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Resumen

Este trabajo presenta la producci n de H , por € reformado con vapor de glicerol, sobre xid os
mixtos tipo fluorita de Ce-Zr-(Ru/Rh) y Ce-Zr-Co-(Ru/Rh). Se evalu €l efecto de la fase activa (Co,
Co-Ru, Co-Rh); la carga de metal noble (0,5%p/p, 1,2 %p/p) y la relaci n mAsica CeQ/ZrO,
(0,65/0,35, 0,8/0,2, 0,2/0,8). La caracterizaci n d e los xidos mixtos mostr que la presencia de los
metales nobles favoreci las propiedades redox, disminuyendo la temperatura de reducci n. Los
resultados de reactividad mostraron que la presencia del metal noble (Ru/Rh) aument
considerablemente la actividad y estabilidad catal tica con respecto los xidos Ce-Zr y Ce-Zr-Co. El
incremento en la cantidad de metal noble no present mayor influencia. El aumento en € contenido de
Ce tambi@n favoreci la producci n H ,. La comparaci n de las series hom logas de Ruy Rh indic
que los xidos de Rh presentan un mejor desempesso catal tico, siendo € xido Co-Rh rico en cerio
(Cey50Zr0,01C00.47RN0,030s.5), € que present el rendimiento hacia H , mAs ato, durante un mayor

noanero de horas (7h).

Palabras clave: Reformado con vapor, glicerol, hidr geno, xidosmi xtos, biodiesel

Abstract

The H, production by glycerol steam reforming (GSR) using fluorite type mixed oxides of
Ce-Zr-(Ru/Rh) and Ce-Zr-Co-(Ru/Rh) is presented in this work. The effect of the active phase
(Ru, Rh, Co-Ru, Co-Rh), the amount of the noble metal (0.5% wt, 1.2 % wt), and the mass
CeO,/ZrO;, ratio (0.65/0.35, 0.8/0.2, 0.2/0.8) were evaluated. The catalysts characterisation before
test showed that the introduction noble metals favoured the redox properties of the mixed oxides
by lowering the temperature of reduction. The redox properties were aso enhanced by the higher
amount of Ce in the mixed oxide. The presence of noble metals (Ru/Rh) increases the catalytic
activity and stability compared to Ce-Zr and Ce-Zr-Co catalysts. The increase in the amount of
noble metal did not present a significant change but the increase in the Ce amount enhanced the
stability and selectivity towards H,. The comparison between equivalent series of Ru and Rh
catalysts shows that the Rh oxides exhibit a better catalytic behaviour. The catalyst with the best

performance towards the production of H, was the Ce-Zr-Co-Rh mixed oxide rich in cerium.

Keywords: Steam reforming, glycerol, hydrogen, mixed oxides, biodiesel






Resumen Extendido

La producci n de hidr geno a partir de glicerol es un proceso que considera dos problem/Eticas
actuales: la producci n de hidrogeno a partir de fu entes renovables, y la valorizaci n de glicerol co-
producto de la producci n de biodiesdl.

La creciente producci n de biodiesel ha generado gr andes cantidades de glicerol crudo, raz n
por la cua se han planteado diversas alternativas de valorizaci n de este co-producto. Dentro de las
diversas alternativas se destacan las reacciones de hidrogen lisis, para la producci n de propilenglic ol,
etilenglicol y Acido |Actico; la reacci n de oxidam, para la producci n de Acido glic@rico, Acido
hidroxipiruvico e dihidroxiacetona; reacciones de polimerizaci n, parala producci n de poliglicerol y
los respectivos esteres; y las reacciones de pirolisis, oxidaci n y reformado, para a producci n de
hidr geno, entre otras.

Laproducci n de hidr geno por e reformado con agu a de glicerol es un temade investigaci n
gue aom se encuentra en desarrollo. La reacci n global puede representarse como se muestra a
continuaci n:

CaHgO3 + 3H,0 — 3CO, + 7H, Reacci n 1

No obstante, al igual que para varios sistemas de reformado, se ha observado que tambi@n
ocurren las reacciones de descomposici h (Reacci n 2), water gas shift (Reacci n 3) y metanaci n

(Reacci n 4).

CsHgO; - 3CO+4H, Reacci n 2
CO+H,0 = CO,+H, Reaccin 3
CO+3H, = CH;+H,O Reacci n 4

El reformado con agua de glicerol ha sido estudiado tanto en fase liquida como en fase
gaseosa. En fase liquida, €l grupo de Dumesic y colaboradores ha identificado tres caracter sticas
importantes para la producci n selectivade hidr ge no por e reformado de glicerol:

e unae€levada capacidad de larupturade los enlaces C-C y C-H,
e unabgaafinidad por larupturadel enlace C-O, y finamente
e unabgjaafinidad por laaquilaci n.

En el reformado con vapor de glicerol, adem/Zs de ess caracter sticas, una alta movilidad de
oxigeno y una fuerte interacci n metal activo-sopor te, ser an requeridas con € fin de disminuir la

elevadaformaci n de dep sitos de carb n.



Este trabajo presenta el estudio de la producci n d e hidr geno por € reformado con vapor de
glicerol, sobre xidos mixtos tipo fluorita de Ce-Z r y Ce-Zr-Co. Los xidos mixtos tipo fluorita, son
xidos que se destacan por una alta movilidad de ox geno, factor clave para la gasificaci n de
productos intermedios y dep sitos de carb n que pue dan formarse en el transcurso de la reacci n.
Adem/AEs para los xidos mixtos Ce-Zr-Co, la interacd n entre la fase activa y € soporte se ve

favorecida, dado que parte del Co se encuentra integrando la estructura fluorita.

Tres variables fueron evaluadas principalmente en e estudio del reformado con vapor de

glicerol utilizando xidos mixtos tipo fluorita Ce- Zr (CZ) y Ce-Zr-Co (CZCo):

(i) Laintroducci n de un metal noble (CZRu, CZCoRu, CZ Rh, CZCoRh)
(i) Lainfluencia del metal noble como tal. Comparaci n Ruy Rh, y finalmente
(iii) Lavariaci n en larelaci n CeO ,/ZrO, en xidos mixtos CZCoRh, comparando |os resultados

de un catalizador Rico en cerio (R: 0,80/0,20), un catalizador con una proporci n Intermedia
(I: 0,65/0,35) y un catalizador Pobre en cerio (P: 0,20/0,80).

Los diferentes xidos mixtos utilizados en lareacc i n de reformado fueron sintetizados por €l
m@todo pseudo sol-gel. Las tdcnicas de caracterizacn utilizadas fueron: BET, DRX, espectroscopia
Raman, TEM, TPR, TPO, TPD-H,. A partir de estos resultados € efecto de las variables de estudio
sobre la superficie de los catalizadores (global-BET, met/Aica- TPD-H); la fase cristalina (DRX,
Raman), y las propiedades redox (TPR, TPO) fue determinado.

Por DRX y espectroscopia de Raman se observ que to dos los xidos mixtos sintetizados
presentaron una estructura cristalina tipo fluorita. En el caso de los xidos mixtos que conten an
cobalto, se observ adem/Es la formaci n de una estructura espinela CosO,, indicando que parte del
cobalto no seintegr efectivamente en e oxido mix to.

Por BET, se observ que la presencia del metal nobl e (Ru/Rh) aument € Aerea BET de los
xidos mixtos sintetizados, efecto que fue mucho mAS pronunciado para los xidos mixtos
monometAElicos que paralos xidos bimetZHicos. Degual forma, con e incremento en el contenido de
cerio enlos xidos mixtos CZCoRh se observ un aum ento en el Area BET.

De acuerdo a las medidas de Area met/Elica (TPD-$ se pudo establecer que la presencia del
metal noble no tiene unainfluencia significativa en esta propiedad. Por € contrario, se observ que €l
incremento en la cantidad de cerio incrementa la superficie met/Hica.

Los resultados de TPR mostraron a nivel genera que la presencia de los metales (Co, Ru, Rh),
favorece la reducci n del oxido mixto, disminuyendo la temperatura de reducci n. Este efecto, como
se esperaba, fue mucho mAs pronunciado para los xidos que conten an metales nobles, que para €

xido CZCo. Paralos xidos bimet/Elicos (CoRu, CoRh) un efecto adicional fue observado, en donde

el porcentgje de cerio reducido aument considerabl emente. Este efecto fue atribuido a una acci n



cooperativa entre e cobalto que se encontraba inserto, formando parte de la estructura fluorita, y €l
metal noble, que facilitabala adsorci n del hidr g eno.

La reoxidaci n de los xidos mixtos fue determinada por TPO luego de un proceso de
reducci n hasta 700 C. De acuerdo con los resultad os, la reoxidaci n de los xidos que conten an Ru
fue mAEs dif cil a comparaci n de los catalizadores con Rh 0 solo Co. Para estos adtimos el estado
inicial fue obtenido luego del tratamiento de oxidaci n, mientras que para los catalizadores CZCoRu
lareoxidaci n completa no fue posible bajo las con diciones del ensayo.

La influencia del contenido de cerio en las propiedades redox tambi@n fue determinada. Se
observ que la reducibilidad del xido mixto se ve favorecida con una proporci n intermedia (1) de
cerio, en donde la cantidad de Zr es la suficiente para favorecer la movilidad de oxigeno, pero no
sobrepasa los | mites en donde se pierden las propi edades del cerio como tal. Finalmente, por series de
pulsos de H,/O,, se observ que la capacidad de reoxidaci n del x ido mixto pobre en cerio (P) fue

considerablemente reducida a comparaci n delos xi dos mixtos con un contenido en cerio intermedio
(D yrico (R).

Inicialmente, € reformado con vapor de glicerol se estudi a nivel termodinfEmico. La
influencia en la distribuci n de las especies en € equilibrio con respecto a la temperatura, larelaci n
aguagliceral y la restricci n de los principales p roductos de reacci n, fue determinada. A partir de
este estudio, la relaci n agua:glicerol se estableci en 9:1 y cuatro temperaturas fueron seleccionada
para € estudio experimental (450 C, 550 C, 600 C y 650 C). Finalmente, tambi@n se observ que,
de acuerdo ala minimizaci n de la energ alibre de Gibbs en el equilibrio y con larestricci n de los
productos principaes de reacci n (H ,, CO,, CO y CH,), es la deshidrataci n de glicerol la que se
encuentra favorecida, promoviendo como consecuencia la formaci n de productos como la acrole na,
acido acdtico, etileno, acetaldeh do y formaldehidq entre otros.

Experimentalmente e reformado con vapor de glicerol se estudi en un reactor recto de lecho
fijo. Diferentes par/Emetros fueron definidos para & evaluaci n de los resultados de reacci n:
conversi n global de glicerol (X), conversi nde gl icerol hacia productos en fase gas (Xg), convers n
de glicerol hacia productos condensables o productos recuperados en fase liquida (X, ), la fracci n de
gliceral convertidaen dep sitosdecarbn ( X), y finalmente, la producci n de hidr geno, expre sada
como moles de H, producidas por moles de glicerol introducidas. La distribuci n de los productos en

las fases no condensable (gaseosa) y condensabl e, fueron igual mente estudiadas.

El efecto de la temperatura fue estudiado experimentalmente utilizando catalizadores de
CZCoRu y CZCoRh. Para las cuatro temperaturas evaluadas (450 C, 550 C, 600 Cy 650 C), se
observ que la producci n de hidr geno se favoreci  a las temperaturas m/Es elevadas (600 C y 650
C), y solamente a 650 C la producci n de hidr gen 0 esperada termodin/Emicamente fue obtenida

durante las 6h de reactividad (6,06 mol H.. molg|y,m'1). De acuerdo a estos resultados tambi@n se

\



estableci que € incremento en la temperatura favo rece la conversi n de glicerol preferiblemente a
productos no condensables (Xg), con una consecuente disminuci n en la conversi n  hacia productos

condensables (X,) y enlaformaci ndedep sitosdecarbn(  X).

7 1 El efecto de la introducci n de un
Thermodynamic ) )

6 R oy~ ———- metal noble en los xidos mixtos CZ y CZCo,
r".g_ 5 - permiti concluir que la producci n selectiva
?E(;D 4 - de H, por el reformado con vapor de glicerol
If“ 3 - requiere de una fase met/Alica. En el caso del
g 2 | catalizador CZ, desde las primeras horas de

1- S350 reacci n la producci n de H , fue muy inferior

0 e e AP en comparaci n a la producci n observada con

0 5 10 15 20 25 |os otros catalizadores sintetizados, en donde
Time(h
") se encontraba una fase met/Elica presente (Ver
Figura 1. Evoluci n de laproducci nde )
H,a650 C utilizando: ( )CZ, ( )CZCo, ( ) figural).

CZRhy( ) CZ'CoRh

El anAiss de las diferentes conversiones permiti establecer que, independientemente de la
producci n de H ,, para todos los xidos mixtos sintetizados la conv ersi n global de glicerol fue
superior a 80 % durante las primeras horas de reacci n. La presencia de una fase met/Hica present
una influencia m/As significativa pero en la proporcn de la conversi n hacia productos no-
condensables (Xg) frente a los productos condensables (X,), favoreciendo la formaci n de los
primeros.

El incremento en producci n de H, y en Xg fue aun mAs promovido en € caso de los
catalizadores bimet/Elicos, CZCoRu y CZCoRh, con repecto a los catalizadores monomet/Elicos. Con
relaci n alos catalizadores monomet/ZElicos, € ordan descendente de actividad fue el siguiente: CZRh
> CZCo > CZRu.

La distribuci n de los productos de reacci n, tanto no condensables como condensables, fue
determinada para los diferentes ensayos experimentales. En el caso de los productos no condensables,
la distribuci n se present como la formaci n de lo s diferentes compuestos por mol de glicerol
transformado en fase gas (no condensables). En la mayor a de los ensayos, se destac |a presencia de
dos zonas estables de distribuci n: la primera, Zona A, a elevadas producciones de H, (> 6 mol
Hz.moIGw,conv'l), y la segunda, Zona B, a bajas producciones de H, (< 3 mol H2.moIG,y,com,'l) (Ver figura
2).

EnlaZona A, X¢ present valores cercanos a 100% y adem/Es de la déevada formaci nde H ,

tambi@n se observ laformaci n de CO,, COy CH,. EnlaZonaB, X present valores inferiores a

Vi



25 %y laformaci nde H , y CO, disminuy con un aumento simult/Eneo en laformaci n de CO, CH,

y especiamente C,H,.
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Figura 3. Evolucin a 650 C de balance de
AtomosH contenidos en los productos no
condensables utilizando: ( ) CZ, ( ) CZCo, ( )
CZRhand ( ) CZ'CoRh.

Figura 2. Evoluci n en el tiempo a 650 C de( )
Xe Yy la produccin por mol de dlicerol
transformado en fasegasde ( ) H,, ( ) COy ()
CO,( )CH4y( ) CyH. Catalizador CZ'CoRh.

El cAculo de ncamero de Atomos de hidr geno contédos en 1os productos no condensables
tambi@n fue realizado para los diferentes ensayos eperimentales (Ver figura 3). En este caso, la
formaci n de dos zonas de estabilidad tambi@n fue observada para algunos de los catalizadores. En la
Zona A, e noamero de A&tomos-H calculado correspondia 12 aproximadamente, mientras que para la
Zona B este valor disminuy hasta 8. En el caso del xido mixto CZ, este par/Emetro siempre se
mantuvo alrededor de 6.

De acuerdo con el balance de A&tomos-H se observ que en la Zona A, este valor correspondi
alareacci n de reformado con vapor de glicerol, e n donde los AAtomos-H tanto del glicerol (GHsOs)
como |los provenientes del agua (H,O) reaccionaban. En la Zona B, por el contrario, se observ que €
noamero de AAtomosH contenidos en los productos no ondensables correspondi  omicamente al
naamero de A&tomos H de la mol@cula de glicerol (§4503), indicando que es solamente la reacci n de
descomposici n de glicerol laquetiene lugar.

La actividad catal tica fue relacionada entonces con la capacidad del catalizador de activar €l
agua favoreciendo de esta formala producci n selec tiva de H,. En el caso del efecto de laintroducci n
de un metal noble se observ que tanto en el caso d e |os catalizadores de Ru como Rh, la producci n
de H, se vio favorecida, y en una comparaci n entre los catalizadores @stos se observ que fueron los

catalizadores de Rh los que presentaron un mejor comportamiento catal tico.

Vi



En el caso delavariaci ndelarelaci n Ce/Zr, se observ que € aumento en cantidad de cerio
favoreci la producci n de hidr geno y el tiempo a elevadas producciones de H, tanto en la Zona A
como en laZonaB.

Los resultados de |os ensayos experimentales utilizando catalizadores fueron comparados con
resultados obtenidos utilizando materiales inertes como lana de cuarzo, cuarzo molido, y carburo de
silicio (SIC), que fue e material habitual de diluci n. El an/Elisis de estos resultados permiti
establecer que adem/Es del componente catal tico, enel reformado con vapor de glicerol a 650 C
existe una componente tdrmica que tambi@n promuevela descomposici n de glicerol, con la
producci n principa de C ;H,y CO, y en menor proporci ndeH ,y CH,.

En € caso de los productos condensables o recuperados en fase liquida, € principa producto
fue la hidroxiacetona, y en menor proporci n fueron detectados acetaldeh do, acrole nay metanol. De
acuerdo a su distribuci n en los diferentes tiempos de recuperaci ny alas diferentes observacionesd e

los productos no condensabl es se establecieron las posibles rutas de reacci n (Ver figura4).

e == H CCHy D o T 50 D
HO » TH

G & g
I el o

Figura4. Esquematizaci n de las diferentes rutas d e reacci n en el reformado con vapor de glicerol.

Inicialmente dos rutas fueron propuestas. (i) la primera en donde se plantea una
transformaci n directa de glicerol en H ,, CO,, COy CHyg; v (ii) la segunda ruta en donde el glicerol es
transformado inicialmente en productos condensables (hidroxiacetona, acrole na, acetaldeh do) y esla
transformaci n de dichos productos condensables de donde se generan H,, CO,, COy CH,.

Por cualquiera de las dos rutas planteadas de reacci n, esla activaci n del agua la que permite
la formaci n de H ,. Cuando el catalizador pierde parte de su actividad inicial, laformacinde H, y
CO, disminuye, indicando que la capacidad de activar el H,O, y por consiguiente de llevar a cabo la
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reacci n de WGS, tambi@n disminuye progresivamente. En este momento se pasa de un sistema de

reformado con vapor de glicerol, Zona A, a un sistema de descomposici n de glicerol, ZonaB.

De acuerdo con los resultados de caracterizaci n de spuds de reacci n se observ que una de
las principales causas de desactivaci n es laformaci n de dep sitos de carb n durante la reacci n de
reformado. Por HRTEM, diferentes tipos de dep sitos de carb n fueron observados. Por TPO despuds
de reacci n, los picos de formaci n de CO , a diferentes temperaturas fueron explicados con relaci n a
la localizaci n de dichos dep sitos, en donde la fo rmaci n a elevadas temperaturas (700 C) fue
atribuida a la formaci n de depsitos de carbn sob re e soporte y la(s) formaci n(es) a bajas
temperaturas (< 550 C) fue atribuidaalaformaci n de dep sitos de carb n en cercan as de part culas
met/Hlicas.

Con € fin de aumentar la producci n de H,, en este caso desde un punto de vista de
mejoramiento del proceso y no desde € punto de vista de mejoramiento del catalizador, ensayos
ulteriores fueron realizados utilizando €l catalizador que present & mejor comportamiento catal tico
(CZRCoRh). Como resultados sobresalientes se observ qu e la producci n de H , se favorece: (i)
promoviendo €l reformado de los productos de descomposici n de glicerol, mAs no el del reformado
directo del gliceral; y (ii) con laintroducci n de pequessas cantidades de oxigeno (0.36 relaci n molar

OJ/gliceral), ayudando a oxidar los dep sitos de carb n que se forman durante la reacci n.
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INTRODUCTION

The increase in the biodiesel production, derived by different governmental policies', has
created a glut of glycerol in the market’. The excess of glycerol has led to new researches in order to
transform and what is more important valorise the glycerol coming from the biodiesel production®.

The production of hydrogen by glycerol steam reforming is an alternative proposed to valorise
the glycerol originated from the biodiesel production as well as an alternative of H, production from
the residual fraction of a global process (biodiesel production). This process follows the novel concept
of biorefinery”, where biomass is attempt to fulfil the place of crude oil in the conventional refineries,
obtaining a spectrum of valuable products (including H,) and fuels.

So far, few works have been performed in H, production from glycerol steam reforming®”.
There is till a scope for finding an efficient catalyst for the process®. The reaction conditions are not
yet well defined, varying the reaction temperature (350 C to 700 C), the water to glycerol feed rati o
(12:1), GHSV, etc. Besides, the formation of carbon deposits has been reported as amajor problem.

In this research project, glycerol steam reforming was studied for selective hydrogen
production using Ce-Zr-Co fluorite type mixed oxides as catalysts. In these mixed oxides the
integration of the active phase to the host struc ture (support) enhances the metal -support interaction,
reducing the sintering effect and consequently decreasing the formation of carbon deposits®®.
Furthermore, the well known properties of oxygen storage-release of Ce-Zr oxides can aso help to the
gasification of carbon deposits formed during the reforming reaction'®'. The beneficia effect of a

noble metal introduction in the Ce-Zr and Ce-Zr-Co catalytic behaviour was also considered.

|.1 Biorefinery

1.1.1 Biomass and Biofuels

Biomass is a renewable feedstock, clean, with neutral CO, generation and high availability™.
Biofuels are considered then, the fuels coming from biomass resources transformation.
The transformation of biomass proceeds mainly by two types of processes: thermo-chemical

processes and biological and chemical processes (Figure I.1)*. In the thermo-chemical processes four

! The Promotion of the Use of Biofuels or Related other Renewable Fuels for Transport, EU Directive 2003/30/EC of the
European Parliament and the Council of 8 may 2003.

2 K.S. Tyson, J. Bozell, R. Wallace, E. Petersen, and L. Moens. 2004. Biomass Oil Analysis. Research Needs and
Recommendations. NREL/TP-510-34796.

3 C.-H. Zhou, JN. Beltramini, Y .-X. Fan, and G.Q. Lu, Chemica Society Reviews 37 (2008) 527-549.

4 S. Fernando, S. Adhikari, C. Chandrapal, and N. Murali, Energy & Fuels 20 (2006) 1727-1737.

5 p.Ramirez de la Piscina, and N. Homs, Chemical Society Reviews 37 (2008) 2459-2467.

5P.D. Vaidya, and A.E. Rodrigues, Chemical Engineering & Technology 32 (2009) 1463-1469.

”'s. Adhikari, S.D. Fernando, and A. Haryanto, Energy Conversion and Management 50 (2009) 2600-2604.

8J.C. Vargas, F. Sternenberg, A.C. Roger, and A. Kiennemann, Chem. Eng. Trans. 4 (2004) 247.

9J.C.Vargas, S. Libs, A.-C. Roger, and A. Kiennemann, Catalysis Today 107-108 (2005) 417-425.

A, Trovardli, F. Zamar, J. Llorca, C.d. Leitenburg, G. Dolcetti, and J.T. Kiss, Journal of Catalysis 169 (1997) 490-502
D, Duprez, C. Descorme, T. Birchem, and E. Rohart, Topicsin Catalysis 16-17 (2001) 49-56.

12 A.J. Ragauskas, C.K. Williams, B.H. Davison, G. Britovsek, J. Cairney, C.A. Eckert, W.J. Frederick Jr, J.P. Hallett, D.J.
Leak, C.L. Liotta, JR. Mielenz, R. Murphy, R. Templer, and T. Tschaplinski, Science 311 (2006) 484-489.
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reactions are principaly evaluated: gasification, pyrolysis, liquefaction and combustion. For the

biological and chemical processes three main routes have been included: hydrolysis and fermentation,

esterification and fermentation'*2°.

e e e N
Agricultural Forestry Vegetable |
Woad solidwastes  residues s oils 1
i LoLo -4 Lol S
! 2
" Thermo-chemical | " Chemical and Biological |
| |
v ¥ v v
Pyrolysis Gasification quuefactlon Combustlon Hydrolysis  Esterification Fermentatlon
L\v Fermentatl on Hv
FT-diesel t\L Ethanol BIO gas
hydrogen Bio-ethanol
Methanol/
DME Hydrogen diesel

Figurel-1. Fuels from biomass

Bioethanol, biodiesel and hydrogen can be obtained by both types of the processes. Bioethanol
and biodiesd are the two biofuels most used nowadays, since bioethanol is successfully blended with
gasoline, and biodiesel is successfully blended with diesel, both obtained from fossil resources.

1.1.2 Biorefinery

Biorefinery is an overall concept of a processing plant where biomass feedstock are converted
and extracted into a spectrum of valuable products*>"’. This concept is based on the petrochemical
refinery. The objective of the biorefinery is to convert biomass into variety of chemicals, biomaterials
and energy, maximising the value of the biomass and minimising waste™

Biorefineries have been categorised in three types depending on its flexibility of feedstock,

process capabilities and product generation™*®

. Phase | is the simplest type of biorefinery. It does not
present flexibility in any of the characteristics mentioned before, meaning it comprises a single
feedstock, it includes a single process and it produces a single major product (i.e. Biodiesel process,
pulp and paper mills, and corn grain- to ethanol plants). Phase Il biorefinery, as well as Phase I,
comprises only a single feedstock, but it includes multiples processes and multiple major products (i.e.
Roquette). Finaly, Phase Il is the most complex type of biorefinery, presenting multiple feedstock,

multiple processes and multiple mgjor products.

13 A. Demirbas, Progress in Energy and Combustion Science 33 (2007) 1-18.

14 N.Z. Muradov, and T.N. Veziroglu, International Journal of Hydrogen Energy 33 (2008) 6804-6839.

18 3, Xuan, M.K.H. Leung, D.Y.C. Leung, and M. Ni, Renewable and Sustainable Energy Reviews 13 (2009) 1301-1313.
16 C. James, and F. Deswarte. Introduction to chemicals from biomass (2008) Wiley

M. Kleinert, and T. Barth, Energy & Fuels 22 (2008) 1371-1379.
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In summary the main goal of a biorefinery has been defined as the production of high-value
low-volume chemicals (HVLV) and ssmultaneously the production of low-value high-volume fuels
(LVHV)**, Bioethanol and biodiesel are LVHV fuels, both already used in transportation. In the case
of biodiesel the principal co-products is glycerol, whose further commercialisation would make of

biodiesd production a good example of phase Il biorefinery.

|.2 Biodiesel production

Biodiesdl is the commercial name given to the esters produced by transesterification reaction
between triglycerides (vegetable oils) and an alcohol, usualy in the presence of abasic or acid catalyst
(Figure 1-2)*.

R,-COO-CH, Cadys R,-COOR HO-CH,
R,COO-CH +3ROH === R,-COOR + HO-CH
R3-COO-CH, = R,-COOR HO-CH,
Triglyceride  Alcohol Methyl esters

L7

Figure|-2. Transesterification reaction

During the transesterification, the different types of triglycerides, derived from different types
of feedstock like palm, soy or rapeseed, are transformed to their respective ester and as co-product
glycerol is formed®. For each mole of biodiesel formed one mole of glyceral is produced, which
corresponds approximately to 10 wt. % of the amount of biodiesel produced.

Transesterification can be performed using methanol, ethanol, propanol, butanol and amylic
acohol™. Methanol is the most used in the commercial processes because of its higher reactivity.
Ethanol can also be used, but the ester purification seems to be more difficult in comparison to the
purification of the methyl-esters. On the other hand, methanol is principally produced from natura gas

and coal (fossil resources), while the production of ethanol from renewable sources is well known™.

The commercial process of biodiesel production is presented in Figure 1.3.

Biodiesel production can be performed in severa ways. In acommercial process the alcohol is
mixed with the catalyst and then the mixture is added to the oil at temperatures dightly lower than the
boiling temperature of the alcohol. An excess of alcohol is always used in order to shift the reaction to

the esters production®.

18 5. Fernando, S. Adhikari, K. Kota, and R. Bandi, Fuel 86 (2007) 2806-2809.

19 A. Demirbas, Energy Conversion and Management 50 (2009) 14-34.

2 JM. Marchetti, V.U. Miguel, and A.F. Errazu, Renewable and Sustainable Energy Reviews 11 (2007) 1300-1311.
2L JV. Gerpen, Fuel Processing Technology 86 (2005) 1097-1107.
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FigureI-3. Representation of commercial biodiesel production process

Following the reaction, the product stream is separated by decantation, because of the low
solubility of glycerol in the esters. Two fractions are obtained after decantation: a light fraction that
mainly contains biodiesel; and a heavy fraction that is a mixture of glycerol, the excess of alcohol and
the catayst (NaOH, KOH) used in the transesterification. The heavy fraction can aso contains
unreacted mono- di- and tri- glycerides, water, soap, esters, and other organic materials depending on
the specific process and the nature of the feedstock %%, Both of the recovered fractions, pass through
several purification stages to finally obtain what is commercialised as biodiesel and, depending on the
established purification process, refined glycerol or crude glycerol.

Crude glycerol (80-95% glycerol) is obtained after neutralising and recycling the heavy
fraction from biodiesel production in order to remove the excess of alcohol, the remaining catalyst and
soap. Refined glycerol implies further purification like vacuum distillation or ion exchange

processes™, procedures that are expensive and not always accessible to small biodiesel producers.

Biodiesel production can be achieved by aternative routes, using enzymes as cataysts or
using supercritical fluids™. For these processes, the recovery of glycerol is easier as well as the
purification procedures after reaction® but the production cost remains high. Therefore, the problems

related to the purification stages will be minimised.

The increase in biodiesel production entails the increase of glycerol availability. On the other
hand, the improvement on the effectiveness of biodiesel production is focused on the valorisation of
the glycerol co-produced®. Glycerol is a large versatile product that can be used as additive as well as
feedstock for the synthesis of new products®. However, it must be considered the cost/benefit ratio

2 C.-W. Chiu, M.J. Goff, and G.J. Suppes, AIChE Journal 51 (2005) 1274-1278.

B ]J.C. Yori, SA. D'lppolito, C.L. Pieck, and C.R. Vera,Energy & Fuels 21 (2006) 347-353.
2 X. Fan, R. Burton, and Y. Zhou, The Open Fuels & Energy Science Journal (2010) 17-22.
% 3, Claude, Lipid 101 (1999) 101-104.
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between the subsequent use of glycerol and the flexibility in the glycerol purity that has to be used
(refined or crude glyceroal).

.3 Glycerol valorisation

Glycerol is a highly functionalised molecule. Its specific physical and chemical properties
made of it arealy attractive molecule platform, where a large number of top-value chemicals can be
obtained®. Glycerol can be used as an additive in several products as well as feedstock for several
processes™, as it was commented before. The distribution of the glycerol market” is presented in
Figurel-4.
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FigureI-4. Digtribution of glycerol uses

Approximately 51 % of glycerol is used as additive. Most of the direct uses of glycerol mainly
derive from its properties like moisturizing agent, emollient agent (softener) and sweetener. Because
of its character nontoxic, no irritating and odourless, it is easy to include in severa final product
formulations. In cosmetics and pharmaceutical industry glycerol is widely used as additive for
toothpaste, deodorants, personal care products, etc. A similar scenario is presented for the food
industry where glycerol is used as sweetener and al so as conserving agent for food and beverages.

The others current uses of glycerol (Figure 1-4) are related to different chemical
transformations in the synthesis of valuable chemicals. The multifunctional structure of glycerol can
be exploited by severa different routes and a very large number of products could be derived from
glycerol®®. In Figure I-5 are presented some proposed alternatives for glycerol valorisation with their
respective reaction pathways'>?%*°.

% A Behr, J. Eilting, K. Irawadi, J. Leschinski, and F. Lindner, Green Chemistry 10 (2008) 13-30.

2" M. Pagliaro, and M. Rossi, The Future of Glycerol: New usages for a versatile raw material RSC Publishing, Cambridge,
2008, 170.

2 A. Corma, G.W. Huber, L. Sauvanaud, and P. O’ Connor, Journa of Catalysis 247 (2007) 307-327.
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FigureI-5. Main processes and products of glycerol valorisation.

One of the most important alternatives for glycerol valorisation is the production of ethylene
glycol (EG) and propylene glycol (PG) by hydrogenolisis®. By this reaction pathway lactic acid can
also be produced. EG and PG are widdly used as antifreeze fluids. They are also important in the
production of polymers and resins. Lactic acid could be interesting for the production of polylactic
acid.

Selective oxidation of glycerol could lead to the production of glyceric acid, hydroxypiruvic
acid, and dihydroxyacetone, among others. Glyceric acid and dihydroxyacetone are the most important
chemicals that can be obtained by this pathway®. Both are considered as potentially chelating agents
that can be used as intermediates in the synthesis of fine chemicals and polymers.

The production of poliglycerols and their respective esters is a new branch of investigation
where the objective is to base products for surfactants (biodegradable), lubricants, cosmetics, etc.>*.

Another aternative for glycerol valorisation is the production of hydrogen®*. Hydrogen can

be produced from glycerol by pyrolysis®®, gasification® or reforming®*"processes. For pyrolysis and

% M.O. Guerrero-Perez, JM. Rosas, J. Bedia, J. Rodriguez-Mirasol, and T. Cordero, Recent Patents on Chemical
Engineering 2 (2009) 11-21

% E.P. Maris, and R.J. Davis, Journal of Catalysis 249 (2007) 328-337.

31 JM. Clacens, Y. Pouilloux, and J. Barrault, Applied Catalysis A: General 227 (2002) 181-190.

%2y S. Stein, JM.J. Antal, and j.M. Jones, Journal of Analytical and Applied Pyrolysis 4 (1983) 283-296.

3T, Valliyappan, N.N. Bakhshi, and A.K. Dalai, Bioresource Technology 99 (2008) 4476-4483.

3 T. valliyappan, D. Ferdous, N. Bakhshi, and A. Dalai, Topicsin Catalysis 49 (2008) 59-67.
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gasification, glycerol decomposition represents an important problem®. Over 290 C, glycerol
decomposes into acrolein, which is highly toxic and also a carbon precursor®®®. Besides, glycerol
itself is aviscous fluid, difficult to handle and vaporise®. For glycerol reforming three possibilities can
be considered agueous phase reforming, steam reforming and autothermal reforming®. In all the cases,
glycerol is usualy diluted in an excess of water. This excess considerably diminishes the mixture

viscosity, facilitating its handling and processing.

.4 Glycerol reforming

The global reaction of glycerol reforming can be represented as follows:
C;3HgO;5 + 3H,O - 3CO, + 7H, Reaction 2
(AH g = +123 kJ/mol)

However, like for hydrocarbon reforming processes’, the global reaction involves the glycerol
decomposition (Reaction 2) and the Water Gas Shift Reaction (WGSR-Reaction 3):

CsHgO; - 3CO +4H, Reaction 3
(AH g = +245 kJ/mol)
CO+H,O = CO;+H, Reaction 4

(AH g =-41 kJ/mal)

For autothermal steam reforming the reaction of glycerol oxidation (Reaction 4) must be also
counted in:
C;HsO5 + 3/20, - 3CO, + 4H, Reaction 5
(AH g =-603 kJ/mol)

The glycerol reforming has been studied thermodynamically and experimentally, in gas and

aqueous conditions”’. Thermodynamically, several studies have been performed to evaluate the

41,42
e

influence of temperature™**, pressure™, water:glycerol ratio* and oxygen:glycerol ratio®. The general

conclusions can be listed as follows:
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) The increase in pressure decrease the selective production of H,

(i) The increase in temperature generally favours the production of H,

(i)  Theincrease in the water:glycerol ratio enhances the H, production as well as the CO,
production

(iv) High oxygen to glycerol ratios (> 0.38), depending on the temperature, will lead to

lower H, production®*.
Under optimal conditions it was determined the production of 6 moles of H, per mole of
glycerol a 1 atm., 690 C and 9:1 water:glycerol ratio in steam reforming conditions™; and 5.62 moles
of H, per mole of glycerol at 1 atm., 627 C, 12:1 water :glycerol and 0.36 oxygen:glycerol molar ratio

for thermoneutral conditions™.

Experimentally, glycerol reforming has been studied in (i) glycerol steam reforming (SR), (ii)
aqueous phase reforming (APR), (iii) autothermal reforming (ATR), and (iv) super-critical water
reforming™"**. Autothermal steam reforming and super critical water reforming have not been as much
studied as SR and APR.

1.4.1 Super-critical water reforming and autothermal reforming

For super-critical steam reforming only one study has been reported performed by Byrd et
al.*. In the study, 7 mol of hydrogen per mol of glycerol were obtained at 800 C and 241 bar, over
RU/AlLO; catalyst.

In the case of autothermal steam reforming Dauenhauer et al.*’ tested Rh catalysts with the
addition of ceriaon a -Al,O; washcoat. Different conditions of temperature, steam to carbon and
carbon to oxygen molar ratios were evaluated and it was observed that the increase in the steam to
carbon ratio with the simultaneous decrease in the carbon to oxygen ratio favoured the H, yield.

Swami et al.*® also performed autothermal reforming of glycerol over Pd/Ni/Cu/K catalysts at
different temperatures. It was observed that the increase in temperature enhanced the H, production,
favouring slightly the selectivity to H, but also the conversion of glycerol to gaseous products. They
also reported that for the same reaction temperature the H, yield during autothermal reforming was
higher than the respective value in steam reforming, which is in opposition to what was observed in
thermodynamic studies®™.

Finaly, Douette et al.” have studied autothermal reforming along with gas phase steam
reforming. They tested severa conditions varying oxygen to carbon ratio, steam to carbon ratio, and
temperature. They concluded that the oxygen to carbon ratio and the interaction between oxygen to

carbon ratio and temperature presented the highest influence in the selective production of H,. Over
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the range of conditions tested, the highest H, yield observed was 4.5 mol H./mol glycerol, obtained at

760 C, 2.2 steam to carbon ratio, and O as carbon to oxygen ratio.

1.4.2 Aqgueous phase reforming

Aqueous phase reforming (APR), have been widely studied by Dumesic and coworkers™. First
Cortright et al.> studied the selective H, production by the catalytic reforming of biomass-derived
hydrocarbons using a Pt/Al,O; catalyst. They found that at similar reaction conditions the H,
production followed the next order: glucose < sorbitol < glycerol < ethylene glycol < methanal.

Several works were reported later in agueous phase ethylene glycol reforming®™,
development that was then applied to glycerol reforming® . Ethylene glycol reforming was tested
over silica-supported Ni, Pd, Pt, Ru, Rh and Ir catalysts™. The catalytic activity, measured by the CO,
production, was found to follow the next decrease order: Pt ~ Ni > Ru > Rh > Pd > Ir. Then the
comparative study of methanol and ethylene glycol agueous reforming was studied over alumina-
supported platinum catalysts™. It was pointed out that under equivalent reaction conditions methanol
and ethylene glycol had similar reactivity, indicating that the rate limiting step in ethylene glycol
reforming was not the C-C bond cleavage, but probably the surface coverage by species derived from
ethylene glycol. The effect of the catalyst support was also considered with platinum based catalysts™.
It was observed the following order of H, production depending on the support: TiO, > Al,Os, carbon,
Pt-black > SIO,-Al,O3, ZrO, > CeO,, ZnO, S O,.

The comparative study of ethylene glycol, sorbitol and glycerol was performed over Sn-
modified Ni catalysts™. It was pointed out that the selective production of hydrogen decreased as the
feed molecule becomes larger: ethylene glycol > glycerol > sorbitol. A schematic representation of the
reaction pathways and selectivity challenges for H, production from ethylene conversion was aso
introduced. The different approaches of the reaction pathways will be discussed later in the Reaction
mechanism (Section 1.6). Finally, a kinetic study was performed for ethylene glycol reforming™ using
Pt/Al,O; and Raney NiSn catalysts. It was proposed a complete reaction pathway showing the
formation of H,, CO and CO,, as well the formation of the different intermediary products observed
(acetaldehyde, methanol, acetic acid, etc.).
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Later, Dumesic and coworkers studied the aqueous glycerol reforming over carbon supported
Pt-Re catalysts’’. It was found that the conversion to gas products increased with decreasing
concentration of glycerol at constant temperature, and decreased with increasing pressure at constant
glycerol concentration. The H, production by glycerol reforming was considered over carbon
supported Pt bimetallic catalysts”®. The process was coupled to Water Gas Shift Reaction in order to
increase the final production of H,. It was observed that the addition of Os, Re and Ru increased the
formation of gas phase products at the lowest temperature studied (275 C). Finally, the effect of Re
introduction was studied®®, concluding that the addition of Re inhibited the sintering of the Pt-Re
nanoparticles formed. The addition of Re also seemed to diminish the binding energy of CO to P,

promoting the overall rate of glycerol reforming.

The agueous steam reforming present several advantages in comparison to the glycerol steam
reforming: lower reaction temperatures, lower formation of carbon deposits and hydrogen can be
extracted and purified from the product stream5. However, it presents the inconvenient of working at
elevated pressures (17 bar and 22 bar). Besides, under those reaction conditions (high pressures and

low temperatures), the formation of light hydrocarbons like CH, are thermodynamically favoured® .

1.4.3 Glycerol steamreforming

Dumesic and coworkers also considered the glycerol reforming in gas phase. Initidly, Soares
et al.* studied the production of synthesis gas (H,/CO) over supported in Pt catalysts (Al,Os, ZrO,,
CeO,/ ZrO,, C, and MgO/ ZrO,). It was observed that Pt/C catdyst presented the highest activity and
selectivity toward synthesis gas production. The effect of reaction temperature, glycerol concentration,
pressure, and feed flow rate was also determined for the latter catalyst. It was observed that the
conversion to gas phase decreased with the increase in the feed flow rate and the increase in glycerol
conversion. Glycerol steam reforming in carbon supported Pt-Re and Pt-Ru was also studied. For the
two catalysts, glycerol conversion to gas phase and the product distribution in gas phase remained
constant during 72 h.

Later, Simonetti et al.* studied in details the production of synthesis gas over Pt and Pt-Re
catalysts. It was concluded that glycerol conversion was inhibited by CO, and the introduction of Re
favoured the rate of glycerol conversion by weakened the interaction between Pt and CO in surface.
This effect was previously observed in aqueous phase reforming®. They also suggested that glycerol
conversion under theirs vapour-phase conditions (275 C-225 C and low pressures) occurred via a

similar mechanism as for APR®.
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Other authors have also reported works in steam reforming of glycerol. Earlier Czcernic et
al.®* stand out the importance of H, production from an integrated process. According to the authors,
only an integrated process, in which biomass is in part used to produce more valuable materials or
chemicals and the residuals fractions are used to produce hydrogen, could make economically viable
the generation of hydrogen. They obtained H, yields corresponding to 76 % of the theoretically
possible, reforming crude glycerol at 850 C using Ni commercial catalystsin afluidized-bed reactor.

Hirai et al.®® compared the activity and selectivity of different catalysts in glycerol steam
reforming. For metals supported on La,O; at 600 C and 10:1 water:glycerol molar ratio, the following
activity order was established: Ru ~Rh > Ni > Ir > Co > Pt > Pd > Fe. The effect of the support was
also considered using Al,O3, MgO, CeO,, La0s, SIO,, Y03 and ZrO,. It was noticed that Ru/ Y,0;
catalyst presented the best catalytic behaviour, with 100 % of glycerol conversion and 80 % of H,
selectivity.

Slinn et al.* studied the glycerol steam reforming in PY/AlLQO; catalyst, determining the effect
of temperature, glycerol flow and water:glycerol ratio. It was concluded that the optimal conditions for
glycerol steam reforming were 860 C temperature, 0.12 mol.min™ glycerol per gram of catalyst, and
2.5 steam:glycerol molar ratio. The same reaction conditions were tested using crude glycerol, where
catalytic activity was dlightly worse and carbon deposition was higher in comparison to refined
glycerol.

Zhang et al.** studied the H, production by ethanol and glycerol steam reforming over ceria-
supported Ir, Co and Ni catalysts. For glycerol steam reforming, 1r/CeQ, catalyst presented the best
results with H, selectivity higher than 85 % and 100 % of glycerol conversion at 400 C.

Profeti et al.*° evaluated the promoting effect of noble metals (P, Ir, Pd and Ru) in CeO.-
Al,O; supported Ni cataysts for the ethanol and glycerol steam reforming. It was seen that the
addition of noble metals stabilised the Ni sites favouring glycerol conversion and decreasing coke
formation. At 700 C, the highest H, yield and the lowest coke formation were observed for Ni-Pt
catalyst.

Another outstanding work in glycerol steam reforming was the one presented by Dou et al.*
over dolomite supported Ni catalyst. The objective of this work was the promotion of H, production by
the selective removal of CO,. A considerable increase in the purity of the H, recovered was observed
using the dolomite 97 % (500 C), in comparison to 68 % obtained using only the Ni catalyst (600 C).

61 S, Czernik, R. French, C. Feik, and E. Chornet, Ind. Eng. Chem. Res. 41 (2002) 4209-4215.

2T Hirai, N.o. Ikenaga, T. Miyake, and T. Suzuki, Energy Fuels 19 (2005) 1761-1762.

8 M. Slinn, K. Kendall, C. Mallon, and J. Andrews, Bioresource Technology 99 (2008) 5851-5858.

% B. Zhang, X. Tang, Y. Li, Y. Xu, and W. Shen, International Journal of Hydrogen Energy 32 (2007) 2367-2373.

SLPR Profeti, E.A. Ticianelli, and E.M. Assaf, International Journa of Hydrogen Energy 34 (2009) 5049-5060.



Finaly, Haryanto and coworkers have performed several works in glycerol steam
reforming® %%, Firgt, the effect of the active metal (Ni, Ir, Pd, Rh, Pt and Ru) was considered over
Al,O; and CeO,/Al,O5 supported catalysts37. The catalysts were tested at 700 C, 800 Cand 900 C
and 6:1 as water:glycerol molar ratio. The best performances were observed with Ni/Al,O; and
Rh/CeO,/Al,O5 catalysts. For these two catalysts, the effect of the water: glycerol molar ration was
studied, and it was concluded that high temperatures (900 C) and high water to glycerol ratios
favoured the glycerol conversion (100 %) as well as the selective H, production (70-80%). In
subsequent works®®, the effect of the support (CeO,, MgO and TiO,), the reaction temperature (550
C, 600 C and 650 C) and the water:glycerol ratio (3:1, 6:1 and 12:1) were evaluated over Ni
catalysts. The best catalytic behaviour was observed for Ni/CeO, catalyst at 600 C and 12:1
glycerol:water ratio, with 5.22 mole of hydrogen produced per mole of glycerol fed.

.5 Reaction mechanism

Dumesic and coworkers have extensively studied the reaction pathways of oxygenated

|51

hydrocarbons reforming with water. First, Cortright et al.” presented different possible routes of

conversion of oxygenated hydrocarbons, depending on the site of adsorption (Figure 1-6).
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Figure 1-6. Reaction pathways of H, production by reaction of oxygenated hydrocarbons with water. (*)
represent a surface metal site.

They pointed out the importance of a catalyst that selectively cleaves the C-C bond without
cleaving the C-O bond in order to produce H, selectively. The cleavage of the C-O bonds could lead to

the formation of undesired alkanes that will consume hydrogen atoms and as a consequence reduce the
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H, yield. Dehydration and dehydrogenation were also presented as possible undesired reaction
pathways. These reaction pathways were related to a cooperative effect of the catalyst metal and
support.

255 the reaction pathways of ethylene glycol were further studied (Figure

In subsequent works’
I-7). The possible reaction routes depending on the C-C or C-O cleavage where introduced with the

respective formation of different products.
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Figure 1-7. Schematic representation of reaction pathways for H, production by ethylene glycol reaction with
water.

Davda et al.>® suggested that ethylene glycol first underwent to reversible dehydrogenation
steps to give adsorbed intermediates, before the cleavage of the C-C or C-O bonds. Consequently,
different reaction pathways were proposed leading to the formation of CO, H,, CO, or light alkanes
(CH4 and C;Hg).

In glycerol steam reforming, Adhikari et al.” recently published a reaction scheme considering
the formation of several observed reaction by-products. The reaction scheme is presented in Figure |-8.

CH,COO0H

Figure |-8. Reaction pathways during glycerol reforming process.



The reaction scheme involves several routes of glycerol conversion. The formation of CHy,
CO and CO, was presented, by direct decomposition and subsequent WGSR. The formation of
hydroxyacetone (CsHgO,) and acrolein (CsH,4O) were presented by dehydration steps, as well as the
formation of acetaldehyde (CH3;CHO) and formaldehyde (HCHO). By subsequent reactions the
formation of propanodioles (CsHgO,), acetic acid (CH3COOH), ethylene (C,H4), and ethanol
(C,HsOH) were ad'so introduced.

Adhikari and coworkers® introduced the production of acrolein, hydroxyacetone, acetaldehyde
and formaldehyde as direct products in glycerol decomposition. B hler et al.*® explained the formation
of acrolein, acetaldehyde and formaldehyde by ionic reaction steps (Figure 1-9) and free radical
degradation (Figure |-10) in glycerol decomposition.
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Figure 1-9. lonic reaction pathways for the formation of acetaldehyde, acrolein and formaldehyde from glycerol
decomposition
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Figure |-10. Free radical reaction pathways for the formation of acetaldehyde, acrolein and formaldehyde from
glycerol decomposition
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In the study the occurrence of the two different reaction pathways (ionic and free radicals) was
related to the reaction temperature and pressure. The ionic reaction pathway was associated to higher
pressures and/or lower temperatures; and the occurrence of the free radical pathway was related to
lower pressures and/or higher temperatures. Anyhow, the formation of the three products was possible
for either of the reaction pathways.

In the case of hydroxyacetone, its formation has been reported by dehydration along with the

formation of acrolein’.

.6 Catalyst selection

Dumesic and coworkers® pointed out two main useful characteristics for the catalytic
conversion of polyolsto H,, CO,, and CO:

(i) The preferential cleavage of C-C, O-H, and C-H bonds
(i) The catalyst must neither cleave C-O bonds nor hydrogenate CO or CO, to form
alkanes

However, these desired characteristics were proposed for aqueous reforming systems, where
the formation of light alkanes as CH, is thermodynamically favoured®, and the formation of carbon
deposits is decreased. For steam reforming reactions the risks of glycerol decomposition is higher®,
and the formation of carbon deposits®® and by-products have been observed.

Therefore, besides Dumesic characteristics, a catalyst that promotes the carbon deposits
gasification and a catalyst active for the WGSR is required to obtain higher H, yields by glycerol
steam reforming. Ceria based catalysts are well known for its redox properties and therefore for its

high performancesin WGS reaction®™ .

1.6.1 Cerium oxides

Cerium based oxides are widely known by its redox properties, which can highly enhance the
catalytic activity for oxidation and reforming reactions®. The redox properties of CeO, are related to
its fluorite type crystalline structure. The fluorite structure is face centre cubic (fcc) structure of cations
(Ce*) where the anions (O%) are located in the tetrahedral holes and the octahedral holes are empty
(See Figure 1-11).

The octahedral holes are bigger than the tetrahedral holes occupied by the oxygen anions.
Because of this characteristic, the oxygen anions tend to move into the octahedral holes and the

mobility inside the fluorite structure is favoured™ .
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Figurel-11. CeO, fluorite structure ( ) A-Ce*™*, and ( ) O-O?.

1.6.2 Ce-Zr oxides

The introduction of zirconium in cerium oxides have been reported to enhance the redox
properties already observed in CeO,”™. The Zr introduction would accomplish the following
functions:

0] Prevents the sintering of cerium crystallites
(i) Favours the reduction of Ce* to Ce®**

(i)  Preservesthe oxygen vacancies

(iv) Enhances the oxygen storage capacity

The effect of Zr introduction has been related to two main factors: the ionic size and the
coordination number. Zr* (0.84 ") is smaller in comparison to Ce ** (0.97 ) ™, effect that favours the
reduction of cerium by diminishing the internal tension created in the structure when cerium changes
from Ce* (0.97 ) to Ce ** (1.14 7). In relation to the coordination number, it is octahedral for cerium;
while it can be octahedral or hexahedral for zirconium. This characteristic helpsto create defectsin the

fluorite structure, which favours the formation of oxygen vacancies (See Figure 1-12)" ",
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FigureI-12. Mechanism of oxygen storage-release in Ce-Zr fluorite type oxides.
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1.6.3 Ce-Zr-Co mixed oxide

Mixed oxides are specific crystaline structures where the active metal is introduced into a

host lattice. The mixed oxides present several ad vantages in comparison to the supported catalysts:

) The active meta is dispersed homogeneously in the structure, generating a dilution
effect

(i) The metal-support interaction (SM1) is enhanced because of the metal insertion

(itf)  Thestrong interaction helps to prevent the sintering of the metal in the support

(iv) The structure can be used as deposit of the active metal

Perovskite, spind and fluorite are structures frequently used as catalytic systems” ™. In the
case of fluorite type oxides, the advantage of high oxygen mobility is in addition present, as it was
previoudy pointed out.

For Ce-Zr-Co mixed oxides, Co*? isinserted in the fluorite structure in exchange of Zr** ions™.
The degree of insertion decreases with the increase in cobalt content as well as with the increase in
calcination temperature®.

Ce-Zr-Co mixed oxides have been successfully tested in H, production by isooctane® and

L8 |n ethanol steam reforming, the catalytic behaviour using partially

reduced Ce-Zr-Co mixed oxides was considerably enhanced in comparison to Ce-Zr supported Co”". It

ethanol steam reforming

was concluded by the authors that the initial integration of cobalt in the fluorite structure favoured its

stahilisation under reaction conditions, with a consequent higher resistant to coke deposition.

The reaction systems of ethanol and glycerol steam reforming have been compared severa
times™®. Thermodynamically the reaction follows similar trends for H, production*. Besides, catalysts
with high performances in ethanol steam reforming have been taken as starting point in glycerol steam
reforming>®%%,

In ethanol steam reforming, Ce-Zr-Co mixed oxides have shown high activity and selectivity
towards H, production, as it was presented above. However, the catalytic stability remained an aspect
to be improved®. In further studies, it was noticed that the addition of Rh in the mixed oxide enhanced

the catalyst behaviour, increasing the time at total ethanol conversion from 8 h to 150 h®%.
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|.7 Objective and scope

H, production by glycerol steam reforming is proposed as alternative to make economically
attractive the H, production from biomass. The main goal of the process is the synthesis of high value
products and the generation of H, comes from residual fractions. This process would fit the novel
concept of biorefinery, where from renewable resources it can be obtained a spectrum of valuable

products, including biofuels.

Glycerol steam reforming have been performed using different catalysts at severa reaction
conditions. High glycerol conversions and high H, yields have been already reported. However, the

reaction system is not yet complete explored which iswhy further studies must be considered.

Ce-Zr-Co mixed oxides are performing catalysts in ethanol steam reforming. Previous works
have shown that these mixed oxides are highly active and selective toward H, production. The
introduction of cobalt in the fluorite structure favoured the catalyst stability, improving the global
catalysts performance. The use of Ce-Zr-Co mixed oxide for glycerol steam reforming could also lead
to selective hydrogen production. Nevertheless, the glycerol steam reforming conditions are more
severe than the regular conditions used in ethanol steam reforming. The higher temperatures and
glycerol thermal decomposition represent a stability problem for the catalysts used in glycerol steam
reforming reaction. The modification by ruthenium and rhodium of the Ce-Zr-Co mixed oxide is then
proposed to improve the catalytic behaviour for the sdective H, production by glycerol steam

reforming.

The manuscript as well as the project was performed in 6 main steps. First, the available
literature in glycerol reforming was reviewed as well as the possible cataysts used for the reaction.
The most outstanding features were included in the above chapter (Chapter I: Introduction). According
to previous review, the possible reaction products and the characteristics of the reaction system were
defined. This information was later used in the construction of the thermodynamic analysis and in the
set of the different evaluation parameters. These developments wereincluded in Chapter I1.

Chapter 111 corresponded to the characterisation before test of the Ce-Zr and Ce-Zr-Co mixed
oxides selected to perform the reaction. In Chapter IV are shown the reactivity results of glycerol
steam reforming catalysed and non-catalysed. In Chapter V, the discussion of the different reactivity
observations was presented and the reactivity results were related to the properties of the mixed oxides
observed before test. In Chapter VI, some process strategies in order enhance the H, production were
introduced.

Finaly, in Chapter VII the main conclusions of the research project were summarised.









I1.1 Thermodynamic analysis

The thermodynamic analysis gives fundamental information because the equilibrium
conversion will always be the best one, whatever catalyst is used'. Thermodynamic analysis gives a
[imit point in a given reaction system at given conditions of temperature and pressure. Sometimes this
equilibrium limit can be displaced, like in the reactive distillation. However, at regular conditions
where no products are eliminated preferably, it states the maximal yield of operation.

In steam reforming systems, thermodynamic analysis has been a helpful tool establishing a
reference state of operation. Temperature and the amount of water are the parameters of highest
influence in H, production®. Pressure effect has also been studied, although it becomes an important
variable only for agueous steam reforming systems®*.

The glycerol steam reforming was studied thermodynamically. The effect of temperature,
water:glycerol molar ratio and finally the dilution of reactive mixture with inert gases were considered.
The objective was to establish thermodynamically the range of values where these parameters allow
the highest H, formation.

The thermodynamic analysis was carried out using the method of minimization of Gibbs free
energy (G). This method determines the composition at equilibrium by minimizing the Gibbs free
energy at given conditions of temperature and pressure. The minimization of G can be solved by two
different routes": the stoichiometric route, that departs from a given reaction system; and the non-
stoichiometric route, that minimizes G according to a set of species considered to be present in the
reaction system. The selection of the method depends on the knowledge of the reaction system. The
stoichiometric approach requires the possible chemical reactions taking place; while for the non-
stoichiometric approach it required the specification of the different compounds that could coexist in
equilibrium. For the following analysis, the non-stoichiometric approach was chosen.

The reaction system was selected according to the different compounds reported as products
for glycerol steam reforming. The formation of non-condensable (permanent gases) and condensable
products has been observed®. However, only a few works report the analysis of the condensable
ones"®, In order to include all the possible species in equilibrium, some products reported in glycerol
pyrolysis were also considered®. The non-condensable and condensable products included are listed in
Tablell. 1.
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Tablell-1. Possible productsin glycerol steam reforming reaction

Non-Condensable Condensable
H,, CO, CO,, CH,, Alcohals: CH;0H (methanoal), C,HsOH (ethanol), C;H,OH (propanol)
CoHy, CoHg Glycols: HO(CH,),OH (ethylene glycal),
HO(CH,);0H (1,3-propanediol),
HOCH,(OH)CHCH3; (1,2-propanediol-Propylene Glycol-PG)
Aldehydes: HCHO (formaldehyde), CH;CHO (acetaldehyde),
C,HsCHO (propionaldehyde), CH,=CHCHO (acrolein)
Acids: CH3;COOH (acetic acid), C,HsCOOH (propionic acid),
CH5CH(OH)COOH (lactic acid)
Ketones: CH3C(O)CHj; (acetone), CH3C(O)CH,OH (hydroxyacetone)

Glycerol and water also formed part of the system (reactants). In the case of water, it was
always included in the reaction system; for steam reforming as reactant and possible product, and in
glycerol decomposition only as possible product.

The thermodynamic model used for the different ssimulations was the UNIQUAC. This model
was chosen because of the nature of the speciesinvolved (polar and non-€lectrolytic), and the reaction
conditions (only one phase and reaction pressure < 10 bar). Nonetheless for steam reforming systems
a high temperatures and low pressures, it has been noticed that the system can be considered as

ideal’. The suite Aspen™ was used as tool for the calculations.

I1.L1.1  Glycerol decomposition

The distribution of products in equilibrium was considered according to temperature on
glycerol decomposition. The results of each equilibrium point are presented in Figure 11-1 as mol of

product per mol of glycerol introduced.
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Figure I1-1. Distribution of products at different temperatures for glycerol decomposition: () Ha, () CO,,
( )CO,( )CHsand( ) HO.
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The glycerol was completely decomposed at al the temperatures studied. At low temperatures
mainly CH,, CO,, and H,O are formed. Over the 800 C H, and CO are the main products with a
negligible presence of CH,4, CO, and H,O. According to this, the genera trends can be grouped in
three main regions: the first one at temperatures below 400 C, the second between 400 C and 800 C,
and the third one at temperatures beyond 800 C. For the first and third regions the distribution of
species does not change significantly with temperature, while for the second one the temperature is an
important parameter.

At temperatures below 400 C, the formation of CH, CO, and H,O can be explained

according to the following reactions:

Cs;HgO; - 3CO +4H, Reaction 2
CO+3H,; = CH,+ H,O Reaction 6
CO+H,0O = CO,+H, Reaction 3

The glycerol decomposes into CO and H, (Reaction 2). However, at these low temperatures,
the formation of CH, is highly favoured by the methanation reaction (Reaction 5). Findly, the
formation of CO, proceeds by Reaction 3 (WGS), where the CO formed by glycerol decomposition
reacts with H,O formed by methanation. The H, formed by Reaction 3 reacts with the remaining CO
to produce more CH, and H,0.

The effect of temperature in the distribution of products is highly significant between 400 C
and 800 C. The increase on temperature favours the formation of H, and CO to the detriment of
formation of CH,, CO, and H,O. These changes can be explained by the sequence of the same three
reactions previously presented. The glycerol decomposition is still proceeding with the production of
CO and H, (Reaction 2). However, the methanation reaction (Reaction 5 to the right) is exothermic,
reason why an increase in temperature favours the Reaction 5 but towards the left leading to the
production of CO and H, or, in this order of ideas, in the non-consumption of these two primary
products. In the case of CO, formation, the situation is similar. Reaction 3 (WGS) to the right is
dightly exothermic reason why high temperatures favours the formation of CO and H,O instead of the
formation of CO, and H,.

Finally, for temperatures higher than 800 C, the distribution of speciesin equilibrium follows
the glycerol decomposition reaction (Reaction 2), leading to the formation of CO and H, as only

speciesin equilibrium.

I1.L1.2  Glycerol steamreforming

The effect of temperature and water:glycerol molar ratio was studied for glycerol steam

reforming. The two parameters present a high influence in the hydrogen production, where a maximal



yield can be fixed only by a combination of both™. In order to identify separately the effect of each
variable, the effect of water introduction in the distribution of products is first presented, and then the
effect of both parameters is considered for the main products (H,, CO,, CO, CH,). According to the
results a set of reactions, describing the product distribution, was established. The evolution with
temperature of the Gibbs free energy of reaction (  Gg) and the enthalpy of reaction (AHR) were aso

determined. Finally, the effect of diluting with inert gases was detailed.

1.1.2.1 Effect of temperature

The distribution of products as a function of temperature for the stoichiometric glycerol steam
reforming (3:1) is presented in Figure 11-2.
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Figure 11-2. Distribution of products at different temperatures for a water:glycerol molar ratio 3:1: () H,, ()
CO,, ( )CO,( )CHzand ( ) HO. (---) molesof H,O in the feed.

The introduction of H,O as reactant clearly favours production of H, compared to the
decomposition reaction. It turns to lower temperatures the beginning of H, formation and it increases
the amount of H, produce for the range of values studied. As well as for glycerol decomposition the
three regions are observed; however the first one is reduced to temperatures lower than 300 C. The
second region now is present between 300 C and 800 C; and the third one remains for temperatures
over 800 C.

It must be noticed that although H,O promotes the hydrogen production, only at temperatures
over 400 C, it starts to be a reactant instead of a product (under dashed line). The effect of H,O is
shift the equilibrium of reactions 3 and 5. At low temperatures, the excess of H,O promotes the
methane steam reforming (Reaction 5 towards the left) and the WGS (Reaction 3 towards the right),
making possible the formation of H, despite the production of CH, which is promoted at this

temperature and pressure. Between 300 C and 800 C, the formation of H, and CO, increase

15, Adhikari, S. Fernando, S.R. Gwaltney, S.D. Filip To, R. Mark Bricka, P.H. Steele, A. Haryanto, International Journal of
Hydrogen Energy. 32 (2007) 2875-2880.



following the trend explained just before. Neverthe ess, it has to be reminded that at high temperatures
Reaction 3 is favoured to the left side, promoting the formation of H,O and CO over H, and CO..
Thus, H, and CO, describe maximums of 1.57 mol of CO, per mol of glycerol at 500 C and 4.95 mol
of H, per mol of glycerol at 750 C. Finally, at temperatures higher than 800 C, there is only the
formation of H,, CO and CO,. H, and CO, decrease dlightly and the formation of CO dlightly
increases. The glycerol decomposes according to Reaction 2, but the WGSR is not favoured, not even

with the excess of water, because of the high temperatures.

11.1.2.2 Effect of water:glycerol molar ratio

In the last section it was just presented the effect of H,O introduction in the glycerol reaction
system. It was concluded that the presence of H,O shift the equilibrium of Reactions 3 and 5 favouring
the production of H,. However, the effect of the increase in this quantity of H,O has not been studied
yet. Figure 11-3 shows the variation of H, production with the increase in the water:glycerol molar
ratio.

The production of H, is clearly favoured by the increase of the water:glycerol molar ratio. For
aratio of 3:1, the maximal production is 4.95 molH,.molCsHsOs™; while for a molar ratio 10:1 the
production increases up to 6.07 molH,.molC;HgO5". The temperature of this maximal production is
also turned into lower values, diminishing from 750 C for the ratio of 3:1 to 652 C for the molar
ratio of 10:1. However, the extent of this effect diminishes progressively with the increase in the moles
of H,O introduced. For ratios superior to 6:1, an additional mole of H,O increases only a 3% the
maximal H, production, and diminishes the temperature of this maximum in only 10 C (Zoom-Figure
[1-3).
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Figure 11-3. H, production according to temperature and water:glycerol molar ratio. Zoom: maximum H,
production per water:glycerol ratio.



The water:glycerol molar ratio also affects the production profiles of CH,;, CO and CO,
(Figurel1-4).
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Figurell-4. (a) CHy, (b) CO and (c) CO, production according to temperature and water:glycerol molar ratio.

The formation of CH, (Figure I1-4a) and CO (Figure I1-4b) decreases with the increase in the
water:glycerol molar ratio. In contrast, the formation of CO, (Figure I1-4a) is highly favoured
especially at temperatures around 600 C. The increase in the amount of water promotes the methane
reforming (Reaction 5 to the left) and the WGS (Reaction 3), favouring the production of H, and CO,
over CH, and CO, as above mentioned. Nevertheless, for all the distributions, even for H,, it must be
noticed that the effect of temperature is stronger than the effect of water:glycerol ratio. For example, in
the case of CH, (Figure 11-4a), the production is still significant at temperatures below 400 C, even
for amolar ratio of 10:1. According to this, the most influent parameter in the product distributionsis
the reaction temperature. The addition of water to glycerol changes the distribution, but the trends

established by temperature are conserved.

In Figure 11-5, the H, production is presented as a function of the number of moles of H,O in

the reactant solution. For asingle temperature, the effect of increasing H,O is observed.
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Figure 11-5. H, production according to the number of moles of H,O in the feeding stream at: 300 C ( ), 400
C( ),500 C( ),600 C( ), 700 C( ),800 C( )and900 C( ).

For temperatures over 600 C, the H, production is redly close in the range of dilution
considered. At the stoichiometric ratio (3:1) the curves corresponding to 700 C, 800 C and 900 C
converge and from this point up to aratio of 10:1, it isthe 700 C curve (—) that remains on the top.
For water:glyceral ratios higher than 10:1 the production at 600 C starts to become more favoured
than at 700 C. According to Figure 11-5, it is easy to notice that the range of temperatures were H,

production is maximum lays between 600 C and 700 C.

11.1.2.3 Reaction system

The system of reactions describing the glycerol steam reforming can be summarized as
follows. the global process of glycerol steam reforming (Reaction 1); glycerol decomposition
(Reaction 2); WGS (Reaction 3) and methanation (Reaction 5).

C;3HgO;5 + 3H,O - 3CO, + 7H, Reaction 1
C;HgO; - 3CO +4H, Reaction 2
CO+H,O = CO;+H, Reaction 3
CO+3H, = CH,+H,O Reaction 5

For this set of reactions the evolution of AGg and AHR with temperature was considered and it
is presented in Figure 11-6.

The negative values of AGr for the glycerol decomposition and glycerol steam reforming
indicate that both reactions are feasible for the range of temperatures studied. The decrease of AGg
with the increase in temperature also indicates that both reactions are favoured with increasing

temperature. WGS reaction is not highly affected by temperature compared to the other reactions. For



this reaction AGg present values dlightly under zero for temperatures lower than 800 C; and values
around zero for higher temperatures. The evolution of AGg for methanation reaction shows that the
reaction is feasible for temperatures lower than 600 C. From this value, it is the methane steam
reforming reaction (Reaction 5 to the left) that becomes feasible. This behaviour helps to explain the
absence of CH,4 from the distribution of products at high temperatures.
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Figure 11-6. Evolution of AGg and AHi for the: Glycerol steam reforming (reaction 1- ), glycerol
decomposition (reaction 2- ), WGS (reaction 3- ), methanation (reaction 5- )

For the four reactions, AHg, is stable with the increase in temperature. The average values are
+150 kJ.mol ™ for glycerol steam reforming, +262 kJ.mol™ for glycerol decomposition, -37 kJ.mol™ for
WGS, and -220 kJ.mol™* for methanation reaction. The glycerol steam reforming and decomposition
are highly endothermic, which explain that both are significantly favoured by an increase in
temperature. WGS is a little exothermic reason why the reaction to the right is not promoted with the
temperature increase. The methanation reaction is very exothermic, which is in accordance with its

complete inhibition at high temperatures.

[1.1.2.4 Experimental conditions. Effect of dilution

According to the previous results, the reaction temperature presents a stronger impact than the
water:glycerol molar ratio in the product distribution. Thus for the experimenta tests, the
water:glycerol molar ratio was fixed in 9:1, and four temperatures were consider for study: 450 C,
550 C, 600 Cand 650 C.

For practical proposes, the reactant solution was diluted with N, (internal standard) and Ar
(carrier gas) in the experimental tests. This dilution affects the partial pressure of the reactants in the
feeding stream, reason why the distribution of products in equilibrium was recalculated and compared
to the results for the non-diluted stream. In Figure 11-7 the evolution with temperature of the product

distribution is presented.
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Figure 11-7. Distribution of products at different temperatures for a water:glycerol molar ratio 9:1: () H,, ()
CO, ( )CO,( )CHzand ( )HyO.(0O) without inert gas dilution, (---) with inert gas dilution.

The equilibrium results show that the H, production is favoured by diluting the reactant feed.
The maximum production is slightly increased and it is shifted to lower temperatures. For the mixture
non diluted the maximum is 5.98 molH,.molCsHgO5* at 662 C; while with dilution the maximum is
6.08 molH,.mol CsHgO5™ at 600 C.

The experimental conditions and the summary of products distribution at the different tests

temperaturesis presented in Table 11-2 and Table I1-3, respectively.

Tablel1-2. Gas flows used in experimental conditions.

Flow (g.h™) Flow (mmol.h™)

CaHgO3 0.456 5.0
H,O 0.804 44.7
Ar 2.5 62.6
N, 0.434 155

Tablel1-3. Distribution of products according to thermodynamic calculations at experimental conditions.

Temperature mol.mol C3HgOs™
(C) H, CO;, co CH,
450 3.54 2.04 0.12 0.84
550 5.74 2.29 0.53 0.18
600 6.08 2.22 0.74 0.05
650 6.06 2.09 0.90 0.01

11.1.3  Sub-product formation

The distribution of products in equilibrium will consider the compounds with the lowest
energy of formation for a given pressure and temperature, according to the minimization of Gibbs free

energy. At low pressures and high temperatures the energy of formation of gaseous products as H,,



CO, CO, and CHy, is considerably lower compared to the energy of formation of C2 or C3 products™.
This is in agreement with the results presented above where the main products were H,, CO, CO, and
CHy,. The restriction of these species from the possible products will clearly increase the energy level
of the final distribution of products compared to the distribution containing all the species. However, a
study focused this way could help to establish viability scenarios for the sub-products formation, when
actually the formation of main productsis no longer favoured (deactivation) and the formation of these
sub-products begin. Thus the goal is to know, from a thermodynamic point of view, the formation of
which products, already observed as by-products’, could be promoted.

The glycerol steam reforming was then studied impeding the formation of H,, CO, CO, and
CH, as possible products in equilibrium (Figure 11-8). The water:glycerol ratios used were 3:1 (Figure
11-84) and 9:1 (Figure 11-8b). The moles of H,O reported are the moles of H,O formed.
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Figure11-8. Distribution of products for a restricted glycerol steam reforming system: molar ratio water:glycerol
(@ 3:1and (b) 9:1. ( ) HO, ( ) acetic acid, ( ) acrolein, ( ) acetone, () propionic acid, ( ) CoHa, ()
acetaldehyde and () formaldehyde.

For both molar ratios the main products were water, acetic acid and acrolein. In a lower
proportion acetone, propionic acid, ethylene, formaldehyde and acetal dehyde were also present. The
increase in the water proportion did not present a significant change. The product distribution was very
similar for the two molar ratios studied (Figure 11-8 (a) and (b)).

The formation of water took place along the whole range of temperatures studied. At low
temperatures 1 mole of H,O per mol glycerol was produced and it further increases after 400 C. At
temperatures below 400 C, acetic acid, acetone and propionic acid were also formed. Between 400 C

and 700 C, the production of acetone and propionic acid diminished with a simultaneous increase in

12 RH. Perry, D.W. Green, JO. Maoney, Perry s chemica engineers handbook, 7 ed., McGraw-Hill, United States of
America, 1997.



the production of acetic acid and ethylene. Finally, for temperatures higher than 700 C, the main

products were water and acrolein. These two products showed similar curves after 400 C.

For the range of temperatures considered, water was always the major product. Its production
was always favoured even with an excess of 9 moles of water per mol of glycerol. The high stability of
water in the range of temperatures considered”, promotes then its formation. As a consequence, the
formation of others products was favoured if water was also formed in the process. The dehydration of
the glycerol molecule has been reported to follow the formation of acrolein®, hydroxyacetone™,
acetaldehyde', and formaldehyde. The formation of acrolein and hydroxyacetone proceeds
according to Reactions 6 and 7, respectively; and the formation of acetaldehyde and formaldehyde

according to Reaction 8.

C:HeO: — CH,=CHCHO + 2H,0 Reaction 7
CsHgO; - Cch(O)CHon + H,0O Reaction 8
C:HeOs — HCHO + CHsCHO + H,0 Reaction 9

The formation of acetic acid and ethylene has been related to acetaldehyde™®. In ethylene
glycol steam reforming, Dumesic et al.**® have reported the production of acetic acid by acetaldehyde
hydration (Reaction 9). The formation of ethylene would proceed via Reaction 10™.

CHsCHO + H,0 — CH,COOH + H, Reaction 10
CH;CHO+H, - C,H,+H,O Reaction 11

According to the previous thermodynamic analysis, the maximum H, production ranges
between 650 C and 750 C, for water:glycerol molar ratios between 3:1 and 10:1. These results are in
agreement with previous results published by Adhikari et al."**°, where it was concluded that the best
conditions for producing hydrogen are temperatures higher than 630 C, a molar water:glycerol ratio
of 9:1, and a pressure of 1 atm. Cui et al., reported that for steam/carbon ratios (S/C) between 1 and
5, the maximum hydrogen production stands around 600 C. Above this temperature the amount of
hydrogen gradually decreases. In more recent works, Wang et al.”* aso reported a maximum

concentration of hydrogen (67 %) that according to thermodynamics can be obtained with

18 C.-H. Zhou, JN. Beltramini, Y.-X. Fan, G.Q. Lu, Chemical Society Reviews. 37 (2008) 527-549.

14B. Dou, V. Dupont, P.T. Williams, H. Chen, Y. Ding, Bioresource Technology. 100 (2009) 2613-2620.
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17 3 W. Shabaker, G.W. Huber, R.R. Davda, R.D. Cortright, JA. Dumesic, Catalysis Letters. 88 (2003) 1-8.

18 J.W. Shabaker, JA. Dumesic, Industrial & Engineering Chemistry Research. 43 (2004) 3105-3112.
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37.
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water:glycerol molar ratio of 9:1 at 652 C. Further dilutions could improve the hydrogen production;
however the global result, expressed as mol of hydrogen per mol of feed will considerably decrease. In
summary, glycerol dehydration would be favoured if the formation of the main products former
founded (H,, CO, CO, and CH,) will be inhibited.

I1.2 Experimental methods

[1.21  Reaction system

The reaction system was divided in three main zones: the feeding, the reaction and the

characterization zone (Figure 11-9).
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FigureI1-9. Experimental set up for the glycerol steam reforming

The feeding zone denoted the inlet of gases and liquids used in the reforming reaction. Three
individual lines for the gases were arranged: the first for the introduction of carrier gas (argon); the
second one for the gas used as internal standard (nitrogen); and a third line used for the introduction of
hydrogen (catalyst reduction). The flow rate was controlled using mass flow meters (Brooks
Instrument). The different gases were mixed before the reaction zone in a ... ID tube packed with
crushed quartz. The water:glycerol solution was fed independently in liquid phase until the reactor

(Blueline Figurell-9). The solution was pumped using a 305 Gilson micropump and introduced into



the reactor by a dosage system (needle). Before the reactor, a T was disposed to allow the

introduction of liquid and gases.

The reaction zone included the reactor itself, the oven and the by-pass. Two three-way valves
were used to by-pass the reactor and analyse the composition of incoming gases into the reactor. The
reactor used was a straight reactor in quartz with alength of 30 cm and an internal diameter (ID) of 7
mm. A cylindrical oven of 20 cm of length was used controlled by a k-type thermocouple.

After the reactor the line was heated and controlled at 200 C (red line). The reaction products
were separated into non-condensable and condensable products. The condensable products were
recovered in liquid phase using a system of two traps, the first one at room temperature and the second
one maintained at 0 C. The remaining products in gaseous phase were analysed by on line gas phase

chromatography. The condensabl e products were stocked (4 C) and analysed later on.

I1.22  Productsanalysis

The analysis of products was performed according to its recuperation after reaction. The non-
condensable products present in gaseous phase were characterized on line by gas phase
chromatography (GPC). The andysis was performed every 30 min using a Network GC system
Agilent Technologies 6890N with a TCD detector. The column used was a Carbosieve Il. The
products analysed were H,, CO, CO,, CH,4, C,Hy4, and N, (interna standard). The chromatographic
method is presented in Annex V11.2.1.

The analysis of condensable products recuperated in liquid phase, was performed by gas
chromatography using a Network GC system Agilent Technologies 6890N with a FID detector. The
column was a ZB-Wax Plus (Zebron). The products analysed were acetone, acetaldehyde,
propionaldehyde, acrolein, methanol, ethanol, hydroxyacetone (acetol), acetic acid, propionic acid,
propylene glycol, ethylene glycol and glycerol. The internal standard used was n-propanol (Annex
VIl.2.2).

11.2.3  Evaluation parameters

The comparison between the different mixed oxides was carried out according to severa
parameters. The hydrogen production was usualy expressed as moles of H, per mole of glycerol
introduced (mol Hz.moIGw_i,{l). For the tests where the mass of the catalyst changed but the volume of
fixed bed remained constant (Chapter VI, section 1), the hydrogen production was also expressed as
grams of H, produced per gram of catalyst per hour (gH, G "h'™).



The catalyst activity was evaluated by means of three different conversions. the globa
conversion of glycerol (X-Equation 1), the conversion to gaseous products (Xs- Equation 2), and the
conversion to liquid products (X -Equation 3). The global conversion was calculated from the amount
of glycerol recovered from the liquid phase. The conversion to gaseous products was determined from
the carbon balance of the products in gaseous phase. The conversion to condensable products was

determined from the carbon balance of the products recovered in liquid phase.

-— Equation 1

Equation 2

—_— Equation 3

represents the molar flow of X; gaiy.ou IS the mass of exhaust glycerol for a given period of

time, and ggy.in IS the mass of glycerol introduced to the system during the same period of time.

The conversions values are expressed as weighted mean with the time, taking into account the
intervals of time selected to the recovery of the condensable products. Equation 4 shows the calculus

of X between two times of reaction (ty, t).

Equation 4

From the three conversions the overall carbon balance was determined as follows:
Equation 5

X represents the missing carbon in the balance which is related to inaccuracies in the
recovery and characterization of the condensable products, as well as it represents an index of the

glycerol proportion transformed to carbonaceous deposits.

The selectivity was expressed according to the type of product. For the products in gaseous
phase the distribution is presented as mol of product per mol of glycerol converted into gas phase
(molgiy.conv). The distribution of condensable products was reported in molar fraction. Finaly, the
selectivity towards the formation of carbon deposits was established as mol of carbon (C) per mol

carbon converted (mmol ¢ tora MOl ¢ cony '1).



The Gas Hourly Space Vdocity (GHSV) was calculated taking into account the whole
incoming flow (water:glycerol solution and inert gases), and the volume of the whole fixed bed
(catalysts and diluents).

.24 Atypical run

The water:glycerol solution is prepared using 99.0% pure glycerol (Sigma Aldrich) and
distilled water. The water:glycerol molar ratio is settled in 9:1, as it was previously stated (Section
11.1.2.4). The mixed oxide is weighed and diluted mechanically with the respective amount of
SiC/quartz. The powder is then placed in the middle of the quartz reactor (14 cm from the top) and
held with two plugs of quartz wool. In order to help the distribution of reactants and products the
reactor is filled with crushed quartz before and after the fixed bed. In the bottom of the reactor the
crushed quartz is dso hold with a plug of quartz wool. At the top of the reactor (4 cm from the top) a
plug of quartz wool is also placed to facilitate the introduction of the water:glycerol solution. This
solution isintroduced, at the level of the first quartz wool bed (4 cm), using a dosage device (needle).

Before reaction, the catalyst is reduced with 3 ml.min™ of pure H, at 450 C. The temperature
is increase at constant rate of 2 C.min™, and maintained at 450 C for 12 h. Once the reduction
procedure is complete, the H, is flush out of the reactor using a flow of inert gases (N, Ar). The
complete elimination of H is then verified by GPC. During the purge period, the reactor temperature
is adjusted, keeping arate of 2 C.min™.

The reaction begins when the dosage device is introduced into the reactor. The reactant
solution isfed at afixed flow of 0.021 g.min™. The recovery and identification of the reaction products

is performed according to the procedure established above.












SYNTHESISAND CATALYST CHARACTERISATION BEFORE TEST

The study of hydrogen production from glycerol steam reforming was performed using
fluorite type mixed oxides. The mixed oxides alow the insertion of the active metal into the host
structure, as it was previously introduced. This characteristic enhances the metal-support interaction,
preventing the catalyst deactivation by the phenomenon of sintering and carbon deposition.

The Ce-Zr mixed oxides have been widely studied in our research group. The insertion of
transitions metals like Co', Ni*® and Fe* and noble metals like Rh® and Ru® has been studied in
different reactions. The cobalt insertion in the Ce-Zr lattice has been shown to be favoured by low
ceria content and low calcination temperature. It has been proven by XANES' that cobalt can be, by an
appropriate method of synthesis, inserted under the form of Co®" in octahedra coordination,
modifying the local environment of Ce™ and Zr*" cations. The Ce-Zr-Co mixed oxides have been
successfully used in the H, production by steam reforming of ethanol™* and isooctane’.

For ethanol and isooctane steam reforming, the effect of noble metal doping has also been
studied (Rh, Ru, Pd and Pt)®°. In ethanol steam reforming, the presence of Rh in the Ce-Zr-Co mixed
oxide improved the catalyst performance, as it wasinitially pointed out. In the case of isooctane steam
reforming Rh and Ru insertion were the ones that presented the best catalytic behaviour.

The hydrogen production by glycerol steam reforming was studied over Ce-Zr-Co mixed
oxides. The catalysts were doped with Ru and Rh. Ce-Zr, Ce-Zr-Ru and Ce-Zr-Rh mixed oxides were
also synthesised and tested in glycerol steam reforming.

The mixed oxides synthesised were characterised using several techniques. The global
composition of the mixed oxide and the formation of the fluorite structure were verified. The textura
properties were also determined. Finally, the redox properties of the mixed oxides and the effect of the

presence of noble metal (Ru, Rh) on these properties were a so considered.

.1 Catalysts Synthesis

The different catalysts were synthesised according to the pseudo sol-gel like method. This
method is a derivation of the standard sol-gel method, where the reactivity of the departure precursors

is affected before reaction in order to form a polymeric mixed precursor in solution'®*. This
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polymeric precursor in solution is later transformed into a solid resin, which after drying and

calcination leads to a mixed oxide with a well-defined structure and composition homogeneity.

The precursor salts used in the synthesis were cerium (I11) acetate hydrate, zirconium (1V)
acetylacetonate, cobalt (I1) acetate, rhodium (11) acetate and ruthenium (111) acetylacetonate. The

1214 \with a cation

precursor salts were dissolved in propionic acid, which was used as modifier agent
concentration of 0.12 mol.L™. The different solutions formed were then mixed and kept under total
reflux for 1 h. This procedure ensured the effective formation of the polymeric precursor in solution.
The elimination of the organic solvent was carried out by vacuum distillation. After distillation the gel
obtained was calcined at 700 C for 6 h, using a heating rate of 2 C.min™. The global procedure is

represented in Figure [11.1.

ZrSalt ey  Zr Propionate -—w[
Cle salt - W, CeZr(Co)Rh/Ru

C e Mixed Oxide

Co Satl Co Propionate

5 | Calcination
Rh/Ru Salt g Ru/RhPropionate = 700 °C
-\i .IJ

Propionic Acid

Evaporation

Figurelll-1. Global catalyst preparation procedure following the sol-gel like method.

Monometallic and bimetallic oxides were synthesised in order to evaluate the effect of Ru and
Rh insertion in the Ce-Zr-Co mixed oxide. The monometallic oxides corresponded to:

—  CeyZr,15C0050s.5 (CZCo),
N Cezzr1_97RUo_o30g_5 (CZRU), and
- Cezzr1.g7Rho.o308_5 (CZRh)

For the bimetallic oxides Co-Ru and Co-Rh oxides were considered. For Co-Ru three catalysts
were synthesised:

. CeyZr,5C0.47RU0 05035 (CZ'CoRu 0.5%),
. CeyZry5C00.47RU0 070355 (CZ'CoRu 1.2%), and
—  Cer59Z10.91C00.47RU0, 03035 (CZRCORU 0.5%)

12 A.C. Roger, C. Petit, S. Libs, A. Kiennemann, Studies in Surface Science and Catalysis. Volume 101 (1996) 1273-1282.

13 A.C. Roger, C. Petit, and A. Kiennemann, Journal of Catalysis 167 (1997) 447-459.

1 H. Provendier, C. Petit, A.C. Roger, A. Kiennemann, Studies in Surface Science and Catalysis. Volume 118 (1998) 285-
294.



SYNTHESISAND CATALYST CHARACTERISATION BEFORE TEST

The first two catalysts presented different contents of noble metal, and the same amount of
cerium. For the third mixed oxide, the amount of cerium was increased in comparison to the former
two.

For the Co-Rh couple, four catalysts were synthesised: two mixed oxides with different
content of noble metal but the same amount of cerium, like for Ru catalysts; and the others two with
the same amount of noble metal but different amount of cerium:

. CeyZr,5C00.47RNo,030s.5 (CZ'CoRh 0.5%) and

. CeyZr,5C00.47RNo,0705.5 (CZ'CoRh 1.2%)

— Cey53Zr291C00.47RN0,0305.5 (CZ'CoRh 0.5%) and
— Ce,50Zr091C00.47RN0,0305.5 (CZRCoRN 0.5%)

Finaly, Ce,Zr,Og mixed oxide (CZ) was also synthesised for comparison matters.

The effect of the introduction of ruthenium in the mixed oxide properties and catalytic
behaviour was evaluated by the comparison of CZCo, CZRu, CZ'CoRu 0.5% and CZ'CoRu 1.2%
mixed oxides. On the other hand, the modifications introduced by rhodium were evaluated comparing
the characteristics and reactivity of CZCo, CZRh, CZ'CoRh 0.5% and CZ'CoRh 1.2%. In both studies
the results of CZ mixed oxide were also included as reference. The effect of the noble metal content
was performed by comparing the 0.5 % and 1.2 % on each family of catalysts (Co-Ru and Co-Rh).
The modifications related to the noble itself were pointed out by the comparison between CZRu and
CZRh, and comparison between CZ'CoRu 0.5% and CZ'CoRh 0.5% mixed oxides. Finally, the effect
of the Ce/Zr molar ratio was only studied for the Co-Rh couple, where the comparison was performed
between CZ"CoRh 0.5%, which presents Poor content in cerium, CZ'CoRh 0.5% with Intermediate

content in cerium, and CZRCoRh 0.5% with Rich content in cerium.

.2 Mixed oxides Char acterisation

The oxides synthesised were characterised by several techniques. The composition of the
mixed oxides was verified by elementary analysis and by Transmission Electron Microscopy coupled
to Energy-Dispersive X-ray Spectroscopy (TEM-EDXS). X-ray Diffraction (XRD), Transmission
Electron Microscopy (TEM) and Raman spectroscopy were used to study the structural properties of
the mixed oxides and verify the effective formation of the fluorite-type structure. The textural
characteristics were determined by N, adsorption at 760 mmHg and -196 C. The study of the redox
properties was performed by Temperature Programmed Reduction (TPR), Temperature Programmed
Oxidation (TPO) and H,/O, pulses. Finally, H, desorption measures (H,-TPD), were used to determine
the metallic surface area of the different catalysts after reduction pre-treatment. The parameters used in
the different techniques are presented in Annexe 1 (Section VI11.1).



I11.2.1 Effect of Ruover CZ and CZCo mixed oxides

The comparison of CZ, CZCo, CZRu, CZ'CoRu 0.5% and CZ'CoRu 1.2% characterisation
resultsis performed in this section.

1.2.1.1
The experimental composition of the mixed oxides was determined by Inductively Coupled

Elementary analysis and textural properties

Plasma (ICP). This technique was performed at the Central Analysis Service of CNRSin Vernaison,
France. The composition obtained by this technique was designed as Experimental, and it is compared
in Table I11-1 to the Theoretical composition, calculated from the quantities used in the catalysts
synthesis.

TableI11-1. Composition of CZ, CZCo, CZRu, CZ'CoRu 0.5% and CZ'CoRu 1.2% mixed oxides.

Composition (wt. %)

Experimental Theoretical
Catalyst Ce Zr Co Ru CélZrgo,| Ce Zr Co Ru CéeZr o
Ccz NA NA - - NA 474 309 - - 153
CzCo 470 231 49 - 203 474 232 50 -- 2.04
CZRu 462 294 - 05 157 474 304 - 05 1.56
CZ'CoRu0.5% | 482 239 47 05 202 490 239 48 05 2.05
CZ'CoRu1.2% | 475 238 46 11 200 486 237 48 1.2 2.05

NA: not analysed

For CZCo, CZRu, CZ'CoRu 0.5% and CZ'CoRu 1.2% mixed oxides, the composition
determined by ICP (Experimental) was similar to the expected composition according to the synthesis
process (Theoretical). The proportion of cerium and zirconium were only slightly lower in most cases.
The small difference could be related to the presence of impurities in the catalyst after synthesis. The

content of Co and Ru was close to the expected values.

The textural properties and the density of CZ, CZRu, CZCo, CZ'CoRu 0.5% and CZ'CoRu
1.2% are presented in Table 111-2.

Table11-2. Characteristics of CZ, CZRu, CZCo, CZ'CoRu 0.5% and CZ'CoRu 1.2% mixed oxides.

Catalyst BET Surface Porevolume Density
(m”.g™") (cm’g?)  (g.cm?)
cz 11 2.69
CZCo 12 0.029 2.31
CZRu 41 0.072 2.59
CZ'CoRu 0.5% 16 0.035 2.16
CZ'CoRu 1.2% 18 0.039 2.01







