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CHAPTER |

INTRODUCTION

Carbon-based nanomaterials such as carbon nanotubes (CNTSs), buckminster
fullerenes, carbon nanofibers (CNFs), and carbon nanoparticles (CNPs) have very
small size (in nanometer) [1]. CNPs have, been attracted a lot of interests, and are
currently an area of intense scientific reseaschy due to a wide variety of potential
applications in biocompatible ~materials, BiOsensing, conductive materials, drug
delivery, filler, electrical .eemponent, adsorber, and much more [2]. CNPs can be
synthesized by various teehnigtes such as pulsed laser ablation (KrF excimer laser) in
argon [3], chemical vaper deposition (CVD) by methane (CH,) as carbon source [4],
arc discharge in liquids#nitiogen: [51; d]'rﬂéct pyrolysis of hydrocarbons, including
styrene, toluene, benzene hexane, cyclohexane and ethane, in the absence of catalyst
[6] and flame synthesis which used acetylene as a carbon source. CNPs were
deposited on porous silicon plate by electrochemistry [7]. All of these techniques
required complex and expensive instruments-; Obviously, the flame combustion
synthesis technique with hydrocarbon compound as a carbon source such as,
acethylene gas (C,H>), propane (CsHsg) etc, is simple and inexpensive. Soot or CNPs
is formed after disturbing the system, in which there isfocally insufficient oxygen.
With advantages of this technique, the particles that are -highly pure, small sizes, and
have relatively narrow size-distribution can‘be produced. In this research, CNPs were
synthesized by flame combustion of candle-wax which was simple technique and low
cost operation. Furthermore, the candle wax made from paraffin, was the residues
from petrochemical “industry. ( This. makes ' the value-added, of @ residue from

petrochemical industry. In addition, CNPs have lots of promising applications.

1.1 The objectives

To synthesize CNPs by flame combustion technique, and to characterize
the molecular characteristics of CNPs by means of ATR FT-IR microspectroscopy,
X-ray diffraction (XRD), Raman spectroscopy, scanning electron microscopy (SEM),

transmission electron microscopy (TEM), atomic force microscopy (AFM), and



N, adsorption/desorption analysis. In addition, CNPs are also tested as volatile

organic compound adsorber.

1.2 The scopes of this research

1. Synthesizing CNPs by flame combustion technique.

2. Obtaining the molecular information of CNPs by means of ATR FT-IR
microspectroscopy, X - ray diffraction (XRD), and Raman spectroscopy.

3. Characterizing particles size and morphology of CNPs by means of scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and
atomic force microseopy (AFM).

4. Evaluating the surface area of CNPs by N, adsorption/desorption analysis.

5. Applying the synthesized CNPs as an adsorber of volatile organic
compound, whigh were investigated by ATR FT-IR microspectroscopy and

gas chromatography/flameionization detector (GC/FID).

1.3 Expected benefits

CNPs are extremely small (approximately less than 100 nm), highly pure, and
have high surface area. It has high pot’eriﬁél applications for volatile organic

compound adsorber. ot



CHAPTER 11

THEORETICAL BACKGROUND

2.1 Paraffin wax

The paraffin wax was derived from petrochemical industry. These waxes are
residues extracted when dewaxing crude oils [8]. The most general type of paraffin
wax used in solid fuel or the candle tmaking process [9]. The paraffin wax is
the primary component of a candle, which is a composite material made of a mixture
of straight-chain hydreearbon-melecules. The molecular formula of paraffin is
CnHan+2, Which the value of.n ranges frolm 19 to 36 and the average value are 23-25.
The molecular weight™ (average) is 350-420 kg/kmol. The characteristics of
a particular paraffin swax' are cbmmﬁﬁly defined by its physical properties.
These properties include melting point, méltéd wax temperature (average, around base
of wick), flash point, maximum flame terﬁ;;erature and others listed in Table 2.1.

% Iy
o

Table 2.1 The properties of parafﬁh candle.y@x [9].

g =

Properties of paraffin wax Value
Carbon Aumber, range (Cn,Han+2) 19-36
Carbon number, average (CoHans2) | 23-25

Molecular weight/(average)

350-420 kg/kmol

Melting point 48-68 °C
(aveage.atoind onssofdidd | ) T
Maximum flame temperature 1400 °C
Flash point 66-69 °C
Fire point 204-271 °C
Boiling point 238-263 °C

Density (at room temperature)

865-913 kg/m*

Vapor pressure (at 100 °C)

2.67 kPa




2.2 Candle flame

The body of a candle is a solid fuel source that is usually paraffin wax.
The wick runs through the center of the candle body from the bottom, extending out
of the top. A wick acts as a fuel pump when the candle is combusted. A wick is
commonly made of cotton fibers that have been braided together as shown in
Figure 2.1A. The candle combustion will occur from fire setting on the wick and heat
from the flame travels rapidly toward the candle body. It is instantly melted to liquid
wax which is pulled up the wick by capillary attraction or the attractive molecular
forces between the wax molecules and the"wick. molecules pull the wax upward.
The liquid wax creeps to near the top of the wick. It is vaporized and released
hydrocarbon or carbon-molecule.-The cycle of the candle combustion repeats itself
until the wick is exhausted. It will lack fuel for the flame that may die out [10-11].
The interesting point of'the eandle is the flame. The position of the combustion can be
classified into five zomes as shown in:the processed .image of the candle flame
(Figure 2.1B). From the processed image of the exact candle flame, reaction zones
can be classified into five zones as follows [12]:

-Zone 1 (Non-Luminous Zong): The wax ’i;ey_aporated. There is insufficient oxygen

for fuel to combust. (Temperature 5600 °C). .

- Zone 2 (Blue Zone&):—TFhere—is—a surpius-of oxygen. starting and the flame of
combustion begins. It has blue color. (Temperature ~ 300 °C)

- Zone 3 (Dark Zone): Thexcracking of theé-wax begins because there is insufficient
oxygen for combustion. ¢ Therefore, it will (create | minute carbon particles.
(Temperature ~ 1000 °C)

- Zone 4. (Luminous Zone):* There™is "still" insufficient oxygen* for complete
combustion. Therefore, the continuous cracking of this zone will produce a lot of

carbon particles. This area is bright yellow. (Temperature ~ 1200 °C)

-Zone 5 (Veil): There is a surplus of oxygen in this non-luminous zone. The carbon
particles react with oxygen to form carbon dioxide (CO;). The hydrogen atoms react
with free oxygen to form water (H,O0). The complete combustion occurs in this zone.
(Temperature ~ 1400 °C)



The fundamentals of combustion can be termed as the process of establishing
self-sustained fire using fuel and oxidizer in a controlled manner. The overall
chemical process is exothermic in nature, which liberates enough heat to self-
sustaining combustion process. The combustion can be divided to the complete
combustion and the incomplete combustion. In the complete combustion, when the
reactant (hydrocarbon compound is usually used as fuel) will burn in sufficient
oxygen. The production will gain only yield of carbon dioxide (CO,) and water (H,0)
as follows [13]:

CH, + (et %)oz o (%)HZO 2.1)

The incomplete combustion occurs when there is insufficient oxygen. The
hydrocarbon compound burns® in air. Therefore, the production will gain yield of
carbon dioxide (CO,), water (H2Q), carbon monoxide (CO), carbon particles (soot)

and various other compound whigch react with hydrogen and oxygen as follows [13]:

C,H, #O§ ».€C0O; '+ CQO + H,O + carbon particles (soot) (2.2)

The carbon particles (soot) formati“on ﬂ‘bccurs from incomplete combustion.
The mechanism of the reacting species is extremely. complex, and many pathways
lead to the polycyclie structures which are the building 0locks of the soot particles.
One of the main pathways is the following. Certain molecules are pyrolyzed into
small unsaturated molecules where the main constituent is ethyne. The ethyne
polymerizes to, palyethyne.; Eventually; polycyclic structures are formed by ring
closure. These polycyclic structures are called platelets or small graphitelike sheets
that could be-seen-as the-primary. building-blocks of the soot particle. The platelets
stack together to“form !crystaliites, “which subsequently stack' tegether to form
turbostratic particles, as shown in Figure 2.2. The size of the particles increases due to
particle coagulation and surface growth instigated by the addition of precursor gas-
phase molecules. The surface growth fills the space between the coagulated particles.
The coagulated particles remain spherical. Ishiguro et al. [14] showed that surface
growth platelets do not orient themselves in a turbostratic manner, instead they are
oriented perpendicular to the radius of the particle, which gives the soot particles a

rigid outer shell, which is thermodynamically more stable than the turbostratic inner



core. When surface growth stops, the growth of the spherical particles stops. These
particles are then called primary soot particles. Those primary soot particles continue

to coagulate and form chainlike aggregates, the so-called “secondary soot particles”
[15].

Figure 2.1 The candle ae zo
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Figure 2.2 Schematic mechanism of the formation of soot particles [15].



2.3  Carbon nanoparticles (CNPs)

Carbon-based nanomaterials, which consist of carbon nanotubes (CNTS),
fullerenes, carbon nanofibers (CNFs) and carbon nanoparticles (CNPs), have
promising applications in nanotechnology. Among these, CNPs have gained much
more attention due to their prospective characteristics. The discovery of CNPs or
spherical carbon structure are attracting extensive attention due to their excellent
properties and potential application as biocompatible materials, biosensing,
conductive materials, drug delivery, filler; electrical component, adsorber etc.

Inagaki, M. defines a elassification”of“these spherical carbon structures as
follows (with respect to thei-nanometric texiure): concentric, radial and random
arrangements of the carbon'layer |16]. CNPs can also be classified with respect to the
size of carbon spheres inJdhreg‘categories as follows [17]:

(i) The well graphitized enign  like str‘ucture which typically have diameters of
2-20 nm (Figure 2.3A). .

(if) The carbon nanospheres which demonstrate less graphitized structures and have
diameters between 50 nm and‘T um (F"rgure 2.3B).

(iii) The carbon beads have diameters of one to ﬂéeveral microns (Figure 2.3C).

From literature—reviews—of—the—CNPs;—there- are several methods for

synthesizing CNPs as follows:

Chen G X.ceti al. (2004)[3] synthesized CNPs by pulsed laser ablation (KrF
excimer laser) in argon gas. The pressure was held"at 0.01-1 Torr. The graphite was
used as.a_.carbon source..CNPs.had.the. particles size.7-13 nm~“which depend on
increasing ‘of a' pressure. 'They found that, from 'SEM’ images ‘as observed via
morphologies of CNPs having highly roughed and transferred to a cauliflower-like
structure at 0.60 Torr and a floccus-like structure at 1.0 Torr. CNPs were suggested
highly disordered and amorphous structure by Raman spectroscopy and X-ray
diffraction (XRD).

Yu J. et. al. (2002) [4] has used Chemical Vapor Deposition method for CNPs

synthesis by methane (CH,4) gas as a carbon source. The iron film that had the



thickness 200 nm was used as catalysts for carbon atom cracking at pressure 4000 Pa,
temperature 670 °C and were held 15 minutes. They found that this method had grown
the CNPs and CNTs which had particles size from 10 nm to more than 200 nm and
wide size distribution as observed via SEM image. There was polycrystalline graphite

structure which analyzed by Raman spectroscopy

Charinpanitkul T. et. al. (2008) [5] synthesized CNPs by arc discharge in
liquid nitrogen. Iron and graphite electr?des (cathode electrode) were compared. A
current was varied in a range of 50-250 fé@pere (A.). They found that the current
about 100 A were applied into iron eleclpoﬂ'é or graphite electrode. Carbon
nanocapsules (a paI‘tIC|Ei-_§,|£_e 50-400 nm)..\were" grown from iron electrode and
W-C Ts) (dlameter 8-25 nm and length 150-250

e-lecltrod . However, this method will get a few CNPs

multiwalled carbon nano

nm) were grown from gr

when current applying was'ingreased. -~ ©

Quercia L. et. [18]’prddhced CNPs by flame synthesis which used

acetylene as a carbon s CNPS W&? deposﬂed on porous silicon plate by

electrochemistry. CNPs had a_ partjcles saze:1.§rZO nm as observed via SEM. XRD
technique revealed poly— fuIIerenesxtructhg:Qf CNPs. The infrared spectra of CNPs

suggested that there Was no observablé C- H ana C-O peaks as observed via FT-IR
——

spectroscopy. And tbgﬁ CNPs were mixed with poly(metﬁyll methacrylate) in order to

apply as sensor for adsqrbed volatile compound (acetor}_e). They found that CNPs had
potential in adsorbed volatile compound mare than that of general carbon.

Figure 2.3  The structure of carbon spheres in three categories: (A) Carbon onions
[19], (B) Carbon spheres [20], and (C) Carbon beads [21].



2.4  Flame combustion synthesis techniques

Flame combustion synthesis (Figure 2.4) is one of the promising mass
production techniques for CNPs. The method is cost effective and provides a high
production rate. The apparatus set up is a simple and low cost. A typical flame aerosol
set-up consists of a precursor unit (evaporator), a burner accompanied by a gas
delivery system and a filter unit to collect the product particles. Various flame

configurations are used for the manufacture of CNPs as follows:
2.4.1 The premixed flames

The combustion-gases are mixed-before they enter the reaction flame
zone. They are hydrocarbon~compound. such as, acethylene gas (C,H,), propane
(CsHg), methane (CHj) etes depending on the gas flow rates and burner geometry,
flame either laminar-or turbulent. In-industry turbulent co-flow reactor are usually

used, since large quantities of particles are'desired [13].

2.4.2 The diffusion flames

- 44

The fuel and oxidizer are unmixed even up to flame surface. In other
words, fuel and oxidizer are mixed and burnt instantaneously at the flame surface
itself. Some of the examples of diffusion flame-based combustion system are wood
stoves, coal burner, industial furnaces, a candle flame ete. As a result, the burning rate
is dictated by the rate which'fuel and oxidizer, can reach together at the flame surface

in proper proportions [13].

This_)méthod “used) various (flame ytypesfin “Synthesis. Hydrocarbon
compound was used as the fuel or a carbon source in CNPs synthesis. Soot (black
smoke) or carbon particles are formed after a flame disturbing, which there is locally
insufficient oxygen or incomplete combustion, combined with the interaction of
catalyst, and created an appropriate environment for the formation of CNPs. Synthesis
from the premixed flames can produce CNTs. However, synthesis from the diffusion

flames can produce CNPs. With advantages of flame combustion technique, the
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particles with highly pure, small sizes and relatively narrow size distribution can be
produced [22].

Deposition zone due to flame

\
[ )

Flame / I

Substrate

Air

Air

Fuel (Ethylene) ——————>

Figure 2.4 Schematic diagram of the flame combustion synthesis process

2.5 Analytical instruments

2.5.1 Attenuated Total Reflection Four‘ier Transform Infrared (ATR FT-IR)

Microspectroscopy

Attenuated total reflection Fourier transform infrared spectroscopy is
used for analysis of surface of materials and is a non-destructive technique. It is
a method of interpal reflectionswhich equires;asmedium, called internal reflection
element (IRE) or the' ATR crystal.“The infrared radiation'is directed into IRE, which
has high refractive index with an angle that total ifternal reflections occur inside IRE.
The light exits IRE and| passessthrough the spectrometer to the detector. At each
reflection, a part of the light called the evanescent wave passes IRE interface and
interacts with a sample place in close contact with IRE. The infrared spectrum may be
collected. The surface of a sample is pressed into optical contact of IRE such as zinc
selenide (ZnSe), germanium (Ge), and diamond. The materials of IRE have an effect
on the ATR measurement because materials of different refractive index affect

the depth of penetration and the occurrence of anomalous dispersion [23].
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Figure 2.5 ATR FT-IR mlcrospectroscope (A'rr Contlnuum ™! infrared microscope
attached to the..INicolet q700 FT-IR spectrometer (B) the slide-on

Ge uIRE |M 0 the KSIUOH of slide-on housing on the infrared
objective, yﬂomema slide-on Ge uIRE.

i
i
— i

25.2  X-ray diffragtiog (XRD)! | &
sl

XRD is the/ins ufhéh‘tal te"éﬂ‘nfhue for. characterization of crystalline

structure materials. When -ray radlatlorn;ﬁilrected on sample, it is scattered by

il

electrons present in the sample‘%“ms sca@r’ng results in maxima and minima in

the diffracted 1nten51t)£ The s1gna1 maxima %0110\; Bragg’s law equation [24]:

—a -0

Wy g
n\ = 2dsin® | (2.1)

where, n = order of reflection
A = the X4ray wavelength
d,=the inter-planar-spacing

0.= the diffraction angle

Figure 2.6 shows the diffraction of X-ray by regular planes of atom.
Each lattice d-spacing, Bragg’s law predicts a maximum at a characteristic diffraction
angle (0). During XRD measurement the angles of incidence and detection are
scanned. When the intensity of detected X-ray is plotted as a function of angle (0)
an X-ray diffraction pattern is obtained, which is the sample characteristic.

The usual information depth of XRD measurement ranges from a few micrometers to
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hundred micrometers, depending on the density of the sample. Using a very small,
fixed incidence angle of the X-rays (so-called grazing incidence measurement) thin

layers of only a few nanometers can be investigated as well.

Figure 2.6 Diffraction gi*X-ray by regular planes of atom.

2.5.3 Raman spectioscopy

Raman speciroseopy s used-fo"r' analysis of the structure of organic,
inorganic and biological substances. The adg‘/énltage of this technique is that the water
does not interfere the Raman spectrum. Thej‘thé'bry of Raman spectroscopy is defined
that a photon is scattered by the molecu‘lra'r“ 'system. Meost photons are elastically
scattered, a process which is called Rayleigh scattering: In Rayleigh scattering, the
emitted photon has the same wavelength as the absorbing photon. Raman
spectroscopy is based on_the Raman effect which is the inelastic scattering of photons
by molecules.(Thé!Rafhan efféct comprisés avéry smallifraction, about 1 in 107, of
the incident phetons. In Raman scattering, the energies of the incident and scattered

photons-are different. A simplified energy diagram.is-shown in Figure 2.7.

The energy of the scattered radiation is less than the incident radiation
for the Stokes line. The energy of the scattered radiation is greater than the incident
radiation for the anti-Stokes line. The energy increases or decreases from the
excitation is related to the vibrational energy spacing in the ground electronic state of
the molecule. Therefore, the wavenumber of the Stokes and anti-Stokes lines are

the direct measurement of the vibrational energies of the molecule [25].
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Quasi-excited state

Anti-Stokes

Stokes
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Ground state

hvg

Figure 2.7 Quantum ~representation = of energy interchange involved in

the Raman-effeci
2.5.4  Scanning eleétroh microscope (SEM)

SEM is widely used to chéfgéterize the information about surfaces of
solid substrate. The €onductive sa(h-pl’é are easiest to study because
the unimpeded flow of electrons to grb"ﬁnd_ minimizes artifacts associated with
the buildup of charge. For obtainihg SEM 1fnage of non-conducting samples, it will
involve the coating on the surface of the s'éi'ﬁ'ﬁ'l’e’ with a thin metallic film produced
by sputtering or vacuum-evaporation before surface characterization. In obtaining
an electron microscopic image, the surface of sample is Swept in a raster pattern with
a finely focused beam of electrons. A raster is a scanning pattern that used in
a cathode-ray tubey inwhich an‘electron beam /is Swept across a surface in a straight
line, returned tq, its starting position, and shifted downward by a standard increment.
This process. is, repeated..until .a desired .area’of .the .surface.has ;been scanned.

Schematic diagram’of SEM'was shewn'in Figure 2.8 [25].
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Electron source

Condenser lens

Condenser aperture

Additional condenser lens
Objective aperture

Scan coils

Objectiverens

Sa{mple

Figure 2.8 Schematic diagram of scanni'ng electron microscope (SEM).

2.5.5 Transmission electron micro%cope (TEM)

TEM is extensively used fq‘[;edgit'Udying the morphology size and size
distribution of particles. TEM :associates a fbeh{n of accelerated electron with energy
of 50-200 keV and emitted by a cathode in?é_guum. These electrons are deflected in
small angles by atoms in sample and transmitted through thin sample. Then,
these electrons are “magnified by magnetic lenses and hitting a fluorescent screen
generating the bright field image. Transmission electran microscope was shown in
Figure 2.9. The electron‘interaction beam with atoms in the samples is the diffraction
or absorption of electron heam. The images from electron microscopes indicate
the structure of @ sample which cansbe used for size determining, and characterizing

morphelogy: of nanoparticles [26].
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Electron source

Condenser lens
Condenser aperture
Sample

Objective lens

Objective aperture

Projector lens

Screen

Figure 2.9 Schematic diagram of fransmission electron microscope (TEM).

2.5.6  Atomic forcg'microscopy (AEM)

The atomic force mic'roscopé]-*(AFM) has evolved into the instrumental
technique for characterization of morpholddf‘y_‘t__)ﬁnanomaterial. A typical AFM system
(Figure 2.10) consists of a micro-machined%éefr!ftilever probe and a sharp tip mounted
to a Piezoelectric (PZT) actuator and a pos'i’Ei'"ciH'-é’ensitive photo detector for receiving
a laser beam reflectect 6ff the end-point of the beam to provide cantilever deflection
feedback. The fundarhental of AFEM operation is that the tip is scanned on the surface
of the sample, and moves up and down with the contour of the surface, the laser beam
deflected from the cantilever provides measurements ‘Of difference in light intensities
between the upper and lower photo detectors. Feedback from the photodiode different
signal through seftware,contrel fram the,computer; enablesthe tip.to-maintain either a
constant_force or constant height ‘deviation. In' constant “height ‘mode, the deflection
force on the sample is recorded [27].
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Photo detector
Laser
So
Cantilever

2l

Sample

Figure 2.10  Schematic diagram of real micro-cantilever and components of AFM.

2.5.7 N, adsorption/desorpiion analysis

N, adsorption/desorption ‘analysis is used to determine the physical
properties of mesoporous molecular siev{és such as the surface area, pore volume, pore
diameter and pore-size distabution of é_qfid catalysts. The Brunauer, Emmett, and

Teller (BET) method [28]4s generally use"g t0 measure total surface area.

i

1 i )
= £h- P/P :
WI(P,/P)-1] ~“W € -Jf'wmc( ) (22)
Jiia ek
where, LTk 7y
W = the Weight_bf nitrogen adsorbed at a given P/P;;: (ratio between equilibrium

pressure of“adsorbates (P) and saturation pressure of adsorbates at
temperature of‘adsorption (Po))
W, = the weight of gds torgive monolayer-Coverage

C = aconstantithat is related to the heat of adsorption

Adlinearrelationship between I/ W[(P/Py) 1] and P{Pis required to obtain

the quantity of nitrogen adsorbed. This linear portion of the curve is restricted to
a limited portion of isotherm, generally between 0.05-0.30. The slope and intercept
are used to determine the quantity of nitrogen adsorbed in the monolayer, then
the surface area is calculated. For a single point method, the intercept is taken as zero
or a small positive value, and the slope from the BET plot is used to calculate
the surface area. The reported surface area depends upon the method used, as well as

the partial pressures in which the data are collected.
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2.5.8 Gas Chromatography/flame ionization detector (GC/FID)

GC/FID is a method of separating mixtures of volatile compounds into
their components which use the flame ionization as detector. It enables us to separate
trace impurities or major fractions from each other. Based on the time required for

separation, it can obtain considerable information on the identity of each component.

The flame ionization detector, FID, works by directing the gas phase
output from the column to be mixed with hydrogen and air, and ignited. Organic
compounds burning in the flame produce” ions and electrons which can conduct
electricity through the flame. A large electrieal potential is applied at the burner tip,
and a collector electrode_is.lecated above the flame. The current resulting from the
pyrolysis of any organic.eompetnds is measured. The FID is a useful general detector
for the analysis of organi€ compounds; it has high sensitivity, a large linear response
range, and low noise. It iS also robust and'“'easy to use, but unfortunately, it destroys
the sample [24]. \



CHAPTER IlI

EXPERIMENTAL SECTION

Carbon nanoparticles (CNPs) were synthesized by flame combustion of candle
wax. The characterizations of them were divided into three parts: (i) molecular
information and crystal structure characterization, (ii) morphology analysis, and (iii)
surface area analysis. To. obtain thes molecular information, ATR FT-IR
microspectroscopy and Raman spectroscopy..were carried out. Crystal structure
determination was performed by X-ray diffraction (XRD). Scanning electron
microscopy (SEM), tramsmission. electron microscopy. (TEM), and atomic force
microscopy (AFM) weke performed to éstimate the particles size and morphology of
CNPs. Surface area analysisby:Na adsorgi;lon/desorption technique was employed to
investigate the surface area ©f (CNPs. The adsorption property of the synthesized
CNPs was investigated by  ATR '-__F_j'-lR microspectroscopy and gas
chromatography/flame ionization detector (_C;g:/FID).

i

3.1 Materials Y
1. Pure paraffimwax
2. Candle wick made of 100% cotton (diameter of 0.50 and 0.15 cm)
3. Aluminium plate
4. Stainless'steel cylinder
5. Ethanoll (Merck® KGaA (analyst grade))
6+, Copper, wire with-diameterjof, 0.50-mm
7. -lron wire'with'diameter-of0.50 mm
8. Nichrome wire with diameter of 0.50 mm
9. Parafilm

10. 100 % Eucalyptus oil (aromatherapy essential oil)

11. Diesel oil from Central Institute of Forensic Science (CIFS), Thailand
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3.2 Experimental section
3.2.1 Candle casting from paraffin wax

A 1000 g of paraffin wax is heated until it becomes the molten paraffin
wax (the melting temperature of paraffin ~ 105 °C). Then, the molten paraffin wax
was casted by filling into a stainless steel cylinder of various diameters: 2, 4, 6, and 8
cm. The height of the cylinder was fixed at 10 cm. The candle wick was placed in the
middle of the cylinder, and held at room temperature until it was settled into the solid
form, the so-called “candle”. These candles v\?erg__ used as CNPs sources.

-

7
3.2.2 Apparatus setting for CNPs synthesis

A homem?aﬁparatus f&)r flame combustion synthesis of CNPs is
shown in Figure 3.1. The gandle flame disturbance played a critical role in the CNPs
synthesis. In this Worla,/vvaEl used gFi_d ;s the candle flame disturbance which was
placed on another o-ringﬁgpa abc;;/g-‘the Ce r‘f-dle. The cylindrical aluminium plate was

y J g
held closely to the top sidg;t’)f the grid for collecting the synthesized CNPs.
..d_:'i ‘{J'f'_.

- “‘-J

The grid
Thezcandle
The bowl

The stand

Figure 3.1  The apparatus for CNPs synthesis.
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3.2.3 Preparation of the grid

The synthesis of CNPs by candle flame combustion technique requires
oxygen shortage in order to reach the incomplete combustion condition. The
incomplete combustion condition was accomplished by candle flame disturbance. In
this work, the grid was used as the flame disturbance. The investigated parameter for
finding the optimal condition for CNPs synthesis were grid interval, types of wire,
and shape of the grid. The grid interval of 0.1, 0.5, and 1.0 cm were chosen as shown
in Figure 3.2. The copper wire, iron Wirﬁ%nichrome wire with a diameter of 0.5

: /f‘lgable wire type was weaved to the
various grid shapes i.e. square grid aqd dome grid (the height of 6.0 cm. and the
diameter of 3.0 cm) were"Showrn i "

mm were used, as shown in Figure 3.3.

Figure 3.4, Each experiment was performed to

Q £
L™ ' Y
Figure 3.2 The chesé_:‘ square grid with the grid “interval of (A) 1.0 cm,
(B) 0.5 cm, and (C) 0.1 cm. {)

Figure 3.3 The various wire types for grid weaving (A) copper wire, (B) iron wire,
and (C) nichrome wire.
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Figure 3.4 The various grid shapes (A) square and (B) dome (the height of 6.0 cm

and the diameter of 3.0 cm‘ ,//

——
3.24 The flamwce of’\candle"ﬁs.._

Zoneb5

Zone4d
Zone3

Zone?2
Zone 1l

P 1

7‘ h\‘) ‘. ,y/ ¥ b - "

F'gure%ﬁ’} ﬂé&ﬁb‘@t@l&oﬂé Yo %%ﬂ’ia@e%!éturbance wit

the grid, (B) the candle flame zone, (C) CNPs on aluminium plate, (D)
CNPs on the grid, and (E) CNPs powder.

The candle flame disturbance was performed by inserting grid to the
desired flame combustion zone (Figure 3.5A). Generally, the candle flame zone can
be classified into five zones (Figure 3.5B), as mentioned in CHAPTER II. In our
experiment, the candle flame disturbance was carried out at the regions between zone
2 and 3, zone 3 and 4, and zone 4 and 5. For the regions between zone 1 and 2 were
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not yet started the combustion. So, these regions were not used in this experiment.
The synthesized CNPs were collected on aluminum plate and on the grid, as shown in

Figure 3.5C and 3.5D, respectively. Then, the collected CNPs on aluminum plate and

the grid were black powder as shown in Figure 3.5E.

3.2.5 The adsorption testing of volatile organic compound by CNPs
3.2.5.1 CNPs pellet casting for adsorption of eucalyptus oil

The synthesized CNPs+were black powder, and had light
weight. The sample application of the synthesized CNPs was employing them as
volatile organic compound adsorber. First of all, they must be casted to pellet in order
to be easily utilized for_the velatile organic compound adsorbing. For the casting
procedure, CNPs powderwas first filled into pellet holder and pressed with hydraulic
force. After that, CNPs.Weré Shaped to pellet (the diameter of 3.0 cm and the
thickness of 1 mm).The various condiﬁlbns were Investigated in order to get the

optimal pellet as shownsin Table 3.1:

Eucalyptus o1l was u‘s:érd, for testing because it was the common
volatile organic compound. The adsorptioni,_etsl‘ﬁng of the volatile organic compound
adsorbing was carried out by dropping etjc"alyp'tus 0il on a filter paper (Whatman®
Schleicher & Schuelli-Ne:1).—Fhen;-ii-was-piaced-inio the same bottle with CNPs
pellet. The bottle was sealed by parafilm and stored at room temperature for 24 hours
(Figure 3.6). After that, the molecular characteristic of the adsorbed volatile organic

compound was-investigated-witmATR:FT-IR microspectrascopy.

Table 3.1 The conditions of CNPs pellet casting_for adsorption of eucalyptus oil.

Weight of CNPs powder (g) | Coampression (Tan)
0.05 0.5
0.05 1.0
0.05 2.0
0.1 0.5
0.1 1.0
0.1 2.0
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Table 3.2 The con(jj}lons of CNPs pelret castir

)

Weight of CNPs Welght of Teflon Compression
wder (Ton)
1.0

| om e osa | w0

S WToemi T2 g0 J V6 I VTE TabE)

lon powder as binder.

\ 0.01 0.10
0.05 0.20 2.0
0.05 0.20 2.5
0.10 0.10 3.0

0.10 0.05 15
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Diesel oil was used for testing because it was the flammable
volatile organic compound which used to prove evidence in arson crime. The
adsorption testing of the volatile organic compound adsorbing was carried out by
dropping diesel oil on the filter paper (Whatman® Schleicher & Schuell, No.1). Then,
it was placed in the same bottle with CNPs pellet and sealed rapidly by a bottle cap. It
was baked at 95 °C for 24 hours. Then, the pellet was left in vial containing 1 mL of
dichloromethane (solvent in the organic compound dissolving on CNPs pellet), and
was mixed together by vortex for 1 hour. The molecular characterization of adsorbed

volatile organic compound was performed by GC/FID technique.

Table 3.3 The conditions of CNPs pellet casting with paper pulp as binder.

Weight of . €NRS Weight of paper Compression
powder (g) pulp (9) (Ton)
0.10 0.01 1.0
0.10 0.01 1.0
0.10 0.01 1.0
0.10 001, 15
0.05 0.0_1  2.0
0.05 0.02 1.5
0.05 0.05 1.5
0:05 0.10 1.5

3.3 Characterization of CNPs
3.3.1 /\The molecular information and c¢rystal structure characterization
3.3.1.1 ATR FT-IR microspectroscopy

The synthesized CNPs powder and CNPs pellet for adsorption volatile
organic compound were characterized by attenuated total reflection Fourier transform
infrared (ATR FT-IR) microspectroscopy. All ATR spectra were collected by a
Continupm™ infrared microscope equipped with a mercury-cadmium-tellurium
(MCT) detector that attached to the Nicolet 6700 FT-IR Spectrometer. Germanium
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(Ge) was used as internal reflection element (IRE). CNPs powder or CNPs pellet was
first mounted onto a glass slide and positioned on the microscope stage. For spectral
acquisition of samples, the stage of microscope was raised in order to bring sample
contact with the tip of Ge pIRE. The ATR spectra of samples were acquired in the
reflection mode of infrared microscope. All spectra were measured from 750 to 4000

cm™ with 64 co-added scans, and the spectral resolution of 4 cm™.

3.3.1.2 X-ray diffraction (XRD)

The XRD pattern was used to investigate the crystal structure of
synthesized CNPs such as graphite, diamond, and amorphous structure. For sample
preparation, CNPs powder were pressed into a sample holder with a smooth plane
surface. Then, the prepared samples were put into the sample chamber. XRD analysis
used in this work was Rigaku, Dmax 2200/Ultima plus X-ray powder diffraction
(XRD) with a monochromater; and.Cu Koo radiation (40 kv 30 mA) at angle (26)
ranging from 10-70 degree. The scan.speed Was, 1 degree/min. The scan step was 0.02
degree. The three slits (scattering, divergént,-;and receiving slits) were fixed at 0.5

degree, 0.5 degree and 0.15 mm, respectively.

3.3.1.3 _Raman spectroscopy =

Raman spectroscopic technique - was used to investigate
the hybridization of the carbon atom of CNPs. Renishaw (invia model) dispersive
Raman spectroscope was employed. For sample preparation, CNPs powder were put
onto glass slide and ‘placed into" the chamber. “The sample was bombarded by
an Ar ion laser (514 nm). The grating 1,800 L/mm (Vis), exposure times of 25

seconds, afid the spectrd rarige-0f400-2,500 cmT Were/employed:
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3.3.1.4 Gas Chromatography/Flame lonization Detector (GC/FID)

The molecular characteristic of the adsorbed volatile organic
compound was performed. For sample preparation, CNPs pellet already adsorbed with
volatile organic compound was mixed with 1 mL of dichloromethane together by
vortex for 1 hour. And then, the filtrated solution was injected in Agilent technologies
(6890N Network system) GC/FID. The size of column was 30 m x 320 um x 0.25 pm
(Methyl Siloxan Capillary). The carrier gas was helium. The flow rate of 2 mL/min

was used.

3.3.2 Morphology analysis/imaging technique

3.3.2.1 “8Canning glectron,microscope (SEM)

Particles size and merphology. of CNPs were observed via
JSM-6480LV model at"15 kV of accelerating: voltage. CNPs samples were prepared
by collecting them on aluminium plate by exposing to the soot, which was generated
from candle flame disturbance/for 2 seconds and 30 seconds and CNPs powder. The
CNPs films on aluminium plate and CNPs pdwger were mounted onto carbon tape on
stub. The samples were loaded to sample chamber and-. then the observation was

conducted immediately by image catcher scanner for taking the photograph.

3.3.2.2¢ Transmission.electren microscope (TEM)

Particles: size | and morphology /of>CNPRs<after [ultrasonicating
were characterized by TEM zero A H-7650 model at 100 KV acceleration voltage. For
samples preparation, CNPs were suspended in ethanol by ultrasonicating for 15
minutes and another CNPs were suspended in ethanol by ultrasonicating for 1 hour.
After that, CNPs uniform dispersion was dropped on a Formvar-coated copper grid.
The sample was loaded into sample chamber, and then the morphology of samples

was analyzed.
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3.3.2.3 Atomic force microscopy (AFM)

This technique had two samples preparations. The CNPs after
sonicating in ethanol for 1 hour were dropped on a cover glass or exposing the coated
ethanol with thin film on cover glass directly to the soot which was generated from
candle flame disturbance. The dynamic force microscope mode (DFM) was
performed on SPI4000/SPA400 (SII NanoTechnology Inc.). Cantilever type was
SI-DF20. The scanning area was 0.5 pm-1 pm.

3.3.3 Surface area.analysis
3.3.3.1 Nj adserplion/desorption analysis

Surface area of CNPs was determined in term of nitrogen
adsorption/desorption isathesm BET speci"fic surface area of CNPs was evaluated by
mean of a BELSORP-IlFingtrument. The €CNPs powder weight was 0.009 g and
the exact weight pretreatment was weighed at 300 °C for 1 hour before each

measurement.



CHAPTER IV

RESULTS AND DISCUSSION

Carbon Nanoparticles (CNPs) in this research were produced by paraffin
combustion of candle. Generally, the candle gcombustion cannot produce CNPs due to
the complete combustion changing paraffin‘te“carbon dioxide (CO,). However, the
disturbance of the combustion pattern.has controlled by the amount of the oxygen
input supply in the system, CNPs can be generated. The experiment in a stagnant
system in order to get'the stable flame combustion pattern and generate CNPs was
performed. The metal-gridsiwere used for ;he oxygen supply into the flame or reduce
the area of the complete combustion ofthe flame. CNPs were deposited onto an
aluminium substrate. Then, CNPs were cdl_lécted and performed further analysis. The
characterizations of CNPs/Wwere divided ihto the molecular information by ATR FT-
IR microspectroscopy and Raman sp’e‘f—:troscopy. The crystal structure was
characterized by X-ray diffracticn (XRD).:.THé morphology analysis performed by
scanning electron microscopy- (SEM); transmission electron microscopy (TEM),
atomic force microscepy—(AFM)—Suiface-afea—analysis’ was investigated by N,
adsorption/desorption -technique. The characterizations-of CNPs indicated that the
obtained CNPs are nano-size particle with extremely high surface area. The
application of-these; nanoparticles: by: .employing; as-adserber for volatile organic

compound was gxplored.
4.1 The diameter of candle:wick

The diameter of candle wick affects the transportation of liquid wax to the
flame. The candle body with 2.0 cm in diameter with the diameter of candle wick of
0.15 and 0.5 cm are compared. The synthesized CNPs were a fine black powder, and
had light weight. The % yields of CNPs were determined as shown in Table 4.1. It
was found that the yield of CNPs synthesis with the small and the big candle wick
were 1.05 = 0.02% and 2.05 + 0.02%, respectively. From the observation at the steady
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state of flame, the small candle wick has the flame size smaller than the big candle
wick as shown in Table 4.1. There was no soot or carbon generation. This indicated
that the combustion was complete. However, the phenomenon of the big candle wick
combustion is more incomplete. Consequently, the amount of carbon particles from a
big candle wick is higher. Therefore, the synthesized CNPs from a big candle wick

have the yield of CNPs higher than that of the synthesized CNPs from a small wick.

Table 4.1 Comparison of the diameter of candle wick in the synthesis of CNPs.

Diameter.of candle wick (cm)

0.15 0.5

The picture of
candlewick
combustion
pattern'with

difference -
diameter

Y-ield of CNPs

%) 1.05+0.02 2:05%+0.02

This synthesis has' a=low yield of €NPs because CNPs are generated from
incomplete combustion. In ambient conditien, there is high oxygen content in the air.
The combustion'of candle is quite complete, so the products are heat, light and mainly
carbondioxide [13j}. T0 promote the incomplete combustion, we had to interfere the
system by disturbing the flame. The disturbed flame got a few CNPs quantity
comparable to the pyrolysis synthesis which did not consume oxygen in the
combustion process. The carbon content of hydrocarbon compound is entirely
carbonized [6]. Therefore, pyrolysis synthesis can produce the quantity of CNPs more
than the candle flame combustion synthesis.
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Figure 4.1A shows the ATR FT-IR spectrum of paraffin wax. It was found that
there was only C-H stretching vibration at 2,800-3,000 cm™ and C-H bending
vibration at 1,350-1,480 cm™ [29] which was the characteristic of wax. It is the
original compilation of wax which is a hydrocarbon compound. Paraffin wax was
shaped into candle and employed as carbon source in CNPs synthesis. Figures 4.1B
and 4.1C show the ATR FT-IR spectra of the synthesized CNPs from candle wick
with diameters of 0.15 cm and 0.5 cm, respectively. It was found that the synthesized
CNPs did not reveal any peak which associated to wax spectrum—any carbonyl
(C=0), hydroxyl (O-H) and the other carbon species that are formed with oxygen or
hydrogen. There is C=C stretehing vibrationai=4;580 cm™ which corresponds to the
literature report of C=C stretching vibration of the general carbon material at 1,570-
1610 cm™ [30]. The synthesized CNPs from various diameters of candle wick are

possibly pure CNPs.

This spectrum alSo shows the differential type peak shape at 1580 cm™which
suggests wavenumber from the inflection ‘point of the differential type peak shape. It
can be explained by extraordinary. high _;réfractive index of CNPs. Due to the
attenuated total reflection (ATR) phenomé’rlj‘dnn, .the evanescent wave (the part of the
light passes the crystal interface and interacts With a sample placed in a close contact
with the Ge pIRE.) travelling in an opticaliy'déhse medium strikes the boundary of a
second medium with a relatively lower refractive index at a certain angle greater than
the critical angle. In this case, Ge PIRE and CNPs have refractive index (n) of 4.0 and
2.4, respectively [31]. It was found that the,critical angle calculated by Snell’s law is
37°. It is greater than the angles ‘of incidence ranging from15° to 35° [32] of the
focused radiation rays in microscope. Therefore, ATR does not contribute to all

spectrum and there’is differential:typeipeak shape:

The next experiment is carried out by varying the ratio of diameter of the candle
wick and candle body in order to find the optimal condition of the synthesis for the

highest quantity of production and the highest purity of CNPs.
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Figure 4.1 ATR spectral of paraffin’ wax “and: CNPs from jthe: synthesis with candle
wickof each diameters: (A) paraffin wax, (B) the diameter of 0.15 cm,

and-(C)-the diameter of 0.5,cm.
4.2 The ratio of diameter of candle wick and candle body

In this part, the effect of the ratio of diameter of candle wick and candle body on
CNPs synthesis are concerned. The diameter of the candle wick is 0.5 cm while the
diameters of candle body are 2, 4, 6, and 8 cm. The flame sizes of each candle are not

different since the size of flame depends only on the diameter of candle wick. The
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synthesized CNPs of each diameter ratio are analyzed by ATR FT-IR

microspectroscopy.

ATR FT-IR spectra of the synthesized CNPs from the diameter ratio of candle
of 0.5:4, 0.5:6, and 0.5:8 has a characteristic of wax in their spectra. There are
C-H stretching vibration at 2,800-3,000 cm™ (Figure 4.2B, 4.2C, and 4.2D). The
characteristic of wax in the observed spectra is the consequence of non-combusted
volatile wax during the combustion process. As the wax is being melted by the candle
flame, the melted wax is adsorbed and drawnsup to the flame through the wick by
capillary force. If the supply rate of wax through the wick is more than the rate of
combustion, some of the wax_ will not be combusted by the candle flame, and the
synthesized CNPs will be.eoniaminated by the residual of non-combusted volatile
wax. On the other hand, when.the diameter ratio of 0.5:2 is employed, there is no C-H
stretching vibration, whigh is the ‘characteristic of wax, in the spectrum. This is
because the melted wax can be completely combusted. The synthesized CNPs from
diameter ratio of candle©f 0:5:2 are,.then, pure CNPs.

Table 4.2 The candle flames of each diameier ratio of candle wick and candle body

in CNPs synthesis.

The diameter ratio of candle wick and candie body (cm:cm)

0.5:2 0.5:4 0.5:6 0.5:8
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Figure 4.2 ATR:spectra of CNPs from the synthesis with diameter ratio of candle
wick, to-.candle, bedy-(cmicm) (A), 0:5:2, (B) ,0.5:4(C) 0.5:6, and (D)
0'5:8.

From this experiment, it suggested that the optimal diameter ratio of candle
wick to candle body should be 0.5:2. The candle flame from this candle is stable, and
the rate of combustion and adsorption of melted wax are in equilibrium. The next
experiment will focus on the effect of the length of candle wick above the top surface

of the candle body on CNPs production.
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4.3 The length of candle wick above the top surface of candle body

In this experiment, the optimal diameter ratio of candle (0.5:2) was used for
investigating the stability of candle flame with the various length of candle wick. The
candle wick length of 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 cm were chosen. It was found that
the candle wick lengths of 1.5, 2.0, 2.5, and 3.0 cm (Figure 4.3C-4.3F) required the
longer period of time before obtaining the stable flame than the candle wick lengths of
0.5 and 1.0 cm (Figure 4.3A and 4.3B). From the figures can see that the length of
candle wick of 1.5-3.0 cm required some shori period of time for the combustion of
candle wick before reaching the top surface of the'candle, while that of 0.5 and 1.0 cm
did not. When the lengths of candle wick were 0.5 and 1.0 cm, the ignited candle
flame immediately reaching the top of the candle surface. The combustion process
was begun instantly. Thesmolten \wax was continuously consumed and combusted
until the supply rate of wax through'the wick and the rate of combustion were equal.
The stable flame was @btaified. However, when the length of candle wick was in the
range of 1.5-3.0 cm, there was some terﬁperature reduction after the ignited candle
flame reached the top of the ¢andle surfacé':(s:ée Figure 4.3C-4.3F at the time around
200 seconds). This was because some of the ihgrmal energy was required for melting
the candle wax before the usual combustib"_n' i)rocess began. Ultimately, all of the
candle wick lengths yielded the stable fla.lr.r‘ié“—'(“the height of 13 cm). However, the
candle wick length 0f:1.0 cm in CNPs synthesis was chosen, since the time required
for obtaining the stable flame is short, and this candle wick length was easier to ignite
than that of 0.5 cm. Therefore, the most suitable candle wick length in CNPs synthesis

was 1.0 cm.
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Figure 4.3 The combustion of various lengths of candle wick: (A) 0.5 cm, (B) 1.0
cm, (C) 1.5cm, (D) 2.0 cm, (E) 2.5 cm, and (F) 3.0 cm.
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Figure 4.3 (continued)«"The"combustion. of various lengths of candle wick: (A) 0.5
cm, (B) 1.0 cm, (€) 1:5¢my(D)2.0 em, (E) 2.5 cm, and (F) 3.0 cm.
4 1;‘ #

4.4 The candle flame disturbance‘of eat_ih flame zone

% Iy
o

Naturally, if candle flame dinsturbancéisi%ot applied, carbon particles in flame
will react directly with oxygen and form carbon dioxide. Consequently, CNPs are not
generated. The candie flame- disturbance-is-essential-for synthesizing CNPs because it
will reduce the area of reaction between carbon particleé and oxygen. The candle
flame can be classified into 5 zones which each zone has different combustion process
as mentioned 4in CHAPTER dls The (flame disturbancezone- is the limiting factor
whether pure or impure CNPs will"be produced. Here, glass slide is used as flame
disturber. Soot or CNPs have been deposited on‘glass slide afterthey are generated.
The candle flame disturbance between'the second and the.third zone;.the third and the

fourth zone, and the fourth and the fifth zone are compared.
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Figure 4.4 The disturbed “candle flame Dbetween the second and the third zone
(A) The candle-flame which is not disturbed, (B) The inserted glass slide
at the position of the candle flame disturbance, (C) The candle flame
disturbancesbetween /the sécond and the third zone by glass slide,
(D) CNPs film on glass sli@é; after the candle flame disturbance, and

(E) The processed image of CNPS film.

The candle flame disturbance between the second and the third zone is shown in
Figure 4.4A-4.4C. The thin'CNPs film deposited on glass slide has various regions as
shown in Figure 4.4D. The image of CNPS :f_ilm does not reveal any distinct regions.
Therefore, the image of CNPs film is processed in Adobe Photoshop program in order
to see the apparent difference of various regions of CNPs film as shown in 4.4E. It is
found that CNPs film-€an be classified into five regions-abeled as A, B, C, D, and E.
The characteristic_of each region_of CNPs‘film are_characterized by ATR FT-IR
microspectroscopy.

ATR RT-IR iSpectra suggested that CNPs film in the same‘region have similar
spectra. The spectra of the identical regions are collectively shown as a single
spectrum. In region A to region D, ATR spectra show characteristic of wax at 2,800—
3,000 cm™ from C-H stretching vibration. This indicates that there are non-combusted
volatile waxes in these regions, which correspond to the flame zone in the combustion
flame processes in the first to the fourth zone as mentioned in CHAPTER II. In region
A reveals the first flame zone, regions B reveals the second flame zone, region C

reveals the third flame zone, and region D reveals the fourth flame zone. In the case of
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the fourth flame zone, it shows characteristic of wax because the evaporated wax from
the third flame zone is mixed together with CNPs film in this flame zone. Another
character in the spectra was glass slide character. It is Si-O-Si stretching at 1,010-
1,090 cm™ [29] as shown in Figure 4.5. The glass slide character appears because the
evanescent wave passes the Germanium (Ge) uIRE and penetrates through CNPs
film. This indicates that CNPs film is thin, since the thickness of the film is less than
the penetration depth of the evanescent wave (A typical IRE has a sampling depth on
the order of 0.5 to 3.5 um, so the analyzed sample should be thinner than those) [32].
However, the spectrum of region E does not:shew glass slide character because CNPs
film in this region are thicker than these in“the*other regions, and thicker than the
sampling depth of the ATR technique. In-addition, complete combustion of wax
occurs in the fifth zone. The'wax character is not observed in spectrum. There is only
carbon character. It is C=@'trefching vibration at 1,580 cm™ which corresponds to the
literature report in section.1'as shown in Figure 4.5. In summary, the candle flame
zone between the second and the third zone are the starting zone of wax combustion.
The burning of wax are incomplete. It‘s_till remains wax character in this zone.
Therefore, the synthesized CNPs from th§ candle flame disturbance between the

second and the third zone aré not-pure CNPS. =
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Figure 4.5 ATR spectra of various| regions jof* CNPs [film on glass slide by

the candle flame disturbance between the second and the third zone.

Figure 4.6 shows the candle flame disturbance between the third and the fourth

zone which have flame disturbance process as same as the candle flame disturbance

between the second and the third zone. CNPs film from the candle flame disturbance

classified into four regions labeled A, B, C, and D. The characteristic of each region

of CNPs film were characterized by ATR FT-IR microspectroscopy.
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Figure 4.6 The disturbed candle flame between the third and the fourth zone
(A) The candle flame Whicﬁl‘ is not disturbed, (B) The inserted glass slide
at the positign-of .the candle flame disturbance, (C) The candle flame
disturbance _pétween’ the -third and the fourth zone by glass slide,
(D) CNPs film oh glass slide after the candle flame disturbance, and

(E) The processedimage of CNRs film.

CNPs film from this flame zone dis:fturbance corresponds to CNPs film of the
candle flame disturbance between-‘the séefo_ﬂd_ and the third zone but there is the
difference number of region which has four%éeé%ns. Additionally, ATR FT-IR spectra
of regions A to D give a simifar spectra '\i\iifh’regions B.to E of the candle flame
disturbance between the-second-and-the-third-—zone—tn-regions A to C reveals the
second to the fourth flame zone and region D reveals the fifth flame zone. Therefore,
the synthesized CNPs from the candle flame disturbance between the third and the

fourth zone arenotyyetgpure"CNPs.



41

0.30F A: Region A

0.15F
.LL |
0.00
" B: Region B
0.2F
0.1F
(5]
% !
S A
5 0% : !
< C:RegionC

0.15

D: Region'D
I - C=C stretching
[(~1,580cm?)

0.2F

0.0 i A \
4000 3000 ’ - 2000 1000
Wavenumber(cm)

Figure 4.7 ATR spectra of various regions of CNPs. film on glass slide by

the canale flame disturbance between the third and the fourth zone.

The candle flame disturbing between“the fourth and the fifth zone is shown in
Figure 4.8A-4.8C. [Fhe thin CNPs film/depesited on glass slide had various regions as
shown in Figure 4.8D. The image of CNPs film was processed in Adobe Photoshop
program_as ;shown in*4.6E. It:\was found that CNPs film- can be classified into four
regions labeled A, B, C, and D. The characteristic of each region of CNPs film were

characterized by ATR FT-IR microspectroscopy.

Figure 4.8 shows the candle flame disturbance between the fourth and the fifth
zone which have flame disturbance process as same as the previous candle flame
disturbance. But the image of CNPs film did not reveal any distinct regions.

Therefore, the image of CNPs film was processed in Adobe Photoshop program in
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order to see the apparent difference of various regions of CNPs film as shown in 4.8E.
It was found that the processed image of CNPs film did not show any distinct region
comparable to CNPs film of the candle flame disturbance between the second and the
third zone and the third and the fourth zone. CNPs film was characterized by ATR

FT-IR microspectroscopy by linear mapping with LIRE along its diameter.

Figure 4.8 The dlsturbed‘candle ﬂame between the fourth and the fifth zone
(A) The candle ﬂame‘whlch is f‘@t dlsturbed (B) The inserted glass slide
at the position of the—candle fﬂame disturbance, (C) The candle flame
dlsturbance between the fourfh and the flfth zone by glass slide,

(D) CNP&Trfnrun—mass—shde—afterthe—caﬁdle flame disturbance, and
(E) The processed image of CNPs film.
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Figure 290 ATR, spectras of “CNPs films/along its') diameter_on’ glass slide by

the candle flame disturbance between the fourth and the fifth zone.

ATR spectra as shown in Figure 4.9 suggest that CNPs film from along its
diameter have similar spectra for each sampling position. There is no glass slide
character in the spectrum. CNPs film is thicker than the sampling depth of the ATR
technique [32]. The disturbed candle flame between the fourth and the fifth zone

yields the uniform CNPs film. There is the similarity in molecular structures of carbon
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character. It is C=C stretching vibration at 1,580 cm™. There is no characteristic of
wax remaining comparable to the candle flame disturbance between the second and
the third zone and the third and the fourth zone. This indicates that there is no non-
combusted volatile wax in these regions. Therefore, the synthesized CNPs by the

candle flame disturbance between the fourth and the fifth zone are pure CNPs.

From this experiment, it suggests that the position of the candle flame
disturbance is very important for the synthesis of CNPs because it can produce the
pure CNPs and increase the amount of CNPs..In the next experiment, grid weaving, or

candle flame disturber pattern will be investigated.
4.5 The grid intervalof canale flame disturbance

From the candlesflame disturbance experiment by glass slide, the disturbance
between the fourth and e fifth'zone produces pure CNPs. The flame disturber is very
important in CNPs synthesis: The candle flame disturbance temperature between the
fourth and the fifth zone is 1,200-1,400 °C. If aluminium plate is used as the flame
disturber. The synthesized CNPs .will form:on the aluminium plate and be destroyed
or melted. It leads to lose the synthesized CNPS. In this experiment, the copper wires
were weaved to be chess square having grid intervals of 0.1, 0.5, and 1.0 cm in order
to have the least effeécewath-the synthesized- CNPs-losing.

Laser light is used to observe the light scattering of CNPs synthesized from the
candle flame disturbancerhy.various grid intervals. If there is no laser light scattering,
it indicates that there Isino. CNPs formation as shown in/Table 4.3. The grid with
interval of 0.1 em can produce sogt or CNPs more than that of 0.5 and 1.0 cm as
observed via laser jitensity: Moreaver; %'yield of carban synthesized by the grid with
interval Q.1 cm is 2.10 £ 0.03, but in the case of the grid interval 0.5 and 1.0 cm, %
yield is just 1.02 = 0.01 and 0.70 £ 0.03, respectively. This is because the grid with
interval of 0.1 cm has high surface area in touching with grid of candle flame. It can
reduce the area of reaction between carbon particles and oxygen to form carbon
dioxide more than the grid interval of 0.5 and 1.0 cm. Therefore, the optimal grid

interval is 0.1 cm.



45

Table 4.3 The candle flame disturbance by wvarious grid intervals and

yield of CNPs (%).
Grld((l:r;['()?rvﬂ Image of candle flame Yield of CNPs (%)
No grid -
1.0 0.70 £0.03
0.5 1.02 £0.01

0.1 2.10+0.03
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From this experiment, it suggests that the grid interval of 0.1 cm can produce a
lot of CNPs. The materials used to be a wire may also affect CNPs production.
Therefore, the various materials i.e., copper, iron, and nichrome will be weaved as a

grid with interval 0.1 cm and CNPs productions will be compared.

4.6 The effect of material of grid on candle flame disturbance

The candle flame disturbance can produce CNPs by reducing the area of
combustion of carbon particles and oxygenbetween the fourth and the fifth zones.
This is because the synthesized CNPs were also collected on grid. So, the material of
grid wire is essential to-protect.ihe synthesized CNPs losing which occurred from the
heat within wire of the*€andie flame disturbance. Since; the candle flame disturbance
temperature between the fourthand the fif_th zone 15 1,200-1,400 °C, it can destroy or
melt the synthesized CNPs and leads to;tHe loss of synthesized CNPs. The optimal
mesh grid interval of 01 em s used -fan"o'l copper, iron, and nichrome wire are
observed. The %yield of carbon from nicﬁf_ome wire is 3.66 £ 0.03 more than that of
copper and iron wire (2.07 £ 0.03.and 2.06.+ 0.02, respectively as shown in Table
4.4). The nichrome wire has thermal conddét-i\'fity of 12 Wm™K™ [33] which is less
than that of thermal conductivity of copper"ahd iron wires as shown in Table 4.4. It
indicates that the nichrome wire has lower ability to flow-the heat in wire than copper
and iron wire due to the thermal equilibrium reaching of-nichrome wire is slow. When
the nichrome wire grid was used in synthesis, a lot of CNPs could be produced.

Therefore, the eptimal wire-in grid weaving-Isnichrome, wire,

The various grids weaving shape may also affect CNPs production. In the next
experiment, grid weaving 'shapes of square and dome: shapes, by nichrome wire

weavingwill be investigated.
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Table 4.4 Thermal conductivity (Wm™K™) and yield of CNPs (%) of the various

wire types of the grid weaving in candle flame disturbance.

Wire type Thiwrilfﬁq()jligg}/ ity Yield of CNPs (%)
Copper wire 401 2.07 £0.03
Iron wire 80.2 2.06 +0.02
Nichrome wire 12 3.66 + 0.03

4.7 The grid shape in the.candle flame disturbance

The various grid'shapes may affect the area of reaction between carbon particles
and oxygen. % Yield-of CNPsfrom, square grid is 3.66'% 0.03, which is greater than
that of the dome grid whichis 2.63 = 0.02 as shown, in Table 4.5. This is because the
square grid shape has wide surface area of_g-'r-id for expanding the candle flame which
can be collected CNPs on/grid more thanr'that of narrow surface area of grid. CNPs
formation is more favorable than:‘the dome:'!-grid shape. In addition, this can also be
observed from laser intensity image Which:-th"éj"‘square grid shape had laser intensity
more than the dome grid shape when was US’"éd’tO'synthesize CNPs as shown in Table
4.5.

By optimizing all factors which have the effects on the synthesis of CNPs by
mean of flame,combustiontechnique; the optimal factors are summarized as follows:

- The ratig between diametersize of candle wick and candle wax body is 0.5:2.

- The length of candle wick above the surface of the candle bedy is 1.0 cm.

- The candle flame disturbance ds carried out withigrid between the fourth and

the fifth zone.
- The grid interval is of 0.1 cm.
- The material of grid wire is nichrome wire.

- The grid shape is square shape.
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Table 4.5 Yield of CNPs (%) on disturbance grid.

The grid shape | 'MageOTbUMING | v of cNps (96)
flame
Square 3.66 +0.03
|

Dom . 2.63+0.02

‘.-v’,.-v‘ ) 40 .

48 The characteljgatlons of CN "f '

48.1 The mo ular inform ﬁujcture characterization

48.1.1 A'BFET IR microspectroscopy

ﬂ u Dfu‘Lc’tQ) Y];f! Ys] ; “rﬂlj ﬂm?ustlon of reactant for
CNPs fr ﬂwj |c§§jtroscopy. ATR
spectrﬁ ﬁﬁ}t] ﬁ&ﬂ ﬁl ﬂ%ﬁ% ﬂﬂi in Figure 4.10
which is explalned in section 4.1. It reveals carbon character. It is C=C stretching
vibration at 1580 cm™. No C-H stretching vibration at 2,800-3,000 cm™ and C-H
bending vibration at 1,350-1,480 cm™—which is the wax character are observed or
there is no non-combusted volatile wax contaminating in the synthesized CNPs. This

indicated that there was complete burning of wax as a result there was no wax residue

in system. Since the synthesis of CNPs by flame combustion technique is used the
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optimal factors in synthesis as shown in section 4.1-4.7. Therefore, the synthesized

CNPs are highly pure carbon.

0.4

C=C stretching
(~1,580 cm1)
0.2

Absorbance

0.0

4000 3000 2000 1000
Wavenumber (cmt)

Figure 4.10 ATR spectrum of the synthesized CNPs.
4.8.1.2 X-raydiffraction (XRD)

XRD is.a powerful ‘technique for observing the graphitic
crystallite of carbon. The XRD pattern of the synthesized, CNPs has the [002] and
[100] diffraction peak‘as shown in Figure 4.11A. The broad [002] reflection at 24.5°
indicates small domains of coherent and parallel stacking of the graphene sheets. The
broad [100] reflections at 43° indicate the presence of honeycomb structure formed by
sp® hybridized ¢arbon [34].. These twa hroad peaks are assigried to typical graphitic
[002] and [100] diffraction peaks in correspondence with diffraction peaks of disorder
carbon structure| of,a«previous wark as' shown in [Figure-4.11B+[35]. Therefore, the
synthesized CNPs have disorder graphite structure (the stacking of the graphene
sheets has random orientation). This structure appears because the mechanism of soot
or CNPs formation getting started from small graphite-like sheets stacking together to
form particles which cannot form to the perfect graphite structure of carbon.
Therefore, Raman technique was used to analyze the other structure of the

synthesized CNPs in next characterization.
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Figure 4.11  XRD pattern_of CNPs with (A) the synthesized CNPs and (B) CNPs
(Yi, Z. eti al. (2007 )).

4.8:1.3 ; Raman spectroscopy.

Raman spectrascopy is one of the most powerful techniques for
characterizing ‘carbon, materials.”In the case of the ‘Raman ‘specirum for CNPs, two
peaks can be found in the wavenumber between 1,200 and 1,800 cm™. One peak is
1,500-1,600 cm™ (Graphite band, G band) arises from an in-plane oscillation of
carbon atoms in the sp? graphene sheet [31]. Another peak is 1,300-1,400 cm™
(Disordered band, D band) reflecting the degree of defects or dangling bonds
contained in the sp? arrangement of graphene sheet [31]. The Raman spectra of the
synthesized CNPs demonstrate two peaks at 1,355 and 1,597 cm™ (Figure 4.12A).
The peak at 1597 cm™ referred to the G band which indicated graphite structure.
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When disorder is introduced into the graphite structure, the broad peak is found at
1,355 cm™ (D band). In order to achieve the accuracy in the determination of
spectroscopic parameters, a curve fitting was used for each spectrum and fitted with
Gaussian and Lorentzian functions as shown in Figure 4.12B. It was found that there
was a broad peak at 1,548 cm™. The result of this fitting is in agreement with the
result of a previous work which shows a broad peak around 1,500-1,550 cm™ [36].
This broad feature was assigned to amorphous phase. Therefore, Raman spectra of the
synthesized CNPs revealed graphite, disorder of graphite and an amorphous structure
which occur from the mechanism of CNPs formation [15]. The result of Raman
technique agrees with the result of XRD-teehnigue which indicates disorder of

graphite structure of the synthesized CNPs.

The percentage ofieach structure is calculated from peak area of
the fitted curve. It is.found that'the synthesized CNPs are the mixture of disorder
graphite, graphite, ands#an amorphous s:trijcture. There was 71.03%, 21.44%, and
7.53% of disorder graphite, graphite, and an amorphous structure in the synthesized
CNPs, respectively. The major structufé.- is the disorder graphite because the
temperature in the CNPs synthesis was lower than the temperature of the highly
oriented graphite (perfect graphite) formatidr_j "(é,OOO-S,OOO °C) [37]. The synthesized
CNPs can be produced from the candle fIarﬁe-d'rsturbance between the fourth and the
fifth zone which “have the flame temperature 1,200-1 400 °C. Therefore, the
percentage of disordef graphite structure is greater than that of the percentage of

graphite and amorphous structure.
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Figure 4.12 Raman spectra of “CNPs with (A) original peaks and (B) the curve
fitted peaks. |

4.8.2 Morphology analysis/Imaging technique
4.8:2:1 , Scanning,electron microscopy (SEM)

CNPs samples.were prepared by collecting them on aluminium
plate by exposing teithe soot:Figure 4.13A'(insert) shows the imege of CNPs film on
aluminium plate, which was exposed to the soot for 2 seconds. Although, there is no
significant changing on the surface of aluminium plate. When observing with SEM,
the synthesized CNPs are deposited on the aluminium plate in the form of chain-like
structure as shown in Figure 4.13A. Only monolayer of CNPs on the aluminium plate
are found. This indicates that CNPs film is thin. If CNPs are collected by exposing to
the soot for a longer time (30 seconds). As aforementioned earlier, Figure 4.13B

(insert) shows that there is black soot on the surface of aluminium plate. When
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observing with SEM, the synthesized CNPs depositing on the aluminium plate are
still in the form of chain-like structure and there are many layers of CNPs on the
aluminium plate as shown in Figure 4.13B. This indicates that CNPs film is thick.
Additionally, the synthesized CNPs are collected from the aluminium plate as shown
in Figure 4.13C (insert). The synthesized CNPs are ground before taking the SEM
image. SEM image shows the bulky agglomerate of primary particles as shown in
Figure 4.13C. Therefore, SEM image demonstrates that the synthesized CNPs are
uniform spherical particles.

(B) CNPs t dj/élrm on alummlum plate, and (C) CNPs powder.

¥ Y Y ,4"

f iz

4.8.2.2 Transmlssrgn electrem‘mlcroscopy (TEM)

4'““

‘*I'he detailed particles size, partllde size distribution, and

particle agglomeratloiiare exactly characterized by TEM. filgures 4.14A-4.14C show
TEM images of the syrthesized CNPs In correspondence with SEM image. There are
many connected, particles ¥orming.a chain-like structure and.there are also uniform
spherical particles-CFigures 4.14D-4.14FCshow Lprimary! particles which can be
separated to single particles after sonicating in ethanol for 1 hour. The synthesized
CNPs have the spherical morphology..The average particles size of"CNPs measured
by ImageJ program with 100 particles is 49.70 nm. Histogram of the size of the
synthesized CNPs suggestes that CNPs have a range of particle size of 20-100 nm as

shown in Figure 4.15.
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:'zr!'.-"_
Figure 4.14 TEM images of CNPs
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Figure 4.15 Histogram of the particle size of the synthesized CNPs by flame
combustion technique.
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4.8.2.3 Atomic force microscopy (AFM)

The synthesized CNPs are sonicated in ethanol for 1 hour
before dropping on a cover glass. Due to the fact that the synthesized CNPs are soft
and easily scraped, AFM in the dynamic force microscope mode (DFM) or non-
contact mode is employed for acquiring surface topography, pattern of agglomeration,
and particles size information of the synthesized CNPs. From AFM images shown in
Figure 4.16 (Al) and (A2), CNPs are separated as the single particles. The black
points on Figure 4.16 (Al) and (A2) are the air bubble hole of ethanol film which do
not interfere the synthesized CNPs. This resulifis in good agreement with the result
from TEM analysis. Figure 4.16 (B1) and (B2) show. the synthesized CNPs collected
by directly exposing the*cover-glass to the soot. The 'AFM image of CNPs film on
cover glass corresponds wiih SEM fimage which is found that CNPs deposited on
cover glass is still in the Tosm of & chain-like structure. The primary particle of CNPs
shown in Figure 4.16 (C1)/and (C2) is ;tﬁe exact particles size before forming the
chain-like structure. AFM 1mages sugges_‘teé'that the synthesized CNPs are spherical
and are in agreement with SEM and TEM i-mages.
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- i
Figure 4.16 AFM imagg,s of CNPs after u‘lﬂasonicating in ethanol ((Al) and (A2)),
F=S

aﬂj‘g:g K%Dsw ﬂnﬂ:?iﬁ ;!ﬁﬂ]yﬁ ﬁ soot ((B1) and (B2)),

after exposi anol film coated on glass slide
WSS nga
3 Y188
4.8.3 Surface area analysis
4.8.3.1 N adsorption/desorption analysis

The specific surface area of CNPs is determined by nitrogen
adsorption/desorption analysis via the Brunauer-Emmett-Teller (BET) method which
use to measure total surface area. The BET surface area shows a value of 95.05 m?/g,
which is significantly higher than the reported value of synthesized CNPs of the same
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particle size as shown in Table 4.6. Because the synthesized CNPs are loosely

agglomerated, the measured surface area of CNPs is increased.

The theoretical surface area is calculated for amorphous and
graphite structure in order to compare with the surface area of the synthesized CNPs.
The density of various structures and diameter of the synthesized CNPs are used to
calculate the theoretical surface area. The theoretical surface area of CNPs is
calculated by:

3Ing
Ssphere = (?) : (4 1)

where, Ssprere =  the surface ared.of a sphere (mz)
d = density of.€NPsstructure (.. amorphous, graphite) (g/cm®)
Density offamopphous étrgcture =1.8-2.1 g/cm® [34]
Densiiy ofigraphite struc;ture = 2.26741 g/lcm® [34]
m = massofasingle CNPs (Q)_ :

Table 4.7 shows thej;“t;hgbretical surface area of the synthesized
CNPs which consist of a minimum particle-"sfi,zf,e of 20 nm and a maximum particle
size of 100 nm of amorphous and graphite st__r_g_gt»ujre. The surface area is 33.30-167.13
m?/g for amorphous. structure. On the othef hand, graphite structure has the surface
area of 26.45-131.95. rﬁZ/g. The surface area of the synthesized CNPs is in-between
the surface area of amarphous and graphite structure. It suggests that the synthesized
CNPs are the mixture of amorphous and graphite structures which this result is in

good agreement with the results of XRD and Raman technique:
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Table 4.6 The specific surface area comparisons of various particle size of CNPs.

Particle size of CNPs | Specific surface area
Reference 2
(nm) (m“/g)
Sano, N. et. al. (2005) [38] 5 760
Serp, P. et.al. (2001) [39] 100-300 16.4
Wang, Y. et.al.(2008) [40] 40-50 59
This work 20-100 95.05

Table 4.7 The theoretical surface area of the synthesized CNPs.

Diameter of CNPs/ | The theoretical surface area
(nm) ) (Mm?lg)
20° A 167.13
20 U 4\ \13L95
100" : 33.30
100° 26.45

a. amorphous structure

b: graphite structure-

4.8.4 The volatile organic compound adsorption.of CNPs

The synthesized CNPs are black powder and light weight. They must be
casted to pellet:in order to be) easily/ utilized ! for| the “volatile organic compound
adsorbing as shewn in Figure 4.17A. The CNPs pellet (the diameter of 3.0 cm and the
thickness @of.1.mm) casting.process.is, explained in .CHARTER" I, Figure 4.17B
shows the charcoal strip (commercial-product) which is'the sticky thin carbon plate
(thickness = 0.5 mm). It is also employed in order to compare with our CNPs pellet in

volatile organic compound adsorption efficiency.
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Figure 4.17 The volatile organic compound adsorber: (A) CNPs pellet and (B) the

charcoal strip (commercial product).

4.8.4.1 Adsorption of euca(/&;oll by CNPs pellet
We ﬁﬁf CNPs; powder an'd"compressmn of hydraulic force
were used to vary conM _,_NPs ellet casting.in order to get the optimal pellet

as shown in Table 4.8.

fa tors were the optrmal pellet—no cracking of

the CNPs pellet surface t .1'g of C_;NPS powder, 1 Ton of compression force.

- —

_"spe'ctrén'f‘)f CNPs peIIet is shown in Figure 4.18A.

FT-IR spectrum of eucalypttrs_ml IS 533%‘1 |n Figure 4.18B. The molecular
characteristics of adsorbed eueeﬂyptus or‘l«-ai‘e-iciearly observed in the ATR FT-IR
3 fere: 2 synthesized CNPs. This
preliminary testing s"ﬁ%ests that the synthesrzed CNPs-\ﬁave a potential application

spectrum (Figure 418

'-s-*-

for the volatile organic'compound adsorber.

Table 4.8 The reéUlt of CI\ILPslineIiet casting with various cond’ition.

Weight of CNPs™ |4 Compression: -Ila¥~ )

powder(g) | | (Ton)< CNPs pellet quality
0.05 0.5
0.05 1.0 CNPs pellet was cracked when applied
0.05 2.0 compression force.
0.1 0.5
0.1 1.0 Condensed CNPs pellet without cracking.
01 20 CNPs pellet was cracked when applied

' ' compression force.
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Figure 4.18 ATR spectra of (A) CNPs peIIét-;"(‘B) eucalyptus oil, and (C) CNPs pellet

with adsorbed-eucatyptus-aroma:

4.8.4.2 Adsorption of diesel oil by CNPs pellet

CNPs:pellets casted far adsorption of eucalyptus oil were easily
cracked. Therefore, the binder was added in CNPs.pellet casting in order to strengthen
it whemyutilized as-volatile organic compound adsorber. Fhe binders-for mixing with
CNPs powder were Teflon powder and a paper pulp which were not dissolved in
dichloromethane (solvent in GC/FID test) as shown in Tables 4.9 and 4.10,
respectively. The optimal binder was a paper pulp. When it was shaped, it was not
cracked because a paper pulp has entanglement fiber. CNPs powder could penetrate
into entanglement fiber. So, it was stronger than a Teflon powder binder. The optimal

compression force was 1.5 Ton.
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Table 4.9 The result of CNPs pellet casting with Teflon powder as binder.

Weight of CNPs Weight of Teflon Compression .
powder () powder (g) (Ton) CNPs pellet quality
0.01 0.05 1.0
0.01 0.05 1.0
0.01 0.10 1.0
0.01 0.10 15 CNPs pellet easily
0.05 0.20 20 cracked
ﬁ, Il
0.05 oza\\/}/ o 28
0.10 s 5:;
0.10 —t) W J—

Table 4.10 The result ing with paper pulp as binder.

“-4 .

Weight of CNPs er | Compression
powder (g) + (Ton) CNPs pellet quality
] Condensed CNPs pellet
il
0.05 Ak 4 (S with tolerable durability.
Al i
0.05 1, 15
0.05 b 15
0.05 | 12 0
0.10 A 15 L) Brittle CNPs pellet
0.10 4 10 ~
0.10 1.0 W
0.10 1.0

0.05 g of €NPs powdér was mixed into 0.1gofa paperrpulp (Table 4.10). This
ratio is Chasen becalise;lattoo-high CNP$ Cantent; CNPS pelletywas cracked.

-
Figure 4.19 Feature of CNPs pellet: (A) condensed CNPs pellet with tolerable
durability and (B) brittle CNPs pellet.
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The experiment of diesel oil adsorption is performed in
cooperation with Central Institute of Forensic Science (CIFS), Thailand. The diesel
oil is commonly employed in arson crime. Arson is very difficult to prosecute due to
the lack of biological evidence such as fingerprints, footprints, DNA etc., they are
usually entirely destroyed by the fire, the heat, or covered with soot. So, the aim of the
CIFS is to apply the activated charcoal for adsorption of flammable solvent
residue—diesel oil. The CIFS used the commercially available charcoal strip in
adsorption process. Chromatogram .in Figure 4.20A shows the molecular
characteristics of the commercial charcoal strip which do not have any impurity.
However, there were the molecular characterisiies of dichloromethane (solvent in the
organic compound dissolving on- charcoal strip). Chromatogram in Figure 4.20B
shows the molecular charagteristics of diesel oil which indicates the various element
of compound in diesel il The first peak consisted of low boiling point compounds
with rapid retention time (the evaporation time of compound in GC column). The last
peak consisted of high*boiling point compound with long retention time. In addition,
the height of each peal depended on detector response. It indicates the quantity of
each compound in diesel oil. The highest pe'ak indicates that there is a lot of quantity
of this compound in diesel oif: However, the flame ionization as detector was
employed for the GC analysis. Seo, this chrométogram cann ot suggest the name of
each compound in diesel oil. However, it suggésfs molecular characteristics pattern of
compound when c¢ompared with molecular characteristics pattern of standard
compound or retention time of each compound peak of standard compound.
Therefore, chromatogram of the adsorbed diesel oil on the charcoal strip show the
molecular characteristic of diesel oil as shown'in Figure 4.20C. It suggests that the
charcoal strip has an efficiency for the volatile organic compound adsorber. But the
commercial-charcoal, strip; is:expensives The, cheaper tadsorber, that is efficiently
comparable to commercial product is preferable.” Practically, the CIFS used CNPs
pellet as the strip test adsorber. Figure 4.21A shows the molecular characteristics of
our CNPs pellet which do not have any impurity. The adsorbed diesel oil on CNPs
pellet indicates the molecular characteristic of diesel oil as shown in Figure 4.21C. It
indicates that CNPs pellet have the same efficiency as that of the charcoal strip in the
volatile organic compound adsorber. CNPs pellet is cheaper than that of the charcoal
strip. Therefore, the synthesized CNPs have the prosperous tendency for the volatile
organic compound adsorber.
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CHAPTER V

CONCLUSIONS

It is concluded that CNPs can be synthesized by a simple technique using
paraffin combustion in the form of candle and employed as a carbon source. These
CNPs can be utilized as an adsorber of volatile organic compound.

Synthesis of CNPs was affected by thewvarious factors. The optimal factors
are the ratio of diameter size of candle wick and.eandle wax body is 0.5:2, the candle
flame disturbance has carried-out between the fourth.and the fifth zone, the mesh grid
interval is 0.1 cm, the wire Torthe grid weaving iIs nichrome wire and the grid shape is
square shape. These optimal faciors ,gave the highest yield of CNPs and pure CNPs.

ATR FT-IR spectrasof CNPs reyéal no C-H stretching vibration of wax at
2,800-3,000 cm™ and G*H/bending vibration at 1,350-1,480 cm™. It has C=C
stretching vibration of carbon at 4,580 ém™ This implies that the CNPs is pure
without any interference” of ‘wax.: Fhe synthesized CNPs are the combination of
disorder graphite, graphite, and an amorphohs‘s_tructure. The obtained spherical CNPs
have particle size of 20-100 nm.. CNPs are chain-like structures which are loosely
agglomerated. The BET surface area shows a value -of 95.05 m?g which is
significantly higher“than the reported value of the synthesized CNPs for a similar
particle size.

CNPs can be “applied as a volatile organic compound adsorber. The
molecular characteristics of-adsarbed eucalyptus oil and diesel oil (The cooperative
testing with Central Institute of Forensic Science,.CIFS) clearly reveal the molecular
characteristics of eucalyptus oil and diesel/oil on CNPs pellet. It'has no interference
from the'synthesized CNPs. Therefore, the synthesized CNPs can be utilized as an
adsorber of volatile organic compound.

This synthesis technique can produce a few quantity of CNPs. However, the
synthesized CNPs are pure and have high surface area. In the future, the apparatus for
synthesizing the CNPs will be improved. The close and stagnant system will also be
incorporated. The synthesized CNPs have the high potential for developing as sensor

for superadsorber, catalyst supporting substances, and filler.
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1. The % yield of CNPs calculation

% yield = vag—f;xloo
g

Wp (9) = Wpi (9) - Wpr(9)

where Wc is the weight of synthesized CNPs; Wop is the weight of the used paraffin in
the synthesis, Wp; is the initial weight of parafiin'(g), and Wps is the final weight of
paraffin (g) '

For example;

The synthesis of CINPs by candle wiek "

Initial weight of paraffin (\Wp;) = 35.487 g
Final weight of paraffin (Wpg) T/ = 31.239 ¢
Weight of the synthesized CNPs (YA/c) ’ = 0.045 g

Weight of the used paraffin in the synthesis ('Wé) ' 35.487 —31.239 = 4.248 ¢

0.045

% yield = PwrL: x100 =1.05

Therefore, % yield of CNPsis equal.to/1.05;

2. The'Standard deviationy(S), of the 2oyield

_ 11 S 12
S = \/n—_lg(xi-X)

where, X, = one value in data setting, X = the mean (average) of all values X;, and

n = the number of values x in data setting



For example,

%yield of CNPs consists of three data are 1.05, 1.03 and 1.07.
X =1.05n=3

The standard deviation is

-

(1.05-1.05)* + (1.03-1.05)% + (1.07-1.05)°

3-1)

Therefore, %yield of CNRs=1.05+0.02"

=0.02

3. The yield of the synthesis CNPs fror‘p small candle wick

72

Weight of Weightof =" . . . o
Times paraffin before”| paraffin after 4 \Qiz:‘%rnt ?f) ngt:ggt(og o?c\a(rlg:)dn
burning (g) hurging (@) P g g
1 35.487 81,2300 4% 44.248 0.045 1.05
2 37.156 33005 | 34.061 0.042 1.03
3 39.283 35012 -/ ihia271 0.046 1.07
4. The yield of the syithesis CNPS from big candle wick
Weight of - Weightof | \yeihtof | Weightof | % Yield
Times paraffin before paraffin after araffin (g). | .carbon (g) | of carbon
burning () barmingi(0) P 9 g
1 38.682 35.186 3.496 0.072 2.06
2 35.564 32.101 3.460 6.070 2.02
3 39.543 36.124 3.419 0.071 2.07




5. The yield of the synthesis CNPs from grid interval of 1.0 cm
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Weight of Weightof | \veight of | Weight of | % Yield
Times paraffin before paraffin after araffin (g) | carbon (g) | of carbon
burning (g) burning (g) P g g
1 57.650 52.656 4.994 0.033 0.66
2 56.987 52.091 4.896 0.036 0.74
3 57.262 52.337 4.925 0.034 0.69
6. The yield of the synthesis €NPs from grid interval of 0.5 cm
Weight of Weight of : . o i
Times paraffin before paraffin after \;\g‘%ihr: ?f) ngt:ggt(og o?c\a(rlg:)dn
burning (g) burping (g) * P g g
1 61.245 56.201 | 4|\ \5:044 0.051 1.01
2 62.056 56,941 5.115 0.053 1.04
3 62.567 57:482 | 5085 0.052 1.02
7. The yield of the synthesis CNPs from gfid_ihierval 0f0.1cm
Weight of Weight of "\ \y/eightiof | Weight of | % Yield
Times paraffin before paraffin after araffin (g) | carbon (g) | of carbon
burning (g) burning (g) P g g
1 38.733 35.220 3.513 0.073 2.08
2 36.560 33.278 3.282 0:068 2.07
3 37.825 34.454 3.471 0.07% 2.13
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8. The yield of the synthesis CNPs from copper wire for the grid weaving

Weight of Weightof | \veight of | Weight of | % Yield
Times paraffin before paraffin after araffin (g) | carbon (g) | of carbon
burning (g) burning (g) P g g
1 60.334 54.167 6.167 0.125 2.03
2 62.561 56.064 6.497 0.135 2.08
3 65.214 58.972 6.242 0.131 2.10
9. The yield of the synthesis CNPs from iron-wire for the grid weaving
Weight of SO0 Weightof | Weightof | % Yield
Times | Parartin betore ey affer paraffin (g) | carbon (g) | of carbon
burning (g) burning (9)
1 59.893 53.436 & |\ \ 6457 0.132 2.04
2 56.758 49.926°0 | | 6832 0.143 2.09
3 60.158 54.033 a | 6125 0.126 2.06

cud dd

10. The yield of the synthesis CNPs from_ﬁdﬁrome wire for the grid weaving

o el

Weight of+ Weight of . ' . o Vi
Times paraffin befare paraffin after \Qi;%ihr: ?f) (\:/;/ret;gzt(o; o?c\;rlglodn
burning (g) burning (g) P Y g
1 59.580 55.204 4.376 0.158 3.61
2 57.691 52:807 4.884 0.180 3.69
3 621145 56.663 5.482 0:201 3.67




11. The yield of the synthesis CNPs from square grid shape
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We!ght of Welght of Weight of | Weightof | % Yield
Times paraffin before paraffin after araffin (g) | carbon (g) | of carbon
burning (g) burning (g) P g g
1 59.580 55.204 4,376 0.158 3.61
2 57.691 52.807 4.884 0.180 3.69
3 62.145 56.663 5.482 0.201 3.67
12. The yield of the synthesis CNPs from doime grid shape
Weight of VVEIgNt of | \weightof | Weight of | % Yield
Times paraffin before PN Al araffin (g) | carbon (g) | of carbon
burning (g) burning (9) . P d g
1 54.578 8362, |\ 6216 0.163 2.62
2 56.937 50.738 6:199 0.162 2.61
3 54.619 43383 /4 | 6.236 0.171 2.65

e I

13. The theoretical surface area of CNPs cail(_:-UIétion

1. Determine the volurie of sphere per one particle (V sprere) from

\Y

sphere

4 3 3
—7nr (cm
g ™r (em’)

2. Substitute V spnere iNt0 the density formula in order to calculate mass

m(9)
Vsphere (Cm3 )

where, d = density of CNPs structure (e.g. amorphous, graphite), g/cm®

Density of amorphous structure = 1.8-2.1 g/cm® [34]

Density of graphite structure

= 2.2671 glem® [34]

m = mass of CNPs per one particle, g




3. Determine the number of 1 g CNPs from

B (number of particle/g) = Al—(g)

where, B =the number of 1 g CNPs, number of particle/g

I =

0 (mzlparticle)

Tl

where, C = the surfacﬂ’ea of CNPs, m“/particle i

B = the number of Z=g CNPs, number.of particle/g

o= v VoA bas ) |13
RINININUNINYAY
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14. The synthesized CNPs cost

The material in CNPs synthesis A cost (Baht)
1. Paraffin wax 15.50 g 1.55
2. Candle wick one piece (a length of 15 cm) 2.00
3. The nichrome wire for grid weaving (3.00 m) 120.00
4. Aluminium plate (0.50 m) e 25.00
5. Paper pulp for binder in pel -\ “M/} 0.0032
Total 148.55

Therefore, a CJ

than a cost of commertial pr

.55 Baht which was cheaper
ost of 500 Baht).

]
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