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ด้วยกระบวนการออกซิเดชั่นขั้นสูงด้วยการท าปฏิกิริยากับโอโซนเป็นวิธีที่เหมาะสมเนื่องจากเป็นวิธีที่ง่ายและ
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KONRAT KERDNAWEE: Synthesis of Magnetic Carbon Nanoparticles Using Pyrolysis 
of Glycerol and Ferrocene for Antibiotic Removal. ADVISOR: ASSOC. PROF. 
TAWATCHAI CHARINPANITKUL, D.Eng., CO-ADVISOR: PROF. NORIAKI SANO, Ph.D.{, pp. 

Synthesis of magnetic carbon nanoparticles (M-CNPs) via nebulizing co-pyrolysis of 
glycerol and ferrocene with magnetic induction was successfully conducted.  Experimental 
investigation on influence of synthesizing temperature and ratio of glycerol to ferrocene 
suggested that at 800 °C of synthesizing temperature with an initial weight ratio of glycerol 
to ferrocene of 3:1, the highest M-CNP synthesizing yield of 15.9 % was achieved.  With the 
presence of magnetic induction, controlled synthesis of M-CNPs could be anticipated as a 
promising method for producing M-CNPs with high quality and high yield.  Oxy-tetracycline 
(OTC) has been recognized as environmental contamination due to its over-dosage and 
leakage from agricultural activities. Among various alternatives for removal antibiotic, 
adsorption and advance oxidation via ozonation are promising because of their simplicity 
and effectiveness.  Therefore, M-CNPs synthesized by nebulizing pyrolysis of glycerol and 
ferrocene were employed as an adsorbent and catalyst for removal of OTC from simulated 
wastewater.  Adsorption efficiency of synthesized M-CNPs could be promoted when pH was 
between 3 and 7.  These results would be ascribed to the influence electrostatic adsorption. 
It was found that adsorption of OTC on the synthesized M-CNPs obeyed the Langmuir 
adsorption model. Synergetic effects of adsorption and ozonation revealed that synthesized 
M-CNPs could significantly enhance the removal rate of OTC when compared to those of 
carbon black, graphite powder and ozonation.  Moreover, M-CNPs could be easily separated 
from simulated wastewater by permanent magnetic bar.  Finally, regeneration of spent M-
CNPs revealed that M-CNPs exhibited excellent reusability. 
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Chapter I  

Introduction 

1.1 Motivation  

Carbon nanoparticles (CNPs) have been recognized as a promising material 

which could be applied to many fields necessary for our daily life [1-3].  Among those 

CNPs, carbon nanotube (CNT) is a cylindrical nanostructure of carbon atoms with the 

diameter in a range of ten to hundred nanometers. It is recognized as a new type of 

carbon nanostructures found in 1991 by Iijima [2]. CNTs have attracted many 

researchers’ interest due to their unique chemical, mechanical and electrical 

properties [4-6]. In general, CNTs can be classified into single-walled carbon nanotubes 

(SWCNTs) and multi-walled carbon nanotubes (MWCNTs) subject to the number of 

graphene layers constituting of their wall.  Each type of CNT would exhibit advantages 

and drawbacks regarding to objectives of applications which be clearly identified [7]. 

There are many methods which have been applied for synthesis of CNPs, i.e. 

arc discharge, chemical vapor deposition and laser ablation [8]. Chemical vapor 

deposition is one of the most popular methods because of its scalability and 

applicability to use with various carbon sources [8]. With this method, raw material 

containing carbon atoms would be decomposed to vapor phase at a regulated 

temperature in prior to the self-assembly process of CNPs which would grow on the 
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surface of metal catalyst or some specific substrates [9, 10].  Pyrolysis is one of simple 

method which could be adapted for synthesizing magnetic carbon nanoparticles.   

Incorporation of metallocene with other carbon precursors could provide Fe-filled 

carbon nanoparticles which could exhibit magnetic property. In such simple method, 

many parameters, such as template, temperature, reaction time and pressure, have 

been regulated to control the formation process and structure of carbon nanoparticles 

[11-14].  However, based on a comprehensive literature survey, it is found that 

magnetic carbon nanoparticles under the influence of magnetic induction has been a 

few reports [15-17]. 

Glycerol is a major by-product of bio-diesel manufacturing process which has 

been of interest for renewable energy research worldwide.  Meanwhile, the global 

supply of refined glycerol has been estimated to be higher than the global 

consumption [10].  As a result, oversupplied amount of glycerol derived from bio-

diesel conversion has increased and leaded to its lower cost [18].  Therefore, it is of 

great importance for researching to find alternative means to utilize glycerol. So far, 

only few research works have been involved with direct utilization of glycerol as carbon 

source for synthesis of carbon nanoparticles [8-14, 19-29]. Therefore, this work seeks 

possibility to investigate alternative method for increasing value of glycerol as carbon 

source for carbon nanoparticle synthesis. 

Among various applications, such as sensors, electronic devices, drug delivery 

and adsorbent, CNPs have been recognized as one of the most attractive candidates, 
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because of their highly porous and hollow structure, large specific surface area, light 

mass density and it should especially be noted that CNPs would be one of the most 

outstanding materials for the removal of various inorganic and organic pollutants [7, 

30, 31].  Antibiotic is organic man-made compounds that have been developed for 

inhibiting the growth of unwanted microorganisms so that their application could be 

commonly found in a broad spectra of medical, industrial and agricultural fields [32, 

33].  In aquaculture, an increase in antibiotic application leads to environmental 

problem because of its complex structure which could hardly be eliminated naturally.  

Therefore, it is necessary to develop an efficient technique to remove such antibiotic 

[32-38].   

 A wide range of chemical and physical methodologies for removal of organic 

compounds, which could pollute water resources, have been examined by taking 

adsorption,[39] liquid extraction, membrane separation [40], chemical oxidation [41-

46] and biodegradation into account.  As already mentioned above, M-CNPs are also 

recognized as a good alternative adsorbent to remove antibiotics [35-38].  In particular, 

when M-CNPs are used as an adsorbent for removing aqueous pollutants, it can be 

separated easily by using magnetic field.  Meanwhile, magnetic separation technology 

has gradually attracted growing attention of many researchers as a rapid and effective 

technology for separating magnetic materials because of major advantages over other 

conventional separation techniques in terms of economy, high capacity, short 

operation time and no contamination. Meanwhile, ozone is a strong oxidant that is 
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widely used in wastewater treatment. Generally, the efficiency of ozone degradation 

for oxidizing pollutants largely depends on the oxidant concentrations (ozone and the 

OH radical produced during the decay of ozone) [19].  There are some previous works 

related to confirmation of utilizing metal-supported carbon materials to enhance 

oxidative degradation of organic compounds.  It should be noted that M-CNPs (Fe-

filled) could also enhance ozonation of organic compound pollutants because metal 

nanoparticles embedded in M-CNPs can promote oxidation by providing additional 

amount of OH radicals, which could also involve with oxidative degradation of organic 

pollutant [21, 47-49].   

In this work, pyrolysis of glycerol with the presence of few ferrocene would be 

employed for synthesizing M-CNPs with magnetic field induction.  In addition, an 

application of synthesized M-CNPs as adsorbent for adsorption and catalytic ozonation 

of antibiotic pollutant dispersed in water would also be experimentally examined.  

 

1.2 Objective of the research 

The objective of this research is to conduct experimental examinations on 

synthesis of M-CNPs using pyrolysis of glycerol and ferrocene with magnetic field 

induction.  Utilizing as-synthesized and modified M-CNPs for removal of antibiotics from 

aqueous solution via catalytic ozonation in comparison with physical adsorption will 

also be experimentally investigated and discussed. 
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1.3 Scopes of the research 

1.3.1 Synthesis of magnetic carbon nanoparticles using co-pyrolysis of glycerol and 

ferrocene.  

1.3.1.1 Effect of magnetic field induction 

1.3.1.2 Effect of synthesizing temperature 

1.3.1.3 Effect of initial weight ratio of glycerol to ferrocene 

 All synthesized products were characterized by some necessary techniques as 

follows: morphology by scanning electron microscope SEM, and transmission electron 

microscope TEM, X-ray diffraction (XRD), specific surface area and pore structure by 

Brunauer-Emmett-Teller (BET), carbon atom arrangement by Raman spectroscopy. 

 

1.3.2 Adsorption of antibiotics from aqueous solution by the synthesized Fe-filled 

MWCNTs.  

1.3.2.1 Adsorption isotherm model related with behaviors of adsorptions. 

Therefore, adsorption isotherm of oxy-tetracycline on M-CNPs was investigated [35-38]. 

1.3.2.2 The adsorption efficiency of oxy-tetracycline depended on pKa and pH 

of solution. So, pH of solution was simulated condition which is acidic, neutral and 

alkaline.  

All of these experiments will be conducted as batch adsorption experiment, 

which will be performed with UV-visible spectrophotometer (UV-Vis).  
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1.3.3 Degradation of antibiotics by the synthesized M-CNPs 

The efficiency of ozone degradation for oxidizing pollutants largely depends on 

degradation conditions which are oxidant reagent (O3, OH radical). metal nanoparticles 

can promote oxidation by increasing amount of OH radicals.  M-CNPs could also involve 

with providing opportunities for reaction on their surface. The degradation of antibiotics 

was investigated by studying following effects [21, 46-49].   

1.3.3.1 Effect of carbonaceous materials on OTC removal in catalytic ozonation 

1.3.3.2 Influence concentration of ozone on OTC degradation 

13.3.3 Influence of M-CNPs loading on OTC degradation  

1.3.3.4 Influence initial concentration of oxy-tetracycline on OTC degradation 

1.3.3.2 After the ozonation degradation of adsorbed oxy-tetracycline on M-

CNPs, the M-CNPs s can be re-used. Therefore, the potential of recycling M-CNPs was 

investigated [49]. 

The resultant solutions from the degradation process was analyzed by a UV–

Vis detector and a high-performance liquid chromatograph (HPLC). 

 

1.4 Expected benefit 

Expected benefits to be obtained from this research would be the knowledge 

in synthesis of M-CNPs by co-pyrolysis of glycerol and ferrocene in magnetic field. 
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Moreover, synthesized M-CNPs would be applied for treatment of water which is 

contaminated with antibiotics. 
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Chapter II  
Fundamental knowledge 

 The fundamental knowledge related to glycerol, ferrocene, carbon nanotube, 

synthesis carbon nanotubes, antibiotic, removal of antibiotic, adsorption and ozonation 

were reviewed in this chapter. 

 

2.1 Glycerol 

Glycerol is the main component of triglycerides containing three hydrophilic 

hydroxyl groups, found in animal fat, vegetable oil, or crude oil. Glycerol is derived 

from biodiesel production [18,21]. Glycerol is an oily liquid which is viscous, odorless, 

colorless, and has a sweet taste [25,26]. Figure 2.1 shows the molecular structure of 

glycerol, made up of three hydroxyls. It is miscible in many substances such as 

acetone, ethyl acetate, dioxane and ethyl and partially insoluble in superior alcohol, 

fatty acids and hydrocarbonate such as hexane, benzene, and chloroform. Glycerol is 

very viscous at normal temperatures and It does not oxidize in the atmosphere in 

normal conditions, but can be easily oxidized by other oxidants. Properties of glycerol 

is shown in Table.2.1. 

 Glycerol solutions are exposed to heat and in contact with ferrous metal or 

copper since the salts contained in these materials can catalyze oxidation [31]. 
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Glycerol has low volatility and low vapor pressure. Temperature changes have little 

effect on the vapor pressure of glycerol solutions.  

Crude glycerol generated from biodiesel production and it is contaminated with 

impurities. It is a little economic value. Therefore, there have been many investigations 

into alternative uses of glycerol which are combustion, composting, animal-feeding, 

thermo-chemical conversions, and biological conversion methods for converting 

glycerol into valued-added products. Thermo-chemical method is an alternative for 

glycerol utilizing. It has been reported that glycerol can be thermochemically 

converted into other higher value products. 

 

 

 
Figure 2.1 Chemical structure of glycerol 
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Table 2.1 Properties of glycerol (MSDS, ScienceLab.com) 
 

 
 

2.2 Ferrocene 

Ferrocene is a compound consisting of two cyclopentadienyl anions bound 

on opposite sides of a Fe center as shown in Figure 2.2. It is an organometallic 

https://en.wikipedia.org/wiki/Organometallic_chemistry
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compound with the formula Fe(C5H5)2. Their properties of ferrocene are shown  

in Table 2.2. 

 

 

 

Figure 2.2 Chemical structure of ferrocene 
  

https://en.wikipedia.org/wiki/Organometallic_chemistry
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Table 2.2 Properties of ferrocene (MSDS, ScienceLab.com) 
 

 

2.3 Characteristics of carbon nanotubes (CNTs)  

Carbon nanotube (CNT) is a one kind of carbon based materials which have 

been discovered by Ijima in 1991 [2].  They are allotropes of carbon with a cylindrical 

structure that are composed of sp2 carbon bonding and consisted of honeycomb 

structure like a graphene sheet. Many researchers in science and engineering pay 

attention to CNTs because their unique properties (physical and chemical). The unique 

characteristics of CNT are the ultimate mechanical, superlative thermal and electronic 

properties. CNTs could be classified by number of wall-layer in single-wall, double-
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walls or multi-walls. Single-walled nanotubes (SW-CNTs) are consisted of a single layer 

of graphene sheet rolled up for forming a cylindrical structure with a few nanometers 

of diameter while length up to micrometer. SW-CNTs have unique electronic and 

mechanical properties which could be applied in many fields, such as nanocomposite 

materials, field-emission materials and sensors. Therefore, SW-CNTs expected to play 

a important role in the next generation of utilized nano-electronic devises. Multi-

walled carbon nanotubes (MW-CNTs) are consisted of multiple rolled layers of 

graphene sheet to form cylindrical structure with 0.3 nm of the distance between 

layers and 2-100 nm of diameters with  up to millimeters lengths as shown in Figure 

2.3 [32]. MW-CNTs are simpler to produce in large volume scale than SW-CNTs. 

However, the structure of MW-CNTs is complexity and variety. Both of SW-CNTs and 

MW-CNTs could be developed for highly specific applications and modification their 

mechanical and electrical properties.  
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Figure 2.3 Configurations of carbon nanotubes which are single wall carbon nanotube 
and multiwall carbon nanotube 
 

2.4 Synthesis of CNTs 

There are several methods to produce CNTs such as chemical vapor deposition 

method of containing carbon molecules from carbon sources, including sublimation of 

graphite carbon by laser ablation and arc-discharge technique   

Chemical vapor deposition is a thermal method by decomposition of carbon 

source in the gas phase at high temperature. It can be divided into several types by 

type of energy source such as plasma enhancement CVD from plasma source and 

thermal CVD from furnace or heating coil to supply energy. The supplied energy is 

used to decompose the molecule of precursors into a small radical or small 

hydrocarbon and then decompose to carbon atom. After that small molecule and 

carbon atom is decomposed into carbon cluster and diffuse and grow on catalyst 
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metal. CVD method could synthesize CNT in large scale and produce both SW-CNT 

and MW-CNT, depending on conditions of CNT-growth parameters such as synthesizing 

temperature, residence time, type of carbon sources and catalysts.  

Laser ablation method is operated under laser source for synthesis CNTs with 

the high quality and purity of CNTs [8]. A graphite rod and metal catalyst mixture is 

ablated on their surface by laser at high temperature under inert atmosphere for 

generating vaporized carbon from a graphite rod. The vaporized carbon was condensed 

and formed CNT structure after cool down temperature. This method could have 

synthesized SW-CNTs with controllable size and high yield of synthesized CNTs.  

Arc discharge method is conducted with high energy from electric current at 

high temperature. Anode and cathode electrodes which are made from graphite rods 

are placed in an inert gas, liquid nitrogen or water. An electric current transfer between 

anode and cathode electrodes. A graphite rod of anode was vaporized and forming a 

cluster of carbon after vaporized carbon was condensed. The synthesis of CNTs from 

arc discharge technique is simple step, but it requires high energy.  

 

2.5 Antibiotic 

Antibiotics are chemical compound which were derived from a microorganism 

such as bacteria, microbes or fungi via chemical method for pharmaceutical activity or 

synthesis drugs [32].  Antibiotic could destroy or kill for inhibiting the growth of 
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microorganism. However, some kind of antibiotic could accelerate growth rate of 

microorganism. In case of over usage of antibiotic, bacteria could be adapted 

themselves for acting as resistant of antibiotic. Antibiotics can be divided into several 

categories which are classify from chemical structure and action mechanism of 

antibiotic to target bacteria. Penicillins, monobactams group and cephalosporins are 

antibiotics with targets on bacterial on cell wall. Daptomycin, gramicidins, and 

polymixins group are antibiotics with targets on bacterial on cell membrane. 

Tetracyclines, macrolides and aminoglycosides group are essential group for attacking 

protein.These antibiotics are used for different applications and different target such 

as Tetracycline group were used in agriculture (aquaculture). Almost of antibiotics 

could not be digested and adsorbed well, it is generally released to the environment, 

leading to contaminate in water and soil which could affect on increasing of the 

resistance of adaptive microorganism and contaminate in environment [33]. 

Tetracyclines are a group of broad-spectrum antibiotics which perform in the ribosomal 

level for interrupting the process of protein synthesis of microorganisms. Tetracyclines 

group were discovered in 1948 by naturally fermentation products of a soil bacterium. 

The first type of tetracycline is chlortetracycline [50].  At present, tetracycline could 

be classified into three groups which are tetracycline natural products, tetracycline 

semi-synthetic compound and chemical modified tetracycline [51]. Chemical 

structures of tetracycline consisted of a tetracyclic naphtacene carboxamide ring 

structure with surrounding lower and upper peripheral zones.[51, 52]. Chemical 
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structures and pKa information of oxy-tetracyclines are showed in Figure 2.4  [53]. 

 

 

 
Figure 2.4 Structure of oxy-tetracyclines (OTC) and their pKa 

 

2.6 Methods of antibiotic Removal 

 A many of physical and chemical methodologies for organic compounds 

removal were investigated by many researchers. The methodologies could be 

classified into two types which are nondestructive and destructive processes. 

Adsorption, membrane techniques and liquid extraction are nondestructive processes. 

While biodegradation and chemical oxidation which are photolysis, electrochemical 

processes, chlorination, Fenton and photo-Fenton, semiconductor photocatalysis and 

ozonation are destructive methods. The different methods can be applied in suitable 

process, depending on the kind of pollutants and the operated cost of the process. 
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2.7 Adsorption processes     

Adsorption process is a separation process on surface phenomenon. 

Commonly, adsorption is described in term of the molecules in fluid phase have to 

adsorb on solid surface. This process of adsorbate on the surface of adsorbent is called 

adsorption process. In term of high quality of absorption efficiency, the type of 

adsorbent should be having high specific surface area. Based on surface chemistry and 

forces involved in adsorption, there are three interfaces adsorption steps which are 

First, external diffusion step which is the molecules of the adsorbate in fluid moves to 

the outer surface of the adsorbent. Second, pore diffusion step which are the 

molecules of the adsorbate will diffuse into the pore of adsorbent. Finally, adsorption 

step that is the adhesion on porous surfaces between adsorbate and the surface of 

adsorbent. Type of adsorption depended on force involved and surface chemistry in 

each adsorption process which was can be divided into two types are physical 

adsorption or Phys sorption and chemical adsorption or chemisorption. 

2.7.1 Physical adsorption  

Physical adsorption occurs quickly with almost of monolayer adsorption. 

Physical adsorption is preserved by individuality of each of adsorbate and adsorbent. 

As physical adsorption takes place, First, it starts at a monolayer and then It could 

become to multi-layer until the pores are full filled with adsorbate. Therefore, the 
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maximum capacity of a adsorbent material could be more related to the pore volume 

[54]. 

2.7.2 Chemical adsorption  

Chemical adsorption is the formation of chemical bonding between adsorbate 

and adsorbent. It is a reaction of transferring and sharing of electron including breakage 

of the adsorbate molecules into small molecules, atoms or some radicals that are 

bound separately. In naturally, chemical adsorption is limited to less than monolayer 

coverage on the surface of adsorbent [54].  
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Table 2.3 The kind of Interaction forces involved in adsorption process with three 
types of interfaces [17] 
 

 

2.7.3 Surface chemistry and forces involved in adsorption 

Surface chemistry and forces involved in adsorption were investigated which 

there are three interfaces of interaction involved in adsorption including adsorbate-

adsorbent, adsorbate-water and water-adsorbent. The interaction forces at different of 

interfaces were shown in Table 2.3. The forces of between adsorbent surface and 

adsorbates are shown in Figure 2.5 [17].  
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Figure 2.5 Attraction forces of functional groups on surface [17] 
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2.7.4 Adsorption isotherm  

Adsorption isotherm is the relation of the amount of adsorbate absorbed on 

adsorbent at constant temperature at equilibrium condition [54]. Adsorption isotherm 

can be calculated by the ratio of the amount of adsorbate in term of concentration 

to the concentration of the solution at the equilibrium at any constant temperatures 

as equation 2.1. Adsorption isotherm could be classified into several types. The famous 

adsorption isotherms are the Langmuir and Freundlich isotherm. 

 

    𝑄𝑒 = (
𝐶𝑜−𝐶𝑒

𝑀
) × 𝑉                                          (2.1) 

 

Where Qe is the amount of adsorbate adsorbed on adsorbent at equilibrium [mg/g]  

C0 is the concentration of adsorbate at initial [mg/L] 

Ce is the concentration of adsorbate at equilibrium [mg/L] 

V is the volume of solution [L]  

M is the mass of the adsorbent [g]  
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Langmuir isotherm model is the most widely usage of the monolayer 

adsorption [54]. The important assumptions of Langmuir isotherm consisted of tree 

assumptions.  First, the adsorbate in the solution contacted with strong attraction on 

the surface of the adsorbent. Second, the adsorbent has the specific surface for each 

specific molecules of adsorbent. Last, the adsorption is mono layer of adsorbate on 

the surface of adsorbent [39, 40]. A plot of ratio of the concentration of adsorbate at 

equilibrium (Ce) to the amount of adsorbate adsorbed at equilibrium (Qe) against the 

concentration of adsorbate at equilibrium (Ce). A straight line with slope and intercept 

of the plot can be determined Qm and KL, respectively as shown in equation (2.2)  

 

𝐶𝑒

𝑄𝑒
=

𝐶𝑒

𝑄𝑚
+

1

𝐾𝐿𝑄𝑚
                                   (2.2) 

 

Where Ce is the concentration of adsorbate at equilibrium (mg/L),  

Qe is the amount of adsorbate adsorbed at equilibrium (mg/g), 

Qm is the maximum adsorption capacity (mg/g)  

KL is the Langmuir adsorption equilibrium constant (L/mg).  

 

The essential feature of the Langmuir isotherm could be indicated by Langmuir 

adsorption equilibrium constant (RL) parameter. RL is a dimensionless constant related 
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to separation factor and equilibrium parameter. It can be indicated to predict favorable 

or unfavorable of adsorption. RL can be calculated by using Eq. (2.3) [19]. 

 

𝑅𝐿 =
1

1+𝐾𝐿𝐶0
                (2.3) 

 

Where C0 is the initial concentration of adsorbate (mg/L)  

KL is the Langmuir adsorption equilibrium constant (L/mg).  

The meanings of RL are as follow: 

RL = 0   is irreversible adsorption process. 

RL = 1   is linear adsorption. 

RL > 1   is unfavorable adsorption. 

0< RL < 1 is favorable adsorption. 

 

Freundlich isotherm model could be described to the multi-layer of 

adsorption. This model related to the reversible process and non-ideal of adsorption 

[54]. Freundlich isotherm is wildly used in heterogeneous system with the organic 

compounds. The slope of Freundlich isotherm plotting can describes adsorption 

behavior if slop becomes close to 1, It was indicated that it is heterogeneous. KF is an 

indicator of adsorption capacity. When, KF is higher means that higher maximum 

capacity. The Freundlich equation is shown by equation. (2.4) and (2.5). 
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 𝑄𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛                    (2.4) 

 𝑙𝑜𝑔𝑄𝑒 = 𝑙𝑜𝑔𝐾𝐹 +
1

𝑛
𝑙𝑜𝑔𝐶𝑒                 (2.5) 

 

Where  Ce is the concentration of adsorbate at equilibrium (mg/L) 

Qe is the amount of adsorbate adsorbed at equilibrium (mg/g) 

KF is the Freundlich adsorption capacity parameter (mg/g (mg/L) 1/n) 

n is the Freundlich adsorption intensity parameter  

For the magnitude of n indicating the favorability of adsorption and the degree of 

heterogeneous of surface of adsorbate. 

 Where  n=1 is the constant of adsorption 

n<1 is the adsorption capability can be decreased by the concentration 

of solution is increased 

 

2.8 Ozonation 

 Ozone is a strong oxidant agent to react both direct and indirect reaction. Direct 

ozonation is ozone molecule oxidized other compounds directly. Indirect ozone is 

disintegration of ozone in water and converted to OH radicals. OH radicals are very 

short time for living compounds but they have a stronger oxidation process than that 

of ozone. This is because the radicals have a high oxidation potential than ozone [46]. 

Redox potential of oxidizing agents was shown in Table 2.4 [19]. The process of 
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oxidation when the number of OH-radicals in a solution rises, It is called advanced 

oxidation process or AOP. 

Table 2.4 Redox potential of oxidizing agents [19] 
 

 

Therefore, ozonation process can be produced by both ozone (direct) and OH-radicals 

(indirect). The ozone oxidation process is represented schematically in Figure 2.6. This 

Figure shows that ozone oxidation consists of direct reactions and indirect reactions 

[19]. 
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Figure 2.6 Reactions of ozone [19] 
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Chapter III  
Literature reviews 

The literature reviews are separated in 4 parts; I. utilization of glycerol II. 

utilization of industrial waste for carbon nanoparticles production III. synthesis of 

magnetic carbon nanotube IV. carbon nanoparticle applications.  

3.1 Utilization of glycerol 

Glycerol or glycerin is a major byproduct of biodiesel manufacturing process 

with approximately 10% of biodiesel produced is crude glycerol as by product. 

Nowadays biodiesel process is wildly expanding in term of alternative fuel. Crude 

glycerol is being produced. However, glycerol is high operating cost of purification for 

using in pharmaceutical, cosmetics and food industry. Therefore, many researchers try 

to find alternative methods to use this disposal. Many methods to apply for using 

crude glycerol have been investigated such as thermochemical/biological conversions, 

combustion and composting to produce other value-added products. Thermo-

chemical methods is one of the popular alternative methods for increasing it’s value-

added of crude glycerol. It has been reported that glycerol could be converted to high 

value added such as propylene glycol, acetal, or variety of other products by 

thermochemically [14, 55-57]. 
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3.2 Utilization of industrial waste for carbon nanoparticles production  

High purity carbon sources with purity which are hydrocarbon group (methane, 

ethylene, acetylene, butane, hexane, benzene, toluene, etc.) and other carbon sources 

such as carbon dioxide and carbon monoxide were used for CNTs synthesis. The 

optimum conditions of synthesizing CNTs depended on synthesizing temperature, 

reaction time, pressure of system, type and ratio of carbon source and catalyst. 

However, High purity carbon sources from hydrocarbon are limited to supply and high 

cost, so It is interesting to study for using alternative carbon sources from industrial 

wastes, municipal wastes or plastics wastes, and by product from industrial such as 

red oil, glycerol or slop oil). Therefore, wastes and by-product from industry have been 

considered as one of good alternatives carbon source for synthesis carbonaceous 

nanomaterials as summarized in Table 3.1 [56]. Kerdnawee et.al (2017) summarized 

previous works related with using waste and by product from industry as carbon source 

for synthesizing CNTs [19, 23, 24, 26, 29, 56, 58-64] . It was also clearly observed that 

type of feed and catalysts, synthesizing temperature, type and flow rate of carrier gas 

are importance parameter for synthesizing CNT with different morphology, size and 

length. Moreover, synthesizing temperature are a importance parameter for converting 

all precursors into small clusters to form CNTs structure by self-assembly process [65]. 

Carbon black or amorphous carbon could be formed by synthesis without catalysts 

instead of forming of CNTs [19, 26, 29]. In addition, the compositions of carbon 

precursors are different in term of type, properties or impurities affected to generate 
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poisoning and corrosion in the synthesis system. The essential synthesizing parameters, 

such as ratio of carbon source to catalyst, types of catalysts and carbon sources, 

reaction temperature, were examined for improving the synthesis of CNTs. The various 

kinds of carbon source from gas, liquid or solid with various types of catalysts can be 

used as source of carbon for forming CNT [14, 19, 21, 25, 26, 29, 66]. As mentioned 

information would be implied that utilizing catalytic pyrolysis or chemical vapor 

deposition with catalyst is a promising method for synthesis CNTs because of its 

practical on handling and scalability [20].  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

35 

Table 3.1 Summarized previous works involving with synthesis of carbon nanotube 
using wastes from industrial [56] 
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3.3 Synthesis of magnetic carbon nanotube  

Since Kroto discovered fullerene structure (C60) in 1985 [1] and carbon 

nanotubes (CNTs) structure was reported by Ijima (1991) [2], considerable research and 

development have been developed for synthesis and applications of carbonaceous 

nanomaterials. After that, carbon nanohorns, carbon nanocapsules, carbon 

nanoonions, carbon nanofibers  and so on were discovered [1, 2, 7, 67, 68]. Such 

carbonaceous nanomaterial has become of interest for many researchers because of 

its unique and outstanding properties. Some of previous works of synthesis of carbon 

nanoparticle was reviewed and summarized by Kerdnawee, et.al. (2017) as shown in 

Table 3.2 [56]. Table 3.2 show an overall of methods for CNTs synthesis which provided 

difference carbonaceous structure [20, 56, 69].   
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Table 3.2 Comparison of synthesis techniques for synthesis single wall and 
multiwalled carbon nanotube, fullerene, carbon nanohorn and graphene [56] 
 

 

Each synthesizing technique would provide varied carbonaceous nanomaterials with 

different in term of purity, production yield and handling. For example, arc discharge 

method would be appropriate for production of SW-CNTs, MW-CNTs and fullerenes 

but difficult for scale-up. While, chemical vapor deposition is a flexible technique to 

produce various kind of carbonaceous nanomaterials. In term of synthesized products, 

besides SW-CNTs and MW-CNTs, graphene and carbon nanohorns have been interacted 
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attention from researchers. While the details of growth mechanism has not been fully 

understood so research and development of formation mechanism have been 

interested [7, 55, 57, 63, 70-74]. Therefore, development of synthesis carbonaceous 

nanomaterial from cheaper and stable raw materials have been interested. A 

remarkable amount of research goals have been comprised in term of purity, yield of 

product, cost, and scalability [4, 14, 60, 67-69, 75, 76]. Normally, all of synthesis 

methods of CNT would require similar conditions, such as optimum temperature for 

preparing all of precursors from decomposition of carbon sources via the self-assembly 

processes. While different controlling conditions, different types of CNTs such as SW-

CNTs and MW-CNTs, could be synthesized [62, 77, 78]. 

3.3.1 Chemical vapor deposition (CVD) 

Among various synthesizing methodologies, as compared in Table 3.2, chemical 

vapor deposition (CVD) or thermal pyrolysis is recognized as an efficient method 

because of its advantages in low operating costs in large-scale production with 

excellent controllability in growth steps such as purity, length, alignment, orientation, 

diameter and yield of CNTs. Many research have indicated that the pyrolysis of 

organometallic compounds, such as ferrocene, nickel phthalocyanine, and iron 

phthalocyanine could be employed as reactants and catalysts for synthesis of carbon 

nanostructures [19, 21, 23-26, 29, 79]. In case of thermal pyrolysis, some metal cluster, 

such as Fe, Co or Ni, are play an important role in term of catalyst for M-CNPs growth 
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[66, 80]. Meanwhile, many methods with catalysts and various carbon sources are also 

the on-going work which have been reported by many researchers around the world. 

One of the most concentrating topics for research for tuning of synthesizing parameters 

to optimize productions of carbonaceous nanomaterials has been investigated in many 

countries. Nowadays, it has been accepted that utilization of alternative carbon 

sources by using catalytic would possibly increase in production yield and also improve 

quality of CNT, including minimize the amount of expensive catalyst usage by 

supplying low cost of carbon sources [24, 26, 64, 81-83].  

Sano et al. (2006) proposed to separate Fe-included carbon nanocapsules (CNCs) 

and multi-wall nanotubes (MWCNTs) using a “fall-to-stop-reactor”. The temperature 

was controlled in the range of 600-1000 C and the flow rate of H2 was 100 cm3/min. 

The solid products would deposit consisting of Fe included CNTs and CNCs. The 

products were obtained from different zone of the reactor that divided into five zones 

containing 500-600oC, 600-700 C, 700-800 C, 800-900 C and 900-1000 C.  It was 

found that at temperature higher than 900 C, the high yield of Fe-included CNTs and 

CNCs was obtained and at 1000 C. It was the optimized temperature to achieve the 

separated synthesis of CNTs and CNCs [13]. 

Charinpanitkul et al. (2009) proposed that carbon nanoparticles can be synthesized 

by co-pyrolysis of naphthalene and ferrocene with 1:1 of weight ratio. Various kinds of 

structure were founded which are carbon nanotubes (CNTs) and carbon nanocapsules 
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(CNCs). The effect of synthesizing temperatures was investigated in the range of 800 – 

1050 ºC. It was found that morphology, size of CNT and total yield of products depend 

on the increased synthesizing temperature. When increasing synthesizing temperature,  

formation of CNCs with some CNTs was synthesized. [14].   

3.3.2 Synthesis of nanomaterials under magnetic fields 

Hybridized carbon and magnetic materials can be controlled by induction of 

magnetic field. Base on literature reviews, magnetic force could control the growth 

direction of carbonaceous nanomaterial, metal nanoparticles and carbonaceous 

nanomaterial with embedded metal [84, 85]. 

 

3.4 Carbon nanoparticle applications 

Applications of carbon nanoparticles has been interesting due to their unique 

properties which are mechanical, electrical, thermal and optical [7, 86] and some 

previous works were reviewed and reported by Kerdnawee, et.al (2017) [56]. Owing to 

those advantages, CNTs is great promise as material for nanoelectronics, energy storage 

devices, drug delivery, sensors system and emitters. Broad of promising applications of 

carbon nanoparticles have been interested by many researchers around the world. 

Therefore, a lot of works done for studying what is the important characteristics of 

carbon nanomaterials for each specific requirement applications. Using a data base 
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information of literatures, founded that their applications such as antibiotic removal, 

pollutant gas detection and handling of spilled oil were studied by many researchers.  

3.4.1 Adsorption of antibiotic  

Leakage of some chemicals or pollutants were employed from dairy life activities 

including agricultures and industries have been recognized as one of importance issue. 

Among those chemical and pollutants, it was founded that antibiotics is a large serious 

affects to environment [87]. Normally, commercial conventional adsorbents (zeolite or 

activated carbon) are available but there is some weak point about handling of 

adsorbent after adsorption so It interacted the attention of researcher to seek other 

alternative adsorbent for removal pollutant. Therefore, some special properties of 

carbonaceous nanomaterials have been developed to solve their weak point.  

From a viewpoint of adsorption process, CNTs with mesoporous structure leading 

to diffusion of small pollutants to adsorbent sites was easier when compared to zeolite 

or activated carbon which have randomly pore structure with micropore. It should be 

implied that carbonaceous nanomaterials are available for the access of small 

molecule of pollutant but zeolite and activated carbons normally contain some 

micropores, which are available for the access of large molecule of pollutant.  

Lu et al. (2005) studied the adsorption of trihalomethanes on CNTs and powdered 

activated carbon. They reported that adsorption of trihalomethanes with CNTs reached 

adsorption equilibrium faster than powdered activated carbons, which would be 
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described by the different porous structures of CNTs and powdered activated carbons. 

The uniform pore of CNTs were useful for the diffusion of pollutants into the pores of 

carbon material.  

Ji et. al. (2009) studied on investigation of adsorption of tetracycline on CNTs, 

graphite and activated carbon. The adsorption efficiency of tetracycline based on 

adsorbent surface area in the order of graphene and single wall CNTs > multiwalled 

CNTs >> activated carbon. It was found that adsorption of tetracycline to graphite and 

single wall CNTs and graphene was better when compared to other carbon adsorbents 

because of the available adsorption sites. The interaction between molecule of 

tetracycline and surface of adsorbent interacted with van der Waals forces, π-π EDA 

interactions and cation-π bonding [87].  

Ehsan et al. (2013) studied on adsorption and desorption process of tetracycline 

on surface of graphene oxide. It was investigated by studying effect of pH of solution, 

adsorption equilibrium time and adsorption temperature. They found that tetracycline 

strongly adsorbs on the surface of graphene oxide surface with π-π interaction and 

cation–π bonding. About kinetic of adsorption, It was found that adsorption of 

tetracycline on graphene oxide  reached adsorption equilibrium within 15 min with  

the pseudo second order model with rate constants in the range of 0.2742–0.5362 

g/mg min [38].  
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Jafari et al. (2011) studied by using multiwall carbon nanotubes as adsorbent for 

adsorption of two cephalosporins antibiotics which are cephalexin and cefixime. They 

studied the influence of pH, sample volume, adsorbate and adsorbent concentration 

and temperature. The isotherm models were fitted with Langmuir isotherm for 

cephalexin and Freundlich model for cefixime. The kinetics model was well fitted of 

pseudo-first order that showed higher statistic value (R2). The maximum adsorption 

capacity of MW-CNTs for adsorption of cephalexin and cefixime was 1,100 and 820 

mg/g, respectively. The adsorption temperature did not have any effect on adsorption 

in this study [36]. 

 

3.4.2 Degradation of antibiotic (Oxy-tetracycline) 
 

Generally chemical reaction for degrading pollutant with advance oxidation 

process requires specific catalysts which was contained some metal or embedded 

metal on the support materials. Among various supporting materials, carbon is one of 

excellent candidate due to its large specific surface area and stability. Therefore, the 

supporting catalysts would interact the researcher attended to seek other new 

candidates with specific for each reactions [20, 80]. 

 Sano et al. (2012) synthesized aligned multi-walled carbon nanotubes directly on 

a stainless-steel surface. It was found that when control oxidation steps the length of 

MW-CNT can reach 80 µm. It was implied that synthesized MW-CNTs on stainless steel 
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meshes can be applied as a catalyst support for using in reaction of ozonation to 

enhance removal efficiency of phenol in water [21].  

Sano et al. (2009) prepared porous carbon-gel for catalyst supporting of cobalt or 

nickel for enhancing decomposition of phenol by using ozonation. Results revealed 

that decomposing of phenol with carbon-gels supporting cobalt or nickel were better 

than that with only pristine carbon-gel and without carbon-gel supporting. In term of 

comparison between cobalt and nickel, cobalt exerted better catalyst for enhancing 

ozonation of phenol than nickel catalyst. [47]. 

Zhang et al. (2013) developed composite heterogeneous catalyst by combining of 

CNTs and zero valent iron (Fe0) for using in ozonation. This hybrid material was 

synthesized by electrophoresis deposition of oxidized MW-CNTs on the surface of Fe0 

substrate after that it was calcined at high temperature. The hybrid Fe0-CNTs could be 

used as catalyst for catalytic in oxidation with ozone for removal methylene blue. 

Moreover, effect of pH of the solution of methylene blue on catalytic ozonation 

efficiency was studied as a function of pH [48]. 
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Chapter IV  
Synthesis of M-CNPs 

Controlled synthesis of magnetic carbon nanoparticles (M-CNPs) via co-

pyrolysis of glycerol and ferrocene with magnetic induction was successfully 

conducted.  In comparison to synthesizing condition without of magnetic induction, 

synthesis of M-CNPs with magnetic induction could be controlled as a promising 

method for synthesizing M-CNPs with high quality and high yield. Optimum conditions 

for synthesizing M-CNTs were investigated on influence of synthesizing temperature in 

a range of 700 to 1000 °C and influence of weigh ratio of glycerol to ferrocene 

suggested that optimum condition for M-CNPs synthesis was conducted with weight 

ratio of glycerol to ferrocene of 3:1, the highest yield of M-CNPs was achieved at 800 

°C.  Characteristics of M-CNPs were conducted, morphology of the synthesized M-CNPs 

was confirmed by transmission electron microscopy (TEM) while thermogravimetric 

analysis (TGA) was investigated for analyzing carbon and Fe contents.  The M-CNPs 

could respond to magnetic force due to embedded Fe content were also analyzed by 

AC-magnetic susceptibility analyzer.   

4.1 Research background 

As mentioned in chapter of introduction, carbon nanoparticles or CNPs have 

been recognized as a promising material which could be applied to many fields 

necessary for our daily life [1-3].  Among those CNPs, carbon nanotubes (CNTs) have 
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been recognized as a new type of carbon nanostructures which are a cylindrical 

nanostructure of carbon atoms with the diameter in a range of ten to hundred 

nanometers and it was reported in 1991 by Iijima [2].  CNTs have attracted many 

researchers’ interest due to their unique chemical, mechanical and electrical 

properties [4, 5, 88].  In general, CNTs can be classified into single-walled carbon 

nanotubes (SWCNTs) and multi-walled carbon nanotubes (MW-CNTs) subject to the 

number of graphene layers constituting of their wall.  Each type of CNTs would exhibit 

advantages and drawbacks regarding to objectives of targeted applications which have 

been examined by many research teams [7].  There are many methods which have 

been proposed and developed for synthesis of CNPs, i.e. arc discharge, chemical vapor 

deposition and laser ablation.  Chemical vapor deposition is one of the most popular 

methods because of its scalability and applicability to usage of various carbon sources, 

which can be decomposed in vapor phase at a regulated temperature in prior to the 

self-assembly process of CNPs.   Such CNPs would grow on the surface of metal 

catalyst or some specific substrates [9, 10].  Meanwhile, pyrolysis, which is recognized 

as one of simple CVD methods, could be adapted for mass production of CNPs.  

Recently, it is reported that co-pyrolysis of metallocene with carbon precursors would 

be a promising strategy to produce Fe-filled carbon nanoparticles which could exhibit 

magnetic property [56, 89, 90].  Some experimental variables, such as ratio of 

metallocene to carbon precursor, temperature, reaction time and pressure, have been 

regulated to control the formation and structure of carbon nanoparticles via such co-
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pyrolysis method [91, 92].  However, based on a comprehensive literature survey, it is 

found that formation of CNPs under the influence of magnetic induction has not been 

thoroughly examined [23].  Meanwhile, it should be noted that glycerol is a major by-

product of bio-diesel manufacturing process which has been of interest for renewable 

energy research worldwide.  However, the global supply of refined glycerol has been 

estimated to be lower than the global consumption.  As a result, oversupplied amount 

of glycerol derived from bio-diesel conversion arouses increasing research interest to 

find alternative means for its effective utilization.  To the best of our knowledge, only 

few research works have been involved with direct utilization of glycerol as carbon 

source for synthesis of carbon nanoparticles [56].  Therefore, this work seeks possibility 

to investigate alternative method for producing value-added products from glycerol as 

carbon source by synthesis of CNPs.  In this work, pyrolysis of glycerol with the 

presence of few ferrocene would be employed for synthesizing M-CNPs with magnetic 

field induction with an aim to increase yield and quality of the resultant M-CNPs.  Based 

on experimental investigation with the synthesizing temperature in a range of 700 to 

1000 °C with an initial weight ratio of glycerol to ferrocene in the range of 3:1 – 7:1 

were investigated.  In addition, AC-magnetic susceptibility analyzer could also confirm 

the strong response of M-CNPs with respect to magnetic induction.  
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4.2 Research methodology 

4.2.1 Synthesis of M-CNPs with magnetic induction  

 

 

 

Figure 4.1 Experimental schematic for synthesis M-CNPs with magnetic collector 
 

M-CNPs were synthesized in an experimental set-up consisting of electrical 

furnace and quartz tube (10.75 mm in I.D., 570 mm in length). Glycerol (Qrex, 99.5% 

purity) and Ferrocene (Sigma-Aldrich, 98% purity) have been used as precursor and 

source of carbon and Fe catalyst, respectively. 2 ml of glycerol and ferrocene mixture 

was fed into the quartz tube reactor with the flow rate of 0.003 ml/min by a syringe 

pump where the regulated temperature was high enough for decomposing all 

precursors.  After the electrical furnace was employed to regulate the quartz tube 

reactor temperature to a designated set point, a nitrogen flow rate of 30 ml/min was 

introduced for conveying the resultant M-CNPs which was generated by the self-

assembly reaction to the outlet.  The magnetic collector was applied at downstream 
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zone for collecting the remaining products which were not deposited on the quartz 

tube as shown in Figure 4.1. The synthesizing process was controlled for 66 min, 

afterwards the reactor was cool down to room temperature.  Substantial amount of 

the synthesized products was collected from the deposit on the inner wall of the 

reactor while another portion was trapped on the surface of the magnetic collector 

due to the magnetic induction.  It should be noted that the magnetic collector was 

made of Al-Ni-Co magnet, which is more stable at high temperature than any other 

typical magnet bar.  Based on our measurement the surface magnetic flux on the 

magnetic collector was 0.85x10-3 T.  Designated experiments were conducted for 

investigating the effect of magnetic field induction and two main variables being 

explored were temperature and weight ratio of glycerol to ferrocene.  To examine the 

effect of magnetic induction, synthesizing experiments were conducted using magnetic 

rod collectors in comparison to those using stainless steel rods as non-magnetic 

collectors of the same dimensions.  For looking into the influence of the synthesizing 

temperature on the yield of the synthesized M-CNPs, the reactor temperature was 

varied in a range of 700 to 1000 °C while the weight ratio of glycerol to ferrocene was 

kept constant at 3:1.  Finally, experiments with different initial weight ratio of glycerol 

to ferrocene varied in a range from 1:1, 3:1, 5:1 to 7:1 with the constant reactor 

temperature of 800 °C were conducted for figuring out the effect of an increase in 

carbon content on the yield of the synthesized M-CNPs.  
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4.2.2 Analysis 

Microscopic structure and morphology of all synthesized products were 

characterized by a transmission electron microscope (TEM) (JEOL, JEM 1010).   For 

evaluating thermal stability and compositions in terms of carbon and Fe contents 

within synthesized products, thermogravimetric analysis (TGA) (Shimadzu, TGA-50) with 

a ramping rate of 10 ºC/min from room temperature to 900 °C was carried out.  For 

confirming graphitic carbon and disorder carbon structure, Raman spectroscopy (Lamda 

Vision, MicroRAM-3000L) were employed for analyzing all synthesized products.  AC 

magnetic susceptibility of synthesized products was also monitored by a 

magnetometer (Magqu Co., XacQuan-II), with maximum magnetic flux of 15 mG and 

varied frequencies in a range of 11 to 24901 Hz.   

 

4.3 Effect of magnetic field induction 

Within each typical experiment, typical synthesized products could be 

collected from thick layer of black particulate deposit on the inner wall of the quartz 

tube reactor and loose layer of black deposit on the external surface of magnetic rod 

collectors which were equipped at the exit of the reactor.  However, when the stainless 

rod collectors were employed instead of the magnetic rod collectors, most of 

synthesized product was collected from the deposit on the inner wall of the quartz 

tube reactor with only few amounts of deposit on the external surface of the stainless 
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rod collectors.  Based on TEM analyses shown in Figure 4.2 (a) and (b), most of typical 

products synthesized with the glycerol to ferrocene weight ratio of 3:1 and synthesizing 

temperature of 800 C was composed of magnetic carbon nanoparticles (M-CNPs) and 

clusters of Fe nanoparticles.  Most of Fe nanoparticles were encapsulated within the 

carbonaceous layers of carbon nanotubes (CNTs) or carbon nanoparticles (CNPs).   

 

 

Figure 4.2 (a) TEM images of typical sample collected (a) from the surface of the 
inner wall of the quartz tube reactor, and (b) TEM image of atypical sample collected 
from the surface of the magnetic collectors; with being particle size distribution (PSD) 
of embedded Fe nanoparticles in sample (a) from the surface of the inner wall of the 
quartz tube reactor, and (d) from the surface of the magnetic collectors 
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A substantial number of TEM micrographs were employed for determining 

nominal size of M-CNPs and Fe nanoparticles based on an image processing method.  

As shown in Figure 4.2 (a), a typical sample of deposit collected from the inner wall of 

the quartz tube reactor contained M-CNPs with diameter in a range of 20-60 nm 

together with Fe nanoparticles with a rather broad size distribution in a range of 5 to 

60 nm.  Meanwhile, the synthesized product collected from the external surface of 

magnetic rod was mainly composed of M-CNPs with diameter in a range of 10-30 nm 

and encapsulated Fe nanoparticles with small diameter in a range of 5 - 45 nm as 

could be observed in Figure 4.2 (b).  It is worth noting that the synthesized products 

collected from different location exhibited distinctive characteristics.   For further 

comparison, particle size distribution (PSD) of Fe nanoparticles encapsulated within the 

synthesized products shown in Figure 4.2 (a) and (b) was statistically analyzed and 

depicted in Figure 4.2 (c) and (d), respectively.  The Fe nanoparticles encapsulated in 

M-CNPs collected from the inner wall of the quartz tube reactor possessed a broader 

size distribution with an average size of 19.2 nm.   On the other hand, the Fe 

nanoparticles encapsulated in M-CNPs which were collected from the external surface 

of the magnetic rod exhibited a narrower size distribution with an average size of 15.9 

nm.  It is well recognized that self-assembly process of CNTs or CNPs could be 

stimulated with the presence of catalytic Fe nanoparticles [91].  Because of higher 

condensing temperature, Fe nanoparticles which were generated from decomposition 

of ferrocene would tend to precipitate and glow on the inner surface of the quartz 
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tube reactor.  Consequently, atomic carbon clusters which were generated from 

decomposition of glycerol and ferrocene would undergo the self-assembly process to 

form M-CNPs and CNTs growing on the surface of the quartz tube reactor.   Meanwhile, 

some Fe nanoparticles with smaller size would be entrained by the convective flow 

of the carrier gas.   Interaction among Fe nanoparticles and carbon clusters would also 

lead to formation of M-CNPs due to the self-assembly process [91].   

After the self-assembly reaction, such resultant products would be entrained 

by the carrier gas flow and then be collected by the magnetic field induction around 

the magnetic rod collector, resulting in formation of loose deposit on the external 

surface of the magnetic rod collector.  However, when the stainless-steel rod collector 

was employed instead of the magnetic rod collector, the stainless-steel rod would 

hinder the total flow of gas stream, leading to back-mixing of the entrained products 

which attributed to additional amount of deposit on the inner surface of the quartz 

tube reactor.  For confirmation, amount of C and Fe in synthesized products were 

conducted using TGA analyses and then yield of C, Fe and M-CNPs was determined 

using equations (4.1) -(4.3).    
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     (4.1) 

     (4.2)

     (4.3) 

 

Figure 4.3 reveals that with the presence of the magnetic rod collector both C 

yield and Fe yield were higher than those when the stainless-steel rod collector was 

employed for collecting the synthesized M-CNPs.  With the average particle size below 

100 nm, motion of the synthesized M-CNPs could be dominated by the inertial and 

diffusional mechanisms.  However, because of the magnetic field induction around the 

magnetic rods, the attractive force acting on the M-CNPs could overcome the inertial 

and diffusional forces, resulting in an increase in deposit of M-CNPs on the surface of 

the magnetic collector.  These results could suggest that the inductive magnetic field 

emerging from the magnetic collector could enhance the yield of M-CNPs synthesized 

from co-pyrolysis of glycerol and ferrocene.   

 

Yield of C (%) =   

Weight of C within the synthesized M-CNPs (g) 

Weight of C in feed (g) 
 × 100 

 

Yield of Fe (%) =   
Weight of Fe within the synthesized M-CNPs (g) 

Weight of Fe in feed (g) 
 × 100 

 

Yield of M-CNPs  (%) =   
Weight of the synthesized M-CNPs (g) 

Weight of Glycerol + Ferrocene (g) 
 × 100 
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Figure 4.3 Comparison of yields of (a) Carbon and (b) Fe within the sample of M-CNPs 
collected from the inner wall of the quartz tube reactor and from the surface of the 
collector 
 
4.4 Effect of synthesizing temperature  

4.4.1 Morphology of M-CNPs  

The morphology and structure of depositing M-CNPs on inner wall of reactor 

with varied synthesizing temperature and keeping constant weight ratio of glycerol to 

ferrocene 3:1 and 30 ml/min of N2 flow rate were examined by TEM as shown in  

Figure 4.4. The synthesized products which were synthesized at 700 °C mainly 

consisted of amorphous carbon with the as-grown CNTs exhibited nominal diameter 

of 10-20 nm. These results would be ascribed to incomplete self-assembly of carbon 
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precursor at low temperature. When synthesizing temperature was increased to 800-

900oC, it exerted insignificant effect on morphology and size of the synthesized 

products. It could be observed that the synthesized products consist of a large amount 

of carbon nanotubes (CNTs) with a little agglomeration of amorphous carbon 

nanoparticles. With the increasing in the synthesizing temperature to 800 and 900oC, a 

gradual increase in the diameter of as-grown CNTs up to 40 nm could be observed. 

When the synthesized temperature reached 1000 °C, it could be observed that outer 

diameter of synthesized CNTs also remains nearly the particles at 800 and 900 °C, 

whereas the inner diameter was decreased. It could be implied that synthesized M-

CNPs was thickened by increasing number of their wall thickness at 1000 ᵒC [93, 94]. 
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Figure 4.4 TEM image of synthesized M-CNPs from 3:1 of weight ratio of glycerol to 
ferrocene ratio at different synthesizing temperature at (a) 700 °C, (b) 800 °C,  
(c) 900 °C and (d) 1000 °C 
 

4.4.2 Thermal stability of synthesized M-CNPs  

To investigate the compositions of as grown M-CNPs, TGA was used for the 

thermogram of the weight percentage analysis. For TGA analysis, the heating 

temperature was increased up to 900◦C to evaluate thermal stability of synthesized 

M-CNPs. Different plots of TGA curves in Figure 4.5 corresponded to different 

synthesized temperatures. For analysis thermal stability of M-CNPs, other forms of 

carbon and defected forms of M-CNPs are oxidized at lower temperatures in 

comparison with non-defected M-CNPs structure. Therefore, the temperature at the 
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first point of dropped weight of M-CNPs is starting point of oxidation. in TGA could be 

described the presence of impurities in as-grown M-CNPs. At synthesized temperature 

of 700 °C, the first point temperature of oxidation process of particles was lower when 

compared with high synthesized temperature [95]. Therefore, it could be implied that 

carbon which was synthesized at 700 °C consisted of other forms of carbon such as 

amorphous or defected carbon. This was supported by TEM image shown in Figure 4.4. 

At synthesized temperatures above 700 °C, the first point of starting oxidation 

temperature was same and could be implied that structure of products not be 

changed. Furthermore, carbon content from synthesized particles which were trapped 

on magnetic collector was higher than the one collected from inner wall of reactor 

products. In addition, weight percent of carbon and iron content of M-CNPs which were 

collected from inner wall of reactor and was trapped on magnetic were shown in  

Table 4.1. 
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Figure 4.5 Thermal stability of M-CNPs synthesized at different temperature of (a) M-
CNPs collected from inner wall of reactor and (b) M-CNPs collected from magnetic 
collector 
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Table 4.1. Thermal degradation data of different M-CNPs varied synthesizing 
temperatures at 3:1 weight ratio of glycerol to ferrocene 
 

Synthesizing 

temperature (°C) 

on quartz tube 

(reaction zone) 

on magnetic 

(downstream zone) 

Carbon (Wt%) Fe (Wt%) Carbon (Wt%) Fe (Wt%) 

700 58.0 42.0 60.5 39.5 

800 50.6 49.4 58.24 41.8 

900 46.9 53.1 59.6 40.4 

1000 51.7 48.3 65.8 34.2 
 

4.4.3 Magnetic susceptibility 

AC magnetic susceptibility in term of complex number of M-CNPs which was 

synthesized with 3:1 weight ratio of glycerol to ferrocene at 800 °C as a function of 

frequency was investigated.  Xr and Xi as shown in Figure 4.6 (a) are real and imaginary 

numbers of AC magnetic susceptibility respectively [96]. AC magnetic susceptibility of 

M-CNPs which was collected from both inner wall of reactor and magnetic collector 

was investigated in term of Xr,0  as a function of synthesized temperature, as shown in 

Figure 4.6 Xr,0 is the extrapolated value of Xr curve at frequency 0 Hz. Xr,0 magnetic 

susceptibility of M-CNPs which was collected from inner wall of reactor was higher 

than M-CNPs from magnetic collector in every synthesized temperature. This cloud 

explained by crystal size of Fe clusters as shown in nanoparticles size distribution 
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histograms in Figure 4.2. Because large grain size of Fe cluster in the as-grown was more 

responsive than small grain size of Fe cluster in the as-grown M-CNPs [90]. At 

synthesized temperature 700 °C, Xr,0 value of magnetic susceptibility of M-CNPs which 

was collected from inner wall of reactor and from magnetic collector are lower than 

at other temperatures. It could be seen that Xr,0 is related with amount of carbon 

around Fe. From Figure 4.4, synthesized particles at synthesized temperature 700 °C 

mainly consisted of thickness layer of covering-carbon amorphous on Fe cluster 

leading to M-CNPs which was synthesized at 700 °C was not good responsibility with 

magnetic force. Furthermore, M-CNPs with synthesized temperature of 700 °C 

contained less amount of metallic Fe, as shown in Table 4.1 causing low magnetic 

property responsive. Xr,0 value of magnetic susceptibility apparently rises with 

synthesized temperature reach to 8 00 °C due to as-grown M-CNPs contained high 

percentage of Fe with 40.76%. Then Xr,0 tended to decrease in the synthesized 

temperature at 900 °C up to 1000 °C. It could be noted that magnetic susceptibility is 

low response because when increased synthesized temperature, wall thickness of M-

CNPs was increased as supported by Figure 4.4. It was directly affected to reduce 

magnetic susceptibility because the obstruction between magnetic force and Fe 

cluster was increased by number of carbon wall. 
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Figure 4.6 (a) AC magnetic susceptibility of synthesized M-CNPs which was synthesized 
at glycerol to ferrocene weight ratio 3:1 at 800 °C as function of frequency, and (b) 
magnetic susceptibility of M-CNPs which was collected from inner wall of reactor and 
from magnetic collector at 0 Hz as function of synthesizing temperature 
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4.4.4 Yield  

Figure 4.7 illustrates the yield of C, Fe and M-CNPs synthesized from the mixture 

of glycerol and ferrocene with weight ratio of 3:1 at different synthesizing temperatures 

as determined by equation (4.1) -(4.3) respectively.  Interestingly the synthesizing 

temperature exerts detectable effect on both C and Fe yields.   It could be 

experimentally confirmed that C and Fe yields within the synthesized M-CNPs 

collected from the surface of the inner wall of the reactor were higher than those of 

M-CNPs deposit on the magnetic collector.  In general, ultrafine particles, such as M-

CNPs with nominal size below 100 nm would prefer to deposit on the wall of obstacles 

due to their collision, which is recognized as inertial impaction.  However, with an 

elevated temperature, motion of such particles would also be accelerated by their 

diffusion.   As depicted in Figure 4.7 (a), with an increase in the synthesizing 

temperature, the C yield within the M-CNPs collected from the surface of the inner 

wall of the reactor gradually declined from 13.40 to 10.31 % while the C yield within 

the M-CNPs collected from the surface of the magnetic collector was rather stable.  

However, the Fe yield within the M-CNPs collected from both the surface of the inner 

wall of the reactor and the surface of the magnetic collector were rather stable as 

could be observed in Figure 4.7 (b).  In addition, the Fe yield within the M-CNPs 

collected from the surface of the inner wall of the reactor were almost 3-4 folds of 

those in the M-CNPs collected from the surface of the magnetic collector.  An increase 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

64 

in the synthesizing temperature from 700 °C to 1,000 °C would enhance the diffusion 

of carbon because of its lower atomic weight, resulting in a higher loss of carbon 

clusters which could engage with oxygen to generate CO and CO2.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

65 

 

Figure 4.7 Effect of synthesizing temperature on (a) carbon yield, (b) Fe yield and (c) 
yield of synthesized M-CNPs which were collected from the inner wall of the quartz 
tube reactor and on the magnetic collector 
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The stable Fe yield would be ascribed to the fact that Fe clusters which could 

rapidly precipitate to form Fe nanoparticles would deposit onto the surface of the 

inner wall of the reactor and the surface of the magnetic collector.  In Figure 4.7 (c), 

determination of the M-CNP yield which could represent total amount of valuable 

products with respect to the total consumption of raw materials suggests that the 

highest yield was achieved at 800 °C.  In general, an increase in temperature could 

generally enhance the diffusion of C and Fe atoms together with an increase in 

volumetric gas flow rate.  However, it should be noted that the diffusional term is an 

exponential function of temperature while the volumetric gas flow rate would be a 

linear function of temperature.  Therefore, it is reasonably implied that the higher 

synthesizing temperature would result in the higher loss of M-CNPs entraining with the 

carrier gas.  These experimental results would suggest that the main mechanism of 

deposition of M-CNPs synthesized from co-pyrolysis of glycerol and ferrocene under 

different synthesizing temperature were composed on the inertial-diffusional 

impaction on the surface of the inner wall of the reactor and the magnetic inductive 

impaction on the surface of the magnetic collector.  Meanwhile, entrainment with 

diffusion of the synthesized M-CNPs with the main flow of carrier gas would also lead 

to their loss.  Based on our experimental results, it is reasonable to imply that 800 ºC 

would be the most promising temperature for synthesizing M-CNPs from co-pyrolysis 

of glycerol and ferrocene.   
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4.5 Effect of initial weight ratio of glycerol to ferrocene 

In general, amount of raw material supplied to the reactor would be another 

important parameter which could affect the process of product formation.  Ferrocene 

was used as a supplied of carbon sources and iron atom which could behave as 

catalyst.  Meanwhile glycerol which was employed as main carbon source is much 

cheaper because it is by-product of bio-diesel production [5].  Therefore, an increase 

in the weight ratio of glycerol to ferrocene is taken into account with an expectation 

to reduce the synthesizing cost of M-CNPs. Figure 4.8 reveals dependence of C, Fe and 

M-CNP yields on the initial weight ratio of glycerol to ferrocene with a constant 

synthesizing temperature of 800 °C.  Both C and Fe yields in products collected on the 

surface of the inner wall of the reactor tended to increase when the initial weight ratio 

of glycerol to ferrocene was increased from 1:1 to 7:1 (Figure 4.8 (a-b)) but C and Fe 

yields of products collected on the magnetic collector were rather stable when the 

initial weight ratio of glycerol to ferrocene was varied in the same range.  
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Figure 4.8 Initial weight ratio glycerol to ferrocene dependence of (a) carbon yield, (b) 
Fe yield and (c) yield of synthesized M-CNPs collected from the surface of the inner 
wall of the quartz tube reactor and from the magnetic collector 
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 Nevertheless, total product yield analyses shown in Figure 4.8 (c) suggest that yields 

of M-CNPs which were collected as products depositing on the surface of the inner 

wall of the reactor were gradually decreased from 10.76 to 8.05 wt% with an increase 

in the initial weight ratio of glycerol to ferrocene. Similar trend was also observed from 

the M-CNP yield in the synthesized products trapped by the magnetic collector In 

general, sufficient amount of catalyst nanoparticles would promote the interaction of 

carbon clusters, resulting in a high yield of CNPs [91].   

 

 

Figure 4.9 TEM image of synthesized M-CNPs which was synthesizing at 800 °C with 
different weight ratio of glycerol to ferrocene, (a) 1:1, (b) 3:1, (c) 5:1 and (d) 7:1 
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In this work, the catalyst is iron nanoparticles which were supplied from ferrocene only.   

Therefore, it is undoubted that the increases in the initial weight ratio of glycerol to 

ferrocene would inevitably subdue the role of iron nanoparticle catalyst, resulting in 

the decreased yield of synthesized product or M-CNPs.  At the same time, TEM was 

also conducted for microscopic analyses of the synthesized products under the 

influence of the initial weight ratio of glycerol to ferrocene as depicted in Figure 4.9.   

It could be clearly observed that with the initial weight ratio of 1:1, the synthesized 

products contain a tremendous amount of small dark particles, which were iron 

nanoparticles, with an amount of dispersed M-CNPs, which are multi-walled carbon 

nanotubes (MW-CNTs).  When the initial weight ratio was further increased from 3:1 to 

7:1, well dispersed MW-CNTs with significantly smaller iron nanoparticles were 

observed by TEM analyses.  It could be expected that the smaller iron nanoparticles 

would enhance the more uniformly grown and dispersed MW-CNTs [9, 96].  
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Figure 4.10 Raman spectroscopic analyses of M-CNPs synthesized from glycerol and 
ferrocene with different initial weight ratio in the range of 1:1 -7:1 
 

Meanwhile, Figure 4.10 reveals Raman spectroscopic results of the synthesized 

products under the influence of the initial weight ratio of glycerol to ferrocene.  The 

intensity ratio of graphite-related peak to disorder-related peak, IG/ID of each 

synthesized samples, which could represent the relative amount of graphitic carbon 

to disorder graphitic structure, suggested that with the initial weight ratio of 1:1, The 

initial weight ratio of 1:1, the amount of graphitic carbon structure within the 

synthesized sample was rather low because of the excessive amount of iron 

nanoparticles.  When the initial weight ratio was increased from 3:1 to 7:1, the ratio of 
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graphitic carbon to disorder graphitic structure achieved a maximum at 1.09 and then 

decreased to 1.03.   These analytical results reveal that the excessively low weight 

ratio of glycerol to ferrocene would result in the presence of excessive amount of iron 

nanoparticles and a small amount of MW-CNTs with lower IG/ID.  Insufficient carbon 

contents would result in lower yield of the synthesized MW-CNTs [92].  Nevertheless, 

it should be noted that 3:1 would be the optimal value of the initial weight ratio of 

glycerol to ferrocene which could provide the most promising synthesized products 

which contain the highest graphitic carbon structure.    

 

 

Figure 4.11 Effect of initial weight ratio of glycerol to ferrocene on magnetic 
susceptibility of M-CNPs  
For verification of magnetic response, magnetic susceptibility at 0 Hz, Xr,0, was 
estimated by extrapolating the real number in the complex number of AC magnetic 
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susceptibility.  The values of Xr,0 of M-CNPs collected from the inner wall of the 
reactor and on the collector, was analyzed are shown in Figure 4.11 with respect to 
the initial weight ratio of glycerol to ferrocene.  The results show that magnetic 
susceptibility of synthesized M-CNPs was significantly high due to the presence of 
iron nanoparticles embedded inside M-CNPs [12, 96].   As expected, Xr,0 of M-CNPs 
collected from the inner wall of the reactor was higher than that of M-CNPs 
collected on the collector due to the influence of iron nanoparticle with larger 
nominal size.  This result would be ascribed that the magnetic collector could help 
inducing iron nanoparticles even with smaller nominal size which could also be 
detected by TEM analyses [13].  Moreover, integrating results of TGA, TEM and Xr,0 

analyses would suggest that the magnetic induction due to the magnetic collector 
placed at the exit of the reactor would lead to controlled synthesis of M-CNPs with 
different yield and characteristics.   With an increase in the initial weigh ratio of 
glycerol to ferrocene, a few amounts of iron relative to that of carbon clusters was 
decreased as shown in  
Table 4.2, resulting in lower proportion of magnetic responsive portion in the 

synthesized M-CNPs.  It should be noted that with a lower initial weigh ratio of glycerol 

to ferrocene a narrow error bar of Xr,0 values could be obtained.   This observation 

could confirm again that an increase in the initial weigh ratio of glycerol to ferrocene 

would result in a decrease in amount of Fe content in the M-CNPs, leading to higher 

deviation of measurement of Xr,0 values.  

 

Table 4.2. Thermal degradation data of different M-CNPs varied weight ratio of glycerol 

to ferrocene at synthesizing temperature 800 °C 

Glycerol: ferrocene 

(Weight ratio) 

on quartz tube 

(reaction zone) 

on magnetic 

(downstream zone) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

74 

Carbon (Wt%) Fe (Wt%) Carbon (Wt%) Fe (Wt%) 

1:1 46.1 53.8 52.69 47.4 

3:1 50.6 49.4 58.2 41.8 

5:1 64.5 35.5 69.5 30.5 

7:1 69.2 30.8 70.1 29.9 

 

Based on above mentioned results and discussion, controlled synthesis of 

magnetic carbon nanoparticles (M-CNPs) via co-pyrolysis of glycerol and ferrocene with 

magnetic field induction was confirmed.  The influence of synthesizing temperature in 

a range 700 to 1000 °C suggested that with an initial weight ratio of glycerol to ferrocene 

of 3:1, the highest yield of M-CNPs could be achieved at 800 °C.  Experimental results 

suggest that controlled synthesis of M-CNPs with magnetic induction could be 

anticipated as a promising method for producing M-CNPs with high quality and high 

yield when compared to the condition with the absences of magnetic induction.   

4.6. Conclusion 

In this study, the morphology, yield and magnetic susceptibility of M-CNPs 

synthesized from co-pyrolysis of glycerol and ferrocene were strongly influenced by 

the synthesizing temperature and initial weight ratio of glycerol to ferrocene.  TEM, 

TGA and magnetic susceptibility analyses were employed for confirming that the 

resultant products mainly consisted of M-CNPs with carbon and Fe contents.  
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Integration of all experimental confirmation suggests that the synthesizing temperature 

of 800 °C and initial weight ratio of glycerol to ferrocene at 3:1 was the optimum 

condition for synthesizing M-CNPs.  Under the influence of magnetic induction due to 

the usage magnetic collectors, M-CNPs with much enhanced yield, higher graphic 

carbon structure and remarkable magnetic susceptibility could be controlled 

synthesized.   
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Chapter V  

Adsorption of oxy-tetracycline antibiotic on synthesized M-CNPs 

Synthesized magnetic carbon nanoparticles (M-CNPs) by nebulizing pyrolysis of 

glycerol and ferrocene has been investigated for an application as an adsorbent for 

removal of oxy-tetracycline (OTC) from wastewater. Based on substantial experimental 

results, it is found that the adsorption of OTC on synthesized M-CNPs would obey the 

Langmuir model much better than the Freundlich model.  The essential feature of the 

Langmuir isotherms is indicated by the maximum adsorption capacity (Qm) and the 

adsorption equilibrium constant (KL), which were 266.4 mg/g and 0.38 L/mg, 

respectively. These results suggest that the synthesized M-CNPs exhibited good 

potential for the adsorption of OTC. The OTC adsorption efficiency was increased from 

54.6 to 84.2 when the initial pH of the OTC solution was respectively increased from 

1 to 5 because OTC was ionized into cationic species at low pH of solution. While M-

CNPs surface was negatively charged at pH higher than pHpzc leading to promoted 

attraction between negative and positive charge of M-CNPs and OTC, respectively. 

However, a further increase in the initial pH higher than 5 would result in the hindered 

adsorption. These results would be ascribed that when the pH was increased above 5, 

the OTC would occupy negative charge because OTC is dissociated to release proton, 

resulting in less attraction to the surface of M-CNPs which is preferable to cationic 

specie. 
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5.1 Research background 

Among various novel adsorbents, carbon nanoparticles would be one of the 

most outstanding alternatives selective to organic pollutants because of their highly 

porous and large specific surface area [97]. It is well recognized that glycerol is a major 

by-product of bio-diesel manufacturing process which could be converted to other 

high value-added products, including magnetic carbon nanoparticles (M-CNPs). 

Meanwhile, an increase in antibiotic application leads to environmental problem.  

Antibiotic is synthetic chemical with complex structure which is hardly eliminated 

naturally and exerts undesired consequence.  Therefore, it is necessary to develop an 

efficient technique to remove antibiotic.  Among various antibiotics, OTC is one of the 

most wildly used in agricultural activities. Therefore, it would be a synergetic work 

which could transform abundant glycerol into M-CNPs which could also be employed 

to tackle a serious problem of antibiotic pollutant. 

 

5.2 Research methodology 

Nebulization of glycerol (Qrex, 99.5% purity) and ferrocene (Sigma-Aldrich, 98% 

purity) mixture with a weight ratio of 3:1 is employed to supply a stream of carbon 

and catalyst precursor into a tubular reactor. M-CNPs were synthesized by an 

experimental set-up consisting of electrical furnaces and quartz tube (10.75 mm in I.D., 

570 mm in length) and carrier gas flow instrument. The quartz tube reactor 
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temperature was regulated by the electrical furnace for heating up the reactor to 800 

°C.  2 ml of glycerol and ferrocene mixture was fed into the tubular reactor with a 

regulated flow rate of 0.003 ml/min by syringe pump to a designated position in the 

quartz tube reactor, where the regulated temperature was high enough for 

decomposing all precursors.  A nitrogen flow rate of 30 ml/min was introduced for 

conveying the resultant M-CNPs generated by the self-assembly of carbon clusters to 

the outlet. After a period of designated holding time, the reactor was cool down to 

room temperature and the resultant M-CNPs were collected from deposit on the inner 

wall of the reactor.  

Adsorption of OTC using the synthesized M-CNPs was conducted in a batch 

system consisting of 1000 mL OTC solution.  Under the room temperature initial 

concentration and pH of the OTC solution were adjusted in a range of 10 – 100 ppm 

and 1-11, respectively.  0.08 - 0.48 mg of M-CNPs was added into the OTC solution and 

then 4 mL of liquid samples was taken at different time until reaching equilibrium for 

OTC concentration analyses using UV-Vis spectroscopy (UV-1700, Shimadzu) as shown 

in Figure 5.1. 
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Figure 5.1 Experimental setup of M-CNPs adsorption 
 
5.3 Effect of M-CNP loading on OTC adsorption 

Effect of M-CNP loading on the OTC adsorption was experimentally investigated 

under a designated condition.  Adsorption efficiency is defined as equation (5.1). 

 

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
(𝐶0−𝐶𝑡)

𝐶0
𝑥100    (5.1) 

 

Where C0 is initial concentration of antibiotics (mg/L) and Ct is concentration of 

antibiotics at any time t (mg/L). 

 

Dependence of adsorption efficiency on M-CNPs loading is shown in  

Figure 5.2.  The adsorption efficiency was gradually improved with an increase in the 

M-CNP loading but it was only slightly increased when the loading exceeded 8 mg.  It 

could be implied that an equilibrium of OTC adsorption and desorption onto the 
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surface of M-CNPs would achieve under the investigating condition.  Therefore, 0.32 

g/L of M-CNP loading was designated as a basis for further investigation on effect of 

other experimental variables.   

 

 

 
 

Figure 5.2 Effect of synthesized M-CNPs loading on the adsorption efficiency of OTC 
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5.4 Effect of initial pH of OTC solution on M-CNPs adsorption 

Effect of initial pH of OTC solution on adsorption is shown in Figure 5.3. It could 

be clearly observed that with the initial pH in a range of 1 to 11 the adsorption 

efficiency was gradually elevated. Then the adsorption efficiency became lower with 

a further increase in the initial pH up to 11.  

 

 

Figure 5.3 Effect of initial pH on adsorption of OTC on synthesized M-CNPs 
 
These results would be attributed to the ionization on the surface of both the OTC 

molecule and synthesized M-CNPs [87]. Base on experiment, M-CNPs surfaces exert 
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zero charge (pHPZC) of M-CNPs. In addition, each branch within the molecule of OTC 

could exert different influence on its electrochemical property based on pKa as shown 

in Figure 5.4. There are pKa1, pKa2 and pKa3 which is equal to 3.3, 7.7 and 9.7, 

respectively [98]. 

 

 

 

 
 
 
 
 
 
 
 

Figure 5.4 Typical key components in OTC molecule and their pKa 
 

When pH of OTC solution was adjusted below 3.3, OTC molecules would behave as a 

cation because of the protonation of dimethyl-ammonium group. Therefore, 

electrostatic repulsion between positive charges was occurred, as shown in case 1 of  

Figure 5.5. Under the condition with pH of between 3.3 and 7.7, OTC molecules would 

become a zwitterion because of loss of proton from the tri-carbonyl system, so OTC 

molecule could be interacted with negative charge of M-CNPs by electrostatic force, 

as shown in case 2. However, when pH of OTC solution is controlled above 7.7, they 
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would oppositely behave as anion due to the loss of a proton from phenolic diketone 

moiety and the tri-carbonyl system as shown in case 3 and behave as fully 

deprotonated form when pH above 9.7. Thus, electrostatic repulsion between negative 

charge of OTC and M-CNPs was occurred, as mentioned in case 4. The protonation of 

OTC and deprotonation of synthesized M-CNPs would be affected by variation in pH 

[99].   
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Figure 5.5 Schematic of simplified electrostatic adsorption between a surface of M-
CNP and OTC molecules at difference pH conditions 
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5.5 Adsorption isotherm of OTC on M-CNPs 

Examination on adsorption isotherm of OTC could be employed for 

understanding interaction of OTC onto the surface of M-CNPs. All repeated 

experimental data were analyzed based on both Langmuir and Freundlich isotherm 

models which are defined by equation 5.2 and 5.3.   

 

𝐶𝑒

𝑄𝑒
=

𝐶𝑒

𝑄𝑚
+

1

𝐾𝐿𝑄𝑚
                                                              (5.2) 

 

Where Ce is the concentration of adsorbate at equilibrium (mg/L) 

Qe is the amount of adsorbate adsorbed at equilibrium (mg/g)  

Qm is the maximum adsorption capacity (mg/g)  

KL is the Langmuir adsorption equilibrium constant (L/mg) 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

86 

𝑄𝑒 = 𝐾𝐹𝐶𝑒

1

𝑛                                                                   (5.3)  

                         

Where Ce is the concentration of adsorbate at equilibrium (mg/L) 

Qe is the amount of adsorbate adsorbed at equilibrium (mg/g) 

KF is the Freundlich adsorption capacity parameter (mg/g(mg/L)1/n) and  

n is the Freundlich adsorption intensity parameter. 

 
Table 5.1 Key parameters of Langmuir and Freundlich isotherms for adsorption of 
OTC on synthesized M-CNPs 
 

 

The constant values of Langmuir and Freundlich isotherm models obtained from our 

experimental data analyses are summarized in Table 5.1. Based on statistical 

consideration, it is found that the adsorption of OTC on synthesized M-CNPs would 

obey the Langmuir model much better than the Freundlich model (R2
Lang = 0.9988 > 

R2
Freu = 0.9654) as shown in Figure 5.6. The essential feature of the Langmuir isotherms 

can be indicated by 266.382 mg/g of Qm and 0.378 of  KL, which could suggest that the 

synthesized M-CNPs exhibited a good potential for the dsorption of OTC [100].  

Langmuir Freundlich 

Qm (mg/g) KL R2 KF n R2 

135.135 0.077 0.999 25.154 2.664 0.965 
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Figure 5.7 showed Langmuir isotherm fitting between experiment and calculation base 

on Langmuir isotherm. It was implied that OTC adsorption on M-CNPs fitted with 

Langmuir isotherm model. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

88 

 

Figure 5.6 Isotherm plots for the adsorption of OTC on synthesized M-CNPs 
(a) Langmuir isotherm (b) Freundlich isotherm plots 
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Figure 5.7 Langmuir isotherm fitting plots for the adsorption of OTC on synthesized 
M-CNPs 
 

5.6 Conclusion 

M-CNPs could be synthesized via co-pyrolysis of nebulized glycerol/ferrocene 

mixture.  The OTC adsorption efficiency of synthesized M-CNPs was clearly influenced 

by the initial pH of OTC solution due to the interaction between OTC molecules and 

the surface of M-CNPs. Therefore, the adsorption could be promoted under pH in the 
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range of 3-7. The adsorption of OTC on the synthesized M-CNPs preferably obeyed the 

Langmuir isotherm model. 
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Chapter VI  

Magnetic carbon nanoparticle for catalytic ozonation on  

oxy-tetracycline  

Oxy-tetracycline (OTC) has been recognized as not only a good antibiotic but 

also environmental contamination resulted from over-dosage and leakage from 

agricultural activities. Among various alternatives, catalytic ozonation is a promising 

method because of its simplicity and effectiveness.   In this work, magnetic carbon 

nanoparticles (M-CNPs) synthesized by nebulizing pyrolysis of glycerol and ferrocene 

has been applied as a catalyst for enhancing ozonation of OTC.  Effects of catalyst 

loading and initial concentration of OTC on degradation have been experimentally 

examined in comparison with other typical carbonaceous powders which are carbon 

black and graphite.  While the change of OTC concentration were analyzed using high 

performance liquid chromatography (HPLC) analyzer for examining its characteristics, 

fresh and spent carbonaceous catalysts were also characterized using electron 

microscopy, surface area and porosity analyzer, and x-ray diffraction (XRD) analyzer.  

6.1 Research background 

In aquaculture, antibiotic usage tends to increase and leads to environmental 

problem. Among various antibiotics, OTC is the most wildly used in agricultural 

activities for antibiotic application to enhance survival rate of embryo meanwhile it 
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normally decays very slowly in nature due to its complex chemical structure.  As a 

result, there are many research teams have tried to develop efficient technique to 

remove OTC [101].  Catalytic ozonation is a promising method for the removal of 

various inorganic and organic pollutants contaminated in water owing to its simplicity 

and effectiveness [102, 103].  Carbon nanoparticle (CNP) is one of outstanding 

carbonaceous materials regarding to its high porosity, hierarchical porous structure and 

large specific surface area, which are beneficial to the removal of various inorganic and 

organic pollutants[48, 96, 103].  Based on some previous investigation CNPs can be 

used to remove several kinds of pollution including heavy metals, organic and 

inorganic compounds that are in gas, liquid, and solid phase.  Adsorption capacity of 

CNPs would be varied depending upon different types of adsorbate, i.e. polarity and 

molecular size [104].  Meanwhile, pollutant adsorption capacity of CNPs would be 

better understood by investigating effects of properties of CNPs as well as relevant 

variables and parameters of adsorption.  To achieve scalable production of such CNPs, 

many methods, i.e. arc discharge, pyrolysis and laser ablation, have been developed.  

Pyrolysis is one of the most promising methods because of its flexibility with regard to 

various raw materials to be supplied.  In general, raw material containing carbon atoms 

would be decomposed to atomic carbon clusters at a regulated temperature in prior 

to the self-assembly process of CNPs.  Such carbon clusters would preferably grow on 

the surface of metal catalyst which should be introduced into the reactor together 

with carbon source.  Meanwhile, it should be noted glycerol is a major by-product of 
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bio-diesel manufacturing process which has been of interest for increasing its value-

added.  Therefore, this work seeks possibility to investigate an alternative method for 

increasing value-added of glycerol as carbon source for synthesizing CNPs.  Based on 

previous works, CNPs synthesized from pyrolysis of carbon source and ferrocene could 

exert response to magnetic field [76].  Such magnetic property of CNPs would provide 

not only catalytic activity but also capability to be separated from water by applying 

magnetic field.  As a result, a combination between magnetic separation and catalytic 

ozonation would provide a great potential interest for novel purification applications.  

In this work, pyrolysis of glycerol with ferrocene was employed for synthesizing 

magnetic carbon nanoparticles (M-CNPs) then an application of M-CNPs as a catalyst 

for enhancing ozonation of OTC as antibiotic pollutant in water was also 

experimentally examined. 

 

6.2. Research methodology 

M-CNPs could be synthesized using an experimental set-up consisting of an 

electrical furnaces and a quartz tube (10.75 mm in I.D., 570 mm in length).  Glycerol 

(Qrex, 99.5% purity) and ferrocene (Sigma-Aldrich, 98% purity) have been used as 

source of carbon and Fe catalyst, respectively.  2 ml of glycerol and ferrocene mixture 

was fed into the tubular quartz tube reactor with a flow rate of 0.003 ml/min by a 

syringe pump.  Based on our previous investigation, an appropriate condition which 
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could provide an optimal yield of synthesized M-CNPs was already reported in 

chapther 4.  In short, for ensuring the complete decomposition of both compounds, 

temperature at the feeding position was set at 305 °C, which was sufficiently higher 

than the boiling temperature of glycerol (290 °C).  To stimulate the self-assembly 

reaction of CNPs, temperature in the reaction zone of the reactor was regulated at 

800 °C while nitrogen gas with a flow rate of 30 ml/min was introduced for conveying 

continuously the resultant M-CNPs to the outlet.  In each repeated experiment the 

CNP synthesis was carried out for 66 min then the reactor was cooled down to the 

room temperature before the collection of the resultant products.   

Ozonation of OTC dissolved in water was conducted in a semi-batch reactor to 

investigate performance of each carbonaceous material as shown in Figure 6.1.  Ozone 

was generated from oxygen gas using corona-discharge equipment with a regulated 

concentration of 0.5 g/m3 confirmed by an ozone meter.  Ozone with a flow rate of 20 

mL/min was introduced through a sintered glass filter to the reactor containing 200 mL 

of 100 ppm OTC solution.  10 mg of each carbonaceous material, which was M-CNPs, 

carbon black and graphite powder, could be dispersed in the OTC solution by bubbling 

due to the gas flow which could ensure complete mixing of carbonaceous material 

suspension.  Change of OTC concentration could be determined by analyzing liquid 

sample collected at designated time with HPLC (SPD-20A, Shimadzu Corp.).  After 

terminating the ozonation, M-CNPs were separated from the liquid samples using a 

permanent magnetic for further characterization. 
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Figure 6.1 Schematic diagram of experimental set-up for catalytic ozonation of OTC 
 
6.3 Characteristic of magnetic carbon nanoparticles in ozonation process 

Morphology of synthesized CNPs could be confirmed by TEM and SEM. It could 

be obviously observed that typical sample of CNPs synthesized from co-pyrolysis of 

glycerol and ferrocene consists of multi-walled carbon nanotubes and metal 

nanoparticles. The synthesized CNPs exhibit high BET surface of 22.3 m2/g, with high 

graphitic carbon content and high AC-magnetic susceptibility while the average size of 

metal nanoparticles is approximately 19.2 nm.  Ratio of Raman spectral intensity (IG/ID), 

which was employed for determining a relative amount of graphitic carbon 

nanostructures to disorder carbon structure within the synthesized CNP sample, 

suggested that the synthesized CNPs contained higher content of graphitic carbon 

nanostructure [48].  Meanwhile, the AC magnetic susceptibility (Xr,0) of CNPs which 

could be characterized by complex number (Xr and Xi) as a function of frequency [21].  

Solution of Oxy-
Tetracycline

O2

Gas to vent

High voltage generator Ozone meter

Flow meter

C

Corona 

discharge

reactor

O2

O3

Carbonaceous catalysts

• M-CNPs

• Carbon black

• Graphite powder

M-CNPs loading

5-20 mg

20 ml of OTC solution

100-1,000 ppm

20 ml/min of O3

0.5-2.0 g/m3



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

96 

Xr,0 with a value of 68.0 g-1 suggests that the synthesized CNPs could strongly interact 

with magnetic field, which would be useful for its separation using magnetic field 

application.  As a result, it is reasonably implied that the synthesized CNPs could 

exhibit magnetic response or could be recognized as magnetic carbon nanoparticles 

or M-CNPs.  

 

6.4 Catalytic ozonation of OTC 

OTC removal within our designated experimental set-up could be considered 

as a combination of adsorption onto the carbonaceous surface of CNPs and oxidation 

by ozoneExperimental results shown in Figure 6.2 reveal that the removal rate of OTC 

was much enhanced when M-CNPs were employed as catalyst when compared to the 

ozonation alone.  Regarding to the fact that each carbonaceous material mainly 

consists of the same carbon constituent, the same mechanism of OTC adsorption 

would be implied because OTC is a macromolecular organic compound with 

molecular weight of 460.44, which would be adsorbed on carbon surface.  For 

comparison of performance of each carbonaceous material, the decrease in OTC 

concentration with the presence of graphite powder, carbon black and M-CNPs was 

taken into account for discussion.   
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Figure 6.2 Effect of types of carbonaceous material on removal of OTC with 
ozonation 
 

Interestingly, our experimental results reveal that at the beginning the decrease in the 

OTC concentration with the presence of carbon black was faster than those with the 

presence of M-CNPs and graphite powder.  This would be ascribed to an advantage of 

carbon black which contains higher specific surface area (102.1 m2/g ) when compared 

to those of 22.3 m2/g of M-CNPs and 9.4 m2/g of graphite powder.  However, with 

sufficient removal time, it could be clearly observed that completion of OTC removal 

with the presence of M-CNPs could be achieved within 30 min while the completion 

with the presence of carbon black or graphite powder would require 60 min.  These 
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results would further suggest M-CNPs would exert superior OTC removal due to 

additional mechanism which would be catalytic decomposition of OTC owing to 

catalytic role of Fe nanoparticles embedded within M-CNPs.  

 

 

 

Figure 6.3 Effect of types of carbonaceous material on removal of OTC with 
adsorption 
 

Based on all of our experimental results, removal mechanism of OTC via ozonation in 

the presence of M-CNPs is a combination of homogeneous and heterogeneous 

reactions.  The ozonation reaction of OTC could be considered in two parallel 

pathways, which are direct and indirect ozonation.  On one hand, a part of OTC could 
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be directly oxidized by contacting with dissolved ozone molecules and some hydroxyl 

radicals which could also be generated by hydration [105].  On the other hand, with 

the presence of carbonaceous materials, i.e. carbon black, graphite powder and 

synthesized M-CNPs, the other part of OTC could also be physically adsorbed onto 

the surface of those materials which mainly consist of carbonaceous constituents.  

However, with the presence of M-CNPs embedded with Fe nanoparticles which would 

behave as catalyst for converting ozone to hydroxyl radical.  Hence, M-CNPs could 

exert superior performance in OTC removal when compared to other carbonaceous 

adsorbents or ozonation alone [49, 105, 106]. For confirmation of catalytic 

enhancement effect of Fe nanoparticles, additional experiments of OTC removal using 

only carbonaceous materials without introduction of ozone were also conducted.  

Experimental results shown in Figure 6.3 clearly reveal that removal of OTC by each 

carbonaceous material could exert only a certain contribution due to adsorption which 

would be limited by its adsorption equilibrium.   
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Figure 6.4 TEM images of before and after ozonation of  (a-b) M-CNPs (c-d) carbon 
black (d-e) graphite powder, respectively 
 

An integration of all experimental results discussed above would suggest that the 

superior performance of M-CNPs for OTC removal would be attributed to the co-

existence of carbonaceous and Fe constituents, which could exert both adsorption 

and catalytic ozonation [49, 105-107]. Meanwhile, investigation on transformation of 

carbonaceous materials after subject to the ozonation would also be necessary for 

their reutilization.   TEM micrographs depicted in Figure 6.4 reveal the surface 

morphology of each carbonaceous material before and after ozonation.   Figure 6.4 

(a), (c) and (e) represent fresh M-CNPs, carbon-black, and graphite powder, respectively 

while Figure 6.4 (b), (d) and (f) are spent M-CNPs, carbon-black, and graphite powder, 

respectively.  It should be noted that there is no significant change in surface 
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morphology of M-CNPs, suggesting that they could persist reactive interaction with 

ozone.   Similar result could also be observed in the case of carbon black.   However, 

comparison of surface morphology of fresh and spent graphite powder reveals 

distinguishable difference.  Thin and separated layers of graphene sheets could be 

observed in typical TEM micrograph of spent graphite powder, suggesting that ozone 

would play a certain role in peeling graphene sheets from the graphite powder [108].  

Emergence of additional carbonaceous derivatives would provide some contributions 

depending upon their contact with OTC.  For confirmation, analyses of specific surface 

of carbon black and graphite powder, which would exhibit a decreasing trend caused 

by damage of their structure due to ozonation, would be further reported in the future.   

Finally, confirmation of simplicity in separation of dispersed M-CNPs using an external 

permanent magnet was also confirmed as illustrated in Figure 6.5. 

 

 
 
Figure 6.5 Separation of M-CNPs from OTC wastewater by using force of permanent 
magnetic 
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The separation could be completed within 10 sec.   It should be further noted 

that at first the simulated wastewater containing OTC exhibited a yellowish color but 

after the M-CNPs loading the resultant liquid turned black.  After separation by the 

magnetic bars, color of the resultant liquid became transparent while all of M-CNPs 

were collected on the wall of the container nearby the magnetic bars.  Nevertheless, 

it should be noted that the intensity of OTC in the simulated wastewater is not linearly 

proportional to its concentration.  This result would also confirm that M-CNPs would 

be a promising material for removal of water pollutants with a simple separation 

burden.       

 

6.5 Optimum conditions on OTC degradation 

6.5.1 Influence concentration of ozone on OTC degradation  

The degradation of OTC by ozone was investigated at difference ozone 

concentrations in a range of 0.5 – 2 g/m3 with constant feed flow rate of ozone at 20 

ml/min. In generally ozone act as oxidizing agent and it can oxidize molecule of OTC 

for degradation and remove OTC molecule. Based on exerimental data, it was found 

that high efficiency of OTC degradation was observed when using high concentration 

of ozone concentration, as illustrated in Figure 6.6. The ozone concentration at 

equilibrium in solution was also incresed following the Henry’s raw when increses 

ozone concentration in feeding of ozone gas at the inlet. The increasing ozone 

concentration at equilibrium in solution resulted in increasing of mass transfer driving 
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force in system. Therefor the increasing volumetric mass transfer coefficient of ozone 

from gas phase to liquid phase [103, 109]. Thus, the removal rate was increased with 

the increasing concentration of ozone. The rate constant of the OTC removal with M-

CNPs was apparent in pseudo-first-order kinetics which was (4.7±0.2)×10-3 s−1 according 

to the following equation (6.1) and (6.2). R2 ranged from 0.985 to 0.991. Calculated 

data base on   pseudofirst-order kinetics was well fitting with experimental results [21] 

 

−
𝑑[𝑂𝑇𝐶]

𝑑𝑡
= 𝑘[𝑂3][𝑂𝑇𝐶]                                                          (6.1) 

                

−
𝑑[𝑂𝑇𝐶]

𝑑𝑡
= 𝑘′[𝑂𝑇𝐶] ,      𝑘′ = 𝑘[𝑂3]                                      (6.2) 

 
where  [OTC] is OTC concentration at time t  

k’ is the pseudo-first-order rate constant. The high correlation coefficients 
 

. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

104 

 
 

Figure 6.6 Influence concentration of ozone on OTC degradation 

6.5.2 Influence of M-CNPs loading on OTC degradation 

As shown in Figure 6.7 the degradation rate increased with the increasing amout 

of M-CNPs loading, when amout of M-CNPs loading were increased from 5 to 10 and 

20 mg per 20 ml of OTC solution, respectively. Degradation of OTC by ozonation can 

be regarded as a mass transfer process combiled with chemical reactions. Ozone was 

dissolved into the aqueous phase and oxidized OTC compound on surface of M-CNPs. 

It is generally well accepted that the ozone reaction can occur on M-CNPs catalyst 

depending upon the relative rates of mass transfer and chemical reaction involved 

[109, 110]. The embeded Iron on M-CNPs in aqueous solotion is able to convert ozone 

to hydroxyl radicals. It is implied that more adding of M-CNPs could improveirates of 

mass transfer and  chemical reaction of OTC removal. 
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Figure 6.7 Influence of M-CNPs loading on OTC degradation 

 

6.5.3 Influence of initial concentration of OTC on degradation degradation 

Invastigation the effect of initial concentration of OTC on degradation were 

studied by varying initial OTC concentrations in the range of 100-1,000 ppm and 

keeping constant amout of M-CNPS at 10 mg. Figure 6.8 shows the effect of the initial 

OTC concentration on M-CNPs catalytic degradation efficiency. A trend of OTC 

degradation was observed that when increasing initial OTC concentration, the time for 

completed OTC removal was longer. When the initial OTC concentration was increased 
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from 100 to 500 and 1000 ppm, completed OTC degradation would require reaction 

duration at 30, 60 and 120 min, respectively. 

  

 

 

Figure 6.8 Influence initial concentration of OTC on degradation 
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6.6 Recyclic ability of M-CNPs on OTC degradation 

 

Figure 6.9 TEM images of fresh M-CNPs and M-CNPs used for  3 cycles  

 

 Figure 6.9 show morphology of M-CNPs that is fresh and spent for one to three 

cycles respectively. These could be observed that the morphology trend to change 

more clearly when M-CNPs were spent more often. Therefor, It could be implied that 

structure of M-CNPs was damaged by oxidation of ozone. 
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Table 6.1 Comparison of M-CNPs properties before and after used.  

 BET surface (m2.g-1) Xr,0 (g-1) 

Fresh M-CNPs 22.3 56.1 

M-CNPs 1 cycle 27.2 39.9 

M-CNPs 2 cycles 22.1 34.0 

M-CNPs 3 cycles 13.6 31.4 

   

Table 6.1 shows specific surface area and AC-magnetic susceptibility of fresh 

M-CNPs and spent M-CNPs for one to three cycles. It was found that specific surface 

area of M-CNPs trends to decrease relatively to numbers of cycle. Results of 

morphology changing and specific surface area decreasing cause by ozone damage on 

M-CNPs structure [107]. Table 6.1 also shows that AC-magnetic susceptibility trend to 

decrease relatedly to the increasing of numbers of cycle. The decreasing of AC-

magnetic susceptibility could occur because embedded Fe in M-CNPs was oxidized by 

ozonation and then converted to iron oxide when M-CNPs was used several time in 

ozonation process. The results were supported by XRD results. When M-CNPs were 

used in several time, peak of Fe was decrease because Fe was oxidized and form other 

structures as shown in Figure 6.10. 
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Figure 6.10 XRD pattern of recycles M-CMPS after ozonation process 

Figure 6.11 (a-b) shows degradation and adsorption profile of OTC using fresh and spent 

M-CNPs. It was found that degradation and adsorption profile of OTC are not 

significantly difference between M-CNPs that is fresh and reused three times through 

a series of consecutive experiments. The results could be implied to the reusability of 

M-CNPs owing to the no loss of catalytic activity.  
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Although specific surface area and AC-magnetic susceptibility which stated in Table 6.1 

after three times usage decrease tentatively which could represent the deactivation of 

catalyst, degradation and adsorption profile seem not to be effect from several times 

used. These could be suggested that catalyst deactivation has no effect on degradation 

and adsorption profile of OTC using M-CNPs for three cycles.    
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Figure 6.11 (a) Degradation profile of OTC via ozonation and (b) adsorption profile of 

OTC using fresh and spent M-CNPs for one to three cycles 
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6.7. Conclusion 

M-CNPs could be synthesized using co-pyrolysis of glycerol with ferrocene under a 

designated temperature of 800 °C and glycerol to ferrocene weight ratio of 3:1. 

Microscopic analyses confirm that the synthesized M-CNPs possess adsorptive 

carbonaceous structure with magnetic characteristics due to the presence of Fe 

nanoparticles.  With the presence of carbonaceous materials and ozone in simulated 

wastewater containing OTC, both adsorption and oxidation would play an integrating 

role in OTC removal.  In addition, M-CNPs could exhibit a superior performance in the 

removal of OTC by adsorption and catalytic ozonation, resulting in a faster completion 

of OTC removal within 30 min or 2 times faster when compared with the cases of 

carbon black and graphite powder as well as ozonation alone. Regeneration of spent 

M-CNPs by ozone exhibited that OTC removal efficiency of spent M-CNPs was almost 

same as fresh M-CNPs indicating excellent reusability property of synthesized M-CNPs. 
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Chapter VII  

Conclusion and recommendations 

7.1 Conclusion 

M-CNPs could be synthesized via co-pyrolysis of nebulized glycerol/ferrocene 

mixture. The morphology, yield and magnetic susceptibility of M-CNPs synthesized 

from co-pyrolysis of glycerol and ferrocene were strongly influenced by the 

synthesizing temperature and initial weight ratio of glycerol to ferrocene. Integration of 

all experimental confirmation suggests that the synthesizing temperature of 800 °C and 

initial weight ratio of glycerol to ferrocene at 3:1 was the optimum condition for 

synthesizing M-CNPs.  Under the influence of magnetic induction due to the usage 

magnetic collectors, M-CNPs with much enhanced yield, higher graphic carbon 

structure and remarkable magnetic susceptibility could be controlled synthesized.  

The OTC adsorption efficiency of synthesized M-CNPs was clearly influenced 

by the initial pH of OTC solution due to the interaction between OTC molecules and 

the surface of M-CNPs. Therefore, the adsorption could be promoted under pH in the 

range of 3-7. The adsorption of OTC on the synthesized M-CNPs preferably obeyed the 

Langmuir isotherm model.  

The catalytic ozonation with the presence of M-CNPs could exhibit a superior 

performance in the removal of OTC by adsorption and catalytic ozonation, resulting a 
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faster completion of OTC removal within 30 min or 2 times faster when compared with 

the cases of carbon black and graphite powder as well as ozonation alone. Moreover, 

M-CNPs could be easily separated by external permanent magnetic bar.   

7.2 Recommendation 

Quantitative analyses of such M-CNP self-assembly should be implied with 

respect to thermodynamics viewpoint.  Further theoretical and experimental 

exploration would probably provide an insight into the selective production of M-CNPs 

with controllable yield and characteristics. Synthesized M-CNPs should be applied as 

adsorbent and catalyst for removal various organic compounds and other kinds of 

antibiotics solution.   
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APPENDIX A  
SYNTHESIS OF M-CNPs 

A.1 Temperature profile along the axial direction of quartz tube reactor  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure A.1 Temperature profile along the axial direction of quartz tube reactor 

A.2 AC magnetic susceptibility of synthesized MCNPs  
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Figure A.2 AC magnetic susceptibility of synthesized M-CNPs which was synthesized 

with glycerol to ferrocene weight ratio, 1:1, 3:1, 5;1 and 7:1 at 700 -800 ᵒC  
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A.3 Raman spectroscopic analyses of M-CNPs  

Table A.3 IG to ID of M-CNPs which was synthesized with glycerol to ferrocene weight 

ratio, 1:1, 3:1, 5;1 and 7:1 at 700, 900, 800 and 1000 ᵒC 

 

 
 

 
Figure A.3 Raman spectroscopic analyses of M-CNPs which was synthesized with 

glycerol to ferrocene weight ratio, 1:1, 3:1, 5;1 and 7:1 at 700 -1000 ᵒC 
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APPENDIX B  
REMOVAL OF OTC 

B.1 Standard calibration curve of OTC 

 
 

Figure B.1 Calibration curve of OTC 
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B.2 Influence of ozone concentration on OTC removal 

 
Figure B.2 Influence of ozone concentration (0.5 -2 g/m3 ) on OTC removal with M-

CNPs and without M-CNPs   
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B.3 Influence of M-CNPs loading on OTC removal 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.3 Influence of M-CNPs loading (5-20 mg ) on 100 ppm of OTC adsorption 
and ozonation  
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B.4 Influence of initial OTC concentration on OTC removal 
 

 
 

Figure B.4 Influence of initial OTC concentration (100, 500 and 1000 ppm ) on OTC 
adsorption and ozonation   
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B.5 Influence of catalysts on OTC removal at 100 ppm of OTC 
 

 
 
Figure B.5 Influence of catalysts (M-CNPs, carbon black and graphite powder) on OTC 
removal at 100 ppm of OTC on OTC adsorption and ozonation 
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B.6 Influence of catalysts on OTC removal at 500 ppm of OTC 
 

 
 

Figure B.6 Influence of catalysts (M-CNPs, carbon black and graphite powder) on OTC 
removal at 500 ppm of OTC on OTC adsorption and ozonation   
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B.7 Influence of catalysts on OTC removal at 1000 ppm of OTC 

 
Figure B.7 Influence of catalysts (M-CNPs, carbon black and graphite powder) on OTC 

removal at 1000 ppm of OTC on OTC adsorption and ozonation   
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B.8 Comparison of removal efficiency via ozonation of synthesized M-CNPs to those 
of commercial carbon nanotubes  

 
 

Figure B.8 Comparison of removal efficiency via ozonation of synthesized M-CNPs to 
those of commercial carbon nanotubes   
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