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Chapter 1. General Introduction 

1.1 Plasma 

Plasma is often referred to be the fourth state of matter, which is obtained by 

increasing the energy level from a solid state through the liquid and gaseous state of 

matter, ending in an ionized state of gas1. The relationship between plasma and three 

states of matter is shown in Figure 1.1. Matter consists of a large number of molecules, 

which can be further divided into atoms. According to the nuclear structure model of 

the atom2, there is a positive nucleus inside the atom, and negative electrons outside the 

nucleus. When supplying enough energy to the atoms of a neutral gas, the outside 

electrons obtain higher energy and might escape from the electric field force of the 

nucleus, becoming independent free electrons3. Hence, matter changes into a 

homogeneous ionized state consisting of positive and negative species4, appearing as 

an electrified gas5. Because the total positive and negative species are equal, plasma is 

electrically neutral.  

 

Figure 1.1 Relationship between plasma and the three states of matter6 
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During the reactions on plasma, electrons are accelerated in the local electric field 

and collide with the neutral molecules and atoms in the feed gas, producing electrons 

and ions7. According to the electron temperature Te and ion temperature Ti, plasma can 

be distinguished into thermal plasmas and non-thermal plasma5. Figure 1.2 shows the 

typical ranges of temperatures and electron densities for thermal and non-thermal 

plasmas8. Thermal plasmas are characterized by the relatively high electron densities 

and the low Te, and Te is basically equal to Ti (Te≈Ti), indicating local thermodynamic 

equilibrium. Thermal plasmas are commonly generated by plasma torches, and 

microwave devices, producing a high flux of heat9. And they are mainly used in waste 

treatment10 and plasma material processing8. In contrast, non-thermal plasmas are 

characterized by their relatively low electron densities and high Te. And Te is much 

higher than Ti (Te>>Ti), originating from that most of the coupled electrical energy is 

mainly channeled to the electron to produce energetic electrons. 

 

 

Figure 1.2 Typical ranges of temperatures and electron densities for thermal and 

non-thermal plasmas8 
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1.2 Cold plasma technology 

Non-thermal plasmas, also known as cold plasmas, are novel technologies11 and 

are applied in various applications, including food industry12, dye treatment13, 

degradation of pharmaceutical compounds14-15, surface modification16, 

functionalization of polymers17, and methane conversion18. Dasan et al.19 reported the 

process for decontamination of food contact surfaces using cold plasma, showing the 

advantages of low temperature, minimal nutrient destruction, and absence of toxic by-

products. Sarangpapani et al.20 reported the effective chemical dissipation of 

agrochemicals on blueberries using atmospheric cold plasma, retaining nutritional 

quality parameters. Yavuz et al.21 reported the process of surface modification on kaolin 

using cold plasma, with clean reaction, short processing time, less energy consumption, 

and a small fiber damage22. Cold plasma enables many generic surface modification 

processes, including surface activation by breaking bond to create reactive sites, 

grafting of functional groups and chemical moieties, volatilization and etching of 

materials, dissociation if surface contaminants and deposition of conformal coating23. 

During the plasma treatments, gases are applied into the materials surface to generate 

chemical functionalities, such as –OH, –CO, –COOH24, binding other molecules or 

polymers to the surface to achieve specific chemical properties25. Wen et al.26 reported 

the process of chitosan treatment using glow discharge plasma, increasing the number 

of –CH2 and –CH3 groups and enhancing the ability for dye removal.  

 

1.3 Discharge plasma generated in a gas/liquid environment 
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1.3.1 Gas/liquid pulsed discharge plasma 

For a gas/liquid environment, plasma is generated in the gas phase and the major 

reaction proceeds in the liquid phase. Discharge plasma is usually easier to generate in 

a gas medium than in a liquid medium27. Hence, lower energy and operating cost are 

required to produce plasma in a gas/liquid environment than as a direct discharge in a 

liquid28. Furthermore, the gas-liquid interface surface area is large, making it highly 

effective for gaseous species to diffuse inside the liquid29. When high-energy electrons 

are introduced into a gas/liquid environment, gas molecules or atoms are ionized first 

to form initial radicals. Then, the generated radicals make contact and react with 

molecules in the liquid medium via the gas/liquid interface, leading to the generation 

of various radical species with high reactivity in the liquid phase, including hydrogen 

radicals (H·), hydroxyl radicals (OH·), oxygen (O2), hydrogen peroxide (H2O2), and 

ozone (O3) species 30-32. Rong et al.33 reported that OH· radicals play a key role in the 

degradation of pharmaceutical compounds by plasma. Rahimpour et al.34 found that 

plasma produces O3 and other oxidants, which are very useful in the decomposition of 

organic pollutants in industrial wastewater. In addition, toxic reagents and ligands are 

not required in the plasma system, being an environmentally friendly process. And it 

was feasible to operate at room temperature, reducing the operating cost. Based on the 

above advantages, gas/liquid discharge plasma has been applied in various fields, 

including dye treatment35-36, degradation of pharmaceutical compounds37-38, and 

synthesis of nanomaterials39. 

Common methods to produce plasma in gas/liquid environments are to locate the 
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electrode above the liquid surface, or to immerse the electrode in the liquid40-41. The 

metal/metal ions vaporized from the electrode can be introduced into the liquid phase, 

leading to the contamination of the system. In conventional gas/liquid interface plasma 

reactions, gas is introduced from the bottom of a tank reactor and floated due to 

buoyancy, and plasma is generated inside the bubbles42-43. This method significantly 

increases the interface between the gas and liquid media. But the bubbles deform, 

coalesce to become larger, break up to become smaller, or move erratically providing a 

very non-uniform plasma reaction field. In addition, the treatment capacity is also 

limited by the tank reactor. 

 

1.3.2 Slug flow system using pulsed discharge plasma 

In order to solve the above problem, we developed a slug flow plasma system that 

provides a very uniform plasma reaction field as the bubbles are not deformed and move 

regularly13. The slug flow plasma reaction method consisted of a continuous alternating 

flow of gas and feed solution through a capillary glass tube with copper electrodes on 

the outside. Stable plasma was produced when the bubbles flowed through the 

electrodes at a high voltage. The shapes and sizes of the bubbles were uniform. The 

circulating flow in the liquid induced by the friction at the solid surface also accelerated 

the uniform reaction44, as shown in Figure 1.3. It was possible to maintain a uniform 

interface with a high specific surface area in the system. Therefore, the slug flow system 

provides an easy, continuous, and environmentally friendly process and has been 

applied successfully to the decomposition of methyl blue45, and synthesis of silver 
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nanoparticles46. 

 

 

Figure 1.3 Generation of plasma in gas/liquid interface and continuous 

circulating convective flow in slug flow system 

 

1.4 Previous work 

1.4.1 Experimental methods 

In our previous study, a slug flow system using atmospheric-pressure pulsed 

discharge plasma has been proposed45. The apparatus scheme is shown in the Figure 

1.4. Gas and liquid were introduced into the system by a gas valve and a solution pump, 

generating the bubbles and continuous gas-liquid interfaces. And the flow rates of gas 

and liquid were set at 0.15 mL/min and 1.5 mL/min, respectively. Copper sheets were 

placed outside the capillary glass tube with an interval of 25 mm, connecting to an 

alternating current (AC) pulse power supply and ground as high-voltage electrode and 

ground electrode, respectively. The AC pulse power supply was used as a frequency of 
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10 kHz. The voltage and current waveforms are shown in Figure 1.5. Sodium chloride 

was added into the feed solution for plasma generation, providing a conductivity of 500 

μS/cm. Argon, helium, oxygen, and nitrogen were used as input gas, respectively. 

 

 

Figure 1.4 Apparatus scheme of pulsed discharge plasma generation in a slug 

flow system under atmospheric-pressure condition45 

 

 

Figure 1.5 The voltage and current waveforms of AC power supply45 
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1.4.2 Analysis of discharge plasma in the slug flow system 

Figure 1.6 shows the images of pulsed discharge plasma on the gas/liquid surface 

of bubbles in the slug flow system during 7 msec, captured using a high -speed camera. 

Figure 1.7 shows the emission intensity at the gas/liquid surface when the pulsed 

discharge plasma is applied, captured using a charge-coupled device (CCD) camera. 

Joshi et al.47 found that propagation of discharge plasma can be detected by a camera 

device due to its different optical refractive index from surrounding liquid. Hence, the 

interaction of pulsed discharge plasma on gas-liquid bubble motion can be observed 

visually. It can also be observed that the surface of the bubble is disturbed by winkles, 

originating from the filamentary discharge scheme along the inner surface of the 

bubble43. It indicates the electrical field distribution on the surface of gas-liquid bubble 

after applying the pulsed discharge plasma. After high voltage is introduced, the pulsed 

discharge plasma may generate immediately and propagate toward the gas-liquid 

surface. A certain current is also found during the propagation process, attributing to 

the moving charged species. But it seems not uniform for the electrical field distribution 

on the gas-liquid surface, indicating that electrical field on the gas-liquid surface near 

the capillary glass wall is higher than that on the axis45. Tachibana et al.43 also found a 

similar result, attributing to the surface charges accumulated on the interface of the 

bubble and Maxwell tensor-type force.   
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Figure 1.6 Images of pulsed discharge plasma in a slug flow system45 

 

 

Figure 1.7 Typical pulsed discharge plasma image on the surface of a bubble in 

the slug flow system with argon as gas phase45 

 

1.4.3 Effect of experimental factors on plasma generation 

1.4.3.1 Gas-liquid ratio 

The relationship between gas-liquid ration and initiation discharge voltage was 

investigated. The flow rate of feed solution was kept constant at 1.5 mL/min, and the 
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distances of adjacent bubbles were set by adjusting the flow rate of gas at 11, 13, and 

15 mm, respectively. The gas-liquid ratio and the corresponding initiation discharge 

voltage are shown in the Table 1.1. Even a voltage of 13 kV was applied into the system, 

discharge plasma cannot be generated when the distance was set at 9 mm. As the 

number of bubbles between the electrodes increased, the electrical resistance of gas 

phase increased, resulting in an increase on difficulty to break down the gas and produce 

plasma. Hence, required initiation discharge voltage also increased.  

 

Table 1.1 The relationship between different liquid-gas ratio and initiation 

discharge voltage 

Distance of adjacent bubbles/ 

mm 

Liquid-gas ratio Initiation discharge voltage/ 

kV 

11 6.6 9.5 

13 7.8 8.7 

15 9.0 7.5 

 

1.4.3.2 Conductivity of feed solution 

The relationship between conductivity of feed solution and initiation discharge 

voltage was investigated. Conductivity was adjusted by adding sodium chloride into 

the feed solution, and result is shown in Figure 1.8. It is difficult to produce discharge 

plasma when the conductivity is too low, even if applied voltage continues to be 

increased. Discharge plasma cannot be produced with conductivity less than 100 μS/cm 

even if a voltage of 14 kV is applied. With the conductivity of feed solution increasing, 
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it became easier to break down the gas, resulting in decreasing required initiation 

voltage.  

 

 

Figure 1.8 The relationship between conductivity of feed solution and initiation 

discharge voltage 

 

1.4.3.3 Gas sources 

The relationship between gas sources and initiation discharge voltage was 

investigated. Argon (Ar), helium (He), oxygen (O2), and nitrogen (N2) were used as 

feed gas, respectively. The corresponding initiation discharge voltages are shown in 

Figure 1.9. Results shown that it was more difficult to cause dielectric breakdown when 

using O2 and N2 as feed gas, resulting in the higher voltages. When monatomic Ar and 

He were used as feed gas, discharge plasma tended to be generated easily.  
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Figure 1.9 The relationship between gas sources and initiation discharge voltage 

 

1.5 Motivation and purpose of this work  

This work is mainly based on the slug flow system proposed in our previous study. 

Compared with traditional methods to produce plasma in a gas/liquid environment, the 

slug flow system provides a uniform and continuous reaction field. Hence, the system 

is to be applied into various reaction processes to create new applications and to 

examine its advantages. In this study, this system is to be applied on the synthesis of 

metal oxide nanoparticles. Reaction mechanism and effect of experimental factors are 

to be studied. And this system is first to be implemented under pressurized conditions. 

Chemical properties of the system under pressurized conditions are to be observed, and 

the effect of pressure on the system is to be investigated.  
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Chapter 2. Synthesis of metal oxide nanoparticles under 

atmospheric-pressure pulsed discharge plasma in the slug flow 

system 

2.1 Introduction 

2.1.1 Metal oxide nanoparticles 

Metal oxide nanoparticles have gained an increasing interest due to their 

significant change on properties when particle size is decreased to the nanoscale range1. 

Due to the high density and limited size of edges and corners on their surface, metal 

oxide nanoparticles have unique chemical and physical properties, which is also 

observed size-dependent2. With the size of metal oxide nanoparticles decreasing, an 

increasing number of surface and interface atoms generates strain or stress and 

adjoining structural perturbations3. The properties of magnetic, optical, electrical can 

be dependent on the specific size of the nanoparticles4. Especially, it is found that very 

small nanoparticles contain unusual structural disorder, modifying substantially the 

properties5. 

Because of their high surface area and properties of size-dependence, metal oxide 

nanoparticles have been applied in various applications in wide fields, such as catalysis, 

sensors, optics, medicine, and electronic materials1, 6-7. Allahverdiyev et al.8 reviewed 

that TiO2 and Ag2O nanoparticles show great antimicrobial activity against drug-

resistant bacteria and leishmania parasites. Teja et al.9 also reviewed the applications of 

magnetic iron oxide nanoparticles in the fields of catalysis and biomedicine. 
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2.1.1.1 Cerium dioxide nanoparticles  

Cerium is one of rare earth metals, showing potential for a wide range of 

applications10. It has two stable oxidation states, Ce4+ and Ce3+, in which the electron 

orbitals are empty or partially occupied11. Due to the ability to release or uptake oxygen 

depending on the switch between Ce4+/Ce3+ redox cycles, cerium oxide nanoparticles 

have an important property of high oxygen storage capacity12. Hence, they are widely 

applied in the medical and biological fields as antioxidants13, possessing remarked 

catalytic activity14-16. The band gap energy of ceria is 3.2 eV, which makes it a 

photocatalyst sensitive to ultraviolet radiation17. Cerium dioxide (CeO2) nanomaterials 

also exhibit a photovoltaic response, which is directly derived from the nanometric 

particles size. The material possesses excellent thermal stability, large pore volumes, 

and high surface areas18-20, making it easily doped after synthesis while maintaining 

textural and mechanical integrity21. Many researches have reported that CeO2 

nanoparticle and doped CeO2 nanomaterials show potential in photocatalysis and solar 

cell22-27. 

 

2.1.1.2 Magnesium oxide nanoparticles 

Magnesium oxide (MgO) is an important inorganic material with a wide band-

gap28, being eco-friendly, economically feasible and industrially29. It has been studied 

for its inherent properties of high ionic character, simple stoichiometry, crystal structure, 

and surface structural defects30. MgO nanoparticles show excellent physicochemical 
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behaviors on stability, corrosion resistance31, refractive index32, thermal conductivity, 

dielectric resistance, and physical strength33, etc. Therefore, MgO nanoparticles have 

been applied in various applications, including catalysis34, semiconducting materials, 

electrochemical biosensors, refractory materials, absorbents32, 35. Thin films of 

magnesium oxide are also reported to be used for ultraviolet detection36, heat spreader37-

38. In addition, Mg2+ ions are ubiquitous and essential for living organisms, and they 

also show a biological activity for bone regeneration39. Hence MgO nanoparticles are 

also used in medicine, for the relief of heartburn, sore stomach, bone regeneration, 

tumor treatment, and antibacterial agent30, 40-41. Tang et al.42 reported that MgO 

nanoparticles showed the excellent antibacterial activity against Lactobacillus 

plantarum. 

 

2.1.1.3 Zinc oxide nanoparticles 

Zinc oxide (ZnO) is known as a promising inorganic material, with a wide band 

gap of 3.3 eV, a high excitonic binding energy of 60 meV at room temperature43, and a 

natural n-type electrical conductivity44. ZnO shows excellent behaviors on optical, 

chemical sensing, semiconductor, and electrical conductivity45. Due to the strong ionic 

boding in the Zn-O, ZnO has long durability, high selectivity, and heat resistance46. 

Hence it is used in various applications, such as laser diodes47, transistors48, phosphors49, 

and piezoelectric transduces50. When particle size is reduced to the nanometer range, 

because of increased specific surface area and enhanced particle surface reactivity, ZnO 

nanoparticles exhibit high catalytic, high photochemical, and attractive antibacterial 
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properties51. Due to their biosafe and biocompatible properties52, they are also used as 

antibacterial agents in food industry and medical fields53. Padmavathy et al.46 reported 

that ZnO nanoparticles have great antibacterial activity, and the bactericidal efficacy 

increased with decreasing particle size.  

 

2.1.2 Traditional methods of synthesizing metal oxide nanoparticles 

Current methods to synthesize metal oxide nanoparticles mainly include 

hydrothermal54-58, chemical precipitation59-60, sol-gel technique61-63, solvothermal64, 

microwave65, and thermal hydrolysis66 methods. However, these methods usually 

require long reaction time and complicated steps. Gnanam et al.67 reported the 

successful synthesis of CeO2 nanoparticles by hydrothermal method, with a 10-hour 

reaction at 150℃. Ling et al.61 reported the sol-gel method with the processes of stirring 

for 1h, heating in water bath, preferring for 4 h, and firing for 4 h. In addition, organic 

solvents and ligands are always required during the processed, increasing the 

environmental stress and the operating costs. The treatment capacity is also often 

limited by the tank reactor. 

 

2.1.3 Synthesis of metal oxide nanoparticles using cold plasma 

Cold plasma technology is an advanced oxidation process, generating reactive 

species with high reactivities in situ. Nanoparticles synthesis using cold plasma 

inherently does not require solvent and ligand, enabling the synthesis of nanocrystals 
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with high purity68. During the process of cold plasma, electrons also charge 

nanomaterials immersed in the plasma negatively, preventing the nanoparticles 

aggregation, which enables the synthesis of nanoparticles with narrow size 

distributions68. Electron collisions with molecules or atoms generate highly reactive 

growth precursors, leading to the largely irreversible nanoparticle growth process, 

enabling the nanoparticles be grown far from their chemical equilibrium and the 

efficient inclusions of dopants68.  

 

2.1.4 Motivation and purpose of this work 

In this work, the slug flow system using pulsed discharge plasma is utilized to 

synthesize metal oxide nanoparticles under atmospheric-pressure conditions, providing 

an easy, continuous, and environmentally friendly process. Cerium nitrate, magnesium 

chloride, and zinc chloride aqueous solution are used as feed to synthesize cerium 

dioxide, magnesium oxide, zinc oxide nanoparticles, respectively. The products are 

characterized by different methods.  

 

2.2 Experimental procedure 

2.2.1 Materials 

Cerium (III) nitrate (Ce(NO3)3) (Product No. 035-09735), magnesium chloride 

(MgCl2) (Product No. 136-03995), zinc chloride (ZnCl2) (Product No. 265-00275), 

starch (Product No. 191-03985) and distilled water (Product No. 049-16787) were 
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purchased from Wako Pure Chemical Industries, Ltd., Osaka, Japan. Argon (purity > 

99.99%) was purchased from Sogo Kariya Sanso, Inc., Nagoya, Japan. All the 

chemicals used in this study were used as received without further purification. 1 

mmol/L of Ce(NO3)3, MgCl2, and ZnCl2 were used as the feed solution, respectively. 

Starch of 0.1 wt% was added as the stabilizer in the feed solution when synthesizing 

cerium oxide nanoparticles. 

 

2.2.2 Experimental methods 

Figure 2.1 shows the schematic of the synthesis of metal oxide nanoparticles using 

atmospheric-pressure pulsed discharge plasma in a slug flow system. The slug flow 

system has been reported in the synthesis of silver nanoparticles69 and gold 

nanoparticles70. Straight capillary tube (120 mm×2.0 mm i.d., Fujirika Kogyo Co., FPT-

300, Osaka, Japan) was used as the slug flow reactor and residence time of plasma-state 

bubbles was approximately 3 s. Copper (Cu) sheets with a width of 10 mm were 

attached to the outer surface of the glass tube as electrodes. A high-voltage electrode 

and a ground electrode were arranged, and the distance between the adjacent electrodes 

was approximately 25 mm. The feed solution was introduced into the system using a 

high-performance liquid chromatography pump (LC-10AD, Shimadzu Co., Kyoto, 

Japan) and argon gas was introduced from a gas flowmeter (RK-1250, Kofloc 

Instruments Inc., Kyoto, Japan) into the system simultaneously through a T-type 

junction (SS-200-3, Swagelok). A high voltage was provided by an AC power supply 

(TE-HVP1510K300-NP, Tamaoki Electronics Co., Ltd., Kawaguchi, Japan). The 
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voltage and current of the system were observed using an oscilloscope (TDS2024C, 

Tektronix Inc., OR, USA).  

 

 

Figure 2.1 Apparatus scheme of synthesizing metal oxide nanoparticles by 

atmospheric-pressure pulsed discharge plasma 

 

Bubbles were generated in the straight capillary glass tube, and adjusted by 

varying the flow rates of the gas and feed liquid solution. The flow rates of the feed 

solution and argon gas were approximately 1.5 and 0.15 mL/min, respectively. The 

system was powered by a high voltage of 10.0 kV (peak-to-peak). An AC pulse power 

supply was introduced into the system through the copper sheets attached to the outer 

glass tube to generate plasma. The discharge waveforms of voltage and current are 

shown in the Figure 2.2.  
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Figure 2.2 Voltage (black) and current (red) discharge waveforms 

 

2.2.3 Analysis methods 

Ultraviolet-visible spectrophotometer (UV-vis) 

UV-vis is a method of qualitative and quantitative analysis, based on the 

absorption spectra obtained by irradiating the samples in a cell with the ultraviolet-

visible region light. After absorbing UV-visible light, atoms and molecules undergo 

electronic excitation to higher-energy states. The chemical structures of atomic and 

molecular species can be identified from the wavelength of the light absorbed by them60. 

The results are expressed as absorbance or transmittance, and absorbance A can be 

calculated by the following equation based on Bouguer-Lambert-Beer law71: 

𝐴 = − log(
𝐼

𝐼0
) 

where I0 and I are the incident light intensity and transmitted light intensity, respectively.  

In this study, the product solution containing different metal oxide nanoparticles 

is placed in a quartz cell and measured using an ultraviolet-visible spectrophotometer 

(V-550, Jasco Corporation, Japan). The samples are qualitatively analyzed according to 
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the characteristic peaks in the UV-vis spectra. 

 

Transmission electron microscope (TEM) 

TEM is usually observed the microstructure of the sample by irradiating a thin 

specimen with an electron beam of uniform current density. Electrons are emitted in the 

electron gun or filaments, then accelerated by electrostatic plates until reaches final 

voltage and enters the condenser lens system. The electron-intensity distribution behind 

the specimen is imaged onto a fluorescent screen with the lens system72. 

In this study, the product solution is dropped directly onto a copper-mesh grid NP-

C15 (Ohken Shoji Co., Ltd., Tokyo, Japan) to prepare the samples. The samples are 

characterized by using a transmission electron microscope (JEM-2100Plus, Japan 

Electronic Co., Ltd.) at an acceleration voltage of 200 kV. The size distribution of 

nanoparticles is determined by using Nano Measurer software (Fudan Univ., Fudan, 

China), which is obtained by measuring more than 300 nanoparticles in several TEM 

images. The morphologies, growth patterns and crystal distributions of the samples are 

observed in the TEM images. 

 

High resolution transmission electron microscope (HRTEM) 

HRTEM has been effectively and widely used to analyze crystal structures and 

lattice imperfections in materials on an atomic scale73. The selected area electron 

diffraction (SAED) performed inside the HRTEM shows the diffraction pattern of the 

crystal structure of material in a specific chosen area74. In this study, the crystal structure 
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of the nanoparticles is examined through their HRTEM images and SAED patterns, 

obtained from a high-resolution transmission electron microscope (JEM-2100F, Japan 

Electronic Co., Ltd.). Lattice spacing and atomic image of the crystal can be observed. 

 

Energy dispersive X-ray spectroscopy (EDS) 

EDS is a method to analyze the elemental composition or chemical 

characterization of samples. Every element has the characteristic peaks on its 

electromagnetic emission spectrum due to its unique atomic structure. Sample is 

irradiated by a beam of electron to stimulate the emission of characteristic X-rays from 

a specimen, which could be measured by an energy-dispersive spectrometer. According 

to measured characteristic energies of the X-rays, the elemental composition of the 

specimen can be measured75. In this study, elemental composition of the metal oxide 

nanoparticles is analyzed using an energy dispersive X-ray spectroscopy (JEOL, JED-

2300T & Gatan, GIF Quantum ER) installed in TEM (JEM-2100F, Japan Electronic 

Co., Ltd.). 

 

2.3 Results and discussion 

2.3.1 Characterization of cerium dioxide nanoparticles 

As shown in Figure 2.3, a yellow solution containing cerium oxide nanoparticles 

was obtained after plasma treatment, and the Tyndall effect could be observed when the 

product was irradiated with a laser beam, which indicated that it contained well-
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dispersed colloidal particles76.  

 

Figure 2.3 Photographs of feed solution (left) and product solution (right): (a) 

room lighting; (b)Tyndall effect in solutions 

 

Figure 2.4 shows the EDS elemental maps of the cerium oxide nanoparticles 

synthesized in the slug flow system using pulsed discharge plasma. Ce and O were 

detected in the elemental maps, which indicates that the cerium oxide nanoparticles are 

generated through plasma-induced reactions in the slug flow system. Figure 2.5 shows 

the TEM images of the cerium oxide nanoparticles synthesized using 0.1 wt% starch as 

the stabilizer. The nanoparticles were uniform and tiny, with a mean size of 

approximately 3.4 nm.  

 

Figure 2.4 EDS mapping images of cerium oxide nanoparticles for cerium and 

oxygen 
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Figure 2.5 (a), (b) TEM images (c) particle size distributions of cerium oxide 

nanoparticles 

The crystal structure of the cerium oxide nanoparticles was examined by obtaining 

their HRTEM images (Figure 2.6 a) and SAED patterns (Figure 2.6 b). The lattice 

spacing of the nanoparticles was 0.31 nm, as determined from their HRTEM images. 

According to Verma et al.77, the spacing of 0.31 nm corresponds to the (111) planes of 

cubic CeO2. Balaji et al.27 also attributed the fringe spacing of 0.31 nm to the (111) 

plane of CeO2 nanoparticles. As can be observed from Figure 2.6 b, the SAED pattern 

of the nanoparticles showed three diffraction rings corresponding to the (111), (220), 

and (311) planes of CeO2 (JCPDS card no. 34-0394). 

 

 

Figure 2.6 (a) HRTEM image and (b) SAED pattern of cerium oxide 

nanoparticles synthesized with starch as stabilizer 
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Figure 2.7 shows the UV-vis spectra of the feed solution and products after plasma 

treatment. In order to eliminate the interference of adding starch, 0.1 wt% starch 

solution was also analyzed. All the samples except starch showed absorbance peaks at 

approximately 250 and 300 nm. Wang et al.78 reported that the absorbance peaks at 

around 250 and 300 nm were due to the charge transfer transition from the O2-(2p) to 

Ce4+(4f) orbitals in CeO2. Babitha et al.12 also reported similar peaks at 250 and 340 

nm. The difference in the peak locations can be attributed to the difference in the particle 

sizes. Yin et al.79 reported the blue shifts of the absorption peaks with a decrease in the 

size of CeO2 nanoparticles. The products showed higher absorbance intensity, 

indicating the presence of CeO2 nanoparticles in them. The absorbance peak intensity 

of the CeO2 nanoparticles increased with the addition of the stabilizer added, indicating 

the stabilizer addition may be beneficial for generating CeO2 nanoparticles in this 

system investigated in this study. 

 

 

Figure 2.7 UV-vis spectra of feed solution and solution products containing CeO2 

nanoparticles 
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2.3.2 Characterization of magnesium oxide nanoparticles 

MgCl2 of 1 mmol/L without a stabilizer was used as the feed solution, and product 

after plasma treatment was subjected to characterization analyses. As Figure 2.8 shown, 

tiny nanoparticles were also observed in the TEM images at different magnifications. 

According to the results of EDS spectrum in Figure 2.9, the peaks corresponding to Mg 

could be clearly observed. Mg and O were also detected in the elemental maps, 

indicating that magnesium oxide nanoparticles were generated in the slug flow system 

through gas/liquid plasma.  

 

 

Figure 2.8 TEM images of MgO nanoparticles 
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Figure 2.9 Grey TEM image of MgO nanoparticles with the corresponding EDS 

mapping images and spectrum 

 

The crystal structure of MgO nanoparticles was examined by obtaining their 

HRTEM image and SAED pattern, shown in Figure 2.10. As measured from the 

HRTEM image, the lattice spacing of the MgO nanoparticles was 0.25 nm, which is 

corresponding to the (111) plane of MgO80. Peng et al.81 also reported that the lattice 

spacing of 0.245 nm matched well with MgO (111) planes. As shown in the SAED 

pattern, the diffraction rings from inner to outer corresponds to the (111) and (200) 

diffraction of MgO.   
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Figure 2.10 (a) HRTEM image and (b) SAED pattern of MgO nanoparticles  

 

2.3.3 Characterization of zinc oxide nanoparticles 

ZnCl2 of 1 mmol/L without a stabilizer was used as the feed solution, and product 

after plasma treatment was subjected to characterization analyses. The morphology of 

product was examined by TEM, shown in Figure 2.11. Cubic nanoparticles were 

observed in the TEM images, but the nanoparticles were ununiform without a stabilizer. 

In addition, amorphous flakes generated. The elemental composition of the product was 

analyzed by EDS. As shown in Figure 2.12, the peaks corresponding to Zn could be 

clearly observed. Zn and O were also detected in the elemental maps, indicating that 

zinc oxide nanoparticles are produced using discharge plasma in this slug flow system.  
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Figure 2.11 TEM images of ZnO nanoparticles 

 

 

Figure 2.12 Grey TEM image of ZnO nanoparticles with the EDS mapping 

images and spectrum 

 

Primc et al.82 reviewed that chemically reactive species with a potential energy 

could be formed under thermodynamical nonequilibrium conditions, interacting readily 

with the Zn precursors and initiating the reactions to generate nanoparticles or 
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nanowires. Zhang et al.83 reported the successful synthesis of ZnO nanosheet-assembly 

film with larger specific surface area using cold plasma, which is generated by air 

dielectric barrier discharge. Ananth et al.84 reported a soft jet plasma-assisted method 

of preparing ZnO nanomaterials, exhibiting variety of surface morphology. Shutov et 

al.85 proposed the plasma-solution system to synthesize ZnO powders with a hexagonal 

shape crystal.   

 

2.4 Conclusion 

In this study, cerium nitrate, magnesium chloride, and zinc chloride aqueous 

solutions were used as the feed solution to synthesize corresponding metal oxide 

nanoparticles in the slug flow system using pulsed discharge plasma under atmospheric-

pressure conditions, respectively. Compared with traditional methods, the slug flow 

system provided a uniform and continuous reaction field, beneficial for nanoparticles 

synthesis. Results showed that cerium dioxide nanoparticles, magnesium oxide 

nanoparticles, and zinc oxide nanoparticles were synthesized successfully in the slug 

flow system using gas/liquid pulsed discharge plasma. Among them, cerium dioxide 

nanoparticles were selected as the target product to investigate the reaction mechanism 

and effect of different experimental factors in next Chapter.  
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Chapter 3. Synthesis mechanism of cerium dioxide nanoparticles 

and effect of experimental conditions 

3.1 Introduction 

3.1.1 Cerium oxide nanoparticles 

As mentioned in Chapter 2, cerium oxide nanoparticles have been applied in 

various applications of wide field because of their inherent properties. Due to the ability 

to switch between Ce4+/Ce3+ redox cycles, cerium oxide nanoparticles were selected as 

the target product to investigate the reaction mechanism and effect of different 

experimental factors. Many researches have reported various methods to synthesize 

CeO2 nanoparticles, including hydrothermal1-2, chemical precipitation3, solvothermal4, 

and thermal hydrolysis5. But the researches of synthesizing Ce2O3 nanoparticles are 

rather limited. Ce2O3 is also a remarkable material, which has been applied virous 

applications, including catalysis6-8, sensors9, and thermal agent. Nadaroglu et al. 

reported10 that Ce2O3 nanoparticles had antioxidants and anti-bacterial ability, showing 

the potential for commercial applications. It was also reported that the composite 

nanomaterials with Ce2O3 showed excellent antimicrobial11 and catalytic activity12, 

applied in the fields of food, medicine, and engineering. It is easier for Ce4+ ions to 

undergo strong hydration because of their low basicity and high charge13. Ce3+ ions 

tend to convert into Ce4+ ions in the presence of oxidative species during hydrolysis 

process. Therefore, it is difficult to synthesize Ce2O3 through the traditional methods. 

The method using cold plasma allows the synthesis of Ce2O3 nanoparticle, because of 
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the generation of hydrogen radicals with strongly reductive activity during the process. 

 

3.1.2 Synthesis of cerium oxide nanoparticles using cold plasma 

The methods using cold plasma provide a potential direction to synthesize metal 

oxide nanoparticles, environmentally friendly and easy implemented. Lin et al14 

reported the successful synthesis of europium doped ceria nanoparticles in a gas/liquid 

plasma system powered by a DC supply, obtaining high purity crystalline. Ma et al.15 

reported the method using pulsed plasma in liquid to synthesize cerium oxide 

nanoparticles, showing high photocatalytic activity, which may attribute to the high 

Ce3+ proportion (42.2%) and the small particles size of 3 nm.  

 

3.1.3 Motivation and purpose of this work 

In this study, the slug flow system using pulsed discharge plasma is utilized to 

synthesize cerium oxide nanoparticles under atmospheric-pressure conditions. In order 

to increase the concentration of generating nanoparticles, a circular capillary glass tube 

coil is used as the slug flow reactor. Compared with the straight capillary glass tube 

used in Chapter 2, residence time is prolonged and electrodes number is increased, and 

effect of different slug flow reactor on synthesized nanoparticles is studied. The reaction 

mechanism of synthesizing cerium dioxide nanoparticles is studied, and the effect of 

other experimental factors is also investigated. Ammonium cerium (IV) nitrate is used 

as cerium source to attempt to synthesize Ce2O3 nanoparticles. 
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3.2 Experimental procedure 

3.2.1 Materials 

Cerium (III) nitrate (Ce(NO3)3) (Product No. 035-09735), ammonium cerium (IV) 

nitrate ((NH4)2Ce(NO3)6) (Product No. 038-01741), starch (Product No. 191-03985) 

and distilled water (Product No. 049-16787) were purchased from Wako Pure Chemical 

Industries, Ltd., Osaka, Japan. Argon (purity > 99.99%) was purchased from Sogo 

Kariya Sanso, Inc., Nagoya, Japan. All the chemicals used in this study were used as 

received without further purification. The feed solution was prepared with a mixture of 

Ce(NO3)3 (1 mmol/L) and starch (0.10 – 0.40 wt%) aqueous solution. 

 

3.2.2 Experimental methods 

Figure 3.1 shows the schematic of the synthesis of CeO2 by atmospheric-pressure 

pulsed discharge plasma in the slug flow system. Similar to the system in Chapter 2, in 

this study, a circular capillary glass tube coil (2.0 m × 1.8 mm i.d., G-3000, Shimadzu 

Co., Kyoto, Japan) was used as the slug flow reactor. Five high-voltage electrodes and 

ten ground electrodes were arranged, and the distance between the adjacent electrodes 

was approximately 25 mm. Residence time of plasma-state bubbles was prolonged 

approximately 3 minutes. The effect of the different reactors will be discussed later. 

Starch with a concentration of 0.1-0.4 wt% was added as a stabilizer into the feed 

solution. The flow rates of the feed solution and argon gas were also set at 
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approximately 1.5 and 0.15 mL/min, respectively. A high voltage of 10.0 kV (peak-to-

peak) was introduced into the system to generate plasma. 

 

 

Figure 3.1 Apparatus scheme of synthesizing CeO2 nanoparticles by 

atmospheric-pressure pulsed discharge plasma 

 

3.2.3 Analysis methods 

The same as mentioned above in Section 2.2.3. 

 

3.3 Results and discussion 

3.3.1 Synthesis mechanism of CeO2 nanoparticles 

Figure 3.2 shows the synthesis mechanism of the CeO2 nanoparticles under 

atmospheric-pressure pulsed discharge plasma in the slug flow system. When pulsed 

discharge plasma is introduced in a gas/liquid environment, chemically active species 
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with oxidizing properties are generated16. Firstly, the high-energy electrons accelerated 

in a high local electric field and ionized argon molecules into an excited argon state, 

generating initial radicals. The generated radicals then contacted the water interface in 

the slug flow system and reacted with water molecules. OH˙ radicals were generated, 

which show high oxidizing power (E0 = 2.85V) and are one of the strongest oxygen-

based oxidants17. Moreover, OH˙ radicals have a short lifetime in the gas phase and 

aqueous solutions; therefore, they might directly react with only the species in their 

immediate surrounding. Next, as shown in Reactions (1) – (5)18-21, hydroxide ions were 

generated. And the OH˙ radicals continued to combine with each other to generate 

powerful oxidants, such as hydrogen peroxide, oxygen, and ozone22-24.  

 

OH∙ + e → OH− （1） 

OH∙ + OH∙ → H2O2 （2） 

OH∙ + OH∙ → H2O + O （3） 

O + OH∙ → O2 + H
∙ （4） 

O + O2 → O3 （5） 
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Figure 3.2 The schematic drawing of synthesis mechanism of CeO2 nanoparticles 

by atmospheric-pressure pulsed discharge plasma 

 

Due to the generation of oxidizing radicals and molecules by plasma, the Ce3+ ions 

in the feed solution tended to be converted into Ce4+ ions25. Because Ce4+ ions have low 

basicity and high charge, strong hydrolysis reactions tended to occur13. The Ce4+ ions 

combine with H2O molecules and OHˉ ions in the solution to form hydroxide 

complexes Ce(OH)x(H2O)y
 (4-x)+, which served as the precursors for CeO2

2, 26, as shown 

in Reaction (7). The dehydration reaction tended to occur at high local plasma 

temperatures. H2O as a polar molecule attracted protons from the OHˉ ions, triggering 

the crystallization of CeO2
27, according to Reaction (8).  

 

Ce3+ + H2O → Ce(OH)
3+ + H+ + e− (6) 

Ce4+ + 𝑥OH− + 𝑦H2O → [Ce(OH)𝑥(H2O)𝑦]
(4−𝑥)+

 (7) 
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[Ce(OH)𝑥(H2O)𝑦]
(4−𝑥)+

+ H2O → CeO2 ∙ nH2O + H3O
+ (8) 

where x and y are positive integers.  

 

Instantaneous and homogeneous nucleation occurred in the slug flow system by 

pulsed discharge plasma. The CeO2 nanoparticles were generated after a rapid growth 

process at high excitation temperatures generated by plasma28. When starch was added 

to the feed solution as a stabilizer, the cerium cations in the solution were attracted by 

the oxygen in the hydroxyl groups of starch29. Starch was wrapped around the surface 

of the CeO2 nanoparticles to separate the nucleation and growth stages appropriately, 

which made it possible to control the diameter of the nanoparticles and generate 

uniform CeO2 nanoparticles. 

 

3.3.2 Effect of stabilizer on the synthesis of CeO2 nanoparticles 

In the synthesis of nanoparticles, biomaterials with functional groups including –

COOH, –OH, and –NH2, are typically used to stabilize and cap metal ions to prevent 

their aggregation30. In this study, starch, which is easily available, economical, and 

environmentally friendly, was used as stabilizer. It is well known that starch can be used 

as a stabilizer for the synthesis of different nanoparticles31-32. As can be observed from 

Figure 3.3, the CeO2 nanoparticles exhibited aggregation in the absence of the stabilizer, 

not individual spherical nanoparticles. Initially, instantaneous, and homogeneous 

nucleation occurred in the plasma reactor. In the absence of a stabilizer, the nanoparticle 

nucleation and growth processes in solutions are not adequately separated, which leads 
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to the incorporation of the monomers into the previous stable nuclei, resulting in the 

generation of non-uniform nanoparticles28. Therefore, in this study, we added starch as 

a stabilizer to the feed solution to separate the nucleation and growth processes 

appropriately to avoid secondary nucleation33, which was conductive to the formation 

of uniform CeO2 nanoparticles. Darroudi et al.29 proposed that cerium cations in 

aqueous solutions are attracted by the oxygen of hydroxyl groups in starch, and starch 

can cover the surface of nanoparticles as a capping agent to prevent their excessive 

aggregation. Therefore, the diameter of the resulting nanoparticles can be controlled.  

 

 

Figure 3.3 TEM images of CeO2 nanoparticles synthesized without stabilizer 

 

The effect of the stabilizer concentration on the formation of the CeO2 

nanoparticles was investigated. The concentration of starch in the feed solution was 

varied from 0.1 to 0.4 wt%. As shown in Figure 3.4, with an increase in the starch 

concentration from 0.1 to 0.4 wt%, the absorbance peaks of the CeO2 nanoparticles 

showed similar shapes, and the intensity of the absorption was increased. Ngoc Nhiem 

Dao et al34 reported that with the content of CeO2 nanoparticles increased, UV 
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absorption intensity was enhanced and UV absorbance peak increased. This indicates 

that the amount of the CeO2 nanoparticles formed in the solution increased with an 

increase in the starch concentration.  

 

 

Figure 3.4 UV-vis spectra of CeO2 nanoparticles synthesized with different 

concentration of starch 

 

As shown in Figure 3.5, the mean sizes of CeO2 nanoparticles obtained at the 

starch concentrations of 0.1, 0.2, and 0.4 wt% were 6.3, 4.9, and 5.1 nm, respectively. 

This indicates that the starch concentration did not significantly affect the size of the 

CeO2 nanoparticles. Thus, higher starch concentrations may be beneficial for stabilizing 

and capping the CeO2 nanoparticles. Yamada et al.35 also obtained high-concentration 

silver nanoparticles at high starch concentrations by pulsed discharge plasma, and they 

observed the interaction between –OH functional group in the starch and silver 

nanoparticles through Fourier transform infrared (FT-IR). 
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Figure 3.5 TEM images and particle size distributions of CeO2 nanoparticles 

with different concentration of starch (a), (b) 0.1 wt%; (c), (d) 0.2 wt%; (e), (f) 0.4 

wt% 

 

3.3.3 Effect of slug flow reactor on the synthesis of CeO2 nanoparticles 

In our previous study35, a straight capillary glass tube with two electrodes was used 

as the slug flow reactor. As shown in Figure 3.6 a, the length of the glass tube was 0.12 

m and the distance between the two copper electrodes was approximately 25 mm. CeO2 
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nanoparticles could be synthesized by pulsed discharge plasma in the system, however, 

the amount of the CeO2 nanoparticles generated was low. Therefore, in this study, we 

increased the length of the reactor tube and the number of electrodes to prolong the 

reaction residence time to increase the CeO2 nanoparticles yield. Yamada et al.36 used 

a circular capillary glass tube coil as the slug flow reactor for decolorizing methylene 

blue and achieved high decolorization efficiency. As shown in Figure 3.6 b, fifteen 

copper electrodes, including five high-voltage electrodes and ten ground electrodes, 

were arranged on a circular capillary glass tube coil with a length of 2.0 m. The distance 

between the two adjacent electrodes was approximately 25 mm. The residence time of 

the plasma state bubbles increased approximately from 3 s to 3 min with the use of this 

assembly. 

 

 

Figure 3.6 Slug flow reactor (a) straight capillary glass tube; (b) circular 

capillary glass tube coil 

 

Impact ionization, which occurs in a high local electric field, is the main ionization 
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mechanism in electric discharges37. In this process, electrons are accelerated and ionize 

gas molecules or atoms to generate more electrons. The use of the circular capillary 

glass tube coil as the slug flow reactor increases the number of plasma production sites, 

and the number of energetic electrons increases with an increase in the input energy. 

More electrons impact the gas molecules, which leads to the generation of more reactive 

species, including OH·, H2O2, and O3 species35, 38. Nanoparticles are obtained after the 

nucleation and growth processes28. With an increase in the number of electrodes and 

residence time, a large number of Ce3+ ions get involved in the oxidation reaction to 

produce hydroxide complexes2. For cold plasma, most of the coupled electrical energy 

is primarily channeled to the electron component to produce energetic electrons39. 

Therefore, electron temperature is much higher than room temperature40-41. CeO2 

nanoparticle nuclei are generated via dehydration from the hydroxide complexes at the 

high local plasma temperatures22. An increase in the nucleation frequency results in an 

increase in the number of the nuclei and CeO2 nanoparticles formed.  

Figure 3.7 shows the UV-vis spectra of the CeO2 nanoparticle-containing solutions 

obtained using different slug flow reactors. The CeO2 nanoparticles showed significant 

UV absorption peaks at approximately 250 and 300 nm. The intensity of these peaks 

increased when a circular capillary glass tube coil was used as the slug flow reactor, 

indicating an increase in the number of the CeO2 nanoparticles formed.  
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Figure 3.7 UV-vis spectra of solution products synthesized by the different slug 

flow reactors 

 

The particle size distributions of the CeO2 nanoparticles synthesized in the two 

reactors were also analyzed. As shown in Figure 3.5 b, the mean size of the CeO2 

nanoparticles synthesized in the circular capillary glass tube coil was approximately 6.3 

nm. And the mean size synthesized in the straight capillary tube was approximately 3.4 

nm (Figure 2.5 c). When the circular capillary glass tube coil was used as the reactor, 

the nucleation frequency and number of nuclei increased. The time required for the 

growth of the nuclei increased with an increase in the residence time, which resulted in 

an increase in the size of the CeO2 nanoparticles. Furthermore, the aggregation of the 

nuclei resulted in the generation of larger nanoparticles.  

 

3.3.4 Effect of cerium source on the structure of cerium oxide nanoparticles 

As mentioned above, CeO2 (IV) nanoparticles were obtained when cerium nitrate 

(III) was used as a cerium source. In order to attempt to synthesize Ce2O3 nanoparticles, 



 

59 
 

cerium source was changed, and the effect of cerium source on structure of cerium 

oxide nanoparticles was also investigated. Ammonium cerium nitrate (IV) of 1 mmol/L 

without a stabilizer was used as the feed solution firstly. A yellow solution was obtained 

after plasma treatment (Figure 3.8), and it was characterized by TEM, as shown in 

Figure 3.9. Many column crystals were generated and aggregated together. 

Nanoparticles were difficult to be observed.  

 

 

Figure 3.8 Photographs of product after plasma treatment and feed solution 

 

 

Figure 3.9 TEM images of the product synthesized using ammonium cerium nitrate 

without a stabilizer 
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Hence starch of 0.1 wt% was added into the feed solution as a stabilizer, and 

product after treatment was characterized by TEM. As shown in Figure 3.10, irregular 

crystals were also generated. And spherical nanoparticles could be observed, the mean 

size of the nanoparticles was measured to be 3.98 nm. Elemental distributions of the 

irregular crystals were analyzed by EDS. As shown in Figure 3.11, nitrogen and oxygen 

were detected in the elemental maps, consistent with the position of irregular crystal in 

the grey TEM images. Metallic cerium was detected as tiny particles and inconsistent 

with the position of the crystal. It suggests that the irregular crystal is not cerium oxide 

and may be the result of nitrogen aggregation. Therefore, starch may be not a suitable 

stabilizer to synthesize cerium oxide nanoparticles for ammonium cerium nitrate.  

 

 

Figure 3.10 TEM images of the product synthesized using ammonium cerium nitrate 

with starch as stabilizer 
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Figure 3.11 EDS maps of the product synthesized using ammonium cerium nitrate 

with starch as stabilizer 

 

Proline is an amino acid with the functional group –COOH. It has shown effective 

stability in controlling the aggregation of intravenous immunoglobulin42. And it was 

also reported that proline as a ligand enhanced activity and selectivity of Pt 

nanoparticles in heterogeneous catalysis43. Proline of 0.1 wt% was added as another 

stabilizer into the feed solution, and product after plasma treatment was characterized 

by TEM. As shown in Figure 3.12, spherical nanoparticles were observed without the 

generation of the irregular crystals. The mean size of the nanoparticles was measured 

to be 3.46 nm. Figure 3.13 shows the elemental maps and spectrum of the nanoparticles. 

The peaks corresponding to cerium could be observed in the spectrum. Elements of 

cerium and oxygen were also detected in the elemental maps, indicating cerium oxide 

nanoparticles were generated using ammonium cerium nitrate with proline as a 
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stabilizer.  

 

 

Figure 3.12 TEM images of the product synthesized using ammonium cerium 

nitrate with proline as stabilizer 

 

Figure 3.13 EDS maps and spectrum of cerium oxide nanoparticles synthesized 

using ammonium cerium nitrate with proline as stabilizer 

 

The crystal structure of cerium oxide nanoparticles was analyzed by HRTEM 
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images and SAED patterns. The lattice fringes in the HRTEM images (Figure 3.14 a) 

showed a spacing of 0.29 nm due to (011) planes and a spacing of 0.33 nm due to the 

(100) planes of hexagonal Ce2O3
6. The spacing of 0.31 nm due to (111) planes of cubic 

CeO2 was also shown from the lattice fringes. As shown in Figure 3.14 b, the SAED 

pattern of the nanoparticles showed the rings corresponding to the (011) planes of 

Ce2O3. The results indicated the existence of both hexagonal Ce2O3 and cubic CeO2 in 

the product. As mentioned before, various reactive species were generated during the 

plasma process, including OH˙ radicals and H˙ radicals44. The H˙ radical is a powerful 

reducing agent (E0 = -2.3V)45. Hence, a part of tetravalent cerium ions in the feed 

solution might tend to be reduced into trivalent cerium ions, generating the hydroxide 

complexes served as the precursors of Ce2O3. During the plasma reactions, electron 

collisions with molecules or atoms generate highly reactive growth precursors, leading 

to the largely irreversible nanoparticle growth process, allowing the generation of 

Ce2O3 nanoparticles46. 

 

 

Figure 3.14 (a) HRTEM image and (b) SAED pattern of cerium oxide 

nanoparticles synthesized using ammonium cerium nitrate with proline as stabilizer 
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3.4 Conclusion 

In this study, CeO2 and Ce2O3 nanoparticles were synthesized in a slug flow 

system using atmospheric-pressure pulsed discharge plasma. In the process of 

generating CeO2 nanoparticles, radical species were produced and reacted with cerium 

ions (III) in the feed solution, resulting in an instantaneous and homogeneous nucleation 

and rapid growth of the nanoparticles. The effects of the process factors on the synthesis 

of the CeO2 nanoparticles were discussed. The main findings of the study are as follows:  

1) The slug flow system provided a continuous reaction field in the gas/liquid 

plasma environment, which was beneficial for the synthesis of uniform nanoparticles. 

When a circular capillary glass tube coil was used as the slug flow reactor and Ce(NO3)3 

with 0.1 wt% starch was used as the feed solution, uniform CeO2 nanoparticles with 

mean size of approximately 6.3 nm were obtained. 

2) Starch was added as a stabilizer to separate the nucleation and growth processes 

and prevent the aggregation of the resulting nanoparticles. With an increase in the starch 

concentration from 0.1 to 0.4 wt%, the amount of the CeO2 nanoparticles increased and 

their size distribution did not change significantly. 

3) The difference between the straight tube and circular glass tube coil as the slug 

flow reactors was discussed. When the circular capillary glass tube coil was used as the 

reactor, the electrodes number was increased and the residence time was prolonged. 

The concentration of CeO2 nanoparticles increased and mean size also increased from 

3.4 to 6.3 nm compared to the case using straight tube as the slug flow reactor. 

4) It is difficult to synthesize Ce2O3 nanoparticles using traditional methods. When 
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using ammonium cerium (IV) nitrate as the feed solution in the gas/liquid plasma 

system, Ce2O3 nanoparticles were observed to be generated, which might be due to the 

existence of H˙ radicals and irreversible nanoparticle growth process during the plasma 

reactions.  

 

  



 

66 
 

References 

1. Zhou, Y. C.; Rahaman, M. N., Hydrothermal synthesis and sintering of ultrafine 

CeO~ 2 powders. Journal of materials research 1993, 8 (5), 1680-1686. 

2. Hirano, M.; Kato, E., Hydrothermal Synthesis of Cerium(IV) Oxide. Journal of the 

American Ceramic Society 1996, 79 (3), 777-780. 

3. Babitha, K.; Sreedevi, A.; Priyanka, K.; Sabu, B.; Varghese, T., Structural 

characterization and optical studies of CeO2 nanoparticles synthesized by chemical 

precipitation. Indian Journal of Pure & Applied Physics (IJPAP) 2015, 53 (9), 596-603. 

4. Su, Y.; Yang, W.; Sun, W.; Li, Q.; Shang, J. K., Synthesis of mesoporous cerium–

zirconium binary oxide nanoadsorbents by a solvothermal process and their effective 

adsorption of phosphate from water. Chemical Engineering Journal 2015, 268, 270-

279. 

5. Hirano, M.; Fukuda, Y.; Iwata, H.; Hotta, Y.; Inagaki, M., Preparation and spherical 

agglomeration of crystalline cerium (IV) oxide nanoparticles by thermal hydrolysis. 

Journal of the American Ceramic Society 2000, 83 (5), 1287-1289. 

6. Verma, R.; Samdarshi, S.; Bojja, S.; Paul, S.; Choudhury, B., A novel 

thermophotocatalyst of mixed-phase cerium oxide (CeO2/Ce2O3) homocomposite 

nanostructure: Role of interface and oxygen vacancies. Solar Energy Materials and 

Solar Cells 2015, 141, 414-422. 

7. Wang, C.; Wang, H. L.; Gao, D. W.; Zhao, Z. K. In Amorphous NiCoPt/Ce2O3 

Nanoparticles as Highly Efficient Catalyst for Hydrogen Generation from Hydrous 

Hydrazine, Materials Science Forum, Trans Tech Publ: 2017; pp 1862-1870. 

8. Karthikeyan, M., Production of biodiesel from Cordiamyxa bio-oil using 

BaMoO4-Ce2O3 nanoparticles as an alternative fuel for diesel engine. Materials 

Letters 2019, 243, 199-201. 

9. Hussain, M. M.; Rahman, M. M.; Asiri, A. M., Efficient 2-nitrophenol chemical 

sensor development based on Ce2O3 nanoparticles decorated CNT nanocomposites for 

environmental safety. PLoS One 2016, 11 (12), e0166265. 

10. Nadaroglu, H.; Onem, H.; Gungor, A. A., Green synthesis of Ce 2 O 3 NPs and 

determination of its antioxidant activity. Iet Nanobiotechnology 2017, 11 (4), 411-419. 

11. Hassan, M. S.; Amna, T.; Al-Deyab, S. S.; Kim, H.-C.; Oh, T.-H.; Khil, M.-S., 

Toxicity of Ce2O3/TiO2 composite nanofibers against S. aureus and S. typhimurium: 

A novel electrospun material for disinfection of food pathogens. Colloids and Surfaces 

A: Physicochemical and Engineering Aspects 2012, 415, 268-273. 

12. Onwudiwe, D. C.; Phadi, B. M.; Oyewo, O. A., Ce2O3/BiVO4 Embedded in rGO 

as Photocatalyst for the Degradation of Methyl Orange under Visible Light Irradiation. 

J 2021, 4 (2), 154-168. 

13. Wang, H.; Zhu, J.-J.; Zhu, J.-M.; Liao, X.-H.; Xu, S.; Ding, T.; Chen, H.-Y., 

Preparation of nanocrystalline ceria particles by sonochemical and microwave assisted 

heating methods. Physical Chemistry Chemical Physics 2002, 4 (15), 3794-3799. 

14. Lin, L.; Ma, X.; Li, S.; Wouters, M.; Hessel, V., Plasma-electrochemical synthesis 

of europium doped cerium oxide nanoparticles. Frontiers of Chemical Science and 

Engineering 2019, 13 (3), 501-510. 



 

67 
 

15. Ma, W.; Mashimo, T.; Tamura, S.; Tokuda, M.; Yoda, S.; Tsushida, M.; Koinuma, 

M.; Kubota, A.; Isobe, H.; Yoshiasa, A., Cerium oxide (CeO2-x) nanoparticles with 

high Ce3+ proportion synthesized by pulsed plasma in liquid. Ceramics International 

2020, 46 (17), 26502-26510. 

16. Yamada, M.; Wahyudiono; Machmudah, S.; Kanda, H.; Zhao, Y.; Goto, M., 

Atmospheric-Pressure Pulsed Discharge Plasma in a Slug Flow Reactor System for the 

Synthesis of Gold Nanoparticles. ACS omega 2020, 5 (28), 17679-17685. 

17. Locke, B. R.; Lukes, P.; Brisset, J.-L., Elementary Chemical and Physical 

Phenomena in Electrical Discharge Plasma in Gas–Liquid Environments and in Liquids. 

In Plasma Chemistry and Catalysis in Gases and Liquids, pp 185-241. 

18. Joshi, R. P.; Thagard, S. M., Streamer-Like Electrical Discharges in Water: Part II. 

Environmental Applications. Plasma Chemistry and Plasma Processing 2013, 33 (1), 

17-49. 

19. Locke, B. R.; Sato, M.; Sunka, P.; Hoffmann, M. R.; Chang, J. S., Electrohydraulic 

Discharge and Nonthermal Plasma for Water Treatment. Industrial & Engineering 

Chemistry Research 2006, 45 (3), 882-905. 

20. Wang, K.; Tan, H.; Lin, Y.; Diono, W.; Zhao, Y.; Goto, M., Direct current gas–liquid 

phase pulsed plasma polymerization of polypyrrole under atmospheric pressure. 

Plasma Processes and Polymers 2020, e2000186. 

21. Ognier, S.; Iya-Sou, D.; Fourmond, C.; Cavadias, S., Analysis of mechanisms at 

the plasma–liquid interface in a gas–liquid discharge reactor used for treatment of 

polluted water. Plasma Chemistry and Plasma Processing 2009, 29 (4), 261-273. 

22. Chu, P. K.; Lu, X., Low temperature plasma technology: methods and applications. 

CRC Press: 2013. 

23. Sun, B.; Aye, N. N.; Gao, Z.; Lv, D.; Zhu, X.; Sato, M., Characteristics of gas-

liquid pulsed discharge plasma reactor and dye decoloration efficiency. Journal of 

Environmental Sciences 2012, 24 (5), 840-845. 

24. Lu, N.; Li, J.; Wu, Y.; Masayuki, S., Treatment of Dye Wastewater by Using a 

Hybrid Gas/Liquid Pulsed Discharge Plasma Reactor. Plasma Science and Technology 

2012, 14 (2), 162-166. 

25. Calvache-Muñoz, J.; Prado, F. A.; Rodríguez-Páez, J. E., Cerium oxide 

nanoparticles: Synthesis, characterization and tentative mechanism of particle 

formation. Colloids and Surfaces A: Physicochemical and Engineering Aspects 2017, 

529, 146-159. 

26. Chen, P. L.; Chen, I. W., Reactive cerium (IV) oxide powders by the homogeneous 

precipitation method. Journal of the American Ceramic Society 1993, 76 (6), 1577-

1583. 

27. Xin, Y.; Yang, X.; Jiang, P.; Zhang, Z.; Wang, Z.; Zhang, Y., Synthesis of CeO2‐

Based Quantum Dots through a Polyol‐Hydrolysis Method for Fuel‐Borne Catalysts. 

ChemCatChem 2011, 3 (11), 1772-1778. 

28. Thanh, N. T. K.; Maclean, N.; Mahiddine, S., Mechanisms of Nucleation and 

Growth of Nanoparticles in Solution. Chemical Reviews 2014, 114 (15), 7610-7630. 

29. Darroudi, M.; Sarani, M.; Oskuee, R. K.; Zak, A. K.; Hosseini, H. A.; Gholami, L., 

Green synthesis and evaluation of metabolic activity of starch mediated nanoceria. 



 

68 
 

Ceramics International 2014, 40 (1), 2041-2045. 

30. Charbgoo, F.; Ahmad, M. B.; Darroudi, M., Cerium oxide nanoparticles: green 

synthesis and biological applications. International journal of nanomedicine 2017, 12, 

1401. 

31. Zamiri, R.; Azmi, B.; Darroudi, M.; Sadrolhosseini, A. R.; Husin, M.; Zaidan, A.; 

Mahdi, M., Preparation of starch stabilized silver nanoparticles with spatial self-phase 

modulation properties by laser ablation technique. Applied Physics A 2011, 102 (1), 

189-194. 

32. Zak, A. K.; Majid, W. A.; Mahmoudian, M.; Darroudi, M.; Yousefi, R., Starch-

stabilized synthesis of ZnO nanopowders at low temperature and optical properties 

study. Advanced Powder Technology 2013, 24 (3), 618-624. 

33. Varanda, L. C.; Souza, C. G. S.; Moraes, D. A.; Neves, H. R.; Souza Junior, J. B.; 

Silva, M. F.; Bini, R. A.; Albers, R. F.; Silva, T. L.; Beck Junior, W., Size and shape-

controlled nanomaterials based on modified polyol and thermal decomposition 

approaches. A brief review. Anais da Academia Brasileira de Ciências 2019, 91. 

34. Dao, N. N.; Dai Luu, M.; Nguyen, Q. K.; Kim, B. S., UV absorption by cerium 

oxide nanoparticles/epoxy composite thin films. Advances in Natural Sciences: 

Nanoscience and Nanotechnology 2011, 2 (4), 045013. 

35. Yamada, M.; Takahashi, S.; Wahyudiono; Takada, N.; Kanda, H.; Goto, M., 

Synthesis of silver nanoparticles by atmospheric-pressure pulsed discharge plasma in a 

slug flow system. Japanese Journal of Applied Physics 2019, 58 (1), 016001. 

36. Yamada, M.; Machmudah, S.; Kanda, H.; Goto, M., Nonthermal Atmospheric 

Pressure Plasma for Methylene Blue Dye Decolorization by Using Slug Flow Reactor 

System. Plasma Chemistry and Plasma Processing 2020, 1-16. 

37. Nijdam, S.; van Veldhuizen, E.; Bruggeman, P.; Ebert, U., An Introduction to 

Nonequilibrium Plasmas at Atmospheric Pressure. Plasma Chemistry and Catalysis in 

Gases and Liquids, Wiley-VCH Verlag GmbH & Co. KGaA, 2012; pp 1-44. 

38. Diono, W.; Mano, K.; Hayashi, Y.; Yamada, M.; Takahashi, S.; Takada, N.; Kanda, 

H.; Goto, M., Atmospheric-pressure pulsed discharge plasma in capillary slug flow 

system for dye decomposition. Chemical Engineering and Processing - Process 

Intensification 2018, 135. 

39. Nehra, V.; Kumar, A.; Dwivedi, H., Atmospheric non-thermal plasma sources. 

International Journal of Engineering 2008, 2 (1), 53-68. 

40. Tabares, F. L.; Junkar, I., Cold Plasma Systems and their Application in Surface 

Treatments for Medicine. Molecules 2021, 26 (7), 1903. 

41. Tanner, S. D., Characterization of ionization and matrix suppression in inductively 

coupled ‘cold’plasma mass spectrometry. Journal of Analytical Atomic Spectrometry 

1995, 10 (11), 905-921. 

42. Bolli, R.; Woodtli, K.; Bärtschi, M.; Höfferer, L.; Lerch, P., L-Proline reduces IgG 

dimer content and enhances the stability of intravenous immunoglobulin (IVIG) 

solutions. Biologicals 2010, 38 (1), 150-157. 

43. Schrader, I.; Warneke, J.; Backenköhler, J.; Kunz, S., Functionalization of Platinum 

Nanoparticles with l-Proline: Simultaneous Enhancements of Catalytic Activity and 

Selectivity. Journal of the American Chemical Society 2015, 137 (2), 905-912. 



 

69 
 

44. Hawtof, R.; Ghosh, S.; Guarr, E.; Xu, C.; Mohan Sankaran, R.; Renner, J. N., 

Catalyst-free, highly selective synthesis of ammonia from nitrogen and water by a 

plasma electrolytic system. Science advances 2019, 5 (1), eaat5778. 

45. Locke, B. R.; Lukes, P.; Brisset, J.-L., Elementary chemical and physical 

phenomena in electrical discharge plasma in gas-liquid environments and in liquids. 

Plasma chemistry and catalysis in gases and liquids; Wiley-VCH Verlag GmbH & Co. 

KGaA, 2012; pp 185-241 

46. Kortshagen, U. R.; Sankaran, R. M.; Pereira, R. N.; Girshick, S. L.; Wu, J. J.; Aydil, 

E. S., Nonthermal Plasma Synthesis of Nanocrystals: Fundamental Principles, 

Materials, and Applications. Chemical Reviews 2016, 116 (18), 11061-11127. 

 



 

70 
 

Chapter 4. Gas/liquid pulsed discharge plasma in a slug flow 

reactor under pressurized argon 

4.1 Introduction 

4.1.1 Plasma system under pressurized conditions 

Currently researches on plasma under high-pressure conditions are relatively rare, 

but meaningful results have been obtained in the reaction field. Sasaki. et al.1 found that 

in microwave helium plasmas, electron temperature increased with the discharge 

pressure, one of reasons for which is the production of electrons with medium energy 

through heavy particle collisions at the high gas pressure. Hayashi. et al.2 reported that 

after applying pulsed discharge plasma in a gas-liquid medium with a copper rod as an 

electrode, carbon solid materials were only produced under high-pressure conditions. 

Wahyudiono et al.3 also reported that the conversation rate of pyrrole increased with 

increasing reaction pressure. This may originate to the higher voltage required for the 

gas breakdown under higher-pressure conditions, which led to higher energy on plasma 

generation.  

As shown in Paschen curves4 in Figure 4.1, with a constant gap length, as the 

pressure continues to increase above a specific value, required breakdown voltage also 

increases. Theoretically, the density of gas molecules or atoms increases with pressure 

increasing, enhancing the collisions between high-energy electrons and gas molecules 

or atmos. Collisional energy loss increases, and increasing input voltage is required to 
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provide sufficient energy to ionize gas molecules or atoms. Accordingly, the amount of 

generated reactive species is expected to be increased. In addition, as the pressure 

increasing, dissolution of gas and active species in the liquid phase also increases, 

beneficial for the subsequent reactions in the solution. Therefore, it is worth 

investigating the gas/liquid plasma system under high-pressure conditions. But new 

challenges have also arisen, as higher voltage is required for gas breakdown and there 

are difficulties to maintain the plasma under pressurized conditions. 

 

 

Figure 4.1 Paschen curves obtained for helium, neon, argon, hydrogen and 

nitrogen4 

 

4.1.2 Motivation and purpose of this work 

In this study, in order to further investigate the slug flow system using pulsed 

discharge plasma, it is first utilized under pressurized argon. The insight of chemical 
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properties on this system is studied under different system pressure. Reactive species 

generated in the system by pulsed discharge plasma are qualitatively and quantitatively 

analyzed, and the input energy is also calculated. The effect of pressure on the system 

is studied. 

 

4.2 Experimental procedure 

4.2.1 Materials 

Sodium chloride (NaCl) (Product No. 191-01665), potassium iodide (KI) (Product 

No. 168-03975), sodium thiosulfate pentahydrate (Na2S2SO3•5H2O) (Product No. 197-

03585), starch (Product No.191-03985) and distilled water (Product No. 049-16787) 

were purchased from Wako Pure Chemical Industries, Ltd., Osaka, Japan. Argon 

(purity > 99.99%) was purchased from Sogo Kariya Sanso, Inc., Nagoya, Japan. All the 

chemicals used in this study were used as received without further purification. 

 

4.2.2 Experimental methods 

Schematic of the slug flow system using gas/liquid plasma under higher-pressure 

conditions is shown as Figure 4.2. A straight capillary glass tube (300 mm×2.0 mm i.d., 

Fujirika Kogyo Co., FPT-300, Osaka, Japan) was used as the slug flow reactor. Bubbles 

and gas/liquid interfaces were generated by flowing gas and feed solution through a T-

type junction (SS-200-3, Swagelok) simultaneously. Flow rates of gas and feed solution 
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were controlled by a metering valve and a high-performance liquid chromatography 

solution pump (LC-10AD, Shimadzu Co., Kyoto, Japan), respectively. Residence time 

of plasma-state bubbles was approximately 20 seconds. Copper (Cu) sheets of 1 cm 

width were attached to outer capillary glass tube as electrodes. Seven electrodes 

including 4 high-voltage electrodes and 3 ground electrodes were arranged. Distance 

between the adjacent electrodes was approximately 25 mm. A high voltage of 11 kV 

was introduced into the system by an AC pulse supply (TE-HVP1510K300-NP, 

Tamaoki Electronics Co., Ltd., Kawaguchi, Japan). The flow rates of the feed solution 

and gas were approximately 1.5 and 1.3 ml/min. As the higher pressure, the gas density 

increases in proportion to the pressure. 

Similar to the system under atmospheric pressure, components controlling and 

observing system pressure were added. System pressure was controlled at from 0.1 MPa 

(atmosphere) to 0.4 MPa by a back pressure valve, which could be observed by a 

pressure meter. Feed solution flowed into the system by a solution pump, while argon 

gas was introduced from a stop valve. Inlet pressure was controlled by a cylinder 

pressure valve, and flow rate of the gas was adjusted by a metering valve.  
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Figure 4.2 Apparatus of slug flow system with pulsed discharge plasma under 

pressurized condition 

 

4.2.3 Analysis methods 

Cold plasmas are characterized by the fact that temperature of heavy species is 

closed to room temperature5, which is one of its advantages. Hence, the thermal 

temperature of the slug flow plasma reaction field under high pressure was measured 

using a compact thermal imaging camera (FLIR C3-X, Teledyne FLIR LLC, 

Wilsonville, USA). 

The optical emission spectra (OES) were measured approximately 1 cm above the 

middle of capillary glass tube. Spectra were observed as plasma-state bubbles flowed 

through the detector. Water and methylene blue aqueous solution with NaCl providing 

conductivity were used as feed solution under 0.1 and 0.3 MPa, respectively. To 

measure the energy input, the voltage and current of the system were observed using an 
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oscilloscope (TDS2024C, Tektronix Inc., OR, USA). A high-resolution optical fiber 

spectrometer linked to a computer running OPwave+ was also used, and HR4000 

(Ocean Insight, Tokyo, Japan) was used for the optical emission spectral analysis. 

Concentration of total oxidation species is determined by iodimetry. The mixture 

of 1.0 wt% potassium iodide (KI) and 0.1 wt% starch aqueous solution was used as 

feed solution. After plasma treatment, iodine ions in the solution were oxidized into 

iodine, as shown in the following reactions, which turned brown when encountering 

starch6. Approximately 15 g of the sample was collected and weighed. Sodium 

thiosulfate (Na2S2O3) aqueous solution of 0.01 mmol/L was added into the sample 

through a burette. Iodine reacted with sodium thiosulfate and the brown color gradually 

disappeared. Titrations finished until color didn’t appear in 30 s, and the weight of 

Na2S2O3 aqueous solution was recorded. The amount of total oxidation species is same 

with that of Na2S2O3, which could be calculated by Equation 4-1. Titrations were 

repeated at least five times and averaged. 

 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 =
𝑚(Na2S2O3) × 𝜔(Na2S2O3)

𝑀(Na2S2O3) × 𝑉(𝑠𝑎𝑚𝑝𝑙𝑒)
 (4-1) 

 

where m(Na2S2O3) is weight of Na2S2O3 aqueous solution used in titration; 

ω(Na2S2O3) is mass fraction of Na2S2O3·5H2O in the aqueous solution; 

M(Na2S2O3) is molar mass of Na2S2O3·5H2O, with a value of 248; 

V(sample) is volume of sample.  
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2I−
oxidation
→      I2 + 2e

−  

2Na2S2O3 + I2 = Na2S4O6 + 2NaI  

 

4.3 Results and discussion 

4.3.1 Thermal images of the slug flow plasma system 

Thermal images and visible images of the slug flow system under 0.4 MPa were 

shown as Figure 4.3, showing the highest temperature of approximately 40℃. It 

indicates that the system pressure was a little higher than room temperature under a 

higher-pressure condition, which was acceptably cold. 

 

 

Figure 4.3 Thermal images and visible images of the system under (a) 0.4 MPa 

and (b) 0.1 MPa 

 



 

77 
 

4.3.2 Optical emission spectrum from pulsed discharge plasma 

In a gas/liquid environment, various reactive radical species and molecules were 

generated when plasma was applied into the system. Gas atoms or molecules were 

ionized by high-energy electrons accelerated in a high local electric field7, forming 

initial radicals. Then generated radicals contacted and reacted with water molecules via 

gas-liquid interface8, generating more radical species and molecules including hydroxyl 

radicals and hydrogen radicals9. The produced radicals can be involved into various 

reactions due to their strong reactivity of oxidation or reduction.  

 

 

Figure 4.4 Optical emission spectrum from plasma generated in water at 0.1 and 

0.3 MPa 

 

Optical emission spectrum from pulsed discharge plasma generated in water at 0.1 



 

78 
 

and 0.3 MPa were shown as Figure 4.4. Reactive radical species including H˙ radicals10, 

O2˙ radicals, and OH˙ radicals11 could be observed under each spectrum, indicating the 

reactive species generated successfully under different pressure after applying the 

pulsed discharge plasma. The intense emission peak of atomic argon can be observed 

in the infrared region between 700 and 900 nm12, originating from the 4p level 

depopulation through multiple 4p-4s transitions13-14. The peak of spectral emission at 

656 nm is corresponding to atomic hydrogen, and the intense peak spectral emission at 

309 nm is originating from the existence of OH˙ radicals15. As system pressure 

increased, the types of reactive species generated in the system didn’t have significant 

change, while the relative peak intensities changed. Compared with the peak of atomic 

argon, peaks intensities of OH˙ radicals and atomic hydrogen increased, indicating that 

the relative concentration of OH˙ and H˙ radicals increased with system pressure. It 

might be easier to generate radicals under higher-pressure conditions in this gas/liquid 

plasma system. 

 

4.3.3 Concentration of total oxidation species  

According to the last section, it was known about the generation of OH˙ and H˙ 

radicals in gas/liquid plasma system. OH˙ radicals continued to combine with each 

other, generating powerful oxidants including oxygen, hydrogen peroxide, and ozone16-

18. Concentration of the total oxidation species can be determined by iodimetry, 

representing the concentration of reactive species generated in the system. The results 
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are shown in Table 4.1.  

 

Table 4.1. Concentration of total oxidation species under different pressure 

Pressure/MPa c [oxidization species]/mM 

0.1 0.12 

0.2 0.21 

0.3 0.25 

0.4 0.29 

 

As results shown, with the system pressure increasing the concentration of total 

oxidation species increased, being consistent with the results of the optical emission 

spectra. Therefore, it implied that higher-pressure conditions were beneficial for 

generation and reaction of radical species in the slug plasma system. Collisions 

probability between high-energy electrons and agon atoms increased due to increasing 

pressure and introduced argon gas. More argon atoms were ionized, generating more 

initial radicals. At the same time, amount of water molecules increased with the 

increasing density of feed solution, improving the contacts and reactions between initial 

radicals and water molecules. Hence the concentration of OH˙ and H˙ radicals increased, 

leading to increasing concentration of further generation oxidants. Wu et al.19 found 

that generation rate of ozone increased with air flow rate in a dielectric barrier discharge 

plasma system, because of the promoted collision between electrons and gas molecules. 

Jiang et al.20 also reported that more reactive species were generated with gas velocity, 
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which was due to increasing gas molecules broken down by energetic electrons within 

the same time span. Concentration of total oxidation species increased with system 

pressure in this system, demonstrating the potential for application on other reactions.  

 

4.3.4 Input energy calculation 

As shown in Paschen’s law21, breakdown voltage required increases when gas 

pressure continues to increase above a specific value. Plasma was difficult to generate 

and became unstable as system pressure increased when high voltage of 10 kV was 

introduced into the slug flow system initially. Hence input voltage was increased to a 

uniform 11 kV under different system pressure, maintaining a single variable. The 

voltage and current discharge waveforms were observed by an oscilloscope, which 

were shown in Figure 4.5 and Figure 4.6. Input energy could be calculated based on the 

results. 

 

 

Figure 4.5 Voltage discharge waveforms under different pressure 
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Figure 4.6 Current discharge waveforms under different pressure 

 

As shown in Equation 4-2 to 4-3, pulse energy of discharge plasma is calculated 

by time integration of the input voltage and current of the plasma reactor. Discharge 

power is the product of pulse energy and pulse frequency22. Calculated results are 

shown in Table 4.2. As shown in the Table 4.2, as system pressure increased, the input 

energy was maintained at a stable state without significant changes. In addition, 

stronger UV radiation was observed during the experiments under pressurized 

conditions23, which might increase energy loss.  

 

𝑃𝑢𝑙𝑠𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 =  ∫𝑉(𝑡) × 𝐼(𝑡) 𝑑𝑡 (J/pulse) (4-2) 

𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑝𝑜𝑤𝑒𝑟 = 𝑃𝑢𝑙𝑠𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 × 𝑃𝑢𝑙𝑠𝑒 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 (J/s) (4-3) 
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Table 4.2 Input energy calculation under different pressure 

Entry Pressure/MPa Power/W Average/W 

1 

0.1 

15.05 

15.18 2 15.31 

3 15.18 

4 

0.2 

15.84 

16.03 5 15.91 

6 16.33 

7 

0.3 

15.63 

15.73 8 15.79 

9 15.75 

10 

0.4 

14.09 

14.42 11 14.53 

12 14.65 

 

4.4 Conclusion 

In this study, the slug flow system with gas/liquid pulsed discharge plasma was 

successfully implemented under pressurized conditions, providing a novel reaction 

field. Further insight into the chemical reactivity of this system under high-pressure 

conditions was studied. The main findings of the study are as follows: 

1. Thermal temperature of the slug flow system under pressurized condition was 

measured. The highest reactor temperature was approximately 40 ℃ under 0.4 MPa, 

which was acceptably cold. 
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2. Qualitative and quantitative analyses of reactive species produced in the system 

under pressurized conditions were studied. Results showed that reactive radical species 

generated successfully under pressurized conditions after applying pulsed discharge 

plasma, and the concentration of total oxidation species increased with system pressure.  

3. Input energy was calculated based on the voltage and current waveforms of the 

system. Results showed that it maintained at a steady state under different pressure. 

And UV radiation became stronger under pressurized conditions, which could increase 

energy loss. 
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Chapter 5. Decomposition of methylene blue using pulsed 

discharge plasma in the slug flow reactor under pressurized argon 

5.1 Introduction 

5.1.1 Methylene blue 

Methylene blue (MB) is a pollutant commonly present in textile wastewater. When 

discharged as industrial effluent, it would make the water inhibitory for aquatic life, 

causing severe environmental and health problems1. And it has a complex and stable 

structure due to the existence of chromophore and auxochrome2, as shown in Figure 

5.1. Until now, several methods have been reported on the removal of MB, including 

adsorption3, biodegradation4, ozonation5, photocatalytic degradation6. Lkhlaq et al.7 

proposed the catalytic ozonation process to decompose MB in wastewater, which is 

found effective. Ahmad et al.8 reported the degradation method of MB via 

photocatalysis using activated carbon, in which free radicals and superoxide played an 

important role.  

 

 

Figure 5.1 Structure of methylene blue9  

 



 

87 
 

5.1.2 Decomposition mechanism of methylene blue 

During the processes of chemical methods, MB is degraded mainly by oxidation 

reactions to break the rings into small molecular compounds. Wang et al.10 reported the 

pathways of MB degradation by Fenton process, oxidization of MB with hydroxy 

radicals generated by catalytic decomposition on hydrogen peroxide. Houas et al.6 also 

reported that during the photocatalytic MB degradation pathway, the degradation 

intermediates originated from opening initially the central aromatic ring by 

photocatalytic oxidation with hydroxy radicals.  

Various chemically active species are produced in the systems of gas/liquid 

discharge plasma. As an advanced oxidation process, cold plasma technologies showed 

specific advantages in situ generation of strong oxidants and absence of by-products11. 

Huang et al.12 have reported the degradation process of MB using the dielectric barrier 

discharge plasma. Ozone, hydroxyl radicals and other active species are generated, 

breaking the N–CH3 bond and oxidizing –CH3 into HCHO or HCOOH. Then C–S and 

C–N bonds in the remaining structure are destroyed to generate phenyl thiophene and 

other molecular structures, being oxidized into inorganic ions finally.  

 

5.1.3 Motivation and purpose of this work 

In this study, the slug flow system using pulsed discharge plasma is applied on 

decomposition of MB under atmospheric and pressurized argon, respectively. MB is 

degraded using chemical methods mainly because of the oxidation reactions to break 
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the ring into small molecular compounds. According to the results in Chapter 4, the 

concentration of total oxidation species increased with the increasing system pressure. 

Hence, the ability of the system on dye decomposition is expected to be improved under 

pressurized conditions. The decomposition rates of MB under different system pressure 

are calculated by the results of UV-vis, and the effect of system pressure on the 

decomposition of MB is also investigated.  

 

5.2 Experimental procedure 

5.2.1 Materials 

Methylene blue (C16H18N3SCl) (Product No. 133-06962), sodium chloride (NaCl, 

99.5%) (Product No. 191-01665) and distilled water (Product No. 049-16787) were 

purchased from Wako Pure Chemical Industries, Ltd., Osaka, Japan. Argon (purity > 

99.99%) was purchased from Sogo Kariya Sanso, Inc., Nagoya, Japan. All the 

chemicals used in this study were used as received without further purification. 

 

5.2.2 Experimental methods 

Experimental methods using in this Chapter is similar with that in Chapter 3.3.2. 

MB solution of 15mg/L was used as the feed solution, and NaCl was added to provided 

conductivity to approximately 1 mS/cm for plasma generation. 

 

5.2.3 Analysis methods 
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The use of UV-vis is same with Chapter 2.2.3. The use and analysis of optical 

emission spectra are same with Chapter 3.2.3. 

 

5.2.4 Dye decomposition rate of MB 

Feed solution and products after plasma treatments were characterized using UV-

vis, showing a characteristic peak of MB at approximately 664 nm13-14. Intensity of the 

peak is directly proportional to the concentration of MB. Through the ratio of peaks 

intensities of feed solution and the products, decomposition rates could be calculated 

as Equation 5-1. 

𝐷𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = [1 −
𝐴𝑝

𝐴𝑓
] × 100% (5-1) 

where 𝐴𝑝 and 𝐴𝑓 are peaks intensities of the products under different pressure and 

feed solution at 664 nm, respectively. 

 

5.3 Results and discussion 

5.3.1 Optical emission spectra from pulsed discharge plasma 

Decomposition of MB is mainly due to the ring breaking reactions to generating 

small molecular compound15. Reactive species with strong oxidative ability were 

dominant on decomposition of MB. Hence the types of reactive species generated by 

pressurized plasma in MB were analyzed. Optical emission spectra were shown in 

Figure 5.2. 
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Figure 5.2 Optical emission spectra from plasma generated in MB at 0.1 and 0.3 

MPa 

 

As Figure 5.2 shown, the spectral emission peaks of OH˙ radicals, atomic 

hydrogen, and atomic argon could be observed in the spectra, indicating the successful 

generation of reactive species in the MB solution. As system pressure increased, types 

of reactive species had not significant change while the relative concentration of OH˙ 

radicals and H˙ radicals increased. The results were similar with that in water (Chapter 

4.3.2). Hence, further analysis of this section was omitted. 

 

5.3.2 Effect of electrodes number on dye decomposition rates 

At first, 3 electrodes including 1 high-voltage electrode and 2 ground electrodes 
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were arranged on the slug flow reactor, as shown in Figure 5.3 a. Decomposition rates 

of MB under different system pressure were calculated and shown in Table 5.1. 

According to the section 3.3.3, it was found that concentration of reactive species 

generated by plasma increased with electrodes number, leading to the increase on the 

concentration of products. Therefore, electrodes number was increased to 7, including 

4 high-voltage electrodes and 3 ground ones, as shown in Figure 5.3 b. And the 

residence time of plasma-state bubbles increased from 6 s to 20 s approximately. The 

UV-vis spectra of feed solution and products after plasma treatments under different 

pressure were shown in Figure 5.4. Decomposition rates of MB with 7 electrodes were 

also calculated and shown in Table 5.2. Results shown a significant increase on 

decomposition rate of MB when using 7 electrodes, consistent with the results in section 

3.3.3.  

 

 

Figure 5.3 Slug flow reactors with (a) three (two ground and one high-voltage) 

electrodes; (b) seven (three ground and four high-voltage) electrodes 
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Figure 5.4 UV-vis spectra of solution and products under different pressure with 

7 electrodes 

 

Table 5.1 Decomposition rate of MB with 3 electrodes 

Pressure/MPa Electrodes number Decomposition rate/ % 

0.1 3 20.25 

0.2 3 13.72 

0.3 3 9.95 

 

Table 5.2 Decomposition rate of MB with 7 electrodes 

Pressure/MPa Electrodes number Decomposition rate/ % 

0.1 7 48.42 

0.2 7 32.36 

0.3 7 28.57 

0.4 7 19.89 

 

According to both Table 5.1 and Table 5.2, it was observed that decomposition rate 

of MB decreased with system pressure increasing. But as the results in Chapter 4.3.3 



 

93 
 

shown, the concentration of total oxidation species increased with system pressure, and 

reactive oxidation species generated in the system were dominant for decomposition 

rate of MB. This was inconsistent with the decrease of decomposition rates. Hence, the 

reasons would be attempted to be explained from the energy perspective in the next 

section.  

 

5.3.3 Effect of system pressure on energy efficiency 

Energy efficiency for the decomposition is evaluated by calculating the consumed 

input energy per degradation of unit MB16. In this study, it was calculated by combining 

the results of input power (section 4.3.4) with decomposition rates of MB when using 

7 electrodes (section 5.3.2), as shown in Equation 5-2. The results were shown in Table 

5.3.  

𝐸𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

=  
𝐶0 (g/L) × 𝑄 (L/h) × 𝐷𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (%) ×

1
100

𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑝𝑜𝑤𝑒𝑟 (kW)
 

(5-2) 

where C0 and Q are the concentration and flow rate of MB, respectively. 

 

Table 5.3 Energy and energy efficiency under different system pressure 

Pressure/MPa Power/W Energy efficiency/g·kWh-1 

0.1 15.18 0.044 

0.2 16.03 0.029 

0.3 15.73 0.026 

0.4 14.42 0.018 
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As shown in the Table 5.3, energy efficiency of MB decomposition in the system 

with pulsed discharge plasma decreased with system pressure increasing. On theory, 

the collision between high-energy electrons and gas atoms or molecules improved due 

to the increase on system pressure and distribution density of gas. Excitation or 

ionization of atoms or molecules caused by inelastic collisions was promoted, resulting 

in an increase on energy loss17. Also, physical effects including UV radiation, shock 

wave generation, and strong electrical field happened when high-voltage plasma was 

introduced into a gas/liquid medium18-20. As above mentioned, the emission intensity 

of the cold plasma increased under pressurized conditions21, which might also increase 

the energy loss. In addition, direct photooxidation of dye in the water was very limited 

because of the great absorption of UV radiation in water22, leading to the result that 

enhanced UV radiation also had no significant effect on decomposition of MB. 

On basis of the similar total input energy, the energy loss increased with system 

pressure, leading to a decrease on energy provided for decomposition of MB. Feng et 

al.23 reported that the degradation efficiency of diuron increased as input power 

intensity. Wang et al.24 also found that removal rate of acid orange increased with energy 

acting to degrade organic compounds in water increasing. Therefore, the reason for the 

decrease of MB decomposition rate may be due to the limited energy provided under 

high-pressure conditions. 
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5.4 Conclusion 

In this study, the slug flow system using gas/liquid discharge plasma was applied 

for the decomposition of MB under pressurized conditions. Dye decomposition rate and 

energy efficiency under different pressure were calculated. Results showed that the 

types of reactive species generated in MB were similar with that in water. As system 

pressure increased, the types of reactive species didn’t have significant change while 

the relative concentration of OH˙ radicals and H˙ radicals increased. With system 

pressure increasing, dye decomposition rate of MB and energy efficiency decreased, 

which could be explained by the decrease on energy available for dye decomposition 

because of the increase on energy loss under higher-pressure conditions and steady 

input energy. 

  



 

96 
 

References 

1. He, P. Y.; Zhang, Y. J.; Chen, H.; Liu, L. C., Development of an eco-efficient 

CaMoO4/electroconductive geopolymer composite for recycling silicomanganese slag 

and degradation of dye wastewater. Journal of Cleaner Production 2019, 208, 1476-

1487. 

2. Tichonovas, M.; Krugly, E.; Racys, V.; Hippler, R.; Kauneliene, V.; Stasiulaitiene, 

I.; Martuzevicius, D., Degradation of various textile dyes as wastewater pollutants 

under dielectric barrier discharge plasma treatment. Chemical Engineering Journal 

2013, 229, 9-19. 

3. Sharma, K.; Vyas, R. K.; Dalai, A. K., Thermodynamic and Kinetic Studies of 

Methylene Blue Degradation Using Reactive Adsorption and Its Comparison with 

Adsorption. Journal of Chemical & Engineering Data 2017, 62 (11), 3651-3662. 

4. Eslami, H.; Sedighi Khavidak, S.; Salehi, F.; Khosravi, R.; Fallahzadeh, R. A.; 

Peirovi, R.; Sadeghi, S., Biodegradation of methylene blue from aqueous solution by 

bacteria isolated from contaminated soil. Journal of Advances in Environmental Health 

Research 2017, 5 (1), 10-15. 

5. Zhang, J.; Lee, K.-H.; Cui, L.; Jeong, T.-s., Degradation of methylene blue in 

aqueous solution by ozone-based processes. Journal of Industrial and Engineering 

Chemistry 2009, 15 (2), 185-189. 

6. Houas, A.; Lachheb, H.; Ksibi, M.; Elaloui, E.; Guillard, C.; Herrmann, J.-M., 

Photocatalytic degradation pathway of methylene blue in water. Applied Catalysis B: 

Environmental 2001, 31 (2), 145-157. 

7. Ikhlaq, A.; Munir, H. M. S.; Khan, A.; Javed, F.; Joya, K. S., Comparative study of 

catalytic ozonation and Fenton-like processes using iron-loaded rice husk ash as 

catalyst for the removal of methylene blue in wastewater. Ozone: Science & 

Engineering 2019, 41 (3), 250-260. 

8. Ahmad, A.; Jini, D.; Aravind, M.; Parvathiraja, C.; Ali, R.; Kiyani, M. Z.; Alothman, 

A., A novel study on synthesis of egg shell based activated carbon for degradation of 

methylene blue via photocatalysis. Arabian Journal of Chemistry 2020, 13 (12), 8717-

8722. 

9. Faical, M.; Atmani, R.; Talbi, M.; Amardo, N., Adsorption of methylene blue in 

solution on activated carbon based of banana peels residue. International Journal of 

Scientific and Engineering Research 2018, 9, 617-622. 

10. Wang, Q.; Tian, S.; Ning, P., Degradation Mechanism of Methylene Blue in a 

Heterogeneous Fenton-like Reaction Catalyzed by Ferrocene. Industrial & Engineering 

Chemistry Research 2014, 53 (2), 643-649. 

11. Oturan, M., An ecologically effective water treatment technique using 

electrochemically generated hydroxyl radicals for in situ destruction of organic 

pollutants: application to herbicide 2, 4-D. Journal of Applied Electrochemistry 2000, 

30 (4), 475-482. 

12. Huang, F.; Chen, L.; Wang, H.; Yan, Z., Analysis of the degradation mechanism of 

methylene blue by atmospheric pressure dielectric barrier discharge plasma. Chemical 

Engineering Journal 2010, 162 (1), 250-256. 



 

97 
 

13. Chang, H.; Su, C.; Lo, C.-H.; Chen, L.-C.; Tsung, T.-T.; Jwo, C.-S., 

Photodecomposition and surface adsorption of methylene blue on TiO2 nanofluid 

prepared by ASNSS. Materials transactions 2004, 45 (12), 3334-3337. 

14. Jiao, Q.; Liu, Q., Characterization of the interaction between methylene blue and 

glycosaminoglycans. Spectrochimica Acta Part A: Molecular and Biomolecular 

Spectroscopy 1999, 55 (7-8), 1667-1673. 

15. Corella Puertas, E.; Peyot, M.-L.; Pineda, M.; Volk, K.; Coulombe, S.; Yargeau, V., 

Degradation of diatrizoate in a pin-to-liquid plasma reactor, its transformation products 

and their residual toxicity. Science of The Total Environment 2021, 782, 146895. 

16. Sun, Y.; Cheng, S.; Lin, Z.; Yang, J.; Li, C.; Gu, R., Combination of plasma 

oxidation process with microbial fuel cell for mineralizing methylene blue with high 

energy efficiency. Journal of Hazardous Materials 2020, 384, 121307. 

17. Atomic Collisions. In Principles of Plasma Discharges and Materials Processing, 

2005; pp 43-85. 

18. Locke, B.; Sato, M.; Sunka, P.; Hoffmann, M.; Chang, J.-S., Electrohydraulic 

discharge and nonthermal plasma for water treatment. Industrial & engineering 

chemistry research 2006, 45 (3), 882-905. 

19. Abramov, V. O.; Abramova, A. V.; Cravotto, G.; Nikonov, R. V.; Fedulov, I. S.; 

Ivanov, V. K., Flow-mode water treatment under simultaneous hydrodynamic cavitation 

and plasma. Ultrasonics Sonochemistry 2021, 70, 105323. 

20. Sun, B.; Xin, Y.; Zhu, X.; Gao, Z.; Yan, Z.; Ohshima, T., Effects of shock waves, 

ultraviolet light, and electric fields from pulsed discharges in water on inactivation of 

Escherichia coli. Bioelectrochemistry 2018, 120, 112-119. 

21. Diono, W.; Machmudah, S.; Kanda, H.; Zhao, Y.; Goto, M., Pulsed Discharge 

Plasma in High-Pressure Environment for Water Pollutant Degradation and 

Nanoparticle Synthesis. Plasma 2021, 4 (2), 309-331. 

22. Sugiarto, A. T.; Ito, S.; Ohshima, T.; Sato, M.; Skalny, J. D., Oxidative decoloration 

of dyes by pulsed discharge plasma in water. Journal of Electrostatics 2003, 58 (1), 

135-145. 

23. Feng, J.; Zheng, Z.; Luan, J.; Li, K.; Wang, L.; Feng, J., Gas–liquid hybrid 

discharge-induced degradation of diuron in aqueous solution. Journal of Hazardous 

Materials 2009, 164 (2), 838-846. 

24. Wang, H.; Li, J.; Quan, X., Decoloration of azo dye by a multi-needle-to-plate high-

voltage pulsed corona discharge system in water. Journal of Electrostatics 2006, 64 (6), 

416-421. 

 



 

98 
 

Chapter 6. Conclusion 

This study focused on the slug flow system using pulsed discharge plasma for 

synthesis of metal oxide nanoparticles and dye decomposition. Compared with 

traditional methods to produce gas/liquid plasma, the slug flow system provided a 

continuous and stable reaction field, beneficial for generating stable plasma and 

synthesizing nanoparticles. During the process, toxic solvents and ligands were not 

required, decreasing the operating cost and environmental stress. And this system was 

first implemented under pressurized argon. The insight of chemical properties on the 

system was investigated under pressurized conditions.  

In Chapter 2, cerium nitrate, magnesium chloride, and zinc chloride aqueous 

solutions of 1 mmol/L were used as feed solution to synthesize corresponding metal 

oxide nanoparticles in the system under atmospheric conditions. The products were 

characterized by several analysis methods, including TEM, EDS, HRTEM, and UV-vis. 

Results showed that cerium dioxide, magnesium oxide, and zinc oxide nanoparticles 

were successfully synthesized by the slug flow system using pulsed discharge plasma.  

In Chapter 3, cerium dioxide nanoparticles were selected as the target product to 

investigated the synthesis mechanism and effect of different experimental factors. 

Besides the straight capillary glass tube, a circular capillary glass tube coil was also 

used as the slug flow reactor. Results showed that when using circular capillary glass 

tube coil as the reactor, residence time was prolonged and electrodes number was 

increased, leading an increase on the concentration of cerium dioxide nanoparticles. 

The mean size of cerium dioxide nanoparticles also increased from 3.4 nm to 6.3 nm. 
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Starch was added into feed solution as a stabilizer to cap cerium ions to separate 

adequately the nucleation and growth process, preventing nanoparticles aggregation. 

When tetravalent cerium ions were used as the feed solution, cerium trioxide 

nanoparticles were also generated, which might because a part of tetravalent cerium 

ions were reduced by the hydrogen radicals generated by gas/liquid plasma.   

In Chapter 4, the slug flow system using gas/liquid discharge plasma was first 

utilized under pressurized conditions. The thermal temperature of reactor under 

pressurized argon was measured, being acceptably cold, a little higher than room 

temperature. Calculated input energy was maintained constant under different system 

pressure. Reactive species generated in the gas/liquid discharge plasma system were 

qualitatively and quantitatively analyzed to investigate the chemical reactivity. Results 

showed that the types of reactive species have no significant change under pressurized 

argon. The concentration of total oxidation species increased with increasing system 

pressure.  

In Chapter 5, the system was applied on the dye decomposition of methylene blue 

under pressurized conditions. The dye decomposition rates were calculated and effect 

of experimental factors was studied. Results showed that dye decomposition rates 

increased greatly with the increasing electrodes number. But as system pressure 

increased, dye decomposition rates decreased. This might be due to the constant input 

energy and increasing energy loss under pressurized conditions, resulting in a decrease 

on the energy available for dye decomposition.  
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