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Abstract 

 

In-situ Non-Thermal Plasma (NTP) InfraRed (IR) transmission and reflectance cells were 

designed, fabricated, modified and commissioned in order to facilitate the study of the catalysed 

NTP conversion of IsoPropyl Alcohol (IPA). IPA was chosen as the model compound because 

of its relevance to domestic air pollution and the significant body of infrared data on the reaction 

of the compound in thermal and NTP systems.  As catalyst selection for NTP systems has often 

been made based on those materials active in the analogous thermal systems, the NTP 

experiments were supported by studies employing a Diffuse Reflectance Infrared Fourier 

Transform system and a commercial environmental chamber capable of being heated up to 

600 °C in a controlled atmosphere. 

 

The initial studies focussed on Macor, a ceramic comprising predominantly the oxides of Al, 

Mg and Si as they were intended to furnish benchmark data, as it was assumed that Macor 

would be inactive, but had a reasonable dielectric constant and was thermally stable. Macor did 

indeed prove inactive towards IPA on heating up to 600 °C: however, the material was highly 

active in the NTP process, with IPA reacting in the bulk of the plasma to produce acetone, 

which then reacted at the Macor to produce a polymer and isophorone. In addition, HCN, 

methane and cold CO, CO at ca. 115 K, were produced in the plasma bulk: the production of 

methane and cold CO was interpreted in terms of the fragmentation of acetaldehyde, produced 

but not directly observed, via a loose transition state. 

 

SnO2 and CeO2 were also selected for study: in the former case primarily because of the wealth 

of IR data on the oxide from previous work in Newcastle, and the CeO2 was selected for its 

known activity towards IPA and the concomitant IR data in the literature both from thermal and 

NTP studies. 

 

IPA did not react in the plasma over SnO2, but reacted to produce acetone and then CO2 in the 

analogous thermal experiments. In contrast, IPA did react over CeO2 in the plasma, giving the 

same products as with Macor and it also reacted at CeO2 in the thermal experiments, to produce 

acetone and then CO2, the products and their onset temperatures depending strongly on the 

pretreatment of the CeO2 to remove adventitious adsorbed carbonates and bicarbonates. The 

NTP-driven process did not appear to be inhibited by these species.  
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Chapter 1. Introduction 

 

This thesis reports work on the investigation of the non-thermal plasma driven, catalyzed 

remediation of IsoPropyl Alcohol (IPA) and to understand the chemistry of non-thermal plasma 

catalysis. IPA was chosen as a model of a Volatile Organic Compound (VOC). This chapter 

places the work in context, firstly producing an overview of VOCs and their effects on the 

environment and human health followed by a description of non-thermal plasma and then a 

review of the appropriate literature.  

 

1.1. Volatile Organic Compounds  

 

The term volatile organic compound refers to hydrocarbons having a low boiling point and 

high vapour pressure eg.  ≥ 10 Pa at room temperature, one example of this type of compound 

is IPA with high vapour pressure around 5.3 KPa at 23.8 ºC [1][2].  

 

VOCs are the most common air pollutants, and may be emitted from natural sources such as 

forest fires, vegetation, volcanoes and underground reservoirs of natural gas [3]. There are also 

four main categories of VOCs produced by human activities: (1) vehicles and aircraft; (2) 

organic solvents and products containing such solvents eg. paint, adhesive, domestic products, 

glue and inks; (3) production processes such as paper and food production, pharmaceutical, 

chemical and petrochemical industries eg. petrol storage and distribution, and (4) combustion 

processes [2][4]. 

 

VOCs are considered as a major source of the indoor pollution that can have detrimental effects 

on human health and the environment [5]. Thus, for example, VOCs are believed to be 

responsible for “Sick Building Syndrome” (SBS) [6] and, more recently, VOCs produced from 

cleaning agents have been postulated as having detrimental effects on pregnancy rates and 

adversely affecting the health of embryos in In-Vitro Fertilization (IVF) facilities [7][8]. 

 

With respect to SBS, it has been postulated that VOCs can be present in concentrations 2 to 5x 

higher in indoor air than in outdoor air [2]. Given that people spend 80-90 % of their lifetime 

indoor [9], then clearly VOCs have the potential to have a significant and detrimental effect 

upon human health. VOCs can be emitted from a variety of sources including: carpets, 

adhesives, solvents, cleaning products and wood products. as shown in table 1.1 [2][10][11].  

https://en.wikipedia.org/wiki/Vapour_pressure
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Example of Household Products Possible VOC Ingredients 

Fuel containers or devices using gasoline, 

kerosene, fuel oil and products with petroleum 

distillates: paint thinner, oil-based stains and 

paint, aerosol or liquid insect pest products, 

mineral spirits, furniture polishes 

BTEX (benzene, toluene, ethylbenzene, 

xylene), hexane, cyclohexane, 1, 2, 4-

trimethylbenzene 

Personal care products: nail polish, nail polish 

remover, colognes, perfumes, rubbing alcohol, 

hair spray 

Acetone, ethyl alcohol, isopropyl alcohol, 

methacrylates (methyl or ethyl), ethyl 

acetate 

Dry cleaned clothes, spot removers, 

fabric/leather cleaners 

Tetrachloroethene (perchloroethene 

(PERC), trichloroethene (TCE)) 

Citrus (orange) oil or pine oil cleaners, 

solvents and some odor masking products 

d-limonene (citrus odor), a-pinene (pine 

odor), isoprene 

PVC cement and primer, various adhesives, 

contact cement, model cement 

Tetrahydrofuran, cyclohexane, methyl 

ethyl ketone (MEK), toluene, acetone, 

hexane, 1, 1, 1-trichloroethane, methyl-

iso-butyl ketone (MIBK) 

Paint stripper, adhesive (glue) removers Methylene chloride, toluene, older 

products may contain carbon 

tetrachloride 

Degreasers, aerosol penetrating oils, brake 

cleaner, carburetor cleaner, commercial 

solvents, electronics cleaners, spray lubricants 

Methylene chloride, PERC, TCE, 

toluene, xylene, methyl ethyl ketone, 1, 1, 

1-trichloroethane 

Moth balls, moth flakes, deodorizers, air 

freshers 

1, 4-dichlorobenzene, naphthalene 

Refrigerant from air conditioners, freezers, 

refrigerators, dehumidifiers 

Freons (trichlorofluoromethane, 

dichlorodifluoromethane) 

Aerosol spray products for some paints, 

cosmetics, automotive products, leather 

treatments, pesticides 

Heptane, butane, pentane 

Upholstered furniture, carpets, plywood, 

pressed wood products 

Formaldehyde 

Table 1.1. A summary of possible sources of Volatile Organic Compounds (VOCs) in commonly 

used products [11]. 

https://www.health.ny.gov/environmental/indoors/voc.htm
https://www.health.ny.gov/environmental/indoors/voc.htm
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The health effects of exposure to IPA as an example of VOC vary from symptoms such as eye, 

noise and throat irritation, headache and dizziness, see table 1.2 [12], to serious health problems 

such as miscarriages, damage to the immune system of infants and children, damage to the liver, 

kidneys and central nervous system, as well as causing cancer when exposed to VOCs such as 

acetone and benzene on a daily basis at higher concentrations[2].  

Type Sources Effects 

CO Heavy smoke areas, parking garages, from air 

intakes near heavy traffic roads 

Headaches, dizziness 

NOx Heavy smoke areas, parking garages, from air 

intakes near heavy traffic roads 

Eye and throat irritations 

O3 Copy machines Coughing, headaches, 

eye and throat irritations 

Bacteria 

residues 

Humidifiers, drainage pans of air conditioners Various medical 

problems 

VOC Furniture-pressed wood, wallpaper, carpet, drapery, 

caulking, floor covering, felt tip markers 

Headaches, dizziness, 

sore throats 

 

Table 1.2. The potential effects of exposure to several examples of air pollutants [12]. 

 

 

As a consequence of the various harmful effects of VOCs on human health and the environment, 

various organizations in the world, for example the World Health Organization (WHO), the 

United States Environmental Protection Agency (US EPA) and the French Indoor Air Quality 

Observatory, have reported the statistics on VOC related deaths over the last few years  [9] (and 

references therein). For example, WHO reported in 2012 that more than 7 million people      

(11.6 % of all global deaths) died due to indoor and outdoor air pollution, 4.3 millon of these 

deaths due to poor indoor air quality related to VOCs. In addition, in September 2016, a WHO 

report stated that more than 92 % of the people in the world live in areas exposed to air 

containing pollutants that exceed the WHO limits [13]. Furthermore, in May 2018, they 

reported that ca.17 % of adult lung cancer deaths, especially in women, were due to exposure 

to household air pollution emitted from cooking processes such as kerosene or solid fuels like 

wood, charcoal or coal [13].  

 

In 2007, the French Indoor Air Quality Observatory published a study of indoor air quality for 

the first time based on a survey that covered 700 houses in France. The report stated that ca. 
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80-90 % of these houses had significant levels of aldehydes and hydrocarbons, and the latter 

are considered to be the most harmful type of pollutant [14]. 

 

There are different standards for air quality published by different environmental organizations 

and limits on the release of the common hazards that include VOCs [6]. 

 

There are different technologies available for VOC abatement, depending on parameters such 

as the type, concentration and the flow rate of the pollutant. The traditional techniques include 

thermal oxidation, catalytic oxidation, photocatalysis, adsorption, absorption, biofiltration, 

condensation and membrane separation [15][16]. However, these methods have various 

disadvantages eg: the generation of unwanted byproducts such as NOx, catalytic deactivation 

and poisoning with time, sensitivity to temperature and the need to sterilize the environment 

such as when employing biofiltration processes. In addition, some of these methods are not 

economically feasible, especialy when dealing with low concentrations of VOCs, eg. lower than 

1 ppm [2][6][15].  

 

Non-Thermal Plasma (NTP) could be an alternative method for VOC removal as it has several 

advantages over the other more traditional methods eg: it can be generated at atmospheric 

pressure and normal temperature, simple cell design and simple to scale up [17]. However, NTP 

technology may lead to the generation of harmful byproducts that could be more dangerous to 

human health and the environment than the initial VOCs such as HCN and NOx. In addition, 

NTP is costly in terms of energy when employed without a catalyst [2][17].  

 

1.2. Principles of plasma 

1.2.1. Plasma definition and occurrence 

 

Plasma is widely regarded as the fourth state of matter and is characterized by the presence of 

atoms, molecules, ions, electrons and radicals having internal energies (with the exception of 

the electrons) unevenly distributed over the three degrees of freedom [18] as shown in fig. 1.1 

[19].  

 

Plasma can be considered as electrically conductive and sensitive to magnetic fields [20][21]. 

Plasma forms 99 % of the matter in the universe and is found in nature, for example: the sun, 

lightning and the Aurora Borealis [22][23], see fig. 1.2. 
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One of the most interesting examples of natural plasma is the Aurora Borealis, see fig. 1.2(b), 

which occurs when the streams of charged particles in the solar wind enter the earth’s magnetic 

field, which is denser near the poles and this produces the Aurora. Lightning is another example 

of natural plasma see fig. 1.2(c), which is caused when the accumulation of charged particles 

inside clouds result in a large potential difference between the clouds and the earth: this 

essentially creates a plasma prior to lightning arcing between the clouds and the earth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. The major components of plasma: e = electron, hv = photon, N = neutral molecule 

or atom, E* = excited molecule, Po = positive ion and Ne = negative ion [19]. 

 

 

 

 

 

 

 

 

 

Figure 1.2. Examples of natural plasma: (a) the sun, (b) the Aurora Borealis and (c) Lightning 

[22] and references therein.  

(c) (a) (b) 
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Plasma can also be produced artificially via the injection a sufficient amount of energy into a 

gas causing the formation of charged carriers [21-23]. There are various ways that energy can 

be delivered in order to generate plasma: by heating (eg. radiofrequency torch [24] and 

microwave plasma torch [25]), photoionization (eg. laser-plasma [21][26]) and by exposing 

neutral gas to beams of charged ions or electrons or by electrical discharge [21]; a schematic of 

these methods is shown in fig. 1.3. As can be seen from the figure, plasma can be generated by 

supplying sufficient heat (thermal energy) to a neutral gas using a flame and exothermic 

chemical reactions then generate the plasma via collisions between the electrons and the other 

neutral species. Mechanical methods such as adiabatic gas compression can also be used as 

another method of heat injection into the gas molecules to generate plasma. In addition, an 

energetic beam of electrons or ions can be used to supply energy to the gas reservoir by 

providing charged particles that then generate plasma, such as electrons, ions and photons that 

collide with the neutral species. The most widely method used for plasma generation is to 

employ an electric field across the carrier gas, this accelerates the few electrons present in the 

neutral gas to collide with the gas molecules and produce a cascade of electrons as well as ions 

and radicals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. The principles of plasma generation [21]. 
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1.2.2. Types of plasma 

 

Artificial plasmas are generally classified as thermodynamic equilibrium (thermal or high 

temperature) plasmas or thermodynamic non-equilibrium (non-thermal or cold) plasmas, 

depending on the relative temperatures of the molecules and electrons in the plasma [27]. 

Thermal Plasmas (TPs) are those in which the temperature of the electrons and the atoms and 

molecules are equal and up to 104 K. In contrast, Non-Thermal Plasmas (NTPs) are those in 

which the temperature of the heavy species remain close to ambient, whilst the electron 

temperature is significantly higher, i.e. up to  104- 105 K [28-31]. Table 1.3 summarizes the 

main characteristics of thermal and non-thermal plasmas. 

 

Properties Thermal plasma Non-thermal plasma 

Electron temperature / K 104 104 – 105 

Temperature of heavy species / K 104 300 - 1000 

Electron density / m-3 ≈ 1021 – 1026 < 1019 

Example Arc plasma Glow discharge 

 

Table 1.3. The main characteristics of thermal and non-thermal plasmas [23][32]. 

 

For non-thermal plasma, inelastic collisions between the plasma species (electrons and heavy 

particles) initiate the plasma chemistry; in addition, a number of elastic collision can happen 

that lead to some slight heating of the heavy particles in the plasma regions whilst the electrons 

remain at high temperature [23][32]. 

 

1.2.3. The applications of plasma 

 

Non-thermal plasma has various advantageous over thermal plasma, and these include: lower 

cost operation, ambient gas temperature, low heating losses, high removal efficiency and easy 

upscaling [17][33]. As a consequence, over the past few decades, NTPs have received 

significant attention and their application in, for example, industrial, environmental and medical 

fields [20][34][35], see table 1.4. 
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Thermal plasma Non-thermal plasma 

Arc welding Generation of ozone 

Arc gas heaters Sterilization of medical equipment 

Ion laser Diesel exhaust treatment 

Submerged arc welding Propulsion in space 

 

Table 1.4. Examples of the application of plasmas [36]. 

 

There are many companies producing commercial non-thermal plasma systems across a range 

of applications including: Enercon [37], Alternor [38], Plasma Etch [39], AcXys [40] (surface 

treatment/etching) and Ozonia [41], Lenntech [42], and Evoqua [43] (ozone for water treatment). 

Further, electro-static precipitation for industrial separation and gas cleaning dates back to 1907 

[44]; however, none of these commercial systems rely upon plasma catalysis. 

 

In the laboratory, topical chemical conversions using NTPs include [45]: ozone generation [46], 

the conversion of CH4 to H2 and C2-C4 derivatives [47], toluene to phenol and cresols [48], 

CO2 and H2O to syngas and synfuels [49], the treatment of volatile organic compounds [10], 

decontamination and disinfection [50], the deep desulfurization of diesel fuels [51], the 

treatment of flue gas [52] and the  dry reforming of CO2 and CH4 [53].   

 

1.3. Non-thermal plasma reactors 

 

There are various reactor configurations to generate non-thermal plasma such as: Pulsed Corona 

Discharge (PCD), Dielectric Barrier Discharge (DBD), Atmospheric Pressure Plasma Jet 

(APPJ), Radio Frequency (RF), Microwave Plasma (MP) and Packed-Bed Plasma (PBP) [29].  

 

Generally, the classification of NTP reactors is based on the reactor configuration and the 

discharge mode. The silent discharge or Dielectric Barrier Discharge (DBD) is the most 

common type of NTP generator [12][45][54][55] because it can be used under atmospheric 

pressure [56].  

 

Typically, the DBD reactors employed in the laboratory are based on cylinders of Al2O3 or 

quartz with one high voltage electrode wrapped around the outer surface of the cylinder as a 
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foil and a metal rod, mounted along the axis of the cylinder, as the second electrode [57-59]. 

Where catalyst pellets are used, packed bed reactors are generally employed [58].  

 

In general, Dielectric Barrier Discharge (DBD) reactors typically utilising non-thermal plasma 

consist of two metal electrodes across which is a pulsed or AC high voltage field, the electrodes 

are separated by a gap of several millimeters and at least one electrode is covered or coated 

with a dielectric material to protect the electrode from erosion, prevent arcing and enhance the 

discharge plasma power, see fig. 1.4, more details are provided below. Dielectrics include: 

ceramics, glass, quartz, polymer or other materials which also play a key role in stabilizing the 

plasma [44][54]. 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 1.4. A typical non-thermal plasma Dielectric Barrier Discharge (DBD) reactor. 

 

There are different types of DBD reactor depending upon the arrangement of the electrodes, 

i.e.: Volume Discharge (VD), Surface Discharge (SD), Coplanar Discharge (CD) and Packed 

Bed Discharge (PBD) [56] as shown in figs. 1.5(a)-(d). Figure 1.5(a) shows the VD reactor 

which consists of two plane electrodes, at least one which is covered with dielectric material, 

the feed gas passing between the dielectric and electrode. In this configuration, the active region 

of plasma consists of many tiny discharge columns or streamers. The Surface Discharge (SD) 

reactor, see fig. 1.5(b), consists of two electrodes: one of which is planar and positioned beneath 

the dielectric; the other is mounted as a thin plate or grid on the top surface of the dielectric. In 

this configuration, the plasma is generated as a thin layer over the surface of the dielectric 

material and near the surface electrode. The Coplanar Discharge (CD) reactor, see fig. 1.5(c), 

consists of two pairs of electrodes fixed inside the dielectric material with opposite polarity and 

NTP plasmas 

Electrodes 

AC Power Supply 

Gas inlet 

Dielectric material 

῀ 
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the discharge appears in the gas above the dielectric surface; in this reactor type the dielectric 

can be easily coated with catalyst or another dielectric material. In the case of Packed Bed 

Reactors (PBD), see fig. 1.5(d), the gap between the two electrodes is filled with dielectric or 

beads and the electrode arrangement can either involve coaxial plates or cylinders [60]. In this 

configuration, there are two types of discharge that occur in the gap: volume discharge occurs 

within the space between the beads, while surface discharge takes place over the surface of the 

beads and at the contact points between the beads and discharge electrodes or dielectric 

materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. Schematic of the different types of dielectric barrier discharge reactor employing  

non-thermal plasma: (a) Volume Discharge (VD), (b) Surface Discharge (SD), (c) Coplanar 

Discharge (CD) and (d) Packed Bed Discharge (PBD) [56][60]. 

 

 

There are a number of industrial applications of DBD non-thermal plasma reactors, for example: 

ozone generation, surface modification of medical devices and biomaterials, high power CO2 

lasers, UV excimer lamps, plasma displays, pollution control in gas and liquid streams, 

chemical vapour deposition and medical applications [29]. 
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1.4. The chemistry of non-thermal plasma 

 

The chemistry which takes place in non-thermal plasma is quite complex and consists of a wide 

number of elementary processes. The primary and the secondary processes are defined as the 

elementary processes in terms of the timescales involved. Homogenous and heterogeneous 

reactions are considered the main types of reactions occurring in NTP. When an electrical field 

is applied between the electrodes, free electrons present in the gas are accelerated and energized. 

These free electrons are accelerated to very high energies (1-10 eV) and can collide with other 

atoms and molecules in the neutral gas. This leads to the ionization, excitation and/or 

dissociation of the neutral gas molecules as shown in table 1.5 [29][61].  

 

 

                                           Excitation               e- + A        A* + e- 

                                                                 Ionization             e- + A           A+ + e- + e- 

                                            Dissociation         e- + A2   2 A + e- 

                                            Attachment          e- + A2   A2
 -  

                             Dissociative attachment     e- + A2  A- +A 

                             Dissociative ionization       e- + A2  A+ +A +2e- 

                             Electronic decomposition   e- + AB  A +B +e- 

                             Charge transfer                   A+ +B             A + B+ 

 

 

Table 1.5. The primary processes taking place in non-thermal plasma [29][61]. 

 

Figure 1.6 shows the typical timescales of the elementary processes in NTP. These chemical 

reactions include: the ionization, excitation, dissociation, light emission and charge transfer 

take place in the primary stage of plasma formation, which normally take around 10-8 seconds 

and result in the generation of electrons, ions, excited atoms and molecules, see table 1.5. 

During the secondary stage, recombination reactions between the electrons, ions, excited atoms 

and molecules generated as a result of the primary processes can take place, such as: ion + ion, 

radical + radical and radical + neutral species, leading to the formation of the final plasma 

products. These intermediate reactions take about 10-3 seconds, as shown in fig. 1.6 [61]. 
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Figure 1.6. Schematic illustration of the timescales of the elementary processes in a Non-

Thermal Plasma (NTP) [61]. 

 

1.5. The role of the dielectric in dielectric barrier discharge reactors non-thermal 

plasma 

 

Initially, the gap between the two high voltage electrodes in NTP reactors was packed with 

dielectric pellets such as Al2O3 or BaTiO3 and these were employed simply to increase the 

discharge power of the plasma via the discharge current I as described by the Manley equation 

 [62][63]: 

P = 4 f Cd Vmin(Vmax – Vmin Cg/C)       (1.1) 

 

where Cd, Cg and C are defined as: 

 

1/C = 1/ Cg + 1/ Cd     (1.2) 

 

and P is the discharge power (W), f  is the discharge frequency (Hz), Vmin is the discharge onset 

voltage (kV) required for plasma to be to initiated, Vmax is the discharge voltage (kV), Cg is the 
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capacitance of the gas (F), Cd is the capacitance of the dielectric material between the two 

electrodes (F) and C is the total capacitance of the dielectric and gas (F). In addition, the 

discharge current (I, Amps) can be estimated from equation (1.3) [62]: 

 

I = 4 f Cd(Vmax – Vmin Cg/C) = P / Vmin       (1.3) 

 

Vmin is primarily determined by the feed gas composition and the discharge gap width, while 

the discharge frequency (f) is set by the input power supply. The capacitance of the dielectric 

material is [63]:  

 

Cd= ɛr ɛo A /d        (1.4)       

        

where ɛr is the dielectric constant or relative static permittivity, ɛo is the vacuum permittivity = 

8.854×10-12 (F m-1), A is the surface area of the dielectric (m2) and d is the thickness of the 

dielectric (m). Cd depends on the dielectric constant and the geometric factors of the dielectric 

material such as A and d [63]. Table 1.6 shows the dielectric constants of some typical dielectric 

materials [64][65-69].   

 

Dielectric materials Dielectric constant 

Teflon  1.89 - 1.93 

SiO2 3.8 - 3.9 

Ceramic (Macor) 5 - 6 

Glass 7 - 10 

Al2O3 9.5 - 12 

ZrSiO4 10 - 12 

TiO2 80 - 170 

BaTiO3 1200 – 10 000 at (20–120 °C) 

SnO2 3 - 4 

CeO2 24.5 

 

Table 1.6. The dielectric constants of typical dielectric materials [64][65-69]. 

 

 

From equations (1.1) and (1.2), at a constant input power and frequency, the discharge voltage 

is determined primarily by the capacitances of the dielectric material and background gas that 

fills the gap. Further, the relation between the capacitance of the dielectric and current is linear 
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and a higher capacitance lowers the discharge onset voltage at fixed of input power as shown 

in equation (1.3) [62]. 

 

An additional role of the dielectric is to increase the electric field strength (E) by decreasing  

discharge gap volume between the DBD electrodes [70]:  

 

E=Vmax ɛg / d     (1.5) 

 

where E = electric field strength (Vm-1), Vmax = discharge voltage (V), ɛg = dielectric constant 

of background gas and d= the gap width between electrodes (m).  

 

Finally, the dielectric prevents arcing between the electrodes by increasing the resistance 

between them and produces a homogenous distribution of microdischarges: these are the thin 

and bright discharge channels, usually called filament discharges, inside the discharge gap due 

to the accumulation of the charges on the dielectric surface [71].  

 

In fact, the dielectric barrier material is one of the key factors for the effective operation of the 

DBD plasma. In addition, the dielectric constant is one of the important properties of the 

dielectric barriers materials that can enhance the plasma generation: for example, Li et al. [63] 

studied the effect of using different dielectric barrier materials with different dielectric 

properties such as dielectric constant to investigate the efficiency and characteristics of these 

materials on the plasma reaction in a DBD reactor with respect to the decomposition of CO2 to 

CO and oxygen. The planer reactor was fitted inside a Teflon shell and it was fed with CO2 + 

N2 (10: 90) through the gap between the dielectric material and the high voltage electrode. Both 

electrodes were made from stainless steel as two parallel layers (24 × 12 × 3 mm). The grounded 

electrode was covered with a 1mm thick of various barrier material and the gap between the 

dielectric material and the high voltage electrode was 1mm. The authors found that using 

Ca0.7Sr0.3TiO3 with 0.5 wt% Li2Si2O5 (to physically stabilize the Ca0.7Sr0.3TiO3) as the 

dielectric was more effective than other ceramic dielectric materials with low permittivities 

such as alumina Al2O3 and silica glass SiO2. Table 1.7 summarizes the data obtained by Li & 

co-workers. As can be seen, the dielectric constant has a significant effect upon the power and 

hence the conversion of CO2. 
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Dielectric 

barrier 

f / 

kHz 
Cd  /pF ɛr Cg / pF 

Vmin 

/kV 

Vmax / 

kV 
P / W 

CO2 

conversion % 

SiO2 10 9.8 3.9 2.5 3.3 5.1 1.8 3.8 % 

Al2O3 10 21.3 11.0 2.5 3.4 5.2 4.5 4.7 % 

Ca0.7Sr0.3TiO3 

+ 0.5 wt% 

Li2Si2O5 

10 488.2 207.0* 2.5 1.9 3.0 40.7 15.6 % 

 

* ɛr of Ca0.7Sr0.3TiO3 before adding 0.5 wt% Li2Si2O5 = 119.5. 
 

Table 1.7. The capacitance of dielectric materials employed by Li et al. [63]. 

 

 

Similar behaviour was shown by Meiners and co-workers [72]. They studied the influence of 

varying the dielectric constant and the thickness of the dielectric barrier material on the 

discharge power of a conventional VD-DBD. This reactor was made from two parallel metal 

electrodes with a 1 mm discharge gap between the barriers. Both electrodes were covered with 

different dielectrics including Al2O3, MgO, TiO2 and SrTiO3 of varying thicknesses. Air was 

used as a feed gas at a fixed flow rate of 1.2 dm3 min-1 and a 12 kV, 14-16 kHz power supply 

was employed. The discharge current was significantly increased as the thickness of the 

dielectric barrier material was decreased from 2.0 to 0.5 mm due to strong microdischarge 

generation and increasing electron density in the plasma zone.  

 

Importantly, it was found that certain dielectrics could act as catalysts and steer the reaction to 

yield different products (eg. Ni/SiO2 [73], NiO/WO3 vs Faujasite vs Mordenite [48][74]) but 

the trends observed when using a range of such catalysts are still not understood [73][75][76]. 

Consequently, catalyst selection for NTP processes has been based on those materials are active 

for the same chemical processes when carried out in conventional, thermal reactors operating 

under steady state conditions. However, plasmas are most certainly not in a steady state and 

hence this method of selection is not really valid, as was shown by the work described in this 

thesis. 

 

1.6. The general principles of plasma catalysis  

 

The combination of non-thermal plasma and catalysis technology may be termed as plasma 

catalysis or plasma enhanced catalysis. Using this approach can lead to enhanced energy 
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efficiency and decreased emission of harmful byproducts and increased reactant conversion 

[17][19].  

 

Figure 1.7 shows the applications of plasma catalysis; eg. VOC and odor removal [77-79], NOx 

reduction [80-83] and water treatment [84-86]. In addition, the use of plasma catalysis has been 

studied with respect to dry reforming, syngas production, hydrogen production, methanation, 

and ammonia synthesis [87].  

 

 

 

Figure 1.7. Applications of plasma catalysis [19]. 

 

 

1.7. The potential advantages of plasma catalysis chemistry 

 

There are a number of significant potential advantages of plasma catalysis over conventional, 

thermal catalysis. Thus, the ions, radicals and vibrationally electronically excited species 

produced through the collisions between the high energy electrons generated in the NTP are 

only observed at temperatures > 1000 K in thermal systems [88]. In principle, almost 97 % of 

the plasma discharge power of low temperature plasmas can be converted into vibrational 

excitation of the gas feed molecules [89], and these species can exhibit enhanced sticking 

probabilities at catalyst surfaces and hence enhance the reactivity of endothermic processes 

[88][90]. The ions, radicals and excited species present in non-thermal plasma are essentially 
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unavailable in thermal systems; thus the key advantage of non-thermal plasma chemistry is that 

it makes a range of chemistries viable, where, by conventional means, they would require 

extremes of temperature and/or pressure that would be technically challenging and 

economically unfeasible. In summary, coupling NTP with catalysts offering novel chemical 

pathways with lower activation energies opens up the potential for a wholly new and exciting 

field of chemistry. In addition, it should be possible to enhance targeted reactions and suppress 

others by appropriate choice of catalyst, and feed gas, by controlling the number density of 

electrons and controlling the temperatures of the electrons and gaseous species. 

 

Figure 1.8 summarizes the different plasma catalysis interactions inside the plasma region and 

at the catalyst surface eg. inside the in-plasma catalysis reactor (it is discussed below). As can 

be seen from the figure, plasma discharge type and the energy distribution of the electrons can 

be affected by catalysts introduced inside the discharge zone. As a result, new reactive species 

eg. electrons and radicals can be generated inside the plasma region, which can break the 

oxygen bond to produce active oxygen in case of using O2 as a carrier gas. Hence, long lifetime 

species such as O3, H2O2, NO and NO2 may be produced due to the recombination of the short-

lived species such as O(3P), O(1D), N(4S), N(2D), OH and HO2 over the catalyst surface and 

possibly they can reach to the downstream post-plasma catalysis reactor (it is discussed below) 

and contact with a catalyst that employed in the second reactor. In addition, the electric field 

near the contact point between the dielectric pellets /or catalyst that presence in the discharge 

region of the reactor as a packing material will be increased and the residence time of the 

pollutants in the discharge zone due to the adsorption of VOC over the catalyst surface will be 

enhanced as well, and that can consequently affect VOC surface adsorption [91]. 

 

In contrast to the effect of catalyst on the plasma as stated above, plasma can effect the catalyst 

properties eg: by causing physical changes, by enhancing the dispersion of the active catalytic 

sites and increasing the oxidation state of the catalyst. In addition, the temperature inside the 

plasma region can be increased sufficiently to result in the thermal activation of the catalyst 

materials and new reaction pathways could be opened up [92][93]. Overall, it is possible that 

the removal efficiency of VOCs could be increased when combine plasma with catalysis [94].  

 

In general, it is assumed that NTP systems consume more energy than the analogous thermal 

one. However, Whitehead [88] and references therein has reported that the overall activation 

energy for the destruction of air pollutants using NTP was similar to that observed for the 

thermal process. 
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Figure 1.8. Schematic summary of plasma catalysis phenomenon [92]. 

 

A significant challenge of NTP-driven systems is perceived to be the high energy demand; 

however, companies such as Siemens [95] have adopted strategies involving the harnessing of 

the spillover of renewably-generated electricity to the production of fuels and chemical products, 

as matching the production of electricity from renewable energy to demand is very difficult, 

and often the surplus is simply spilled. The storage of this surplus energy chemically is seen as 

a possible solution to this problem; for example, the plasma-driven reduction of CO2 to CO and 

O2 is perceived as one possible chemical process, particularly as some industrial plants produce 

almost pure CO2 as waste gas [96]. 
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There could also be environmental benefits associated with plasma technology: thus, 

Martuzevicius and co-workers [97] compared conventional technologies with plasma systems 

for the destruction of volatile organic compounds, and found that NTP-based technology 

performed better with respect to the ozone layer depletion, acidification, eutrophication and 

human toxicity potential. The authors reported that “The relatively high demand of electrical 

energy causes lower positioning of plasma technologies in cases where no other materials are 

utilized and major waste is formed. On the other hand, many traditional end-of pipe 

technologies are associated with high amounts of process waste, which provides plasma 

technologies with an opportunity to establish them in the market as more efficient and in many 

occasions, more environment-friendly ones”. Finally, plasma catalysis has not been researched 

sufficiently to exploit its very real potential. 

 

 

1.8. Plasma catalysis reactor configurations  

 

There are two categories of the plasma catalysis reactor depending on the location of catalyst: 

In-Plasma Catalysis (IPC) and Post-Plasma Catalysis (PPC). In IPC, the catalyst is located 

inside the NTP cell either as pellets or as a coating over the dielectric material or electrode. PPC 

consists of a two-stage process where the catalyst is located downstream of the reactor [92] as 

shown in fig. 1.9. In-plasma catalysis [77] is also known as: Plasma-Driven Catalysis (PDC) 

[98], Single-Stage Plasma–Catalysis (SSPC) [99], Plasma And Catalyst integrated 

Technologies (PACT) [100] or Combined Plasma Catalysis (CPC) [101][102]. PPC has been 

termed Plasma-Enhanced Catalysis (PEC) [98]. 

 

1.9. The challenges facing the exploitation of plasma catalysis chemistry 

 

As state above, the potential of NTP-assisted catalysis in chemical synthesis is as yet largely 

unrealized: this is most likely due to the lack of analytical information on the processes taking 

place at the catalyst/plasma interface (interestingly, the US Plasma 2010 Committee report 

[103] concluded that the interactions of plasmas with solid surfaces is one of the six critical 

challenges that define the plasma research frontier; a view that is still popular today). The reason 

for the lack of understanding of plasma chemistry is the dearth of in-situ analytical studies able 

to provide molecular information and hence identify reactive intermediates, both adsorbed and 

in the gas phase. Hence the chemical mechanisms and kinetics involved are simply not 

understood [104][105]. This is reflected in the paucity of catalyst selection as discussed above 

and the simplicity (and unoptimised nature) of NTP reactor design [88][89] as discussed below.  
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Figure 1.9. Schematic of (a) In-Plasma Configuration (IPC) and (b) Post Plasma (PPC). (c) 

The most common configuration employed in IPC reactor [92]. 

 

As state above, NTP reactors utilising catalyst are most commonly of the packed-bed type, 

either as a variant of the tube reactors described above with the gap filled with the 

catalyst/dielectric pellets or two plate electrodes separated by a gap filled with pellets [90].  It 
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is not at all clear these configurations are optimum, as there is no theoretical basis for their 

design: such a basis requires the chemistry taking place in the reactor to be modelled. All 

designs so far have essentially been empirical; they have not as yet been formulated on the basis 

of known or estimated rate constants or reaction mechanisms. The interaction of highly excited 

and reactive species with solid surfaces is largely unknown both in terms of the chemistry and 

the timescale over which such reactions take place [88]. Furthermore, whilst the potential 

synergy between NTP and catalysis is widely acknowledged in the NTP community, it has not 

been possible to include catalysis in models: indeed, even accounting for chemical reactions on 

the chemically simple surfaces of the HV electrodes has proven too challenging [106] due to 

the lack of chemical information on the species present. For example, in the absence of 

information on the identities of the species present in non-thermal plasmas, and at the solid 

(dielectric/catalyst)/plasma interface, all possible species need to be included in the model (eg. 

up to 150 molecules [107][108]) which increases computing time and decreases the accuracy 

of the model. The previous FTIR research strongly suggests that it should be possible to provide 

the hard experimental data required to aid effective modelling and hence reactor design [35].   

 

1.10. The state-of-the-art in in-situ FTIR studies of non-thermal plasmas 

 

Prior to the work in Newcastle [109-112], there were no papers in the literature that provided a 

direct comparison between in-situ FTIR studies on the thermally and plasma-driven conversion 

of air pollutants. 

 

Whilst the plasma/catalyst surface has not been investigated extensively with in-situ infrared 

spectroscopy, such studies have started to appear. There are a number of studies on the 

downstream analysis of the exhaust from NTPs, see for example [113], but actual studies of the 

plasma glow with IR spectroscopy [35] or of the catalyst surface in contact with a plasma is 

only a recent phenomenon [6][114-118]. 

 

Christensen and Al-Abduly [35] studied the plasma glow region of a NTP using FTIR 

spectroscopy. The authors employed a plasma jet as shown in fig. 1.10, comprising a glass tube 

with a stainless steel rod as one HV electrode and a metal foil cylinder around wrapped the 

outside as the second electrode. A variety of gas mixtures eg. CO2, CO2 + air, N2 + O2, O2, O2 

+ N2 + H2O etc, were fed to the plasma jet and the plasma glow region monitored directly. In 

addition, the downstream plasma exhaust was monitored using UV Vis and FTIR 

spectroscopies. A number of species were observed in the plasma glow including: O3, N2O5, 
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N2O, HNO3, CO2, CO and an excited form of CO2 (i.e. CO2
*: this was the first report of the 

direct observation of an excited form of CO2 in the plasma glow region of a NTP by infrared 

spectroscopy). The species was incorrectly identified as vibrationally-excited CO2; recent work 

by Christensen et al. [109] showed this, in fact, to be rotationally-excited CO2. O3, N2O5, HNO3 

and N2O were observed in the downstream exhaust from the plasma. The authors postulated 

that reactive species generated in the plasma glow region continued to react in the exhaust 

downstream of the plasma. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10. Non-thermal plasma jet transmission cell: (1) CaF2 windows, (2) exhaust gas 

outlet, (3) Pyrex glass tube with a nozzle, (4) feed gas flow gap, (5) and (6) high voltage 

electrodes and (7) in situ sampling zone of the NTP glow [35]. 

 

Rivallan et al. [114] studied the gas phase reduction of CO2 in Low Pressure Glow Discharge 

Reactor (LPGDR) at a catalyst wafer using step scan FTIR spectroscopy, see figs 1.11(a) and 

(b). The reactor comprised a Pyrex glass tube with two tungsten electrodes at either end with 

the sample wafer could be mounted behind one of the CaF2 windows of the cell. The sample 

wafer could be a catalyst employed in the sample holder to study the plasma catalytic chemistry 

by coupling a mass spectrometer or gas FTIR cell in the exhaust stream; or it could be as a 

material employed inside the reactor and the plasma glow used to treat the material surface. 

CO2/air was fed into and removed from the reactor by tubes positioned at the ends of the reactor. 
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The authors did not detect any reaction products or intermediates, although they did achieve a 

time resolution of ca. 400 s.  

 

 

 

 

 

 

 

 

 

 

Figure 1.11. (a) Design and (b) expanded view of the LPGDR. 1. Sample wafer, 2. Pyrex tube 

sample holder, 3. Screw cap SVL 30, 4. CaF2 window 30×5 mm, 5. Seal SVL 30, 6. Pyrex 

reactor with two fused electrodes, 7, 8 and 9: gas inlet and outlet of the reactor [114]. 

 

 

Li and co-workers [115] studied the deposition of Si from HexaMethylDiSilOxane (HMDSO) 

as a vapour phase in a low pressure radio frequency plasma using FTIR spectroscopy, see fig. 

1.12. An IR beam was directed through the gas phase of the HMDSO that placed on the HV 

electrode which also act as the substrate, HV electrode was coated with a thin layer of Si. 

Simultaneously, the growth of the Si film was monitored with in-situ ellipsometry. IR spectra 

were recorded after one or more plasma pulses and a mass spectrometer was employed to 

analyse the exhaust gas. They found that O2 admixture could be accelerate the deposition 

reaction of the thin film compared with the pure HMDSO plasma. In addition, O2 admixture 

enhanced the formation of the SiOx - like molecule structure of the films. Whilst the paper is 

interesting, the authors made no attempt to compare their data with data from thermally driven 

that can be used to generate SiOx under high temperature. 

 

 

(a) (b) 
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Figure 1.12. Schematic diagram of the experimental set-up employed by Li and co-workers 

[115]. 

 

Stere et al [116] investigated the atmospheric pressure NTP-driven and hydrocarbon assisted 

removal of NOx (by conversion to N2) from simulated diesel fuel (n-octane or toluene) at 

Ag/Al2O3 catalysts using in-situ DRIFTS. The authors employed a plasma jet, comprising a 

quartz tube with a central tungsten wire as one HV electrode and a metal ring as the second 

grounded electrode, see fig. 1.13. The He-fed jet was mounted in the DRIFTS cell such that the 

plasma contacted the catalyst, which was mounted by the IR beam. Mass spectrometry was 

employed to analyse the exhaust gas. The gas phase above the catalyst comprised the toluene 

or n-octane and O2, NO and He as balance gas. The authors observed a number of species 

adsorbed on the Ag/Al2O3 catalyst during the NTP experiments. In the case of n-octane these 

includes, nitrate, acitate, carboxylate and isocyanate, and very weak absorptions due to CN-. 

No isocyanate was detected in the toluene experiments and the only intermediate observed was 

adsorbed CN-. The data on n-octane was similar to work reported on the analogous thermally-

driven process where isocyanate was shown to be an intermediate in the formation of N2 from 

NOx. 

 

Jia and Rousseau [6] reported studies on the CeO2/plasma interface using in-situ infrared 

spectroscopy in a system they called Sorbent-Track, see figs. 1.14(a) and (b). A CeO2 wafer 

was cradled in a glass U tube within which was one of the copper wire electrodes. The CeO2 
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wafer was held in the centre of the Pyrex tube reactor perpendicular to the IR beam. The second 

Cu wire electrode as fed through the Pyrex tube wall to point at the wafer. The sample wafer 

was preheated first at 473 K for 2 hours and then cooled down to room temperature prior to the 

NTP experiment. The authors studied the reaction of acetone and IPA in air at a flow rate of ca. 

500 cm3 min-1 at the CeO2 and found that acetone oxidized only to mesityl oxide, whilst IPA 

was fully oxidized to CO2 via isopropoxide, acetone, mesityl oxide and acetate. Whilst very 

interesting data, the assignment of the features to various species were often based on single 

peaks and no attempt was made to confirm the assignments by comparison with authentic 

spectra of the species obtained using the same equipment. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.13. DRIFTS-MS setup: (a) Schematic sketch of the modified dome for the NTP-

DRIFTS-MS measurements and (b) A photograph of the metallic dome with plasma on 

employed by Stere et al. [116]. 
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Figure 1.14. (a) Longitudinal view of sorbent track cell (Grounded electrode and high voltage 

electrode is copper wire; Catalyst wafer is placed in the IR pathway fixed by wafer holder of 

Pyrex tube.), (b) Electrical circuit of the in-situ DBD reactor (Pyrex tube is the insulating 

dielectric barrier), Photographs of catalyst wafer holder when Plasma: (c) off and (d) on [6]. 

 

A later paper by Rivallan et al. [117] reported the plasma- induced conversion of IPA over         

ɤ-Al2O3 using in-situ FTIR spectroscopy. The IR beam passed through both HV grid electrodes, 

one of which was mounted on the ɤ-Al2O3 wafer, see fig. 1.15. IPA and a 4:1 mixture of N2 : 

O2 were fed to the reactor at 600 mbar and 12 kV AC. Acetone was initially observed as an 

intermediate species due to the oxidation of IPA. The acetone was then converted into mesityl 

oxide as a result of aldolization. Finally, the mesityl oxide fragmented into acetaldehyde and 

isobutene. Again, whilst the paper is interesting, the authors made no attempt to compare their 

data with spectra from authentic samples. 

 

Rodrigues et al. [118] used Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

(DRIFTS) combined with non-thermal plasma to study the conversion of toluene and IPA (as 

model VOCs) at ɤ-Al2O3, TiO2 and CeO2 as shown in fig. 1.16. The high voltage electrodes 

were positioned inside the DRIFTS cell. The powder catalyst was placed directly on a copper 

10 mm × 10 mm disc electrode and the second electrode was a copper tip 0.5 mm diameter, 

held above the powder. The authors studied the conversion of the VOCs as a function of the 

catalyst and voltage in air flowing at 30 cm3 min-1. The authors reported that IPA initially 

adsorbed on all three oxides and subsequently reacted to form acetone, propene, acetic acid 

and/or formic acid. No quantitative analysis was presented.  

(b) 

(d) 

(c) 
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Figure 1.15. Schematic of the experimental system used by Rivallan et al. [117]; P1 = pressure 

control, P1 = pumping stage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.16. A Schematic of the IR/plasma cell employed by Rodrigues et al.  [118]. 

 

As may be seen above, and in general, and even in the presence of ozone [119], the plasma-

driven catalysed conversion of IPA generally leads to toxic products such as acetone and 

mesityl oxide rather than complete conversion to CO2, and hence the requirement for an 

effective catalyst is clear. 
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1.11. Project aim and objectives 

 

The aim of the work described in this thesis was to research the application of in-situ Fourier 

Transform InfraRed Spectroscopy to the study of the catalyzed and plasma driven conversion 

of IPA. In addition, the research seeks to assess the validity of catalyst selection for catalyzed 

NTP processes based on materials active in the analogous thermally-driven processes.  

 

The objectives of the work was to design, fabricate and commission NTP-FTIR transmission 

and reflectance cells. 
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Chapter 2. Experimental 

 

This chapter describes the design, fabrication, characterization and modification of the InfraRed 

Non-Thermal Plasma IR NTP transmission and reflectance systems used to study the 

remediation of isopropyl alcohol. The synthesis of the SnO2 nanopowders, the equipment and 

the techniques used to fabricate and characterize the SnO2 nanopowders and the techniques 

used to characterize the CeO2 nanopowders are also described.  

 

2.1. Chemicals, materials, gases and equipment 

 

The chemicals, materials, gases and equipment employed are summarized in table 2.1 and 2.2. 

All chemicals were used without further treatment.  

 

Chemicals / Materials Formula Analysis Supplier 

Tin (IV) chloride 

pentahydrate 

SnCl4.5H2O Puriss min 98 % Sigma-Aldrich 

Silver nitrate AgNO3 99 % Riedel-de Haen 

Acetone CH3COOCH3 Puriss 99 % Fluka 

Ethanol C2H5OH 98 % Fluka 

Millipore water 

(DeIonised water, DI) 

H2O 18 MΩcm Milli-Q system 

Isopropyl alcohol C3H8O 99.5 % Sigma-Aldrich 

Isophorone 3,5,5-Trimethyl-2-

cyclohexen-1-one 

97 % Sigma-Aldrich 

Potassium bromide KBr Spectroscopic 

grade 

Alfa Aesar 

Cerium (IV) oxide CeO2 99.995 % Sigma-Aldrich 

Nitrogen gas N2  Cryogenic boil-off 

Nitrogen gas N2 N5.5 100 % BOC 

Argon gas Ar N5.5 100 % BOC 

Macor  Silicon 46 %, 

magnesium oxide 

17 %, 

Goodfellow 

Cambridge 
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aluminium oxide 

16 %, 

fluorine 4 %, 

potassium 10 % 

and boron 7 % [1] 

Ceramic wafer Al2O3 96 % Quik-ohm 

Calcium fluoride 

windows 

CaF2 25 mm diameter, 3 

and 2 mm thick  

Crystran, UK 

Stainless steel shim  0.07 mm RS Components 

 Titanium mesh Ti 50 % open area 

Thickness 0.07-0.1 

mm 

Dexment Corp, 

USA 

Polytetrafluoroethylene PTFE  RS Components 

Stainless steel discs 316 S.S 25 mm Holme & 

Dodsworth Metal 

Stainless steel for the 

vessel 

304 grade 90 mm diameter Holme & 

Dodsworth Metal 

 

Table 2.1. The chemicals, materials and gases employed in the work reported in this thesis. 

 

Equipment Supplier 

Barnstead heating and stirring electromantle  MG Scientific  

Harrier 15/80 centrifuge  MSE  

Hydrothermal vessel  In house fabrication  

MH-124 analytical balance  Fisherbrand  

CB 162 hotplate and stirrer  Stuart  

Ceramic boat  Shenzhen Jinghui Electronics Company 

Limited  

Thermometer  Fisherbrand  

N6C oven  Genlab Limited Thermal Engineers  

Carbolite type 301 furnace (MC16-GB-C-1)  Barlword Scientific  

Varian 670-IR spectrometer Agilent 

Varian 7000-IR spectrometer Agilent 
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Specac environmental chamber and diffuse 

reflectance unit 

Specac 

Infrared Presslok holder Thermo Scientific 

NeonPro lamp transformer (NP100000-30) Hyrite, China 

Voltage controller Carroll & Meynell 

Gadget 13A Power meter (N67FU) Maplin, UK 

Flow meters Roxspur Measurement & Control Ltd 

 

Table 2.2. The equipment used in the work reported in this thesis. 

 

2.2. Catalyst preparation 

 

The tin oxide (SnO2) nanopowders were synthesis by a hydrothermal process using a method 

adapted from that of Fujihara and co-workers [2] and Christensen et.al [3]. First, 7.01 gm of 

SnCl4.5H2O was dissolved in 200 cm3 DeIonised (DI) water with a resistivity 18 MΩcm to give 

a 0.1 M solution. The solution and a magnetic stirrer bar were transferred into a round-bottomed 

flask and the solution refluxed at ca. 95 °C for 3 hours to obtain a white slurry of SnO2 as shown 

in figs. 2.1(a) & (b). The SnO2 powder was then recovered by centrifuging and washing the 

solution many times with deionised water until no chloride ions were present, as shown by 

checking the aqueous layer after the centrifuge steps with 0.1 M AgNO3 solution. 

 

The stainless steel autoclave, cooling system and pressure system together comprised the 

hydrothermal equipment. These were designed and fabricated in-house and are shown in figs. 

2.2(a) and (b). As can be seen from the figures, the white precipitate was transferred into a 

Teflon vessel with a round-bottom (melting point 327 °C and a volume of 80 cm3) with lid, see 

fig. 2.2(a), and this vessel was inserted inside the stainless steel autoclave (with a round-bottom 

and volume of 150 cm3 ) and sealed. The Teflon vessel was loosely sited in the stainless steel 

autoclave for safety, maintenance and cleaning issues, see fig. 2.2(b).  

 

The autoclave was mounted in the oven, see fig. 2.2(c), at 180 °C for 24 hours under 10-15 bar 

pressure, after which it was allowed to cool to room temperature. The oven temperature was 

controlled using a thermocouple placed in the lid of the stainless steel reactor. The lid of the 

stainless steel reactor was also equipped with a pressure gauge, a relief valve set at 20 bar and 

a water cooling system to maintain the pressure inside the autoclave such that it did not exceed 
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the set point of 200 °C and 20 bar. For safety reasons, during the hydrothermal experiments, 

the temperature and pressure were recorded and compared with those expected on the basic of 

the plot of water boiling point versus pressure as shown in fig. 2.3. As can be seen from the 

figure, the pressure should be around 20 bar or less at a temperature of 200 °C. During the 

experiments if there was any deviation from this pressure, the experiment would be stopped 

immediately. Such a deviation could be due to overheating or a leak in the system, which can 

lead to explosion or insufficient pressure, respectively.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Photographs of (a) the reflux apparatus and (b) the white precipitate produced after 

the reflux process, centrifuging and washing with DI water. 
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Figure 2.2. Photographs of the hydrothermal synthesis apparatus: (a) Teflon container, (b) 

stainless steel autoclave and (c) hydrothermal reactor. 

 

Pressure 

relief valve 

Teflon 

container 

Lid 

(a) 

(b) (c) 

Pressure 

relief valve 

Lid 

Stainless 

steel vessel 
Oven 

Polyethylene tubes 

for cooling water 

Pressure 

gauge 

Pressure 

relief valve 

Thermocouple 



 

43 
 

 

 

 

 

 

 

 

 

 

Figure 2.3. The variation of the boiling point of water vs. pressure [4]. 

 

After the hydrothermal step, the white wet precipitate was then rinsed with deionised water 

several times in the centrifuge until there was no more Cl- ions present in sample (as determined 

by the addition of AgNO3 solution) and transferred  into an evaporating dish. The precipitate 

was then dried in an oven overnight at 60 °C and ground in a mortar and pestle as shown in figs. 

2.4(a) - (c). Finally, the nanopowder was divided into two samples which were calcined in air 

in a recirculating air furnace at 400 °C and 700 °C: the synthesis procedure is summarized in 

fig. 2.5. 

 

 

 

 

 

 

 

Figure 2.4. Photographs of the white slurry after: (a) the hydrothermal process, (b) drying in 

the oven for the overnight and (c) the grinding nanopowders after drying. 
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Figure 2.5. The procedure for preparing tin oxide nanopowders via the hydrothermal method. 
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2.3. X-ray diffraction  

 

X-Ray Diffraction (XRD) data were obtained using PANalytical X'Pert Pro MPD, powered by 

a Philips PW3040/60 X-ray generator, fitted with an X'Celerator detector, see fig 2.6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. A photograph of the PANalytical X'Pert Pro MPD X-Ray diffractometer. 

 

The powder sample was exposed to Cu-Kα X-ray radiation, which has a characteristic 

wavelength (λ) of 1.5418 Å. The X-ray source employed a Cu anode operating at 40 kV and a 

current of 40 mA. The ultra-fast X-ray detector X’Celerator uses RTMS (Real Time Multiple 

Strip) technology. This technology can simultaneously detect X-rays diffracted from a sample 
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over the range of 2θ angles during a scan using an array of a hundred channels. As a result, high 

quality diffraction data are produced by the X’Celerator in a significantly shorter time period 

than older style diffractometers would require.  

 

By using the scanning X’Celerator detector with a nickel filter that can be fitted on the incident 

beam, the data were collected in reflection mode over the range 2-100o2θ with a step size of 

0.0334o2θ and nominal time per step of 400 s. In addition, anti-scatter and divergence slits of 

1/4 o were used and fixed together with a 10 mm beam mask. Otherwise, all scans were carried 

out in ‘continuous’ mode.  

 

The X'Pert accompanying software program PANalytical High Score Plus in conjunction with 

the ICDD Powder Diffraction File 2 Database (2004), ICDD Powder Diffraction File 4 - 

Minerals (2018), and the Crystallography Open Database (2016) were used to identify and 

analyse the catalyst phases. 

 

Braggs Law was can be employed to determine the d-spacing according to: 

 

2dhklsinƟ = nλ     (2.1) 

 

where Ɵ is the angle of incidence of the X-ray radiation, dhkl is the distance between atomic 

layers in the crystal, λ is the wavelength of the incident X-ray beam and n is an integer as shown 

in fig. 2.7. 

 

To determine the average particle size, Scherrer’s equation [5] was used using the Full Width 

at Half Maximum (FWHM) intensity of selected peaks as shown below: 

 

t = 0.9λ/B.cosθ     (2.2) 

 

where t is the particle size (Å), λ is the wavelength of the Cu Kα radiation (1.5406 Å), B is the 

FWHM in radians and θ is the Bragg angle.  

 

All XRD tests were carried out by Mrs Maggie White, the School of Engineering, Newcastle 

University. 
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Figure 2.7. The incident and reflected X-rays at crystal planes. 

 

2.4. Thermogravimetric analysis system 

 

ThermoGravimetric Analysis (TGA) were carried out for CeO2 sample in an atmosphere of 

flowing (40 cm3 min1) nitrogen, in a Netzsch STA 449C TG-DSC (ThermoGravimetry-

Differential Scanning Calorimetry) system, see fig. 2.8, connected to a Netzsch Aeolos 403C 

Quadrupole Mass Spectrometer (QMS; m/z range 10-300). 55.5 mg of the CeO2 was placed in 

an alumina crucible.  A heating rate of 5 °C min-1 was used from 25 C – 600 °C, the temperature 

held at 600 °C for 10 minutes then sample was cooled at 5 °C min-1 to room temperature. Run 

1 was carried out on day1 and the sample left in air overnight. Run 2 was carried out on day 2 

and the sample left in flowing nitrogen overnight and run 3 carried out the following day. The 

TGA measurements were carried out by Dr. Bernard Bowler, School of Engineering, Newcastle 

University. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. The Netzsch STA 449C TG-DSC equipment. 
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2.5. Thermal Fourier Transform Infrared Spectroscopy  

 

In-situ thermal Fourier Transform Infra-Red Spectroscopy (FTIR) experiments as a function of 

temperature were carried out using a Varian 670-IR spectrometer equipped with a ceramic air-

cooled infrared source, a Deuterated Lanthanum alaine doped TriGlycine Sulphate (DLaTGS) 

detector and a Specac environmental chamber and diffuse reflectance unit utilizing a ZnSe 

window [3][6], see fig. 2.9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Photograph of the Varian 670-IR FTIR spectrometer. 

 

The Specac reflectance accessory see figs. 2.10(a) & (b), allows IR spectra to be collected under 

controlled atmosphere conditions from room temperature up to 600 C and pressures from 

vacuum to 34 atm. The IR beam was incident on the sample in the cell at angles from 20° to 

76° with respect to the horizontal plane via a ZnSe window as shown in fig. 2.10(c) and a 

schematic diagram of the optical bench can be seen in fig. 2.10(d). 

 

In the FTIR data analyses: SS (sample) is the single beam spectra of the powder or solid sample 

and SR (standard powder) is the single beam of the standard reference powder (spectroscopic 

grade KBr). Usually, the sample powder had to be diluted and this was done using the reference 

powder. A diffuse reflectance spectrum of the KBr using a mirror as reference was employed 

to check the purity of the KBr.  
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Figure 2.10. Photographs of: (a) the Specac accessory without cover, (b) the diffuse reflectance 

unit, (c) the cover with its ZnSe window and (d) schematic diagram of the optical bench and 

the sample holder. 
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Three different materials were assessed for catalytic activity: a Macor disk (12.5 mm diameter, 

2 mm thick), nanoparticulate SnO2 calcined at 400 ºC and 700 ºC, and CeO2 powder. For each 

catalyst, the experiment was carried out using pure nitrogen gas (blank experiments) or nitrogen 

gas bubbled through a Dreschel bottle containing IPA at room temperature. In both cases, the 

gas flow rate of (N2 or N2/IPA) was fixed at 200 cm3 min-1.  

 

Taking SnO2 to exemplify a typical experiment: using pure KBr in the sample cup of the 

environmental chamber and a single beam spectrum (SR, 100 co-added and averaged scans at 4 

cm-1 resolution, ca. 2 minutes per scanset) was collected at 25 ºC under N2 gas flow rate at 200 

cm3 min-1. The KBr was then replaced by SnO2/KBr (20 mg of SnO2 + 80 mg of KBr) and a 

second reference spectrum (SR, 100 co-added and averaged scans at 4 cm-1 resolution, ca. 2 

minutes per scanset) taken under the same conditions (25 ºC under flowing N2). This procedure 

allowed the option to choose the most appropriate reference spectrum. The chamber was then 

isolated from the gas flow and a sample spectrum Ss (SS, 100 co-added and averaged scans at 

4 cm-1 resolution, ca. 2 minutes per scanset) collected at 25 ºC. The temperature of the sample 

was then increased at 5 °C min-1 and a further spectrum collected at 50 ºC, after which spectra 

SS were collected every 50 ºC up to 600 ºC. The experimental procedure and equipment are 

summarized in figs. 2.11(a) & (b).   

 

When using powder samples, the single beam spectra were ratioed to give reflectance, R: 

 

R = (SS / SR)     (2.3) 

 

and then converted to an effective absorption using the Kubelka– Munk function [7]: 

 

KM = (1-R)2/2R     (2.4) 

 

where KM is the Kubelka-Munk function and R is the reflectance of a sample at infinite depth. 

However, R cannot determined absolutely, but it is usually calculated by dividing the reflected 

intensity of the sample by the spectrum of a standard, for example KBr.  
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Figure 2.11. (a) The experimental procedure and (b) a schematic diagram of the thermal experiments.

Computer 

Diffuse reflectance unit inside 

the FTIR chamber 

To vent 

Flowmeter 
FTIR system 

(b) 

Liquid IPA at RT 

N2 gas from 

cryogenic boil-off 



 

53 
 

The KM function is employed to annul the effect specularly reflected light, see fig. 2.12. This 

data manipulation results in difference spectra in which peaks with positive amplitude arise 

from the gain of absorbing species in SS with respect to SR, and peaks with negative amplitude 

to the loss of absorbing species. In order to remove unchanging absorptions, spectra were 

simply subtracted from each other (eg KM600 
o
C – KM300 

o
C); ie. no subtraction factor was 

employed.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12. A schematic representation of the specular and diffuse reflection of light from a 

powdered sample. 

 

When using the Macor disc, the single beam spectrua were simply manipulated to give 

absorbance spectra: 

 

 

A = log10 (SR / SS)     (2.5) 

 

2.6. The Plasma Fourier Transform Infrared Spectrometer  

 

An Agilent FTS7000 FTIR spectrometer with a Deuterated Tri-Glycine Sulfate (DTGS) 

detector was employed, see fig. 2.13. The IR beam was passed through the plasma via the two 

CaF2 windows to the detector via an Amtir-1 filter, 25 mm x 2 mm (Spectra-Tech, USA) to 

remove visible light, and the IR beam intensity was reduced where necessary using metal grids 

to prevent detector saturation. 
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Figure 2.13. A photograph of the Agilent FTS7000 spectrometer. 

 

2.7. The infrared non-thermal plasma transmission cell 

 

An in-house built, NTP transmission cell was employed as shown in figs. 2.14(a) & (b). 
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Figure 2.14. (a) A photograph and (b) schematic of the in-situ FTIR NTP transmission cell. 

 

The cell consisted of 15 cm long, cylindrical PolyTetraFluoroEthylene (PTFE) tube with an 

outer diameter of 6.3 cm and an inner diameter of 2.5 cm. The high voltage electrodes were in 

the form of two plungers in the PTFE tube so they could be easily taken out of the cell for 

cleaning and then inserted again, sealing against the inner walls of the cell via PTFE and silicone 

rubber ‘O’ rings. One plunger was hollow down its axis (a 5 mm diameter hole) and the feed 

gas was delivered via this channel and removed via an outlet nozzle in the top of the cell.  The 

electrodes consisted of stainless steel discs (316 S.S.) 2.3 cm in diameter and 2 mm thick, 

mounted over stainless steel shafts. The electrodes were covered with 5 mm thick and 2.5 cm 

diameter Macor caps fitted snugly over each stainless steel disc electrode to act as the dielectric, 

with a hole aligned with the central, gas delivery channel. Macor can be defined as a white, 

odourless ceramic comprising 55 % Fluorophlogopite mica (KMg3 (AlSi3O10) (FOH)2) and 45 % 

borosilicate glass. It considered as an excellent dielectric with good thermal stability [1]. Macor 

might therefore be expected to show some of the catalytic activity of zeolites, however, which 

are typically comprised of Al and Si are well known to show catalytic activity in thermally 

driven processes [8]. 

 

Two infrared transparent CaF2 windows (25 mm diameter, 3 mm thick) were glued into the 

PTFE cell. The distance between the windows (path length) was 5.1 cm.  The windows were 
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(a) (b) 

positioned such that their centres aligned with the centre of the 5 mm gap between the electrodes 

as shown in fig. 2.14. 

 

The electrodes were connected to a NeonPro lamp transformer, NP100000-30 which provided 

an output up to 10 kV at a constant frequency of 24 kHz, see fig. 2.15(a). A voltage controller 

was used to control the input power to the HV transformers see fig. 2.15(b).  The input power 

to the plasma was monitored using the Gadget 13 A Power Meter; the input powers quoted were 

those obtained by subtracting the input power observed with plasma from the reading obtained 

with the system switched on but with no plasma initiated (4 W). 

 

 

 

 

 

  

 

 

 

  

 

 

Figure 2.15. Photographs of (a) the HV generator and (b) the voltage controller. 

 

2.7.1. The development of the transmission cell 

 

Initial experiments were carried out using PTFE caps of thickness 3, 5, 7 and 10 mm, see fig. 

2.16(a). As can be seen from the figure, the caps had a hole in the centre as inlet and outlet port 

for the gas used to produce plasma. All caps were tested inside the NTP cell to see if a stable 

plasma could be produced without arcing. 

  

The 3 and 5 mm thick PTFE caps were susceptible to degradation by the plasma, see fig. 2.16(b); 

as can be seen from the figure, the caps were damaged during operation due to arcing. Plasma 

could not be generated using the 7 and 10 mm PTFE caps presumably because they were too 

thick [9].  

 

The 5 mm thick Macor caps were then fabricated also with a hole in the centre, and modified 

such that they extended beyond the electrode disc to eliminate any chance of arcing, see figs. 

2.16(c) & (d).  
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The initial design had central channels in both plungers, see fig. 2.16(e) and the next 

modification step was to employ only one Macor cap with a central channel for the inlet of the 

feed gas, see fig. 2.16(f), and the cell modified to include an outlet on top as shown in fig. 

2.14(a). 

 

Figure 2.16(g) shows a photograph of the stable plasma obtained using the final design of NTP 

transmission cell. A photograph was taken using a small mirror attached inside the FTIR 

chamber after opening the front port lid of the chamber. The plasma volume in the transmission 

cell was 7.4 cm3 and the residence time at a flow rate of 200 cm3 min-1 was 2.2 seconds. 
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Figure 2.16. Photographs of: (a) The PTFE caps of different thickness, (b) the damage caused 

to the PTFE caps during plasma operation, (c) a photograph & (d) schematic of the 

modification of the Macor cap, (e) the previous design of the in-situ FTIR NTP cell, (f) the 

‘piston’ high voltage electrodes and (g) a stable non-thermal plasma generated between the 

Macor caps. 

 

2.8. The infrared non-thermal plasma reflectance cell and optical bench 

 

The IR NTP reflectance cell was built in-house and based on the (non-spectroscopic) surface 

dielectric barrier discharge cell design of Šimek and co-workers [10], see figs. 2.17(a), (b) and 

2.18. The cell was rectangular, 12.7 cm x 9.5 cm x 3.5 cm, and fitted with cooling channels and 

channels for the input and exhaust of the feed gas.  A stainless steel shim 2.3 cm x 2.2 cm x 

0.07 mm was employed as one electrode, hidden from the IR beam, below which was a Al2O3 

wafer, 4 cm x 4.9 cm x 0.1 cm and a 3 cm x 3 cm x 0.5 cm Macor plate. The area of Macor and 

Al2O3 wafer was 9 cm2 and 19.6 cm2 respectively. The Macor was covered by the second, Ti 

mesh electrode (50 % open area) and both the Ti mesh and Macor were irradiated by the IR 

beam via a CaF2 plate window (25 mm diameter, 2 mm thick). The gap between the Macor and 

the window was 5 mm. 

 

The same power supply was employed for the reflectance cell as for the transmission cell. In 

contrast to the transmission cell, which generated a volume discharge [11] between the two 

Macor caps, the reflectance cell generated a surface discharge across the Macor and Ti mesh 

[10][11]. The plasma occupied the whole volume between the Macor and window in the 

reflectance cell, 2 cm3, and the residence time at a flow rate of 30 cm3 min-1 was 4 seconds. 

 

(g) 
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Figures 2.19(a) and (b) show the in-house built optical bench which consisted of two mirrors at 

an angle of 57° to the vertical, 45 mm above the floor of the sample compartment and 100 mm 

apart. The mirrors were positioned such that the angle of incidence on the CaF2 window was 

24° and on 24° on the Macor. In addition, a sheet of cardboard was inserted between the two 

mirrors to prevent any of the IR beam bypassing the mirrors and reaching the detector. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.17. Photographs of (a) reflectance cell and (b) the feed gas and cooling system 

connections. 
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Figure 2.18. Schematic of the IR NTP reflectance cell. 
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Figure 2.19. (a) A photograph and (b) schematic of the optical bench that used with reflectance 

cell. 

 

2.8.1. The modification of the reflectance cell and optical bench 

 

Initial experiments were carried out using a ceramic alumina Al2O3 layer of the same size as the 

Macor plate, which was used as an insulator between the two high voltage electrodes to 

eliminate any chance of arcing that can be generated during the experiment. However, arcing 

did occur and attacked the Macor and the PTFE of the cell, see figs. 2.20(a) & (b). This led to 
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a drop in the input power and production of CO2. In order to prevent this problem, the area of 

the Al2O3 plate was increased to 4 cm x 4.9 cm i.e., larger than the Macor plate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.20. Photographs of the result of arcing on the (a) PTFE and (b) Macor plate employed 

in the reflectance cell. 

 

It was then noticed that, despite feed gases clearly entering the reflectance cell, no gas exhaust 

was evident in the bubbler. This was due to a large backpressure generated within the cell due 

to the small size of the outlet holes in the cell. This was corrected by increasing the diameter of 

the outlets and sealing the cell with silicone glue (Loctite 595, RS components) to prevent any 

chance of leaking from the edge around the cell surface as shown in figs. 2.21(a) & (b).  

 

Finally, the initial optical bench consisted of 4 mirrors (A, B, C and D) as shown in fig. 2.22, 

in order to try and ensure a larger angle of incident of the IR beam on the Macor. The 

positions/angles of the mirrors were obtained via standard geometric calculations and the optics 

tested using a HeNe laser, see fig. 2.22. Unfortunately, the signal reaching the FTIR detector 

was too low, partly due to the lower reflectivity of the Macor, see fig. 2.24 and partly due to 

reflection from the front and back surfaces of the CaF2 window. Hence, it was decided to 

employ the 2-mirrors bench shown in figs. 2.19(a) and (b).  

 

As a result, it can be noted that the reflectance cell still very much in development stage with 

the aim of improving signal-to-noise. 
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Figure 2.21. Photographs of the modifications of the reflectance cell (a) new holes and (b) 

gluing the whole cell together. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.22. A photograph of the original optical bench. 

 

2.9. Experimental procedures for transmission and reflectance cells 

The NTP cell was first flushed with N2 at a flow rate of 200 cm3 min-1 (transmission cell) or 30 

cm3 min-1 (reflectance cell) for 120 minutes; when the system was stable, a single beam 

spectrum was collected (SR, 100 co-added and averaged scans at 4 cm-1 resolution, 100 seconds 

per scan set). N2 was then bubbled through the IPA at room temperature and admitted to the 

cell at a total flow rate of 200 cm3 min-1 (transmission cell) or 30 cm3 min-1 (reflectance cell) 

and a second single beam spectrum was collected in the absence of plasma. Sample spectra, SS, 
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were then taken as a function of time after the high voltage power supply was switched on, and 

at regular intervals thereafter up to 20 minutes. From the Antoine equation, the partial pressure 

of IPA at 296K was determined to be around 0.05 bar using the constants A = 4.8610, B = 

1357.427 and C = -75.814 so that the concentration in N2 at 1 bar was around 5% [12]. In 

addition, there was no difference in the concentration of IPA using different flow rates because 

the concentration depends on the partial pressure of IPA as a function of temperature. The 

experiments details are shown in fig. 2.23(a) and the experimental system in fig. 2.23(b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

N2 BG                (200 cm3 min-1 transmission cell)  

OR 

(30 cm3 min-1 reflectance cell) 

SR                          N2 (blank)                            Transmission cell 

                          N2 through IPA    200 cm3 min-1 transmission cell at 0W 

 

OR 

SR                           N2  (blank)                                        Reflectance cell                                           

                          N2 through IPA     30 cm3 min-1 reflectance cell at 0W 

 

SS              N2 (blank)                       200 cm3 min-1 transmission cell at different power  

             N2 through IPA   (18, 20, 22, 24, 26, 27 W) without coating the Macor 

surface 

OR 

SS                N2 (blank)                        30 cm3 min-1 reflectance cell at different power 

                   N2 through IPA (16-24 W) with or without coating the Macor and mesh 

                                          using different catalyst 

 

Time intervals (20 minutes) 

 



 

 
 

6
6
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.23. (a) Flow chart and (b) schematic diagram of the experimental methods employed using the transmission and reflectance cells. All 

experiments were carried out using flowing feed gas.
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By using the first single beam (of the nitrogen gas with no plasma) as the reference spectrum 

(SR) all of the infrared active species present in the plasma were observed; using the second 

single beam as the reference spectrum resulted in difference spectra, showing only the changes 

incurred on initiating the plasma.  

 

Figure 2.24(a) shows single beam spectra of the mesh, Macor and window in the reflectance 

cell. As can be seen, the light intensity reflected from the window was much higher than from 

the Macor or mesh. This can result in the loss of weaker features: for example fig. 2.24(b) shows 

spectra collected 10 minutes after initiating the plasma in an experiment employing Macor in 

the reflectance cell at 24 W and N2 at a flow rate of 30 cm3 min-1. As can be seen, correcting 

for the window has a significant effect upon the spectrum. The features in fig. 2.24(b) are 

discussed in Chapter 3, section 3.4.1. The uncorrected spectrum was obtained using the beer-

lambert law [13]: 

 

Absorbance, A = log10 (SR/SS)     (2.5) 

 

The corrected spectrum was obtained by correcting for the window: 

 

Absorbance, A = log10[(SR - SW)/ (SS - SW)]    (2.6) 

where SW is the spectrum of the window alone. 

 

The data manipulations in equation (2.5) was employed in the experiments employing the 

transmission cell. These results in difference spectra in which peaks pointing upwards (ie. to + 

absorbance) represent a gain in absorbing species at SS with respect to SR, and peaks pointing 

down (to – absorbance) represent the loss of absorbing species. The concentrations of some 

species observed were calculated using the Beer-Lambert law [13]: 

 

A = cL     (2.7) 

 

where:  is the molar decadic extinction coefficient (M-1 cm-1), c = concentration (M), L = 

optical path length (5.1 cm for transmission cell) or (1 cm for reflectance cell).  

 



 

68 
 

6000 5000 4000 3000 2000 1000

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

Macor

Mesh

S
ig

n
a
l 

a
t 

d
et

ec
to

r/
V

Wavenumbers /cm-1

Window

 

4000 3500 3000 2500 2000 1500 1000

0.00

0.05

0.10

0.15

0.20

1150 Uncorrected for window

 Corrected for window

A
b

so
rb

a
n

ce

Wavenumber /cm-1

1210

 

Figure 2.24. Single beam spectra obtained using the reflectance cell: (a) from the Macor, 

window and mesh layers and (b) reflectance spectra collected 10 minutes after initiating the 

plasma at 24 W and N2 at a flow rate of 30 cm3 min-1 before and after corrected for window.  
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The temperature of the Macor caps of the transmission cell were monitored at an input power 

of 27 W using a RS-1327 IR Thermometer C infrared thermometer gun in experiments 

conducted without FTIR data collection (as the cover to the sample compartment had to be 

removed), and found to increase to ca. 43 °C over 20 minutes.  This measurement was repeated 

with the plasma reflectance cell and the temperatures of the Macor/Ti mesh and window were 

found to increase to ca. 46 °C over 20 minutes.   

 

2.10. The coating process 

 

In order to study the effect of the catalyst on the decomposition of IPA, three different catalysts 

solutions were employed (SnO2 calcined at 400 ºC and 700 ºC, or CeO2).  Thus, 100 mg of the 

chosen catalyst was suspended in 10 cm3 ethanol and the sample stirred for 4 hours to produce 

a thick suspension, see fig. 2.25(a). A few drops of the suspension were then placed on the Ti 

mesh and Macor of the reflectance cell using a pasteur pipette and the Macor + mesh left in a 

drying oven for 1 hour for the solvent to evaporate, see fig. 2.25(b). Catalysts could not be 

employed in the transmission cell due to arcing.  

 

 

 

 

 

 

 

 

 

Figure 2.25. Photographs of: (a) the CeO2 suspension and (b) coating and drying the Macor & 

Ti mesh in reflectance cell. 

 

2.11. Presslok demountable holder cell 

 

The IR spectra of liquid isopropyl alcohol and isophorone were obtained using a Presslok holder 

(Thermo Scientific) as shown in figs. 2.26(a) & (b). Assembly of the cell parts was 

accomplished by compressing the stainless steel layers that separate using a rubber O-ring 

Macor & Ti mesh 
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barrier to keep the windows safely and to compress the layers together to get the accurate 

spectrum without any trace of CO2 or water vapor; ca. 50 µL of the liquid was placed between 

two 25 mm dia. 2 mm thick CaF2 windows (Crystran) in the holder. 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.26. Photographs of the Presslok holder cell (a) the whole cell and (b) cell 

disassembled. 
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Chapter 3. An in-situ Fourier Transform InfraRed study of the thermally 

and plasma driven conversion of isopropyl alcohol at Macor  

 

3.1. Introduction 

 

This chapter reports a study of the Non-Thermal Plasma (NTP) driven conversion of IsoPropyl 

Alcohol (IPA) at Macor using the plasma transmission and plasma reflectance cells. In addition, 

for the first time, a direct comparison of the non-thermal plasma and thermally driven processes 

is presented.  

 

3.2. Infrared studies of the thermally-driven process 

3.2.1. Blank experiments 

 

Macor was chosen as the catalyst for the initial studies as it has both a reasonable dielectric 

constant (ca. 6) and high thermal stability [1]. The Macor was not characterized as it is produced 

only in pellet form which is extremely hard and hence it has not proved possible to produce 

contaminant-free powder for, for example, XRD (X-Ray Diffraction) or XPS (X-ray 

Photoelectron Spectroscopy) by filing etc.  

 

A blank experiment was first carried out using the Specac environmental cell and a Macor disc 

in pure nitrogen gas in the absence of IPA as a function of temperature from 25 C to 600 C.   

 

A typical steady-state single beam spectrum of the Macor disc in nitrogen at flow rate of 200 

cm3 min-1 is shown in fig. 3.1. As can be seen from the figure, the spectrum was free from 

absorptions due to CO2 and H2O. The signal at the detector was low due to the poor IR 

reflectivity of Macor. 

  

Once the reference spectrum was collected, the DRIFTS cell was isolated, i.e. creating a static, 

nitrogen atmosphere above the Macor, the temperature ramped at 5 C per minute and sample 

spectra (SS) collected at 25 C (to check the system stability), 50 C and then every 50 C up to 

600 C. The results are shown in fig. 3.2. As can be seen from fig. 3.2, there are loss features 

at 3323, 1477 and 1226 cm-1 that increase steadily in intensity as the temperature was increased. 

Further, there are loss and gain features between ca. 3600 and 3770 cm-1. These bands may be 

attributed to the surface chemistry of the Macor: however, there are no relevant reports in the 



 

73 
 

literature on this and attempts to assign the various features in spectrum in fig. 3.2 were without 

success. 

Figure 3.1. A single beam spectrum (100 co-added and averaged scans at 4 cm-1 resolution, ca. 

120 seconds per scan set) of the Macor disc under nitrogen gas at flow rate of 200 cm3 min-1. 

Figure 3.2. FTIR spectra (100 co-added and averaged scans at 4 cm-1 resolution, ca. 120 

seconds per scan set) collected using the Specac environmental cell and the Macor disc in a 

static atmosphere of nitrogen gas during an experiment in which the reference spectrum was 

taken at 25 °C. The temperature was then ramped up at 5 °C min-1 and sample spectra collected 

at 25 °C and 50 °C then every 50 °C to 600 °C.   
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3.2.2. Experiments using nitrogen and isopropyl alcohol vapour as the feed gas 

 

Figure 3.3 shows a comparison between the typical steady-state single beam spectra of a Macor 

disc in N2 and N2 + IPA vapour at a flow rate of 200 cm3 min-1 in figs 3.1 and 3.3 respectively. 

As can be seen, there is no significance difference between the spectra apart from the bands at 

2976 and 2887 cm-1 due to adsorbed IPA [2-8].   

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Single beam spectra (100 co-added and averaged scans at 4 cm-1 resolution, ca. 

120 seconds per scan set) of Macor disc under: (i) nitrogen gas and IPA vapour at a flow rate 

of 200 cm3 min-1and (ii) under nitrogen gas at a flow rate of 200 cm3 min-1. 

 

Figure 3.4 shows spectra collected during an experiment in which a Macor disc was heated 

from 25 to 600 °C in a static atmosphere of IPA vapour and nitrogen gas. As above, the 

reference spectrum (SR) was collected at 25 °C and the temperature then ramped at 5 °C min-1 

with sample spectra (SS) collected at 50 °C and further spectra collected every 50 °C up to 

600 °C.  For clarity, only the spectra collected every 100 °C are shown. 

 

As can be seen from the figure, there are loss features at 3340, 2976, 2887, 1481, 1232, 1007 

and 950 cm-1 that increase steadily in intensity as the temperature was increased.  In addition, 

there are loss and gain features between ca. 3600 and 3770 cm-1. The bands between 3600 and 
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3770 cm-1 and loss features at 3340 cm-1, 1481 and 1232 cm-1 also appear in the spectra in the 

absence of IPA (fig. 3.2): hence these bands may be attributed to the surface chemistry of the 

Macor as mentioned above. The features at 2976, 2887, 1007 and 950 cm-1 are due to the loss 

of adsorbed IPA [2-8].  No obvious product features may be seen in fig. 3.4; and thus it appears 

that Macor is unreactive with respect to the thermal degradation of IPA. 

 

 

 

 

Figure 3.4. FTIR spectra (100 co-added scans and averaged scans at 4 cm-1 resolution, ca. 120 

seconds per scan set) collected from a 12.5 mm diameter, 2 mm thick Macor disc in a static 

atmosphere of isopropyl alcohol vapour in nitrogen gas during an experiment in which the 

reference spectrum was taken at 25 °C; the temperature was then ramped up at 5 °C min-1 and 

sample spectra collected every 50 °C from 50 °C to 600 °C.      

 

Figure 3.5 shows plots of the absorbance at 2000 cm-1 in figs. 3.2 and 3.4 vs temperature. As 

can be seen from figure, there are two distinct regions of behaviour: 25 – 300 ºC (I) and 300 – 

600 ºC (II); in region (I), the absorption increases relatively slowly with temperature, followed 

by a rapid rise in region (II). Similar behaviour was observed in the presence of IPA except that 

the onset of region (II) was deferred until 450 ºC and the subsequent increase in absorbance less 

marked. Whilst interesting, the data in fig. 3.5 did not appear to have any relevance to the 

chemistry of IPA, and hence were not investigated further. 
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Figure 3.5. Plots of the absorbance at 2000 cm-1 in figs. 3.2 and 3.4 using: (i) nitrogen and (ii) 

nitrogen and IPA vapor. 

 

3.3. Experiments using the plasma transmission cell 

3.3.1. Blank experiments 

 

Figure 3.6(a) shows photographs of the plasma region of the transmission cell before and after 

switching on the power. As can be seen from the figure, a stable purple plasma was generated 

in the plasma zone after the plasma was initiated, in this case at 20 W.   

 

A typical single beam spectrum of nitrogen at flow rate of 200 cm3 min-1  before plasma was 

initiated is shown in fig. 3.6(b). As can be seen from the figure, whilst absorptions due to water 

vapour (i.e. around 3500 and 1640 cm-1 [9]) and CO2 (2360 and 2340 cm-1 [10]) were present, 

they were sufficiently weak to allow experiments to commence.  
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Figure 3.6. (a) A stable non-thermal plasma generated between the Macor caps in the 

transmission cell. (b) A single beam spectrum (100 co-added and averaged scans at 8 cm-1 

resolution, ca. 60 seconds per scanset) collected using the transmission cell and a N2-feed at of 

200 cm3 min-1. 

 

Figure 3.7 shows spectra collected during an experiment in which N2 was passed through the 

transmission cell at flow rate of 200 cm3 min-1 and plasma initiated at an input power of 20 W 

with spectra collected at regular intervals. The spectra were ratioed to the reference spectrum 

of N2 at 25 ºC. As can be seen from the figure, no product absorptions were observed. The 

bands due to water vapour (I) and CO2 (II) were caused by small difference in the purge between 

reference and sample spectra. It is unclear whether the jumps in baseline after 2, 12 and 14 

minutes were due to optical effects or electronic interference; however, such jumps only 

occurred infrequently. 
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Figure 3.7.  In-situ FTIR absorbance spectra of the nitrogen gas-fed plasma (100 co-added and 

averaged scans at 8 cm-1 resolution, ca. 60 seconds per scanset) at 20 W collected as a function 

of operation. The N2 was passed through the transmission cell at 298 K at a flow rate of 200 

cm3 min-1. The reference spectrum was collected of N2 at 25 ºC.  

 

3.3.2. Experiments using nitrogen and isopropyl alcohol 

 

Isopropyl alcohol vapour was delivered to the transmission cell by bubbling nitrogen gas 

through the alcohol held in a Dreschel bottle at a flow rate of 200 cm3 min-1. The plasma 

experiments using N2 + IPA were carried out at 18, 20, 22, 24, 26 and 27 W (the plasma became 

unstable at 28 W); and the various product features observed were the same in all the 

experiments. Typically, the reference spectrum was collected of the flowing N2 + IPA without 

plasma, after which the plasma was initiated and sample spectra collected as a function of time. 

 

Figure 3.8 shows a spectrum of gas phase IPA with no plasma; the reference spectrum was 

collected using pure N2 at a flow rate of 200 cm3 min-1 at 25 ºC. The assignments of the various 

features in the spectrum are summarized in table 3.1. There were no bands attributed to liquid 

phase IPA; the relevance of this is discussed further below. 
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Figure 3.8. In-situ FTIR spectrum of gas phase IPA (100 co-added and averaged scans at 4 cm-

1 resolution, ca. 100 seconds per scanset). The reference spectrum was collected of N2 at 25 ºC, 

the N2 was then bubbled through pure IPA at 298 K at a flow rate of 200 cm3 min-1, without 

plasma and the sample spectrum collected. 

 

3.3.3. The spectra collected at 1 minute 

 

Spectral acquisition commenced 1 minute after initiating the plasma: this period was chosen 

simply to allow some time for the system to settle, rather than assuming the plasma had reached 

steady state. Figure 3.9(a) shows the spectra collected after 1 minute during a series of 

experiments carried out as a function of input power (see the discussion around fig. 3.14 below), 

the reference spectra in each case being collected of the IPA-containing N2 gas without plasma.  

As expected, the figure is dominated by loss features due to gas phase IPA; see fig. 3.10, which 

compares spectra of liquid and gas phase IPA, and table 3.1 which lists the various features. As 

can be seen from fig. 3.10, the 3657, the doublet at 1472 and 1462 and the distinctively-shaped 

band at 1251 cm-1 are characteristic of the gas phase IPA, whilst the cluster of bands at 1160, 

1130 and 1111 cm-1 and single, sharp feature at 952 cm-1 are characteristic of the liquid phase 

IPA.  It is clear from fig. 3.9(a) that there is vibrational structure on the high frequency side of 

the IPA C-H loss features on all the spectra, as well as gain features below ca. 2250 cm-1 

(arrowed); however, these are obscured by the strong loss features due to gas phase IPA.  Hence, 

in order to highlight any small features, the gas phase IPA spectrum was subtracted from the 
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spectrum collected at 27 W in fig. 3.9(a), using the 3657 cm-1 O-H feature in the gas phase 

spectrum to determine the scaling factor to ensure annulling of the IPA bands; the result is 

shown in fig. 3.9(b) and the various features so observed are summarized in table 3.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. (a) FTIR spectra (100 co-added scans and averaged scans at 4 cm-1 resolution, ca. 

100 seconds per scan set) collected during experiments in which nitrogen gas was passed 

through isopropyl alcohol at 298 K and atmospheric pressure into the IR plasma transmission 

cell at a flow rate of 200 cm3 min-1 and a reference spectrum collected.  The plasma was then 

initiated  and sample spectra collected as a function of time.  The spectra shown were collected 

after 1 minute at the various input powers shown. The inset shows the spectra below 2200 cm-

1 without the spectrum taken at 27 W, for clarity. (b) The spectrum collected at an input power 

of 27 W in (a) with the IPA features annulled, see text for details.   
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Figure 3.10. Comparison of the spectra of gas phase IPA and an authentic sample of liquid 

IPA.  The former was obtained using the plasma transmission cell see fig. 3.8, and the latter as 

a thin layer pressed between the CaF2 windows of a Thermo Scientific Presslok demountable 

cell holder. The liquid phase spectrum was scaled by a factor of 0.68 to allow comparison. 

 

Gas phase 

IPA /cm-1 

Liquid phase 

IPA /cm-1 

Assignment Notes 

3657 3347 OH  = stretch bond 

2980  aCH3 a=asymmetric stretch bond

2971 2971 aCH3 a=asymmetric stretch bond

2933 2932 sCH3 s= symmetric stretch bond

2900 (sh)   

2886 2883 CH  = stretch bond

1472 1466 aCH3 a= asymmetric deformation 

bond

1462  aCH3 a= asymmetric deformation 

bond

 1408   

1383 1379 sCH3 s = symmetric deformation 

bond

 1340   

 1310   

1251  OH, CH, deformation bond

1152 1160 CC, CO, rCH3  =stretch bond, r=deformation

 1130   

 1111   

1080(sh)  CC, rCH3  =stretch bond, r=deformation

1073  CC, rCH3  =stretch bond, r=deformation

966  Terminal and bridged C-O 

str. 

 

954 952   

942(sh)    

 

Table 3.1. The IR absorptions of gas and liquid phase isopropyl alcohol [2-4][6-8]11][12], see 

text for details. 
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/cm-1 Assignment Notes 

3335 + 3284 3CH band of HCN 3=anti symmetric stretch bond 

2732 + 2705 ?  

2164 + 2130 C=O band of “Cold” CO  = stretch bond 

1666 C=C band of isophorone  = stretch bond 

1740 C=O band of acetone  = stretch bond 

1369 CH3 band of acetone deformation bond

1215 C-C band of acetone  = stretch bond 

3086 + 3016 P and Q bands of 3 band of CH4 3 = anti symmetric stretch bond 

1305 Q branch of 4 band of CH4 4 = scissoring stretch bond 

 

Table 3.2. The features in fig. 3.9(b). See text for details.  

 

The gain features at 3335 cm-1 and 3284 cm-1 may be attributed to the P and R branches of HCN 

[13]: these features were present on all the spectra collected after 1 minute operation. The fine 

structure centred on 3086 cm-1 and the sharp band at 3016 cm-1 in fig. 3.9(a) may be 

unambiguously attributed to the P and Q branches of the 3 band of CH4, and the sharp 1305 

cm-1 feature to the 4 band of CH4 [14] by comparison with an authentic sample of CH4 in 13.4 % 

CH4+ 10.6 % CO2 + 76 % N2, see fig. 3.11; the Q branch in fig. 3.9(b) is distorted by the IPA 

C-H loss feature.  
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Figure 3.11. The spectrum collected (i) using 13.4 % CH4+ 10.6 % CO2 + 76 % N2 in the 

plasma transmission cell and that of (ii) collected after 1 min at 27 W in fig. 3.9(a), the spectrum 

was moved down 0.017 for clarity. 
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The bands at 1740 cm-1, 1369 and 1215 cm-1 may be attributed to gas phase acetone [15] an 

assignment confirmed by comparison with the IR spectrum of an authentic sample.  Thus, figs. 

3.12(a) and (b) show the spectrum in fig. 3.9(b) and a spectrum of gas phase acetone obtained 

by placing ca. 0.1 cm3 of the liquid in the plasma transmission cell and allowing it to evaporate. 

As well as the C=O band at 1740 cm-1 and the band at 1369 cm-1 the features at  1203, 1217 

and 1228 cm-1 form a highly distinctive group which may be unambiguously assigned to 

acetone. It is clear from figs. 3.12(a) and (b) that the broad feature around 3347 cm-1, the 

features at 2968 and 2978 cm-1, the multiple bands around 1130 cm-1 and the feature at 1046 

cm-1 are not due to acetone. With the exception of the 1046 cm-1 feature which remains 

unassigned, these bands may be attributed to liquid IPA condensing on the cell windows, and 

this is discussed in detail below, as is the origin of the broad feature at ca. 1666 cm-1. 

 

There are at least two possible routes to acetone: the dehydrogenation of IPA over metal and 

metal oxide catalysis is a well-known endothermic [16] and important reaction requiring 

temperatures ≥ 200 °C catalysed by basic oxides including MgO [16–19]; hence it may be that 

the acetone is produced in an analogous process involving the removal of dihydrogen from the 

H of the hydroxyl group and an H atom on the carbon adjacent to the OH moiety.  However, 

such a surface process would be inhibited by the formation of the liquid film, and the data below 

suggest that the formation of acetone is linked to that of CO and HCN, hence it is more likely 

that the acetone is produced from an entirely gas-phase process; for example, from mass 

spectrometry studies of IPA, acetone can be produced by the deprotonation of C3H7O
+ [20].  

 

It does not seem unreasonable to assign the bands at 2164 and 2130 cm-1 in fig. 3.9(b) to the P 

and R branches of a linear molecule. In addition, the reasonably high frequency of the band 

centre suggests a light molecule; further the band centre is identical to that of gas phase CO 

(2145 cm-1), see fig. 3.13 which shows the features in fig. 3.9(b) compared to an authentic 

sample of CO. The 2164 and 2130 cm-1 bands resemble the P and R branches of CO, except 

with a reduced bandwidth, as would be expected if the molecule was cooled down: for example, 

Bauerecker et al. [21] observed the rotation-vibration bandwidth of 13C16O to be reduced by 

about 40 % on cooling the gas from 300 K to 45 K, without any change in band centre. From 

fig. 3.13, the bandwidth is ca. 24 % lower than that of CO at room temperature, and a calculation 

based on separation of the maxima of the P and R branches [22] suggest a temperature of ca. 

115 K, in broad agreement with the work of Bauerecker and co-workers; if the resolution of 4 

cm-1 is taken into account, this gives a temperature range of 89–143 K. This is a challenging 

observation as it would be expected that the gas phase molecules in the plasma glow would be 
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in thermal equilibrium: however, it may simply be the case that the cold CO bands represent 

the steady state of the species, constantly produced and constantly removed by the gas feed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. A spectrum of (i) gas phase acetone obtained in the plasma transmission cell and 

(ii) the spectrum in fig. 3.9(b): (a) full spectral range and (b) 900 – 2000 cm-1. The acetone 

spectrum was reduced by a factor of 3.9 for comparison. 
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Figure 3.13. (i) The CO spectral region of fig. 3.11 and (ii) that of a spectrum collected of 100 % 

CO in a 1 cm pathlength transmission cell at 298 K. The spectrum in (ii) has been scaled down 

by a factor of 15.7. 

 

Figure 3.14 shows typical spectra collected at an input power of 27 W using the spectrum 

collected without plasma as reference: as can be seen, the CH4 and CO bands (boxed) are 

present, and their intensities unchanged throughout the experiment indicating steady-state 

concentrations: this postulate was supported by the IPA/Ar data discussed below. The HCN 

features also do not change in intensity with time and hence were annulled when the spectrum 

collected at 1 minute was subtracted from those collected at longer times (see fig. 3.16) and this 

is discussed in detail below. It did not prove possible to determine the time dependent behaviour 

of the acetone due to the overlying strong features.  

 

Figure 3.15(a) shows plots of the partial pressure of methane, and the absorbances of the CO 

band at 2164 cm-1 and the 1740 cm-1 acetone band normalised to their maximum values, as a 

function of input power, measured from the spectra collected after 1 minute and using the 

spectra collected without plasma as the background. The raw data are presented in fig. 3.15(b). 

The CH4 pressure was determined by comparison of the absorbances of the rotational band at 

3086 cm-1 with the same feature in the spectrum of an authentic sample of 13.4 % CH4 + 10.6 % 
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CO2 + 76 % N2, see fig. 3.11 and the extinction coefficient of CH4 was determined from 

measurements using the pure gas in a 1 cm pathlength cell and is presented in table 3.3 along 

with that of the 3335 cm-1 band of HCN which was estimated from the paper by Choi and Barker 

[13].  As can be seen, all three species apparently track each other, suggesting they are formed 

via a common intermediate and/or in the same process, and this postulate was supported by the 

experiment discussed below in which N2 was replaced by Ar.  

 

Figure 3.14.  In-situ FTIR absorbance spectra (100 co-added scans and averaged scans at 4 

cm-1 resolution, ca. 100 seconds per scan set) collected during the plasma treatment of IPA at 

27 W as a function of plasma operation time.  The N2 gas flow rate was 200 cm3 min-1, bubbled 

through a Dreschel bottle of pure IPA at room temperature. 

 

 

 

 Peak /cm-1  

/M-1 cm-1 

CH4 3086 3.5 

 1346 6.4 

HCN 3335 2.8 [13] 

 

Table 3.3. The extinction coefficients of various gas phase species. 
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Figure 3.15. Plots of (i) the absorbance of the 2164 cm-1 CO band, (ii) the partial pressure of 

CH4 and (iii) the absorbance of the 1740 cm-1 acetone band, measured after 1 minute plasma 

operation as a function of input power from the experiments shown in fig. 3.9(a) normalised to 

their maximum values and (b) the raw data.  
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In the plasma transmission cell, the IR beam passed along the surfaces of both the Macor caps, 

but bands attributable to adsorbed IPA were not observed in any of the spectra recorded using 

the cell. 

 

3.3.4. The spectra collected at longer times 

 

Figure 3.16 shows the spectrum collected after 1 minute in figs. 3.9(a) and 3.14 subtracted from 

those taken at longer times in order to remove the loss features due to gas phase IPA; as may 

be seen from the figure, there is no further reduction in the vapour pressure of the IPA as a 

function of time once the power to the plasma is switched on. Following the experiment 

depicted in the figure, a brown oily deposit was observed on the Macor plates and CaF2 

windows, which was also observed in all the plasma experiments using IPA and nitrogen, see 

fig. 3.17 and the IR spectrum of which corresponded closely to the spectrum collected after 20 

minutes in fig. 3.16. As will be discussed further below, this oil appeared to comprise at least 

two components, A and B. The oil was dissolved in CDCl3 and an attempt was made to analyse 

it with carbon and proton NMR, but the results were inconclusive. 

 

Figure 3.18(a) shows plots of the key features in fig. 3.16 as a function of time normalized to 

their maximum values, and fig. 3.18(b) shows the raw data.  As can be seen from figs. 3.16 and 

3.18, the 1762 and 1536 cm-1 bands track each other and may thus be assigned to a single species; 

it is also clear that the 1666, 1426 and 1370 cm-1 features do not belong to the same species as 

the 1762 and 1536 cm-1 bands. Unfortunately, the 1426 and 1370 cm-1 bands are in the spectral 

region where significant overlap of bands from different species may be expected. This 

challenge is addressed further below.   

 

Close inspection of fig. 3.16 shows the distinctive 1160, 1130 and 1111 cm-1 bands attributable 

to liquid phase IPA, see fig. 3.10, suggesting condensation on the windows and surfaces of the 

cell as shown in fig. 3.17, which become indistinct in the spectra collected after 8 minutes. 

These bands do not appear to change in intensity significantly up to 8 minutes, suggesting the 

thickness of the condensed layer does not change over this timescale. These observations 

suggest that the spectra in fig. 3.16 could be simplified if divided into two regions, those up to 

8 min from which was subtracted the spectrum collected after 1 minute, and the spectrum taken 

at 8 minutes subtracted from those taken up to 20 minutes. The results are shown in figs. 3.19 

and 3.20.   
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Figure 3.16. The spectra obtained during the experiment carried out at 27 W shown in fig. 

3.9(a). The spectra were collected using a gas feed of IPA vapour in N2. The N2 was bubbled 

through pure IPA at 298 K at a flow rate of 200 cm3 min-1. The reference spectrum was collected 

under the same conditions, but without plasma.  The spectrum collected after 1 minute was 

subtracted from those taken up to 20 minutes.  

 

 

 

 

 

 

 

 

 

 

Figure 3.17. Photographs of the deposit on the: (a) Macor caps and (b) CaF2 windows, see text 

for details. 
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Figure 3.18. Plots of: (a) the intensities of the key features in fig. 3.16 as a function of time, 

normalized to their maximum values and (b) the raw data. 
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Figure 3.19. The spectrum collected after 1 minute in fig. 3.16 subtracted from those taken up 

to 8 minutes. 

 

 

Figure 3.20. The spectrum collected after 8 minutes in fig. 3.16 subtracted from those taken up 

to 20 minutes. 
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By comparing the relative intensities of the various features in figs. 3.19 and 3.20 it is clear that 

there are bands due to at least two different species, some isolated as discussed above, but some 

clearly overlapping in the spectral region below 1500 cm-1.  Figure 3.21 shows the spectra 

collected at 8 minutes in fig. 3.19 and that at 20 minutes in fig. 3.20 along with the spectrum of 

liquid IPA in fig. 3.10 scaled such that the 1130 cm-1 feature is approximately the same intensity 

as that in fig. 3.19.  It is clear that the peak at 2970 cm-1 in figs. 3.19 and 3.21 is due to liquid 

IPA, that there is a significant contribution from liquid IPA to the broad feature between 2500 

and 3700 cm-1 in the spectra collected up to 8 minutes and that there are features below 1500 

cm-1 belonging to both the unidentified species characterized by the strong bands at 1762 and 

1666 cm-1. The situation becomes clearer if the spectra collected at 10 min and 20 min in fig. 

3.20 are compared, see fig. 3.22; thus the 1762, 1536, 1426 and 1370  cm-1  bands belong to 

one species, species A, and the 1666, 1630(sh), 1430, 1385 and 1373 cm-1 features to species 

B. It is not clear from the various figures what species is responsible for the 3329 cm-1 

absorption: thus from fig. 3.21 it can be seen that there is an appreciable contribution from the 

O-H stretch of liquid IPA to the O-H absorption up to 8 minutes, and there are marked 

differences in the shape of the feature between the two NTP spectra in the figure.  Further, it 

appears from 3.22 that the 2936 and 2876 cm-1 C-H bands are common to both species A and 

B, if in different relative intensities. The various features are summarised in table 3.4. The time-

dependent behaviour of the intensities of the 1426 and 1370 cm-1 species A bands in fig. 3.18 

is clearly distorted by the presence of the underlying 1430, 1385 and 1373 cm-1 features of 

species B as shown in fig. 3.23.  

 

The acetone generated from the IPA may undergo a range of transformations leading to higher 

molecular species bearing both C=O and –OH groups such as -hydroxyketones (acid and/or 

base catalysed Aldol reaction [23]) and diols resulting from Mg catalysed Pinacol coupling [24]. 

The nature and distribution of the products is dependent upon the catalyst employed as is the 

extent of similar downstream reactions with additional structural complexity due to facile 

dehydration of these materials installing random elements of unsaturation. This sequence of 

events inevitably produces an orange or red polymeric oil as shown in fig. 3.17 [25][26] 

containing CH3, C=O, C=C and O-H groups. The number, distribution and nature of these 

functionalities are a result of both the catalyst and the experimental conditions employed, and 

the polymers produced are described generically as “polymethylacetylene-like”. The C-H 

asymmetric and symmetric stretches are observed at ca. 2960 and 2865 cm-1, respectively, and 

the absorptions due to C=O conjugated with the polyene structure appear around 1705 and 1670 

cm-1, the latter much stronger than the former. The C=C stretch of the polyene backbone moves 
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down in frequency as the conjugation increases, see [27] and references therein, and was 

reported to absorb around 1560 cm-1 in the seminal work by Cataldo [25] [26]. If the conjugation 

between the ketone C=O moieties and the polyene backbone is broken, often by cyclisation 

and/or the formation of quaternary carbon centres (e.g. geminal CMe2 groups), the polyene C=C 

absorption does not shift, but the C=O absorption moves to significantly higher frequencies. 

Thus it can be suggested that species A is a polymeric product resulting from a cascade of 

Aldol/Pinacol/dehydration reactions initiated by the formation of acetone. Trinh and Mok [28] 

investigated the oxidative decomposition of acetone over ZnO and/or MnO2 catalysts and 

observed the formation of a brown polymeric deposit on the walls of their reactor. The IR 

spectrum of this deposit shows similarities to the spectra in fig. 3.16 (see fig. 3.24), and the 

authors postulated the polymer contained ester groups. 

 

In the thermally-driven Aldol condensation of acetone over alkaline catalysts, as well as 

polymethylacetylene-like products, isophorone is a common side product (e.g. from cyclisation 

and subsequent E1CB elimination of water [29]).  On the basis of the spectrum as shown in fig. 

3.23, product B was  identified as isophorone.  Interestingly, isophorone is one of the products 

from the thermal Aldol condensation of acetone at lamellar double hydroxides which, as is the 

case with Macor, also contain magnesium and aluminium oxides [30]. 

Figure 3.21. A comparison of the spectrum (i) collected after 8 minutes in fig. 3.19, (ii) the 

spectrum taken after 20 minutes in fig. 3.20, and (iii) the spectrum of liquid IPA in fig. 3.10, the 

latter reduced by a factor of 7 for clarity.  See text for details. 
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Figure 3.22. The spectra collected after (i) 10 minutes and (i) 20 minutes in fig. 3.20.  See text 

for details.     
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1370 1385 1378 

 1373 1367 

 

Table 3.4.  The features observed in the spectra in figs. 3.16, 3.19 and 3.20, and the absorptions 

of isophorone from fig. 3.23. 
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Figure 3.23.  IR spectrum of ca. 50 L isophorone obtained as a thin layer pressed between the 

CaF2 windows of a Thermo Scientific Presslok demountable cell holder. 

 

Figure 3.24.  FTIR spectrum of the polymer-like deposit collected from the reactor wall in the 

work by Trinh and Mok [28]. 
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Close inspection of the spectrum collected after 2 minutes in fig. 3.16 shows that the OH band 

is prominent, as is a clear band at 1640 cm-1. The latter does not track the adjacent 1666 cm-1 

and becomes overlain by the 1630 cm-1 shoulder. The presence of the 1640 cm-1 and the broad 

O-H absorption, along with the sloping absorption that increases at frequencies > 1750 cm-1 

and the clear, broad absorption underlying the bands below 1750 cm-1 suggest the formation of 

water [31], along with C-OH groups: the former arising from the Aldol condensation reaction.  

 

The production of the gas phase products CO, CH4 and HCN, and the fact that they fairly rapidly 

attain a steady-state in the plasma in the flowing feed gas, in conjunction with the separate 

production of the isophorone and the polymer –containing brown oil which requires a longer 

time to form, suggests the presence of two separate and parallel reaction pathways.  This 

observation is in accord with the plasma model of Kim et al. [32] in which the active species 

such as OH radicals occupy a thin layer perhaps 50 m thick above the catalyst and are available 

for reaction at the catalyst: above this layer, species produced in the plasma react in the same 

way as in the absence of catalyst. Thus the gas phase products are produced in the body of the 

plasma, away from the direct participation of the catalyst, whilst the isophorone and polymer 

are produced in the plasma adjacent to the catalyst: both possibly require the build-up of 

intermediates on the Macor, but, as may be seen from the plots in fig. 3.18, the isophorone is 

produced in a different process to the polymer, and more rapidly.    

  

3.3.5. Experiments using argon and isopropyl alcohol 

 

Figure 3.25(a) shows the spectra obtained in an analogous experiment to that in fig. 3.16 except 

that the nitrogen feed was replaced by argon. The plasma was initiated at a significantly lower 

power (8 W in contrast to 18 W using N2) and the spectra in fig. 3.25(a) were collected at 8 W. 

The most obvious difference between the two experiments, apart from the expected absence of 

HCN in fig. 3.25(a), was that no liquid film or isophorone was produced, clearly highlighting 

the importance of nitrogen gas in their formation. Cold CO, at 136 K (allowing for the resolution 

gives a temperature range of 108–167 K) was also produced. Figure 3.25(b) shows the spectrum 

collected after 1 minute in fig. 3.25(a) with the IPA bands annulled by subtraction, using the O-

H stretch at 3657 cm-1 to determine the scaling factor.  The acetone bands are clear, as are the 

CO2, cold CO and methane absorptions. In addition to the bands stated above, there are features 

at 3315 and 3263 cm-1 in figs. 3.25(a) and (b) which may be attributed to the C-H stretch of 
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acetylene [33].  Along with the inhibition of the film formation, the production of acetylene 

strongly suggests the existence of a modified mechanism on employing argon. 

  

Figure 3.26 shows plots of the various features in fig. 3.25(a) as a function of time. As was 

stated above, it is clear that (1) the methane, cold CO, CO2 and acetone essentially show steady 

state concentrations (as was noted above), whereas the acetylene in the plasma glow steadily 

increases, and (2) all the species clearly track each other, suggesting they arise from the same 

or linked process(es).  From the figure, the steady state partial pressure of methane was ca. 12 

mBar, i. e. not insignificant. The oscillating nature of the plots in fig. 3.26 are fascinating, but 

their interpretation requires further study.    
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Figure 3.25.  (a) The spectra collected in an analogous experiment to that in fig.3.16, except 

that the feed gas was argon and the input power 8 W. (b) The spectrum collected after 1 minute 

in fig. 3.25(a), the gas phase IPA bands were annulled using the spectrum of pure IPA, and 

employing the O-H stretch of the IPA at 3657 cm-1 to determine the subtraction factor. 

 

Figure 3.26.  Plots of the intensities of the various features in fig. 3.25(a) as a function of time. 
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3.3.6. The proposed mechanism 

First, it will be useful to review the key facts arising from the data discussed above: 

 

 It is clear that cold CO, CH4, HCN and acetone are produced in the plasma glow in the 

first minute. 

 From fig. 3.14 and numerous repeats, it is clear that CH4 and cold CO (at least) are 

produced for the full 20 minutes, ie the formation of the liquid has no effect, therefore 

their formation must take place entirely in the gas phase.    

 It is clear from figs 3.15 and 3.26 that CO, CH4, HCN and acetone track each other 

exactly suggesting some commonality. 

 Replacing N2 by Ar not only removes HCN but results in the formation of acetylene. 

 

The production of cold C=O suggests the presence of a “loose” or “late” transition state and 

hence the possible presence of a roaming mechanism. The roaming mechanism was first 

proposed by van Zee et al [34] in a seminal paper on the photolysis of formaldehyde to CO and 

H2: in essence the standard, tight transition state route produced rotationally hot CO whilst the 

loose transition state resulted in rotationally cold CO because of rotational deactivation. During 

the photolysis of acetaldehyde, the formation of a loose transition state allows a roaming 

mechanism that results in CH4 and cold CO [35-37], and work by the  Klippenstein group 

[38][39]  shows the same is true for thermal decomposition of CH3CHO at T > 1000 K, more 

details are explained in Chapter 5. 

 

It is not unreasonable to postulate acetaldehyde as an intermediate: it is difficult to identify from 

IR spectra in the presence of acetone as it usually appears as a shoulder on the lower frequency 

of the acetone 1740 cm-1 C=O stretch.  Further, in our case, it may be present at low steady state 

concentrations. If acetaldehyde is the key intermediate then the following mechanism would 

explain the observed data. As per the model proposed by Kim and co-workers [32], there are 

two reaction zones, the Macor/plasma interface and the bulk plasma, the chemistry in the latter 

wholly uninfluenced by the Macor. In the bulk of the plasma, the formation of both 

acetaldehyde and acetone takes place via electron impact: 

 

CH3CHOHCH3 + e- → CH3CHO + CH4      (3.1) 

 

CH3CHOHCH3 + e- → C3H7O
+ + H+ + 2e-      (3.2) 
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C3H7O
+ → CH3COCH3 + H+     (3.3) 

 

Other decomposition mechanisms are also possible such as reaction with excited metastable N2 

(e.g. A3∑u
+) and atomic nitrogen such as in the following reaction: 

 

CH3CHOHCH3 + N → C3H7 + HNO  (3.4) 

 

Acetone does not react further: in contrast, acetaldehyde does reacts further, either by electron 

impact or photoexcitation: nitrogen-fed non-thermal plasmas show significant emission [40] 

around the max for the dissociation of acetaldehyde of 308 nm [35]: 

 

CH3CHO + e- → [CH3----CHO]ǂ + e- (Loose TS)     (3.5) 

 

CH3CHO + h → [CH3----CHO]ǂ (Loose TS)     (3.6) 

 

[CH3----CHO]ǂ  → CH4 + CO(cold) (Roaming)     (3.7) 

 

{[CH3----CHO]ǂ  →  CH3 + CHO      (3.8) 

 

In the absence of the liquid film, i.e. with the Macor surface accessible, acetaldehyde is 

dehydrated to acetylene, catalysed by aluminium/magnesium oxide sites [41] on the Macor:   

 

CH3CHO  HC≡CH + H2O     (3.9) 

 

3.4. The experiments using the plasma reflectance cell  

3.4.1. Blank experiments 

 

Figures 3.27(a) and (b) shows spectra collected at an input power of 24 W as a function of time 

using the reflectance cell with Macor and Ti mesh exposed to the IR beam and a nitrogen-fed 

plasma. The spectra were collected every 2 minutes after turning on the plasma but only a 

selection are shown, for clarity. The spectra below were all corrected for the window absorption. 

As can be seen from the figures, the spectra are featureless apart from a sharp, intense feature 

at 1150 cm-1 and a weaker and broader band at 1210 cm-1, both of which grow with time. 
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Figure 3.27. In situ FTIR spectra (8 cm-1 resolution, 100 co-added and averaged scans, 60 

seconds per scanset) collected using the plasma reflectance cell with Macor+Ti mesh at the 

times shown on the figure at an input power of 24 W using nitrogen as the feed gas. The 

spectrum collected immediately before the plasma was initiated was employed as the reference 

and the spectra were corrected for the CaF2 window reflection. (a) full spectra range and (b) 

900-2000 cm-1. 
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Figure 3.28 shows plots of the intensities of the 1150 and 1210 cm-1 features as a function of 

time during the experiment shown in fig. 3.27(a) and after the plasma was switched off. As can 

be seen, the features track each other, although not exactly, and it is not clear from this and 

other such experiments that they are due to the same species. However, both are induced by the 

plasma and relax slowly, over many minutes, when the plasma was switched off. 
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Figure 3.28.  Plots of the 1150 and 1210 cm-1 features in fig. 3.27 showing the decrease in these 

bands when the plasma was switched off. 

 

Figure 3.29 shows plots of the integrated absorptions of the two bands obtained from analogous 

experiments to that in fig. 3.27(a) as a function of input power from the spectra taken after 20 

minutes operation: clearly, the features also increase in intensity with input power, but not in a 

linear fashion. The spectral ranges over which the 1150 & 1210 cm-1 bands were integrated 

between 1114 to 1174 cm-1 and 1175 to 1252 cm-1, respectively.  

 

The 1150 and 1210 cm-1 bands can only be due to changes at the surface of the Ti mesh or 

Macor, due to the chemical simplicity of the system. The Transverse Optical (TO) and 

Longitudinal Optical (LO) absorptions of silica absorb in the region 1000 – 1250 cm-1 [42] with 

frequencies and relative intensities that vary with the thickness of the film and the stress within 
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the film, and hence the 1150 and 1210 cm-1 may be due to Si-O in the Macor. However, these 

features were also observed in experiments using the reflectance cell in which the Macor was 

completely coated with CeO2 or SnO2 but the Ti mesh was still exposed, as discussed further 

in Chapters 4 and 5, suggesting the bands were due to Ti-O type species: but, according to the 

literature, such species are reported as absorbing at frequencies < 1000 cm-1 [43][44]. 

 

Whilst very interesting, it is not clear that the species responsible for the 1150 and 1210 cm-1 

features participate in the reduction of IPA and hence are not relevant to the aim of this project.  

Further work is in progress to elucidate this chemistry. 

 

Figure 3.29. Plots of the integrated absorptions of the 1150 and 1210 cm-1 bands after 20 

minutes operation as a function of input power from the experiment in fig. 3.27 and analogous 

experiments. 
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investigated using the plasma reflectance cell. Figure 3.30 shows the evolution of the IR spectra 

of gas phase IPA as a function of treatment time at 16 W, the IR spectra were collected after 

subtraction of the contribution of the IPA gas phase spectrum before turning on the power. CO, 

HCN and CH4 were not detected, possibly because the pathlength of the reflectance cell was ca. 
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5 × lower than that of the transmission cell. However, a liquid film was produced and the IR 

bands observed below 2000 cm-1  were very similar to those seen using the transmission cell. 

Figure 3.31 shows spectra of the liquid films remaining in the plasma transmission and 

reflectance cells after the experiments shown in figs. 3.14 and 3.29. The spectra differ only in 

the relative amounts of isophorone (intense signature band at 1666 cm-1) and 

polymethylacetylene-like species (intense signature band at 1762 cm-1). Figures 3.32(a)-(c) 

show photographs of the liquid deposit in the reflectance cell. 
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Figure 3.30. In-situ FTIR absorbance spectra of IPA dissociation at 16 W (100 co-added and 

averaged scans at 4 cm-1 resolution, ca. 100 seconds per scanset) collected as a function of 

plasma operation time using a gas feed of IPA vapour in N2. The N2 was bubbled through pure 

IPA at 298 K at a flow rate of 30 cm3 min-1. The reference spectrum was collected under the 

same conditions, but without plasma.  
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Figure 3.31. Spectra of the liquid films remaining on (i) the windows of the plasma transmission 

cell and (ii) the windows and Ti/Macor of the plasma reflectance cell after operation for 20 

minutes at 27 W and 16 W using N2/IPA as the feed, respectively, for 20 minutes.  

 

 

 

 

 

 

 

 

Figure 3.32. Photographs of the deposit on the: (a) Macor, (b) Ti mesh and (c) CaF2 window, 

see text for details. 
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using a feed gas of 100 % Ar and an input power of 7 W (when Argon was employed in the 

feed, it was found that plasma was initiated and sustained at lower input power than when using 

N2, and the maximum power that could be employed was also lower). None of the products 
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features seen with N2 were observed. However, the 1150 and 1210 cm-1 features are clearly 

visible, growing with time. 

 

 

Figure 3.33.  The spectra collected in an analogous experiment to that in fig. 3.27(a), except 

that the feed gas was argon and the input power 7 W.  

 

3.5. Conclusion 

 

Macor does not catalyse any reaction of isopropyl alcohol in dinitrogen at temperatures up to 

600 °C.  In contrast, it has a very significant effect upon the analogous plasma-driven process. 

In N2 + IPA fed non-thermal plasma, two reaction zones are established: one at the 

Macor/plasma interface where the Macor catalyses the formation of a brown oil containing a 

polymethylacetylene-like polymer also (probably) bearing nitrogen containing functionality, 

and isophorone [25][26]. This oil eventually blocks the Macor surface preventing further 

reactions of this nature. The second zone is in the bulk of the plasma, remote from the Macor.  

In this zone, CO at a rotational temperature << 200 K and CH4, HCN and acetone are also 

produced.  Electron impact of the IPA results in acetone and probably acetaldehyde production: 

the former does not react further. In contrast, the acetaldehyde is excited to form a loose 
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the dissociation of the acetaldehyde to CH4 and cold CO via a roaming reaction. Replacing the 

dinitrogen by argon completely inhibits the formation of the oil, leaving the Macor surface clear, 

and this now catalyses the formation of acetylene in the plasma transmission cell. 
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Chapter 4. An in-situ Fourier Transform InfraRed study of the thermally 

and plasma driven conversion of isopropyl alcohol over tin oxide 

 

4.1. Introduction 

 

This chapter reports the application of in-situ reflectance Fourier Transform Infrared 

spectroscopy to the study of the thermally and plasma driven reaction of IsoPropyl Alcohol 

(IPA) at SnO2 coated Macor/Ti mesh using Fourier Transform Infrared spectroscopy. 

 

4.2. The characterization of tin oxide nanopowders 

4.2.1. Physical properties of SnO2 nanopowders 

 

Tin dioxide is a white powder that is insoluble in water [1-6]. Figures 4.1(a)-(c) show 

photographs of the SnO2 samples, uncalcined and calcined at 400 and 700 °C respectively. As 

can be seen from the figures, the samples show various colours: thus, the uncalcined sample 

was white, the sample calcined 400 °C was pale yellow and the sample calcined at 700 °C was 

yellow. It has been reported in the literature that undoped SnO2 is white [1][2][7][8]; however, 

there are a few factors that effect the colour of undoped SnO2 such as ageing time [4] or sintering 

at high temperature [2]. Hall et al. [2] found that the colour of SnO2 could be changed from 

white to yellow as a function of increasing temperature and particle size. 

 

 

 

 

 

 

 

 

 

Figure 4.1. Photographs of the SnO2 nanopowders prepared using the hydrothermal process at 

180 oC: (a) as prepared, and calcined at (b) 400 oC & (c) 700 oC. 

 

 

(c) (b) (a) 
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4.2.2. X-ray diffraction results  

 

X-ray diffraction studies were carried on the SnO2 samples calcined at different temperatures 

in order to check the sample purity and to determine the average particle size via Scherrer’s 

equation [9]. 

 

Figure 4.2 shows the XRD patterns of the dried nanopowders calcined at 400 and 700 °C 

respectively. The  diffraction patterns of the two samples calcined at 400 and 700 °C agreed 

with that of the single phase of the crystal system type tetragonal SnO2 (tin oxide); Cassiterite, 

syn; 01-077-0447 which was obtained from the ICDD database. The most intense lines at 

2Ɵ=26.5o, 33.8o, 37.9o and 51.8o were present in both samples, and were in agreement with the 

literature [1][7][10-14]. In addition, from fig. 4.2 it was clear that these samples were pure as 

there were no reflection peaks due to any impurities. It is clear from the figure that the Full 

Width at Half Maximum (FWHM) of the peaks decreases with increasing calcination 

temperature showing that the particle size increased from 6.09 nm to 17.06 nm as the calcination 

temperature was increased. The average particle size was calculated from the peaks at 2Ɵ=26.5o, 

33.8o, 37.9o and 51.8o using Scherrer’s equation as discussed in Chapter 2. This was in 

agreement with literature studies on SnO2 nanopowders prepared by the hydrothermal process 

[1][10][11][14]; thus, Sakai et al. [11] studied the effect of temperature on particle size and 

found that the particle size of SnO2 increased from 5 nm to 14 nm when the calcination 

temperature increased from 100 °C to 900 °C. The same behavior was observed by Fujihara 

and co-workers [1]. 

 

 Nanoparticulate SnO2 was chosen as a catalyst for two reasons: (1) SnO2 is widely used as a 

catalyst in alcohol sensors [15] and (2) FTIR data on the heating of SnO2 nanopowder in air as 

a function of temperature were already available [16]. In addition, there is a wealth of IR data 

in the literature on the interaction of IPA with oxide surfaces under thermal conditions, see for 

example [17-24]. Moreover, due to their specific properties such as high surface area and small 

particle size, which are different from their corresponding bulk state, nanomaterials in general 

have attracted great interest in the past few years [25]. Consequently, SnO2 nanopowders find 

potential wide application in, for example, solid state gas sensors, transparent conductors, 

rechargeable Li batteries and optical electronic devices [4][5]. These applications depend on 

properties of SnO2 such as the energy gap (Eg= 3.64 eV at 330 K, see [4][5] and references 

therein). SnO2 is a semiconductor due to the presence of oxygen vacancies [25].  
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Figure 4.2. The XRD patterns of the SnO2 nanopowders prepared by hydrothermal process 

calcined at: (i) 400 °C and (ii) 700 °C. 

 

4.3. Infrared studies of the thermally-driven process 

4.3.1. Blank experiments 

 

Figure 4.3 shows the background spectra collected from KBr powder and the SnO2 powder 

calcined at 400 °C. The powders were dispersed in KBr and the spectra obtained under nitrogen 

at a flow rate of 200 cm3 min-1 and 25 °C. In both spectra, the fine structure around 1629 cm-1 

and 3400 cm-1 are due to water vapour, and the peaks around 2900 cm-1 to the plastic coating 

on the beamsplitter. The peaks at 1260, 1616 cm-1 and the sharp bands between 3400 and 3600 

cm-1 were due to Sn-OH groups that are not hydrogen bonded, ie. are isolated [16]. The broad 

feature between 2500 & 4000 cm-1 may be attributed to adsorbed water and adsorbed hydrogen- 

bonded OH groups [16]. The analogous spectrum of the SnO2 calcined at 700 °C showed 

essentially the same features, but the bands due to adsorbed water and OH were reduced, see 

fig. 4.4. 
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Figure 4.3. Single beam spectra (100 co-added and averaged scans at 4 cm-1 resolution, ca. 

120 seconds per scan set) of: (i) KBr and (ii) SnO2 calcined at 400 ºC diluted in KBr (20 mg 

SnO2 + 80 mg KBr), under nitrogen gas at a flow rate of 200 cm3 min-1. 

 

Figure 4.4. Comparison between the single beam spectra (100 co-added and averaged scans 

at 4 cm-1 resolution, ca. 120 seconds per scan set) of SnO2 calcined at: (i) 400 ºC and (ii) 700 

ºC, diluted in KBr (20 mg SnO2 + 80 mg KBr), under nitrogen gas at a flow rate of 200 cm3 

min-1. 
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Figures 4.5(a) & (b) show spectra collected from the SnO2 sample calcined at 400 °C and 

diluted in KBr as a function of temperature in a static nitrogen atmosphere. The reference 

spectrum employed in this case was acquired using pure KBr at 25 °C under nitrogen gas at a 

flow rate of 200 cm3 min-1; thus, the spectra are “absolute” spectra of the SnO2 as the KBr gives 

a featureless IR response.  As can be seen from the figure, there is a significant decrease in the 

intensity of the broad band between 2500 cm-1 and 3800 cm-1 as of the temperature is increased, 

suggesting the loss of adsorbed water from the sample surface, in agreement with the literature 

[26][27].   

 

Figure 4.6 shows the spectra obtained in an analogous experiment to that in fig. 4.5 except that 

the SnO2 calcined at 400 ºC was replaced by SnO2 calcined at 700 ºC. It can be seen that the 

intensities of all the features decreased compared to the experiment in fig. 4.5. In addition, the 

feature at 1629 cm-1 was absent from fig. 4.6 as would be expected if the assignment to 

physisorbed water is correct. 
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Figure 4.5. In-situ FTIR spectra (100 co-added scans and averaged scans at 4 cm-1 resolution, 

ca. 120 seconds per scanset) collected using the environmental chamber during an experiment 

in which a spectrum was collected at 25 ºC and the temperature ramped  at 5 ºC min-1 and 

further spectra taken at the temperatures shown: (a) 25 ºC - 300 ºC and (b) 300 ºC – 600 ºC. 

The sample was 20 mg SnO2 calcined at 400 ºC + 80 mg KBr in a static atmosphere of 

dinitrogen. The reference spectrum was collected in dinitrogen using pure KBr.  

 

 

 

 

Figure 4.6. The spectra collected in an analogous experiment to that in fig.4.5, except that the 

SnO2 sample used was calcined at 700 °C.  
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Figure 4.7 shows plots of the KM at 2000 cm-1 in figs. 4.5 and 4.6 vs temperature for both SnO2 

samples calcined at 400 and 700 °C, respectively. As can be seen from the figure, in the spectra 

of the sample calcined at 400 °C, the absorption at 2000 cm-1 increase slightly up to 150 °C 

before decreasing to 250 °C. Thereafter, the absorption steadily increases in temperature. In 

contrast, the corresponding plot for the sample calcined at 700 °C increases slightly up to 100 °C 

and then more significantly up to 350 °C after which it decreases to 550 °C, and then shows a 

small increase at 600 °C. Comparing with the KM plot at 2000 cm-1 vs temperature for SnO2 

sample heating under static air condition [16], it was in complete contrast with fig. 4.7. Further 

investigation is required to explain the data in fig. 4.7, but they may be attributed to the relative 

amounts of oxygen vacancies. 
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Figure 4.7. Plots of the KM intensity at 2000 cm-1 in  figs. 4.5 & 4.6.  

 

4.3.2. Experiments using N2 and IPA vapour as the feed gas 

 

Isopropyl alcohol vapour was delivered to the chamber of the DRIFTS cell by bubbling nitrogen 

gas through the alcohol held in a Dreschel bottle. When a 12.5 mm diameter, 2 mm thick Macor 
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disc was exposed to an atmosphere of IPA+N2 in the environmental chamber and heated to 

600 °C, no reaction was observed to take place as stated in Chapter 3. 

 

In contrast to the results observed with Macor, SnO2 clearly had an effect on the reaction of 

IPA. Thus,  fig, 4.8 shows spectra collected from the SnO2 powder sample calcined at 400 ºC 

in a static atmosphere of N2 and IPA vapour as a function of temperature using KBr as the 

reference spectrum; thus, the spectra are “absolute” spectra of the SnO2. As may be seen, there 

are marked differences in the spectra collected at temperatures > 100 ºC compared to those 

taken in the absence of IPA [16]. Further, the spectra in fig. 4.8 collected at temperatures > 150 

ºC show significant differences compared to those taken at T ≤ 150 ºC, and these will be 

discussed in detail below; first, however, the electronic absorption apparent in the spectra will 

be discussed. 

 

Figure 4.8. In-situ FTIR spectra (100 co-added scans and averaged scans at 4 cm-1 resolution, 

ca. 120 seconds per scanset) collected using the environmental chamber during an experiment 

in which a spectrum was collected at 25 ºC and the temperature ramped  at 5 ºC min-1 and 

further spectra taken at the temperatures shown.  The sample was 20 mg SnO2 powder calcined 

at 400 ºC  + 80 mg KBr in a static atmosphere of isopropyl alcohol/dinitrogen.  The reference 

spectrum was collected in dinitrogen + IPA using pure KBr. 
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Christensen and co-workers [16] reported in-situ FTIR studies on the heating of a SnO2 

nanopowder prepared in the same way as the sample employed in this work. When the SnO2 

was heated in air in the absence of IPA, the same curving baseline was observed as in fig. 4.8 

and this was attributed to absorption by free electrons present in the conduction band of the 

SnO2 which had been promoted from oxygen vacancy levels [28] within 0.2 eV of the 

conduction band edge. Such absorptions generally exhibit a zero energy onset [29] and follow 

a 1/n power law (n = 2 – 3) [30][31]. The free electron absorption did not change on heating 

the sample: however, broad absorptions attributable to transitions from the oxygen vacancy 

levels ([32], and references therein) which were present at 25 °C were lost on heating.  The 

spectra in fig. 4.8 are in complete contrast to those observed in the absence of IPA: thus, whilst 

the free electron absorption does not change up to 100 °C, at temperatures above this, see fig. 

4.9 which shows a plot of the Kubelka-Munk function at 2000 cm-1 as a function of temperature, 

the absorption increases in intensity.  In addition, there is no evidence for the broad absorptions 

due to transitions from the oxygen vacancy states. 

 

From fig. 4.9, it is clear that the number of free electrons is varying as the temperature is 

increased, but not in a homologous fashion and there are four clear regions: 25 – 100 ºC (I); 

100 – 300 ºC (II); 300 – 400 ºC (III) and 400 – 600 ºC (IV).  In region (I) there is very little 

change in the electronic absorption, but a clear increase with temperature in region (II) followed 

by a fall in region (III) and a less steep increase in region (IV). At temperatures > 150 ºC, the 

water and other surface features on the SnO2 are lost as the free electron absorption increases, 

suggesting that the increasing electronic conductivity of the SnO2 may be causing an increasing 

fraction of the refracted IR light to be fully absorbed with the consequent loss of information 

on surface species. In order to illustrate the reproducibility of the infrared data discussed in this 

work, fig. 4.10 shows normalized plots of the Kubelka-Munk function at 2000 cm-1 from three 

separate experiments covering a 20 month period: as can be seen, the general trend is 

reproducible when allowances are made for variations in sample mass, packing etc. 

Furthermore, the various features due to the physisorbed and chemisorbed IPA intermediates 

and products were all reproducible (compare, for example, figs. 4.9 and 4.16). 
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Figure 4.9. Plots of the Kubelka-Munk function at 2000 cm-1 with respect to temperature from 

the experiment in fig. 4.8. 

 

 

 

Figure 4.10.  The plots in (i) fig. 4.9 and (ii) fig. 4.16, and (iii) the analogous plot from a repeat 

of the experiment in fig. 4.9 carried out 20 months later.  The experiment shown in fig. 4.16 was 

carried out 3 months after that in fig. 4.9.  In each case, the plots were normalized to the 

maximum value of the Kubelka-Munk function at 2000 cm-1 and 250 °C to facilitate comparison.   
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Figure 4.11 shows the spectra collected at 200, 250, 400 and 600 °C in fig. 4.8 with those taken 

at 200, 250 and 400 °C enhanced by a factor of 2.1, 1.5 and 1.4, respectively, in order to match 

their Kubelka-Munk functions at 2000 cm-1 with that of the spectrum taken at 600 °C. As can 

be seen from the figure, allowing for the broad loss features from 3500 to 2000 cm-1 due to 

dehydroxylation of the SnO2 [16], and some variation in the baseline below 1500 cm-1 at 600 °C, 

the free electron absorption is clearly unchanged in form as the temperature increases: i.e. it 

simply increases in intensity.      

Figure 4.11. The spectra collected at 200, 250, 400 and 600 °C in fig. 4.8, with those taken at 

200, 250 and 400 °C enhanced by a factor of 2.1, 1.5 and 1.4, respectively, in order to match 

their Kubelka-Munk functions at 2000 cm-1 with that of the spectrum taken at 600 °C. 

 

As was stated above, an increase in the intensity of the free electron absorption as the 

temperature was increased was not observed in the absence of IPA [16], suggesting that, at 

temperatures ≥ 100 ºC, electron injection into the conduction band of the SnO2 from the IPA is 

taking place, with a hiatus between 300 and 400 ºC. The electron injection is likely to be from 

newly-created oxygen vacancies, caused by oxidation of the IPA. In support of this postulate, 

the colour of the nanoparticulate SnO2 sample was pure white before the experiment in fig. 4.8, 

see fig. 4.12(a), and was perceptibly darkened after the experiment; see fig. 4.12(b).  
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Figure 4.12. Photographs of the SnO2 powder employed in the experiment in fig. 4.8 (a) before 

and (b) after the experiment.  

 

Figure  4.13 shows the spectra collected up to 100 °C in fig. 4.8 over the spectral range 900 – 

1700 cm-1: as can be seen, there appears to be very little change in the various absorptions at 

50 °C compared to 25 °C, but a significant change at 100 °C, supporting the possible role of 

electron injection into the conduction band of the SnO2 initiating reaction. 

Figure 4.13.  The spectra collected up to 100 °C in fig. 4.8 over the spectral range 900 – 1700 

cm-1. 

 

Figure 4.14 shows the spectrum collected at 25 ºC in fig. 4.8. As can be seen from figs. 4.13 

and 4.14, there are a number of sharp features superimposed upon the sloping baseline and the 
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broad water absorptions, and these are summarized in table 4.1. It is generally accepted that 

IPA can absorb on oxide surfaces in up to three forms [18-20][33-35]: broadly these are: (I) 

IPA structure unpurturbed and weakly adsorbed, (II) structure unpurturbed and strongly 

adsorbed and (III) chemisorbed as the isopropoxide, and the IR bands so observed, along with 

their assignments, are given in table 4.1, along with the features observed in the spectrum of 

liquid IPA (measured in a Presslok holder between two CaF2 plates) and in the spectrum of 

ThOCH(CH3)2 as an example of an alkoxide [36].  

 

 

Figure 4.14. The spectrum collected at 25 °C in fig. 4.8. 

 

Figures 4.15(a) & (b) compares the spectra of the liquid IPA and IPA vapour measured in a 5.1 

cm pathlength transmission cell. Note that the assignments by Xu et al. [20] do not agree with 

those generally presented in the literature, and that it is not clear whether Rivallan et al. [33] 

attribute all the bands observed with adsorbed IPA to the isopropoxide, AlOCH(CH3)2, or just 

the 1166 and 1132 cm-1 features. 

 

It is clear from table 4.1 that the IR absorptions of the various forms of adsorbed IPA are very 

similar, and hence it is not surprising that the assignments of these features causes confusion.  
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Resini and co-workers [23] and Xu et al. [20] follow Rossi et al. [18] in discriminating between 

IPA adsorbed as the unperturbed molecule (weakly physisorbed with O-H bond intact, type (I), 

or strongly physisorbed, type (II), in table 4.1) and as the isopropoxide chemisorbed via a metal-

oxygen bond (type (III) in table 4.1) via the presence of absence of a broad band between 1200 

and 1400 cm-1 attributable to the OH deformation (OH), which appears around 1250 cm-1 in the 

gas phase spectrum but is absent from the liquid phase spectrum (see fig. 4.15). Rossi et al. [18] 

state that this band is present in the spectrum of “monomeric” IPA in CCl4, which suggests that 

it disappears, or moves and is concealed under another band, if any hydrogen bonding is present. 

If this band is present, this is generally taken as evidence that all the features are attributable to 

type (I) or (II) adsorption, if the other features are present but it is absent, this is taken as 

evidence for chemisorption.  At first sight, on this basis, the features in fig. 4.14 may be 

attributed to types (I) and/or (II) physisorbed IPA. 
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Figure 4.15. FTIR spectrum of isopropyl alcohol: (i) 50 L of the alcohol was sandwiched 

between two 2 mm thick CaF2 plates.  The spectrum has been scaled by a factor of 0.68 for 

clarity.  (ii) FTIR spectrum of isopropyl alcohol vapour in a 5.1 cm pathlength transmission 

cell: (a) full spectral range and (b) 900 – 2000 cm-1. (a) full spectral range and (b) 900 – 2000 

cm-1.     

 

In order to check the reproducibility of the data in fig. 4.8, and to obtain more spectra, the 

experiment in fig. 4.8 was repeated up to 250 ºC, with spectra collected every 25 ºC, and the 

results are presented in figs. 4.16(a)-(c). Only the spectra collected up to the onset of the change 

in the free electron absorption are presented, for clarity.  

  

Figures 4.16(b) and (c) show the spectra in fig. 4.16(a) except over restricted spectral ranges, 

and fig. 4.17 the spectrum collected at 150 ºC in fig. 4.16(a). It is clear from the figures that the 

peaks at 2971, 2933 and 2882 cm-1 decrease in intensity, and are replaced by bands at 2962, 

2930 and 2866 cm-1, although the 2971 cm-1 band is still present at 150 ºC (see below). In the 

lower frequency region, the 1466 cm-1 feature decreases in intensity but is not lost by 150 ºC, 

the 1383, 1340 and 1322 cm-1 features are lost, whilst the 1369 and 1245 and 1128 cm-1 bands 

decrease in intensity and shift slightly in position. The 950 cm-1 band decreases and bands grow-

in on either side at 975 and 926 cm-1, whilst the 1165 cm-1 band decreases in intensity but does 

not disappear. Thus, at first sight, fig. 4.17 appears to show the spectrum of a single adsorbed 
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species produced by the transformation of the physisorbed IPA; however, the behaviour of the 

1369, 1245, 1165 and 1128 cm-1 bands suggests that the situation is not quite so simple. This 

becomes clearer if the spectra obtained at 175 and 200 ºC are also considered, see fig. 4.18, 

which shows these spectra with their baselines offset down to overlie the spectrum taken at 150 

ºC. 
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Figure 4.16. A repeat of the experiment in fig. 4.8 up to 250 ºC, with spectra collected every 25 

ºC: (a) full spectral range, (b) 1200 to 1700 cm-1 and (c) 900 to 1200 cm-1.  

Figure 4.17. The spectrum collected at 150 ºC in fig. 4.16(a). 
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Figure 4.19 shows the original spectra. From fig. 4.18 it can be seen that the 2971 cm-1 feature 

disappears as the temperature is increased to 200 ºC (leaving the 2964,  2934 and 2869 cm-1 

bands) as do all the absorptions below 1600 cm-1 apart from the 1118 cm-1,  975 and 926 cm-1 

features. Mehrotra and Batwara [36] and Zaki and Shepherd [37] attribute multiple bands 

around 950 cm-1 to isopropoxide species. Further, the spectrum attributed by Resini and co-

workers [23] to adsorbed isopropoxide is identical to that in fig. 4.17, and is characterised by 

significantly lower C-H band intensities (in contrast to the intensities of these features in the 

spectra of the physisorbed IPA, see fig. 4.8, and the spectra of liquid and vapour-phase IPA, 

see fig. 4.15), with the intensity of the 2964 cm-1 feature comparable to that of the 1122 cm-1 

band.  Thus it appears that desorption of IPA gives gas phase IPA (the OH band slightly shifted 

compared to the physisorbed molecule), only those bands that have frequencies sufficiently 

different to those of the adsorbed species appearing in the difference spectra, leaving 

absorptions due to the isopropoxide species. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18. The spectra obtained at 175 and 200 ºC in fig. 4.16(a).  The baselines of the spectra 

were offset down to overlie the spectrum taken at 150 ºC. 
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1
2
9
 

IPA(l)* 

/cm-1 

IPA(ads)* 

/cm-1 

[35] 

 

[33] 

 

[32] 

(I) 

[32] 

(II) 

 

[32] 

(III) 

 

[19]  

(III) 

[30] 

(I) or 

(II) 

[30] 

(III) 

[18] 

(II) 

[18] 

(III) 
Assignment 

2971 2971   2973 2968 2972      aCH3[32] 

2933 2933   2938 2930 2936      sCH3[32] 

2882 2882   2870 2938 2872      C-H[32] 

  1615           

1466 1468 1460s 1464 
1472 

1462 

1468 

1458 

1466 

1454 
    

aCH3[30][32] 

aCH3[32] 

1408    1400 1390       CH, OH[31] 

1378 1380 1380s  1382 
1386 

 
1382    





sCH3[32] Gem dimethyl[35] 

1369sh 1369  1368 1364 1365 1369 



   

sCH3[30][32] 

C-O[19] 

1340 1340 1340m  1345 1345 1342      CH[30][32] 

1310 1319 1315m  1310 1292       OHCH[32] 

 1245         1252 
OH physisorbed and gas -phase 

IPA[18] 

1160 1164 1165s 1172 1172 1169 1165 





















CC, CO, rCH3[32] 

CCCO[30] 

aCH3[19] 

1139 1128  1134 1167  1148 





















CC, CO, CH3[32] 

sCH3[19] 

CC[30] 

1111             

  
1008m 

 
         

Terminal and bridged C-O str.[35] 

  
975m 

 
         

Terminal and bridged C-O str.[35] 

952 950 
965 m 

 
         

Terminal and bridged C-O str.[35] 

Table 4.1.  Literature assignments of the IR bands in the spectra of IPA adsorbed on oxides, and in the IR spectrum of Th**OCH(CH3)2 [36]. * refers to 

liquid and adsorbed IPA obtained from this work and ** refers to Thorium.
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Figure 4.19. The spectra in the experiment shown in fig. 4.16(a) collected between 100 and 200 

ºC.  

Ever since the pioneering studies of, for example, Greenler [38] it has been generally accepted 

that alcohols adsorb on metal oxides to give a mixture of physisorbed (unperturbed) alcohols 

(corresponding to types (I) and (II) above) and alkoxide species (type (III) above). In fact, three 

forms of physisorbed states have been postulated [22] i.e. with the hydrogen atom of the O-H 

group interacting with the oxygen atom of an M-OH group, that bridging two metal ions and 

directly with the metal ion of a Lewis acid cationic site. Two of these presumably correspond 

to types (I) and (II) above. At temperatures > 50 °C, the physisorbed IPA (types (I) and (II)) is 

converted to the alkoxide form, bonded through oxygen to the surface. 

 

Again, two types of alkoxides are believed to exist: bonded to a single oxygen atom and bonded 

to a bridging oxygen atom, giving peaks at 1170 cm-1 and 1130 cm-1, respectively [22]; changes 

in the relative intensities of these features reflecting changes in the relative surface occupancy 

by these species. In the nomenclature above, these are designated as types (IIIa) and (IIIb). Thus, 

it does not seem unreasonable to postulate that the spectra in figs. 4.16(a)-(c) show, as well as 

the desorption of IPA, the conversion of types (I) and (II) physisorbed IPA to types (IIIa) and 

(IIIb) chemisorbed propoxide species, with the latter form predominating. This, in turn, 

6000 5000 4000 3000 2000 1000
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4
 100 C

 125 C

 150 C

 175 C

 200 C

926975

Zeinab 5 July 2016 KBr+HT SnO2 400C N2+IPA 200 cm
3

 min
-1

, REPEAT, KBr signal=0.117 wrt KBr [18A]

Wavenumber/ cm
-1

K
u

b
el

k
a

-M
u

n
k

1118

2934

2869

2964

3478

2971



 

131 
 

suggests the presence of bridging O atoms, which is not unreasonable given that the calcination 

temperature employed (400 °C) is sufficient to effect some dehydroxylation of the surface [16]. 

Hence the type (II) physisorbed IPA may also be the form interacting with bridging oxygen 

atoms. 

 

Figure 4.18 suggests that, apart from the changes due to dehydroxylation, and a continuing loss 

of type (I) and/or (II) IPA (eg. see the decrease in the intensity of 950 cm-1 band), little change 

apparently occurs between 150 °C and 200 °C. However, figs. 4.9 and 4.20 show that large 

changes do occur in the free electron absorption and in the fingerprint region of the spectra. 

Figure 4.20 shows the spectrum collected at 100 °C in the experiment in figs. 4.16(a)–(c) 

subtracted from those taken up to 200 °C.  Loss features due to the remaining adsorbed IPA 

present at 100 °C are clearly visible and increase with increasing temperature, as are the increase 

in the free electron absorption and broad loss features due to the dehydroxylation of the surface. 

The only clear gain feature is a band with a maximum at ca. 1512 cm-1: there may be other gain 

features but these are obscured by the IPA loss bands. Both in terms of the frequency of this 

band and a likely mechanism, a reasonable assignment of the 1512 cm-1 feature is to the C=C 

stretch of adsorbed enolate [21], bound side-on via coordination to the double bond and formed 

from the isoproxide [21]: 

M-OH + (CH3)2CHOH  M-O-CH(CH3)2 + H2O     (4.1) 

 

M-O-CH(CH3)2 + M  CH3C(OH)=CH2---M + M-H     (4.2) 

 

M-H + M-H  2M + H2     (4.3) 

 

There are no clearly identifiable product features in fig. 4.20, suggesting that the enolate builds 

up on the surface at temperatures from 100 to 200 °C. From figs. 4.16(a), 4.18 and 4.19 it can 

be seen that a band attributable to an isolated OH stretch at 3478 cm-1 [16] appears at 

temperatures > 75 ºC, eg as the desorption of IPA commences. This suggests, on the basis of 

previous work in Newcastle [16] that the IPA is physisorbed via hydrogen bonding and that 

desorption of the alcohol from the surface frees up or reveals the SnOH groups previously 

hydrogen bonded. This can be more clearly seen by subtracting the spectrum collected at 25 ºC 

in fig. 4.8 from those taken up to 150 ºC, in order to remove the effect of the free electron 

absorption, and the resultant spectra are shown in fig. 4.21.  In contrast to the results observed 

during the heating of the fully hydrated SnO2 in air [16] the spectra do not show the loss of 

various forms of adsorbed water, presumably because the water was replaced by the adsorbed 
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IPA, the loss features of which are clearly increasing in intensity as the temperature was 

increased in fig. 4.21.   

Figure 4.20. The spectra collected in the experiment in fig. 4.16 from 125 to 200 ºC.  The 

spectrum taken at 100 ºC was subtracted from all the spectra shown. 

 

Figure 4.21. The spectra in fig. 4.8 collected at different temperature. The reference spectrum 

was collected at 25 °C.  
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The broad loss between 4000 and 1500 cm-1 is due to the loss of hydrogen bonding between the 

SnOH groups on the surface and adsorbed IPA, resulting in the appearance of the two bands 

due to isolated SnOH stretches at 3520 and 3478 cm-1 as the IPA is removed. This may be 

interpreted in terms of the model of the surface SnOH groups proposed by Morishige and co-

workers [39] and Morimoto et al. [40][41].  These authors consider the OH species on the three 

main low index surfaces of SnO2, namely (100), (110) and (111). The fully hydroxylated (100) 

surface contains OH groups in which the H atoms are sunk somewhat into the hollow sites 

between the oxygen atoms.  Hence, the OH groups on this surface would not be expected to 

form hydrogen bonds to any significant extent with physisorbed  IPA molecules.  In contrast, 

the OH groups of the (110) plane point outwards perpendicularly from the surface and hence 

would be expected to form hydrogen bonds with physisorbed  IPA. The (111) surface is slightly 

more complicated, but the OH groups again point outwards and hence could also form hydrogen 

bonds with physisorbed  IPA.   

 

Thus, loss of water from the (100) facets does not “release” SnOH groups from hydrogen 

bonding, hence there is no gain of absorption due to isolated OH, whereas loss of water from 

the (111) and (110) facets results in the gain in intensity of the bands at 3520 cm-1 and 3478  

cm-1 due to appearance of isolated SnOH groups. Although there is no direct evidence for two 

forms of physisorbed IPA (type (I) and (II)), it does not seem unreasonable to postulate that 

type (I) IPA was adsorbed on the (100) facets, and type (II) on the (110) and (111) facets. 

 

Figure 4.22(a) shows plots of the intensities of the various features in fig. 4.8 as a function of 

temperature, normalised to their maximum values, and fig. 4.22(b) shows the raw data.  Figure 

4.23 shows selected spectra from fig. 4.8: as can be seen from the figure, loss features appear 

at 1469, 1390, 1252*, 1153*, 1076 and 952 cm-1 at 200 °C and increase steadily in intensity up 

to 600 °C.  Gain features appear at 1738 cm-1, 1715 cm-1(sh) and ca. 1207 cm-1 (the frequencies 

of the features marked with * in the figure are difficult to determine accurately due to the bands 

pointing in the opposite direction distorting the peak position) but only at temperatures > 

200 °C .  The figure supports the difference in the temperature-dependent behaviour of the 1738 

cm-1 gain feature and the various loss features.  The loss features may be attributed to gas phase 

isopropyl alcohol, see table 4.1 and [42]: clearly the reactant is lost steadily at all temperatures > 

150 °C. 
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Figure 4.22. Plots of the Kubelka-Munk intensities of the various features in fig. 4.8 as a 

function of temperature: (a) normalized to their maximum values using N2 and IPA vapour as 

a feed gas and (b) the raw data. 
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Figure 4.23. Selected FTIR spectra from fig. 4.8. 

 

Figure 4.24 shows the spectrum taken at 100 °C in fig. 4.8 subtracted from those collected from 

150 to 300 °C. Additional loss features at 2974 and 2887 cm-1 due to the gas phase IPA may 

clearly be seen in the figure. Subtracting the spectrum collected at 100 °C brings out gain 

features with bands at ca. 1354, 1212 and 1104 cm-1 as well as 1738 cm-1 and the shoulder at 

1715 cm-1.  The shoulder at 1715 cm-1 may be attributed to acetaldehyde [42] and the remaining 

gain features to gas phase acetone [43].  Region (II) shows a significant increase in free electron 

density in the semiconductor, consistent with the oxidation of the adsorbed species from IPA 

to acetone. Thus, in region (II), at T > 150 °C, the adsorbed enolate is oxidised to acetone: 

 

CH3C(OH)=CH2---M + (CH3)2CHOH + M   M-O-CH(CH3)2 + (CH3)2C=O + M-H     (4.4) 

 

presumably as the temperature is sufficient to overcome the activation barrier. In region (III), 

300 – 400 °C, it is not clear why the free electron absorption decreases and the gas phase acetone 

concentration remains steady.   
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Figure 4.24. The spectra collected in the experiment in fig. 4.8 collected between 150 and 300 

ºC, with that taken at 100 ºC subtracted. 

 

Figure 4.25 shows the spectrum collected at 400 °C in fig. 4.8 subtracted from those taken up 

to 600 °C. The spectra show the gain of free electrons in the conduction band of the SnO2 and 

the concomitant oxidation of the acetone to CO2 (2362 and 2330 cm-1 [44]). The acetone loss 

features < 1400 cm-1 are clear due to the absence of gain features. From fig. 4.8, it can be see 

that a significant amount of acetone was still present over this temperature range, along with 

the weaker CO2 gain features, showing that the conversion of acetone and acetaldehyde to CO2 

was by no means complete. 

 

In order to check the effects of the calcination temperature on the thermal reaction of IPA, the 

SnO2 sample calcined at 700 °C was employed in DRIFTS cell. The experiment in fig. 4.8 was 

repeated up to 600 ºC with spectra collected every 25 ºC up to 250 ºC and every 50 ºC up to 

600 ºC, the reference spectrum was taken using KBr at 25 ºC in N2 + IPA and the results are 

presented in fig. 4.26.   

 

In terms of the vibrational bands, as can be seen from the figure, the behavior was similar to 

that observed in fig. 4.8, i.e. acetone, acetaldehyde and CO2 were generated products. In 

addition, physisorbed IPA and then isopropoxide were observed up to 150 ºC. At temperature > 

150 ºC, loss features due to gas phase IPA were observed. 
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Figure 4.25. The spectra collected in the experiment in fig. 4.8 collected between 450 and 600 

ºC, with that taken at 400 ºC subtracted. 

 

Figure 4.26. The spectra obtained in an analogous experiment to that in fig. 4.8 except that the 

spectra were collected every 25 ºC up to 250 ºC and every 50 ºC up to 600 ºC using the SnO2 

sample calcined at 700 ºC. 
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The experiments in figs. 4.8 and 4.26 were repeated using the same samples, see figs 4.27(a) & 

(b) in order to determine if the changes in sample colour observed on heating in IPA were 

reflected in changes in activity towards the oxidation of IPA. For clarity, only selected spectra 

are shown. In terms of the products produced on heating the samples eg. acetone, acetaldehyde 

and  CO2, as can be seen from the figures, the samples were clearly still active. However, a 

comparision of fig. 4.8 and 4.27(a), and 4.26 and 4.27(b) shows clearly that there were 

significant changes in the temperature dependences of the electronic absorptions, most 

particularly for the sample calcined at 400 °C, see figs 4.28(a) & (b). Figure 4.28(a) shows the 

plots of the intensity of the Kubelka-Munk function at 2000 cm-1 normalized to their maximum 

values as a function of temperature for the fresh and used SnO2 samples at different calcined 

temperatures (see figs. 4.8, 4.26 and 4.27); the raw data is shown in fig. 4.28(b). Despite the 

different structures of the electronic absorption between the spectra of SnO2 samples calcined 

at 400 ºC and 700 ºC, it is interesting to note that the temperature dependences of the absorption 

at 2000 cm-1  were essentially the same, with the magnitude simply being lower for the SnO2 

sample calcined at 700 ºC. In general, the KM function was increased as a function of 

temperature for both the new and used SnO2 sample calcined at 700 ºC and for the new SnO2 

sample calcined at 400 ºC, without an obvious change in the activity and selectivity between 

the new and the used powder samples. In contrast, different behavior was obtained using the 

used SnO2 sample calcined at 400 ºC and further investigation is required to explain the data in 

fig. 4.28, but they may be attributed to the reduction of the isolated OH groups on the catalyst 

surface which enhance an increase in the number of cross-links and that lead to a stronger 

adsorption of IPA with the catalyst surface. Hence, the electron absorption was increased after 

250 ºC and the IPA start decompose and convert to other products. 

 

 

 

 

 

 

 

 

 

 

 

 

4000 3500 3000 2500 2000 1500 1000

2

3

4

5
 100 C

 300 C

 400 C

 600 C

K
u

b
e
lk

a
-M

u
n

k

Wavenumber /cm-1

Z 4 Nov 17. 20W, N2+IPA.  30cm3 min-1, Res=4, Sen=3, signal  = 0.4V [1] correct absorbance

(a) 



 

139 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.27. (a) The spectra collected when an analogous experiment to that in fig.4.8 was 

repeated using the same sample of SnO2 calcined at 400 ºC and (b) the spectra collected in 

when analogous experiment to that in fig.4.26 was repeated using the same sample of SnO2 

calcined at 700 ºC. 
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Figure 4.28. Plots of the KM intensities at 2000 cm-1 for the spectra of the new and used SnO2 

samples as shown in figs. 4.8, 4.26 & 4.27 as a function of temperature: (a) normalized to their 

maximum values and (b) the raw data, see text for details. 

 

The intensity of the acetone absorption at 1738 cm-1 was chosen to prove the effect of re-heating 

the samples, and fig. 4.29(a) shows plots of the KM intensities of the acetone features at 1738 

cm-1 normalized to their maximum values as a function of temperature for the new and used 

SnO2
 samples measured from the spectra in figs. 4.8, 3.26 and 4.27, and the raw data are shown 

in fig. 4.29(b). As can be seen from figs. 4.29(a) & (b), re-heating the SnO2 sample calcined at 

700 ºC in IPA actually enhances its activity towards the production of acetone. In contrast, re-

heating the SnO2 sample calcined at 400 ºC does not markedly increase the maximum amount 

of acetone produced, but does result in a more sustained production at the higher temperatures. 

In generally, the activities of the new and used SnO2 samples calcined at 400 ºC were higher 

than those observed using the new and used SnO2 samples calcined at 700 ºC. Re-heating 

samples can enhance the dehydroxylation the oxide surface and this may have improved the 

surface reactivity of the catalyst. As a result, it would be also expected that the number of Lewis 

and Bronsted sites on the surface would be increased in the used samples so the production of 

acetone increased. However, increasing the calcination temperature may be led to 

(b) 
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agglomeration the sample and hence increased the particle size and decreased surface area 

leading to decreased IPA conversion to acetone comparing to the sample calcined at 400 ºC 

[37]. 
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Figure 4.29. Plots of the KM intensities at 1738 cm-1 for fresh and used SnO2 samples in figs. 

4.8, 4.26 & 4.27 as a function of temperature: (a) normalized to their maximum valuse under a 

static condition of N2 and IPA vapour as a feed gas and (b) the raw data. 
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4.4. The plasma experiments using the reflectance cell 

4.4.1. Blank experiments  

 

In general, powder catalysts could only be employed in the reflectance cell as coating catalyst 

powder onto the Macor caps of the transmission cell caused arcing, as shown in fig. 4.30.  

  

Figure 4.30. Photographs of the Macor caps in the NTP transmission cell (a) with and (b) 

without coating with SnO2 nanopowder. 

 

The non-thermal plasma – driven reaction of dinitrogen at Macor in reflectance cell was 

reported in Chapter 3. No obvious products were observed in the plasma but two bands at 1210 

and 1150 cm-1 were observed due to optical modes of SiO2 or possibly to Ti-O vibrations.  

 

The preparation of the SnO2 coated Macor/Ti mesh was discussed in section 2.10 in Chapter 2. 

In the plasma reflectance experiments using the SnO2 coatings, the reference spectra were taken 

with a pure N2 feed at 30 cm3 min-1, after which the plasma was initiated at an input power of 

20 W and further spectra collected as a function of time up to 20 minutes as shown in fig. 

4.31(a). For clarity, only the spectra collected after 2, 6, 10 and 20 minutes are presented in the 

figure. As may be seen from the figure, the spectra are featureless apart from the two strong 

bands at 1210 cm-1 (broad) and 1150 cm-1, that increase in intensity steadily with time. Figure 

4.31(b) shows the spectra obtained in an analogous experiment to that in fig. 4.31(a) except that 

the coating suspension was prepared using SnO2 nanopowders calcined at 700 ºC and the 

plasma initiated at 20 W.  
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Figure 4.31. (a) In situ FTIR spectra (4 cm-1 resolution, 100 co-added and averaged scans, 100 

seconds per scanset) collected using the plasma reflectance cell at the times shown on the figure 

at an input power of 20 W using nitrogen as the feed gas and the SnO2 calcined at 400 ºC 

coating on the Macor/Ti mesh. (b) The spectra collected in an analogous experiment to that in 

fig. 4.31(a), except that the coating employed the SnO2 calcined at 700 ºC. The spectra collected 

immediately before the plasma was initiated was employed as the reference spectra and the 

spectra were corrected for the CaF2 window reflection. 

4000 3500 3000 2500 2000 1500 1000

0.00

0.05

0.10

0.15

1150

1210

 2 min

 6 min

 10 min

 20 min

A
b

so
rb

a
n

ce

Wavenumbers /cm-1

 Zeinab 27 April 17 , N2  30 cm
3
 min

-1
, macor+mesh+SnO2(400C), 16W wrt N2 BG  , plasma driven ref. cell.

after correction with window [2]

(a) 

4000 3500 3000 2500 2000 1500 1000

-0.1

0.0

0.1

0.2

1250 1200 1150 1100 1050 1000
0.03

0.04

0.05

0.06

0.07

0.08

 2min

 6 min

 10 min

 20 minA
b

so
r
b

a
n

c
e

Wavenumbers /cm-1

1230

 2min

 6 min

 10 min

 20 min

A
b

so
rb

a
n

ce

Wavenumbers /cm-1

 Zeinab 22 Nov 17 , N2  30 cm
3
 min

-1
, macor+mesh+SnO2(700C), 20W, MCT detector, plasma driven ref. cell wrt N2 BG.

 correct absorbance [3]

(b) 



 

144 
 

4.4.2. Experiments using N2 and IPA vapour as the feed gas 

 

The non-thermal plasma –driven reaction of IPA in dinitrogen at Macor using the transmission 

cell was discussed in Chapter 3. In brief, two sets of products were observed: gas phase reaction, 

with no influence of the Macor, results in the fragmentation of the IPA to produce methane and 

CO, the latter a temperature << 200 K, as well as the production of acetone and HCN. These 

species rapidly attained steady-state concentrations in the plasma which remained largely 

unchanged with time. In contrast, reaction at the Macor resulted in the condensation of the 

acetone to form a polymethylacetylene-like liquid that also contained isophorone. Figure 4.32 

shows spectra of the reflectance cell after operation for 20 minutes at 20 W and 16 W with and 

without a coating of SnO2 calcined at 400 ºC. It can be seen that no deposit was formed using 

SnO2, even at the higher input power employed than in the absence of the SnO2 (20 W off 16 

W). This strongly suggests that the Macor was acting as a catalyst and this activity was inhibited 

on coating with SnO2.  
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Figure 4.32.  Spectra of the reflectance cell after operation for 20 minutes using N2/IPA as the 

feed (i) without coating with SnO2 and (ii) with coating at 16 W and 20 W, respectively.  
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4.5. Conclusions 

 

Using in-situ FTIR spectroscopy it was shown that non-thermal plasma does not drive any 

reaction of isopropyl alcohol at SnO2-coated Macor: however, IPA does react at SnO2 in the 

analogous thermally-driven process.  This is in complete contrast to the analogous processes at 

uncoated Macor, where IPA is inactive in the thermally-driven process but undergoes a variety 

of reactions in the non-thermal plasma, catalysed by the Macor.  Thus, the common practice of 

the selection of catalysts for plasma-driven processes based on those materials active in the 

analogous thermally-driven systems is of limited validity.   

 

FTIR spectroscopy allowed the detailed unpicking of the mechanism of the oxidation of IPA at 

SnO2, including the role played by the semiconducting nature of the oxide.  Thus, at 25 ºC, the 

IPA is physisorbed on the surface of the oxide to produce two adsorbates: on increasing the 

temperature above 50 ºC, the physisorbed IPA partially desorbs, releasing previously hydrogen-

bonded SnOH groups, and partially converts to two forms of chemisorbed isopropoxide. At 

temperatures between ca. 100 and 200 ºC, the isopropoxide species are converted to adsorbed 

enolate, bound end-on through the C=C bond.  At temperatures > 150 ºC, the adsorbed enolate 

is oxidised to acetone and acetaldehyde via electron injection into the conduction band of the 

SnO2.  At temperatures > 400 ºC, the acetone and acetaldehyde are oxidised further, again via 

electron injection, to CO2.   
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Chapter 5. An in-situ Fourier Transform InfraRed study of the thermally 

and plasma driven of isopropyl alcohol conversion over cerium oxide 

 

5.1. Introduction 

 

This chapter reports the application of in-situ reflectance Fourier Transform Infrared 

spectroscopy to the study of the thermally and plasma driven reaction of IsoPropyl Alcohol 

(IPA) at CeO2 coated Macor/Ti mesh using Fourier Transform Infrared spectroscopy. 

 

5.2. XRD data of CeO2 nanopowders 

 

A typical X-ray diffraction pattern of the CeO2 nanopowder employed in the work described in 

this chapter is shown in figs 5.1(a) and (b). The lines at 2Ɵ=28.5o, 33.07o, 47.5o and 56.3o are 

consistent with the single phase of the crystal system type cubic CeO2 (cerium oxide); cerianite, 

syn; 04-005-4553 which was obtained from the ICDD database and in agreement with the 

literature [1-4]. No peaks attributable to other phases were observed. The average particle size 

was found to be ca. 47 nm, calculated from the peaks at 2Ɵ=28.5o, 33.07o, 47.5o and 56.3o using 

Scherrer’s equation as discussed in Chapter 2.  

 

Cerium oxide was chosen as the third catalyst for study because of its well-known catalytic 

activity with respect to the dehydration and dehydrogenation of IPA [5][6]. Further, it has a 

high dielectric constant r=24.5 [7] and is relatively thermally stable [5][6]. CeO2 also finds 

application as an electrolyte in Solid Oxide Fuel Cells (SOFCs) [8] and in electrochemical 

sensors [1]. 

 

5.3. Infrared studies of the thermally-driven process 

5.3.1. Ceria in a nitrogen flow (Sample A) from 25 °C to 600 °C   

 

It is well-known that CeO2 adsorbs CO2 from the air to form adsorbed carbonates and 

bicarbonate [9], and hence it was decided to investigate the effect of pre-heating CeO2 on the 

presence of such adsorbed species and hence the conversion of IPA. Further, as DRIFTS 

spectroscopy generally requires the dilution of the sample with an inert diluent, in this case KBr, 

it was also decided to check that this material was actually inert by studying pure CeO2. 
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Figure 5.1. A typical XRD pattern of the CeO2 nanopowder samples employed in this work 

showing 2Ɵ = (a) 20 to 58 o and (b) 58 to 100 o. 

 

 

Thus, four samples of CeO2 from the same batch were employed: for three of the samples, 20 

mg of sample was mixed with 80 mg of spectroscopic grade KBr and FTIR spectra collected as 

described below in a pure N2 atmosphere: this sample is referred to as A. Sample B was also 

(a) 

(b) 
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mixed with KBr as for sample A and spectra collected in a N2+IPA atmosphere (sample B1), 

the experiment was then repeated using the same sample, now designated as B2, on the 

following day. Sample C was employed as follows: the sample was heated in flowing N2 at a 

rate of 5 ºC per minute up to 600 ºC and held at this temperature for 2 hours before being 

allowed to cool in flowing nitrogen for 3 days. The sample was then heated in N2+IPA and 

spectra collected as described below (sample C1).  The reflectance accessory was then flushed 

with nitrogen and the sample left under flowing nitrogen overnight. The previous day’s 

experiment was then repeated using N2+IPA (sample C2). The experiments utilising sample D 

were an exact repeat of those using sample C except pure CeO2 was employed. Table 5.1 

summarizes the composition of the various samples and the experimental parameters employed. 

 

Exp. Sample Comp.a Pretreatment Atmosphere Comments 

1 A M None N2   

2 B1 M None N2 + IPA After experiment, 

sample left 

overnight in N2 

3 B2 M None N2 + IPA Repeat of exp. 2 

using the same 

sample  

4 C1 M Heated in flowing N2 to 

600˚C, held for 2 hours 

then cooled in flowing 

N2 for 3 days 

N2 + IPA After experiment, 

left overnight in 

flowing N2 

5 C2 M None N2 + IPA Repeat of exp. 4 

using the same 

sample  

6 D1 P Heated in flowing N2 to 

600˚C, held for 2 hours 

then cooled in flowing 

N2 for 3 days 

N2 + IPA After experiment, 

left overnight in 

flowing N2 

7 D2 P None N2 + IPA Repeat of exp. 6 

using the same 

sample  

a M = 20 mg CeO2+80 mg KBr, P = pure CeO2. 

Table 5.1.  The samples and experimental conditions employed in the thermal FTIR experiments. 
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For clarity, only the spectra from samples A, B1 and D2 are generally presented below as they 

exemplify the trends observed. The experiments spanned 12 months and, as can be seen, the 

various trends observed were reproducible. 

 

Spectra were recorded in reflectance mode: thus a reference spectrum (SR, 100 co-added scans 

and averaged scans at 4 cm-1 resolution, ca. 2 minutes per scanset) was collected from a pure 

KBr sample at 25 C. The KBr was then replaced with 20 mg CeO2 + 80 mg KBr or 100 mg 

CeO2 and a second reference spectrum (SR, 100 co-added and averaged scans at 4 cm-1 

resolution, ca. 2 minutes per scanset) taken under the same conditions. The chamber was then 

isolated from the gas flow and a sample spectrum Ss (SS, 100 co-added and averaged scans at 

4 cm-1 resolution, ca. 2 minutes per scanset) collected at 25 ºC. The temperature of the sample 

was then increased at 5 °C min-1 and a further sample spectrum collected at 50 ºC, after which 

spectra SS were collected every 50 ºC up to 600 ºC.  The spectra were manipulated as: 

 

Reflectance RT = (SS/SR)     (5.1) 

 

This method was chosen rather than the Kubelka-Munk manipulation as it was found that the 

latter gave erroneous results with some samples, in agreement with the literature [10].  Spectra 

produced according to the manipulation shown in equation (5.1) have bands pointing up (RT > 

1) due to the loss of absorbing species in SS with respect to SR, and peaks pointing down (to RT 

< 1) due to the gain of absorbing species. This is of course the opposite of that described above 

for the absorbance difference spectra. In order to remove unchanging absorptions, spectra were 

subtracted from each other with appropriate subtraction factors as specified.    

 

In order to establish the identity of the surface species before IPA was added, thermal ramps in 

nitrogen were first analysed. Figure 5.2(a) shows the spectrum collected at 25 °C during an 

experiment in which the temperature of sample A was ramped from 25 °C to 600 °C and spectra 

collected at regular intervals (referenced to pure KBr) in a static N2 atmosphere, and fig. 5.2(b) 

shows all the spectra from the experiment. As can be seen from the figures, the spectra are 

dominated by strong absorptions due to hydrogen-bonded Ce-OH groups (2250 – 4000 cm-1 

[5]) and various forms of adsorbed carbonate (900 – 1750 cm-1 [6][11-13]).  In addition, the 

sharp feature at 3690 cm-1 in fig. 5.2(a) may be attributed to isolated OH [5]  i.e. Ce-OH groups 

not hydrogen bonded. The band at 2340 cm-1 in figs. 5.2(a) and (b) may be attributed to the 

asymmetric stretch of physisorbed CO2 [14][15]: interestingly, the band was present even up to 

600 °C, see fig. 5.2(b). This was unexpected, and may indicate that the CO2 was present in 
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interstitial voids in the CeO2 [16], see discussion below. Figure 5.2(c) compares the spectra 

collected at 25 °C and 200 °C in fig. 5.2(b) over the spectral region in which the physisorbed 

CO2 occurs: both spectra were offset to RT = 1 at 2150 cm-1, and the spectrum collected at 25 °C 

enhanced by a factor of 1.3 to facilitate comparison. The asymmetric shape of the bands 

suggests the CO2 is physisorbed on a number of different sites [17]: the band maxima of the 

two features were the same and, as expected, the band at 200 °C was broader than that at 25 °C 

suggesting some rotational excitation.  The small changes in band shape on heating may suggest 

some redistribution among surface sites.  

 

The adsorption of CO2 on CeO2 has been well-studied, and a summary of the assignments of 

various features observed in the IR studies is presented in table 5.2. In terms of the temperature 

at which the various forms of carbonate desorb or convert, Slostowski et. al. [17] divides the 

adsorbates into weakly adsorbed (hydrogen carbonate and bridged) which can be removed at 

room temperature by flowing nitrogen over the sample, and strongly adsorbed (bidentate, 

monodentate and polydentate) which require a temperature of up to 500 °C to remove them 

from the surface.   
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Figure 5.2.  Spectra (4 cm-1 resolution, 100 co-added and averaged scans, 120 second per 

scanset) collected as a function of temperature during an experiment in which the temperature 

of 20 mg CeO2 + 80 mg KBr was ramped from 25 °C to 600 °C in a static N2 atmosphere: the 

spectrum collected at 25 °C using KBr in the same atmosphere was employed as the reference. 

(a) The spectrum taken at 25 °C, (b) all the spectra collected during the experiment and (c) the 

spectra taken at (i) 25 °C and (ii) 200 °C showing the CO2 asymmetric stretch region: the 

spectrum in (i) was scaled up by 1.3 and the latter spectrum (ii) was moved up 0.004 to aid 

comparison. Both spectra were offset to 1 for comparison. 

(b) 

(c) 
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Adsorbed species  [13] [6] [12] [11] 

Bicarbonate 

OO
+

H

O
Ce H

Ce
2+

Ce
2+

 
 

1600 

1398 

1215 

   I               II 

3617        3617 

1599        1613 

1413        1391 

1218        1218 

1025        1045 

823          823 

 

 

 

1404 

1217 

1670 – 1695 

1310 – 1338 

650 – 970 

 

Monodentate 

O

Ce
2+

O

O

 

 

1465 

1353 

1504 

 

1351 

1507  

1454 

1348 

1062 

854 

Bridged O

O

Ce
2+

O

Ce
2+

 

 

1651 

1242 

1736 

 

 

1135 

 1728 

1396 

1219 

1132 

Bidentate O

O
O

Ce

H  

1580 

1292 

1567 

1289 

1014 

856 

1570 

1287 

1011 

856 

1562 

1286 

1028 

854 

Polydentate 

OO
2+

Ce
2+

OH

Ce
2+

 

- 

- 

1462 

1353 

1066 

854 

1476 

1367 

 

 

Table 5.2. Assignments of the various carbonaceous species from the adsorption of CO2 on 

CeO2.  

 

Yoshikawa and co-workers [18] present a somewhat more detailed and different picture: with 

a temperature of 200 °C required for desorption of bicarbonate, 300 °C for monodentate and 

bidentate carbonate and 450 °C for the polydentate form. Intuitively, however, it may be 

expected that those forms of carbonate with multiple metal-oxygen bonds (eg. bridged, 

bidentate and polydentate) would be more strongly bonded to the surface than monodentate 

carbonate and bicarbonate. 

 

Figure 5.3(a) shows the change in mass during a TGA experiment as discussed in Chapter 2, in 

which a sample of pure CeO2 was heated in nitrogen to 600 °C, allowed to cool and the change 

in its mass recorded as a function of temperature. This was repeated a further two times during 
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the same experiments. Figure 5.3(b) shows the m/z = 18, 32 and 44 responses recorded during 

the first heating of the sample along with the change in mass (note scaling factors).  As can be 

seen from the figures, the sample loses mass over the full temperature range, but most 

particularly between 25 and 150 °C and 300 and 400 °C; there is also a steady evolution of O2 

over the full range, and of water up to ca. 400 °C.  

 

CO2 was evolved in two distinct regions, 75 – 150 °C and 300 – 400 °C, the latter in broad 

agreement with the postulated existence of adsorbed carbonaceous species having various 

thermal stabilities [17][18]. Figure 5.3(c) shows the mass change and the m/z = 18, 32 and 44 

responses recorded during the second heating of the sample (run 2) in fig. 5.3(a): the responses 

are very similar to those observed during run 1, suggesting that, on being stored overnight in 

air, CO2 and water re-adsorbed onto the sample surface. Figure 5.3(d) shows the mass change 

and the m/z = 18, 32 and 44 responses recorded during run 3 after storing in nitrogen overnight: 

as may be seen from the figure, whilst there is no evolution of O2 or CO2, dehydration and/or 

dehydroxylation of the sample still took place [19], although with about 60 % the amount of 

evolved H2O. This is associated with a very small mass loss of 0.05 % compared with 0.15 % 

for the previous two runs. 

 

Figures 5.4(a) – (d) show the spectra in fig. 5.2(b) presented as difference spectra reflecting, in 

broad terms, the temperature ranges identified in the TGA experiment: thus fig. 5.4(a) shows 

the spectrum collected at 25 °C subtracted from those taken at 50 and 100 °C, fig. 5.4(b) the 

spectrum taken at 100 °C subtracted from those up to 250 °C, fig. 5.4(c) the spectrum collected 

at 250 °C subtracted from the 350 and 400 °C spectra and (d) the spectrum taken at 400 °C 

subtracted from those collected up to 600 °C.   

 

From figs. 5.4(a) – (d) it can be seen that there is a broad loss extending from ca. 2250 to 3750 

cm-1 accompanied by a band at ca. 1642 cm-1: by analogy to SnO2 [19], this may be attributed 

to the loss of hydrogen-bonded Ce-OH groups via the dehydration and possibly 

dehydroxylation of the CeO2. There are also the loss and gain of sharp features above 3500   

cm-1 due to the redistribution/loss of isolated Ce-OH groups [11].   
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Figure 5.3. (a) The thermogravimetric response of 55.5 mg of CeO2, heated in 40 cm3 min-1 

flowing nitrogen 5 °C min-1 from room temperature to 600 °C (Run 1).  The sample was held 

at 600 °C for 10 minutes and then cooled at 5 °C min-1 to room temperature.  (b) & (c) The m/z 

= 18, 32 and 44 responses recorded during the first and second heating cycles (Runs 1 and 2, 

respectively) of the sample in (a): the m/z = 32 responses were enhanced by a factor of 3 and 

the m/z = 44 responses by a factor of 10.  (d) The m/z = 18, 32 and 44 responses recorded 

during the third heating of the sample in (a), Run 3.  Run 1 was carried out on day 1 and the 

sample left in air overnight. Run 2 was carried out on day 2 and the sample left in flowing 

nitrogen overnight and run 3 carried out the following day. The ion current plots were offset to 

facilitate comparison.   

(c) 

(d) 
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Figure 5.4. The spectra in fig. 5.2(b) with: (a) the spectrum taken at 25 °C subtracted from 

those collected at (i) 50 and (ii) 100 °C; (b) the spectrum taken at 100 °C subtracted from those 

collected at (i) 150, (ii) 200 and (iii) 250 °C; (c) the spectrum taken at 250 °C subtracted from 

those collected at (i) 300, (ii) 350 and (iii) 400 °C, the spectra were moved up by 0.009, 0.025 

and 0.050, respectively and (d) the spectrum taken at 400 °C subtracted from those collected 

up to 600 °C: the spectra collected at (i) 450, (ii) 500, (iii) 550 and (iv) 600 °C were moved up 

by 0.030, 0.069, 0.110 and 0.155, respectively. Species gains are negative, losses positive in 

these difference reflectance spectra. 

(c) 

(d) 
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In figs. 5.4(a) and (b) there are gain features in the region of the band due to physisorbed CO2: 

the absence of corresponding loss features in the same region suggest that there is a conversion 

of adsorbed carbonate/ bicarbonate species to CO2 and that these molecules are distributed 

across different sites. It may also be the case that some of the adsorbed carbonates, e.g. 

bicarbonates [17], are desorbing as CO2. 

 

Due to its relatively high frequency, the 1711 cm-1 gain feature in figs. 5.4(a) and (b) is most 

likely due to bridged carbonate (see table 5.2). The peaks at 1570 and 1298 cm-1 in the same 

figures (the 1298 cm-1 feature appears at 1293 cm-1 in fig. 5.4(a) due to distortion by the loss 

features either side) may be attributed to bidentate carbonate [6][11 – 13]: they are gained up 

to 100 °C and then lost between 100 and 250 °C. 

 

Over the temperature range between 300 and 400 °C, the physisorbed CO2 band is bipolar, 

suggesting the transfer of more loosely bound CO2 to sites where the CO2 is more strongly 

adsorbed. At higher temperatures, there is a marked loss of physisorbed CO2 (also clear in fig. 

5.2(c)) presumably due to diffusion out of the voids and desorption into the gas phase: the 

amount of CO2 involved is too low for the corresponding gain features due to gas phase CO2 to 

be observed.   

 

The gain feature at ca. 2125 cm-1 in fig. 5.4(d) has been attributed to CO adsorbed at Ce3+ sites: 

however, this absorption has also been observed at reduced CeO2 produced in the absence of 

carbonaceous impurities etc and hence was assigned instead to the 2F5/2  2F7/2 electronic 

transition of Ce3+ ions. This transition is strictly forbidden, but becomes partially allowed by 

crystal field effects involving surrounding O vacancies [20]: for example, it has been postulated 

that two Ce3+ species are associated with an O vacancy surrounded by large interstitial voids 

[16].    

 

Overall, from figs. 5.4(a) to (d) it is clear that heating the CeO2 causes a redistribution of the 

surface carbonate/bicarbonate species, with some apparently diffusing into the voids. 

Comparing the low intensities of the various features below 1800 cm-1 in figs. 5.4(a) – (d) to 

those in the spectra in fig. 5.2(b), however, shows that the amount of adsorbed species is small. 

Further, given the very wide variation in the band assignments in table 5.2, it is also clear that 

assigning the various features below 1800 cm-1 in any detail to specific forms of adsorbed 

carbonate or bicarbonate could be of limited validity.  Hence, in the discussion below, figs. 
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5.4(a) – (b) are employed primarily to identify bands associated only with adsorbed carbonate 

and, more particularly, not associated with the reaction of IPA at the CeO2. 

 

5.3.2. All samples: 100 °C   

 

Figures 5.5(a) – (d) show the spectra collected using sample A at 100, 250, 400 and 600 °C in 

figs. 5.4(a) – (d) along with the spectra collected in analogous experiments using samples B1 

and D2. Sample A is representative of unpretreated CeO2 heated in N2, sample B1 of 

unpretreated CeO2 heated in N2 and IPA, and sample D2 of CeO2 that has been pretreated by 

heating several times (from the data obtained using all samples, the KBr employed as a diluent 

appears to have no effect) in N2 and IPA.  

 

From the 100° – 25 °C spectra in fig. 5.5(a) it can be seen that there are marked differences 

between the spectra collected from sample A (N2 only) and B1 (N2 + IPA) on the one hand, and 

sample D2 (N2 +IPA) on the other. Thus, B1 shows the same interchange of adsorbed 

carbonaceous species as sample A, except with some reduction in intensity of these species 

(this can be most clearly seen by comparing the 1293 and 1460 cm-1 gain features in the spectra 

of samples A and B1) whilst the intensities of the band at 1711 cm-1 due to the formation of 

bridging carbonate are approximately the same. 
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Figure 5.5. The spectra in figs. 5.4(a) – (d) collected at 100 °C, 250°C, 400 °C and 600 °C 

using: (i) sample A with spectra collected in analogous experiments using samples (ii) B1 and 

(iii) D2.  (a) The spectra collected at 25 °C subtracted from those taken at 100 °C, (b) 250 °C 

– 100 °C, (c) 400 °C – 250 °C and (d) 600 °C – 400 °C.     

   

These carbonaceous bands are absent from the spectrum of sample D2, suggesting that the 

previous heat treatments had reduced or removed the adsorbed carbonaceous materials. The 

previous heat treatment of sample D2 also resulted in marked differences between the samples 

in the O-H absorption region: the broad absorption between ca. 2250 and 3750 cm-1 due to the 

loss of hydrogen-bonded O-H from sample B1 is comparable in width to the analogous feature 

of sample A, whilst this feature in the spectrum of sample D2 is significantly narrower, 

presumably to the dehydroxylation of the surface following the previous heat treatments.   

 

The loss of physisorbed IPA from samples B1 and D2 may be seen by the features at 1166, 

1132 and 1111 cm-1 which appear in the spectra of liquid IPA as discussed in Chapter 3, section 

3.3.3 except that in the liquid phase spectrum the 1166 cm-1 band is less intense than the 1132 

cm-1 feature. It has been reported that the adsorption of IPA at dehydroxylated CeO2 results in 

isopropoxide species on the surface and this could account for the clear differences between the 

spectra of samples B1 and D2 in the C-H region [21]. 

(d) 
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The multiple peaks in the region of the CO2 fundamental absorption between 2250 and 2400 

cm-1 in the spectra of samples A and B1 suggest the gain of physisorbed CO2 on various sites, 

presumably due to conversion from adsorbed carbonate and diffusion into the voids. Sample 

D2 shows a marked difference in that the prominent 2360 cm-1 band and the shoulder at 2340 

cm-1 may be attributed to gas phase CO2: this is unlikely to be due to the chemical reaction of 

IPA at the CeO2 as the temperature at which adsorbed IPA undergoes decomposition has been 

reported to be 190 °C [22] and hence is most likely to be due to desorption of adsorbed 

bicarbonate.   

 

It is clear that the features at 930, 990, 1040, 1088, 1332, 1436 and 1512 cm-1 in the spectrum 

of sample D2 are not observed in the spectra of samples A and B1, suggesting they are only 

produced at the dehydroxylated/decarbonated surface; however, as was stated above, actual 

conversion of IPA would not be expected until temperatures ca. 190 °C [22], suggesting these 

features may simply be due to additional adsorbed carbonate species.  

 

5.3.3. All samples: 250 °C   

  

From fig. 5.5(b) it can be seen that, again, samples A and B1 show very similar responses over 

the spectral range between 2250 and 3750 cm-1 and the CO2 absorption region. In the former 

region, the spectrum of sample D2 is markedly different, clearly showing a much narrower band 

due to the loss of hydrogen-bonded Ce-OH species. Again, the presence of the prominent 2360 

cm-1 CO2 band suggests the desorption as well as re-arrangement of adsorbed carbonate at the 

surface on heating. As at 100 °C, there is the gain of bridged carbonate at 1711 cm-1on heating 

samples A and B1, which is absent from the spectrum of D2. The peak at ca. 1737 cm-1 in the 

spectrum of sample D2 may be attributed to the formation of acetone (see discussion below), 

in agreement with Kulkarni and Wachs [22]. The shoulder to the low frequency side of the 1737 

cm-1 feature may be attributed to acetaldehyde: this species is difficult to identify from infrared 

spectra, but often appears as a shoulder on the acetone C=O band as discussed in Chapter 3. 

 

5.3.4. All samples: 400 °C  

  

Figure 5.5(c) compares the spectra collected at 400 °C with the corresponding spectra taken at 

250 °C subtracted. The features at 1737 cm-1, 1363 and 1226, 1215 and 1205 cm-1 may be 

unambiguously attributed to the gain of gas-phase acetone; in the gas-phase spectrum of an 

authentic sample of acetone as discussed in Chapter 3 section 3.3.3, there are bands at 1371, 
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1365 and 1355 cm-1, in fig. 5.5(c), however, these features are somewhat distorted by the loss 

feature near 1394 cm-1 due to IPA. The loss features at 3647, 2980, 1152, 1130 and 950 cm-1 

are also due to gas-phase IPA (as mentioned in Chapters 3 & 4). 

 

It can be seen in fig. 5.5(c) that the 2125 cm-1 band is present in the spectra of both samples B1 

and D2, and (as was discussed above) appearing in the spectrum of sample A in nitrogen at 450 

°C, supporting it is assignment to an electronic band rather than CO adsorbed on Ce3+. 

 

5.3.5. All samples: 600 °C   

 

There are marked differences between the spectra in fig. 5.5(d). Thus, there is a gain of methane 

in the spectra of samples B1 and D2, as shown by the fine structure between 3000 and 3300 

due to the P-branch, and a sharp band at 3016 cm-1 due to the Q branch, of the C-H asymmetric 

stretch as well as the characteristic P and R branches of gas phase CO centred at 2143 cm-1 [23]. 

The methane appears at temperatures > 500 °C at sample B1 and > 450 °C at D2. The separation 

of the maxima of the P and R branches of the CO [24] in the 600 °C spectrum of sample D2 in 

fig. 5.5(d) suggests a temperature of the CO of 147 °C [24], more details are mentioned in 

Chapter 3: fig. 5.6 shows the CO region of the spectra collected at temperatures > 300°C in the 

experiment depicted in figs. 5.5(a) – (d) using sample D2 with the spectrum collected at 300°C 

(where no CO is apparent) subtracted. Also shown on the figure is the spectrum of CO at 600°C 

produced using Spectralcalc by Prof. Philip Martin, School of Chemical Engineering and 

Analytical Science, the University of Manchester. Thus it appears that reaction of IPA at CeO2 

at temperatures above 400°C produced methane and cold CO, and this is discussed further 

below. 

 

Samples A and B1 both show the loss of a broad peak due to physisorbed CO2 at 2345 cm-1 in 

fig. 5.5(d), whilst sample D2 shows the clear gain of gas phase CO2. Sample D2 also shows 

clear loss features due to gas-phase acetone. The absence of any features due to acetone in the 

spectrum of sample B1 and the strong loss features in the spectrum of sample D2 may be 

explained in terms of fig. 5.7(a) which shows plots of the intensities of the acetone band at 1737 

cm-1 observed during the experiments employing samples B1, C2, D1 and D2 as a function of 

temperature between 200 and 600 °C.  In each case, the spectra collected at 200 °C (immediately 

prior to the onset of acetone formation) were subtracted from those taken at the higher 

temperatures. From the figure it can be seen that the intensities of the acetone band are 
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approximately equal at 400 °C and 600 °C, with the result that when the former was subtracted 

from the latter, as in fig 5.5(d), the peak was annulled.   

 

As would be expected, no acetone was observed in the absence of IPA. From fig. 5.7(a) it can 

be seen that, in all cases, the formation of acetone rises to a maximum around 400 – 450 °C 

before declining. The presence of the maximum may reflect further oxidation of the acetone 

and/or the complete consumption of the reactant IPA: this is discussed further below. The 

temperature at which the formation of acetone commences clearly requires active sites to be 

freed up by pre-heating, as it decreases in the order D2 < C2 < D1 < B1. The temperature of the 

maximum also appears to reflect this. As would be expected, more acetone is produced from 

the pure CeO2 than the mixture with KBr. The spectra shown in figs. 5.5(a) – (d) were used to 

obtain the plots in figs. 5.7(a) – (d). 
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Figure 5.6.  Spectra showing the CO spectral region collected at temperatures > 300 °C from 

sample D2 during the experiment depicted in figs. 5.5(a) – (d) with the spectrum collected at 

300 °C subtracted.  The separation of the P and R branch maxima modelled using Spectralcalc 

on the basis of a temperature of 600 °C is also shown.  
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Figure 5.7.  Plots of the intensities of the various features from the analogous experiments to 

that shown in fig. 5.2(b) using samples B1, C2, D1 and D2 as a function of temperature between 

250 and 600 °C.  In each case, the spectra collected at 200 °C were subtracted from those at 

higher temperature. (a) 1737 cm-1 band of acetone, (b) the 2362 cm-1 gas phase CO2 feature, 

(c) the 2177 cm-1 band of gas phase CO and (d) the 2125 cm-1 band due to Ce3+.   

(c) 

(d) 
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Figure 5.7(b) shows analogous plots for the gas phase CO2 band at 2362 cm-1. CO2 is not 

apparent in the spectra of samples A, B1 or D1, only in the highly pretreated samples C2 and 

D2, suggesting that at active sites on the CeO2 must be freed from adsorbed carbonate for CO2 

to be produced.  The onset for CO2 formation at the pure CeO2 sample was 400 °C; lower than 

at the CeO2+KBr, although the intensities of the 2362 cm-1 features at 600 °C were the same.  

 

Figure 5.7(c) shows plots of the 2177 cm-1 gas phase CO feature as a function of temperature 

for samples B1, C2, D1 and D2. As with acetone, no gas phase CO was produced in the absence 

of IPA. Again, from the plots, it can be seen that increasing heat treatment resulted in increased 

production of CO and a decrease in the onset temperature. The production of CO by heating 

IPA at CeO2 has not, to our knowledge, been reported previously and may be evidence of a 

roaming mechanism [25-31], see discussion in Chapter 3. 

 

Roaming mechanisms include pathways that bypass the conventional saddlepoint transition 

state of a particular reaction [26][27][29]. Roaming dynamics are not restricted to small 

molecules such as formaldehyde or to hydrogen atoms as the roaming species [24]. Whilst 

transition state theory is still robust, it is becoming increasingly apparent that roaming 

mechanisms may be more widespread that at first thought [26][27] and represent a significant 

challenge to the current paradigm. The definitions of “loose” or “tight” transition state can be 

very simply explained in terms of the Eyring equation [32]: 

 

k = (kBT/h).exp(S≠/R).exp(-H≠/RT)     (5.2) 

 

where S≠ is the entropy change associated with the formation of the transition state, and H≠ 

the corresponding enthalpy change or activation energy. In a loose transition state, there are 

more degrees of freedom than in the reactants or, in other words, the transition state provides 

more energy levels that can be occupied at the specified temperature, corresponding to a 

positive change in entropy between the ground state of the reactants and the transition state; 

while the interaction of the transition state with the surface is relatively weak compared to that 

of  the ground state. Conversely, a negative S≠ corresponds to a tight transition state where the 

rotation, vibration and/or translational modes are more restricted and the interaction of 

transition state and surface is quite strong.  Where S≠ = 0, A = kBT/h. 
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It was reported in Chapter 3 the formation of methane and cold CO in a gas phase process from 

IPA in a non-thermal plasma above Macor and postulated a roaming mechanism. It may thus 

be the case that the current work is an example of an analogous thermal process, this time taking 

place at the surface of the CeO2. Further work is required to investigate this postulate. 

 

Figure 5.7(d) shows plots of the 2125 cm-1 band due to Ce3+ sites. It is clear that reduction of 

the Ce4+ takes place both in the presence and absence of IPA, but is significantly enhanced 

under the latter conditions. 

 

Figures 5.8(a) – (d) show the intensities of the various features in the plots in figs. 5.7(a) – (d) 

normalised to their maximum values and plotted according to sample in order to interrogate any 

relationships between the various species. However, there are no obvious relationships between 

the various species produced during the oxidation of IPA apart from the fact that CO2 is 

produced as acetone is consumed, as may be expected. The Ce3+ 2F5/2  2F7/2 electronic 

transition may show a relationship to the acetone feature in figs. 5.8(c) and (d), but this is less 

clear in figs. 5.8(a) and (b): and such a relationship seems unlikely in view of the fact that the 

2125 cm-1 feature is also seen during the heating of sample A in N2 albeit at a much lower 

intensity, see fig. 5.7(d). 
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Figure 5.8. The intensities of the various features in the plots in figs. 5.7(a) – (d) normalised to 

their maximum values and plotted according to sample. (i) acetone at 1737 cm-1, (ii) 2125       

cm-1 due to Ce3+, (iii) CO(g) at 2177 cm-1 and (iv) CO2(g) at 2363 cm-1. 

 

5.4. The plasma experiments using the reflectance cell 

5.4.1. Blank experiments  

 

As mentioned in Chapter 4 section 4.4.1, the powder catalysts could only be employed in the 

reflectance cell as it was not possible to coat the catalyst onto the Macor caps of the transmission 

cell due to arcing. The preparation of the CeO2 coated Macor/Ti mesh was discussed in section 

2.10. 

 

In the plasma reflectance experiments using the CeO2 coatings, the reference spectra were taken 

with a pure N2 feed at 30 cm3 min-1, after which the plasma was initiated at an input power of 

16 W and further spectra collected as a function of time up to 20 minutes.  For clarity, only the 

spectra collected after 2, 6, 10 and 20 minutes as shown in fig. 5.9. As may be seen from the 

figure, the spectra are featureless apart from two strong bands at 1210 cm-1 (broad) and 1150 

cm-1, that increase in intensity steadily with time, and the origin of these bands was discussed 

in Chapter 3.  

(d) 
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Figure 5.9.  In situ FTIR spectra (4 cm-1 resolution, 100 co-added and averaged scans, 100 

seconds per scanset) collected using the plasma reflectance cell at the times shown on the figure 

at an input power of 16 W using nitrogen as the feed gas and CeO2 coating on the Macor/Ti 

mesh. The spectra collected immediately before the plasma was initiated was employed as the 

reference spectra and the spectra were corrected for the CaF2 window reflection. 

 

5.4.2. Experiments using N2 and IPA vapour as the feed gas 

 

Figure 5.10 shows spectra collected using the plasma reflectance cell with a gas feed of IPA + 

N2 and CeO2 coating on the Macor/Ti mesh at a total flow rate of 30 cm3 min-1 and 16 W input 

power. The reference spectrum was collected under the same conditions, but without plasma.  

There are no absorptions due to physisorbed CO2 or adsorbed carbonaceous species in the single 

beam spectra of CeO2 in the reflectance cell-probably due to the much lower penetration depth 

of the IR beam compared to the thermal systems. Only the spectral region up to 2000 cm-1 is 

shown for clarity due to markedly sloping baselines above this frequency.   

 

Figure 5.11(a) compares the spectrum collected after 8 minutes in fig. 5.10 to that collected in 

an analogous experiment using Macor after the same time and under the same experimental 

conditions as discussed in Chapter 3. Figure 5.11(b) shows the result of subtracting the spectrum 

collected after 8 minutes in fig. 5.10 from that taken after 20 minutes, and the analogous 

spectrum from the experiment employing Macor. On the basis of the Macor results as 
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mentioned in Chapter 3,  the various bands in the spectra in figs. 5.10, 5.11(a) and (b) may be 

attributed to at least two species: a polymethylacetylene-like polymer containing moieties 

including CH3, C=O, C=C and O-H groups formed via a cascade of Aldol/Pinacol/dehydration 

reactions initiated via the formation of acetone, and isophorone, produced via the Aldol 

condensation of acetone. There are also as yet unidentified products, as discussed previously.  

 

The strong, signature bands of the polymer and isophorone shift in frequency depending upon 

the exact experimental conditions (as may be seen  from fig. 5.12): for clarity and to aid 

comparison with the earlier work as mentioned in Chapter 3, these will be referred to as the 

1750 cm-1  and 1666 cm-1 features, respectively.  Using these bands as representative of the two 

species, it can be seen from figs. 5.11(a) and (b) that the relative amounts of the two primary 

products change with operational time: thus isophorone is the predominant product up to 8 

minutes with both Macor and CeO2, but with more polymer at Macor than CeO2. Between 8 

and 20 minutes, the amount of polymer produced increases relative to the isophorone at both 

catalysts, but again with more polymer at Macor than CeO2.  
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Figure 5.10. Spectra (4 cm-1 resolution, 100 co-added and averaged scans, 100 s per scanset)  

collected during an experiment in which IPA+N2 was passed through the plasma reflectance 

cell at a total flow rate of 30 cm3 min-1 and input power of 16 W.  The reference spectrum was 

collected under the same conditions, but without plasma. 
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Figure 5.11. Spectra collected (a) after 8 minutes and (b) after 20 minutes during experiments 

carried out at 16 W input power and using a nitrogen+IPA feed at a total flow rate of 30 cm3 

min-1 with CeO2 or Macor as the dielectric in the plasma reflectance cell.  In (a) the analogous 

spectra collected after 1 minute were subtracted, and in (b) the spectra collected after 8 minutes 

were subtracted.  The spectra were offset down as indicated to facilitate comparison. 

(a) 

(b) 
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It should be noted that, as discussed in Chapter 4 no conversion of IPA was observed at SnO2 

in the plasma reflectance cell, even at the higher input power of 20 W. The difference between 

the data obtained with SnO2 on the one hand, and Macor & CeO2 on the other is a key 

observation, as it shows that the solid surface is critical to the chemistry observed in the plasma. 

In other words, there is a conundrum: the formation of polymer and isophorone must require 

access to the catalyst surfaces: however, after the experiment in fig. 5.10 was completed, the 

CeO2 surface was completely covered with the brown oil containing isophorone and the 

polymer. This was also generally observed after 20 minute experiments using Macor as well as 

CeO2. Thus fig. 5.12 shows the spectra collected after 4, 8, 20 and 40 minutes in fig. 5.10, the 

spectra were all offset to zero at ca. 1600 cm-1 and scaled such that the intensities of the bands 

near 1666 cm-1 were the same (the scaling factors are shown on the figure) to allow for 

comparison. Figure 5.13(a) shows plots of the two signature features as a function of time 

normalised to their maximum values, and fig. 5.13(b) shows the raw data. It is clear from figs. 

5.12, 5.13(a) & (b) that the production of both the polymer and isophorone continue throughout 

the experiment, the former steadily whilst the rate of the production of the latter decreases 

relative to the polymer after ca. 10 minutes, suggesting that the increasing coverage by the 

liquid film does not prevent the formation of these products. From fig. 5.12, it can be seen that 

the band maxima of the ca. 1750 and 1666 cm-1 features move steadily towards higher 

frequencies with processing time; however, a comparison with fig. 5.10 suggests that the 

isophorone peak does not shift but rather a peak grows alongside to higher frequency. With 

respect to the polymer band, the frequency of this feature is 1744 cm-1 after 4 minutes, 

increasing to ca. 1763 cm-1 after 40 minutes:  the broad band centred near 1215 cm-1 and the 

~1744 cm-1 feature suggest the formation of acetone [23] at least in the early stages of the 

experiment, in agreement with the proposed mechanism. The acetone feature is then obscured 

by the polymer band which grows in and moves to higher frequency as the conjugation(s) of 

the polymer molecule(s) comprising it change(s) [23]. 

 

By comparing the relative intensities of the various features in fig. 5.12 and their time 

dependences, it is possible to add to the assignments of the various bands to isophorone or the 

polymer orginally proposed in Chapter 3, and a summary is presented in table 5.3. 
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Figure 5.12.  The spectra in fig. 5.10 collected after 4, 8, 20 and 40 minutes. The spectra were 

enhanced by the factors shown in the legend to facilitate comparison. 
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Figure 5.13.  Plots of the 1750 and 1666 cm-1 bands in fig. 5.10 as a function of time: (a) the 

absorbances were normalised to their maximum values and (b) the raw data. 
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Table 5.3.  The principal features observed in the spectra in figs. 5.10 and 5.12. 

 

 

Both Rodrigues et al [33] and Jia and Rousseau [34] have studied the CeO2/plasma interface. 

Jia and Rousseau pre-adsorbed IPA and then flushed with dry air during plasma treatment: the 

authors incorrectly attributed peaks at 1159 and 1125 cm-1 to dissociatively and non-

(b) 
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dissociatively adsorbed IPA. In fact, these bands form, along with a third at 1110 cm-1 (which 

was also present in the spectra but not discussed) a signature triplet characteristic of liquid-

phase IPA, i.e. IPA that has condensed on the windows and/or catalyst surface. The authors 

reported that IPA adsorbed and reacted at room temperature on the CeO2 to form acetone, and 

more acetone was produced during the plasma treatment of the adsorbed species as well as 

adsorbed acetate. Jia and Rousseau employed a gas feed of air and IPA at ca. 500 cm3 min-1 and 

observed the formation of physisorbed and dissociatively-adsorbed IPA which were converted 

to acetone and mesityl oxide in the plasma. Neither group reported seeing a polymeric product 

or isophorone. 

 

5.5. Comparison of thermal and plasma data 

 

It is clear that, whilst the presence of adsorbed carbonates/bicarbonates inhibits the thermal 

reaction of IPA at CeO2, the plasma-driven process is not inhibited at all: for example, there are 

no additional features in figs. 5.11(a) and (b) that can be attributed to adsorbed carbonates. 

 

Both the thermally and plasma – driven processes generate acetone, and both do so catalysed 

by the CeO2. 

 

5.6. Conclusion 

 

The surface of polycrystalline CeO2 comprises isolated OH groups, hydrogen bonded OH and 

various forms of adsorbed carbonate COx (bicarbonate, monodentate, bridge, bidentate etc.). 

One of the latter species is physisorbed CO2, associated with several different surface sites. 

Interestingly, physisorbed CO2 was observed even up to 600 °C, most probably due to its 

location in voids associated with Ce3+ species and their attendant oxygen vacancies. The 

behaviour of the adsorbed COx species as a function of temperature is complex and includes 

the interconversion of adsorbed species and desorption of CO2. In contrast to the experiments 

using Macor, IPA adsorbs and reacts at CeO2 on heating. The presence of the adsorbed 

carbonaceous species directly influenced the nature of the adsorbed IPA, with physisorbed IPA 

observed on samples with higher amounts of COx and alkoxide on samples that had been 

pretreated to reduce the coverage of species resulting from CO2 adsorbed. The presence of such 

species also inhibited the oxidation of IPA to acetone and further to CO2, with this process 

taking place at T > 200 °C on pretreated CeO2 and > 300 °C at samples having significant 

coverage by COx. On the pretreated samples, CO2 was produced from oxidation of acetone but 
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was not observed at samples with high coverage by COx. The spectra obtained at T > 400 °C in 

the thermal experiments suggested the presence of a roaming mechanism at the CeO2 surface 

possibly associated with the Ce3+ sites, resulting in CH4 and cold CO. This appears to be a 

unique observation and supports suggestions in the literature that such mechanisms that avoid 

the conventional transmission state may be more ubiquitous than formally believed. In the 

experiments exploring the non-thermal plasma driven conversion of IPA at CeO2, the liquid 

products observed were essentially the same as those seen using Macor, ie a polymethyl 

acetylene-like polymer and isophorone, differing only in the relative amounts of these species. 
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Chapter 6. Conclusions and future work 

 

The work reported in this thesis focussed on the comparison of the thermally- and non-thermal 

plasma-driven conversion of IsoPropyl Alcohol (IPA) in dinitrogen at Macor, SnO2 and CeO2.  

IPA was chosen as a model Volatile Organic Compound (VOC) and domestic air pollutant: 

Macor was selected as a dielectric as it was expected to be inactive, being comprised 

predominantly of the oxides of aluminium, magnesium and silicon: it also has a reasonable 

dielectric constant and is thermally stable. SnO2 was chosen primarily as a result of the 

significant body of infrared data already available in Newcastle, and CeO2 for its known activity 

towards the conversion of IPA. The primary underlying objective of the research was to 

elucidate the chemistries taking place in the plasma glow and at the plasma/catalyst interface 

and so determine if and to what extent plasma-driven and thermally-driven processes differed, 

and ultimately to try and predict what materials would be active in non-thermal plasma 

processes. 

 

In-situ transmission and reflectance cells, the attendant high voltage power supplies and optical 

bench were designed, fabricated and commissioned and shown to facilitate the study of non-

thermal plasma chemistry. Macor was employed in both cells, but arcing occurred when the 

Macor was coated with SnO2 or CeO2 in the transmission cell and hence these materials were 

studied only in the reflectance cell.  

 

A wholly unexpected result of the work was the fact that Macor was highly active in the NTP-

driven conversion of IPA. The reaction of IPA in the non-thermal plasma occurred in two 

reaction zones: one remote from the Macor surface in the bulk of the plasma and one at the 

plasma/Macor interface. In the former region, HCN, acetone, methane and “cold” CO 

molecules at ca. 115K were produced continuously and carried away by the gas stream, 

attaining a steady state in the plasma glow.  These species were produced either via a common 

intermediate or in the same process: the acetone did not react further in the gas phase, but did 

react at the Macor (see below).  Whilst nitrogen was (obviously) essential for the formation of 

HCN, the other species were still produced when it was replaced by Ar, with acetylene replacing 

HCN as a product. Whilst undesirable, the production of HCN showed that nitrogen fixation 

was at least taking place. The methane and cold CO were postulated as being produced by the 

fragmentation of acetaldehyde (the latter was not detected but its involvement was based on 

significant literature precedent) via a loose transition state and roaming mechanism in which 

the CH3-C bond elongates and the methyl moiety moves around to capture the terminal 
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hydrogen atom of the acetaldehyde (or the C-H bond elongates and the H atom roams), the 

reaction bypassing the conventional activation energy barrier.  Such mechanisms were 

predicted to be more common that first perceived, a supposition supported by increasing 

examples in the literature and by the thermal studies on the reaction of IPA at CeO2 (see below). 

Methane and cold CO were not observed in the studies using SnO2 and CeO2 but was probably 

due to the fact that the SnO2 and CeO2 could only be employed in the reflectance cell: the IR 

pathlength in the reflectance cell was ca. 5x lower than in the transmission cell and hence the 

absorbances of the gas phase species too low to be detected.  The production of methane and 

cold CO from IPA has not been observed before. 

 

At the plasma/Macor interface, the acetone produced in the bulk underwent Pinacol and Aldol 

–type processes catalysed by the Macor to produce an oil comprising a polymethylacetylene-

like polymer with C=O, C=C, CH3 and O-H moieties and isophorone.  Given the fact that no 

such oil was produced when nitrogen was replaced by argon, it is likely that the polymer also 

contained nitrogen functionalities, although the role of nitrogen may have been confined to 

energy transfer.  The concentrations of acetylene, methane, cold CO and acetone in the argon-

fed NTP showed a clear oscillating profile which has yet to be explained.      

 

No reaction was observed in the thermal experiments employing Macor up to 600 °C: in 

complete contrast, IPA did not react in the NTP experiments using SnO2 but underwent a series 

of thermally-driven reactions at the SnO2 commencing with physisorption of the IPA at room 

temperature in two distinct forms differentiated probably via their adsorption on different 

crystal facets. On heating, the IPA was partially desorbed whilst the remainder converted to 

two forms of isopropoxide: further heating produced acetone via adsorbed enolate and finally 

carbon dioxide. This study showed the power of infrared spectroscopy to elucidate mechanism. 

 

In contrast to both Macor and SnO2, conversion of IPA occurred in both the plasma-driven and 

thermally-driven experiments using CeO2.  

 

The presence of adventitious adsorbed carbonaceous species (carbonates, bicarbonates etc) had 

a significant inhibitory effect on the thermally-driven reaction of IPA, the inhibition decreasing 

with increasing pre-treatment of the samples.  Interestingly, physisorbed CO2 was observed at 

temperatures up to 600 °C due to their location in internal voids associated with Ce3+ species. 

IPA physisorbed on the CeO2 at room temperature and was dehydrogenated to acetone on 

heating, the onset temperature for this process decreasing with increasing pre-treatment, i.e. 
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225 °C for the most pre-treated sample and 350 °C for the least pre-treated.  Acetone production 

declined at temperatures > 400 °C, with the concommittant production of CO2 being observed 

only for the most pretreated samples, suggesting that the active sites for CO2 production were 

blocked by adsorbed carbonates. 

 

At temperatures > 400 °C, methane and cold CO were produced, the onset temperature again 

decreasing with decreasing coverage of adsorbed carbonates.  These species were not observed 

at SnO2 or Macor and hence it appears that they were produced by a roaming mechanism, this 

time involving a surface-bound loose transition state. 

 

All the CeO2 samples exhibited a band at 2125 cm-1 which increased in intensity on heating and 

was attributed to Ce3+: however, the role of these species in the observed chemistry remains 

obscure.   

 

In the plasma-driven experiments using CeO2, the products observed were essentially the same 

as those observed in the plasma experiments using Macor, i.e. a polymethylacetylene-like 

polymer and isophorone both produced via intermediate acetone, differing only in the relative 

amounts of the two products.  The presence of adsorbed carbonates did not appear to inhibit the 

plasma reactions, but time did not allow the investigation of the effect of pre-treatment of the 

CeO2 as in the thermal experiments.  This work suggested that the coverage of the CeO2 surface 

by the polymer and isophorone did not stop their formation, an observation supported by re-

examination of the data obtained using Macor. 

 

Future work should start with turning the reflectance cell through 180° to facilitate the use of 

catalyst powders and coatings. For safety reasons, this would require an external sample 

compartment, as well as a redesigned optical bench. 

 

Clearly, an important question to answer is the why Macor exhibits such activity towards the 

plasma-driven conversion of IPA.  In order to do this, additional analytical techniques should 

be employed, including GCMS to provide complementary, quantitative information, to 

determine what component, or combination of components, produce the polymer and 

isophorone. This could be achieved by investigating if and to what extent simpler materials can 

effect the same chemistry as Macor, eg. Al2TiO5 and MgTiO3 with and without SiO2.   
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The effect of the surface structure (different crystal facets) of active catalysts such be 

investigated with respect to the activity and selectivity of catalysed NTP processes via the 

identification of intermediates and their distribution and behaviour as a function of catalyst 

surface structure and compared to the analogous, thermally-driven systems. 

 

The effect of the pre-treatment of the CeO2 on the plasma-driven conversion of IPA should be 

investigated and the possible role of Ce3+ species elucidated to complete this work, 

 

It is not clear from the work reported in this thesis that the liquid film produced at Macor and 

CeO2 in the plasma-driven processes is entirely inert, and it would be informative to investigate 

the role of the liquid film.  This would involve modifying the (upward facing) reflectance cell 

to include well-defined depressions and troughs to contain static and flowing liquids.  Initially, 

the polymer + Isophorone would employ the liquid product, then the product diluted with 

suitable, inert solvents to decrease viscosity and then model liquids chosen for their properties 

including: dielectric constant (to exploit the discontinuity in electric field at the liquid/plasma 

interface), conductivity and viscosity. 

 

In general, an understanding of the chemistry taking place in the bulk of the plasma would 

benefit from kinetic studies at the millisecond level, or better using time-resolved FTIR at 

timescales down to tens of ns.  By identifying active intermediates and their lifetimes it may 

then be possible to employ appropriate theoretical modelling to produce valid, predictive 

models and so elucidate the mechanisms of the chemical conversions taking place. These 

models could then be used to identify new, effective catalysts and optimum experimental 

conditions for reactor design and development.   

 

Finally, the work in this thesis wholly confirms the fact that possible catalysts for non-thermal 

driven catalytic processes cannot be identified based on materials active in thermally-driven 

processes.  It also confirms the long-held belief that there are exciting and important chemistries 

waiting to be discovered using non-thermal plasma, and that infrared spectroscopy is an ideal 

tool to use to accomplish this. 

 

 

 

 


