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Abstracts 

In this study photocatalytic oxidation was investigated as a potential treatment method of VOC 

emissions from industrial plants. This was done by designing an experimental setup and a 

photocatalytic reactor for screening of photocatalysts (TiO2). The performance of commercial 

TiO2 and synthesized TiO2 (pure and Ni-doped) for degrading acetaldehyde when exposed to 

UV-C light was evaluated at fix reaction conditions. Also, procedure of coating TiO2 on 

aluminum and stainless steel as well as their stability performance was investigated in the study. 

For comparison of photocatalysts aluminum was chosen as support material since it showed 

highest stability at reaction conditions.  The results show that photocatalysts with a high anatase 

content and high specific surface area present enhanced photocatalytic performance. 

Commercial TiO2 show significantly higher photocatalytic performance than synthesized TiO2. 

This may be influenced by higher coating stability presented for commercial TiO2. For 

synthesized TiO2 non-doped samples present significantly higher performance than Ni-doped 

TiO2. However, because of coating instabilities it is difficult to determine if this was observed 

difference in performance was only caused by photocatalytic performance.  

 

 

 

 

 

 

 

 

 

Sammanfattning 
I detta arbete undersöktes fotokatalytisk oxidation som potentiell gasreningsteknik för 

industriella utsläpp av flyktiga organiska kolväten. En experimentell uppsättning konstruerades 

tillsammans med en fotokatalytisk reaktor designad för att jämföra olika fotokatalysatorers 

(TiO2) prestanda. Prestandan för både kommersiella fotokatalysatorer samt fotokatalysatorer 

syntetiserade i arbetet (TiO2 samt Ni-dopad TiO2) jämfördes för att bryta ned acetaldehyd under 

konstanta reaktionsförhållanden samt bestrålning av UV-C. Aluminum och rostfritt stål 

undersöktes som supportmaterial för TiO2. För undersökning av olika fotokatalytorers 

prestanda användes aluminum på grund av en högre stabilitet vid undersökta 

reaktionsförhållanden. Resultaten från jämförelsen av olika fotokatalysatorer visar att en hög 

andel anatas form av TiO2 samt en hög specifik ytarea ger en förbättrad fotokatalytisk 

prestanda. Kommersiell TiO2 visade signifikant högre fotokatalytisk effekt än syntetiserad 

TiO2. Detta kan bero på en högre stabilitet av TiO2-beläggning på aluminum för kommersiell 

TiO2 gentemot syntetiserad och inte nödvändigtvis bero av enbart fotokatalytisk aktivitet. För 

syntetiserad TiO2 visar dopning med Ni signifikant lägre aktivitet än för icke dopad TiO2. På 

grund av instabilitet i beläggningen av TiO2 på supportmaterialet kan en påverkan av detta inte 

uteslutas.  
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Nomenclature 

 
CB   Conduction Band  

CBM   Conduction Band Maximum 

CH4   Methane 

CO   Carbon Monoxide 

CO2   Carbon Dioxide 

PCO   Photocatalytic Oxidation 

VB   Valence Band 

VBM   Valence Band Minimum 

VOC   Volatile Organic Compound 

OH.   Hydroxyl Radical 

PID   Photoionization Detector 

RH   Relative Humidity 
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1 Setting the scene 
Emission legislations on compounds causing environmental and health issues are becoming 

more stringent as the awareness of their consequences increases. One group of compounds that 

has been legislated is volatile organic compounds (VOCs) emitted by industrial plants (EN 

13725:2003). One serious problem with VOC emissions is their production of ground-level 

ozone and other oxidants (Japar et al., 1991). causing mutagenic and carcinogenic effects on 

human health (Wilkinson, 1987). VOC emissions also contribute to local pollution problems 

such as odor and biological toxicity (Alberici and Jardim, 1997).  

 

Today VOCs from industrial emissions are mainly removed through absorption, adsorption, 

condensation and incineration. As emission legislations are becoming more stringent, 

operational costs of these methods are increasing (Ray, 2000). Therefore attention is brought to 

research in finding new pathways to remove VOCs with a higher energy efficiency. Alternatives 

inspired by atmospheric chemistry have gained interest lately since they allow VOC reduction 

at ambient conditions as well as low operating costs. The atmosphere uses strong oxidants such 

as hydroxyl radical to decompose VOCs under UV irradiation (HGI, 2012). Hydroxyl radicals 

can be generated from ozone (Shen and Ku, 1999), a technology already available on the 

market. Photocatalytic oxidation (PCO) utilize water cleavage over a photocatalyst exposed to 

UV-light to generate hydroxyl radicals (Linsebigler et al., 1995). In this study, the utilization 

of photocatalytic oxidation for decomposition of odor emissions from industrial emissions was 

investigated. The overall aim was to increase the energy efficiency from incineration and 

alternatives, at the same time as avoiding the use of toxic oxidants (e.g. ozone).  

 

2 Aim of study 
The aim of this study was to investigate the utilization of photocatalytic oxidation for 

decomposition of odor emissions from industrial plants, e.g. frying industries. For this, a lab-

scale PCO system was designed to investigate the performance of several TiO2 photocatalysts 

for degrading acetaldehyde. The photocatalysts tested were commercial products (P25, P90 and 

PC105 supplied by Evonik and Cristal) as well as synthesized TiO2. The work involved design 

of a reactor for photocatalyst screening, design of an experimental setup, synthesis and 

characterization of photocatalysts, and investigation of coating procedure and staibility of TiO2 

on metal supports. As reference, the performance of decomposition of acetaldehyde over 

photocatalysts was compared to ozone decomposition under similar conditions.   

 

3 Introduction 
In this chapter an introduction to UV technologies for VOC decomposition and photocatalytic 

oxidation is presented followed by materials and methods for the experimental study. 

3.1 UV technologies for VOC decomposition 
Atmospheric chemistry for decomposition of VOCs involves UV exposure and absence or 

presence of strong oxidants generated from ozone. In absence of oxidants, VOCs are 

decomposed through UV illumination (photolysis). In this section basics on atmospheric 

procedures for decomposition VOCs are presented.  

3.1.1 UV for VOC decomposition  
Exposing VOCs to UV-light may cause decomposition of VOCs in absence of strong oxidants. 

In a study made by Khan et al., photolysis of acetaldehyde (used as model compound in this 
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study), was investigated in the range of 200 to 350 nm. Observed photolysis mainly resulted in 

decomposition to methane and carbon monoxide (Khan et al., 1953). 

 
3.1.2 Ozone/UV for VOC decomposition  
As mentioned, hydroxyl radicals can be generated from ozone when exposed to UV light. This 

is done through ozone decomposition caused by UV exposure in the photoreactor through 

following reactions:  

 
.

3 2O hv O O     

. .

2 2O H O OH   (Shen and Ku, 1999)  

 

The ozone decomposition is mainly caused by photolysis of ozone at 254 nm. Ozone can be 

added to the system, or generated in the reactor itself. By exposing the air stream to UV-light 

at 185 nm, ozone is formed from oxygen (Zafonte and Chiu, 1984). 

One advantage of the ozone/UV system compared to the PCO system is that it allows VOC 

decomposition in the gas mixture. In a PCO system VOCs must interact with hydroxyl radicals 

on the photocatalytic surface to be decomposed. Therefore a ozone/UV system allows a larger 

reaction volume than the PCO system. A drawback of using an ozone/UV system is the 

consumption of ozone itself, since it comes with a cost on ecosystems and human health. 

Emissions of ground-level ozone may reduce the photosynthesis of plants as well as making 

them more sensitive to diseases. For humans, ground-level ozone may lead to breathing 

difficulties by causing damage to airways at the same time as making the lungs more susceptible 

to infections (EPA, 2015b). PCO allows hydroxyl radical formation in absence of ozone and 

therefore also reduces the stress on the environment and human health.    
 

3.2 Background on photocatalytic oxidation 
In this section fundamental understanding of photocatalytic oxidation is presented. 

3.2.1 Principles of photocatalytic oxidation 
Photocatalytic oxidation uses hydroxyl radicals generated from water cleavage to decompose 

VOCs. The system consists of semiconductors exposed to UV-light and in contact with a humid 

air stream containing VOCs. The UV-light exposure causes absorption of light within the 

semiconducting material. Thereby electrons are excited causing charge separations between the 

valence band (VB) and excited electrons in the conduction band (CB). The charge separations 

give the semiconductor photocatalytic properties. The charge separations interact with O2, H2O 

and VOCs from the gas stream, causing hydroxyl radical formation by cleavage of water 
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molecules. Hydroxyl radicals interact with adsorbed VOCs which induces decomposition to 

CO2 and H2O (Linsebigler et al., 1995). 

 

 

 
Figure 1: Illustration of the principles of photocatalytic oxidation with TiO2. Light absorption causes electron excitation (A) 
from the valence band (VB) to the conduction band (CB). The charge separation gives the semiconductor photocatalytic 
properties to generate hydroxyl radicals for decomposition of VOCs. Steps B-F illustrates doping of TiO2, which is further 
described in section 3.2.3.1 (Dong et al., 2009). 

H2O interacts with electron holes in the valence band due to its electron donating properties, 

which causes water cleavage and formation of hydroxyl radicals. O2 interacts with excited 

electrons which causes activation of O2 and hydroxyl radical formation (Linsebigler et al., 

1995). The phenomena of water cleavage over semiconductors was discovered by Fujishima 

and Honda in 1972 (Fujishima and Honda, 1972). This opened up for the potential applications 

for decomposition of organic compounds in wastewater and air emissions.  

 

The decomposition of VOCs induced by hydroxyl radicals occur over several intermediates 

through several possible reactions, e.g. isomerization, intermolecular reactions, and C-C bond 

cleavage (Ray, 2000). Therefore it is important to make sure that VOCs are completely 

decomposed to avoid emissions of intermediates of higher toxicity or odor activity (Takeuchi 

et al., 2010).  

 

When electron excitation has occurred there is a limited time for the induced charge difference 

in the semiconductor to undergo charge transfer reactions with adsorbed species before 

recombining (Linsebigler et al., 1995). The recombination rate is a common drawback when 

using semiconductors as photocatalysts, as they tend to recombine at relatively high rates 

(Dozzi and Selli, 2013). Excluding absorption properties of the semiconductor, the UV-light 

intensity together with the recombination rate decides the rate of hydroxyl radical production 

(Ray, 2000).  

 

3.2.2 Photocatalysts 
The choice of semiconductor is of major importance to decide the light absorbance and 

chemical properties of the photocatalyst. Examples of semiconductors are presented in Figure 

2. The photocatalytic properties of semiconductors can be described by comparing their redox 

potentials (difference between conduction band maximum (CBM) and valence band minimum 
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(VBM)) to that of chemical reactions. The cleavage of water is possible since the band energies 

overcome the redox potential of adsorbed water: CBM has a higher reduction potential than the 

evolution potential of H2 from H2O, and electron-holes in the VBM has a higher oxidation 

potential than the evolution potential of O2 from H2O. The electronic potential of the 

semiconductor caused by light absorption generates hydroxyl radicals from O2 and H2O for 

VOC decomposition (Asahi et al., 2014). 

 

 
Figure 2: CBM and VBM for several semiconductors relative to redox potentials of water cleavage and VOC decomposition 
(Carp et al., 2004). 

One of the most used semiconductors for photocatalytic research is TiO2. This is because it is 

relatively cheap and shows good chemical and physical stabiity. Also it is nontoxic as well as 

resistant to corrosion (Hung et al., 2007). Because of this, it was chosen as the type of 

semiconductor investigated in this study.  

 

3.2.3 TiO2 as photocatalyst 
As a semiconductor TiO2 can occur in different crystalline structures, most commonly in 

anatase or rutile conformation. The anatase form absorbs light up to 3.2 eV (388 nm) and rutile 

up to 3.02 eV (410 nm) (Dvoranová et al., 2002). Both anatase and rutile TiO2 are octahedra 

chains where each Ti4+ is surrounded by six O2-. Anatase is significantly more distorted than 

rutile, where each anatase block is in contact with eight others compared to 10 for rutile blocks 

(Burdett et al., 1987). The crystalline form of TiO2 is mainly controlled by the calcination 

temperature. The anatase composition increases up temperatures between 500 and 600°C, 

where anatase is transformed into rutile composition (Wetchakun et al., 2012). According to 

previous research anatase shows higher photocatalytic activity and chemical stability than rutile 

(Augustynski, 1993).   

 

Crucial parameters in the performance of PCO system is decided by properties of the 

photocatalyst, such as electron-hole recombination rate, the magnitude of the band gap and the 

VOC selectivity. These properties can be modified by introducing dopants to the photocatalyst. 

Examples of TiO2 dopants are metals, transition metals and non-metals from the p-block 

elements in the periodic table. As a photocatalyst, TiO2 typically has hydrophilic properties 

when exposed to UV-light. This determines its adsorption properties for interaction with VOCs 

in the gas phase and thereby its selectivity (Asahi et al., 2014). To understand how to modify 

the photocatalytic properties of TiO2 it is necessary to investigate its electronic structure. These 

are presented in next section. Anatase TiO2 is exemplified as it has shown higher activity in 



 
12 

 

photocatalytic oxidation than rutile.  

 

3.2.3.1 Electronic properties & doping of TiO2 
The electronic structure of anatase TiO2 presented in Figure 3 shows that the top of the valence 

band (ground state) consists of non-bonding oxygen 2p orbitals. The bottom of the conduction 

band consists of non-bonding titania 3d orbitals. Together they contribute to the lowest energy 

band gap needed to for light absorption (Kasowski and Tait, 1979). Similar orbital properties 

can be seen for rutile composition but is less significant (Sorantin and Schwarz, 1992). 

 

 
Figure 3: Model of orbital structure for electronic interactions within anatase TiO2. (a) represents atomic orbitals, (b) crystal-
field split levels and (c) the interactions between Ti and O (Asahi et al., 2000). 

 

The energy band gap between the VBM and CBM can be reduced by introducing metals or 

non-metals into the crystalline structure. By reducing the magnitude of the energy band gap, 

photons of lower energy can be absorbed by the material as well as affecting the recombination 

rate. Doping generally results in a mixture of doped and non-doped elements in the 

semiconductor. Important aspects to keep in mind when doping the semiconductor is that the 

ground state should be lower than the O2/H2O level and conduction band higher than the 

H2/H2O level to enhance the generation of hydroxyl radicals and thereby the photocatalytic 

activity (Asahi et al., 2014). Modification of energy band gap should also allow the mobility of 

excited electrons and electron-holes across the TiO2 surface to be able to reach active sites. In 

other words, the energy band gap should not significantly differ between doped and non-doped 

parts of the surface (Shockley and Read, 1952). By substituting Ti in the TiO2 structure it is 

possible to reduce the CBM of the semiconductor as seen as (a) in Figure 4. This can be done 

by introducing transition metals with lower energy level of the d-orbital than Ti, e.g. V, Cr and 

Mn (Mizushima et al., 1979). By substituting O with other first row p-block elements the VBM 

can be increased, seen as (b) in Figure 4. Substituting O with N in anatase TiO2 have shown the 
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most promising results because of their similarities in atomic radius and electronic properties. 

Also N-doping of the photocatalyst has been found to reduce the hydrophilicity of the catalytic 

surface (Asahi et al., 2014).  

 

 
Figure 4: Modification of energy band gap by doping the semiconductor. Metal doping causes (a) while non-metal doping 
causes (b). The introduction of impurities in the semiconductor gives (c) i.e. mixture of doped and non-doped sites (Asahi et 
al., 2014). 

Doping can also be done by adding metals to the surface of the photocatalyst, i.e. not 

substituting components in the crystalline structure. By adding noble metals (such as Pt, Ag and 

Pd) to the TiO2 surface, the VOC selectivity of the photocatalyst may change by reducing the 

energy barriers of chemical reactions (Bae and Choi, 2003). By adding metals to the catalytic 

surface electrons can be trapped in ''cation vacancies'' which reduces the electron-hole 

recombination rate (Umebayashi et al., 2002) i.e. improves the photon efficiency (Colón et al., 

2006). An illustration of this is presented in Figure 5. 

 

 
Figure 5: Photocatalyst doped with metal on the catalytic surface reduces the electron-hole recombination rate (Asahi et al., 
2014).  
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3.3 Materials and Methods 
In this section background information on photocatalysts and coating procedures investigated 

in this study are presented. This is followed by the properties of acetaldehyde to motivate why 

it was chosen as a representative for odor emissions.  

3.3.1 Photocatalysts for comparison 
As mentioned in section 2, the performance of several commercial and synthesized 

photocatalysts were compared in the study. In total six photocatalysts were investigated – three 

commercial and three synthesized. Background information of the properties of commercial 

photocatalysts and previous works done on synthesized photocatalysts are presented below. 

 

3.3.1.1 Commercial photocatalysts 
In this section information of commercial photocatalysts used are presented. Commercial 

photocatalysts used were pure TiO2 compounds in anatase form: Degussa P25, PC105 and P90. 

Table 1: Properties of commercial photocatalysts used. Data is based on product information found in literature (Evonik) 
(Cristal, 2012). Primary particle size of PC105 is not published by the supplier. 

Photocatalyst TiO2 (w%) BET surface 

area (m2/g) 

Crystalline form Primary 

particle 

size (nm) 

P25 >99.5 50±15 Anatase (95%) 21 

P90 >99.5 90±20 Anatase (95%) 14 

PC105 95 90 Anatase (100%) - 

 
P25 
P25 (commercial name AEROXIDE ® TiO2 P25) is a TiO2 of high purity normally used as 

photocatalyst, catalyst carrier or heat stabilizer for silicone rubber. (Evonik, 2007)  

 

P25 was chosen since it was used as reference in the study made by Zhang and Liu presented 

in section 3.3.1.2. Also it is a common photocatalyst in literature to be able to evaluate the 

study to other works. 

P90 
P90 (commercial name AEROXIDE ® TiO2 P90) is another highly dispersed and pure TiO2 

manufactured by the similar process as P25. It has an increased specific surface area than P25 

and have shown high photocatalytic activity. P90 is used in similar applications as P25. 

(Aerosil) 
 
PC105 
PC105 (commercial name CristalACTiV™ PC105) is an ultrafine TiO2 powder of high purity. 

It is commonly used in transportation infrastructure (road marks) and for photocatalytic 

applications. (Cristal, 2014) 

In previous works done by Bianchi et al. PC105 showed slightly higher performance in 

degrading acetaldehyde than P25. Tests were carried out in a 5L cyldindrical Pyrex glass reactor 

with diameter 200 mm. 0.05 g of TiO2 was coated on the inner walls of the glass reactor. 100% 

of acetaldehyde was decomposed in 50 min by PC105, compared to 60 min for P25. (Bianchi 

et al., 2014)   
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3.3.1.2 Synthesized photocatalysts  
The choice of synthesized photocatalysts and the synthesis method were inspired by previous 

works done by Zhang & Liu (Zhang and Liu, 2008). In their work the performance of different 

photocatalysts in decomposition of formaldehyde under visible light (λ>400 nm) was 

investigated. The study was chosen as inspiration for the synthesized photocatalysts since it 

allows flexibility in synthesizing pure TiO2 with adjustable amount of dopants. In their study 

N-doped, Ni-doped, N-Ni-doped and non-doped TiO2 were synthesized through the sol-gel 

method to compare their photocatalytic activities, using P25 as a reference. Doping of N and 

Ni was done at 1-1.5 mol% of the amount of Ti. Calcination was done at 500 to 700°C for 2 h. 

Below results in absorbance characteristics for different photocatalysts as well as 

decomposition of formaldehyde under visible light irradiation is presented.  

 

 
Figure 6: Absorbance characteristics for different synthesized photocatalysts from the study; (a) N(0.10)Ni(0.015)TiO2(600), 
(b) N(0.10)TiO2(600), (c)Ni(0.015)TiO2(600), (d) pure TiO2(600) (Zhang and Liu, 2008). 

As seen in Figure 6, absorbance of N-doped TiO2 enhances at wavelengths above 350 nm. At 

the same time it reduces the absorbance below 350 nm. Ni-doped TiO2 enhances the absorbance 

compared to pure TiO2, but show no significant difference in absorbance at higher wavelengths.  

 

 

Figure 7: Decomposition of formaldehyde for different photocatalysts (0.1g) using visible light (500 W) (Zhang and Liu, 
2008). 
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As seen in Figure 7, N-doped TiO2 show higher decomposition ratio than TiO2 not doped with 

N, as expected during visible light irradiation. Co-doping with Ni gave largest decomposition 

ratio, because of simultaneous enhancement of absorbance and reduced electron-hole 

recombination rate.   

The synthesizing of photocatalyst was inspired by of the method done by Zhang and Liu. The 

synthesis procedure is presented in section 4.3. 

 

3.3.2 Coating of TiO2 on metal support 
In this study TiO2 was coated on stainless steel and aluminum. Both metal materials were 

chosen because of their potential advantages in representing the inner walls of photoreactors in 

future applications. Also they are widely used in industrial catalytic reactors (Giornelli et al., 

2006). Stainless steel was the material used in the study done by Zhang and Liu (Zhang and 

Liu, 2008), a study chosen as reference for photocatalyst synthesis procedure. For the coating 

procedure, the work made by Barati et al. was studied. In their work TiO2 was coated on 316L 

stainless steel, by dip-coating stainless steel in an ethanol slurry of TiO2 followed by drying and 

calcination (Barati et al., 2009). Stainless steel plates were first scratched with sand paper of 

roughness 80. Thereafter the plates were polished with alumina powder of particle size 0.3 and 

0.05 µm, followed by cleaning with ethanol and acetone. The plates were then dip-coated in 

TiO2 slurry followed by pre-drying. In the study Barati et al. investigated two different pre-

drying methods – natural drying and drying in a solvent bath. They observed that reducing the 

evaporation speed of the solvent from the plate also reduces the risk of cracks in the TiO2 film, 

i.e. solvent bath gave most promising results. After pre-drying the coated plates were treated at 

150°C for 30 min, before calcination at 350°C to 550°C for 1 h (Barati et al., 2009). 

 

In the study Barati et al. also investigated the difference in agglomeration of TiO2 particles on 

the steel plate through the presence and absence of dispersing agent ammonium polyacrylate. 

It was observed that by adding 0.12 wt% of ammonium polyacrylate to the slurry, 

agglomeration was significantly reduced (presented in Figure 8).  
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Figure 8: SEM images from the study made by Barati et al. of the difference in agglomeration of TiO2 particles in absence (a) 
or presence (b) of ammonium polyacrylate at the amount of 0.12 wt% of the slurry (Barati et al., 2009).  

Besides stainless steel, also aluminum can be used as support. Coating on aluminum allows 

acid treatment to increase the roughness of the surface (also known as pickling). This can be 

made by for example hydrochloric acid (Meille, 2006) through following reaction: 

 

3 22Al( ) 6HCl(aq) 2AlCl (aq) 3H (g)s   
 

 

The investigation of TiO2 coating on stainless steel and aluminum is presented in further detail 

in section 4.5. 
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3.3.3 Properties of acetaldehyde 
 

 

Figure 9: Chemical structure of acetaldehyde (Reports, 2014). 

Acetaldehyde (CH3CO) was chosen as model compound for odor active VOC emissions for the 

investigation of photocatalytic oxidation. The compound was chosen because since it has a 

boiling point of 20°C (Today, 2002), which allows a short start-up time of the system compared 

to using liquid VOC and evaporator. Also, acetaldehyde belongs to aldehydes that are well 

known to be odor active (Nagata and Takeuchi, 2003). It is mainly used as an intermediate in 

chemical synthesis processes, e.g. in the production of perfumes, polyester resins and dyes. It 

can also be used as a flavoring agent because of its fruity odor. In the decomposition process of 

ethanol acetaldehyde serves as an intermediate (EPA, 2015a). The molecule is colorless, 

solublie in water, and explosive. Exposure to acetaldehyde may lead to soar throat and 

respiratory problems. Also skin and eyes may be irritated. According to ACGIH TLV, a lifetime 

exposure of 25 ppm comes without health effects, whereas the legal limit for exposure (OSHA 

PEL) is 200 ppm (Today, 2002).  

Complete decomposition of acetaldehyde induced by hydroxyl radicals results in CO2 and H2O. 

For every acetaldehyde molecule decomposed two CO2 are formed. 

3 2 2 2

5
2 2

2
CH CHO O CO H O  
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4 Methodology 
In this chapter the experimental work and methodology of the study are presented. This includes 

experimental setup, reactor design, synthesis of photocatalysts, characterization methods and 

results, as well as TiO2 coating procedure on metal support.  

 

To be able to estimate the performance of photocatalytic oxidation for decomposition of VOCs 

(acetaldehyde) an experimental lab-scale setup was designed to investigate the performance  

when changing parameters such as humidity, temperature, concentration of VOCs, and choice 

of photocatalyst.  

 

4.1 Experimental setup 
 

 
Figure 10: Illustration of the experimental setup used for comparison of different photocatalysts. 

In the setup, compressed or technical air was heated, humidified and mixed with acetaldehyde 

before entering the reactor. After the reactor, content of humidity, acetaldehyde and CO2 were 

measured. The CO2 content in the air supply was simultaneously measured to justify the CO2 

formation in the system, i.e. complete decomposition of acetaldehyde.  

 

The system was designed to be able to vary the VOC concentration as well as the VOC itself, 

change temperature, humidity and flow rate of the system.  

 

4.1.1 Air supply & carrier gas 
Compressed air and technical air were both investigated as carrier gas in the system. 

Compressed air allowed higher flow rates than technical air in the gas supply of the laboratory 

(<10 L/min for technical air). At the same time compressed air contained a higher concentration 

of CO2. Because of too high fluctuations in the CO2 content of compressed air, technical air 

was chosen as the carrier gas in the comparison tests of different photocatalysts (more about 

this in section 4.6 and 5.1.2). The CO2 content in the air supply was measured simultaneously 

to the CO2 formed in the reactor, as presented in Figure 10.  

 

The air flow was controlled with a mass flow controller (Brooks 5850E series, max 25 L/min 

of air) and a rotameter (Aalborg, max 30 L/min of air) together with a valve. The rotameter was 

placed upstream of the mass flow controller to increase the pressure difference over the washing 

bottles and thereby enhance the humidification of air.   
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4.1.2 Heating system 
The temperature of the reactor was controlled by using heating tape twisted around the pipe 

upstream (see Figure 10). The pipe and heating tape were insulated with glass wool and 

aluminum foil. By changing the voltage of a power supply coupled to the heating tape the 

temperature of the reactor was decided. The pipe used was an LDPE pipe with 10 mm inner 

diameter. In order to control the temperature of the plastic pipe a thermo couple was placed 

between the heating tape and the pipe. The reactor itself was also insulated with glass wool and 

foil. Due to its small volume and relatively low reactor temperature the reactor temperature 

could be kept nearly constant during experiments.   

4.1.3 Humidification system 
In order to humidify the air flow, a part of the flow was bubbled through two washing bottles 

(Saveen Werner 1000 ml Porosity 2) placed in parallel in a water bath with regulable 

temperature (Grant JB1). By changing the temperature of the water bath, as well as the flow 

rate through the washing bottles, it was possible to regulate the humidity as well as the 

temperature of the system. 

Water was supplied to the washing bottles through a water tank. In this way the washing bottles 

could be continuously re-filled during experiments.  

4.1.4 VOC supply system 
Acetaldehyde was supplied to the system from a gas cylinder of 1 % acetaldehyde in nitrogen. 

The flow of gas from the cylinder was controlled by a mass flow controller (Brooks 5850E 

series, max 2 L/min of nitrogen).   

 

4.1.5 Reactor for photocatalytic oxidation 
A reactor was designed to suit for screening of photocatalysts. The reactor was made of stainless 

steel (316) and two parallel flourescent UV-lamps irradiating a removable plate coated with 

photocatalyst (size 7.8*8 cm2). The reactor volume was 0.615 dm3 with an inner width of 10 

cm, height of 7.5 cm and depth of 8.2 cm. The UV-lamps where placed in tubes of quartz glass 

that were integrated in the reactor body. An illustration of the reactor can be seen in Figure 11, 

displaying the velocity distribution in the reactor at a flow rate of 30 L/min (made in COMSOL). 
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Figure 11: Velocity distribution in the photocatalytic reactor at a flow rate of 30 L/min. Velocity distribution at 6 L/min is 
presented in Appendix. 

The design parameter considering necessary UV-exposure of the semiconductor to gain 

photocatalytic properties limits the catalytic surface area compared to catalytic systems not 

involving UV-light. Thereby it is not possible to use common support materials with a high 

surface area per volume such as monoliths and pellets. In this case, a photocatalyst plate in 

perpendicular position to the air flow was used. The air flow was forced to the photocatalyst 

plate to minimize the risk of external mass transfer limitations.   

   The reactor consisted of two metal parts separated by a gasket made of EPDM (ethylene 

propylene diene monomers) and fixed with metal screws, as presented in Figure 12. In this way 

the photocatalyst could be changed between experiments as well as being replaced by a plate 

without photocatalyst for blank tests. The temperature of the reactor during operation was 

measured with a thermocouple placed between the gasket and one of the metal parts. 

 

 

Figure 12: Illustration of the different body parts of the photocatalytic reactor. 
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To get uniform reaction conditions over the photocatalytic plate homogeneous irradiation over 

the plate was needed. The UV-lamps in the lab reactor were positioned to give 95% 

homogeneous irradiation of the photocatalyst plate. Calculations for the positioning of the UV-

lamps was done with MATLAB assuming no reflection from the reactor walls and no light 

absorption of the quartz glass and gas. The axial centres of the lamps were placed 7.4 cm from 

eachother 4.76 cm above the photocatalyst plate. The light intensity at different positions of the 

photocatalytic plate is presented in Figure 13. 

 

 
Figure 13: Light intensity distribution over the photocatalyst plate when UV-lamps are placed 7.4 cm from eachother at 4.76 
cm above the plate. Verification of light intensity distribution is presented in section 8.10 in Appendix. 

The air flow perpendicular to the photocatalytic plate causes the flow to spread over the 

photocatalytic surface. The linear velocity distribution along the photocatalyst plate at 30 L/min 

an be seen in Figure 14 and was calculated with COMSOL.  

 

 
Figure 14: Linear velocity distribution along the photocatalytic plate at a flow rate of 30 L/min. Velocity distribution at 6 
L/min is presented in section 8.7 in Appendix. 
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In addition of designing the reactor for screening of photocatalysts, the reactor was also 

designed to be able to investigate the performance of VOC decomposition with ozone in 

absence and presence of photocatalyst. Therefore the UV-lamps in the reactor were changeable 

to ozone generating lamps (irradiating 185 nm). By adding photocatalyst to the system the 

simultaneous VOC decomposition caused by hydroxyl radical formation with ozone and 

photocatalyst could be investigated.  

The UV-lamps used for the investigation of photocatatytic oxidation were Heraeus 

GPH135T5L/4 with an arc length of 5.5 cm. The lamps use 5W each to emit 1.2 W light at 254 

nm, with an irradiation profile according to Figure 15. The UV intensity according to the data 

sheet is 10 µW/cm2 at 1 m distance from the lamp [Ultraviolet, 2015 #45].  

 

 
Figure 15: Wavelength distribution for irradiance of lamps used for the PCO study [Ultraviolet, 2015 #45]. 

For the study of influence of hydroxyl radicals from ozone two ozone-generating lamps were 

used (Heraeus GPH150T5VH/4) with 6 W each. The lamps give a similar total light power (185 

& 254 nm together) and light intensity profile as the lamps used for photocatalyst screening. 

The wavelength distribution profile of the ozone-generating lamps can be seen in Figure 16. 

 

Figure 16: Wavelength distribution in irradiation from ozone-producing lamps GPH150T5VH/4 [Ultraviolet, 2015 #46].  
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Lamps were cooled with air passing through the sleeves. 
 

4.1.6 Gas analysis system 
The gas stream was analysed after the reactor to measure its content of water, acetaldehyde and 

CO2. In this way the VOC decomposition and the humidity content in the system could be 

measured continuously and simultaneously. Also the ozone concentration was analyzed when 

changing to ozone-generating lamps. 

Calibration procedure and results for mass flow controllers and gas analysis instruments is 

presented in Appendix. 

 
4.1.6.1 Humidity analysis  
To measure the humidity in the photocatalytic reactor a hygrometer (Wood’s SS-7002) was 

placed after the reactor. The hygrometer was able to measure temperature and humidity with 

0.1°C respectively 1 % accuracy. The hygrometer was placed in the centre of a glass sphere 

with gas flowing through, as illustrated in Figure 17.   

 

Figure 17: Setup of humidity analysis system. The air flow passed over the hygrometer sensor in a glass sphere. 

4.1.6.2 Acetaldehyde analysis  
To measure the decomposition of acetaldehyde in the photocatalytic reactor a PID detector 

(Dräger X-am 7000) was placed at the outlet. The PID-sensor used was a DrägerSensor® Smart 

PID – 83 19 100, designed for measuring isobutene (response factor 1). Therefore a calibration 

of the PID sensor was needed to find the response factor for acetaldehyde (presented in Figure 

47). During experiments the PID detector displayed the acetaldehyde concentration in the gas 

flow for reading.    

 

Before the PID a condensor trap and a pump was installed, to give a dry and constant flow to 

the PID as well as the CO2 meter. 

4.1.6.3 CO2 analysis 
After the PID detector a CO2 analysis instrument was placed to be able to close the mass balance 

of complete decomposition of acetaldehyde. An FLS Airloq instrument was installed 

downstream of the PID. As for the PID detector the FLS Airloq instrument displayed the 

instantaneous concentration of CO2.  
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To measure the CO2 formation in the photocatalytic system the CO2 content in the air supply 

was removed from the measured value after the reactor. To measure the CO2 content in the air 

supply, an air stream going directly from the air supply to the CO2 meter was installed (see 

Figure 10). The calculation procedure of the CO2 formation is presented in section 4.2.4. 

The instrument could also measure CO and CH4 in case of photolysis, which are the main 

products according to previous work mentioned in section 3.1. 

4.1.6.4 Ozone analysis 
To be able to estimate the ozone production of ozone-generating lamps an ozone analyzer (2B 

Technologies Model 106-L) was installed at the outlet when doing experiments involving 

ozone. 

4.2 Calculations of reactor conditions and photocatalytic oxidation performance 
In this section several equations needed to calculate the reactor conditions and CO2 formation 

are presented. 

4.2.1 Calculations of water pressure in the photocatalytic reactor  
Through Antoine equation, the relative humidity in the reactor was calculated from the humidity 

analyzer. Starting from Antoine equation and conditions in humidity analysis system: 

0.1333*10
B

A
C T

satp


  

where p is the saturated water pressure (kPa), 0.133 the transformation factor from torr to kPa, 

T is temperature (°C) in humidity analyzer and A, B, and C are component specific constants 

(for water: A=8.07131 B=1730.63 C=233.426). Since this gives the saturated water pressure, it 

was multiplied by the relative humidity from the hygrometer to find the water pressure in the 

humidity analyzer. 

*0.1333*10
B

A
C T

satp RH


  

To find the water pressure in the reactor, the water pressure in the humidity analyzer and the 

ideal gas law was used:  

,

,

*
reactor K

reactor analyzer

analyzer K

T
p p

T
  

By using the water pressure in the reactor and the reactor temperature, the relative humidity in 

the reactor could be calculated:  

 

0.1333*10

reactor
reactor B

A
C T

p
RH




  

 

4.2.2 Calculations of total gas flow  
The total flow in the system (Ftot) consisted of air supply, gas from VOC bottle, and flow of 

water gas from the humidification system. The air flows were controlled by a mass flow 

controller and a rotameter upstream of the humidification system. The flow supplied from the 

VOC supply system was controlled by a mass flow controller. The water gas flow was not 
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directly controlled as the other flows. Instead is was calculated from the water pressure found 

through the humidity analysis system.  

 

, , , 2 ( )tot air MFC air rotameter VOC MFC H O gF F F F F      

 

where ,VOC MFCF represents both acetaldehyde and nitrogen from the VOC supply. By assuming 

ideal gases, the ratio between the pressure of each flow is similar to the ratio of flow rates: 

 

, , , 2 ( )tot air MFC air rotameter VOC MFC H O gP P P P P      

 

This means that 
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and that 

2 ( ) 2 ( )H O g H O g

tot tot

P F

P F
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The temperature was based on reactor conditions. The pressure in the reactor was assumed to 

be atmospheric. By using the water pressure in the reactor (found through calculations presented 

in section 4.2.1), the flow rate of water gas was found and therefore the total gas flow.  
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4.2.3 Calculations of acetaldehyde concentration in the reactor 
The concentration of acetaldehyde in the photocatalytic reactor was calculated by the amount 

of acetaldehyde entering the reactor divided by the total flow in the system 
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supply ,

reactor

[Acetaldehyde]
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tot

F

F
  

4.2.4 Calculations of CO2 formation in the reactor 
As mentioned, the air supply contained CO2. To estimate the CO2 formation in the 

photocatalytic reactor the CO2 difference before and after the system was calculated: 

2

reactor
tot formation 2 outlet 2 air,MFC air,rotameter
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F [ ] [ ] [CO ] (F F )

( )
tot air
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CO F CO
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2
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[ ] [ ]

F
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CO CO



   

During experiments it was found that the equation did not perfectly fit to the system, since it 

did not give a value of zero in a system without lamp and photocatalyst. It was observed that 

the magnitude of the error value of the equation varied between days of  experiments. Therefore 

the final equation for calculating CO2 formation was: 

2

reactor
2 air,MFC air,rotameter

formation 2 outlet

tot

T (K)
[CO ] (F F )

( )
[ ] [ ]

F

air

airT K
CO CO E



     

where E is the error value found at measurements with UV-lamps turned off before starting 

experiments.   

4.3 Synthesis of photocatalysts 
As mentioned, photocatalysts may be doped with different elements to reduce the 

recombination rate of excited electrons as well as allowing absorbance of for example visible 

light. In the study made by Zhang and Liu (used as inspiration for this work) TiO2 was 

synthesized and exposed to visible light (>400 nm). By doping TiO2 with N the absorbance of 

visible light was enhanced, which resulted in a higher performance for N-doped TiO2. By co-

doping the TiO2 with Ni the electron-hole recombination rate was reduced which enhanced the 

performance even more.  

   Since the UV-lamps used in this study exposed the photocatalyst to 185 nm and/or 254 nm, 

doping with N was neglected. This was motivated by the lower absorbance of N-doped TiO2 at 

these wavelengths, compared to Ni-TiO2 and pure TiO2 (see Figure 6). Since the experimental 

setup used in this study involved light at 254 nm and lower, dopants enhancing light absorption 

in the visible light region were not investigated. Therefore only Ni-doping was investigated and 

compared to pure TiO2 of similar synthesis procedure.  

 

The synthesis of TiO2 (and 2-propanol) involves a precipitation reaction between titanium 

isopropoxide (Ti(OC3H7)4) and water. Precursors for the TiO2 synthesis was supplied by 

SigmaAldrich.  

 

3 7 4 2 2 3 2( ) 2 4( )Ti OC H H O TiO CH CHOH    

  

The precipitation was controlled by drop-wise addition of a solution containing diluted 

Ti(OC3H7)4 (Solution 1) to a solution with water (Solution 2). For every 10 gram TiO2, 35.59 
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g Ti(OC3H7)4 was diluted in 125.21 ml anhydrous ethanol. 62.61 ml of Milli-Q water was 

regulated to pH 1.5 with nitric acid before diluting up to 150 ml with ethanol. For synthesis of 

Ni-doped TiO2, 0.43 g of nickelous nitrate hexahydrate (NiNO3(H2O)6) (corresponding to 1.5 

mol% Ni to the amount of Ti) was added to Solution 2. Solution 1 was added to Solution 2 at 3 

ml/min under vigorous stirring at 500 rpm. After adding Solution 1 to Solution 2 the resulting 

solution was covered with parafilm and left under stirring for additional 5h. Thereafter the 

solution was aged at room temperature for 3 days to form a gel, followed by drying at 80°C for 

10h. The sample was then dissolved in ethanol (purity 96%) at a mass ratio of 1:5 (TiO2:EtOH), 

and ball-milled with ceramic balls for 2 days. The mixture was then used for dip-coating of the 

support material, described in section 4.5.  

  

4.4 Characterization of photocatalysts 
The photocatalysts used were characterised and compared through X-ray Diffraction (XRD) 

and BET surface area analysis. XRD was used to investigate the crystallinity of the 

photocatalysts as well as the anatase crystalline size. BET was used to measure the specific 

surface area of the photocatalysts.  

 

4.4.1 Commercial photocatalysts 
The commercial photocatalysts were characterized to get more specific data than presented in 

datasheets. The specific surface area from characterization indicates that the specific surface 

areas are within the range given by the suppliers. However, characterization results presents 

almost double specific surface area for P90 than for P25 presented in Table 2. From XRD results 

presented in Figure 18 it is seen that both P90 and P25 contained some rutile phase, whereas 

PC105 had a pure anatase content. 

Table 2: Characterization results on commercial photocatalysts from XRD and BET analysis. BET information from datasheets 
is presented for verification [Evonik,  #36] [Cristal, 2012 #37]. 

Photocatalyst BET (m2/g) BET (datasheet) Anatase size (nm) 

P25 53.95 50 ± 15 17.69 

PC105 86.42 90 16.56 

P90 108.10 90 ± 20 12.1 
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Figure 18: XRD results from commercial photocatalysts before doing photocatalytic oxidation test. Red reference patterns 
anatase whereas blue represents the patterns for rutile TiO2.  XRD results are presented more in detail in section 8.1.2 in 
Appendix. 

4.4.2 Synthesized photocatalysts  
Synthesized TiO2 was calcined in air at different temperatures to investigate the temperature 

dependence on specific surface area and crystallinity. From the characterization results of 

synthesized photocatalyst presented in Table 3, TiO2 calcined at two different temperatures 

were chosen for the photocatalytic oxidation study, to evaluate if a high content of anatase 

(600°C) or a large specific surface area (400°C) is deciding the photocatalytic activity. TiO2 

calcined at 400°C gave a relatively amorphous TiO2 composition with a high specific surface 

area (163 m2/g). Calcination at 600°C showed a peak corresponding to high content of anatase 

phase with a low specific surface area (32 m2/g). Ni-doped TiO2 was calcined at 600°C since 

the calcination temperature was showing higher performance in the comparison study presented 

in section 5.2. 

Table 3: Summary of BET surface areas and anatase crystalline sizes from synthesized photocatalyst calcined in air at 
different temperatures. 

Calc T (°C) BET (m2/g) Anatase size (nm) 

250 287.69 7.46 

400 162.97 8.01 

500 57.67 12.56 

600 32.13 24.49 

600 (w Ni) 37.0081 18.83 

700 25.10 24.56 
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Figure 19: XRD results from synthesized TiO2 calcined at different temperatures for 2 h. XRD was done before the 
photocatalytic study. Red reference pattern represents the peaks for anatase TiO2. Green reference pattern represents rutile 
TiO2. 

4.5 Choice of support material 
An extensive study was done to investigate the performance of TiO2 coatings on aluminum and 

stainless steel in the photocatalytic system. The treatment methods of the support material as 

well as their performance are presented below. For the investigation of coating stability P25 

was used as a reference. 

 

4.5.1 Stainless steel coating of TiO2 
A study of TiO2 coating on stainless steel made by Barati et al. (Barati et al., 2009) (presented 

in section 3.3.2) was used as main inspiration for coating procedure. Since the mass ratio 

between TiO2 and ethanol in the dip-coating slurry was unknown from previous studies, 

different ratios were investigated.  

 

Firstly, a 316L stainless steel plates of size 78*80 mm2 was carefully scratched with sand paper 

of roughness 80. Thereafter the plate was rinsed with acetone before being impregnated with 

0.5 g γ-alumina, i.e. rubbed into the nothes from sand paper scratching. The plates were then 

rinsed with acetone and ethanol, before calcination at 550°C for 5 h.  

 

After calcination, the plates were dip-coated in a stirred mixture of P25 TiO2, ethanol (purity 

96%), and 0.12 wt% ammonium polyacrylate (supplied by Witton Chemical Co. Ltd) as 

dispersing agent. Dip-coating was followed by pre-drying. The plate was horizontally dipped 

in the slurry. As observed in the study made by Barati et al., slow drying is important to avoid 

cracking in the TiO2 coating. To allow slow pre-drying, the plate was horizontally placed in a 

glass bowl covered with parafilm at room temperature until no wet spots were observed.  (see 

Figure 20(c)). After pre-drying the plates where treated at 150°C for 30 min. The procedure is 

presented in Figure 20.  
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Figure 20: Photos taken during coating procedure on stainless steel: a) 316L Stainless steel plate after being scratched with 
sand paper and rinsed with acetone. b) Stainless steel plate after impregnation of γ-Al2O3 and rinsing with acetone and 
ethanol. c) Equipment used during dip-coating of pretreated 316L stainless steel plate. d) TiO2 coating on stainless steel after 
calcination. 

The dip-coating procedure was investigated for different TiO2:EtOH ratios to see how much 

TiO2 was deposited per dip-coating. The coating procedure by dip-coating, pre-drying and 

drying was repeated several times to see how the amount of TiO2 deposited changed per cycle 

of dip-coating and drying. Results of dip-coating at mass ratios 1:4, 1:10 and 1:30 is presented 

in section 8.2 in Appendix. It was observed that a lower ratio between TiO2 and EtOH (i.e. a 

higher viscosity of the slurry) increased the risk of cracking. From the study of different mass 

ratios, 1:10 was chosen for the photocatalytic testing since it gave a non-cracking coating with 

reasonable deposition per cycle of dip-coating and drying. After dip-coating, pre-drying and 

drying, the plates were calcined at 400°C for two hours before being placed in the photocatalytic 

reactor for evaluation of stability.  

Plates dip-coated in slurry with a ratio 1:10 were evaluated in the reactor using dry and 

humidified compressed air. Results from dip-coating of the plates used in the experimental 

testing is presented in Figure 21. Results from the experimental testing of TiO2 coated on 

stainless steel is presented in section 5.1.1.  
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Figure 21: Results from dip-coating stainless steel plates used for experimental testing. Plate coated according to red line 
was used for results presented in Figure 27. Plate from blue line was used in results presented in Figure 29.  

Preliminary tests on the experimental setup to investigate the photocatalytic oxidation 

performance with P25 TiO2 were done with stainless steel plates coated with TiO2. Because of 

severe instability of the coating during experiments, this coating procedure was not used for the 

comparison study of different photocatalysts. Results from investigating the stability of TiO2 

coated on stainless steel at dry and humid conditions (presented in Figure 22) show coating 

instabilities. Tests were performed for 24h at 30 L/min, 50°C at dry and humid conditions in 

absence of acetaldehyde and UV-light.   

 

 
Figure 22: Results of dry (left) and humid (right) investigation of the stability of TiO2 coated on stainless steel for 24 h at 30 
L/min and 50°C.  

Because of the serious lack of coating stability on stainless steel another coating procedure was 

needed for the investigation of photocatalytic activity of different TiO2. Therefore a study was 

made on the TiO2 coating on aluminum.  
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4.5.2 Coating of TiO2 on aluminum 
Aluminum plates of 78*80 mm2 were scratched with P80 sandpaper before calcination at 600°C 

for 15 hours in air. The plates were then treated in a mixture of 70 ml of 36 % hydrochloric acid 

and 330 ml deionized water under stirring at 200 rpm for 1.5 hour. 

 

Figure 23: Photos taken from acid treatment of aluminum plate. a) represents the acid treatment where the acid solution is 
continously stirred. During tests the glass bowl was covered with parafilm. b) shows the result of treating an aluminum plate 
in the acidic solution for 1.5 h. 

Plates were then rinsed with water and dried for 10 minutes at 74°C before being coated with 

alumina (Puralox HP 14/150) through dip-coating. In order to only coat one of the sides of the 

plate, one side was covered with tape before dip-coating. The slurry consisted of a mixture of 

ball-milled alumina and ethanol (purity 96 %) at a mass ratio of 1:12. The ball-milling of 

alumina Puralox was done with ceramic balls in a mixture with ethanol of mass ratio 1:5. The 

plates were dipped in the slurry, dried with compressed air followed by drying at 74°C for 20 

minutes. Thereafter excess alumina was carefully removed from the coated side as well from 

the tape side, followed by weighing. This procedure was repeated several times until each plate 

had coated with about 20 g/m2 of alumina. Results from alumina coating are presented in Figure 

24.  

 

Figure 24: Results on dip-coating aluminum plates in alumina slurry. These plates were used in the experimental comparison 
of different photocatalysts.  
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After removing the tape, the plates were calcined at 550°C for 6h before being dip-coated in 

TiO2. Each type of TiO2 tested was ball-milled for 2 days at similar conditions as for alumina. 

The TiO2 dip-coat slurry consisted of TiO2 powders (either commercial or synthesized) in 

ethanol at a mass ratio of 1:12 together with 0.12 wt% of the dispersing agent, as presented in 

section 3.3.2. The dip-coating procedure was done in the same way as for alumina and repeated 

until each plate had reachd around 50 g/m2, as shown in Figure 25. Thereafter all plates were 

calcined at 400°C for 2h before being evaluated in the photocatalytic reactor. 

 
Figure 25: Coating of photocatalyst on pretreated aluminum plates. These plates were used in the experimental comparison 
of different photocatalysts.  

To evaluate the stability of TiO2 coating on aluminum, a plate coated with 50 g/m2 of P25 TiO2 

was tested at 50°C with a flow rate of 30 L/min (compressed air) for 24h at dry conditions 

followed by 24h at humid conditions. As presented below humidity significantly influence the 

stability of the coating. However, the coating presents higher stability than similar tests done 

on TiO2 coated on stainless steel.   

 

 

Figure 26: Results of investigation stability of TiO2 coating on aluminum at 30L/min and 50°C:a) after finalizing coating 
procedure, b) after 24h at dry condition, c) after additional 24h at humid conditions. 
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4.6 Experimental procedure for investigating photocatalytic oxidation 
As mentioned in section 4.1, the system was designed to fit to a flow rate of 30 L/min, to meet 

similar residence time to industrial photoreactors. The depth of the reactor was decided by the 

length of the lamps. To be able to estimate the decomposition of acetaldehyde to CO2, the 

concentration of both species was measured after the reactor. During preliminary testings with 

compressed air and TiO2 on stainless steel. it was observed that compressed air had a high CO2 

content (appr. 600 ppm) with fluctuations overcoming the acetaldehyde decomposition. 

Furthermore, the PID displayed only decomposition every 5.5 ppm decomposed because of its 

low response factor for acetaldehyde (see Figure 48). During preliminary tests of the system it 

was observed that the humidity content influenced the concentration displayed on the PID (see 

Figure 29). This occurred both by disturbing the signal and possible absorption of acetaldehyde 

in the condensor trap. Therefore the gas analysis instruments of CO2 and acetaldehyde were not 

able to present accurate performance of the photocatalytic oxidation when using compressed 

air. 

After investigating the issues regarding gas analysis it was decided to use technical air as carrier 

gas. Technical air contained a low amount of CO2 (appr. 15 ppm) without fluctuations 

disturbing the decomposition measurement. However, the technical air flow rate could not 

exceed 10 L/min because of supply limitations in the laboratory. This allowed measuring the 

decomposition of acetaldehyde by looking at the CO2 formation, which was used as the primary 

analysis method for comparing the different photocatalysts. By reducing the flow rate, the 

residence time and the velocity distribution in the reactor was changed (velocity distribution 

profiles are presented in section 8.7 in Appendix). To investigate if the gas stream was seriously 

bypassing the photocatalyst plate (i.e. if the flow did not reach the surface), a metallic pipe was 

integrated from the reactor inlet to 0.5 cm above the plate. The idea of this was to force the flow 

to get in contact with the photocatalyst if their was any significant bypass. Photo of the metallic 

pipe integration and velocity distribution profiles in presence of the pipe is presented in section 

8.8 in Appendix. 

In next section the results from the preliminary tests are presented and discussed followed by 

the results of the photocatalyst comparison. Therafter results of decomposition with ozone- 

generating lamps are presented as comparison to the photocatalytic activity. 
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5 Results & Discussion 
In this section results of the experimental investigation of photocatalytic oxidation is presented 

and discussed. Firstly, results of preliminary tests is presented followed by results of the 

photocatalyst comparison. Finally, the utilization of ozone-generating lamps in absence or 

presence of photocatalyst is presented. 

5.1 Preliminary tests 

5.1.1 Investigation of acetaldehyde decomposition at different concentrations 
As mentioned in section 4.6 preliminary tests were carried out with compressed air and TiO2 

coated on stainless steel. Firstly, the difference in acetaldehyde decomposition when varying 

the concentration was investigated. As seen in Figure 27, no clear trend in decomposition seen 

in CO2 and acetaldehyde levels was observed. Regarding to the CO2 meter the rate of 

decomposition was relatively stable, whereas the acetaldehyde analysis instrument showed an 

increasing decomposition with concentration. Even though the decomposition was similar at 

120 ppm, the standard deviation is too high from the results from the CO2 level to tell that the 

analysis instruments show similar decomposition. 

 

 

Figure 27: Acetaldehyde decomposition observed on CO2 meter (orange) and PID (blue) during preliminary tests with 
compressed air at 30 L/min. Tests were done at 60°C and 30 % RH with TiO2 coated on stainless steel. 

Because of the difference in trends between the analysis instruments, the results were validated 

with blank tests, presented in next section. 

5.1.2 Validation of analysis instruments and CO2 content in air supply 
To be able to validate the analysis instruments the results in CO2 formation and acetaldehyde 

decomposition were compared to blank tests. Thereby the photocatalyst plate was replaced by 

a blank plate with UV-lamps turned off.  

 

To validate the CO2 analysis instrument, the difference in CO2 content in the air supply and 

after the reactor was measured as blank test (shown in Figure 28). For this, the equation 

presented in section 4.2.4 was used. According to the equation, the CO2 difference between the 

flow before and after the reactor varied within the range of 8 ppm CO2 (only caused by 

fluctuations of CO2 content in compressed air). Because of these high fluctuations in CO2 level 
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it was not possible to make an accurate evaluation of photocatalytic performance using 

compressed air as carrier gas.  

 

 

Figure 28: Results of blank test to measure CO2 fluctuations in compressed air with the equation presented in section 4.2.4. 

The acetaldehyde analysis instrument was evaluated by comparing a photocatalytic oxidation 

test (35 L/min & 45 ppm) to a number of blank tests done at different concentrations and flow 

rates. The results are presented in Figure 29. For the photocatalytic oxidation experiment, the 

PID displayed a decrease in acetaldehyde content when increasing the humidity. A similar trend 

was observed for blank tests done at 85 ppm and 17 & 35 L/min.  For the blank tests at 85 ppm 

it was observed that reducing the flow rate decreases the error on the PID caused by water 

content. The reason why the blank tests at 85 ppm reduces the concentration measured by the 

PID is thought to be that acetaldehyde is absorbed in the water condensing in the condensor 

trap. For the lower flow rate (17 L/min), less acetaldehyde was trapped in the condenser which 

reduced the error on the PID. We are speculating that this could be caused by the higher amount 

of water condensing (g/min), which allows absorption of more acetaldehyde. Even though the 

ratio between acetaldehyde and water content was similar in both cases, at higher flow rate it is 

likely that water absorbs more acetaldehyde. 

 

 

Figure 29: Results of comparing a photocatalytic oxidation experiment to three different blank tests. 

0

2

4

6

8

10

12

C
O

2
m

ea
su

re
d

 (
p

p
m

)

0

5

10

15

20

25

30

35

40

45

0 2 4 6

A
ce

ta
ld

eh
yd

e 
d

ec
o

m
p

o
si

ti
o

n
(%

)

Water pressure (kPa)

45 ppm, 35 L/min

Blank (85 ppm, 35 L/min)

Blank (85 ppm, 17L/min)

Blank (170 ppm, 7 L/min)



 
38 

 

Because of the low accuracy in determining the photocatalytic performance using compressed 

air, a blank test was done with technical air at 170 ppm of acetaldehyde and 7 L/min of air (see 

Figure 29). The blank test did not display any decrease in concentration on the PID when 

increasing the humidity content, i.e. not affected by the water content. 

CO2 fluctuations in technical air were measured simultaneously during the blank test for the 

PID. As for the blank test of CO2 fluctuations in compressed air, the difference between CO2 

content in air supply and after the reactor was measured through equation presented in section 

4.2.4. As seen in Figure 30, the CO2 fluctuations are within the range of 2 ppm.  

 

Figure 30: Results of blank test to measure CO2 fluctuations in technical air. The test was done simultaneously to the blank 
test of PID for technical air presented in Figure 29. Standard deviation in CO2 concentration observed was 1.3 ppm. 

From the blank tests of both analysis instruments for the two different air supplies, it was 

decided to use technical air for the comparison of different photocatalysts. Preliminary 

photocatalytic oxidation tests with compressed air were done with TiO2 coated on stainless 

steel.  

5.1.3 Photocatalytic oxidation performance at different conditions  
Because of the low accuracy on the PID caused by its low response factor for acetaldehyde, the 

CO2 meter was used as the primary analysis instrument for decomposition. Also, the CO2 meter 

displayed how much acetaldehyde that had been decomposed to CO2 and H2O i.e. not just 

converted into an intermediate.  

   When switching to technical air, the flow rate was decreased to 7 L/min (velocity distribution 

simulations at 6 L/min is presented in Figure 51 and Figure 52 found in section 8.7 in 

Appendix). To investigate if this reduces the performance of the stagnation point reactor (i.e. 

bypass of gas around the photocatalyst plate) a metallic pipe (inner diameter 4 mm) was 

integrated into the reactor. The reason for integrating the metallic pipe in the reactor was to 

investigate potential bypass (as mentioned in section 4.6). From the results investigating 

potential bypass (presented in Figure 31) no problem was observed. Instead tests done in 

absence of the metallic pipe presented a higher performance. The reason for this is thought to 

be caused by a balance of external mass transfer and linear velocity along the photocatalytic 

plate. Indeed, in presence of the metallic pipe the linear velocity across the photocatalytic plate 

is higher (see Figure 55 in section 8.8 in Appendix), i.e. the boundary layer for mass transfer 

from the bulk to the photocatalyst is reduced. By increasing the linear velocity along the plate 

the contact time between photocatalyst and acetaldehyde is reduced. Conlusions that can be 

drawn from this tests is that the photocatalytic performance is limited by external mass transfer 

limitations. Also, the pipe does not enhance the performance as the reduction of contact time 
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between gas flow and photocatalysts is more determining than the reduction of mass transfer 

resistance over the boundary layer.  

 

Figure 31: Investigating the utilization of a metallic pipe to increase the performance of the reactor at 7 L/min. Tests were 
done at 67°C, 20 % RH and 310 ppm acetaldehyde. 

Performance of photocatalytic oxidation of acetaldehyde at two different conditions were 

investigated with technical air at 7 L/min presented in Figure 32. Tests were done with two 

different amounts of TiO2 (P25) at two different reactor conditions (concentration, temperature 

and humidity). It was observed that the test done at lower concentration of acetaldehyde and 

higher amount of TiO2 give higher performance. Therefore these conditions were chosen for 

the comparison of different photocatalysts. 

 

Figure 32: Investigation of two different reactor conditions with two different amount of P25 TiO2 on aluminum plates. 

The difference in performance for the two different conditions could be caused by the amount 

of photocatalyst in each system. By calculating the acetaldehyde decomposition per gram of 

TiO2 (presented in Figure 33) no significant difference can be observed between the two 

experiments. Therefore the amount of photocatalyst could be the reason for the difference 
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between the two experiments. However, this trend was not confirmed in further testing but 

might be of interest for future studies.  

 

Figure 33: Acetaldehyde decomposition per gram of TiO2 (P25), investigated at different reactor conditions. By assuming that 
photocatalysts have a certain capacity of degrading acetaldehyde (in terms of molecules per gram and second) the 
performance per gram should not significantly change when varying the amount of TiO2.  

5.2 Comparison of different photocatalysts 
In this section the photocatalytic oxidation performance of the different photocatalysts is 

presented and discussed. This is followed by the results of coating stability (during the 

comparison study) for each photocatalyst. For the comparison between the oxidation 

performance of different photocatalysts only the results from the CO2 meter was used. The 

results of the PID had a low accuracy (as mentioned in section 8.9 in Appendix), as well as not 

displaying the complete decomposition of acetaldehyde as the CO2 meter does. 

5.2.1 Photocatalytic oxidation results  
Comparison of the performance of different TiO2 photocatalysts were carried out at the 

conditions showing the highest performance established in the previous tests. Commercial 

photocatalysts showed a higher performance for decomposing acetaldehyde at given reaction 

conditions. Each test was carried out for 6 h of photocatalytic oxidation after 3h of process 

startup (in order to have steady state conditions). Among the commercial photocatalysts P90 

showed significantly higher performance than PC105 and P25. It is believed that a large specific 

surface area is of major importance for photocatalytic performance for TiO2 with high anatase 

content, since the trend of crystalline sizes seems to be related to the one for photocatalytic 

oxidation performance. This is motivated by the specific surface areas having a similar trend in 

specific surface area as the photocatalytic performance observed.    

   The trend in PC105 showing slightly higher performance than P25 agrees with the observation 

from the photocatalytic comparison made by Bianchi et al. [Bianchi, 2014 #27]. Even though 
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the reactor systems are very different (batch compared to continuous) the trend is similar for 

the two photocatalysts. 

 

 

Figure 34: Comparison of different TiO2  for decomposition of acetaldehyde. Tests were done at 7L/min with 170 ppm, 53°C 
and 20% RH. Results are based on CO2-meter results. More exact data is presented in Table 4. 

Table 4: Magnitude of acetaldehyde decomposition for TiO2 photocatalysts, presented in Figure 34. 

  

Acetaldehyde 

decomposition 

(%) 

Standard 

deviation 

P90 10.5 0.41 

PC105 6.8 0.59 

P25 6.2 0.37 

TiO2 600 3.7 0.67 

TiO2 400 3.3 0.95 

Ni-TiO2 2.0 0.43 

    

For the synthesized photocatalysts the trend was not as clear as for the commercial samples. All 

of them show significantly lower performance than commercial photocatalysts. Also, none of 

the synthesized photocatalysts show significantly higher/lower performance than one of the 

others. TiO2 calcined at 600°C was showing slightly higher performance than TiO2 calcined at 

400°C. However, the two photocatalysts showed a serious difference in coating stability, 

presented in section 5.2.2. Therefore the difference in coating stability could be the reason for 

why the two photocatalysts showed similar performance in acetaldehyde decomposition. 

According to the conclusions drawn from the difference in performance for commercial 

photocatalysts, a high amount of anatase (i.e. high anatase peak in XRD-diffractogram) is 

important together with a high specific surface area. For the two synthesized TiO2 samples, the 

one calcined at 400°C had higher surface area (163 m2/g) than commercial samples but a lower 

amount of anatase. The one calcined 600°C had a lower surface area (32 m2/g) than commercial 

samples but a high anatase content. Interestingly, the synthesized TiO2 calcined at 600°C has a 

a lower specific surface area than P25 (i.e. following the similar trend in performance as 

commercial photocatalysts). At the same time the results for the 600°C sample does not 

significantly differ from TiO2 calcined at 400°C. By that said, the amount of anatase TiO2 seems 
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to be more important for photocatalytic oxidation than only the surface area of TiO2 

(independent of crystalline structure). 

As in previous studies by Zhang and Liu [Zhang, 2008 #28] pure TiO2 and Ni-doped TiO2 show 

lower performance than P25 for degrading aldehyde compounds. From the results obtained by 

Zhang and Liu it is obvious that the N-doped TiO2 show enhanced performance because of its 

absorbance properties in the visible light spectrum. The shorter wavelengths used in this study 

(254 nm) was thought to enhance the performance of Ni-doped photocatalyst over pure TiO2 

and P25 in this study. Apparently, this what not the case. N-doped TiO2 was not investigated in 

this study because of its reduced absorbance of light in the UV region of the system.  

By comparing the efficiency of the photocatalytic reactor to the one used in by Zhang and Liu, 

the reactor is showing high performance in terms of decomposition per watt. The UV-lamps in 

the reactor consumed 10 W whereas the UV-lamp used by Zhang and Liu consumed 500W. In 

their study P25 decomposed more or less 2 ppm/min in the batch reactor during the first 20 

minutes of experiment. P25 decomposed more or less 10.5 ppm as an average in the comparison 

test of this project. However, a proper comparison of the two systems is hard to make since the 

temperature and humidity content is unknown in the previous work, as well as the reactor types 

being of different models (batch and continuous). Also the amount of TiO2 was different in the 

two cases.  

Ni-doped TiO2 (calcined at 600°C) show the lowest performance of synthesized photocatalysts. 

According to characterization results (presented in section 4.4) it had a smaller anatase 

crystalline size and larger surface area than pure TiO2 calcined at same temperature. Also, Ni-

doping should reduce the electron-hole recombination rate and not affect the crystalline 

structure of TiO2. The reason for why the Ni-doping did not enhance the performance of 

synthesized TiO2 could be that Ni-doping caused serious coating instabilities. According to the 

results of coating stabilities (presented in next section) Ni-doped TiO2 was the one showing 

lowest stability over the photocatalyst surface (not only at the stagnation point).  

5.2.2 Coating results 
As seen in Figure 35 the photocatalysts presented different coating stabilities during the 

comparison test. In the cases of coating instabilities, erosion was observed at the centre of the 

plate. This was caused by the inlet gas flow hitting the photocatalyst plate at the stagnation 

point.  

Even though the photocatalysts presented different coating instabilities, no significant weight 

losses of TiO2 was observed i.e. the photocatalysts have moved on the plate. If the issue of 

coating instabilities affected the results of photocatalyst performance, this could mean that loose 

TiO2 covered the UV exposure to other TiO2 deposited to the plate. When TiO2 is moved on 

the plate (as observed in Figure 35) the photocatalytic surface area is reduced. This could be a 

sign of uniform spreading over the photocatalytic surface being more important than the 

thickness of the photocatalytic coating. Although, this is only the case when 100 % of the plate 

surface area is coated with TiO2. At some point of coating thickness there might be a point 

when bottom layers of TiO2 are not reached by the light and become ineffective. 

By comparing the difference in coating stability, no clear trend between photocatalytic 

performance and the coating stability can be seen. P90 shows both highest coating stability and 

photocatalytic performance. In the comparison of photocatalytic performance no significant 

difference was seen between PC105 and P25. This could be caused by the difference in coating 

stability rather than the difference in photocatalytic performance. If the speculations of the 

deciding factors for high photocatalytic performance being high anatase composition at high 
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specific surface area, PC105 should have a higher performance. However, this was not 

investigated in the study.  

 

Figure 35: Results of coating stability after 24h at 7L/min, 53°C and 20 % RH. The order of photocatalytic activity goes from 
top left (P90) to bottom right (600°C Ni). 

Common to all of the synthesized photocatalysts is coating instabilities being more serious than 

for commercial samples. The reason for this could be that the particle size of synthesized TiO2 

is larger than for commercial TiO2, which makes the coating more unstable. The phenomenom 

of particle size being a deciding parameter for coating stability was observed during the coating 

procedure. For dip-coating in synthesized TiO2 after being ball-milled for two days, serious 

issues of coating instabilities were observed already after the calcination treatment (photo can 

be found in section 8.3 in Appendix). In one experiment, the synthesized TiO2  was ball-milled 

for one week before coating the plate. In this case, no difference in coating stability after 

calcination was visually observed compared to commercial photocatalysts. Still, this could be 

a deciding issue for why synthesized photocatalysts show lower coating stability than 

commercial TiO2. Also, the purity of synthesized TiO2 was not investigated. Therefore, it is 

possible that impurities in the synthesized sample cause reduced coating stability compared to 

commercial TiO2. 

5.3 Combined performance of acetaldehyde decomposition with ozone and 
photocatalyst 
To compare the performance of photocatalytic oxidation to other treatment methods using 

hydroxyl radicals, the highest performing photocatalyst was compared to a system using ozone 

for generating hydroxyl radicals. This was done by replacing the 254 nm lamps with ozone-

generating lamps (185 & 254 nm, see Figure 16) and replacing the photocatalyst with a blank 

plate. The ozone-generating lamps produced 12 ppm ozone. The results from ozone 

decomposition were compared to P90 and to P90 exposed to UV from ozone generating lamps, 

presented in Figure 36. The system presented a higher performance for degrading acetaldehyde 

with photocatalysts than with ozone-generating lamps. The combined effect of using P90 in 

presence of ozone-generating lamps increased the performance compared to only using 

photocatlytic oxidation. However, the performance of the combined systems was thought to be 
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similar to the sum of the performance of each individual system. This is because hydroxyl 

radical formation with ozone occurs in the bulk flow, whereas hydroxyl radical formation with 

photocatalyst occurs heterogeneous on the photocatalyst. Ozone concentration was similar in 

the combined system as in the individual system, i.e. the performance in decomposition should 

be similar. Therefore decomposition through photocatalytic oxidation is thought to be reduced 

with ozone-generating lamps, since the light intensity on the plate is lower. Still, the results 

show that the systems can be combined to increase the performance of photoreactors for VOC 

abatement.  

The reactor used was designed for investigating photocatalytic oxidation and not ozone 

decomposition. A system involving ozone is more dependent on the turbulence in the bulk flow 

than for tests only using photocatalytic oxidation.   

 

 

Figure 36: Results of investigating the effect of decomposing acetaldehyde with ozone generating lamps at similar reactor 
conditions and lamp power (12 W compared to 10 W for photocatalytic testing) in absence or prsesence of P90. Results 
present acetaldehyde decomposition with ozone generating lamps in absence and presence of photocatalysts. Also, the 
results of the photocatalyst showing highest performance for degrading acetaldehyde is presented as reference.  

Table 5: Data presented in Figure 36. 

System 

Acetaldehyde 

decomposition 

(%) 

 185 nm 9.09 

 P90 10.49 

 185 nm + P90 11.73 

 

Also the photolysis effect for degrading acetaldehyde as reactor conditions was investigated. 

For this test, no decomposition was observed. The photolysis effect was investigated through 

blank tests by observing CO and CH4 concentration simultaneously to CO2 during experiments.

  

5.4 Future work 
Since this study was a primary investigation on the performance of photocatalytic systems, 

further work is needed to enhance the validity, long-term stability and efficiency for possible 

0

2

4

6

8

10

12

14

A
ce

ta
ld

eh
yd

e 
d

ec
o

m
p

o
si

ti
o

n
 (

%
)

185 nm

P90

185 nm + P90



 
45 

 

utilization of photocatalysts for VOC abatement in industrial solutions. In this chapter some 

ideas on future work of the study is presented. 

5.4.1 TiO2 coating & repetition of photocatalyst comparison 
As presented, the procedures for coating TiO2 on stainless steel and aluminum present 

instabilities after tests of 24 h in the system. To investigate if coating instabilities influenced 

the observed photocatalytic performance, a more stable coating is needed. Also, observed 

parameters influencing the coating stability needs to be further investigated (e.g. the 

dependence on particle size and TiO2 purity).  

For future investigation on TiO2 coatings, more commonly used support materials such as 

ceramic materials can be used. Ceramic support is one of the most common support materials 

in catalytic applications on industrial scale, which talks for more experience in coating 

procedure.   

Since only one test was done with each photocatalyst in the comparison test, repetitions of 

experiments would enhance the validity of the results. If so, the coating stability is one of the 

major factors to control and to keep independent from performance results. 

5.4.2 Investigate different reactor conditions 
The photocatlayst comparison test was only investigated at fix reactor conditions. It could be 

interesting to see how the photocatalysts are performing at different reactor conditions, to see 

if the order of performance is similar as well as the magnitude of decomposition. Parameters 

that could be investigated is for example humidity, temperature, flow rate, VOC concentration 

and the VOC compound itself. By investigating the performance for decomposing a mixture of 

VOCs, the investigation of photocatalytic oxidation will be more realistic to industrial 

conditions. However, this requires more advanced analysis instruments than what was used in 

this study.   

 

As mentioned in section 5.1.3 it could be of interest to see if the amount of photocatalyst 

influences the performance of the system. Obviously, the system will give higher performance 

with more photocatalyst exposed to UV-light. However, there might be a limit in the coating 

thickness where the decomposition no longer is enhanced by adding more photocatalyst i.e. 

additional photocatalyst covers UV-exposure of existed TiO2. 

Since this investigation was carried out in a reactor designed for screening of photocatalysts, 

the magnitudes of decomposition may not be representable to reactors used in industrial case. 

Therefore, further investigation to involve changing the reactor design to see how this affects 

the performance. For example, the inner walls of a photoreactor utilizing ozone for VOC 

treatment could be coated with photocatalyst to see how the performance is affected. However, 

this is a future study after completing the investigation of photocatalyst, their performance and 

coating stability.  

 

5.4.3 Investigation of doped TiO2  
Since the results of the Ni-doped TiO2 was not following the expectations of performance 

compared to pure TiO2 it could be interesting to investigate the dependence on the amount of 

Ni-dopant in the photocatalyst. Doping of commercial TiO2 could be interesting to see if it 

enhances their activity compared to what was observed for doping of synthesized TiO2. Also, 

other dopants and doping procedures could be of interest.  
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6 Conclusions 
An experimental setup to investigate the photocatalytic oxidation performance of different TiO2 

was designed. Also, a reactor was designed for photocatalyst screening during homogeneous 

irradiation. Both commercial TiO2 and TiO2 synthesized through the sol-gel method was 

investigated in the study. TiO2 coating on aluminum was chosen over stainless steel as it 

presented a higher coating stability at reaction conditions. P90 showed significantly higher 

performance in decomposing acetaldehyde at investigated reactor conditions than the other 

photocatalysts. Commercial TiO2 showed significantly higher performance than synthesized 

TiO2. For commercial TiO2, the deciding parameters for enhanced performance in 

photocatalytic oxidation was thought to be high anatase content and high specific surface area. 

This trend agreed for P90, P25 and PC105. However, the difference in performance may have 

been influenced by varying coating stability.   

   The reason why commercial TiO2 show higher performance than synthesized TiO2 was 

speculated to mainly be caused by coating instabilities. Trends in smaller particle size 

enhancing the coating stability was observed. Because of the lack of characterization tests on 

synthesized photocatalysts, this could not be verified.  

   Overall, similar trends in relative performance of different photocatalysts was observed as in 

previous works. The reactor used in this study was showing higher performance than reactors 

used in previous works in terms of energy efficiency. However, this might be influenced by the 

amount of TiO2 in the reactor.   
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8 Appendix 
8.1 Characterization results on synthesized TiO2 

Below plots on characterization results from BET and XRD analysis is presented.  

8.1.1 Plots of BET and anatase crystalline size for different calcination temperatures 
 

 

Figure 37: Results of surface area characterization of synthesized photocatalyst calcined at different temperatures for 2h. 
Data is presented in Table 3. Red value represents the surface area for the Ni-doped TiO2. 

 

Figure 38: Results from XRD analysis on how the anatase crystalline size varies with calcination temperature. Data is 
presented in Red value represents the surface area for the Ni-doped TiO2. Data is presented in Table 3.. 
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8.1.2 XRD diffractograms from characterization tests 

 

Figure 39: Full XRD results from analysis of commercial TiO2. 
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Figure 40: Full XRD results from analysis of synthesized TiO2. 
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8.2 Results from dip-coating stainless steel plates with different TiO2:EtOH 
 

Different mass ratios of P25 TiO2 and ethanol (purity 96%) with 0.12wt% ammonium 

polyacrylate was investigated – 1:4, 1:10, and 1:30. As seen for results of 1:4 (TiO2:EtOH), 

serious cracking was observed after the slow pre-drying.  
 

 

Figure 41: Results after pre-drying of stainless steel plate dip-coated once in a mixture of P25 TiO2 and ethanol (purity 96%) 
at mass ratio of 1:4 with 0.12w% dispersing agent. 

For slurry of ratio 1:30 a stable non-cracking coating was observed after each round of dip-

coating, pre-drying and drying. However, the deposition process is requires many dip-coating 

cycles before an amount of 50 g/m2.   

 

 

Figure 42: Dip-coating done in a mixture of P25 TiO2 and ethanol (purity 96%) at mass ratio of 1:30 with 0.12w% dispersing 
agent. 
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Dip-coating slurry of ratio 1:10 was investigated to see if a higher viscosity is possible to deposit 

more TiO2 per dip-coating without cracking during pre-drying. Results were promising and the 

mass ratio of the slurry was chosen for the coating for photocatalytic oxidation. 

 

Figure 43: Dip-coating done in a mixture of P25 TiO2 and ethanol (purity 96%) at mass ratio of 1:10 with 0.12w% dispersing 
agent. 

 

8.3 Issues of coating instabilities of synthesized TiO2 

 

Figure 44: Coating instabilities of synthesized TiO2 ball-milled for two days (48h). This was observed after calcining the plate 
coated with TiO2. 
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8.4 Calibration methods  
Below calibration methods and calibration results of mass flow controllers as well as analysis 

instruments are presented. 

8.4.1 Calibration of mass flow controllers 
The mass flow controllers for supply of air and VOC were calibrated with a bubble flow meter 

and a stop watch. By taking several measurements at each flow regulator setting (presented in 

Figure 45 and Figure 46) the flow through the mass flow controller was found. 

 

 

Figure 45: Calibration curve for the mass flow controller for air supply. The mass flow controller was calibrated with 
compressed air. 
 

 

 
Figure 46: Calibration curve for the mass flow controller for VOC supply. The mass flow controller was calibrated with 
nitrogen. 

 
8.4.2 Calibration of analysis instruments 

8.4.2.1 PID calibration 
To find the response factor of the PID sensor for acetaldehyde, the calibrated mass flow 

controllers for air and VOC supply delivered different acetaldehyde concentrations to the PID. 

The flow rate was constant for all tests and similar to the flow rate through the PID during the 

experimental work of the study.  

 

y = 0,2927x
R² = 0,9988

0

5

10

15

20

25

30

35

0 20 40 60 80 100

L/
m

in

Flow regulator (%)

y = 0,0236x
R² = 0,9914

0

0,05

0,1

0,15

0,2

0,25

0,3

0,35

0,4

0 2 4 6 8 10 12 14 16

L/
m

in

Flow regulator (%)



 
56 

 

 
 

Figure 47: Calibration of PID detector to find the response factor of the PID sensor for acetaldehyde.  

The response factor found was 0.181, meaning that the acetaldehyde concentration displayed 

on the PID was 18.1% of the actual acetaldehyde concentration. This is illustrated in Figure 48. 

 

 

Figure 48: PID signal displayed for different acetaldehyde concentrations. The reason for the low response factor is the PID 
sensor calibrated for isobutene. 

 
8.4.2.2 CO2 meter calibration 
Calibration of CO2 meter was done at pure nitrogen as well as for a certain content of CO2, CO 

and CH4. For the calibration, pure nitrogen and a calibration bottle of a gas mixture of the 

compounds in nitrogen was used. A bubble flow meter and a stop watch was used for the 

calibration. 
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8.5 Experimental setup 

 

Figure 49: Photo of experimental setup 

 

 

8.6 Synthesis of photocatalysts 

 

Figure 50: Photo of photocatalyst synthesis, where Solution 1 is dropped into Solution 2 under stirring. 
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8.7 Velocity distributions at 6 L/min 

 

Figure 51: Velocity distribution in the reactor at 6 L/min. 

 

 

Figure 52: Velocity distribution on the photocatalytic surface at 6 L/min. 
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8.8 Investigation of external mass transfer limitations 

 

Figure 53: Metallic pipe was integrated in the reactor to investigate external mass transfer limitations of the photocatalyst 
when changing from compressed air to technical air. 

 

Figure 54: Velocity distribution in tests done with metallic pipe. 
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Figure 55: Linear velocity distribution across the photocatalytic plate at tests done with metallic pipe.  

8.9 Comparison results 

 

Figure 56: Results from tests comparing the photocatalysts. The results are the same as in Figure 34 but presented from the 
fluctuations in humidity for the different photocatalsts.  
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Figure 57: Comparison of different TiO2 photocatalysts for decomposition of acetaldehyde. Tests were done at 7L/min at 
170 ppm, 53°C and 20% RH. Results are based on PID results. 

8.10 Verification of light intensity in photocatalytic reactor  
The UV-C intensity in the reactor was verified at similar reactor conditions to the photocatalyst 

comparison tests. A UV-C sensor was placed at four different positions in the reactor for 

measuring the intensity (see Figure 58). The results are presented in Figure 59. 

  

Figure 58: Positioning of UV-sensors when verifying the UV intensity in the reactor. 

 

 
Figure 59: UV-C intensity measured at different positions at the bottom of the reactor. 

The light intensity measured is less than half of the magnitude from the light intensity calculated 

with MATLAB. In the calculations no light absorption was assumed between the photocatalyst 

plate and the UV-lamps. The low light intensity measured is thought to be caused by absorbance 

of quartz sleeves and by the gas between the lamps and the photocatalysts. According to 

measured light intensities the homgeneity of light reaches minimum 83 %.  
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