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ABSTRACT

The conversion of biomass into bio-oil through fast pyrolysis followed by its upgrading via
hydrodeoxygenation (HDO) is considered a potential route for the production of renewable
fuels. The present work aimed to develop new catalysts for the hydrodeoxygenation (HDO) of
phenol, which is a typical bio-oil model compound. The work section was divided in 5
independent chapters: (i) a thermodynamic study in order to determine the most favorable
operational conditions for the HDO of phenol. According to this study when methane was
added to the system, the equilibrium composition calculated indicated only the formation of
methane for all the conditions evaluated. However without CHy4, the best operational
conditions to perform the phenol HDO reaction are at intermediate temperatures and with
high Hy/phenol ratio; (ii) In sequence, the effect of to the addition of a second metal (Cu, Ag,
Zn, Sn) on the performance of Pd/ZrO, catalyst for HDO of phenol in the gas phase was
studied. The incorporation of dopants to Pd/ZrO, resulted in the formation of Pd—X (Cu, Ag,
Zn) alloys, which reduced the reaction rate for HDO and increased the selectivity to
hydrogenation products (cyclohexanone and cyclohexanol). However, the oxophilic sites
generated by Sn cations promoted the hydrogenation of the carbonyl group of the keto-
tautomer intermediate formed, producing benzene as the main product; (iii) The impact of
particle size of ZrO,-supported Pd and of alloying with Ag was explored for hydrogenation of
phenol in aqueous phase. This study was performed during an internship at PNNL (Pacific
Northwest National Laboratory). Kinetic assessments were performed in a batch reactor, on
monometallic Pd/ZrO, samples with different Pd loadings (0.5%, 1% and 2%), as well as on a
1% PdAg/ZrO, sample. In general, the lower activity of the small Pd particles was attributed
to low activation entropies for the strongly bound species and the presence of Ag increases
catalyst activity by decreasing the apparent energy of activation and increasing the coverages
of phenol and H,, without negatively affecting the transition entropy; (iv) After that, based on
the recent insides reported about the HDO reactions, the hydrodeoxygenation of phenol was
studied using Rh, Pd and Ni catalysts supported on Nb,Os. This part allowed understanding
how the SMSI (strong metal-support interaction) affects the selectivity of the HDO reaction.
In general, an increase in the reduction temperature favored benzene selectivity, all the
samples showed selectivity of approximately 95% for benzene for high reduction
temperatures; (v) In the final chapter of this work the effect of doping cerium oxide support
with niobium was investigated for HDO of phenol at 573K in the gas phase. The
incorporation of niobium altered the lattice parameters of cerium based oxides, favored the
reduction of the cerium and increased the selectivity to deoxygenated products (benzene).
Small amounts of niobium affected the surface area of the support and promoted the
formation of more dispersed nickel particles, which disfavored the hydrogenolysis of benzene.
In general, the data presented in this thesis contributed to a better understanding of the HDO
reaction.

Keywords: hydrodeoxygenation, phenol, bimetallic, thermodynamics, niobium, oxides.
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RESUMO

O processo de conversdo da biomassa em bio-6leo através da pirdlise rdpida seguida do
melhoramento do produto final por meio da reacdo de hidrodesoxigenacdo (HDO) ¢é
considerada uma importante via para a producdo de combustiveis renovaveis. O presente
trabalho teve como objetivo desenvolver novos catalisadores para serem aplicados na reagcdo
de HDO do fenol (tipico modelo do bio-6leo). O trabalho foi dividido em 5 capitulos
independentes: (i) No primeiro capitulo realizou-se um estudo termodinamico para determinar
as condi¢des operacionais mais favordveis para realizar a reacdo de HDO do fenol. De acordo
com este estudo, quando o metano € adicionado ao conjunto de compostos presentes no
sistema, a composi¢do de equilibrio indica apenas a formag¢do de CH,, independente das
condi¢des avaliadas. No entanto, sem CH4, as melhores condi¢des operacionais para a
realizacdo da reagdo de HDO do fenol sdo com temperaturas intermedidrias e uma alta relagdo
Hy/fenol; (i) Em sequéncia, estudou-se o efeito da adicdo de um segundo metal (Cu, Ag, Zn,
Sn) no desempenho catalitico da amostra Pd/ZrO, na reacdo de HDO realizada na fase gasosa.
A incorporacdo de dopantes resultou na formagao de ligas Pd-X (Cu, Ag, Zn), que reduziram
a taxa reacional e aumentaram a seletividade para produtos hidrogenados (cicloexanona e
cicloexanol). No entanto, os sitios oxofilicos gerados pela presenca dos cdtions Sn
promoveram a hidrogenacao do grupo carbonila do intermediario ceto-tautdmero, produzindo
benzeno como o principal produto; (iii) Em sequéncia, explorou-se o impacto do tamanho da
particula de Pd suportada em ZrO, e o efeito da formacdo de liga entre o Pd e a Ag para a
reacdo de hidrogenacdo do fenol em fase aquosa. Este estudo foi realizado durante um estdgio
no PNNL (Pacific Northwest National Laboratory). O estudo cinético foi realizado em um
reator batelada, utilizando amostras de Pd/ZrO, com diferentes teores de Pd (0,5%, 1% e 2%),
bem como em uma amostra de PdAg/ZrO,. Em geral, as particulas de Pd menores
apresentaram uma menor atividade, o que foi atribuida a baixa entropia de ativacdo das
espécies fortemente ligadas nas particulas menores. A presenca de Ag aumentou a atividade
do catalisador, diminuindo a energia aparente de ativacdao e melhorando a cobertura de fenol e
H,, sem afetar negativamente a entropia das moléculas de transi¢cdo; (iv) Com base nos
estudos recentes reportados na literatura, a reacdo de HDO foi estudada utilizando
catalisadores de Rh, Pd e Ni suportados em Nb,Os. Esta parte do trabalho permitiu entender
como o efeito SMSI (forte interacdo metal-suporte) afeta a seletividade da reacdo. Em geral,
um aumento na temperatura de reducdo favoreceu a seletividade do benzeno e todas as
amostras apresentaram seletividade de aproximadamente 95% para esse composto; (V) No
capitulo final deste trabalho, o efeito causado pela adi¢cao de Nb na estrutura do 6xido de cério
foi investigado para HDO de fenol na fase gasosa. A incorporacdo de nidbio alterou os
parametros da rede de oxidos a base de cério, favoreceu a reducdo do Ce e aumentou a
seletividade para os produtos desoxigenados (benzeno). Pequenas quantidades de nidbio
afetaram a area superficial do suporte e promoveram a formacgdo de particulas de niquel mais
dispersas, que desfavoreceram a hidrogendlise do benzeno. Em geral, os dados apresentados
nesta tese contribuiram para uma melhor compreensao da reagdo de HDO.

Palavras chaves: hidrodesoxigenacao, fenol, bimetélicos, termodinamica, nidbio, 6xidos.
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1.1. Introduction

The bio oil obtained from pyrolysis usually has an energy content that is nearly half of
petroleum due to extremely high oxygen contents in the range 35-40 wt% [1]. Thus, the direct
applications of the bio oil are limited also due to its high viscosity, high water and ash
contents, low heating values, solid content, chemical instability, and high corrosiveness.
Despite of the bio oil short coming properties it has some promising characteristics, such as
less toxicity, good lubricity and greater biodegradation than petroleum fuels [2-4]. In general,
the bio oil obtained from biomass pyrolysis is a complex mixture of reactive compounds. The
average composition of pyrolysis oils is around 55wt% organic components, that include
organic acids, ketones, phenolic compounds, furans, syringols, guaiacols and others
compounds, 15-30wt% water and 20wt% lignin fraction. Phenolic compounds represent the
major part of the lignin fraction of the bio oil [5,6], which explains the use of these reagents
as model compounds of bio oil [7].

In order to specifically convert bio oils into valuable fuels, the hydrodeoxygenation
(HDO) reactions have been investigated intensively in the last decade [3]. HDO of bio oil
involves the presence of a catalyst and hydrogen at moderate temperatures. The oxygen is
removed from the molecules to form water. According to Bu et al. [4] the overall reaction

stoichiometry of HDO may be schematically represented by the follow equation:

-(CHzo)- + Hz%-(CHz)- +H20 1.1

The HDO reaction may be performed in gas or liquid phase, however the liquid
treatments have some disadvantages, such as, the consumption of solvent, the cost of high
pressure equipment and the difficulties to separate catalyst, char, products, solvent and non-
reacted lignin from the reaction media [5]. In this work, all the catalytic system studied was
tested in the HDO reaction in the gas phase using phenol as a model compound. The HDO
reaction in a liquid phase was evalued with one catalytic system also using phenol as a model
compound.

The HDO reaction is considered a bifunctional mechanism that requires a metallic site
for hydrogenation/dehydrogenation as well as an oxophilic site that adsorbs the oxy

compound. Conventional sulfide catalysts used for petroleum hydroprocessing and precious
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metal catalysts have been studied for their reactivity in model oxygenate compound HDO
[3,6]. Tan et al. [13] showed that on a strong oxophilic metal, the direct deoxygenation is the
favorable path, while on weaker oxophilic metals such as Pt, the direct deoxygenation become
less favorable and the tautomerization-hydrogenation-dehydration mechanism is the favorable
path. The addition of a second metal is often found to induce variations in both catalytic and
adsorptive properties [14]. For example, Cu improved the activity of Ni-based catalysts
during HDO of guaiacol [15]. Similarly, bimetallic PdFe/C exhibited a significantly enhanced
HDO activity compared to Fe/C in the conversion of guaiacol [16]. In general, there are
several ways that oxygen can be removed from the compounds that are found in bio oil, such
as phenol. One pathway is direct hydrodeoxygenation (direct deoxygenation, DDO), which
leads to the formation of aromatics and water. Another is hydrogenation of the phenolic ring
followed by dehydration to form cyclohexene derivatives [8]. Also there is the
tautomerization path [9-12].

The choice of carrier material is an important aspect of catalyst formulation for HDO, as
it has the potential to influence the activity and selectivity observed during the deoxygenation
of bio oil model compounds over metallic catalysts [17]. Particularly interesting results have
been observed over reducible metal oxides such as TiO,, and CeO,, where deoxygenation is
hypothesized to involve oxygen vacancies [18].The reducible metal oxide supports may
contribute to the deoxygenation of model bio oil compounds.

In the present study, phenol is chosen as model compound for hydrodeoxygenation
because the bio oil has a relatively high concentration of phenolic compounds. Pd bimetallic
samples supported on ZrO, were studied iniciallty to evalued if the alloy formation favored
the stability of the samples in the HDO reaction. This study was based on a previus works
from the group that showed Pd samples supported on ZrO, as a potencial support for the HDO
reaction in a gas phase. In sequence these samples also were studied in the liquid phase,
aiming to evalued the kinetic of the hydrogenation of phenol. The recent literature indicated
the important role of the support in the HDO reaction. Then, in the next part, we studied
transition metal supported on niobium and cerium oxides. In this second part of the work we

are aiming to study the activity, selectivy and estabiliy of these samples in the HDO reaction.

1.2. Structure of dissertation

This doctoral dissertation is divided in additional 8 chapters, as described below:
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1.2.1. Chapter II- Literature Review

A small overview of phenol HDO reaction mechanism, metals and supports used.

1.2.2. Chapter III — Experimental Part
A description of materials, catalyst preparation, characterization/analytical methods, and

the experimental setups used for all the chapters on this doctoral thesis.

1.2.3. Chapter IV — Thermodynamic Analysis of the hydrodeoxygenation reaction
of phenol in gas phase

The thermodynamics analysis of the HDO reaction of phenol was performed. was and
then related to experimental tests of gas phase phenol HDO over 5%Ru/ZrO, and
29%Pd/ZrO,catalysts.

1.2.4. Chapter V — Hydrodeoxygenation of phenol over zirconia supported Pd
bimetallic catalysts: The effect of second metal on catalyst deactivation

In sequence, the HDO of phenol over bimetallic Pd catalysts supported on ZrO, (PdAg,
PdZn, PdCu and PdSn) was investigated. The formation of Pd alloy with the reduction
temperature was studied by in situ X-ray photoelectron spectroscopy (XPS) and X-ray

absorption spectroscopy (XAS) experiments.

1.2.5. Chapter VI — Aqueous phase hydrogenation of phenol catalyzed by Pd and
PdAg on ZrO,

The effects of Pd particle size and of Pd-Ag bimetallic particles on the activity and
selectivity in aqueous phase hydrogenation of phenol, using ZrO, as the support, were
investigated. Physicochemical characterizations are combined with kinetic measurements to

develop a description of the HDO reaction.

1.2.6. Chapter VII - Hydrodeoxygenation of phenol over Niobia supported
catalysts: Effect of different metals and reduction temperature

Different metals (Ni, Pd and Rh) supported on Nb,Os were evaluated for the gas phase
phenol HDO reaction. A systematic study was performed using phenol as a model compound
of the bio oil to investigate the effect of the different metals and the reduction temperature on

this reaction.
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1.2.7. Chapter VIII — Hydrodeoxygenation of phenol over doped cerium oxide with
niobium

The effects of the addition of different contents of Nb in the ceria structure was
investigated. The activity and selectivity of these catalysts were evaluated over the gas phase
hydrogenation of phenol, using nickel as a metallic phase. The structural modification of Nb
addition in different environments was studied by in situ X-ray photoelectron spectroscopy
(XPS), X-ray absorption spectroscopy (XAS) and In situ X-ray diffraction (XRD)

experiments.

1.2.8. Chapter IX — Conclusion
The main conclusions of the thesis were presented along with recommendations for

further work.
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2.CHAPTER II

2.1. Literature Review

The global energy consumption is increasing, thus renewable energy should be widely
explored in order to diversify energy sources and keep sustainable development safe. The use
of biomass has been intensely investigated as a source of renewable energy. Most processes
that convert biomass to liquid fuels begin with pyrolysis, followed by catalytic upgrading of
the resulting biocrude liquids [1]. In pyrolysis process, biomass decomposes to generate
mostly vapors and aerosols. After cooling and condensation, a dark brown homogenous liquid
(bio-oil) is formed which has a heating value about half that of conventional fuel oil [2].

The production of third generation fuels is mostly based on bio-oils and vegetable oils.
Bio-oils have gained considerable importance as potential feedstock for the production of
hydrocarbons through catalytic processes. This oil is a complex mixture of water with
different types of organic compounds such as carboxylic acids, ketones, aldehydes, sugars,
alcohols, phenols with more complex compounds such as lignin and carbohydrates with
higher chain [3]. In general, the bio-oil composition, chemical and physical characteristics are
closely linked to the type of raw material used and the conditions used in its production [4].

According to Mohan et al. [4] the use of bio-oil has several environmental advantages
over fossil fuels, as it is cleaner and causes less pollution. Also the production of the bio-oil
can be viable economically in countries with large volumes of organic wastes, which is the
case of Brazil. Besides that, the thermochemical conversion of biomass (pyrolysis,
gasification, combustion) is a promising, non-nuclear form of future energy. Table 2.1
presented by Qi et al. [5] shows a comparison between the physical properties of a bio-oil and
a particular fossil oil. The most important difference observed between these two oils is the
ratio of the chemical elements. The amount of oxygen present in the bio-oil is greater than on
the oil derived from diesel. This high oxygen content is responsible for problems with
polymerization during storage and it also decreases the calorific value of the bio-oil. Because
of its low energy value, the bio-oil cannot be used directly as diesel and gasoline, or another

fuel attached to transport [6].
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Table 2-1. Typical properties of wood pyrolysis bio-o0il and of heavy fuel oil. Adapted from
Zhang Qi et al. [5].

Bio-oil Fuel oil
Moisture content [wp%] 15-30 0.1
pH 2.5 -
Specific gravity 1.2 0.94
Elemental composition
[Wt%]
C 54-58 85
H 5.5-7 11
0 35-40 1.0
N 0-0.2 0.3
Ash 0-0.2 0.1
HHV(MIJ/kg) 16-19 40
Solids [wp%] 0.2-1 1
Distillation residue [wp%] Above 50 1

The deleterious properties of the bio-oil, such as, high viscosity, thermal instability and
corrosiveness are obstacles to the substitution of fossil derived fuels by the renewable oils. So,
an upgrading process to reduce the oxygen content is required before its application.
Hydrodeoxygenation (HDO), hydrodesulfurization (HDS) and hydrodenitrification (HDN) are
the main processes that can be used to improve the bio-oil. The literature review of this study

will be restricted to the hydrodeoxygenation reaction that is the main focus of this work.

2.2. Hydrodeoxygenation reaction (HDO)

Hydrodeoxygenation reaction is reported to be the most suitable method to upgrade bio-
oil [7]. Industrialization of HDO process was first done by Neste oil in Porvoo, Finland using
vegetable oils as the primary feed stock. Upgrading biomass-derived oils to hydrocarbon fuels
requires oxygen removal and molecular weight reduction. As a result, typically there is

formation of an oil phase and an aqueous phase product, as shown generically in equation 2.1:

-(CH,0)- + H,~> -(CHy)- + H,0O 2.1
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Catalytic upgrading of bio-oil is a complex reaction network due to the high diversity of
compounds in the feed. Cracking, decarbonylation, decarboxylation, hydrocracking,
hydrodeoxygenation, hydrogenation, and polymerization have been reported to take place in

HDO process [8]. Fig. 2.1 shows examples of these reactions.

H,C
—— CH, _CH, _R, ~CH Y
Cracking: RI/ ‘Ci[; ‘C!l; — R TCH, + CH-R,
0
. 4
Decarbonylation: R|—(_\ — R~-H + CO
H
(8]
. b/
Decarboxylation: R,—C\ —= R—-H *+ CO,
OH
CH R
Hydrocracking: RL/ %‘CH/.. ‘+ H,—= R-CH; + H;C—R,
Hydrodeoxygenation: R—OH *+ H, —>= R—H * Wm0
R, ",Rz
Hydrogenation: - - S CH, Ry +
ydrog o=t H, R e, H,0
H H

Figure 2-1. Examples of reactions associated with catalytic bio-oil upgrading. The figure was

presented by [8].

Hydrodeoxygenation (HDO) of phenolic compounds to cycloalkanes in liquid phase has
been reported using heterogeneous metallic catalysts at moderate temperatures (573—-873 K)
and high hydrogen pressures in fixed bed reactors [9,10]. According to Mortensen et al. [8]
high pressure is generally used to ensure better solubility of hydrogen in the oil and thereby a
higher availability of hydrogen in the vicinity of the catalyst, which increases the reaction rate
and further decreases coking in the reactor.

Due to the diversity of compounds found in the bio-oil many authors choose to use
model compounds to study the performance of the catalysts in this reaction [11-13]. The
average composition of raw pyrolysis oil is 50-65% of organic components, 15-30% of water
and 20% of colloidal lignin fraction. More than 400 different organic components have been
detected, which can be classified in several groups: organic acids, aldehydes, ketones, furans,
phenolic compounds, guaiacols (methoxyphenols), seryngols and sugar based compounds

[10-14].
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2.3. Thermodynamic analysis

Before starting to develop catalysts for the HDO reaction it is important to perform a
thermodynamic analysis of this process. This analysis may help to determine the optimal
operation conditions for the process. Once the best operating conditions are known, the
performance tests of the catalysts can be executed in order to obtain a viable process. There
are not many thermodynamic studies of phenol HDO reaction in the literature. Therefore this
review focus was studiesthat analyzed similar reactions. Velu et al. [15] studied the
hydrogenation of phenol over palladium catalysts and calculated Gibbs free energies for the
main reactions. In general, the Gibbs free energies of these reactions are negative for each
hydrogenolysis/hydrogenation step except for the partial hydrogenation of benzene to
cyclohexene. The results obtained by these authors are presented in Figure 2.2 Phenol can be

hydrogenated by two initial routes: (1) the first one leading to cyclohexanone or cyclohexanol

and the second that produces benzene (8).

5.4

AG =+ 22.7 kJ/mol

@

Figure 2-2. Reaction network showing thermodynamically favorable steps in the

hydrogenation of phenol. Adapted from Velu et al. [15]

Shin e Keane [16] studied the gas-phase hydrogenation/hydrogenolysis of alcoholic
solutions of phenol. The authors calculated the possible thermodynamic limitations by
estimating the equilibrium constants using the NIST database. The calculated AG free

energies (taking 498 K as a representative temperature) for all the possible reaction steps in
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the conversion of phenol are given in Table 2.2. The thermodynamic calculations indicate that
the standard free energies of reaction are negative for each hydrogenolysis/hydrogenation step

with the exception of the partial hydrogenation of benzene to cyclohexene.

Table 2-2. Gibbs Free Energies at 498 K for the possible reaction steps observed in the
hydrogen treatment of Phenol [16].

Reaction AG, kJ mol™
C¢Hs0OH + 2H, <« CsH;,0 -1.1
C¢HsOH + 3H, <9 CsH; OH -2.0
C¢HsOH + H, € CHg+H,0 -29.7
C¢HsOH + 3H, €% C¢H;o+H,0 -20.1
C¢HsOH + 4H, <% CsH;,+H,0 -40.8
C¢H0O + H, @ CcH;;OH -0.8
CeH; 0O <@ C¢HsOH + 2H, 0.9
C¢H100 €»C¢Hg + H,O +H, -28.6
CsH 10O + H, € CsH,( + H,O -18.9
C¢H100 + 2H, €@ C¢H;, + H,O -39.8
CeH;1OH < CsH;oO +H; 0.9
C¢H;,OH <« CcHsOH + 3H, 1.5
C¢H;,OH @ CcHg +H,O + 2H, -27.9
C¢H;1OH @ C¢H;o+ H,O -18.4
C¢H,;OH + H, @ C¢H;, +H,O -38,9
Ce¢He + 2H, @ CcHio 22.7
Ce¢Hs + 3H, @»CsH/» -26.1
CsHio + Hy @ CsHio -48.0

Olcese et al. [11] presented a thermodynamic analysis for guaiacol HDO reaction. The
chemical equilibrium compositions were calculated using GASEQ software. The following
compounds were used in this study: phenols (phenol, cresols, catechols and guaiacol),
hydrogenated ring compounds (cyclohexane, cyclohexene, cyclohexanol, etc.), HDO products
(benzene, toluene and xylene), carbon, methanol, water, carbon dioxide and monoxide and

alkanes (methane- C¢). The starting feed was 1% guaiacol, 90% H;, 9% Ar, at 1 atm and 673



11 CHAPTER Il — Literature Review

K. CH4 was the final product when the thermodynamic equilibrium was achieved, considering
31 possible compounds.

Newman et al. [17] presented the temperature dependence of the standard state Gibbs
Free Energy of the following reaction: xH,+ phenol — product + yH,O. The number of
moles of H, (x) and H,O (y) varies for each of the products: benzene, cyclohexanone,
cyclohexene, cyclohexane, cyclohexanol. They concluded that hydrogenation is
thermodynamically favorable at lower temperatures (below 500K) and it becomes
unfavorable at high temperature. On another hand, the AG for deoxygenation of phenol to
benzene is essentially independent of temperature and therefore becomes the

thermodynamically favored reaction above 550 K.

2.4. HDO mechanism

Three reaction paths can be observed during HDO process: (i) hydrogenation of the
Carom-C  (HYD) bond (ii) direct deoxygenation (DDO) and (iii) tautomerization -
hydrogenation-dehydration [10, 18]. Figure 2.3 was presented by Ghampson et al. [19] and
shows the possible routes for the HDO reaction of phenol. Route 1 is initiated by ring
hydrogenation (HYD) of phenol to hydrogenated products, which is in turn transformed into
cyclohexene by dehydration. Cyclohexane and benzene are then produced from
hydrogenation and dehydrogenation, respectively, of cyclohexene. Finally, isomerization of
cyclohexane yields methylcyclopentane while hexane is formed from ring opening reaction of
cyclohexane [19]. This route was partially reported by Zhao et al. [20] that studied the
catalytic hydrodeoxygenation of phenol on the dual-functional catalyst system Pd/C and
H3POy in a liquid phase. The authors divided the elementary reactions for the aqueous-phase
phenol hydrodeoxygenation into four processes: (1) phenol hydrogenation to cyclohexanone
on Pd/C; (2) cyclohexanone hydrogenation to cyclohexanol on Pd/C; (3) cyclohexanol
dehydration to cyclohexene on HZSM-5, and (4) cyclohexene hydrogenation to cyclohexane

on Pd/C.
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Route 1 (HYD): Ring hydrogenation/dehydration-dehydrogena
B

I
— O—~0—0
O—| A= r

@

Route 2 (DDO): Direct Deoxygenation-hydrogenation

-G—O

Route 3 (TAU): Tautomerization-hydrogenation
OH o] OH
O— 0> 0—0
i B ——
h\ OH ]
O—0—0

Figure 2-3. Reaction scheme for the conversion of phenol. Adapted from Ghampson et al.

[19].

CH

Route 2 depicts direct deoxygenation (DDO) of the C—O ¢ bond to produce benzene.
Hensley et al. [21] studied the deoxygenation mechanism for the conversion of phenol to
benzene on Fe(110) and Pd(111) using density functional theory. Five distinct deoxygenation
mechanisms were examined as presented in Figure 2.4. Two mechanisms were identified as
competing for the most favorable mechanism: the DHOx and H-DHOxX. Therefore, the most
favorable phenol deoxygenation mechanism was the DHOx, because each step in this
mechanism is both energetically and kinetically favorable. Hensley et al. [21] observed that
the majority of the deoxygenation reactions on the Pd(111) surface are highly endothermic,

while on the Fe(110) surface, almost all deoxygenation reactions are exothermic.
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Transhydrogenation & Deoxygenation (TH & DO)

OH CJH
H
O~ CF G
M

Dehydroxvlatlun {DHOX)
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Dehvdroxylatlon & Transhvdrogenatlon (DHOx & TH)

OH
M H M H
W+ — y — H+?H—b©+?H
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Tautomerization & Dehydroxylation (Taut. & DHOX)
OH ol oH Mo
H H H
H +©—b©&u+m —_— @ZH_’GH-}?H_}@-F L;I—-
11 i

Figure 2-4. Possible deoxygenation reaction mechanisms for phenol on a metal catalyst

surface. Adapted from Hensley et al. [21].

Figure 2.5 suggests that the deoxygenation reactions are not likely to occur on the
Pd(111) surface at reasonable operating temperatures because of the highly endothermic
nature of these key reaction steps and the probability of significantly large activation energies.
Based on the exothermic nature of the elementary deoxygenation reaction energies, these
reactions have a higher probability of producing the deoxygenated products on the Fe(110)

surface.
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Hydrogen

Benzene

; Water
£

Figure 2-5. Reaction energy for each surface studied. Adapted from Hensley et al. [21].

Route 3 proceeds first through keto-enol tautomerization (TAU) of phenol to form an
unstable cyclohexadienone intermediate, followed by two potential pathways: (1)
hydrogenation of the carbonyl group to form 2,4-cyclohexadienol and subsequent rapid
dehydration to benzene, or (2) hydrogenation to cyclohexanol which is then dehydrated to
form cyclohexene, and a final hydrogenation step to cyclohexane. De Souza et al. [22] studied
the performance of Pd catalysts supported on SiO,, ALOs; and ZrO, for the
hydrodeoxygenation (HDO) of phenol in the gas phase, at 573K and 1 atm using a fixed bed
reactor. According to the authors the pathway for phenol HDO is through this route 3. For
Pd/Si0, and Pd/AL,O3 catalysts, the ring is preferentially hydrogenated to produce
cyclohexanone and cyclohexanol. On the other hand, over Pd/ZrO, the intermediate is
hydrogenated to 2,4-cyclohexadienol, which is subsequently dehydrated to benzene. The
differences in the reaction pathways were attributed to the presence of oxophilic sites on the
ZrO, surface (Zr** cations). Based on the reaction mechanism proposed by de Souza et al.
[22] and using similar operational conditions, Teles et al. [23] investigated the effect of the
metal type on the product distribution for HDO of phenol (Fig. 2.6). According to the authors,
for Pt/Si0,, Pd/SiO, and Rh/SiO, catalysts, phenol is mainly tautomerized, followed by
hydrogenation of the C-C bond of the tautomer intermediate formed, producing
cyclohexanone and cycloexanol (Fig. 2.6). By contrast, the direct dehydroxylation of phenol
followed by hydrogenolysis might also occur over more oxophilic metals such as Ru, Co and

Ni.
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Figure 2-6. Reaction pathways for HDO of phenol over silica supported metal catalysts.
Adapted from Teles et al. [23]

2.5. Catalysts for HDO process

Different samples have been studied as catalysts for HDO process: transition metals
sulfides, carbides, nitrides, oxynitride, phosphides, noble and metal oxides [24]. Details of the
role of some of these catalysts are presented below. Mortensen et al. [25] performed a study to
identify efficient catalysts for HDO of phenol at intermediate temperature and pressure (548K
and 100 bar) in a batch reactor. The authors investigated four groups of catalysts, totaling 23
samples: oxide catalysts, methanol synthesis catalysts, reduced noble metal catalysts, and
reduced non-noble metal catalysts. The following activity order was observed: Ni/ZrO, > Ni-
V,05/ZrO; > Ni-V,05/Si0, > Ru/C > Ni/Al,O3 > Ni/SiO; >>Pd/C > Ni/MgAl,04 > Ni/CeO,-
ZrO; ~ Ni/CeO, > Pt/C >> Cu/ZnO/Al,03 ~ NiO-Mo0Os/Al,03 ~ NiCu/SiO, > Cu/SiO; >
Co/SiO; > Ni/C > Fe/SiOy; MnO/C; WO5/C; V,0s5/C; CoO-Mo03/Al,03. The oxides and
methanol synthesis catalysts had low activity for HDO of phenol at the given conditions,
which was linked to their inability to hydrogenate the phenol ring. On other hand, reduced
metal catalysts of both noble and non-noble metals were significantly more active.

Mortensen et al. [26] studied the hydrodeoxygenation (HDO) of phenol over nickel

nano-particles of different size (5-22 nm) supported on SiO; in a batch reactor at 548 K and
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100 bar. The authors concluded that an intermediate nickel particle size is needed for optimal
phenol HDO over Ni/SiO, at temperatures below 573 K. Both the hydrogenation and
deoxygenation reaction were considered Ni-particle size dependent. Surface site population
theory evidenced that the deoxygenation reactions were favored on step/corner sites, giving
higher deoxygenation rates on small particles. For hydrogenation, the influence of particle
size on the rate could be related to the size of Ni facets, with larger facets being better.

Ghampson et al. [19] investigated the hydrodeoxygenation of phenol over supported Co
catalysts as a function of the oxide support (alumina, silica-alumina, zirconia and titania).
They used a batch reactor at 573 K and a hydrogen pressure of 3 MPa. The reaction time was
4h. Cobalt supported on Al,O3 and SiO,—Al,O3 followed the sequential ring hydrogenation—
dehydration—hydrogenation route typical of metal/acidic support catalysts, while phenol
tautomerization followed by hydrogenation/dehydration sequence was evident over Co/ZrO,.
However, over Co/TiO, the sequential direct deoxygenation—hydrogenation pathway occurred
preferentially. According to the authors the catalytic activity is related to the total acidity of
the Co—support interface, while the product selectivity is a function of the nature of the acid
sites determined by cyclohexanol dehydration.

In the literature many studies proposed a correlation between the affinity of the metals
to bind oxygen and their deoxygenation activity [21, 25, 27]. Teles et al. [23] investigated this
relationship between the deoxygenation activity and the affinity of the metals to bond with
oxygen from carbonyl group. The authors conclude that oxygen binds more strongly to Ru
than to other metals. The following binding energies of atomic oxygen were observed: Ru (-
5.90 eV) <Co(-5.58 eV) < Ni (-5.40 eV) < Rh (-5.04 eV) < Pd (-4.48 eV) < Pt (-4.20 eV). The
selectivity to deoxygenated products increased in the same order of binding energies of
atomic oxygen, which demonstrated that stronger bonds of oxygen from carbonyl group to the
metal, favors the formation of deoxygenated products.

Nelson et al. [28] performed a study with isotopically labeled phenol and DFT (Density
Functional Theory) calculations to provide insight into the HDO mechanism over Ru/TiO,
catalyst. The authors showed the importance of interface sites between Ru nanoparticles and
the TiO, support. They proposed that the amphoteric nature of TiO, facilitates H, heterolysis
to generate an active site that promotes the catalytic C—O bond scission of phenol. Also, they
highlighted that the DDO selectivity of Ru/TiO, catalyst with small Ru particles is enhanced
by the presence of water. The authors proposed a novel DDO mechanism for phenol when the
reaction is performed with water. In this mechanism, water molecules adsorb on hydroxylated

or partially reduced TiO,. This support can easily accept and donate protons across the
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Ru/TiO; interface and lower the C—O scission barrier by donating a proton during the
abstraction of the phenolic OH group. The OH group is replaced in a hydride attack with a
single reductive proton. Small Ru particles that create a maximal number of interface sites are
necessary for optimal DDO performance. Because of the strong C,,—O bond, the direct
scission pathway has received very little attention in the past. However, the DFT results
identified a bifunctional site with metal and Brgnsted acid functionality at Ru/TiO, interface
that provides a lower C— O bond scission barrier (Ea = 0.42 eV) than the most favorable

hydrogenation step (Ea = 0.81 eV).

2.5.1. Bimetallic Catalysts

Bimetallic catalysts have been studied for different reactions, such as, hydrogenation in
general, hydrogenolysis, CO oxidation, among others. These materials can be a combination
of noble metals (Pt, Pd, Rh) with transition metals such as Cu, Zn and Ag. The presence of the
second metal may cause the dilution of the active metal, which can affect the selectivity and
stability of the reaction studied. Moreover, the dopant also can improve the thermal stability
of the noble metal, which helps to avoid the sintering of the primary metal in the reduction
and reaction process [29]. Coq and Figueras [30] reviewed the main effects caused by the
addition of a second metal to Pd catalysts. The influence of the dopant on Pd catalyst may be
determined by two factors: the degree of interaction between the two components and the
chemical state of the dopant metal. In general, alterations of the catalytic properties of Pd
were discussed according to the following effects: (i) electronic, (ii) geometric effects and
(ii1) the formation of mixed active sites, which can catalyze two reactions at the same time.
According to Coq and Figueras [30] the electron effects play an important role in the
selectivity and stability of the hydrogenation reaction of unsaturated hydrocarbons, while the
geometric effect affects the structure-sensitive reactions. The geometric effect, known as
"ensemble-size", can be caused by the addition of an inactive metal B to an active metal A. A
direct consequence of this effect is the decrease in TOF (number of molecules transformed
per unit time per atom A exposed on the metal surface). This was observed by Sinfelt et al.
[31] that studied the hydrogenolysis of ethane to methane over a series of copper-nickel
alloys. The catalytic activity decreased markedly and continuously with addition of copper to
nickel over the whole range of alloy composition.

Wang et al. [32] tested Ni-Mo-B amorphous bimetallic catalyst in the phenol
hydrodeoxygenation (HDO). The catalysts were prepared by chemical reduction of nickel

nitrate and ammonium heptamolybdate with sodium borohydride aqueous solution. According
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to the authors MoQO, acted as Brgnsted acid site, while B’ donated partial electrons to Ni,
enhanced the catalytic activity. Nie et al. [33] investigated the catalytic conversion of m-
cresol in the presence of H, on SiO,-supported Ni, Fe, and bimetallic Ni—Fe catalysts at 573 K
and atmospheric pressure, which are the HDO conditions. Over the monometallic Ni catalyst,
the products from the hydrogenation were dominant (3-methylcyclohexanone and 3-
methylcyclohexanol). By contrast, on Fe and Ni—Fe bimetallic catalysts, the dominant product
is toluene. The deoxygenation path would mostly occur on Fe and Ni—Fe catalysts that
contain an oxophilic metal (Fe), while the hydrogenations path would occur on Ni, which has
a higher affinity for the aromatic ring. In the work published by Huynh et al. [34] Ni-, Cu-, or
Co-containing HZSM-5-supported catalysts and two series of bimetallic catalysts
(NiCo/HZSM-5 and NiCu/HZSM-5) were prepared, characterized, and tested in the
hydrodeoxygenation (HDO) of phenol as a model compound for bio-oil in batch experiments.
As expected, Ni/HZSM-5 is more active than monometallic Cu/HZSM-5 and Co/HZSM-5 for
phenol HDO, which is related to the Ni capability of H, activation and dissociation. The
addition of Cu to Ni/HZSM-5 strongly promotes Ni reducibility and leads to the formation of
the NiCu alloy but generates separate Cu species with larger particle size. Ni-Cu/HZSM-5
showed lower conversion and selectivity toward deoxygenated products, which may be
expected since Cu is less active for the studied reaction. In contrast, the addition of Co to
Ni/HZSM-5 increases the catalytic activity and also changes the distribution of deoxygenated
products. The addition of Co also suppresses the coke deposition as compared with
monometallic catalysts.

Cu/C, Fe/C, Pd/C, Pt/C, PdFe/C, and Ru/C were characterized and evaluated for vapor-
phase hydrodeoxygenation (HDO) of guaiacol (GUA) by Sun et al. [35]. Cu and Fe metal
catalysts exhibit lower activity than the precious metal catalysts, however they showed higher
selectively to deoxygenated products (Benzene and toluene). Compared to Fe/C and Pd/C,
PdFe/C catalysts exhibit a substantially enhanced activity while maintaining the high
selectivity to HDO products without ring saturation or ring opening. Bimetallic PdFe/C
catalysts were found to exhibit a significantly enhanced hydrodeoxygenation activity, which
was related to the modification of Fe by Pd as confirmed by high-resolution STEM imaging
complemented by EDS, temperature-programmed reduction, EXAFS, and theoretical
calculations. The reaction pathways for guaiacol HDO were dependent on the type of catalyst.
Figure 2.7 shows the proposed reaction pathways on the supported metal catalysts studied by

Sun et al. [35]. In general, over Fe, Cu, and PdFe phenol was the major intermediate formed
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through either demethylation of guaiacol followed by HDO of catechol or demethoxylation of

guaiacol.
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Figure 2-7. Reaction pathways on precious metals (Pd, Pt, Ru) as indicated by blue arrows
vs. reaction pathways on base metals (Cu, Fe) and bimetallic Pd—Fe as indicated by red

arrows. Adapted from Sun et al. [35]

The alloying of an oxophilic metal to a noble metal has a positive effect for the
hydrodeoxygenation reactions. These bimetallic systems have been proposed to reduce the
barrier for C—O scission through a strong interaction of the oxophilic metal with the oxygen-
containing in the aromatic compound. Hong et al. [36] investigated a series of Pd/Fe,O3
catalysts for the hydrodeoxygenation (HDO) of m-cresol. The authors showed that the
addition of a noble metal (Pd, Pt, Ru, and Rh) significantly improves the activity of Fe. The
presence of Pd facilitated the reduction of Fe and improved the resistance of the Fe surface to
the oxidation by reactant and water generated during the HDO process. Similar to the
Pd/Fe,O5 catalysts, M/Fe,O3 catalysts (M =Pt, Ru, and Rh) showed high selectivity to
toluene, with a similar product distribution iron catalyst. A possible mechanism is presented
in Figure 2.8. H, preferentially adsorbs and dissociates on Pd entities attached to Fe surface,
followed by spillover to the metallic Fe sites where the substrate, m-cresol, adsorbs and
activates. The unique adsorption mode of m-cresol on the Fe metallic surface enables the high

selectivity toward direct HDO products (toluene, benzene, and xylene). Meanwhile, Pd is the
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active site for activating hydrogen and maintains the high hydrogen coverage on the metallic
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Figure 2-8. Mechanism of HDO reaction over Pd-Fe. Adapted from Hong et al. [36].

The addition of Co or Ni to y-Al,Os-supported Pt catalyst improved the HDO of m-
cresol conversion and modified the product distribution [37]. The enhancement in the overall
HDO activity is related to the better hydrogenation activity of bimetallic Pt—Co and Pt—Ni
catalysts and the generation of additional sites for alcohol dehydration. Consequently, more
saturated cyclic hydrocarbon product, methylcyclohexane, is observed on bimetallic catalysts
with respect to the monometallic Pt catalyst. The authors highlighted that efficient catalysts
for upgrading of phenolic compounds can be designed by tuning different catalyst active
functions based on the knowledge of reaction mechanisms. Robinson et al. [38] reported that
the addition of Mo to supported Pt catalysts increased the selectivity to deoxygenated
products by creating sites that introduce a new preferred reaction pathway by changing the
kinetic barriers. They conclude that PtMo can catalyze m-cresol deoxygenation via a pathway
involving an initial tautomerization step, while the mechanism on monometallic Pt/Al,03 was
the ring hydrogenation, followed by dehydration on the support. The Mo sites on the PtMo
bimetallic surface dramatically lower the barrier for m-cresol tautomerization and subsequent
deoxygenation. The accessibility of this pathway arises from the increased interaction

between the oxygen of m-cresol and the Mo sites on the Pt surface.

2.6. Support effect

The supports play an important role in the HDO reaction process, since they can
improve the dispersion and stability of the active phase. In addition, some supports also
present active sites, such a Brgnsted or Lewis acid sites, which may influence the catalytic

activity, coke formation and product distribution of the different reactions involved in the
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HDO process. In general, the effects caused by the support can be related to the following
factors: water tolerance, surface acidity, porosity, metal-support interaction, surface area, etc
[39]. Lee et al. [40] studied the catalytic roles of the metal nanoparticles and acidic supports
in the hydrodeoxygenation of guaiacol. They demonstrated that metals were responsible for
the hydrogenation of aromatic rings while metal deposited on acidic supports were
indispensable to the deoxygenation of oxygenates. Figure 2.9 shows the main products
obtained for different support and the metals. In general, it is noted that the support has a

more significant effect on the yield of the products than the metal.
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Figure 2-9. Product distributions of the hydrodeoxygenation of guaiacol with Pt, Rh, Pd, and
Ru supported on Al,O3, Si0,-Al,03, and NAC. Adapted from Lee et al. [40].

Newman et al. [17] studied Ru-supported catalysts for hydrodeoxygenation (HDO)
process using phenol as a model compound. According to the authors the reactivity data is
consistent with a parallel mechanism, involving direct deoxygenation (DDO) or
hydrogenation (HYD) of phenol. They did not observe effects of the different supports, pore
size or morphology in the HYD pathway, however for the DDO pathway, the selectivity
varied with support. Among the studied supports (carbon, silica, alumina, and titania) TiO;
was the one that showed the most dramatic effect on reactivity of the HDO reaction. The role
of TiO, was explained by a “spillover mechanism”, in which small Ru particles could
facilitate hydrogen dissociation and the hydrogen in turn could diffuse to the support where
Ti** is reduced to Ti’* Lewis acid sites. The authors also supposed that this effect may be

related to the strong metal-support interaction (SMSI). However, the most probably
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hypothesis presented by Newman et al. [17] to justify the positive effect caused by TiO, was
related to the difference observed in the Ru particle size on each support. Large Ru particles
presented in the other supports interact with the aromatic ring and facilitate hydrogenation,
while on the TiO; surface, small metal particles create a bifunctional catalyst with the phenyl
ring interacting with the metal particle, while the oxygen adsorbs on a reduced Ti’" site.

De Souza et al. [41] investigated the effect of the type of support (SiO,, Al,O3, TiO,,
ZrO,;, CeO, and CeZrO;) on the performance of Pd-based -catalysts for the
hydrodeoxygenation of phenol at 573 K using a fixed bed reactor. In general, the product
selectivity was affected by the type of support: Pd/TiO; and Pd/ZrO, favored the formation of
benzene, while cyclohexanone was a major product over the other supports (Pd/SiO,,
Pd/AL,Os3, Pd/CeO, and Pd/CeZrO,). The high selectivity to benzene over Pd/TiO, and
Pd/ZrO, catalysts was related to the oxophilic sites of these supports represented by

incompletely coordinated Ti**/ Ti>* and Zr**/Zr*" cations near the periphery of metal particles.

2.6.1. Zirconium oxide

The zirconia is a promising catalytic support, which exhibits high thermal stability and
basic/acidic properties. As discussed before, Mortensen et al. [25] performed a study of
different catalysts for HDO of phenol in a batch reactor. In this work, the authors also
evaluated the influence of support. On general, the choice of support influenced the activity
significantly.  The following apparent order of activity for HDO of phenol with nickel
supported on different materials was observed: Ni/ZrO, > Ni-V,05/ZrO;, > Ni-V,05/S10, >
Ni/AlL,O3 > Ni/Si0; >> Ni/MgAl,04 > Ni/Ce0,-ZrO, ~Ni/CeO, >>Ni/C. Ni/ZrO; had the best
performance under the studied conditions with almost complete conversion of phenol and a
high selectivity toward cyclohexane. According to the authors nickel based catalysts require a
metal oxide as carrier. They proposed a possible reaction mechanism for the HDO over
Ni/ZrO,, which involves the presence of a bifunctional catalyst, as presented in figure 2.10.
The presence of oxide support is important to promote the activation of phenol through
heterolytic dissociation of the O-H bond. Then, the hydrogen from phenol is adsorbed on an

oxygen site at the oxide surface layer and a metal vacancy site stabilizes the phenoxide ion.
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Figure 2-10. Proposed reaction mechanism for HDO of phenol over an oxide supported

nickel catalyst (Ni/ZrO;). Adapted from Mortesen et al. [25].

According to the preparation methodology, zirconium oxide can present different
crystalline phases: monoclinic, tetrahedral and cubic. De Souza et al. [42] studied the effect of
zirconia structure on the performance of Pd/ZrO, catalysts for hydrodeoxygenation of phenol.
They conclude that the presence of the tetrahedral ZrO, phase (Pd/t-ZrO,) crystal favors the
benzene formation, while the monoclinic phase (Pd/m-ZrO;) promoted the hydrogenation of
phenol to cyclohexanone. The difference in the density of oxophilic sites affected the reaction
pathway over zirconia supported Pd catalysts. For Pd/t-ZrO,, the support has enough acidity
to promote the dehydration of cyclohexanol formed to cyclohexene, followed by the
formation of benzene, while Pd/m-ZrO, promoted the tautomerization of phenol to a
cyclohexadienone intermediate. Bui et al. [18] compared zirconia, titania and alumina in
guaiacol HDO reaction. In general, the catalytic system CoMoS/ZrO, was the most selective
toward C,om—O hydrogenolysis. The main pathways observed were DMO (demethoxylation)
and DDO (direct deoxygenation). The presence of ZrO, decreased the methylation reactions

and the formation of heavier products, which occur in large extent with alumina support.

2.6.2. Niobium Oxide
Niobium oxide is a potential catalyst support for HDO reaction, however it has not

been intensively studied. Niobium oxides species show a wide variation of Nb—O connection
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and structure. As a result of these different structures and properties, niobium compounds
exhibit unique activity, selectivity and stability for many different catalytic reactions [43].
Niobium can have the follow formal oxidation states: +5 to -1. However, its most stable state
is +5. The +4 oxidation state is represented in halide compounds, while the +2 and +3 states
appear in cluster compounds based on octahedral MgX, units [44]. Norwak and Ziolek [44]
reported that the amorphous niobium oxide (V) begins to crystallize around 773 K to the T
(orthorhombic, space group: Pbam) form. Crystallization occurs until 1103 K, where M- form
(monoclinic, space group: I4/mmm) becomes apparent. At higher temperatures, a third
transformation to a “high temperature” H-form (monoclinic, space group: P2/m) has been
reported.

Niobium oxide may be synthesized from niobic acid [43]. When this acid is thermally
treated below 573 K it exhibits strong Brgnsted acidity, which decreases with increasing the
calcination temperature [45]. The decrease of Brgnsted acid sites is attributed to the
crystallization of amorphous niobic acid into niobium oxide. Lebarbier et al. [46] analyzed
the texture, structure, acidity of a series of Nb-based catalysts obtained by calcination of
niobic acid between 423-823 K. Increasing the calcination temperature brings a surface area
decrease and changes in the acidy of these materials.

Niobia is a typical SMSI (strong metal support interaction) oxide. In the SMSI process,
a thin Nb,Ox layer covers the transition metal stabilizing reduced Nb’* sites in the thin oxide
overlayer. In general, this effect affects the catalysts activities due to surface decoration. The
catalytic activities of the structure-sensitive reactions are usually affected, such as the
hydrogenolysis of hydrocarbons, which was observed by Uchijima [47]. Brown et al. [48]
investigated the effect caused by raising the reduction temperature from 523 to 773 K in the
catalytic properties of Pt/Nb,Os and Rh/Nb,Os for the hydrogenolysis of 2-methylbutane and
n-pentane. The strong metal-support interaction (SMSI) caused by the high reduction
temperature decreased the rates of hydrogenolysis of both catalysts. However, the effects of
SMSI were reversible and eliminated by oxidation at 673 K followed by reduction at 523 K.

The direct hydrodeoxygenation of raw woods into liquid alkanes over a multifunctional
Pt/NbOPOy, catalyst was investigated by Xia et al. [49] using computational calculations.
They evaluated the interaction of the C-O group present in phenol with the surface of
NbOPO4(100) and Re,O7(010), which is related to respective active sites: Nb’* and Re>*. The
high catalytic activity of NbOPOy4 can be ascribed to better adsorption capability of surface
Nbs. and a lower activation barrier in comparison to Re>O;. Figure 2.11 shows the energy

profiles of the C-O bond breakdown for C¢HsOH (phenol) calculated by Xia et al. [49].
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Phenol is preferably absorbed through the O- at the Nb>* site present on NbOPO, (100), with
an adsorption energy of -0.89 eV, while for Re,O; (010), this energy is -0.37 eV. After
adsorption, phenol opens the C-O bond in a radical with a C-O distance of 1.98 A in the TS2
transition state, which has an activation energy of 1.17eV. During product dissociation, the
hydroxyl and phenyl groups adsorb on Nb’* sites with a reaction enthalpy of -1.66eV. The
adsorption energy of the phenol on the calculated Re,O; (010) was much lower (-0.37 eV)
than that observed for NbOPO, (100). In addition, the dissociation process is endothermic
with a high activation energy (1.38 eV).
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Figure 2-11. Power profiles of the breakage of the C-O bond to the CcHsOH. The black line
represents the NbOPO, (100) and the red line represents the Re,O; (010). The green balls
represent the Nb atoms, the blue balls the Re, gray the C and the red the O [49].

Xia et al. [49] also reported that there is a correlation between the C—O bond
dissociation barriers and their corresponding adsorption energies. Stronger bond strengths of
M;s.—O (M=Nb, Re) lead to easier the C—O bond cleavage, which is in line with the principle
of Brgnsted—Evans—Polanyi relationship. In other words, the outstanding binding ability of
NbOPO; is one determining factor in the efficient deoxygenation of cellulose and lignin. They
also calculated and compared the adsorption energies of different intermediate species (OH,
O, etc.) on niobium phosphate with other supports, such as ZrO,. The results obtained are
presented in Table 2.3. It was observed that NbOPO,4 demonstrates the strongest binding
capacity, while ZrO,, with the weakest adsorption.
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Table 2-3. Bonding energy (eV) calculated for some important intermediates in NbOPOy
(100), Re;O7 (010) and ZrO; (010). Adapted from Xia et al. [49].

Species Reaction NbOPO4(100) Re;07(010) Zr0,(010)
0 1720, +*>0* -4.44 -1.99 1.43
OH H,O0+*>OH*+1/2H, -1.95 -0.13 1.06
H 1/2H+*>H* -0.59 0.43 2.17
C4H3O C4HgO+*>C4HgO* -1.15 -0.83 -0.80
C4,HyOH C4HoOH+*—->C4HyOH* -1.20 -0.76 -0.69
OC4Hy C4HyOH+*>C4HyO*+1/2H, -2.12 -0.32 1.14
C4Ho C4H o+*>C4Ho*+1/2H, -0.09 0.94 1.94

Recently, Barrios et al. [50] compared the performance of Pd supported on SiO, and
Nb,Os for the HDO of phenol reaction at different temperatures using a fixed-bed reactor. The
type of support significantly affects activity and product distribution. The reaction rate for
HDO of phenol over Pd/Nb,Os was higher than that observed for silica supported catalyst.
Cyclohexanone was the dominant product for Pd/SiO,, whereas benzene was mainly formed
on Pd/Nb,Os. The high activity and selectivity to deoxygenated products of Pd/Nb,Os for
HDO of phenol is likely due to the strong interaction between the oxophilic sites represented
by Nb”*/Nb** cations and the oxygen from the phenol molecule, as previous calculated by Xia

et al. [49].

2.6.3. Cerium mixed oxides

Over the past several years, CeO,-containing materials have been intensively studied as
catalysts of heterogeneous reactions. The presence of cerium in a catalyst is justified by some
factors, such as, the beneficial effect of precious metal-ceria interactions or the presence of
iii

the redox couple Ce"-Ce™. Cerium has an ability to change from Ce" (CeO,) under oxidizing

conditions to Ce'" (Ce,05) under reducing conditions, which may affect the catalytic activity
and selectivity. In general, ceria is known to (a) affect the dispersion of supported metals; (b)
promote the water gas shift and steam reforming reactions; (c) increase the thermal stability of
the support; (d) promote noble metal reduction and oxidation; (e) store and release oxygen,

hydrogen, and sulfur; (f) form surface and bulk vacancies; and (g) form inter-metallic M-Ce

compounds [51]
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Several cerium mixed oxides Ce-M—-O (with M = Eu, Pr, Sm, Nd) were recently
investigated with the aim of improving oxygen mobility of this oxide [52]. The distortion of
the O, sublattices caused by the presence of another element in the mixed oxides permits a
higher mobility of lattice oxygen. The reduction occurs not only on the surface but also
extends deep into the bulk [53]. For example, the mixed CeyZr; <O, has good stability and
redox properties, which attracted attention to its application as catalysts [53].

Schimming et al. [54] investigated the hydrodeoxygenation of guaiacol over bulk ceria
and ceria—zirconia oxide with different elemental compositions. The reactions were performed
in a flow reactor at 1 atm and 548—673K. They showed that ceria—zirconia catalysts without
fully reduced metal particles are active for the studied reaction and phenol and catechol are
formed as the primary products. Benzene is formed as the completely deoxygenated product,
but the final deoxygenation step is much slower than the hydrogenation. This activity was
related to the fact that ceria dissociates hydrogen and creates oxygen vacancy sites under mild
conditions, which is a requirement for HDO catalysts. Zirconium has a slightly smaller ionic
radius than cerium, which causes a slight strain in the ceria—zirconia crystal lattice and
facilitates structural relaxation after the formation of an oxygen vacancy. Figure 2.12 shows a
linear correlation between the concentration of oxygen vacancies at 573 K and the guaiacol
conversion at the same temperature. There is a clear indication that oxygen vacancies play a
critical role in the conversion of guaiacol. In addition to the electronic effects, the presence of
zirconium also partially suppresses crystallization during the synthesis of the catalysts and
results in smaller, more active crystallites. According to the authors optimized synthesis
methods could increase the concentration of oxygen vacancies under specific reaction

conditions and reduce the energy required for their formation.
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Figure 2-12. Correlation of the concentration of oxygen vacancy sites with guaiacol

conversion over ceria and ceria—zirconia at 573K. Adapted from Schimming et al. [54].
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Besides zirconium, other metals can be added to the cerium oxide structure to improve
its properties, although there is no study of this type for the HDO reaction. According to
Zhang et al. [55] among the various multivalent dopants Pr is a promising one, because it may
dissolve into the host CeO; to form a solid solution. This is expected due to the similarity of
ionic radius to Ce ions and the same fluorite structure of PrO, and CeO,. Doping CeO,-based

materials with multivalent Pr (Pr>"**

) is known to enhance the formation and migration of
oxygen vacancies [55]. Sn also can be an option as a dopant. Ayastuy et al. [56] studied a
series of CexSn;.x0,; oxides with low amount of tin ( X > 0.85). The oxides were
synthesized by co-precipitation method. The incorporation of tin to cerium oxide prevented
growth of ceria crystallites and also increased the amount of lattice defects. Oxygen vacancies
in the ceria lattice increased linearly with the amount of tin. The incorporation of tin into the
ceria lattice also increased the total surface acidity. XPS analysis indicated both 4+ and 3+
oxidation states for Ce, and the most abundant species on the surface were Ce* and Sn*"**.
Niobium is another possible dopant to be added to cerium oxide. CeNbQOy.5 1s known to
exhibit a wide range of oxygen hyperstoichiometry (6) varying from 0 to 0.33. CeNbOg+;5
materials may be oxidized to yield four different phases: monoclinic CeNbQOy4 g, CeNbOy s,
CeNDbOy 33 and tetragonal CeNbQO,4, which depends on the heating regime. The coexistence of
Ce’ and Ce** cations in these complex oxides have been reported to be originated from the
occupancy of the interstitial oxygen sites and associated relaxation of the surrounding oxygen
array [57-58]. CeNbO,4 samples were synthesized via solid state reactions and characterized
by XRD, XPS, internal friction and impedance measurements [59]. XRD patterns showed that
the sample cooled from 1173 K to room temperature was mainly composed of monoclinic
CeNbOy phase. XPS analysis showed that the oxygen lattice can be present in form of Ce—O

and Nb—O while niobium exists in Nb>* state and cerium exists in both Ce*" and Ce** states.

2.7. Stability

The high deactivation rates are the biggest problem of the catalysts to be used in the
HDO reactions. According to Furimsky e Massoth [60] a main reason for deactivation of the
catalysts in the hydroprocessing reactions involves the loss of active sites, which may happen
by: (i) deactivation caused by coke; (ii) poisoning of the sites present in the catalyst by
adsorption or (iii) sintering of the active phase. Velu et al. [15] investigated the stability of Pd
supported samples over the vapor phase hydrogenation of phenol. Pd/CeO; exhibited stable
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activity during on-stream operation, but produced a mixture of cyclohexanone, cyclohexanol
and cyclohexane. On the other hand, Pd/ZrO, produced exclusively the desired product
(cyclohexanone), but undergoes deactivation. De Souza et al. [41] also observed that Pd
samples supported on cerium oxides were more stable among several other Pd catalysts. The
authors reported that the growth of Pd particle size and the reduction in acidic sites density
during HDO of phenol were the primary routes of catalyst deactivation, which may be related
to the fact that HDO of phenol takes place at the metal-support interface. The higher stability
of Pd/CeO; and Pd/CeZrO, catalysts was related to the higher amount of oxygen vacancies of
these supports. The formation of oxygen vacancies expose additional cationic sites that turn
over oxygenate intermediates and/or allow facile desorption of oxygenate products. However,
the adsorption strength also contributed to catalyst deactivation. The stronger adsorption
between the carbonyl function with oxides such as TiO,, ZrO,, SiO,, and Al,O3 resulted in an

accumulation of O-containing byproducts and led to catalyst deactivation.
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3.CHAPTER III

3.1. Materials and Methods
3.1.1. Formulation of the thermodynamic problem (Chapter 4)

The thermodynamic equilibrium of a closed system with specific temperature (7) and
pressure (P) is achieved when the total Gibbs energy (G) reaches a minimum. For a single gas
phase with specified T and P, the total Gibbs energy depends on the number of moles of the
species involved. The goal is to find a set of number of moles that minimizes the total Gibbs
energy submitted to restrictions imposed by the mass balance. The relationship between the
Gibbs free energy (G) and the temperature, pressure and number of moles (n;) is given by Eq.

3.1:

N
dG = —SdT +VdP + ) yi.dn,
P 3.1

In the Equation 3.1, S is the entropy, V is volume and p; is the chemical potential of

species 1. At equilibrium conditions Eq. 3.2 is valid.
dG =Y yu.dn, =0 3.2

In order to calculate n; that minimize the value of G, two approaches can be adopted:
stoichiometric and non-stoichimometric methods [1]. In the stoichiometric method, the
system is described by a set of stoichiometrically independent reactions, which are chosen
based on the knowledgement of the reaction system. On the other hand, the non-
stoichiometric approach calculates the equilibrium composition thorough the direct
minimization of the Gibbs free energy for a given set of compounds that are detected on the
reaction. The advantages of this method are: (a) it is not necessary a previous selection of the
possible chemical equations, (b) no divergence appears during the computation and (c) an
accurate estimation of the initial equilibrium composition is not necessary. Therefore, the

non-stoichiometric method (Lagrange Multipliers method) was used in this work.
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The Lagrange Multipliers method takes into account that although the number of
moles of each species i (n;) is not conserved in a closed system, the total number of atoms of
each element k is constant . The Equation 3.3 is the mass balance of each element (k), where
Ay is the total number of atomic mass of the kth element in the system and ajx is the number

of atoms of the kth element in each molecule of the chemical species 1.

D oma,—A=0; k=12,..,w 33

If Eq. 3.3 is multiplied by a factor 44 (the Lagrange multiplier for element k), summed
over k and added to the total Gibbs energy of the system, the function to be minimized (F) is
obtained (Eq. 3.4).

F=G' +Zlk(2niaik —Akj 34
k i

The minimum of Eq. 3.4 occurs when all its partial derivatives are zero (Eq. 3.5).

[G—Fj :(aG ] +> Aa, =0 3.5
on, T.P.n on, T,Pn k

1 . 1
N

The first term in the right hand side of Eq. 3.5 is by definition the chemical potential
of species i (u;) (Eq. 3.6).

1 =G’ +RTIn (M%PJ 3.6
fi

For reactions occurring in gas phase, since the fugacity of an ideal gas is equivalent to
its pressure, than £? = P, for each species i. The fugacity reflects the non-idealities of the
mixture and it is a function of temperature, pressure and composition. After setting to zero the
standard-state Gibbs energy of species i (G), then G, becomes equal to the standard Gibbs-

energy change of formation of species i (AGS). The general expression that represents the
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minimization of the total Gibbs energy of a species i contained in a system with N species

may now be written as:
4P
AG®,+RTn (%}r 3 Aha, =0; i=12,.,N 3.7
k

Then, a system of non-linear algebraic equation must be solved in order to obtain the
n; values at equilibrium. The calculations of thermodynamic equilibrium were carried out
using the commercial software Maple ® by the minimization of Gibbs free energy.

Based on the HDO reaction experimental using Pd supported catalysts the following
compounds were chosen in the thermodynamic equilibrium calculation for the phenol
hydrodeoxygenation [2, 3, 4]: Hydrogen, benzene (CeHg), cyclohexanone (CcH;pO),
cyclohexanol (C¢H;,0), cyclohexane (CgHj»), biphenyl (Ci,H0), hydroxybiphenyl (C;,H;00),
2,4-cyclohexadienone (Ce¢HegO*), 1,3cyclohexadien-1-ol (C6HSO#), 2-cyclohexen-1-one
(CeHgO) and phenol (C¢HgO). The simulations to evaluate equilibrium compositions were
performed in a reaction temperature range from 473-800 K, hydrogen to phenol ratio
(Ha/phenol ratio) from 10 to 100 at atmospheric pressure. For Pd samples, the formation of
CH,4 was not observed in any condition of phenol HDO reaction used in previous studies done
by our group [2-4]. However, in the presence of more oxophilic metals the formation of CHy
is favored. Thus, the thermodynamic calculations were also performed adding CH4 as a
product in the studied system, aiming to represent the thermodynamic equilibrium over the
surface of others metals, such as, Ru, Ni or Co [5].

As the thermodynamics of phenol HDO reaction in gas phase has never been
demonstrated and discussed we apparently do not have enough data to validate this analysis.
In a previous work [1], it was demonstrated that the same methodology was validated while
estimating the equilibrium composition of the reaction reforming processes, which may

ensure that the thermodynamic analysis using this methodology is valid.
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3.2. Experimental Analysis

3.2.1. Catalyst Preparation

3.2.1.1.  Preparation of bimetallic Pd samples supported on zirconia (Chapter 5)

ZrO, support was synthesized by the precipitation method. A solution of 2.0 mol/L
zirconyl nitrate (35 wt.% ZrO(NOs); in dilute nitric acid, > 99%, Sigma-Aldrich) was added
slowly to a solution of 4.0 mol/L ammonium hydroxide (NH4OH, Vetec) at room
temperature, and kept under vigorous stirring for 30 min. The resulting precipitate was filtered
and washed with distilled water until a pH of 7 was reached. Then, the solid was dried in an
oven at 383 K for 12 h and calcined in a tubular reactor (ID = 1.9 cm) under dry air flow (0.2
g.mL/min) at 773 K (heating ramp of 5 K/min) for 6 h.

Pd/ZrO, catalyst was prepared by incipient wetness impregnation of the support with
an aqueous solution of the Pd(NOs3),-xH,O (Umicore) (wet point = 0.4 mL/g). After
impregnation, the material was dried at 373 K for 12 h and then calcined in air flow of
50mL/min at 673 K for 3 h (2 K/min). The bimetallic catalysts were prepared by incipient
wetness co-impregnation of the support with an aqueous solution containing Pd(NO3),-xH,0O
and the precursors salts of the second metal (AgNO3, Zn(NO3),-6H,0, Cu(NO3),-3H,0 and
SnCl,). Then the samples were calcined following the same procedure previously described
for the monometallic catalyst. All the catalysts contained 1 wt.% of Pd and a Me/Pd molar
ratio of 0.5. The catalysts were designated as Pd/ZrO, PdAg/ZrO, PdZn/ZrO, PdCu/ZrO; and
PdSn/ZrO;,

3.2.1.2.  Preparation of Pd/ZrO with different Pd loading (Chapter 6)

7ZrO, was synthesized by the precipitation method as reported for Chapter 5. Pd/ZrO,
catalysts with different Pd loadings (0.5%, 1% and 2%) were prepared by incipient wetness
impregnation of the support with an aqueous solution containing Pd(NO3), (Sigma—Aldrich,
10 wt. % in 10 wt. % nitric acid). The drying and calcination procedures were the same as

used in the samples used in Chapter 5.

3.2.1.3.  Preparation of metallic supported- Nb;Os catalysts ( Chapter 7)
Niobic acid (CBMM) was dried and calcined in air stream at 623 K for 2 hours. The
studied samples were prepared by incipient wetness impregnation of the support with an

aqueous solution of the metals nitrates (Ni, Pd and Rh). All chemicals were purchased from
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commercial suppliers: phenol (Sigma—Aldrich, 99.5%), PA(NO3), (Sigma—Aldrich,10 wt. %
in 10 wt. % nitric acid, 99.999% trace metals basis), Ni(NO3),.6H,O (Sigma—Aldrich,
99.999% trace metals basis) and Rhodium(IIl) nitrate hydrate (~36% rhodium (Rh) basis).
After impregnation, the material was dried at 373 K for 12 h and then calcined in air at 623 K
for 6 h (5 K/min). The catalysts were designated as 1%Pd/Nb,Os 1%Rh/Nb,Os and 5%wt
Ni/Nb,Os.

3.2.1.4.  Preparation of ceria mixed oxides impregnated with nickel (Chapter 8)

CeO;, and CeO, mixed oxides were synthesized by the precipitation method [6].
Aqueous solutions of cerium (IV) ammonium nitrate (reagent ACS 98.5%) and niobium
oxalate (CBMM) were prepared in order to obtain the desired amounts of CexNb; xO, (X=1.0,
0.90, 0.80, 0.30). The solutions of ceria and niobium were mixed and precipitated by the
addition of an excess of ammonium hydroxide. Finally, the precipitate was washed with
distillated water, dried at 353K and calcined at 873 K for 2h. Nickel supported samples were
prepared by incipient wetness impregnation of the doped cerium oxides with an aqueous
solution of the Ni(NOs;),.6H,O (Vetec 97%). After impregnation, the material was dried at
373 K for 12 h and then calcined in air at 623 K for 6 h (10 K/min). All the catalysts
contained 10 wt.% of Ni. The catalysts were designated as Ni/CeO,, N1/Ce9oNbg 1002, Ni/
Ce0.50Nbp2002 and Ni/Ce 30Nbg 700>.

3.2.2. Catalyst Characterization

3.2.3. Dispersive X-Ray Fluorescence (WD-XRF)

The chemical composition of each sample was determined using a Wavelength
Dispersive X-Ray Fluorescence Spectrometer (WD-XRF) S8 Tiger, Bruker with a rhodium
tube operated at 4 kW. The analyses were performed with the samples (300 mg) in powder
form using a semi-quantitative method (QUANT-EXPRES/Bruker).

3.2.4. BET surface area
Brunauer—Emmett—Teller (BET) theory aims to explain the physical adsorption of gas
molecules on a solid surface and serves as the basis for an important analysis technique for

the measurement of the specific surface area of materials. BET surface areas and pore
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volumes of the samples were measured using a Micromeritics ASAP 2020 analyzer by

nitrogen adsorption at 77 K. The samples were pretreated at 333 K for 12 hours.

3.2.5. Raman Analysis
The Raman spectra were recorded using a LabRam HR-UV800/JobinYvon, equipped
with thermal conductivity detector (cooled at 153K with liquid N,) and excitation source of

632 nm. The calcined samples were analyzed, without any pretreatment.

3.2.6. X-ray powder diffraction (XRD)
The X-ray diffraction technique was used to verify the crystalline phases, to estimate
the average crystallite size and lattices parameters of ceria mixed oxides. To determine the

average crystallite size of the nickel particles (d), the Scherrer equation 3.8 was used.

d(nm) = m 3.8
{f*cos(D)}

Where K is a dimensionless shape factor, with a value close to unity.The shape factor
has a typical value of about 0.9, but varies with the actual shape of the crystallite;

A is the X-ray wavelength;

B is the line broadening at half the maximum intensity (FWHM), after subtracting the
instrumental line broadening, in radians.

0 is the Bragg angle (in degrees).

The position of a diffraction peak is 'independent' of the atomic positions within the
cell and entirely determined by the size and shape of the unit cell of the crystalline phase.
Each peak represents a certain lattice plane and can therefore be characterized by a Miller

index. In this work the UNITCELL® software was used to estimate ceria’s lattice parameters.

3.2.6.1. XRD analysis of bimetallic Pd samples supported on zirconia (Chapter 5)
X-ray powder diffraction (XRD) patterns were obtained in a Rigaku equipment using
CuKa radiation (o = 1.5406 A). Data were collected over the 20 range of 10° to 80° using a

scan rate of 0.02 °/step and a scan time of 1 s/step.
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3.2.6.2.  XRD analysis of Pd/ZrO; with different Pd loading (Chapter 6)

XRD analysis was performed using Cr Ka radiation (k = 0.22897 nm; 50 kV and 40
mA), between 20 = 10 and 150°. The Cr Ko radiation was used to avoid fluorescence from
iron. The Cr Ka radiation was used to avoid fluorescence from iron. Before the XRD analysis,
the samples were reduced at 473 K (1 h) in a H; flow (30 mL/min).Then the reduced samples
were sealed in a glass capillary in vacuum.

For PdAg/ZrO, X-ray powder diffraction (XRD) patterns were obtained in a Rigaku
equipment using CuKa radiation (a = 1.5406 A). Data were collected over the 20 range of 10°

to 80° using a scan rate of 0.02 °/step and a scan time of 1 s/step.

3.2.6.3. XRD analysis of metallic supported- Nb,Os catalysts ( Chapter 7)

In situ XRD experiments were carried out in diffractometer equipped with a
temperature-controlled. The analyses were performed at the Environmental Molecular
Sciences Laboratory facility, Pacific Northwest National Laboratory (Richland, WA, United
States). The evolution of the crystalline structure in sample powders was dynamically
recorded in a pure Hp (30 mL/min) environments from 298 to 773K.In situ variable
temperature XRD experiments were carried out using a Philips X’Pert Multipurpose
Diffractometer (PANalytical, Almelo, The Netherlands) equipped with a fixed Cu Ka source
and an Anton Paar HTK 1200 high-temperature sample stage. Diffraction data were collected
on the sample powders at temperatures between 298 and 773K in 2.75% H,/N, flow (30
mL/min). A scan at room temperature was taken and then again at every 100 degrees until the
final temperature of 773 K was reached. The heating rate was 10 K/min. The analysis of
diffraction data was carried out using JADE 9.1.5 (Materials Data Inc.) and the database
(ICSD).

3.2.6.4. XRD analysis of CeO; doped impregnated with nickel ( Chapter 8)

In situ X-ray diffraction (XRD) analyses were obtained at the XPD beamline at the
Brazilian Synchrotron Light Laboratory (LNLS). A wavelength of 1.5498 A at 8.17 keV was
used. Powder samples were placed in a house produced furnace (Arara). The XRD patterns
were obtained by a Mythen — 1K detector (Dectris) installed 1 m from the furnace. In the first
stage, the calcination process were studied, the samples were heated over helium or air
synthetic flow (100 mL/min) from room temperature to 1173 K (10K/min). In second stage,
XRD analyses also were performed during the reduction of the calcined oxides. This

treatment was done using diluted hydrogen (5%H,/He), the samples were heated from room
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temperature to 773 K (10 K/min) and kept at this temperature for 1h using a flow of 100
ml/min of diluted H,.

3.2.7. Temperature programmed reduction (TPR)
TPR is a technique for the characterization of solid materials and is often used in the
field of heterogeneous catalysis to find the most efficient reduction conditions. More details

are given by Hurst et al. [7].

3.2.7.1. TPR analysis of bimetallic Pd samples supported on zirconia (Chapter 5) and of
CeQO, mixed oxides impregnated with nickel (Chapter 8)
H,-TPR was performed in a quartz reactor (Hiden Analytical CatLab PCS) coupled to
a mass spectrometer (Hiden Analytical, QGA). The reducing mixture (1.96% H; in Ar) was
passed through the sample (100 mg) and the temperature was increased from room

temperature to 1273K at a heating rate of 10 K/min.

3.2.7.2.  TPR analysis of metallic supported- Nb,Os catalysts ( Chapter 7)

H,-TPR was performed in a quartz reactor coupled to an adapted Quantasorb Jr. Prior
to a TPR experiment, each sample was pretreated under a flow of He at 373 K for 1h, and
cooled to room temperature. The reducing mixture (1.96% H; in Ar) was passed through the

sample and the temperature was increased to 1273 K at a heating rate of 10 K/min.

3.2.8. Scanning Transmission Electron Microscope (STEM)

3.2.8.1. STEM analysis of bimetallic Pd samples supported on zirconia (Chapter 5)

The determination of Pd particle size by transmission electron microscopy is
challenging due to the low contrast between the Pd and ZrO, support. STEM analysis of
passivated Pd/ZrO, PdAg/ZrO, and PdSn/ZrO, were performed and the chemical mapping of
dopants and Pd was recorded. The samples were reduced at 773 K (10 K/min) in flowing H,
(30 mL/min) for 1h. Then, they were cooled to room temperature and passivated under a 5%
O, in N; mixture (30 mL/min). The samples were analyzed with an aberration corrected
Scanning Transmission Electron Microscope (STEM) (JEOL JEM-ARM200F) operated at
200 kV. The instrument is equipped with CEOS GmbH double-hexapole aberration corrector

for the probe-forming lens, which allows imaging with ~0.8 nm resolution in scanning
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transmission electron microscopy (STEM) mode. The images were acquired on an HAADF

detector with beam convergence of 27.5 mrad and collection angle of 68-280 mrad.

3.2.8.2.  STEM analysis of Pd/ZrO, with different Pd loading and 1% PdAg/ZrO, (Chapter 6)
TEM analysis of passivated 1% PdAg/ZrO, and 1% Pd/ZrO, were performed and the
chemical mapping of Ag and Pd were recorded. The samples were reduced at 473 K (10
K/min) in flowing H, (30 mL/min) for 1 h. Then, they were cooled and passivated at
oxidative atmosphere (around 2% O,/N;; 30 mL/min). The samples were analyzed with
aberration corrected Scanning Transmission Electron Microscope (STEM) (JEOL JEM-
ARM200F) operated at 200 kV. The instrument is equipped with CEOS GmbH double-
hexapole aberration corrector for the probe-forming lens, which allows imaging with ~0.8 nm
resolution in scanning transmission electron microscopy (STEM) mode. The presented
images were acquired on HAADF detector with beam convergence of 27.5 mrad and
collection angle of 68-280 mrad. Elemental analysis was performed using Energy Dispersive
Spectroscopy (EDS) with high collection angle SSD (~0.7 srad, JEOL Centurio). The data
were acquired and evaluated with NSSThermo Scientific software package. The STEM
sample preparation involved mounting powdered samples on copper/nickel grids covered with
lacey carbon support films, and then immediately loading them into the STEM airlock to

minimize an exposure to atmospheric O.

3.2.9. H, chemisorption

3.2.9.1.  H;chemisorption analysis of bimetallic Pd samples supported on zirconia (Chapter 5)
The dispersion was determined by H, chemisorption, using the dynamic flow method.
Prior to adsorption, the sample was reduced in situ under pure hydrogen (30 mL/min) at 773
K for 1 h. Then, the sample was cooled to 343 K under He flow (30 mL/min). Then, pulses of
5%H; in Ar mixture were injected until saturation was reached, as monitored by a quadrupole
mass spectrometer (Balzers, Omnistar). The adsorption was carried out at 343 K in order to
avoid formation of the B-Pd hydride phase [14]. Pd dispersion was calculated assuming an

H/Pd molar ratio of 1.

3.2.9.2.  H; chemisorption analysis of Pd/ZrO, with different Pd loading (Chapter 6)
H, chemisorption was measured in an ASAP (Micrometrics) apparatus. The samples

were dried at 423 K for 3 h and then reduced at 473 K (10 K/min) in flowing H, (30 mL/min).
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Following reduction, the samples were evacuated for 1 h at the reduction temperature and
cooled to adsorption temperature (343 K) under vacuum. The adsorption stoichiometry of
H/Pdgurface of 1 was adopted for calculating the number of surface Pd atoms and Pd dispersion

(the fraction of surface atoms within all atoms in the particle).

3.2.10. Dehydrogenation of Cyclohexane reaction

In order to investigate the variation of Pd dispersion during the HDO of phenol
reaction, the dehydrogenation of cyclohexane reaction was used as an insensitive structure
reaction to determine the Pd dispersion of the fresh and used (after HDO of phenol reaction
for 24 h TOS) catalysts. This reaction was not carried out with PdCu catalyst because Cu is
also active for this reaction. Therefore, the Pd dispersion was determined by a correlation
between the rate of cyclohexane dehydrogenation and palladium dispersion of catalysts
(Pd/Si0,, Pd/Al,O5 and Pd/ZrO,) with dispersion measured by CO chemisorptions [8].
Cyclohexane dehydrogenation was performed in a fixed-bed reactor at atmospheric pressure.
The fresh samples were first reduced at 773 K for 1 h and the reaction was carried out at 543
K and WHSV = 120 h™. The reaction mixture was fed into the reactor by bubbling H, through
a saturator containing cyclohexane at 285 K (H,/Cc¢Hj, = 13.6). At these conditions, no mass
transfer or equilibrium limitations were observed. The conversions were kept below 10%. For
the used catalysts, after HDO of phenol for 24 h, the saturator containing phenol was
bypassed and hydrogen was allowed to flow through the catalyst for 30 min at 573 K, which
removed hydrocarbons that remained adsorbed on the surface. The reactor was cooled to 543
K under hydrogen. Then, a cyclohexane/H, mixture was passed through the reactor. The exit
gases were analyzed using an Agilent 7890A/5975C GCMS equipped with a HP-INNOWAX
column and a flame-ionization detector (FID).The variation in dispersion after HDO of phenol
reaction for 24 h of TOS was calculated according to Eq.3.9, which corresponds to the ratio

between the cyclohexane dehydrogenation rate of used and fresh catalysts.

Cyclo hexane dehydrogenation rate of used catalyst

DR(%) = * 100 3.9

Cyclo hexane dehydrogenation rate of fresh catalyst

The calibration curve used was:

Pd Dispersion = 3.56 10* = Cyclohexane dehydrogenation Rate + 9.29 3.10
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3.2.11. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) 1is a surface-sensitive quantitative
spectroscopic technique that measures the elemental composition at the parts per thousand
range, empirical formula, chemical state and electronic state of the elements that exist within

a material.

3.2.11.1. XPS analysis of bimetallic Pd samples supported on zirconia (Chapter 5), Pd/ZrO-
with different Pd loading (Chapter 6) and metallic supported- Nb,Os catalysts

(Chapter 7)

XPS measurements of both unreduced as well as reduced catalysts were performed at
the Environmental Molecular Sciences Laboratory facility, Pacific Northwest National
laboratory in a physical Electronics Quantera Scanning X-ray Microprobe. The samples were
reduced in situ at the different temperatures (373-773K) under a 5%H,/Ar mixture inside the
side chamber, from which the sample can be transferred to the main spectrometer chamber
without any exposure to air. After each treatment, the temperature was cooled to room
temperature under 5%H,/Ar. Then, the system was evacuated and the samples were
transferred to the main chamber to proceed with the measurements. This system uses a
focused monochromatic Al Ka X-ray (1486.7 eV) source for excitation and a spherical
section analyzer. The instrument has a 32 elements multichannel detection system. A 98 W X-
ray beam focused to 100 pm diameter was scanned over a 1.2 mm x 0.2 mm rectangle on the
sample. The X-ray beam is incident normal to the sample and the photoelectron detector is at
45° off-normal. High energy resolution spectra were collected using a pass-energy of 69.0 eV
with a step size of 0.125 eV. For the Ag 3ds,; line, these conditions produced a FWHM of
0.91 eV. The binding energy (BE) scale was calibrated using the Cu 2ps3,; line at 932.62 + 0.05
eV and Au 4f;, line at 83.96 + 0.05 eV from known high purity reference foils. The sample
experienced variable degrees of charging. Low energy electrons at ~1 eV, 20puA and low

energy Ar' ions were used to minimize this charging.

3.2.11.2. XPS analysis of CeO; mixed oxides impregnated with nickel (Chapter 8)

X-ray photoelectron spectroscopy (XPS) analyses of the samples were performed with
a hemispherical spectrometer from SPECS (model PHOIBOS150 HSA3500) in operation at
the LNLS. The analyses were performed before and after the reduction of the samples. The

reduction process was done in situ, the samples were heated from room temperature to 773K
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and kept at 773K for 1h under a 5%H,/Ar mixture. This procedure was performed inside the
side chamber, from which the sample can be transferred to the main spectrometer chamber
without any exposure to air. After reduction treatment, the temperature was cooled to room
temperature under 5%H,/Ar. Then, the system was evacuated and the samples were
transferred to the main chamber to proceed with the measurements. This system uses a
focused monochromatic Al Ka X-ray (1486.7 eV) source for excitation and a spherical
section analyzer. The monochromatic Al Ka source was operated at 10 kV and 10 mA and the
spectra were obtained with an analyzer pass energy of 20 eV. The spectra were analyzed
using Casa XPS software, version 2.2.99. The binding energies were referenced to the C 1s

line at 284.5 eV from the adventitious carbon.

3.2.12. Cyclohexanol dehydration reaction

The oxophilic sites of the reduced catalysts at different temperatures were quantified
using the cyclohexanol dehydration reaction, according to the procedure used by de Souza et
al. [9]. The reaction was performed in a fixed-bed quartz reactor at atmospheric pressure and
573 K. Prior to the reaction, the fresh catalyst was reduced in situ under pure hydrogen (60
mL/min) at 573 and 773 K for 1 h. The reactant mixture was obtained by flowing He (30
mL/min) through a saturator containing cyclohexanol, which was maintained at 336 K. The
reaction products were analyzed by GCMS (Agilent Technologies 7890A/5975C) using an
HP-Innowax capillary column and a flame-ionization detector (FID). The dehydration rate

was calculated by the sum of cyclohexene, cyclohexane, and benzene yields.

3.2.13. XAS (X-ray absorption spectra) analysis

X-ray absorption spectroscopy (XAS) measures the energy-dependent fine structure of
the X-ray absorption coefficient near the absorption edge of a particular element (Ravel2004).
The spectrum consists of two parts, the near-edge part XANES (x-ray absorption near-edge
structure) which gives chemical information and EXAFS (extended X-ray absorption fine
structure) which gives the structural information. The XANES (4/-50 eV relative to the
absorption edge) is comprised primarily of multiple scattering and transition-to-empty states
in the vicinity of the Fermi level by low energy photoelectrons with relatively long mean free
paths. The XANES can provide information on the oxidation state from the size and shift in
the edge-transition and on the coordination symmetry of ligands around the excited atom from
the shape of the edge transition [10]. For photon energies higher than ~30 eV above the edge,

the photoelectron is promoted to a free or continuum state. EXAFS is thus independent of
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chemical bonding and depends on the atomic arrangement around the absorber. It contains
information about the coordination number, interatomic distances and structural and thermal

disorder around a particular atomic species [11] [12].

3.2.13.1. XAS analysis of bimetallic Pd samples supported on zirconia in-situ (Chapter 5)

H,-TPR XAFS studies were performed at the Materials Research Collaborative Access
Team (MR-CAT) beamline at the Advanced Photon Source, Argonne National Laboratory. A
cryogenically cooled Si (1 1 1) monochromator selected the incident energy and a rhodium-
coated mirror rejected higher order harmonics of the fundamental beam energy. A stainless
steel multi-sample holder (3.0 mm i.d. channels) was used to monitor the in-situ reduction of
6 samples during a single TPR run. Approximately 14 mg of each sample was loaded as a
self-supporting wafer in each channel. The catalyst to diluent weight was approximately 0.1.
The holder was placed in the center of a quartz tube, equipped with gas and thermocouple
ports and Kapton windows. The amount of sample used was optimized for the Pd or Ag K
edge, considering the absorption by Zr of the support. The quartz tube was placed in a
clamshell furnace mounted on the positioning table. Each sample cell was positioned relative
to the beam by finely adjusting the position of the table to an accuracy of 20 um (for repeated
scans). Once the sample positions were fine-tuned, the reactor was purged with helium for
more than 5 min at 100 ml/min then the reactant gas (4%H,/He) was flowed through the
samples (100 mL/min) and a temperature ramp of ~1K/min was initiated for the furnace. The
sample was held at 773 K for 1 h prior to cooling to room temperature. The Pd and Ag K-
edge spectra were recorded in transmission mode and a Pd metallic foil spectrum was
measured simultaneously with each sample spectrum for energy calibration. X-ray absorption
spectra for each sample were collected from 24,100 to 25,300 eV for Pd or 25,280 to 26,100
eV for Ag, with a step size of ~1 eV and acquisition times of 2.3 min per sample. By
measuring each sample, in turn, and repeating, this allowed 37 scans to be collected for each
sample over an 8.5 h period. The temperature change of the sample from the absorption edge
through the end of the scan was around 2 K, while each sample was measured approximately
every 13 K.

Data reduction of the EXAFS (Extended X-Ray Absorption Fine Structure) and
XANES (X-ray absorption near edge spectra) spectra was carried out using the WinXAS
program [13-14]. EXAFS data reduction and fitting were carried out using the catalysts in
their final state following TPR and cooling using the WinXAS [13], Atoms[15], FEFF [16],
and FEFFIT [17] programs. The k-range used for the fittings was 2.75-12 A, Fitting was
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confined to the first Pd-M (M = Cu, Zn, Pd, Ag, and/or Sn) or Ag-M (M = Pd and/or Ag)
metallic coordination shell by applying a Hanning window in the Fourier transform

magnitude spectra, and carrying out the back-transform to isolate that shell.

3.2.13.2. XAS analysis of Pd/ZrO, with different Pd loading (Chapter 6)

X-ray absorption spectra were measured at the Advanced Photon Source, beamline
Sector 20 at Argonne National Laboratory (USA) using the Si(111) monochromator. Fresh
catalysts were reduced in pure H, (30 mL/min) ex situ at 473 K for 1 h and cooled to room
temperature. After the reduction, the reactor was isolated and the samples were transferred to
a capillary into a glove box that was sealed with wax. To assure that the isolated samples were
not contaminated with air during the time, this capillary was also fire sealed. To keep the
vacuum inside the capillary during the fire sealing process, the capillary was kept in a liquid
N, bath. The X-ray absorption spectra were recorded at the Pd K-edge (24350 eV). The raw
data were energy-calibrated with Pd foil, background-corrected, normalized and fitted using
the ATHENA and ARTHEMIS programs. The k-range used for the fittings was 2.0-12.5 Al
for Pd. The PdO and the Pd foil spectra were used as references for the linear combination
fittings of XANES spectra at the Pd edges. The residual factors (R-factor) of the fits were less

than 0.8%, which is an indication that the fitting was good.

3.2.13.3. XAS analysis of metallic supported- Nb;Os catalysts ( Chapter 7)

In-situ Ho-TPR X-ray absorption near edge spectra (XANES) spectra at the Pd K edge
(24350 eV), Ni K edge (8333eV), Nb k edge (18986 eV) and Rh K edge (23220 eV) for the
samples were collected using the LNLS (Brazilian Synchrotron Light Laboratory - BRAZIL)
facility. In the first stage, the spectra were acquired at room temperature in transmission mode
with three ionization chambers using a Si(311) double-crystal monochromator under H,
diluted flow (5% Hy/He) for all the samples. In sequence, the samples were heated until the
desired temperatures (573 or 773 K) for 1h (10 K/min). Standard foils of the metals were

used for energy calibration.

3.2.13.4. XAS analysis of CeO, mixed oxides impregnated with nickel (Chapter 8)

In situ X-ray absorption near edge spectroscopy (XANES) measurements at the Ce
L3-edge (5723 eV) were performed at the DXAS at the LNLS (Laboratério Nacional de Luz
Sincrotron, Campinas, Brazil). DXAS is a dispersive beamline equipped with a curved Si

(111) focusing monochromator operating in Bragg mode and the X-ray range varies from 4 to
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14 keV focusing the beam at the sample position. The detection system is comprised of 1152
x 1242 (500 x 900) pixel CCD solid-state detector. The samples were analyzed in a pastille
placed in a quartz reactor. The reduction process of samples was performed using a diluted
hydrogen (5% H, balance in He) with a total flow of 100mL/min and a heating rate of the 10
K/min from room temperature to 773K (1h). Athena software packages were used to extract
the XANES signal from the measured absorption spectra using standard proceedings. XANES
spectra of the reference materials CeO, and cerium nitrate were recorded at room temperature.

X-ray absorption spectra (XAS) were acquired in transmission mode at the Nb-K edge
(18986 eV) and Ni-K edge (8333 eV) using the XDS and XAFS-2 beamlines at LNLS,
respectively. Two monochromators were used as follows: a Si(3 11) crystal for the Nb-K edge
and a Si(111) crystal for the Ni-K edges. Intensities were measured using three sequential
ionization chambers filled with mixtures of N, and Ar at ambient temperature and 1 bar of
pressure. Photon energies were calibrated using a thin metal film (Ni or Nb) placed between
the second and third ionization chambers. Spectra were collected at the absorption edge for
each metal present in a range between 200 eV before and 120 eV after for Nb and 200 eV
before and 1000 eV after for Ni dge. The reduction procedure (~ 773 K for 1h) were
perfomed for each sample. For EXAFS analysis at Ni-K edge after the reduction, the samples
were cooled to ambient temperature under Helium flow (100mL/min). Data reduction of the
EXAFS/XANES spectra was carried out using the Arthemis program. EXAFS data reduction
and fitting were carried out using the catalysts in their final state following TPR and cooling
using the WinXAS [13], Atoms [15], FEFF [16], and FEFFIT [15] programs. The k-range
used for the fittings was 2.75-14.16 A'. Fitting was confined to the first Ni-Ni metallic
coordination shell by applying a Hanning window in the Fourier transform magnitude spectra,

and carrying out the back-transform to isolate that shell.

3.2.14. HDO reaction in the gas phase

HDO of phenol was carried out in a fixed-bed quartz reactor, operating at atmospheric
pressure of Hj. In chapter 4, the reaction was performer at different temperatures (573, 623
and 673 K). Prior to reaction, the Pd and Ru catalysts [24, 23] were reduced in situ under pure
hydrogen (60 mL/min) at 573 or 773 K for 1 h, respectively. For the Pd/ZrO, and Pd-M/ZrO,
(M=Ag, Sn, etc) samples presented in chapter 5, the reduction was done in situ under pure
hydrogen (60 mL/min) at 773 K for 1 h. For the catalysts presented in chapter 7
(19%Pd/Nb,0Os, 1%Pd/Nb,Os and 5%Ni/Nb,Os) the reduction was also performed in situ under
pure hydrogen flow (60 mL/min) at 573 or 773 K for 1 h. For the samples supported on ceria-
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niobia, discussed in chapter 8, the sample was reduced in situ under pure hydrogen flow (60
mL/min) at 773 K for 1 h. In the chapters 5, 6, 7 and 8 the reaction was run at 573 K. For all
the analysis the catalysts were diluted with inert material (msic/Mear = 3.0) to avoid the
formation of hot-spots. The reactant mixture (1.6 % of phenol) was obtained by flowing H,
through the saturator containing the organic compound, which was kept at the specific
temperature required to obtain the desired Ho/organic compound molar ratio (about 60). To
avoid condensation, all lines were heated at 523 K. The reaction products were analyzed using
an Agilent Technologies 7890A/5975C GCMS, using HP-Innowax capillary column and a
flame-ionization detector (FID).

In chapters 5 and 8 the catalysts were evaluated at different residence time (W/F) by
varying the catalyst amount in the range of 2.5-200 mg. W/F is defined as the ratio of catalyst
mass (g) to organic feed mass flow rate (g/h).

In chapters 5, the stability tests were performed during 24 h of time on stream (TOS),
using W/F value corresponding to the highest phenol conversion obtained.

The product yield and selectivity for each product were calculated as follows (Egs.

3.11 and 3.12):

mol of product produced y

mol of phenol fed 3.11
Selectivity (%) = mol of product produced %100
mol of phenol consumed 3.12

The stability of the catalysts was defined as the ratio between the reaction rate at ty =
0.2 h and t= 24 h TOS (Eq. (3.13)), assuming that the deactivation rate exhibits a first-order

kinetics.
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3.2.15. HDO reaction in liquid phase.

Kinetic measurements were carried out in a Parr reactor (Series 4848, 300 mL), using
aqueous phenol solutions (0.30 M) at 50 bar of H,. In a typical experiment, phenol, Pd/ZrO,
and H,O were loaded in the reactor, purged three times with H; and pressurized to 50 bar of
H,. After the reaction temperature was reached, the stirring (680 rpm) was initiated and the
reaction time was recorded from that point. Apparent activation energies were calculated from
initial rates measured at 443, 453, 463 and 473 K. After reaction, the reactor was cooled down
by ice/water mixture to ambient temperature. Following discharge of the pressure, the reactor
was opened and the liquid content was extracted with dichloromethane (DCM) for four times
(25 ml per extraction). An aliquot of the DCM solution containing unreacted phenol and
products was analyzed by GC/MS using 1,3-dimethoxybenzene as the internal standard. The
balance carbon closed around 97%. The catalysts were not previously reduced, according to
the procedure validated by Chase et al. [18]. In that work, the authors verified that Pd oxide
shell was rapidly reduced at the beginning of the reaction during the heat-up to 473 K. This
was also shown using XAS experiments under similar reactions conditions used in the present

work.
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4.CHAPTER IV

4.1. Thermodynamic Analysis of the hydrodeoxygenation reaction of phenol

in gas phase.

ABSTRACT —The conversion of biomass into bio-oil through fast pyrolysis followed by its
upgrading via hydrodeoxygenation (HDO) is considered a potential route for the production
of renewable fuels. The catalytic upgrading of bio-oil is a complex reaction network involving
different reactions such as decarbonylation, decarboxylation, hydrocracking,
hydrodeoxygenation, hydrogenation and polymerization. Since the upgrading of the phenolic
compounds present in bio oil is a vital step to its viabilization as an energy alternative, it is
interesting to perform a thermodynamic study in order to determine the most favorable
operational conditions for this process. It is also important to determine the thermodynamic
limits for the mole fractions of each component. In this study phenol was used as model
compound to represent bio-oil. Initially, we conducted the activity test of the phenol HDO
reaction at different temperatures using 2%Pd/ZrO, and 5%Ru/ZrO, as catalysts. In sequence,
the equilibrium mole fractions of the gaseous products in dry basis were calculated using the
Lagrange multipliers method. These data were obtained at different temperatures (400-800K)
and for various Hy/phenol ratios (10-100). During the thermodynamic analysis, when CH4 was
considered as a product, only it was observed in equilibrium conditions. For the study without
CH., the best operationalconditions to perform the phenol HDO reaction are at intermediate
temperatures (<600K) and with high H,/phenol ratio.

Keywords: Equilibrium, hydrodeoxygenation, gas phase, phenol, H,, Pd.
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4.2. Introduction

The conversion of biomass to bio-oil is a promising route to produce high-energy
density fuels [1], which may be processed through the fast pyrolysis or liquefaction of
biomass at fixed conditions (temperature > 700 K) [2,3]. The high oxygen content in pyrolysis
oil leads to undesirable oil properties, such as low energy density and thermal and chemical
instability. Thus, the upgrading of bio-oil by hydrodeoxygenation (HDO) is considered a very
important step to the final production of renewable fuels, since this process provides the
elimination of oxygen from biomass-derived feed stocks through the water production [1].

The catalytic upgrading of bio-oil is a complex reaction network involving different
reactions such as decarboxylation, hydrocracking, hydrodeoxygenation, hydrogenation and
polymerization [4].The average composition of pyrolysis oils is 50-65 wt% organic
components, that includes organic acids, aldehydes, ketones, furans, phenolic compounds,
guaiacols, syringols and sugar based compounds, 15-30 wt% water and 20 wt% colloidal
lignin fraction [5,6]. The phenolic content are a major part of the lignin fraction, which may
reach 30% of this fraction [6—7]. Thus, due to the complex composition of bio-oil, a
significant number of studies have reported the use of model molecules to elucidate the HDO
reaction mechanism [5-7]. These compounds are chosen to represent different fractions of
biomass such as sugars and sugar alcohols (cellulose and hemi-cellulose) and phenolic
compounds such as cresols, guaiacol, phenol (lignin fraction of biomass) [5].

There are several groups that investigated HDO reactions aiming the upgrade of bio-
oil. Three routes can be considered for HDO reaction: (i) hydrogenation (HYD) (ii) direct
deoxygenation route (DDO) and (ii1) tautomerization [9-11]. Mortensenet al.[11] studied
different catalysts in the phenol HDO reaction and suggested a mechanism for the HDO of
phenol over nickel catalysts supported on ZrO,. According to them the activation of phenol on
the oxide can take place through heterolytic dissociation of the O-H bond on the oxide, which
behaves like Lewis acid site. The hydrogen from the phenol is adsorbed on an oxygen site in
the oxide surface layer and a metal vacancy site stabilizes the phenoxide ion. The phenoxide
will interact with a nickel crystallite where hydrogen has been adsorbed, thereby facilitating
the saturation of the double bounds and producing cyclohexanone. Sun et al. [13] studied the
vapor-phase hydrodeoxygenation (HDO) of guaiacol (GUA). The reaction pathways for
guaiacol HDO (based on the major products) are highly dependent on the type of catalyst. In
most cases, phenol was the major intermediate formed through either demethylation of

guaiacol followed by HDO of catechol or demethoxylation of guaiacol with the latter being
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the major pathway on Fe, Cu, and PdFe catalysts. Phenol conversion preceded in different
reaction pathways depending on the metal and reaction temperatures. Another interesting
study was presented by Nieet al. [14], which investigated the catalytic conversion of m-cresol
in the presence of H, on SiO,-supported Ni, Fe ,and bimetallic Ni—Fe catalysts at 573 K and
atmospheric pressure. The authors proposed at least two parallel pathways: (i) One is the
direct hydrogenation of the aromatic ring, which could be dehydrated and then
dehydrogenated to the deoxygenated product (Toluene); (ii) a second (indirect) path where m-
cresol can tautomerize to a highly unstable methyl cyclohexadienone or cyclohexanol.
Therefore, phenol is an important intermediated in the HDO reaction of the different model
compounds.

Thermodynamic analysis has been used extensively used in the literature to help to
optimize operational conditions of different processes: (1) reforming of bio-oil compounds
aiming the production of hydrogen [15,16]; (ii) gas-phase hydrogenation of aromatics [17];
(iii) glycerol [18,19] (iv) methanation reactions [20] (v) upgrading of syngas [21] (vi)
supercritical water gasification of different compounds [22]. In general, thermodynamic
analyses are done using model molecules [15-19]. In the literature there are very few
thermodynamic studies of HDO reactions. Shin et al. [17] studied the gas-phase
hydrogenation/hydrogenolysis alcoholic phenol solutions between 423 and 573 K using a Y
zeolite-supported nickel catalyst (2.2% w/w Ni) and Ni/SiO; catalysts (1.5-20.3% w/w Ni).
The thermodynamic limitations of the hydrogenation/hydrogenolysis reactions involved in the
process were considered by estimating the equilibrium constants using the NIST database at
498 K. According to them the calculations indicate that the standard free energies of reaction
are negative for each hydrogenolysis/hydrogenation step with the exception of the partial
hydrogenation of benzene to cyclohexene. All hydrogenolysis and the benzene to cyclohexane
steps can be considered to be irreversible while the stepwise hydrogenation of phenol may be
governed by equilibrium.

To our knowledge there is no study in the literature dealing with the thermodynamic
analysis of the gas phase phenol HDO reaction.Thus, the objective of this work is to analyze
the thermodynamics of this reaction, to understand the effect of operating variables such as H;
to phenol ratio and temperature on the product distribution verified at equilibrium conditions.
The thermodynamic analyses are then related to experimental tests of gas phase phenol HDO

over 5%Ru/ZrO; and 2%Pd/ZrO, catalyst.
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4.3. Results and Discussion

In general, three routes can be considered for HDO reaction: (i) hydrogenation (HYD)
(ii) direct deoxygenation route (DDO) and (iii) tautomerization. Recently, our group have
been intensely investigated the gas phase HDO reaction of phenol [23-25]. De Souza et al.
[23] tested the performance of Pd catalysts supported on SiO,, Al,O3 and ZrO, for HDO of
phenol in the followed operational conditions: reaction temperature = 573 K, P = 1 atm and
H,/phenol molar ratio = 60. The possible pathway proposed by the authors over Pd catalysts
is the phenol tautomerization to 2,4-cyclohexadienone intermediate. In general, they reported
that Pd supported on ZrO, favors the formation of benzene though dehydration of 2,4 -
cyclohexadienol, while Pd on SiO, and Al,O; showed a high selective to hydrogenated
(cyclohexanone and cyclohexanol) products. Teles et al. [24] investigated different metals in
the HDO reaction using operational conditions similar to the ones used by de Souza et al.
[23]. A neutral support (SiO;) was chosen to better understand the metal effect in this
reaction. According to the authors more oxophilic metals, such as, Ru, Co and Ni favor the
direct dehydroxylation of phenol followed by hydrogenolysis, which leads the formation of
benzene and hydrocarbons. On the other hand Pt, Pd and Rh promote mainly phenol
tautomerized to hydrogenated products, such as, cyclohexanone and cyclohexanol. The HDO
reaction pathways over supported metal catalysts proposed by de Teles et al. [24] are present

in Figure 4.1.
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Figure 4-1. HDO reaction pathway over supported catalysts proposed by Teles et al. [24].

Based on the reaction mechanism previous studies [23-25], the system of linearly
independent reactions represented by reactions R1-R16 is proposed to represent the
thermodynamic equilibrium of phenol HDO (Table 4.1). The possibility of thermodynamic
limitations was considered by estimating the equilibrium constants using the NIST database.
The thermodynamically calculations indicate that the standard free energies of reaction are
negative for each hydrogenolysis/hydrogenation, as reported by Shin et al. [17].

The mechanism proposed by Teles et al. [24] for phenol HDO reaction in the gas
phase was divided in 4 paths as shown in Figure 4.1 and the natural logarithms of the
equilibrium constants of these reactions (R1-R16) as a function of temperature were
evaluated. Similar studied was performed by Liu et al. [27] to evaluate the five possible

pyrolytic pathway of guaiacol.
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Table 4-1.Standard Gibbs free energies of reactions considered in the mechanism of phenol

HDO mechanism [23-25].

Reaction AGozgsK (kJ/mol)

(R1) CsHqO+H,-> CeH+H,0 -82.52
(R2) CeHsO +3H,~> CeH;,0 -79.84
(R3) CeH1,0 > CeHy +H,0 -62.60
(R4) C¢H1,0+H,>> C¢Hyz +H,0 -92.61
(R5) CeHio+H,> CeHy, -30.00
(R6) CH0~> C¢HO* 2.09

(R7) C¢HsO*+H,> C¢HgO" -21.96
(R8) C¢Hs0"> C¢He+H,0 -62.63
(R9) CeHsO"+H,> C¢H0 -29.99
(R10) CeHs0+H,> C¢H;0 -29.97
(R11) CeH100+H,> CeH;, O -203.67
(R12) 2C6H190>> C12Hyo+2H,0+3H, -26.21
(R13) 2C6H190~> C1;H1yO+H,0+4H, 108.79
(R14) CoHe + 4H,~> CeH 4 -537.08
(R15) CeHys +5H,>> 6CH,4 110.20
(R16) C¢H, + 9H,~> 6CH, -426.90

*2,4-cyclohexadienone (CcHsO*); 1,3cyclohexadien-1-ol (CﬁHgO#)

To estimate the most favorable reactions involved in the phenol HDO process, some
experimental reactions were performed at selected conditions using 2%Pd/ZrO, and

S%Ru/ZrO;,

4.3.1. 5%Ru/Zr0O;,

The molar fractions obtained during the experimental phenol HDO reaction are shown in
Table 4.2. For this catalyst, phenol conversions ranged from 14 to 99% between 473.15 and
673.15 K. 5%Ru/ZrO, promotes the formation of cyclohexanone, benzene, Cs-Cg
hydrocarbons and CH4 as the main products. At low temperature (473 K), the catalyst
presented low conversions, with no CHs formation. As the temperature is raised, phenol
conversion and methane formation increased and reached almost 100% at 673.15 K. Based
on the data obtained during the experiments with phenol HDO reaction using Ru supported

catalysts and in the HDO reaction pathway reported by Teles [24], the following compounds



56 CHAPTER 1V —Thermodynamic Analysis

were chosen in the thermodynamic equilibrium calculation for the phenol
hydrodeoxygenation : Hydrogen, benzene (Cg¢Hg), cyclohexanone (C¢H;0pO), cyclohexanol
(C¢H120), cyclohexane (C¢Hjz), biphenyl (CiHjg), hydroxybiphenyl (Ci,H;00), 2,4-
cyclohexadienone (CcHeO*), 1,3cyclohexadien-1-ol (CﬁHgO#), 2-cyclohexen-1-one (CsHgO),
methane (CHy) and phenol (C¢HgO). The reaction temperature range was 473-673 K and the
hydrogen to phenol ratio (Hy/phenol ratio) equals 60 at atmospheric pressure were applied for
the thermodynamic equilibrium calculation. At these conditions, the thermodynamic analysis
predicted 100% conversion of phenol for this temperature range. The molar fractions obtained
during the thermodynamic analysis results also are shown in Table 4.2. The thermodynamic
equilibrium calculations indicated only the formation of CH4, which was kind of expected
since this is the most stable molecule considered in this system. At 673.15K the experimental
data showed only the formation of methane and a full conversion of phenol, as indicated by

the equilibrium calculations.
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Table 4-2. Molar fractions obtained experimentally for phenol HDO reaction compared with the thermodynamic analysis results considering

CH, as a product.

Reaction 5% Ru/ ZrO, (W/F= 0.48 h)

Cs-Cs
T [K] Benzene Cyclohexanone Cyclohexanol CHy Deoxygenated Oxygenated
Hydrocarbons
473.15 11.7 23.7 63.1 0 0.1 0 0
573.15 35.2 3.1 0.1 43.1 15.4 0.3 2.8
673.15 0 0 0 100 0 0 0

Thermodynamic Analysis with CHy4

Cs-Cq
T [K] Benzene Cyclohexanone Cyclohexanol CHy Deoxygenated Oxygenated
Hydrocarbons

473.15-673.15 0 0 0 100 0 0 0
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Table 4.3 shows the natural logarithms of the equilibrium constants at 473.15,
573.15 and 673.15 K of the some reactions involved in the HDO phenol process (R14-
R16. According to these data, CH4 formation is more thermodynamically favored
through the hydrogenation of benzene to Cg hydrocarbon (R14) and in sequence the
hydrogenation of this hydrocarbon to methane (R15) than through the direct breaking
of the aromatic ring to methane (R16) [26].

Table 4-3. Natural logarithms of the equilibrium constants (Kj) at 473-673 K for R14-
R16.

473.15(K)  573.15(K) 673 15 (K)

R14 173.80831 160.54196 150.97316
R15 -82.43960  -94.05015 -102.32986
R16 -91.36870  -66.49181  -48.64330

4.3.2. 2%Pd/ZrO,

As performed with 5%Ru/ZrO,, the most favorable reactions involved in the
phenol HDO process were estimated experimentally using 2%Pd/ZrO,. The molar
fractions obtained during the experimental phenol HDO reaction compared with the
thermodynamic analysis results are shown in Table 4.4. At 473 K, the catalysts showed
the highest molar fraction of cyclohexanone and benzene. In addition, small amounts of
cyclohexanol, cyclohexane, oxygenated and deoxygenated compounds were also
observed. The selectivity of benzene increased for higher temperatures, while the
amount of cyclohexanone and cyclohexanol decreased. Only at 673.15K was observed
100% of selective for benzene and a full conversion of phenol.

De Souza et al. [25] showed that Pd supported on an oxophilic support such as
ZrO, favored the selectivity towards benzene, reducing the formation of ring-
hydrogenated products, cyclohexanone and cyclohexanol, which were expected
thermodynamically. For Pd samples, the formation of CH4 was not observed in any
condition of the phenol HDO reaction previous studied by our group [23-25] and also in
the reactions conditions reported in this work. However in the presence of more

oxophilic metals (Ru), the formation of CH4 was favored. Thus, the thermodynamic
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calculations were also performed without CHy as a product in the studied system,
aiming to represent the thermodynamic equilibrium over the surface of less oxophilic
metals [24]. These thermodynamic equilibrium calculations showed complete phenol
conversion for all temperature range and are perfectly in line with the HDO tests at
673.15K, demonstrating that the Pd catalyst is very active in the HDO and it can reach

the thermodynamic equilibrium composition at some given reaction conditions.
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Table 4-4. Molar fractions obtained experimentally for phenol HDO reaction compared with the thermodynamic analysis results without CHa.

Reaction 2%Pd/ZrO, (W/F= 0.054 h)

T [K] Cyclohexane Benzene  Cyclohexanone  Cyclohexanol Deoxygenated Oxygenated
473.15 0.5 2.9 67.6 29.9 0 0
573.15 0.2 56.5 38.1 2.6 2.2 0.4
623.15 0.1 96.3 1.2 0 1.9 0.7
673.15 0 99 0 0 1.1 0

Thermodynamic Analysis

T [K] Cyclohexane Benzene  Cyclohexanone Cyclohexanol Deoxygenated Oxygenated
473.15 99 1 0 0 0 0
573.15 4 96 0 0 0 0
623.15 1 99 0 0 0 0
673.15 0 100 0 0 0 0
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In order to correlate better the experimental data with thermodynamic results,
Table 4.5 shows the natural logarithms of the equilibrium constants at 473.15, 573.15,
623.15 and 673.15 K of the reactions involved in the HDO phenol process. According
to these data, benzene formation is more thermodynamically favored through the
dehydration of 1,3 cyclohexadien-1-ol (C¢HgO) (R8) than through the direct
deoxygenation reaction (R1). At 473.15 K and 573.15K the experimental data showed
high amounts of cyclohexanone and cyclohexanol, which was not indicated by the
thermodynamic analysis. Therefore, the experimental reaction is far from equilibrium
limitations, which indicates that catalysts evaluation should be carried out below this

temperature.

Table 4-5. The natural logarithms of the equilibrium constants (Kj) at 573.15, 623.15
and 673.15 K for the reactions involved in the HDO phenol process.
473.15(K) 573.15 (K) 623.15 (K) 673.15 (K)
R1 17.20345 12.31841 10.44543 8.840804
R2 3.15000 -5.77192 -9.19452 -12.1218
R3 24.82797 24.69497 24.6341 24.57378
R4 18.94686 13.34889 11.19792 9.353193

RS -5.88110 -11.3461 -13.4362 -15.2206
R6 3.26667 4.421447 4.812032 5.108689
R7 -3.07209 -6.65202 -8.01833 -9.18566
R8 17.00887 14.54898 13.65173 12.91778
R9 -3.36577 -8.06029 -9.86283 -11.4088

R10 2.857384 0.059944 -0.95937 -1.78923
R11 8.31038 -11.0853 -17.8314 -23.2054
R12 17.36873 25.81693 29.01424 31.71798
R13 6.38444 21.99677 27.94617 32.99259

According to the natural logarithms of the equilibrium constants, cyclohexanone
may be produced by reaction R10, while cyclohexanol probably is generated by
reaction R2 instead of RI11, since R2 has a higher equilibrium constant. At the
temperature range studied (473-673K), the experimental data showed the formation of

deoxygenated and oxygenated products when a lower temperature was used.
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4.3.3. Equilibrium constants of the reactions involved in phenol HDO.

4.3.3.1. Pathl

Fig. 4.2 shows the natural logarithms of the equilibrium constants as a function
of temperature of the tautomerization-hydrogenation-dehydration mechanism, which
may be represented by the reactions R6, R7 and R8.The natural logarithms of the
equilibrium constants of direct HDO of phenol to benzene (R1) were also plotted in the
same graph, for reference. The direct HDO of phenol yielding benzene and H,O (R1)
has a similar equilibrium constant than the dehydration of 1,3cyclohexadien-1-ol
(CeHgO) (R8) at lower temperatures. As the temperature increases, reaction R1 is
disfavored. The same effect was observed for the hydrogenation of the 2,4-
cyclohexadienone (R7) and dehydration of 1,3cyclohexadien-1-ol (CcHgO)(RS),
although to a smaller extend. The tautomerization reaction also did not suffer a strong

influence of the temperature (R6).
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Figure 4-2. Natural logarithms of the equilibrium constants (Kj) as a function of

temperature of the tautomerization-hydrogenation-dehydration mechanism reactions.
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4.3.3.2. Path?2

Path 2 represents the hydrogenation of phenol to cyclohexanone (CgH;oO)
followed by the formation of biphenyl (C;,H0) or hydroxybiphenyl (C;;H;00). The
natural logarithms of the equilibrium constants as a function of temperature of these
reactions (R6, R9, R10, R12 and R13) are present in Fig. 4.3. As previous shown, the
equilibrium of the tautomerization of phenol was not strongly affected by the
temperature (R6). The hydrogenation of 2.,4-cyclohexadienone to 2-cyclohexen-1-
one(C¢HgO)(R9) and the hydrogenation of 2-cyclohexen-1-one to cyclohexanone
(C¢H100) (R10) are both disfavored when the system is heated.
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Figure 4-3. The natural logarithms of the equilibrium constants (Kj) as a function of
temperature. Hydrogenation of phenol to cyclohexanone (C¢H;oO) followed by the
formation of biphenyl (C,H;) or hydroxybiphenyl (Ci,H;¢O).



64 CHAPTER IV-Thermodynamic Analysis

The formation of C12 hydrocarbons is highly favored by the temperature [28].
The formation of hydroxybiphenyl (C;;H;0O) is more favorable than the reaction
related to biphenyl(C,H;o) at lower temperature. However, the polymerization to
biphenyl (R13) is preferred at higher temperatures than reaction R12. In general, both
reactions may be favored by the high stability and symmetry of the final product, as

pointed by Furimsky [29].

4.3.3.3. Path3

The hydrogenation of phenol to cyclohexanone (CsH;oO) followed by the
formation of cyclohexanol(C¢H;00), cyclohexene (CcHjp), and cyclohexane (CcH;,) are
present in the Fig. 4.4 The natural logarithms of the equilibrium constants (Kj) as a
function of temperature of the reactions R6, R9, R10, R11, R3, R2 and RS are also
shown in the same figure. In general, reactions R9, R5, R2 and R11 are disfavored by
the temperature. The hydrogenation of cyclohexanone (C¢H;pO) to cyclohexanol
(CeH120) (R11) showed the smallest equilibrium constant, which indicates that the
formation of cyclohexanol is more favored by the direct hydrogenation of phenol (R2)

[17].
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temperature of R6, R9, R10, R11, R2, R3 and RS.

4.3.3.4. Path4

The direct deoxygenation route of phenol to benzene (CgHg) and the
decompositionof benzene to hydrocarbons (C¢Hjs and methane) are presented in the
Fig. 4.5. The natural logarithms of the equilibrium constants (Kj) as a function of
temperature of reactions R1, R14, R15 and R16 are also shown in the same figure. In
general, the reaction R1 is disfavored by the temperature, while R14, R15 and R16 are
favored by the temperature. In this situation, the formation of CH4 or other
hydrocarbons are more favored than the DDO reaction (R1). Tan et al. [27] in HDO of
m —cresol reported that the hydrogenolysis reaction proceeds by cleaving C-C bonds to

form CxHy and CHj species.



66 CHAPTER IV-Thermodynamic Analysis

CH,
ris 1 o
R1 A\
|
/
R14 5.6
CH,
Hyvdrocarbous -
2 >
180 4
- _LM
w140 ] —
g ] R R4
E 120 el
E '1[][]_- ——R16
e,
B
E 5l &
5 ] -
: EU__ m-x"'—{»___
S 404 i e
L T i gy
450 500 550 600 650 700 = 4
Temperature (K)

Figure 4-5. The natural logarithms of the equilibrium constants (Kj) as a function of

temperature of R1, R14 and R15.

4.3.4. Thermodynamic Analysis: equilibrium compositions of phenol HDO in the

gas phase without CHy4

Equilibrium compositions of phenol HDO were calculated at atmospheric
pressure using as parameters the reactor temperature (473-800 K), and the H,/phenol
ratio 10 to 100 with and without CHs. When CH,4 was added to the system, the system
converges to the formation of this molecule, independently of the conditions used.
However, as reported before, Pd samples do not favor the formation of CHy, thus the
thermodynamic calculations were performed also without this molecule to evaluate the
equilibrium at these conditions.

For the thermodynamic calculations without methane, regardless of the

H,/Phenol ratio employed, phenol is fully converted at all temperatures. In general, the
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system did not show the formation of cyclohexane, cyclohexanol, cyclohexanone,
1,3cyclohexadien-1-ol,hydroxybiphenyland 2-cyclohexen-1-one. Neri et al. [30] showed
the influence of the reaction temperature on the activity of Pd/Al,Os in the gas-phase
hydrogenation of phenol to cyclohexanone. In the range of temperature studied by them,
chemical equilibrium is shifted completely towards the reaction products, therefore the
decrease in the catalytic activity was not attributed to thermodynamic limitations.

As the temperature increases, the conversion reaches a maximum and then
decreases. However, the drop in phenol conversion was not attributed to thermodynamic
limitations. According to the authors the decrease of catalytic activity at higher
temperature was attributed to a decrease of the fraction of surface covered by the

reactants.

4.3.4.1.  Effect of temperature

The equilibrium mixture formed from HDO reaction of phenol consists of
benzene, a small amount of cyclohexane, 2,4-cyclohexadienone and hydroxybiphenyl
(deoxygenated compounds). Fig. 4.6 presents the equilibrium mole fractions of the
gaseous products in dry and H, free basis as a function of temperature. At low
temperatures phenol seems to be fully hydrogenated to cyclohexane. Benzene appears
as a product of the HDO reaction when the temperature rises. According to the
equilibrium constants, reaction RS, related to the generation of cyclohexane, is slightly
disfavored by temperature. Itoh and Xu [31] presented a thermodynamic study of the
hydrogenation reaction of phenol to cyclohexanone and then to cyclohexanol at 423-
573K temperature range. According to the authors as the temperature decreases,
hydrogenation reaction takes place. Similar result was observed in this work, however

in the studied system, phenol is hydrogenated to cycloehexane.
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Figure 4-6. HDO reaction of phenol-effect of temperature on equilibrium product

composition, at H,/phenol=60.

4.3.4.2.  Effect of H> to phenol ratio

H; to phenol ratio plays an important role in the HDO reaction. The effect of this
parameter is complicated by the fact that its influence depends on the temperature. Fig.
4.7(a)—(c) depicts the mole fraction of the main gaseous products as a function of the
H,/phenol ratio and the temperature. Figure 4.8 shows the 3D profiles. Figure 4.7a
shows benzene molar fraction as a function of temperature and Hy/phenol ratio. In
general, the increase of H, concentration in the feed favored the formation of benzene.
The shape of the curves observed in Figure 4.7a for benzene formation does not vary
with temperature. Benzene production has a maximum around 550-750K under any
H,/phenol ratio. Benzene molar fraction starts to decrease at high temperatures and the
temperature at which this decrease starts strongly depends on the H,/Phenol ratio. Fig.
4.7b shows the cyclohexane molar fractions variations as a function of the H,/phenol
ratio and the temperature, respectively. At 473 K, the molar fraction cyclohexane molar
fraction is around 33%. For temperatures higher than 573 K the equilibrium molar
fractions of cyclohexane are very small. Fig. 4.7c shows that regardless of H,/Phenol

ratio, the production of 2,4-cyclohexadienone is favored at higher temperatures. The
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natural logarithms of the equilibrium constants showed that the reaction related to the
2,4-cyclohexadienone formation (R6) is not very affected by the temperature. However
the reactions related to benzene (R1 and R8) and cyclohexane (R5) suffered a slightly
decreased in the natural logarithms of the equilibrium constant, which may disfavor the

formation of these products.
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Figure 4-7. Distribution of products in dry basis (free of H;) for the chemical
equilibrium of HDO of phenol at atmospheric pressure.(A)Benzene, (B) Cyclohexane

and (C) 2,4-Cyclohexadienone.
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©

Figure 4-8. 3D Distribution of products in dry basis (free of H) for the chemical
equilibrium of HDO of phenol at atmospheric pressure.(A)Benzene, (B) Cyclohexane
and (C) 2,4-Cyclohexadienone.

4.4. Conclusions

The application of the Lagrange Multipliers method was efficient to calculate the
equilibrium mole fractions of phenol HDO reaction. When CH, was added to the
thermodynamic analysis, this was the only product observed, which represents the
equilibrium behavior of phenol HDO reaction over more oxofilic metals. For Pd

samples, methane was not observed as a product during catalytic tests. Therefore, this
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species was not added to the study. In this case, the thermodynamic calculations showed
that a high ratio of H;, to phenol contributed to a greater selectivity for benzene and
reduced the hydroxybiphenyl presence in the system. Also, the thermodynamic data
indicated full conversion of phenol in all temperature range studied. In general, the best
operating temperature to perform the studied reaction is around 600 K and H,/phenol
around 60. The experimental activity tests data of the phenol HDO reaction showed the
formation of the following products: cyclohexane, benzene, cyclohexanone,
cyclohexanol, deoxygenated and oxygenated compounds. Among these products only
benzene and cyclohexane appeared in the thermodynamic analysis at the same
temperature range and Ha/phenol ratio. The thermodynamic calculations of the reaction
mechanism proposed in the literature and the experimental activity test data
performance were efficient to explain the reactions involved in this complex reaction

network.
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5.CHAPTER V

5.1. Hydrodeoxygenation of phenol over zirconia supported Pd

bimetallic catalysts. The effect of second metal on catalyst performance

ABSTRACT- This work investigated the effect of the addition of a second metal (Cu,
Ag, Zn, Sn) on the performance of Pd/ZrO, catalyst for HDO of phenol at 573 K in the
gas phase. The incorporation of dopants resulted in the formation of Pd—X (Cu, Ag, Zn)
alloys, which reduced the reaction rate for HDO and increased the selectivity to
hydrogenation products (cyclohexanone and cyclohexanol). The lower activity of the
bimetallic catalysts was probably due to the segregation of the second metal on the
surface of the Pd particle. For PdSn/ZrO,, alloying was also observed but tin oxide was
still present on the surface after reduction at 773 K. For Pd and PdSn/ZrO,, the
oxophilic sites represented by Zr and Sn cations promotes the hydrogenation of the
carbonyl group of the keto-tautomer intermediate formed, producing benzene as the
main product. All catalysts significantly deactivated during the reaction but the
deactivation degree depended on the type of the metal. Pd/ZrO, and PdZn/ZrO, and
PdAg/ZrO, exhibited approximately the same deactivation degree. However, the loss of
activity was less pronounced for PdSn/ZrO, catalyst, which was related to the presence
of Sn™" species. Pd dispersion significantly decreased during the reaction, indicating that
the sintering of Pd particles is one of the causes for catalyst deactivation.

Keywords: phenol; bio-oil; hydrodeoxygenation; stability; bimetallic catalysts;

oxophilic sites.

5.2. Introduction

The lignocellulosic biomass may be converted into biofuels by different
technologies [1,2]. The conversion of biomass into bio-oil through fast pyrolysis
followed by its upgrading by hydrodeoxygenation (HDO) is considered a potential route
for the production of renewable fuels [3]. The bio-oil produced is composed of a very
complex mixture of oxygenated compounds with high water content. The presence of
highly reactive oxygenated compounds renders the bio-oil unstable during storage.

Therefore, bio-oil must be upgraded to be feasible as a transportation fuel [4,5].
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Due to the complex composition of bio-oil, a significant number of studies
reported the use of model molecules to elucidate the HDO reaction mechanism [5-7].
Those compounds are chosen to represent different fractions of biomass such as sugars
and sugar alcohols (cellulose and hemi-cellulose), as well as phenolic compounds such
as cresols, guaiacol, and phenol (i.e., the lignin fraction of biomass) [5].

Different catalysts have been reported for HDO reactions of several molecules
[4-7]. Despite of all the research efforts, the development of an appropriate catalyst for
HDO reaction is still an issue. The optimal catalyst for bio-oil upgrading should exhibit
high activity for deoxygenation and stability under reaction conditions [6].

Currently the greatest challenge in developing new catalysts for the HDO
reaction is improving the stability. Catalyst deactivation is generally attributed to the
deposition of carbonaceous species on the catalyst surface or sintering of the metallic
particles [3]. Therefore, understanding of the catalyst deactivation mechanisms for HDO
of bio-oils is needed to design efficient catalysts. However, the number of studies
dedicated to catalyst deactivation during HDO reaction is scarce. The HDO reaction
requires a metallic site for hydrogenation/dehydrogenation as well as a support that
adsorbs the oxy compound and promotes alkylation and polymerization reactions.
Therefore, control of the metal particle size and the selection of the support with
appropriate acidic properties may inhibit catalyst deactivation.

The addition of a second metal may induce changes in both catalytic and
adsorptive properties. The dilution or the coverage of a fraction of the surface of the
host metal (i.e., geometric effects) induces a decrease in the size of the ensemble, and
this inhibits the formation of carbon. Furthermore, it may also suppress metal particle
sintering. Therefore, the addition of a second metal induces changes in selectivity,
affecting more severely reactions involving C-C bond scission, which could lead to
carbon deposition.

There are only few studies regarding bimetallic catalysts for the HDO reaction
[8-10]. Sun et al. [8] investigated the performance of carbon supported metal catalysts
(Cu, Fe, Pd, Pt, PdFe and Ru) for HDO of guaiacol. Cyclohexanone (ONE),
cyclohexanol (OL) and C; gas products were the main compounds formed over precious
metal catalysts. On the other hand, PdFe/C catalyst exhibited higher activity to
deoxygenated products (benzene/toluene) than the monometallic catalysts. DFT
calculations demonstrated the preferential adsorption and activation of phenol on

unreduced Fe, which likely inhibits the hydrogenation of the ring on Pd. Our group
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studied the selective conversion of m-cresol to toluene over bimetallic silica supported
Ni-Fe catalysts [10]. For Ni/SiO,, DFT calculations demonstrated'® that the aromatic
compound adsorbs parallel to the surface of the metal, favoring the hydrogenation of the
ring and the formation of 3-methyl-cyclohexanol and 3-methyl-cyclohexanone. For the
bimetallic catalyst, the presence of an oxophilic metal, such as the unreduced Fe species
present in the Ni-Fe/SiO, catalysts enhances the interaction with the carbonyl group. In
the case of Ni-Fe [10], the DFT study shows both repulsion between the phenyl ring and
the catalyst surface and a stronger interaction between the oxygen atoms in m-cresol
and the catalyst surface, promoting the oxygen removal reaction pathway. In spite of
few works dealing with the selectivity of bimetallic catalysts for HDO reactions, there
are no studies about their deactivation.

The support also plays an important role for HDO. De Souza et al. [11-13]
studied the effect of the type of support (S10,, Al,O3, TiO,, ZrO,, CeO, and CeZrO;) on
the performance of Pd-based catalysts for the hydrodeoxygenation of phenol at 573 K.
Benzene was the major product over Pd/TiO; and Pd/ZrO, whereas Pd/SiO,, Pd/Al,Os,
Pd/CeO, and Pd/CeZrO, produced mainly cyclohexanone. For Pd/ZrO,, the oxophilic
sites represented by incompletely coordinated Zr*™* cations near the perimeter of the
metal particles favor the interaction of the oxygen of the carbonyl group in the phenol
tautomer intermediate with the catalyst surface. Then, the carbonyl group is
preferentially hydrogenated on the metal particles at the metal-support interface, leading
to the formation of benzene. Then, oxophilic supports such as zirconia promote the
production of deoxygenated products during the HDO reaction.

Therefore, the present study investigated the HDO of phenol in gas phase over
bimetallic Pd catalysts (PdAg, PdZn, PdCu and PdSn) supported on ZrO,. These
elements were selected based on the literature that reports the formation of an alloy with
Pd. The effect of the addition of a second metal on the catalyst activity, selectivity to
deoxygenated products and stability during HDO of phenol was examined. The
formation of Pd alloy with the reduction temperature was studied by in situ X-ray
photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS)
experiments [13-19].
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5.3. Results and Discussion

5.3.1. Catalyst Characterization

Table 5.1 shows the Pd loadings and dopant/metal molar ratios of the catalysts.
Pd content was close to the nominal value (1 wt.%) for all samples. The samples
exhibited a dopant/Pd molar ratio around the expected value (0.50), except for
PdSn/ZrO, that was slightly lower (0.30). Table 5.1 also presents the textural properties
of the catalysts. All samples showed similar specific surface areas (73 — 79m* gh),
which are close to the surface area of the support (82 mz/g). The total pore volumes
(0.28 - 0.30 cm’g™") were also very similar for all the catalysts. The addition of small
amount of Pd and the other metals did not change the specific surface area and pore

volume of the samples.

Table 5-1. BET surface area, pore volume, pore size, Pd and dopant content of the

samples and Pd dispersion determined by H, chemisorption and by cyclohexane

dehydrogenation.
Pore b
Pd BET area Dispersion Dispersion*
Samples Dopant/Pd* 2 1 Volume
(wt%) (m~g™) (%) (%)
(em® g")

Pd/ZrO, 1.02 - 77 0.30 35 38
PdAg/ZrO, 0.98 0.49 73 0.29 11 9
PdCu/ZrO, 0.97 0.55 79 0.30 6 -
PdSn/ZrO, 0.97 0.30 79 0.28 9 10
PdZn/ZrO, 1.00 0.55 76 0.29 4 5

*Molar ratio
®Measured by hydrogen chemisorption.
“Measured by cyclohexane dehydrogenation reaction

X-ray diffraction patterns of the calcined samples are compared in Figure S1
(Appendix I). The diffractograms of all samples showed lines characteristic of a mixture
of monoclinic (JCPDS 37-1484) and tetragonal (JCPDS 17-0923) ZrO, phases. The

proportion of each phase was calculated taking into account the procedure proposed by
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Khaodee et al. [20]. The monoclinic is the dominant phase for all catalysts, varying
from 82 - 88%. The lines characteristic of palladium and transition metals oxides were
not detected. This is likely due to the low content of these metals.

Pd dispersion of fresh catalysts measured by H, chemisorption and cyclohexane
dehydrogenation reaction are also reported in Table 5.1. The results obtained by both
techniques were quite close, revealing that the cyclohexane dehydrogenation reaction
can be used for the determination of metal dispersion. Furthermore, these techniques
showed a decrease in Pd dispersion when the second metal was added. Considering that
H, chemisorption occurs only on Pd surface, these results might be explained by one or
more of the following reasons [21]: (i) sintering of Pd particles by the addition of
second metal; (ii) the formation of an alloy between Pd-second metal, which may
modify the adsorption properties of Pd atoms; (iii) the second metal partially covers the
surface of Pd particle (ensemble effect).

In order to investigate the effect of the addition of a second element on the metal
particle size, STEM analysis was carried out. The STEM images of the Pd/ZrO; catalyst
are shown in Figure S2 (Appendix I). Due to the low Pd content and the poor contrast
between Pd and ZrO,, it is difficult to distinguish between the Pd particles and the
individual ZrO, crystallites in the STEM image shown in Figure S2. Therefore, the size
distribution analysis was not performed. Only few Pd particles were found with 2.5 nm.
The same problem happens with PdAg/ZrO, and PdSn/ZrO, catalysts but the few
particles observed have approximately the same size (2.5 nm) compared to that of the
monometallic catalyst. Therefore, sintering of Pd particles due to the addition of the
second element on the bimetallic catalysts could be ruled out.

These results are not in agreement with the metal dispersion determined by H;
chemisorption as well as cyclohexane dehydrogenation reaction, which estimated larger
metal particles for the bimetallic catalysts. As the chemisorption and the probe reaction
are indirect measurements of dispersion, this decrease is likely due to the alloy
formation or the coverage of the Pd surface by the second metal.

The formation of an alloy between Pd-second metal was studied by TPR, in situ

EXAFS, in situ XPS and the results obtained will be discussed next.

5.3.1.1.  Effect of the second metal on Pd reduction and alloy formation.
Figure 5.1 shows the TPR profiles obtained for zirconia-supported catalysts. For

Pd/ZrO,, the reduction profile exhibits one peak at 430 K and a shoulder at around
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500K. The hydrogen consumption at this low temperature region is attributed to the
reduction of palladium oxide with different particles sizes [22]. There is also a hydrogen
uptake at high temperature (650 — 750 K). The hydrogen uptake obtained in the low
temperature region corresponds exactly to the complete reduction of PdO (Table 5.2).
Therefore, the H, consumption at high temperature could be attributed to the reduction
of zirconia support. The XANES spectra at the Zr K-edge of Pd/ZrO, catalysts after
reduction at different temperatures showed that Zr** was partially reduced to Zr'*,

which is in agreement with the result of our TPR profile [13].

~ PdCu/ZrO,
)
) Pdzn/zrO
= 2
®
k5 PdAg/ZrO,
=

PdSn/zrO,

T T T T T T T T T T T T T T T
300 400 500 600 700 800 900 1000 1100

Temperature (K)

Figure 5-1. TPR profiles of Pd and bimetallic supported on zirconia catalysts.
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Table 5-2. H, consumption related to the 1st and 2nd peaks in the TPR profile and the
degree of PdO reduction (DRPR).

H, observed H, observed Total Expected
Expected total PdO degree Total reduction
consumption consumption consumption Consumption

Samples . d 5 consumption of reduction degree(%)
in the 1°Peak in the 2"°Peak x 10 of dopant 5 .
L s s 5 (mol/g) x 10°** 1% peak (%) (dopant +Pd)
(mol g7)x 10° (mol g-1) x 10 (mol/g) x 10
Pd/ZrO, 4.74 2.76 7.50 - 4.72 100 159
PdAg/ZrO, 4.84 7.41 12.2 2.27 6.99 103 175
PdCu/ZrO, 5.27 341 8.68 4.33 9.04 112 96
PdSn/ZrO, 7.10 4.46 11.6 2.53 7.24 151 160
PdZn/ZxO, 4.46 3.63 8.09 421 8.92 95 91

*Expected H, consumption for total reduction of PdO (4.71x10molg™)
** Expected H, consumption considering total reduction of SnO,, CuO, Ag,0 and ZnO.

TPR profiles of bimetallic catalysts are similar to that of Pd/ZrO,, with the main
reduction peak around 400-550K and a second peak at high temperature. An additional
peak relative to the dopant metal reduction did not appear in any of the bimetallic
profiles. In general, this result may be attributed to the formation of an alloy. Fox et al.
[23] also observed that the reduction occurred in a single broad peak for PdCu/CeO,
bimetallic catalyst. Karski et al. [22] reported similar results for the following bimetallic
systems: 5%Pd—1%Ag/S10,, 5%Pd-3%Ag/S10, ad 5%Pd—5% Ag/SiO,. According to
them, this corresponds to the reduction of a Pd,Ag,O mixed oxide formed during the
calcination with oxygen. Vicente et al. [14] showed that PdO is completely reduced
around 373 K for 1%Pd/SiO,. The TPR profile of Pd-Sn/SiO, (1%Pd-1-2%Sn)
bimetallic catalysts exhibited the reduction of Sn species in contact with Pd, which may
be an indication of alloy formation. In our work, hydrogen consumption observed
between 400-550K corresponds to the complete reduction of PdO for PdAg/ZrO,,
PdCu/ZrO;, and PdZn/ZrO,, indicating that only Pd oxide is reduced in the low
temperature region (Table 2). Ag,O, CuO and ZnO were completely reduced in the high
temperature region. For PdSn/ZrO,, the hydrogen uptake in the first peak is higher than
that expected for the reduction of PdO, which suggests that Sn oxide is also reduced in
this region. The higher total hydrogen consumption observed for Pd/ZrO,, PdAg/ZrO,
and PdSn/ZrO, indicates that ZrO, is also partially reduced at this temperature, as

reported by de Souza et al. [13]. TPR-XANES spectra as a function of temperature are
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shown in Figure 5.2 and snapshots of XANES spectra at the initial, intermediate, and
final stages of reduction are provided in Figure 5.3.

The temperatures to achieve 50% of PdO reduction were as follows for the
various catalysts according to edge energy: Pd K-edge: Pd (372 K); Pd-Cu (370 K);
Pd-Zn (346 K); Pd-Ag (360 K); Pd-Sn (374 K). Thus, significant promoting effects on
reduction were observed by adding Zn or Ag to the Pd particles. The slightly lower
temperature of Ag compared to Pd in the Pd-Ag catalyst suggests that nucleation of
reduced metal centers in the Pd-Ag catalyst occurred at Ag atoms. Once the Ag0 centers
were formed, Pd was rapidly reduced (temperature difference at 50% metal reduction
for Ag and Pd are within 1.3K). Then, a significant fraction of Ag is likely in intimate
contact with Pd, and quite possibly at the atomic level (e.g., alloy formation). This
effect can be clearly observed in Figure 5.3.

The evolution of the Pd species during reduction calculated by the linear
combination of Pd K-edge XANES spectra is shown in Figure 5.4. The initial spectrum
of the oxidized catalyst and the final spectrum of the reduced catalyst were used as
references for the linear combination fittings. The calcined samples contain PdO and the
reduction to Pd’ begins at around 333 K for all samples. The temperature to achieve
90% as metallic Pd was 418 K for Pd; 419 K for Pd-Cu; 372 K for Pd-Zn; 394 K for Pd-
Ag; and 404 K for Pd-Sn, while the temperature was 385 K to achieve 90% as metallic
Ag for the Pd-Ag catalyst.

TPR-EXAFS spectra as a function of temperature are shown in Figure 5.5.
Snapshots of EXAFS spectra at the initial, intermediate, and final stages of reduction
are provided in Figure 5.6. In agreement with the TPR-XANES results, the initial
spectra (Figure 5.5, spectrum at room temp) are dominated by the Pd-O bond. The
EXAFS spectra following reduction at ~773 K for Pd, Pd-Ag, and Pd-Sn catalysts are
dominated by a single peak located between 2 and 3 angstroms in the phase-uncorrected
Fourier transform magnitude spectra, which can be assigned to the first Pd-Pd shell
[24]. On the other hand, the EXAFS spectra of Pd-Cu and Pd-Zn catalysts show two
peaks, one located close to 2 angstroms and the second peak, though smaller in
magnitude as compared to Pd, Pd-Ag, and Pd-Sn catalysts, situated between 2 and 3
angstroms. XRD studies indicate that doping of Cu [25] or Zn [26] to Pd should lead to
a decrease in the lattice spacing, while doping of Ag [27] or Sn [28] should lead to a

slight increase in lattice spacing.
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Figure 5-2. Hydrogen TPR-XANES profiles at the Pd K-edge of (A) Pd, (B) Pd-Cu, (C)
Pd-Zn, (D) Pd-Ag, and (E) Pd-Sn catalysts as a function of temperature.
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Figure 5-3. Snapshots of XANES profiles at the Pd K-edge at (green line) ~331 K; (red
line) partial reduction; and (blue line) ~773 K complete reduction of (A) Pd; (B) PdCu;
(C) PdZn; (D) PdAg; and (E) PdSn catalysts, and at the Au K-edge of (F) PdAg

catalyst.
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The raw y (k) spectra presented in Figure 5.7 reveal that there are only slight
differences in the spectra of Pd-Ag (Figure 5.7g) and Pd-Sn (Figure 5.7p) compared to
the Pd alone catalyst (Figure 5.7d). There is a sharpening of the fifth maxima and an
increase in the sixth minima. The result shows subtle differences in higher shells (~5
angstroms) in the Fourier transform magnitude spectra. Thus, the results are suggestive
of alloying of Pd-Ag and Pd-Sn, but not conclusive. With doping of Cu or Zn, however,
the results are more conclusive. The oscillations are significantly attenuated due to
interference phenomena in the raw (k) spectra of Pd-Cu (Figure 5.7m) and Pd-Zn
(Figure 5.7s) catalysts as compared to Pd alone (Figure 5.7d). In addition, two clearly
defined peaks emerge in the FT magnitude spectra of Pd-Cu (Figure 5.70) and Pd-Zn
(Figure 5.7u) catalysts as compared to Pd alone (Figure 5.7f), consistent with the
presence of both Pd-Pd and Pd-Cu or Pd-Zn in the first coordination sphere.
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first PA-M(M = Pd and/or Ag, Cu, Sn, Zn) coordination shell.
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EXAFS fitting parameters of all catalysts, as well as that of the Pd foil reference
are given in Table 3. For the case of the Pd-Ag catalyst, two different fittings were
conducted; a fitting where data were treated separately at the Pd and Ag K-edges, and a
fitting whereby some shared parameters were utilized in the fitting (e.g., Pd-Ag
distance). The coordination number of the first Pd—Pd shell for Pd/ZrO, determined by
curve-fitting was 8.6 (Pd—Pd distance, 2.7331&). The bimetallic samples showed total
coordination numbers slightly higher than that of the monometallic catalyst, except for
PdZn (PdAg (9.5); PdCu (10.0); PdSn (9.2); and PdZn (6.3)). The average coordination
number is the EXAFS parameter related to the size and shape of the metal particles and
then, it can be used to provide a rough estimate of the particle size using the analysis of
Jentys [29]. Assuming a fcc crystal structure, spherical cluster morphology, and similar
atomic radii relative to Pt (e.g., Cu — 135 pm, Zn — 135 pm, Sn — 145 pm, Pd — 140 pm,
Pt — 135 pm, Ag — 160 pm), the results suggest that Pd/ZrO, catalyst had a cluster size
of 1.8 £ 0.3 nm, while the PdAg, PdCu, and PdSn bimetallic catalysts exhibited slightly
larger sizes (2.8 + 0.9 nm, 3.3 £ 1.0 nm, 2.4 + 0.9 nm), and the PdZn catalyst had a
slightly smaller size (1.0 £ 0.4 nm).

Moreover, the local atomic concentration of palladium in the bimetallic catalysts
was calculated by the N/(N;+N,) ratio: PdAg (67%); PdCu (67%); PdSn (77%); and
PdZn (68%). The results obtained indicate that the first shell around Pd atoms is close to
the chemical composition expected for the bimetallic catalysts. For Pd-Cu and Pd-Zn
catalysts, the fitting parameters floated to distances consistent with virtually complete
alloying, since these samples showed a shorter Pd bond distance (Pd-Cu- 2.701 A; Pd-
Zn-2.681 A versus 2.733 A for the monometallic sample). Similar results were observed
by Fox et al. [23] in an EXAFS analysis of 30% Cu—1% Pd/CeO, and 30% Cu-1%
Pd/Al,O3 and it was associated with alloy formation. The r-factor for the Pd (0.0022)
and PdCu fitting were excellent (0.0045), while that of PdZn was good (0.018). For
both PdAg (separate fitting) and PdSn, an attempt to fit the data without constraints led
to nonsensical values, where Pd-M (M=Ag and Sn) distances were significantly shorter
than Pd-Pd distances. The r-factors for the separate fittings of PdAg and PdSn were
excellent (0.0026) and good (0.012), respectively. In those cases, constrained fittings

were made where Pd and Ag or Sn were partitioned according to their molar ratio in the
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first coordination shell. In that case, the results were consistent with alloy formation, but

do not prove alloy formation.

Table 5-3. Results of EXAFS fitting parameters for references acquired near the Pd K-
edge. The fitting ranges were Ak =2.75 — 12.0 A-1 and AR = 1.5-3.0 A. S¢*=0.9.

R
R 2
Ny N, Pd-M* €y c
Pd-Pd . - r-factor
Sample Pd-Pd (108) Pd-M* (A) (eV) (A%
0 2.739 -1.69 0.00635
Pd"foil 12 (set) - - 0.014
(0.0078) (0.53) (0.00061)
8.6 2.733 -1.67 0.00951
Pd/ZrO, - - 0.0022
(0.30) (0.0048) (0.28) (0.00064)
PdAg/ZrO, 6.4 2.727 3.1 2.798 -2.37 0.00913 0.0080
separatefitting™* (0.46) (0.010) (0.23) (0.011) (0.58) (0.0014) '
PdAg/ZrO, 6.8 2.724 3.3 2.794 -2.65 0.0105 0.012
combinedfitting (2.8) (0.018) (2.3) (0.018) (0.52) (0.0015) .
6.7 2.701 3.3 2.604 -3.29 0.0102
PdCuw/ZrO, 0045
(0.35) (0.0070) (0.36) (0.0067) (0.47) (0.00091)
7.1 2.723 2.1 2.765 -1.87 0.0103
PdSn/ZrO,** 0.012
(0.63) (0.012) (0.19) (0.013) (0.71) (0.0017)
43 2.683 2.0 2.615 -4.94 0.00787
PdZn/ZrO, 0.018
(0.71) (0.026) (0.67) (0.024) (1.33) (0.0038)
R R ,
N N €0 (o
Ag-Ag Ag-Pd ¢ 5 r-factor
Sample Ag-Ag . Ag-Pd . (eV) (A%
(A) (A)
PdAg/ZrO, 2.9 2.818 5.9 2.749 -0.867 0.0128 0.0026
separatefitting™®* (0.14) (0.0077) (0.28) (0.0075) (0.380) (0.0011) .
PdAg/ZrO, 0.0 2.864 7.8 2.794 -2.65 0.0105 0.012
combinedfitting (1.4) (0.019) (1.3) (0.018) (0.52) (0.0015) .

* where M = Ag, Cu, Sn, or Zn.
** where M (Ag or Sn) and Pd were partitioned according to the molar ratio in the first
coordination shell.
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Pd and Ag have a similar backscattering amplitude and phase effects on the
photoelectron wave, which makes it hard to distinguish the parameters between these
two elements. However, the near-neighbor distances of Pd and Ag are quite different:
Pd-Pd (2.75 A) and Ag-Ag (2.88 A) [30]. Thus, to better evaluate alloy formation in Pd-
Ag systems some authors conducted EXAFS analysis at both metal edges [31]. TPR-
EXAFS spectra and the EXAFS profiles at different points of the reduction process for
Ag K-edge data corresponding to the Pd-Ag catalyst are provided in Figure S3
(Appendix I).The EXAFS spectrum at room temperature shows a distinct peak for Ag-O
coordination, while following reduction, a significant asymmetric peak is formed
between 2 and 3 angstroms consistent with Ag-M coordination, where M is Ag and/or
Pd. EXAFS fittings at the Ag K-edge are shown in Fig. S4 (Ag K-edge), while the
EXAFS fittings in the Pd K-edge are shown in Fig. 5.7. The fitting parameters are
presented in Table 5.3. For Pd-Ag catalyst, two different fittings were conducted, a
fitting where data were treated separately at the Pd and Ag K-edges, and a fitting
whereby some shared parameters were utilized in the fitting (e.g., Pd-Ag distance).
After this modification, the obtained results were consistent with alloy formation, but
are not conclusive. With the combination fitting for PdAg, the results suggest that Ag is,
for the most part, surrounded by Pd, while Pd is surrounded by both Pd and Ag in the
first coordination shell, with the ratio being consistent with alloy formation. The r-
factors for the PdAAg combination fitting was also good (0.012).

XPS experiments were carried out at different reduction temperatures in order to
follow the evolution of the surface composition (Figure 5.8). Figures 5.8a and 5.8b
shows the Zr 3p and Zr3d spectra, respectively. All catalysts exhibited a spin—orbit
doublet of the Zr3d core level into 3ds, and 3ds., levels with an energy gap of 2.4 eV
between them (Figure 5.8d) as well as a doublet of the Zr 3p core level representing
3pi2 and 3psp. This suggests the existence of ZrO;-like species according to previous
data in the literature [32]. The analysis of the Pd 3d spectra is rather complicated due to
the overlapping with the more intense Zr 3p doublet [32-34], which hinders the
identification of metallic palladium. The Pd 3d spectrum of the calcined Pd/ZrO,
sample displays a shoulder at around 338.0 eV that corresponds to the binding energy
(B.E.) of Pd3ds;, of PdO, [35]. However, the data treatment of the spectrum by
subtraction of the Zr 3p spectra of the support in order to obtain the Pd 3d spectrum was
not carried out due to the low signal-to-noise ratio. The same problem was reported by

Faticanti et al. [32] for the XPS analyses of Pd/ZrO, catalysts containing 0.9 and 1.1
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wt.% Pd. The reduction at 373 K led to the disappearance of this peak and the
appearance of a shoulder corresponding to the B.E. of Pd3ds,, indicating that PAO was
reduced to Pd’. After reduction at 773 K, the samples were submitted to an oxidative
atmosphere (pure O,) at room temperature, but the Pd” particles were stable against re-
oxidation.

The Cu 2p spectra of PdCu/ZrO,are shown in Figure 5.8f. The calcined sample
exhibits a peak around 934.8 eV, which is characteristic of Cu? species in CuO [36].
After reduction at 373K, a rather asymmetric peak is observed, with a shoulder at 934.8
eV, indicating that partial reduction of CuO takes place. Further increasing to 473K
produces a peak around 931.9eV, which is assigned to Cu’ [23]. This result suggests
that copper was completely reduced at this temperature [36]. Increasing the reduction
temperature to 773K decreased the intensity of this band that is likely due to Cu’
sintering. According to the literature, the Cu 2p peak related to Cu’ in this work is
shifted towards lower BE around 0.9 eV [23]. Fox et al. [23] observed that for
CuPd/CeO; bimetallic catalysts the Cu 2ps» and Cu2p;, peaks were located at 932.0
and 951.6 eV, respectively, which were shifted by 0.4-0.6 eV compared to the
monometallic Cu/CeO; catalyst. These results may be an indication of the existence of a
PdCu alloy.

For PdAg/ZrO, (Figure 5.8h), the spectrum for the calcined sample exhibited a
band around 368.6 eV. After reduction at 373 K, this band moved to 367.6 eV and
remained unchanged during heating up to 773 K. According to the literature, the
binding energy of Ag" in Ag,0 is around 367.8 eV, while the value around 368.2 eV
indicates the presence of metallic Ag [37]. Therefore, this result revealed the presence of
Ago on the PdAg/ZrO, calcined sample. The B.E. of Ag3ds,, observed for the reduced
sample was shifted -0.6 eV in comparison to the binding energy of Ago, which suggests
the formation of a Pd-Ag alloy. The core level shifts relative to pure Pd and Ag depend
on changes in the bulk charge around an atomic site. According to Lamb et al. [38] the
partial charge transfer from Ag to Pd during the reduction treatment can result in a

decrease in the binding energy of Ag.
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Figure 5-8. XP spectra of the Pd/ZrO, and PdMe/ZrO; catalysts (Me=Ag, Cu and Sn).
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Figure 5.8j displays the Sn 3d spectra of PdSn/ZrO, catalyst. The spectrum of
the calcined sample showed two peaks at 486.8 eV and 495.3 eV attributed to the Sn
3ds and 3ds;, core levels respectively. According to the literature [14,39,40], these
peaks correspond to the presence of oxidized Sn. However, it is not possible to
distinguish between Sn** and/or Sn**oxidation states through XPS analysis [14,41].
According to Nishiiyama et al. [41], the spectra of SnO, powder and Sn foil showed
peaks at 486.9 and 484.8 eV, respectively, which were assigned to Sn** and/or
Sn**species and Sn’. The spectrum remained unchanged after reduction at 373K. The
treatment at 473K under H, slightly shifted the bands to lower binding energies,
indicating that tin oxide is partially reduced to species with lower valence. The increase
in the reduction temperature to 573 K led to the appearance of a shoulder at 484.6 eV,
which suggests that metallic tin was formed. This result is in agreement with the TPR
experiment that also revealed the reduction of tin oxide around this temperature. The
spectrum obtained after reduction at 773K still contains the peaks characteristic of SnO
and Sn’, which reveals that tin remains partially oxidized on the surface at this
temperature.

In general, palladium is known to form an homogenous solid solution at all
compositions with different metals, such as Ag [42,43], and Cu [44,45]. Fernandez-
Garcia et al. [46] studied the reduction of three Pd-Cu/KL-zeolite bimetallic catalysts
with different Pd:Cu atomic ratios. This study was performed using XANES and
infrared spectroscopy of adsorbed CO as a probe molecule. The authors observed the
formation of Pd-Cu alloys, with electronic perturbation of both components over the full
range of compositions. According to them, the alloy particles did not exhibit significant
Cu segregation on the surface. Venezia et al. [47] studied the structure of supported Pd-
Ag and Pd-Cu catalysts. The samples were characterized by XPS and XRD. In general,
the systems showed different behaviors; For Pd-Cu, it was observed a mixture of
monometallic and alloyed particles, while silver segregation to the surface was observed
with no evidence of alloy formation for Pd-Ag. Cardenas et al. [48] used chemisorption
technique to investigate the Pd,Sny, alloys in PdSn supported samples. For the samples
supported on Al,Os a relatively small amount of Sn alloying with Pd was observed.
However, Sn apparently tends to cover the Pd particles on the silica supported catalysts.
Vicente et al. [14] confirmed the existence Pd—Sn bimetallic interactions for PdSn/SiO».

According to them, the quantity of Sn’ species suggested the formation of a Pd;Sn alloy
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for samples reduced above 573K. The formation of PdZn alloy has also been reported in
the literature [49,50]. The bulk PdZn alloy was formed by the spill-over of atomic
hydrogen from the Pd metal to the ZnO, leading to facile reduction of the ZnO and
migration of Zn to the metallic surface [S1]. It is important to note that it was not
possible to determine the surface composition of the samples by XPS analysis. The Pd
3d signal derived from spectra subtraction had a too low signal-to-noise ratio to lead to

unambiguous results.

5.3.2. HDO of phenol

The phenol conversion and product yield for HDO of phenol at 573 K over all
catalysts as a function of W/F are shown in Figure 5.9.

The zirconia support was also tested and it was inactive under the reaction
conditions used. Pd/ZrO, catalyst was much more active than all bimetallic catalysts.
The addition of metal dopant decreased the phenol conversion, which agrees very well
with the decrease in H, chemisorption and reaction rate of cyclohexane dehydrogenation
reaction. The product distributions showed a remarkable dependence on the type of the
second metal. For Pd/ZrO, catalyst, benzene was the dominant product for W/F > 0.1 h,
with the formation of cyclohexanone (ONE) and traces amounts of C;, hydrocarbons
(biphenyl, cyclohexylbenzene) and C;, oxygenated compounds (2-phenylphenol, 2-
cyclohexylphenol, 2-cyclohexylcyclohexan-1-one). de Souza et al. [13] showed that the
formation of these bicyclic compounds during the HDO of phenol comes from the
alkylation of phenolic and aromatic rings by saturated alcohols, which is catalyzed by

Lewis acid sites.



Yield and Conversion (%)

Yield and Conversion (%)

95

CHAPTER VI —Aqueous phase hydrogenation

(A)

100
904 —»— Cyclohexane 4
—e— Benzene
80+ —@— Cyclohexanone i
Cyclohexanol
704 —<— Heavy oxyg. E
Heavy Deoxyg.
60- —=— Conversion 4
50
40
30
20
10
0
0.00
100
—p— Cyclohexane
90 _o Benzene 1
—— Cyclohexanone
80 Cyclohexanol 9
—<4— Heavy oxyg.
70| Heavy deoxyg. B
—m— Conversion
60 [ 4
50 4
40 4

Yield and Conversion (%)

100

Yield and Conversion (%)

Yield and Conversion (%)

(B)

100
—p— Cyclohexane
90 |- -@-Benzene 4
—4@- Cyclohexanone
80k Cyclohexanol ]
—<— Heavy oxyg.
Heavy Deoxyg.
70 | -m- Conversion /- 4
60 - 1
50 b _/ ]
I/
40 - / g
30 | / R
20 - . ¢ A
P
ofe —
] /77'7 1
0 T A T + —E
0.0 0.2 0.4 0.6 0.8 1.0 1.2
WI/F (h)
100
—»— Cyclohexane
90 o Benzene T
—&— Cyclohexanone
80 | Cyclohexanol b
70k —<4— Heavy oxyg. ]
Heavy deoxyg.
60 | —m— Conversion ]
50 1
40 g
30 1
20 1
10 - g
0 == T T .7.7.N ——
00 01 02 03 04 05 06 07 08 09 1.0

W/F (h)

90
80
70
60
50
40
30
20
10

—»— Cyclohexane

—e— Benzene

—e— Cyclohexanone
Cyclohexanol

—<— Heavy oxyg.
Heavy deoxyg.

—a— Conversion

(E)
Figure 5-9. Phenol conversion and yield of products as a function of W/F over: (A)
Pd/ZrO,; (B) PdAg/ZrO,; (C) PdCu/ZrO,; (D) PdSn/ZrO,; (E) PdZn/ZrO,. Reaction
conditions: T =573 K, P =1 atm, and H2/phenol molar ratio =60.
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PdCu/ZrO, catalyst showed a product distribution similar to that observed for
Pd/ZrO,. However, significant formation of benzene was achieved only at higher W/F
(> 0.5 h). Cyclohexanone was the main product over PdZn/ZrO, catalyst. The other
products formed were benzene and C;, oxygenated compounds, with small amounts of
OL. The addition of Ag to Pd promoted the formation of cyclohexanone, decreasing the
production of benzene. Furthermore, a higher formation of C;, hydrocarbons and C;
oxygenated compounds was also observed. PdSn/ZrO, catalyst exhibited similar
product distribution of the monometallic catalyst, with higher formation of Ci,
oxygenated compounds.

Figure S5 (Appendix I) displays the selectivity as a function of conversion. For
all catalysts, increasing the phenol conversion rises the selectivity to benzene and
bicyclic compounds, whereas the formation of cyclohexanone decreases.

The reaction rate of HDO of phenol was calculated and the selectivity of all
catalysts was compared at low phenol conversion (around 13%), as shown in Table 5.4.
The monometallic catalyst showed the highest reaction rate that followed the order: Pd
> PdAg = PdCu > PdSn > PdZn. This was the same order observed for the metal
dispersion reported in Table 1, which suggests that Pd particles are covered by the metal
dopant or the Pd-alloy has a lower activity. Pd/ZrO, exhibited the highest selectivity to
benzene followed by PdSn, while the addition of Ag, Cu and Zn favors the formation of
cyclohexanone and cyclohexanol. These results indicate that the type of metal dopant
significantly impacts the adsorptive and catalytic properties of Pd particles, which is

likely due to the formation of Pd-based alloys.

5.3.2.1. The effect of the second metal on the reaction pathways for HDO of phenol

Different catalysts have been studied for HDO of phenolic compounds such as phenol
or cresol, including supported noble metals (Pd, Pt, Rh, Ru) [6,9,11,52-58] supported
base metals (Ni,Co,Fe,Cu) [3,5,6,59-63] and bimetallic catalysts [10,8]. However,
studies comparing the performance of a series of catalysts with different metals are
scarce and only few were carried out in gas phase but in these cases, the HDO of m-

cresol was investigated [10].
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Table 5-4. Conversion, selectivity and reaction rate for HDO of phenol at 573 K and

atmospheric pressure.

Selectivity (%) Reaction

Conversion Rate

Samples .

Benzene OL ONE C;;Oxigenated Ci;Hydrocarbon (MOlphenor Min

(%) 1
Zeat )
Pd/ZrO, 9.09 4129 1.58 50.34 0.0 6.78 0.086
PdAg/ZrO, 12.99 497  6.32 80.70 2.68 5.34 0.049
PdCu/ZrO;, 13.54 11.79  7.15 7491 1.68 4.46 0.050
PdSn/ZrO, 8.91 29.29  1.28 58.96 4.03 6.43 0.040
PdZn/ZrO, 7.74 7.51 9.57 80.36 1.24 1.32 0.036

Comprehensive studies were performed about the HDO of m-cresol in gas phase
at 573 K over different silica supported catalysts (Pd, Pt, Ru, Ni, Fe, NiFe) [64-65].
Hydrogenation products (3-methylcyclohexanone and 3-methylcyclohexanol) were the
main products formed over Pt/SiO,, Pd/SiO, and Ni/Si0O; catalysts, whereas toluene was
the dominant product on Fe and Ni—Fe bimetallic catalysts. Ru/SiO, catalyst showed
significant formation of toluene as well as CHy and C,-Cg hydrocarbons. For the
bimetallic catalyst, the presence of an oxophilic metal, such as the unreduced Fe species
promoted the hydrogenation of the carbonyl group of the tautomer intermediate,
producing toluene.

Sun et al. [8] investigated the performance of different supported metal catalysts
(Cu/C, Fe/C, Pd/C, Pt/C, PdFe/C, and Ru/C) for the vapor phase hydrodeoxygenation of
guaiacol at 523-723K temperature range. For all the samples, phenol was the major
intermediate product. For the noble metals, the main reaction pathway was the

saturation of the aromatic ring, which leads to the formation of cyclohexanone and
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cyclohexanol. The base metals showed lower activity than the noble metal catalysts,
however they favored the formation of ring-saturated or ring-opening products. The
bimetallic PdFe/C catalyst showed the highest HDO activity and selectivity to
deoxygenated products.

In the present work, Pd/ZrO, catalyst exhibited the highest selectivity to
benzene. The high selectivity to deoxygenated products of zirconia supported catalysts
has been attributed to the presence of oxophilic sites represented by incompletely
coordinated Zr** and Zr**cations near the perimeter of the metal particles [11]. These
oxophilic sites favor the interaction of the oxygen of the carbonyl group in phenol
tautomer intermediate with the metal particle. Then, the carbonyl group is preferentially
hydrogenated on the metal particles at the metal-support interface, leading to the
formation of benzene after the facile dehydration of the reactive intermediate. However,
the addition of a second metal significantly affected product distribution for HDO of
phenol over Pd/ZrO, catalyst. The following order of selectivity to cyclohexanone and
cyclohexanol was observed: Pd (52%) < PdSn (60%) < PdCu (82%) < PdAg (87%) =
PdZn (90%). Considering the reaction mechanism based on the tautomerization, Ag, Cu
and Zn dopants seem to promote the hydrogenation of the ring, producing preferentially
cyclohexanone and cyclohexanol. Sn exhibits an intermediate behavior, more close to
the monometallic Pd catalyst, which favored the formation of benzene likely due to the
hydrogenation of the carbonyl group. Therefore, the hydrogenation capacity of Pd was
enhanced in the presence of Ag, Cu and Zn dopants, suggesting that adsorptive and
catalytic properties of Pd were modified. In our work, in situ EXAFS and XPS provided
evidence for the formation of Pd alloy with the second element for all these samples
(Ag,Cu and Zn), which could be responsible for the increase in the hydrogenation
capacity observed.

Iwasa et al. [66] studied the hydrogenation of crotonaldehyde over supported Pd
catalysts in gas phase. The authors showed that alloying of Pd with Zn improves the
activity for hydrogenation of crotonaldehyde to crotyl alcohol. According to the authors,
the selectivity to unsaturated alcohol is improved when the Pd is alloyed with another
more electropositive metal, which increases the electron density of the Pd and favors the
hydrogenation of the C=0. Sitthisa et al. [67] reported that the incorporation of Cu to
Pd/Si0; catalyst results in the formation of PdCu alloys, which exhibited an electronic
structure different from that of pure Pd. This electronic change affects the product

distribution of the hydrogenation of furfural and 2-methylpentanal. The overall activity
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and the decarbonylation selectivity for both reactions decreased on PdCu catalysts,
while the selectivity to hydrogenation and etherification increased.

Therefore, in this work, the interaction of the oxygen of the carbonyl group from
the phenol tautomer intermediate with the Pd surface is likely weakened, favoring the
hydrogenation of the ring due to the Pd alloying with Ag, Cu, and Zn dopants.

However, PdSn/ZrO, catalyst showed a higher formation of benzene than the
other bimetallic catalysts. In fact, XPS analysis of PdSn sample revealed the presence of
unalloyed Sn that remained as tin oxide on the surface even after reduction at high
temperature. For the PdSn/ZrO, catalyst, tin oxide promoting the formation of benzene
(Table 5.4). Once Sn™" is located at or near the hydrogenation active metal particles, it
favors the adsorption of the reagent through its carbonyl group, which increases the
hydrogenation probability of the C=0O double bond. The same result was reported by
Nie et al. [10] for a NiFe/SiO, catalyst where the unreduced Fe species promoted the
hydrogenation of the carbonyl group. The presence of unreduced iron promoted the
hydrogenation of carbonyl group. Vicente et al. [14] studied influence of the structural
properties of the PdSn/SiO, catalysts on citral hydrogenation reaction. According to
them, the addition of Sn considerably increases the selectivity toward the unsaturated
alcohol. These results were attributed to the formation of the Pd;Sn intermetallic phase.

Regardless of the type of the dopant, C;; hydrocarbons (biphenyl,
cyclohexylbenzene) and C;; oxygenated compounds (2-phenylphenol, 2-
cyclohexylphenol, 2-cyclohexylcyclohexan-1-one) were also observed. These bicyclic
hydrocarbons have been observed during the conversion of HDO of phenol over
Pd/Al,Os, whereas only trace amounts of these compounds were detected over Pd/ZrO,
[11]. Bicyclic products are formed by the alkylation of phenolic and aromatic rings by
cyclohexanone. Alkylation is catalyzed by acid sites such as Lewis acid sites present on
the supports. Therefore, the formation of bicyclic oxygenated compounds on the Pd-
Me/ZrO; catalysts is likely due to the presence of Lewis acid sites present on zirconia.

The variation of product distribution could also be attributed to the changes in
ensemble size. In this work, Pd dispersion significantly decreased when the metal
dopant was added (Table 5.1). De Souza et al. [11] studied the effect of Pd particle size
on the product distribution for HDO of phenol over Pd/ZrO, catalysts, which had
different Pd dispersions. Both catalysts exhibited similar selectivities indicating that
metal dispersion does not significantly affect the product distribution for HDO of

phenol reaction.
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5.3.3. Stability tests

Phenol conversion and product distributions as a function of TOS (24h) for all
catalysts are shown in Figure 5.10.

Pd/ZrO, PdCu/ZrO, PdSn/ZrO, and PdAg/ZrO, showed similar initial
conversion (60%), while PdZn/ZrO, had lower initial conversion (40%) (Figure 5.10a).
All catalysts deactivated mainly during the first 6 h of TOS but the deactivation degree
depended on the type of the metal. The stability of the catalysts defined by Eq. (4) was
calculated and the results are listed in Table 5.5 (deactivation parameter — DP). Pd/ZrO,
and PdZn/ZrO, and PdAg/ZrO, exhibited approximately the same deactivation degree.
These results demonstrate that the addition of these dopants did not decreased catalyst
deactivation during HDO of phenol. Therefore, the Pd-alloying with Ag, Zn and Cu did
not have a positive effect on catalyst stability. However, the loss in activity was less
pronounced for PdSn/ZrO; catalyst.

There were also changes in the product distribution along the reaction (Figure
5.10 b-f). Selectivity to ONE and benzene remained approximately constant during 24 h
for all catalysts. However, the selectivity to C;, oxygenated compounds (2-
phenylphenol, 2-cyclohexylphenol, 2-cyclohexylcyclohexan-1-one) significantly
increased whereas the C;, hydrocarbons (biphenyl, cyclohexylbenzene) were no longer

detected after 6h of TOS.

Table 5-5. Deactivation parameters (DP) of the studied samples.

Samples Kinitial Xfinal DP
Pd/ZrO, 0.62 0.30 0.37
PdAg/ZrO, 0.62 0.28 0.34
PdCu/ZrO, 0.57 0.22 0.29
PdSn/ZrO, 0.60 0.36 0.49

PdZn/ZrO, 0.39 0.16 0.35
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Figure 5-10. Conversion of phenol (A) and selectivity to products as a function of TOS
for: (B) Pd/ZrO, (W/F = 0.320 h-1); (C) PdAg/ZrO, (W/F = 0.963 h-1); (D) PdCu/ ZrO,
(W/F = 0.963 h-1); (E) PdSn/ZrO, (W/F = 0.963 h-1); (F) PdZn/ZrO, (W/F = 1.069 h-
1). Reaction conditions: T = 573 K, P = 1 atm, and H,/phenol molar ratio =60.
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Catalyst deactivation is one of the main challenges of HDO reactions. Catalyst
deactivation during HDO of phenol could be due to the sintering of the metallic
particles, changes in the density of acid sites or the deposition of carbonaceous species
on the catalyst surface [3].

In order to investigate the main causes of deactivation of Pd-dopant/ZrO,, the
spent catalysts were characterized by Raman spectroscopy and cyclohexane
dehydrogenation reaction. The Raman spectra of the used catalysts did not show bands
characteristic of carbon materials in the range of 1200 - 1800 cm™. This result indicates
that the deactivation of Pd catalysts was likely not caused by the coverage of Pd
particles or acid sites by carbonaceous deposits.

The comparison between the rates of the cyclohexane dehydrogenation reaction
before and after HDO of phenol was used to provide information about changes in Pd
particle size during HDO reaction. Table 5.6 lists the Pd dispersion of the fresh and used
catalysts after 24 h of TOS. This reaction was not carried out with PdCu catalyst
because Cu is also active for this reaction. Pd dispersion significantly decreased during
the reaction, indicating that the sintering of Pd particles is one of the causes for catalyst
deactivation. The undoped Pd catalyst exhibited the highest decrease in the ratio of the
reaction rate of cyclohexane dehydrogenation of the used and fresh catalyst (DR),
whereas the lowest decrease was observed for PdSn/ZrO, catalyst. These results are in
agreement with deactivation observed during HDO of phenol reaction (Table 5),
confirming that Pd sintering is the main cause of catalyst deactivation. Furthermore, the
addition of dopants (Ag, Zn) to Pd/ZrO, did not improve the resistance of Pd to
sintering and then, the catalysts still deactivated in spite of the formation of a Pd-alloy.

Changes in the density of acid sites of the support may also contribute to catalyst
deactivation. However, in our work, all samples use the same support and then, it is
expected that the changes in the density of acid sites will affect all the samples in a
similar way and could not explain the differences in deactivation observed among the
catalysts.

Recently, de Souza et al. [12] investigated the mechanism of deactivation of Pd-
based catalysts for HDO of phenol. All catalysts deactivated during the reaction but the
deactivation degree depended on the support. Pd/ZrO, catalyst showed a strong
deactivation during the reaction. The DRIFTS experiments revealed that there was a
significant buildup of intermediate species on the surface during the reaction. This result

was attributed to the loss of the metal-support interface due to the growth of Pd particles
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that affects the ability of the adsorbed species to turnover, leading to an accumulation of

phenoxy species during reaction.

Table 5-6. Reaction rate of cyclohexane dehydrogenation reaction and calculated

dispersion by dehydrogenation of cyclohexane before and after HDO of phenol reaction.

Fresh catalyst Used catalyst
Samples DR(%)
Reaction rate*  Dispersion (%) Reaction rate* Dispersion (%)

Pd/ZrO, 7.78E-04 38 1.23E-04 7 15.81
PdCw/ZrO, 7.02E-04 - 1.57E-05 - -
PdAg/ZrO,  1.84E-04 9 1.57E-05 1 8.53
PdSn/ZrO,  2.10E-04 10 1.26E-05 1 6.0
PdZn/ZrO,  9.32E-05 5 1.28E-05 1 13.73

*mol cyclohexane/ (gpg.min)

Therefore, metal sintering is likely the main cause of the deactivation of zirconia
supported bimetallic catalysts of the present work, which can be related to the re
oxidation of the Pd [68]. Among the samples, PdSn/ZrO, showed a deactivation ratio
lower than the others, however it had a similar metal sintering level. The higher stability
observed for this sample may be related to the presence of Sn oxide on its surface as
revealed by XPS analysis. Sn"™" species are oxophilic sites that favors the adsorption of
the keto-tautomer of phenol through its carbonyl group and promotes the hydrogenation
of the C=0 bond. These sites turn over the oxygenate intermediates, decreasing their

accumulation on the surface and reducing catalyst deactivation.

5.4. Conclusions

This work studied the performance of zirconia supported bimetallic catalysts for
HDO of phenol reaction. Pd/ZrO, catalyst exhibited the highest activity and selectivity
to benzene. This has been attributed to the presence of oxophilic sites represented by

Zr**and Zr’*cations near the perimeter of the metal particles, which favors the
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interaction of the oxygen from the carbonyl group of phenol tautomer intermediate with
the metal particle. Then, the carbonyl group is preferentially hydrogenated on the metal
particles at the metal-support interface, leading to the formation of benzene after the
facile dehydration of the reactive intermediate.

The addition of a second metal significantly affected activity and product
distribution for HDO of phenol over Pd/ZrO, catalyst. All bimetallic catalysts exhibited
lower reaction rates for HDO of phenol compared to the monometallic one. H;
chemisorption and the reaction of dehydrogenation of cyclohexane demonstrated that
the loss in activity was due to the surface segregation of the second metal. Considering
the reaction mechanism based on the tautomerization, Ag, Cu and Zn dopants seem to
promote the hydrogenation of the ring, producing preferentially cyclohexanone and
cyclohexanol. Sn exhibits an intermediate behavior, more close to that of the
monometallic Pd catalyst, with a higher formation of benzene, which is likely due to the
hydrogenation of the carbonyl group.

Therefore, the hydrogenation capacity of Pd was enhanced in the presence of
Ag, Cu and Zn dopants, suggesting that adsorptive and catalytic properties of Pd were
modified. In situ EXAFS, STEM and XPS provided evidence for the formation of Pd
alloy with the second element for all these samples, which could be responsible for the
increase in the hydrogenation capacity observed.

XPS analysis of PdSn sample revealed the presence of unalloyed Sn that
remained as tin oxide on the surface even after reduction at high temperature. For the
PdSn/ZrO, catalyst, tin oxide should exhibit an oxophilicity similar to Zr** cations,
promoting the formation of benzene. Once Sn"" is located at or near the metal particles,
it favors the adsorption of the keto-tautomer of phenol through its carbonyl group,
which increases hydrogenation of the C=0O bond.

All catalysts deactivated mainly during the first 6 h of TOS. Pd/ZrO, and
PdZn/ZrO, and PdAg/ZrO, exhibited approximately the same deactivation degree.
However, the loss of activity was less pronounced for PdSn/ZrO; catalyst. The Raman
spectra of the used catalysts did not show bands characteristic of carbon materials in the
range of 1200 - 1800 cm™. The comparison between the rates of the cyclohexane
dehydrogenation reaction before and after HDO of phenol was used to provide
information about changes in Pd particle size during HDO reaction. Pd dispersion
significantly decreased during the reaction, indicating that the sintering of Pd particles is

one of the causes for catalyst deactivation.
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6.CHAPTER VI

6.1. Aqueous phase hydrogenation of phenol catalyzed by Pd and PdAg
on ZrQO,

ABSTRACT- The impact of particle size of ZrO,-supported Pd and of alloying with Ag
was explored for hydrogenation of phenol in aqueous phase. Kinetic assessments were
performed in a batch reactor, on monometallic Pd/ZrO, samples with different Pd
loadings (0.5%, 1% and 2%), as well as on a 1% Pd 0.5%Ag/ZrO, sample. The catalytic
activity normalized to accessible Pd (turnover frequency, TOF) increased with the
particle size of Pd. Reaction orders in phenol and H, and lower activation energies
suggest that smaller particles bind the reacting substrates more strongly, leading to
higher surface coverages by phenol. However, surprisingly, smaller Pd particles
exhibited lower TOFs. The lower activity of the small Pd particles is attributed to lower
activation entropies for the strongly bound species. The presence of Ag increased the
catalyst activity by decreasing the apparent energy of activation and increasing the

coverages of phenol and H, without negatively affecting the activation entropy.

6.2. Introduction

One of the technologies used for bio-oil upgrading is catalytic hydrotreatment,
which involves a multitude of reactions [1]. Upgrading bio-oil by hydrodeoxygenation
(HDO) is a potential route for production of renewable fuels, since this process
eliminates oxygen and stabilizes the product [2-4]. Bio-oil obtained from biomass
pyrolysis is a complex mixture of reactive compounds; phenolic compounds represent
the major part of the lignin fraction of the bio-oil [4], leading to their frequent use as
model compounds [3,5-11]. Thus, exploring hydrogenation reactions of phenolic
compounds in aqueous phase provides insight into the more complex real feeds, which
are converted at relatively low temperatures in the presence of significant
concentrations of water.

Without adding an appropriate source of sulfur, the traditional hydrotreating
catalysts (e.g., sulfided CoMo/Al,O3) are not suitable for processing nearly sulfur-free
feedstocks such as bio-oils. Thus, various noble and base metals and their combinations

have been extensively investigated for HDO of phenolics [5-7,12-17]. In a study using
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carbon-supported noble metal catalysts for hydrotreating beech bio-oil in a batch reactor
[2], Wildschut et al. concluded that Ru/C and Pd/C were good candidates for the
process, with higher degrees of deoxygenation. Mortensen et al. [17] performed a
catalyst screening study for HDO of neat phenol liquid in a batch reactor; they reported
that the apparent activity for Ni-based catalysts, using the yield of cyclohexane as a
measure, decreased in the sequence Ni/ZrO, > Ni/Al,0O3 > Ni/SiO; >> Ni/C (with
similar Ni crystallite sizes). Importantly, this trend was mainly caused by the difference
in catalytic rates of phenol hydrogenation in the whole HDO sequence. Similarly, de
Souza et al. found that Pd/ZrO; catalyst was much more active than SiO;- and Al,Os-
supported Pd catalysts for phenol HDO in vapor phase [18]. Regarding the fact that
ZrO, was often among the best supports, it was suggested that phenol adsorbs on
coordinatively unsaturated metal sites at the oxide surface (i.e., Zr*t or Zr** cations),
which stabilizes the phenoxide ion that interacts with Ni or Pd atoms near the metal-
support perimeter and facilitates the hydrogenation of the aromatic ring (producing
cyclohexanone/-ol) or the carbonyl group in a phenol tautomer (producing 2.4-
cyclohexadienol/benzene) [17,18]. When tested for hydrotreament of fast pyrolysis oil,
Pd/ZrO, showed the highest activity, while Rh/ZrO, gave a product oil with the lowest
tendency for coking [19]. A recent review summarizes advances in the understanding of
the HDO chemistry of bio-oils and their model compounds, mainly on noble metal
catalysts [3].

As the addition of a second metal is often found to induce variations in the local
coordination environment, leading to synergistic effects on both catalytic and adsorptive
properties [20], the bimetallic strategy has been widely exploited for HDO reactions.
For example, addition of Cu improved the activity of Ni-based catalysts for HDO of
guaiacol in dodecane [21]. Similarly, PdFe/C exhibited a substantially enhanced HDO
activity compared to Fe/C in the vapor phase conversion of guaiacol, while maintaining
the high selectivity to HDO products without ring saturation or ring opening [12]. In
some cases, selectivity patterns can be drastically altered. As an example, in the HDO of
m-cresol in gas phase, the monometallic Ni catalyst preferentially interacted with the
aromatic ring promoting its hydrogenation, inhibiting the formation of toluene; in
contrast, using Ni-Fe, the hydrogenation of a keto-tautomeric intermediate was greatly
enhanced, resulting in a cyclohexadienol intermediate that was readily dehydrated to
toluene [22]. In this respect, silver and other Group IB metals are common modifiers for

Pd catalysts in selective hydrogenation of acetylene [23] and hexadienes [24]. Although



111 CHAPTER VI —Aqueous phase hydrogenation

widely used, the nature of the Pd-Ag bimetallic particles and the specific impact of Ag
on Pd-catalyzed hydrogenation and hydrodeoxygenation are yet to be fully understood,
especially in aqueous phase.

The impact of the metal particle size on catalytic activity, another important
aspect for metal catalysis in general, has been controversially discussed for HDO
reactions. For example, Echeandia et al. showed that the highest activity per surface Pd
atom in gas-phase HDO of phenol was obtained on the HY zeolite-supported Pd catalyst
with the highest Pd dispersion [25]. In contrast, an increase in the pseudo-first-order rate
constant with increasing Ni particle size was observed in gas-phase
hydrogenation/hydrogenolysis of phenol on Ni/SiO; in alcoholic solutions [26]. In some
cases, the turnover frequency (TOF) for gas-phase phenol hydrogenation was found to
hardly change when varying the metal particle size in supported Pd catalysts [27-29]. In
a more recent study, Mortensen et al. investigated HDO of liquid phenol over SiO,-
supported Ni nanoparticles of different sizes (5-22 nm) in a batch reactor [30]. Phenol
hydrogenation (to cyclohexanol) and cyclohexanol deoxygenation (to cyclohexane)
were found to exhibit different dependencies on Ni particle size. Specifically, the TOF
of hydrogenation increased by nearly two orders of magnitude, while the TOF of
cyclohexanol deoxygenation decreased by a factor of 20, when the average Ni particle
size increased from 5 to 22 nm.

However, there is scant information on the metal particle size effect on metal-
catalyzed hydrogenation reactions of phenolics in aqueous phase. In the absence of
acidic or oxophilic functions, or when the reaction conditions do not allow
hydrogenolysis and acid-catalyzed reactions to occur, hydrogenation - without oxygen
removal - is the predominant reaction of phenolics on metal catalysts. Hydrogenation is
also the first step in a bi-functional (metal-acid) catalysis scheme for upgrading
phenolics [6]. Understanding the impact of particle size and alloying on the catalytic
rates of aqueous phase hydrogenation is, therefore, essential for the overall HDO
chemistry of phenols. However, previous knowledge gained from extensive studies of
phenolics hydrogenation in gas phase or neat liquid form may not be applicable in
aqueous phase, as water could modify the electronic structure of the metal surface and
might directly participate in surface reactions by providing proton transfer and exchange
pathways [31-33].

In view of the knowledge gap identified above, this work aims to investigate the

effects of Pd particle size and of the formation of Pd-Ag bimetallic particles on the
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activity and selectivity in aqueous phase hydrogenation of phenol, using ZrO, as the
support. Physicochemical characterizations are combined with kinetic measurements to
develop an atomistic and molecular description of the occurring catalyzed processes and

the state of the catalysts.

6.3. Results and discussion

6.3.1. Pd/ZrO, with different Pd particle sizes

Table 6.1 compiles Pd content, BET surface area, pore volume, and Pd
dispersion for Pd/ZrO, samples. All catalysts showed a similar BET surface area of
approximately 70 m’ g'l. The Pd dispersions varied significantly with the Pd loading
from 86% for 0.5%Pd/ZrO, to 8% for 2% Pd/ZrO,.

Table 6-1. Physicochemical properties, Pd loadings and dispersions of the Pd/ZrO,

samples.
Pd Loading Ag Loading BET surface Pore volume Pd
(%)* (%)* area (m2g") (cm3g?) dispersion
0.5% Pd/ZrO, 0.38 - 69 0.16 0.86
1% Pd/ZxO, 1.02 - 75 0.30 0.35
2% Pd/ZrO, 1.81 - 68 0.15 0.08
1% PdAg/ZrO, 0.98 0.49 73 0.29 0.11
*Measured by XRF

XRD patterns of all Pd/ZrO, samples (pre-reduced, and maintained in a reduced
state in a sealed capillary) are presented in Fig. 1SI (Appendix II). The diffractograms
showed peaks characteristic of a mixture of monoclinic and tetragonal ZrO, phase [34].
The monoclinic phase dominated (86 £ 1 %, determined according to Khaodee et al.
[35]). It was not possible to detect diffraction lines of metallic Pd.

The Pd K-edge EXAFS for the various catalysts reduced ex situ at 473 K
strongly vary with Pd loading. The Fourier transforms of the K y data are compiled in
Fig. 6.1. 0.5% Pd/ZrO, shows a peak at 1.53 A attributed to a Pd—O contribution and a
peak around 2.75 A attributed to a Pd-Pd contribution. The two samples with higher Pd

loadings showed a more intense peak around 2.4 A, indicating a higher degree of
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reduction (Fig. 6.1) in agreement with Ali et al. [36]. Using a linear combination of the
Pd metal and PdO, the oxidized fractions were quantified (Table 6.2). The 0.5%
Pd/ZrO, sample consists of 77.9% Pd metal after the reduction treatment, while the
other samples have approximately 90% of Pd’. It is hypothesized that the Pd oxide
species are located at the metal-support-interface as the XPS results showed complete

reduction at the surface.

Table 6-2. Linear combination fitting of the studied samples.

Samples R-factor PdO (%) Pdo( 90)

0.5%Pd/ZrO, 0.00841 22.1 71.9
1%Pd/ZxrO, 0.00057 9.9 90.1
2%Pd/ZrO, 0.00050 10.6 89.4

Table 6.3 summarizes the parameters obtained from fitting the data of the
various reduced catalysts with the theoretical FEFF model of an fcc metallic Pd cluster
and the FEFF model of PdO. For 0.5% Pd and 1% Pd, the first Pd—Pd distance is larger
than that for Pd foil. The coordination number of the first Pd—Pd shell for 1% Pd and
2% Pd samples was close to 12 (the same as Pd foil). For the 0.5% Pd sample, the
coordination number of the first Pd-Pd was around 6.2. According to the relation
between metal dispersion and first-shell coordination number established by Jentys [37],
the first Pd-Pd coordination number of 6.2 observed for 0.5% Pd/ZrO, corresponds to a
Pd dispersion higher than 0.8. This means that this sample has a small average Pd

particle size (1-2 nm), which is consistent with the H, chemisorption data.
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Figure 6-1. EXAFS refinement fits for ex situ reduced (at 473 K) Pd/ZrO, catalysts in

R- and k-spaces. Note that the magnitudes of the Pd foil and PdO (shown as references)

in the first R-space plot for 0.5% Pd/ZrO, were scaled down by a factor of 2 to be

similar in magnitude to the 0.5%Pd/ZrO, sample.
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Table 6-3. EXAFS parameters of Pd—Pd interactions for Pd/ZrO2 catalysts and Pd foil
reduced at 473 K.

R (A 2 (x107 A?
Sarr.lplfe CN (A) e (eV) os2 (x ) r-factor
Description
Pd-Pd  Pd-O  Pd-Pd  Pd-O Pd-Pd  Pd-O
Pd foil 12 i 2740 i 0oy 568 . 0.00901
0.5% Pd 6.2 1.7 275 2022 o 752 56 0040133
0.6) 03)  (0.006) (0.004) ©08) (38
775
1% Pd 10.7 _ 2748 _ 062 o . 0.0095599
0.8) (0.002) : :
29 Pd 10.3 _ 2742 _ oere 128 00118531
©0.7) (0.007) : 0.5)
478 0.3 2750 2.010 1009 995
1%PdAg ©0.5) ©08) (0003 (©oon % o1 (o7 00120261

6.3.2. Aqueous phase hydrogenation of phenol on Pd/ZrQ, catalysts

As a result of the weak acidity of ZrO, in water, deoxygenation was not
observed on any of the ZrO,-supported Pd catalysts studied. It also appears that the
oxophilic sites of ZrO,, represented by Zr** and Zr’* cations near the perimeter of the
metal particles, do not play a role in water, as these sites were shown to increase the
selectivity to deoxygenated products in gas phase phenol HDO at 573 K and 1 bar H;
[38]. Under our conditions, phenol was selectively hydrogenated to cyclohexanone
(>90%) at conversions lower than 24%, with the only other product being cyclohexanol
(Table 1SI, Supporting Information). The high selectivity to cyclohexanone on Pd
agrees well with earlier reports [18,39]. A theoretical study [32] showed that the barrier
for further hydrogenation of adsorbed cyclohexanone is significantly higher than that
for desorption. Benzene, as observed in gas-phase HDO of phenol (via rapid
dehydration of the unstable cyclohexadienol intermediate) on Pd/ZrO, [18], was not

observed in the aqueous phase. This is attributed to the much lower reaction temperature
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(£ 473 K) and the positive impact of water on the stability of tautomeric and dienolic

intermediates [31].

6.3.3. Kinetic Measurements

Rates normalized to the number of surface Pd atoms (estimated based on H,
chemisorption data, TOF), increased with decreasing Pd dispersion (Table 6.4). On 1%
and 2% Pd/ZrO, which contain relatively large particles, a dominant fraction of the
surface consists of terraced (111) and (100) planes. On 0.5% Pd/ZrO; having a high Pd
dispersion (D = 0.86), the fraction of corner/edge/step atoms becomes significant, and
can account for a total of more than 80% of the surface atoms at D = 0.76 (based on a
cuboctahedron model) [40]. These results indicate that the aqueous phase hydrogenation
of phenol on Pd/ZrO; is a structure-sensitive reaction, likely requiring large ensembles
of surface atoms, which are more prevalent on terraces of large particles. Similar
observations were reported for phenol hydrogenation and deoxygenation over nickel
nanoparticles of different sizes (5-22 nm) supported on SiO, [30]. In comparison, a
TOF of 1.7 s™ was obtained on a commercial 1%Pd/C catalyst containing Pd particles
with 51% dispersion [6], at 473 K and 50 bar H, with a more concentrated phenol

solution than used here (Table 6.4).

Table 6-4. Turnover frequencies (TOFs) for aqueous phase phenol hydrogenation on
Pd/ZrO, with various Pd loadings. Reaction conditions: 50 bar of Hj, 463 K, stirring
speed of 680 rpm and 0.30 M of phenol.

Dispersion TOF

™
0.5% Pd/ZrO, 0.86 1
1% Pd/Zr0O, 0.35 3
2% Pd/ZrO, 0.08 6
1% PdAg/ZrO, 0.11 9
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Figure 6.2 shows the Arrhenius plots (using TOFs) for hydrogenation of phenol
over Pd/ZrO,. The apparent activation energies for 1% Pd/ZrO, and 2% Pd/ZrO,
samples are similar, ~81 kJ rnol'l, while for 0.5% Pd (the least active), the measured
activation energy is significantly lower (60 kJ mol™). We note that the less active
catalyst has a lower activation barrier. We will return to discuss possible reasons for this
observation after we have shown the kinetic orders in the reactants for the different
Pd/ZrO, catalysts. In comparison, the activation energy reported at similar reaction

conditions was ~70 kJ/mol on the commercial 1%Pd/C [6].

T (K)
476 469 462 456 450 444
A 1 A 1 A 1 A 1 1
= 0.5%PdZIO,
* 1% Pd/ZtOl
. A 2%PdZIO,
10 4
1 & 2 81 +6 kJ/mol
= o ——
“ o . A
S
81 +4 kJ *
it o . 81 +4 kJ/mol .
10 9 \“\\“\.\\\
\_‘\\'\\\
60 =5 kJ/mol .
10" : ' ; Y . ' . ' . ' .
0.00210 0.00213 0.00216 0.00219 0.00222 0.00225
vT ™)

Figure 6-2. Arrhenius plots (443-473 K) for aqueous phase phenol hydrogenation on
Pd/ZrO, catalysts with varying Pd dispersions. Reaction conditions: phenol (2.26 g), 80
mL of water, 0.5% Pd/ZrO, (0.3 g), 1% Pd/ZrO, (0.25 g) or 2% Pd/ZrO, (0.20 g), 50
bar H,, stirred at 680 rpm.

The reaction orders in both phenol and H, were evaluated via the power-rate-law

formalism (Eq. 6.1):

I'aO:kahenolm PHZB 6.1
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where 1,0 is the initial rate of phenol hydrogenation, k is the apparent reaction rate
constant, Cphenot 1S the phenol concentration and Py, is the hydrogen pressure.

Log-Log plots for data measured on 0.5% and 1% Pd are shown in Fig. 2SI
(Appendix II). The regressed reaction orders are listed in Table 6.5, o and 3 for phenol
and Hj, respectively. As the catalyst with 1% and 2% of Pd showed comparable TOFs
and identical activation energies, we assume that reaction orders for 2% Pd/ZrO, are

similar to those measured on 1% Pd/ZrO,.

Table 6-5. Reaction orders (Eq. 6.1) in phenol (o) and H; (B) for reaction at 463 K.*

0.5% Pd/ZrO, 0.49+0.03 0.28+0.03
1% Pd/ZrO, 0.93+0.03 1.12+0.08

*From initial rates measured for concentration
ranges of 0.1-0.8 M phenol and H, pressures
ranges of 30-50 bar.

At 463 K, the reaction order with respect to phenol was ~1 for 1% Pd/ZrO, and
~0.5 for 0.5% Pd/ZrO,. The first order in phenol observed for 1% Pd (> 6 nm average
Pd particle size) indicates a low coverage of phenol and phenol-derived surface species,
while the smaller phenol order observed for 0.5% Pd (1-2 nm average Pd particle size)
indicates a higher surface coverage of phenol and/or phenol-derived intermediates,
suggesting, in turn, stronger adsorption of phenol-derived intermediates on the much
smaller Pd particles.

The reaction order with respect to H; partial pressure was ~1.1 for 1% Pd/ZrO,,
and ~0.28 for 0.5% Pd/ZrO, (Table 6.5). The higher reaction order with respect to H;
could suggest a lower H*-coverage on 1% Pd/ZrO,, whereas the low reaction order of
0.3 could point to a higher H* coverage on 0.5% Pd/ZrO,. The higher coverages of
intermediates derived from phenol and hydrogen on 0.5% Pd/ZrO,, as discussed above,
may be attributed to a greater portion of sites being located on steps and corners of the
small Pd particles. Such sites with higher degrees of coordinative unsaturation bind H

and phenol more strongly than atoms on terrace planes [41].
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The rate-determining step (RDS) for phenol hydrogenation is the surface
reaction between adsorbed phenol and intermediates derived from it (phenoxy or
partially hydrogenated phenol/phenoxy [32]), and bound hydrogen. Despite the higher
coverages of both reactive intermediates on 0.5% Pd/ZrO, than on 1% Pd/ZrO,, the
TOF was lower for 0.5% Pd/ZrO,, indicating that the rate constant (k) for the RDS
must be significantly smaller on 0.5% Pd than on 1% Pd. Considering that the apparent
activation energy (E,pp) was remarkably higher for 1% and 2% Pd than on the less
active 0.5% Pd (Fig. 6.2), a possible explanation could be that the transition state (TS) is
much more stabilized relative to the adsorbed intermediate on highly under-coordinated
corner/edge atoms prevalent on 0.5% Pd/ZrO, However, stronger binding of the TS
leads also to smaller entropy of activation, which more than offsets the effect of a lower
enthalpy of activation, causing smaller rate constant and TOF on 0.5% Pd/ZrO..
Overall, we deduce that the higher enthalpic stabilization of the TS relative to the
adsorbed state on small Pd particles than on large particles is accompanied with more

reduced degrees of freedom and, thus, less favorable entropy factors.

6.3.4. Effect of Ag addition

From the XRD patterns (Fig. 3SI), it is not possible to identify any Ag phases,
probably due to its low content. Only the monoclinic and tetragonal ZrO, phases are
observed. The high-resolution XPS Pd 3d and Ag 3d spectra (Fig. 6.3) provide
information about the electronic state of the metal components on the surface.
Unfortunately, the Pd 3d spectral region suffers from the interference of the more
intense Zr 3p doublet [42]. For the untreated sample (as calcined), the binding energy of
the Pd 3d5/2 was 338.0 eV, which was 1.2 eV higher than with PdO (336.8 eV) [33].
This small feature is tentatively attributed to PdO, [43] or to metal-support interaction
[44]. After the treatment at 473 K in H, atmosphere, the peak at 338.0 eV disappeared.
This is an indication that Pd particles were reduced under these conditions. Even when
exposing to an oxidative atmosphere (synthetic air), Pd° on ZrO, surface was stable

against re-oxidation, in agreement with Okumura et al. [44].
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Figure 6-3. High energy resolution photoemission spectra of 1%PdAg/ZrO,

The binding energy of Ag 3ds, for the calcined sample was 368.6 eV, which is
shifted —0.6 eV from bulk Ag (368.0 eV). After the reduction at 573 K, the binding
energy of Ag 3dsp became 367.6 eV, which differs from the binding energy of bulk
metallic Ag of 368.2 eV [45], suggesting the formation of a PdAg alloy [46]. The core
level shifts relative to pure Pd and Ag depend on changes in the charge around the
probed atom. Generally, the core level binding energy of the central atom increases
(indicating electron depletion), if neighboring elements have a higher electronegativity.
Since the electronegativity of Pd is higher than that of Ag, Ag is expected (as observed)
to shift to higher binding energies, Pd to lower. Therefore, we conclude that an intimate
mixture between Pd and Ag must have been formed upon reduction.

EXAFS measurement was performed on ex situ reduced PdAg/ZrO; to verify the
formation of bimetallic particles. The Fourier transforms of the Iy and r-space data (Pd
K-edge) are presented in Fig. 6.4. The R-space data for this sample show a small peak
related to Pd—O bond and a bigger one associated to reduced Pd-Pd. Table 6.3 also
presents the parameters obtained from fitting the EXAFS data of the PdAg reduced
catalysts. For PdAg, the first Pd—Pd distance was found to be shifted to a slightly longer
interatomic distance when compared with pure Pd foil. This is taken as an indication of
the presence of heteroatomic bonding in the Pd—Ag. Ideally, in the case of alloying, it is
expected that the nearest neighbor distance should be an intermediate value between the

two monometallic distances (Pd—Pd and Ag—Ag in bulk metals are 2.751 and 2.889 A

T
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[47]). In general, a more significant shift can be observed with an increase in the

amount of Ag [48].
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Figure 6-4. EXAFS refinement fits for ex situ reduced (at 473 K) 1%PdAg/ZrO,

sample in R- and k-spaces.

Fig. 6.5 shows the representative TEM 1mage of a passivated PdAg/ZrO,, with

the corresponding electron dispersive spectroscopy (EDS) and chemical mapping of the

Pd, Ag and Zr elements. The chemical mapping of the bimetallic passivated sample

shows that Ag and Pd have a similar distribution, although both isolated and aggregated

particles were observed.
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Figure 6-5. Representative TEM picture and elemental mapping using energy

dispersive spectroscopy (EDS) of PdAg/ZrO,. Green area: Pd; brown are: Ag; White

area: Zr.

6.3.5. Phenol hydrogenation on PdAg/ZrQO,

The addition of Ag increased the TOF for aqueous phase hydrogenation of
phenol by more than a factor of 2 at 463 K (Table 6.4), without changing the selectivity
(i.e., cyclohexanone is still the dominant product with >95% selectivity), compared to
the monometallic Pd catalyst (Table 2SI, Supporting Information). The apparent
activation energy was 57 kJ mol™ on PdAg/ZrO,, whereas it was 81 kJ mol™ on
1%Pd/ZrO, (Fig. 6.6). Thus, the difference in the activity between 1%Pd/ZrO, and
PdAg/ZrO, was greater at lower temperatures. The decreased activation energy in PdAg
catalyst is similar to that reported for the activation energy of ethene hydrogenation on

Pd/S10, and PdAg/S10, [49].
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Figure 6-6. Activation energies measured between 443 and 473 K. Reaction conditions:
phenol (2.26 g), 80 mL of water, 1% Pd/ZrO, (0.25 g) and 1% Pd-0.5%Ag/ZrO, (0.20
g), 50 bar H,, stirred at 680 rpm.

The reaction orders in phenol and H, for phenol hydrogenation on PdAg/ZrO,
are compiled in Table 6.6 (see Fig. 4SI for the plots). The low reaction order with
respect to phenol (0.18) indicates a much higher surface coverage of phenol and/or
phenol-derived intermediates on Pd in the presence of Ag neighbors compared to 1%
Pd/ZrO,. For PdAg/ZrO,, the smaller reaction order observed with respect to Ha (i.e.,
~0.1 on PdAg/ZrO, compared to ~1.1 on 1% Pd/ZrO,) points to the fact that the H*
coverage at the active sites is also higher for PdAg than for Pd alone. The similar
activation energies (~ 60 kJ mol™) and the small reaction orders in phenol and H;
measured for 1% PdAg/ZrO, and 0.5% Pd/ZrO, suggest at first sight that diluting Pd
with Ag has the same effect as decreasing the Pd particle size in monometallic Pd/ZrO,
catalysts, i.e., strengthening the binding with the reactant, though the reason for the
lower activation energy in the alloy case differs drastically from the impact of

coordinatively unsaturated sites (CUS) in small Pd particles.
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Table 6-6. Reaction orders in phenol (o) and H; (B) for reaction at 463 K.*

o p
1% Pd/ZrO, 0.93+0.03 1.12+0.08
1% PdAg/ZrO, 0.18+0.01 0.09+0.004

*From initial rates measured for concentration ranges of 0.1-0.8 M

phenol and H; pressures ranges of 30-50 bar.

6.4. Conclusions

The aqueous phase hydrogenation of phenol is a structure-sensitive reaction on
ZrO,-supported Pd catalysts. Turnover frequencies increased by an order of magnitude
with decreasing Pd dispersion (from 85% to 8%). The decreasing activation energies
and higher coverages (reflected by reaction orders in phenol and H;) with decreasing
particle size on different Pd/ZrO, catalysts suggest that the lower rates on small Pd
particles (1-2 nm) than on large particles result from unfavorable activation entropy.
This is caused by too strong binding of species on corner and edge atoms. The addition
of Ag to Pd/ZrO, (yielding a Pd-Ag alloy) significantly increased the TOF of the
reaction, by lowering the energy of activation compared to the monometallic Pd

counterpart via enhancing the electron density on Pd.
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7.CHAPTER VII

7.1. Hydrodeoxygenation of phenol over metal supported niobia

catalysts

ABSTRACT- This work studied the performance of Rh, Pd and Ni supported on Nb,Os
catalysts for the HDO of phenol in vapor phase at 300°C. The effect of the reduction
temperature on the selectivity to deoxygenated products was also investigated. In
general, an increase in the reduction temperature favored benzene selectivity and
decreased the reaction rate. The reduction in the rates may be related to the strong
metal-support interaction (SMSI) promoted by the high reduction temperatures. For Pd
sample the increase in the benzene selectivity probably was due to a partial coverage of
this metal by NbOy which increases the Pd-Nb,Os surface. This leads to the adsorption
of the phenol though its oxygen present in C-O bond, which promotes the
hydrogenation of the carbonyl function of the tautomer intermediate. The presence of
NbOy in this sample was confirmed by TPR analysis. For the sample impregnated with
Rh the reduction temperature did not changes the benzene selectivity, however there is
an indication of the SMSI effect in this sample after high reduction temperature.
According to the TPR-XANES the Rh is fully reduced for both reduction conditions
studied. In addition, the XPS data showed that the molar concentration of Rh at the
surface did not change during the reduction process. Ni sample was not fully reduced
after the treatment at 300°C, as observed in TPR XANES at Ni K-edge. For this sample,
after higher reduction temperatures there is no nickel oxide, which improved the
oxophilicity of this sample and consequently the benzene selectivity.

Keywords: Biomass; Hydrodeoxygenation; Bio-oil; Phenol; Niobium oxide.

7.2. Introduction

The bio oil obtained from fast pyrolysis of biomass may be converted into
different fuels, such as, diesel, gasoline and others , which makes it an attractive option
to be used as a renewable fuel [1, 2]. Unfortunately, the bio oils are not very attractive
for direct fuel applications due to their properties, such as, high viscosity, low heating

value, thermal instability. In order to be used as a fuel in engine vehicles, the bio oil has
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to be upgrading though the hydrodeoxygenation (HDO) process [3-5]. Due to the
complex composition of the bio oil several HDO studies use aromatics model
compounds, such as, phenol [6, 7], guaiacol [8] and others, as representative of lignin
fraction.However, the development of an appropriated catalyst for a HDO reaction is a
challenge.

Teles et al. [9] investigated different metals in the HDO reaction, they used
phenol as a model compound. The neutral supported-SiO, was chosen to better
understand the metal effect in this reaction. According to the authors more oxophilic
metals, such as, Ru, Co and Ni favor the direct dehydroxylation of phenol followed by
hydrogenolis, while Pt, Pd and Rh promote mainly phenol tautomerization. In general,
three routes can be considered for HDO reaction: (i) hydrogentation (HYD) (i) direct
deoxygenation route (DDO) and (iii) tautomerization [10-12]. Tan et al. [13] showed
that on a strong oxophilic metal, such as Ru or Fe, the direct deoxygenation is the
favorable path, while on weaker oxophilic metals, the direct deoxygenation become less
favorable and the tautomerization-hydrogenation-dehydration mechanism is the
favorable path. They conclude that the oxophilicity of the metal surface can regulate
what reaction path is more favorable.

The support also has an important effect over the HDO routes. De Souza et al.
[12] tested the performance of Pd catalysts supported on SiO,, Al,O3, TiO,, ZrO,,
CeO, and CeZrO; for HDO of phenol (reduction and reaction temperature = 300°C, P =
1 atm, and Ho/phenol molar ratio 60). According to the authors the product distribution
is significantly affected by the type of support. Benzene was the major product over
Pd/TiO, and Pd/ZrO,, while cyclohexanone was a major product over Pd/SiO,,
Pd/Al,O3, Pd/CeO, and Pd/CeZrO,. The differences in the selectivity were related to the
presence of oxophilic sites, which is represented by incompletely coordinated cations
present in ZrO; and TiO,.

Recently, some studies reported that niobia support promotes the deoxygenation
activity for the HDO reaction. Experimental and theoretical studies showed that NbOx
species play a key role in C-O bond cleavage of biomass derived aldol adducts [14].
According to the DFT calculation performed by Xia et al. [14], the Nb-O-Nb chains in
both NbOx and NbOPO, have a strong ability to break the C=0O bond on the
(tetrahydro) furan ring, as this process can efficiently relieve the surface tension of the
oxide bonding network. Shao et al. [15] studied Pd-loaded on niobium oxide dispersed

on silica for the hydrodeoxygenation of biomass-related compounds.
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Pd/10%Nb,0s/Si0, was very active for the HDO reaction of 4-(2-furyl)-3-buten-2-one,
palmitic acid and diphenyl ether. They also observed a significant promotion effect of
NbOx species on C-O bond cleavage. Zhuang et al. [16] investigated the HDO of
butyric acid at Nb,Os (001) surface using DFT calculations. The interaction of the
molecule and the surface Lewis acid may suppress the C-C bond cleavage and promote
the C-O bond, which favors the deoxygenation pathway to produce butane. Barrios et
al. [17] compared the performance of Pd supported on SiO; and Nb,Os for the HDO of
phenol. The reaction rate for HDO of phenol over Pd/Nb,Os was higher than that
observed for silica supported catalyst. Also, Pd/Nb,Os favored the benzene selectivity.
Thus, the objective of this work is to investigate different metals (Ni, Pd and Rh)
supported on Nb,Os in the gas phase phenol HDO reaction, aiming to observed the
effect of the these metals supported on Nb,Os in the HDO reaction. As the niobium
oxide is a reduced supported that is known have a strong interation with the supported
metals, a systematic study was performed using phenol as a model compound of the bio
oil to investigate the effect of the different metals and the reduction temperature on this

reaction.

7.3. Results and Discussion

7.3.1. Catalyst Characterization

Table 7.1 shows the Pd, Rh and Ni metal loadings of the studied catalysts. The
metal content was close to the nominal value for all samples. Table 7.1 also presents the
textural properties of the calcined samples ( BET surface area and pore volume). The
support showed an area of 110 m’ g’l, similar to that obtained by Lebarbier et al. [18]
for the niobic acid calcined at the 400°C.

The samples with 1 wt.% of metal (Pd and Rh) have approximately the same
surface area of the support, while it decreased to for the catalyst impregnated with Ni.
However, the pore volume was similar for all the samples, independently of the metal

loading.
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Table 7-1. Chemical composition, BET surface area and pore volume of the niobia

supported catalysts.
Samples Metal Loading BE’IZ‘ a_riea Pore V3oll_11me*
(wt. %) (m”g™) (ecm™ g™)
Nb,Os - 110 0.165
Pd/Nb,Os 1.01 98 0.159
Rh/Nb,Os 0.85 101 0.160
Ni/Nb,Os 5.14 85 0.136

*BJH Adsorption cumulative volume of pores between 15.000 A and 3000.000 A diameter.

The conversion of cyclohexanol to benzene was used as a probe reaction to
titrate the oxophilic sites based on the mechanism of tautomerization of phenol. The
reaction rate for cyclohexanol conversion at different reduction temperatures are listed
in Table 7.2. After reduction at 300°C, the following order of reaction rate was
observed: Pd/Nb,Os > Rh/Nb,Os> Ni/Nb,Os. Increasing the reduction temperature
increased the reaction rate for Ni/Nb,Os, while for Pd/Nb,Os and Rh/Nb,Os it still

almost the same.

Table 7-2. Reaction rate for the conversion of cyclohexanol to benzene.

Reaction rate

Sample Tr (°C) (mmol/(min.gcar))
Pd/Nb,Os 300 0.198
500 0.192
Rh/Nb,Os 300 0.040
500 0.038
Ni/Nb»Os 300 0.016
500 0.030

7.3.2. In situ XRD

Fig. 7.1 shows the diffractograms obtained during reduction of niobia supported
catalysts. For all samples, the diffractogram at room temperature exhibits broad
diffraction lines associated with amorphous niobia phase [18]. The lines characteristic

of palladium oxide, rhodium oxide or nickel oxide were not detected. For Pd/Nb,Os and



131 CHAPTER VII —Metal supported on niobia

Rh/Nb,Os. no changes on the diffractograms were observed when the samples were
heated to 400°C. Further increase in the temperature to 500°C led to the appearance of
the lines characteristic of the TT niobia phase (PDF 28-0317). The typical lines of Pd’
and Rh°® were not detected during the reduction up to 500°C, indicating that small Pd’
and Rh° crystallite size were obtained on niobia. For Ni/Nb,Os. the line attributed to
metallic Ni appeared at 300°C and it increased in intensity as the temperature was

increased to 500°C.
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Figure 7-1. XRD diffractogram for in situ reduction of Pd/Nb,Os, Rh/Nb,Os Ni/Nb,Os at different temperatures.
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The average crystallite size of Ni°, calculated from XRD data using the Scherrer
equation, increased from 12 to 24 nm when the reduction temperature increased from
300 to 500°C, which suggests that metal sintering occurred. The diffractograms did not
provide any information about the reduction of palladium and rhodium oxides. Then,
TPR and in situ XANES were carried out and the results are discussed in the next

section.

7.3.3. TPR and in situ XANES experiments

TPR profiles of Pd/Nb,Os, Rh/Nb,Os and Ni/Nb,Os are shown in Fig. 7.2. For
Pd/Nb,0Os, a hydrogen consumption is observed at room temperature (R.T.) followed by
a negative peak around 100°C. The H, uptake at R.T can be ascribed to the reduction
PdO species, while the negative peak is related to the PdHy decomposition [19].

5%Ni/NbyOs

Intensity (a.u.)

1%Rh/Nb,O5

1%Pd/Nb,Os5

—ftr . r -1 r1r rrr-r°-r 1T T1T T 717
Room Temperature 100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Figure 7-2. TPR profiles for niobia supported catalysts.

The formation of hydride species may occur during the reduction of PdO to Pd®,
followed by the absorption of hydrogen into the palladium structure. The reduction
profile of Pd/Nb,Os sample also exhibits a broad peak between 300 — 400 °C and a

hydrogen consumption above 800°C. This hydrogen uptake at high temperature in the
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TPR profile of metal supported on niobia catalysts has been attributed to the reduction
of Nb,Os [19-22]. The TPR profile of Rh/Nb,Os exhibits a peak at 180°C and a
hydrogen uptake above 800°C. As reported in the literature [23], the low temperature
peak corresponds to the reduction of Rh,O; to metallic Rh and the peak at high
temperature is associated with the reduction of niobia, as observed for the Pd sample.
For Ni/Nb,Os sample, a broad reduction peak is observed between 300 and 600°C,
which is attributed to the reduction of Ni** to Ni’. The hydrogen uptake related to the
Nb,Os reduction is also displayed above 850°C.

The H;, consumption calculated from the TPR profiles are reported in Table 7.3.
The experimental hydrogen uptake was higher than that of the hydrogen consumption
expected for the complete reduction of the metal oxide for Pd and Ni supported
catalysts, suggesting a partial reduction of Nb,Os to NbOy promoted by the metal

formed.

Table 7-3. H, consumption below 500°C on the TPR profile of niobia supported

catalysts and reduction degree of Nb,Os.

Theoretical .
. a Experimental . Degree of
Consumption . Experimental/ < g .
Samples (umol Hy/gcat) Consumption Theoretical niobium oxide
H g (nmol Hy/gcat) reduction (%)
Pd/Nb,Os 108 149 1.38 0.2
Rh/Nb20s 360 354 0.98 ~0.0
Ni/Nb0s 1084 1809 1.67 4.0

* Theoretical H, consumption considering total reduction of PdO, NiO, Rh,O3; (umol
Hy/gcat)

The TPR-XANES spectra at the Pd K-edge, Rh K-edge and Ni K-edge obtained
during the reduction under a 5% H, in He mixture from 25 to 300°C of niobia supported
catalysts are shown in Fig. S1 (Appendix III). Snapshots of XANES spectra at specific

reduction temperatures are provided in Fig. 7.3.
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Figure 7-3. Snapshots of XANES profiles at different temperatures for (A)
1%Pd/Nb,Os, (B) 1%Rh/Nb,Os and (C) 5%Ni/Nb,Os reduced at 300° for 1h and (D)
5%Ni/Nb,Os reduced at 500° for 1h.

For Pd/Nb,Os, the XANES spectra at 25°C after hydrogen flow already reveals
the appearance of a peak at around 24350 eV, indicating that PdO is partially reduced at
room temperature. This result agrees very well with the TPR profile. At 100°C,
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palladium oxide is completely reduced. The XANES spectra of Rh/Nb,Os sample shows
that the reduction of rhodium oxide begins at 100°C and it is totally reduced around
300°C. Ferreira-Aparicio et al. [24] showed that a Rh/Al,O3 catalyst was progressively
reduced in the same temperature range (100-250°C). The XANES spectra at Ni-K edge
of Ni/Nb,Os catalyst (Figure 7.3¢) only slightly change during reduction at 300°C,
indicating that a large amount of Ni remained oxidized. However, NiO was completely
reduced after treatment under 5% H, in He mixture at 500°C (Figure 7.3d). The
evolution of the Ni species during reduction calculated by the linear combination of Ni
K-edge XANES spectra is shown in Fig. 7.4. When the temperature achieved 300°C,
only 10% of Ni was in the metallic state and the amount of Ni° increased up to 20%
after 1h at 300°C under the reduction mixture. However, Ni/Nb,Os catalyst was

completely reduced after reaching S00°C. These results are in agreement with the TPR

experiment.
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Figure 7-4. Linear combination fittings of TPR-XANES profiles at the Ni K-edge of
Ni/Nb,Os catalyst reduced at (A) 300°C; (B) 500°C.

The TPR and in situ XANES experiments were carried out using mixture
containing 5% H, in He, which did not allow the complete reduction of Ni/Nb,Os
catalyst at 300°C. In order to improve NiO reduction at low temperature, this catalyst
was reduced under pure hydrogen at 300°C (10°C/min) for 1h. Then, the sample was

cooled to room temperature under Ar and passivated under a 5% O, in N, mixture (30

NJo %

=
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mL/min) at 0°C. After this, the TPR-XANES spectra as a function of reduction
temperature were performed and the results are shown in Fig. 7.5. The reduction under

pure hydrogen significantly increased the fraction of metallic Ni to 60%.

(A) (B)

Absorptivity (a.u.)

Ni foil
—— RT-Passivated

— 300°C-1h-Passivated
RT-Calcined

Absorptivity (a.u.)

5%Ni/NbyOs

8310 8320 8330 8340 8350 8360 — -
8300 8310 8320 8330 8340 8350 8360

Photon Energy (keV)
Photon Energy (eV)
©)
T T T T T T T T T
1.0 1 - 1.0
.\I
0.8 1 \-\./-\. 0.8
.,
o \'\. R
=~ (0.6 _m_ g E-EL ([ O
NS
S ] — . o
0.4 1 / "—p—m—pg g 0.4
5%Ni/NbyO "
| 2Y5 "
_ —E— /.l o
0.2 L _u L] 0.2
0.0 1 -0.0

— .
100 200 300 Isothermal-300-1h
Temperature (°C)

Figure 7-5. (A) TPR-XANES profiles for 5%Ni/Nb,Os of the passived sample; (B)
Compration of the XANES profiles for 5%Ni/Nb,Os of the calcinated samples, passived
sample at RT, passived sample at 300°C after 1h of reduction (C) Linear combination

fittings of TPR-XANES profiles at the Ni K-edge of Ni/Nb,Os passived.
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7.3.4. TPR-XANES at the Nb K-edge

Aiming to determine the oxidation state of Nb after reduction at different
temperatures, TPR-XANES analysis was performed at the Nb K-edge. TPR-XANES
spectra obtained during reduction from 25 to 300°C are shown in Fig. S2 and snapshots
of XANES spectra at the initial and final reduction temperature are provided in Fig. 7.6.

For all samples, the following peaks were observed: (i) a weak pre edge
absorption shoulder around 18,982 eV, which can be assigned to an electronic transition
from the Nb orbital 1s to the orbital 4d [25] ; (ii) an absorption edge around 18,996 eV,
which is, in part, due to an electronic transition from the Nb orbital 1s to the orbital 5p
[25] and (iii) a strong edge peak around 19,005, which is due to low-energy scattering
ressonance of photoelectrons by neighboring atoms [26]. Fig. S3 display the TPR-
XANES spectra obtained during reduction to 500°C and snapshots of XANES spectra at
the initial and final stages of reduction are shown in Fig. 7.7.

According to the literature [25,27] the XANES from niobium oxides
significantly differ from Nb metal. The Nb profile is shifted toward higher energies with
an order of the increase in valence values (0 - "4 - *5). Cartier et al. [25] reported the
XANES spectra of reference samples (standards) corresponding to four niobium
oxidation state and its respective first derivateve profiles. The authors showed that
niobium threshold energy Ej is shifted from 18986 eV (Nb”) to 19006 eV (Nb’*) as Nb
formal valence increases. In general, for all the temperature reductions almost no
changes in peaks intensities and in the first derivate profiles were observed after the pre

treatment. Then, the niobium reduction, it was not observed in the XANES analysis.
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7.3.5. In situ x-ray photoelectron spectroscopy (XPS)
Fig. 7.8 shows the XP spectra of Pd 3d, Rh 3d, Ni 2p core levels of the calcined

samples and after reduction under H, flow at different temperatures. The Pd 3d
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spectrum of the calcined sample displays two peaks at 336.8 and 338.1 eV, which are
assigned to PdO and PdO, , respectively [28](Fig. 7.8a).

After reduction at 100°C, the peaks attributed to palladium oxide disappeared
and a new peak assigned to Pd” is observed at 335.2 eV [29], indicating that palladium
oxide was completely reduced at this temperature. This result agrees very well with the
results from TPR and XANES experiments. Increasing the reduction temperature to
400°C did not change the spectra. At 500°C it was observed a shift in the XPspectra of
the Pd, which may be due to the charge transfer from the partially reduced NbOx to Pd
[30, 31]. Similar results consistent with a charge transfer between the Ti species and
metal were obtained by Chang Lee et al. [32], which was related to the SMSI
phenomenon.

For Rh/Nb,Os calcined catalyst (Fig. 7.8b) the binding energy of the Rh(3ds)
peak was at 310.0 eV. This B.E. is attributed to oxidized Rh particles (Rh** oxidation
state) [33]. The peaks related to the rhodium oxide Rh (Rh;03) are still present on the
spectrum after reduction at 100°C. However, they are no longer detected after reduction
at 200°C. At this temperature, the peak attributed to Rh’ appears at 307.3 eV (3dsp) [34,
35], which also agrees with the XANES result. For pure Rh metal foil, Rh(3ds,) and
Rh(3d3,) peaks occur at 307.0 and 311.8 eV, respectively [33].

The Ni 2p spectrum of the calcined Ni-based catalyst showed a peak at 856.3 eV
and a satellite peak at 859.7 eV, with a spin-orbit splitting of 871.5¢V, indicating the
presence of Ni,0O3 [36, 37]. The spectra remained unchanged during the reduction at 100
and 200°C. After reduction at 300°C, the spectrum exhibits only the Ni 2p3/2 peak at
852.5 eV that corresponds to Ni’ [38], which indicates that nickel oxide is completely
reduced at the surface at this low temperature. However, the extent of the reduction of
the bulk is still too low at 300°C, as revealed by TPR and in situ XANES experiments.

Fig. 7.9 shows the Nb 3d spectra at different reduction temperatures for all
catalysts. For the calcined samples, the peak at 207.5 eV is attributed to the Nb 3ds,
binding energy of Nb,Os [36,38]. No changes were observed on the spectra during the
reduction at different temperatures for all catalysts. The binding energies of the O 1s
peaks showed a peak, the sharp one located at 529.6 eV and the low one located at
531.9 eV, which is assigned to O, in Nb-oxides and surface oxygen, respectively [39] .
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High energy resolution photoemission spectra of the Pd 3d region
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Figure 7-8. XPS spectrum for (A) Pd/Nb,Os; (B) Rh/Nb,Os; (C) Ni/Nb,Os.
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The surface chemical compositions determined from XPS peaks are summarized
in Table 7.4 [40]. A significant change of Ni surface compositions (around 50%) was
observed for Ni/Nb,Os when this sample was submitted to reduction under H, at

different temperatures, while the Pd3d/Nb3d and Rh3d/Nb3d ratios were constant.

Table 7-4. Surface composition (at.%) derived from the XPS analyses

Atomic Concentration

1%Rh/ Nb,Os
Cls Ols Nb3d Rh3d
Rh3d/Nb3d
Calcined 3.68 67.7 28.33 0.28 0.011
100°C in Hy/Ar 3.39 73 23.34 0.28 0.013
200°C in Hy/Ar 386 7083 25.06 0.25 0.011
300°C in Hy/Ar 1.45 72.07 26.23 0.24 0.01
400°C in Hy/Ar 002  73.23 26.5 0.26 0.011
500°C in Hy/Ar 008 7323 26.39 0.3 0.013
1%Pd/ Nb,Os
Cls Ols Nb3d Pd3d Pd3d/Nb3d
Calcined 388  72.68 2322 0.22 0.009
100°C in Hy/Ar 3.55 69.9 26.27 0.28 0.011
200°C in Hy/Ar 421 70.78 24.77 0.25 0.01
300°C in Ho/Ar 203 7196 25.76 0.25 0.01
400°C in Hy/Ar 052 7453 24.7 0.25 0.01
500°C in Ho/Ar 073  72.28 26.66 0.33 0.012
5%Ni/Nb,Os Ratio [Metal/Nb]
Cls Ols Ni2p Nb3d Ni2p/Nb3d
Calcined 404 68.11 2.89 24.96 0.12
100°C in Hy/Ar 503 69.91 2.37 22.69 0.1
200°C in Hy/Ar 553 6697 2.39 25.1 0.1
300°C in Hy/Ar 1.99  69.43 2.1 26.47 0.08
400°C in Hy/Ar 035  71.38 1.86 26.4 0.07
500°C in Ho/Ar 0.86  72.94 1.59 24.61 0.06
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7.3.6. HDO of phenol reaction

The reaction rate for HDO of phenol and the selectivity to products at low
phenol conversion (around 10%) for all catalysts reduced at 300 and 500°C are listed in
Tables 7.5 and 7.6, respectively. The niobium oxide-support was also tested but it was

inactive under the reaction conditions used.

Table 7-5. Reaction rate for HDO of phenol and product distribution at low conversion

after reduction of niobia supported catalysts at 300°C.

Sample W/F Conversion Rate of HDO Selectivity (%)
p (h) (%) (mmol.min™" .ge, ")
Benzene Ano+Eno ONE
Pd/Nb,Os | 0.0190 5.6 0.78 72.4 2.3 253
Rh/Nb,Os | 0.0535 10.34 0.31 92.6 43 3.1
Ni/Nb,Os | 0.0800 8.33 0.08 60.2 9.6 30.2

Table 7-6. Reaction rate for HDO of phenol and product distribution at low conversion

after reduction of niobia supported catalysts at 500°C.

Sampl W/F Conversion Rate of HDO Selectivity (%)
ampie (h) (%) (mmol.min™" .ge, ")
Benzene Ano+Eno ONE
Pd/Nb,Os | 0.2770 8.6 0.023 91.9 2.6 55
Rh/Nb,Os | 0.5349 14.4 0.032 93.8 1.4 2.3
Ni/Nb,Os 1.0698 16.0 0.017 97.0 1.0 1.3

All the samples were more active when reduced at 300°C than 500°C and
similar result were observed by Brown et al. [41]. The authors studied the changes in
the catalytic properties of Pt and Rh supported on Nb,Os caused by the increase of the
reduction temperature from 250°C to 500°C for the hydrogenolysis of 2-methybutane
and n-pentane. The high reduction temperature decreased the rates of hydrogenolysis
reaction, which was attributed to the strong metal-support interaction (SMSI).
According to Caballero et al. [42] the SMSI effect is characterized by oxide moieties
from the support that migrate over the metallic particles, blocking the surface and

modifying its adsorption and catalytic properties.
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Regarding product distribution, benzene was the main product formed
independently of the metal and the reduction temperature. Significant amounts of
cyclohexanone and cyclohexane were also produced over the Pd/Nb,Os and Ni/Nb,Os
catalysts reduced at 300°C. When these samples were reduced at 500°C the selectivity
to benzene increased, which as close to 95%. Only small amounts of cyclohexanone and
cyclohexane were formed after reduction at high temperature. Rh/Nb,Os catalyst
exhibited the highest selectivity to benzene after reduction at 300°C, however an
increase in the reduction temperature did not change the benzene selectivity for this

sample.

7.3.7. The effect of the type of the metal and niobia support for HDO of phenol
HDO reaction requires a metallic site for hydrogenation/dehydrogenation as well
as a support that adsorbs the oxy compound and promotes deoxygenation reaction [43,
44]. Therefore, the type of metal and support plays a key role on the HDO of phenol.
However, there are only a few studies about the effect of the type of the metal on HDO
of phenol [45, 9, 7]. The performance of Ru/C, Pd/C and Pt/C catalysts was compared
for the HDO of phenol in liquid phase [45]. The selectivity to deoxygenated products
followed the order: Ru/C > Pd/C > Pt/C. According to Mortensen et al. [45], the highest
deoxygenation activity was due to the stronger interaction between the Ru and oxygen
atom than with Pt or Pd. Teles et al. [9] investigated the effect of the type of the metal
on silica supported catalysts for the HDO of phenol in gas phase. Hydrogenated
products (cyclohexanone and cyclohexanol) were mainly formed on Pt/SiO,, Pd/SiO,
and Rh/SiO, catalysts, whereas large amounts of hydrogenolysis products (C5-C6
hydrocarbons and methane) were produced over Co/SiO,, Ni/SiO, and mainly Ru/Si0O,
catalysts. According to the authors, more oxophilic metals such as Ru, Co and Ni
promotes the direct dehydroxylation of phenol followed by hydrogenolysis. The
following order for selectivity to deoxygenated products as a function of the binding
energies of atomic oxygen was obtained: Ru >> Co > Ni > Rh > Pd = Pt. These results
clearly demonstrated that stronger binding of oxygen from the carbonyl group to metal
favors the formation of deoxygenated products. Recently, Teles et al. [7] studied the
effect of the type of the metal over zirconia supported catalysts for HDO of phenol.
They reported that the selectivity to deoxygenated products for zirconia supported
catalysts did not followed the same trend observed for silica supported catalysts from

their previous study. Ni/ZrO, exhibited a higher selectivity to deoxygenated products
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than Rh/ZrO, catalyst, whereas the opposite result was observed for the same metals
supported on silica. These results demonstrate the important role of the type of the
support for HDO of phenol. In this case, the oxophilic sites of the zirconia support also
contributed to the deoxygenation activity of the catalysts.

In our work, the selectivity to benzene for the catalysts reduced at 300°C
followed the order: Rh > Pd > Ni. This trend was completely different from that one
expected for the oxophicity of the metals [9]. This may be related to the participation of
the niobia support on the HDO of phenol or/and to the fact that at lower reduction
temperature the nickel is not totally reduced, as observed in the TPR-XANES analysis.
The presence of nickel oxide may decrease the oxophilicity of this sample. Recently,
Barrios et al. [18] studied the HDO of phenol in gas phase over Pd/SiO, and Pd/Nb,Os
catalyst. The high activity and selectivity to deoxygenated products of Pd/Nb,Os for
HDO of phenol is likely due to the strong interaction between the oxophilic sites
represented by Nb>*/Nb** cations and the oxygen from the phenol molecule. This
promotes hydrogenation of the carbonyl group, leading to the formation of benzene. Xia
et al. [16] proposed that the stronger bond strength between Nb and oxygen from the
phenol molecule reduces the C-O bond dissociation barriers and favors C-O bond
cleavage. Therefore, the high selectivity to deoxygenated products over niobia
supported catalysts in our work is likely due to stronger interaction of Nb — O, which
promotes the deoxygenation.

In this work, the effect of the reduction temperature in the activity and
selectivity was evaluated. During the catalytic tests, the reaction rates measured for
samples reduced at 300°C were around 10 times higher than the ones observed when the
samples were reduced at 500°C [46]. The decrease in the activity observed may be a
consequence of the active phase sintering or/and a partial coverage of the active phase
by the support. For Pd/Nb,Os and Rh/Nb,Os, the ratios of Rh3d/Nb3d and Pd3d/Nb3d
observed in the XPS analysis were constant during all the reduction process, which is an
indication that these metals did not suffer sintering on the catalyst surface. According to
Chang et al. [47] Pd/Al,O3; remained at modest dispersion under the severe reduction
condition, which was not observed for Pd/TiO,. The authors showed that the reduced
support materials blocked the surface of the metal crystallites at high-temperature
reduction. Tauster et al. [34] exposed that the reduction of noble metals supported on
TiO, at 500°C decreased the hydrogen and carbon monoxide sorption to near zero,

however electron microscopy and x-ray diffraction show that the loss of this sorption
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capacity is not due to metal agglomeration. This effect was related to the chemical
interaction between the noble metal and the support. For Ni/Nb,Os the XPS analysis
showed a decrease in the Ni2p/Nb3d ratios, which also can be interpreted as a metal
sintering. This metal sintering was confirmed by the XRD in situ analysis. However,
these effects did not decrease the reaction rates in the same intensity than observed for
the noble metals.

In general the reduction temperature also affected the selectivity obtained in the
HDO reaction. Teles et al. [7] reported that for the catalysts that do not exhibit
significant hydrogenolysis reaction (Pt/ZrO,, Pd/ZrO,, Rh/ZrO,), the changes in product
distribution are not due to the different metal dispersion. For these catalysts, the
hydrogenation was the main reaction, which is considered an insensitive structure-
reaction. According to Griffin et al. [48] the activity and selectivity observed during the
deoxygenation of m-cresol over Pt catalysts is dependent on the choice of support and
reaction conditions. The combined experimental-computational results reported by
them highlighted the effects between hydrogenation catalysts and reducible metal oxide
supports. The authors showed that the reactivity of Pt/TiO, and Pt/C is driven by the
metallic phase at lower temperatures, while contributions from the TiO, support
enhance deoxygenation at higher temperatures.

When higher reduction temperature was used (Tr=500°C) all the samples
showed similar selectivities for benzene, around 95%, independently of the supported
metal. Similar result was observed by Xia et al. [49] in the hydrodeoxygenation of
furan-derived adducts to liquid alkanes. According to them because of the significant
promotional effect of NbOx species on C-O cleavage, expensive metals like Pt and Pd,
or much cheaper, such as Ni, can be loaded on NbOPO, and used as a multifunctional
catalysts for the efficient hydrodeoxygenation of biomass-derived oxygenates.

For Pd and the Ni samples, the reduction at higher temperature favored the
benzene selectivity, while for Rh this selectivity was similar independently of the
reduction temperature. According to Teles et al. [9] the DDO is promoted over Rh
catalyst, since the presence of CH4 was reported, however this route is not favored over
Pd samples. Some points were observed for Rh/Nb,Os: (i) Independently of the
reduction temperature this metal is fully reduced, also (ii) there is no difference between
the reaction rate of the cyclohexanol to benzene for the sample reduced at 300°C or
500°C and (iii) there is a decrease in the HDO rate after reduction at 500°C, which is an

indication of SMSI effect [50]. Similar conditions was observed for Pd/Nb,Os, however
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this sample showed an increase in the benzene selectivity. The XPS analysis indicated a
difference between the Pd on the surface reduced at 300° and 500°C. After reduction at
500°C, the XPS profile showed an transfer of electrons from Nb,Os to Pd, which may
affected the oxidation state of the Pd and improves the benzene selective. The strong
metal-support interaction may favor the formation a Pd-Nb,Os interface, which leads to
the adsorption of the phenol though its oxygen present in C-O bond. This type of
adsorption promotes the hydrogenation of the carbonyl function of the tautomer
intermediate [46].

The Ni sample showed the biggest improvement in the benzene selectivity after
the reduction at 500°C. The TPR-XANES in Ni edge showed that after reduction at
500°C all the nickel is reduced, while at Tr=300°C a large portion of this metal is oxide.
The increase in the Ni metallic composition leads to a higher reaction rate measured for
dehydration of cyclohexanol over the Ni/Nb,Os, which may be relate to the oxophilicity
of the sample [44]. In general, an increase in the oxophilicity may justify the higher

benzene selectivity after reduction at 500°C.

7.4. Conclusion

The objective of this work was to study different metal catalysts supported on
Nb,Os with the aim of obtaining selective catalysts for hydrodeoxygenation reaction
and elucidating the structure—property relationships in this system. The reduction
temperature affected the activity and selectivity of the studied catalysts. For all the
samples the metal surface was covered by NbOy species, especially at high reduction
temperature, as indicated by the decrease observed in the reaction rate.The influence of
the metal/support interaction in the selectivity was also observed. In general, the
presence of NbyOs as support favored the benzene formation at all reduction
temperature. For reduction temperature at 300°C the tautomerization-hydrogenation-
dehydration path was presented, manily for Pd and Ni samples, while the hydrogenation
of the aromatic ring was disfavored after the reduction at 500°C. In general, the
reduction temperature of 500°C promoted the metal-support interaction, which
improved the oxophilicity of the samples and favor benzene formation. The absence of
CHy is an indication that the hydrogenolysis of benzene was inhibited independent of

the reduction temperature used.
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8.CHAPTER VIII

8.1. Hydrodeoxygenation of phenol over doped cerium oxide: The

effect of niobium addition

ABSTRACT- This work investigated the effect of doping cerium oxide catalyst with
niobium for gas phase hydrodeoxygenation (HDO) of phenol at 300°C. The
incorporation of niobium altered the lattice parameters of the oxides, favored the
reduction of the cerium and increased the selectivity to deoxygenated products
(benzene). Small amounts of niobium affected the surface area of the support and
promoted the formation of smaller nickel particles, which disfavored the hydrogenolysis
of benzene. As the amount of Nb increased, the surface area was negatively affected,
while the formation of oxygen vacancy was favored, as observed in the XANES and
XPS analysis. In situ XRD and Raman analysis indicated that the high niobium
concentration leads to Nb,Os oxide with hexagonal structure, while the XPS analysis
indicated an enrichment of the surface by Nb. In general, the presence of Nb promoted
the formation of Ni- Nb,Os interface, providing a lower C—O bond scission barrier
during the DDO route, which leads to an improvement in the benzene selectivity.

Keywords: Phenol; Bio-oil; Hydrodeoxygenation; cerium oxide; niobium addition;

oxygen vacancy.

8.2. Introduction

The oxygen content in pyrolytic bio-oil is high up to 50%, which leads to
undesirable properties, such as low energy density, thermal and chemical instability and
lower calorific power [1]. The upgrading of bio-oil by hydrodeoxygenation (HDO) is a
potential route to the final production of renewable fuels, since this process eliminates
oxygen and stabilizes the product [2]. The HDO reaction may be perform in gas or
liquid phase, however the liquid treatments have some disadvantages, such as, the
consumption of solvent, the cost of high pressure equipment and the difficulties to

separate catalyst, char, products, solvent and non-reacted lignin from the reaction media

[3].
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The bio-oil obtained from biomass pyrolysis is a complex mixture of reactive
compounds. Phenolic compounds represent the major part of the lignin fraction of the
bio-oil [4], which explains the use of these reagents as model compounds of the bio-oil
[5]. In this work, the HDO reaction was studied in the gas phase using phenol as a
model compound.

Several transition metals and their combinations have been studied in HDO
reactions [6-9]. According to the literature, bifunctional catalysts containing a
combination of support oxophilicity and an active metal phase is the most beneficial for
this process [10]. The metal particles are responsible for
hydrogenation/dehydrogenation reactions [11], while the activation of oxy-compounds
is promoted by the valence of an oxide support [12].

The supports play an important role in the HDO reaction process, since it can
improve the dispersion and stability of the active phase. de Souza et al. [6] investigated
the effect of the type of support (SiO,, Al,Os, TiO,, ZrO,, CeO, and CeZrO;) on the
performance of Pd-based catalysts for the hydrodeoxygenation of phenol at 500°C using
a fixed bed reactor. Pd/TiO, and Pd/ZrO, favored the formation of benzene, while
cyclohexanone was a major product over the other supports (Pd/SiO,, Pd/Al,O3,
Pd/CeO; and Pd/CeZrO;). The high selectivity to benzene over Pd/TiO, and Pd/ZrO,
catalysts was related to the oxophilic sites of these supports represented by low-
coordinated Ti**/ Ti** and Zr**/Zr** cations near the periphery of metal particles.
Although the Pd/CeO, and Pd/CeZrO, catalysts were poorly selective to deoxygenated
products, these samples showed the best stability for the HDO reaction.

Over the past several years, CeO,-containing materials have been intense studied
as catalysts of heterogeneous reactions. The presence of cerium in the catalyst is
justified by the possible improvement in the reaction activity and selectivity caused by
the presence of the redox couple Ce**-Ce®. Schimming et al. [13] investigated the
hydrodeoxygenation of guaiacol over bulk ceria and ceria—zirconia oxide with different
elemental compositions. Ceria—zirconia catalysts without fully reduced metal particles
are active for the studied reaction, benzene was formed as the completely deoxygenated
product, but the final deoxygenation step is much slower than the hydrogenation.
According to the authors Ce-oxide dissociates hydrogen and creates oxygen vacancy
sites under mild conditions, which is a requirement for HDO catalysts. The presence of
zirconium causes a slight strain in the ceria—zirconia crystal lattice and facilitates

structural relaxation after the formation of an oxygen vacancy.
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Several cerium mixed oxides Ce—M-O (with M = Eu, Pr, Sm, Nd) were recently
investigated with the aim of improving oxygen mobility of this oxide [14]. The
distortion of the O, sub lattices caused by the presence of another element in the mixed
oxides permits a higher mobility of lattice oxygen. Thus, besides zirconium [15-17],
another promoting metal can be added to the cerium oxides structure aiming to favors
the HDO reaction, although so far there is no reports in the HDO reaction. Niobium is
potential metal to be add to the cerium oxide, since this transition metal strongly favors
the deoxygenation of phenolic compounds over HDO reaction conditions [8]. Similar
system has been studying for another reaction [18-21]. In general, interactions among
different components of mixed oxides strongly affect their structure and catalytic
performance.

Therefore, this work aims to investigate the effects of Nb addition on the ceria
structure and the effects on activity and selectivity over gas phase hydrogenation of
phenol, using nickel as a metallic phase. The structural modification promoted by Nb
addition in different environments was studied by in situ X-ray photoelectron
spectroscopy (XPS), and in situ X-ray absorption spectroscopy (XAS) and X-ray
diffraction (XRD) experiments.

8.3. Results and discussion

8.3.1. Nb-doped cerium oxides

Table 8.1 shows the metal loadings and the textural properties of the calcined
oxides. The samples were calcined at 600°C during 6h. In general, the samples have
different specific surface areas. Ce9oNbg 100, exhibited the highest specific area,
around 50 m°g"'. As the Nb concentration increased the BET area decreased, which also
was observed by StoSi¢ et al. [22].

Figure 8.1 shows the diffractograms obtained during calcination process of the
precipitated oxides under air flow. For CeooNbg 100, 1is noteworthy that the wet
precipitate already displayed reflections of CeO,, with fluorite structure. Similar results
were observed by Chen et al. [23]. Ce( 30Nby 200, and Cey30Nbg700, are amorphous at
room temperature and the presence of diffraction peaks started at 300°C and 400°C,

respectively.
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Table 8-1. Chemical composition determined by XRF and surface area of the calcined

samples.
BET
Samples Ce0O; (%) Nb,Os(%) Ce/Nb area
m’ g™
Ce0,30Nb0,7002 16.4 83.4 0.4 17
Ce.50Nby.2002 68.7 30.5 5 30
Ce.90Nby.1002 86.5 13.4 15 51

The Ce-rich samples (Ce(g0Nbg 200, and Cey99Nbyg 100,) showed peaks related to
CeO; below 600°C. For Ceg30Nbg 700, was observed only peaks relate to Nb,Os at this
temperature range. For all the samples the CeNbO,.x phase was observed up to 600°C,
with x range of 0.0<x<0.25 [24], which may be related to the composition of each
sample.Thompson et al. [25] reported that the Nb-doped precipitated was readily
oxidized to yield several different phases upon heating, depending on the heating

regime, according to the Equation 8.1.

Ce’ NbO, + X1 07 > Ce™t |5y Ce*ty NbOysy 8.1

The formation of CeNbQO4 s phase was observed for CepgoNby 10O, at 900°C |
while Ce(30Nbg200, showed the presence of a less oxygenated structure, CeNbOy.
According to the Eq. 8.1, it indicates a higher concentration of Ce** in Ce(.30Nbg 2002
structure, A higher amount of niobium favored the formation of the structure CeNbsO4
on Ce30Nbg700, sample at high temperatures [26] Figure 1S (Appendix IV) shows the
diffractograms obtained during calcination process of the precipitated solid under inert
atmosphere. According to Bayliss et al. [27] the single phase CeNbO, was only
obtained by growth under argon, while the synthesis in air yielded CeNbQOy g as a minor
phase. However, in this work, the atmosphere did not change significantly the final

phase observed.
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Figure 8-1. XRD diffractogram for in situ calcination of Ceg99Nby 1002, Ceo.50Nbg 200, and Ce30Nbg 700, at different temperatures in air oxidant

atmosphere).
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Following, the samples were calcined at 600°C, cooled down to room

temperature. This calcination temperature was chosen to favor the formation of CeO,

structure. Figure 8.2 showed the XRD profile of the calcineted samples at room

temperature. For Cey99Nby 1002 and Ce(goNby 200, only the diffraction peaks of CeO,

with fluorite structure were observed. The literature showed other cases of metal-doped

CeO, with similar results [15, 28, 29]. This may be an indication that the doped species

were highly dispersed in CeO, [15]. For the sample doped with the highest amount of

niobium, only peaks related to the Nb,Os phase were observed. Fig. 8.2(b) shows a

zoom in the range of 20 = 27.5 and 30°. A soft shift in the peak related to the CeO,

structure (206~28.70) was observed for CeygoNby.100> and CeggoNbg 200, however for

Ceo30Nbg 700, the peak assigned to the Nb,Os structure showed a significant shift to

lower 26 value (28.54) [15].
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Figure 8-2. XRD diffractogram for calcined: CeQO,, CegoNby0,, CeysNby,0, and

Ceo30Nbg 700, at room temperature.
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Raman spectra of the calcined oxides are shown in Figure 8.3. The Raman
spectra of the niobium oxalate calcined at 500°C (Nb,Os) presented a band around 690
cm ' due to NbOg octahedra [30-31]. According to Pittman and Bell [32] the presence of
the orthorhombic or hexagonal Nb,Os crystal phases gives rise to the Raman peak at
692cm’!. For this sample a band at 230 cm’! also was observed, which are characteristic
of Nb-O-Nb bond [30, 31]. The Raman spectrum of Ceg 30Nby 700, showed a main band
around 690 cm'l, which is a confirmation that the NbOg octahedra structure prevails for
this sample. This result is in good agreement with XRD analysis (Fig. 8.2).

The Raman spectra of the CeO, exhibited a band at 464 cm'l, it is due to the
Raman-active F,, mode of CeO; [33]. Fluorite structure of CeO, have only a single
allowed Raman mode, which has F,, symmetry and can be viewed as a symmetric
breathing mode of the O atoms around cerium [34]. The Raman spectrum of
Cep9oNbg 100, and CeyggNbg,00, oxides showed a main band around 464 cm‘l, as
reposted before it is attributed to the F», vibration of the fluorite type lattice of the CeO,
[29]. A small systematic shift in this Raman band to lower frequency was observed in
all doped samples, which may be an indication of the incorporation of Nb in the ceria

structure [34]. Vidal et al. observed [35] that the incorporation of Zr or Pr into the

fluorite structure of CeO, induced a shift to lower frequency of the main band around

460 cm™.
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8.3.2. Transmission Electron Microscopy (TEM)

The morphology of the calcined powder samples has been observed by TEM. Fig.
8.4 shows the representative TEM image of a cerium doped oxide, with the
corresponding electron dispersive spectroscopy (EDS) and chemical mapping of the Nb
and Ce for Ceyg9Nbyp 1002 and CepgoNbp200, . The materials consisted of a highly
porous substance formed of agglomerated crystalline particles. The chemical mapping
of the CepooNbg 1002 sample shows that Nb and Ce have a similar distribution. This is
an indication that there is not a segregation of the metals. For CeggoNbg2002 the

presence of isolated and aggregated particles were observed.

Ce.00Nby.1002 Nb Ce

Nb Lal

Ce.30Nbg.200>

Figure 8-4- TEM/EDS analysis of C60.90Nb0.1002 and CGolgoNbolzooz
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Fig. 8.5 shows the representative TEM image for Ceg30Nbg700,. TEM analysis showed
a more organized and amourphous morphology for Cej30Nbg700, calcined powder
samples, which is related to the Nb,Os structure. The XRD analysis also indicated the
presence of only peaks related to this structure. The electron dispersive spectroscopy
(EDS) analysis and chemical mapping of the Nb and Ce indicated that Nb and Ce have

a similar distribution.

Figure 8-5- HR-TEM of calcined Ceg 30Nbg 7002

8.3.3. Ni/CexNDb;.xO; catalysts

Table 8.2 shows the BET surface area of the supported Ni catalysts. The addition
of nickel caused a slightly decrease in the surface area. The surface area values followed
the values observed for the pure oxides. Fig. 8.6 shows the TPR profiles obtained for
nickel-supported catalysts. All the samples showed a peak in the 300-500°C
temperature range, which corresponds to the reduction of NiO [36]. For Ni/CeQ,, this
peak is located at 340°C but it is shifted to higher temperature (380°C) as Nb is added to
ceria. In general, low temperature peaks are attributed to the reduction of large NiO
particles [37]. Ni/CeO; also showed a peak around 800-C, which is likely due to the

partial reduction of Ce** to Ce®* [38].
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Table 8-2. BET surface area.

BET area
Samples o’ g
Ni/Ceg.30Nbo.7002 15
Ni/Cey.50Nby.2002 28
Ni/Ce.90Nby.1002 44
Ni/CeO2 20
Ni/Nb2Os 7

According to the literature [39], the TPR profile of CeO, generally exhibits two peaks. The
first one at around 530°C is attributed to the surface reduction of CeO,, and the second one at
950°C s related to the reduction of bulk ceria and the formation of Ce,Os. The addition of
niobium to ceria led to the disappearance of the hydrogen consumption at high temperature and
the presence of a shoulder at lower temperature (450 — 550°C). This shoulder may be related to
the promotion of the cerium reduction caused by the presence of niobium. For Ni/Nb,Os the peak

between 300-500°C shift to higher temperatures values. This may be related to a strong Ni—

niobium oxide interaction [40-41].

10%Ni/Nb, O,

l()%Ni/CeO 30Nb0 70092

109%N1/Ce(y gNb(y 57O,

109%Ni/Ce(y 9oNbg 170,

H,O MS signal (a.u.)

10%Ni/CeO, |

T T T T T T T T T T T
100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure 8-6. TPR profiles of Ni supported catalysts.
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Figure 8.7 shows the XRD diffractograms of calcined Ni-supported samples.
All the samples exhibit lines characteristic of NiO at 20 = 37.31 and 43.37° at room
temperature. For Ni/CeO,, Ni/Ce 99Nbyg 100, and Ni/ CegoNbp 2003, it is also observed
the lines corresponding to CeO, with cubic structure (20 = 28.69° and 47.73°), while
lines related to Nb,Os were only observed for Ni/Ce30Nbg 700, and Ni/Nb,Os.

27.5 28.0 28.5 29.0 29.5 30.0

[\
o

Figure 8-7. Diffractogram of Ni-supported calcined samples: (A) 26 = 10 — 90°; (B)
20=27.5 - 29.5°.

The lattice parameters of the catalysts powder from the XRD data were
calculated using the UNITCELL software package [42-43]. For the calculation of the
lattice parameters, as Ni/CeygoNbg 100, and Ni/CepgoNbp200, showed only phases
corresponding to CeO,, the cubic structure was used. For Ni/Ceg30Nbg700O, the
hexagonal structure was applied, since the main peaks observed in the diffractograms
were related to Nb,Os with hexagonal structure. The lattice parameter calculated for
pure CeO, sample was a=5.412A, which matches well with the lattice parameter of bulk

Ni/CeO; reported on literature[44]. For Ni/Ce9oNby 100, and Ni/Ce(goNbg 200, with
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cubic structure the values of the unit cell parameter decreased, which is in good
agreement with effective ionic radii considerations (Ce**=0.96 A° and Nb°* =0.7A°). In
the case of the formation of a solid solution between CeO, and niobium, the niobium
ionic radius will occupies the position of the larger Ce*, which may favor the decrease
of the cell volume. Doping CeO; lattice with Nb will induce a uniform strain in the
lattice as the material is elastically deformed. This effect causes the d-spacing to change
and the diffraction peaks to shift to a new 20 position, as observed in the XRD analysis.
Similar results were observed by Aneggi et al. [45] that reported a cubic structure for
CeZrO, with a smaller cell parameter than ceria, in agreement with the introduction of
the smaller Zr*" in the lattice. For Ni/Ce30Nbg 700, with hexagonal structure mainly,
the unit cell parameter a and ¢ showed an increase compared to values observed for
Nb,Os. As the ionic radii of cerium is larger than niobium, this may be an indication of

addition of cerium in the crystal structure of niobium oxide.

Table 8-3. Refined crystallographic parameters in the Rietveld analysis of synchrotron

X-ray powder diffraction data of doped oxide.

Sample Structure a c Cell Volume

Ni/CeO, Cubic 5.41213+0.00024 - 158. 5275+0.0209
Ni/Ceg.99Nby.100> Cubic 5.37689+0.00024 - 155.4507+0.0206
Ni/Ce 59Nby.200> Cubic 5.38268+0.00024 - 155.9539+0.0207
Ni/Cey 30Nby.700> Hexagonal 25.13184+0.00197 4.01152+0.00037 2194.2622+0.3791

Ni/Nb,O5 Hexagonal 22.89501+0.00182 3.90883+0.00036 1774.4320+0.3257

In situ XRD measurements of the catalysts also were conducted under
atmospheric pressure and reducing atmosphere. The diffractograms of the Ni-supported
catalysts are presented in Figure 8.8. For Ni/CeO,, the diffractograms remained
unchanged when the sample was heated from 25 to 200 °C. At 300°C, the lines
characteristic of NiO were no longer observed, whereas a new line corresponding to
metallic Ni appears at 20=44.44°. Similar behavior was observed for Ni/Ce9oNbg 1004
and Ni/CegoNbg2004 However, besides the nickel reduction, for Ni/ CegoNbg 2004
after 1h at 500°C the presence of peaks relates to Ce,Osz around 26=31.02° also was

observed, which indicates reduction of Ce** to Ce**. This may be an indication that the
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presence of niobium favors the reduction of cerium oxide, as indicated by the TPR
analysis. For Ni/Ce( 30Nby 7004 and Ni/ Nb,Os the reduction of nickel was also observed
around 300°C, however, the structure of support remains unchanged, with the profiles

showing hexagonal Nb,Os structure with peaks at 26=22.68 and 28.487 (JCPDS- 7-61).
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Figure 8-8. XRD diffractogram for in situ reduction of Ni impregnated CeO,, Ce9Nby ;0,, CeysNby0,, Cen30Nbg 700, and Nb,Os at different

temperatures.
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Table 8.4 presents the particle size of the metallic nickel and cerium oxide
estimated based on Scherrer Equation. In general, the addition of Nb decreased the
crystallite sizes of ceria, which is in agreement with the absence of CeO,
crystallographic peaks for Ni/Ce(3Nbg;0, in the XRD analysis.. The Ni crystallite size
increased during reduction from an initial value of 30nm to final values around 60 nm
for Ni/CeO, Ni/CeysNbp,0, Ni/CepsNby;0, and Ni/Nb,Os. However, for
Ni/CepoNby O, smaller NiO particles (around 23nm) were observed and the sintering
process did not happen during the reduction of this sample. According to Richardson et
al. [46] nickel clusters rapidly agglomerate into metallic nickel crystallites due to the
small distances between NiO crystallites in bulk NiO. Thus, as Ni/Cey9Nby 0, has a
more disperse NiO oxide, which may hinders the agglomeration of the nickel

nanoparticles during the reduction.

Table 8-4. Ni’ and CeO; particle size estimation based on Scherrer Equation.

Temp Ni’ particle size (nm)
°C) Ni/CeO, Ni/Ceyp9Nby102 Ni/CepsNbyp20; Ni/Ce3Nby;0, Ni/Nb,Os
RT* 38 28 30 38 31
300 33 22 29 37 36.
400 46 23 33 45 33
500 57 23 44 53 51
500-1h 60 23 47 61 57

CeQ; particle size (nm)

R.T 21 9 10 - -
500-1h 22 9 8 - -

*NiO oxide particle size

XPS technique provided information about the oxidation states for all elements
on the surface as well as their surface concentration. The XP spectra of Ni2p3, Nb3d,
and Ce3d core electron levels for the calcined samples and after reduction at 500°C are
shown in Fig. 8.9 [47]. The Ni 2p spectra for all the calcined catalysts show the main
peak with two clearly visible components, one at lower BE values, c.a. 853-854 ¢V,
related to Ni** with octahedral coordination (On) and another at higher BE values of

854-855 eV, which can be assigned to low-coordination Ni** cations [47-48]. For Nb3d
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the binding energy values reported in the literature [49] for the different niobium
oxidation states at Nb3d5/2 bands were: 202.0 eV for metallic niobium, 204.4 eV for
NbO, 206.4 eV for NbO,, and 207.9 eV for Nb,Os. For Ni/CeyoNbg 100, and
Ni/Ceg0Nbp 200, two Nb species were identified. These species correspond to Nb* and
Nb>* with Nb 3d5/2 binding energy around 206.1 and 207.2 eV, respectively. According
to You et al. [19], Nb* in the NbOx/CeO, catalysts should be formed by the redox
reaction between Ce™* (oxygen vacancy) and Nb™* on the CeO, surface. For the sample
with the highest amount of Nb the presence of Nb** was not observed, because higher
Nb content favored the formation of Nb>* [19]. The Ce 3d spectra is composed by two
multiplets (v and u). These multiplets correspond to the spin-orbit split of 3ds,; and 3d3.,
core holes. The u_ is the most representative peak of Ce** state [50], while v’ and w’
lines indicate the presence of Ce®* ions. N1/Ce.90Nbg 1002, Ni/Ces0Nbp200, and
Ni/CeO; calcined showed mainly Ce** on the surface, while no cerium was observed
over Ni/Ceg3Nby 70, surface

The Ni 2p3/2 core level spectra of catalysts after reduction process (at S00°C for
1h) showed binding energies characteristic of Ni’ and Ni** (B.E. = 852.2 eV and 855
eV, respectively). It was clear that none of the samples were completely reduced after
the reduction protocol applied [51]. This absence of full reduction may be caused by
the use of diluted hydrogen flow in this analysis, and can also be related to strong metal-
support interaction, in which a partial reduction of the support oxide and of the NiO
clusters can lead to a recovering by the support in some degree. Ni/CepgoNbg 1002
showed the lowest intensity for the Ni’ peak, which may be related to small Ni particles
observed for this sample. Smaller nickel particles have a stronger interaction with the
support, therefore the Ni particles become less reducible [37]. After the reduction, the
position of the Nb3d peaks shifted to lower B.E, as the amount of Nb decreased. This
shift is highlighted by dash line in the Figure 8.7, which is an indication that the surface
niobium was reduced to NbOx during the reduction treatment. After the pre-treatment at
500°C for 1h in diluted H; all the samples showed the reduction of Ce* to Ce3+, which
is in agreement with the XRD and TPR analysis. According to the intensity of the peak
u_ the reduction degree decreased in the following order: Ni/Ceg30Nbg700, > Ni/
CepsNbp,0, > Ni/ CepgNby 0, > Ni/CeO, For Ni/ Ce30Nbp700, only Ce** was

observed in its surface.
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Figure 8-9. XP spectra of the Ni-supported catalysts before and after reduction in
diluted H, at 500°C.
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Table 8.5 lists the surface composition derived from the XPS analyses, The ratio
of Nigy#Nipux Wwas calculated based on Pedra et al. [47] The surface Ce/Nb ratios
indicated that the addition of niobium decreased the concentration of surface cerium
oxide species on calcined samples. After reduction treatment, almost all the catalysts
showed a strong decrease in the intensity of the Ni 2p3/2 core level, which decreases the
surface exposition of metallic Ni. This decrease may be an indicative of sintering
phenomena of nickel particles during the reduction process and/or coverage of metallic
particles by the support. Surface exposition of metallic nickel decreases in the order:
Ni/CeO,> Ni/Ce 30Nbg 700>~ Ni/ CepoNby 0, > Ni/ CeysNby,0,. The presence of Nb
promoted the formation of oxygen vacancy on the catalysts surface, which was
confirmed by an increase in Ce3+/(Cet0ta1) rate. The followed order of Ce** concentration
was observed: Ni/CeO,< Ni/ CepoNbg 0, < Ni/ CeygNby,0, < Ni/Ceq 30Nbg 700,. For
Ni1/Cey30Nbg 700, the niobium concentration over the surface increased after the

reduction.

Table 8-5. Surface composition (at %) derived from the XPS analyses

Surface Composition

Calcined Ratios
Ni Ce Nb O |Ce3d/Nb3d Nb/Ce+Nb+Ni Ni/support
Ni/CeO; 36.43 8.58 - 63.57 1 - 3.24
Ni/ Cey9oNbg 100, 19.34 1191 22.43 58.24 0.53 0.53 0.19
Ni/ CegsNby200, 7.17 7.61 29.34 55.87 0.26 0.66 0.07
Ni/Cey30Nbg7002 29.64 0  8.57 61.79 0.0 0.22 3.45
After reduction Ratios
Ni Ce Nb O [Ce™/(Cer) Nb/Ce+Nb+Ni  Ni/support  Ce’*/(Cer+Nbry)
Ni/CeO; 95 342 - 55.3 0.11 - 0.27 -
Ni/Cey90Nbg.1002 2.53 18.5 26.59 52.37 0.17 0.55 0.02 0.03
Ni/Cep30Nbg2002 5.1 14.45 21.22 59.2 0.27 0.52 0.05 0.04
Ni/Cey30Nbg7002 6.3 3.3 442 463 1.00 0.82 0.13 0.04
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8.3.4. XAS analysis
8.3.3.1. In-situ XANES spectra at Nb K-edge

Aiming to evaluate the oxidation state of Nb before and after the reduction
process at different temperatures, TPR-XANES analysis was performed. Snapshots of
XANES spectra at the initial and final stages of reduction are provided in Fig. 8.10.
The XANES spectra were quite similar for all calcined and reduced samples: a pre-edge
absorption and two peaks in the post-edge region. The pre-edge absorption feature was
observed around 18996 eV, which is related to, in part, an electronic transition from the
Nb Is-orbital to the 5p orbital [52]. The two features located at around 19005 and 19017
eV reflect the low-energy scattering resonances of photoelectrons by neighboring atoms
[53]. Figure 8.11 presents a comparison of the XANES spectrum in the Nb k-edge for
all the samples after the reduction at S00°C for 1h. According to the literature [53-54]
the XANES spectra of niobium oxides significantly differ from Nb metal.

The Nb spectra is shifted toward higher energies with an order of the increase in
valence values. Cartier et al. [54] showed that niobium threshold energy E, is shifted
from 18986 eV (NbO) to 19006 eV (Nb5+) as Nb formal valence increases. Fig. 8.11
reveals a shift in the first derivative peak at 19013 eV for Ni/Nb,Os to lower photon
energy as the Nb content decreased. In addition, it is also observed the appearance of a
small peak around 18986 eV. These results indicate the reduction of Nb™* species to a

lower oxidation state, which is good agreement with XPS data for reduced samples.
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Figure 8-10. Snapshots of XANES profiles at the Nb K-edge at (black) ~Room

temperature; (red line) ~500°C complete reduction of (above right).
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Figure 8-11. Comparation of the Snapshots of normalized Nb K-edge XANES profiles
and first differential Nb K-edge XANES at the Nb K-edge at~500°C complete

reduction.

8.3.3.2.  In-situ XANES spectra at Ce Llll-edge

Fig. 8.12 shows the in situ XANES spectra at Ce Ly-edge and the corresponding
linear combination fittings of these spectra during reduction of the catalysts. CeO;
standard and Ce(NOs); spectrums were used as references for the linear combination
fittings. At room temperature, all samples showed two peaks (5728.3 and 5735.3 eV)
[55], which are related to Ce** species (Fig. 8.12). These peaks correspond to absorption
into the 5d level with no occupancy in the 4f level in either the initial or final state [56].
During reduction, a new peak appears at 5717.8 eV that is associated with 4f occupancy
in the initial state. This peak is an indicative of the presence of Ce’* in the sample [57].
The concentration of the Ce®* in the sample is related to the amount of Nb added to the
catalyst. Figure 8.14 showed a comparison among the samples before and after the

reduction process.
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Figure 8-13- Linear combination fittings of TPR-XANES profiles at the Ce L3-edge for

the studied samples.

For Ni/CeO catalyst, the reduction of Ce** to Ce™* species started at 250°C. The
beginning of ceria reduction began at lower temperature for Ni/Ce9oNby 100, catalyst
(200°C). Furthermore, a higher fraction of Ce™ species was obtained in this catalyst
after reduction at 500°C. Increasing the Nb content facilitates the reduction temperature
of Ce™ to Ce *, by increasing the amount of Ce’* formed and decreasing the
reduction order observed:

temperature of reduction. was

Ni/Ce()goNb()joOz > Ni/ Ce().g()Nb().z()Oz >Ni/ CC(),gQNbO.l()Oz > Ni/CeO,. The addition of

The following

Zr to ceria also lowered the temperature of reduction and increased the extent of Ce

reduction [57]. This was attributed to the incorporation of zirconia into the ceria lattice.

+29
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Figure 8-14. Comparison of the Snapshots of normalized Ce L3-edge XANES spectra
before and after the reduction at 500°C.
8.3.3.3.  In-situ XANES and EXAFS spectra at Ni K-edge

In situ XANES spectra at N1 K-edge and the corresponding linear combination
fittings of these spectra during reduction of the catalysts are shown in Fig. 8.15. The
initial spectrum of the oxidized catalyst and the Ni foil were used as references for the
linear combination fittings. The Ni-K edge XANES spectra for the calcined samples
correspond to the presence of NiO [58]. The intensity of the white line decreased as the
reduction temperature increased up to 500°C, which suggests the progressive reduction
of NiO to metallic Ni. There were no significant changes on XANES spectra during
reduction for 1 h. Fig. 8.15 also shows the changes in the Ni species during reduction
for all catalysts. The NiO to Ni° reduction starts at 280°C for Ni/CeO, and this
temperature increased as the Nb content increased, indicating that NiO reducibility
slightly decreased when Nb was added to ceria. At 500°C, complete reduction of NiO

was observed for all catalysts.
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Snapshots of EXAFS spectra at the initial and final stages of reduction are
provided in Fig. 8.17. The initial spectra (spectrum of calcined sample) are dominated
by the Ni-O bond. For all the samples, the EXAFS spectra following reduction at
~500°C are dominated by a single peak located between 2 and 2.5 angstroms in the
phase-uncorrected Fourier transform magnitude spectra, which can be assigned to the
first Ni-Ni shell. XRD in situ data also indicated the presence of Ni metallic after
reduction at 500°C for 1h .

The raw kz—weighted x(k) spectra (solid black line) filtered and (red filled
circles) fitted k*-weighted x(k) spectra of the reduced catalysts are shown in Fig. 8.18.
According to these pictures there are not differences in the spectra of the doped oxide
compared with Ni/CeO, and Ni/Nb,Os.

EXAFS fitting parameters of all catalysts, as well as for the Ni foil reference are
given in Table 8.6. The goodness of fit parameter was less than 0.009, indicating a good
fit. The coordination number of the first Ni-Ni shell for all the samples determined by
curve-fitting was around 12. This result agrees very well with the Ni° crystallite size
determined by in situ XRD (Table 8.4). Also, all the samples had similar Ni-Ni
distance, around 2.48A. The Debye-Waller factors for the samples are a little higher for
the Ni particles obtained after reduction than for Ni foil, which can be related with a

slightly more disordered structure.
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Figure 8-17. Snapshots of EXAFS profiles at the Ni K-edge at (blue line) ~R.T; (red

line) ~500°C complete reduction of studied catalysts.
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Table 8-6. EXAFS parameters of Ni—Ni interactions for the studied catalysts and Ni foil

reduced at 500°C.
C.N. R (A) ) %
Sample €0 (ev) 6 (A2) r-factor
(Ni-Ni) (Ni-Ni)
foil 2.48293 6.425 0.00600
Ni 12 0.0084878
(0.0015) (0.66) (0.0004)
11.79 2.48248 6.445 0.00658
Ni/CeO, 0.0088707
(0.75) (0.0017) (0.71) (0.0005)
11.85 2.48166 6.197 0.00647
Ni/Ce9Nby 10, 0.0089239
(0.76) (0.0017) 0.71D) (0.0005)
12.08 2.48192 6.205 0.00639
Ni/CGo,sNb(),gOZ 0.0090888
(0.78) (0.0018) (0.72) (0.0005)
11.72 2.4829 6.371 0.00646
Ni/Cey.30Nbyg.7002 0.0089992
(0.74) (0.0017) 0.7 (0.0005)
11.79 2.4827 6.486 0.0066
Ni/Nb,Os 0.0083676
(0.75) (0.0017) (0.69) (0.0005)

8.3.5. HDO of phenol over Ni/CexNb;..O, catalysts

The phenol conversion and product yield for HDO of phenol at 300°C over all

the catalysts as a function of W/F are shown in Fig. 8.19. For Ni/CeO, catalyst, methane

was the dominant product for W/F > 0.4 h. Cyclohexanone (ONE), cyclohexanol (OL)

and benzene were also formed. The addition of 10% of Nb changed significantly the

product distribution. In this case, the yield to benzene increased and the formation of

methane strongly decreased. Increasing the Nb content favored the formation of

benzene, while the production of methane and oxygenated compounds was inhibited.

For Ni/Ce30Nbg 700, and Ni/Nb,Os catalyst, only benzene was formed in the whole

range of W/F studied. The selectivity to products for HDO of phenol at 300°C over all

the catalysts as a function of phenol conversion are shown in Fig. 8.20.
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Figure 8-19- Phenol conversion and yield of products as a function of W/F over the

studied samples. Reaction conditions: T = 500°C; p = 1 atm; and H,/phenol molar ratio

= 60.
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Figure 8-20. Selectivity to products as a function of phenol conversion over. Reaction

conditions: T = 500°C; p = 1 atm; and Hy/phenol molar ratio = 60.
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The reaction rate for HDO of phenol and the selectivity to products at low

phenol conversion (around 13%) were shown in Table 8.7. Regarding product

distribution, Ni/CeQO, catalyst exhibited a low selectivity to benzene and a significant

formation of cyclohexanone and methane. The addition of Nb to ceria significantly

increased the selectivity to benzene and reduced the formation of methane and

cyclohexanone. The results indicate that an increase in the Nb concentration improved

the formation of benzene, which is an indication that this metal significantly impacts the

adsorptive and catalytic properties of the catalysts.

Table 8-7. Reaction Temp: 300°C; H,/phenol = 60 molar ratio; phenol mass flow
(L/h)=2.91179E-06 .

Reaction Selectivity (%)
W/F rate X
Samples
(h) (mmol/im (%) | Benzene Ano+Eno ONA Methane Cyclohexanol
in.gcat))

Ni/CeO, 0.14 0.199 13.4 8.38 0 43.02 32.62 15.98
Ni/ Cey9Nby 10, 0.02 0.735 9.54 35.93 4.54 46.76 0 12.75
Ni/ CeysNby 0 0.05 0.488 12.67 44.09 1329 2038 19.94 2.27
Ni/Cey30Nby.700: 0.05 0.409 9.53 86.92 3.77 8.35 0 0.94

Ni/Nb O, 0.03 0.5 10.1 | 89.96 2.4 6.74 0 0.90

*Conversion

8.3.6. The effect of supports with different compositions

Three reaction pathways have been reported in the literature for the HDO of

phenol [59-60]: (i) Hydrogenation of the Ca;om-C (HYD) bond of the aromatic ring of

phenol followed by dehydration of the cyclohexanol formed, (ii) the direct



186 CHAPTER VIII —Ni on doped cerium oxide

deoxygenation (DDO) and (iii) tautomerization-hydrogenation-dehydration. DDO route
involves high dissociation energy of the C-O bond of the aromatic ring in the phenol
molecule and thus, it may occur depending on reaction temperature and catalyst used.
Chen et al. [61] studied the hydrodeoxygenation of m-cresol on silica supported Ni, Pd
and Pt catalysts. According to the authors the oxygen removal is mainly through a direct
deoxygenation (DDO). The phenol tautomerization-hydrogenation-dehydration was
observed over Pd-catalysis. The keto-tautomer intermediate 2,4-cyclohexadienone may
be hydrogenated at the ring to produce 2-cyclohexen-1-one, which is further
hydrogenated (e.g., to cyclohexanone and cyclohexanol), or with the oxophilic support,
it can be preferentially hydrogenated at the carbonyl group. This produces 2.4-
cyclohexadienol, which is subsequently dehydrated to benzene.

The results obtained in the present work revealed that for the studied nickel
supported samples, the product distribution is influenced by the composition of the
support. For all the samples, both reaction pathways (tautomerization and direct
deoxygenation) might take place. The favored pathway over Ni/CeO, was the
tautomerization, as ONE and OL were the products most produced. Mortensen et al.
[62] also studied Ni/CeO, catalysts over the HDO of phenol, according to the authors
the Ni/CeQO; catalyst had practically no activity for deoxygenation. Scission of the C-C
bond by hydrogenolysis of the phenol group over Ni catalyst yielding methane also was
reported by Teles et al. [7 and 63]. Tan et al. [64] showed that the direct
dehydroxylation of m-cresol over the Ru(0001) surface forms an unsaturated
hydrocarbon surface species C;H7*, which can be an intermediate for the production of
C-C bond breaking products CH4 and C,-Cs hydrocarbons.

The presence of niobium affects the structural properties of the new oxide,
which leads to higher surface area and more disperse nickel particles. According to the
Table 8.7, probably CHy is directly formed from benzene breaking rather than from its
hydrogenation products, which also was reported by Tan et al. [64] in HDO of m —
cresol. The hydrogenolysis reaction proceeds by cleaving C-C bonds to form CxHy and
CHy species. In general, the hydrogenolysis of alkanes has been considered a structure
sensitive reaction and a decrease in activity with decreasing particle size has been
observed [65]. The positive effect of the niobium addition over the benzene selectivity
1s more evident for Ni/Ceg30Nbg 700-.

As a support, Nb,Os intensely favors the HDO products, independent of the
metals used. According to Xia et al. [66], the high catalytic activity of NbOPOy for the
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direct hydrodeoxygenation reaction can be ascribed to the better adsorption capability of
surface Nb™*. Correlation between the C—O bond dissociation barriers and their
corresponding adsorption energies shows that stronger M>*-O (M=Nb, Re) bond
strength leads to easier the C—O bond cleavage. Barrios et al. [8] also showed that the
superior performance of niobia supported catalyst for HDO of phenol is likely due to
the presence of oxophilic sites represented by Nb>*/Nb** cations. According to the
authors the strong interaction with the oxygen of the phenol molecule promotes
hydrogenation of the carbonyl function of the tautomer intermediate.

According to the XRD analysis presented in this work the octahedral structure of
Nb,Os prevailed for Ni/Ce30Nbg700,, which also was confirmed by the Raman
analysis. The XPS analysis also indicated a higher Nb concentration on the
Ni/Ce30Nbg 700, surface. The Nb,Os structural may favor the formation a Ni-Nb,Os
interface, which leads to the adsorption of the phenol though its oxygen present in C-O
bond. This type of adsorption promotes the hydrogenation of the carbonyl function of
the tautomer intermediate. Therefore, a complete HDO of phenol reaction pathways
over the studied samples is proposed in Figure 8.21, representing the main reaction

route for each sample.
OH
NiCeyNby 0y O C\J
NiNbyOs o
':'H.', —— ':-5 'C-G — @
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Figure 8-21- Reaction pathways for HDO of phenol over supported metal catalysts
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8.3.7. Stability analysis

Phenol conversion and product distributions as a function of TOS (24h) for all
catalysts are shown in Figure 8-22. All the samples showed similar initial conversion
(around 60-65) and deactivated mainly during the first 6 h of TOS. The stability of the
catalysts defined by Eq. (3.13) was calculated and the results are listed in Table 8-8
(deactivation parameter — DP). In general the deactivation degree was favored by the
presence of Nb.The presence of cerium as a support did not favored the catalyst stability
for Ni impreganed samples. De Souza et al. [6] reported that Pd supported on the CeO,
and CeZrO, were more stable for the HDO reaction at similar conditions used in this
study. According to the authors under reactions conditions phenoxy and intermediate
species remains adsorbed on the Lewis acid sites, blocking those sites and inhibiting
further reactant adsorption. The authors related the lower degree of deactivation of
Pd/CeO, and Pd/CeZrO, catalysts to the higher density of oxygen vacancies of these
supports. The formation of oxygen vacancies expose additional cationic sites that turn
over oyxgenate intermediates and/or allow facile desorption of oxygenate products. In
general, they reported that the adsorption strength also contributed to catalyst
deactivation. The stronger adsorption between the carbonyl function with oxides such as
TiO,, ZrO,, Si0O,, and Al,O;3 resulted in an accumulation of O-containing byproducts
and led to catalyst deactivation. Thus, in this study the presence of a more oxofilic metal
(Ni) [7] may favor the accumulation of O-containing byproducts and promoted the
desactivation process.

There were also changes in the product distribution along the reaction (Figure
8.22). For all the samples the selectivity to ONE increased, while the benzene decreased
during 24 h. However, this effect is stronger for the samples doped with niobium.
Iniaially for Ni/Cep30Nbg 700, and Ni/Nb,Os the only products observed were benzene
and a small amount of ONA, however after the first hour the selctiviy of ONA and CHy4
increased. The presence of CH4 may be related to the destruion of the Ni-Nb interatction

caused by the presence of H,O produced in the reaction [67].
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Table 8-8- Deactivation parameters (DP) of the studied samples

Samples Dp
Ni/CeO; 0.17
Ni/Ceo.90Nby.100: 0.17
Ni/Cey.30Nby200: 0.12
Ni/Cey.30Nbo.700: 0.14
Ni/Nb,Os 0.10

8.4. Conclusions

The objective of this work was to study the effect of the niobium addition in
CeO, structure with the aim of obtaining selective nickel catalysts for
hydrodeoxygenation reaction. The deoxygenation capacity of the samples was enhanced
in the presence of niobium, suggesting that adsorptive and catalytic properties of
Ni/CeO, were modified. For Ni/CeO, the reaction mechanism based on the
tautomerization prevailed at small W/F. This sample promoted the hydrogenation of the
ring, producing preferentially cyclohexanone and cyclohexanol. However, at higher
conversions, CHs was the most favored product for Ni/CeO, . which is related to the
tendency of nickel to breaking C-C. Smaller nanoparticle nickel size strongly affected
the selectivity of methane, which is desfavored by the addition of small amounts of
niobium, due to the formation of an oxide with higher surface area. The hexanol
structure of Ni/Nb,Os and Ni/Cey39Nby700, favors the formation of a Ni-Nb,Os
interface, which leads to the adsorption of the phenol though its oxygen and promotes

the benzene selectivity.
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CHAPTER IX

9.1. Conclusion

v’ Initially, we conclude that without methane the thermodynamic equilibrium indicated
that a high ratio of H; to phenol and medium temperatures contributed to a greater
selectivity for benzene. This equilibrium is reached over Pd samples at higher
temperatures. However, when methane was add to the calculations this product was

the only one observed, which was expected because CHy,4 is a very stable compound.

v" For HDO reaction in gas phase, alloying Pd with less oxophilic metals (Zn, Cu and
Ag) favored the selectivity to hydrogenated products. For PdSn, as tin oxide should
exhibit an oxophilicity similar to Zr** cations it promoted the formation of benzene.
Once Sn"" is located at or near the metal particles, it favors the adsorption of the
keto-tautomer of phenol through its carbonyl group, which increases hydrogenation

of the C=0 bond.

v Different metals supported in Nb,Os also were studied in a HDO gas phase. The
reduction temperature affected the activity and selectivity of the different metallic
Nb,Os-supported by the promotion of the SMSI effect. After reduction at 773K,
nickel supported in Nb,Os showed similar benzene selectivity than rhodium and

palladium.

v" The niobium addition in CeO, structure favored the deoxygenation suggesting that
adsorptive and catalytic properties of Ni/CeO, were modified. The octahedral Nb,Os
structure for the sample with more niobium may favored the formation a Ni-Nb,Os
interface which leads to the adsorption of the phenol though its oxygen and promoted

the benzene formation.

v In a liquid phase, Pd catalysts with different metal loading showed that the
hydrogenation of phenol in a liquid phase is a structure sensitive reaction. The

addition of Ag increased the TOF of the reaction, by lowering the energy of
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activation compared to the monometallic Pd counterpart via enhancing the electron

density on Pd.

v" For future studies we recommended the investigation of nickel supported on Nb,Os
and on cerium doped oxide catalysts in a liquid phase. Also, must be relevant
investigated the effect of Ni particles size over different supports in a HDO reaction.
It will be important to obtain materials with controlled shape and size, which allows

a better understanding of the influence of these characteristics on the reaction..
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APPENDIX I

I. Hydrodeoxygenation of phenol over zirconia supported Pd bimetallic

catalysts: The effect of second metal on catalyst deactivation.

Table 1SI: TPR Areas

Area median of the

Area 1% peak Area 2* Peak
Samples loop
Pd/ZxrO, 3.11324E-09 1.81094E-09 1.21491E-11
PdAg/ZrO, 3.21861E-09 4.92907E-09 1.23107E-11
PdCu/ZrO, 2.90879E-09 1.88061E-09 1.02089E-11
PdSn/ZrO, 2.74139E-09 1.50592E-09 6.25254E-12
PdZn/ZrO, 3.71993E-09 1.9035E-09 9.69169E-12
Loop Volume : 0.00025mL
20 25 30 35 40 45 50 55 60 65 70 75 80
- | PACWIZIO,
3 Y -
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Figure S1. XRD patterns of Pd/ZrO, and PdMe/ZrO, catalysts (Me=Ag, Sn, Cu and
Zn).
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(b)

Figure S2- STEM image of (a) Pd/ZrO; ; (b) PAAg/ZrO; (c) PdSn/ZrO, catalysts.
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k1-weighted FT magnitude

2 3 4
R (Angstroms)

Figure S2. (right) TPR-EXAFS k'-weighted Fourier transform magnitude spectra at
the Ag K-edge of the Pd-Ag catalyst as a function of temperature (left) EXAFS profiles
at the Ag K-edge at (solid black line) ~331K; (dashed line) partial reduction; and (solid
gray line) ~771K complete reduction of the PAAg catalyst.
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Figure S4. (left, a) raw kl-weighted x(k) spectra; (middle, b) (solid line) filtered and
(filled circles) fitted kl—weighted y(k) spectra; and (right, ¢) (solid line) raw and (filled
circles) fitted k'-weighted Fourier Transform magnitude spectra of (I) Pd-Ag (separate
fitting) and (II) Pd-Ag (combination fitting). Fittings were conducted over the first Pd—
MM = Pd and/or Ag) coordination shell.
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(A) (B)
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Figure S4. Selectivity to products as a function of phenol conversion over: (A)
Pd/ZrO,; (B) PdAg/ZrO,; (C) PdCu/ZrO,; (D) PdSn/ZrO,; (E) PdZn/ZrO,. Reaction

conditions: T =573 K; p = 1 atm; and Hy/phenol molar ratio = 60.
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APPENDIX II

II.  Aqueous phase hydrogenation of phenol catalyzed by Pd and PdAg on ZrQO,

30 40 5 60 70 8 9 100 110 120 130 140 150

2% PIZI0,
1% P/Z:0,

0.5% PA/ZtO,

ZrO2 - Monoclinic
| |

Intensity (a.u.)

L
30 40 5 60 70 8 90 100 110 120 130 140 150

20

Zr0, - Tetragonal
N

Figure 1SI. XRD patterns of the Pd/ZrO, samples with different Pd loadings.
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Figure 2SI. Effects of H, partial pressure at 0.30 M of phenol (left) and phenol

concentration (right) at 50 bar of H, on the rate of HDO of phenol over 1% Pd/ZrO; and

0.5% Pd/ZrO; catalysts at 463 K.
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Figure 3SI.XRD patterns of the 1%PdAg/ZrO,sample.
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Figure 4 SI. Effects of phenol concentration at 50 bar of H; (left) and hydrogen partial

pressure at phenol concentration of 0.30 M (right) on the rate of phenol hydrogenation

over 1% Pd/ZrO, and 1% PdAg/ZrO; catalysts at 463 K.
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Table 1SI.Phenol hydrogenation over 1%Pd/ZrO, at different temperatures. Reaction

conditions: 50 bar Hj, 0.30 M phenol concentration (in water), catalyst mass 15-20 mg.

Catalyst Selectivity (%)
T Time Conversion
mass
(K) | (min) (%) Cyclohexanone | Cyclohexanol
(mg)
15 2 100 0
30 7 100 0
443 20
45 10 98 2
90 19 97 3
15 10 100 0
30 16 98 2
453 20
45 22 97 3
60 24 96 4
15 8 100 0
30 14 95 5
463 15
45 22 95 5
60 24 94 6
15 6 100 0
473 30 10 16 95 5
45 24 92 8
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Table 2SI. Comparison of the product selectivities on 1% Pd-0.5%Ag/ZrO, at different

temperatures.P (H,) = 50 bar and C(phenol)= 0.30 M.

1%Pd-0.5% Ag/ZrO,
T (K) Time (min) Selectivity (%)
Cyclohexanone Cyclohexanol
15 96 4
30 96 4
473
45 98 2
60 98 2
15 93 7
30 97 3
463 45 98 2
60 99 1
15 97 3
30 98 2
453
45 98 2
60 98 2
10 - -
30 98 2
443
45 99 1
60 - -
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Exclusion of internal mass transfer limitations
Regarding the internal mass transport limitation, we used the Weisz-Prater
number to evaluate its impact [1]:
Ny s = RR,”
CsDery

where R is the reaction rate per unit volume of catalyst, R;, is catalyst particle radius, C;
is the reactant concentration at the external surface of the particle, and Deg is the
effectivediffusivity in the pores of the catalyst.

On the most active catalyst (2%Pd/ZrO,), R,the reaction rate normalized to the
pore volume (0.15 cm3g'1) was 6x10*mols”'cm™ at 463 K. R, catalyst particle radius,
can be estimated from the TEM images to be <0.2umon average.In the absence of
external transport limitation, the surface concentration can be assumed to be equal to the
bulk concentration, 3.0 x 10*mol cm™. D¢, the effective diffusivity in the pores of
ZrO,, 1s not available. A number of relevant estimates are given below. Diffusion
coefficient was reported to be ~10cm?® s for phenol in water at r.t. [2]; intraparticle
diffusivity of phenol in packed columns (particles having 10-32 nm pore diameter) was

determined to be also on the order of 10°cm? s™'at 295 K [3]; for smaller pores of 7 nm

2 -1

average size, the effective diffusion coefficient was on the order of 107 to 10% cm? s

[4].Degr with Similar orders of magnitude were reported for diffusion of phenol from
aqueous solutions to activated carbon [5].

A Weisz-Prater number less than 0.3 typically indicates negligible internal mass
transfer limitations [1]. The Weisz-Prater number, using lower-bound estimates for
Dci[6] and upper-bound estimates for R and Rp,was calculated to be 0.08 on the most
active catalyst, which indicates that the reactions are free of internal mass transfer

limitations.
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APPENDIX III

III. Hydrodeoxygenation of phenol over metal supported niobia catalysts

Absorptivity (a.u.)
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Figure S1. TPR-XANES profiles as a function of temperature at the (A) Ni K-edge —
300°C; (B) Ni-Kedge — 500°C.
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(A) B)
=
N2
2
Z
o
S
2
<
19Pd/NbyO5 1%Rh/NbyO5
18.96 18.98 19.00 19.02 19.04 19.06 19.08 19.10 18.96 18.98 19.00 19.02 19.04 19.06 19.08 19.10
Photon Energy (keV) Photon Energy (keV)

©

Y 5%Ni/NbyOs5

~ ~ ~

Absorptivity (a.u.)

18.96 18.98 19.00 19.02 19.04 19.06 19.08 19.10
Photon Energy (keV)

Figure S2. TPR-XANES profiles as a function of temperature up to 300°C at the Nb K-
edge for (A) Pd/Nb,Os; (B) Rh/Nb,Os; (C) Ni/Nb,Os.



Absorptivity (a.u.)

207

APPENDIX 111
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Figure S3. TPR-XANES profiles as a function of temperature up to S00°C at the Nb K-
edge for (A) Pd/Nb,Os; (B) Rh/Nb,Os; (C) Ni/Nb,Os.
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APPENDIX IV

IV. Hydrodeoxygenation of phenol over doped cerium oxide: The effect of niobium addition
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Figure 1S: XRD diffractogram for in situ calcination of CeyoNby O, CeysNby,0, and Ce30Nby700, at different temperatures in He (inert

atmosphere).
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EDS Layered Image 2 EDS Layered Image 3
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Figure 2S: TEM/EDS analysis of Ce 30Nbg 7002



