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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. The literature part deals with properties of different 

TiO2 crystal forms, principles of photocatalysis, sol-gel method and pulsed electric field 

processing. It was expected that the pulsed electric field would have an influence on 

crystallite size, specific surface area, polymorphism and photocatalytic activity of produced 

particles. TiO2 samples were prepared by using different frequencies and treatment times of 

pulsed electric field. The properties of produced TiO2 particles were examined X-ray 

diffraction (XRD), Raman spectroscopy and BET surface area analysis. The photocatalytic 

activities of produced TiO2 particles were determined by using them as photocatalysts for the 

degradation of formic acid under UVA-light. The photocatalytic activities of samples 

produced with sol-gel method were also compared with the commercial TiO2 powder 

Aeroxide
®
 (Evonic Degussa GmbH). 

 

Pulsed electric field did not have an effect on the morphology of particles. Results from XRD 

and Raman analysis showed that all produced TiO2 samples were pure anatase. However, 

pulsed electric field did have an effect on crystallite size, specific surface area and 

photocatalytic activity of TiO2 particles. Generally, the crystallite sizes were smaller, specific 

surface areas larger and initial formic acid degradation rates higher for samples that were 

produced by applying the pulsed electric field. The higher photocatalytic activities were 

attributed to larger surface areas and smaller crystallite sizes. Though, with all of the TiO2 

samples produced by the sol-gel method the initial formic acid degradation rates were 

significantly slower than with the commercial TiO2 powder.  
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Työn tarkoituksena oli tutkia pulssitetun sähkökentän vaikutusta titaanidioksidipartikkeleiden 

valmistuksessa sol-gel menetelmällä. Kirjallisuusosa tarkastelee titaanidioksidin eri 

kidemuotojen ominaisuuksia, sol-gel menetelmää sekä prosessointia pulssitetun sähkökentän 

avustuksella. Pulssitetun sähkökentän odotettiin vaikuttavan tuotettujen partikkeleiden 

kidekokoon, ominaispinta-alaan, polymorfiseen muotoon ja fotokatalyyttiseen aktiivisuuteen. 

TiO2 partikkeleita tuotettiin käyttämällä eri taajuuksia ja pulssitetun sähkökentän 

käyttöaikoja. Tuotettujen TiO2 partikkeleiden ominaisuuksia tutkittiin röntgendiffraktiolla 

(XRD), Raman spektroskopialla ja BET –analyysiä. Tuotettujen TiO2 partikkeleiden 

fotokatalyyttiset aktiivisuudet määritettiin käyttämällä niitä fotokatalyytteinä muurahaishapon 

hajottamisessa UVA –valolla. Sol-gel menetelmällä tuotettujen näytteiden fotokatalyyttisiä 

aktiivisuuksia verrattiin kaupallisen TiO2 jauheen, Aeroxide® (Evonic Degussa GmbH), 

aktiivisuuteen.  

 

Pulssitetulla sähkökentällä ei ollut vaikutusta tuotettujen partikkeleiden morfologiaan. 

Röntgendiffraktiolla ja Raman spektroskopialla saadut tulokset osoittivat että kaikki tuotetut 

TiO2 partikkelit olivat puhdasta anataasia. Pulssitetulla sähkökentällä oli kuitenkin vaikutusta 

TiO2 partikkeleiden kidekokoon, ominaispinta-alaan ja fotokatalyyttiseen aktiivisuuteen. 

Keskimäärin pulssitettua sähkökenttää käyttäen tuotettujen näytteiden kidekoot olivat 

pienempiä, ominaispinta-alat suurempia ja muurahaishapon hajoamisnopeudet suurempia. 

Kaikilla sol-gel menetelmällä tuotetuilla näytteillä muurahaishapon hajoamisnopeudet olivat 

kuitenkin huomattavasti hitaampia kuin kaupallisella TiO2 jauheella.     
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1 Introduction 

1.1 Background 

Titanium metal was discovered in 1791 by William Gregor in Cornwall, England. This metal 

got its name after the Titans of Greek mythology later in 1795. Titanium dioxide (TiO2) is a 

semiconducting oxide of titanium and it occurs in nature in three mineral forms: anatase, 

rutile and brookite [1]. Titanium dioxide is commonly used as a white pigment in paints, 

coatings, plastics, papers, inks and toothpastes. For long, the use of TiO2 as a white pigment 

has been the main application of this material and, to this day, it still is.  

 

The discovery of titanium dioxides’ photocatalytic properties in 1967 opened up entirely new 

possibilities for the use of this material. There are now several applications that utilize this 

photocatalytic property. One very important application is water purification. Water scarcity 

is a serious global issue. This problem is not only limited to dry areas. Poor water quality 

limits the amount of usable water even if water is physically available. To solve this problem, 

viable water purification methods should be developed. 

 

Titanium dioxide can be used as a photocatalyst under UV-light for degradation of hazardous 

pollutants in water. This process is called heterogeneous photocatalysis and it is one of the 

advanced oxidation processes (AOP). The production of hydroxyl radicals (OH) with high 

oxidation potential is the common feature in all AOPs. The main advantage of heterogeneous 

photocatalysis over other UV-based AOPs is that it can be conducted at higher wavelength of 

UV-light. Therefore it is slightly less energy intensive as a process. Photocatalytic water 

purification offers some advantages over other water purification methods. Organic pollutants 

can be transformed to harmless end products, CO2 and H2O, at ambient conditions. Another 

advantage is that there is no need for additional chemicals such as H2O2 or O3.  

 

In water purification applications, the catalyst is usually in the form of nanoparticle-sized 

powder. By using the catalyst in powder form, the specific surface area can be maximized. 

This is important because specific surface area is one of the key factors that determine the 

photocatalytic activity of a material. Photocatalytic activity can be improved by increasing the 
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specific surface area. Larger specific surface areas can be achieved by decreasing the particle 

size.  

 

The sol-gel method is a process through which solid nanoparticles of metal oxides can be 

produced. Sol-gel method can be broadly defined as the preparation of ceramic materials by 

preparation of a sol, gelation of the sol, removal of the solvent and calcination of the dried gel 

[2]. First studies on sol-gel processing were reported in mid-1800s when it was discovered 

that hydrolysis of tetraethyl orthosilicate under acidic conditions yielded SiO2 [2]. Early 

studies were mainly centered on silica, but since then they have been extended to many other 

oxide ceramics and composites [3]. The sol gel method was seen as an alternative for the 

preparation of glasses and ceramics at considerably lower temperatures [3]. The sol-gel 

method is advantageous technique in the sense that it allows for the fine control of the 

product’s chemical composition and other key variables, such as polymorph composition, 

particle size or porosity of the particles. With this method it is also possible to produce 

nanoparticles with very high level of chemical purity. 

 

Pulsed electric field processing is a method that was first used in the 1960s in food 

preservation applications [4]. Pulsed electric fields were used for microbial inactivation in 

food material [4]. The use of pulsed electric field on crystallization or precipitation processes 

is a newer application that aims to stimulate nucleation. The role of pulsed electric field in a 

crystallization or precipitation process can be seen as an alternative or additional energy 

source and transfer mechanism of energy for improved processing [5]. The effects of pulsed 

electric field on crystallization are studied quite extensively. However, the effect of pulsed 

electric field on precipitation of TiO2 particles with a sol-gel method has not been previously 

reported.  

 

The literature part of this thesis first gives insight into the properties of different crystal forms 

of titanium dioxide. The theory of photocatalysis is explained briefly and also the factors 

affecting the photocatalytic performance of TiO2 are discussed. The sol-gel process is then 

described and the phenomena that occur in each step. The last theme in the literature part is 

pulsed electric field (PEF) processing. Structure and design parameters of common PEF 

treatment systems are described. Finally, it is discussed how the pulsed electric field would 

affect nucleation and growth processes.   
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1.2 Research problem and study objectives 

In the experimental part of this thesis, titanium dioxide particles were produced with sol-gel 

method under the influence of pulsed electric field. The aim was to study the effect of pulsed 

electric field on the preparation of TiO2 nanoparticles. The frequency and duration of the 

pulsed electric field were chosen as the parameters to be altered. It was expected that 

crystallite size, specific surface area and polymorphism of prepared particles can be 

influenced.  

 

The properties of produced particles were examined with X-ray diffraction (XRD), Raman 

spectroscopy and BET surface area analysis. X-ray diffractometer and Raman spectrometer 

were used to identify the atomic and molecular structures of particles. It was analyzed 

whether the particles had structures of  anatase-, rutile- or brookite. Based on XRD results, the 

crystallite size of TiO2 particles was estimated with the Scherrer equation. The specific 

surface area of particles was determined with Brunauer-Emmett-Teller (BET) Analysis.  

 

The photocatalytic activity of produced TiO2 particles was also tested in practice. The 

objective was to study whether the pulsed electric field would have an effect on the 

photocatalytic activity of TiO2 particles. Produced particles were used as photocatalysts for 

the degradation of formic acid under UVA-light. Degradation rate of formic acid was chosen 

to be the indicator of photocatalytic performance. The photocatalytic activities of samples 

produced with sol-gel method were also compared to the photocatalytic activity of the 

commercial TiO2 powder Aeroxide
®
 (Evonic Degussa GmbH).  
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LITERATURE PART 

2 Titanium dioxide, TiO2  

2.1 TiO2 crystal forms – anatase, brookite and rutile 

Titanium dioxide has three naturally occurring crystal structures in atmospheric pressure: 

anatase, rutile and brookite. Rutile is a stable crystal structure of TiO2. Anatase and brookite 

are metastable and can be transformed to rutile when heated [6]. Rutile is more commonly 

occurring in nature than the other two polymorphs. Table 1 lists some general properties of 

anatase, rutile and brookite. 

 

Table 1. Properties of anatase, rutile and brookite [6,7]. 

Property Anatase Rutile Brookite 

Crystal structure Tetragonal Tetragonal Orthogonal 

Atoms per unit cell (Z) 4 2 8 

Lattice parameters (nm) a = 0.3785 a = 0.4594 a = 0.5456 

   

b = 0.9182 

 

c = 0.9514 c = 0.2959 c = 0.5143 

Space group D2h
15

-Pbca D4h
14

-P42/mnm D4h
19

-I42/amd 

Density (kg/m
3
) 3830 4240 4170 

Refractive index (ng) 2.569 2.947 2.809 

Hardness (Moths) 5.5 - 6 6 – 6.5 5.5 - 6 

 

Crystal structures of anatase, rutile and brookite are shown in figures 1 and 2. Both rutile and 

anatase have a tetragonal crystal system whereas brookite has an orthorhombic crystal system. 

In all of the crystal structures titanium is coordinated octahedrally by oxygen. In this type of 

molecular geometry the titanium atom is the central atom that is surrounded by six oxygen 

atoms. In all crystal structures the octahedra are slightly distorted. Brookite has the largest cell 

volume with eight TiO2 groups per unit cell. Anatase has four groups and rutile only two 

groups. This makes rutile the densest polymorph. [1,7]  
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Figure 1.  Crystal structures of rutile and anatase [7].  

 

 

Figure 2.  Crystal structure of brookite [8].  
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Surface structures of a material determine many important properties, like reactivity or 

adhesion. Especially in photocatalytic applications the surface properties are of major 

importance.  A single crystal can have many different surface planes. Wulff construction is a 

method to describe the shape of a thermodynamically stable macroscopic crystal [9]. The 

equilibrium shapes of macroscopic TiO2 crystals in rutile, anatase and brookite phase are 

shown in figures 3-5. 

 

 

Figure 3. The equilibrium shape of a macroscopic TiO2 crystal in rutile phase, according to Wulff 

construction [7].  

 

Common surface planes for rutile are (110), (100) and (001). Rutile (110) surface is the most 

stable crystal face and it also has the lowest surface energy. Although this surface is very 

stable, it reconstructs and restructures under both oxidizing and reducing conditions at high 

temperatures. Rutile (001) surface has a higher surface energy than surfaces (110) and (100). 

This is because there are more broken bonds on this surface than on the other surfaces. 

Surface (001) also has a tendency to reconstruct. [7]  

 

 

Figure 4. The equilibrium shape of a macroscopic TiO2 crystal in anatase phase, according to Wulff 

construction [10].  



15 

 

Surface planes (101), (100) and (001) are commonly found in pure synthetic anatase powders. 

The most stable is surface (101). It has the lowest surface energy of these three, even lower 

than the (110) surface of rutile. Anatase (001) surface is not stable and it also reconstructs 

when heated. [7] 

 

Based on computational methods, such as density functional theory (DFT) calculations, it is 

estimated that the photoreactivity order of anatase surface planes is (100) > (101) > (001). 

According to DFT calculations the high-energy (001) surface should have lower reactivity 

than the thermodynamically stable (101) surface in photo-oxidation reactions for OH radical 

generation and also in photoreduction reactions for hydrogen evolution. The (100) surface has 

the highest photoreactivity. This contradicts the conventional understanding that surfaces with 

a high surface energy provide more adsorption sites and also stronger affinity for adsorbates 

to improve photocatalytic activities. [11] 

 

Surface structures of rutile and anatase are studied extensively but the surface properties of 

brookite are still largely unknown. This is because brookite is difficult to synthesize in pure 

form. The surface structures of brookite can be determined and studied by density functional 

theory (DFT) calculations. It is estimated that the stability order of brookite surfaces is  

(001) > (210) > (111) > (011) > (010) > (101) > (100). It can be seen from the Wulff 

construction that most of the surface area consists of (111), (210), (010), and (001) planes. 

Surfaces (010) and (001) are commonly occurring in natural brookite samples. [12]  

 

 

Figure 5. The equilibrium shape of a macroscopic TiO2 crystal in brookite phase, according to Wulff 

construction [12].  
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Brookite surfaces have structural similarities with rutile and anatase structures. Table 2 shows 

which planes are structurally similar. The structure of the brookite (210) surface is very close 

to anatase (101). However, based on density functional theory calculations the brookite (210) 

surface is more reactive than the anatase (101) surface and therefore is potentially useful in 

catalytic and photocatalytic applications. [8,12] 

 

Table 2. Structurally similar surfaces of rutile and anatase [12]. 

Brookite (100) (010) (001) (110) (101) (210) 

Rutile 

 

(001) (011) 

 

(111) 

 Anatase (112) (110)   (312)   (101) 

 

The estimated surface energy of an equilibrium-shaped crystal is highest for anatase phase 

and lowest for rutile phase. This surface energy difference can explain the fact that 

experimentally crystalline TiO2 nanoparticles have the anatase structure for diameters up to 

10 nm [18]. Brookite is more stable than anatase for crystal sizes larger than 11 nm while 

rutile is the most stable phase at sizes larger than 35 nm. [7, 8, 9, 12] 

2.2 Identification of different TiO2 crystal forms 

A titanium dioxide sample can be anatase, rutile or brookite in a pure form or it can be a 

mixture. Different TiO2 polymorphs can be identified with the help of X-ray crystallography. 

X-ray diffractometer consists of three basic elements: an X-ray tube, a sample holder with a 

goniometer and an X-ray detector. A goniometer is an instrument that can either be used to 

measure an angle or it can be used to rotate an object to a precise angular position. In an X-

ray diffraction measurement, a sample is gradually rotated while being bombarded with X-

rays. The crystalline atoms of the sample cause a beam of X-rays to diffract into many 

specific directions. The wavelength of electromagnetic radiation is related to the diffraction 

angle by Bragg’s law: [13] 

 

nλ = 2d sin θ,     (1) 

 

where n  integer 

λ X-ray wavelength 

d spacing between diffracting planes 

θ incident angle. 
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These diffracted X-rays are then detected, processed and counted. As a result, an X-ray 

diffraction pattern is produced, which is a plot of the intensity of X-rays scattered at different 

angles. For known substances there are databases of diffraction data. For instance, the 

International Centre for Diffraction Data (ICDD) maintains a database of powder diffraction 

patterns. The results from an X-ray diffraction measurement can be compared to database 

diffraction data and thus identify the constituents of the sample. [13]  

 

Anatase, rutile and brookite each have their own unique X-ray diffraction patterns. These are 

shown in Figures 6 to 8. Anatase form has its peaks located at 25.4°, 37.8°, 48.0°, 54.5°  and 

these respond to planes (101), (004), (200) and (105 and 211). Rutile phase has peaks located 

at 27.5°, 36.1° and 54.4°. These respond to planes (110), (101), (211) planes of the rutile 

phase. [14]  

 

 

Figure 6.  XRD spectra of anatase [14]. 

 

 

Figure 7.  XRD spectra of rutile [14]. 
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The existence of brookite in a sample is clearly seen from the presence of (121) peak at  

2θ = 30.81° in the XRD pattern (Figure 8). When interpreting the diffractograms it should be 

noted that the main (101) diffraction peak of anatase at 2θ = 25.356° overlaps with the (120) 

and (111) peaks of brookite at 2θ = 25.34° and 25.69°. This overlapping causes difficulties in 

determining whether a sample truly is pure brookite or a mixture of brookite and anatase. 

[8,15] 

 

 

Figure 8.  XRD chart of brookite [8]. 
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XRD patterns can also be used to estimate the crystallite size of TiO2 nanoparticles. The 

crystallite size can be calculated with Scherrer’s equation: [17] 

 

L =  
Kλ

βcosθ
,      (2) 

 

where L  average crystallite size 

K constant related to crystallite shape 

β diffraction peak width at half the maximum intensity. 

 

Scherrer’s equation is obtained by taking the derivative of Bragg's law. The wavelength is 

held constant while the diffraction angle and the Bragg spacing are allowed to vary. 

Scherrer’s equation is applicable if the crystallite size is smaller than 100 nm. For spherical 

crystals the value of K is 0.9. [17] 

 

Different TiO2 polymorphs can also be identified with Raman spectroscopy. This technique is 

based on inelastic scattering of monochromatic laser light by molecules. In an inelastic 

scattering process, the incident photon interacts with the bonds of the molecule so that the 

energy of scattered photon is either higher or lower than the energy of incident photon. [18]  

 

Photons of reduced energy are produced in Stokes scattering. The target molecule absorbs 

some of the energy from the incident photon and consequently gets promoted to a higher 

energy state. The scattered photon therefore has reduced energy. Photons with increased 

energy are then produced in anti-Stokes scattering. First the target molecule, which is in an 

excited state, absorbs the energy from the incident photon. Then it decays to a lower energy 

level. As a consequence, a photon that has a higher energy than the incident photon is emitted. 

[18] 

 

In a Raman measurement, a sample is illuminated with a laser beam. Electromagnetic 

radiation from the illuminated spot is collected with a lens and sent through a 

monochromator. Elastic scattered radiation is filtered out while the rest of the collected light 

is dispersed onto a detector. [18] 
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Raman shifts are reported in wavenumbers, which have the unit in inverse centimeters (cm
-1

). 

For known substances there are Raman standard spectra available from commercial databases 

and data books. Handbook of Minerals Raman Spectra is an example of such a database. The 

results from a Raman measurement can be compared to Raman standard spectra of some 

database and thus identify the constituents of the sample. 

 

Figures 9 and 10 show the Raman spectra of rutile and anatase. Figure 11 shows the Raman 

spectra of both anatase and brookite in the same graph. Rutile can be identified from its two 

dominant peaks at 447 cm
-1

 and 612 cm
-1

. Anatase has a strong peak at 143 cm
-1

 and several 

smaller peaks at 197 cm
-1

, 395 cm
-1

, 517 cm
-1

 and 638 cm
-1

.  

 

 

Figure 9. Raman spectra of rutile [18]. 

 

 

Figure 10. Raman spectra of anatase [18]. 
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As with the XRD patterns, anatase and brookite have their strongest peaks in Raman spectra 

very close to each other. Brookite has its characteristic peak at 153 cm
-1

 while anatase has its 

peak at 143 cm
-1

. This method can be used to confirm whether a sample truly is pure brookite. 

If a characteristic peak at 517 cm
-1

 is missing, then the sample does not include anatase form. 

 

 

Figure 11. Raman spectra of brookite and anatase [8]. 

2.3 Photocatalytic properties 

Rutile, anatase and brookite all have photocatalytic abilities. Also in this case the 

photocatalytic properties of brookite are not as widely studied as those of anatase and rutile. 

For the same reason, the surface properties of brookite have been studied less. Brookite is 

difficult to synthesize in pure form. The photocatalytic properties of titanium dioxide were 

discovered in 1967 but the first study on the photocatalytic behavior of brookite was 

published relatively recently in 1985 [8].  

 

For TiO2 the photocatalytic process can be described with the following reactions. Absorption 

of photon (hν) will excite electron from the valence band to the conduction band and 

subsequently produces an electron hole pair (e
-
-h

+
). [19]  

 

TiO2  + ℎ𝜈 →  TiO2(e− + h+)    (3) 
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The energy required to elevate electron from the valence to the conducting band is equal to 

band gap energy, which is expressed in electron volts (eV). The energy of a photon should 

exceed or at least be equal to the band gap energy in order for reaction 1 to occur. Energy of a 

photon is dependent on the wavelength of radiation. The estimated band gap values for 

anatase, rutile and brookite are 3.2 eV, 3.02 eV and 2.96 eV, respectively [19]. These 

estimated band gap values of different polymorphs correspond to wavelengths that are in the 

UV region (290–380 nm). This means that anatase, brookite and rutile are photocatalytically 

active only under UV-light. There are also other band gap values reported in the literature. 

The estimated value for band gap depends on variations in the stoichiometric of the synthesis, 

the impurities content, the crystalline size and the type of electronic transition [20].  

 

 

Figure 12. Schematic illustration of photo-generation of charge carriers in a photocatalyst [6]. 

 

The electrons in the conduction band facilitate reduction reactions and the holes facilitate 

oxidation reactions. In an aqueous environment, titanium dioxide adsorbs water or dissolved 

oxygen on its surface. Reduction of oxygen by the electron of the conduction band generates 

superoxide radical anions (⦁O
-
2). Subsequent reactions shown below produce hydrogen 

dioxide radicals (⦁HO2), hydrogendioxide anions (HO
-
2) and hydrogen peroxide (H2O2). [19]  
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Reactions involving conduction band e
-
 are: 

 

TiO2(e−) +  O2 → TiO2 + O2
−⦁      (4) 

 

TiO2(e−) +  O2
−⦁ + 2H+ →  TiO2 + H2O2   (5) 

 

TiO2(e−) +  H2O2 →  TiO2 + O⦁ H + OH−   (6) 

 

O2
−⦁ +  H2O2 →  O⦁ H + OH− +  O2    (7) 

 

O2
−⦁ +  H+ →  H⦁ O2     (8) 

 

TiO2(e−) +  H⦁ O2 →  TiO2 + HO2
−    (9) 

 

HO2
− +  H+ →  H2O2     (10) 

 

2 H⦁ O2 →  O2 + H2O2     (11) 

 

Water is oxidized by positive holes and splits into ⦁OH and H
+
. Reactions involving valence 

band h
+
 are: 

 

TiO2(h+) + H2Oads →  TiO2 +  O⦁ Hads + H+   (12) 

 

TiO2(h+) + 2H2Oads →  TiO2 + 2H+ +  H2O2   (13) 

 

TiO2(h+) +  OHads
− →  TiO2 +  OHads

⦁     (14) 

 

Hydroxyl radicals (⦁OH), superoxide radical anions (⦁O
-
2) and H2O2 are called reactive 

oxygen species (ROS) which are responsible for the removal of organic pollutants in water 

treatment. The hydroxyl radical is highly reactive but short-lived. Superoxide anion and 

hydrogen peroxide can also function as precursors for hydroxyl radical. [19] 
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The photocatalytic functionality of a semiconducting material can be determined by the rates 

at which electron hole pairs are generated and recombined. The generation of electron hole 

pairs by UV radiation and their tendency to recombine are competing phenomena. If the 

generation rate is higher than the recombination rate, then the lifetime of electron-hole pairs is 

longer compared to a situation where the generation rate and recombination rate are equal. 

Longer lifetime means that the electron-hole pairs have a higher probability to participate in 

photocatalytic reactions. TiO2 has a relatively slow rate of electron-hole pair recombination 

compared to other semiconductors. [6, 21]  

2.3.1 Photocatalytic performance of pure TiO2 crystal forms and mixtures 

When comparing the band gap values alone it would seem that brookite is the best 

photocatalytic material and anatase the worst. However, there is growing evidence that 

anatase - although having the highest band gap - has greater photocatalytic activity than rutile. 

For instance, anatase is found to be more active than rutile in the oxidation of pure 

cyclohexane and 2-propanol [22]. Anatase is also found to be more active in the degradation 

of phenol and nitrophenol isomers in water [22]. But then again, there are also cases where 

rutile has the greater photocatalytic activity. Pure rutile is reported to have higher hydrogen 

production rate from methanol decomposition than pure anatase [23].  

 

There are several explanations why anatase has higher photocatalytic ability than rutile. One 

explanation is that the anatase phase has smaller effective electron mass and therefore higher 

mobility. If the mobility of the photogenerated e
-
 and h

+
 is different, then the probability of 

recombination will be lower. Charge carriers are more likely to participate in surface reactions 

if the electron-hole pair life is longer. Photocatalytic activity is thus increased. [21] 

 

Another explanation is related to direct and indirect band gaps. Indirect band gap differs from 

direct band gap in a sense that the upper and the lower electronic states, conduction and 

valence bands, do not occur at the same value of crystal momentum (Figure 13). [24]  
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Figure 13. Direct and indirect band gap [24]. 

 

Anatase has an indirect band gap that is smaller than its direct band gap. The indirect band 

gap of rutile, however, is very similar to its direct band gap [21]. The indirect band gap of 

anatase will also decrease the recombination rate of the electron-hole pair generated upon 

illumination. Rutile typically has larger grain size and this also causes the electron–hole 

recombination rate to be higher [6].  

 

Yet another explanation is that anatase phase has lower capacity to adsorb oxygen and 

consequently a higher degree of hydroxylation compared to rutile. This means that the level of 

hydroxyl groups in the surface is higher in anatase phase. Hydroxyl groups contribute to the 

higher photocatalytic activity. The lower oxygen adsorption capacity of anatase can be 

explained with its higher Fermi level by 0.1 eV compared to rutile. The Fermi level is the 

total chemical potential for electrons and its significance is the thermodynamic work required 

to add one electron to the body. Oxygen adsorption involves the transfer of one or more 

excess electrons to an O2 molecule at the TiO2 surface. Oxygen adsorption capacity for 

anatase is lower because it requires more thermodynamic work. [19, 21, 25] 

 

Although the photocatalytic properties of brookite are not so widely studied, this crystal form 

has also proved to be a promising photocatalyst. In some cases it has shown to be better than 

pure anatase. Pure brookite on a thin film is found to have higher photocatalytic activity for 

the degradation of 2-propanol than anatase or rutile thin films [26]. Photocatalytic hydrogen 

evolution by pure brookite is reported to be higher than that of pure anatase [8].  
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A common commercial photocatalyst is the Degussa P-25, a powder consisting of both rutile 

and anatase crystallites in a ratio of 3:1. A mixture of different polymorphs has synergistic 

effects and thus an increased photocatalytic activity. One explanation for this enhanced 

activity is that the transfer of electrons from anatase to a lower energy rutile electron trapping 

site helps to reduce the recombination rate of anatase. This leads to more efficient electron-

hole separation and greater catalytic reactivity [27].  

 

There are various studies where Degussa P-25 was found to be more photocatalytically 

effective compared to pure rutile, anatase or brookite. For instance, Degussa P-25 was found 

to be more effective in the photodegradation of acetaldehyde and 4-chlorophenol than pure 

brookite [4]. Degussa P-25 was also found to be more effective than both anatase and rutile in 

the photodegradation of cyclohexane into cyclohexanone in room temperature [22].  

 

However, it is not correct to say that Degussa P-25 has the optimal photocatalytic 

performance in every situation. For instance, transparent particles of brookite prepared by 

hydrolysis of an aqueous solution of TiCl4 in the presence of polyethyleneglycol degraded 

Orange II more efficiently than P-25 [8]. It can be concluded that none of the pure crystal 

forms nor the commercial Degussa P-25 is optimal in all applications. Choosing the right 

photocatalyst, whether that be anatase, brookite, rutile or the commercial Degussa P-25, 

depends very much on the application. 

2.3.2 Factors affecting the photocatalytic performance of TiO2 

Photocatalytic performance of TiO2 clearly depends on the crystal form but it is also affected 

by the way how this material is applied as photocatalyst. Titanium dioxide can be used as a 

photocatalyst either in the form of fine suspended particles or as thin films. TiO2 catalysts are 

often used as particulate suspensions since its photocatalytic activity is significantly reduced 

when it is immobilized in a carrier substance. Thin films have reduced active surface area 

compared to suspended particles, but then again, with thin films there is no need for the 

mechanical separation of catalyst after treatment. [28] 
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The photocatalytic ability of Titanium dioxide is strongly dependent on surface area. 

Absorption of light and target compounds is enhanced when the surface area of photocatalyst 

is increased. In the case of TiO2 powders the surface area is strongly related to particle size 

and also to porosity. Surface area can be increased by decreasing the particle size and by 

increasing the porosity of the particle. The commercial Degussa P-25 has a typical surface 

area of 50 m
2
/g. [28] 

 

If the catalyst is applied in suspended particles, the photocatalytic performance can be 

enhanced by selecting optimal catalyst concentration. Excess amount of TiO2 can create a 

light screening effect that leads to the reduction in the surface area exposed to irradiation and 

thus reduces the photocatalytic efficiency of the process. With high concentrations the 

agglomeration of particles also increases. This reduces the effective surface area and thus the 

photocatalytic efficiency. [28] 

 

The optimal catalyst concentration varies between different studies and with different 

parameters such as target compounds and catalysts. Optimum dosages of photocatalysts for 

some organic compounds are presented in Table 3. One of the most studied target compounds 

is phenol. Way et al. [29] studied the photocatalytic oxidation of phenol with pure anatase 

TiO2 and concluded that the optimal catalyst concentration was 1-3 g/l. In another study by 

Kashif et al. [30] the optimal anatase TiO2 concentration for the photocatalytic oxidation of 

phenol was found to be 200 mg/l. There is a significant difference in the results of these two 

studies. However, a direct comparison between these two studies and other studies as well is 

difficult due to the differences in experimental setup, used UV wavelength and other 

parameters. For instance, the specific surface area of TiO2 in the study of Way et al. [30] was 

only 9 m
2
/g whereas in the study of Kashif et al. [30] it was 120 m

2
/g. This might be one of 

the factors that could explain the lower optimum TiO2 concentration in the study of Kashif et 

al. [30]. Mehrvar et al. [31] studied the photocatalytic oxidation of 1,4-dioxane with two 

commercial TiO2 powders: Degussa P-25 and Hombikat UV 100, which was pure anatase 

TiO2. The optimum photocatalyst loading for Degussa P-25 was found to be 1.5 g/l while for 

Hombikat UV 100 the optimum was between 3.0–4.0 g/l.  
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Table 3. Optimum dosages of photocatalysts for degradation of organic compounds [29,30,31,32]. 

Target compound Photocatalyst Optimum dosage g/l 

Erioglaucine Degussa P-25 0.3 

Tebuthioron Degussa P-25 5 

Propham Degussa P-25 5 

Triclopyr Degussa P-25 2 

Phenol anatase TiO2 1-3, 0.2 

1,4-dioxane Degussa P-25 1.5 

1,4-dioxane anatase TiO2 3.0-4.0 

 

The chemical structure of target compound not only affect the optimal catalyst concentration, 

but the photocatalytic performance as well. For example, for 4-chlorophenol the required 

irradiation time is long because 4-chlorophenol first transforms to intermediates. With oxalic 

acids the transformation is directly to carbon dioxide and water [32]. Also the ability of a 

compound to adsorb to the surface of the photocatalyst has an effect on the degradation rate.  

Nitrophenol is reported to be much stronger adsorbing substrate than phenol and therefore it 

degrades faster [28]. The concentration of target compound influences the photocatalytic 

performance as well. High concentration of pollutants in water saturates the TiO2 surface and 

this results in reduced photonic efficiency and deactivation of the photocatalyst [32].  

 

Light intensity and temperature also have an effect on the photocatalytic performance. 

Photocatalytic activity is directly proportional to light intensity and increases with increasing 

light intensity. For effective photomineralization of organic content, an optimal temperature 

range exists between 20 and 80 °C. Reaction temperature above 80 °C promotes the 

recombination rate of charge carriers and disfavors the adsorption of organic compounds on 

the titania surface.  [28, 32] 

 

Photocatalytic performance is also dependent on pH because it determines the surface charge 

properties of the photocatalyst. The adsorption of pollutants on the TiO2 surface, size of TiO2 

aggregates and the position of conductance and valence bands are affected by pH as well. [28, 

32]  
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The surface of titania can be protonated or deprotonated under acidic or alkaline condition 

according to the following reactions: [28, 32] 

 

TiOH +  H+ →  TiOH2
+     (15) 

 

TiOH +  OH− →  TiO− +  H2O    (16) 

 

The point of zero charge of TiO2 is 6.8. In acidic medium the surface of TiO2 is positively 

charged and in alkaline medium it is negatively charged. Oxidizing activity of TiO2 is higher 

at lower pH but excess H
+
 at very low pH can decrease reaction rate. [28] 

 

Various inorganic ions such as magnesium, iron, zinc, copper, bicarbonate, phosphate, nitrate, 

sulphate and chloride can adsorb onto the surface of TiO2 and thus affect the photocatalytic 

performance. Photocatalytic deactivation has been reported whether photocatalysts are used as 

suspended particles or as thin films. The inorganic anions such as nitrate, chlorides, 

carbonates and sulphates inhibit the surface activity of the photocatalyst. The surface contact 

between the pollutants and the photocatalyst is reduced. On the other hand, it is reported that 

the effect of calcium, magnesium and zinc on the photodegradation of organic compounds is 

negligible. This is because these cations are at their maximum oxidation states so these are 

unable to have any inhibitory effect on the degradation process. However, the effect of 

inorganic ions is mainly studied with model compounds. Therefore the results of these studies 

do not necessarily represent their effect in real water matrix where several ions exist. [32] 

 

Certain anions such as chlorides, carbonates, phosphate and sulphates also scavenge hole and 

hydroxyl radicals. This scavenging phenomenon has a negative effect on the photocatalytic 

performance. The mechanisms of hole and hydroxyl radical scavenging by chloride are as 

follows: [32] 

 

Cl− +  O⦁ H →  Cl⦁ + OH−     (17) 

 

Cl− +  h+ →  Cl⦁     (18) 
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3 Sol-gel Method 

3.1 Hydrolysis, condensation and gelation 

The sol gel process starts with a preparation of sol, which is a stable dispersion of colloidal 

particles in a solvent. Starting compounds for the preparation of colloidal particles are called 

precursors. These precursors consist of a metal or metalloid element surrounded by various 

ligands. Common precursors for TiO2 nanoparticle production are metal alkoxides, such as 

titanium (IV) isopropoxide. Also TiCl4 can be used as a precursor. [2] 

 

The formation of colloids starts from partial hydrolysis reaction. [2]  

 

Ti(OR)4 +  H2O → Ti(OR)3(OH) +  ROH    (19) 

 

The products of partial hydrolysis reaction then link together in a condensation reaction. 

 
(OR)3Ti − OH + HO − Ti(OR)3 →  (OR)3Ti − O − Ti(OR)3 +  H2O (20) 

 

This type of reaction continues to build larger molecules by the process of polymerization.  

At first these molecules grow and then they begin to link together. When a single molecule 

reaches macroscopic dimensions so that it extends throughout the solution, the substance is 

turned into a gel. The time at which the last bond is formed that completes this giant 

molecule, is called gel time. [2] 

 

Gelation can be described as a process where a solution suddenly loses its fluidity and takes 

on the appearance of an elastic solid. When a gel is formed the viscosity rises abruptly and 

elastic response to stress appears. Viscosity and shear modulus are properties that can be 

measured to determine the gel time. Many gels are formed in amorphous phase. For instance, 

titania gels made by hydrolysis of TiCl4 are amorphous. [2] 

 

Hydrolysis and condensation reactions with metal alkoxides proceed very fast. These 

reactions have to be slowed down in order to control the process. Chemical modification of 

metal alkoxides with alcohols, chlorides, chelating ligands, acids and bases are commonly 

employed to achieve this. [2] 
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The kinetics and resulting structure of polymer can be controlled by appropriate choice of 

solvent. For instance, with cyclohexane the occurrence of alkoxy bridging allows controlled 

hydrolysis. With n-propanol the occurrence of alcohol association results in rapid hydrolysis 

and formation of a highly condensed product. Chlorine modified transition metal alkoxides 

are stable toward hydrolysis. Chloride-modified transition metal alkoxides can be prepared by 

reaction of metal alkoxides with halides or by reaction of metal chlorides with alcohols. With 

the addition of acetic acid the gel time can be increased. The size of organic ligand in a 

precursor affects the hydrolysis kinetics. Small ligands result in faster reaction than large 

ligands. [2]  

 

Acid and base catalysts are used to control the hydrolysis and condensation rates but also the 

structure of condensed product can be influenced. Acids serve to enhance the hydrolysis rate 

by producing good leaving groups and eliminating the requirement for proton transfer within 

the transition state. Hydrolysis goes to completion when sufficient amount of water is added. 

In basic conditions with titanium (IV) butoxide as a precursor it was observed that the 

hydrolysis rate was lower compared to neutral or acidic conditions. Acid-catalyzed 

condensation is directed towards the ends of chains whereas base-catalyzed condensation is 

directed towards the middles of chains. Acid-catalyzed polymers are thus less branched than 

base-catalyzed polymers. Condensation kinetics can be retarded with high acid 

concentrations. Acid and base catalysts should therefore also have an effect on the size of 

TiO2 particles because the growth of molecules by polymerization is the result of 

condensation reactions. [2] 

 

Thangavelu et al. [33] studied how acidic conditions affect the size of TiO2–particles. It was 

concluded that the particle size decreased as the pH values decreased. It was also noticed that 

with lower pH the TiO2 particles were less agglomerated. Base catalysts, on the other hand, 

enhance condensation kinetics. As a result, larger TiO2 particles should be obtained in basic 

conditions compared to acidic conditions. Imanieh et al. [34] prepared TiO2 particles in both 

acidic and basic environments and confirmed that particles prepared in basic conditions were 

larger.  
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3.2 Ageing 

The chemical reactions that cause gelation continue long after the gel time. Ageing is the next 

phase after gelation and it involves changes in structure and properties of gel network. Ageing 

involves further condensation, dissolution and reprecipitation of monomers and phase 

transformations within the solid or liquid phases [2].  

 

Further condensation reactions produce new bridging bonds which increase the connectivity 

of gel network. Subsequently the gel is stiffened and strengthened. After gel time there still 

might be some smaller clusters present in the sol phase. The stiffness of the gel will also 

increase when these clusters are attached. [2] 

 

Same condensation reactions that cause stiffening can also cause shrinkage of the gel. Liquid 

is expelled from the pores. This phenomenon is common with titania gels. In most inorganic 

gels the shrinkage is irreversible. The rate of shrinkage can be changed by transferring the gel 

from one liquid to another or altering the temperature. This, however, does not reverse the 

shrinkage process. [2] 

 

Ostwald ripening is a process of dissolution and reprecipitation driven by differences in 

solubility. Small particles dissolve faster than larger particles. Dissolved smaller particles feed 

the growth of the larger particles. Usually the small pores of larger particles are filled in 

causing a decrease in interfacial area. Ostwald ripening is influenced by temperature, pH, 

concentration and the type of solvent, because these factors have an effect on solubility. An 

example of phase transformation is microsyneresis, in which solid phase separates from the 

liquid on a local scale. [2] 

3.3 Drying 

The next step after ageing is drying where solvent is removed from the gel. Classically, the 

drying process of a porous material can be divided into three periods which are: constant rate 

period, first falling rate period and second falling rate period. Cracking of the gel during 

drying is one of the main problems and this is sought to overcome with alternative drying 

methods. These methods are supercritical drying and freeze-drying. [2] 
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In the constant rate period, the rate of evaporation per unit area is independent of time and the 

gel shrinks by an amount equal to the volume of the liquid that evaporates. The liquid-water 

interface remains at the exterior surface of the gel. The surface of the gel is covered with a 

film of liquid. As the solvent evaporates from the surface, liquid flows from the interior to 

replace that which is evaporated. When the volume of the liquid in the pores decreases, it 

cannot cover the newly exposed surface without forcing the pores to a concave form. This 

then causes tension in the liquid. The network becomes increasingly stiff as drying proceeds. 

This is because new bonds are forming and the porosity is decreasing. Also tension in the 

liquid rises. The constant rate period ends when the tension in the liquid cannot overcome 

further stiffening of the network. [2] 

 

The shrinkage of the gel stops at critical point when the gel becomes so stiff that it is able to 

withstand the capillary pressure. The liquid retreats into the interior and leaves air-filled pores 

near the surface. The rate of evaporation decreases. At critical point the tension in the liquid 

reaches its maximum value so cracking of the gel is most likely to occur at this stage. The 

higher tension in the liquid near the outer surface makes that portion of the network shrink 

faster than the gel as a whole. This results in cracking. Cracking is more likely for thick gels 

and high drying rates. [2]  

 

Acid-catalyzed gels collapse more readily under capillary stress than base-catalyzed gels. This 

is because acid-catalyzed gels are less cross-linked and therefore less robust. Acid-catalyzed 

gels also have smaller pore network than base-catalyzed gels so the capillary stress is also 

higher. Beyond the critical point the gel expands when drying continues. This is because 

compressive forces exerted on the network are released as the liquid evaporates. [2] 

 

There are ways that can help to reduce the occurrence of cracking. Cracking is mainly caused 

by capillary pressure, which can be lowered by increasing the pore size. Capillary pressure is 

inversely proportional to the pore size. The capillary pressure that develops during drying is 

also proportional to the interfacial area in the gel. If that area is reduced during ageing, the 

maximum pressure generated during drying is smaller. Ageing phase also helps to reduce the 

occurrence of cracking. Aged gels are stiffer and stronger so they can better withstand the 

capillary pressure. The occurrence of cracking can also be reduced by using slower 

evaporation rate and less viscous solvent. [2]  
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After critical point the drying process progresses to the first falling rate period where the 

liquid evaporates through partially empty pores. The rate of evaporation depends on ambient 

temperature and vapor pressure. The temperature of the surface remains below ambient 

temperature. The exterior of the gel does not immediately become completely dry because 

liquid continues to flow to the surface. This condition applies as long as the flux of liquid is 

comparable to the evaporation rate. Evaporation of liquid within the pores is also possible. 

Vapor is transported out of the pores by diffusion. [2] 

 

The flow to the surface stops eventually and liquid is then removed only by diffusion of its 

vapor. The second falling rate period starts at this point. The temperature of the surface 

approaches ambient temperature so the rate of evaporation becomes less dependent on 

ambient temperature or humidity. [2]  

 

With supercritical drying the problem of capillary pressure can be eliminated. In this method 

the liquid is removed from the pores above critical temperature and pressure of the liquid. 

This means that there is no liquid-vapor interface and therefore no capillary pressure. Wet gel 

can be heated in autoclave along a certain path. Temperature and pressure are increased so 

that the phase boundary is not crossed. The solvent is vented at a constant temperature when 

the critical point is passed. The resulting aerogel has a volume that is close to that of original 

sol. Theoretically, it is possible to produce monolithic gels that have the same volume as the 

autoclave. TiO2 gels from alkoxides can be supercritically dried directly with a water-alcohol 

solution in the pores. Resulting powders are found to be useful as catalysts because of their 

high surface area.  [2]  

 

Freeze-drying is another approach to eliminate the problem of capillary pressure. However, 

this method has not proven to be as successful as supercritical drying. In this method, the pore 

liquid is frozen to a solid state and then sublimed under vacuum. The pore liquid is often 

crystallized. This is problematic because growing crystals reject the gel network and push it 

out of the way until the network is stretched to breaking point. Attempts to freeze-dry gels 

usually result in flakes. [2] 



35 

 

3.4 Calcination 

The last stage in the sol gel process is calcination. The purpose of this final step is to remove 

the organic impurities from the final product and to complete the crystallization.  Dried gels 

are still in amorphous state. Because calcination step completes the crystallization, this stage 

has a significant effect on the photocatalytic abilities of the final product. As mentioned in 

chapter 2.3.1, different crystal forms have different photocatalytic activities. Anatase has 

greater photocatalytic activity than rutile while commercial Degussa P-25, which is a mixture 

of anatase and rutile in a ratio of 3:1, has proven to have the optimal photocatalytic 

performance in many applications. [2, 6] 

 

The calcination process can be studied with the help of differential thermal analysis (DTA). In 

DTA the difference in temperature between a sample and an inert reference material is 

measured for instance with thermocouples. Both the sample and the inert reference material 

are made to undergo identical thermal program. Temperature differences between sample and 

reference are recorded. Temperature differences are then plotted against time to give DTA 

curve, or against temperature to give a thermogram. DTA curves or thermograms show 

energy gains or losses in the sample corresponding to chemical or physical changes such as 

crystallization, melting, vaporization or sublimation. Clues to the existence of transitions 

between crystalline phases are also obtained. [35]  

 

Imanieh et al. [34] prepared nanocrystalline TiO2 particles with a sol gel method using 

titanium isopropoxide as a precursor, isopropanol as a solvent and sodium hydroxide as a 

basic catalyst. Samples were produced with different H2O/precursor molar ratios: 2, 7 and 14. 

Dried gels were analysed with DTA. Figure 14 shows the thermogram from the analysis. The 

first peak is related to the burning of organic compounds. This peak occurred at 

approximately 267 °C. The second peak was due to anatase crystallization while the third 

peak was due to rutile crystallization. It was noticed that by increasing the water content the 

intensity of the second peak was decreased and shifted toward higher temperatures. 
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Figure 14. DTA analysis [34]. 

 

As was seen in the study by Imanieh et al. [34], the crystalline TiO2 phase that is initially 

formed is usually anatase. This is due to the less-constrained molecular structure of anatase 

compared to rutile. The short-range ordered TiO6 octahedra arrange into long-range ordered 

anatase structure more easily [6]. It is also found that anatase phase is more stable for 

crystallites of extremely small sizes (10 nm) and correspondingly high surface areas [9].  

 

For highly pure fine powders, the reported transition temperature at which pure anatase begins 

to transform irreversibly to rutile vary in the range 600–700 °C. Larger anatase grains 

transform to rutile more slowly than finer grains. The anatase to rutile transformation is a 

reconstructive process so the bonds are first broken and then reformed. As the anatase to rutile 

transition proceeds, rutile grain growth becomes significant. And as the rutile grains grow 

larger, the surface area and hence the photocatalytic activity are reduced. [6] 

 

The presence and amount of defects on the oxygen sublattice are important factors that affect 

the phase transformation. The presence of oxygen vacancies allows the ease of rearrangement 

and transformation to rutile because the structural rigidity of large oxygen sublattice is 

lessened. [6] 
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The transformation to rutile is also affected by the atmosphere used during calcination. 

Vacuum conditions slow the phase transformation because of the reduced convective heat 

transfer. Inert or reducing atmospheres on the other hand are expected to increase the number 

of oxygen vacancies in the anatase lattice and therefore promote the transformation. Oxygen 

vacancies are expected to be filled when calcination is carried out in air or in pure O2. This 

filling of vacancies should inhibit the transformation. [6] 

4 Pulsed electric field (PEF) processing 

4.1 Structure of PEF treatment system 

A structure of a typical PEF treatment system is shown in Figure 15. The system has a charger 

that converts the AC grid voltage to a DC voltage. The grid voltage is also stepped up. 

Applied voltages are usually in the range of 10-150 kV. Charger also charges the energy 

storage device which can be either a capacitor or an inductor. Energy storage device may also 

contain components that improve the shape of the pulse. Switch starts and terminates the 

pulse. Pulse transformer is used for stepping up the voltage if the voltage in the storage tank is 

not sufficiently high. The block that is called load is actually the treatment chamber that 

contains the treated material. [4] 

 

 

Figure 15. Block diagram of PEF treatment system [4]. 

 

The treatment chamber is the key component of a PEF system because the structure of this 

component determines the uniformity of electric field distribution and in continuous 

applications the flow characteristics. Continuous flow PEF chambers are preferably applied in 

an industrial scale. Various treatment chamber designs used in continuous systems such as 

parallel plates, coaxial cylinders or co-field configurations are shown in Figure 16. [37] 
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Figure 16. Different PEF treatment chambers: (a) parallel plate chamber; (b) continuous flow parallel plate 

chamber; (c) co-field flow chamber; (d) coaxial continuous chamber; (e) enhanced electric field 

continuous treatment chamber. [36] 

 

Parallel plate chambers are the simplest design and were actually the first experimental 

chambers. This chamber type consists of a rectangular duct of insulating material with two 

limited electrodes on opposite sides. The electric field distribution is determined only by the 

electrode length and distance.  This type of chamber produces the most uniform distribution 

of the electric field but the low electrical resistance is limiting the application possibilities. 

Electric field strength is limited in this chamber type. [36, 37] 

 

In a co-axial treatment chamber, the treated material flows between two cylinders. The 

application of this chamber type is restricted to materials of liquid form containing only small 

particles. The inner cylinder is used as a high voltage electrode and the outer cylinder as 

ground electrode. The electrode shape in this configuration can be optimized with numeric 

electric field computation. The electric field within the treatment zone is enhanced by a 

protruded outer electrode surface. Also the field intensity in the remaining portion of the 

chamber is reduced. The electric field distribution within this treatment chamber is not 

homogeneous. This is because the electric field is distributed from the central cylinder 

towards the external cylinder. The advantage of co-axial treatment chamber is the fact that 

peak values of local electric field strength can be minimized or even eliminated. The effective 

area of electrodes is also very large. This allows high current flow and low treatment chamber 

resistance. [36, 37] 
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One of the most utilized chamber types in continuous flow systems is the co-field treatment 

chamber type. Co-field chambers have two hollow cylindrical electrodes separated by an 

insulator to form a tube through which the product flows. Electric field distribution in this 

type of configuration is not uniform. Different electric field strength distributions can be 

obtained by modifying the insulator geometry between the two electrodes. Co-field chambers 

can be designed to operate at lower currents than co-axial chambers. Enhanced electric field 

continuous treatment chamber is an upgraded version of co-field treatment chamber. The 

insulator shape is conical in order to eliminate gas deposits within the treatment zone. [36, 37] 

4.2 Design parameters of PEF treatment systems 

PEF treatment systems have various design parameters which are strongly dependent on one 

another. The key design parameters and their relationships with each other are described in 

Figure 17. This interdependency of key parameters with other parameters makes it a 

challenging task to design new PEF treatment systems. It is also difficult to study the impact 

of one single parameter by its variation because it is not possible to change one single 

parameter without affecting other related parameters. [37] 

 

 

Figure 17. PEF design parameters and their various interdependencies [37]. 
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An electric field is generated when voltage is applied between two electrodes. The strength of 

the electric field is dependent on voltage and treatment chamber design. For a simple parallel 

plate electrode configuration, the electric field strength is homogeneous and can be calculated 

with equation (21). For other treatment chamber configurations, such as the co-field electrode 

configuration, the average electric field strength needs to be estimated with numerical 

simulation procedures because the electric field is not homogeneous. [37]  

 

E =  
U

𝑑𝑒
,      (21) 

 

where E electric field strength 

U voltage 

de distance between electrodes. 

 

During the pulse a current will flow. The magnitude of current is affected by the electrical 

resistance of the treatment chamber and the treated material inside the chamber. Total 

resistance is dependent on the geometry of the treatment chamber and also on the conductivity 

of the treated material. Temperature of the treated material also has an effect on the 

conductivity of the treated material so the total resistance is also temperature dependent. [37]  

 

In practice the total resistance has such a value that a substantial current will flow in the 

treated material during the treatment. The resistance can be determined experimentally by first 

measuring the voltage and current and then calculating it with equation (22). For a parallel 

plate chamber configuration the resistance can be calculated with equation (23). The 

resistance can also be determined using numerical simulations. [4, 37] 

 

R =
U

I
,      (22) 

 

where R resistance 

I current. 
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R = ρ
𝑑𝑒

A
,      (23) 

 

where ρ specific electrical resistance 

A effective cross sectional area for the current flow. 

 

The application of electric field means that power has to be delivered by the pulse generator. 

The amount of energy delivered per single pulse can be calculated based on voltage and 

electrical current with the following equation [37]:  

 

Wpulse =  ∫ U(t) · I( t) · dt ,    (24) 

 

where Wpulse energy of a single pulse. 

 

The power that is required to establish a uniform field in a volume Vch can be calculated with 

equation (25) [37]:  

 

Ppulse =  σE2Vch,     (25) 

 

where Ppulse power of a single pulse 

σ conductivity of treated material 

Vch volume of the treatment chamber. 

 

The total treatment time can be defined as the exposure time of the treated material to the 

electric field while it passes through the treatment zone. A specific residence time can be 

calculated based on the length of the treatment zone and the flow velocity [37]:  

 

tres =  
𝐿𝑡𝑟𝑒𝑎𝑡

u
,      (26) 

 

where tres residence time 

Ltreat length of the treatment zone 

u flow velocity. 
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During this residence time, a definite number of pulses will be applied to the treated material. 

The number of pulses depends on the pulse frequency. A total treatment time can then be 

calculated with equation (28) [37]:  

 

𝑛𝑝𝑢𝑙𝑠𝑒 = f · tres,     (27) 

 

where npulse number of pulses 

f frequency. 

 

𝑡𝑡𝑟𝑒𝑎𝑡 = 𝑛𝑝𝑢𝑙𝑠𝑒 · 𝜏,     (28) 

 

where ttreat treatment time 

 τ pulse width. 

 

The power delivered by the pulse generator is dissipated as heat in the material. This is 

usually an unwanted side-effect. The total specific energy input, which depends on the  

number of pulses applied to an amount of product, is calculated according to equation (29). 

The total specific energy input Wspec can be used to estimate the temperature increase during 

the treatment. [37]  

 

Wspec =  
f

ṁ
Wpulse,     (29) 

 

where Wspec  total specific energy input 

ṁ mass flow rate. 

 

The temperature increase can then be estimated based on the total specific energy input 

according to equation (30). It is assumed that complete dissipation of energy will take place. 

[37] 

 

ΔT =  
Wspec

cp
,      (30) 

where ΔT temperature increase  

cp specific heat capacity. 
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Change in temperature will have an impact on the temperature dependent thermophysical 

properties of the treated material such as electrical conductivity or viscosity. Change in 

electrical conductivity will affect the total resistance of the treatment chamber and change in 

viscosity will affect the flow velocity. This just demonstrates how different parameters in a 

PEF system are linked to one another. [37] 

 

Different pulse shapes that are used in a PEF treatment system are shown in Figure 18. With a 

rectangular pulse, the field strength reaches the maximum value quickly. The excess field 

strength is low. Voltage and the corresponding electric field strength are maintained for a 

large part of the pulse width. The voltage decrease and the pulse width of exponentially 

decaying pulses are dependent on the electrical resistance of the discharge circuit and also on 

the capacitance of the capacitor bank used for the generation. [4] 

 

 

 

Figure 18. Overview of pulse shapes: (a) rectangular pulse; (b) exponential decay pulse; (c) damped 

oscillating pulse; (d) bipolar rectangular pulse; (e) burst of pulses [4].  
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4.3 The effects of electric field on nucleation and growth  

PEF treatment can affect nucleation by inducing particle orientation effects, which accelerates 

nucleation. The particle orientation effect is depicted in Figure 19. The basic idea is that an 

electric field could align solute molecules in such a way that they all collide with the nucleus 

in a specific orientation. If the orientation of solute molecules and the orientation of molecules 

in the nucleus is the same, then the number of successful attachments of solute molecules to 

the nucleus is increased. [5] 

 

 

Figure 19. The effect of electric field on particle orientation [5]. 

 

An increase in electric field strength accelerates nucleation in two ways. Firstly, it boosts the 

particle orientation effect described above. An increase in electric field strength also provides 

additional energy to the system. This additional energy provides more opportunities for 

molecules to overcome the nucleation energy barrier. As a result, nucleation rate should 

increase with the increasing field strength. [5, 38] 

 

The benefit of particle orientation effect induced by PEF treatment was observed by Hu et al. 

[38] when they studied the effect of pulsed electric field on sucrose nucleation at low 

supersaturation. The PEF treatment system used in the experiments had the following 

parameters: monopolar rectangular pulse, pulse frequency of 1,008 Hz, pulse width of 20 µs, 

electric field strength 10–30 kV/cm, and flow rate of 15, 25, 38, or 50 ml/min. By increasing 

the electric field strength the total number of nuclei counted per second, i.e. the nucleation 

rate, increased.  
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Temperature elevation caused by PEF treatment has two opposing effects on nucleation. The 

heat and mass transfer rates from the crystal surface to the bulk solution are increased. As a 

result, more stable crystals appear earlier under the influence of an electric field than without 

it. On the other hand, an increase in solution temperature will increase the solubility. 

Therefore the effective supersaturation is decreased, which decreases the probability of 

nucleation or the newly formed nuclei may be dissolved. [38] 

 

Growth process can also be affected by electric field. The application of electric field causes 

the charged particles to move towards the electrodes of opposite charge. This phenomenon is 

called electromigration. The result of electromigration is localized growth near the electrodes 

(Figure 20) because solution concentration around electrode is increased. [5]  

 

 

Figure 19. The effect of electromigration: localized growth near the electrodes [5]. 

 

Radácsi [5] studied the effect of a strong DC electric field (electric field strength 560 kV/m) 

on crystallization of isonicotinamide and observed that the growth rate of isonicotinamide was 

15 times faster with the presence of electric field. The growth rate was estimated with image 

analysis. It was also observed that the crystals formed on the anode surface. In the absence of 

the electric field crystallization took place in the bulk solution, even when the electrodes were 

in the solution. 
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Electric field also has an effect on polymorphic formation because it is primarily determined 

by nucleation and crystal growth. Nucleation and growth can be influenced in such a way that 

a different polymorph can be obtained under the influence of an electric field [5]. While 

studying the effect of a strong DC electric field on crystallization of isonicotinamide, Radácsi 

[5] observed that electric field also had an influence on which polymorph was obtained. When 

the electric field was not applied, the metastable form I was obtained while in the presence of 

electric field the stable form II was obtained.  

EXPERIMENTAL PART 

5 Pulsed electric field assisted sol-gel preparation of TiO2 

particles 

Titanium dioxide particles were produced with sol-gel method under the influence of pulsed 

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

TiO2 nanoparticles. The frequency and duration of the pulsed electric field were chosen as the 

parameters to be altered. Other parameters such as pH, precursor concentration or calcination 

temperature were fixed in order to see just the effect of pulsed electric field. It was expected 

that crystallite size, specific surface area and polymorphism of prepared particles can be 

influenced. In the sol-gel process the size of formed colloidal particles depend on nucleation 

rate and growth rate [39]. Small particles are obtained when the nucleation rate is much faster 

than growth rate [39]. Therefore, if the nucleation rate can be further increased with PEF 

treatment, it is assumed that even smaller particles should be obtained.  

 

The properties of produced particles were examined with X-ray diffraction (XRD), Raman 

spectroscopy and BET surface area analysis. X-ray diffraction and Raman spectroscopy were 

used for identifying the atomic and molecular structures of particles. It was analyzed whether 

the particles had anatase, rutile or brookite structures. Based on XRD results, the crystallite 

size of TiO2 particles was estimated with the Scherrer equation. The specific surface area of 

particles was determined with BET surface area analysis.  
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5.1 Materials and methods 

5.1.1 Chemicals 

For the synthesis of TiO2 particles by the sol-gel method, titanium (IV) isopropoxide 

[(Ti(OCH(CH3)2)4] (97% Aldrich, Germany) was used as a precursor and ethanol [C2H6O] 

(99,8 % VWR Chemicals, France) as a solvent. Used water was deionized. Nitric acid 

[HNO3] (65 % Merck, Germany) was used to adjust the pH. Nitric acid was chosen as a 

catalyst because according to theory and previous studies, smaller particles should be obtained 

in acidic environment. Smaller particles then have larger surface area and thus better 

photocatalytic performance. The concentration of titanium (IV) isopropoxide in the synthesis 

of TiO2 was chosen to be 0.15 M. Such a low concentration was chosen because for sparingly 

soluble materials the nucleation rate is very high while the amount of material available for 

growth of the nuclei is very small [39]. This should also favor the formation of small 

particles. 

5.1.2 Experimental setup 

The experimental setup (Figure 20) consisted of a jacketed crystallizer vessel, high voltage 

electrodes, pulse generator and a ballast water filled resistor. A more detailed scheme of the 

experimental setup is shown in Figure 21. 

 

 

Figure 20. Experimental setup. 
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Figure 21. Scheme of the experimental setup. 1. Jacketed crystallizer vessel; 2.Thermostat; 3. High voltage 

electrodes; 4. Ballast water filled resistor; 5. Voltage amplitude adjustment capacitor;  

6. Electrodes of water filled resistor; 7. High voltage input. 

 

The high voltage pulse generator was manufactured by Wapulec Oy and it was tuned for 100 

W maximum power input. The generator had a 12-step pulse frequency converter but only the 

first three settings (0, 1 and 2) were used. The frequencies, corresponding pulse durations and 

voltage amplitudes of these three settings were determined with an oscilloscope. Data from 

the oscilloscope measurements is presented in Table 4. The oscillograms of different settings 

are shown in Figures 22 to 24. 

 

Table 4. Pulse generator parameters. 

Pulse duration [ms ] Frequency [Hz] Voltage amplitude [kV] 

5 49,9 19.85 

3.4 294 19.85 

1.054 949 19.85 
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Figure 22. Oscillogram of setting 0. 

 

 

Figure 23. Oscillogram of setting 1. 

 

 

Figure 24. Oscillogram of setting 2. 
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5.1.3 Experimental procedure 

The sol-gel process was carried out according to the steps shown in Figure 25. Titanium (IV) 

isopropoxide (7 ml) was first mixed with ethanol (120 ml). The mixing speed was maintained 

at 800 rpm. Then the pH adjusted water (30 ml) was added to the mixture and simultaneously 

the pulse generator was turned on. The pH of the water was adjusted to 3.2. It was desired that 

the pulsed electric field was applied right from the beginning of hydrolysis reactions which 

start when water is added to the mixture. The pulsed electric field was applied alternatively 

either for 12 minutes or 24 minutes. The frequency of the pulsed electric field was changed 

between three settings (49.9 Hz, 294 Hz and 949 Hz). Also, a control sample was produced 

without the application of pulsed electric field. After the application of pulsed electric field 

the mixture was left to age for 24 hours. The crystallizer vessel was thermostated to 20.0 °C 

during mixing and ageing stages. Every experiment was repeated once to provide an 

indication of repeatability. 

 

 

Figure 25. Schematic diagram for the synthesis of TiO2 powder by a sol-gel method. 
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After ageing phase the milky white product (Figure 26) was dried in an oven at 80 °C for four 

hours. Solid products after drying are shown in Figures 27 and 28. Two drying methods were 

tested. Firstly, the milky white product was dried in the bowl which is shown in Figure 26. 

This resulted in large agglomerates as can be seen from Figure 27. Then, a different drying 

method was tested. The milky white product was poured to several Petri dishes. The idea was 

to obtain as thin layer as possible. Also the evaporation area was tried to maximize. Fine 

powders were obtained with this method as can be seen from Figure 28. This latter drying 

method was then chosen to be used for the preparation of samples that were further analyzed. 

 

 

Figure 26. Milky white product after ageing. 

 

 

Figure 27. Solid dried product after drying in a bowl. 
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Figure 28. Solid dried product after drying in Petri dish. 

 

The dried solid product was then calcined in air atmosphere at 500 °C for two hours. Figures 

29 and 30 show the obtained TiO2 products after calcinations. As can be seen from Figure 29, 

the solid product that was dried in the bowl remained highly agglomerated after calcination. 

In sharp contrast, the solid product that was dried in Petri dishes, was a fine powder (Figure 

30). Drying phase thus has a significant effect on the composition of final product. 

 

 

Figure 29. Calcined TiO2. Dried in a bowl. 
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Figure 30. Calcined TiO2. Dried in Petri dishes. 

5.2 Characterization of TiO2 particles 

The morphology of produced TiO2 particles was studied with a Raman spectroscopy and X-

Ray diffraction. It was analyzed whether the particles had anatase-, rutile- or brookite-

structures. Raman analysis was performed with a Horiba Yvon Jobin LabRAM 300 Raman 

spectrometer. The Raman patterns were recorded with wavenumbers in the range of 190-800 

cm
-1

. Anatase has one characteristic peak at 143 cm
-1

 and rutile has one at 145 cm
-1

. The 

lower bound in the Raman spectrometer could not be set below 190 cm
-1

 so these peaks could 

not be observed.  

 

The titania samples were also characterized by powder X-ray diffraction (XRD) with Bruker 

D8 powder diffractometer (40 kV, 40mA) using CuKα radiation (λ= 1.5406 Å). XRD-patterns 

were recorded with 2θ in the range of 10-70° by step scanning, using a 2θ increment of 

0.0102° and a fixed counting time of 0.5 sec/step. Raman spectra and X-ray diffraction 

patterns for samples which were produced by applying the pulsed electric field for 12 and 24 

minutes at different frequencies (49.9 Hz, 294 Hz and 949 Hz) are shown in Figures 31 to 34. 

Also included in Figures 31 to 34 are the Raman spectrum and X-ray diffraction pattern of a 

reference sample which was produced without the application of pulsed electric field. 
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Figure 31. Raman spectra of TiO2 particles: a) pulsed electric field 12 minutes at 949 Hz; b) pulsed electric 

field 12 minutes at 294 Hz; c) pulsed electric field 12 minutes at 49.9 Hz; d) no application of 

pulsed electric field. 

 

 

Figure 32. Raman spectra of TiO2 particles: a) pulsed electric field 24 minutes at 949 Hz; b) pulsed electric 

field 24 minutes at 294 Hz; c) pulsed electric field 24 minutes at 49.9 Hz; d) no application of 

pulsed electric field. 
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For all samples shown in Figures 31 to 32 the characteristic peaks were located at 197 cm
-1

, 

395 cm
-1

, 517 cm
-1

 and 638 cm
-1

. These peaks are all characteristic for anatase crystals form 

so this indicated that the samples were all pure anatase. X-ray diffraction (XRD) was then 

used to verify the results obtained with Raman spectroscopy. The X-ray diffraction patterns of 

all samples were very similar with each other and had characteristic peaks located at 25.4°, 

37.8°, 48.0°, 54.0°, 55.1°, 62.8° and 68.9°. All of these peaks are characteristic for anatase 

crystal form.  

 

 

Figure 33. X-ray diffraction patterns of TiO2 particles: a) pulsed electric field 12 minutes at 949 Hz, b) 

pulsed electric field 12 minutes at 294 Hz, c) pulsed electric field 12 minutes at 49.9 Hz and d) 

no application of pulsed electric field. 

 

 

Figure 34. X-ray diffraction patterns of TiO2 particles: a) pulsed electric field 24 minutes at 949 Hz, b) 

pulsed electric field 24 minutes at 294 Hz, c) pulsed electric field 24 minutes at 49.9 Hz and d) 

no application of pulsed electric field. 
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The crystallite sizes and specific surface areas of TiO2 samples are summarized in Figures 35 

to 38. Crystallite sizes were estimated with Scherrer's equation and specific surface areas were  

measured by the BET method using a surface area analyzer Micromeritics Gemini. The values 

presented in Figures 35 to 38 are average results from repeated measurements. The error bars 

show standard deviations. 

 

 

Figure 35. Crystallite sizes of TiO2 samples with 12 minute PEF treatment time. 

 

Compared to the control sample, the crystallite sizes were generally smaller for samples 

which were produced by applying the pulsed electric field. The standard deviations of 

estimated crystallite sizes were small, indicating that the results are repeatable. When the 

treatment time of pulsed electric field was 12 minutes, the crystallite size first increased but 

then started to decrease when the frequency of pulsed electric field was increased. The control 

sample had a crystallite size of 18.9 nm. Sample that was produced by applying the pulsed 

electric field for 12 minutes at 49.9 Hz had a slightly larger crystallite size (19.5 nm) than the 

control sample. However, when the frequency was increased to 294 Hz, the crystallite size 

decreased to 17.1 nm. Crystallite size was further decreased to 16.7 nm when the frequency 

was increased to 949 Hz.  

 

 

Figure 36. Crystallite sizes of TiO2 samples with 24 minute PEF treatment time. 
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When the treatment time of pulsed electric field was doubled to 24 minutes, the crystallite 

sizes with all frequency settings were still smaller compared to crystallite size of control 

sample. The same trend, where the crystallite size decreased when frequency was increased, 

could not be observed here. With higher frequencies (294 Hz and 949 Hz) the crystallite sizes 

were bigger compared to samples that were produced by using the same frequency but shorter 

treatment time of 12 minutes. With frequency 49.9 Hz, however, the crystallite size decreased 

remarkably when the treatment time was doubled. The smallest crystallite size, 14.8 nm, was 

obtained by applying the pulsed electric field for 24 minutes at 49.9 Hz. 

 

 

Figure 37. Specific surface areas of TiO2 samples with 12 minute PEF treatment time. 

 

 

Figure 38. Specific surface areas of TiO2 samples with 24 minute PEF treatment time. 
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The specific surface areas then were generally larger for samples which were produced by 

applying the pulsed electric field. The standard deviations of measured specific surface areas 

were also fairly small. This indicates that the results are repeatable. There were no specific 

trends when the frequency or the treatment time was altered. The control sample had a 

specific surface area of 24 m
2
/g. When the pulsed electric field was applied for 12 minutes at 

frequency 49.9 Hz, the specific surface area decreased to 21.3 m
2
/g. When the frequency was 

increased to 294 Hz, the specific surface area increased to 38 m
2
/g. Specific surface area was 

further increased to 39 m
2
/g when the frequency was increased to 949 Hz. The highest 

specific surface area, 46 m
2
/g, was obtained by applying the pulsed electric field for 24 

minutes at 49.9 Hz. Doubling the treatment time to 24 minutes with higher frequencies (294 

Hz and 949 Hz) did not further increase the specific surface area. With frequency 294 Hz the 

surface area was 24.3 m
2
/g and with 949 Hz it was 23.7 m

2
/g.  

 

6 Photocatalytic degradation of formic acid by TiO2 

photocatalysis 

The photocatalytic activity of produced TiO2 particles was also tested in practice. The 

objective was to study whether the pulsed electric field would have an effect on the 

photocatalytic activity of TiO2 particles. Produced particles were used as photocatalysts for 

the degradation of formic acid under UVA-light. Degradation rate of formic acid was chosen 

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

specific surface area measurements, it is expected that the samples produced under the 

influence of pulsed electric field would have enhanced photocatalytic activities. The 

photocatalytic activities of samples produced with sol-gel method were also compared to the 

photocatalytic activity of the commercial TiO2 powder Aeroxide
®
 (Evonic Degussa GmbH).  

 

Formic acid was chosen to be the model organic pollutant because it is easily degraded to CO2 

and H2O and no by-products can be formed during the degradation. Formic acid is also an 

intermediate in the mineralization of some other organic pollutants. Photodegradation of 

formic acid could therefore represent a possible final step in the photodegradation of more 

complex organic pollutants. Formic acid is present in industrial wastewaters that originate 

from tanners, dye workshops and printed fabrics mills [40, 41]. 
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6.1 Materials and methods 

6.1.1 Chemicals 

In addition to TiO2 samples that were produced with sol-gel method, also commercial TiO2 

was used. TiO2 powder Aeroxide
®
 (Evonic Degussa GmbH) with specific surface area in the 

range of 36 - 65 m
2
/g and a mean crystallite size of 21 nm was received from Sigma Aldrich 

(Helsinki, Finland). The reagent grade formic acid was purchased from Sigma-Aldrich. 

Ultrapure water (18 MΩ cm
-1

) was used for all experiments. All chemicals were used without 

further purification. 

6.1.2 Experimental setup 

The photocatalytic experiments were performed at room temperature in a recirculating batch 

system. An illustration of this experimental setup is shown in Figure 35. The recirculating 

batch system consisted of a supply vessel, a hose pump, reactor tubes and UV light sources. 

The supply vessel was a 100 ml volumetric flask which was wrapped in aluminum foil. The 

total volume of the two reactor tubes was 10.7 ml. UV light sources were UVA LED lamps 

(peak at 370 nm). The intensity at the location of reactor tubes was 22 mW/cm
2
.  

 

 

Figure 39. Scheme of the experimental setup. 1. Supply vessel; 2. Hose pump; 3. Reactor tube; 4. UVA 

LED lamp. 
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6.1.3 Experimental procedure 

The UVA LED lamps were turned on 30 min before the experiments to obtain a constant light 

intensity. 30 mg of TiO2 samples were weighed in 100 ml volumetric flasks which were then 

sealed with parafilm and wrapped in aluminum foil. 60 ml of formic acid solution (0.217 

mmol/l) was added to the volumetric flask. TiO2 concentration was thus 0.5 g/l. Formic acid 

concentration of 0.217 mmol/l was chosen because, according to Turki et al. [41], the initial 

disappearance rate of formic acid is proportional to the initial formic acid concentration until 

a concentration of 10 ppm (0.217 mmol/l).  

 

Formic acid solution was then stirred for 15 minutes in dark conditions in order to favor the 

organic chemisorption onto the catalyst surface and to reach the adsorption–desorption 

equilibrium. After 15 minutes, a sample was taken through a syringe filter (0.45 µm 

polypropylene, VWR International). Volumetric flask was then connected as part of the 

recirculating batch system and an experiment was started. Samples were taken through a 

syringe filter in 1-minute intervals for 5 minutes. The volumes of samples were recorded 

(Annex III). Between experiments the reactor tubes were washed with Millipore water until 

no particles were visible. Also before each new experiment the reactor tubes were dried with 

air. Every experiment was repeated once to provide an indication of repeatability. 

 

Adsorption tests were then carried out with each TiO2 sample. 30 mg of TiO2 samples were 

weighed in 100 ml volumetric flasks which were then sealed with parafilm and wrapped in 

aluminum foil. 60 ml of formic acid solution (0.217 mmol/l) was added to the volumetric 

flask. Formic acid solution was then stirred for 20 minutes in dark conditions after which a 

sample was taken through a syringe filter.  

6.1.4 Analytical determination 

Concentrations of formic acid remaining after adsorption and during the photocatalytic 

degradation process were determined using HPLC analysis. HP Agilent 1100 HPLC apparatus 

equipped with an RSpak KC-811 column (300 × 8.0 mm) was used. The column temperature 

was set to 40 °C. The mobile phase was 0.1% phosphoric acid aqueous solution and the flow 

rate was fixed at 1 ml/min. The detection wavelength was set to 210 nm. 
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6.2 Results and discussion 

The initial formic acid degradation rates with different TiO2 samples are shown in Figure 40. 

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

degradation rate of formic acid using commercial TiO2 powder Aeroxide® (Evonic Degussa 

GmbH), tested in the same experimental conditions, was also demonstrated in Figure 40. 

Calculation of initial formic acid degradation rates is shown in Appendix III. The values 

presented in Figure 40 are average results from repeated measurements. The error bars show 

standard deviations.  

 

 

Figure 40. The initial formic acid degradation rates. 

 

As an example, formic acid degradation with respect to time with sample PEF 949 Hz 12 min 

is shown in Figure 41. Also the initial formic acid degradation rates with Aeroxide® (Evonic 

Degussa GmbH) and by photocatalysis as well as the effect of adsorption are included in 

Figure 41. The purpose of Figure 41 is to demonstrate that the TiO2 samples produced with 

sol-gel method are photocatalytically active in the UVA region. This is proved by the fact that 

the initial formic acid degradation rate by photolysis is lower than the initial formic acid 

degradation rate with sample PEF 949 Hz 12 min. Figure 41 also demonstrates that the 

concentration change in the bulk solution after adsorption was negligible. The disappearance 

of formic acid that was observed in the presence of TiO2 samples under UVA conditions was 

therefore majorly due to photolysis and photocatalytic process. 
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Figure 41. Photocatalytic degradation of formic acid with sample PEF 949 Hz 12 min.  

 

Based on average values, it can be concluded that the initial formic acid degradation rates 

were generally higher for samples that were produced under the influence of pulsed electric 

field. Though, all of the TiO2 samples produced with the sol-gel method had significantly 

lower initial formic acid disappearance rates than the commercial TiO2 powder Aeroxide® 

(Evonic Degussa GmbH). The photocatalytic activities of TiO2 samples vary in the following 

order: Aeroxide® (Evonic Degussa GmbH) (0.1261 mmol/l/min) > PEF 949 Hz 24 min 

(0.0489 mmol/l/min) > PEF 294 Hz 12 min (0.0482 mmol/l/min) > PEF 49.9 Hz 24 min 

(0.0442 mmol/l/min) > PEF 294 Hz 24 min (0.0429 mmol/l/min) > PEF 49.9 Hz 12 min 

(0.0391 mmol/l/min) > PEF 949 Hz 12 min (0.0321 mmol/l/min) > No PEF (0.0312 

mmol/l/min). It must be noted that the standard deviations of initial formic acid degradation 

rates were generally quite large. This might be related to sampling.  

  

 



63 

 

Differences in photocatalytic activities between samples can be to some extent explained by 

the differences in specific surface area and crystallite size. The lower photocatalytic activity 

of control sample (No PEF) could be attributed to smaller specific surface area and larger 

crystallite size. Samples that had high specific surface areas (samples PEF 49.9 Hz 24 min 

and PEF 294 Hz 12 min) also had higher photocatalytic activities. However, the highest 

photocatalytic activity was with sample PEF 949 Hz 24 min. This sample had a specific 

surface area of 23.7 m
2
/g which was less than the specific surface area (24 m

2
/g) of control 

sample. On the contrary, the photocatalytic activity of sample PEF 949 Hz 12 min was nearly 

as low as with control sample (No PEF) even though it had a specific surface area of 39 m
2
/g, 

which was the second highest of all samples produced with sol-gel method.  

7 Summary and conclusions 

Titanium dioxide particles were produced by the sol-gel method under the influence of pulsed 

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

TiO2 particles via sol-gel method. It was expected that morphology, particle size and 

agglomeration of prepared particles can be influenced.  

 

Frequency and treatment time of the pulsed electric field were chosen as the parameters to be 

altered. Samples were made by using three different frequencies (49.9 Hz, 294 Hz and 949 

Hz) and two different durations of treatment with the pulsed electric field (12 minutes and 24 

minutes). Other parameters, such as pH, precursor concentration or calcination temperature, 

were fixed in order to see just the effect of pulsed electric field. Nitric acid catalyst was used 

in the preparation of TiO2 samples because according to theory and previous studies, smaller 

particles should be obtained in acidic environment. Smaller particles then have larger specific 

surface area and thus better photocatalytic performance. The concentration of titanium (IV) 

isopropoxide in the synthesis of TiO2 was chosen to be 0.15 M. Such a low concentration was 

chosen because for sparingly soluble materials the nucleation rate is very high while the 

amount of material available for growth of the nuclei is very small [39]. This should also 

favor the formation of small particles.  
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The polymorphic form of produced TiO2 particles could not be influenced by the pulsed 

electric field. The results of XRD and Raman analysis showed that all of the samples 

produced by the sol-gel method, with or without the application of pulsed electric field, were 

pure anatase. To some extent, this outcome was expected because crystallization occurs 

during calcination. Pulsed electric field was applied in the mixing phase where the formed 

colloidal TiO2 particles are still amorphous. 

 

However, pulsed electric field did have an effect on crystallite size of TiO2 particles. 

Generally the crystallite sizes were smaller for samples that were produced by applying the 

pulsed electric field. According to literature, PEF treatment should enhance nucleation rate. In 

the sol-gel process the size of formed colloidal particles depend on nucleation rate and growth 

rate [39]. Small particles are obtained when the nucleation rate is much faster than growth rate 

[39]. Therefore, if the nucleation rate can be further increased with PEF treatment, even 

smaller particles should be obtained. 

 

When the treatment time of pulsed electric field was 12 minutes, it seemed that by increasing 

the frequency of pulsed electric the crystallite size became smaller. Similar trend was not 

observed when the treatment time was increased to 24 minutes. The crystallite size did not 

decrease when the frequency of pulsed electric field was increased. With higher frequencies 

(294 Hz and 949 Hz) the crystallite size became larger when the treatment time of pulsed 

electric field was doubled from 12 minutes to 24 minutes. With the frequency of 49.9 Hz, 

however, the crystallite size decreased remarkably from 19.5 nm (PEF 49.9 Hz 12 min) to 

14.8 nm (PEF 49.9 Hz 24 min) when the treatment time was doubled. The smallest crystallite 

size (14.8 nm) of all samples produced with sol-gel method was obtained by applying the 

pulsed electric field for 24 minutes at 49.9 Hz.  

 

The specific surface areas were then generally larger for samples that were produced by 

applying the pulsed electric field. There seemed to be no correlation between specific surface 

area and frequency of the pulsed electric field. Nor there was any correlation between specific 

surface area and the treatment time of pulsed electric field. However, specific surface area and 

crystallite size of samples seemed to correlate to some extent. Sample that had the smallest 

crystallite size (pulsed electric field at 49.9 Hz for 24 minutes) also had the largest specific 

surface area. The effect of pulsed electric field on specific surface area was more remarkable 
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than on crystallite size. With the help of pulsed electric field, the specific surface area could 

be increased from 24 m
2
/g (control sample) to 46 m

2
/g (PEF 49.9 Hz 24 min). Hence, the 

specific surface area could almost be doubled by applying the pulsed electric field. This is 

notable because specific surface area is one of the key factors that determine the 

photocatalytic performance of a material. The crystallite size could be decreased from 19.5 

nm (control sample) to 14.6 nm (pulsed electric field 24 minutes at 49.9 Hz). For reference, 

the commercial TiO2 powder Aeroxide
®
 (Evonic Degussa GmbH) is reported to have 

crystallite size of 21 nm and a specific surface area in the range of 36 - 65 m
2
/g. Compared to 

Aeroxide
®
 (Evonic Degussa GmbH), the crystallite sizes of all samples were smaller but the 

specific surface areas were also smaller. 

 

During the experiments it was also noticed that the drying stage in the sol-gel process has a 

significant effect on the composition of final product, namely agglomerate size. This effect 

was seen by comparing the final products that were obtained using two different drying 

methods. It was noticed that the agglomerate size of dried product can be influenced 

remarkably just by the way how drying is carried out. When the milky white product was 

dried in the bowl, it resulted in highly agglomerated product which as such was not suitable to 

be used as a photocatalyst. When drying was carried out in several Petri dishes in very thin 

layers, the dried product was fine powder. It must be noted that agglomerate size also has an 

effect on the catalytic activity of a material. Smaller sized agglomerates provide more reactive 

sites per unit weight of powder. 

 

The photocatalytic activity of produced TiO2 particles was also tested in practice. The 

objective was to study whether the pulsed electric field would have an effect on the 

photocatalytic activity of TiO2 particles. Produced particles were used as photocatalysts for 

the degradation of formic acid under UVA-light. Degradation rate of 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 the photocatalytic activity of the 

commercial TiO2 powder Aeroxide
®
 (Evonic Degussa GmbH).  
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Results from the photocatalytic experiments show that pulsed electric field did also have an 

effect on the photocatalytic activity of TiO2 particles. The initial formic acid disappearance 

rates were generally higher for samples that were produced under the influence of pulsed 

electric field. The higher photocatalytic activities of samples that were produced under the 

influence of pulsed electric field are attributed to larger specific surface areas and smaller 

crystallite sizes.  

 

The commercial TiO2 powder Aeroxide® (Evonic Degussa GmbH) had a significantly higher 

photocatalytic activity compared to samples that were produced with sol-gel method. The 

superior photocatalytic activity of Aeroxide® (Evonic Degussa GmbH) can also be explained 

with higher specific surface area. Aeroxide® (Evonic Degussa GmbH) TiO2 powder has a 

typical specific surface area in the range of 36 - 65 m
2
/g. The specific surface areas of 

samples produced with sol-gel method were in the range of 21.3 – 46.2 m
2
/g.  

 

Another explanation for better photocatalytic activity is that Aeroxide® (Evonic Degussa 

GmbH) is a mixture of rutile and anatase crystallites. A mixture of different polymorphs has 

synergistic effects and thus an increased photocatalytic activity. One explanation for this 

enhanced activity is that the transfer of electrons from anatase to a lower energy rutile 

electron trapping site helps to reduce the recombination rate of anatase [27]. This leads to 

more efficient electron-hole separation and greater catalytic reactivity [27]. Samples produced 

with sol-gel method were pure anatase. There are also various studies where the commercial 

TiO2 powder Degussa P-25 was found to be more photocatalytically effective compared to 

pure crystal forms rutile, anatase or brookite. These studies were mentioned in the literature 

part in chapter 2.3.1.  

 

Further studies might focus on the effect of pulsed electric field during calcination phase 

where the crystallization finally happens. This way it might be possible to determine whether 

the pulsed electric field would have an effect on the polymorphic form of final product. 
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Figure 1. BET surface area report. No application of pulsed electric field. Trial 1. 
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Figure 2. BET adsorption isotherm. No application of pulsed electric field. Trial 1. 
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Figure 3. BET surface area report. No application of pulsed electric field. Trial 2. 



 APPENDIX I, 4 

 

 

Figure 4. BET adsorption isotherm. No application of pulsed electric field. Trial 2. 
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Figure 5. BET surface area report. Pulsed electric field at 49.9 Hz for 12 min. Trial 1. 
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Figure 6. BET adsorption isotherm. Pulsed electric field at 49.9 Hz for 12 min. Trial 1. 
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Figure 7. BET surface area report. Pulsed electric field at 49.9 Hz for 12 min. Trial 2. 
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Figure 8. BET adsorption isotherm. Pulsed electric field at 49.9 Hz for 12 min. Trial 2. 
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Figure 9. BET surface area report. Pulsed electric field at 294 Hz for 12 min. Trial 1. 
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Figure 10. BET adsorption isotherm. Pulsed electric field at 294 Hz for 12 min. Trial 1. 
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Figure 11. BET surface area report. Pulsed electric field at 294 Hz for 12 min. Trial 2. 

 

 

 



 APPENDIX I, 12 

 

 

Figure 12. BET adsorption isotherm. Pulsed electric field at 294 Hz for 12 min. Trial 2. 
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Figure 13. BET surface area report. Pulsed electric field at 949 Hz for 12 min. Trial 1. 
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Figure 14. BET adsorption isotherm. Pulsed electric field at 949 Hz for 12 min. Trial 1. 

 

 



 APPENDIX I, 15 

 

 

Figure 15. BET surface area report. Pulsed electric field at 949 Hz for 12 min. Trial 2. 
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Figure 16. BET adsorption isotherm. Pulsed electric field at 949 Hz for 12 min. Trial 2. 
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Figure 17. BET surface area report. Pulsed electric field at 49.9 Hz for 24 min. Trial 1. 
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Figure 18. BET adsorption isotherm. Pulsed electric field at 49.9 Hz for 24 min. Trial 1. 
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Figure 19. BET surface area report. Pulsed electric field at 49.9 Hz for 24 min. Trial 2. 
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Figure 20. BET adsorption isotherm. Pulsed electric field at 49.9 Hz for 24 min. Trial 2. 
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Figure 21. BET surface area report. Pulsed electric field at 294 Hz for 24 min. Trial 1. 
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Figure 22. BET adsorption isotherm. Pulsed electric field at 294 Hz for 24 min. Trial 1. 
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Figure 23. BET surface area report. Pulsed electric field at 294 Hz for 24 min. Trial 2. 
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Figure 24. BET adsorption isotherm. Pulsed electric field at 294 Hz for 24 min. Trial 2. 
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Figure 25. BET surface area report. Pulsed electric field at 949 Hz for 24 min. Trial 1. 
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Figure 26. BET adsorption isotherm. Pulsed electric field at 949 Hz for 24 min. Trial 1. 
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Figure 27. BET surface area report. Pulsed electric field at 949 Hz for 24 min. Trial 2 
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Figure 28. BET adsorption isotherm. Pulsed electric field at 949 Hz for 24 min. Trial 2. 
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Figure 1. X-ray diffraction spectrum. No application of pulsed electric field. Trial 1. 

 

 

Figure 2. X-ray diffraction spectrum. No application of pulsed electric field. Trial 2. 
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Figure 3. X-ray diffraction spectrum. Pulsed electric field at 49.9 Hz for 12 min. Trial 1. 

 

 

Figure 4. X-ray diffraction spectrum. Pulsed electric field at 49.9 Hz for 12 min. Trial 2. 
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Figure 5. X-ray diffraction spectrum. Pulsed electric field at 294 Hz for 12 min. Trial 1. 

 

 

Figure 6. X-ray diffraction spectrum. Pulsed electric field at 294 Hz for 12 min. Trial 2. 
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Figure 7. X-ray diffraction spectrum. Pulsed electric field at 949 Hz for 12 min. Trial 1. 

 

 

Figure 8. X-ray diffraction spectrum 2. Pulsed electric field at 949 Hz for 12 min. Trial 2. 
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Figure 9. X-ray diffraction spectrum. Pulsed electric field at 49.9 Hz for 24 min. Trial 1. 

 

 

Figure 10. X-ray diffraction spectrum. Pulsed electric field at 49.9 Hz for 24 min. Trial 2. 
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Figure 11. X-ray diffraction spectrum. Pulsed electric field at 294 Hz for 24 min. Trial 1. 

 

 

Figure 12. X-ray diffraction spectrum. Pulsed electric field at 294 Hz for 24 min. Trial 2. 
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Figure 13. X-ray diffraction spectrum. Pulsed electric field at 949 Hz for 24 min. Trial 1. 

 

 

Figure 14. X-ray diffraction spectrum. Pulsed electric field at 949 Hz for 24 min. Trial 2. 
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Table 1. Sample volumes and concentrations of fomic acid at different time intervals. No application of pulsed 

electric field. 

Sample Time [min] Volume [ml] Concentration [mg/l] 
No PEF_1 0 2.0 9.5031 
No PEF_1 1 1.9 7.77872 
No PEF_1 2 1.0 7.78628 
No PEF_1 3 1.0 7.39334 
No PEF_1 4 1.0 6.76856 
No PEF_1 5 1.8 6.29006 

        
No PEF_2 0 2.0 9.5003 
No PEF_2 1 1.0 8.60491 
No PEF_2 2 1.0 7.18553 
No PEF_2 3 0.8 6.57653 
No PEF_2 4 1.0 5.89267 
No PEF_2 5 0.8 5.03525 

 

Table 2. Sample volumes and concentrations of fomic acid at different time intervals. Pulsed electric field at 49.9 

Hz for 12 minutes. 

Sample Time [min] Volume [ml] Concentration [mg/l] 
PEF 49,9 Hz 12 min_1 0 1.8 9.49168 
PEF 49,9 Hz 12 min_1 1 0.8 8.19546 
PEF 49,9 Hz 12 min_1 2 2.0 7.39866 
PEF 49,9 Hz 12 min_1 3 1.8 6.48859 
PEF 49,9 Hz 12 min_1 4 2.0 5.65708 
PEF 49,9 Hz 12 min_1 5 1.0 4.68939 

        
PEF 49,9 Hz 12 min_2 0 1.4 9.71792 
PEF 49,9 Hz 12 min_2 1 1.6 7.82804 
PEF 49,9 Hz 12 min_2 2 1.6 7.88783 
PEF 49,9 Hz 12 min_2 4 2.0 6.27501 
PEF 49,9 Hz 12 min_2 5 1.4 5.88321 
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Table 3. Sample volumes and concentrations of fomic acid at different time intervals. Pulsed electric field at 294 

Hz for 12 minutes. 

Sample Time [min] Volume [ml] Concentration [mg/l] 
PEF 294 Hz 12 min_1 0 1.0 9.59433 
PEF 294 Hz 12 min_1 1 1.4 8.07894 
PEF 294 Hz 12 min_1 2 1.2 7.19764 
PEF 294 Hz 12 min_1 3 1.2 6.21996 
PEF 294 Hz 12 min_1 4 1.0 5.38928 
PEF 294 Hz 12 min_1 5 1.6 4.54286 

        
PEF 294 Hz 12 min_2 0 1.6 9.49243 
PEF 294 Hz 12 min_2 1 1.6 8.54797 
PEF 294 Hz 12 min_2 2 1.0 7.65908 
PEF 294 Hz 12 min_2 3 0.8 6.76985 
PEF 294 Hz 12 min_2 4 1.4 6.03373 
PEF 294 Hz 12 min_2 5 1.4 5.20982 

 

Table 4. Sample volumes and concentrations of fomic acid at different time intervals. Pulsed electric field at 949 

Hz for 12 minutes. 

Sample Time [min] Volume [ml] Concentration [mg/l] 
PEF 949 Hz 12 min_1 0 1.6 9.50434 
PEF 949 Hz 12 min_1 1 0.6 8.4169 
PEF 949 Hz 12 min_1 2 0.8 7.60542 
PEF 949 Hz 12 min_1 3 1.2 6.69785 
PEF 949 Hz 12 min_1 4 1.0 5.79436 
PEF 949 Hz 12 min_1 5 1.2 5.12751 

        
PEF 949 Hz 12 min_2 0 1.4 9.63839 
PEF 949 Hz 12 min_2 1 1.6 8.84481 
PEF 949 Hz 12 min_2 2 1.2 8.09051 
PEF 949 Hz 12 min_2 3 1.2 7.31294 
PEF 949 Hz 12 min_2 4 1.8 6.53029 
PEF 949 Hz 12 min_2 5 1.4 6.21754 
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Table 5. Sample volumes and concentrations of fomic acid at different time intervals. Pulsed electric field at 49.9 

Hz for 24 minutes. 

Sample Time [min] Volume [ml] Concentration [mg/l] 
PEF 49,9 Hz 24 min_1 0 1.4 9.46316 
PEF 49,9 Hz 24 min_1 1 1.4 7.82685 
PEF 49,9 Hz 24 min_1 2 1.2 7.25445 
PEF 49,9 Hz 24 min_1 3 1.6 5.92622 
PEF 49,9 Hz 24 min_1 4 0.6 5.45539 
PEF 49,9 Hz 24 min_1 5 1.2 4.7971 

        
PEF 49,9 Hz 24 min_2 0 1.2 9.5824 
PEF 49,9 Hz 24 min_2 1 1.2 8.32502 
PEF 49,9 Hz 24 min_2 2 1.4 7.58789 
PEF 49,9 Hz 24 min_2 3 1.4 6.93537 
PEF 49,9 Hz 24 min_2 4 1.2 6.12917 
PEF 49,9 Hz 24 min_2 5 1.0 5.32611 

 

Table 6. Sample volumes and concentrations of fomic acid at different time intervals. Pulsed electric field at 294 

Hz for 24 minutes. 

Sample Time [min] Volume [ml] Concentration [mg/l] 
PEF 294 Hz 24 min_1 0 1.0 9.43936 
PEF 294 Hz 24 min_1 1 1.6 7.79111 
PEF 294 Hz 24 min_1 2 1.2 7.04947 
PEF 294 Hz 24 min_1 3 1.6 6.06242 
PEF 294 Hz 24 min_1 4 1.8 5.09621 
PEF 294 Hz 24 min_1 5 1.2 4.46247 

        
PEF 294 Hz 24 min_2 0 1.8 9.42386 
PEF 294 Hz 24 min_2 1 1.4 8.29981 
PEF 294 Hz 24 min_2 2 1.2 7.03474 
PEF 294 Hz 24 min_2 3 1.2 6.43696 
PEF 294 Hz 24 min_2 4 1.2 5.39844 
PEF 294 Hz 24 min_2 5 1.0 5.45486 
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Table 7. Sample volumes and concentrations of fomic acid at different time intervals. Pulsed electric field at 949 

Hz for 24 minutes. 

Sample Time [min] Volume [ml] Concentration [mg/l] 
PEF 949 Hz 24 min_1 0 1.8 9.57833 
PEF 949 Hz 24 min_1 1 0.8 8.19187 
PEF 949 Hz 24 min_1 2 1.4 7.72676 
PEF 949 Hz 24 min_1 3 1.4 6.65063 
PEF 949 Hz 24 min_1 4 1.4 5.88435 
PEF 949 Hz 24 min_1 5 1.4 5.25831 

        
PEF 949 Hz 24 min_2 0 1.8 9.39124 
PEF 949 Hz 24 min_2 1 0.6 8.31229 
PEF 949 Hz 24 min_2 2 0.8 7.10601 
PEF 949 Hz 24 min_2 3 1.2 6.18593 
PEF 949 Hz 24 min_2 4 1.2 5.42292 
PEF 949 Hz 24 min_2 5 1.6 4.37422 

 

Table 8. TiO2 doses. 

Sample Dose [g] 

No PEF_1 0.02966 
No PEF_2 0.03008 

PEF 49,9 Hz 12 min_1 0.03064 
PEF 49,9 Hz 12 min_2 0.03003 
PEF 294 Hz 12 min_1 0.03004 
PEF 294 Hz 12 min_2 0.03033 
PEF 949 Hz 12 min_1 0.03019 
PEF 949 Hz 12 min_2 0.03013 
PEF 49,9 Hz 24 min_1 0.03009 
PEF 49,9 Hz 24 min_2 0.03017 
PEF 294 Hz 24 min_1 0.03024 
PEF 294 Hz 24 min_2 0.03018 
PEF 949 Hz 24 min_1 0.03018 
PEF 949 Hz 24 min_2 0.03013 

 

Table 9. Results from adsorption tests. Used TiO2 doses, sample volumes and formic acid concentrations. 

Sample Dose [g] Volume [ml] Concentration [mg/l] 
No PEF 0,03005 2.0 9.98748 

PEF 49,9 Hz 12 min 0,03003 1.8 9.44139 
PEF 294 Hz 12 min 0,03004 1.6 9.4048 
PEF 949 Hz 12 min 0,03007 1.6 9.57989 
PEF 49,9 Hz 24 min 0,03010 1.8 9.35768 
PEF 294 Hz 24 min 0,03015 1.8 9.32145 
PEF 949 Hz 24 min 0,03010 2.0 9.2921 
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Initial formic acid degradation rate calculations 

 

Example calculations are done using data related to sample PEF 949 Hz 24 min_2. 

 

Contact times are calculated with the following equation: 

 

𝑡𝑐𝑜𝑛𝑡 =
𝑉𝑟∙𝑡

𝑉𝑓𝑎
, 

 

Where tcont contact time 

Vr volume of reactor tubes 

t sampling time 

Vfa volume of formic acid solution in the system. 

 

Contact time is the time the formic acid solution is in contact with UV-irradiation. 

 

Volumes of formic acid solution in the system at different sampling times are shown in a table 

below: 

 

Sampling time [min] Vfa [mL] Sample volume [ml] 

0 60 1.8 

1 59.4 0.6 

2 58.6 0.8 

3 57.4 1.2 

4 56.2 1.2 

5 54.6 1.6 

 

Contact time related to sampling time of 1 minute is calculated as follows: 

 

𝑡𝑐𝑜𝑛𝑡 =
10.7 𝑚𝑙 ∙ 1 𝑚𝑖𝑛

59.4 𝑚𝑙
=  0.18 𝑚𝑖𝑛 
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Contact times and formic acid concentrations at different sampling times are presented in a 

table below: 

 

Sampling time [min] Contact time [min] Concentration [mg/l] 

0 0 9.39 

1 0.18 8.31 

2 0.37 7.11 

3 0.56 6.19 

4 0.76 5.42 

5 0.98 4.37 

 

Mean initial formic acid degradation rate is then calculated with the following equation: 

 

𝑟𝑓𝑎 =
𝐶1−𝐶0

(𝑡1−𝑡0)∙𝑀𝑓𝑎
, 

 

Where rfa initial formic acid degradation rate 

C0 concentration of formic acid at the start of the experiment 

C1 concentration of formic acid at the end of the experiment 

t0 contact time at the start of the experiment 

t1 contact time at the end of the experiment 

Mfa molar mass of formic acid. 

 

 

𝑟𝑓𝑎 =
9.39

𝑚𝑔
𝑙

−  4.37
𝑚𝑔

𝑙

(0.98 𝑚𝑖𝑛 − 0 𝑚𝑖𝑛) ∙ 46.03
𝑚𝑔

𝑚𝑚𝑜𝑙

= 0.111 
𝑚𝑚𝑜𝑙

𝑙 ∙ 𝑚𝑖𝑛
 

 


