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Carbon nanohorns (CNHs) synthesized by gas-injected arc-in-water method
were functionalized in this study. Metal (Ni, Cu, Fe, Pd, and Pt) and their alloy (NiCu,
NiFe, NiPd, and NiPt) hybridized with CNHs were successfully produced. In addition,
thermal and acid treatment was applied on the hybridized materials. Effect of metal
loading and functionalizing conditions on characteristics of CNHs and functionalized
CNHs was examined based on transmission electron microscope (TEM), energy-
dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), N2 sorption, Raman
spectroscopy, Fourier transform infrared (FT-IR) spectrometer, temperature
programmed desorption of ammonia (NHz-TPD) analysis. The functionalized CNHs
were applied as a catalyst in 3 difference reactions, namely dehydration of xylose to
furfural, esterification of levulinic acid to ethyl levulinate, and transfer hydrogenation
of methyl levulinate to y-valerolactone. Performance and stability of the catalyst was

investigated. Moreover, role of the catalyst in each reaction were also discussed.
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Chapter I
INTRODUCTION

1.1 Background and motivation

Recently, nanomaterials have become well-known in everyday life. Carbon
nanomaterial is one of widely material which was used in many applications. There are
many structures of carbon nanomaterial such as graphene, carbon nanofibers,
fullerenes, carbon nanodiamonds, carbon nanotubes and carbon nanohorns [1, 2]. Each
of them has unique properties which would exhibit both advantages and drawbacks with
respect to specific applications to be targeted [3]. For the synthesis of carbon
nanomaterial, many techniques, for example, chemical vapor deposition, arc discharge,
laser ablation have been explored [4]. Controlling their structure and size has been one

of the most challenging issues for research works in the material science field [2].

Among various carbon nanostructures, carbon nanohorn (CNH) is one of the
most interesting carbon nanostructures because of its unique morphology. The CNHs
is carbon nanostructure with a cone-shaped single-layered graphitic aggregate with
approximately 40-50 nm in length and approximately 2 and 3 nm in diameter [5, 6]. It
should be noted that the structure of a single cone-shaped single-layered graphitic
aggregate is derived from a single-walled carbon nanotube (SWCNT) and ended by a
five-pentagon conical cap. Based on the assembly or aggregating form, CNHs can be
classified as Dahlia-like, bud-like, and seed-like structures with diameters of
approximately 80-100 nm [2, 4, 6]. Interestingly, CNHs possess very high specific
surface area and pore volume [2, 4]. Their unique morphology would accommodate gas
and liquid species to permeate, be easy for functionalization, and provide good
electrical and thermal conductivities, leading to high potential to be used for gas
storage, bio-sensing, drug delivery, catalyst, catalyst support and so on [2, 7]. CNHs
can be synthesized by various methods, such as arc discharge and laser ablation. Among
those methods, arc discharge seems to be a simple, cost effective and scalable technique
[4, 5, 8-11]. With the arc discharge method, CHNSs can be produced without using any
catalysts, resulting in high purity of carbon and no requirement of post-purification [8].



It is also well recognized that effective utilization of carbon nanomaterials as an
active catalyst or catalyst support would require an additional processing.
Functionalization and metal loading of carbon nanomaterials are common methods to
modify their surface to gain such catalytic property. Based on some previous works,
acid functionalized carbon nanomaterials can present a better catalyst activity when
compared to its pristine condition [12, 13]. The modification of CNHs by acid treatment
could alter their natural inertness and hydrophobic properties [14]. It is also recognized
that functionalization of CNHs can be accomplished through chemical oxidation and
thermal oxidation which would attach some specific functional groups onto the surface
of CNHs [14]. Meanwhile, metal nanoparticles embedded in carbon nanomaterials have
shown promising properties for catalysis [7]. Therefore, research works for attaching
metal nanoparticles onto the surface of carbon nanomaterials have also been reported.
The catalytic activity and stability of such carbon nanomaterials hybridized with metal
nanoparticles are inherently dependent on the structure and proportion of carbon
nanomaterials and metal nanoparticles [7]. However, only a few reports, especially

those relevant with CHNs and CNHs hybridized with metal nanoparticles are available.

Therefore, synthesis of CNHs by the arc discharge method and their
functionalization by metal nanoparticle hybridization as well as acid treatment would
be recognized as good motivation for research. In order to understand the effect of
functionalizing parameters on properties of CNHs and CNHs hybridized with metal
nanoparticles, design of systematic experimental works would be worth for exploring.
Furthermore, investigation of application of such nanomaterials for conversion of sugar
and their derivatives to valuable bio-chemical products would potentially provide new
tangible evidences on their usefulness.

The thesis is divided in 5 main chapters as shown below:
Chapter I gives motivation and introduction of this work.

Chapter 11 describes fundamental knowledge and theory of carbon
nanomaterials and its functionalization (hybridized material with metal/alloy, oxidized

in air, and acid treatment). Moreover, catalytic reactions of converting sugar and their



derivatives to valuable bio-chemical products are presented. Literature review of

previous work related to this work is also provided in this chapter.

Chapter 1l provides chemicals, synthesis and functionalization methods,
characterization methods and catalytic reactions (dehydration, transfer hydrogenation,

and esterification) procedure.
Chapter IV describes experimental results and discussion of this research.

Chapter V gives overall conclusions and recommendations of this work.

1.2 Objective of the research

The objective of this research was to examine properties of carbon nanohorns
(CNHs) which were synthesized by gas-injected arc-in-water method and then
functionalized by metal/alloy nanoparticle hybridization, oxidation in air, and acid
treatment. In addition, catalysis applications of such nanomaterials were also examined

and discussed.

1.3 Scopes of the research

1.3.1 Synthesis and functionalization of CNHs by gas-injected arc-in-water method

e Synthesis of CNHs
e Mono-functional group
= Hybridized with metal/alloy
Type of metal/alloy hybridization with CNHs
Metal loading and alloy composition in hybridized materials
= Oxidation in air
= Acid treatment
Type of acid solution

Treatment time



e Multi-functional groups
= Oxidation in air on metal/alloy hybridized with CNHs

= Acid treatment on metal hybridized with CNHs

The properties of all synthesized products were investigated by field-emission
scanning electron microscope (FE-SEM), transmission electron microscope (TEM),
energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), N2 sorption,
Raman spectroscopy, Fourier transform infrared (FT-IR) spectrometer, temperature
programmed desorption of ammonia (NH3-TPD), thermogravimetric analysis (TGA),

inductively coupled plasma mass spectroscopy (ICP-MS).

1.3.2 Catalysis applications

e Dehydration of xylose to furfural
= Parr reactor
= In-House reactor
e Esterification of levulinic acid to ethyl levulinate

e Transfer hydrogenation of methyl levulinate to y-valerolactone

Selective reaction for each material was perform in batch reactor. High
performance liquid chromatography (HPLC) or gas chromatography (GC) were used

to measure the catalyst activities.

1.4 Expected benefit

Expected benefits to be obtained from this research would be the knowledge in
functionalization of CNHs by metal nanoparticle hybridization, oxidation in air, and
acid treatment. New alternative materials will be introduced as a catalyst in conversion

of sugar and their derivatives to valuable bio-chemical products.



Chapter II
FUNDAMENTAL THEORY AND LITERATURE REVIEW

2.1. Carbon nanomaterial

Carbon nanomaterial is a carbon which have at least one dimension in the
nanometer range. Nano-size provide them novel and special properties such as a high
surface-to-volume ratio, unique thermal, chemical, mechanical or electronic properties
[1]. The basic members of carbon nanomaterial are graphene, carbon nanofibers,
fullerene, carbon nanodiamonds, carbon nanotubes, carbon nanohorns and so on [1,
13].

For the synthesis of carbon nanomaterial, many techniques provide carbon
nanomaterial for example: chemical vapor deposition, arc discharge, laser ablation etc.
[4]. Each of techniques would product difference structure of carbon nanomaterial as
shown in Table 2.1. With the same technique but changing the control condition also

gives a different structure and size distribution of product.
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2.1.1. Carbon nanohorns (CNHs)

Carbon nanohorns (CNHS) is a new interesting member in carbon nanomaterial
family which was discovered in 1999 from the soot prepared by CO: laser vaporization

of pure carbon rod in an atmospheric pressure of Ar [8].

They have a unique structure with a horn-shaped sheath aggregate of graphene
sheets with approximately 40-50 nm in tubule length and approximately 2 and 3 nm in
diameter. The structure is derived from a single walled carbon nanotube (SWCNT) and
ended by a five-pentagon conical cap with a cone as shown in Figure 2.1. They are
classified based on the assembly of the individual [4]. CNHs can be aggregated together
to form Dahlia-like, bud-like, and seed-like structures with diameters of approximately
80-100 nm [2, 4, 6]. From structure as describe above, CNHs have a very high surface
area, pore volume, chemical resistance, thermal stability, and hydrophobic surface

property [2, 4, 15].
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CNHs can be synthesized by arc discharge and laser ablation method while arc
discharge seems to be a simple, cost effective and scalable technique [4, 5, 8-10]. CHNs
can be produced without using any catalysts which result in high purity of carbon [8].
They are also easy for the gas and liquid to permeate to the inside, easy to
functionalization, and good electrical and thermal conductivities which afford more
potential to be used for gas storage, gas sensor, drug delivery, catalyst support and drug
carrier [2, 7, 9].



2.2. Gas-injected arc-in-water technique

Gas-injected arc-in-water (GI-AIW) is one of the arc discharge method [11].
This method can provide SWCNHSs by injecting N2 gas into arc zone within a hollow
cavity of a cathode submerged in water. Water acted like liquid N2 quenching the
carbon vapor to form carbon nanoparticle. For a modified arc-in-liquid method, the GI-
AIW method has a benefit about its simplicity and capability for synthesizing various
nanomaterials including metallic and carbonaceous particles [9]. The simple

experimental apparatus for GI-AIW was shown in Figure 2.2.

Stepping motor slider

0 «—— Cathode graphite rod
with a large diameter hole

N, [5L min] (7mm diameter)

and two narrow holes

(2mm diameter)

€——— SWCNHs

Arc plasma
DI water

N, bubbles

Anode graphite rod
(3mm diameter)

Figure 2.2 Experimental apparatus for gas-injected arc-in-water [9]

2.3. Bimetallic material

Bimetallic material consists of two metal atoms which bond to each the other.
There are three types of bimetallic: physically-mixed, core-shell, and alloy [17]. For
supported bimetallic in catalyst application, it usually showed an increasing of catalyst
performance, activity, selectivity, and/or stability comparing to the supported
monometallic catalysts [18-21]. These enhancement of catalyst properties are cause by
the synergistic combination of the two metals. There are several studies reported that
not only the surface composition but also the particle size of the alloy particles is
important for the reaction [22, 23].



2.4. Functionalization

Modification of carbon by surface functionalization or doping with heteroatoms
before using seems to be a common alternative to adjust carbon properties for many
application including catalytic application [12, 13].

2.4.1. Alloy loading

The properties of alloy such as their components, compositions, crystal
structures, uniformity, and other characteristics are significantly effect on their catalytic
performance. Therefore, optimization of these parameters is essentially important for
the development of alloy catalysts with high catalytic performance [22]. There are

many methods to synthesize bimetallic with small particle size distribution [24].

2.4.1.1. Ni-base alloy

Pristine Ni is well known for its high hydrogenation activity for a wide range of
hydrogenation reaction. However, one major problem for Ni catalyst is the deactivation
with time due to carbon deposition, nickel sintering and phase transformation [25]. To
overcome this problem, many Ni-base alloy including NiCu, NiCo, NiPd, NiFe alloy
catalysts were introduced. The literature reviews about Ni-base alloy as a catalyst are

shown in Table 2.2.
2.4.1.2. PtPd alloy

Supported noble metal catalysts are well known for their high hydrogenation
activity at low reaction temperatures and moderate hydrogen pressures, and their low
resistance to sulfur poisoning [26]. It has been reported earlier that bimetallic catalysts
such as PtPd alloy show higher activity, stability, and metal dispersion than Pt alone
[27]. To overcome this problem, PtPd alloy catalysts were introduced. The literature

reviews about PtPd alloy as a catalyst are also shown in Table 2.2.
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According to Table 2.2, Ni-based alloy on support materials could be used as a
catalyst in various catalytic reactions such as oxidation reaction, hydrogenation reaction
or hydrothermal reaction. Conventional methods to synthesize Ni-based alloy are
impregnation and sol-gel method which were a multi-step method. In addition, these
methods required many chemical reagents during the synthesis which could result in

contamination of synthesized products.

2.4.1.3. Metal/alloy supported on CNHs

There are many studies reported about using CNHs as a metal/alloy support in
various catalytic reaction. The major advantages of CNHs are high surface area and
purity. CNHs consist of two types of pore, one is internal pore and the other is spaces
between particles from aggregation. From those advantages, metal/alloy nanoparticles
seem to have high dispersion when deposit on CNHs. The literature reviews about
metal/alloy supported on CNHs are shown in Table 2.3.

Table 2.3 Literature reviews about metal/alloy supported on CNHs

No. Materials Doping method Application Ref.
1. Pt/CNHs Colloidal method Fuel cell [37]
2. Pd/CNHs Chemical reduction (PVP as -

. [38, 39]
stabilizer)
3. Pt/CNHs One-step synthesis by arc Fuel cell (40]
plasma in liquid nitrogen
4. Pd/CNHs, Single-step synthesis by Gl- - [9]
) AIW method
Pd-Ni alloy/CNHs, - [10]

Fe/CNHs - [41]
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CNHs were used as a supported material for noble metals such as Pd and Pt in
fuel cell application as shown in Table 2.3. Non-noble metals were recently hybridized
with CNHs using a single step synthesis process by Sano’s team. However, application
of CNHs was mostly focused on fuel cell or electronic devices. Only few works

reported in the application of CNHs as support or hybrid material.

2.4.2. Acid treatment

Generally functional groups and delocalized electrons of the graphitic structure
define the acid and hydrophilic’/hydrophobic character of the carbon surface [42, 43].
Treatment can be done through many methods such as chemical methods by liquid
phase oxidation with concentrated acids (ex. H2SO4, HNO3, H3PO4, H20> etc.) or gas
phase thermal oxidation processes (ex. air, CO2) [44]. Carbon based catalysts are
attractive for applications in the field of valuable bio-chemical production from sugar
and their derivatives due to their structural integrity in aqueous environments [45]. The
literature reviews about acid treatment in liquid phase techniques on carbon material

are shown in Table 2.4.

From Table 2.4, for liquid phase treatment, H.OS4 and HNO3 were selected as
an acid solution to treat carbon material. Method, treatment temperature, and treatment
time were varied upon each work. Comparing to gas phase treatment, lower treatment
temperature was used in liquid phase. While equal or longer treatment time were

applied for liquid phase treatment.
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2.5. Catalytic biomass conversion

Due to decreasing of fossil fuel resources while increasing of environmental
concern, the development of renewable and sustainable energy source become a very
interesting issue [49-51]. Many research teams have been studied in using renewable
biomass resources instead of fossil fuel. Biomass is a highly abundant and carbon—
neutral renewable energy resource, Lignocellulose is the major non-food component of
biomass comprising three main fractions, namely cellulose (40-50%), hemi-cellulose
(25-35%) and lignin (15-20%) [51]. Roadmap for conversion of lignocellulose has
been reported as shown in Figure 2.3.

Gasoline

& Levulinic esters @‘ (676 0 I

> 2 o
Furfuryl alcohol » 1, ROHI H0 H, GVL —- Butene

—{ Lewulinic acid . 1
H2| HCOOH 20
H0 I % Jet Fuel
Furfural HMF "Hy+CO,
3H,0 * I ] »H,0
Xylose Glucose
Heg‘;mﬂ:leose P Cellulose Lignin Heat/Power
Lignin Lignin Aromatics
Biomass Sugars Chemicals Fuels

Current Opinion in Chemical Engineering

Figure 2.3 Roadmap for conversion of lignocellulose [52]

Biomass conversion usually involves in hydration, dehydration, and
hydrogenation reaction. According to many problems in homogenous catalyst system,
solid catalyst system was introduced [51]. Those reactions required bi or
multifunctional catalysts including acidic sites and metallic sites so that solid-supported
Bronsted or Lewis acid reagent catalysts, acid-modified amorphous carbon, layered
transition metal oxides, and acidic resins were reported for using as a catalyst in
biomass conversion. Besides, improvement of catalyst activity, selectivity, and stability

should be considered.
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2.5.1. Carbon material as catalyst and catalyst support for converting biomass to

valuable products.

Carbon material can be used as catalysts or catalyst supports for biomass
conversion reactions. Due to good properties of carbon material, large specific surface
area, high porosity, relative chemical inertness [53]. Moreover, carbon material can be
prepared from residual biomass which is the outstanding advantage of carbon.
Summarizing of using carbon material as catalysts or catalyst supports for biomass

conversion were reported in Table 2.5.



Table 2.5 Literature reviews about catalytic applications of carbon material for

biomass conversion
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No. Catalysts Reactions Ref.
Conversion of cellulose into high yields
1  Sulfonated carbon ) [54]
of methyl glucosides
Conversion of cellulose to sugar
2  Carbon-supported Ru [55]
alcohols
3 RUu/CNT Conversion of cellulose into sorbitol [56]
Graphene, graphene oxide, ) ]
Dehydration of xylose to furfural in
4  sulfonated graphene, [57]
: water
sulfonated graphene oxide
Sulfonic acid- Conversion of fructose into 5-
5 functionalized CNTs, hydroxymethylfurfural and alkyl [58]
CNFs levulinates
6 Pt supported on reduced Selective conversion of cellulose or (5]
graphene oxide cellobiose to sorbitol
Esterification of long chain fatty acids
7 Sulfonated carbon : . [60]
to high grade biodiesel
g Ru, Pt, Pd supported in Selective hydrogenation of levulinic (61]
carbon acid to y-valerolactone
Hydrogenation of alkyl levulinate to y-
9 RUu/AC [62]
valerolactone
10  Sulphonated MWCNTSs Esterification of palm fatty acid [63]
Biodiesel production by esterification
11  Sulfonated CNHs [15]

of palmitic acid




Chapter 111
EXPERIMENTAL

3.1. Chemicals & Materials

3.1.1.

3.1.2.

3.1.3.

3.14.

3.15.

3.1.6.

3.1.7.

3.1.8.

3.1.9.

3.1.10.

3.1.11.

3.1.12.

3.1.13.

3.1.14.

3.1.15.

3.1.16.

3.1.17.

3.1.18

Graphite rod (99.9995%, Alfa Aesar)

Nickel wire (99+%, Nilaco corporation)
Copper wire (99.9%, Nilaco corporation)
Iron wire (99.5%, Nilaco corporation)
Palladium wire (99.95%, Nilaco corporation)
Platinum wire (99.98%, Nilaco corporation)
Sulfuric acid 96% (96%, CARLO ERBA)
Acetic acid glacial (99.7%, DUKSAN)
D-xylose (99 %, Merck)

Furfural (99%, Sigma-Aldrich)

Methyl levulinate (>98.0%, Sigma-Aldrich)
y-Valerolactone (99%, Sigma-Aldrich)
2-propanol (99.98%, Fisher Chemical)
Levulinic acid (98%, Sigma-Aldrich)

Ethyl levulinate (99%, Sigma-Aldrich)
Ethanol (99.9%, ACIlLabscan)

Membrane filter (PTFE, 0.1um, diameter 47 mm, ADVANTEC)

. Sylinf filter (Nylon, 0.22, diameter 13 mm, Thermo SCIENTIFIC)
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3.2. Methods

3.2.1. Synthesis and functionalization of CNHs

3.2.1.1. Synthesis of CNHs

GI-AIW method was used to synthesis CNHs [64-67]. GI-AIW consist of two
electrodes made from high purity graphite: cathode (top) and anode (bottom). A 20 mm
diameter and 50 mm length of graphite rod with four small holes (diameter 2 mm, length
25 mm) at the top and one large hole at the bottom (diameter 12 mm, length 2 mm) was
used as a cathode. Another is a 6 mm diameter and 75 mm length of graphite rod is
fixed on a holder connected to the step motor. During the arc discharge, a 10 L/min of
N2 gas flow was supplied through four small holes on the top of the cathode and the
anode was moved upward at a rate of 1.3 mm/s using a motor-driven slider. DC supplier
generated arc discharge at 80 A. Carbon from an anode was vaporized then quenched
by surrounding water. Carbon nanomaterials were formed through self-assembly
process. Due to the unique properties of CNHs, CNHs floats on the water surface while
other structures of carbon nanomaterials sink at the bottom of the beaker. By collecting
only black power floating on the water surface, CNHs was obtained. Arc discharge

machine and product after GI-AIW were shown in Figure 3.1.

N,
# Cathode
— Metal wire
/—~ Anode

Figure 3.1 a) Schematic diagram of GI-AIW, b) Arc discharge process, ¢) Floating
product on the top of water surface
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3.2.1.2. Mono-functional group
3.2.1.1.1. Hybridized with metal/alloy

GI-AIW method was used for synthesis metal/alloy hybridized with CNHs.
Graphite rods and various types of metal wires were used for synthesis hybridized
materials. Loading of metal in hybridized materials was studied by varying the number

of metal wire used.

3.2.1.1.1.1. Metal (Ni, Cu, Fe, Pd, Pt) hybridized with CNHs

Similar to synthesis CNHs, GI-AIW method was used. In addition, an anode
was drilled at the center of vertical axis to make a hold (diameter = 1.5 mm, length =
70 mm). A set of 0.03 mm diameter of Ni wire was inserted into a center-hold of
graphite anode. Other parameters were set as same as synthesis of CNHs process. Sets
of metal wire were set as Ni = 1, 4, 6, 10; Cu = 1, 4, 6, 10; Fe =10; Pd = 4; Pt =4 wires
and the products were recorded as XX/CNHs-Y (XX is type of metal and Y is number

of metal wire). All of sample’s code were shown in Table 3.1.

Table 3.1 Sample code of metal hybridized with CNHs samples
Number of metal wires

Ni Cu Fe Pd Pt
Ni/CNHs-1 1 - - - -
Ni/CNHs-4 4 - - - -
Ni/CNHs-6 6 - - - -
Ni/CNHs-10 10 - - - -
Cu/CNHs-1 - 1
Cu/CNHs-4 - 4 - - -
Cu/CNHs-6 - 6
Cu/CNHs-10 - 10 - - -
Fe/CNHs-10 - - 10 - -
Pd/CNHs-4 - - - 4 -
Pt/CNHs-4 - - - - 4

No. Code

© 0 N o o B~ W DN e

N
= O
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3.2.1.1.1.2. Alloy (NiCu, NiFe, NiPd, NiPt, PdPt) hybridized with CNHs

For NiCu hybridized with CNHs, the ratio of Ni:Cu (by number of wire) and
total number of metal wire were varied. First, ratio of Ni:Cu was varied (fix total
number of metal at 10 wires) at 8:2, 6:4, 4:6, and 2:8. The other is to varied total number
of metal wire with fix ratio of Ni:Cu. The ratio of Ni:Cu was fix at 1:1 and total number
of metal wire were set at 2, 4, 8, 10. The products were coded as NiCu/CNHs-X:Y (X
is number of Ni wire and Y is number of Cu wire). A similar method was used as

synthesis of metal hybridized with CNHs.

Others alloy hybridized with CNHs, types of metal wire were changed from
NiCu to NiFe, NiPd, NiPt, and PdPt. The total number of metal wire was set at 10 wires
for NiFe/CNHs, NiPd/CNHs, and NiPt/CNHs. The ratio of metal wire was set at Ni:Fe
=7:3,5:5and 3:7; Ni:Pd = 9:1, 8:2, and 7:3; Ni:Pt = 9:1, 8:2, and 7:3. In addition, total
number of metal wire for PdPt were set at 4 wired. The Pd:Pt ratio is 3:1, 2:2, and 1:3.

All of sample’s code were shown in Table 3.2.

Table 3.2 Sample code of alloy hybridized with CNHs samples
Number of metal wires

No. Code
Ni Cu Fe Pd Pt
1 NiCu/CNHs-8:2 8 2 - - -
2 NiCu/CNHs-6:4 6 4 - - -
3 NiCu/CNHs-4:6 4 6 - - -
4 NiCu/CNHs-2:8 2 8 L - -
5 NiCu/CNHs-1:1 1 1 - - -
6 NiCu/CNHs-2:2 2 2 - - -
7 NiCu/CNHs-4:4 4 4 - - -
8 NiCu/CNHs-5:5 5 5 - - -
9  NiFe/CNHs-7:3 7 - 3 - -
10 NiFe/CNHs-5:5 5 - 5 - -
11  NiFe/CNHs-3:7 3 - 7 - -
12 NiPd/CNHs-9:1 9 - - 1 -
13 NiPd/CNHs-8:2 8 - - 2 -
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Number of metal wires
Ni Cu Fe Pd Pt
- - 3 -

No. Code

14 NiPd/CNHs-7:3 7
15 NiPt/CNHs-9:1 9
16  NiPt/CNHs-8:2 8 - - -
17  NiPt/CNHs-7:3 7
18 PdPt/CNHs-3:1 - - -
19 PdPt/CNHs-2:2 - - -
20 PdPt/CNHs-1:3 - - -

1
1
1

w DD P W DN

= N W

3.2.1.1.2. Oxidation in air

0.2 g of CNHs was put in a ceramic boat and insert in quartz tube reactor as
shown in Figure 3.2. CNHs were oxidized in air at 380 °C for 15 min [68]. After the
oxidation treatment, about 3-5 wt% weight loss of the product was determined by
comparison with the initial weight of CNHs. The resulted product was coded as oxd-
CNHs.

Figure 3.2 Quartz tube reactor

3.2.1.1.3. Acid treatment

0.1 g of CNHs was submerged in 50 ml of H.SO4 and sonicated in ultrasonic
bath which filled with water as shown in Figure 3.3. Ultrasonicating time was varied
from 15, 30, 60, 120, 240 and 360 min. Temperature was controlled at lower 40 °C.
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The suspensions were filtrated and neutralized by DIl-water using
polytetrafluoroethylene (PTFE) membrane. Finally, the solid product was dried in oven
at 90 °C for overnight. The resulted solid products were coded as SA-XX-CNHs (SA
is sulfuric acid and XX is an ultrasonicating time).

Figure 3.3 a) Ultrasonic bath (GT-2013 QTS, GT SONIC), b) The suspension of
CNHs in acid solution

Similar to sulfuric acid, CHNs was treated with acetic acid by above procedure.
The resulted solid products were coded as AA-XX-CNHs (AA is acetic acid and XX is

ultrasonicating time(min)). All of sample’s code were shown in Table 3.3.

Table 3.3 Sample code of acid functionalized CNHs
Acid type Ultrasonicating time (min)
No. Code Sulfuric  Acetic
acid acid

SA-15-CNHs v v
SA-30-CNHs v
SA-60-CNHs v

SA-120-CNHs v v
v
v

15 30 60 120 240 360

SA-240-CNHs
SA-360-CNHs
AA-15-CNHs
AA-30-CNHs
AA-60-CNHs
AA-120-CNHs
AA-240-CNHs
AA-360-CNHs

O© 00 NO Ol W N B
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3.2.1.3. Multi-functional groups

3.2.1.1.1. Oxidation in air on metal/alloy hybridized with CNHs

Ni/CNHs-10, Cu/CNHs-10, and NiCu/CNHs-5:;5 from 3.2.1.2.1.1. and
3.2.1.2.1.2. were oxidized in air by similar procedure as 2.1.2.2. Amount of %burn off

were differed in each sample due to properties of metal.
3.2.1.1.2. Acid treatment on metal hybridized with CNHs

Acid functional groups were added to Pd/CNHs-4 from 3.2.1.2.1.2. by acid
treatment using H2SO4 solution. Similar method as 3.2.1.2.3. was used.

3.2.2. Post-treatment process

Before use as a catalyst, a reduction process was applied to the samples. A
reducing process is necessary for reactivity of metal/alloy nanoparticles. Oxidized
forms of metal/alloy hybridized with CNHs were changed into metal form and ready to
be used as a catalyst. The samples were reduced at 500 °C for 1 h under 10 ml/min of

H> flow with a heating rate of 10 °C/min.

3.2.3. Characterization

To understand the effect of functionalization on CNHs, physical and chemical

properties of the samples were investigated by various characterization techniques.

3.2.3.1. Morphology by field-emission scanning electron microscope (FE-
SEM)

Morphology of the samples was investigated by field-emission scanning
electron microscope (FE-SEM) (Hitachi, S8030) as shown in Figure 3.4. The dispersion
of an aggregated CNHSs could be studied by this technique.
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Figure 3.4 Field-emission scanning electron microscope

3.2.3.2. Morphology by Transmission electron microscope (TEM)

Morphology and size distribution of metallic species within each sample were
studied by a transmission electron microscope (TEM) (JEOL, JEM1010) as shown in
Figure 3.5. Size of metallic species was measured through TEM images by using

ImageJ processing. More than 330 particles were measured the size and presented as
metal particle size distribution histogram.

Figure 3.5 Transmission electron microscope
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3.2.3.3. Composition of the sample by energy-dispersive X-ray spectroscopy
(EDX)

Metal content in each sample was detected by energy-dispersive X-ray
spectroscopy (EDX) equipped with SEM (Technex Lab, Tiny SEM/EDX) as shown in
Figure 3.6. The sample was put on the top of a molybdenum (Mo) stud and inserted

into the machine without any coating.

Figure 3.6 Energy-dispersive X-ray spectroscopy

3.2.3.4. Phase and crystal structure by X-ray diffraction (XRD)

Phase and crystal structure of the samples were measured by a X-ray
diffractometer (XRD) (Rigaku, UltimalV) with CuKa radiation operated at 40 kV and
20 mA with a scanning step of 0.02° /min in a range of 10° to 90°. XRD analyzer was

shown in Figure 3.7.

Figure 3.7 X-ray diffraction analyzer



27

3.2.3.5. Specific surface area and pore structure by N2 sorption combined with

Brunauer-Emmett-Teller (BET) and pore analysis approaches.

BET surface area of the samples was characterized by N2 sorption (Bel Japan,
BELSORP-minill) as shown in Figure 3.8. Brunauer—-Emmett—Teller (BET) equation

was used to calculate their specific surface area.

Figure 3.8 N2 sorption analyzer

3.2.3.6 Carbon atom arrangement by Raman spectroscopy

Crystallinity of the acid-functionalized samples were accomplished using
Raman spectroscopy (NTEGA spectro, NT-MDT) as shown in Figure 3.9. Red laser

source was used to study the Raman spectra of the samples.

Figure 3.9 Raman spectroscopy
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3.2.3.7. Surface functional groups by Fourier transform infrared (FT-IR)

spectrometer

Surface functional groups of acid-functionalized samples were studied by
Fourier transform infrared (FT-IR) spectrometer (Thermo Scientific, Nicolet 6700) as
shown in Figure 3.10. The samples were prepared by mixing dry material into KBr
powder and compressed into a thin circular sheet before insert to the machine. The
number of scans for the measurement was 64. The frequency range was observed in a
range of 500-4000 cm-=.

Figure 3.10 Fourier transform infrared (FT-IR) spectrometer

3.2.3.8. Acidity by temperature programmed desorption of ammonia
(NH3-TPD)

Acidity of acid functionalized samples was measured by a temperature program
desorption of ammonia (NHs-TPD) using chemisorption analyzer (Quantachrome,
ChemStar) as shown in Figure 3.11. The samples (30 mg) were put in a U-tube sample
cell and removed the moisture at 150 °C for 1 h before NHz adsorption at 60 °C for 1
h. After that samples were heated to 900 °C with a heating rate of 5 °C/min to desorb
the NH3 and resulted gas were detected by a thermal conductivity detector (TCD).
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Figure 3.11 Chemisorption analyzer

3.2.3.9. Alloy loading by thermogravimetric analysis (TGA)

Compositions of the samples were evaluated by using a thermogravimetric
analyzer (TGA) (Shimadzu, TGA-50) as shown in Figure 3.12. The sample was put in
an alumina pan and heated from room temperature to 900 °C with a ramp rate of 10
°C/min in air. Then composition of the samples was calculated based on the completely

oxidation weight of the sample.

Figure 3.12 Thermogravimetric analyzer



30

3.2.3.10. Metal leaching by inductively coupled plasma mass
spectrometry (ICP-MS)

Metal leaching after acid functionalization were analyzed by inductively
coupled plasma mass spectrometry (ICP-MS) (Agilent Technologies, 7900 ICP-MS) as
shown in Figure 3.13. Acid solution after acid functionalization were used to analyze
by ICP-MS.
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Figure 3.13 Inductively coupled plasma mass spectrometry

3.3. Catalysis applications

The investigation of application of such nanomaterials for converting sugar and
their derivatives to valuable bio-chemical products would potentially provide new
tangible evidences on their usefulness. The samples were tested by three different
reactions. The sections of the catalysts were depended on specific requirement of the

catalyst in each reaction.
3.3.1. Dehydration of xylose to furfural

Conversion of xylose to other high value-added products, especially furfural
was performed using an autoclave reactor with the presence of CNHs and
functionalized CNHs. Composition of resulted products was identified and analyzed

for evaluating the catalytic performance. Two sizes of batch reactors were tested.
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3.3.1.1. Parr reactor

A 300 ml batch reactor (Parr 4560 mini-series) (Figure 3.14) was selected. 0.1
g of CNHs or oxidized CNHs (oxd-CNHSs) was loaded into a reactor. The reactor was
pressurized to 15 bar under N2 atmosphere in prior to being heated to 170 °C. Then 60
ml (0.2 mol/L) of xylose was loaded into the reactor and stirred with a stirring speed of
500 rpm. The resultant product was collected after the elapsed time of 4 h. A nylon
syringe filter was used to collect liquid sample for high-performance liquid
chromatography (HPLC) analysis. For comparison, commercial CNTs (CNTs) (C 70
P, BAYTUBES) and oxidized CNTs (oxd-CNTs) were also studied with similar
conditions. The xylose conversion, furfural yield and selectivity were defined as the

following equations:

Mole of xylose converted (mol)

Xylose conversion (%) = - x 100 @)
Mole of xylose before reaction (mol)

Mole of furfural produced (mol
Furfural yield (%) = P mo) 4 100 )

Mole of xylose before reaction (mol)

Mole of furfural produced (mol
Furfural selectivity (%) = - produced (mol) x 100 3)

Mole of xylose converted (mol)

Figure 3.14 Parr reactor [69]
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3.3.1.2. In-house batch reactor

CNHs, Ni/CNHs-10, Cu/CNHs-10 and NiCu/CNHs-5:5 with and without
thermal treatment (oxidation and reduction) were studied as catalysts by using an in-
house batch reactor (Figure 3.15). 0.05 g of catalyst and a 30 mL of 0.2 mol/L xylose
solution was loaded into the 80 mL autoclave equipped with teflon liner. Magnetic bar
was employed for stirring the suspension with a constant speed of 700 rpm. In prior to
being heated to 170 °C, N2 was purged to remove O dissolving in the liquid suspension
and to increase the vessel pressure to 15 bar. Resultant product was collected after being
held for 4 h. Similar product collection was performed as above procedures. The xylose

conversion, furfural yield and selectivity were defined by equation (1), (2), (3):

Figure 3.15 In-house batch reactor

3.3.2. Esterification of levulinic acid to ethyl levulinate

Esterification of levulinic acid (LA) to produce methyl levulinate (ML) in
ethanol (EtOH) was studied to evaluate the performance of acid functionalized samples
(SA-60-CNHs, SA-60-oxd-CNHs, and SA-60-Pd/CNHs). Effect of amount of catalyst,
reaction temperature, and initial molar ratio of LA:EtOH were studied. The amount of
catalyst was varied at 0, 15, 20 and 25 mg while the reaction temperature was tested at
100, 120, and 140 °C. The initial molar ratio of LA:EtOH was changed between 1:3,
1:5, and 1:7. The reaction time was set at 90 min. After the reaction, liquid product was
separated from solid catalyst by centrifugal and filtrated by syringe filter before
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analyzed by HPLC. The LA conversion, EL yield and selectivity were defined as the
following equations (4),(5),(6):

Mole of LA converted
LA conversion (%) = : x 100 4)
Mole of LA before reaction

EL vield (%4 Mole of EL produced < 100 .

yield (%) = Mole of EL before reaction ©)
Mole of EL produced

EL selectivity (%) = x 100 (6)
Mole of LA converted

3.3.3. Transfer hydrogenation of Methyl levulinate to y-valerolactone

To evaluate the catalytic performance of catalysts, Ni/CNHs-10, Cu/CNHs-10,
and NiCu/CNHs-7:3, NiCu/CNHs-5:5, NiCu/CNHs-3:7 with or without thermal
treatment, hydrogenation of methyl levulinate (ML) to y-valerolactone (GVL) in an in-
house batch reactor was tested. 0.1 g of the catalyst and 24 cm?® of 0.2 mol/L methyl
levulinate in 2-propanol were mixed under continuous magnetic stirring throughout the
whole reaction period. The reaction was heated up to 200 °C with heating rate of 10
°C/min and held at this temperature for 3 h. Then, the liquid product was collected and
analyzed by gas chromatography (GC). Moreover, red-oxd-Ni/CNHs-10 was used to
further study about effect of reaction temperature and reusability of the catalyst. For
effect of reaction temperature, reaction temperature was investigated at 140, 170, and
200 °C. In addition, the reusability of the catalyst was studied as follows: the used
catalyst was recovered by filtration and dried overnight in a vacuum oven at 60 °C
before testing in the next cycle. The catalyst was tested for 5 repetitive cycles. The ML

conversion, GVL vyield and selectivity were defined as the following equations

(7).(8).(9):
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Mole of ML converted

ML conversion (%) = : x 100 (7)
Mole of ML before reaction

GVL vield (% Mole of GVL produced < 100 g

yield (%) = Mole of ML before reaction ®
Mole of GVL produced

GVL selectivity (%) = x 100 ©)
Mole of ML converted

3.4. Analytical instruments
3.4.1. High performance liquid chromatography (HPLC)

Liquid products from reactions were analyzed by high performance liquid
chromatography (HPLC) (Shimadzu) (Figure 3.16). A refractive index and UV-Vis
detectors (210 nm) were used in the analysis process. Liquid product was separated by
BIO-RAD Aminex HPX-87H column at 45 °C before went through the detectors. A

5mmol/L of H>SO4 solution was used as a mobile phase at a flow rate of 0.6 ml/min.

Figure 3.16 High performance liquid chromatography
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3.4.2. Gas chromatography (GC)

Gas chromatography (GC) (Shimadzu, GC-2010 Plus) (Figure 3.17) were used
to analyzed liquid products from reactions. Gas chromatography with flame ionization
detector (FID) equipped with DB-WAX column were used.

Figure 3.17 Gas chromatography



Chapter IV
RESULTS AND DICUSSION

4.1. Synthesis and functionalization of CNHs

CNHs and metal/alloy hybridized with CNHs were synthesis by GI-AIW
method. In addition, surface modification, including thermal treatment, acid
functionalization and post treatment on CNHs and metal/alloy hybridized with CNHs
were performed. Effect of synthesis conditions and modification of the resulted samples

were studied.
4.1.1. Synthesis of CNHs

By using only pure graphite cathode and anode on GI-AIW process, CNHs were
synthesized. High purity of CNHs was provided by collected only black particles

floating on the top of water surface after the arc discharge process.

Phase and crystallinity of CNHs were investigated by XRD as seen Figure 4.1.
From XRD pattern, diffraction peaks were observed at 26=26.6°, 42.4°, 44.7°, 54.8°
77.7°, and 83.8° were the reflection of hexagonal graphite namely C(002), C(100),
C(101), C(004), C(110), and C( 112), respectively.

Intensity (a.u.)

-—\AJL"\_J-";!L

I ! I N I ! I
20 40 60 80
20 (%)

Figure 4.1 XRD pattern of CNHs
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The morphology of CNHs was investigated by TEM. Three difference
magnification of TEM images were shown in Figure 4.2. The agglomerated of CNHs

were presented.

Figure 4.2 TEM images of CNHs at a)x120k, b)x250k, c) x400k

Specific surface area of CNHs was measured by N2 sorption analyzer and
reported in Figure 4.3(a). Specific surface area of CNHs was estimated by the Brunauer-
Emmett-Teller (BET) method. CNHs had 162 m?%g, 0.49 cm®g, and 12.20 nm of
specific surface area, total pore volume, and average pore diameter, respectively.
According to large average pore diameter when compared to diameter of a single horn
structure, this can be implied that the majority pore volume in this case was the volume
between agglomerated CNHs particles and the minority is the volume in each CNHs

particle which could be confirmed by pore size distribution in Figure 4.3(b).
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Figure 4.3 a) Adsorption-desorption isotherm of CNHSs, b) pore size distribution of
mesopores by BJH
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Degree of graphitic and disorder carbon of CNHs were investigated by Raman
spectroscopy. From Figure 4.4, two peaks were observed which are the representative
of D peak (around 1300 cm™) and G peak (around 1590 cm™), respectively. The D peak
is referred to disorder or amorphous carbon while G peak corresponds to graphitic
carbon [70, 71]. The ratio of intensity of D peak and G peak (lc/lp) can provide the
quality of CNHs. The Ig/Ip ratio of CNHs was 0.80.

Io/15=10.80
D peak

G peak

Intensity (a.u.)

T T T T T T T T T
1000 1200 1400 1600 1800 2000

Raman shift (cm™)

Figure 4.4 Raman spectra of CNHs

Thermal stability of CNHs was investigated by TGA analysis in air
environment. From Figure 4.5, CNHs started to decompose at 400 °C. Weight of CNHs
was drastically decreased around 500-600 °C. Very high purity of carbon was

confirmed from TGA curve.
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Figure 4.5 TGA curve of CNHs

4.1.2. Mono-functional group
4.1.2.1. Metal/Alloy hybridized with CNHs

Phase and crystallinity of the samples were identified by XRD. For Ni/CNHs
and Cu/CNHs samples, XRD patterns between 26=10-90° were shown in Figure 4.6(a)
and (c) and 26 =40-53° were shown in and Figure 4.6(b) and (d), respectively. Both
Ni/CNHs and Cu/CNHs presented a very shapely peak at 26=26.6°, which is the
reflection of hexagonal graphite [72]. For all Ni/CHNs samples, peaks at 26=44.4°,
51.7° and 76.2° indicated the refraction of face-centered cubic structure (FCC) which
are Ni(111), Ni(200), and Ni(220) respectively [30, 73]. The intensity of Ni peak
increased with increasing of number of Ni wire which can be implied that when metal
loading was increased, intensity of peak also increased. Average crystalline size of the
sample was calculated based on Scherrer equation [74] with shape factor = 0.9 and
reported in Table 4. 1Table 4. 1 Average crystalline size of Ni/CNHs and Cu/CNHSs by
XRD. The increasing of the intensity means crystalline size is larger. In case of
Cu/CNHs, the peaks at 26=43.3°, 50.4°, and 74.1° is the reflection of FCC structure
which are Cu(111), Cu(200), and Cu(220), respectively [30, 75, 76]. Increasing of the

peak intensity along with the increasing of the number of Cu wire were also reported.
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Figure 4.6 XRD patterns of a)Ni/CNHs-10, b)Ni/CNHs-1,4,6,10, ¢)Cu/CNHs-10,
d)Cu/CNHs-1,4,6,10

Table 4. 1 Average crystalline size of Ni/CNHs and Cu/CNHs by XRD
Average crystalline size by XRD (hm)

No. of metal wire

Ni/CNHs Cu/CNHs
6.16 5.34
4 6.94 6.60
8.23 7.41
10 9.25 10.12

For NiCu/CNHs at total number of wire were 10 wires (Figure 4.7 (a)) and at
fix ratio of Ni to Cu (Figure 4.7 (b)), XRD patterns showed two peaks between Cu(111)
to Ni(111) and Cu(200) and Ni(200) which can be implied that NiCu alloy were formed
in every sample [30, 77-80]. Average crystalline size of NiCu/CNHs samples was
reported in Table 4. 2. However, a graphite peak at 20 = 44.6° is overlapped with
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Cu(111) and Ni(111) peaks so the composition of Ni to Cu is difficult to calculate
through XRD results.

Intensity (a.u.)
Intensity (a.u.)

1) 2)
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26 (%) 20 (°)

Figure 4.7 XRD patterns of NiCu/CNHs with Ni:Cu = a.1)8:2, a.2)6:4, a.3)4:6,
a.4)2:8,b.1)4:4,b.2)2:2, b.3)1:1

Table 4. 2 Average crystalline size of NiCu/CNHs by XRD
Average crystalline

Average crystalline

Sample size by XRD (hm) Sample size by XRD (nm)
NiCu/CNHs-8:2 7.66 NiCu/CNHs-4:4 7.79
NiCu/CNHs-6:4 8.36 NiCu/CNHs-2:2 6.42
NiCu/CNHs-4:6 10.28 NiCu/CNHs-1:1 2.63
NiCu/CNHs-2:8 6.76

XRD patterns of Fe/CNHs-10 and other NiFe/CNHs samples were presented in
Figure 4.8. A small broad peak at 26 = 44.5° is identified as Fe(110) in BCC structure
[81]. For all of NiFe/CNHs with difference Ni to Fe ratio, peak positions of 20 were
shifted toward smaller angle (compared to Ni/CNHSs). This phenomenon confirmed the
formation of NiFe alloy in the samples [82]. An increasing of Ni to Fe ratio, the shifting
of diffraction peak was closer to Ni(111). Another evidence to support the formation of
NiFe alloy is an additional peak around 26 = 50-52° were presented in XRD pattern of
all conditions of NiFe/CNHs.
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Figure 4.8 XRD patterns of a) Fe/CNHs-10, b.1)NiFe/CNHs-7:3, b.2)NiFe/CNHs-5:5,
b.3)NiFe/CNHs-3:7, b.4)Fe/CNHs-10

For Pd/CNHes, diffraction peaks were discovered at 26=26.6° from C(002) and
at 26=40.1°, 46.7°, 68.2°, and 82.2° for Pd(111), Pd(200), Pd(220), and Pd(311),
respectively as shown in Figure 4.9 (a). Two peaks which were shifted toward smaller
diffraction angle (compared to Ni/CNHs) was observed in every Ni to Pd ratio of
NiPd/CNHs (Figure 4.9 (a)), peak around 26=44-56° and 26=49-52°. The formation of
NiPd alloy was confirmed [10]. Larger peaks shifted from Ni(111) were presented with

an increasing of Pd loading in the samples.
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Figure 4.9 XRD patterns of a) Pd/CNHs-4, b.1)NiPd/CNHs-9:1, b.2)NiPd/CNHs 8:2,
b.3)NiPd/CNHs-7:3
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Pt/CNHs were also studied by XRD and reported in Figure 4.10 (a). The XRD
pattern showed diffraction peaks of graphitic carbon and additional peaks at 26=39.6°,
46.1°, 67.2°, 81.0°, and 85.4° which were identified as Pt(111), Pt(200), Pt(220),
Pt(311), and Pt(222), respectively. For NiPt/CNHs, an alloy formation resulted in peak
position shifted from Pt and Ni metal to a new position which were between two initial
positions of the metal [83]. The peak position shifted of NiPt/CNHs with different Ni
to Pd ratio were presented in Figure 4.10 (b).

a) b)
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Figure 4.10 XRD patterns of a) P/CNHs-4, b.1)NiPt/CNHs-9:1, b.2)NiPt/CNHs 8:2,
b.3)NiPt/CNHs-7:3

In case of PdPt/CNHSs, the diffraction peak position of Pd and Pt is very close
to each other so the PdPt alloy formation is difficult to identify with peak positions.
However, the intensity of diffraction peak is differed between Pd and Pt [84, 85]. From
Figure 4.11, the intensity of each peak was decreased with an increasing of Pd to Pt
ratio. The different in intensity of diffraction peaks can confirmed the PdPt alloy

formation in PdPt/CNHSs samples.
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Figure 4.11 XRD patterns of PdPt/CNHs at Pd:Pt = a)1:3, b)2:2, ¢)3:1

Morphology of all samples was investigated by TEM. TEM have been accepted
to be used for measuring the size of nanoparticles (primary particle). TEM images and
metal particle size distribution of Ni/CNHs and Cu/CNHs were shown in Figure 4.12
and Figure 4.13, respectively. All samples presented similar morphology which were
black particles embedded in CNHs structure. The size of the Ni nanoparticles was
increased when the number of Ni wire loading was increased. Similar to the average
size of metal nanoparticles, size distribution of Ni nanoparticles was wider when
increasing number of Ni wire loading. For Cu/CNHs, similar result was discovered.
However, the average size of Ni and Cu nanoparticles was differed from each other
with the same number of metal wire. This is due to the different in the evaporation rate
of metal and solubility of metal in carbon species. Average size of Ni in Ni/CNHs with
Ni wires = 1, 4, 6 and 10 were 4.6, 5.0, 5.6, and 7.5 nm, respectively, while average
size of Cu in Cu/CNHs were 4.2, 5.1, 5.2, and 6.6 nm for Cu wires = 1, 4, 6, and 10,
respectively. For comparison, the size of the sample measuring by XRD and TEM was
in the same magnitude. A similar trend of average size was reported when increasing
the metal wire loading for both Ni/CNHs and Cu/CNHs sample. For the reminding,
average size which was calculated by Scherrer equation may have some error because
this equation is not appropriate to be applied to nanoparticle. According to the above
results, size of metal nanoparticles could be depended on metal loading (number of

metal wire) in the synthesis process.



45

Figure 4.12 TEM images of a)Ni/CNHs-1, b)Ni/CNHs-4, ¢)Ni/CNHs-6, and
d)Ni/CNHs-10
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In case of NiCu/CNHs, size of alloy nanoparticles was changed by variation of
Ni:Cu ratio (by number of metal wire). TEM images and metal particle size distribution
of samples with fix total number of metal wire to 10 wires and varied ratio of Ni:Cu to
8:2, 6:4, 4:6, and 2:8 were reported in Figure 4.14. Average size of alloy nanoparticles
was 6.4, 5.0, 4.7, and 4.6 nm for NiCu/CNHs-8:2, 6:4, 4:6, and 2:8. Average size of
alloy nanoparticles was decreased when Ni loading was decreased. In addition, average
size of NiCu/CNHs-8:2, 6:4, 4:6, and 2:8 were smaller than Ni/CNHs-10 and
Cu/CNHs-10. Those results could by caused by the similar structure of Ni and Cu
(FCC) resulted in shoving of metal atom which affected to smaller size of alloy
nanoparticles [79, 86]. Samples with fix Ni:Cu ratio of 1:1 and vary total number of
metal wires (1:1, 2:2, and 4:4,) were also studied by TEM and presented in Figure 4.15.
Average diameter size of NiCu alloy nanoparticles in NiCu/CNHs were 6.8, 7.0, and
8.3 nm for NiCu/CNHs-1:1, NiCu/CNHs-2:2, and NiCu/CNHs-4:4, respectively. A
wide distribution of average NiCu alloy size was presented in every condition. This
could be caused by an increasing of solubility of NiCu in carbon material comparing to

the solubility of Cu in carbon material resulted in larger average metal diameter.
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Figure 4.15 TEM images of a)NiCu/CNHs-1:1, b)NiCu/CNHs-2:2, ¢c)NiCu/CNHs-4:4

Morphology of Fe, Pd, Pt hybridized with CNHs were also studied by TEM. A
good metal dispersion in CNHs structure was presented in Fe/CNHs-10, Pd/CNHs-4
and Pt/CNHs-4 as shown in Figure 4.16. Average size of Fe, Pd, and Pt in hybridized
with CNHs were 6.9, 4.9, and 4.4 nm which differed from each metal due to their
properties, evaporation rate and solubility of metal in carbon [87-89]. According to all
results, average diameter size of metal/alloy could be depended on the amount of metal

loading, type of metal, evaporation rate, and solubility of metal in carbon.
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The GI-AIW method started with vaporization of carbon from graphite anode
and metal from metal wire to be a vapor of mixture between carbon and metal. These
were caused by energy transfer from arc plasma to an anode. After that, the gas mixture
was brought to the cooling zone by N> gas flow. During the cooling process, the
concentration of the vapor gas was reached to the supersaturated point of the mixture
and created the nucleus of metal and carbon according to homogenous and
heterogeneous nucleation theory, randomly [90-92]. If the metal has a good
dissolvability property in carbon, heterogeneous nucleation will be the majority and
provide the hybridized material between carbon and metal with high metal loading in
the product. On the contrary, if the solubility of metal in carbon is low, the
homogeneous nucleation will be the preferable pathway and result in a different product
which were composed of a single metal and carbon nanoparticle instead of the
hybridized material. Finally, the nucleus were condensed, growth, agglomerate and
sinter [93, 94]. In addition, size of metal in the hybridized material was depended on
many factors such as concentration of metal in vapor mixture, duration of cooling time
(flow rate of N2 gas), atomic radius of metal, and temperature of arc plasma [90, 95,
96].

100 mn

Figure 4.16 TEM images of a)Fe/CNHs-10, b)Pd/CNHs-4, and c)Pt/CNHs-4

The composition and thermal stability of Ni/CNHs and Cu/CNHs were
measured by TGA. The compositions of metal in each sample were calculated based on
complete oxidation during TGA analysis. For Ni/CNHs, after TGA analysis color of
the samples were changed from black to green which is the color of NiO. The Ni content
in Ni/CNHs samples were 5.3, 11.3, 14.3, and 15.8 wt% for Ni/CNHs-1, Ni/CNHs-4,
Ni/CNHs-6, and Ni/CNHs-10, respectively. Thermal stability of each Ni/CNHs
samples were slightly differed in every condition. Weight change of Ni/CNHs samples



51

changed around 380 °C as seen in Figure 4.17 (a). For Cu/CNHs samples, black
powders were obtained after TGA analysis which is the representative of CuO. The
content of Cu in Cu/CNHs sample were 3.7, 6.0, 6.4 and 9.2 wt% for Cu/CNHs-1,
Cu/CNHs-4, Cu/CNHs-6, and Cu/CNHs-10. From Figure 4.17 (b), weight of Cu/CNHs
samples were changed around 350 °C which is lower than Ni/CNHs. Weight changing
temperature of Ni/CNHs and Cu/CNHs samples was lower than CNHs. This could be
implied that Ni and Cu could help an oxidation process of carbon which resulted in
lower decomposition temperature of carbon. In addition, weight of metal in the sample

was increased with an increasing of metal wire number.
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Figure 4.17 TGA curve of Ni/CNHs a.1)Ni/CNHs-10, a.2)Ni/CNHs-6, a.3)Ni/CNHs-4,
a.4)Ni/CNHs-1 and Cu/CNHs b.1)Cu/CNHs-10, b.2)Cu/CNHs-6, b.3)Cu/CNHs-4,
b.4)Cu/CNHs-1

Compositions of metal/alloy hybridized with CNHs were obtained by EDX and
reported in Table 4.3. An increasing of wt% metal was observed with an increasing of
metal loading in both Ni/CNHs and Cu/CNHs. For the ratio of alloy component,
different results were presented due to the different of metal evaporation rate and the
solubility of each metal in carbon [87]. For Ni/CNHs and Cu/CNHs, wt% of Ni was
higher than Cu in the products at the same number of metal wire loading. This was due
to the lower solubility of Cu in carbon than Ni. However, Ni and Cu system exhibits a
complete soluble in each other [97]. According to this explanation, preparation of Cu
in form of NiCu alloy could help increase the wt% of Cu in the sample. The solubility
of Cu in C is increased when form as NiCu alloy. Mechanism of NiCu/CNHs formation

should start with a rapidly evaporation of Ni, Cu and C. Then Ni and Cu dissolved in
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each other to form NiCu alloy following with dissolvsion of NiCu in C. After that,
NiCu-C were quenched together at the cooling zone. Atomic of NiCu would be
condensed and solidified to become nanoparticle which was embedded in CNHs
structure as a final product [95]. In addition, Cu (2,562°C) has lower boiling point than
Ni (2,913°C) which resulted in Cu provide higher evaporation rate than Ni [98-101].
From this reason, higher wt% of Cu than wt% of Ni in NiCu/CNHs-1:1, 2:2, and 4:4

were reported.

For Fe/CNHs and NiFe/CNHs, wt% of total metal composition in the products
was slightly changed between Fe/CNHs and NiFe/CNHs at the same total number of
metal wire loading (10 wires). In case of NiPd and NiPt, an increasing of second metal
(Pd and Pt) resulted in an increasing of wt% total metal loading in the product due to
very high molecular weight compared to C and Ni. On the contrary, due to the large
differ of metal properties (melting and boiling point, molecular weight etc.) between
Pd and Pt, differentiation of total metal composition in PdPt/CNHs samples were
reported as shown in Table 4.3(26-30). From all above evidence not only metal
properties but also solubility of metal in carbon both are major factors to control the

composition and size of metal in the product [99, 102, 103].

Table 4.3 Composition of the samples by EDX
Composition by EDX (wt%)

No. Samples
C Ni Cu Fe Pd Pt
1 Ni/CNHs-1 93.8 6.2 - - - -
2 Ni/CNHs-4 89.6 10.4 - - - -
3 Ni/CNHs-6 86.7 13.3 - - - -
4 Ni/CNHs-10 83.6 16.4 - - - -
5 Cu/CNHs-1 94.1 - 5.8 - - -
6 Cu/CNHs-4 91.9 - 8.1 - - -
7  Cu/CNHs-6 87.7 - 12.3 - - -
8 Cu/CNHs-10 85.8 - 14.2 - - -
9 NiCu/CNHs-8:2 795 10.6 9.9 - - -
10 NiCu/CNHs-6:4  84.5 5.2 10.3 - - -
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Composition by EDX (wt%)

No. Samples

Ni Cu Fe Pd Pt
11 NiCu/CNHs-4:6  84.6 34 12.0 - - -
12 NiCu/CNHs-2:8 82.1 2.8 15.1 - - -
13 NiCu/CNHs-1:1  90.2 2.2 7.6 - - -
14 NiCu/CNHs-2:2  88.3 3.5 8.2 - - -
15 NiCu/CNHs-4:4  85.8 5.1 9.1 - - -
16 Fe/CNHs-10 75.6 - - 24.4 - -
17 NiFe/CNHs-7:3 729 19.9 - 7.2 - -
18 NiFe/CNHs-5:5  77.7 12.9 - 9.5 - -
19 NiFe/CNHs-3:7 76.7 14.1 - 9.2 - -
20 NiPd/CNHs-9:1  72.7 20.0 - - 7.3 -
21 NiPd/CNHs-8:2  63.5 19.3 - - 17.3 -
22 NiPd/CNHs-7:3  60.2 16.6 - - 23.2 -
23 NiPt/CNHs-9:1 61.8 19.1 - - - 19.1
24 NiPt/CNHs-8:2 64.9 13.2 - - - 21.9
25 NiPt/CNHs-7:3 54.6 16.7 - - - 28.7
26 Pd/CNHs-4 573 - - - 42.7 -
27 PdPt/CNHs-3:1 51.5 - - - 26.8 21.7
28 PdPt/CNHs-2:2 411 - - - 25.7 33.3
29 PdPt/CNHs-1:3  57.3 - - - 7.8 35.0
30 Pt/CNHs-4 55.8 - - - - 44.2

Specific surface area, total pore volume,

and average pore diameter of metal

hybridized with CNHs were also studied and presented in Table 4.4. All metal

hybridized with CNHs samples had lower specific surface area compared to CNHs (162

m?/g) due to metal which have smaller surface area attached on CNHs structure. In

addition, some of metal nanoparticles could block the space between agglomerated

CNHs particles resulted in smaller total pore volume and average pore diameter.
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Table 4.4 Specific surface area, total pore volume, and average pore diameter of
metal hybridized with CNHs

No. Samples Specific SLZJrface Total porcse Average pore

area (m</g) volume (cm®/g) diameter (nm)
1  CNHs 162 0.49 12.20
2  Ni/CNHs-10 136 0.44 13.10
3 Cu/CNHs-10 102 0.38 15.05
4 Fe/CNHs-4 125 0.27 8.54
5 Pd/CNHs-4 116 0.31 10.84
6  Pt/CNHs-4 110 0.27 9.83

To scale up the GI-AIW process, many factors have to be considered to provide
exact properties with larger production rate. The factors which could have an effect on
properties of the products were composed of electrode, gas composition and flow rate,
type and amount of energy, geometry of electrode gap, distance between electrodes and
so on [90, 95, 96, 104-106]. All factors should be similar to the original one to maintain

the product’s properties.

4.1.2.2. Oxidation in air

CNHs were oxidized at 380 °C in air to open the pore inside each CNHs. From
oxidation process, yield of CNHs was decreased due to the decomposition of carbon.

Properties of oxd-CHNs were studied and compared to CNHs.

TEM were used to analyze oxd-CNHs sample and presented Figure 4.18.
Structure of CNHs still presented in TEM image. However, the pore opening of CNHs
was difficult to observe by TEM.
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a) b)

20 mn 20 mn

Figure 4.18 TEM images of oxd-CNHs at a)x150k and b)x300k

To confirm the pore opening of CNHs, N> sorption was performed. Adsorption
-desorption isotherm was presented in Figure 4.19(a). Specific surface area of oxd-
CNHs was 418 m?/g which is almost 2.5 times comparing to CNHs. The increasing of
specific surface area was happening due to the pore opening [107-109]. The pore
opening process resulted in pore developed in every size of pore as presented in Figure
4.19 (b). Degree of graphitic and disorder carbon of oxd-CNHs was investigated by
Raman spectroscopy. Ratio of Ip to I of oxd-CNHs was 0.91 which is higher than
CNHs. This result supported that amorphous carbons were destroyed during the

oxidation process resulted in an increasing of specific surface area.
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Figure 4.19 a) Adsorption-desorption isotherm of oxd-CNHSs, b) pore size distribution
of mesopores by BJH
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4.1.2.3. Acid treatment

Two different types of acid were used to study the effect of acid treatment on
CNHs. Sulfuric acid was chosen due to the very strong acidity property and this acid
was normally used in acid treatment of carbon materials. Another acid was acetic acid
which is a weak acid. The effect of acid types and treatment time on ultrasonication
process were investigated. In addition, acidity and surface functional groups of acid

treated CNHs were also measured.

Specific surface area of sulfuric acid treated CNHs (SA-CNHSs) and acetic acid
treated CNHs (AA-CNHSs) were evaluated by N2 sorption analyzer. Adsorption and
desorption isotherm of SA-CNHs and AA-CNHSs with different treatment time were
presented in Figure 4.20. Adsorption-desorption isotherm shape of SA-CNHs sample
were differed from CNHs while adsorption-desorption isotherm shape of AA-CNHs
were similar to CNHs. Pore type of SA-CNHs could be identified as a micropore
material while pore type of AA-CNHs could be identified as a mesopore material which
was similar to CNHs. Specific surface area, total pore volume, and average pore
diameter of SA-CNHs and AA-CNHs were shown in Table 4.5. Specific surface area
of SA-CNHs was increased with and increasing of ultrasonicating time while
insignificantly changed in specific surface area of AA-CNHs at a different
ultrasonicating time. This result could be caused by the difference of erosion properties

(pKa) of sulfuric acid and acetic acid.
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Figure 4.20 Adsorption-desorption isotherm of a) SA-CNHs and b) AA-CNHs
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Table 4.5 Specific surface area, total pore volume, and average pore diameter of SA-
CNHs and AA-CNHs

Specific surface Total pore Average pore
No. Samples
area (m?/g) volume (cm®g)  diameter (nm)
1 CNHs 162 0.49 12.17
2 SA-15-CNHs 332 0.35 3.80
3 SA-30-CNHs 367 0.35 351
4  SA-60-CNHSs 383 0.33 3.30
5  SA-120-CNHs 416 0.32 3.03
6  SA-240-CNHs 420 0.27 2.60
7  SA-360-CNHs 422 0.27 2.52
8 AA-15-CNHs 182 0.50 10.93
9  AA-30-CNHs 169 0.33 1.77
10 AA-60-CNHs 176 0.33 7.50
11  AA-120-CNHs 173 0.37 8.30
12 AA-240-CNHs 187 0.38 8.09
13 AA-360-CNHs 192 0.39 8.04

Degree of graphitic was studied using Raman spectroscopy and reported in
Table 4.6. The Is/lp of SA-CNHs were 0.90-0.94 while Ic/lo of AA-CNHs were 0.82-
0.88. Due to the increasing of Ic/Ip ratio compared to CNHs (0.80), this can be indicated
that acid treatment can also destroy amorphous carbon. Degree of damaging was varied
by treatment time and type of acid. Mechanism of acid treatment on CNHSs should start
with destroying amorphous carbon then destroy the surface of CNHs to make small
pore. Moreover, acid treatment could add acid functional groups on the surface and
between individual CNHs resulted in coalescence of CNHs [110]. The decreasing of

total pore volume and average pore diameter were supported this suggested mechanism.
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Ultrasonicating time (min) Sulfuric acid Acetic acid
le/lp SD lc/lp SD
15 0.91 0.001 0.82 0.020
30 0.94 0.017 0.83 0.006
60 0.93 0.003 0.84 0.010
120 0.94 0.010 0.85 0.015
240 0.92 0.018 0.84 0.010
360 0.90 0.014 0.88 0.009

In addition, acid treatment on CNHs can provide acid functional groups on

CNHs. Surface functional groups of acid treated CNHs were studied by FT-IR as shown

in Figure 4.21. All samples were exhibited hydroxyl (-OH) group which refers to a

broad peak at wavenumber of 3200-3600 cm™. Small peaks around 2700-3000 cm™ are
carboxylic groups (-COOH). Peaks around 2800-2900 cm™ are the vibration of C-H
stretch bond of carbon materials. In addition, peak around 1600-1700 cm™ and 1100-

1200 cm® show C=0 and -C-OH, respectively. These two peaks indicated concentrated

acids generate the carboxyl groups on the surface of CNHs which confirmed the success
of acid treatment on CNHs [111, 112]. C=C stretch was presented at around 1550 cm*

is the identical peak of hexagonal structure on CNHs. To be noticed, peak at 2300-2400
cm?is CO2[113].
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Figure 4.21 FT-IR spectra of acid treated CNHs a)SA-CNHs and b)AA-CNHs
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Amount of acidity in the samples was evaluated by NHs-TPD and reported in
Table 4.7. Similar results were presented in SA-CNHs and AA-CNHs. An increasing
of ultrasonicating time resulted in an enhancement of acidity of acid treated CNHs. Due
to stronger acidity of sulfuric acid, acidity of SA-CNHs was significantly higher than
AA-CNHs at the same ultrasonicating time. In addition, both weak (150 — 350 °C) and
strong (450 — 700 °C) acid peaks were presented from SA-CNHs while only weak acid
peak was observed from AA-CNHs samples. An increasing of acidity was drastically
changed at the beginning of treatment period, slowly increasing after a time, then almost
the same acidity was reported at a longer treatment time. This is due to the fully

occupied of surface which can be functionalized by functional groups.

Table 4.7 Acidity of acid treated CNHs by NH3-TPD

Acidity (umol/g)
Ultrasonicating time (min)
Sulfuric acid Acetic acid
0 98 98
15 540 227
30 665 241
60 722 258
120 730 270
240 794 275
360 798 354

4.1.3. Multi-functional groups

4.1.3.1. The thermal treatment (oxidation and reduction) on Ni/CNHs,
Cu/CNHs and NiCu/CNHs samples

Metal/alloy nanoparticles in metal/alloy hybridized with CNHs from GI-AIW
were embedded in CNHs structure as present in TEM results. To use those samples in
catalytic application, the pore opening of carbon was required to allow metal/alloy
species (active site) attacked with a reactant. The sample after oxidized process were
called oxidized Ni/CNHs-10 (oxd-Ni/CNHs-10), oxidized Cu/CNHs-10 (oxd-
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Cu/CNHs-10) and oxidized-NiCu/CNHs-5:5 (oxd-NiCu/CNHs-5:5). However, after
the oxidation, metal/alloy nanoparticles were partially oxidized to metal oxide phase as
confirmed by XRD pattern (Figure 4.22). To reduce the oxidized samples back to metal
phase, reduction process was provided. Samples after reduction process were called
reduced-oxidized Ni/CNHs-10 (red-oxd-Ni/CNHs-10), reduced-oxidized Cu/CNHs-10
(red-oxd-Cu/CNHs-10), and reduced-oxidized-NiCu/CNHs-5:5 (red-oxd-NiCu/CNHs-
5:5). After reduction process, oxidized form of metal was completely changed to
metal/alloy phase as presented in Figure 4.22. In addition, the peak intensity of
metal/alloy phase (Ni, Cu, and NiCu) was increased due to the pore opening of carbon
and sintering of metal particles due to oxidation and reduction process [30]. Moreover,
oxidation and/or reduction process affected to weight reducing of the samples. The

weight change of each sample was reported in Table 4.8.
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Figure 4.22 XRD patterns of thermal treatment on a)Ni/CNHs-10, b)Cu/CNHs-10,
and c)NiCu/CNHs-5:5
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Table 4.8 Weight change of samples after thermal treatment process
Weight change of the sample (%owt)

Samples
After oxidation After reduction
Ni/CNHs-10 35 38
Cu/CNHs-10 58 63
NiCu/CNHs-5:5 51 60

4.1.3.2. The acid treatment by sulfuric acid on Pd/CNHs sample

Acid treatment of sulfuric acid on Pd/CNHs sample was studied. The treatment
time was set at 1 h of ultrasonicating time. An addition of acid functional groups on
surface of CNHs by acid treatment was confirmed in 4.1.2.3 so that similar result could
be expected in acid treatment of sulfuric acid on Pd/CNHs (SA-Pd/CNHs).

Phase of SA-Pd/CNHs were studied by XRD and showed in Figure 4.23. The
similar diffraction peak pattern was presented in SA-Pd/CNHs comparing to Pd/CNHs.
This result suggested that acid treatment did not affect the structure of Pd/CNHs. In
addition, degree of graphitic was also measured by Raman spectroscopy. Insignificant
change of Ig/lp was presented in SA-Pd/CNHs (0.87) compared to Pd/CNHs (0.88)
which should be caused by an increasing of defected on sp? carbon during the acid

treatment process [114].
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Figure 4.23 XRD patterns of a)Pd/CNHs, b)SA-Pd/CNHs
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Specific surface area, total pore volume, and average pore diameter of SA-
Pd/CNHs was studied by N2 sorption through BET method. An increasing of specific
surface area while decreasing of total pore volume and average pore diameter were
presented in SA-Pd/CNHs as shown in Table 4.9. This result suggested that acid

treatment mainly effect on carbon material.

Table 4.9 Specific surface area, total pore volume, and average pore diameter of
Pd/CNHs and SA-Pd/CNHs

No samoles Specific surface Total pore Average pore
' P area (m?/g) volume (cm®g)  diameter (nm)
1 Pd/CNHs 116 0.31 10.845
2 SA-Pd/CNHs 232 0.26 451

To confirm leaching of metal after acid treatment, ICP-MS was applied. An acid
solution after acid treatment was separated from the suspension by filtration and
analyzed by ICP-MS. Less than 0.06 wt% of Pd were presented in the acid solution
after the acid treatment. The structure of Pd/CNHs which Pd nanoparticles were
embedded in CNHs structure could help protect Pd nanoparticles from acid solution.
Moreover, acidity of Pd/CNHs and SA-Pd/CNHs was measured by NHs-TPD. Acidity
of Pd/CNHs was 415 pmol/g and acidity of SA-Pd/CNHs was 1,490 umol/g. An
increasing of acidity after acid treatment were presented. In addition, acidity of SA-
Pd/CNHs was higher than SA-CNHSs at the same ultrasonicating time. From this result,
Pd could have acidity properties and/or could help acid functional groups attached on

CNHs surface easier than without Pd.

4.2. Catalysis applications

CNHs and functionalized CNHs were used as a catalyst in three different
catalytic reactions. Oxd-CNHs, Ni/CNHs, Cu/CNHSs, and NiCu/CNHs were applied in
dehydration of xylose. Acid treated CNHs were tested in esterification of ethyl

levulinate. Moreover, transfer hydrogenation of methyl levulinate to y-valerolactone
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were catalyzed by Ni/CNHs, Cu/CNHs, and NiCu/CNHs with thermal treatment. The
performance of the catalysts was presented in terms of conversion, yield, and selectivity

in each reaction.
4.2.1. Dehydration of xylose

Dehydration of xylose is an autocatalytic reaction which could result in the
formation of furfural and other derivatives. In the commercial process, mineral acid has
been used as Bronsted acid catalyst for the dehydration of xylose to furfural. However,
many problems such as instrument corrosion, excessive waste disposal and high
investment in catalyst recovery process were reported due to using of homogenous acid
catalyst [115]. To overcome such problems, solid acid catalysts would be an alternative
way for dehydration of xylose [116]. In addition, the reaction was conducted in water
system. Water could perform as an active medium for dehydration of xylose at high
temperature, resulting in furfural formation. Water could provide H+ and OH- ions
which would efficiently act as acid- and based-catalysts [117, 118]. Two different batch

reactors were selected to conduct the reaction.
4.2.1.1. Parr-reactor

Dehydration of xylose was conducted using parr reactor. CNHs and oxd-CNHs
were tested in this reaction. In addition, reactions with carbon nanotubes (CNTs) and
oxidized CNT (oxd-CNTSs) as catalysts were performed for comparing the catalytic
performance. CNTs were selected due to their good catalytic property and CNTSs also
provide the closest morphology to CNHs. Both CNHs and oxd-CNHSs can provide a
well dispersion of the powder in xylose solution (reactant) due to the absorption of
xylose on surface of CNHs. Oxd-CNHs provided the highest xylose conversion (89%)
compared to other catalysts as presented in Figure 4.24. Conversion of CNHs and oxd-
CNHs were higher than CNTs and oxd-CNTs. CNHs could act as a catalyst to enhance
the xylose conversion due to some acid functional groups on the surface which were
generated during the synthesis or storage as reported in Figure 4.21. Moreover, after
oxidation process, more acid functional groups were added to the surface resulted in an
increasing of xylose conversion with oxd-CNHs catalyst. For furfural yield, about 10%

of xylose yield were increased when using CNHs and oxd-CNHs as catalysts while 5%
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increased when CNTs and oxd-CNTs were used. However, yield of other by-products,
especially lactic acid, was significantly increased when using oxd-CNHSs as a catalyst.
This was caused by the promotion of side reactions which could also be enhanced by
acid catalyst [72, 119]. From above results, oxidation process (acidity) had a strong
effect on xylose conversion while less effect on furfural yield. However, selectivity of
reaction without catalyst was about 2 times higher than using catalysts. Adding a
catalyst into the system could promote other side reactions between xylose and furfural.
In addition, due to the small pore size of CNHs and oxd-CNHSs, mass transfer problem

should be considered.

0 Without catalyst @CNTs Soxd-CNTs & CNHs Eoxd-CNHs
100

Percent (%)

Conversion Selectivity

Figure 4.24 Performance of the catalysts in dehydration of xylose in Parr reactor at
170 °C, reaction time=4 h, and initial P=15 bar

4.2.1.2. In-house batch reactor

A smaller size of batch reactor was used to test the catalyst performance of Ni,
Cu, NiCu hybridized CNHs. Less amount of catalyst was used in this type of reactor.
Performance of each catalyst was reported in Figure 4.25. Xylose conversion, furfural
yield and selectivity were slightly decreased when CNHs was used as a catalyst.
However, changing a catalyst from CNHs to oxd-CNHs, those values returned to the
original. This can be implied that mass transfer problem was occurring when using
CNHs as a catalyst and an oxidation process on CNHs could solve this problem. The

highest xylose conversion was observed when using oxd-Ni/CNHs-10 as a catalyst.
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Thermal treatment on Ni/CNHSs had slightly effect on xylose conversion while resulting
in a decreasing of furfural yield. Whether, catalysts which were consisted of Ni
provided very high xylose conversion, furfural yield was low due to Ni species in
Ni/CNHs could help promoted other side reactions. Reaction with Cu/CNHSs, oxd-
CNH, and red-oxd-Cu/CNHs provided similar xylose conversion and furfural yield to
reaction without using a catalyst. All experimental results suggested that the
hybridization of Ni, Cu, and NiCu with CNHs would attribute to xylose conversion and
also further conversion of furfural to other by-products due to other side reactions. It
should be noted that Ni, Cu, and NiCu could act as Lewis acid sites [120]. Weingarten
et al. (2011) reported some solid catalysts with a certain number of Lewis acid sites
could predominantly enhance conversion of xylose through the dehydration process
[121, 122]. In general, most of metal is known as a strong Lewis acid site which could
promote other side reactions to convert either xylose or furfural to humin [121].
Therefore, with the presence of Ni/CNHSs, selectivity of furfural would be extremely
affected, resulting in relatively low yield of furfural though a high conversion of xylose
could be achieved. Meanwhile, adding Cu to Ni/CNHs as NiCu/CNHs could play a role
in selectively convert xylose to furfural with less side reaction. Many previous works
also experimentally confirmed that NiCu could enhance selectivity of Ni catalyst [25,
29, 30]. Therefore, the optimization of Ni to Cu ratio should be a potential approach to

enhance the furfural yield from dehydration of xylose or other derivatives [67].
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Figure 4.25 Performance of Ni/CNHs Cu/CNHs and NiCu/CNHs with or without
thermal treatment catalysts on dehydration of xylose in in-house batch reactor at
170 °C, reaction time=4 h, and initial P=15 bar

4.2.2. Esterification of levulinic acid to ethyl levulinate

Due to the acid catalyst requirement on esterification reaction, sulfuric acid
treated CNHs with 60 min of treatment time (SA-60-CNHs) was tested as a catalyst in
esterification of levuilnic acid (LA) to ethyl levulinate (EL). Amount of catalyst,

reaction temperature and initial molar ratio of LA:EtOH were studied.

Adding a catalyst into the reaction resulted in slightly decreasing of LA
conversion and EL yield. On the contrary, selectivity of EL was increased to 98.6%
when 15 mg of catalyst was used as reported in Figure 4.26. EL selectivity was
increased about 9% compared to the reaction without a catalyst. Due to the micropore
structure of catalysts, mass transfer limit could affect the performance of the catalyst
resulted in slightly decreasing of conversion via increasing of selectivity of the catalyst
[123]. In addition, unclear results of LA conversion and EL yield were presented due
to low amount of catalyst loading.
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Figure 4.26 Effect of amount of catalyst on esterification of LA to EL at reaction
temperature= 140 °C, reaction time = 90 min, initial LA:EtOH=1:5

Effect of temperature was tested by using 15 mg of catalyst. Temperature was
varied at 100, 120, and 140 °C. LA conversion and EL yield were increased along with
an increasing of reaction temperature from 100 to 140 °C as presented Figure 4.27. For
EL selectivity, more than 90% of selectivity was gained in every reaction temperature.
Normally, esterification reaction is an exothermic reaction, so that increasing of
reaction temperature should increase conversion and yield of the reaction [124, 125].

However, reaction time might not long enough, so low conversion and yield were
presented.
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Figure 4.27 Effect of reaction temperature on esterification of LA to EL at 15 mg of
catalyst, reaction time = 90 min, initial LA:EtOH=1:5
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The influence of molar ratio on esterification of LA to EL was studied and
reported in Figure 4.28. The esterification of levulinic acid is a reversible reaction and
full conversion of levulinic acid is accomplished through the use of the high volumes
of ethanol [126]. Molar ratio of LA to EtOH was set at 1:3, 1:5, and 1:7. The highest
selectivity was provided at molar ratio of 1:5. The optimize reaction conditions for
esterification of LA to EL in this study were performed at LA:EtOH=1:5, 140 °C for
90 min with 15 mg of catalyst.
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Figure 4.28 Effect of initial LA:EtOH molar ratio on esterification of LA to EL at 15
mg of catalyst, at reaction temperature= 140 °C , reaction time = 90 min

4.2.3. Transfer hydrogenation of methyl levulinate to y-valerolactone

The effect of thermal treatment on Ni/CNHs, Cu/CNHs and NiCu/CNHs on
catalyst activity were investigated through transfer hydrogenation of methyl levulinate
(ML) to y-valerolactone (GVL). The results were reported in Figure 4.29. Reaction
which presented Ni species in the catalyst component provided better conversion
compared to other catalysts. Red-oxd-Ni/CNHs-10 showed the highest ML conversion
at >90%. Adding Cu in catalyst resulted in low ML conversion which is lower than
20%. Similar to conversion, the highest GVL yield was observed when red-oxd-
Ni/CNHs-10 was used as a catalyst. Very low GVL vyield was presented with Cu

catalysts. Thermal treatment on Ni/CHNs could help increase catalytic performance of
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catalysts. Ni active species could expose to the system easier than before the thermal

treatment process resulted in the best catalyst performance of red-oxd-Ni/CNHs.

100
90 |
80 |
70 |
60 |
50 |
40 |
30 |
20 r N
10 F =
o Lo

Percentage( %)

T

_f

Conversion Yield Selectivity
0 Without catalyst CNHs BNIV/CNHs-10

Hred-NI/CNHs-10 0 oxd-N1/CNHs-10 B red-oxd-N1/CNHs-10
H Cu/CNHs-10 Bred-oxd-Cu/CNHs-10 ONi1Cu/CNHs-7:3
A Ni1Cu/CNHs-5:5 Ered-oxd-NiCu/CNHs-5:5 B N1Cu/CNHs-3:7

Figure 4.29 Performance of Ni/CNHs Cu/CNHs and NiCu/CNHs with or without
thermal treatment catalysts on transfer hydrogenation of ML at 200°C, reaction
time=3h

In addition, the effect of reaction temperature on the catalytic performance of
red-oxd-Ni/CNHs-10 was shown in Figure 4.30. The red-oxd-Ni/CNH-10 showed
extremely low activity (ML conversion below 10%) at the reaction temperature of 140
and 170 °C while the ML conversion was enhanced up to 90% at 200 °C. In addition,
the high GVL selectivity suggested that the red-oxd-Ni/CNH-10 could result in very
few side reactions. All results based on the increase in the reaction temperature from
140 to 200 °C, which could significantly enhance the ML conversion as well as GVL
yield and selectivity, align with an endothermic natural of the transfer hydrogenation
of ML to form GVL [127].
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Figure 4.30 Effect of reaction temperature for ML to GVL conversion
(reaction time of 3 h, catalyst loading of 0.1 g)

Catalytic reusability of red-oxd-Ni/CNH-10 were also studied for converting
ML over 5 repeated cycles and showed in Figure 4.31. Only a slight decline in the
conversion of ML was detected while the selectivity of GVL was still higher than 85%
after five cycles, suggesting that the red-oxd-Ni/CNHs-10 could exhibit high stability
and reusability for GVL production. This was caused by the interaction between CHNs
and Ni active species combined with CNHs structure could protect Ni nanoparticles
from an agglomeration of Ni nanoparticles which resulting in a good catalyst activity

after 5 cycles of the reaction [127].
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Chapter V
CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

CNHs could be functionalized by adding metal, alloy, and/or acid functional
group into/onto CNHs. Metal and their alloy nanoparticles could be added into CNHs
via GI-AIW method which is a single step process resulted in metal their alloy
hybridized with CNHs. For metal and their alloy hybridized with CNHs, the amount of
metal which could be added onto CNHs was depended on metal properties, evaporation
rate and solubility of metal in carbon properties. Differential of metal type could
provide a different metal loading and average diameter of metal nanoparticles which
were embedded in CNHs structure. Increasing of metal loading resulted in an increasing
of average diameter of metal nanoparticles. XRD results could confirm the formation
of alloy in CNHs structure. Adding metal into CNHs affected on their properties,
especially their thermal stability and specific surface area. On the contrary, acid
functional groups could be provided by acid treatment process which could increase
specific surface area and acidity of CNHs. In addition, thermal treatment on CNHs
could also help increasing of specific surface area of CNHs due to the pore opening
process. Interestingly, CNHs could act as a potential barrier to protect metal
nanoparticles from strong acid and could reduce a sintering process of metal at high

temperature surrounding for metal/alloy hybridized with CNHs as well.

The functionalized CNHs could be applied as a catalyst to convert sugar and
their derivatives to valuable bio-chemical products. In dehydration and esterification
reaction, an acid catalyst was required to enhance the reaction activity. Oxidized CNHs
and acid treated CNHs which had acidity properties could be applied in those reactions.
Oxidized CNHs could increase the conversion of dehydration. However, an unclear
result was presented in esterification reaction due to inappropriate reaction conditions.
In addition, Ni hybridized with CNHs with thermal treatment showed great
performance in transfer-hydrogenation of methyl levulinate to y-valerolactone.
Significantly increasing conversion yield and selectivity was reported. Moreover, high

stability and reusability of catalysts with 5 cycles were also provided when Ni
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hybridized with CNHs with thermal treatment as catalyst due to the interaction between

CNHs and Ni active species could increase the stability of the catalyst.

5.2. Recommendations

An increasing in production yield of CNHs and hybridized CNHs should to
further investigate. For acid functionalization process, the effect of acid treatment
method, type of acid and treatment temperature should be investigated. Lastly, for
esterification of levulinic acid, the reaction conditions should be adjusted for example
amount of catalyst should be increased or initial concentration of levulinic acid should
be decreased.
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APPENDIX A

BASIC PROPERTIES OF METAL AND ACID

A.1 Basic properties of metal

Table A.1 Basic properties of metal

Species  Mw (Q) Density (g/cmq) Melting P (C)  Boiling P (C)

C 12.0 amorphous: 1.8-2.1 3,550 3,825
graphite: 2.27

Ni 58.7 near room temp: 8.91 1,455 2,913
liquid: 7.81

Cu 63.5 near room temp: 8.96 1,085 2,562
liquid: 8.02

Fe 55.8 near room temp: 13.81 1,538 2,862
liquid: 6.98

Pd 106.4 near room temp: 12.02 1,555 2,963
liquid: 10.38

Pt 195.1 near room temp: 21.45 1,768 3,825
liquid: 19.77

A.2 Radius of each metal

Table A.2 Atomic radius of metal

Atomic radius (pm)

Species Hi 5 - -
Empirical radius Van der Waals radius Covalent radius

sp3: 77

C sp?: 73 170 No data
sp: 69

Ni 124 163 124

Cu 128 140 132

Fe 126 No data 132-152

Pd 137 163 139

Pt 139 175 136
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A.3 Basic properties of sulfuric acid and acetic acid

Table A.3 Basic properties of sulfuric acid and acetic acid

Acid Formula Mw (g) I(:;?Qrsr']?)/ Boiling P (C) Acidity (pKa)
Sulfuric acid ~ H2504 08 1.84 337 -3.1.99

Aceticacid ~ C2H40:2 60 1.05 118 476




APPENDIX B
CALIBRATION DATA

B.1 Calibration curve of xylose for HPLC analysis @Nanotechnology center
(NSTDA)
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Figure B.1 Calibration curve of xylose for HPLC analysis @Nanotechnology center
(NSTDA)
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B.2 Calibration curve of furfural for HPLC analysis @Nanotechnology center
(NSTDA)
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Figure B.2 Calibration curve of furfural for HPLC analysis @Nanotechnology center
(NSTDA)
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B.3 Calibration curve of xylose for HPLC analysis @Kyoto University
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Figure B.3 Calibration curve of xylose for HPLC analysis @Kyoto University
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B.4 Calibration curve of furfural for HPLC analysis @Kyoto University
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Figure B.4 Calibration curve of furfural for HPLC analysis @Kyoto University
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B.5 Calibration curve of methyl levulinate for GC analysis
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Figure B.5 Calibration curve of methyl levulinate for GC analysis
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B.6 Calibration curve of methyl levulinate for GC analysis
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Figure B.6 Calibration curve of methyl levulinate for GC analysis



B.7 Calibration curve of levulinic acid for HPLC analysis
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Figure B.7 Calibration curve of levulinic acid for HPLC analysis
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B.8 Calibration curve of ethyl levulinate for HPLC analysis
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Figure B.8 Calibration curve of ethyl levulinate for HPLC analysis
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APPENDIX C
CHROMATOGRAM DATA

C.1 Chromatogram of dehydration of xylose to furfural by HPLC

C.1.1 Chromatogram from UV detector
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Figure C.1 Chromatogram of dehydration of xylose to furfural by HPLC
(UV detector)

C.1.2 Chromatogram from RID detector
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Figure C.2 Chromatogram of dehydration of xylose to furfural by HPLC
(RID detector)
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C.2 Chromatogram of transfer hydrogenation of methyl levulinate to y-valerolactone
by GC
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Figure C.3 Chromatogram of transfer hydrogenation of methyl levulinate to y-
valerolactone by GC

C.3 Chromatogram of esterification of levulinic acid to ethyl levulinate by HPLC

C.3.1 Chromatogram from UV detector
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Figure C.4 Chromatogram of esterification of levulinic acid to ethyl levulinate by
HPLC (UV detector)



C.3.2 Chromatogram from RID detector
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Figure C.5 Chromatogram of esterification of levulinic acid to ethyl levulinate by

HPLC (RID detector)



APPENDIX D
RAMAN SPECTRA DATA

D.1 Raman spectra of acid treated CNHs by sulfuric acid (SA-CNHs) with difference

ultrasonicating time
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Figure D.1 Raman spectra of acid treated CNHs by sulfuric acid (SA-CNHs) with
difference ultrasonicating time



D.2 Raman spectra of acid treated CNHs by acetic acid (AA-CNHs) with difference
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APPENDIX E
QUANTITATIVE DATA

E.1 Dehydration of xylose in parr reactor at 170 °C, reaction time=4 h, and initial
P=15 bar

Table E.1 Dehydration of xylose in parr reactor at 170 °C, reaction time=4 h, and
initial P=15 bar

No. Catalysts con\fé?/s!iocfr? (%) Furfu(r;ol)yleld selelj:l:ir\tlijt;ﬂ(%)
1 Without catalyst 33.3 29.8 96.4
2 CNTs 65.5 34.0 51.9
3 oxd-CNTs 59.2 355 59.6
4 CNHs 75.8 40.4 53.7
5 oxd-CNHs 88.9 39.8 44.7

E.2 Dehydration of xylose in in-house batch reactor at 170 °C, reaction time=4 h, and
initial P=15 bar

Table E.2 Dehydration of xylose in in-house batch reactor at 170 °C, reaction time=4
h, and initial P=15 bar

No. Catalysts con\fgslfosr? (%) Furfu(%yleld se|chl:{\];lthr;“(%)
1 Without catalyst 43.1 27.9 65.6
2 CNHs 38.7 22.1 57.7
3  Oxd-CNHs 45.8 28.0 61.3
4 Ni/CNHs-10 94.7 29.4 31.1
5 oxd-Ni/CNHs-10 86.8 38.1 441
6 red-oxd-Ni/CNHs-10 93.9 21.0 22.4
7  Cu/CNHs-10 44,7 26.2 58.8
8 oxd-Cu/CNHs-10 52.4 32.5 61.9
9  red-oxd-Cu/CNHs-10 48.8 30.3 62.9
10 NiCu/CNHs-5:5 63.9 31.6 49.5
11  oxd-NiCu/CNHs-5:5 83.1 34.8 41.9
12  red-oxd-NiCu/CNHs-5:5 89.1 37.9 42.7
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E.3 Transfer hydrogenation of ML to GVL at 200°C, reaction time=3 h

Table E.3 Transfer hydrogenation of ML to GVL at 200°C, reaction time=3 h
ML conversion GVLyield GVL selectivity

No. Catalysts

(%) (%) (%)
1 Without catalyst 6.5 3.3 51.4
2 CNHs 4.7 2.9 61.4
3 Ni/CNHs-10 9.5 8 84.1
4 Cu/CNHs-10 16.8 0.0 0.0
5  red-Ni/CNHs-10 38.7 38.2 98.7
6 oxd-Ni/CNHs-10 12.8 8.7 68.5
7 red-oxd-Ni/CNHs-10 96.2 89.4 93.0
8  red-oxd-Cu/CNHs-10 12.6 0.4 2.9
9 NiCu/CNHs-7:3 174 2.2 12.7
10 NiCu/CNHs-5:5 5.7 1.6 29.1
11 red-oxd-NiCu/CNHs-5:5 39.1 24.2 61.9
12 NiCu/CNHs-3:7 8.5 0.8 9.2

E.4 Effect of reaction temperature on transfer hydrogenation of ML to GVL, reaction
time=3 h

Table E.4 Effect of reaction temperature on transfer hydrogenation of ML to GVL,
reaction time=3 h

Reaction temperature ML conversion ~ GVLyield  GVL selectivity

No. °C) (%) (%) (%)
1 140 2.7 0.2 5.8
170 6.2 2.9 46.5

200 96.2 89.4 93.0
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E.5 Reusability of catalyst in transfer hydrogenation of ML to GVL at 200°C, reaction

time=3 h

Table E.5 Reusability of catalyst in transfer hydrogenation of ML to GVL at 200°C,

reaction time=3 h

ML conversion

GVL selectivity

Cycles (%) GVL yield (%) (%)
1st 96.2 89.4 93.0
2nd 96.1 87.7 91.2
3rd 93.6 85.0 90.8
4th 91.1 81.8 89.8
5th 89.3 79.0 88.5

E.6 Effect of amount of catalyst on esterification of LA to EL

Table E.6 Effect of amount of catalyst on esterification of LA to EL at reaction

temperature= 140 °C, reaction time = 90 min, initial LA:EtOH=1:5

Amount of LA conversion A EL selectivity
No. catalyst (mg) (%) EL yield (%) (%)
1 0 43.5 39.4 91.0
2 15 37.6 37.1 98.6
3 20 38.1 34.3 89.9
4 25 38.9 36.5 93.9

E.7 Effect of reaction temperature on esterification of LA to EL

Table E.7 Effect of reaction temperature on esterification of LA to EL at 15 mg of
catalyst, reaction time = 90 min, initial LA:EtOH=1:5

Reaction temperature

LA conversion

EL selectivity

i 0,

No. °C) (%) EL yield (%) (%)
1 100 12.3 12.0 97.8
2 120 26.3 22.8 86.6
3 140 37.6 37.1 98.6
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E.8 Effect of initial LA:EtOH molar ratio on esterification of LA to EL

Table E.8 Effect of reaction temperature on esterification of LA to EL at 15 mg of
catalyst, at reaction temperature= 140 °C, reaction time = 90 min

Reaction temperature LA conversion EL yield (%) EL selectivity

No. °C) (%) (%)
1 1:3 50.0 375 75.0
2 1:5 37.6 371 98.6
3 1:7 36.0 304 84.4




APPENDIX F
SAMPLING SIZE CALCULATION

Sample size was calculated by Cochran formula [128]:

P(1-P)Z?
d2

Where:
n is sample size,
d is the desired level of precision,

P is the proportion of the population which has the attribute in question

In this study,
Confidence level = 95% (Z Score = 1.96).
d=0.05
P=03

.. Sample size will be 323 particles
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