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The objective of this thesis was to study the effect of pulsed electric field on the 
preparation of TiO2 nanoparticles via sol-gel method under the visible light irradiation. 
The literature part introduces properties of different TiO2 crystal forms and principle 
of photocatalysis. It was expected that pulsed electric field would have an influence 
on degradation for oxalic acid and formic acid. TiO2 samples were prepared by using 
three frequencies (50Hz, 294Hz, and 963Hz) and two treatment times (12 minutes and 
24 minutes) of pulsed electric field. The photocatalytic activities of TiO2 samples 
produced with sol-gel method were also compared with the TiO2 particles made by 
previous study and with the commercial TiO2 powder Aeroxide® (Evonic Degussa 
GmbH) at the same condition. Results show that pulsed electric field does have an 
effect on degradation for oxalic acid and formic acid. Generally, higher photocatalytic 
activities for oxalic acid and formic acid were obtained with lower frequency and 
longer treatment time of pulsed electric field 
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1. Introduction 

1.1 Background 

In photocatalysis the photoreaction occurs by the photochemical reaction at a solid 

surface, which is usually a semiconductor [1]. There are at least two reactions 

occurring simultaneously. Firstly, there is oxidation from photogenerated holes. 

Second one is reduction from photogenerated electrons. Both processes must be 

balanced precisely in order that the photocatalyst itself do not undergo change, which 

is, after all, one of the basic requirements for a catalyst [2, 3]. 

 

In 1791, Gregor discovered the titanium metal in England. Titanium dioxide (TiO2) is 

a semiconducting oxide of titanium [4]. Titanium dioxide as a cheap, nontoxic, and 

highly efficient photocatalyst, is commonly used as a white pigment in paints, 

coatings, plastics, papers, inks and toothpastes. Nowadays TiO2 is mainly used as a 

white pigment which has been the main application of this material. 

 

There are several applications where this photocatalytic property is utilized. One of 

important applications is water purification. There is a seriously global environment 

issue is water scarcity. This problem occurs over the world, not only in dry areas. 

Water purification methods should be developed to solve this problem. 

 

Catalysts used in water purification application are usually in the form of 

nanoparticle-sized powders. By using the catalyst in powder form, the specific surface 

area can be maximized. There is one key factors can determined the photocatalytic 

activity of a material, which is specific surface area. 

 

Pulsed electric field processing has been broadly used in food and mineral processing 

with positive testimonies, especially for food preservation applications. For food 

material it can make the microbial inactivation [5]. Preparation of TiO2 using pulsed 
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electric field via sol-gel method is a new application. The production of TiO2 via 

sol-gel method assisted by pulsed electric field has not reported. 

1.2 Objectives 

The aim of the present work was to study the effect of pulsed electric field on the 

preparation of TiO2 nanoparticles. Titanium dioxide particles were produced with 

sol-gel method under the influence of pulsed electric field. The frequency and 

duration of the pulsed electric field were chosen as the variable parameters. BET 

specific surface area was analyzed and compared to the specific surface area of TiO2 

which was produced in Master’s thesis of M.Sc. Sampo Mäkinen [6] with the same 

conditions. 

 

The photocatalytic activities of produced TiO2 particles were also tested in practice. 

The idea was to study whether the pulsed electric field has an effect on the 

photocatalytic activities of TiO2 particles. Produced particles were used as 

photocatalysts for the degradation of oxalic acid and formic acid under the visible 

light. Degradation rate of oxalic acid and formic acid was chosen to be the indicator 

of photocatalytic performance. The photocatalytic activities of samples produced with 

sol-gel method were compared to the photocatalytic activities of commercial TiO2 

powder Aeroxide (Evonic Degussa GmbH) and TiO2 samples made by the Master’s 

thesis of S. Mäkinen. Effects of calcination temperature (400 ˚C and 500 ˚C) and pH 

of sol-gel mixture on the photocatalytic performance of TiO2 particles were also 

investigated. 

 

The specific surface area of produced particles was determined by 

Brunauer-Emmett-Teller (BET) Analysis. The influence of pulsed electric field on the 

photocatalytic activities of TiO2 particles was tested by oxalic acid and formic acid 

under visible light. It was expected that the samples produced under the different 

pulsed electric field conditions would result in different photocatalytic activities. The 
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photocatalytic activities of sample produced with sol-gel method were compared to 

the TiO2 samples made in the previous study of Mr. Mäkinen via sol-gel method and 

also compared with commercial TiO2 powder.  

2. Titanium dioxide 

TiO2 has the most efficient photoactivity, the highest stability and cheap price. In 

addition, it has been used as a white pigment, and it is a safe chemical for humans and 

it does not cause any environmental pollution [7]. Many scientists have investigated 

how the efficiency of the photocatalysis process could be improved. Currently, TiO2 

due to its non-toxicity, high catalytic activity, strong oxidation ability, and good 

stability is the most commonly used medium in heterogeneous photocatalytic 

reactions as a semiconducting catalyst. However, the band gap of TiO2 is greater than 

3.2 eV [8] and therefore, it can only use 3 % of total solar energy. In order to improve 

the utilization of solar energy and the catalytic efficiency, people have done a lot of 

research work. For example, a high-performance reactor was designed to modify the 

surface properties of catalyst particles [9]. Recently visible light used as a new 

pollution control technology has attracted more and more attention. TiO2 catalyst is 

widely used in wastewater treatment. Dyes, surfactants, organic halides, pesticides, oil 

and cyanide can be treated efficiently by photocatalytic reactions such as bleaching, 

detoxification, mineralization of inorganic small molecules, and thereby eliminating 

the pollution of the environment.  

2.1 Crystal structures of TiO2 

There are three main types of TiO2 crystal structures: rutile, anatase and brookite, 

which are shown in Figure 1. The crystal sizes depend on the stability of various TiO2 

phases. The most stable phase for particles above 35 nm in size is rutile [10]. Anatase 

is the most stable form for nanoparticles below 11 nm. Brookite has been found to be 

the most stable for nanoparticles in the 11–35 nm range [11, 12]. They have different 

activities for photocatalytic reactions, as summarized later, but the critical reasons for 



9 
	  

 
	  

differing activities have not been elucidated in detail. Since most practical work has 

been carried out with either rutile or anatase, we will focus more on these.  

 

 

Figure 1. Main types of TiO2 structures: anatase, rutile and brookite [14]. 
 
Rutile has three main crystal faces. Two of these faces have quite low energy levels 

and they are thus considered to be important for polycrystalline or powder materials 

[13]. These are: (110) face as shown in Figure 2 and (100) face in Figure 3. The 

thermally most stable face is (110), and therefore it has been the most studied. It has 

bonds of bridging oxygen (connected to just two Ti atoms). The corresponding Ti 

atoms are 6-coordinate. In contrast, there are rows of 5-coordinate Ti atoms running 

parallel to the rows of bridging oxygen and alternating with these. As discussed later, 

the exposed Ti atoms are low in electron density (Lewis acid sites). The (100) surface 

also has alternating rows of bridging oxygen and 5- coordinate Ti atoms, but these 

exist in a different geometric relationship with each other. The (001) face shown in 

Figure 4 is thermally less stable, restructuring above 475 °C [13]. There are double 

rows of bridging oxygen alternating with single rows of exposed Ti atoms, which are 

of the equatorial type rather than the axial type.  
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Figure 2. Rutile crystal face of (110) [14]. 

 

 

Figure 3. Rutile crystal face of (100) [14]. 

 

 

Figure 4. Rutile crystal face of (001) [14]. 

 
Anatase has two low energy surfaces, (101) and (001) as shown in Figure 5 and 

Figure 6, which are common for natural crystals [15]. The (101) surface, which is the 

most prevalent face for anatase nanocrystals[15], is corrugated, also with alternating 

rows of 5-coordinate Ti atoms and bridging oxygen, which are at the edges of the 

corrugations. The (001) surface is rather flat but can undergo a (1 × 4) reconstruction 
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[16]. The (100) surface is less common on typical nanocrystals but is observed on 

rod-like anatase grown hydrothermally under basic conditions as shown in Figure 7. 

This surface has double rows of 5-coordinate Ti atoms alternating with double rows 

of bridging oxygen. It can undergo a (1 × 2) reconstruction [17].  

 

 

Figure 5. Anatase crystal energy surfaces (101) [14]. 

 

 

Figure 6. Anatase crystal energy surfaces (001) [14]. 
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Figure 7. Anatase crystal energy surfaces (100) [14]. 

 

Recently, the brookite phase, which is rare and more difficult to prepare, has also 

been studied as a photocatalyst. The order of stability of the crystal faces is (010) < 

(110) < (100) (Figure 8) [18].  

 

Figure 8. Brookite face structure [14]. 

 

The discovery of phase transformation of TiO2 under high-pressure was reported 

recently [19]. It was expected to have smaller band-gaps but similar chemical 

characteristics [20]. Brookite existence was theoretically predicted and then 
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experimentally proved; specifically, a form of TiO2 with the cotinine structure was 

prepared at high temperature and pressure and then quenched in liquid nitrogen. It is 

the hardest known oxide.  

 

There are actually a variety of different structures for compounds with compositions 

close to TiO2, including those with excess titanium, such as the Magneli phases, 

TiO2n-1, where n can range from 4 up to about 12 and the titanium oxide layered 

compounds, in which there can be as much as several percent excess oxygen. The 

oxygen-deficient Magneli phases, which also exist for V, Nb, Mo, Re and W are well 

known [21-24]. In these compounds, oxygen vacancies are ordered and lead to the 

slippage of crystallographic planes with respect to each other; this leads to formation 

of planes in which, instead of corner or edge-shared TiO6 octahedral, there are now 

face-shared octahedral. Figure 9 shows a schematic diagram of this situation. The 

corresponding Ti atoms are then unusually close and can interact electronically [25]. 

It has been found recently that laser ablation of a TiO2 rutile target can produce 

Magneli-phase nanoparticles [26]. 

  

 

Figure 9 Crystallographic shear process to form Magneli phases from rutile [27]. 
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2.2 TiO2 photocatalysis reaction 

Semiconductor particles have a band structure. Generally they are consisted by full of 

valence band, VB and empty conduction band, CB. When the energy is equal or 

greater than the width of forbidden band's semiconductor light irradiation, the 

electrons of valence band (e-) excited transfer to the conduction band and make a hole 

(h+) in the valence band, and they are separated in the electric field and migrated to 

the surface of the particles. Photogenerated holes have a strong electron-donating and 

strong oxidizing ability. It can separate	   surfaces of semiconductor particles to 

adsorbed solvent electrons, so that the material which cannot absorb light to activated 

oxide, through the surface of electron, it can be restored. 

2.3 Oxidation of oxalic acid by photocatalysis with TiO2  

Titanium dioxide can be the most active photocatalyst in the oxygenated water. The 

light energy is bigger than band gap (λ<380 nm) which produces electron. After that 

firstly oxidation and then reduction. Literature shows that organic compounds can be 

completely oxidized to CO2 by use of TiO2 in the solution which contained some 

organic compounds under UV light irradiation treatment [28, 29]. The formula is the 

processes in the catalyzed oxidative degradation of organics in oxygenated aqueous 

solution for OH radicals and the reduction of oxygen [30, 31]: 

 

𝑇𝑖𝑂!(𝑒! + ℎ!)!!,!!!,!!
! → 𝑂!! + 𝑂𝐻                                   (1)                                        

 

The hydroxyl radical can oxidize most organic compounds in the aqueous solution. It 

is a strong oxidizing agent. The redox potential value is +2.8 V [32]. Degradation of 

oxalic acid by photocatalytic oxidation is a significant example for dicarboxylic acid 

family in the presence of TiO2.  
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Oxalic acid was chosen because its radiolysis and reactivity toward OH radicals has 

been investigated in detail [33, 34]. Moreover, as indicated by the potential of the 

redox couple H2C2O4 (aq)/CO2 (g) -0.49V, it is easy to mineralize.  

3 Photocatalysis 

Semiconductor photocatalytic oxidation has much more advantages than biological or 

other advanced chemical oxidation methods [35]. It can use sunlight as solar radiation 

energy and transform to chemical energy. Sunlight is inexhaustible. Thus it can 

reduce the process cost [36]. Photocatalytic oxidation by sunlight is an energy saving 

technology. The holes are produced by light excitation. OH• is a strong oxidizing 

radical [37] which can degrade the organic pollutants in water for short time and also 

can break down trace organic compounds [38]. It is a universal utility and high- 

efficient treatment technology. Photocatalysis has high stability, corrosion resistance, 

non-toxic characteristics, and no secondary pollution occurs in the process. The 

pollutants can be inorganic compound, so it is a clean technique. It has low 

environmental requirements [39]. Temperature or pH value is not needed to be 

considered. Both high concentration of wastewater and slightly polluted source water 

can be treated through photocatalysis [40].  

3.1 Principle of photocatalysis 

Most of semiconductor photocatalysts are n-type semiconductor materials (currently, 

the most widely used is TiO2). Metal or insulating material structures of various 

N-type semiconductors are different. It has a band gap between valence band and 

conduction band [41, 42]. The formula between the light absorption of semiconductor 

and band gap is K=1240/Eg (eV) [43], so the wavelength between the light absorption 

of semiconductor and band gap is mostly in the ultraviolet region [44, 45]. When the 

photon energy is higher than value of semiconductor absorption with the light 

irradiation, the balance band electrons in semiconductors transitions from the valence 

band to the conduction band with production of photo-generated electrons (e-) and 
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holes (h+) [46, 47]. Then the oxygen adsorbed on the surface of the nanoparticle 

captures electrons and transforms to superoxide anion. The holes will adsorb 

hydroxide ions which on the surface of catalyst [48]. The following chain reactions 

have been widely postulated. 

 

Photoexcitation:            TiO2/SC + hʋ→ e− +h+               (2) 

Oxygen ionosorption:        (O2) ads +e−→ O2•
−             (3) 

Ionization of water:          H2O → OH− +H+                               (4) 

Protonation of super oxides     O2•
− +H+→ HOO•

         (5) 

 

The hydroperoxyl radical formed in Eq. (10) also has scavenging property as O2 thus 

doubly prolonging the lifetime of photohole: 

 

HOO• + e−→ HO2
−                                                                          (6) 

HOO− +H+→ H2O2                                           (7) 

 

Figure 10 shows the surface of the photoexcited semiconductor photocatalyst active 

for oxidation and reduction. Recombination between electron and hole occurs unless 

oxygen is available to scavenge the electrons to form superoxides (O2
•−), its proton 

form the hydroperoxyl radical (HO2
•) and subsequently H2O2. [49] 
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Figure 10. Photophysical and photochemical processes over photon activated 
semiconductor cluster (p) photogeneration of electron/hole pair, (q) surface 
recombination, (r) recombination in the bulk, (s) diffusion of acceptor and reduction 
on the surface of SC, and (t) oxidation of donor on the surface of SC particle [49]. 

3.2 Visible-light photocatalysts 

The band gap of TiO2 is 3.2 eV and the corresponding excitation wavelength is 387.5 

nm (UV region). Ultraviolet light in solar energy is less than 5 %. Therefore, using 

visible light as the excitation sources of TiO2 photocatalytic become the most 

challenging issue. Under the UV irradiation which the wavelength is less than 387 nm, 

the light excite semiconductors generate conduction band electrons and valence band 

holes. Conduction band electrons are adsorbed by oxygen. The valence band holes 

transform to hydroxyl groups radicals. The hydroxyl radicals would oxidize other 

organic pollutants [50]. The whole process is shown in Figure 11.  
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Figure 11. Degradation mechanism of UV light [50]. 
 

Some transition metal ion doped TiO2 can extended the spectral response of TiO2. It 

means that the TiO2 could be catalytic under the visible light. For example, doping 

system with Fe3+, Cr3+ and Cu2+ ions have been studied. Metal ions doped TiO2 can 

transform a solid solution formation species and the energy level of this kind species 

is located in the band gap of TiO2 [51]. The wide band gap can absorb visible light 

results in producing electrons and holes, which is shown in Figure 12. 

 

 
Figure 12. The processing of TiO2 under the light irradiation [50]. 
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Introducing one compound TiOx (x<2) which the phase have oxygen vacancies, the 

energy level of this TiO2 species are located at the band bottom of 0.75-1.18 as shown 

in Figure 13 [52]. Under the visible light irradiation, the valence band electrons were 

excited to the intermediate state energy of oxygen vacancies. And then the 

oxidation-reduction reaction occurs and the target that pollutants can be degraded by 

using visible light. 

 

 
Figure 13. Level position of TiO2 oxygen vacancy defects [52]. 

3.3 Using photocatalysis for pollution treatment  

Nowadays, water purification technology of environmental pollution needs further 

developed. Use of photocatalytic oxidation process for contaminated water 

purification is an advanced oxidation technology. This application shows a unique 

advantage for toxic and hazardous organic pollutants. It can degrade unsaturated 

organic compounds, aromatic hydrocarbons, halogenated hydrocarbons, aromatic 

compounds, heterocyclic compounds, dyes, surfactants and other organic nitrogen and 

phosphorus pesticide. Photocatalysis can oxidize refractory organic pollutants to H2O, 

CO2 and inorganic salts completely, so the requirements for safe disposal of the 

pollutants can be met. 
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Currently, N-type semiconductor materials such as TiO2, ZnO, CdS, WO3, and Fe2O3 

are mostly used for photocatalytic degradation of pollutants in the environments. TiO2 

as a most popular photocatalyst material has good stability, high activity and no 

hazard for human body.  

 

The photolysis efficiency of TiO2 would not decrease until it is used for over 12 times. 

And it can keep its activity for 580 minutes light irradiation. Therefore TiO2 can be 

used widely and have potential development [53]. 

3.4 Operational factors affecting photocatalysis  

There are five main parameters which can affect photocatalysis. Firstly, the water 

vapor can prohibit titanium dioxide photocatalyst [54]. Generally, initial contact angle 

of water which on the coated surface of TiO2 is relatively high, after UV irradiation 

the contact angle of water reduced to below 5 degrees, and even up to 0 degrees 

(water droplet completely wet on the surface of TiO2). It shows a very strong 

hydrophilicity. Secondly, the surface area of TiO2 nanoparticles can affect the 

catalysis [55]. Surface area is an important factor to determine amount of adsorption 

reaction with matrix. When the lattice defects or other factors are same, higher 

absorption is obtained with larger surface area and the activity of TiO2 is much more 

active [56]. Third one is calcination temperature [57]. Increase of the calcination 

temperature leads to lower catalytic activity [58]. The calcination temperature can 

affect the surface area of TiO2. With increase of the calcination temperature, the 

surface area would be lower and the surface adsorption would have a significantly 

decreasing trend. Fourthly, the pH value is an impacting factor [59]. Some researchers 

studied the effect of pH on TiO2 photocatalytic degradation of aniline and noted that 

when the pH is less than 7 the concentration of OH- is higher [60]. Therefore the 

reaction of surface adsorption is increased. Finally the last factor is the effect of light 

intensity [61]. The number of photons per unit volume can affect the reaction rate 



21 
	  

 
	  

directly [62]. When the light intensity is increased, the catalysts have much more 

active species, which make the reaction faster.  

4. Pulsed electric field assisted crystallization 

Pulsed electric field can induce heat through the cell membrane [63]. By using 

different parameters such as electric field strength and duration of electrical pulse, and 

different cell characteristics such as size, shape and conductivity, pore-forming 

process according to the intensity may be permanent and temporary.  

4.1 Basic principles of pulsed electric field 

Firstly pulsed electric field produces a magnetic field. This pulsed electric field and 

magnetic field pulses alternately increase the role of the cell membrane permeability 

and oscillation and decrease the strength of membrane. Therefore, the materials can 

easily flow out and permeate from the membrane by destroying the membrane 

function. Secondly anion and cation are produced by electrode, and then reacted with 

materials in the membrane. So it blocked the normal biochemical reaction and 

metabolic process in the membrane. At the same time, O3 is produced by pulsed 

electric field. Then ozone can react with the materials existed in the membrane. Cells 

were killed through these two kinds of actions. 

 

As described above, the cell membrane is the basic mechanism of electroporation 

external electric field application. It increases the permeability of the membrane pore 

formation [64]. 

4.2 Factors affecting the pulsed electric field  

There are many factors that can affect the ability of pulsed electric field. Mostly two 

main factors can be mentioned: PEF processing factors and product factors [65]. For 

PEF processing, the intensity of electric field, treatment time, pulsed frequency, pulse 
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width, pulse shape, flow rate of sample and the initial temperature should be 

considered. For product, the product composition, conductivity, pH value and activity 

of water and viscosity should be considered. 

Experimental Section  

5. TiO2 obtained by sol-gel method assisted pulsed electric field  

TiO2 particles were synthesized using sol-gel method under the influence of pulsed 

electric field. The idea was to study the effect of pulsed electric field on the 

preparation of TiO2 nanoparticles. The influence of frequency and duration of the 

pulsed electric field on precipitation of TiO2 were investigated. Moreover, pH of 

solution and calcination temperature of precipitate were also studied variables. Other 

parameters such as aging temperature, aging time and drying time were fixed. It was 

expected that the surface area of prepared TiO2 particles has an effect on degradation 

of oxalic acid and formic acid. Thus the surface area of TiO2 particle was analyzed 

with Brunauer Emmett Teller (BET). 

5.1 Chemicals 

A sol-gel method was used to synthesize TiO2 particles. Titanium (IV) isopropoxide 

[(Ti(OCH(CH3)2)4)] (97% Aldrich, Germany) and Ethanol [C2H6O] (99.8% VWR 

Chemicals, France) were used as a precursor and a solvent, respectively. In the 

synthesis of TiO2, the concentration of titanium (IV) isopropoxide was 0.15 M. Nitric 

acid [HNO3] (65% Merck, Germany) would be chosen as a catalyst to adjust the pH 

value of water to 3.2. According to previous studies, smaller particles should be 

obtained in acidic environment. [6] 

5.2 Experimental setup 

The experimental setup can be seen in Figures 14 to 18. It consisted of a high-voltage 

power source, an energy storage capacitor bank, a charging current limiting resistor 
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and a switch to discharge energy from the capacitor across the treatment chamber. An 

oscilloscope was used to adjust the pulse waveform. Figure 16 shows the impeller in 

the crystallizer and the diameter of impeller is 2cm. The resistor in the crystallizer is 

shown in Figure 17. The distance between two electrodes was 1.6 cm. 
 

 
Figure 14. Experimental set-up. 

 
Figure 15. Crystallizer.  
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Figure 16. Diameter of impeller is 2 cm. 

 
Figure17. Two electrodes with distance 1.6 cm. 
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Figure 18. Schematic of experimental set-up. 
 
The 120 W pulse generator was used in the experiments. There are 12-step pulse 

frequency can be chosen, and first of three frequency settings (0, 1 and 2) can be 

selected. The frequencies, corresponding pulse duration and voltage amplitudes were 

determined with the oscilloscope. Table 1 shows the three different pulse parameters’ 

settings (0, 1 and 2) with the oscilloscope. The oscillograms of different settings are 

shown in Figures 19-21. 

 
Table 1. Pulse generator parameters 

Pulse duration [µs] Frequency [Hz] Voltage amplitude [mV] 
19.90 50 397 

3.4 294 397 
1.038 963 39.7 

 

High	  voltage	  pulse	  
generator

Mixed	  signal	  
oscilloscope

TIC

Reactor

Ballast	  resistor

Thermostat
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Figure19. Oscillogram of pulse setting 0 (50 Hz frequency). 
 

 
Figure 20. Oscillogram of pulse setting 1 (294 Hz frequency). 
 

 
Figure21. Oscillogram of pulse setting 2 (963 Hz frequency). 
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5.3 Experimental procedure 

Sol-gel method was used to precipitate TiO2. 7 ml titanium (IV) isopropoxide was 

mixed firstly with 120 ml ethanol in a jacket reactor. The temperature was maintained 

at 20 °C with a thermostat. The mixing speed was fixed at 800 rpm for 15 minutes. 

Then 30 ml water having pH of 3.2 was added to the mixture and simultaneously the 

pulse generator was turned on. It was desired that the pulsed electric field was applied 

when hydrolysis reaction starts by adding acidic water to the mixture. The duration 

times of pulsed electric field were 12 minutes or 24 minutes. The pulse frequencies of 

the pulsed electric field were 50.5 Hz, 294 Hz and 963 Hz. After applying pulsed 

electric field, the mixer was removed from the reactor and ageing of the sol-gel 

solution was started for 24 hours. After ageing (Figure 22), the sol-gel solution was 

dried in an oven at 80 °C for four hours. To obtain fine particles, the solid layer 

should be as thin as possible. Therefore, the solution was divided into four Petri 

dishes for drying. Figure 23 shows the product after drying. The dried solid product 

was then annealing at 500 °C for two hours (Figure 24). Two calcination temperatures 

(400 °C and 500 °C) were tested for the sample that PEF treated with 963 Hz for 12 

min. The research motivation was to verify if the calcination temperature has an effect 

on the properties of precipitated TiO2. Based on the experimental results, 

photocatalytic activities were better with calcination temperature of 500 °C than 

400 °C. Thus 500 °C was chosen as the calcination temperature. 
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Figure 22. Ageing process. 
 

 

Figure 23. Solid dried product after drying. 

 

  
Figure 24. TiO2 particles after calcination. 
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5.4 Characterization of TiO2 particles 

The specific surface areas of TiO2 samples obtained were measured by a surface area 

analyzer Micromeritics Gemini. The results are summarized in Figures 25-29 together 

with the results from previous studies in order to see if TiO2 particles can be 

reproduced at the same conditions. Original reports from BET measurement are 

shown in Appendix I. 

 
Figure 25. Specific surface areas of TiO2 samples with PEF treatment time of 12 
minutes.  

 
 Figure 26. Surface areas of TiO2 samples with PEF treatment time of 24 minutes. 
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Figure 27. Specific surface areas of TiO2 samples with PEF treatment of 12 minutes 
and pulse frequency of 963 Hz at different calcination temperatures (400 °C and 
500 °C). 
 

 
Figure 28. Comparison of current study and previous study with PEF treatment time 
of 12 minutes. 
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Figure 29. Comparison of current study and previous study with PEF treatment time 
of 24 minutes. 
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frequency of 963 Hz. There was one more sample made by using different calcination 

temperature (400 ˚C and 500 ˚C). At 500 °C the specific surface area was 25.10 m2/g, 

whereas the specific surface area was increased to 41.53 m2/g at 400 °C. 

 

Comparison of previous studies of Mr. Mäkinen in his Master’s thesis and TiO2 

produced in the current study shows that the specific surface area in the previous 

study was higher than in the current study. It can be concluded that high specific 

surface area was obtained with low frequency. 

6. Photocatalytic degradation under visible light irradiation of oxalic acid by 

TiO2 photocatalysis 

The oxidation properties of TiO2 crystals produced via sol-gel method assisted pulsed 

electric field were studied experimentally. The objective was to study whether the 

pulsed electric field has an effect on the photocatalytic activities of TiO2 particles. 

Produced particles were used as photocatalysts for degradation of oxalic acid and 

formic acid under visible light. Degradation rates of oxalic acid and formic acid were 

chosen to be the indicator of photocatalytic performance. Based on the results of BET 

based specific surface area measurement, it was expected that the samples produced 

under the different pulsed electric field conditions would result in different 

photocatalytic activities. The photocatalytic activities of sample produced with sol-gel 

method were compared to the TiO2 samples made in the previous study of Mr. 

Mäkinen via sol-gel method and also compared with commercial TiO2 powder. Mr. 

Mäkinen used in his photocatalysis tests UV light whereas in the present work the 

decomposition of model compounds were investigated under visible light. 

 

Oxalic acid was chosen to be the model organic pollutant because its radiolysis and 

reactivity toward OH radicals have been studied in detail. It is widely used in a 

variety of industries including textiles, plastics, chemicals, powders, catalysts, and 

wood bleaching. It is a relatively stable intermediate product in the photcatalytic 
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degradation of many larger organic compounds [66, 67]. Oxalic acid is a water 

pollutant resulting from some industrial treatment processes like fabrics mills [68]. In 

filtration processes oxalic acid is used as an additive to prevent fouling of filter media 

[69]. 

 

Formic acid can easily degrade to CO2 and H2O and no by-product is formed during 

the degradation. It is intermediate product in the photocatalytic degradation of other 

larger organic compounds, and it has been widely used in photocatalysis studies [70, 

71]. On these basis formic acid was chosen as model organic pollutant in the present 

work. Photodegradation of formic acid could therefore represent a possible final step 

in the photodegradation of more complex organic pollutants. Formic acid exists in 

industrial wastewaters that originate from tanners, dye workshops and printed fabrics 

mills [72, 73]. 

6.1 Chemicals 

Potassium permanganate (99.4%, VWR), sulphuric acid (98-100 %, Riedel-de Haen) 

and deionized water were used to determine the concentration of oxalic acid. Formic 

acid was purchased from Riedel-de Haen with 98-100% concentration. 

6.2 Experimental procedure 

6.2.1 Experimental procedure for oxalic acid 

Concentration of oxalic acid is determined by titration method with potassium 

permanganate (Figure30). The permanganate solution was prepared as 0.02 equivalent 

per liter of KMnO4. 150 mg of TiO2 sample was weighed and mixed with 200 ml of 

oxalic acid solution (0.0005 mol/L) in a beaker whose wall was covered by aluminum 

foil to avoid the influence of surrounding room light on photocatalysis experiments. 

The initial concentration of oxalic acid used in the present study was 45.015 ppm 

(0.0005 mol/L). 
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Figure 30. Scheme of the experimental setup for titration. 

 

The solution with TiO2 was then stirred for 1 hour at stirring rate of 500 rpm. After 

mixing, first sample was taken by a syringe and filtered out TiO2 particles through a 

0.45 µm syringe filter (Acrodisc® PSF Syringe Filters). Then the TiO2 solution was 

kept continuously under the visible light irradiation (AULTT® CEL-HXF300), as 

shown in Figure 31. Three samples were taken at 1, 2, and 4 hours during the 

photocatalysis.  
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Figure 31. Scheme of the experimental setup of the visible light irradiation device 
AULTT® CEL-HXF300. 
 
After filtration, 25 ml clear solution was obtained and mixed with 1 ml sulfuric acid 

and 50 ml water. The mixed solution was heated to 70-80 °C since the reaction is 

slow below 60 °C [75]. Then the titration was carried out with the KMnO4 solution. 

The reaction is autocatalytic: the first drop of KMnO4 to the titrated sample reacts 

very slowly, this step has to be handled carefully. Before adding a new permanganate 

solution dose as a droplet, the colour of the solution should totally disappear. When 

the colour of the solution remained pink longer time than 30 seconds, the titration was 

finished and the volume of consumed KMnO4 solution was determined.  

6.2.2 Experimental procedure for oxalic acid 

TiO2 samples of 150 mg were weighted in 200 ml beaker which were wrapped in 

aluminium foil to isolate the beaker better for the visible light measurements with the 

source device. Then 200 ml of formic acid solution (0.0217 mmol/L) was added to the 

beaker. The initial concentration of oxalic acid used in the present study is 10 ppm. 

 

The solution with TiO2 was then stirred for 1 hour under stirring rate of 500 rpm. 

After mixing, first sample was taken by a syringe and TiO2 particles was filtered out 

through a 0.45µm syringe filter (Acrodisc® PSF Syringe Filters). Then the TiO2 
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solution was kept continuously irradiating under the visible light. Four samples were 

taken every 30 minutes under the visible light irradiation. Each irradiation experiment 

lasted totally 2 hours. After filtering, the concentration of formic acid was analyzed 

by Ion Chromatography (Dionex ICS-1100).  

6.3 Results and discussion 

6.3.1 Results and discussion for oxalic acid 

The oxalic acid degradation rates with different TiO2 samples obtained by sol-gel 

method are shown in Figure 32.  

Figure 32. Degradation rates of oxalic acid for the TiO2 sample made in the present 
study. 
 

Degradation of oxalic acid with the commercial TiO2 were carried out twice. Based 

on the results shown in Figure 32, there was no exact trend for degradation of oxalic 

acid. The fastest degradation rate was performed with the commercial TiO2. After 4 

hours degradation under the visible light the concentration of oxalic acid was 2.88 

ppm. For produced TiO2, the fastest degradation rate of oxalic acid was obtained with 

the sample produced without PEF. It seems that the pulsed electric field does not have 

strong effect on oxalic acid degradation for the TiO2 samples precipitated in the 

current study. The fastest degradation was obtained with the sample 294 Hz 24 
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minutes. After 4 hours irradiating under visible light the concentration of oxalic acid 

with TiO2 sample calcined at 400 °C and 500 °C were 42.49 ppm and 43.21 ppm, 

respectively. Therefore, the degradation rate of oxalic acid with the sample calcined at 

400 °C was faster than the sample calcined at 500 °C. The specific surface area for 

the sample calcined at 400 °C and 500 °C were 41.53 m2/g and 25.10 m2/g, 

respectively. It can be seen that high photocatalytic activities of oxalic acid were 

obtained with high specific surface area in the current study. The photocatalytic 

activities of TiO2 samples vary in the following order: Commercial powder (2.88 

ppm)> No PEF (36.012 ppm) > PEF 294 Hz 24 min (38.89 ppm) > PEF 50 Hz 24 min 

(39.61 ppm) > PEF 963 Hz 24 min (40.33 ppm) > PEF 294 Hz 12 min (41.41 ppm) > 

PEF 963 Hz 12 min (42.13 ppm) > PEF 963 Hz 12 min 400 °C (42.49 ppm) > PEF 

963 Hz 12 min 500 °C (43.21 ppm). As shown in Figure 32, the effects of calcination 

temperature on the degradation of oxalic acid were not significant. 

 

Figure 33 shows the degradation rate of oxalic acid of TiO2 particles which made in 

the previous study carried out by Mr. Mäkinen. It can be seen that the initial oxalic 

acid degradation rates were generally higher for samples that were produced under the 

influence of pulsed electric field. 

 

In figure 33 it presented that the sample with PEF 50 Hz 24 minutes, the result of 

oxalic acid degradation rate by photolysis is lower than the result of oxalic acid 

degradation rate with sample PEF 949 Hz 12 min. The disappearance of oxalic acid 

that was observed under visible light conditions the TiO2 was more active due to 

photolysis and photocatalytic process. 

 

Except of commercial TiO2 samples, the fastest degradation rate for oxalic acid is the 

sample 50 Hz 24 minutes. The degradation rate with sample of 949 Hz and 12 

minutes was also obviously fast. The photocatalytic activities of TiO2 samples vary in 

the following order: Commercial powder (2.88 ppm) > PEF 50 Hz 24min (12.60 
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ppm) > PEF 949 Hz 12 min (25.92 ppm) > PEF 294 Hz 24 min (30.61 ppm) > PEF 

949 Hz 24 min (37.81 ppm) >No PEF (39.61 ppm) > PEF 294 Hz 12 min (40.33 

ppm) > PEF 50 Hz 12 min (40.69 ppm).  

 

 
Figure 33. Degradation rates of oxalic acid for the TiO2 sample made in the previous 
study. 
 

To compare the TiO2 particles of previous study (Mäkinen) and current study, Figure 

34 shows the results of the combination of Figure 32 and 33. 

 

In Figure 34, TiO2 particles made in the current study and influenced by pulsed 

electric field via sol-gel method are named “New TiO2”. By comparing TiO2 samples 

produced in the current study to the previous study of Mäkinen, the fastest 

degradation was obtained with the sample made without pulsed electric field in the 

current study made. On the other hand, the concentration of oxalic acid was still 

higher than the third fast in previous study of Mäkinen. It seems that TiO2 produced 

in current study the photocatalysis was not that active than in previous study made. 

The photocatalytic activities of TiO2 samples varied in the following order: 
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ppm) >New PEF 294 Hz 24 min (38.89 ppm) > New PEF 50 Hz 24 min (39.61 ppm) > 

PEF 294 Hz 12 min (40.33 ppm) =New PEF 949 Hz 24 min (40.33 ppm) > PEF 50 

Hz 12 min (40.69 ppm) > New PEF 294 Hz 12 min (41.41 ppm) > New PEF 949 Hz 

12 min (42.13 ppm) > New PEF 949 Hz 12 min 400 °C (42.49 ppm) > New PEF 949 

Hz 12 min 500 °C (43.21 ppm).  

 

	  

 
Figure 34. Degradation rate of oxalic acid for the TiO2 samples made in the previous 
study by Mäkinen and the present work. 
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6.3.2 Result and discussion for formic acid 

Degradation of formic acid by TiO2  

The degradation rates of formic acid with different TiO2 samples which made by 

current study using pulsed electric field via sol-gel method are shown in Figure 35. In 

order to compare the photocatalytic activity of prepared materials with standard, 

commercial TiO2 powder Aeroxide® (Evonic Degussa GmbH) was used. Also 

considering the effect of calcination temperature, two temperatures (400 °C and 

500 °C) were tested for sample 963 Hz 12 min. Calculation of initial formic acid 

degradation rates is shown in Appendix II. 

 
Figure 35. Formic acid degradation rates for TiO2 particles current study made. 
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500 °C) are only compared, the degradation rate for sample at 500˚C was higher than 

that at 400°C. 

 

According to Figure 35, all of the TiO2 samples produced with pulsed electric field 

via sol-gel method have significantly lower initial formic acid decomposition rates 

than the commercial TiO2 powder. The photocatalytic activities of TiO2 samples vary 

in the following order: Commercial powder (0 ppm) > PEF 963 Hz 12 min (1.14 

ppm) > PEF 50 Hz 24 min (1.59 ppm) > No PEF (1.94 ppm) > PEF 294 Hz 12 min 

(2.65 ppm) > PEF 963 Hz 24 min (3.26 ppm) > PEF 963 Hz 12 min 500 °C  (4.18 

ppm) > PEF 50 Hz 12min (4.24 ppm) > PEF 963 Hz 12 min 400 °C  (4.51 ppm) > 

PEF 294 Hz 24 min (4.89 ppm). 

 

The TiO2 samples which were made by pulsed electric field via sol-gel method in 

previous study were also tested for formic acid degradation. Figure 36 shows the 

obtained results. In this situation, the degradation rates were quite similar with the 

results obtained by current made TiO2 particles. Either high frequency short treatment 

time (949 Hz 12minutes) or low frequency long time (50 Hz 24min) can increase the 

degradation rate of formic acid. 

 

Figure 36. Formic acid degradation rates for TiO2 particles made in previous study. 
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The photocatalysis rates with TiO2 samples produced in previous study by pulsed 

electric field assisted sol-gel method and without PEF impact vary in the following 

order: Commercial powder (0ppm) > PEF 949 Hz 12 min (0.40 ppm) > PEF 50 Hz 24 

min (0.35 ppm) > PEF 294 Hz 12 min (3.61 ppm) > PEF 50 Hz 12 min (4.12 ppm) > 

PEF 949 Hz 24 min (4.89 ppm) > PEF 294 Hz 12 min (5.28 ppm) > No PEF (5.95 

ppm). 

 

Comparison of degradation results of formic acid for previous study made TiO2 

particles and current study made TiO2 particles is shown in Figure 37. 

 

Figure 37. Comparison of formic acid degradation rates for TiO2 particles by current 
study made and previous study made. 
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In Figure 37, TiO2 particles made by current study using pulsed electric field via 

sol-gel method are named “New TiO2”. One sample (50 Hz 24minutes) was made 

without adjusting pH. It means that only distilled water (18 MΩ cm-1) was added 

during the TiO2 synthesis process. The results show that the degradation rate of formic 

acid with the sample without adjusting pH was lower than the sample when pH was 

adjusted. It can be seen from Figure 37 that the degradation rates of formic acid with 

sample 949 Hz 12 minutes and sample 50 Hz 24 minutes were the highest in previous 

study. Moreover, formic acid degraded by the samples 963 Hz 12 minutes and 50 Hz 

24 minutes made faster than the samples made with other conditions in current study. 

It can be concluded that higher degradation rate of formic acid under the visible light 

was obtained either by high frequency short treatment time or low frequency long 

treatment time. The photocatalytic activities of TiO2 samples vary in the following 

order: Commercial TiO2 powder (0 ppm) > PEF 949 Hz 12 min (0.40 ppm) > PEF 50 

Hz 24 min (0.35 ppm) > New PEF 963 Hz 12 min (1.14 ppm) > New PEF 50 Hz 24 

min (1.59 ppm) > New No PEF (1.94 ppm) > New PEF 294 Hz 12 min (2.65 ppm) > 

New PEF 963 Hz 24 min (3.26 ppm) > PEF 294 Hz 12 min (3.61 ppm) > PEF 50 Hz 

12 min (4.12 ppm)  > New PEF 963 Hz 12 min 500 °C  (4.18 ppm) > New PEF 50 

Hz 12min (4.24 ppm) > New PEF 963 Hz 12 min 400 °C  (4.51 ppm) > New PEF 

294 Hz 24min (4.89 ppm) = PEF 949 Hz 24 min (4.89 ppm) > PEF 294Hz 12min 

(5.28 ppm) > No PEF (5.95 ppm). 
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Figure 38. Comparison of degradation rate of formic acid for the TiO2 samples made 
in the previous study by Mäkinen under the UV-light and the present work under the 
visible light. 
 
Figure 38 shows the comparison of degradation of formic acid with the samples made 

in the previous study by Mäkinen under the UV-light and current study under the 

visible light. According to the comparison shown in Figure 38, it can be clearly seen 

that the degradation rates of formic acid were much faster with the UV light than 

visible light. Under the influence of pulsed electric field, formic acid was degraded 

fastest with the sample 949 Hz 24 minutes under the UV-light. The degradation rate 

was 2.25 ppm/min. However, the fastest degradation rate of formic acid was only 0.37 

ppm/min with the sample 49.9 Hz 24 minutes under the visible light. 

 

Degradation of formic acid by copper doped TiO2  

	  

Some Cu doped TiO2 nanoparticles were also tested with pollutant formic acid. The 

Cu doped TiO2 nanoparticles were synthesized with different concentration of Cu (5%, 

9% and 13%) by sol-gel method. Firstly 5 ml titanium isopropoxide was taken and 

mixed with 25 ml 2-proponal. Copper chloride (CuCl2) and distilled water were used 

to prepare copper chloride solutions. These solutions were mixed under constant 

stirring rate. Ammonium hydroxide was used to make the pH of solution as 7. Then 
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the mixed solution was stirred using a magnetic stirrer at ambient temperature for 6 

hours. After 6 hours, the white and gray gels were obtained. Then the ageing process 

started. The gels were centrifuged and washed several times with deionized water and 

ethanol to remove nitrate impurities. The precipitates were dried at 100 ºC for 8 hours 

followed by calcination at 450 ºC for 3 hours. 

 

Since there is only a small amount of Cu doped TiO2 nanoparticles, 100 mg samples 

were weighted and put into 200 ml of formic acid solution (0.0217 mmol/l). The 

degradation rate of formic acid as a function of time is shown in Figure 39. 

 

In order to do comparison, commercial TiO2 powder and one sample produced under 

the influence of PEF which also has highest degradation rate (949Hz 12minutes) were 

selected for further studies. The same TiO2 sample amount of 100 mg was used for 

the photocatalysis experiments. The degradation rate of formic acid decreased with 

the increase of the content of Cu. The concentration of formic acid was even higher at 

3 hours than that at 2 hours. It seems that Cu doped TiO2 does not have significant 

effect on formic acid degradation. The photocatalytic activities of Cu doped TiO2 

nanoparticles vary in the following order: Commercial TiO2 powder (0 ppm) > PEF 

949 Hz 12 min (2.66 ppm) > No Cu doped (36.87 ppm) > 5 % Cu doped (9.15 ppm) > 

9 % Cu doped (9.23 ppm)> 13 % Cu doped (9.44 ppm).  

 
Figure 39. Formic acid degradation rates for Cu doped TiO2 nanoparticles. 
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7. Conclusion 

In the present study, titanium dioxide particles were produced using sol-gel method 

under the influence of pulsed electric field. The aim was to study the visible light 

irradiation in photocatalysis processes when the sol-gel method of TiO2 nanocrystals 

were affected by pulsed electric field. It was expected that specific surface area, 

calcination temperature and pH had influence on the photocatalytic activities of 

produced crystals. 

 

Different pulse frequencies and treatment times were used to investigate the influence 

of PEF. The pulsed electric field experiments were carried out with three different 

frequencies (50 Hz, 294 Hz and 963 Hz) and two different treatment times (12 

minutes and 24 minutes).  

 

Pulsed electric field did have an effect on specific surface areas of TiO2 particles. 

Generally the specific surface area was larger for samples that were produced by 

applying the pulsed electric field. It seems that there is no clear correlation neither 

between specific surface area and frequency of the pulsed electric field nor between 

specific surface area and the treatment time of pulsed electric field. With short 

treatment time and low frequency of pulsed electric field treatment, the specific 

surface area could be increased from 29 m2/g (PEF 50 Hz 12 minutes) to 34 m2/g 

(PEF 963 Hz 12 minutes). Comparing the TiO2 particles which were made in previous 

study by Mäkinen with pulsed electric field via sol-gel method, the specific surface 

area was also increased. It increased from 21 m2/g (PEF 50 Hz 12 minutes) to 39 m2/g 

(PEF 949 Hz 12 minutes). When the time of pulsed electric field treatment was longer, 

the specific surface area did not change significantly. It was from 32.87 m2/g (PEF 50 

Hz 24 minutes) to 32.23 m2/g (PEF 963 Hz 24 minutes). Thus for the TiO2 particles 

made in previous study by Mäkinen it decreased from 46 m2/g (PEF 50 Hz 24 minutes) 

to 23 m2/g (PEF 949 Hz 24 minutes). This is notable because specific surface area is 

one of the key factors that determine the photocatalytic performance of a 
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photocatalyst. Based on the experimental results, it could be seen that degradation 

rates of the oxalic acid and formic acid were faster with high specific surface area 

under the visible light irradiation, especially for formic acid. 

 

According to the experimental results, it was also noticed that the calcination 

temperature in the sol-gel process has a significant effect on photocatalytic 

performance. From low temperature (400 °C) to high temperature (500 °C), the 

specific surface area of TiO2 precipitated decreased from 41 m2/g to 25 m2/g. The 

results for degradation rate of oxalic acid and formic acid are different. After 4 hours 

irradiating the concentration of oxalic acid with the samples calcined at 400 °C and 

500 °C were 42.49 ppm and 43.21 ppm, respectively. So the degradation rate of 

oxalic acid calcined with lower temperature (400 °C) was faster than the sample 

obtained at higher calcination temperature (500 °C). But for the concentration of 

formic acid, with 400˚C calcination was 4.51ppm and 500˚C calcination was 4.18 

ppm. So the degradation rate was opposite with oxalic acid. The higher calcination 

temperature (500 ˚C) was faster than low calcination temperature (400 ˚C).  

 

Produced particles were used as photocatalysts for the degradation of oxalic acid and 

formic acid under the visible light irradiation. Degradation rate of oxalic acid and 

formic acid was chosen to be the indicator of photocatalytic performance. The 

photocatalytic activities of samples produced by the sol-gel method were also 

compared to photocatalytic activities of the TiO2 particles made in previous study at 

the same conditions. Moreover, the photocatalytic activity of commercial TiO2 was 

also carried out to make a reference for comparison. 

 

For oxalic acid, results from the photocatalytic experiments show that pulsed electric 

field did have an effect on the photocatalytic activity of TiO2 particles. By using 

pulsed electric field via sol-gel method to made TiO2 particles, under the visible light 

treatment to degraded oxalic acid. The degradation rate of oxalic acid with the sample 
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made in current study was not obvious compared with the sample made in previous 

study. In the current study, the fastest degradation was obtained using 294 Hz 24 

minutes (38.89 ppm) treatment, the second fastest was gotten with the sample 50 Hz 

24 minutes (39.61 ppm). Moreover the degradation rate for TiO2 particles which 

made by previous study was much more active. Low frequency long treatment time 

(PEF 50 Hz 24 minutes) or high frequency short time treatment time (949 Hz 

12minutes) was appropriate to produce TiO2 particles which have higher 

photocatalytic activity under visible light. Specific surface area was higher for 

samples precipitated with either low frequency long time or high frequency short 

time.  

 

The degradation rate of formic acid was generally higher for samples that were 

produced under the influence of pulsed electric field. TiO2 particles were more active 

for formic acid than oxalic acid under the visible light. According to the results of 

TiO2 particles made using pulsed electric field via sol-gel method both in current and 

previous studies, the best condition was obtained by high frequency short time (PEF 

963 Hz, 12 min), and the second one with the lowest frequency and longer time (PEF 

50 Hz, 24 min). The higher photocatalytic activities of samples that were produced 

under the influence of pulsed electric field are attributed to larger specific surface 

areas, especially for formic acid degradation. Moreover, there was one more sample 

(50 Hz 24 minutes) which was prepared without adjusting pH. The result of 

degradation was not satisfactory compared to the sample when pH was adjusted. 

 

Four different TiO2 particles with concentration of Cu (0 %, 5 %, 9 % and 13 %) were 

tested under the visible light irradiation to investigate the photocatalytic activities of 

formic acid. Results show that without Cu doped TiO2 particles had the highest 

degradation rate of formic acid compared with copper doped TiO2 samples. Moreover, 

the degradation rate decreased with the increase of the content of copper in TiO2 
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samples. Thus copper doped TiO2 particles are not suitable for the degradation of 

formic acid. 

 

For both oxalic acid and formic acid the commercial TiO2 powder had higher 

photocatalytic activities compared to the samples that were produced in the current 

work. It can be explained that the commercial TiO2 has the highest specific surface 

area which is 45 m2/g. The specific surface areas of samples produced with sol-gel 

method were in the range of 16 – 40 m2/g. Based on the literature, the commercial 

TiO2 is a mixture of rutile and anatase crystallites. Crystallite mixtures can have an 

effect and thus increase photocatalytic activity. Therefore, the commercial TiO2 

particles are more active since it has higher specific surface area [75]. 

 

Further studies may focus on investigations on the effect of pulsed electric field on 

TiO2 crystal structures via sol-gel method since different polymorphs have different 

effects on photocatalytic activities of pollutants. 
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Figure A1.1. BET surface area report. Pulsed electric field at 50 Hz for 12 min. 
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Figure A1.2. BET adsorption isotherm. Pulsed electric field at 50 Hz for 12 min 
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Figure A1.3. BET surface area report. Pulsed electric field at 50 Hz for 24 min. 
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Figure A1.4. BET adsorption isotherm. Pulsed electric field at 50 Hz for 24 min 
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Figure A1.5. BET surface area report. Pulsed electric field at 294 Hz for 12 min 
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Figure A1.6. BET adsorption isotherm. Pulsed electric field at 294 Hz for 12 min  
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Figure A1.7. BET surface area report. Pulsed electric field at 294 Hz for 24 min. 

 



 
	  

 
	  

APPENDIX I, 8 

 
Figure A1.8. BET adsorption isotherm. Pulsed electric field at 294 Hz for 24 min 
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Figure A1.9. BET surface area report. Pulsed electric field at 963 Hz for 12 min. 
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Figure A1.10. BET adsorption isotherm. Pulsed electric field at 963 Hz for 12 min 
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Figure A1.11. BET surface area report. Pulsed electric field at 963 Hz for 24 min. 
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Figure A1.12. BET adsorption isotherm. Pulsed electric field at 963 Hz for 24 min 
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Figure A1.13.	  BET surface area report.  No pulsed electric field treatment	  
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Figure A1.14.	  BET adsorption isotherm. No pulsed electric field treatment 	  
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Figure A1.15. BET surface area report.  Pulsed electric field at 963 Hz for 12 min 
with 400 ˚C calcination.	  
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Figure A1.16.	  BET adsorption isotherm. Pulsed electric field at 963 Hz for 12 min 
with 400 ˚C calcination. 
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Figure A1.17.	  BET surface area report. Pulsed electric field at 963 Hz for 12 min. 
with 500 ˚C calcination.	  
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Figure A1.18.	  BET adsorption isotherm. Pulsed electric field at 963 Hz for 12 min 
with 500 ˚C calcination.	  
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Table A2.1. The concentrations of formic acid after visible light irradiation. Samples 

were made by previous study using pulsed electric field at 50Hz for 12 min (Row 

8-12). 
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Table A2.2.	  The concentrations of formic acid after visible light irradiation. Samples 

were made by previous study using pulsed electric field at 50Hz 24 min (Row 8-12), 

294Hz 12 min (Row 21-25) and 949Hz 12min (Row 27-31). Samples were made by 

current study using pulsed electric field at 294Hz 12min (Row 21-25) and 963Hz 

12min (Row 35-39). 	  
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Table A2.3. The concentrations of formic acid after visible light irradiation Samples 

were made by previous study using pulsed electric field at 50Hz 24 min (Row 8-12). 

Samples were made by current study using pulsed electric field at 50Hz 24min (Row 

14-18).  
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Table A2.4. The concentrations of formic acid after visible light irradiation. Samples 

were made by previous study using pulsed electric field at 949Hz 24 min (Row8-12) 

and without PEF treatment (Row 14-18). 
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Table A2.5. The concentrations of formic acid after visible light irradiation. 

Commercial Samples and the samples were made by current study without PEF 

treatment. 
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Table A2.6. The concentrations of formic acid after visible light irradiation. Samples 

were made by current study using pulsed electric field at 50Hz 12 min (Row 8-12) 

and 294Hz 24min (Row 14-18). 
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Table A2.7. The concentrations of formic acid after visible light irradiation. Samples 

were made by current study using pulsed electric field at 949Hz 24 min (Row 8-12) 

and 963Hz 12min with 400 ˚C calcination (Row 14-18). 
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Table A2.8. The concentrations of formic acid after visible light irradiation. Samples 

were made by current study using pulsed electric field at 963Hz 12min with 500 ˚C 

calcination (Row 8-12). 
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Table A2.9. The concentrations of formic acid after visible light irradiation. Took 

100mg previous study made samples using pulsed electric field at 50Hz 24min (Row 

8-12). 
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Table A2.10. The concentrations of formic acid after visible light irradiation. The 

samples doped 13% Cu (Row 8-12) and 963Hz 12min with 400 ˚C calcination (Row 

14-18) 
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Table A2.11. The concentrations of formic acid after visible light irradiation. 100mg 

commercial samples (Row 11-15) and the samples without Cu doped (Row 17-21). 
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Table A2.12. The concentrations of formic acid after visible light irradiation. The 

samples doped 5 % Cu (Row 8-12) and 9 % Cu (Row 14-20).	  

	  

	  


