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Abstract

One of the most promising molecules in biomass valorization is the xylose (XYL), a five
carbon sugar, that once dehydrated in acid media, can produce furfural (FUR). In turn,
FUR is an aldehyde that may produce furfuryl alcohol (FA) by hydrogenation. It is known
that the presence of Lewis and Brgnsted acid sites may transform XYL to FUR, and the
presence of a metal phase can reduce FUR to FA. Among many researched materials, the
hydrated niobium oxide (NbyO5-nH50O) may provide both sites, due to its acidity. Besides,
it is possible to modify NbyOj structure with an acid treatment to provide new groups.
Then, it is feasible to produce a catalyst supported on different niobium oxides to try the
one-pot production of FA from XYL and to test the influence of the acid treatment. On
this work, Co, Ni and Ru were supported using incipient wetness impregnation on two
types of niobium oxides calcined at 400 °C for 4 h: calcined NbyO5 - NB400 or NbyOj
treated with H3PO,4 at 1 mol/L - NBAc400. For the base metals, the nominal amount
was 10 wt.% (CoNB10, CoNBAc10, NiNB10 and NiNBAc10) whereas for the noble metal
the content was 5 wt.% (RuNBO05 and RuNBAc05). Our solids were characterized by Ny
adsorption, SEM/EDX, XRD, H,-TPR, XPS and NH3-TPD. The catalysts supported on
NB400 showed diminution of its area, up to 60% in case of RuNBO05. After the activation
on hydrogen at 400 °C and 2 h, the TPR and XPS showed that the Co active phase was
a majority of oxides, Ni samples were a mixture of oxides and reduced metal and the Ru
solid was reduced. Furthermore, the acidity distribution of the sites was modified due to
the acid treatment, with the increase of medium sites. After 6 h of reaction on water at
160°C and 50 bar of Hy pressure, the CoNB10 solid presented 14% of FA yield, while the
treated catalyst CoNBAc10 had 8%. The same trend was reported on Ni and Ru solids
- 16% and 17% of FA yield on NiNB10 and RuNBO05, whereas 2% and 0% on NiNBAc10
and RuNBAc05. However, Ni and Ru solid showed superior yields for xylitol (XOL) and
tehtrahydrofurfuryl alcohol (THFA). The RuNBO05 solid had 39% and 20% of XOL and
THFA yields, as the content of metal sites was higher than Ni and Co solids. Besides,
after one cycle of reaction, the treated catalysts showed P and metal leaching up to 30%.
Therefore, the acid treatment did not improve neither the selectivity for hydrogenation

products nor the stability of metal phases on the catalysts.

Keywords: Xylose, Furfuryl Alcohol, Niobium Oxide, Supported Catalysts.



Resumo

Uma das moléculas mais promissoras em valorizagdo de biomassa é a xilose (XYL), que
desidratada em meio 4cido, produz furfural (FUR). J4 o FUR é um aldeido que hidro-
genado produz o élcool furfurilico (FA). Sabe-se que a presenga de sitios dcidos de Lewis
e de Brgnsted converte XYL em FUR, e a presenca de sitios metdlicos consegue reduzir
FUR ao FA. Dentre os materiais pesquisados, a niébia (NbyO5-nH,0) pode suprir ambos
os sitios acidos. Além disto, é possivel modifica-la com um tratamento acido, produzindo
assim novos grupos. Portanto, é possivel produzir um catalisador suportado em diferentes
6xidos de nidbio para tentar produzir o FA através da XYL em um unico reator, e também
testar a influéncia do tratamento acido. Neste trabalho, Co, Ni e Ru foram suportados por
impregnacao incipiente em dois tipos de 6xidos de nidbio calcinados e 400 °C durente 4 h:
niébia calcinada - (NB400) ou NbyO5 tratado com H3PO4 em 1 mol/L - NBAc400. Para
os metais basicos, o teor nominal de fase ativa foi 10% (CoNB10, CoNBAc10, NiNB10
e NINBAc10) enquanto que para o metal nobre o valor foi 5% (RuNB05 e RuNBAc05).
Nossos sélidos foram caracterizados por adsor¢ao de Ny, MEV/EDS, DRX, Ho-TPR, XPS
e NH3-TPD. Os catalisadores suportados em NB400 apresentaram diminuicao de area,
em até 65%, no caso do RuNBO05. Apds ativagdo em fluxo de Hy a 400 °C por 2 h,
as analises de TPR e XPS mostraram que a fase ativa de Co era maioria de éxidos, as
amostras de Ni eram misturas de 6xido com metal reduzido e o sélido de Ru estava re-
duzido. Ademais, a distribuicao de acidez nos sitios foi modificada com o tratamento
acido, com o aumento de sitios médios. Apds 6 h de reacao em meio aquoso a 160 °C e 50
bar de Hs, o sélido CoNB10 teve 14% de rendimento ao FA, em comparacao com 8% no
CoNBAc10. A mesma tendéncia aconteceu com Ni e Ru - 16% e 17% de rendimento ao
FA no NiNB10 e RuNBO05, ao passo que em NiNBAc10 e RuNBAc05 os valores foram 2%
e 0%. No entanto, Ni e Ru mostraram rendimentos superiores para xilitol (XOL) e édlcool
tetrahidrofurfurilico (THFA). O catalisador RuNBO05 obteve 39% e 20% de rendimentos
a XOL e THFA, uma vez que a participacao de sitios metdlicos foi maior do que Ni e Co.
Adicionalmente, apds um ciclo de reacao, os catalisadores tratados mostraram lixiviacao
de fésforo e fase metalica com teores de até 50%. Logo, o tratamento acido efetuado nao

melhorou a seletividade a produtos de hidrogenagao nem a estabilidade dos metais.

Palavras-chave: Xilose, Alcool Furfurilico, Oxido de Niobio, Catalisadores Suportados.
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Chapter 1

Introduction

In this section, the role of studies of conversion of biomass is explained. First,
the furfural importance as a promising platform molecule is cited. Moreover, some con-
ventional process for production of furfural and furfuryl alcohol are mentioned. In the

end, a final remark on the research motivation is described.

1.1 Overview of Lignocellulosic Biomass

According to most of the recent outlooks of energy, our planet will face the
greatest challenge in its history. Up to 2040, the primary energy demand may rise almost
70%, though the CO, emissions continue to edge up, increasing by about 10%. However,
those emissions from oil must reduce at least 45% in an ideal scenario [ BAJWA et al., 2018)
and (BP, 2019)]. Therefore, those trends must be taken into account, and our society
may discover other alternatives of energy. In this sense, the renewable sources of energy
are considered as alternatives for the traditional energy matrix, composed by petroleum

and coal (GALLO AND TRrAPP, 2017).

Among them, the most promising renewable technology for the transforma-
tion of reactants into chemicals is the valorization of lignocellulosic biomass (LB), a com-
plex network available in cell wall of plant cells (DA COSTA et al., 2019). Comparing
petroleum and LB, the first contains long chains of saturated and insaturated hydrocar-
bons (McCAIN JR, 2017), while the second is composed by different types of cyclic struc-
tures and sugars (MARISCAL et al., 2016). Moreover, while the separation of petroleum
occurs by distillation, i.e., according to different temperatures (McCAIN JR, 2017), the
biomass separation requires a pretreatment, due to more resistance in its degradation
[(DANON et al., 2014), (DELBECQ et al., 2018), (ISIKGOR AND BECER, 2015)]. Besides,
regarding to LB, it is composed by three major polysaccharides: cellulose (C), hemicellu-
lose (HC) and lignin (L). The Table 1.1 provides the contents of those sugars in a large

range of materials, where C and HC are present at about 70 wt.% of samples.
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Table 1.1: Cellulose (C), hemicellulose (HC) and lignin (L) contents in materials.

Material Cellulose Hemicellulose Lignin
Sugarcane bagasse 55 11 25
Corn stover 32-40 17-35 7-18
Wheat straw 50 30 15
Rice straw 36-47 17-35 9-18
Switchgrass 45 30 12-20
Hardwood stems 40-55 24-40 18-25

Source: Adapted from Aguiar et al. (2010) and Ussiri and Lal (2014).

All of the polysaccharides units have their repetition units, as provided in
Figure 1.1. First, the cellobiose units forms the cellulose, which is more crystalline and
resistant to hydrolysis compared to hemicellulose. Second, pentoses and hexoses consti-
tutes HC hemicellulose and third, the lignin, which is usually removed as a residue in

processes, is a polymer of varied polyphenol units (ISIKGOR AND BECER, 2015).



Figure 1.1: Scheme of substances over C, HC and L in lignocellulosic biomass.
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As shown in Table 1.1 and Figure 1.1, the hemicellulose accounts for around
17% to 40% of the lignocellulosic biomass content. It is an amorphous and chemically het-
erogeneous structure composed by carbohydrate heteropolymers like xylan, arabinoxylan
and glucomannan [(MARISCAL et al., 2016), (ISIKGOR AND BECER, 2015)]. Further-
more, Table 1.2 shows the proportion of hemicellulose monomer units in some sources of

LB (ISIKGOR AND BECER, 2015).

Table 1.2: Proportion of monomeric units of hemicellulose in different materials

containing lignocellulosic biomass.

Composition
Feedstock
XYL (%) ARA (%) MAN (%) GAL (%)

Sugarcane bagasse 20.5-25.6 2.3-6.3 0.5-0.6 1.6
Corn straw 14.8-25.2  2.0-3.6 0.3-0.4 0.8-2.2
Corn cob 28.0-35.3  3.2-5.0 - 1.0-1.2

Rice straw 14.8-23.0  2.7-4.5 1.8 0.4
Wheat straw 19.2-21.0  2.4-3.8 0-0.8 1.7-2.4
Hardwood *# 14.0-19.1  0.6-1.0 1.0-2.0 1.0-1.9
Softwood P 5.3-10.6 2.0-4.2 5.6-13.3 1.9-3.8

a: Species Fucalyptus globulus, b: Species Pinus pinaster

Source: Adapted from Girio et al. (2010).

In Table 1.2, it was reported that xylose - XYL (the repetition unit of xylan)
is one of the most predominant and important monomers among lignocellulosic biomass.
Indeed, xylose can be dehydrated to produce furfural (FUR), which is a platform molecule
that is very reactive and it can produce over 80 other compounds. The main industrial
use of furfural is as an industrial solvent, and 60% of furfural production accounts for
production of furfuryl alcohol (FA) (MARISCAL et al., 2016). The production of furfural
is about 250,000 t/year with China as market leader (90%), followed by South Africa and
Dominican Republic (BHAUMIK AND DHEPE, 2016). Besides, FUR market is expected to
grow in a Compound Annual Growth Rate (CAGR) of 11.6%, especially in Asia-Pacific,
reaching US$ 1.434 billion revenue by 2022 (DALVAND et al., 2018). The Figure 1.2
below provides a better forecast of some products that may be produced from XYL, and

obviously FUR, in LB.
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It can be noted in Figure 1.2 the reason which furfural is the most promising
molecule from biorefineries, once it may produce a variety of substances with different
functional groups (from alcohols to acids). For instance, the hydrogenation of furfural
includes the formation of important molecules for chemical industry, e.g. furfuryl alcohol
(FA), tetrahydrofurfuryl alcohol (THFA) and even 2-methyltetrahydrofuran (2-MTHF).
Also, the presence of water in reaction media may provide the conversion of FA into
levulinic acid (LA), which may be converted to y-valerolactone (GVL) in Hy atmosphere.
In another route, Hy can transform FUR in 2-methylfuran (2-MF), 2-pentanone and
pentanol-2. To conclude, the presence of oxygen makes furfural react into furoic acid,
furan and tetrahydrofuran (THF'). All of those compounds have extensive roles at chemical

industry, as stated in Table 1.3.

Table 1.3: Applications of FUR and its derivatives.

Compound Main application
Furfural (FUR) Organic solvent
Levulinic Acid (LA) Solvent, fine chemicals manufacture
GVL Starting material for adipic acid

Furfuryl Alcohol (FA) Industry of resins, adhesives and wetting agents

THFA Green solvent
2-MTHF Biofuel, solvent
2-MF Biofuel, solvent
2-Pentanone Flavoring additive in food industry
Pentanol-2 Solvent
Furoic Acid Production of furoate esters
Furan Polymer industry
THF Adhesives, precursor and PVC cements

Source: Adapted from Mariscal et al. (2016), Dalvand et al. (2018), Dutta et al. (2012),
Yan et al. (2014), Kohli et al. (2019), Fang et al. (2017Db).
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Yet the first researches about furfural production and its derivatives synthesis
are not recent, the interests for this topic were increasing year after year, as provided in
Figure 1.3. Regarding to furfural, the recent literature aim for more efficient heterogeneous
catalysts, that may be able to improve the furfural yield and reduce the content of humins,
making the process less aggressive to nature. In addition, the heterogenous catalysis may

improve the industrial process for FUR synthesis.

Our literature review is divided into four main parts: solid catalysts for furfural
synthesis, heterogeneous catalysts for furfuryl alcohol production, the one-pot conversion
of xylose into furfuryl alcohol and properties of niobia-based materials. The sections of
synthesis of furfural and furfuryl alcohol provides first the industrial process and then

how the heterogeneous catalysis may improve them.

Figure 1.3: Number of publications related to furfural since 2016 (only articles).
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Source: Web of Science — search TI = (furfural and catal*), TI = (furfuryl alcohol), TI
= (furfural AND hydrogenation). Date of search: 13/07/2022.

1.2 Overview of Furfural Production

FUR can be obtained through two main routes: the catalytic oxidation of
1,3-dienes derived from fossil-based materials or the acid-catalyzed transformation of sug-
ars present in biomass. This second route is one of the most relevant for establish-
ment of biorefinery concept, with the example of Quaker Oats process developed in 1920s

(BROWNLEE, 1933a).

The classic Quaker Oats process is based in a two steps approach: 1) hydrol-

ysis of lignocellulosic biomass to release pentoses in acidic medium using mineral acids



CHAPTER 1. INTRODUCTION 30

and 2) cyclodehydration of pentosane units to produce furfural. The hydrolysis of C5
polysaccharides is carried out in HySO4 or H3PO, diluted in water at average tempera-
tures and pressures (160 °C and 10 atm). However, this step releases high amounts of
energy and lowers the pH of solution to 1.0, which may increase the corrosion of pro-
cess equipment. After the formation of xylose from xylan, it is dehydrated to furfural
in the acidic medium [(BROWNLEE, 1933a), (BROWNLEE, 1933b), (BROWNLEE, 1938),
(DASHTBAN et al., 2012)]. Also, it is important to remark that the classic process for
furfural production requires a batch reactor and it is catalyzed by homogeneous catalysts,
which requires more energy for separation (next section). The Figure 1.4 below provides

a major scheme for furfural production for pentosans.

Figure 1.4: Acid-catalyzed scheme for furfural production from xylan.

o 0]
O o) H* Hom H+ Q)J\ H
HO OH
HO OH n H2O OH -3 Hzo \ /
n
Xylan Xylose Furfural
(Pentosan) (Pentose)

Source: Adapted from Mariscal et al. (2016) and Zhou and Zhang (2016).

After the reaction, FUR is produced in the acid solution. Then, the lignin
and liquor produced are extracted from the reaction medium and low-pressure steam
is mixed to carry out an azeotropic separation. Finally, the furfural is separated by a
double system of distillation columns, because there are byproducts produced by the
reaction, such as methanol and formic acid [(BROWNLEE, 1933a), (BROWNLEE, 1933b),
(BROWNLEE, 1938)]. The Figure 1.5 summarizes all the previous stages in a flowchart for

the classic Quaker Oats Process.

The best chemical yield for furfural is only 62% at the optimal conditions of
Bronwlee’s process, nevertheless there is loss of almost 16% of the total furfural produced
(BROWNLEE, 1938). Indeed, the steam consumption only in distillation system is 16.2
kg of steam per kg of furfural produced. As a matter of fact, we can enumerate several
drawbacks for the classic Quaker Oats process [( BROWNLEE, 1933a), (BROWNLEE, 1938)],

for example:

e High residence time in batch reactor — minimum of 3.3 h.
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The reduced pH produces very acid residues, which need treatment to be neutralized.

Before going to the mixer, the biomass needs previous preprocessing, and the fines

may be blown by the steam.

Even at 160 °C, the amount of required HySOy, is 6% by weigh of solution.

The moisture content in biomass determines the conversion of reactor. More mois-

ture means less furfural yield.

Figure 1.5: Diagram for Classic Quaker Oats Process.
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Later on, the Quaker Oats Company tried to develop a continuous reactor for
the FUR production, without success. The main challenge for heterogeneous catalysts
(i.e., solid acids) in furfural synthesis is to provide yields higher than mineral acid, but
also to curb the formation of humins — a condensation product from furfural and biomass.
As provided in the next sections, the dehydration of xylose may be carried out in batch or
continuous operations and with only water or other cosolvents. The reader may find in-
formation about homogeneous dehydration of xylose in more reviews or patents [(DANON
et al., 2014), (DASHTBAN et al., 2012), (KocH AND KINDLER, 2015), (BURKET AND

SABESAN, 2015), (MARCOTULLIO, 2011), (WETTSTEIN et al., 2012)].
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1.3 Overview of Furfuryl Alcohol Production

1.3.1 FA Production in Gas Phase (Classic Process)

The production of FA from FUR involves three main stages: the evaporation
of FA, the reaction in a PBR (packed-bed reactor) and the final separation of FA and
derivatives (Figure 1.6). In the first stage of process, liquid FUR is fed into an evaporation
system. The system is composed of a circulation pump, a heater and a packed column.
Once the FUR is maintained at 120 °C, it is fed into the top of the packed column. At the
same time, a stream of hydrogen (H,) flows upwards in the column. Later, the mixture of
furfural and H, is superheated before it flows into the tubular packed bed reactor, which
is at 135 °C. After the reaction section, the gaseous mixture enters a cooling system
consisted of a packed column, a pump and a cooler. A purge stream removes the polymer
and the resinification products from the system. Also, the FA is separated in a vacuum
distillation. In the final part of process, a mixture of water, FUR and 2-MF is also removed

from system [(ZEITSCH, 2000),(PETERS JR, 1937), (SWADESH, 1956), (K0zINsKI, 1980)].

Figure 1.6: Process Flow Diagram (PFD) for Furfuryl Alcohol (FA) Production in Gas

Phase.
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Regarding to the reaction section, the bulk catalyst of copper chromite is gen-
erally used for FUR reduction (CuyCryOs or CuCrsO4-CuO). In best conditions, the FA
yield is 92% and the main byproduct produced is 2-MF [(ZEITSCH, 2000), (SWADESH, 1956),
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(FRAINIER AND FINEBERG, 1981)]. However, we have some opportunities to improve the

reaction stage:

e Chromium substances in copper chromite catalysts are very toxic for the environ-
ment. Therefore, the discard and regeneration of this type of catalyst is difficult

(L1u et al., 2013).

e The converter startup is not simple. First, the temperature is increased slowly rate
(3 °C per day) from 120 °C to 152 °C — the operation temperature. This is due to
the formation of carbonaceous deposits. Second, the reactor must be heated up to
220 °C in order to clean deposits by oxidation. Finally, the catalyst is reactivated

by hydrogenation at 160 °C (ZEITSCH, 2000).

e At 200 °C, the cooper chromite catalyst is deactivated. The mechanism of deac-
tivation is the poisoning due to strong adsorption of polymeric species in Cu sites
and/or by coke formation. At 300 °C, the selectivity to FA decreased (increasing
amounts of 2-MF) and characterizations showed that Cr atoms probably covered

Cu active sites (LIU et al., 2013).

On the other hand, even in the first patents, as suggested by Mastagli (1956)
and Peters Jr (1937), we observed several studies in hydrogenation of furfural in liquid
phases with metal catalysts, such as Ni, Pd or Ru. The conditions of liquid phase were

milder, with 20 bar and ca. 100 °C.

1.3.2 FA Production in Liquid Phase (Alternative Process)

FA can also be produced in liquid phase using a slurry continuous reactor, as
expressed in Figure 1.7. In the first stages of process, cooper chromite in powder is mixed
with furfural in a tank. After the mixture, the slurry is pumped to a continuous tubular
reactor (about 200 atm and 120 °C), where the compressed Hy reacts with the slurry. The
remaining gas is separated from the slurry using a cyclone, and Hs is recompressed to the
reactor. On the other side, the slurry is pumped to a centrifuge, where it is separated with
sedimentation. Finally, the final mixture (consisted of solids, FA and gases) is separated

in a low-pressure column (ZEITSCH, 2000).
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Figure 1.7: Process Flow Diagram (PFD) for Furfuryl Alcohol (FA) Production in
Liquid Phase.
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Nevertheless, even the continuous process in liquid phases provides serious

drawbacks, as given below:

e As the catalyst is used in powder, there are significant costs for the separation of
the fines in the end of process. Furthermore, if the catalysts were used in pellets

instead, the cost of pumping the reactants into the converter would be decreased.

e The high pressure conditions of reaction in the first designs of process made the

operation difficult (ZEITScH, 2000).

e Researchers exposed that slight modifications in process variables may increase the

selectivity to THFA instead of FA (MASTAGLI, 1956).

Those reasons show that researches about catalyst design in furfural hydro-
genation (in gas or liquid phase) are still necessary. Moreover, an integrated process
(and catalyst) for FA synthesis directly to xylose would be another upgrade in biomass

conversion.
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Chapter 2

Objectives

The general and specific objectives of this thesis are described below.

2.1 General Objective

Study of catalysts with non-noble and noble metals (Co, Ni and Ru) supported on
niobia and phosphated niobia on direct conversion of XYL to FA.

2.2 Specific Objective

Investigation of the influence of phosphate treatment to modify niobia acidity on

the performance of niobium oxide based catalysts for XYL conversion.

Production and evaluation of catalysts with metal and acid sites on XYL transfor-

mation into varied products (FA, THFA, XOL, LA).

e Comparison of catalytic performance of base (Co, Ni) and noble metal (Ru) sup-

ported on different niobia supports for XYL conversion in aqueous medium.

Now, our literature review will be divided into three major parts from 2016
to 2020: the production of furfural, the production of FA in liquid phase and the direct
synthesis of xylose to FA.
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Chapter 3

Literature Review

3.1 Furfural Synthesis

3.1.1 General Mechanisms (Cyclic and Acyclic)

As referred to the XYL dehydration, two major mechanisms were proposed in
literature: the direct route and the indirect route. The first one regards to cyclic XYL,
with a source of HT, i.e., a Bronsted acid [(RASMUSSEN AND S@RENSEN, 2014), (NIMLOS
et al., 2006)]. The cyclic mechanism might have two paths: 1) the attack of HY in the
oxygen atom bonded in carbon 1, also called 1-OH protonation, that includes a xylosyl
cation and the cleavage of C5-O linkage (Figure 3.1) or 2) the 2-OH protonation, which
provides a shorter path to FUR (Figure 3.2). When both routes were compared quantum
mechanics studies provided information that the most probable path in cyclic dehydration
of XYL is the attack of carbon 2 (NIMLOS et al., 2006). Furthermore, researchers also
verified that no hydrogen of the solvent is exchanged in cyclic dehydration in acid media,

so the change in acidity comes from Bronsted acids (EITELMAN AND HORTON, 2006).

Figure 3.1: First cyclic mechanism of XYL dehydration (1-OH protonation).
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Source: Adapted from Antal Jr et al. (1991) and Ahmad et al. (1995).
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Figure 3.2: Second cyclic mechanism of XYL dehydration (2-OH protonation).
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On the contrary, the second path for FUR production is the indirect route, or

acyclic mechanism (Figure 3.3). This mechanism begins with XYL transformation to its

acyclic form in open chain and subsequent enolization or direct conversion to xylulose,

an isomer form XYL, through hydride transfer. In this path, it was also detected the

presence of lyxose among byproducts (ENSLOW AND BELL, 2015).

Figure 3.3: Acyclic mechanism of XYL dehydration.
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Source: Adapted from Enslow and Bell (2012).

3.1.2 Production of Humins and Role of Acid Sites

During the reactions depicted in Figure 3.1 to Figure 3.3, not only XYL,

but also a large spectrum of byproducts are present. For example, the production

of isomers from xylose (xylulose and lyxose) are reported in literature [(ANTAL JRr

et al., 1991),(MOURA, 2019), (DOISEAU, 2014), (MOLLER AND SCHRODER, 2013), (ZHU

et al., 2017b)]. Besides, as FUR is a very reactive molecule, it can undergo to frag-
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mentation reactions, leading to products with open chain, such as glyceraldehyde, gly-
coaldehyde, formic acid, acetol and formaldehyde (MoOURA, 2019). FUR can react with
other FUR molecules, which constitutes the resinification loss reactions [(MARISCAL
et al., 2016),(ZErTscH, 2000),(MOLLER AND SCHRODER, 2013)]. As depicted in Fig-
ure 3.4, those mechanism occurs on an acid medium. Besides, the resinification reactions

may take place even at mild conditions (MARISCAL et al., 2016).

Figure 3.4: Example of mechanism of FUR resinification products.
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Source: Adapted from Enslow and Bell (2015).

Although the aforementioned byproducts are undesired, probably the most
concern about XYL dehydration rely on the formation of humins. At first, humins are dark
and insoluble polymeric molecules that attach to the solid catalyst, due to their strong
adsorption [(FILICIOTTO et al., 2018), (ENSLOW AND BELL, 2015), (DULIE et al., 2020)].
Besides, they are produced in condensation reactions, where the FUR molecule reacts with

other components (Figure 3.5).

One of the drawbacks in humins production is the blocking of catalytic sites,
which makes the furfural yield decreases in heterogenous catalysts. Therefore, due to great
possibility of humins formation, the reduction in humins production is a crucial objective

when heterogeneous catalysts are designed for XYL dehydration (DALVAND et al., 2018).
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Figure 3.5: Example of mechanism of FUR condensation products with XYL

intermediates.
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Source: Adapted from Enslow and Bell (2015).

Among the factors which provide humin formation, one may cite: temperature,
substrates and concentration of acid species. At higher temperatures, the formation of
humins is reduced, though the presence of substrates besides FUR increased their produc-
tion (i.e., glucose or XYL instead of only FUR) . In other words, the acid concentration

provided low dependence on humin production (VAN ZANDVOORT et al., 2013).

Both Lewis acid sites (LAS — electrons acceptors) and Bronsted acid sites
(BAS — H* donors) in solid catalysts play a major role in the XYL dehydration to FUR,
according to Choudhary et al. (2011) and Choudhary et al. (2012). Those works car-
ried out XYL dehydration using Lewis (CrCl;) and Bronsted acids (HCl) (CHOUDHARY
et al., 2012). Their results demonstrated that the LAS promoted an isomerization of
XYL into xylulose, whereas the BAS converted xylulose to FUR and even XYL to FUR
directly. Also, the reported activation energies for both route presented 39% more energy

for BAS (Table 3.1).

At Table 3.1, one could realize that a great amount of LAS would be enough for
XYL dehydration. However, some experiments showed that strong LAS promoted the for-
mation of degradation products of both XYL and FUR (including humins), [( WEINGARTEN
et al., 2011), (PHOLJAROEN et al., 2013), (CHATTERJEE et al., 2018)]. Furthermore, even
an excess of LAS produced more intermediate products, due to higher adsorption of carbo-

hydrates at those sites [ WEINGARTEN et al., 2011), (PHOLJAROEN et al., 2013)]. Then, a
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higher BAS/LAS ratio is better in order to increase the FUR selectivity though decreasing
the activity of the catalyst [(GUPTA et al., 2017), (YOU et al., 2014)]. To summarize all
the previous information, the Figure 3.6 provides a summary of most of possible products

in XYL dehydration carried out in aqueous media.

Table 3.1: Activation energies for acid dehydration of XYL (Lewis Acid = CrClz and
Bronsted Acid = HCI).

Apparent Activation

Type of Acid Site  Route
Energy (kJ/mol)

Bronsted Direct 133.8
Lewis Indirect 64.9
Bronsted Indirect 96.7

Source: Adapted from Choudhary et al. (2012).

Figure 3.6: Scheme of reactants and humin products obtained during XYL dehydration.
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3.1.3 Types of Heterogeneous Catalysts - Metal Oxides

According to literature, the amorphous oxides might improve XYL dehydration
due to structures the random structures on surface and larger pore sizes compared to
micropores in zeolites [ BHAUMIK AND DHEPE, 2016), (YOU et al., 2014), (GOLDSMITH

et al., 2017)]. On the other hand, some difficulties arise in control of pore size.

Regarding to the XYL dehydration, oxides are preferred, once their sites might
be water-tolerant (GARCIA-SANCHO et al., 2014). At the same time, though, most of
the oxides used as catalysts lacks BAS. Therefore, the use of oxides with BAS or the
functionalization of surface groups with BAS would be necessary. Another option is to
support two different oxides, which provides potential sites for LAS and BAS, as designed
by de Lima et al. (2021).

Figure 3.7: Examples of LAS and BAS in supported metal oxides catalysts.

Bronsted Acid Site
Lewis Acid Site 0

O O  Metal Oxide

Support

Source: Adapted from Bhaumik and Dhepe (2017).

Since 2016, many studies with SiO, catalysts have been reported in FUR
production [(MILLAN et al., 2018), (BHAUMIK AND DHEPE, 2017), (CAMPOS-MOLINA
et al., 2017), (YOU et al., 2016)]. Bhaumik and Dhepe (2017) carried out xylan conversion
using silica both as support and bulk catalyst. At 170 °C in a water-toluene medium,
the SiOq support presented only 28% of FUR yield, though WO3/SiOy provided 53% of
FUR yield. In characterization analysis, the authors pointed out that the support gave
a high metal oxide dispersion, with the formation of very acid species - silicotungstic
ones. Besides, it is important to remark that the WO3/SiO, catalyst was active during
8 cycles of reactions. Also, Campos-Molina et al. (2017) used silica modified with PSSA
nanocomposites. At 180 °C, the SiO,-PSSA catalyst presented almost 70% of FUR yield

in water and CPME medium in the first cycle. However, even with the high acidity, the
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yield decreased to about 20% in the next runs, the same value of the support. According
to the author, those were evidences of the leaching of the acid groups (CAMPOS-MOLINA

et al., 2017). Then, the leaching is an issue on acid groups.

Other oxide suitable for xylose dehydration has also gained attention from
scientists. Niobium pentoxide (NbyO3) has many oxidation states (from +5 to -1), which
promotes variety in the structures. Moreover, NbyOj5 is composed of NbOg octahedra,
that are connected by edges and corners. In the case of hydrated niobium oxide, or acid
niobia (NbyO5-nH50) the acid strength is high (pKa from -5 to -4), and it remains bound
to supports, which decreases leaching [(KREISSL et al., 2016), (KREISSL et al., 2017),
(NAKAJIMA et al., 2010), (NAKAJIMA et al., 2011)].

The major advantage of acid niobium oxide is the presence of both natural
LAS and potential BAS. The pretreatment temperature above 100 °C curb the BAS
formation, while LAS remain active up to 500 °C, according to Kim and Lee (2001). We
will remark that many recent articles used niobia in their results [(GUPTA et al., 2017),

(DE CARVALHO et al., 2019), (VIEIRA et al., 2020), (FANG et al., 2017a)).

The results of Gupta et al. (2017) showed that NbyO5 had resistant and water-
tolerant sites. First, in water medium at 120 °C, their NbyOj5 catalyst had 93% of XYL
conversion and 48% of FUR selectivity. This result was remarkable compared to other
tested catalysts, such as HCI, Na®™ /Nby,O5 and even Sc(OTf);. Second, when the NbyOs
catalyst was tested in a large range of solvents — toluene, xylene and THEF, the first was
detected as the best solvent, due to suppression of humins formation and maintenance of
activity. The authors concluded that the LAS of niobia and the ability to carry out an

extraction with toluene were crucial for FUR production (GUPTA et al., 2017).

Gallo and co-workers carried out the conversion of glucose and XYL in NbyOs
catalysts (VIEIRA et al., 2020). They stated that niobium oxide may act as LAS and
BAS catalyst in XYL dehydration, then, no additional mineral acid is required on conver-
sion. The batch reactor containing THF /H50O at 120 °C mixture provided 95.4% of XYL
conversion and 46.8% of FUR selectivity in NbyOj catalyst. That solid was also tested in
continuous reactor, providing high stability and no leaching. The researchers concluded

that niobium catalysts had performance compared to mineral acids (VIEIRA et al., 2020).
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3.1.4 Concluding Remarks for Xylose Dehydration

In this section, the general mechanisms, the role of acid sites and the most
recent results of xylose dehydration were analyzed. The main points in xylose dehydration

reaction are:

e Both Lewis and Bronsted acid sites (LAS and BAS) are used in xylose dehydration.
However, a solid catalyst containing only BAS is not enough, because is similar to
mineral acids. Furthermore, strong LAS tend to promote the isomerization of xylose
to other side products that decrease furfural selectivity. Then, a combined approach

of LAS and BAS must be done in design of heterogeneous catalysts.

e In several reactions, the use of a bulk catalyst was more pronounced in xylose dehy-
dration. Therefore, the use of transition oxides metals may represent an opportunity

to create industrial catalysts at reduced costs.

e If the reaction is carried out only in water, there is more chance to formation of
resinification and condensation reactions. To overcome this, a co-solvent may be
mixed with water to extract furfural or to avoid contact with a solid catalyst. Among
many tested co-solvents, GVL appears at a good candidate. Even if hydrocarbons,
such as toluene, provided better results, it is not advisable to use them, due to the

high impact in environment.

To summarize this section, Table 3.2 showed selected works in xylose dehydra-

tion reaction since 2016, with conversions of XYL and FUR yields obtained.



CHAPTER 3. LITERATURE REVIEW 44

Table 3.2: Summary of selected works in XYL dehydration reaction and main results.

Catalyst Solvent/Co- T (°C) Yrur (%) Reference
Solvent
WO3/Si04 H,O/TOL 170 53 Bhaumik and Dhepe (2017)
Ion Resin H,O/TOL 120 86 Pawar (2020)
MCM-41-SOsH  H,O/TOL 155 88 Kaiprommarat et al. (2016)
HPAs Preyssler DMSO 140 72 Pardo Cuervo et al. (2020)
ZSM-5 GVL/H,0 190 70 Bruce et al. (2016)
Carbon Solid GVL 170 79 Zhang et al. (2016)
Carbon Solid GVL 120 50 Laohapornchaiphan et al. (2017)
NbyO5 H,0O 180 41 Fang et al. (2017a)
ZnCuO H,O 150 62 Mishra et al. (2019)
Si05-Al,05 H,O 200 29 You et al. (2016)
SiO9-PSSA H,O/CPME 180 60 Campos-Molina et al. (2017)

3.2 Furfuryl Alcohol (FA) Production in Liquid Phase

3.2.1 Products obtained during FUR hydrogenation

A large number of products can be produced during FUR hydrogenation in
liquid phase. As first examples, the hydrogenation of C=C bonds inside FUR ring pro-
duce tetrahydrofurfuryl alcohol (THFA). Besides, FA can be dehydrated to 2-MF, in a hy-
drogenolysis path. A cleavage of C=0 bond in FUR, produces furan from FUR decarbony-
lation. Furthermore, the presence of water promotes the synthesis of levulinic acid (LA),
and consequently, y-valerolactone (GVL) from FA [(ALBILALI et al., 2018),(GIORGIANNI

et al., 2018), (CHEN et al., 2018)].

The Figure 3.8 provided the paths of FUR hydrogenation and ring opening to
butanol and 1,5-pentanediol. It is also important to point out that the reactions of conden-
sation and resinification of FUR also take place in liquid phase [( MARISCAL et al., 2016),

(CHEN et al., 2018), (HRONEC AND FULAJTAROVA, 2012), (PANAGIOTOPOULOU et al., 2014)].

Nonetheless, the source of hydrogen varies according to the approach in FUR
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hydrogenation: the external source of Hy gas (classic approach) or the use of protic

solvents to replace gaseous Hy (catalytic transfer hydrogenation or CTH).

Figure 3.8: Production of furfural in liquid phase and byproducts.
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Source: Adapted from Mariscal et al. (2016) and Chen et al. (2018).

3.2.2 General Mechanisms (Classic Approach — External H,
gas)

The use of Hy gas as hydrogen source is used for FA production since the first
patents [(PETERS JR, 1937), (SWADESH, 1956), (ADKINS AND CONNOR, 1937)]. This
increases its solubility in FUR, providing excess of reactant. Generally, the pressures are
higher for liquid phase reactions — from 20 to 50 bar, due to resistance of mass transfer.
The elevated pressures favor a LHHW mechanism which provides a cleavage of H-H bond

and an adsorption of furfural molecule at the metallic sites, promoting then an activation

of C=0 bond (as described in Figure 3.9.

Regarding to the adsorption of FUR into metallic sites, it is necessary to
provide a high selectivity in C=0 activation. If not, the ring opening can generate a large

spectra of products [(MARISCAL et al., 2016), (CHEN et al., 2018)].
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Figure 3.9: Proposed LHHW approach for FA production in liquid phase.
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Source: Adapted from Sharma et al. (2013) and Chen et al. (2016).

3.2.3 Solvent - Water

The water medium provides high activity to furfural hydrogenation, even when
compared to most common alcohols and hydrocarbons. However, one of the disadvantages
over water medium is the possibility of cyclopentanone (CPO) production, as reported
by many articles in literature According to Hronec and Fulajtarové (2012), the presence
of an electrophilic intermediate suggests that CPO production takes place over water.
Also, the metallic sites promote the conversion of FA to intermediates, cyclopentanol,
and then, CPO (HRONEC et al., 2012), as stated in in Figure 3.10. Besides, regarding
to other products, the BAS in catalysts and water provide the FA conversion to LA and
GVL in water, as reported by Ennaert et al. (2016).

Figure 3.10: Possible reaction path from FUR to CPO in water.
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3.2.4 Nature of Metals

The literature reported about six different metals for FUR hydrogenation: Ni,
Pd, Cu, Pt, Co and Ru. Furthermore, before exploring each class of metal, several trends

on FUR hydrogenation were summarized.

According to Liu et al. (2014), there are different configurations for the FUR
adsorption over metallic surfaces: 1y or 5. At Cu, Ag and RuO, surfaces, the adsorption
of FUR usually lies on a 7;-(0O)-aldehyde, in an inclined shape of oxygen on C=0 bond,
as designed on Figure 3.11. Especially on Cu, this adsorption mode is not active to FA
production, though it reduces the hydrogenation of furan ring to THFA. On the other
hand, Ni, Co, Pd and Pt have strong interaction with the furan ring in FUR, which pro-
vided an 7,-(C,0)-aldehyde adsorption mode, over C and O atoms [(PINO et al., 2017),
(L1u et al., 2014), (BHOGESWARARAO AND SRINIVAS, 2015)]. Furthermore, higher tem-

peratures may change the 7,-(C,0) into an 7;-(C)-acyl pattern (CHEN et al., 2018).

Figure 3.11: Adsorption of FUR on varied surfaces.
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Source: Adapted from Pino et al. (2017) and Bhogeswararao and Srinivas (2015).

3.2.4.1 Palladium (Pd) and Platinum (Pt)

Pd and Pt are metals that provide high activity in hydrogenation reactions be-
cause of 75-(C,0) adsorption. This might provide the total hydrogenation of FUR into FA
and even the hydrogenolysis to 2-MF. The results of Pino et al. (2017) reported the forma-
tion of furan and tetrahydrofuran in Pd/SiOy catalysts in liquid furfural hydrogenation.
At a similar approach, Salnikova et al. (2019) noted a high rate of THFA production over
5 wt% Pd/Al,O3 catalysts during MPV reduction in isopropanol. Therefore, the main
challenge in Pd or Pt catalysts is the control of FUR selective hydrogenation.
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One possible solution is the inclusion of a second metal, hence, producing a
bimetallic system. The second metal should point to a higher FA selectivity and also
improve the dispersion of Pd or Pt on catalytic surface. As an example, O'Driscoll et al.
(2017) tested several metals in order to improve Pt/SiOy conversion: Sn, Mo, Mn, Ba, Fe
and Ni. According to theire results, the only promoter that did not present increase in

activity was nickel, probably due to the same mode of adsorption.

Another candidate for a second metal may be Co. The bimetallic approach
was combines the synergies of Pt and Co promoted higher yields to FA. The Pt-Co/carbon
catalyst (3 wt% of each metal) had 100% of FUR conversion and 100% of FA selectivity
over water at 35 °C. According to Dohade and Dhepe (2017), the metallic Pt sites favored
the dissociation of Hy molecules, whereas the LAS in Co?* species attracted the carbonyl

group in FA, shifting the reaction network to this product, as depicted on Figure 3.12.

Figure 3.12: Mechanism of FUR hydrogenation to FA in Pt-Co/C catalysts in water

solution.
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Source: Adapted from Dohade and Dhepe (2017).

3.2.4.2 Nickel (Ni)

The behavior of Ni is similar to Pd and Pt catalysts, once the adsorption
of FUR in metallic sites may indicate the cleavage of furanic ring. Besides, most Ni-
based catalysts induced THFA production due to non-selective FUR reduction (CHEN
et al., 2016).

In recent works, Wang et al. (2018) observed that monometallic 5 wt% Ni
catalysts supported on activated carbon required elevated Hy pressures for FUR hydro-
genation, because the absence of molecular hydrogen did not provide high reaction rates.

Besides, when isopropanol was used as solvent (a H-donor), the monometallic Ni catalyst
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produced 2-MF instead of FA. This occurred probably due to adsorption modes in the
catalyst .

Another study carried out with Ni/CNT catalysts observed that higher Ni
loadings not only led to a lower Ni dispersion but also to aggregations of metallic particles
on surface. Then, the selectivity to FA decreased, and side products (e.g., acetals and
others) were more pronounced (L1U et al., 2016). Besides, Biradar et al. (2016) related
that Ni catalysts supported on basic supports (MgO) had 50% of conversion and 100%
of FA yield in isopropanol. Therefore, the acid sites on supports could damage FUR
reduction to formation of furfural dimers. Once again, the interactions between metal

and support are crucial for FA selectivity .
3.2.4.3 Cobalt (Co)

The main challenge for the catalysts of Co is their activity for the selective
hydrogenation routes. After all, those metals are very suitable for oxidation reactions
instead of reduction ones. As an example, Gong et al. (2018b) did not detect Co metals
in reduced state due to the instability of Co® and high degree of oxidation. Even when Co
was totally reduced and Co/SiO had 100% of FA yield, Audemar et al. (2020) suggested
that the loss of activation in Co catalysts in 4th reaction cycle occurred due to poisoning

and strong adsorption of carbon. Therefore, leaching is another issue on Co systems.

A successful approach was designed by Gao et al. (2016). A bimetallic Co-Ru
supported on carbon (35 wt% and 3 wt% respectively) gave high initial rates and also
100% of selectivity to FA over benzyl alcohol as solvent. The researchers reported that
the vacancies in the support made Co?* species fix the carbonyl groups on FA. Therefore,
the high interaction between FA and surface may promote an easier hydrogenation by the
Ru0 atoms. Also, they reported that not only Co?* species interact with the C=0 bond,
but also non reducible Ru’*. Then, the electronic effect between Co and Ru decreased
the furfural hydrogenation activation energy to its lower value: 58 kJ/mol at 150 °C, as

reported in Table 3.3 (GAO et al., 2016).

Nguyen-Huy et al. (2019) related the differences on CoO and Co for FUR
hydrogenation to FA. Their results demonstrated that the adsorption of FUR is more
pronounced on CoQ, that provided an easier detachment of OH group and even hy-

drogenolysis of FA to 2-MF. At 180 °C, there was production of 2-MF on CoO and FA



CHAPTER 3. LITERATURE REVIEW 20

on Co. Therefore, there is a possibility of higher activity on CoO phases.

Table 3.3: Activation energies over different bimetallic catalysts in FUR reduction to FA.

Apparent Activation

Catalyst

Energy (kJ/mol)
Co-Ru/C 32.6
Ni-Ru/C 24.6
Zn-Ru/C 18.3
Mg-Ru/C 17.5

Source: Adapted from Gao et al. (2016).

3.2.4.4 Ruthenium (Ru)

The main advantage of Ru is the controlled rate of hydrogenation of «,5 un-
saturated aldehydes, once it is oxophilic. In water solvents, the literature reports the
FA and furan are competitive reactions over Ru metallic particles [(ZHANG et al., 2017),

(DURNDELL et al., 2019), (YANG et al., 2016)].

Besides, in water medium, the monometallic Ru catalysts presented loss of
conversion and selectivity after several reaction cycles, as pointed out by Ramirez-Barria
et al. (2018) and Musci et al. (2017). According to the literature, the main reason of deac-
tivation in graphene oxide supported Ru catalysts is the possible irreversible chemisorp-
tion of FA in Ru metallic sites between successive runs (RAMIREZ-BARRIA et al., 2018).
Furthermore, concerning to the competition between hydrogenation and decarbonylation
in water, Durndell et al. (2019) reported that Ru nanoparticles above 17 nm shifted the

synthesis into FA, while smaller particles oriented the furan synthesis.

Recently Li et al. (2020) reported that LAS in Ru-Fe30,/CNTs (carbon nano
tubes) improved the FA selectivity. Compared to the Ru/CNTs, the bimetallic system
increased the concentration of LAS and increased the FA yield (45% in Ru vs 81% in
Ru-Fe30y4 in isopropanol).

There is not a major opinion about active species on FUR reduction to FA:
charged Ru’" clusters or a mixture of Ru’ and Ru?* ions. However, the presence of FA

resins is a major issue on those catalysts (CHEN et al., 2016).
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3.2.5 Concluding Remarks for Furfural Hydrogenation

In this section, the general mechanisms, the supports, the metals and the
influence of solvents in furfural hydrogenation to FA in liquid phase were analyzed. Fur-
thermore, the most recent results in literature were outlined. Concerning to the metals

and supports, we summarize the following topics.

e Pd, Pt and Ni provide high reaction rates for furfural hydrogenation. Furthermore,
the adsorption modes of furfural into those metals establish a competition between
hydrogenation of aldehyde group and decarbonylation of furfural into furan. One
possible approach is the production of bimetallic or alloys catalysts with Co, Ru

and others.

e Cu is selective for hydrogenation, but it lacks the amount of activity for high con-
versions. Also, the sintering and deposit of carbon are usual problems in copper

catalysts.

e Ru, Co and Fe usually do not provide the selectivity to FA. Concerning to Co and

Fe, besides the deactivation, the instability of reduced particles is another issue.

e Regarding to the acidity of catalysts, BAS are inactive for hydrogenation, but they
might provide the necessary stability to the adsorption of furfural and FA, avoiding
side reactions. Also, the strong LAS are a problem, especially in MPV reductions,
with the formation of ethers and acetals. Besides, the basic sites might increase FA

selectivity.

e Even in MPV reductions, the solvent plays an important role. Protic solvents (water,
alcohols, etc.) tend to donate H to furfural reduction. Although the most protic
solvents increase the furfural conversion, they lack selectivity to FA. Also, the chain
size of alcohols is crucial: secondary alcohols tend to be more selective — especially
isopropanol. On the other hand, apolar solvents, such as hydrocarbons, curb the

activity of the catalyst, due to high ability of furfural extraction.

In order to end this section, we present a resume of some articles since 2016

in FA production in liquid phase in Table 3.4.
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Table 3.4: Selected works in batch liquid phase FUR reduction to FA.

Catalyst Solvent T (°C) pHa(bar) Yga (%) Reference
Basic Aluminas 2-Butanol 150 - 94 Lépez-Asensio et al. (2018)
Pt-Sn/SiOy Toluene 100 20 64 O'Driscoll et al. (2016)
RW/EGKIT:6 O 100 . 97 Neeli et al. (2017)
Acid/IPA
Pt-Co/C IPA 100 10 99.9 Dohade and Dhepe (2017)
Pd-Ag/C Ethanol 25 1 94.1 Wu et al. (2020)
CuNi/MgAlO Methanol 100 40 99.9 Wu et al. (2017)
Ni/MgO IPA 170 - 50 Biradar et al. (2016)
Ru-Fe304/CNTs IPA 180 - 96 Li et al. (2020)
Ni/AC-SOzH IPA 60 40 99.9 Gong et al. (2018a)

- . absence of gaseous Hy (MPV reduction), IPA: isopropanol and all reactions in batch

mode.

3.3 Direct Production of FA from XYL in Liquid
Phase

3.3.1 First Remarks from Literature Articles and Patents

According to recent literature publications, it is possible to carry out XYL
dehydration followed by FUR reduction in same reaction media — ¢.e., the direct synthesis
of FA to XYL. The first attempt of this type of conversion was detected in 2013 - results
of Ordomsky et al. (2013a) and Ordomsky et al. (2013b).

Once the number of works is not so high compared to XYL dehydration or FUR
hydrogenation, we believe that this is a large field in literature to report new results and
discussions [(XU et al., 2020), (CANHACI et al., 2017), (PEREZ et al., 2017), (PEREZ AND
FRrAGA, 2014), (Cut et al., 2016), (DENG et al., 2020), (HE et al., 2017), (HU et al., 2017),
(ORDOMSKY et al., 2013a), (ORDOMSKY et al., 2013b), (PAULINO et al., 2017), (PEREZ
et al., 2019)]. The detailed distribution of the articles is depicted in Figure 3.13.
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Figure 3.13: Graphic of selected works of XYL to FA production since 2013.
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Source: Database Web of Science — search TI = (xylose and furfuryl alcohol) since 2013

to 2020. Date of search: 13/07/2022. Total of articles: 15.

Concerning to the patents, we detected only three registers in different coun-
tries: USA, Brazil and Spain [(DUMESIC et al., 2013), (MEDOFF et al., 2018), (FRAGA
AND PEREZ, 2015)]. This demonstrates the issues and challenges in reaching the con-
version of xylose to FA in one process. However, the union of both reactions might save
energy in industrial applications. In short, a resume for FA synthesis directly from XYL

is provided in Figure 3.14.

Figure 3.14: Flowchart for direct conversion of XYL into FA in liquid phase.

0 @) OH
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HOHO "/OH LAS and \/ Metal Site \
BAS and/or LAS
Xylose Furfural FA

Source: Adapted from Medoff et al. (2018).

As our intended production has two sequence of reactions, the literature reports

several ways to carry out the FA production from XYL:

1. The usual option is to carry out the dehydration in a biphasic semi-batch reaction, in

order to extract FUR. Then, the hydrogenation is performed in continuous reactor
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and FA is produced (DUMESIC et al., 2013). Some authors report the dehydration
even with biological enzymes instead of solid catalysts, as Medoff et al. (2018) and

He et al. (2018).

2. Development of XYL dehydration followed by FUR reduction on a flow reactor,
using two different catalysts for each reaction, as reported by Cui et al. (2016).

3. In batch reactions, the biphasic system is also an option. In short, the pentose is
dehydrated in water and an apolar phase might extract FUR for hydrogenation. In
this aspect, only one catalyst can be used or two different ones, as reported by the

recent results of Ordomsky et al. (2013a) and Ordomsky et al. (2013b).

4. The other proposal is the design of a multifunctional catalyst with a homoge-
nous system, as described by recent articles [(CANHACI et al., 2017), (PEREZ AND
FRrAGA, 2014), (PEREZ et al., 2017), (PAULINO et al., 2017), (PEREZ et al., 2019),
(XU et al., 2020), (DENG et al., 2020)]. In this aspect, there is energy save (due to

less solvents) and reduction of costs (with only one catalyst for both operations).

In order to provide more details, a visual scheme of the four previous ap-

proaches is provided over Figure 3.15.
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Figure 3.15: Alternatives to produce FA from direct conversion of XYL.
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To summarize this topic, the Figure 3.16 replies a complete reaction network
for the XYL dehydration and FUR reduction to FA. First, besides the side products from
FUR, the XYL molecule can be hydrogenated in metallic sites, producing xylitol (XOL).
Second, even though xylitol is an important chemical to food industry, it cannot be

converted to FA. And third, there is still the risk of production of condensation products

from FUR and isomers of XYL.



Figure 3.16: Flowchart of the routes in the direct conversion of XYL to FA in liquid phase.
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3.3.2 Researches in Direct FA Production Since 2016

The recent literature reports several studies into liquid phase FA production
from XYL. In 2013, two papers were published reporting the synthesis of FUR derivatives
into a biphasic reactor with catalytic foams (3' approach in Figure 3.15) - (ORDOMSKY

et al., 2013a) and (ORDOMSKY et al., 2013b).

The first one reported the combined XYL dehydration and FUR reduction in
monophasic (only water) or biphasic systems (water + organic phase) at 165 °C and 25

bar of Hs.

The respective catalysts were foams of Amberlyst-15 and Ru/C (ORDOMSKY
et al., 2013a). At water-monophasic system, there was 100% of XYL conversion, though
a high production of XOL was reached (89% of selectivity). It was detected, then, that
water was not capable to protect XYL molecule from a direct hydrogenation. Then, an
organic phase for hydrogenation was tested — butanol-1, 2-MTHF or cyclohexane. As
depicted in Table 3.5, despite the low activity (only 41% of XYL conversion), butanol-1
could provide some control to the hydrogenation of XYL (55% of XOL selectivity). On the
other hand, 2-MTHF and cyclohexane produced higher selectivities of THFA (29% and
31%), at the same time reducing the formation of XOL. Also, the formation of levulinic
acid (LA) in cyclohexane-water system denoted higher presence of FA in aqueous phase,

due to a worse extraction of FA by cyclohexane.

Table 3.5: Combined XYL dehydration and FUR reduction in liquid phase
(Amberlyst-15 and Ru/C at 165 °C and 25 bar Hy pressure)

Selectivity to Products (%)

Solvent Xxyr (%)
XOL FUR FA THFA LA
Water (*) 78 88.9 0 0 14 0
Water + 1-Butanol 41 549 46 0.8 139 09
Water + 2-MTHF 72 179 41 0 206 1.8
Water + Cyclohexane 67 1.0 104 0.8 29.0 15.3

Source: Adapted from Ordomsky et al. (2013a). (*) : selectivity at 78% of xylose

conversion, because the complete conversion of 100% was reached.
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At the second article, the combined approach was carried out over aqueous
phase (Zeolite MOR as catalyst) and with water or organic solvents - 2-MTHF or cyclo-
hexane, (4 wt% Ru/C solid catalyst). According to the researchers, the organic phase
could also provide a suitable extraction of furfural and a better selectivity, avoiding side
reactions. Concerning to cyclohexane as solvent, the researchers also pointed out a low
rate of furfural extraction followed by its hydrogenation, once the main product at low

conversions of XYL was FUR (ORDOMSKY et al., 2013b).

Perez and Fraga (2014) used a dual catalytic system consisted of ZrOs-SOy
and 1 wt% Pt/SiO5 solid catalysts. The modified zirconia had LAS and BAS for XYL
dehydration, and Pt metallic sites hydrogenated furfural to FA. The liquid conversion of
xylose to FA was carried out in water-isopropanol system at varied ranges of tempera-
ture and 30 bar Hy pressure. Comparing different temperatures, the production of FUR
increased, despite the formation of FA. At 150 °C, FA yield was ca. 24%, whereas 170
°C it was 15%. According to the researchers, higher conversions produced condensation

products, decreasing FA selectivity (PEREZ AND FRAGA, 2014).

In 2017, Perez et al. (2017) produced a 1 wt% Pt supported on ZrOs-SO,
catalyst to liquid phase FA production. An important conclusion of the research was the
role of metallic and acid sites in the direct conversion. The acid sites produced higher
amounts of FUR while isolated metal sites converted XYL to XOL. This is reinforced
at varied acid/metal ratios, as expressed in Table 3.6. The catalyst with the highest
acid/metal ratio produced the highest FUR content (ca. 13% yield). On the other hand,
the lowest acid/metal ratio produced XOL (ca. 5% yield) (PEREZ et al., 2017). Therefore,
the vicinity of metallic and acidic sites is an important feature of design of solid catalysts

for those combined reactions, as stated in Figure 3.17.
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Table 3.6: Combined XYL dehydration and FUR hydrogenation in water-isopropanol
liquid phase (1 wt% Pt/ZrO,-SOy4 at 130 °C and 30 bar Hy pressure).

Acid/Metal Ratio Yield (%)
(mmol-g'/ mmol-g!') XOL FUR FA
69 6 1 13
142 2 2 13
532 2 13 12

Source: Adapted from Perez et al. (2017).

Figure 3.17: Acid and metal sites in Pt/ZrO,-SO4 catalysts.
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Source: Adapted from Perez et al. (2017).

In a similar approach, Canhaci et al. (2017) investigated Pt metals supported
on SBA-15-SO3H over water-isopropanol medium. They also reinforced the hypothesis
of vicinal acid and metallic sites for an effective FA production. Most important, the
researchers pointed out that the BAS in the catalyst system deactivated due to leaching
of sulfur after three reaction cycles, even though the SO3H groups had covalent bonds to
silica. Therefore, the stability of the multifunctional catalyst is an issue crucial for this

synthesis.

Deng et al. (2020) studied the functionalization of supports. The cascade
reactions were carried out in water/butanol-1 medium using varied Cu/SBA-15-SO3H
catalysts. The study could draw several conclusions: the effect of acidity, pore sizes
and solvents in direct FA synthesis. Concerning to acidity (Table 3.7), an excess of
sulfur loading — 1.33 mmol/g decreased the production of FA and raised the formation

of xylulose, an intermediate. On the contrary, the lowest SO3H content — 0.75 mmol/g
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provided the formation of XOL, due to the availability of metal sites. Therefore, the
content of acid and metallic centers must be balance, in agreement with other studies
[(CANHACI et al., 2017), (PEREZ et al., 2017)]. In Table 3.8, it was noted that an
elevated pore size (12 nm) increased the activity of the catalyst, though decreasing the
FA selectivity. Besides, the larger pores increased the diffusion of several molecules,
reducing the carbon balance. In the final analysis, the reaction was carried out with
water, water /toluene, water/isopropanol and water/n-butanol. According to the authors,
an excess of water increased the formation of isomerized products — xylulose and also the

polycondensation of furfural, which curbed the carbon balance.

Table 3.7: Effect of acidity over Cu/SBA-15-SO3H catalysts in direct FA production

from XYL.
S content  Acidity  Acid/Metal Selectivities (%)
- Xxyr (%

(mmol/g) (mmol/g) Molar Ratio XOL Xylulose FA
0.75 0.59 0.26 87.4 23 1 o7
1.12 0.98 0.40 93.7 14 8 63
1.33 1.25 0.49 95.1 9 15 49

Source: Adapted from Deng et al. (2020). Reaction conditions: 130 °C, 30 bar Hy

pressures in 10 mL water/n-butanol (1:3 volume ratio).

Table 3.8: Effect of pore sizes over Cu/SBA-15-SO3H catalysts in direct FA production

from XYL.
Mean pore  Acid/Metal Carbon Selectivities (%)
' - Xxvn (%)
size (nm)  Molar Ratio Balance (%) XOL Xylulose FA
4 0.40 93.7 92 7 11 63
7 0.39 94.8 84 10 12 o1
12 0.40 95.1 7 12 11 43

Source: Adapted from Deng et al. (2020). Reaction conditions: 130 °C, 30 bar Hs

pressures in 10 mL water/n-butanol (1:3 volume ratio).

On the other hand, an apolar solvent, such as toluene, inhibited the formation

of XOL and FA, due to the higher extraction of FUR. Therefore, an excess of interaction
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between FUR and the organic solvent can lower the hydrogenation route. In the case of
isopropanol and n-butanol, the first alcohol presented higher formation of XOL (20% vs
10%). To explain this, the researchers established that the excess of interaction between
hydrogen bonds in isopropanol and the C=0 bonds increased the formation of XOL and
xylulose (DENG et al., 2020).

Deng et al. (2020) studied the N-doped carbon that contained confined Co
particles. According to the study, 1,4-dioxane, a less polar substance, was the optimum
solvent used with water because it prevented condensation and degradation reactions in
organic phase. At 160 °C and with absence of Hy, the FA yield reached 70% with formic
acid as donor. Compared to the other hydrogen donors, such as ethanol and methanol,
the formic acid presented the necessary amount of hydrogen for the reaction (Table 3.9).
Nonetheless, the alcohols presented a high interaction with XYL and FUR because of
polarity (XU et al., 2020).

Table 3.9: Effect of H-donor over Co-N-C catalysts in direct FA production from XYL.

Yield (%)
H donor XxvL (%)
XOL Xylulose FA
Formic Acid 99.9 3.8 1.1 69.5
Methanol 58.1 0 4.1 0
Ethanol 32.0 0 3.9 0
[sopropanol 59.1 0 4.2 0
Gaseous H2 83.1 0 3.8 0

Source: Adapted from Xu et al. (2020). Reaction conditions: 160 °C, 5 bar Ny pressures

in water/1,4-dioxane.

The absence of hydrogen gas as H-donor was also reported by Paulino et al.
(2017). The group carried out the XYL dehydration followed by a MPV reduction of FUR
to FA. Three types of zeolites were used: beta, USY and ZSM-5. First, the USY zeolite
presented the lowest selectivity to FA (13%), due to the hydrophilic feature of this mate-
rial. This was also evidenced by the formation of side-products, such as glyceraldehyde.
On the other hand, ZSM-5 zeolite presented narrowed pores providing issues to FA forma-

tion (43% of selectivity) and higher xylulose selectivity (30%). Finally, the hydrophobicity
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of zeolite beta preserved the activity and the selectivity during the reaction, leading to
ca. 90% of xylose conversion and 75% of FA selectivity. Then, zeolite beta was the most
suitable catalyst for synthesis (PAULINO et al., 2017). Perez et al. (2019) highlighted the
vicinity of LAS and BAS sites as a major factor for suitable FA conversion. Also, a minor
deactivation of LAS was noted due to adsorption of FUR intermediates along the cycles

(PEREZ et al., 2019).

Cui et al. (2016) used a continuous reactor for direct FA synthesis — as depicted
in 2) in Figure 3.15. Instead of the usual biphasic approach, the conversion was carried out
with two separated catalysts in a monophasic system (water + ~-butyrolacone). The Hf3
zeolite promoted XYL dehydration, whereas the Cu based catalyst (CuO/Zn0O/Al;03)
reduced FUR to its derivatives. Despite the total XYL conversion of 100%, the au-
thors observed that minor temperature variation in Cu-based catalyst bed led to different
products: 150 °C (FA) and 190 °C (2-MF). Then, the higher temperatures promoted the
hydrogenolysis of FA into 2-MF | as expressed in Table 16. In addition, the authors pointed
out the formation of carbon deposits in HS zeolite after 120 hours of reaction, probably
due to the formation of humins in catalyst. However, the zeolite could be re-activated

after exposure to air-flow.

Table 3.10: Direct conversion of xylose to FA and 2-MF in continuous reactor at

different temperatures (5 wt% xylose, 20 wt% water and 75 wt% ~-butyrolacone).

Hp to Cu Yield (%)
catalyst ratio (2/g) O Xoon (B iR Fa amF GVL
2.5 150 100 265 593 04 0.2
2.0 150 100 189 681 0.6 04
1.0 150 100 02 872 11 15
0.5 150 100 0 8.9 15 26
1.0 170 100 0 406 452 1.2
1.0 180 100 0 193 685 26
1.0 190 100 0 01 8.8 19

Source: Adapted from Cui et al. (2016). Hy pressure: 1 bar; *: temperature of second

catalyst bed, the temperature of first bed was always 150 °C.
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3.3.3 Concluding Remarks for FA Production in Liquid Phase

from Xylose

Regarding to the reported articles, some conclusions may be explained:

e The challenge for a multifunctional catalyst relies on the optimal combination of
metallic sites and LAS/BAS sites. To achieve this, the most common approach is
the functionalization of the support with BAS and the loading of an active metal.

However, the deactivation and leaching of the anchored sites is also an issue.

e For some catalytic systems, the excess of interaction of isopropanol formed isomers
of XYL (xylulose and lyxose) during the conversion. Therefore, an optimum solvent
should extract the FUR and FA from aqueous phase, at the same time allowing the

H, to solubilize.

e The control of acidity and pore sizes is also important for the prevention of undesired
reactions and the direct formation of FA from xylose. Larger pores may produce

undesired side products.

e The temperatures close to 200 °C promote the formation of 2-MF, i.e., the hy-
drogenolysis of FA. On the other hand, temperatures at 100 °C decrease the forma-
tion of FUR side products, but curb the XYL dehydration. Therefore, intermediate

values are preferred.
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Chapter 4

Methodology

In this section we explain the main topics of our experimental methods, like:
the preparation of the catalysts, the characterization techniques and also the procedure

for reactions.

4.1 Selected Supports and Catalysts

Eight solids were chosen based on two modified supports: calcined niobium ox-
ide and phosphated niobia. The original support was the niobic acid (NB) NbyO5-nH5O
- Niobia HY 340 - CBMM. This oxide was used in XYL dehydration and FUR reduction,
as reported by the works of Moura (2019), de Lima (2020) and Costa (2021). The cal-
cined NbyOjs support (NB400) was pretreated over calcination at 400 °C during 4 h on
synthetic air to maintain low crystalliniy. Literature research reported the first events of
crystalline transition to hexagonal phase around 500 °C [(NOWAK AND ZIOLEK, 1999),
(MEJIA et al., 2017)]. For the phosphated support, first the NB400 support was incor-
porated into a H3PO, treatment (OKAZAKI AND WADA, 1993). After this modification,
the same calcination was carried out to provide desorption of weak P groups on surface

(DE Lima, 2020), producing the NBAc400 support.

Regarding to the metals, three components were researched: cobalt (Co), nickel
(Ni) and ruthenium (Ru). Co oxides presented elevated activity for FUR reduction com-
pared to metal Co (NGUYEN-HUY et al., 2019). Ni particles have strong adsorption of
aldehyde groups, which may increase FA formation (CHEN et al., 2018). Finally, de-
spite the oxophilic feature, metal Ru sites can provide activity for hydrogenation routes
(ALDOSARI et al., 2016). The metal active phase was incorporated with chlorine precur-
sors on NB400 and NBAc400 supports using the incipient wetness impregnation method-
ology (IWI) (ERTL et al., 2008). Cobalt and nickel loadings were 10 wt%, due to their

lower activity, whereas the intened Ru content had 5 wt% of content in both supports.

Prior to the reaction, the metal catalysts were activated ex-situ by reduction
under Hy flow on a tube at 400 °C during 2 h. For the metal M with X loading supported
on NB400, the name was MNBX and MNBAcX on NBAc400, as stated on the Table 4.1.
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For instance, a decision flowchart is provided on Figure 4.1. The subsections 4.1.1 to 4.1.4

will provide further details about the methodology.

Table 4.1: Nomenclature of the solids in the research.

Solid Description Nomenclature Solid Description Nomenclature

Acid Niobia Support
NB400 treated with HsPO, NBAc400

(NbyO5-nH,0-H;PO0,)
10 wt% Co/NbyOs CoNB10 10 wt% Co/NbyO5-H3PO,  CoNBAc10
10 wt% Ni/NbyOs5 NiNB10 10 wt% Ni/NbyO5-H3POy NiNBAc10
5 wt% Ru/NbyOs RuNBO05 5 wt% Ru/NbyO5-H3PO, RuNBAc05

Acid Niobia Support
(Nb205 'HHQO)

Figure 4.1: Concise flowchart for the preparation and activation of catalysts.
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4.1.1 Calcination of the Supports

The pretreatment of the catalyst provides the suitable amount of thermal re-
sistance and stability for the next stages (ERTL et al., 2008). A decrement of specific area
is undesirable on supports NB400 and NBAc400, then the temperature for pretreament
was set as 400 °C during 4 h in a 10 °C/min heating rate in a quartz cell. The flow of
synthetic air was set to 80 mL/min during the experiments. After the calcination step
for the niobic acid (NB), the support NB400 was obtained. Also, this stage was repeated
to provide desorption of weak phosphate groups after the acid treatment, producing then

the NBAc400 support.

Table 4.2: Experimental for calcination of NB into NB400 and NBAc400 supports.

Parameter Value

Synthetic Air Flow (mL/min) 80

Temperature (°C) 400
Heating rate (°C/min) 10
Time (h) 4.0
NboOj sample (g) 10

4.1.2 Acid Treatment

In order to increase the acidity and to insert new acid groups, it was also pos-
sible to carry out an acid treatment with phosphoric acid. That was performed according
to adaptations on the procedures described by Okazaki and Wada (1993). The H3PO,-
treatment was based on the immersion of the previously calcined niobic acid (NB400)
into a 1 mol/L aqueous solution of H3PO,4 on a beaker. Furthermore, the ratio between
acid solution and solid mass was 30 mL of acid per 10 g of niobium oxide. Then, this
suspension was mixed with a magnetic stirrer during 48 h at room temperature to improve

the contact between phosphoric acid and niobia.

After the exposure time, the temperature of the stirrer was raised to evaporate
higher amounts of liquid for about 5 min. During the evaporation, the niobia suspension

was transformed into a humid precipitate. As a final stage, that residual solid was inserted
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into an oven during 24 h at 110 °C in order to evaporate remaining liquids. Finally, the

sample was crushed with a pestle on a mortar before storage.

During the experiments, it was not possible to insert phosphate on mass su-
perior than 20 g due to issues in mass transfer. Therefore, the synthesis of the support
NBAc400 was carried out in several batches, and the final NBAc400 solid was a mixture
of them.

4.1.3 Incipient Wetness Impregnation (IWI)

Due to elevated solubility, the precursors of the active phases on NB400 and
NBAc400 supports were chlorides (99.9% purity - Sigma Aldrich Chemical Co). The
metals (Co, Ni and Ru) were inserted on both supports according to the Incipient Wetness

Impregnation (IWI) procedure, as described by Ertl et al. (2008).

Before to the IWI, the incipient volume for NB400 and NBAc400 supports was
determined experimentally. A fixed volume of deionized water was added to ca. 2 g of
each support, initially producing a paste. When the paste turned into a suspension, the
previous volume was noted. That value might indicate the maximum amount of water
(or solution) to promote the cappilary action into the catalyst pores during the TWI
(DE JONG, 2009). The Table 4.3 below indicated the experimental values of the incipient
volume for NB400 and NBAc400 supports.

Table 4.3: Mean experimental values of incipient volumes - NB400 and NBAc400

supports.

Support  Incipient Volume (cm?/g)
NB400 1.20
NBAc400 0.90

The necessary amount of chloride precursor to produce 10% (Co and Ni) or
5% (Ru) was added to deionized water on a graduated cylinder. Next, the solution was
added slowly to the support on a mortar with an automatic pipette. After each drop of
dissolved precursor, the system was mixed with a mortar. Next, after all the solution was
put in contact with NB400 or NBAc400 support, the system remained during 12 h on
the bench to promote the diffusion of the metal into the pores of the support. Also, to
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evaporate minor contents of liquid, the solid was dried in an oven at 75 °C during 24 h.
Finally, the solid was crushed to be put in the desiccator. The Table 4.4 provided more
details of IWI procedure.

It is important to mention that only 2-3 g of the catalyst could be mixed on the
mortar. Therefore, the catalysts CoONB10, CoNBAc10, NiNB10, NiNBAc10, RuNB05 and
RuNBAcO5 were synthesized after successive IWI procedures. Except for the supports
NB400 and NBAc400, the catalysts were activated under Hy flow. Once no reducing agent
was used during IWI methodology, those ez-situ reductions were carried out under Hs

flow.

Table 4.4: Precursors and metal contents selected for IWI methodology.

Precursor Catalyst Active Metal Loading (wt%)
CoCly-6H,0O CoNB10 and CoNBAc10 10%
NiCly,-6H,O  NiNB10 and NiNBAc10 10%
RuCl;-xH;O RuNBO05 and RuNBAc05 5%

x=1.37 for ruthenium chloride was previously determined by Nascimento (2018).

4.1.4 Catalyst activation under H; flow - Co, Ni and Ru

The ex situ reduction conditions are expressed in Table 4.5. During those
experiments, around 1.5 g of non-activated catalyst was loaded into the furnace and the
quartz wool under an Hy flow of 60 mL/min. The furnace had been heated up to 400
°C during 2 h over a 10 °C/min rate. During the cooling of the furnace to the room

temperature, an argon flow of 60 mL/min was set to carry out the remaining hydrogen.

Table 4.5: Parameters for the ez situ activation of metallic catalysts (Co, Ni and Ru).

Parameter Value Parameter Value

H, Flow (mL/min) 60  Heating rate (°C/min) 10
Ar Flow (mL/min) 60 Time (h) 2.0
Temperature (°C) 400 Sample amount (g) 1.5

It should be addressed that Ru chlorides calcinated at higher temperatures
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might produce oxides and oxychlorides species. Mazzieri et al. (2003) cited that the
calcination of RuCls resulted on less mobile Ru particles, which could create issues to
reduction. Indeed, even after a similar Hy reduction at 400 °C, the Ru/Al;O3, the total
removal of Cl as not possible, according to Mazzieri et al. (2003). Therefore, we decided

not to carry out a calcination step before the Hy activation.

4.2 Catalyst Characterization

The characterization of the solids in this study is important for the compre-
hension of the interactions between the active phase and the supports. The Table 4.6

described the objectives of the techniques performed.

Table 4.6: Physical-chemical and acid properties characterizations.

Characterization Abbreviation Main information of the procedure

' ' Investigation about the crystalline
X-Ray Diffraction XRD

phases of the support and catalyst
] Investigation of the textural
Ny Adsorption at 77 K -
properties of solids
Scanning Electron Microscopy

Analysis of morphology and
+ Energy-Dispersive X-Ray SEM/EDX

chemical composition of solids

Spectroscopy
Activation under Determination of degree
H,-TPR
Hy Flow of reduction in catalysts
X-Ray Photoelectron <P Chemical analysis of
Spectroscopy catalyst surfaces
NHj; Temperature-Programmed Determination of the total
NH;3-TPD
Desorption acidity in sample

4.2.1 X-Ray Diffraction (XRD)

The XRD analysis is used to investigate the crystallinity of the samples, ac-
cording to the degree of crystallization and the amount of phases available on catalyst

(LOWELL et al., 2012). For crystalline events, the crystallite size can also be calculated
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according to the Scherrer’s equation (Equation 4.1). However, for a more precise approach
on particle size, the XRD diffraction pattern does not provide reliable results compared to
other experiments like TEM - Transmission Electron Microscopy. Therefore, the results

of Equation 4.1 provided estimations of crystalline domain sizes.

KA
~ B-cos(h)

In the equation 4.1, 7 is the mean domain size [m], K is a shape factor [no

T (4.1)

unit], A is the X-ray wavelength [m], § is the FWHM, or the line size at the half of
maximum intensity [rad] and 6 is the Bragg angle [rad]. All the experiments in XRD
were carried out at LRAC (Laboratério de Recursos Analiticos e Calibragao), with the

specifications expressed in Table 4.7.

Table 4.7: Equipment specifications and parameters in XRD analysis.

Information Description
Equipment brand Philips Analytical X Ray
Equipment model X Pert-MPD

Equipment database PANalytical database version number: 2.1002
Type of radiation Cu-Ko with A=1.54056 A

All the eight solids were analyzed on XRD. The supports NB400 and NBAc400
were calcined at synthetic air during 4 h and 400 °C.The metal solids were previously

activated under Hy low for 2 h and 400 °C.

4.2.2 Ny Adsorption at 77 K

The gas adsorption manometry is the principle generally used for the deter-
mination of adsorption isotherms of Ny at the temperature of liquid state (ca. -196 °C
or 77 K). During the procedure, the solid samples were pretreated by applying a combi-
nation of heat, vacuum, and/or flowing gas to remove adsorbed contaminants acquired
from atmosphere (typically HoO and CO,). The solid was then cooled, under vacuum,
usually to cryogenic temperature (77 K or -196 °C). Nitrogen was dosed to the solid in

controlled increments. After each dose of adsorptive, the pressure is allowed to equilibrate
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and the quantity adsorbed is calculated (LOWELL et al., 2012). The specifications for the

experiments with Ny adsorption are summarized in Table 4.8.

Table 4.8: Information during the experiments of Ny adsorption using BET model.

Information Description
) Micrometrics Tristar Model
Equipment
ASAP 2010 Chem.
Saturation Pressure [mmHg] 710
Relative Pressure (p/p,) Range [-] 0.01-0.98

Adsorption Temperature [K] 7
Desorption Temperature [K] 7

4.2.3 SEM/EDX

SEM can provide details about the morphology of the catalyst, the EDX can
determine the elementary chemical composition. The EDX spectra does not set a reli-
able quantitative number compared to other techniques like Inductively Coupled Plasma-
Atomic Emission Spectrometry (ICP). Therefore, regarding to EDX percentages, all the
results are semi-quantitative. During the preparation of samples for SEM, the material
mixed to a golden analyzer to obtain a film of ca. 200 A. Therefore, inside the equipment,
after an electron beam hit the samples, the secondary low energy electrons produced
a surface image. Besides, the X-ray emissions are used to compute EDX results. The

equipment and the conditions of the SEM/EDX analyses are given in Table 4.9.

Table 4.9: Information during the experiments of SEM/EDX.

Information Description
Equipment Sputter Coater EMITECH, Model: K450
SEM/EDX Model Leo 4401/6070
Brand SEM/EDX LEO Electron Microscopy/Oxford
Golden film thickness [A] 200

Only metal catalysts were analyzed in SEM/EDX. The Co, Ni and Ru based

solids were previously activated under Hy low for 2 h and 400 °C.
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4.2.4 H, - TPR

The TPR analysis was important to detect the formation of active phases of
Co, Ni and Ru catalysts. Those experiments were carried out at Laboratorio para Estudos
de Processos de Adsor¢ao e Catélise (LEPAC) at University of Campinas. The equipment
used during the experiments was a Micromeritics AutoChem II 2920. First, about 0.2 g
of solid was loaded into the reaction system. After that, a mixture of 10% of H, into He

was inserted on a flow of 50 mL/min and a TCD detector stored the signal.

Due to the elevated Cl contents of the precursors, the TPR experiemnts were
different from the catalyst activation. Before Ho-TPR, the calcination of samples was
carried out to remove Cl during 2 h at 400 °C. Then, this additional stage could decrease
Cl content on samples. A summary of the experimental conditions for TPR studies is

provided in Table 4.10.

Table 4.10: Equipment specifications and parameters in Ho-TPR experiments - CoNB10,
CoNBAc10, NiNB10, NiNBAc10, RuNB05 and RuNBAc05 solids.

Information Description

Equipment model Micromeritics AutoChem II 2920

Gas mixture 10% H, in He
Gas flow [mL/min] 50
Final Temperature [°C| 300 - Ru
Final Temperature [°C| 800 - Co and Ni
Heating rate [°C/min] 10
Sample mass [g] 0.20

4.2.5 X-Ray Photoelectron Spectroscopy (XPS)

The XPS analysis is important to provide the species and oxidation states on
catalyst surface. The X-ray Photoelectron Spectroscopy (XPS) experiments were carried
out at LAB (Laboratério Avancado de Baterias) at Unicamp. The used equipment was a
multichannel hemispheric analyzer Thermo-Alpha. During the experiments, the pressure

on vacuum chamber was reduced to 2 - 1077 Pa, in order to maintain the flow of radiation.
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Besides, the radiation used had 1486.6 eV on a Al Ka micro-focused monochromator and
the survey spectra were performed under a step of 20 eV. For peak fitting, the software

XPSPEAKA41 was used. The Table 4.11 provided more details of analysis.

Table 4.11: Equipment parameters in XPS experiments.

Information Description

) Thermo-Alpha multichannel
Equipment model

hemispheric analyzer
Pressure [Pa] 2107

Radiation [eV] 1486.6 Al-Ko

All the eight solids were analyzed on XPS. Conversely with Section 4.1.1,
the supports NB400 and NBAc400 were calcined at synthetic air during 4 h and 400
°C. In turn, the metal solids (CoNB10, CoNBAc10, NiNB10, NiNBAc10, RuNB05 and
RuNBAc05) were previously activated under Hy low for 2 h and 400 °C.

4.2.6 NH;-TPD

The NH3-TPD experiments were carried out at Laboratério para Estudos de
Processos de Adsorgao e Catélise (LEPAC) at University of Campinas. Initially, about
0.2 g of samples were pretreated under He at 300 °C (increment of 10 °C/min and flow
rate of 25 mL/min). Then, the samples were cooled to about 50 °C and subjected to
ammonia flow (25 mL/min) during 30 min. After, the ammonia was removed by purging
the system for 30 min under He flow. At the last step, the desorption was carried out
under He flow up to 500 °C with heating rate of 10 °C/min and it was observed using
a thermal conductivity detector (TCD). A summary of the experimental conditions is

provided in Table 4.12.

Conversely to XPS conditions, the supports NB400 and NBAc400 were cal-
cined before the analysis, and the metal catalysts Co, Ni and Ru were activated on

hydrogen prior to the experiments.
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Table 4.12: Equipment specifications and parameters in TPD experiments.

Information Description Information Description
Micromeritics
Equipment Amount [g] 0.20
AutoChemlI 2920
Pretreatment Cooling
300 50
temperature [°C] temperature [°C]
Pretreatment and He flow rate -
10 25
desorption ramp [°C/min] pretreatment [mL/min]
NH; flow rate - Final desorption
25 500
saturation [mL/min] temperature [°C]

4.3 Batch Reactions

For the XYL conversion into varied products, the reactions were carried out
in a Parr converter. Our solids were tested during 6 h, at 160 °C and 50 bar H, pressure.
Prior to the reaction stage, 0.8 g of catalyst were mixed with 160 g of deionized water
in a batch Parr converter at room temperature. Next, the temperature of reactor was
increased to the setpoint (160 °C), while the vessel pressure was raised to 35 bar. After
a stabilization on temperature, the XYL aqueous solution was inserted into the reactor
into a feed input and the pressure was equalized to 50 bar. Then, this moment was taken

as the beginning of reaction.

During our procedure, 12 points were taken to identification of components.
The time step was 15, 30 or 60 min each. In fact, the time of the samples were 0, 15, 30,
45, 60, 90, 120, 150, 180, 240 and 360 min of reaction. After the final point, the liquid
was filtered and the catalyst was let in an oven during 24 h and 120 °C. No reuse of solids

was performed.

For our reactions, the supports NB400 and NBAc400 and the metal catalysts
CoNB10, CoNBAc10, NiNB10, NiNBAc10, RuNB05 and RuNBAc05 were tested. Be-
sides, the supports were activated 24 h before the reaction (400 °C/4 h at 80 mL/min
synthetic air) as well as the metal solids (400 °C/2 h at 60 mL/min Hy flow). A summary

of our experimental conditions was displayed at Table 4.13.
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Table 4.13: Experimental conditions for reactions in Parr converter.

Information Description Information Description
Temperature [°C] 160 Amount of catalyst [g] 0.80
Mass of deionized
H, pressure [bar] 50 200.0
water [g]
XYL mass [g] /
Time [h] 6.0 XYL concentration 4.0 / 20.0

(g/g of aq. solution)

OBS: No reuse of any solid was carried out (only 1 reaction cycle.)

4.4 Identification of the Products

As stated on Section 3, the XYL reaction paths may produce different types
of isomers, including pentoses and other sugars. In addition, the samples could not
be quantified by a typical GC (Gas Chromatography), unless without any technique to
convert residual sugars into volatile compounds, like sylanization. Then, an HPLC (High
Performance Liquid Chromatography) analysis was used to provide the identification of
the products based on the corresponding peaks of the patterns. All the experiments in
HPLC were carried out at Laboratério de Equipamentos Cromatograficos (LEC) at the

University of Campinas.

Before the identification in the equipment, all the samples were filtered at
room temperature in order to remove remained solids. As reported in Table 4.14, the
compounds were studied in a HPLC model Water 717 plus Autosamples with a Waters
410 Diferential Refractometer detector. For the separation of the components, the Biorad
Aminex HPX-87H ion-exchange column was used at 65 °C with a mobile phase of a 5 -
10" mol/L H,SO, aqueous solution. Finally, the flow of mobile phase was 0.7 mL/min

and the time of each run was 45 min.

Calibration curves were taken to calculate the concentration of the compounds
[mol/kg of solution]. As XYL is the starting compound and no xylulose was identified,
the conversion Xpgy was defined at Equation 4.2. The information of selectivity (.5;) and

yield (Y;) for other substances ¢ was disposed in Equations 4.3 and 4.4.
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In the Equation 4.2 to 4.4, Cxyy,_, is the XYL concentration in the first
point of reaction [mol/kg|, Cxyr is the XYL concentration at any time ¢ of the reaction
[mol/kg], C;,_, is the concentration of i substance at the begin of reaction [mol/kg| and

C; is the concentration of i-substance at any point [mol/kg].

Table 4.14: Experimental conditions for analyses at HPLC.

Information Description
Equipment model Water 717 plus Autosamples
Ion-exchange column Biorad Aminex HPX-87H
Temperature of the column [°C| 65
Mobile phase 5 mmol/L solution of HySO4
Mobile phase flow [mL/min] 0.7
Time for each run [min] 45.0
C -C
XpeNn = Xyéfzo rr (4.2)
XY Li—o
C
S; = . 4.3
Cxyr,—, — Cxver (4.3)
C.—C.
Y, = - —"=¢ 4.4
CxyLi— (4.4)

We have also tried to identify other products from dehydration hydrogenation
routes. Among them, there is xylitol (XOL), a product from direct XYL hydrogenation.
Also, furfural (FUR) might be produced from XYL dehydration. Finally, another FUR
derived products, like furfuryl alcohol (FA), tetrahydrofurfuryl alcohol (THFA), levulinic
acid (LA), cyclopentanone (CPO) and ~-valerolactone (GVL) were studied on HPLC. To
conclude, the Table 4.15 summarized all the studied compounds and retention times on
HPLC experiments. It is also important to point out that GVL was not detected in any

time during the reactions.
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Table 4.15: Retention times for studied compounds on HPLC analyses.

Compound Retention time (min)
Xylose (XYL) 7.9
Xylitol (XOL) 9.1
Furfuryl alcohol (FA) 10.0
Levulinic acid (LA) 13.6
Tetrahydrofurfuryl alcohol (THFA) 22.0
~-valerolactone (GVL) 25.7
Cyclopentanone (CPO) 31.8
Furfural (FUR) 38.0

OBS: No GVL was detected on the reactions.

Marcotullio (2011) reported that the dehydration products from XYL and
resinification of FUR could provide issues to identification of compounds. Once the spectra
of products is varied on sugar conversions, it was important to have a measure concerning
to the proposed products of Table 4.15. One of them is the carbon balance, which was

provided in Equation 4.5.

Ncomp

> G
CB ==

=1 4.5
CXYLt:o ( )
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Chapter 5

Results and Discussions

In this chapter, we will provide details about the characterizations results as
well as the outcomes of the batch reactions. Furthermore, the routes of identified chemical

substances were also explained.

5.1 Characterizations

5.1.1 N3 Adsorption at 77 K - Textural Properties

The Table 5.1 below collects the results at the nitrogen adsorption at 77 K.
The BET model was used to calculate the specific surface area Sppr [m?/g] and the
BJH approach determined the mean pore volumes Vpyg [cm3/g] and Dpsy mean pore

diameters [A].

Table 5.1: Surface area, pore diameter and pore volume in Ny adsorption.

Catalyst  Sppr [m%/g] Vpyu [em®/g] Dpyu [A]

NB400 120 0.16 51
NBAc400 37 0.08 87
CoNB10 39 0.12 113
CoNBAc10 82 0.13 60
NiNB10 36 0.11 117
NiNBAc10 50 0.10 72
RuNBO05 25 0.07 103
RuNBAc05 42 0.09 81

In both niobia supports (NB400 and NBAc400), the selected temperature of
calcination (400 °C) did not provide the phase transition, in agreement with Nowak and
Ziolek (1999). In fact, according to Chan et al. (2017), the pretreatment temperatures
above 500 °C had initiated the process of crystallization on niobia. For our experiments,
the maximum value of Sgpr was 120 m? /g on support NB400 that did not have any addi-

tional acid treatment. In turn, the NBAc400 support was submitted to an acid treatment
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and also to one additional calcination to remove weakened adsorbates. Therefore, those
might be reasons for the reduction of area for the NBAc400 from 120 to 37 m?/g and also

for the diminution of pore volumes.

Okazaki and Kurosaki (1990) and Okazaki and Wada (1993) cited decrements
on the surface area on H3POy-treated niobium oxide. According to them, the aging time
on acid treated influenced the superficial area, with diminution of 90% after 120 h days of
exposure to acid. Then, the treatment time of 72 h could be a reason for lower superficial
area of te NBAc400 support. Besides, Okazaki and Kurosaki (1990) treated niobium
oxide with a 0.5 mol/L H3PO, during 48 h and related that calcination temperatures
lower than 600 °C decreased the superficial area of treated support up to 30% due to the
formation of a phosphoric acid layer. However, pretreatment temperatures of 600 and 800
°C shifted the area of treated niobia to higher values compared to non-treated samples.
The authors reported a suppression of crystallization and also more stable sample due to

the H3POy-treatment (OKAZAKI AND KUROSAKI, 1990).

At Table 5.1, the activated catalysts CoNB10, NiNB10 and RuNBO05 presented
reduced superficial areas and pore volumes compared to the calcined support NB400.
RuNBO05 had 25 m?/g, about 80% less area compared to support NB400. Conversely,
CoNB10 and NiNB10 presented the same trend, with 39 and 36 m?/g respectively. Song
and Li (2006) had reported that the incorporation of 15 wt.% Co into SiOy by IWI
decreased the pore volume by 50%. Also, 20 wt.% Ni/AlyO3 showed reduced areas, pore

volume and pore sizes related to original support (CEPEDA et al., 2016).

Despite the cited literature, several works used WI with higher superficial areas
in Ni and Ru catalysts supported on NbyOs - Table 5.2. A possible cause might be the
elevated active phase content on IWI, which could promote obstruction of smaller pores of
the original support. In fact, the mean pore diamaters for CoNB10, NiNB10 and RuNB05
were twice compared to NB400 (113, 117 and 103 vs 51 A).

The Figure 5.1 to 5.8 showed similar types of IUPAC isotherms - mesoporous
materials (THOMMES et al., 2015). Although the isotherms for NB400 to RuNBO05 had
similar trends, it was noted that the pore distribution for the supported CoNB10, NiNB10
and RuNBO05 solids presented a shift to larger pores - ca. 100 A. Then, the TWI could

have shifted the catalyst pores to larger sizes.
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Table 5.2: Textural properties of Co, Ni and Ru supported on NbyO5 support.

Metal

Sper (m?/g] Dpyu [A] Method Reference
39 113 IWI This work
10 wt% Co A
38 n.a. GP (PARVULESCU et al., 1998)
36 117 IWI This work
10 wt% Ni
104 70 WI (CosTa, 2021)
25 103 IWI This work
5 wt% Ru
128 50 WI (Costa, 2021)

Figure 5.1: Isotherm for NB400
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Concerning the acid treatment, the CoNBAc10, NiNBAc10 and RuNBAc05

presented superior specific area compared to the treated support NBAc400. Gao et al.

(2021) studied acid treatment with phosporic acid on Ni/Al,O3 catalysts. Conversely to

our results, a 15% incorporation of P into alumina descreased the support area from 168
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to 35 m?/g. Moreover, an addition of 10 wt.% of Ni on treated support increased the
area from 35 to 47 m?/g. The article reported that the incorporation of P into alumina
destroyed the original pore structure, once could produce layer of oxides and also AIPOy,
curbing the superficial area. Gao et al. (2021) also proposed that the incorporation of Ni

suppressed the formation of the previous substances, increasing the pore volume of the

treated-alumina.

Figure 5.5: Isotherm for NiNB10 Figure 5.6: dVdlog(D) for NiNB10
catalyst.
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In our CoNBAc10, NiNBAc10 and RuNBAc05 samples, we could observe a
similar trend, especially on Figures 5.11 to 5.16. Comparing CoNB10 and CoNBAc10, on
Figures 5.4 and 5.12, it was also possible to observe the modification on the pore sizes,
from 113 to 60 A. The same phenomenon occurred on treated NINBAc10 - 117 to 72 Aand
RuNBACcO5 - 103 to 81 A, on Figures 5.6 and 5.14 and Figures 5.8 and 5.16, respectively.
Then, we could infer that the acid treatment followed by an H, activation might reopen
and modify the previous destroyed pores. However, more experimental characterization

should be necessary to prove the hypothesis.
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Figure 5.9: Isotherm for NBAc400
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Furthermore, comparing the acid catalysts with acid support NBAc400, the

modification of pore diameters was not so high as in the support NB400. As an example,

the pore size of CoNB10 was more than twice compared to NB400 whereas the same

amount was 30% lower on CoNBAc10 comparing to NBAc400. However, aside from the

acid treatment in NBAc400, it was not reported any major modification on the pore

volumes of samples.

pores after the reduction on acid samples.

Then, this could be another indication of the reconfiguration of
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Figure 5.13: Isotherm for
NiNBAc10 catalyst.
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Figure 5.15: Isotherm for
RuNBAc05 catalyst.
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5.1.2 SEM/EDX - Chemical Compositions
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The analysis of chemical compositions in the catalyst provided different results

about the effects of the acid treatment. The Table 5.3 and Table 5.4 gives the content of

Nb, O and metal active phase for each one of the solids.

Table 5.3: Elemental analysis for CoONB10, NiNB10 and RuNBO05 after activation on Hy

flow.

Catalyst Nb (wt%) O (wt%) CI (wt%)

Metal (wt%)

CoNB10 56 34
NiNB10 95 35
RuNB05 25 42

9.1
9.6
3.0

Activation conditions: 60 mL/min Hy at 400 °C during 2 h.

-: Cl was not identified in NiNB10 and RuNB05 samples.
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Table 5.4: Elemental analysis for CONBAc10, NiNBAc10 and RuNBAc05 after

activation on H, flow.

Catalyst ~ Nb (wt%) O (wt%) P (wt%) Cl (wt%) Metal (wt%)

CoNBAc10 44 40 5 0.5 10.0
NiNBAc10 44 41 6 - 8.4
RulNBAc05 48 41 5 - 4.8

Activation conditions: 60 mL/min Hy at 400 °C during 2 h.
-: Cl was not identified in NiNB10 and RuNBO05 samples.

At Table 5.3, the catalysts CoNB10 and NiNB10 presented the mean bulk
amount of metal similar to the nominal content (10 wt.%). However, there was detection
of Cl on CoNB10 samples. This might be an indication of Cl adsorption over Nb samples,
due to the high chloride content on precursors. Furthermore, there is the possibility of
a mixture of cobalt oxides in the surface instead of the totally reduced species, once the
reduction was carried out at 400 °C. According to the experiments of (MEJ{A et al., 2017),
a similar Co-niobia suported catalyst presented the first event of reduction at 600 °C .
On the contrary, the RuNBO5 solid presented different amounts of Ru compared to the
nominal value - 3 wt.% vs 5 wt.%. In this situation, there was low possibility of EDX
analysis error, due to the semi-quantitative approach. One reason for the difference might

be experimental erros carried our during the IWI procedure for the RuNBO05.

The Table 5.4 expressed contents of P the three samples of CoNBAc10, NiN-
BAcl0 and RuNBAc05 dolids. In fact, the three solids presented at least 5 wt.% of
phosphorous on the mean composition. In agreement with NB400 derived solids, the
CoNBACc10 solid also presented Cl detected on analysis and the active phases of NiN-
BAc10 and RuNBAc05 was close to the nominal value. Even after the activation on Hs,
the solids presented phosphorous on the composition. Then, the addition of P due to the

acid treatment was succeed.

5.1.3 XRD - Presence of Crystalline Phases

The Figures 5.17 to 5.20 showed the results of XRD experiments. The supports
NB400 and NBAc400 were calcined in synthetic air with 80 mL/min during 4 h and 400
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°C while the metal samples were activated in Hy with 60 mL/min during 2 h and 400 °C.
Once the treatment temperatures were lower than 500 °C, it was not expected that the

catalysts presented events of crystallization.

The supports NB400 and NBAc400 did not show any event of crystallization
on Figure 5.17. It was possible to make the hypothesis that the calcination temperature

did not change the amorphous pattern into crystals. Similar results were reached by Costa

(2021) and de Lima (2020).

Figure 5.17: XRD patterns for NB400 and NBAc400.

—— NBAc400
—— NB400

Intensity (a.u.)

20 30 40 50 60 70 80
Angle (26)

Pretreatment: synthetic air flow 80 mL/min during 4 h and 400 °C.
Step used for the offset: 60 a.u.

In agreement with both supports, the CoONB10 and CoNBAc10 were predomi-
nately amorphous, as stated on Figure 5.18. The result was in accordance with recent lit-
erature studies. Mejia et al. (2017) impregnated 10 wt.% Co on niobic acid (NbyO5-nH50)
with 120 °C and 600 °C pretreatment temperatures on air. They reported an amourphous
samples up to 600 °C, when the events of crystallization on niobia were reported. Then,

the calcination at 400 °C did not provide crystal contents either for both Co samples.
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Figure 5.18: XRD patterns for CoNB10 and CoNBAc10.
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Pretreatment: Hy flow 60 mL/min during 2 h and 400 °C.

Step used for the offset: 60 a.u.

In turn, the Ni catalysts NINB10 and NiNBAcl0 in Figure 5.19 presented

peaks with different events of crystallization.

Figure 5.19: XRD patterns for NINB10 and NiNBAc10.
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Pretreatment: Hy flow 60 mL/min during 2 h and 400 °C.
Step used for the offset: 420 a.u.

The database reported three peaks at 20 = 44.5°, 20 = 51.9° and 26 = 76.5° for
cubic Ni crystals on NiNB10 and NINBAc10 (Ref. Pattern 01-087-0712 for both solids).
In fact, the NINB10 catalyst not only presented cubic Ni crystals, but also an hexagonal
NboOs crystalline domain, even though the calcination and reduction temperature did

not exceed 400 °C. The peaks related to hexagonal crystalline niobia were observed at
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20 = 22.6°, 20 = 28.6°, 20 = 36.6°, 260 = 46.1°, 20 = 50.8°, 20 = 55.2°, 20 = 56.3° and
20 = 59.0° (Ref. Pattern 01-087-0712 for 00-028-0317). As a first remark, the possibility
upon the reduction of NbyOj5 into crystalline NbOy under hydrogen flow at 400 °C is not
suitable, once this phenomenon was described from 800 °C and beyond by Soares et al.
(1993), Mendes et al. (2003) and da SQ Menezes et al. (2020) for pure NboOs. Then, the
crystalline events for Ni and niobia on NiNB10 might be an influence of the metal phase

on support.

According to Sankar et al. (1988), a 10 wt% Ni/NbyOj solid reduced under Hy
flow at 500 °C presented an SMSI effect. The elevated Ni content provided a reorganization
over the support in the vicinity of nickel particles. This effect probably lead to a change
in the amorphous content of the support into crystals. Furthermore, de Sousa et al.
(2017) proposed that more flexible pores of niobia were filled with Ni, changing also the
conformation of NbyO5 network. Other literature works reported that Ni contents above
5 wt.% induced to crystallization of the NbyOjs support, like Chary et al. (2004) and
Wojcieszak et al. (2006). So, the elevated content of Ni during IWI in our NiNB10 solid
might had induced the crystallization of our support, even at activation temperatures

lower than 500 °C.

However, contrary to the NiNB10 solid, the NINBAc10 catalyst had only cubic
Ni peaks on XRD as depicted on Figure 5.19. Some causes were studied on recent articles.
Rocha et al. (2020) demonstrated that the acid treatment at 0.5 to 2.0 M of H3POy, up-
shifted the original crystallization temperature of niobia at 500 °C. In addition, a charge
modification on NBAc400 surface cannot be discarded, once the phosphate provided sta-
bilization of niobia surface (OKAZAKI AND KUROSAKI, 1990). Then, the crystallization

of the acid support NBAc400 was not observed or there was lack of interaction of Ni.



CHAPTER 5. RESULTS AND DISCUSSIONS 88

The Ru catalysts RuNB05 and RuNBAc05 did not presented any peak con-
cerning to the metal nor the support on Figure 5.20. As related by Costa (2021), this

probably occurred due to the low content in impregnation on niobia.

Figure 5.20: XRD patterns for RuNB05 and RuNBAc05.
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Pretreatment: Hy flow 60 mL/min during 2 h and 400 °C.
Step used for the offset: 60 a.u.

To conclude this section, the crystallite size was calcuated using the Scherrer
relation for NINB10 and NiNBAc10. At Table 5.5, the major peaks, references, as well
as the results were summarized. Even though the shape factor was supposed to be 0.9
(spherical domain condition), the outcomes does not equal to particle size due to approx-
imations over the Scherrer equation. For a more realistic measure of particle size, a TEM

analysis would be more suitable.

Table 5.5: Crystalline domain size calculated by XRD patterns.

Crystalline
Catalyst Phase 20 Peaks [°] Reference
size [nm)]
NiNB10 Cubic Ni 44.5/51.9/76.5 Swanson and Tatge (1953) 34
NiNBAc10 Cubic Ni 44.5/51.9/76.5 Swanson and Tatge (1953) 38
_ 92.6/28.6/36.6,/46.1 _
NiNB10  Hexag. NbyOs Frevel and Rinn (1955) 35

50.8/55.2,/56.3/59.0
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5.1.4 Hsy - TPR - Study About the Formation of Active Phases

The Table 5.6 expressed the results of TPR analyses. All catalysts presented
similar Hy uptakes - close to 10 ymol Hy /mg metal. In short, the Co based solids did not
reach the first event of reduction, the Ni catalysts were in the middle of the reduction and

there was a complete reduction of Ru samples.

Table 5.6: TPR uptakes and temperature events.

Catalyst H, uptake Calculated Hy uptake Peaks (°C)
(umol/mg metal) (umol/mg metal)

CoNB10 13 23 460/592
CoNBAc10 7 23 458 /582

NiNB10 16 17 425
NiNBAc10 14 17 435

RuNB05 12 20 176
RuNbAc05 11 20 172

Samples calcined prior to the Ho-TPR for 400 °C and 4 h in synthetic air.

At Table 5.6, the catalysts with acid treatment presented a lower Hy uptake
compared to non-treated solids. In the case of CoNBAc10, that difference was up to 50%.
Even with higher areas, those results could exist due to P-groups on catalyst surface, that
hindered an more effective reduction of CoONBAc10, NiNBAc10 and RuNBAc10. However,

further studies and analysis are required to an exact conclusion.

Furthermore, another indication of the reduction of metal species on surface
was expressed on Equations 5.1, 5.2 and 5.3. Supposing the existance of oxides on surface
CoNB10 and CoNBAc10 reached 57% and 31% of theoretical Hy uptake respectively.
Indeed, the results for Ni were 95% and 84% for treated and non-treated solids; and
for Ru, 60% for RuNBO05 and 54% for RuNBAc05. Then, those outcomes could be an

indication of the reduced availability of metal sites due to IWI.

Co30,+4-Hy — 3-C0o° +4- HO (23umolHy/mgCo) (5.1)
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NiO + Hy — Ni® + H,O  (17umol Hy/mgN7i) (5.2)

RuOq + 1.5 Hy — Ru® + 3+ HyO  (20pmol Hy/mgRu) (5.3)

On Table 5.6 and Figures 5.21, 5.22 and 5.23, the temperature for TPR events
were determined. Concerning to CoNB10 sample, it had two major peaks at ca. 460
and 590 °C. Noronha et al. (1999) had studied similar TPR results on a 10% Co/NbyO5
solids. They had observed the formation of two minor peaks at 360 and 460 °C - related
to the reduction of Co304 to CoO. Furthermore, a final event on 521 °C was assigned
to CoO complete reduction to Co (NORONHA et al., 1999). Then, the two peaks on
CoNBI10 existed because of the two step reduction of CozO4 to Co. Also, the differences
on temperatures might be assigned to precursors: Co chlorine was used on this work

instead of Co nitrate. Even on other supports, the steps of Co reduction were observed,

as reported by Oliveira et al. (2014) - ca. 510 and 730 °C on Co/Al;O3 solid.

The CoNBACc10 presented the same peaks compared to CoNB10. However, the
first (458 °C) presented similar intensity, whereas the second (582 °C) had a lower value.
Furthermore, the CoNBAc10 had a final peak at 730 °C. However, it was not possible to
determine whether that peak could be assigned to phosphorous decomposition on catalyst
surface, or even if the acid treatment delayed the reduction of Co particles. Therefore,

that value was not calculated for Co reduction.

The NiNB10 had a peak on 425 °C, which was in accordance to reported results
on literature. Lensveld et al. (2001) had observed the NiO reduction to Ni° at 400 °C on
a Ni/MCM-41 solid. Furthermore, Mile et al. (1990) divided the Ni reduction on Ni/silica
on 3 steps. At 200 °C (reduction of Ni**), 400 °C (reduction of NiO with low interaction
with support) and 500 °C (NiO with elevated interaction with support). To complete,
Mejia et al. (2020) reported peaks at 430 °C on Ni/NbyOs5 solid, which was also assigned
to NiO reduction. Then, the event on NiNB10 solid might be related to NiO conversion
to Ni.
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Figure 5.21: Hy TPR results - CoNB10 Figure 5.22: Hy TPR results - NINB10
and CoNBAc10. and NiNBAc10.
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Figure 5.23: Hy TPR results - RuNB05
and RuNBAc05.
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Concerning to acid treatment, the NINBAc10 solid had two peaks on Figure
5.22: 435 and 680 °C. As previously cited, the first one could be assigned to NiO reduction
to Ni. Related to the second peak, though, several results detailed the P incorporation
on Ni/Al,O3 catalysts (GAO et al., 2021). Their TPR results had a second event ca. 750
°C. Gao et al. (2021) established that high contents of P induced the passivation of Ni
surface, curbing the formation of Ni® on lower temperatures. Then, the acid treatment
could delayed the reduction of metal species. However, on NiNBAc10 solid, the similar
peak could be assigned to P elimination on higher temperatures, or even the reduction of
NbyO5 to NbOy (MEJIA et al., 2017). Then, the event at 680 °C was not accounted on

H, uptake, once further analysis would be necessary to prove or not a P release.

Our RuNBO05 solid presented a sharp peak at Figure 5.23 at about 176 °C.
First, the presence of only one peak at Ru/NbyOs; denoted the reduction of Ru** to
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Ru'; i.e., the existence of oxides on surface (CHARY et al., 2009). Chary et al. (2009)
had also reported a similar peak on a 5 wt% Ru/NbyO5 at 220 © C. Furthermore, the
transformation of RuOs into Ru was demonstrated by Mendes et al. (2004) on a bimetallic
Ru-Co/NbyOj catalyst. Their TPR event was assigned on 260 °C. To conclude, Suppino
(2014) observed two peaks on Ru-niobia solids - 60 °C and 250 °C, the first related to
Ru chlorine transformation and the latter with Ru oxides. Then, the event on RuNBO05

catalyst may be related to Ru oxides reaction to metal Ru.

Nonetheless, the RuNBAcO5 presented an Hs uptake at 172 °C on Figure
5.23. An opposite trend was observed on modified P-Ru catalysts supported on alumina
(FOVANNA et al., 2020). The modifications with ammonium hypophosphite changed their
H, events from 195 °C to 98 °C. They related that the phosphorous induced to a reduced
activation barrier of Hy dissociation, especially on minor Ru clusters. Moreover, Fovanna
et al. (2020) demonstrated that P also induced an improvement of Ru particles on alumina
support. Then, despite the minor Hy intake, the acid treatment could had modified the
Ru behavior into NbyO5 support.

5.1.5 XPS - Oxidation of species

In this section, the results of the catalyst prior to reactions were given. The
Figure 5.24 to 5.26 summarized the results of XPS analyses over the catalyst samples
of NB400 and NBAc400. The Figures 5.27 to 5.31 provided results for CoNB10 and
CoNBACc10 solids. The XPS for nickel catalysts NiINB10 and NiNBAc10 were expressed
on Figures 5.32 to 5.36. Finally, the Figures 5.37 to 5.41 demonstrated the XPS outcomes
for RuNB05 and RuNBAc05 catalysts.

The Figure 5.24 showed that the NB400 catalyst had a peak on 207.1 eV and
a doublet separation of 2.8 eV. Those values of Nb 3ds/; were reported on literature
concerning to formation of NbyOg species on surface, according to Simon et al. (1976)
and Garcia-Sancho et al. (2014). Then, only Nb and O species were detected on NB400,

once this solid was an outcome of the calcination pretreatment.
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Figure 5.25: XPS spectrum and fitting for
Nb 3d on NBAc400.

Figure 5.24: XPS spectrum and fitting for
Nb 3d on NB400.
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Figure 5.26: XPS spectrum and fitting for
P 2p on NBAc400.
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The utilization of the acid treatment provided some changes on NBAc400
spectra. The spectrum was shifted by 0.3 eV compared to carbon. The main peak (3ds/2)
was fitted on 207.4 eV and the separation was 2.8 eV (Figure 5.25). Once again, the most
prominent phase of Nb was under NbyO5 phase. Another important feature on NBAc400
was also the detection of P 2p species, as stated on Figure 5.26. The major peak was
detected on 133.5 eV, probably related to 2ps/;. According to Rotole and Sherwood
(1998) and Pereira et al. (2014), this binding energy was related to phosphate species
configuration of P. Therefore, there was an indication of P incorporation due to acid
treatment. The Table 5.7 described the results of XPS and peak attribution of species
NB400 and NBAc400.
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Table 5.7: Resume of XPS spectra - NB400 and NBAc400.

Catalyst  Element B.E (eV)  Species References

NB400  Nb-3ds,,  207.1 NboOs;  Garcia-Sancho et al. (2014)
Nb - 3ds/, 207.4 NbyOs Garcia-Sancho et al. (2014)
P - 2p3)s 133.5  Phosphate Pereira et al. (2014)

NBAc400

B.E.: binding energy

The cobalt solid CoNB10 presented several peaks, as depicted on Figure 5.27:
one at 780.6 eV and another on 786 eV. According to (NORONHA et al., 1999), the event
at 780.6 eV could be assigned to a variety of Co oxides and hydroxides, including CoO,
Co304 and Co(OH),. In addition, Tan et al. (1991) mentioned that Co?** and Co®" species
had satellite peaks ca. 786 eV. On both situations, the doublet separation was 16.0 eV,
which was confirmed by XPS Nist Database. Also, it was possible to identify CoO or
Co30, substances. As reported by Noronha et al. (1999), the first compound had sharp
satellites, while the second one had broader features. So, the observation of Figure 5.27

was an indication of Co?T as the most prominent state of oxidation on CoNB10.

Concerning to niobium oxide, the same spectrum for Nb was detected on
CoNB10, as reported on Figure 5.28. Then, the probability for reduction of niobia the
support is reduced. In addition, the formation of cobalt-niobate is reported at elevated

temperatures, e.g. 900 to 1100 K (NORONHA et al., 1999).

The CoNBAc10 solid presented different outcomes compared to non-treated
CoNB10. Regarding to Co species, the satellite peaks were less pronounced, as reported
on Figure 5.29. Therefore, the acid treatment induced a mixture of oxidation states in
Co (2+ and 3+), once the most prominent species on CoNBAcl0 was pointed out as
Co304. As opposed to other samples, the XPS spectrum of Nb 3d on CoNBAc10 solid
was the only contrasting - Figure 5.29. Besides, the fitting calculated two main peaks of
Nb 3ds/: 206.6 eV and 207.6 eV. Fontaine et al. (1977) pointed out the 207.6 eV as the
characteristic energy for niobium pentoxide solids, i.e., NboOs. Then, the peak at 206.6

eV required further investigation.

Xiang et al. (2017) reported that NbyO5 had the feature to produce structural

defects combined with base metals. Among the base species, Co30,4 induced vacancies
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on NbyOj surface (XIANG et al., 2017). In addition, the mentioned events could lead
to the formation of oxophilic NbOy species during reduction with Hs, particularly Nb**
and Nb°" Barrios et al. (2018). Also, Tran et al. (2019) established that the reduction of
niobium pentoxide is less probable on crystalline states, due to low mobility of species.
Therefore, given the previous information, and also the corresponding peaks of 206.6
eV and 205.9 eV as Nb?" remarked by the works of Fontaine et al. (1977) and Tran
et al. (2019), the acid treatment could have produced new vacancies on the acid treated
CoNBAc10 amorphous surface, leading to the formation of NbO, species at lower reduc-
tion temperatures. Nonetheless, the hypothesis require more characterization results for

confirmation.

As well as Nb spectrum on CoNBAc10 analysis, the P spectrum contrasted
to the others on Figure 5.31. According to the recent research of Hu et al. (2019Db),
the acid treatment of phosphoric acid over starch led to defects on surface and different
oxidation number on P species, changing then its spectrum. Again, this hypothesis may be

reinforced by more experimental data. To summarize the discussed peaks and compounds

for CoNB10 and CoNBAc10 solids, the Table 5.8 presented the main results.

Table 5.8: Resume of XPS spectra - CoNB10 and CoNBAc10.

Catalyst Element B.E (eV) Species References
Co - 2p3/2 780.6 CoO Noronha et al. (1999)
CoNB10
Nb - 3ds/, 208.6 NbyOs Garcia-Sancho et al. (2014)
Co - 2p3/s 781.4 Co304 Noronha et al. (1999)
Nb - 3ds,2  207.6 Nb,Os5 Fontaine et al. (1977)
CoNBAc10
Nb - 3ds/, 206.6 NbO, Fontaine et al. (1977)
P - 2pg)s 132.6 ~ Phosphates Hu et al. (2019b)

B.E.: binding energy
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The catalyst NINB10 had two Ni peaks at 852.0 eV and 855.7 eV, both with
a doublet separation of 18.0 eV (Figure 5.32). The studied literature reported similar
values: Furstenau et al. (1985) established 852.2 €V as a binding energy for Ni and Ertl
et al. (1980) cited 855.5 eV as the binding energy for NiO. Besides, at 861.3 eV and 879.8
eV there were evidences of satellite peaks, which can be set to NiO or Ni(OH),, according
to NIST XPS Database. As the reduction of sample was carried out under Hy flow and
the Ni impregnation was incipient, the formation of hydroxide on surface is not expected.
Then, the oxidation states of Ni on NiNB10 surface after reduction were +2 and 0. The
Nb 3d spectrum had on NiNB10 similar behavior compared to support NB400, as stated
on Figure 5.33. The major 3d peak was detected on 206.8 eV, with a doublet separation of
2.8 V. So, the formation of NbQOy, i.e., reduction of NbyO5 support, might be excluded.

Compared to the non-treated solid, the XPS outcome for NINBAc10 on Figure
5.34 presented shifts on the peaks related to Ni: 818.8 eV and 856.0 eV. Similarly to the
NiNB10 solid, a mixture of NiO and Ni was proposed on catalyst surface. According to
Okazaki and Kurosaki (1990), the presence of P could disturbed Nb atoms, which was an
indication of the shift on XPS peaks on niobium catalysts. In addition, similar shifts were
reported for Nb 3d5/, on Figure 5.35, on the peak of 207.1 eV and doublet separation of 2.8
eV. However, no indication of Nby,O5 was detected. Finally, the Figure 5.36 provided the
peak of 133.1 eV for P, indicating the incorporation of the species due to acid treatment.
To sum up, the results and literature for NINB10 and NiNBAc10 solids were expressed
at Table 5.9.

Table 5.9: Resume of XPS spectra - NINB10 and NiNBAc10.

Catalyst ~ Element B.E (eV) Species References
Ni - 2p3/, 852.0 Ni® Furstenau et al. (1985)
NiNB10 Ni - 2p3/7 855.7 NiO Ertl et al. (1980)
Nb - 3d5/2 206.9 Nby,Os5 Garcia-Sancho et al. (2014)
Ni - 2p3 /o 851.8 Ni? Furstenau et al. (1985)
Ni-2ps3n  856.0 NiO Ertl ef al. (1980)
NiNBAc10
Nb - 3d5/, 207.1 NbyOs Fontaine et al. (1977)

P - 2p3/, 133.1  Phosphates Pereira et al. (2014)

B.E.: binding energy
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The spectra of RuNB05 and RuNBAc05 were presented on Figures 5.37 to
5.41. The lines of C 1s may disturb the results of Ru 3d, once the peak of carbon is
close to 284.6 eV. This value is a separation of the peak of metallic Ru at around 280.6
eV (MORGAN, 2015). The Figure 5.37 presented the Ru results over RuNBO05 solid.
According to Morgan (2015), the main peak for Ru - 3ds/, is related to the binding
energy of 280.6 eV - presence of Ru or Ru oxides. However, due to reduction conditions,
most of the Ru on surface may be metallic. Besides, in our sample, the reported peak
was over 284.6 eV instead of 280.6 eV. This could occur due to the carbon on sampler
analyzer. Egawa et al. (1987) cited 285.0 eV as a binding energy for reduced species of
Ru. The same peak of 284.6 eV for Ru was reported for acid treatment on RuNBAc05
solids - Figure 5.39. Again, this was an indication for the existence of metallic sites on
surface. Conversely with RuNBO05, the sample also presented the same peaks for Nb 3d at
206.9 eV (Figure 5.40). On RuNBAc05 samples, conversely to NBAc400 and NiNBAc10
solid, the phosphorous also was detected on the acid treatment, as given on Figure 5.41.

Finally, the Table 5.10 expressed the results for Ru catalysts.

Table 5.10: Resume of XPS spectra - RuNB05 and RuNBAc05,

Catalyst Element B.E (eV)  Species References
Ru - 3ds;2  284.6 Ru’ Egawa et al. (1987)
RuNBO05
Nb - 3d52  206.8 NboOs;  Garcia-Sancho et al. (2014)
Ru - 3ds;2  284.6 Ru® Egawa et al. (1987)

RuNBAc05 Nb-3ds,,  206.8 NboOs;  Garcia-Sancho et al. (2014)
P - 2ps/s 133.1  Phosphate Pereira et al. (2014)

B.E.: binding energy
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Figure 5.37: XPS spectrum for Ru 3d on
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Figure 5.39: XPS spectrum for Ru 3d on
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5.1.6 NHj3 - TPD - Total Acidity

The Figures 5.42 to 5.45 showed the TPD results for all solids. Also, only the
total acidity and the strength of the acid sites were calculated, not LAS and BAS sites.
As a consequence, the LAS and BAS sites were not differentiated, once the NH3 may be
adsorved on both sites. For this type of information, another experiments, such as FTIR
with pyridine as probe molecule are recommended. Therefore, the effects of the H3POy

acid treatment and the metal impregnation might be inferred.

Figure 5.42: TPD results for NB solids. Figure 5.43: TPD results for Co solids.
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Figure 5.44: TPD results for Ni solids. Figure 5.45: TPD results for Ru solids.
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At Figure 5.42 the effects of the acid treatment were noted due to the change in
amount of medium acid sites on NB and NB400 (50% and 63%, respectively). Those out-
comes were pointed out by literature [ BRANDAO et al., 2009), (DE PIETRE et al., 2010)
and (TANG et al., 2010)]. According to them, the acid treatment not only provided new
textural properties to niobia but also inserted a stronger acidity compared to the non-

treated solid. In addition, Okazaki et al. (1987) attributed the high amount of stronger
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sites to the formation of a non-volatile polyphosphate layer during pre-treatment and the
ability of the niobia to retain acid groups. Once Gnanakumar et al. (2019) attributed
the peaks at 500 °C as possible dehydroxylation of the niobia -OH groups, those event
could not be assigned as a strong acid site. Further confirmation will be necessary using

a blank TPD.

Apart from NB400 support, the catalyst CoNB10 showed varied events after
350 °C, as reported on Figure 5.43. After all, an intense diminution followed by a rapid
increase on TCD signal. Then, there was an unusual interaction of NH3 with Co. As an
example, Pendyala et al. (2013) studied the irreversible adsorption of NH3 into Co/Al,O3
solids. They pointed out that 100 ppm of NH3 adsorved into Co sites, curbing the catalyst
activity. Then, the intensity of the signal at higher temperatures on CoNB10 may not
be assigned to strong acid sites. Besides, a similar trend was also noticed on CoNBAc10
sample, also on Figure 5.43. The difference on the spectra after 350 °C could not be
assigned to the release of ammonia or he phosphate groups from acid treatment, once a
thermal conductivity detector was used. Therefore, conversely to CoNB10, the presence

of strong acid sites on CoNBAc10 cannot be inferred from NH3-TPD.

The Figure 5.44 depicted the results of TPD on NiNB10 and NiNBAc10 sam-
ples. Concerning to Ni sites, Weng et al. (2015) and Henpraserttae (2018) mentioned the
decomposition of NH3 into Hy and Ny on metal Ni sites above 400 °C. As XPS results
on Figures 5.32 and 5.34 provided the presence of Ni and NiO after reduction, the peak
on both samples at ca. 450 °C cannot be appointed only to NHs. As consequence, the

presence of strong acid sites is not preserved on Ni solids.

Compared to Ni and Co solids, both Ru catalysts provided a sharp peak on
TCD signal around 300 °C on Figure 5.45. The same trend was detected on the exper-
iments carried out by Nagai et al. (1997) on a 3 wt% Ru/Al,O3 catalyst. According to
mass spectroscopy measures, they concluded that two types of acid sites co-existed at the
solid: the sites capable of adsorption and desorption of NHj (support and Ru) and the
metallic sites that promoted the low temperature decomposition of ammonia from 300 °C
to above. Therefore, not only the detection of strong acid sites was not clear, but the

temperatures above 300 °C. So, most of the sites were considered weak to medium.

Based on the previous results, the Table 5.11 showed the trends of NH3-TPD

on all catalysts. On all samples, the acid treatment decreased the total acidity. However,
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only on NBAc400 the density of acid sites was twice compared to NB400, once the metallic
solids presented asymmetric events above 300 or 400 °C. Then, there were difficulties on
determination of strong acid sites on those samples. Furthermore, the content of medium
acid sites on those catalysts had a slight increase, indicating the presence of new groups,

probably phosphates, as demonstrated by XPS studies.

Table 5.11: Total acidity and strength of supports and catalysts studied.

Total Acidity Density of Acid Sites Strength of the sites (%)

Catalyst
(pmolNH;3/g) (pmolNHjz /m?) Weak Medium Strong

NB400 614 ) 50 50 -
NBAc400 397 9 37 63 -
CoNB10 408 11 56 44 -
CoNBAc10 214 3 49 o1 -
NiNB10 371 10 55 45 -
NiNBAc10 341 7 o1 49 -
RuNBO05 721 29 37 63 -
RuNBAc05 594 11 34 66 -

Weak sites: 0 to 200 °C; Medium sites: 200 to 400 °C; Strong sites: above 400 °C.

Source: (Berteau and Delmon, 1989); -: events at strong sites region.

To conclude this section, the Figures 5.46 and 5.48 provided a summary about
the total acidities for samples (umolNH3/g), acidities per area (umolNHs/m?) and also
the strength distribution of the sites.

Among the catalysts of Figure 5.46, the Ni-based samples presented the lower
difference of total acidity, about 30 pmolNH3/g or less than 10%. As a first remark, the
interference of Ni over niobia might be inferred. Gnanakumar et al. (2019) cited that a
40 wt.%Ni/NboO; solid had elevated contents of weak and medium sites, conversely to
our samples. Then, the incorporation of Ni into niobia might provide deposit on NbyOs

acid sites. However, further investigation is necessary to confirm the hypothesis.
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Figure 5.46: Total acidities (umolNHs/g)

over TPD studies.
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Figure 5.47: Specific acidities

(umolNH3z/m?) over TPD studies.

w
S
!

29

Total Acidity (umol NHz/m?)
> o 8 &

o

‘ﬁ%m@ﬁ%

T T
NB400 NBAc400 CoNB10 CoNBAc10 NiNB10 NiNBAc10 RuNBO5 RuNBAcO05

o

Catalyst

Figure 5.48: TPD - percentage of weak,

5.2 Reactions Results

Strength Distribution (%)

medium and strong sites.

[ Strong (%) [_] Medium (%) _] Weak (%)|

8= 6= 68— 0= 6 6= 6 6
50 44 50 45 49
63 63 | | 66
50 56 |1 50|55 51
37 37 34
NB;OO NBAICAOO CONIB10 CONBIAC1D N\NIBW NiNBIAC‘KJ Rul\:BOS RuNBIACOS
Catalyst

On this section, the results of conversion and selectivity were explored. It is im-

portant to point out that only xylose (XYL) was identified as pentose, even though other

substances, as xylylose, may exist over the reaction. So our conversion will be assigned

as pentoses conversion (PEN conversion). Furthermore, the other identified compounds
were furfural (FUR), furfuryl alcohol (FA), tetrahydrofurfuryl alcohol (THFA), xylitol
(XOL), levulinic acid (LA) and cyclopentanone (CPO), with their HPLC chromatogra-

phy patterns on Section 7.

It should be also remarked that the supports NB400 and NBAc400 were pre-

viously calcined at synthetic air for 400 °C during 4 h before the reaction. In turn, the
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Co, Ni and Ru based-solids were activated at Hy flow for 400 °C during 2 h.

5.2.1 Catalytic Performance

The Figures 5.49 to 5.50 showed the performance of the calcined NB400 cata-
lyst at 160 °C and 50 bar of Hy pressure. No GVL was detected on any reaction.

Figure 5.49: PEN conversion, FA, FUR
and THFA selectivity - NB400. Figure 5.50: Carbon balance - NB400.
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The Figure 5.49 showed a pentose conversion of 93%, followed by a FUR and
FA selectivities of 16% and 3%, respectively on NB400 solid. Indeed, the conversion was
ca. 90% from 60 min to the end of reaction. Even producing humins, Pholjaroen et al.
(2013) reported an increased catalyst activity on FUR synthesis at elevated temperatures.
Besides, concerning to FUR production, de Carvalho et al. (2019) reported similar out-
comes with niobia in water medium: 92% of XYL conversion and 9% of FUR selectivity.
According to the authors, the formation of carbon deposits over niobic acid was a reason

for reduced FUR selectivity.

During our NB400 reactions, no production of XOL, CPO, GVL or LA was
detected because the NbyOj5 did not provide further metal sites for hydrogenation. How-
ever, a minor production of FA and THFA was detected, with 3% and 1% of selectivity.
Considering this outcome, two hypothesis may be described. First, the BAS content could
have transformed FUR into FA (KARINEN et al., 2011). And second, the excess of Hy on
reaction medium, could make a minor hydrogenation route on N,Os, though no evidence

was pointed out by recent literature.

More specifically, Gupta et al. (2017) demonstrated the presence of water-
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tolerant LAS on N3Oy at 120 °C, which could be another explanation for the high con-
version. Furthermore, de Lima et al. (2021) also reported that a major LAS content on
niobia promoted the formation of soluble byproducts. Therefore, it might explain the
low values of carbon balance on Figure 5.50, with 25% at the end of reaction. It was
corroborated by Figure 5.51 below, where several peaks could not be assigned, especially

from 12 to 20 min of analysis.

Figure 5.51: Chromatogram at HPLC of the reaction system after 6 h of reaction with
NB400 catalyst.
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The Figures 5.52 to 5.53 reported the PEN conversion, selectivity to other
substances and carbon balance on NBAc400 catalyst. There were differences on catalyst
performance compared to NB400. On Figure 5.52, the reported PEN conversion at the
end of reaction decreased from 90% on NB400 to 71% on NBAc400. Besides, the trend of
conversion curve changed from a saturation shape to a linear behavior. The diminution
on conversion might be correlated to the 60% less area on NBAc400 solid, providing more

reactions on surface instead of pores, in agreement with de Lima (2020).

The NBAc400 catalyst provided 45% of FUR selectivity at the end of reaction.
In fact, several researches on literature have confirmed this trend. Tang et al. (2010) used
a similar niobia modified by H3PO,4 on sorbitol dehydration to isosorbide. They reached
the conclusion that the interaction of NB=O groups with adjacent POH and NbOH
species increased the selectivity on dehydration routes. Besides, Pholjaroen et al. (2013)
reported that niobium phosphate increased selectivity to FUR on XYL dehydration, due
to promotion of direct route - without isomers. At last, Termvidchakorn et al. (2017)
used H3PO4-modified carbon catalysts on XYL dehydration and confirmed that the acid-
functionalized solid prevented humins formation, avoiding an excess of LAS groups. Then,

the superior performance of NBAc400 related to FUR frmation might be assigned to the
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presence of the new P groups from acid treatment.

Figure 5.52: PEN conversion, FA, FUR

and THFA selectivity - NBAc400. Figure 5.53: Carbon balance - NBAc400.
T T T T T T T 72 T
° Fm— onversion (%) —A— %.
100 \ o :E;:Jg(%)—v— Ss/'r)HFAA ("/SO)FA i )‘ 64 100 9= .
" N ~
= 80 .\.\ [ . 80 - - |
= °’°<.  mlag S g
5 "= o 8 9 .
S 60 e 40 > g 6o . .
g . — z =
P4 o 24 2 40
i} S
o 20+ ././ 16 ©
! 20 1
L8
0 .
e s 0 0

T T T T T T T T T T T
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Time (min) Time (min)

The NH3-TPD results showed an incorporation of medium acid groups on
NBAc400 solid compared to NB400 (50% vs 63%).Zhu et al. (2017a) used a similar acid-
modified niobia solid, and treated solid could improve the 5>-HMF selectivity on fructose
dehydration. The researchers reported that the incorporation of phosphorous by acid
treatment also contributed to stronger acid groups P-OH. Then, the P groups on NBAc400
contributed to stronger acidity and could shift the reaction to FUR synthesis.

Conversely with NB400, the NBAc400 catalyst presented low contents of hy-
drogeneation route products - 0% of FA and THFA as reported on Figure 5.52. In contrast,
the Figure 5.53 showed a final carbon balance of 61% on NBAc400 reaction, which may be
related to the superior FUR formation. Carniti et al. (2006) demonstrated that niobium
phosphate deactivated less rapidly than niobium oxide due to less humins formation on

fructose dehydration.

In addition, it was reported that the phosphate groups were more active in
polar and protic media, as water or ethanol (CARNITI et al., 2006). Therefore, the acid
treatment could improve the carbon balance at NBAc400 support. This is reinforced by
the HPLC result on Figure 5.54, showing less unidentified peaks than NB400 from the

region of 12 to 20 min.
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Figure 5.54: Chromatogram at HPLC of the reaction system after 6 h of reaction with
NBAc400 catalyst.
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The Figures 5.55 to 5.56 showed the catalytic performance of Co solid CoNB10.
Conversely to the support NB400, the final PEN conversion reported on Figure 5.55 was
ca. 99%. Also, besides the FUR selectivity of 5%, a considerable amount of FA and THFA
were produced - 14% and 5% of selectivity, respectively. In this situation, the influence

of both support NB400 and active phase CoO were studied.

Figure 5.55: PEN conversion, FA, FUR

and THFA selectivity - CoNB10. Figure 5.56: Carbon balance - CoNB10.
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With regard to FA production from FUR, the control of hydrogenation is a
major concern, once there is a competition between C=C and C=0 bonds on FUR (WANG
et al., 2020). In addition, Parikh et al. (2019) established that the metals of group IB (Co
and Cu) do not saturate C=C bond, making the furan ring not reactive. In fact, the XPS
results of Figure 5.27 showed that major species on CoNB10 surface was CoO (Co*").
Liu et al. (2019) did not report metal Co sites on Co/SiO, solids on temperatures lower
than 500 °C because Co induced many oxygen vacancies on catalytic system. Therefore,

there were evidences for the existence of CoO species on CoNB10.



CHAPTER 5. RESULTS AND DISCUSSIONS 109

However, there was not an agreement on literature about the activity of Co?,
CoO and CozO4 on FUR hydrogenation. According to Audemar et al. (2015), the pres-
ence of metal Co® sites were essential to FA production. On the other hand, the DFT
calculations of Nguyen-Huy et al. (2019) demonstrated that the cleavage of -OH group on
FA was easier on CoO than in Co, showing then, higher activity to FUR and FA hydro-
genation. Also, Wang et al. (2020) reported that a bulk CoO catalyst induced the FUR
reduction to FA and THFA on water at 120°C and 10 bar Hy pressure. They pointed out
that the THFA production was promoted due to the cleavage of C-OH bond on FA to
THFA on CoO solids. Therefore, the presence of THFA might exist due to CoO sites on
CoNB10.

It was reported a minor production of LA and CPO with 1% of selectivity
for both compounds. The literature reported excess of water as a reaction media for LA
production from FUR over water and acidity, because of the FUR ring opening (ALBILALI
et al., 2018). In addition, the H" acidity and the reduction of FUR may produce CPO
(HRONEC AND FULAJTAROVA, 2012). Also, (JIANG et al., 2018) reported that low
dissolution of FUR on water did not provide high reaction rates and exposure to further
hydrogenation paths. Then, the use of water as solvent and the low hydrogenation of

CoO might explain the low formation of LA and CPO.

The final value of carbon balance of CoNB10 solid was 27% at Figure 5.56.
It could be assigned as an influence of support NB400 that presented 20% of this value.
Again, the HPLC on CoNB10 on Figure 5.57 remained to show unidentified products
from 14 to 20 min. The incorporation of Co oxides on niobia surface could also produce
LAS that are responsible for the generation of more soluble products. As example, the
studies of Mekhemer et al. (1999) and Dewangan et al. (2019) demonstrated that Co™
species on silica and alumina surfaces could enhance the formation of potential Lewis acid
sites. Therefore, aside from the water-tolerant LAS from niobia support, there could be

the existence of LAS from CoQO, curbing the carbon balance.

In addition, the Figure 5.57 expressed the HPLC results at the end of the
reaction for the CoNB10 solid. Specially for the 12 to 20 min region of the unidentified
prodcuts, the CoNB10 catalyst had a similar pattern compared to NB400. Also, the

incorporation of Co had increased the contents of FA and THFA, even with minor contents

of CPO and LA.
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Figure 5.57: Chromatogram at HPLC of the reaction system after 6 h of reaction with

CoNB10 catalyst.
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The Figures 5.58 to 5.59 showed the catalytic performance of Co solid CoN-
BAc10. Except for a growing trend, the final PEN conversion was 90%, as provided on
Figure 5.58, a similar value compared to 98% on CoNB10. Furthermore, the FA and
THFA selectivities were 9% and 3% respectively. The reduced FA production could occur
once a FUR content of 11% was reported after 6 h of reaction. Then, the incorporation

of P on niobia support had influenced the performance of CoNBAc10 solid.

Figure 5.58: PEN conversion, FA, FUR
and THFA selectivity - CoNBAc10. Figure 5.59: Carbon balance - CoONBAc10.
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The major species on CoNBAc10 surface was CozQy, as described by Figure
5.28. Tt is a mixture of Co*" and Co*" (NORONHA et al., 1999). In conformity with re-
cent researches, Co304 (CoNBAc10) provided less formation of FA than CoO (CoNB10).
Nguyen-Huy et al. (2019) reported that Co3O4 showed little activity for FUR hydrogena-
tion on liquid phase, and Wang et al. (2020) pointed out 0% of FA selectivity on FA
production in water. Moreover, when CozO4/SBA-15 solid was reduced to Co/SBA-15 at
500°C, the obtained FA yield increased from 0% to 88% (AUDEMAR et al., 2015).
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Second, the acid treatment inserted new P groups on CoNBAc10 surface, es-
pecially phosphates (Figure 5.31). As far as researched, no work about acid treated niobia
for FUR hydrogenation was found. However, Liu et al. (2021) produced a modified TiOx
catalyst with a similar H3POy treatment for the acetalization of FUR. The paper de-
scribed that the acid treatment had created potential BAS (PO,*) on titania surface.
However, those new groups not only had contributed to lower FA formation, but also
modified the binding energy of Hy over catalyst surface (L1U et al., 2021). Besides, a
recent outcome published by Fang and Riisager (2022) established that elevated acidities
(above 300 umol/g) contributed to reduced FA formation on aluminum-phosphates cata-
lysts. Then, the P incorporation from the acid treatment could have damaged the FUR

conversion on further products.

Only 0.5% of LA formation was detected on CoNBAc10 solid. In addition, the
production was reported after 240 min of reaction. So, this could be another indication
of the outcome of acid treatment on further FUR reactions of CoNBAc10. Nonetheless,
the reduced PEN conversion and increased FUR formation did not improve the carbon
balance on Figure 5.59 - 32% at the end of reaction, compared to 27% on CoNB10 sam-
ple. Especially on the HPLC on Figure 5.60, the unidentified peaks had lower intensity.
Furthermore, humin formation was also present. Then, the acid treatment on CoNBAc10
reduced the selectivity of products from FUR hydrogenation rather than improving both
routes (XYL dehydration and FUR reduction).

Figure 5.60: Chromatogram at HPLC of the reaction system after 6 h of reaction with
CoNBACc10 catalyst.
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The Ni catalyst NINB10 had their catalytic performances expressed from Fig-
ures 5.61 to 5.63. Despite the elevated XYL conversion (98% at the end of reaction), the
catalyst remained inactive up to 45 min of reaction. This could be an influence of the

low superficial area (36 m?/g), once the reaction could take place on the surface. Besides,
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once the NiNB10 sample was not totally reduced, the activation of the catalyst by H, at-
mosphere could take some time, generating then the profile of Figure 5.61. Furthermore,
different trends were related to FA, THFA and other products. At Figure 5.61, the final
selectivity of FA and THFA were 16% and 6%, respectively. However, the FA selectivity
presented a peak of 32% at 60 min and the THFA selectivity one with 6% at 180 min.

Besides, the FUR selectivity during all the reaction was 0%.

Figure 5.61: PEN conversion, FA, FUR Figure 5.62: Selectivity to XOL, LA, CPO

and THFA selectivity - NiNB10. and GVL - NiNB10.
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Figure 5.63: Carbon balance - NiNB10.
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The Figure 5.62 also pointed out several differences to the previous Co-based
catalysts. At 60 min, the LA selectivity was 44%, though it reduced to 16% at the end
of reaction. The CPO selectivity was also superior than Co solids - 3%. Even the XOL
production was identified, with 2% after 360 min of reaction. So, the presence of Ni and

NiO on NiNB10 must be studied.

No Ni/NbyO5 catalyst was found on literature research for the XYL to FA

reaction. However, some works might draw varied conclusions of the NiINB10 performance.
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Yu et al. (2014) demonstrated that Ni° had adsorved liquid FUR on furan ring and
carbonyl groups, i.e., on C=C and C=0 bonds, which promoted further hydrogenation
to other products, like THFA, CPO and 2-MF. As a result, Ni particles were reported
as non-selective catalysts to FA production, due to lack of control on hydrogenation
step [(YAN et al., 2014), (O’'DRISCOLL et al., 2017), (GUO et al., 2019)]. In fact, the
hydrogenation route could have been more favored than the dehydration, once XOL was

produced and no FUR was identified.

The Ni content on NiNB10 sample was close to 10 wt%. Hu et al. (2019a)
reported that non-uniform sites on Ni/alumina solids lead to generation of THFA. They
also remarked that elevated Ni contents curbed metal dispersion and promoted excessive
FA hydrogenation and hydrogenolysis, producing THFA and CPO (Hu et al., 2019a). Tt
was also confirmed that the presence of water on FUR hydrogenation generated 1-pentanol
and 1,5-pentanediol from FA (MERAT et al., 1990). For those reasons, the presence of Ni
sites and water on NiNB10 caused not only an uncontrolled FUR hydrogenation to FA,
but also the production of THFA, LA and CPO.

The carbon balance on Figure 5.63 showed improvements, with a final value of
45% at the end of reaction. However, the value showed decrement along the reaction.Merat
et al. (1990) linked the reduction of activity Ni catalyst on FUR hydrogenation due to
poisoning and deactivation of the solid. Besides, loss of performance on NiO catalyst
during FA production was reported due to adsorption of organic species (HE et al., 2018).
Those results could support the formation of resins on Ni catalysts. In fact, the XPS
results on Table 5.9 confirmed the presence of NiO on NiNB10 surface. Then, the NiO

could had produced undesired products, as resins.

Conversely to NB400 and CoNB10 solids, the HPLC result for the NiNB10
solid remained with unidentified peaks, especially from the region between 16 and 20
min. As expressed on Figure 5.64, another special region on NiNB10 sample was from
23 to 25 min. Then, the support of niobium oxide could have influenced the formation
of those products. Indeed, Gnanakumar et al. (2019) related that a 40 wt.%Ni/NbyOs
catalyst was practically a Lewis catalyst, which could increase the formation of soluble

products from XYL.
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Figure 5.64: Chromatogram at HPLC of the reaction system after 6 h of reaction with
NiNB10 catalyst.
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Conversely to CoNBAc10, the NiINBAc10 solid produced less hydrogenation
products, as exposed from Figures 5.65 to 5.67.

Figure 5.65: PEN conversion, FA, FUR Figure 5.66: Selectivity to XOL, LA, CPO

and THFA selectivity - NINBAc10. and GVL - NiNBAc10.
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Figure 5.67: Carbon balance - NINBAc10.
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On Figure 5.65, the final PEN conversion was 87%, ca. 10% less than NiNB10.
However, low contents of FA and THFA were reported on Figure 5.66, with 3% and 5%
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respectively. Furthermore, the final selectivities for XOL, LA and CPO had also reduced
with acid treatment - 2%, 14% and 1% each. Finally, even with less PEN conversion, the
carbon balance did not show improvements - 34% on Figure 5.67. Then, the influence of

the acid treatment on Ni catalysts should be studied.

As aremark, the HPLC of NINBAc10 still presented unidentified products from
14 to 23 min region, as observed over the NiINB10 reaction. The Figure 5.68 also reported
larger peaks from XYL, which detoned lower conversions and lower intensity peaks of FA

and THFA, in accordance with the reduced formation of hydrogenation products.

Figure 5.68: Chromatogram at HPLC of the reaction system after 6 h of reaction with
NiNBAc10 catalyst.
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Compared to NiNB10 solids, there were presence of Ni, NiO and Nby,Os5 on
surface. The major differences of NiNBAc10 relied on the incorporation of P groups on
surface and the amorphous structure. Recently, Gao et al. (2021) studied the effects of P
on a Ni/Al,Oj3 catalyst for an oriented CPO synthesis from FUR. The research pointed
out that the order of impregnation of Ni and P were crucial for FUR reactions. When
P was added after the Ni impregnation, the catalyst inhibited the metal activity for
hydrogenation, i.e. because the method had modified the distribution of acidity and it
had produced NiP (nickel phosphides). Therefore, as the acid treatment was separated
of metal loading, this could be a possible reason for the reduced selectivity of FA, THFA,
LA and XOL.

The list of Figures 5.69 to 5.71 provided the conversion, selectivities and carbon
balance profiles for RuNBO05 solid. On Figure 5.69, after 150 min of reaction, the PEN
conversion was 99%, providing the highest value of all catalysts. Besides, the FA selectivity

reached a peak of 65% on 30 min, decreasing to ca. 17% at the end of reaction. On the
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contrary, the THFA reached 20% on 60 min, reaching the same value at the end of reaction.

No FUR was detected on reaction.

Figure 5.69: PEN conversion, FA, FUR Figure 5.70: Selectivity to XOL, LA, CPO

and THFA selectivity - RuNBO5.

and GVL - RuNBO05.
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Figure 5.71: Carbon balance - RuNBO05.
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The Figure 5.70 also displayed a considerable LA and XOL selectivity on

30 min - 65% and 31% respectively. Conversely to FA profile, both substances had

presented a sharp decrease on the selectivity, with 39% and 14% for each. However, those

reductions on selectivity did not damage the carbon balance on Figure 5.71, once it was

90% at the end of reaction, the highest value among the studied catalysts. (RAMIREZ-

BARRIA et al., 2018) reported that the use of RuCls as precursor did not reduced the

PEN conversion or FUR hydrogenation, in agreement with our results.

One possible reason for the direct hydrogenation products, as XOL, is the

reduced area of the RuNBO5 catalyst. This sample presented the lowest value of superficial

area - 25 m?/g, then, most of the reactions might take place on catalyst surface. Besides,

the Hy activation on 400 °C might had induced an excess of metal sites on catalytic
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surface, producing direct hydrogenation routes.

The Figure 5.72 provided a HPLC result after 6 h for the RuNBO05 solid.
Compared to the other chromatograms, the trend for the formation of hydrogenation
products (XOL, FA, LA and THFA) was confirmed. Also, the content of unidentified

peaks was lower, in agreement with the 90% of carbon balance at the end of the reaction.

Figure 5.72: Chromatogram at HPLC of the reaction system after 6 h of reaction with
RuNBO05 catalyst.
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Several researches had studied the XYL and FUR aqueous hydrogenation us-
ing Ru catalysts. Ramirez-Barria et al. (2018) cited that the FUR reduction on water
is damaged due to low solubility of Hy and bonds HyO-Ru, changing the Hy coverage on
catalyst surface. At the same time, temperatures above 100°C could shift the transfor-
mation of FA into THFA, CPO and 1,5-pentanediol (RAMIREZ-BARRIA et al., 2018). As
no CPO was identified on reaction and the XPS analysis showed Ru on RuNBO05 surface,

it could draw some conclusions about the a total FUR hydrogenation.

Delbecq and Sautet (1995) reported that a large band of d-orbital caused
an electronic attraction of C=C bond, inducing also partial hydrogenation. However,
metal sites of Ru contain a reduced d-band, curbing partial reduction and causing a total
hydrogenation (Musct et al., 2017). One solution reported was the use of a base metal -
Sn or Co - to stretch this band and to change the adsorption mode (MUSCI et al., 2017).
Then, this could explain the production of THFA and LA on RuNBO05 reaction.

It was also reported that metal Ru is the central site for XYL hydrogenation
to XOL. In addition, the LAS sites could induce to XOL selectivity (MISHRA et al., 2013).

So, the presence of Ru and niobia could explain the elevated XOL selectivity at 30 min
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of reaction. Furthermore, the XYL hydrogenation to XOL on water produced arabitol
(a side-product from XOL hydrogenation) on temperatures above 100 °C. Therefore, the
arabitol may be one of the products of RuNBO05.

To summarize the RuNB05 analysis, some researches had pointed out the
loss of activity of Ru catalysts after FUR hydrogenation. Musci et al. (2017) cited the
resin formation on catalyst surface and Ramirez-Barria et al. (2018) demonstrated the
adsorption of FA on catalyst due to increase of oxygen content - RuO, formation. Then,

the oxophilicity of Ru might have produced Ru oxides after the reaction cycle.

The Figures 5.73 to 5.75 showed that the acid treatment had caused differences

on RuNBAc05 catalytic performance.

Figure 5.73: PEN conversion, FA, FUR Figure 5.74: Selectivity to XOL, LA, CPO

and THFA selectivity - RuNBAc05. and GVL - RuNBAc05.
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Figure 5.75: Carbon balance - RuNBAc05.
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Despite the elevated PEN conversion - ca. 99% - the selectivity of FA, THFA,
XOL and LA were modified. On Figure 5.74, no FA was produced, though the final

selectivity of THFA was 8%. Furthermore, the XOL selectivity was maintained at 28%
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from 60 to 360 min. At the same time, the LA selectivity was 4%. Those reduced
selectivities had curbed the final carbon balance to 38%, as expressed on Figure 5.75.

Then, there were influences of the acid treatment on the Ru based catalyst.
The HPLC result of the RuNBAcO5 reaction after 6 h also showed reduced
peaks for LA and THFA - Figure 5.76. Neither FUR nor FA were detected on the peaks.

In addition, compared to RuNBO05, the carbon balance was reduced from 91% to 31%,

then the formation of other products that could not be identified might have occurred.

Figure 5.76: Chromatogram at HPLC of the reaction system after 6 h of reaction with
RuNBACc05 catalyst.
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The recent results of Fovanna et al. (2020) showed the influence of the in-
corporation of P on Ru/Al,O3 catalysts. On FUR reduction to FA, the FA yield was
reduced from 77% to 65%. According to them, the treatment had increased the content
of BAS on samples, which generated co-products with FUR. Furthermore, the presence of
P promoted the coexistence of Ru-RuO, on surface decreasing, then, the hydrogenation
route. However, there were not indications about the influence of P loading on catalysts.
All in one, conversely to CoNBAc10 and NiNBAc10, the acid treatment attenuated the

selectivity to hydrogenation products.

To sum up, the Tables 5.12 and 5.13 of this section summarized all results
for PEN conversion, selectivities and yields of out eight studied catalysts. It should be
pointed out that the acid treatment decreased the production of products concerning to

FUR and further hydrogenation.
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Table 5.12: Summary of catalyst performance - PEN conversions (%), selectivities (%)

and carbon balance (%) after 360 min.

Catalyst ~ Xppn Sra  Stura  Srur  Sxon Spa Scro Scve CB
NB400 93 3 0 16 0 0 0 0 25
NBAc400 71 0 0 45 0 0 0 0 61
CoNB10 99 14 5 5) 0 1 1 0 27
CoNBAc10 90 9 3 11 0 1 0 0 32
NiNB10 98 16 6 0 2 16 3 0 45
NiNBAc10 87 3 5 0 2 14 1 0 34
RulNBO05 99 17 20 0 39 14 0 0 91
RuNBAc05 99 0 8 0 27 4 0 0 38

Table 5.13: Summary of catalyst performance - yields to products(%) after 360 min.

Catalyst ~ Ypa Yrtura Yrur YxoL Yra Ycro Yaovi CB
NB400 3 0 16 0 0 0 0 25
NBAc400 0 0 32 0 0 0 0 61
CoNB10 14 5) 5) 0 1 1 0 27
CoNBAc10 8 3 10 0 1 0 0 32
NiNB10 16 6 0 2 16 3 0 45
NiNBAc10 2 4 0 2 13 1 0 34
RuNBO05 17 20 0 39 14 0 0 91
RuNBAcO5 0 8 0 27 4 0 0 38

Furthermore, the RuNBO05 solid was compared to similar works on literature

concerning to FA production on Table 5.14. It should be pointed out that even though

our research used only water as solvent, the results of FA yield were close to the literature.

Besides, the majority of works studied noble metals, due to higher hydrogenation capacity

and isopropanol as co-solvent, in order to solubilize FUR and prevent side reactions (Hu

et al., 2014).
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Table 5.14: Comparison of RuNBO05 to researches on direct FA production from XYL.

Catalyst/ T  pH, Yield (%)
Support ¢C) (ban) Solv.  Co-solv. FA THFA XOL Reference
Ru/NbsO5 160 50 H,O - 17 20 39 This work
Ru/C 165 25 CHE H),O 1 21 1 Ordomsky et al. (2013a)
Pt/SiOq* 170 - H,O IPA 12 n.r. 2 Perez and Fraga (2014)
Pt/SBA-15** 130 30  HO [PA 47 nr. 5 Canhaci et al. (2017)
(Al)-SBA-15 150 - H,0O IPA 13 nr. .. Perez et al. (2019)
Cu/SBA-15* 130 30 H,O BUT 60 nur. 4 Deng et al. (2020)

*. mixed with ZrO,-SOy4, **: sulfonated SBA-15, CHE: cyclohexene, IPA: isopropanol,
BUT: 1-butanol, n.r.: not reported, -: Ny was used instead of H,.

5.2.2 Leaching - Metal Catalysts

The liquid phase reactions provide several issues about metal leaching on the
catalysts, once water is a polar and abrasive medium. Therefore, the heterogeneous
catalysis over water remains as a challenge, especially for base metals, like Mo, Co and Ni
(VEMIC, 2015). The Figures 5.77 and 5.78 provided the results of EDX before and after

one reaction cycle.

Figure 5.77: EDX - Metal content before Figure 5.78: EDX - Metal and P contents
and after the reaction (CoNB10, NiNB10 before and after the reaction (CoNBAc10,

and RuNBO05). NiNBAc10 and RuNBAc05).
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The Figure 5.77 reported little modifications on Co loading after the reaction

(9.1% vs 8.9%). On the contrary, both Ni and Ru contents were decreased after only one
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reaction. The Ni amount was reduced from 9.6% to 8.5%, whereas Ru was curbed from
3.0% to 2.3%. Those values had represented a loss of 11% and 23%, respectively. Then,
an evident leaching of Ni and Ru took place on NiNB10 and RuNBO05 solids.

Nakagawa and Tomishige (2010) related Nileaching on a bimetallic Ni-Pd/SiOx
catalyst on water on 5-HMF hydrogenation. They reported the low interaction of Ni ox-
ides on acid medium as a possible reason. Piskun et al. (2016) pointed out a minor Ru
leaching on Ru/C solid on LA hydrogenation on water due to increased particle sizes. So,
the existence of metal sites on NINB10 and RuNBO05 could have provided an active phase

leaching on water.

On Figure 5.78, it was noted that the acid treatment also changed the catalyst
leaching. The Co content was reduced from 10 wt% to 5 wt% - almost 50% of loss. A
similar trend took place on Ni and Ru. The NiNBAc10 solid reduced the Ni amount from
8.4 to 6.6 wt%, a reduction of 20%. Besides, the similar 20% decrement on Ru amount
was reported on RuNBAc05 - 4.8 to 3.8 wt%. Therefore, there was some influence of
P incorporation into metal losses. However, our acid treatment showed opposite trends
related the literature. Their Ru impregnation on P-Al;O3 improved metal dispersion and
also had strengthened the interaction between Ru and alumina. By contrast, not only the
metal content had decreased, but also the P amount on NiNBAc10 and RuNBAc05 - 11

and 18 wt% respectively.

Nakagawa and Tomishige (2010) and Vemic (2015) also pointed out the ele-
vated acidity as an issue for catalysts leaching. However, the elevated acidity could be
provided due to leaching of P groups or the formation of acid products from acid treat-
ment that changed the acid medium. Therefore, regarding to acid treatment on niobia,

it had not improved the catalyst stability after the cycles.
5.3 Concluding Remarks - Characterizations/Results

and Discussions

e The TWI method curbed the superficial area of the catalysts. For example, as the
support NB400 presented 120 m?/g of area, the RuNB05 solid had only 25 m?/g,
more than 60% of area loss. On the contrary, the metals supported on acid support

NBAc400 increased their areas, probably due to a reorganization of catalyst surface.
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The H, activation procedure after the IWI probably had produced new pores on the

previous collapsed ones.

e Aside for the RuNBO5 catalyst, the SEM /EDX results showed that the active phase
content was close to the nominal values. Furthermore, there was detection of P on
acid treatment, showing that P groups had resisted to calcination and Hy activation

steps.

e Except for the NiNB10 solid, all other catalysts had low crystalline contents, once
the crystallization temperature of the NB400 support is 500 °C and the calcination
took place at 400 °C. Concerning to NiNB10, the literature previuosly reported that
elevated Ni contents on NbyO5 had induced to both metal and support crystalliza-
tion. In addition, the acid treamtment had modified the crystallization events, once

the NiNBAc10 solid only had Ni events and no niobia events.

e The TPR outcomes demonstrated several differences between the solids with or
without acid treatment. The P-modified catalysts CoNBAc10, NINBAc10 and RuN-
BAc05 had lower Hy uptakes related to the non-modified ones, with differences up
to 50% in the case of CoONBAc10. Then, the acid treatment could have changed the
catalyst surface, curbing the activation of metals particles. Furthermore, most H,
intakes were about 50% compared to the theoretical value. It could be an indica-
tion of low metal exposure on those catalysts. So, the IWI could reduce the catalyst
area, and also difficult further reduction of metals compared to other methods of

impregnation.

e In accordance with EDX, the XPS results presented P on the samples with acid
treatment. The researched articles reported that those groups could be phosphate
and/or phosphides. Concerning to Co based-catalysts, both Co solids showed a
majority of oxides on their surfaces - CoO and Co30y4, probably because the reduc-
tion temperature was lower than the Co® formation. The Ni solids had NiO and
Ni® particles, contributing to the existence of metal sites. And the Ru solids only
presented RuY sites after the activation on H, flow. Nonetheless, those results were

prior to the reaction because the water medium could modify catalyst structure.

e The support NBAc400 had 63% of medium sites, whereas the NB400 had 50%.
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So, the acid treatment changed not only the surface but also the strength of sites
on catalysts. However, all the metal catalysts presented events with NH3 molecule
after 400 °C, like strong adsorption (Co) or even NHj3 decomposition (Ni and Ru).
Besides, it was not possible to determine whether those desorptions occurred due
to decompostion or even P groups releasing of acid treatment. Then, it was not

possible to assign the existence of strong sites on those solids.

e Comparing NB400 and NBAc400 reactions, the influence of acid treatment was
noted. The FUR yield after 6 h was 16% and 32%, respectively. So, the acid
treatment had influenced the catalyst performance. The Co solids produced FA
with 14% and 8% of yield each, also with FUR production. However, no FUR
was detected on Ni and Ru catalysts. On the contrary, there was notable XOL
production on Ru catalysts, probably due to the presence of metal sites. Especially
on RuNBO05, the final XOL yield was 39% as XYL solubility on water was higher than
FUR. Furthermore, on the acid-treated solids, less production of FUR hydrogenated
compounds was related. Then, the acid treatment on the concentration of 1 mol/L

decreased the PEN conversion and the selectivity to hydrogenation products.

e Even after only 1 cycle of reaction, some catalysts samples showed metal leaching.
In fact, the catalysts with acid treatment (CoNBAc10, NiNBAc10 and RuNBAc05)
had the highest metal leachings - up tp 50 wt.% of active phase on CoNBAc10.
Two possible causes were related: the incorporation of P weakened the interaction
between metals and acid-niobia and/or the leaching of P increased the acidity of
medium dissolving the metals. Even though it was not possible to conclude the
determinant reason for that, it was demonstrated the acid treatment reduced the

stability of our solids after the reaction.



CHAPTER 6. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORKS 125

Chapter 6

Conclusions and Suggestions for Future Works

6.1 Conclusions

The results presented on our work demonstrated that all metal supported
niobia based catalysts were active both for xylose dehydration and furfural hydrogenation
into several products, like furfuryl alcohol (FA), levulinic acid (LA) and so on. Moreover,

the influence of a P-based acid treatment on niobia support was also studied.

The incipient wetness impregnation led to reduced areas on non-treated solids,
due to higher diffusion and obstruction of catalyst pores. Besides, all catalysts were non-
crystalline, except for NiNB10 solid, which presented and event of support and metal
crystallization because of the interference of Ni on niobia. Furthermore, the TPR and
XPS results showed low possibility of reductions for Co and Ni at 400 °C, leading to
an increased portion of oxides on catalyst surface. During the reactions, the three solids
(CoNB10, NiNB10 and RuNBO05) produced FA after 6 h (ca. 15% of selectivity). However,
on CoNBI10 a final FUR selectivity of 5% was reported, which was not found on NiNB10
and RuNBO05, probably due to the presence of metal sites. One possible reason was that
even the existence of Co oxides on surface could catalyze the FUR further conversions. In
addition, the NINB10 and RuNBO05 solid also produced LA and XOL. The first had 16%
and 2% on final selectivities, and the second had 14% and 39%. Then, those catalysts
were more pronounced to synthesis of further hydrogenation products, probably due to a
higher content of metal sites. However, aside from the RuNBO05 catalyst, the Co and Ni
solids did not have suitable values for carbon balance, with 27% and 45%, respectively. On
those situations, we could point out several causes for those decrements: the production
of humins, the production of non-identifed products on HPLC analyses and even the
formation FA resins. In addition, the calcined niobia support could also had generated

XYL isomers, which were not accounted on the HPLC results.

Concerning to P-modified solids, some differences were noted on characteriza-
tions and reaction results. The support NBAc400 was more selective to FUR, with 32%
of yield instead of 16% of NB400. So, at least on support, the acid treatment induced
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an oriented production of FUR. However, the acid treatment did not improve the perfor-
mance of metallic phases. As example, despite the higher areas, the FA yield was reduced
on all solids - CoNBAc10, NiNBAc10 and RuNBAc05. Indeed, the CoNBAc10 provided
only 8% of FA yield (almost 50% less than the non treated catalyst), NINBAc10 had only
2% of FA yield (on NiNB10 it was 16%) and RuNBAc05 did not produce FA. Therefore,
the acid treatment did not transform those solids into a bifunctional performance, i.e., to
shift XYL conversion into FUR without damaging hydrogenation route. On the contrary,
it was noted that the selectivity and yields of FUR hydrogenation products were reduced
with that feature. Several causes might be related to the loss of performance: the incor-
poration of potential BAS changed the energy barrier for hydrogenation, the formation
of phosphides on catalysts during reduction and even the steric hindrance on surface.

However, for a more precise conclusion, further analyses are required.

The leaching experiments also demonstrated that the acid treatment did not
improve the metal stability after one cycle of reaction. On NiNBAc10 and RuNBAc05,
a metal leaching of almost 30% was detected, and also a P loss of 20%. Therefore, the

inclusion of P groups on the concentration of our study has damaged the catalysts reuse.
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6.2 Suggestions for Future Works

During this work, we hope to reach some insights about the lignolcelluosic
biomass conversion. We have seen that the XYL conversion to FA was not easy, and that
our catalyst need to de designed with a balance of acid and metal sites. Furthermore, the
concentration of 1 mol/L of the acid treatment was not suitable for the direct conversion,
but other concentrations might be studied. Therefore, we propose suggestions for future

works in this research field.

e Reuse of catalysts on reactions.
e Investigation of acid treatment on different concentrations.

e Use of bimetallic combinations: Co-Ru, Ni-Ru and Ni-Co.
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Chapter 7
Appendix
Figure 7.1: SEM analysis for Figure 7.2: SEM analysis for
CoNB10 catalyst. NiNB10 catalyst.
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Figure 7.3: SEM analysis for Figure 7.4: SEM analysis for
RuNBO05 catalyst. CoNBACc10 catalyst.
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Figure 7.5: SEM analysis for Figure 7.6: SEM analysis for
NiNBAc10 catalyst. RuNBAc05 catalyst.
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Figure 7.7: SEM - NB400 after

reaction.
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Figure 7.9: SEM - CoNB10

after reaction.

EHT-20.00 kU
I Probe- 1600 pa

LRAC/FEQ
UNICAMP

Mag- 6.0 K X WD= 25 mm__ Detector- SEL

Figure 7.11: SEM - NiNB10

after reaction.
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Figure 7.8: SEM - NBAc400

after reaction.
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Figure 7.10: SEM -
CoNBAc10 after reaction.
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Figure 7.12: SEM - NiNBAc10

after reaction.

LHT-20.08 KV LRAC/FEQ
TProbe- 108 pa W= 25 mm  Detector= SE1 UNTCAHMP

Mag- .60 K X



CHAPTER 7. APPENDIX 158

Figure 7.13: SEM - RuNBO05 after Figure 7.14: SEM - RuNBAc05

reaction. after reaction.

EHT=26.08 KV - LRAC/FEQ
Mag= 6.08 K X 1 Probe= 180 pA uD= 25 mm  Detector= SE1 UNICAHP

ENT-26.00 KV LRAC/FEQ
I Probe= 108 pA WD= 25 mm  Detector= SE1 UNICANP

i
Mag= 6.00 K X

Figure 7.15: HPLC pattern analysis - XYL.
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Figure 7.16: HPLC pattern analysis - XOL.
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Figure 7.17: HPLC pattern analysis - FA.
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Figure 7.18: HPLC pattern analysis - THFA.
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Figure 7.19: HPLC pattern analysis - LA.
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Figure 7.20: HPLC pattern analysis - GVL.
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Figure 7.21: HPLC pattern analysis - CPO.
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Figure 7.22: HPLC pattern analysis - FUR.
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