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Abstract

Selective fatty alcohol production (>90% selectivity)-can be achieved by the
selective hydrogenation of fatty acid methyl esters over layered double hydroxide
derived CuMgAlO, catalysts in a fixed-bed reactor at 250 °C under atmospheric H,.
~17wt.% Cu loading CuLDHs with different Mg /A" ratios (CuMgsoAlaOy, CuMg7ALs0O,,
CuMgzsALs0,, and CuMggAl,yO,) were prepared by co-precipitation-hydrothermal
method. The Cu dispersion and Cu species were determined by H,-TPR, consecutive
H,-TPR, N,O-dissociative reaction, and in situ TR-XANES. Highly dispersed Cu metal
along with-cationic Cu(l) species were obtained for all. CuMgAlO,. The cationic Cu(l)
species (Cu*/Cu*-H) content increased with Meg** content. In the presence of H,, the
cationic Cu(l) species undergo reversible interconversion between Cu® and Cu*-H
species, facilitating hydrogen dissociation/evolution. The hydrogenation activity was
governed by the balance of the metallic Cu surface and the cationic Cu(l) species. The
Cu* species allow preferential-adsorption of C=0 ester for selective hydrogenation of
FAMEs to fatty alcohol (>90% selectivity). With Cugme/Cull) ratio at 0.25
(CuMg75AL;0,), the fatty alcohol production rate of 49.3 h' was obtained with high
stability due to the reversible interconversion of Cu*/Cu*-H that prevented product re-

adsorption and side reactions.
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Chapter 1

Introduction

1.1 Research motivation

Fatty alcohols, commonly referred to as long-chain alcohols (C12-C18), are
vital industrial chemicals with diverse applications, including their use as surfactants,
plasticizers, solvents, flavorings, detergents, foam stabilizers, and components in
cosmetics, plastic intermediates, paints, and coatings [1,2]. The global consumption of
fatty alcohol exceeds 5,500 kilotons, representing a market value of approximately
$8.5 billion [3,4]. Traditionally, fatty alcohols have been synthesized from petroleum-
based feedstocks via hydroformylation followed by selective hydrogenation,
employing CO, H,, and paraffin as reactants [5-8]. However, these processes are neither
environmentally sustainable nor aligned with the principles of green chemistry. As an
alternative, bio-based fatty alcohols can be produced- through the selective
hydrogenation of fatty acid methyl esters (FAMEs), which are derived from renewable
triglyceride sources such as vegetable oils (e.g., palm and soybean oils), waste cooking
oils, and animal fats. Despite their alisnment with carbon neutrality goals, the
production costs of bio-based fatty alcohols ($2,500-$6,000 per metric ton) are
significantly higher than those of their petroleum-derived counterparts ($1,500-$3,000
per metric ton) [9-12], resulting in higher profit margins for bio-based products.
Therefore, the catalytic hydrogenation of FAMEs into fatty alcohols represents a crucial
sustainable strategy for valorizing renewable feedstocks and advancing carbon-neutral
production pathways [13,14].

Copper-chromite (CuQ/CuCr,Oy4) catalysts are widely employed in industrial
processes for the selective hydrogenation of fatty acid methyl esters (FAMEs) to fatty
alcohols under elevated temperatures (200-400 °C) and high H, pressures (200-300
bar) [15-17]. However, the leaching of toxic chromium species under these harsh
reaction conditions poses significant environmental and waste management
challenges. Non-noble metal catalysts with lower toxicity, such as Ni/SiO, [18,19], Ni-
Fe/AlLL,Os; [20], Co/SIO-AL,Os [21], and Co/SiO, [22], have been investigated as
alternatives. These catalysts, however, frequently promote decarbonylation reactions,

producing olefinic products with a one-carbon shorter chain length, thereby reducing



alcohol selectivity. Additionally, their susceptibility to deactivation due to CO poisoning
and coke formation limits their long-term catalytic efficiency. In contrast, despite the
typically poor metal dispersion observed in impregnated Cu-based catalysts, these
materials demonstrate minimal decarbonylation and decarboxylation activities and
exhibit high selectivity toward fatty alcohol production, making them promising
candidates for this transformation [23,24].

Achieving highly dispersed and stabilized Cu nanoparticles needs strong metal-
support interactions or refined preparation techniques. However, Cu supported on
conventional reducible metal oxides, such as TiO, and CeO,, exhibits markedly low
catalytic activity due to the electron deficiency induced at the Cu surface by these
reducible oxides [24-29]. In contrast, copper phyllosilicate catalysts demonstrate
exceptional Cu dispersion (>65%) on inert supports. This enhanced dispersion is
attributed to the strong interaction between Cu and-SiO, within the octahedral sites
of chrysocolla-likestructures, facilitating the formation of Cu® species retained within
the catalyst framework [30-32]. The Cu" species are critical role in preventing Cu
agglomeration, thereby maintaining high catalytic activity [30-34]. Furthermore, these
Cu* species promote M'-adsorption of the carbonyl (C=0) group, effectively
suppressing decarbonylation and decarboxylation pathways. Additionally, Cu® species
facilitate the desorption of produced alcohols while preventing their re-adsorption,
thus ‘enhancing alcohol selectivity [30,31]. However, Brgnsted acid sites (BAS),
originating from the interaction of silanol groups at Cu perimeters, can catalyze the
dehydration of alcohols to olefins, reducing selectivity ~and causing catalyst
deactivation [30]. Efforts to mitigate these side reactions through alkali metal doping
to neutralize BAS have improved alcohol selectivity only up to ~60% [31].

Copper layered double hydroxides (CuLDHs) consist of positively charged
brucite-like layers (M(OH); octahedra, where M = Cu®*, Mg, and A**) and interlayer
anions. The Mg®"/Al** ratio within these octahedral layers plays a crucial role in
determining both the basicity of the CuLDHs and the interaction between Cu and the
support (Cu-MgO and Cu-Al,0s) [35]. The strong interaction of Cu within the confined
metal oxide sheets significantly influences Cu reducibility, the Cu%/Cu* ratio generation,
and Cu dispersion following reduction [33,36]. As a result, basic catalysts with highly
dispersed Cu®/Cu* species can be obtained from CuMgAlO, derived from CulLDHs,
enabling high selectivity for fatty alcohol production via FAMEs hydrogenation.



Supporting this, Cui et al. demonstrated that CuMgAlO, catalysts derived from LDHs
with a Mg?*/Al** ratio of 1.0 achieved >99% selectivity for ethylene glycol during the
selective hydrogenation of dimethyl oxalate [37].

The ultra-fine Cu nanoparticles with Cu®%/Cu* species confined within mixed
oxide sheets exhibit distinct hydrogen dissociation, adsorption, and evolution behavior,
as is typically observed for other M%/M* systems. For instance, AgHZSM-5 demonstrates
reversible interconversion between Ag® and Ag" under hydrogenation conditions [38].
Exchangeable Ag* is reduced to Ag® in the presence of H,, with proximal Brgnsted acid
sites (BAS) facilitating the process. Dissociated hydrogen on Ag® can react reversibly
with BAS to regenerate Ag’, releasing H, under inert conditions. Similarly, dimeric extra-
framework gallium species ([Ga,0,]**) are capable of dissociating hydrogen to form Ga*-
H species, which reversibly evolve hydrogen in -inert environments [39]. For Cu-
containing LDHs, heterolytic hydrogen dissociation has been proposed, forming Cud*-
H species [32]. The reversible “interconversion of Cu*™-H- species in LDH-derived
CuMgALO, catalysts is particularly effective in promoting the selective hydrogenation
of carbonyl compounds (e.g., aldehydes and esters), akin to the behavior of classical
hydride species. Additionally, the simultaneous dissociation and evolution of hydrogen
on the catalyst surface suppress carbon deposition, thereby extending the catalyst’s
operational lifetime.

With this regard, the selective hydrogenation of methyl palmitate (MP) to long-
chain alcohol (hexadecanol) over LDHs derived CuMgAlO; catalysts was investigated in
a continuous fixed-bed reactor under atmospheric H, pressure. 17wt.% CuLDHs with
various Mg®"/Al** ratios were tested for structural stability, reducibility, and Cu
dispersion. The Cu*/Cu° speciesiand their reversible interconversion were characterized
by consecutive H,-TPR, N,O-dissociative reaction, and in situ TR-XANES, from which the
corrected Cu dispersion could be determined. The effect of Mg*/A** on Cu*/Cu’
species and selective hydrogenation activity was explored. In addition, the role of
cationic Cu(l) species in LDHs derived CuMgAlO, on the alcohol selectivity and stability
was evaluated. The balance between metallic Cu surface and cationic Cu(l) species for

the production of long-chain alcohol was also highlighted.



1.2 Objectives of the study

1.2.1 To synthesize long-chain alcohols from fatty acid methyl esters via
hydrogenation.

1.2.2 To evaluate the catalytic performance of CuLDHs in the hydrogenation
reaction.

1.2.3 To investigate the influence of the MgAl ratio on the properties and
activity of CuMgAl-LDH catalysts.

1.2.4 To determine the optimal reaction conditions for the hydrogenation

process.

1.3 Scopes of the study
1.3.1 Preparation of catalysts: The catalyst of Cu loading of 20% over
MgAl-LDHs catalysts.
1.3.2 Cu based catalyst: Effect of the Mg/Al ratio for synthesis
1.3.3 Characterization of catalysts: The catalysts will be characterized by the
following techniques:
1.3.3.1 X-ray diffraction techniques (XRD)
1.3.3.2 Thermogravimetric analysis (TGA)
1.3.3.3 N, adsorption-desorption analysis: Brunauer-Emmett-Teller
(BET) and Barrett-Joyner-Halenda (BJH) method
1.3.3.4 Transmission electron microscopy. (TEM)
1.3.3.5 NH; temperature program desorption (NHs-TPD)
1.3.3.6 Temperature program reduction (H,-TPR)
1.3.3.7 Dissociative N,O adsorption technique temperature program
reduction (N,O-TPR)
1.3.3.8 In situ time-resolved X-ray absorption near edge spectroscopy
(in situ TR-XANES)
1.3.3.9 Inductively coupled plasma atomic emission spectroscopy (ICP-
OES)
1.3.4 Reaction test: The selective hydrogenation of methyl palmitate will be
investigated in the fixed-bed reactor under an H, atmosphere with the contact time

of 374 g.mol/h at the reaction temperatures of 250 °C.



1.3.5 The analysis of the liquid products is performed using a gas chromato-

graph (GC) coupled with a flame ionization detector (FID).

1.4 Benefits of the study
To develop a highly efficient Cu-based catalyst with high Cu dispersion for the

hydrogenation of palmitic acid, achieving high selectivity for hexadecanol production.



Chapter 2

Theory and literature reviews

2.1 Palm oil

Palm oil is one of the most significant vegetable oils worldwide, and Thailand
plays a key role in its production, catering primarily to the domestic market and
export. It is extensively used in food products, cosmetics, and biofuels. Thailand ranks
among the largest palm oil producers in Asia, following Indonesia and Malaysia
[40,41]. The country has a well-established palm oil industry, producing both crude
palm oil (CPO) and refined palm oil (RPO). Thailand's annual palm oil production is
estimated at approximately 3.5 to 4 million metric tons, with expectations for future
growth (Figure. 2.1). Palm oil is widely utilized across various sectors, including food,

biodiesel, cosmetics, and other industrial applications [42,43].
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Figure 2.1 Thai palm oil plantation area and production volume.

2.2 Fatty acid methyl ester (FAMEs)

Fatty Acid Methyl Esters (FAMEs) are essential in the production of biodiesel,
providing a renewable energy source with significant environmental, economic, and
sustainability benefits. By utilizing renewable feedstocks like vegetable oils, animal
fats, and waste oils, FAME-based biodiesel offers an environmentally friendly

alternative to petroleum fuels, delivering energy content comparable to conventional



diesel. In addition, it contributes to reducing carbon emissions and enhancing energy
security [13,14]. FAMEs consist of both saturated fatty acids (such as palmitic acid and
stearic acid) and unsaturated fatty acids (including oleic acid, linoleic acid, and
linolenic acid) [44,45]. The production of FAMEs involves the transesterification of
triglycerides with methanol, catalyzed by either an acid or base catalyst, as illustrated

in Scheme 2.1 [46]

O O
R)ko o)J\ R 0 OH
3CH;0H S —
+ 3 )k _R * HoQVOH
(6] R O
0)\ R
Triglycerides Methanol Methyl esters Glycerol

Scheme 2.1 Transesterification of triglyceride.

2.3 Methyl palmitate

Methyl palmitate (C;7H340,) is @ methyl ester derived from palmitic acid,
which occurs naturally in sources such as palm oil, coconut oil, and animal fats. It is
one of the fatty acid methyl esters produced during the transesterification process in
biodiesel production, where triglycerides react with methanol in the presence of a
base catalyst to form biodiesel (fatty acid methyl esters) [47]. The chemical structure

of methyl palmitate is shown in Scheme 2.2 [48].
0

CH
H3C /\/\/\/\/\/\/\)J\O/ 3

Scheme 2.2 chemical structure of methyl palmitate.

Additionally, methyl palmitate serves as an emollient, contributing to the
softening and smoothing of the skin, making it a common ingredient in formulations
such as moisturizers, creams, lotions, and lip balms. In pharmaceutical applications, it
functions as a solvent for active ingredients in ointments and topical creams. Methyl
palmitate is also utilized as a solvent, lubricant, and plasticizer in various industrial

applications.



Table 2.1 The chemical and physical properties of hexadecanol.

Properties

Values

IUPAC Name

Molecular Formula
Molecular Weight (g/mol)
Physical Description
Color/Form

Boling Point (°C)

Melting point (°C)
Density (g/ml)

Methyl hexadecanoate
Ci7H340;

270.44 g/mol

Liquid at room temperature
Colorless liq

a17

30

0.852 at 25 °C

Solubility Soluble in alcohol, acetone, chloroform and benzene,
soluble in ether:
Insoluble in water.

Vapor Pressure (mmHg) 6.04e-05

2.4 Fatty alcohol or long chain alcohol

Fatty alcohols are a class of alcohols derived from natural fats-and oils. These
alcohols have long carbon chains, usually ranging from 12 to 22 carbon atoms. They
are typically produced by hydrogenating fatty acids or triglycerides, which are found
in both vegetable oils and animal fats. Fatty alcohols are widely used in various
industries, including cosmetics and personal care products, where they function as
emulsifiers and thickeners. They-are also utilized as lubricants, corrosion inhibitors,
detergents, cleaning asents, and plasticizers in the production of plastics and resins

[1,2].

2.5 Hexadecanol

Hexadecanol, also known as cetyl alcohol, is a fatty alcohol with the chemical
formula Ci4H3,0OH. Hexadecanol is primarily obtained from natural sources, such
as palm oil, through processes like hydrogenation of methyl palmitate. Hexadecanol
is commonly used in the pharmaceutical, surfactants, plasticizers, industrial
applications, cosmetics, and personal care. The structure of 1-hexadecanol is shown

in Scheme 2.3 [49].



HO/\/\/\/\/\/\/\/\CH3

Scheme 2.3 chemical structure of 1-hexadecanol.

Table 2.2 The chemical and physical properties of hexadecanol.

Properties

Values

IUPAC Name

Molecular Formula
Molecular Weight (g/mol)
Physical Description
Color/Form

Boling Point (°C)

Melting point (°C)

Flash Point (°C)

Solubility

Vapor Pressure (mmHg)

Hexadecan-1-ol

Cy6H340

242.44 g/mol

Flake form at room temperature
White

344

49.3

175

Soluble in alcohol, chloroform, and
ether. Insoluble water

4.70e-05

2.6 Layered double hydroxides (L.DHs)

Layered Double Hydroxides (LDHs), often referred to as hydrotalcite-like

compounds,  derive their name from their structural similarity to the mineral

hydrotalcite. LDHs are-made up of positively charged metal hydroxide layers, which

are separated by an interlayer space that contains intercalated anions and water

molecules. These materials have a general formula of: [(M"),_,(M")(OH) I (A™ )

-nH,0l. In this formula, M** represents divalent metal ions (such as Mg®*, Zn?*, Fe?"),

while M** denotes trivalent metal ions (such as AU*, Cr**, Fe*"). A" refers to the

intercalated anions (e.g., COs*, NO5, Cl, SO4%), and x is the mole ratio of M** to the

total metal cation content (M**+M?3*) [50,51]. The structural arrangement of LDHs is

depicted in Scheme 2.4.
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Scheme 2.4. Structure of layered double hydroxide structure

Copper Layered Double Hydroxides (Cu-LDHs) are a type of Layered Double
Hydroxides (LDHSs) in which copper ions (Cu?*) are incorporated into the hydroxide
layers along with other metal ions. While Cu-LDHs share many structural and chemical
features with other LDHs, the presence of copper imparts distinctive properties, such
as enhanced catalytic activity, particularly in hydrogenation reactions. Cu-LDHs can be
synthesized through various. methods, including co-precipitation [52-54] and the
separate nucleation and aging step (SNAS) method [55]. In-this study, CuMgAl-LDHs
were synthesized using both the co-precipitation and hydrothermal techniques [32]. A
key characteristic of Cu-LDHs is the layered arrangement of metal hydroxides, where
copper ions are coordinated with hydroxyl eroups to form a stable structure. After
reduction, copper can be highly dispersed on MgAl-LDHs, enhancing their catalytic

performance.

2.7 Literature reviews

Fatty alcohols are a group of long-chain alcohols primarily derived from
natural fats and oils. These alcohols have diverse applications in industries such as
cosmetics, personal care, detergents, plastics, and lubricants [1].

The production of long-chain alcohols can be achieved sustainably through the
selective hydrogenation of Fatty Acid Methyl Esters (FAMEs) [30]. These fatty alcohols
are derived from triglycerides found in renewable resources such as vegetable oils
(including palm and soybean oil), waste cooking oils, and animal fats. In light of the

ongoing push for carbon neutrality, bio-based fatty alcohols are currently priced
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between $2,500 and $6,000 per metric ton, which is approximately double the cost of
their petroleum-based counterparts, priced between $1,500 and $3,000 per metric ton
[9-12]. In Thailand, a significant portion of FAMEs is sourced from palm oil, which
represents nearly 80% of the market’s crop production. Methyl palmitate, a saturated
methyl ester, is primarily produced through the transesterification of palm oil,
accounting for about 45% of the total output. This compound can be transformed into
various intermediate chemicals, including fatty aldehydes, fatty alcohols, long-chain
a-olefins, and long-chain hydrocarbons.

The traditional method for producing long-chain alcohols involves the selective
hydrogenation of fatty acid methyl esters (FAMEs). Several supported metal catalysts,
such as CuO/CuCr,O,, are known to achieve high conversion rates and selectivity for
alcohols. Which, Ross D. Rieke et. al. (1997) studied the hydrogenation of fatty methyl
esters to fatty alcohol using a CuO/CuCr,0Oq4 catalyst in a batch reactor. The process
was conducted at-280 °C and under hydrogen gas at 138 bar pressure for 8 h. They
found that the catalysts achieved a conversion rate of 98%, with an alcohol selectivity
of 95% [56]. The CuCr,O4 catalyst operated under the challenging conditions of high
temperature and high pressure.

However, these catalysts operate under harsh conditions. In contrast, catalysts
like Ni/SiO, [18,19], Ni-Fe/AlLO5 [20], Co/SiO,-AlLOs [21], and Co/SiO, [22] have also been
found to be effective for this hydrogenation process. Nonetheless, these catalysts
often promote decarbonylation, which leads to the formation of olefinic products with
shorter carbon chain lengths. As a result, this side reaction reduces the selectivity for
alcohol production.

In a study conducted by Mathias S. et al. (2006), the deoxygenation of stearic
acid using a catalyst of over 60% Ni/SiO, was investicated in a batch reactor. The
experiment was carried out at 300 °C under a pressure of 6 bars of helium gas for a
duration of 4 h. The results indicated that the catalyst achieved an 18% conversion
rate with a hexadecane selectivity of 58% [18]. The nickel catalyst also facilitated
decarboxylation, resulting in the production of long-chain hydrocarbons with carbon
dioxide (CO,) being released as a byproduct.

Kong et. al. studied the bimetallic Ni-Fe catalyst for the hydrogenation of stearic
acid to produce stearic alcohol in a batch reactor at 250 °C 5 h under 5 Mpa of H,

pressure [20]. They found the Ni; gFe; 5 give a high conversion of 99% with high stearic
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alcohol 98%. However, the catalyst required a relatively high reduction temperature
(650 °C) leading to the sintering of the catalyst. In addition, they found that the
conversion could not observed over Fe carbon coated catalyst. Therefore, finding the
richt metal catalyst under optimal reaction conditions is challenging.

R. Krishnapriya et al. (2012) investigated the hydrogenation and
hydrodeoxygenation of methyl oleate using 6% Co/SiO,-Al205 catalysts at under a
hydrogen pressure of 20 bar for 10 h. They discovered that these catalysts achieved
100% conversion with 51% C-17 and 42% C-18 selectivity [21]. These clearly show that
the catalyst also selectively promotes decarboxylation, and over hydrogenation also
occurs.

Phichitsurathaworn P. et al. (2020) conducted a study. on the deoxygenation of
heptanoic acid to hexene using a 5% Co/SIiO, fixed-bed reactor at 400 °C under
atmospheric pressure of H, gas. They found the catalyst provided 84.7%conversion
with a hexene yield of 46%. Also, the cracking products (C1-C5) were obtained ~19%.
In addition, they found the deactivation activity after 6 h [22]. Additionally, this cobalt
catalyst “facilitates decarboxylation, resulting - in° the production of = long-chain
hydrocarbons through the release of carbon dioxide (CO,).

Xiaohai Z. et. al. (2023) studied the hydrogenation of methyl palmitate to
hexadecanol over CuO catalysts in a batch reactor at 300°C under 7.5 bar of H, gas
for 2 h. The research observed that the catalysts show 2.6% conversion with 88.5%
hexadecanol selectivity, due to the larger Cu crystallite size. This could be attributed
to the agglomerate of Cu.

These catalysts often promote decarbonylation, leading to olefinic products
that have a chain length one carbon shorter, ‘which decreases the selectivity for
alcohol production. Additionally, they are vulnerable to CO poisoning and deactivation
due to coke formation, further limiting their long-term efficiency. In contrast, traditional
CuO catalysts exhibit better selectivity for alcohols, but they suffer from low activity
because of poor metal dispersion.

Prasanseang W. et al. (2022) described the preparation of a copper (Cu)
phyllosilicate catalyst using the ammonia evaporation method, resulting in a catalyst
with a 20% Cu loading. This method produced a catalyst with a high surface area of
344 m?/g with high Cu dispersion (72.9 %). [30]. The high Cu dispersion could be

attributed to the strong interaction between Cu and SiO,, resulting in the presence of
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both Cu* and Cu® mixture. The reaction was conducted in a fixed-bed reactor at a
temperature of 250 °C, utilizing a 10 wt% solution of methyl palmitate in dodecane
with a hydrogen flow rate of 180 mL/min. The 20CuPS catalyst achieved a high
conversion rate of 73.2%, but it demonstrated a greater selectivity for hexadecane at
41.7% compared to hexadecanol, which was 19.2%. This preference can be attributed
to the Brgnsted acid sites formed on the CuPS after reduction, which promote the
dehydration of hexadecanol, leading to hexadecane as the main product.

Cui et al. (2019) investigated the use of CuMgAl layer double hydroxides
(CuMgAl-LDHs), which were prepared using a method that involved separate nucleation
and aging steps, for the hydrogenation of dimethyl oxalate to ethylene glycol [37].
Their findings demonstrated that the CuMgAlO, (with a Mg®*/Al** ratio of 1.0) derived
from these LDHs achieved over 99% conversion. of dimethyl oxalate into ethylene
glycol through selective hydrogenation. This catalyst possesses Lewis acid and base
sites but lacks Brgnsted acid sites, which distinguishes it from Cu/Al,Os, a catalyst that
does contain Brgnsted acid sites. The study indicated that Cu/AlLO5 primarily produces
methyl glycolate, whereas CuMgAl-LDHs mainly yield ethylene glycol. This difference
suggests that the absence of Brgnsted acid sites in CuMgAl-LDHs inhibits the formation
of dehydration products. Moreover, the Lewis acid sites in CUMgAl-LDHs promote the
N*-C=0 adsorption, thereby enhancing conversion rates. Consequently, the basic
catalysts containing -highly dispersed Cu’%/Cu* species can be obtained from LDHs
derived from CuMgAlO,, leading to a high selectivity for fatty alcohols produced from
the hydrogenation of fatty acid methyl esters (FAMEs). Additionally, the catalyst’s
physical properties are influenced by various preparation parameters, including the
Cu+Mg/Al molar ratio, Cu loading, and calcination temperature. The strong interaction
between Cu and the support, along with tunable acid sites, allows CuMgAl-LDHs to
suppress the dehydration of alcohols during the reaction effectively.

The ultra-fine copper (Cu) nanoparticles, which contain both Cu® and Cu* within
the confined mixed oxide sheets, exhibit unique behaviors in terms of hydrogen
dissociation, adsorption, and evolution. These behaviors resemble those observed in
M%/M* species. For instance, Ausavasakhi et al. have demonstrated that AgHZSM-5 can
reversibly interconvert [38]. Their study on the reversible interconversion in
AgHZSM-5(28) shows that cationic Ag clusters, formed at 425 °C, can switch between

different oxidation states or ionic and metallic forms at temperatures below 425 °C.
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This process is Influenced by temperature and the presence of hydrogen. However,
metallic Ag clusters in AgHZSM-5(11) are more stable and do not undergo this
interconversion, even at higher temperatures. The zeolite’s framework and the
presence of hydrogen contribute to the stabilization of the interconverted species,
impacting their catalytic behavior, particularly in reactions that require hydride transfer

or hydrogenation.



Chapter 3

Research methodology

3.1 Reagents

Details on the reagents used in this research are summarized in Table 3.1.

Table 3.1 A list of reagents.

Chemical Grade of purity Manufactuter
Copper(ll) nitrate trihydrate (Cu(NO,),*6H,0) 99.50% QREC

Magnesium nitrate hexahydrate (Mg(NO,),*6H,0) - 98.00% PANREAC APPLI-CHEM
Aluminium nitrate nonahydrate (AU(NO,),*9H,0)  98.00% PANREAC APPLI-CHEM
Sodium hydroxide anhydrous pellet (NaOH) 98.00% CARLO ERBA

Sodium carbonate anhydrous (Na,CO,) 99.50% CARLO ERBA
Mwthanol (CH,OH) 99.90% CARLO ERBA

Methyl palmitate (C,;H;,0,) 97.00% SIGMA-ALDRICH
n-dodecane (C;,H,) 99.90% CARLO ERBA
n-octane (CgH, ) 99.90% CARLO ERBA
n-heptane (C,;H,,) 99.90% CARLO ERBA
Hydrogen 99.99% UIG company
Nitrogen 99.99% UIG company

Air (zero grade) 99.99% UIG company

10% hydrogen in argon 99.98% UIG company

Helium 99.999% UIG company

1% hydrogen in argon 99.98% Linde

1% ammonia in helium 99.99% Linde
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3.2 Apparatuses
3.2.1. Glass bead
3.2.2. Glass wool
3.2.3. Glass syringe, SGE Analytical Science
3.2.4. GC needle, SGE Analytical Science
3.2.5. Graduate pipette and bulb
3.2.6. Laboratory glassware
3.2.7. Stirrer and heater
3.2.8. Protector laboratory hood, Science Technology
3.2.9. Quartz wool
3.2.10. Quartz tube
3.2.11. Furnace, Utsakan No. SCG-14
3.2.12. Powder X-ray diffractometer
3.2.13. Gas chromatography, Agilent Technologies 78908
3.2.14. Borosilicate glass tube
3.2.15. Glass rod
3.2.16. Saturator
3.2.17. Syringe pump
3.2.18. Surface area and pore size analyzer, TOP200, Altermira Instruments
3.2.19. Alumina crucible
3.2.20. Agate mortar

3.2.21. Thermogravimetric analyzer, Pyris, Perkin Elmer

3.3 Catalyst preparation

Copper-containing layered double hydroxides (CuLDHs, ~17 wt.%) were
synthesized via co-precipitation and hydrothermal methods, following the protocol
described previously [32], with varying Mg®*/Al®* ratios. A fixed amount of copper(ll)
nitrate trihydrate (Cu(NOs),#3H,0, 2.20 g) was used for all samples. The corresponding
masses of magnesium nitrate hexahydrate (Mg(NO3),#6H,0) and aluminum nitrate
nonahydrate (A(NO;)3#9H,0) employed for CuMgsoAlscO,, CuMg70Al30,, CuMgrsAls0,,
and CuMggoAl,O, were 6.32:9.25, 7.12:8.33, 7.83:7.50, and 8.77:6.42, respectively. The

metal precursors were dissolved in 200 mL of a 50% (v/v) methanolic solution
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(solution A). Separately, 0.0142 g/mL sodium carbonate (Na,CO3) and 0.0177 g/mL
sodium hydroxide (NaOH) were dissolved in 200 mL of the same methanolic solution
to prepare solution B, which was used to control the pH during the formation of
CulLDHs. Solutions A and B were simultaneously added dropwise at a rate of 2
mL/min into 200 mL of methanolic solution under vigorous stirring, maintaining the
pH at 10 + 0.3 (Figure 3.1). The resulting suspension was stirred at the same pH for
an additional 10 minutes before being transferred to a 1 L HDPE bottle for aging at 65
°C for 24 h without stirring. The aged solid was filtered, washed with deionized water
until neutral pH, and dried at 90 °C for 24 h, yielding the precursor material, denoted
as CuMgALO,-pre. The precursor was subsequently calcined under airflow (60 mL/min)
at 550 °C (heating rate of 2 °C/min) for 12 h to produce mixed metal oxide catalysts,
denoted as CuMgAlO,. Prior to catalytic evaluation, all CuMgALlO, catalysts were
reduced at 250 °C undera flow of H, gas (60 mL/min) for 2 h.

Figure 3.1 a) A solution containing mixed metals (stock solution A), and b) a solution

acting as a base (stock solution B).

3.4 Catalysts characterization

The surface area of the samples was determined using an N2 adsorption-
desorption analyzer (TOP200, Altermira Instruments) following the Brunauer-Emmett—
Teller (BET) method. Approximately 50 mg of the sample was degassed at 100 °C for
12 h before introducing N, at -196 °C for the adsorption-desorption experiment.

Elemental compositions of copper (Cu), magnesium (Mg), and aluminum (Al) were
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quantified via inductively coupled plasma-optical emission spectrometry (ICP-OES,
Avio 500 Max, PerkinElmer). A 0.05 ¢ sample was digested in a solution containing 30
mL of H,SO,4 and 15 mL of HNOs, heated to 210 °C for 12 h at a rate of 2 °C/min.
Post-digestion, the solution was filtered, diluted with deionized water, and analyzed.

Thermal stability and weight loss of the samples were assessed using
thermogravimetric analysis (TGA/DSC1, Mettler Toledo). Approximately 30 mg of the
sample was heated under a N, atmosphere from 50 to 900 °C at 10 °C/min. X-ray
powder diffraction (XRD) (SmartLab, Rigaku) was employed to determine structural
features and crystallite sizes using Cu Kq radiation (1.54441 R), a KB filter (0.4970), a
step width of 0.010°,and a scan speed of 50°/min with a total acquisition time of 2
min. Morphological and topological characteristics were investigated by transmission
electron microscopy (TEM) using a TECNAI' G2 20 (FEI) equipped with energy-dispersive
X-ray spectroscopy (EDX) mapping. For TEM analysis, ~10 mg of the sample was
dispersed in ethanol and sonicated for 1 min, and 50 pL of the suspension was
deposited on a carbon film-supported nickel ¢rid and dried at ambient conditions.

Acid strength and acidity were evaluated using NH; temperature-programmed
desorption (NH;-TPD) on a custom-made instrument equipped with a thermal
conductivity detector (TCD, VICI Valco Instrument). Prior to. NH;-TPD, ~50 mg of the
CuMgALO, catalyst was reduced under H, flow (60 mL/min) at 250 °C for 2 h at a
heating rate of 10 °C/min. After cooling to room temperature, the catalyst was
exposed to 1% NH/Ar (60 mL/min) for 1 h, followed by He flushing to remove
physisorbed NHs;. Desorption was monitored by heating from 50 to 900 °C at 10
°C/min. The TCD signal was recorded in both the heating and cooling steps and
calibrated using HZSM-5 as a standard.

The reducibility of the samples was assessed using H, temperature-
programmed reduction (H,-TPR) with a custom-made instrument equipped with a
thermal conductivity detector (TCD, VICI Valco Instrument). Approximately 50 mg of
the CuMgAlO, sample was first calcined in the air (flow rate: 60 mL/min) at 550 °C for
12 h with a heating rate of 2 °C/min. After calcination, the sample was cooled to room
temperature under a nitrogen atmosphere. The H,-TPR analysis was performed by
heating the sample under a 10% H,/Ar gas flow (60 mL/min) from 80 to 900 °C at a
rate of 10 °C/min. The TCD signal was recorded during both the heating and cooling

steps. Calibration of the TCD response was carried out using CuO as a standard.
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Additionally, a standard pulse containing 1% H,/Ar was injected after each H2-TPR
analysis for validation and quantification purposes.

The dissociated N,O adsorption technique was utilized to estimate copper (Cu)
dispersion, following a methodology similar to H,-TPR. Initially, the CuMgAlO, sample
was calcined at 550 °C with a heating rate of 2 °C/min. The first H,-TPR analysis was
then conducted by heating the sample from 80 °C to 350 °C at 10 °C/min under a 10%
H,/Ar flow (60 mL/min) and maintaining the temperature at 350 °C for 2 hours to
determine the initial H, consumption, during which all copper species were reduced.
Subsequently, the sample was cooled to 60 °C under a nitrogen flow (60 mL/min), and
the catalyst surface was oxidized using N,O (60 mL/min) at 60 °C for 1 hour. Excess
N,O was then flushed out by flowing nitrogen at 100 °C for 1 hour, after which the
sample was cooled to room temperature. A secondary H,-TPR analysis was performed
under identical conditions to the first H,-TPR. The hydrogen consumption data
obtained from the primary and secondary H,-TPR analyses were used to calculate the
dispersion of copper on the surface. The Cu dispersion was determined using the
equation provided in Figure A5 [57].

Consecutive H,-TPR measurements were conducted using a custom-made
instrument equipped with a thermal conductivity detector (VICI, Valco instrument) to
investigate the reversible interconversion of Cu’/Cu’-H species in the CuMgAlO,
catalysts. Approximately 50 mg of the CuMgALlO, sample was ground to a 20-mesh
particle size and packed into a quartz tube placed in the reactor’s heating zone.
Initially, the sample was recalcined-in an-air flow (60-mL/min) at 550 °C for 12 hours
at a heating rate of 2 °C/min. Following calcination, the sample was cooled to room
temperature under a nitrogen atmosphere. The first H,-TPR measurement was
performed by heating the sample from-80 °C to 350 °C at a rate of 10 °C/min under a
flow of 10% H,/Ar (60 mL/min). The temperature was held at 350 °C for 2 hours to
record the first H, consumption. Subsequently, the system was purged with nitrogen
gas (60 mL/min) and left at room temperature for 24 hours without exposure to air.
This heating and measurement procedure was repeated under identical conditions
for a total of four cycles to assess the H, consumption during each step and to
determine the reversible interconversion behavior of Cu*/Cu®-H species in the

catalyst.
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The in situ H, evolution experiment was conducted to verify the reversible
interconversion of copper species. A catalyst sample (5-6 mg) was pretreated under
a mixed O,/N, flow (12 mL/min O, and 48 mL/min N,) at 400 °C for 2 h, followed by
cooling to room temperature under N, flow (48 mL/min). Subsequent reduction was
performed using 10% H, in N, (60 mL/min) at 250 °C for 2 h with a ramp rate of
10 °C/min. The sample was then cooled to room temperature under N, flow (48
mL/min). Residual hydrogen in the gas phase was purged with N, (60 mL/min) until
no hydrogen was detected in the effluent. Temperature-programmed desorption
(TPD) was carried out by heating the catalyst from room temperature to 400 °C at a
rate of 10 °C/min under N, flow (60 mL/min) and holding at 400 °C for 30 min. During
the experiment, the concentrations of hydrogen (m/z = 2), nitrogen (m/z = 28), and
water (m/z = 18) were continuously monitored using a quadrupole mass spectrometer
(PFEIFFER VACUUM, PrismaPlus® QMG 220 F with Faraday detector), calibrated with
standard gas mixtures.

In_situ time-resolved X-ray absorption near edge spectroscopy (in situ TR-
XANES) was conducted at beamline BL2.2: TRXAS, Synchrotron Light Research
Institute (SLRI), Thailand, to elucidate the oxidation states of Cu species (Cu’/Cu*) in
the catalysts. The measurements utilized an energy-dispersive monochromator and a
position-sensitive detector. Cu K-edge XANES spectra were recorded with an
integration time of 2000 ms per scan, averaging 10 scans per sample. The composition
of Cu species was quantified through Linear Combination Fitting (LCF) using Athena
software, with Cu foil, Cu,0, CuO, and CuSOy as reference standards. The LCF fitting
was performed in the energy range of 8962-9042 eV, with the edge energy (E°) fixed.
The fitting procedure ensured that the sum of the component fractions equaled

unity, achieving an R-factor of <0.05, using the Athena software of XANES spectra.
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3.5 Catalytic testing

The selective hydrogenation of methyl palmitate (MP) was performed in a
fixed-bed reactor under atmospheric H, pressure. Prior to the reaction, the catalyst
precursor (CuMgAlO,-pre) was calcined at 550 °C under an air flow of 60 mL/min.
Subsequently, 0.25 g of the CuMgAlO, catalyst was packed into the reactor and
recalcined at 550 °C for 12 h under the same air flow. The catalyst was then reduced
under H, at a flow rate of 60 mL/min at 250 °C for 2 h. Following this, a solution of 10
wt% methyl palmitate in n-dodecane was introduced into the reactor at a feed rate
of 2.4 mL/h, with the reaction maintained at 250 °C under H, flow at 180 mL/min, as
depicted in Figure 3.2. To prevent product solidification, the reactor outlet was
maintained at 70 °C, and the reaction products were collected and analyzed using gas
chromatography (GC-FID) equipped with a DB-1 capillary column. The conversion,
yield, selectivity, hydrogenation activity, and alcohol production rate were calculated
using the following equations:

mol of MPy-mol of MP;

MP conversion (%) = x 100
mol of MPy

mol of product Ay

Yield (%) = x 100
mol of MP,

Yield of product A (%)
Selectivity (%) = x 100
MP conversion (%)

mmol of converted MP (mmol/h)

Hydrogenation rate (mmol = /h:g ) =
feed cat Weight of catalyst (g)

Weight of hexadecanol production (g/h)

Alcohol production rate (h?) =
Weight of catalyst (g)

Total yield

Mass balance (%) = —x 100
Conversion
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Chapter 4

Main results and discussion

4.1 Catalyst characteristics

hydroxide (LDH) samples, CuMgAlO,-pre (Figure 4.1), with varying M?*/M** molar
ratios ranging from 2.2 to 4.8 (Table 4.1), exhibited characteristic diffraction peaks
typical of LDHs, as previously reported in the literature [58]. The observed 26 values
at 11°, 24°, 35°, 38°, 46°, 60°, and 62° corresponded to the Mg-Al LDH phases at the
003, 006, 009, 105,108, 110, and 113 diffraction planes, respectively (Figure 4.2). No
crystalline phases of MgO, CuO, or Al,O5; were detected, suggesting that the

incorporated Cu®* ions likely substituted Mg?* in the cationic octahedral layers, which

are intercalated with anionic layers consisting of carbonate (COs*) and water

The X-ray diffraction (XRD) patterns of Cu-containing layered double

molecules, as illustrated in Scheme 4.1.

Intensity (a.u.)

Figure 4.1 XRD patterns of CuLDHs, the mixed metal oxide catalyst precursors.
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Table 4.1 Physical and chemical properties of Cu-containing double layered

hydroxide samples.

Ent Catalysts ~ Ma' My MyS %Mpumg %Ma CuMg/Al Neradorpton ¢ -~ ti ¢ Ct: ¢ Do
Ty atalys (%) (%) (%) %(Mpg + May) %(Mmg + Ma1) molar ratio (%ng%/lgé; (HD n?) (cryngng) ?r:::ll/)g):n (;:%';4 (%)

1 CuMgg,Al,,0, 0.27 0.64 0.41 61.16 38.34 22 121 35.78 0.69 2.72 17.3 72

2 CuMg;,Al,,0, 0.27 0.73 0.36 67.30 32.70 2.8 113 37.88 0.59 2.72 17.3 81

3 CuMg,sAL,0, 0.29 0.80 0.26 75.30 24.70 4.1 153 31.56 0.63 2.75 17.5 85

4 CuMgg,AL,0, 0.27 0.94 0.26 78.87 21.13 4.8 115 36.86 0.92 2.72 17.3 93

a Mole of Cu, Mg, and Al Calculated from ICP-OES in Table B1, ® Determined by N,

adsorption-desorption analysis (BET), © Determined by the BJH method (Figure 4.2),

4 Estimated by H,TPR, € Calculated by conventional dissociative N,O adsorption.

Intensity (a.u.)
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Figure 4.2 XRD patterns of the precursor MgAl-LDHs.
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Scheme 4.1 Copper containing layered double hydroxide structure (CuLDHs).

In addition, a slightly broader peak, indicative of a smaller crystallite size, was
observed (Figure 4.1) as the Al content increased (i.e., as the Mg content decreased)
from CuMggoAl,nOy to CuMggAly O, (Table B1). Specifically, Table 4.2 reveals that
CuMggoAlg Oy exhibits a crystallite size of approximately 8 nm, while CuMg;oAl;,0;,
CuMg7sAL50,, and CuMggeAl,0O, have crystallite sizes in the range of 11-12 nm. This
trend is likely attributed to the lower M**/M?" molar ratio in CuMg,Al,0, (2.23, Table
4.1), which contains fewer M?* species than conventional LDHs (e.g., MggAlL(OH);4COs,
with M#*/M>* = 3). Consequently, the octahedral sheets in-CuMgg,AlsOy would
incorporate more Al**, leading to cationic layers with a higher positive charge. This
would necessitate the presence of more exchangeable anionic species to balance
the charge, resulting in higher water retention in the interlayers. Therefore, CuLDHs
with higher Al content are expected to-exhibit a more labile structure. Supporting this
notion, the initial weight loss (50-200 °C), likely due to absorbed water (Table 4.2
and Figure 4.3), increases with increasing Al content (CuMggoAl,00, < CuMg75ALs0, <
CuMg;oAL300O, < CuMggAlyoO,). The carbonate content, as determined from TGA,
between 200-500 °C (decomposition of interlayered carbonates) and 500-700 °C
(decomposition of more stable carbonates), is listed in Table 4.2. It is noteworthy
that the carbonate content across all samples is similar (~24-28 wt.%), suggesting an

increase in hydroxide (OH) ions to compensate for the cationic layers with higher Al
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content. This, in turn, leads to higher water content, likely due to stronger hydrogen
bonding within the more highly polarized interlayers. Thus, the water content is

inversely related to the (Cu** + Mg )/Al** molar ratio.

Table 4.2 Crystallite size and thermogravimetric analysis.

Entry Catalysts Crystallite size® wt.% loss determined by TGA
precursor (nm) 50-200 °C 200-500 °C 500-700 °C
1 CuMggAl,0,-pre 8.3 16.0 17.4 3.2
2 CuMg,,Al,O, pre 11.6 13.5 18.7 3.8
3 CuMgyAl,O,pre 12.3 12.1 18.6 6.3
4 CuMgg,Al,O,-pre 11.1 8.1 17.6 3.5

9 Determined from XRD using Scherrer method at 26 = 11°
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Figure 4.3 TGA profiles (from 50 to 900 °C) of i) CuMgsoAlgOs-pre, i) CuMgAlsOs-pre,
iii) CuMg75ALs0,-pre, and iv) CuMggyAly Oy-pre.

After calcination at 550 °C, the structural collapse of LDHs was observed in all
samples (Figure 4.4a), accompanied by the expected dehydroxylation of brucite-like
layers and decomposition of interlayer COs* species. However, the TGA of the

calcined samples confirmed the absence of significant CO5s* decomposition within
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the 200-500 °C range, as shown in Figure 4.5. Only trace amounts (<2 wt.%) of non-
layered metal carbonates were detected. The resulting CuMgALO, catalysts exhibited
surface areas in the range of 100-150 m?/g, with interparticle voids of 32-36 nm
(Table 4.1, Figure 4.6) [35,55,59-61]. XRD patterns revealed the presence of periclase
(MgO) peaks at 20 = 35°, 43°, and 64°, with increasing peak intensity correlated with
higher M#*/M>* molar ratios (CuMggoAlsoOy < CuMg;0Als0, < CuMgrsAL50, <
CuMggoAl,00,), consistent with the increasing Mg?* content (Table 1). Notably, no
crystalline CuO or ALL,O; phases were detected despite the substantial Cu (~17 wt.%)
and Al (7-11 wt.%) contents. This suggests a high dispersion of Cu?* and Al** species
within MgO crystallites. Given that Cu®** and A**ions in CuLDHs occupy discrete
octahedral sites, strong interactions between Cu?* and MgO or Al,05 are likely,
effectively inhibiting CuO-agglomeration post-calcination, as previously reported in

the literature [35].
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Figure 4.4 XRD patterns of a) calcined and b) reduced mixed metal oxide catalysts.
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A higher A* content not only reduces the crystallinity of CuMgALO, but also
significantly suppresses the reducibility of Cu** species, as evidenced by H,-TPR profiles
(Figure 4.7). For Al-rich samples (CuMggoAloOy and CuMgreAls,0,), the reduction of Cu?*
to Cu® occurred at a higher temperature (~253 °C, Figure 4.7, i and ii), characterized by
a broad reduction peak. In contrast, MgO-rich samples (CuMg75Al,50, and CuMggoAl,0,)
exhibited lower reduction temperatures (~222-225 °C, Figure 4.7, iii and iv). This trend
suggests a stronger interaction between Cu®* and AU, likely forming Cu?*-Al,O;
species, compared to the weaker interaction of Cu** with Mg®* (Cu**~MgO) [62].
Supporting this observation, Cu impregnated on AlLO; (Cu/AlL,Os) has been reported to
reduce at a higher temperature (~249 °C) [63], whereas Cu doped on MgO (Cu/MgO)

exhibits a lower reduction temperature (~215 °C), consistent with the reduction profile

shown in Figure 4.8.

252 °C
/ \\
J 77 W)Y Lo € (f o) UTMzgd, Q)
254 °C
< i) CuMg;4Al; 0,
g 222°C
=
a
S}
= iii) CuMg,;Al,O,
225°C
iv) CuMgg Al O,

T g T ¥ T T T T T . I T
100 200 300 400 500 600 700 800 9200
Temperature (°C)

Figure 4.7 H,TPR profiles of i) CuMggAloOy, i) CuMgroAlsgO,, i) CuMgzsAls0,,
and iv) CuMggoAlyoOy.
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Figure 4.8 H,-TPR profiles of Cu/MgO.

Despite the “higher Cu?* reduction temperatures observed for CuMgAlO,
samples with lower M?*/M>* molar ratios, all samples exhibited highly dispersed Cu
nanoparticles. No crystalline metallic Cu phases were detected by XRD, even at a
relatively high Cu loading (~17 wt.%, Figure 4.4b). TEM analysis further confirmed the
presence of ultrafine Cu nanoparticles homogeneously dispersed on the folded sheet-
like structures of the mixed oxides (Figure 4.9). This suggests that, upon calcination,
the lamellar Cu** oxide structure disintegrates within the collapsed LDH layers due to
strong Cu-AlLOs interactions.” The —resulting fragmented Cu®" oxide sheets are
subsequently reduced to Cu nanoparticles within the confined mixed-oxide matrix.
Consistent with this hypothesis, all samples exhibited exceptionally high Cu dispersion
(>70%), as determined by the N,O-dissociative reaction (Figure 4.10). Moreover, Cu
dispersion increased with Mg®* content, ranging from 72% to 93% for CuMggAlsOy to

CUMggoAlzooX (Tab[e 1)
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Figure 4.9 TEM images of i) CuMggAlyO,, i) CuMgzoAl30,, iii) CuMgzsAlys0,,
aﬂd |V) CUMggoALZOoX.
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Figure 4.10 The N,O-dissociative reaction profiles of i) CuMgsAlgoOy, i) CuMg7oAl300,,
i) CuMgz5AL50,, and iv) CuMggeAlyOy (first H-TPR (solid line) and second H-TPR
(from 80 to 350 °C) after dissociative N,O-adsorption).

The total H, consumption measured by H,-TPR corresponds to the Cu loading,
assuming a complete reduction of Cu** to Cu® (Table 4.1). However, in situ time-
resolved X-ray absorption near-edge spectroscopy (in situ TR-XANES) of CuMg;sAl,50,
reveals a substantial fraction of residual Cu* species after reduction (Figure 4.11). The
Cu K-edge energy of the reduced sample appears at 8983.2 eV, with a pre-edge feature
at 8980.6 eV, closely matching the Cu,O reference. Linear combination fitting (LCF)
analysis confirms that even after reduction at 250 °C for 2 -h, CuMg7sAl,50, retains 70%
Cu+ species, with only 30% metallic Cu present. Given this high Cu* fraction, a
significantly lower H, consumption would be expected. The apparent discrepancy
between H, uptake and the persistence of Cu® in the reduced sample suggests that
the formed Cu® species can further interact with H,, leading to the formation of
copper(l) hydride (Cu*-H) species upon reduction (Scheme 4.2). The reduction of Cu?*
to Cu*-H would theoretically consume one equivalent of H,. However, Cu*-H species
are relatively unstable and can undergo reversible decomposition into Cu* and H,
under an inert atmosphere, a process referred to as “reversible interconversion”

[38,39].
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Figure 4.11 In situ TR-XANES 'spectra of reduced CuMgzsAl;s0, catalyst and Cu
standards (Cu foil (8979.0 V), Cu,O (8980.5 eV), CuO (8990.2 eV, square planar
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To confirm the reversible interconversion of Cu*/Cu’-H species, consecutive H,-TPR
experiments were conducted. The samples were first reduced under H, at 350 °C for
2 h, followed by purging with N, at room temperature for 24 h. Without exposure to
air, a second H,-TPR was performed. As anticipated, no secondary H, consumption was
observed for a typical CuO sample, as a complete reduction to metallic Cu occurred
during the initial H,-TPR (Figure 4.12i). In sharp contrast, all CuMgAlO, samples
exhibited a secondary H, consumption at a lower temperature (150-160 °C, Figure
4.12ii-v) compared to the first reduction step (220-250 °C). This secondary reduction
temperature aligns with the reduction of surface Cu,O (~150 °C), as indicated by N,O-
dissociative reaction profiles (Figure 4.10). The observed secondary H, consumption,
despite the absence of air exposure, suggests that during the first H,-TPR, the lamellar
Cu?* oxide structure undergoes reduction, forming both metallic Cu and Cu*-H species
(Scheme 4.2). Upon purging under N,, Cu*-H species (Ill) decompose into Cu* (IV) and
release H,. Consequently, the secondary H, consumption is attributed to the
regeneration of Cu*-H species from Cu’ at a lower temperature. This reversible process
was sustained for at least three consecutive cycles with consistent H, consumption
(0.91 mmol/g, Figure 4.13), further reinforcing the dynamic Cu*/Cu*-H interconversion
across all CuMgAlO, samples. Additionally, the evolution of H, from Cu*-H species was
directly detected via quadrupole mass spectrometry (Q-MS) during the heating of
reduced CuMg;sAl,50,, as depicted in Figure 4.14.
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Figure 4.14 H, evolution from the reduced CuMg;sAl,50, sample detected by the

mass spectrometer (Q-MS).

The amount of Cu'/Cu™H can be quantified from the secondary H,

consumption (A) obtained during the reversible interconversion as represented in eq.

(1).
“Hy +xCu” > xCu'-H  _eq. (1)

The first H, consumption (A;) is the reduction of Cu®* to metallic Cu and Cu*-

H as shown in equation 2, where x is the fraction of Cu* in the sample.
(x)H, +(1-x)H, + Cu** = xCu’-H + (1-x)Cu® eq. (2)

Since, half equivalent of H, is consumed for Cu®* to Cu*, and another half
equivalent of H, was used for Cu* to Cu*-H. The fraction of Cu* in the sample (x) can
be calculated from 2 mol of H, consumed for Cu* to Cu*-H in eq. (1) divided by the
total mol of H, consumed for reduction of Cu?* in eq. (2).

X = 28/A;
It is noted that the fraction of metallic Cu in the sample can be calculated from 1-x.

During the N,O-dissociative reaction, not only the surface metallic Cu would

be oxidized to Cu*yace (5), but also the Cu*-H (x) would be decomposed to Cu* as

shown in eq. (4)
xCuH + (1-x)Cu® 2 xCu' + sCu*ppee T (1-x-8)Cu% . €q. (4)

Therefore, the observed secondary H, consumption in Figure 5 is not solely

derived from the reduction of the partially oxidized Cu surface (Cu*ace) because it
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would include the additional H, dissociation on remaining Cu* to form Cu*-H species.
Accordingly, the hydrogen consumption after N,O dissociative adsorption (A;) would
be a combination of the hydrogen consumption for the Cu*-H (A,) and Cuface @S

shown in eq. (5).
%Hz + %Hz + xCu" + sCugyace 2 XCuH + sCuface eq. (5)

Hence, the hydrogen consumption of Cu*gace (As) can be deduced from the
H, consumed in eq. 5 (A;) subtracted with the hydrogen consumption of Cu* (A,) as
below.

Ac = As-A,

Accordingly, the fraction of metallic Cugyrace (5) could be derived from the
CU%surface; Which can be calculated from 2 mol of A, over the total hydrogen
consumption of Cu?*in the first H-TPR (A,).

S = 2(As-A)/Aq

The amount of Cu*, metallic Cu, and Cug;ace Of all samples can be calculated
and summarized in Table 3, the fraction of Cu* and metallic Cu obtained from this
calculation is-also in line with the result from in situ TR-XANES (70% Cu* and 30% Cu’
in Figure 6). Therefore, the Cu species remaining in CuMgALO, can be determined from
the combination of H,-TPR, N,O-TPR, and consecutive H,-TPR with the calculation

described above.

Table 4.3 Cu species and corrected Cu metal dispersion of CuMgAlO, samples.

Metallic Cu (%)
Entry  Catalysts Cu* (%)
Total Clgyrace
1 CuMggAl40, 54 46 18
2 CuMg;Al;0, 66 3 14
3 CuMg;5Al,50, 68 32 17
4 CuMggAlyO, 86 13 7

As presented in Table 4.3, all CuMgAlO, samples exhibit a significant fraction
of Cu*/Cu*-H species (50-86%). A clear correlation is observed, wherein an increase in
Mg?* content corresponds to a higher proportion of Cu*/Cu*-H species and a

concomitant decrease in metallic Cu species. This finding underscores the pivotal
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role of Cu**-MgO interactions in CuMgAlQ,, which facilitate the dispersion of Cu®*
species within the MgO lattice, as corroborated by XRD analysis. Such an interaction
inhibits the formation of bulk CuO and Cu-Al,O5; (copper aluminate) phases upon
calcination. Despite the reduced metallic Cu content, an increase in Mg** content
enhances Cu dispersion. This observation further suggests that strong Cu®*-MgO
interactions at elevated Mg** concentrations promote the formation of smaller
metallic Cu particles, likely in the form of Cu clusters, as evidenced by the lower

reduction temperatures in H,-TPR (Figure 4.10).

4.2 Catalytic activity

The similar hydrogenation activity of CuMggAlg Oy and CuMg;oAl3O, was
observed (~53-54% conversion, Table 4.4, entry 1-2), which can be attributed to their
similar Cu dispersion (~40%, Table 4.3). Hexadecanol (C16-OH) was the primary
product, obtained with ~42% yield and ~80% selectivity. In contrast, only minor
yields of hexadecanal (C16-al, ~6%), hexadecane (C16-ane, ~6%), and iso-hexadecene
(iso-Cl6-ene, ~6%) were observed. These results highlight the high selectivity of
CuMggAlgoOy and CuMeg70AL;00, for the hydrogenation of fatty acid methyl esters to
alcohols. This selectivity can be ascribed to the relatively high Cu™ content in these
catalysts, which facilitates M'-adsorption of the C=0 bond, promoting direct
hydrogenation to the corresponding alcohol (Scheme 4.2). Moreover, the weak
interaction between the alcohol product and Cu* enhances desorption, while the
presence of Cu’ suppresses re-adsorption, thereby minimizing dehydration and
isomerization to hydrocarbon by-products. Only trace amounts of hexadecanal, the
primary intermediate (Scheme 4.3), were detected over CuMgg,Als O, and
CuMg70Al;00,, indicating that aldehyde hydrogenation proceeds at a faster rate than
ester hydrogenation, consistent with previous reports [64]. However, the small
quantities of hexadecane and iso-hexadecene suggest that hexadecanol undergoes
dehydration and isomerization, likely catalyzed by acidic surface sites, presumably
Al-OH species. Supporting this hypothesis, NH;-TPD analysis (Figure 4.15) revealed
only trace acid sites (<10 gmol/g) in CuMggoAly O, and CuMgzoAl;,0y, which may

contribute to the minor formation of hydrocarbon by-products.
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Table 4.4 Catalytic activity, product yields, and selectivity in hydrogenation of methyl
palmitate over CuMgAlO, catalysts.

Yield (%) Q Selectivity (%)
C . Hydrogenation Al;ohq')l o ° 2 N °
Entry Catalysts om;ersmn rate production = 8 g = = = g $
(%) rate o 7 ? & = o T y NS
(mmo}/ !l'gcat) -1 G ° n b = vy e N -
= ® 505 & Y &8 T ° g %
© S & 2 ° S
1 CuMggAl,0, 537 1.43 419 420 57 26 29 99 781 106 48 53
2 CuMg,ALO, 528 1.41 426 422 46 23 27 98 799 88 44 51
3 CuMg,AlL0, 571 1.52 493 515 29 - L1 98 902 52 - 20
4 CuMgguALO, 306 0.81 275 277.20 03 04 99 904 67 09 13

(Reaction condition: 0.25 ¢ of catalyst, 10wt.% methyl palmitate in dodecane,
reaction temperature at 250 °C, calcination temperature at 550 °C, reduction

temperature at 250 °C, H, 1. atm (180 mL/min), The activity is at 1 h on stream).

7 e 7 o RO 0 Ro~F”
_ —— e
R\/\)J\OCI{; -CH,0H R\/\/lLH OH
Methyl palmitate (MP) Hexadecanal Hexadecanol Hexadecene

l [somerization
R/Y
iso-hexadecane

Scheme 4.3 Reaction pathway of methyl palmitate conversion over Cu-based

catalysts.
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Figure 4.15 NHs-TPD desorption profiles of reduced samples; i) CuMggoAlgoO,,
||) CUMg7oAL300X, |||) CUMg75AL25OX, and lV) CUMggoAlzooX.

An increase in the Mg*/A®* ratio enhanced the hydrogenation activity, as
evidenced by the higher conversion observed for CuMgzsAlsOy (57%, Table 4.4, entry
3) compared to CuMggoAlgO, and CuMg,oAlsOy (~53-54%). This improvement can be
attributed to the higher Cu dispersion in CuMg7zAlsO, (85%, Table 4.3, entry 3) relative
to CuMggoAlgOy and CuMg;0Als,Oy (72=81%). Consistent with this, a lower yield of C16-
al (~3%, down from ~7%) was obtained, suggesting an increased C=0 hydrogenation
activity. Additionally, CuMgzsALsO, exhibited a higher yield of C16-OH (~10%) with only
trace amounts of Cl6-ene, likely due to the increased concentration of Cu*/Cu*-H
species, which facilitate alcohol desorption and prevent re-adsorption.

However, in CuMggoAly,0O,, an excess of Cu/Cu’-H species resulted in a decline
in activity, likely due to the relatively lower metallic Cu content (~7%). As a result,
CuMggoAl,nO, exhibited a lower C16-OH yield (28%) with only trace amounts of C16-
ene. These findings suggest that a balance between the active Cu surface (Cugyface) and
cationic Cu(l) species (Cu*/Cu*-H) is crucial for the selective hydrogenation of methyl
palmitate to hexadecanol. Given that the reducibility of CuMgAlO, can be tuned by

varying the Mg®*/Al** ratio (Figure 4.7), the fraction of Cug,f.cc and Cu* species can be
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modulated accordingly (Table 4.3). As shown in Figure 4.16, the Cug,ce/Cull) ratio
plays a key role in hydrogenation selectivity. While cationic Cu(l) species facilitate feed
adsorption/activation and alcohol desorption, metallic Cu remains essential for
catalytic activity. The hydrogenation conversion increases with the Cugce/Cu(l) ratio
up to 0.25, likely due to the enhanced hydrogen dissociation capacity of metallic Cu,
complementing the adsorption/activation role of Cu*/Cu*-H species. However, when
the Cugace/Cull) ratio exceeds 0.25, the overall hydrogenation activity declines,
presumably due to an insufficient concentration of Cu+ species for effective methyl

palmitate activation, despite the availability of metallic Cu sites.
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Figure 4.16 Effect of the ratio between active Cu surface (Cu o) and cationic Cu(l)
species (Cu*/Cu*-H species) in. CuMgAlO, catalysts on selective hydrogenation of
methyl palmitate. (Reaction condition: 0.25 ¢ of catalyst, 10wt.% methyl palmitate
in dodecane, reaction temperature at 250 °C, calcination temperature at 550 °C,
reduction temperature at 250 °C, H, 1 atm (180 mL/min). The activity is at 1 h on

stream).
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To elucidate the role of Cu* species in the catalytic performance, a 20Cu/SiO,
catalyst, prepared via impregnation (lacking Cu* species), was evaluated. This catalyst
exhibited significantly lower activity, requiring a three-fold higher catalyst loading to
achieve a comparable conversion (~53%) to that of CuMg;sAlsO, (Figure 4.17).
Moreover, 20Cu/SiO, demonstrated only 44% selectivity toward hexadecanol (C16-
OH), with a notable formation of side products, particularly C15-ene, a decarbonylation
product. In contrast, CuMg7sAl,50, achieved ~90% selectivity for C16-OH, highlighting
the crucial role of Cu* species in promoting selective hydrogenation while suppressing

undesired side reactions.

100

90—-
80—-
70-
60—.

50 - .
40

) oA o v PR

20

Conversion (%)

10 1

Time on stream (h)

Figure 4.17 Time-on-stream of selective hydrogenation of methyl palmitate using
20Cu/SiO, catalysts (M Conversion P Hexadecanol =~ # iso-Hexadecene

1-Hexadecane €@ Cl6-nal e C15), Reaction conditions: 0.75 ¢ of catalyst, 10wt.%
methyl palmitate in dodecane (flow 2 mL/h), reaction temperature at 250 °C,
calcination temperature at 550 °C, reduction temperature at 250 °C, H, 1 atm (180

mL/min), Contact Time 1,334 ¢g.h/mol.

In a flow reactor, the CuMgzsAl,50, catalyst exhibited significantly higher alcohol
selectivity (~90%, Table 4.5) compared to other Cu-based catalysts (<60%). While
competitive adsorption of alcohols is generally more pronounced in flow systems, the
presence of Cu®/Cu’-H species in CuMgAlO, effectively suppresses alcohol re-

adsorption, thereby minimizing side reactions such as dehydration and isomerization.
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Notably, the alcohol selectivity achieved in this study (~90%) is comparable to that
observed in batch reactors (>80%), suggesting that re-adsorption inhibition in the flow
system operates similarly to liquid-phase reactions, where ester-feed adsorption
predominates. These findings further highlight the critical role of cationic Cu(l) species

(Cu*/Cu*-H) in governing the selective hydrogenation of esters to alcohols.

Table 4.5 Comparison of selective hydrogenation of methyl palmitate to hexadecanol

using various Cu-based catalysts.

Reaction Alcohol Alcohol

Entry Catalysts R:“tel:n P?:’s::_l)re temperature COII(\")ZI;SIOD selectivity production Ref.
al ©0) (%) rate (h)

. This

I CuMgjAlsO,  Fixed-bed 1 250 571 90.12 493 work
2 20Cu/SiO, Fixed-bed 1 250 13.0 60.1 6.9 30
3 20CuPS Fixed-bed 1 250 73.2 19.2 10.9 30
4 0.05K-rCuPS Fixed-bed 1 250 54.9 60.1 31.1 31
5 Cuwm-Zr0, Batch 75 300 94.6 933 167.5 65
6 CuO Batch 75 300 2.6 80.8 0.3 65
7 1%PECUE:D/ gy 55 250 6.5 85.9 185.7 66

diatomite

8 CuCr,0, Batch 138 280 98.0 95.0 1.1 56

The CuMgAlOx catalysts demonstrate not only high alcohol selectivity but also
exceptional stability (Figures 4.18 and 4.19) compared to other Cu-based catalysts such
as CuO [65], CuCr,O4 [56], Cu/SiO; [30], 20CuPS [30], 0.05KCuPS [31], 1%Pd-
Cu(3:1)/diatomite [66], and Cu/m-ZrO, [65], which typically suffer from deactivation. In
particular, CuMg7sALsO, exhibited stable conversion and yields over 100 h (Figure
4.19). This stability is attributed to the high content of Cu* species (>50%, Table 3) in
the catalysts, which undergo reversible interconversion to Cu*-H species under
hydrogen. The reversible Cu*/Cu*-H interconversion facilitates hydrogen dissociation
and evolution on the catalyst surface, akin to the behavior observed in Pd-based
catalysts [67,68]. This dynamic process prevents hydrogen transfer from carbon-
containing species (such as esters, alcohols, alkenes, etc.), which could lead to
carbonaceous deposit formation, thereby ensuring the catalyst surface remains

accessible for feed adsorption and activation.
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Figure 4.18 Time-on-stream of selective hydrogenation of methyl palmitate using
i) CuUMggoAlgoQ,, i) CuMg0AL30;, i) CuMg7sAls0;, and iv) CuMggAl,,O, (M Conversion
P Hexadecanol ¢ iso-Hexadecene A 1-Hexadecane € C16-nal ® C15). (Reaction
condition: 0.25 ¢ of catalyst, 10wt.% methyl palmitate in dodecane, reaction
temperature at 250 °C, calcination temperature at 550 °C, reduction temperature at

250 °C, H, 1 atm (180 mL/min). The activity is at 1 h on stream.)
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Figure 4.19 Selective hydrogenation of methyl palmitate using CuMg75AL25OX over

100 h. (M Conversion P Hexadecanol ¢ iso-Hexadecene 1-Hexadecane € Cl16-nal
e C15). Reaction condition: 0.25 ¢ of catalyst, 10wt.% methyl palmitate in dodecane,
reaction temperature at 250 °C, calcination temperature at 550 °C, reduction

temperature at 250 °C, HZ 1 atm (180 mL/min).



Chapter 5

Conclusions and suggestions

5.1 Conclusions

The CuMgAlOx catalysts derived from layered double hydroxides (LDHs) exhibit
high selectivity for the hydrogenation of fatty acid methyl esters (FAMEs) to fatty
alcohols, achieving up to 92% selectivity in a fixed-bed reactor under atmospheric
hydrogen pressure. The lamellar structure of Cu?* oxide in the CuLDH samples is well
disintegrated upon calcination due to the strong interaction of Cu** with the confined
mixed oxides, resulting in the rupture of the Cu?* oxide sheets. These ruptured sheets
are partially reduced toa mixture of cationic Cu(l) species and highly dispersed Cu
nanoparticles. The cationic Cu(l) species exhibit reversible interconversion between
Cu* and Cu*-H under hydrogen, facilitated by the strong interaction with the confined
mixed oxide layers. A novel approach combining H,=TPR, consecutive H,-TPR, and N,O-
dissociative reaction is employed to quantitatively determine the Cu species, including
cationic Cu(l) species (Cu*/Cu*-H), metallic Cu, and Cu surface species, with validation
by in situ TR-XANES.

As the Mg** content increases (CuMggAlsiOy < CuMg;pALs Oy < CuMg7sALsO, <
CuMggoAl,x0,), both the-amount of cationic Cu(l) species (54% < 66% < 68% < 86%)
and Cu dispersion (72% < 81% < 85%, ~93%) increase. The cationic Cu(l) species
promote T)'-adsorption and hydrogenation of ester C=O bonds while also preventing
alcohol re-adsorption,  leading to high selectivity for- fatty alcohols. However,
hydrogenation activity is soverned by the balance between Cu surface species and
cationic Cu(l) species. The optimal Cugmc/Cull) ratio of 0.25 (CuMg;sALsO,) vields a
hydrogenation rate of 1.53 mmol/h-gcat and an alcohol production rate of 49.3 h-1.
An excess of cationic Cu(l) species (Cugmce/Cull) ratio < 0.25) results in lower
hydrogenation activity due to the limited Cu surface available for hydrogen
dissociation. The reversible interconversion between Cu® and Cu*-H facilitates
simultaneous hydrogen dissociation and evolution, contributing to the high stability of

the catalyst.
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5.2 Suggestions

- A comprehensive investigation into the impact of calcination temperature on
the ratio of Cu surface (Cugyface) to cationic Cu(l) species (Cu*/Cu*-H species) is crucial
for deepening our understanding of its role in modulating catalytic activity and redox
behavior.

- Definitive evidence of H, activation across various catalysts should be
obtained through rigorous experimental approaches, such as H,-D, isotopic exchange

studies, to gain mechanistic insights and establish performance benchmarks.
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Appendix A

Calculation

Al. The calculation for catalyst preparation

The calculation of all CuMgAlO, layered double hydroxide catalysts prepared
by co-precipitation and hydrothermal method.
Molar Mg/Al ratio 2

40.299¢ MgO 101.946g ALO,
(X mol MgO) x ———— + ((X/2) mol A,O;) x ~————— = 22511266
1 mol MgO 1 mol ALO,
40.299X + 50.973X = 2.2511
91.272X 2.2511

X = 00247 MgO

Weight of CuO, MgO and AL,O; (M.W. of CuO =79.5459 g/mol, MgO = 40.299 g/mol
and AlLO; = 101.946 ¢/mol

CuO = 0.0091 mol x 79.5459 g/mol = 0.7243 g
MgO = 0.0246 mol x 40.299 ¢/mol = 0.9939 g
ALO; =(0.0247 mol / 2) x 101.946.¢/mol = 1.2572 ¢

CuO + MgO + ALO; = 29755

% Weight
MgO = 2\ 34.4044 %
2.9755
1.2572
ALO, = ———— = 42.2522.%
2.9755

Convert to NO;

CUNOy), « 3H,0 = 2.2000 g

1 mol MgOINO,), » 6H,0  256.41 g MgOINO,), « 6H,0
X
1 mol MgO 1 mol MgO(NO,), « 6H,0

Mg(NO,), « 6H,0 = 0.0247 mol MgO  x

= 63241 ¢g
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0.0247 mol MgO 2 mol ANO,), + 9H,0 256.41 g ANO,), * 9H,0

AUNO,), » 9H,0 = X X
2 1 mol ALO, 1 mol AUNO,), « 9H,0

= 9.2527 g

A2. Contact time, W/F

Weight of catalyst (g)
W/F =

Molar feed rate (mol/h)

In the reaction using 0.25 ¢ CuMgAlO,, feed: 10% W/V methyl palmitate in
dodecane (density of n-dodecane = 0.75 ¢/mL, Mw = 270.45 ¢/mol), with a rate
of 2.4 mL/h.

The W/F is calculated as follows:

0.25 g cat x 270.45 ¢/mol feed
W/F =

0.75¢/mL feed x 2.4 mL/h x 10% feed

= 375 g*h/mol

In‘a similar manner, the W/F of catalysts with a different catalyst weight and

different %W/V feed is calculated.

A3. Meterial balance
A quantitative description of all materials in the reaction.
Total yield of product

W/F = x 100
Conversion

A4. Corrected area
Corrected area is a mathematical term where the area of interest is divided
by the area of the standard.

Area of A
Corrected area of A =

External standard



A5. Cu dispersion (D¢,) calculation

_ 2x(Az) y

100
Cu Al

(First H, consumption =A,)

(Second H, consumption = A,)

Figure A5. Determination of Cu dispersion using the dissociated N,O adsorption

technique.

TCD Signal (a.u.)
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Appendix B

Analysis condition

Table B1 The elemental composition of CuMgAlOx catalysts.

Entry  Catalysts Cu content Mg content Al content
(wt.%)* (wt.%)” (wt.%)*
1 CuMg4Al, O, 17.2 15.6 11.0
2 CuMg,,Al;,0, 17.0 17.8 9.6
3 CuMg,sAl,;O, 18.3 19.5 7.1
4 CuMgg,Al, O, 17.3 23.2 6.9

@ Determined by ICP-OES
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