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INTRODUCTION

Over the next two decades, it is anticipated that the electricity generation will surge by 52% compared to
the present levels, equivalent to an extra of 16 billion tons of oil. This immense growth underscores the
indispensability of adopting alternative, often renewable, energy sources !'**]. Among the most well-known
alternative sources is the utilization and recovery of lignocellulosic biomass to produce biofuels *°. An effective
method for this recovery is rapid pyrolysis, which efficiently generates bio-oil — a complex mixture of
oxygenated compounds. This bio-oil holds the potential to replace diesel or gasoline derived from petroleum!®),
However, there are challenges to address, such as the physicochemical characteristics and instability of the
mixture due to its high content of oxygenated species. As a result, this bio-oil cannot be directly utilized as a fuel.
Furthermore, storing this mixture poses difficulties due to the high reactivity of the oxygenated compounds it
contains.

The catalytic hydrodeoxygenation (HDO) reaction is a well-researched process for upgrading bio-oil. This
reaction takes place in a hydrogen-rich atmosphere with the aid of a catalyst, resulting in reduced oxygen content
by selectively cleaving C-O bonds . Given the complexity of these compounds, a wide range of products can be
formed, leading to multiple reaction pathways. Therefore, this study was conducted with a model molecule for the
bio-oils, the acetone, once ketones might represent up to 15% of their content. Even with this small molecule, an
extensive reaction scheme (Figure 1) is still present, due to the diverse range of side reactions, mechanisms, and
reaction sites involved [,

The catalysts employed for this reaction usually present various catalytic sites, such as oxygen vacancy
(OVS), Lewis acid (LAS), Bronsted acid (BAS), and metallic sites (MS) ¥ ', The availability of different
catalytic sites can lead to multisite reactions, as well as the direct deoxygenation route, which occurs through OVS
via the reverse Mars-van Krevelen mechanism (rMvK)!'!. It's important to note that all these reaction pathways
rely on the use of a heterogeneous catalyst, and their effectiveness depends on properties such as the catalyst's
nature, phase (metallic or oxidized), particle size, specific surface area, and crystalline structure.

Generally, the HDO reaction involves a bifunctional mechanism requiring both a MS for
hydrogenation/dehydrogenation and an acid/oxophilic site to adsorb the -oxy compound and facilitate the HDO
and hydrogenation reactions !"?. To achieve catalysts that promote the formation of deoxygenated products,
reduction/oxidation pre-treatments can also be employed on reducible oxides. These treatments result in catalysts
with a coexistence of oxidized and metallic phases, inducing bifunctional mechanisms.
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Figure 1: Reaction scheme for acetone HDO with Fe-FeOx as catalysts. Deoxygenated products highlighted in gray,
abbreviations for each major product in black (small characters). Adapted from [13]

Leite"¥ explored nanometric Co;0, and demonstrated that different pre-treatments led to the formation of
core@shell-like particles with varying core and layer thicknesses and oxidation states. This variation significantly
impacted the catalyst's exposed surface in the reaction environment, influencing the obtained products. Another
promising candidate for the HDO reaction is iron oxide, which allows for the study of different oxidized (Fe,Os,
Fe;0,4, and FeO) and metallic (Fe) phases, as well as understanding their coexistence in the same particle.

In this project, the effects of the metallic and oxidized phases of iron on the HDO reaction of acetone, a
model molecule representing oxygenated derivatives with ketone groups from biomass, were evaluated. Various
phases of iron were obtained through thermal treatments in reducing and oxidizing atmospheres, using
commercial nanometric iron (III) oxide (Fe,O;) as the precursor. The structural properties of these materials were
characterized and correlated with the catalytic data.

METHODOLOGY

Commercial nanometric (particle size <50 nm) y-iron(IIl) oxide (Fe,O;) acted as the initial HDO catalyst.
In order to modify the catalyst’s nature between its oxidized and metallic phases, different heat pretreatments were
applied, such as reduction and oxidation of the precursor, using, respectively, reducing (H,) and oxidizing
(synthetic air) atmospheres at different temperature levels. As a means to avoid a heterogeneous bed in the reactor
due to the extensive sintering of the iron catalyst, the oxide was reduced in batch, then ground with mortar and
pestle, and later reduced again just before the reaction.

Reduction pretreatments consisted, in all cases, in an atmosphere of 30 ml/min H, and 70 ml/min He, with
temperatures set in 550°C (823 K), for 1 hour. Calcination was done with 50 ml/min synthetic air (that is, 10
ml/min O,), at different temperatures (200°C, 350°C and 500°C), for 2 hours. It’s worth noting that the reduction
temperatures of Fe,O; were determined via H,-TPR, while the max. oxidation temperature of 500°C was
determined by a bibliography TPO!"*. 600 mg of Fe was present in each sample, resulting in a WHSV of about
0.9 h'.

Regarding the HDO conditions, a 20 ml/min flow of He passed through a saturator containing acetone,
dragging approximately 3.6 ml/min of it towards the reaction bed. A 76.4 ml/min flow of H, was also applied to
the reaction medium, maintaining a proportion of approximately 21 mol of H, to 1 mol of acetone. The reactions
were carried out at 300°C for 3h, which was determined after screenings in temperatures ranging from 100°C to
400°C. Both the pretreatments and the catalytic reaction were conducted in a continuous tubular quartz reactor, in
a bed of quartz wool.
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Following the tests, the identification and quantification of the HDO products happened by GC/FID (gas
chromatography by flame ionization analysis), while the post-reaction catalysts underwent a series of XRD
analysis that will be discussed later on. Surface area determination by BET (Brunauer—Emmett—Teller theory) was
attempted too.

Once the compounds were quantified, the products were distributed in order to compare their selectivity
according to each sample employed. Acetone conversion and carbon balance were monitored as well, with the
data collected used to determine deoxygenation degree and yields for each case.

RESULTS AND DISCUSSION

The screening test with varying temperatures for the commercial Fe,O; revealed a more active catalyst at
400°C, highly selective towards hydrocarbons (95%). However, the catalytic performance of the different redox
pretreatments as a function of time on stream led to similar selectivities after 3 hours on stream, majorly
associated with oxygenated products, together with deactivation of the catalysts. Such rapid deactivation of the
catalysts may be explained by the deposition of coke in the materials, while the similar selectivities were a signal
of a reduction occurring in all the samples, due to the elevated temperatures in an excess of hydrogen, bringing
them to a similar composition before said deactivation. Therefore, the following tests were set to be conducted at
300°C.

Figure 2 shows the results of acetone HDO of the as-received, reduced and reduced/oxidized samples,
with the abbreviations of each sample indicated above the respective bars. Certain stages of the time on stream
were selected to better highlight the more significant changes of conversion and/or selectivity during the reaction.
The as-received sample (y - Fe,O5) reached about 25% conversion, more selective towards mesityl oxide (C60,
77%), IPA (11%) and 2,6-dimethyl-4-heptanone (C90, 7%). The same could be observed for the RedOxi 500°C
catalyst, but the conversion was smaller (~17%).
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Figure 2: Products distribution (bars) and acetone conversion (squares) for the HDO reaction using different samples
from the Fe-FeOx system. Selected times from the 180 minutes of time on stream.

Reducing the catalyst at 550°C noticeably shifted both the conversion and selectivity. Propylene (C3E,
conversions of 53% to 37%) and propane (C3A, conversions of 23% to 39%) were the major products, along with
hexene/hexane (C6, conversions of about 8%). Acetone conversion started at 42% (20 min) and increased to 55%
(180 min). RedOxi 200°C catalyst slightly changed the profile as well, having C90 (33%), C6 (20%) and C60
(17%) as major products in the first 20 minutes. This quickly changed, however, with the selectivity shifting to
C3E (49% to 51%), C3A (13% to 24%) and IPA (18% to 14%). Conversion lied at 32% for the first 20 minutes,
down to 26% at the end of 3 hours on stream. RedOxi 350°C catalyst resulted in the valorization of C6 (27% to
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32%) and C90 (29% to 20%), which could indicate the coexistence of different phases and catalytic sites that
favored chain growth. Conversions increased from 42% to 48% in the course of 3 hours on stream.

Moving on to the characterizations, Figure 3 gives insight to the crystal phases present in each conducted
pretreatment, before and after the HDO reaction.
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Figure 3: XRD measurements of the pre (a) and post (b) reaction samples. Peak attribution made with data collected from
the ICSD crystallography database.

The as-received catalyst corresponded to the y phase of iron(I1I) oxide, with no considerable changes after
the reaction. Its (3 1 1) plane gives a crystallite mean size of about 21 nm, according to the Scherrer’s equation.
The XRD pattern of the Red 550°C sample confirmed that the reduction to metallic iron was successful, with a
crystallite mean size of 78 nm related to the (1 1 0) plane. No apparent changes were observed when comparing
pre and post reaction catalysts, as well. Similarly, RedOxi 200°C showed a predominance of the metallic phase,
with a crystallite mean size of 55 nm on the same facet. When comparing this piece of data with the catalytic
results, it was possible to conclude that a surface and/or amorphous oxidation could have taken place, which was
probably reduced on stream due to the reaction’s hydrogenating conditions. RedOxi 350°C presented the most
complex coexistence of phases of the tested samples, consisting of Fe’ ((1 1 0) = 38 nm) and minor contributions
of both y and a Fe,O; ((1 0 4) = 24 nm), which is coherent with the HDO results. The oxidized phases shifted
from y + a to just y after reaction, due to the reducing character of the atmosphere. Finally, in the RedOxi 500°C
system, o phase was the major one, which could be explained by the thermodynamics of the media: a - Fe,O; is
generally the final and most oxidized phase of the iron oxides, reached preferentially at high temperatures.
Pre-reaction crystallite sizes were in the range of 39.0 nm at the (1 0 4) facet. In the post-reaction sample, o
mostly transitions to y, with the surge of a reduced face happening as well. The similarities between the
as-received Fe,O; HDO and the RedOxi 500°C one were coherent with the similarities of the phases presented in
each of them.

Surface area determination by N, physisorption (BET) demonstrated that the commercial Fe,O; had an
estimated surface area of 97 m*/g, while the pretreated ones resided between 5 and 10 m?*/g. Such reduction in area
might be a product of the extensive sintering that took place while reducing to metallic iron.

CONCLUSIONS

A side by side comparison of the results for acetone HDO in the Fe-FeOx system makes it clear that the
thermal pretreatments significantly changed both the selectivity and conversion of the catalysts, which could be
attributed to the valorization or coexistence of catalytic sites in the catalyst’s surface. This affirmation is in line
with the presented powder diffraction patterns, which considerably differ between each other.

Correlating the obtained XRD data with the catalytic tests, some parallels could be drawn. C60 was the
major product in the tests conducted with the as-received and RedOxi 500°C samples, in which Fe,O; (y or o) was
the most predominant phase. Hence, there seems to be a valorization of weak condensation acid sites with the
predominance of more oxidized phases. The Red 550°C sample was the most active and deoxygenating one, while
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avoiding almost any C-C cleavage. Further testing is necessary to determine if the preferential route to propylene
was the bifunctional or the OVS one, however, even if no oxidized phase was apparent in the XRD, some kind of
acid site must be present to justify the great selectivity towards C3 products (possibly from surface or amorphous
oxidation caused by the acetone itself). C6 was only the major product in the test carried out with the sample
where most FeOx phases coexist: RedOxi 350°C. This strongly points to the coexistence of metallic and acid sites,
once both aldol condensations and deoxygenations are occurring to an extent.
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