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General introduction 

1 

The emission of volatile organic compounds (VOCs) by various industrial and 

agricultural processes is an important source of air pollution and, therefore, a problem for  

human health and the environment in general. There are many techniques that are studied, 

developed and industrialized in order to control VOCs emissions. The conventional 

processes usually consist of trapping (adsorption, filtration, condensation, ...) and/or 

destroying the pollutant (thermal and catalytic oxidation, photocatalysis,....). The 

disadvantage of these methods is that they become cost-inefficient and difficult to operate 

when low concentrations of VOCs need to be treated. With the increased severity of 

emission limits in mind, this creates the need for an alternative technology that overcomes 

these weaknesses.  

For the abatement of VOCs, non-thermal plasma (NTP) technology has attracted 

growing interest of scientists over the last 2 decades. In NTP, most of energy that is 

delivered to the system is used to generate high-energy electrons (1-15eV). These high-

energy electrons collide with background molecules (N2, O2, H2O,...) producing secondary 

electrons, photons, ions and radicals while the background gas remains close to room 

temperature. These latter species are responsible for the oxidation of VOC molecules, 

although ionic reactions are also possible. However, the application of NTP for VOCs 

abatement needs overcome three main weaknesses: incomplete oxidation with emission of 

harmful compounds (CO, NOx, and other VOCs), a poor energy efficiency and a low 

mineralization degree. 

To solve these problems, researchers are combining the advantages of NTP and 

catalysis in a technique called plasma–catalysis. The primary idea is that, if the catalysts 

have a significant adsorption capacity for pollutant molecules, the pollutant retention time 

can be increased, favoring complete oxidation to CO2 and H2O. Interestingly, combining 

both techniques creates a synergism. Synergetic effects are related to the activation of the 

catalyst by the plasma. Activation mechanisms include ozone, UV, local heating, changes 

in work function, activation of lattice oxygen, plasma-induced adsorption/desorption, 

creation of electron–hole pairs, and direct interaction of gas-phase radicals with adsorbed 

pollutants. 

Various types of catalysts have been used in combination with plasma for VOC 

decomposition, such as noble metals, transition and group IV and V metal oxides, and 

zeolites. Among the catalysts, plasmonic nanostructures of noble metals (mainly silver and 

gold) show significant promise for catalysis. Significantly, it requires the use of metals in 
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a finely divided state, preferably in the form of nanocrystals with precisely controlled 

properties. The material activity depends on many parameters including composition, size, 

shape and number density of noble metal nanoparticles. Stable and reproducible 

morphology remains one of major challenges in the large-scale implementation of plasma 

catalytic methods. One of the novel approaches in this direction is the photocatalytic 

growth of the metal nanoparticles on nanoparticulate coatings. Because of the 

monodispersed character of the titanium-oxo-alkoxy (TOA) nanoparticles and their 

presumed considerable photocatalytic activity, the size of the as grown Ag/Au 

nanoparticles (NPs) is expected to be governed by Poisson statistics (inherent to the 

photons absorption process), which is much narrower compared to the general log-normal 

one: N N N  . 

Thus, the objectives of this Phd work are: 

 To explore novel methods of producing noble metal-based nanocomposite 

materials with effective control over the size of metal particles and their dispersion.  

 To investigate the catalytic activities of the as-synthesized metal nanoparticles , 

especially the plasma-catalysis; 

 To compare and understand the formation of major by-products between plasma 

alone and plasma with catalysts. 

The structure of the thesis will be: 

Chapter I gives a brief account on air pollution on current and developing 

remediation techniques. Next an introduction on plasma is provided leading to a more 

detailed description of the dielectric barrier discharges (DBD) which was used in this 

work to produce non-thermal plasma (NTP) in air at room temperature and atmospheric 

pressure. We discuss then the combination of NTP with heterogeneous catalysts for VOC 

control with the emphasis on synergetic effects. Noble metal/TiO2 catalytic materials have 

been presented by the incredible variety of types, classes, elaboration methods and 

possible application ways and all these aspects have been investigated in the final 

bibliographic part of this PhD thesis.  

The specific nature of the metal/TiO2 materials, we observed, requires specific 

characterization methods to be applied. In Chapter II, several general characterization 

techniques: Atomic force microscopy (AFM), Scanning electron microscopy (SEM), 

Transmission electron microscopy (TEM), and UV-Visible absorption spectroscopy 

technique have been described, which provide necessary information for the nanomaterial 
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characterization. At the same time, several specific methods were used in kinetics studies: 

Dynamic light scattering (DLS) and Static light scattering (SLS) methods have been used 

for characterization of TiO2 particles radius and the intensity of the scattered light, 

respectively. Finally, experimental set-ups for plasma diagnostics and measure of 

pollutant concentration are presented.  

A new approach in the elaboration of the Ag,Au/TiO2 nanomaterial has been 

proposed in Chapters III of this thesis. In this chapter, nanoparticulate silver and gold 

coatings by the silver and gold ions reduction onto monolayer nanoparticulate titanium 

oxo-alkoxy coatings are prepared. The growth kinetics and nanoparticle morphology are 

studied experimentally by the TEM, SEM and AFM methods. It’s also interesting to 

discuss the mechanism of the nanoparticles formation and evaluate its quantum efficiency. 

The drawn conclusions are supported theoretically through the calculation of the 

absorption spectra. 

In Chapter IV, the efficiency of the process coupling a dielectric barrier discharge 

and a fluidized nanostructured silver based bed for the degradation of a model pollutant 

(acetaldehyde CH3CHO) is presented. The deposition of silver and gold nanoparticles has 

been realized by photocatalytic reduction of silver and gold ions on TiO2 nanoparticles 

deposited on SiO2 beads. In the first part, the efficiency of the plasma alone process is 

discussed, in terms of pollutant removal and CO and CO2 production. The main pathways 

of pollutant degradation and COx production are discussed. In the second part, CH3CHO 

removal as well as COx production is studied as a function of the photocatalytic reduction 

time of Ag
+
 ions, which is related to the deposited silver mass. The pollutant removal 

pathways, including homogeneous chemistry in the plasma phase and heterogeneous 

chemistry on the surface, are discussed. Thirdly, CH3CHO removal is studies using Au 

NPs catalysts in function of particles’ size. Finally, the production of others by-products 

such as methanol, acetic acid, nitromethane… has been presented.  

Finally, the conclusions of this thesis and suggestions to the future work are 

summarized in Chapter VI. 
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1.1  Introduction 

The emission of volatile organic compounds (VOCs) by various industrial and 

agricultural processes is an important source of air pollution and, therefore, a problem for 

human health and the environment in general. For the abatement of VOCs, NTP 

technology has attracted growing interest of scientists over the last 2 decades. The energy 

that is delivered to the system is almost completely consumed for accelerating electrons. 

Accelerated primary electrons collide with background molecules (N2, O2, H2O,...) 

producing secondary electrons, photons, ions and radicals. These latter species are 

responsible for the oxidation of VOC molecules, although ionic reactions are also possible.  

This process is highly non-selective, creating a chemical reactive environment in which 

harmful substances are readily decomposed. 

To overcome these problems, researchers are combining the advantages of NTP and 

catalysis in a technique called plasma–catalysis. This innovative method has become a hot 

topic over approximately the last ten years. The primary idea is that, by placing catalysts 

inside or in close vicinity of the discharge zone, retention time can be increased through 

adsorption of target molecules, favoring complete oxidation to CO2 and H2O. Interestingly, 

combining both techniques creates a synergism that is caused by various mechanisms.  

This first chapter begins by explaining the interest in the study of coupling plasma 

/catalyst from the environmental and legislative context. After quickly listed various 

decontamination processes considered, a state of the art of different themes necessary in 

this thesis is developed: 

i) An general introduction of plasma and chemical process in non-thermal plasma 

ii) Combining  NTP  plasma  with  heterogeneous  catalysis 

iii) Preparation  of  nano-structured  catalysts (noble  metal/TiO2) 

For the synthesis of such catalysts, the major challenge is to achieve 

simultaneously the high loading, controlled size and good dispersion of the noble metal 

particles. 

1.2  Environmental context 

1.2.1  What is air pollution 

Air pollution can be defined as ‘‘when gases or aerosol particles emitted anthropogenically, 

build up in concentrations sufficiently high to cause direct or indirect damage to plants, 
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animals, other life forms, ecosystems, structures, or works of art’’[1]. Environmental 

protection is becoming an issue of growing concern in our globalized world. Exhausts from 

mobile (e.g. cars) and stationary sources (e.g. plants) pollute the air with a variety of harmful 

substances that threat human and ecological life [2]. 

According to the World Health Organization, major pollutants produced by human 

activity are presented in Table I-1. 

Table I-1: The various categories of air pollutants and their harmful effects  

Pollutant Source/Cause Effect 

Carbon 

monoxide  

CO Automobile exhaust, 

photochemical reactions in the 

atmosphere, biological oxidation 

by marine organisms, etc. 

Affects the respiratory activity as 

haemoglobin has more affinity for Co 

than for oxygen. Thus, CO combines 

with HB and thus reduces the oxygen-

carrying capacity of blood. This results 

in blurred vision, headache, 

unconsciousness and death due to 

asphyxiation (lack of oxygen). 

Carbon dioxide 

CO2 

Carbon Burning of fossil 

fuels,depletion of forests (that 

remove excess carbon dioxide 

and help in maintaining the 

oxygen-carbon dioxide ratio). 

Global warming as it is one of the 

greenhouse gases. 

Sulphur Oxide 

SOx 
Industries, burning of fossil 

fuels, forest fires, electric 

generation plants, smelting 

plants, industnal boilers, 

petroleum refineries and volcanic 

eruptions. 

Respiratory problems, severe headache, 

reduced productivity of plants, 

yellowing and reduced storage time for 

paper, yellowing and damage to 

limestone and marble, damage to leather, 

increased rate of corrosion of iron, steel, 

zinc and aluminium. 

Volatile organic 

compounds 

COVs 

Automobile exhaust and 

industries,leaking fuel tanks, 

leaching from toxic waste 

dumping sites and coal tar lining 

of some water supply pipes. 

creation  of  photochemical  smog,  

secondary aerosols  and  tropospheric  

ozone Carcinogenic (may cause 

leukemia) 

 

Chlorofluoro 

carbons (CFCs) 

Refngerators, air conditioners, 

foam shaving cream, spray cans 

and cleaning solvents. 

Destroy ozone layer which then permits 

harmful UV rays to enter the 

atmosphere. 

Nitrogen Oxides 

NOx 

Automobile exhausts, burning of 

fossil fuels, forest fires,electric 

generation plants, smelting 

plants, industnal boilers, 

petroleum refineries and volcanic 

eruptions 

Forms photochemical smog, at higher 

concentrations causes leaf damage or 

affects the photosynthetic activities of 

plants and causes respiratory problems 

in mammals. 

Particulate 

matter Lead 

halides (lead 

pollution) 

Combustion of leaded gasoline 

products 
Toxic effect in man. 
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Next to NOx, SOx… volatile organic compounds (VOCs) are a large and important 

group of pollutants. Their high volatility causes them to rapidly evaporate and enter the 

earth’s atmosphere. Depending on their chemical structure and concentration, they can 

cause various effects such as the creation of photochemical smog, secondary aerosols and 

tropospheric ozone. 

Table I-2  provides an overview of typical VOCs with their related health effects. 

Table I-2: An overview typical VOCs with their related health effects.[3] 

VOC Formula Effects 

Acetone 

 

Carcinogen 

Formaldehyde 

 

Sore throat, dizziness, 

headache 

Dichloroethane 

 

Paralysis of nerve center 

Trichloroethylene 

 

Liver and kidney disease, 

paralysis of never center 

Tetrachloroethylene 

 

Probable heart and liver 

disease, 

Skin irritation 

Benzene 
 

Carcinogen 

Toluene 

 

Heahache, dizziness 

Xylene 

 

Heahache, dizziness 

Styrene 

 

Probable carcinogen 
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1.2.2  Pollutants emission standards 

The desire to improve the quality of air for reasons of public health and 

environmental has led some countries to tighten gradually regulations regarding the 

emission of pollutants. This is particularly the case in the automotive industry where the 

evolution of standards has been growing in European countries. Emission standards for 

passenger cars are summarized in Equation I-3. Since the Euro 2 stage, EU regulations 

introduce different emission limits for diesel and petrol vehicles. Diesels have more 

stringent CO standards but are allowed higher NOx emissions. Petrol-powered vehicles are 

exempted from particulate matter (PM) standards through to the Euro 4 stage, but vehicles 

with direct injection engines will be subject to a limit of 0.005 g/km for Euro 5 and Euro 6. 

A particulate number standard (P) or (PN) is part of Euro 5 and 6, but is not final. The 

standard is to be defined as soon as possible and at the latest upon entry into force of Euro 6. 

Table I-3: Emission standards for passenger cars (Category M*), g/km 

Tier Date CO THC NMHC NOx HC+NOx PM P*** 

Petrol (Gasoline)   

Euro 1† July 1992 2.72 

(3.16) 

- - - 0.97 

(1.13) 

- - 

Euro 2 January 1996 2.2 - - - 0.5 - - 

Euro 3 January 2000 2.3 0.20 - 0.15 - - - 

Euro 4 January 2005 1.0 0.10 - 0.08 - - - 

Euro 5 September 

2009 

1.0 0.10 0.068 0.060 - 0.005** - 

Euro 6  

(future) 

September 

2014 

1.0 0.10 0.068 0.060 - 0.005** - 

1.2.3  DeVOCs methods 

Conventional methods to control VOC emissions are well established technologies 

such as adsorption [4], thermal and catalytic oxidation [5], membrane separation [6], 

bioreaction [7] and photocatalysis [8]. The disadvantage of these methods is that they 

become cost-inefficient and difficult to operate when low concentrations of VOC need to 

be treated [9]. With the increased severity of emission limits in mind, this creates the need 

for an alternative technology that overcomes these weaknesses.  
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1.2.3.1  Adsorption 

Adsorption is defined as the concentration of a substance (adsorbate) into the 

surface of a solid (adsorbent) [10]. The basic principles of adsorption are applied to air 

emission control when a solvent laden air stream passes through a bed of high-surface-

area solids material (typically carbon, alumina, silica gel or molecular sieve)[11] and is 

“captured” or adsorbed into the surface of the material. Once the micropores of the 

adsorbent material are filled to capacity, the process stream is then directed to another bed 

of adsorbent while the original bed is “desorbed”. Desorption, also referred to as 

regeneration, is a secondary process whereby solvent is removed from the adsorbent by 

passing high-temperature steam or other gases through it. The highly concentrated solvent 

air stream then goes through a condenser and a separation or distillation column where the 

solvent is separated or recovered from the air stream condensate.  

The disadvantages of these methods are regeneration and destruction of the 

adsorbent, which often requires an external power supply [11]. 

1.2.3.2  Condensation 

Condensation is a nondestructive method for VOC recovery. This technology is 

based on reducing the temperature of the gas stream to the level necessary for the 

condensation of VOCs, thus enabling the recovery of the VOCs in the liquid phase. It is 

suitable especially for high VOC concentration and low gas flow rate. The optimum 

temperature range is highly dependent on the vapor pressure of the treated VOC. 

Condensation is a flexible technique, having the ability to respond to changes in the flow 

rate and concentration of VOCs. The liquid produced via condensation may require 

treatment for water removal or may require additional separation (typically distillation) if 

multiple VOCs are recovered. Especially when low boiling point compounds have to be 

treated, a very low condenser temperature is required, which will lead to the condensation 

of large amounts of water.  

A disadvantage of condensation is aerosol formation, which is entrained and must 

be removed by filters. Another problem of condensation appears when solvents are used, 

which become solid at room temperature and will block the condenser. Then, the 

condenser must be operated at a higher temperature, limiting the efficiency. In this case, 

an additional treatment step could be used  
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1.2.3.3  Biofiltration 

Biofiltration is an oxidation process based on passing the gas stream through an 

active microorganism bed (e.g., fungi, bacteria) [12-14]. VOCs provide a food source for 

the microorganisms. Through biotransformation of the VOCs, end products are formed, 

including carbon dioxide, water, nitrogen, and mineral salts. This method is generally used 

for the treatment of low concentrations of VOCs. Biofiltration is a low-temperature 

process and implies relatively low operation costs. However, this method requires a large 

facility because of the long gas residence times needed. For successful biofiltration, the 

design of the biofilter should ensure a proper environment for the microorganisms, 

including a rather strict control of temperature, humidity, pH, oxygen supply, absence of 

toxic materials, and inorganic nutrient supply for the microorganisms.  

1.2.3.4  Thermal oxidation 

Thermal oxidation (incineration) is typically used to convert hydrocarbons into 

carbon dioxide (CO2) and water (H2O). This process is carried out by raising the 

temperature (700-900°C) [15, 16] of the process exhaust to break the hydrogen-carbon 

bonds, which allows new bonds to form, creating CO2 and H2O [11]. When this occurs, an 

exothermic reaction takes place, and heat is released. A major advantage of incineration is 

that virtually any gaseous organic stream can be incinerated safely and cleanly, provided 

proper engineering design is used. However, the implementation of such devices can be 

very expensive [17] and mostly ineffective for the treatment of small quantities (thousand 

ppm) of pollutants. In addition, operating high temperatures require significant amounts of 

energy leading to high operation cost. The control of temperature is very important since 

the formation of NOx, dioxins and furan which may, in turn, requires further treatment, 

such as selective catalytic reduction [18]. 

1.2.3.5  Catalytic oxidation 

In order to cut down the energy consumption, some researchers have investigated 

the catalytic oxidation to decrease the reaction temperature. The catalysts which have  been 

studied and/or developed are either noble metal catalysts (Pt, Pd, Rh) [19-21], supported 

on alumina or silica, or oxides [22-24]. The most important advantages of catalytic 

oxidation over thermal incineration are: 1) its much lower operating temperature, 2) its 

longer heat exchange life (due to lower thermal stress because of lower operating 

temperatures), and 3) its compactness and lighter weight which facilitates installations. 
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These advantages translate into significant operating savings in fuel consumption and 

maintenance. 

One problem concerning the catalytic oxidation of VOCs is the possible formation 

of some partially oxidized compounds, like acetaldehyde [11], which may be more 

environmentally hazardous than the waste to be purified. On the other hand, organic air 

pollutants emitted in industrial exhaust gases are mainly composed of VOC mixtures. The 

mixture effect [25] on catalytic oxidation efficiency is very difficult to predict a priori, 

usually an inhibiting effect [19]. 

1.2.3.6  Photocatalysis 

Since photoinduced decomposition of water on TiO2 electrodes was discovered 

[26], semiconductor-based (e.g., TiO2 [27], ZnO [28], Fe2O3 [29], and CdS [30]) 

photocatalysis has attracted extensive interest. For the photocatalytic oxidation, an 

important step of photoreaction is the formation of hole-electron pairs which need energy 

to overcome the band gap between the valence band (VB) and conduction band (CB). 

When the provided energy (photon) is larger than the band gap, the pairs of electron-holes 

are created in the semiconductor, and the charge will transfer between electron-hole pairs 

and adsorbed species (reactants) on the semiconductor surface, then photooxidation 

happens. Doping of semiconductor, mainly TiO2, with metals or metal ions [31-33] such 

as Cu, Fe, Ag, Cr, Pt, Pd, Rh, Ir, Os and Au has been tested extensively to improve the 

activity of photocatalysts.   

Photocatalyst deactivation is a crucial issue in practical applications. The catalyst 

may be deactivated either by formation of surface intermediates with higher adsorption 

ability than the target pollutant (reversible deactivation) [34] or by sticky “heavy” 

products that are difficult to decompose or desorb (irreversible deactivation) [35]. Other 

disadvantages are related to the relatively low efficiency of the lamps and longer residence 

time requirements. 

1.2.3.7  Plasma and plasma catalysis 

The main advantage of nonthermal plasma is the ability to use the energy 

introduced in the discharge in a selective manner, using it to generate energetic electrons, 

while the background gas remains close to room temperature. The high-energy electrons 

react with the background gas molecules, generating chemically active species (radicals, 

ions, excited species, etc.). These reactive species can subsequently react with the 
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pollutant molecules and decompose them. In the presence of oxygen, strong oxidizers are 

formed, such as atomic oxygen, hydroxyl radicals, ozone, etc, which lead to VOC 

oxidation. Therefore, a highly reactive environment can be created in nonthermal plasma 

without spending energy on heating the entire gas stream. The main drawback of 

nonthermal plasma is the formation of undesired reaction by-products, since plasma 

reactions are rather nonselective. A solution to this problem is the combination of plasma 

and heterogeneous catalysis. In this way, the high efficiency of nonthermal activation 

provided by plasma combined with the high selectivity offered by catalysis can lead to a 

synergetic effect. Commercial solutions using plasma are currently available for very low 

pollutant concentrations; odor control appliances have been developed by PlasmaClean, 

United Kingdom, or by Airtec, Germany, which is based on nonthermal plasma followed 

by an activated carbon.   

1.3  Plasma 

1.3.1  Definition and classification 

1.3.1.1  Definition 

The term plasma was first introduced by Irving Langmuir (1928) because the 

multicomponent, strongly interacting ionized gas reminded him of blood plasma. 

Langmuir wrote: “Except near the electrodes, where there are sheaths containing very few 

electrons, the ionized gas contains ions and electrons in about equal numbers so that the 

resultant space charge is very small. We shall use the name plasma to describe this region 

containing balanced charges of ions and electrons.”  

Plasma is an ionized gas, a distinct fourth state of matter. “Ionized” means that at 

least one electron is not bound to an atom or molecule, converting the atoms or molecules 

into positively charged ions. As temperature increases, molecules become more energetic 

and transform matter in the sequence: solid, liquid, gas, and finally plasma, which justifies 

the title “fourth state of matter.”  

The free electric charges (electrons and ions) make plasma electrically conductive 

(sometimes more than gold and copper), internally interactive, and strongly responsive to 

electromagnetic fields. Ionized gas is usually called plasma when it is electrically neutral 

(i.e., electron density is balanced by that of positive ions) and contains a significant 

number of the electrically charged particles, sufficient to affect its electrical properties and 
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behavior. In addition to being important in many aspects of our daily lives, plasmas are 

estimated to constitute more than 99% of the visible universe.  

 

Figure I-1: 2D classification of plasmas (electrons temperature versus electrons 

density)[36] 

1.3.1.2  Classification  

Depending on the type of energy supply and the amounts of energy transferred to 

the plasma, the properties of the plasma change, in terms of electronic density or 

temperature. These two parameters distinguish plasmas into different categories, presented 

in Figure I-1.  

In this classification, a distinction can be made between: 

 Local thermodynamic equilibrium (or thermal) plasmas (LTE): Inelastic collisions 

between electrons and heavy particles create the plasma reactive species whereas elastic 

collisions heat the heavy particles (the electrons energy is thus consumed)  

 Non-local thermodynamic equilibrium (or non-thermal) plasmas  (non-LTE) : Inelastic 

collisions between electrons and heavy particles induce the plasma chemistry. Heavy 
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particles are slightly heated by a few elastic collisions (that is why the electrons energy 

remains very high) 

Some main characteristics of these plasmas are described in Table I-4. 

Table I-4: Main characteristics of LTE and non-LTE plasma[37, 38]. 

 LTE plasma Non-LTE plasma 

Current name Thermal plasma Non thermal plasma (NTP)  

Properties Te=Th Te>>Th 

 High electron density: 

10
21

–10
26

 m
-3

 

Lower electron density: 

<10
19

m
-3

 

Examples Arc plasma(core) 

Te=Th 10,000K 

Glow discharges 

Th 10,000-100,000K 

Te 300-1000K 

1.3.1.3  Non-thermal plasma (NTP) 

Numerous plasmas exist very far from the thermodynamic equilibrium and are 

characterized by multiple different temperatures related to different plasma particles and 

different degrees of freedom. It is the electron temperature that often significantly exceeds 

that of heavy particles (Te>>Th). Ionization and chemical processes in such non-

equilibrium plasmas are directly determined by electron temperature and, therefore, are 

not so sensitive to thermal processes and temperature of the gas. The non-equilibrium 

plasma of this kind is usually called non-thermal plasma. An example of non-thermal 

plasmas in nature is the aurora borealis. Although the relationship between different 

plasma temperatures in non-thermal plasmas can be quite sophisticated, it can be 

conventionally presented in the collisional weakly ionized plasmas as T e>Tv> Tr≈Ti≈T0. 

Electron temperature (Te) is the highest in the system, followed by the temperature of 

vibrational excitation of molecules (Tv). The lowest temperature is usually shared in 

plasma by heavy neutrals (T0) , temperature of translational degrees of freedom or simply 

gas temperature, ions (T i), as well as rotational degrees of freedom of molecules (Tr). In 

many non-thermal plasma systems, electron temperature is about 1 eV (about 10,000 K), 

whereas the gas temperature is close to room temperature.  

Compared to hot plasmas, nonthermal plasmas have some advantages [39]. 

 As little or no heat is produced, nearly all input energy is converted to energetic 

electrons. This is in contrast to thermal plasmas in which the heating itself leads 
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to higher thermal losses and thereby can be a waste of energy, which reduces 

the chemical efficiency of these hot plasmas [40] and can damage walls and 

other nearby surfaces (such as the substrate in a surface processing application). 

 Higher gas temperatures will change the reaction kinetics which, amongst 

others, may lead to breakdown of ozone and increased formation of NOx. 

Non-thermal plasmas can be generated by interaction of a gas at room temperature 

and atmospheric pressure with a high energy electron beam or by the occurrence of non-

thermalizing electrical discharges such as dielectric barrier discharges (DBD) which is 

discussed in the following section.  

1.3.1.4  Dielectric barrier discharges (DBD) 

The first experimental investigations with Dielectric Barrier Discharges (DBD) 

were reported by Siemens in 1857 [41] and concerned the generation of ozone. This was 

achieved by subjecting a flow of oxygen or air to the influence of a dielectric barrier 

discharge maintained in a narrow annular volume between two coaxial glass tubes by an 

alternating electric field of sufficient amplitude. Generally, DBD is characterized by the 

presence of at least one dielectric layer (glass, quartz, ceramic) between the electrodes, as 

shown in Figure I-2. 

 

Figure I-2: Illustrations of various DBD configurations 

  

(b) Cylindrical DBD 
configurations

(a)  Planar DBD configurations 
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When the local electron density at certain locations in the discharge gap reaches a 

critical value, a large number of separate and short-lived current filaments are formed, 

also referred to as microdischarges. These bright, thin filaments are statistically 

distributed in space and time and are formed by channel streamers with nanosecond 

duration [42]. When a microdischarge reaches the dielectric, it spreads into a surface 

discharge and the accumulation of the transferred charge on the surface of the dielectric 

barrier reduces the electric field. As the electric field further reduces, electron attachment 

prevails over ionization and the microdischarges are extinguished. When the polarity of 

the AC voltage changes, the formation of a microdischarge is repeated at the same 

location if the electron density again reaches a critical value necessary for electrical 

breakdown.  

Therefore, the use of the dielectric in the discharge zone has two functions: (1) 

limiting the charge transferred by an individual microdischarge, thereby preventing the 

transition to an arc discharge, and (2) spreading the microdischarge over the electrode 

surface which increases the probability of electron–molecule collisions with bulk gas 

molecules [42]. This type of arrangement is often referred to as a volume discharge [43].   

1.3.2  Chemical processes in NTP 

The energetic electrons give up their energy through inelastic collisions with the 

molecules in the gas, giving rise to several reactions which produce charged species, 

excited molecules and neutrals (atoms and radicals). The probability for any such species 

to form is related to the amount of energy that is released in the collision and therefore the 

plasma capacity to provide enough energy to induce that specific reaction to occur. The 

energy barriers to be overcome are: ionization energy (associated with the formation of A
+
 

from A neutral species), electronic excitation energy (associated with the occurrence of 

excited species A*), and vibrational and rotational excitation energy of molecular and  

atomic species that give rise to metastable states. The major reactions that may occur 

between the electrons of the plasma and the species present in the gaseous medium are the 

following [44]:  

 Ionization  of  atomic,  X,  or  of  molecular,  XY,  species, with  consequent formation of 

secondary free electrons: 

X + e
- → X

+▪
 + 2e

-
 Reaction I-1 

XY + e
- → XY

+▪
 + 2e

-
 Reaction I-2 
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Example:  

O2+ e
- → O2

+▪
 + 2e

-
  (Ea=12.5 eV) Reaction I-3 

N2 + e
- → N2

+▪
 + 2e

-
  (Ea=12.5 eV) Reaction I-4 

Ionization can be associated with fragmentation resulting in the formation of free 

radicals:  

XY
+▪

 
- → X

▪
 + Y

+
 Reaction I-5 

 Electron attachment: 

X + e
- → X

- 
 Reaction I-6 

XY + e
- → XY

-
 Reaction I-7 

Electron attachment can cause dissociation into ionic and radical fragments 

(dissociative electron attachment) 

XY + e
- → X

▪
 + Y

-
 Reaction I-8 

Example:                     O2 + e
- → O

-
 + O  (Ea=3.5 eV) Reaction I-9 

 Excitation of atomic and molecular species: 

X + e
- → X

* 
+ e

-
 Reaction I-10 

XY + e
- → XY

* 
+ e

-
 Reaction I-11 

Example:                     O2 + e
-
 → O2* + e

-
 (Ea=1 eV) Reaction I-12 

 Simple dissociation: 

XY + e
- → X

▪
 + Y

▪ 
+ e

-
 Reaction I-13 

Example:                     N2 + e
- → 2N

▪  
+ e

-
  (Ea=9 eV) Reaction I-14 

 Recombination: 

XY
+▪

 + e
- → XY Reaction I-15 

DBD in air produce mainly the following species: 

 The ions O2
+
, N2

+
, NO

+
, O

-
, O2

-
, O3

-
; 

 The atomic species O and the OH radical; 

 Excited species for atomic and molecular oxygen and nitrogen; 

 The neutral species O3 and NO. 
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For example, one of the main paths of chemical activity in DBD in air is ozone 

production. Chang et al. [40]and Ono and Oda [45] have described a two-step process for 

ozone production in air. 

1) Free oxygen radicals are produced by inelastic electron impact. 

O2 + N→NO + 2e Reaction I-16 

O2 + e → O + O + e Reaction I-17 

O2 + e → O
-
 + O  Reaction I-18 

2)  Ozone is created by reactions of these free radicals. 

O2 + O + M → O3+ M  M=O2 or N2 Reaction I-19 

The understanding of the chemical mechanisms occurring in the plasma filaments 

for ozone generation has prompted the development of numerical codes in Figure I-3 [46]. 

 

Figure I-3: Evolution of different particle species following a microdischarge in “air” (20% O 2 + 80% N2)  

In air, the nitrogen can lead to the formation of NOx with the following reactions 

[47-50]: 

O2 + N→NO + O  Reaction I-20 

N2 + O→NO + N Reaction I-21 

N2 + e →N + N+ e Reaction I-22 

O2 + NO +M → NO2 + M Reaction I-23 
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O2 + 2NO → 2NO2 Reaction I-24 

O2 + 2NO → NO2 + N + O2 Reaction I-25 

Nevertheless, NTP can also remove NO [49]. 

N + NO →N2 + O  Reaction I-26 

OH is also an important radical which can be produced by the following reaction 

[51, 52]. 

H2O + e → OH + H + e Reaction I-27 

H3O
+
 + e → OH + H2 Reaction I-28 

H2O + O(
1
D) →2OH  Reaction I-29 

H2O + N2(A)→ OH + H + N2(X) Reaction I-30 

where O(
1
D) is an excited state of atomic oxygen, N2(A) is a metastable nitrogen molecule 

and N2(X) is a nitrogen molecule in the ground state. 

1.3.3  Notions in plasma chemistry 

Process performance is evaluated through: 

 The rate of pollutant degradation is evaluated via the residual rate in % 

 The CO and CO2 selectivities 

 The by-products 

 The energy cost expressed in J/L 

The residual rate of the pollutant is defined: 

              ( )  
[         ]   
[         ]  

     
Equation I-1 

The CO and CO2 selectivity are defined  as  the  percentage  of disappeared  

acetaldehyde  converted  respectively  to  CO  or CO2: 

 (   ) ( )  
[   ]

 {[      ]   [      ]   }
      

Equation I-2 

A key parameter of atmospheric pressure plasmas is the Specific Input Energy (SIE 

- in J/L), whose equation is presented in Equation I-3.  

                     (      ⁄ )  
               ( )    

    
 

Equation I-3 
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1.4  Combining NTP plasma with heterogeneous catalysis  

1.4.1  Introduction 

The non-thermal plasma technology at atmospheric pressure is very popular since 

many years for removal of volatile organic compounds (VOCs) at low concentrations. 

However, the application of NTP for VOC abatement need overcome three main 

weaknesses: incomplete oxidation with emission of harmful compounds (CO, NO x, other 

VOCs), a poor energy efficiency and a low mineralization degree.  

The combination of NTP with heterogeneous catalysts can be a solution for these 

weaknesses. It’s divided in two categories depending on the location of the catalyst 

(Figure I-4): in-plasma catalysis (IPC)[53, 54]  and post-plasma catalysis (PPC) [55, 56].  

 

Figure I-4: Schematic of two plasma catalyst hybrid configurations: (left) in-plasma configuration (IPC) 

and (right) post plasma configuration (PPC)  

We focus on IPC in our studies and two aspects should be considered： 

 From the viewpoint of plasma physics, the presence of catalytic or noncatalytic pellets 

would significantly enhance the electric field, especially around the contact points between 

pellets and pellets/electrodes. The enhancement of electric field also depends on the 

contact angle and the dielectric constant of the packing pellets [53].  

 In addition, the presence of catalysts can increase the effective reaction time because of the 

adsorption of contaminants and intermediates on the catalyst surface, resulting in a shift of 

the reaction selectivity, a preferential consumption of active species by surface reactions 

(oxidation of adsorbed hydrocarbons) in comparison to undesired gas-phase reactions, and 

the formation of new catalytically active sites by the energy impact from the discharge 
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Figure I-5: Schematic summary of plasma catalytic phenomena.[57] 

The first step of such kind of plasma-assisted processes consists in the generation 

of ozone and/or different types of radicals, free electrons, and so on. Thus, in plasma, O 

atoms are generated via electron-impact reactions, O2 + e → O + O + e. Hence, the higher 

the oxygen content in the feeding gas, the more O atoms will be formed. To be effective, 

the catalyst should be able to interact with these very reactive species generating 

superficial active structures. This step is a surface reaction. After that they will be able to 

either generate a fast total oxidation with mineralization or form new chemical bonds with 

the synthesis of new molecules. This step is also a surface reaction. The plasma catalytic 

phenomena are schematized in Figure I-5. 

1.4.2  Catalysts used in plasma-assisted catalytic processes 

Many catalysts have been used for VOCs removal with plasma. Almost 30% of the 

elements of the periodic table have been used (Figure I-6). 
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The first materials placed inside the discharge region are the porous adsorbents 

(alumina) [58]. With these materials, the retention time of VOCs molecules would 

increase along with the probability of surface reactions with active chemical plasma 

species (electrons, radicals, ions, photons). Adsorbents such as γ-Al2O3 [58-61] and 

zeolites or molecular sieves [59, 60, 62-66] have been widely studied. Furthermore, metals 

[66-78] such as silver, palladium, platinum, rhodium, nickel, molybdenum, copper, cobalt, 

or manganese are coated or impregnated to provide catalytic activity.  

During recent years photocatalysts, in particular TiO2, have been given extensive 

attention. This catalyst has also been coated with metal [78-84] and metal oxides [85, 86]. 

 

Figure I-6: Elements used as building blocks of catalysts reported in connection with plasma[87]. 

1.4.3  Plasma-mediated activation of photocatalysts 

Interest in TiO2-based photocatalysis has been remarkable since Fujishima and 

Honda’s first reports in the early 1970’s of UV-induced redox chemistry on TiO2 [26]. 

TiO2 is a semiconductor with a band gap (Eg=3.2eV) for the anatase phase. It takes a 

photon with a wavelength shorter than 388 nm to create an electron–hole pair. 

In plasma there are excited nitrogen states that emit light in this wavelength range. 

For instance, Sano et al. [88] has detected no enhancement in acetylene conversion when 
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the reactor walls are coated with TiO2. Emission spectra of the surface discharge plasma 

with and without catalyst coating reveal that UV light from the plasma is absorbed by 

TiO2, but the intensity is too weak for photoactivation. This observation has been 

confirmed by Huang et al. [111], who employed a wire-cylinder DBD reactor with a 

photocatalyst sheet stuck along the inner wall of the tube. Kim et al. have tested a DBD 

reactor packed with Ag/TiO2 for benzene removal [112]. When O2-benzene mixtures are 

diluted with argon, significantly higher decomposition efficiencies are observed compared 

to N2 dilution. This result suggests that the role of UV light for photoactivation is 

negligible because light emission from excited argon ranges in the visible range (400–850 

nm). However, other groups report that UV light emitted from the plasma can act as a 

source for activation of TiO2 [70,113,114]. Subrahmanyam et al. [115] suggest that the 

increased activity with sintered metal fibres modified with TiO2 might be related to 

activation as well as to photocatalytic action in the presence of UV light emitted by the 

plasma discharge. In some cases, TiO2 shows plasma-induced catalytic activity under 

conditions where there is no or very little UV emitted by the plasma [112,116]. Direct 

plasma activation has been observed when TiO2 is exposed to an atmospheric pressure 

argon discharge at room temperature [117]. The question then arises how the plasma-

exposed TiO2 is activated, if not by UV photons. Different mechanisms to bridge the TiO 2 

band-gap by plasma-driven processes can be envisaged, but to date there is insufficient 

information to elaborate on the relative importance of electrons, ions, metastables, 

charging effects, surface recombination, etc  

1.4.4  Plasma-mediated activation of noble metal catalysts 

Noble metal catalysts, such as mainly Au, Pt and Pd and also Ag, have been 

investigated in combination with non-thermal plasma, since they are well known from 

VOC-catalytic oxidation. Generally, these metals were supported on alumina pellets and 

packed inside the plasma region, either alone [76, 89] or in combination with ferroelectric 

materials [70, 77, 90]. All authors reported good conversion and especially high values of 

CO2 selectivity, significantly improved as compared to the results with plasma alone. The 

improvement was more marked for Pt and Pd than for Ag [90]. This effect is clearly due to 

the metal itself, since reactors packed only with the support material yield inferior results 

[76, 89, 90]. 

The amount of noble metal catalyst and the concentration of the catalytically active 

material may influence VOC oxidation in plasma-catalytic systems. More active sites are 
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available for higher catalyst loading, which is expected to have a positive effect on VOC 

decomposition. Gold nanoparticles confined in the walls of mesoporous silica have been 

used in [91] for the removal of TCE. Catalysts containing different weight percentage of 

Au (0.5–10%) have been tested in a two-stage plasma-catalytic configuration. As shown in 

Figure 4.11, by correlating the resulting concentrations of CO2 and CO with the amount of 

Au present in the catalysts, a decrease in the oxidation ability of the catalysts was 

observed with an increase in the Au content. Therefore, the catalyst containing the least 

amount of Au was the most effective for TCE oxidation.  

 

Figure I-7: (a) The concentration of (a) evolved CO2 and (b) CO divided by the amount of Au used, as a 

function of the Au concentration in the catalysis investigated [91]. 

The effect of the loading amount of Ag supported on TiO2 and γ-Al2O3 on benzene 

oxidation in a packed-bed reactor has been investigated by Kim et al. [78]. Increasing the 

Ag content from 0 to 2% did not generate any major differences in the decomposition 

efficiency, and higher Ag concentration even reduced benzene conversion. The authors 

suggested that this effect might be due to the decrease in the BET surface area of catalysts 

with increasing Ag content [91].  

1.4.5  Acetaldehyde removal by NTP technique 

In our study, acetaldehyde (CH3CHO) is chosen as the pollutant model. Among the 

pollutants, it is a well-known atmospheric and indoor pollutant, coming from natural 

emissions or human activities [92-94]. The recent development of agrofuels, for which 
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incomplete combustion produces large amounts of aldehydes [95-100], has strengthened 

the necessity for new research on the abatement of these types of molecules even more.  

Over the last two decades plasma processes for treatment of VOCs have been 

investigated [14, 15] as possible solutions. However, in the case of acetaldehyde removal 

by non-thermal plasma techniques, only a few studies are found in the literature (Table 

I-5).  

Table I-5: Overview of published papers on acetaldehyde removal with plasma or plasma–catalysis. 

*PTD= photo-triggered discharge DC= discharge corona DBD= dielectric barrier discharge  

Sano et al [102, 107-109] conducted experimental and theoretical modeling studies 

on degradation of acetaldehyde in a continuous negative corona discharge. They 

concluded on the feasibility of the destruction of acetaldehyde in pure N2, CO and 

methane being the major end products. For atmospheric-pressure gas streams (N2 and 

N2/O2/H2O/CH3CHO) using low-temperature plasmas they concluded that the destruction 

of CH3CHO resulted mainly from the chemical attacks by plasma-generated electron ,O3 

and O radicals.  

Pasquiers et al. have studied on an atmospheric process for acetaldehyde abatement. 

They have worked with DBDs [105] and performed kinetic studies using a pre-ionized 

discharge [110]. They confirmed the role of O and OH radicals in the removal of 

Plasma 

type 

Catalyst Tcat(K) Carrier 

gas 

Flow 

rate(ml/

min) 

Concentration 

(ppm) 

Maximum 

removal 

(%) 

Energy 

density 

(J/L) 

Referenc

e 

PTD without 298.15 N2 P=460 

mbar 

500-5000 99% 92 per 

current 

pulse 

[101] 

DC without 273.15- 

573.15 

N2/O2/H2

O 

 150 99%  [102] 

DC without 298.15 N2 100 500 80% 210 [103] 

N2/O2 95% 

DBD without 293.15 N2 1000 500 90% 800 [104] 

573.15 95 300 

DBD TiO2Al2

O3 

293.15-

413.15 

N2/O2 100 100 80% 4800 [88] 

DBD without 298.15 N2/O2/H2

O 

602.5 343 99% 250 [105] 

DBD Bi/TiO2  298.15 N2/O2/H2

O 

300 100 95% 90000 [106] 
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acetaldehyde. In addition, they have recently proved the feasibility of acetaldehyde 

removal in a pure nitrogen pulsed DBD probably owning to quenching of N2 metastable 

[104]. This proposition has been recently confirmed [101] by using a photo triggered 

discharge and the acetaldehyde dissociation model has been proposed. 

Klett et al. [103] published an experimental and modeling study of the oxidation of 

acetaldehyde in an atmospheric-pressure pulsed corona discharge. A quasi-homogeneous 

zero-dimensional chemical model was developed to investigate the respective efficiency 

of the discharge and post-discharge periods in the global removal of the pollutant. The 

general scheme is represented in Figure I-8: 

 

Figure I-8: Global scheme of acetaldehyde decomposition. 

Some researchers have investigated the acetaldehyde decomposition by using a 

discharge plasma-photocatalyst hybrid system. Kang et al. [106]  synthesized the TiO2 and 

Bi/TiO2 particles, through the solvothermal method, exhibited a uniformly spherical 

anatase structure with particle size below 25 nm. Without H2O addition, acetaldehyde 

decomposition was higher on Bi/TiO2. The acetaldehyde removal slightly increased over 

Bi/TiO2 with H2O addition, while it was remarkably enhanced over pure TiO2. Sano et al. 

[88] estimated that the contribution of photocatalysis induced by UV light from the 

surface discharge plasma on the acetaldehyde decomposition by the plasma was less than 

0.2%.  

1.5  Preparation of nano-structured catalysts (Metal/TiO2) 

1.5.1  Nucleation-Growth process of oxo-TiO2 nanoparticles and the 

applications 

The main parameters that influence the kinetics of formation of oxo-alkoxides 

titanium and the applications have been widely studied in our group NINO.  
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A. Soloviev  

 It has been shown [111] that the nucleation occurred during the first moments of 

the chemical reaction, which indicate high reactivity of the precursor TTIP. Intimate 

mixing of the reactants is an essential parameter to obtain monodisperse particles. 

Soloviev et al. [112] have studied the nucleation and growth kinetics involving titanium 

tetraisopropoxide in isopropanol solution with the help of static (SLS) and dynamic (D LS) 

light scattering method. They have demonstrated that nanoparticles were present during 

the entire induction period. The nuclei with an initial size of 2 nm were present at the 

beginning of the reaction. In addition, the nucleation stage in Ti(OPr
i
)4 sol-gel process was 

studied [113]. They showed show that the hydrolysis/condensation reaction takes place 

during the mixing of the reagents and that it is complete at low hydrolysis ratio H<1. The 

hydrolysis ratio H<1 is sufficient for nucleus creation; H>1 is needed for particle growth. 

The normalized data of the hydrodynamic radius and scattered light intensity by 

nanoparticles are shown in Figure I-9. 

 

Figure I-9: Evolution of the particle radius and scattering light intensity in sol-gel process [113]. 

However, the initial reagent mixing seems to be the key stage of the process and is 

difficult to control this growth with a conventional experimental setup.  
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Matthieu Rivallin 

Mixing is a key parameter in tailoring the particle size distribution in precipitation 

processes [114]. The need of reproducible fabrication of size-selected monodispersed 

nanoparticles for different applications has motivated Rivallin et al. [115] to design a sol-gel 

limit reactor with rapid (turbulent) micromixing. The schema of the developed reactor with 

temperature and atmosphere control and in-situ particles granulometry is shown in Figure I-10. 

The reactor consists of three main parts: two thermostatic containers, T-mixing element and 

container, which receives the prepared solution. It equips an optical fibre probe for in-situ 

particle size measurement. The tests showed good reproducibility of the experimental kinetics 

in terms of particle size and precipitate concentration and confirm the results of Soloviev et al. 

[113]. 

 

Figure I-10: Schema of the sol-gel reactor [115]. 

Mohamed Benmami  

Benmami et al. [116] have used sol-gel reactor developed by Rivallin et al. [115] 

for further kinetic study of the formation of oxo-TiO2 particles considering the influence 

of the temperature and the dilution of the induction time. They proposed an example of 

new efficient non-crystalline nanocatalyst which prepared by chemical deposition of TiO2 

sol nanoparticle on glass substrate [117]. Furthermore, they showed [117, 118] high 

photocatalytic activity of monolayer nanocoatings prepared from non-crystalline titanium 
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oxide sol nanoparticles and internal efficiency of this photocatalyst increases with a 

decrease of its mass. As Figure I-11 shown, the decrease of the thickness 50 times affects 

only slightly the material internal efficiency. 

 

Figure I-11: Size effect of mean coating thickness on internal photocatalytic efficiency. The coating 

absorption coefficient is drawn by the dashed line. [118]. 

Rabah Azouani 

Azouani et al. [119] have shown that the process kinetics is markedly different 

from that suggested by Soloviev at H2.0.  

 

Figure I-12: Kinetics domains of the sol-gel TiO2 growth ([TTIP]=0.146M, T=20°C). 

A particularity of these measurements consists in high initial homogeneity of the 

local fluid mixture composition. The bulk reactions thus proceed in a similar way resulting 

in low polydispersity of the produced clusters and nanoparticles. This allows better 

selection of different building units of the sol-gel chemistry. As a result, four different 
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domains of the cluster/nanoparticle stability and growth kinetics have been distinguished 

(Figure I-12). The nitrogen-doped TiO2 were prepared by the sol-gel reactor at the 

nucleation stage [120].  The doped coatings allow extending the material activity to the 

visible spectral rang. The photocatalytic test was carried out toward trichloroethylene 

pollutant decomposition[121] which demonstrates an enhanced photocatalytic activity. 

Other applications 

Based on the existing knowledge of the micromixing sol-gel reactor, some other 

applications have been developed. Tieng et al. [122] have prepared homogeneously Fe-

doped TiO2 nanoparticles by the reactor and they shows the best performance at Fe/Ti 

molar ratio of 0.005% in photocatalytic test [123].  Pavlo et al. [124, 125] have been 

devoted to the elaboration by sol-gel process of nanoparticulate TiO2 hybrid material with 

well-defined morphology and improved photonic sensitivity. Bouslama et al. [126, 127] 

have impregnated the size-selected titanium-oxo-alkoxy nanoparticles into monolithic 

ultraporous alumina and they have studied on the effect of the nanoparticle polymorphism 

and size on the photocatalytic ethylene gas decomposition. In our study, we will focus on 

the elaboration of metal/TiO2 and their plasma-catalysis applications. An overview of 

reported elaboration methods in the literature will be presented in next section.  

1.5.2  Methods of elaboration Metal/TiO2 nanocomposite 

For the synthesis of Metal/TiO2 nanocomposite catalysts, the major challenge is to 

achieve simultaneously the high loading, controlled size and good dispersion of the noble 

metal particles. To control the noble metal particle size in sub-10nm regime with narrow 

nanoparticles polydispersity and morphology control is particularly challenging for the 

previously synthesis methods. 

1.5.2.1  Incipient wetness impregnation 

Incipient wetness impregnation has been the most employed technique to load 

noble metal species onto the surface of solid supporting materials. Typically, the noble 

metal precursor is dissolved in an aqueous [128] or organic [129] solution, which is 

subsequently added to the solid supports with the pore volume approximately equal to the 

volume of the solution added. Capillary force drives the solution uptake into the pores of 

the support material. The catalyst can then be dried and calcined to remove the adsorbed 

solvents, leaving the noble metals on the supporting surface. For example, Delannoy et al. 
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[130] have successful in the preparation of small gold particles on various supports 

(alumina, titania, silica) by this method followed by an ammonia post -treatement. 

1.5.2.2  Deposition-precipitation  

Deposition-precipitation method, as invented by Haruta and coworkers [131] in the 

1980s, has been commonly used nowadays to deposit gold nanoparticles on the surface of 

solid supports [132-135]. Starting from an aqueous solution of HAuCl4, addition of a base 

leads to the precipitation of a mixture of Au(OH)3 and related oxy/hydroxides that adsorbs 

onto the solid support and is then reduced chemically or thermally to metallic gold 

particles. It has been established that the pH of the precipitation environment [136] and 

other experimental conditions (e.g., reaction temperature [137] and calcination procedure 

[138]) can be adjusted to obtain well-dispersed gold nanoparticles with narrow particle 

size range. ing this procedure, diameters of Au particles on the TiO2 pellets in the range of 

3–7 nm can be obtained. 

1.5.2.3  Flame-spray pyrolysis 

The “flame-spray pyrolysis” technique [139-141] utilizes a completely different 

strategy from the above mentioned methods to produce supported noble metals in that, 

instead of using pre-formed solid supports, a homogeneous mixture containing the 

precursors for both the supports and the noble metals goes through a nozzle surrounded by 

oxygen gas flow. A detailed description of this process can be found in a recent review 

[142]. The support precursors are thermally oxidized to form, for example, metal oxides, 

on the surface of which noble metal nanoparticles are deposited as a result of the thermal 

decomposition of the noble metal precursors (or their derivatives) [141]. The flame 

processes are classified into vapor-fed and liquid-fed ones depending on the employed 

state of the precursor mixture. The liquid-fed flame-spray pyrolysis methods are 

distinguished for their flexibility in producing materials of various compositions and 

morphologies [143] that result in unique product functionalities.  

1.5.2.4  Photocatalytically-assisted reduction 

Photocatalytically-assisted reduction of noble metal salts proves another effective 

way of depositing noble metal nanoparticles on the surface of photocatalysts [144-147]. 

An aqueous suspension of the photocatalyst particles (such as TiO2) is first prepared 

which contains ionic species of the noble metal precursors. Upon irradiation with photons 

more energetic than the bandgap [31] of the photocatalyst, electrons and holes (the so -
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called “charge carriers”) are generated in the photocatalyst particle. The charge carriers 

travel to the surface of the particle, where the electrons reduce the adsorbed metal 

precursor species to form metallic particles. Generally, low metal loadings are used to 

guarantee the high dispersion and small particle size of the noble metals [148].In addition, 

recovering the noble metal/photocatalyst nanoparticles after the photocatalytic deposit ion 

can be cumbersome considering the harvesting of low-concentration nanoparticulate 

photocatalyst from a large volume of water.  

1.5.2.5  Elaboration of Ag/TiO2 composite by photocatalytic reduction method 

Because of the photocatalytic activity of TiO2, the most frequently used method to 

disperse Ag nanoparticles over TiO2 surface has been the photocatalytically-assisted 

reduction technique. Typically, TiO2 particles (usually nanosized) are dispersed in the 

aqueous phase to form a suspension, in which an Ag-precursor (e.g., silver salts such as 

AgNO3) is introduced. Reducing agents such as alcohols can be added as the sacrificing 

agents to facilitate the deposition process. Upon UV irradiation, the photogenerated 

electrons travel to the surface of TiO2, leading to the formation of metallic silver [144, 145, 

149-156]. Sahyun and Serpone [157] performed detailed examination on the mechanism of 

the photocatalytic deposition of silver on TiO2 surface using picosecond-resolved transient 

absorption spectroscopy and observed that the formation of metallic silver occurs via the 

surface reaction between the Ti(III) and the Ag(I) species. Although the chemical reaction 

pathways are straightforward, this method faces great difficulty in controlling the particle 

size and dispersion of silver caused by several factors.  

First, the surface properties of the TiO2 supports play a significant role in defining 

the size of the Ag particles. Employing atomic force microscopy (AFM) to probe the 

spatial distribution of the as-deposited Ag particles on micrometer-sized TiO2 particles, 

Farneth and coworkers [158] confirmed that the deposition of silver is favored at specific 

surface sites such as defects, grain boundaries and the edges, which result in poorly 

controlled distribution of the Ag nanoparticles. Under the same deposition conditions, the 

Ag particles formed on the surface of larger, commercially available TiO2 particles are 

bigger than those formed on a specially-made TiO2 nanoparticles prepared by a 

metallorganic chemical vapor deposition (MOCVD) process [146].  

Other factors including the pH of the TiO2 suspension, the photon flux during the 

deposition process and the concentration of the silver precursor also play complex roles in 

determining the final morphology and size distribution of the Ag particles. Even using 
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small TiO2 nanoparticles, the size of the Ag deposits still varies broadly from several to 42 

hundreds of nanometers [159]. Only in a few reports where control over the deposition 

conditions was carefully performed could the Ag nanoparticles be achieved with small 

average size and narrow size distributions.  

Tada and coworkers [160] reported that at a very low Ag loading (i.e., 0.24wt %), 

the Ag particle size can be controlled around 2 nm. At a slightly higher Ag loading 

(nominal, 0.54wt %), non-aggregated Ag nanoparticles of similar size were obtained under 

ambient light irradiation on the suspension consisting of TiO2, [Ag(NH3)2]
+
 ions and 

triblock copolymer, as reported by Zhang and coworkers [161]. Using insoluble silver 

precursors such as AgCl or AgBr, Zhang and coworkers [162] established the connection 

between the solubility of the precursors and the particle size of the as-deposited silver 

which suggests that the final Ag particle size is predominantly controlled by the local 

concentration of the Ag
+
 ions released from the ―insoluble‖ Ag sources. At higher Ag 

loadings (a few weight percent s), Chan and Barteau [146] deposited uniform-sized Ag 

nanoparticles on the surface of a MOCVD-made TiO2 nanoparticles on a very small scale, 

and the morphology of the as-prepared Ag/TiO2 is shown in Figure 3.1. But because their 

deposition experiments were conducted on a TEM-grid scale, the scalability of their 

results remains to be confirmed.  

However, from an application point of view, many of the photocatalytic reduction 

methods require the recovery of the nanosized Ag/TiO2 particles from dilute aqueous 

suspensions. The recovery process can be quite cumbersome when larger quantities of the 

materials are to be obtained  

1.6  Summary 

In this chapter, we give a brief account on air pollution on current and developing 

remediation techniques. An introduction on plasma is also provided leading to a more 

detailed description of dielectric barrier discharges which was used in this thesis to 

produce non-thermal plasma (NTP) in air at room temperature and atmospheric pressure. 

Then we discussed the combination of NTP with heterogeneous catalysts for VOC control 

with the emphasis on synergetic effects. Noble metal/TiO2 catalytic materials have been 

presented by the incredible variety of types, classes, elaboration methods and possible 

application ways and all these aspects have been investigated in the final bibliographic 

part. 
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The principle of characterization methods and equipment that has been used in this 

work will be presented in this chapter. The most commonly used characterization methods: 

AFM, SEM, TEM, UV-Visible, GC and GC-MS have been successfully used for 

characterization of the catalysts, acetaldehyde and others by-products. The sol-gel reactor 

and dielectric barrier discharge reactor will be respectively described in chapter III and IV.  

2.1  Atomic Force Microscopy 

AFM provides a 3D profile of the surface on a nanoscale, by measuring forces  

between a sharp probe (<10 nm) and surface at very short distance (0.2-10 nm probe-

sample separation). The probe is supported on a flexible cantilever. The AFM tip “gently” 

touches the surface and records the small force between the probe and the surface. The 

detection of the applied force is usually realized with the light pointer principle. The beam 

of a light emitting diode is reflected at the end of the cantilever onto a two dimensional 

position sensitive detector. The deflection is a measurement for the present force (Figure 

II-1). There are three most commonly used primary imaging modes, which are contact 

mode, non-contact mode and Tapping Mode.  

 

Figure II-1: The principle of Atomic Force Microscopy 

In Tapping Mode the cantilever is driven to oscillate up and down at near its 

resonance frequency by a small piezoelectric element mounted in the AFM tip holder. The 

amplitude of this oscillation is greater than 10 nm, typically 100 to 200 nm. Due to the 
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interaction of forces acting on the cantilever when the tip comes close to the surface, van 

der Waals force or dipole-dipole interaction, electrostatic forces, etc. cause the amplitude 

of this oscillation to decrease as the tip gets closer to the sample. An electronic servo uses 

the piezoelectric actuator to control the height of the cantilever above the sample. The 

servo adjusts the height to maintain a set cantilever oscillation amplitude as the cantilever 

is scanned over the sample. An AFM image is therefore produced by imaging the force of 

the oscillating contacts of the tip with the sample surface.  

The AFM measurements are carried out with Veeco Nanoscope dim3 in mode 

taping with the probe (nanosensors) radius below 7 nm. 

2.2  Scanning Electron Microscopy 

The scanning electron microscope (SEM) is one of the most versatile tools in 

nanoscience because it allows the study of topography, morphology of materials. It has 

much higher resolution than optical microscopy due to the very small wavelength of the 

electron, and the sample preparation is not complex. It is faster than scanning probe 

microscopy as the beam can be scanned with electromagnetic fields rather than mechanical 

actuators. 

However, it requires a conductive sample and must be carried out in a vacuum. 

Briefly, SEM works in the way the electrons interact with the atoms that the sample 

produced signals that contain information about the sample's surface topography and 

composition. In this work, the type of signals produced by SEM is secondary electrons 

(Figure II-2). The imaging mode collects low-energy secondary electrons that are ejected 

from the k-orbitals of the sample atoms by inelastic scattering interactions with beam 

electrons. Due to their low energy, these electrons originate within a few nanometers from 

the sample surface. The electrons are detected subsequently by the detector. The 

electricalsignal output by the photomultiplier is displayed as a two-dimensional intensity 

distribution that can be viewed and photographed on an analogue video display, or 

subjected to analog-to-digital conversion and displayed and saved as a digital image. 

A Zeiss Supra 40 VP SEM-FEG was used for all the measurements. The scanning 

electron microscopy (SEM) was performed in high vacuum mode and low acceleration 

voltage. 

 



Chapter II Characterization methods 

35 

 

Figure II-2: The principle of Scanning Electron Microscope 

2.3  Transmission Electron Microscopy 

Transmission electron microscope (TEM) is in principle similar as a scanning 

electron microscope. The difference is that the electron beam is transmitted through the 

very thin sample (Figure II-3). The most common mode of operation for a TEM utilizes 

bright field imaging. In the bright field mode, an aperture is placed in the back focal plane 

of the objective lens which allows only the direct beam to pass. In this case, the image 

results from a weakening of the direct beam by its interaction with the sample. As the 

electron beam passes through the sample, it is affected by the structures and composition 

of samples. Thicker regions of the samples or regions with a higher atomic number or 

crystalline areas will appear dark, while regions with no sample will appear bright. The 

transmitted beam is then projected onto a phosphor viewing screen or to be detected by a 

CCD camera. TEM gives sub-nanometer resolution but it requires extensive sample 

preparation for high resolution imaging. 

The nanoscale morphology of the prepared nanoparticulate materials (size, shape) 

was characterized using JEOL2011 transmission electron microscopy (TEM) operated at 

200 keV with LaB6 filament as the electron-beam source. Also, a Gatan Imaging Filter 

2000 system connected to the TEM offered us access to element maps, using energy 
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filtered transmission electron microscopy (EFTEM). The resolution of the energy filter is 

1 eV and the dimensional resolution is 1 nm. 

 

Figure II-3: The schematic outline of a TEM 

2.4  Ultraviolet-visible spectroscopy 

UV spectra have been performed using spectrometer Avaspec, (Figure 

II-4b),2048x14 equipped with a sensor CCD (2048x14 pixels) and working in the spectral 

range: 200-1160 nm. Observation spot has been set to 50 m, spectral resolution was 2.4 

nm and a signal-to-noise ratio was 500:1. A portable spectrometer is connected with a 

source of irradiation (deuterium and halogen lamp) and sample holder by optical fiber 

probe (diameter: 400 m, length: 2m). A light source Light-DHc is a deuterium and 

halogen lamp with a radiation range 200 à 2500 nm. Spectra acquisition procedure has 
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been performed with a help of software AvaSoft, version 7.4, produced by AvaSoft 

Solutions. 

 

Figure II-4:( a) The principle of UV-Visible Spectroscopy; (b) Schematic representation of AVASPEC UV-

Visible spectrophotometer  

Ultraviolet and visible (UV-Vis) absorption spectroscopy is the measurement of the 

attenuation of a beam of light after it passes through a sample or after reflection from a 

sample surface (Figure II-4a). Ultraviolet-visible spectroscopy (UV-Vis) involves the 

spectroscopy of photons in the UV-visible region. The absorption of UV or visible 

radiation is not induced by the molecular vibrations like in the IR spectroscopy but by the 

electronic transitions. At nanometer scales, electron cloud can oscillate on the 

nanoparticles surface and absorb electromagnetic radiation at a particular energy. This is 

so-called surface plasmon resonance. In this work, UV-Vis spectroscopy in transmission 

and reflection mode is used for two aspects: 1) to observe the surface plasmon resonance 

of metal nanoparticles, thereby to relate surface plasmon resonance to the morphology and 

the surrounding matrix of metal nanoparticles; 2) to calibrate the titanium 

solution   according to the Beer-Lambert law ( A lc ). 

2.5  Gas chromatography and Gas chromatography–mass 

spectrometry 

A gas chromatograph (GC) is an analytical instrument that measures the content of 

various components in a sample. Principle of gas chromatography: The sample solution 

injected into the instrument enters a gas stream which transports the sample into a 

separation tube known as the "column." (Nitrogen is used as the so-called carrier gas.) The 

various components are separated inside the column. The detector measures the quantity 

of the components that exit the column. To measure a sample with an unknown 

concentration, a standard sample with known concentration is injected into the instrument. 
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The standard sample peak retention time (appearance time) and area are compared to the 

test sample to calculate the concentration. A typical chromatogram of acetaldehyde 

(500ppm) is shown in Figure II-5 a. Also, the GC calibration curve (Figure II-5b) can be 

generated by running various concentration of acetaldehyde. 
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Figure II-5: (a) A typical chromatogram of acetaldehyde; (b) Calibration curve for quantification of 

acetaldehyde. 

Residual acetaldehyde and the other oxidation by-products are identified and 

quantified using a Shimadzu GC-2010 GC device, equipped with a split/splitless injection 

port and a flame ionization detector (FID). The sample was injected through a 6-port valve 

(500L sample loop), to a capillary column (DB-WAX, polyethylene glycol, 

30mx0.53mmx0.5m). 

Gas chromatography-mass spectroscopy (GC-MS) is one of the so-called 

hyphenated analytical techniques. As the name implies, it is actually two techniques that 

are combined to form a single method of analyzing mixtures of chemicals. Gas 

chromatography separates the components of a mixture and mass spectroscopy 

characterizes each of the components individually. By combining the two techniques, an 
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analytical chemist can both qualitatively and quantitatively evaluate a solution containing 

a number of chemicals. 

As the individual compounds elute from the GC column, they enter in the 

ionization source. This molecular ion undergoes fragmentation. Each primary product ion 

derived from the molecular ion, in turn, undergoes fragmentation, and so on. The ions are 

separated in the mass spectrometer according to their mass-to-charge ratio, and are 

detected in proportion to their abundance. A mass spectrum of the molecule is thus 

produced. It displays the result in the form of a plot of ion abundance versus mass-to-

charge ratio. Ions provide information concerning the nature and the structure of their 

precursor molecule. In the spectrum of a pure compound, the molecular ion, if present, 

appears at the highest value of m/z (followed by ions containing heavier isotopes) and 

gives the molecular mass of the compound. 

Identification of by-products was performed using a Shimadzu 2010-GC coupled to 

a QP2010S-MS.  The mass spectrometer was operated in the electron ionization (EI) mode 

at 70eV. 

2.6  CO, CO2 and O3 analyzers 

The determination of the oxidation products (CO and CO2) of molecules is a 

critical measure for assessing the performance of the process in terms of mineralization. 

The analyzer uses a well-established infra-red gas filter correlation technique using gas 

filled optical filters for maximum selectivity. A single beam optical path increases 

tolerance to contamination. The analyzer is a MIR 9000 of the company Environnement 

SA. The measurement range is 0-1000 ppm respectively for CO and CO2 with an accuracy 

of 2% full scale. 

The sample gas, clean and dry, is introduced to the multi-reflection chamber  which 

optical path increases the sensitivity (optical path : 12 m). The optical chamber is 

traversed by a radiation emitted by an infrared source. The signal from the detector is 

amplified and processed electronically displaying the concentration in the desired unit. 

UV absorption spectroscopy was used to measure the concentrations of ozone (O3) 

at the outlet of the discharge cell. It’s based on the Beer-Lambert law for measuring low 

ranges of ozone in ambient air. A 254 nm UV light signal is passed through the sample 

cell where it is absorbed in proportion to the amount of ozone present. The ozone 

measurement was carried out with the analyzer IN-USA200-LC-L2. The measuring range 

is of 0-9999 ppm with an accuracy of 1%full scale. 
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2.7  Dynamic Light Scattering (DLS) and Static Light Scattering 

(SLS) 

2.7.1  Light diffused by single particle 

In general, the effect of light scattering may give two types of information: intensity of 

diffused light by particles (Static Light Scattering, SLS) and hydrodynamic radius of the 

particle (Dynamic Light Scattering, DLS). 

In case when particle radius is much less than the wavelength of the incident light, relation may 

be written: 

2
1

nR


      Equation II-1 

where n is a refractive index of the particle. Rayleigh and Van de hulst [163, 164] have 

developed theory for diffusion. The intensity of diffused light depends on the angle of 

observation, and it can be given by Equation II-2:  

2
2 4 2 2 2
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   Equation II-2 

where  is a diffusion angle, I0 (Hz) initial intensity of the incident beam, n0 is a refractive 

index of medium, V  is a real volume of the particle, r is a distance between particle and the 

observation point, m = n/n0 – relative reflective index. 

2.7.2  Hydrodynamic radius measurements 

The intensity of dynamic diffusion of light DLS has been used for measurement of 

hydrodynamic radius of particles. In general, this method is based on the Doppler Effect.  

While being in Brownian motion, a particle may influence the spectrum of diffused light: 

because of the Doppler Effect, it becomes broader (Figure II-6). Thus, the particles, which are 

getting closer to the observation point, diffuse light with '  ,in contrary, molecules, which 

will move into opposite direction, will diffuse light with different wavelength ''  . As the 

result, heterogeneity of the total light diffusion, produced by molecules in Brownian motion, 

will cause the broadening of its spectrum. The value of spectrum broadening, logically, 

depends on the velocity of the particles: more velocity of the particle (it has influence on the 

diffusion coefficient of the particles) is, more broadening effect will be observed.    
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Figure II-6: Broadening of the spectrum, caused by Doppler Effect. 

The Stokes-Einstein equation[165] describes the relation between the particle radius and 

diffusion coefficient (in case of spherical particle observation):  

6

Bk T
D

R
      Equation II-3 

where μ (Pa.s) – dynamic viscosity of the medium, T (K) – medium temperature and kB 

=1,3806.10
-23

 J*molecule
-1

.K
-1

  is constant of Boltzmann. It is clear that the size of the particles 

has influence on the effect of signal broadening.  

This relation shows that with the constant temperature and in the same medium, the diffusion 

coefficient and the radius of the particle are in opposite relation.  

2.7.3  Theoretical approach in dynamic light diffusion  

The form of the spectrum of light diffusion may be changed not only because of 

Brownian molecule motion, but its number in the observation volume of liquid is of very 

importance. Thus, analysis, based on temporal correlation function, allows obtaining 

informationabout its radius from the spectrum of light diffusion intensity.   

Researchers[166-168] have studied relation between the diffusion coefficient and the form of 

the spectrum of light diffusion intensity with the help of autocorrelation function of intensity 

and electric field of diffused light. The function, which includes electric field value and 

intensity of diffused light, may be present with the next equation:    

1-Autocorrelation function (ACF) of electric field E is: 

 (1) *( ') ( ) ( ')D DG t E t E t t        Equation II-4 

where sign corresponds to the mean value of measurements and t’ is called 

« correlation time ». 
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2- Spectral intensity I() is connected with G
(1)

 by equation: 

(1) '

0

1
( ) ( ') '

2

i tI G t e dt




        Equation II-5 

At the same time, according to Pecora et al.[166], relation between normalized autocorrelation 

function g
(1)

 of electric field diffused by particles in Brownian motion and coefficient of 

diffusion D may be  presented by Equation II-6 : 

(1) 2

0( ') exp( ' ')g t Dq t i t        Equation II-6 

- g
(1)

 is a normalized form of G
(1)

 in respect of time. It could be presented as: 

(1)
(1)
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  Equation II-7 

- 0 is angular frequency ( 0
2

v
  , - frequency) of incident light,  

-  04
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2

n
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  is a module of diffusion vector. 

With the help of the equation II-5, we can find spectral intensity of Lorentzian form at its half-

width 
2Dq   : 

2 2

0

( )
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    Equation II-8 

3-Intensity autocorrelation function I may be presented as:
 

(2) ( ') ( ) ( ')D DG t I t I t t   with
2

DI E  

Its normalized form is: 

(2)
(2)

(2)

( ')
( ')

(0)

G t
g t

G
      Equation II-9 

Based on the experimental data of dynamic light diffusion (DLS), the autocorrelation function 

of diffused intensity may be obtained g
(2)

. In case when light diffusion function has Gaussian 

form (case of high concentration of particles, which diffuse light), g
(1)

 et g
(2)

 are described by 

relation of Ziggert : 

2
(2) (1)( ') ( ') 1g t g t       Equation II-10 

From the equation II-6, we will get for g
(2)

: 

(2) 2 '
( ') 1

t
g t e

 
       Equation II-11 

 

Based on the experience of diffusion (DLS), the measured function should be next: 

(2) 2 '( ') tG t A B e         Equation II-12 
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To make it easier (2)G may be replaced byG . 

The value of G(t’), when t’ tends to zero, is equal 2 (0)DI  Indeed, when t’0, 

intensity at time moment t is the same as at initial time moment. After some time (t’ tends 

to infinity), correlation with the moment of beginning should disappear, this phenomenon 

is observed due to the fact of Brownian motion of the particles. In this case G(t’) is equal 

2

DI ( ) . Constants A and B of equation II-12 depend on the coherence of light and the 

accumulation time of the autocorrelation function:  

2
( )DA I  and

22 (0) ( )D DB I I    

Thus, we can obtain the constants A, B and D from the autocorrelation. Finally, with the help 

of Stokes-Einstein equation, we can get access to the value of mean radius R of the particle.   

2.7.4  Autocorrelation function. Data treatment 

Intensity of light, which is measured in the Rayleigh conditions, is a sum of all 

intensities diffused by every single particle.   

The Brownian motion of particles has influence on the evolution of diffused 

intensity: its fluctuation is shown in the Figure II-7(a). Thus, the autocorrelation function 

of intensity should be calculated with the help of correlator.  is a fixed constant value 

and it represents a delay between two intensity measurements. Finally, product of intensity 

values should be found this way: . This operation should be repeated for 

many values of ; Figure II-7(b) presents the autocorrelation function of intensity, which 

has been calculated in the function of time.  

 

Figure II-7: Schematic presentation of diffused intensity fluctuation (a) and autocorrelation function of 

intensity calculated in the function of time (b). Time delay depends on the coefficient of diffusion, which is 

in inverse proportional dependence with particle radius.  

(a) 
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The G value may be measured experimentally in the photocounting regime. The intensity of 

diffused light is measured by photomultiplier, as series of photon impulses. Number of photons 

Nph(t) between t and (t + dt) is in relation with intensity value I(t)*dt. Supposing that this 

process is Gaussian-like, the mean integral value should be calculated next way:  

0

1
lim ( ) ( ')

T

ph ph
T

G N t N t t dt
T

 
    

 
  

The time T defines the accumulation time, which is of finite value. The G value precise 

increases with increasing the time value T.   

2.7.5  Experimental set-up  

The schematic representation of experimental set for the DLS measurements, used 

in kinetic nucleation-growth studies of the TiO2 nanoparticles in the hydrolysis-

condensation process, has been shown in the Figure II-8. 

It consists of three main parts: 

i) The firsts block: laser source (20 mW, He-Ne laser spectra physics, 632,8nm  ). 

ii) The second block: an optical system, which is equipped with two fiber probes.  

iii) The third block, which contains several electronic devices: photomultiplier, 

amplifier, discriminator, digital correlator for data acquisition and computer for data 

treatment and saving. 

Optical fiber: The incident light from laser (20 mW He-Ne laser Spectra-Physics) is 

focalized on the observation zone with the help of emission fiber probe and the diffused 

light is collected with reception fiber probe. This experimental set allows in-situ 

measurements performing in-situ after the first moments of reaction.  Two fibers are fixed 

on the same plain - on support. Two ends of fibers are positioned manually: angle value of

90° 3° . Before use, the fiber probes have been calibrated using water solution of latex 

particles (size = 50nm.). Accuracy of measurements has also been confirmed by classical 

method of measurements (without fiber probe). An additional advantage of fiber probe is 

the possibility to perform measurements in a very small volume (10
-6

 cm
3
), thus, it is 

possible to avoid the impact of dust. A special adapter (Newport, objective: M - 5x; 0, 10) 

with coupling efficiency equal 20% allows laser focalizing in emission fiber.  
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Figure II-8: Schematic representation of experimental set for the DLS measurements.  

2.7.6  Determination of hydrodynamic radius 

 Determination of the hydrodynamic radius of the particles  

The Figure II-9 gives an example of autocorrelation function, obtained during DLS 

experiment with nanoparticles of Latex-Polystyrene ((R=50 nm) Sigma aldrich). Analysis 

of this curve with the help of equation II-15 2 '  A  B e t kG   and using the non-linear less 

square method allows determination of coefficients A, B,k.  

Working parameters are: wavelength of laser  = 632,8 nm, diffusion angle θ=90° , 

refraction index of water at 20 °C 0
n =1,33 , with 2k Dq  and  04

sin
2

n
q

 


 , thus 

diffusion coefficient, given by ACF function is D = 4,293 10
-12

 m
2
s

-1
. 
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Figure II-9: Autocorrelation function of light diffused by water suspension of latex-polystyrene (R=50 nm) 

at 20 °C, ( -3

eau
=1,01.10 Pa.s ). 

The mean radius calculation with the help of equation Stokes-Einstein may be 

proceeded only after getting information about the value of coefficient of diffusion D. 

Studied sample is a suspension of latex-polystyrene with calibrated radius R = 50nm.  

Finally, the calculated value of particle radius is R =50 1 nm . The obtained 

results have been confirmed by supplier. 
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3.1   Introduction 

Noble metal nanoparticles are of a constantly growing scientific interest since two 

decades because of their singular electronic and optical proprieties, which are governed by 

surface plasmons [169]. The related applications are already under way and concern optics 

[170], sensors [171], catalysis [172], photovoltaic[173], biomedicine [174]etc. Moreover 

silver deposition on titania improves charge separation and enhances the photocatalyst 

efficiency [175, 176].  

Recently, propositions for the photocatalytic application of the plasmonic systems 

were also made [177, 178]. The silver loaded onto titania pellets was used as plasma-

driven catalysis for the low temperature decomposition of dilute aromatic 

compounds[127]. Gold nanoparticle catalysts on oxide supports have exceptionally high 

activities for low-temperature CO oxidation [131] and the reaction takes place at the 

interface between the Au particle and the oxide support [179]. Generally, morphology of 

silver and gold deposits can play an essential role in these applications and control of the 

silver nucleation-growth process with narrow particle size and shape dispersion is of 

importance.  

Different methods were used for silver and nanoparticles deposition like -

radiolysis [180], electron beam lithography [181], step-edge decoration method [147], 

modified sol-gel method in the dark[153, 155], etc. The photocatalytic methods of silver 

ions reduction on TiO2 occupy a particular place in this context [145]. The deposition 

quantum yield of 0.16 has been obtained in the case of a complete coverage of the surface 

by Ag
+
 ions at room temperature. Recently, several morphologies of silver nanoparticles 

of titania were evidenced by this method. It has been shown that the surface roughness 

plays an essential role in the deposited silver morphology. In particular, the upright 

nanoparticles grow up preferentially on relatively thick TiO2 substrates (~70 nm) with 

surface roughness about 10 nm [144]. In contrast on TiO2 (111) rutile crystalline surface, 

hemispherical and spherical silver nanoparticles are grown [182]. The deposition reaction 

was suggested to be diffusion-limited, since the growth rate did not depend on the 

illumination intensity, which favors the nuclei growth instead of nucleation and results in 

3D nanoplates [183]. The deposited units are large enough (>20 nm) to exchange with 

high-multipoles interaction.  
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The electron transport over the TiO2 nanoparticles clearly affects the nanoparticle 

growth rate, shape and size. Moreover, it is considerably different in the nanoparticle and 

macroscopic crystal. In particular, larger monocrystalline area may contribute to the 

growth of a silver domain, while the range of the electron transport in the nanopartuculate 

coating is limited by its structural unit size. As a result, multiple nucleation is more 

probable. The formation of large objects onto the rough nanoparticulate coatings may be 

explained by merging of the growing silver nuclei.  

In this chapter, nanoparticulate silver and gold coatings by respectively the Ag
+
 and 

Au
3+

 ions reduction onto monolayer nanoparticulate titanium oxo-alkoxy coatings are 

prepared. The growth kinetics and nanoparticle morphology are studied experimentally by 

the TEM, SEM and AFM methods. It’s also interesting to discuss the mechanism of the 

nanoparticles formation and evaluate its quantum efficiency. The drawn conclusions are 

supported theoretically through the calculation of the absorption spectra. 

3.2  Experiment 

The silver and gold nanoparticles were grown on the glass plates covered by a 

monolayer coating of size-selected titanium oxo-alkoxy (TOA) nanoparticles. First the 

monolayer TiO2 nanocoating is prepared and then silver nanoparticles are grown on its 

surface by the photocatalytic reduction of Ag
+ 

and Au
3+

 ions.  

3.2.1  Preparation of TiO2 nanoparticles 

The TOA nanoparticles were prepared in the sol-gel reactor with rapid 

micromixing, atmosphere control and in situ particle size measurements [115, 184].  

The main experimental parameters, used in the TiO2 nanoparticle production, are 

shown in the Table III-1. 

Table III-1: Experimental parameters of TiO2 suspension production phase 

Hydrolysis ratia H  2 

Concentration of TTIP (mol/L)  0,146  

Température (°C)  20,00±0,02  

Pression of injection (bar) 4 

In these conditions, the nucleation consumes the main part of water molecules and 

the remaining part cannot maintain the particles aggregation due to the most probable 

oxolation reactions. As a result, the induction time (time of the colloid stability) becomes 

very long and, in practice, exceeds several days [119]. 
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The complete scheme of the reactor is shown on the Figure III-2.The solutions of 

titanium tetra-isopropoxyde (TTIP Sigma) in 2-propanol (Interchim) and water in 2-

propanol have been prepared in a glow-box (MBraun). The conditions of the solution 

preparation:H2O vapors concentration: < 0.5 ppm ;O2 concentration: < 0.5 ppm. 

 

Figure III-1: Schema of the sol-gel reactor 

These solutions have been transferred with the help of syringes into double-wall 

inox reservoirs (1 and 2). The reservoirs have been thermostated with the help of cryostat 

(HAAKE, DC10k15) and distillated water has been used as a coolant. The solutions in the 

reservoirs were set under the flow of the nitrogen to avoid the humidity contamination. 

The operation mode is controlled by the four valves. The reaction between TTIP and water 

starts in the mixing point: T-mixer. The thermostated reactor (3) holds all 100 ml of TiO2 

nanoparticle suspension after the end of a hydrolysis reaction. The reactor (3) is equipped 

with a fiber probe, which allows preceding the in–situ measurement of the particle’s size 

(Method in section 2.7 ). 

3.2.2  Preparation of monolayer TiO2 nanocoatings 

The monolayer deposition of TOA nanoparticles is achieved by reactive colloid 

deposition method described in Ref. [117]. Before the deposition, a support (glass plate or 

glass beads ~spheres of 1 mm diameter) was exposed 1 hour to concentrated sulfuric acid 

(98%), washed in deionized distillated water, dried (24 hours at 80°C) and exposed to 
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water vapors at room temperature, in order to eliminate surface impurities (in particular, 

surface sodium as inhibitor of photocatalysis) and enrich surface by hydroxyls. 

The immobilization of the colloidal nanoparticles is achieved during the period of 

their relative stability. During this period a support is introduced into the reactor solution. 

Colloidal nanoparticles are chemically very active and react with the support active sites 

(Figure III-2). After 10 min the support is withdrawn from the reactor into a dry 

atmosphere. The liquid layer that covers the support surface has then to  be removed by 

flashing with liquid alcohol and by contact with absorbent paper. Free nanoparticles in this 

layer are not directly bound to the support and tend to condense increasing the layer 

thickness. Depending on cleaning, coatings of different thickness below 100 nm have been 

realized. In the extreme case of careful cleaning, we have obtained a monolayer coatings. 

After that, the covered plate is dried overnight at 80 °C.  

 

Figure III-2: Nanoparticles coatings on the surface of a support 

3.2.3  Preparation of Ag-TiO2 and Au-TiO2 nanocoatings 

Ag: The deposition of silver nanoparticles has been realized by photocatalytic 

reduction of Ag
+
 ions in aqueous solution(AgNO3, 99.8%, Prolabo). 2-propanol has been 

added to the solution (in ratio 5:1) as an efficient hole scavenger [185].  

Au: The deposition of silver nanoparticles has been realized by photocatalytic 

reduction of Au
3+

 (HAuCl4, 99.99%, Sigma-Aldrich) ions in aqueous solution. Ethanol has 

been added to the solution (in ratio 5:1) as an efficient hole scavenger. The pH was 

controlled carefully at pH≈4 

The quantity of the dissolved salt was maintained 3000 times higher than that of the 

total number of titanium atoms in the deposited coating, in order to avoid saturation of the 

deposition kinetics rates. The coated plate was immersed into the solution and irradiated 

by a UV-A (Philips) operating at 364±10 nm with power of 8W. In the experimental 

geometry, the plate has been exposed to the light power of 6.9 mW/cm
2
. The irradiation 
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time was varied from 1 min to 60 min. After the irradiation cycle, the plate was withdrawn 

from the solution, washed and dried during 4 hours at 80 °C.  

3.3  TiO2 Characterization 

In this section we present size characterization of the prepared TiO2 nanoparticles 

in the solution with the DLS technique and the thickness of TiO2 coatings on the substrate 

by using chemical dosage method.  

3.3.1  TiO2 characterization-size 

The size of the newly formed TiO2 nanoparticles has been verified with the DLS 

technique. The calculation procedure was described previously in section 2.7 . Physical 

properties of the solvent (2-propanol), used in the calculations the size of nanoparticle, is 

shown Table III-2.  

Table III-2 Physical properties of 2-propanol at 20 °C  

Density, ρ (kg/m
3
) 785 

Dynamic viscosity, μ (Pa*s) 2.27*10
-2

 

Refractive index n 1.377 

The auto-correlation function curve, containing information about the diffusion coefficient and 

the hydrodynamic radius (R=2.51 nm), is shown on the Figure III-3. 
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Figure III-3: Characteristic ACF of oxo-TiO2 nanoparticles after preparation in the sol-gel reactor 

(C[TTIP]=0.146 M, H=2, T=20 °C, 2-propanol solution). 
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The newly prepared suspension of TiO2 nanoparticles has been used in the next production 

phase: TiO2 monolayer preparation. 

3.3.2  TiO2monolayer characterization-chemical dosage 

The experiments were performed by an analysis based on the colorimetric method 

proposed by Vogel [186]. The principleis based on the complexation reaction of Ti
4 +

 ion 

by hydrogen peroxide: 

TiO2 + 2H2SO4 → Ti(SO4)2 + 2 H2O  Reaction III-1 

Ti
4+

 + H2O2 → [Ti(H2O2)]
4+

 Reaction III-2 

The absorption intensity of the complex at 412 nm was used to determine the 

concentration of Ti. The experiments were performed by using a UV-Vis spectrometer 

(Avaspec 2048x14) mentioned above (Section 2.4). A preliminary calibration of titanium 

should firstly be done. The calibration solution was prepared from a mixture of 1.10
-3

 mol 

of TTIP in 5 mL H2SO4 solution (This concentration of H2SO4 is 5 mol/L used to dissolve 

TiO2 for the nanocoatings determination) and 30 µL H2O2 (35%). This solution is diluted 

to obtain different concentrations and measured the absorbance in 412nm. The calibration 

curve is presented in Figure III-4. 
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Figure III-4: the calibration curve of titanium 

Analysis of TiO2 nanocoatings is based on the following procedure: a support (2g 

beads or a glass plate) coated amorphous TiO2 are introduced in 5 mL of sulfuric acid. The 

mixture is heated to 80 ° C for 4 hours and then added 15 mL of H2O to have an acid 
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concentration about 5 mol/L. The resulting solution was filtered with a filter of 0.2 μm, 

completed with 120 µLH2O2 and then analyzed by UV-visible spectroscopy. The Table 

IV-3 presents the thickness of TiO2 coatings. 

Table III-3: Average thickness of TiO2 coatings on glass plate or glass bead. 

We can see that the reactor has allowed us to prepare the nanometric thickness of 

TiO2 coating. The rinsing effect is visible on the layer thickness, since it reduces the 

thickness of the deposit of a few tens of nanometers (multilay) to~5 nm (monolay) on 

average. 

3.3.3  The photocatalytic activity of the non-crystalline titania oxo alkoxy 

(TOA) nanoparticles 

High efficiency of the traps filling under the band-gap irradiation above 3.2 eV and 

long-time conservation of trapped electrons have been reported in non-crystalline ‘oxo’ 

phase [187, 188]. The photocatalytic activity of smallest immobilized non-crystalline 

titanium oxide oxo-particles has been reported for the ethylene removal [118]. But there is 

no studies involving the photocatalytic activity of smallest immobilized non-crystalline 

titanium oxide for the photodeposition application. Hence, first of all, we made it en 

evidence. 

The photocatalytic activity of the non-crystalline titania nanoparticles provide the 

TEM/EFTEM measurements presented in Figure III-5. 

Sample Rinse with 2-propanol TiO2 coating thickness (nm) 

Glass plate   

TiO2-H=2 (lot 1) Yes 4.9 

TiO2-H=2 (lot 2) Yes 4.7 

TiO2-H=2 (lot 3) No 54 

TiO2-H=2 (lot 4) No 59 

Glass bead   

TiO2-H=2 (lot 5) Yes 4.5 

TiO2-H=2 (lot 6) Yes 4.4 

TiO2-H=2 (lot 7) No 56 

TiO2-H=2 (lot 8) No 52 
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Figure III-5: TEM images of silver reduced on the titania nanoparticles immobilized onto ultraporous 

silica-covered alumina matrix (a,d) and energy-filtered images of Ti (b,e) and Ag (c,f) elemental maps (UV-

A irradiation time 20 min). 

The sample was prepared by impregnation of the monodispersed titania oxo alkoxy 

(TOA) nanoparticles into ultraporous matrix of -alumina (specific area of 115 m
2
/g). The 

aggregation of nanoparticles is prohibited in these media,  even at temperatures as high as 

1000 °C, although their crystallization into anatase polymorph takes place. This method 

permits fabrication of stable against aggregation materials with nanoparticles mass loading 

of 30%[126] . In the current study, we have used these media in order to validate the 

photocatalytic silver deposition on nanoscale. Figure III-5b evidences a presence of the 

TOA nanoparticles in the sample, which TEM image is shown in Figure III-5a. After 20 

min of the sample UV-A irradiation in the silver nitrate solution, the silver deposit can be 

only seen in the regions occupied by the TOA nanoparticles. The higher resolution TEM 

images (d-f) confirm this conclusion. Moreover, these images show that the reduced silver 

atoms do not nucleate a silver nanoparticle at the isolated TOA nanoparticle but seem to 

be dispersed on its surface. This point can be confirmed by Figure III-6 which is a SEM 

image of the monolayer nanoparticulate titania film after UV-A photocatalytic silver 

reduction during 40 min. The question then arises how to obtain the maximum information 

a b c

d e f

a b c

d e f
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from this image such as particles mean size and silver density number. Thus in the 

following section, we present a image processing method to solve this question. 

 

Figure III-6: SEM image of the monolayer nanoparticulate titania film after UV-A photocatalytic silver 

reduction during 40 min 

3.4  Method of image processing 

Image analysis leads to a quantitative description or a pattern recognition. It is 

particularly suited to the study of microscopic samples that can be measured. It is also a 

powerful tool to control and far quickly a situation from his image. It finds applications  in 

many areas of materials science [189], life sciences [190], geology [191] and robotics 

[192]. 

In this section, we present a method of image processing and required conditions 

are as follows: 

 Particle morphology: Height/diameter ratio  

 Softeware : ImageJ 

 Image processing method : thresholding  

 Input image 

 Physical properties of the element (Silver as example) 

3.4.1  Morphology of silver nanoparticle 

The morphology of the silver particles has been obtained from the AFM surface 

analysis. The AFM and SEM images of the TOA monolayer coating irradiated by the 

UVA-A lamp during 40 min is respectively shown in Figure III-7a and Figure III-6. 
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Figure III-7: AFM (a)and cross-section slab TEM (b)images of the monolayer nanoparticulate titania film 

after UV-A photocatalytic silver reduction during 40 min.  

Well-dispersed bright spots characterize the silver nanoparticles deposition. The 

TEM image in Figure III-7b has been taken from the sample slab cut normally to the 

surface deposited layer on a silicium wafer. Although the preparation procedure affects the 

local temperature of the sample slab that affects the TOA nanoparticles’ shape (seen as 4 

nm thickness coating), we can see that the silver nanoparticles form spherical segments on 

the nanoparticulate surface.   
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Figure III-8: Silver particles height (a) and in-plane radius (b) distributions after UV-A irradiation during 

40 min.  

The histograms of the silver particles height and diameter distributions after 40 min 

of UV-A irradiation, obtained from the AFM and SEM analysis (Figure III-7a and Figure 
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III-6), are shown respectively in Figure III-8(a) and (b). The mean particles height and 

diameter are respectively h=3.1 nm and D=11.4 nm, which provides the aspect ratio of 

h/D=0.27. 

3.4.2  ImageJ (step-by-step instrument) 

A. Making the image ready 

The software used in this work is ImageJ which is a public domain Java image 

processing program inspired by NIH Image for the Macintosh. The image is first opened 

in Image J (File▷Open…,) 

B. Set Scale 

Use this dialog to define the spatial scale of the active image so measurement 

results can be presented in calibrated units, such as nm. Before using this command, use 

the straight line selection tool to make a line selection that corresponds to a known 

distance. Then, bring up the Analyze▷ Set Scale… dialog, enter the Known Distance and 

unit of measurement, then click ‘OK’. The Distance in Pixels field will be automatically 

filled in based on the length of the line selection. 

C. Thresholding 

Thresholding is a process of converting a grayscale input image to a bi -level image 

by using an optimal threshold [193]. There are 16 different automatic threshoding methods 

can be selected in Image J. We have chosen the default method which is the modified 

IsoData algorithm [194]. The procedure divides the image into object and background by 

taking an initial threshold, then the averages of the pixels at or below the threshold and 

pixels above are computed. The averages of those two values are computed, the threshold 

is incremented and the process is repeated until the threshold is larger than the composite 

average.  

Use Image ▷ Adjust ▷ Threshold…(with Limit to Threshold in Analyze ▷ Set 

Measurements… checked) to measure the aggregate of the selected features. For example, 

the original image is presented in Figure III-9 a and Figure III-9 b show the threshold 

effect on left image. 
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Figure III-9: (a) An input SEM image of Ag/TiO2 a 10min irradiation, (b)The output image of applying 

threshold… operation to Fig. 5a, (c) After analyze particles operation (with ellipses option,(d) Silver 

particles in-plane radius distributions. 

D. Analyze particles 

After the threshold operation, we can use Analyze▷Analyze Particles… to measure 

features individually (Figure III-9 c). The individual particle area can be saved in excel for 

further calculation (i.e. radius distributions Figure III-9d) which we will discuss in the 

next section. 

3.4.3  Silver mass calculation 

In this section, the method of silver mass calculation will be presented. Physical 

parameters of silver and other constants used in the calculations are shown in Table III-4: 
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Table III-4: Physical properties of silver and other constants.  

Silver standard atomic weight, MAg (g/mol) 107.87 

Silver Atomic radius, RAg (Pm) 144.5 

Avogadro constant, NA (mol
-
) 6.02x10

23
 

As the silver height/diameter radio have been obtained from the AFM and SEM 

analysis (h/D=0.27), the spherical segment particle could be illustrated in Figure III-10. 

 

Figure III-10: Illustration of a silver particle on TiO2 monolayer. 

With h=3.05 nm, R=5.70 nm and (r-h)²+R²=r², the r can be calculated (r=6.82 nm). 

So the volume AgV   and surface AgS  of silver particles can be determined by: 

2 22 2.29AgS rh R R       Equation III-1 

 

  2 30.55
3

3Ag r hV h R


     
Equation III-2 

 

then quantity of silver atom  in a silver particle Agn  and the mass of the silver particle are 

given by : 

3
Ag

Ag
Ag

V
n

R
   Equation III-3 

Ag

Ag Ag

A

n
m M

N
    

Equation III-4 

We can repeat these calculations for every particle and obtain the total mass (or atom 

number) and surface area of silver or gold in a given SEM image. 
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3.5  Ag NPs characterization 

In this section, we provide the silver growth kinetics and nanoparticle morphology 

by SEM characterization. It’s also interesting to discuss the mechanism of the 

nanoparticles formation and evaluate its quantum efficiency. Finally, the UV-Visible 

absorption spectra and photoluminescence analyses will be presented. 

3.5.1  SEM Characterization 

The SEM images of the monolayer nanoparticulate titania film after UV-A 

photocatalytic silver reduction during 1, 2, 5, 10 and 40 min are shown in Figure III-11. 

 

Figure III-11: SEM images of the monolayer nanoparticulate titania film after UV-A photocatalytic silver 

reduction during 1 (b), 2 (c), 5 (d), 10 (e) and 40 min (f) and reference image of the plate non -coated by 

titania after 40 min UV-A exposition (a). 

They evidence nucleation and growth of silver nanoparticles on the nanoparticulate 

titania surface. As these images show, both size and number density of silver nanoparticles 

a

b
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increase. Additionally, the reference image of the plate non-coated by titania evidences no 

silver deposit after 40 min of the UV-A exposition. This indicates a negligible 

participation of the direct photolysis in the solution. We conclude that the observed silver 

nanoparticles are grown due to the light-induced electron transfer from the titania 

nanoparticles.  

The knowledge of the particle shape permits estimation of the deposited number of 

silver atoms as a function of time and quantum efficiency of the deposition process 

defined as phABSAg NN  / , where AgN  and phABSN   are respectively number of Ag 

atoms and absorbed photons per unitary surface area. The estimations were performed  

based on the analysis of the SEM images in Figure III-11 assuming the particles shape of 

spherical segments with the above determined aspect ratio. The obtained Ag deposition 

kinetics is shown in Figure III-12.  
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Figure III-12: Surface number density of the reduced silver atoms vs irradiation time of the monolayer 

nanoparticulate titania film. 

The kinetic curve seemingly follows the power law k
phABSAg NN   with the scaling 

exponent k=1.7 during the first 10 min of the process and saturates at t20 min. The 

saturation of the deposition kinetics together with the particles’ shape defined in Figure 

III-11 suggests that the coating approaches a stable morphology. The main conclusion is 
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that the final particles’ shape and surface number density are stable and do not depend on 

the irradiation conditions.  

The initial acceleration of the silver deposition may be explained by the particles’ 

shape changes. Indeed, for the deposited mass calculation we assumed that the spherical 

segment particle shape conserves during the growth. In the same time, the silver particles 

may appear as small hemispheres (or even spheres) of D<5 nm. In this case, the deposited 

mass at small irradiation times is underestimated. A careful inspection of the kinetic curve 

in Figure III-12 allows suggesting that the silver particles initially grow as hemispheres 

and change their shape at the irradiation time between 5 and 10 min. Indeed, the tendency 

of the growing Ag nanoparticles to flattening has been reported by Matsubara and 

Tatsuma [182]. 

For the deposition efficiency calculation, the absorbance of the lamp photons by 

the monolayer TOA nanoparticles 41027.1   has been estimated by the convolution of 

the known colloid absorption and UV-A lamp emission spectra. The obtained quantum 

efficiencies during the deposition process, under assumption of the oblate shape with 

h/D=1/4, are presented in Figure III-12 on the right y-axis. The efficiency attains 10=100% 

at the irradiation time 10 min. On the other hand, at the irradiation times of 1, 2 and 5 min 

1,2,550%, to which there is no reasonable explanation. More probable, the silver mass is 

underestimated for the process beginning, when the nanoparticles are small. We suggest 

that the particles appears as hemispheres and becomes oblate with aspect ratio h/d=1/4 at 

the end of the process. In agreement, we conclude that 100% at the initial stage of the 

silver particles growth and tends to zero after 40 min, when the deposition process 

practically terminates.  

Until now only the crystalline titania product is considered for applications in 

photocatalysis while the amorphous phase is reported to be inactive, which has been 

attributed to a structural disorder inherent to amorphous materials facilitating 

recombination of photoinduced electron-hole pairs[195]. The present results of the high 

quantum efficiency of the photocatalytic silver reduction support our early conclusions 

about high photocatalytic activity of the very first layer of deposited TOA nanoparticles 

and negligible contribution of the higher layers [118].  

 The termination of the deposition process cannot be explained by the silver ions 

consumption. Indeed, the deposition of ~10
7
 at./m

2
 at the 40 min irradiation removes less 

than 0.1% of the total number of silver ions from the solution. Consequently, the process 
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termination may be related to other factors, one of which is the titania active surface 

pollution by silver atoms, which prohibits the photoexcited hole evacuation from the 

photocatalyst.  

Our study confirms the conclusion by Tanabe et al. [144] about an essential role of 

the surface roughness in the deposited silver morphology. In particular, thick rough titania 

layers produce upright submicronic silver particles, while large monocrystalline titania 

surfaces produce steadily growing featureless nanoparticles of size above 30 nm 

(sufficient to enhance higher multipole resonances). Moreover as we show in the present 

work, the silver particle growth is limited on the nanoparticulate titania surfaces of very 

small roughness <1 nm and results in a stable surface repartition of nanoparticles, which 

shape is close to ablate spherical segments of 12 nm diameter and 3 nm height.  

3.5.2  UV-Visible absorption spectra 

The absorption spectra of the nanocoating after 2 and 40 min of the silver 

deposition process are shown in Figure III-13. 
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Figure III-13: Absorption spectra of the monolayer nanoparticulate titania film after photocatalytic silver 

reduction during 2 min (a) and 40 min (b).  

The red shift from 425 nm to 525 nm and narrowing of the silver plasmon band 

have been observed. The observed absorption spectra at small irradiation times correspond 
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to small spherical (semispherical) silver nanoparticles [196, 197]. Its shift to longer 

wavelengths can be due particle shape, size and surface number density. Below we will 

discuss this effect based of the theoretical calculation of the extinction coefficient of 

ablate silver nanoparticles in section 3.7. 

3.5.3  Photoluminescence analysis 

The homogeneous dispersion of metal nanoparticles on substrate can be evidenced 

by the plasmonic response of the coatings. The photoluminescence (PL) images of the 

coatings were measured with excitation by Ti:sapphire laser (Spectra Physics), producing 

100 fs pulses centered near 800 nm with repetition rate of 80 MHz and average power up 

to ~45 mW, coupled with an inverted microscope via apochromatic objective Olympus 

UPLSAPO 100× NA 1.40. Figure III-14 shows the luminescence “hot spots” enhanced by 

surface plasmons of Ag-TiO2 nanoparticulate coating for different times of the silver 

reduction process. The field enhancement is required the interparticle distance to be below 

5 nm [198], which seems to be non-preferable geometry in our material morphology for 

small times of the deposition process t≤20 min. This confirms the homogeneous surface 

repartition of silver nanoparticles. For longer times t≥40 min, a strong increase of the 

“hot spots” number density is observed, which indicates that the interparticle distance 

attains the critical one enabling the field enhancement. However, the density of these spots 

is lower than that of the silver nanoparticles grown on thick crystalline anatase TiO 2 

coatings [199]. The nanocoatings with high number density of surface plasmon resonances 

are currently suggested for photocatalytic applications. 

 

Figure III-14: Image of the luminescence “hot spots” distribution onto the monolayer nanoparticulate 

titania film after UVA photocatalytic silver reduction during 1, 2, 10, 20 and 40 min.  

The PL spectrum of the coatings is shown in Figure III-15a. Similar spectra have 

been reported with near-IR two-photon excitation of Ag-TiO2 granular composites [200] 

and assigned to Ag-Ag2O species. The both spectral observations may be explained by 

smaller silver particles size and larger interparticle distance. Indeed, strong field 
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enhancement requires particle size above ~20 nm and reaches its maximum for the 

particles separation distance of few nanometers [201]. A homogeneous surface coverage 

by the relatively small nanoparticles (D=12 nm) with narrow size distribution (D/D=1/3) 

decreases the probability of the hot spots observation. We remark that the prepared 

composite coatings are expected to possess higher resistance against photooxidation to 

Ag
+
 ions compared to those on crystalline titania [202], since the absorption onset of the 

TOA nanoparticles [113] is higher than that of the crystalline titania polymorphs, which 

worsens the electron transfer to TiO2.  

 

 

Figure III-15: PL spectrum (c) and PL intensity evolution versus UV-A irradiation time (d). The excitation 

is realised by Ti:sapphire laser (800 nm/100 fs/20 mW). 

The PL intensity dependence on the deposition time shown in Figure III-15b 

conveys that of the deposited mass assuming modification of the particle shape. Indeed, 

the intensity steadily increases with time at small irradiation times below 10 min and 

saturates above 20 min. Moreover, no inflection has been observed in the process 

beginning. In comparison with Figure III-8, this confirms that the apparent acceleration of 

the deposition kinetics at t<10 min is due to the silver mass underestimation explained by 

changes of the particle shape. The tendency of the particle flattening during growth is than 

confirmed. 
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3.6  Au NPs Catalysts characterization 

In the previous section, we have reported on a new method of preparation of AgN-

TiO2 nanoparticulate coatings with stable and highly reproducible morphology. Extension 

of this method to others metal nanoparticulate coatings like Au seems possible. However, 

the preparation method should be reexamined in term of pH, substrate roughness, etc.  

3.6.1  Fabrication process reexamination  

pH  

The initial pH value of our prepared HAuCl4 solution is 2.8. At pH between 3 and 5 

values the zeta potential of TiO2 was positive and it was easy to adsorb AuCl4
-
 anion. At 

higher pH values (pH 7 or 9) for a short time interval (5 min) a precipitation of 

Au(OH)nCl4−n was observed. Thus we choose three pH values (3, 4 and 5) for this study 

and 20min as UVA exposition time because the process of depostion saturates at t≥20 min 

for Ag, as discussed in section 3.5.1. SEM images of the obtained nanoparticulate Au/TiO2 

coatings in the case of these pH values are shown in Figure III-16. At pH=3 (Figure 

III-16a), we can observe Au spherical nanoparticle (~12nm) but the surface number 

density is less important than that at pH=4 (Figure III-16b). At pH=5, a precipitation has 

been observed at the end of reaction. As shown in Figure III-16, Au polydispersed 

deposition is probable due to surface reaction (reduction of  gold ion) and volume 

precipitation.  

 

Figure III-16: SEM images of the Au-TiO2 nanocoatings prepared after 20min UVA exposition at (a) pH=3, 

(b) pH=4 and (c and d) pH=5 

Substrate roughness 

The SEM images of the obtained nanoparticulate Ag,Au/TiO2 coatings are shown 

in Figure III-17. The both Au and Ag coatings show similar morphologies with the metal 
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nanoparticles grown in size and number and process saturation at long irradiation times. In 

agreement with previous observations on Ag nanoparticles, Au growth on rough substrates 

seemingly produces large particles of rectangular and triangular shapes. In contrast, the 

growth on smooth surfaces results in much smaller particles of spherical-like shape. 

 

Figure III-17: SEM images of the Au-TiO2 nanocoatings prepared at pH=4 after 10  min  UVA exposition 

on rough (a) and smooth (b) glass substrates and of Ag-TiO2 nanocoatings prepared in neutral pH 

conditions after 10 min UVA exposition (c). 

We finally fix the preparation conditions: pH=4 and smooth substrate in order to 

achieve a stable particle shape (spherical) and monodispered distribution. 

3.6.2  SEM Characterization  

A scanning-electron micrograph (SEM) of the fabricated Au NPs is shown in Figure III-18. 

They evidence nucleation and growth of gold nanoparticles on the nanoparticulate titania 

surface. At t ≤20 min, Au nanoparticles are well-dispersed on the titania surface in both 

cases (see Figure III-18 a-d). However, compared to our previous work [107] where the 

Ag deposition kinetics saturates at t20 min, Au nanoparticles photodeposited are often 

agglomerated and the agglomerates of some tens of nanometers are clearly visible, as 

shown in Figure III-18 (e) and (f). The same result which Pt nanoparticles photodeposited 

onto cabonacesous material under 180 min irradiation were agglomerated has been 

reported by Ma et al [203].  Chang et al. [204] showed that increasing the irradiation time 

(from 3 to 10 minby 400W lamp) lead to the aggregation of gold particles 
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Figure III-18: SEM images of the monolayer nanoparticulate titania film after UV-A photocatalytic gold 

reduction during 1 (a), 5 (b), 10 (c), 20 (d), 40 (e) and 300 min (f).  

The absorption spectra of the nanocoatings after 20 and 40 min of the gold deposition 

process are shown in Figure III-19. At the 20 min irradiation (solid curve), a pronounced 

absorption peak in the 520-540 nm range, attributed to the plasmon vibration of Au-loaded 

nanoparticles, corresponds to small spherical gold nanoparticles [205], this was 

particularly true in Figure III-18e. At 40 min, the plasmon band red-shifted and split into 

two peaks located at 530 and 620 nm, respectively. According to the literature [206], the 

peak at 620 nm was mainly caused by the aggregation of particles.  
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Figure III-19: Absorption spectra of the monolayer nanoparticulate titania film after photocatalytic gold 

reduction during 0min, 20 min and 40 min. 

3.6.3  Morphology of gold nanoparticle 

The morphology of the silver particles has been obtained from the AFM surface analysis. 

The histograms of the gold particles height and diameter distributions after 20 min of UV-

A irradiation, obtained respectively from the AFM (Figure III-20a) and SEM analysis 

(Figure III-18d), are shown in Figure III-20 (b) and (c). The mean particles height and 

diameter are respectively h=9.68 nm and R=13.30 nm, which provides the aspect ratio of 

h/R=0.73.  

 

Figure III-20: AFM (a) images particles height (b) and in-plane radius (c) distributions of the monolayer 

nanoparticulate titania film after UV-A photocatalytic gold reduction during 20 min.  
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The knowledge of the particle shape permits estimation of the deposited number of 

silver atoms using the image processing which is described in Section 3.4. With h=9.68 

nm, R=13.30 nm and (r-h)²+R²=r², the r can be calculated (r=13.98 nm). So the volume 

AuV   and surface AuS  of a silver particle can be determined by: 

2 22 2.53AuS rh R R       Equation III-5 

  2 30.59
3

3Au r hV h R


     Equation III-6 

Then quantity of gold atoms  in a single gold particle Aun : 

3
Ag

Ag
Ag

V
n

R
   Equation III-7 

3.7  Theoretical modeling of Ag-TiO2 nanocoatings extinction 

The theoretical calculations of the extinction spectra were carried out in order to 

support the morphological and spectral measurements of the prepared coatings.  We begin 

with extinction spectra of single nanoparticles and conclude at the end of this chapter 

about effect of their surface number density. 

The extinction cross section of a particle located near a substrate and irradiated by 

an external plane wave of light can be written in the following form  
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Equation III-8 

 

where Ein is the field that one would have if the scattering particle was not there (in 

the considered case this is a superposition of the incident wave and reflected wave by the 

substrate), E0 is the amplitude of the incident wave, kr is the wave number in the medium 

above the substrate, 0 and r are respectively vacuum dielectric constant and relative 

dielectric constant of the medium above the substrate, V is the volume of the scattering 

particle, P is its polarization induced by the external electric field. Equation III-8 is 

obtained as the ratio between the electromagnetic power absorbed and scattered by the 

particle [207], where the radiation flux of the incident plane wave is 2//
2

000 E rI 

. For metal scatterers much smaller than the wavelength of incident light, the extinction is 

basically determined by the absorption. In these conditions, the simplest approximation for 
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estimation of extinction and scattering is the point dipole approximation (PDA), where a 

scatterer is considered as a point dipolar particle with a quasistatic polarizability tensor d


 

[208].  

Between different possible silver nanoparticle geometries, we consider oblate 

spheroids and spherical segment. Although, the second is most appropriate because of the 

heterogeneous nature of the growth process, the first presents a good model approximation . 

In the following we will show that despite of differences in details, both provide good 

agreement with the experiment and support the observed nanocoatings’ morphology.  

For an oblate spheroid nanoparticle placed on the flat surface (Figure III-21 a) the 

polarizability is the diagonal tensor zzyyxxd
ˆˆ)ˆˆˆˆ(| |  


, where x̂ , ŷ , and ẑ are 

coordinate unit vectors in the Cartesian coordinate system. Here the in-plane component 

| |  and the normal component   account for the interaction of the particle with the 

substrate (the surface dressing effect) [209]. For example, | |  is determined by the 

expression 
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Equation III-9 

 

where s is dielectric constant of the substrate material, | |m  is in-plane 

depolarization coefficient depending on aspect ratio of the oblate spheroid ( xm or ym  in 

[210]), 2/| | ah   and 2/ch   are in-plane and normal radii of the spheroid,  is the 

distance between the particle center and the substrate surface. 

Since in PDA for the normally incident and linear polarized light wave the polarization of 

the dipole particle can be written as )()()( | | ppin rrrErP    (where rp is the particle 

position, )( prr   is the Dirac delta function), the extinction cross section is given by  
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Figure III-21: (a) silver spheroid segment nanoparticles on TiO2; (b) the calculated extinction cross 

sections of silver oblate spheroid particle with different aspect ratios c/a 

The calculated extinction cross sections of silver oblate spheroid particle according 

to Equation III-10 with different aspect ratios c/a are presented in Figure III-21 b. The 

spheroid particles with fixed in-plane diameter a=10 nm are located on the substrate with 

s=4 (which is an estimation of the titanium oxo-alkoxy nanoparticles), the medium above 

substrate is air (r=1), the optical constants for silver are taken form Ref. [210]. One sees 

that with decreasing of the aspect ratio c/a the plasmon resonance of the oblate spheroids 

is red shifted due to an increased interaction between the dipole moment of the particles 

and its image counterpart with respect to the substrate interface. As it follows from the 

method of images [211], the dipole image, being oppositely directed with respect to the 

dipole moment of the particles, creates the local electric field acting on the particle along 

the applied external field against the restoring forces in the particle and decreasing the 

frequency of its surface plasmon resonance. When c/a decreases, the distance between the 

particle dipole and its image decreases too increasing the action of the local electric field 

and strongly increasing the spectral shift of the resonance (Figure III-22). Such behavior 
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of the particle plasmon resonance in spheroids qualitatively explains the red shift of the 

measured absorption spectra in  

Figure III-13 by decreasing the aspect ratio of the particles in the system for 40 min 

of the silver deposition process. We remark that in small particles, when quasistatic 

approach is applicable, the spectral position of the resonance is only determined by the 

particle aspect ratio and does not depend on particle volume. 

 

Figure III-22: position of spectral maximum versus a/c ratio of silver spheroid segment nanoparticles on 

TiO2 

The more appropriate and alternative particle shape of spherical segment (Figure 

III-23) is considered below. In order to calculate the extinction spectra of such silver 

nanoparticles, we applied the Green tensor approach [211-213], where the total electric 

field E(r) in the particle is determined by the Lippmann-Schwinger integral equation 

 
V

rpin dGk ')'())(',()()( 2

0 rrErrrErE 


 
Equation III-11 

where )',( rrG


 is the Green tensor of the system without the particle. Taking into 

account small particle size compared to light wavelengths, the Green tensor can be applied 

in the near-field approximation, when the influence of the substrate is obtained by the 

method of images [211]. The solution of Equation III-11 has been obtained numerically 

after the discretization procedure, the details of which can be found elsewhere [214]. 

Briefly, the scattered particle is discretized into a number of sampling volumes, in each of 
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which the electric field is considered constant. As a result, the integral equation transforms 

to a set of linear equations that can be solved numerically.  

 

 

Figure III-23: Calculated extinction of silver spherical segment (a-d) nanoparticles on TiO2 substrate 

(=4): absorption spectra for different aspect ratio c/a and fixed a=10 nm (e) 

The granular texture of the particle in Figure III-23 illustrates the presentation of 

the spherical segment particle after the discretization procedure. Once the electric field in 

the particles is found, the particle polarization can be simply obtained  
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)()()( 0 rErP rp    and then the extinction cross section can be calculated from 

Equation III-8. The extinction spectra of the silver spherical segment particles located on 

the substrate with s=4 in air are presented in Figure III-23e for different aspect ratios c/a 

and fixed a=10 nm. Similar to spheroids, the plasmon resonance of the spherical segment 

particles is red shifted with the aspect ratio decrease, which confirms the experimental 

conclusion about the particle flattening at growth from hemisphere (c/a=0.5) to spherical 

segment with c/a<0.5. However in contrast to the spheroid particles in the point dipole 

approximation, the amplitude of the plasmon resonance of the spherical segment particles 

is not enhanced with decreasing of the particle aspect ratio (Figure III-23e). Some 

irregularities seen in these spectra at c/a<4.5 are explained by discretization of the smooth 

particle shape in the numerical calculations. The stabilization of the silver plasmon 

resonance in the experiments and the particle images in Figure III-7b indicate that the 

major part of the particles has spherical segment shape with fixed aspect ratio and the 

certain size after long irradiation. 

So far we considered the optical response an isolated nanoparticle. However, 

extinction spectra of the systems containing many nanoparticles can be affected by 

electromagnetic interaction between them at light scattering. It is expected that this 

interaction increases with an increase of the particle surface number density, affecting the 

resonance conditions. To check possible contribution of this effect in the studied system, 

we apply the coupled-dipole method (see [215] and references in therein), where each 

particles is treated as a dipolar scatterer and the dipole moments of the particles are found 

by solving the coupled-dipole equations 

NiG
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jji
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0

2
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Equation III-12 

 

where pi and i


 are respectively dipole moment vector and polarizability tensor of 

the i-th particle, ri is its position in the system and N is the total number of particles. The 

Green tensor )',( rrG


 of the system without the particles describes the electric field at the 

point rcreated by the electric dipole at the point r. For a system with single interface 

between two media, this tensor can be found in Ref.[216]. The dipole moments of all 

particles are determined from Equation III-12 and the extinction cross-section per particle 

1

ext  can be evaluated using Equation III-8. Than we obtain 



Chapter III Synthesis and characterization of Ag,Au/TiO2 nanocomposite 

76 

jj

N

j

in

r

r
ext

N

k
prE

E
)(Im

1

*

2

00

1 





  
Equation III-13 

 

The extinction cross-sections per silver particle were calculated for oblate 

spheroids (Figure III-21 a) with a=10 nm and aspect ratio normally distributed around 

c/a=0.42 with dispersion 0.1 randomly dispersed on the substrate with s=4. The 

theoretical spectra for two particle surface densities of 51 and 2497 m
-2

, which 

correspond to the average interparticle distance of 140 and 20 nm are shown in Figure 

III-24. One can see that the surface plasmon band is little affected by the particle surface 

density. This result permits concluding about a weak electromagnetic interaction between 

the nanoparticles and confirms that the shape of silver nanoparticles determines optical 

properties of the considered the system. 

 

Figure III-24: absorption spectra (c) of slightly polydispersed particles with c/a=0.420.1 nm for different 

surface number densities of 50(a) and 2497 (b) m
-2
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3.8  Conclusion 

In present chapter we report on a new method of preparation of composite AgN-

TiO2 and AuN-TiO2 nanoparticulate coatings of stable morphology (in terms of the particle 

shape and surface number density. The monodispersed titanium-oxo-alkoxy nanoparticles 

of 5 nm size are generated in the sol-gel reactor with turbulent micromixing and deposited 

onto glass plates as monolayer nanocoatings. In the case of silver deposition, the silver 

deposition is achieved by the ions reduction at UV-A light illumination. The silver 

particles appears as hemispheres and undergo the saturated growth approaching spherical 

segments with in-plane diameter D=12 nm and height h=3 nm at the end of the process. 

The dispersion of sizes D/D=1/3 (and h/h=1/3) is narrower than that due to the 

lognormal distribution. The estimated quantum yield of the deposition process is close to 

100% small irradiation doses. The experimentally observed red sift of the silver surface 

plasmon from 425 to 525 nm has been successfully modeled assuming a small dispersion 

of the particle’s shape asymmetry (h/D)=1/3. It is shown that mutual interaction between 

the particles weakly affects the spectra. Photoluminescence images of the composite 

nanocoatings show characteristic hot-spot pattern of surface plasmons, which number 

density is relatively low because of the small particles' size and their homogeneous 

repartition on the substrate.  

For gold deposition, the same fabrication process has been repeated with 

modification (pH and scavenger solution). The gold deposition is also achieved by the ions 

reduction at UV-A light illumination. Well-dispersed gold nanoparticles have been 

achieved but, different from silver deposition which undergo the saturated growth at the 

end of process, agglomerated gold particles have been observed.  
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4.1  Introduction 

The emission of volatile organic compounds (VOC) is an issue of major concern 

due to environmental reasons. Among the processes studied to efficiently remove VOC, 

non-thermal plasma (NTP) generated in electrical discharges has many advantages. Over 

the last decade, many studies have been dedicated to the evaluation of the efficiency of 

plasma process at atmospheric pressure for the removal of VOC at low concentration 

(most of the time bellow 1000 ppmC) [217, 218]. Despite these advantages, one of the 

main bottlenecks of NTP technology is the production of many by-products [218, 219] 

such as a high CO formation. Magureanu et al. [206] reported that during 

trichloroethylene removal experiments, NTP gives CO2 selectivities lower than 25%, 

while the major reaction product was CO with selectivities up to 70%. Van Durme et al. 

[218] detected several higher hydrocarbons in the effluent gas during NTP toluene 

removal experiments including formic acid, benzaldehyde, benzyl alcohol, methyl -

nitrophenols, . . .. 

To resolve some of these problems, one solution is to couple the plasma with a 

fixed or fluidized catalytic bed. Firstly, such process may operate at room temperature 

and atmospheric pressure, over a wide range of pollutant types [220-224] and 

concentrations [53], with a fast startup (ns time scale [225]), and a low power 

consumption [103]. Indeed, the energy injected into the plasma is dissipated through 

reactive process producing actives species (O, OH, O3, NOx, N2 vibrationally excited and 

metastable states, ..) through reactions involving electrons, rather than heating the gas. 

These reactive species will initiate removal reactions of the selected pollutant. For example, 

Van Durme et al.[218] reported that the energy efficiency for toluene degradation strongly 

increases using TiO2 as in-plasma catalyst. Harling et al.[90] also showed that the 

degradation efficiency of aromatics (benzene and toluene) was improved by using plasma -

catalysis compared to conventional thermal-catalysis, and plasma alone. Secondly, it was 

generally observed that the concentrations of gaseous hydrocarbons resulting from VOC 

plasma oxidation are diminished in the presence of catalysts [76] [14, 55]. For example, 

Chang et al. [76] reported that the aromatic hydrocarbons obtained from styrene oxidation 

in a DBD can be completely oxidized when the plasma reactor was packed with Pt–

Pd/Al2O3 pellets. Lee et al. [55] found that the formation of by-products from benzene 

treatment in a DBD was suppressed in the presence of TiO2/Al2O3 catalysts. Tang et 

al.[14] have applied a dielectric barrier discharge (DBD) and a Ag-based composite oxide 
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catalysts reactor for toluene removal and plasma induced hazardous byproducts of CO, 

formic acid and formaldehyde can be totally oxidized to CO2 and H2O. Some years ago, a 

review of the opportunities of combining non-thermal plasma with heterogeneous catalysis 

in waste gas treatment pointed out synergic effects [57] of such diphasic processes.  

However, there is a few studies coupling plasma and nanostructured catalysts, 

while their efficiency and production cost is a key point. Moreover, to our knowledge, 

there are no studies involving fluidized bed coupled with plasma at atmospheric pressure. 

In addition, the unwanted by-products which are one of the most disadvantages will be 

mentioned in this chapter. The aim of this chapter is to study the opportunities, in terms of 

VOC degradation, COx concentration and others by-products productions, of a diphasic 

process coupling atmospheric pressure plasma and a fluidized nanostructured silver and 

gold-based bed. We divide this chapter in several sections: 

 The experimental set-up (the DBD reactor, reactant gas flow mixture preparation 

and analytical system) for investigation of acetaldehyde oxidation is firstly 

presented in section 4.2.  

 Then, section 4.3 presents the experimental and modeling results, in terms of 

pollutant removal and major by-products concentration, using the plasma process. 

 Next, the acetaldehyde removal efficiency obtained in the diphasic process 

coupling the DBD and a silver or gold catalytic fluidized bed is discussed in 

section 4.4 and 4.5. 

 Section 4.6 deals with the productions of by-products and finally a conclusion is 

given.  

4.2  Experiment 

Figure IV-1 shows the experimental set-up for investigation of acetaldehyde 

oxidation. It consists of the gas injection system, the device for plasma generation. The 

total gas flow rate, set at 100 mL/min, is composed of the pollutant (1000 ppm C 

acetaldehyde), oxygen (20%) and nitrogen (balance). Acetaldehyde oxidation or 

remediation is evaluated by measuring its residual concentration as well as the CO and 

CO2, CH3 OH, O3 . . . at the reactor exit. More details will be presented in the following 

sections. 
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Figure IV-1: Experimental set-up for investigation of acetaldehyde oxidation in a dielectric barrier 

discharge discharge.  

4.2.1  Dielectric Barrier Discharge reactor 

The Dielectric Barrier Discharge reactor (DBD) (Figure IV-2) is composed by an 

outer cylinder made of quartz, externally covered by a silver plate and grounded.  

 

Figure IV-2: Dielectric Barrier Discharge reactor 
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Figure IV-3: Lissajous curve obtained at 10 Hz 

The high voltage sinusoidal signal is applied to a stainless steel cylindrical center  

electrode. The sinusoidal high voltage signal, up to 20kV, is obtained using a voltage 

amplifier TREK, coupled to a frequency generator. The power injected into the plasma is 

determined using the Manley method of V-Q Lissajous method [13]. A capacitor is placed 

downstream of the reactor. The charge Q was determined by measuring the voltage across 

the capacitor. The Lissajous curve is presented in Figure IV-3. The surface of this latter is 

equal to the energy (J) consumed by the plasma over a period. 

The discharge power is then calculated by multiplying the pulse frequency and the 

energy over a period. A key parameter of atmospheric pressure plasmas is the Specific 

Input Energy (SIE - in J/L), whose equation is presented in: 

                     (      ⁄ )  
               ( )    

    
 

Equation IV-1 

 

The SIE is identical to the specific corona power used in the field of electrostatic 

precipitator. In this study, SIE is changed by varying the pulse frequency, and keeping as 

constant the flow rate and the high voltage, and varies up to 450 J/L. This upper value of 

SIE corresponds to a maximum power injected in the plasma of 500 mW. 

4.2.2  Reactant gas flow mixture preparation and analytical system  

The gaseous effluent is introduced into the lower part of the reactor. The total gas 

flow rate, set at 100 mL/min, is composed of the pollutant (1000 ppm C acetaldehyde), 

oxygen (20%) and nitrogen (balance). The gas passes through the discharge and is injected, 
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at the top of the reactor, to a set of analyzers. All experiments are conducted at room 

temperature. 

Acetaldehyde oxidation or remediation is evaluated by measuring its residual 

concentration as well as the CO and CO2, CH3 OH, O3 . . . at the reactor exit. Residual 

acetaldehyde and the other oxidation by-products are identified and quantified using a 

Shimadzu GC-2110 Gas chromatography device. Identification of by-products was also 

performed using a Shimadzu QP2010 Ultra Gas Chromatography coupled with Mass 

Spectrometry. An infrared multi-gas analyzer provides the continuous monitoring of CO 

and CO2 at the reactor exit. Ozone concentration was evaluated using a ultra-violet 

absorption analyzer. 

The selectivity of byproduct is defined as the percentage of disappeared 

acetaldehyde converted respectively to CO or CO2: 

 (         )  
[                     ]         
 {[      ]  [      ]}

 
Equation IV-2 

 

4.2.3  Fluidized bed process coupling DBD and nanostructured catalyst  

The plasma catalysis technique can be classified into two major systems, depending 

on the position of the catalyst. In the “two-stage” type, the catalyst can be located 

upstream or downstream the plasma zone. In the one-stage type, the configuration chosen 

in this study, the catalyst is immersed in the plasma region, e.g. plasma and catalyst could 

directly interact with each other. In our experimental setup, 6.5 g of pellets (Aldrich 

borosilicate, diam. 1 mm) are immersed in the plasma region. Considering the mass of 

each pellet (20 mg), the radius of the reactor (2 cm) and the flow rate (100 mL/min), the 

process, without plasma, can be considered as a packed-bed reactor (PBR). 

However, due to the electrical conductivity of SiO2 pellets, when applying a low 

frequency plasma (1–50 Hz), each pellet is electrically charged and discharged over a 

pulse period, and will be alternatively attracted to the center electrode or the outer 

electrode. Thus, these electrically “moving” pellets will induce a  fluidized bed. This 

fluidized bed is not due to the classical theory of fluidization, but may be considered as an 

electrically enhanced fluidized bed. At higher pulse frequency, the pellets do not have the 

time to follow the electrical alternation of the high voltage, e.g. the fluidized bed 

transforms backwards to a classical packed bed.  
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4.3  Pollutant removal in plasma process alone 

In this part, results, in terms of pollutant removal and major by-products 

concentration, using the plasma process are presented.  

4.3.1  Experimental results 

Figure IV-4 presents the residual acetaldehyde percentage measured at the reactor 

exit, as a function of the specific input energy in semi-log axis. Experiments were 

performed at room temperature and gas mixture was composed by CH3CHO (1000ppmC), 

O2 (20%) and N2 (balance). The residual acetaldehyde at reactor exit (in %) decreases with 

the Specific Input Energy, and reaches 23 % at a 456 J/L, corresponding to a power 

injected in the plasma of 0,7 W. 
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Figure IV-4: Acetaldehyde residual at reactor exit using plasma process alone, as a function of the specific 

input energy. Inlet gas in composed by CH3CHO (1000 ppmC), oxygen (20%) and nitrogen (balance). 

Experiments are performed at room temperature. 

The influence of the specific input energy on the concentrations of of CO, CO2 and 

O3 at reactor exit is presented in the Figure IV-5. Ozone increases from 0 to more than 

1750 ppm at 450 J/L, while CO and CO2 increase up to 160 and 210 ppm respectively. 

Koeta et al. [219] recently studied the degradation of CH3CHO in a cylindrical pulsed 

DBD. At 200 J/L, the authors measured a CH3CHO degradation around 40%, similar to 

the one observed in our conditions. They did not present the evolution of COx as a 

function of the SIE, but they observed a maximum concentration of CO and CO2 of 385 

and 12 ppm respectively (the value of the SIE is not known). These values are fairly 

different compared to the one observed in our experimental conditions.  Thus, in Koeta 

pulsed DBD, CO is the major by-products, and concentration is 30 times higher than the 
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one of CO2, while, in our conditions, CO2 is the main by-products and the ratio of CO over 

CO2 is around 0.8 at 450 J/L. 
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Figure IV-5: Evolution of some of the major by-products (CO, CO2 and O3) as a function of the specific 

input energy 

The selectivities of CO, CO2 and CO+CO2 are presented in the Figure IV-6 as a 

function of the specific input energy. CO selectivity increases from almost 5% to 20% at 

450 J/L, while CO2 selectivity remains almost constant between 25 and 30 %. The total 

COx selectivity reaches 50 % at high SIE (450 J/L). 
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Figure IV-6: Influence of the SIE on the selectivity of CO and CO2 and COx 
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4.3.2   Kinetic degradation of the pollutant in a plasma  

In order to explain the experimental results of acetaldehyde removal and to 

understand the by-products production in plasma process alone, the modeling study has 

been investigated in this section. 

As recently reported [103] , in the plasma region, CH3CHO is mainly decomposed 

through three major pathways, involving electrons, atomic oxygen, hydroxyl radicals, as 

well as excited and metastable states of nitrogen. The relative contribution of these 

processes depends on the specific input energy and is reported in Table IV-1. These results 

have been obtained using a quasi-homogeneous 0D chemical model developed to 

investigate efficiency of streamers at atmospheric pressure in the removal process of the 

pollutant. The purpose of the present chapter is not to detail the reaction scheme of 

degradation of acetaldehyde in the plasma region. Nevertheless, these results allow 

identifying the main sources of the pollutant degradation in the streamers, as well as the 

formation of by-products (including CO and CO2). Further information concerning the 

quasi-homogeneous plasma model can be found in Ref. [103] 

Table IV-1: Influence of the specific input energy on the flow rate of degradation of CH 3CHO (in %) 

Specific Input Energy CH3CHO + e, N2* CH3CHO + O CH3CHO + OH 

30 J/L 80 % 9 % 11 % 

200 J/L 55 % 28 % 17 % 

400 J/L 44 % 37 % 23 % 

At low specific input energy, reactions with excited and metastable state of N 2 with 

CH3CHO represent 80% of the total degradation of the pollutant. As far as the specific 

input energy increases, the contribution of reactions between the pollutant and O atoms or 

OH radicals increases. Thus, at high specific input energy, the reactions between 

acetaldehyde and electrons or N2 excited and metastable states represent less than 50% of 

the total degradation flow rate. 

In plasma processes, at room temperature and atmospheric pressure, ozone is 

mainly produced and consumed by reactions reported in Table 2. The presented flow rate 

is the product of the reaction rate with the concentration of reactants. These concentrations 

have been calculated using a 0D streamer model at atmospheric pressure and room 

temperature [103].  
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Table IV-2: main production and consumption reaction rate of O3 at atmospheric pressure and room 

temperature 

Reaction Reaction rate k300 (cm
3
.molecule

-1
.s

-1
) Reference Flow rate 

O + O2 + N2→ O3 + N2 6.2×10-34 [N2] [226] 6.23 × 10+25 

O + O2 + O2→ O3 + O2 6.9×10
-34

 [O2] [226] 1.69 × 10
+25

 

H + O3→ OH + O2 2.9×10
-11

 [227] 9.56 × 10
+24

 

O + O3→ 2O2 9.3×10
-15

 [226] 3.31 × 10
+23

 

O3+CH3CHO→products 3.4×10
-20

 [228] 1.78 × 10
+20

 

Ozone production is mostly controlled by the three body reaction involving atomic 

oxygen produced in the plasma, O2 and N2. Ozone is mostly consumed by reaction 

involving H atoms and to a lesser extent by reaction with O atoms, while the reaction 

between ozone and CH3CHO represents less than 1% of the ozone depletion. 

Carbon dioxide is produced through Reaction IV-1 (50%) and Reaction IV-2 (30%). 

In our experimental conditions, other minor pathways may involve reactions between 

CH3COO2 and NO. 

CH3CO + (O,O2) → CO2 + CH3O Reaction IV-1 

HCO + O → CO2 + H Reaction IV-2 

Carbon monoxide is produced through Reaction IV-3 and Reaction IV-4, both 

involving the reaction between the pollutant and N2(A) states. 

CH3CHO + N2(A) → CH4 + CO + N2 Reaction IV-3 

CH3CHO + N2(A) → CH3 + CHO + N2 

CH3 + O → CO + H + H2 

 

Reaction IV-4 

As proposed in literature [103, 229], the initial reactions for acetaldehyde 

decomposition are through (a) the electron impact and (b) the attack by oxygen atoms: 

a. Electron-impact reactions 

CH3CHO + e → CH3 + CHO  Reaction IV-5 

CH3CHO + e → CH3 CHO* (metastable state) Reaction IV-6 

CH3 CHO* → CH3 + CHO Reaction IV-7 

CH3 CHO* + O2 → HO2 + CH3CO Reaction IV-8 

b. Reactions with O and OH 

CH3CHO + O → CH3 + CO + OH Reaction IV-9 

CH3CHO + O → CH3CO  + OH Reaction IV-10 

CH3CHO+OH → H2O + CH3CO Reaction IV-11 
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CH3CHO+OH →H2O + CH2CHO Reaction IV-12 

c. Reactions with N2 metastable states. 

CH3CHO + (N2(A), N2*) → CH3 + CO + N2(X) Reaction IV-13 

CH3CHO + N2(A) → CH4 + CO + N2(X) Reaction IV-14 

CH3CHO + N2* →CH3CO + H + N2(X) Reaction IV-15 

The methyl and acetyl radicals generated can react with oxygen as follows: 

CH3 + O2 → CH3O2 Reaction IV-16 

CH3CO + O2 → CH3C(O) O2  Reaction IV-17 

4.4  Pollutant removal in a diphasic plasma/catalytic fluidized 

bed process: Ag NPs catalysts 

4.4.1  Pollutant removal using catalyst alone 

 In the same reactor as above, without plasma, the degradation of the pollutant was 

studied in presence of the catalyst at room temperature and atmospheric pressure. 

Whatever the type of catalyst used, we did not observe any degradation of the 

acetaldehyde or by-product formation. 

4.4.2  Pollutant removal using plasma/silver-catalyst process 

In this part, we will present the results obtained in the diphasic process coupling 

the atmospheric pressure dielectric barrier discharge and a catalytic fluidized bed. The 

results will be compared with the one obtained in the plasma alone configuration. The 

influence, in terms of CH3CHO abatement and major by-products concentration (COx), of 

the following beds will be presented. 

 SiO2 pellets, 

 TiO2/SiO2 pellets, 

 Ag/TiO2/SiO2 pellets: different pellets will be used, corresponding to different 

irradiation time (from 10 s to 60 min). As mentioned before in Section 3.5, the 

irradiation time has a direct influence on the size of the nanoparticles, as well as 

the quantity of deposited silver. In the following, in order to simplify the 

reading, we will only note the irradiation time in brackets Ag (xxx s) when 

dealing with the Ag/TiO2/SiO2balls. 
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The residual acetaldehyde at the reactor exit, as a function of the specific input 

energy and type of solid particle, is presented in Figure IV-7: 
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Figure IV-7: CH3CHO residual (%) at reactor exit as a function of the specific input energy, the process 

used and irradiation time 

All CH3CHO residual values obtained with the fluidized beds (SiO2, TiO2/SiO2 and 

Ag/TiO2/SiO2) are lower than those obtained in the plasma alone process. Thus, the 

decomposition of CH3CHO can be enhanced by more than a factor of 10, compared to the 

plasma alone process, depending on the fluidized bed used. For example, at a low SIE of 

150 J/L, the residual CH3CHO reaches 75% in plasma alone process, while the value drops 

below 3% using Ag (1 min irradiation time)/TiO2/SiO2 beads in the plasma process. We 

can also observe four groups of curves, depending on the fluidized bed used:  

 SiO2  and TiO2/SiO2: the fluidized bed with only SiO2 and TiO2/SiO2 beads lead to 

a decrease of residual CH3CHO at the reactor exit by more than a factor of 2 at 

250 J/L (22% compared to 54% with plasma alone process)  

 Ag (1 min), Ag (5 min) and Ag (60 min): the use of these catalytic fluidized 

beds in the plasma fluidized bed leads to a same and strong decrease of the 

CH3CHO removal at the reactor exit: at 150 J/L, the pollutant removal equals 

3% compared to 75% with the plasma alone process. 

 Ag (30 s) and Ag (45 s): the use of these fluidized beds is an inter-mediate case 

between the first and second group of fluidized beds.  
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The removal efficiency of CH3CHO, as a function of the irradiation time (in s), is 

presented in Figure IV-8, at a medium specific input energy of 150 J/L. Removal 

efficiency obtained with plasma alone and plasma coupled with a TiO2/SiO2 fluidized bed 

are also reported in dot curves, and correspond to 25% and 42% respectively.  
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Figure IV-8: Effect of the irradiation time on the CH3CHO removal at reactor exit at 150 J/L. 

The CH3CHO removal is almost doubled using a TiO2/SiO2 or a SiO2 fluidized bed 

immersed in the plasma, compared to the plasma alone process. The increase of the 

pollutant removal is even more important when a fluidized Ag/TiO2/SiO2 bed is immersed 

in the plasma region. Thus, the pollutant removal efficiency increases from 75%, using a 

Ag (30 s) bed, to a plateau around 97% using longer irradiation times (Ag (1 min), Ag (5 

min), Ag (60 min)). The CO2 concentration at the reactor exit, as a function of the specific 

input energy and the type of solid particle, is presented in Figure IV-9. The CO2 

concentration reaches 200 ppm whatever the fluidized bed immersed in the plasma. 

However, this maximum value is reached at a SIE value that strongly depends on the type 

of solid particle. Thus, in the plasma alone process, 200 ppm of CO2 at the reactor exit are 

measured at 450 J/L, while the same value is obtained at 60 J/L using Ag (60 min), Ag (5 

min) or Ag (1 min) solid particle Figure IV-9. 
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Figure IV-9: CO2 as a function of the specific input energy (J/L).  

However, we can observe, in Figure IV-10, that the CO2 selectivity reaches 30% 

and does not depend on the type of solid particle. In order to ease the reading of the figure, 

we do not plot all the experimental conditions studied while similar results were obtained 

in all these series. We conclude that the fluidized bed does not have any influence on the 

CO2 selectivity (Figure IV-10).  
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Figure IV-10: CO2 selectivity as a function of the specific input energy and the type of fluidized bed  
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Figure IV-11: CO selectivity as a function of the specific input energy.  

On the contrary, as reported in Figure IV-11, the CO selectivity is strongly affected 

by type of solid particle. Using the plasma process, the CO selectivity increases linearly 

and reaches less than 25% at 450 J/L. Using an Ag (1 min) type of solid particle in the 

plasma induces a strong increase of the CO selectivity, which reaches more than 40% at 

150 J/L. The same trends were observed previously (Figure IV-8). At a fixed SIE (150 J/L 

for example), the CO selectivity measured using Ag (45 s) is between that of SiO2 and Ag 

(5 min) fluidized beds coupled with the plasma. This result indicates a strong inter-action 

between pollutant and catalyst (Ag/TiO2), but also the SiO2 surface.  
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Figure IV-12: CO and CO2 selectivities (%) as a function of the irradiation time (sec) at 150 J/L.  



Chapter IV Acetaldehyde removal 

92 

Finally, we present in Figure IV-12, at a medium SIE value of 150 J/L, the CO, 

CO2 and COx selectivities as a function of silver deposition time during the preparation of 

Ag–TiO2 nanocoatings, as well as the values obtained in the plasma alone process. We can 

note that, whatever the deposition time, the CO2 selectivity remains unchanged and close 

to the value measured in the plasma alone process. The CO selectivity increased from 20% 

at 45 s irradiation time to more than 40% at long irradiation time. Thus, the COx 

selectivity at long irradiation times using Ag/TiO2/SiO2 pellets immersed in plasma is 

doubled compared to the value measured in the plasma alone process . 

4.4.3  Removal pollutant pathways in a diphasic plasma/catalytic fluidized 

bed process 

4.4.3.1  Heterogeneous processes between CH3CHO and TiO2, SiO2 and Ag 

There are numerous studies related to surface reactions between acetaldehyde and 

different catalyst and support materials. Most of these studies highlight aldol condensation, 

oxidation and hydroxylation processes of CH3CHO on surfaces. For instance, Rekoske and 

Barteau [230] have observed the aldol condensation of acetaldehyde on rutile TiO2 at 313 

K, by applying both gas-phase and surface analyses. The formation of croton-aldehyde 

(CH3CH=CHCHO) is explained by the chemisorption of acetaldehyde on TiO2 involving a 

strong interaction between the surface and the carbonyl oxygen of acetaldehyde.  

Raskó et al. [231, 232] have observed the adsorption of acetaldehyde on different 

oxides (TiO2, CeO2, Al2O3) through surface OH groups forming hydrogen bridge bonding 

and through oxygen lone pairs on Lewis surface sites. The adsorbed acetaldehyde could 

then be converted to croton aldehyde by β-aldolization, to acetate (CH3COO(a)) by 

oxidation or into ethoxy of the oxides by reduction.  

On SiO2 surface, Young and Sheppard [233] observed a hydrogen-bonded 

interaction between surface hydroxyl groups and the adsorbate carbonyl groups. Over 

silica-supported nickel, these authors reported a decomposition of acetaldehyde to 

methane and carbon monoxide at temperatures between 293 K and 393 K. The 

decarbonylation reaction of acetaldehyde was also observed by Bowker et al. [234, 235] 

during the study of catalytic decomposition and adsorption of acetaldehyde on Pd (1 1 0).  

Thus, we can propose a decarbonylation process of CH3CHO on the Ag/TiO2/SiO2 

surface, as presented in Figure IV-13. This mechanism can be described through Reaction 

IV-18 to Reaction IV-20.  



Chapter IV Acetaldehyde removal 

93 

CH3CHOa→ CH3a + Ha + COa Reaction IV-18 

COa→ CO Reaction IV-19 

CH3a + Ha→ CH4 Reaction IV-20 

This process may increase the degradation of acetaldehyde on the surface, as well 

as the production of CO and CH4.  

 

Figure IV-13: Decarbonylation of CH3CHO on a Ag/TiO2/SiO2 surface. 

4.4.3.2  Influence of the plasma on the pollutant removal chemistry 

The influence of the plasma on the surface chemistry is not negligible. Physical and 

chemical effects of the plasma on the surface, and vice versa, may influence the 

homogeneous and heterogeneous chemistry.  

From physical point of view, an enhancement of the electric field in the vicinity of 

the pellets, compared to a non-packed bed process, has been observed either by modeling 

or experimentally by several authors [236-238], especially around the contact points 

between the pellets and pellets/electrode. The increase of the electric field may result in 

higher electrons energy, which promotes reactions involving electron impact.  

From chemical point of view, a dissociation process of CH3CHO can be observed 

on surfaces Reaction IV-21, leading to the production of two radicals: CH3 and CHO. Part 

of CHO may be adsorbed and dehydrogenated, but may also be desorbed from the surface, 

and be responsible, under plasma effect, for the increase of the CO2 selectivity through 

Reaction IV-2. 

CH3CHO + M(s) → CH3 + CHO Reaction IV-21 

HCO + O → CO2 + H Reaction IV-2 

CH3 radical may also be desorbed from the surface, to produce, in the plasma phase, 

CO through Reaction IV-4.  

CH3 + O → CO + H + H2 Reaction IV-4 
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Such processes have been proposed by Magureanu et al. [239]. These authors 

studied the role of ozone and hybrid plasma Ag–Al catalysts for the oxidation of toluene. 

They proposed that the toluene could be transformed into a more oxygenated molecule 

using the activated ozone adsorbed on the surface. Ding et al. [240, 241] studied the 

degradation of formaldehyde (CH2O) using a plasma – Ag/CeO2 catalyst. They proposed 

than the adsorption of CH2O and HCO could weaken their C H bond, leading to an 

increase of reactions rates involving O2, O, OH and HO2.  

We can also note that a small plasma-induced CO oxidation over the catalytic 

surface may also be responsible for the CO2 production. The heterogeneous oxidation 

reactions of CO on the surface may involve O atoms (Reaction IV-22), produced during the 

plasma phase, and HO2 (Reaction IV-23) [240]. However, due to the low specific surface 

area of SiO2 pellets, the heterogeneous oxidation of CO may be negligible.  

CO + O + M → CO2 + M Reaction IV-22 

2.7 × 10−
16

 cm
3
 molecule−

1
 s−

1
  

CO + HO2→ CO2 + OH Reaction IV-23 

k = 3.0 × 10−
15

 cm
3
 molecule−

1
 s−

1
  

As a conclusion, the proposed acetaldehyde removal sketch involves a two-step 

process. In the plasma region, CH3CHO is removed, leading to the production of CO, CO2 

and by-products [103, 219]. On the catalytic surface, the decarbonylation reaction of 

acetaldehyde leads to the production of CO and CH4. Thus, the enhancement of the 

CH3CHO removal observed using fluidized bed immersed in the plasma is due to the 

cumulative effect of the degradation of the pollutant in the homogeneous plasma phase 

and on the heterogeneous catalytic surface. This two-steps degradation induces an increase 

of the CO and CO2 concentrations. Further investigations need to be carried out in order to 

precisely describe the acetaldehyde reactivity on the surface. 

4.5  Pollutant removal in a diphasic plasma/catalytic fluidized 

bed process: Au NPs catalysts 

4.5.1  Acetaldehyde removal  

In this section, we will present the results obtained in the diphasic process coupling 

the atmospheric pressure dielectric barrier discharge and a Au NPs catalytic fluidized bed. 

The results will be compared with the one obtained in the plasma alone configuration. The 
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influence, in terms of CH3CHO abatement and major by-products concentration (COx), of 

the following beds will be presented. 

 SiO2 pellets, 

 TiO2/SiO2 pellets, 

 Ag/TiO2/SiO2 pellets: reprinted from section 4.4.2, 

 Au/TiO2/SiO2 pellets: different pellets will be used, corresponding to different 

irradiation time (from 1min to 300 min). As mentioned before in Section 3.1, the 

irradiation time has a direct influence on the size of the nanoparticles, as well as the 

quantity of deposited gold. In the following, in order to simplify the reading, we will 

only note the irradiation time in brackets Au (xxx min) when dealing with the 

Au/TiO2/SiO2 balls. It should be pointed out that without plasma, whatever the type of 

catalyst used, we did not observe any degradation of the acetaldehyde nor by-product 

formation. 

The residual acetaldehyde at the reactor exit, as a function of the specific input energy and 

type of solid particle, is presented in Figure IV-14. 
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Figure IV-14: CH3CHO residual (%) at reactor exit as a function of the specific input energy, the process 

used and irradiation time 

All CH3CHO residual values obtained with the fluidized beds (TiO2/SiO2 and 

Au/TiO2/SiO2) are lower than those obtained in the plasma alone process. TiO2 alone was 

inactive as described in ref [242], We can also observe two groups of curves, depending 

on the fluidized bed used:  
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 Au (1 min), Au (5 min), Au (10 min) and Au (20 min): with the increase of irradiation 

time, the use of these catalytic fluidized beds in the plasma leads to a decrease in 

CH3CHO concentration at the reactor exit. For the sample of Au (20min), at 150 J/L, 

the pollutant removal equals 3% which is almost the same compared to Ag (60min). 

 Au (40 min) Au (80 min) and Au (300 min): with the increase of irradiation time, the 

use of these catalytic fluidized beds in the plasma leads to an increase in CH3CHO 

concentration at the reactor exit. In addition, the samples of Au (80min and 300 min) 

seem inactive.  

Two questions should be resolved  

1. Why gold catalysts with weak irradiation time (t ≤20 min) have better acetaldehyde 

efficiency than those with long irradiation time?  

2. Which is the optimal quantity and size of particles for acetaldehyde removal? 

In the following sections, we will deal with these two questions.  

4.5.2  Acetaldehyde removal efficiency: why nanoparticles 

In order to answer the first question, we should correlate the results of gold 

characterization with those of acetaldehyde removal. As shown in section 3.6 in Figure 

III-18, with weak irradiation time (t ≤20 min), the gold particles in nanometric scale are 

well-dispersed and with long irradiation the gold particles start to agglomerate. It seems 

that particles in nanometric scale are preferable for acetaldehyde removal. To confirm this 

hypothesis, we propose a new term: specific pollutants removal efficiency   which is 

determined by the expression: 

x
x

A

R

n
M

N

 
 
 
 

 Equation IV-3 

 

 : Specific pollutants removal efficiency (ppm/g) 

R : Concentration of consumed pollutant (ppm) in the plasma catalytic reactor 

xn : Atom (silver or gold) numbers using in the plasma catalytic reactor 

AN : The Avogadro constant 
23 16.02 10 mol   

xM : Standard atomic weight ( 107.87 /AgM g mol  and 196.97 /AuM g mol  ) 

Figure IV-15 shows the specific acetaldehyde removal efficiency for different Ag 

and Au NPs catalysts at 150 J/L. With Ag NPs catalysts, this specific efficiency 

diminishes with the UV exposition time and then reaches a platform at  t≥10min. As we 
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have concluded in the section 3.5.1, between 1 and 10 min, the silver particles grow both 

on number and size and this growth kinetic almost saturates at t≥10min. That is to say, the 

small silver particles have better performance (10 times) than the big one. This hypothesis 

could be confirmed by Au NPs catalysts. At t≤20min, the specific efficiency has the same 

evolution than Ag NPs catalysts. However, a drop has been observed at t≥20min when the 

agglomerated gold particles (~0.1 m ) were generated (Figure III-18 e and f). Moreover 

the small gold particles in the nanometric scale have better performance (2000 times) than 

those in micrometric scale in the process of plasma-catalysis for the acetaldehyde removal. 

In general, most of study in plasma catalysis worked in the micrometric scale and our 

study reveal the interest of the nanometric scale.  
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Figure IV-15: Specific acetaldehyde removal efficiency for different Ag;Au NPs catalysts (different 

irradiation time) at 150 J/L  

We can use specific acetaldehyde removal efficiency indicates to know which kind 

of catalysts (a small isolate or agglomerated particle) is more efficient for acetaldehyde 

removal in plasma catalysis. Besides, for the purpose of industrial application, we should 

consider the catalysts cost. Taking into account the price of silver and gold which is 

respectively 22.75 and 1346.00 dollar/ounce (price 24/10/2013), we compare the industrial 

acetaldehyde removal efficiency by the equation: 

28.35
xP


 

 
 
 

 Equation IV-4 

 

 : Industrial pollutants removal efficiency (ppm/dollar) 

 : Specific acetaldehyde removal efficiency (ppm/g) 
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xP : Silver or gold price (dollar/ounce) 

Using Ag (1min) and gold (1min), the   is close, respectively 83.22 10  and 

81.57 10 ppm/g while the   is respectively 84.02 10  and 63.20 10 . It’s clear that Ag 

catalyst is much more economical than Au catalyst to remove the same quantity of 

acetaldehyde using plasma catalytic process. But, the utilization of gold nanoparticles may 

increases the selectivity of CO2 which will be discussed in section 4.6.1. Thus, using a 

bimetallic (Ag-Au) catalysts in plasma-catalysis process may on one hand have a good 

acetaldehyde removal efficiency, and on the other hand obtain a high selectivity on CO2. 

Although a gold atom in a small particle has better than that in a big one, the quantity of 

particles should also be important in the acetaldehyde removal which will  be discussed in 

the following section. 

4.5.3  Acetaldehyde removal efficiency: quantity of nanoparticles  

The removal efficiency of CH3CHO using different Au/TiO2/SiO2 pellets in plama, 

as a function of the irradiation time (in min), is presented in Figure IV-16, at a medium 

specific input energy of 150 J/L. The surface number density of gold particles (star) and 

particle radius (column) of different samples obtained by image processing method in 

section 3.4 are also plotted in this figure.  

We can clearly observe in upper figure that CH3CHO removal efficiency increase 

with the surface area of gold nanoparticles at irradiation time t ≤ 20 min. Although Au-

1min sample has a better specific acetaldehyde removal efficiency than Au-20min, as 

discussed in the section 4.5.2, Au-20min catalyst has more gold atoms than Au-1min 

while their diameters doesn’t change widely. The increase of acetaldehyde removal 

between Au-1min and Au-20min indicate that the surface number density of gold atoms is 

also important.  

In contrast, at t > 20min although the surface area continues to rise, the CH3CHO 

removal ratio drops dramatically. This contradiction could be explained by the formation 

of agglomerated gold particles whose size is in the range between 20 and 100 nm (as 

shown in section 3.6 Figure III-18). As we have shown in the section above, the small 

gold particles in the nanometric scale have better performance (2000 times) than those in 

micrometric scale in the process of plasma-catalysis for the acetaldehyde removal. Thus, 

the surface area of Au (40 min) and Au (300 min) is recalculated by removing the particles 

size in the range between 20 and 100 nm and the results (circle and dashed line) are shown 
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in the same figure. The results indicate that the surface area of gold nanoparticles lower 

than 20 nm seems to play a key role in CH3CHO removal and the particles whose size is 

more than 20 nm are catalytically inert in CH3CHO removal in a diphasic plasma/catalytic 

fluidized bed process. 
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Figure IV-16: CH3CHO removal (a), gold particle radius (b-left, column), surface number density of gold 

atom (b-right ) surface number density of sub-20nm gold nanoparticles (b-right ,⃝----) versus 

irradiation time at 150 J/L. 

4.6  A comparison between Ag and Au NPs catalysts: by-

production formation 

We provide in this section the by-products production information which is seemly 

the key to understanding the CH3CHO removal process involving heterogeneous surface 

and homogeneous plasma chemistry. Before comparing the by-products one by one, we 

present in Figure IV-17 (a) and (b) two segments of GC spectrums which were obtained 

by using plasma alone for CH3CHO removal. The acquisition between 7.5min and 7.8 min 

has been removed because a big water pic presents in this area.  
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Figure IV-17: Two segments (a, 0-7.5min; b, 7.8-17.2min) of  a GC spectra obtained by using plasma alone 

for CH3CHO removal at 465J/L 

Concerning the by-products formation with Ag and Au catalyst, we show a 

comparative study in Table IV-3 which displays the names of the organic byproducts 

identified by GC-MS. Overall methyl formate, Methyl nitrate, methyl acetate, methanol, 

acetic acid, 1,2-Ethanediol, diformate and 1,2-Ethanediol, monoformate are the major by-

products, about tens of ppm, in the plasma alone process. The concentrations of Nitrogen-

containing Compounds like nitro-methane and acetonitrile are weak, less than 5ppm. 

With Ag NPs catalysts, the concentration of these by-products changes however 

none of them have been totally decomposed. However, with Au NPs catalysts, the GC 

peaks of acetic acid, nitro-methane and acetonitrile disappear. Next we discuss the 

selectivity of these by-products in different conditions (plasma alone and plasma catalysis) 

in function of the specific input energy (SIE, J/L). 
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Table IV-3: Organic by-products obtained in the plasma chemical decomposition of CH3CHO  

By-products 
Retention time, 

min 
Formula 

Ag-

60min 

Au-

20min 

Oxygen-containing Compounds 

Methyl formate 2.266 
 

Yes Yes 

Methyl acetate 2.957 

 

Yes Yes 

Methanol 4.212 

 

Yes Yes 

Paraldehyde 8.258 

 

Yes Yes 

Acetic acid 

 
12.677 

 
Yes No 

1,2-Ethanediol, 

diformate 

12.426 

 

Yes Yes 

1,2-Ethanediol, 

monoformate 

13.351 
 

Yes Yes 

Nitrogen-containing Compounds 

Methyl nitrate 5.183 

 

Yes Yes 

Acetonitrile 6.865 

 

Yes No 

Nitromethane 9.174 

 

Yes No 

Three by-products such as acetic acid, nitro-methane and acetonitrile are special 

because their GC peaks disappear when the Au NPs catalysts are added in the plasma 

process. Figure IV-18 shows respectively the selectivity of acetic acid (a) and nitro-
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methane (b). We don’t present acetonitrile since its concentration is weak, less than 2 ppm. 

The selectivity of acetic acid diminishes in function of SIE while the nitro-methane 

increases. These indicate one of advantages of gold catalysts: the reduction of by-products. 

The other advantage which concerns the production of COx will be presented in next.  

 

Figure IV-18: Relationship between Specific Input Energy (SIE) and selectivity (%) of acetic acid (a) and 

nitro-methane (b) 

4.6.1  The CO and CO2 production 
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Figure IV-19:  CO2 (selectivity) as a function of the specific input energy (J/L).  

The CO2 selectivity at the reactor exit, as a function of the specific input energy 

and the type of solid particle, is presented in Figure IV-19. We do not plot all the 

experimental conditions studied while the CO2 selectivity values vary little in all these Au 
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samples. It’s clear that all CO2 selectivity values obtained with Au/TiO2/SiO2 samples are 

higher than those obtained with Ag/TiO2/SiO2 samples. In addition, use of Au NPs 

catalysts almost doubles CO2 selectivity compared to Ag NPs catalysts.  

On the contrary, as reported in Figure IV-20 (a), the CO selectivity is strongly 

affected by type of solid particle. Also, there is nearly no difference between Au-20min 

and Ag-60min which show the best performance for CH3CHO removal. The use of Au-

5min catalyst is an inter-mediate case. In order to better understand the evolution of CO 

selectivity with different catalyst, CO  selectivity as a function of the irradiation time of 

different Ag and Au samples at 150J/L is presented in  

Figure IV-20b. The CO selectivity increased from 15-20% at short irradiation time 

to more than 40% at long irradiation time regardless of the kind of catalysts used. 

However, it decreases with the gold irradiation time after 20min while it likely arrive a 

limit with Ag NPs catalyst.  
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Figure IV-20:( a) CO selectivity as a function of the specific input energy (J/L); (b) CO (selectivity) as a 

function of the irradiation time of different Ag and Au samples at 150J/L.  

Finally, we present respectively in Figure IV-21 (a) and (b), at a medium SIE value 

of 150 J/L, the CO, CO2 and COx selectivity as a function of silver or gold irradiation 

time , as well as the values obtained in the plasma alone process. We can note that, the 

COx selectivity is doubled compared to the value measured in the plasma alone process 

and his value is more or less 60% no matter which kind of catalysts is used. The use of Au 
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NPs catalyst increases the CO2 selectivity and decreases the CO selectivity compared to 

Ag NPs catalyst which is the one of the major advantages of Au NPs catalyst. 
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Figure IV-21: CO and CO2 selectivities (%) as a function of the irradiation time at 150 J/L.  

In the literature, Hartura’s groups [121, 235] discovered gold is a unique catalyst 

for the oxidation of CO at around room temperature when gold metal particles are smaller 

than 5nm and supported on oxides. However, Kim et al. reported that direct application of 

nonthermal plasma greatly enhanced the CO oxidation over the fresh Au/TiO2 (IP) catalyst 

with a mean diameter of 26nm, which showed no catalytic activity without plasma. This 

result indicates that mechanisms for the plasma-induced catalytic activity are different 

from those for the activity observed with Au/TiO2 catalyst in the absence of plasma. This 

difference could be explained by the reactive oxygen species (including ozone) produced 

by the plasma which are expected to play an import role for the CO oxidation on the gold 

catalyst.  

4.6.2  Methanol 

Among detected by-product methanol seems to be one of the major produced 

species with an important selectivity. The pathways of methanol formation in plasma seem 

to be close to the following ones: 

CH3O2 + OH → CH3OH + O2 Reaction IV-24 

CH3O + CH3O → CH3OH + HCHO Reaction IV-25 

CH3 + OH → CH3OH Reaction IV-26 
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Relationship between Specific Input Energy (SIE) and selectivity of methanol 

(S(Methanol),%) is shown in Figure IV-22 in different conditions. The selectivity of 

methanol can be written in the following form: 

T

methanol
methanol T

acetal

C
S

C
  

Equation IV-5 

 

T

methanolC
 is the concentration of methanol in the output of the reactor  

T

acetalC
 is the concentration of consumed acetaldehyde.  

Figure IV-22 (a) presents the relationship between Specific Input Energy (SIE) and 

selectivity of methanol (%) with plasma and plasma/Au NPs catalysts. When plasma alone 

is applied, the kinetic curve seemingly follows the power law:

/19.560.081 1424.13 SIE

methanolS e 
. The addition of Au NPs catalysts in plasma completely 

changes the methanol formation and decomposition kinetic. However, as shown in Figure 

IV-22b, the utilization SiO2 balls or Ag NPs catalysts in plasma don’t change the kinetic 

and just shift it. These different evolutions may relate to the different surface reaction.  
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Figure IV-22: Relationship between Specific Input Energy (SIE) and selectivity of methanol (%) with( a) Au 

NPs catalysts and (b) Ag NPs catalysts 

Taking into account surface reaction, the Equation IV-5 can be developed by: 

Pp Sc Sp

methanol methanol methanol
methanol T

acetal

C C C
S

C

 
  

Equation IV-6 

 

 
Pp

methanolC  is the concentration of methanol due to the plasma in volume involving the production 

and consumption;  
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Sc

methanolC  is the concentration of absorbed and consumed methanol on the surface;  

 
Sp

methanolC is the concentration of produced methanol on the surface;  

 
T

acetalC
 is the concentration of consumed acetaldehyde.  

The Equation IV-6 can be simplified with the conditions: 

 In the literature, methanol can’t be produced by the reaction of acetaldehyde on a gold 

surface, so we can neglect
Sp

methanolC .  

 As methanol can’t be produced on the surface, the entire methanol that is absorbed or 

decomposed on the surface results from plasma volume. Thus we can consider that 

abs

methanolC  is proportional to 
p

methanolC  with 
Sc p

methanol methanolC C   

Then the Equation IV-6 will be simplified by the expression 

1

Sc

methanol methanol

T

acetal

C S

C 



 

Equation IV-7 
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Figure IV-23 Concentration of methanol in the output of the reactor as a function of concentration of 

consumed acetaldehyde 

For Au NPs catalysts, the selectivity of methanol seems constant (S≈4.57%), as 

shown in Figure IV-23 (a), whatever the SIE and Au NPs catalysts change. So Equation 

IV-7 can be written as 

1

Sc

methanol methanol

T

acetal

C S
cons

C 
 


 

Equation IV-8 

 

In fact, the presence of Au NPs catalysts in plasma introduces a surface effect for 

methanol decomposition which conducts the homogeneous plasma chemistry to the 
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heterogeneous plasma and surface one. Consequently the transformation of a power law 

kinetic to a linear one is possibly due to the domination of the gold surface reaction. 

However, Figure IV-23 (b) clearly shows that with Ag NPs catalysts this kinetic 

changes and the ratio between Sc

methanolC  and T

acetalC  is no longer constant. It signifies that 

there is a competition between the plasma volume reaction and surface reaction with Ag 

NPs catalysts. These results indicate that although Ag NPs catalysts introduce a surface 

effect for acetaldehyde removal in plasma, the decomposition of methanol still dominate 

by plasma volume reaction (with active species ) which relate to specific input energy 

(SIE). 

4.6.3  Carbon balance 

Overall carbon mass balances were calculated for the products entering and exiting 

the plasma reactor utilizing 500 ppm of acetaldehyde. These were obtained by subtracting 

the total mass of carbon coming out of the reactor from the total mass of carbon entering. 

Figure IV-24 summarizes on the carbon balance for plasma alone and tested catalysts  with 

the same acetaldehyde residual rate.  
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Figure IV-24: Carbon balance  

We can observe that in plasma alone condition the carbon balance is 72% and the 

addition of non-catalytic (SiO2) or catalytic (Ag and Au) surface reaction in plasma 

increase the carbon balance, 78%, 84% and 86% respectively. In fact, the increase of 
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carbon balance is due to the decrease of concentration or numbers of by-products which 

are converted to COx. Additionally, CO represents respectively 19% (plasma), 21% (SiO2), 

26% (Ag) and 26% (Au) of carbon balance and CO2 occupies respectively 19% (plasma), 

21% (SiO2), 22% (Ag) and 31% (Au). In brief, Ag and Au ameliorate the carbon balance 

by converting the others by-products to COx. 

4.7  Conclusion 

The degradation of acetaldehyde has been studied using a process coupling 

atmospheric pressure plasma and nanostructured silver or gold based catalyst.  

For Ag NPs catalysts, more than 97% of the initial pollutant can be removed at 

room temperature and with the power injected into the plasma lower than 500 mW and 

SIE ≤  150 J/L. The silver atoms surface number density (NAg) in the prepared Ag–

TiO2–SiO2 catalyst has a strong influence on the CO selectivity, while the removal 

efficiency rapidly reaches a plateau and the CO2 selectivity remains constant 

when NAg increases. Based on the present results and literature data, we proposed a two-

steps removal process of the pollutant, involving heterogeneous surface and homogeneous 

plasma chemistry. 

For Au NPs catalysts, the same quantity of initial pollutant has been decomposed 

with Au NPs catalysts compared to Ag in the same conditions. However, the size and 

distribution gold particle have an important influence on acetaldehyde removal. In 

addition, the utilization of gold catalysts enhances the selectivity of CO2 and diminishes 

the by-products.  

A comparison has been made to find the best performance for acetaldehyde 

removal. Silver and gold in the nanometric scale possess the best performance in the 

process of plasma-catalysis for the acetaldehyde removal and the silver nanoparticles are 

more efficient than gold. But, the utilization of gold nanoparticles increases the selectivity 

of CO2. Thus, using a bimetallic (Ag-Au) catalysts in plasma-catalysis process may on one 

hand have a good acetaldehyde removal efficiency, and on the other hand obtain a high 

selectivity on CO2. 
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Conclusions 

During this Phd work, we have developed a plasma-catalytic process of 

Acetaldehyde removal using a diphasic process coupling an atmospheric pressure plasma 

and a nano-structured catalyst. The nanoparticulate catalyst has been firstly studied. Then 

its performance coupling with plasma has been investigated. 

First of all in order to find the method of preparation of composite AgN-TiO2 and 

AuN-TiO2 nanoparticulate coatings of stable morphology (in terms of the particle shape 

and surface number density), the process of photocatalytically-assisted reduction has been 

investigated. The monodispersed titanium-oxo-alkoxy nanoparticles of 5 nm size are 

generated in the sol-gel reactor with turbulent micromixing and deposited onto glass plates 

as monolayer nanocoatings. In the case of silver deposition, the silver deposition is 

achieved by the ions reduction at UV-A light illumination. The silver particles appears as 

hemispheres and undergo the saturated growth approaching spherical segments with in -

plane diameter D=12 nm and height h=3 nm at the end of the process. The dispersion of 

sizes D/D=1/3 (and h/h=1/3) is narrower than that due to the lognormal distribution. 

The estimated quantum yield of the deposition process is close to 100% small irradiation 

doses. The experimentally observed red sift of the silver surface plasmon from 425 to 525 

nm has been successfully modeled assuming a small dispersion of the particle’s shape 

asymmetry (h/D)=1/3. It is shown that mutual interaction between the particles weakly 

affects the spectra. Photoluminescence images of the composite nanocoatings show 

characteristic hot-spot pattern of surface plasmons, which number density is relatively low 

because of the small particles' size and their homogeneous repartition on the substrate.  For 

gold depostion, the same fabrication process has been repeated with modification (pH and 

scavenger solution). The gold deposition is also achieved by the ions reduction at UV-A 

light illumination. Well-dispersed gold nanoparticles have been achieved but, different 

from silver deposition which undergo the saturated growth at the end of process, 

agglomerated gold particles have been observed. Moreover, a net difference in Au NPs 

morphologies has been observed between rough and smooth substrate, which is in 

agreement with available literature data. In particular stable non-agglomerated Au NP are 

obtained  

Then the degradation of acetaldehyde has been studied using a process coupling 

atmospheric pressure plasma and nanostructured silver or gold based catalyst. Firstly, we 

present the experimental and modeling results, in terms of pollutant removal and major 
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by-products concentration, using the plasma process. In the same reactor as above, without 

plasma, no degradation of the acetaldehyde was observed in presence of the catalyst which 

confirms the essential role of plasma. Secondly, the acetaldehyde removal efficiency of 

the diphasic process coupling the atmospheric pressure dielectric barrier discharge and a 

catalytic fluidized bed (silver and gold) has been investigated. More than 97% of the 

initial pollutant can be removed at room temperature and with the power injected into the 

plasma lower than 500 mW and SIE ≤ 150 J/L with silver or gold catalysts. Based on the 

present results and literature data, we proposed a two-steps removal process of the 

pollutant, involving heterogeneous surface and homogeneous plasma chemistry. Finally, 

we have studied the by-production which is seemly the key to understanding the CH3CHO 

removal process involving heterogeneous surface and homogeneous plasma chemistry. 

The CO selectivity has been influenced by the silver and gold atoms surface number 

density while the CO2 selectivity remains constant. Moreover, one of the major advantages 

of Au NPs catalyst is the increase of the CO2 selectivity via the reaction of CO oxidation 

over the Au/TiO2 surface. The diminution of others toxic by-products is another advantage 

of Au NPs catalyst.  

 

Perspectives 

The work can be continued in several directions: 

 Bimetal: As discussed in detail in chapter IV, in plasma-catalysis, with 

inexpensive Ag NPs catalysts we can achieve almost the same specific 

acetaldehyde removal efficiency than expensive Au NPs catalyst using our 

preparation method while Au NPs catalysts have a better CO2 selectivity. Thus, 

using a bimetallic (Ag-Au) catalyst in plasma-catalysis process may on one hand 

have a good acetaldehyde removal efficiency with low cost, and on the other hand 

obtain a high selectivity on CO2. Investigation on such bimetallic structures is also 

encouraged by the expanding volume of literature reporting supported bimetallic 

nanocatalysts [56, 189, 190]. 

 Sub-3 nm: The present work addresses the catalytic activities of the Ag and Au 

nanoclusters supported on TiO2 particle surface focusing on acetaldehyde removal, 

as discussed in detail in Chapter IV. However, nanosized silver can also be used for 

others chemical formaldehyde production [243, 244], the oxidative coupling of 

methane [245, 246] and the ethylene epoxidation [247, 248] reactions) and anti-
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bacteria application [249, 250]. Recently, nanosized Ag supported on mesoporous 

SiO2 was reported to catalyze the low-temperature CO oxidation with a CO 

conversion efficiency of 100% at room temperature [191]. The catalytic CO 

oxidation using TiO2-supported Ag particles, although scarcely reported [192], also 

appeared in the recent literature. The high activities of the silver catalysts in these 

studies largely relate to the smaller particle size. It should therefore be encouraged 

to find the synthesis method to the miniaturization of the Ag nanoparticles further 

down to the sub-3 nm level with excellent control over their dispersion 

 DRIFT: In plasma catalytic process, by-products production information which is 

seemly the key to understanding the CH3CHO removal process involving 

heterogeneous surface and homogeneous plasma chemistry. As presented in chapter IV, 

kinetic of the methanol production influences by the catalysts surface reaction. Diffuse 

reflectance infrared Fourier transform spectrometry (DRIFTS) has been proposed to 

studying the kinetics and mechanisms of gas-solid [251-253]. The DRIFTS could be 

applied to our study of in-situ acetaldehyde-silver/gold surface reactions. A Phd work 

(Sonia SAUCE) has been started in this direction in 2012.   
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Abstract 

During this Phd work, we have developed a plasma-catalytic process of acetaldehyde removal 

using a diphasic process coupling a nano-structured catalyst and an atmospheric pressure plasma. 

The elaboration of the nanoparticulate catalyst has been firstly studied. Then its performance 

coupling with plasma has been investigated.  

The monodispersed titanium-oxo-alkoxy nanoparticles are generated in the sol-gel reactor with 

turbulent micromixing and deposited onto glass plates or glass balls as monolayer nanocoatings. 

The silver and gold deposition is achieved by the ions reduction at UV-A light illumination. The 

photocatalytic growth kinetics and nanoparticle morphology are studied experimentally by the 

TEM, SEM and AFM methods. It’s also interesting to discuss the mechanism of the nanoparticles 

formation and evaluate its quantum efficiency. The drawn conclusions are supported theoretically 

through the calculation of the absorption spectra.  

Then the efficiency of the process coupling a dielectric barrier discharge and a fluidized 

nanostructured silver and gold based bed for the degradation of a model pollutant (acetaldehyde 

CH3CHO) is studied. In the first part, the efficiency of the plasma alone process is discussed, in 

terms of pollutant removal and CO and CO2 production. In the second part, CH3CHO removal as 

well as COx production is studied as a function of the photocatalytic reduction time o f Ag
+
 and 

Au
3+

 ions, which is related to the deposited silver and gold mass. The pollutant removal pathways, 

including homogeneous chemistry in the plasma phase and heterogeneous chemistry on the 

surface, are discussed. Finally, the production of main by-products is presented and compared 

between Ag and Au catalysts.  

Keywords : Sol-gel proccess, Ag,Au/TiO2 nano-catalyst, Photocatalytic deposition, Plasma-

catalysis, Acetaldehyde removal. 

 

Résumé 

Au cours de ce travail de thèse, nous avons développé un procédé plasma-catalyse d'élimination 

de l'acétaldéhyde en utilisant un processus diphasique couplant un catalyseur nano -structuré et a 

plasma à la pression atmosphérique. L’élaboration du catalyseur  nanostructuré a été d'abord 

étudiée. Puis la performance de dégradation du polluant a été étudiée.  

Les nanoparticules monodispersées (titane-oxo-alcoxy) sont générées dans le réacteur de sol-gel 

avec micro-mélange turbulent et déposés sur des plaques de verre ou des billes de verre comme 

monocouches nanostructurées. Le dépôt de l'argent et de l'or est réalisé par la réduction des ions 

sous l’irradiation de UV-A. La cinétique de croissance photocatalytiques et de la morphologie des 

nanoparticules sont étudiés expérimentalement par les méthodes MET, MEB et AFM. Il est 

également intéressant de discuter du mécanisme de la formation des nanoparticules et d'évaluer 

son efficacité quantique. Les conclusions expérimentales sont supportées théoriquement par le 

calcul des spectres d'absorption. 

Ensuite l'efficacité du processus de couplage d'une décharge à barrière diélectrique et d’un lit 

fluidisé d'argent et d’or nanostructurés, pour la dégradation d'un polluant modèle (acétaldéhyde 

CH3CHO), est étudiée. Dans la première partie, l'efficacité du procédé plasma seul est discutée, en 

termes de dégradation des polluants et de production de CO et CO2. Dans la deuxième partie, la 

dégradation de CH3CHO ainsi que la production COx sont étudié en fonction du temps de 

réduction photocatalytique d’Ag
+
 et d’Au

3+
 ions, qui est liée à la masse d'argent et d’or déposée. 

Les voies de dégradation des polluants, notamment la chimie homogène dans la phase de plasma 

et la chimie hétérogène sur la surface, sont discutées. Enfin, la production des sous-produits 

principaux est présentées et comparées entre les catalyseurs Ag et Au.  

Mots clés: Procédé sol-gel, Ag,Au/TiO2 nano-catalyseur,  Déposition photocatalytique, Plasma-

catalyse, Dégradation of acétaldehyde.  

 


