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Abstract

This work studied the catalytic transfers hydrogenation (CTH) of furfuryl alcohol
(FOL) to Y-valerolactone (GVL) using Cu-based catalysts. The different charges balancing
cation of Y zeolite (NH;"Y and HY) was comparatively studied the HY (Si/Al = 3.5) shows
higher catalytic performance than NH;*Y (Si/Al = 3.5) zeolite. Moreover, 5%Cu/Y-IE catalyst
shows higher catalytic performance than 5%Cu/Y-IM. However, increasing the amount of
Cu loading from 5 to 10% (10%Cu/Y-IM) led to low catalytic activity since the
agglomeration of Cu particles blocking some pore of Y zeolite. Therefore, highly dispersion
of Cu on phyllosilicate (CuPS) structure is one of the good candidate catalysts for CTH of
FOL to GVL. The 30%CuPS exhibits high FOL conversion (71%) with low GVL yield (49.4%).
Hence, various secondary metals such as Ni, Ag, and Zn were modified on CuPS to improve
the catalytic performance of CTH of FOL to GVL. The 1%ZnCuPS shows the highest
catalytic performance (FOL conversion 84%, GVL yield 57%) than other secondary metal

catalysts at the beginning. The synergetic effect between Zn and Cu increases the strong



acid strength with high LA/BA ratio resulting to promote the highest catalytic performance.

Moreover, to improve more the GVL selectivity from the solvent effect was also studied.

Keyword: Copper phyllosilicate, Catalytic Transfer Hydrogenation (CTH), Furfuryl alcohol

(FOL), Y-valerolactone (GVL), Y zeolite.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

Nowadays, the energy and chemical industries are highly dependent on the use of
fossil resources. The fossil resources play an essential role for worldwide energy use, thus
the increased energy demand swiftly diminished fossil fuel resource and increasing
emission of greenhouse gases. Moreover, it also affects to environment and life quality.
To beyond the scope for further development, researchers are working to find alternative
sources for the energy and pollution crisis.  The utilization of renewable biomass to
produce various chemicals is attractive considering decreasing the fossil fuel crisis. In
recent years, since there has been a greater need for more environmentally friendly fuels
and chemicals, research into the conversion of carbon sources into highly valued
compounds has grown significantly. Because biomass is the most plentiful organic carbon
source and is extensively spread, it is frequently used to manufacture biofuels and other
important compounds. C5 is one of the biomass feedstocks. It is containing oxygen
compounds such as furfural (FF) and furfuryl alcohol (FOL) obtained from hemicellulose
is a versatile platform molecule. However, the furfural costs the same as furfuryl alcohol.
The furfuryl alcohol is important compounds in the manufacture of fine chemicals such
as polyurethane, polyesters, adhesives, perfumes, medicinal intermediates, vitamin C,
tetrahydrofurfuryl alcohol (THFA), ethyl furfuryl ether (FE), levulinic acid (LA), and Y-
valerolactone (GVL). [1]. GVL is one of the most versatile products that used as the green
solvents, jet fuels, food additive, and as an efficient fuel additive. Furthermore, GVL can
be transformed and upgraded to various derivatives such as methyl tetrahydrofuran ,

alkanes, and 1,4-pentadiol[2].



Generally, GVL is synthesized by the hydrogenation of levulinate acid and its ester by
using hydrogen gas, which mostly need to operate at high pressures, which makes the
methods expensive and unsuitable for industrial manufacturing. Catalytic transfer
hydrogenation (CTH) is the name of the synthetic process that involved transferring
hydrogen atoms while employing alcohol as a hydrogen donor under mild condition
[3].This process can be operated at low pressure. However, it needs to use the specific
catalysts such as Lewis and Brgnsted acid catalysts. Many researchers reported a number
of catalysts that are active for CTH reaction such as transition metals or metal oxides. The
transition metals provide the Lewis acid properties, which has been widely used for
catalyzing the hydrogen transfer due to it provide high catalytic activity and selectivity for
reaction [4]. In this work, we would like to produce GVL from FOL which the reaction
pathway is illustrates in Scheme 1. The production of GVL from FOL is a one-pot
sequential process. The FOL is first transformed to LA or alkyl levulinates (AL) via hydrolysis
(Scheme 1, Path a) or alcoholysis (Scheme 1, Path b) catalysed by Brgnsted acids. The LA
or AL compounds are then transformed to 4-hydroxypentanoic acid and 4-
hydroxypentanoates. Finally, the cyclization reaction occurs, generating the GVL product
from 4-hydroxypentanoic acid or 4-hydroxypentanotes. Based on this reaction, both types
of acid catalysts (Lewis and Brgnsted acid) are strongly influenced to control the possible

reaction pathway of furfuryl alcohol transformations.[5]

Recently, the literature reviews showed the essential from furfuryl alcohol to GVL via
CTH reaction. The Lewis and Brgnsted acid site have an influence to control the catalytic
performance of this reaction. The metal oxide catalysts containing the suitable acid
properties such as Cu/Al,Os[6], Cu/SiO,,[7],Cu/ZSM-5, Pt/ZrO,, Au/ZrO,, Au/ZrO,+ZSM-5[8],
Zr-HY-15-20, Al-HY-6 [9], etc. have been reported to be active in this reaction. Although,
precious metal-based catalysts have demonstrated exceptional catalytic activity for

catalytic transfer hydrogenation to GVL synthesis, their use is constrained by their high



production costs. Therefore, the efficient non noble metal catalysts especially, Cu-based
catalysts have been studied and developed for the CTH reaction. [10] However, tuning of
Lewis acid and Brgnsted acid on catalyst is very challenging. Moreover, using non-noble
metal catalysts for direct synthesis of FOL to GVL has not much reported. Therefore, it
will be attractive to develop efficient, stable, and environmentally benign non-noble
metal Cu catalysts for the CTH of FOL to GVL. Besides the metal active sites, type of
support which facilitate the highly disperse of active metal is also affect to the catalytic

activity.

The Zeolite Y is an interesting catalyst support because it occupied wide pore
channels and large accessible pore volume. Moreover, it has high surface area and could
be control the Al contents resulting to low or high exchangeable site of metal [11].
Therefore, the metal can madify in zeolite Y to enhance the catalytic activity. In addition,
phyllosilicate is an interesting catalyst because it can give a highly disperse of metal active
sites even high metal loading. High surface area of the catalysts and strong interaction
between metal and silica. Furthermore, the selection of active metal such as Cu shows
an excellent in hydrogenation of formyl eroup. Thus, Cu phyllosilicate structure consisted
of both acidic sites, i) Cu ions in the octahedral layer that acts as the Lewis acid sites, and
i) the OH groups on the surface acts as the Brgnsted acid sites. Tuning of both acid sites

on Cu phyllosilicate for the CTH of furfuryl alcohol to GVL should be studied.

Therefore, this research aims to design and developed Cu-based catalysts for direct
conversion of furfuryl alcohol to GVL. The support containing acidic property with high
surface area such as zeolite Y and phyllosilicate have been used to prepared Cu-based
catalysts. The functional types (NH4*, HY) and Si/Al ratios of zeolite Y have been studied.

Moreover, the characteristic and catalytic properties of Cu-based catalysts will be



evacuated in CTH of furfuryl alcohol to GVL. Furthermore, the effect of second metals

doping on Cu phyllosilicate catalyst has been investigated.

Path a OH Path b

d 0 By,
o 6‘¢n§": (\_/7) :qsted o
WLOH H,0 Furfuryl ROH WLOR
o

(o} alcohol
Levulinic Alkyl
acid levulinate
Lewis IHydrogen R = iPr or secBu Hydrogenl Lewis
acid | donor donor acid
0 acid 0 (0] acid Q
WLOH ) D NS \(\)LOR
OH H,0 ROH  OH
4-Hydroxy- y-valerolactone Alkyl 4-hydroxy-
pentanoic acid pentanoate

Figure 1.1 The reaction pathway of furfuryl alcohol to GVL [5].

1.2 Research objectives

1.1.1  To comparatively studied the functional types (NH;*Y, HY) and Si/Al ratios of
zeolite Y'in the catalytic transfer hydrogenation of furfuryl alcohol to GVL.

1.1.2  To design and develop Cu-based catalysts such as Cu/Y and Cu phyllosilicate
catalysts for the catalytic transfer hydrogenation of furfuryl alcohol to GVL.

1.1.3  To investigate the characteristics and catalytic properties of Cu-phyllosilicate
catalysts for the catalytic transfer hydrogenation of furfuryl alcohol to GVL.

1.1.4  The effect of secondary metals doping such as Ni, Zn, Ag, etc. on Cu phyllosilicate
catalysts have been investigated in the catalytic transfer hydrogenation of furfuryl

alcohol to GVL.



1.1.5 To investigate the effect of solvent on catalytic transfer hydrogenation of furfuryl

alcohol to GVL.

1.3 Scopes of the study

1.3.1 The NH;"Zeolite Y and H-zeolite Y (Si/Al = 3.5) is comparatively studied in CTH of

FA to GVL.

1.3.2  The HY zeolite with various Si/Al ratios (3.5, 7.5, 100) are investigated in CTH of

FOL to GVL.

1.3.3 The Cu supported on HY catalysts will be prepared by ion exchanged and incipient

wetness impregnation method.

1.3.4 The Cu phyllosilicate catalyst will be prepared by ammonia evaporation

hydrothermal method.

1.3.5 The second metals; Ni, Ag and Zn are loading on Cu phyllosilicate catalysts by

incipient wetness impregnation method.
1.3.6  All catalysts will be characterized by following techniques.

X-ray diffraction (XRD)

X-ray fluorescence spectroscopy (XRF)

N, -physisorption (BET)

H, temperature-programmed reduction (H,-TPR)
NH; temperature programed desorption (NH;-TPD)

X-ray photoelectron spectroscopy (XPS)

N s O B B

Transmission electron microscopy (TEM)



] In situ time-resolved X-ray adsorption near -edge structure (In-situ

TRXANES)

| Pyridine adsorption FTIR spectra (Py-IR)
1.3.7 Al catalysts will be investigated the catalytic activity in liquid-phase selective
hydrogenation of furfuryl alcohol to GVL. The effect of acidity and type of metal

loading on the catalytic performance catalysts will be evaluated.

1.4 Expected Benefits
141 To obtain the highly efficiency catalysts for the liquid phase selective

hydrogenation of furfuryl alcohol to GVL.

1.4.2 To understand the catalytic mechanism of Cu-based catalysts in liquid-phase

selective hydrogenation of furfuryl alcohol to GVL.



CHAPTER 2

THEORY AND LITERATURE REVIEWS

2.1 Furfuryl alcohol

Furfuryl alcohol is consisted of a furan ring with a hydroxymethyl group. The furan

ring is a heterocyclic organic compound, which has a five-member ring with one atom of

oxyeen. It can be obtained from the dehydration of sugars, which occurs in a variety of

agricultural biomass such as corncobs, oat, wheat bran, and sawdust. Generally, it is a

colorless liquid. However, commercial sample is slightly pale-yellow. The physical and

chemical properties of furfuryl alcohol are summarized in Table 2.1.

Table 2.1 Physical and chemical Properties of furfuryl alcohol [12]

Properties Values
Molecular formula CsHgO,
OH

Structure o

\ /
Molecular weight (g/mol) 98.1
Boiling point (°C) 170
Melting Point (°C) -29
Flash Point (°C) 65
Vapor Pressure @20°C (mbar) 0.53
Relative density @25°C 1.135
Water solubility (¢/100ml) miscible

pH va

LLIjgn‘uryl alcohol is one of a useﬂéll chemical since it has one oxygen in furan ring

which can produce the renewable energy and high values added chemicals. Generally,

Color

Slightly pale-yellow.

Industrial production of furfuryl alcohol involves hydrogenating furfural, which is




commonly made from biomass like maize cobs or sugar cane bagasse. As a green
chemical, furfuryl alcohol is regarded, which produced by dehydration of pentose by using
acid catalyst. Furfuryl alcohol can undergo several reactions and it gives a variety of
valuable products due to the presence of hydroxymethyl group and conjugated system
of double bonds in the structure. Furfuryl alcohol is a natural precursor to produce
biofuels and biochemicals. In addition, furfuryl alcohol can produce many industrial
products such as ranitidine, lysine, fragrance, and solvents. The main furfuryl alcohol

derivatives and their applications are shown in Figure 2.1

[¢]

Levulinate acid GVL S Furfuryl ether
2°
&,

% &
%, % [ QLQQ
Biofuels %
: Q/\
\ Hydrogenatlon

/ P 2
Solvent
Furfuryl alcohol
/ \ fo)
/ N
— H N
N \_,4</jv IO OH
o s\/\ )\v”\ .
Ranitidine Lysine

Figure 2.1 The main furfuryl alcohol derivatives and its applications [4].



2.2 Y-Valerolactone (GVL)

GVL is obtained from the hydrogenation of levulinic acid (LA). Typically, it has a
high boiling point, low toxicity, and colorless liquid. In addition, it is considered as a
sustainable platform molecule to produce fuel additive, jet fuels, and green solvent. GVL
can be converted to dimethyl adipate, which is a monomer in the plastic industry and has
potential as a gasoline due to its similar combustion energy to ethanol (29.7 MJ/kg). The
physical and chemical properties of GVL illustrates in Table 2.2. Moreover, the high value-

add chemical obtained from GVL are shown in Figure 2.2.

Table 2.2 Physical and chemical properties of GVL [13].

Properties Values

Molecular formula CsHgO,

Structure \C?%O
Molecular weight 100.12

Boiling point (°C) 207-208

Melting point (°C) -31

Appearance Colorless liquid

Density/Specific Gravity (¢/mL) 1.050




10

OH
a-methylene- HycO
/K/\ -valerolactone
CH,OH
1,4 Pentanediol )
/ CH,0 =
Methyl pentenoate

© H,0
\Q \/ CH,OH (:o, CH,OH
‘_) \/'

HZO

Gasollne
blender ¥~ valerolactone \

Dimethyl adipate

MTHF (gasoline)

Green
) solvent
co, o
Cg,alkanes o o A_ \
(Jet fuel)
Butene
/ Pentenoic acid
Aromatics i
(Fuel additive) =
OH /U/ e
R-OH /\/\f k’ \/\)}\/\/
Pentanoic acid H,0, co, 5-Nondjole

O\R == .
C,alkanes C,5-C,; alkanes

Valeric esters (Biodiesel) (Diesel fuel/gasoline) (Diesel fuel)

Figure 2.2 High value-added chemicals from GVL[13].

2.3 The catalytic transfer hydrogenation of furfuryl alcohol to GVL

The possible reaction pathways of catalytic transfer hydrogenation of furfuryl
alcohol to GVL shows in Figure 2.3. There are two reaction pathways: Path A and Path B.
According to path A, furfuryl alcohol can converted to Levulinic acid by using Brgnsted
acid catalyst and Then Levulinic acid can hydrogenated to 4-hydroxypentanoic acid by
using Lewis acid catalyst. After that, 4-hydroxypentanoic acid occurs the cyclization to
produce GVL. In controversy for Path B, furfuryl alcohol firstly converted to alkyl levulinate
by using Brgnsted acid catalyst and then it further hydrogenated to alkyl 4 hydroxy
pentanoate by using Lewis acid catalysts. After that, it will be occurred lactonization to
produce GVL. From this point of view, the reaction mechanism for catalytic transfer

hydrogenation of furfuryl alcohol to produce GVL are complicated, and catalysts are a key
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factor to control the products. Therefore, the design and development of suitable

catalysts for this reaction is challenging and interesting.

Path a OH Path b
e
\n/\)LOH M0 Eurfuryl ROH \n/\)LOR
le) alcohol le)
Levulinic Alkyl
acid levulinate
Lewis |Hydrogen R = iPr or secBu Hydrogen| Lewis
acid donor donor acid
2 acid O\ —0 | acid S
\(\)LOH 3 7 OR
OH H,0 ROH  OH
4-Hydroxy- Tvalergmagtone Alkyl 4-hydroxy-
pentanoic acid pentanoate

Figure 2.3 The possible reaction pathways of catalytic transfer hydrogenation of furfuryl
alcohol to GVL. [5]

2.4 Zeolite Y (FAU)

The zeolite Y belongs to a family of aluminosilicate sieves with a faujasite (FAU-
type) structure. Zeolite Y is an aluminosilicates mineral made from interlinked tetrahedra
of AlO4 and SiOq. It has a relatively three-dimensional structure. The tetrahedra building
unit of AlO,4 and SiO4 are connected via double 6 rings forming a 3D porous channel
structure and the pore structure led to a large cavity (supercage). [14] The zeolite Y
structure are shown in Figure 2.4. An ammonium exchange results in NHY, whereas NH;*
cation is ility, thus yielding the final zeolite HY. Furthermore, the structure of zeolite Y is
interesting because It has wider channels and a bigger volume of accessible pores. Since
it has exceptional qualities including porosity, high surface area, high stability, and strong

acidity to offer both Lewis and Brgnsted acid sites, crystalline zeolite Y is typically utilized
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as a catalyst support. (Figure 2.5). In this combination, the number and strength of the

Lewis and Brgnsted acid sites can vary resulting to highly obtain the GVL yield [15].
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Figure 2.4 The zeolite Y structure
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Figure 2.5 The acid sites on zeolite Y a) Lewis acid site and b) Brgnsted acid site [15].

2.5 Phyllosilicate

The phyllosilicates' fundamental structure is made up of endless sheets of
interconnected SiO;* tetrahedra rings with six members. Each tetrahedron shares three of
its four oxygen atoms with the other tetrahedra. This results in a Si,Os? fundamental

structural unit. as shown in Figure 2.6a.
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Most phyllosilicates contain hydroxyl ion, OH, with the OH located at the center
of the 6 membered rings, as shown in Figure 2.6b. When other cations are connected to
the SiOq4 sheets, the group becomes Si,Os(OH) because they share the apical oxygens and
the (OH) ions, which bond to the other cations in octahedral coordination. This results in
the formation of an octahedral layer of cations, commonly Fe*?, Mg, or Al*’, which
coordinate with the O and OH ions of the tetrahedral layer. As shown in Figure 2.6c, the
triangles become the faces of the octahedral groups that can bind to the tetrahedral
layers.

The octahedral layers take on the structure of either Brucite [Mg(OH)s], if the
cations are +2 ions like Mg*? or Fe*?, or Gibbsite [A(OH)s], if the cations are +3 like Al™>. In
the brucite structure, all octahedral sites are occupied, and all anions are OH". In the
Gibbsite structure every 3™ cation site is unoccupied, and all anions are OH'.

This gives rise to 2 groups of sheet silicates:

1. the trioctahedral sheet silicates, such as Me+2 or Fe+2, in which each O or OH

ion is surrounded by three divalent cations.

2. The dioctahedral sheet silicates where each O or OH ion is surrounded by 2

trivalent cations, usually AL*>,

Mg*2 Fe*? or AI*3

Afer Kiein & Huribut (1999) O or OH”

()

Figure 2.6 Phyllosilicate structure is consisted of a) structural unit of Si,05?, b) OH" located
at the center of the 6 membered rings, and c) the octahedral groups bind to the

tetrahedral layers [16].

The advantage of phyllosilicate for using as the catalysts are i) metal ions in the

octahedral layer acts as the Lewis acid sites ii) surface OH- groups act as the Brgnsted acid



14

site, iii) it has a high surface area when increases the metal loading, and iv) it occupied the
strong interaction between metal and support. Therefore, vary metal on phyllosilicate
structures such as Ni, Cu, Mg, etc. phyllosilicates are good candidate to the excellent

catalytic performance for catalytic chemicals[17].

2.6 Literature review

This part is summarized the literature research which related to catalytic hydrogen

transfer of furfuryl alcohol to Gamma-Valerolactone.

Haryo Pandu Winoto, etal (2016) studied the production of Y-
valerolactone from furfural by using Sn-Al-Beta zeolite [18]. The partial dealumination of
Al-B eta induces the formation of a silanol nest at site where the Al was removed and
leave some residual Al sites in the framework, when incorporation with tin into the
dealuminated beta can be produce Sn-Al Beta zeolite, which has both framework Sn and
Al sites. The furfuryl alcohol (FOL) can be etherified to furfuryl ether (FE) and subsequently
undergo hydrolysis or alcoholysis to produce isopropyl levulinate (IPL) catalyzed by
moderate amount of Brgnsted acid sites. Nevertheless, the overall GVL selectivity depend
on the higher MPV rection rates of IPL and levulinate acid (LA) with higher amount of
framework Sn sites in the catalysts. Moreover, the Sn-Al beta is also more active than a
physical mixture, which indicates that the Bransted and Lewis acid sites in proximity have

a synergistic effect in catalyzing this cascade reaction by using Sn-Al-Beta zeolite.

En-Cui Yang, etal (2021) studied one-pot transformation of furfural into Y-
valerolactone by using hierarchical Hf-Al-USY zeolite with balanced Lewis and Brgnsted
acid sites [19]. They found that H-USY worked in this reaction to convert furfural but
showed a low of GVL yield that might be from the Lewis acid sites associated with extra
framework Al in H-USY can catalyzed for transfer hydrogenation of IPL. As a result, show
IPL was obtained as the main product due to the framework Al-related Brgnsted acid site
promoted transfer esterification of furfuryl alcohol. When incorporated with Hf species

were the optimal Lewis acid centers to convert of FOL to GVL, which could be due to
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enhance the rate of hydrogen transfer process involved in the cascade conversion as
compared to Sn and Zr. From the FOL to IPL, they are suggesting that in this step Brgnsted
acid were more suitable for hydrolyticring opening reaction rather than Lewis acid site.

The conversion from IPL to GVL proceed via the Lewis acid site framework of Hf sites.

Hongwei Zhang, et.al (2019) studied a combo Zr-HY and Al-HY zeolite catalysts for
the one pot cascade transformation of biomass-derived furfural to )/-Valerolactone [9].
They found that the MPV reduction of furfural over the Zr-HY zeolites. To study from the
initial rate of reaction and the conversion, For the best catalysts were Zr-HY-x-y (x is the
Si/Al ratio before dealumination and y is the Si/Zr ratio after wet-impregnation). Due to
from the pyridine results as shown that which had predominantly Lewis acid sites are
necessary in MPV reduction, Furthermore, from NH;-TPD show the surface acid density
was the highest amongst all samples tested this suggesting that after Al removal to
differences in localization of Zr** chemically nonequivalent lattice vacancies were formed.
The Zr-HY have weaker acid strengths and a higher ratio of Lewis to Brgnsted acid sites
and show higher activity than Zr-Beta. Moreover, Zr-HY (Si/Zr 20) was attributed to a larger
pore size and more hydrophobic as compared with Zr-beta (Si/Zr 12.5). the catalyst
mixture with Zr-HY-15-20 and Al-HY-6 exhibited excellent activity.

Kasi Pitchumani, et.al (2011) studied catalytic transfer hydrogenation of carbonyl
compounds and carbon-carbon multiple bonds by using Cu nanoparticles supported on
zeolite [20]. The Y zeolite and FAU-type zeolites are appropriate hosts because they
provide highly organised bigger cavities and can be employed for the assembly of metal
and metal oxide nanoclusters since the pore size can limit nanoparticle growth and inhibit
further aggregation of nanoparticles. Furthermore, the remarkable catalytic activity of
CuNPs/Y zeolite is most likely due to the great dispersion of Cu nanoparticles on the
zeolite's surface. They described a highly efficient and expeditions methodology for the
chemo selective reduction of aromatic and aliphatic carbonyl compounds, as well as C-C

multiple bonds, using zeolite supported Cu nanoparticles and 2-propanol.
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Mohammad Reza Loghman-Estarki et.al (2012) synthesized and studied the
characteristics of copper oxide nanoparticles supported on zeolite Y[21]. Copper oxide
nanoparticles were created using a technique that included (i) ion exchange of copper
ions into the zeolite and (i) precipitation of copper ions within super cages made of
microporous and mesoporous material. When the concentration of Cu®* increases, so does
the degree of exchange and the copper content in the copper ion exchange method.
However, temperature is used to control the position and condition of copper oxide during
precipitation and calcination of sodium hydroxide. They discovered that the copper oxide
particles enclosed inside the super cage were partially oxidised at temperatures as low as

350°C. Furthermore, stoichiometric copper oxide was created.

Yao Fu, et.al (2017), studied conversion of levulinic acid and alkyl levulinates to
biofuels and high valued chemical [22]. They had been proved that the production of
levulinic esters from furfuryl alcohol was feasible through alcoholics reaction with strong
Brgnsted acid as catalyst. The catalytic performances of heterogenous are impacted by
many factors, such as sizes of metal particles, surface morphology, acid density. The butyl
levulinate through MPV reaction via using Lewis acid was responsible for the catalytic
transfer hydrogenation process and the Brgnsted acid was responsible for alcoholysis of
furfuryl alcohol the combining with acid materials, that toward to produce GVL was

observably by using Ru based catalyst.

Gong, et.al (2018) studied transfer hydrogenation of furfural and levulinic acid over

supported copper catalyst [23]. The furfural could be adsorbed on top Cu* species (Lewis

acid sites) by carbonyl group via N 1(O)—aldehyde configuration model. The Cu° species
act as active centers for dehydrogenation of 2-propanol to generate active H. the TH active
sites of Cu/AC should be Cu’-Cu* complex. For transfer hydrogenation of LA could be
captured by the electrophilic Cu® species, then accomplished by catalytic transfer

hydrogenation through the MPV reaction at Cu catalyst.
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Yongjun Xu, et.al (2020) studied the catalytic transfer hydrogenation of biomass-
based furfural into 2-methylfuran over multifunctional Cu-Re bimetallic catalyst [24]. To
enhance the hydrogenolysis capability of Cu-based modified by ReO dispersed on AlL,O,
support exhibited moderate to high activity in hydrogenolysis of furfuryl alcohol to 2-MF.
Because of the monometallic of Cu led to large particle sizes and thereby inhibited the
activity enhancement. Thus, the influence of Re loading which created more acidic active
sites on the catalyst and it change the electronic state was supposed to be the evidence
for the existence of Cu-Re synergy, and for 5Cu3Re/Al,0O; catalyst effectively inhibited the
sintering this could be noted that the interactions between Cu-Re known as the geometric
and stabilizing effect for bimetallic catalyst, which enabled the catalyst to be recycled

five times.

Cheng Zhou, et. al. (2016) studied the enhancing of catalytic transfer hydrogenation
of ethyl Levulinate to Y-Valerolactone over a robust Cu-Ni bimetallic Catalyst[10]. The
copper catalysts exhibited excellent in catalytic transfer hydrogenation reaction for
production of various organic chemicals. Nevertheless, which is low stability and easily
oxidized nature of these catalysts. Thus, a second metal was introduced copper to
bimetallic to enhanced catalytic activity. For the reduced catalysts showed a good
dispersion of metal sites indicated that which helped to stabilize and disperse during
reduction process. Moreover, the bimetallic can be improved the stability of catalyst even
though the catalyst were exposed in the air. This suggesting that a metal promoter could
inhibit the sintering of metal particles or change electronic properties of the active sites,

resulting in more a robust and efficient catalyst.

REN Jun, et.al (2022) studied study on performance of Ag-modified layered copper
silicate catalyst for hydrogenation of dimethyl oxalate to methyl glycolate [25]. The
dispersion and chemical state of the Cu component can be controlled by adjusting the
morphology and texture of silicon support. The lamellar copper silicate has attracted

much attention due to its large specific surface area. The Ag can successfully increase the
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dispersion of Cu species and prevent Cu nanoparticle aggregation and sintering. Hence, it
is significantly to improve the activity and stability of the catalyst. For the TEM analysis
show that after additional the amount of Ag was 5% the metal particle size of catalyst
was the smallest and the dispersion of active species was the highest and this is
presumably the presence of the interaction between Ag promoter and copper species
could effectively inhibit agglomeration and it stay still on lamellar structure. Moreover,
the interaction between Cu and Ag have effectively to improve dispersion of active Cu
species and the content of Cu* on the catalyst surface and the Ag can stabilize the ratio

of Cu*/(Cu*+CuP) on the catalyst surface.

Lauron-Pernot, et.al (2007) prepared of the co-impregnated Cu-Zn/SiO, catalysts
and studied an influence of the drying step on metallic particle size and on Cu®ZzZn'
interaction [26]. Through migration of ZnO species onto the copper surface, Znll can
increase dispersion of Cu particles and form active sites at the Cu-ZnOx interface. After
reduction, the synthesis of mixed copper-zinc hydroxy nitrate is responsible for improved
dispersion of copper metal particles. It implies that the incorporation of Zn2+ ion into the
structure of copper hydroxynitrate causes copper precursor fragmentation and the

production of a tiny copper particle during reduction.

Qingjie Ge, et.al (2016) prepared the silica-supported copper catalysts by
different methods [27]. The silica supported copper catalysts have been studied many
maneuverable methods such as impregnation (IM) , ion exchanged (IE) with tetraamine
copper cations and ammonia evaporation (AE) method. The Cu/SiO2 catalyst prepared by
ammonia evaporation method is believed that the formation of copper phyllosilicate also
called chrysocolla. They proposed a comparative effect of Cu® and Cu* to the reduction
of highly dispersed CuO and copper phyllosilicate respectively. The ammonia evaporation
method was a suitable due to which is highly dispersion even though high copper loading
also, the uniform structure that made the Lewis acid and Brgnsted acid in chrysocolla

structure.
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From the literature reviews, the catalysts use to convert furfuryl alcohol to Y-
valerolactone requires both of Lewis and Brgnsted acid sites. Copper catalysts show the
excellent in catalytic transfer hydrogenation of furfural and furfuryl alcohol to GVL. In
addition, copper phyllosilicate (CuPS) shows a highly dispersed of copper and it can
improve the selectivity of GVL by using second metal. Therefore, in our work, the Cu Y
and CuPS are interesting and will be prepared for the catalytic transfer hydrogenation of
furfuryl alcohol to GVL. Moreover, the effect of second metal doping on CuPS catalysts

for the catalytic transfer hydrogenation of furfuryl alcohol to GVL have been studied.
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CHAPTER 3
EXPERIMENTAL

3.1 Chemical

Details of the chemical used to prepare catalyst and used for the reaction study

have been summarized in Table 3.1

Table 3.1 List of the chemicals for catalysts preparation and catalytic testing

Chemical Grade of purity  Supplier
Zeolite NHzY - Zeolyst

Nitric acid 69.5% CARLO ERBA
Ammonia Solution (NH,OH) 28-30% CARLO ERBA
Copper () nitrate trihydrate (Cu(NO3),+3H,0) 99.50% QRECC
Furfuryl alcohol 99.00% Sigma Aldrich
Isopropanol 99.90% CARLO ERBA
Methanol 99.80% CARLO ERBA
Toluene 40.00% CARLO ERBA
LUDOX® AS-40 colloidal silica 98.50% Sigma Aldrich
Air zero grade das 99.99% ulG

1% Ammonia in Helium 99.99% Linde

Helium gas 99.99% PRAXAIR
Hydrogen gas 99.99% ulG

1% Hydrogen gas in Argon 99.99% PRAXAIR

10% Hydrogen gas in Argon 99.99% PRAXAIR

Nitrogen gas 99.99% UIG
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Distilled water - -

3.2 Catalysts preparation

3.2.1 Preparation of 5wt% Copper Zeolite Y Catalyst (5%Cu/Y-IE) by ion-exchanged
method

Copper Zeolite Y Catalyst (Cu/Y-IE) were prepared by dissolved Copper (Il) nitrate
trihydrate (Cu) (Cu (NO3),#3H,0) 9.664 ¢ in 400 mL of deionized water. Then, control pH
value between 3-4 by using nitric acid, to avoid the formation of metal hydroxide. After
that the solution was mixed with the zeolite 4g. The suspension was stirred at 80°C in a
water bath for 5h to aqueous ion exchange (AIE). The solid sample was separated from
slurry using centrifugation at 9000 RPM, washed with deionized water to eliminate nitrate
impurities, and dried overnight at 120°C. This procedure was performed three times using
fresh copper nitrate solution each time to achieve complete ion exchange capacity.
Finally, the catalyst was activated by calcination at 550°C in furnace with the heating rate
of 1°C/min under 60 mL/min of air flow for 5 h. The obtained solid was denoted as

5%Cu/Y-IE catalyst.

3.2.2 Preparation of 5wt% Copper Zeolite Y Catalyst (5%Cu/Y-IM) by impregnation
method

Copper Zeolite Y Catalyst (Cu/Y-IM) were prepared by dissolved Copper (Il) nitrate
trihydrate (Cu) (Cu (NO3)»#3H,0) 1.005 ¢ in 20.5 mL of deionized water. Then The solution
was slowly dropped on zeolite Y as a support (6g) until solution of Cu is used up and
dried overnight at 120°C. Finally, the catalyst was activated by calcination at 550°C in
furnace with the heating rate of 1°C/min under 60 mL/min of air flow for 5 h. The obtained

solid was denoted as 5%Cu/Y-IM catalyst.
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3.2.3 Preparation of 10wt% Copper Zeolite Y Catalyst (10%Cu/Y-IM) by

impregnation method

Copper Zeolite Y Catalyst (Cu/Y-IM) were prepared by dissolved Copper (II) nitrate
trihydrate (Cu) (Cu (NO3)»#3H,0) 1.71 g in 35.5 mL of deionized water. Then The solution
was slowly dropped on zeolite Y as a support (5¢) until solution of Cu is used up and
dried overnight at 120°C. Finally, the catalyst was activated by calcination at 550°C in
furnace with the heating rate of 1°C/min under 60 mL/min of air flow for 5 h. The obtained

solid was denoted as 10%Cu/Y-IM catalyst.

3.2.4 Preparation of 30 wt% Copper Phyllosilicate Catalyst (30%CuPS)

30 wt% Copper Phyllosilicate Catalyst (30%CuPS) were prepared by dissolved
Copper (Il) nitrate trihydrate (Cu (NO3),»3H,0) 9.77 ¢ in 60 mL of distilled water. Then, 30.3
mL of ammonia solution was added and continuously stirred for 10 min with the ratio of
[Cul:[NHs] = 1:12. After that, 11.60 mL of colloidal silica sol. (40 wt%) was added and stirred
for 24 h at room temperature (pH=11). The suspension was stirred at 80°C in a water
bath to evaporation ammonia until pH value decreased from 11 to 7. The remaining
mixture was then hydrothermal at 150°C for 24 h. After that, the solution was filtered and
washed with distilled water, and dried at 60°C for 24 h. The obtained solid was calcined
in a tube furnace at 400°C with the heating rate of 1°C/min under 60 mL/min of air flow

for 4 h. The obtained solid was denoted as 309%CuPS catalyst.

3.2.5 Preparation of All secondary metal on Copper Phyllosilicate Catalysts by the

incipient wetness impregnation method (Ni,Ag,Zn)

Briefly 0.2001¢ of Ni(NOs), for 1wt%NiCuPS and , 0.1378 g of (Zn (NOs),*6H,0) for
1wt%ZnCuPS was dissolved in acetone. 0.063 g of Ag(NOs) for 1wt%AgCuPS was dissolved
in acetonitrile, The solution (6mL) was slowly dropped on 30%CuPS and then dried at 60
°C for 24 h. Then, the sample was calcined in air at 400°C for 4 h. The catalyst was denoted
as 1wt%NiCuPS, 1wt%AgCuPS ;and 1wt%ZnCuPS catalyst respectively.
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3.3 Catalyst Characterization

3.3.1 X-ray Fluorescence (XRF)

The chemical composition of catalysts can be also determined by a wavelength -
dispersive X-ray fluorescence spectrometry (WD-XRF). The sample is prepared by mixing
4.5 grams of boric acid and 0.5 grams of catalyst followed by manual grinding. The mixture
was packed onto the sample holder and then compressed at 150 kN. The sample was
placed in the sample chamber. CuK&X was employed as a source for the measurement

with 50 kV. 60 mA.

3.3.2 X-ray Diffraction (XRD)

X-ray diffraction methods are the most effective methods for determining the
crystal structure of materials. The sample was packed onto the sample holder and then
press surface smooth. X-ray tube Copper is employed as a source for the measurement

with 40 kV, 30 mA. Scan range 20-80 deg, step size 0.0200 deg.

3.3.3 N, Physisorption (BET)

Specific surface area of a catalyst was measured by an Autosorb (Quantachrome)
instrument. Each sample (weighed approximately 0.1¢) was degassed at 300°C for 12 h
prior to analysis. After that, nitrogen gas was adsorbed on the surfaces of the sample at -
196°C. The adsorbate pressure was fixed at 1 torr, the equilibration time of 3 min at each
point, and the scaled tole, the equilibration time of 3 min at each point, and the scaled
tolerances were set zero. The surface area was analyzed employing BET equation. The

BJH pore size distribution was also calculated.

3.3.4 Hy-Temperature programmed reduction by hydrogen gas (H,-TPR)

The reducibility property of metal contents can be determined by a temperature
programmed reduction by H, gas (H,-TPR). The measurement was performed in a quartz

tube connected with a thermal conductivity detector (VICI). Prior to an analysis, the
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samples (0.03 ¢ approximately) were activated in air (flow rate of 30 mLsmin™) from room
temperature to 400°C at a heating rate 5°C min™, the system was naturally cooled down
in the atmosphere of nitrogen gas (flow rate of 30 mLsmin™) to room temperature. Then,
the gas was switched to 10% H, in Ar at the heating rate 10°C min! from 35 to 800°C the
TCD signal was calibrated employing a known mass of CuO as a standard, considering that
CuO is reduced stoichiometric ally and completely to Cu and H,O. The internal TCD
calibration was performed after every run by pulsing 10% H,/Ar in the fixed loop. The
reduction profile of CuO and the use of hydrogen is equal to the number of moles of
copper. The amount of metal loading is expressed as mmol of H, consumed per mass of
a catalyst (mmol H,/g). The copper dispersion was estimated by dissociative N,O
adsorption technique. Briefly, after the first H,-TPR at 250°C for 2h, the sample was
subsequently treated in a pure N,O stream at 60 °C for 1h. After that the N,O was flushed
with N, at 60 °C for 30 min and then raised to 100 °C and hold for 30 min. Finally, the
second H,-TPR was then performed from room temperature to 250 °C, to quantify the
surface Cu species. The copper dispersion (D¢,) can be estimated by fraction of Cu (2" H,-
TPR) over total Cu (1°' H,-TPR). The copper dispersion and specific copper surface area can

be calculated [28].

3.3.5 NH;-Temperature Programmed Desorption (NH;-TPD)

The acid sites of the catalyst were identified using temperature-programmed
desorption of ammonia (NHs-TPD) measurement. Sample was preheated in the flow of air
zero (30mL/min) at 400°C for 1 h and evacuated. After that, it was exposed to 20 kPa of
1% NHa/He gas at 30°C until saturation coverage was reached. Afterward, the sample was
flushed with He at room temperature for 40 min, the temperature was then increased at

a linear rate of 10°C /min from 50 to 900°C under vacuum.

3.3.6 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a useful measurement technique

because it shows what elements are within a film and what other elements they are
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bonded to. This means if you have a metal oxide and you want to know if the metal is in
a+l or +2 state, using XPS will allow you to find that ratio. However, at most the

instrument will only probe 20 nm into a sample.

3.3.7 Pyridine adsorption FTIR spectra (Py-IR)

The nature of acid sites of phyllosilicate was further determined by pyridine
adsorption FTIR spectra (Py-IR). Py-IR spectra were conducted on Bruker Equinox 55 FT-IR
spectrometer equipped with mercury cadmium telluride (MTCB) detector. The powder
sample was pressed into a disk and prepared in vacuum at 300°C for 1 h for the calcined
sample. Then it was exposed to pyridine vapor at 30°C. The Py-IR spectra were then

recorded at 200°C after vacuum for 30 min.

3.3.8 In situ time-resolved X-ray adsorption near-edge structure (In-situ

TRXANES)

The experiments were performed at BL2.2: In-situ TRXAS, Synchrotron Light
Research Institute (SLRI), Thailand. An energy dispersive monochromator and position
sensitive detector was employed to perform XANES measurement. The Cu K-edge XANES
was collected using the integration time of 2000 ms with an average of 10 scans. The
oxidation state of copper composition was estimated by Linear Combination Fitting (LCF)

of XANES spectra over Athena software using Cu foil, Cu,O, CuO and CuSQq as a standard.

3.3.9 Transmission electron microscopy (TEM-EDS)

The Cu nanoparticle size was measured by transmission electron microscopy (TEM)
on a JEM-2010. The sample was dispersed in ethanol and deposited on copper grids

coated with transparent carbon foil and dried in vacuum.

The Cu nanoparticle size STEM with the elemental mappings images of metal was

measured by transmission electron microscopy (TEM-EDS) on a JEOL : JEM-ARM200F. The
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sample was dispersed in ethanol and deposited on Ni grids coated with transparent carbon

foil and dried in vacuum

3.4 Catalysts Activity test

The liquid phase hydrogenation of furfuryl alcohol was carried out in a 100 ml of
batch type autoclave reactor. Typically, 200 pL of furfuryl alcohol was mixed with 10 mL
of isopropanol in a volumetric flask and then put it in the Teflon liner tube in an autoclave
reactor. Approximately 200 mg of catalyst was added to the reactor and then closed. After
that. the reactor was purged 3 times with N, to replace the air inside. Then, 10 bars were
put of N, into the reactor top prevent the evaporation of gas product. After that, the
reactor was heated to the reaction temperature (140°C). The stirring speed was set at 600
rom. After reaction, the liquid products were separated from the catalyst by centrifugation.
The liquid product was mixed with external standard and analyzed by gas chromatography

using RTX-5 capillary column.
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Figure 3.1 Schematic diagram of batch reactor for liquid-phase hydrogenation of

furfuryl alcohol to GVL.
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CHAPTER 4

Result and Discussion

PART1: To study catalytic performance of Y zeolite and Cu/Y catalysts.

4.1 Catalysts Characterization

4.1.1 X-ray diffraction pattern, XRD

The crystal structure and phase compositions of Y zeolite catalysts were
determined by XRD techniques. The XRD patterns of NH;"Y3.5 and HY zeolites with
various Si/Al ratios (3.5,7.5,100) show in Figure 4.1. The diffraction peaks of NH;"Y3.5 and
all. HY zeolites  exhibit ~the same  characteristic = peaks at 20 =
6.24°,10.2°,12.5°,16.0°,19.0°,21.0°,23.2°,24.0°,27.6°, 30.5°, 31.3°,32.9° and 34.8°  which were
assigned to Y zeolite structure[29]. However, low crystallinity was observed on NH;"Y (3.5)
when compared with HY (3.5) zeolite. Moreover, the high crystallinity enhanced when
increased Si/Al ratios from 3.5 to 100 since the amount of Si-O-Si bonding increased when
increase Si/Al ratios resulting to higher crystallinity. Figure 4.2 shows the XRD patterns of
5%Cu/Y-IE, 5%Cu/Y-IM and 10%Cu/Y-IM catalysts after reduction at 500 °C. The crystal
phase of metallic Cu® could be observed at 20 = 43.2° on all catalysts [30]. It can be noted
that CuO was completely reduced to metallic Cu® after reduction at 500 °C. Nevertheless,

the diffraction pattern of Y zeolite is still observed.
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4.1.2 H, Temperature program reduction (H,-TPR)

The reduction behavior, reducibility property and dissociative N,O adsorbed of
5%Cu/Y-IE, 5%Cu/Y-IM and 10%Cu/Y-IM catalysts can be determined by temperature
program reduction of H, (H,-TPR) as shown in Figure 4.3. For these catalysts were exhibited
two reduction peaks, which is attributed to the reduction of CuO highly dispersed strongly
interacting with Y zeolite as a supported [31]. In addition, these results referring to the
presence of Cu species in various positions within the Y zeolite's faujasite structure.
Furthermore, zeolites may include a wide range of Cu species, including single Cu cations
at ion-exchange locations, O-bridge Cu dimers [Cu-O-Cul** or even chains, Cu°
nanoclusters, and crystalline Cu, Cu,O, and CuO of various sizes [32]. The 5%Cu/Y-IE
catalysts were showing the highest reduction temperature than other catalysts indicating
that the 5%Cu/Y-IE catalysts not only strong interaction between Cu®*/Cu* species and Y
zeolite [33]. But it was highly dispersion than other catalysts[34] are shown in Table 4.1.
To estimate the dispersion and quantify the surface concentration of metallic Cu’, reduced
Cu/Y catalyst was subjected to adsorb N,O followed by H,-TPR testing to acquire amounts
of consumed H,. The Cu dispersion was 58.4%, 49.5 % and 39.2% for 5%Cu/Y-IE, 5%Cu/Y-

IM and 10%Cu/Y-IM respectively.
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Figure 4.3. H,-TPR of 5%Cu/Y-IE, 5%Cu/Y-IM and 10%Cu/Y-IM catalysts.

4.1.3 Physiochemical properties of Y zeolite and Cu/Y catalysts.

Table 4.1 summarized the amount of metal loading, BET surface area, pore
volume, and average pore size diameter. The actual amount of Cu loading was 4.7 wt.9%,
4.9 wt.%, and 8.2 wt.% for 5%Cu/Y-IE, 5%Cu/Y-IM, and 10%Cu/Y-IM respectively. These Cu
loading were consistent with the desired amount of Cu loading and corresponding well
with Cu content calculated by H,TPR. The BET surface area of NH,"Y3.5 was 763 m%/g,
and total pore volume was 0.57cm®/g with an average pore size of 30.3 nm. After Cu
loading on NH*Y3.5 by different methods, the BET surface area significantly decreased to
713 and 584 m?/g for 5%Cu/Y-IE and 5%Cu/Y-IM, respectively. Remarkable, the BET surface
area of 5%Cu/Y-IE is higher than 5%Cu/Y-IM due to the ion exchange method give more
Cu highly dispersed on surface of NH;*Y3.5 than impregnation method [35]. Furthermore,

when increase the Cu loading from 5 to 10 wt.% the BET surface area of 10%Cu/Y-IM
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significantly decreased. Figure 4.4 shows adsorption-desorption isotherm of all catalysts.
These catalysts show type IV isotherm indicating that they were mesopores structure[37].
Table 4.1 The amount of metal loading, surface area, average pore volume, and pore

size diameter of catalysts

N, adsorption-desorption H,-TPR
Cu loading ®
Catalyst Cu
(%) H,
Seer (M7/9) v, (cme)- D, (nm) content  Dcu (%)
consumption
(Wt%)
NH,"Y 0 763 0.57 30.3 - - -
5%Cu/Y-IE 4.7 713 0.53 29.6 L.7€ 4.64 58.4
5%Cu/Y-IM 4.9 584 0.34 29.4 0.75 4.81 49.5
10%Cu/Y-IM 8.2 500 0.36 29.1 1.27 8.11 39.2
¢ Determined from XRF.
NH,'Y3.5
5%CwY-IE
g 1 ;
- Y —
Iy — af/ 5%Cw/Y-IM

Volume (a.u.)
b
f
i
]

0 0.2 0.4 0.6 0.8 1
Relative Pressure (P/P0)

Figure 4.4 N,-adsorption-desorption isotherm of NHg*Y3.5 5%Cu/Y-IE, 5%Cu/Y-IM and

109%Cu/Y-IM catalysts.
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The morphology of HY zeolite and Cu/Y catalysts with particle size distribution of

Cu were determined by TEM technique as the results show in Figure 4.5. The HY 3.5

zeolite shows the cylindrical mesopores connecting[38]. After immobilized with Cu on Y

zeolite with different method. It was found that the Cu nanoparticles can be observed on

all catalysts. Nevertheless, 5%Cu/Y-IE not only highly dispersed on Y zeolite but also the

particles size distribution (3.53 nm) was smaller than 5%Cu/Y-IM (5.20 nm), indicating that

the ion exchange method that exhibit for Cu high dispersion on Y zeolite[39]. Furthermore,

10%Cu/Y-IM was show the largest particle size (5.69 nm) and lowest dispersion

corresponding with surface area (Table 4.1)
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Figure 4.5. TEM image of HY3.5, 10%Cu/Y-IE and 10%Cu/Y-IM catalysts after reduction at

500 °C (Si/Al ratio= 3.5).
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4.1.5 X-ray Photoelectron Spectroscopy (XPS)

The electronic state of 5%Cu/Y-IE, 5%Cu/Y-IM and 10%Cu/Y-IM catalyst was
investigated by XPS analysis. The results of XPS spectra of 5%Cu/Y-IE, 5%Cu/Y-IM and
109%Cu/Y-IM catalysts are shown in Figure 4.5. It can be observed that for 5%Cu/Y-IE,
5%Cu/Y-IM and 10%Cu/Y-IM catalysts show peaks at 932.3 eV and 953.2 eV can be
attributed to Cu® species [40]. In the mean while the small peaks at 935.1 eV can be
assigned to Cu®* species, it suggests that most of Cu®* was reduced to Cu* species.
Moreover, all these peaks shifted to lower binding energies, due to the electronic
environment of the Cu have been changed. Hence, it could be transfer of electron from
Y zeolite to Cu or Y zeolite act as an electron donor [41]. Furthermore, for the 5%Cu/Y-IE
catalysts show the highest binding energy than the other catalysts. Because of it hardly to
change from metallic Cu, it might be from the strong interaction between Cu and Y zeolite
due to the nanoparticle of Cu are highly dispersed into the zeolite structure[42].

Corresponding with the H,-TPR and dissociative N,O adsorbed in Figure 4.4

10%Cu/Y-IM

5%Cu/Y-IM

Intensity (a.u.)

5%Cu/Y-IE
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Figure 4.6. XPS spectra of Cu2p 5%Cu/Y-IE , 5%Cu/Y-IM and 10%Cu/Y-IM catalysts.
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4.1.6 NHs-Temperautre program desorption (NH;-TPD)

The acidity and acid strength of catalysts were investigated by NH.-TPD, and the
results illustrated in Figure 4.7. The acidity deconvoluted from NH;-TPD peaks of NH;"Y3.5
show ammonia desorption temperature lower than HY3.5, indicating that the HY3.5 not
only stronger acid than the NH;"Y3.5 but present is more acidity as well [43] relating with
in the Table 4.2. For the HY with different Si/Al ratio from 3.5 and 7.5 were produced
three desorption peaks except HY100 was show two desorption peaks. According to, the
low desorption temperature is derived from weakly adsorbed ammonia molecules via
hydrogen while the higher desorption temperature is attributed to strong Brgnsted acids
acid sites [44]. Although, the Si/Al ratio of Y zeolites increased from 3.5 to 100, the total
acidity remarkably decreases. Because of the higher number of aluminum atoms is
attributed to the less unbalanced the network in zeolite structure and the lower strength
of acid sites [45]. Due to when balanced by a proton as a contraction, also binds oxygen
to the Si-O-Al bridge, forming hydroxyl groups that act as strong Brgnsted acids. The
interaction between the aluminum and oxygen atoms weakens the OH bond, increasing
the acidic strength of the protons [-Al- (OH) -Si-] [46]. Hence, the results of acidity of HY
with higher Si/Al ratio was show the total acidity will be decreased corresponding with
Table 4.2. Moreover, when immobilized with Cu in NH;*Y3.5 zeolite and calcined the
catalysts to form 5%Cu/Y-IE, 5%Cu/Y-IM and 10%Cu/Y-IM catalyst. The acidity of 5%Cu/Y-
IE, 5%Cu/Y-IM and 10%Cu/Y-IM catalyst were the results illustrated in Figure 4.8. All of
catalysts was show three desorption peaks, suggesting that the Cu can generated the total
acidity and a strong acid site in Y zeolite. For 5%Cu/Y-IE by ion-exchanged was show the
highest strong acid sites when compared with impregnation method (5%Cu/Y-IM and
10%Cu/Y-IM) because 5%Cu/Y-IE is higher surface area and dispersion (Table 4.1) of Cu

than the catalyst prepared by impregnation method [47].
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Figure 4.7. NH5;-TPD profiles of zeolite HY catalysts (Si/Al ratio 3.5,7.5, 100).
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Figure 4.8. NH5-TPD profiles of 5%Cu/Y-IE, 5%Cu/Y-IM and 10%Cu/Y-IM catalysts after
reduction at 500 °C.
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Table 4.2. Acidity of Y zeolite and Cu/Y catalysts

Acidity (umol/g
Catalysts
Weak 120°C Medium 250°C Strong 350°C Total (umol/g)
NH,*Y 459 89.1 69.0 204.0
HY3.5 72.5 99.4 126.2 298.1
HY7.5 81.4 54.4 59.4 195.2
HY100 30.7 1.3 0.0 32.0
5%Cu/Y-IE 52.8 555 92.6 201.0
5%Cu/Y-IM 69.5 79.4 66.8 215.7
10%Cu/Y-IM 72.9 94.1 80.0 247.0

Determined by NH;-TPD

4.2 Catalytic activity of Y-zeolite catalyst in liquid phase catalytic transfer

hydrogenation of furfuryl alcohol to GVL.

To understand the catalytic behavior of Y-zeolite catalyst in the liquid phase
selective hydrogenation of furfuryl alcohol to GVL. The functional types (NHg*Y, HY) and
Si/Al ratios of Y-zeolite have been verified. The reaction was carried out in 100ml of batch
type stainless steel autoclave reactor at 160°C using 2-propanol as a hydrogen donor.
Table 4.3 summaries the catalytic performance of Y zeolite support in liquid phase
hydrogenation of furfuryl alcohol (FOL) to GVL. The HY3.5 shows higher conversion of FOL
(95%) than NH4*Y3.5 (45%). Because of HY occupied higher acidity than NH4*Y zeolite
related with Table 4.2 in NH5-TPD. Moreover, the catalytic performance of HY zeolite with
various Si/Al ratios was in the order of HY3.5 > HY7.5 > HY100. The highest conversion of
FOL (95%) with highest selectivity to GVL (50%) can be obtained from HY3.5. This is
presumably due to low Si/Al ratio has more negative framework charge generated more

acidity site on zeolite that corresponding with the NHs-TPD results.[48] However, NH;"



37

formed could be easier to exchange with the metal than HY zeolite. Therefore, NH;"Y was

selected as a support of catalyst.

Table 4.3 Catalytic performance of zeolite support in liquid phase transfer hydrogenation

of furfuryl alcohol to GVL®

. Selectivity (%) GVL
Conversion
Catalysts Yield
(%)
0,
GVL PL FE (%)
NH,TY 3.5 45 77 15 q 35
HY3.5 95 50 37 1 48
HY7.5 95 a2 40 13 a0
HY100 57 38 17 4 23

 Reaction condition: Furfuryl alcohol 200 pL (2.35 mmol), isopropanol 10 ml (130.8
mmol), catalyst 100 mg, temperature 160 °C, 1 h, N, pressure 10 bars.

To study catalytic performance of %Cu/Y-IE, 5%Cu/Y-IM and 10%Cu/Y-IM catalyst
in liquid phase hydrogenation of furfuryl alcohol to GVL was performed in Figure 4.9. For
5%Cu/Y-IE show FOL conversion was 78% and 57% of GVL yield. While, for 5%Cu/Y-IM
show the FOL conversion was dropped dramatically to 56.2% and 36.4% of GVL yield. It
can be noted that the catalytic performance of 5%Cu/Y-IE was higher than 5%Cu/Y-IM.
Because of 5%Cu/Y-IE has strong acidity than 5%Cu/Y-IM. Moreover, highly dispersed of
Cu on 5%Cu/Y-IE can facilitate more H-transfer than 5%Cu/Y-IM. Although, when increase
the amount of Cu loading to 10%Cu/Y-IM catalyst was shows furfuryl alcohol conversion
was 69% and 47% of GVL yield. This might be from the agglomeration of Cu particle that

blocking some pore of Y zeolite correlated with surface area was decreased (Table 4.1).
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Figure 4.9. Catalytic performance of 5%Cu/Y-IE, 5%Cu/Y-IM and 10%Cu/Y-IM catalyst in
liquid phase hydrogenation of furfuryl alcohol to GVL; (M) conversion () GVL yield ()
IPL yield Reaction condition: Furfuryl alcohol 200 L, isopropanol 10 ml, catalyst 100 mg,
160 °C, 1 h, N, 10 bars.

5%Cu/Y-IE, 5%Cu/Y-IM and 10%Cu/Y-IM catalyst was studied further as a catalyst
on the production of GVL from furfuryl alcohol. For Figure 4.10 was shows the change in
product distribution with a reaction time from 60-480 min. At the beginning of reaction
(1h) were show the catalytic activity of 5%Cu/Y-IE (Figure 4.10a, 78.0%) was higher than
5%Cu/Y-IM ( Figure 4.10b, 60.0%) and 10%Cu/Y-IM (Figure 4.10c, 69%) catalyst and GVL
yield in order of 5%Cu/Y-IE (57.2%) > 5%Cu/Y-IM (37.2%) and 10%Cu/Y-IM (47.0%). This
suggest that the 5%Cu/Y-IE was higher initiate of reaction than others catalyst. Moreover,
5%Cu/Y-IE was show the highest catalytic activity at reaction time 4h (conversion 96%)
when compared with 5%Cu/Y-IM (conversion 85%) and 10%Cu/Y-IM (conversion 75.9%)

and GVL yield in order of 5%Cu/Y-IE (68.0%) > 5%Cu/Y-IM (58.0%) > 10%Cu/Y-IM (55.1%).
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Although the amount of Cu loading increased to 10wt%, the catalytic activity and GVL
yield were not increased when compared with 5wt% in the same preparation method.

This might be from the lowest dispersion (N,O-TPR) and surface area (Table 4.1).
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Figure 4.10. Time profiles of a) 5%Cu/Y-IE, b) 5%Cu/Y-IM and c) 10%Cu/Y-IM catalyst in
liquid phase hydrogenation of furfuryl alcohol to GVL; (®) conversion, ( @) GVL yield, (A)
IPL yield and (%) FE yield Reaction condition: Furfuryl alcohol 200 pL, isopropanol 10 ml,
catalyst 100 mg, 160 °C, N, 10 bars.
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To assess catalyst deactivation in the batch reactor, the evolution of conversion

with reaction time as a function of the product (weight x time) over 5%Cu/Y-IE was used

to estimate the level of catalyst deactivation [49]. and plotted the variation of reactant

concentration as a function of the catalyst mass x time product (w x t) using three different

masses as show in Figure 4.11. The gap between the three curves of three different

masses clearly apart as a function of w x t, indicating a rather large extent of catalyst

deactivation [50]. Obviously, for 50mg show the conversion of furfuryl alcohol no longer

changes after a relatively short reaction time. This result suggests that the 5Cu/Y-IE catalyst

has generated coke deposited on surface of Y zeolite. That might be from the Y zeolite

have more Brgnsted acid site than Lewis acid site [51].
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Figure 4.11. Evolution of conversion with reaction time as a function of the product
(weight x time) over 5%Cu/Y-IE to asses catalyst deactivation catalyst in liquid phase
hydrogenation of furfuryl alcohol to GVL. Reaction condition: Furfuryl alcohol 200 L,
isopropanol 10 ml, catalyst 100 mg, 160 °C, 1 h, N, 10 bars.
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4.21. Thermogravimetric analysis (TGA)

To evaluate carbon deposition on the catalyst surface, we used the
thermogravimetry-derivative thermogravimetry (TG-DTG) approach, which involved heating
the samples from ambient temperature to 900 °C in an air atmosphere. As illustrated in
Figure 4.12a, the profiles of fresh 5%Cu/Y-IE reveals a weight loss of approximately 128°C,
which corresponding to the removal of physically adsorbed water in pore of Y zeolite [52].
On the other hand, the three-weight loss staged were observed in spent 5%Cu/Y-IE (Figure
4.12b) at approximately 370, 535, and 795°C were observed in DTG profiles of the spent
catalysts when compared with the fresh one. The weight loss at approximately 370°C to
removal of absorb organic molecules, while the other two weight loss stages were

attributed to different types of deposited carbon on surface for spent 5%Cu/Y-IE [53].
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Figure 4.12. TG-DTG profiles for a) fresh 5%Cu/Y-IE catalyst b) spent 5%Cu/Y-IE for 8h
catalyst.
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PART 2 : To study catalytic performance of Cu phyllosilicate and

secondary metal catalyst.

4.3. Catalysts Characterization

4.3.1 X-ray diffraction (XRD)

The crystalline structure and chemical phase composition of calcined catalysts
were determined by X-ray diffraction technique (XRD). The measurement was carried out
at the diffraction angles (28) between 20°and 80° and the results are shown in Figure
4.13. XRD patterns of catalysts, 30%CuPS, 19%NiCuPS ,1%AgCuPS, and 1%ZnCuPS, show
weak and broad diffraction signals centered at 20 = 31.2°, 35.8° 57.3° and 63.2° which are
characteristics for the chrysocolla [Cu,SiOs(OH),] structure of the copper phyllosilicate [54].
However, no diffraction peak of other metal oxides was observed when the secondary
metals (Ni, Ag, Zn) were incorporated in the 30%CuPS. This is presumably due to small
loading (~1wt%, Table 1) of the metal oxides that could be highly dispersed on copper
phyllosilicate structure. Nevertheless, a weak and broad peak at 28 of 35.6, corresponding
to CuO, was evidenced for 1%ZnCuPS. This suggests that the addition of ZnO could
promote the decomposition of copper phyllosilicate, leading to the formation of the CuO

crystallites as reported in literature [55].
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Figure 4.13. XRD pattern of a) 30%CuPS, b) 1%NiCuPS ,c) 19%AgCuPS, and d) 1%ZnCuPS
catalyst.

4.3.2 Temperature program reduction of H, (H,-TPR)

The reduction temperature and reduction behavior of 30%CuPS , 1%NiCuPS,
1%AgCuPS, and 1%ZnCuPS catalysts have been investigated by H,-TPR technique and
dissociative N,O adsorbed resulting in illustrate in Figure 4.14. The 30%CuPS show one
reduction board peak around 238.2°C with a correlated H, consumption to Cu content
(Table 4.4) it could be from the strong interaction between Cu and Phyllosilicate structure
as a supported [56]. Indicating that the Cu®* species can be completely reduced to Cu’.
Obviously, the reduction peaks of 1%AgCuUPS catalysts the reduction temperature (234.8
°C) were shifts to lower than 30%CuPS (238.2 °C), indicating that the decoration of Ag
enhanced the reducibility of copper species [57]. On the other hand, for 1%NiCuPS catalyst

was slightly shift to higher reduction temperature show a center peak around 238.7°C
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when compare with 30%CuPS. According to the synergetic interaction between Ni and Cu.

[10]. Nevertheless, the 1%ZnCuPS catalyst show a higher reduction temperature than

other catalysts. which is probably due to the chemical interaction between Cu species

and ZnQO[58]. Moreover, 1%ZnCuPS can observed reduction peaks of CuO around at 270°C.

According to from Table 4.4 show 1%ZnCuPS is the lowest dispersion (61.6%) that might

be from the ZnO can be generated Cu decompose out of structure. Also, the dissociative

N,O adsorbed on surface of 30%CuPS catalysts and react with metallic copper. The Cu*

of all catalysts was form during N,O oxidation can be easier to reduce at the low

temperature around at 130-220°C. Because of the reduction peaks of Cu* oxidized by N,O

was revealed [59].
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Figure 4.14. H,-TPR of calcined and dissociative N,O adsorbed CuPS catalysts
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4.3.3 Physiochemical properties of CuPS and secondary metal catalysts

Table 4.4 Metal loading, surface area, pore size, pore volume, H, consumption, and Cu

dispersion of CuPS and secondary metal on CuPS samples

Elemental composition (wt%)* N, adsoption-desorption H,-TPR
Entry  Catalyst S D v H cu D
cu
Cu Ag Zn Ni BZH pore e z content .
(m?/g) (A) (cm’/g) consumption (%)

(wt%)°

1 30%CuPS  28.0 - - - 409 159 0.87 4.39 279 71.5
2 1%NiCuPS 274 - - 1.1 388 136 0.86 4.26 27.0 65.3
3 1%AgCuPS 2838 1.0 - - 380 147 0.73 451 28.6 66.7
4  1%ZnCuPS 273 - 1.1 - 371 147 0.65 4.27 27.1 61.6

¢ Determined by XRF.

The metal composition, BET surface area, pore size diameter of all catalysts were
summarized in Table 1. Considering the amount actual amount of Cu loading on 30%CuPS
, 19%NICuPS, 1%AgCuPS, and 1%ZnCuPS catalysts were found to be 28.0, 27.4 ,28.8 and
27.3 wt% respectively. Also, the actual amount of Ni, Ag and Zn contents in either sample
were consistency with the desired loading. Correlated with Cu content calculated by H,-
TPR technique. For the BET surface area decreased order of 30%CuPS > 1%NiCuPS >
19%AgCUPS > 1%ZnCuPS, this could be suggesting that the incorporated metal oxides may
occupy in the mesopore of 30%CuPS [24]. Furthermore, all catalysts exhibited hysteresis
loop in N, adsorption-desorption isotherm indicating that, mesoporous material [60].
Moreover, the secondary metal on 30%CuPS was show the bigger mesopores (Figure
4.15a). Corresponding with the average pore sizes diameters were decreased after
immobilized with secondary metal calculate by the Barrett-Joyner-Halenda (BJH) (Figure
4.15b) In addition, for 1%ZnCuPS show the lowest surface area related with dispersion of
Cu show the lowest dispersion. According to the CuO covering on the surface area of

copper phyllosilicate correlated with XRD and H,-TPR show the CuO was formed.
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Figure 4.15 a) N,-adsorption-desorption isotherm and b) pore diameter of CuPS and

secondary metal catalyst

4.3.4 X-ray Photoelectron Spectroscopy (XPS)

The electronic state of 30%CuPS and secondary metal catalyst were investigated
by XPS analysis. For the XPS spectra of 30%CuPS and secondary metal were showed in
Figure 4.16 For the Cu 2p XPS peaks of 30%CuPS corresponding to Cu2ps., and Cu2py,
appeared at 935.6 eV and 952.3 eV respectively attributed to Cu®* species in the
octahedral layers of copper phyllosilicate [61]. The 1%NICuPS show Cu2ps/, and Cu2p;,,
were shifts to higher binding energy located at 935.9 and 955.5 eV, respectively[62]. The
Ni2p3/2 and Ni2pl/2 peaks were deconvoluted into two peaks each at the binding
energies of 857.0 and 863.0 e.V and 874.2 and 876.0 e.V. respectively. Moreover, The
Ni2p3/2 was slightly shift to lower binding energies when compared as literature review,
which were assign to the characteristic feature of Ni#*[63] (Figure 4.17a). As well as for the
19%AgCuPS catalyst were show the binding energy of Cu2ps,, slighlty migrates to higher at

935.9 eV for 1%AgCuPS [57]. The Ag 3d spectrum of 1%AgCuPS catalyst show a doublet
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peak. For 19%AgCuPS show binding energies at 368.5 and 374.0 e.V. which are assigned to

Ag 3ds,, and Ag 3ds,, respectively. Moreover, the 1%AgCuPS were showed slightly shift

toward to lower binding energy than literature review, which were assign to the

characteristic feature of Ag*[64] (Figure 4.17b). Furthermore, when addition of Zn on

30%CuPS show the Cu2ps,, binding energy of CuO is center around 934.0 eV [65]. Which

indicated that the electron transfer from the Zn atoms to the Cu was enhanced for this

catalyst. For the Zn 2p shows two peaks at binding energies of 1021.7 and 1045.4 which

are assigned to Zn 2p;,, and Zn 2ps,, of tetrahedral Zn?* respectively[66] (Figure 4.17¢).

Therefore, the secondary metal secondary metal could be pulling electron form the

copper [58].
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Figure 4.15. XPS spectra of Cu2p for CuPS catalysts
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Figure 4.17. XPS spectra of a.) Ni 2p of 1%NiCuPS b.) Ag 3d of 1%AgCuPS and c.) Zn 2p of

1%ZnCuPS catalyst.
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4.3.5 X-ray absorption near edge structure (XANES)

In order to verify the existence of octahedral and square planar Cu®* species,
30%CuPS and 1%ZnCuPS have been investigated by the in-situ time-resolved X-ray
absorption near edge spectroscopy (in situ TR-XANES) upon heating to 140°C as shown in
Figure 4.18. The Cu edges energy for Cu foil (8979.1 eV.), Cu,0 (8980.0 eV.), CuO (8989.8
eV, square planar Cu®* (Sq)) and CuSO, (8990.4 eV, octahedral Cu?* (Oy)) were used as
standard (Figure 4.18a) for linear combination fitting (LCF,[67]) 30%CuPS and 1%ZnCuPS
exhibit characteristic edge energy adsorption at ~ 8991.1 eV (Figure 4.18b) that fall
between the Cu edge energy of CuSO,(8990.4 eV) and CuO (8989.8 eV). This suggests that

both catalysts are mixtures between octahedral Cu®* (Op) and square planar Cu®* (Sq).
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Figure 4.18. Cu K edge XANES spectra of a) Cu standards b.) 30%CuPS and 1%ZnCuPS
under N, flow at 140 °C

The line-shape spectra of the 30%CuPS and 1%ZnCuPS are more resemble that
to octahedral Cu?* (O},) species (CuSOy), without a pre-edge feature at ~ 8984 eV that
represents the square planar Cu®* (Sg) species (CuO). This indicates that the majority of

the Cu®" species in both catalysts exist in the octahedral gseometry, presumably within
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the chrysocolla structure[68]. The linear combination fitting (LCF) clearly shows that
30%CuPS contain relatively more octahedral Cu?* species (Oy) (67.5%) as compared to the
square planar Cu?* (Sq) (32.5%). In contrast, 1%ZnCuPS possesses more square planar Cu**
(S) (55.6%) as compared to the octahedral Cu?* species (Op,) (44.4%) were shown in Table
4.5. Because of Cu atom is bonded with six oxygen atoms in the octahedral layer with
each phyllosilicate layer being linked by Vander der Waals interaction though the
interlayer galleries. This is suggest that some of copper sheet can be easily substituted

with a zinc atom [69].

Table 4.5. Fraction of Square planar Cu?* species (CuO) and Octahedral Cu?** species

(CuSO,4) obtained from linear combination fitting (LCF) of 30%CuPS, and 1%ZnCuPS

catalyst.
Square planar
Octahedral Cu?* Square planar/
Catalyst Temp (°C) Cu?*
(%) Octahedral
(%)
30%CuPS 140 325 67.5 0.5
1%ZnCuPS 140 55.6 44.4 1.3

The Cu edges energy of both catalyst upon heating from 70-140 °C was show in
Figure 4.19. The Cu edges energy of 30%CuPS was not significantly changed. However, in
consistence with this finding, the Cu edge energy slightly shifts to a lower value for
1%2ZnCuPS. That might be from the ZnO to gain more CuO spices. Related with the phase
fraction of Square planar Cu?* species (CuO) and Octahedral Cu?* species (CuSO,) obtained
from linear combination fitting (LCF) for 30%CuPS and for 1%ZnCuPS at the beginning of
both catalyst phase fraction of Octahedral Cu®* species (CuSO,) were 30%CuPS (70.5%)
and 1%ZnCuPS (63.2%) Upon heating from 70-140 °C phase fraction of Octahedral Cu*
species (CuSOy4) were 30%CuPS (67.5%) and 1%ZnCuPS (44.4%) changed to more Square

planar Cu?* species (CuO) (Table 4.5). This is presumably due to both catalysts were the
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dehydration of adsorbed water at the edge of layer and the dehydroxylation of the

interlayered Si-O-Cu-(OH), [70] indicating that more defect of phyllosilicate structure

resulting in more acidity. Thus, the 30%CuPS were not observed significant changed. While

the 1%ZnCuPS was observed significant changed during heating to 140 °C. Suggesting that,

Zn atoms was reduced interaction interlayer between phyllosilicate structure and Cu in

octahedral layer [71]as shown the geometry of Cu in Figure 4.20 indicating that during

heating Zn?* can promote decomposition some of Cu?* out of phyllosilicate structure to

CuO species corresponding with XRD results.
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Figure 4.19. Cu K edge XANES spectra and phase fraction of Cu?* species () Square planar
and (A ) Octahedral, obtained from linear combination fitting (LCF) of 30%CuPS, and

1%2ZnCuPS upon heating from 70-140 °C.

Figure 4.20. The demonstration of Cu®* (Oh) transformation to Cu®* (Sg) upon heating 70-

140 °C.

To quantify the octahedral Cu®* (O,) and square planar Cu?* (Sq) species, the linear
combination fitting (LCF) of in situ TR-XANES spectra at temperature 140°C for 2h under
isopropanol flow was performed on the 30%CuPS and 1%ZnCuPS catalyst the results was
show in Figure 4.21. The Cu edges energy of both catalysts were not significantly changed
during under isopropanol flow at temperature 140°C. In the meanwhile, linear
combination fitting (LCF) of 30%CuPS was show octahedral Cu?* species (CuSO,) changed
to more Square planar Cu®* species (CuO) around ~ 4%. Whereas 1%ZnCuPS were show
Octahedral Cu®* species (CuSQ,) changed to more Square planar Cu®** species (CuO)
around ~ 2%. Nevertheless, the square planar of 1%ZnCuPS is more than 30%CuPS. This
could be suggested that Zn atom is bonded with six oxygen atoms in the octahedral layer

with some of phyllosilicate layer [72].
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Figure 4.21. Cu K edge XANES spectra and phase fraction of Cu®* species (<) Square planar

and (A ) Octahedral, obtained from linear combination fitting (LCF) of 30%CuPS, and

1%2ZnCuPS at temperature 140°C for 2h under isopropanol flow.

4.3.6 Transmission Electron Microscope (TEM)

The morphology and EDX data to analyze the interaction between the Cu and

ZnO was determined by TEM techniques. Figure 4.22 30%CuPS and 1%ZnCuPS catalysts,

the prominent dark regions in the bright field TEM images (Figure 4.22a and b
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respectively). 30%CuPS on the Figure 4.22a show the dark particles is a copper well highly
dispersion more uniformly on SiO, layer and no black spot of CuO showed up [73]. Also,
the rodlike copper phyllosilicate with typical filandrous structure was observed[74]. On
other hand, when incorporated Zn on copper phyllosilicate to 1%ZnCuPS catalyst on the
Figure 4.22b show the large particle of Cu cover on the surface of Cu phyllosilicate. In
addition, some of Cu the agglomeration with Zn was show in elemental mapping, that
could be related with the Cu species have a strong interaction with ZnO related with XPS
results. Nevertheless, the remaining of lamellar structure of CuPS corresponding with XRD
results and BET surface area. These results could be suggesting that the ZnO can promoted

decomposition out of phyllosilicate and leads to the formation of the CuO crystallites.

200 nm

Figure 4.22. TEM-EDX of a.) 30%CuPS b.) 1%ZnCuPS catalyst.
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4.3.7 NHs-Temperature Program Desorption (NH5;-TPD)

The acidity and acid strength of all catalysts were investigated by NHs-TPD, as show
the results illustrate in Figure 4.23. The desorption peaks were deconvoluted into three
peaks by the Gaussian deconvolution method. All catalysts contain three desorption
peaks, generally the acid strength can be classified as a weak acid (< 120 °C ) medium
acid site (160 °C) and strong acid site ( >250 °C)[75]. 30%CuPS were showing the main NHs
desorption peak with a center around 134.0 °C and the most of weak acid site. Whereas,
when addition of secondary metal on 30%CuPS the the shift of desorption peak towards
higher temperature to medium and strong acid strength indicating that the presence of
acid sites with different strength [76][77]. The amount of total acidity calculated from the
deconvoluted peak compared with 19%NH; in He of catalysts were reported in Table 4.6.
30%CuPS catalysts show the most of weak acid site. Moreover, it show the highest total
acidity indicating that the lamellar structure of copper phyllosilicate would result in the
appearance of unsaturated/defective Si** and Cu?* species in the catalysts surface[78].
When immobilized with secondary metal on 30%CuPS were show the total acidity
decreased in the order 30%CuPS (35.9) > 1%AgCuPS (29.0) > 1%NiCuPS (27.5) and >
19%ZnCuPS (24.0 pmol). Corresponding with BET surface area of catalysts were decreased
in Table 4.4. According to the acid site of copper phyllosilicate generated by edge of
defect from Cu in lamellar structure [79]. Also, for the secondary metal could block some
of the acid sites of copper phyllosilicate [80]. Thus, the acidity of catalysts depends on
specific surface area. Furthermore, the secondary metal not only decreased the number
of acid sites, but also decreased the strength of 30%CuPS sites [81]. However, the
secondary metal can be improving a strong acid strength shift to higher desorption
temperature. According to NH; adsorbed on strong Lewis acid associated with secondary
metal sites [82] especially for 1%ZnCuPS the amount of acid sites with strong acid strength

gradually increased [83].
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Figure 4.23. NH5-TPD of CuPS catalysts
4.3.8. Pyridine-adsorbed infrared spectroscopy (Py-IR)

Py-FTIR was used to quantitative analyze the Lewis acid sites and Brgnsted acid of
catalysts As shown in Figure 4.24. The adsorption band at 1451 and 1608 cm™ were
attributed to the pyridine-adsorbed on Lewis’s acid site (LA) on Cu®* species of all
catalysts. In the meanwhile, the adsorption band at 1548 and 1624 cm™ were attributed
to the pyridium ion formed after pyridine bonds with Brgnsted acid site (BA) [84], and
adsorption band at 1588 cm1, hydrogen bonded pyridine[85]. The type of acid site was
summarized in Table 4.6. The Lewis acid site of 30%CuPS was 17.7 pmol/g, while for
19%NiCuPS was not only reduce Lewis acid site from 17.7 to 12.9 umol/g but the Ni can
be induced Brgnsted site (from 2.7 to 4.2 umol/g) suggesting that the Ni could be gain
more Brgnsted acid site on copper phyllosilicate [86]. 1%AgCuPS was show not

significantly changed from 30%CuPS. The highest ratio of LA/BA was show on 1%ZnCuPS,
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indicating that Zn can improve the Lewis acid site on copper phyllosilicate [87]. Therefore,

LA/BA ratio was extremely important for catalytic transfer hydrogenation to control the

reaction pathway from furfuryl alcohol to GVL [88].
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Figure 4.24. Pyridine-adsorbed IR spectra of CuPS catalysts.

Table 4.6. Acidity and Type of acid sites of 30%CuPS and secondary metal

1400

Entry  Catalyst

Acidity (umol/g)®

Type of acid site (umol/g)”

Weak acid

Medium

Strong acid  Total acidity Lewis acid Brensted

acid site LA/BA
site (120°C) sites (350°C)  (umol/g) (LA) acid (BA)
(250°C)
1 30%CuPS 18.5 15.1 2.2 359 17.7 2.7 6.6
2 1%NiCuPS 12.4 12.7 2.4 27.5 12.9 4.2 3.0
3 1%AgCuPS 13.0 13.4 2.6 29.0 17.2 2.2 7.7
q 1%2ZnCuPS 10.0 9.8 4.2 24.0 13.8 1.43 9.6

“determined by NH;-TPD ° determined by Pyridine-IR
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4.4 Catalytic activity of furfuryl alcohol to GVL in liquid-phase over Cu-

phyllosilicate catalysts

To understand the catalytic activity of furfuryl alcohol to GVL catalysts in liquid
phase over Cu-phyllosilicate catalysts. The reaction was carried out in 100 ml of batch
type stainless steel autoclave reactor at reaction temperature 140 °C, reaction time 30min
using 2-propanol as a hydrogen donor. Table 4.7 summaries the catalytic performance of
all catalysts. 30%CuPS catalyst shows catalytic performance (71.1%) and GVL yield 49.4%.
19%NiCuPS catalyst was show the catalytic activity (68.1%, GVL vyield 49.4%) slightly
dropped from 30%CuPS. However, Ni show the yield of IPL was slightly decreased because
of the lowest of LA/BA ratio (3.0). it could be noted that after immobilized Ni on Cu
phyllosilicate affect to Brgnsted acid of Cu phyllosilicate was increased (Table 4.6. [89]).
19%AgCuPS was show the catalytic activity (74.5%) GVL yield (54.5%) higher than 30%CuPS,
indicating that Lewis acid of Ag has surplus on surface of 30%CuPS and it was increased
in strong acid strength [90]related with NH;TPD and Pyridine-IR results. Moreover,
19%ZnCuPS show the highest activity (84%) and GVL yield (56.8%). That might be from the
coexist with particle of Cu and Zn resulting in strong interaction between them as seen in
XPS spectra results. In addition, 1%ZnCuPS has more defect in phyllosilicate structure
resulting in the highest LA/BA ratio[92]. This could be noted that the strong acid strength
and Lewis acid site from Zn can promoted the catalytic transfer hydrogenation [91].

Although, the total acidity was dramatically drop from 35.9 to 24.0 umol/g (Table 4.6).
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Table 4.7. Catalytic performance of furfuryl alcohol to GVL in liquid-phase over copper
phyllosilicate catalysts.

Yield (%)
Entry Catalysts Conversion (%) TON
FE GVL IPL
1 30%CuPS 71.1 2.0 49.4 19.1 2.1
2 19%NiCuPS 68.1 2.0 49.4 17.7 2.0
3 1%AgCuPS 74.2 1.7 54.5 17.7 2.2
4 1%ZnCuPS 84.0 5.4 56.8 22.6 2.5

Reaction condition: Furfuryl alcohol 200 pL (2.35 mmol), Isopropanol 10 mL (130.8 mmol)
catalyst 200 mg , temperature 140°C , N, pressure 10 bar , 30 min

To be confirmed the reaction pathway have been investigated by time profiles and
function of conversion and selectivity of 30%CuPS catalysts was show in Figure 4.25. The
catalytic performance of furfuryl alcohol to GVL in liquid-phase for 30%CuPS catalyst at
140°C. The conversion of furfuryl alcohol increased rapidly to 72.3% at the beginning (1h)
Also, the GVL yield increased rapidly in the first 1h. and then slightly increased to complete
conversion 100% (8h) in Figure 4.25a. However, the GVL yield reached maximum of 60.8%
after 4h while the IPL yield gradually increased. Moreover, further increasing the reaction
time resulted in a slightly decreased in GVL yield and IPL yield was increased, related with
Figure 4.25b was show the function of conversion and selectivity of 30%CuPS catalyst.
From these results it could be said that the primary product is GVL and IPL is secondary
product. Thus, it could be suggesting that the reaction is parallel reaction pathway to
produced GVL. Because of after 4h the 30%CuPS when almost completely conversion of
furfuryl alcohol, GVL can converted to gain more IPL yield and selectivity. Hence, these

results presumably the catalytic transfer hydrogenation of furfuryl alcohol (FOL) to GVL
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could be occurs through furfuryl ether (FE) and isopropyl levulinate (IPL) to produce GVL

and FOL can convert directly to GVL product relating with propose mechanism in Figure

4.26 [93].
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Figure 4.25. a) Time profiles between conversion and yield of 30%CuPS catalyst. b)
Conversion and Selectivity of 30%CuPS catalyst; ( @) conversion ,( ®) GVL, (A) IPL, and
() FE. Reaction condition: Furfuryl alcohol 200 uL (2.35 mmol), Isopropanol 10 mL (130.8

mmol) catalyst 200 mg , reaction temperature 140°C , N, pressure 10 bar.
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To investigated initiate rate of the reaction by plot between weight (mg) and
conversion of 30%CuPS and 1%ZnCuPS catalysts were show in Figure 4.27a. 30%CuPS
were showing lower initiate rate of reaction, while 1%ZnCuPS catalyst was show higher
than 309%CuPS indicating that Zn could be promoted the catalytic activity due to the
strong interaction of Cu and Zn in 1%ZnCuPS catalysts and the highest ratio of LA/BA from
Pyridine-IR results. To study the effect of water between 1%ZnCuPS and 1%2ZnCuPS dried
isopropanol at reaction temperature 140 °C, reaction time 1 hour using 2-propanol as a
hydrogen donor was show in Figure 4.27b. Accordingly, from the reaction pathway in
Figure 4.26, suggesting that furfuryl alcohol (FOL) can converted to be furfuryl ether and
its can produce by product is a water in systems [22]1%ZnCuPS (Figure 4.27b) was show
the catalytic activity 87.6% and 66.3% of (I )GVL selectivity. After using dried isopropanol
with 19%ZnCuPS the catalytic activity was dropped dramatically to 72.2%. This is results
should be suggesting that the water has affected lead to decreased activity. However, the
GVL selectivity increased from 66.3 to 72.7% when compared with 1%ZnCuPS at normally
condition. Because of reducing water from the system can promoted step transfer
hydrogenation and rearrangement to gain more GVL selectivity. Consequently, the water
has affect to be reduce esterification reaction in the systems [94]corresponding with

Figure 4.26.
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Figure 4.27. a) To study initiate rate of reaction. b) To study the effect of water between
1%ZnCuPS and 1%ZnCuPS dried isopropanol. Reaction condition: Furfuryl alcohol 200 uL
(2.35 mmol), Isopropanol 10 mL (130.8 mmol) catalyst 200 mg, reaction temperature

140°C, reaction time 1h, N, pressure 10 bar

From the reaction pathway from furfuryl alcohol to produced GVL (Figure 4.26).
was show the step of furfuryl ether (FE) can be produced isopropyl levulinate (IPL) by
esterification reaction. Due to more of hydrogen donor (H-donor) in their systems. This is
presumably could be promoted to produce more IPL. To control the reaction pathway
from FOL to produce GVL directly should be investigated the effect of hydrogen donor
(H-donor) at reaction temperature 140 °C, reaction time 1h by using tetrahydrofuran (THF)
to control volume 10mL was performed in Table 4.8. For the Entry 1 is normally
conditioned to studied transfer hydrogenation in this work by using isopropanol as a H-
donor (IPA/THF = 10:0) was show the catalytic activity to convert furfuryl alcohol
(conversion 87.6%) and GVL yield (58.1%). Moreover, when decreased IPA/THF from 10:0
to 5:5 in entry 3 was not changed the activity of catalyst until decrease IPA/THF to 3:7 in
entry 4 show the activity was dropped dramatically that could be from the H-donor in
their system was not enough to transfer hydrogenation for convert furfuryl alcohol as well

as IPA/THF to 1:9 in entry 5 show lowest the catalytic activity. Nevertheless, it was shows
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the highest GVL selectivity than the other IPA/THF in Figure 4.28. It could be noted that
the reaction pathway from furfuryl alcohol can be control by using a few of isopropanol
as a hydrogen donor that could be controlled to increase GVL selectivity and decreased
IPL. selectivity. Due to the reaction was reduced the esterification, even though, it was

slow reaction rate to transfer hydrogenation  corresponding with reaction pathway in

Figure 4.26

Table 4.8. Effect of hydrogen donor in catalytic transfer hydrogenation of furfuryl alcohol
to GVL

IPA/THF Yield (%)
Entry Conversion % TON
(mL) FE GVL IPL
1 10:0 87.6 a.4 58.1 25.3 2.6
2 7:3 87.7 2.2 61.0 24.7 2.6
3 5:5 88.3 2.3 62.3 23.2 2.6
a4 3.7 74.3 2.0 61.2 11.0 2.2
5 1:9 55.9 0.0 495 76 1.7

Reaction condition: Furfuryl alcohol 200 pL (2.35 mmol), 1%ZnCuPS 200 mg, reaction temperature

140°C, N, pressure 10 bar, reaction time 1h. Isopropanol 10 ml = 130.8 mmol
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Figure 4.28. IPA/THF VS selectivity; (l) GVL, (W) IPL, () FE. Reaction condition: Furfuryl
alcohol 200 pL (2.35 mmol) , Isopropanol 10 mL (130.8 mmol) 1%ZnCuPS as a catalyst

200 mg , temperature 140°C , N, pressure 10 bar, 1h

The IPA/THF = 1:9 was selected to studied because it was showing the highest GVL
selectivity, further as a catalyst on the production of GVL from furfuryl alcohol. The change
in product distribution with the reaction time from 0.5-24 hour was show in Figure 4.29a.
According to these results, the conversion of furfuryl alcohol increased rapidly at the
beginning (1h) was obtained conversion 55.8% and GVL vyield 49.9%. At prolong time
conversion was increased to 80.3% (24h) and GVL vyield 70.9%. This result can be
confirmed that the GVL is primary product and IPL is secondary product indicating that
the parallel reaction related with reaction pathway (Figure 4.26) Moreover, the GVL

selectivity (86.4%) still invariable also with IPL selectivity (13.9%) by without FE occurred
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during in the reaction even though 24hour were show in Figure 4.29b. Indicating that the

optimum reaction condition is IPA/THF = 1:9 for production of GVL with 1%ZnCuPS as a

catalyst.
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Figure 4.29. a) Time profiles of 1%ZnCuPS catalysts b) Conversion and Selectivity of
1%ZnCuPS catalysts; (M) conversion , (A ) GVL, (#) IPL. Reaction condition: Furfuryl
alcohol 200 pL (2.35 mmol), using IPA/THF = 1: 9 mL, catalyst 200 mg, reaction

temperature 140°C, N, pressure 10 bar.

To study recyclability of 30%CuPS and 1%ZnCuPS catalysts at reaction
temperature 140°C, reaction time 2h was performed in Figure 4.30. The fresh of 30%CuPS
and 1%ZnCuPS catalyst was show the catalytic activity for 79.7% and 94.2% respectively
also, with GVL vyield for 57.4% and 60.8% for 30%CuPS and 1%ZnCuPS respectively. The
seconds run and third runs the catalytic activity of 30%CuPS (78.7%, 63.2%) and
19%ZNnCuPS (89.9% 77.9%) catalyst were decreased. Moreover, it was gradually decreased
in third run from 94.2% to 77.9% and GVL yield from 60.8% to 54.8%. These might be
from the Cu leaching during recyclability and which could be ascribed to carbon deposit
on 1%ZnCuPS. However, GVL yield of 1%ZnCuPS (54.8%) was still higher than 30%CuPS

(47.0%) even though run third times reaction.
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Figure 4.30. To study stability of a) 30%CuPS b) 1%ZnCuPS catalysts; (M) conversion ,
(W) GVL, (m) IPL. Reaction condition: Furfuryl alcohol 200 uL (2.35 mmol), Isopropanol

10 mL (130.8 mmol) catalyst 200 mg, reaction temperature 140°C, reaction time 2h, N,

pressure 10 bars.
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CHAPTER 5
CONCLUSION AND DISCUSSION

5.1 Conclusions

In this thesis, the study on conversion of furfuryl alcohol to GVL over Cu-based
catalysts in liquid phase transfer hydrogenation has been investigated. The functional type
(NHz"Y, HY) and Si/Al ratio of Y zeolite, for study the Cu/Y by ion exchanged and
impregnation and to study the Cu phyllosilicate and secondary metal were investigated.

To comparative studied the functional type (NHg*Y, HY) and Si/Al ratio of Y zeolite
and to design development of Cu-zeolite Y was successfully synthesized by ion exchange
and impregnation method. The HY3.5 give the highest catalytic activity (95%). Due to high
acidity and high surface area of Y zeolite. The 5%Cu/Y-IE gives almost completed catalytic
activity (96%) and 5%Cu/Y-IE was the highest GVL yield (68%) at 4h indicating that the
highest surface area, high dispersion, and the strong acid sites could be accelerator the
catalytic activity. However, it was deactivation by coke deposit on surface area.

To investigate the 30%CuPS and secondary metal (Ni, Ag, Zn) in liquid phase
transfer hydrogenation of furfuryl alcohol to GVL. 1%ZnCuPS was show the highest activity
(84%) and GVL yield (56.8%) than the others candidate catalysts due to the interaction of
Cu and Zn, also the highest ratio LA/BA was extremely important for catalytic transfer
hydrogenation to control the reaction pathway from furfuryl alcohol to GVL

To study effect of hydrogen donor in catalytic transfer hydrogenation of furfuryl
alcohol to GVL. The IPA/THF =1:9 was the best catalytic performance (82%) and GVL
selectivity (86%) even though the reaction was further to 24 hour. Moreover, this result
can be confirmed that the GVL is primary product and IPL is secondary product indicating

that the parallel reaction.
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5.2 Suggestions

5.2.1 Secondary alcohol (2-butanol, 2-pentanol, etc.) should be study the H-donor for

catalytic transfer hydrogenation.

5.2.2 The reusability could be study for 5%Cu/Y-IE and 5%Cu/Y-IM catalysts should be

investigated.
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APPENDIX A

CALCULATION FOR CATALYST PREPARATION

Part 1
The calculation of 5%Cu/Y-IE catalysts prepared by ion-exchanged method with NHg*Y

zeolite.

g = MV

M.W. of Cu (NO3)2:3H20) 1000

For weight of metal for 5%Cu/Y-IE in 0.1 M and 400 mL of deionized water

S = (0.1M) (400mL)

241.60 g¢/mol 1000

Weight of Cu = 9.664 ¢

The calculation of 5%Cu/Y-IM catalysts prepared by incipient wetness impregnation

method on NH,*Y zeolite.
Calculation the weight of 5% copper loading of NH,;*Y zeolite.

% metal loading = Weight of metal

Weight of metal + weight of silica
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For weight of metal for 5%Cu/Y-IM

5 = Weight of Cu x 100

Weight of Cu + 5

Weight of Cu = 0.263 ¢

For weight of Cu complex for 5%Cu/Y-IM (M.W. of Cu(NO3)2¢3H20) = 241.6 ¢/mol)

Cu metal 63.546 g in Cu(NO3)2¢3H20) = 241.6 g

Cu metal 2.571 g in Cu(NO3)2:3H20) = 0.263x 241.6 = 1.005 g

63.546
Part 2

The calculation of 30%CuPS catalysts prepared by ammonia evaporation hydrothermal

method.

Calculation the 40% colloidal silica solution for 6g

Volume of colloidal silica = 15 g of colloidal silica = 11.6 mL

1.3 ¢/mL (density)

Calculation the weight of 30% copper loading of phyllosilicate

% metal loading = Weight of metal

Weight of metal + weight of silica
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For weight of metal for 30%CuPS

30 = Weight of Cu x 100

Weight of Cu + 6

Weight of Cu = 2571 ¢

For weight of Cu complex for 30%CuPS (M.W. of Cu(NO3)2¢3H20) = 241.6 g/mol)

Cu metal 63.546 g in Cu(NO3)2¢3H20) = 241.6 g

Cu metal 2.571 g in Cu(NO3)2¢3H20) = 2.571x 241.6 = 9.77 ¢

63.546

Calculation of 30% wt. ammonia solution (metal: NH;= 1: 12) by mol for 30%CuPS

Mol Cu = 2571 ¢ of Cu

0.0406 mol Cu x 12 = 0.4855 mol NH;

63.546 ¢/ mol

Mol NH, = 0.4855 mol NH3x 17 g x 100 g x ImL = 30.23 mL

Imolx30gx09¢

Calculation the secondary metal loading 1%Ni, 1%Ag, 1%Zn on 30%CuPS by
incipient wetness impregnation method

% metal loading = Weight of metal

Weight of metal + weight of 30%CuPS



For weight of metal for 19%NiCuPS

1 = Weight of Ni

x 100

Weight of Ni + dg

Weight of Ni = 0.0404 ¢

For weight of Cu complex for 1%NiCuPS (M.W. of Ni(NO3)2+6H20) = 290.81 g¢/mol)

Ni metal 58.690 g in Ni(NO3)2¢6H20) = 290.81 ¢

Ni metal 0.0404 g in Ni(NO3)2¢6H20) = 2.571x 241.6 = 0.2001 g

58.690

Table A1 Summary of secondary metal on 30%CuPS
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Catalyst Metal complex M.W. Weight (g) Solvent for
(g/mol) dissolved
30%CuPS Cu(NO3)2+3H20) 241.60 9.7701 -
19%NiCuPS Ni(NO3)2¢6H20) 290.81 0.2001 Acetone
1%AgCuPS AgNO3 169.87 0.0646 Acetonitrile
1%ZnCuPS Zn(NO3)2+6H20) 297.46 0.1838 Acetone




APPENDIX B

CATALYST CHARACTERIZATION

Part 1

HV  Mag HV  Mag
200 kV'20000 x 200 nm- 200 kV'20000 x
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Figure B1. TEM image of HY3.5.

86



HV Mag
200 kV 100000 x

HV Mag
200 kV 100000 x

HV  Mag | HV  Mag
200 kV200000 x 20 nm 1200 kV' 200000 x 20 nm

Figure B2. TEM image of 5%Cu/VY-IE.
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Figure B3. TEM image of 5%Cu/Y-IM.
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Figure B4. TEM image of 10%Cu/Y-IM.

89



90

TCD Signals (a.u.)

100 200 300 400 500
Temperature (°C)

Figure B5. H,-TPR and dissociative N,O adsorbed of 5%Cu/Y-IE catalysts.

TCD Signals (a.u.)

100 200 300 400 500
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Figure B6. H,-TPR and dissociative N,O adsorbed of 5%Cu/Y-IM catalysts.
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TCD Signals (a.u.)
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Figure B7. H,-TPR and dissociative N,O adsorbed of 10%Cu/Y-IM catalysts.
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Figure B8. NH,-TPD profiles of NH,"Y3.5 catalysts
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Figure B9. NH,-TPD profiles of HY3.5 catalysts
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Figure B10. NH,-TPD profiles of HY7.5 catalysts
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Figure B11. NH5-TPD profiles of HY100 catalyst.
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Figure B12. NH,-TPD profiles of 5%Cu/Y-IE catalysts after reduction at

500 °C
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Figure B13. NH,-TPD profiles of 5%Cu/Y-IM catalysts after reduction at

500 °C
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Figure B14. NH5-TPD profiles of10%Cu/Y-IM catalysts after reduction at

500 °C
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30%CuPS

Figure B16 TEM image and elemental mapping of 30%CuPS
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Figure B17 TEM image and elemental mapping of 1%ZnCuPS
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Figure B19 H,-TPR of calcined and disscociative N,O adsorbed
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Figure B20 H,-TPR of calcined and disscociative N,O adsorbed

19%AgCuPS
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Figure B21 H,-TPR of calcined and disscociative N,O adsorbed
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Figure B22 NH,-TPD of 30%CuPS
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Figure B23 NH,-TPD of 1%NiCuPS
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Figure B24 NH,-TPD of 1%AgCuPS
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Figure B25 NH,-TPD of 1%ZnCuPS
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Figure B26 Pyridine IR of 30%CuPS
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Figure B27 Pyridine IR of 1%NiCuPS
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APPENDIX C

REACTION DATA

TPR SIGNAL EVALUATION

The electronic signal from the TCD detector during TPR analysis is converted

to mmol H2, employing CuO as a standard. Here, CuO is used because it is a

highly- reducible metal with clean and well-known reduction giving Cu metal

as a final product following the equation:

CuO (s) + H, (g) —»Cu (s) + H,O (g)

From TPR results of CuO standard
The peak area of CuO 6.658 give H2 consumption 0.724 mol.

5%CuY-IE give the peak area of 6.658
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The phase fraction of Square planar Cu** species (CuO) and Octahedral Cu?* species

(CuSOy) obtained from linear combination fitting (LCF) of 30%CuPS catalyst.

R-factor CuO CusO, CuO/CusO,
70 0.0070 29.5 70.5 0.42
80 0.0071 31.2 68.8 0.45
90 0.0071 31.1 68.9 0.45
Temperature 100 0.0072 31.2 68.8 0.45
(°C) 110 0.0072 31.3 68.7 0.46
120 0.0072 315 68.5 0.46
130 0.0073 323 67.7 0.48
140 0.0070 325 67.5 0.48
10 0.0080 34 66 0.52
20 0.0069 36.2 63.8 0.57
30 0.0070 36.6 63.4 0.58
40 0.0069 37.1 62.9 0.59
50 0.0080 37.2 62.8 0.59
Time (min) 60 0.0077 37.3 62.7 0.59
70 0.0068 37.6 62.4 0.60
80 0.0067 37.7 62.3 0.61
90 0.0067 37.7 62.3 0.61
100 0.0078 37.9 62.1 0.61
110 0.0067 38 62 0.61
120 0.0066 37.8 62.2 0.61
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The phase fraction of Square planar Cu** species (CuO) and Octahedral Cu?* species

(CuSOy) obtained from linear combination fitting (LCF) of 1%ZnCuPS catalyst.

R-factor Cuo CusO,  CuO/Cuso,
70 0.0037 36.6 63.4 0.58
80 0.0035 38.1 61.9 0.62
90 0.0034 40.3 59.7 0.68
Temperature 100 0.0033 42.1 57.9 0.73
(°Q) 110 0.0030 46.1 53.9 0.86
120 0.0030 50.4 49.6 1.02
130 0.0029 53 ar 1.13
140 0.0028 55.6 4a4.4 1.25
10 0.0025 58.9 41.1 1.43
20 0.0024 60.6 39.4 1.54
30 0.0023 61.8 38.2 1.62
40 0.0022 59.7 40.3 1.48
50 0.0021 57.1 42.9 1.33
Time (i) 60 0.0020 58 a2 1.38
70 0.0019 57.3 a2.7 1.34
80 0.0019 574 42.6 1.35
90 0.0020 57.5 42.5 1.35
100 0.0019 57.2 42.8 1.34
110 0.0019 56.2 43.8 1.28
120 0.0019 57.3 a2.7 1.34
Acidity
NH,-TPD

Calibration valve (CV) =

(loop volume x % analytical gas)

Calibration area
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Volume (uL) = CV x analytical area

Amount adsorbed (umol) = Pressure (atm) x V (uL)

R (L x atm/K/mol) x (loop temperature (°C)+273.15

Uptake (umol/g) = Amount adsorbed (umol)

Catalyst weight (g)
GC CHROMATOGRAM

Prior to analysis, the products were identified by standard sample. Then,
quantitative analysis was carried out with GC-FID (Gas chromatography
equipped with Flame lonization Detector). The analytical conditions of
products from catalytic transfer hydrogenation of furfuryl alcohol to GVL are

shown in Table C1 and Table C2 respectively.

Table C1 GC conditions for from catalytic transfer hydrogenation of furfuryl
alcohol to GVL

Column Rtx-5
Temperature program 45°C to 260 °C
Carrier gas Nitrogen gas
Injection 260 °C
Detector FID (260 °C)

Internal standard 10% Toluene/methanol
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Table C1 Product distribution of 5%Cu/Y-IE catalyst from the measurement by
GC-FID®

Product Area Response factor
FF 0 0.78
FE 5802 1.10
LA 0 0.65
IPL 39954 1.02
GVL 132482 1.04

reaction condition: furfuryl alcohol 200uL (2.35 mmol), Isopropanol 10 mL, N,

10 bar, 140°C ,1h

Calculation of furfuryl alcohol conversion, GVL selectivity and reaction
yield

Calculation of conversion

Conversion can be calculated from the following equation:

Corrected area is a mathematic term where the area of interested is divided by

the area of the standard. A

Corrected area of A = Area of A

Internal standard

Conversion (%) = (Corrected area of initial feed - Corrected of feed at any time). x100

Corrected area of initial feed
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For example, 5Cu/Y-IE catalyst

FOL conversion (%) of 5Cu/Y-IE catalysts

FOL conversion (%) = (0.46) -(0.45) X 100 78.4%

(0.46)
Calculation of Yield
Calculate the precent yield of each component in sample as follow:

% Yield in each product = (Corrected area of product/ Response factor) x 100

(Corrected area of FOL/ Response factor)
For example, 5%Cu/Y-IE catalyst
GVL yield (%) of 5%Cu/Y-IE

% Yield of GVL = (0.26/1.04) x 100 = 58.0 %

(0.46/1)

Calculation of selectivity

% Selectivity can be obtained from the following equation:

% Selectivity in each product = Corrected area of product/ Response factor x 100

Total corrected area of product
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For example, 5%Cu/Y-IE catalyst

GVL selectivity (%) of 5%Cu/Y-IE

%. Selectivity of GVL = 0.26 x 100 = 74.6%

(0.26 + 0.012 +0.080)
The catalytic activity of all catalysts

Table C2 Times profiles of 5%Cu/Y-IE catalyst

Yield (%) Selectivity (%)
Mass
Conversion
Time (min) balance
(%) FE GVL IPL FE GVL IPL
60 78.0 25 57.2 18.0 3.2 73.3 23.1 99
120 92.0 0.0 66.0 22.0 0.0 T1.7 23.9 95
240 96.0 1.3 68.0 24.0 1.4 70.8 25.0 97
480 96.0 1.3 68.0 23.0 1.4 70.8 24.0 96

Reaction condition: Furfuryl alcohol 200 pL (2.35 mmol), Isopropanol 10 mL (130.8
mmol) 5%Cu/Y-IE 200 mg, reaction temperature 160°C, N, pressure 10 bars.

Table C3 Times profiles of 5%Cu/Y-IM catalyst

Yield (%) Selectivity (%)
Mass
Conversion
Time (min) balance
(%) FE GVL IPL FE GVL IPL
60 56.2 0.9 37.2 18.3 1.6 66.2 32.6 100
120 79.1 2.6 58.0 16.4 33 73.3 20.7 97
240 85.0 0.0 60.0 22.0 0.0 70.6 259 96

480 83.0 0.0 57.0 24.0 0.0 68.7 28.9 95
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Reaction condition: Furfuryl alcohol 200 pL (2.35 mmol), Isopropanol 10 mL (130.8
mmol) 5%Cu/Y-IM 200 mg, reaction temperature 160°C, N, pressure 10 bar.

Table C3 Times profiles of 10%Cu/Y-IM catalyst

Yield (%) Selectivity (%)

Conversion Mass
Time (min)
(%) balance
FE GVL IPL FE GVL IPL
60 69.0 1.8 47.0 18.0 5.0 68.1 26.1 99.2
120 73.0 2.6 53.0 16.0 4.2 72.6 21.9 98.8
240 75.9 3.4 55.1 15.2 4.5 12.6 20.0 97.1
480 74.0 2.2 52.0 15.0 3.0 70.3 20.3 99.5

Reaction condition: Furfuryl alcohol 200 pL (2.35 mmol), Isopropanol 10 mL (130.8
mmol) 10%Cu/Y-IM 200 mg, reaction temperature 160°C, N, pressure 10 bar.

Table C4. Catalytic performance of 30%CuPS and secondary metal

Yield (%) Selectivity (%)
Catalysts Conversion % GVL/IPL
FE GVL IPL FE GVL IPL
30%CuPS 79.7 1.7 57.4 20.9 2.1 72.0 26.2 2.74
1%NiCuPS 91.9 34 56.7 32.6 3.7 61.7 35.5 1.70
1%AgCuPS 96.1 4.4 58.8 33.8 4.6 61.2 35.2 1.74
19%2ZnCuPS 94.2 43 60.8 30.3 4.5 64.5 32.1 2.01

Reaction condition: Furfuryl alcohol 200 pL (2.35 mmol), Isopropanol 10 mL (130.8
mmol) catalyst 200 mg, reaction temperature 140°C, reaction time 2h N, pressure 10

bars.



Table C5. To study effect of water in 1%ZnCuPS catalyst
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Yield (%) Selectivity (%)
Catalysts  Conversion % TON
FE GVL IPL FE GVL IPL
1%ZnCuPS 87.6 4.4 58.1 25.3 5.1 66.3 28.8 2.6
1%ZnCuPS +
12.2 2.5 52.5 17.5 3.5 12.7 24.2 2.2
iso dried (1)
1%2ZnCuPS +
80.4 3.1 54.4 23.6 38 67.7 29.3 2.4
iso dried (2)

Reaction condition: Furfuryl alcohol 200 pL (2.35 mmol), Isopropanol 10 mL (130.8

mmol) catalyst 200 mg, reaction temperature 140°C, reaction time 1h N, pressure 10

bars.

Table Cé. Effect of hydrogen donor in catalytic transfer hydrogenation of furfuryl

alcohol to GVL

IPA/THF Yield (%)
Entry Conversion % TON
(mL) FE GVL IPL
1 10:0 87.6 4.4 58.1 253 2.6
2 7:3 87.7 2.2 61.0 24.7 2.6
3 5:5 88.3 23 62.3 23.2 2.6
a4 3.7 74.3 2.0 61.2 11.0 2.2
5 1:9 55.9 0.0 49.5 7.6 1.7

Reaction condition: Furfuryl alcohol 200 uL (2.35 mmol), catalyst 200 mg, reaction

temperature 140°C, reaction time 1h N, pressure 10 bars.
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Table C7. Time profiles of 1%ZnCuPS catalysts in IPA/THF = 1: 9 in catalytic

transfer hydrogenation of furfuryl alcohol to GVL

Selectivity (%)

Time (h) Conversion (%)

GVL IPL GVL IPL

0.5 47.6 46.3 3.9 97.1 8.1

1 55.9 49.5 7.6 88.6 13.7

2 56.3 50.4 6.3 89.6 11.3

4 63.2 57.4 5.6 90.8 8.8

8 69.7 62.5 7.1 89.7 10.2

24 82.1 71.0 114 86.4 13.9

Reaction condition: Furfuryl alcohol 200 uL (2.35 mmol), catalyst 200 mg, reaction

temperature 140°C, N, pressure 10 bars.
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