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Abstract

Succinic acid (SA) was identified as one of the most potentially bio-derived platform chemicals which
can be converted to a number of value-added products via hydrogenation, esterification, and amina-
tion reactions. Among these main three conversion routes of SA, the hydrogenation is by far the most
investigated transformation due to the importance of its products including ~-butyrolactone (GBL),
tetrahydrofuran (THF), and 1,4-butanediol (BDO). However, the selective hydrogenation of SA is gen-
erally a challenging reaction due to the low electrophilicity of the carbonyl group and the complexity
in its reaction pathways, which have provided a strong spur for chemists to design effective catalysts
for this transformation. Despite that, the heavy dependence on precious metals such as Pd, Pt, Re,
Ir, Ru, and Rh in previously reported catalysts is economically disadvantageous, which possibly limits
them from industrial applications. Therefore, the studies embodied in this thesis aim to develop efficient
earth-abundant metal-based bimetallic catalysts for selective hydrogenation of SA to BDO, THF, and
GBL.

In the initial attempt to search for a suitable catalyst system, hydroxyapatite (HAP) supported Cu,Pd,
(x4+y = 10 wt%) was found to be potential bimetallic catalysts for the production of BDO from SA. The
effect of metal ratio was examined and the CugPds/HAP was found to be the best catalyst, affording a
high selectivity of BDO (>80%) at a quantitative conversion of SA. A strong Cu-Pd interaction resulted
from alloying formation led to an enhanced catalytic activity to the intermediate GBL, compared to that
over the Cuyo/HAP monometallic catalyst. While on the other hand, the Cu-rich CuPd nanoparticles
(NPs) suppressed the over-reactivity of Pd, preventing the side reaction to butyric acid (BA), which is
typically encountered in the Pd;o/HAP monometallic catalyst. Subsequently, the Cu species that existed
closely to CuPd alloying NPs promoted further hydrogenation of GBL, achieving BDO with high yield.

Since the metal-support interaction can have pronounced effects on the catalyst structures and thus
their catalytic performances, the influences of various supports i.e., SiOg, TiO2, and v-AlyO3, on the
constructions of Cu-rich CuPd alloy nanoparticles (NPs) were investigated. In-depth characterizations
revealed that randomly homogeneous CuPd NPs were prevalently constructed on TiOs and SiOs, whereas
the heterogeneous CuPd alloy NPs with a great extent of Cu segregation were dominantly formed on
~v-Al;O3. As a result, the catalytic activity and product selectivity are distinctly different among these
catalysts. Particularly, a selectivity of GBL (90%) can be attained over the CuPd/TiOy catalyst at
73% conversion of SA, which was attributed to the presence of large CuPd NPs preventing further
hydrogenation of GBL and lowering the catalytic activity. On the other hand, higher activity and
selectivity toward BDO of CuPd/SiO2 were ascribed to its small CuPd NPs and the presence of isolated
Cu species which promoted the formation of BDO at a high yield of 86%. Notably, the strong Lewis acid
sites in the CuPd/y-Al;O3 was revealed as the decisive factor in the formation of highly selective THF

with 97% at a quantitative conversion of SA.



To broaden knowledge in the v-Al,O3 supported CuPd catalysts, the influence metal ratio on the
catalytic performance has been extended. Excellent catalytic performance toward THF was achieved over
the Cu-rich CugPd4/v-Al2O3 and CugPdy/y-AlsO3 catalysts, achieving the product yield and selectivity
of 85-90%. In addition, the present catalyst can maintain its high activity and selectivity for several
recycling runs under high temperature and pressure conditions. Extensive characterization methods
revealed that major factors that were responsible for the superior performance and stability of this
catalyst for THF production include CuPd alloy NPs with isolated Cu species and strong Lewis acid sites
of the v-Aly03 support. The strong interaction in CuPd alloy NPs resulted in the enhanced reactivity
compared to that of the monometallic Cu, while the Cu-rich component helped to restrain the strong
reactivity of Pd species which favors the formation of BA. Alternatively, the Cu-rich CuPd NPs were
proposed to promote the formation of the intermediate BDO which was easily converted to THF via
cyclodehydration under the influence of strong Lewis acid sites in the support y-AlzOs3.

Finally, the influence of the capping agent on the catalytic performance of CuPd NPs was studied for
SA hydrogenation. A highly efficient PVP-capped CuPd NPs constructed on HAP was discovered for
selective hydrogenation of SA to GBL. The inhibition effect of the capping agent PVP was revealed to
play a key role in the formation of GBL with excellent selectivity. The catalyst was able to proceed at
extremely low hydrogen pressure from 1 MPa while maintaining high selectivity of GBL (>90%). Besides,
the catalyst showed remarkable reusability, offering the catalyst with enormous potential for applying
to the hydrogenation of not only SA but also other oxygen-rich biomass resources from laboratory to
industrial scale.

In conclusion, the present thesis provides feasible and versatile methods to design effective CuPd
bimetallic catalysts for selective hydrogenation of SA. Depending on the purpose, the product selectivity
toward a specific product including BDO, THF, and GBL can be controlled by adjusting the Cu:Pd
ratio, changing the catalyst support, and stabilizing with capping agent. The important findings derived
from the present thesis might be useful to apply and design other earth-abundant bimetallic catalysts for

hydrogenation reactions of other carboxylic acids.
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Chapter 1

General Introduction

1.1

Depleting fossil-based resources associated with severe environmental impacts have pro-

Succinic Acid as a Renewable Platform Chemical
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Figure 1.1: Top twelve building block chemicals [1]
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vided a strong spur for utilizing renewable carbon which is available in biomass-based
materials, and recycled products. In the context of chemistry, particularly the chemical
industry, considerable efforts have been devoted to searching for petro-equivalent or new
building block chemicals. The top twelve sugar-based building block chemicals identified

by the U.S. Department of Energy are shown in Figure 1.1 [1].

PVC

Vinyl chloride
Methyl methacrylate

Propylene

Cellulose acetate
Lignin-based bolymers

Levulinic
acid

—
Waste oils
o (e ) (Wase o)
polymer compounds Natural rubber

Hemicellulose

(oPs)
(wre )
(Glycerol ]
‘
!
\ PBT
‘
=

ABS

Figure 1.2: Routes to bio-based polymers [2]

These platform chemicals are mainly used to prepare polymers and plastics and a va-
riety of fine and specialty chemicals (Figure 1.2). In the conversions of building blocks
from plant feedstocks, biological transformations are mainly used, while chemical trans-
formations account for the major routes from building blocks to value-added chemicals.
Although it is technically possible to substitute fossil-based chemicals with their bio-based
counterparts, the costs in both mentioned conversion routes in many cases exceeds the
production cost of existing petrochemicals, limiting them from commercializing. Also, in
terms of sustainable and green chemistry, selective conversions of bio-based materials to

desired chemicals still stand as a challenge.



1.1.1 Production of Renewable Succinic Acid

OH OH OH OH
HO > -0 HO™ ™ on
OH OH OH OH
galactose \ / sorbitol
O Q HO i OH
O
maleic acid S glycerol
succinic acid

cellobiose sucrose

Scheme 1.1: Catalytic routes from renewable chemicals to succinic acid [3]

Succinic acid (SA) is one of the few renewable chemicals that are available in the
market as a competitive supply to the petroleum-based maleic anhydride C4 platform
[4]. The renewable SA can be converted from different renewable bulk chemicals via
chemical routes, while another method is based on the microbial succinate production via
fermentation of various renewable carbon sources such as glucose, sucrose, and glycerol
(Scheme 1.1) [3]. The current market of SA is based on fossil-derived maleic anhydride
by several major companies such as Mitsubishi Chemical, Kawasaki Kasei, and Gadiv
Petrochemical with the total production capacity of about 40 KT in 2013 [5]. The price
of SA in the market is approximately US$ 2.40-2.60 per kg depending largely on the purity,
whereas the price of maleic anhydride is about US$ 1.25-1.65 per kg [6]. Although the
current market price of SA produced by the petrochemical process is profitable [7], high
raw material cost about half the price of SA together with a large amount of greenhouse

gas emission has stimulated researchers and companies to search for a more feasible,



sustainable, and cost-effective bio-based process.

Renewable bulk chemicals for production of succinic acid

The first example on this conversion route indicates the use of maleic acid (MA) which
can be synthesized from lignocellulose-derived furans [8]. An earlier study by Muzumdar
et al. reported the electrochemical reduction of MA on a reusable TiO, cathode, affording
SA with >90% yield [9]. Another study by Li et al. examined the use of HY-AlLOj
supported NiPt bimetallic catalysts which efficiently catalyzed the hydrogenation of MA
to SA with a quantitative yield at mild reaction temperature and hydrogen pressure [10].
The second example on the production of SA using biomass-derived furans was introduced
by Ebitani’s group [11, 12]. Their studies described a facial method to synthesize SA from
furan carbonyls (furfural, 5-hydroxymethyl-2-furaldehyde, furoic acid) using Amberlyst-

15 as a solid catalyst and H,O5 as a green oxidant under mild reaction conditions.

Fermentative succinic acid production

The bio-SA that is available in the market is currently produced by fermentation pro-
cesses by several renewable chemistry companies such as Myriant, BioAmber, Succinity,
Reverdia, and Mitsubishi Chemical [13-17]. The total capacity for annual production of
bio-SA contributed from these companies is ranging from 76.6-86.6 KT [18]. While the
bio-SA market was estimated at US$ 175.7 million in 2017 and is anticipated to grow
approximately 20% annually reaching a global revenue of more than US$ 900 million by
2026 [19]. Compared to petroleum-based SA, the cost of glucose for producing bio-based
SA is cheaper approximately US$ 0.66-0.98 per kg [20]. ALso, the bio-based production
of SA is a greater energy-efficient process, selective with fewer by-products, and more
environmentally-friendly. Although the current price of bio-SA (US$ 2.86-3.00/kg) is
higher than that of the petroleum-based SA (US$ 2.40-2.60) due to the high cost in
the complex downstream process [21], the features offered by bio-SA have caught great
attention from companies and researchers worldwide.

Since the first recognition of fermentation process for bio-SA production in 1980 by

4



Zeikus, various microorganisms including gram-positive bacteria, fungi, and yeast have
been screened and studied [22]. The most intensive studies on bacteria have focused
on the use of A. succinogenes, A. succiniciproducens and M. succiniciproducens, which
are considered as the most promising candidates that can produce SA naturally. The
metabolic engineering of bacteria generally includes the glucose specific phosphotrans-
ferase, the pyruvate formate lyase, and the fermentative lactate dehydrogenase systems
[23]. The growth of these bacteria depends on carbon sources including glucose, glycerol,
sucrose, and CO,. However, due to the pathogenicity-associated potential, poor cell via-
bility, and intolerance to high acidity and osmotic sock, manufacturing on an industrial
scale is limited on these bacterial hosts [7, 24]. At the same time, studies on filamentous
fungi (molds) such as A. niger, A. fumigatus, B. nivea, L. degener, P. varioti, and P.
viniferum for SA production have also been pursued [15, 25, 26]. The drawbacks that
might come from these production processes include technical difficulties in fermentation
causing low productivities and tedious downstream processes [14].

The downstream processing can be simplified while reducing the risk of microbial con-
tamination by lowering the pH [27]. Thus, the use of yeast for SA production is highly
desirable due to its high tolerance to acid environments. Several groups of yeasts including
S. cerevisiae [28-35], Y. lipolytica [36-44] and others, i.e., Pichia and Candida have been
investigated for production of bio-SA. Among these studies, Y. lipolytica has emerged as
the most potential candidate which can produce 209.7 g/L SA titer in fed-batch culti-
vation without pH control [43]. The advancements of this process compared to normal
metabolic routes to succinate at low pH is that it prevents the formation of acetate [41].
Although the fermentative production of bio-SA has shown great potential to completely
substitute petroleum-SA, it is admitted that the development of a high-performance strain
remains as the major challenge that needs the contribution of not only companies and

researcher but also the suitable policy worldwide.



1.1.2 Succinic Acid to Material, Chemicals and Fuels

Holding an enormous potential of a renewable platform chemical, SA together with MA
would replace the fossil-based Cy4 platform chemical in the foreseeable future [3]. SA itself
is a suitable and profitable source for preparing fine chemicals, additives in cosmetics and
foods, de-icer, coolants, neutralizing agents, plasticize, and many others [15]. Also, as
a versatile compound SA can be converted into many useful derivative, as described in

Scheme 1.2 [1, 4, 45].

O _o
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O
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Scheme 1.2: Transformation of succinic acid to value-added chemicals [1]

Succinic acid to bio-based polymers

The bio-based polymer market is accounted for a major part of the SA production. The
first important bio-based polymer is polybutene succinate (PBS) which is known as a

biodegradable aliphatic polyester with properties that are comparable to polypropylene
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Scheme 1.3: Succinic acid for synthesis of polybutylene succinate (PBS) [47]

or polyethylene terephthalate (PET) [46]. PBS can be prepared by direct esterification of
SA with 1,4-butanediol (BDO). The synthesis can be done via two steps as described in
Scheme 1.3 [47]. In the first step, an excess amount of BDO is allowed to react with SA to
form the PBS oligomers along with water elimination (Scheme 1.3A). The second step is
trans-esterification which is proceeded by, for example, organometal-(Ti, Zr, Sn, Hf, and
Bi) and metal oxide-(Ge and Sb) based catalysts under vacuum to form a polymer with
high molar mass (Scheme 1.3B).

Recent developments have witnessed the generations of novel succinate-derived poly-
mers such as poly(propylene succinate) (PPS) [48], poly(butylene succinate-co-butylene
sulfonated succinate) (PBSxSSy) [49], acylated poly(glycerolsuccinate) (PGSC) [50-52],
succinyl polyxylosides (SPx) [53], and succinyl polyesters (PHxS) [54, 55]. These poly-
mers offer wide range of melting points (44-114 °C), and molecular weights (2800-70000
g mol™'), stronger but also highly bio-degradable, making them potential candidates in
many applications such as natural fiber in composite materials and drug carrier in medical

applications.

Catalytic conversions of succinic acid

Among the main three conversion routes of SA, i.e., hydrogenation, esterification, and
amination, hydrogenation reaction has attracted considerable attention due to the im-
portance of its products including y-butyrolactone (GBL), tetrahydrofuran (THF), and
BDO [3]. GBL is a fine chemical intermediate that is used in the syntheses of BDO, THF,



N-Methyl-2-pyrrolidone (NMP), and N-vinylpyrrolidone [56-59]. GBL can also be found
in a wide range of applications such as a solvent in polymer, paint, and pharmaceutical
industries [60, 61]. With the growing demand, the global market of GBL was valued at
US$ 622.62 million in 2019 and is predicted to increase 5.47% annually and reach US$
903.92 million by 2026 [62]. While, the major applications of THF include polyesters,
polyurethane elastomers, and polytetrahydrofuran (PTMEG) [63-65]. THF can also be
used as a solvent in the production of polyvinyl chloride (PVC) and paints [66]. In terms
of value, the global THF market was estimated at US$ 1.5 billion in 2018 and projected
to grow annually at a rate of 7.8% and reach at US$ 2.8 billion by 2026 [67]. This high
rate of growth can be ascribed to the increasing demand for the PTMEG which is used
as a raw material for various Spandex fibers in the textile industry. BDO is probably the
most important product that can be converted by hydrogenation of SA. It is employed as
an important precursor for the polybutylene terephthalate (PBT) which is widely used in
the automobile and electronic industries [68, 69]. Other polymers that can be prepared
with the use of BDO include PBS and poly(butylene succinate-co-butylene terephthalate)
(PBST) which can be used in melt-spinning fiber and yarns [70-72]. The global market
size of BDO was valued at US$ 6.19 billion in 2015 and expected to reach US$ 12.6 billion

by 2025 with an annual growth rate of 7.7% [73].

1.2 Supported Metal Catalysts for Hydrogenation of

Succinic Acid

1.2.1 Metal catalysts: General aspects

Catalyst design is the main focus of the modern chemical industry since the value that is
created from the conversion of raw materials to value-added products such as fuels and
chemicals is much higher compared to the spend on catalysts [74]. The hydrogenation re-
actions catalyzed by heterogeneous metal catalysts are at the heart of petrochemical, coal

chemical, fine chemical, and environmental industries [75-78]. The selective catalysts for



hydrogenation reactions favor specific transformations while preventing others in the same
catalytic system. Despite the fact that the catalysts for hydrogenations had been widely
investigated, many of the fundamental aspects regarding both the catalyst synthesis and
structure—property relationship are yet not fully understood [79]. For the hydrogenations
to fine chemicals, both homogeneous and heterogeneous catalysts have been used. The
homogeneous catalysts referring to metal-ligand complexes typically offer high selectivity
due to the steric and electronic effects of the ligands. However, this kind of catalyst gen-
erally suffers from difficulties in separation and reusability. Therefore, in the context of
industrial chemistry, heterogeneous catalysts are more favorable, though it is challenging
to rationally design the catalysts which offer high selectivity without compromising the
activity.

Since the catalysis consists of adsorption, transformation, and desorption processes of
the reactant, intermediate, and products on the catalyst surface [80], the first requirement
for catalyst design is the control of their adsorption position, strength, and configuration
on the active sites. On the other hand, for the hydrogenation reaction, in particular,
the adsorption and activation of Hy by metal catalysts are other key steps. Both of the
mentioned processes are fundamentally important for catalytic hydrogenations, which
can be optimized by constructing the catalysts with specific electronic and geometric
structures [81, 82]. However, this is undoubtedly not a mean task since many factors
define the catalyst structures and they often interfere with each other in a catalyst system.

Nevertheless, it would be easier to begin considering all the possible factors individually.

Size of metal ensembles

Figure 1.3 illustrates the electronic and geometric structures on the size of metal ensembles
ranging from a single atom to cluster and to nanoparticles (NPs) [83]. It can be seen that
when the size of metal particles is less than 1 nm, the electron levels are strongly quantized,
as indicated by the discrete energy values. While as the increase of the metal size (>2 nm),
a continuous energy level is formed. The dependence of Au particle size on the electronic

structure thus the work function can serve as a representative example for this aspect [84].
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Figure 1.3: The dependence of geometric and electronic structures on the size of metal
ensembles [83]

In this case, it was reported that the work function fluctuated greatly in the Au cluster size
while it showed slight changes in the Au NPs (> 1.5 nm). The geometric structures, on
the other hand, also vary depending on the particle size. For example, in the single atoms
supported on inorganic supports such as metal oxides and zeolites, limited geometric
transformations are observed [83]. While for the cluster size particles, several possible
topological structures can be formed, depending on the support, reactant, and reaction
conditions. For the metal NPs, the geometric structure was found relatively stable even
though the geometric configuration might change due to the exposure of surface atoms,

i.e., facet, corner, edge, metal-support interface, to the reaction environment [85].

Coordination environment

The coordination environments that can influence the electronic and geometric structures
of heterogeneous metal catalysts consist of the following three fundamental interactions:

(i) metal-metal, (ii) metal-support, and (iii) metal-capping ligand.

(i) Metal-metal interaction: When more than one metal is mixed together, multi-

metallic NPs can be formed within a single catalyst. Bimetallic catalysts, however, have
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appeared as the common catalysts in many reactions such as hydrogenolysis, hydrogena-
tion, oxidation, and reforming [86-89]. The four popular type of bimetallic catalysts are
illustrated in Figure 1.4 [90]. The formation of these systems can be affected by several
factors [90], for examples, the relative strength of the bond between the two different
metals (M;—Ms) and the pure metals (M;—M; and My—M,), the relative atomic size,
surface energy, charge transfer, and specific electronic/magnetic effects. In general, these
bimetallic systems showed unique properties compared to those of the monometallic ones,
which are often ascribed to synergistic effects caused by alloying formation. In fact, the
synergies generated in bimetallic catalysts result from the modifications of (a) electronic

structure via the ligand effects and (b) geometry by the neighboring metal via the strain

effects and lattice defects [87, 91].

A B C D

Figure 1.4: Schematic representation of some possible mixing patterns in bimetallic sys-
tems: (A) core-shell, (B) subcluster segregated, (C) random homogeneous and ordered,
and (D) multishell alloys [90]

(ii) Metal-support interaction: The importance of metal-support interactions (MST)
has been recognize by Tauster et al. since the late 1970s [92, 93]. In heterogeneous cata-
lysts, the MSI can affect the catalytic performance and therefore can serve as options for
catalyst design [94]. Figure 1.5 shows typical forms of MSI and as discussed earlier, these
are often entangled with each other and with other factors in the same catalyst system

[94].
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Figure 1.5: Typical metal-support interactions [94]

(a) Charge transfer. The unbalance in the electron density between metal NPs
and its support can result in a redistribution of electrons at the metal-support interface
[95]. Depending on the relative difference in the Fermi levels between metal NPs and the
support, the magnitude and direction of the charge transfer can be different. In addition,
the nature of metal and its size, support morphology and defects, and other surrounding
matters such as the neighboring metal, capping/stabilizing agent, substrate [96, 97], can
be relevant to the charge transfer between metal and support, which ultimately influences

the electronic structure of the whole catalyst system.

(b) Interfacial perimeter. The interface sites marked by perimeters of supported
metal NPs are unique environments where NPs, support, and reactant are directly in
contact. This area also favors the accumulation of excess charge if charge transfer occurs,
which enhances the adsorption of reactants/intermediates [98]. In addition, the spillovers
of hydrogen can be initiated at the metal active sites and then the molecules can subse-
quently be transferred via the interfacial perimeter to other surfaces (support, metal) [94,

99.

(c) NP morphology. Depending on the adhesion energy of the support to the metal
NPs, the metal shape and crystal structure can be different [100]. The strong adhesion
generally leads to more faceted NPs and even raft-like shapes [101]. It is worth mentioning

that the adhesion energy can be increased by decreasing the size of metal NPs [102].
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(d) Chemical composition. The difference in relative adhesive energies between
support and different metal components can affect the local composition of alloyed metal
NPs [103]. For example, in the supported M; M, alloying NPs, if the support—M; in-
teraction is stronger than the support—M,, the fraction of M; in the M;—M, alloy can
be reduced, while the isolated M; NPs would be found in the support surface with the
increasing frequency. If the difference is significant, the initially uniform composition of

a bimetallic NPs may be turned into core-shell or segregated sub-cluster structure [90].

(e) Strong metal-support interaction (SMSI). The term refers to the metal-
support that interacts strongly due to the enclosed suboxides around metal NPs and the
support interface [92, 93, 104]. These suboxides can be generated in reducible supports
under the reducing conditions. The extensive coverage of metal NPs by these suboxides
is detrimental to the catalytic performance since it may prevent the accessibility of sub-
strates to the active sites. However, the existence of a proper suboxide layer can modify
the electronic structure of the metal surface, which may act as Lewis acid sites, enhancing

the catalytic performance [105].

(iii) Metal—capping ligand interaction. In many cases, the supported metal cata-
lysts are prepared by the colloidal approach where the colloidal NPs are synthesized in a
solution first and subsequently be immobilized on a support [106]. By this approach, the
influence of support on the formation of metal NPs can be excluded or minimized. The
colloidal NPs is typically prepared by employing organic ligands (Figure 1.6A) under a
reducing environment. The use of organic ligands may help to prevent the aggregation,
coalescence and unlimited growth of metal NPs [107], which, therefore, offers an effective
method to control the size and shape of the synthesized NPs.

In general, the interactions between capping ligands and metal NPs occur at the metallic
surface with the coordination of the head group of the ligand molecules [108]. Depending
on the type of capping ligand, metal NPs can be stabilized by either electrostatic or steric

interactions (Figure 1.6B) [109]. Also, the strength of these interactions can be varied
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Figure 1.6: (A) Common capping ligands used in colloidal NPs for catalysis and (B) types
of interactions between capping ligands and metal NPs [108]

depending on the binding affinity of ligand molecules to the metallic surface. Typically, the
strong metal-ligand interaction can help to prepare more uniform NPs with narrow size
distribution. By controlling the passivated layer of capping ligands around the metal NPs,
the catalytic performance can be enhanced due to the electronic effects. Furthermore, the
steric effect of capping ligands can be used as a tool to control the selectivity toward a
certain product by preventing the accessibility of reactant/intermediates to a specific site
of the metal surface. On the other hand, it should be noted that the strong metal-ligand
interaction can cause adverse impacts on the catalytic performance by passivating active
sites and poisoning the catalyst surface [110]. Nevertheless, the weak interaction may
cause the detachment of the capping ligand from the metal surface during the reaction,

leading to metal sintering and thus decreasing the catalyst activity and stability.

Activation of H,

In hydrogenation, the hydrogen adsorption and activation is critically important since

the effectiveness of these steps can affect both the catalytic activity and selectivity [89].
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Depending on the electron density around the metal, a hydrogen atom can be adsorbed
and dissociated in different manners, i.e., homolysis or heterolysis (Figure 1.7, [111]). The

reduction ability can be different among different types of H species and substrates.

Figure 1.7: Types of hydrogen dissociations [111]

(i) Homolytic dissociation of hydrogen: The precious metal such as Pt, Pd, and
Rh can easily dissociate Hy by destabilizing the o* anti-bonding orbital of Hs, while at the
same time accept the o electrons of Hy. As a result, the hydrogen bonding is weakened and
subsequently cleaved, forming H°" and H°  hydrides species via homolytic dissociation
[111]. Since this kind of dissociation requires the donation of d-electrons from metal,
increasing the electron density at the metal active sites by coordinating with electron-rich
components such as a secondary metal, support, and capping ligand can enhance the

activation steps of hydrogen atoms.

(ii) Heterolytic dissociation of hydrogen: The metal active sites with electron de-
ficiency tend to cleave hydrogen via the heterolytic pathway. This kind of dissociation,
however, requires the involvement of the catalyst support or additive/promoter where the
electropositive metal accepts the H™ species, while the electronegative heteroatom from
support accepts the H' species [89]. Since the polarization degree of metal-heteroatom
can be changed depending on the support or additive, the dissociation of Hy and ulti-
mately the hydrogenation rate can be enhanced. In addition, it was reported that the

H*/H  species kinetically favor the reduction of polar groups rather than the non-polar
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ones, indicating that the chemoselectivity in hydrogenation reaction can be increased by

controlling the Hy dissociation steps [112].

1.2.2 Hydrogenation of succinic acid
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Scheme 1.4: Reported reaction pathways of succinic acid hydrogenolysis [113, 114]

The hydrogenation of carboxylic acid is an industrially important reaction in the context
of upgrading renewable carbon sources [115]. For SA in particular, the hydrogenation
reaction is by far the most investigated route [3] (Scheme 1.4). The potential use of SA
as a starting feedstock for the production of BDO, PBS, and PBST is the main driver for
this increasing attraction in the SA hydrogenation [116]. The catalytic conversion of SA
and dicarboxylic acid is generally a challenging transformation that can be attributed to
the low electrophilicity of the carbonyl group and the difficulties allied to the polarization
of this group [117]. In addition, the conversion can be more difficult since carboxylic acids
and their esters, lactones might interconvert under applied reaction conditions [115]. As
a result, the product distribution in the hydrogenation of dicarboxylic acid, i.e., SA,
may vary depending on the extent of interconversion. The resistance of SA and their
esters, lactones toward reduction have provided a spur for designing effective catalysts for

selective hydrogenation of SA.
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1.2.3 Monometallic catalysts for hydrogenation of succinic acid

Table 1.1: Recent studies on the SA hydrogenation over monometallic catalysts

Temp. P Hy Conv. Selectivity /%
Catalyst Solvent FC /MPa /% GBL BDO THF ef.
Pd/AlLO;  Dioxane 70 3 70 9 1 0 [l18]
Re/C-4%*  H,0 240 8 8 90 19 [119]
Re/C-8%*  H,0 240 8 95 20 7 67 [119]
Re/MC-0.4" Dioxane 240 8 100 27 5) 38 [120]
Re/MC-0P Dioxane 240 8 80 62 3 7 [120]
Pd/MCM-41 EtOH + H,0 250 10 60 32 53 15 [121]
Pd/SBA-15  EtOH + H,O 250 10 65 39 36 25 [121]
Pd/SiO, EtOH + H,O 250 10 57 27 25 48 [121]
Ru/Starbon® EtOH + H,O 100 1 90 30 10 60 [61]
Pt/Starbon® EtOH + H,O 100 1 % 15 8 0  [6]]
Pd/Starbon® EtOH + H,O 100 1 75 3 70 0 [61]
Rh/Starbon® EtOH + H,O 100 1 60 10 90 0  [61]

2 Re/C-X, X = Re loading (wt%)
P Re/MC-X, X = concentration of HySOy treated (M)

Recent research on the hydrogenation of SA over monometallic catalysts published
in the open literature are listed in Table 1.1. Luque et al. reported several Starbon®-
supported precious metal (Pt, Pd, Rh, Ru) catalysts for the SA hydrogenation in aqueous
ethanol under middle reaction conditions [61]. The SA conversion varied among 60—
90% while the product selectivity was found depending on the metal employed. For
example, Starbon®-Pd, Pt, Rh catalysts promoted the formation of BDO as the major
product, while the Ru-Starbon® favored the THF formation. GBL can be observed in
all these catalysts with the selectivity ranging from 15-30%. Chung et al. studied the SA
hydrogenation over MCM-41 and SBA-15 supported Pd catalysts [121]. It was found that
the large Pd particles and small pore size in Pd/MCM-41 were responsible for enhanced
the BDO selectivity but relatively low SA conversion. Whereas the small Pd particles
constructed on Pd/SBA-15 was preferable for the formations of GBL and THF. However,
it is noted that in all these reported Pd catalysts, the product selectivities are less than
50% with medium SA conversion (<65%).

GBL with higher selectivities can be achieved over rhenium supported on HySOy-treated
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mesoporous carbon (Re/MC-X) [120] prepared by precipitation method. The product se-
lectivities were influenced by the concentration (XM) of treated HoSO,4. Particularly,
without HoSO, treatment, the Re/MC-0 can produce GBL with 77.4% selectivity at high
SA conversion (80.4%). Increasing the concentration of HySO, treated, THF selectiv-
ity was observed at higher selectivity (38.3%) over the Re/MC-0.4; however, GBL still
remained as a comparable product over this catalyst. Re/C catalysts prepared by a
microwave-assisted thermolytic method were also reported as efficient catalysts for SA
hydrogenation to GBL and THF [119]. The product selectivities can be controlled by
monitoring the irradiation time and the concentration of the precursor Res(CO). Ac-
cordingly, a high selectivity was achieved with a short irradiation time (3 min) and a
lower concentration ratio of the precursor to the support (2%). In contrast, longer time
irradiation (5 min) and high concentration of precursor (8%) favored the formation of
THEF.

In terms of catalytic efficiency at mild conditions, the Pd/Al,O3 catalyzed SA hydro-
genation to GBL is a notable example [118]. The study showed that an excellent GBL
selectivity (95%) can be achieved at relatively high SA conversion (< 70%). The reaction
can proceed at mild hydrogen pressures (1.5-3.0 MPa) and reaction temperatures (140—
170 °C). The choice of support and the size of Pd particles were revealed as crucial factors
for the catalytic performance. In particular, the high surface area and low acidity of
Pd/Al,O3 that was prepared by the co-precipitation method resulting in a more uniform
distribution of Pd were responsible for the superior catalytic activity and selectivity of

this catalyst.

1.2.4 Bimetallic catalysts for hydrogenation of succinic acid

Besides the development of monometallic catalysts, the uses of bimetallic catalysts with
well-defined core-shell, alloyed or intermetallic structures have been emerging as a central
topic in hydrogenation reaction [86]. Compared to the monometallic analogs, bimetallic

catalysts have been reported to offer unique properties stemmed from synergistic effects
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Table 1.2: Recent studies on the SA hydrogenation over bimetallic catalysts

Temp. P Hy Conv. Selectivity /%

Catalyst Solvent /C /MPa /% BDO GBL THF ef.
Ir-Re/C H>O 240 8 100 <9H 0 75 [123]
Pd-Cu/AX 2-propanol 190 7 72 0 94 0 [124]
Re—Ru/C H,O 160 8 99 70 6 6 [125]
Re3—-Ru/C H,O 240 8 99 3 5 60 [125]
Pd—Re/AC H,O 180 10 100 67 0 14 [126]
Pt-Sn/AC M0 180 10 100 51 15 13 [126]
Ru-Sn/AC H>O 180 10 100 67 23 13 [126]
Re-Ru/BMC H,0O 200 8 100 65 34 3 [127]
Re—Pd/SiO,  Dioxane 140 8 100 89 3 0 [128]
Pd-5Fe0,/C H0 200 5 100 70 - - [114]
Re—Ru/MC Dioxane 200 8 100 71 18 11 [129]
Pd-Re/C H,0 240 8 89 4 - 73 [130]
Pd—Re/TiO, H,O 160 15 100 83 0 - [131]
Pd-Re/C H,O 160 15 100 66 0 - [132]

AX: alumina xerogel, AC: activated carbon, MC: mesoporous carbon, BMC:
boron-modified mesoporous carbon
between the two metals [122]. Also, the use of secondary metals in many cases can be
economically advantageous since it can reduce the dependence on the precious metals
which are typical used in the catalysts for hydrogenation reactions. Recent research on
the hydrogenation of SA to GBL, BDO, and THF published in the open literature is listed
in Table 1.2.

In most studies, Re-based bimetallic catalysts were used for the liquid phase hydrogena-
tion of SA. In an earlier study by Ly et al., the Pd—Re/TiO, was found to be a potential
bimetallic catalyst for the hydrogenation of SA in an aqueous phase, affording BDO with
high selectivity of 83% at quantitative conversion [131]. It was proposed that the synergy
between Pd and Re species enhanced the activity compared to the monometallic catalysts
which generally favored the GBL formation. However, a high loading amount of Re (>3.5
wt%) was required for achieving the best performance. Re—Pd/SiO, catalysts prepared
by different reduction methods were also examined for hydrogenations of several dicar-
boxylic acids [128]. A higher BDO yield (89%) was achieved in the SA hydrogenation

over the ez situ liquid-phase reduced catalyst, compared to the in situ one. Characteri-
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zations revealed that in the presence of dicarboxylic acid, the reduction of Re species to
Re? was suppressed leaving much amount of Re™" species on the catalyst prepared by
in situ reduction. The unbalance between these two components led to the low activity
of hydrogenation of dicarboxylic acids. Other bimetallic catalysts such as boron-modified
mesoporous carbon (BMC) supported Re-Ru [127], Ru—Sn/AC [126], and Re—Ru/C
were also reported for SA hydrogenation to afford BDO with high yield and selectivity.

Liang et al. studied activated carbon-supported Pd—Re and Pd—Ir catalysts for aqueous-
phase hydrogenation of SA, achieving THF with high selectivity [123, 130]. The research
found that the SA hydrogenation over both the monometallic catalysts Ir/C and Pd/C
showed low SA conversions with high selectivities of GBL. The additions of small amounts
of Re in the bimetallic catalysts resulted in the enhancements of GBL yield, whereas a
larger Re amount can facilitate the THF formation. Di et al. examined the role of Re
and Ru in Re-Ru/C catalysts for SA hydrogenation. The 1:1 wt% of Re—Ru catalyst was
found to be an appropriate ratio favoring the formation of BDO with a selectivity of 70%
at nearly quantitative conversion. While the addition of Re in the Re3-Ru/C led to a
sharp increase in the THF selectivity. Compared to the Re monometallic catalyst which
was also reported to favor the THF formation [119], the Re3-Ru/C bimetallic catalyst
enhanced both the THF selectivity and yield.

Earth-abundant metals such as Fe and Cu in combination with Pd were also reported
for the SA hydrogenation [114, 124]. For example, Liu et al. reported Pd—5FeO,/C
as efficient catalyst for aqueous hydrogenation of SA to afford >70% BDO yield under
200 °C and 5 MPa H,. The Fe species were proposed to enhance the catalytic activity
while altering the product selectivity toward either THF or BDO. The plausible reason
behind this improvement can be explained by several factors, for example, the increase
in acidity of introduced Fe species, the well-dispersed Pd species, and the synergy that
existed between these two metals. Another example in this category is the alumina
xerogel (AX) supported Pd—Cu catalyzed SA hydrogenation in isopropyl alcohol [124]. A
high selectivity of GBL (94%) at 72% SA conversion can be achieved ever the 2.5%Pd-
2.5%Cu/AX at 190 °C and 7 MPa Hy. The Cu component in this catalyst was suggested
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to suppress the reactivity of Pd, preventing further hydrogenation of GBL to BDO and
THEF.

1.3 Research Gaps

The availability of bio-based SA and the increasing demand for its derivatives led to
great attention in the hydrogenation of SA recently. [3, 16]. However, since literature
referring to this reaction can be found mainly in the patent, information on the promoting,
doping, and synergistic effects of between metals and kinetic data are limited [4]. The
open literature published during the last decade, to some extent, have recorded significant
achievements. In most reports, the role of metals and synergy between metal species have
been clarified. To identify the reaction network and determine the optimum reaction
conditions toward a certain product, kinetic studies were also performed in several research
[118, 125, 128, 133]. However, it is worth mentioning that the kinetic models, specifically,
the reaction order, observed in this complex reaction containing multiple steps/pathways
might not practically important due to the influences of many factors in the whole reaction
[134].

Despite that, most catalysts reported in previous studies limited to the uses of precious
metals such as Ir, Rh, Pt, Re, and Ru. The heavy dependence on these rare-earth metals
is economically disadvantageous, possibly limiting them from industrial applications. The
uses of earth-abundant and cheaper alternatives, i.e, the first-row transition metals Cu
[124] and Fe [114], were reported, however, controlling the catalytic activity or product
selectivity seems to be difficult. Furthermore, leaching issue to the reaction media which
is generally associated with the use of transition metal is difficult to avoid. For example,
leaching of Fe (~5%) was observed Pd—FeO, /C, causing approximately 30% loss in the
SA conversion [114].

The construction of metal species can be influenced by the catalyst support [74, 83].
Also, the support itself can also affect a certain step in the hydrogenation of SA. To

restrain these influences by supports, which simplifies the evaluation of the metal roles,

21



inert support, i.e., carbon has generally been used as a support for the hydrogenation of
SA. The main disadvantage of this catalyst support lies in the formation of carbon fine
during the reaction [4]. As a result, the void spaces in the catalyst can be plugged leading

to decreases in the catalytic activity.

1.4 Research Motivation and Objectives

The limitation regarding the uses of noble metals has motivated me to develop efficient
earth-abundant metal-based bimetallic catalysts that can catalyze the hydrogenation of
SA to either BDO, THF, or GBL with high yield and selectivity. The metals were carefully
searched with referring to the findings from previous research on the hydrogenation of
dicarboxylic acids, esters, and lactones. For example, Pd/Al,O3 showed an excellent
catalytic activity to the formation of GBL from SA. While on the other hand, Cu-based
bimetallic catalysts were reported as efficient catalysts for the hydrogenation of GBL to
BDO with excellent yields [135, 136]. Thus, Cu—Pd bimetallic catalysts are expected to
promote the BDO formation from direct hydrogenation of SA.

The catalyst support can also be considered given the previous reports on the hydro-
genation reactions. Hydroxyapatite (HAP) has emerged as a suitable support for the
hydrogenation of levulinic acid (LA) [137, 138]. For example, Sudhakar et al. reported
HAP supported Ru as an efficient catalyst for the LA hydrogenation, producing >99%
yield of v-valerolactone at mild reaction conditions. The supported Pt—Mo bimetallic
catalysts were also studied for the LA hydrogenation [138]. The catalyst activity and
product selectivity were influenced by not only the metal ratio but also the catalyst sup-
port. While the Pt-Mo/HAP exhibited superior catalytic activity toward 1,4-pentanediol
(1,4-PeD) with 93% yield, Pt—Mo supported on other materials, i.e., SiOy, TiOs, CeOq,
and MgO showed lower 1,4-PeD yield and higher GVL selectivity. Therefore, on the one
hand, HAP supported Cu—Pd can be a potential catalyst for the hydrogenation of SA to
BDO. On the other hand, in order to tune the product selectivity, the influences of metal

ratio and catalyst support are highly desirable to be studied.
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The construction of metal species in supported bimetallic catalysts can be governed by
not only the metal-metal and metal-suports interactions but also the metal-capping agent
conjugation. It provides a useful tool to design nanomaterials with precise size, shape,
and surface composition, which are crucial factors controlling the catalytic activity and
selectivity [108]. Furthermore, the metal species can be stabilized via electrostatic and/or
steric effects with capping agents [108, 139, 140], which might help to prevent metal leach-
ing issues. In addition, selectivity toward a certain product can be tuned in the presence
of a capping agent which is presumably due to the inhibition of substrate accessibility to
specific sites [141]. Therefore, the effects of capping agents on the construction of metals

and their contributions to the catalytic activity and product selectivity are also pursued.

1.5 Thesis Outline

In Chapter 1, a general introduction regarding the current advancement of bio-based SA
and its importance for the manufacture of valuable products including fine chemicals,
solvent polymers, plastics, etc., is presented. The chapter also provides an outlook on
the development in the catalyst design for SA hydrogenation during the last decade.
By emphasizing the significant achievements while carefully revising the shortcomings
encountered in the previous research, the motivation and objectives for performing the
research embodied in this thesis are formulated.

Chapter 2 presents the study on Cu-Pd/HAP catalysts for the highly selective synthesis
of BDO by direct hydrogenation of SA. In this chapter, the effect of Cu:Pd ratio which is
able to tune the catalytic activity and product selectivity is described. By carefully eval-
uating the catalytic performance with regard to its properties characterized by extensive
techniques, the synergy between Cu and Pd species is revealed.

Chapter 3 shows an intensive study on the effects of several supports on the construction
of CuPd NPs. The essential roles of metal-metal and metal-support on the formation
CuPd NPs are investigated. In addition, the nature of support in the overall catalytic

performance is also examined and presented in this chapter. Accordingly, this chapter
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shows an effective catalyst for the production of highly selective THF from SA, that is
CuPd/~-Al,O3.

To broaden knowledge in the v-Al,O3 supported CuPd catalysts, the influence metal
ratio on the catalytic performance is extended in Chapter 4. This chapter aims to provide a
comprehensive picture of the CuPd bimetallic catalysts, where competitive effects between
the roles of metal species and the supports for the overall catalytic activity and selectivity,
are discussed.

In Chapter 5, the influence of capping agent, i.e., poly(/N-vinyl-2-pyrrolidone) (PVP),
on the formation of CuPd NPs is demonstrated. This chapter provides a feasible method
to prepare an efficient catalyst, that is the CuPd—PVP/HAP, for the production of highly
selective GBL under mild hydrogen pressure.

The achievements represented in the main four chapters are summarized in Chapter 6.
Therein, the key findings and significance of this thesis which contribute to the field of

catalyst and catalysis are highlighted.
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Chapter 2

Highly Selective Synthesis of
1,4-Butanediol via Hydrogenation of
Succinic Acid with Supported

Cu—Pd Alloy Nanoparticles

Abstract

Hydroxyapatite (HAP)-supported Cu—Pd catalysts, denoted as Cu-Pd/HAP, have been
discovered to be the efficient catalysts for hydrogenation of bio-derived succinic acid (SA)
in which the products are selectively tunable by adjusting the mixing ratio of Cu and Pd.
Optimal performance toward 1,4-butanediol (BDO) is observed with the Cu-Pd/HAP
prepared with 8 wt%-Cu and 2 wt%-Pd, affording the selectivity of 82% at quantitative
conversion. In contrast, the monometallic Cu and Pd catalysts are unable to produce
BDO as the major product, but only the 7-butyrolactone (GBL) with a low yield of
16% and butyric acid (BA) with a considerable yield of 78%, respectively, are formed.
The formation of well-dispersed bimetallic alloy nanoparticles (NPs) is revealed by a
transmission electron microscopy with energy-dispersive spectroscopy, Hs-temperature

programed reduction, X-ray diffraction, and X-ray absorption spectroscopy studies. It
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is found that the fine alloying structure with high Cu contents is significant in favoring
the formation of BDO via the ring-opening step of GBL rather than the hydrogenation
of GBL to the non-target product of BA. In addition, the CuPd alloy catalyst exhibits a

good recycling ability in four consecutive runs without significant loss in its activity.

2.1 Introduction

Until the end of the 18th century, the world’s economy had been primarily agricul-
tural. However, since the arrival of the industrial revolution, fossil fuels including coal,
petroleum, and natural gas were established as the main resources [1]. Over centuries of
industrial exploitation with fast and heavy consumption, these non-renewable raw materi-
als have become severely depleted. In addition, the massive increase in demand associated
with the unequal distribution of these resources not only causes several adverse effects on
the economy but also raises the possibility of geopolitical disputes [2, 3]. Furthermore,
the consumption of fossil fuels is often linked to the increase of greenhouse gas emission,
in particular, carbon dioxide, attributing to global warming and climate change. The
raised issues make the development of alternative feedstock imperative. Among vari-
ous renewable resources, biomass has emerged as a promising candidate, offering a great
opportunity to improve the overall economic and sustainable chemistry [4-7].

Generally, key building-block chemicals can be produced via biological or chemical
conversions from biomass materials, which subsequently are converted to a number of
high valued bio-based chemicals. Succinic acid (SA) has been identified as one of twelve
platform chemicals by the U.S. Department of Energy since 2004 [8]. Conventionally,
SA was mostly manufactured by catalytic hydrogenation of maleic anhydride, which is a
fossil-based chemical. However, the production of petroleum-based SA posed problems
of carbon footprint emissions and price volatility, which subsequently lead to the devel-
opment of bio-based SA. Recent breakthroughs in bio-fermentation technology make SA
more abundant and competitive supply [9-12]. However, while there has been an increase

of interest in various renewable chemicals such as glucose [5, 13], fructose [14, 15], and
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levulinic acid (LA) [16, 17], only scant attention has been paid for the catalytic conver-
sion of SA despite that a large number of value-added products can be converted from it;
i.e.., y-butyrolactone (GBL), 1,4-butanediol (BDO), tetrahydrofuran (THF), N-methyl-
2-pyrrolidone (NMP), and several other derivatives [18, 19]. Among these potential prod-
ucts, the conversion of bio-derived SA to BDO has been recognized as one of the most
important industrial processes. Particularly, BDO can be utilized as a starting material
for various commodity compounds and combined with SA to prepare polybutylene succi-
nate (PBS) and poly(butylene succinate-co-butylene terephthalate), which are known as
biodegradable plastics [20].

The hydrogenation of SA is typically carried out at high pressure of hydrogen using
metallic catalysts on various inert supports [1]. The catalyst can be either monometallic
or bimetallic catalysts, which are mainly noble metals. For example, various Starbons®
supported metal nanoparticles including Pt, Pd, and Rh were reported as efficient cat-
alysts for hydrogenation of SA with moderate to good conversion and high selectivity
toward BDO [21]. Supported Ru [21] and Re [22] catalysts were also employed, however,
GBL and THF were produced as main products. In fact, the uses of bimetallic catalysts
are more favorable because the additional metal could minimize the use of precious metals
and /or influence the selectivity towards certain products by altering the effect of the first
metal for a certain purpose [1]. Di et al. reported that the strong intermetallic interac-
tions in Re-Ru/C bimetallic catalysts were contributed to the high selectivity of BDO,
while THF, GBL, and propionic acid were formed as the main products over monometal-
lic Re/C and Ru/C [23]. The nature of metals is an important factor but the catalyst
support, preparation method, and reaction parameters are also considered to be of great
importance. For example, Takeda et al. reported that the structure of Re-based catalysts
is significantly influenced by the reduction method [24]. Particularly, high BDO yield was
achieved using the ez-situ liquid-phase reduced catalyst, while the in-situ liquid-phase
reduced catalyst showed low activity.

To reduce the heavy dependence on noble metals for the direct hydrogenation of SA,

it is highly desirable to develop efficient earth-abundant heterogeneous catalyst systems.
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In this chapter, supported Cu-based bimetallic catalysts are studied for the direct hydro-
genation of SA to BDO. The Cu-based bimetallic catalyst would be a promising system
since it is reported as one of the effective catalysts for hydrogenation of molecules con-
taining C=0 double bonds [25-27]. Recently, it is reported as a potential catalyst for the
hydrogenation of GBL to BDO with excellent yield [28-30]. However, to the best of our
knowledge, the direct hydrogenation of SA to BDO with a great selectivity has not been
conducted over Cu-based bimetallic catalysts with high Cu contents.

Hydroxyapatite (HAP), which is a calcium orthophosphate with an apatite structure
[31], has attracted great attention because it offers a wide range of applications. As the
main mineral constituent of human bones and teeth, it is generally applied in orthopedic
and dentistry as biocompatibility materials [32]. In catalysis field, HAP is known as a
nonporous catalyst support with the coexistence of weak acidic and basic sites, which help
to avoid mass transfer limitations and prevent side reactions [31].Furthermore, owning a
high specific area and superior ion exchangeability make HAP a promising support by
immobilizing metals on the surface or incorporating them into the apatite framework
(33, 34]. Utilizing these properties, HAP-supported metal nanoparticles were reported
as efficient catalysts for various hydrogenation reactions. For example, HAP-supported
monometallic catalysts, i.e., Ru, Pt, Pd, Ni were investigated for hydrogenation of LA
with good to excellent yields of v-valerolactone [35]. Taking advantage of concerted
effects between multimetallic species, HAP-supported Pt—Mo bimetallic nanoparticles can
accelerate LA to 1,4-pentanediol with excellent yield [36]. Inspiration derived from these
research, HAP-supported Cu-based bimetallic catalysts with high Cu contents are studied

for the direct hydrogenation of SA to BDO.

2.2 Experimental Section

2.2.1 Materials

All the chemicals and their details are listed in Table 2.1 below:
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Table 2.1: List of chemicals used in this research

No. Name Formula Supplier
1 1,4-butanediol (BDO) C4H{(05 Wako

2 1,4-dioxane C4HgOq Wako

3 1-butanol (BuOH) C4Ho,OH Wako

4 2-propanol C3HgO Wako

5 Aluminum nitrate nonahydrate ~ Al(NOj3);-9H,O  Wako

6 Butyric acid (BA) C4HgOs Sigma Aldrich
7 Cerium (III) nitrate hexahydrate Ce(NOj);-6H2O  Wako

8 Cobalt (II) nitrate hexahydrate ~ Co(NOs)s-6 HoO  Wako

9 Copper (II) nitrate trihydrate Cu(NOs3)2-3H,O  Wako
10 Copper oxide CuO STREM
11  Ethanol CyH;OH Kanto
12 Hydroxyapatite (HAP) Cay9(PO4)6(OH), Kanto
13 Nickel (II) nitrate hexahydrate Ni(NOj3)2 -6 H,O  Wako
14 Norit® “SX Plus” C Wako
15  Palladium (II) nitrate Pd(NO3), Wako
16  Ruthenium (III) chloride hydrate RuCl;-z HyO Wako
17 Silicon dioxide, G-6, 3pm SiO, Fuji Silysia
18  Succinic acid (SA) C,HgO, Kanto
19  Tetrahydrofuran (THF) C4HsO Wako
20  Titanium dioxide (rutile form) TiOq Kanto
21  Zinc nitrate hexahydrate Zn(NO;3)2 -6 H,O  Wako
22  a-alumina o-Al, O3 Kanto
23 ~-butyrolactone (GBL) C4HgO, Wako

2.2.2 Catalyst Preparation

The Cu-M/HAP catalysts were prepared by the co-impregnation method with modifica-
tions based on the previous papers [36, 37]. In a typical procedure, Cu(NO3)s - 3 HoO and
a secondary metal precursor, e.g. Pd(NOj3)y, were added simultaneously into a round-
bottom flask with 150 mL distilled water. Subsequently, HAP was gradually added to
the solution and the mixture was stirred at room temperature for 12 h. The solid was
obtained after removing water by a rotary evaporator. The obtained powder was further
dried in an oven at 110 °C for 12 h and calcined in a furnace at 500 °C for 4 h. Finally,
1

the calcined sample was reduced in a flow of 5% Hs /N,y at the flow rate of 60 mL min™~

at 500 °C for 2 h.
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2.2.3 Catalyst Characterization

The crystal structure was obtained by the powder X-ray diffraction (XRD) method using
a Rigaku Smart Lab X-ray diffractometer (Rigaku Co.) with a Cu Ka radiation (A= 0.154
nm) at 40 kV and 30 mA. The diffraction patterns were analyzed using the database of
the Joint Committee of Powder Diffraction Standard. The morphology was acquired by
the transmission electron microscopy (TEM) using an H-7100 TEM (Hitachi) operated
at 100 kV. Images from the high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) with the energy dispersive X-ray spectroscopy (EDS) were
recorded by using a JEM-ARM200F (JEOL USA, Inc.) operated at 200 kV. The tem-
perature programmed reduction (TPR) experiments were carried out on a BELCat II
(MicrotracBEL, Corp.) to investigate the Pd—Cu interaction of the bimetallic catalysts.
The gaseous mixture of 10% Hy/Ar was introduced to the sample at the flow rate of 30
mL min~!, while the temperature was increased from 50 °C to 750 °C at a ramping rate
of 10 °C min~!. The H, quantification was performed on the basis of H, consumption of
CuO (99.999%) as an TPR standard.

The electronic state of Cu—Pd on HAP was analyzed by X-ray photoelectron spec-
troscopy (XPS) using an Axis-Ultra DLD spectrometer system (Shimadzu Co. and Kratos
Analytical Ltd.) with the monochromatic Al Ko (1486 eV) X-ray resources. The binding
energies (BE) were calibrated using the C 1s spectrum of adventitious carbon contamina-
tion as an internal standard. Actual compositions of Cu and Pd in fresh and used catalysts
were determined by atomic absorption spectroscopy (AAS) using a ZA3700 Polarized Zee-
man Atomic Absorption Spectrophotometer (Hitachi, Ltd.). For the quantification, the
absorption wavelengths of 324.8 nm and 247 nm are respectively monitored for Cu and
Pd elements. Na-adsorption/desorption experiments were conducted on BELSORP-mini
analyzer (MicrotracBEL Corp.). Surface areas of samples were calculated based on the
Brunauer-Emmett-Teller (BET) theory.

The X-ray absorption spectroscopy (XAS) experiments were conducted at the BLO7 (Pd

K-edge) and BL15 (Cu K-edge) stations at SAGA light source under the proposal nos.
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11901136T and 1901135R, respectively. The storage ring was operated at 1.4 GeV and Si
(220) and Si (111) single crystals were employed to obtain a monochromatic X-ray beam
for Pd K-edge and Cu K-edge measurements, respectively. All the samples were ground
finely and pressed to pellets with a diameter of 10 mm. Analyses of X-ray absorption
near edge spectra (XANES) and extended X-ray absorption fine structure (EXAFS) were

performed by using Athena and Artemis software (Demeter package ver. 0.9.26).

2.2.4 Catalyst Evaluation

Hydrogenation of SA was performed in a stainless-steel autoclave reactor (Taiatsu Tech-
nol., Japan) with an internal glass vessel (50 mL vol.). In a typical experiment, 10 mL
of 1,4-dioxane solvent including SA (0.1 g) and the as-prepared catalyst (0.1 g) were
loaded into the vessel along with a magnetic stirrer bar. The reactor was then sealed and
purged with pure Hy (99.999%) three times before being pressurized to 8.0 MPa at room
temperature. After that, the reactor was placed into an aluminum block bath heated at
200 °C and then kept for 96 h under vigorous stirring (780 rpm). After an appropriate
period of reaction, the reactor was cooled to the room temperature and centrifugated.
Subsequently, the obtained products were analyzed using gas chromatography (Shimadzu
GC-2014) with a polar DB-FFAP column (Agilent). The GC column temperature was
increased from 50 °C (2 min) to 240 °C (5 min) at a rate of 20 °C min~'. The injection
and detector temperatures were 250 °C and 280 °C, respectively. The conversion of SA
was analyzed by using a high-performance liquid chromatography (HPLC, Water 2414)
equipped with a refractive index detector (RID). An Aminex HPX-87H column (Bio-Rad)
was used for the separation at 50 °C. The aqueous solution of 10 mM H,SO,4 was employed

as the eluent at a flow rate of 0.5 mL min—'.
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2.3 Results and Discussion

2.3.1 Catalyst Evaluation and Reaction Pathways and Opti-

mization

In an attempt to find out a potential catalytic system for SA hydrogenation, various
catalysts were examined in 1,4-dioxane solvent (Table 2.2). Among the tested Cu-based
bimetallic catalysts, the Cu,Pd,/HAP (z =y = 5 wt%) emerged as a promising catalyst
for the formation of BDO, while the other catalysts produced GBL as the main product.
Particularly, a 23% yield of BDO was achieved over the present catalyst.

Table 2.2: Screening CusMs/HAP for SA hydrogenation®

Catalyst GBL BDO THF BuOH BA SA conv.
CusRus/HAP 5 0 0 0 0 )
CusCes/HAP 6 0 0 0 0 8
CusZns/HAP 14 0 0 0 0 31
CusPds/HAP 25 23 4 2 35 100
CusAl;/HAP 26 0 0 0 0 61
CusNis/HAP 34 0 0 0 0 48
CusCos/HAP 63 4 0 0 0 96

@ Reaction conditions: SA (0.1 g), catalyst (0.1 g), 1,4-dioxane (10 mL), temperature

1
(200 °C), Hy pressure (8 MPa), reaction time (96 h).

Subsequently, the effect of Cu/Pd ratios in the Cu,Pd,/HAP catalysts was further
examined while the total metal loading (z 4 y) was fixed at 10 wt%. As shown in Figure
2.1A, it is observed that the monometallic Pd;q/HAP and Cu;o/HAP catalysts were
unable to produce BDO. A low conversion of SA (16%) to GBL with an absolute selectivity
was obtained over the Cu;o/HAP catalyst, whereas a full conversion of SA to butyric acid
(BA) as the major product with a 78% yield and GBL as minor product with a 11%
yield were observed with the Pd;o/HAP catalyst. Interestingly, as the increases in the Cu
contents in the Cu,Pd,/HAP catalysts, the yields of BA were gradually reduced while
BDO were increased to be the major product along with various by-products such as THF
and 1-butanol (BuOH). As a result, the maximum yield of BDO at 82% was achieved over

the CugPdy/HAP catalyst with a complete conversion of SA. It is noteworthy that the
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Figure 2.1: (A) Hydrogenation of SA over Cu,Pd,/HAP catalysts (z +y = 10 wt%),
(B) time-based reaction progression over the CugPdy/HAP, (C-D) effects of temperature
H, pressure on the catalytic acitivty of CusPds/HAP. Reaction conditions: SA (0.1 g),
catalyst (0.1 g), 1,4-dioxane (10 mL), temperature (200 °C), Hy pressure (8 MPa), reaction
time (96 h).

physical mixture of theCug/HAP and Pdy;/HAP monometallic catalysts was unable to
produce BDO with such a high selectivity: only 14% selectivity of BDO was provided
at the same reaction conditions. Accordingly, close interactions between Cu and Pd
atoms: e.g. alloying, would be a crucial factor enhancing the catalytic activity for the
highly selective hydrogenation of SA to BDO. To figure out the underlying reason, simple
experiments were carried out using monometallic catalysts (Table 2.3). When the GBL
was chosen as the starting material, the Pds/HAP catalyst was favorable for the formation
of BA as the main product with 88% in selectivity, while the Cug/HAP catalyst was
able to catalyze the reaction toward BDO with ca. 91% in selectivity. Considering the

hydrogenation of SA that the Cujo/HAP catalyst was unable to further hydrogenate
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Table 2.3: Hydrogenation of GBL using HAP supported monometallic catalysts®

Selectivity /%

Entry Catalyst  Conv. /%

BDO THFE BuOH BA
1 Pdy/HAP 100 0 0 <1 38
2 Cug/HAP 97 91 3 <1 0

@ Reaction conditions: GBL (0.1 g), catalyst (0.1 g), 1,4-dioxane (10 mL), temperature
(200 °C), Hy pressure (8 MPa), reaction time (96 h).

GBL to BDO (Figure 2.1A), it is believed that there was an inhibition effect of SA to
the ring-opening step of GBL over the Cu active centers. In fact, the hydrogenation
of GBL over the Cug/HAP catalyst in the presence of different concentrations of SA
served crucial results (Table 2.4). The results show that the Cug/HAP itself possesses
the catalytic ability for the transformation of GBL to BDO; however, such ring-opening
step from GBL to BDO is inhibited when the concentration of SA is significant to GBL.
From these pieces of evidence, it is highly expected that in the physical mixture of the
two monometallic catalysts, the Pds/HAP plays a role in decreasing the concentration of
SA via the transformation into GBL, whereas the Cug/HAP promotes the step of ring-
opening GBL to BDO. As an overall result, the production of BDO could be detected

with 14% yield from SA as the substrate (Figure 2.1A).

Table 2.4: Hydrogenation of GBL in the presence of SA over the Cug/HAP catalyst?

Entry Starting materials Products
SA /mmol GBL /mmol GBL:SA ratio /wt% BDO /mmol GBL /mmol
1 0.0 1.2 100:0 1.0 0.0
2 0.2 0.9 80:20 1.0 0.0
3 0.4 0.6 50:50 0.1 0.8

2 Reaction conditions: substrates (0.1 g), catalyst (0.1 g), 1,4-dioxane (10 mL), tem-
perature (200 °C), Hy pressure (8 MPa), reaction time (96 h).

To draw a comprehensive reaction pathway in this catalytic system, the time-based
reaction was implemented and the results are plotted in Figure 2.1B. In accordance with
previous reports [38, 39], the present research shows that in the first step of SA hydro-

genation, GBL was formed as the intermediate which was successively converted to BDO
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Table 2.5: CugPdy/HAP catalyzed reactions with different substrates®

Entry  Substrate Conv. BDO GBL THF  BuOH BA /%
/% /% /% /% /%

1 GBL 88, 98> 80, 84 — 0, 2P 0, 4° 2, 2b
2 BDO 6 - 2 3 0 0
3 THF 0 0 0 - 0 0
4 BA 9 0 0 0 8 -
5 BuOH 2 0 0 0 - 0

2 Reaction conditions: substrates (0.1 g), catalyst (0.1 g), 1,4-dioxane (10 mL),
temperature (200 °C), Hy pressure (8 MPa), reaction time (24 h).
b Reaction time (48 h).

o]
/\)J\OH e HO MMM
BA BuOH

+2H
BDO

o} ~2Hy0 -2H,
SA GBL

+2Hy | -H,0

3

THF

- Hzo

Scheme 2.1: Proposed reaction pathways for SA hydrogenation over the CugPd,/HAP
catalyst

along with the formations of other non-target products such as BA and BuOH in small
quantities. The hydrogenation reactions with different starting materials were carried out
to understand the conversion of each compound under the same conditions (Table 2.5).
The results revealed that the hydrogenation of GBL over the CugPds/HAP catalyst pro-
duced BDO as the main products with 80% yield (entry 1). However, BDO can further
undergo hydrogenation to THF (3% yield) or dehydrogenation to GBL (2% yield) (entry

2). BA, which formed as a by-product from GBL hydrogenation, can also be reduced to
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BuOH as the final product (8% yield) (entry 4). As a summary of these results, the main
reaction pathway is proposed as described in Scheme 2.1.

The optimization of reaction conditions such as temperature, Hy pressure are important
to investigate for any catalytic system, especially for the present process consisting of
multiple reaction paths [1]. It is known that the conversion of SA at low temperature
favors the formation of GBL, while BDO or THF is the major product at high reaction
temperature and pressure [39]. However, in comparison to THF, the formation of BDO
is favored at lower temperature and higher pressure [23, 24]. Thus, proper Hy pressure
and temperature for achieving high yields of BDO were examined. In agreement with the
previous reports, at the lower temperature, GBL was dominantly formed, while THF, BA,
and BuOH appeared as the major products at the higher temperature (Figure 2.1C). In
this case, the high concentration of BA which further converts to BuOH can be attributed
to the loss of Cu sites at elevated temperature. Whereas, as shown in Figure 2.1D, the
yield of GBL and BDO growth with the increase of Hy pressure. However, BA yield
significantly decreases, which can be attributed to the increase in the ability of Cu sites

for dissociation of Hs, in competing with Pd sites.

2.3.2 Structure—Activity Relationship

It is worth noting that the hydrogenation of GBL to BA using bimetallic catalysts was
minimized with the increase of wt% of Cu, while the formation of BDO was accelerated,
which implies new active sites were generated via intermetallic interactions. Therefore,
several characterizations were conducted to gain better insight into the catalyst structures.
Figure 2.2 illustrates the Ho-TPR profiles of the calcined catalyst precursors. Apparently,
the TPR profile of HAP support itself shows no obvious reduction peak from 50 °C to 750
°C. However, when Pd was introduced, a negative at about 85 °C and two other positively
broad peaks appeared at 360 °C and 560 °C. According to various reports [40-42], at a
certain partial pressure, Hy can be absorbed by the reduced Pd at room temperature,

forming (S-phase Pd hydride. This phase is unstable at T > 80 °C, releasing Hy which
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Figure 2.2: Hy-TPR profiles of the calcined Cu,Pd,/HAP catalysts

caused the negative peak in the profile of the Pd;o/HAP. Besides, the first positive peaks
at about 360 °C can be seen in the cases of the catalyst with high Pd content (> 8 wt%),
which might be explained by the reduction of a two-dimensional PdO on the surface of
support [43, 44]. While, the reduction of palladium species embedded in the structure of
support can be responsible for the second positive peak at higher temperature of 560 °C.

By introducing Cu into the catalysts, there was no negative peak detected, while pos-
itive peaks emerged at about 120 °C in the TPR profiles of the Cu,Pd,/HAP. As the
Cu content increased, it could have altered the active surface of Pd by the alloying effect
to form several mixed oxides Pd,Cu,O during the calcination at 500 °C for 4 h in the
preparation of catalysts. These mixed oxides suppressed the Hy adsorption of Pd and led
to the shifts in TPR profiles from lower temperature 120 °C to the higher temperature
170 °C [45-47]. In the Cuyo/HAP, there are three reduction peaks at lower temperature

than 500 °C, which can be characterized as the reduction copper species on the surface
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[48, 49], while the peak appears around 570 °C can be assigned to the reduction of cop-
per species coordinated in the HAP framework or in solid phase-libethenite denoted as
Cuz(OH)(POy) [34, 50]. Particularly, the peak at around 260 °C and its shoulder at
about 360 °C can be ascribed to the reduction of highly dispersed Cu®" and bulk Cu?**
with large particle size [51-54]. Therefore, in the CugPdy/HAP and CugPds/HAP with
high loading Cu content, the reduction peaks are broader than other bimetallic catalysts,
contributing to the reduction of well-dispersed isolated CuO species in close vicinity with
the mixed oxides. Based on the actual loading amount of metal determined by AAS, the
extent of reduction was calculated (Table 2.7, vide infra). The results show that with the
increase of Pd, the reduction degree significantly decreases to about 50%. This is due to
the increase of Pd,Cu,O mixed oxides (share of oxygen) while decrease of the isolated

CuO species in bimetallic catalyst with higher Pd content.
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Figure 2.3: XRD patterns of the reduced Cu,Pd,/HAP in the 26 range of (A) 5-80° and
(B) range-enlargement of 35-45°

The XRD patterns of the support and reduced catalysts are shown in Figure 2.3. Al-
though the peaks of HAP are at high intensity, peaks of the metals are still recognizable.
The XRD pattern of Cujo/HAP exhibits peaks at 43.3°, 50.4°, and 74.1°, while those of
Pdyo/HAP are at 40.1°, 46.7°, and 68.1°, respectively, corresponding to the (111), (200),

and (220) planes of their face-centered cubic (fcc) metal structure. Taking a closer look at
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the patterns (Figure 2.3B), it is observed that the shift in the (111) plane of monometallic
Pd/HAP catalyst toward higher 26 values together with the increases of Cu contents indi-
cates the substitution of Cu into the Pd lattice to form bimetallic alloy [55-57]. However,
it is pointed out that it is not only one but two phases are formed and their diffraction
peaks are easily visualized if the concentration of Cu is significant. This might be ratio-
nalized by the low concentration of Pd compared to Cu in the present catalyst system
which is rapidly occupied by Cu. Accordingly, once the equilibrium is reached, Cu will
no longer substitute into the Pd lattice of the fec structure but forming a new structure,
possibly a body-centered cubic (bce) structure, which coexists with the fee structure in
the CuPd alloy [58, 59]. As a result, no obvious shift toward higher the 26 value in the
diffraction peak at about 41° was seen when the Cu content increased from 4 to 8 wt%;
instead, the peak at about 43° clearly emerged and shifted to a higher 20 value with the
increase in the Cu content from 6 to 8 wt%. The dependence of the bimetallic structure on
the metal concentration was previously reported in various reports [60, 61]. For example,
a research group of Marakatti et al. recently reported that the effect of the concentration
of Pd and Cu on the structural formation [61]. In their study, the Pd,Cu;_, with x = 0,
0.25, 0.75, and 1.0 showed an fec structure of PdCu alloy, while a mixed-phase containing
both bec and fec of PACu intermetallic was formed with x = 0.4 and 0.6. In our catalyst
system, however, the mixed-phase might be formed easily due to the high metal loading.

To have insights into the oxidation state and clarify whether charge transfer occurs
between Cu and Pd, XPS studies on the Cu,Pd,/HAP were performed. The Cu 2p, /2
spectrum of the monometallic catalyst can be deconvoluted into three components at 932.7
eV, 934.5 eV, and 941.1-943.1 eV, corresponding to Cu’ in Cu-Cu, Cu?*" in Cu-O, and
Cu*" satellite peaks [62, 63] (Figure 2.4A). It can be observed that as the increase in Pd
content in the bimetallic catalysts, the core-level are shifted to lower binding energy (BE).
This result is in good agreement with previous reports that confirmed charge transfer as
an outcome of alloying effect between Cu and Pd [63, 64]. It is noticed that in the
bimetallic catalysts with higher Pd content, the Cu-Pd interaction becomes stronger,

resulted in broader peaks in Cu 2pj 5 regions [64]. While, during the preparation for the
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Figure 2.4: XPS spectra of the reduced Cu,Pd,/HAP catalysts at (A) Cu 2p and (B) Pd
3d regions

XPS experiments, the reduced catalysts were exposed to the air, causing small peaks of
CuO and their satellites, owning to the partial oxidation of Cu species on the surface.
However, with the increase of Pd content, these peaks become weaker, indicating that the
Cu—Pd interaction prevents the oxidation of Cu species [56, 61, 64]. In the Pd 3d spectra
of the catalyst samples are shown in Figure 2.4B. The Pd 3ds/» of the monometallic
catalyst can be fitted with two peaks at 334.7 eV and 336.1, corresponding to Pd” in Pd—
Pd and Pd?" in Pd-O, which are close to previous reports [65—68]. Similarly, when Pd
interacts with Cu in the bimetallic catalyst, a new peak which can be attributed to Pd—Cu
interaction appeared [64]. This peak becomes stronger as the increase of Cu content and
finally overlaps the Pd—Pd peak. Accordingly, the corporation of Pd and Cu leads to a
shift in higher binding energy, revealing the partial charge transfer from Cu to Pd as the
result of Cu-Pd alloying formation [64, 69, 70]. It is noticed that the relative intensities
of Cu 2p are intense compared to those of Pd 3d, suggesting a partial enrichment of Cu
species on the surface of the present nanoalloy particles [71, 72].

For getting more details about the electronic states and insights into structures of
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the bimetallic catalysts, XAFS inspections were carried out for the reduced catalysts.
Figure 2.5 shows the Cu K-edge and Pd K-edge of both the catalysts and their relevant
references. It is clear that the XANES features of both the Cu K-edge and Pd K-edges
are similar to their corresponding purely metallic references of Cu foil (Cu’) and Pd
black (Pd’), indicating the presence of zero-valent metals as the influential state in the
catalysts [73]. To estimate the changes in the bimetallic structures compared to the
monometallic ones, further interpretations of the data on the EXAFS were performed.
The k*-weighted EXAFS and Fourier transform (FT) spectra at the Cu K-edge and Pd
K-edge are demonstrated in Figure 2.5C&F and Figure 2.6, respectively. At the Cu
K-edge, little information about the intermetallic interactions can be observed via the
changes in oscillations (Figure 2.5C) and shapes of the shells (Figure 2.6A) if the ratio
(wt%) of the neighboring atom to the atom of interest was low (Pd < 4 wt%). However,
when the ratio significantly increases (Pd > 6 wt%), these changes are clearly observed as
the humps instead of the single peaks in the FT spectra. In contrast, for the Pd K-edge,
the differences in oscillations are clearly visible even at the low mentioned ratios (Figure
2.5F), which might be attributed to the low concentration of Pd loaded in the bimetallic
catalyst, as in accordance with the XRD and AAS results (Table 2.7, vide infra). In
a clearer view, the FT of the k3-weighted Pd K-edge EXAFS of the Pd reference and
Pd;o/HAP displayed a broad peak at about 2.5 A; however, as the addition of Cu, the
shape of peak greatly changes to a hump at first (Cu = 2 wt%) and then to broad peaks
(Cu > 4 wt%) with shifts to the lower distance at about 2.1 A (Figure 2.6B).

The EXAFS fitting was then performed to determine the structural parameters of the
bimetallic catalysts: i.e., coordination number (CN) and interatomic distance (7). In order
to eliminate all multiple scattering effects and reduce the number of independent variables,
only the first coordination shells were involved in the fits. The amplitude reduction factors,
which were determined from the fit of the Cu and Pd reference data, were constrained to
the fits of all the catalysts of the corresponding edges. Other factors including the change
to the interatomic distance and the mean spare relative displacement were either fitted

independently or constrained to be the same for all paths in certain shells to optimize
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Figure 2.6: FT EXAFS spectra of raw (grey open circles) and fitting (red solid line) data
of the Cu,Pd,/HAP at (A) Cu K-edge and (B) Pd K-edge

the fits. In all fits the k3-weighted was used. The EXAFS spectra including both raw
and fitting data are demonstrated in Figure 2.6 while the detailed results are listed in
Table 2.6. To improve the visualization, the CNs obtained from the fits are illustrated in
Figures 2.7A&B. The results confirm that the metals in the bimetallic catalysts are alloyed
with the neighboring atom of Cu or Pd. Particularly, as the content of the neighboring
atoms increases, the CNs of Pd-Cu and Cu-Pd increase, indicating the growth in the
alloying degree of these bimetallic catalysts. Furthermore, the total metal-metal (M—M)
CNs obtained from all interactions for individual metal can reveal information about the
core-shell structure or homogeneous alloy structure of the bimetallic catalysts [74, 75].
In a previous research [76], by comparing the CNs of Pt-M and Pd-M (in the Pd-Pt
(1:1) and Pd—Pt (4:1) bimetallic catalyst, Toshima et al. reported that as the increase
of Pd content, the CN of Pd-M was also increased, while that of the Pt—-M was not

distinctly different, indicating the existence of a Pt core surrounded by Pd monolayer.
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Table 2.6: EXAFS fitting results of the reduced Cu,Pd,/HAP catalysts at Cu and Pd
K-edges

Cu K-edge Pd K-edge
Sample
Path  CN R (A) Path  CN R (A)
Cu foil Cu—Cu 12 2.542 £ 0.002 - - -
Cuyo CuCu 7.8+14 25324+0.011 - - -
CugPdy Cu-Cu 6.7+ 21 2544 +0.027 Pd-Pd 3.1 +£1.3 2.697 £+ 0.024
Cu-Pd 08+14 2604 +0.135 Pd-Cu 69 +1.6 2566 + 0.016
CugPd, Cu-Cu 4.0+12 24654+ 0.021 Pd-Pd 33+1.0 2693 4+ 0.016
Cu-Pd 2.0+£04 2409 4+ 0.055 Pd-Cu 76+ 1.2 2564 + 0.016
Cu,Pds CuCu 19409 2509+ 0.024 Pd-Pd 65+13 2662+ 0.013
Cu-Pd 45+08 2539 +0.027 Pd-Cu 4.0+£0.7 2573 £0.011
CuyPdy CuCu 23404 2613+0.021 Pd-Pd 76+£06 2.693 £ 0.006
Cu-Pd 6.7+15 2639 +0.010 Pd-Cu 3.7+£05 2631+ 0.009
Pdy - - - Pd-Pd 11.3 £0.6 2.739 £+ 0.003
Pd black - - - Pd-Pd 12 2.751 £ 0.002

In the present catalyst system, however, it is observed that when the concentration of
neighboring atom, i.e., Pd and Cu, increased, the CNs of Cu-M and Pd-M were similar
within the uncertainty. These results might suggest that rather than a core-shell, the

homogeneous alloy structures are favorable to form [75].
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Figure 2.7: CNs obtained from fitting results at (A) Cu K-edge and (B) Pd K-edge of the
reduced Cu,Pd,/HAP

To further study the internal structure and compositional distribution of the nanopar-

ticles, the TEM techniques for the most active catalyst of the reduced CugPdy/HAP were
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Figure 2.8: (A) TEM image and particle size distribution of the reduced CugPds/HAP
catalyst, (B-E) HAADF-STEM image with EDS elemental mapping images, and (F)
EDS-line analysis

conducted (Figure 2.8). The TEM result clearly shows that the metals were well-dispersed
on the surface of HAP. The average diameter of the particles was then estimated using
numerous counting particles, which is 3.7 nm (Figure 2.8A). Subsequently, the STEM
with the HAADF imaging technique, which provides structural and chemical informa-
tion at atomic resolution was performed [77, 78]. It is known that an image Z-contrast
for the bimetallic catalyst system possessing a significant difference in atomic numbers
such as Cu (Z = 29) and Pd (Z = 46) would be noticeable provided that the elemen-
tal segregation, i.e., core-shell structure or phase-separation, occurred [56, 79]. Figure
2.8B exhibits a regular brightness spot without any contrast, indicating the absence of
elemental-segregation. Whereas, the EDS elemental mapping results elementally identify
the particles which show that both Cu (jade green) and Pd (yellow) were homogeneously
and randomly distributed throughout the particle, as shown in Figure 2.8C—-E. The EDS
line analysis for the major particles in average sizes visually exhibits Cu and Pd in a
similar intensity (Figure 2.8F, which is different from the actual atomic ratio determined

on the basis of AAS results, which are Cu-89% and Pd-11%. Therefore, the different
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analysis on a larger particle was also performed as shown in Figure 2.9. It was observed
that the larger particle (ca. 11.9 nm in diameter) was composed of CuPd alloy with higher
Cu content. Although the Cu-rich alloy with larger nanoparticles is not dominant in the
present catalyst, it might be an important component in the production of BDO from the
intermediate GBL. Accordingly, when the Cu was leached during the recycling runs, the
overall catalytic reactivity toward BDO decreased, which will be discussed later in this

chapter.

]
4 6 8 10 12 14 16

5.0nm

Distance (nm)

Figure 2.9: (A) STEM-HAADF image of a larger particle observed in the CugPdy/HAP
catalyst with line analysis and (B) elemental mapping images

2.3.3 Stability of Catalysts

As discussed elsewhere, the requirements for a high-performance heterogeneous catalyst
are not only the active metals species but also the support [80]. Accordingly, the active
species need to be formed precisely with strong interaction on the support surface [81].
HAP, which was reported as the effective support for many reactions due to its strong
interaction with metallic species [33, 82—-84], was chosen for the present catalyst system.

In order to evaluate the actual stability and reusability of the catalyst, after the first run,
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Figure 2.10: Reusability capacity of the CugPds/HAP catalyst for the SA hydrogenation.
Reaction conditions: SA (0.1 g), catalyst (0.1 g), 1,4-dioxane (10 mL), Hy pressure (8
MPa), temperature (200 °C), reaction time (48 h).

Table 2.7: Actual metal loadings and textural properties of the samples®"°

Cu Pd Cu/Pd Surface area Extent of reduction
Sample

wt% wt% molar ratio m? g1 /%
Cuyo/HAP 10.6 n.d. - 35 109
CugPdy/HAP 8.5 1.8 8.1 53 97
CugPdy/HAP-used 7.1 1.4 8.5 n.d. n.d.
Cu6Pd4/HAP 6.3 3.9 2.7 47 84
CuyPdg/HAP 4.1 6.1 1.1 47 78
CuyPdg/HAP 2.1 7.4 0.5 53 52
Pdyo/HAP nd. 83 ; 53 62
HAP nd. n.d. - 44 n.d.

2 The Cu and Pd contents of the reduced catalyst samples were determined by AAS
method.

> The BET surface area of the calcined catalyst samples were determined by Ny
adsorption/desorption method.

¢ The extent of reduction was calculated based on the actual Hy consumption from
TPR and the Hy consumption in the assumption that all the loading metals (from
AAS) were reduced.

the CugPdy/HAP was simply centrifugated, washed with 1,4-dioxane solvent and dried in
vacuum before using for the next run. As shown in Figure 2.10, it was clearly observed

that the catalyst could be recycled for 4 consecutive runs without noticeable loss in its
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activity. It is noticed that the selectivity of BA gradually increases during recycling runs.
As discussed previously, Cu is the dominant factor for the production of BDO, whereas
Pd is the key for the production of BA from the intermediate GBL. Accordingly, the
increase in BA seems to be attributed to the decrease of Cu active sites due to the metal
leaching issue. In comparison with the fresh sample, the AAS results of the used catalyst
evidence that a significant decrease in the Cu content (1.4 wt%) compared to that of Pd
(0.4 wt%) was observed, which is possibly responsible for the decrease in the selectivity

of BDO (Table 2.7).

2.4 Conclusion

In summary, this chapter demonstrates the direct hydrogenation of SA to BDO with
high selectivity using the Cu-Pd/HAP as highly effective bimetallic catalysts. While the
monometallic PA/HAP catalyst could not produce the target product, the addition of the
optimized Cu content (8 wt%) in the bimetallic catalyst facilitates the reduction of SA
to BDO, affording 82% yield with complete conversion of SA. Simple experiments using
monometallic catalysts for the hydrogenation of GBL revealed that the Pd sites favor the
formation of BA, whereas the Cu sites promote the generation of BDO. A wide range of
characterization techniques was employed to deepen understanding of the present catalyst
system. The obtained data discloses a synergistic effect between Cu and Pd as a result
of alloying formation, leading to its remarkable reactivity compared to the monometallic
catalysts. Notably, as suggested from XPS and AAS results, the Cu-rich alloy particles in
the present catalyst are determined as important components toward the high selectivity
of BDO. Therefore, the superior performance of the HAP supported CuPd bimetallic

catalysts with high Cu loading makes it efficient in direct hydrogenation of SA to BDO.
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Chapter 3

Effect of Support on the Formation
of CuPd Alloy Nanoparticles for the

Hydrogenation of Succinic Acid

Abstract

Three kinds of supported CuPd catalysts are studied for the hydrogenation of succinic acid
(SA) to value-added chemicals including 7-butyrolactone (GBL), 1,4-butanediol (BDO),
and tetrahydrofuran (THF). The strength of metal-support interaction played an essen-
tial role in the construction of CuPd nanoparticles (NPs), inducing different catalytic
activity and selectivity. In-depth characterizations revealed that while homogeneous al-
loys were dominantly constructed on TiOy and SiO4 supports, heterogeneous alloy with a
great extent of Cu segregation was preferably formed on 7-Al,O3. Although a high GBL
selectivity was achieved over CuPd/TiO,, large particles with the least Cu segregation
caused a lower SA conversion while preventing it from further hydrogenation. In contrast,
smaller CuPd NPs with a minority of Cu segregation on SiO; made it a superior catalyst
in the BDO production. Notably, strong Lewis acid sites on v-Al,O3 occupied a major

role in the formation of highly selective THF with a nearly quantitative yield.
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3.1 Introduction

Heterogeneous catalysis using functional nanomaterials plays an indispensable role in our
modern energy and chemical transformations [1, 2]. The unique properties of nanomateri-
als as catalysts derive from their specific reactivities due to the enhanced relative surface
areas and quantum effects [3]. These effects coupled with structural and morphological
changes thus render nanomaterials potential candidates in various fields including catal-
ysis [4]. In the past few decades, major research efforts were devoted to the investigation
of metal-based nanocatalysts [5]. The use of metallic nanocatalysts was mainly based on
the inherently electronic [6] and magnetic [7] properties of metals, leading to their high
catalytic efficiencies and selectivities compared to bulk metals and molecules [8, 9]. On
the basis of nanoscience, it has been well known that the catalysis performance can be
highly sensitive to the particle size and shape at the nanoscale [10]. On the other hand,
the intrinsic composition of metallic NPs has also been recognized as one of the crucial
factors to control reactivity and selectivity on specific catalytic reactions [3]. Thus, be-
sides the development of monometallic catalysts, bimetallic nanocrystals with well-defined
core-shell, alloyed, or intermetallic structures has been emerging as a topic of choice in
heterogeneous catalysis [11]. In comparison with monometallic analogues, bimetallic cat-
alysts are expected to not only offer extended and distinct properties due to synergistic
effects [12] upon alloying but also minimize the use of precious metal for advancements
toward green nanocatalysis [13]. Although the nature of metals plays an essential role
in catalytic performance, the support, via its properties and interaction with the NPs,
can be considered as an integral part in controlling the stability, size, and shape of ac-
tive metal species [14]. Besides the engagement with catalyst active sites which reduces
their mobility then prevents them from sintering [15-17], synergistic effects between cat-
alysts and supports such as electron transfer have also been reported in many catalyst
systems[18-22]. Overall, offering unique and superior reactivity, selectivity, and stability
due to synergism between the metals themselves and/or with the supports, supported

metal nanocatalysts, therefore, have been extensively used in the synthesis of fuel [23]
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and bio-based chemicals [24].

Advancements in science and technology after all is for ensuring a healthy and pro-
ductive life in harmony with nature [25]. In other words, the development is to fulfill
the human’s needs without comprising the environment. In the chemistry context, as
important as the catalyst which is considered as a fundamental pillar, the utilization of
benign and renewable feedstocks holds the essential role to advance the goals of green and
sustainable chemistry [26]. Indeed, as the growing scarcity, uncertain price, and often
associated with environmental issues of fossil hydrocarbons, the importance of alternative
resources of energy and organic carbon has become more evident. Biomass carbohydrates,
which are diversely available and renewable resources, have emerged as an ideal candidate
to reduce the heavy dependence on petroleum and natural gas resources [27-30]. Succinic
acid (SA) has been listed among the new bio-derived key building block chemicals that
can transform into a variety of high-value chemicals, as a replacement of the maleic acid
platform [27, 28, 31]. However, not until recently when the considerable advancements in
bio-fermentation and purification technologies have been successfully made for the pro-
duction of bio-based SA, it starts to become an economically attractive and competitive
supply [32, 33]. Hydrogenation of carboxylic acids and their derivatives currently becomes
the subject of intense research in terms of upgrading bio-based feedstocks to a vast number
of platform chemicals and intermediates [34]. As for SA, it undergoes catalytic reduction
over metal-based catalysts to commodity chemicals such as y-butyrolactone (GBL), 1,4-
butanediol (BDO), and tetrahydrofuran (THF'), which widely used in the manufactures of
important polymers and industrial solvents [35]. In general, the low electrophilicity asso-
ciated with polarization of the carbonyl carbon makes difficulties in the hydrogenation of
carboxylic acids and their derivatives [36]. For hydrogenation of SA in particular, harsh
conditions or long reaction time are necessary due to the low reactivity of SA compared
to its analogues [37, 38].

The product selectivity was reported to be strongly influenced by catalyst and reaction
conditions. Extensive work has been done on the hydrogenation of SA which revealed that

GBL was the main product over monometallic catalysts, while the addition of secondary
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metal promoter in the bimetallic catalysts facilitated the conversion of SA and increased
the selectivity of BDO [39-41] or THF [42—-44]. For example, the addition of Ru in Re-Ru
supported on mesoporous carbon favors the formation of BDO [39], whereas the Ir-Re/C
bimetallic catalyst promotes the production of THF [44]. The use of bimetallic based
on earth-abundant metals such as Fe and Cu was also reported for the SA hydrogena-
tion. Liu et al. reported that Fe can be an efficient promoter in Pd—5FeO,, /C for the SA
hydrogenation, which not only enhanced the catalytic activity but also able to control
the product distribution [45]. Whereas the Pd—Cu supported on alumina xerogel was
found to be an efficient bimetallic catalyst for highly selective GBL [46]. In chapter 2, the
hydroxyapatite (HAP) supported CuPd bimetallic catalysts for the hydrogenation of SA
were reported [47]. The study discovered that the hydrogenation products can be selec-
tively controlled by simply adjusting the Cu:Pd metal ratio. Extensive characterization
techniques revealed that the Cu rich CuPd alloying nanoparticles (NPs): in particular,
8 wt%-Cu and 2 wt%-Pd composition, served as the most potential catalyst for the SA
hydrogenation toward highly selective BDO. Since the metal-support interaction greatly
affects the nanostructure of metal catalysts and catalytic behaviors for certain reactions,
further investigation on the support effect for the unique Cu rich CuPd catalyst system
is an attractive subject. Therefore, in the present chapter, to deepen our understanding
of the CuPd bimetallic catalysts, the effects of catalyst supports on the construction of
the CuPd nanostructures as well as their own contributions to the hydrogenation of SA,

are further studied.

3.2 Experimental Section

3.2.1 Materials

All the chemicals and their details are listed in Table 3.1 below:
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Table 3.1: List of chemicals used in this research

No. Name Formula Supplier

1 1,4-butanediol (BDO) C4H{(05 Wako

2 1,4-dioxane C4HgOq Wako

3 1-butanol (BuOH) C4Ho,OH Wako

4 2-propanol C3HgO Wako

5 Butyric acid (BA) C4HgO, Sigma Aldrich
6 Copper (II) nitrate trihydrate  Cu(NOj3)s-3H,O  Wako

7 Copper oxide CuO STREM

8 Palladium (II) nitrate Pd(NO3), Wako

9 Silicon dioxide, G-6, 3um Si0, Fuji Silysia

10 Succinic acid (SA) C4HeOy Kanto

11 Tetrahydrofuran (THF) C4HgO Wako

12 Titanium dioxide (rutile form) TiOq Kanto

13 y-alumina, JRC-ALO-8 ~v-Al, O3 Sumitomo Chemical
14 ~-butyrolactone (GBL) C4HgO4 Wako

3.2.2 Catalyst Preparation

TiOy support was pretreated at 750 °C for 4 h, while 7-Al,O3 and SiO, supports were
used without any pretreatment. Supported CuPd bimetallic catalysts were synthesized
by adapting a previously reported protocol [47]. In general, the precursor solution was
prepared by dissolving Cu(NOj)s -3 HyO and Pd(NOg3), into a round-bottom flask con-
taining 150 mL deionized water. Subsequently, the support was gradually added to the
solution and stirred thoroughly at room temperature for 12 h. The impregnated sample
was then evaporated to remove water and dried at 110 °C for 12 h. The obtained dried
solid was further calcined in at 500 °C for 4 h and finally reduced in a flow of 5% Hy /N,
(60 mL min~') at 500 °C for 2 h. The samples were typically characterized or used for
reactions as quick as possible after reduction, however, it is inevitable that the samples
were contacted with air during weighing and transportation. It is noted that on the basis
of the previous study [47], the weights of metal precursors and supports were adjusted
to nominally obtain 8 wt% of Cu and 2 wt% of Pd in the final supported CuPd catalyst

samples.
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3.2.3 Catalyst Characterization

In general, the reduced samples were used for the following characterizations, unless oth-
erwise mentioned. Powder X-ray diffraction (XRD) was conducted to study the crystal
structures of the prepared catalyst samples. The measurements were performed on a
Rigaku Smart Lab X-ray diffractometer (Rigaku Co.) with a Cu Ko radiation (A = 0.154
nm) at 40 kV and 30 mA. The diffraction patterns were analyzed using the database of
the Joint Committee of Powder Diffraction Standard. The catalyst morphologies were ob-
served by transmission electron microscopy (TEM) using an H-7100 (Hitachi) and H-7650
(Hitachi) operated at 100 kV. High-resolution TEM (HRTEM) and energy-dispersive X-
ray spectroscopy (EDS) line scanning analysis were performed by using a JEM-ARM200F
(JEOL Ltd., Japan). X-ray photoelectron spectra (XPS) were acquired using an Axis-
Ultra DLD spectrometer system (Shimadzu Co. and Kratos Analytical Ltd.) with the
monochromatic Al Ka (1486 €V) X-ray resources. The binding energies (BE) were cal-
ibrated using the C 1s spectrum of adventitious carbon contamination as an internal
standard. Peak deconvolutions were performed using the XPSPEAKA4.1 software.

X-ray absorption fine structure (XAFS) spectra were recorded at the BLO7 (for Pd
K-edge) and BL11 (for Cu K-edge) stations of the SAGA light source under the proposal
no. 1910092R. The storage ring was operated at 1.4 GeV and Si (220) and Si (111) single
crystals were employed to obtain a monochromatic X-ray beam for Pd K-edge and Cu
K-edge measurements, respectively, in transmission mode. To optimize the signal at each
target edge, XAFS samples were individually prepared by grinding to fine powders and
pressing in air to pellets with diameter of 10 mm from the same lots of catalysts. Analyses
of X-ray absorption near edge spectra (XANES) and extended X-ray absorption fine
structure (EXAFS) were processed on the Athena and Artemis software of the Demeter
suite version 0.9.26.

Temperature programmed reduction (TPR) and desorption (TPD) experiments were
conducted on a BELCat 1T (MicrotracBEL, Corp.). For Ho-TPR measurements, samples

were arranged in between quartz wool fixed inside a quartz triple cell. The samples were
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heated from 50 °C to 700 °C at a ramping rate of 10 °C min~' in a gaseous mixture
of 10% H, /Ar with a flow of 30 mL min~'. A molecular sieve (4A 1/16) trap was
attached to prevent water from passing through the detector. The hydrogen consumption
was monitored by a thermal conductivity detector (TCD) and quantified by means of
calibration with pure CuO standard (99.999%). While for NH3-TPD, the samples were
loaded in the same type of quartz cell and treated at 500 °C in a flow of He for 1 h before
the adsorption of NH3 at 100 °C for 1 h. The NHj saturated samples were then treated
with water vapor for 3 times in an attempt to remove physically adsorbed ammonia.
The amount of desorbed NH3 was monitored by a linked quadrupole mass spectrometer
(BELMASS SII) at a temperature range of 100-550 °C at a heating rate of 10 °C min™".
Analyses on the acid density and peak deconvolution were performed on the ChemMaster
version 1.4.16.

Infrared spectroscopy (IR) spectra of adsorbed pyridine were recorded in a range of
4000-400 ecm~! with a JASCO-4700 FTIR spectrometer. A 10 mm diameter of the self-
supporting pellet was prepared and pretreated in situ at 500 °C under vacuum for 1 h.
After cooling the IR cell to room temperature, pyridine was dosed onto the sample for
30 min, followed by evacuation at the same temperature for 1 h to remove the physi-
cally excessively adsorbed pyridine and at 120 °C for 1 h to remove stronger adsorbed
sites. Ng-adsorption/desorption experiments were conducted on a BELSORP-mini an-
alyzer (MicrotracBEL, Corp.). Surface areas of samples were calculated based on the

Brunauer-Emmett—Teller (BET) theory.

3.2.4 Catalyst Evaluation

In a typical catalytic test, a solution including 1,4-dioxane solvent (10 mL), SA (0.1 g),
and the reduced supported CuPd catalyst (0.1 g) was loaded into a 50 mL glass vessel
together with a magnetic stirrer bar. The vessel was then inserted inside a stainless-steel
autoclave reactor (Taiatsu Tech., Japan) and firmly sealed. The reactor was purged from

the remaining air by pure Hy (99.999%) several times before being pressurized to 8.0 MPa
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at room temperature. Thereafter, the reactor was set into an aluminum heating block at
200 °C under vigorous stirring (780 rpm) for 96 h reaction.

After a designated reaction period, the reactor was removed from the heater and cooled
to the ambient air temperature. The reaction slurry was then centrifugated (Kubota
centrifuge 2410) to separate from the catalyst. The isolated reaction mixture was sub-
sequently analyzed by gas chromatography (GC, Shimadzu GC-2014) with a polar DB-
FFAP column (Agilent). The column temperature program was set to increase from 50
°C (2 min) to 240 °C (5 min) at a rate of 20 °C min~" while the injection and detector
temperatures were 250 °C and 280 °C, respectively. The conversion of SA was analyzed
by means of high-performance liquid chromatography (Water 2414) equipped with a re-
fractive index detector. An aqueous solution of HySO4 (10 mM) was used as an eluent
pumped at a flow rate of 0.5 mL min~! through an Aminex HPX-87H column (Bio-Rad)

operated at 50 °C.

3.3 Results and discussion

3.3.1 Effect of Support on the Catalytic Performance

The activity of CuPd NPs on several supports including SiOg, v-Al;O3, and TiOy was
investigated for the hydrogenation of SA, as shown in Figure 3.1A. In general, all these
bimetallic catalysts exhibited good to excellent activity since more than 60% conversion of
SA was attained. It is noteworthy mentioning that the catalytic activity was apparently
different depending on the support since quantitative conversions of SA were achieved
over SiOy and 7-AlyO3 supported CuPd, while that figure over the CuPd/TiO, catalyst
was only 73% at the same reaction conditions. Interestingly, excellent selectivities toward
different products were observed: particularly, the selectivities of 86% for BDO, 97% for
THF, and 90% for GBL were afforded at over the SiO,, 7-Al,O3, and TiO, supported
CuPd bimetallic catalysts, respectively. Quantitative conversion of SA can be achieved

over CuPd/TiO, at longer reaction time of 120 h. However, at this conversion, the
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Figure 3.1: (A) Hydrogenation of SA over different supported CuPd bimetallic catalysts
and (B-D) studies of reaction parameters. Reaction conditions: SA (0.1 g), supported
CuPd catalyst (0.1 g), 1,4-dioxane (10 mL), temperature (200 °C, for A, B, and D), H,
pressure (8 MPa, for A, B, and C), reaction time (96 h for A, 48 h for C and D). v-Al,03
supported CuPd catalyst was used in B, C, and D.

GBL selectivity was significantly decreased to 62% due to a significant loss of products
to gaseous phase, which can be contributed to the formation of light products via side
reactions such as C—C bond cleavage [40].

To confirm the superior performance of the present bimetallic catalysts, the hydrogena-
tion of SA over the bare catalyst supports and monometallic catalysts were carried out
and the results are shown in Table 3.2. Obviously, in the absence of metal components,
the bare supports were failed to accelerate the SA hydrogenation since none of the target
products could be observed. On the other hand, the supported Cu monometallic catalysts
show modest activity as only 16% yield of GBL was obtained over the Cu/v-AlyO3. In

contrast, the supported Pd monocatalysts exhibited higher activities since >90% conver-
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Table 3.2: Hydrogenation of SA over bare supports and monometallic

catalysts®
Catalyst /support SA conversion Product yield /%
/7 GBL BDO THF BA BuOH

~v-Aly O3 39 0 0 0 0 0
Si0y 21 0 0 0 0 0
TiOq 13 0 0 0 0 0
Cu/~-Aly03 86 16 0 0 0 0
Cu/SiO, 16 0 0 0 0 0
Cu/TiOy 22 0 0 0 0 0
Pd/y-Al,03 100 0 0 0 54 30
Pd/SiO, 90 67 0 1 11 0
Pd/TiO, 100 28 0 0 31 17

* The monometallic catalysts were prepared using 10 wt% of metals.

sion of SA was achieved. In this momometallic catalyst system, the product selectivity
was also found to be influenced by the support. Particularly, the hydrolysis to butyric
acid and further reduction to 1-butanol (BuOH) were dominantly observed over the Pd/~-
Al;,O3, and Pd/TiOs, while the formation of the intermediate GBL was prevalent over
the Pd/SiOs.

Considering the existence of much research on synthesis of BDO while lesser reports
on open literatures for the production of THF from SA [48], hereafter, only results on
the optimization of the reaction parameters for THF production are presented. Figure
3.1B demonstrates time-progression on the hydrogenation of SA over CuPd/y-Al,O3. It is
clear that SA conversion and the formation of GBL increased rapidly during the first 12 h,
while none of the other products was detected. After 24 h, when quantitative conversion
of SA was reached together with the highest point in the yield of GBL, BDO and THF
were observed with less than 10% selectivities. Afterwards, while both GBL and BDO
dropped significantly to less than 5% in selectivity or completely transformed, that figure
for THE climbed rapidly to more than 90%. Further prolonging the reaction time can
slightly increase the selectivity of THF, affording 97% as the maximum.

The appearance of BDO and THF as indicated in Figure 3.1B suggested that these

products can form concurrently. Moreover, while the BDO yield maintained similarly, the
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Figure 3.2: CuPd/~-Aly,O3 catalyzed (A) hydrogenation of GBL and (B) dehydration
of BDO. Reaction conditions: substrate (0.1 g), catalyst (0.1 g), 1,4-dioxane (10 mL),
temperature (200 °C), Hy pressure (8 MPa).

THF yield increased with the decrease of GBL, as described in Figure 3.1C. In addition, a
small amount of THF can be detected at lower pressure (Figure 3.1D) suggested that THF
can be directly converted from GBL. Additional experiments were carried out using GBL
as starting material, which showed that GBL was transformed into THF directly without
the detection of BDO (Figure 3.2A), further confirming the aforementioned suggestion.
Nevertheless, we cannot rule out the possibility that THF can be converted partly by
dehydration, as indicated in Figure 3.1B, since BDO yield gradually went down along
with the growth of THF. The experiment using BDO as starting material showed that
the dehydration of BDO proceeded very fast under the present catalyst system, affording
the THF yield of 93% after only 2 h reaction (Figure 3.2B). Therefore, we suggest that
THEF can be either converted from direct hydrogenation of GBL or dehydration of BDO
under the present catalyst system and conditions.

As reported elsewhere [49], elevated temperature and pressure are required to have high
selectivity toward THF from SA. This is applicable for the present catalyst system since
the high temperature of 200 °C is necessary for the formation of THF. Lower temperature
gives lower conversion of SA and selectivity of THF due to the formation of gaseous
by-products via side reactions [40]. Higher temperatures than 200 °C might not bring

improvement on the selectivity but can give rise to undesired hydrolysis products [50] and
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might not practically desirable [51]. Fair to excellent activity and good selectivity toward
GBL was obtained at the lower pressures of Hy. However, high selectivity of THF was
only achieved at higher pressure than 6 MPa in the present catalyst system. It is noted
that even though much lower Hy pressure was reported for the dehydration of BDO to
THF [51], the direct conversion of SA required harder conditions due to the needs to form
intermediate GBL and to overcome the substrate inhibitory effects [31]. Additionally, in
comparison with BDO which is formed through an equilibrium reaction with GBL under
lower temperature and higher pressure, THF formation is favored higher temperatures
and lower pressures [52, 53]. Therefore, to maximize the yield of THF via hydrogenation

of SA, careful optimization of the reaction conditions is highly desirable.

3.3.2 Analysis and Discussion on the Structure-Activity Rela-
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Figure 3.3: XRD patterns of the reduced CuPd catalysts (vivid color) with (A) their
corresponding supports (grey color) or (B) their calcined catalysts (grey color)

Figure 3.3A shows comparisons between the XRD patterns of the reduced catalyst
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sample with their corresponding supports. A closer look at the 26 of 43.3° of SiO5 sup-
ported CuPd nanoparticles gives us evidence about the existence of isolated metallic Cu.
Whereas, the adjacent peak shifted to the lower degree suggests a formation of CuPd
alloys. In the case of TiOy supported CuPd, the peaks indicated metallic Cu are not
apparent, while a clear peak appears at 42.5° might be attributed to CuPd alloy which is
dominant compared to isolated metallic Cu phase. It is noted that while the diffraction
peaks of NPs on SiO, and TiOs can be apparently distinguishable from their supports,
no distinct diffraction peak was observed on the CuPd/y-AlyO3 but mainly the typical
pattern of the support. This can be ascribed to the highly amphoteric nature of v-Al;O3
and /or the uniform dispersion of small nanoparticles on the support [54, 55]. Nevertheless,
a broad and dispersed peak observed at the lower 26 position than 43.3° might suggest
the existence of CuPd alloy and/or highly dispersed Cu in close contact. The peaks in-
dicating metallic Pd are not observable due to its low concentration in these bimetallic
catalyst samples. Figure 3.3B shows comparisons between the calcined and reduced CuPd
catalyst. In all the calcined samples, CuO diffraction peaks can be observed at the 26 of
35.5°, 38.7°, and 48.7°. Adjacently broad peaks shift to lower 26 ranging from 33.1° to
35.5° can be assigned to the Cu,Pd,O mixed oxides which formed during the calcination
step. These diffraction peaks disappeared after reducing, indicating that the calcined
catalyst samples were completely reduced.

TEM images and the corresponding particle size distributions of the reduced CuPd NPs
on different support are presented in Figure 3.4. A relatively narrow size distribution
between 2 and 4 nm with an area-weighted average diameter of 3.0 nm was observed
for the v-AlyO3 supported CuPd NPs. Thus, this result is perfectly consistent with the
XRD since it is typically reported that the particles with smaller sizes than 5 nm do not
show apparent diffraction patterns [56, 57]. In contrast, wide ranges of size distributions
with average diameters of 6.0 and 7.7 nm were obtained for the CuPd NPs on SiO,, and
TiO, supports, respectively. The difference in the sizes of NPs in this catalyst system
can possibly be influenced by the characteristics of supports, i.e., surface area and/or

acidity influence the support—metal interactions. Particularly, the more strong metals
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Figure 3.4: Representative TEM images (top) and particle size distributions (bottom) of
CuPd NPs on different supports

are attached to the supports, the more weakly they bind together and the less sintering
they are in the catalysts [17]. In particular, the stronger interaction between Cu and the
+-Al;O3 support, possibly related to the OH group on the support surface [58], induced a
weaker interaction with Pd, compared to that of the other supports. In addition, the effect
of supports on the NP sizes and the morphology-dependent catalytic activity was reported
widely [59-62]. Therefore, to some extent, the lower activity of CuPd/TiO, catalyst on
the hydrogenation of SA can result from its greater sintering to larger particles. To
further study on the compositional structures, HRTEM and line EDS line scanning were
performed, and the results are shown in Figure 3.5A-F. The observed lattice fringes of
all the bimetallic catalysts are about 2.13-2.17 A, which fall in between the d-spacing of
the (111) planes of Cu (2.088 A, PDF #01-071-4610) and Pd (2.285 A, PDF #01-087-
0641). In addition, the line scanning results show that both Cu and Pd are distributed
throughout the particles, which visually indicate the existence of CuPd alloying NPs.
XPS spectra at Cu 2p and Pd 3d regions for the reduced catalyst samples were collected

and illustrated in Figure 3.6. The Cu 2py,, spectra of CuPd NPs on different supports
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Figure 3.5: HRTEM of (A) CuPd/~-Al,0O3, (B) CuPd/TiO,, and (C) CuPd/SiO, and
(D-F) their corresponding line scanning results
can be deconvoluted into three components at 932.2-933.2 ¢V and 933.7-935.9 eV (Figure
3.6A), corresponding to the peaks of Cu-Cu in Cu’ and Cu-O in CuO [63, 64]. In
comparison with previous reports [65-67] for the BE of Cu 2p, /2 at ca. 933.5 eV, chemical
shifts of approximately 0.3-1.3 eV for Cu 2p;,, were observed in these CuPd bimetallic
catalysts. In accordance with other researches [68-71], these variations in the BE revealed
the strong interaction between Cu and Pd as a result of alloying. Moreover, the presence
of satellite peaks diffused around 941-944 eV indicated that during the preparation for
XPS measurements, the reduced samples were partially re-oxidized [54]. Noticeably, the
fraction of Cu®" on the surface of CuPd/TiO, is dominant compared to the Cu", indicating
the ease of oxidation on this sample. Similar results on Pd 3ds,, was obtained as the peak
of Pd?" also existed at a large quantity.

The XRD results indicated the formation of alloy NPs in these different supported
CuPd NPs, generally offering strong resistance toward oxidation [69, 70, 72]. Therefore,
the difference in oxidation resistance of these samples can be explained by additional

factors, i.e., the morphology of the catalyst sample. In agreement with the TEM results,
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Figure 3.6: Deconvoluted XPS spectra at (A) Cu 2p and (B) Pd 3d regions of different
supported CuPd catalysts

the weaker interaction with the TiOy support resulted in the large particle size of CuPd
NPs which have a tendency to locate at the edge of its support can be a reason for
its susceptibility to oxidation. As for the 7-AlyO3 and SiOy supports, stronger metal—
support interactions dramatically enhanced oxidation resistance of CuPd NPs, despite the
lesser extent of alloying in these two catalysts as suggested by XRD. The Pd 3ds/, can be
fitted into two peaks at 335.2-336.1 eV and 337.0-337.6 eV (Figure 3.6B), with respect to
Pd° and Pd*" components [73-76]. Similarly, chemical shifts about 0.2-1.1 eV compared
to the reported Pd 3ds/2 BE value of 336.3 eV were determined. The XPS experiments
comparing between the monometallic and bimetallic NPs on the same supports were also
carried out (Figure 3.7A-C). The results show that the BE at Pd 3d core-level of all
the bimetallic catalysts shifted to higher value compared to those of the monometallic
catalysts, clearly confirming the formation of CuPd alloy leading to the partial charge
transfer between the two metals [69, 71, 77].

Figure 3.8A describes Cu K-edge XANES spectra of different supported CuPd catalysts
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Figure 3.7: XPS spectra of (A) v-Al;O3, (B) TiO,, and (C) SiOy supported monometallic
and their corresponding bimetallic catalysts at Pd 3d regions.

in comparison with that of the Cu references. There are relatively weak white lines that
can be observed in the CuPd/SiOy and CuPd/TiO, catalysts. The peak shape of the
former is generally similar to that of the Cu foil, indicating the dominant of metallic Cu.
However, the first two peaks of the later tend to merge into one which resembles the peak
shape of CuO. A stronger white line can be seen in the CuPd/y-Al, O3, suggesting a larger
amount of oxidized Cu [57, 78, 79]. Accordingly, it is envisaged that the oxidized CuO
might result in a considerable fraction of Cu unavailable for alloying with Pd [80].

The first-derivative of x u(E) function of XANES can be used to determine the maximum
point of the first peak in the rising edge step for Cu foil, CusO, and CuO, which are
8978, 8979, and 8982 eV, respectively (Figure 3.8B). These shakedown-like features of the
tested catalyst samples are broader and lower in their intensities, suggesting decreases
in the zero-valence component of Cu and increases in the oxidized Cu species. This
finding was qualitatively confirmed by the linear combination fit (LCF) and peak fitting
of Fourier transformed (FT) EXAFS at R-space and visualized in Figure 3.8C. It should
be noted that although there are variations between the dominant phase of Cu species
on v-Al,O3 determined by XAFS and XPS due to longer air exposing time in the sample
pelletizing step of the former technique, the information derived from analysis at Cu K-
edge is valuable for elucidating the differences in the structures among these catalysts.

Particularly, the dominance of CuO species confirms that more Cu was unable to combine
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Figure 3.8: (A) XANES features, (B) first-derivative spectra, (C) LCF and results of
CN fitting in R-space, and (D) FT EXAFS spectra of supported CuPd catalysts with
references at Cu K-edge

with Pd to form CuPd alloy on the ~-Al,O3 support, which is revealed later by the fitting
results at Pd K-edge.

Figure 3.8D demonstrates FT EXAFS spectra of Cu references and CuPd NPs on
different supports. Except for v-Al,O3 supported CuPd catalyst which shows a notable
scattering for O neighbor at 1.9 A (phase-corrected), all the catalysts exhibit a strong
scattering at 2.5 A which represents Cu neighbor (Table 3.3). The enrichment of Cu on
the v-AlyO3 support can be ascribed to its strong interaction due to the large difference
in surface energy between Cu and Pd [81-83]. The peak intensities associated with these
catalysts are apparently smaller compared to that of the Cu foil, qualitatively indicating
the decrease in the coordination with Cu neighboring atoms. The fitting results are
displayed in Table 3.3, which shows the coordination numbers (CNs) and bond distances

at Cu K-edge. The CNs of Cu—Cu of these two catalysts are similar within the uncertainty.
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Additionally, the bond distances and disordered terms are not much different from Cu foil.
These results can possibly be explained by the low Pd/Cu fraction in the catalyst which
causes weak perturbations in Cu oscillations. However, the presence of Cu—Pd scattering
is still sufficient to involve in the fit, implying the existence of the Cu—Pd bonds in these

catalysts.

Table 3.3: EXAFS fitting results of CuPd NPs on different supports at Cu K-edge

Sample Cu—Cu Cu-O Cu-Pd Rcwcu Rcowo Rcourd
Cu foil 12.0 — - 2.542 n.d. —
CuPd/v-Al,O3 n.d. 34+03 nd n.d. 1.942 n.d.

CuPd/TiOq 4609 25+£04 15=£0.6 2.553 1.953 2.612
CuPd/SiO, 6.1+11 224+£04 05+£06 2537 1972 2588

To further study the interaction of Cu-Pd, the catalysts were measured at Pd K-edge
(Figure 3.9). The first two peaks of XANES spectra of CuPd bimetallic catalysts are gen-
erally similar in shape, possibly suggesting the prevailing of the metallic Pd among other
oxidized states (Figure 3.9A). Accordingly, the maximum peaks in the first-derivative
XANES spectra at Pd K-edge of the catalysts show similar features of Pd foil (Figure
3.9B). However, the shifts to the higher energy of these peaks envisage that the bond dis-
tance between Pd—Pd is shorter compared to that of the Pd foil [78]. The differences in
the environment around Pd atoms in these bimetallic are further demonstrated in Figure
3.9C. Apparently, the k3-weighted EXAFS oscillations of the bimetallic catalysts, espe-
cially on the TiOy and SiO, supports, are significantly different from that of the Pd foil
in terms of shape and magnitude. The results reveal that the presence of Cu in the CuPd
bimetallic catalysts modified the local structure of Pd atoms, conceivably causing a de-
crease in the Pd neighbors while an increase in the Cu by the alloying effect. Additionally,
the characteristics of supports can contribute to the difference in the construction of the
catalyst structure.

The raw and fitted data of the FT EXAFS at Pd K-edge for CuPd catalysts are visually
demonstrated in Figure 3.9D, whereas details on fitting results are listed in Table 3.4. It

is apparently observed that the metallic peaks of the bimetallic catalysts are considerably
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Figure 3.9: (A) XANES features, (B) first-derivative of XANES spectra, (C) k*-weighted
EXAFS spectra, and (D) FT EXAFS spectra of raw data (open circles) and fitted data
(solid lines) at Pd K-edge

shifted to lower 7 values (2.68-2.70 A) compared to that of the Pd foil (2.74 A), indicating
the presence of Cu as neighboring atoms. Additionally, the r values of Pd—Cu bonds
(2.58-2.59 A) are larger than that of the Cu-Cu bond (2.54 A) but smaller than that of
the Pd-Pd (2.74 A), suggesting that during the formation of CuPd alloy, Pd would be
dispersed into the Cu lattice. Besides, the total CN of Pd-M (M = Pd or Cu) are 10.0 &
1.1, 7.9 £ 1.5, and 5.9 £ 0.9 for TiO,, SiOs, and ~-Al,O3 supported CuPd, respectively.
These results also visually agree with the order in peak intensities (Figure 3.9D) and the
mean particle sizes as revealed by the TEM technique (Figure 3.4). On the other hand,
the total CNs of CuPd/TiO, and CuPd/SiOy at Pd K-edge are larger than those at Cu
K-edge (6.1 £ 1.5 and 6.6 + 1.7) suggesting that, at a certain extent, segregation of

Cu atoms to the surface of the NPs existed [80, 84, 85]. Nevertheless, only single peaks
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Table 3.4: EXAFS fitting results of CuPd NPs on different supports at Pd K-edge

Sample Pd-Pd Pd-Cu defpd RPd—Cu

Pd foil 12.0 = 2,741 —

CuPd/+-Al,O3 2.6 £0.5 3.3+04 2685  2.589
CuPd/TiOq 1.6 £05 84+£06 2702  2.587
CuPd/SiOq 1.5+£07 64+£08 2679 2577

were observed, indicating the prevalence of randomly homogeneous alloy compared to the
heterogeneous alloy with Cu rich on the surface in these catalysts. In contrast, the extent
of Cu segregation in CuPd/~y-AlyO3 seems greater since it has significant Cu—O scattering
as indicated in the Cu K-edge. Furthermore, as visualized in FT EXAFS spectra at Pd
K-edge, not only the peak indicating Pd—Cu bond was observed but also a shoulder peak
at high r value can be seen. This result possibly suggests that in this case, relatively
large amounts of Pd atoms are present in the interior, leading to the comparable Pd-Pd
CN with the Pd-Cu CN (Table 2.6). It is noted that the nominal atomic ratio of Pd to
CNpa—pa _ TPd

Cu is about 1+6.7, thus > , indicating a positive tendency to clustering
CNCu—Cu e

within the bimetallic nanoparticles [84]. In other words, there exists either inter-particle

or intra-particle segregation in this catalyst. The difference in the total CN suggests
that the elemental distribution of the NPs is different, probably due to the interaction
strength between the metal NPs and these supports. Cu was known to interact strongly
with 7-Al;O3 stemmed from the lower surface free energy compared to that of Pd, driving
a predominance of Cu on the surface of the catalyst. As reported, this also happened in
the other supports [86-88], however, at lesser extent due to the similar interaction of both
Pd and Cu to the supports, resulted in the formation of randomly homogeneous CuPd
alloys.

For getting more inside into the metal-metal and metal-support interactions, Ho-TPR
profiles of the calcined CuPd catalysts were characterized and demonstrated in Figure
3.10. It is experimentally observed that the pure CuO was reduced at about 345 °C, while
it is reported that, for example, PAO/y-Al; O3 is easily reduced at room temperature [54].

Accordingly, it is expected that the addition of Pd to the Cu structure in CuPd alloy
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Figure 3.10: Hy-TPR profiles of calcined CuPd NPs on different supports

induces changes in the reduction profiles [88-92]. In the present catalysts system, the re-
duction peaks appeared between 122-212 °C, which can be assigned to the reaction of Cu
and Pd from the mixed oxide Cu,Pd,O. These results are perfectly consistent with the
previous studies on the CuPd NPs on 7-AlyO3 and other supports [47, 93]. Furthermore,
it was reported that in addition to the influence of Pd, the nature of support which has
a decisive impact on the metal-support interaction can simultaneously affect the reduc-
tion of the Cu species [58]. Particularly, the strength of metal-support interaction can
induce the differences in these CuPd bimetallic catalysts [94]. Accordingly, the weakest
interaction with TiO, of highly alloying CuPd NPs makes it the most reducible catalyst.
The single reduction peak at 122 °C in CuPd/TiOy can possibly assign to the reduction
of mixed oxide, which is in good agreement with the highest degree of alloying for this

catalyst, as pointed out by its CN from EXAFS fitting results. On the other hand, the
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highest reduction temperature for CuPd/SiO5 can plausibly be attributed to the strongest
interaction of CuPd NPs with the support. Besides the peak at 212 °C assigned to the
reduction of the mixed oxide, the shoulder peak emerged at 250 °C can be assignable to
the isolated CuO species which is in close vicinity with the mixed oxides, as revealed in
Figure 3.3B. Similarly, there exists an adjacently broad peak at higher temperature beside
the main reduction peak, as observed in the CuPd/y-Al,O3 catalyst.

However, it is noteworthy mentioning that, the temperature difference (A7) between
these two peaks is larger compared to that of the CuPd/SiOs, confirming the stronger
interaction between Cu and v-Al,O3 comparison with SiOq [58]. This also agrees with the
previous report on the CuAu bimetallic catalyst system that while the CuO, on alumina
tends to migrate away from the Au NPs, it formed a small cluster located near the Au NPs
on silica [79]. The close distance between CuO, species and CuPd alloying NPs in SiO.
can improve the oxidation resistance, thus led to a small Cu*" fraction, compared with
that of the v-AlyO3 support, which further supports the XPS results. The appearances
of a single reduction peak in TiO, support, as well as two peaks but in closer contact in
SiO4 support, can also support the EXAFS results that in these cases the homogeneous
alloys were influential; whereas, it is highly likely that more Cu atoms were segregated
and /or isolated in the v-AlyO3 supported CuPd catalyst.

It is reported that the support acidity is important in controlling the selectivity of
THF because it facilitates the dehydration step of BDO [95, 96]. For example, Sato et al.
reported that the cyclization of BDO to THF is favorable over the strong acid catalyst
such as alumina. Therefore, further characterizations to determine the support acidity, as
well as the total acidity of the catalyst samples, were performed. The total acid amounts
of the supports and reduced catalysts samples were estimated using the NH3-TPD profiles
(Figure 3.11). Table 3.5 presents similar acid densities, ca., 0.01 mmol g~ in TiOy and
SiO, supports, while that figure for v-Al,O3 is substantially larger with 0.07 mmol g~
The trend in the acidity amounts observed in this research is well consistent with the
results reported from previous studies [97]. Tt is interesting to note that the deposition of

CuPd NPs resulted in changes in the support acid sites, which eventually altered the total
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acidity of the catalyst samples. An eightfold increase in the acid density was observed in
CuPd/SiO,, which possibly attributed to the generation of new acid sites, in accordance
with the IR results (Figure 3.12, vide infra). However, it caused scarcely impact on the
THF formation over the CuPd/SiO, (Table S3, vide infra). In contrast, a considerable
amount of acid was vanished by loading CuPd NPs onto 7-Al,O3 and TiO,, which can

be rationalized by their low surface areas (Table 3.5).
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Figure 3.11: NH3-TPD profiles of supports and reduced CuPd catalysts

Table 3.5: Acid amount and surface area of the plain supports and CuPd catalysts

Acid amount® (mmol g—1) BET surface area” (m? g=1)
Support CuPd ted CuPd ted
: uPd-supporte . uPd-supporte
Plain support catalyst Plain support catalyst
TiO, 0.010 0.004 6 7
SiO, 0.012 0.101 480 386
~v-Al5 03 0.073 0.050 170 142

# Acidity of the plain supports and reduced samples were measured using NHs-
TPD with water vapor treatment.

b Surface area of the plain support and calcined samples were determined by
N, adsorption/desorption method.

Since the NHj is a strong base (pK} ~ 5) which is ready to react with extremely weak
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Figure 3.12: Pyridine adsorbed IR spectra of the support (black lines) and the corre-
sponding reduced catalysts (red lines). For ~-Al,O3 and SiO, groups, the spectra were
recorded after desorption at room temperature

acid sites [98], the determination of the strength of protonic sites in the NH3-TPD profile,
as indicated in Figure 3.11, was subjected to some interference. Therefore, the IR studies
of adsorbed pyridine were further performed in the 1400-1700 cm ™! region, as presented
in Figures 3.12 and 3.13. The former spectra indicated that there exist several groups of
Lewis sites with different acid strength on the surface of 7-Al;O3. In previous reports [98-
100], different temperatures in the evacuation of pyridine were investigated to delineate
the acid strength of 7-Al,O3 Lewis sites. The same tendency was also observed in our
experiments (Figure 3.13A); that is, after desorption at 120 °C, the band at 1623 cm™?,
which can be assigned to strong Lewis acid sites was almost the same, while the band

at 1611 cm™!, assigned to medium Lewis acid sites, was decreased in their intensities
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Figure 3.13: Pyridine adsorbed IR spectra of supports and reduced catalysts

after evacuation [101]. A significant decrease in intensity was observed for the band at
1594 cm~!, implying the less resistance to the high temperature of the hydrogen-bonded
pyridine band. The band at 1578 cm ™! also decreased its intensity after evacuation at high
temperature, but at a lesser extent, which can be assignable to all coordinately bonded
pyridine [102, 103]. It is noted that the Brgnsted acid sites with the characteristic IR
band of 1540 cm™!, was not found in +-Al,O3 support, as in accordance with previous
reports [98, 100, 104]. By tracking the changes in the acid sites before and after loading
metals, the decrease in the strong Lewis acid site was revealed to be a plausible reason
for the decrease in the total acid amount, as estimated by NH3-TPD. The SiO, support,
however, contains only two bands at 1579 and 1597 cm ™!, which represent the vibration
of coordinated pyridine on the surface and pyridine linked to OH groups of the support,
respectively. These peaks were almost disappeared upon desorption at 120 °C (Figure

3.13A). In accordance with the NH3-TPD results, the addition of metals generated Lewis
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acid sites at 1608 cm™!, which increases the acid strength and amount of the CuPd/SiOs.
This band characterizes medium Lewis sites which is rather persistent after desorption at
120 °C (Figure 3.13B). A noisy spectrum was observed both in the cases of TiOy support
and CuPd/TiO, catalyst due to the small number of acid site on the limited surface area of
the support. The coordinated pyridine band at 1580 cm ™! immediately disappeared after
evacuating at room temperature (Figure 3.13A). It should be noted that a tiny peak at
1542 cm~ ! in the IR spectrum of TiO, can be observed upon enlargement. However, since
the noise is also increased, it is difficult to confirm whether it is a real characteristic band
of Bronsted acid sites. Furthermore, in comparison with other peaks in the spectrum, it
is less likely that the contribution of this peak can significantly affect the total acidity of
TiO,.

Table 3.6: Controlled experiments using different catalysts/supports catalyzed different
starting materials

Starting material Catalyst/support Conversion /% THF /% BDO /%

GBL ~v-Al, O3 23 0 0
GBL CuPd/~-Al,O4 100 93 0
GBL CuPd/SiO, 97 1 87
GBL CuPd/TiOq 65 2 62
BDO ~v-Aly O3 96> 82P -
BDO SiO, 16 0 -
BDO TiOs 8 3 -
BDO CuPd/~-Al,O4 100P 93P -
BDO None 6 0 -

2 Reaction conditions: substrate (0.1 g), catalyst or support (0.1 g), 1,4-
dioxane (10 mL), Hy pressure (8 MPa), temperature (200 °C), reaction time
(24 h)

b Reaction time (2 h)

Controlled experiments on the dehydration of BDO over different support were per-
formed to confirm the importance of the support acidity on the formation of THF (Table
3.6). Over the weak and low acid amount of the pure SiOy and TiO,, the BDO con-
versions were significantly low, with 16% and 8%, respectively, while less than 5% yields
of THF were attained after 24 h reaction. In contrast, having strong Lewis acid sites

as determined by pyridine adsorbed IR and an apparently larger amount of acid due to

101



larger surface area, the pure 7-Al,O3 facilitated the reaction with a nearly quantitative
conversion of BDO to afford a good yield of 82% of THF only after 2 h reaction. However,
it is noted that a quantitative conversion of SA and an excellent THF yield of 93% can
only achieve over the CuPd/y-Al, O3, implying the added impact of CuPd NPs on the
final catalytic performance for this reaction, despite the fact that it decreased the total
acidity of the catalyst.

The hydrogenation of GBL over v-Al;O3 was also performed to evaluate the influence of
acidity on the THF formation (Table 3.6. However, a low conversion of GBL without any
THF was detected after 24 h. The hydrogenation reaction over CuPd/y-Al,O3 catalyst
gave a quantitative conversion of GBL and a 93% yield of THF but at a slower rate
compared to the dehydration reaction of BDO to THF, indicating the indispensable role
of CuPd NPs on the catalytic performance. On the other hand, the SiOy and TiO,
supported CuPd catalyzed the hydrogenation reaction converting 97% and 65% of GBL
into 87% and 62% BDO, respectively, while less than 3% yields of THF was obtained.
Since the monometallic Cu catalyst was reported to effectively catalyze the hydrogenation
of GBL affording excellent yield of BDO (Table 2.3, Chapter 2), the superior catalytic
performance of CuPd/SiO; can also be attributed to the minor but reactive Cu rich CuPd
NPs on SiO,, in comparison with the highly homogeneous CuPd alloy on TiO, support.
Furthermore, the crucial role of strong Lewis acid in -Al,O3 was emphasized for the

selective production of THF from the intermediate GBL.

3.4 Conclusions

A systematic set of experiments were performed and analyzed thoroughly driving out to

these important findings:

(i) Metal-support interaction plays a key role in controlling the structure of the sup-
ported CuPd alloy catalysts. Even though a small amount of Cu rich CuPd NPs
exist, randomly homogeneous CuPd NPs were found to be prevailing in TiOy and

Si04y due to either weak or strong metal-support interactions. Whereas heteroge-
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(i)

(iii)

neous CuPd alloy with a high degree of Cu segregation and/or isolated Cu atoms
was dominantly constructed on the v-Al,O3 support as a result of strong Cu—Al;O3

interaction only.

Large NPs on the CuPd/TiO, catalyst caused by sintering gave lower activity on
the hydrogenation of SA, as only the intermediate GBL was achieved. While the
higher activity and selectivity toward BDO of CuPd/SiO, can be attributed to its
smaller NP size and the existence of small but effective Cu rich CuPd NPs. On
the other hand, the strong Lewis acid sites in CuPd/~-Al,O3 was proved to be the

decisive factor in the formation of highly selective THF.

Reaction conditions can have a great influence on the catalyst activity and selectiv-
ity. Given the high resistance of SA to hydrogenation reaction, high temperature
(200 °C), Hy pressure (6-8 MPa), and longer reaction time (48-96 h) are required

to achieve high conversion and product yields.
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Chapter 4

Influence of Metal Ratio on
Alumina-Supported CuPd Catalysts
for the Production of

Tetrahydrofuran from Succinic Acid

Abstract

The present research studies the influence of metal ratio on the construction of y-Al,O3
supported Cu,Pd, (z+y = 10 wt%) bimetallic catalysts for the hydrogenation of succinic
acid (SA) to tetrahydrofuran (THF). Synergistic effects between Cu and Pd due to alloying
formation are responsible for the enhanced activity of the bimetallic catalysts compared
to the monometallic ones. The Cu-rich CuPd catalysts, particularly CugPds/7-AlsO3
and CugPdy/v-Aly O3, have emerged as the best catalysts for the production of THF with
yields of 85-90%. The key factor that distinguishes them from the rest is the presence of
isolated Cu components which holds the potential for further reduction of the intermediate
~v-butyrolactone while restraining the hydrogenolysis of SA to butyric acid over the Pd

sites.
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4.1 Introduction

The chemical industry is now in the process of switching from fossil-based reserves to
biomass-based feedstocks which were identified as the more renewable and sustainable
resources. Lignocellulosic biomass, in particular, was known as an abundant renewable
material for the productions of biofuels and platform chemicals. However, challenges in
the process of converting raw materials to platform chemicals with high selectivities and
yields are the main obstacles hindering them from successful commercialization [1] Recent
developments in the fermentation technology allow few renewable chemicals including suc-
cinic acid (SA) to be a competitive supply with the petroleum-based maleic anhydride
platform [2]. The main three conversion routes from SA include hydrogenation, esterifica-
tion, and reductive amination [3]. In the context of the upgrading of bio-bassed feedstocks,
the catalytic hydrogenation of SA has been receiving great attention and becoming the
most investigated route in the last decade [4]. As a result, efforts have been devoted
to designing heterogeneous metal catalysts for the hydrogenation of SA to value-added
chemicals. Since the conversion involves multiple steps and several possible pathways to
form different products, i.e, y-butyrolactone (GBL), 1,4-butanediol (BDO), and tetrahy-
drofuran (THF), the design of a catalyst that shows both high activity and selectivity can
be challenged. It can be a more complex question since the effective catalysts generally
consist of several functions derived from metal ratio, support, and capping/stabilizing
agent, which might interfere with each other. Therefore, controlling those factors by
properly combining, amplifying, or reducing the influences of certain factors is critically
important for the highly selective hydrogenation of SA.

Recent developments in the catalytic hydrogenation of SA have been focusing on the
production of BDO [5-8]. However, it seems that fewer studies reported effective catalysts
for the production of THF in the open literature. In most cases, bimetallic catalysts
those consist of rare-earth elements such as Re, Ir, Pd, and Ru, have been reported. For
example, Liang et al. described that the strong Pd-Re interaction and higher amount

of Re in the Pd-Re/C catalyst were accounted for the higher SA conversion (99%) and
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THF selectivity (58%) [9]. Another example reported by the same group suggested that
the increase in Re:Ru wt% ratio of the Ru-Re/C led to an improvement in the THF
selectivity. Accordingly, the highest selectivity of THF (60%) can be achieved at a nearly
quantitative SA conversion over the Re3Ru/C catalyst [8]. More recently, they reported a
further improvement in the THF production from SA using a series of Ir-Re/C bimetallic
catalysts. It was reported that a bifunctional effect between Re and Ir was accounted for
the superior selectivity of the bimetallic catalysts compared to the monometallic ones,
producing THF with better selectivity ranging from 60-75% [10]. Attempts were made
to minimize the non-target products such as BDO, 1-butanol (BuOH), and 1-propanol
by decreasing Re molar fraction; however, BuOH, for example, with the selectivities of
20-30% was still observed in these catalysts.

As mentioned earlier, the catalyst support can also be an important factor that may
influence the physicochemical properties and thus alters the overall catalytic activity and
product selectivity in the SA hydrogenation. For example, Hong et al. reported that
the modified mesoporous carbon (MC) supported Re catalysts showed different catalytic
activity depending on the concentration of HySO, treated [11]. In particular, large Re
particles generated on untreated MC were found to favor the production of GBL, while
the genesis of small Re particles on the HoSO,4 0.4 M treated MC was proposed to enhance
the THF selectivity. Another example regarding the effect of the textural properties of
supports on the SA hydrogenation over Pd catalysts was also investigated [12]. In that
research, Chung et al. reported that the large pore of SBA-15 favored the construction
of small Pd nanoparticles (NPs) which enhanced the production of GBL and THF. On
the other hand, large Pd particles were found to form externally to the pore of MCM-41
support, which promoted the formation of BDO. The effect of support acidity for the
production of THF from SA is rarely examined despite the fact that acid catalysts have
been widely studied for the dehydration of BDO to THF [13-15]. For example, in an early
study by Sato et al., various metal oxides such as Al,O3, SiOy—Al,O3, and ZrO, were
reported as effective solid acid catalysts for the THF formation from BDO [13]. Various

types of zeolites including ZSM-5, Y, Mordenite, Ferrierite, and Beta were also found as
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effective catalysts for the dehydration of BDO to THF with excellent selectivity [14].

In Chapter 3, the v-Al,O3 supported CuPd catalyst was discovered as a remarkably
efficient catalyst for the hydrogenation of SA toward THF [16]. The study revealed that
strong Lewis acid sites in the v-Al,O3 support favored the formation of THF as the final
product. In the present work, to broaden knowledge in the 7-Al,O3 supported CuPd
catalysts, the influence of metal ratio on the catalytic performance has been extended
for the hydrogenation of SA. In fact, controlling the metal ratio in bimetallic catalysts
is a general approach to tune the catalytic activity and selectivity. This method is not
only simple in preparation but also cost-effective if a fraction of precious metal can be
substituted with an earth-abundant metal in a bimetallic system. For example, a ~1:1
wt% of Ru-Sn [17] and a Pd—y FeO, /C (y = 5 wt%) [6] were reported as efficient catalysts
for selective hydrogenation of SA to BDO. Although Chapter 2 thoroughly discussed the
effect of metal ratio on the activity of hydroxyapatite (HAP) supported Cu-rich CuPd
catalysts for the BDO production from SA [18], herein, for further understanding the effect
under different circumstance, i.e., catalyst support, 7-Al,O3 supported CuPd catalysts

with different metal ratios are investigate for the SA hydrogenation toward THF.

4.2 Experimental Section

4.2.1 Materials

All the chemicals and materials used in the current chapter are listed in Table 3.1, Chapter

3.

4.2.2 Catalyst Preparation

7-Al;O3 supported CuPd catalysts with different metal ratio, denoted as Cu,Pd, /y-Al;O3
(x +y = 10 wt%) were prepared by the conventional impregnation method. In general,
aqueous solution of Cu and Pd precursors and «-Al;O3 were stirred in a round-bottom

flask in ambient temperature for 12 h. The slurry was evaporated under reduced pressure
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to separate solid from the water media. The solid obtained was further dried at 110 °C
for another 12 h before being calcined at 500 °C for 4 h. The samples were activated by
being reduced in a flow of 5% Hy/Ny (60 mL min~') at 500 °C for 2 h before using for

reaction or characterization.

4.2.3 Catalyst Characterization

X-ray diffraction (XRD) patterns were obtained using a Rigaku Smart Lab X-ray diffrac-
tometer (Rigaku Co.) with a Cu Ko radiation (A = 0.154 nm) operated at 40 kV and 30
mA. The patterns were analyzed referring to the database of Joint Committee of Powder
Diffraction Standard. Transmission electron microscopy (TEM) images were acquired by
an H-7650 (Hitachi) operated at 100 kV. X-ray photoelectron spectroscopy (XPS) were
performed on an Axis-Ultra DLD spectrometer system (Shimadzu Co. and Kratos An-
alytical Ltd.) with the monochromatic Al Ko (1486 ¢V) X-ray resources. The binding
energies (BE) were calibrated using the binding energy of C 1s signal from adventitious
carbon contamination on the samples and the peak deconvolutions were performed using
the XPSPEAKA4.1 software.

X-ray absorption fine structure (XAFS) spectra were recorded in transmission mode at
the BLO7 (for Pd K-edge) and BL11 (for Cu K-edge) stations of the SAGA light source
under the proposal nos. 1910092R and 2010105R. The storage ring was operated at 1.4
GeV where Si (220) and Si (111) single crystals were employed to generate monochromatic
X-ray beams at Pd K-edge and Cu K-edge measurements, respectively. To optimize the
signals, the sample weight for each target edge was individually calculated. The sampling
process which contains grinding and compressing samples to 10 mm pellets was done in
the air. The obtained data were analyzed by Athena and Artemis software included in
the Demeter package, version 0.9.26.

Temperature programmed reduction of hydrogen (Hy-TPR) for calcined catalyst pre-
cursors were conducted on a BELCat IT (MicrotracBEL, Corp.). The samples were aligned

between quartz wool and placed inside a quartz triple cell. Temperature was increased
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from 50 °C to 700 °C at a ramping rate of 10 °C min~" in a flow of 10% Hy /Ar (30 mL
min~!). The hydrogen consumption was monitored by a thermal conductivity detector
(TCD) and quantified by using a pure CuO standard (99.999%). For keeping water mois-

ture from moving through the detector, a molecular sieve (4A 1/16) trap was employed.

4.2.4 Catalyst Evaluation

The reaction is performed in a stainless-steel autoclave reactor (Taiatsu Technol., Japan)
containing a solution of 1,4-dioxane (10 mL), SA (0.1 g), and the reduced catalyst (0.1
g). To remove remaining air inside the reactor, pure Hy (99.999%) is allowed to purged
several times, followed by pressurizing to a certain pressure at room temperature. The
reactor is then placed into an aluminum block (Zodiac CCX, EYELA) which was heated
previously at 200 °C under vigorous stirring. After a certain time, it is cooled down to room
temperature. The reaction mixture is centrifugated and analyzed by gas chromatography
(GC, Shimadzu GC-2014) with a polar column (DB-FFAP Agilent, 30 m). The GC oven
is set to rise from an initial temperature of 50 °C (keep for 2 min) to 240 °C (keep for 5
min) at a ramping rate of 20 °C min~', whereas the temperatures at the injection port and
the detector are 250 °C and 280 °C, respectively. The SA conversion is measured by using
high-performance liquid chromatography (HPLC, Water 2414) equipped with a refractive
index detector. An aqueous solution of HySO4 (10 mM) is selected as the HPLC eluent,
which is pumped at a flow rate of 0.5 mL min~" passing through an Aminex HPX-87H
column (Bio-Rad) operated at 50 °C. The SA conversion, product yields and selectivities
are defined as the following equations.
mole of consumed SA

Conversion of SA (%) = x 100 (4.1)

mole of initial SA

mole of product formed

Yield of product (%) = x 100 (4.2)

mole of initial SA
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mole of product « 100 (4.3)

Selectivity of product (%) = —lo of SA consumed

4.3 Results and Discussion

4.3.1 Catalytic Performance
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Figure 4.1: Effect of Cu:Pd wt% ratio on the catalytic activity of Cu,Pd, /y-Al,O3 for
the hydrogenation of SA. Reaction conditions: SA (0.1 g), catalyst (0.1 g), 1,4-dioxane
(10 mL), temperature (200 °C), Hy pressure (8 MPa), reaction time (48 h).

Figure 4.1 shows the hydrogenation of SA over ~-Al,O3 supported CuPd bimetallic
catalysts with different metal ratio, while the detailed values can be found in Table 4.1.
On the basis of product selectivity, these catalysts can be divided into three groups in-
cluding (i) Cu/y-AlyO3, (ii) Cu-rich CuPd/y-AlyO3, and (iii) Pd-rich CuPd/y-Al,O3 or
Pd/~-Al;03. In the first group catalyst, less than 20% yield of GBL was obtained at a
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Table 4.1: Detailed catalysis values for Figure 4.1

Cu,Pd, /7-Al,O3 Product yield /% SA conversion
(xy) GBL THF BA BuOH /%
10:0 16 0 0 0 86
8:2 3 90 0 1 100
6:4 5 85 0 3 100
4:6 9 23 45 9 100
2:8 2 4 78 4 100
0:10 0 0 54 30 100

high conversion of SA (86%). The low carbon balance, in this case, can be attributed
to the formation of gaseous by-products via over-reduction, dehydration, or cracking re-
actions [17]. However, the analysis of gas-phase by micro-GC (INFICON Fusion) hardly
identified any by-products derived from carbon due to the excess amount of hydrogen gas
that remained after the reaction. While the addition of the Pd element in the bimetallic
catalysts apparently increased the product selectivity toward either THF or BA. Particu-
larly, the second group catalysts selectively promoted the formation of THF with 85-90%
yield via further hydrogenation of GBL. The best catalytic performance toward THF was
achieved over the Cu-rich CugPdy/v-Al; O3, affording a selectivity of 90% at a quantitative
conversion of SA. On the other hand, under the influence of Pd as a dominant component
in the third group catalysts, BA was observed as a major product with yields of 45-78%.
The highest BA yield of 78% was obtained over the Pd-rich CuyPdg/y-Al,O3 catalyst.
Compared to the catalytic performance of the Pd-rich CuPd NPs on HAP support (Figure
2.1A, Chapter 2) where BA and GBL were mainly formed, the formations of BuOH and
THEF as apparent products over the third group catalysts here can possibly be ascribed
to the contributory factor of Lewis acid sites of the v-Al,O3 support [16].

It is noted that the Cu-rich CuPd NPs on weakly acid and neutral supports such as
Si0,, hydroxyapatite, TiOy, and montmorillonite generally show high selectivities toward
BDO and GBL (Table 4.2). Therefore, the formation of THF with excellent selectivity
over the Cu-rich CugPds/7-Al;O3 catalyst can plausibly be attributed to the effect of

strong Lewis acid sites of 7-Al;O3 in combination with the essential role of CuPd metal
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Table 4.2: Hydrogenation of different substrates over different CugPds/support

catalysts®
Substrate Catalyst Conv. /% Product yield /%
GBL BDO THF BA BuOH
SA CugPd, /HAPP 100 5 82 3 3 3
SA CugPd,y/SiO, 100 2 86 2 0 0
SA CugPdy/TiOq 73 66 1 2 0 0
SA CugPdy/MontP 100 82 0 6 ) 0
SA CugPdy/~-Al, 03¢ 100 3 0 90 0 1
SA ~v-Aly O3 39 0 0 0 0 0
GBL 7-Al, O34 23 - 0 0 0 0
GBL CugPdy/~v-Al, 03¢ 80 - 34 32 0 0
GBL CugPdy /v-Al, 034 100 - 0 93 0 0
GBL Pd10/7—A1203d 100 - 0 2 52 22
BDO 7-Al, 05t 96 0 - 82 0 0
BDO CU.gPdQ/’Y-AlQng 100 0 - 93 0 0

? Reaction condition: SA (0.1 g), catalyst (0.1 g), 1,4-dioxane (10 mL), tem-
perature (200 °C), Hy pressure (8 MPa), reaction time (96 h).

> Hydroxyapatite (HAP), Mont (Montmorillonite)

¢ Reaction time (48 h)

4 Reaction time (24 h)

¢ Reaction time (1 h)

f Reaction time (2 h)
species species which facilitated the further reduction of GBL to THF. To further clarify
the reaction pathways, the reactions using GBL and BDO as starting materials have been
performed and demonstrated in Table 4.2. Accordingly, the hydrogenation of GBL over
the CugPds/v-Aly O3 catalyst produced both BDO and THF, affording yields of 34% and
32% after 1 h reaction. After elongating the reaction time to 24 h, no BDO was detected,
while THF increased significantly, reaching a yield of 93%. These results suggest that
BDO may act as the intermediate in the production of THF from GBL. It should be
noted that the hydrogenation of GBL over the bare v-Al,O3 support, however, failed to
produce THF, which emphasizes the prerequisite role of CuPd species in this conversion.
In contrast, it was observed that the dehydration of BDO to THF can easily proceed
using both the catalyst and the bare support. Therefore, it is highly plausible that BDO

was formed under the influence of metal species, while the high selectivity of THF can be

attributed to the role of acid sites in the 7-Al,O3 support itself.
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Scheme 4.1: Reaction routes for the SA hydrogenation over the Cu,Pd, /y-Al,O3 catalysts

Considering the results herein, it is worth emphasizing that for complex reactions i.e.,
containing multiple reaction steps or directions, controlling the sphere of the influence of
several active species toward a target product is of utmost importance. In this catalyst
system, there exists a limited range where a suitable metal ratio promotes the synergy
generating active sites for GBL productions while at the same time constrains the strong
influence of Pd which favors the formation of BA. Under this favorable circumstance,
the Cu-rich CuPd species further reduce GBL to BDO which immediately undergoes
dehydration over the strong Lewis acid sites of v-Al,O3 to form THF. On the other hand,
the reaction from GBL over the Pd;g/v-AlyO3 confirmed that the formations of BA and
BuOH are favorable under the influence of Pd sites and proceeded via the intermediate
GBL (Table 4.2). Accordingly, the overall reaction pathways of SA hydrogenation over

the present Cu,Pd,/7-Al,O3 catalysts can be proposed as demonstrated in Scheme 4.1.

4.3.2 Structure—activity relationship

Figure 4.2A represents the diffraction patterns of calcined samples together with their
metal oxide references. Characteristic peaks of the v-AlyO3 support can be observed at
260 of about 32.4° 37.4° 39.4°, 45.5°, 60.5°, and 67.0° which represent the reflections of the
(220), (311), (222), (400), (511), and (440) planes of a cubic structure. The impregnation
of metals resulted in significant changes in the diffraction peaks at lower 20 while those

at the larger values remained the same. The calcined monometallic Cuyg/v-AlsO3 clearly
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exhibits sharp peaks at 35.5° and 38.7° corresponding to the reflections upon the (002)
and (111) planes of the CuO (PDF #00-041-0254). The interaction upon coordination
with Pd modified the crystal structure of Cu inducing broader peaks with shifts to lower
angles, which might be contributed to a better deposition of bimetallic metals onto the
support compared to that of the monometallic Cu metal. The most “finest” deposition
among these calcined samples can be predicted for CuyPdg/v-Al,O3 since its diffraction
patterns represent exactly the same as those of the host v-AlyO3. Nevertheless, the XRD
patterns of monometallic Pd emerges with a distinct peak at about 34.6° which is close
to the diffraction peak of the (002) plane of the tetragonal PdO reference (PDF #01-075-
0200). Thus, this result further confirms that the interaction between these two metals,
i.e., alloying, can enhance the dispersion in comparison to that of both the monometallic

Cu and Pd catalysts.
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Figure 4.2: XRD patterns of (A) the calcined and (B) the reduced Cu,Pd,/7-AlO;
catalysts

The XRD patterns of the samples after reduction under hydrogen are demonstrated in
Figure 4.2B. The tetragonal-cubic phase transformation was observed upon reduction of
the Pdyo/7-AlyO3 since the peaks at 39.7°, 45.9°, and 67.1° are respectively assigned to the
diffraction onto the (111), (200), and (220) planes of face-centered cubic (fec) structure of

metallic Pd (PDF #01-087-0641). While the diffraction peaks at 43.3°, 50.4°, and 74.1° of
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the Cuyo/v-AlyO3 were generated by the incidence on the (111), (200), and (220) planes
of the fec structure of the metallic Cu (PDF #01-071-4610). As similar as the calcined
sample, the reduced CuyPdg/7-Al;O3 exhibits the diffraction line that is well-matched
with the support. In comparison with the reduced monometallic Cu, there is no apparent
diffraction peak related to the metallic Cu and CuPd species that can be observed in the
CugPdy/v-Al,O3 sample. However, further replacement of Cu by Pd into the bimetallic
structure of the CugPdy/~-AlO3 resulted in the appearance of a clear peak at 43.1°
indicating the segregation of bulky Cu species in this sample. On the other hand, the
presence of dominant Pd species in the CuyPdg/~-AloO3 induced only the diffraction peak
related to Pd—Cu, suggesting that with the same wt% of metal loading, Pd was better

dispersed on the v-Al;O3 than Cu.
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Figure 4.3: Hy-TPR profiles of the calcined Cu,Pd,/v-Al,O3 samples

Ho-TPR profiles for the calcined Cu,Pd, /v-Al,O3 samples were collected and shown

in Figure 4.3. The Cujp/7-Al;O3 shows a great peak at 254 °C and a weak shoulder at
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a lower temperature, which can be assigned to the reduction of bulk and well-dispersed
CuO species. In contrast, a negative peak at 88 °C is observed in the Pd;q/v-AlyOs3,
which is known as the decomposition of 5-phase of Pd hydride releasing Hy [19, 20]. This
negative peak disappeared in the bimetallic catalysts suggesting the strong interaction
of Cu—Pd alloy which prevents the formation of Pd hydride [21]. In comparison with
the Cu monometallic catalyst, the reduction peaks of the bimetallic ones shifted to lower
temperatures. This is consistent with a previous report [22] that Pd aided the reduction
of other oxides by hydrogen spillover [23], causing lower reduction peaks. It is noted that
the major reduction peaks ranging from 115 °C to 180 °C might be attributed to mixture
oxides including PdO and Cu,Pd,O [24]. However, taking XRD results (Figure 4.2A)
into account, it is believed that the Cu,Pd,O exists as the prevalent phase. Also, it is
worth mentioning that the peak related to the bulky Cu species, which shifted to lower
temperatures, can be observed with a small minority in the Cu-rich CuPd catalysts (Cu
> 4wt%). The differences in the relative distance of these peaks to the mixed oxides could
result in Cu species with different properties. For example, the close interaction with the
mixed oxides in the CugPdy/v-Aly03 may result in Cu species with better dispersion. In
contrast, the weak interaction with the mixed oxides may induce Cu species with high
crystallinity, leading to the sharp diffraction peak at 43.1° of the reduced CugPd4/~-Al;Os3,
as revealed by the XRD (Figure 4.2B).

TEM images of v-Al;O3 supported Cu and Pd monometallic catalysts and the bimetal-
lic catalyst CugPds/v-AlyO3 are demonstrates in Figure 4.4. It is clear that the -Al,O3
supported monometallic Cu and Pd shows wide ranges of particle size distributions. Al-
though having a similar average diameter of 5.0 nm, large particles of about 20 nm can
be encountered in the Cujg/v-AlyO3 catalyst while the Pdjg/v-AlO3 exhibits a shorter
range of particle size with less than 12 nm. These results suggest the tendency to the
agglomeration of Cu is greater than that of Pd in these monometallic catalysts. The
existence of the large particles in this catalyst can explain the sharp diffraction peaks
revealed by XRD. In contrast, the CugPds/7-AlsO3 bimetallic catalyst shows a narrow

particle size distribution with the mean diameter of 3.0 nm. Accordingly, the better de-
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Figure 4.4: TEM images (upper) and particle size distributions (lower) of the reduced
monometallic catalysts and the CugPds/v-Al;O3 bimetallic catalyst

position of Cu onto the 7-Al,O3 was assisted by the co-existence of Pd, which resulted in
the generation of small CuPd NPs.

XPS spectra of v-Al,O3 supported CuPd catalysts are demonstrated in Figure 4.5 and
the binding energies (BE) for the main components are listed in Table 4.3. Except for the
Pd-rich CuPd bimetallic catalysts, the Cu 2ps/, peaks (Figure 4.5A) can be deconvoluted
into two components at 931.9-932.7 eV and 933.8-934.4 eV which closely correspond to the
metallic Cu” and Cu®t species, respectively [25, 26]. The increases in Cu concentrations
of these bimetallic catalysts made them susceptible to oxidation which directly related to
the presence of the Cu®" satellite peaks at about 941-948 eV. The absence of Cu*" peaks
in the CuyPdg and Cu,yPdg catalysts can be attributed to the smaller loading amount of
Cu or the prevalence of Pd on the surface which prevented Cu species from oxidizing. It
is noted that the modification of the Cu structure by adding the Pd element led to the
BE shifts at the Cu 2p regions of the CuPd bimetallic catalysts. The dependence of these
shifts on the Pd contents can be visualized in Figure 4.6A. On the one hand, it can be

observed that with regard to the BE shift of the monometallic Cu, there is no clear trend
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Figure 4.5: XPS spectra at (A) Cu 2p and (B) Pd 3d regions of the reduced
Cu,Pd, /7-Al,O3 catalysts

in these shifts, especially when Cu contents are dominant. This can be attributed to the
segregation of Cu on the surface. On the other hand, if comparing the chemical shifts
among the bimetallic catalysts, a negative linear relationship (R? = 0.96) is observed,
indicating that to some extent Pd—Cu interaction influenced the electronic structure of
Cu.

The Pd 3d spectra of Cu,Pd, /y-Al,O3 catalysts are shown in Figure 4.5B. The decon-
volution of Pd 3ds/, spectra was performed involving Pd° and Pd*" components. The
former peak at 334.6-335.3 eV corresponds to BEs of Pd-Pd bonds while the latter peak
at 335.9-337.3 relates to BEs of Pd-O coordinations [27]. Upon the addition of Cu, the
core levels of Pd 3ds/, peaks shifted to higher BEs. This further confirms the strong
Cu—Pd interaction as a resulted of alloying formation [26, 27|, inducing charge transfers

between these two metals. The dependence of chemical shifts on the Cu content of the
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Table 4.3: Binding energy of the Cu,Pd, /v-Al,O3 at Cu 2p3/2 and Pd 3ds/, regions

Cu 2p3)» Pd 3ds,,
Sample
P Cu" Cu** Pd’ Pd**
CuyPdg/v-Al,O3  931.9 - 334.8 336.2
CuyPdg/7-Al, O3  932.3 - 335.0 336.2
CuGPd4/’y—A1203 932.4 934.4 335.3 337.3
CU.gPdQ/’)/—AlQOg 932.7 934.2 335.4 336.8
Culo/’}/—AIQO:), 932.4 933.8 - -
Pdlo/’y—AIQO;), - - 334.6 335.9
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Figure 4.6: Dependence of chemical shifts at (A) Cu® of the Cu 2ps /2 on the Pd content
and (B) Pd” of the Pd 3ds/» on the Cu contents. The shifts are calculated relative to the
BE of Cuyp and Pd;g monometallic catalysts

bimetallic catalysts with respect to the BE of the monometallic Pd;q is plotted in Figure
4.6B. In comparison with the BE shifts at Cu 2p3/, which are scarcely affected by Pd if
Cu is a prevalent component, a positive linear relationship (R? = 0.98) was observed at
Pd 3ds/,. This result suggests a homogeneous distribution of Pd in CuPd nano surface.
XAFS was then performed to further investigate the structures of the Cu,Pd,/v-Al,O3
catalysts by examining the local environments at each target edge. The XANES features,
k3-weighted EXAFS, and Cu-O coordination fitting results at Cu K-edge of the catalysts
and references were collected and respectively illustrated in Figure 4.7A and Figure 4.8. It
can be observed from the XANES spectra that except for the Cuyg/~v-AlyO3, the bimetallic

catalysts show intense white lines at 8.995 keV and shakedown like features at 8.980 keV,
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Figure 4.7: (A) XANES spectra and (B) LCF and Cu-O CNs at Cu K-edge for the
reduced Cu,Pd, /y-Al,O5 catalysts

which can be assigned to the transitions of 1s — 4p (continuum) and 1ls — 4p, ,p.
transition in CuO and CupO [28-30]. The positions of white line peaks in these catalysts
shifted to lower photon energies along with the decreases in Cu contents indicating the
increases in the Cut components. These arguments are qualitatively demonstrated by
performing linear combination fitting (LCF) and Cu-O coordination number (CN) fitting
at Cu K-edge (Figure 4.7B). The results herein reveal that the more Pd coordinated with
Cu by alloying formation, the fewer CuO species formed by being re-oxidized during the
sampling steps for XAFS measurements. On the other hand, the increases in the Cu™
components were observed in the bimetallic catalysts with increasing Pd contents. This
suggests that under the influence of strong Cu—Pd interaction, the partial oxidation of
Cu to Cu' is more favorable than the full oxidation to Cu®". Despite the fact that
Pd can enhance the oxidation resistance of Cu, the Cu** components of the bimetallic
catalysts are greater than that of the Cu monometallic catalyst. This can be explained
by considering the existence of large particles in the latter which allowed lesser Cu-O
coordination. Although the results at Cu K-edge might not reflect exactly the active
phases of Cu due to the significant re-oxidation during the sampling steps in the air, the
trend observed herein is valuable to support the results of XRD, XPS, and TEM with

regards to Cu—Pd interaction, metal dispersion, and particle sizes.
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Figure 4.8: (A) k3-weighted EXAFS and (B) FT EXAFS spectra of raw and fitted data
at Cu K-edge for the reduced Cu,Pd,/7-Al,O3 catalysts

XANES features at Pd K-edge of the reduced Cu,Pd,/7-Al,O3 catalysts are demon-
strated in Figure 4.9A. In general, the peak shapes of catalysts are similar to that of the
Pd foil reference, indicating the prevalence of the Pd’ state. However, in contrast with
the trend observed at Cu K-edge, the addition of the Cu as a neighboring atom led to
shifts toward higher photo energies at Pd K-edge suggesting the increase in the oxidation
state of Pd. Considering the existence of more CuO content due to the re-oxidation in
Cu-rich catalysts, it is believed that Pd at the CuO-Pd interface can also be partially
re-oxidized due to the diffusion of oxygen into Pd lattice [31]. The k3-weighted EXAFS
spectra indicate the reductions in the y (k) signal amplitude for the first two peaks of
oscillations upon the increases of Cu contents (Figure 4.9B). These peaks were broadened
and shifted to higher £ values in comparison with the Pd;y monometallic catalyst. The
observed phenomena suggest the decreases in the average Pd-Pd CNs which might be
replaced by Pd—Cu and/or Pd-O coordinations.

The Fourier transformed (FT) EXAFS spectra and their simulated fits at Pd K-edge are
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Figure 4.9: (A) XANES features and (B) k3-weighted EXAFS spectra at Pd K-edge of
the reduced Cu,Pd,/v-Al,O5 catalysts

Table 4.4: EXAFS fitting results at Pd K-edge for the reduced Cu,Pd,/v-Al, O3 catalysts

Sample Pd-Pd Pd-Cu Rparpa  Rpa-cu
Pd foil 12.0 - 2.741 -
Pdyo/v-Al;03 83+ 0.3 - 2.733 -
CuyPdg/v-Al, O3 6.9+04 20403 2702 2.649
CuyPdg/v-Al,03 43+04 32+£03 2682 2613
CugPdy/v-Aly03 1.3+06 42407 2680 2.563
CugPdy/v-Al,04 26 05 33+£04 2685 2589

CugPdy/~-Al,O3 (used) 3.5 +0.9 42409 2.681  2.583

visualized in Figure 4.10. The Pd;, spectrum exhibits a single peak at 2.5 A representing
a Pd-Pd coordination. The addition of Cu in the bimetallic catalysts resulted in an
additional peak at lower r values which can be attributed to the presence of Pd—Cu
bonding. The fitting results are tabulated in Table 4.4 which show the decreases in Pd—
Pd CNs and increases in Pd—Cu bonding as a result of alloying formation. Notably, the
CugPdy/v-Al,O3 which shows only a single peak exhibits a greater Pd-Cu CN compared
to that of others including the CugPd,/v-Aly O3 catalyst. The lesser extent in alloying with
Cu of the CugPdy/v-Al;O3 can be attributed to the increase in CuO content, withdrawing

Cu from coordinating with Pd. At the same time, the prevalence of the CuO component
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Figure 4.10: FT EXAFS spectra of raw and fitted data at Pd K-edge for the reduced
Cu,Pd, /7-Al,O3 catalysts

also facilitates the oxidation of Pd which leads to an apparent Pd—O peak beneath the
Pd—Cu peak in this catalyst. Whereas the greater alloying degree in CugPdy/v-Al,O3
made Pd more resistant to oxidation which is consistent with the smaller areas under Pd—
O peaks revealed by both EXAFS and XPS (Figure 4.5B). Given the high activities of the
CuPd bimetallic catalysts compared to the monometallic Cu, it is believed that a certain
degree of Cu—Pd alloying is a prerequisite for the conversion of SA to the intermediate
GBL. However, the Cu-rich CuPd NPs are crucial components since on the one hand
it prevented the side reaction to BA; on the other hand, its interaction with the strong

Lewis acid sites of 7-Al;O3 further drove GBL to THF with excellent selectivity.

4.3.3 Stability of the Potential Catalyst

The reusability of the CugPdy/v-AlyO3 was investigated and illustrated in Figure 4.11. Tt
is obvious that the catalyst can maintain excellent activity and selectivity during the first
three consecutive runs. It is noted that the fluctuation in the THF selectivity is within

the uncertainty value (£ 2%) which was determined by repeating the reaction over the
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Figure 4.11: Recycling tests of the CugPds/y-AlyO3 for the SA hydrogenation. Reaction
conditions: catalyst (0.1 g), 1,4-dioxane (10 mL), temperature (200 °C), Hy pressure (8
MPa), reaction time (48 h).

fresh catalyst for three times. It is noted that the side reaction to BuOH was minimized
throughout the recycling experiments, suggesting that Pd was stabilized by the strong
Cu-Pd alloying interaction. The XPS at 2p region and XAFS at Cu K-edge comparing
the fresh and used catalysts are respectively shown in Figure 4.12A which suggests a
decrease in the Cu*" component. Further evidence on this can also be found in the XAFS
results, as illustrated in Figure 4.13A-C. At the same time, the XPS peak at Pd 3ds/,
region (Figure 4.12B) of the used catalysts shows a negative shift compared to the fresh
one, indicating a stronger Pd—Cu interaction upon recycling tests. These results indicate
that the decrease in the Cu?* fraction of the used catalyst due to further reduction during
the reaction allowed more Pd—Cu coordination in the used catalyst. The stabilization of
Pd by Cu during the reaction can be viewed in the XAFS results at Pd K-edge (Figure
4.13D-F) where the used catalyst showed similar features to the fresh one. However,
it should be noted that the FT EXAFS spectra of the used catalyst exhibits a higher
intensity than that of the fresh one. This is qualitatively confirmed by its larger total
CNs of Pd-M (M = Pd/Cu) (Table 4.4), suggesting an increase in the particle size. As a
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Figure 4.12: XPS spectra of the fresh and used CugPds/7-Al,O3 (after 4 runs) at (A-B)
Cu 2p and (C-D) Pd 3d regions
result, the used catalyst showed a slight decrease in the THF selectivity and the increase

in the GBL selectivity in the fourth run.

4.4 Conclusion

This study demonstrates the effect of metal ratio on the activity of v-Al,O3 supported
CuPd NPs for SA hydrogenation. Excellent catalytic performance toward THF was
achieved over the Cu-rich CugPdsy/~-AlyO3, achieving the product yield and selectiv-
ity of 90%. In addition, the present catalyst can maintain its high activity and selectivity
upon four recycling runs under the high temperature and pressure conditions. Extensive
characterization methods revealed that major factors that were responsible for the supe-
rior performance and stability of this catalyst for THF production include CuPd alloy
NPs with the isolated Cu species and strong Lewis acid sites of the y-Al,O3 support.

The strong interaction in CuPd alloy NPs led to the enhanced reactivity compared to
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Figure 4.13: XANES features, k3-weighted EXAFS and FT EXAFS spectra at (A-C) Cu
K-edge and (D-F) Pd K-edge of the fresh and used CugPds/7-Al,O3 catalysts

that of the monometallic Cu, while the Cu-rich component helped to restrain the strong

reactivity of Pd species which favor the formation of BA. The presence of isolated Cu

species enhanced the formation of the intermediate BDO, which was then converted to

THF via cyclodehydration under the influence of strong Lewis acid sites in v-Al,O3.
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Chapter 5

Hydroxyapatite Supported
Polyvinylpyrrolidone-Capped CuPd
Nanoparticles for Highly Selective

Lactonization of Succinic Acid

Abstract

Selectivity hydrogenation of succinic acid (SA) is no mean task especially toward ~-
butyrolactone (GBL) which is ready to undergo further hydrogenation. Herein, poly (V-
vinyl-2-pyrrolidone) capped CuPd nanoparticles (NPs) on hydroxyapatite, have been in-
vestigated for the production of highly selective GBL. The optimal catalyst exhibited
remarkable activity and stability which preserved its efficiency even at a mild hydrogen
pressure of 1 MPa and long recycling runs. Inhibition effects of PVP were proposed to
play a key role in maintaining high selectivity of GBL in various conditions. While char-
acterization techniques indicated strong interaction between Cu and Pd due to alloying
formation which is supposed to generate new active sites to enhance the substrate ad-
sorption. However, the GBL production can only be maximized if the alloy phase were

surrounded by Pd—Pd sites which might be contributed to the enhancement of hydrogen
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dissociation.

5.1 Introduction

Heterogeneous metal nanoparticles (NPs) have been extensively investigated for hydro-
genation of succinic acid (SA) [1, 2]. The choice of metal was determined as a essential
factor for the catalytic activity and selectivity of the target products. Shao et al. reported
that monometallic Pd/C showed a low conversion of SA and high ~-butyrolactone (GBL)
selectivity [3]. Depending on the amount of added Re in the Pd-Re bimetallic catalysts,
the GBL yield can be improved or tetrahydrofuran (THF) can be observed as the final
product. Whereas, Pd—5FeO, was reported as an efficient catalyst for the production
of 1,4-butanediol (BDO) [4]. The presence of FeO, species enhanced the SA conversion
and modulated the product distribution. The structures and properties of metal NPs can
be influenced by not only additional metal species but also the catalyst support [5]. For
example, Chapter 3 revealed that the nature of support and metal-support interaction
played an essential role in the construction of CuPd NPs, inducing tunable activity and
selectivity for the SA hydrogenation.

Since the efficient hydrogenation of SA to GBL is generally difficult to accomplish
due to excessive hydrogenation or hydrolysis reactions, the present chapter focuses on
designing an effective catalyst that can minimize the rate of non-target reactions. In fact,
various research focused on Pd-based catalysts for highly selective GBL had been done
[6-9]. For example, Zhang et al. reported that boehmite nanosheets supported Pd can
promote SA hydrogenation to afford GBL with excellent selectivity [8]. Even with very
low metal loadings from 0.1 to 1 wt% Pd, conversion of SA up to 97% can be achieved.
A study from Yakabi et al. revealed that the SA hydrogenation can proceed at relatively
mild conditions (140-170 °C and 1.5-3 MPa). Particularly, >90% selectivity of GBL and
<70% conversion of SA can be attained over the Pd/Al,O3 catalyst [9].

As discussed in Chapter 2, the hydrogenation of SA over the Cu/HAP monometallic

catalysts can be used to afford GBL with excellent selectivity. However, less than 20%
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conversion of SA can be achieved which can be attributed to the low reactivity of Cu for
hydrogen activation and dissociation [10]. The use of TiOy supported CuPd bimetallic
catalyst, as discussed in Chapter 3, facilitated the reaction affording GBL of 90% selec-
tivity at 73% conversion of SA. However, it is noted that the use of high loading amounts
of metals might raise several issues regarding metal leaching which decreases the catalytic
efficiency and product selectivity. The issues can be addressed by using a capping agent
which is generally used in preparing and stabilizing well-defined metal NPs [11, 12]. In
addition, selectivity toward a certain product can be tuned in the presence of a capping
agent which is presumably due to the inhibition of substrate accessibility to specific sites
[13].

Given the potential of CuPd NPs for the hydrogenation of SA to GBL, as discussed in
the previous work [14, 15], the effect of a capping agent, i.e., poly(N-vinyl-2-pyrrolidone)
(PVP) on the catalytic performance of HAP supported CuPd NPs has been investigated
in the present study. The catalysts were prepared using extremely low metal loadings
(0.1 mmol) with the aim of enhancing the atom efficiency which is an important factor in
industrial applications. The most promising catalyst was found by optimizing the Cu:Pd
molar ratio at 40:60 and stabilizing by a suitable average molecular weight (M,,) of 40000
g mol™!. The catalyst offered excellent activity and GBL selectivity even at very low
hydrogen pressure (1 MPa) while maintaining its productivity up to 5 continuous runs.
Extensive investigation on catalytic performance and characterization has been conducted

and the roles of PVP and metal species are properly discussed.

5.2 Experimental Section

5.2.1 Materials

All the chemicals used in the current chapter are tabulated in Table 5.1 below:
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Table 5.1: List of chemicals used in Chapter 5

Chemical name Formula Mw /g mol™!  Supplier
Butyric acid C4HgOs 88.11 Aldrich
Copper (II) acetate monohydrate Cu(CO2CHjs)s-HoO  199.65 Wako
~v-Butyrolactone C4HgOs 86.09 Aldrich
Palladium acetate Pd(CH3CO0), 224.51 Wako
Polyvinyl alcohol (PVA) (CoH40), 3500 Wako
Polyvinylpyrrolidone (PVP, K12) (CgHgNO), 3500 Acros Org.
PVP (K16-18) (C¢HyoNO),, 8000 Acros Org.
PVP (K30) (CeHNO),, 40000 Kanto
PVP (K29-32) (C¢HoNO),, 58000 Acros Org.
PVP (K90) (CeHoNO),, 360000 Acros Org.
Starch, soluble (C¢H1005) - Kanto
Succinic acid C4HgOy 118.09 Kanto
1,4-Butanediol C4H1p04 90.12 Wako
1,4-Dioxane C4HgOq 88.11 Wako
1-Ethyl-2-pyrrolidone CgH11NO 113.16 Acros Org.
1-Vinyl-2-pyrrolidone CsHgNO 111.14 Aldrich
2-Ethoxyethanol C4H1(04 90.12 Wako

5.2.2 Catalyst Preparation

Poly(N-vinyl-2-pyrrolidone) (PVP)-capped Cu,Pd, supported on hydroxyapatite (HAP),
denoted as Cu,Pd,-PVP/HAP, were prepared by polyol reduction method using PVP as
a capping agent and 2-ethyoxyethanol as a reducing agent [16, 17]. In a typical procedure,
Cu(OAc); - H2O (2 mmol) and Pd(OAc), (y mmol) with x +y = 0.1 mmol are dispersed
with PVP in 2-ethyoxyethanol (50 mL) and refluxed at 140 °C for 2 h. Subsequently,
HAP (1.0 g) is added into the suspension which is further refluxed for another 1 h. The
obtained solid is filtered and washed with deionized water (3 L) before being dried under

a vacuum at room temperature.

5.2.3 Catalyst Characterization

The crystal structures of catalysts were studied by using Powder X-ray diffraction (XRD)
which was operated on a Rigaku Smart Lab X-ray diffractometer (Rigaku Co.) with
a Cu Ka radiation (A = 0.154 nm) at 40 kV and 30 mA. The database of the Joint

Committee of Powder Diffraction Standard was used as references for analyzing observed
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diffraction patterns. The morphologies of catalysts were acquired by transmission electron
microscopy (TEM) using H-7100 and H-7650 microscopes (Hitachi) operated at 100 kV.
X-ray photoelectron spectra (XPS) were performed on an Axis-Ultra DLD spectrometer
(Shimadzu Co. and Kratos Analytical Ltd.) with a monochromatic Al Ka (1486 V)
X-ray resource. The binding energies (BE) were calibrated using the C 1s spectrum of
adventitious carbon contamination as an internal standard. XPS spectra were processed
and analyzed by using the XPSPEAK4.1 software.

X-ray absorption fine structure (XAFS) spectra were recorded at the BLO7 (for Pd K-
edge) and BL11 (for Cu K-edge) stations of the SAGA light source under the proposal nos.
1910092R and 2010105R. The storage ring was operated at 1.4 GeV where Si (220) and Si
(111) single crystals were used to obtain monochromatic X-ray beams at Pd K-edge and
Cu K-edge measurements, respectively. The catalysts and references were measured in
fluorescence and transmission modes, respectively. Analyses of X-ray absorption near-edge
spectra (XANES) and extended X-ray absorption fine structure (EXAFS) were processed

on the Athena and Artemis software of the Demeter suite version 0.9.26.

5.2.4 Catalyst Evaluation

Reaction in batch system

A solution containing 1,4-dioxane (10 mL), SA (0.1 g), and the reduced catalyst (0.1 g)
was mixed in an inner glass vessel and placed in a stainless-steel autoclave reactor (Taiatsu
Technol., Japan). Before reaction the reactor was purged from the remaining air, followed
by pressurizing to a certain pressure by pure Hy (99.999%) at room temperature. The
reactor was then placed into an aluminum block heated prior at 200 °C under vigorous
stirring. After reaction the reaction mixture was centrifugated and the products were
analyzed by gas chromatography (GC, Shimadzu GC-2014) with a polar column (DB-
FFAP, Agilent). The GC column program was increased from initial temperature of 50
°C (keep for 2 min) to 240 °C (keep for 5 min) at a rate of 20 °C min~'. Whereas the

temperatures at the injection port and detector were 250 °C and 280 °C, respectively. The
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SA conversion was analyzed by high-performance liquid chromatography (HPLC, Water
2414) equipped with a refractive index detector. An aqueous solution of HySO4 (10 mM)
was used as an eluent, which was pumped at a flow rate of 0.5 mL min~' through an

Aminex HPX-87H column (Bio-Rad) operated at 50 °C.

Reaction in continuous-flow system

Continuous reactions were carried out in a down-flow fixed-bed reactor system (MCR-
1000, EYELA, Tokyo, Japan). The catalyst (0.5 g) was loaded into a stainless steel tube
(¢ = bmm) and secured in place by bed filters at both ends. The liquid and hydrogen flow
rates were set at 0.3 and 10 mL min~!, respectively. The reactor was pressurized with
pure Hy (99.999%) to 0.5 MPa and then the temperature of the furnace was increased to
200 °C. The reaction mixture was collected at hourly intervals and analyzed by GC and

HPLC as mentioned earlier.

5.3 Results and Discussion

5.3.1 Influence of Capping Agents on the Performances of HAP

supported CuPd catalysts

In an attempt to search for a suitable capping agent, common polymers including PVP,
PVA, and starch were used to prepare HAP supported CuPd catalysts. The prepared
catalysts were employed for the hydrogenation of SA and the results are shown in Figure
5.1A. PVP, which is a weakly adsorbing stabilizer, was emerged as a potential capping
agent since the resulting catalyst can accelerate the SA hydrogenation to GBL with excel-
lent yield. Whereas the catalyst prepared without capping agent or with other stabilizing
polymers exhibited extremely low activities, which probably can be contributed to the
metal agglomeration during the catalyst preparation.

The effect of molecular weight (Mw) of PVP on the catalyst activity and stability of

various metals including Cu and Pd NPs has been widely reported [18-21]. However,
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Figure 5.1: (A) Effect of capping agent and (B) molecular weight of PVP on the hydro-
genation of SA over HAP supported CuPd catalysts. Reaction conditions: SA (0.1 g),
CuyoPdgo—Polymer/HAP (0.1 g), 1,4-dioxane (10 mL), temperature (200 °C), Hy pressure
(8 MPa), reaction time (48 h). Note: Mono-1 (1-vinyl-2-pyrrolidone), Mono-2 (1-ethyl-2-
pyrrolidone).

the influence of the chain length of stabilizing polymer on the CuPd NPs remains elusive.
Therefore, herein, the catalytic activity of CuPd NPs as a function of PVP Mw for the SA
hydrogenation has been examined (Figure 5.1B). It is observed that the increase in PVP
chain length resulted in better catalytic performance. Linear correlation between GBL
yield and PVP can be fitted for Mw of less than 40000 g mol ' (PVP K30) as shown in
the inset. This enhancement in the catalytic activity might be attributed to the presence
of CuPd NPs of well-defined morphologies. Further increasing the chain length of PVP,
however, caused adverse effects on the activity since the GBL started to decrease and lost
50% in the case of PVP K90 (Mw = 360000), compared to that observed over the PVP
K30. The negative impact of long-chain polymers on the CuPd NPs can be explained

by the blockage of active sites from the accessibility of the substrate, which is typically

encountered in polymer capped metal catalysts [22].
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5.3.2 Effect of Metal Ratio on the Catalytic Activity

It is noted that the none capped CuPd NPs supported on HAP catalyzed SA hydrogena-
tion toward butyric acid (BA) or BDO with high selectivities, as discussed in Chapter 2.
However, with the use of a capping agent, the catalytic behavior fundamentally changed
since only GBL was observed. As also revealed in the previous chapter that the Cu
monometallic catalysts yielded GBL as a major product (Figure 2.1), the high selectivity
of GBL over PVP capped CuPd NPs suggests a partial inhibition of Pd and/or Cu sites.
Therefore, it is desirable to investigate the influence of metal ratio on the catalytic activity
of the Cu,Pd, -PVP(K30)/HAP. Figure 5.2A confirms the low activity of monometallic
Cu as less than 5% yield of GBL can be observed. Upon addition of Pd, the formation
of GBL increased and reached its peak at a yield of 94% over the CuyPdgo—PVP/HAP.
Further increasing Pd contents lead to the decreases in catalytic activity and selectivity
since GBL yield dropped dramatically to 30% over the monometallic Pd catalyst. These
results first indicate the importance of bimetallic catalysts for the enhancement in cat-
alytic activity and GBL selectivity, compared to the monometallic ones. Second, the high
selectivities of GBL point out the significance of PVP in controlling the catalytic selec-
tivity by preventing both Cu and Pd sites from further reduction to BDO and hydrolysis
to BA, respectively.

The reactions over catalysts with higher metal loading were performed as indicated in
Figure 5.2B. It is observed that PVP can maintain its impact even at relatively high metal
loading. Since the CuyyPdg—PVP/HAP, which contains the greater fraction of Pd, was
used, BA with small quantities can be observed at higher metal loadings (< 0.5 mmol).
However, a small fraction of BDO was only formed over the CuygPdgo—PVP/HAP with
a significantly high metal loading of 1 mmol. This result can be attributed to the low
reactivity of Cu species in comparison with the precious metal Pd. A doubled amount of
catalyst can yield BDO with greater selectivity, however, GBL is still maintained as the
dominant product. It is also noted that when metal loading was greatly increased, Cu

seemed to take over the role of Pd since no BA was detected. This might suggest changes
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Figure 5.2: Influences of (A) metal ratio on the activities of Cu,Pd, ~PVP/HAP catalysts
and (B) metal loading on the activities of the CuyPdgo—PVP/HAP catalyst. Reaction
conditions: SA (0.1 g), catalyst (0.1 g), 1,4-dioxane (10 mL), temperature (200 °C), Hy
pressure (8 MPa), reaction time (48 h), *catalyst (0.2 g).

in the CuPd structures or morphologies.

5.3.3 Influences of Reaction Conditions or Other Factors
Time-based progression reaction

SA, in comparison to its analogous acid, for example, levulinic acid, is less reactive for
the hydrogenation reaction [23]. It is therefore required longer reaction time and harder
reaction conditions. The GBL progression over time is plotted in Figure 5.3. It can be
observed that GBL formation increases steadily in the first 24 h. After that, the reaction
rate of GBL production was slowed down as a result of the low concentration of SA.
The GBL reached its maximum after 48 h when SA was almost consumed and reaction
media contained mainly the product. It is worth referring that in the reaction over HAP
supported CuPd without capping agent (Figure 2.1B), the consumption of GBL began
right after its yield was about 60%. In the present catalyst, excellent selectivity of GBL
can be maintained even at a high yield and longer reaction time. Even though after a 72

h reaction period, only a minor amount of BA can be observed, whereas GBL remains
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Figure 5.3: Time-based progression of SA hydrogenation over CuyoPdgy—PVP/HAP cat-
alyst. Reaction conditions: SA (0.1 g), catalyst (0.1 g), 1,4-dioxane (10 mL), temperature
(200 °C), Hy pressure (8 MPa).

as the primary product. This result again confirms the vital role of PVP in preventing
GBL from over reduction and hydrolysis. Also, it suggests the formation of well-dispersed
CuPd NPs with a minimized amount of Pd or Cu aggregation, which benefits from the

use of PVP as a capping and stabilizing agent.

Influences of reaction conditions

The hydrogenation of SA is a complex reaction consisting of several pathways towards
different products, which depends not only on the choice of the metal, support, and solvent
but also the choice of reaction conditions such as temperature and Hy pressure. Therefore,
the effect of temperature on the overall reaction performance was investigated and the
results are demonstrated in Figure 5.4A. A review from Delhomme et al. summarized
that temperatures above 150 °C are generally required to obtain optimal performance
of SA hydrogenation [1]. On the other hand, according to the results from previous
chapters, for example, Figure 2.1C in Chapter 2, the GBL formation was favorable at a
lower temperature than 200 °C. Thus, reaction temperatures in a range of 150-200 °C

were used to carry out the reaction over the present catalyst. The results, however, show

152



[ JeBL[_]BA m SAconv.

100 A 100 | B

- X s = n

5 < .

< 80F Z 80H

g S

S < n

& 60F  60f

S ©

o n Q2

o 40r > 40 {

> ©

- =}

oq S

© 20} 2 20H

" n
0 I ! I 0 I I I I I I
200 180 150 8 6 4 2 1 0.1
Temperature /°C H, pressure /MPa

Figure 5.4: (A) effects of temperature and (B) Hy pressure on the SA hydrogenation over
the CuyPdgo—PVP/HAP catalyst. Reaction conditions: SA (0.1 g), catalyst (0.1 g),
1,4-dioxane (10 mL), Hy pressure (8 MPa) for (A) temperature (200 °C) for (B), reaction
time (48 h).

that at the lower reaction temperature, the GBL yield reduced significantly to just above
30% and less than 5% at 180 °C and 150 °C, respectively. This might be ascribed to the
small amount of metal loading and the negative impact of PVP on the active site, which
requires greater activation energy, compared to that over the CuPd catalysts without
capping agent.

The influence of Hy pressure for the current reaction was examined and the results
are shown in Figure 5.4B. In comparison with the productions of BDO and THF which
typically require high pressures of Hy due to the needs of 8 hydrogen atoms for 2-step
hydrogenation from SA, the formation of GBL require only a half of the hydrogen con-
sumption. As a result, lower Hy pressure might be sufficient for the GBL production.
So far, 3 MPa of hydrogen has been reported as a mildest pressure over alumina sup-
ported Pd NPs which catalyzed SA hydrogenation to afford GBL with greater than 90%
selectivity and less than 70% SA conversion [9]. The present work has recorded even
milder hydrogen pressure, i.e, 2 MPa, which efficiently converted SA to GBL with 95%

selectivity at 84% SA conversion. The excellent selectivity can be maintained at a lower
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pressure of 1 MPa, however, the SA conversion slightly decreased to about 70%. An
attempt to further reduce the Hy pressure to as low as the atmospheric pressure has been
made but was unsuccessful since no GBL can be detected. To explain the efficiency of
catalytic performance at relatively low hydrogen pressure, two important factors, i.e, Hy
dissociation and diffusion, are needed to be taken into account. The presence of PVP
first can help to enhance the metal dispersion which subsequently increases the hydrogen
adsorption and diffusion in the metal surface. Second, as reported in both practical [24]
and theoretical [25] methods, PVP can also serve as an electron donor which increases

the electron density around the Pd atoms, facilitating the Hy dissociation step.

Preliminary results on the application of flow reactor
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Figure 5.5: Experiment set up and preliminary results for SA hydrogenation in the con-
tinuous flow reactor. Reaction conditions: SA (0.05 M), catalyst bed (0.5 g), liquid flow
rate (0.3 mL min~'), Hy flow rate (10 mL min™'), Hy pressure (0.5 MPa), temperature
(200 °C).

The reaction under low hydrogen pressure that is available in the batch reaction opens
up a possibility to carry out the SA hydrogenation using a flow reaction system (Figure
5.5 (left)). Notably, under this flow system show that the GBL yield of about 18% can
be maintained for 12 h at 0.5 MPa (Figure 5.5 (right)). According to the results obtained
in the batch system, the GBL yield might be improved after appropriate optimization of

reaction parameters shortly.
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Influence of catalyst supports
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Figure 5.6: Effects of catalyst supports on the performances of PVP capped CuPd NPs

Various common supports have been used to investigate their impacts on the activity
of the PVP-capped CuPd NPs (Figure 5.6). The results indicate that HAP is the most
suitable support for achieving the superior performance of CuPd NPs. As discussed earlier
in Chapter 2, HAP is one of the potential catalyst supports for SA hydrogenation due to
its unique properties. For instance, the coexistence of weakly acidic and basic sites help
to prevent mass transfer limitations and side reactions. In addition, the possession of high
a specific area and superior exchangeability make it an ideal catalyst support where the
metal can not only be immobilized on its surface but also incorporated into the apatite

framework [26, 27].

5.3.4 Catalyst Characterization and Structure—Activity Rela-

tionship
Effect of metal ratio on the sizes of CuPd NPs

As indicated in Figure 5.7, the CuPd NPs show small sizes ranging from 1.9 to 3.7 nm.

NPs with larger diameters of 3.8 nm and 4.7 nm can be observed in the monometallic
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Figure 5.7: Effect of metal ratio on the sizes of CuPd NPs

catalysts Pd and Cu, respectively. The variation in sizes among these samples suggests
that NP size depends mainly on the nature of metals and the ratio between them. To
some extent, PVP can enhance the immobilization efficiency due to the binding affinity
to the metal surface [28], which resulted in well-dispersed NPs in the prepared catalysts.
However, the influence of PVP in the metal growing step might not significant due to steric
effects of the PVP heads which prevent them from approaching and constraining small
NPs. Nonetheless, PVP might be able to minimize the metal agglomeration when the
particle grows to a certain size; for examples, restraining the sizes of Cujg and CuggPdsy
to be less than 5 nm on average. The results herein also suggest that the metal size is
not a crucial factor for the catalytic performance because, for example, the CugyPdyy and
CugoPdgg which show similar or even small NP sizes gave lower activities compared to
that over the CuygPdgp.

The XRD patterns of the catalysts and references were plotted in Figure 5.8. It is

observed that the diffraction lines of all the samples resemble the pattern of HAP. No
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Figure 5.8: XRD patterns of the Cu,Pd, -PVP/HAP catalysts

diffraction peaks corresponding to the Cu or Pd metal references can be detected even in
the cases of monometallic catalysts. These results can be contributed to the low loading
amount of metal and the strong intensity of the support. Another possible reason is the

uniform distribution of small NPs on the support as also suggested by the TEM results.

Electronic structures and metal interactions in Cu,Pd,—PVP/HAP catalysts

XPS was performed to determine the surface composition, electronic properties, and the
interaction between Cu and Pd. Figure 5.9A demonstrates the spectra at Cu 2p region
where Cu 2ps/» and Cu 2p;/» components can be observed at 933 eV and 953 eV, re-
spectively, due to spin-orbit splitting. The deconvoluted peak at Cu 2ps/, indicates the
presence of Cu’ (~933 eV) as a dominant phase. While in some cases, Cu®t (~935 eV)
can be involved in the fits due to partial oxidations during the XPS sampling. Similarly,

XPS spectra at 3d region can be characterized by Pd 3ds/, and Pd 3d3/, components at
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about 335 eV and 340 eV, respectively (Figure 5.9B). The XPS peak at Pd 3ds/, region
can be fitted with Pd® and Pd*" components at about 335 eV and 336-337 eV, respec-
tively. Core level shifts of 0-0.4 to lower BE eV can be observed in the bimetallic catalysts
with respect to the monometallic Cu catalyst. Whereas positive BE shifts of 0.3-0.4 eV
were estimated at Pd 3ds/; core level. These shifts suggest charge transfers from Pd to

Cu resulting from strong interaction, i.e., alloying, between these two metals [29, 30].
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Figure 5.9: Deconvoluted XPS spectra of Cu,Pd, ~PVP/HAP catalysts at (A) Cu 2p and
(B) Pd 3d regions

Figure 5.10A describes XANES spectra of Cu,Pd, -PVP/HAP catalyst at Pd K-edge.
In all samples, white lines are not observed indicating the prevalence of Pd in the metal-
lic state. However, the first neighboring peaks in these catalysts are lower in intensity
compared to that of the Pd foil, suggesting the existences of Pd*T components. Linear
combination fitting (LCF) was then performed to qualitatively determine the oxidation
states of Pd (Figure 5.10B). The fraction of Pd*" in the Pdg is substantially larger than

that of the others. These results seem to be unexpected when strong interaction with Cu
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Figure 5.10: (A) XANES spectra and (B) LCF results for Cu,Pd,-PVP/HAP at Pd

K-edge

might lead to strong resistance to oxidation. However, it can be rationalized by referring

to the NP size of this sample. As revealed by TEM (Figure 5.7), the constructed NPs

in this sample is extremely small compared to others resulted in the enhancements of

specific surface area and metal-oxygen coordination. Therefore, the lowest fraction of

Pd?* in Pdgy can be attributed to not only the stability of Pd-Cu bonding but also the

larger NPs. Despite the fact that more Pd—Cu bonds can be formed upon addition of

Cu, the dominance of Cu contents in the bimetallic catalysts can result in larger Pd*"

components due to the migration of oxygen from CuO-Pd interface to Pd [31]. As a

result, the metallic contents of Pd decreased in the Pdyy and Pdyy catalysts.

Table 5.2: Fitting results at Pd K-edge for Cu,Pd, -PVP/HAP

Sample CNpgcu  Rpapra Rpa-cu
Pd foil - 2.74 -
Pdyp-PVP/HAP - 2.74 -
CUQQPdgo—PVP/HAP - 2.72

CU4QPd60—PVP/HAP
Cu60Pd40—PVP/HAP
CUSOPdgo—PVP/HAP

4.7+£06 14+£05 271 2.66
3.0£02 21+£02 268 2.59
2507 2207 2.69 2.61
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Figure 5.11: FT EXAFS spectra of Cu,Pd,-PVP/HAP at Pd K-edge

The Fourier transform (FT) EXAFS spectra of raw and fitted data at Pd K-edge for
the Cu,Pd,-PVP/HAP catalysts are visually demonstrated in Figure 5.11. While the
details on the coordination number (CN) and atomic distance (R) are listed in Table 5.2.
The peaks corresponding to Pd-Pd appeared at about 2.5 A, whereas adjacent peaks
at about 2.2 A representing Pd-Cu bonding can be observed in the bimetallic catalysts.
Except for the CuggPdgo-PVP/HAP which contains a small amount of Cu, Cu can be
involved in the fits of other bimetallic catalysts. The fitting results indicate that CN of
Pd-Cu increased with the addition of Cu content, which confirms the strong interaction
between Cu and Pd as a result of alloying formation.

Given the superior catalytic performances of bimetallic catalysts compared to the
monometallic ones (Figure 5.2A), CuPd alloying are proposed to be a prerequisite factor.
In particular, the charger transfers from Pd to Cu might lead to positive Pd sites which
enhanced the adsorption of SA. However, it seems that it is not sufficient to obtain an

excellent yield of GBL because, for example, greater alloying degrees in Pdyy and Pdy
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cannot help them to improve the GBL yield. Therefore, there must be another factor
that is responsible for this. It is worth noting that the Pd—Pd ensembles remained as
a comparable phase to the Pd—Cu. The decreases of Pd-Pd from 4.7 to 2.5 are found
to be aligned with the reduction of GBL in the bimetallic catalysts. According to Yang
et al., the adsorption energy of hydrogen on the Pd;Cus(111) is lower than on the Pd(111)
[32], which can be attributed to the unsuitable geometries due to larger Pd-Pd distance
[33]. In other words, the efficiencies of hydrogen adsorption and dissociation might be
lower on the CuPd alloying sites than the Pd sites, which is possibly responsible for the
decreases in catalytic activity. Therefore, it is suitable to propose that in terms of the
catalytic activity, Pd rich CuPd alloying NPs are necessary and sufficient conditions for

the optimum efficiency of GBL production.
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Figure 5.12: Reusability tests for the CuyoPdgy-PVP/HAP catalyst. Reaction condititons:
SA (0.1 g), catalyst (0.1 g), 1,4-dioxane (10 mL), Hy pressure (8 MPa), temperature (200
°C), reaction time (24 h).

To evaluate the catalyst stability, the used catalyst was washed with 1,4-dioxane (4 x 5
mL) and dried in a vacuum before using for the subsequent run. Figure 5.12 shows

excellent reusability of the CuygPdg-PVP/HAP for up to 5 consecutive runs. The AAS
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was performed to determine the metal contents of the catalyst after recycling runs. The
used catalyst showed a slight decrease in the metal loading of approximately 0.01 mmol
per gram catalyst compared to that of the fresh one. Since the Cu:Pd molar ratio was
maintained the same after uses, the decrease in the total amount of metal loading might
not come from the metal leaching to the reaction media but an agglomeration of PVP
which lowered the metal loading per catalyst amount. To further clarify this point, the
determination of metal contents in reaction media after recycling experiments is considered

in future work.

5.4 Conclusion

In conclusion, highly efficient PVP-capped CuPd NPs constructed on HAP was discovered
for selective hydrogenation of SA to GBL. The capping agent PVP played an important
role in controlling the GBL selectivity by preventing further hydrogenation or other side
reactions. While low activities could be observed in the monometallic catalysts, the reac-
tion over the optimized CuyPdg-PVP/HAP catalyst exhibited remarkable enhancement
in the production of GBL. XPS revealed a strong interaction between Cu and Pd leading
to unique properties of the bimetallic catalysts. XAFS suggested the Pd—Pd phase that
exists closely to Cu—Pd alloying phase as a prominent factor to afford remarkable activity
in the optimized catalyst. The catalyst was able to perform at low hydrogen pressure
from 1 MPa while maintaining high selectivity of GBL (>90%). Also, together with the
remarkable reusability, the present catalyst is potentially available for hydrogenation of
not only SA but also other oxygen-rich biomass resources from laboratory to industrial

scale.

162



References

(1)

Delhomme, C.; Weuster-Botz, D.; Kiihn, F. E. Succinic Acid from Renewable
Resources as a C4 Building-Block Chemical-a Review of the Catalytic Possibilities
in Aqueous Media. Green Chem. 2009, 11, 13-26.

Magziere, A.; Prinsen, P.; Garcia, A.; Luque, R.; Len, C. A Review of Progress
in (Bio)Catalytic Routes from/to Renewable Succinic Acid. Biofuels, Bioprod.
Biorefining 2017, 11, 908-931.

Shao, Z.; Li, C.; Di, X.; Xiao, Z.; Liang, C. Aqueous-Phase Hydrogenation of
Succinic Acid to -Butyrolactone and Tetrahydrofuran over Pd/C, Re/C, and
Pd-Re/C Catalysts. Ind. Eng. Chem. Res. 2014, 53, 9638-9645.

Liu, X.; Wang, X.; Xu, G.; Liu, Q.; Mu, X.; Liu, H. Tuning the Catalytic Selectivity
in Biomass-Derived Succinic Acid Hydrogenation on FeO,-Modified Pd Catalysts.
J. Mater. Chem. A 2015, 3, 23560-23569.

Liu, L.; Corma, A. Metal Catalysts for Heterogeneous Catalysis: From Single

Atoms to Nanoclusters and Nanoparticles. Chem. Rev. 2018, 118, 4981-5079.

You, C.; Zhang, C.; Chen, L.; Qi, Z. Highly Dispersed Palladium Nanoclusters
Incorporated in Amino-Functionalized Silica Spheres for the Selective Hydrogena-
tion of Succinic Acid to y-Butyrolactone. Appl. Organomet. Chem. 2015, 29, 653—

660.

Hong, U. G.; Hwang, S.; Seo, J. G.; Lee, J.; Song, I. K. Hydrogenation of Succinic
Acid to y-Butyrolactone (GBL) over Palladium Catalyst Supported on Alumina
Xerogel: Effect of Acid Density of the Catalyst. Ind. Eng. Chem. Res. 2011, 17,
316-320.

Zhang, C.; Chen, L.; Cheng, H.; Zhu, X.; Qi, Z. Atomically Dispersed Pd Catalysts
for the Selective Hydrogenation of Succinic Acid to y-Butyrolactone. Catal. Today
2016, 276, 55-61.

163



(10)

(13)

(14)

(15)

(16)

Yakabi, K.; Jones, A.; Buchard, A.; Roldan, A.; Hammond, C. Chemoselective
Lactonization of Renewable Succinic Acid with Heterogeneous Nanoparticle Cat-

alysts. ACS Sustain. Chem. Eng. 2018, 6, 16341-16351.

Cao, K.; Fiichsel, G.; Kleyn, A. W.; Juurlink, L. B. Hydrogen Adsorption and Des-
orption from Cu(111) and Cu(211). Phys. Chem. Chem. Phys. 2018, 20, 22477
22488.

Tao, A. R.; Habas, S.; Yang, P. Shape Control of Colloidal Metal Nanocrystals.
Small 2008, 4, 310-325.

Heuer-Jungemann, A.; Feliu, N.; Bakaimi, I.; Hamaly, M.; Alkilany, A.; Chakraborty,
[.; Masood, A.; Casula, M. F.; Kostopoulou, A.; Oh, E., et al. The Role of Ligands
in the Chemical Synthesis and Applications of Inorganic Nanoparticles. Chem.

Rev. 2019, 119, 4819-4880.

Liu, P.; Qin, R.; Fu, G.; Zheng, N. Surface Coordination Chemistry of Metal

Nanomaterials. J. Am. Chem. Soc. 2017, 139, 2122-2131.

Le, S. D.; Nishimura, S. Highly Selective Synthesis of 1,4-Butanediol via Hydro-
genation of Succinic Acid with Supported Cu—Pd Alloy Nanoparticles. ACS Sus-
tain. Chem. Eng. 2019, 7, 18483-18492.

Le, S. D.; Nishimura, S. Effect of Support on the Formation of CuPd Alloy
Nanoparticles for the Hydrogenation of Succinic Acid. Appl. Catal. B Environ.
2020, 119619.

Guy, K. A.; Xu, H.; Yang, J. C.; Werth, C. J.; Shapley, J. R. Catalytic Nitrate and
Nitrite Reduction with Pd-Cu/PVP Colloids in Water: Composition, Structure,

and Reactivity Correlations. J. Phys. Chem. C' 2009, 113, 8177-8185.

Nishimura, S.; Yoshida, N.; Ebitani, K. Bimetallic PdCu nanoparticle catalyst
supported on hydrotalcite for selective aerobic oxidation of benzyl alcohol. MRS

Proc. 2015, 1760, mrsf14-1760-yy05-32.

164



(18)

(19)

(20)

(21)

(22)

(24)

(25)

Tsuji, M.; Nishizawa, Y.; Matsumoto, K.; Kubokawa, M.; Miyamae, N.; Tsuji,
T. Effects of Chain Length of Polyvinylpyrrolidone for the Synthesis of Silver

Nanostructures by a Microwave-Polyol Method. Mater. Lett. 2006, 60, 834-838.

Haesuwannakij, S.; Kimura, T.; Furutani, Y.; Okumura, K.; Kokubo, K.; Sakata,
T.; Yasuda, H.; Yakiyama, Y.; Sakurai, H. The Impact of the Polymer Chain
Length on the Catalytic Activity of Poly(/N-vinyl-2-pyrrolidone)-supported Gold

Nanoclusters. Sci. Rep. 2017, 7, 1-8.

Upadhyay, L. S. B.; Kumar, N. Green Synthesis of Copper Nanoparticle using Glu-
cose and Polyvinylpyrrolidone (PVP). Inorg. Nano-Met. Chem. 2017, 47, 1436—
1440.

Han, G.-H.; Lee, S.-H.; Seo, M.-g.; Lee, K.-Y. Effect of Polyvinylpyrrolidone (PVP)
on Palladium Catalysts for Direct Synthesis of Hydrogen Peroxide from Hydrogen
and Oxygen. RSC Adv. 2020, 10, 19952-19960.

Rossi, L. M.; Fiorio, J. L.; Garcia, M. A.; Ferraz, C. P. The Role and Fate of
Capping Ligands in Colloidally Prepared Metal Nanoparticle Catalysts. Dalton
Trans. 2018, 47, 5889-5915.

Sun, D.; Sato, S.; Ueda, W.; Primo, A.; Garcia, H.; Corma, A. Production of Cy
and Cs Alcohols from Biomass-Derived Materials. Green Chem. 2016, 18, 2579—
2597.

Sun, G.; An, J.; Hu, H.; Li, C.; Zuo, S.; Xia, H. Green Catalytic Synthesis of 5-
Methylfurfural by Selective Hydrogenolysis of 5-Hydroxymethylfurfural over Size-

Controlled Pd Nanoparticle Catalysts. Catal. Sci. Technol. 2019, 9, 1238—-1244.

Gupta, A.; Boekfa, B.; Sakurai, H.; Ehara, M.; Priyakumar, U. D. Structure,
Interaction, and Dynamics of Au/Pd Bimetallic Nanoalloys Dispersed in Aqueous
Ethylpyrrolidone, a Monomeric Moiety of Polyvinylpyrrolidone. J. Phys. Chem.
C' 2016, 120, 17454-17464.

165



(26)

(27)

(30)

(31)

(32)

Sun, H.; Su, F.-Z.; Ni, J.; Cao, Y.; He, H.-Y.; Fan, K.-N. Gold Supported on
Hydroxyapatite as a Versatile Multifunctional Catalyst for the Direct Tandem
Synthesis of Imines and Oximes. Angew. Chem. Int. Ed. 2009, 48, 4390-4393.

Tounsi, H.; Djemal, S.; Petitto, C.; Delahay, G. Copper Loaded Hydroxyapatite
Catalyst for Selective Catalytic Reduction of Nitric Oxide with Ammonia. Appl.
Catal. B Environ. 2011, 107, 158-163.

Munnik, P.; De Jongh, P. E.; De Jong, K. P. Recent Developments in the Synthesis
of Supported Catalysts. Chem. Rev. 2015, 115, 6687-6718.

Yin, Z.; Zhou, W.; Gao, Y.; Ma, D.; Kiely, C. J.; Bao, X. Supported Pd—Cu
Bimetallic Nanoparticles That Have High Activity for the Electrochemical Oxida-
tion of Methanol. Chem. Eur. J. 2012, 18, 4887-4893.

Castegnaro, M. V.; Gorgeski, A.; Balke, B.; Alves, M. C. M.; Morais, J. Charge
Transfer Effects on the Chemical Reactivity of Pd,Cu;_, Nanoalloys. Nanoscale
2016, 8, 641-647.

Steinhauer, S.; Zhao, J.; Singh, V.; Pavloudis, T.; Kioseoglou, J.; Nordlund, K.;
Djurabekova, F.; Grammatikopoulos, P.; Sowwan, M. Thermal Oxidation of Size-
Selected Pd Nanoparticles Supported on CuO Nanowires: The Role of the CuO-Pd
Interface. Chem. Mater. 2017, 29, 6153-6160.

Yang, Q.; Hou, R.; Sun, K. Tuning Butene Selectivities by Cu Modification on Pd-
Based Catalyst for the Selective Hydrogenation of 1,3-Butadiene. J. Catal. 2019,
374, 12-23.

Litovchenko, V.; Efremov, A. The Enhanced Catalytic Dissociation of Adsorbed

Hydrogen Containing Molecules. Condens. Matter Phys. 1999, 19, 561.

166



Chapter 6

General Conclusion

In this doctoral dissertation, a comprehensive study on the CuPd bimetallic catalysts for
selective hydrogenation of succinic acid has been presented. In the present chapter, a
brief overview of the significant findings and a general conclusion are provided. Also, the
limitations that existed in this research are pointed out which suggest various lines of

research for pursuing in the future.

6.1 Summary

Chapter 2 studied the effect of the Cu:Pd ratio on the structure and activity of CuPd/HAP
catalysts for selective hydrogenation of SA. The CugPd,/HAP catalyst has successfully
accelerated the hydrogenation of SA toward BDO with high selectivity (>80%) at a
quantitative SA conversion. The Cu-rich CuPd alloy structure has been revealed by
extensive characterization techniques. Synergistic effects between Cu and Pd inducing
unique properties of the CuPd bimetallic catalysts in comparison with the monometallic
ones have been examined. Accordingly, the strong interaction between Cu and Pd, on
the one hand, resulted in the enhancement of catalytic activity to the intermediate GBL,
compared to that over the Cu/HAP monometallic catalyst. While on the other hand, it
suppressed the high reactivity of Pd, preventing the side reaction to butyric acid, which

is typically encountered in the Pd/HAP monometallic catalyst. The Cu species that
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existed closely to CuPd alloying sites subsequently promoted further hydrogenation of
GBL, affording BDO with high yield.

Chapter 3 investigated the influences of various supports i.e., SiOg, TiO,, and v-Al;Os3,
on the construction of CuPd alloy nanoparticles (NPs). The study revealed that the
metal-support interaction played a central role in controlling the structure of CuPd alloy
NPs. In-depth characterizations indicated that randomly homogeneous CuPd NPs were
prevalently constructed on TiO, and SiO,, whereas the heterogeneous CuPd alloy NPs
with a great extent of Cu segregation were dominantly formed on 7-Al;O3. Variations in
the CuPd NPs construction led to dramatic changes in catalytic activity and selectivity
among these catalysts. Particularly, GBL with high selectivity (90%) can be attained over
the CuPd/TiO, catalyst at 73% conversion of SA, which was attributed to the presence
of large CuPd NPs preventing further hydrogenation of GBL and lowering the catalytic
activity. On the other hand, the higher activity and selectivity toward BDO of CuPd/SiO,
were rationalized by the small CuPd NPs and the presence of Cu sites which promoted
the formation of BDO at a high yield of 86%. Notably, the strong Lewis acid sites in
the CuPd/~-AlyO3 was revealed as the decisive factor in the formation of highly selective
THF with 97% at a quantitative conversion of SA.

Chapter 4 demonstrated the effect of metal ratio on the activity of v-Al,O3 supported
CuPd NPs for SA hydrogenation. Excellent selectivity toward THF was achieved over
the Cu-rich CuPd/~-Al;O3, i.e., the CugPdy/v-Al;O3 and CugPdy/7-AlsO3. In addition,
the present catalyst can maintain its high activity and selectivity for several recycling
runs under high temperature and pressure conditions. Characterization methods revealed
that major factors that are responsible for the superior performance of this catalyst for
THF production include CuPd alloy NPs with Cu-rich sites and strong Lewis acid sites
of the support. The strong interaction in CuPd alloy NPs led to the enhanced reactivity
compared to that of the monometallic Cu, while the Cu-rich component helped to restrain
the strong reactivity of Pd species which favor the formation of BA. Alternatively, the
Cu-rich CuPd NPs enhanced the formation of the intermediate BDO which was easily

converted to THF wvia cyclodehydration under the influence of strong Lewis acid sites in
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~v-Al5O3.

Chapter 5 examined the influence of the capping agent on the catalytic performance of
CuPd NPs. A highly efficient PVP-capped CuPd NPs constructed on HAP was discovered
for selective hydrogenation of SA to GBL. The inhibition effect of the capping agent
PVP was revealed to play a key role in the formation of GBL with excellent selectivity.
The catalyst was able to proceed at extremely low hydrogen pressure from 1 MPa while
maintaining high selectivity of GBL (>90%). Besides, the catalyst showed remarkable
reusability, offering the catalyst with enormous potential for applying to the hydrogenation
of not only SA but also other oxygen-rich biomass resources from laboratory to industrial

scale.

6.2 Key Findings and Conclusion

6.2.1 Key Findings
CuPd NPs-Tunable catalyst for selective hydrogenation of SA

The importance of SA hydrogenation which generates the key intermediates including
GBL, BDO, and THF for the polymer industry is unquestionable. Also, recent break-
throughs in biotechnology made bio-SA more abundant and competitive supply for further
transformations. Despite its great potential, the development in the catalytic hydrogena-
tion of SA in the last decade is admittedly modest. In addition, the heavy dependence on
rare-earth metals in previous studies probably restrains them from practical applications.
The discovery of CuPd bimetallic catalysts in the present research, therefore, provides
not only cheaper catalysts but also effective and feasible methods to tune the product
selectivity for the SA hydrogenation (Table 6.1). Furthermore, in terms of productivity,
the present catalyst system showed excellent performances, which closely approach or
even greatly superior to the highest records for BDO or THF and GBL productions so
far. On the other hand, in the context of reaction conditions, the PVP-capped CuyoPdgg

catalyst promoted the SA hydrogenation to highly selective GBL even at low hydrogen

169



Table 6.1: The development of bimetallic catalysts for SA hydrogenation in the last
decade including the present studies

Temp. P Hy, Conv. Selectivity /%
/C /MPa /% BDO GBL THF

CugPdy/HAP or SiO, 200 8 100 82-86 <5 <3  This thesis

Catalyst Ref.

CugPdy/7-Al,03 200 8 100 0 0 97  This thesis
CugPdy/TiOq 200 8 73 2 90 3 This thesis
CuyoPdgo — PVP/HAP 200 1-4 68-92 0 92-96 0 This thesis
Ir—Re/C 240 8 100 <5 0 75 [123]
Pd-Cu/AX 190 7 72 0 94 0 [124]
Pd/AL,O4 170 3 <70 <1 95 0 [118]
Re—Ru/C 160 8 99 70 6 6 [125]
Re3—-Ru/C 240 8 99 3 5 60 [125]
Pd—Re/AC 180 10 100 67 0 14 [126]
Re—Ru/BMC 200 8 100 65 34 3 [127]
Re—Pd/SiO, 140 8 100 89 3 0 [128]
Pd-5Fe0,/C 200 5 100 70 - - [114]
Re—Ru/MC 200 8 100 71 18 11 [129]
Pd—-Re/C 240 8 89 4 - 73 [130]
Pd—Re/TiOq 160 15 100 83 0 - [131]
Pd—Re/C 160 15 100 66 0 - [132]

Further information regarding the previous reports can be found in Tables 1.1 and
1.2 and the discussions therein. The reference numbers displayed in this Table 6.1
are consistent with those of Chapter 1.

pressure, from 1 MPa. In addition, the extremely low concentration of metal loading (0.1
mmol) in combination with the excellent reusability made this catalyst suitable for flow

reactor and thus open up a possibility for industrial application.

Revealing mechanism of SA hydrogenation over CuPd catalysts

-----------------------------------------------------------------------------------------------------------------------------------------

_________________________________________________________________________________________________________________________________________

Scheme 6.1: Simple reaction scheme for SA hydrogenation

A simple reaction scheme illustrated the SA hydrogenation to GBL (1), BDO (2),
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and THF (3) is shown in Scheme 6.1. It should be noted that the present dissertation
focuses on direct hydrogenation of SA, the use of the intermediate GBL or BDO as
starting material in some cases is just for clarifying the roles of metal components in the

investigated catalysts.

(1) SA — GBL: First, according to the catalytic performances of monometallic Cu and
Pd observed in Figures 2.1A, 4.1, and 5.2A, it is clear that both Cu and Pd can reduce SA
to GBL. However, Cu catalysts showed poor catalytic performance for SA hydrogenation
which can be attributed to the limited capability of Cu for Hy activation. On the other
hand, as a precious metal, Pd holds great potential for Hy dissociation, which turned out
not to be suitable for SA hydrogenation since it directed the reaction via hydrogenolysis
pathway to the side products BA and BuOH. The strong Cu—Pd interaction due to alloy
formation, which enhanced the reducibility of Cu (Figures 2.2 and 3.10), therefore, re-
sulted in better GBL yield in the case of CugPdy/TiOy and CuygPdgo—PVP/HAP (Table
6.1). The reactions were terminated at GBL without further hydrogenation because (i)
the absence of isolated Cu and/or large CuPd NPs of the former catalyst (Chapter 3) and

(ii) the inhibition effect of PVP in the latter (Chapter 5).

(2) SA — BDO: The reaction using GBL as a starting material showed that Cu
can reduce GBL to afford BDO with excellent yield and selectivity (Table 2.3). This is
because the transformation from GBL requires only 4 hydrogen atoms compared to the
total 8 atoms that are required for direct transformation of SA to BDO (Scheme 1.4).
Therefore, the presence of isolated Cu in CugPds/HAP and CugPds/SiOy can further
reduce the intermediate GBL to BDO with high yield and selectivity (Table 6.1). It
should be emphasized that the close interaction between Cu and Pd is important because
the physical mixture of Cug/HAP and Pdy/HAP was unable to produce BDO with the

comparable yield to that over the bimetallic catalyst (Figure 2.1A).

(3) SA — THF: The reaction using BDO as starting material revealed that strong

Lewis acid site in 7-AlyO3 is one of the crucial factors for the production of THF (Table
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3.6). However, the CuPd alloy is the prerequisite factor for direct hydrogenation of SA
to THF since reaction over the bare support was failed to produce any THF (Table 3.2).
The hydrogenation of GBL over CugPds/v-Al;O3 indicated that in the preliminary step
of this reaction, BDO was formed as an intermediate, which immediately converted to
THF under the influence of the strong Lewis acid site (Table 4.2). Therefore, the highly
selective hydrogenation of SA toward THF is the combination and working in concert of

(i) the Cu-rich CuPd NPs and (ii) strong Lewis acid sites of y-Al;Os3.

6.2.2 Conclusion

In conclusion, the present thesis provides feasible and versatile methods to design effec-
tive CuPd bimetallic catalysts for selective hydrogenation of SA. Depending on the cer-
tain purpose, the SA hydrogenation could be directed toward a specific product including
GBL, BDO, and THF by adjusting the Cu:Pd ratio, changing the catalyst support, and
stabilizing with a capping agent. The roles of individual metals, CuPd alloy, supports,
and the capping agent have been revealed. In addition, the reaction pathways and opti-
mized reaction conditions for each integrated reaction have been clarified and examined.
The mentioned understanding of the current catalyst system allows us to control the SA

hydrogenation and other related reactions from various angles.

6.3 Limitations

Despite the benefits and strength stated earlier, there are various issues and limitation

existed in the present thesis:

e Leaching issues: As demonstrated in Chapters 2 and 4, although the catalysts can
be recycled for several runs, Cu leaching is one of the issues causing the gradual
descent in the BDO selectivity. The PVP capped CuPd NPs can enhance the
catalyst stability, however, it limited the hydrogenation within the formation of

GBL.
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Lack of kinetic studies: Despite the fact that the reaction parameters could be
optimized for enhancing the reaction performance, the studies in this thesis did
not pursue to provide kinetic models due to several technical issues regarding the
high-pressure reactor and difficulties inherently existed in complex reaction like SA

hydrogenation.

6.4 Recommendations

6.4.1 Recommendations Relating to the Present Study

Based on the mentioned limitations, further understanding of the present catalyst system

can be achieved by pursuing the following subjects.

(1)

Building a catalyst model for the CuPd-PVP/HAP by either practical or
computational method. This research may clarify where and what types of active
sites that the reactant was preferably adsorbed on. Furthermore, it may answer
how the steric effect of PVP prevent further hydrogenation of GBL or whether the

competitive adsorptions between Hy and SA/GBL occur.

Preparing the CuPd bimetallic catalysts with capping agent by a different
approach to enhance both the catalyst activity and stability. For example,
using the post-synthesis ligand exchange process to apply for the catalyst prepared

by impregnation-reduction method or combining the ligand and CuPd externally.

Carrying out the kinetic studies to build a reaction model for the hydro-
genation of SA over the CuPd-PVP/HAP catalyst under a flow reactor.
This kind of research may provide preliminary data to build up and optimize the

reaction conditions at a larger scale.
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6.4.2 Recommendations Relating for Further Studies

Since the great potential of Cu-based bimetallic catalysts for SA hydrogenation has been
recognized and proved in the current study, the first question should be to what extent
the present catalyst system is applicable for other dicarboxylic acids.

Second, although excellent yield and selectivity of target products were achieved, it
is admitted that the current catalyst system requires hard reaction conditions and a
long reaction time. What would happen if instead of Hy, the transfer hydrogen (non-H,
hydrogen source) is used for SA hydrogenation?

Third, it was pointed out earlier that Cu holds the great potential for the BDO pro-
duction from GBL but the low reactivity for hydrogen dissociation, possibly due to the
electron deficiency of supported Cu catalysts, limited it from the direct SA hydrogenation.
However, as discussed in Chapter 1 that the Hy dissociation can be enhanced by using
electronegative heteroatom from the support or additive to activate the cleavage of Hy via
heterolytic pathway (e.g., Formenti D. et al., Catal. Sci. Technol., 2016, 6, 4473 and J.
Catal., 2017, 351, 79). Is it possible that Cu with the aid of a suitable support/additive
catalyzes the SA hydrogenation?

By pointing out these possibilities, the following lines of research may be beneficially

pursued.

(1) Hydrogenation of similar dicarboxylic acids to lactones and diols using

supported CuPd bimetallic catalysts
(2) Hydrogenation of succinic acid using transfer hydrogen approach.
(3) Supported Cu-based heterogeneous for hydrogenation of succinic acid

(4) Cu single atoms-catalyzed hydrogenation of succincic acid
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