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Excellence is an art won by training and habitation. We do not act rightly because we have virtue or
excellence, but rather we have those because we have acted rightly. We are what we repeatedly do.
Excellence, then, is not an act but a habit."”

Aristotle (384 BC - 322 BC)






Abstract

This PhD project is focused on the gas phase hydrogenation of furfural over iron and magnesium oxides.
Numerous catalysts with different iron and magnesium molar ratios, were prepared by co-precipitation or
impregnation methods and were tested for the reduction of furfural (FU) using methanol as hydrogen
donor. Furfuryl alcohol (FAL) and 2-methyl furfural (MFU) were the main products obtained,
demonstrating that Mg/Fe/O systems can promote sequential hydrogenation-hydrogenolysis reaction.
Impregnated catalysts demonstrated to be more active and selective towards MFU than co-precipitated
ones. Reported data demonstrated that product distribution was strongly influenced by the iron content
and from the resulting acid and redox properties of the material. As a matter of fact, the introduction of
iron on the surface of the basic oxide led to the addition of Lewis acidity and redox capacity in the
system, significantly enhancing FU conversion and MFU production. The activation of different species
on the catalyst surface has been studied by in situ DRIFTS and FTIR. The results reveal that the MgO
basicity favors methanol activation and FeOx redox capacity might be the responsible of furfuryl alcohol

hydrogenolysis.

Résumé

Cette these porte sur I’hydrogénation en phase gazeuse du furfural sur des oxydes de fer et de magnésium.
De nombreux catalyseurs avec différents ratio molaires en fer et magnésium ont été préparés par des
méthodes de co-précipitation ou d’imprégnation. Ils ont été ensuite testés lors de la réduction du furfural
(FU) en utilisant du méthanol comme donneur d’hydrogene. L’alcool furfurylique (FAL) et le 2-methyl
furfural (MFU) étaient les principaux produits obtenus démontrant alors que les systemes Mg/Fe/O
peuvent favoriser la réaction séquentielle d’hydrogénation-hydrogénolyse. Les catalyseurs imprégnés se
sont révélés plus actif et sélectif vis-a-vis des MFU que ceux préparés par co-précipitation. Les données
rapportées ont montré que la distribution du produit était fortement influencée par la teneur en fer et par
’acide résultant, ainsi que les propriétés d’oxydoréduction du matériau. En effet, ’introduction de fer a la
surface d’oxyde basique a conduit a I’addition d’acidité de Lewis et de potentiel d’oxydoréduction dans le
systéme, améliorant significativement la conversion de FU et la production de MFU. L’activation des
différentes espéces a la surface du catalyseur a été étudié in situ par DRIFTS et FTIR. Les résultats
révélent que la basicité du MgO favorise ’activation du méthanol et que le potentiel d’oxydoréduction du

FeOx pourrait tre responsable de I’hydrogénolyse de ’alcool furfurylique.






Preface

This thesis is intended to provide a fundamental investigation on the hydrogen transfer reduction
of furfural. Thus, in chapter I, a comprehensive introduction of furan compounds utilization was
presented. Further, we present a review of the different transformation strategies for the
upgrading of furfurals towards fuels and chemicals and related hydrogen transfer reduction
process in biomass conversion. In Chapter 1, we carried out experiments for handling of furfural
reduction into methyl furan, including co-precipitated and impregnated catalytic system.
Properties of active sites were investigated and characterized by ex situ techniques such as acid
base analysis, H, TPR, Raman spectra. Chapter Il is focuses on mechanistic investigations.
Detailed analysis by in situ DRIFT and FT-IR were performed. The manuscript ends up with a

general conclusion where some perspectives are put forward.

The work reported in this thesis was carried out between C2P2 Lab Lyon and University of

Bologna, within SINCHEM project support.
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Chapter I Overview on Biomass Utilization

Facing energy shortage, biomass is considered as a renewable energy source because its
inherent energy comes from the sun and it can regrow in a relatively short time. Recently, there
has been a strong political and technical focus on using biomass to produce transportation fuels
and organic chemicals. Replacement of petroleum-derived supplements with chemicals from
biomass will play a key role in sustaining the growth of the chemical industry.

Biomass is an abundant and sustainable resource. Three general components of biomass can be
distinguished: starches, triglycerides, and lignocellulose.[1] Starches are biopolymers of glucose
in which glucose molecular was lined by a-glycosidic bonds, and may be fully hydrolysis into
monomers. The monomers have been extensively used as feedstock for the production of first
generation bio-alcohol such as bio-ethanol, deriving from starch components of food crops such
as wheat shell, corn, and sugar cane, is probably the most well established bio-fuel production
process.[2] Triglycerides can be obtained from both plant and animals sources (such as vegetable
oils and animal grace), and are used as feedstock for the production of biodiesel via the
transesterification of lipids with an alcohol, such as methanol, to form a mixture of mono-alkyl
esters of long-chain fatty acids (such as Fatty Acid Methyl Ester). In the latter process, since
glycerol is formed as side product but it can be recycled for other industrial uses. Among these
trans-esterification process bases is used as catalyst conventionally, such as NaOH or KOH.[3]
One concept should be emphasized here. Using starches and triglycerides as feedstock to produce
fuel and chemicals is generally regarded as unsustainable because it seize the limited food
resources for chemicals rather than feeding humans. Additionally, using edible starches and
triglycerides as feedstock are consistently more costly compared to using fossil-based feedstock.
Consequently, more effort in the utilization of starches and triglycerides has shift to exploit
sources of waste, such as un-edible oils and waste cooking oil, as potential feedstock.
Lignocellulosic biomass is the inedible parts and most abundant biomass resources. The
components diagram was shown in Figure 1.1, it was reported by Wyman Charles et al.[4]
lignocellulosic biomass is composed of 40-50% cellulose (glucose polymer linked through B-
glycosidic bonds), 25-35% hemicelluloses (amorphous polymer of pentose sugars) and 15-20%
lignin (amorphous phenolic polymer). Since it is abundant and inexpensive, lignocellulosic

biomass is difficult to directly use. Several pretreatment steps were required before
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transformation into monomeric sugars. The pretreatment processes employ a combination of
physical such as high energy milling and chemical processes such as acidic hydrolysis, and it
was thought to be the most costly steps in lignocellulosic biomass utilization due to its low

selectivity and high energy input.

Figure 1.1 General composition of lignocellulosic biomass and representative structures of
constituent components represented from Ref.[4]

After pretreatment, different transformation routes were integrated to satisfy various production
desires. Among these transformations, the main principle is using it rather than directly flaring it.
Thus in order to facile the transformation, there are two approaches was established:
thermochemical processes and platform sequential transfer processes, and both of them were

shown in Figure 1.2
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Figure 1.2 Processes of the conversion of biomass through thermochemical and platform
sequential transfer process strategies to fuel and platform chemicals

The well-developed strategies for the production of bio-derived jet fuel are lignocellulose
gasification integrated with Fisher—Tropsch Synthesis. The process is easy coupling with
established industrial chemical process. Among the procedures, four stages were involved. At
beginning with pretreatment, during this stage, biomass was dried and grinded. After that, a
powder will be obtained. The second stage was gasification, after heating in a high temperature;
it was transformed into synthesis gas flow. After purification, the Fischer-Tropsch process will
convert synthesis gas into liquid hydrocarbon.

During sequence transformation several platform compounds were discovered. These called
building block chemicals can be produced from sugars via biological or chemical transformation
processes. The top sugar-based building blocks are furfural (FUR), hydroxymethylfurfural
(HMF), Furfural 2,5-furan dicarboxylic acid (FDCA), levulinic acid (LA), glycerol, sorbitol, and
xylitol/arabinitol. So among these platform compounds we focused on the furfural upgrading
because its transfer process was easily couple with established industrial process and scale up

into pilot synthesis and real application.
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1.1 Catalytic conversion of furfurals into fuel and chemicals

Biomass is mainly from wood resources, as a penitential fuel, it has a high oxygen content
which lowers significantly the heating values. Thus, hydrogenation is an alternative to produce
fuel compounds from biomass molecules. Several efficient approaches have been developed for
highly selective transformation of furfural (FUR) into fuel and fine chemicals including:

dehydration, oxidation, hydrogenation and carbon-carbon coupling.
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Figure 1.3 Summary of furfural conversion into value chemicals and fuel

The most common processes to remove oxygen from biomass derived compounds are
dehydration and hydrogenation where hydrodeoxygenation is the main route to reduce oxygen
contents. The section on hydrogenation reactions is the longest section as it encompasses a wide
number of products, most of them already commercialized. These include products and biofuels
derived from furfuryl alcohol, tetrahydrofurfuryl alcohol, methylfuran, tetrahydromethylfuran,
and cyclopentanone. The extensive compilation of furfural based compounds transformation

routes were summarized in Figure 1.3.

1.1.1 Furfuryl Alcohol, Methyl Furan and their Derivatives.
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Furfuryl alcohol (2-furanmethanol, FAL) is the most important chemical derived from FUR,
having a broad spectrum of applications in the chemical industry. FAL production utilizes 65%
of the overall FUR produced. FAL is primarily used for the production of resins for use as high-
quality cores and molds for metal casting in the foundry industry, as a reactive solvent for
phenolic resins in the refractory industry, as a viscosity reducer for epoxy resins, in the
manufacture of polyurethane foams and polyesters, and as a chemical building block for the
synthesis of tetrahydrofurfuryl alcohol (THFA) and pharmaceuticals (such as antiulcer
ranitidine), and in the manufacture of fragrances. Other relevant chemicals that can be obtained
from FAL include ethyl furfuryl ether, levulinic acid (LA), y-valerolactone (GVL); the latter two
products can also be synthesized directly from FUR.

From the view of industrial manufacture, FAL is produced through chemical catalytic
hydrogenation of FUR processes, which can be accomplished in gas or liquid phase. FUR
hydrogenation could also lead to the formation of some other chemicals besides FAL, such as 2-
methylfuran (MFU) through hydrogenolysis of side chains the C—OH bond, tetrahydrofurfuryl
alcohol (THFA, via deep hydrogenation of the furan ring of FAL), and 2-methyl tetrahydrofuran
(MTHF, from the hydrogenation of MFU).[5] Other minor products include furan and
tetrahydrofuran, different pentanediols, 2-pentanone and 2-pentanol, cyclopentanone and
cyclopentanol could also be formed in particular condition, but they are not the main goals for

FUR upgrading, due to less atomic economic.

1.1.2. Gas-Phase Hydrogenation of Furfural.

The industrial gas-phase process is essentially conducted by feeding FUR into an evaporator
system comprising a packed column, a circulating pump, and a heater to maintain the FUR
temperature at 120°C.[6, 7] Gas hydrogen was introduced from the bottom of the reaction
column in a countercurrent of liquid FUR that flows downwards. The reaction products are

condensed, and FAL is separated by distillation and residual FUR is recycled.

The gas-phase process was first reported in 1929 by using Cu on asbestos as the catalyst,[8]
after that the use of copper chromite was reported in 1937 by Du Pont de Nemours.[9] Later,
Quaker Oats Company achieved 99% furfuryl alcohol vyields at 130-170°C by using Cu
supported on NayO-xSiO,.[10] Similarly, many other Cu based catalystic systems and metals
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such as Pt, Pd, Co, Fe, Ni, and Zn have been attempted for this process, mainly to overcome the
environmental concerns when chromium components were used in copper chromite catalysts.
The experimental conditions and catalytic results of relevant catalytic systems are summarized
in Table 1.1. Many systems contain copper species which was believed as the active phase and
most employing support was silica. The simply comparison is not reasonable, because the
experiments are carried out under various conditions. The H/FUR molar ratio reported in
literature was range from 2 to 900 and the reaction temperatures range between 130 and 200 °C
and time-on-stream values was range from 0.25 to 80 h. However, according to Table 1.1, it can
be informed that the best catalytic performance to synthesis FAL is obtained via using the
CuCa/SiO, catalyst.[11] More interesting, it remained stable after running 80 h reaction and
provided a FAL vyield of 99% with a low H,/FUR molar ratio of 5 at the low reaction temperature
(130°C). However, in the absence of Caand at higher reaction temperature (170°C), it still
achieved of 97% FAL vyield after 5 h of reaction with a similar liquid hourly space velocity
(LHSV) of 0.5 h™".[12] Therefore, the challenge in the gas-phase hydrogenation of FUR to FAL
lies in the inhibition of the pathways that generate 2-methylfuran and furan when high
conversions of FUR are obtained because FAL is an active intermediate, which is difficult to
highly selective synthesis of FAL in high reaction temperature. As regard to investigate the
influence of catalyst towards FAL selectivity, the strong metal support interaction metal oxides
was proposed to be a key fact, it was demonstrated by Somorjai and co-workers, in which TiO,-
supported Pt was used as catalyst.[13] it indicated that an active furfuryl-oxygen intermediate
species were formed by a charge-transfer interaction between an oxygen vacancy of TiO, and
furfural and the species is rapidly hydrogenated. The role of the Pt/TiO, interface is simply to
facilitate hydrogen spill to form this furfuryl-oxygen intermediate, this reaction pathway is an
order of magnitude faster than when Pt is not supported on TiO».

The occurrence of catalyst deactivation complicates the application of Cu-based catalysts in gas
phase processes. This deactivation is more severe at higher FUR partial pressures, making a
thorough kinetic study of FUR hydrogenation difficult.[14] A possible explanations of the
observed catalyst deactivation, the formation of coke, catalyst poisoning by adsorption of FUR
or other reaction products, a change in the oxidation state of the copper species, and sintering of

the copper particles during the catalytic process have been proposed.
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Recently, the deactivation of copper chromite catalyst was studies by J.A.Dumesic et al. in
which it pointed that the main cause for deactivation of copper chromite catalysts was the strong
adsorption of species derived from FUR and FAL.[15] Moreover, when Cu sites were covered by
Cr species which could form by the decomposition of copper chromite, it will significantly
decrease the FAL selectivity. Nevertheless, it has very recently been demonstrated that the
stability of copper chromite can be improved by deposition of a thin alumina layer via atomic
layer deposition, which inhibited coke formation, Cu agglomeration, and blocking of the copper

particles by chromite species.[16]

Table 1.1 summary of Gas-Phase Hydrogenation of Furfural to FAL over Catalysts

Reaction condition Results

Catalyst Space Velocity | Temp. Time )

1 FUR.Con.(%) | FAL Yield (%) | Ref.
(h™) °C) (h)

Cu/SiO, 0.5 (LHSV) 170 4 98 97 [12]
Cu/SiO, 0.5 (WHSV) 140 10 98 73 [17]
Cu/SiO, 2.3 (LHSV) 290 0.25 77 63 [18]
Cu/MgO 4.8 (WHSV) 180 5 98 96 [19]
Cu/SBA-15 | 1.5 (WHSV) 170 1 92 85 [20]
Cu/ZnO 0.5 (WHSV) 220 10 95 31 [17]
Cu/Carbon NA® 225 1 1.6umol.g*s™® | 68% select.© | [21]
Ni/SiO, 10 (WHSV) 220 NA® 84 31 [22]
Pt/SiO, 1300 (GHSV) 200 05 | 0.2umol.g’s*® [ 13% select.© | [23]
CuCr/TiO, | 1.2 (WHSV) 140 0.5 90 79 [24]
CuCo/SiO, | 3.1(WHSV) 200 12 65 64 [25]
CuCa/SiO, | 0.33 (LHSV) 130 80 100 99 [11]
Cu,Cr,05 52 (WHSV) 200 4 22umol.g?s® | 98% select.© | [15]
CUQ‘;:\SEA' 4000 (GHSV) | 220 36 80 64 [26]

(a) NA: not available, (b) Reaction rate was presented in the reference instead of conversion
number, (c) Selectivity to FAL were given instead of yield, LHSV= Liquid hourly space
velocity, WHSV=Weight hourly space velocity GHSV=Gas hourly space velocity
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1.1.3. Liquid-Phase Hydrogenation of Furfural.

The first liquid-phase hydrogenation of FUR was invented by Quaker Oats Company in
1933 where Ni/MgO catalyst was employed as catalyst,[27] the process required accurate control
to avoid the deep hydrogenation to form tetrahydrofurfuryl alcohol. Meanwhile, reduced copper
chromite has been widely used as catalyst and it achieved more than 90% yield of FAL. When
higher pressure and higher temperature was attempted, the FAL selectivity was improved to 98%
at 140 °C using 10 MPa H; by adding alkaline earth oxides such as CaO and BaO in copper
chromite.[28] when copper chromite was supported on CaO, the FAL vyield could reach close to

98% at low H; pressures.[29]

In order to facilitate industrial operations, the liquid-phase hydrogenation of FUR was
performed by primary mixing copper chromite with FUR to form an initial slurry, after that, the
slurry was continuously fed into a tubular bubble reactor along with H,.[30] In the outlet, the
slurry was de-pressurized, and excess H, is recycled into the reactor, the liquid phase was
rectified to obtain pure FAL. Since high yield of FAL was obtained from the process, but the
main drawback of chromium-based catalysts is the risk of environmental pollution, most of
chromium compounds are toxic, and for this reason, extensive effort has been devoted to develop
more environmentally friendly catalysts. Table 1.2 summarizes the liquid phase catalytic
systems used for this reaction. From the results, it can be said that liquid-phase hydrogenation of
FUR to produce FAL always leads to better catalytic results than these obtained in the gas phase
process, many catalysts can produce around 100% FAL yields, although high H, pressures are
required. Most studies are using H, pressures is 1-2 MPa and reaction temperatures is between
60 and 180 °C. Since the operation condition was different, in general, high FAL yields could
been obtained under very different experimental conditions and with multicomponent catalysts in
which Ni and Cu are mainly presented as the active sites. Almost full transformation into FAL
has been reported by using pure FUR or FUR diluted in water, ethanol or isopropanol. The
deactivation of Cu-based catalysts is believed to the agglomeration and copper species leaching.

In order to limit the copper deactivation, atomic layer deposition has recently been developed by
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J.A.Dumesic et al. the synthesis strategy was demonstrated to be a desirable approach to stabilize
copper-based catalysts for liquid-phase catalytic reactions.[31] Similarly, layer deposition of an
alumina overcoat was conducted, in which the Cu particles was in encapsulation by an
amorphous alumina overcoat. After that process high temperature calcination produced multiple
pore structure in coating alumina layer, thus more active copper species could be exposed but
still maintaining the stabilizing interaction with low coordination copper sites on the surface that
prevent leaching and agglomeration. In contrast, Pt/C catalysts have been reported to not
undergo deactivation after being used for three cycles.[32] Also in this work, the author carried
out kinetic analysis. The experimental data was fully fitted with the Langmuir-Hinshelwood
dual-site mechanism in which it contained two different active sites for the molecular adsorption
of H, and FUR/FAL species. It concluded that the reaction between adsorbed FUR and adsorbed
hydrogen is the rate-controlling step.

Tablel.2 Summary of different catalytic system for liquid-phase hydrogenation of furfural

Reaction condition Results
Catalyst
Solvent Temp. (°C) | Time (h) FUR.Con.(%) | FAL Yield (%) | Ref.
Ni-alloy No 100 6 100 100 [33]
CWALO; Water 90 2 81 81 [34]
Co/SBA-15 | Ethanol 150 1.5 92 88 [35]
Ru/Zr-MOF Water 20 4 95 95 [36]
Pt-Sn/SiO, | Isopropanol 100 4 100 96 [37]
Rh-Sn/SiO, | Isopropanol 100 4 14 13 [38]
In-ReOx/SiO2 |  Water 50 NA? 100 97 [39]
Pd-Cu/MgO Water 100 1.3 100 99 [40]
Cu-Co/SBA- | |sopropanol 170 4 99 80 [41]
15
NiFeB/SiO2 | Isopropanol 100 4 100 100 [42]
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CuAlFe None 160 0.3 99 98 [43]
oxide/Ca(OH),
CuCrmixed | p-QOctane 200 4 95 78 [44]
oxide
CuFemixed | p.Qctane 200 4 87 84 [45]
oxide
CuMgAl | |sopropanol 110 1 63 63 [46]
mixed oxide
CuZnCrZr | |sopropanol 170 3.5 100 96 [47]
mixed oxide
CuNiMgAl | Ethanol 200 2 03 83 [48]
mixed oxdie

a) NA =not available

An alternative approach for liquid phase hydrogenation of FUR is one-step hydrogenation—
esterification of FUR to form furfuryl esters was reported by A.Corma et.al. The produce
furfuryl esters can be used as fuel agents for partly blending with petrol diesel due to its high
energy density.[49] The hydrogenation—esterification of furfural based compounds to furfuryl
esters was proposed to be an alternative route to upgrading furan based compounds. Similarly
Zheng et al. investigated the hydrogenation—esterification reaction of FUR with acetic acid to
form furfuryl acetate in the liquid phase under 20 MPa H; at 150 °C. In these studies, several
supported Pd, Pt, Cu, and Ni catalysts was tested.[50, 51] Unfortunately, the best yield of
furfuryl acetate is obtained is 13% suing 5 wt% Pd supported on Al,(SiO3); and Al-SBA-12 as
catalyst, it still too low for real industrial applications and FAL was the major product (yield
around 43%) where MFU was a minor by-product. The authors also pointed that acid sites near
the hydrogenation active centers are the key fact to promote the esterification, but there are still
serious drawback that must be resolved in further studies, such as the polymerization of furfuryl
alcohols to form heavy compounds which is also driven by acid sites. Meanwhile in these studies
there are no recycle tests to assess the reusability of the catalysts.

Using supercritical CO, has been demonstrated to be an alternative technique for process the
hydrogenation of furfural into different furanic compounds. Some attempts were reported by
M.Poliakoff et.al, in which the product selectivity can be controllable. It involved in the
hydrogenation of furfural to form furfuryl alcohol, tetrahydrogen furan, methyl furan, 2-

methyltetrahydrofuran and furan, all these products can be tuned by using two catalytic beds
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with copper chromite and Pd/C in sequence under respective temperatures.[52] Thus, the best
furfuryl alcohol yield was 98% by using only the first copper chromite reactor under conditions
of 120 °C, 15 MPa H, 1 mL min~' CO,, and 0.05 mL.min"" furfural.

1.1.4 Electrocatalytic Reduction of Furfural

Another interesting approach for the synthesis of FAL is the aqueous electro-catalytic
hydrogenation of FUR using a sacrificial Ni or Ni/Fe alloy anode.[53] The generation of atomic
hydrogen is performed in situ through the reduction of hydronium ions on the cathode surface
using external electrons. A FAL yield of 63%, with a yield of MFU lower than 5%, were
obtained by modulating the current density and the nature of both the electrolyte solution and
electrodes. Similarly, Huber et al. employed a continuous-flow electro-catalytic membrane
reactor for the reduction of an aqueous solution of FUR.[54] Different catalysts have been tested
as the cathode materials, but the best results were accomplished by using Pd/C cathode, with a
selectivity of FAL range from 54% to 100% at 130°C-150°C.[55] Moreover, furfuryl alcohol
(FAL), tetrahydrofurfuryl alcohol (THFA), Methyl furan (MFU), and 2-methyl tetrahydrofuran
(MTHF) were also detected, and the product selectivity varied as a function of the applied
voltage. The current efficiency reached 24-30%; the unaccounted for current was utilized in the

production of H, rather than FUR hydrogenation.
1.2 General Strategies of Hydrogen Transfer Reduction

To facilitate discussion about the effect of catalysts, hydrogen donors, on catalytic transfer
reduction (CTH) on product distributions in the following sections, we will first introduce
several common mechanisms of CTH process. There are two main mechanisms for
heterogeneous CTH reaction[56] depending on the type of metal used: the direct hydrogen
transfer and the hydride route. In general, direct hydrogen transfer is proposed for main group
elements, whereas the hydride route is considered to be the major pathway for transition metals.
As regard to Meerwein—Ponndorf—Verley (MPV) reduction, Lewis acid site were believed to be
the active sites for MPV reaction but only in Sn, Zr beta zeolite.[57] Pure gas phase hydrogen

transfer reduction over MgO was believe to occur via Mg?* O pair formed six member ring[58].

1.2.1 Direct hydrogen transfer
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In direct hydrogen transfer, the hydrogen is transferred directly from the donor to the acceptor
without any involvement of metal hydrides. The mechanism is thought to proceed through a
cyclic six-membered transition state. (Figure 1.4)[59] This mechanism was originally proposed
for the Meerwein-Ponndorf-Verley reduction, typically, the complex AIl(Oi-Pr); was used as
catalyst. The aluminium-catalyzed hydride shift from the a-carbon of an alcohol component to
the carbonyl carbon of a second component, which proceeds via a six-membered transition state,
is referred to as the Meerwein-Ponndorf-Verley reduction (MPV) or the Oppenauer Oxidation,
depending on which component is the desired product. If the alcohol is the desired product, the
reaction is viewed as the Meerwein-Ponndorf-Verley reduction. One of the main advantages in
the use of MPV reaction for the reduction of carbonyl compounds, is its high selectivity for C=O

double bond.

Figure 1.4 Direct hydrogen transfer processes via six members ring intermediate via metal sites,
A=Lewis acid

1.2.2 Hydride Route

The hydride route proceeds in a stepwise manner through surface hydride formation. Typically,
the metal or Lewis base catalyst removes one hydrogen from the donor such as methanol, both
through hydride elimination and deprotonation over alcohol OH group. (Figurel.5) The
hydrogen is then transferred over the surface to the acceptor, e.g. ketone. Most of noble metal
catalysts usually operate via this kind of mechanism. The surface dehydrogenation was supposed

to the rate limited step. When surface was saturated with hydride, the reaction will be speed up.
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H H Hydride Transfer HH

Figure 1.5 Hydrogen transfer via metal hydride route.

1.3 Catalytic Hydrogen Transfer in Biomass Transformation

The current interests are mainly focused on the utilization of biomass as an alternative source
for the production of fuels and chemicals. In order to upgrade biomass feedstock, it is necessary
to set up an oxygen removal step, due to the high oxygen content which is typical for these
compounds. In this section, we summarize the various catalytic systems and the latest research
progress for the selective hydrogenation of biomass derived platform molecules using H-transfer
reaction with different hydrogen donors. A list of most frequent employing heterogeneous
catalytic system for hydrogen transfer processes in biomass transformation is reported in Table

1.3, in which hydrogen donor, biomass relevant substrate and catalysts were specified.

Table 1.3 Heterogeneous catalyst used in H-transfer hydrogenation processes of biomass
derived oxygenated compounds

Substrate Catalyst H-donor Ref.

Zr02 2-propanol/isobutanol [60]

Zr02 Supercritical ethanol [61]

S Zr(OH)x Supercritical ethanol, 2- 62]
levulinic acid propanol

Zr-Beta Secondary alcohols 63, 64

and levulinate(EL) y [63, 64]

Zr-HBA 2-propanol [65]

Ni Raney 2-propanol [66]
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Ru(OH)/TiO; 2-propanol [67]
Supported Au Formic acid or butyl formate | [68, 69],
Pd/C and H,SO,4 Formic acid [70]
Pd/C Formic acid [71]
Pa/C Rl:(c overionic Formic acid [72]
iquid
Pd/ZrPQ, Formic acid [73]
HME Cu-PMO Supercritical methanol [74]
MgO Methanol [75]
Ru/C 2-propanol [74, 76]
Pd/C, Rh/C with ZrCl, Methanol [77]
Pd/Fe,03 2-propanol [78]
Ru/hydrotalcites 2-propanol [79]
MgO Methanol [75]
Pd/Fe,03 2-propanol [78]
Cu/Mg/AIIO Ethanol, prJgog?]r;(I)l and 2- [80]
Furfural : prop
RU/RUO,/C Primary and secondary [81]
alcohols
Ru/Carbon 2-propanol [82]
Al/Mg hydrotalcites
doped with La, Cu, Supercritical methanol [83]
Cr, Mn, Zr
Lignin Ni Raney 2-propanol [84, 85]
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Vanillin Pd supported catalyst Formic acid [86]

Sorbitol/Mannitol RU/C 2-propanol (87]

Sugars Cu/NI/Al oxide ethanol [88]

Glycerol Iron Sﬁéﬂgﬁ;‘i iron Cs alcohols [89]
FeOx-ZrO, Formic acid [90, 91]

Pd supported catalysts 2-propanol [92]

Obviously, from Table 3.1, the main work was focused on (hydroxymethyl furfural) HMF,
levulinic acid (LA) and furfural (FU) reduction. One of the key challenges for upgrading furans
based compounds is product selectivity; a mixture of side chain ring-hydrogenated and ring-

opened products is often formed.

Catalytic hydrogen transfer reduction viathe Meerwein—Ponndorf-Verley (MPV) reaction
between FUR and secondary alcohols has produced remarkable results. Indeed, selective
conversion of FUR to FAL only has recently been reported with a Cu-based catalyst obtained by
reducing a spinel-like Cu/Al/Mg mixed oxide and using isopropanol as the hydrogen donor,[80]
but there is absence of catalyst recycling studies to evaluate catalytic stability. Similarly, around
95% FAL yield was obtained with a bimetallic Ni-Cu/Al,Oj3 catalyst where the same hydrogen

donor was used and reaction conditionals were at 200 °C under 4.5 MPa N,.[93]

It must be mentioned that catalytic transfer hydrogenation in the gas phase has also been
attempted. This reaction is based on the MPV reduction principle: selective reduce carbonyl
group.[94, 95] Moreover, this CHT process minimizes the formation of by-products (MF, THFA,
and furan) that are frequently generated in the conventional gas-phase H, reaction. The alcohol
can be chosen to produce an aldehyde or a ketone with industrial applicability. Thus an 85%
FAL yield was obtained by gas-phase MPV reduction of FUR coupled with oxidation of
cyclohexanol to cyclohexanone with Cu—-MgO-Cr,05.[96, 97] Cyclohexanone is used as an

intermediate in the production of nylon-6 and nylon-6,6. Unfortunately no information regarding
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the deactivation was provided, which is a key consideration for correct assessment of the

technical viability of this process.

Beside reduction of aldehyde groups, some attempts were made to reduce and open the furan
ring in order to produce linear diols such as 1,6-hexanediol which is extensively used in the
production of polyesters for polyurethane elastomers, coatings adhesives and polymeric
plasticizers. Ebitani and co-workers[73] reported the direct synthesis of 1,6-hexanediol from
HMF over Pd/ZrPO, using formic acid as H-donor. Their results indicated that the surface
acidity, due the Bronsted acid sites, is responsible for furan ring opening (C-O bond cleavage),
while palladium catalyzes C=0 hydrogenation. One more case should be mentioned here, sugar
reduction, including fructose, mannose, arabinose and xylose to their corresponded polyols was

performed by J.Pérez-Ramirez et.al. in which, ethanol was used as hydrogen donor.[88]

1.3.1 Alcohols as Hydrogen Donor

Alcohols are widely used hydrogen donors for metal-catalyzed catalytic transfer (CTH)
reduction (Table 1.3), with many parallels with acid—base chemistry discussed in previous
section 1.2. Secondary alcohols generally show higher activity than primary alcohols in
dehydrogenation over metal surfaces, facilitating hydrogen transfer to object substrate. This can
be readily attributed to the enhanced stabilizing effect of two, rather than one, alkyl groups via
inductive electron donation to the a-C of the alcohol in the dehydrogenation process.[66, 78, 81,
98] In particular, Vlachos and co-workers studied the effect of the structure of alcohols on the
conversion of furfural to 2-methylfuran (2-MF) over Ru/C.[81] It pointed that the secondary
alcohols was active than primary alcohols, this work shows that a longer alkyl chain in the
alcohol is beneficial for CTH activity, which holds for both primary and secondary alcohols.
However, this effect diminishes when the side chain contains more than two carbon atoms: i.e.,
the CTH activity of alcohols increases in the sequence ethanol < 1-propanol ~ 1-butanol < 2-
propanol < 2-butanol ~ 2-pentanol. The reduced enhancement effect for longer side chains could
be attributed to the diminished added stabilizing effect, site blocking caused by the larger
footprint of the adsorbed alcohol, or a combination of the two. Interestingly, methanol has been
employed as a hydrogen donor in the hydrogenolysis of glycerol.[99] When methanol
dehydrogenates into formaldehyde and H,, the formaldehyde can react with water to form formic
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acid. The decomposition of formic acid to CO, and H is more energetically favorable than
methanol dehydrogenation; thus, CO, was the only product aside from hydrogen when methanol
was used as the hydrogen donor on Ni—Cu/Al,O3 at 220 °C. Thus, two molecules of hydrogen
are produced for each methanol molecule, twice as much as that from 2-propanol. Comparable
glycerol conversions and product distributions were observed with 2-propanol and methanol as
the hydrogen donors.[99] Moreover, supercritical methanol has been demonstrated as an
effective environment for conversion of HMF to DMF.[74] it indicated that the influence from
solvent should also be considered as important fact.

The use of isopropyl alcohol, as hydrogen donor as well as reaction medium, was alternatively
studied by Vlachos and coworkers[76] for HMF reduction. When the reaction was conducted
over the Ru/C based catalyst, 100% conversion of HMF and a 81% of yield in DMF were
achieved at 190°C after 6 h. Unfortunately, when the recovered Ru/C was reused in the second
cycle, HMF conversion and DMF yield were significantly decreased to 47% and 13%
respectively,, showing a considerable deactivation of Ru/C even after its first use, which might
be due to the formation of high molecular weight by-products on ruthenium surfaces. More
recently, Pd and Rh supported onto carbon were used for HMF hydrogenation in the presence of
MeOH at 150°C and 20 bar of H; pressures.[77] ZrCl, was used as co-catalyst because it was
supposed to improve DMF selectivity due to the presence of a strong synergistic effect between
Pd and Zr; the addition of Zr salt to the reaction mixture has also been function when Ru/C was
used as catalyst. DMF vyield reached to 39%, HMF conversion was around 75%, after 2 hours
reaction. However, in the presence of methanol HMF etherification occurred, forming 5-
methoxymethylfurfural; this reaction was catalyzed by Lewis acid sites which were belonged to
the used catalyst. On the contrary, the use of THF as solvent led to 85% yield of DMF after 8h
reaction with fully conversion of HMF, it revealed the inability of these catalytic systems for

high selective transform HMF into DMF when it was absence of alcohol.

Another Pd based catalys was reported by Hermans and coworkers[78] in which Pd was
supported on Fe,O3z and 2-proponal was used as hydrogen donor. The yield of DMF reached to
72% when a continuous-flow reactor was employed, reacted at 180 °C. Compared with HMF,
furfural presence similar structure but limited functional group, so it was easily selective
reduction of carbonyl group via H-transfer. In fact, in the same paper, it also investigate

hydrogen transfer reduction over Fe,Os-supported Cu, Ni and Pd catalysts, and all the catalytic
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systems can process the sequential transfer hydrogenation/hydrogenolysis of furfural to 2-
methylfuran. An optimal yield of 57% of furfuryl alcohol and the formation of 10% of MFU
were observed in a batch reactor at 180°C after 7.5 hours of reaction with Pd/Fe,O3. The
remarkable activity of Pd/Fe,O3 in both transfer hydrogenation and hydrogenolysis is attributed
to a strong interaction between metal and support and it indicated that the noble metal catalyst,
behavior in catalytic transfer reduce is similar like act as dehydrogenation catalysts. Recently,
Chilukuri and co-workers reported a Ru-containing hydrotalcites catalyst for HMF conversion to
DMF in 2-propanol.[79] It pointed that 2-propanol was play as solvent and H-donor.
Unfortunately, acetone was formed as byproduct and it has to be separated from the final

mixture, increasing the cost of the whole process.

Further, other alcohols can also be used as H-donor in HMF reduction. A new approach was
reported by Riisager et al.[74] process the selective hydrogenation of HMF via hydrogen
transfer, in which supercritical methanol was used both as a hydrogen donor and as reaction
medium in the presence of a Cu-doped porous metal oxide. The author emphasized that the
production cost can be reduced and the operation security can be improved to a certain extent
when methanol is used as a hydrogen donor instead of H,. However, in the reaction process, the
critical temperature of methanol is very high (as high as 300°C) and the selectivity of DMF is
very low. Indeed, only 34% DMF yield can be obtained with 100% HMF conversion at 300°C

after 0.75 hour of reaction.

Using methanol as hydrogen resource was also investigated by Cavani and coworkers.[75] In
their work, HMF can be selectively reduced into BHMF (99% yield) over bulk MgO without
additional solvent, under mild condition (160°C). In the same reaction conditions, furfuryl
alcohol yield was reached to 97%. It revealed that bulk MgO was to be an excellent catalyst due
to the capacity of methanol activation at low temperature, which is was believed to be the speed

control step.

From above review, it concluded that, most of alcohol could be easily adopted as hydrogen
donor in furan based compounds upgrading, and most of reaction was focus on selective
carbonyl group reduction to corresponded alcohol. Acting as hydrogen resource, alcohol could

be easy handling and scale up.
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1.3.2 Formic Acid and Formate as Hydrogen Donors

Formic acid (FA) could be sustainable synthesized from biomass compounds. it can be formed
renewably from lignocellulosic biomass such as rehydration of HMF to levulnic acid and formic
acid[100] or from electrochemical reduction of CO,,[101] which makes FA an environmentally
friendly source for both high-purity hydrogen production[102-104] and a hydrogen donor for
CTH reactions. Two surface species have been proposed to directly participate in hydrogen
transfer (Figure 1.6): (A) surface hydrogen (hydride) and (B) adsorbed formate species.
Adsorbed atomic hydrogen formed via stepwise hydrogen transfer from FA to the metal
surface[105] appears to be a natural choice; however, it fails to explain some results obtained
from isotopic labeling studies on Pd/C,[106, 107] one of the most widely used CTH catalysts
with FA. Formate with larger metal cations showed higher activity for the hydrogenolysis of
benzyl acetate, which was attributed to the ease of separating the ions due to the longer initial
distance of the charge centers.[108] However, FA exhibits higher activity than formate salts in
the CTH of a-methylbenzyl alcohol on Pd/C, which could be attributed to the role the proton
plays in the dehydration step. It seems that formate species is more easy to process
hydrogenenolysis of alcohol.[109] With plenty of methanol feeding the surface surfer mass
formate species which also believed to be the active hydrogen donor in MgO based system.
Further the fact that the additions of bases will accelerate the formate hydrogen transfer. Three
distinct roles of formic acid in this process were identified: (1) hydrogen donor, (2) acid catalyst,

and (3) deoxygenation agent for furfuryl alcohol.
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Figure 1.6 Possible Surface Adsorbed Hydrogen Donor in catalytic transfer reaction with formic
acid: (a) Adsorbed Hydrogen Atom; (b) Adsorbed Formate M=metal
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In 2010, Rauchfuss and co-workers invented a novel catalytic system, in which formic acid
(FA) was first used as a hydrogen donor for the selective hydrogenation of HMF.[70] When the
reaction was carried out in THF over the Pd/C catalyst, more than 95% DMF yield with 100%
HMF conversion was observed at 70°C after 15 h. Furthermore, a one-pot process for synthesis
of DMF from fructose was also investigated. In the presence of FA, H,SO4, Pd/C and THF,
fructose was initially dehydrated at 150°C for 2 h, and the generated HMF was subsequently
hydrogenated at 70°C for 15 h, obtaining 51% DMF yield. It is worth noting that using FA as
catalyst it is possible to perform three different reactions, thanks to its peculiar characteristics: it
is an acid catalyst for the dehydration of fructose into HMF and a reagent for the deoxygenation
of furfuryl alcohol as well as a hydrogen donor for the hydrogenation of HMF into DHMF. The
use of formic acid for hydrogenation is very attractive from industrial view, because formic acid
also could be produced from derived from biomass such as the HMF hydration, equivalent
formic acid is produced company with levulinic acid (LA) and formic acid also can be
regenerated by hydrogenation of formed CO,. In 2012, a similar catalytic system using formic
acid as hydrogen resource was reported by De et.al.[72] In this study, microwave was chosen as
the heating system. Details investigate indicated that the conversion of fructose into DMF via
HMF intermediate was catalyzed by formic acid due to the acidity. The author also concluded
that the first step, dehydration of fructose to produce HMF was also benefit the coexistence of
formic acid (FA) and ionic liquid [DMA]'[CH3;SO;3]” (DMA=N,N-dimethylacetamide). In the
following steps, HMF was transformed into DMF by sequential hydrogenation and
hydrogenolysis in which FA act as H-donor and when Ru/C was used as catalyst, the maximum
yield of DMF was reached (32% yield from fructose and 27% yield from agar respectively).
After all, using FA will increase environmental hazards pollutions risk so it limit its large scale-
up using. Meanwhile, a series of special corrosion-resistant equipment are needed, and then the

corresponding costs will be increased, which restrain a wide range of external application.
1.4 Methanol Transformations as Hydrogen Donor

Methanol was synthesis mainly from syngas, but recently, part of syngas could be produced
from biomass feedstocks, so in some view, methanol could be sustainably synthesized.
Meanwhile as hydrogen resource, after reaction only light compound such as CO, CO,, H, and

CH, which is easy to eliminate from reactor, so purification of product could be easy handle. In
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order to high utilization of methanol transformation as hydrogen donor inhibited byproduct
producing. Some researches were carried out to investigate the intermediate via methanol
reaction without oxygen.[110-113] Possible species of methanol transformation was lined in the
order: Methanol ---- methoxy---- formaldehyde---- formic acid, formate or methyl formate----

carbonate (bicarbonate). Figure 1.7

HCOO- Formate

CH;0OH —> H,CO ——> HCOOH
HCOOCH; Methylformate

~_ -

Figure 1.7 Possible species of methanol transformation over MgO surface in gas phase reaction

All the processes would benefit from exact understanding of the reaction mechanism. We
explored methanol dehydrogenation over basicity sites as possible alternatives to activate
methanol. We examined trends in methanol dehydrogenation. It is well established that MgO
catalyzes the dehydrogenation of methanol. High temperature could form CH, Alternatively,
adsorbed methoxy and formate species may yield methylformate (Tishchenko reaction) which is
easy to decompose at high temperatures to methane and CO,. Therefore, the data indicate the
initial formation of formates followed by the slower formation of carbonates. Methanol has been
used as a hydrogen source in directly methanol fuel cells. Formic acid can be reformed to release
hydrogen and formic acid can decompose on metal surfaces through either dehydrogenation to
produce CO, and H; or dehydration to produce CO and H,O. Formic acid and formaldehyde as
hydrogen donor.[114] The Ru based catalyst could be used in activation methanol transfer, the
product HCOOCH3; was observed as the product of methanol oxidation[115]. During the
reaction, Ru as hydride accepter whiles the methanol was activated. If the product of methanol is
stable the equilibration will not shift to the furfural reduction steps. In high temperature it is
believe that formic aldehyde was the active species from methanol[116] it demonstrate
methylation was happen via formic aldehyde CH,0O. According to the literature, the activation of
methanol could include methanol dehydrogenation and high temperature disproportionation.
While methanol activation, methanol may generate a wide range of products, such as

formaldehyde (CH,0O), dimethyl ether (CH3-O-H3C), methyl formate (HCOCH;),
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dimethoxymethane (CH3;0CH,0OCHj3), formic acid(HCOOH). It was believed that formaldehyde
competes with formate at low temperature. Thus the activation species such as formaldehyde,
formate, and methyl formate could not be exclusive when methanol was treated as hydrogen
resource at high temperature.

1.5 Furfural Hydrodeoxygnation Investigations

1.5.1 Furfural and Furfuryl Alcohol Activation

In the gas phase, The report from R.F.Lobo et al.[57] and A.Corma et al.[117] indicate that
tetravalent metals (Ti, Sn, Zr) substitution of Beta zeolite could run furfural reduction via similar
Meerwein Ponndorf Verley Oppenauer (MPV) mechanism, thus there are no furfuryl alcohol
hydrogenolysis product formed. Similarly, when supported transition metal Cu/ZnQO catalytic
system was employed for furfural reduction,[118] only furfuryl alcohol was produced. There are
few research work in which furfural or furfuryl alcohol hydrodeoxygnation could process. In
liquid phase reaction, the report from G.Vlachos et al. specified that surface formed RuOx
cluster was believed to be the active site for furfural hydrodeoxygnation, the high selectivity
methyl furan is from beneficial effects of Lewis acid derived from RuOx.[81, 119] Further, the
combination strategy was verified to emphasis the synergy effects between Ru/C and
homogeneous metal chloride.[120] DFT calculations suggest that methyl furan formation
involves directly hydrogenation of furfural via n> (C=0) binding model to process deoxygenated
and hydrogenation to methyl furan and the route involved two steps: adsorbed furfuryl alcohol
dehydration and subsequent hydrogenation to methyl furan. There are few reports could process
furfural furfuryl alcohol hydrodeoxygnation so based the above literature review, the furfural and
furfuryl alcohol activation should also be considering an important role towards product

distribution, specifically in methyl furan selectivity.

The first report of furfural reduction to product of methyl furfuran was usd Fe-Pt dual metal
supported catalyst in which 5% iron was doped into the catalyst. Similarly, according to T.Rajia
et al. Fe metallic nanoparticle was employed as the catalyst and the promotion of Fe for methyl
furan selectivity was investigated. They pointed that presence of oxygen vacancies in the Fe
oxide system promoted furfural activation.[121] B.M.Nagaraja et al. reported a superior activity
of Cu/MgO and Cu-MgO—Cr,03 catalysts in FAL hydrogenation.[19, 122] The incorporation of
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inexpensive Fe on Cu-based heterogeneous catalysts for various catalytic transformations has
been studied in many reports. Among these catalytic systems, most of them were just produce
furfuryl alcohol and reports mainly focus on the basic hydrotalcite mixed metal oxide. Such as
double hydroxides.[123] Meanwhile noble metal catalysts was reported as catalyst[124] here Cu
was recongniated to the base metal and molybdenum carbide was also used as catalyst for
furfuran reduction in gas phase.[125] Comparably, carbonyl was adsorbed over Cu surface e was
reported by J.A.Dumesic et al.[126] in which surface metal was supposed to participate furan
ring activation. DFT calculation reveal the furfural adsorption geometric state[127] was
alternative factor could influence furfural reduction kinetic. Further research was focus on furan
ring activation over Rd(111) face.[128] Since the active sites of Cu-based catalysts in the vapor
phase involve Cu’or Cu’ species remains controversial,[15, 16, 21] but from the view of
reaction kinetics, it had been shown that the Langmuir—Hinshelwood model fits the reaction rate

data.[14, 18]

Beside comparison of experiments, Density functional theory (DFT) calculations, and infrared
(IR) spectroscopic techniques, were employed here to investigate furfural hydrogenolyis
mechanism. It provided a model for surface intermediates adsorption behaviors as well as
plausible reaction pathways. Two different routes have been proposed for furfural activation:
first category was Cu-based catalysts[18] and others are for group VIII metals[22, 129-131] In
the first category, according to Resasco et al., the adsorption of FUR occurs preferentially via the
lone pair of electrons from carbonyl group oxygen, it formed a surface n'(0)-aldehyde binding
mode in Figure 1.7 A [18] The FUR molecule lies straightly to the catalyst surface meanwhile
the aromatic ring get net repulsion because the surface Cu atom overlap of the 3d band with the
aromatic furan ring. Thus, the reaction can proceed either through an alkoxide (H addition to the
C atom of the carbonyl group) or a hydroxyalkyl (H attack on the O atom of the carbonyl group)
intermediate. In the second intermediate pathway was more plausible, due to its lower activation
energy barrier. It could be explained from the stabilizing effect of the aromatic furan ring on the

hydroxyalkyl intermediate.
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Figure 1.7 Mechanism of furfural hydrogenation with Cu and Group V111 metals reposted
from ref. [18, 22]

In contrast, for Group VIII B metals (Pd, Ni, or Pt), the interaction between the furan ring and
the metal surface is presence thus a flat n2(C=0) geometric mode is formed.[129-131] The
preferred pathways toward FAL production also process through two steps: hydrogenation of the
surface n?(C=0) adsorbed carbonyl group, one hydrogen to attack O atom and then to generate a
hydroxyalkyl intermediate, followed by hydrogenation of the carbon to generate adsorbed FAL.

Since furfural decarbonylation was also inevitable. It indicated that the energetic barrier of the
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hydroxyalkyl species intermediate transformation is smaller than that of transformation of FUR
to furan via the formation of a n’(C)-acyl intermediate and further process decarbonylation.
Therefore, through decarbonylation towards furan generation is thermodynamically favor but
hydrogenation to furfuryl alcohol is kinetically preferred, more FAL could be obtained via
furfural n*(C=0) geometric mode over iron metal. DFT calculations also indicated that MF
formation involves a direct pathway involving the hydrogenation of adsorbed FUR to an alkoxy
intermediate that is subsequently deoxygenated and hydrogenated to MFU and an indirect route
from FAL involving dehydration of the adsorbed FAL and subsequent hydrogenation to MFU,
both with higher energetic barriers than the FAL synthesis.[131] The author also pointed that at
low H; pressure, where surface not fully coverage with hydride, the increase of H coverage can
change the preference for reaction pathway. The relatively small differences could change in the
activation energies.

Base on previous literature review, VIII elements, especially iron are suitable metal for furfural
activation. It is evident that iron addition increased the methyl furan selectivity. The conversion
of furfural in hydrogen over SiO, supported transition metal catalyst have been investigated at 1
bar and it is clear to show that furfuryl alcohol was the primary product when mono Ni was
employed to be the catalyst, in contrast, when Fe was doping the Ni, the yield of methyl furan
was greatly increased. The addition of Fe suppress the decarbonization and promoting the C=0
hydrogenation at low temperature and the C-OH hydrogenolysis at high temperature. The
authors reported that the difference between Fe interaction with furan ring in theoretical
level.[132]. They indicated that there is a bond between furan ring and iron initially and the
interaction was transfer from the delocalization region of furan ring to iron surface. The similar
behavior was reported in Cu-Fe bimetal system, it found that Fe-containing Cu-based catalysts
show much higher reactivity and very high selectivity towards 2-methylfuran. It reveals that
partial reduce Fe®* was supposed to the promoter.[133] Similar report was summarized below
Fe-Pt bimetallic supported catalyst surface furan adsorption desorption analysis[134]. Pd-Cu
selective form furfuryl alcohol[129], Ni-Fe selective form methyl furan, [22] where Fe is
especially efficient for furfuryl alcohol conversion into methyl furan. Iron oxide was predicted to
have one of lowest selectivity. Such as the catalyst system Pd/Fe,Os catalyst was reported to be
high selective to furfural sequent reduce to methyl furan in which the metal support interaction is

believed to the main effects it provide alternative strategy for C—O bond activation utilizes
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reducible transition metal oxides. In the “reverse Mars—van Krevelen mechanism[135] bridge
oxygen vacancy was supposed to be the active site which was confirmed by Vlachos and co-
workers[136]. Furthermore VIII volume metal was believed to be good candidate for side chain
C-O bond hydrogenolysis catalyst. It was also demonstrated by DFT calculation from
researchers Michel and Gallezot, [137] in which it show that the strong interaction between Ru
and water due to the redox capacity favor surface adsorbed water to act as hydrogen resources,
and the consumption of hydrogen from water could recharged by molecular hydrogen. In this
way, ruthenium is suitable to be a promise catalyst for the hydrogenation of carbonyl

compounds, especially in agueous system.
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1.6 Aim of This Work

In the growing field of furfural hydrogen transfer reduction, there is a lack of fundamental
knowledge of the reaction mechanism and the elementary steps, which are central information
for the rational design of improved catalysts. In this thesis, several efficient approaches have
been disclosed for mechanism investigation of furfural reduction and hydrogen transfer process.
However, there is still a lack of understanding on the hydrogen transfer reduction of furfural in
gas phase. Thus, this work is focused on the gas phase hydrogenation of furfural over iron and
magnesium oxides. Numerous catalysts with different iron and magnesium molar ratios were
prepared by co-precipitation or impregnation methods and were tested for the reduction of
furfural using methanol as hydrogen donor. The way FeOx influences the product distribution

and reaction pathway was discussed.

Infrared spectroscopy has proved to be a convenient tool for the identification of adsorbed
species and the elucidation of reaction pathways on oxides surfaces. In order to investigate the
methanol hydrogen transfer and how furfural is activated towards hydrogenolysis, in situ DRIFT
and infra spectra were recorded. This understanding will help in the design of more competitive
catalysts. Furthermore, focusing on the mechanistic interpretation, labeled methanol reactions

were also carried out to reveal the reaction pathways.
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Chapter Il Iron Based Catalytic System for Furfural Reduction

2.1 Introduction

The use of biomass, particularly utilization of lignocellulosic materials for fuels and chemicals
production has been increased with the aim of reducing the exploitation of non-renewable
resources. This renewable feedstock contains highly functionalised carbohydrates and the actual
industrial challenge is to develop new processes for converting biomass into platform molecules
and reducing their oxygen content.[138] Among these platforms, furan derivatives are
considered to be important intermediates because of their rich chemistry. For this reason, many
efforts have been made in the conversion of furfural (FU), which can be large scale produced
from hemi-cellulose, into furan based compounds in the form of furfuryl alcohol (FAL) and 2-
methylfuran (MFU)[78]. Here, MFU is an article of commerce compound (chemical
intermediate) which is normally manufactured by catalytic hydrogenolysis of furfural alcohol or
via a hydrogenation-hydrogenolysis sequence from furfural.[139] It had the real application to

investigate the combustion properties of blend methyl furan with gasoline.[140, 141]

Many of hydrogenation process involve molecular hydrogen but one promising alternative can
be H-transfer process, where borrowing hydrogen from an hydrogen donor(e.g. an alcohol) [142].
Avoiding the use of H, for substrate reduction, both the safety of the process and the selectivity
could be increased. As a matter of fact, the lower hydrogenating capability of most hydrogen
donors promotes a higher degree of control especially when partially hydrogenated molecules are
needed;[143] one of the advantages of this process is that hydrodeoxygenation (HDO) catalysts
are generally those that can selectively break the C—O bond leaving the nearby C=C and C-C
bonds unchanged.

FAL can be obtained from selective hydrogenation of FU carbonyl group. MFU is often
produced through the further hydrogenolysis of FAL[144-146] and has drawn the attention of
researchers as gasoline alternative due to its very attractive combustion performance in
engines.[147]

It is generally assumed that the mechanistic pathways of HDO processes with H, and organic
hydrogen donors converge after adsorbed atomic hydrogen is formed. Catalytic transfer HDO of

furfural has been investigated over heterogeneous catalysts using different hydrogen donor [80,
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81, 83, 148]. Gas-phase reduction of FU into FAL has been carried out using methanol as
hydrogen donor and MgO as heterogeneous basic catalyst; furfural was completely reduced into
its corresponding alcohol through a Meerwein—Ponndorf-Verley (MPV) process.[75] More
recently, Hermans et al. obtained 62% yield of 2-methylfuran over Pd/Fe,O3 using 2-propanol as
H-donor.[78] Vlachos et al. indicated that surface RuOx species may also be involved in
hydrogenation process and the mechanism was interpreted by a synergic effect between Lewis
acid RuOx and metallic Ru cluster. In this work, the authors suggested that Lewis acid sites
derived from RuOx play an important role in furfuryl alcohol activation; however, a deep
understanding of the role of acid and basic sites in the reaction mechanism is currently lacking.
[82, 119]

Recently, 90 % MF yield was observed through catalytic transfer hydrogenation (CTH) of
furfural using methanol as hydrogen donor over iron-magnesium mixed oxide catalyst
(Fe/Mg/O)[149]; the introduction of Fe>* cation into the magnesia structure led to the formation
of higher quantity of MFU, derived from FAL hydrogenolysis. Since iron is known to have both
redox and acid-base properties,[150] it is worthy to study in detail the system with the aim of
understanding which property can influence more products distribution. Therefore, in this
chapter, catalysts with different iron content were prepared in order to study the role of acid-base
and redox properties in MFU formation. Moreover, Fe/Mg catalysts with different synthetic
procedure (co-precipitation and incipient wetness impregnation) were prepared to understand
how products distribution is affected by the presence of different iron species. The synthesised
materials were characterised with different techniques and redox, acid-base properties and

crystalline phase of the samples have been compared.

2.2 Results and Discussion

2.2.1 Reaction Temperature Optimation

MgO has been found to be an excellent catalyst for reduction of furfural (FU) into furfurly
alcohol (FAL) using methanol as H donor. At low temperature, in liquid phase, FAL was the
only product detected, with high selectivity[75]. Similarly, in gas phase, over bulk MgO only
FAL could be formed, in contrast, when iron was introduced into MgO system, product
distribution was dramatically shift to methyl furan formation. Figure 2.1 summarizes the
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catalytic performance obtained over Mg-based catalysts and co-precipitated Fe/Mg/O mixed
oxide catalyst under different reaction temperature. Comparing with bulk MgO, the co-
precipitated Fe/Mg/O_1 2 mixed oxide showed higher selectivity (79%) to methyl furan (MFU)
at 380 °C whereas MgO presented higher selectivity (95%) towards FAL at 250°C. For both
catalysts, the carbon loss was increased when reaction was performed at very high temperature
(500°C). At low temperature (250 °C), MgO exhibit maximum FAL formation, and the optimal
temperature for methyl formation was 380 °C over Fe/Mg/O_1 2 catalyst.
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Figure 2.1 effect of temperature on catalytic performance in gas phase furfural reduction. MgO
(Left), Fe/Mg/O_1 2 (Right). Reaction conditions: 380°C atmosphere pressure.
Methanol/furfural ratio: 10/1, space time 1.1

In conclusion, it reveals that iron oxide promoted methyl furan formation. The optimal reaction
temperature was set up at 380 °C over Fe/Mg/O mixed oxide. High carbon loss was not
prevented both in low temperature and high temperature. Iron oxide plays a direct role in the

processes of furfuryl alcohol hydrodeoxygantion.

How does iron influence products distribution, it is still unclear. In this chapter, focusing on this
question, various iron content MgO catalysts were synthesized including co-precipitation and
witness impregnation strategy within different Fe/Mg ratio. Systematic comparison of catalytic
performance and characterization of catalysts were carried out to the effect of iron addition on
MgO properties and the influence of acid-base properties and redox capacity in MFU formation.

Therefore, in order to compare, the reaction temperature was fixed at 380 °C.
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2.2.2 Fe/Mg/O catalysts prepared by co-precipitation

Catalysts with different amount of Fe obtained by different synthetic procedures (Fe co-
precipitation vs. Fe addition by incipient wetness impregnation) were prepared and compared.
Several Fe/Mg/O catalysts containing different Fe/Mg ratios were prepared mixing Fe (111) and
Mg (I1) nitrates in aqueous solution and co-precipitating them by basification with NaOH. Table
2.1 reports some results concerning morphology, structure and acid-base properties of the
prepared Fe/Mg oxides, calcined at 450°C, compared with the analogous data for the pure
oxides, MgO and Fe,0s. Fe,O3 is a base but it is not an alkaline. The data reported in Table 2.1
indicated that the addition of Fe generally caused a decrease in surface area of mixed oxides.
Pristine MgO was obtained with high surface area (172 m?/g) while Fe,O5 shows the smallest

value compared to all the prepared samples.

Table 2.1 Physicochemical properties (specific surface area, crystalline phase, Lewis acidity,
Bronsted acidity and basicity) of MgO, Fe,O3 and Fe/Mg/O co-precipitated samples

Surface  Crystalline L Bronsted ..
Catalyst area Phase Lewis acidity acidity Basicity
(m?lg) xrDy  (MMolg-D)* o genyx  (mmol/g)y™
MgO 172 Periclase
MgO 0 7.51
Fe/Mg/O_1_10 102 MgO-like (@
. . 0 2.62
mixed oxide
Fe/Mg/O_1_2 140 MgO-like 0.43 @ 234
mixed oxide
Fe/Mg/O_1_1 74 MgO-like 0.62 @ 1.09
mixed oxide
Fe20s 51 Hematite - - 1.38

*Quantification of Lewis and Bronsted acid sites was obtained from Pyridine-FTIR analysis.
**Basicity measurements were performed by TPD analysis using CO, as probe molecule (a) Not
detected by Pyridine-FTIR analysis.

Detailed XRD patterns of Fe/Mg/O samples are given in Figure 2.2. Iron oxide was present as
hematite, while MgO shows the periclase structure. Fe/Mg/O_1 2 catalyst showed the
broadening of the XRD peaks that can be related to the decrease of the crystallinity of the
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precipitated periclase. This suggests that the crystal structure is slightly distorted, thus indicating
the insertion of Fe in the MgO lattice. The results well agreed with those reported in the literature.
In fact, the incorporation with trivalent Fe** cation in the periclase lattice generates cationic
defects and produces a low crystalline degree.[151-153] No appreciable shifts for XRD lines
were observed, because the ionic radius of Fe** (0.69 A) is very similar to the radius of Mg?*
(0.65 A); moreover, no evidences were found for the formation of segregated iron oxides.
Sample Fe/Mg/O_1_1 containing a higher amount of Fe, was even more amorphous, thus
indicating a higher quantity of Fe intercalated into the MgO structure. On the contrary,

decreasing the iron content (Fe/Mg/O_1 10), an increase in the system crystallinity was

observed.
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Figure 2.2 XRD patterns of co-precipitated Fe/Mg/O catalysts. Legend: (-) Fe/Mg/O_1 10, (-)
Fe/Mg/O_1 2, (-) Fe/Mg/O_1 1.

Addition of iron oxide led to introduce both acid and redox properties in the mixed oxide[150].
Therefore, the synthesised catalytic systems were further investigated through acidity and
basicity measurements (pyridine adsorption and desorption FTIR, NH3and CO, -TPD) as well as
H,-TPR studies.

In order to study the different types of acid sites, the pyridine adsorption desorption FTIR (Py-
FTIR) spectra were recorded. Figure 2.3 (a) and (b) shows the IR spectra of adsorbed pyridine
over Fe/Mg/O_1 1 and Fe/Mg/O_1 2 at different desorption temperatures. The acidity
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distribution were summarized in Table 2.2 The absence of band at 1540 cm™ which is the
characteristic band of Bronsted acid and the presence of a band at 1444 cm™, corresponding to
the adsorption of Pyridine at the Lewis acid sites (PyL), showed that only Lewis acid sites were
present in Fe/Mg/O_1 2 and Fe/Mg/O_1 1, while Fe/Mg/O_1 10 was not characterised by
neither Lewis nor Bronsted acidity. In order to evaluate the strengths of the Lewis acid sites, the
spectrum was collected after evacuation at different temperatures. Analysis of the spectra at
different temperatures allows to estimate the strength of the acidic sites[154]: the weak sites are
defined as the ones from which pyridine is removed by evacuation at 200°C; the medium
strength corresponds to evacuation between 200 and 400 °C and in the strong sites pyridine

remain adsorbed after evacuation at 400 °C.

la.u

Absorbence

v L] v L] v L] v
1600 1550 1500 1450 1400
Wavenumber (cm™)

Figure 2.3 (a) Pyridine-FTIR spectra of Fe/Mg/O_1 1 obtained after evacuation at different
temperatures. (a) room temperature (b) 100 °C; (c) 200 °C; (d) 300 °C and (e) 400 °C.
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Figure 2.3 (b) Pyridine-FTIR spectra of Fe/Mg/O_1 2 obtained after evacuation at different
temperatures. (a) room temperature (b) 100 °C; (c) 200 °C; (d) 300 °C and (e) 400 °C.

In Table 2.2, the amount of weak, medium and strong basic site is reported. Obtained results
highlighted the increase in total amount of acidity when a greater amount of iron is inserted into
the catalyst. The main difference between Fe/Mg/O 1 2 and Fe/Mg/O_1 1 is due to the
substantial presence of medium-strength sites for the latter while the former has very few such
sites, while both contain comparable amounts of weak and strong acidic sites. Semi-quantitative

evaluation of the acid site surface concentration was obtained by peak integration.
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Table 2.2 Surface acidity quantification and distribution based on the infrared spectra

Lewis acid mmol.g* Bronsted acid
mmol.g°
& 1 ©
Catalyst Weak Medium Strong
RT-200°C 200-  400°c- 1ol Total
400°C
Fe/Mg/O_1 10 0 0 0 0 No
Fe/Mg/O_1 2 0.20 0.07 0.16 0.43 No
Fe/Mg/O_1_1 0.25 0.24 0.13 0.62 No

(a) Total concentration measured at higher than Room Temperature and less at 200°C. (b) Total
concentration measured higher than 200°C less at 400°C. (c¢) Total concentration measured
higher than 400°C. d Total concentration is based on the spectra measure at Room Temperature.

The general activity both in terms of amount and acidity distribution follows the order:
Fe/Mg/O_ 1 1 > Fe/Mg/O_1 2>> Fe/Mg/O_1 10 (no sites detected for Fe/Mg/O_1 10
samples), confirming the iron presence introduces in the systems Lewis acid sites and
underlining that the catalyst acidity can be modulated by changing the iron content.

Pyridine absorption measurements were accompanied with NH3.TPD analysis Results reported
in Figure 2.4 confirm that the sample Fe/Mg/O_1 10, with the lower iron content was not
characterized by any acidic properties while Fe/Mg/O_1 2 showed the presence of a significant

number of acid sites.
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Figure 2.4. NH;-TPD curves of co-precipitated Fe/Mg/O samples. Legend: Fe/Mg/O 1 2 (=),
Fe/Mg/O 1 10 ().

To characterize the basicity of the different catalyst, TPD analysis using CO; as probe molecule
was performed. (Details results were summarize in Table 2.1 and Figure 2.5). In principle, CO,,
as acidic probe, adsorbs specifically on basic sites and could form different types of carbonates
depending on the basicity of the surface oxygen atoms. Desorption below 120 °C correspond to
relatively weak basic sites while desorption higher than 280 °C was related to strong basic sites.
The related between 120°C and 280 °C was medium sites.[155-157]

All MgO based samples show basicity. The density decreased in the following order: MgO>>
Fe/Mg/O_1 10 > Fe/Mg/O_1 2 > Fe/Mg/O_1_1. Catalysts with higher Fe/Mg ratio showed
lower basicity values because of the higher electronegativity which characterizes Fe** atom with
respect to Mg®*. This decreases the charge density and makes the O less electrophilic than in
pure MgO [158]. Pure Fe,O3; oxide exhibited low concentration of weak basic sites essentially

due to surface oxygen lone pairs of the ferrites which correlate to the literature.[159, 160]
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Figure 2.5. CO,-TPD curves of co-precipitated Fe/Mg/O samples, MgO and Fe,03

2.2.2 FeOx/MgO catalysts prepared by impregnation

Several FeOx/MgO catalysts containing different Fe:Mg ratios were prepared by incipient
wetness impregnation of Fe(l11) nitrate dissolved in aqueous solution on MgO, prepared with the
co-precipitated method. Four samples with 1:100, 1:20, 1:10 and 1:2 final metal ratios, labelled
FeOx/MgO_1 100, FeOx/MgO_1 20, FeOx/MgO_1 10, FeOx/MgO_1 2, respectively, were
obtained. These samples differ in surface area and in crystalline phase. (see Table 2.3 and
Figure 2.6 for XRD patterns) The trend which characterises surface area measurements is clear:
the impregnation of iron precursor led to a significant decrease of the surface area. Pure MgO
had a surface area of 172 m?/g but when a small quantity of Fe wass impregnated on the solid
(FeOx/MgO_1_100) the surface area value dropped to 150 m?/g and then to 129 m?%g with
further increase. As a matter of fact, the lowest surface area was reached when Fe:Mg is equal to
1:2.
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Table 2.3. Texture Properties (Specific surface area and crystalline phase) of FeOx/MgO
impregnated samples.

Catalyst Surface area (m?/g) Crystalline Phase (XRD)
FeOx/MgO_1_100 150 MgO-like mixed oxide
FeOx/MgO_1_20 129 MgO-like mixed oxide
FeOx/MgO_1 10 94 MgO-like mixed oxide

FeOx/MgO_1 2 33 Periclase MgO, Fe;03

In Figure 2.6, X-ray diffraction pattern of the impregnated samples and that of the pure oxides
were reported. Samples with Fe:Mg 1:100, 1:20, 1:10 molar ratio showed the presence of the
characteristic peaks of MgO periclase structure, while for sample with molar ratio 1:2 it was
possible to reveal the presence of iron oxide (hematite) in addition to that of MgO. However, it
could be hypothesized that for samples containing a lower amount of iron it was not possible to
detect the presence of Fe,O3 due to its lower concentration. Thus, all these samples should be

characterized by the presence of iron oxide on their surface.

Table 2.4 Surface acidity Basicity quantification over different impregnated catalysts

Lewis acid mmol.g™* Bronsted acid ~ Basicity
mmol.g®™  (mmol/g)**
a b c
Catalyst Weak( ) Medium( ) Strong( )
RT-200°C  200-  400°c- 1ol Total
400°C
FeOx/MgO 1 10  0.05 0.06 0.04 0.15 No 2.67
FeOx/MgO 1 2 0.04 0.17 0.08 0.29 No 0.96

(a) Total concentration measured at higher than Room Temperature and less at 200°C. (b) Total
concentration measured higher than 200°C less at 400°C. (c¢) Total concentration measured
higher than 400°C. d Total concentration is based on the spectra measure at Room Temperature.
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Figure 2.6. XRD pattern of different Fe/Mg ratios impregnated FeOx/MgO catalysts.

Sample FeOx/MgO_1_10 was characterized in order to study its acid-base and redox properties
as a comparison with the co-precipitated sample with the same metal molar ratio. Pyridine FTIR
absorption analysis showed that Bronsted acidity was not present and the total amount of Lewis
acidity (0.15 mmol.g™ See Table 2.4) of the system was higher than that obtained with the
system prepared with the same metal molar ratio with the co-precipitation method (see Table
2.1). This is mainly due to the fact that in co-precipitated sample Fe** is intercalated within MgO
lattice, while in impregnated systems it is deposited on the surface of the catalyst as iron oxide.
The presence of the acidity in this system is the evidence of the formation of iron oxide on the
surface. Indeed, iron oxide is characterized by acid properties as already reported in
literature.[161, 162] and the formation of a FeOx layer on the surface of the basic magnesium
oxide can change the physico-chemical properties of the final material.

In Figure 2.7 (a) and (b), Py-FTIR spectra for FeOx/MgO_1 10 and FeOx/MgO_1 10 are
reported at different temperature. This sample is characterized by a low acidity and low, medium

and strong sites are basically present in the same amount (0.05, 0.06 and 0.04 mmol.g™

51



respectively See Table 2.4). Data show that this sample is characterized by acidic sites, while the

co-precipitated catalyst with the same metal molar ratio did not show acid properties.
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Figure 2.7 (a) Pyridine-FTIR spectra of FeOx/MgO 1 2 obtained after evacuation at different
temperatures. (a) room temperature (b) 100 °C; (c) 200 °C; (d) 300 °C and (e) 400 °C.
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Figure 2.7 (b) Pyridine-FTIR spectra of FeOx/MgO_1 10 obtained after evacuation at different

temperatures. a) room temperature (b) 100 °C; (c) 200 °C; (d) 300 °C and (e) 400 °C.
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NH3-TPD was performed on FeOx/MgO_1 10 (see Figure 2.8). This sample displayed a lower
acid strength if compared to Fe/Mg/O_1 2, since ammonia desorption took place at a lower
temperature, confirming what has been observed in Py-FTIR analysis. Moreover, comparing the
behavior of co-precipitated and impregnated samples with the same metal molar ratio
(Fe/Mg/O_1 10 and FeOx/MgO _1 10), it is evident how the synthesis played an important role
in tuning acid properties. FeOx/MgO_1 10 is acid because of the presence of iron oxides on the
surface, while the insertion of Fe** in the same molar ratio with the co-precipitation method did
not led to the formation of an acid catalyst since iron entered in MgO crystalline structure.
—FeOx_MgO_1 10
—FeOx_Mg0O_1_2

TCD signal [a.u.]

50 100 150 200 250 300 350 400 450

Temperature (°C)

Figure 2.8. NH3-TPD curves of FeOx/MgO_1 2 (), FeOx/MgO_1 10 (7).

The comparison of CO,-TPD profiles of the impregnated FeOx/MgO catalysts was shown in
Figure 2.9. Depending on the temperature of desorption of CO; the curve is usually classified
into three categories: week adsorption (< 120 °C), medium adsorption (120 — 230°C), and strong
adsorption (>230 °C) which are assigned to surface hydroxyl groups, oxygen in Mg?®*- O pairs
and low coordination oxygen anions respectively.[155, 163] Results show that strong basicity
decreased with in all the impregnated catalysts. The basicity of FeOx/MgO_1_10 (2.67 mmol.g™
See Table 2.4) was of the same order of magnitude as that of the co-precipitated sample with the
same metal molar ratio. All studied samples show the presence of basic sites except the high iron
content Fe/Mg/O_1_1, prepared by co-precipitation. For all the co-precipitated catalysts, the
basicity follows the order: MgO>>FeOx/MgO 1 10=Fe/Mg/O_1 10 >Fe/Mg/O_1 1>
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FeOx/MgO_1 2 (See Table 2.1 and Table 2.4), indicating that the basicity is not strongly
affected by the synthetic procedure.

250°C — MgO

—Fe,0,
—FeO,/MgO_1_10
—FeO,/MgO_1 2

175°C

TCD a.u

m

100 150 200 250 300 350 400 450 500
Temperature (°C)
Figure 2.9. CO,-TPD curves of impregnated FeOx/MgO samples, MgO and Fe,03

2.2.3 Reactivity Tests of Fe/Mg/O Catalysts in Hydrodeoxygenation of Furfural

In our previous work, FU was converted to MF using methanol as hydrogen source trough a
tandem MPV reaction involving hydrogenation and hydrogenolysis in sequence using MgO and
Mg/Fe/O_1 2 catalysts (Scheme 2.1)

Heavy organics

/ CH,OH
(@)

0 (0) CH;OH CH,0
N~ 7 R 0 0
L T e ()

Scheme 2.1 Reaction pathway for furfural hydrodeoxygenation over Fe/Mg/O catalyst

These systems were both active in FU conversion; however, their different chemical-physical
properties led to different product selectivity. MgO was selective to FAL, while the mixed oxide

produced preferentially MFU. Since interesting results were obtained with Mg/Fe catalysts, a
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deep study on the mixed oxides systems was carried out to understand the role of iron in product
distribution. In particular, the difference in the catalytic activity due to Fe content and
preparation method were studied.

Primarily, the reaction was studied utilizing samples prepared by co-precipitation. The catalytic
performances of co-precipitated Fe/Mg/O catalysts in furfuryl alcohol (FAL) and methyl furan
(MFU) production from furfural (FU) are reported in Figure 2.10.
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Figure 2.10. Profiles of co-precipitated Fe/Mg/O mixed oxide catalysts with different Fe
content. Feed composition: 5% FU, 50% CH3;OH, 45% N, 1 atm, overall gas residence time
1.1s, and reaction time 1h, 380°C. Legend: m FAL == MFU m Carbon loss =#= FU conversion

In the reaction with MgO, the H-transfer hydrogenation occurred selectively and FAL was
mainly produced. However, in these conditions MgO exhibited limited activity in the further
hydrogenolysis to MFU. The formation of some heavy products, consistent with the C- loss
observed (20%), is present. Comparing with pure MgO (Fe/Mg ratio=0), the presence of iron
improved furfural conversion and methyl furan selectivity. Notably, when low amount of iron
oxide (Fe/Mg=1/10) was introduced, the selectivity of MFU was significantly increased from 5%

to 51% while furfural conversion increased from 52% to 66%. The maximum conversion (93%)

55



and maximum MFU selectivity (79%) was achieved when Fe/Mg molar ratio reached 1/2.
Further increase in iron content to the Fe/Mg ratio 1/1 significantly decreased the MFU
formation and led to a poor carbon balance, probably due to higher heavy compounds deposition
on the catalyst surface.[149]

Therefore, iron introduction favoured the formation of the targeted 2-methylfuran. FAL
hydrogenolysis to form MFU was strongly influenced by the amount of Fe introduced in the
catalyst and by the changes in its acid-base and redox properties. As a matter of fact, with the
increase in the amount of iron in MgO structure, basicity decreases while the total number of
acid sites increases along with redox capacity. Indeed, TPR analysis showed that Fe/Mg/O_1 2
is characterized by higher hydrogen consumption than Fe/Mg/O_1 10 and at the temperature of
reaction (380°C), part of the catalyst can be reduced.

Since the basicity density dramatically decreased from MgO (7.51 mmol/g) to Fe/Mg/O_1_2
(2.34 mmol/g) and a clear enhancement in MFU vyield was found, it is evident that MFU
formation cannot be related to surface basicity.

Fe/Mg/O_1 2 is also characterized by the presence of acid properties but it has to be taken into
account that the introduction of acid sites can lead to the selectivity towards MFU. As suggested
by the high conversion but poor selectivity obtained with pure iron oxide, large iron oxide
surfaces seem to promote side reactions (from FU and/or FAL).

Catalytic tests in the same reaction conditions were carried out using the impregnated samples
(Figure 2.11). Also in this case, the formation of MFU was successful only in the presence of
iron oxide. The increase of iron oxide loading, the selectivity to MFU strongly increased and a
maximum MFU sel. (93%) could be obtained when the Fe/Mg ratio was 1/10. Notably, within
the same Fe/Mg ratio in 1/10 the impregnated catalyst showed higher activity than co-
precipitated one, revealing that the availability of FeOx on the MgO surface was supposed to be
the additional factor and confirming once again the importance of the used synthetic procedure.
The presence of a surface layer of iron oxide increased the acid properties of the material, while

the basicity remained unaltered.
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Figure 2.11. Reaction profiles of impregnated FeOx/MgO mixed oxide catalysts with different
Fe content. Feed composition: 5% FU, 50% CH3OH, 45% N, 1 atm, overall gas residence time
1.1s, reaction time 1h, 380°C. Legend: m FAL = MFU m Carbon loss == FU conversion

2.2.4 Effect of Acidity on Reaction Product Distribution

In the literature, the hydrodeoxygenation capacity of a catalyst was generally associated with
the Lewis sites present in the system; typical example are niobium oxide[164] and zeolite[165]
which were used in liquid phase reaction. Indeed, the acid functionality catalyses the dehydration
of alcohol to form intermediates which will be substituted by surface hydride. On metal oxides,
it is reported that the electron rich oxygen anions show basic properties and electron donating
character, while the electron deficient metal cations show acidic character. Basic and hydrogen-
abstracting properties of MgO can be modulated with the introduction of host cations, typically
trivalent metal cations. While Fe/Mg/O catalysts exhibited both Lewis properties and a very
strong redox capacity, the Al/Mg/O system has no redox capacity.[150] In order to verify the
contribution of the Lewis acid properties on the reaction, the AI** was chosen as a dopant metal
to modify MgO. Indeed, AI** was reported to be a typical Lewis acid.[166] Therefore, in order to
investigate the reaction pathways and product distribution influenced by Lewis acid properties
the catalytic behaviour of co-precipitated Al/Mg/O_1 2 and impregnated AlOx/MgO_1 10
catalysts were studied in the same conditions of Fe/Mg/O system. The texture of Al containing
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MgO samples was summarized in Table 2.5. It conducted that when AIOx was impregnate over
MgO the surface area will dramatically decreased, in contrast co-precipitated sample
Al/Mg/O_1_2 reserve high surface area.(132 m?/g) Both sample present only periclase phase
which assigned from MgO.

Table 2.5 Surface area and catalyst crystalline phase from XRD analysis of MgO and Fe/Mg/O
co-precipitated sample.

Catalyst Surface area (m2/g) Crystalline Phase (XRD)
Al/Mg/O_1_2 132 periclase
AlOx/MgO_1 10 28 periclase

Further to confirm the surface acidity and basicity change. Further the acidity was analysis and
the results were summarized in Table 2.6 in which acidity from Fe/Mg/O_1_ 2 and
FeOx/MgO_1 10 was also provided for comparing. The order in the sample Lewis acid density
was the following: AlI/Mg/O_1 2>AlOx/MgO_1 10> Fe/Mg/O_1 2 > FeOx/MgO_1 10 >>
MgO (Table 2.6). Both in co-precipitated and impregnated systems, Al-containing MgO
presented higher density of Lewis acidity rather than Fe containing MgO.

Table 2.6. Surface acidity quantification based on the pyridine infrared spectra analysis

o 1 Bronsted acid
Lewis acid mmol.g

mmol.g™
Catalyst Weak(a) Medium(b) Strong(c) (];la;lgi/tg)
RT- 200- 400°C- Total Total
200°C 400°C

Al/Mg/O_1_2 0.59 0.03 0.17 0.80 No 4.48
AlOx/MgO_1_10 0.40 0.13 0.06 0.59 No 2.54
FeOx/MgO _1_10 0.05 0.06 0.04 0.15 No 2.67
Fe/Mg/O_1_2 0.20 0.07 0.16 0.43 No 2.34
MgO - - - 0 No 7.51
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(a) Total concentration measured at higher than Room Temperature and less at 200°C. (b) Total
concentration measured higher than 200°C less at 400°C. (c) Total concentration measured
higher than 400°C. d Total concentration is based on the spectra measure at Room Temperature

Catalytic results are summarized in Table 2.7, where Al-based materials are compared to MgO
and Fe-containing catalysts. Al/Mg/O_1_2 reached a conversion 63% with a 37% of carbon loss
and a MFU selectivity of 22%. The comparison between AI/Mg/O_1 2 and Fe/Mg/O_1 2
indicated that Al containing catalyst converted less FU and showed a greater carbon loss,
probably connected with an increased acidity. Indeed, Py-FTIR analysis (table 6) showed that the
total amount of acidity in Al/Mg/O_1 2 is double respect to Fe/Mg/O_1 2. Moreover, the
product distribution was totally different from Fe-based material since 41% of FAL was formed
and MFU was obtained in lower amount (22%). This seems to indicate that the presence of
Lewis acid is not the only feature leading to MFU formation. Moreover, the high acidity clearly
increased by-product formation, as demonstrated by the higher carbon loss observed (37%).

Table 2.7 Summary the catalytic performance over different Al, Fe doping MgO catalysts

Catalyst M/Mg FU Conv FAL Sel MFU Sel. C-loss
. (%) (%) (%) (%)
Molar ratio

MgO - 52 75 5 20
Al/Mg/O_1 2 1:2 63 41 22 37
Fe/Mg/O_1 2 1:2 93 1 79 20
AlOx/MgO_1 10 1:10 40 76 5 19

FeOx/MgO_1 10 1:10 89 5 93 2

Feed composition: 5% FU, 50% CH3OH, 45% N, 1 atm, overall gas space time 1.1s, reaction
time 1h, 380°C.

Similar results were obtained with the impregnated systems. AIOx/MgO_1 10 exhibited
slightly lower catalytic performance compared to MgO but the difference with FeOx/MgO_1_10
is really pronounced, since very few MFU is formed. Since the acidity was improved in a large
amount, both in co-precipitation and impregnation, but the promotion of methyl furan selectivity
was limited. This result reveals that Lewis acid is needed for the furfuryl alcohol side chain C-O
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bond activation but it is not the dominant effect to increase furfural conversion and MFU
selectivity. Additionally, the increase of Lewis acidity will lead high risk of degradation of

products.

2.2.5 Effect of Basicity on Reaction Product Distribution
In order to illustrate the contribution of basicity in reaction system, the commercial silica was
chosen as alternative support, and impregnated FeOx supported on Silica with Fe/Si ratio at 1/10

was prepared and tested.

Table 2.8. Summary the catalytic performance of silica supported iron oxide and comparing with
bulk Fe,O3 and MgO.

Entry Catalyst el FUConv  FAL Sel ~ MFU  C-loss
Molar ratio (%0) (%0) Sel. (%) (%)
1 MgO - 52 75 5 20
2 Fe,O3 - 73 2 10 88
3 Silica - 0 0 0 0
4 FeOx/Silica_1 10 1:10 19 1 26 74

Feed composition: 5% FU, 50% CH3OH, 45% N, 1 atm, overall gas residence time 1.1s, and
reaction time 1h, 380°C.

A markedly difference was observed when FeOx/silica_1 10 was used as the catalyst Table 2.8
Entry 4. Comparing with pure MgO, FeOx/silica_1 10 catalyst has low furfural conversion
(19%) and very low furfural alcohol production while the major product (26%) was methyl
furan. Nevertheless, very high carbon loss (74%) was observed in this test. However, when
Fe O3 is employed as catalysts, similar product distribution was observed but within high
furfural conversion Fe,O3; (73%). This lead to two conclusions: first, that furfural conversion is
related to the surface basicity and excess exposure acidity could also lead to furfural degradation.
Second, the selectivity of methyl furan is not correlated to surface basicity but it was more
feasible to form methyl furan when iron oxide presence. It predicts that iron oxide loading plays

an important role in selectivity and the basicity was more favor for furfural conversion.
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2.2.6 Conclusion of Acid and Base influence

In order to illustrate the influence of surface acidity and basicity toward product distribution,
the relationship between basicity and acidity with FAL formation and carbon loss was
summarized in Figure 2.12 and Figure 2.13. This leads to different conclusions: i) furfural
conversion to furfuryl alcohol is mainly related to the basic properties of the catalyst, since it
promotes methanol activation. ii) the selectivity towards methyl furan is not correlated to surface
basicity while it is clearly related the iron oxide presence; iii) the Lewis acidity favour MFU
formation, nevertheless the redox properties of FeOx seems to play a significant role both on FU

conversion and MFU selectivity.

50 - r
EEEE FAL yield —@-Total basicity

FAL yield (%)
Total basicity (mmol/g)

O = N W & U1 OO N ©®

Figure 2.12. FAL yield obtained with the different catalysts as a function of the total basicity.
Occasionally, Lewis acid increasing risk of heavy compounds formation.The presence of acid
sites led to an increase in the formation of MFU but it also catalysed FU/FAL
degradation/oligomerization
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Figure 2.13. Carbon-loss obtained with the different catalysts as a function of the total acidity.

2.2.7 Effect of Iron oxide phase on FAL Hydrodeoxynation

In order to investigate the influence from the iron phase, physical mixed metal oxide,
Fe,03/MgO and Fe304/MgO in the same molar ratio (Fe/Mg=1/10) was also tested under the
same reaction and the results were shown in Table 2.9. A notable increase in FU conversion and
MFU selectivity was observed both in physical mixed Fe,O3/MgO and Fe3O,MgO catalysts.
Specifically, at in the same level of FU conversion (around 80%) but a clear improvement in the
MFU selectivity was observed (52% and 69%). It well known that Fe3Oy, is less acid than Fe,O3
and more easily re-oxidable.[167] Both Fe,O3 and FezO,4 show high furfural conversion, but low
selectivity of MFU products. Indeed, the two types of iron oxides showed high carbon loss,
mainly ascribable to the polymerization of furfural based compounds promoted by the acidic
properties of the materials.[119, 168] Nevertheless, MFU selectivity was higher on Fe3O4
compared with Fe,Os, suggesting that the redox feature is an important factor considering
furfural activation. It is also evidence that the reaction performance is not just based on the
nature of FeOx instead it mainly influenced by redox feather change where the interaction
between Fe and MgO was play an important role. Based on these questions, next section we will

continue to investigate the active phase over different catalysts.
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Table 2.9 Product distribution during furfural reduction over different iron oxide magnesium
oxide physical mixture

Entry Catalyst Fur con (%) FAL sel (%) MFU Carbon loss
sel(%) (%)
1 MgO 52 75 5 20
2 Fe,03/MgO_1_10 80 25 52 23
3 Fes04/MgO_1_10 77 18 69 13

2.2.8 Catalyst Active Phase Investigation

Based on previous studies, it show that iron oxide phase play an important role towards methyl
furan formation rather than surface basic acidic properties. Among co-precipitated and
impregnated catalysts, when Fe/Mg ratio reach higher than optimal numbers, different Fe/Mg
ratio there are similar methyl furan selectivity and the same level furfural conversion, so it means
that over these catalyst, there should have some similar active sites presence, in order to
investigate the surface active sites, Fe/Mg/O_1 2, FeOx/MgO_1 10 and bulk Fe,O3; was chosen

for comparison.

2.2.8.1 Raman spectra Analysis over FeOx/MgO _1 10

Raman spectroscopy was applied to study the phase composition of iron oxide which was
presented in Figure 2.14. Pure Fe,O3 synthesized via the same condition was also provided for
comparing.
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Figure 2.14 Raman spectra of different prepared catalysts: a) impregnated FeOx/MgO_1 10, b)
co precipitated Fe/Mg/O_1 2, c) synthesized Fe,Os.

The Raman spectrum of the pure Fe,O; catalyst possesses sharp bands at 215, 284, 400 cm™
that are characteristic of the hematite phase and the intense feature at 1300 cm™ is assigned to a
two-magnon scattering which arises from the interaction of two magnons created on antiparallel
close spin sites.[169, 170] (Figure 2.14, c). The Raman frequency of MgO was not detected in
all the samples and both is absence of Raman bands from a-Fe,O3 (hematite) phase. The broad
features observed in the two samples (FeOx/MgO_1_10, (a) and Fe/Mg/O_1_2, (b), Figure 2.14)
are characteristic of the phase mainly of y-Fe,O3 (maghemite) [171-173]. Raman active phonon
modes at 350 and 700 cm™ relate to the Tog, and Aqq optical transitions in iron ions, respectively
but it is lack of peak in range 505-515 cm™ belonged to model Eq A notable difference between
the co-precipitation and impregnation samples is the intensity of the band which is observed
at700 cm™ which due to the different iron oxide loading. Compared curve a and b it shows that
the present iron oxide phase was similar which is the phase deriving from alfa Fe,O3 maghemite.
It is truly conformed that no a-Fe,O; (hematite) phases existence from trivalent Fe3* nitrite

precursor. The active iron oxide phase could be the intermediated state derived from y-Fe,Os.

2.2.8.2 TEM and Element Image Investigation
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Figure 2.15 The elemental mapping shows surface rich iron dispersion on the surface and phase
separation. TEM image with the corresponding Fe-K, Mg-K and O-K element mapping for
FeMgO catalysts FeOx/MgO_1 10 (left ) Fe/Mg/O_1_2 (right)

From TEM (see Figure 2.15) image, it reveal that uniform distribution of Fe, Mg elements in
co-precipitated Fe/Mg/O_1 2 sample, in contrast FeOx/MgO_1 10 has iron phase rich part. Iron
phase distributions and compositions for impregnated catalysts were studied using HRTEM
bright field images and EDS line profiles and maps. The results was shown in Figure 2.15 In
order to investigate the iron phase distribution high resolution TEM and element mapping was
carried out here, it is obvious that in cooperation system iron exhibited ultrafine dispersion, in
contrast, impregnated sample FeOx/MgO_1_10 show some iron rich MgO part and separated
MgO. It revealed that when impregnation the iron was reacted with surface Mg to form some
iron rich MgO phase which was believed to the active phase. Meanwhile, more interaction

between iron oxide and MgO phase show higher selectivity than the separated two phase system.
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2.2.8.3 H; TPR Investigation
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Figure 2.16 Temperature programmed reduction (TPR) of: A) Fe,O3 B) FeOx/MgO_1_10, C)
Fe/Mg/O_1 2

Temperature programmed reduction profiles (TPR) of the catalysts were performed and
compared with Fe,O3 synthesized via the same procedures (Figure 2.16 Curve A) in an attempt
to get information about the reducibility and discrimination iron oxide phase. It also provides
insight on interaction between FeOx and MgO. According to the literature, the reduction of iron
oxide: Fe;O3 (hematite) — Fe304 (magnetite) — FeO (wustite) — Fe[174-177]. Pure hematite
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(Fe203) presented three hydrogen consumption peaks at 495, 650 and higher than 800 °C typical
for this iron phase. The low temperature peaks of FeOx/MgO_1 10 and Fe/Mg/O_1_2 shifted to
450 °C and 460°C respectively. On the other hand, FeOx/MgO_1 10 catalyst involved a
shoulder peak of the reduction temperature to lower values as fitting (Figure 2.16 curve B). A
comparison with the peaks of pure hematite indicated a displacement in the reduction
temperatures of the iron phase in FeOx/MgO sample. Such displacement can be correlated to the
interaction between the surface layer FeOx and MgO support. Similar behavior could be
observed for Fe/Mg/O catalyst (Figure 2.16 curve C) the first broad peak 460°C shift to low
reduction temperature relative to that of interaction between inserted FeOx and MgO structure.
In addition, the H, consumption linearly increased with increase FeOx loading (see Table 2.10)
increased since the catalyst was synthesized via different approach. It further demonstrated the
similar catalytic performance due to the presence the Fe rich MgO species which present strong
interaction between FeOx and MgO phase. Both Raman and TEM spectra were in complete

agreement with H, TPR results.

Table 2.10 Quantitative results of H, consumption for catalyst in H,-TPR

Samples Peak H, consumption(mmol/g) Reduction phase
Fe/Mg/O_ 1 2 460°C 4.11 Fe** to Fe**
360°C 0.37 Fe®" to Fe*

FeOxMgO_1 10
450°C 1.11 Fe3* to Fe?*

2.3 Conclusion

In this study, we examined how the iron oxide phase influences the formation of 2-methylfuran
via a catalytic transfer hydrogenation process. An optimum methyl furan yield of 83% was
achieved using MgO supported FeOx catalyst. The activity especially in methyl furan selectivity
has been attributed to coexistence of iron oxide and basic MgO phase. Specifically, the basicity
favor furfural conversion and HDO of furfuryl alcohol intermediate was believed related to the

nature of iron oxide. Finally, it reveals that the layer iron rich MgO species was responsible for
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the promotion in the methyl furan selectivity due to enhanced the reducibility. It provides a new
route to design solid base catalyst with high activities in catalytic transfer reduction reactions.
Finally, it reveals that the top layer iron rich MgO species was responsible for the promotion in
the methyl furan selectivity due to enhanced the reducibility.

2.4 Experimental Section

2.4.1 Materials

Fe(NO3)3.9H,0, MgNO3.10H,0, AI(NO3)3.6H,0, Magnetite (FesO,), furfural, furfuryl alcohol,
methyl furan were purchased from Aldrich, all the chemical was used without purification except
furfural. Furfural was purified by azeotropic distillation with water. Silica support was supplied
by W.R. Grace & Co.

2.4.2 Catalyst preparation

Co-precipitated samples - The MgO and Fe/Mg/O catalysts were prepared by precipitation from

an aqgueous solution containing the corresponding metal nitrates. Fe/Mg/O with different Fe/Mg
ratio was named as Fe/Mg/O_n_m where n_m refers to the Mg to Fe molar ratio. All prepared
samples were dried at 120 °C for 2h and then calcined in air at 450 °Cfor 5h. Al/Mg/O sample

was Vvia the same procedures just change the precursor AI(NO3)3.6H,0

Supported samples -FeOx supported over MgO (Silica) samples were prepared by incipient wet

impregnation using Fe(NO3)3.9H,0. The amount of nitrate required to obtain samples with a
formal content of hematite phase was in the Fe/Mg molar range of 1:100 to 1:10. Samples with
different Fe/Mg (Si) ratio were named as FeOx/MgO_n_m (FeOx/Silica_n_m) where n/m refers
to the Mg to Fe (Si) molar ratio. All prepared samples were dried at 120°C for 2h and then
calcined in air at 450°C for 5h. AIOx/MgO_n_m sample was via the same procedures just
change the precursor AI(NO3)3.6H,0. FeOx/silica was synthesized via the same procedures just
changing the support. Fe,O3 was synthesised via the same procedure via precipitation like MgO

Physical mixed samples: physical mixture samples for comparing was synthesised by molt

mixture with individually Fe/Mg ratio, here in this chapter, Fe/Mg ratio was set at 1/10

2.4.3 Characterization
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XRD powder patterns of the catalysts were recorded with Ni-filtered Cu Ka radiation (A =
1.54178 A) on a Philips X'Pert vertical diffractometer equipped with a pulse height analyzer and
a secondary curved graphite-crystal monochromato

The BET surface area of the catalysts was determined by N, absorption—desorption at liquid
N2 temperature using a Sorpty 1750 Fison instrument. 0.3 g of the sample was typically used for

the measurement, and the sample was outgassed at 150 °C before N2 absorption.

CO, TPD

Chemisorption experiments were carried out on a BELSORB-max from BEL JAPAN. Ca.
100mg of catalyst was degassed at 450°C for 3h under under a 50 mL.min™ flow of pure helium.
After cooling to 80°C, CO, was adsorbed by flowing the catalysts under 50% CO,-He gas
mixture for 30 mins (50ml.min™) followed by He treatment at 80°C for 15min to remove
physisorbed molecules. The catalysts were then heated under He flow (50ml.min™*) up to 500°C

at a heating rate of 10 °C.min™.
Pyridine IR

FTIR measurements were carried out in Perkin Elmer Spectrum spectrophotometer, between
4000 and 400 cm™. Self supported wafers of the samples containing around 35 mg (13 mm
diameter) were evacuated at 10™° mbar and 450 °C for 1h, after cooling to room temperature, the
spectrum was recorded as a background. The sample wafer was then exposed to pyridine vapors
in room temperature for 30 mins until equilibrium was reached, and then a second spectrum was
recorded, and then the wafer was subjected to evacuation for 10 min and then the spectrum was
recorded named RT. Subsequent evacuations were performed at 100, 200, 300 and 400 °C for 10
min followed by spectral acquisitions. The spectra presented were obtained by subtracting the

spectra recorded after pretreatment and before pyridine adsorption.
H, TPR experiments

H, TPR experiments were carried out using Micromeritics ChemiSorb 2720 / 2750 equipped
with a linear temperature control from 30°C to 1000°C. H,-TPR was performed using 100mg of
catalyst preliminary pretreated under Ar at 500°C for 60mins. A 13X zeolite was used to trap

water that may be produced during the analysis working with a 5% H,/Ar reduction mixture. The
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samples were heated to 800 °C (rate: 10°C min™) and kept at this temperature for 30 min. The
calibration for TPR curve was obtained by CuO (99%)

NH; TPD

NH3-TPD analysis was performed using a Micromeritics AutoChem Il chemisorption analyzer
with a flow-through reactor connected to a thermal conductivity detector (TCD). The samples
were activated at 500 °C for 1 h followed by the adsorption of NH3 at 180 °C. The NH3-adsorbed
catalysts were purged in high purity helium flow gas for an extended 1 h to minimize the extent
of physisorbed NHs. Then, the TPD spectra were recorded by heating the samples from 180 to
550 °C at a rate of 10-20 °C/min in helium flow.

Raman Spectra

Raman spectra were recorded using a Renishaw spectrometer with a 514.5 nm Ar+ ion laser
source equipped with a microscope (50 X lens was used). The power was 0.15 mW using 40

second exposure time and 6 accumulations per each spectrum

2.4.4 Catalytic Test

Catalytic tests were carried out in a continuous-flow fixed-bed micro-reactor (Pyrex, length 38
cm, internal diameter 1/3 inch). The catalyst (30-60 mesh particles) was placed in the reactor in
order to have the contact time equal to 1.1 s, and then it was heated to 380°C under nitrogen flow
(26 ml/min). The catalytic reaction was started by the vaporization of methanol and furfural
(Sigma-Aldrich) in a 10/1 molar ratio using the nitrogen flow as the carrier gas (26 ml/min).
Furfural was purified via distillation prior to being fed into the flowing gas stream. The total
volumetric flow rate through the catalytic bed was held constant at 60 ml/min and the

concentration of furfural, methanol, and nitrogen were respectively 5, 50, and 45%.

Analyses of reactant and products were carried out as follows: the outlet stream was scrubbed for
1h in cold acetonitrile, which was maintained at -26 °C by a F32 Julabo Thermostat. The
condensed products were analysed by HPLC, using an Agilent Technologies 1260 Infinity
instrument equipped with a DAD UV-Vis detector and an Agilent PORO shell 120 C-18 column.
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Chapter 111 In Situ IR Investigations on the Reaction Mechanism in
the Catalytic Transfer Reduction of Furfural

3.1 Introduction

When dealing with hydrogen transfer processes, two main cycles should be considered: the
activation of the hydrogen donor, methanol in our system, and the activation of the substrate,
furfural or furfuryl alcohol. In literature, it is described that the transformation of methanol is the
main factor to determine hydrogenolysis.[116, 158, 178, 179] Catalysts with basic sites tend to
easily dehydrogenate methanol into formaldehyde, which after disproportionation can lead to
formation of formate. At high temperatures, and over catalyst, all these compounds can also
decompose, to yield CO, CO,, H, and CH,4, Correspond, in the case of furfural or furfuryl alcohol
activation although it has been shown that iron oxide is a promising catalyst for methyl furan
formation in gas phase,[22, 180] but a fundamental understanding is still lacking.

In Chapter Il we have shown that variations in iron content for iron magnesium mixed oxides
lead to very different product distributions. One key factor influencing methylfuran selectivity
was shown to be presence of iron oxide. This chapter aims at gaining some mechanistic insight
for this selectivity through in situ infrared spectra investigations. In particular the three main
components of reaction (scheme proposed in Chapter Il see Scheme 2.1, namely methanol,
furfural and furfuryl alcohol) were investigated separately on three different catalytic surfaces:
MgO, Fe,O3 and most efficient mixed oxide obtained by impregnation, FeO,/MgO 1 10.
Noteworthy, the IR spectra of the different catalysts (MgO, Fe,O3; and FeOx/MgO_1 10) were
acquired at different temperatures in the range from 25 °C to 400 °C. The spectra were
subtracted with background collected at the corresponding temperature. Self supported catalyst

was used as background to eliminate all signals arising from catalyst surface.

Analysis of the results (also through comparison with several available literature data) as well

as comparative discussion is reported hereby.
3.2 Results and Discussion

3.2.1 Methanol Adsorption Desorption Techniques
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In order to investigate the methanol activation over different surfaces, in situ DRIFTS strategy
was employed. Exposure gas methanol over catalysts (MgO, Fe,O; and FeOx/MgO_1 10) at
room temperature and desorption at different temperature under dynamic vacuum gave

information about how methanol reacts on the surfaces.

3.2.1.1 Literature Survey Vibration Frequency and Mode of Surface Species

Research activity on methanol has been vigorous because of its commercial importance as an
alternative feedstock in fuel cells. When CH3OH is chemisorbed on a catalytic surface at ambient
temperatures, it is usually present as a methoxy intermediate; the latter then undergoes extensive
decomposition to yield a product distribution that depends upon the temperature. Methanol
absorption on magnesia,[111, 113], iron oxide,[110] and relevant mixed oxides ( MgO and
Fe,O3) have been already reported in the literature, and indicates that serval bonding modes of

physisorbed methanol and activated methoxy species are possible.( see Figure 3.1)
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Figure 3.1 Proposed modes of methanol adsorption over metal oxide the surface a) physical
adsorbed, b) mono methoxy, c) bridging methoxy M=Mg or Fe

Such studies also show that upon thermal treatment, several formates and carbonates species

can be obtained major products of methanol activation at high temperatures.(see Figure 3.2)
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Figure 3.2 Proposed modes of formate adsorpted over metal oxide surface: a) bridging b)
bidentate ¢) monodentate M=Mg or Fe

72



—O—C/< < >C= o— /\
\ a O b \O C

Figure 3.3 Proposed modes of carbonate adopted over metal surface: a) unidentate carbonate
b) bidentate carbonate c¢) bi-carbonate or acid carbonate

Furthermore, Table 3.1 reports the summary of the different infrared modes bands, and their

corresponding vibrational modes from literature.

Table 3.1 Assignments for the bands in literature

Catalyst
Surface Species Mode Assignment
MgO Fe,O3
Physisorbed Methanol vs(CH) 2942® 29259
15 on 20(CH,) 2835 28241
i v4(CO) 1058@ 1036
Methoxy
Methoxy Specie | VS(CH) 2917(a) 2898(d)
HaC
\O_H 26(CH) 2809 ® 2805
M—O 14(CO) 1073@ 10709
(@
Methoxy Specie I vs(CH) 2917 -
HsC
\9 ; 26(CH) 2809 _
M—0
v5(CO) 1073®@ _
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Methoxy Specie Il v(CH) 9917(@ )
CHs,
(|) H 20(CH.,) 2809 @ _
M M—0 v(CO) 1092 @ _
Formate
Formate vy(CH) 2846®) 2880 ©
o
ol v5(CO0) 1600-1620® 1565 ©
O v,5(COO) 1330-1380®) 1350 ©
Carbonate
Unidentate carbonate v5(CO0) 1530-1470° 1380-1395"
o © 0
/ Vys (COO) 1090-1020 1446-1590
—0—cC
\\o v5(CO) 1080-1040 1040®
Bidentate carbonate v5(CO0) 1630-1590© 1243-1355"
o)
AN Vas (COO) 1535-1670%
/c:o
O v5(CO) 1030-1020% 1015%
Bicarbonate v5(COO) 1660-1620 1555-1720
OH
o C/ Vas (COO) _ 1396-1500"
\\o v5(CO) 1050-990© 1220-1226"

Note: (a) For methoxy over MgO see references [111, 181], (b) for formate over MgO see
references [8], (c) carbonate over MgO see references [112], (d) methoxy over Fe,O3; see
references [110, 182], (e) formate over Fe,O3 see references [110, 113, 183, 184], (f) carbonate
over Fe,O3 [160]

These precedents show that substantial differences arise in DRTIFTS spectra with metal oxide
surfaces, thus suggesting that DRIFTS is a valid spectroscopic tool to distinguish surface

intermediate species for our work.
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3.2.1.2 Over MgO

The spectra of methanol adsorbed on bulk MgO, after outgassing at different temperatures, are
shown in Figure 3.4. At room temperature, two sets of peaks can be observed in the C-H region:
one at 2944 and 2835 cm™, corresponding to physisorbed methanol, and the other at 2917 and
2798 cm™, assigned to mono-coordinated methoxy groups.[182] The V4(C=0) bands
corresponding to those species can be found at 1058 and 1108 cm™, respectively. [185] When the
temperature was increased to 150 °C, new peaks appeared at 2809 and 1092 cm™, which were
attributed to bridged methoxy species, based on the literature precedents reported in Table 3.1 .

Further increase of the temperature causes a rapid formation of a species which we attribute to a

formate isomer since it displays a V((CH) peak at 2846 cm™, a characteristic V,4(COO) at 1600-

1610 cm™ and the VS(COO) peaks in the 1379-1339 cm™ region, in agreement with data in
Table 3.1 .At 300 °C only formate and bridged methoxy species could be observed, and at 380
°C (the reaction temperature) only formate is present on the MgO surface. Formate species were
not removed even when outgassing at 400°C, demonstrating the good stability of these species
over MgO surface.
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Figure 3.4 Spectra of MgO with methanol desorption using kinetic collecting mode from RT to
380 °C black mark: physorbed methanol, blue mark :methoxy, red mark :formate.
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Figure 3.5 Spectra of MgO with formic acid desorption using Kinetic collecting mode from RT
to 380°C

In order to further corroborate such assignment to a formate species, we independently exposed
a pristine MgO surface to formic acid and recorded the DRIFTS spectra degassing upon thermal
treatment. (see Figure 3.5.) As noted by Busca et al. the frequencies of formate ion may vary
slightly if produced by formic acid adsorption or methanol oxidation and shift slightly upon heat
treatment.[113] Peaks 1625 and 1605 cm™ was assignment for formate over MgO. The absence
of a strong band close to 1740 cm™ (theoretic in gas phase formic acid) indicates that physical
formic acid is not adsorbed on the surface of magnesia. When outgassing is performed higher
than 300 °C the strongest band close to 1625 cm™ splits into three bonds, new peaks 1684, 1669
and 1605 cm™, suggesting that the surface formates are being decomposed, specifically, peak at

1669 cm™ collected at 300 °C is assigned to bidentate formate, similarly, the peak 1684 cm™
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collected at 380°C is assigned to bi-carbonate, where the peak 1602 cm™ is belong to bridging

formate species.

Indeed the formic acid exposure leads some common modes as the ones observed above with
methanol; indicating that indeed one of the possible formate isomers is formed upon exposure of

MgO to methanol and thermal treatment.
3.2.1.3 Over Fe,03

Exposure a-Fe,O3 to methanol gas at room temperature gives rise to different IR absorption
bands (Figure 3.6): similarly to what was observed over MgO surface, the peaks at 2942, 2832
cm™ are due to physical adsorbed methanol, and the ones at 2902, 2802 and 1071 cm™
correspond to methoxy species. At 300 °C the methoxy peaks have completely disappeared and a

substantial amount of formate have been formed. This formate is activated in two different

modes with V¢(CH) peaks at 2853 and 2804 cm™, V,4(COO) at 1644 and 1611 cm™ and the

V¢(COO) around 1300 cm™. Outgassing at 380 °C causes the disappearance of the formate

species (no CH vibrations observed) giving place to new species, presumably carbonates,
suggested by the absence of C-H stretching bands at around 2800 cm™ while still observing vs
and v,s(COO) bands. Additionally, correlation with temperature was shown in Figure 3.7,
formate was formed after methoxy species saturated Fe,O3 surface. The formation of formate
started at 175 °C and reached a maximum 320 °C. Meanwhile methoxy/methanol species

disappeared rapidly at temperature higher than 200 °C.
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Figure 3.6 Spectra of Fe,O3 with methanol desorption using kinetic collecting mode from RT to
380 °C black mark: physorbed methanol, blue mark :methoxy, red mark :formate,
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Figure 3.7 Intergrated intensities of the v(CO) bands from methanol and methoxy and the
vas(COO) from formate species on the iron oxide surface as a function of temperature

3.2.1.4 Over Impregnated FeOx/MgO_1_10

The spectra recorded upon adsorption methanol on FeOx/MgO_1 10 sample at room
temperature and outgassing at increasing temperatures are presented in Figure 3.8. Similarly to
what was observed with the other two surfaces, at room temperature only physisorbed methanol
and methoxy species are present on the surface (C-H vibrations between 2944 and 2807 cm™ and
C-O stretching at 1073 and 1039 cm™). When increasing the temperature, physisorbed methanol
rapidly dissociated to give methoxy species, which at 300 °C had been already completely
converted into formate (peaks 1600 and between 1385 and 1330 cm™). Unexpectedly, a species
that had not been observed over any other surface showed two peaks at 2787 cm™ (C-H vibration
region) and 1121 cm™ (C-O stretching region). These vibration modes could indicate a methoxy
species that formed on the interphase of FeOx and MgO, however, its high stability, even at 380

°C (when all other methoxy have disappeared), brings some doubt to this hypothesis.
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Figure 3.8 Spectra of FeOx/MgO_1_10 with methanol desorption using kinetic collecting mode
from RT to 380 °C black mark: physorbed methanol, blue mark :methoxy, red mark :formate,
3.2.1.5 Discussion of the DRIFTS results of methanol activation on different oxides
The experimental results on methanol adsorption and activation on the three oxides studies

(MgO, Fe,03, and FeOx/MgO_1_10.) presented above are summarized in Table 3.2 where the

assignments have been performed according to the literature precedents presented in Table 3.1.

Table 3.2 Assignments for the bands observed in DRIFTS experiments

Surface Mode Catalyst
. . Ref.
Species Assignment MgO Fo,0n F20xMa0 L 10
Physisorbed vs(CH) 2942 2942 2044
[111,
Methanol a5,
26(CH;) 2835 2832 2838

80



v4(CO) 1058 B 1039 188]
vs(CH) 2917®) 2902 2929
[111,
Methoxy 26(CHs) 2809, 2800 2802 2807 182
(CO) 1108 (Mono) 1071(Bridging) | 1073(Bridging) .
v riagin riagin
° 1092(Bridging) Jing Jind
vs(CH) 2846 2853 2846
[113,
Formate V,5(CO0) 1600-1610 1610-1620 1600-1665 189,
190]
v5(COO) 1330-1380 1300-1374 1330-1385

As can be seen, the assignments agree within few wavenumbers with respect to the literature
data and show that, as already discussed above: all oxide display a similar behavior : at
moderate temperatures methanol physisorption and activation as methoxy species is observed,
heating at higher temperature leads to the formation of formates. On magnesia such formate
species appear stable until the highest temperatures explored (380°C). The spectra acquired on
the mixed oxide are dominated by the magnesia feature. On the other hand, iron oxide promotes
formate decomposition at higher temperature, most likely into light compounds.

3.2.2 DRIFTS Analysis under Steady-State Methanol Reaction

Steady-state methanol transformation was used to examine the change of species present on the
metal oxide catalysts over time at the reaction temperature (380 °C) in the presence of excess
methanol, an experimental condition present in our catalytic studies but not studied in the
previous section, where only small quantities of methanol in batch condition where sent to the

oxide surface.

Over MgO (Figure 3.9), a continuous flow of methanol generates methoxy (characteristic C-O

bands around 1100 cm™) and formate species (Va5(COO) at = 1600 cm™) which coexist over
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time, with no sign of catalyst degradation. Surprisingly, a very different behavior was observed
when performing the same experiment over Fe,Os; (Figure 3.10). The baseline changed
considerably during time, with the appearance of broad negative regions, implying that the
catalyst (used as background) is suffering dramatic changes. This made impossible the
identification of the species present on the surface. Finally, when the experiment was performed
over FeOx/MgO 1 10 (Figure 3.11), a considerable amount of methoxy and formate species
were observed, as in the MgO, but some negative bands, probably arising from the FeOx phase,
could also be identified in the difference spectra reported here.' All samples containing the basic

MgO showed an enhanced stability which was correspond to the results found in literature.[110]
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Figure 3.9 MgO reaction at 380°C feeding with methanol under He flow

' As a reminder all the spectra presented here are difference spectra, where the background
collected at the corresponding temperature has been subtracted from the sample spectrum.
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Figure 3.10 Fe,O; reaction at 380°C feeding with methanol under He flow
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Figure 3.11 FeOx/MgO 1 10 reaction at 380°C feeding with methanol under He flow



In summary, the DRIFTS experiment under methanol flow suggests that while magnesia
displays the same surface reactivity over time (namely, creation of methoxy and formate species)
even under excess methanol conditions, the iron oxide exposed to methanol undergoes profound
structural changes during the thermal treatment. Noteworthy, such change in the iron oxide
support is not observed in the absence of excess methanol, as discussed in the previous section

(section 2.1.3 and section 2.1.5).

3.2.3 Furfural and Furfuryl Alcohol Activation Analysis and Intermediates

The interest for this reaction system is methanol reduction of furfural (furfuryl alcohol) to
methylfuran (see Scheme 2.1 chapter II). In order to identify the species involved during
furfural (furfuryl alcohol) activation, we therefore investigated stepwise the furfural and then the
furfuryl alcohol adsorption over different catalyst surfaces by FTIR. The goal is to acquire
information about their geometric adsorption modes and their corresponded functional group

activation.

The literature precedents which are relevant for this study mainly address furan [179] and
aromatic aldehydes adsorption[191-193] on different types of oxides (AuPd/TiO, and
AuPd/Mg0O). Meanwhile there are extensive investigations of the adsorption of aldehydes over
different metals. [194, 195] It has been shown that over different type of metal surface aldehyde
turn to either only the carbonyl O adsorbed n' (C=0) or both C and O interacting with the
surface n° (C=0)

3.2.3.1 Furfural Adsorption-Desorption Investigations

The typical C=0 stretching vibration modes of furfural appear at 1691 and 1674 cm* [196]we
independently confirmed this data by recording the IR spectrum of furfural over KBr pellet (see
Figure 3.12). These vibration frequencies are lower than typical aldehydes (generally displaying
at v(CO) > 1700 cm™, such as formaldehyde 1750 cm™.[197] The red shift in the spectra of

furfural is due to the conjugation with the furan ring.
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Figure 3.12 Furfural IR spectra adsorption over pellet KBr surface.

Few studies reported the IR investigations of furfural after interaction with different surfaces,
namely : Fe-Pt oxides/alumina[198], Fe-Ni/SiO, [22] and Cu/SiO, [18] interactions with the
surface cause various types of shifts of v(C=0) frequency, these shifts can be at higher
wavenumbers such as 1732 cm™ on FePt oxides/Al,O3 or at lower wavenumbers (1670 cm™ on
Cu/SiO, and 1670 cm™.ove FeNi/SiO,). The assignments proposed are respectively base on the
asymmetric vibration model of C=0 bond from furan side aldehyde, which can be influence by
furan ring conjugation and surface interaction but overall a clear explanation of the reason for a

blue or a red shift is not available.

Based on the previous literature review over furan, aldehyde, and furfural adsorption
investigations we therefore propose the following interpretation scheme; furfural can interact

with a surface either through its aldehyde group or through the furan ring (Figure 3.13).

85



+ Wavenumber -

v(CO) =1740-1720cm™’ v(CO) = 1690-1670 cm’ v(CO) = 1610-1590 cm’
0 =\ 2
Alk” OH 0 H
(on KBr) (on KBr)
H

—\ O 0
O {C D=l i o) H
ﬁwH (l) H > T \_J o
mode A mode B mode B' mode C

Figure 3.13 Proposed rationalization of literature observed v(CO) in free furfural and
physisorbed furfural depending on the possible coordination modes (the planes represented in the
picture help the reader visualize the planar moieties in the proposed structures)

Furfural surface coordination via the aldehyde can happen as a n'(0) or n*(C=0) mode (modes
B’ and C respectively, Figure 3.13), the latter inducing a greater red shifts due to a weakening
of the C=0 bond. Instead, coordination of the furfural through the furan ring should be possible
through two different routes: namely through exclusively the oxygen lone pair (mode B) or

through the ring double bonds (mode A).

While these modes of coordination are not expected to induce diagnostic changes in the furan-
related bonding modes, we formulated the hypothesis that such modes can impact the aldehyde.
The coordination modes involving only the oxygen lone pairs (mode B and B”) do not disturb the
furfural conjugation, thus similar C=0 stretching frequencies to those of the free furfural are
expected. However, when the furfural is coordinated through the furan ring (mode A), the
aromaticity is partially disrupted and the v(C=0) gets closer to that of an aliphatic aldehyde. On
the other hand, when a nz(C:O) coordination takes place (mode C), a remarkable red shift due to

a weakening of the C=0 bond should be observed.

Furthermore, as opposed to group IB metals, on which n'-(0) aldehyde is the preferred surface
species, group VIIB metal surfaces tend to adsorb aldehydes in the so-called n(C,0)
configuration.[195, 199]
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Over MgO

When furfural was absorbed on MgO at room temperature (Figure 3.14), 3 peaks arising from
the C=0 stretching could be observed: at 1720, 1672 and 1600 cm™, corresponding to the modes
A, B and C (Figure 3.13, respectively. The peak at 1569 cm™ arises from the C=C of the furan
ring. As the temperature increases, the peaks at 1720 and 1672 cm™ decrease, and at 380 °C only
the n?(C=0) mode of activation is present (peak at 1600 cm™). This suggests that at this
temperature we have an optimum activation of the C=0 bond which might favor the formation of
the furfuryl alcohol. [180, 200, 201] Furthermore, this experiment demonstrates that adsorbed
furfural on MgO is stable even at high temperatures, as had already been confirmed by Albonetti

et al.[149]
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Figure 3.14 Furfural adsorption and desorption over MgO sample from RT to 400°C
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Over FeOx/MgO 1 10

The FTIR adsorption of furfural over Fe,Os could not be performed due to the opacity of the
obtained pellets, thus the experiment was directly carried out with FeOx/MgO 1 10 (see Figure
3.15). The obtained spectra were very similar to those of MgO, with the only exception that no
peak at 1720 cm™ (corresponding to the furan ring adsorption on the surface) was observed. This
may suggest that the presence of FeOx on the MgO causes a stronger interaction furfural-surface

at lower temperatures.
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Figure 3.15 Furfural adsorption / desorption over FeOx/MgO 1 10 sample from RT to 400°C

3.2.3.2 Furfuryl Alcohol Adsorption Desorption Investigation

Furfuryl alcohol adsorption-desorption FTIR was carried out at different temperatures. For
comparison, the spectra of furfuryl alcohol adsorbed over KBr was recorded in Figure 3.16. The
peak at 1505 cm™ corresponds to the furan ring C=C stretching, at 1146 cm™ to the C-O in the
furan ring and at 1010 cm™ to the C-OH.
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Figure 3.16. Furfuryl alcohol adsorption over KBr pellet surface.
Over MgO

When furfuryl alcohol was adsorbed over MgO at room temperature, almost no changes were
observed with respect to the spectrum taken at over KBr, this meaning that very weak
interactions are taking place. When the temperature increases, the furfuryl alcohol bands slowly
decrease giving place to the appearance of a band at 1587 cm™, which at 400 °C is merged with a
big band at 1602 cm™. This latter band is the same that had been observed for the adsorption of
furfural on MgO (see Figure 3.17). Thus, this proves that, although high temperatures are
required, furfuryl alcohol can be dehydrogenated on the MgO surface. Furthermore, it also shows

the stability of these two compounds on MgO.
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Figure 3.17 FTIR Spectra of Furfuryl alcohol adosrption /desorption Over MgO at different
temperature.

Over FeOx/MgO_1 10

A very similar spectrum was obtained when adsorbing furfuryl alcohol at room temperature on
FeOx/MgO 1 10. (Figure 3.18) However, the dehydrogenation of the alcohol was initiated at
lower temperatures (starting at 300 °C) than in the case of MgO. At 380 °C the furfuryl alcohol
has almost disappeared and been converted quantitatively into furfural, as it can be followed by

the band at 1505 cm™.
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Figure 3.18 Furfuryl alcohol adsorption /desorption over FeOx/MgO 1 10 within different
temperature.

3.2.3 Isotopic Labeling Studies on the Catalytic Transfer Hydrogenation of Furfural to MF
Hydrogenation of Furfural to FA

As already described, the conversion of furfural to MFU entails, first, the hydrogenation of the
carbonyl group of furfural to form FAL, and second, the hydrodeoxygenation of this latter to
render MFU. To get a deeper mechanistic insight in the first step, an isotopic labeling experiment
was performed. The reduction of FU to FAL was performed with FeOx/MgO 1 10 as catalyst at
200 °C and using CD30OD as solvent.

1H NMR analysis of the reaction mixture, after 3 h of reaction, showed that one deuterium
atom had been incorporated in the methylene moiety of the FAL, as the integration of the peak at
around 4.5 ppm integrates only for 1 H (Figure 3.19). The resulting alcohol must be also

deuterated, due to the rapid H/D exchange of alcohols, although it cannot be observed by NMR.
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figure 3.19 Identification of product from furfural reaction at 380°C for 3 hours with CD3;0D by
H NMR

Furthermore, GC-MS analysis was also performed. The parent ion of FAL (98 amu), in a
reaction carried out with non-deuterated MeOH, is the most intense peak (red bars in Figure
3.18), and the small signal in 99 amu is attributed to the natural isotope abundance of *C. A
clear mass shift by 1 amu was observed when CD3;0D was used as the hydrogen donor (blue bars
in Figure 3.20), indicating that the produced FAL molecule contains one D. The reason why
only the addition of one deuterium atom, and not two, is observed can be rationalized by the fact
that the deuterium in the OD group of FA can exchange with the OH groups in the capillary gas
chromatograph (GC) column. Therefore, we conclude the 1 amu mass shift in the FAL formed
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with CD30D as the hydrogen donor originates from the D bonded to the hydroxymethyl carbon
(Figure 3.20).
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Figure 3.20 Mass fragmentation analyses of the products of CTH of furfural. Mass spectra (all
intensities scaled to 100%) of FA obtained from furfural hydrogenolysis in CD3;OD.
Experimental conditions: 1 mmol furfural in 50 ml CD3;OD solution; T = 200 °C, and reaction 3h

From these results, and comparing to literature precedent, two main pathways can be proposed
for the hydrogenation of FU to FAL. A first option involves Lewis basic sites, as the ones that
can be found in MgO. We have shown that MgO is able to catalyze the dehydrogenation of
methanol (see section 2.1.2), forming surface hydride species. The transfer of these hydrides to
the aldehyde of furfural would reduce it to FAL (Scheme.3.1 A). A second option would involve
a Meerwein—Ponndorf—Verley mechanism[75] at the Lewis acid sites of FeOx. This mechanism
implies the formation of a six-membered ring where both the methanol and the aldehyde are
coordinated to the Lewis acid and a hydride transfer from the methanol to the carbonyl group
takes place (Scheme. 3.1 B).
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However, in our system, the coexistence of basic sites (MgO) and acid sites (FeOx) makes
possible that both pathways are taking place simultaneously. Although this experiment proved
that all the hydrogenation come from the methanol, further deuterium experiments are needed to
be able to distinguish if one of the two routes is predominant.

A B=Base site, L= Lewis acid
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ydride transfer — | J
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Lewis base mediated hydride transfer Lewis acid mediated intermolecular hydrogen transfer

Scheme.3.1 possible pathway for hydrogen transfer reduce of furfural into furfuryl alcohol over
FeOx/MgO_1 10 using CD30OD

3.3 Conclusion

3.3.1 Methanol Activation

To summarize the results described above, it can be concluded that adsorbed methanol
dissociated at low temperatures to form methoxy species leading to the formation of surface
formate species by at higher temperatures. The most accepted pathway for this transformation is
via the formation of formaldehyde which rapidly disproportionates to give formate and methoxy
species (Figure 3.21). The formation of formate and its stability is greatly improved when

employing basic surfaces like MgO, compared to Fe,Os.
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Figure 3.21 The possible pathways responsible for the Methanol transformation

Furthermore, steady-state methanol reaction analysis at 380°C suggests that surface formate and
methoxy species coexist over the surface; hence, both species and the surface hydrides should be
considered as hydrogen donors.

3.3.2 Furfural & Furfuryl Alcohol Activation

Regarding furfural activation, no transformations were observed even at high temperatures,
highlighting the high stability of it on MgO and FeOx in the absence of a reducing atmosphere.
However, at the reaction temperature (380 °C), it seems that only the n>(C=0) mode of furfural
activation is present, and might be the necessary step for its further hydrogenation.

In contrast, furfuryl alcohol was dehydrogenated to furfural on both MgO and
FeOx/MgO_1 10 at high temperatures, however, the latter is able to promote this transformation
at lower temperatures (300 °C instead of 400 °C) and much more efficiently. This behavior was
also confirmed by a previously reported catalytic experiment[149], where the loading furfuryl
alcohol with methanol over MgO and Fe/Mg/O_1 2 catalyst, traces of furfural formation were
identified.

The reduction of furfural to MF (Scheme 3.2), first involves the hydrogenation of the carbonyl
group of furfural to produce furfuryl alcohol. The chemistry can proceed via hydride route, that
is, the atomic hydrogen adsorbed on the surface formed by methanol dehydrogenation is the
responsible of the reduction. An alternative pathway is the Lewis acid-mediated intermolecular
hydride transfer of the B-H in the alcohol to the carbonyl group, following the Meerwein—
Ponndorf—Verley mechanism. For the production of methyl furan, hydrogenolysis can proceed

either via the direct route (i.e., the cleavage of the C—OH bond followed by H addition) or via the
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activation of the furan ring, in which H is added to the ring to break the aromaticity and facilitate
OH remove. Currently; more experiments are being performed to elucidate which are the

predominant pathways in our gas phase system.
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Furan ring
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Scheme 3.2 Possible Reaction Pathways in the HDO of Furfural to Methyl furan

3.4 Experimental Section

Materials

Methanol-d, (99.8%) and formic acid (96%) were purchased from Aldrich. all the chemical was
used without purification.
Fourier Transform infrared spectroscopy (FTIR) of supported catalysts

The FTIR was used to record vibrational spectra of furfural adsorbed on the catalysts. The FTIR

spectra of adsorbed furfural were recorded with 2 cm™ resolution using a Thermo Nicolet Nexus

470 spectrometer equipped with a MCT-A (mercury cadmium tellurid) detector.
Operando DRIFTS Measurements

New spectroscopic and kinetic methods for catalysis for the DRIFTS measurements, a
commercial reaction cell (Harrick) fitted with CaF, windows was implemented into a Nicolet

6700 FTIR spectrometer (Thermo Fischer Scientific) equipped with a MCT detector.

Steady state methanol DRIFT
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Sample was loaded in the DRIFT chamber and pretreated under He heating at 400°C for 60
min, after pretreatment, the background was collected at 380°C. The methanol was loaded by
bubbling He through the methanol saturator. Kinetic spectra were collected per minutes using
self-supported sample as background. The He flow was fixed at 15 ml/min and the methanol was

loaded from a saturator which was kept in a liquid N/ethanol cooling bath (-80°C).
In situ Furfural and Furfuryl alcohol FTIR study

Measurements were carried out in Niocolet 6700, between 4000 and 400 cm™. Self-supported
wafers of the samples containing around 30 mg (13 mm diameter) were evacuated at 10 bar and
450 °C for 1 h, after cooling to room temperature, the spectrum was recorded as a background.
The sample wafer was then exposed to furfuryl alcohol vapors at room temperature for 10 min
until equilibrium was reached, and then a second spectrum was recorded. Subsequently, the
wafer was subjected to evacuation for 10 min and then a room temperature spectrum was
recorded. Subsequent evacuations were performed at 300, 320, 350 380 and 400 °C for 5 min
followed by spectral acquisitions. The spectra presented were obtained by subtracting the spectra
recorded after pretreatment and before furfuryl alcohol adsorption.
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General Discussion and Conclusion

This study has aimed at improving and understanding gas phase catalytic transfer
hydrogenation of furfural (FU) to furfuryl alcohol (FAL) and sequential hydrogenolysis into
methyl furan (MFU)).

Initial results showed that MgO catalyst was a competent catalyst for the reduction of furfural
to furfuryl alcohol (52% FU conversion and 75% FAL selectivity), see Scheme 1. However,
when Fe doped MgO (Fe/Mg/O 1 2) was employed, methyl furan was preferentially formed
(79% MFU selectivity with 93% FU conversion), see Scheme 2.

CH;0H CH,O CH;0H CH,0
o \/ o o
L= (e K e
FU FAL MFU
Scheme 1 catalytic hydrogen transfer over MgO catalyst at 380 °C using methanol as hydrogen
donor
Heavy organics
/ CH,O0H CH,O o
AN ~_ 7
L) T e =) e
. +H,
) -CO,
CH,0

Scheme 2 catalytic hydrogen transfer over Fe/Mg/O catalyst at 380 °C using methanol as
hydrogen donor

These results led us to investigate how iron oxide influenced the product distribution, especially

towards methyl furan formation. Series of catalysts with different iron and magnesium molar
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ratios were prepared by co-precipitation or impregnation methods and were tested in the
reduction of furfural (FU) using methanol as hydrogen source. As expected, furfuryl alcohol
(FAL) and 2-methyl furan (MFU) were the main products obtained. The impregnated catalysts
with a Fe/Mg ratio 1/10, namely FeOx/MgO 1 10, demonstrated to be the most active and
selective towards MFU (FU conversion 89%, MFU selectivity 93%).

Reported data demonstrated that product distribution was strongly influenced by the iron
content and from the resulting acid and redox properties of the material. As a matter of fact, the
introduction of iron on the surface of the basic oxide led to the addition of Lewis acidity and
redox capacity in the system, significantly enhancing FU conversion and MFU production.
However, an optimal Fe/Mg ratio (observed both in co-precipitated and impregnated samples) is

necessary for a high MFU selectivity.

The activation of different species on the catalyst surface has been studied by in situ methanol
DRIFTS and furfural and furfuryl alcohol FTIR. Results indicated that, at the reaction
temperature (380 °C), methanol is activated on the catalyst surface generating formate species.
These latter species formate are quite stable over the FeOx/MgO 1 10 catalyst, but easily
decompose over Fe,Os3. As regard to furfural and furfuryl alcohol activation, FeOx was found
more suitable for furfuryl alcohol activation, since it catalyzes the dehydrogenation to furfural
more readily than MgO. These results do not clarify which is the final hydrogen donor, since
many species coexist on the catalyst surface: methoxy, formate, hydrides... However, it seems
reasonable to assume that MgO favors the initial transfer hydrogenation of furfural to furfuryl
alcohol, and that the redox capacity from FeOx might be the responsible of furfuryl alcohol
hydrogenolysis.
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Perspectives

Initially, biomass valorization was a new concept proposed to face the energy shortage and the
requirement of sustainable chemistry. Thus, biomass utilization could tend to process real
applications as the main goal, more like technology and development. Its investigation should
not aim at creating new reaction. Instead, a smart integration of known reaction processes to
optimally produce the required compounds should be the final goal. At the moment, routes

towards fine chemicals are more competitive than transformation into fuels on the economic
purpose.

Owing to the high diversity and complexity of products obtained from biomass transformation
processes, efficient and fast analytical procedures are required to keep up to date with this fast
development. Such as humin, there is still no conclusion about their structure and composition.
As regard to fundamental investigations, analytical chemistry tools could help to understand the
underlying mechanisms involved in the production control and determination of the reaction
pathways. With the possibility to scale up the production pilot plants, concerns on the bio-fuels
quality, the stability and up scaling rely strongly on analytical approaches. Analytical standards

should be implemented to be able to compare these complex mixtures.

Synergies effects between acid-base sites and redox capacity should be emphasized and
detailed investigations to real active site. With hypothesis, catalysts with tailored site
compositions and well-defined structure, e.g., well defined metal nanoparticles supported on
acidic basic supports, in model reactions, it will be helpful in illustrate the synergistic effects
among different types of active sites. Most catalytic transfer reduction reactions are carried out
in liquid phase, so the influence of solvent should also place more emphasis. Therefore,
characterization capable of taking solvent effects on catalytic sites into account will be highly

desirable.

As regard to hydrogen transfer reduction processes, starting from cellulose derived feedstocks,
catalytic hydrogen transfer strategies show promise yield, but the application in lignin based
precursors remain relatively unexplored. In this field, catalytic transfer hydrogenations have the
potential to selectively activate C—O bonds in the depolymerization of lignin and HDO of

phenolic monomers and dimers.
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