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Abstract of the Thesis
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2015

Depleting fossil fuel sources coupled with the deleterious effects of petroleum-based fuel
combustion have led to the development of sustainable ways for energy production. One
alternative is the production of biofuels like ethanol. Ethanol’s biggest advantages are its high
energy density, biodegradability and carbon neutrality. A potential scalable process is the
conversion of synthetic gas (syngas: CO, CO,, Hy) produced from gasification of biomass with
the use of Rh-based catalysts. The work presented in this thesis aimed to study the effect of the
introduction of 1, 5, and 10 wt % CeO, into a TiO, support on Fe promoted-Rh catalysts for
ethanol production from CO hydrogenation. The mixed-oxide CeO2-TiO2 support was
synthesized by a sol-gel method where Rh and Fe nanoparticles were deposited by wet incipient
impregnation. Reactivity studies were carried under CO hydrogenation conditions with the use of
gas chromatography. Characterization of the bare support and the catalyst that showed the best
ethanol selectivity were performed by in-situ X-ray diffraction synchrotron experiments. Ethanol
selectivity increases with ceria content with a shift on product distribution and CO conversion

rates compared to Rh supported on single TiO, and CeO,. This could be explained by a

il



synergetic effect between CeO, and TiO, and to the to the formation of amorphous and mobile
species of CeOx that can act as dispersing agents for the Rh particles increasing catalytic sites for
CO insertion and for the stabilization of HCOy species. XRD characterization analysis of
10%Ce0,-90%Ti0; identified three crystallographic phases: anatase, TiO»(B), and cerianite. The
unpromoted 2%Rh/10%Ce02-90%TiO2 in-situ XRD analysis showed an absence of Rh” under
CO hydrogenation conditions. Conversely, the addition of Fe to the different mixed-oxide
compositions showed comparable ethanol selectivity at the expense of methane formation.
Therefore, the introduction of ceria into the titania support on unpromoted Rh-based catalysts

affects ethanol selectivity largely while when doped with Fe such effect is suppressed.
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CHAPTER 1

1. INTRODUCTION

The ever-increasing global energy consumption has caused a high demand on
petroleum-based fuels. As of 2012, 41% of the energy consumed worldwide was oil-based,
64% of which corresponds to the transportation sector alone (Figure 1).! Oil-based fuels
cause a detrimental environmental impact mainly because of their greenhouse gases
emissions. The ever-dwindling supply of crude oil for producing transportation fuels also
impacts availability and crude oil price.” Although there are potentially many alternative
sources for electricity, e.g., solar, wind and nuclear, the slow progress of high capacity
storage batteries has generated a need for the development of alternative and sustainable
sources of liquid fuels suitable for transportation vehicles. Biofuels are very attractive since
they can be derived from common biomass sources, are carbon neutral, biodegradable and
cost-wise competitive compared to traditional fuel sources.” Ethanol is currently the most
widely produced bio-derived liquid fuel. The U.S. ethanol primarily as gasoline additive
whereas other countries like Brazil uses it as fuel. Ethanol’s advantages are its
compatibility with the existing infrastructure, high energy density, high octane number,
cleaner emissions and that it can be produced from renewable feedstocks.* Although
ethanol has been primarily produced through biochemical routes, thermochemical processes

like conversion of synthetic gas (syngas: CO, CO,, H,, and H,O) produced from biomass

gasification are of high interest since they can potentially be scalable.
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Figure 1. Energy consumption distribution: 2012 fuel shares of total final consumption and
2012 shares of world oil consumption. *Includes agriculture, commercial and public
services, residential, and non-specified other. **In these graphs, peat and oil shale are
aggregated with coal. ***Data for biofuels and waste final consumption have been
estimated for a number of countries. ****Includes geothermal, solar, wind, heat, etc.

Adapted from reference [1].

1.A REACTIONS INVOLVED IN ETHANOL SYNTHESIS FROM SYNGAS CONVERSION

Direct synthesis of ethanol from syngas involves several reaction pathways that
produce a variety of products that are altered by kinetic and thermodynamic constraints.
Thus, it is important to describe the individual reactions that are involved in ethanol
production from the components of syngas: CO, CO,, H, and H,O. The overall reaction of

ethanol synthesis involves hydrogenation of CO (Reaction 1) and CO, (Reaction 2).>°

2C0 + 4H, - C,HsOH + H,0 (1)

2



AH° = —257.04 k] mol™?

AG® = —123.14 k] mol™?

2€0, + 6H, = C,H;OH + 3H,0 )
AH® = —174.42 k] mol™?

AG° = —65.94 k] mol™?

Under standard reactions conditions, both hydrogenation reactions are exothermic and
thermodynamically favorable. The effects of temperature (0 to 1000 °C) on the gas-phase
equilibrium compositions for reactions (1) and (2) calculated based on AGY = —RTInK,,

are shown in Figure 2 for CO/CO, hydrogenation.’

08 08 -
4 J H,0 H,
07 H, 07
06 A 06 4
§ 05 { EtOHandH,0 5 05
g g
& 044 & 04
2 co 3
Qo 1 03
g 03 g EtOH co,
0.2 0.2 4
0.1 4 0.1+
/
00 . . . . 0 f ' : y )
0 200 400 600 800 100C 0 200 400 600 800 1000
Temperature, C Temperature, C

Figure 2. Equilibrium composition for the hydrogenation of CO (a) and CO2 (b) to ethanol at 2:1
H,:CO2 and 3:1 H,:CO, respectively, at 30 bar (calculated using AspenPlus®). From reference [5].



The reactions that affect CO and CO, hydrogenation the most are methanation

(Reaction 3) and the water-gas-shift reaction (Reaction 4).°

CO +3H, - CH, + H,0 3)
AH° = —205.9k] mol™!
AG® = —141.9 kJ mol~?

Methane production consumes a significant amount of H, and methane is the
thermodynamically preferred product over at all temperature compared to ethanol
formation (Figure 3). To favor the direct conversion of CO to ethanol temperatures below

280°C are needed (Figure 2 (a)).°

—— CO(g)+3H,(9)=CH,(g)+H,0(g)
—— 2C0(g)+4H,0(g)=C,H.OH(g)+H,0(g)

40

AG(kJ/mol)
B
o

-80 -

-120

100 150 200 250 300 350 400
Temperature (°C)

Figure 3. Free-energy changes in the hydrogenation of CO to ethanol (blue) and methane
(green). Adapted from reference [6].

The water gas shift reaction (WGS) alters the equilibrium of both CO and CO,
hydrogenation. Ethanol produced by CO hydrogenation produces water that reacts with CO
to produce CO; and hydrogen, i.e., (Reaction 4).



H,0 + CO < CO, + H, &)
AH° = —41.1kJ mol™?

AG° = —28.6 k] mol™?!

Conversely, the reverse WGS (RWGS) affects CO, hydrogenation by producing CO.
> At elevated temperatures, the WGS reaction is not thermodynamically favorable. This is

illustrated by the decline and sign change in AG as a function of temperature.®

10
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Figure 4. Thermodynamic equilibrium of the WGS reaction as described by the Gibbs free
energy change as function of temperature. Adapted from reference [8].

As it has been described, the direct formation of ethanol by CO hydrogenation is a
complex reaction pathway that is affected by two side reactions: methanation and the WGS
reaction. Methane formation needs to be suppressed since it is more thermodynamically

stable than ethanol. The WGS affects the equilibrium of the reaction due to CO



consumption and H, production. Therefore, in order to overcome thermodynamics and
kinetic energetic barriers for achieving high ethanol yields, low temperature, optimal

CO:H; gas feeds, and the use of catalysts are required.

1.B HETEROGENEOUS CATALYSTS FOR CO/CO, HYDROGENATION

Syngas transformation to ethanol can be directly achieved by heterogeneous
catalysis using metal-based catalysts. As we have previously discussed, hydrogenation of
CO and CO; for ethanol production is a challenging process due its slow kinetics and low
selectivity. Studies using realistic syngas composition are limited. Most studies are focused
on CO hydrogenation, and in minor proportion on hydrogenation of CO, and mixtures of
CO and CO,, This is mainly due to the fact that alcohols can be produced from syngas
through RWGS, which converts CO; to CO, followed by CO-hydrogenation that leads to

alcohol formation.”'*

Four main types of catalysts have been investigated: modified
methanol synthesis (based on Cu), modified Fischer—Tropsch, modified Mo-based
catalysts, and Rh based catalysts° The first three types are discussed briefly and some
examples are illustrated in Table 1 to compare their activity and carbon selectivity towards

ethanol. Then, Rh-based are described more in detail.



Table 1. Catalyst Used in the Direct Conversion of Syngas to Ethanol and Mixed Alcohols

Experimental conditions Carbon selectivity (%)
Catalyst Temp | Press | g, co Cs+
conversion | Hydrocarbons | Methanol | Ethanol
o) (psig) co (%) alcohols
Modified high-temperature Cu—free ZnO/Cr,0;
[
Cs /;ng;’éf’ oull 405 110 | 0.75 4.5 6.5 24 <1.0 69
23
1% K/ZnO/Cr,0;" 400 1500 1 19 NA 34 0 66
Modified low-temperature Cu/ZnO methanol catalysts
0.8 mol%
s 310 1100 | 0.45 21 14 NA 30°
Cs/Cu/Zn/Cr,0;3
0.3 mol%
s 310 1100 | 0.45 14 6.5 NA 10°
Cs/Cu/Zn/AL O3
Modified Fisher-Tropsch
Co-Re-Sr/SiO," 250 300 2 4.9 63 47 22 N/A
Fe/ALO;" 200 116 2 <1.0 42 20 3.0 N/A
Co-Ir-Sr/SiO,'° 220 305 2 2.2 34 8.7 37 N/A
Modified Unsulfided Mo-based
1%K-Co;Mo,"’ 300 870 2 24 60 21 13 8.4
If;j;ﬁ;“:g;ﬁ? 300 | 1160 | 1 73 26 6.0 9.4 72
IfMCO‘;CﬁOgg;/E 300 | 1160 | 1 37 61 1 14 24
Modified Sulfided Mo-based

glh‘ﬁfn(g‘l’)% 295 | 1050 1 29 14 23 41 17
(If\,lco ‘/’glo":sfé)?l 330 725 2 8.7 61 20 16 5.6
CsCO;CoMoy/clay” | 320 2000 1 29 31 11 30 22

* Carbon selectivity includes ethanol and C;" alcohols

Most of the studies discussed below are based on the use of oxide supported Rh
nanocatalysts since they offer advantages over their bulk counterparts like higher surface

area, control of their compositions, sizes, and surface morphologies that offers catalytic




active sites that can trigger heterogeneous processes.”> The catalytic activity of
nanocatalysts is governed by particle size, oxidation state, and chemical/physical
environment™. Thus, it is important to understand the relationship between these factors,
and catalyst reactivity and selectivity in order to design a highly efficient ethanol
nanocatalyst. These can be modified by the addition of a metal promoter or support that can

suppress methane formation with the enhancement of C-C formation.*

1.B.1 MODIFIED METHANOL SYNTHESIS CATALYSTS

Two types of modified-methanol synthesis catalysts are widely used: high-
temperature Cu —free ZnO/Cr,0;, and low-temperature Cu/ZnO methanol catalysts.**® The
side production of higher alcohols and ethanol was observed when methanol synthesis was
performed using these catalysts, which was improved when alkali metals remained as
impurities.”” High temperature methanol catalysts work at 350-450 °C and 120-300 atm
(1700-4410 psig) that produce methanol as main product and small quantities of
ethanol.**%** Alkali promoters (Li, Na, K,Cs) need high temperatures, which still remains

a problem as it leads to large yields of hydrocarbons.'**'*?

Thus, the most studied catalysts
are Cu-based, i.e., Cu nanoparticles supported on a metal oxide powder such as ZnO. These
work in a temperature range between 275 °C and 310 °C and pressure range between 750
and 1500 psig.”>***° Common supports are ZnO, ALOs or Cr,O; that when impregnated
with an alkali produce short linear and branched alcohols, and small amounts of
hydrocarbons and oxygenates.*’>"**>

follow the trend: Cs>Rb>K>Na>Li.?

Alkali promoters that enhance alcohol selectivity

[.B.2 MODIFIED FISCHER-TROPSCH CATALYSTS

Fischer—Tropsch (FT) synthesis catalysts are commonly used for the production of

long chain hydrocarbons and can form small yields of oxygenates, including ethanol.*

These are typically composed of Co, Ru, Fe or Ni metals supported on SiO, or



Al O, 3715383914 The selectivity and yield of oxygenates produced can be enhanced by
adding other transition metal and alkali cations. Transition metal promoters (Cu, Mo, Mn,
Re, Ru), and alkali (Li, K, Cs, Sr) promoters have been widely used. The design of such
catalysts depends on the nature and loading of the promoter, type of alkali, and support, all

of which govern alcohol selectivity and yield.*>'*****

1.B.3 METAL SULFIDE CATALYSTS

Two major types of Mo-based catalysts are known: sulfided and unsulfied.
Unsulfided Mo- based catalysts are promoted by adding base, alkali, and noble metals.
Alkali metals increase alcohol selectivity compared to hydrocarbons for CO
hydrogenation.** Some examples are K-promoted Mo supported on activated carbon that
show 10-15% ethanol selectivity,'” and K-promoted Co or Ni-doped 5-Mo,/C."*"  As for
the sulfide Mo-based catalysts, a basic promoter metal is preferred. Ethanol selectivity
increases in the order: Li, Na, Cs, Rb , K.*! Schulz—Flory distribution rules selectivity to
alcohols on alkali promoted Mo catalysts and limits higher alcohol formation. On the other

hand, improved C," alcohol selectivity is achieved with transition metals like Co, Mn or
Ny 4243.43

[.B.4 RH-BASED CATALYSTS

Rh-based catalysts are the most studied and best performing systems due to their
ethanol selectivity in CO hydrogenation. These are preferred because of their low working

temperatures (150-350°C) and pressures (14.5-360 psi).** It has been widely known that

supported Rh has the ability to produce C," oxygenates like ethanol, acetaldehyde and
acetic acid selectively from syngas. Rhodium has the advantage of being located between
metals (Fe, Co) that easily dissociate CO to form hydrocarbons and metals (Pd, Pt and Ir)
that do not dissociate CO and thereby produce ethanol.’



There is no consensus on the mechanism of CO hydrogenation with the use of Rh-
based catalysts. The majority of studies suggest CO dissociation and insertion is initiated by
H, and CO adsorption. The CO molecules that do not dissociate undergo hydrogenation to
form methanol or surface hydrocarbon species (CHy)a.g. The hydrocarbon species produce
methane or higher hydrocarbons by hydrogenation or C, oxygenates by CO insertion. The

C, oxygenates are able to undergo hydrogenation to form ethanol,*>*¢#7:454

To further understand the CO hydrogenation reaction pathway, density function
theory calculations were performed by Choi and Liu on a Rh(111) surface (see Figure 47
It was determined that the reaction starts with CO hydrogenation to form formyl (HCO),
which is the rate-limiting step. Three major products were identified, CH4, CH30OH and
C,HsOH, and the selectivity to ethanol is controlled by CH4 formation, CO insertion and C-
C formation. One of the major obstacles for obtaining high ethanol selectivity is the strong

Rh-CO interaction, which can poison the surface and produce high yields of methane.

CO(9)+1/2H,(9) ————> CO*+H,*—>—> Hco*
H ts1

adsorption H

ts2

A\ 4
CH,0*
"N
ts3
\4

CH3OH(g) desorption CH3OH* ts4 H C\H3O*
H

ts5

CH,(9) =" CH+0*

co
\
CH,CH,OH (g) CH,CHO(9) $momamn CH3CHO*<_| ¥ ¥
ts8
CH,CO*

desorption

CH,CH,OH* <=, CH,CHOH* <;=~, CH,COH*

ts9

Figure 5. Scheme of the reaction pathway for ethanol synthesis from CO and H, on Rh
(111). Adapted from reference [25].
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The performance of Rh-based catalysts can be improved when metal promoters are
added that aid CO dissociation and CO insertion while suppressing hydrogenation of
(CH,),q intermediates.*” Transition metals like Mn, Ti, and Zr have been found to increase
CO conversion and C, oxygenate selectivity when added to Rh/SiO, catalysts. Others

metals like Fe and Mo on Rh/ZrO, catalysts improve chain growth and formation of G

compounds.** Ethanol selectivity enhancement has been also reported when lanthanides,

vanadium, silver, and cerium have been added to supported rhodium-based catalysts.’

Recently, DFT studies were performed in order to understand the role of Fe, Mo,
and Mn doping of Rh(111) surfaces for ethanol synthesis from CO hydrogenation. The
theoretical studies were constrained to the rate limiting step (rls) (formyl formation) and
selectivity-controlling step (scs) (CHs4 formation) due to the complexity of the CO
hydrogenation reaction. Promoter type and its position on the surface or subsurface layer of
the catalyst was found to play a determining role in ethanol selectivity and overall
reactivity. Fe prefers to stay on the surface and produces the largest ethanol selectivity.
Conversely, Mo showed the highest overall yield and reactivity and was found to be located

at the surface layer’.

One of the best metal promoters of Rh-based catalysts is Fe which results in an
increase in ethanol selectivity with increasing Fe loading.”' The highest ethanol selectivity
was achieved with a 10% wt. Fe loading for Rh/AL,O3, which was attributed to the decrease
of methane selectivity and enhancement of CO insertion. The effect of Fe loading has also
been tested for Rh-based catalysts supported on silica and titania.”? The addition of 1 wt%
Fe to 2 wt% Rh/SiO, showed a 22% selectivity to ethanol, and methane as primary side-
product, while, 1 wt% Fe-2 wt% Rh/TiO, improved CO conversion, and oxygenate
selectivity. Moreover, maximum ethanol selectivity (37%) was achieved for a Fe loading of

5% wt on Rh/TiO,.

11



1.B.4.A Influence of catalyst support

The design of efficient Rh-based catalysts for ethanol production from CO
hydrogenation can also be influenced by the choice of oxide support. The choice of oxide
support can have a significant effect on ethanol selectivity by modifying the grade of Rh
dispersion and how CO is adsorbed (dissociately or non- dissociately).” It has been found
that ethanol selectivity decreases in the order: Rh/La,O3> Rh/TiO,> Rh/SiO,> Rh/ALO;.”
Another transition metal oxide that was been tested for its ethanol selectivity has been
cerium dioxide.** The use of 2 wWt% Rh/CeO, produces more than double of C," oxygenate
selectivity than 2 wt% Rh/ SiO; caused by hydrocarbon suppressed formation. The main
oxygenate product formed by Rh/CeO, is ethanol while Rh/SiO, produces mainly
acetaldehyde and only traces of ethanol. The effects of different supports have been
attributed to their electron withdrawing/donating capability which influences reducibility of

the metal and the morphology of the metal NP.”

The effects of SiO,, TiO,, and the mixed oxide SiO,-TiO; as supports for Rh-based
catalysts have also been investigated using Mn and Li as promoters.”® The mixed oxide
exhibited an improved catalytic performance for CO conversion, and C,” oxygenates and
ethanol selectivity compared to the use of single oxide supports. Moreover, SiO; has been
compared to ZrO, and to SiO, -ZrO, mixed oxides with various molar ratios as supports

promoted by the addition of Mn and Li.”’

The study showed that the mixed oxide support
has a significant effect on catalytic activity and selectivity which depends on the ratio of
Si:Zr in the mixed oxide. The highest ethanol selectivity and activity was achieved with the

mixed oxide with a Si:Ti ratio of 1:3.

Mixed oxides are now raising interest for several heterogeneous catalytic processes
due to their unique structural and electronic properties compared to the single oxide
counterparts.”® These properties can be explained by the introduction of stress into the
lattice of the oxides or to atypical coordination modes. This produces diverse metal-metal,
metal-oxygen, metal-mixed-oxide interactions that finally lead to electronic states not seen

in single-metal oxides supports. The CeOx-TiO, mixed-oxide has drawn a particular
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attention in catalytic processes due its ability to catalyze processes like CO oxidation and
the WGS reaction. For example, the mixed oxide support in the Au/CeO-TiO»(110) system
greatly improved the CO oxidation activity compared to Au/TiO(110), CeOx/Au(111),
Au/CeO,(111), Cu/ZnO(0001), and copper single crystals.”®

CeO; and TiO; have been used as supports for promoted Rh-based catalyst for
ethanol production from CO hydrogenation but their CeO,-TiO, mixed-oxide has not been
studied for this reaction. To our knowledge there is only one study that investigated the
effect of the ceria as a promoter for CO hydrogenation rather than as support.®' The reaction
pathway of CO hydrogenation shares elementary reaction steps with the WGS reaction such

62,63

as the formation of HCOy species. The presence of Ce™ stabilizes HCOy species

1,°*%* which has been identified as the rls in CO hydrogenation

without the aid of an admeta
on Rh-based catalysts, i.e., the formation of HCO.> The properties exhibited by CeO»-TiO,
mixed-oxides alone provides them to be support candidates that can enhance ethanol
synthesis from CO hydrogenation, which can be further improved by the addition of active

metals on their surfaces.

1.C STUDIES PERFORMED IN THIS THESIS

Due to the complexity of the CO hydrogenation reaction, a multicomponent catalyst
that provides diverse active sites for the several reactions steps can provide enhanced
reactivity and ethanol selectivity. Mixed oxides can offer this type of advantage due to the
presence of various metal-metal, metal-oxide, and metal-promoter interactions that are
translated in unique morphological, electronic and structural properties. The CeO,-TiO;
system has been used to improve catalytic processes similar to CO hydrogenation, and
shown the ability to stabilize formyl species (rls in CO hydrogenation in Rh-based
catalysts). Thus, it is expected that this mixed oxide support can improve ethanol selectivity

in Rh-based nanocatalysts.

The work presented in this thesis aimed to investigate the effect of a mixed-oxide
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Ce0,/Ti0; as support on Fe-promoted Rh-based catalysts for ethanol production from CO
hydrogenation. The mixed-oxide support was synthesized by a sol-gel method followed by
the addition of FeRh alloy nanoparticles by wet incipient impregnation. Reactivity studies
were carried under CO hydrogenation conditions with the use of gas chromatography to
establish the product distribution from which activity and selectivity could be derived.
Finally, the bare support and the catalyst that showed the best ethanol selectivity were
structurally characterized by in-situ x-ray diffraction synchrotron experiments performed at

11-ID-B in APS at Argonne National Laboratories.
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CHAPTER 2

2. EXPERIMENTAL

2.A. SYNTHESIS OF SAMPLES

Mixed oxide supports of CeO,-TiO, were synthetized by a modified® sol-gel
technique described by Fang®® and Gionco®”. The process is represented in pictures in
Figure 6. For this, 10 g titanium (IV) butoxide (Aldrich®, reagent grade 97%) was
weighed. Then, 3 ml of glacial acetic acid (CH;COOH) and 40 ml of absolute ethanol
(C,H,OH) were added and mixed under stirring to form Solution A. The pH of A was

adjusted between 2.3-2.7 with a calibrated pH meter with hydrochloric acid. Solution B was
prepared by dissolving stoichiometric amounts of cerium (III) nitrate hexahydrate (Aldrich
® 99% trace metal basis) with 3 ml of distilled water and 20 ml of absolute ethanol.
Solution B was added to A under stirring in a drop-wise fashion until the formation of a
stable sol. The sol was aged in air until a gel was produced. The gel was dried at 75°C for
72 h, calcined at 450°C for 2 h, and grinded with a mortar and pestle. For the single
supports, cerium (III) nitrate hexahydrate (Aldrich ® 99% trace metal basis) and titanium
(IV) isopropoxide (Aldrich®, reagent grade 99%) were used as precursors for the synthesis
of CeO, and TiO,, respectively, following the previously method described. The
concentrations of the three mixed oxides prepared by the described procedure were 1, 5 and

10 wt % CeO,, these will be hereafter labeled as 1CeTi, 5CeTi and 10CeTi, respectively.
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1. Solution containing titanium (I'V) butoxide
and cerium (II) nitrate

2. Gel formation after aging

3. Dried gel after 72 h of heating at 75°C

4. Grinded mixed-oxides CeO,-TiO, after
calcination at 450°C

Figure 6. Graphic evolution of the sol-gel synthesis of CeO,-TiO, mixed-oxides

The samples prepared are detailed in Table 2 with its respective composition
(determined by weight) and labels. Stoichiometric amounts of rhodium nitrate hydrate
(Aldrich®) and iron (III) nitrate nonahydrate (Aldrich®, >99% trace metal basis) were
weighed and dissolved in 1 ml of distilled water. The solution was added in a drop-wise
manner to the mixed oxide powder support until a paste was formed. The paste was dried
overnight at 240 °C, calcined in air at 450 °C for 4h, and grinded until a powder was

obtained.
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Table 2. Synthetized Fe-modified Rh/CeO2-TiO2 catalysts samples

Label Rh wt | Fe wt | Label Rh | Fe Label Rh | Fe wt
(%) (%) wt | wt wt (%)
(%) | (%) (%)
2Rh/1CeTi 2.0 - 2Rh/5CeTi 20 |- 2Rh/10CeTi 2.1 -
2.5Fe/1CeTi - 2.5 2.5Fe/5CeTi - 8.0 | 3Fe/10CeTi - 2.9
1Fe2Rh/1CeTi 2.0 1.0 1Fe2Rh/5CeTi 20 | 1.0 | 1Fe2Rh/10CeTi | 2.0 1.0
2.5Fe2Rh/1CeTi | 2.0 2.5 2.5Fe2Rh/5CeTi | 2.0 | 2.5 | 4Fe2Rh/10CeTi | 2.2 3.5
5Fe2Rh/1CeTi 2.0 5.0 5Fe2Rh/5CeTi 2.0 |50 | 5Fe2Rh/10CeTi | 1.9 5.0
8Fe2Rh/1CeTi 2.0 8.0 8Fe2Rh/5CeTi 2.0 | 8.0 | 8Fe2Rh/10CeTi | 1.8 8.0

2.B. REACTIVITY STUDIES

In order to determine the carbon selectivity of CO hydrogenation to molecular
compounds, reactivity studies were performed. The synthetized catalysts were evaluated in
a flow-cell reactor illustrated in Figure 7(a).®® The weighed catalyst (40 mg) was loaded
into a 1/8” OD glass capillaries using glass wool as plugs. Heating was delivered to the
sample by a filament around the capillary connected to a power supply. Temperature was
monitored with a thermocouple inserted inside the quartz capillary with the loaded sample,
and connected to a digital temperature reader. The gases, CO and H, used were UHP grade
and controlled by mass flow controller (MKS instruments). First, 9 ml/min of H; at 1 bar
(gas hourly space velocity (GHSV)= 0.028 mL-min"-mm™) was flowed for 10 min, and
then the sample was reduced for 30 min at 300°C. Then, the gas flow was changed to CO
and H, to 2 ml/min and 4 ml/min at a pressure of 1 bar (GHSV=0.019 mL/min mm3),
respectively, for 10 min, and temperature was raised to 240°C. This temperature has shown
the best activity and selectivity for oxygenate and ethanol production for CO

hydrogenation.®

The downstream of reactants and products were analyzed by a gas chromatograph
(an Agilent © 3000 Micro GC ), connected to the output of the reactor via heated 1/8” OD
stainless steel tube, until the steady state was reached, approximately 2 h. The gas

chromatograph is equipped with three micro columns separated in channels, and a TCD
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detector. Channel A correspond to MS-5A PLOT column used to detect carbon monoxide
and methane. Channel B has a Agilent PLOT-U column that was used to detect higher
hydrocarbons. Finally, Channel C equipped with a Stabilwax column for the identification
of oxygenate compounds present in the gaseous stream. The product concentration was
determined by calibration curves for each compound, and CO conversion and product
selectivity were calculated using Equations 5 and 6, respectively

% CO Conversion = Zr;_ML 100% (5)

co

where 7, is the number of carbon atoms in product i, M; is the percentage of product i
detected, and M, is the percentage of carbon monoxide in the gas feed. On the other hand,
the selectivity is based on the total number of carbon atoms and is defined in Equation 6

where Si is the selectivity to product i.

s, =2 100% (6)

XngM;
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(b)

-Detector

- A ,' &
. \\\ y |
In Situ cell with sampie

Figure 7. (a) Flow-cell/furnace and relative position of the sample and thermocouple tip
within the furnace hot zone. Taken from reference [68]. (b) Experimental setting for in-situ
XRD synchrotron experiments.

2.C CHARACTERIZATION BY IN-SITU XRD

XRD measurements were performed at the 11-ID-B beamline at the Advance Photon
Source in Argonne National Laboratory (Figure 7(b)). The operating energy was 55.6 keV
using the Si(311) monochromator that provided a wavelength of 0.2114 A. A Perkin Elmer
amorphous silicon 2-D detector was used at a distance from the sample of 900 mm.
Calibration was performed using a cerium dioxide standard. X-ray diffraction
measurements were performed using the same flow-furnace reactor with the use of 1.2-mm
OD quartz capillaries and quartz wool, and settings as the reactivity measurements. Data
was collected for the samples for the as-synthetized, reduced and under CO hydrogenation
reaction conditions. XRD data was also collected for the synthetized bare support of

10%Ce0,-90%Ti0,, titania and ceria to characterize their structure.
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The XRD diffraction images were converted into 1-D 2-theta scans using the Fit2D"
software. Rietveld refinement was performed with the use of EXPGUI-GSAS’""* software.
The fitting of the samples we done using models where lattice constants, scale factors, and
peak profile functions were used to achieve a simulated diffracting pattern almost identical
to the collected data. The models were elected based on previous studies and on knowledge
of synthesis and reaction conditions. A complete fitting provided with information about

phase quantification and lattice parameter determination.®
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3. RESULTS AND DISCUSSION

CHAPTER 3

3.A REACTIVITY AND SELECTIVITY STUDIES

3.4.1 RH-ONLY CATALYSTS

Table 3 shows the CO conversion and carbon selectivities of several Rh-catalysts

supported on ceria-modified titania, and single supports of CeO; and TiO,. For purposes of

comparison, the values have been also plotted in Figure 8 and 9. The bare supports and

samples containg only iron as admetal were also tested. The mixed-oxide showed no

activity while the Fe/CeTi samples show just the formation of ethane traces.

Table 3. CO conversion and selectivity of unpromoted Rh catalysts

PREDET Conditions CCOI(I)V c,’ peiecivity () Cc,'
it 5 (%) - | CH, hydroc;rbons CH;OH | CH,CH,OH oxygeznates
P oo, | ﬁjf&%l S 21 | s 20 22 18 27
P o | ! fl?:r’cf)l o s | e 20 1.7 14 28
P erios | Igjrcgljf 47 | i 35 1.2 93 3.4
° -
0% C 0, 30&’;:23132& 92 | 65 38 55 16 33
o -
594 Coo IO, 301;’22 Pl 12 | e 37 55 15 35
° -

L CeOTTiO 301;’2'“%3132& R | 47 22 1 33 47
2%Rh/Ce0," | | Igjrcgljf 085 | 47 19 3.1 28 25
1% Rh/CeO,* lﬁi‘f’cf)ff’ 054 | 35 - - 59 6.0
2RO | PRE 6o 33 0.4 3.7 34
2% Rh/TiO,> zolifrc’ BN s | a 23 1.9 0 16

" Measurements performed in our laboratory.
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The 2% wt. Rh on the ceria modified titania catalysts show a higher catalytic
activity towards ethanol production in comparison to Rh supported on TiO, but with lower
CO conversion under the same reaction conditions (Table 3). The enhanced alcohol
selectivity can be attributed to C,” hydrocarbon suppression (propane, butane, ethane,
ethylene).’* The introduction of 1% wt ceria on the support enhances ethanol selectivity
compared to bare titania and produces a comparable product selectivity and CO conversion
showed by 2Rh/TiO,” tested at higher pressure and temperature (20 bar and 435 K) (Figure
8 and 9).

The 2% wt. Rh catalysts supported on CeO,-TiO, compared to 2% wt. Rh supported
on ceria show lower ethanol and methanol selectivity but higher CO conversion (Figure 8
and 9). The superior ethanol selectivity achieved by 2Rh/CeO, is at the expense of
methane and C," hydrocarbon formation. Since the molecular weight of TiO, (79.8658
g/mol) is about half of CeO,(172.11 g/mol) and the mixed supports are composed of large
quantities of TiO, (90-99% wt), a better comparison can be achieved when compared to
1%wt Rh on CeO, 1Rh/CeO;, has approximately the same ratio of Rh atoms per CeO;
molecule as 2Rh/CeTi catalysts. 1Rh/CeO, shows a lower CO conversion rate and higher
ethanol selectivity due to methane suppression compared to 2Rh/CeTi catalysts. Methanol,
C," hydrocarbons, and ethyl acetate are not formed when 1Rh/CeO, was tested, while

2Rh/CeTi catalysts show the formation of these products.
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Figure 8. Effect of support on the product selectivity (%) on a series of unpromoted Rh
catalysts. The reaction conditions and references can be found on Table 3. ® Tests
performed in our laboratory.

Comparing 2% wt. Rh supported on single TiO, and CeO; to the mixed oxides of
ceria-titania, a synergetic effect between ceria and titania can be seen: the introduction of
ceria increases ethanol selectivity but decreases CO conversion. Figure 7 shows that the the
product distribution depends on the support.”” In order to understand the shift on product
distrubtion exhibited by 2Rh/CeTi catalyst, it is important to understand how how CO
hydrogenation acts on Rh/CeO; and Rh/TiO,. Ethanol formation on Rh/CeO; is produced
by acetaldehyde hydrogenation where CeO, is not only support and can catalyze this step.’
The decrease on CO hydrogenation activity of CeO, can be explained to the formation of
highly stable acetate species on the surface of CeO; that are needed to be hydrogenated to
form ethanol, or react with ethanol to form ethyl acetate. On the other hand, Rh/TiO; is

more active towards CO hydrogenation due to the higher acidity of TiO, compared to
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Ce0,.” The higher efficiency of TiO, is due to the transformation of CO into hydrocarbons

than alcohols, the latter are preferred on more basic supports like CeO,.

Previous studies suggest that ceria supported on titania is preferentially reduced
(presence of Ce’" cations) with Ce,O; dimers stabilized on the planar TiO»(110)

64,62

surface. The presence of reduced forms of ceria aid in the dispersion of the admetals

(Rh and Fe in this work) and are known to form highly stable HCOy species under CO
exposure.”>’* The latter is the rls for ethanol formation on Rh-based catalysts.”> TEM, TPR
and XPS measurements performed on 1Rh/CeTi catalysts have suggested that electronic
interactions between Rh and CeO; produce new active sites for CO hydrogenation at their
interface.’' It is highly likely that multiple catalytic sites are created on the 2Rh/CeTi
catalysts as a result of interactions of Rh with TiO,, CeO, and the interface of between

Ce0, and TiO..

1%Rh/%Ce0, *

2%Rh/%Ce0, *
2%Rh/10%Ce0,-90%TiO,

2%Rh/5%Ce0,-95%TiO,
2%Rh/1%Ce0,-99%TiO,
2%RhITiO,
1%Rh/10%Ce0 -TiO,
2%Rh/TiO, °
1%Rh/5%Ce0 -TiO,
1%Rh/1%Ce0,,-TiO,

0 5 10 15 20 25 30

%CO Conversion

Figure 9. Effect of support on the CO conversion (%) on a series of unpromoted Rh-based
catalysts. The reaction conditions are listed on Table 3.
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Comparing the 2Rh/CeTi catalyst to a previous study using the same mixed-oxide
composition but different reaction conditions and Rh loading®', both catalysts series present
different product selectivity distributions. Conversion of CO into products decreases with
higher ceria loading for both Rh loadings (Figure 9). As for ethanol selectivity, this
decreases with increasing ceria loading for 1Rh/CeTi, while for 2Rh/CeTi ethanol
selectivity increases with ceria weight. The differences seen between 1Rh/CeTi and
2Rh/CeTi catalysts can be attributed to different Rh loading and higher reaction

temperature and pressure.

The effect of Ce weight loading on titania has been tested on Pt/CeO,-TiO; for the
WGS.” Comparing Ce concentrations of 6% wt. and 15 % wt., the lowest loading showed
the best WGS catalytic performance. As for methanol dehydration using a CuO/CeO,-TiO,
catalyst, a 9% wt. CeO, exhibited the highest conversion rate.”® This Ce weight loading
produces a higher dispersion of platinum and copper on the support.”’® A cerium surface
layer on the titania particles is produced, which enhances the dispersion of the particles the
active metal maximizing the number of active catalytic sites.”® Therefore, the enhancement
on ethanol selectivity when a 10% wt CeQO; is introduced into titania can be attributed to its

ability to act as a dispersing agent for Rh.

The introduction of ceria into titania as support for Rh in CO hydrogenation exhibits
a synergistic behavior as compared to when the CeO, and TiO, are used as single supports.
The mixed-oxide CeO,-TiO; increases ethanol selectivity like pure CeO,, but with higher
CO conversion rates like TiO,. Both ethanol selectivity and CO conversion of the 2% wt.
Rh/CeO,-TiO, catalyst is controlled by the amount of CeO, introduced into titania.
Improved ethanol selectivity can be attributed to higher dispersion of Rh on the mixed
oxide support, while the diminished CO conversion results from the formation of stable

acetate species on the surface of CeOs,.
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3.4.2. FE-PROMOTED, RH CATALYSTS

The use of iron as a promoter for supported 2% wt. Rh catalysts on the product
selectivities for CO hydrogenation was studied for a range of promoter compositions. As it
can be seen in Figure 9, 10 and 11 the selectivity for ethanol increases with iron weight
loading achieving its maximum at a 8% wt Fe loading. The ethanol selectivity is
comparable for FeRh supported on the 1CeTi, 5CeTi and 10CeTi mixed oxide supports
when a 5% and an 8% wt Fe is used. For all of the three supports (Figures 10-12), the
introduction of iron plays a major role since even at a low loading of 1% wt Fe the

selectivity for ethanol is doubled and increases five-fold in the case of 1FeRh/1CeTi

(Figure 12).
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Figure 10. Effect of Fe loading on carbon selectivity (%) for Rh supported on 10%CeO2-
90%TiO; (1bar, 513K, H,:CO=2).
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Figure 11. Effect of Fe loading on carbon selectivity (%) for Rh supported on 5%CeO.
95%TiO; (1bar, 513K, H,:CO=2).

The introduction of Fe decreases the formation of methane up to 50% compared to
the unpromoted Rh-based catalysts supported on any of the three CeTi mixed oxide
supports. In addition, methane suppression shows the same trends with Fe loading as
ethanol selectivity but in the opposite direction. The production of hydrocarbons is also
seen to drop initially with the introduction of Fe and then change slowly with the increase
of Fe loading. The only C," hydrocarbons produced with the introduction of Fe are ethane
and ethylene. Compared to their unpromoted counterparts, propane and butane production
are absent with the addition of Fe on the 10CeTi, 5 CeTi and 1CeTi supports. Therefore,
higher ethanol selectivity is mainly due to the decrease in methane formation and in minor

proportion to C," hydrocarbon suppression.
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Figure 12. Effect of Fe loading on carbon selectivity (%) for Rh supported on 1%CeO.
95%TiO; (1bar, 513K, H,:CO=2).

The results from Fe-promotion are consistent with other studies (Figure 13) of CO
hydrogenation performed over 2%Rh/Ti0,°>% 2%Rh/ALOs’!, and 2%Rh/SiO,”. All of
these achieved high ethanol selectivities at similar Fe loadings due to methane suppression
(Figure 14). This effect has been attributed to the close interaction between the metal and
the promoter’’, and to suppression of H, chemisorption due to coverage of the active Rh
surface.”> On the other hand, lower Fe loadings (1.0 and 2.5%) on 2%Rh/CeO,
(measurements performed in our laboratory) produce larger ethanol production (45 and
48%). Even though the product distribution seen with 2% wt Rh supported on the mixed
oxides of CeO,-TiO; is similar to 2%Rh/CeO,, the effect of Fe loading on the product
selectivities is more similar to 2%Rh/Ti0,. This shows that when Fe is added to the Rh
supported on CeTi, both CeO, and TiO, work cooperatively but in a lesser extent to the
unpromoted Rh/CeTi catalysts , and the main effect on ethanol selectivity is due to TiO,

since is the major component on the support.
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Figure 13. Comparison of ethanol selectivity versus Fe loading for Fe-promoted Rh
catalysts supported on mixed CeO,-TiO; supports, (a) single oxide supports of CeO, (2%
wt Rh, reaction conditions of 1 bar, 513K, H2:CO=2:1) and TiO, (2% wt Rh, reaction
conditions 10 bar, 430 K, H,:CO=1)"" and (b) single oxide supports of ALO;3 (2% wt Rh,
reaction conditions of 20 bar, 543K, H,:CO=1:1)"*and SiO, (1% wt Rh, reaction conditions
20 bar, 523K, H,:CO=2:1).”’
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Figure 14. Comparison of methane selectivity versus Fe loading for Fe-promoted Rh
catalysts supported on mixed CeO,-TiO; supports, (a) single oxide supports of CeO, (2% wt
Rh, reaction conditions of 1 bar, 513K, H,:CO=2:1) and TiO; (2% wt Rh, reaction
conditions 10 bar, 430 K, H,:CO=1)"" and (b) single oxide supports of Al,O3 (2% wt Rh,
reaction conditions of 20 bar, 543K, H2:CO=1:1)’* and SiO, (1% wt Rh, reaction conditions
20 bar, 523K, H,:C0=2:1).”
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Figure 15. Comparison of CO conversion versus Fe loading for Fe-promoted Rh catalysts
on different oxide supports: (a) mixed oxide supports of CeO,-TiO, (b) single oxide
supports of CeO, (2% wt Rh, reaction conditions of 1 bar, 513K, H,:CO=2:1), TiO, (2% wt
Rh, reaction conditions 10 bar, 430 K, HZ:CO=1),51 ApOs (2% wt Rh, reaction conditions of
20 bar, 543K, Hz:CO=1:1)52 and SiO, (1% wt Rh, reaction conditions 20 bar, 523K,

H,:CO=2:1).”"
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The addition of iron to the 2Rh/CeO,-TiO, catalysts produces similar CO
conversions despite the amount of ceria introduced to titania (Figure 15 (a)). Comparing to
other supports like alumina and silica, the CeO,-TiO, supports show lower CO conversions
(Figure 15 (b)). Higher CO conversions for Fe-Rh alloys on SiO, and Al,O; can be largely

attributed to the significantly higher reaction pressures used in those studies.”"”’

Therefore, regardless of the support used there is an enhancement on ethanol
selectivity when iron is introduced due to methane suppression. Fe prefers to prefer to stay
on the Rh surface™ favoring the interaction with the adsorbates like CO improving ethanol
production by increasing the energy barrier of methane formation and lowering the energy
barrier for CO insertion . The decrease in CO conversion and shift in the product
distributions when iron is added to the unpromoted Rh catalysts is indicative of the
synergetic effect of the mixing of Rh and Fe. This has been attributed to alloy formation
which produces modified active sites compared to Rh alone.”” Ethanol selectivity reaches a
maximum at a Fe loading of 5% wt for all the oxide supports studied here and reported in
the literature (Figure 13). Consequently, it can be inferred that the active Fe-Rh phases
present in all these catalysts is not dependent on the oxide support. By contrast, the support
plays an important role in overall catalytic activity as can be seen in CO conversion rates
(Figure 15). It is important to mention that larger CO conversion rates have been produced
at higher temperatures and pressures compared to that used in this work which can boost

the equilibrium concentration of products.’
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2.A. CHARACTERIZATION BY IN-SITU XRD

2.A.1. CHARACTERIZATION OF BARE SUPPORT 10CeTi

The mixed oxide support that resulted in the highest ethanol selectivity was
characterized by XRD using synchrotron radiation: 10CeTi. As it can be seen in Figure 16
and 17, the pure titania and ceria synthesized by this method yield single phase anatase and
cerianite powders, respectively. On the other hand, Rietveld analysis identified and
quantified three phases in the mixed 10CeTi oxide: anatase TiO,, TiO,(B), and cerianite.
TiOy(B) was firstly synthesized from K,Ti;Oo®' and has also been found in nature
associated with anatase crystals yet there is no data of how common is in natural sources.*
TiO,(B) can be transformed into anatase at atmospheric pressure at temperatures above
550°C or at room temperature at elevated pressures.* This transformation can be explained
due to its common structural face centered-cubic unit cell. The differences between TiO,
and anatase reside in their different space group (C2/m: TiO,(B) and I41/amd:anatase),
crystal system (monoclinic: TiO(B), tetragonal: anatase) and cell volume (35.3 A’ :
TiOx(B) and 34.0 A’: anatase).”*** Comparing the diffraction patterns of the single
supports to the mixed oxide support, the diffraction peaks due to cubic CeO, (Figure 17)
and anatase TiO, (Figure 16) are broader and weaker than in the mixed oxide (Figure 18).
This suggests lower crystallinity of the cubic CeO, and anatase TiO, phases, as well as a

particle size decrease.
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Figure 16. XRD powder diffraction data (points) for TiO, synthetized by the sol-gel
technique and fitted to the anatase phase (line). The main peaks and their respective hkl
Miller index planes are identified.
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Figure 17. XRD powder diffraction data (points) for CeO, synthetized by the sol-gel
technique and fitted to the cerianite phase (line). The main peaks and their respective hkl
Miller index planes are identified.
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Figure 18. XRD pattern of the synthetized 10%Ce0,-90%TiO.. (a) Fitting to three phases:
anatse, TiO,(B) and cerianite, (b) Main diffraction peaks of the phases present. Red:
anatase, blue: TiO,(B), and green: cerianite.

Figure 17 (a) shows the full XRD pattern of the synthetized 10%TiO,-CeO, along
with the fitting composed of three phases TiO»(B), anatase, and cerianite. TiO(B)
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diffraction peaks can be overlooked in some cases™ where only laboratory XRD
measurements have been perforemed.””**> The main reason could be due to the lower
peak resolution and signal-to-noise ratio of laboratory XRD measurements compared to
synchrotron XRD measurements. Furthermore, TiO»(B)’s main diffraction peaks appear
very close to the ones from cerianite and anatase (Figure 18 (a)). In order to see this more
clearly, the main diffraction peaks and their respective reflective planes are indicated on

Figure 18 (b) and listed in Table 4.

Table 4. Reflective planes of the phases present on 10%CeO,-
90%TiO; and their respective peak position.
Anatase TiO,(B) Cerianite

hkl 2-theta(®) hkl 2-theta (°) | hkl | 2-theta ()
(101) 3.45 (110) 3.40 (111) 3.96
(103) 4.99 (002) 3.88 (200) 4.57
(004) 5.11 (310) 4.50 (220 6.47
(112) 5.20 (003) 5.84 (311) 7.58
(200) 6.40 (60-1) 5.97
(105) 7.15 (020) 6.46
(211) 7.27 (71-1) 7.69

The synthetized 10%Ce0,-90%TiO; is composed of anatase (48% wt +3), TiO,(B)
(41% wt £2) and in minor proportion, cerianite (11%wt. +2). The slighltly higher content of
CeO; compared to the nominal 10% wt added in the synthesis procedure needs to be further
by ICP-OES measurements but the values found are in a good agreement with nomimal
content weighed in the synthetic procedure. Previous studies performed on 10%CeO,-
90%Ti0O; have identified only two phases: anatase and cerianite, using nitric acid as pH
regulator and hydrolysis agent. ** " °** On the other hand, 10CeTi was synthetized using
hydrochloric acid that produces chloride anions that can lead to poorly crystallized anatase

phase.*® The coexistence of TiO,(B) and anatase can be explained due their similar fcc
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structure,” and to the existence of a TiO,(B) surface which may be stabilized by the
presence of CeO,. The latter effect has previously reported for a mixed oxide of SiO;-

TiO, ¥

Looking at the lattice parameters of anatase and TiO,(B) in the mixed oxide, these
are not significantly modified compared to pure anatase and to the reference for TiO(B).*
Conversely, the unit cell parameters for cerianite are larger for pure ceria than in the mixed

. . . . . . 84. 6
oxide, which has also been seen in previous studies under the same synthetic procedure®* ®”

66-85 In addition, the fitted lattice parameters do not indicate the presence of solid solutions
in the mixed oxide. Overall, the synthesized CeO,-TiO, mixed oxide is composed of titania
mainly present in the form of anatase (48% wt.) and TiO,(B) (41% wt), the latter attributed

to the introduction of the of CeO, (11% wt. ) which is supported on the titania matrix.

Table 5. Lattice parameters of CeO,, TiO; and 10CeTi
a b c
Literature 3.785 9.5133
Anatase
Single support 3.777 (x0.002) 9.476 (+0.004)
(TiOy) .
10CeTi 3.789 (x0.001) 9.491(x0.004)
Literature 5411
Cerianite = o it 5.402 (0.001)
ingle suppo . +0.
(Ce0») s
10CeTi 5.310 (x0.02)
] 10CeTi 12.20 (x0.02) | 3.753 (+0.006) 6.564 (+0.02)
TiO»(B) -
Reference 12.16 3.74 6.51
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2.A.2. IN-SITU CHARACTERIZATION OF 2RH/10CETI

The unpromoted Rh based catalyst that showed the best ethanol selectivity was
characterized as-synthesized, reduced, and under CO hydrogenation conditions. There was
not a variation of the phases present under different reaction conditions compared to the
bare 10CeTi. Rh phases could not be determined on the as-synthesized, reduced or under
CO hydrogenation conditions for 2Rh/10CeTi. For the as-synthesized catalyst, rhodium
(II1) oxide could not be detected. The main two reflections of Rh,O; (104) and (101)®
located at 4.44° and 4.72° are overlapped by diffraction peaks from TiO»(B) and cerianite.
Similarly for the reduced sample or under CO hydrogenation conditions, no metallic Rh™
could be detected despite the absence of overlapping peaks with its main reflection (104)
located at 4.44°.°° This is indicative that Rh is highly dispersed on the support. The same
ability of ceria to produce metal dispersion has been identified in previous studies of the

64,62,76,91
O,

mixed oxide CeO,-Ti and has been correlated to increased catalytic activity. On

the other hand, highly dispersed Rh particles have previously been reported by EXAFS
studies of Rh supported on TiO, under reduction and CO hydrogenation conditions.”>***
The overall picture to emerge from these results is that the decrease in the detectable ceria
phase can be attributed to the formation of amorphous CeOy species that also act as
dispersing agents for Rh. The latter maximizes the number of Rh active sites for the

formation of stable formyl species that translates into enhanced oxygenate formation when

10CeTi is used as support.

2.4.3. IN-SITU XRD CHARACTERIZATION OF 5Fe2Rh/10CeO,-TiO>

For understanding the role of Fe as promoter agent in ethanol production the
evolution of its species, 3Fe/10CeTi was analyzed and compared to the sample that showed
the best ethanol selectivity, i.e., SFe 2Rh/10CeTi. The 2-theta XRD patterns showing the Fe
phases for 3Fe/10CeTi obtained by Rietveld analysis are presented in Figure 19. For the
synthesized sample, the only FeOx quantified was Fe;O4 (Table 6) by its main reflection
plane (111) located at 4.82°.°° The amount of Fe;04 (1.9%) is lower than the amount of Fe
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introduced in the synthesis since other iron oxides (FeO and Fe,0;) can be present. FeO
and Fe,Os present reflection planes that are overlapped by the oxide components of the
support. This could be accounted for the remaining Fe loading, which still needs to be
confirmed by ICP-OES measurements. When reduced, a strong peak develops at 5.98°
corresponding to the Fe(110) reflection. Only a 0.3% wt Fe was quantified (compared to
the 3% wt Fe added during the synthesis). This can be attributed to the presence of FeOx
species that are highly dispersed or amorphous.” Under CO hydrogenation conditions the
Fe (Table 7) is present only as Fe;C as observed from the (110) plane at 5.82°. The
presence of iron carbides has been identified for CO hydrogenation and Fischer Tropsh

synthesis (FTS) under reaction conditions in previous studies.”””

5
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Figure 19. XRD curves for 3Fe/10CeTi for different treatments and under reaction
conditions and compared to the bare support.
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Figure 20 depicts the evolution of 5Fe2H/10CeTi across different reactions
conditions and the identification of the main phases present. For the as-synthesized
catalysts no RhyO; was observable whereas a very low amount of Fe;O4 (Table 7) was
identified. The identification and quantification of Fe;O4 followed the same behavior seen
on 3Fe/10CeTi. The reduced catalyst shows the presence of a Fe0.7Rh0.3 alloy evidenced
by the diffraction peak centered at 5.84°. The presence of this alloy has previously been
identified for a similar loading of Fe and Rh supported on TiO,.* The smaller content of Fe
(Table 7) present as Fe0.7Rh0.3 alloy is likely due to the coexistence of other Fe phases
like FeRh, FeOy and metallic Fe® which could not be clearly identified due to overlap with
the very broad peak from the oxide support. Under CO hydrogenation conditions, the
appearance of Fe;C is observed with an increase of Fe0.7Rh0.3 content (Table 7). The
carburization of Fe is seen for both the 3Fe/10CeTi and 5Fe2Rh/10CeTi under reaction
conditions. 3Fe/10CeTi was not active for ethanol production whereas 5SFe2Rh/10CeTi has
high ethanol selectivity. These results indicate that the Fe0.7Rh0.3 alloy phases plays the
main role for ethanol promotion on 5Fe2Rh/10CeTi while the presence of Fes;C is seen as a

spectator or deactivated phase so its effect on CO hydrogenation is not significant.”
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Figure 20. XRD curves for 5Fe2Rh/10CeTi for different treatments and under reaction
conditions and compared to the bare support.

Table 6. Phase contents under different reactions conditions for
3Fe/10CeTi and 5Fe2Rh/10CeTi
Conditions Phase 3Fe/10CeTi 5Fe2Rh/10CeTi
As-synthetized Fe;04 1.9% (£0.9%) 1.3% (20.5%)
Fe 0.3% (x0.2%) -
Reduced
eauce Feo Rho s - 1.2% (£0.3%)
. Fe;C 3.9% (£3.0%) 1.5% (x0.2%)
CO hyd t
yarogenation - 0o - 2.8% (+0.3%)
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CHAPTER 4

CONCLUSIONS

The modification of titania with ceria used as support for Rh-based nanocatalysts
promotes ethanol selectivity. Ethanol production is enhanced with increasing ceria content
in the Ce0,-TiO, mixed oxide support, reaching a maximum of 18% selectivity and the
suppression of C," hydrocarbon formation for 10%CeQ,. The shift in product distributions
and CO conversion rates of Rh/CeTi catalysts compared to Rh supported on the single TiO,
or CeO; oxides are attributed to a synergetic effect between CeO, and TiO»; it is also likely
that Rh nanoparticles are supported on both the ceria and titania components in the mixed
oxide. Furthermore, it can be explained by the formation of amorphous and mobile species
of CeOx that can act to improve Rh particle dispersion as very small nanaoparticles. The
latter is thought to increase Rh catalytic sites for CO insertion and for the stabilization of
HCOxy species that improve ethanol formation. The sol-gel synthesized bare 10CeTi mixed
oxide is composed of (48% wt.), TiOx(B) (41% wt) and cerianite (11% wt). The presence of
TiO,(B) is attributed to the introduction of CeO; into TiO,. In-situ XRD analysis of the
2Rh/10CeTi showed no detectable Rh®.When Fe is introduced as promoter, ethanol
enhancement on the mixed oxide support is comparable to similar studies performed with
other single oxide supports such as TiO,, Al,O3 and SiO,. Ethanol selectivity and methane
suppression increases with Fe content, but the overall CO conversion or activity of the
catalysts is also lowered. Rietveld refinement analysis of the XRD data for the
5Fe2Rh/10CeTi catalysts shows that Fe addition leads to the formation of a Fe-Rh alloy
(Fe0.7Rh0.3). The presence of the Fe-Rh alloy has the largest impact for enhancing
ethanol selectivity, which is attributed to a lowering of the CO insertion and increasing the
methane formation energy barriers. Changes in oxide support have a much smaller effect on
ethanol selectivity, but Fe-Rh supported on single oxide ceria and titania supports exhibit
the highest catalytic performance to date. The mixed CeO,-TiO;, oxide supports exhibit
catalytic performance for ethanol formation that is intermediate between the two separate
components, but unfortunately the mixed oxide supports also show the lowest overall CO

conversion. It is clear from these studies that the challenge for future work is to combine
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the high ethanol selectivity of catalysts such as those studied in this work with much higher
CO conversion (activity). Such improvements will be necessary to make CO/CO,
hydrogenation for ethanol synthesis a more efficient and industrially viable process for

producing simple liquid fuels.
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