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INTRODUCTION

Supporting metal or metal oxide phases on a high surface area matrix—typically an oxide—is a well-
established strategy to enhance catalytic performance across various reactions. The high surface area provides
improved dispersion for the active phase, leading to more stable and active catalysts with tuneable structural and
electronic properties.'?.

However, the supports can have their own contributions to the catalysis, with their acidic, redox, and

11,2

electronic properties strongly affecting the characteristics of the resulting material . Unique interfacial interactions

may arise, being called MSI (metal-support interaction), such as charge transfer*> or surface structural variations®.

In the context of biomass upgrading, one of the most important catalytic processes is the
hydrodeoxygenation (HDO) reaction, which aims to reduce the oxygen content of lignocellulosic bio-oils, a mixture
of different oxygenated molecules (ketones, aldehydes, sugars, etc)®’. This can be achieved through the selective
cleavage of C-O bonds of the substrate under a H>-rich atmosphere, using a heterogeneous catalyst. However, due

to the high complexity of the composition of bio-oils, model compounds, such as acetone®!°

, are often employed to
simplify the methodology and the identification of preferred pathways''. Previously'?, we demonstrated that bulk
iron oxide catalysts are viable HDO candidates, where the oxidation states of iron (Fe%/Fe*"/Fe*") were tuned through
thermal pre-treatments, which increased both the activity and selectivity towards C-O cleavage. However, a low
acetone:catalyst mass ratio was employed to achieve significant conversions, which can be attributed to the low

activity of bulk iron oxide. A WHSV (see eq. 1) of 0.94 h™! resulted in acetone conversions from 20 to 60 %.
Thus, in this work, we prepared and screened supported iron catalysts for the acetone HDO reaction. We
aimed to investigate the influence of supports with different acidic and redox characters, namely y-Al,Os (acid),
Si0; (inert), MgAl,Oy4 (basic), TiO, and CeO; (redox) by conducting screening catalytic tests with the synthesized
catalysts, and then, via conventional characterization techniques, correlate the catalysis with the structural,

morphological and electronic data.
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EXPERIMENTAL

Supports

v-Al,O3 and CeO, were purchased from Sigma-Aldrich. SiO; - Aerosil 380 was purchased from Evonik. MgAl
Oxide Hydroxide, purchased from Sasol, was calcined at 800 °C/5h to produce MgAl,O4. TiO»-P25 was acquired
from Degussa.

Synthesis

The catalysts were prepared by wet impregnation, where the supports were dispersed in 30 ml of deionized
water in a ultrasonic bath for 30 min, and then mixed with 20 ml of Fe(NOs); in 10 ml of water. The solvent was
evaporated under vigorous stirring for around 4h, and the impregnated materials were left in the drying oven
overnight at 90 °C. The catalysts were then calcined at 500 °C for 4h, producing the fresh catalysts with 21.3 Fe
at.%. In situ reduction with 30 % H, at 550 °C, 30 min isothermal, was done prior to the catalytic reaction, and the
catalysts were named Fe/support red.

Catalytic Evaluation

HDO screenings were performed from 100 to 450 °C, with 50 °C steps, isothermal during 30 min. The thermal
pre-treatments and catalytic tests were conducted in a continuous quartz reactor, with a quartz wool bed. For the
supported catalysts, 50 mg of catalyst were used for the reactions, homogeneously mixed with 150 mg of quartz
powder as diluent, resulting in a WHSV (weight hourly space velocity) of 11.23 h™!. This value can be obtained by
the following equation:

Acetone mass/time (g.h™ 1 0.56 g.h~t of Acetone
WHSV = [time (g ) _ 0569h__of (eq.1)
Catalyst mass (g) 0.05 g of catalyst

The mass of acetone was deduced considering the temperature of the saturator, 10 °C (283 K), and a 3.62 mL
min! flow, while using the ideal gas law. It was fed into the reactor through a saturator and carried by 20 mL min
' of He. 76.38 mL min! of H, were employed to reach a 21:1 molar ratio of hydrogen to acetone reaching a total

flow of 100 mL min’".

Acetone conversion and products’ selectivity were monitored by an on-line gas chromatograph (GC - Agilent
Technologies, model 7890A) equipped with an HP-1 column (50 m x 0.32 mm i.d., 0.17 pm). The main detected
products were methane (C1), ethylene (C2), propylene (C3E), propane (C3A), isobutene (C4), isopropanol (IPA),
methyl-pentane, hexene and isomers (C6), cyclohexene and isomers (cC6) (to be confirmed), benzene, toluene and
xylene (BTX) (to be confirmed), nonene and isomers (C9), mesityl oxide (C60) and 2,6-dimethyl-4-heptanone
(C90). Except when stated otherwise, all carbon balances obtained were higher than 0.85.

RESULTS AND DISCUSSION

Electronic and structural characterization

The fresh and reduced materials were characterized by conventional techniques, where structural and
morphological information was obtained by powder X-ray diffraction (XRD) and N, physisorption (BET), and
electronic surface information was probed by X-ray photoelectron spectroscopy (XPS). These will be later correlated
with the catalytic screening data in the next segment.

Figure 1 shows the X-ray diffraction patterns for the fresh Fe/support catalysts, which provided information
on the dispersion and character of the Fe species after the calcination step.
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Figure 1: XRD patterns of the fresh Fe/support catalysts prepared. The a-Fe,O; diffraction pattern is shown as reference
(ICSD collCode 71194).

The XRD data confirmed the formation of a-Fe,O3 after calcination in air at 500 °C, which is the expected phase
of Fe formed in these conditions. Crystalline phases were only identified in the patterns of Fe/SiO,, Fe/Al,O; and
Fe/Ti0,, with crystallite sizes between 15 and 20 nm.

Subsequently, we probed the surface concentration and oxidation state of Fe species on the reduced
materials, and used the surface area of the supports, obtained by BET, to normalize this value. This procedure was
adopted due to the considerable variation in surface area between the employed supports, which impacts the surface
available Fe. The area of Fe on the surface (surface Fe m?) was obtained multiplying the surface area (m?/g) of the
supports, and the surface Fe concentration (%), which generated the percentage of the surface that corresponds to
Fe per gram of catalyst, which was then divided by the employed mass of support to obtain the area of Fe in the
surface in 50 mg of catalyst, for each support. This is presented in Table 1.

Table 1: Specific surface area (m?/g) of the supports, surface Fe and M (support metal) concentration obtained through XPS

and the resulting Fe m2.

exposed Fe at the surface than the redox ones, and that the surface of Fe/Al,O; red was, by far, the richest one in
Fe.

Catalyst Support Surface | SA for 50 mg of | Fe surface M surface | Surface Fe | Surface Fe
Area (m?/g) catalyst (m?) (%) (%) at.% m?
Fe(21)/Ce0O:_red 73 3.4 2.1 22.7 3.0 0.11
Fe(21)/TiO2_red 65 2.7 4.5 18.8 7.3 0.18
Fe(21)/MgAl.04_red 163 6.2 3.6 33.9 6.3 0.46
Fe(21)/Al.0s3_red 239 9.3 18.5 13.3 35.7 2.26
Fe(21)/SiO2_red 380 15.2 13 33.7 1.2 0.27

The data created from the combination of XPS and BET showed that the acid/base supports provided more
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Catalytic Overview

The performance of the reduced catalysts in the HDO reaction of acetone at 300 °C (a) and 450 °C (b) can be
seen in Figure 2.
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Figure 2 : Products distribution (bars, left axis) and acetone conversion (triangles, right axis) for the HDO reaction as a
function of temperature, using the Fe/support_red catalysts at (a) 300 °C and (b) 450 °C.

At 300 °C, Fe/SiO,_red and Fe/TiO;_red presented the highest deoxygenation degrees between the materials,
where the first was more selective to direct deoxygenation products (C3), and the latter to C-C coupling products
(C6 and C9). At this temperature, the main highlight is the high activity generated by the titania-supported catalysts,
where 73 % of the acetone was converted. With TiO, being a moderately acidic supported and shown to have
synergic interactions with Fe, strong MSI could be occurring in this system. At 450 °C, the activity of the acid/base
supports is increased by around 10 %, whereas the activity of Fe/TiO_red dropped more than 20 % and stayed the
same for the ceria-supported material. We can also observe the decrease in production of C6 and C9, as well as the
increased C-C bond hydrogenolysis, and overall similar selectivity between the catalysts, which demonstrated that

lower temperatures provide a more appropriate work condition for the supported iron catalysts.

Using the contents of Table 1, we used the surface Fe m? to normalize acetone conversion and generated
deoxygenated products at 300 °C, which is shown in Figure 2.
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Figure 2: Acetone conversion and (b) deoxygenated products at 300 °C over Fe cm2 for the reduced catalysts.
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Through the analysis of acetone conversion and deoxygenated products over Fe cm2, it is possible to further
visualize the performance of Fe on each one of the supports. Fe/Al,Os_red had the highest value for surface Fe cm?,
which did not translate to higher conversions or deoxygenation degree, which indicates that there must be a
compromise between the exposed area of Fe and the support. Beyond that, the occurrence of SMSI in the
Fe/TiO,_red catalyst is reinforced by Figure 2, once it had the third lowest surface Fe cm?, but also the highest

acetone conversion and DD rates of all screened catalysts.

CONCLUSIONS

We screened the performance of supported Fe catalysts with different electronic, morphological and acid
properties, namely SiO,, AlbO3, MgAl,O4, TiO, and CeO,, correlating the catalytic data with the conventional
characterization by XPS, XRD and BET. With HDO at 300 °C, the catalytic performance was more varied and
distinguishable, and also where the Fe species were more active without over hydrogenolysis of C-C bonds.
Fe/SiO,_red performed similarly to the reduced nanopowder (not shown), favouring production of C3, which could
be explained by the more neutral character of the support. Employing MgAl,O4 and Al,Os created increased acidity,
which favoured the production of C-C coupling products, mostly C6. . Fe/CeO,_red was the least active of the
materials, being mostly selective to IPA and C3. Fe/TiO, _red was more selective to C-C coupling and cyclic
products, which are yet to be confirmed. Further testing must be done with this catalyst to verify reproducibility and
stability over time, as well the occurrence of cyclic and Cy-12 products. The combination of XPS and BET
contributed in a better understanding of the surface of the materials, allowing the construction of a relation between
acetone conversion or deoxygenation degree and the available Fe species, as a means to observe in over which
support Fe was more active and deoxygenating.
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