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OBJETIVOS
Cumplimiento de los Objetivos planteados en la etapa final, o pendientes de cumplir. Recuerde que en esta sección debe referirse a
objetivos desarrollados, NO listar actividades desarrolladas.
Nº
OBJETIVOS
CUMPLIMIENTO
FUNDAMENTO
1 Examine the structure sensitivity of phenol
TOTAL
This objective was accomplished and the results
hydrodeoxygenation reaction over reducible
were presented at a scientific congress in Brazil
carbon nanofiber-suppported metal oxide
as well as published in ISI journal article.
catalysts by varying particle size and composition
through preparation of catalysts with different
loadings.
2 Examine the effect of the nature and contents of
TOTAL
The results were published together with other
metal promoters (Co, Ni, Ru and Re) on the
results in two ISI articles.
reactivity of the best catalysts.
3 Compare the reactivities of o-substituted phenols
TOTAL
The reactivities of subsituted phenols and other
in order to elucidate the influences of the
lignin model compounds (o-cresol, anisole,
ortho-substituent on the C-O bond scission of
guaiacol, etc.) were additionally studied and the
phenol at selected conditions.
results were published as part of the study aimed
at Obejctive No 1.
4 Evaluate the reactivity of the best catalysts for the
NO
The studies developed in a way where it did not
aqueous phase HDO of lignin-derived compounds
fit the narrative of the project to carry out this
to validate the effectiveness of the catalyst in a
objective.
typical bio-oil solvent.
5 Compare the reactivity of the best catalysts for
NO
During the course of the project, greater emphasis
phenol HDO in different solvents to assess the
was placed on developing the metal-oxide based
influence of solvent on gas-liquid mass transfer,
catalysts than on studying effects such as reaction
H2 solubility, and hence on activity and
solvent.
DDO/HYD selectivity.
6 Conduct parametric studies of the best catalysts to
PARCIAL
The results from this objective was published in
examine the effect of temperature, pressure and
an ISI paper, although they were conducted in a
space velocity on reactivity using model
batch reactor rather than in a continuous flow
compounds to optimize catalysts performance,
set-up.
obtain plausible reaction sequence and kinetics,
and indicate if deactivation occurs under
continuous flow conditions.
7 Perform simulation with Aspen to gain
NO
There was simply no time to accomplish this
information on optimization of experimental
objective.
conditions (temperature, pressure and space
velocity).

8

Test the best catalyst on a model mixture with
similar physical/chemical properties to crude
bio-oil to substantiate the prospects of the
catalysts for bio-oil upgrading.

NO

There was no time to accomplish this objective.

Otro(s) aspecto(s) que Ud. considere importante(s) en la evaluación del cumplimiento de objetivos planteados en la propuesta
original o en las modificaciones autorizadas por los Consejos.

RESULTS OBTAINED:
For each specific goal, describe or summarize the results obtained. Relate each one to work
already published and/or manuscripts submitted. In the Annex section include additional
information deemed pertinent and relevant to the evaluation process.
The maximum length for this section is 5 pages. (Arial or Verdana, font size 10).
Specific goal No 1: Examine the structure sensitivity of phenol HDO reaction over reducible
MoOx/CNF and VOx/CNF catalysts by varying particle size and composition through preparation of
catalysts with different loadings.

Results: A series of carbon nanofiber (CNF)-supported molybdenum oxide and vanadium oxide
catalysts with loadings ranging

1-7.8

wt.% were synthesized

using incipient

wetness

impregnation and tested for the liquid-phase conversion of phenol at 300 °C and 3 MPa in a
batch reactor. The conversion of all the 12 catalysts synthesized was very low, not exceeding
10% after 4 h of reaction. The low activity obtained contrasted with recent literature information
on Mo and V oxide catalysts for gas-phase HDO reactions, in which creation of oxygen vacancy
sites by partial reduction of the calcined catalysts led to significantly higher reactivity. This
indicated that in situ reduction of the oxide catalysts, during the course of the reaction under our
selected reaction condition, did not occur at a significant degree, leading to low activity. In order
to obtain better catalytic performance, we were faced with three primary options: (1) apply
severe reaction conditions to initiate partial reduction of Mo and V oxides; (2) conduct ex-situ
partial reduction prior to activity test; (3) explore more reducible metal oxide catalysts. After
consultation with my sponsoring researcher (Prof. Néstor Escalona), we decided to proceed with
option No 3 because option No 1 was not viable due to the limitation of the reactor available in
the laboratory while option No 2 ran counter to the objective of using unreduced metal oxide
catalysts for HDO.

We selected rhenium oxide catalysts in order to align with the goals of the research project which
was simultaneously being coordinated by Prof. Néstor Escalona. In addition, to the best of our
knowledge, CNF-supported ReOx catalysts were yet to be studied. The results obtained were
published in the Catalysis Science and Technology (Impact Factor: 5.773) and are
summarized

below

(Reference:

Catal.

Sci.

Technol.

6

(2016)

4356-4369:

http://dx.doi.org/10.1039/C5CY01992C)

The effect of ReOx loading (2–13 wt%) and H2 pressure (0–5 MPa) for the hydrodeoxygenation of
phenol has been studied for carbon nanofiber-supported ReOx catalysts in a batch reactor at 573
K. Characterization of the supports and catalysts has been obtained from N 2 physisorption, TPD,
FTIR, XRD, potentiometric titration, TPR and XPS measurements, which revealed the presence of a
crystalline and surface ReOx phase whose particle size and surface coverage increased with
loading. The reactivity of the catalysts was linked to the in situ partial reduction of ReO3 to form
Re4+ and Re6–7+ sites, whose presence and relative amounts were determined by post-reaction
XPS analysis. The reaction rate increased with ReOx loading up to 10 wt%, attributed to the
increase in Re surface coverage; a decrease in reaction rate at higher loading was ascribed to the

formation of aggregates. The study revealed a strong affinity for direct cleavage of the C–O bond
to form benzene. The similar relative abundance of the Re species is responsible for the similar
trend in product distribution of the catalysts. The dependence of activity and product distribution
with respect to H2 pressure has been related to kinetics and thermodynamics.

Specific goal No 3: Compare the reactivities of o-substituted phenols in order to elucidate the
influences of the ortho-substituent on the C-O bond scission of phenol at selected conditions.

Results: The reactivity of the best catalyst (10 wt.% ReOx/CNF) was evaluated for the HDO of
guaiacol (2-methoxyphenol), anisole (methoxybenzene) and o-cresol (2-methylphenol) at 300 °C
and 5 MPa H2 pressure in a batch reactor. The results, which were also published in the previously
mentioned paper, further demonstrated the ReOx catalyst's ability to selectively cleave the C–O
bond in phenolic compounds without C–C bond cleavage, thereby retaining all carbon atoms. This
demonstrates that the ReOx phase is hydrogen-efficient and carbon-atom economical.

Specific goal No 2: Examine the effect of the nature and contents of metal promoters (Co, Ni,
Ru and Re) on the reactivity of the best catalysts.

Results: To avoid continuous overlap between my project and that of Prof. Néstor Escalona, we
decided to modify the theme and specific objectives to focus mostly on the application of metal
oxides for HDO reactions. After investigating metal oxide (ReOx) as an active phase using CNF as
the support, the logical next step was to study the effect of metal oxide supports. Cobalt was
chosen as the active metallic phase to investigate the effect of support due to the very little
attention that cobalt has received in the literature for HDO reactions. The work also included the
effect of rhenium as a promoter. The results obtained were published in the Catalysis Science
and Technology (Impact Factor: 5.773) and are summarized below (Reference: Catal. Sci.
Technol. 6 (2016) 7289-7306: http://dx.doi.org/10.1039/C6CY01038E ):

In this work, the reactivity of supported Co catalysts as a function of the oxide support (alumina,
silica-alumina, zirconia and titania) and Re promoter for the hydrodeoxygenation of phenol at 300
°C and 3 MPa H2 using a batch autoclave reactor was investigated. The catalysts were prepared by
wetness impregnation, calcined at 500 °C for 4 h, reduced in H 2 for 3 h, and passivated in 1%
O2/N2 for 2.5 h. The catalyst properties were obtained from N2 physisorption, X-ray Diffraction
(XRD), Atomic Absorption Spectroscopy (AAS), Temperature-Programmed Reduction (TPR),
Temperature-Programmed Desorption of ammonia (NH3-TPD), H2 chemisorption and X-ray
Photoelectron spectroscopy (XPS). Characterization results revealed the presence of Co particles
existing as Co metal and CoO whose surface properties were controlled by the surface behavior of
the oxide supports. It was found that phenol conversion proceeded via three major pathways
which were dictated by the support. The Co/Al 2O3 and Co/SiO2–Al2O3 catalysts preferred the welldocumented sequential ring hydrogenation–dehydration–hydrogenation (or dehydrogenation)
route while phenol tautomerization, followed by hydrogenation and dehydration was observed in

the case of the Co/ZrO2 catalyst. The catalytic activity was governed by a combination of metal
sites and acid properties of metal–support interface and decreased in the order: Co/Al 2O3 >
Co/SiO2–Al2O3 > Co/ZrO2 > Co/TiO2. The markedly low activity of the Co/TiO2 catalyst was
attributed to the presence of a thin TiOx layer which partially covered the active metal sites due to
the strong metal–support interaction effect. The low activity, however, is offset by this catalyst's
ability to catalyze the efficient production of benzene directly from phenol. The addition of Re to
the supported Co catalysts had a beneficial effect on the activity, attributed to improved
reducibility and the presence of additional hydrogenation sites. The strongest effect of Re addition
on the activity and selectivity was observed for the TiO2-supported catalyst. The results further
highlight the importance of the choice of support in HDO reactions.

In line with the modified objectives, in which metal oxide was used as an active phase and
support, another critical parameter to study is the application of metal oxide as a partial
component with other metallic elements for HDO reactions. To this end, our initial interest in
molybdenum oxide and vanadium oxide was revived. Furthermore, based on the previous study
on the effect of oxide support, TiO2 was selected as support due to its selectivity towards aromatic
hydrocarbons. The main results of this study were published in Applied Catalysis B:
Environmental (Impact Factor: 9.446) and are summarized below (Reference: Appl. Catal., B
208 (2017) 60-74 http://dx.doi.org/10.1016/j.apcatb.2017.02.047):
A series of catalysts consisting of a base-metal (rhenium, gallium, nickel and cobalt) in
combination with reducible metal oxide (molybdenum and vanadium oxide) were prepared by
successive impregnation, reduced in H2 at 500 °C and passivated in 1% O2/N2 for 2.5 h. The
catalysts were initially screened for the conversion of anisole at 300 °C and 3 MPa H2 in a batch
reactor. The results showed that binary Ni-, Co- and Ga-based catalysts were unable to catalyze
aromatic C-O bonds in anisole to produce benzene and toluene, rendering them unsuitable for
HDO of phenolic compounds. However, due to its oxophilic nature monometallic Re/TiO2 catalyst
stood out for its unique ability for the production of aromatic hydrocarbons. Therefore, TiO2supported Re-MoOx and Re-VOx catalysts were prepared with different Re and MoOx (or VOx)
loadings and characterized by nitrogen physisorption, ICP-MS and AAS, XRD, FTIR, H2-TPR, NH3TPD, H2-TPD, TEM and XPS techniques. The capability of monometallic Re catalyst was enhanced
by pairing Re with partially reduced surface MoOx (or VOx) sites, particularly in equimolar
proportions. The catalytic activity, expressed as intrinsic reaction rate, was found to rely on the
nature of surface Re, Mo and V species: the activity of Re-MoOx/TiO2 catalysts is dominated by
exposed Mo5+ sites while that of Re-VOx/TiO2 catalysts is controlled by Re4+ sites. The results also
reveal that despite the highest intrinsic activity of Mo 5+sites, they require the presence of a
specific type of active sites such as Re, in appropriate amount, to enable the enhanced
benzene/toluene production. The study emphasizes the importance of preparing catalysts that
exhibit specific sites needed for desired product formation.
Specific goal No 4: Evaluate the reactivity of the best catalysts for the aqueous phase HDO of
lignin-derived compounds to validate the effectiveness of the catalyst in a typical bio-oil solvent.

Comments: This goal did not fit with the modified objectives of the project. While the original
objective called for continuous study on the viability of CNF-supported Mo and V oxide catalysts
for HDO reactions through in-depth investigation of process conditions (e.g. aqueous-phase HDO
reaction), the modified objective called for studies of catalytic properties of metal oxides. As a
consequence, we did not think it was necessary to pursue this goal within the timeframe of this
project.

Specific goal No 5: Compare the reactivity of the best catalysts for phenol HDO in different
solvents to assess the influence of solvent on gas-liquid mass transfer, H2 solubility, and hence on
activity and DDO/HYD selectivity.

Comments: Similar to our thinking for Specific goal No. 4, this goal did not fit the sequence of
investigation planned for the modified objective.

Specific goal No 6: Conduct parametric studies of the best catalysts to examine the effect of
temperature, pressure and space velocity on reactivity using model compounds to optimize
catalysts performance, obtain plausible reaction sequence and kinetics, and indicate if deactivation
occurs under continuous flow conditions.

Results: Every catalytic study requires an understanding of the effect of reaction conditions in
order to elucidate the reaction sequence and provide additional insights into the behavior of the
catalyst. Thus, this goal was performed albeit with the use of batch reactor. The results have been
published in Applied Catalysis A: General (Impact Factor: 4.339) and are summarized as
follows (Ref: Appl. Catal., A 549 (2018) 225-236; https://doi.org/10.1016/j.apcata.2017.10.009)
A well-characterized Re-MoOx/TiO2 catalyst was used to investigate the reaction sequence
involved during the hydrodeoxygenation of anisole in a batch reactor by varying the initial anisole
concentration in the reactant mixture (0.182-0.382 mol L-1 corresponding to 2.6-5.4 wt.%), the
reaction temperature (250-325 °C) and hydrogen pressure (30-60 bar). The effects of these
process variables on product selectivity, calculated at 10% anisole conversion, and reaction rate,
estimated from the initial slope of anisole conversion vs. time, were discussed. The initial reaction
rate was observed to increase to a maximum at anisole concentration of 0.282 mol L -1 and then
decrease at higher concentrations. Mathematical modeling of the proposed reaction network
revealed that the decreased activity at higher anisole concentration is related to diminished ability
to cleave C-O bonds on phenol and cresols, probably due to increased surface coverage by the
reactant on the oxophilic sites on the catalyst which limits access to surface reactive hydrogen for
transformation. In regards to the influence of reaction temperature, high temperature favors the
formation of cresols at the expense of benzene which was confirmed by the estimated apparent
activation energy of the different pathways. On the other hand, the observed strong dependence
of benzene/phenol ratio on H2 pressure is attributed to increased availability of surface reactive
hydrogen surface to aid in oxygen removal. Results from this study and the literature indicates
that C-O bond breaking is preceded by either protonation of oxygen on anisole or by partial

hydrogenation of the aromatic ring to lower the C-O scission barrier. Analysis of the conversion of
intermediate compounds confirmed the reaction sequence and preferences during anisole HDO on
Re-MoOx/TiO2 catalyst.
Specific goal No 7: Perform simulation with Aspen to gain information on optimization of
experimental conditions (temperature, pressure and space velocity).
Comments: This goal was not accomplished due to insufficient time.
Specific goal No 8: Test the best catalyst on a model mixture with similar physical/chemical
properties to crude bio-oil to substantiate the prospects of the catalysts for bio-oil upgrading.

Comments: This study was initially planned as the final part of the exploration of Mo and V oxide
catalyst for HDO reaction. In our study, we found Re-MoOx/TiO2 to have great potential for
hydrodeoxygenation reaction of model compounds of bio-oil. However, due to lack of time, real
bio-oil feed was not investigated.

OTHER ACHIEVEMENTS OF THE PROJECT:

- Research visit(s) to other institution(s).
- Outreach activities related to the project’s main topic.
- Any other contribution, not addressed elsewhere, that you consider important.
The maximum length for this section is 1 page. (Arial or Verdana, font size 10).
I spent a six-month research stay with the Oyama-Kikuchi laboratory in the Chemical System
Engineering Department of The University of Tokyo from 1st September 2016 to 5th of March
2017. This research group is one of the leading catalysis and membrane groups in the world, and
the leader of the group Prof. S. Ted Oyama is recognized worldwide for his outstanding
contributions to the field of environmental catalysis. I focused on advanced synthesis of
bimetallic catalysts using a novel method which has received very limited attention. In my initial
work, I demonstrated the method for a difficult platinum-nickel system, which involved
producing nickel nanoparticles in the liquid phase, using NaBH4 as a reducing agent, and then
using the metallic Ni species to reduce Pt ions in their proximity. The synthesis method using
NaBH4 is a substantial departure from previously reported methods and allows for the expansion
of the galvanic method to many other bimetallic compositions where one of the elements is
difficult to reduce. During my time at The University of Tokyo, I was entrusted with providing
guidance to both doctoral and masters students in the research pursuits. I became familiarized
with

catalyst

characterization

techniques

(X-ray

absorption

spectroscopy

and

in

situ

spectroscopy) not available in Chile. The research I conducted in Tokyo is still ongoing and will
likely have an impact in catalysis development research. On my return to Chile, I taught
students in our group the synthesis method I learned in Tokyo which will immediately improve
the quality of their research and also serve to advance collaboration between Pontificia
Universidad Católica de Chile and The University of Tokyo.

During my postdoctoral fellowship, I collaborated on several research studies with professors at
the Faculty of Chemical Science of the Universidad de Concepcion, culminating in four additional
journal articles, one book chapter, and three submitted papers. I also edited manuscripts and
grant proposals for my collaborating partners.

I have been a reviewer for several respected journals in catalysis (Applied Catalysis B:
Environmental

and

Catalysis

Science

and

Technology),

and

I

also

presentations at national and international (Brazil and Italy) conferences.

gave

well-received
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