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Summary 

A progressive transition from a petroleum-based towards a bio-based economy 

is completely required in order to achieve a more sustainable society, which implies a 

reduction of the petroleum dependence and the carbon footprint of modern societies. 

The development of new transformation processes to convert biomass into fuels and 

high added value chemicals is the key issue in this transition.  

The O/C ratio of the biomass feedstocks, and its derived platform chemicals and 

building blocks, is commonly higher than that of most commodity chemicals. C–O bond 

hydrogenolysis appears as one of the best approaches in the deoxygenation of biomass-

derived platform chemicals and building blocks. In this sense, the C–O hydrogenolysis 

of biomass-derived polyols, especially sorbitol, xylitol and glycerol, has attracted a 

great deal of attention in recent years. These three polyols were identified as ones of the 

top 13 most important biomass-derived building blocks in the biorefinery industry for 

the production of high-value chemicals. 

The current PhD thesis has focussed on the development of advanced catalytic 

systems for the selective hydrogenolysis of biomass-derived polyols. For this research, 

the study of the aqueous glycerol hydrogenolysis to propanediols (PDOs) was selected 

as a model reaction, but it should not be overlooked that the knowledge gain of this 

process could be applied in a near future to the valorisation of the more complicated 

polyols, structurally “analogous” to glycerol, such as sorbitol or xylitol. 

In the recent years, the catalytic conversion of glycerol to PDOs has been widely 

studied by the scientific community. However, only high yields of 1,2-propanediol (1,2-

PDO) have been reported, using typically bifunctional systems formed by a 

hydrogenation metal and an acid or base additive. Nevertheless, the production of the 

higher added-value 1,3-propanediol (1,3-PDO) is much more challenging. Thus, there is 

a need for the development of new heterogeneous catalytic systems which are highly 

selective for the C–O cleavage of the secondary hydroxy group of glycerol.  

Up to date, the most effective approach in the production of 1,3-PDO in aqueous 

phase has shown to be the use of heterogeneous catalysts formed by a highly reducible 

noble metal with an oxophilic metal (mainly Re or W).  

In the present  PhD thesis, the bimetallic Pt/WOx/Al2O3 catalyst was initially 

selected for the glycerol hydrogenolysis at 220 ºC and 45 bar of H2. In order to 

understand the role of each active phase, two different series of Pt/WOx/Al2O3 catalysts, 
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with different WOx and Pt contents, were prepared through sequential wetness 

impregnation (WI) method, tested in the reaction and characterised by several 

techniques.  

The WOx incorporation had the most remarkable impact on the increase of the 

total acidity of the catalyst. In addition, an interesting feature of WOx/Al2O3 catalysts 

was found: their Brönsted to Lewis acid sites ratio (B/L) can be tuned as a function of 

the tungsten surface density (ρW), expressed in W at. nm-2 of support. Raman 

spectroscopy of some WOx/Al2O3 catalysts revealed that the ρW parameter controlled 

the kind of WOx species deposited on the catalyst surface, mainly monotungstates, 

polytungstates and WO3 crystalline nanoparticles (WO3 NPs). The combination of this 

characterisation technique with Fourier transform infrared spectroscopy (FTIR) of 

absorbed pyridine showed that the B/L increased with the ρW due to the polytungstate 

formation, until the emergence of WO3 NPs. The polytungstates were found to be the 

unique species able to delocalize the negative charge required for the formation of 

Brönsted acid sites.  

The results of glycerol hydrogenolysis over Pt/WOx/Al2O3 catalysts with 

constant Pt content (1 wt%) and different ρW (1.0-3.9 W at. nm-2) revealed that the 

maximum yield to 1,3-PDO was achieved with the highest content of dispersed 

polytungstate species but before the emergence of the WO3 NPs (2.4 W at. nm-2), non-

well dispersed particles and quite inaccessible to the glycerol reactant.  

In addition, the effect of Pt content (1-9 wt%) was studied in the glycerol 

hydrogenolysis, with constant ρW (nearly the optimum value previously obtained of 2.2 

W at. nm-2). As expected, the increase of Pt content enhanced the glycerol conversion 

since these metal sites were involved in the heterolytic activation of H2 molecules into 

hydrides and protons, which subsequently took part in the activation of the adsorbed 

glycerol. Moreover, the increase of Pt loading had a remarkable effect on the increase of 

1,3-PDO/1,2-PDO ratio. A larger interaction between Pt and WOx sites, or a closer 

proximity between them, was suggested to be responsible of the greatly enhancement of 

glycerol conversion and 1,3-PDO/1,2-PDO ratio, at high Pt contents. However, the 

main drawback was the over-hydrogenolysis of 1,3-PDO to 1-propanol (1-PO). This 

reaction was partially avoided at 200 ºC, enhancing the selectivity towards 1,3-PDO. 

To gain more knowledge about some of the main catalytic parameters involved 

in the reaction, the previous study was deepened by the use of three different aluminium 

oxide materials as supports of the bimetallic Pt-WOx catalysts. For this purpose, pseudo 
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γ-AlO(OH) (pseudo-boehmite) and γ-Al2O3 supports prepared by a sol-gel (SG) method 

were compared with the previously tested commercial γ-Al2O3 (Alcom). 

The effect of the ρW and Pt-WOx interactions was investigated in the aqueous 

glycerol hydrogenolysis at 200 ºC and 45 bar of H2.  

For this purpose, three different strategies were carried out to modify the ρW: (i) 

using of catalysts with similar nominal W content of 10 wt%, (ii) catalysts with the 

highest ρW before the formation of the undesired WO3 NPs (ρW
lim), and (iii) catalysts 

with similar nominal W content of 10 wt% calcined at higher temperature and, 

therefore, with lower surface area and higher ρW. The Pt loading was kept constant (2 

wt%) in all cases.  

First of all, the pseudo γ-AlO(OH) support allowed a higher ρW
lim value, since 

showed a high concentration of hydroxy groups on its surface as compared to that of the 

γ-Al2O3. This result indicated that the hydroxy groups are the preferential anchoring 

sites for the WOx species. 

The correlation between the results of activity test and catalyst characterisation 

unequivocally demonstrated that the ρW controlled the selectivity towards 1,3-PDO 

through the formation of the polytungstate species. However, a balance between the 

acid and metal sites seemed necessary in order to enhance the Pt-WOx interactions or 

the close proximity between these active sites. Thus, in spite of the pseudo-AlO(OH) 

support achieved the highest ρW
lim, the Pt/WOx on Alcom catalyst (2Pt9W supported on 

Alcom) showed a better yield to 1,3-PDO. 

To improve the Pt-WOx interactions two strategies were carried out: (i) 

improving the Pt dispersion of the catalyst which achieved the best results up to that 

date, with the use of the chemical vapour impregnation (CVI) method for Pt deposition, 

and, (ii) increasing the Pt loading from 2 to 9 wt%. Despite the CVI method was not 

able to improve the Pt dispersion of the catalyst prepared by sequential WI, the activity 

test and characterisation results allowed determine that Pt dispersion was an important 

parameter in the glycerol hydrogenolysis. A higher Pt dispersion could lead to a higher 

Pt-WOx interaction (or closer proximity), promoting the selective formation of 1,3-PDO 

from glycerol.  

The Pt-WOx interactions (or their proximity) were improved by increasing the Pt 

content from 2 to 9 wt%. The most remarkable effect was found on the glycerol 

conversion; it increased almost 4 times as the Pt loading increased. Moreover, the 

increase of Pt loading enhanced the 1,3-PDO/1,2-PDO ratio. Despite the Pt dispersion 
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decreased with the Pt metal loading, the CO chemisorption results revealed relatively 

small Pt particles for the catalysts with 9 wt% of Pt (9Pt8W supported on Alcom). This 

catalyst showed a considerably high yield to 1,3-PDO of 35.0 % (in 24 h at 200 ºC and 

45 bar of H2). 

The great deal of controversy about fundamental parameters involved in the 

reaction, such as the role of the oxophilic metal in the binding of glycerol or the 

intermediate species generated, motivated a deeper study of the reaction mechanism. 

The glycerol hydrogenolysis was studied by in-situ attenuated total reflection 

infrared (ATR-IR) spectroscopy using the 9Pt8W supported on Alcom catalyst, at 200 ºC 

and 45 bar of H2. This technique proved to be a powerful tool for the catalyst 

characterisation in real-time since it could register the changes the catalytic surface 

suffered during the reaction. However, this work highlighted the problems related to the 

use of solvents with strong IR absorption like water. Although the measurements in 

water were very hard, it was possible to measure the changes in the interactions of 

adsorbed molecules and catalyst surface in real-time, as the reactant was consumed and 

the products were formed.  

More interesting mechanistic information was obtained with the ex-situ ATR-IR 

spectroscopy. It was applied to the study of the interactions of the glycerol reactant with 

different catalyst surfaces (γ-Al2O3 and 9W on γ-Al2O3), which provided important 

information about the initial adsorption step. The results suggested that the adsorption 

took place through the terminal hydroxy group/s of glycerol over both catalysts, but the 

adsorption strength seemed to be stronger over the catalyst with WOx.  

Moreover, a preliminary kinetic study was performed in order to determine 

whether the main products of the glycerol hydrogenolysis (PDOs and 1-PO) compete 

for the same active sites of glycerol. For these experiments, different aqueous feed 

solutions formed by glycerol and a product, in a molar ratio of 1:1, were used. An 

inhibition of the glycerol conversion was found was in all cases due to the competitive 

adsorption for the same active sites between the products and glycerol. PDOs showed a 

higher competition than 1-PO which could be explained by the higher number of 

hydroxy groups of PDOs. In addition, the stronger adsorption of 1,3-PDO pointed out 

that the adsorption of PDOs might also occur preferentially by the terminal hydroxy 

group.  

The traditionally proposed dehydration-hydrogenation mechanism could not 

explain the very high selectivities towards 1,3-PDO achieved with this kind of catalysts. 
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To gain more knowledge about the reaction mechanism, the hydrogenolysis of glycerol, 

1,2-PDO and 1,3-PDO were carried out under H2 and N2 atmospheres, over the 9Pt8W 

supported on Alcom catalyst (at 220 ºC and 45 bar).  

The over-hydrogenolysis of PDOs to 1-PO was the main reaction involved in the 

PDOs conversion under H2 atmosphere. It explained why high selectivities towards 1-

PO were normally obtained in the glycerol hydrogenolysis. Under N2 atmosphere, the 

glycerol conversion decreased almost 4 times and only 1,2-PDO among the PDOs was 

not obtained. This fact revealed that a high availability of hydrogen is necessary for the 

glycerol conversion into 1,3-PDO. 

The better understanding of some important reaction parameters leaded to the 

proposal of a new reaction mechanism for the selective glycerol hydrogenolysis to 1,3-

PDO. The WOx acid sites might be involved in the first step by anchoring the primary 

hydroxy group/s of glycerol. Next, a proton coming from a Brönsted acid site (provided 

by polytungstate species) could protonate the internal hydroxy group of glycerol (with 

the highest proton affinity). It might be stabilised by the polytungstate species, what was 

favoured by the stronger glycerol adsorption over the WOx sites rather than on those of 

the γ-Al2O3 support. After dehydration, a secondary carbocation was formed. A hydride 

specie, coming from the heterolytic activation of molecular H2 on the Pt active sites, 

attacked the secondary carbocation. Finally, the hydrolysis of the alkoxide formed 

yielded the target compound 1,3-PDO. 
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Resumen 

La progresiva transición desde una economía basada en el petróleo hacia una 

bio-economía es completamente necesaria para conseguir una sociedad más sostenible, 

lo cual implica una reducción de la dependencia del petróleo y de la huella de carbono 

de las sociedades modernas. El desarrollo de nuevos procesos para transformar la 

biomasa en combustibles y productos químicos de alto valor añadido es la cuestión 

fundamental en esta transición. 

Normalmente, el ratio O/C de las materias primas de la biomasa y, de sus 

plataformas químicas y bloques químicos constituyentes, es mayor que en mayoría de 

los productos químicos. La hidrogenólisis del enlace C–O aparece como una de las 

mejores propuestas para la desoxigenación de las plataformas químicas y bloques 

químicos derivados de la biomasa. En este contexto, la hidrogenólisis C–O de los 

polioles derivados de la biomasa, especialmente del sorbitol, xilitol y glicerol, 

recientemente ha atraído mucha atención. Estos tres polioles han sido identificados 

como unos de los top-13 bloques químicos constituyentes más importantes en la 

biorefinería para la obtención de productos químicos de alto valor añadido. 

La actual tesis doctoral se ha centrado en el desarrollo de sistemas catalíticos 

avanzados para la hidrogenólisis selectiva de polioles derivados de la biomasa. Para esta 

investigación se ha seleccionado el estudio de la hidrogenólisis acuosa de glicerol a 

propanodioles (PDOs) como modelo de reacción, pero no se debe pasar por alto que el 

conocimiento adquirido en este proceso podría aplicarse en un futuro cercano a la 

valorización de polioles más complejos, estructuralmente análogos al glicerol, como el 

sorbitol o el xilitol. 

Recientemente, la conversión catalítica de glicerol a PDOs ha sido ampliamente 

estudiada por la comunidad científica. Sin embargo, sólo se han obtenido altos 

rendimientos a 1,2-propanodiol (1,2-PDO) utilizando habitualmente sistemas bi-

funcionales formados por un metal para la hidrogenación y un ácido o una base como 

aditivo. Sin embargo, la producción del 1,3-propanodiol (1,3-PDO), de mayor valor 

añadido, es mucho más compleja. Por ello, es necesario el desarrollo de nuevos sistemas 

catalíticos heterogéneos altamente selectivos en la ruptura del enlace C-O del grupo 

hidroxilo secundario del glicerol. 
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Hasta el momento, la mejora más efectiva en la producción de 1,3-PDO en fase 

acuosa ha sido el uso de catalizadores heterogéneos formados por un metal noble 

altamente reducible y un metal oxofílico (principalmente Re o W). 

En la presente tesis doctoral, el catalizador bimetálico Pt/WOx/Al2O3 ha sido 

inicialmente seleccionado para la hidrogenólisis de glicerol a 220 ºC y 45 bar de H2. 

Para tratar de entender el papel de cada fase activa, 2 diferentes series de catalizadores 

de Pt/WOx/Al2O3, con diferentes contenidos de WOx y Pt, se prepararon mediante el 

método de impregnación húmeda secuencial (del inglés wetness impregnation, WI), se 

probaron en la reacción y se caracterizaron mediante numerosas técnicas. 

La incorporación de WOx mostró tener el mayor impacto en el aumento de la 

acidez total del catalizador. Además, se encontró una interesante característica de los 

catalizadores de WOx/Al2O3: su ratio de centros ácidos Brönsted a Lewis (B/L) podía 

modificarse en función de la densidad superficial de tungsteno (ρW), expresada en at. W 

nm-2 de soporte. La espectroscopía Raman de algunos catalizadores de WOx/Al2O3 

reveló que el parámetro ρW controlaba el tipo de especies de WOx depositadas sobre la 

superficie del catalizador, principalmente monotungstatos, politungstatos y 

nanopartículas cristalinas de WO3 (NPs WO3). La combinación d esta técnica de 

caracterización con la espectroscopía infrarroja mediante transformada de Fourier 

(FTIR) de piridina absorbida mostró que el ratio B/L aumentaba con ρW debido a la 

formación de politungstatos, hasta la aparición de las WO3 NPs. Se ha encontrado que 

los politungstatos son las únicas especies capaces de deslocalizar la carga negativa 

requerida para la formación de los centros ácidos Brönsted. 

Los resultados de la hidrogenólisis de glicerol sobre catalizadores de 

Pt/WOx/Al2O3 con un contenido constante de Pt (1 % peso) y diferentes ρW (1.0-3.9 at. 

W nm-2) revelaron que el mayor rendimiento a 1,3-PDO se obtuvo con el mayor 

contenido de especies de politungstatos pero antes de la aparición de las NPs WO3 (2.4 

at. W nm-2), partículas mal dispersas y bastante inaccesibles al reactivo glicerol. 

También se estudió el efecto del contenido de Pt (1-9 % peso) en la 

hidrogenólisis de glicerol, con un valor constante de ρW (cercano al óptimo encontrado 

anteriormente de 2.2 at. W nm-2). Como era de esperar, el aumento del contenido de Pt 

mejoró la conversión ya que estos centros metálicos están involucrados en la activación 

heterolítica de las moléculas de H2 en hidruros y protones, los cuales posteriormente 

toman parte en la activación de las moléculas adsorbidas de glicerol. Además, el 

aumento del contenido de Pt tenía un notable efecto en el aumento del ratio 1,3-
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PDO/1,2-PDO. Se ha sugerido que la mayor interacción entre los centros de Pt y los de 

los WOx, o la mayor proximidad entre ellos, a altos contenidos de Pt era la responsable 

de la gran mejora de la conversión de glicerol y del ratio 1,3-PDO/1,2-PDO. Sin 

embargo, el principal inconveniente era la sobre-hidrogenólisis de 1,3-PDO a 1-

propanol (1-PO). Esta reacción se suprimió parciamente a 200 ºC, mejorando la 

selectividad a 1,3-PDO. 

Para obtener un mayor conocimiento sobre algunos de los principales 

parámetros involucrados en la reacción, el anterior estudio fue profundizado mediante la 

utilización de diferentes óxidos de aluminio como soportes de los catalizadores 

bimetálicos de Pt-WOx. Con este propósito, se compararon los soportes de pseudo γ-

AlO(OH) (pseudo-boehmita) y γ-Al2O3 preparados mediante el método sol-gel (SG) con 

la previamente utilizada γ-Al2O3 comercial (Alcom). 

Se investigó el efecto de la ρW y de las interacciones Pt-WOx en la hidrogenólisis 

acuosa de glicerol a 200 ºC y 45 bar de H2. Con este propósito, se llevaron a cabo tres 

estrategias diferentes para modificar la ρW: (i) uso de catalizadores con un contenido 

nominal de W similar, del 10 % peso, (ii) catalizadores con el mayor valor de posible 

ρW antes de la aparición de las NPs WO3 (ρW
lim), y (iii) catalizadores con un contenido 

nominal de W similar, del 10 % peso, calcinados a temperaturas más altas y, por tanto, 

con una menor área superficial y mayor valor de ρW. El contenido de Pt se mantuvo 

constante en todos los casos (2 % peso). 

En primer lugar, el soporte de pseudo-AlO(OH) logró un mayor valor de ρW
lim 

ya que su superficie mostraba una mayor concentración de grupos hidroxilo comparada 

con la superficie de la γ-Al2O3. Este resultado indicaba que los grupos hidroxilos eran 

los centros preferenciales para el anclaje de las especies de WOx. 

La correlación entre los resultados de los ensayos de actividad y la 

caracterización de los catalizadores, demostró de forma inequívoca que la ρW controlaba 

la selectividad a 1,3-PDO a través de la formación de las especies de politungstatos. Sin 

embargo, parecía necesario un equilibrio entre los centros ácidos y metálicos con el fin 

de aumentar las interacciones Pt-WOx o la proximidad entre estos centros activos. Por 

ello, a pesar de que el soporte de pseudo-AlO(OH) consiguió el valor más alto de ρW
lim , 

el catalizador de Pt/WOx soportado en Alcom (2Pt9W soportado en Alcom) mostró un 

mejor rendimiento a 1,3-PDO. 

Para mejorar las interacciones Pt-WOx se llevaron a cabo dos estrategias: (i) 

mejorar la dispersión de Pt en el catalizador que había mostrado los mejores resultados 
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hasta el momento, mediante la utilización del método de impregnación química vapor 

(del inglés chemical vapour impregnation, CVI) para depositar el Pt, y (ii) aumento del 

contenido de Pt de 2 a 9 % peso. A pesar de que el método CVI no fue capaz de mejorar 

la dispersión del Pt del catalizador preparado mediante WI, los ensayos de actividad y 

los resultados de la caracterización permitieron determinar que la dispersión era un 

parámetro importante en la hidrogenólisis de glicerol. Una mayor dispersión de Pt 

podría conducir a una mayor interacción Pt-WOx (o una mayor proximidad), 

promoviendo la formación selectiva de 1,3-PDO a partid del glicerol. 

Las interacciones Pt-WOx (o su proximidad) fueron mejoradas mediante el 

aumento del contenido de Pt, desde el 2 al 9 % peso. El efecto más remarcable se 

encontró en la conversión de glicerol; ésta aumentó casi 4 veces con el aumento de la 

carga de Pt. Además, el incremento del contenido de Pt aumentó el ratio 1,3-PDO/1,2-

PDO. A pesar de que la dispersión de Pt disminuía con el aumento del contenido 

metálico de Pt, los resultados de quimisorción de CO mostraron que las partículas de Pt 

eran bastantes pequeñas para el catalizador con un 9 % peso (9Pt8W sobre Alcom). Este 

catalizador mostró un rendimiento a 1,3-PDO considerablemente elevado del 35 % (en 

24 h a 200 ºC y 45 bar de H2). 

La gran controversia sobre ciertos parámetros fundamentales involucrados en la 

reacción, como el papel del metal oxofílico en el anclaje del glicerol o las especies 

intermedias generadas, ha motivado la realización de un profundo estudio del 

mecanismo de reacción. 

La hidrogenólisis de glicerol fue estudiada in-situ mediante espectroscopía 

infrarroja de reflexión total atenuada (del inglés attenuated total reflection infrared, 

ATR-IR) utilizando el catalizador 9Pt8W soportado en Alcom, a 200 ºC y 45 bar de H2. 

Esta técnica ha demostrado ser una potente herramienta para la caracterización de 

catalizadores en tiempo real, ya que puede registrar los cambios que sufre la superficie 

del catalizador durante la reacción. Sin embargo, este trabajo ha resaltado la 

problemática relacionada con el uso de disolventes que absorben fuertemente radiación 

IR como es el caso del agua. Aunque las medidas en agua fueron difíciles, fue posible 

medir los cambios en las interacciones entre las moléculas adsorbidas y la superficie del 

catalizador, a medida que los reactivos se iban consumiendo y los productos se iban 

formando. 

Con el uso de la espectroscopía ATR-IR ex-situ se obtuvo una información 

mecanística más interesante. Se aplicó al estudio de las interacciones entre el reactivo 
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glicerol y la superficie de diferentes catalizadores (γ-Al2O3 and 9W on γ-Al2O3), lo que 

proporcionó importante información acerca de la etapa inicial de adsorción. Los 

resultados sugirieron que la adsorción tenía lugar a través del grupo/s terminal/es del 

glicerol sobre los dos catalizadores, pero la fuerza de la adsorción parecía ser mayor 

sobre el catalizador con WOx. 

Además, se llevó a cabo un estudio cinético preliminar para determinar si los 

principales productos de la hidrogenólisis de glicerol (PDOs y 1-PO) competían por los 

mismos centros activos que el glicerol. Para estos experimentos, se utilizaron diferentes 

disoluciones acuosas formadas por el glicerol y un producto, en relación molar 1:1. En 

todos los casos, se produjo una inhibición de la conversión de glicerol debido a la 

competencia por los mismos centros activos entre los productos y el glicerol. Los PDOs 

mostraron una mayor competencia que el 1-PO, lo que podría explicarse por su mayor 

número de grupos hidroxilo. Además, la más fuerte adsorción del 1,3-PDO indicó que 

la adsorción de los PDOs también podría ocurrir preferencialmente a través de los 

hidroxilos terminales. 

El mecanismo tradicionalmente propuesto de deshidratación-hidrogenación no 

puede explicar la alta selectividad a 1,3-PDO conseguida con este tipo de catalizadores. 

Para obtener un mayor conocimiento sobre el mecanismo de reacción, la hidrogenólisis 

de glicerol, 1,2-PDO y 1,3-PDO se llevó a cabo en atmósfera de H2 y N2, sobre el 

catalizador de 9Pt8W en Alcom (a 220 ºC y 45 bar). La sobre-hidrogenólisis de los PDOs 

a 1-PO fue la principal reacción involucrada en su conversión en atmósfera de H2. Esto 

explicaba por qué normalmente se obtenían altas selectividades a 1-PO en la 

hidrogenólisis de glicerol. En atmósfera de N2, la conversión de glicerol se redujo casi 4 

veces y sólo se obtuvo 1,2-PDO, entre los PDOs. Este hecho reveló que la alta 

disponibilidad de H2 era necesaria para la conversión de glicerol en 1,3-PDO. 

La mejor comprensión de algunos de los parámetros más importantes de la 

reacción condujo a la proposición de un nuevo mecanismo de reacción para la 

hidrogenólisis selectiva de 1,3-PDO. Se propuso que los centros ácidos de WOx podrían 

estar involucrados en la primera etapa, a través del anclaje del glicerol a través de los 

hidroxilos primarios. Posteriormente, un protón procedente de un ácido Brönsted 

(proporcionado por las especies de politungstatos) podría protonar el grupo hidroxilo 

interno del glicerol (de mayor afinidad protónica). Tras la deshidratación, se formaría un 

carbocatión secundario. Éste podría estabilizarse mediante los politungstatos, lo que 

estaría favorecido por la más fuerte adsorción del glicerol sobre los centros de WOx que 
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sobre los del soporte de γ-Al2O3. Un hidruro, procedente de la activación heterolítica del 

H2 molecular en los centros activos del Pt, atacaría al carbocatión secundario. 

Finalmente, la hidrólisis del alcóxido formado conduciría a la formación del compuesto 

de interés, 1,3-PDO. 
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Abstract 

The aim of the present Chapter is to contextualize the process selected as the 

object of study of the current thesis, framed in the field of green chemistry and 

sustainable engineering. This Chapter highlights the interest of this topic from an 

engineering point of view.  

First, the real necessity of a progressive transition from a petroleum-based 

economy to a bio-based economy is presented. It does not pretend to be a critic 

overview of the current economy model; it just shows real facts as objectively as 

possible. Potential industrial processes for the transformation of biomass into interesting 

and marketable commodity chemicals are briefly discussed, paying particular attention 

to the process studied in this thesis: the hydrogenolysis of biomass-derived polyols. 

1.1 Biomass as renewable feedstock 

Energy availability is essential for the socioeconomic development of any 

society. Since XIX century fossil fuels, like coal, petroleum and natural gas, are the 

main energy sources of advanced societies. Undoubtedly, it would have been impossible 

to hold the rate of the global economic growth and reach the current standard of living 

of the developed countries without the production and use of these cheap and easily 

available energy sources.  

Nowadays, petroleum is the main world energy source, representing the 33 % of 

the total, following by coal, 24 %, and natural gas, 30 % [1]. Fossil fuels supplied the 87 

% of the world total energy consumption in 2014 [1]. Thus, accessibility and 

availability of fossil fuels are essential for the economy and well-being of the 

industrialized societies, being the cause of great magnitude international conflicts. The 

prospects are not very encouraging. Global energy demand is projected to grow by 37 % 

by 2040, as the International Energy Agency (IEA) published in the World Energy 

Outlook 2014 [2]. Other sources of information as the United States Energy Information 

Agency (EIA) point out even a higher energy demand rise of 56 % for the same period 

[3]. Where there is a broader consensus is in the dramatic change of the global 

distribution of energy demand. Most of its rise will come from emerging countries 

driven by their economic growth. Energy use will essentially flat in much of Europe, 

Japan, Korea and North America, and consumption rise will be concentrated in the rest 
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of non-OECD (non-Organization for Economic Cooperation and Development) 

countries in Asia, 65 % of total, Africa, 8 %, the Middle East 10 %, and Latin America, 

8 % (see Fig. 1.1) [2].  

 
Fig. 1.1. World primary energy demand in 2035 (in Mtoe), and share of global growth between 2012-2035 [2]. 

 

Formation of fossil fuels took millions of years and they are currently being 

consumed at a rate that is several orders of magnitude higher than their natural 

regeneration cycle [4]. Although the controversy about the expected lifetime of fossil 

fuels is very high, the scientific community agrees that petroleum is the resource with 

the shortest lifetime, it will last only another 40 years [5]. Petroleum is not only the 

primary feedstock for liquid fuels, as almost the 4 % of oil is worldwide used for 

chemicals production [6]. More than 3,000 different compounds are obtained from 

petroleum, which are afterwards used in fertilizers, plastics, food, pharmaceutical, 

chemical and textile industries, among others [7]. 

The large amount of chemical products obtained from these non-renewable 

resources further aggravates the concern for the depletion of fossil fuels. Moreover,  

their combustion is considered the main cause of the anthropogenic greenhouse-gases 

(GHG) emissions, such as carbon dioxide (CO2) and methane (CH4), and the emission 

of nitrogen oxides (NOx), which contributes to the global warming and climate issues 

[8,9].  

As a consequence of the issues related to the large-scale use of fossil fuels, there 

is a clear need to find renewable and more sustainable alternatives to produce energy 

and chemical products. In this regard, biomass is the only sustainable resource of 

organic carbon currently available on the Earth and, therefore, it has been pointed out as 

the only alternative to petroleum as the main feedstock for fuels, chemicals, and carbon-

based materials production [10]. Biomass constitutes an inexpensive renewable resource 
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highly available on a global scale, unlike the finite nature of fossil fuels, which could 

change the current petroleum-based economy toward a more sustainable bio-based one. 

This transition has multiple economic and environmental advantages: (1) the increase of 

the energy security by the reduction of many countries dependency on fossil fuel 

imports, (2) diversification of energy sources , (3) stimulation of regional and rural 

development, and, (4) increase the sustainability by reducing the emissions GHG , , 

among others. 

Taking into account all of these advantages a new concept was developed: the 

biorefinery. The following section will deepen more into this new concept that will lead 

to a model more sustainable from an environmental, social and economic point of view. 

1.2 The biorefinery concept 

One of the most exhaustive definitions of the role of biorefinery was recently 

accomplished by the IEA. They defined it as ‘‘the sustainable processing of biomass 

into a spectrum of marketable products and energy” [11]. The biorefinery is an 

industrial facility or network of facilities that integrates a wide range of technologies for 

the transformation of biomass feedstocks into their building blocks (carbohydrates, 

triglycerides, proteins, etc.) and the simultaneous production of biofuels, energy and 

chemical products of high added value [12].  Biorefinery is “analogous” to the 

conventional oil refinery, where oil is refined into fuels and chemicals. There, the 

economic feasibility is partly achieved through the simultaneous production of large 

volumes of low-value transportation fuels along with lower volumes of more valuable 

chemicals and carbon-based products. These two concepts are schematically shown in 

Fig. 1.2. 

The technology used in the petroleum refinery is mature because of the broad 

experience acquired during the last 50 years. Along this time, heterogeneous catalysis 

played a key role in the petroleum refining and chemical processing. Nevertheless, the 

reactions for conversion of biomass into chemicals typically need to be accomplished in 

liquid phase, where the solvent is commonly water, rather than the gas phase used for 

petrochemicals [13]. This fact together with the totally oppose chemical nature of the 

feedstocks, biomass and petroleum, generated that the catalytic approaches and 

processing strategies developed for petroleum refinery are not directly applicable in 

biorefinery. While the catalysts for the conversion of petroleum into chemicals are 
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focused on selectively functionalize hydrocarbons, the biomass is already highly 

functionalized and, therefore, the catalysts required should be able to selectively remove  

some of the functionalities [13,14]. The different processing strategies to obtain 

chemical products from petroleum and biomass are represented in Fig. 1.3. For these 

reasons new catalysts and processes are needed for converting biomass into fuels and 

chemical products. 

 

 
Fig. 1.2. Conventional oil refinery vs. the biorefinery concept [15]. 

 

 
Fig. 1.3. Opposed strategies for chemicals production: de-functionalizing of biomass and functionalizing of 

petroleum [14]. 
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Biorefinery feedstocks are very diverse. It can be used all kind of biomass 

including wood and agricultural crops, organic residues (derived from plants and 

animals, and industrial and municipal wastes) and aquatic biomass, among others.  

Nevertheless, the sustainability of the use of biomass is frequently questioned. 

There is an increasing concern about the use of edible biomass for energy and chemicals 

production and about the use of extensive lands for energy crops, with the related 

concerns of loss of biodiversity and land deforestation [16]. However, it is essential to 

differentiate between the first and second generation technologies. The first ones were 

developed for the conversion of edible biomass into fuels (so-called first generation 

bio-fuels). Some of the most relevant examples are the use of sugar cane and wheat for 

the production of ethanol through fermentation of sugars and starches, and the 

transesterification of vegetable oils, such as palm oil and rapeseed, into biodiesel. By 

contrast, second generation technologies are focused on the conversion of 

lignocellulosic biomass, such as straw, stover and wood. Lignocellulosic biomass is a 

non-edible material and, therefore, does not compete with food and feed crops [17]. 

Thus, the use of lignocellulosic biomass is attracting growing attention as a real 

sustainable and renewable source.  

Lignocellulosic biomass mainly consists of three fractions: cellulose (40-50 %), 

hemi-cellulose (25-35 %) and lignin (15-20 %) [18,19]. In particular, the conversion of 

the carbohydrate fraction of lignocellulose (cellulose and hemicellulose) into platform 

chemicals is of great interest. Fig. 1.4 shows the composition of lignocellulose and the 

main platform chemicals derived from each fraction. 

Commonly, the biomass feedstocks and its derived platform chemicals have a 

higher O/C ratio than most of the commodity chemicals or fuels. Thus, they required to 

be deoxygenated [20]. In principle, this deoxygenation can be achieved via C–O bond 

hydrogenolysis, dehydration, decarbonylation and decarboxylation reactions [21]. 

Among them, C–O bond hydrogenolysis is of particular significance in the production 

of high value chemicals [22].  

The aim of the next section is to prove the key role of hydrogenolysis reactions 

in the valorization of some of the most important platform chemicals and building 

blocks derived from biomass. To that end some relevant examples will be shown. 
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Fig. 1.4. Composition of lignocellulosic biomass and the main platform chemicals obtained. 

1.3 Hydrogenolysis reactions in biomass upgrading   

Hydrogenolysis is defined as a type of reduction that involves a chemical bond 

dissociation in an organic substrate and the simultaneous addition of hydrogen to the 

resulting molecular fragments [23] . In general, C–O bond hydrogenolysis is not an easy 

reaction to achieve. This bond has high activation energy, above most other C–X single 

bonds (only C–H and C–F bonds are higher) [22]. This makes the C–O bond inert to 

many reagents and catalysts. The use of heterogeneous catalysts is preferred over the 

homogeneous ones mainly because it simplifies the separation and reuse of the catalyst 

after the reaction. Thus, the development of heterogeneous catalysts which show high 

activity towards C–O bond scission is necessary but also very challenging.  

An example of C–O hydrogenolysis is found in the hydrotreating of vegetable 

oils to liquid alkanes suitable for diesel and jet fuel applications. The vegetable oils, 

composed of triglycerides (TGs), are deoxygenated using high hydrogen pressures (50-

100 bar) and relatively high temperatures (300-400 ºC) in the presence of supported 

metal catalysts [24] . As it is shown in Fig. 1.5, TGs first undergo hydrogenolysis of the 

C–O bonds forming the free fatty acids along with a molecule of propane [25]. Free 

fatty acids can undergo oxygen removal by other different pathways: (i) repetitive 

cycles of hydrogenation-dehydration, hydrodeoxygenation (HDO) to yield n-alkanes 
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with the same number of carbon atoms as those of the starting free fatty acids and; (ii) 

decarbonylation/decarboxylation (HDC) that produces a linear alkane with n-1 carbon 

atoms, releasing COx molecules [4]. Finally, n-alkanes are converted into branched-

hydrocarbons, valuable for green bio-oils, by hydroisomerization reactions, avoiding the 

undesired chain cracking.  

 
Fig. 1.5. Scheme of the hydrotreating of TGs to green jet fuel and diesel hydrocarbons [4]. 

The C−O hydrogenolysis is also the main reaction in the transformation of 

cellulose-derived materials obtained though hydrolysis, such as sorbitol, glucose, and 

cellobiose, into n-hexane. For instance, when converting sorbitol into n-hexane there are 

six C−O bonds to be cleavage. Huber et al. have intensively investigated this 

transformation by using different platinum-based catalysts [26–29] obtaining a 

maximum yield of 70 % into n-hexane. Recently, Tomishige’s group conducted the 

same reaction over the Ir-ReOx/SiO2 catalyst combined with the zeolite HZSM-5 as co-

catalyst in a biphasic reaction system (n-dodecane + H2O) under mild conditions, 

obtaining a good yield of 95 % [30]. Furthermore, they attained good results using 

cellobiose and glucose as starting materials. The direct production of n-hexane from 

cellulose has a greater interest. Using the same catalytic system, this group was the first 

one to achieve the conversion of cellulose into n-hexane in one-pot obtaining very high 

yields of 78-83 % [31], from ball-milled cellulose and microcrystalline cellulose, 

respectively. This transformation consists on the hydrolysis of cellulose to glucose via 

water-soluble oligosaccharides, hydrogenation of glucose to sorbitol, and successive 

hydrogenolysis of sorbitol to n-hexane (Fig. 1.6).  
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Fig. 1.6. Scheme of the conversion of cellulose into n-hexane [31]. 

The C–O bond hydrogenolysis plays also a relevant role in the upgrading of 

some biomass-based building blocks. This is the case of furfural, which is mainly 

obtained from the dehydration of xylose obtained from the hemicellulose fraction of 

biomass. Furfural by itself has no value as fuel due to its tendency to polymerize. 

However, it can be upgraded to 2-methylfuran and polyols, such as 1,5-pentanediol 

(1,5-PeD) and 1,2-pentanediol (1,2-PeD), which are key building blocks for the 

production of green fuels and chemicals [23,32,33]. 

The process is shown in Fig. 1.7 and involves hydrogenation and hydrogenolysis 

steps. Hydrogenation of furfural can give furfuryl alcohol (FFA) and tetrahydrofurfuryl 

alcohol (THFA). Hydrogenolysis can also proceed by the reaction of furfural with 

hydrogen, which can produce 2-methylfuran (2-MF), 2-methyltetrahydrofuran (2-

MTHF), cyclopentanone or the polyols 1,5-PeD and 1,2-PeD, which can be used as 

monomers of polyesters and polyurethanes. 

 
Fig. 1.7. Reaction pathway for furfural conversion to 2-methylfuran and other marketable products [33].  

In 2004, the US Department of Energy (DOE) released a publication where 10 

target molecules that could be produced from biomass-derived carbohydrates were 
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described [34]. A new report presents an updated target chemicals based on industrial 

and scientific advances since 2004 to 2010 [35]. These targets were selected taking into 

account some different criteria: economics, industrial viability, size of markets, and the 

ability of the compounds to serve as platform chemicals for the production of 

derivatives, chemicals and fuels. 

Interestingly, among the 13 most important molecules identified as potential 

building blocks for the production of more interesting chemicals, three were biomass 

polyols: sorbitol, xylitol and glycerol.  

On account of this, the thesis focuses on the valorisation of biomass-derived 

polyols through hydrogenolysis reactions and it will be discussed in more detail in the 

following section.  

1.4 Upgrading of biomass-derived polyols 

1.4.1 The most interesting biomass-derived polyols as building blocks 

The most significant chemical and physical characteristics of sorbitol, xylitol 

and glycerol are summarized in Table 1.1 in order to facilitate the reading of the next 

section. 

Table 1.1. Physicochemical properties of the most interesting biomass-derived polyols as platform chemicals: 

sorbitol, xylitol and glycerol. 

Physicochemical 

properties 

Sorbitol 

 

Xylitol 

 

Glycerol 

 
Chemical Formula C6H14O6 C5H12O5 C3H8O3 

Molecular mass (g mol-1) 182.17176 152.14578 92.09382 

Density (g cm-3at 20ºC) 1.4890 1.5200 1.2613 

Viscosity (cPo at 20ºC) 110 300 954 

Boiling point (ºC) 295 216 290 

Melting point (ºC) 111 93 18 

1.4.1.1 Sorbitol 

Sorbitol is a polyol with 6 carbon atoms and an O/C ratio of 1. It is industrially 

obtained from the catalytic hydrogenation of glucose (from corn, beet or sugar cane) 



Introduction 

 

26 
 

that possesses a great availability and low cost. On industrial scale, Raney Ni is the 

catalysts most frequently used in the process. 

On the other hand, important attempts are being made for the direct catalytic 

conversion of cellulose biomass fraction into sorbitol which could imply a significant 

advance in the biorefinery. This reaction is a two-step process, which includes the 

hydrolysis of cellulose to glucose and subsequent hydrogenation to the sugar alcohol, 

sorbitol or mannitol (Fig. 1.8) [36]. 

 
Fig. 1.8. Catalytic conversion of cellulose into sugar alcohols sorbitol and mannitol [36]. 

For instance, Fukuoka et al. [37] reported 31% yield of sugar alcohols (25 % 

sorbitol and 6 % to mannitol) in 24 h at 190 °C and 5 MPa H2 using a Pt/Al2O3 

catalysts, and, more recently Sels et al. [38] developed a novel catalyst using carbon 

nanofibers grown on Ni/γ-Al2O3, which gave a 50 % sorbitol yield and a 6 % mannitol 

yield in only 4 h, under 230 ºC and 6 MPa H2.  

The sweetness and low caloric value of sorbitol make it the preferred ingredient 

in sugar-free products. It is also widely used as pharmaceutical excipient and as 

humectant and skin conditioning agent in cosmetics and personal care products. 

Regarding the applications of sorbitol as building block, it should be pointed out the 

dehydration to isosorbide and anhydrosugars, the hydrogenolysis to glycerol, 1,2-

propanediol (1,2-PDO), ethylene-glycol (EG) and lactic acid, and the direct 

polymerization into branched polysaccharides. These transformations are summarized 

in Fig. 1.9, in which the circled derivatives are those in commercial use and produced in 

commodity-scale volume today. 

1.4.1.2 Xylitol 

Xylitol is a polyol of 5 carbon atoms and an O/C ratio of 1. The catalytic 

hydrogenation of xylose with hydrogen in a three-phase slurry batch reactor over Raney 

Ni catalysts [39–41], is the current commercial route of xylitol production. This 

catalyst, the same used in the sorbitol production form glucose, is usually the preferred 
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because of its low price and its ease use as a suspended slurry in batch reactions [42]. 

Nevertheless, its major drawback is the relatively fast deactivation due to accumulation 

of organic impurities (from the starting material) on the catalyst surface, leading to 

poisoning of the active sites, and the metal leaching [43–45].  

In this particular case the starting material, xylose, is firstly obtained from the  

hydrolysis and reduction of hemicellulose using e.g. corn cops or sugar cane [46].  

Xylitol is widely used as diabetic sweetener in food and beverage, as freshener 

in throat drugs and cough syrup to refresh the throat, as humectant in cosmetics, etc. 

However, recent interest has been devoted in the conversion of xylitol to other 

chemicals. Some of the main transformations are the oxidation to xylaric and xylonic 

acid and the hydrogenolysis to glycerol, 1,2-PDO, EG and lactic acid [34]. These and 

other transformation possibilities are summarized in Fig. 1.9.  

 
Fig. 1.9. Some of the most important derivatives from sorbitol (left) and xylitol (right). 

1.4.1.3 Glycerol 

Glycerol is the smallest polyol readily available from biomass (3 carbon atoms 

and an O/C ratio of 1). Until 40´s decade the synthesis of glycerol was made from 

propylene-derived epichlorohydrin, and therefore from fossil fuels. However, nowadays 

this synthesis route is no longer profitable on a large scale because glycerol is highly 

and economically available as a by-product of biodiesel production through the 

transesterification of vegetable oils. The process has even turn around and companies 

like Dow Chemical and Solvay already possess industrial plants for the production of 

epichlorohydrin from glycerol [47].  

As a consequence of the high demand of green biofuels, the biodiesel sector has 

been steadily expanding in recent years and a huge quantity of raw glycerol has been 

placed in the market.  
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Through the industrial manufacture of biodiesel, by transesterification of animal 

fats or vegetable oils (both composed of triglycerides) with an alcohol (commonly, 

methanol or ethanol), for every 10 kg of methyl esters (biodiesel) produced 1 kg of 

crude glycerol is obtained [48–50]. Fig. 1.10 shows the overall reaction. 

 
Fig. 1.10. Transesterification of triglycerides to methyl esters (biodiesel) and glycerol with methanol [51].  

However, the glycerol demand has remained almost unchanged. This combined 

effect has caused an oversaturation of the traditional glycerol market, which includes 

the manufacture of cosmetics, soaps, excipient for drugs and food additives, synthesis of 

alkyl resins, polyurethanes and trinitroglycerine, among others.  

Moreover, the raw glycerol obtained in the process must be refined through 

expensive separation processes to remove impurities (fatty acids, alcohol, and catalyst) 

like filtration, chemical additions, and fractional vacuum distillation. This refining 

process is economically unfeasible for small and medium scale plants. Therefore, raw 

glycerol is nowadays a key problem in biodiesel production and its low sale price has 

turned this by-product into a residue. 

In recent years, several factors, the worldwide economic crisis among others, 

have slowed down biodiesel production. The best solution to increase the profitability of 

the biodiesel would be to use glycerol as building block to obtain useful and high added 

value commodity chemicals.  

From a technical point of view and, despite its limited size, the multifunctional 

structure of glycerol can be used to obtain a wide range of products. In Fig. 1.11 the 

main applications and transformations of glycerol are summarized. 

In spite of the multiple transformations of sorbitol, xylitol and glycerol shown 

previously, the following section will focus more deeply on the hydrogenolysis reaction 

of these polyols and the main target products obtained. 
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Fig. 1.11. Some of the possible transformations of glycerol [52]. 

1.4.2 Hydrogenolysis of biomass-derived polyols 

As it was discussed in the previous section, the hydrogenation of sugars, mainly 

glucose and xylose, gives raise the respective sugar alcohols, sorbitol and xylitol, at 

relatively mild conditions and using solid metal catalysts. Through the C–C and C–O 

hydrogenolysis reactions and under more severe conditions, the sugar alcohols can yield 

more marketable lower molecular-weight polyols. Among all the possibilities, these are 

the three most interesting products that can be obtained from this route: EG, 1,2-PDO 

and glycerol. As the traditional market of glycerol is oversaturated, its conversion into 

EG but more specially into 1,2-PDO and 1,3-PDO through hydrogenolysis reactions has 

a higher interest from an industrial point of view. 

Below, some relevant information about the main target products of the 

hydrogenolysis of biomass-derived polyols is shown, as well as the latest catalytic 

advances in their conversion. 

1.4.2.1 Target products 

EG, the simplest diol, is formed by two hydroxyl groups at adjacent positions 

along the hydrocarbon chain (C2H6O2). It is a colourless, odourless and hygroscopic 

liquid with low viscosity. It is completely miscible with many polar solvents and only 

slightly soluble in non-polar solvents [53–56]. EG has a low toxicity but produces toxic 
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metabolites [57] and causes toxicity via several routes, such as ingestion, absorption by 

skin, and inhalation exposure [57,58].  

Traditionally, the industrial route to produce EG has been the hydration of 

ethylene oxide [59,60]. More recently, synthesis of EG from syngas, mainly obtained 

from fossil fuels (coal and natural gas) has attracted a great deal of attention. This route 

is based on the oxidative coupling of CO to form dimethyl oxalate (DMO). The 

hydrogenation of DMO yields EG. 

In spite of its toxicity EG is considered an important commodity chemical and 

underpins almost every aspect of everyday life. It is used as an antifreeze and coolant in 

automobiles, as a de-icing fluid for windshields and aircraft, a desiccant for natural gas 

production, and a precursor for manufacture of polyester fibers and resins [61,62]. In 

addition, lots of efforts have been devoted to convert EG to hydrogen and chemicals by 

reforming reactions [63,64]. The global market of EG was estimated in about 20 million 

metric tonnes in 2010, which was projected to increase 5-10 % per year [56]. It is also 

noteworthy that the global market demand of EG usually surpasses its production 

capacity [56]. 

1,2-PDO, more commonly known as propylene glycol, is an alcohol with both a 

primary and a secondary hydroxy groups with the chemical formula C3H8O2. It is an 

oily, colourless, highly hygroscopic organic compound. It is odourless, tasteless and 

totally soluble in water, chloroform and acetone, among others. It has low toxicity and 

high stability. 

Currently, all commercial production of 1,2-PDO is via the hydrolysis of 

propylene oxide, obtained from petroleum [65]. Nevertheless, this process presents two 

principal drawbacks: (i) the two commercial processes to obtain propylene oxide are 

highly pollutant, using the chlorohydrin or the epoxidation routes [65], and (ii) the 

resulting reaction mixture, composed of mono-, di- and tri-glycols, requires expensive 

purification steps through distillation. 

The more common commercial names of manufactured 1,2-PDO are Propylene 

Glycol Industrial (PGI), which designates the grade for general industrial applications, 

and Propylene Glycol USP/EP (PG USP/EP). This last one meets the requirements of 

Europe and USA for drugs and can also be used in food, drinks, personal care 

applications and cosmetics. Among industrial applications, 1,2-PDO is used as an 

intermediate for the manufacture of other chemicals, especially unsaturated polyester 

resins and in the manufacture of plastics, paints and coatings (Fig. 1.12). It also plays an 
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important role as a functional fluid and as a constituent in liquid detergents. Currently, 

the PGI is replacing EG as antifreeze, especially in food industry applications where it 

is not possible to use EG due to its high toxicity [50]. According to Dow Chemical, the 

principal world manufacturer of 1,2-PDO, the global production volume of 1,2-PDO 

exceeded 2 million tonnes in 2010 [66] and the overall market is expected to grow by 

nearly 4 % per year in the upcoming years [67].  

In spite of the traditional technologies for the production of this polyol are 

optimized and well established, the growing environmental concerns encourage major 

industry participants to develop some alternative routes from biomass. Entering this 

attractive market will not only give them an advantage but will also help them to 

achieve sustainability in the near future. In this way some of the major companies saw 

opportunities in the sustainable 1,2-PDO market including Archer Daniels Midland 

(ADM), Ashland and Cargill. ADM has been successfully producing biomass-derived 

1,2-PDO in its Illinois plant since 2011, with a capacity of 100 kilo tonnes per year [68]. 

They convert bio-glycerol, obtained as by-product in biodiesel manufacture, to 

industrial PGI through C–O hydrogenolysis reactions using high temperature and 

pressure conditions. Bio-based 1,2-PDO has proved to reduce between 70-80 % of the 

GHG emissions as compared with the one obtained from petroleum.  

 
Fig. 1.12. Schematic representation of the production of 1,2-PDO from renewable resources and its  main industrial 

applications. 

Regarding 1,3-PDO, it is a linear three-carbon compound with the same 

chemical formula as 1,2-PDO (C3H8O2). They differ each other in that 1,3-PDO has two 

primary hydroxyl groups. It is also a colourless and odourless compound miscible in 

water. Moreover, it is a non-toxic and biodegradable organic compound.  

The traditional synthesis of 1,3-PDO has been carried out from petroleum, 

mainly through two routes: hydrolysis of acrolein (Degussa-DuPont process) and the 

hydroformylation of ethylene oxide (Shell process). However, both routes present a 
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significant number of drawbacks: (i) expensive facilities are necessary, (ii) the reactions 

require intermediate steps, (iii) toxic reagents are handled, and, (iv) the yields achieved 

are not very high (< 43%) [50]. 

The main use of 1,3-PDO is as a monomer together with terephthalic acid (TPA) 

in the manufacture of polytrimethylene terephthalate (PTT) polymers, used in turn for 

the manufacture of fibers and resins. This application represents the 90 % of the use of 

1,3-PDO. The remaining 10 % is used as conventional functional fluid in cosmetics, 

personal care and cleaning products. PTT qualities have been known since 1940, but the 

high production costs have hindered their entry into market. Nowadays, its market is 

expected to be 0.1 million tonnes per year [50] and is projected to rise steeply in the 

coming years. 

Due to its commercial interest, some more sustainable production alternatives 

have been developed. A clear example is the DuPont Tate & Lyle Bioproducts whose 

bio-based 1,3-PDO is manufactured from renewable raw materials and marketed under 

the commercial names Susterra® and Zemea®. These products are obtained by a new 

recently commercialized biological process of fermentation of D-glucose obtained from 

corn. Once the basic raw material, 1,3-PDO, is obtained the production of PTT 

polymers is conducted by a copolymerization reaction with pure terephthalic acid. Shell, 

for its part, has developed the Corterra® polymer and DuPont the Sorona® and Hytrel 

[69] polymers by this route. Fig. 1.13 shows a scheme of the Sorona® polymer 

production and its end use in the textile sector. 

 
Fig. 1.13. Infographic of the Sorona® polymer production and its use. 

It is worth pointing out that biological pathways utilize enzymes to make the 

desired chemical transformations, typically obtaining very high selectivity. These 

processes are often kinetically and thermodynamically efficient. Nevertheless, these 

advantages are usually tempered by the need to “feed” the transforming organism, 
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which inevitably has a negative impact in the achievable theoretical yield and overall 

energy and mass balance of the process. Moreover, the reaction product must be 

isolated from a chemically very complex fermenter broth, which can be very 

challenging and energy intensive. Another intrinsic challenge to large scale, and 

especially in batch reactors, is that this kind of process is often self-limiting due to the 

accumulation of the reaction product which is typically toxic to the transforming 

organism above a certain concentration [46]. On the contrary, catalytic processes do not 

suffer from this limitation but may require energy intensive high temperature and 

pressure reaction conditions. 

The importance and increasing demand for these polyols, PDOs and EG, suggest 

a new possibility for their direct production from the hydrogenolysis of the polyols 

readily available from lignocellulosic biomass: sorbitol, xylitol and glycerol. In the 

following section, a brief review of the recent and most important catalytic approaches 

to these transformations will be summarized. 

1.4.2.2 Catalytic approaches  

Generally, the major challenge for the hydrogenolysis of biomass-derived 

polyols into target products is the need to develop active and selective catalysts. In the 

following Table 1.2 some of the main requirements of the catalysts and the current 

major technical barriers for the transformation are summarized. 

Table 1.2. Summary of the main catalytic requirements and technical barriers of the hydrogenolysis of 

biomass-derived polyols. 

Building 

block 
Target product Catalyst requirements Technical barriers 

Sorbitol EG, 1,2-PDO C–C and C–O bonds specificity Low yields to target products 

Xylitol EG, 1,2-PDO C–C and C–O bonds specificity Find low cost xylose stream 

Glycerol 1,2-PDO Selective for primary C–O bond Tolerance to catalyst poisons 

 1,3-PDO Selective for secondary C–O 

bond 

Low yield, expensive noble 

metal catalysts and tolerance to 

catalyst poisons 

The hydrogenolysis of sorbitol and xylitol to lower polyols, EG and 1,2-PDO, 

requires the use of catalysts  active and selective towards  the specific C–C and C–O 

bond cleavage. Fig. 1.14 shows the different product distribution of sorbitol 
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hydrogenolysis according to the C–C bond cleavage and clearly exemplifies the 

difficulty of obtaining high selectivities towards the target products. 

 
Fig. 1.14. Scheme of sorbitol hydrogenolysis products according to the C–C bond cleavage. 

Ni and Ru metals have commonly been employed in the hydrogenolysis of 

sorbitol and xylitol due to its high C–C breaking ability. They show comparable 

selectivities towards the two EG and 1,2-PDO [70]. Although Ni-based catalysts usually 

require harsher reaction conditions (higher reaction temperatures or H2 pressures), they 

have recently attracted great attention in polyols hydrogenolysis [71–73] because of 

their lower price in comparison with the noble metal catalysts. 

One of the latest and best approaches in the catalytic hydrogenolysis of sorbitol 

and xylitol has been the use of a metal catalyst and a basic promoter, which has proved 

a positive influence on the C–C scission [71].  

Banu et al. [74] reported the best results in sorbitol hydrogenolysis to 1,2-PDO 

(51.8 % yield) and EG (5.2 %) using Ni/NaY catalyst combined with Ca(OH)2 basic 

promoter, under the experimental conditions employed (220 ºC, 60 bar of H2, 6 h of 

reaction time). However, from the viewpoint of industrial practice the selectivities 

towards the two glycols are still low. 

Recently, Soták et al. [75] reported yields of target glycols (EG and 1,2-PDO) of 

71 % for the hydrogenolysis of xylitol at 200 ºC and 40 bar of H2 in only 45 min of 

reaction time using Ni2P/AC catalyst and Ba(OH)2·8H2O as a basic promoter. However, 

the main technical barrier for the hydrogenolysis of xylitol is finding a low cost xylose 

sugar stream [34] as starting material. 
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One interesting process that could potentially afford a low cost route to glycols 

may be the hydrogenolysis of mixed sugars that include xylose, arabinose and glucose 

into 1,2-PDO as the primary product and EG as the secondary product [34]. 

Concerning the mechanism, it has been proposed that hydrogenolysis of sorbitol 

and xylitol involves the following key steps: (i) dehydrogenation of polyols to the 

corresponding aldoses an ketoses on metal sites, (ii) the subsequent C–C bond cleavage 

via the retro-aldol condensation, which is favored in basic medium, to form 

glycolaldehyde and glyceraldehyde and, (iii) the hydrogenation of the latter to the 

selective formation of EG and 1,2-PDO [14,70,76,77]. Xylitol hydrogenolysis is 

schematized in Fig. 1.15 as example. 

 
Fig. 1.15. Xylitol hydrogenolysis under alkaline conditions [14]. 

On the other hand, Zhao et al. [78] suggested another plausible 1,2-PDO 

formation route through the hydrogenolysis of the glycerol obtained from sorbitol and 

xylitol. 

It is necessary to point out that the production of 1,3-PDO through 

hydrogenolysis of sorbitol and xylitol has been extremely low or inexistent, up to now. 

However, its production from glycerol has drawn a great deal of attention in the latest 

years. The interesting use of 1,3-PDO in the manufacture of PTT polymers makes it 

even a more valuable chemical target product than other glycols. Thus, the glycerol 

hydrogenolysis to PDOs, especially 1,3-PDO, is presented as an attractive prospect.  

Glycerol conversion into 1,2-PDO and 1,3-PDO requires the development and 

use of catalysts highly selective towards the primary or secondary C-O bond scission, 

respectively. Interestingly, since glycerol is structurally analogous to sorbitol and 

xylitol, all the transformations appropriate to glycerol may be applied to these similar 

longer chain linear polyols, greatly increasing the diversity of the biorefinery. In the 

following Chapter 2, a deep analysis of the key parameters involved in the glycerol 
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hydrogenolysis to PDOs is given, focussing on the latest approaches in the catalyst 

development and reaction mechanism understanding.         
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Abstract 

The utilization of 1,3-propanediol (1,3-PDO) in the production of the widely 

used polytrimethylene terefphtalate polymers (PTT) has turned it into one of the most  

interesting compounds that can be obtained from glycerol. However, the selective 

production of 1,3-PDO is very challenging and most conventional catalytic systems 

yield 1,2-propanediol (1,2-PDO) as the main product. As a consequence of this, the 

reaction mechanisms and catalysts for the selective production of 1,2-PDO are well 

developed. By contrast, some important reaction aspects related to 1,3-PDO production 

remain unclear.  

It is not by far the aim of the current state of the art to address all the vast 

literature related to glycerol hydrogenolysis to propanediols (PDOs). Instead, the most 

relevant works have been selected in order to discuss the main catalytic systems 

utilized, the effect of the operating reaction conditions and the proposed reaction 

mechanisms. 

It is worth pointing out that glycerol hydrogenolysis to PDOs can serve as a 

model reaction and that the conclusions and advances obtained in this process can be 

applied to the valorisation of more complicated molecules, such as other biomass-

derived polyols. 

2.1 Glycerol hydrogenolysis over conventional catalysts 

The first feature that a catalyst for hydrogenolysis reactions must show is the 

ability to activate hydrogen molecules. Hydrogen is known to be activated over a metal 

surface. Typical metals used are noble metals, such as Ru, Pt or Pd, and non-noble 

transition metals, specially Cu and Ni [1,2]. This section has been divided according to 

the type of metal that activates the hydrogen, even though sometimes it is difficult to 

draw a clear line. 

2.1.1 Monometallic noble metals 

Noble metals are widely used in hydrogenation reactions because of their ability 

to activate hydrogen molecules. Among them, Ru-based catalysts have been frequently 

used as an active component in the hydrogenolysis of glycerol (Table 2.1).  
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Table 2.1. Examples of glycerol hydrogenolysis over noble metal catalysts on neutral supports. 

Catalyst 
H2 

(bar) 

Temp. 

(ºC) 

Glycerol/water/ 

catalyst (g) 

Time 

(h) 

Conv. 

(%) 
Product selectivity (%) Ref. 

10% Ru/C 60 210 6.5/154/n.r. a a 1,2-PDO (12), EG (47), 

ethane (26) 

[3] 

5% Pt/C 14 200 50/10/2.5 24 35 1,2-PDO (83) [1] 

5% Pd/C 14 200 50/10/2.5 24 5 1,2-PDO (72) [1] 

5% Ru/C 14 200 50/10/2.5 24 44 1,2-PDO (40) [1] 

5% Ru/TiO2 50 180 1/4/0.1 12 90 1,2-PDO (21), EG (41) [4] 

5% Ru/SiO2 50 180 1/4/0.1 12 3 1,2-PDO (55), EG (12) [4] 

5% Rh/SiO2 80 120 0.4/21/0.15 10 7 1,2-PDO (38), 1,3-PDO (8), 

1-PO (35), 2-PO (13) 

[5] 

Metal content in wt %, n.r.= not reported, a very low conversion. 

Montassier’s group [3,6] was one of the first to study this process. They used 

Ru/C as catalyst at 210 ºC and 60 bar of H2, obtaining 47 % selectivity towards ethylene 

glycol (EG) as major product, but low selectivity towards 1,2-PDO (12 %), at low 

glycerol conversions [3]. 

Montassier et al. proposed a reaction mechanism for the formation of 1,2-PDO 

over Ru/C composed by the following three steps: (i) reversible glycerol 

dehydrogenation to glyceraldehyde in metal sites, (ii) dehydration of glyceraldehyde to 

2-hydroxyacrolein and through subsequent keto-enol tautomerism to pyruvaldehyde 

and, (iii) hydrogenation of this intermediate to 1,2-PDO (dehydrogenation-dehydration-

hydrogenation mechanism). They proposed that the dehydration of glyceraldehyde takes 

place by a nucleophilic reaction with water or with adsorbed hydroxy groups of the 

catalyst. Moreover, they suggested that the formation of EG is produced via retro-aldol 

reaction of glyceraldehyde to glycolaldehyde and subsequent hydrogenation. The 

reaction mechanism is shown in Fig. 2.1.  

In later studies carried out by Dasari et al. [1] over Ru/C under milder reaction 

conditions, 1,2-PDO was obtained as the main product (40 % selectivity). In the same 

work, they also compared the activities of various commercial hydrogenation catalysts 

in the glycerol hydrogenolysis, at 200 ºC and 14 bar of H2. Pd/C showed very low 

activity, but high selectivity towards 1,2-PDO (73 %). However, Pt/C showed higher 

selectivity towards 1,2-PDO (83 %) and higher yield (29 %) than Ru/C (40 % 

selectivity and 18 % yield). Nevertheless, other non-noble-metal catalysts such as 

copper chromite (Cu2Cr2O5) showed even higher yield (Table 2.4). 
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Fig. 2.1. Scheme of the glycerol hydrogenolysis to 1,2-PDO and EG proposed by Montassier et al. [3,6]: 

dehydrogenation-dehydration-hydrogenation mechanism. 

 

Dasari’s group also suggested an alternative reaction mechanism based on their 

experiments in which the formation of acetol (hydroxyl acetone) together with 1,2-PDO 

was observed. Moreover, they found that the reaction takes place even in the absence of 

water (1,2-PDO yield of 50 % with Cu2Cr2O5), and since the catalyst was reduced in H2 

stream prior to the reaction, there were no surface hydroxy groups taking part in the 

reaction. These facts contradict the mechanism proposed by Montassier et al. Their 

novel mechanism does not include water present in the form of surface hydroxy groups 

or as a part of reactants. The reaction mechanism proposed is formed by two steps: (i) 

dehydration of glycerol to acetol, and (ii) hydrogenation of acetol to 1,2-PDO 

(dehydration-hydrogenation mechanism). 

Later Feng et al. [4] studied the effect of the support and of the catalyst pre-

reduction temperature on the catalytic performance of Ru supported catalysts in the 

hydrogenolysis of glycerol. Among the tested supports (NaY, SiO2, Al2O3 and TiO2), 

Ru supported on TiO2 exhibited the highest glycerol conversion (90 %). However, the 

selectivity towards 1,2-PDO was only 21 % and  the production of EG was favoured 

under the reaction conditions (see Table 2.1). On the other hand, Ru/SiO2 showed the 

lowest activity, but with a much higher selectivity towards 1,2-PDO than that of EG (55 

% and 12 % selectivity, respectively). Moderate glycerol conversion (34 %) and 1,2-

PDO selectivity (47 %) were obtained for Ru/Al2O3 catalyst. They reached to the 

conclusion that the support material could influence the metal particle size and the 

reaction routes. Moreover, they found that pre-reduction temperature had also a high 

influence in the activity of the catalyst, fundamentally by modifying the metal particle 

size, which usually increased with the reduction temperature, and as a consequence of 

this, glycerol conversion decreased. 
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Under a much lower temperature of 120 ºC, Furikado et al. [5] compared the 

behaviour of various supported noble-metal catalysts (Rh, Ru, Pt and Pd over C, SiO2 

and Al2O3) in the aqueous phase glycerol hydrogenolysis. Pd and Pt supported catalyst 

showed less than 1 % glycerol conversion and so did all the noble-metals supported on 

Al2O3. Among all the catalysts tested, Rh/SiO2 showed the highest glycerol conversion 

(7 %) and moderate selectivity towards 1,2-PDO (38 %). It is worth mentioning that 

with this catalyst 1,3-PDO was observed as a reaction product with an 8 % selectivity. 

This group also investigated the effect of reaction temperature concluding that in order 

to maximize the yield of 1,2-PDO, the reaction should be carried out at low 

temperatures. In this way, the C–O over-hydrogenolysis of PDOs to lower alcohols 

(mainly 1-PO and 2-PO) and the C–C hydrogenolysis to degradation products (EG, 

ethanol, methanol and methane) are minimized.  

As a general remark, monometallic noble-metal catalysts show high activity in 

the C–C bond hydrogenolysis and, therefore, are not very selective towards the PDOs, 

giving in most cases EG in quite high yields. In order to improve the selectivity towards 

PDOs several approaches have been carried out. The most remarkable approaches have 

been the addition of either an acid or a base as a co-catalyst, or the use of bi-functional 

metal/acid or metal/base catalysts, which will be described in the next section.  

2.1.2 Noble metal combined with an acid  

Table 2.2. Examples of glycerol hydrogenolysis over noble metal catalysts combined with an acid.  

Catalyst 
H2 

(bar) 

Temp. 

(ºC) 

Glycerol/water/ 

catalyst + additive (g) 

Time 

(h) 

Conv. 

(%) 

Product selectivity 

(%) 
Ref. 

5% Ru/C +  

A15 

80 120 4/16/0.15 + 0.3 10 79 1,2-PDO (75), 1-PO 

(8), 2-PO (2), EG (7) 

[2] 

3% Ru/C + 

Nb2O5 

60 180 10/40/0.3 + 0.3 8 45 1,2-PDO (61), EG 

(29) 

[7] 

5% Rh/C + 

H2WO4 

 

80 180 15/65/5 + 1.25 168 21 1,2-PDO (70), 1,3-

PDO (6) 
[8] 

80 180 15/65b/5 + 1.25 168 32 1,2-PDO (6), 1,3-PDO 

(12) 
[8] 

80 180 15/65c/5 + 1.25 48 15 1,2-PDO (13), 1,3-

PDO (13) 
[8] 

1% Pt/ASA 45a 220 8/32/1.3 24 23 1,2-PDO (35), 1,3-

PDO (1), 1-PO + 2-

PO (13) 

[9] 

Metal content in wt %, n.r.= not reported,  a inert atmosphere, b sulfolane media, c dioxane media. 
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One of the first works in which a noble metal was combined with an acid was 

the work carried out by Tomishige’s group [2,10]. They combined Ru/C with various 

Brönsted acid co-catalysts, such as Amberlyst 15 (A15) ion-exchange resin, sulfonated 

zirconia, zeolites, and homogeneous H2SO4. They found that A15 was the most 

effective co-catalyst among them, obtaining very high glycerol conversion and 

selectivity towards 1,2-PDO (79 % and 75 %, respectively) [2] (more details inTable 

2.2). The hydrogenolysis of 1,2-PDO over Ru/C + A15 proceeded with similar 

selectivities towards 1-PO (36 %) and 2-PO (31 %), while that of glycerol gave higher 

selectivities towards 1-PO, suggesting that 1-PO was mainly formed through the over-

hydrogenolysis of 1,3-PDO.  

They also found that the yield of 1,2-PDO increased drastically by the presence 

of A15, whereas the yield of 1,3-PDO + 1-PO was not influenced by the acid co-

catalyst. Based on these results, the authors concluded that the formation of 1,3-PDO 

was catalysed only by Ru/C. In contrast, the formation of 1,2-PDO was catalysed by 

both, A15 and Ru/C.  

The good performance of acetol hydrogenation under Ru/C + A15 confirmed 

that glycerol hydrogenolysis to 1,2-PDO in acid conditions occurs following the 

dehydration-hydrogenation route, previously proposed by Dasari et al. [1]: the 

dehydration of glycerol to acetol is catalysed by A15 and the subsequent hydrogenation 

of acetol to 1,2-PDO is catalysed on the Ru metallic sites. In addition, the C–O 

hydrogenolysis rate increases with increasing H2 pressure, which contradicts the 

dehydrogenation-dehydration-hydrogenation mechanism proposed by Montassier et al., 

because high hydrogen pressures should disfavour the initial dehydrogenation step. 

 Tomisighe’s group also proposed that 1,3-PDO can be formed in a similar way 

via 3-hydroxypropanal (3-HPA), as dehydration intermediate from glycerol and its 

subsequent hydrogenation gives the desired product [10] (Fig. 2.2). This transformation 

was mainly catalysed by Ru/C as it was explained above.  

The lower selectivity towards 1,3-PDO might be explained by two factors: (i) its 

high reactivity under operating conditions, comparable to that of glycerol, and higher 

than the reactivity of 1,2-PDO, and (ii)  acetol is thermodynamically more stable than 3-

HPA [11]. This might be the main reason for the greatly higher selectivities towards 

1,2-PDO than 1,3-PDO frequently obtained under conventional catalytic systems.  
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Fig. 2.2. Scheme of the glycerol hydrogenolysis to PDOs: dehydration-hydrogenation mechanism [12]. 

 

The main drawback of the A15 is its low thermal stability. To avoid this 

problem, other works using thermally more stable inorganic solid acids were carried 

out. Balaraju et al. [7] studied the influence of the acidity of the catalysts on glycerol 

conversion and selectivity using commercial Ru/C with different inorganic solid acids 

as co-catalysts, such as niobia (Nb2O5), 12-tungstophosphoric acid supported on 

zirconia (TPA/ZrO2), cesium salt of TPA (CsTPA) and cesium salt of TPA supported 

on zirconia (CsTPA/ZrO2). They found a linear correlation between glycerol conversion 

and the total acidity of the catalysts. Glycerol conversion increased with increasing 

acidity, which indicates that the acid sites play a role in the dehydration of glycerol to 

acetol. The presence of acetol as a reaction product confirmed this hypothesis. Among 

the different acid co-catalysts tested, Nb2O5 and TPA/ZrO2, with moderate acid sites, 

showed the maximum conversion and almost identical selectivities (45 % glycerol 

conversion and 61 % selectivity towards 1,2-PDO for Nb2O5 co-catalyst). 

The positive effect of the addition of a homogeneous acid was highlight in the 

work of Chaminand et al. [8]. The addition of H2WO4 to the reaction medium increased 

both, glycerol conversion and the selectivity towards PDOs. Interestingly, they obtained 

high 1,2-PDO selectivity (70 %) but also small amounts of 1,3-PDO (6 % selectivity) 

combining Rh/C and H2WO4 in aqueous medium. Their work showed that the nature of 

the solvent has a dramatic effect on the reaction rate and product distribution. In 

sulfolane media, the main product was 1-PO and a high 1,3-PDO/1,2-PDO ratio of 2 

was obtained. However, the selectivity values of both PDOs were relatively low. Using 

dioxane as solvent the C–C bond cleavage was favoured and significant amounts of EG, 

ethanol and methanol were detected. In spite of the promising results using organic 

polar solvents, water is the preferred solvent from a green chemistry point of view since 

biodiesel-derived glycerol is obtained in aqueous phase after the transesterification 
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reaction of vegetable oils, and since water is also obtained as a product in 

hydrogenolysis reactions. 

More recently, Gandarias et al. [9] investigated the selective glycerol 

hydrogenolysis to 1,2-PDO over Pt supported on amorphous silico-alumina (Pt/ASA) 

under mild conditions (220 ºC and 45 bar). They compared the results obtained under 

H2 and N2 atmospheres. Under N2, the hydrogen required in the hydrogenolysis reaction 

is in-situ obtained from the aqueous phase reforming (APR) of glycerol. The scheme of 

this novel process is shown in Fig. 2.3. 

 
Fig. 2.3. Glycerol APR combined with hydrogenolysis to 1,2-PDO [13]. 

 

The hydrogen obtained in this way seemed to be as effective as the hydrogen 

provided directly from the gas phase (20 and 23 % glycerol conversion in 24 h under H2 

and N2 atmospheres, respectively). In spite of this, low selectivity values towards PDOs 

were achieved as compared to other results published in the literature, mainly because 

of the high C–O bond cleavage ability of the Pt/ASA catalyst which leads to the over-

hydrogenolysis of PDOs to 1-PO and 2-PO. Moreover, they compared the activity and 

product distribution obtained with the support ASA and with Pt/ASA, in order to 

establish the role of the metallic (Pt) and acid sites (of the support) in the reaction. In 

the experiments with ASA support, dehydrated products were dominant, while in the 

experiments with Pt/ASA major product came from the hydrogenation reactions.  

This novel process to obtain hydrogen presents some advantages over the 

traditional use of molecular hydrogen: (i) avoid the necessity to use molecular hydrogen 

which is still derived from fossil fuels and is dangerous to handle, (ii) could lead to 

work under milder conditions of temperature and pressures, since the in-situ hydrogen is 

produced on the active sites of the catalyst, and does not require high pressures unlike 

molecular hydrogen externally added. 
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2.1.3 Noble metal combined with a base 

Other remarkable approach in the glycerol hydrogenolysis was the combination 

of noble metals with a base. Some of the most relevant results are summarized in Table 

2.3. 

 
Table 2.3 Examples of glycerol hydrogenolysis over noble metal catalysts combined with a base. 

Catalyst 
H2 

(bar) 

Temp. 

(ºC) 

Glycerol/water/ catalyst 

+ additive (g) 

Time 

(h) 

Conv. 

(%) 

Product selectivity 

(%) 
Ref. 

5% Ru/TiO2 

+ LiOH 

30 170 1/4/0.10 + 0.024 12 90 1,2-PDO (87), EG 

(7) 

[14] 

5% Ru/C + 

CaO 

40 200 1.5/150/0.1 + 0.084 5 50 1,2-PDO (46), lactate 

(32), EG (16) 
[15] 

3% Pt/C + 

CaO 

40 200 1.5/150/0.1 + 0.084 5 40 1,2-PDO (71), lactate 

(19), EG (9) 
[15] 

2% Pt/HLT 30 220 4/16/0.5 20 92 1,2-PDO (93) [16] 

2.7% Pt/NaY n.r.a 230 8.4/33.6/1.6 15 85 1,2-PDO (65), 1-PO 

+ 2-PO (7), ethanol 

(10) 

[17] 

Metal content in wt %, n.r.= not reported,  a inert atmosphere.  

 

Feng et al. [14] studied the effect of different base additives in the performance 

of a Ru/TiO2 catalyst in aqueous glycerol hydrogenolysis under mild conditions (170 ºC 

and 30 bar of H2). The addition of LiOH base dramatically increased the glycerol 

conversion and the selectivity towards 1,2-PDO, obtaining very good results after 12 h 

reaction time (90 % conversion and 87 % selectivity). Moreover, they studied the effect 

of the amount of LiOH base on the reaction. Interestingly, increasing the amount of 

LiOH glycerol conversion and selectivity towards 1,2-PDO initially exhibited an 

increase and finally reached a maximum, after which they began to decrease. By 

contrast, the selectivity towards EG decreased with the increase of LiOH amount. This 

interesting behavior is explained by the three steps dehydrogenation-dehydration-

hydrogenation route (see scheme in Fig. 2.1) mentioned above, since the base can 

mainly promote the dehydration of glyceraldehyde to pyruvaldehyde. 

In other works, Maris and Davis evaluated the behaviour of commercial carbon-

supported Ru and Pt catalysts in the aqueous phase glycerol hydrogenolysis, at 200 ºC 

and 40 bar H2, with and without the addition of a base [15,18].  At neutral conditions, 

Ru/C showed higher glycerol conversion than Pt/C (40 % vs 13 %), whereas the activity 
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was greater promoted over Pt than over Ru using NaOH or CaO as base additives. Their 

results could also be explained by the three step mechanism. The first step, the 

dehydrogenation of glycerol to glyceraldehyde, is suggested to occur on the metallic 

sites but it can be also enhanced by the presence of a base. However, the second step, 

the dehydration of glyceraldehyde to pyruvaldehyde, is mainly catalyzed by the base. 

They also proposed that the high formation of lactic acid (in its conjugated base form, 

lactate) occurred through internal Canizzaro reaction of pyruvaldehyde catalyse by the 

base [19]. Thus, the selectivity towards 1,2-PDO was not very high in any cases. The 

formation of EG was suggested to occur by two routes. On Ru/C it was mainly formed 

by the C–C bond cleavage of glyceraldehyde. In contrast, since Pt is not effective for 

the cleavage of C–C bond, formation of EG most likely proceeds through a base-

catalysed retro-aldol route. The best results were obtained for Pt/C with CaO as 

additive, obtaining a 40 % glycerol conversion, with 71 % selectivity towards 1,2-PDO 

and moderate selectivity towards lactate (19 %). 

It is worth mentioning the more recent work carried out by Yuan et al. [16] in 

which they found an excellent catalyst for the selective hydrogenolysis of glycerol to 

1,2-PDO. Among the catalyst tested, Pt/HBeta, Pt/HZSM-5, Pt/C, Pt/Al2O3, Pt/MgO 

and Pt/hydrotalcite (Pt/HLT), the latter catalyst exhibited the best results: 92 % glycerol 

conversion and 93 % selectivity towards 1,2-PDO, under mild reaction condition (220 

ºC and 30 bar of H2, in 20 h reaction time). They correlated the results of the different 

catalysts with their alkalinity and Pt particles size. Although the detected Pt particles 

sizes in Pt/HZSM-5 and Pt/HBeta were smaller than that in Pt/MgO, their activities 

were very low because of their poor alkalinity (less than 10 % glycerol conversion). On 

basic supports, the predominant activity of Pt/HLT than that of Pt/MgO (92 % vs 50 % 

glycerol conversion) could be partially caused by its highly dispersed Pt particles.  

High yield of 1,2-PDO (57 %) was also reported by D’Hondt et al. [17] 

combining the APR and the hydrogenolysis of glycerol. The reaction was carried out 

under inert atmosphere using Pt/NaY catalyst at 230 ºC and 15 h reaction time. 

Simultaneously to the production of hydrogen through APR of glycerol, other 

molecules of glycerol are dehydrated on the acid sites of the support to yield acetol as 

intermediate. The last hydrogenation step of acetol on metal sites gives 1,2-PDO.  

It is worth to point out that in alkaline conditions only marginal 1,3-PDO 

selectivities have been reported. 
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2.1.4 Non-noble metals 

Generally, noble metals are more active than non-noble metals in the C–C and 

C–O bond hydrogenolysis reactions which usually lead to poor selectivities towards 

PDOs. Thus, some non-noble metal were tested in the glycerol hydrogenolysis. The 

most relevant results are displayed in Table 2.4. 

 
Table 2.4 Examples of glycerol hydrogenolysis over non-noble metal catalysts. 

Catalyst 
H2 

(bar) 

Temp. 

(ºC) 

Glycerol/water/ 

catalyst (g) 

Time 

(h) 

Conv. 

(%) 

Product selectivity 

(%) 
Ref. 

Cu2Cr2O5 21 200 20/10/2.5 24 65 1,2-PDO (90) [1] 

Raney® Cu 15 205 a/a/n.r. b 100 1,2-PDO (94) [20] 

Raney® Ni 10 190 8/0/2 44 97 1,2-PDO (71),ethanol 

(19), CO2 (10) 

[21] 

32% Cu/ 

ZnO/Al2O3 

50 200 36/24/1.8 10 20 1,2-PDO (80), EG (3) [22] 

6 190 c n.r. 96 1,2-PDO (92) [22] 

15% Cu/MgO + 

NaOH 

30 180 6/2/1 + 0.125 20 82 1,2-PDO (96) [23] 

Cu0.4/Mg5.6Al2O8.6 30 220 7.1/2.4/1 20 99 1,2-PDO (97), 1-PO 

(1), EG (2) 

[24] 

20% Ni-15%Cu/ 

Al2O3 + formic 

acid 

45d 220 5.5/131/2.7 + 

0.45 g h-1 

24 90 1,2-PDO (82) [25] 

Metal content in wt %, n.r. = not reported, a 80 wt% glycerol/water, feed rate = 3 mL h-1, H2/glycerol 

molar ratio = 68, b 5 days on stream, c WHSV= 0.08 h-1, H2/glycerol molar ratio = 144, d N2 atmosphere. 

 

Among the non-noble metals, Cu has been extensively studied because of its 

poor hydrogenolytic activity towards C–C bond and its high selectivity towards C–O 

bond cleavage [1,6].  

This feature of Cu-based catalysts was observed in the work of Dasari et al. [1] 

in which they studied a large list of heterogeneous commercial catalysts, including 

noble (Ru, Pt, Pd on C) and non-noble metals (Cu2Cr2O5, Raney Ni and Raney Cu). 

Catalysts based on Ru or Pd showed low selectivity towards 1,2-PDO (less than 50%) 

due to the competitive hydrogenolysis of C–C and C–O bonds leading to the formation 

of  lower alcohols (C<3) and gases. On the other hand, Cu-based catalysts exhibited 

higher selectivity towards 1,2-PDO with little selectivity towards EG and other 

degradation by-products. Among all, Cu2Cr2O5 was identified as the most effective 
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catalyst for the reaction under quite mild conditions (see Table 2.4). In this work, they 

proposed the dehydration-hydrogenation mechanism of glycerol to 1,2-PDO, based on 

the evidences found. 

More recently, Schmidt et al. [20] reported a very high yield of 1,2-PDO (94 %) 

using Raney© Cu as catalyst in a continuous fixed bed reactor. According to the 

authors, continuous operation is preferred for its higher catalyst/feed ratio (offsetting the 

low specific activity of Cu based catalysts) and its ability to remove by-products such as 

water and CO2, thereby minimizing the equilibrium constraints which had led to low net 

batch yields. 

Good yield of 1,2-PDO (69 %) was obtained using a Raney© Ni catalyst for the 

hydrogenolysis of glycerol, at 190 ºC and 10 bar of H2, in the absence of solvent [21]. 

The only by-products detected were ethanol and CO2.  

Interestingly, Huang et al. [22] reported the glycerol hydrogenolysis in liquid 

and vapour phases over a Cu/ZnO/Al2O3 catalyst. A 1,2-PDO selectivity of 92 % at 96 

% glycerol conversion was achieved in vapour phase, at 190 ºC and 6 bar of H2. 

Nevertheless, the liquid-phase hydrogenolysis required more severe conditions (200 ºC 

and 50 bar of H2) and showed much lower yields of 1,2-PDO. In spite of lower yields, 

working in liquid phase instead of gas can greatly increase the economic viability of the 

process: (i) The required reaction volume is lower, which allows the reduction of the 

reactor dimensions, and (ii) the energy supply is also lower, since it is not necessary to 

evaporate the reaction solution.  

In the glycerol hydrogenolysis to 1,2-PDO over co-precipitated CuO/MgO 

catalysts at 180 ºC and 30 bar of H2, the glycerol conversion and the selectivity reached 

72 % and 98 %, respectively [26]. The addition of a small amount of NaOH as base 

additive further increased the conversion to 82 % without a significant change in 1,2-

PDO selectivity. The preparation method of co-precipitation led to smaller Cu and MgO 

particles sizes than those obtained using the impregnation method, which were more 

active for glycerol hydrogenolysis. 

An extremely effective catalyst for glycerol hydrogenolysis to 1,2-PDO proved 

to be the highly dispersed Cu on a layered solid base, Cu0.4/Mg5.6Al2O8.6 (99 % glycerol 

conversion and 97 % selectivity towards 1,2-PDO). They compared the activity of the 

catalyst synthetized by different methods and found a correlation between the Cu 

particle size and the activity: It was higher for smaller particle sizes. Moreover, their 

research showed a particular behaviour of the catalyst: A little amount of NaOH further 
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increased the activity without promoting the cleavage of C–C bonds and, therefore, 

without a loss of the selectivity towards 1,2-PDO. This suggests that, under these 

operating conditions, the hydrogenolysis of glycerol to 1,2-PDO proceeded through the 

three steps dehydrogenation-dehydration-hydrogenation mechanism. 

Recently, our research group has integrated the glycerol hydrogenolysis and a 

new in-situ process to generate the required hydrogen: Catalytic transfer hydrogenation 

(CTH) using hydrogen donors [25,27,28]. The reaction was investigated over bimetallic 

Ni-Cu/Al2O3 catalysts under inert atmosphere and using different hydrogen donor 

molecules. Formic acid proved to be the most effective one. The formation of a Ni–Cu 

alloy during the reduction of the catalyst decreased the active Ni ensemble size, and 

consequently promoted the selective hydrogenolysis of the C–O bond instead of the C–

C bond hydrogenolysis. It was also observed that an optimum balance between the acid 

sites of the Al2O3 support and the metal sites is necessary in order to maximize the yield 

of 1,2-PDO. Moreover, it was found that the use of hydrogen donors could lead to the 

use of milder reaction conditions [28], especially when catalysts active at temperatures 

lower than 180 ºC are utilized. 

This opened a new interesting field in glycerol hydrogenolysis. Under optimized 

operating conditions, a glycerol conversion of 90 % and a selectivity towards 1,2-PDO 

of 82 % were obtained [25]. 

2.2 Catalysts for the selective production of 1,3-PDO 

2.2.1 The required features of a heterogeneous catalyst 

As stated above, conventional monometallic noble metals show moderate 

selectivities towards 1,2-PDO, and negligible formation of 1,3-PDO. EG and other 

degradation products resulting from the C–C hydrogenolysis are also produced. The 

combination of noble metal catalysts with an appropriate amount of an acid or, more 

efficiently, of a base promotes the formation of 1,2-PDO from glycerol. As it has been 

described above, two main mechanisms have been proposed depending on whether the 

reaction is carried out under alkali (dehydrogenation-dehydration-hydrogenation 

mechanism in Fig. 2.1) or acid conditions (dehydration-hydrogenation mechanism in 

Fig. 2.2).   

In order to promote the 1,3-PDO/1,2-PDO ratio, a catalyst showing high 

selectivity towards the C–O cleavage of the secondary hydroxy group of glycerol is 
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required. A better understanding of the reaction mechanism is, therefore, a key aspect to 

develop new active and selective catalytic systems. 

An early patent of Celanese Corporation discussed the effect of H2WO4 acid 

addition to the reaction medium in the production of 1,3-PDO from glycerol, using a 

homogeneous Rh(CO)2 catalysts and 1,3-dimethyl-2-imidazolidinone (DMI) as solvent 

[29]. They suggested that H2WO4 is not a mere protic acid and that it plays a relevant 

role in the reaction, because when it was replaced by H2SO4 the formation of PDOs and 

1-PO was limited. The effect of H2WO4 was also studied by Chaminand et al. with a 

Rh/C catalyst [8], showing a 4 % yield of 1,3-PDO in sulfolane solution at 180 ºC and 

80 bar after 168 h reaction time (Table 2.2). In other works, a similar promotion of 1,3-

PDO selectivity was observed when W- and Re-based homogeneous acids were added 

into the reaction medium [30,31]. 

However, the use of heterogeneous catalysts is preferred because it simplifies 

the separation and reuse of the catalyst after the reaction and allows direct interactions 

between the hydrogenation active metals and the acid promotors. Thus, the use of bi-

functional catalysts, using Re or W oxides together with a hydrogenation active metal, 

has been investigated in the recent years. The main results reported using these catalytic 

systems are described in the following sections and are summarized in Tables 2.5 and 

2.6, respectively. 

2.2.2 Bi-functional catalysts based on Rhenium  

Tomishige’s group carried out a broad study regarding the addition of different 

oxophilic metals to Rh/SiO2 catalysts [32]. They found that Re, Mo and W enhanced the 

activity of the Rh/SiO2 catalyst in the aqueous phase glycerol hydrogenolysis. The best 

results were obtained with the addition of Re, which enhanced both the conversion of 

glycerol and the selectivity towards 1,3-PDO: Rh-ReOx/SiO2 showed 37 times higher 

1,3-PDO yield (11 %) than the monometallic Rh/SiO2 catalyst. The Extended X-Ray 

Absorption Fine Structure (EXAFS) results showed the presence of Re-O, Re-Re and, 

interestingly, direct Re-Rh bonds without oxygen atoms between species. Based on 

experimental results they suggested that the glycerol hydrogenolysis proceeds on the 

interface between Rh metal and partially reduced ReOx clusters attached to Rh. In Fig. 

2.4 the suggested structure of Rh-ReOx/SiO2 is shown. 
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Table 2.5 Glycerol hydrogenolysis over noble metal combined with Re oxide. 

Catalyst 
H2 

(bar) 

Temp. 

(ºC) 

Glycerol/water/ 

catalyst (g) 

Time 

(h) 

Conv. 

(%) 

Product selectivity 

(%) 
Ref. 

4% Rh-ReOx/SiO2 

(Re/Rh=0.9) 

80 120 4/16/0.15 5 78 1,3-PDO (14), 1,2-

PDO (38), 1-PO (35), 

2-PO (12) 

[32] 

4% Ir-ReOx/SiO2 

(Re/Rh=1.8) + 

H2SO4 

80 120 4/1/0.15 + c 36 81 1,3-PDO (46), 1,2-

PDO (4), 1-PO (41), 

2-PO (6) 

[33] 

3% Ru-ReOx/ 

SiO2 (Re/Ru=0.9) 

80 160 4.4/6.6/0.15 8 51 1,3-PDO (8), 1,2-PDO 

(49), 1-PO (26), 2-PO 

(6) 

[34] 

4% Rh-ReOx/C 

(Re/Rh=0.5) 

34 120 b 4 14 1,3-PDO (10), 1,2-

PDO (26), 1-PO (27), 

2-PO (11) 

[35] 

6% Pt-5% ReOx/C 

sinterized 

40 170 n.r. 8 45 1,3-PDO (29), 1,2-

PDO (27), 1-PO (30), 

2-PO (14) 

[36] 

Metal content and metal ratio in wt %, a Molar ratio, b 5 wt% glycerol/water, catalyst/reactant mass ratio= 

1/9, c H+/Ir=1. 

 
Fig. 2.4. Proposed structure of Rh-ReOx/SiO2 catalyst [12]. 

 

Thereafter, the same group tested the effect of Re addition on Ir/SiO2 catalysts 

[32,37] in aqueous phase glycerol hydrogenolysis. They found that the additive effect 

over Ir on the selectivity towards 1,3-PDO was much more pronounced than that 

observed over Rh. Using small amounts of H2SO4 as homogeneous co-catalyst, a very 

significant 1,3-PDO yield of 38 % was reported [32]. Interestingly, the positive effect of 

H2SO4 on the production of 1,3-PDO over the Ir–ReOx/SiO2 catalyst was saturated at 

H+/Re = 1 (Fig. 2.5). Both activity and selectivity were almost unchanged between H+/Ir 
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= 1 and 12.4, indicating that the acidity did not promote the hydrogenolysis reaction and 

that dehydration-hydrogenation route via 3-HPA is minor over Ir–ReOx/SiO2 catalyst. 

Moreover, the relatively low reaction temperature used (120 ºC) with this system 

suggested that a different mechanism is more plausible due to the endothermic character 

of the initial dehydration step. In base of the results, they proposed an energetically 

more favoured direct hydrogenolysis mechanism, which consisted on: (i) glycerol 

adsorption on the surface of ReOx cluster at the terminal position to form 2,3-

dihydroxypropoxide (the more stable coordination mode of glycerol on Re species), (ii) 

hydrogen activation on the Ir-metal and hydride attack to the 2-position of the 2,3-

dihydroxypropoxide to produce 3-hydroxypropoxide, or hydride attack to the 3-

positition forming 2-hydroxypropoxide, and, (iii) hydrolysis of 3-hydroxypropoxide and 

2-hydroxypropoxide to give 1,3-PDO and 1,2-PDO, respectively. 

 
Fig. 2.5. Dependence of the glycerol hydrogenolysis over Ir–ReOx/SiO2 (Re/Ir=1) on additive amount of H2SO4 

(conditions in Table 2.5) [37]. 

 

According to the authors, the key factors to obtain high 1,3-PDO selectivity 

could rely on: (i) the preferential terminal alkoxide formation during glycerol adsorption 

due to a steric effect induced by large Re clusters formation, and (ii) the higher 

formation of the 3-hydroxypropoxide via the more stable 6-membered-ring transition 

state in contrast to the unstable 7-membered-ring transition state for the formation of the 

2-hydroxypropoxide. The proposed transition states can be observed in the Fig. 2.6. 
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Fig. 2.6. Structures of the transition states: (a) 2,3-dihydroxypropoxide and (b) 1,3-dihydroxypropoxide formation 

and hydride attack proposed by Tomishige’s group [37]. 

  

In another work, the catalytic performance of the bimetallic Ru-ReOx/SiO2 was 

compared with that of monometallic Ru/SiO2 catalyst in the hydrogenolysis of glycerol 

under 160 ºC, and 80 bar of H2 [34]. The incorporation of ReOx greatly promoted the 

glycerol conversion. However, ReOx/SiO2 alone had almost no activity (< 2 % glycerol 

conversion). They found that the pre-treatment conditions had a great influence on the 

catalytic performance. High reduction temperatures promoted the particles sintering, 

decreasing the metals dispersion on the support, which in turn led to lower glycerol 

conversions. Under optimal reduction conditions they obtained a 4 % yield of 1,3-PDO, 

with 1,2-PDO still as  the major reaction product. 

An interesting work regarding C-O hydrogenolysis of polyols (glycerol among 

others) and cyclic-ethers derived from biomass over Rh-ReOx/C was carried out by 

Dumesic’s group in 2011 [35]. The catalyst proved to be selective in the hydrogenolysis 

of secondary C–O bonds. In view of their results, it is clear that the position of the 

hydroxy group in the reactant molecule enormously affects its reactivity. Noteworthy, 

the results from density functional theory (DFT) suggested that hydroxy groups on Re 

atoms associated with Rh are acidic, which was confirmed by temperature-programmed 

desorption of NH3 (TPD-NH3). These results are in good agreement with the previously 

suggested acid nature of hydroxy groups on Re [38]. Due to the oxophilic nature of Re, 

they form a strong binding with oxygen atoms and are the responsible for proton 

donation leading to the formation of carbenium ion transition states. Based on the 

experimental trends for polyols, they proposed a new direct hydrogenolysis mechanism, 

different from the one proposed by Tomishige’s group, which consists on: (i) initial 

protonation-dehydration with the formation of a carbenium ion, catalysed by Brönsted 

acid sites, (ii) stabilisation of the carbenium ion through hydride transfer from primary-

(a) (b) 
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CH2OH group leading to the formation of more stable oxocarbenium intermediates, and 

(iii) final hydride attack to the oxocarbenium ion. Fig. 2.7 displays the new proposed 

mechanism. 

 
Fig. 2.7. Reaction mechanism for glycerol hydrogenolysis proposed by Dumesic’c group, adapted from [39]. 

 

According to the results obtained in the hydrogenolysis of the diols studied (1,2- 

and α,ω-diols of C4-C6 compounds), 1,2-diols were more reactive than α,ω-diols and 

the hydrogenolysis of the secondary hydroxy group was significantly higher, leading 

mainly to the formation of the corresponding primary alcohol. They correlated this 

higher reactivity with the intermediate formation of the more stable secondary 

carbocation over the primary one. 

Daniel et al. [36] combined Pt and ReOx supported on C (Pt-ReOx/C) and also 

found a promoting effect of Re in the selective production of 1,3-PDO from glycerol. 

The best result (13 % yield of 1,3-PDO) was obtained with a catalyst synthetized at 

elevated temperatures (700 ºC), which resulted in a better atomic mixing of the Pt and 

Re components without severely decreasing the metals dispersion. Regarding the role of 

the oxophilic ReOx clusters, Daniel et al. proposed that they might facilitate the glycerol 

hydrogenolysis by the direct activation of a C-OH bond. This suggestion differs from 

the role as glycerol anchoring sites proposed by Tomishige’s group [32]. 

In spite of the quite high selectivities towards 1,3-PDO reported, the use of ReOx 

shows some drawbacks: (i) They are frequently reduced from +7 to an average valence 

≤ +4 in presence of noble metal at certain temperatures (during the reduction and/or the 

reaction), greatly changing its morphology, and (ii) some Re oxide species, such as 

Re2O7, are very soluble on water, which compromises its stability and reusability [40].  

2.2.3 Bi-functional catalyst based on Tungsten  

Supported heteropoly acids have been used in several industrial processes 

mainly related to catalytic oxidation reactions [41,42]. Recently, heteropoly acids have 

been tested in other catalytic reactions, such as glycerol hydrogenolysis. They possess 
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unique physicochemical properties, such as a very strong Brönsted acidity and redox 

properties, which can be tuned by varying their loadings [43]. Keggin type structure 

heteropoly acids are used in the majority of the applications. In general, the Keggin 

structure consists of heteropoly anions of the formula [XM12O40]n−, where X is the 

heteroatom (P5+, Si4+, etc.) and M is the added atom (Mo6+, W6+, etc.). The crystal 

structure is based on a central tetrahedron XO4 surrounded by 12 edge- and corner-

sharing metal-oxygen octahedral MO6 as it is shown in Fig. 2.8. 

 
Fig. 2.8. The structure of the Keggin heteropoly anion [α-XM12O40]n− in polyhedral (left), ball-and-stick (middle) and 

space-filling (right) representations [43]. 

 

Zhu et al. [44] combined the use of the Cu metal with an heteropoly acid 

containing W6+, 12-tungstosilicic acid, H4SiW12O40 (HSiW), supported on SiO2 for the 

glycerol hydrogenolysis in vapour phase. Under the optimized operating conditions (see 

Table 2.6) a very high glycerol conversion of 83 % and moderate selectivities to PDOs 

(32 % and 22 % to 1,3-PDO and 1,2-PDO, respectively) were obtained. In spite of the 

good results, evaporation of glycerol is energy-consuming and the liquid-phase catalytic 

process is preferred. 

The same group investigated the glycerol hydrogenolysis in aqueous phase using 

Pt-HSiW/SiO2 type catalysts [45]. The catalysts were prepared by impregnation of 

Pt/SiO2 catalysts with aqueous solutions containing the desired amount of HSiW. CO-

chemisorption measurements showed that low loadings of HSiW (until 15 wt %) 

promoted the Pt dispersion, whereas at higher HSiW contents a partial covering of the 

Pt metal surface with HSiW occurred, decreasing Pt dispersion and, therefore, the 

glycerol conversion. The HSiW content of 15 wt % proved to be the most efficient, 

probably due to the combination of a good Pt dispersion and an optimum acidity. 

Higher HSiW loadings could provide an excess of total acidity but in exchange for a 

decrease on Pt dispersion. Interestingly, the incorporation of HSiW to the Pt/SiO2 

catalyst increased the number of acid sites, mainly strong Brönsted acid sites which it 
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was reported that play a key role in the dehydration of glycerol to 3-HPA [46,47], 

which could be subsequently hydrogenated to form 1,3-PDO (according to dehydration-

hydrogenation mechanism) or further dehydrated to produce acrolein, the precursor of 

1-PO.  

 
Table 2.6 Glycerol hydrogenolysis over noble metal combined with W. 

Catalyst 
H2 

(bar) 

Temp. 

(ºC) 

Glycerol/water/ 

catalyst (g) 

Time 

(h) 

Conv. 

(%) 

Product selectivity 

(%) 
Ref. 

10%Cu-15%HSiW/ 

SiO2 

5.4 210 a 24 83 1,3-PDO (32), 1,2-

PDO (22) 

[44] 

2%Pt-15%HSiW/ 

SiO2 

50 200 b 24 81 1,3-PDO (39) [45] 

2% Pt/WO3/ZrO2       

(wt% W/Pt= 8) 

80 170 0.28/0.21c/0.1 18 n.r. 1,3-PDO (24)d , 1,2-

PDO (13)d, 1-PO 

(28)d 

[48] 

3%Pt/WO3/ZrO2 

(wt% W/Pt= 3.3) 

40 130 e/e/f 24 70 1,3-PDO (46) , 1,2-

PDO (3) 

[39] 

2%Pt/WO3/TiO2/SiO2 

(wt% W/Pt=1.3; wt 

%Ti/Pt=2) 

55 180 4/37/f 12 15 1,3-PDO (51), 1,2-

PDO (9), 1-PO (25), 

2-PO (8) 

[49] 

5%Pt-WO3/Al2O3 

(wt% W/Pt= 1) 

30 160 12/121/4 3 20 1,3-PDO (67), 1,2-

PDO (4) 

[31] 

2%Pt/WO3/ 

‟AlO(OH)” (wt% 

W/Pt= 2) 

50 180 0.09/3/0.1 12 100 1,3-PDO (66), 1,2-

PDO (2), 1-PO (11), 

2-PO (6) 

[50] 

Metal content and metal ratio in wt %,  a WHSV= 0.08 h-1, H2/glycerol molar ratio = 144, b WHSV= 

0.045 h-1, H2/glycerol molar ratio = 137, c DMI solvent, d Product yield, e 60 wt% glycerol/water, feed 

rate = 0.5 mL h-1, H2/glycerol molar ratio = 0.12, f 2mL catalyst. 

 

Fig. 2.9 exemplifies the difficulties in achieving high 1,3-PDO selectivities: (i) 

From a thermodynamic point of view, the formation of acetol through glycerol 

dehydration is thermodynamically more favoured than the formation of 3-HPA , and (ii) 

whenever 3-HPA is formed, its dehydration to acrolein is also preferred over 

hydrogenation to 1,3-PDO. Thus, the formation of 1,3-PDO should be kinetically 

controlled [51,52]. According to this, the glycerol dehydration-hydrogenation 

mechanism was suggested to occur via cationic intermediates as shown in Fig. 2.10. 
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The secondary carbocation that leads to the formation of the 3-HPA intermediate is 

more stable than the primary carbocation that leads to the formation of acetol. 

 

 
Fig. 2.9. Reaction energies for glycerol to 1,2-PDO, 1,3-PDO, acrolein and their possible intermediates (3-HPA and 

acetol) and degradation products, modified from [53]. 

 

 
Fig. 2.10. Glycerol dehydration-hydrogenation mechanism to PDOs formation via carbocation intermediates. 

 

 In view of the results obtained by Zhu et al. with Pt-HSiW/SiO2, the authors 

affirmed that Brönsted acid sites are indispensable to selectively transform glycerol into 

1,3-PDO. At optimum reaction conditions, the optimized Pt-HSiW/SiO2 catalyst 

showed a 31 % yield of 1,3-PDO (glycerol conversion of 81 % and selectivity towards 

1,3-PDO of 39 %). They also tested Cu-HSiW/SiO2 catalyst under the same conditions 

obtaining only 9 % of glycerol conversion and 1,3-PDO selectivity. 

The use of heteropoly acids has become an interesting approach in the glycerol 

hydrogenolysis into 1,3-PDO. However, there are not enough evidences about its real 
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role in the selective production of 1,3-PDO. In addition, heteropoly acids usually 

possess low thermal stability which sometimes limits their catalytic applications.  

The incorporation of W oxides on a support together with an active 

hydrogenation metal is also a very effective approach. It is necessary to point out that 

some of the works cited in this section were published after the start of current Thesis, 

at the end of 2012.  

The use of W oxides is preferred over that of Re oxides, because it avoids most 

of the main problems of stability associated to the use of Re oxides (described in the 

previous section 2.2.2). Unlike the Re oxides, W oxides are almost insoluble. In 

addition to this, significantly higher temperatures are required to reduce W oxide 

species. Thus, more robust and stable W-based catalytic systems appear as a better 

option. 

In the work published by Kurosaka et al. [48] in 2008, catalysts containing Pt 

noble metal and WO3 were prepared on different supports (HY, TiO2, Al2O3, SiO2-

Al2O3, ZrO2 and AlMCM-41) and tested in the glycerol hydrogenolysis using DMI as 

solvent. All the supports tested gave 1,2-PDO and 1,3-PDO in yields higher than 6 %, 

but the best result was obtained when ZrO2 was used as support: 1,3-PDO yield of 24 % 

with a 1,3-PDO/1,2-PDO molar ratio of about 2, under 170 ºC, 80 bar of H2 and 18 h 

reaction time. However, 1-PO and 2-PO formation was also very high (27 % yield), 

probably because of the over-hydrogenolysis of PDOs. According to the X-ray 

diffraction (XRD) results of different catalysts, those which showed peaks related to Pt 

and WO3 gave PDOs in lower yields (<11%). These results highlight the importance of 

the high dispersion of both Pt and WO3 for the effective glycerol hydrogenolysis to 

PDOs. They also investigated other noble metals like Pt, Pd, Rh, Ru and Ir supported on 

WO3/ZrO2 and concluded that metal dispersion (no peaks of metals detected in XRD) 

was not the responsible of the different catalytic behaviour but the metal type itself. The 

most active one was Pt. 

In order to elucidate the role of Pt, WO3 and the ZrO2 support in the reaction, 

different catalysts were prepared and tested. For this purpose, Pt/ZrO2, Pt/WO3 or 

WO3/ZrO2 catalyst, prepared through conventional wetness impregnation, and co-

impregnated Pt-WO3 over ZrO2, were tested in the reaction and compared with the 

results obtained with Pt/WO3/ZrO2 catalyst. None of the new catalytic systems 

catalysed the reaction efficiently (yields of PDOs < 13 %). In view of these results, they 
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concluded that Pt/WO3/ZrO2 is not a mere bi-functional catalyst and the active sites for 

the hydrogenolysis of glycerol to 1,3-PDO may be only on this catalyst conformation. 

The weakness of the previous study was the use of a polar organic solvent, DMI, 

since it reduces the environmental and economic viability of the process. As it was 

mentioned above, water appears as the best green solvent. 

In this context, Qin et al. [39] reported the use of the same kind of catalyst, 

Pt/WO3/ZrO2, in the aqueous phase glycerol hydrogenolysis using a fixed-bed 

continuous flow reactor. A high 1,3-PDO yield of 32 % and very high 1,3-PDO/1,2-

PDO molar ratio of 18 were reported. Product distribution and glycerol conversion 

varied with the catalyst composition, catalysts pre-treatment, and the reaction 

conditions. As the Pt content increased (from 1 to 4 wt %) glycerol conversion greatly 

increased (from 14 % to 84 %). Regarding product distribution, 1,2-PDO selectivity 

remained very low in any case but 1,3-PDO increased with increasing Pt and reached a 

maximum at a Pt content of 3 wt %. For higher contents, the selectivity towards 1-PO 

increased remarkably at expense of the 1,3-PDO formation. These results indicate that 

an excess of Pt content promotes the over hydrogenolysis of PDOs to 1-PO. The effect 

of the amount of W (from 5 to 15 wt %) was also studied. 

The maximum glycerol conversion and 1,3-PDO yield was found at a W content 

of 10 wt %, which is slightly higher than the theoretical monolayer of WOx on ZrO2. 

This term is defined as the maximum theoretical amount of the two-dimensional 

tungsten (in this case) in contact with the oxide support [54]. The TPD-NH3 results 

were in agreement with previous reports in which  the acidity of WOx/ZrO2 catalysts 

increased with the WOx loading up to the monolayer coverage [55]. The increase of H2 

pressure provided a positive effect on the glycerol hydrogenolysis to 1,3-PDO and 1-

PO, which might be due to the increase in the concentration of protons and hydride ions 

formed through  the activation and spillover of H2 on the Pt active sites.  

Gong et al. [49] investigated the glycerol hydrogenolysis over 

Pt/WO3/TiO2/SiO2 catalysts obtaining 1,3-PDO in a yield of 8 % and a 1,3-PDO/1,2-

PDO molar ratio of 5. The main contribution of this work was the elucidation of the role 

of TiO2 promoting the Pt dispersion, as shown by XRD patterns and transmission 

electron microscopy (TEM) images. The TPD-NH3 and Fourier transform infrared 

spectroscopy (FTIR) of adsorbed pyridine results showed that WO3 species improved 

the acidity of the catalyst, providing mainly weak Brönsted acid sites, which played a 

key role in the selective formation of 1,3-PDO.   
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In the patent of Suzuki et al. [31] of KAO Corporation an impressive selectivity 

towards 1,3-PDO of 67 % at 20 % glycerol conversion was reported. The catalyst used 

was Pt-WO3/Al2O3 prepared by impregnation of a commercial Pt/Al2O3 with a salt 

containing W. The good selectivity result, the best until that date, inspired us to design 

and study new catalytic systems based on Pt, WOx and Al2O3. 

However, by far the highest yield of 1,3-PDO reported to date was recently 

obtained by Kaneda et al. [50] using Pt and WO3 supported on “boehmite” catalyst 

(denoted as Pt/WO3/AlO(OH)). This value was 66 % at complete glycerol conversion, 

at 180 ºC, 50 bar of H2 and after 12 h reaction time. In a previous work carried out by 

the same group they developed a Pt-AlOx/WO3 catalyst (AlOx added to Pt/WO3) for the 

selective hydrogenolysis of glycerol to 1,3-PDO in water, achieving also high 1,3-PDO 

yields (41 %) [56]. They proposed a plausible reaction mechanism, which is shown in 

Fig. 2.11. 

 
Fig. 2.11. Reaction mechanism proposed by Arundhati et al. [56] over Pt-AlOx/WO3 catalyst. 

 

According to this reaction mechanism, glycerol is adsorbed on the AlOx surface 

forming a primary alkoxide. Protonation of a secondary hydroxy group of the alkoxide 

and successive dehydration give a secondary carbocation, which is quickly attacked by 

a hydride specie generated through the activation of H2 on Pt metal sites and hydrogen 

spillover onto the WO3 surface. Further hydrolysis yields 1,3-PDO. In spite of the 

extraordinary results obtained, the hypothesis postulated by the authors is not totally 

reliable. They attributed the high yield to the plentiful Al–OH groups in the boehmite 

support which would promote the formation of Al-alkoxide species. However, the high 

temperatures used in the catalyst pre-treatment (800 ºC) and the XRD results indicate a 



 State of the art: glycerol hydrogenolysis to propanediols 

 

70 
 

different alumina structure than boehmite (possibly γ-Al2O3) and therefore the absence 

of many hydroxy groups.  The authors did not explain why Pt and Al work much better 

than other elements. Other noble metals can similarly activate H2, and many metal 

cations can form an alkoxide structure. Furthermore, the formation of Al-alkoxide is not 

proved in this work and the W-alkoxide formation should not be excluded. 

2.3 Conclusion and outlook 

There is a considerable research dealing with the catalytic conversion of glycerol 

to 1,2-PDO in which high yields (> 95 %) have been reported, using typically bi-

functional systems formed by a hydrogenation metal and an acid or a base as additive. 

Nevertheless, the selective production of 1,3-PDO is more challenging. The control of 

the 1,3-PDO/1,2-PDO ratio, which requires highly selective C–O cleavage of the 

primary or secondary hydroxy groups of glycerol, is strongly dependent on the catalyst 

used. Thus, there is a need for the development and understanding of new selective 

catalytic systems in order to obtain the more valuable 1,3-PDO. From an economic and 

environmental point of view, glycerol hydrogenolysis in liquid phase using water as 

solvent is the best choice since biodiesel-derived glycerol is obtained in aqueous phase 

through the transesterification of vegetable oils, and since water is also formed as a 

product during the hydrogenolysis reactions. 

The combination of a highly reducible noble metal with an oxophilic metal 

(mainly Re or W) has opened the window to a new class of bi-functional heterogeneous 

catalysts for the selective C–O hydrogenolysis of glycerol to the high added-value 1,3-

PDO. These kinds of catalysts can also be applied for other deoxygenation process of 

biomass derived building blocks. A precise control of the catalyst structure, such as the 

selection of the noble metal, the modifier and support, the control of particle size and 

metal dispersion, the structure of the modifier, and the acidity, among other factors, are 

totally necessary. 

In spite of the intense work carried out, the overall reaction mechanism of PDOs 

formation over those catalysts still remains unclear. The most frequently proposed 

mechanism is the two-step dehydration-hydrogenation route, via acetol or 3-HPA 

intermediates for the 1,2-PDO and 1,3-PDO production, respectively. However, other 

direct mechanisms have been proposed in which different alkoxide and carbocationic 

species are formed. The great deal of controversy about fundamental reaction 
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parameters, such as the role of the oxophilic metal in the binding of glycerol, the 

intermediate species generated and the effect of noble metal and oxophilic metal 

interactions, has encouraged us to carry out a deeper study of the catalytic system 

formed by Pt, WOx and Al2O3, which was reported to be effective in the selective 

production of 1,3-PDO from glycerol.  
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In the Chapter 1 of the present Ph.D Thesis, some evidences were provided in 

order to show that a progressive transition from a petroleum-based towards a bio-based 

economy is completely required in order to achieve a more sustainable society. As it 

was stated in the Chapter 2, special attention has recently been devoted to a particular 

transformation process of biomass into marketable commodity chemicals: the 

hydrogenolysis of biomass-derived polyols. 

 

The main objective of the current PhD Thesis is the development of advanced 

catalytic systems for the selective hydrogenolysis of biomass-derived polyols. This 

work aims to have an academic interest, being useful for the scientific community, and 

serve as a contribution in the field of green chemistry and sustainable engineering, and 

especially in the field of hydrogenolysis reactions.   

 

For this research, the aqueous glycerol hydrogenolysis to propanediols was 

selected as a model reaction. From an economic and environmental standpoint, the use 

of water as solvent is the best choice since the bio-glycerol obtained through the 

transesterification of vegetable oils is obtained in aqueous phase, and since water is 

always a by-product in the hydrogenolysis reactions. It should not be overlooked that 

the conclusions and advances achieved in this process could be applied to the 

valorisation of the more complicated biomass-derived polyols, structurally “analogous” 

to glycerol, such as sorbitol or xylitol.  

In order to achieve the main objective of this Thesis satisfactorily, some partial 

goals have to be fulfilled: 

 Selection and development of highly active and selective catalytic systems in the 

C–O glycerol hydrogenolysis. The precise selection of the metal, the modifier as 

well as the support is totally necessary in order to develop an efficient catalyst. 

The promising results reported with catalytic systems formed by Pt, WOx and 

Al2O3, encouraged us to choice this system as the object of study. 

 Study the catalytic behaviour and its correlation with the activity test results. For 

this purpose, some fresh and used catalysts should be analysed with 

conventional and advanced characterisation techniques. This exhaustive study 

should lead to the understanding of the factors affecting the selective C–O 
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cleavage of the primary or secondary hydroxy groups of glycerol, which is 

strongly dependent on the catalyst structure.  

 Optimization of the reaction conditions and catalytic structure in order to 

develop a catalyst which maximizes the formation of the most interesting target 

product “1,3-propanediol”. 

 Elucidation of the reaction mechanism involved in the production of 

propanediols, emphasising in the mechanism of 1,3-propanediol.  

 

Noteworthy, the catalytic selective conversion of bio-glycerol into propanediols, 

and especially into 1,3-propanediol, could significantly improve the cost-

competitiveness of biodiesel industry, which currently faces some difficulties. However, 

this process is still far from being scaled-up to the industry. 
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Abstract 

Herein, all the experimental techniques and conditions used along the present 

Doctoral Thesis are described in detail. It has been developed with the aim to make the 

reading of the Thesis more pleasant without any repetition in the next sections. 

Moreover, it will be easier for the reader to find any required technical information. In 

the following chapters references are made to the corresponding section of this Chapter 

4. 

4.1 Catalyst preparation 

4.1.1 Pt/WOx on conventional γ-Al2O3 support 

These catalysts were prepared by sequential wetness impregnation (WI) method. 

The typical procedure followed for catalysts preparation is detailed below. Commercial 

γ-Al2O3 (Merck, ≥ 99.9%) was used as support, and it was impregnated using the 

appropriate amounts of ammonium metatungstate ((NH4)6(H2W12O40).nH2O, Sigma-

Aldrich, ≥ 99.99%)) dissolved in deionized water. Impregnated samples were dried at 

110 ºC overnight and subsequently calcined in air from room temperature up to 450 ºC 

at a heating rate of 2 ºC min-1. This temperature was hold for 4 h. Pt was then loaded on 

supported tungsten oxide catalysts by wetness impregnation using tetraammineplatinum 

(II) nitrate ((Pt(NH3)4(NO3)2, Sigma-Aldrich, ≥ 99.995%)) as precursor. The resulting 

catalysts were dried and calcined following the same procedure as above at 300 or 450 

ºC. The calcination temperature applied will be specified in each case.  

Henceforth, the prepared Pt/WO3/Al2O3 samples by WI are denoted as xPtyW, 

where x refers to the Pt content in weight percent (wt %) in the final catalyst and y to the 

W content related to the alumina support (in terms of wt % of W/γ-Al2O3), both of them 

measured by ICP-OES. The tungsten surface density (expressed in W atoms nm-2 of 

support) was calculated based on the following equation (Eq. 4.1),  

 

 [     ] =     Eq. 4.1 

 

where xw is the mass fraction of the W species in the final catalyst, NA is the 

Avogadro number, Mw is the W atomic weight, and SAl2O3 is the initial BET surface area 
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of the calcined support of γ-Al2O3. In this case, it was assumed that all the tungsten 

oxide species presented in the catalyst were WO3 and the platinum oxides were PtO. 

4.1.2 Pt/WOx on non-conventional supports 

In order to study the effect of the physicochemical characteristics of the support 

on the glycerol hydrogenolysis reaction, three different Al-based supports were tested. 

The same commercial γ-Al2O3 (Alcom) used in the previous section (4.1.1) was one of 

the supports used. The other two supports were prepared by the acid sol-gel (SG) 

method. 

The SG method was carried out in a similar way described in other works 

published by our group [1]. First, aluminum isopropoxide, AIP (Al[OCH(CH3)2]3, 

Sigma-Aldrich 99.995%), was hydrolyzed at 40 ºC using a molar ratio H2O/AIP of 100. 

The pH was adjusted to 4.0-4.2 (acid conditions) by adding HNO3 aqueous solution (1.5 

M). The solution was allowed to peptize for 45 min under vigorous stirring. The sol 

formed was then placed in a sonicator equipment for 30 min at 40 ºC. Afterwards, the 

solvent was removed by drying at 65 ºC for 48 h. The solid material obtained was dried 

overnight in a heater at 110 ºC. The SG material obtained by this procedure has a 

pseudo-boehmite (pseudo γ-AlO(OH)) structure according to the XRD analysis (see 

section 6.2.1.1 of the Chapter 6). A fraction of this material was used as support without 

any treatment and was denoted as AlSG’. Other fraction was calcined at 450 ºC (in air at 

2 ºC min-1 for 4 h) and it was converted into γ-Al2O3, also used as support in this study 

(AlSG).  

Then, (NH4)6(H2W12O40).nH2O was incorporated into the support following the 

same procedure described in the section 4.1.1. The resulted catalysts were calcined at 

450 ºC (or 800 ºC) in air at 2 ºC min-1 heating rate and holding the final temperature for 

4 h. Thereafter, Pt(NH3)4(NO3)2 was also incorporated in tungstated alumina materials 

according to the section 4.1.1. The final catalyst was calcined, as above, at 300 ºC. 

Prepared Pt/WO3/Al2O3 samples are denoted as xPtyW support, where x refers to 

the Pt content in the final catalyst (wt % Pt), y to the W content related to the alumina 

support (wt % of W/γ-Al2O3), both measured by ICP-OES, and the support specifies the 

material used in each case (Alcom, AlSG or AlSG’). 
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4.1.3 Pt loaded on WOx/Al2O3 through chemical vapour impregnation 

The chemical vapour impregnation method (CVI) developed by Forde et al. [2,3] 

was used for depositing the Pt onto calcined WOx/Al2O3 (prepared according to the 

section 4.1.1) and improve its dispersion over the support. For this purpose, platinum 

acetylacetonate, (from Sigma-Aldrich, 99.9%) was used as precursor and was physically 

mixed with WOx/Al2O3 sample (10W, concretely). The mixed was transferred to a 

Schlenk flask with a magnetic stirrer and a tube sealed. The sublimation and deposition 

of the organometallic Pt-precursor onto the support was achieved by heating the mixed 

at 140 ºC for 1 h under a constant vacuum (10-3 mbar) and stirring. The temperature 

selected enabled the sublimation of the organometallic precursor without 

decomposition.  

The resulted catalyst was reduced for 1 h at 400 ºC, with a heating ramp of 5 ºC 

min-1, under a pure H2 stream (100 NmL min-1) in order to fully pyrolyse the Pt-

precursor. Table 4.1 summarizes the nomenclature for the catalysts used in this Thesis 

 
Table 4.1. Catalyst nomenclature description. 

Section Name Description 

4.1.1 xPtyW (z) Impregnation of W on commercial γ-Al2O3 followed by Pt impregnation 

x=wt % Pt on final catalyst, y= wt % W on commercial γ-Al2O3, z= W 

surface density (W atoms nm-2 of support) 

4.1.2 xPtyW support Impregnation of W on support followed by Pt impregnation 

x=wt % Pt on final catalyst, y= wt % W on support (Alcom, AlSG’or AlSG) 

4.1.2 Alcom Commercial γ-Al2O3  

4.1.2 AlSG’ Pseudo γ-AlO(OH) prepared by acid SG method (without thermal 

treatment) 

4.1.2 AlSG γ-Al2O3 obtained through calcination at 450 ºC of γ-AlO(OH) prepared by 

acid SG method 

4.1.3 xPtCVIyW Alcom Impregnation of W on commercial γ-Al2O3 followed by Pt loading by 

chemical vapor impregnation (CVI) method; x=wt % Pt on final catalyst, y= 

wt % W on commercial γ-Al2O3.  
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4.2 Catalyst layer preparation on the internal reflection element 

For the investigation of reactants adsorption and in-situ reaction on catalytic 

active sites by Attenuated Total Reflection Infrared (ATR-IR) spectroscopy the catalysts 

were first prepared according to the previous method described in 4.1.1 section. After 

the impregnation of Pt precursor on tungstated Al2O3, these catalysts were calcined at 

300 ºC. Subsequently, they were reduced at 300 ºC for 1 h at a 5 ºC min-1 heating rate in 

a flow of pure H2 (100 Nml min-1). 

Thereafter, aqueous solutions of the catalysts were prepared. First, Milli-Q water 

was degassed for 2 h using a glass bubbler and a flow of pure Ar at room temperature, 

in order to remove the dissolved O2. Typically, 50 mg of reduced catalyst were finely 

crushed and added to 10 mL of degassed-water. To prepare a homogeneous aqueous 

suspension of the catalyst the mixture was stirred in a sonicator for 24 h at room 

temperature.  

The investigation of the catalysts surface requires the catalyst to be immobilised 

on the internal reflection element (IRE) of the ATR-IR equipment. In this research two 

different IREs were used: ZnSe for ex-situ ATR-IR spectroscopy and Si crystal for in-

situ ATR-IR spectroscopy. In order to do it, two drops of the catalyst suspension were 

deposited on the IRE and the water was evaporated in a vacuum desiccator for 1 h. The 

process was repeated until a homogeneous layer was obtained and the IRE was 

completely covered. This method conducts to the preparation of steady layers as it was 

reported in previous works [4,5]. Some examples of catalysts layers prepared are shown 

in Fig. 4.1 and 4.2. 

 

 
Fig. 4.1. ZnSe IRE (a), Pt/WOx/Al2O3 (b) and WOx/Al2O3 (c) catalysts layer on ZnSe IRE. 
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Fig. 4.2. Si IRE for in-situ ATR-IR spectroscopy (bottom) and Pt/WOx/Al2O3 catalyst layer on Si IRE (top). 

4.3 Activity test  

4.3.1 Batch autoclave 

Some activity tests were carried out in a 50-mL stainless steel autoclave (PID 

Eng&Tech., Spain) with a stirring rate of 550 rpm (Fig. 4.3). Typically, 0.35 g of 

catalyst powder (300-500 µm) was introduced into a catalytic basket inside the 

autoclave (maintaining the 0.166 gcatalyst g-1
reactant ratio constant). 

 Prior to the activity test, the catalyst was in situ reduced under a stream of pure 

H2 (100 NmL/min) at 300 or 450 ºC for 1 h (the reduction temperature will be specified 

in each catalyst). After reduction, the reactor was cooled down to the reaction 

temperature (180-220 ºC) and the H2 (in some test N2) pressure was increased up to 20 

bar. The reactant solution (usually, 42 mL of 5 wt % glycerol aqueous solution), placed 

into a feed cylinder at 50 bar of H2 pressure, was fed into the reactor taking advantage 

of the pressure difference and  by circulating a continuous flow of H2 (or N2) from the 

cylinder to the reactor for about 5 min. Thereafter, the pressure was increased up to the 

45 bar.  

During the 24 h reaction time of experiments, 4 liquid samples were taken along 

the first 7 h and a last sample was taken at 24 h, after reactants were cooled down (< 40 

ºC). In the 16 h-experiments, only the last liquid sample was taken. These samples were 

analysed using 1,4-butanediol (Sigma–Aldrich, 99.99%) as the internal standard with a 

gas chromatograph (GC, Agilent Technologies, 7890 A) equipped with a Meta-Wax 

capillary column (diameter 0.53 mm, length 30 m), a flame ionization detector (FID), 

and a thermal conductivity detector (TCD). After 16 or 24 h of reaction, the gas phase 
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was collected in a gas bag and analysed with another GC-TCD-FID equipped with a 

molecular sieve column (HP-MOLESIEVE, diameter 0.535 mm, length 30 m) and a 

capillary column (HPPLOT/Q, diameter 0.320 mm, length 30 m). The glycerol 

conversion and the selectivity towards liquid products were calculated based on the 

following equations (Eq. 4.2 and 4.3): 

 

  (%) =
∑      

   
× 100              Eq.4.2 

 

   (%) =      
∑     

× 100            Eq.4.3  

 

 
Fig. 4.3. Overall batch autoclave system (left) with 50-mL reactor (right). 

4.3.2 Kinetic study 

Kinetic studies were carried out in 4 similar stainless steel autoclaves of 50 mL 

capacity (RWTH Aachen University, Germany). Typically, 0.08 g of 9Pt8W catalyst 

(prepared according to the section 4.1.1) and 10 mL of reactant solution were placed in 

each autoclave.  

The calcination temperature of the final Pt/WOx/Al2O3 catalyst was 300 ºC and 

was ex-situ reduced at the same temperature for 1 h using a H2 flow of 100 NmL min-1 

prior to the activity tests. The feed was modified in each experiment and it will be 

specified during the discussion of the results. However, the catalyst to glycerol ratio was 

kept constant and equal to 0.166 gcatalyst g-1
glycerol. The systems were then purged and 

pressurized up to 25 bar of H2. Afterwards, they were placed in hotplates with a 
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magnetic stirring of 550 rpm and heated up to 200 ºC (see Fig. 4.4). After 2 h reaction 

time the autoclaves were immediately cooled down in an ice-bath.  

A known amount of 1,4-butanediol (Sigma–Aldrich, 99.99%) aqueous solution 

was added to the reaction mixture external standard, and a sample was then taken and 

analysed in a GC-TCD-FID (6890 N, Agilent Technologies) equipped with a Supra-

Wax capillary column (diameter 0.53 mm, length 30 m). 

 
Fig. 4.4. Autoclaves used for kinetic study. 

4.4 Catalyst characterisation 

4.4.1 Chemical analysis 

The chemical analysis of the calcined catalyst was carried out by inductively 

coupled plasma optical emission spectrometry (ICP-OES) using a Perkin-Elmer Optima 

2000 instrument. Previously to the analysis, the solid samples were digested in a 

microwave oven in an acid mixture (3 mL of HNO3, 2 mL of HCl and 3 mL of HF), 

heating from room temperature up to 180 ºC, with a heating ramp of 7 ºC min-1, for 30 

min. The samples totally decomposed were then diluted in 100 mL-flask with water. 

The sample amount (80-100 mg) was previously calculated with the premise that its 

concentration in the solution should be within the instrument detection range. 

4.4.2 N2 physisorption 

Textural properties (surface area, pore volume, and pore size distributions) were 

obtained by N2 physisorption at -196 ºC using a Quantachrome AUTOSORB-1C-TCD 

instrument. All samples were dried at 300 ºC overnight under high vacuum prior to the 
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physisorption measurements. The surface area was calculated using the Brunauer, 

Emmett, and Teller (BET) method, and the pore size distributions were obtained using 

the Barrett–Joyner–Halenda (BJH) method applied to the desorption branch of the 

isotherms. 

4.4.3 CO chemisorption 

The measurements were performed in an AUTOSORB-iQ equipment. Prior to 

adsorption, all samples were outgassed in He flow at 120 ºC for 3 h and subsequently 

reduced at 450 ºC under a stream of pure H2 for 1 h (similar to reaction conditions). The 

samples were cooled down to room temperature and evacuated under He flow for 2 h. 

After that, CO chemisorption uptakes were measured by pulses of pure CO at 40 ºC (or 

35 ºC). 

The CO/Pt adsorption stoichiometry employed for the estimation of the Pt size 

and metal dispersion was 1. 

4.4.4 TEM 

Transmission electron microscopy (TEM) images were obtained in a Philips 

SuperTwin CM200 apparatus operated at 200 kV and equipped with LaB6 filament and 

EDAX EDS microanalysis system. The samples were pre-reduced at 450 ºC (similar to 

reaction conditions) and then dispersed into ethanol solvent and placed on a carbon-

coated copper grid (300 Mesh) followed by drying under vacuum. 

4.4.5 SEM 

Scanning electron microscopy (SEM) was employed to examine the morphology 

of some reduced Pt/WOx/Al catalysts. For this purpose a JEOL JSM-6400 apparatus 

equipped with a W filament was used. The fresh catalyst samples were previously 

reduced at 300 ºC for 1 h (similar to reaction conditions). 

4.4.6 XRD 

X-ray diffraction (XRD) studies of the reduced catalyst were recorded on an 

Xpert-Pro instrument with a PW3050/60 goniometer and a Cu anode at current of 40 

mA and voltage of 40 kV, in a 2θ range from 10º to 90º with a 0.026º step size. The 

patterns were compared with the power diffraction files (PDF) by Xpert-Pro High Score 

tool.  
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In-situ XRD was carried out on the same system, in a high-temperature chamber. 

The sample was mounted in a high-temperature cell and heated at 2 ºC min-1 under 

stationary air. 

4.4.7 Raman spectroscopy 

In order to determine the species present in the samples and the interaction 

between the platinum and tungsten species, the Raman spectra of the calcined catalysts 

were determined. The equipment employed was a Renishaw InVia microscope with Ar 

ion laser (Modu-Laser) using 514 nm laser excitation. The spectra of the catalysts, in 

powder form, were recorded at ambient temperature within the 150–1500 cm-1 region. 

4.4.8 XPS 

XPS spectra of the reduced samples (fresh and some used samples) were 

obtained on a VG Escalab 200R spectrometer equipped with a hemispherical electron 

analyser an Mg Kα (hν = 1253.6 eV) X-ray source. Binding energy (Eb) values were 

referred to the C1s peak at 284.6 eV. The recorded XPS signals were analysed using a 

nonlinear Shirley-type background and decomposed into subcomponents by Gaussian–

Lorentzian functions. 

4.4.9 H2-TPR 

The reducibility study of the surface species was carried out on a Quantachrome 

AUTOSORB-1C-TCD apparatus. Temperature programme reduction (TPR) profiles 

were obtained using 0.3 g of a catalyst powder. The samples were reduced in a flowing 

gas of 5 vol% H2 in Ar (50 mL min-1 of total flow rate) increasing the temperature from 

40 ºC up to 1100 ºC at 10 ºC min-1. A TCD detector downstream of the sample 

monitored changes in the concentration of H2.  

The samples were thermally pre-treated, prior to the analysis, in order to 

eliminate the water and impurities from the surface. For this purpose, they were heated 

at 250 ºC under a He stream for 2 h. 

4.4.10  NH3 adsorption microcalorimetry 

Adsorption microcalorimetry measurements were performed at 80 ºC in a 

volumetric line linked to a heat-flow microcalorimeter (Tian-Calvet type, C80 from 
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Setaram) in order to measure the whole acidity as well as the strength of the catalytic 

sites present in the samples.  

Ammonia (NH3) was used as a basic probe molecule to titrate the surface acid 

sites. 0.1 g of the powder calcined sample was pre-treated under vacuum at 250 ºC 

overnight (about 12 h) and subsequently evacuated at the same temperature for 1 h prior 

to the measurements. 

Small successive NH3 injections were sent onto the sample until a final NH3 

equilibrium pressure of about 67 Pa. For each dose, the adsorption heat and the pressure 

of the adsorbate, this last measured by means of a differential Barocel capacitance 

manometer (Datametrics), were recorded by a computer. Following the first adsorption 

isotherm, the sample was outgassed under vacuum for 30 min at the same temperature 

and a second adsorption isotherm was performed until the equilibrium pressure of 27 Pa 

was attained. The irreversible volume of NH3 (Virr), associated with the strongly 

chemisorbed NH3, was calculated from the difference between the first and second 

volumetric isotherms at 27 Pa. A picture of the equipment and the operation scheme are 

shown in Fig. 4.5. 

 

 
Fig. 4.5. C80 microcalorimeter equipment used at at the Institut de Recherches sur la Catalyse et l’Environnement de 

Lyon (IRCELYON), France, (left), and operation scheme (right). 

4.4.11  FTIR spectroscopy of adsorbed pyridine 

The Fourier transform infrared (FTIR) spectroscopy of adsorbed pyridine 

analyses were carried out in order to study the nature (type and strength) of acid sites on 

the surface of different WOx/Al2O3 and Pt/WOx/Al2O3 samples. Infrared transmission 



Chapter 4  

 

95 
 

spectra were recorded on Nicolet 8700 FTIR spectrometer equipped with an extended 

KBr beam splitter and a mercury cadmium telluride (MCT) detector. 

The samples were pressed into a 30-35 mg of self-supporting wafers, having a 

surface area of about 2 cm2, which were placed into an infrared quartz cell, with CaF2 

windows, connected to a vacuum line. 

Pellets were pre-treated under vacuum (about 10-5 Pa) with an oxygen flow and 

by a slow heating of 2 ºC min-1 up to 350 ºC. Then, they were outgassed at the same 

temperature for 1 h. A known amount of pyridine was introduced into the cell at room 

temperature. 

Spectra were recorded after pyridine desorption by evacuation for 15 min under 

vacuum at different temperatures (200 ºC and 300 ºC) with a spectral resolution of 2 cm-

1 and 32 scans per spectra. All reported spectra were obtained by subtracting the 

spectrum of the activated catalyst (after pre-treatment but before pyridine adsorption) 

from those after pyridine adsorption. A schematic representation of the procedure is 

represented in Fig. 4.6. 

 

 
Fig. 4.6. Scheme of the FTIR of adsorbed pyridine measurements carried out. 

4.4.12  In-situ ATR-IR spectroscopy 

In order to study the surface species involved in glycerol hydrogenolysis 

reaction, such as reactants, intermediates and products, and also the catalytic surface, 

some in-situ ATR-IR spectroscopy measurements were carried out. The experiments 

were conducted in a ReactIR 45m FTIR spectrometer (Mettler Toledo) with liquid N2-

cooled MCT detector. This equipment is an in-situ mid-infrared based system that 
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allows monitoring the reaction in real-time and, thus, obtaining a deeper and real 

reaction information. It is connected to an autoclave, in which the reaction is performed 

through a K4 conduit to sentinel. The Silicon (Si) crystal used as IRE, placed on the 

bottom part of the autoclave, was coated with the catalyst layer prepared as explained 

above in section 4.2. 

The schematic representation of the autoclave setup with the IRE of the ATR-IR 

is shown in Fig. 4.7. In Fig. 4.8 real pictures of the equipment (used at The Debye 

Institute for Nanomaterials Science of the Utrecht University, The Netherlands) are 

illustrated. 

 
Fig. 4.7. Schematic representation of the autoclave setup and ATR-IR principle, modified from [6]. 

 

The reactant solution, typically 20 mL glycerol (Sigma-Aldrich, 99.0 %) in 

Milli-Q water, was placed in the autoclave. Thereafter, the 9Pt8W catalyst in powder 

form (420-500 µm) was introduced into the autoclave. The glycerol concentration 

varied from 5 to 30 wt%, but the catalyst to glycerol ratio was kept constant (0.166 

gcatalyst g-1
reactant). The catalyst was prepared according to the section 4.1.1, calcining the 

resulting Pt/WOx/Al2O3 catalyst at 300 ºC. Prior to the activity test, the catalyst was ex-

situ reduced under a stream of pure H2, or N2 in some experiments, (100 NmL min-1) at 

300 ºC for 1 h.  The reactor was then purged 5 times with H2 (or N2). Afterwards, the 

pressure was increased up to the 35 bar and the heating and stirring (550 rpm) started. 

The reaction started when the temperature and pressure reached the operation values of 

200 ºC and 45 bar. 
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Fig. 4.8. In-situ ATR-IR set up (right) and the autoclave (left) used at The Debye Institute for Nanomaterials Science 

of the Utrecht University, The Netherlands. 

 

The liquid and gaseous samples were taken when reaction finished at 16 h 

reaction time and after the system was cooled down (T < 40 ºC). The composition of the 

gas phase was analysed in a micro GC (Varian, 490 GC) equipped with a COX 1m and 

a CP-Sil-5CB 6m columns (Agilent Technologies). The liquid sample was analysed 

using 1,4-butanediol (Sigma-Aldrich, 99.9%) as internal standard with a GC-TCD-FID 

(Agilent Technologies, 7890 A) equipped with a Meta-Wax capillary column (diameter 

0.53 mm, length 30 m). 

During the experiments, spectra were collected every 2 min for 6 h, at 15 min for 

the next 2 h and every 30 min for the rest 8 h. The measurements were also registered 

during the heating. Each spectrum was collected using a resolution of 4 cm-1 and 64 

scans in the 4000-650 cm-1 scan region. 

Blank-experiments were carried out following the same procedure but using 

pure solvents as reactants, Milli-Q water. 

4.4.13  Ex-situ ATR-IR spectroscopy 

The surface chemistry of some catalysts (commercial γ-Al2O3 and WOx/Al2O3) 

was studied through ex-situ ATR-IR spectroscopy. The measurements were carried out 

in a TENSOR 37 instrument (from Bruker) equipped with a horizontal ATR accessory 

(FastIR from Harrick) and a zinc selenide (ZnSe) crystal as IRE. Fig. 4.9 shows the 

equipment employed for the research. 
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Typically, the catalyst was immobilised on the IRE surface according to the 

section 4.2 and was recorded and used as the background. Then, a drop of a glycerol 

aqueous solution (or water) was deposited over the catalyst layer and the spectra were 

collected. In some cases, the water loaded sample spectrum was subtracted from the 

spectrum of the glycerol loaded sample over the same catalyst. After glycerol loading, 

the moisture of the layer was removed under high vacuum (HV) for 1 h and spectra 

were registered at room temperature and pressure (RTP).  

All spectra were recorded at 4 cm-1 of resolution and 64 scans per spectrum in 

the 4000-650 cm-1 region.  

In order to note vibrational shifts, the IRE was also fully covered by pure 

glycerol (Sigma-Aldrich, 99.0 %) and a glycerol aqueous solution.  

 

 

Fig. 4.9. Ex-situ ATR-IR set up used at the Debye Institute for Nanomaterials Science of the Utrecht University, The 

Netherlands.  
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Abstract 

Although the hydrogenolysis of glycerol to 1,2-propanediol (1,2-PDO) is already 

well developed, the production of the more valuable 1,3-propanediol (1,3-PDO) is still a 

challenge. To achieve this aim, it is essential to design catalysts showing high 

selectivity toward the C–O cleavage of the secondary hydroxy group of glycerol. 

In this work, two different series of Pt/WOx/Al2O3 catalytic systems were 

studied for the selective hydrogenolysis of glycerol to 1,3-PDO. The results reveal the 

necessity to control the tungsten surface density in order to obtain highly dispersed 

polytungstate species, which are able to produce Brönsted acidity and are involved in 

the selective formation of 1,3-PDO. 

After optimization of the tungsten surface density, the effect of platinum content 

was also studied. It was found that by improving the interactions between platinum and 

tungsten oxides, it is possible to increase the selectivity toward 1,3-PDO. Under 

optimized reaction conditions, a selectivity toward 1,3-PDO of 51.9 % at 53.1 % 

glycerol conversion was obtained. Based on the characterization and activity test results, 

a reaction mechanism for the Pt-WOx catalytic system in glycerol hydrogenolysis to 

1,3-PDO was also proposed. 

 
Fig. 5.1. Graphical abstract 
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5.1 Experimental 

5.1.1 Catalyst preparation  

Pt/WOx/Al2O3 catalysts were prepared by sequential wetness impregnation 

method. The typical procedure followed for the preparation is detailed in section 4.1.1 

of Chapter 4. The resulting Pt/WOx/Al2O3 catalysts were finally calcined at 450 ºC. 

They are denoted as xPtyW(z) as it was explained in the same section. 

5.1.2 Catalyst characterisation 

The physicochemical properties of the catalysts measured by N2 physisorption, 

H2 temperature programmed reduction (H2-TPR), Fourier transform infrared (FTIR) 

spectroscopy of adsorbed pyridine, Raman spectroscopy, X-ray diffraction (XRD), X-

ray photoelectronic spectroscopy (XPS), NH3 adsorption calorimetry, transmission 

electron microscopy (TEM), and CO chemisorption techniques.  

Detailed information about the equipments and conditions used in each of the 

characterisation techniques employed are described in the section 4.4 of Chapter 4. 

5.1.3 Activity test 

The activity tests were carried out in an autoclave following the procedure 

described in section 4.3.1 of Chapter 4. The catalysts were reduced at 450 ºC prior to 

the activity tests and, typically, the reaction was conducted at 220 ºC. 

5.2 Results and discussion 

5.2.1 Catalyst characterisation 

5.2.1.1 N2-physisorption 

The textural properties of the calcined catalysts are shown in Table 5.1. The 

catalysts surface area was reduced in all the catalysts as compared to the γ-alumina 

support (SBET of 140 m2 g-1) as the tungsten surface density increased. This could be due 

to the blocking or filling of γ-alumina pores when the tungsten oxide species were 

added. The reduction in pore volume of the catalysts in comparison with the bulk 

support (pore volume of 0.23 cm3 g-1) can be explained through the same assumption. 

The incorporation of the platinum oxide on the tungstated support had the same effect. 
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Table 5.1. Textural properties of the catalyst and its activity results obtained after 24 h reaction time, 220 

ºC and 45 bar pressure 

Catalysta SBET (m2 g-1) 

Pore 

volume 

(cm3 g-1) 

Glycerol 

conversion 

(%) 

Product selectivity (%) 

1,3-PDO 1,2-PDO 1-PO 
Degradation 

productsb 

1Pt1W (0.2) 128 0.24 25.6 0.0 78.2 1.9 19.9 

1Pt5W (1.0) 111 0.22 22.2 3.1 76.3 3.5 17.2 

1Pt9W (2.4) 104 0.19 16.7 16.4 57.5 12.4 11.3 

1Pt14W (3.9) 96 0.18 11.6 10.9 60.9 20.7 7.5 

1Pt19W (5.9) 79 0.15 5.5 11.2 59.5 29.3 0.0 

2Pt8W (2.2) 105 0.19 25.6 25.7 39.3 21.5 6.1 

4Pt8W (2.2) - - 42.1 27.8 25.9 25.9 7.8 

9Pt8W (2.2) 81 0.15 60.3 31.2 11.0 35.6 12.0 

9Pt8W (2.2)c 81 0.15 53.1c 51.9c 9.5c 24.8c 1.2c 

a Tungsten surface density in brackets (W at. nm-2) 
b Main degradation products: ethylene glycol, ethanol, methane 
c Results obtained for 9Pt8W (2.2) catalyst at 200 ºC reaction temperature 

5.2.1.2 CO chemisorption 

The tungsten oxides present in the Pt/WOx/Al2O3 catalysts do not adsorb CO [1]; 

therefore, CO chemisorption was used to measure the platinum particle size and metal 

dispersion on platinum loaded samples. Depending on the type of adsorption sites, the 

average of CO/Pt adsorption stoichiometry usually varies from 1 to 2 because CO 

chemisorbs in various forms [2]. The most widely CO/Pt adsorption stoichiometry used 

for the calculation of platinum size and metal dispersion is a ratio of 1 [2,3]. In order to 

facilitate the comparison with other works, the same value was assumed in this article. 

The results are shown in Table 5.2. It can be noted that increasing the platinum loading, 

the metal size notably increased, from 4.1 to 26.4 nm for 2Pt8W and 9Pt8W catalyst, 

respectively, and with the resultant decline in platinum dispersion (from 27.3 % to 4.3 

%, respectively). 

Table 5.2. Pt particle size and dispersion obtained by CO-chemisorption at 40ºC 

Catalysta Pt size (nm) Pt dispersion (%) 

2Pt8W (2.2) 4.1 27.3 

4Pt8W (2.2) 11.2 10.1 

9Pt8W (2.2) 26.4 4.3 
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5.2.1.3 TEM 

Fig. 5.2 (a) and (b) shows the TEM images of 1Pt9W and 9Pt8W catalysts. 

Although the TEM images do not allow a clear visual discrimination among platinum 

and tungsten oxide clusters (neither by shape nor contrast), it is interesting to note that 

only particles with diameters ≤ 5 nm were found. EDS microanalysis on different 

specific particles allowed to differentiate certain platinum particles from the tungsten 

oxides at low platinum content. In Fig. 5.2 (a), a platinum particle (circle) of a diameter 

lower than 1 nm surrounded by tungsten oxides well dispersed in the catalyst surface 

can be seen. For 9Pt8W sample, the differentiation was absolutely impossible even by 

EDS microanalysis, which reveals the closer proximity between these species at higher 

platinum contents. Both, platinum and tungsten, characteristic X-ray peaks were 

obtained around throughout the sample investigated (Fig. 5.2 (b)). 

The particle sizes obtained by TEM are commonly smaller than those from 

chemisorption uptakes as Iglesia et al. reported [3]. In this case, the platinum particle 

size estimated from TEM (5 nm) and CO chemisorption (26 nm) measurements is 

significantly different for the 9Pt8W catalyst. 

 
Fig. 5.2. TEM images of fresh reduced (a) 1Pt9W and (b) 9Pt8W catalysts 

5.2.1.4 XRD 

The structure of the reduced (at reaction conditions) fresh Pt/WOx/Al2O3 

catalysts was analysed by XRD (Fig. 5.3). The XRD patterns of the catalysts with a 

constant Pt content (1 wt %) and different WOx loading reveal that only diffraction 

peaks related to crystalline γ-alumina (2θ = 37.5º, 45.4º, 66.9º) [4] were observed for 

catalyst with a tungsten surface density lower than 2.4 Wat. nm-2. However, diffraction 

peaks characteristic of monoclinic-WO3 phase (m-WO3) (2θ = 23.5º, 33.3º) were 

observed for a tungsten surface density of 3.9 Wat. nm-2 [5]. This indicates the 
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formation of WO3 crystalline nanoparticles (WO3 NPs) of around 5 nm at high tungsten 

surface density values. These results are in good agreement with the Raman 

spectroscopy and XPS results. The absence of platinum diffraction peaks revealed the 

homogeneous dispersion of this metal on the catalyst. 

 
Fig. 5.3. XRD patterns of fresh reduced WOx/Al2O3 and Pt/WOx/Al2O3 catalysts. Tungsten surface density (W at.  

nm-2) in brackets. 

As it can be observed in the XRD patterns of the catalysts with a constant 

tungsten surface density of about 2.2-2.4 Wat. nm-2, for platinum loadings higher than 2 

wt %, large and narrow peaks characteristic of metallic platinum (2θ = 39.9 º 46.4 º, 

67.6 º) [6] started to be observed. There was no evidence of the presence of platinum 

oxides, which means that the complete reduction of the catalyst was attained at the 

reduction conditions used. As the platinum content raised from 2 wt % to 4 wt %, the 

platinum crystallite size also increased considerably but remained almost constant for 

higher platinum contents (9 wt %). This trend was supported by CO chemisorption and 

TEM technique results. However, the platinum particle size values obtained by XRD 

are considerably higher, probably due to the most dominant contribution of some big 

platinum particles formed on this bulk type analysis and to the very small clusters being 

undetectable because of the detection limit of this technique was 3 nm. 
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5.2.1.5 Raman spectroscopy 

Tungsten surface density determines the different types of tungsten oxides 

species that are deposited on the surface of the catalyst, namely surface monotungstate 

species (coordinated structure: WO4), polytungstates (coordinated structure: 

WO5/WO6), and WO3 crystalline nanoparticles (NPs) [7].  

Raman spectroscopy was used to differentiate the species present on the 

catalysts surface, and the spectra of calcined catalysts are shown in Fig. 5.4. The γ-

alumina support has no Raman active modes [7]. The Raman bands of Pt/WOx/Al2O3 

catalysts appearing in the 970-1008 cm-1 region can be attributed to W=O vibration 

bands of mono- and polytungstate species [7]. The progressive shift of the position of 

this band to higher wavenumbers, from 971 cm-1 to 1008 cm-1, as the tungsten density 

increases from 0.2 Wat. nm-2 up to 3.9Wat. nm-2, can be ascribed to an increase of the 

polytungstates to monotungstates ratio [8].  

 
Fig. 5.4. Raman spectra of the calcined catalysts. Tungsten surface density (W at. nm-2) in brackets. 

Typical WO3 NP bands at 800, 700, and 250 cm-1 could be observed at densities 

≥ 3.9 Wat. nm-2, which are assigned to W–O stretching, W–O bending, and W–O–W 

deformation modes of octahedrally coordinated WO3 crystals [9]. These NPs 

correspond to m-WO3 phase as the XRD results revealed. The formation of WO3 NPs 

on the catalyst surface is due to the aggregation and sintering of tungsten oxides before 
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reaching the theoretical γ-alumina monolayer coverage (7 Wat. nm-2). This value was 

calculated by Barton et al. at [10] assuming corner sharing WOx octahedra with bond 

distances derived from m-WO3. These data suggest that there are a fixed number of 

binding sites for tungsten oxides on γ-alumina surface. It is widely suggested this 

species anchor to the γ-alumina support by titrating the surface hydroxyls [11]. One 

possible assumption is that WO3 NPs start forming once all the surface hydroxyls are 

titrated. However, we cannot exclude the possibility that the formation of NPs starts 

before all the anchoring sites are occupied. At the highest tungsten surface density of 

5.9 Wat. nm-2, the m-WO3 is the predominant phase detected by Raman spectroscopy. 

For the 9W catalyst, the band corresponding to polytungstates appears at 973 

cm-1. When 1 wt % of platinum was incorporated into WOx/Al2O3 (1Pt9W), a shift to a 

higher wavenumber occurred (from 973 cm-1 to 1003 cm-1). This shift might be due to 

the interaction between platinum and surface tungsten oxides that affects the distortion 

of the oxotungsten species. This approach was also found over Pd-WOx/TiO2 system by 

Taylor et al. [12]. In Pt/WOx/Al2O3 catalytic systems, it appears that the transfer of 

electrons from the metallic platinum to the WOx increases the W=O bond strength. 

5.2.1.6 XPS 

XPS measurements were carried out to identify the surface chemical species, its 

oxidation state and to estimate the metal dispersion on the catalyst surface for 

WOx/Al2O3 and Pt/WOx/Al2O3 reduced samples.  

For tungstated samples (without platinum), Al2p and W4f were used to study the 

Al and W elements, respectively. Fig. 5.5 shows the intensity ratio of the W4f and Al2p 

photoelectrons, (IW/IAl)XPS, compared to the bulk W/Al atomic ratio, (W/Al)bulk. The 

Kerkhof- Moulijn model (K-M model) has been used mainly to estimate the maximum 

concentration of tungsten at which a deviation from monolayer deposition occurs [13]. 

It can be observed that experimental and predicted by K-M model (black straight line) 

values almost match for tungsten surface density values below 2.4 Wat. nm-2. The fact 

that the sample with 14 wt % W (3.9 Wat. nm-2) slightly deviates from the linearity 

reveals that the WO3 is not only forming a two-dimensional phase in the catalyst 

surface, but also a small fraction of WO3 begins to form three-dimensional clusters 

(WO3 NPs). These results agree with previously shown XRD results and show that WO3 

NPs are formed at tungsten surface density values below the theoretical monolayer 

content of 7 Wat. nm-2 [10]). 
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For Pt/WOx/Al2O3 samples, due to the overlapping of Al2p and Pt4f lines, the 

Pt4d lines were used to study the platinum species on the catalyst surface, although this 

line is weaker. The Eb obtained in the Pt4d5/2 (314.8-315.9 eV) spectral region for the 

investigated samples (see Table 5.3) shows that the platinum species are completely 

reduced under the reduction conditions used [14]. Moreover, the Eb of W4f7/2 peaks can 

be associated with the existence of both WO3 [15] and aluminum tungstates 

(Al2(WO4)3) [16]. However, due to the relative low calcination temperature used in 

catalyst preparation (450 ºC), it can be assumed that aluminium tungstates were not 

formed or in negligible proportion.  

 
Fig. 5.5. Intensity ratio, (IW4f/IAl2p)XPS, of the W4f and Al2p photoelectrons against the bulk atomic ratio, (W/Al)bulk. 

The black line corresponds to Kerkhof–Moulijn model. Tungsten surface density (W at. nm-2) in brackets. 

The XPS peak intensities were used to calculate the atomic relative contents of 

the Pt/WOx/Al2O3 reduced samples, which are given in Table 5.3. These surface atomic 

ratios of Pt and W related to Al were there compared with the bulk ratios obtained from 

ICP-OES. For fresh reduced catalysts with low platinum contents of 1 wt %, it can be 

observed that Pt/Al surface ratios are rather similar to the bulk ratios, which suggests a 

good platinum dispersion, even at high tungsten oxide contents (1Pt14W sample). For 

higher platinum loadings, considerably smaller atomic surface ratios than bulk ratios 

were obtained, which might be a consequence of a worse platinum dispersion.  
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Table 5.3. Bulk atomic ratio obtained from ICP-OES, surface atomic ratio obtained from XPS and BE of 

the Pt and W elements 

Catalysta 
Pt/Al W/Al Eb 

Bulk Surface Bulk Surface Pt 4d5/2 W 4f7/2 

1Pt4W (1.0) 0.003 0.003 0.011 0.029 315.0 35.5 

1Pt9W (2.4) 0.004 0.003 0.027 0.056 314.9 35.6 

1Pt14W (3.9) 0.004 0.003 0.045 0.080 315.0 35.8 

4Pt8W (2.2) 0.012 0.007 0.026 0.032 314.9 35.9 

4Pt8W (2.2)b 0.012 0.004 0.026 0.052 314.9 35.8 

9Pt8W (2.2) 0.028 0.010 0.023 0.028 314.8 35.9 

9Pt8W (2.2)b 0.028 0.007 0.023 0.041 315.9 35.9 

 a Tungsten surface density in brackets (W at. nm-2) 
 b Catalyst after use in glycerol hydrogenolysis reaction at 220 ºC 

XPS can provide further information about the metal anchoring sites. Kwak et 

al. [17] observed that when platinum was supported on bare γ-alumina, it was anchored 

at specific Al3+ sites. In the case of WOx species, it is widely suggested that they anchor 

to the γ-alumina support by titrating the surface hydroxyls [11]. However, we are not 

aware of studies concerning the sites where platinum is incorporated on the WOx/Al2O3 

surface. The W/Al surface ratio results of the investigated samples can reveal further 

information about these sites. A remarkable decrease in W/Al surface ratio was found as 

the platinum loading increased on 1 wt % to 9 wt % (0.056 to 0.028) for the fresh 

reduced samples. This may be an indication that the platinum could partially be 

anchored at the WOx sites at high platinum loadings, in addition being anchored to the 

Al3+ sites. Nevertheless, further research is required to corroborate this hypothesis. 

Interestingly, XPS results of used catalysts (reaction at 220 ºC) revealed an important 

decline in Pt/Al and an increase in W/Al surface ratios comparing to the ones of the 

fresh catalysts, which suggests a potential dispersion loss of the platinum on the 

tungsten oxide sites under the hydrothermal reaction conditions employed. These 

reaction conditions might also affect the oxidation state of Pt species, as the shift of the 

Eb of Pt 4d5/2 for the used catalyst with the highest Pt content (9Pt8W) suggests. 

5.2.1.7 H2 TPR 

The H2-TPR profiles of the catalysts are shown in Fig. 5.6. In the temperature 

range studied (40-1100 ºC), the γ-alumina support cannot be reduced (not shown). 

Although the complete reduction of WOx/Al2O3 catalysts requires temperatures higher 
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than 1100 ºC, it is possible to verify that the initial reduction temperature decreases as 

the tungsten surface density increases. This could indicate that the interaction between 

WOx species and the support is stronger at low tungsten surface densities. The 

appearance of a peak at 780 ºC for the 14W (3.9 Wat. nm-2) catalyst may be related to 

the presence of WO3 NPs as Raman spectroscopy and XPS, among other techniques, 

revealed. The 4Pt catalyst TPR profile shows two main peaks at 133 and 260 ºC, which 

are attributed to the reduction of platinum oxides [18]. The appearance of small 

reduction peaks between 400 and 600 ºC is probably due to platinum species highly 

interacting with the support. The tungsten oxides incorporation (4Pt8W catalyst) 

notably reduced the platinum reduction peaks, which were detected with the maxima at 

120, 230, and 470 ºC. This decrease in the reduction temperature of platinum oxides 

indicates an interaction between platinum and tungsten oxides, which generates more 

reducible platinum species. 

 
Fig. 5.6. H2-TPR of the calcined fresh catalysts. Tungsten surface density (W at. nm-2) in brackets 

Concerning the reduction of WOx species in the catalysts containing platinum, it 

started at a temperature around 550 ºC, in contrast to the catalyst without Pt (9W), for 

which higher temperatures were required. The spillover of the H2 molecules on the 

platinum sites seems to facilitate WOx reduction. It has to be noticed that this effect is 
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more noticeable as the platinum content increases, which reveals that Pt and W phases 

are in closer proximity, which was also observed by XPS and TEM analysis. 

5.2.1.8 NH3 adsorption microcalorimetry 

The amounts of NH3 adsorbed at 80 ºC and the corresponding interaction 

energies with the catalysts were determined by means of a volumetry-calorimetry 

coupled technique. Table 5.4 gives the total number of acid sites (estimated by Vtot), the 

number of strong acid sites (Virr) as well as the initial differential heat of NH3 

adsorption (Qinit). 

Table 5.4. Initial heats of adsorption, total, and irreversible amounts of NH3 adsorbed at an equilibrium 

pressure of 27 Pa, measured by NH3 adsorption microcalorimetry. 

Catalysta 
Acidity 

Qinit
b (kJ mol-1) Vtot

c (µmol NH3 g-1) Virr
d (µmol NH3 g-1) 

γ-Al2O3 179 219 120 

9W (2.4) 235 287 153 

2Pt8W (2.2) 222 260 147 

4Pt8W(2.2) 224 278 161 

4Pt 178 235 129 

a Tungsten surface density in brackets (W at. nm-2) 
b Initial heat evolved in the first dose of NH3 
c Total amount of NH3 retained as determined at 27 Pa of equilibrium pressure 
d Irreversibly adsorbed amount of NH3 as determined from the difference between the amounts adsorbed 

in the first   and second adsorptions isotherms at 27 Pa 

The volumetric adsorption isotherms (NH3 uptake vs. equilibrium pressure) and 

differential heats of NH3 adsorption (differential heats vs. NH3 uptake) are reported in 

Fig. 5.7 (a) and (b), respectively. The volumetric isotherms of the studied samples 

displayed in all cases an initial vertical section proportional to the amount of strongly 

chemisorbed NH3 [18]. The incorporation of tungsten oxide to the γ-alumina support 

increases the total acidity, as it is indicated by the total amount of NH3 retained at 27 Pa 

of equilibrium pressure (Vtot), as it can be observed in Fig. 5.7 (a) and Table 5.4. It has 

to be noticed that the catalysts with tungsten (with and without platinum) presented 

similar capacity to adsorb the NH3 probe. The small variations might be due to 

differences in the real tungsten content. The non-tungstated catalyst (4Pt) presented a 

whole acidity similar to the one showed by the γ-alumina support, which indicates that 

the tungsten had the most remarkable impact on the total acidity of the catalyst. 
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Fig. 5.7. (a) Volumetric adsorption isotherms, NH3 uptake in µmol g-1 vs. equilibrium pressure and (b) differential 

heats of NH3 adsorption, differential heats in kJ mol-1 vs. NH3 uptake in µmol g-1. Tungsten surface density (W at. 

nm-2) in brackets.  

 

Slight changes can be observed in the differential heats profiles as it is shown in 

Fig. 5.7 (b). In all cases, the heats of adsorption showed a decreasing trend upon 

increasing coverage, as usually observed for heterogeneous surfaces. The heterogeneity 

of the studied samples is due to the presence of acidic sites of different nature and 

strengths [19–22]. All the tungstated alumina investigated samples exhibited high initial 

Qinit (>200 kJ mol-1) and Virr, very similar to each other, which are characteristic of the 

strongest acid sites, whereas lower values were presented by the γ-alumina support and 

the catalysts without tungsten. 

It can also be seen in Fig. 5.7 (b) that the presence of relatively high amounts of 

platinum (4 wt %) enhanced the content of medium strength acid sites, which seems to 

be independent of the presence of tungsten. 

5.2.1.9 FTIR spectroscopy of adsorbed pyridine 

The effect of the tungsten oxide content (and tungsten surface density) and the 

effect of the incorporation of platinum on WOx/Al2O3 were studied by FTIR of 

adsorbed pyridine on the samples after successive heating at 200 and 300 ºC (Fig. 5.8). 

Brönsted and Lewis acid sites are easily identified and distinguished by examination of 

the 1700-1400 cm-1 range [23].  

The type and strength of acidity on γ-Al2O3 has been a matter of controversy for 

some time. In this work, the pyridine adsorbed on the γ-Al2O3 support led to the 

following main bands at 200 ºC in this frequency range: 1614 (ν8a) cm-1, 1578 (ν8b) 
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cm-1, and 1450 (ν19b) cm-1, which can be assigned to coordinately bonded pyridine on 

Lewis acid sites [24]. Another band at 1493 (ν19a) cm-1 was found, which is common of 

both vibrations due to pyridinium ion (PyH+), produced by the reaction of pyridine with 

Brönsted sites, and coordinately bonded pyridine on Lewis sites. However, the non-

appearance of another PyH+ bands seems to indicate the exclusive Lewis character of 

the γ-Al2O3 support acid sites. 

 
Fig. 5.8. FTIR of adsorbed pyridine on fresh calcined WOx/Al2O3 and Pt/WOx/Al2O3 catalysts. Desorption 

temperature of 200 ºC (black line) and 300ºC (blue line). Tungsten surface density (W at. nm-2) in brackets. 

The three characteristic bands of Lewis sites present on γ-alumina and the band 

at about 1490 cm-1 have also been observed for all the samples studied. Tungsten 

surface density plays a key role in the formation of the Brönsted acid sites on the 

catalyst surface. No evidence of Brönsted characteristic bands was found at low 

densities of 1.0 Wat. nm-2, so the acidity appears to be almost solely due to Lewis acid 

sites. On γ-Al2O3 tungstated samples, common bands related to PyH+ began to appear at 

densities ≥ 2.4Wat. nm-2. On 9W (2.4Wat. nm-2) catalyst at 200 ºC, these bands were 

found at 1540 cm-1 and 1638 cm-1, supporting the presence of Brönsted sites [24]. The 

isolated tungsten oxide species, observed by Raman spectroscopy at low tungsten 

surface densities (< 2.4Wat. nm-2), cannot delocalize the negative charge required for 

the formation of Brönsted acid sites. However, at higher densities, polytungstates 

started to be formed resulting in the formation of an extended network of tungsten oxide 

species, over which an excess negative charge may be delocalized [10,25]. 
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Qualitatively, the intensities of the IR bands of Lewis sites progressively 

decreased as the desorption temperature increased and shifted toward higher 

wavenumbers, which confirms the high strength of the Lewis sites. The same trend was 

observed for Brönsted sites.  

In order to make a semi-quantitatively study of the samples acidity, the area of 

1450 cm-1 peak for Lewis sites and the area of 1540 cm-1 peak for Brönsted sites were 

used. In Table 5.5, the results of the Brönsted to Lewis ratio (B/L) at the different 

pyridine desorption temperatures are shown. It can be noticed that WO3 NPs formed at 

high tungsten surface densities (> 3.9 Wat. nm-2) had not a contribution to the catalyst 

acidity, displaying slightly lower B/L ratio than the sample with 2.4 Wat. nm-2. 

Table 5.5. Brönsted to Lewis acid sites ratio (B/L) obtained from the FTIR of adsorbed pyridine 

Catalysta B/L ratio at 200 ºC B/L ratio at 300 ºC 

γ-Al2O3 0.00 0.00 

4W (1.0) 0.00 0.00 

9W (2.4) 0.25 0.19 

14W (3.9) 0.23 0.15 

4Pt8W (2.2) 0.28 b 

a Tungsten surface density in brackets (W at. nm-2) 
b The area was too low to be integrated but not equal to zero 

 

On the other hand, for 9W and 4Pt8W, samples with a close tungsten surface 

density (2.4 and 2.2 Wat. nm-2, respectively), the decrease of the Lewis acidity was 

more noticeable than the Brönsted acidity decrease after desorption at 200 ºC; therefore, 

the B/L ratio increased. However, Brönsted sites were hardly observed at 300 ºC for the 

catalyst containing platinum (4Pt8W). This could mean that the presence of platinum 

reduced the strength of Brönsted acid sites.  

It is worth adding that the hydrogen atoms forming by H2 dissociation, during 

the catalyst pretreatment and along the reaction, could be involved in the generation and 

maintenance of Brönsted sites [9]. 

5.2.2  Effect of tungsten surface density on glycerol conversion and 

selectivity to PDOs 

The effect of tungsten surface density was investigated in the aqueous phase 

glycerol hydrogenolysis. It is widely suggested that the production of 1,3-PDO from 
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glycerol requires the presence of Brönsted acid sites [26] but also a hydrogenation metal 

able to activate the molecular H2 present in the reacting atmosphere. As we have shown 

above, an interesting feature of the supported WOx/Al2O3 catalysts is that their B/L 

acidity can be tuned as a function of the tungsten surface density. The activity test 

results are presented in Fig. 5.9 (a) and (b) obtained at 24 h reaction time, 220 ºC and 45 

bar with the catalyst containing 1 wt % of Pt and different tungsten surface density 

values. 

 
Fig. 5.9. (a) Glycerol conversion values and (b) PDOs yields obtained for Pt/WOx/Al2O3 catalysts with 1 w t% Pt as a 

function of the tungsten surface density, in the hydrogenolysis of glycerol at 220 ºC, 45 bar H2 pressure, and 24 h 

reaction time. 

Glycerol conversion diminished with increasing tungsten surface density as it is 

shown in Fig. 5.9 (a). On the other hand, it can be observed a different trend in the 

PDOs yields. Whereas 1,2-PDO yield decreased as the tungsten density increased, the 

1,3-PDO production was increased to a maximum value and then decreased as it can be 

seen in Fig. 5.9 (b). The progressive coverage of the hydroxyl groups of the γ-alumina 

by the tungsten oxides, as the tungsten surface density increases [8], may explain the 

observed decrease in the glycerol conversion. It seems that tungsten oxide sites are less 

active than those of the γ-alumina support for the hydrogenolysis reaction of glycerol. 

This feature was not observed when other supports such as silica or zirconia were used 

[26,27]. The strong interaction between the γ-alumina support and tungsten oxide and 

therefore the low interaction between platinum and tungsten oxides, at low platinum 

loadings, could be the reason for this poor glycerol conversion. 

The incorporation of the tungsten oxide enhances the total acidity of the catalyst, 

as observed from the NH3 adsorption calorimetry results. B/L ratio also increased with 

increasing the tungsten surface density due to the generation of polytungstate species, as 
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the FTIR of adsorbed pyridine (Table 5.5) and the Raman spectroscopy (Fig. 5.4) 

analysis showed. This fact causes a decrease in the 1,2-PDO yield and an increase in the 

1,3-PDO yield until a density of 2.4 Wat. nm-2 was reached. For higher tungsten surface 

densities, the formation of crystalline WO3 NPs has a negative effect on the 1,3-PDO 

yield due to the over-hydrogenolysis reactions obtaining 1-PO as the main by-product. 

This effect cannot be just related to the catalyst acidity, because small acidity 

differences were found between WOx/Al2O3 containing WO3 NPs and the sample with 

the maximum polytungstate content and without these WO3 NPs (see Table 5.5 entries 3 

and 4). This aspect is later discussed with the proposed reaction mechanism. 

Therefore, it seems that the presence of highly dispersed polytungstate species in 

the catalyst surface, which provide Brönsted acid sites, is necessary in order to produce 

1,3-PDO by hydrogenolysis of glycerol. It was found that the optimum surface density 

of tungsten that maximizes the production of 1,3-PDO at these conditions is 2.4 Wat. 

nm-2, obtaining a maximum 1,3-PDO selectivity of 16.4% (2.7% yield). 

5.2.3 Effect of platinum metal content on glycerol conversion and 

selectivity to PDOs 

The effect of platinum content of Pt/WOx/Al2O3 catalysts was also studied in the 

glycerol hydrogenolysis reaction. A series of catalysts with different platinum content 

and similar tungsten surface density, nearly the optimum value previously obtained (2.2 

Wat. nm-2), were prepared and tested. 

The activity results are represented in Fig. 5.10 (a) and (b), and the values are 

given in Table 5.1. As expected, when the platinum content increased, the glycerol 

conversion also increased, from 25.6 % for 1 wt % Pt to 60.3 % for 9 wt % Pt. The 

hydrogen molecules present in the reacting atmosphere might be dissociatively 

adsorbed on platinum metal giving rise to hydrogen atoms that are subsequently 

involved in the activation of the adsorbed glycerol molecule and in the later 

transformation to the products. The electronic interactions, observed by TPR and 

Raman spectroscopy, between platinum and the highly dispersed polytungstates could 

also contribute to increasing the activation of H2 molecules on the platinum active sites. 

These interactions were more pronounced as the platinum content increased. On the 

other hand, glycerol conversion does not seem to be clearly correlated to the platinum 

dispersion, because the highest values were obtained at the lowest platinum dispersions. 
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More interestingly, the platinum content had not only an effect on glycerol 

conversion but it also affected PDOs selectivity. It must be added that the most 

remarkable effect of platinum loading was found in the 1,2-PDO selectivity: it 

decreased from 57.2 % for 1 wt % platinum catalyst to 11.0 % for 9 wt % platinum 

content catalyst, as it can be observed in Fig. 5.10 (b). The 1,3-PDO selectivity 

increased slightly and progressively with the platinum content increase. For the catalyst 

with 1 wt % of platinum, the 1,3-PDO selectivity was only of 16.4 %, whereas the 

platinum content increases up to 9 wt % enhanced this value until 31.2 %. 

 
Fig. 5.10. (a) Glycerol conversion values and (b) product selectivities obtained for Pt/WOx/Al2O3 catalysts with a 

constant tungsten surface density as a function of the platinum content, in the hydrogenolysis of glycerol at 220 ºC 

(200 ºC for 9Pt8W* catalyst), 45 bar H2 pressure, and 24 h reaction time. 

The amount of platinum does not significantly contribute neither to the total 

acidity nor to the relative B/L ratio, as it was observed by NH3 adsorption calorimetry 

and FTIR of the absorbed pyridine techniques. Therefore, the effect of the platinum 

loading on the PDOs relative formation must be related to other factors. The XPS 

results suggested that for high platinum contents (>5 wt %), it anchors to the tungsten 

oxides sites (in addition to the Al3+ preferential anchoring sites). Although this 

hypothesis must be confirmed by other techniques, it is clear that the closer proximity 

between the Pt and WOx active sites seems to enhance the selectivity toward 1,3-PDO 

while decreasing the selectivity of 1,2-PDO. The main drawback is that the formation of 

1,3-PDO seems to be accompanied by the over-hydrogenolysis to 1-PO. In order to 

avoid the undesirable reactions, the reaction temperature was decreased to 200 ºC for 

the 9Pt8W catalyst.  The results, shown in Table 5.1, indicate that the over-
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hydrogenolysis of 1,3-PDO to 1-PO was partially avoided at 200 ºC, enhancing the 1,3-

PDO selectivity up to 51.9% (27.6% yield). 

5.3 Proposed reaction mechanism 

The most accepted mechanism for the formation of PDOs from glycerol 

hydrogenolysis is the dehydration-hydrogenation route. In the first step, glycerol is 

dehydrated to acetol or 3-hydroxypropanal (3-HPA), while in the second step, these 

intermediates are hydrogenated to 1,2 and 1,3-PDO, respectively. The formation of 

acetol is thermodynamically favoured due to its higher stability as compared to 3-HPA, 

which explains why normally 1,2-PDO is the major product on glycerol hydrogenolysis. 

Our activity tests and characterization results match with previously reported studies 

that indicate that Brönsted acidity is required for the production of 1,3-PDO: The 

maximum selectivity toward 1,3-PDO was obtained at the tungstate surface density 

showing the highest B/L ratio (at 2.4 Wat. nm-2). However, there are some important 

evidences suggesting that the formation of 1,3-PDO cannot be only related to the 

amount of Brönsted acid sites. 

Recently, Tomishige’s group [28] studied the influence that adding different 

concentrations of H2SO4 as acid co-catalyst had on the glycerol hydrogenolysis 

reaction, over another noble metal-oxophilic metal catalytic system (Ir-ReOx/SiO2). 

Interestingly, the positive effect of H2SO4 on the production of 1,3-PDO over the Ir–

ReOx/SiO2 catalyst was saturated at H+/Re = 1. Both activity and selectivity were almost 

unchanged between H+/Ir = 1 and 12.4. Similarly, in our results, the yield of 1,3-PDO 

was more than two times higher with the 1Pt9W catalyst compared with the 1Pt14W 

catalyst even though both catalysts presented similar B/L ratios. In addition to this, it 

was observed that the amount of Pt and the interaction between Pt and WOx active sites 

also affect the selectivity toward 1,3-PDO. 

For Pt-W-Al catalysts, Kaneda et al. proposed a mechanism [29,30] which 

involved an initial glycerol adsorption on Al-OH site forming an alkoxide specie. As it 

has been mentioned above, the tungsten oxide species anchor to the γ-Al2O3 support at 

its surface hydroxyls [11], and therefore, an increase in tungsten surface density should 

imply a decrease in Al-OH sites.  

We suggest that glycerol is adsorbed on tungsten active sites forming an 

alkoxide (see reaction scheme in Fig. 5.11). Next, a proton, coming from a Brönsted 
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acid site provided by polytungstate species, protonates the secondary hydroxyl group of 

the alkoxide. After dehydration, a secondary carbocation is formed. The adsorbed 

carbocation is attacked by a hydride specie generated on the Pt active sites. Further 

hydrolysis yields 1,3-PDO. The key step in this reaction seems to be the fast 

hydrogenation of the secondary carbocation in order to avoid its conversion into 

acrolein (precursor of 1-PO). The stabilization of the carbocation might be crucial at this 

point. It was suggested that only the polytungstate species are able to delocalize the 

negative charge required for the carbocation intermediate stabilization, instead of the 

monotungstate and WO3 NPs species [10]. This explains well the reason why the best 

results (at similar platinum content of 1 wt %) were obtained for the catalyst in which 

more polytungstate species are generated before the WO3 NPs formation. 

These WO3 NPs are not only inactive for the carbocation stabilization, but they 

also are tridimensional structures that limit the accessibility of the glycerol to the 

polytungstate acid sites. Another important factor is the close proximity between the Pt 

and the WOx active sites, which might facilitate the attack of the hydride species for the 

fast hydrogenation of the secondary carbocation. This explains the higher selectivities 

toward 1,3-PDO that are obtained at higher Pt contents. 

 

Fig. 5.11. Reaction mechanism proposed for glycerol hydrogenolysis to 1,3-PDO. 
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5.4 Conclusions 

In this work, it has been demonstrated that the bimetallic Pt/WOx/Al2O3 catalytic 

system is effective for the selective hydrogenolysis of glycerol to 1,3-PDO. This study 

proved that 1,3-PDO selectivity depends on the tungsten surface density that controls 

the kind of tungsten oxide species deposited on the catalyst surface. The maximum 

selectivity was achieved when the highest content of polytungstate species are formed 

but before the appearance of WO3 NPs, concluding that in order to selectively obtain 

1,3-PDO, the presence of highly dispersed polytungstate species is required. These 

species are able to delocalize the negative charge required for the formation of Brönsted 

acid sites. However, the results from this work also indicate that not only acidity plays a 

role in the selective hydrogenolysis of glycerol to 1,3-PDO, but also the platinum and 

tungsten oxides sites interactions may be involved. The closer proximity between 

platinum and tungsten oxides at high platinum content and the electronic interactions 

between acid and metallic sites could be the responsible for the enhancement of the 1,3-

PDO yields. Further research should allow improving Pt-WOx synergies and as a result 

the yield to 1,3-PDO.  
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Abstract 

In the metal supported catalysis, the starting material of the support has a direct 

influence on the active sites formation, the metal dispersion and  interactions, and the 

catalyst stability [1,2], among other properties. In this Chapter 6, three aluminium oxide 

materials, with a different nature, were used as supports of the bimetallic Pt-WOx 

catalysts. Those catalysts were tested in the glycerol hydrogenolysis in order to gain 

more knowledge about some of the main catalytic parameters involved in the reaction. 

For this purpose, pseudo boehmite (γ-AlO(OH)) and alumina (γ-Al2O3) prepared by a 

sol-gel (SG) method were compared with the previously tested commercial γ-Al2O3 

(Alcom). According to the literature, the pseudo γ-AlO(OH) is a useful material for the 

synthesis of γ-Al2O3 since is the precursor that requires less energy [3,4].  

In Chapter 5 it was reported that the kind of WOx species present on the catalyst 

surface, which is controlled by the tungsten surface density (ρW), is a crucial factor in 

the glycerol hydrogenolysis to 1,3-propanediol (1,3-PDO). The different WOx species 

that may be present on the catalyst surface are: monotungstates (WO4), polytungstates 

(WO5/WO6) and WO3 nanoparticles (NPs) [5,6]. More precisely, our previous findings 

showed that polymeric WOx, polytungstates, were the only species able to delocalize 

the negative charge required for the formation and stabilisation of Brönsted acid sites, 

which are directly involved in the 1,3-PDO formation. An important decrease of the 

1,3-PDO yield was reported as soon as the WO3 NPs started to appear. 

Taking into account all these facts, in the current Chapter the importance of the 

ρW parameter was demonstrated unequivocally. Other parameters such as the Pt-WOx 

interactions seemed to have an enormous influence in the reaction as well. Interestingly, 

the dispersion of Pt was also found to play a key role, mainly in the conversion of 

glycerol. 

6.1 Experimental 

6.1.1 Catalyst preparation 

The procedure for the preparation of the Pt/WOx catalysts on non-conventional 

Al-based supports (denoted as xPtyW support) through the wetness impregnation (WI) 

method was described in the section 4.1.2 of the Chapter 4. These catalysts were tested 



 Influence of the support of bimetallic Pt-WOx catalysts on glycerol hydrogenolysis 

 

132 
 

in the glycerol hydrogenolysis in order to study the effect of the support on different 

parameters of the catalysts as well as on their activity and selectivity. 

The chemical vapour impregnation (CVI) technique was used for preparing 

highly dispersed Pt nanoparticles over WOx/Al2O3 samples (described in section 4.1.3) 

and was used for studying the effect of the Pt dispersion on the glycerol hydrogenolysis. 

This catalyst was denoted as xPtCVIyW Alcom. More details about the nomenclature for 

the catalysts employed can be found in the Table 4.1 of Chapter 4.  

6.1.2 Catalyst characterisation 

The elemental, textural and structural properties of the catalysts were measured 

by N2 physisorption, inductively coupled plasma optical emission spectrometry (ICP-

OES), temperature programme reduction with a constant flow of H2 (H2-TPR), CO 

chemisorption, Raman spectroscopy, X-ray diffraction (XRD) and scanning electron 

microscopy (SEM) techniques.  

The equipments, as well as the conditions, used in each of the characterisation 

methods employed in this Chapter 6 were described in detail in the section 4.4 of 

Chapter 4. 

6.1.3 Activity tests 

The activity tests were carried out in the autoclave described in the section 4.3.1 

of Chapter 4. Prior to the activity test, the catalysts were in-situ reduced for 1 h under a 

stream of pure H2 (100 NmL/min) at 300 ºC, with the exception of the sample prepared 

by CVI which required higher reduction temperatures (400 ºC).  

6.2 Results and discussion 

6.2.1 Effect of the tungsten surface density and Pt-WOx interactions 

The effect of the tungsten surface density (ρW) and Pt-WOx interactions was 

investigated in the aqueous glycerol hydrogenolysis. For this purpose, three different 

Al-based supports were used: commercial γ-Al2O3 (Alcom), and γ-Al2O3 and pseudo γ-

AlO(OH) prepared by the SG method, denoted as AlSG and AlSG’, respectively 

(structural details in the section 6.2.1.1). 
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In order to modify the ρW values of the Pt/WOx/Al-based catalysts and to study 

the effect of this parameter on the activity test, three different strategies were carried 

out. In all these cases the Pt loading remained constant (2 wt%):  

1. Using of catalysts with a nominal W content of 10 wt% supported on the 

different Al-based materials. In spite of their similar W content, they have a 

different ρW due to the different SBET of their supports (see section 6.2.1.2).  

2. Using of Pt/WOx samples with the highest possible ρW before the formation of 

the undesired WO3 NPs. In the case of Alcom support, a nominal 10 wt% W 

loading provides this behaviour, whereas W loadings of 15 wt% and 23 wt% 

were necessary in the case of AlSG and AlSG’, respectively (more details in the 

section 6.2.1.3). 

3. Increasing the ρW by raising the calcination temperature (800 ºC instead of 450 

ºC) and, therefore, decreasing the surface area of the catalysts. For this purpose, 

two Pt/WOx catalysts with a nominal W content of 10 wt% supported on AlSG 

and AlSG’ were used. 

In the following sections the results of characterisation techniques and their 

correlation with the results of the activity tests are discussed. 

6.2.1.1 XRD 

The XRD diffraction patterns of the Al-based support prepared by SG method, 

without any thermal treatment (AlSG’), revealed broad and strong diffraction peaks at 

2θ= 13.8º, 28.4º, 38.8º, 65.0º and 72.1º (see Fig. 6.1 (a)). According to the criteria 

established by the International Centre for Diffraction Data, the sample showed some 

differences with respect to a well-crystalized γ-AlO(OH), like the notably broadening 

and intensity loss in the diffraction peaks, which was more pronounced in the (020) 

reflexion at 13.8º [7,8]. This indicates that the sample was poorly crystalized as 

compared to the γ-AlO(OH) and showed a pseudo γ-AlO(OH) structure instead [3,9].  

The structural evolution of the AlSG’ support with the temperature, under air 

atmosphere, was in-situ studied by XRD and can be observed in Fig. 6.2. The 

characteristic peaks of pseudo γ-AlO(OH) became weaker and some others became 

more visible as the calcination temperature increased. At 450 ºC no diffractions peaks of 

pseudo γ-AlO(OH) were observed, and the appearance of some new peaks at 2θ = 36.6º, 

46.0º and 66.9º, revealed a phase change from pseudo γ-AlO(OH) to γ-Al2O3 (see the 

Eq. 6.1) [10,11]. Based on this phase transformation the AlSG’ support calcined at 450 
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°C was denoted as AlSG. The detailed diffraction peaks of both structures are shown in 

Fig. 6.1. The peak positions and intensities remained unchanged within the 450-550 ºC 

range. These results are in good agreement with previous works on the thermal 

transformation of the γ-AlO(OH) [12,13].  

2 γ-AlO(OH) → γ-Al2O3 + H2O       Eq. 6.1 

 

Fig. 6.1. XRD pattern of AlSG’ without thermal treatment (a), and after being calcined at 450 ºC, AlSG, (b). 

 

Fig. 6.2. Thermal evolution under air atmosphere of pseudo γ-AlO(OH) prepared by SG (AlSG’) into γ-Al2O3 (AlSG), 

measured by in-situ XRD. 
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The structure of Pt/WOx with a nominal W content of 10 wt% (real contents 

between 9 and 11 wt%) over the three Al-based supports employed (Alcom, AlSG and 

AlSG’) were also studied by XRD. These are named as 2Pt9W Alcom, 2Pt9W AlSG and 

2Pt11W AlSG’.The diffraction patterns of these reduced catalysts, before (fresh) and 

after been utilised in the glycerol hydrogenolysis (used), are shown in Fig. 6.3. 

 
Fig. 6.3. XRD diffraction patterns of 2Pt9WAlcom (a), 2Pt9WAlSG (b), 2Pt11WAlSG’ (c), and 2PtCVI 9WAlcom (d). The 

subscripts indicate the state of the catalyst: fresh reduced (1), and used (2). 

 

It is worth noting that once the fresh catalysts were calcined at a temperature 

above 450 ºC, the support phase was converted into γ-Al2O3, even when the WOx was 

incorporated into the AlSG’. This was verified by the presence of the diffraction peaks 

characteristic of the γ-Al2O3 phase in all the fresh catalysts. However, the crystallinity 

of the used catalysts of Pt/WOx on AlSG and AlSG’ increased, due to the fact that part of 

the γ-Al2O3 support was transformed into its hydrate compound, γ-AlO(OH), during the 

reaction. This was detected by the appearance of very sharp peaks characteristic of well-

crystalized γ-AlO(OH), the most intense located at 2θ = 14.4º, 28.2º, 38.1º and 49.4º 
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wt% liquid water) are very favourable for this transformation. The same phenomenon 

was found in the literature under similar conditions [11,12]. It leads to the conclusion 

that the supports prepared by SG are not stable under the reaction conditions employed, 

in contrast to the Alcom. The SG preparation method must, therefore, be improved to 

avoid these phenomena. 

By contrast, WOx species seem to be stable and well-anchored to the support, in 

all cases. The absence of WO3 NPs indicated that there was neither migration nor 

repulsion of WOx from the surface of the catalysts, at least in a significant extent. 

With regard to metal phases, some peaks characteristic of metallic Pt were 

detected in all catalysts, at reflection angles of 39.9º, 46.4º and 67.4º [14]. Moreover, it 

is interesting to note that there were no evidences of the presence of PtOx, which 

indicates that Pt was completely reduced under the pre-treatment conditions employed, 

and remained in the metallic state after the glycerol hydrogenolysis reaction. 

Since the metallic Pt peaks were overlapped with those of γ-Al2O3, the Pt 

crystallite average size could not be accurately estimated using the Scherrer equation.  

Nevertheless, the XRD results allowed a qualitatively comparison between Pt dispersion 

of the fresh and used catalysts providing certain information about the catalyst stability. 

According to this, the most intense reflection of Pt, at 39.9º (indicated in the Fig. 6.3), 

seemed to be significantly sharper in the 2Pt9W Alcom used catalyst, which suggests the 

sintering of Pt crystallites during the reaction. By contrast, there were insignificant 

changes between Pt characteristic peaks of those supported on AlSG and AlSG’.  

6.2.1.2 Chemical composition and textural properties 

The textural properties of the bare supports, Alcom, AlSG and AlSG’, were obtained 

by N2 physisorption, and the adsorption/desorption isotherms are shown in Fig. 6.4.  

According to the IUPAC classification [15], all supports showed type IV 

isotherms, characteristic of mesoporous solids, and presented an hysteresis loop due to 

capillary condensation into mesopores [16]. The type of the hysteresis loop  is 

correlated with the texture of the adsorbent, giving an indication of the shape and size 

distribution of the catalyst pores [17]. The Alcom support presented a type H3, 

characterized by ink-bottle type pores and asymmetrical triangular form. In contrast, the 

AlSG and AlSG’ supports showed H2 hysteresis which is correlated with more complex 

pore networks formed by pores with ill-defined shape and wide pore size distribution 
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[18]. The textural properties of WOx/Al2O3 catalysts obtained by N2 physisorption are 

also provided in Table 6.1.  

 
Fig. 6.4. N2 adsorption/desorption isotherms at -196 ºC of the bare Al-based supports: Alcom, AlSG and AlSG’. 

 
Table 6.1. Textural properties of the WOx supported over Al-based supports and the bare supports 

obtained by N2-physisorption. 

Catalyst a W composition (wt %) SBET (m2 g-1) Vp (cm3 g-1) rp (Å) 

Alcom - 140 0.26 38.4 

AlSG - 286 0.32 23.1 

AlSG’ - 275 0.14 12.6 

9W Alcom (2.3) 8.5 110 0.20 76.7 

9W AlSG (1.1) 8.4 307 0.27 18.2 

9W AlSG 800 (1.4) 8.7 181 0.25 28.5 

15W AlSG (2.0) 14.6 - - - 

11W AlSG’ (1.5) 10.8 288 0.28 20.3 

11W AlSG’ 800 (2.4) 10.9 126 0.25 30.5 

23W AlSG’ (3.8) 22.9 - - - 

a ρW in brackets (expressed in W at. nm-2 of support). 
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According to the surface area, calculated by Brunauer-Emmett-Teller method 

(SBET), the WOx incorporation on Alcom (9W Alcom) reduced the SBET and the pore 

volume (Vp) of the bare support, which suggests a blockage or filling of some of the 

pores, especially the smallest ones as the increase in the average pore radio (rp) 

suggests. The opposite effect on SBET was found when WOx was incorporated on the 

AlSG and the AlSG’. In view of the results, these supports did not suffer the pore 

blockage by the WOx species; on the contrary, higher surface areas were generated. 

Comparing the calcined 9W AlSG and 11W AlSG’ samples, they showed similar textural 

properties, Vp and rp, with the exception of a slightly lower SBET for the later (307 vs. 

288 m2 g-1). 

The increase in the calcination temperature, from 450 to 800 ºC, has a greater 

effect on the SBET of those samples: it decreased from 307 to 181 m2 g-1 for the 9W AlSG 

and from 288 to 126 m2 g-1 for the 11W AlSG’ catalyst. 

The chemical composition of the WOx supported on different Al-based 

materials, determined by the ICP-OES, is shown in Table 6.2. According to the ICP 

results, the real W loadings are quite near the nominal composition (2 wt% Pt and 10 

wt% W), pointing out the effectiveness of the WI method for the incorporation of those 

metal oxides. 

Since leaching is one of the main factors by which the catalyst may be 

deactivated during the glycerol hydrogenolysis [19], the chemical analysis of some 

fresh and used catalysts was also carried out by ICP-OES to study this phenomenon. 

The results are also summarized in Table 6.2. 

 
Table 6.2.Bulk atomic ratios obtained from ICP-OES. 

Catalyst a 
Fresh composition (wt %)       Pt/Al         W/Al 

Pt Wb Fresh Used Fresh Used 

2Pt9W Alcom (2.4)  1.8 8.5 0.0051 0.0058 0.0264 0.0233 

2Pt9W AlSG (1.1) 1.8 8.5 0.0053 0.0051 0.0269 0.0265 

2Pt11W AlSG’ (1.5) 2.1 11.0 0.0065 0.0056 0.0355 0.0312 

2PtCVI 9W Alcom (2.4) 1.9 9.1 0.0057 0.0058 0.0285 0.0263 

a ρW  in brackets (expressed in W at. nm-2 of support). 
b W content related to the Al-based support. 

 

The ICP-OES results suggest that metal leaching did not take place up to a 

significant level for any of the investigated catalysts. 
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6.2.1.3 Raman spectroscopy 

It is widely reported that the appearance of crystalline WO3 NPs may be an 

evidence that a close packed monolayer of surface WOx has been achieved and that no 

additional exposed support sites remain for the anchoring of WOx species [20]. 

However, Raman spectroscopy shows that a small fraction of WO3 begins to form 

three-dimensional clusters at ρW values below the theoretical monolayer content of 4-7 

W at. nm-2 predicted in the literature [21,22]. In addition, these models assume that the 

structures of WOx are similar to the one corresponding to crystalline WO3. Therefore, 

the theoretical monolayer determinations based on such structural calculations are just 

rough approximations, as it occurs with similar oxophilic metal systems [23]. All in all, 

it is possible that the emergence of WO3 NPs takes place before a full monolayer 

formation, but what was clearly observed is that it has a worsening effect on the 1,3-

PDO yield [24]. Therefore, their formation should be avoided. 

The Raman spectroscopy technique was selected in order to establish the highest 

ρW values before the appearance of WO3 NPs (ρW
lim) for each type of support. The 

spectra of the calcined WOx over AlSG and AlSG’ catalysts are shown in Fig. 6.5.  

 
Fig. 6.5. Raman spectra of the calcined WOx/Al-based catalyst. AlSG (left) and AlSG’ (right) were used as supports. 

 

It can be observed that the band corresponding to the symmetric stretching of 

W=O bonds of polytungstate [22] appears at 953 and 956 cm-1 for the 9W AlSG (1.1 W 
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towards higher wavenumbers with ρW, as the polytungstate concentration increased 

[20,25–27], reaching the 970 cm-1 position for different ρW: 2.0 W at. nm-2 over AlSG 

support (15W AlSG) and 3.8 W at. nm-2 over AlSG’ (23W AlSG’). At higher ρW very 

strong typical bands of WO3 NPs were observed at around 800, 700 and 270 cm-1, 

which are assigned to the W−O stretching, W−O bending and W−O−W deformation 

modes of octahedrally coordinated WO3 NPs [6]. Those NPs appeared at ρW ≥ 2.7 for 

AlSG support (18W AlSG) and at ρW ≥ 5.7 W at. nm-2 for AlSG’ (30W AlSG’). Bulk WO3 

crystallites could also be visually identified by their light yellow colour, whereas the 

rest of WOx surface species are of white colour (see Fig. 6.6). 

  
Fig. 6.6. Visual identification of bulk WO3 crystallites (of yellow colour) in the 18W AlSG, 2.7 W at. nm-2 sample 

(right). The 15W AlSG, 2.0 W at. nm-2, (left) is showed for comparison. 

 

Regarding the WOx supported on Alcom, the ρW
lim was previously found to be at 

around 2.4 W at. nm-2 (see Chapter 5). In this study, a similar catalyst was prepared 

achieving a ρW value of 2.3 W at. nm-2 (9W Alcom), and therefore very close to the 

established ρW
lim value. 

At first glance, it can be concluded that the maximum amount of WOx, which 

the support can accommodate before the appearance of the WO3 NPs, depends on the 

Al-based starting material and preparation method. In spite that AlSG could incorporate a 

higher WOx loading before the appearance of WO3 NPs, it did not achieve a higher 

ρW
lim

 than the 9W Alcom catalyst (see Table 6.3). However, it is interesting to highlight 

that the AlSG’ support, which according to XRD analysis (section 6.2.1.1) was composed 

by pseudo γ-AlO(OH), can accommodate a remarkably higher W loading before the 

appearance of WO3 NPs, leading to the highest ρW
lim value (3.8 W at. nm-2). It was 

suggested that the surface WOx species primarily anchor to the Al2O3 support by 

titrating the surface hydroxy groups [28–30]. The higher hydroxy concentration on γ-

AlO(OH) with respect to γ-Al2O3 type support may explain this behaviour. 

Besides incorporating a higher WOx loading, another way to increase the ρW is 

to decrease the SBET of the catalyst by increasing the calcination temperature. Thus, two 

other catalysts with 10 wt% W nominal content over AlSG (1.4 W at. nm-2) and AlSG’ 
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(2.4 W at. nm-2) were prepared and calcined at 800 ºC, instead of 450 ºC. In these cases, 

the ρW values were calculated using the real SBET of the sample according to the formula 

showed in the Eq. 6.2, appeared also in the literature [31], since the SBET of the supports 

calcined at 800 ºC were not available.  

 

 [     ] =
( )⁄      Eq. 6.2 

 

where xw and xWO3 are the mass fraction of the W and WO3 species in the final 

catalyst, NA is the Avogadro number, Mw is the W atomic weight, and Ssample is the SBET 

of the calcined sample. 

The Raman spectra of similar catalysts, with a 10 wt% W nominal content, at 

both calcination temperatures (450 and 800 ºC) are compared in Fig. 6.7. The 

symmetric stretching W=O band of polytungstates shifted towards higher wavenumbers 

(from approximately 950 to 970 cm-1) and the peak suffered a significant intensity 

increase, when the calcination temperature varied from 450 to 800 ºC. From this 

qualitatively comparison, it may be deduced that the polytungstates to monotungstates 

ratio increased with the calcination temperature since the ρW of the catalysts increased. 

However, this value remained below the ρW
lim

, since no peaks related to WO3 NPs were 

detected. 

 
Fig. 6.7. Comparison of Raman spectra of 9W AlSG and 11W AlSG’ calcined at 450 ºC and 800ºC (in the latter case 

the calcination temperature was indicated in the catalyst name). 
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Table 6.3 shows all the WOx/Al-based samples investigated by Raman 

spectroscopy and summarizes the main findings achieved. 

 
Table 6.3. Summary of the WOx/Al-based samples investigated by Raman spectroscopy and the main 

findings achieved. 

Catalyst  Calcination T ρW (W at. nm-2) Stretching W=O position (cm-1) Presence of NPs 

9W Alcom 450 2.3a 973 No 

9W AlSG 450 1.1a 953 No 

15W AlSG 450 2.0a 970 No 

18W AlSG 450 2.7a 970 Yes 

11W AlSG’ 450 1.5a 956 No 

23W AlSG’ 450 3.8a 970 No 

30W AlSG’ 450 5.7a 970 Yes 

9W AlSG 800 800 1.4b 968 No 

11W AlSG’ 800 800 2.4b 965 No 

a ρW calculated according to the Eq. 4.1 (Chapter 4). 
b ρW calculated according to the Eq. 6.2. 

6.2.1.4 SEM 

Morphological investigations of some reduced samples were carried out by SEM 

in order to determine the influence of the Al-based supports. For this research the 

Pt/WOx catalysts with the maximum loading of WOx, whose corresponding supports 

were able to incorporate WOx without the formation of tridimensional WO3 NPs, were 

analysed: 2Pt9W Alcom, 2Pt15W AlSG and 2Pt23W AlSG’. 

SEM images of Pt/WOx supported Alcom sample (Fig. 6.8) showed a  different 

morphology  as compared to those samples with AlSG and AlSG’ as supports (Fig. 6.9 (a) 

and (b), respectively). The 2Pt9W Alcom sample was composed by multiple layers of 

close-packed spheres. Different regions of the catalyst at higher magnifications are 

shown in Fig 6.8 (b) and (c). The Energy-dispersive X-ray spectroscopic (EDS) analysis 

allowed the differentiation between Pt and WOx particles (not shown). This was 

impossible neither by colour nor shape. These analyses were carried out in different 

characteristic zones of the catalyst and were marked in the images.  
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Fig. 6.8. SEM images taken from different zones of 2Pt9W Alcom reduced fresh sample. 

 

WOx particles were found well-dispersed over the Alcom support (zone A1), in 

spite that they may also form some bigger agglomerates (A2, A3 and B1) to a lesser-

extent. By contrast, the Raman spectroscopy and the XRD analysis showed the absence 

of WO3 NPs. This contradiction could be attributed to the difference in the analysis 

depth. While the Raman spectroscopy only investigates the surface of the sample, the 

SEM reaches a deeper layer under the catalyst surface [32]. 

The differentiation and identification of Pt particles was harder, and this leaded 

to the conclusion that Pt was well-dispersed over the Alcom support. Few big 

agglomerates were scarcely found in B1 zone, which is in agreement with the quite 

small Pt size (about 5 nm) obtained by CO chemisorption (see Table 6.5).  

Pt/WOx supported on AlSG (2Pt15W AlSG) and AlSG’ (2Pt23W AlSG’) showed a 

quite similar morphology (Fig. 6.9).  
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Fig. 6.9. SEM images 2Pt15W AlSG (a), and 2Pt23W AlSG’ (b). Subscripts 1 to 3 indicate different zones of the same 

catalyst. 

 

None of them showed a plate-like structure characteristic of layered γ-AlO(OH) 

[10,33], which verifies the phase transformation, observed by XRD, from a pseudo γ-

AlO(OH) to a γ-Al2O3 phase that occurs during the calcination in air at temperatures 

higher than 450 °C.  

Although the 2Pt23W AlSG’ sample showed a more homogeneous distribution, 

both samples formed aggregates with a wide range of morphologies. Quite big WOx 

agglomerates were found in 2Pt15W AlSG sample (zone A1-A4, A6, A7, B1, B2 and 

B4), whereas Pt particles were hardly observed (B3 zone). It can be concluded that WOx 
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was poorly distributed unlike the Pt. Regarding the 2Pt23W AlSG’ sample, it showed 

smaller and better dispersed WOx particles (A1 and A7 zones) but poorly dispersed Pt 

(A2-A6 and B1-B4 zones). 

6.2.1.5 H2-TPR 

The study of the reducibility of the surface species was carried out by H2-TPR, 

within the temperature range of 40-1000 ºC. The TPR technique can also provide 

information about the dispersion of the metallic components, as well as of the metal-

support and metal-metal interactions. The TPR profiles of the most relevant Al-

supported Pt/WOx and WOx catalysts are shown in Fig. 6.10. 

Within the investigated temperature range, the WOx/Al-based samples showed a 

broad reduction peak with a maximum around 900 ºC for 11W AlSG’ and 11W AlSG’ 800, 

and higher than 1000 ºC for 9W Alcom. In spite that their reduction started at around 740 

ºC, they required very high temperatures (T >1000 ºC) to achieve it entirely. According 

to the literature, those peaks at elevated temperatures are attributed to the reduction of 

the WO3 (W6+→W0) strongly bonded to the γ-Al2O3 support [34,35]. The difference 

between the maxima of around 100 ºC could indicate the higher interaction between 

WO3 with the Alcom support. The absence of TPR peaks at lower temperatures indicates 

that surface WO3 species were well-dispersed over the respective support (9W Alcom, 

11W AlSG’ and 11W AlSG’ 800), and, therefore, WO3 NPs were not be formed [24,36], as 

it was previously confirmed by Raman spectroscopy. 

All Pt-containing catalysts showed multiple reduction peaks between 40 ºC and 

270 ºC, related to the reduction of different PtOx species [37,38]. It can be observed that 

the incorporation of Pt has a significant effect on the WOx reducibility. It facilitates 

their reduction probably through a H2 spillover effect, which was also found in similar 

catalytic systems [39,40]. In addition, according to Jia et al. [41], the peaks whose 

maximum appeared between 420 and 480 ºC could be assigned to the reduction of PtO2 

in high interaction with the support. However, the TPR profile of 2Pt Alcom showed just 

a quite small shoulder in this region (at 455 ºC). Therefore, there are not clear evidences 

to rule out whether the reduction peaks in the 400-500 °C temperature range could be 

attributed to PtOx-WOx or to PtO2 species. Moreover, the 2Pt Alcom sample also showed 

three main peaks with maxima at 83, 211 and 366 ºC. With the presence of WOx 

(2Pt9W Alcom), the temperature required for the reduction of PtOx species generally 

increased (peak maxima at 73, 260 and 427 ºC).  
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Fig. 6.10 H2-TPR of the fresh calcined catalysts: WOx and Pt/WOx supported on Alcom (a) and AlSG’, WOx/ AlSG’ 

calcination at 450 and 800 ºC (b and c, respectively). A catalyst supported on AlSG was also showed for comparison in 

Fig. b. 

 

Comparing the TPR profiles of 2Pt9W Alcom, 2Pt11W AlSG’ and 2Pt11W AlSG’ 

800, it seems that the reduction of PtOx, in the 40-300 ºC temperature range, required 

temperatures slightly higher when Alcom was used as support instead of the AlSG’. This 

indicates a possible higher interaction of PtOx species with the commercial support.  

The 2Pt11W AlSG’ and 2Pt15W AlSG samples showed similar reduction peaks 

related to the reduction of PtOx species. However, only three very small peaks for PtOx 

reduction were observed for the 2Pt23W AlSG’catalyst, at lower temperatures (40-150 

ºC). The unexpected low temperature peaks are indicative of the quite weak PtOx 

interaction with the support. The low intensity, due to small H2 consumption, is 

consistent with the poor Pt dispersion observed in the SEM analysis of this sample. It is 

important to note that the peak at about 400 ºC observed in previous cases, and 

corresponding to PtO2 in high interaction with the support or to PtOx-WOx species, was 

not observed. In addition, the reduction of WOx did not start until 600 ºC. All these 

evidences suggest a very low Pt-WOx interaction or proximity between those sites for 

this 2Pt23W AlSG’ catalyst, probably the lowest ones of all the investigated samples. 
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6.2.1.6 Activity tests 

The effect of ρW was investigated in the aqueous glycerol hydrogenolysis, at 200 

ºC and 45 bar of H2 for 16 h of reaction time.  

As it occurred in our previous findings, the ρW played a key role in the selective 

formation of the 1,3-PDO compound. At low ρW values, 1.2 or 1.5 W at. nm-2 for 

2Pt9W AlSG and 2Pt11W AlSG’, respectively, negligible amounts of 1,3-PDO were 

formed in the reaction (see Table 6.4 entries 2 and 3). These catalysts acted as common 

monometallic Pt/Al2O3 catalytic systems, producing 1,2-PDO as the main product 

(selectivity > 88 %). 

At higher ρW, 2.1 W at. nm-2 for 2Pt15W AlSG and 3.9 W at. nm-2 for 2Pt23W 

AlSG’, the glycerol conversion increased, a fact which was not found with the Alcom 

support (see Chapter 5), and the product distribution changed completely (Table 6.4, 

entries 4 and 5). Both PDOs became the major products showing together selectivities > 

80 %. Interestingly, the selectivity towards 1,2-PDO decreased at the same time that the 

1,3-PDO formation increased. In addition, the cracking reactions, which mainly leaded 

to EG and methanol, were almost suppressed. Nevertheless, the over-hydrogenolysis of 

PDOs formed quite high amounts of 1-PO (selectivity values > 14 %). 

The higher concentration of polytungstate species as the ρW increases, according 

to the Raman spectroscopy results showed, may be the responsible of this behaviour. As 

it was pointed out in our previous studies (Chapter 5), dispersed monotungstates cannot 

accommodate the negative charge required to form and stabilise the Brönsted acid sites, 

unlike the extended network of WOx formed by polytungstate species [6,22,42]. 

However, in view of the previous results, it could be considered that the W 

loading is the controlling parameter in the reaction. In order to verify that ρW is actually 

the controlling parameter instead of the W loading, two Pt/WOx/Al-based catalysts with 

similar W content (9-11 wt%), but higher ρW than their homologous, were tested in the 

reaction. This was obtained by calcining the W/supports at higher temperatures (800 

ºC), leading to a lowering of the SBET of the samples (see Table 6.2) and, therefore, to an 

increase of the ρW values (but below the ρW
 lim value). The activity test results are 

convincing: 2Pt9W AlSG 800 and 2Pt11W AlSG’800 catalysts (Table 6.4 entries 6 and 7) 

showed higher glycerol conversion than their homologous (Table 6.4 entries 4 and 5) 

and formed 1,3-PDO as one of their main products (selectivity > 40 %). 
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Table 6.4. Activity test results obtained after 16 h of reaction time, 200 ºC and 45 bar of H2. 

Entry Catalyst a 
Glycerol 

conversion (%) 

Product selectivity (%) 

1,3-PDO 1,2-PDO 1-PO 
Cracking 

products b 

1 2Pt9W Alcom (2.4) 15.7 52.7 16.9 20.8 0.0 

2 2Pt9W AlSG (1.2) 3.8 0.0 88.1 0.0 11.2 

3 2Pt11W AlSG’ (1.5) 3.4 0.0 89.0 0.0 11.0 

4 2Pt15W AlSG (2.1) 9.2 45.4 36.4 14.4 3.8 

5 2Pt23W AlSG’ (3.9) 4.7 36.2 43.9 19.9 0.0 

6 2Pt9W AlSG 800 (1.4) 7.6 40.6 41.8 12.2 0.0 

7 2Pt11W AlSG’ 800 (2.4) 10.1 42.9 33.4 14.4 0.0 

a ρW in brackets (expressed in W at. nm-2 of support). 
b Cracking products: ethylene glycol (EG) and methanol, above all. 

 

The relationship between the ρW and the selectivity towards 1,3-PDO is 

graphically shown Fig. 6.11. It was found that in order to obtain high selectivities 

towards 1,3-PDO there is an optimum ρW value between 2.0 and 2.4 W at. nm-2. 

It is interesting to note that despite the 2Pt23W AlSG’ was the sample presenting 

the highest ρW
lim, it showed an unexpected lower glycerol conversion and 1,3-PDO 

selectivity (Table 6.4 entry 5) than other catalysts with lower ρW values. In addition to 

this, the 2Pt9W Alcom (2.4 W at. nm-2) sample provided the best results: 15.7 % glycerol 

conversion and 52.7 % selectivity towards 1,3-PDO (Table 6.4 entry 1). These results 

show that, besides the ρW, there are other catalytic properties that are also important in 

the selective production of 1,3-PDO. 

In this regard, the H2-TPR results suggested that (section 6.2.1.5) the catalysts 

2Pt9W Alcom, 2Pt11W AlSG’, 2Pt11W AlSG’ 800 and 2Pt15W AlSG showed a direct Pt-

WOx interaction or, at least, a very close proximity between Pt and WOx sites. This 

interaction was almost negligible for the 2Pt23W AlSG’ sample, explaining quite well 

the low 1,3-PDO yield obtained despite its high ρW value. By contrast, Pt-WOx 

interactions became visible for those catalysts with more balanced loadings. These 

results suggest that a balance of Pt and WOx sites may be necessary in order to enhance 

those interactions or the closer proximity. This is the case of 2Pt11W AlSG’. However, 

this catalyst was not able to produce 1,3-PDO because the polytungstate concentration 

was not enough to generate the necessary Brönsted acidity.  
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Fig. 6.11. Relationship between ρW and the selectivity towards 1,3-PDO for the different Pt/WOx/Al-based catalysts. 

The results are divided by the corresponding support. The circle showed an abnormal result. 

6.2.2 Effect of the Pt dispersion and the Pt-WOx interactions 

As a summary, in order to obtain 1,3-PDO selectively from glycerol it seems 

necessary a catalyst with a high concentration of polytungstate species, without the 

formation of WO3 NPs, and with a high interaction or proximity between the metallic 

sites of Pt and the acid sites of WOx. In the current section, two strategies were carried 

out with the aim to improve the Pt-WOx interactions. 

1. Improving the Pt dispersion of the catalyst which showed the best results up to now, 

2Pt9W Alcom, with the use of a non-conventional method for Pt deposition: the CVI 

method (section 6.2.2.1). 

2. Increasing the Pt loading (section 6.2.2.2). 

6.2.2.1 Effect of Pt dispersion  

The 2Pt9W Alcom catalyst was the one which gave the highest glycerol 

conversion and selectivity towards 1,3-PDO (see Table 6.4 entry 1). Since the metal 

dispersion is especially important in the heterogeneous catalysis with noble and 

precious metals [43], it was tried to improve the Pt dispersion of this catalyst. For this 

purpose, the CVI method was employed for the Pt deposition. According to the 

literature, the CVI method (sometimes found as CVD, chemical vapour deposition) has 

some advantages over conventional preparation techniques: (i) it facilitates a high metal 
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dispersion through the enhancement of the interaction (adsorption) between the 

organometallic precursor and the support [44,45], and (ii) the lack of a solvent decreases 

the likelihood of the surface contamination from residual solvent or the by-products of 

solvent decomposition during the heat treatment [43]. 

In order to verify the efficiency of the CVI method on the improvement of the Pt 

dispersion, the Pt particle size and metal dispersion of 2PtCVI9W Alcom and 2Pt9W Alcom 

catalysts were measured by CO chemisorption. For the calculations, it was employed 

the most widely CO/Pt adsorption stoichiometry of 1 reported in the literature [46,47]. 

The results are displayed in the Table 6.5. It is worth noting that the conventional WI 

method leaded to the formation of smaller Pt particles than the CVI: a Pt size of 5.1 nm 

for the 2Pt9W Alcom sample and 7.0 nm for the 2PtCVI9W Alcom sample. Thus, the CVI 

method was not effective to enhance the Pt dispersion (22.4 for WI and 17.3 % for CVI) 

on this catalytic system. The reason of this unexpected behaviour could reside in the 

higher reduction temperatures used for the sample prepared by CVI, 400 ºC instead of 

300 ºC. However, this high temperature was required in order to fully pyrolyse the Pt-

precursor employed in the synthesis (see section 4.1.3 of Chapter 4). 

Both catalysts were tested in the glycerol hydrogenolysis reaction. The results 

mainly show a considerably lower glycerol conversion for the 2PtCVI9W Alcom catalyst 

than that obtained with 2Pt9W Alcom (15.7 and 8.1 %, respectively), which seems to 

indicate that the Pt dispersion is also an important parameter in the glycerol 

hydrogenolysis. A higher Pt dispersion may lead to a higher hydrogen activation, 

required for the glycerol conversion, and to a higher Pt-WOx interaction. 

Slightly lower selectivities towards 1,3-PDO were also found for 2PtCVI9W 

Alcom catalyst, of 46.8 % in contrast to the 52.7 % value obtained for 2Pt9W Alcom. This 

could be due to the lower Pt-WOx interactions for the former catalyst. 

Table 6.5. Pt particle size and dispersion obtained for the fresh reduced samples by CO chemisorption at 

35 ºC. 

Catalyst Pt size (nm) Pt dispersion (%) 

2Pt9WAlcom 5.1 22.4 

2PtCVI 9WAlcom 7.0 17.3 

9Pt8WAlcom 7.2 15.8 

9Pt8WAlcom * 26.4 4.1 

   *Pre-treatment temperature: 450 ºC (instead of 300 ºC) 
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6.2.2.2 Effect of Pt loading 

Once it was established that the 2Pt9W Alcom was the catalyst which showed the 

best yield to the target product 1,3-PDO, the Pt loading was again risen up to 9 wt % in 

order to increase the Pt-WOx interactions (or improve their proximity) and promote the 

selective glycerol hydrogenolysis towards 1,3-PDO. 

Fig. 6.12 shows the time-evolution of glycerol hydrogenolysis for 9Pt8W Alcom 

at 200 ºC and 45 bar of H2, which was examined along a period of 24 h.  

 

 
Fig. 6.12. Time-evolution of glycerol conversion and main product selectivities obtained for 9Pt8W Alcom at 200ºC 

and 45 bar of H2. 

 

The glycerol conversion continuously increased during the 24 h reaction time, 

reaching a maximum of 65.8 % at 24 h. The selectivity towards 1,3-PDO remained 

quite stable, showing a little initial increase until 12 h, time from which it slightly 

decreased. In spite of this, the selectivity was > 50 % all the time. The opposite trend 

was found for 1-PO, suggesting a possible over-hydrogenolysis of 1,3-PDO giving rise 

to the monoalcohol. Regarding the selectivity towards 1,2-PDO, a constant drop was 

found as the selectivity towards 2-PO increased, indicating that 2-PO was formed 

through the over-hydrogenolysis of 1,2-PDO. 

Extrapolating the results obtained with 9Pt8W Alcom catalyst at 16 h and 

comparing with those obtained with the catalyst with 2 wt% Pt, as expected, glycerol 
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conversion increased with Pt content: from 15.7 % for 2 wt% to 59.4 % for 9 wt% Pt 

content. The effect on product selectivity is again more observable on 1,2-PDO, 

decreasing from 16.9 % to 6.4 % for 2 and 9 wt% Pt loading, respectively. At the same 

time, the selectivities towards 1,3-PDO and 1-PO slightly increased with the higher Pt 

content: from 52.7 to 55.9 % and from 20.8 to 25.8 %, respectively. By increasing the 

Pt content it seems possible to enhance the interactions between Pt and WOx species 

and promote the production of 1,3-PDO.  

Although it is true that the Pt dispersion decreased with the Pt metal loading (see 

Table 6.5), the CO chemisorption results of 9Pt8W Alcom revealed relatively small Pt 

particles of 7.2 nm (15.8 % Pt dispersion).  

Moreover, the results of this work allow us comparing the effect of the 

temperature used in the pre-treatment (calcination and pre-reduction), since this is the 

unique difference between the 9Pt8W Alcom catalyst tested in the Chapters 5 and 6 

(calcined at 450 ºC and 300 ºC, respectively). As it was expected, the main difference 

was found in the glycerol conversion. This difference can be observed in Fig. 6.13. 

 

 
Fig. 6.13. Time-evolution of glycerol conversion obtained for 9Pt8W Alcom, pre-treated at 450 ºC and 300 ºC. 

Reaction conditions: 200ºC and 45 bar of H2. 

 

According to the CO chemisorption results, the temperature used during the 

calcination and reduction pre-treatments has a large influence on the Pt metal size and, 

0 2 4 6 8 10 12 14 16 18 20 22 24
0

10

20

30

40

50

60

70

G
ly

ce
ro

l c
on

ve
rs

io
n 

(%
)

Time (h)

 300 ºC  450 ºC 



 Chapter 6 

 

153 
 

therefore, on its dispersion on the catalysts surface. At 450 ºC big Pt particles of 26.4 

nm were found leading to a poor Pt dispersion of just a 4 % (see Table 5.2 of Chapter 

5). Considerably smaller particles were obtained for the catalyst pre-treated at 300 ºC: 

7.2 nm and 17 % Pt dispersion. Thus, the Pt dispersion could explain quite well the 

greater glycerol conversion obtained for the 9Pt8W Alcom catalyst pre-treated at 300 ºC. 

6.3 Conclusions 

The results of this work allow a better understanding of the importance of some 

parameters involved in the glycerol hydrogenolysis to 1,3-PDO and of the Pt/WOx 

catalytic system.  

The ρW was pointed out to be a crucial factor because it controls the kind of 

WOx species formed on the catalyst surface. It was found that the polytungstate species 

are the responsible of the Brönsted acid sites generation, which are related to the 1,3-

PDO formation. 

As the pseudo-AlO(OH) support presented a high concentration of hydroxy 

groups on its surface as compared to γ-Al2O3, it allowed the incorporation of larger W 

loadings and higher ρW without the emergence of the undesired WO3 NPs (ρW
lim). These 

results indicated that the hydroxy groups are the preferential anchoring sites for the 

WOx species. However, a balance between the WOx and Pt loadings seems to be 

necessary in order to enhance the Pt-WOx interactions or a closer proximity between 

these active sites.  

Pt dispersion was also found as a key parameter in the reaction. The 

improvement of Pt dispersion leads to higher glycerol conversion values, since a higher 

number of Pt active sites are able to activate the hydrogen molecules. The selectivity 

towards 1,3-PDO was also increased by the improvement of Pt dispersion, which could 

be related to the enhancement of the Pt-WOx interactions or their proximity.  

 The best results were achieved with the 9Pt8W Alcom catalyst showing a quite 

high 1,3-PDO yield of 35.0 % after 24 h reaction time. 
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Abstract 

In spite of the intense work carried out, the overall reaction mechanism of the 

aqueous glycerol hydrogenolysis into propanediols (PDOs), in particular to the most 

valuable 1,3-PDO, still remains unclear. This fact together with the great deal of 

controversy about fundamental reaction parameters, such as the role of the oxophilic 

metal in the binding of glycerol or the intermediate species generated, has motivated to 

a deeper study of the reaction mechanism. 

The glycerol hydrogenolysis was studied using Pt/WOx/Al2O3 catalytic systems 

by in-situ attenuated total reflection infrared (ATR-IR) spectroscopy. This powerful 

technique is well-suited for studying adsorbed species on the catalyst surface such as 

reactants, intermediates and products, even in aqueous phase. Moreover, other ex-situ 

ATR-IR spectroscopic studies were also utilized to study the interactions of the 

reactants and products with the catalyst surface. The results suggest a different 

adsorption trend of glycerol when WOx is incorporated on the γ-Al2O3 support. 

The competitive adsorption between reactants and products for the same active 

sites and the effect of the hydrogen availability were also studied in the present work. 

They provided some new insights into the reaction pathways of glycerol hydrogenolysis 

which lead to a better understanding of the overall reaction mechanism. 

 

 
Fig. 7.1. Graphical abstract. 
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7.1 Introduction 

A detailed understanding of the surface chemistry is fundamental in order to 

improve the performance of a catalyst as well as to design new efficient heterogeneous 

catalysts [1]. In this respect, infrared (IR) spectroscopy is one of the most powerful 

tools. Besides contributing to the surface chemistry knowledge, IR spectroscopy is a 

valuable tool for mechanistic studies as it can be applied in-situ providing fundamental 

information of adsorbed species during the reaction under working conditions [2].  

The majority of in-situ IR spectroscopic studies are usually carried out in gas 

phase using the conventional transmission Fourier Transform infrared (FTIR) 

spectroscopy [3,4], in which the IR beam passes through the sample where it is partially 

absorbed [5]. However, liquid phase reactions present a greater challenge for in-situ 

spectroscopic studies and their study has been limited due to the large spectral 

interference caused by the strong IR absorption of the solvent [6]. Water, in particular, 

absorbs IR light in several important regions in the mid-IR range (4000-400 cm-1). This 

problem comes together with the very strong absorbance of most of the metal oxides, 

including the widely used Al2O3 support [7,8]. Thus, conventional transmission FTIR 

techniques are not suitable to study the molecular vibrations at the solid-liquid interface.  

Interestingly, the problems related to the use of aqueous environments can be 

minimized by using the in-situ attenuated total reflection infrared (ATR-IR) 

spectroscopy [9]. In general, the ATR-IR technique consists on directing the IR beam 

onto an internal reflection element (IRE), a crystal of relatively high refractive index. 

The IR beam undergoes a total reflection (single or multiple internal reflections) when 

the incident angle exceeds the critical angle. Upon total reflection, an evanescent wave 

is generated which projects orthogonally into the sample in intimate contact with the 

crystal [10]. The evanescent wave decays rapidly with the distance from the surface 

and, therefore, it is essential that the sample is in close contact with the IRE. Part of the 

energy of the evanescent wave is absorbed by the sample generating an absorption 

spectrum and the reflected radiation is returned to the detector [5]. The schematic 

representation of this phenomenon is shown in Fig. 7.2. 

The resulting ATR-IR spectrum is similar to a conventional IR one, just only the 

higher intensities are obtained for longer wavelengths (shorter wavenumbers) because 

of the higher penetration depth at those wavenumbers [11]. This technique avoids the 

direct transmission of the beam through the sample, since the evanescent wave is 
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restricted to a region near the solid-liquid interface (of only few microns). In this way, 

the liquid interference is minimised while maximising the signals of the surface species  

[12,13]. The ATR technique is also attractive since little or no sample preparation is 

necessary in contrast to the conventional IR techniques [14]. 

 
Fig. 7.2. Schematic representation of the ATR-IR work (single-reflection crystal). 

Up to date, only few studies of the application of in-situ ATR-IR to aqueous 

phase reactions have been reported. Dumesic’s group combined this technique with a 

kinetic study in order to understand the differences between methanol reforming over 

Pt/Al2O3 in vapour or aqueous-phase reaction conditions [15]. More recently, Lefferts et 

al. applied this technique in the CO adsorption and aqueous phase oxidation [16], as 

well as in the nitrite hydrogenation [17], over noble metal supported catalysts, to 

determine the type of adsorbates and possible reaction intermediates. Another 

innovative work was carried out by the Weckhuysen’s group applying the in-situ ATR-

IR technique to investigate the Pt-based catalysts deactivation on aqueous phase 

reforming (APR) of crude glycerol [18]. These studies are some illustrative examples of 

the potential of this technique. 

In this Chapter 7, the in-situ ATR-IR spectroscopy was used in the glycerol 

hydrogenolysis to PDOs in aqueous phase over Pt/WOx/Al2O3 catalysts, aiming to study 

the nature of adsorbed species on the catalyst surface such as reactants, intermediates 

and products. As shown in the Chapter 5, these catalysts proved to be very effective in 

the reaction, affording very high yields of 1,3,-PDO [19]. Other ex-situ ATR-IR 

spectroscopic studies based on the same principle were also carried out to study the 

reactant adsorption modes on different catalyst surfaces. These spectroscopic studies in 

combination with the reaction kinetics shed some light on the overall reaction 

mechanism of the glycerol hydrogenolysis to PDOs. 
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7.2 Experimental 

7.2.1 Catalyst preparation 

The Pt/WOx/Al2O3 catalysts used were prepared by sequential wetness 

impregnation method following the preparation procedure described in the section 4.1.1 

of Chapter 4. The nomenclature used, xPtyW(z), is also explained in the same section. 

7.2.2 Catalyst characterisation 

The catalyst characterisation was made using in-situ as well as ex-situ ATR-IR 

spectroscopy. The equipment and operating conditions employed for both spectroscopic 

studies are detailed in the sections 4.4.12 and 4.4.13 of Chapter 4, respectively. 

Typically, in these studies the solid catalyst is immobilized on the IRE as it was 

explained in the section 4.2. 

7.2.3 Kinetic measurements 

The kinetic study was carried out using the 9Pt8W catalyst and different 

reactants according to the procedure described in the section 4.3.2 of Chapter 4. 

7.2.4 Activity test to determine the effect of the reacting atmosphere 

Some activity tests were carried out in a batch-autoclave in order to determine 

the effect of the reacting atmosphere (N2 and H2) on the hydrogenolysis of glycerol over 

the 9Pt8W catalyst. The catalyst powder was reduced in a H2 flow at 300 ºC prior to the 

activity tests. The reaction conditions used for these experiments were: 220 ºC, 45 bar 

of H2 or N2 and 16 h of reaction time. Other conditions and the experimental procedure 

for the activity tests were detailed in the section 4.3.1. 

7.3 Results and discussion 

7.3.1 Catalyst characterisation 

7.3.1.1 In-situ ATR spectroscopy 

Time-resolved ATR-IR spectra of the surface species adsorbed on the 9Pt8W 

catalyst during the hydrogenolysis of 5 wt% glycerol on water, at 200 ºC and 45 bar of 

H2, are shown in Fig. 7.3. In order to minimise the contribution of any possible 

modification of the catalyst layer, as well as the expansion of the IRE with the 
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temperature, the catalyst layer coated on the IRE at the reaction temperature (200 ºC) 

was used as background. 

Two strong peaks characteristic of liquid water can clearly be observed: a very 

broad peak around 3460 cm-1 which corresponds to the O-H stretching (νOH) mode and 

a peak at 1638 cm-1 corresponding to the HOH scissor bending mode of water [9,20]. 

There are no evidences of the hydration of the γ-Al2O3 support into AlO(OH) 

(boehmite) during the reaction, usually evidenced by a sharp peak at 1064 cm-1 assigned 

to OH deformations and shoulder bands at 3304 and 3124 cm-1 to the stretching 

vibrational modes [21]. It was reported that the presence of both Pt and glycerol retards 

this transformation [18,21]. 

Interestingly, a peak centred around 2020 cm-1 with a shoulder at 1988 cm-1 was 

detected. It was also observed in the blank-experiment with water under the same 

reaction conditions (not shown) and, therefore, it cannot be ascribed to the formation of 

CO during the reaction, which is expected to appear in this region [16,22]. In the work 

carried out by Ortiz-Hernández et al. they observed two peaks in the same region (a 

peak centred at 2060 cm-1 and a shoulder at 1990 cm-1) exposing a Pt/Al2O3 catalyst to a 

H2 flow in water [23]. In their work, they demonstrated that those peaks were likely 

trace amounts of CO or other carbonyl species formed from impurities in the catalyst 

layer. 

 
Fig. 7.3. Time-resolved in-situ ATR-IR spectra during the hydrogenolysis of 5 wt% glycerol on water over 9Pt8W at 

200 ºC and 45 bar of H2. 
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Unfortunately, the strong absorption of water in mid-IR may hinder the 

observation of other bands related to the intermediates or products species. In order to 

eliminate the contribution of water adsorption, the water spectrum (blank-experiment) 

was subtracted from the time-resolved spectra. The resulted spectra in the 4000-950 cm-

1 region are shown in Fig. 7.4. 

 
Fig. 7.4. Time-resolved in-situ ATR-IR spectra during the hydrogenolysis of 5 wt% glycerol in water over 9Pt8W (at 

200 ºC and 45 bar of H2) after water spectrum subtraction, in the complete region 4000-950 cm-1 

 

First of all, it is necessary to highlight the difficulty to identify the adsorbed 

species since the majority of the compounds were alcohols and showed absorption 
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Moreover, because of the strong absorbance of water in the 3600-3000 cm-1 

region, and the noise that the spectra contained after water subtraction, the νOH mode 
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The large noise that also appeared in the region around 1870-1450 cm-1 could also 

hinder other bands [24]. This could be the case of the νC=O characteristic modes of 

some potential intermediates, such as aldehydes (1740-1720 cm-1), ketones (1725-1705 

cm-1) and acids (1725-1700 cm-1) [25]. The peaks in the 2400-2000 cm-1 region may 
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mentioned before: the peaks at 2363 and 2339 cm-1 may be assigned to the adsorbed 

CO2 [26] and the peak around 2026 cm-1 to the linearly adsorbed CO [16].  
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Since the strongest and more defined bands were observed in the νCH (3000-

2850 cm-1) and νCO (1150-950 cm-1) regions, those regions are represented in Fig. 7.5.  

The good match between the position of the peaks found in these measurements 

and those detected in the work carried out by Sievers et al. on the adsorption of an 

aqueous glycerol solution on a Pt/Al2O3 catalyst [27], demonstrated unequivocally that 

they correspond to glycerol. The peaks around 2943 and 2890 cm-1 can be ascribed to 

the asymmetric and symmetric stretching modes of the CH2 group of glycerol, 

respectively (νasym CH2 and νsym CH2). Two other peaks at 1108 and 1041 cm-1 were also 

detected, which correspond to the νCO of the secondary (νCO 2º) and of the primary 

carbons (νCO 1º) of glycerol. Weaker deforming modes (δ) likely associated with 

glycerol can be seen in the 1400-1200 cm-1 region (see Fig. 7.4). 

 
Fig. 7.5. Time-resolved in-situ ATR-IR spectra during the hydrogenolysis of 5 wt% glycerol in water over 9Pt8W (at 

200 ºC and 45 bar of H2) after water spectrum subtraction. 
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According to the results, the glycerol conversion notably increased from 18.6 to 

38.8 % as its initial concentration in water was incremented from 5 to 30 wt% .  

Regarding the product selectivities, the most remarkable fact was the decrease in 

the selectivity towards 1,2-PDO. It decreased from 58.7 % for 5 wt% of glycerol to 30.6 

% for 15 wt% and remained almost constant for higher glycerol concentrations. The 

selectivity towards 1,3-PDO slightly decreased as the glycerol concentration increased 

(from 27.8 to 22.0 %, for 5 and 30 wt% glycerol). The downward trend of PDOs 

selectivities could be explained by their over-hydrogenolysis mainly in favour of 1-PO 

but also of 2-PO and other degradation products such as ethylene glycol (EG), ethanol 

and methanol. 

 
Fig. 7.6. Effect of glycerol concentration on the glycerol hydrogenolysis over 9Pt8W at 200 ºC, 45 bar of H2 and 16 h 

reaction time. Others: 2-PO, EG, ethanol and methanol. 
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higher competitive adsorption between the glycerol and the reaction products on the 

catalyst surface. 

 

 
Fig. 7.7. Time-resolved in-situ ATR-IR spectra during the hydrogenolysis of 15 wt% glycerol in water over 9Pt8W 

(at 200 ºC and 45 bar of H2) after water spectrum subtraction. 
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Fig. 7.8. Time-resolved in-situ ATR-IR spectra during the hydrogenolysis of 15 wt% glycerol in water over 9Pt8W 

(at 200 ºC and 45 bar of H2) after spectrum at t=0 was subtracted. 

 

Interestingly, a positive clearly defined peak appeared at 2980 cm-1 (see Fig. 7.8 

left), whose area increased as the reaction moved forward as it can be observed in Fig. 

7.9. The appearance of positive peaks suggests the formation of products along the 

reaction. It is reasonable to qualitatively correlate the peak integrated-area to the extent 

of product formation. 

 

 
Fig. 7.9. The positive peak at 2980 cm-1 developed in time (left) and the peak area evolution (right) during the 

hydrogenolysis of 15 wt% glycerol in water over 9Pt8W (at 200 ºC and 45 bar of H2). Spectrum at t=0 subtracted.  
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The analysis of the hydrogenolysis of 30 wt% glycerol spectra, after the 

spectrum at t=0 was subtracted, provided more information about the origin of the band 

around 2980 cm-1. Fig. 7.10 shows the νCH region of those spectra. A band at a similar 

position, 2981 cm-1, and other two at 2933 and 2880 cm-1 were found, which may be 

ascribed to the νasym CH3, νasym CH2 and νsym CH2 of 1,2-PDO, respectively [28].  

 
Fig. 7.10. Time-resolved in-situ ATR-IR spectra during the hydrogenolysis of 30 wt% glycerol on water over 9Pt8W 

(at 200 ºC and 45 bar of H2) after spectrum at t=0 was subtracted, in the νCH region. 

Despite that the surface species formed by other product species, such as 1-PO, 

2-PO or ethanol, also exhibit νCH3 and νCH2 bands with nearly identical frequencies 

[29–31], it is reasonable to think that they could correspond to 1,2-PDO, since it is the 

major product in the reaction (30.6 and 36.1 % selectivity for the experiments with 15 

and30 wt% initial glycerol concentrations). In addition, the higher number of hydroxy 

groups of 1,2-PDO makes easier its adsorption on the catalyst surface [28], as it was 

explained above. The preliminary kinetic studies carried out in the current work (see 

section 7.3.2) shed more light on the matter and support this hypothesis. Obviously, the 

assignment of those peaks to 1,3-PDO is ruled out since this compound does not show 

the νCH3 mode. 

Another peak centred at 2918 cm-1 was observed and likely corresponds to the 

νasym CH2 characteristic group [11]. According to the literature, it is quite far from the 

bands the bulk species (when they are not adsorbed) showed, the products analysed by 

GC-TCD-FID (PDOs, 1-PO, EG or ethanol) as well as the main intermediates involved 

in the reaction, acetol and propanal (detected in other experiments, see section 7.3.3), 
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and other suggested intermediates, such as acrolein [20,25]. Nevertheless, the formation 

of an adsorbed alkoxide coming from some of these compounds could shift the band 

position or originate a new band.  

7.3.1.2 Ex-situ ATR-IR spectroscopy 

The ATR-IR working is not limited to the in-situ measurements. It is also very 

useful for obtaining IR spectra of samples that cannot be readily examined by common 

transmission methods, such as thick or highly absorbing solids and liquid samples [11].  

In this work, the γ-Al2O3 support was impregnated with different glycerol 

aqueous solutions: 0.5, 1.0, 2.0 and 5.0 wt% of glycerol in water. Their different spectra 

are shown in Fig. 7.11. The weak signals obtained in the 0.5 wt% loading test did not 

allow a clear peak discrimination and, therefore, those results were not included. In 

these experiments, after glycerol was loaded on the sample, the bulk water was removed 

by applying high vacuum (HV). Thereby, the interactions between glycerol and the 

catalyst surface but also bulk glycerol signals can be observed (see Fig. 7.11). The 

existence of those reactant/surface interactions is demonstrated by the changes in the 

glycerol νCH and especially in the νCO modes related to those of bulk pure glycerol 

(directly loaded on the IRE). 

As the glycerol concentration increased, the spectra became more similar to the 

bulk glycerol. The reason for this is that not only the signals from adsorbed glycerol 

molecules, but also the signals from the bulk molecules, just deposited on the surface, 

are increasingly more perceptible [28].  

The νCO 2º was 1112 cm-1 for the γ-Al2O3 support impregnated with 1 wt% 

glycerol, and shifted to lower wavenumbers as the concentration of the aqueous 

solutions increased. It should be noted that the more remarkable change was observed 

for the νCO 1º mode, which changed from 1040 cm-1 for 1 wt% to 1028 cm-1 for the 

bulk pure glycerol spectra, meaning a shift of 12 cm-1. It indicates that the surface 

interaction between the 1º OH group of glycerol is stronger than that of the 2° OH 

group. The νCH2 modes suffered small changes: the νasym CH2 and νsym CH2 modes 

changed from 2939 and 2885 cm-1 for 1 wt% of glycerol to 2934 and 2880 cm-1 for the 

bulk pure glycerol, respectively. 
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Fig. 7.11. ATR-IR spectra of the different glycerol loadings on γ-Al2O3 support (1-5 wt%) after the removal of water 

by HV and the spectra of the bulk pure glycerol directly deposited on the ZnSe IRE. 

In other similar studies carried out using transmission FTIR, when glycerol was 

adsorbed on the γ-Al2O3 surface, the νCO modes of bulk glycerol (at 1108 and 1030 cm-

1) disappeared and three new defined modes (at 1151, 1122, and 1075 cm-1) appeared in 

its place [28]. It means that glycerol was chemisorbed on the catalyst surface, which 

implies electron sharing between the adsorbate (glycerol) and the surface active sites. 

Thus, the electronic structure of the adsorbate changed [32]. 

Through the assignment of those new bands with the vibrational frequencies 

calculated using density functional theory (DFT) simulations, the authors proposed that 

glycerol readily forms a multidentate alkoxy species through its primary OH group with 

coordinatively unsaturated Al atoms of γ-Al2O3. They also suggested that the glycerol 

species exhibits a bridging alkoxy bond from one of its primary OH and a strong 

interaction with the remaining one. 

In contrast, the interactions found in our study are not as strong as in the 

previously mentioned work. The smaller shifts indicate that the electronic structure of 

glycerol changed to a lesser extent and, therefore, it may only be physisorbed on the 

catalyst surface. The weak interactions between glycerol and γ-Al2O3 may be mostly 

due to relatively weak van der Waals forces or hydrogen bonding [27]. However, it 

cannot be ruled out the formation of a stronger alkoxide under real reaction conditions. 

The loading that produced the best balance between he signal from the adsorbed 

glycerol and those from the bulk glycerol was 1 wt%. Thus, this was the selected 
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loading to study the role of the WOx in the adsorption step of glycerol. The effect of the 

incorporation of Pt was not studied in the present work, since its role in the 

hydrogenolysis reaction is quite well-stablished: to activate the hydrogen molecules 

[33]. 

It is necessary to point out that the HV, which is used to remove the water from 

the impregnated samples, could induce or hide some interactions between glycerol and 

the catalyst surface. To make those interactions more visible, the spectrum of the 

samples with water was subtracted from the spectrum of glycerol loaded samples 

(denoted as WS). Then, they were compared with the spectra of the samples placed 

under HV. The νCO regions (1150-950 cm-1) of 1 wt% glycerol loaded on the γ-Al2O3 

support, as well as on the tungstated alumina (9W) are represented in Fig. 7.12. 

 
Fig. 7.12. Comparison of the ATR-IR spectra of 1 wt% glycerol in water loaded on γ-Al2O3 and 9W/γ-Al2O3 (9W), 

after the removal of water by high-vacuum (HV) and after the water spectrum was subtracted from the glycerol 

loaded sample (WS). 

In general, the glycerol peaks appeared at higher wavenumbers for the WS 

spectra, since the HV favoured the glycerol desorption from the catalyst surface. Some 

peaks were also hidden after HV treatment as it is possible to see in the Fig. 7.12. 

Interestingly, very remarkable differences in the spectrum shapes and the band positions 

between the glycerol adsorption on γ-Al2O3 and 9W can be observed, mainly in the WS 

spectra. The shift in the IR frequency is a complex matter; it could include the change in 

the dipole moment of the adsorbed molecule or small steric and electronic effects 

[24,34]. 
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In spite that the nature of those shifts remains unclear, the very different spectra 

suggest, at least, a different interaction between glycerol and the catalyst surface when 

WOx is incorporated on the γ-Al2O3 support. However, they have something in 

common: the glycerol seems to be adsorbed by the terminal hydroxy group/s, since this 

mode suffered the highest shift related to the vibrational modes of bulk glycerol (∆ν = 

13-15 cm-1). The different strength of interaction is highlighted in the νCO mode region: 

the νCO 1º band became weaker and a new broad band at 1089 cm-1 appeared when 

glycerol is adsorbed on the 9W sample, whereas the νCO 2º remained at the same 

position, 1114 cm-1. This fact suggests a stronger interaction between the primary OH 

groups of glycerol when WOx is present over the γ-Al2O3.  

In spite of these evidences, a more extended study should be necessary and the 

interactions shown by the experimental ATR-IR spectra should be validated using 

computational studies. 

7.3.2 Glycerol and products competition for the same active sites 

Kinetic measurements are often used to provide important information about the 

reaction mechanism [35]. In the present work, a preliminary kinetic study was 

performed in order to determine whether the main products of the glycerol 

hydrogenolysis compete for the same active sites of glycerol. 

Based on the glycerol conversion results, shown in Fig. 7.13, it is clear that 

glycerol transformation was affected by the presence of all the products used as 

reactants. The inhibition of the glycerol conversion is due to the competition of products 

and glycerol for the same active sites. The PDOs, in particular, had a higher effect on 

the decrease in the glycerol conversion: 1,2-PDO reduced it from 11.6 % to 3.7 %, and, 

1,3-PDO even to a lower value of 2.8 %, whereas 1-PO decreased the conversion to a 

lesser extent (to 6.7 %).  

It is well known that the number of hydroxy groups has a great importance on 

the adsorption, since the possibilities for a molecule to be adsorbed increase with the 

number of those groups in the chain. It adds one more reason to confirm that 1,2-PDO 

was the adsorbed molecule most likely detected in the in-situ experiments with 15 and 

30 wt% glycerol, after spectra at t=0 was subtracted (see Fig. 7.9 and 7.10), instead of 

any other monoalcohol like 1-PO. 

However, according to the work of Bronswijk et al. [36] the adsorption affinities 

of polyols increased with the increasing number of vicinal hydroxy groups present in 
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the chain. This is not the case of the current study since the adsorption seems to be 

stronger for 1,3-PDO than for 1,2-PDO. According to the ex-situ ATR-IR findings 

(section 7.3.2), glycerol was adsorbed by the terminal hydroxy group/s. It could be 

thought, therefore, that the PDOs adsorption occurred preferentially by the same groups. 

The stronger adsorption of 1,3-PDO, which exhibit two terminal hydroxy groups, than 

1,2-PDO, of only one, is in good agreement with this adsorption trend. 

In view of this result, it is not clear why the more strongly adsorbed 1,3-PDO 

was not detected in the in-situ ATR-IR measurements, unlike the adsorbed 1,2-PDO. 

The reason could lie in the fact that 1,3-PDO and glycerol exhibit bands at similar 

frequencies in the νCH region [20] which cancel out each other, since those attributed to 

the product formation were positive and those of reactant consumption negative, after 

spectra at t=0 was subtracted (section 7.3.1.1). Moreover, the broad negative bands of 

glycerol in the νCO region made the differentiation of any peak in this region 

impossible. 

 
Fig. 7.13. Glycerol conversion values achieved in the hydrogenolysis reaction using different reactants (at 200 ºC, 45 

bar H2 and 2 h reaction time). Concentration of glycerol in water = 5 wt. Glycerol:product molar ratio 1:1.  

Once it was stablished that the main hydrogenolysis products compete for the 

same adsorption sites of glycerol, a more detailed kinetic study, using the Langmuir-

Hinselwood kinetics to obtain the adsorption equilibrium constants in the rate equation, 

should be necessary in order to gain more knowledge about the reaction mechanisms. 
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7.3.3 Effect of the reacting atmosphere and hydrogen availability 

The hydrogenolysis of glycerol, 1,2-PDO and 1,3-PDO were carried out over 

9Pt8W catalyst under both H2 and N2 atmospheres. The activity test results are shown in 

Table 7.1 and 7.2, respectively. The principal objective of this study is to provide more 

information for the overall glycerol hydrogenolysis reaction.  

In the literature, the most frequently proposed mechanism is the dehydration-

hydrogenation route, in which glycerol is first dehydrated to acetol or 3-

hydroxypropanal (3-HPA) and further hydrogenated to 1,2-PDO and 1,3-PDO, 

respectively [37]. Trace amounts of acetol were found in the glycerol hydrogenolysis 

under H2 atmosphere, whereas the presence of 3-HPA was not detected. The acetol 

formation is thermodynamically more favoured than that of 3-HPA [38,39] and, 

therefore, 1,2-PDO is usually the major product among PDOs. However, in this case, 

the selectivity towards 1,3-PDO (38.5 %) was much higher than that towards 1,2-PDO 

(9.0 %). This fact could arise from two factors: (i) a different reaction mechanism was 

involved or, (ii) 1,2-PDO was more reactive than 1,3-PDO. 

Table 7.1. Activity test results of the hydrogenolysis of glycerol and PDOs under H2 atmosphere at 220 ºC, 45 bar 

and 16 h of reaction time. 

Reactant 
Conv. 

(%) 

  Selectivity towards liquid products (%) 

1,3-PDO 1,2-PDO 1-PO 2-PO Acetol Acetone Propanal Prop. acid Ethanol EG 

Glycerol 80.3 38.5 9.0 36.9 7.2 * 3.1 0.0 * 3.9 0.0 

1,3-PDO 23.9 - 0.0 80.8 0.0 0.0 0.0 0.0 2.3 7.9 0.0 

1,2-PDO 26.6 0.0 - 70.8 15.5 0.0 5.1 0.0 0.0 0.0 0.0 

   * Trace amounts 

Table 7.2. Activity test results of the hydrogenolysis of glycerol and PDOs under N2 atmosphere at 220 ºC, 45 bar 

and 16 h of reaction time. 

Reactant 
Conv. 

(%) 

  Selectivity towards liquid products (%) 

1,3-PDO 1,2-PDO 1-PO 2-PO Acetol Acetone Propanal Prop. acid Ethanol EG 

Glycerol 22.2 0.0 57.3 7.3 0.0 21.4 0.0 0.0 0.0 5.9 5.0 

1,3-PDO 46.4 - 0.0 42.2 0.0 0.0 0.0 2.1 4.2 6.8 0.0 

1,2-PDO 13.8 0.0 - 29.7 0.0 22.7 6.2 0.0 0.0 17.8 0.0 

However, under H2 pressure both PDOs showed similar reactivity (see Table 

7.1) indicating a higher formation of 1,3-PDO during the reaction. It is worth noting that 

the over-hydrogenolysis to 1-PO was the main reaction involved in the PDOs 



 Mechanistic study of the glycerol hydrogenolysis over Pt/WOx/Al2O3 catalysts 

 

178 
 

conversion. This explains quite well why 1-PO was formed in high quantities when 

glycerol is used as reactant (36.9 % selectivity).  

2-PO and acetone products were found when glycerol and 1,2-PDO were used as 

reactants. It was suggested that acetone is formed through the dehydration of 1,2-PDO, 

and the further hydrogenation lead to 2-PO formation. The reversibility of the 

hydrogenation of acetone to 2-PO [40] could explain why acetone was always present in 

the reaction medium (Eq. 7.1).  

C3H6O + H2 ↔ C3H8O2       Eq.7.1 

During the hydrogenolysis of glycerol and 1,3-PDO, small amounts of propionic 

acid were detected as well. This compound may be formed through Tishchenko or 

Cannizzaro type disproportionation, in which two molecules of aldehyde react to 

produce a primary alcohol and a carboxylic acid. It could be the case of the conversion 

of propanal, the dehydration product of both PDOs, to 1-PO and propionic acid, which 

was also proposed in previous works [41]. However, propanal was mainly hydrogenated 

to 1-PO.  

The same experiments were performed under N2 pressure in order to investigate 

the effect of the reacting atmosphere and the hydrogen availability. For an easier 

interpretation of the results, the products detected were divided in three groups: 

- Hydrogenated products: PDOs, 1-PO, 2-PO, propane 

- Dehydrated products: acetol, propanal, acetone, propionic acid 

- Cracking products (C<3): EG, ethanol, ethane, CH4, CO2 

The conversion value of glycerol under N2 atmosphere (22.2 %) was extremely 

lower than under H2 (80.3 %). This result seems to indicate that hydrogen plays an 

important role in the first step of the glycerol conversion mechanism. The lower 

availability of hydrogen affected the product distribution: the dehydrated products 

hugely increased under N2 atmosphere as it can be seen in the Fig. 7.14. Among the 

dehydrated products, acetol was obtained with the highest selectivity (21 %). 

Nevertheless, the reversible hydrogenation of acetol to 1,2-PDO occurred to a large 

extent, being this the major product of the reaction (57.3 % selectivity). Moreover, other 

hydrogenated products, such as 1-PO, EG and ethanol, were also obtained but to a lesser 

extent. Since those reactions consumed hydrogen and it was not externally provided, it 



 Chapter 7 

179 
 

should be in-situ generated by APR reactions of glycerol [42,43]. The APR of glycerol 

is a well-known process; the reaction stoichiometry is shown in the Eq. 7.2. 

C3H8O3 + 3H2O → 3 CO2 + 7 H2      Eq. 7.2 

However, neither 1,3-PDO nor 2-PO (or acetone) products were detected in the 

hydrogenolysis of glycerol under inert N2. This is an interesting fact that reveals that 

high availability of hydrogen is necessary for the glycerol conversion into those 

products. 

The APR reactions have a great importance in the hydrogenolysis of 1,3-PDO 

and, surprisingly, its conversion was higher than under H2 (46.4 % under N2 vs 23.9 % 

under H2). The gas formation represented the 44.8 % of the total products formed, 

which was mainly composed by propane (3.1 %), ethane (23.1 %), CO2 (1.2 %) and 

CH4 (17.4 %). The excess of hydrogen generated in the reactions promoted the C-C 

hydrogenolysis of 1-PO to ethanol and CH4, and further to ethane. The CO2 also reacted 

with hydrogen to yield CH4 [44]. This explains the high selectivity values towards 

cracking products, CH4 and ethane. In the liquid fraction, 1-PO was the major product 

(42.2 %). In addition, propanal and propionic acid were detected in the reaction 

products, which verifies the previously discussed formation of 1-PO and propionic acid. 

 
Fig. 7.14. Glycerol conversion (left) and product distribution (right), under H2 and N2 atmospheres (220 ºC, 45 bar of 

H2 or N2 and 16 h of reaction time). 
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In contrast to 1,3-PDO, the conversion of 1,2-PDO under N2 was lower than that 

obtained under H2. The main liquid products were 1-PO (29.7 %), acetol (22.7 %) and 

ethanol (17.8 %). Surprisingly, 2-PO was not among the reaction products, acetone was 

detected instead. It suggests, on the one hand, that higher amounts of hydrogen 

molecules must be provided in order to hydrogenated acetone into 2-PO, or that the 

chemical equilibrium was displaced to the acetone formation, under N2 atmosphere. 

Again, the gases represented a high percentage of the total products, 23.6 %. 

7.4 Overall reaction mechanism 

The necessity of Brönsted acidity for the production of 1,3-PDO was widely 

proved in the literature [45–47] as well as in our previous works. We obtained the 

highest selectivity towards 1,3-PDO at the tungstate surface density showing the highest 

B/L ratio (at 2.4 W at. nm-2) [19]. However, there are some important evidences 

suggesting that the amount of Pt and the interactions between Pt and WOx active sites 

also affect the formation of 1,3-PDO. The characterization and activity test results from 

that study allowed us proposing a reaction mechanism. The new evidences found in the 

present research leaded to a better understanding of the reaction pathways and some of 

their fundamental aspects. 

The new proposed mechanism (see Fig. 7.15) differs from the widely suggested 

dehydration-hydrogenation mechanism since it cannot explain the high selectivities 

towards 1,3-PDO (see Table 7.1). We propose that the WOx acid sites are involved in 

the hydrogenolysis of glycerol to 1,3-PDO by anchoring the primary hydroxy groups of 

glycerol according to our finding through ex-situ ATR-IR (section 7.3.1.2). A proton 

coming from a Brönsted acid site (provided by polytungstate species) protonates the 

internal hydroxy group of glycerol which possesses the highest proton affinity [48]. 

After dehydration, a secondary carbocation is formed.  

The carbocation is then attacked by a hydride specie coming from the heterolytic 

activation of molecular H2 on the Pt active sites [45,49]. At this point, the stabilisation 

and the fast hydrogenation of the secondary carbocation are of vital importance.  

The polytungstate species present on the catalyst take part in the carbocation 

stabilisation by delocalizing the negative charge required. The stronger adsorption over 

those species (rather than on the γ-Al2O3 support) may also be involved in the secondary 

carbocation stabilisation avoiding the releasing of the alkoxide before the hydride 
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attack. Furthermore, according to the results under H2 and N2 reacting atmospheres 

(section 7.3.3), the high availability of H2 and, therefore, hydride ions is indispensable 

in order to obtain 1,3-PDO. After the hydride attack, the hydrolysis of the alkoxide 

yields the 1,3-PDO compound. 

 

 
Fig. 7.15. Reaction mechanism proposed for the glycerol hydrogenolysis to 1,3-PDO. 

 

According to our activity test results, a different reaction mechanism for the 

formation of 1,2-PDO should be involved, in which the Lewis acid sites, mainly of the 

γ-Al2O3, are implicated (see Fig. 7.16). The interaction of glycerol with Lewis acid sites 

is affected by steric constrains [50], in contrast to the glycerol protonation discussed 

above. According to this, the terminal hydroxy group of glycerol is more likely to 

interact with the Lewis acid sites. The migration of the proton of the secondary carbon 

to the oxygen of the Lewis site could release 2,3-dihydroxypropene which further suffer 

a keto-enol tautomerisation to yield acetol. The hydrogenation of acetol released the 

1,2-PDO. This mechanism also explains the preferential formation of 1-PO rather than 

2-PO from 1,2-PDO. 
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7.5 Conclusions 

The in-situ ATR-IR spectroscopy has shown to be a powerful tool of catalyst 

characterisation since it could register the changes that a catalytic surface suffers during 

the reaction. It also allows characterising adsorbed molecules on heterogeneous 

catalysts in liquids with very strong absorbance, such as water, for which other 

conventional IR spectroscopies are not suitable. Although the measurements in water 

are still very hard, as this work highlighted, it was possible to measure in real-time the 

changes in adsorbed molecules/catalyst surface interactions as the reactant was 

consumed and the products were formed. Unfortunately, the similar nature of the 

majority of the products obtained in the glycerol hydrogenolysis, added an extra 

difficulty to this work: the product identification was very hard since all of them 

showed absorption bands at similar frequencies.  

The application of the ATR-IR technique to the adsorption of glycerol aqueous 

solutions over γ-Al2O3 and 9W provided mechanistic information about the initial 

adsorption step. Despite the adsorption seems to happen through the terminal hydroxy 

groups of glycerol over both catalysts, the adsorption strength seems to be stronger over 

the catalyst with WOx. This could contribute to stabilise the secondary carbocation 

formed during the hydrogenolysis of glycerol, before it is hydrogenated to 1,3-PDO.  

The necessity of a high hydrogen availability in the medium was evident in the 

experiments under N2 atmosphere, in which hydrogen was not provided externally. The 

high availability of Brönsted acid sites and the fast hydrogenation of the secondary 

carbocation seems to be the key parameters in order to boost the formation of 1,3-PDO. 

  

 

Fig. 7. 16. Reaction mechanism proposed for the glycerol hydrogenolysis to 1,2-PDO. 
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The current PhD thesis has focussed on a deep study of the glycerol 

hydrogenolysis over a novel catalytic system: the combination of the highly reducible Pt 

metal with the oxophilic W metal (in form of WOx), supported on alumina. The 

accomplishment of each of the parts of this thesis has allowed approaching to the main 

objective: the development of advanced catalytic systems for the selective aqueous 

phase C–O bond hydrogenolysis reactions. Although glycerol hydrogenolysis was 

chosen as the model reaction, all the knowledge developed along the research could be 

of great interest for its use in the valorisation of the more complicated biomass-derived 

polyols.  

In this Chapter 8 the most relevant conclusions achieved in each of the Chapters 

are summarized, and some interesting ideas for future research are suggested.     

 

The role of Pt and WOx active phases of the bimetallic Pt/WOx/Al2O3 

catalysts: 

This work proved that the bimetallic Pt/WOx/Al2O3 catalytic system was highly 

efficient for the selective C–O hydrogenolysis of glycerol to 1,3-propanediol (1,3-

PDO), and helped in the understanding of fundamental parameters of both, the catalytic 

system and the reaction. These are the main conclusions: 

1. The incorporation of WOx enhanced the total acidity of the γ-Al2O3 based 

catalysts, whereas Pt metal active sites were not acidic.  

2. The tungsten surface density (ρW) was found to be a crucial parameter on the 

catalytic behaviour, as it controlled the type of WOx species deposited on the 

catalyst surface, mainly: monotungstates, polytungstates and WO3 crystalline 

nanoparticles (WO3 NPs). The ratio of Brönsted to Lewis acid sites (B/L) 

increased with the ρW due to the polytungstate formation. These species are 

the unique able to delocalize the negative charge required for the formation 

of Brönsted acid sites. The B/L ratio increased with increasing ρW, until the 

emergence of WO3 NPs. 

3. The selectivity towards 1,3-PDO depended on the ρW: the maximum yield to 

1,3-PDO was achieved with the highest content of polytungstate species (2.4 

W at. nm-2) but before the appearance of WO3 NPs. The selective formation 

of 1,3-PDO is, therefore, related to the presence of highly dispersed, and 

accessible to reactants, polytungstate species.  
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4. The synergy between the acid sites of WOx and the metallic ones of Pt 

played a key role in the reaction. A larger interaction between Pt and WOx 

sites, or a closer proximity between them, was suggested to be responsible of 

the greatly enhancement of glycerol conversion and 1,3-PDO selectivity, at 

high Pt contents. 

Influence of the support of bimetallic Pt-WOx catalyst on glycerol 

hydrogenolysis: 

The results of this work allow a better understanding of the importance of some 

of the parameters involved in the glycerol hydrogenolysis to 1,3-PDO. Remarkable 

yields to 1,3-PDO were also achieved: 

5. The pseudo-boehmite support (pseudo γ-AlO(OH)) presented a high 

concentration of hydroxy groups on its surface as compared to γ-Al2O3, 

which allowed a higher ρW without the emergence of the undesired WO3 

NPs. These results indicated that the hydroxy groups are the preferential 

anchoring sites for the WOx species. 

6.  It was unequivocally demonstrated that the ρW, and not the W loading, was 

the parameter which controlled the formation of polytungstates, which are 

directly related with the Brönsted acid sites generation required for the 

selective 1,3-PDO formation.  

7. A balance between the acid and metal sites was found necessary in order to 

enhance the Pt-WOx interactions or the close proximity between these active 

sites. In this regard, Pt dispersion plays a key role. 

8. The best results were achieved with the 9Pt/8W/γ-Al2O3 (commercial 

support) catalyst. It showed a considerably high yield to 1,3-PDO of 35.0 % 

(in 24 h at 200 ºC and 45 bar of H2). 

Mechanistic study of the glycerol hydrogenolysis over Pt/WOx/Al2O3 

catalysts: 

Through the use of powerful characterisation tools, like attenuated total 

reflection infrared (ATR-IR) spectroscopy, together with the knowledge acquired from 

preliminary kinetic studies and from the experiments under N2 atmosphere, a novel 

reaction mechanism for the glycerol hydrogenolysis to 1,3-PDO was proposed. These 

are the findings which guided to the proposal of the mechanism: 
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9. The adsorption of glycerol on the active sites of the catalyst seemed to take 

place by the terminal hydroxy group/s of glycerol regardless the presence of 

WOx. However, the stronger adsorption strength over the catalyst with WOx 

was proposed to contribute in the stabilization of the secondary carbocation 

formed during the glycerol hydrogenolysis.  

10. In the experiments carried out under N2 atmosphere, the availability of 

hydrogen was quite limited and only 1,2-PDO, among both PDOs, was 

obtained. The high availability of hydrogen in the medium was, therefore, 

found necessary in order to lead to the 1,3-PDO formation. Therefore, the 

fast hydrogenation of the secondary carbocation formed after the adsorption 

of glycerol seems to be a key step in the selective production of 1,3-PDO.   

In a near future, the results of this work could be improved by increasing the 

hydrogen availability. One of the strategies carried out would consist in the use of 

hydrogen donors, such as 2-propanol which have already proved to be highly effective 

as a hydrogen source for the glycerol hydrogenolysis process to 1,2-PDO with different 

catalytic systems (based on Ni-Cu/Al2O3). 

Moreover, all the knowledge acquired in the glycerol hydrogenolysis over 

Pt/WOx/Al2O3 could be applied in the hydrogenolysis of biomass-derived polyols 

structurally analogous to glycerol, such as sorbitol and xylitol, greatly increasing the 

diversity of the biorefinery. Moreover, obtaining 1,3-PDO from these building blocks, 

which have not been obtained yet, could make the process greatly interesting. 
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APPENDIX: List of acronyms 

 

(IW/IAl)XPS Ratio of the W4f and Al2p photoelectrons 

(W/Al)bulk  Bulk W/Al atomic ratio 

1,2-PDO 1,2-propanediol 

1,2-PeD 1,2-pentanediol  

1,3-PDO 1,3-propanediol 

1,5-PeD 1,5-pentanediol  

1-PO  1-propanol 

2-MF 2-methylfuran 

2-MTHF 2-methyltetrahydrofuran 

2-PO  2-propanol 

3-HPA  3-hydroxypropanal 

A15  Amberlyst 15 

AIP  Aluminum isopropoxide, Al[OCH(CH3)2]3 

Al2O3  Alumina 

Alcom Commercial γ-Al2O3 

AlO(OH) Boehmite 

AlSG γ-Al2O3 prepared by SG 

AlSG’ γ-AlO(OH) prepared by SG 

APR  Aqueous phase reforming 

ASA  Amorphous silico-alumina 

ASA Amorphous silico-alumina 

ATR-IR Attenuated total reflection infrared 

B/L  Brönsted/Lewis ratio 

BET  Brunauer-Emmett-Teller 

BJH  Barrett–Joyner–Halenda 

CsTPA  Cesium salt of 12-tungstophosphoric acid 

CTH  Catalytic transfer hydrogenation 

Cu2Cr2O5 Copper chromite 

CVI Chemical vapour impregnation 

DFT  Density functional theory  
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DMI  1,3-dimethyl-2-imidazolidinone  

DMO Dimethyl oxalate 

DOE Department of Energy 

EDS  Energy-dispersive X-ray spectroscopy 

EG  Ethylene glycol 

EIA United States Energy Information Agency 

EXAFS Extended X-Ray Absorption Fine Structure  

FID  Flame ionization detector  

FTIR  Fourier transform infrared 

GC  Gas chromatograph  

GHG Greenhouse-gases  

H2-TPR Temperature programmed reduction of H2 

HDO Hydrodeoxygenation 

HLT Hydrotalcite 

HSiW  12-tungstosilicic acid, H4SiW12O40 

HV  High vacuum  

ICP-OES Inductively coupled plasma optical emission spectrometry 

IEA International Energy Agency 

IR Infrared 

IRE  Internal reflection element 

K-M Kerkhof-Moulijn  

MCT  Mercury cadmium telluride 

MW Atomic weight of W in the final catalyst 

m-WO3 monoclinic-WO3 phase 

NA Avogadro number 

Nb2O5  Niobia  

NOx Nitrogen oxides  

NPs  Nanoparticles 

OECD Organization for Economic Cooperation and Development 

PDF  Power diffraction files 

PDOs  Propanediols 

PTT  Polytrimethylene terefphtalate 

PyH+ Pyridinium ion 

Qinit Initial differential heat of NH3 adsorption 
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rp Average pore ratio 

RTP Room temperature and pressure 

SBET Surface area calculated by Brunauer-Emmett-Teller method 

SEM Scanning electron microscopy 

SG Sol-gel  

Ssample SBET of the sample 

TCD Thermal conductivity detector 

TEM Transmission electron microscopy 

TGs Triglycerides 

TPA 12-tungstophosphoric acid 

TPD-NH3 Temperature-programmed desorption of NH3

Virr Irreversible volume of NH3

Vp Pore volume 

Vtot Total number of acid sites 

WI Wetness impregnation 

WS Water spectrum subtracted from the glycerol loaded sample 

XPS X-ray photoelectronic spectroscopy  

XRD X-ray diffraction 

xW Mass fraction of W in the final catalyst 

xWO3 Mass fraction of WO3 

ZnSe Zinc selenide 

ZrO2 Zirconia 

ρW Tungsten surface density 

ρW
lim Maximum tungsten surface density before the WO3 NPs 

formation 








