion murd#eenergia deberia estar entre un
25-46 %. Actualmente en Espafa, se estima queraeni se generan mas de 88
millones de toneladas de biomasa potencial dispmmjbe podria ser empleada para
estos fines haciendo asi frente a los retos energétigentes [3, 4].

Se considera combiomasaa toda materia organica de origen vegetal o animal
incluyendo los residuos y desechos orgéanicos, ptibtee de ser aprovechada tanto
energéticamente como para producir productos gasrde interés. Una de las formas
mas comunes de clasificar los distintos tipos dembsa es en funcion de su
procedencia. Asi laiomasa naturales la que se produce en ecosistemas naturales sin
la intervencion del hombre para potenciarla o pacdlificarla y labiomasa residual
es la generada en las actividades humanas queantilhateria organica. La biomasa
residual puede dividirse a su vez excedentes agricolague no sean empleados en
alimentacion y que pueden ser utilizados con fieesrgéticos y por otro lado se
encuentran loscultivos energéticosque son cultivos especificos dedicados
exclusivamente a la produccién de energia. A difgeede los agricolas tradicionales,
destacan por su resistencia a la sequia y a lagm@dades, por su rapido crecimiento,
su capacidad de rebrote y por su adaptacion anterm@arginales. Entre los cultivos
energéticos se pueden incluir tanto cultivos tiadmles (cereales, cafia de azlcar,
semillas oleaginosas) como otros no convenciorfedgdo, pataca, sorgo dulce) [3].
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Hoy en dia existe un amplio consenso en considprarde todos los tipos de
biomasa existentes, la que tiene mayores perspsciile éxito es ldiomasa
lignocelul6sica La lignocelulosa es el principal componente dedeed celular de los
vegetales y su funcién es la de proporcionar leugtstra rigida de los mismos. Se
encuentra presente tanto en las raices como etallos o troncos y hojas. Esta
constituida por celulosa, hemicelulosa y lignir. Un esquema representativo de las
diferentes fracciones de la biomasa lignoceluléséceepresenta en la Figura 1.1.
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Figura 1.1.Estructuras de las diferentes fracciones de la &anfignoceluldsica (celulosa,
hemicelulosa y lignina)Adaptada de Huber et al. [5].

La celulosa es el constituyente mayoritario de la biomasa lghaddsica y
representa uB5-50 % del total. Es un polisacarido con enld:€k4) de mondémeros
de D-glucopiranosa. La celulosa es un materiatatii® con una conformacion plana
extendida de doble hélice. Los puentes de hidroggndan a mantener y reforzar la
conformacion en cadena. El grado de polimerizad&ta celulosa depende del tipo de
celulosa pero en general es aproximadamente dé0@015.000 mondmeros de
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glucopiranosa. Laemicelulosa que representa aproximadamente el 20-40 % en peso

de la lignocelulosa, es un polisacarido de difa®mentosas (xilosa y arabinosa) y
hexosas (galactosa, glucosa y manosa). El componeréts abundante de la
hemicelulosa es el xilano (un polimero de xilosagdas por enlaceg-(1,4)). La
hemicelulosa es amorfa por su naturaleza ramifigaadalo que, comparada con la
celulosa, resulta relativamente mas facil su stcacion.

Por otro lado, entre el 10-25 % en peso de la tightosa esta constituido por
lignina, que es un polimero formado a base de monémendprigilicos (alcoholes
cumarilico, coniferilico y sinapilico), muy ramifido y sustituido. Dependiendo del
tipo de mondmeros estructurales se obtienen difssdipos de lignina. La lignina se
encuentra recubriendo todo el conjunto anteri@s ynuy inerte quimicamente, por lo
que otorga al material una alta resistencia atbxgua@s quimicos y/o biologicos.

1.1.3. Concepto de biorrefineria: procesos para transfonma biomasa

Unabiorrefineria se define como una instalacion industrial en lalgugomasa
se emplea como materia prima y se procesa y tranafpara producir productos de
alto valor afadido (quimicos y/o materiales) y weet energéticos (combustibles y/o
calor) [6] . El concepto de biorrefineria es anélaj de una refineria de petréleo
actual, en la cual se producen diversos combustipleroductos quimicos pero desde
el petréleo. Los principales componentes de la agande interés en biorrefinerias
difieren respecto a los del petréleo crudo. Enaslocde la biomasa predominan las
compuestos oxigenados: carbohidratos (celulosajck&riosa) y lignina y también
aparecen cantidades menores de otros productos popteinas, lipidos, terpenos,
vitaminas, pigmentos, aromas y sales mineralespgeelen tener un elevado valor
afadido. Un esquema muy generalizado de una biwrif se representa en la Figura
1.2.
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eGranos

eBiomasa lignocelulésica (hierbas, juncos, arbustos, restos de cosecha)
*Biomasa Forestal (madera, restos de su procesado)

*Residuos sélidos urbanos (papel/cartén, limpieza urbana, hospitalarios)

Materia(s)
prima(s)

~\

*Bioprocesos (bacterianos, enzimaticos)
*Procesos quimicos

*Procesos termo-quimicos

*Procesos térmicos

*Procesos fisicos

Tecnologias
de
procesado

¢ Combustibles

eProductos quimicos

eMateriales (polimeros)

*Productos especificos y de alto valor aiiadido

Productosy
energia

Figura 1.2.Esquena general de una biorrefine Adaptado de Kamnat &. [7].

Las biorrefinerias se pueden clasifice de forma general en funcion de
flexibilidad de adaptacion a las distintas matepiasias y productos finales genera
(Figura 1.3). Las biorrefinerias dGeneracion |se caracterizan por su esc
flexibilidad en lo que respecta al tipo de mategrimas que pueden procesarse y
productos que se pueden obtener. Las unidadGeneracion llson mas flexibles €
los productos finaled?or dltim¢, las deGeneracion lllipermitirian procesar multite
de materias primas para obtener un amplio abardgeraductos finales, al igual g
las refinerias de petréleo actualHoy en diael concepto de biorrefineria esta aur
su infancia. Solamente existen biorrefinerias muymarias que procesan |
deteminado tipo de biomasa (aceite, cafia de azlcag, etai) a un determinado ti
de producto (biodiésel, bioetanol, etc.). Una leifineria madura seria una instalac
muy flexible en cuanto a tipo de materia primapgreductos obtenidos en funcién
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la oferta y la demanda (tal y como sucede en uireeré&a convencional petroquimica)

[71.
Materia prima

Materia prima

Conversioh ——— Producto

N

Procesos
conversion

Productos

. \
Materias . Procesos

.. Productos
primas 7 conversion

AN/

Figura 1.3.Clasificacion de las biorrefinerias en funcion ddlexibilidad ante las materias
primas y los productos generados.

Sin embargo, una clasificacion rigurosa de losstige biorrefineria no es sencilla,
y mas teniendo en cuenta la creciente complejidgathsl mismas. Recientemente la
clasificacion mas comun atendiendo a los trabajidigados hace referencia al tipo de
procesamiento que se lleva a cabo, asi nos encwdreuatro plataformas diferentes
() la termoquimica(ii) la bioquimica(iii) la de procesamiento mecanico/fisicGw)
la de conversion quimica directa [8, 9].

1.1.4. Relevancia de la transformacion de la biomasa ligetulésica

En general, el uso de la biomasa lignocelul6sicaccfuente de carbono y energia
presenta una serie de ventajas en comparaciorasdadntes fésiles y principalmente
frente al petroleo. Su empleo permite disminuirdagsiones de CQOy no se emiten
contaminantes sulfurados o nitrogenados ni appadsculas solidas, ademas esta
biomasa procede en ocasiones de materiales ressdgaé es necesario eliminar. Su
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produccion esté totalmente descentralizada ya queasa de un recurso disperso,
presenta un bajo coste y a su vez puede teneirgridencia social y econdmica en el
mundo rural. Es una materia prima abundante, nastible y por tanto no introduce
tensiones con la industria agroalimentaria comosotipos de biomasa (granos de
cereal: como maiz, trigo, avena o cebada; oleagiasania de azucar, etc.) [5]. La
tecnologia para su aprovechamiento cuenta con en uado de desarrollo para
muchas aplicaciones. Es un importante campo devauwmn tecnoldgica y las

investigaciones en curso estan dirigidas a optimiarendimiento energético del
recurso y a desarrollar nuevas vias de gran ingenésla obtencién de bioproductos y
biocombustibles entre otros.

Sin embargo, el empleo de lignocelulosa como n@aterima requiere
solventar ciertas dificultades relacionadas conclascteristicas que presentan sus
constituyentes principales (ver Figura 1.1). Es g&to quepara poder aprovechar
los azlUcares contenidos en la lignocelulosa son asarios tratamientos
fisicoquimicos previosque permitan romper la barrera que supone el riecignto de
lignina alrededor de la celulosa y la hemicelulgsdacilitar el acceso a estos
compuestos. Ademas mediante dichos tratamientopretende al mismo tiempo
disminuir la cristalinidad de la celulosa, aumergbiarea superficial de la biomasa
(disminuir el tamafio de particula) e hidrolizar retpdrolizar la hemicelulosa [10].
Entre estos procesos destacan los recogidos ebla T.1 pero presentan importantes
problemas debido a la corrosiébn que pueden origasarcomo dificultades en la
posterior separacion de las fracciones obtenidas.
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Tabla 1.1.Pretratamientos fisicoquimicos a los que se sotadignocelulosa.

Tratamiento Procedimiento Ref
Se realiza en un reactor discontinuo, introducietedd®iomasal
pulverizada a alta temperatura y presion. La presi baja de
forma violenta para descargar el contenido deltoeaen un

Tratamiento tanque receptor de forma que se produce una egplds vapor,

con vapor que rompe la ligninasfeam explosignSi se realiza en presend  [11]
(Steam de HSO, 0 SQ se recupera completamente la hemicelulosa [12]
Explosion) | se denominautohidrélisisy es el acido acético liberado en
descomposicién de la materia de partida el quelizatal
proceso.
El material biomasico se somete a una atmésfermmdmiaco a
Ammonian altas presiones y temperaturas moderadas y se edaspg
F'bef rdpidamente generando una explosién del gas anwrgae [13]
Explosion ] Ny ] ]
(AFEX) favorece la disrupcion de las fibras que conforfadriomasa.
Tratamiento con distintos disolventes organicostdma, etanol,
Proceso acetona, EG) a temperaturas de 453-468 K y duBfhf® min. [13]
Organosolv
Liquid Hot Tratamiento con agua a altas temperaturas ( 45Xp¥3urante
Water tiempos de co6mo maximo 1 h. [13]
(LHW)
Tratamiento con éacidos como,$0, diluido, HNGO;, HCI o
Tratamiento | y.po, durante periodos de tiempo largos y presione
en medio [13]
- temperaturas moderadas.
acido
Tratamiento Tratamiento con bases como NaOH y Ca({Odirante periodo
en medio de tiempo largos y presiones y temperaturas modsrad [13]
bésico
Se trata de sales organicas con bajos puntos e fugiimica y
térmicamente muy estables y con bajas presioneap®. Estos
Liquidos compuestos fomentan la ruptura de los enlaces imt
P . . s [14]
I6nicos intermoleculares de la celulosa favoreciendo suéhgis y
haciéndola menos cristalina.
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De entre las posibles tecnologias de procesamimta biomasa lignocelulésica
predominan dos de ellas [15, 16]. La primera ineluytas termoquimicas que
permiten procesar la lignocelulosa a altas tempeaaty/o presiones, sin necesidad de
los tratamientos previos que acaban de ser desdE#bos procesos permiten la ruptura
de la biomasa y son:

» Gasificacion tratamiento a altas temperaturas (> 973 K) erermia de oxigeno
con adicion de vapor.

» Pirdlisis: tratamiento a temperaturas moderadas (573-873erK)ausencia de
oxigeno que permite la descomposicién anaerobia biemasa.

» Licuefaccion proceso alternativo a la pirdlisis en el queilarasa se mezcla con

agua y catalizadores basicos (como carbonato 9dgise lleva a cabo a temperaturas
algo menores (525-725 K) empleando presiones nedgads (5-20 atm) y mayores
tiempos de residencia.

El primero de los tratamientos, la gasificacion)wgar a gas de sintesis (mezcla
de CO y H) que se emplea a continuacion en sintesis de dfidcbpsch y permite
producir una amplia variedad de hidrocarburos. ikdligis y la licuefaccion dan lugar
a lo que se denomina biocrudos (bio-oils) que sanmezcla liquida con mas de 350
compuestos, como 4&cidos, aldehidos, alcoholes, agsjc ésteres, cetonas y
aromaticos. Estos biocrudos se han probado coro éxit motores, turbinas y
guemadores con pequefias modificaciones. Aunqueaaetete requieren procesos
de mejora, como hidrodesoxigenacion o reformado.

La segunda estrategia de procesado de la biomgsacdluldosica es el
fraccionamiento e hidrdlisis En esta opcion, los azlcares y la lignina seraapase
procesan selectivamente por los siguientes medios:

» Fermentacion procesado bioquimico utilizando microorganismogo y
reacciones enzimaticas para convertir un sustraonentable en productos
recuperables.
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» Conversion quimic: utilizacion de diferentes catalizadores en meaioosc
para despolimerizar los polisacaridos en los azlcares tps componen
transformarlos en productos de utilidSera en esta via en la que se englobe el tr
desarrollado en esta tesis (ver Figura

BIOMASA LIGNOCELULOSICA
I

Pretratamiento

LIGNINA

—p Fermentacion

|

| Valorizacién quimica |

|
! ! ! ! !

2 C3 C4 Cs Co
10130] 11 Ac. Lictico Ac. Succinico Furfural HMF
EG Ac. Maldnico Ac. Malico Ac. Levulinico Ac. Citrico
Ac. Propidnico Ac. Fumarico Ac. Glutamico Ac. Glucénice
Glicerol Ac. Aspartico Xilitol Sorbitel
1,2-PG Eritritol
1,3-PG

Figura 1.4.Estrategia de procesado desde la bia lignocelulésica hasta los glicol

Esta estrategia ofrece la posibilidad de realizarpuwcesado selectivo y
obtener productos quimicos con alto valor afiadide yran interés. En la Figura :
se representan algunos los productos potenciales que se poddbtener mediant
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procesamiento quimico de la biomasa lignoceluloSeahan resaltado en rojo el EG,
1,2-PG, 1,3-PG y el sorbitol ya que ademas deesespecial interés en este trabajo, se
engloban dentro de los llamados productos quindegzartida ‘(platform chemicals’)

gue estan adquiriendo una creciente relevancia exctualidad en el contexto de las
biorrefinerias lignocelulésicas. Son compuestosfimuean en la lista revisada de los
14 productos con mayor potencial de valorizacibtreidos a partir de carbohidratos
[17].

1.2.Importancia de los glicoles

Tal y como se ha descrito, la conversién quimicdadégnocelulosa permite
obtener una amplia variedad de productos quimiEase todos ellos para este trabajo
destaca eborbitol que industrialmente se produce por hidrogenac@myldcosa ya
gue sirve de intermedio para obtener entre otregllooles (EG, 1,2-PG y 1,3-PG).
Este trabajo se centra en la produccion de glicggesiue como se detallardq en los
siguientes aparatados, son productos que actua@msenproducen a partir de fuentes
de origen no renovable y presentan una crecienteanida mundial debido a su
multitud de aplicaciones directas en la industuamica.

1.2.1. Propiedades, usos y produccién mundial

Para el desarrollo de este trabajo, se ha emplebdombre deglicoles para
englobar al 1,2-PG, 1,3-PG y al EG. En generaflim®les son compuestos quimicos
gue se caracterizan por presentar dos grupos fimexsu estructura.

En cuanto a las propiedades de2-PG se trata de un liquido (a temperatura
ambiente) incoloro, inodoro e insipido. Es altaradrigroscopico, de baja toxicidad y
presenta una elevada estabilidad térmica. Su alepadto de ebullicibn y su baja
presion de vapor le convierten en un intermediangpd de gran importancia. En la
Tabla 1.2 se recogen algunas desuapiedades fisicagl18].
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Tabla 1.2.Propiedades fisicas del 1,2-PG.

Peso molecular (g/mol) 76.09
Punto de ebullicion (K) 460
Punto de fusion (K) 214
Punto de autoignicién (K) 644
Presion de vapor (Pa, 20°C) 10.6
Densidad relativa (agua = 1) 1.04
Solubilidad en agua (g/100 ml, 20°C) Miscible

El 1,2-propanodiol es un compuesto de gran interégstrial ya que presenta
numerosasplicaciones Muchas de ellas se deben a sus propiedadessfizicao su
uso como anticongelante en aviones y automovilesnbién presenta aplicaciones
indirectas a través de la transformacion quimicéodenidroxilos estructurales. Entre
las aplicaciones mas importantes cabe destacasseamo aditivo en productos de
nutricion, como disolventes de colorantes y sahaties, como agente humectante en
tabacos, como aditivo en cosmeéticos, lubricanedilés, pinturas, fluidos hidraulicos,
en la industria papelera, como aditivo en adhesignsdetergentes y farmacos, entre
otros [19-21].

En cuanto a lagpropiedades del 1,3-PGes un compuesto organico viscoso,
incoloro y miscible y sus principales propiedadsicés se recogen en la Tabla 1.3.

Tabla 1.3.Propiedades fisicas del 1,3-PG.

Peso molecular (g/mol) 76.09
Punto de ebullicion (K) 487
Punto de fusion (K) 241
Punto de autoignicién (K) 673
Presion de vapor (Pa, 20°C) 10.6
Densidad relativa (agua = 1) 1.06
Solubilidad en agua (g/100 ml, 20°C) Miscible

Dadas sus caracteristicas se emplea igualmenteukituchde aplicacionespero
destaca por su empleo como mondémero para la sirdespolimeros confiriéndoles
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una mayor estabilidad térmica e hidrolitica. Tamlsié usa en otras aplicaciones como
en la fabricacion de refrigerantes y tintas acuoseasla sintesis de detergentes vy
cosméticos y en la industria farmacéutica [22-23].

Por ultimo, el EG es también un diol, es un liquido transparenteolaro,
ligeramente viscoso y poco volatii a temperaturabiante. Sus principales
caracteristicas fisicase registran en la Tabla 1.4 [18].

Tabla 1.4.Propiedades fisicas del EG.

Peso molecular (g/mol) 62.1
Punto de ebullicién (K) 471
Punto de fusion (K) 260
Punto de autoignicién (K) 671
Presion de vapor (Pa, 20°C) 7
Densidad relativa (agua = 1) 1.1
Solubilidad en agua (g/100 ml, 20°C) Miscible

Entre sus aplicacionesdestaca su uso como anticongelante en los ciscdito
refrigeracion de motores de combustion interna laelabricacion de fibras y resinas
de poliéster. Ademas es un ingrediente en liqyidoa revelar fotografias, fluidos para
frenos hidraulicos y en tintas usadas en almolzediiara estampar, boligrafos, y
talleres de imprenta [24-25].

En cuanto a lgroduccién de glicoleshay que decir que se ha registrado un
incremento del consumo de estos glicoles en lasadt afios y se espera segun las
previsiones existentes, un aumento de entre e¥@ahual. Por ello ademas, dada la
creciente demanda, se precisa encontrar otraseBiehe partida con capacidad
suficiente para garantizar la demanda existentandmudas fuentes actuales sean
insuficientes o0 su escasez origine un incrementsorbdado de los precios.
Atendiendo a los datos disponibles (ver Tabla Iégistrados en el proyecto
“Development of advanced biorefinery schemes to iftegrated into existing
indrustrial fuel producing complexeqg26] englobado dentro de BIOREF-INTEG y
realizado por doce entidades Europeas en las quachgen empresas privadas

28



Capitulo 1

universidades y centros de investigacion, se obsgue la produccion anual de e

glicoles es muy elevada.

Tabla 1.5.Estimacién de la producci anual y precio de los glicol(26].

Compuesto Toneladas/afo €/tonelada
1,2-PG 1200000 900
1,3-PG 110000 1300

EG 20000000 1400

Si evaluamos cada compuesto por separado, se eglienaproduccion anual
de 1,2-PGronda entre 1.1-1.58 millones de toneladas al afio. Su producciturabse

realiza a partir de 6xido dpropileno y su precio ha experimentado una st

considerable en los Ultimos afos. Ya existen algytantas para obtener -PG con

una pureza superior al 99 % a partir de glicerurasubproducto recuperable de

industria del biodiesel. Si esta na tecnologia se llegara a implantar como fuent
partida para producirlo, se estima que su precieda reducido en un 85 % frente

precio actual. Los principales productores soretapresas DOW, Ashland, Huntsm

Zhenhai Chemicals y LyonellBos y su mercado se centra principalmente en EE

Asia y Europa. El precio medio en Europa rondad966 euros la tonelada. En

Figura 1.5 se recoge la produccion mundial d-PG en los dltimos afios observat

una tendencia creciente debido a la demiglobal de este producto [2

1200000 1
10000001
800000
600000
400000
200000

Toneladas

0

200¢

2007 2008

2009

2010

Figura 1.5.Produccion mundial estimada de-PG en los ultimos afic
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El mercado del 1,-PG est4 experimentando un rapido crecimiento regidtr
una produccion anual actual de 130000 toneladas. $&s debe a que su princi|
aplicacién como ya se menciono, es como comporfantamental de las resinas
poliésterSoronay CPD NatureWork de Duponto Corterra™ de Shell Chemica Su
precio actual ronda los 11-1500 euros la tonelada pero tienden a la baja th
nuevas tecnologias en desarrollo para producirkdelgylicerina. Los principalt
productores son Shell, Degussa y Duppont y suado se centra principalmente
EEUU y Europa. De nuevo en la Figura 1.6 se reglatmisma tendencia creciente
la produccién de 1,BG que la anteriormente observada para ~PG en los Ultimo:
anos [26].

140000 -
120000 -
100000 -
80000 -
60000 -
40000 -
20000 -

0 .

Toneladas

200€ 2007 2008 2009 2010 2011 2012 201301/

Figura 1.6.Producciéon mundial estimade 1,3PG en los Ultimos afic

De los tres glicoles de interés en este trabael EG el que registra una mayol
producciény su precio oscila entre los 1:-1400 euros la tonelada siendo el 55 %
EG producido destinado al mercado de las fibragpaliéster y el 25 % para
obtencion de PET para envases y botellas [27]. rircipal empresa productora
Shell y su mercado se centra en EEUU, Europa y A&ado el 45 % del tot
producido, consumido solo por China. La demanda de EG era0 millones de
toneladas anuales en 2010 y se espera que esastfeada a : millones detoneladas

para el afio 2015.
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Considerando todas estas cifras y la panoramiasalade mercado de estos
productos quimicos, se refuerza la necesidad derrddar nuevos procesos
respetuosos con el medioambiente, capaces de tiantr a esta fuerte demanda y
competitivos a su vez con los procesos actual@satiiccion.

1.2.2. Procesos de produccidn convencionales y alternativo

Los métodos debtencion de 1,2-PCGdescritos en la literatura son varios y entre
ellos destacan la reaccion de acetooxidacion deepmo la hidroxilacion de propeno
con catalizadores de osmio. Sin embargo, la prhcigta de sintesis consiste en la
hidrolisis del 6xido de propileno a temperaturasee98 y 473 K y presiones de 2
MPa [28].Sin embargo este método presenta una serie dentigigsg(i) después de la
reaccion es necesario separar el 1,2-PG mediargglad&n; (i) los procesos
comerciales por los que se obtiene el 6xido deilgrap son altamente contaminantes,
ya sea mediante el método de la clorhidrina, equel se trata propileno con cloro y
agua o, a partir de la oxidacion de propileno cuinoperéxidos organicos. Ademas,
hay que tener en cuenta que el mercado de 1,2-B(a® una gran presion como
consecuencia de que el propileno, precursor deodkdpropileno, ha experimentado
un aumento de su precio. Esta fluctuacion en lesigs es debida a que el propileno se
obtiene a partir de hidrocarburos (mediante cragqueovapor de agua) o de gasoéleos
(por craqueo catalitico en lecho fluidizado).

Existen dos procesos generales pargpraduccion quimica de 1,3-PG la
hidratacion de acroleina (proceso Degussa-DuPolat)hjdroformilacion de éxido de
etileno (Shell) [26, 27]. Sin embargo, presentaim@nveniente de tener varios pasos
de reaccion, lo que disminuye el rendimiento dedpcoion y encarece el proceso ya
que necesita de instalaciones muy costosas. Adeerdsestos procesos los
subproductos generados son téxicos

La produccion del EG deriva del etileno por hidratacion directa de srivéhdo el
oxido de etileno. Esta reaccion suele llevarseba @apH acido o neutro en presencia

31



Introduccion

de abundante cantidad de agua. Se logran asi rienttb del 90 % a EG pudiéndose
generar ademas subproductos como el dietilengliebtrietilenglicol [27].

Tal y como se describié en el apartado 1.1.4 de eapitulo, laconversion
guimica de la biomasa para producir glicolese plantea como una opcién alternativa
y viable en fuerte desarrollo en la actualidad. 8ltw, a continuacién se describen
brevemente algunos aspectos béasicos de posibéssdetproduccion de glicoles desde
la lignocelulosa o alguno de sus derivados y sarélepartado siguiente donde se
exponga en detalle cuales han sido los reactivopaitida seleccionados en este
trabajo y la justificacion de su eleccion.

o0 Biocatdlisis Algunos de los procesos cataliticos alternatpers la obtencidn
de glicoles a partir de fuentes renovables, sel@mado en procesos biocataliticos
como la hidrogenolisis de azlcares u otros poldtas mediante reacciones de
fermentacion aerobia o anaerobia [29-35]. Sin egthagstos procesos no consiguen
elevados voliumenes de produccién por lo que no conpetitivos frente a los
procesos actuales.

o Catdlisis heterogéneaEl desarrollo de procesos quimicos basados en
catalizadores heterogéneos para la obtencion caeagia partir de la biomasa presenta
sin embargo grandes atractivos. La catélisis hgési@a ha alcanzado un gran auge en
los dltimos afios debido a las ventajas que ofréaenpatalizadores sdlidos frente a la
catalisis homogénea. Entre estas ventajas hayegiacadr que los catalizadores sélidos
pueden ser disefiados a medida de tal forma queficamtio sus componentes (fase
activa o soporte) se pueden mejorar sus caragtadggpermitiendo obtener mayores
conversiones y rendimientos. Ademas los catalizsisolidos se pueden separar de
los productos de reaccién lo que supone un ahoworitante en el proceso ya que el
catalizador puede ser reutilizado en mas de uw.cigha posibilidad de obtener los
glicoles es mediante reacciones cataliticas deidtestcion e hidrogenolisis de la
lignocelulosa o sus derivados.
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Entre estos procesos cataliticos heterogéneodgparaduccion de glicoles, es la

reaccion empleadas en la conversion de glicerbtales.

reaccion denidrogenolisis de gliceroluno de los mas estudiados y desarrollados hasta
el momento. Este hecho se debe al desarrollo etepade la industrial del biodiesel
ya que la glicerina es uno de los subproductosstke groceso en el que se generan
grandes excedentes. Por tanto, su disponibilidddcasio su bajo precio han
convertido al glicerol en una fuente de partidaangmte. En las Tabla 1.6 se recogen
algunos ejemplos de los sistemas cataliticos aditz asi como las condiciones de

Tabla 1.6.Sistemas cataliticos empleados en la conversi@lickrol a glicoles.

Catalizador

Ru/C +A15
Ru/C + Nb,Os
Ru/CsPW
Pt/Hidrotalcita
Rh/SiO,
PdCoO
Ni-Ce/AC
Cu/SiO,
Cu-ZnO
Ag/Al,O3
Pt/WO4/ZrO,

Pt/H 4SiW12040lSi02

Condiciones

393K, 8 MPa, 10h
453K, 6 MPa, 8h
453K, 0.5 MPa, 10h
493K, 3 MPa, 20h
393K, 8 MPa, 10h
453K, 4 MPa, 24h
473K, 5 MPa, 6h
473K, 9 MPa, 12h
473K, 4.2 MPa, 12h
493K, 1.5 MPa, 10h
403K, 4MPa
453K, 5.5 MPa

473K, 5MPa

XC—;Iicerol
(%)

79.3
44.6
21.0
92.1
19.6
70.7
90.4
73.4
225
46.0
70.2
15.2

88.6

S
(%)

6.8

29.1

3.9

86.5
10.7
3.6
13
2.0

S1,2—PG

(%)
74.9
60.9
96.0
93.0
34.6
9.2

65.7
94.3
83.6

96.0

S_I.,3—PG
(%)

45.6

50.5

27.2

X: Conversion, S: Selectividad.

En general los catalizadores mas utilizados se nbasa metales nobles
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hidrogenante (Ni), a su alta selectividad (Cu) ysua menor precio [36-48]. Los
mecanismos de reaccion propuestos para este preeespresentan en la Figura 1.7.

3) 0 OH
OH H OH -H,0 +H,
HO. \/]\/OH H10_VJ\/0H - )J\,-OH = /L\/OH
“HO T o +H, CtH
b) oH H, OH / d - o ~OH
Ho,vi\\/OH OH\Q/J\/OH
Base ﬁse
+H>
o u HO.
~— Aoy ‘/\‘OH
C
) -H5( AN +Ha T
Hn/\]/\nu T 7 OH — = HO OH
OH H Metal

Figura 1.7. Mecanismos de reaccion propuestos para la caduets glicerol a glicoles [49].

El primero consiste en un mecanismos en medio &ajden el que el glicerol se
deshidrata a acetol en los centros acidos delizadak siendo luego hidrogenado a
1,2-PG en presencia de los centros metdlicos. Renbién se ha propuesto un
mecanismo en medio basi¢b) en el cual el glicerol se deshidrogena formando un
intermedio carbonilo en los centros metalicos ymwaido por la base presente en el
medio y a continuacién se forma el 1,2-PG o el B&Ghdrogenacion del intermedio
formado. ElI mecanismo propuesto para la conversatalitica de glicerol a 1,3-PG
consiste (c) en una primera deshidratacion en medio acido pammar el 3-
hidroxipropanal, el cual se hidrogena en presengalos centros metalicos del
catalizador para obtener asi el 1,3-PG [49].

Como se observa, esta reaccion estda ya muy estudiaad mecanismos de
reaccion conocidos y una gran variedad de sisteatatiticos capaces de convertir el
glicerol en glicoles con altos rendimientos. Etegiol de origen renovable no proviene
mayoritariamente de la lignocelulosa, procede ddrdacion oleaginosa (aceites
vegetales) de la biomasa, por tanto desde un pimteista académico e incluso
industrial supone un mayor reto el poder convéatiignocelulosa (sélida) altamente
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resistente al ataque quimien lugar deplicerol (liquido y con una estructura mer
compleja) para producir glicol

1.3.Procesos cataliticos heterogéneos patransformar la lignocelulosa y
sus derivadosen glicole:

El uso dela lignocelulosa y sus derivados como materia deidaapara le
obtencién de productos quimicos y combustibles estapleno desarrollo pai
fomentar la implantacion de procesos quimicos imdss mas sostenibles. Entre
derivados, ds alcoholes azucarados se plantean como una eadibrnativa par
producir glicdes destacando entre ellos el sorbitol y el xiligal queson los mas
abundantes, baratos y los cpresentan mayor numero de atomos de carbono
estructura Estos polialcoholes pueden obtenerse desde utoselpor reacciones
hidrolisis paraformar el azucar correspondiente seguido de unebdedacion par
obtener el alcohol azucarado [49]. Un esquemasiedaibles rutas de conversion
la biomasa lignocelulésica y sus derivados paraymio glicoles se representa er

Figura 1.8.
C-;
CH,OH /
H—?OH 4 N
oH on HO OH
[ on - — !
DIOMASA JTT e HO——H ~—OH
LIGNOCELULOSICA  — creg O Lol > H—0H H, /
He HO OH H OH Catalizador HO
! CH,OH SN
CELULOSA SORBITOL "o on
(comercial)
- T—
GLICOLES
C_sucoLes >
3 2
Hidrélisis - F1,

Catalizador

Figura 1.8. Posibles rutas de obtencién de glicoles a partilgdecelulosa, celulosa
alcoholes azucarados.
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Puesto que la utilizacion de estas materias priegmdta muy interesante ya que
la sustitucion de las fuentes de origen fésil mta® fuentes renovables supondria una
serie de ventajas en todos los campos, se hartisglado para este trabajosalrbitol,
la celulosa y la biomasa lignocelulésica como reagts de partida para la
obtencion de 1,2-PG, 1,3-PG y EG por conversion quica mediante catalisis
heterogénegrutas 1,2 y 3 de la Figura 1.8).

1.3.1. Proceso de conversion de sorbitol a glicoles

Un alcohol azucarado es una forma hidrogenadasdeidivatos de carbono donde
un grupo carbonilo ha sido reducido a un grupo reltoSu forma general es
H(HCHO),.1H y estos alcoholes azucarados clasificados en fandé nimero de
atomos de carbono son: etilenglicol (2C); glic€BtT); eritritol y treitol (4C): arabitol,
ribitol y xilitol (5C); manitol, galactitol y soriwl (6C) y maltitol (12C). Todos estos
compuestos presentan numerosos grupos hidroxigu @structura susceptibles de ser
convertidos a otros productos quimicos, sin embagdan descartado todos ellos
excepto el sorbitol para ser utilizados como mdicmodelo de partida en funcion de
ciertos pardmetros como el precio, el tipo de azdeaprocedencia, el proceso de
obtencion o las reacciones y aplicaciones asocedada uno de ellos.

La arabinosa es un azlcar rico en nutrientes lolee que el arabitol sea
aproximadamente 9 veces mas caro que el restoJopque no resulta atractivo
valorizar este polialcohol. El glicerol ya se memd que es una fuente de partida
utilizada incluso a nivel industrial, pero depertke la fraccion oleaginosa de las
plantas y de la industria del biodiesel por lo tpley como se justificd anteriormente
resulta menos interesante su valorizacién. El toh#s un alcohol azucarado con doce
atomos de carbono por lo que supone una matenmmdmplicada para llevar a cabo
la reaccion de hidrogenolisis dada la multitud deiles productos que se podrian
obtener y por tanto la baja selectividad hacieogi. El eritritol y su isémero el treitol
(4 atomos de carbono) se obtienen por fermentat@da glucosa [50], proceso por el
cual se obtiene al mismo tiempo etanol, por lo lguselectividad a estos alcoholes
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azucarados es baja y su precio practicamente éé dieblos de 5 y 6 atomos de
carbono

Por tanto, por su abundancia, estructura quimizajy precio lo mas adecuado es
la valorizacion de los polialcoholes de 5 y 6 aterde carbono. En resumen, en este
trabajo se ha seleccionado el sorbitol como molécula modedm lugar de los
polialcoholes de cinco atomos de carbono ya queede de la glucosa y la
concentracion de este azulcar en la naturaleza ys mpae el de la xilosa, la arabinosa
o la ribosa por lo que su precio es menor, dadaagor abundancia de su fuente de
procedencia.

El sorbitol es un alcohol azucarado de 6 atomosatbono y es uno de los
considerados‘building blocks” o moléculas plataforma de mayor interés en la
actualidad [51]. Industrialmente se obtiene porrdgdnacion de la glucosa con
catalizadores de Ni Raney y se estima quersduccion anual ronda las 500000
toneladas, aunque dadas sus mdultiples aplicaclard=manda actual de este producto
esta experimentando un crecimiento importante en dttimos afios [16]. Las
principalespropiedades fisicas del sorbitose recogen en la Tabla 1.7 [52].

Tabla 1.7.Propiedades fisicas del sorbitol.

Peso molecular (g/mol) 182.17

Punto de ebulliciéon (K) 569

Punto de fusion (K) 368
Densidad (g/cn) 1.489
Solubilidad en agua (g/ml, 20°C) 0.182

Entre susaplicacioneshay que resaltar su uso directo como edulcoraatitivo
en derivados farmacéuticos para dietas dado sucbajenido calérico. Es el material
de partida para la sintesis de productos quimi@sltb valor afiadido como el
isosorbideque se utiliza para aumentar el punto de transiciistalina del polietileno,
el 1,4-sorbitanusado como surfactante, &tido lacticoempleado recientemente para
la obtencion de plasticos biodegradablesldsorbosaque es el precursor de la
Vitamina C o logglicoles cuyas aplicaciones se detallan en el apartada tie este
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capitulo. Puede ademas fermentarse para prodwgtaiol o biocombustibles. L
esquema de las mdltiples aplicaciones de este gimda adjunta ela Figura 1.¢
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Figura 1.9. Principales aplicaciones del sorbitol y sus demgad

De todas las reacciones posibles de valorizacidmiqga del sorbitol se F
seleccionado para este trabajoreaccion catalitica de hidrogenolisis para i
obtencion de glicoleyya que como se ha descriamteriormente se trata de una vie
produccion sostenible y prometedora ademéas de gateinanda y la multitud «
aplicaciones que a su vez presentan estos proc

Mediante la reaccion chidrogenolisis de sorbitolse pueden obtener una am
variedad de productos dependiendo de donde teggallmruptura del enlace-C (ver
Figura 1.10) o del @. En dicha figura se muestran los principales ypectms que s
pueden obtener y se trata de alcoholes de menafitcomo el 1,2PG, 1,-PG, EG y
el glicerol ademas de alcoholes azucarados de nmemoero de atomos de carbc
como el xilitol y el eritritol y sus isomeros cospondientes. Como product
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minoritarios debido a estas rupturas de enlacegruademés obtenerse otros como el
acido l4ctico, el propanol, el etanol o el metanol.

OH OH
HD\*/OH N ,k/ + HO OH
HO

1,3-PD

Glycerol 12-FD
CJ‘C.‘
cleavage

H

(=)
o
=

e

e

i

cleavage T

OH

OH
Erythritol EG Ethanol
CsCy
cleavage
OH
HO OH + —OH
OH OH
Xylitol Methanol

Figura 1.10.Principales productos obtenidos de la hidrogeisadie sorbitol en funcién de la

posicién de ruptura del enlace C-C [53].

El principal inconveniente que presenta la reaccion de hidrogenolisis ddtebrb
es laamplia distribucién de productos que se puede obtener, lo que conlleva una
pérdida de selectividad hacia los productos deéstdor ello, es necesario evaluar las
condiciones de reaccionutilizadas como presion de hidrégeno, temperatura,
alimentacion, carga de catalizador, tiempo de iéacg la utilizacion de aditivos
incorporados al medio de reaccion, para consedemarl a cabo la reaccion de
hidrogenolisis en las condiciones mas favorablas phtener altos rendimientos a
glicoles. En la Tabla 1.8 se recogen algunos d&absjos mas relevantes descritos en
la literatura sobre catalizadores empleados eidtadenolisis de sorbitol.

En general predominan losistemas cataliticosbasados en fases activas de
metales nobles como el Ru o el Pt soportados stiftiatos soporteZhou et al[54]
apuestan por el empleo de catalizadores basadositenio y soportados sobre
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nanofibras de carbono modificadas para llevaiba tareaccion de hidrogenolisis del
sorbitol.

Tabla 1.8.Sistemas cataliticos empleados en la conversiGodietol a glicoles.

Catalizador ~ Alimentacion  Promotor %Zr}glacé%?éeﬁ (?;)) (SO/EO(; 8(10/20 )P ¢ Ref
72 g Sorbitol 10 493K
Ru/CNFs-GF 288g HO C 9 8 MPa H 35.8 23.6 40.8 [54]
ao
(2cm x 1cm) 6h
66 g Sorbitol 10 493K
Ru/CNFs 264 g HO Cag 4 MPa H 326 253 39.8 [55]
0.5 g Cat 10h
66 g Sorbitol 5 493K
Ru/CNFs 264 g HO Ca% 8 MPa H 443 26.4 33.7 [56]
0.5 g Cat 4h
15 g Sorbitol 05g 493K
Ru/NaY 85 g HO Ca(OH) 6 MPa b 43.0 7.0 54.0 [57]
0.5 g Cat 6h
15 g Sorbitol 05g 493K
Pt/NaY 85 g HO Ca&OH)Z 6 MPa B 420 2.0 40.0 [57]
0.5 g Cat 6h
15 g Sorbitol 05g 493K
Ni/NaY 85 g HO Ca&OH)Z 6 MPa b 75.0 7.0 69.0 [57]
0.5 g Cat 6h
11.6 g Sorbitol 518K
Pt/SiO-Al,0;  220.4 g HO - 293 MPa 81.0% 16.4 38.2 [58]
3.3 g Cat H,
6 g Sorbitol 01 493K
Ce-Ni/Al,O3 14 g HO Ca&OIg)z 7MPa b 98,5 184 416 [59]
0.8 g Cat 12h
10 g Sorbitol 473K
Ni/MgO 40 g HO - 4 MPa H 67.8 26.0 33.7 [60]
0.5 g Cat 4h

X: Conversion del Sorbitol, S: Selectividad, Cadta&lizador.

El soporte de CNF/GF lo sintetizan por crecimieinteitu de las nanofibras de
carbono sobre grafito, impregnando posteriormeajashcargas de Ru. La reaccion se
lleva a cabo a 493 K durante 6 h y con altas pnesiae H (8 MPa) y en presencia de
CaO en el medio de reaccién. La conversion alcanpades muy alta (35.8 %) sin
embargo se obtienen altas selectividades a EG yPG,2Justifican esa elevada
selectividad por la estructura del catalizador eagb ya que el soporte es un material
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mesoporoso con alta area superficial que permstgedsar homogéneamente el rutenio
por su superficieZhao et al [55] proponen también el empleo de sistemasitiats
basados en rutenio sobre nanofibras de carbono qatbandose en el estudio del
efecto de la temperatura de calcinacién de dicigiemas. La reaccién la llevan a
cabo a la misma temperatura (493 K) pero duranteyi@n presencia de 4 MPa de H
adicionando ademas CaO al medio de reaccion. Axtivdos catalizadores por
calcinacion a 513 K seguido de reduccion grat$73 K se logran bajas conversiones
de sorbitol pero buena selectividad a EG (25.3 %2yPG (39.8 %). Sugieren que la
buena actividad catalitica mostrada por este sestandebe a la aparicion de un gran
namero de grupos oxigenados en la superficie dendamfibras de carbono que
favorece la reduccion de las especies de ruter@sgudispersan uniformemente sobre
la superficie con tamafios de particulas de lnmc&nbio Zhou et al [56] han
estudiado estos sistemas mas recientemente pduareda en lugar de la temperatura
de calcinacién, el papel de la adicion de prometdrésicos al medio de reaccion.
Estudian la incorporacion de NaOH, KOH, Mg(@Ha(OH) y CaO y observan que
en las condiciones estudiadas favorecen la codvedsil sorbitol pero la selectividad a
productos depende de la base utilizada. Se alcdoganejores resultados con el CaO
registrando un 26.4 % y 33.7 % de selectividad ayE(R-PG respectivamente para
una conversion de sorbitol del 44.3 Banu et al.[57] llevan a cabo la reaccién de
hidrogenolisis a 493 K, 6 MPa de, { durante 6 h en presencia de Ca(Déf) el
medio de reaccion. Emplean sistemas cataliticesdoasen la zeolita NaY sobre la que
se impregnan distintos metales. En dichas condisi@h catalizador mas activo es el
Ni/NaY registrando valores del 75 % de conversi@electividades del 7 %y 69 % a
EG y 1,2-PG respectivamente. En presencia de loRule Pt se obtienen también
buenos resultados de actividad pero las diferemo@stradas por el niquel pueden
deberse a que la carga metalica de este catalizadonco veces mayor que la del Ru
o Pt.Huber el al.[58] estudian un catalizador basado en Pt en ldgdRu sobre Si©
Al,O; y realizan la reaccion en condiciones mas suagegresion y en ausencia de
aditivos. Con este sistema se alcanza una conmeatsi®B1 % y selectividades del 16.4
%y382%aEGy1,2-PG.
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Dado que el empleo de catalizadores basados erlemeatables supone un
encarecimiento de los precios del proceso, se hagpuesto en bibliografia sistemas
cataliticos basados en Ni debido a su gran caghtidiogenante. Asfe et al.[59]
estudian el efecto promotor del Ce en catalizaddeNi/ALO; y observan una
conversion del 98.5 % y un rendimiento conjunto @6 tras 12 h en presencia de
Ca(OH). Por otro ladoChen et al.[60] analizan los sistemas basados en Ni pero
soportados sobre MgO y obtienen conversiones dgtslodel 67.8 % y selectividades
del 26 % y 33.7 % a EG y 1,2-PG bajo las condigartéizadas.

En general, se puede concluir que se precisan tenreacciéncatalizadores
basados en metales noblesomo el Ru o el Pt u otros metales con alta cdpdci
hidrogenante como el Ni. La alimentacion al reastria dependiendo del tipo de
catalizador empleado pero en general se tratasdéudiones acuosas al 10-30 wt.% de
sorbitol junto con la cantidad de catalizador gadgaventre un 1-30 wt. % respecto al
sorbitol. Lascondiciones de reaccidénrequeridas son severas ya que se precisan
temperaturas superiores a los 473 K y presionésddegeno en el rango de 2-10 MPa.
El tiempo de reaccién depende también de los sésteampleados ya que a pesar de
gue la conversion se favorece al aumentar el tieripmpos excesivamente largos
afectan negativamente a la selectividad hacialloslgs. El pH del medio de reaccién
parece jugar un papel importante en la hidrogsisatie sorbitol ya que condiciona el
mecanismo de la misma tal y como se detalla armaetion. En aquellas reacciones en
las que se trabaja en medio basico la cantidadaieqgtor afiadida oscila entre un 1-20
wt. % con respecto al sorbitol, siendo el CaO @a&|OH) los mas utilizados.

Dada la amplia variedad de productos que se pugdtemer a partir del sorbitol,
resulta muy Util conocer ehecanismo de reacciome la hidrogenolisis de sorbitol de
tal forma que se puedan disefiar sistemas catalitics acordes para favorecer la
selectividad a glicoles. Sin embargo, son escasofdbajos publicados en los que se
evalle el mecanismo de la trasformacion de sorkitglicoles mediante catalisis
heterogénea. Por ello, los primeros estudios sartwasen la extrapolacion de los
mecanismos propuestos para la reaccion de hidrbgjende glicerol a glicoles. Asi
Montassier et al. [61] proponen un primer mecanigam los sistemas de Ni-Cu y
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Ru/C (ver Figura 1.11) basado en una primera desedacion catalizada por un
centro electrofilico siguiendo tata E1representada en esa figura. Pero en un entorno
basico la deshidrogenacion es catalizada por losp@dentes en el medio de reaccion
siguiendo laruta E2 Asi las especies insaturadas originadas por izna @tra son por
ultimo hidrogenadas en los centros metdlicos dillizador capaces de disociar el
hidrogeno [62]

OH OH

H
+I\)\/ ==
0 0 —s
. ~
_HE S Ry 7 + F

Dehydration: E1 mechanism 1

CH

OH OH
-H,
HO OH—— HO / 0 H, OH

Dehydrogenation Hydrogenation

OH
@]
OH
D

OH™

Figura 1.11.Mecanismo de deshidrogenacién-deshidratacion-gairacion del glicerol
propuesto por Montassier et al. [61].

Atendiendo a los trabajos publicados recientemesdelaruta E2 la que ha
evolucionado y se ha establecido como mecanismaedecion para explicar la
hidrogenolisis de sorbitol a glicoles. Por elloadd la necesidad de que existan et
el medio de reaccion, se precisa incorporar aditigoe generen el entorno basico
necesario para convertir selectivamente el sorkeitoglicoles. En la Figura 1.12 se
representa el mecanismo de la reaccion de hidréigisnde sorbitol a glicoles.
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Figura 1.12.Mecanismo de reaccion de la hidrogenolisis deiwbrn medio basico [58].

Este mecanismo se basa en una primera deshidro@erdel sorbitol en los

centros metalicos del insaturado. A

catalizador para obtener otermedio
continuacion se produce la ruptura del enlace C-&liamte el mecanismo de

condensacion retroaldélica y favorecida por los @l medio, del carbon adyacente a
donde se formo el doble enlace. Si se forma en2eld@ lugar a gliceraldehido e

hidroxiacetona que pueden ser nuevamente hidroger@atra formar el glicerol que

puede 1,2-PG 1,3-PG ntediauna

deshidratacién/hidrogenacion. Si el doble enlacdosma en el C3 se forma un

a su vez convertirse en (0]

hidroxi-acetilaldehido y la eritrosa por condendadietroalddlica. La eritrosa puede

hidrogenarse a eritritol o sufrir una nueva condeir@ para formar otro hidroxi-
acetilaldehido que puede ser hidrogenado para@ar E
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Un tercer mecanismo para explicar la ruptura delelolaces C-C terminales del
sorbitol para formar los alcoholes azucarados deocatomos de carbono debe ser
considerado. Este mecanismo es la decarbonilaggri-(gura 1.13) y compite con la
condensacion retroalddlica en medio basico erdlecién de hidrogenolisis [63].

O OH decarbonylation OH

% OH OH

OH OH W

L
..‘g'!
OH \\\
4, S0H 0

f retro-aldol OH

0
& 5 Hz:
kflLR < i ° fLR < KLR
OH CH;  OH H:  OH

=0

Figura 1.13.Mecanismo de ruptura del enlace C-C terminal paacbonilacién o
condensacion retroalddlica [63].

Una vez discutidas las condiciones de reaccionadésuadas para llevar a cabo
la reaccién de hidrogenolisis del sorbitol, losesizas cataliticos mas idéneos descritos
en la literatura y las diferentes propuestas delamiemo de reaccién por el que se rige
la misma, es preciso prestar atencion &dtabilidad de los catalizadores/a que
permitirian ser reutilizados en mas de un cicloadecion haciendo aun mas rentable
este proceso.

Los catalizadores metalicos empleados en reaccemésse liquida pueden sufrir
desactivaciéon principalmente por las siguientes sasu[64-65]: (i) oxidacion
(reduccion) superficialdependiendo de la composicion, estructura y pdaypies
texturales del catalizadofii) sinterizacion de las particuladebido al crecimiento y
aglomeracion de las mismas siendo una causa isibleerde desactivacion que
provoca la disminucién de los centros activos y aexz de la superficie especifica del
catalizadorf{iii) ensuciamientalel catalizador por absorcién o deposicion de yoctms
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en su superficie causando el bloqueo parcial deesuisos activos yiv) lixiviacion de
las especies del catalizador al medio de reacai@mdo ésta la principal causa de la
desactivaciéon de los catalizadores metélicos enlfasida.

Todas estas causas de desactivacion pueden afebtar catalizadores soélidos
empleados en la reaccién de hidrogenolisis de tetrtsin embargo es escasa la
atencion prestada en la literatura a este aspectmrydo se hace se trata de estudios
poco rigurososChen et al[60] a pesar de obtener buenos resultados catadlzador
de Ni/MgO en la hidrogenolisis de sorbitol, estd¢akizador es hidrotermalmente
inestable y se desactiva ptixiviacion de sus componentes dando lugar a la
transformacién del MgO a MgGQ a la aglomeracion de las particulas devdiet al.
[59] observan un efecto promotor del Ce en la ety mostrada por el catalizador
Ni/Al ;05 pero al llevar a cabo los estudios de reutilizaclé estos sistemas observan
gue pierde su actividad rapidamente debidosiniiierizacion de las particulade Ni.
Sotak et al[66] analizan la estabilidad de catalizadores ti@san NiP soportados
sobre carbon activo en la hidrogenolisis de solritilitol a altas temperaturas (473
K) y bajo estas condiciones de reaccion el catdbezapierde su actividad por
lixiviacion del niquel en el medio de reaccion.

En general, practicamente la totalidad de los éstugue se han comentado en
este apartado se centran en describir el compataoncatalitico de los catalizadores y
el efecto de los pardmetros de reaccion sin presfacial atencion a la estabilidad y a
la reutilizacion de los mismos. Pero aun existeti@idesconocimiento en cuanto a la
influencia de las propiedades fisicoquimicas emadtvidad catalitica asi como una
escasa comparacién tras la caracterizacion dealadizadores frescos y usados que
pudiera aportar mayor informacion sobre las cadeagi desactivacion.

Existen por tantémportantes retospara adquirir un mejor conocimiento sobre la
reaccion de hidrogenolisis de sorbitol. En ests s abordaran aquellos puntos que se
han considerado mas relevantes dentro de este @gnposon encontrar catalizadores
activos bajo condiciones de reaccion desfavoraldssdecir, en medio neutro y
empleando bajas cargas de catalizador (5 wt.% caspesorbitol), para poder evaluar
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el papel del soporte en estos catalizadores. Sdizamaa las propiedades
fisicoquimicas de los catalizadores frescos y usgmira correlacionar éstas con la
actividad catalitica que presentan. Se estudianbién la hidrogenolisis del sorbitol en
medio basico pero con bajas cargas de promotort(3enrespecto al sorbitol) o
mediante el empleo de catalizadores con caracticdain la adicion de promotores.
Finalmente, se evaluaran las causas de desactivdeitbs catalizadores utilizados en
este proceso mediante la realizacion de un estledestabilidad.

1.3.2. Proceso de conversion directa de celulosa y ligholosa a glicoles

Dada toda la problematica relacionada con el emgéeduentes fésiles para la
produccion de energia y productos quimicos detalkadb largo de este capitulo, se
precisan encontrar soluciones y alternativas sidésn a estos problemas,
desarrolldndose asi la conversion catalitica ddidenasa y especialmente de la
celulosa o la lignocelulosa como fuente de paftiea Figura 1.8).

La celulosa es la principal materia prima utilizatala produccion de todo tipo
de papeles y cartones siendo ésta su principatagpn directa. En el afio 2008 se
produjeron en el mundo unas 391 millones de toasla@ papel y carton para lo que
se consumieron 193 millones de toneladas de cealulgsgen” y 210 millones de
papel reciclado. Sin embargo, se estima que ladndigh carbono organico presente en
la biosfera se encuentra en forma de celulosa @ajue ademdas de su aplicaciéon
directa para la industria del papel, cada vez cenandemanda por la utilizacion de
nuevas tecnologias, puede emplearse como matepiartiiga para otros procesos [67].
Pero se trata de un polimero natural de alto pedecmlar con una estructura lineal o
fibrosa en la que se establecen multiples puengedidrogeno entre los grupos
hidroxilo de distintas cadenas yuxtapuestas lolguwenfiere una gran resistencia y lo
hace insoluble en agua y otros disolventes [68].

La celulosa puede ser hidrolizada en medio acida phtener glucosa que en
presencia de catalizadores de Ni Raney darian tsbhriproducto utilizado como
materia prima en la primera parte del trabajo zedl en esta tesis. Pero en los ultimos
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afios se han descrito estudios en los qyeasuce el sorbitol directamente desde la
celulosacon altos rendimientos sin pasar por la glucosaodotermedio de reaccion.

Zhu et al[69] mediante el empleo de catalizadores bifuradiesmide Ru soportado
sobre una silica sulfonada son capaces de obtendintientos a sorbitol del 61.2 %
por conversion directa de celulosa a 423 K tra$.lang et al.[70] apuestan por
catalizadores de Pt soportados sobre Oxidos dergrgfara llevar a cabo esta reaccion
a 463 K obteniendo rendimientos del 58.9 % a lah 2 reaccionXi et al. [71]
estudian los sistemas cataliticos basados en Rportados sobre NbOR® evaltan
la influencia de los distintos parametros de r&acen la actividad registrada por estos
catalizadores. Con estos sistemas obtienen rendwosiaelel 69 % a sorbitol cuando
realizan la reaccion a 433 K durante 24 h y engnea de 4 MPa deH

Considerando su abundancia y disponibilidad, elerrat celulésico se ha
convertido en una importante fuente de partidaaegctualidad para la produccion no
solo de sorbitol sino de otros muchos productosnipais y biocombustibles. Sin
embargo, la conversion catalitica directa de lalesh presenta ciertas dificultades ya
que posee una estructura muy resistente al atadoecg lo que interfiere en el grado
de conversién de la misma y a su vez debido atswcantenido en C, H y O puede dar
lugar a una amplia variedad de productos con Igaemrente pérdida de selectividad.
Por ello, en este proceso son especialmente inmpestdas condiciones de reaccién
empleadas asi como los sistemas cataliticos atilizgara poder dirigir esta reaccion
hacia elevados rendimientos a glicoles en lugartiener polialcoholes de cadena mas
larga como el sorbitol. En la Tabla 1.9 se muesimaresumen de lofipos de
catalizadores y condiciones de reaccidmtilizadas atendiendo a la bibliografia
disponible sobre la reaccion de conversion dirdeteelulosa a glicoles.
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Tabla 1.9.Sistemas cataliticos empleados en la conversi@ctdide celulosa a glicoles.

Catalizador ~ Alimentacion  Aditivo %gr:ggé%?gﬁ (0)/2 | Zf)/ii Y(t’/i')PG Ref
0.05 g Celulosa 518 K

RU/NENU-3 8 g HO - 4MPaH 96.2 50.2 - [72]

0.03 g Cat 4h

0.5 g Celulosa 0.051 g 518 K

Raney Ni 50 g HO H' WO 6 MPaH 100 65.0 3.3 [73]
0.082 g Cat 2T 05h
3 g Celulosa 0.06 g 518 K

CuCr 30 g HO Ca.(OH) 6 MPahb 100 31.6 426 [74]
0.3 g Cat 5h
1 g Celulosa 0.016 g 518 K

Ru/C 40 g HO WO 6 MPahbB 100 48.9 7.4 [75]
0.02 g Cat 3 0.5h
1 g Celulosa 518 K

wC,MC 100 g HO - 6 MPahb 100 72.9 5.1 [76]
0.3 g Cat 0.5h
0.5 g Celulosa 518 K

Ni-WP/AC 50 g HO - 6 MPahbB 87.3 46.0 6.4 [77]
0.15 g Cat 0.5h
1 g Celulosa 518 K

Ni-W/SBA-15 100 g HO - 6 MPahbB 100 76.1 3.2 [78]
0.3 g Cat 0.5h

X: Conversion de celulosa, Y: Rendimiento, CataCzdor.

Wang et al[72] estudian la conversion de celulosa a glicotas catalizadores de
Ru soportados sobre acidos fosfotliingsticos (NENUB&]o las condiciones detalladas
en la tabla obtienen un rendimiento a EG del 502294 una conversién casi total de
la celulosa de partida sin tratar. Los altos remshihos alcanzados lo justifican por el
caracter bifuncional del catalizador, ya que coml@nidez para la hidrélisis previa de
la celulosa y centros metdlicos para la hidrogémadinal a EG.Tai et al. [73]
apuestan por un catalizador binario de bajo casdadn en Ni Raney y acido tungstico
y en presencia de este sistema, a pesar de aldaajpar rendimientos a 1,2-PG, el
rendimiento a EG es elevado (65 %) para una coidvetstal de la celulos&iao et
al. [74] estudian la conversion de celulosa en preaese otro tipo de catalizadores
basados en CuCr y proponen que la reaccién cos sistemas debe llevarse a cabo en
presencia ademas de Ca(@idara mejorar aun mas los rendimientos a EG y G2-P
siendo del 31.4 % y 42.6 % respectivamebie.et al[75] evaluan la influencia de la
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adicion de W@ al medio de reaccion cuando realizan la converd®melulosa con
catalizadores de Ru/C y observan que la preseeceste 0xido favorece la hidrdlisis
de la celulosa asi como la ruptura selectiva digelcenC-C de los azucares formados.
Por lo que estos efectos, combinados con el podeodenante del catalizador de
rutenio, permiten obtener altos rendimientos a E&X %) principalmenteZhang et
al. [76] proponen como sistema catalitico para la eosign de celulosa carburos de
tungsteno soportados sobre un carbon mesoporajeyasie soporte favorece tanto la
dispersién del WC como el transporte de los reastiy productos formados
favoreciendo asi su rendimien#hao et al[77] apuestan por catalizadores basados en
WP soportados sobre carbdn activo y estudian rpacacion de Ni a estos sistemas
observando un efecto promotor de este metal y zdcaio rendimientos a glicoles del
52.4 % a la media hora de reaccidhen et al[78] estudian la conversion de celulosa
a glicoles con catalizadores bimetélicos de Ni-\Wostados sobre SBA-15, ya que
proponen que el W es el responsable de las rugalranlace C-C mientras que el Ni
actua en las reacciones de hidrogenacion de lesriatlios insaturados para alcanzar
rendimientos finales del 76.1 % a EG.

Atendiendo a la informacién proporcionada en lald@ah9, en cuanto a las
condiciones de reacciémequeridas, se observa que para alcanzar altdsnmientos a
glicoles y en especial a EG (producto predominamteeste proceso), se precisan
elevadas temperaturas de trabajo para lograratagersiones de celulosa. En general,
la cantidad de celulosa alimentada al reactor jesttziandose de disoluciones acuosas
al 0.5-10 wt. %. Sin embargo, la carga de catativad elevada y se requiere entre un
10-60 wt.% respecto de la celulosa para logras altmversiones de la misma. Los
tiempos de reaccion empleados son en general cpatague tiempos de reaccion
excesivamente largos favorecen la formacion de redobptos, disminuyendo el
rendimiento a glicoles. Se requieren ademas preside H elevadas para favorecer el
ataque de la celulosa. En cuanto a demas cataliticosutilizados, se basan en
soportes inertes quimicamente como el carbén oBA-I% junto con un metal
hidrogenante como el Ru, Ni o el Cu combinado cepeeies &acidas como los
derivados del W que aporten acidez al sistemafpaoaiecer la degradacién previa de
la celulosa.
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En la mayoria de los trabajos descritos en laalitea sobre la conversion de
celulosa a glicoles, la celulosa de partida utllé&zae trata de un reactivo comercial ya
gue resulta mas simple su conversion que si seeangglulosa o incluso lignocelulosa
real. Pero existen ya algunos trabajos en los questudia laconversion directa de
lignocelulosa a glicolesya que estos procesos podrian competir directangntvel
industrial con los procesos actuales de produad#los mismos. Por ello, unos de los
retos de esta Tesis Doctoral es log@mvertir directamente la lignocelulosa real en
glicoles En la Tabla 1.10 se muestran Bistemas cataliticosy las condiciones de
reaccionempleadas en la conversion directa de lignocedulos

Tabla 1.10.Sistemas cataliticos empleados en la conversi@ctdide lignocelulosa a glicoles.

. . . L o Condiciones X Yee Yiz2pc
Catalizador Biomasa Alimentacion  Aditivo de reaccion (%) (%) (%) Ref
Tallo 0.5 g Biomasa 518 K
Ni/W ,C del maiz 50 g HO - 6 MPaH 961 18.3 139 [79]
0.15 g Cat 2h
Tallo 0.5 g Biomasa 518 K
Ni-W,C/CSAS del maiz 50 g HO - 6 MPa H 100 204 - [80]
0.25 g Cat 2h
2.8 g Biomasa 033 518 K
Ni Raney Miscanthus 25 g HO WO 9 6MPaH 100 390 -  [81]
0.33 g Cat s 2h
0.5 g Biomasa 518 K
Ni Raney Ta";’t;cea'a 50 g HO ?/'Vlg 9 6MPaH, 100 376 63 [82]
P 0.15 g Cat 3 2h
1 g Biomasa 508 K
Ni-W,C/AC Abedul 100 g HO - 6 MPa B 100 514 142 [83]
0.4 g Cat 4 h
Tallo 1 g Biomasa 508 K
Ni-W,C/AC del maiz 100 g HO - 6 MPa B 100 7.8 10.8 [83]
0.4 g Cat 4 h

X: Conversion, Y: Rendimiento, Cat: Catalizador.

Pang et al[79] estudian la conversion del tallo del maizliaoes en presencia
de catalizadores de NiAl. Para ello evallan distintos tratamientos deidmasa
siendo los tratamientos con NaOH,Q4 o amonia los que permiten obtener
rendimientos mas altos (18.3 % a EG y 13.9 % aPGP-Sun et al.[80] también
analizan la conversion del tallo del maiz a glisae presencia de catalizadores de Ni-
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W,C pero soportado en carbon activo realizando urrgteeniento de “steam
explosion” y con un agente basico (NaOH) para elmla hemicelulosa y la lignina y
conseguir asi rendimientos del 20.4 % a Bé@ng et at[81] utilizan catalalizadores de
Ni Raney junto con la adicién de acido tungsticoapastudiar la conversion de
Miscanthusa glicoles. Bajo sus condiciones de reaccionnakma rendimientos del 39
% a EG cuando la biomasa de partida se pretrat@gaprente con una disolucion de
etanol-NaOHZhou et al.[82] analizan la conversion de otro tipo de bioapasd tallo
de la pataca en presencia también de catalizaderé Raney con WE Con estos
sistemas y realizando un pretratamiento de la Bamen agua caliente consiguen
alcanzar un rendimiento conjunto a glicoles deb44. Li et al. [83] desarrollan un
catalizador de Ni-WC soportado sobre carbon activo y estudian la asiire de
distintos tipos de biomasa a glicoles. De todosrageriales de partida evaluados y sin
ser sometidos a ningun tipo de pretratamiento prexg con el abedul con la biomasa
gue obtienen mayores rendimientos a glicoles magidb valores del 51.4 % y 14.2 %
a EG y 1,2-PG respectivamente. Analizan ademasuséticion del Ni por otros
metales como el Pt, Pd, Ir o el Ru pero en todesclsos la actividad catalitica es
inferior a la mostrada por el Ni-M@/AC en la conversion de la biomasa del abedul.

Cuando se reemplaza la celulosa por biomasa lifpddésiea real se observa que
las condiciones de reaccidntilizadas para su conversion en glicoles sonlaigs a
las requeridas en el proceso anterior. En cuani@® @imentacion, la cantidad de
biomasa utilizada es inferior que en el caso dmlalosa, predominando disoluciones
acuosas al 1-2 wt. % de biomasa. Pero igual quedsai@n la reaccion anterior, las
cargas de catalizador son muy elevadas en torno 40t60 wt. % respecto a la
biomasa de partida. En general se precisan teropasaaltas superiores a 508 K y
altas presiones de,H6 MPa) para favorecer la conversion de la midma. tiempos
de reaccion utilizados son algo superiores a Iqgdeados en la reaccidén de conversion
de celulosa pero no excesivamente largos por ahmisroblema, la generacion de
subproductos para tiempos de reaccion prolongados. sistemas cataliticos
estudiados hasta el momento se centran en su rmamoita combinacion de un metal
(Ni principalmente) con especies de tungsteno kseportadas o incorporadas
directamente al medio de reaccion. Sin embargojfexedcia de la reaccién de
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conversion de celulosa donde Unicamente y en escasasiones se pretrata
fisicamente la misma antes de llevar a cabo lasdaedie actividad catalitica, en el
caso de labiomasa real se requieren pretratamientos quimicoseveros para
mejorar el rendimiento a glicoles.

No existe hasta el momento omecanismo de reaccidomceptado para describir la
reaccion de conversion de celulosa o lignocelubsglicoles, sin embargo existen
algunas propuestas atendiendo a los productosnetkos y finales obtenidos en estas

reacciones.
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Figura 1.14.Conversion hidrolitica de la celulosa en funci@hahtalizador empleado y las
condiciones de reaccion [84].

Asi Wang et al[84] presentan distintas rutas para esta rea@mdiancion de los
sistemas cataliticos y las condiciones de reaadiifinadas (ver Figura 1.14). Cuando
la reaccién se lleva a cabo en presencia de cadalies acidos y temperaturas
inferiores a 423 K predomina la reaccién de hidiglde celulosa a glucosa. Para que
tenga lugar ademas esta ruta se precisan largopdsede reaccion (12—48 h) y altas
relaciones catalizador/celulosa dado el dificilgatade la celulosa de partida. Si la
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reaccion se realiza en presencia deddn catalizadores hidrogenantes y en el rango de
temperaturas de 453-523 K, el producto principalesorbitol. Bajo estas condiciones
tiene lugar la hidrdlisis de la celulosa favoreqide la presencia de centros acidos del
catalizador o procedentes del agua caliente, segléida hidrogenacion de la glucosa a
sorbitol debido a la presencia de los centros tigetil Sin embargo y tal como se ha
mostrado en la serie de trabajos publicados, esepog de catalizadores basados en
derivados del tungsteno y para temperaturas supsraéo503 K el principal producto
obtenido de la conversion de celulosa es el EG.

Esta reaccion requiere no sélo la hidrdlisis dedllosa sino ademas la ruptura
del enlace C-C. Asrheng et al[85] proponen un mecanismo de reaccion para la
conversion de celulosa o lignocelulosa a glicoleando se emplean catalizadores
basados en tungsteno (ver Figura 1.15).
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Figura 1.15.Mecanismo de reaccién propuesto para la convedgdrelulosa o lignocelulosa
en presencia de especies de W junto con un meli@danante [85].
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En primer lugar la celulosa o lignocelulosa sedlida para formar oligosacaridos
y glucosa debido a la presencia de centros acil@ medio de reaccion. La glucosa
puede hidrogenarse a sorbitol o formar eritroskcplgldehido mediante la ruptura del
enlace C-C en posicionasfp por condensacion retroalddlica. La glucosa ademas
puede isomerizar a fructosa, la cual por condeésacéetroalddlica igualmente
formaria otros dos intermedios insaturados, eleglidehido y la hidroxiacetona.
Mediante la combinacion de esas especies de tumgsige aportaban acidez al
sistema con un metal hidrogenante tendrian lugaalnfiente las reacciones de
hidrogenacion de estos intermedios insaturadosdaaris glicoles.

Como ya se mencioné con anterioridad, una de lasipales caracteristicas que
deben presentar los sistemas cataliticos ademasndeelevada actividad es la
estabilidad de los mismos en las condiciones de operacion emdpt para poder
reutilizarse en varios ciclos de reaccién. A pasamque existen sistemas cataliticos
activos en la conversion de celulosa o lignocehulasglicoles, no son muchos los
trabajos en los que se preste excesiva atenciGneatas sistemas son estables y
permiten reproducir los valores de conversion ydirerento en ciclos sucesivos.
Ademads, resulta de gran importancia en el casoudeegtos catalizadores no fueran
estables, conocer con exactitud las causas de tdes#in para disefiar nuevos
sistemas en los que se solventen estos problemas.

Asi para la reaccion deelulosa a glicoledos catalizadores mas utilizados como
se ha visto se basan en \W&oportados sobre carbon activo, carbén mesopoetso,
incorporando niguel en algunas ocasiones. Estiesrgis a pesar de ser activos, no son
estables en esta reaccion y se desactivanptiacipales causas de desactivaciéde
estos catalizadores sonlehchingde las especies de W y de Ni yokidacion parcial
o total de los WG a WOy [76]. Si los catalizadores usados se basan en VKB o
soportado sobre &cidos fosfotungsticos, la Unicaaae desactivacion encontrada es
la lixiviacién de las especies de tungsteno o biera fase activa o bien del soporte
respectivamente [72, 77]. Para el catalizador Hiloet de Ni-W soportado sobre
SBA-15, la pérdida de estabilidad no se debe &hleg de sus componentes sino al
colapso de la estructura mesoporosa de la SBA-1filizada como soporte [78]. El
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rendimiento a 1,2-PG cae de forma importante argol de tres ciclos de reutilizacion
cuando la reaccion se realiza en presencia dezeataies de CuCr. Observan un leve
leaching del Cu y Cr al medio de reaccion per@tawipales causas de desactivacion
son lasinterizacién de sus particulasy el bloqueo de las especies activas por
depdsitos carbonososn su superficie [74].

Son varias las causas de desactivacion que sedbatificado en los sistemas
cataliticos utilizados en la reaccion de celulogticoles y algunas de éstas se vuelven
a registrar para los catalizadores utilizados erofeversion directa de lignocelulosa
real a glicolesa pesar de que en general no se estudia en pidioind estabilidad de
los mismos en los trabajos publicados sobre esteepo.Li et al. [83] analizan la
estabilidad de un catalizador de NL,@YAC en la conversion de biomasa de abedul y
observan como se va desactivando progresivamerdatalzador con el numero de
ciclos de reaccion. Esto se debe principalmenteaahing de Ni o de W asi como
por laoxidacion del WoC a WO,. Pero ademas en este proceso se va formando un
lodo al ir aumentando el numero de reacciones debild incompleta degradacion de
la biomasa de partida (especialmente la ligninpdroreacciones de polimerizacion de
los intermedios de reaccion que dificulta la recap@n y la reutilizacion del
catalizadorZhou et al.[82] estudian la conversién del tallo de la patesgresencia
de catalizadores de Ni Raney adicionando ademasaM@edio de reaccidn y a pesar
de que se desactivan de forma lenta al aumentaimlero de ciclos, lo hacen
nuevamente por el leaching de Ni y de las espel@dsingsteno, pero ademas por la
aparicion deimpurezas solubles en agugCé&" procedentes de la biomasa) que
reaccionan formando CaWCPang et at [81] emplean tambien sistemas cataliticos
basados en la combinacién de Ni Raney cors W&o en la conversion de la biomasa
de Miscanthus y concluyen que a pesar de produamséeve leaching de Ni, la
principal causa de desactivacion se debeabsmrcion de compuestos organicos en
la superficie de los mismos.

Asi, los principaleslesafiosque se presentan en esta segunda linea de trabajo s
el disefio de catalizadores sélidos activos y estatdpaces de convertir la celulosa o
la lignocelulosa real directamente en glicoles fifieando las especies activas en estos
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procesos y fomentando la presencia de las mismasnte los procedimientos de
activacion. Ademéas se pretende mejorar la eficeende la conversion de la
lignocelulosa real mediante la optimizacién depostratamientoseisitu/insitQ de la
misma.

57






Capitulo 1

1.4.Bibliografia

[1]

[2]

[3]

[4]

[5]
[6]

[7]

[8]
[9]
[10]

[11]

[12]
[13]
[14]
[15]
[16]

[17]
[18]
[19]

Ministerio de Industria, Energia y Turism@pnsumo de energia primaria por
tipo de energia, periodo e indicad2012

Ministerio de Industria, Energia y Turismastituto para la Diversificacion y
Ahorro de la Energia2014

Ministerio de Industria, Energia y Turism®lan de Energias Renovables
2011-2020.

A.M. Ruppert, K. Weinberg, R. Palkovits, Ange®@hem. Int. Ed. 51 (2012)
2564-2601.

G.W. Huber, S. Iborra, A. Corma, Chem. Rev. {P806) 4044-4098.

R.W.R. Zwart, R. Van Ree, E. Annevelink, E. Deng.The results of the 1st
year of the Dutch Network on BiorefineBioRef 0606, December 2006.

B. Kamm, P.R. Gruber, M. KamnBiorefineries-Industrial Processes and
Products: Status Quo and Future Directipng/iley-VCH Verlag GmbH,
2008.

F. Cherubini, Energy Convers. Manage. 51 (2QuX)2-1421.

B. Kamm, Pure Appl. Chem. 86 (2014) 821-831.

A.S. Mamman, J.M. Lee, Y.C. Kim, I.T. Hwang,INPark, Y.K. Hwang, J.S.
Chang, J.S. Hwang, Biofuel Bioprod. BiorefiningZd(8) 438-454.

I. De Bari, D. Cuna, V. Di Matteo, F. LiuzZilew Biotechnol. 31 (2014) 185-
195.

W. Sui, H. Chen, Chem. Eng. Sci. 116 (2014}-262.

Z. Xu, F. Huang, Appl. Biochem. BiotechnoR0(4).

M. Montalbo-Lomboy, D. Grewell, Ultrason. Sarfeem. 22 (2015) 588-599.
D.M. Alonso, J.Q. Bond, J.A. Dumesic, Greere@h 12 (2010) 1493-1513.

G. Centi, R.A. van SanterCatalysis for Renewables: From Feedstock to
Energy ProductionJohn Wiley and Sons, 2007.

J.J. Bozell, G.R. Petersen, Green Chem. 12q539-554.
http://www.insht.es

E.S. Vasiliadou, E. Heracleous, |.A. Vasaldsih. Lemonidou, Appl Catal B-
Environ. 92 (2009) 90-99.

59



Introduccion

[20]

[21]

[22]

[23]
[24]

[25]
[26]
[27]
[28]
[29]

[30]

[31]
[32]

[33]

[34]

[35]
[36]

[37]

|. Gandarias, P.L. Arias, S.G. Fernandez, dqukes, M. El Doukkali, M.B.
Glemez, Catal Today 195 (2012) 22-31.

A. Martin, U. Armbruster, |. Gandarias, P.Lrids, Eur J Lipid Sci Tech 115
(2013) 9-27.

A. Drozdzynska, J. Pawlicka, P. Kubiak, A. Kmider, D. Pranke, A. Olejnik-
Schmidt, K. Czaczyk, New Biotechnol. 31 (2014) 40D.

G.P. da Silva, C.J.B. de Lima, J. ContierotaC&oday (2014).

N. Ji, T. Zhang, M. Zheng, A. Wang, H. Wang, Wang, Y. Shu, A.L.
Stottlemyer, J.G. Chen, Catal Today 147 (2009)5.7-8

L. Zhou, J. Pang, A. Wang, T. Zhang, Chine€athl 34 (2013) 2041-2046.
http://www.bioref-integ.eu

http://www.shell.com

C.J. Sullivan, in: W. Wiley-VCH (Ed.Ullmann’s Encyclopedia of Industrial
Chemistry 7 th ed., 2005.

R. Lin, H. Liu, J. Hao, K. Cheng, D. Liu, Bethnol. Lett. 27 (2005) 1755-
1759.

T. Dishisha, L.P. Pereyra, S.H. Pyo, R.A. it R. Hatti-Kaul, Microb. Cell
Fact. 13 (2014).

A.J.J. Straathof, Chem. Rev. 114 (2014) 189081

A. Duque, P. Manzanares, |. Ballesteros, Mdgro, J.M. Oliva, A. Gonzalez,
M. Ballesteros, Bioresource Technol 158 (2014) 262-

T.J. Schwartz, B.J. O'Neill, B.H. Shanks, JBumesic, ACS Catal. 4 (2014)
2060-2069.

X. Chen, L. Zhou, K. Tian, A. Kumar, S. SingB.A. Prior, Z. Wang,
Biotechnol. Adv. 31 (2013) 1200-1223.

K.K. Hong, J. Nielsen, Cell. Mol. Life Sci. §2012) 2671-2690.

T. Miyazawa, S. Koso, K. Kunimori, K. TomistdgAppl Catal A Gen 318
(2007) 244-251.

M. Balaraju, V. Rekha, P.S.S. Prasad, B.L.Aevi, R.B.N. Prasad, N.
Lingaiah, Appl Catal A Gen 354 (2009) 82-87.

60



Capitulo 1

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]
[53]

[54]

A. Alhanash, E.F. Kozhevnikova, 1.V. Kozhevaoik Catal Lett 120 (2008)
307-311.

Z. Yuan, P. Wu, J. Gao, X. Lu, Z. Hou, X. ZigerCatal Lett 130 (2009) 261-
265.

I. Furikado, T. Miyazawa, S. Koso, A. Shima®, Kunimori, K. Tomishige,
Green Chem. 9 (2007) 582-588.

M.G. Musolino, L.A. Scarpino, F. Mauriello, Rietropaolo, ChemSusChem 4
(2011) 1143-1150.

W. Yu, J. Zhao, H. Ma, H. Miao, Q. Song, J.,)4ppl Catal A Gen 383 (2010)
73-78.

Z. Huang, F. Cui, H. Kang, J. Chen, X. Zha@gXia, Chem Mater 20 (2008)
5090-5099.

S. Wang, H. Liu, Catal Lett 117 (2007) 62-67.

J. Zhou, J. Zhang, X. Guo, J. Mao, S. Zharmgpe® Chem. 14 (2012) 156-163.
L.Z. Qin, M.J. Song, C.L. Chen, Green Chem(2@10) 1466-1472.

L. Gong, Y. Lu, Y. Ding, R. Lin, J. Li, W. Dan T. Wang, W. Chen, Appl
Catal A Gen 390 (2010) 119-126.

S. Zhu, Y. Zhu, S. Hao, L. Chen, B. Zhang,LY,.Catal Lett 142 (2012) 267-
274.

J. Ma, W. Yu, M. Wang, X. Jia, F. Lu, J. XuyiBua Xuebao Chin. J. Catalysis
34 (2013) 492-507.

S.W. Yang, J.B. Park, N.S. Han, Y.W. Ryu, J$¢to, Biotechnol. Lett. 21
(1999) 887-890.

A. Aden, J. Bozell, J. Holladay, J. White, Manheim,Volume |: Results of
Screening for Potential Candidates from Sugars &ythesis Gag2004).

J. Zhang, J.B. Li, S.B. Wu, Y. Liu, Ind Eng €&h 52 (2013) 11799-11815.

M. Banu, P. Venuvanalingam, R. Shanmugam, Bwdnathan, S. Sivasanker,
Top Catal 55 (2012) 897-907.

J.H. Zhou, M.G. Zhang, L. Zhao, P. Li, X.G.dh W.K. Yuan, Catal Today
147, Supplement (2009) S225-S229.

61



Introduccion

[55]
[56]
[57]
[58]
[59]
[60]
[61]

[62]

[63]
[64]

[65]
[66]
[67]
[68]
[69]

[70]

[71]

[72]
[73]

[74]
[75]

L. Zhao, J. Zhou, H. Chen, M. Zhang, Z. Sui,Z%ou, Korean J Chem Eng 27
(2010) 1412-1418.

J. Zhou, G. Liu, Z. Sui, X. Zhou, W. Yuan, @Gua Xuebao Chin. J. Catalysis
35 (2014) 692-702.

M. Banu, P. Venuvanalingam, R. Shanmugam, Bwdnathan, S. Sivasanker,
Top Catal 55 (2012) 897-907.

N. Li, G.W. Huber, J Catal 270 (2010) 48-59.

L. Ye, X. Duan, H. Lin, Y. Yuan, Catal Todag3 (2012) 65-71.

X. Chen, X. Wang, S. Yao, X. Mu, Catal Comn86h(2013) 86-89.

C. Montassier, D. Giraud, J. Barbier, in;: £B.D.D.C.M. M. Guisnet, G.
Pérot, Stud Surf Sci Catal (1988) 165-170.

L. Vilcocq, A. Cabiac, C. Especel, E. GuilloD. Duprez, Oil Gas Sci.
Technol. Rev. IFP Energies nouvelles 68 (2013) &3.-

K.L. Deutsch, D.G. Lahr, B.H. Shanks, Greere@h14 (2012) 1635-1642.

C. Montassier, J.M. Dumas, P. Granger, J. BRartAppl Catal A Gen 121
(1995) 231-244.

M. Besson, P. Gallezot, Catal Today 81 (2088j-559.

T. Sotak, T. Schmidt, M. Hronec, Appl CatalGen 459 (2013) 26-33.
http://www.atcp.cl

S. Dutta, S. Pal, Biomass Bioenerg 62 (208B2-197.

W. Zhu, H. Yang, J. Chen, C. Chen, L. Guo,Gén, X. Zhao, Z. Hou, Green
Chem. 16 (2014) 1534-1542.

D. Wang, W. Niu, M. Tan, M. Wu, X. Zheng, Y.i,LN. Tsubaki,
ChemSusChem 7 (2014) 1398-1406.

J. Xi, Y. Zhang, Q. Xia, X. Liu, J. Ren, G. L¥. Wang, Appl Catal A Gen
459 (2013) 52-58.

S. Wang, J. Chen, L. Chen, Catal Lett (2014).

Z. Tai, J. Zhang, A. Wang, J. Pang, M. ZhefhgZhang, ChemSusChem 6
(2013) 652-658.

Z. Xiao, S. Jin, M. Pang, C. Liang, Green Ché&(2013) 891-895.

Y. Liu, C. Luo, H. Liu, Angew. Chem. Int. EB1 (2012) 3249-3253.

62



Capitulo 1

[76]
[77]

[78]
[79]
[80]
[81]
[82]
[83]

[84]
[85]

Y. Zhang, A. Wang, T. Zhang, Chem Commun 4&L() 862-864.

G. Zhao, M. Zheng, A. Wang, T. Zhang, Cuihuaeao Chin. J. Catalysis 31
(2010) 928-932.

M.Y. Zheng, A.Q. Wang, N. Ji, J.F. Pang, X.Wang, T. Zhang,
ChemSusChem 3 (2010) 63-66.

J. Pang, M. Zheng, A. Wang, T. Zhang, Ind Eirgem 50 (2011) 6601-6608.
Y.G. Sun, Y. Ma, Z. Wang, J. Yao, Bioresouf@hnol 158 (2014) 307-312.
J. Pang, M. Zheng, A. Wang, R. Sun, H. Wang,Jiéng, T. Zhang, AIChE J
60 (2014) 2254-2262.

L. Zhou, J. Pang, A. Wang, T. Zhang, Cuihuaelao Chin. J. Catalysis 34
(2013) 2041-2046.

C. Li, M. Zheng, A. Wang, T. Zhang, Energ Enowi Sci 5 (2012) 6383-6390.
A. Wang, T. Zhang, Acc. Chem. Res. 46 (2013j7:1386.

M. Zheng, J. Pang, A. Wang, T. Zhang, Chink&atal 35 (2014) 602-613.

63






Capitulo 2

Objetivos y metodologia






Capitulo 2

El objetivo principal de la presente memoria édentificar y desarrollar
catalizadores solidos activos, selectivos y estabkn la transformacion de biomasa
lignoceluldsica y derivados (celulosa y sorbitol)gra obtener glicoles (1,2-PG, 1,3-
PG y EG) de manera eficiente y competitivaEsto implica obtener dichos productos
desde fuentes alternativas al petroleo de manstarsble, lo que supone una serie de
mejoras frente a los procedimientos actuales. Addos catalizadores desarrollados
deben ser estables en el proceso para poder s#éizados de manera simple en la
reaccion.

El éxito de este trabajo no es sdélo de interésémmimd sino que es muy atractivo
desde el punto de vista medioambiental, industriatonémico. En cuanto eilterés
académicohay que resaltar el conocimiento alcanzado eedecion de hidrogenolisis
de sorbitol y de conversién de celulosa, ya qual@ueesultar Utiles para aplicarse a
otros polialcoholes de origen renovable y polimet®®rigen natural. De igual modo,
el conocimiento y la optimizacién de los procesgsitude extraccidn de azlcares de
la lignocelulosa son aplicables a otras transforom@s que no estén dirigidas a la
produccion de glicoles. En relacion a las considenesmedioambientalesse ha de
tener en cuenta que tal y como se ha descritoaj@nparte de la produccion actual de
estos glicoles se basa en materias primas de didgénde manera que las propuestas
planteadas en este trabajo y principalmente lagliest realizados sobre la conversion
quimica directa de biomasa real, se presentan aomaoalternativa renovable que
podria desplazar al menos parcialmente los procasogencionales. Desde el punto
de vistaindustrial o economicq el desarrollo de catalizadores soélidos con elevad
rendimiento y estables en estos procesos supoundaaeduccion de los costes de
produccion de estos glicoles haciéndolos muy coithmet. Ademas, se conseguiria
valorizar materias primas destinadas a otros fonesnsideradas como residuos sin
utilidad.

Para alcanzar el objetivo principal de este trabajtvan propuesto los siguientes
objetivos parciales
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» l|dentificar catalizadores solidos activos en la hidrogenoliside sorbitol a
glicoles El sorbitol es un derivado comercial que se oletipor reduccion selectiva de
la glucosa, la cual a su vez se deriva de la hgisae la celulosa.

» Desarrollar catalizadores solidestables en la hidrogenolisis de sorbita
glicoles.

» l|dentificar catalizadores sélidos activos y selectivasi como condiciones de
reaccion apropiadas en ti@nsformacion directa (en una sola etapae celulosaa
glicoles.

» Desarrollar catalizadores soélidos establesen la obtencion de glicoles
mediante transformacién directa de celulosa.

» Desarrollarcatalizadores solidos eficientes y establ@ara laconversion de
biomasa real en glicolesPara este proposito la biomasa se deberia vtinaratar,
pero si es necesario para alcanzar elevados remtosi se debe desarrollar un
proceso simple y competitivo de extraccién de azascde la lignocelulosa.
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Rendimiento
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Correlacion
Fstructura
Actividad

Figura 2.1.Esquema de la metodologia utilizada para alcanzashbjetivos propuestt
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Un esquema de Iaetodologia experimentalseguida para alcanzar los objetivos
propuestos en esta memoria se presenta en la Fidurdas actividades realizadas
para los distintos sistemas cataliticos estudiadossta memoria en general se pueden
estructurar de la siguiente manera:

1. Preparacién y activaciébnde los diferentes catalizadores, seleccionando los
reactivos de partida, la metodologia de preparaciés condiciones de activacion mas
apropiadas.

2. Estudio del comportamiento catalitico (conversion, selectividad vy
rendimiento) de los catalizadores activados, elgpecuidadosamente las condiciones
de reaccion mas adecuadas para llevar a caboesst@gos.

3. Caracterizacion de los catalizadores frescasediante diferentes técnicas con
objeto de correlacionar sus propiedades fisicoquisncon las propiedades cataliticas
mostradas por los mismos.

4. Estudio de laestabilidad de los catalizadores mas activos en los distintos
procesos realizando varios ensayos consecutivosdiohios catalizadores. Si no se
observa desactivacion se puede decir que, en pional catalizador es estable. Pero
especial atencion requiere en estas reaccionesserlifuida la posiblixiviacion de
las especies activaen el medio de reaccidn y por tanto su contributidmogénea.

En cualquier caso es necesario proceder caaracterizacion de los catalizadores
usadosy comparar dicha informacion con la de los catalres frescos, de forma que
se intenten identificar las posibles causas dectieaaion.
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El presente capitulo ha sido estructurado en tmestados generales que
corresponden &i) la relacion dereactivos comercialesque se han utilizado en esta
Tesis Doctoral. Por otro lado, se ha decidido noluin en este capitulo los
catalizadores y el método empleado para su prapara@ que parece mas idénea su
inclusion en los correspondientes capitulos padditfa su seguimiento. Ldii)
descripcion detallada debuipo de reacciondonde se especifica ptocedimiento y
las condiciones de reaccioiseguidas para estudiar el comportamiento catalitisi
como elandlisis de los productos de reacciéan la hidrogenolisis de sorbitol y en la
conversién directa de celulosa y biomasa lignodslod para producir glicoles.
Finalmente(iii) se enumeran laécnicas de caracterizaciontilizadas, mencionando
el proposito de su empleo y a que muestras se pégado, asi como un breve
comentario sobre su fundamento tedrico, dando uescrighcion detallada del
procedimiento y de las condiciones experimentaleguidas para obtener los
resultados. Se ha considerado oportuno, desdenin de vista didactico, agruparlas
en funcion de la informacién que proporcionan. A&sipbjetivo de la inclusién de este
capitulo no es otro que aportar la informacion saga y suficiente que permita la
reproduccion experimental de los resultados descrn la presente memoria en
cualquier otro laboratorio.

3.1. Reactivos comerciales empleados

En este apartado se han recopilado los reactivoeriales empleados y se han
clasificado en funcion de su estado de agregacgase§, liquidos y solidos),
considerando la pureza y la casa comercial endahgn sido adquiridos.

+ Reactivos Soélidos:
- Ru(NO)(NQ); (Alfa-Aesar, 31,3 wt. % Ru).

- Ni(NO3),6H,0 (Sigma Aldrich, Cristalline).

- Ni(OCOCH),.4H,0 (Sigma Aldrich, 98,0 %).
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- Pt(NHs)4(NOs), (Sigma Aldrich> 99,995 %).

- (NHa)6(HaW12040).XH,0 (Sigma Aldrich, 99,99 %).

- (NHg)10H2(W207)6.XH,O (Sigma Aldrich, 99,99 %).

- (NH4)sM070,4.4H,0 (Sigma Aldrich, BioUltraz 99,0 %).
- C1HsNDb GO, xH,O (Alfa Aesar, Powder).

- C;H,O, (Sigma Aldrich, puriss. p.a., Anhydrous).

- AlL,O; (Alfa-Aesar, catalyst support, high surface area).
- SiO, (Sigma Aldrich, 99,8 %).

- TiO, (Degussa P25, 80,0 % Anatasa).

- ZrO, (Sigma Aldrich, nanopowder).

- Ca(OH) (Sigma Aldrich, ACS reagert, 95,0 %).

- KOH (Sigma Aldrich, 90,0 %).

- NaCl (Sigma Aldrich, 98,0 %).

- D-sorbitol (Sigma Aldrich, BioUltraz 99,5 %).

- Dianhidro-D-glucitol (Sigma Aldrich, 98,0 %).

- Xilitol (Sigma Aldrich,> 99,0 %).

- Ribitol (Sigma Aldrich> 99,0 %).

- DHA (Sigma Aldrich, pharmaceutical standard).

- Celulosa (Sigma Aldrich, Microcristalline, Powijler

76



Capitulo 3

- D-(+)-Celobiosa (Sigma Aldrickx, 99,0 %).
- D-Glucosa (Sigma Aldricty 99,5 % (CG)).

- Rutenio 5% en alumina (Sigma Aldrich, 5 % Ru).

Reactivos Liquidos:
- 1,2-propanaodiol (Sigma Aldrich, puriss. p.a., A@agent, > 99,5 % (CG)).

- 1,3-propanodiol (Fluka, puriss. p.a., > 99,0 %G|

- Etilenglicol (Fluka, puriss. p.a., > 99,5 % (CG))

- Glicerol (Sigma Aldrich, reagent plus, > 99,0 %).

- Acetol (Sigma Aldrich, technical grade, 90,0 %).

- Metanol (Sigma Aldrich, puriss. p.a., ACS reager®9,8 % (CG)).
- Etanol (Sigma Aldrich, ACS reagent, > 99,5 %).

- y-valerolactona (Sigma Aldrich, reagent plus, > 9%)0

- 2,2,4-trimetilpentano (Sigma Aldrich, Anhydrous99,8 %).

- Meso-eritritol (Sigma Aldrichiz 99,0 %).

- H,SO, (Panreac, 96,0 %).

Gases(todos los gases han sido suministrados por BAias.iquid, la pureza
se cita en porcentaje en volumen):
- O, (N-40), 99,99 %.

- H, (N-50), 99,999 %.
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- N, (N-45), 99,995 %.
- He (N-50), 99,999 %.
- Ar (N-50), 99,999 %.
- NHs/He (N-38), 4,98 % Nklen He.

- Ha/He/Ar (N-38), 0,32 % Hl

3.2. Actividad Catalitica

En este apartado se ha incluido la descripcioredeipo de activacion de los
precursores cataliticos para obtener los catalizadactivados, el reactor catalitico y
las condiciones de reaccion empleadas para evadduaronversion, selectividad,
rendimiento y estabilidad de los diferentes caaglizes, y ademas se detallan los
sistemas para el andlisis de los productos de iGaogbtenidos, tanto en la
hidrogenolisis del sorbitol como en la conversiGrecta de celulosa y biomasa
lignocelulosica.

3.2.1. Equipo de activacién de los catalizadores

Los precursores sélidos empleados en esta memaiarf sometidos a distintos
tratamientos previo a su empleo en reaccion o par&aracterizacion. El equipo
empleado para este propdsito consiste eneantor de pulsosadaptado por la casa
PID Eng&Tech Esta equipado con cuatro lineas de gases, dottiauna con una
vélvula y un controlador que permite trabajar demip independiente. Ademas, el
equipo esta dotado de un horno vertical para tiat#ma temperatura controlada. A la
salida del horno hay un capilar calefactado comlectaun espectrémetro de masas que
permite el registro y la identificacion de los gadesprendidos durante el tratamiento.
El espectrometro de masas (BALTZER Prisma QMS 289% equipado con un
ionizador de impacto electrénico (IE), un analizacleadrupolar y un detector @®pa
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de Faraday El equipo cuenta conuna bomba de vacio primario, una bor
turbomolecular y una bomba de membrana auxiliarFigura 3.1.).

Calle

0, »Td—bﬂ—ca‘n—»E
H, de—bﬂ-El—PE_\
N,0 »TH@}E—»EJ

E (Copa I‘T‘m‘aday)i
— | ¥ ® N ;
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e b= afa [ (w2 AN =
------------------------------------------ -

Calle

L Vilvulamanual E Vilvula antiretorno g Bomba rotatoria
Controlador »v I, @\ Bomba
» deflujo A Lavetres vias turbomolecular

masico

Caja Caliente

‘ Espectrometro de masas ‘

. H
Calle = Tonizador electrénico
H
Analizador cuadrupolar

VWV E Detector

Calle

Figura 3.1.Esquema del equipo de activacion conectado a wetEdémetro de masi

La espectrometria de mase es una técnica analitica que permite la separe
deteccion y determinacion de especies molecul®@s ello las muestras a anali
han de ser introducidas en estado gaseoso en Ead@® espectrometria. Esta can
debe trabjar en condiciones dalto vaco por lo que se precisa el empleo de
conjunto de bombas extractoras. Una vez introdudadamuestra, las especi
moleculares son ionizadas formando cationes radicdl®*. Estos cationes radical
atraviesan un analizador de masas que, indo un potencial variable
radiofrecuencia (0 mediante el empleo de un camggnitico), es capaz de separa
en funcion de la relacion m/z donmindica la masa del fragmento iénicz indica la
carga eléctrica. Una vez separados los iones lled transductor o detector don
colisionan y su energia cinética es transformadanensefial eléctrica que gener:
espectro de masas correspondie
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3.2.2. Equipoy condicionesde reaccion

Las reaccionetantode hidrogenolisis de sorbitol como de casu@n directa di
celulosa o biomaslignocelulésici para obtener 1,2-PG, 1,3-PG y HGgron llevada:
a cabo en ureactor Parr Autoclave deacero inoxidable de 100 mL de voluntal y
como se describe en Figura 3.2. El reactor estd equipado concontrolador de
presion, uragitador mecaniccun tubo buzo para toma de muestragraada-salida
de gases, urcontroladr de temperatura con un termopar tipo K y umanta
calefactora. Los productos liquidos fueron extraidbrectamente del medio
reaccién utilizando la toma de muestras que contignfitro adaptado con | tamafio

de poro de im (Upchurch Scientifi).

Agitador
mecanico
Termopar
Toma de .
muestras Medidor de

Entrada
gases
(N,/H3)

L

@ presion

>

Filtro

Figura 3.2.Esquema del reactor Parr empleado para las medidastividad catalitic

En cuanto a lascondiciones de reaccion en un experimento tipicde
hidrogenolisis de sorbitol se alimentan al reactor 30de una disolucién acuosa

Salida
gases

\ Manta

calefactora
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sorbitol (6 g de sorbitol y 24 g de agua desiorazad wt. % de sorbitol) y sobre ésta
se afiaden 0,3 g de catalizador activado (5 wt.speto al sorbitol). El reactor se sella
y se purga tres veces con nitrdgeno. La mezclaadienta con una rampa de
temperatura de 5 K.minhasta la temperatura de reaccién (493 K) y se agita
mecanicamente con una velocidad de 100 rpm. Duelnpeoceso de calentamiento
cuando se alcanzan 393 K, el sistema se prestoizad.0 MPa de hidrégeno. La
presion autdégena del reactor a esta temperaturdefuenos 0.8-1.0 MPa alcanzando
una presion final de trabajo de 4.8-5.0 MPa, quanaatuvo constante durante el
transcurso de la reaccion gracias al controladoprdeién del sistema. El tiempo de
reaccion fue de 4 h en todos los casos, la agitagplicada una vez alcanzada la
presion y temperatura de trabajo fue de 500 rpmmiglio el valor de pH al inicio y al
final de cada reaccion.

El procedimiento experimental para feaccion de conversién directa de
celulosafue el mismo que se detalla anteriormente paradi@denolisis de sorbitol,
sin embargo las condiciones de operacion utilizidexon diferentes. En este caso se
alimentan al reactor 30.5 g de una disolucién aualescelulosa la cual no se somete a
ningun tratamiento fisico previo (0.5 g de celulps20 g de agua desionizada; 1.64 wt.
% de celulosa) y sobre ésta se afiaden 0.1 g deadta activado (20 wt. % respecto
a la celulosa). Del mismo modo se sella el reagt@e purga con nitrdgeno. Se
comienza a calentar con una rampa de 5 K'nagitando a 200 rpm. Cuando la
temperatura es de 373 K se introducen al reactbrMia de H, presion que se
mantiene constante gracias al controlador de prekiéante toda la reaccion. Una vez
alcanzada la temperatura de trabajo (518 K), seeatan las revoluciones del agitador
a 700 rpm y se mantienen durante las 2 h de readel®H del medio de reaccién se
mide tanto al inicio como al final para cada undadeexperimentos realizados.

Se pueden distinguir dos procedimientos parardaccion de biomasa
lignoceluldsica:

v Las reacciones llevadas a cadin pretratamiento previo de la biomasa se
realizaron en el mismo equipo Parr Autoclave y danmisma metodologia y
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condiciones de operacion que en el caso de lasiosas de conversion directa de
celulosa. Para ello se carga en el reactor unéudiéo acuosa constituida por 0.5 g de
biomasa (secada previamente en estufa durantecteere 383 K) y 30 ml de agua
desionizada (1.64 wt. % de biomasa) junto con 0.Heg catalizador activado
previamente (20 wt. % respecto a la biomasa). Aimoeacion se comienza a calentar
agitando a 200 rpm y cuando la temperatura es 8&3# introducen en el reactor 5.0
MPa de presion de HUna vez alcanzada la temperatura de trabajo 18e
aumentan las revoluciones hasta 700 rpm, se fijprdaion con el controlador de
presién considerando la presion total a la tempexatle reaccion (autégena e
hidrégeno) en unos 6.5 - 7.0 MPa dg(Hependiendo de cada reaccién) y se mantiene
en esas condiciones durante las 4 h de reaccigalnignte se mide el pH inicial y
final del medio de reaccion.

v Por otro lado, los experimentos realizados loimmasa previamente tratada
se realizan siguiendo el mismo procedimiento y ¢, mismas condiciones de
operacion que se describen anteriormente. La aliieeencia es epretratamiento de
deslignificacional que se somete la biomasa antes de ser intdadani el reactor. Para
la realizacién de dichos experimentos se utilizaligpositivo como el mostrado en la
Figura 3.3. Para llevar a cabo dichos experimesgdstroducen en el matraz de fondo
redondo 0.5 g de biomasa real previamente sec@®$3 &« junto con 50 ml de una
disolucién acuosa al 100 wt. % de agua o de GVgni@iAldrich, Reagent Plus 99 %)
en agua al 80 wt. % o al 90 wt. % dependiendo da eaperimento (ver Tabla 7.4 del
Capitulo 7). Ademas se introduce en el matraz wmcentracion 5 mM de 430,
(Panreac, 96 %)Se realiza el montaje descrito en la Figura 3.8eymantiene el
contenido del matraz durante 12 h a 453 K y a 8u. rSe emplea el bafio
termostatizado para suministrar el agua de refi@én que recorre el serpentin y que
permite la condensacion tanto del agua como dé&/la(@unto de ebullicion 480 K).
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Figura 3.3.Equipo de pretratamiento de la biomasa real. 1pBafinostatizado pael H,O de
refrigeracion, 2) Serpentin de condensacion, 3Gtaudor de temperatura, 4) Matraz de fol
redondo, 5) Bafio con silicona, 6) Placa calefaciagitadore

Tras dicho tratamiento se separa por filtraciérbilemasa soélida del liquic
tratado.El sélido se lava con agua y se seca a 383 K algeser introducido en
reactor. Si el tratamiento se realiz6 con aguaainénte, se neutraliza el liqui
tratado afiadiendo Ca(C, (SigmaAldrich, ACS Reagent) bajo agitacién para pase
un pH inical de 1 a un pH final de 7. Una vez neutralizaédfjlga huevamente pa
retirar el CaS@que ha precipitado y se introduce en el reactaiojgon la biomas
sélida tratada para llevar a cabo la reacciénaSiidmasa se trata con disolucio
acuosasie GVL, el procedimiento es el mismo, se trataaliblomasa durante 12 t
453 K y 850 rpm. Segun se recoge en bibliografia, ahtrla biomasa con GVL :
deslignifica la misma consiguiendo que los carb@had presentes queden en la-
acuosa y ldignina en la fase organica [1]. Por ello, es nadegealizar una extraccic
para separar ambas fases. El liquido tratado selanean 20 ml de una disoluci
acuosa al 12 wt. % de NaCl (Sig-Aldrich, 98 %). Dicha mezcla se introd.
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nuevamente en el dispositivo descrito en la FiguBay se mantiene durante 2 h a 390
Ky 800 rpm. Tras ese tiempo se observan dos felseamente diferenciadas, una
acuosa mas densa que queda en el fondo del matwza mas ligera y coloreada que
gueda en la parte superior que es la fase orgafiinbas fases se separan de forma
sencilla por centrifugacion y la fase acuosa setrakza con Ca(OH) filtrando
finalmente el CaSpque precipita. La fase acuosa recuperada se meaclal sélido
tratado y se introducen en el reactor para lleveal# la reaccién de produccion de
glicoles. Un esquema detallado del procedimiexsiturealizado a la lignocelulosa se
recoge en la Figura 7.7 del Capitulo 7.

3.2.3. Andlisis de los productos de reaccion pooroatografia liquida de alta
resolucion (HPLC)

Los productos liquidos obtenidos tras estas reaesifueron analizados mediante
el empleo de un cromatégrafo de liquidos de aksalveion (Agilent Technologies
1200 Series) equipado con una columna capilar RB##M-Monossaccharide H(8
%) (300 x 7.80 mm) con detectores de indice daceidn (RID) y ultravioleta (DAD).
Cada muestra de reaccion se filtr6 mediante uniaggracoplada a un filtro con
didmetro de poro 0.22 um de Millipore. Se incorpahvial de analisis unos 0.7-0.8 g
de muestra de reaccion ya filtrada y 0.003-0.008egcelobiosa (Sigma—Aldrich)
empleada como estandar interno. Se inyectan alatégrafo 0.5 pl de muestra y el
andlisis se realiza con un flujo de 0.45ml.fnbon HSO, (0.005 M) como fase mévil a
313 K durante 40 min. Los principales productosckeidos fueron 1,2-propanodiol,
1,3-propanodiol, etilenglicol y sorbitol. Ademas dstos, se identificaron otros en
menor cantidad como glucosa, otros alcoholes aadoar (xilitol, ribitol, eritritol),
glicerol, DHA, acetol, sorbitan y etanol. Paraedetinar el factor de respuesta de los
diferentes compuestos de interés analizados, dedrean calibrado previo con
diferentes disoluciones preparadas con concentr@gioonocidas de los mismos. De
este modo es posible calcular la conversidn, kecteldad y el rendimiento hacia los
productos de interés. En la reaccionhildrogenolisis del sorbitol la conversion se
define como la relacion entre los moles consumésorbitol y el nimero de moles
de sorbitol cargados inicialmente. Mientras quesédectividad a productos es la
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relacion entre los moles de producto obtenido ynmdes consumidos de sorbitol
considerando la estequiometria hacia dicho prod&ttendimiento a un producto fue
definido como la relacién entre el nUmero de malbenidos de ese producto y el
namero de moles de sorbitol al inicio de reacci@mnsierando igualmente la
estequiometria.

moles de sorbitol convertidos
100 (Ec. 3.1)

Conversion de sorbitol(%) =
( A)) moles de sorbitol iniciales

moles de producto A obtenidos

Selectividad A (%) =

x100 (Ec.3.2)

(moles de sorbitol convertidos).(Estequiometria)

moles de producto A obtenidos

Rendimiento A (%) = x 100 (Ec. 3.3)

(moles de sorbitol iniciales).(Estequiometria)

En lasreacciones de conversién directa de celulosaglicoles, la conversion se
determina mediante la pérdida de peso entre efls@limentado inicialmente al
reactor (celulosa o biomasa real) y el que quadeesiccionar y se recupera después de
reaccion, dividido por el peso inicial. En cuantocélculo del rendimiento de los
productos en lareaccién con celulosase realiza mediante la determinacién del
contenido de carbono de la misma por analisis el@heaplicando la siguiente
ecuacion:

Yy (%) = ch’f% -100 (Ec. 3.4)
donde Y, es el rendimiento obtenido para el productonfg, es la masa de
carbono presente en el producto Y, es el contenido de carbono de la celulosa
determinado por analisis element#l & 0.424 en nuestro caso)nycellulosees la

cantidad de celulosa inicialmente cargado en etoea

En el caso de ldignocelulosaal conocer su composicion (ver Tabla 7.3), es
posible determinar la cantidad total de moles de@zs de 5 y 6 &tomos de carbono
que contienen cada una de ellas y con ellos cal@lamimero total de moles de
carbono holes Giomasd €n dichos azucares (los pertenecientes a lanBgno se
consideran) que seran los susceptibles de ser mtimoge en glicoles. Mediante el
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andlisis cromatogréafico se determinan los molescaéa producto obtenido tras

reaccion y se calcula el numero de moles de carpoesentes en cada uno de ellos
(moles @). Con estos datos y mediante el empleo de laesitgiecuacion se determina
en base carbono el rendimiento a cada producto:

YA moles Cy .
Yy (%) = oles e 100 (Ec. 3.5)
dondeY, es el rendimiento obtenido para el productamdles G son los moles de C
presentes en el producto A y determinados por HPh®les GiomasaSON l0s moles de
C presentes en la biomasa de partida susceptiblesryertirse en glicoles.

A modo de ejemplo en la Figura 3.4. y en la FigBra se muestran dos
cromatogramas de una disolucién modelo de prodaetda reaccion de hidrogenolisis
de sorbitol y de la reaccion de conversion diredéa celulosa o lignocelulosa
respectivamente. Ademas de los productos de in{fér8sPG, 1,3-PG y EG) se han
incluido otros posibles subproductos (glucosatatjlieritritol, glicerol, DHA, acetol,
EtOH, etc) que podrian formarse en el medio deciéa.

mAU DAD
500
400
d Acetol
200
1007
0 : 10 M 2 2 P % i
= RID Sorbitol
IUOUUOi
80000
60000
o] Celobiosa . Glicerol 1L.2PG
Xilitol 4
20000 T DHAEG 1,3'PG EtOH
{ 10 5 P % % % i

Figura 3.4. Cromatograma modelo de una muestra de reaccibiddsgenolisis de sorbitol.
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i RID Sorbitol

4000

0 Eritritol

0
EtOH
Glicerol

1000 Celobiosa

Figura 3.5. Cromatograma modelo de una muestra de reaccioéardersion directa de
celulosa o lignocelulosa real.

3.2.4. Determinacién del balance de carbono med&anin analizador de Carbono
Orgénico Total (TOC)

Se determind el balance de carbono para cada un#asdeeacciones de
hidrogenolisis de sorbitol llevadas a cabo, commadoeael balance obtenido en la fase
liguida de reaccién determinado por HPLC con eht@a@ de carbono orgénico total
determinado mediante el analizador TOC. La conaeidin de carbono organico total
en disolucion fue determinada mediante un Analizadi® Carbono Organico Total
TOC-Vscy de Shimadzu que mide la concentracion de Carbartal TCT), Carbono
Inorganico (Cl) y Carbono Organico Total (TOC) plifierencia de los dos anteriores.
Para ello se determin@ el CT oxidando la muestra a analizar con aireal®n un
reactor de cuarzo en presencia de un catalizad&t/éd0;. El CO, formado en el
proceso es cuantificado por un analizador IR; v garntificar(ii) el Cl se inyecta una
nueva alicuota de muestra en un depdsito en e| poal acidificacibn con acido
fosférico al 25 %, todos los carbonatos y bicarbemalisueltos se desprenden en
forma de CQ cuya concentracion es cuantificada en el detéRtor
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Para la realizacién de estos analisis, se filtrdasnmuestras con una columna
Captivd" de Varian con un diametro de poro de 0.45 pum.iBgedon las muestras
preparando disoluciones de 1ml en 100 ml de agsflatéa. Una vez preparadas, se
inyectan 14 ml en el analizador y comienza elisisatuya duracién es de 15 min.

3.3. Técnicas de caracterizacion

En este apartado se describen las técnicas dear@acion que se han utilizado
en esta memoria y que han servido para caractdogazatalizadores empleados. En
primer lugar, se explica la importancia de la téanaplicada y la informaciéon que
proporciona, haciendo a continuacién una breverigesén del fundamento tedrico. Se
describe el equipo y el procedimiento experimestgjuido para la obtencion de los
datos, incluyendo el pretratamiento realizado scede. También se indicara a que
muestras se han aplicado cada una de las técmdagpeesente memoria. En la Tabla
3.1 se recoge un resumen de las técnicas utilizemttisyendo la informacion que
proporciona cada una de ellas. Para hacerlo mastitid se han agrupado por el tipo
de informacién que facilita cada técnica: analigigmico, estructural, textural y
morfoldgico y superficial.
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Tabla 3.1.Técnicas de caracterizacion fisicoquimicas empkeada

Tipo de
Caracterizacion

Técnica de Caracterizacion

Informacién
Proporcionada

Analisis
quimico

Analisis del contenido de C, H, N

Analisis quimico
elemental para C, H, N

Fluorescencia de Rayos X por
Reflexion Total (TXRF)

Analisis quimico

Estructural

Difraccion de Rayos X (XRD)

Fases cristalinas y
tamafio medio de
particulas.

Analisis de los gases desprendidos
espectrometria de masas (EGA-MS

Gases desprendidos

temperatura de
descomposicion de los
precursores cataliticos

Reduccion a temperatura programa
con H (TPR-H,)

Temperatura de
reduccion de los 6xidos
metalicos.

Textural y
Morfoldgica

Isotermas de adsorcién-desorcion ¢
N,

Area superficial y
textura porosa.

Microscopia Electrénica de

Transmision (TEM) y Espectroscopi

de Rayos X de Energia Dispersa
(EDXS)

Tamafio y forma de
particulas. Composicior
de la muestra.

Superficial

Quimisorcién de bl

Area superficial
metalica, dispersion y
tamafo de particula.

Espectroscopia Fotoelectrénica de
Rayos X (XPS)

Analisis quimico
superficial, dispersién y
estado de oxidacion.

Desorcion a temperatura programa

de amoniaco (TPD-N4j

Tipos, fortaleza y
densidad superficial de
centros acidos.
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3.3.1 Andlisis Quimico

En esta memoria se han empleado dos técnicasicamlfilya seleccion se ha
fundamentado en sus peculiaridades y sensibiltgaitndo en cuenta los elementos a
analizar, composicion y estado de agregacion @§lidquido) de la muestra.

3.3.1.1. Andlisis del contenido de C, H, N

Esta técnica permite determinar el contenido elporer, hidrégeno y nitrégeno de
una gran variedad de compuestos tanto organicos o comorganicos,
independientemente de su estado de agregaciédasdliquidos). En esta memoria se
ha llevado a cabo el andlisis del contenido en G adelulosa utilizada como reactivo
de partida para la reaccion de conversion directgliaoles, con el objetivo de
determinar el rendimiento a productos en base narltal y como se detalla en el
apartado 3.2.3.

Esta técnica se basa en la oxidacion total de &straipor combustion instantanea
y completa que la transforma en productos de comndiougCO;, H,O y N,) que
mediante un gas portador (He) son arrastrados hemsia detectores especificos e
individuales de C®y H,O. Posteriormente, estos gases son evacuados pdea p
medir el N por conductividad térmica diferencial [2]. Las rstras soélidas fueron
analizadas en un analizador elemental LECO CHNS-@f2 dispone de una
autobalanza AD-4 Perkin-Elmer (resolucion de 0.lyugngo de pesada hasta 1000
mg) y una microbalanza MX5 Mettler Toledo (resofucde 0.1 pg y rango de pesada
hasta 5.1 g). Para preparar la muestra se moliguskiiamente en un mortero de agata
con objeto de homogeneizarla y se tomé 1 mg paaadlisis.

3.3.1.2. Analisis Quimico por Fluorescencia de Ray@or Reflexion Total (TXRF)

La Fluorescencia de Rayos X por Reflexion Totalea técnica microanalitica
gue permite el andlisis de aleaciones, catalizadareramicas y nuevos materiales,
siendo capaz de analizar cualitativa y cuantitaisate elementos comprendidos entre
el Si (Z=14) y el U (Z=92) [3], tanto a niveles noaiyarios como de elementos traza
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(ppb). Esta técnica se ha aplicado a los precigstizdos catalizadores basados en Ru
sintetizados para la reaccién de hidrogenolisis siebitol para averiguar la
composicién masica de sus elementos constituygraéegartir de estos datos calcular
las relaciones atdmicas. También se han analizedtiquidos obtenidos tras reaccion
y reutilizacién de los catalizadores NiRuCa-HT y\8i-800-873 en la hidrogenolisis
de sorbitol y conversién de celulosa respectivampata determinar si ha tenido lugar
la lixiviacion de sus elementos constituyentesydiieésta la causa de la desactivacion
de los mismos.

En cuanto ahspecto tedrico esta técnica se basa en el estudio de las eessitm
fluorescencia de rayos X generados después deita@gn de una muestra mediante
una fuente de rayos X. Los rayos X pueden provégaexpulsion de electrones
internos en los &tomos que han absorbido la radfiaéil caer electrones externos en
los huecos creados, se produce una radiacion Xudee$cencia, de longitud de onda
mayor que la incidente, que es caracteristicaglattamos que la producen. Asimismo,
la intensidad de esa emision de fluorescencia digpeinectamente de la concentracion
del atomo en la muestra. Esta emision de fotoneslgaiere con un detector de Si (Li)
de alta resolucion. El tiempo caracteristico de @sbceso es de fGsegundos. El
resultado de la excitacion y relajacién de los @®presentes en un soélido se refleja en
un espectro de dispersion de energia. En dichocespaparecen simultaneamente
todas las transiciones asociadas a los elemeniwscgs presentes en la muestra. Si se
analiza la posicion de los maximos de intensidadidemtifican los elementos
constitutivos del material (andlisis cualitative)jentras que si se deconvoluciona e
integra cada uno de los perfiles elementales serat las proporciones masicas de los
elementos presentes (andlisis semicuantitativo@nid, afiadiendo un elemento patron
de concentracién conocida se obtiene la cuantiibaabsoluta de dichos elementos
(andlisis cuantitativo). Como ya se ha indicadta é&cnica posee un rango dinamico
de 1:16, es decir, en aquellas muestras en las que laeotacion del elemento
mayoritario no se encuentre en una proporcién super 15 veces el elemento
minoritario, no sera posible analizar simultaneamambos elementos.
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Los andlisis de TXRF se llevaron a cabo en un éspretro Atomika 8030C
(Cameca Germany) equipado con una fuente de rayospAXanodos de Mo y W,
detector de Si (Li) con un &rea activa de 80°mmna resolucion de 157 eV a 5.9 KeV
(Mn Ka). El equipo dispone de un sistema de procesamielatctronico para su
posterior tratamiento informatico. En cuanto mbcedimiento experimental, se
tomaron 10 mg de muestra sélida y se molieron emantero de agata hasta alcanzar
un tamafio de particula inferior a 3. En el caso de las muestras liquidas se filtraron
mediante una jeringa acoplada a un filtro con didmde poro 0.22 um previo al
analisis de las mismas.

3.3.2. Caracterizacion Estructural
3.3.2.1. Difraccion de Rayos X (XRD)

Una de las principales aplicaciones de la difraccié rayos X es la identificacion
cualitativa de compuestos cristalinos. Esta téca&dna aplicado a practicamente la
totalidad de las muestras sintetizadas en esta neemon el fin de elucidar la
estructura cristalina de los diferentes catalizadogs frescos y usadosTambién
permite calcular el tamafio medio de particula deféses cristalinas utilizando la
ecuacion de Scherrer (ver Ec. 3.6. mas adelantehal@cuacion se aplicé para conocer
el tamafio de particula de los catalizadores de fRuX ser contrastados con los valores
obtenidos mediante otras técnicas de caracterizacio

En relacion afundamento tedricg la técnica de difraccion de rayos X se basa en
gue gran parte de los sélidos estan compuestosugtancias cristalinas cuyos atomos
forman redes tridimensionales periddicas que actoamo rejillas de difraccion para
rayos incidentes monocromaticos (Figura 3.6).
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Figura 3.6. Difraccién de rayos-X producida por los difererémos de un cristal [4].

Para que ocurra el fenébmeno de la difraccion,ngitad de onda del haz incidente
debe ser del orden de la distancia entre atomosdétricas condiciones, de acuerdo
con la ley de Bragg [5] cada sustancia cristaliadugar a un difractograma unico que
se considera como una “huella dactilar” del solmtdenado. En una mezcla de
componentes, cada sustancia producira su difrasttgrindependientemente de las
otras y por lo tanto puede emplearse para la fitadion de tales mezclas.

Los catalizadores heterogéneos no suelen consistimonocristales, sino que
contienen fases microcristalinas, por lo que useatm se analizan por el método
convencional de polvo [6]. Esta técnica permiteedeinar el tamafio de particula de
las fases cristalinas, el cual puede calcularseamexlla ecuacion de Scherrer:

KA

= (EC36)
B [to<d

donde K es una constante dependiente de las cone&i0.89-1.39)\ es la longitud
de onda de la radiacion empleada, B representactauga del pico a la mitad de altura,
0 es la posicién angular del maximo de la lineaitaation y d es el tamafio medio
del cristal.

La interpretacion de esta ecuacion establece gueilips de difraccion muy
estrechos se corresponden con particulas grandestalinas, mientras que los picos
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ensanchados corresponden a particulas pequefiasodagmEl desarrollo de la
expresion anterior supone que el unico factor deetaal ensanchamiento de la linea
de difraccion es el tamafio de cristal. En particydaquefias el nidmero de planos
paralelos disponibles es insuficiente para consama linea de difraccion aguda, por
lo que los picos se ensanchan. Sin embargo, exiséanfactores que contribuyen al
ensanchamiento como factores instrumentales (desaiones del difractometro,
fuente de rayos X no monocromatica, etc.) y fasta@isados por la no idealidad de
los cristales (tensiones y deformaciones crista)ing]. Ademas, las lineas de
difraccién pueden sufrir desplazamientos a causdad®rmacion de disoluciones
sélidas en las que el &tomo original en la redatiia se sustituye por otro de diferente
tamafio. Esta situacion produce cambios en los marasnde red, en las distancias

interplanares ¢ y en la posicion angular de los maximos de diftac®).

Para la obtencion de los diagramas de difracciomagies-X recogidos en la
presente memoria se ha empleado un difractometPerkPro PANalitical, equipado
con monocromador secundario de grafito que empleadiacion Cu-K (A=0,15418
nm, valor promedio entre CugKy Cu-K;;). Las condiciones de trabajo de la fuente
fueron de 40 kV y 40 mA. Firocedimiento experimentalseguido consistié en moler
las muestras y depositarlas sobre un portamuedé&raecero. Los difractogramas se
registraron en la modalidad de pasos en un inte@langulos de BraggfRentre 0 y
90°, paso de 0.02° y un tiempo de acumulacion geE equipo tiene acoplado un
sistema informatico de tratamiento de diagramadifdgccion (X'Pert Highscore Plus).
La identificacion de las fases cristalinas se zéafior comparacion de la posicion e
intensidad de las lineas de difraccion con losopas de la base de datos del Joint
Committee on Powder Diffraction Standards (JCPDHE).tamafio promedio de
particula se determiné aplicando la ya mencionada@on de Scherrer (Ec. 3.6.).

3.3.2.2. Analisis de los gases desprendidos paatspnetria de masas (EGA-MS)

La determinacion de los gases desprendidos térmeit@mpor medio de
espectrometria de masas permite conocer la natarae los compuestos volatiles
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presentes en los materiales analizados. Esta éésaiemplea para evaluar los procesos
de descomposicion inducidos térmicamente en lazipseres cataliticos.

En relacién alfundamento tedrico en el que se basa esta técnica, consiste en
analizar los gases que se desprenden de una meesfumcion de la temperatura
mediante espectrometria de masas. La técnica mutpddentificar compuestos en si
mismos, sino que mide la temperatura a la que etardinada masa se desprende.
Cada compuesto tiene un patrén de descomposici@ pyede utilizarse para
relacionarlo con las masas desprendidas. La espsattia de masas se utiliza para la
medida de la masa de los iones y su abundancefasd gaseosa. Para poder medir la
masa es necesario generar las moléculas en lgdasesa (y fragmentos de moléculas
y atomos), ionizarlas, separarlas segun su masetectdr el pico del ion. Las tres
partes béasicas de un espectrometro de masas feemia de ionizacion, el analizador y
el transductor/detector. La ionizacion se produmaltardeando con electrones de baja
energia (70 eV) las moléculas que se desprendda heiestra. A continuacion, los
iones pasan a la camara del espectrémetro, laestidalen condiciones de ultra-alto
vacio €1,5:10° Pa) gracias a la accién conjunta de una bombdoriatay otra
turbomolecular. En la mayoria de los analizadoresnthsas se separan iones de
acuerdo con la relacion masa/carga, mediante umrgoalo eléctrico de alta
frecuencia, de modo que diferentes tipos de iolegmn al transductor a diferentes
tiempos. El cuadrupolo esta formado por cuatroteldos conectados a una fuente
variable de corriente continua aplicados a cadajmacon un desfase de 180°. Esta
configuracién origina superficies equipotencialdpetbdlicas paralelas al eje del
analizador. La pequeiia corriente de iones se aoglihediante el transductor. La
sefial de salida de la corriente i6nica frente ehpio es transformada en corriente
i6nica frente a la relaciém/z

El procedimiento experimental que se siguid se describe a continuacién. Se
tomaron 100 mg del precursor catalitico, seleceidpa particulas de tamafio
comprendidos entre 0.150-0.300 mm y se colocaromremeactor en forma de U,
conectado en linea a un espectrometro de masagipotd (BALTZER Prisma QMS
200) que se empled como analizador (software BALR ZRuadstd 422). Se realiz6
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el andlisis de los gases desprendidos pasando $mbmaestra una corriente de
100 mL.min* (20 vol. % Q/Ar) y calentando a temperatura programaga=(10
K.min). La seflalm/z = 40 procedente del Ar se empled para relativizar
intensidades de los diferentes fragmembdzs

El equipo empleado para realizar las medidas satnauen la Figura 3.1 y cuenta
ademas con un sistema propio de alimentacion desgdaves de cuatro vias, caja
caliente para los gases de entrada y salida y umohd&ste equipamiento permite
realizar tratamientos termoquimicos en diferentessferas, tanto isotérmicos como a
temperatura programada.

3.3.2.3. Reduccién a temperatura programada ce(NRPR-H)

La reduccion a temperatura programada se ha uahilizpara estudiar la
reducibilidad de los 6xidos metdlicos y para deteamla temperatura minima a la que
se debe llevar a cabo la reduccion de los cataliead

Respecto alundamento tedrico,esta técnica se basa en la deteccién de los gases
desprendidos en una muestra después de sometarlpraceso térmico de reduccién.
El reductor mas utilizado es,Hiluido en gas inerte (Ar, NHe). Un perfil de TPR
muestra el consumo de; len funcion de la temperatura, junto a la emisiérottos
gases generados en el proceso. Los perfiles TPResmibles a las distintas variables
de operacion, entre las que se encuentran la dalbde calentamiento, la cantidad y el
tamafo de grano de la muestra, la temperaturaliniaiconcentracion de gas reductor
o la velocidad de flujo [8]. Por ello es importamtiecontrar las condiciones optimas
experimentales para poder comparar el grado decggude los 6xidos metalicos en
diferentes muestras [9, 10]. Los parametros a ddmserian(i) caudal de gagji)
relacion gas reductor-inertgiji) cantidad de muestrdiv) tamafio de grano de la
misma, (v) geometria del reactolyi) control de la temperatura del horn@iji)
sensibilidad y estabilidad de la detecciéfviyi) desfase entre la posicion en la que se
mide la temperatura y la de la muestra. Los equiposerciales estan disefiados para
minimizar los efectos instrumentales, mientras tpge efectos de las variables de
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operacion requieren de un estudio previo. A coafiiin se presentan varios criterios
para elegir las condiciones experimentales Optieass experimentos déPR

Monti y Baiker [10] estudiaron la influencia de lamriables de operacion
empleadas en los perfiles de reduccion. Definiamrparametro caracteristico para
ayudar a seleccionar las condiciones éptimas:

Su
F‘q)HZ

K=

(Ec. 3.7)

donde § es la cantidad de hidrégeno necesaria para redodas las especies
reduciblesF es el caudal total de la corriente reductorbyy es la fraccion molar de
hidrogeno en el gas portador. El criterio antegstablece que el pardmetodebe
estar comprendido entre 55 y 140 segundos paraigattes de calentamiento entre 6 y
18 K.mini*.

Malet y Caballero [9] investigaron también el efeaie las condiciones
experimentales en los perfiles de reduccion qudicarp etapas multiples. Encontraron
que la incorrecta seleccién de las condiciones rarpeatales da lugar a perfiles
distorsionados y con poca resolucion entre etapasdliccion. A partir del balance de
materia en la muestra, definieron un parametro

_BSu _
p=L"H - pK Ec. 3.8
E-@y, g (Ee )

dondep es la velocidad de calentamient& es el parametro anteriormente definido de
Monti y Baiker. La recomendacién de Malet y Caballestablece que el parametro P
debe ajustarse al valor mas bajo posible dentrta densibilidad experimental y, en
cualquier caso, siempre inferior a 20 K.

La seleccién adecuada de las condiciones expemiiesnta través de estos
parametros garantiza que la posicién de los picés fesolucion de las diferentes
etapas de reduccidn no estan afectadas por lagciores experimentales.
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El procedimiento experimental consisti6 en colocar 100 mg de una muestra
calcinada previamente, con un tamafio de partiaugrendido entre 0.150-0.300 mm
en un reactor en forma de U. Se utiliz6 el equipscdto en la Figura 3.1 y descrito en
el apartado anterior (3.3.2.2). Se realizé el aisatie los gases desprendidos al hacer
pasar sobre la muestra una corriente de 100 mt.&invol. % H/Ar) calentando a
temperatura programadg € 5 K.min"). La sefialm/z = 40 procedente del Ar se
empleo para relativizar las intensidades de |lavelites fragmentaos/z

3.3.3. Caracterizacion Textural y Morfolégica
3.3.3.1. Isotermas de adsorcién-desorcion de N

La adsorcion de gases es la técnica mas empleadaepaluar la superficie
especifica de materiales sélidos porosos, comdosocatalizadores. El procedimiento
mas extendido se basa en la determinacion de terisa de adsorcién-desorcion de
nitrégeno a su temperatura de ebullicion (77 K). &n presente trabajo de
investigacion, esta técnica se ha empleado parar medrea superficial especifica
(superficie por unidad de masa del sélido) de hislizadores activados asi como de
los soportes utilizados.

En relacién afundamento tedricose puede decir que la determinacion de dicha
isoterma consiste en una representacion del volweertrogeno adsorbido por gramo
de material frente a la presion de equilibrio. kaspn se expresa normalmente como
presion relativa (PP, donde Res la presion de saturacidon deldN77 K. La isoterma
de adsorcién se construye punto a punto mediatrtalirccion de cargas sucesivas de
gas sobre el adsorbente, con la ayuda de una @éeoligmétrica de dosificacion y la
aplicacion de las leyes de los gases.

La superficie especifica se determina por el métodnocido como BET
(Brunauer, Emmett y Teller) [11]. Este consistecalttular el volumen de monocapa
del adsorbato. A partir de este valor, la superfiespecifica BET @) se puede
deducir segun la ecuacion:
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Seer :[l\\/l/r?gleAU (Ec. 3.9)
donde V, es el volumen de monocapa, M el volumen molaadsbrbato, g el peso de
la muestra de adsorbente empleadg, & numero de Avogadro (6.028”
moléculagmol™) y ¢ el area ocupada por una molécula de adsorbata ehocapa.
Para el caso delNiquido, el valor de es de 0.162 nMEI valor de \,, se obtiene del
ajuste de los datos experimentales de adsorci@isaterma BET:

P _ 1 ,c-1p
Vads'(PO_P) Vmc VmC PO

(Ec. 3.10)

donde P es la presion parcial del gas que se ajra presién de vapor del gas a la
temperatura a la que se realiza la adsorcigres/el volumen de gas adsorbido cuando
se ha formado una monocapa, C es una constantedepende del calor de
condensacion y adsorcion del adsorbato (cuanto msga su valor mayor es la
interaccion adsorbentdsorbato) y Vses el volumen de gas adsorbido a la presién P.
La aplicacion de este método esta limitada a ugaae presiones reducidas donde la
ecuacion se ajusta bien a los datos experimentales tanto, suministra informacion
atil. En la préactica, la linealidad se mantieneoapnadamente entre 0.05 < PA0.3,

que es donde el modelo BET tiene validez.

Las medidas se realizaron en un equipo automéat®aPA2010/TRISTAR 3000
de Micromeritics (errok 5 %, segun la superficie especifica y la canta@aduestra).
El procedimiento experimentalque se siguio para realizar los experimentos stidsi
en la desgasificacion previa de las muestras ak4tiBrante 12 h en un sistema de
vacio para eliminar la mayor parte de las impurezdenidas en los poros. Se
emplearon las aplicaciones ASAP 2420 y Tristar 3080@ la adquisicion y el analisis
de los datos.

99



Materiales y técnicas experimentales

3.3.3.2. Microscopia electrénica de transmision NjEy espectroscopia de rayos X de
energia dispersa (EDXS)

Esta técnica permite obtener informacion topogaafie las superficies a nivel
nanomeétrico, haciendo posible la determinaciontdeiafio y forma de particulas.
También puede proporcionar informacién sobre lapmsition del catalizador. En
esta memoria, esta técnica se aplicé para estiadguperficie de los catalizadores de
RuX para determinar el tamafio medio de particula gidpersion del rutenio en los
mismos.

Sobre losaspectos tedricosle esta técnica se puede decir que se fundamefda e
interaccion con la materia de un haz monocinétieelgctrones, acelerado bajo una
diferencia de potencial de varios cientos de kiliie® (200-400 KV) producidos por
una fuente emisora termoidnica (filamentos de Wads) o de emision de campo
(FEG) que es colimado, enfocado y orientado pdintis lentes electromagnéticas
para ser proyectado sobre una muestra muy delgagagof]0.1-0.5um) situada en
una columna de alto vacio. Cuando el material emnahdo por el haz de electrones
tienen lugar dos tipos de proces($:elasticos donde los electrones incidentes son
dispersados sin pérdida de energi@i)einelasticos donde éstos ceden parte de su
energia a los electrones internos del materiacdBdensado y enfoque del haz por
medio de campos electromagnéticos permite focalimaelectrones dispersados para
formar una imagen debido a un fendbmeno de difraceifuivalente al producido por
los rayos X.

La imagen que se obtiene por medio de esa técngdepestar afectada por varios
factores. Por un lado esta la aberracion esfdaceyal es debida a que los electrones
gue inciden paralelamente al eje 6ptico, aunquertadistancia de éste, son llevados a
un foco diferente que los electrones préximos a&mmi Por otro lado se encuentra la
aberracion cromatica, la cual se debe a variacideenergia del electrén y la corriente
de la lente objetivo. Otro factor a tener en cuestal astigmatismo producido cuando
la lente objetivo no tiene la misma simetria raiaal.
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Los catalizadores activados se analizaron emignoscopio JEOL modelo JEM
2100 F. Este equipo alcanza un voltaje de acef@rade 300 kV y una resolucion
maxima de 0.35 nm. Para el analisis de las muestarealizaron fotografias de
imagenes de campo claro y andlisis de composicidmiga mediante EDXS. El
procedimiento experimentalque se siguid para la preparacion de la muestrsist@n
en moler una pequefia cantidad de ésta en un makeégata, se dispersé en etanol
con ayuda de un bafio de ultrasonidos durante 10tosity a continuacion, se depositd
una gota de la suspension en una rejilla de caledigne su superficie recubierta con
una capa de carbon como soporte eléctricamenteictand

3.3.4. Caracterizacion Superficial

3.3.4.1. Quimisorcion de H

La quimisorcion selectiva de una molécula sondaures de las técnicas mas
usadas en la caracterizacion de metales soportBdosistemas cataliticos formados
por particulas metélicas depositadas sobre Oxidmgénicos, es posible conocer de
esta forma el area superficial de la fase metatisacomo estimar la dispersion vy el
tamafo medio de las particulas metalicas.

En cuanto alfundamento tedrica el proceso de quimisorcion se basa en la
formacion de un enlace quimico entre las molécdklsadsorbato y la superficie
metalica expuesta. La molécula sonda seleccionatle duimisorberse bajo unas
condiciones experimentales tales que permitanriadcion de una monocapa de gas
en la superficie metalica. Ademas, se debe evitdogosible la adsorcion fisica y
quimica en el soporte. La seleccion de una moléadécuada y de las condiciones
Optimas para llevar a cabo el proceso de quimiéores un paso de gran importancia.
El gas mas usado para las medidas de quimisorsiéhtddrogeno. Cuando se realiza
la adsorcién sobre un catalizador metalico soportae observa que el hidrégeno
puede adsorberse de modo reversible e irreveidibleEs decir:

HT = Hirrev + Hrev (Ec. 3.11)
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donde HT es el hidrogeno total adsorbido, Hirrev hetirégeno adsorbido
irreversiblemente y Hrev el hidrogeno adsorbidoersiblemente. El hidrégeno
irreversible es aquél que esta formando un enlagmico con el metal, aunque
también puede existir cierta contribucién de hidragspillover:

Hirrev= Hq + Hsp (Ec. 3.12)

donde Hq es el hidrégeno quimisorbido y Hsp eldgdno spillover. En el hidrogeno
reversible contribuyen los siguientes componentes:

Hrev= Hf + Hss + Hh + Hd + Hr (Ec. 3.13)

donde Hf es el hidrégeno débilmente adsorbidaiedibido, Hss el hidrégeno bajo la
superficie [13], Hh el hidrogeno en forma de hidrurd el hidrogeno disuelto y Hr el
hidrégeno residual [14].

Para el caso del rutenio soportado y en las canisi habituales de adsorcion, se
puede considerar que H€s Hh=0, Hd=0 y Hr=0, por lo que el hidrégeno reversible es
aquél que esta fisisorbido sobre la superficie Ioetd/o soporte. El hidrogeno se
quimisorbe principalmente en la funcién metalicdalsuperficie. La adsorcion fisica
de hidrogeno puede tener lugar tanto sobre lascpls metélicas como sobre la
componente no metalica, pero llevando a cabo latidag a presion y temperatura
ambiente, la extensién de la capa fisicamente hidisompuede ser despreciada en
algunos casos debido a la pequefa entalpia decadsalel hidrogeno (menos de 8
kJ/mol). Una vez elegida la molécula adsorbata;aatidad de gas adsorbido en la
monocapa puede determinarse siguiendo una metddo&sgatica o dindmica. La
técnica estaticftambién llamada volumétrica) consiste en mediridotermas. En una
primera medida se determina tanto el hidrogenorséde como el irreversible,
mientras que en la segunda (tras desgasificar @n condiciones adecuadas) se mide
solamente la fraccion reversible. A partir de fedincia de las dos isotermas se puede
calcular el volumen de gas adsorbido irreversiblegm§l 5] tal y como se muestra en la
Figura 3.7.
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<t

mmoles

i | = Hirrev + Hrev

| | = Hrev
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Figura 3.7. Determinacion de la adsorcion defdediante la técnica estatica.

En elmétodo dinamicse pueden distinguir dos variantes: de pulsos gsdalon.
El método dinamico de pulsansiste en saturar la superficie del catalizamtor
sucesivos pulsos de volumen conocido de hidrogded La cantidad total (HT)
expresada en unidades arbitrarias de hidrogenaladsgpuede obtenerse a partir de la
siguiente expresion:

Hyp = [XP-,(Ho — HY)] (Ec. 3.14)

donde p es el nimero de pulsos necesarios pararskt superficie, kles la cantidad
de H inyectada en cada pulso i y &6 la cantidad dejHho adsorbido en cada uno de
los mismos.

El método del escaldén, también conocido con el memte Cromatografia
Frontal Reactiva (RFC)consiste en exponer la muestra a una mezcladildeél gas
sonda mediante el cambio de flujo de inerte a diobacla [17]. La curva en forma de
escalén obtenida se denomina curva RFC. El repramtucido en el escalon se debe al
proceso de adsorcion de hidrogeno, y por integnaeid el tiempo se obtiene el
consumo del mismo.

Una vez determinado el,Htreversible adsorbido por alguna de estas tésnaa
puede conocer el area metalica superficial (Amnpie y cuando no se produzca el
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fenomeno de spillover de hidrégeno (Hsp = 0), ya @u ese caso Hirrev = Hg. De este
modo:

Am =Hg.Xm.n$ (Ec. 3.15)

donde Hqg es el nimero total de moléculas deuimisorbidas, Xm la estequiometria
de la quimisorcién, definida como el nUmero medicatbmos metalicos superficiales
asociados con la adsorcion de cada molécula debadsoy ns el numero de atomos
metalicos superficiales por unidad de &rea.

El nimero de atomos superficiales por unidad de §rns) depende de la
estructura superficial. Se suele suponer que larfoig metélica estd formada por una
misma proporcion de los planos de bajo indice (1M0) y (100). Para el caso del
rutenio, ns = 1.1001-1batomos.nf [18]. La estequiometria de quimisorcién (Xm)
para el hidrogeno se supone que es 2 puesto que diwlécula se adsorbe
disociativamente sobre los metales, de modo qua &tno de hidrégeno se adsorbe
en un sélo atomo metdlico. Esta suposicion no wdmente cierta, en especial para
aquellos atomos situados en algunas posiciones gerticula metélica (esquinas,
terrazas, etc.), pero se acepta como correcta.

Es conveniente definir el estado de subdivisiorudemetal en términos de la
relacion entre el numero de atomos superficialestgtal de los mismos presentes en
la muestra. Asi, la dispersién metalica (D) sergefiomo:

D=M/M (Ec. 3.16)

donde M es el nimero de atomos metalicos expuestos patadinde peso de
catalizador y M el nimero total de atomos metalicos por unidadpdso del
catalizador.

A partir del valor de dispersion (D) es posible @mer el didmetro medio de las
particulas metalicas (dm) [18]. Asi, suponienddipalas esféricas, se obtiene:
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6-M

d = —"—
m p-0-Ny-D

(Bc17)
donde M es el peso atémico del metak(¥ 101.07 g.mol), p la densidad del mismo
(pro = 12.3 g.crit), 5 es la superficie de un atomo metéalieg€ 0.0909 nrhat:™"), Na
es el nimero de Avogadro (6.022°*14tomos.mat) y D la dispersion.

En cuanto aprocedimiento experimental los experimentos de quimisorcion de
H, se han realizado siguiendo el método estaticd eriseno dispositivo experimental
utilizado para los experimentos de EGA-MS y TPRréblizados en el equipo descrito
en la seccion 3.2.1 en la Figura 3.1. En un experimtipico, la muestra se activa
siguiendo el procedimiento de calcinacion y redirc@plicado a dicho catalizador y
descrito en cada capitulo correspondiente. A coatiidn se limpia la superficie con
una corriente de Ar (50 ml.mithy se sube la temperatura hasta 373 K y se mangien
dicha temperatura durante 1h [19]. A continuaciérsastituye el flujo de inerte por
otro de una mezclafHe/Ar (50 ml.min', 0.32 vol. % H) y se mantiene a 373 K. El
retraso sufrido por el frente de, lde registra en un espectrometro de masas y dicho
retraso se debe a la adsorcidn (reversible e isible) del mismo sobre la muestra
estudiada. Una vez que en el espectrometro de masalsserva que la masa m/z = 2
(la correspondiente al JHse mantiene estable en el tiempo, se hace pasalap
muestra nuevamente un flujo de 50 ml.mide Ar para eliminar el Hadsorbido
reversiblemente. Por Ultimo se vuelve a cambidlugl de Ar por una corriente de 50
ml.min de la mezcla HHe/Ar al 0.32 vol. % Ky manteniendo la temperatura a 373
K se registra la segunda curva correspondiente adm@note al K adsorbido
reversiblemente sobre el catalizador. La substhacde ambas curvas y la integracion
en el tiempo del &rea comprendida entre ambasomiopa la cantidad total de,H
adsorbido irreversiblemente en la muestra (verraig@i7.). Una vez cuantificada la
cantidad de klquimisorbido, es posible determinar el area nesala dispersion y el
tamafio de particula de los catalizadores estudiatediante el empleo de las férmulas
anteriormente descritas.
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3.3.4.2. Espectroscopia Fotoelectronica de RaypsPS)

Esta técnica se emplea para caracterizar la scigerfie los diferentes
catalizadores, activados y usados. Analizando fgseatros XPS obtenidos, puede
conocerse la composicién superficial de la muemtidizada, las relaciones atomicas
superficiales, los diferentes estados de oxidadénos elementos presentes en el
catalizador objeto de estudio y la proporcion redaéentre las distintas especies de un
mismo elemento (analisis semicuantitativo). Dada alaplia informacién que
proporciona esta técnica se ha empleado para ankdiznayoria de los catalizadores
sintetizados para esta memoria.

En cuanto afundamento tedrico esta técnica se basa en el efecto fotoeléctrico
(Figura 3.8). Cuando una muestra se irradia conaznde rayos X, al poseer éstos una
elevada energia, arrancan electrones de los nivetesnos de los atomos de la
muestra. Aquellos electrones cuya energia de ligacea inferior a la energia
contenida en los rayos X de excitacion serdn easticbn un cierto valor de energia
cinética que debe cumplir la ecuacion del efedtoeiéctrico:

E.=hu-gK-¢ (Ec. 3.18)

donde E es la energia cinética del electrén emitide,cbrresponde a la energia de
excitacion, Ees la energia de ligadura del electron excitadd gs la funcién de
trabajo del espectrometro.

En un espectro XPS se representa la intensidaldjdede electrones emitidos por
la muestra en funcién de su energia cinética o,freéaentemente, frente a la energia
de ligadura de los mismos. Una vez se ha produeidemision del fotoelectron, el
atomo ionizado debe relajarse. Esta relajacion e producir por el efecto de
relajacionAuger(Figura 3.8). Este proceso consiste en la périitiaxceso de energia
por la emisién de otro electréon (electréugel). La energia cinética de dicho electrén
corresponde a la diferencia entre la energia li@erdurante la relajacion del ion
excitado [B(K)-Ex(L1)] y la energia necesaria para extraer el seguel@ctron

[Ex(L2)]. EI hecho de no depender de la energia figclate de excitacion () sino de
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las diferencias de energias de ligadura entre lesles implicados, permite la
discriminacion de los picos Auger de los fotoel@gitos.

Electrén XPS Electron Auger
E=hv-Ey(1s) E(KL Ly)=[Ey(0-Ey(L)]1-Ey(Ly)
¢
o
2p (L) '
2p(Ly) | O
hv\ -
2s (L) — O

N
s —O0— —O—

Figura 3.8. Efecto fotoeléctrico y posterior proceso Auger [4]

Aunque un fotén de rayos X puede penetrar y exdédarelectrones hasta una
profundidad de varios cientos de nandmetros, saiteries fotoelectrones procedentes
de las capas mas externas tienen oportunidad dpagsdel material y de ser
finalmente detectados y medidos.

La mayoria de las determinaciones XPS de muediliass generan informacion
atil sélo hasta una profundidad de 2-3 nm desdrifeerficie del material, aspecto de
gran importancia para el estudio superficial delzdores.

Las energias de ligadura de los electrones inteseosen afectadas por los
electrones de valencia y, consecuentemente, port@no quimico del atomo. Cuando
se cambia la distribucion atomica que rodea a amatsometido a la excitacion, se
altera el ambiente de carga local en ese sitioiatOm su vez, tal cambio se refleja
como una variacién en la energia de ligadura destdms electrones de ese atomo en
particular. De esta manera, no sélo los electrdeeglencia, sino también las energias
de ligadura de los electrones internos experimentadesplazamiento caracteristico.
Estos desplazamientos resultan inherentes a lasciespquimicas implicadas vy
constituyen la base de la aplicacion quimico-analide la técnica XPS. En el sentido
mas simple, los desplazamientos de las lineasléatoénicas en los espectros XPS
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reflejan el aumento de las energias de ligaduradida que el estado de oxidacion se
hace més positivo. Por tanto, la técnica XPS peridintificar las especies presentes
en una muestra, su estado de oxidacion y su entpimaoico. Desde el punto de vista

cuantitativo, la intensidad de una linea fotoefatdtra es proporcional no sélo a la

seccion eficaz fotoelectrénica de un elemento eticpéar, sino también al nimero de

atomos de ese elemento presentes en la muestrienderen cuenta el factor de

respuesta caracteristico de cada atomo, la sefiaXR& se puede utilizar para

determinacion cuantitativa de especies quimicasiparficie.

Un problema especifico del analisis de catalizexloe metalicos es el efecto de
carga de la muestra como resultado de la emisigtine@a de electrones en muestras
poco conductoras. Asi, la muestra se carga pasiénge y las energias de ligadura
observadas se desplazan a valores més altos.aBaijpdtesis de que el efecto de carga
es homogéneo en toda la muestra, y por tanto qias tios picos XPS deben estar
desplazados un mismo valor, el problema se reswelvesl uso de un patrén interno.
Es habitual tomar como tal la energia de ligadertos electrones 1s del carbong<{E
284.6 eV) procedentes de los hidrocarburos amiésnsalsorbidos, aunque también se
pueden elegir otras referencias.

El equipo utilizado para analizar los catalizad@etdvados y usados tras reaccion
es unespectrometroVG ESCALAB 200R YG-Scientific) provisto de un analizador
de electrones semiesférico, cinco detectoresdifamneltrony una fuente de emision
de rayos X de doble &nodo, Mgk 1253,6 eV) y Al (K = 1486,6 eV), que opera a
12 kV y 10 mA, la presiéon de trabajo en la camagaadalisis se sitla alrededor de
7-10" Pa.

En cuanto aprocedimiento experimental,las muestras, en forma de polvo, se
colocan en un portamuestras cilindrico de cobmarf8de diametro y 1 mm de altura).
En el caso de los catalizadores activados se ioobrp la muestra una pequefia
cantidad de isooctano con el fin de evitar la asii@fa de la misma tras su activacion.
Una vez eliminado el isooctano y mediante un diedeflén, la muestra se somete a
presién a fin de proporcionar una superficie plgnaomogénea. Ademas, de esta
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forma se evita el arrastre de material en la eti@pdesgasificacion. Posteriormente, el
portamuestras se introduce en la camara de pretett, donde se realiza el
acondicionamiento de la muestra. El tratamienticago a las muestras fue en general
una desgasificacién a temperatura ambiente, y Itiara) la muestra se transfirio a la
cadmara de andlisis. El registro de espectros faleago con una energia de paso de 50
eV, acumulando espectros hasta conseguir una bektion sefial/ruido. En todos los
casos el pico XPS se resuelve en varias componga@sa componente se ajusta a la
curva experimental, con una combinacion lineal wteas lorentzianas y gaussianas en
proporciones variables, mediante el programa inftica de tratamiento de espectros
XPSPEAK 4.1. La determinacion cuantitativa de lesnentos en superficie se obtiene
a partir de las relaciones de intensidades, nazagdis mediante los factores de
sensibilidad atébmica de Wagner [20].

3.3.4.3. Desorcion a temperatura programada de; NHPD-NH;)

Estas medidas fueron llevadas a cabo para anddizacidez superficial de los
catalizadores de rutenio soportadossi como de los soportes utilizados mediante la
determinacion del nimero de centros acidos y taléxza.

El fundamento teorico de esta técnica se basa en la interaccion acsm-datre
los centros acidos superficiales y las moléculasan®niaco en fase gas. Estas
moléculas pueden ser desorbidas térmicamente duwanproceso de calentamiento.
La cantidad de amoniaco desorbida puede seguinsarcdetector dando lugar a unos
perfiles de desorcion en los que se representaimerm de moles de amoniaco
desorbido por gramo de muestra frente a la tempearaplicada. La temperatura de
desorcion puede ser entendida como la fortalezka &elativa de los distintos centros.
Los centros de mayor fortaleza Acida precisararurme temperatura mayor para
desorber el amoniaco quimisorbido. Mediante urbiadio previo se puede calcular el
namero de centros &acidos a partir del &rea integadndimero de centros &cidos es
definido como el numero de moles de amoniaco diekpgdor gramo de catalizador.

El equipo utilizado para realizar estas medidas d@@scrito anteriormente
(apartado 3.2.1., Figura 3.1). flocedimiento experimentalconsiste en la activacion
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de las muestras segun las especificaciones readizagl cada capitulo. Las muestras
activadas fueron colocadas en un reactor con faerid (100 mg aprox.) conectado al
equipo anteriormente mencionado. Para su acondici@mto la muestra activada fue
tratada con un flujo de 50 ml.minde Ar y calentada a 473 K durante 0.5 h. A
continuacion la muestra se enfria en atmosfera déasta 373 K. A la misma
temperatura la muestra se trat6 con un flujo denbin™ al 5 vol. % de NHHe
durante 0.5 h y, posteriormente, fue tratado camaorriente de Ar para eliminar las
moléculas de amoniaco fisisorbidas en superficiecofitinuacién, la muestra en
atmosfera de Ar (50 ml.mm fue calentada hasta los 1000 K con una rampa de
calentamiento(( = 10 K.miri") generando los perfiles de desorcion de amonkzsms
perfiles se registraron en un espectrometro de snBsézer PrismaTM (QMS 200)
donde se siguieron los fragmentos m/z = 16 {lNHin/z = 17 (NH’), m/z = 18 (HO"),

m/z = 28 (N'), m/z = 30 (NO), m/z = 40 (AF), m/z = 44 (NO") y m/z = 46 (NQ").
Para la cuantificacion del amoniaco desorbido selednel fragmento m/z = 16
normalizado frente al m/z = 40 y se midi6 el arep lba curva registrada en esta sefial.
La calibracion realizada para la misma se llevatzoamediante el empleo de distintas
corrientes con concentraciones diferentes conocieaéH.
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Capitulo 4

In this chapter, a series of supported rutheniutalgsts have been prepared to
evaluate the role of different oxide supports | SiO,, TiO, ZrO;) in sorbitol
hydrogenolysis to obtain glycols. The chapter starth a brief introduction about
studies of catalytic systems reported in literaemgployed in this reaction as well as
the operating conditions used. Then, the catalpseparation and the activation
procedures conducted are described, followed byexraustive physicochemical
characterization of the catalytic precursors aniiva®ed catalysts. These ruthenium
catalysts have been tested in the hydrogenolysieritol examining how the nature
of the support affects both physicochemical praperand the catalytic behavior of
supported ruthenium particles. Finally, the chamazation of different samples
revealed the suitable properties which should bplayed by these catalysts to obtain
a higher selectivity and yield to glycols in thesaction.

4.1. Introduction

As it was explained in the introduction chapter ligmocellulose biomass is
predominantly composed of structural carbohydratesllulose (38-50 %),
hemicellulose (23-32 %), and of the aromatic polyriignin (15-25 %) [1].
Cellulose is currently used in paper, textile oroddndustry. However currently
several catalytic processes are being developedotwert cellulose into high
added value chemicals like for example sugars alsols sorbitol or derived
polyols with fewer carbon atoms in a single step8]2 Currently sorbitol is
industrially obtained by glucose hydrogenation wRlaney Ni catalysts. In a
simple scheme, cellulose is hydrolyzed into glucekéch in turn can be reduced
in the presence of supported metal catalysts tbitedr Sorbitol has been selected
as one of the twelve most relevant building-blodksived from biomass because
many high added value products can be derived ft¢#j.

Among all the possible reactions for sorbitol vaation we have focused on
the hydrogenolysis pathway to produce glycols, myaih2-propylene (1,2-PG)
and ethylene (EG) glycols, both are important comities. They are widely used
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as antifreezing, lubricants, hydraulic fluids, maors for obtaining
thermoplastics, and also in pharmaceutical indugi@-13]. Nowadays 1,2-PG
and EG are petrochemicals because they are producagdrolysis of propylene
oxide and ethylene oxide respectively. Consequenyigrogenolysis of sorbitol
becomes an interesting renewable alternativerdadyce such chemicals.

It is widely accepted that the first step in thebsml hydrogenolysis is a
dehydrogenation reaction to give an aldose or adeefollowed by a retro-aldol
condensation, which is favored in a basic mediwmktain a carbonyl compound.
Hydrogenation of this intermediate results in sel@ty formation of glycols (1,2-
PG and EG) [14]. Moreover Deutsch et al. [15] repdrthat retro-aldol
mechanism was insufficient to explain the productstribution, but
decarbonylation mechanism could explain the selggtresults of terminal C-C
scission. Sorbitol hydrogenolysis generally regsiithke use of Ni or Ru-based
catalysts under high hydrogen pressure and basimgters. It well know that
selectivity to glycols increases under the presesfce basic promoter, but some
problems as accelerated degradation and glycolystsdseparation would occurr
when the basic promoter was incorpotated in theti@a medium [13].

Much of the research work reported to date in fofdiydrogenolysis has
been focused on the effect of type of metal andtrea conditions on the catalytic
behavior. Thus Sohounlouse et al. [16] describedh@ir pioneering work the
sorbitol hydrogenolysis using a Ru/Si@atalyst and they reported an overall
glycols selectivity of 50 % at 483 K, 8.0 MPa of Bnd pH = 12.5. In a neutral
medium, the lowering of the temperature leads teekectivity increase giving
mainly glycerol and 1,2-PG. Zhao et al. [17-19]odpd a sorbitol conversion of
86 % and selectivities of 51 % to glycols and 9dglycerol at 493 K, 8.0 MPa of
H, and 800 rpm after 4 h of reaction using carbonofiaer supported Ru
catalysts in the presence of a basic promotor (Cadse authors also suggested
that glycerol was the primary product and propylaytgcol was derived from
glycerol. Banu et al. [11, 20] studied the catayiroperties of a catalyst based on
Ru (1 %) or Ni (6 %) supported on a basic zeoliseNaY in the presence of
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Ca(OH), as basic promoter. Nickel catalyst showed the dsghselectivity to
propylene glycol 69 % for a sorbitol conversion#§ % at 493 K, 6.0 MPa of
hydrogen 300 rpm after 6 h of reaction. Sun et[20] studied the xylitol
hydrogenolysis reaction with supported Ru catalygt€t73 K and 4.0 MPa H
These authors examined the effect of supports asit promoters on the catalytic
performance and they obtained a 20 % xylitol coamer and a selectivity to
glycols of around 50 % in the presence of Ca(©OHhe activity and selectivity
largely depend on the ;Hpressure, reaction temperatures and pH values. The
addition of cerium into Ni/AIO; catalysts showed a remarkable promoting effect
on catalytic behavior in sorbitol hydrogenolysispimduce glycols [21]. A glycols
selectivity higher than 40 % for a full sorbitolraeersion was reported at 493 K
under 7.0 MPa of Hand after 8 h of reaction in a basic medium. Rdge3ntak et
al. [22] have reported vyields to glycols of 46 Y@atl % for hydrogenolysis of 20
ml of a 5 wt. % aqueous solution of sorbitol anditey respectively at 473 K and
4.0 MPa during 45 min of reaction. These authomsdukigh loadings of nickel
phosphides supported on active carbon,PNAC) as catalyst (0.2 g) and a basic
promoter (0.25 g, barium hydroxide Ba(QHH,O) for adjusting the pH of the
reaction. Chen et al. [13] have reported sorbitgtirbgenolysis without basic
promoter and using coprecipitated Ni/MgO catalystiier 4 h of reaction, at 473
K and 4.0 MPa Kl the best catalyst exhibited 68 % of sorbitol casien and
almost 60 % of glycols selectivity. Catalyst deaation was observed because
MgO was partly solubilized in water.

Despite these investigations, the study of theceffif the support on the
catalytic properties has received much less atiantThus, in this chapter we
investigate the effect of the oxide supports (Al Si0,, TiO,, ZrO;) on the
structure and physicochemical properties of thepsued ruthenium catalysts and
consequently in the catalytic performance in sotbhydrogenolysis to obtain
glycols (1,2-PG and EG). The study has been corduict the absence of basic
promoter and undezomparatively lowpressure of hydrogen (4.0 MPa). It is well
known that these parameters are key to obtain & gad to glycols,but under
these reaction conditions the effect of the suppmay not be overshadowed by
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the presence of basic promoters and higlpkéssures and should be more visible
and detectable.

4.2. Preparation of RuX catalysts

A series of 5 wt. % ruthenium supported catalysis been prepared by wet
impregnation of an aqueous solution of RU(NO){N@AIlfa Aesar) on AJO; (209
m?.g %), Si0, (208 nf.g ™), TiO, (53 nf.g™") and ZrQ (39 nf.g %) supports purchased
from Sigma-Aldrich. The solids obtained were theied at 383 K for 12 h. Prior to
be used as catalysts, the dried solids were selj¢ot the following treatmentgi)
calcination under a 20 vol. %, flow of 100 ml.min* at 623 K (heating rate of 10
K.min™) for 1 h; (i) reduction in 5 vol. % KWAr flow of 100 ml.min* at 473 K
(heating rate of 5 K.min) for 0.5 h. These temperatures were selected based
previous evolved gas analysis by mass spectronfEBA-MS) (Figure 4.2) and
temperature programmed reduction (TPR-ekperiments (Figure 4.3) respectively.
These figures showed that these calcination andictiesh procedures fully
decomposed the precursor and reduced the rutheoiides formed after the
calcination step. These four catalysts were labaedRuX, where X indicates the
support employed. Metal oxides with acidic or nalutrature have been selected for
this study. Basic oxides such as MgO may suffestigsy during the reaction [13].

4.3. Catalytic behavior of ruthenium supported catéysts

The catalytic activity tests were performed in tagalytic system described in
section 3.2.2. of chapter 3 (see Figure 3.2) utlderreaction conditions indicated.
Table 4.1 summarizes the conversion and selectiglyes shown by RuX activated
catalysts. This table also includes the catalygbdvior of a commercial catalyst
based on ruthenium supported on alumina and a lksikconducted by using the
Al,O5 support. The specific reaction conditions aredatid in the table heading.
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Table 4.1 Catalytic behavior of activated ruthenium supedrtatalysts in sorbitol
hydrogenolysis. Reaction conditions: 6 g sorbiggl,g HO, 0.3 g catalyst, 4.0 MPa
H,, 493 K, 4 h and 500 rpm.

X Selectivity (%)

Catalyst (3&3‘0' o - - - -

ycols? GLY PA MA DP
Al,O4 15.7 0.0 0.0 100.0 0.0 0.0
RUAl 73.9 19.1 6.5 6.8 4.9 1.2
CRuAlc 802 92 51 123 50 27
 Rusi %61 49 21 146 32 19
RuTi 85.8 5.0 1.7 23.1 2.5 3.1
Ruzr 83.4 5.2 1.5 26.5 1.9 2.3

?1,2-propanediol and ethylene glyc8glycerol; ‘polyalcohols:  xylitol, ribitol and
erythritol; “monoalcohols: ethandidehydration products: sorbitan and acetol.

A reaction time of 4 hours was selected based enkihetic experiments
represented in Figure 4.1 after observing the éwwlwf our interest products versus
time. As it is observed, after 3 hours of reactioa glycols yield is stable for all the
catalysts tested in sorbitol hydrogenolysis and simch operating conditions.
Concerning to theorbitol conversion all RuX tested catalysts present values higher
than 70 %. Ruthenium supported on silica showedhighest sorbitol conversion
result, followed by catalysts based on titania aivdonia supports, being the less
active the ruthenium supported alumina catalystavéver the latter catalyst presents
the best selectivity to glycols (ca 19 %). Puremaha support presents 15 % of
sorbitol conversion, being entirely selective tdyptcohols of five carbon atoms. This
means that ruthenium is the selective specie isahgitol transformation to glycols.
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With respect toselectivity, it should be first noted that thdistribution of
products obtained is very broad, and to simplify the reactproducts have been
grouped into glycols (1,2-PG and EG); glycerol (QLolyalcohols (PA) including
sugar alcohols with 4 or 5 carbon atoms as xylitdhitol, and erythritol;
monoalcohols (MA) such as ethanol and dehydratioulycts (DP) as sorbitan and
acetol derived from sorbitol and glycerol respesiy
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Figure 4.1.Kinetic experiments conducted with RuX activatethlyests in sorbitol
hydrogenolysis.

Table 4.1 shows that RuAl catalysts, both the consrakand that prepared
in our laboratory, present higher selectivities dtycols and glycerol, and
consequenlty higher yields than the rest of RuXalygats tested. On the contrary,
RuSi, RuTi and RuZr samples exhibit larger selégtito polyalcohols (around
14-27 %). Low selectivity values to monoalcoholslatehydration products are
obtained for all the catalysts. The wide produattribution can be explained by
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the competition between the C-C and C-O bond clgavaute to produce mainly
polyalcohols, glycols, glycerol and monoalcoholsl ahe dehydration of sorbitol

pathway for obtaining sorbitan which lead to theniation of isosorbide by a

second dehydration reaction. In this sense, previstudies have reported the
dehydration of sorbitol in water at high temperator in the presence of a solid
acid catalyst under hydrogen pressure [23-25].

In general, these selectivity values are lower thawse reported by other
authors with supported ruthenium based cataly€ds 11, 15, 17-19]. However, it
must be kept in mind that the reaction conditiongp®yed in this chapter are
quite different. The reaction conditions used atected to highlight the effect of
the support on sorbitol hydrogenolysis. The abseriagther effects perhaps more
relevant as the pH of the medium or the hydrogeesgure could have
overshadowed the smaller effect of the supportth@nother hand, since a fraction
of reaction products cannot be identified and gifi@adt by liquid chromatography,
the measurements of thmtal organic carbon (TOC) present in the liquid
products were carried out (see Table 4.2).

Table 4.2 Total Carbon Balance determined by TOC and HPh&lysis and percent of
products unknown in sorbitol hydrogenolysis.

Catalvst CT Cl coTt CcB? cB® % Not
y (mg/l) (mg/l) (mg/l) (%) (%) determined

Al,O3 - - - - 99.8 0.2
RuAl 634.8 0.3 634.5 71.7 53.4 18.3

RuSi - - - - 26.7 73.3
RuTi 5715 0.3 571.2 64.6 41.0 23.6
Ruzr 612.2 0.2 612 69.2 43.7 25.5

&Carbon Balance determined by a Total Organic Cafualyzer.
®Carbon Balance calculated with HPLC results.

In view of the results, for most of the studiedatgsts around 20 % of carbon
in the liquid phase belongs to products not quasttifn the HPLC analysis. Under
our reaction conditions, gas products are formedesif we consider the values
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obtained by TOC analyzer, a lack of carbon of atb@8-35 % which is not
quantified in the liquid phase shoud correspondptoducts in the gas phase.
These products could be, Compounds like methanol, methane and CO due to in
the liquid phase polyalcoholss Qxylitol and ribitol) are identified.

In short, ruthenium catalysts supported on alumitemrly present higher
yield to glycols due to the significant increasetludir selectivity compared to the
others ruthenium based catalysts tested.

4.4. Characterization of activated ruthenium catalgts

The thermal decomposition of ruthenium (lll) nitybsitrate precursor salt in
synthetic air has been followed by temperature rarogned evolved gas analysis by
mass spectrometryEGA-MS) (see Figure 4.2). The aim was determining the
temperature required to form the correspondingenitim oxides. Fragments with
m/z = 2, 18, 30, 32, 44 and 46 were registeredy ®ghal m/z = 30 corresponding to
NO" fragments could be detected. All the prepared &snexhibit a broad peak
associated with the decomposition process in thgeaf 400-625 K. Therefore, all
the catalytic precursors were treated in synttatiat 623 K for 1 h which guarantees
the complete decomposition of the precursor sdtirim the corresponding oxides.
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Figure 4.2.EGA-MS profiles of RuX catalytic precursors.

The reducibility properties of these calcined catalysts were studiedHzy
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TPR. It also allows determining the required tempeetto generate metallic
ruthenium by complete reduction of ruthenium oxidésgure 4.3 depicts the
hydrogen signal normalized to the weight of catalyaded into the reactor for each
experiment. All the catalysts show a ebnsumption peak with a maximum centered
at 400-425 K. RuSi and RuTi catalysts present aiaiah peak at slightly higher
temperatures than RuAl and RuZr catalysts. Thik peattributed to reduction of
ruthenium ions present in Ry@articles to metallic ruthenium (Ru[26, 27].
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According to these results, a temperature of 478rk0.5 h was selected (see dashed
red line in Figure 4.3) to carry out the reductasrall the samples.

4?3K
. RuAl

400K

40)

S

=2)/(m/z

421K .
RuTi

424K |
RuZr

Relative MS signal (m/z

413K

400 500 600 700 800
Temperature (K)

Figure 4.3. TPR-H, profiles of calcined RuX catalysts.

XRD patterns of prepared ruthenium catalysts are representdéigare 4.4.
RuSi and RuAl-c catalysts diffractograms presertkpeassociated to Rphase (1,
JCPDS 06-0663) with reflections ab 2 44.0, 38.4 and 42.2 degrees. For the
remaining analyzed catalysts these peaks are set\dd.
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Figure 4.4.X-ray diffraction patterns of the RuX activatedalgsts; where (1) Ru(2)
AIOOH, (3) ZrO, monoclinic, (4) ZrQtetragonal, (5) Ti@anatase, (6) Tiorutile and (7)
Al,Os.

Although the lack of detection can be in part doeovershadowing by more
intense diffraction peaks from the support, theeabe of these diffraction lines in
those samples strongly suggests that rutheniumels dispersed and consequently
presents small particle size (less than 5 nm).r&iffon peaks associated to RuO
phase are not observed. The diffraction peaks aimgeisn RuAl-c, RuZr, RuTi and
RuAl diffractograms are due to the oxide used g®pert in each catalyst. RUAl
catalyst shows peaks corresponding teQAlsupport (7, JCPDS 46-1131), RuTi

127



Sorbitol hydrogenolysis to obtain glycols with rettum supported catalysts

presents mainly peaks of Ti@natase (5, JCPDS 21-1272) and certain peak<3pf Ti
rutile phase were also observed (6, JCPDS 77-04dZuZr diffractogram, peaks
corresponding to monoclinic and tetragonal zircof8a JCPDS 01-0750 and 4,
JCPDS 81-1546; respectively) were visidRuAl-c diffractogram exhibits narrower
and more intense peaks attributed to boehmite pfasdCPDS 05-0190) which
reveals a better crystallized structure comparethéomore amorphous aluminum
oxide structure observed for RUAl. Ru crystallisezes for RuSi and RuAl-c samples
were calculated by applying the Scherrer equatioth¢ diffraction line at @ = 44°,
given 8.3 and 8.0 nm respectively. The absence ifffaction ruthenium lines
prevents the estimation of Ru particle size by XiREhe rest of the catalysts.

TEM micrographs were taken to study the morphology and to estintiaée
ruthenium particles size of all the cataly&#&XS analysiswas performed to get an
idea of the metallic dispersion and homogeneitythafse catalysts. Representative
TEM images of RuX activated catalysts are showrFigure 4.5.Histograms of
ruthenium particle size distribution are also im&d in this figure. Around 200
particles have been used to establish the pasiptedistribution for each sample. As
explained in the experimental chapter, the samplese previously reduce and
transferred to the TEM chamber preventing any ainta the sample with
atmospheric air. The RuAl catalyst presents a maparticle size distribution with an
average size of 3.7 nm. Similar homogeneous digtab of ruthenium particles with
an average particle size of 3.8 and 2.7 nm, resdgt is observed for RuTi and
RuZr catalysts. In the case of RuSi catalyst, tirtigle size is larger (about 9 nm) and
with a wider distribution. These results confirne tiRD data, RuSi catalyst presents
larger and less dispersed ruthenium particlesitnéme rest of prepared catalysts.
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Hydrogen chemisorption measurements were also conducted to determine
metallic ruthenium dispersion and the correspongagicle size. To performing
these experiments, thiesitu activation procedure was conducted under the same
conditions used in the catalysts preparation. Hyeinochemisorption methodology
described in the experimental chapter (see Ch&pteas applied. The irreversible H
uptake, the amount of ruthenium atoms exposedeasuiface, the estimated particle
size and the derived ruthenium dispersion are cechjm Table 4.3. In RuSi catalyst,
the dispersion could not be determined by this guace. It is due to the negligible
amount of H uptake at 373 K temperature, the same behaviaibban previously
reported in the range of 303-523 K temperaturestbgr authors [28]. In general, the
chemisorption was appropriately performed at 37hdlyvever for the catalyst RuTi
the chemisorption was carried out at 333 K to aubiel hydrogen spillover effect
from ruthenium to the support because this effeeiccentuated at high temperatures.
RUAI catalyst presents a ruthenium dispersion o¥@2@hich corresponds to a particle
size of 3.2 nm. RuZr shows higher dispersion, djpadly 60 % to give an average
particle size of 1.5 nm.

Table 4.3. Irreversible H uptake determined by ;Hchemisorption and ruthenium average
particle size by different techniques for RuX aatad catalysts.

H, Chemisorption TEM | XRD
Catalyst Irrev. H , Ru exposed Dr, size | size | size
T(K) uptake (nmol ©) (m) | om) | (nm)
(umol Ho/gear) Ru/Gcar)
RuAl 373 71 141 29 3.2 3.7 a
RusSi 373 ~0 n.d. n.d n.d 8.9 8.3
RuTi 333 62 125 25 3.7 3.8 a
RuZr 373 148 297 60 1.5 2.7 a

% no diffraction peaks of Ru could be clearly idéat.
n.d.: not determined.

Table 4.3 also compiles the particle size estimbtethe three techniques (XRD,
TEM and H Chemisorption). It was possible to estimate thepRuticle size by TEM
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for all the catalysts. Thus, the mean particle dermined for the different catalysts
follows the order: RuZr < RuAt RuTi << RuSi. It was not possible to determine by
XRD the particle size for the catalysts RuAl, Rard RuZr. In the case of RuSi
hydrogen chemisorption was not appropriated becthigsamount of hydrogen uptake
at 373 K was negligible. But for the catalysts tihatas possible with these two latter
techniques, the estimated particle sizes are witiensame size range and consistent
with TEM results.

X-ray photoelectron spectroscopystudies were carried out for RuX activated
catalysts with the aim of identifying the oxidatietate of ruthenium species present
on catalyst surface and their surface Ru/X atorator Figure 4.6 shows the XPS
spectra of Ru 3d region for the activated RuAl, RRaITi and RuZr catalysts. In all
of them there is a component between 279-283 eYesponding to Ru 3d core
level associated to the Rusgdontribution at 4.1 eV higher BE which overlapstwit
C 1s region. Due to this overlapping, carbon peakdt used as reference and the
metal of the catalyst support was used instead.| Ratalyst presents two peaks in the
Ru 3d;, region, one centered at 280.6 eV correspondirRulcspecies and a second
contribution at 282.4 eV which is associated t6'Rpecies in RuQrespectively [26,
29-31]. The intensity of both contributions is relat, being the latter slightly less
intense. The presence of Rispecies in the surface cannot be associated with a
reoxidation during transfer to the XPS chamberabee as it was explained in the
experimental chapter, after the activation proctdss,catalysts have been protected
from contact with the ambient atmosphere. As il bW# seen later, the presence of
RU™ in this catalyst could be associated with theratgon of ruthenium species with
acid centers with moderate strength present irstinace of alumina support, which
was not reduced in the activation process. RuSiysitpresents a single peak in Ru
3ds; region, which is centered at 280.1 eV and assigodde presence of ruthenium
in the metallic state. In RuTi catalyst, two lestense contributions can be detected at
279.7 and 281.4 eV which are attributed td Bnd R species, respectively. Ruzr
displays only a peak for Ru ggat 280.2 eV corresponding to metallic rutheniure, th
contribution of R{" species were not observed as it also occurreduli Batalyst.

131



Sorbitol hydrogenolysis to obtain glycols with rettum supported catalysts

The peak at 277.4 eV could not be unambiguouslygasd but it is not due to
ruthenium species because the binding energy ysloer

Ru3d, C1s Ru3d,

T e mm==Z 20 |

Intensity (cps)

292 290 288 286 284 282 280 278 276
BE (eV)

Figure 4.6.Ru 3d XPS spectra obtained for RuX activated gstsl

Table 4.4 compiles the main parameters deduced Xi8& studies. RuAl clearly
presents a high proportion of Rispecies (45 %) in comparison with RuTi catalyst
(30 %). For RuSi and RuZr only metallic rutheniupesies were observed. TRe/X
atomic ratios (where X is the metal used in the support for ezathlyst) were also
collected in Table 4.4. The ruthenium supportedalummina catalyst presents the
highest atomic ratio (Ru/Al= 0.15). This ratio @nser for RuTi and RuZr catalysts

132



Capitulo 4

(Ru/Ti= 0.06 and Ru/Zr= 0.05). RuSi catalyst shales lowest atomic ratio with a
value of Ru/Si = 0.01. Two relevant conclusionsardgg the RuAl catalyst can be
deducted; first a large part of surface ruthenidoma are partially oxidized, and
second, the ruthenium surface concentration isenigiian that found for the other
catalysts.

Table 4.4.Ru 3d,, binding energies (eV) and Ru/X atomic ratios deti®m XPS data for
RuX activated catalysts.

Catalyst BE ref (eV) Ru 3ds,(eV)?  Ru/X®
RUA Al 2p (74.5) co0e ggg 0.15
RuSi Si 2p (103.4) 280.1 0.01
RuTi Ti2p(@s85) o) gg; 0.06
Ruzr Zr 3d (182.1) 280.2 0.05

aThe values in brackets refer to the percentagadf species.
®X refers to the metallic atom of the support oxide.

To further examine the formation of partially oxadd ruthenium species on
the surface of RuAl, theurface acidity of RuX catalystshas been evaluated by
temperature programmed desorption of ammonia (TPD-M3). During TPD
experiments the reduction of the catalyst by ammoran be discarded since
associated fragments to nitrogen oxide compounds hat been detected by mass
spectrometry.

Figure 4.7 displays the ammonia desorption profiessus temperature for
RuX activated catalysts. The profile of alumina poip is also displayed as a
reference and it is clearly observed that the animn@esorption from AD;
support represented by the peaks at 560 and 60@v€ been suppressed. This
indicates that the strongest acid sites of alunsimdace have dissappeared. This
behavior has already been reported [28, 32] andai attributed to the strong
interaction between the ruthenium particles and abiel centers with strongest
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acidity of the alumina support. This interactionngeates the partially oxidized
ruthenium species on its surface as it was confirniy XPS analysis. For RuTi
and RuZr catalysts this phenomenon could also dogtim a lesser extension.

3
MYt
o

—~

5

@

-

©

—

T

N

~

S

P

B RuUAl

[

o)

= -

= RusSi

/\,—JW\/W

N Rt
SN

——M

400 500 600 700 800 900 1000
Temperature (K)

Figure 4.7. TPD-NH; profiles of RuX activated catalysts. Alumina sugpsralso included as
reference.

Concerning to the quantification of the weak agid#00-550 K range) for
the different activated RuX catalysts, the numbleaad sites is the highest for
RuAl (38 umol NH/g..), whereas for RuSi catalyst, showing a flat desorp
profile, the surface acidity is practically negfite. The RuTi and RuZr catalysts
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present desorption peaks with medium intensityeatpgeratures in the range of
400-550 K, representing the desorption of 19 apdandl NHs/g.a, respectively.

4.5. Role of surface species on the catalytic perfoance

The use of different supports changes the physewmatal properties of Ru
particles and allows most of the exposed ruthentarfacilitate their interaction
with adsorbed sorbitol. With respect mothenium dispersion, it must be kept in
mind that by hydrogen chemisorption uniquely ruibenin metallic state can be
titrated. It is known that a fraction of rutheniupartially oxidized (R&") was
present at the surface of RuTi and, especially irAlRactivated catalysts. Thus,
the dispersion of ruthenium is understimated in Rand RuAl due to the
presence of Rii. Taking this into account, it can be concluded fRaZr catalyst
presents the highest metallic dispersion and caresdty the smaller particle size,
closely followed by the RuAl and RuTi catalysts.grinciple, if one assumes that
sorbitol hydrogenolysis to produce glycerol, 1,2-B& EG needs C-C and C-O
scission [11, 16, 17, 19, 20], metallic sites drentrequired and a large amount of
exposed ruthenium atoms is beneficial. However aodordingly to the values
obtained for the different catalysts presented his twork, there is no clear
correlation between sorbitol conversion and thdiglarsize of ruthenium, at least
in the range of particle size smaller than 9 nm.

In relation to theoxidation state of ruthenium on the surfacejt can be noted
that RuZr and RuSi catalysts only present rutheniumetallic state whereas some
proportion of RE' is detected in RuAl and RuTi. The presence of Ruigly
oxidized may be due to an interaction of small eaibm particles with acid sites.
Although both catalysts RuAl and RuTi present paottidized ruthenium species in
the surface, there are significant differences betwthese catalysts, which may
explain their different catalytic behavior. The diimg energy of Rl species in the
surface of RuTi catalyst is 1 eV lower than for Rugliggesting that the interaction of
ruthenium particles with alumina is stronger reamgltin a more intense charge
transference from the ruthenium particles to thgpeu and consequently in a higher
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oxidation state for ruthenium atoms. Besides, Rgaétalyst presents a lower
proportions of R species in its surface compared to that of RuAise; the XPS
RuU/Ti ratio is smaller than XPS Ru/Al ratio and tK®S spectrum is much less
intense (spectrum is multiplied by 2, see Figuré).4ln summary, the surface
concentration of Rii in RuAl catalyst is larger than in RuTi sampled dherefore so
is the effect of RU.

Another significant difference between RuUAl catalysd the rest is the
concentration of acid sitesmeasured by TPD-N{ being 38 pumol Nk g, for
RuAl whereas for RuTi catalyst was only 19 pumol gk and well above those
of the other two catalysts (RuZr and RuSi).Therefat seems that the surface
concentration of acid sites is also relevant foycglol dehydration to produce
glycols (1,2-PG and EG).

In summary, an explanation for the higher selettigind yields to glycols for
RuAl catalyst may be that the alumina support fautie dehydrogenation rate of
sorbitol due to the presence of acid sites as & I@en recently proposed for
Ni/Al ;O3 catalysts [14]. Once the retro-aldol condensastep has occurred, the
higher acidity of RUuAl catalyst allows the glycerdéhydration and subsequent
hydrogenation to give selectively glycols.

4.6. Conclusions

The main conclusions extracted from this chapteuasorbitol hydrogenolysis
reaction to produce glycols in a neutral reaction radium are:

v' The results indicate that the support employedahsignificant effect on the
physicochemical properties of the supported rutimanicatalysts and
consequently on the catalytic performance.
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v" TheRuAl catalyst prepared by the impregnation metisbdwed the highest
selectivity and yield to glycolsreaching values of 19.1 % and 14.1 %
respectively under our reaction conditions.

v' From the characterization results it can be dedudedt, surface
concentration of both acid sites and partially oxidzed ruthenium (Ru®)
species are relevant properties to render high saigvity and yield to
glycols In contrast, the ruthenium dispersion is notedlevant as these two
properties for defining the catalytic performance.

v" The higher activity shown by RuAl catalyst in sddbihydrogenolysis
could be due to alumina support favors the dehyeimagon rate of
sorbitol in the acid sites. After the retro-aldobncdensation step, the
higher acidity of RuAl catalyst favors glycerol dehation and subsequent
hydrogenation to produce selectively glycols.
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In this chapter a series of supported catalystedas ruthenium have been
prepared to study the hydrogenolysis of sorbitols&lectively obtain glycols
under alkaline conditions. A ruthenium catalyst poped directly on a basic
support, Ca(OH) will be compared with other ruthenium supported Al,O5
catalyst (acid support) under the presence of asimoters added to the reaction
medium. It will also be analyzed the influence wfarporating a metal promoter
such as nickel to these catalysts. A number of igbgbemical techniques as
Evolved Gas Analysis by Mass Spectrometry (EGA-MSlemperature
Programmed Reduction (TPR), X-ray Diffraction (XRD¥-ray Photoelectron
Spectroscopy (XPS), and Total Reflection X-ray Faszence (TXRF) have been
used to characterize fresh and used catalystsllyitiae stability of the NiRuCa-
HT catalyst will be evaluated by testing its reusearing five runs and the
physicochemical characterization of fresh and wsadlyst will allow identifying
the main causes of the possible deactivation.

5.1. Introduction

Lignocellulose biomass is presented as an altematiurce to replace oil in the
chemicals production because it is a reservoiadban and hydrogen [1]. Cellulose is
the major component of lignocelluloses (38-50 %)l @m this field heterogeneous
catalysis is gaining increasing interest for transiing cellulose into sugar alcohols
such as sorbitol in a single step [2-5]. Sorbitas been identified as one of the twelve
most important building blocks derived from biomdsscause it has many direct
applications or associated reactions that yieleemothigh value-added products [6].
The production of glycols, such as 1,2-propylenedgl (1,2-PG) and ethylene glycol
(EG), which are currently used as surfactants, m@tifreezing liquids, for the
production of polyester resins and for applicationthe medical and pharmaceutical
industries [7-9], from sorbitol stands out. Thebkggls are currently derived from oil,
therefore their production from sorbitol (cellulpsenplies a renewable and more
environmentally friendly route [10-11].
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Sorbitol hydrogenolysis to produce glycols is coctgd in the presence of
metal catalysts under high,kressures and commonly in the presence of a basic
promoter added to the reaction medium. However,ameatalyzed reactions
involving polyols present selectivity problems adated with the multitude of
possible reactions [12]. The most widely acceptegtimanism for this process is
based on a first dehydrogenation of sorbitol in plhesence of a metal to form an
aldose intermediate. Under basic conditions, thermediate formed undergoes a
C-C scission via the retro-aldol mechanism or a €ef3sion by dehydration. The
products with unsaturated bonds obtained from thechanism undergo a
consecutive hydrogenation in the presence of neatilyst to obtain glycols [11,
12]. The incorporation of alkaline promoters to tieaction medium is therefore
required. Among those solid basic promoters, thetrsommonly used is calcium
hydroxide (Ca(OH) which is partially insoluble in the aqueous mefiia 10].
But the direct addition of a base to the reactiguitl presents some drawbacks
associated with the possible dissolution of thisnpoter in the medium and its
consequently difficult separation from the reactionxture once the desired
products are formed [13].

Among the metals used in sorbitol hydrogenolysiglgaols, ruthenium and
nickel are by far the most commonly used in presioeports [8, 11, 14]. High H
pressures are required to achieve desirable caowvermlues when nickel-based
catalysts are used. Therefore, low ruthenium logdiatalysts are widely used in
combination with the use of an alkaline media. Hogre the addition of nickel as
a metal promoter is highly recommended due to xtekent C-C bond cleavage
ability and because it has already been studiedtier polyols hydrogenolysis
processes [8, 10, 13, 15, 16].

Ruthenium supported on Si@atalyst was studied in a pioneering work by
Sohounloue et al. [17]. Later, several works stuidiee catalytic performance of
ruthenium supported on activated carbon (AC) obaarnanotubes catalysts and
reached glycols yields of 43 % at 493 K and 8 MPhydrogen pressure after 4 h of
reaction [11, 18]. More recently, in a study cortédcn our laboratory, the catalytic
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behaviors of Ru catalysts supported oa3J Si0;, TiO, and ZrQ were studied in
the sorbitol hydrogenolysis reaction in the absewsica basic promoter. Ruthenium
catalyst supported on alumina showed the best ipeaface [14]. The use of a basic
oxide as the support has not been evaluated cligathe case of ruthenium catalysts.
In the case of nickel, a study of Ni/MgO catalyatbeen reported, and in this case,
the leaching of the support in the reaction medias described [13].

Most work has focused on the catalyst compositibe, effect of different
reaction parameters in the catalityc activity almel teaction mechanism. However,
very few works can be found in the literature tinave paid attention to the
catalyst stability and the possible causes of destodn [7, 10, 13, 19, 20]. Ye et
al. [10] described that the Ce-Ni/&); catalyst prepared via a coprecipitation
method showed an improvement in its stability, hesre it was deactivated
during sorbitol hydrogenolysis to glycols due te iigglomeration of Ni particles
during the hydrogenolysis process in the aqueowss@hThe recycling test of
Ni,P/AC catalyst in sorbitol hydrogenolysis showedtth@ nickel phosphide
phase was not stable in the aqueous system formimickel phosphite phase
Ni(PQO,), and a nickel leaching from the catalyst to theiligieaction mixture was
observed [19]. Some encouraging results have besaoridbed for the stability of
Ru/C catalyst in hydrogenolysis of xylitol in theegence of a basic promoter in a
batch reactor by Sun et al. [7] and, more recentiya continuous system with a
high-pressure fixed-bed reactor by Auneau et @).[Blowever, an efficient and
recyclable solid catalyst for use in alkaline mebd&s not been reported yet for
sorbitol hydrogenolysis.

Despite these studies, it still remains uncleahsogortant points as the real
impact of the alkaline medium, the effect of a rh@i@moter incorporation and
the catalysts stability. Therefore, the aim of thierk is to study the catalytic
activity shown by a ruthenium supported directly arbasic support catalyst in
sorbitol hydrogenolysis to produce glycols and dtanparison with other RuAl
(acid support) catalyst under the presence of basimoters added to the reaction
medium. The influence of nickel incorporation am@ NiRuCa-HT stability will
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be also evaluated.

5.2. Ruthenium catalysts preparation

Two 5 wt. % ruthenium catalysts were prepared vet wnpregnation of an
aqueous solution of Ru(NO)(NR (Alfa Aesar) ony-Al,O; (surface area of 209
m?.g %) and Ca(OH) (surface area of 157g ). Both supports were purchased from
Sigma-Aldrich. The resulting solids were then dried at 383 K f@rt. Next, the
precursors were subjected to calcination in a 20%00,/Ar flow of 100 ml.mir* at
623 K (Tcy) for 1 h (heating rate of 10 K.mif) and reduction in a 5 vol.%H\r flow
of 100 ml-min* at 473 K (&) for 0.5 h (heating rate of 5 K-mffj. With the aim of
evaluating the promoter effect of nickel, it wasdrporated into the RuCa precursor
via incipient wetness impregnation. The requiredant of Ni(NG,),.6H,O was used
to obtain two catalysts with an atomic ratio of RV = 1 and 2. After its
incorporation, the catalysts were dried at 383 K1f® h. Next, they were treated by
calcination under a 20 vol. %.@r flow of 100 ml.min? at 853 K (k2 for 1 h
(heating rate of 10 K.mif) and reduction in 5 vol. % #Ar flow of 100 ml.min™ at
703 K (Trp) (heating rate of 5 K-min) for 0.5 h to obtain two catalysts promoted by
nickel.

Table 5.1 lists the nomenclature and the nominatl dhe determined
experimentally by TXRF compositions of the differeatalysts prepared in this work.
As it can be seen, both activation procedures vappdied to the RuCa precursor,
which was labeled as RuCa-LT or RuCa-HT to distisiguhe calcined and reduced
samples at low and high temperatures respectivielyorder to compare, the
nomenclature RUAI-LT was used to name the RuAllgsttgreviously mentioned in
Chapter 4. The temperatures employed in the aidivairocedure for samples with
and without nickel were determined by evolved gaalysis by mass spectrometry
(EGA-MS) and temperature programmed reduction (TFRpectively (see Figures
5.1 and 5.2).
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Table 5.1. Nomenclature and nominal and experimental commositietermined by TXRF
analysis of the Ru supported catalysts.

Catalyst Ru nominal Ni nominal Ru content from  Ni content from
Y (wt. %) (wt. %) TXRF (Wt. %)  TXRF (wt. %)
RUAl-LT 5.0 - - -
RuCa-LT
RuCa-HT >0 ) >4 )
NiRuCa-HT 5.0 2.8 5.5 2.7
2NiRuCa-HT 5.0 5.5 5.0 4.8

%Catalysts with LT or HT at the end of their namasdi¢ate low (calcination 623 K and
reduction 473 K) and high (calcination 853 K andusion 703 K) temperatures of activation
respectively.

5.3. Catalytic activity of RUAI-LT catalyst under the incorporation of
basic hydroxides into the reaction medium

In the previous study conducted in Chapter 4, thtalgtic behaviour of
ruthenium catalysts supported on different suppwrés studied in the sorbitol
hydrogenolysis reaction to produce glycols underdbhsence of a basic promoter.
Among all the catalysts, RUAI-LT has showed thet lpesformance. Therefore, to
investigatethe effect of the basic hydroxides incorporationto the reaction
medium on the catalytic behaviour of alumina supgaruthenium catalyst, we
have done a series of experiments representedile Ba2 (see entries 1-6). RuAl-
LT catalyst without an alkaline promoter (entry 1) egv73.9 % sorbitol
conversion and 19.1 % selectivity to glycols, beting yield to glycols 14.1 %.
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Minor products as £and G polyols (ribitol, xylitol and erythritol), glycetand
others (sorbitan and ethanol) were also detect#u tis catalyst, but none of them
exceeds 7 % in selectivity. The pH of the mediuranges from 7 to 4 at the end of
the reaction, indicating that acid by-productsfarened as the reaction progresses. In
this case, the carbon balance was comparatively(3m %). The formation of C
compounds in the gas phase can be expected baslee fmmmation of gpolyols.

Ruthenium is the selective species in the sorlitahsformation to glycols
because the pure alumina support presents a 15rbttoboconversion which is
entirely selective to polyols with five carbon atonjl4]. Moreover, a blank
experiment was conducted with only the basic premiot the reaction medium (entry
6). In this experiment, 0.9 g of Ca(QHyas loaded into the reactor under the reaction
conditions described in Chapter 3 and the sorb@tmhversion was negligible
suggesting that a metal catalyst is required taeaehthe sorbitol transformation to
glycols.

Entries 2 and 3 show the results obtained usingRingl-LT catalyst with two
type of basic promoters, KOH and Ca(QHyhich are completely and partially
soluble respectively in the aqueous reaction medkimt. % with respect to loading
sorbitol or 0.3 g). The purpose was to examine hdrethe nature of the alkaline
promoter affects the catalytic behavior of RuAl-tdtalyst. Both promoters displayed
a similar effect and no significant differences Idolbe observed. The sorbitol
conversion decreased to 59.4 % and 56.8 % for K@# @a(OH) respectively,
whereas the selectivity to glycols was similarhattof the experiment without a basic
promoter being therefore the yield to glycols add %. The presence of a base
results in a final pH value of 8 as it neutraliies acid by-products formed (the initial
pH value was 14). The carbon balance was impromeboth cases indicating that
many of the undetected compounds are not formecerubdsic conditions. The
distribution of products is modified due to theagipearance of some compounds,
such as erythritol or ethanol, and the appearamoathers as acetol but in small
amounts.
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The Ca(OH) amount added to the reaction medium was studieties 1 and 3-
5 display the RUAI-LT results after loading 0, 0@9 and 1.8 g of Ca(OH)
equivalent to 0, 5, 15, and 30 wt. % of Ca(@Mijth respect to sorbitol. It was
observed that by adding more amount of base tadhetion medium, the sorbitol
conversion decreases from 73.9 % for experimentslwtied without Ca(OH)to
29.6 % when 30 wt. % of basic hydroxide was loaddtie reactor (see entry 5). The
products distribution obtained is also clearly niedi. In the absence of Ca(OH)r
when it is added in small quantities, dehydratioadpcts such acetol or others as
DHA or ethanol appear, but all of them vanish witltcreasing the amount of
incorporated base. Moreover, the polyols selegtivitreases slightly as the amount
of Ca(OH}) increases, but the main effect is that glyceral giycols are favored and
the selectivity reaches values of 38.1 % and 31.7e%pectively when 1.8 g of
Ca(OH) are incorporated. However, as much as to incrdesamount of promoter,
glycols yield was not improved since it does nagrceme the glycols yield value of
14.1 % obtained without presence of calcium hydfexiFurthermore, increasing the
amount of base added, the carbon balances werewagbreaching 94.3 % in the
presence of 30 wt. % of Ca(OH)thus the formation of gas-phase products was
minimized because the carbon balance in the abs#nme@moter did not exceed 60
%. In summarythe species catalytically active and selective atbe ruthenium
species and by adding a basic promoter to the reash medium the glycols yield
does not improve because the selectivity increasing is counteredhiy sorbitol
conversion decreasing. For experiments with thédsg precursor amounts (0.9 and
1.8 g of Ca(OH), a polyols and mainly glycerol yield increase vadoserved. The
carbon balances were also significantly improved.

5.4. Ruthenium catalysts supported on calcium hydrade

Considering the positive effect of the presenceCaf{OH) in the reaction
medium for glycols and glycerol selectivitwe decided to support ruthenium
particles directly on calcium hydroxide The results obtained with RuCa-LT
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catalyst are shown in entry 7 (Table 5.2). As it be seen in this table, this catalyst
presents better performance than the catalyst mepssing AJO; as support (entry
1). Sorbitol conversion with RuCa-LT reached a value 082.1 % with a glycols
selectivity of 27.8 % which implies a glycols yieldf 22.8 % In contrast, RUAI-LT
without a basic promoter presented a yield to d/obd 14.1 % and a carbon balance
of 53.4 %. Next, the same experiment was conduetid the incorporation of
calcium hydroxide into the aqueous solution (e@yyA similar trend to RuAIl-LT
catalyst was observed. The presence of a baseeirretiiction medium causes a
sorbitol conversion drop to 74.2 % along with glsfiincreasing of glycols selectivity
to 35.0 % and yield to 25.9 %. Moreover, a sigaificglycerol selectivity increase
(51.3 %) and an improvement of the carbon balarscéha only reaction products
detected were polyolssCglycerol and glycols were observed. When this &uT
catalyst (entry 8) is compared with the correspogdiatalyst supported on alumina
(entry 5), it is shown that the sorbitol conversgignificantly increases from 29.6 to
74.2 %, with slightly higher selectivity to glyco(85.0 versus 31.7 %) which allows
increasing the glycols yield up to 25.9 % from 941 In addition, the glycerol
selectivity with RuCa-LT is higher (51.3 %) and fwth catalysts the carbon balance
is approximately 95 %.

The good activity exhibited by this catalyst coblldue to the role of ruthenium
particles which favor dehydrogenation/hydrogenatieactions combined with the
amount of base used as a support resulting in ©+@ lcleavage by the retro-aldol
condensation mechanism. In geneitadeems that a basic pH (the presence of OH
has the same role for both acidic or basic supportbecause it causes a drop in
sorbitol conversion, the carbon balances improve e glycerol yield increases
significantly being the main product obtained under reaction conditions. The best
results were reached when ruthenium is directlyr@gpated on Ca(Ohkl) An
important fact to emphasize here is that it is mfarorable to support directly the
ruthenium on Ca(OH) where there is a closer contact between the nagtdlthe
support, than to add Ca(OHp the reaction medium with ruthenium supported on
Al,O; catalyst.
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5.5. Catalytic activity promotion by Ni incorporation to RuCa-HT catalyst

With the goal of further improving the catalyticrfiemance of these catalysts
and reaching higher glycols yieldbg effect of adding a metal promoter to RuCa-
HT was studied Nickel was selected because as stated in thatlite, it shows a
high hydrogenation capacity [10, 15]. Nickel proettatalysts were prepared with a
Ni/Ru atomic ratio of 1(NiRuCa-HT) and 2 (2NiRuCd-H Catalysts promoted with
nickel, as it will be seen later, required to beivated at higher temperatures of
calcination and reduction, 853 K and 623 K respetti Consequently, in order to
appreciate the promoter effect of nickel, RuCa prear was activated at the same
temperatures naming this catalyst as RuCa-HT.Ifitee catalytic activity of this
sample was evaluated and displayed in Table 52y(8). The most relevant result
for the RuCa-HT catalyst compared to RuCa-LT whighs activated a lower
temperatures (entry 7) was a slight improvememlyools selectivity passing from a
27.8 % to a 33.6 % due to the activation proceeffiect. Moreover the EG/PG ratio
was lower for RuCa-HT catalyst activated at higtemperatures indicating more
selectivity to 1,2-PG.

NiRuCa-HT catalyst (entry 10) shows some differasraier the incorporation of
nickel as a slight increase in sorbitol conversinrselectivity and yield to glycols and
in the carbon balance increasing from 65 % to %6.8nd minimizing the formation
of gaseous and unidentified products. Based oretresuilts, the presence of Ni favors
the glycols yield (39.7 %), therefore it was dedide prepare another catalyst with
more amount of nickel in particular with a Ni/Ruomtic ratio of 2, to evaluate
whether the yield continues to improve. For 2NiR«a catalyst (entry 11), the
yield to glycols practically was not improved duetlhe sorbitol conversion decreased
whereas the selectivity to glycols slightly increéisAccording to the results obtained,
in the presence of more nickel, the sorbitol cosioer decreases with respect to the
others and reaches an 80.5 % after 4 h. The intgreducts selectivity increases to
50.1 % with 2NiRuCa-HT but the yield to 1,2-PG d&1@ slightly increase compared
with NiRuCa-HT reaching almost the same value (4@)3after 4 hours of reaction.
The product distribution is similar to that withettother catalyst but the carbon
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balance improves reaching 82.2 % at the end ofdhetion. Finally, the NiRuCa-HT
catalyst was also tested in the presence of a lpmemmoter, Ca(OH) (entry 12),
where the sorbitol conversion and glycols yieldéased to 46.3 %.

In summary, supporting ruthenium on an alkaline psup such as calcium
hydroxide significantly improves the yield of glysoreaching values of 25 % and
carbon balances higher than 94 % when this sampogupias loaded as a basic
promoter. The RuCa catalyst activation procedurs &amoderate effect on the
selectivity to glycols improving the PG/EG proporti when the activation was
conducted at higher temperaturd@fie promoter effect of nickel in this type of
catalysts was clearthe presence of an atomic Ni/Ru ratio of 1 idicieit to reach a
glycols yield of 46.3 %.

5.6. Characterization of the ruthenium supported ctalysts

An evolved gas analysis by mass spectrometry (EGA-M&} programmed
temperature of the catalyst decomposition process was camigd The thermal
decomposition in synthetic air of different RuAl-LRuCa-LT/RuCa-HT, NiRuCa-
HT and 2NiRuCa-HT catalytic precursors (rutheniumd aickel nitrates) and AD;
and Ca(OH) supports have been explored with the aim of deterrthe temperature
required to form the corresponding oxides (seereigul).

Fragments m/z = 2, m/z = 17, m/z = 18, m/z = 3& mB2, m/z = 44 and m/z =
46 were registered with a mass spectrometer. Signif changes were only
appreciated in signals m/z = 18 and m/z = 30 cpamding to desorbed water and
nitrate decomposition respectively. For®@4 support was only observed a broad peak
corresponding to water elimination at 400-650 KARUT catalyst exhibits a broad
peak associated with nitrates degradation procedisei range of 450-650 K. Thus,
the calcination procedure for this precursor wdecsed at 623 K (d1) for 1 h and
under these conditions the oxide phase was forihedompare, RuCa-LT catalyst
was also calcined at this temperature. HoweveCB{OH), support a peak at higher
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temperatures (maximum at 750 K) was observed. M@redor catalysts supported
on Ca(OHj), the nitrate decomposition profiles presented pe&aks one at 575 K and
another in the range of 750-800 K. Therefore, fiaise catalysts, samples RuCa-HT,
NiRuCa-HT and 2NiRuCa-HT, a more suitable calcorafprocess was conducted at
853 K (Tep) for 1h to ensure the complete decomposition tiiemium and nickel

precursors and the formation of the correspondxides.

Relative MS Signal (m/z) / (m/z), (a.u))

Figure 5.1.EGA-MS profiles for nickel-ruthenium supported quesors.
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The reducibility of the calcined catalysts was studiedy H,-TPR technique
The profiles of different catalysts are displayedrigure 5.2 where the signals m/z =
2 (H, consumption) and m/z = 18 (removed) are represented.he RUAl-LT
sample was calcined at 623 K for 1 h with 100 mi;nof 20 vol. % Q/Ar flow
before the TPR experiment.

m/z =2(H,)

Ca(OH),
RuCa-LT/RuCa-HT

NiRuCa-HT

2NiRuCa-HT
473 |
TRl TR2

m/z = 18(H,0)

Ca(OH),

]

RuCa—LT/RuCa—HTj/p
NiRuCa-HT /k—_

2NiRuCa-HT

Relative MS Signal(((m/z) / (m/z)40)/Ma¢)

400 500 600 700 800
Temperature (K)

Figure 5.2.H,-TPR profiles obtained during,H\r treatment of calcined Ru catalysts.
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This catalyst displays a hydrogen consumption peake range of 350-450 K
which is attributed to the reduction of Rispecies in RuQto metallic ruthenium
(RP) [21, 22]. Ruthenium supported on Ca(@lamples were calcined at 853 K
(Tep) for 1 h with 100 ml.miit of 20 vol. % Q/Ar flow before the HTPR
experiments. Ca(OH)shows a small and broad peak fop Bnd HO at high
temperatures in the range 650-800 K, which couldabsociated with surface
impurities on this support. In contrast, RuCa ceddi catalyst presents a hydrogen
consumption peak with a maximum at 690 K. Compavigd RUuAI-LT is clear that
the interaction of ruthenium with this second supp® much stronger because its
reduction occurs at significantly higher temperasuiWhen nickel is added to RuCa-
HT catalyst (NiRuCa-HT and 2NiRuCa-HT samples), th@lrogen consumption
peak is shifted to lower temperatures (677 K) satigg that the presence of nickel
facilitates the ruthenium reduction possibly due ao interaction between both
elements. In these catalysts, a shoulder is alserebd at 579 K which can be
attributed to the nickel oxide reduction to metatiickel.

Accordingly to the BHTPR results, RuCa-HT, NiRuCa-HT and 2NiRuCa-HT
catalysts previously calcined at 853 Kcglare reduced at 703 K £J) during 0.5 h
with 100 ml.min* of 5 vol. % H/Ar to ensure the complete transformation of
ruthenium and nickel oxides to metallic rutheniuma aickel respectively. To prevent
ruthenium and nickel sintering, a reduction tempeea slightly higher than the
maximum hydrogen consumption shown in the corredimgnprofiles is selected. In
summary, we can say that the reduction profilethebe samples indicate thhe
interaction of ruthenium with the basic support Ca©OH), is stronger than with
alumina. Furthermorea certain interaction between nickel and rutheniumcould
exist as nickel favors ruthenium reducibility.

XRD patterns of the ruthenium catalysts studied in this wor& sepresented in
Figure 5.3. RUAI-LT diffractogram (see Figure 5.3#howed peaks corresponding to
Al,O; with tetragonal structure (1, JCPDS 046-1131) armbntribution of RU (2,
JCPDS 006-0663) was observed at=244, 38.7, 58.5, 68.5 and a shoulder at 86°
overlapping with some of the most important diffrae peaks of AIO;. For catalysts
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supported on Ca(OH)see Figure 5.3.B) the peaks of thé’ Rhase are not observed
suggesting that ruthenium in these samples presentall particle size and a high
dispersion on this support. Diffraction peaks agged with metallic nickel, RuQ
NiO, or solid solutions of Ru-Ni phases are not obskrivethe rest of catalysts.
Therefore, the peaks appearing in each diffractagreake reference to the phases of
the support. RuCa-LT presents peaks of Cat@kth hexagonal structure (3, JCPDS
081-2040) but less intense than for the same stpptite absence of ruthenium.

A 2 B 4
4 4
L 4s e 4
4 INIRUCaHT
1
1
2 4
1 ! 1
44
1 2, 2 12 | U4 4

RuA-LT

Intensity (a.u.)

1 TR
10 20 30 40 50 60

TR L M
70 80 90 20 30 40 50 60

70 80 90

20 (degrees) 20 (degrees)

Figure 5.3.X-ray diffraction patterns of the Ru supported bats; where (1) AlO; (JCPDS
46-1131), (2) Ruthenium (JCPDS 06-0663), (3) Ca(@BJPDS 081-2040), (4) CaO (JCPDS

37-1497).
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Diffraction peaks associated with metallic ruthemiare not observed, which
suggests that ruthenium presents a good dispeosiotiis support compared with
alumina. The same catalyst RuCa-HT activated at higher tesyes shows
diffraction peaks attributed to Ca(OHith hexagonal structure (3, JCPDS 081-
2040) and also peaks corresponding to calcium oxitle cubic structure (4, JCPDS
037-1497). Catalysts containing nickel as a metglifomoter (NiRuCa-HT and
2NiRuCa-HT) display only diffraction peaks assoethtwith calcium oxide with
cubic structure (4, JCPDS 037-1497), suggestingttizapresence of nickel promotes
dehydration of Ca(OH}o give CaO.

In summaryruthenium and nickel do not show diffraction peakswhen they
are supported on calcium hydroxide indicating a gog dispersion of both metals
in these samples.

X-ray photoelectron spectra(Ru 3d and Ni 2p regions) of the RUAI-LT, RuCa-
LT, RuCa-HT, NiRuCa-HT and 2NiRuCa-HT catalysts avewvaluated with the aim
of identifying the oxidation state of the rutheniamd nickel species present on the
catalyst surface and the surface atomic ratio éh Imetals or metal and support. The
Ru 3dy, level could not be properly evaluated due to itertapping with the C 1s
region. Therefore, carbon is not used as referamck the metal of the oxide or
hydroxide used as support in each catalyst wastakeeference: Al 2p (74.5 eV) for
RUAI-LT [21] and Ca 2p (346.5 eV) for metals sugpdron Ca(OH)catalysts [23].

Figure 5.4 shows the XPS spectra of the Ru 3d nefgiothe different ruthenium
supported catalysts. Ruthenium species in thisonegiresent a doublet associated
with the 3d,, and 3d;; levels separated 4.1 eV. This region is more cempkcause
there is also a peak associated with C 1s (284)drewh adventitious hydrocarbons
and another peak centered around 289-290 eV comdspy to the C 1s level and
attributed to C@ [23] present in the catalysts supported on Ca¢QRuCa-LT,
RuCa-HT, NiRuCa-HT and 2NiRuCa-HT). We will pay eattion to the spectral
region between 278 and 284 eV which correspondkeanternal level of Ru 3g.
This region shows two contributions one at 279-281and another one at 282 eV
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which are attributed to Ruand RuQ species respectively [21, 24-26]. The first
contribution is centered at 280.1 eV for catalysistaining nickel (NiRuCa-HT and
2NiRuCa-HT), whereas the maximum at 280.7 eV weasenked for RUAI-LT and
RuCa-LT catalysts or at 281.6 eV for RuCa-HT sampldivated at higher
temperature.

Ru 3d ¢ 18282 7
u .

9 312 == Ru 3d5/2
CO -

3

ONIRuCa-HT |

b\
\ 1
) TN
\ / .
\ /' N,
\ / N \.\
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Figure 5.4.Ru 3d XPS spectra obtained for the Ru activatealysts.
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This peak with this binding energy is attributedrtwhenium in a completely
reduced state (R however, the shift to higher binding energiesvah by RuCa-HT
catalysts suggested that ruthenium is slightly nooiidized than in the rest of samples
despite the activation procedure. In addition,linke catalysts, a second contribution
is registered around 282.7 eV which is relatedadigily oxidized ruthenium species
(RU) [21, 25].

Figure 5.5 displays the Ni 2p level for NiRuCa-Hiida2NiRuCa-HT catalysts.
In both spectra, in Ni 2p region, a nickel satellite peak appears at 86Qvki¢h is
caused by the loss of kinetic energy of the phettebn emitted to excite a valence
electron to an unoccupied orbital, along with akpaa854.8 eV for NiRuCa-HT and
at 853.8 eV for 2NiRuCa-HT level. According to tliterature, binding energies of
854-855 eV correspond to Nispecies [27]. In our case, there is a shift toelow
binding energies of 854.0 eV in 2NiRuCa-HT. Therefat can expect that Nand
Ni®* species coexist on 2NiRuCa-HT catalyst and maiify species are present on
NiRuCa-HT surfaceThe presence of nickel in the oxidized state is icoafd by the
presence of the satellite peak that is charadtedbthis type of nickel.

These results suggest thla¢re is an electronic transfer from Ni to Ru, whid
is much clear for NiRuCa-HT catalyst If the Ni proportion increases in the catalyst,
this transfer progresses to a lesser extent. Thegiing effect of nickel must be
associated with such electronic transfer betweekehiand ruthenium due to some
interaction between both species.
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Figure 5.5.Ni 2p XPS spectra obtained for the Ru activatedlygsis.

Table 5.3 summarizes the binding energies repdaieclithenium and nickel in
all the catalysts tested. In this table, the s@fatomic ratios of Ru/X, Ni/X and
Ni/Ru, being X (Al or Ca) the metal support usedeference, are also given. Based
on these results, it is observed that RuCa-LT gsitadresents the higher amount of
ruthenium exposed on the surface. However, ovetafaé ruthenium exhibited, a 67
% are partially oxidized ruthenium species, whereasRuCa-HT is 61% being
majority versus reduced ruthenium species presenein. RUAI-LT catalyst presents
almost half of its ruthenium reduced and the otfaf as R{" species. For catalysts
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incorporating nickel, NiRuCa-HT shows the higher proportion of reduced
ruthenium species on its surface (70 %)which is possibly the cause for its better
activity in sorbitol hydrogenolysis. In 2NiRuCa-HJatalyst, most of the exposed
nickel appears as Nispecies, so no complete reduction of nickel sgesi@achieved
during the activation procedure.

Table 5.3.Binding energies of Ru 3d and Ni 2p levels and RUWX and Ni/Ru atomic
ratios for the different catalysts.

Ru 3ds, Ni 2ps/2

Catalyst BERges(eV) eV) V) Ru/X Ni/X | Ni/Ru
Al 2p (74.5) | 280.7 (55) ] ) ]
RUALLT ALO;, | 2825 (45) 0.15
280.8 (33)
RuCa-LT 282.6 (67) - 0.28 - -
RuCa-HT 281.6 (39) - 0.17 - -

Ca 2p (346.5) 282.7 (61)
Ca(OH)} | 280.0 (70)

NiRuCa-HT So1o (s 8548 | 007| 003| 038
. 280.1 (22)
INiRuCa-HT 2006 s | 8938 | 02| 005 044
. 852.3
NiRuCa-HT 280.2(54) | g555 | 083 | 080| 097
used 1 run Ca 2p (347.6) 282.1 (46) 857 5
NiRuCa-HT CaCQ | 1801 (62) 528 1 o | sss| 1o
used 5 runs 282.2 (38) ' ' ' '

857.3

X: metal atom of the oxide support (Al or Ca).
The values in brackets refer to the percentagadi species.

Concerning to Ru/Ca atomic ratio in NiRuCa-HT amdiRuCa-HT catalysts was
lower compared with monometallic catalysts and Ni/&omic ratio is also lower
than the theoretical atomic relationships in bdtlthem. Ni/Ru ratio was similar in
both catalysts and was below the expected ramdittg to the catalysts preparation
although 2NiRuCa-HT was impregnated with higher amf nickel. In summary,
based on the XPS datmore important than the amount of surface exposed
ruthenium, is that ruthenium should be present in he metallic state There is a
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promoter effect of nickel due to a charge transfefrom nickel to ruthenium. But
if the nickel load is increased this charge transfeot as effective.

The conclusions which can be drawn from the previsections are that the
glycols yield with RUAI-LT catalyst cannot be impexd by the fact of carrying out
the sorbitol hydrogenolysis in an alkaline mediutmwever, a clear decreasing in
sorbitol conversion associated with a glycols deli#g increase is observed. In
contrast,when ruthenium is supported directly on a basic suport Ca(OH),, a
noticeable increase in the glycols yield was obsed This suggests that it
important the intimate contact between ruthenium aml the basic promoteras it is
confirmed by the strong interaction of Ru with thepport Ca(OH) shown by the
TPR profilesand its high dispersion(no XRD diffraction peaks were observed). The
promoting effect of nickel on the RuCa-HT catalystclear after observing the
activity measurements. This could be associateld thi¢ fact thahickel favors the
ruthenium reducibility as well as the Ca(OH) dehydration to CaO, possibly
because of some metal-metal interactionsThe interaction between nickel and
ruthenium is confirmed by XPS data, whaaecharge transfer from nickel to
ruthenium is clearly observed, at least for NiRuCaHT catalyst. This interaction
between metallic species of nickel and rutheniurthenpresence of a basic promoter
favors the dehydrogenation of sorbitol to form samsaturated intermediates which
are subsequently hydrogenated to form our intgnestucts.

5.7. Reusability of NiRuCa-HT catalyst and its chaacterization after
reaction

To examine the stability dNiRuCa-HT catalyst, which presents a promising
catalytic behavior in sorbitol hydrogenolysis to/@ils, it was reused during five
reaction cycles. After the first run (4 h), theatas was cooled. Then, a filtration cell
was used to separate the catalyst from the readatioid. The solid catalyst was dried
in an oven at 383 K for 12 h. Once dried and waiglitewas observed that there was
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a significant weight loss because they were ontpvered 47.9 mg from 325.8 mg
initially charged to the reactor. Considering tfast, it was clear thathe catalyst
was not stable in the reaction medium and the Ca(O}d support was solubilized
during the reaction. Consequently and with the aim of reusing thislgat in more
than one reaction cycle, it was decided to incafmothe same amount of Ca(QH)
lost in the first run as a sacrificial agent tovenet greater loss of the support and
allows to reuse NiRuCa-HT catalyst. To know the amaf Ca(OH) that had to be
replenished in each cycle, the chemical analysithefliquid reaction products by
total reflection X-ray fluorescence (TXRF) analysims required. The amount of
Ca(OHY) solubilized in the reaction medium was exactly.2#5g.

100

Sorbitol Conversion and Glycols Yield (%)
3 8 5 () 3 3 8 8
T T T T T

=
o
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Py

Figure 5.6.Reutilization tests for NiRuCa-HT catalyst.
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Therefore, after each run, the catalyst was segghifadbm the reaction products
via centrifugation and it was reloaded into thectea along with a fresh sorbitol
solution and 0.275 g of Ca(Oflor a new reaction cycle. The results obtained are
shown in Figure 5.6. NiRuCa-HT catalyst showedighsldeactivation, being more
intense with the increasing of the number of rulisthis point, it is necessary to
emphasize that the amount of Ca(@tpded in each run is relatively low (4.6 wt.%
with respect to sorbitol) in comparison to otherkgowhere the basic promoter added
reaches a 15 wt. % with respect to sorbitol [11He Tlycols yield changes from a
46.3 % (run 1) to 32.0 % (run 5) with this procexlby loading a certain amount of
Ca(OH) as a sacrificial agent and to perform the reactioder alkaline conditions.
Thus, NiRuCa-HT catalyst shows a good catalytic aistty in the sorbitol
hydrogenolysis but a certain amount of Ca(OH) has to be replenished in each
run.

Although the results are very promising, it is resagy to know about what is
happening to the catalyst as the number of runse@ses to identify the main
deactivation causes.

1
S
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‘©
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g
k= 111 41 _
1 NiRuCa-HT
1 1 11 1 used 1 run
" 1 " 1 " 1 " 1 " 1 " 1 " 1 "
10 20 30 40 50 60 70 80 90
20 (degrees)

Figure 5.7.X-ray diffraction pattern of the NiRuCa-HT usedalgst.
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To achieve this goalwe characterized the solid catalyst used after the
reaction. First, and with the aim of obtaining more infotioa about the used
NiRuCa-HT catalyst after the first run, XRD chamation was conducted on the
dried solid. The diffractogram only shows CaCdffraction peaks (JCPDS 001-
0837) and no other peaks corresponding t8 d&al/or N were detected suggesting
that these species are highly dispersed in the cesadyst.

X-ray photoelectron spectra of the Ru 3d and Nré&gpons of NiRuCa-HT fresh
and used catalysts after one and five reaction aumshown in Figure 5.8 and Figure
5.9.
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BE (eV)

Figure 5.8.Ru 3d XPS spectra of NiRuCa-HT used catalyst d&mint runs
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The aim was to follow the evolution of the oxidatistate of the ruthenium and
nickel species with the number of runs. In thiss¢c&a in CaCe@(347.6 eV) was used
as reference [23]. If we analyze Ru 3d spectrauffeich.8), besides the overlap at
around 284.6 eV of C 1s with Ru 53¢ in the Ru 3¢, regions appears two
contributions one at 280.2 eV corresponding toemnihm in the reduced state and a
second component at 282.1 eV which indicates tesguce of RuQOspecies in the
used catalyst after reaction [21]. In this regiibns also possible to observe another
peak at 289.0 eV corresponding to £@f CaCQ present in these catalysts.

used 5 runs ) ‘*i&‘ N
~
(7))
o
[&]
N
>
‘n \
[ \
L | RPN
E [NRuCaHT (@) 7Tl SRR
used 1 run
NIRUCA-HT (x10) a
1 I 1 I 1 I 1 I
890 880 870 860 850

BE (eV)

Figure 5.9.Ni 2p XPS spectra of NiRuCa-HT used catalyst dediint runs
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Concerning the Ni 2p region (Figure 5.9), two cimitions are observed in Ni
2ps;; level with the corresponding Ni 2pcomponents displaced 17.4 eV. The
component at 855.0 eV is due to NiO species [28]enthe one at 852.3 eV implies
the presence of Rispecies in the used catalyst which increases thighumber of
runs and it could indicate a minor interaction kedw both metals (Ni and Ru)
explaining the partial deactivation observed. Fyna third component is observed
for nickel at 857.5 eV on the used catalysts. Tittensity of this signal does not
evolve with the number of runs and it could be aisged with nickel hydroxide
species present on the surface of the used catalyst

In Table 5.3, the binding energies of Ru 3d and?plilevels and the surface
atomic ratios Ru/Ca, Ni/Ca and Ni/Ru are recoraded\iRuCa-HT used catalyst after
one and five runs. It is observed that among thed tathenium exposed, more than
half appears as metallic ruthenium but a trendbisctear identified with the number
of runs. But it seems thahe amount of metallic ruthenium is lower when the
catalyst is used In the case of nickel, in the fresh catalystta# nickel exposed
appears as Kliand the amount of metallic nickel species (R on the surface of
the catalyst clearly increase with the number of agles Concerning to the Ru/Ca
and Ni/Ca ratios, a significant increase is obsttwben the catalyst is used for 5 runs
but it could be associated with the dissolution &mel consequent lost of Ca(GQH)
during the reaction. As a result, the Ni/Ca andCRuratio are larger for the used
catalysts. The Ni/Ru ratio is also higher for theed catalysts compared to those
displayed by fresh catalysts. TNERuCa-HT catalyst is not stable in the reaction
medium because the Ca(OH) support is dissolvedduring the reaction as a
consequence of the formation of acidic by-produ¢iewever, when the reuse
experiments were conducteg incorporating fresh Ca(OH), as a sacrificial agent
to replenish which has been solubilised, the glymlyield is stable for at least
three runs and it starts to fall moderately in the fourth difith runs. This behavior is
noteworthy because the few experiments reportatdriterature show a significant
faster deactivation or the catalysts are stablebesause the amount of catalyst or
basic promoter loaded respect to initial sorbitcé &ery high and therefore not
comparable with our results.
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5.8. Conclusions

The main conclusions of this chapter on seéective conversion of sorbitol
to glycols under alkaline conditionsare:

v" When ruthenium is directly supported on an alkaline supprt such as
Ca(OH), a significant increase in the yield to glycols wa®bserved
compared with RUAI-LT catalyst wherein the alkalipomoter was added
separately to the reaction medium. This suggesds ithis important an
intimate contact between the ruthenium speciegtanbasic promoter.

v There is a promoting effect of Ni in RuCa-HT catalgt reaching around
a 40 % of glycols yield after 4 h of reaction. tutd be associated with
the interaction between Ni and Ru species by a chargeransfer
favoring the ruthenium reducibility and thereforbetdehydration of
sorbitol and the subsequent hydrogenation of tteawmated intermediates
formed by retro-aldol condensation to finally praduwselectively glycols.

v NiRuCa-HT was not stablein the reaction medium because its Ca(©H)
support is solubilized during the reactidBut resetting the amount of
support solubilized in each run, the glycols yieldemains almost stable
after five reaction cycles.
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In this chapter we have studied the catalytic &@ytiof nickel catalysts supported
on SiQ (a neutral support), in the direct conversion elfutose to glycols (EG and
1,2-PG) evaluating the promoting effect of W, MadaNb oxides incorporation to
understand the role of these promoters. The ideatibn of the active species in this
reaction was developed by the physicochemical cheniaation of the prepared
catalysts and a study of the activation proceddrth® more active catalyst in this
work is carried out to favor the active phase fdrara Finally, we have evaluated the
stability of the best catalyst in the reaction medby its reutilization.

6.1. Introduction

The search of new sustainable energy and chensocalses is required due to the
decline of oil available reserves and the increpsifitheir demand associated with
lower CQ emissions and a less environmental impact. Lighdose biomass appears
as an interesting alternative as it could replassif fuels because of its high carbon
and hydrogen content in liquid fuels and chemiqatsduction [1, 2]. Lignocellulose
biomass is made up of lignin (15-25 %), hemiceBel¢23-32 %) and cellulose as its
main component (38-50 %) [3, 4]. Currently, celkdois mostly intended to paper,
textile or wood industry, however, the use of delle as a starting material is gaining
importance in many catalytic processes for highwealompounds production [5-7].

Cellulose presents a high crystalline and robustgire which confers it resistant
properties and makes it difficult to be attackeddmsolved in most of the solvents.
Therefore to overcome this drawback, cellulose irequa previous physical treatment
that provides it a higher amorphous character eruge of enzymes, mineral acids or
hot compress water leading to difficulties in prou separation and corrosion
problems [8]. Cellulose conversion generally reggiia first stage of hydrolysis to
produce glucose, which can be transformed by diffeprocesses to obtain a wide
variety of products with a high-added value, as HME its derivatives, levulinic acid
and polyols [9]. Consequently one of the challengfethe last decade is based on the
study of the one-pot conversion of cellulose terest products.
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Our work focuses on the direct conversion of cefiel to glycols (EG and 1,2-
PG). These glycols along with other polyols as gigt erythritol, xylitol, mannitol or
sorbitol display a variety of applications as faadtitives or in plastics, medical and
pharmaceutical industries. Specifically, 1,2-PG dB@ are used as antifreezes,
lubricants, hydraulic fluids or as monomers forrtheplastics synthesis. EG is the one
which presents a larger market with an annual copsion of 20 million metrics tons
mostly for PET production for fibers and bottle®]1Nowadays it is obtained from
petroleum derivatives, in particular from ethyldnea series of reactions as cracking,
epoxidation and hydration. Thus, one of the objestiof this chapter is to develop a
more sustainable process for converting cellulaszty to glycols.

One of the earliest works based on the direct asiwe of cellulose to polyols
was conducted by Fukuoka et al. [11] in which gotband mannitol production was
studied by the hydrolysis of cellulose to glucosd the subsequent hydrogenation to
sugar alcohols. The effect of the metal and thgaeupused was analyzed and they
found that the highest yields were achieved usorglining acid supports with metals
as Pt or Ru and they were also reused in at lbes¢ treaction cycles. The problem
with these catalysts is the use of expensive methish increases the cost of the
process as higher catalyst/cellulose ratios shoeldsed for reach high yields. Polyols
distribution varies with the type of catalyst, tse of additives to the reaction medium
and the operating conditions such as temperaty@soben pressure and substrate
concentration among others [12, 13]. Thus, Zhanglef14, 15] have reported in
pioneering works, catalysts based onGOAor obtain polyols with less carbon atoms
and in particular EG in one-pot reaction with clelée as starting agent. They study the
promoter effect of nickel in these catalysts anglytbbserved that with 2 wt. % Ni-
W,C/AC catalyst a 61 % EG yield is achieved when tveyked at 518 K, 6 MPa of
H, for 0.5 h. In the later studies Zhang et al. [i&Ye reported that the combination of
Raney Ni and HNVO, presents an EG yield of 65 %, which could be dasedt to the
high activity of Raney Ni for hydrogenation and iitertness for further degradation.
These authors [9, 10] suggest that when the coiovers cellulose to glycols was
studied at 6-10 MPa of Hin the temperature range of 503-523 K and ford0lf the
catalysts used can be categorized into two graQps. formed by catalysts based on
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tungsten carbides and phosphides without metalgi@davhich are already active in
this reaction, but glycols yield improve especialligen Ni is incorporated. The second
group would be composed of catalysts based on temgspecies as W, W@nd
H,WQO,, combined with a transition metal and supportedaoninert material as
activated carbon. With both groups of catalystsyigkd reaches a 60-70 % in the best
cases.

By the other hand Park et al. [17] proposed andifpe of catalysts for the direct
conversion of cellulose to glycols. They examin¢add®alysts supported on H-ZSM-5
with different Si/Al molar ratio. Such catalystsepent a 30 % of overall EG and 1,2-
PG yield and a cellulose conversion of 90-96 %.sehauthors subsequently reported
NiW catalysts focusing their study on analyze thifuence of Al molar fraction in
SiO,-Al,0; support. They compare their activity with othemgées of CuW, FeW or
CoW but the best results were obtained with NiWpsufed on Si@AI,O; with a
molar ratio Al/(Al + Si) = 0.6 reaching an EG yietd 23.3 % working at 518 K, 6
MPa of H, for 2 h [18]. Cao et al. [6, 19] have reported gtudy of Ni and W@loads
on SBA-15 in samples of Ni-W{BBA-15 prepared by incipient wetness impregnation
and observe that for catalyst with a 3 wt. % Ni dadwt. % of WQ a 70 % of EG
yield is achieved at 503 K, 6 MPa of, ldnd 6 hours of reaction. Based on the
physicochemical characterization is found that éhisr a strong interaction between
NiO and WQ which promotes the reduction of W@nd restrains the reduction of
NiO.

Although there is a depth study related to reactionditions to obtain the
maximum vyield to glycols, there are few works tleaamine the stability of these
systems in the reaction medium. It is well knowattfor heterogeneous catalysts in
liquid reactions, the stability is one of the masiportant challenges. It has been
observed that these catalysts suffer deactivatiohia general due to the leaching of
metals in the reaction medium [16, 20], thereforen@re systematic study by the
characterization of the deactivated catalyst islireg.
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Despite these results, it still remains unclear thwiethe excellent performance
shown in this reaction is exclusive to NiW catadyst maybe other oxide promoters
similar to tungsten oxides as molybdenum and nimbiwhich provide also acid
character to these catalysts, could have a promefiiect as well. In addition, the role
of tungsten species and the active phase is skithawn in this catalytic system.

6.2. Preparation of the catalysts

The NiSi catalyst has been prepared by incipientness impregnation of an
aqueous solution of Ni(Ng-6H,0 (Sigma-Aldrich) on Si©(208 nf-g ™) to obtain a
catalyst with 5 wt. % of nickel. With the aim ofauating the incorporation effect of a
promoter on NiSi, three more catalysts were alepgred by adding W, Mo and Nb
with an atomic ratio Ni/X (X = W, Mo and Nb) equid 0.63. Firstly, ammonium
tungstate hydrate [(NBhoH2(W-207)e.XxH,O  (Sigma-Aldrich)] and ammonium
molybdate tetrahydrate [(N}#M0,0,4.4H,0O (Sigma-Aldrich)] salts were dissolved in
deionized water and they were incorporated to,S@pport by incipient wetness
impregnation method. Both samples were dried itovn at 383 K for 12 h. Then a
second incipient wetness impregnation of nickealatét hexahydrate [Ni(N£.6H,O
(Sigma-Aldrich)] dissolved in deionized water wasnducted to incorporate Ni
obtaining NiWSi and NiMoSi catalysts. NiNbSi cattlyas prepared with the same
procedure detailed above but niobium (V) oxalatdrate [GoHsNbO,.xH,O (Sigma-
Aldrich)] was dissolved in an oxalic acid solutigh.1 M) before impregnating on
Si0,. Then, it was dried in an oven at 383 K for 12rd aubsequently a second
impregnation of Ni(N@),.6H,O solution to incorporate nickel in the sample was
carried out. Another catalyst named NiWSIi-L wa® geepared by the same procedure
as NiWSi catalyst but in this case, although thi® idi/W = 0.63 was maintained, the
Ni and W content was lower for both metals, 3 wtN¥and 15 wt. % W instead of 5
wt. % Ni and 25 wt. % W. Reference sample of WShewmin nickel is not
incorporated, was prepared by incipient wetness regmmtion  of
(NH_,)10H2(W-07)6.xH,O on SiQ. All catalysts were dried in an oven at 393 K1@rh
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to obtain the catalytic precursors. Table 6.1 idekithe nomenclature and nominal
composition of different catalysts prepared in thegk.

Table 6.1 Nomenclature and nominal composition of the Nix&talysts.

Catalyst Ni content X2 content Ni—/Xa |
(wt. %) (Wt. %)  atomic ratio
NiSi 5 i} i
NiNbSi 5 12.5 0.63
NiMoSi 5 13 063
NiWSi 5 95 0.63
WSi - 25 -
NiWSi-L 3 15 0.63

@ Metal of the oxide promoter incorporated into taalyst (Nb, Mo
and W).
All the precursors were activated Gy calcination under a 20 vol. %,@r flow
of 100 mL.min* at 700 K (heating rate of 10 K.miy for 0.5 h andji) reduction in 5
vol. % Hy/Ar flow of 100 mL.mir* at 873 K (heating rate of 5 K.mif for 0.5 h.
These temperatures were determined by EGA-MS andR-HP experiments
respectively.

6.3. Effect of oxide promoters in the catalytic besvior of nickel supported
on silica samples

Table 6.2 shows the catalytic activity exhibited the different catalysts in the
direct conversion of cellulose to glycols. Firsttile reaction was conducted without
catalyst (blank experiment) to evaluate the hydwottal contribution under our
reaction conditions. A 94.3 % of cellulose convemsivas achieved. The high value for
cellulose conversion under these conditions mayie to HO" ions formation at
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temperatures above 473 K and under hydrogen peesapable of promoting cellulose
hydrolysis [17, 18]. However, glycols yield was ydow (13.2 %) due to by-products
formation in absence of catalyst. Thus, the use ahetal catalyst to improve the
selectivity to our interest products is required.

Table 6.2 Catalytic behavior of Ni-based catalysts in direellulose conversion to glycols.
Reaction conditions: 0.5 g cellulose, 30 g410.1 g catalyst, 5.0 MPa,H618 K, 2 h and 700
rpm.

X Yield (%)
Catalyst zg}ou)'m : . .
Glycols® Sorbitol Glucose Glycerol PA° Others
Blank 94.3 13.2 7.9 0.0 1.9 1.4 4.8
NiSi 100 19.7 16.6 3.9 3.1 2.4 0.0
NiNbSi 100 19.6 8.4 3.5 1.4 15 3.5
NiMoSi 100 19.6 25 5.2 1.0 0.3 4.0
NiWSi 100 53.1 3.6 51 1.6 2.3 7.6
WSi 100 11.6 0.0 3.2 3.9 0.0 0.0
NiWSI-L 100 21.0 0.0 4.3 3.4 0.0 4.3

dlycols: 1,2-propanediol and ethylene glycol.
Ppolyols; xylitol, ribitol and erythriol.
‘others: sorbitan and ethanol.

NiSi catalyst reaches a cellulose conversion vatid00 %, however only
slightly improve in glycols yield (19.7 %) comparedth blank experiment was
observed. This catalyst exhibits the best sorlyiteld (16.6 %) and lower yields to
other products such as glucose, glycerol and qibbrols. To improve the glycols
yield, the addition of oxides promoters with acid baracter (Nb, Mo and W)
has been explored.In these cases with NiNbSi, NiMoSi and NiWSi cgsa$ a
total cellulose conversion is also achieved aftérdf reaction, whereas the glycols
yield is significantly higher for NiWSi catalystaehing a 53.1 %. In contrast, the
other two oxides, Nb and Mo, do not show an indrepdn the glycols yield and
thus no promoting effect to NiSi catalyst was obedr Therefore, the most
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significant difference was th#tere is a synergic effect in NiWSi catalyst thaed
not occur in the other two samples.

Since NiWSi catalyst has shown this particularhoddehavior to glycols, it
seems reasonable to test the Ni free WSi catalysteterence. For this sample,
glycols, glucose and glycerol were the only produdétected. The glycols yield
was as low as that for blank experiment. Finallyother catalyst with the same
Ni/W atomic ratio (0.63) but with less amount oftlvanetals (3 wt. % nickel and
15 wt. % tungsten) was prepared (NiWSi-L) for compg This catalyst also
reaches a 100 % of cellulose conversion, being anBl % the glycols yield and
any sorbitol was obtained.

Summarizing, thecombined presence of metallic nickel and a particalr
tungsten oxide promoter with high metal loads are equired to get a synergic
effect betweenthem which allows achieving high glycols yield the direct
conversion of celluloseNiWSi catalyst presents the best catalytic behavior
reaching a 53.1% of glycols yieldvhereas the catalysts without nickel or tungsten
display lower yields to glycols. To explain the agtic behavior observed, the
physicochemical characterization of the differeaitatysts was carried out.

Figure 6.1.a. shows th€RD patterns of the fresh catalysts All the catalysts
exhibit a broad XRD peak corresponding to the arhoys SiQ at = 22° (2,
JCPDS 75-1544) used as support. NiSi sample alsovesth the characteristic
diffraction peaks of metallic nickel phase & 2 44.6, 51.3 and 76.1° (ACPDS
03-1043). NiNbSi diffractogram presents also matalickel diffraction peaks
along with peaks associated to b crystalline phase at62= 22.5, 28.4 and 36.6°
(5, JCPDS 27-1312). NiMoSi catalyst displays diéfran peaks attributed to MgO
phase at@= 26.9, 36.6 and 53.4° (BCPDS 78-1072) and a small contribution of
NiO phase at@2= 43.3° (4JCPDS 04-0835) was also detected. Diffractogram of
NiWSi catalyst shows great differences, where tle@nnpeaks of W@phase at @
= 23.3, 36.9 and 54.0° (JCPDS 82-0728 ) appear along with a smaller peak of
NiO and with peaks corresponding to the formatiba mew phase of NiWOat 2
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= 30.9, 36.6 and 54.6° (8CPDS 15-0755).
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Figure 6.1.X-ray diffraction patterns of the NiXSi a) freshchh) used catalysts; where (1)°Ni

(JCPDS 03-1043), (2) SKQJCPDS 75-1544), (3) Mo@JCPDS 78-1072), (4) NiO (JCPDS

04-0835), (5) NBOs (JCPDS 27-1312), (6) WQJICPDS 85-0807), (7) WAICPDS 82-0728),
(8) NiWQ, (JCPDS 15-0755) and (9) MgQICPDS 09-0209).

Comparing this spectrum with that obtained by idtroing lower metal
loading (NiWSI-L), it shows that along with the freaf NiO, appear other peaks
associated to WOphase at @=23.9, 22.7 and 33.1 (6, JCPDS 82-0728) and, WO
but less intense than in NiWSi catalyst. The presasf NiWQ, was not detected in
NiWSIi-L sample. Finally, WSi catalyst presents affrdctogram in which
crystalline phases of Wg6) and smaller peaks of W@7) can be observed.
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Therefore, in view of the diffraction patterns dfetfresh catalysts it can be
concluded thatfor NiWSi catalyst after the activation procedure he mixed
oxide NiWO, is formed while no mixed oxides have been detectand NiMoSi
and NiNbSi catalysts Moreover, for NiWQphase formation, a high amount of Ni
and W is required. Finally, by increasing the niclaading, the tungsten oxides
reducibility from WQ to WO, is favored which can be inferred by the peaks
intensity of these phases.

Figure 6.1.b. showsXRD diffraction patterns of NiXSi used catalysts
NiNbSi presents a very intense reflection for mletahickel (1) indicating that
sintering of nickel particles takes place during treaction. Diffraction peaks
associated to NWs phase were more intense than in fresh catalystetls NiMoSi
used catalysts shows mainly Mp(3) peaks and also shows some peaks associated
to MoO; at @ = 22.7° (9, JCPDS 09-0209) and NiO (4). Howevee most
significant results were obtained fbliiWSi used catalyst which shows a drastic
change in the diffractogram Peaks corresponding to W@hase (7) decrease and
most of the observed peaks were assigned to NiW(hase (8) which was
already detected in the fresh catalyst.

Accordingly to the X-ray diffraction results of fresh and used catalysts, it
was suggested that the formation of the mixed oNd&O, in the NiWSi catalyst
could be the responsible of the excellent catalytiperformance shown by this
catalyst in the direct cellulose conversion to glgc

X-ray photoelectron spectra of the NiXSi promoted atalysts were carried out
with the aim of identifying the oxidation state thie chemical species present in their
surface. Figure 6.2 shows the Ni 2p, Nb 3d, Mo B8d W 4f regions of the spectra
obtained. These samples were taken to analyzedctsne to avoid direct contact with
air.

For Ni 2p core levelseveral contributions are observed. One arounds8&y
was associated with the presence of metallic nicmcies (W) and a second
contribution centered at 855.5 eV correspondinblifd species in nickel oxide [21,
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22, 23], which are observed with different inteiestin all the catalysts.
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Figure 6.2.Ni 2p, W 4f, Mo 3d and Nb 3d XPS spectra obtaiftedhe NiXSi activated
catalysts.

Moreover, it is necessary to emphasize a third aomept at 857.7 eV for
NiWSi catalyst which is associated with?Nspecies in NiW@ mixed phase [24].
This component was not observed in NiIWSI-L catalysich was prepared with
the same procedure but varying the Ni and W con@mit. % Ni and 5 wt. % W).
Furthermore, in this sample \Nand N#* contributions are slightly shifted to higher
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binding energies, 852.7 eV and 856.0 eV respectivebr NiMoSi and NiNbSi
catalysts, besides Niand Nf* contributions, any component corresponding to a
mixed oxide phase was not detected in these samplesidition, all spectra show
primary satellite peaks close to 861 eV due to shak electrons [23] but this last
peak is not relevant to the discussion and it mall be paid more attention.

For NiNbSi catalystNb 3d region showed one contribution at 207.2 eV due
to 3d,level of Nb>* species, and a second contribution at 2.8 eV filoenmain
level attributed to Nb 3g level for this same oxidation state [25]. It ixaesary to
remember that by XRD there were only detected alifiion peaks of N5
crystalline phaseMo 3d region was also displayed for NiMoSi catalyst, where two
peaks at 228.8 eV and 232.2 eV associated with* \MoO,) and MJd* (MoQs)
species respectively were observed [26]. Two ma&kp were also deconvoluted
for Mo 3d;2region separated 3.15 eV higher than the main Mg Beyion. Finally
and concerning to NiWSi catalysty 4f region was also analyzed showing three
contributions, it means three bands for W,4dnd three more for W 45. The first
one at 32.4 eV associated td" WWO,), a second one at 36.3 eV due t6"\WO;)
species and a third contribution at 35.0 eV whishassociated to ¥ in the
NiWO, mixed oxide phase [24]. The Ws#flevel contributions shifted at 2.15 eV
were also shown in the deconvolution. However, KiWSi-L catalyst only one
component at 36.3 eV due to®V$pecies in W@was registered in W 4§ level along
with its corresponding contribution in Wséflevel shifted 2.15 eV.

These results are consistent with XRD results shatvn theNiWwO 4 presence
in NiWSi catalyst. This gives additional supportth@ hypothesis that thighase is
the responsible of the good catalytic behavior obseed in the direct
conversion of cellulose to glycolsMoreover, the same catalyst prepared with
lower metal content (NiIWSI-L) in which no NiW(pbhase was detected by XRD
and XPS experiments displayed a glycols yield igaintly lower.

It would be expected that the promoter effect wae tb the higher acidity
after the tungsten incorporation but attending le tatalysts characterization
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NiWO, formation in the NiWSi catalyst surface is confadh It was shown that the
oxide promoter or the acidity provided by its pmeseis not the responsible for the
catalytic performance of these NiXSi catalysts lusea for the other oxide
promoters (Nb and Mo) this effect has not been nlkexk The good catalytic
behavior of NiW catalyst supported on different gots has been reported [9]. To
our knowledge is the first time that clearly theeggnce of NiWQ mixed oxide
phase has been associated with the good catalyttaviior in the direct
transformation of cellulose to glycols. Therefottee objective is to evaluate how
we can promote through the activation process themaount of this NiWQO,
mixed oxide Accordingly to this proposal, a study of the retlon and calcination
temperatures and their effect to this phase fomnatyiill be determined in the next
section.

6.4. Effect of the activation procedure on the catgtic behavior of NiWSi
catalyst

To promote the amount of NiWOmixed phase presumably responsible for
the good catalytic behavior shown by the cataly8t/8i, we have studied the
catalyst activation procedure. First, the calcimattemperature was maintained at
700 K while the reduction temperature was changedchoose appropriately the
different reduction temperatures, TRR-H, experiment with NiWSi catalyst was
carried out (see Figure 6.3). In this figure arepthyed those signals which
experimented variations during the heating of thkioed sample from 273 K to
1073 K by passing a stream of 100 ml.thimith 5 vol .% H/Ar. These variations
were observed in sighai/z= 2 corresponding to the,ldonsumptionm/z= 18 due
to H,O released as product of catalyst reduction and=28 associated with CO
emission. In view of the profiles obtained for Ebnsumption and # removal,
748, 873 and 998 K were selected as reduction temmgwires. Thus, the
activation of NiWSi catalyst consists of a calcinatstep for 0.5 h with a flow of
100 ml.min" of 20 vol. % Q/Ar followed by a reduction procedure at each afs
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temperatures for 0.5 h with 100 ml.rfirflow of 5 vol. % H/Ar. The three
activated samples were labeled as NiWSI-700-Y, whé&00 indicate the
calcination and Y the reduction temperatures.

5E-5 a.u.
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873K

M
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‘]fir_(x_f)/’_/\

28Ir (X.S) | ' ' | | ' | '
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\-—.—

Figure 6.3. TPR-H, profile of NiWSi catalyst.

The NiWSi catalyst reduced at different temperaturesas studied in the
direct conversion of cellulose to glycolsinder identical reaction conditions than
in the previous section. The results are shownigure 6.4. Cellulose conversion
was 100 % in all the cases and the most significkffiérences were observed in
products yield. When the reduction temperature imaseased from 748 K to 873
K, a significant increase in glycols yield is obgsdt going from 27.3 % to 53.1 %.
However, if we continue increasing this reductiemperature to 998 K, the yield
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Thereafterthe physicochemical characterization by XRD and XPS othese
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three fresh and used catalysts was conductedFigure 6.5 shows the
diffractograms obtained b}RD for the NiWSi catalysts at different reduction
temperatures.
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Figure 6.5.X-ray diffraction patterns of a) fresh and b) usdd/VSi catalyst activated at
different reduction temperatures; where (4) NIORDS 04-0835), (6) WQ(JCPDS 85-0807),
(7) WO, (JCPDS 82-0728), (8) NiWJCPDS 15-0755) and (10) W (JCPDS 04-0806).

In Figure 6.5.a, spectra of fresh catalysts arepldigd indicating the
diffraction peaks corresponding to different phasdfie numbering of the
crystalline phases is the same that was used prelyion Figure 6.1. The NiWQ
phase (8) was just observed in NiWSIi-700-873 catatyt not on those activated
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at higher and lower temperatures. The rest of pedksected in these
diffractograms correspond to W@6), WG, (7) and W (10) crystalline phases,
favoring the formation of the latter as reducti@mperature increases. It is also
shown in the three catalysts a NiO (4) peak atrayleaof 43.4°. Figure 6.5.b shows
the diffractograms of these three catalysts aftaction. In comparison to the fresh
samples it is necessary to point that after reactidiwO, phase (8) was the
predominant, independently of the reduction tempueeaused in the activation
process. In addition, for NiWSIi-700-873 used cathome peaks corresponding to
WO, are identified and in catalyst NiWSi-700-998 reddiat higher temperature,
peaks of WQ@and metallic W are also clearly observed. But ¢hpsaks of metallic
W are more intense than in the fresh catalyst duthéir agglomeration passing
from a particle size of 7.6 nm to 23.8 nm afterctesn. Considering these results,
it seemsthat NiWSIi-700-873 catalyst, in which the phase Ni\WW, is already
formed after the activation procedure, is the mostactive in the direct
conversion of cellulose to glycolsvith yields of 53.1 % after 2 h.

Photoelectron spectroscopywas used to elucidate the chemical nature of the
nickel and tungsten species on the surface of ystmlreduced at different
temperatures. Figure 6.6 shows the Ni,2and W 4f core level spectra and Table
6.3 summarizes the binding energies along with Nal&mic ratios of the NiWSi
catalysts. In Figure 6.6.a thMi 2pz, level for NiWSi catalyst reduced at
different temperatures are shown to evaluate the presence of Ni\g@ase on the
samples surface. All the catalysts present the fomponents or peaks previously
assigned and therefore it will not be repeatedrapare. However, it is necessary
to highlight that the intensity of the peak asstaiawvith NiWQ, phase at 858.0 eV
in NiWSIi-700-873 sample, is the highest compareth&other catalysts reduced at
minor (748 K) and higher (998 K) temperatures.

To complete these analyzes the corresponding specaf W 4f level for
these samples were displayed in Figure 6.6.b. #tppreciated that as temperature
increases, reduction of tungsten oxides is favopedsing from W@ species
present in NiWSi-700-748 catalyst at 36.3 eV, toteomponents at 36.3 eV
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(WO3) and 32.4 eV (WQ) in NiWSIi-700-873 catalyst. Whereas in NiWSi-70989
catalyst, in addition of W@and WQ species, the majority component is shown at
31.2 eV due to Wspecies as it was exhibited by XRD experiments ttBy other
hand, all samples present a component at 35.0 e/ tduNiWQ, phase being
predominant, as seen in Nigpegion, in NiWSi-700-873 catalyst.
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Figure 6.6.Ni 2p (a) and W 4f (b) XPS spectra obtained foMSi catalysts reduced at
different temperatures.

Moreover theNi/W atomic ratios of these three catalysts are compiled in
Table 6.3, in the three first rows, where the valaee slightly higher than nominal
(0.63). Thus,it seems to be a direct relationship between the pdominant
presence of this phase in fresh catalysts with thimcrease of yield to glycols
Therefore NiWSIi-700-873 catalyst which displayeeé thajority presence of this
phase observed by XRD and XPS experiments, showeetighest yield to glycols.
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Table 6.3 Ni 2p;;, and W 4%, binding energies (eV) and Ni/W atomic ratios dedveom
XPS data for NiWSi activated catalysts.

BE (eV) Ni/W
Catalyst atomic
Ni 2ps3» W 4f,, ratio
852.3 (27)
NIWSi-700-748  855.8 (39) gg'g g% 0.784
858.0 (16) “°

852.3 (35) 32.4 (20)
NiWSi-700-873 855.1(35) 35.0(22)  0.735
858.0 (21) 36.3 (58)

31.2 (33)
32.4 (16)
35.0 (17)
36.3 (34)

852.7 (33)
NiWSi-700-998 856.0 (35)
858.0 (21)

0.881

852.8 (26) 32.4 (4)
NiWSi-800-873 855.3 (26) 35.0(32)  0.850
857.3 (27) 36.3 (64)

852.7 (32) 32.4(8)
NiWSi-900-873 856.0 (46) 35.0(20)  0.932
857.8 (12) 36.3 (72)

The values in brackets refer to the percentagsach species.

Considering the results above, the following stigdipased on thafluence of
the calcination temperature in the formation of this NiWO, phase conducting
the reduction of the samples at 873 K as it wasdétermined optimum reduction
temperature. In Figure 6.7, tE&SA-MS profile of NiWSi catalytic precursors is
displayed. The sample was calcined under a 20%0D,/Ar flow of 100 ml.min*
heating at 10 K.mih from 273 K to 1073 K. The signals displayed are m/18
due to water elimination, m/z = 28 and m /z = 44casated with CO and CO
released and m/z = 30 relative to nitrates decortiposof the precursor and the
consequent oxides formation. A nitrate decompositpeak was shown around
565-570 K along with the corresponding peak of wagkemination. This profile
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indicates that precursor was completely decompase®73 K. Consequently,
NiWSi calcinacion temperatures were selected at 70K, 800 K and 900 K
previously to a reduction step at 873 K. The catslywere labeled as NiWSi-700-
873, NiWSi-800-873 and NiWSi-900-873 and they viniéd examined in the direct
conversion of cellulose to glycols.
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Figure 6.7.EGA-MS profile of NiWSi catalyst.

In Figure 6.8 is shown the catalytic activity of W&i samples calcined at
different temperatures in the direct conversiorcelfiulose to glycols at 518 K, 5
MPa of H, 700 rpm for 2 hours.
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is calcined at higher temperature (900 K), glycgisld decreases to 43.8 %
possibly due to sintering of nickel particles dgrithe calcination process at such
elevated temperature. Other minor products as twdrlwther sugar alcohols such

as xylitol and erythritol, glucose, glycerol anchahol are also obtained in the
presence of these three catalysts.

Subsequently and in a similar way that for catalystduced at different
temperaturesthe physicochemical characterization of these catgdts calcined
at different temperature was conductedto establish the presence of the active

phase NiWQ and its correlation with the catalytic behaviorogm by these
catalysts.
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Figure 6.9.X-ray diffraction patterns of a) fresh and b) usddVSi catalyst activated at
different calcination temperatures; where (4) NIGRDS 04-0835), (6) W{JCPDS 85-
0807), (7) WQ (JCPDS 82-0728) and (8) NIW@ICPDS 15-0755).
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Figure 6.9.a shows thdiffraction patterns of the fresh catalysts NiWSi-
700-873, NiWSIi-800-873 and NiWSIi-900-873. It is ebsd that as the calcination
temperature is increased in fresh catalysts, ttemgity of WQ (7) peaks decreases
while WO, (6) species are intensified. A component registeapound 8 = 43°
corresponding to NiO (4) is also observed. TH#&/ O, species also appear in the
three catalysts without significant differences inintensity. By the contrary, in
Figure 6.9.b corresponding tessed catalystsafter 2 h of reaction, the diffraction
patterns significantly change compared to freskalgats. Themajority of peaks
observed are associated with NiWQ phase and they are more intense in
catalysts calcined at lower temperaturesi.e. NiWSi-700-873 and NiWSi-800-
873 catalysts.

Figure 6.10 displays theX-ray photoelectron spectra of the catalysts
calcined at different temperatures Figure 6.10.a showsi 2ps, level spectra and
as it have been mentioned above four componentdeteeted in this region which
have been previously associated with the diffesp®cies of nickel on the surface.
The most relevant component in this study is thekpidnat appears around 857.7
eV which is assigned to Nispecies ifNiWO, phase When the intensity of this
component is analyzed, it is appreciated thas imore important in catalysts
calcined at lower temperaturesbeing almost similar for NiWSi-700-873 and
NiWSi-800-873 samples.

These results are confirmed by the4f level evaluation represented in Figure
6.10.b. In this region, one component at 32.3 elfeigicted due to the WG pecies
which decreases as the calcination temperaturecasess. Besides, other two
components are recorded, one at 36.3 eV assoonatedVO; present in the three
catalysts and another one at 35.0 eV duRiWO , phase[24]. As it was observed
for Ni 2p level, this componems$ greater in NiWSi-800-873 catalystThe binding
energies of Ni 2p, and W 4f,, levels of the catalysts calcined at different
temperatures are compiled in Table 6.3 (see rowsdhd 5). Moreover in the last
column of this table, the Ni/W atomic ratios ardlected. The trend is that higher
temperatures of calcination, higher Ni/W atomigaare shown.
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Figure 6.10.Ni 2p (a) and W 4f (b) XPS spectra obtained foMSi catalysts calcined at
different temperatures.

Finally, Table 6.4 shows the binding energies of2gi,, and W 4f,, levels
and Ni/W atomic ratios of used catalystsactivated under different conditions, it

means by varying the calcination and reduction emaure.

In comparison with fresh catalysts it must be pednthatmetallic nickel species
are not present in used catalystand uniquely Ni is detected as NiO and NiWO
around 855.5 and 857.7 eV respectively. In \W-4dével, only a peak around 35.7 eV
is represented which should be associated % iWNiWO, phase which would be
agree with the XRD data. Concerning to tié/V atomic ratios, a clearincreaseis
observed for theused catalysts compared to the fresh samples. One possible
explanation could be that during the reaction thregsten species sintered to a greater

extent than nickel species.
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Table 6.4.Ni 2ps;, and W 4%, binding energies (eV) and Ni/W atomic ratios dedveom
XPS data for NiWSi used catalysts.

Catalyst o= (€0 b
Ni 2pg2 W 4, atomic ratio

N 855.9 (45)

NiWSi-700-748 857.4 (30) 35.7 (100) 0.985

N 855.8 (37)

NiWSi-700-873 857.6 (33) 35.5 (100) 2.610

N 855.9 (51)

NiWSi-700-998 857.9 (21) 35.7 (100) 3.528

N 855.5 (39)

NiWSi-800-873 857.6 (29) 35.4 (100) 1.949

N 855.7 (46)

NiWSi-900-873 857.9 (21) 35.6 (100) 1.381

The values in brackets refer to the percentageof especies.

We can conclude thaturing the reaction there is a transformation of the
W and Ni species into NiWQ phaseand metallic Ni is not present in the used
samples.This will be discussed later in the stability sesliin the following
section. After this optimization studthe catalyst which displayed the majority
presence of NiWQ phase (NiWSi-800-873) is the one which shows theghest
glycols yield in the direct conversion of celluloseeaching a value of 56.4 % after
2 h of reaction. Thus, these data suggest a diedationship between the presence
of NiWO, phase and the best catalytic performance obse@gade identified the
active phase in NiWSi catalysts and optimized tl&vation process, it seems
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necessary to study an important catalytic propehty,catalyst stability.

6.5. Stability of NiWSi-800-873 catalyst

NiWSi-800-873 catalyst was selected for this stumbcause it showed the
highest formation of NiW@phase in its structure and presented the beslytata
performance in the direct conversion of cellulosegliycols.

100

90

80 -
70 -
60 -

50 -

Glycols Yield (%)

40

30

20+

10

Run numbers

Figure 6.11.Glycols yield in the reusability study of NiWSi-8@7Y3 catalyst. Reaction
conditions: 0.5 g cellulose, 30 g®, 0.1 g catalyst, 5.0 MP&}b18 K, 2 h, 700 rpm.
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To study its stability in the reaction medium, aiag of experiments for the
recovery and reuse the catalyst were conducted.r@aetion conditions were the
same, 518 K, 5 MPa of ;4700 rpm and during 2 h. After the reaction amdeo
the reactor was cooled, the liquid products obthiveith the catalyst were
centrifuged. Then, the reaction liquid was cargfséparated from the catalyst and
it was analyzed by high resolution liquid chromatqghy. The recovered catalyst
was dried and tested without washing in the follogvcycle. Figure 6.11 shows the
catalytic activity shown by NiWSi-800-873 catalydter 5 reaction cycles with the
procedure described above.

It is observed that although cellulose conversori00 % in all the cycles,
the catalyst slowly deactivates during the secondun and it already undergoes a
significant glycols vyield drop in the third reaatiocycle and tends to the
autocatalytic reaction values(see blank experiment in Table 6.2). It is thought
that the main cause of deactivation could be theHag of nickel and/or tungsten
species present in the catalyst or dissolutionhef $iQ support in the reaction
medium. Thereby, theeaction liquids after each run were analyzed by Ttal
Reflection X-ray Fluorescence (TXRF) In Table 6.5 are collected ttenounts
of Ni, W and Si detected in the reaction liquidsafter each run and the total
amount for NiWSi-800-873 catalyst.

Thesilica lossdetected during the first two rumsas significant along with a
more moderate leaching of nickel and tungsten spexs After the third reaction
cycle the losses of the three elements were leg®ritant. By comparing these
results with those represented in Figure 6.11,a$ whserved that it is in the third
run when the most important catalyst deactivatioouos and thereafter the activity
drops and remains around 16-18 % of glycols yigéhis suggests that much of the
activity can be due to catalyst species leachindidbmogeneous contribution. To
strength this hypothesis, tihecovered catalyst after the fifth run, once separated
from the reaction liquid, is washed with water teviand then it was dried overnight
in an oven. Subsequently, was regenerated by calcination at 800 K and
reduction at 873 K This solid was tested in cellulose conversiomgliaols (r6 in
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Figure 6.11) and it is noted thahe catalyst slightly recovered its activity
reaching a glycols yield of 18.8 %, which was atleabtained in run 4. However,
this reactivation may be underestimated due to raportant catalyst loss by
lixiviation during the reutilization and regeneratiprocedure.

Table 6.5.Leaching of Ni, W and Si in the liquid phase aftiee recycling tests.

Run Ni (mg) W (mg) Si (mg)

1 0.22 0.94 11.32

2 0.20 0.56 13.22

3 0.05 0.18 2.79

4 0.05 0.07 0.84

5 0.06 0.09 0.42
Total  0.58(11.6 %) 1.84 (6.9 %) 28.59 (39.7 %)

The values in brackets refer to the percentageaoh element
that have been leached during the 5 runs in referdn the
initial amount loaded.

Thus, the main catalyst deactivation cause is the leaching oits
components while the oxidized state of nickel and tungstpaaes on the catalyst
surface seems to be less relevant. THYESi catalysts are not hydrothermally
stable under the reaction conditions and metal andupport leaching occurred

6.6. Conclusions

The main conclusions of this chapter on tleect conversion of cellulose
to glycols over nickel supported on silica catalystare:

v It has been identified aynergic effect between the nickel and tungsten
speciesin NiWSi catalysts. The promoter effect of addiwgto NiSi catalyst
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was not due to the presence of the acid promatelf iit wasattributed to the
NiWO 4 mixed phase formation in this samplewvhich has been detected by
X-ray Diffraction and X-ray Photoelectron Spectrgsy.

v It was confirmed that in those catalysts whereftimmation of NiWQ phase
was favored, were those that displayed the highlsbls yields. Therefore,
the active specie in the direct conversion of cellnse to glycols is NiIWQ,
beingNiWSIi-800-873 the more active prepared catalysh this work.

v Attending to the catalysts stability, the NiWSi-8803 catalyst can only be
reused during two reaction cycles since it was tileted due tanetals and
support leaching in the reaction medium
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In this chapter, different NiW and PtW based cattslyhave been prepared
modifying some parameters as the Ni/W atomic rdhe, starting precursor salts, the
preparation methodology, the support and the hyafrating metal to be studied in the
one-pot or direct conversion of commercial cellelo® glycols. Firstly, a brief
introduction is given in which the catalytic systemsed in this reaction as well as
those employed in the direct conversion of lignlbese to glycols are discussed. The
preparation and the activation procedures of a@l shmples are described and the
results obtained by the physicochemical chara@toia of the activated catalysts are
discussed.

After performing the catalytic activity measurengrihe most active catalysts in
the direct conversion of commercial cellulose tgcgls are subjected to a stability
study to assess whether they can be reused in timaneone reaction cycle without
deactivation. Finally, the catalytic activity of ebe systems is analyzed in the
conversion of real lignocellulose to glycols evdilug the use of differergxsituinsitu
biomass pretreatments in the overall glycols yashieved.

7.1. Introduction

The current problems associated with oil dependetifeylower existing reserves
and the environmental concerns due to high @@issions is promoting the search for
new sources for chemicals and fuels production. égnihvem, lignocellulose biomass
is the most attractive alternative because ofbtsndance, wide dispersion throughout
the world and its high carbon and hydrogen confted]. The conversion of biomass
into intermediates is becoming very important tpecavith the energy demand while
emissions of greenhouse gases are minimized. Timsemediates could replace
petroleum-based feedstock’'s to produce fuels agth hdded value chemicals in a
biorefinery. Moreover it should be noted that ligallulose biomass is the only
renewable and inedible carbon source that it doesampete with feed.

The lignocellulose biomass is a mixture of strugtwarbohydrates, among which
cellulose represents 38-50 % whereas hemicellutobetween 23-32 % and aromatic
polymer lignin with a concentration oscillating 46-25 % [5-8]. Cellulose is a
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biopolymer of D-glucose units linked b¥-1,4-glycosidic bonds with a degree of
polymerization in the range of 10000-15000. Howewespite the large number of
hydroxyl groups present in the cellulose, is diffico dissolve it in water and other
solvents due to its highly crystalline structured aihe strength of their inter-and

intramolecular bonds [2, 8, 9]. Hemicellulose cstssiof long chains of hexoses and
pentoses and therefore it is easier to attack.ifigna tridimensional polymer which

maintains cellulose fibers together and makesatiffithe conversion of the same.

Thus, the challenges in the catalytic conversionetiulose go towards finding a
friendly process as currently mineral acids, enzgjmienic liquids, supercritical
solvents are used to promote its conversion ansepteproblems related to products
separation and corrosion [10]. Another importaninpas the fact that to achieve
cellulose attack, strong reaction conditions areded meaning that the conversion
thereof is improved but the selectivity to interpsbducts decreases [11]. Finally, it
would be interesting to convert in one step realrzss to interest products although
normally biomass treatments to achieve its deligaifon to facilitate its conversion
are required [12].

In recent years, there have been significant effartachieve the direct conversion
of lignocellulose biomass or cellulose into a vigrief products as HMF and its
derivatives, levulinic acid, gamma-valerolactonelypls, lactic acid, etc [13]. This
chapter focuses on the study of glycols (EG, 1,2a#@ 1,3-PG) production as they
are important commodities. Currently their obtainindepends on oil reserves so it
would be interesting to produce them by a more renmentally-friendly alternative
source [14].

Fukuoka et al. [15] reported in a pioneering wohle tdirect conversion of
cellulose to sugar alcohols such as sorbitol andinial using supported metal
catalysts. More recently, some works have evoleegiccomplish direct conversion of
cellulose to glycols, polyols of fewer carbon atorfikerefore, these works focus on
the use of catalysts based on the combinationhgfdaogenating metal (mainly Ru or
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Ni) with acidic species which promote initial cétige degradation being those derived
from tungsten the most used so far.

Wang and Zhang [12, 13] suggest that the conversfonellulose should be
carried out in the presence of pressures of 6-10 MPa, at a temperature rangé3f 5
523 K and for 0.5-4 h to produce glycols. In aduiti the active catalysts can be
classified in two groups. One formed by tungsterbides and phosphides adding a
metal as nickel and a second group composed di/ststdased on tungsten species as
W, WG;, H,WO,, etc, combined with a transition metal supportedo inert material.
With these catalysts glycols yields of 60-70 % hbgen reached in the best of cases.
Thai et al. [16] studied the cellulose conversiorglycols in the presence of a binary
catalyst of Raney Ni and tungsten acid and aftértD.of reaction the cellulose is
completely converted registering a yield of 65 %€®. Zhao et al. [17] propose the
use of catalysts based on WP supported on AC aily ¢he addition of nickel. With
these systems and under 518 K, 6 MPa ofad 0.5 h, they obtained a 46.0 % and 6.4
% of EG and 1,2-PG respectively for a celluloseveosion of 87.3 %. Zheng et al.
[18] analyzed combined Ni and W catalysts suppored SBA-15. Under their
operating conditions, they recorded yields of 76 &G for a total conversion of
cellulose. There are other studies in which the afsether metals as ruthenium is
evaluated in this reaction. Thus, Wang et al. [@t@Hdied the cellulose conversion in
the presence of ruthenium catalysts supported oggaitungsten acids and after 4 h of
reaction under 4 MPa ofHat 518 K a 50.2 % EG yield is reached for a 96.2f%
cellulose conversior.iu et al. [20]evaluate the W@incorporation into the reaction
medium when studying the cellulose conversion egresence of Ru/C catalysts and
they observe that the EG yield is favored reaclingB.9 % after 0.5 h. In all these
works, EG is mostly obtained as final product, heeveXiao et al. [21] propose the use
of CuCr based catalysts for this reaction by add@agOH) to the reaction medium.
Thereby not only EG but 1,2-PG yields are increaseaiching values of 31.4 % and
42.6 % to these products.

However, although the glycols yields obtained goed, there are few existing
works concerning to the stability and the reusehef catalysts under the reaction
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conditions employed. Wang and Zhang [12] studystiability of two catalysts one of
W,C and other of Ni-WC and observed that they are not stable in thedhytalr
hydrogenation of cellulose because the yield ofdE@ps with increasing the number
of cycles and more drastically from the fourth rdrhey think that the catalysts
deactivation is due to the oxidation of tungstembicke and nickel sintering. The
regeneration of these catalysts inatimosphere at 823K for 2 h allows partial recovery
of its activity. Rataboul et al. [22] study the algtic activity of a platinum catalyst
supported on tungsten alumina in cellulose coneertd 1,2-PG and acetol undes H
pressure at 463 K. After 24 h of reaction, a yieidlO % is reached but they analyze
the used catalyst and observe by elemental anay&sching of Pt and W with a
slight increase in particle size as determined ByMTexperiments. Therefore, they
perform a second reaction cycle but reactivatiregddtalyst at 573 K for 2 h undeg H
atmosphere, a drop in the conversion of cellulase ia the products yield is still
observed. Claus et al. [23] also study the staghilita Ni/W/AC catalyst in the direct
conversion of cellulose to EG, 1,2-PG and sorkitet98 K and 6.8 MPa of Hor 3 h.
Under these conditions, an overall yield of 77.8s%eached, however they reuse this
catalyst and observe that its activity falls in ssgond run and drops more intense after
the third cycle. They try to regenerate the catabysreduction in H but it does not
recover its activity. The causes of its deactivatwe due to a significant leaching of
nickel and tungsten species determined by ICP. Tihweddition to the sintering of the
metal used in these systems which causes a pasirdeincrease, the main cause of
catalyst deactivation in the cellulose conversiongtycols is the leaching of its
constituents. Therefore, it is interesting to fiadtive and stable catalysts for this
reaction avoiding their deactivation.

Besides all these studies, there are alreadydratiitre some works based on the
direct conversion of real biomass as starting netatgeproduce glycols because these
processes could compete with the existing procedireobtain them. Most of these
works focus again on the use of nickel catalystalined with tungsten species. In
them, different types of biomass are generally ettbd to a previous pretreatment to
delignify it and to promote their sugars attackndPat al. [24] analyze the corn stalk
conversion in the presence of Nif/catalysts pretreating this biomass with NaOH,
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H.O, or NH; to achieve yields of 18.3 % and 13.9 % to EG a@ePLG. Sun et al. [25]
study this same type of biomass by treating ittep® explosion and with NaOH with
Ni/W,C supported on AC catalysts reaching yields to E@06 after 2 h of reaction.
With such catalysts, Li et al. [26] report yields5d.4 % and 14.2 % to EG and 1,2-PG
using birch biomass as starting reagent. Zhou ef2al] evaluate the Jerusalem
artichoke stalk conversion treating it with liquibt water with Raney Ni catalysts
combined with W@ and under their operating conditions they acheeweeld of 43.9

% to glycols. In general, when real biomass is eygd as reagent a prior pretreatment
of the same is required. Conventional treatmenhiagand the procedures performed
to date present certain drawbacks related to dormoand pollution and in the
separation of the fractions obtained. Thus, itasassary to look for new processes in
which these problems are minimized.

Although they have been already described in liteeaactive catalysts for both
cellulose and lignocellulose conversion reactioosgtycols, there are still some
important aspects that require further study torowp these processes. Therefore, one
of the challenges of this work is to identify aetiand stable catalysts in the direct
conversion of cellulose to glycols preventing thednstituents leaching as it is the
main cause of their deactivation. Moreover, sinbe tignocellulose conversion
reactions have been described mostly by carryingaggressive pretreatments before
performing the activity measurements, it is neagsgadevelop more environmentally
friendly processes that favor their conversionlye@s in this case. GVL is considered
a green solvent which can be obtained from ligriolmde. Therefore, and taking into
account previous works in which has been describatdthe use of aqueous solutions
of GVL allows to dissolve and delignify the biomasge have studied different
exsitu/insitubiomass treatments based on this solvent [28-31].
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7.2. Catalysts preparation

According to the results of the previous chapted anfind catalysts displaying
higher yield to glycols and showing better stapild series of catalysts based on NiW
and PtW were prepared. It aims to assess how th hliomic ratio, the preparation
methodology, the precursor salts, the support hadhtydrogenating metal employed
affect to their catalytic properties.

Firstly, three catalysts supported on Si(Sigma-Aldrich, 208 rhg™) are
synthesized from nickel (Il) nitrate hexahydratei(lNDs),.6H,O, Sigma-Aldrich,
Crystalline) and ammonium tunsgtate hydrate ((\H2(W20;)e.nH,O, Sigma-
Aldrich, > 99.99 %)) as tungsten precursor by the incipieatness impregnation
method. The amounts of each salt used were thosehigve three catalysts with
different Ni/W atomic ratio maintaining a 5 wt. % aickel. Thus, 0.4NiWSi,
0.63NiWSi and 1NiWSi catalysts were prepared withANatomic ratios of 0.4, 0.63
and 1 respectively. For this, the tungsten sditsfly impregnated on the silica and left
to dry overnight at 383 K. Once dried, a secondreagpation is carried out to
incorporate nickel and then the precursor was drgain at 383 K overnight.

Subsequently to make the comparison appropriateher two catalysts with a
Ni/W atomic ratio of 0.63 are synthesized but oriethem was prepared by co-
impregnation of both salts, nickel nitrate and amimm tungstate, over Si@o obtain
the catalyst named as 0.63NiWSi-co. Furthermorloviing the same preparation
methodology and keeping the Ni/W ratio, the 0.638Ri-co sample was prepared
employing nickel acetate (Ni(OCOGH4H,O, Sigma-Aldrich, 98 %) as precursor salt
of nickel. To evaluate the influence of the suppamployed in such catalysts, the
sample 0.63NiWAI was synthesized co-impregnating #mmonium tungstate and
nickel nitrate on AlO; (Sigma-Aldrich, 209 rhg™) and NIWMCM catalyst, in which
the atomic ratio of Ni/W was slightly varied to 8, vas prepared by incipient wetness
impregnation using mixed  solutions of ammonium metgstate
((NH)s(HW12040).nH,O, Sigma-Aldrich, > 99.99 %) and nickel nitrate over a

218



Capitulo 7

zirconium doped mesoporous silica support with /ZrSmolar ratio of 5 as it was
described in previous works [32, 33].

Once the catalytic precursors were prepared, therng wried overnight at 383 K
and calcined with 100 ml.minof 20 vol. % Q/Ar flow at 800 K for 0.5 h. After
calcination, the catalysts were reduced with 100nmi* of 5 vol. % H/Ar flow at 873
K for another 0.5 h.

Finally, to study how the use of other metal indte& nickel influences in the
catalytic activity of the same, two more platinuasbd catalysts and named as
0.05PtWAI and 1.05PtWAI are prepared with a Pt/\Wn@t ratio of 0.05 and 1.05
respectively. These catalysts were prepared by esgigl wetness impregnation
method. y-Al,O; (Sigma-Aldrich, >99.9 %) was used as support and it was
impregnated using the appropriate amounts of ammoni metatunsgtate
((NHg)s(HW 15040).nH,O, Sigma-Aldrich,> 99.99 %)) dissolved in deionized water.
Impregnated samples were dried at 383 K overnightsubsequently calcined in air
from room temperature up to 723 K at a heating cit@ K.min*, maintaining this
temperature for 4h. Pt was then loaded on suppdrrdsten oxide catalysts by
wetness impregnation using tetraammineplatinummitiate ((Pt(NH)4(NOs),, Sigma-
Aldrich, > 99.995 %)) as precursor. The resulting catalysisewdried and calcined as
above and then they were reduced with 100 mi‘rafrb vol. % H/Ar flow at 573 K
for 1 h. A summary with the nomenclature, metakprsor, preparation methodology
and metallic contents of the prepared catalystghisrstudy is collected in Table 7.1.
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Table 7.1 Nomenclature, metal precursor, preparation mettogy and nominal metal
content of the prepared catalysts in this chapter.

Catalyst Precursor Preparation® M°/W W[tM]% W[:N(]%
0.4NiWSi Ni(NO3),.6H,0O Swi 04 5 39.3
0.63NiWSi Ni(NO3),.6H,0O Swi 0.63 5 25.0
INIWSI Ni(NO3),.6H,0O Swi 1 5 15.7
0.63NiWSi-co Ni(NO3),.6H,0O Co 0.63 5 25.0
0.63aNiWSi-co Ni(CH3;COO).4H,0 Co 0.63 5 25.0
0.63NiWAI Ni(NO3),.6H,0O Co 0.63 5 25.0
NiWMCM Ni(NO3),.6H,0O Co 0.78 5 20.0
0.05PtWAI Pt(NHs)4(NOs), Swi 0.05 1 19.0
1.05PtWAI Pt(NH;)4(NO3), Swi 1.05 9 8.0

®Swi: Successive Incipient Wetness Impregnation; amdcGimpregnation.
®M: hydrogenating metal (Ni or Pt).

7.3. Direct conversion of cellulose to glycols

Figure 7.1 shows the glycols yield exhibited by tbetalysts in the direct
conversion of cellulose to glycols performed at %.,85.0 MPa H, 700 rpm for 2 h
following the experimental procedure described imafter 3, in sections 3.2.2 and
3.2.3. In all the cases, the cellulose converstached the value of 100 %. In sect&on
of this figure, the effect of thBli/W atomic ratio of the three catalysts prepared by
successive incipient wetness impregnation wasdesteese three catalysts contain a 5
wt. % of Ni and atomic ratios of 0.4, 0.63 and dtfte catalysts 0.4NiWSi, 0.63NiWSi
and 1NiWSi respectively. For an increasing of th&\Nratio from 0.4 to 0.63, glycols
yield were slightly improved, however, for a highatio (Ni/W = 1) the glycols yield
slightly decreases. 0.4NiWSi and 1NiWSi catalystsspnt lower yields to glycols but
a higher glucose yield. It seems that 0.63NiWSalgat shows a better behavior than
the previous two samples because it converts giutmoa greater extent to glycols.
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In sectionb of Figure 7.1, the activity showed by a catalystpared by co-
impregnation with a Ni/W = 0.63 atomic ratio (0.68%5i-co) is represented. The
glycols yield of both catalysts (0.63NiWSi and ON®3/Si-co) prepared by different
methodology was compared. It is possible to observe that #ieevof glycols yield
achieved by coimpregnated catalyst is 61.4 % &fterof reaction. It is slightly higher
than for 0.63NiWSi. In addition, for 0.63NiWSi-catalyst, the carbon balance of the
identified and quantified products by liquid chrdography is improved.

To study the influence of theickel precursor salt, the catalyst 0.63aNiWSi-co
was synthesized by co-impregnation of the tungst#hand nickel acetate instead of
nickel nitrate and its activity is compared undes same conditions (see sectoof
Figure 7.1). Now, @ecreasing to 43.1 % in glycols yield after 2 h whserved. Thus,
the use of nickel nitrate favors to a greater extba catalytic behavior to glycols
whereas the use of acetate precursor does not fa@dormation of the active phase
NiWQO,, as it will be discussed in next section.

In sectiond of Figure 7.1, the effect of the replacement @,Sissupport in this
type of catalysts was studied. Therefore, the sasnpl63NiWAI and NIWMCM were
prepared using AD; and a Zr-doped mesoporous silica with a Si/Zr mdar ratio
respectively as supports. The glycols yield showithiese catalysts was evaluated but
in any case exceeds 25 %. The 0.63NiWAI catalyssgmts a 24.2 % of glycols yield
but also shows yields of 9.4 % and 6.7 % to soklmal glucose respectively. It seems
that in the presence of Ab;, a total hydrogenation is not achieved and a ¥ ield
to these reaction intermediates was identified. ¥Be other hand, the catalyst
NIWMCM exhibits a yield of 22.0 % to glycols andwer yields to other reaction
intermediates such as glucose, sorbitol, erythriigicerol or ethanol. In summary, the
use of a chemically more inert and less acid suppsrSiQ favors the selective
cellulose conversion to glycols with nickel-tungstatalysts.
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Figure 7.1 Catalytic behavior of activated supported catalys the cellulose conversion to
glycols. Reaction conditions: 0.5 g cellulose, 38,0, 0.1 g catalyst, 5.0 MPa;}b618 K, 2 h
and 700 rpm. The following variables were evaluaggdNi/W atomic ratio, b) preparation
methodology, c) nickel precursor, d) support andative metal.

The use of othelnydrogenating metalwas also studied (secti@of Figure 7.1).
In this case Pt was impregnated ovesQAlinstead of Ni. These systems supported on
Al,O; instead of Si@ were also selected as they had shown promisingitses
previous works on glycerol hydrogenolysis to obthj2-PG and1,3-PG [34, 35]. Two
catalysts were prepared by changing the Pt/W atoawic, one with a very low atomic
ratio (0.05) and other close to unit (1.05). Thealygic activity of the samples
0.05PtWAI and 1.05PtWAI was measured in the diceetversion of cellulose in the
same reaction conditions. In view of the resuttss shown that the catalyst with lower
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Pt/W ratio presents a higher yield to glycols (5% than the catalyst with a higher
ratio which depicts a 37.7 % of glycols yield. Thitseems that a lower content of Pt,
which in turn lowers the cost of the catalyst, pobes the yield to glycols.

Except for cellulose conversion reactions carriedt avith 0.63NiWAI,
NIWMCM, 0.63aNiWSi-co and 1.05PtWAI catalysts in il the carbon balances are
lower than 60 %, for the remaining samples theaalfinlances registered reach a 70 -
80 %. In all the experiments performed, besidesab® 1,2-PG (the major products),
trace amounts of other products as sorbitol, Myligwythritol, glycerol, glucose or
ethanol were determined by HPLThe contribution of these products along with the
occurrence of certain unidentified products, exptae remainder percentage up to 100
% of the carbon balance. These results are consigigh the existing literature
because for this type of reactions usually a 20426f the carbon balance is attributed
to the formation of byproducts as organic acidsth® generation of hydrochar or
other undesired solids products and because ofowrkproducts emergence [22, 23].

For Ni-based catalysts, regardless of the variablalyzed, the EG/1,2-PG
proportion is between 4 and 6, being higher forriast active catalyst of the series
and specifically for 0.63NiWSi catalysts prepargdsbiccessive impregnations or by
co-impregnation. That is, these catalysts largedyof the formation of EG
preferentially than 1,2-PG. Exceptions are repofteNi catalysts in which the SO
is replace by AIO; or MCM since these samples allow to obtain pratiiche same
amount of EG and 1,2-PG with proportions close mi.un contrast, in platinum
catalysts, the EG/1,2-PG ratios are between 2.8ahdvith the majority formation of
EG instead of 1,2-PG being this fact not as pronedras in nickel catalysts.

Considering all these resultthe two catalysts which exhibit better catalytic
performance to glycolsamong all the prepared catalysts and under thetioea
conditions selectedre 0.63NiWSi-co and 0.05PtWAI Consequently their stability
and reuse will be study. But before that and tdarpghe observed catalytic behavior,
the characterization of these catalysts has bagiedaut.
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7.4. Activated catalysts characterization

The crystalline structure of the activated precgseas analyzed bYRD (Figure
7.2.). In Figure 7.2.a are displayed the phasesgihg undergone by NiWSi catalysts
prepared with differenNi/W atomic ratio. On the three catalysts were observed a
broad peak at low angle corresponding to the, $i€®d as a support,(JCPDS 75-
1544. However, it is noted that as Ni/W atomic ratiwreases from 0.4 to 1, the
crystalline phases present in the samples vangdHiiWWSi catalyst more amorphous
than the other two samples with lower ratios. OWRi catalyst displays peaks
corresponding to W§(2, JCPDS 82-0728at angles @ of 23.3 °, 36,9 ° and 53.9 °,
being this phase the majority. Overlapping witts thhase appear certain peaks of the
phase NiWQ (5, JCPDS 15-075%at 30.9°, 36.6 ° and 54.6°, active in this raactts
it was shown in the previous chapter. Lastly, tweaks corresponding to some
contribution of WQ (3, JCPDS 85-08(Q7phase at angles of 23.9 ° and 33.1 °, and a
peak of NiO 4, JCPDS 04-0835at 43.3 ° are recorded. By increasing the ratio t
0.63, a similar diffraction pattern to 0.4NiWSi algtst with the presence of the same
crystalline phases was observed. However, it is asalecreasing the intensity of WO
phase mainly by the disappearance of peaks ofattme st high angles, the intensity of
NiWO, phase increases. 1INiWSi catalyst presents a mm@phaous diffraction
pattern where the most intense peaks of MBONIWO, in the other two catalysts
disappear and the presence of Wénd the NiO phases are favored. Thus, by
increasing the Ni/W ratio, the reducibility of triample is delayed under the activation
conditions employed. It can be concluded that thst bctivity shown by 0.63NiWSi
catalyst is due to the majority presence of thevagthase NiWQin this reaction.

Figure 7.2.b displays the differences in crystdilirof the 0.63NiWSi catalyst
prepared by successive impregnations and synthesikéy co-impregnation of the
precursor salts of nickel and tungsten. Both catalghow the same crystalline phases
but display significant differences in the intepsibeing more intense the diffraction
pattern of 0.63NiWSi-co. Besides minor phases &5, MNiO or WG;, both catalysts
show predominant phases of Wénhd NiWQ being this more intense in 0.63NWSi-co
catalyst.
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In Figure 7.2.c the influence of tméckel precursor salt used in the preparation
of 0.63NiWSi-co catalysts is compared. In both lyata predominates the presence of
WO, with a similar intensity being somewhat highertie catalyst prepared with
nickel acetate. However, in this sample the presefidNiWwQ, is not observed as it is
verified by the non-appearance of peaks at angled 30.9 ° and 36.6 °. Hence, the
catalyst synthesized with nickel acetate does restgmt higher yield to glycols.

The use of othesupports apart from SiQ@is evaluated in Figure 7.2.d and if we
compare the diffraction patterns obtained, they ammpletely different from those
discussed so far. NIWMCM catalyst shows an amorphmattern in which a broad
peak at low angles corresponding to the zirconiuodifred silica and peaks at 44.6°,
51.3° and 76.1° corresponding to nickel in reductdte (7, JCPDS 03-1043)
predominate. In addition, a small peak of metdllicgsten at 40.4° is also recorded (6
JCPDS 01-1204 Therefore, this support promotes the reducibiit the impregnated
metals but does not favor the interaction of batites no NiWQ phase is registered
and hence a low catalytic activity is detected wtils catalyst. 0.63NiWAI catalyst
presents a more crystalline diffraction pattern rehghases of W9 WO, and ALO;
used as support3{ JCPDS 04-0858at angles @ of 39.1°, 45.3° and 66.8°, are
recorded. But beside other peaks correspondingetallic nickel, NiWQ phase is not
detected.

In the Figure 7.2.e, the diffraction patterns abssts in whichplatinum is used
instead of nickel are represented. In this figlarge differences appear due to changes
in the Pt/W atomic ratio from 0.05 to 1.05. 1.05Rt\V¢atalyst shows a crystalline
diffractogram in which peaks of AD; and platinum in the reduced state JEPDS 04-
0802 at angles of 39.8°, 46.2°, 67.8° and 81.3° apended. However, 0.05PtWAI
catalyst shows a more amorphous pattern in whicddition of peaks corresponding
to Al,Oz support, only small peaks of W@re registered. No platinum in the oxidized
or reduced state is observed, so platinum may lleeiriorm of small particles highly
dispersed on the catalyst.
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Figure 7.2 X-ray diffraction patterns of the activated casas.
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X-ray photoelectron spectrXPS) experiments were carried out to determine the
oxidation state and the atomic ratio of the surfapecies present in the different
catalysts. To correct the effect of electronic glean the binding energies, the metallic
atom of the oxide support was selected as referdifi@4 eV for SiQand 74.5 eV for
Al,Os. In Figure 7.3, Ni 2, and W 4f core levels were represented foWSi
catalysts with Ni/W atomic ratios of 0.4, 0.63 andlL synthesized by successive
incipient wetness impregnation or direct co-impiEgn methods. For catalysts with
different Ni/W atomic ratios, no differences weretatted inNi 2ps, region. A
contribution of NP species at 852.8 eV was observed for 0.63NiWSi HRWSi
catalysts but these species suffer a shift to loeding energies (852.3 eV) for
0.4NiWSi catalyst. A second component associated Wi** was registered at 855.2
eV for 0.4NiWSi, at 855.3 eV for 0.63NiWSi and &587 eV for 1NiWSi due to NiO
species [36, 37]. In addition, the three catalgbidw a third contribution around 857.6
eV associated in these types of samples o syiecies in the mixed oxide NiW({38-
40]. In this figure it is also represented the X§ctra of 0.63NiWSi-co catalyst
prepared by co-impregnation and it is compared QiB8NiWSi to analyze whether
there are differences that may explain its betailgtic behaviorFor both samples the
same species were recorded, a contribution 8fali852.8 eV was observed, ?Ni
species in NiO at 855.3 eV for 0.63NiWSi and slighthifted to 855.5 eV for the
0.63NiWSi-co were displayed and finally a contribotaround 857.6 eV due to Ni
species in NiWQwas registered.

W 4f level was also studied in Figure 7.3 and the same tgpepecies were
recorded for the three catalysts prepared by ssb@eswetness impregnation
procedure. Small contributions of¥\épecies at 32.3 eV for 0.4NiWSi, at 32.4 eV for
0.63NiWSi and at 32.6 eV for INIWSi were registerddhjority species of W
around 36.3 eV were displayed for the three catsilgad a third contribution at 35.0
eV due to W' in NiWO, [40-42] were shown verifying the presence of fitisse. For
0.63NiWSi-co catalyst, only two types of species egistered in this region, W
species at 35.0 eV in Niw@nd W at 36.3 eV in W@being these the predominant.
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Figure 7.3.Ni 2pspand W 4f XPS spectra obtained for NiWSi activatathlysts with different
Ni/W atomic ratio.

Figure 7.4 shows the XPS spectra relative to tleeisp present on the surface of
catalysts with platinum as hydrogenating meRil.4d level is studied since more
intense level Pt 4f overlaps with the region ofil\Al,O; used as support. Due to the
platinum load of each catalyst, the intensity aditiplum region in the 1.05PtWAI
catalyst is greater than in 0.05PtWAIl as expectedicating a larger presence of
platinum on its surface. However, in both catalybes same species of platinum are
identified, a first contribution at 312.4 eV assted with Pt species and a second
majority component in both samples at 314.3 eVtduet" species. Along with these
two components Pt 4dlevel is also represented at 3.4 eV from Ri4elvel [43].

W 4f level is also analyzed for the two catalysts and ithseoved that a single
component is recorded in both cases at 35.6 e\0faBPtWAI and at 36.0 eV for
1.05PtWAI associated with %W species. But in these samples is shifted to lower
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binding energies especially for 0.05PtWAI compai@iiWSi catalysts on which the
component was represented at 36.3 eV [44, 45].
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Figure 7.4.Pt 4d and W 4f XPS spectra obtained for PtWAat&d catalysts.

In Table 7.2 the binding energies of each speci@é$ 2p;, or Pt 4d,and W 4§,
levels have been compiled, indicating in brackbts percentage of each one in the
corresponding level. In this table it is also reygr@ed thesurface atomic ratios
between the hydrogenating metal of the catalysttangsten as well as NiW@vrea in
Ni 2ps;, andW 4f;;levels for NiWSi catalysts.

As noted in the previous chapter, the best actshiywn by NiWSi catalysts was
due to the presence of NiWGan their surface. In Table 7.2, it is observedt tima
0.4NiWSi, NF* species predominate and in INiWSi most of thealigippears in the
reduce state or as Niin NiO. In 0.63NiWSi sample there are practically the same
contribution of Nf, Ni* in NiO and NiwQ species, however, tihiWO ;area in this
catalyst is slightly higher than in the other two atalystsin both Ni 2g, andW 4f;,
levels. Furthermore, thRi/W surface atomic ratio for 0.63NiWSi catalyst isalso
greater. Thus, the better catalytic behavior exhibitecttig catalyst compared to the
other two samples synthesized with different Ni/dfic may be due to these two
factors, although the differences shown in thetalgtic activity are not excessively
significant.
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Table 7.2.Ni 2ps5,, Pt 4d,,and W 4%, binding energies (eV) and M/W atomic ratios
derived from XPS data for activated catalysts.

catal BE (eV) W NiWO , Area (a.u)

atayst . .
Ni 2ps/» Pt 4ds, W 4f7), Ni2psz W 4f7
852.3 (18) 32.3 (8)

0.ANIWSi  855.2(38) - 350(23) 0597 1492 1833
857.9 (29) 36.2 (69)
852.8 (26) 32.4 (4)

0.63NIWSi 8553 (26) - 35.0(32) 0850 1594 2045
857.3 (27) 36.3 (64)
852.8 (27)

0.63NiWSi-co 8555 (31) - o Egg; 1530 1630 1223
857.8 (26) :
852.8 (40) 32.6 (13)

INIWWSI 8557 (32) - 35.0(29) 0787 1231 1940
858.0 (21) 36.2 (58)

0.05PtWAI : 21421‘31 Egg; 35.6 (100) 0084 - :

1.05PtWA : 21421‘31 Egg 36.0 (100) 0427 - :

The values in brackets refer to the percentagadi species.
M: Metal (Ni or Pt).

If we evaluate Ni 2g, level for NiIWSi catalysts with a Ni/W ratio of Bénd
prepared by different methods, in Figure 7.3 a miotense spectrum is recorded for
0.63NiWSi-co catalyst indicating a greater presence of nickeci&s on the catalyst
surface. In addition, this catalyst alslbows the highest Ni/W surface atomic ratio
and the biggest NiWQ area in Ni 2p;; level (see Table 7.2), hengeese facts could
be the causes for which presents a better catalytisehavior than the rest NiWSi
catalysts.

Considering theXPS spectra of platinum catalystsshown in Figure 7.4, large
differences between 0.05PtWAI and 1.05PtWAI areatiterved as they only differ in
their intensity due to different platinum loadsongorated to each catalyst, but surface
species are the same in both cablsvever, by XRD it was shown that although both
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catalysts were activated under the same condititnes catalyst with more platinum
(1.05PtWAI) displayed a diffractogram which mair®y peaks were observed. But
0.05PtWAI catalyst only showed peaks correspondingp WO3; phasewithout any
oxidized or reduce platinum peaks which in turngasggs that platinum is highly
dispersed in this catalydf. the values obtained in Table 7.2 for these gatal are
analyzed, it is observed that for 0.05PtWHAére is a predominance of Pt species
on its surface compared to 1.05PtWAI. In addition, for 0.05PtWAdtalyst the
binding energy of W?* species suffers a significant shift to lower eneiegs (35.6 eV)
which suggests that there is a charge transfer thanplatinum to the tungsten that it
does not take place in 1.05PtWAI samflhis fact could explain the higher glycols
yield achieved with 0.05PtWAIcatalyst.

Accordingly, the best catalytic activity shown by68NiWSi-co and 0.05PtWAI
catalysts could be due to an interaction betweerhjlurogenating metal and tungsten
species which is manifested by the majority appearaof NiWQ phase in NiWSi
catalysts and by the charge transfer observed beatpiatinum and tungsten in PtWAI
catalysts.

7.5. Stability of catalysts in the conversion of dlellose to glycols

As it was mentioned in the introduction of this pte, there have just been
reported several catalysts which exhibit good gtitahctivity in the direct cellulose
conversion to glycols, however, most of them aregtable and cannot be reused in
more than one reaction cycle due to the leachinth@f constituents, being this the
most common cause of deactivation. Therefore ia $igiction, théwo more active
catalysts (0.63NiWSi-co and 0.05PtWAI) have beenleeted for a reuse studyin
the conversion of cellulose.

The stability of 0.63NiWSi-co (61.4 % glycols yigldias evaluated by reusing
the catalyst for several runs. The proceduredoovering the catalyst was as follows:
after the first run the reactor was cooled usingi@n bucket and the device was
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disassembled and the reaction liquid was centrifugeseparate the reactions products
and the solid catalyst. Subsequently, the catalgst washed twice with water. The
recovered catalyst was loaded again in the readtbout any additional treatment to
perform a second run under the same conditionstah of 4 reaction cycles were done
with 0.63NiWSi-co catalyst and the results are shawFigure 7.5.

I 0.05PtWAI 77 0.63NiWSi-co

100 W | | | | -~ 100
90 - 490

80 80

70 70

Cellulose Conversion (%)
|
a1
o
Glycols Yield (%)

Figure 7.5.Reusability and stability of 0.05PtWAI and 0.63NBiAto catalysts in the
conversion of cellulose to glycols (0.5 g cellulo3@ g HO, 0.1 g catalyst, 5.0 MPa 518 K,
2 h, 700 rpm).
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The cellulose conversion is 100 % in all the rumxDf63NiWSi-co catalystout a
rapid catalyst deactivation is observed as thetimacycles progress. After the first
run, the activity passes from a 61.4 % glycolsdyiel 27.9 % in the second cycle and
still falls in the third to 18.2 % recorded eveslightly lower yield than the obtained
with the homogeneous reaction (11.6 % yield) in4uifhis catalysis very active in
the reaction of cellulose to glycols, however it imot stable under the reaction
conditions used as in the second run, its yielggesignificantly.

After the fourth cycle, the catalyst was separaagdin by centrifugation and
washed with water in the same way as describedeabieinally, the washed catalyst
was dried in an oven overnight at 383 K and weigttedetermine the weight loss
suffered after the four reaction cycles. The reautibially was fed with 108.3 mg of
0.63NiWSi-co activated catalyst and after run 43'#8g were only recovered which is
a weight loss of 35.5 mg. We can say that the pastablecause of deactivation is
due to its constituents leachingwhich is deduced by the observed weight losstlaad
intense coloration of the reaction liquid after leaan, changing from colorless to an
orange coloration.

Since 0.63NiWSi-co catalyst was not stable, the esatability study was
performed for the second most active cataly&Q5PtWAIL The experimental
procedure was the same as described for 0.63NiWS8atalyst. Figure 7.5 shows that
the tendency displayed for 0.05PtWAI catalyst ismptetely different from
0.63NiWSi-co. The cellulose conversion was 100 %albthe cycles and the yield to
EG and 1,2-PG was evaluated and it seems to bke stéth increasing the number of
cycles. This catalyst suffers a slight decline t& activity from the first run to the
second passing from a 56.4 % to 46 %, but foréiseaf cycles is almost constant until
run 5 wherein the activity achieved is 37 %. Tharef it is possible to conclude that
0.05PtWAI is an active and stable catalysin the direct conversion of cellulose to
glycols. The experimental procedure for the reuseth® same is simple by
centrifugation and washed with water and allow® ibe reused with little lose of its
activity until the fifth reaction cycle in which e¢hactivity slightly decreases due to
small losses of catalyst during transfers.
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7.6. Conversion of lignocelluloses to glycols

The catalysts 0.63NiWSi-co and 0.05PtWAI have sh@awvpromising catalytic
behavior in the direct conversion of commercialldese to glycols. It seems
reasonable that the next step is to study theinlyat activity but replacing
commercial cellulose by real lignocellulose aststgrreagent.

Firstly, three types of lignocellulosesvith different polysaccharides content that
can be converted into glycols were selected. Thdooa stalk, the wheat straw and
barley straw were chosen and in Table 7.3 are dethgfieir composition data in % of
dry weight at 378 K.

Table 7.3 Compositional analysis of samples of cardoonkstaheat straw and barley
straw. Composition data in % of dry weight at 378K.

Biomass Glucan Xylan Galactan Arabinan + Mannane Others’
Cardoon Stalk 37.0 15.0 4.0 2.0 42.0
Wheat Straw 41.4 24.2 1.6 2.8 30.0
Barley Straw 41.6 23.3 0.9 3.1 31.1

" Others as lignin, ashes, etc.

Besides containing glucan, xylan, galactan, arabirread mannane, these
biomasses show a 30-40 % of other components sutigran, ashes, etc, which will
not react to our interest products but will be prgsn the reaction medium and they
could hinder the appropriate sugars conversion.

The first experiments with real lignocellulose s&rting reagent were carried out
without pretreatment to compare the catalytic behavior with that oledirwith
commercial cellulose. These preliminary tests vaeneducted using 0.63NiWSi-co as
catalysts and despite not be stable and cannoeused in more than one reaction
cycle, it was the most active in the direct coniersof cellulose. The reaction was
carried out in the Parr Autoclave reactor descrilmedection 3.2.2 of Chapter 3 by
feeding 0.5 g of real biomass previously dried @8 ¥, 30 g of HO, 0.1 g of
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0.63NiWSi-co activated catalyst and the reactioesewperformed at 518 K, 5.0 MPa
of H, and 700 rpm for 4 h instead of 2 h. As in the adseellulose experiments, some
reaction samples were analyzed at 2 h and it wasredd by the high resolution liquid
chromatography results, that our interest prodyietsls were almost zero. Therefore, 4
h were chosen as suitable reaction time. The vadfidsomass conversion and the
yields to each identified product were determinedspecified in section 3.2.3 of
Chapter 3 by using the Equation 3.5. The solidraféaction was separated and
recovered by centrifugation. Then it was dried imaven overnight and by weight
difference the lignocelluloses conversion was dei@ed. The separated reaction
liquid was analyzed by high resolution liquid chatography following the procedure
detailed in that section.

Figure 7.6shows the yield to glycols exhibited by 0.63NiW8®i-catalyst in the
direct conversion of real untreated lignocelluloafter 4 h of reaction compared with
the results obtained with this catalyst in the aimnversion of commercial cellulose
at 2 h. The conversion achieved in each of thetimecis not shown as it was 100 %
in all of them. However, the glycols yields achigweith real lignocellulose as starting
reagent during 4 h of reaction were very low coragawith commercial cellulose
results. With cardoon stalk a yield of 11.9 % to,B@-PG and 1,3-PG was reached.
Besides these products, others as sorbitol, gluarsthritol, glycerol and ethanol
were identified in small amounts. These same prsduere also identified in the
reactions performed with wheat or barley as thetistalignocellulose biomass but
also were detected in small quantities. With thig® types of biomass, the glycols
yield was even lower than in the case of cardoachiag a value of 8.1 % and 8.7 %
for wheat and barley respectively.

Since the results with real lignocellulose werengigantly worse than those
obtained with commercial cellulose in the presentdhe same catalyst, it seems
logical to performlignocellulose pretreatmentsto favor its sugars attack by the
catalyst. Therefore, it will be also suitable ewduthe use of different procedures for
pre-treating the cardoon biomass to extract itsaignd improve its conversion to
EG, 1,2-PG and 1,3-PG.o perform these treatments, gamma-valerolactoné G
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was selected as it is recently becoming very ingmarbecause it is considered a
promising renewable solvent which in turn deriveaif biomass and can be used in
many applications among them as a solvent or terdtsigent to promote the biomass
conversion [46, 47]. Among its properties as sdwtands out for being inert towards
oxygen and water, because of its high boiling p(80 K), its low melting point (242
K), its low vapor pressure and low toxicity andgtsod smell [48].

0.63NiWSi-co

Glycols Yield (%)

Bl

\Cardoon Wheat Barlg

Commercial
Cellulose

] g
Lignocellulose Sources

Figure 7.6.Catalytic activity shown by 0.63NiWSi-co catalystthe direct conversion of real
biomass to glycols (0.5 g biomass, 30 4H0.1 g catalyst, 5.0 MP&}518 K, 4 h, 700 rpm).

The biomass conversion to chemicals by heterogeneatalysis is interesting as
it allows recovering and reusing the catalyst i§istable; however the biomass has the
main drawback of its low solubility in water whidiinders its interaction with the
catalyst decreasing the selectivity to interesdpobs and fostering the formation of
byproducts. It is reported in literature that thee uwof solutions of GVL in kD
promotes its accessibility to the active centerthefcatalyst surface as the solubility of
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the same is favored [49]. Therefore, GVL is seléete a solvent or pretreatment agent
of the biomass since it presents certain advantageanentioned versus other

conventional pretreatments (acids, bases, liquidwater, ionic liquids, etc.) used to

promote its conversion to interest products.

The different lignocellulose pretreatmentsperformed are summarized in Table
7.4. Cardoon biomass was chosen because it was wh@ved a higher activity and
also because with future perspectives it do notpsaewith food and animal feed like
wheat and barley production.

Table 7.4 Detailed summary of the different pretreatmenmisedto the lignocellulose

biomass.
Pre-treatment Agent (\Stv <I;A)//V\\/\l/?t§/2) Conditions
T1 Water - 0.005 M BSQy, 453 K, 12 h
exsitu T2 GVL - Water 80/20 0.005 M §$0,, 453 K, 12 h
T3 GVL - Water 90/10 0.005 M §$0,, 453 K, 12 h
insitu T4  GVL - Water 80/20 -

Thefirst pretreatment of the cardoon lignocellulos@1 in Table 7.4) consisted
of treat 0.5 g of the same previously dried at B7&ith 50 ml of hot water slightly
acidified with 0.005 M of KS0O, at 453 K stirring at 850 rpm in the device desesdiln
Figure 3.3 in section 3.2.2 of Chapter 3. It hasaly been reported in the literature
that the use of liquid hot water as pretreatmergnaigoromotes the lignocellulose
biomass digestion. Generally, it is performed ie ttmperatures range of 393-513 K
and it is considered an environmentally friendlytimoel because other chemicals are
not used [50, 51]. In this work it was decided top&oy a small amount of 30, to
encourage further the biomass attack and digestibe.procedure followed after the
lignocellulose treatment with liquid hot water wedsscribed in Figure 7.7 and a
photograph of the liquid obtained after it, is alted in sectiom) of Figure 7.8.
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Figure 7.7. Ex-situ lignocellulose pretreatment procedure.

A second treatmen was done to cardoon bioma32 (in Table 7.4)in the same
experimental device butith 0.5 g of cardoon prior drying at 378 K, B0 of a 80 wt.
% GVL/H,O solutionalong witt 0.005 M HSG,. After this treatment, s observed ¢
shown sectiofnl) of Figure 7.¢ a liquid coloration compared that treat with water.
Likewise, it wasfiltered to separate the remaining solid from tiguitl. In the
recovered liquidhere wer water and GVL, so GVL needs to be sepatabecliminate
lignin or other biomass componerthat could be dissolved and would interfere ir
conversion to glycolsto perform this separati (see Figure 7.720 ml of 12 wi % of
NaCl solution is required. Afte2 h and as shown in imade) of Figure 78 two
phases are formed. A denser aqueous phase in tiioenbaf the flask is observed wi
a lighter phase ithe top in which GVL remain Both phases are immiscible and tl
were separated easily by centrifuga. The aqueous phase is recovered and show
imageb3) of Figure 7.8 It was neutralized by adding Ca(QH)ntil a pH of 7 wa:
reached. Once neutralized, it was filtered agairetnove the precipitate formed an
was incorporated into the reactor by adding as nwater as neceary to reach .
volume of 30 ml along with the solid biomass prexly recoverd after this treatmet

238



Capitulo 7

Figure 7.8.Different biomass treatments performed before bédgo the reactor; a) 1
h, H,O/H,SQ,, 453 K, 850 rpm; b) 12 h, 80 wt. % GVL/20 wt. %,0/H,SO;, 453 K, 85(rpm;
c) 2 h, 12 wt. % NacCl, 390 K, 800 rpm and d) aqueghase separated by centrifugation
neutralized with Ca(OH)

The catalytic activityresults registered witpretreated cardoon biomas with
the procedures described above and in the presen®e63NiWS-co catalyst ar
depicted in Figure 7.9vhere there were also compared with results obtained
commercial cellulose and untreated cardoon. Theargion was not represented a¢
since it was 100% in all case:

Previously, it was observed that the glyc yield achieved by the untreat
cardoon biomass with.C MPa of H, 518 K and 700pm for 4 hours was 11 %,
however, when it wasubjected to liquid hot water treatmeit falls to 7 % by
registering also only small amounts of other praslguich as glucose, erythritol €
ethanol. Butwhen the treatment is performed in thesence of GVLjt is appreciate:
that after 4 h theglycols yield slightly improves and reaek a value 014.6 %.
Therefore, it seemthat the treatmerdonewith water does not impro its activity
even worsens theatalytic result, but the presence of GVL as pretreatment ¢
slightly improves thenthough in any casthese are nas good as those achie with
commercial cellulosen thepresence of 0.63NiWSi-co catalyst at 2 hesction
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Figure 7.9.Direct conversion of cardoon treats with differpndcedures to glycols with
0.63NiWSi-co catalyst (5.0 MPa,+518 K, 4 h, 700 rpm).

Considering that this catalyst was active in thedai conversion of cellulose to
glycols, it is believed that the low activity shown the pretreated lignocellulose
reactions could be due to a non-efficiency treatréthe biomass before testing it.

For comparison, in Figure 7.10 are representedatit&ity results shown by
0.05PtWAI catalyst which proved to be active arabkt in cellulose conversion to
glycols. It is not studied in this figure the rdsubbtained after biomass treatment with
liquid hot water since for 0.63NiWSi-co catalystas an unsuitable treatment with
the worst results recorded.

As seen in that figure, when cardoon untreated agsniis used in the presence of
0.05PtWAI catalyst, a 100 % of conversion and ddyief 24.8 % to glycols are
achieved at 4 h of reaction, higher value thandbigined with 0.63NiWSi-co catalyst

240



Capitulo 7

under the same conditions (11.9 %). Since with¢hislyst glycols yield is improved,
it was thought that the biomass pretreatment with aqueous solution of 80 wt. %
GVL/H,O (pretreatmentT2) which slightly enhanced the activity results with
0.63NiWSi-co catalyst, could also favor glycols Igiewith 0.05PtWAI catalyst.
Cardoon biomass is then pretreated according tontb#hodology described above
(T2) but as it is appreciated in the presence of QW catalyst, the results were
even worse than in the reaction performed withoevipus pretreatment. Although the
biomass conversion was 100 %, the glycols yielcpplea from a 24.8 % to 18.4 %
after 4 h.

100
90
80
70

L2h 4h 0.05PtWAI

Glycols Yield (%)

Commercial Cardoon Cardoon  Cardoon Cardoon
Cellulose T2 T3 T4

Figure 7.10.Direct conversion of cardoon treats with differpmcedures to glycols with
0.05PtWAI catalyst (5.0 MPaz1518 K, 4 h, 700 rpm).

As this catalyst showed better activity results wh@amass was not pretreated, it
was thought that the loss of activity could be tedlawith the pretreatment process
rather than with the catalyst. Thus, other treatmeas performed (pretreatmens8)
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similarly as it was described for the method witboéution of 80 wt. % GVL/ED but
adding more GVL specifically employing a dissolatiof 90 wt. % GVL/HO to try to
eliminate or delignify further the starting biomasdter such process, the reaction with
cardoon treated biomass was done and its catalgticity was measured in the same
conditions. As shown in Figure 7.10, the glycolsldiis still falling as the amount of
GVL used in the biomass pretreatment increasethidncase a conversion of 100 % is
recorded but only a yield of 14.5 % to EG, 1,2-Rd 4,3-PG is reached.

Considering these results, it is thought that tttevidy decrease may be motivated
by the loss of fractions of the biomass that camdieserted into our interest products
during the pretreatment process in which are iredudeparation steps by filtration,
centrifugation and washing of the same in whictytbeuld be eliminated. Thus and
knowing that the solution of 80 wt. % GVL48 provided best results than 90 wt. %
GVL/H,0 solution, a final experiment in which no previdiismass pretreatment was
done but in whichGVL is added as a solvent to the reaction mediunmstead of as
a pretreatment agentis performedi@situ experimentr4).

Before this experiment, another one was conducteshich it was fed into the
reactor a solution of 30 ml of 80 wt. % GVL# in the presence of 0.05PtWAI
catalyst to study whether GVL was stable and didreact under the conditions used
(518 K, 5 MPa H 700 rpm for 4 h). After 4 h, an aliquot of the c¢gan liquid
recovered was analyzed and it was found that nalyasts are registered in the
chromatogram obtained. Thus, it was proceeded tasure the catalytic activity of
0.05PtWAI catalyst by feeding the reactor with §.6f unpretreated cardoon biomass
dried at 378 K with a solution of 30 ml of 80 wt. @/L/H,O and 0.1 g of activated
catalyst. The reaction was also performed at 518 MPa of H and 700 rpm for 4 h.

The results obtained are shown in Figure 7.10. thay reaction a biomass
conversion of 100 % is also reached at 4 h. Bygusire sampler coupled to the
reactor, the activity displayed with 0.05PtWAI dg&a at 2 h of reaction was
measured and the glycols (EG + 1,2-PG + 1,3-PQ} yims 50.4 %, similar to that
reported in the experiments made with commercillllose as starting reagent. The
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reaction was kept for two more hours in order tgrove the activity and was

measured again at 4 h to compare with the othetiogs. It is observed that at this
time the glycols yield improves reaching a valuedfé %, the maximum achieved
using real biomass as starting reagent. Minor ansoahother products as sorbitol,
xylitol, erythritol, glycerol or ethanol are alsegistered but the major products were
glycols.

By studying 0.63NiWSi-co and 0.05PtWAI catalystshas been demonstrated
that they are highly active catalysts in the cosiar of commercial cellulose to
glycols and even stable in five reaction cyclesthia case of 0.05PtWAI catalyst.
However, the results obtained using lignocellulose starting reagent without
undergoing any prior pretreatment have not beegoad, registering in the best case a
24.8 % glycols yield in the presence of 0.05PtWatatyst. By subjecting the biomass
to pretreatment T1 with liquid hot water, our imstr products yield are not improved.
But when these treatments are done with GVL, tkaltg obtained for the 0.63NiWSi-
co catalyst slightly improves but for 0.05PtWAI thetivity recorded is worse than that
obtained without pretreating the cardoon regardigisshe amount of GVL used
(pretreatments T2 and T3). So even pretreatindignecellulose, the results are not
satisfactory.

However, we have found an active catalys05PtWAI) in the direct conversion
of real lignocellulose biomass to glycols using G¥& an environmentally-friendly
and stable solvent under our reaction conditiortbaumt using any further pretreatment
of the same. Therefore, future work should be fedusn conducting the stability
studies of 0.05PtWAI catalyst in the reaction adlrbiomass to glycols and on the
optimization of the reaction conditions mainly stundy the hydrogen pressure, the
temperature and the amount of GVL used in theistadolution, with the aim of
overcoming and improving the 63.6 % glycols yietdarded at 4 h of reaction.
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7.7. Conclusions

The main conclusions of this chapter on tmaversion of cellulose and real
lignocelluloseto glycolsare:

v" Themost active catalystsn the direct conversion of cellulose to glycolat
518K, 5 MPa H, 700 rpm and 2 h wer8.63NiWSi-co and 0.05PtWAI.
Considering the physicochemical characterizationNiW based catalysts the
best catalytic results are achieved when the sanghlew a higher presence of
NiWQ, species in their surface. But in PtW based caislyke best catalytic
behavior shown by 0.05PtWAI is due to an interacti@tween platinum and
tungsten species which is manifested by a chaaysfer from Pt to W which
does not take place in 1.05PtWAI catalyst prepaned activated using the
same procedure.

v’ Stability studies were conducted with the most active catalysts anexp for
this study in the one-pot conversion of commerc&lulose. The 0.63NiWSi-
co catalyst despite being which showed higher yteldylycols, is rapidly
deactivated due its constituents leaching asdetermined by the weight loss
suffered after 4 reaction cycles. HoweverQ5PtWAI catalyst is stableat
least in 4 cycles experiencing a slight declingsractivity in the fifth run due
to little catalyst losses during transfer in these procedure.

v Catalytic activity experiments were performed byplaeing the commercial
cellulose by different types dfgnocellulosic biomass.Despite the efforts
done to develop a suitable biomass pretreatmepttaimote its delignification
and to favor its sugars conversion, a slight imprognt in the activity results
obtained was observed compared to those in whiehligmocellulose was
tested without prior pretreatment. But wh8NL was directly added to the
reactor as solvent in the presence @D5PtWAI catalyst, the activity results
greatly improved registering a glycols yieldG#.6 %.
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Capitulo 8

En la presente Tesis Doctoral se han estudiadintdist sistemas cataliticos
basados en metales soportados emdasciones de hidrogenolisis de sorbitol y de
conversién directa de celulosa o lignocelulosa parabtener glicoles Se ha
procedido a la preparacion, activacion y caracerin de dichos catalizadores, tanto
frescos como usados, con objeto de correlacionaessctura con la actividad
catalitica mostrada. Especial atencion se ha plest la estabilidad de los
catalizadores mas activosen estas reacciones, realizando la caracterizacion
fisicoguimica de las muestras usadas asi como &lsasnquimico del medio de
reaccion con el propdsito de identificar las piadés causas de desactivacion. Aunque
al final de cada capitulo se recogen las conclesiaterivadas de los mismas,
continuacion se recopilan de manera agrupada las wousiones generales
deducidas de la presente memoria

El soporte utilizado en la sintesis de catalizaslbasados en rutenio y analizados
en lahidrogenolisis de sorbitolen condiciones neutras de reaccion, tiene un efecto
relevante tanto en las propiedades fisicoquimioasestas muestras como en su
comportamiento catalitico. A partir de los datogealtlos de las medidas de actividad
y de la caracterizacion realizada, se han estalddas siguientes conclusiones:

1. El catalizador de rutenio soportado sobre AO; (RuAl) fue el que mayor
rendimiento a glicolesmostré en la hidrogenolisis de sorbitol llevadaabo en medio
neutro y con presiones de hidrégeno relativamesigesb

2. Atendiendo a los datos de caracterizacion, enesstelio se ha deducido que
la conversion del sorbitol no esta relacionada leodispersion del rutenio en estos
catalizadores. Sin embargo,dancentracion superficial de centros acidos asi cam
la presencia de especies parcialmente oxidadas detenio (Ru’") parecen ser
propiedades que influyen en la selectividad y rendiiento a glicoles Asi, la mayor
acidez mostrada por el RuAl induce la deshidrogéngarevia del sorbitol y favorece
la deshidratacion del glicerol y su posterior hignoacion en presencia de los centros
metalicos para dar selectivamente glicoles.
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A la vista de estos resultados se consideré opmrestudiar la hidrogenolisis de
sorbitol en utmedio de reaccion alcalinanediante la adicién de bases en presencia
de catalizadores de rutenio soportados sob@ A directamente con catalizadores de
rutenio soportados sobre soportes basicos, enaton€a(OH), analizando ademas la
incorporacion de un segundo metal como es el niguedstos sistemas. Las
conclusiones extraidas de este estudio fueron:

3. Bajo las mismas condiciones de reaccion, el catddizde rutenio impregnado
directamente sobre un soporte basiRoGa-LT) mostré un mejor comportamiento
catalitico (rendimiento a glicoles del 22.8 %) @U&RuAl-LT en presencia de distintas
cantidades de Ca(OHincorporadas al medio de reaccion. Este hechesuguese
requiere un estrecho contacto entre las especies tdeas y el promotor basico
para favorecer de manera clara el rendimiento ltgiciales.

4. Se observa uafecto promotor del niqueltras su incorporacion al catalizador
RuCa-HT con rendimientos a glicoles aun mas al8%7(%). Este hecho puede
deberse a lanteraccion de ambos metales dando lugar a una traferencia de
carga del Ni al Ry favoreciendo asi la reducibilidad del mismo. Lasencia de
mayor nimero de centros metalicos superficialesréme ademas la deshidrogenacion
previa del sorbitol asi como la hidrogenacion deifdermedios insaturados formados
para dar finalmente los glicoles.

5. El catalizador NiRuCa-HT se desactiva por lixiviaciébndel soporte en el
medio de reaccion Sin embargo, la reposicion de la cantidad de 63 Goporte
lixiviada en cada ciclo de reutilizacion permitentener la actividad de este sistema
durante al menos cinco ciclos de reaccion ralemtiasu desactivacion.

En la conversion directa de celulosa a glicole$a incorporacién de un 6xido
promotor a los catalizadores de Ni soportados s&®, como es el 6xido de
tungsteno, favorece el rendimiento alcanzado hémsamismos. Las principales
conclusiones derivadas de este trabajo son laesigs:
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6. Se ha identificado un efecto sinérgico entre eligig el 6xido de tungsteno.
Este efecto no puede atribuirse al caracter acdeste 6xido ya que para otros 0xidos
similares como los de Mo y Nb no se observé la raegm el rendimiento a glicoles.
Este efecto exclusivo del catalizador NiWSi se atribuy@ la formacion en esta
muestra de la fase mixta NiWQ detectada por las técnicas de XRD y XPS.

7. Tras elestudio del proceso de activacidrftemperatura de reduccion y de
calcinacion) para el catalizador NiWSi se ha comdido que en las muestras donde se
favorece la formacion de la fase Ni}yQueron las que registraron los rendimientos
mas altos a glicoles. Se observd que la temperdturaduccion es mas critica que la
de calcinacion. Estos datos confirman futase activa responsable de la conversion
directa de la celulosa a glicoles es el NiW(siendoel catalizador NiWSi-800-873,
activado por calcinacion a 800 K posteriormenteicatb a 873 Kel que presenta el
mayor rendimiento (56.1 %) a glicoles en este tralja

8. Se debe mencionar lmja estabilidad mostrada por el catalizador NiWSi-
800-873 que sdlo se reutiliza durante dos ciclos dEaccion,ya que para un namero
mayor de ensayos, se observa una clara desactivdeidido principalmente &
lixiviacion de sus constituyentes en el medio deaecion

Finalmente y considerando los resultados de eistadiil anteriores, se ha
profundizado en ladentificacion de un catalizador activo y establganto en la
conversion directa de celulosa como lignocelulesd a glicolesPara ello se analiza
la modificacion de ciertos pardmetros como son dicion atomica Ni/W, los
precursores de partida, la metodologia de sindesiss sistemas cataliticos basados en
NiWSI, el soporte empleado y otros metales con a@dpd hidrogenante como el Pt
(PtWAI). Las conclusiones alcanzadas tras est@joad® enumeran a continuacion:

9. Los catalizadores 0.63NiWSi-co y 0.05PtWAI han presenda el mejor
comportamiento catalitico en la conversion directade celulosa, alcanzando
rendimientos a glicoles superiores al 50 %Teniendo presente la caracterizaciéon
fisico-quimica para los catalizadores basados ¥, Nuevamente se confirma que las
muestras mas activas son las que presentan una ocwmgaentracion de la fase NiwO
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independientemente de la variable de sintesisiagiaidEn el caso de los catalizadores
basados en PtW, el mejor comportamiento cataliticstrado por el 0.05PtWAI se
debe a una interaccién entre las especies de @lgtitungsteno que se pone de
manifiesto mediante una transferencia de cargRtdalW.

10. Los estudios de estabilidad llevados a cabo cors esatalizadores en esta
reaccion de conversion directa de celulosa a glcobvelan que a pesar de que el
catalizador 0.63NiWSi-co es ligeramente mas acts®,desactiva en el medio de
reaccion por lixiviado de sus constituyentes. Sitbargo,el catalizador 0.05PtWAI
es practicamente estable durante los cuatro primeso ciclos de reaccion
experimentando un ligero descenso en su rendimient@l quinto ensayo debido
posiblemente a pequefias pérdidas de catalizadowedas durante su trasvase en el
procedimiento de reutilizacion.

11. Finalmente, se realizan experimentos de activickdlitica con diferentes
tipos de biomasa lignocelulésicacomo reactivo de partida, tanto sin tratar como
tratada con disoluciones acuosas o con mezclas@kSVL ligeramente aciduladas a
alta temperatura. A pesar de los esfuerzos realizagara desarrollar un
pretratamiento de biomasaexsituadecuado para favorecer la extraccion y conversion
de los azucares, y por tanto mejorar el rendimiemtglicoles,no se obtienen
resultados satisfactorios ni para el catalizador 63NiWSi-co ni para el
0.05PtWAI. Sélo se observo una ligera mejora de los resadtath comparacion con
aquellos en los que la lignocelulosa se cargd ereaitor sin tratar. Finalmente,
cuando laGVL se afiadid directamente al reactor (tratamientoinsitu) como
disolvente en presencia del catalizador 0.05PtWAI gon biomasa del cardo sin
pretratar, los resultados de actividad catalitica mejoraron de manera muy
significativa obteniéndose un rendimiento a glicokedel 63.6 %.
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In this Doctoral Thesis we have studied differeatatytic systems based on
metals supported catalysts sorbitol hydrogenolysis and direct conversion of
cellulose or lignocellulose reactiongo obtain glycols. It has proceeded to the
preparation, activation and characterization ohldoésh and used catalysts to correlate
their structure and their catalytic behavior. Spkaittention it has been paid to the
stability of the most active catalysts in these reactions, developing the
physicochemical characterization of the used sasrghel the chemical analysis of the
reaction medium in order to identify the main causktheir deactivation. Although in
each chapter the main conclusions are presetfiedeneral conclusions of this work
are compiled here

The support used in the synthesis of catalystscbaseuthenium and analyzed in
sorbitol hydrogenolysisreaction under neutral conditions, has a signitieifect on
the physicochemical properties of these samplesoaritheir catalytic behavior. From
the activity measurements data obtained and theactesization performed, we have
established the following conclusions:

1. The ruthenium catalyst supported on ALO; (RuAl) showed the highest
yield to glycolsin sorbitol hydrogenolysis in a neutral reactiondinen and under
relatively low hydrogen pressures.

2. Attending to the characterization data, in thisdgtit was deduced that the
sorbitol conversion is not related to the ruthenidmpersion in these catalysts.
However, the acid centers surface concentration and the preace of partially
oxidized species of ruthenium (RU") seem to be relevant properties that influence
the selectivity and yield to glycolsThus, the acidy of RuAl catalyisiduces the prior
sorbitol dehydrogenation and favors the glycerohydieation and it subsequent
hydrogenation in the presence of the metal cetegi/e selectively glycols.

In view of these results, the study of sorbitol fogenolysis in analkaline
reaction medium by the addition of bases in the presence of ruthersupported on
Al,O; catalysts or with ruthenium supported catalystpréggnated directly in basic
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supports as Ca(Okas proposed, analyzing also the incorporatioa sécond metal
as nickel to these systems. The conclusions dreawn this study were:

3. Under the same reaction conditions, the ruthentatalyst impregnated
directly on a basic supporR(Ca-LT) showed a better catalytic behavior (22.8 %
glycols yield) than the RUAI-LT catalyst in the pemce of different amounts of
Ca(OH) incorporated to the reaction medium. This suggésas a close contact
between the metal species and the basic promoterrisquired to clearly favor the
yield to glycols

4. A promoting effect of nickelis observed after its incorporation into RuCa-HT
catalyst displaying even higher glycols yields {396). This may be due to the
interaction of the two metals because of a chargeansfer from Ni to Ru enhancing
its reducibility. The presence of more metal ceniarthe surface also promotes the
prior sorbitol dehydrogenation and the hydrogematibthe unsaturated intermediates
formed to finally produce glycols.

5. NiRuCa-HT catalyst is deactivated due to its suppdrleaching in the
reaction medium. However, the replenishing of the amount of Ca(Oldached in
each reuse cycle allows keeping the activity of #ystem for at least five reaction
cycles slowing down its deactivation.

In thedirect conversion of cellulose to glycolghe addition of an oxide promoter
to Ni catalysts supported on SiGsuch as tungsten oxide, favors the glycols yield
achieved. The main conclusions of this work are:

6. It has been found a synergic effect between niakdl tungsten oxide species.
This effect cannot be attributed to the acidic rextof this oxide as for other similar
oxides as Mo and Nb the improvement in glycols d/ieke not observed. This
exclusive effect in NiWSi catalyst was attributed a the NiWO, mixed phase
formation detected by XRD and XPS techniques.
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7. After the study of the activation process(reduction and calcination
temperatures) for NiWSi catalyst it has been comdnl that in samples in which
NiWQ, phase formation is favored were those that shdaivedigher yields to glycols.
It was observed that the reduction temperature dsengritical than the calcination
temperature. These data suggest unequivocallythbaitctive phase responsible for
the direct conversion of cellulose to glycols is MiO, being NiWSi-800-873
catalyst, activated by calcination at 800 K and reductio®23 K, the catalyst that
displayed the highest yield to glycols (56.1 %) ithis work.

8. It should be noted tHew stability exhibited by the NiWSi-800-873 catalgt.
It can be only reused in two reaction cyclebecause it is deactivated mainly due to
leaching of its constituentsn the reaction medium

Finally, considering the previous stability resultee have deepened in the
identification of an active and stable catalysin the direct conversion of cellulose
and real lignocellulose to glycols. The modificatiof certain parameters as the atomic
Ni/W ratio, the starting precursors, the preparatieethodology of NiWSi systems, the
support used and other hydrogenation metals asP®RVAl) were analyzed. The
conclusions reached in this work are listed below:

9. 0.63NiWSi-co and 0.05PtWAI catalysts have showed dhbest catalytic
performance in the direct conversion of cellulosegaching glycols yields over 50
% . Considering the physicochemical characterizabbNiW based catalysts, the best
catalytic results are again achieved when the sssmpiesent a higher concentration of
NiWQO, phase irrespective the synthesis parameter stubBimdPtW based catalysts,
the best catalyst was 0.05PtWAI due to an intesactietween the platinum and
tungsten species by a charge transfer from Pt to W.

10. Stability studies were conducted with these catalyn the direct conversion
of cellulose to glycols. Although 0.63NiWSi-co dgtd is slightly more active, it is
deactivated in the reaction medium by its constitsiéeaching. However, the catalyst
0.05PtWAI is stable at least for four reaction cy@ssuffering a slight decrease in its
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yield in the fifth test possibly due to small loss# catalyst during its transfer in the
recycling procedure.

11. Finally, catalytic activity experiments were perfed with different types of
lignocellulose biomasss starting reagent, untreated or treated withidigot water or
H,O/GVL mixtures slightly acidulated at high tempeirats. Despite the efforts done to
develop asuitable exsitu biomass pretreatmentto promote its sugars extraction and
conversion and improve the glycols yieldp good results were achieved with
0.63NiWSi-co or 0.05PtWAI catalysts Only a slight improvement was observed
compared with the results in which lignocellulosaswoaded into the reactor without
being pretreated. Finally, wheBVL was directly added to the reactor (nsitu
treatment) as a solvent in the presence of 0.05PtWAcatalyst and with
unpretreated cardoon biomass, the catalytic activit results greatly improved
registering a yield of 63.6 % to glycols
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Supparted Ho catalysts wore prepared by wet impregmation to evahots the ralo of differant oxide
supports {AL:Ok, S0, T, Zrils) in sorbitnl kydrogesalysis o gycols. Xoray diffraction, transais-
siom eledron microscopy, lydragen chemesarption, X-ray photoelectron specroscopy, and NH,
Eemperatare-pragrammed desorphion were sed @ characterize the catalysts, which were active m
the hydrogenolysis of sorbiml. The support affected both the physicochemical propertes asd ci-

Kepwards: lytiz behawior of the supported Ru particles. The characterzation results rovealod that the Hu/ALDy
Goarhitd cataiyst has a high surfeoe acidity, partally modized Ru species on the surface, and a highar surfocs
Gymls B A atoamic rata, which gave it the highest sefectivity and yield o glyoois.
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Uheide supports

1. Introducton They are widely used as antifreeze, lubricants, hpdraalic finids,

Lisnocellulosic biomass is an important ravw material due o
its abundanes, availability, and renswable namure [1-3]. The
Esnocelhlosic feedstock is composed of stuctoral carboky-
drates, cellalose [38%-50%) and hemicelhuloses (23%-32%),
and aromatc pofymer lignin (15%-25%) [4]. Celulose is amr-
rendy used in the paper, textile. and wood indostries. Severa
catabytic processes are being developed to convert cellfose ina
single step inte high added value chemicals like sugars and
alcohals like sorhital or derived polyels with less carbon atoms
[5-11]. Carrently, sorbitol is industrially obtained by ghucose
Trdrogenation with Raney Ni catalysts. Callulose is hpdrolyzed
into glucose which in um is reduced in the presence of a sup-
ported metal catabyst to sorbitol,

Sorbitol &5 ome of the ten mast relevant building blodks de-
rived from biomass because many high added value products
can be derived from it [12), Among the possible reactions for
sorbitol valorization, we focused here on the hydrogenalysis
pathway to produce styeols, mainky 1.2-propylens (1,2-PG) and

manemers for thermoplastes, and ai=o in the pharmaceutcal
industry [13-16]. At the moment, 12-FG and EG are petro-
chemsicals becawse they are produced by the hydrolysis of pro-
prlene cxide and edndene omide respectively, Consequendy
the hypdrosenolysis of sorbite] is an interesting renewable al-
ternative to produce thess chemicals

The hydrogenalysis of sorbitel stars with the dehpdrogena-
tion reaction to gve aldose and ketoses followed by retro-aldol
rcondensaton, which is favored in basic mediam, to yield car-
bonyl compumds ke ghycerasldelyde and ghycolaldelnde. Hy-
drogenation of the latter results m the selective formation of
ghyeols [L2-PG and EG) [17]. Keenan et al [18] reported that
the rero-aldo]l mechanism was msuffident for explaining the
product distribution, while the decarbomylation mechanizm can
explain the selectivity of the terminal C-C scisson. Sorbital hy-
drogenaly=s requires the use of Mi or Ru-basad catalysts under
hizh H; pres=ure and the use of basic promoters. The selectivity
to ghycols increases with the presance of 3 basic promoter, but
the groblems of accelerated degradation and ghyeo! product
segaration occur [16]
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