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The objective of this thesis was studythe effect of pulsed electriteld on the preparation
of TiO, nanoparticlevia sokgel methodThe literature part dealsith properties of different
TiO, crystal forms, principles of photocatalysis, -gel method and psed electric field
processing.lt was expected thathe pulsed electric field would have an influence on
crystallite size, specific surface areg@olymorphismand photocatalytic activitpf produced
particles TiO, samples were prepared by usuifferent frequencies and treatment tintés
pulsed electric field.The properties of producediO, particles were examine&-ray
diffraction (XRD), Raman spectroscopy and BET surface area analymsphdocatalytic
activitiesof produced TiQ particles weraleterminedoy using thermasphotocatalysts for the
degradation of formic acid under WWlight. The photocatalytic activities of samples
produced with sebel method were also compared with the commercial, ToOwder
Aeroxide® (Evonic Degussa GmbH).

Pulsed electric field did not hawam effect on the nrphology ofparticles.Results from XRD
and Raman analysishowed that alproducedTiO, samples were pure anatastowever,
pulsed electric field did havenaeffect on crystallite sizespecific surface a@a and
photocatalytic activityof TiO, particles. Generallyhe crystallite sizes were smallspecific
surface areas largamnd initial formic acid degradation rates higlier samples that were
produced by applying the pulsed electric fielche higher photocatalytic activitiesere
attributed to larger surface areas and smaller crystallite Sibesigh,with all of the TiG
samples produced by the syl method theinitial formic acid degradation rates were
significantlyslower thanwith the commercial Ti@Qpowdet
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Tyon tarkoituksena oli tutkia pulssitetgdhkokentan vaikutusta titaanidioksidipartikkeleiden
valmistuksessa sa@el menetelmalla. Kirjallisuusosa tarkastelee titaanidioksidin eri
kidemuotojen ominaisuuksia, sgél menetelmaa seka prosessointia pulssitetun sahkdkentan
avustuksella. Pulssitetursdhkdkentan odotettiin  vaikuttavan tuotettujen partikkeleiden
kidekokoon,ominaispintaalaan, polymorfiseen muotoga fotokatalyyttiseen aktiivisuuteen.
TiO, partikkeleita tuotettiin  kayttamalla eri taajuuksia ja pulssitetun sahkodkentan
kayttoaikoja. Tuagttujen TiQ partikkeleiden ominaisuuksia tutkittiinbntgendiffraktiolla
(XRD), Raman spektroskopialla ja BETanalyysid. Tuotettujen TiO partikkeleiden
fotokatalyyttiset aktiivisuudet maaritettiin kayttamalla niité fotokatalyytteind muurahaishapon
hajotamisessa UVAI valolla. Solgel menetelmalla tuotettujen naytteiden fotokatalyyttisia
aktiivisuuksia verrattiin kaupallisen TQjauheen,Aeroxide® (Evonic Degussa GmbH)
aktiivisuuteen.

Pulssitetulla sahkokentalla ei ollut vaikutusta tuotettujen partikkeleiden morfologiaan.
Rontgendiffraktiolla ja Raman spektroskopialla saadut tulokset osoittivaitaekié tuotetut

TiO, partikkelit olivat puhdasta anataasia. Pulssitetulla sahkokentalla oli kuitesikuntusta

TiO, partikkeleiden kidekokoon, ominaispirtidaan ja fotokatalyyttiseen aktiivisuuteen.
Keskimaarin pulssitettua sahkokenttdd kayttaen tuotettujen naytteiden kidekoot olivat
pienempid, ominaispirtalat suurempia ja muurahaishapon hajoamisndge suurempia.
Kaikilla solgel menetelméalla tuetuilla naytteilla muurahaishapon hajoamisnopeudet olivat
kuitenkin huomattavasti hitaampia kuin kaupallisella Jjgheella.
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1 Introduction

1.1 Background

Titanium metal was discovered 1791 byWilliam Gregor in Cornwall, Englan@his metal

got its name aftethe Ttans of Greek mythology latém 1795.Titanium dioxide(TiOy) is a
semiconductingoxide of titaniumand it occurs in nature in three mineral forms: anatase,
rutile and brookiteg[1]. Titanium dioxideis commonly used as a white pigment in paints,
coatings, plastics, papelisks andtoothpastesFor long, the use of Tifas a white pigment

hasbeen the main application of this matedal to this dayit still is.

The discoveryof i t a ni u nphatocatalytic greperideis 1967opened ugentirely new
possibilitiesfor the use of this material.lhere arenow several applications that utiézthis
photocatalytic propertyOne very important applicatios water purificationWate scarcity
is a serious global issu@his problem isot only limited to dy areas Poor water quality
limits theamount of usable watewven if water is physically availabl€o solve this problem

viable water purificatioomethods should be developed.

Titanium dioxide can be used as a photocatalyst undelighVfor degradation of hazardous
pollutantsin water This process is called heterogeneous photocatalysis and it is one of the
advanced oxidation process@sOP). The production of hydroxyl radicsal(OH) with high
oxidation potentials the common feature in all AOPBhe main advantagef heterogeneous
photocatalysis over other Ubased AOPs is thatdan be condcted athigherwavelength of
UV-light. Therefore it is slightly less energy intensiae a processPhotocatalytic water
purification offers some advantages over other water purification methods. Organiargsllut
can be transformed toarmless end product€0O, and HO, at ambient conditions. Another

advantage is that there is no needddditional chemicals such as®4 or Os.

In water purification applications, the catalyst is usually in the form of nanopéasikeld
powder.By using the catalyst in powder form, the specific surface area can be maximized.
This is important becausgexific surface area is one of the key factors that determine the

photocatalytic activity of a materidPhotocatalytic activity can be improved by increasing the
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specificsurface arealarger specific surface areas can be achieved by decreasing the particle

size.

The solgel method is a process through which solid nanoparticles of metal oxides can be
produced. Segel method can be broadly defined as the preparation of ceramicatsabsri
preparation of a sol, gelation of the sol, removal of the solvent and calcination of the dried gel
[2]. First studies on sajel processing were reported in R1LIB00s when it was discovered

that hydrolysis of tetraethyl orthosilicate under acidindibons yielded SiQ [2]. Early
studies were mainly centered on silica, but since then they have been extended to many other
oxide ceramics and compositgy. The sol gel method was seen as an alternative for the
preparation of glasses and ceramics aiswterably lower temperaturd8]. The solgel
method is advantageouschniquein the sensdhat it allows for the fine control of the
product 6s ¢ he nhdcahkr key vangbless suthi as polymorph composition,
particle size or porosity of thparticles With this method it is also possible to produce

nanoparticlesvith very high level of chemicaurity.

Pulsed electric field processing is a method that was first used in the 1960s in food
preservation applicationg!]. Pulsed electric fields eve used for microbial inactivation in
food materia[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 preipitation process can be seen as an alternative or additional energy
source and transfer mechanisinenergy for improved processifg]. The effects of pulsed
electric field on crystallization are studied quite extensivelgweve, the effect of pulsed
electric field on precipitation of TiQparticles with a segel methodchas 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 ofphotocatalysis is explained briefly and also the factors
affecting the photocatalytic performance aD7 are discussedl'he solgel processs then
describedand the phenomena that occur in each stlp.last theme in the literature part is
pulsed electc 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 wghl sol
method under the influence of pulsed electric field. The aim was to study the effect of pulsed
electric field on the preparation of Tianoparticls. The frequeng and duration of the
pulsed electric field were chosen as the parameters to be altereds expected that
crystallite size, specific surface areand polymorphism of prepared particles can be

influenced.

The properties of produced particles were exachwith X-ray diffraction (XRD), Raman
spectroscopy and BET surface area analysigy diffractometer and Raman spectrometer
were used to identifithe atenic and molecular structures of particles. It was analyzed
whether the particles hatructuref anatase rutile- or brookite Based on XRD results, the
crystallite size of TiQ particles was estimated with the Scherrer equation. The specific

surface area of particles was determined BittmauerfEmmettTeller (BET) Analysis.

The photocatalyticactivity of produced Ti@ 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 Ti@ particles. Produced particles were used as photocatalysts for
the degadation of formic acid under U\Aight. Degradation rate of formic acid was chosen

to be the indicator of photocatalytic performance. The photocatalytic activities of samples
produced with sebel method were also compared to the photocatalytic actiitthe

commercial TiQ powderAeroxide® (Evonic Degussa GmbH).



12

LITERATURE PART

2 Titanium dioxide, TiO,

2.1 TiO,crystal formsi anatase, brookite and utile

Titanium dioxide has three naturally occurring crystal structures in atmospheric pressure:
anatase, rutile and brookitRutile is a stable cryal structure of TiQ Anataseand brookite
are metastabland can be transformed to rutile when hed&dRutile is more commonly
occurring in nature than the other two polymorphable 1 lists somegeneral properties of

anatase, rutile and brookite.

Table 1. Properties of anatase, rutile and brodki@.

Property Anatase Rutile Brookite
Crystal structure Tetragonal Tetragonal Orthogonal
Atoms per unit cell (2) 4 2 8
Lattice parameters (nm) a=0.3785 a =04594 a = 05456
b =09182
c =09514 ¢ =02959 c =05143
Space group D2:">-Pbca Duit*P4/mnm  Dal*-14,/amd
Density (kg/m) 3830 4240 4170
Refractive index () 2.569 2947 2.809
Hardness (Moths) 55-6 61 65 55-6

Crystal structuref anatase, rutile and brookigéee shown in figurel and 2 Both rutile and
anatase have a tetragonal crystal system whereas brookite hésoamoonbic crystal system
In all of thecrystal stucturestitanium is coordinatedctahedrally by oxygen. In this type of
molecular geometry th8tanium atomis the central atonthat is surrounded by six oxygen
atoms.In all crystal stuctures the octahedra are slightly distort@hokite haghe largest cell
volume with eightTiO, groups per unit cellAnatasehas four groups and rutile only two

groups.This makegutile the densegiolymorph.[1,7]
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Surface structueof a materialdeterminemany important propertiedike reactivity or
adhesion.Especially in photocatalytic applications the surface propewdies of major
importance. A single crystalkcan have many different surfap&nesWulff construction is a
method to describehe shape of a thewdynamically stable macroscopatystal [9]. The
equilibrium shapg of macroscopic TiQ crystak in rutile, anatase and brookifghaseare

shown in figures &.

001
(/ )

7R

—

Figure 3 The equilibrium shape of a macroscopic Ti€rystal in rutile phase, according to Wulff

constructiorn7].

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 restructun@sder both oxidizing and reducing conditicsishigh
temperatures. Rutile (001) surface has a higher surface aharmggurfaces (110) and (100).

This is because there are more broken bonds on this surface than atheheurfaces.

Surface (001) also baa tendency to reconstruct] [7

Figure 4 The equilibrium shape of a macroscopic Ti@ystal in anatase phase, aaiing to Wulff

constructio10].
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Surface planes (101), (100) and (001) are commonly foundrengymthetic anatag®wders

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 computati@l methodssuchas density functional theory (DFTalculationsit is
estimated that the photoreactivity order of anatase surface pla(E30is> (101) > (00L
According to DFT calculationthe highenergy (001)surface should haviewer reactivity
than the thermodynamicaltable (101surface inphotcoxidation reactions for Oladical
generation andlso inphotoreduction reactions for hydrogevolution The (100)surface has
the highest photoreactivitirhis contradicts the conventionahderstandinghat surfaceswith
a high surface energyovide more adsorption sites and assmnger affinity for dsorbates

to improvephotocatalytic activitieg11]

Surface structures of rutile and anatase are studied extensively but the surfacteprop
brookite are still largely unknown. This is becabseokite is difficult to synthesize in pure
form. The suface structures of brookite can Betermined and studied by density functional
theory (DFT)calculations|t is estimated thahe stabity order of brookite surfaces is

(001) > (210) > (111) > (011) > (010> (101) > (100).lt can be seen from the Wulff
construction thatost of the surface area consists(bil), (210), (010), and (001) planes
Surfaces (010) and (00&ye commonly occurring in natural brookite samp&8]

[001]

(001)
(111)
(011)
(101)
[100] (210)
[070] (010)
(100)
Figureb. The equilibrium shape of a macroscopic Ti€ystal in brookite phasegccording to Wulff

constructio12].
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Brookite surfaces have structural similarities with rutile and anatassises. Table 2 shows
which planes are structurally similarh@structure of the brookite (218urface is verglose
to anatase (101). However, based emgity functional theorgalculations thévrookite (210)
surface is more reactive than the ana(@$4d) surface antherefore is potentiallyseful in
catalytic andphotocatalytic application§,12]

Table2. Structurallysimilar surfaces ofutile and anatagd.2].

Brookite (100) (010) (001) (110) (101) (210)
Rutile (001)  (011) (111)
Anatase (112)  (110) (312) (101)

The estimated surface energy of an equilibrglmped crystal is highest for anatasespha
and lowest for rutile phaserThis surface energy differencean explainthe fact that
experimentally crystalline Ti@nanoparticles have the anatase structure for diameters up to
10 nm [18]. Brookiteis more stable thannatase for crystal sizes largdgran 11 nm while

rutile is the most stable phasesates largethan 35 nm[7, 8, 9, 12

2.2 ldentification of different TiO, crystal forms

A titanium dioxide sample can be anatase, rutile or brookite in a puredpiit can be a
mixture Different TiO, polymorphs can be identified withe help ofX-ray crystallography.
X-ray diffractometerconsiss of three basielements: an Xay tube, a sample holdaith a
goniometerand an Xray detectorA goniometer is an instrument theén eitherbe used to
measurean angle oit can be used to rotate an objezta precise angular positioim an X-
ray diffraction measwment, a samples gradually rotated while being bombarded with X
rays The crystalline atoms of the sample cause a beam-@EyX to diffract into many

specific directionsThe wavelength of electromagnetic radiatisrrelatedto the diffraction

angleby Brlawg[@3p s

1 ¢AF] (1)
where n integer

o X-ray wavelength

d spacing between diffracting planes

d incident angle
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These diffracted Xays are then detected, processed and couA®d result, anX-ray
diffraction pattern igproduced, which isi plot of the intensity of Xays scattered at different
angles For known sibstancesthere are databases of diffraction dafar instancethe
International Centre for Diffraction Data (ICDD) maintains a database of powder diffraction
patterns The results from arX-ray diffraction measurement can be comparediaabase

diffraction data and thuslentify the constituents of the samp|&3]

Anatase, rutile and brookite each have their own unXyuay diffraction patternsTheseare
shown in Figures 6 t8. Anatase form has igseaks loated at 25.4°, 37.8°, 48.0°, 54.%5hd
theserespond to plangd.01), (004),(200) and(105 and 211)Rutile phase apeaks located
at 27.5°, 36.1° an®4.4°. Theserespond to plane€l10), (101), (211planes ofthe rutile
phase[14]

Tio2
Titanium Oxide
Ref. Calculated from ICSD using POWD-12++
Ref: Learand. C.. Delville, J.. C. R. Hebd. Seances Acad. Sci.. 236, 944 [1953)
A
5E
o2
EE 5
& o
o=
: g U0 owy s
T T T T T
0 15 30 45 60 75 28°
P} Intv  h k | p:] Intv  h k | p:] Intv  h k
25.356 100* 1 0 1 | 55186 23 21 1 |75203 18 21
37.014 7 1 0 3 |62242 4 21 3 |76.221 5 30
37.847 24 0 0 4 |B2812 21 2 0 4 |80873 1 00
38.644 10 1 1 2 |68.879 12 1 1 6 | 82357 1 30
48.145 41 2 0 0 |70.458 12 2 2 0 | 82868 8 22
53.974 29 1 0 5 |74179 1 1 0 7 |83365 4 31
Figure 6. XRD spectreof anatasé¢l4].
Tio2
Titanium Oxide
Ref: Calculated from ICSD using POWD-12++, (1997)
Ref: Gonschorek, W., Z. Kristallogr., 160, 187 [1982)
A
S
25 8
S E @
B h 3
- ] I ] I Il e |
T T T T
0 15 30 45 60 75 28
2 Int-v h k | ] Int-v h k | ;] Int-v h k
27.436 100* 1 1 0 |62.759 15 0 0 2 | 76538 4 20
36.080 57 1 0 1 |64.047 14 3 1 0 |79.831 2 21
39.190 9 2 0 0 |65510 1 2 21 |82337 8 3 2
41.240 25 1 1 1 [69.004 37 3 0 1 | 84250 E 40
44.043 9 2 1 0 |69.802 19 1 1 2 |87.480 2 41
54.321 93 21 1 |[72418 2 31 1 |89551 14 2 2
56.626 28 2 2 0 (7440 1 320

Figure 7. XRD spectreof rutile [14].
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The existence of brookiie a sample is clearly seen from firesencef (121) pealat

2d = B the XRD Aattern(Figure 8). When interpreting tréffractograms it should be

noted thathe main (101) diffracit n peak of a n a°toeeHdaps witht theZ1d0) = 2 ¢
and (111) peak s2584f and25.699kis ovedappng cadsds difficlds in
determining whether a sampieuly is pure brookite or a mixre of brookite and anatase.

8,19

anatase

]

Intensity (a.u.)

brookite

20 25 30 35 40 45 S0 S5 60 65

Figure 8. XRD chart of brookitg8].
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XRD patterns can also be used to estimate the crystallite size phdiOparticles. The

crystallite size canbe calculated t h Scher r[l@r 6s equati on:

. 2
where L average crystallite size
constant related to crystallite shape
b diffraction pealkwidth at half the maximum intensity

S ¢ h e reguatiordssobtained by taking thderivative of Bragg's lawThe wavelengths
held constant whilethe diffraction angle and the Bragg spaciage allowedto vary.
Scherrerds equation is applicabl d&orsphecadl he ¢

crystals the value of K is 0.f17]

Different TiO, polymorphs can also be identified with Raman spscbpy Thistechniqueas
based oninelastic scattering of monochromatic laser light by moleculesan inelastic
scattering processhe inddent photon interacts witthe bonds of the molecuko that the

energy of scattered photon is either higher or lower than the energy of incident ph&jton

Photons of reduced energy are produced in Stokes scatt€hagiarget molecule absorbs
someof the energy from the incident photon and consequently gets promoted to a higher
energy state. The scattered photon therefore has reduced elRboggns with increased
energy arghenproduced in antiStokes scattering-irst the arget nolecule which s in an
excited stateabsorbshe energy from the incident photoithen itdecays to a lower energy
level. As a consequence, a photon that has a higher energy than the pleadenis emitted.

[18]

In a Raman measuremerd 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 ediinis filtered out while the rest of the collected light

is dispersd onto adetector[18]
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Raman shifts areeported in wavenumbers, whitlave the unit in inverse centimeters {m

For known sibstances there aRaman standard spectra availatsttan commercial databases

and data bookd#Handbook of Minerals Raman Specdsaanexample of such a database. The
results from a Raman measurement can be compared to Raman standard spectra of some

database and thigentify the constituents of the sample

Figures 9 and.0 show the Bman spectra of rutile dranatase. Figure 11 shovie tRaman
spectra of both anatase and brookite in the same graph. Rutile can be identified from its two
dominant peaks at 447 €nand 612 crit. Anatase has a strong peak at 143'@nd several
smaller peaks at 197 ém395 cnt, 517 cmi* and 638 crit.

f"
|
'\

/| | i
/\\//‘ L// \

2/ \

I L L n L )
0 200 400 600 800 1000
Raman shift (cm-1)
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Figure 9. Raman spectra of ruti[@.8].
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Figure 10. Raman spectra of anatd48].
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As with the XRD patterns, anatase and brookite have their strongestipdd®an spectra
very close to each other. Brookite hascisracteristipeak at 153 cthwhile anatase has its
peak at 143 cih This method can be used to confirm whethemapsa truly is pure brookite

If a characteristipeak at 517 cihis missing, then the saie does not include anatase form

brookite

Intensity (a.u.)

’ ‘ anatase

100 200 300 400 500 600 700 800
Raman shift / cm™

Figure 11. Ramarspectra of brookite anahatasg8].

2.3 Photocatalytic properties

Rutile, anatase and brookite all have photocatalginilities Also in this case the
photocatalytic properties dirookite are not as widely studied as those of anatase and rutile.
For the same reasothe surfaceproperties of brookite have been studied.l&wokite is
difficult to synthesize in pure fornThe photocatalytic propertiesf titanium dioxidewere
discovered in 1967 but thérst study on the photocataigt behavior of brookite was
published relatively recently ih985[8].

For TiO, the photocatalytic processin be desdoed with the following reactiong\bsorption
of photon b B will excite electron from the valence band to the conduction band and

subsequently produces an electrorehair (&h*). [19]

4E/ QO 4E/A E (3)
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The energy required televate electrofrom the valence to the conductibgndis equal to
band gap energy, which is expressed in electron volts [8\§.energy of a photon should
exceed or at least lBgjual to the band gap energy in order for reactitmoccur.Energy of a
photon is dependent on thveavelength of radiationThe estimated band gap values for
anatase, rutile and brookite are 3.2 eV, 32 and 2.96 eV, respectively [L9These
estimaed band gap valuesf different polymorphs correspond wavelengtls that are irthe

UV region (290' 380 nm) This means that anatase, brookite and rutile are photocatalytically
active only under UMight. There are also other band gap values reportedeititdrature.

The estimated value for band gap depends on variations stailsbiometric of the synthiss

the impurities content, therystalline size and the type of electronic transifij.
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Figure 12 Schematic illustration of photgeneratiorof charge carrierg a photocatalyd6].

The electrons in the conduction band facilitate redacteactionsand the holes facilitate
oxidation reactionsln an agueous environmenitanium dioxide adsoswater or dissolved
oxygen on its surfac&kediction of oxygen by the electron of the conduction band generates
sweroxide radical anions ©@7). Subsequent reactiorshown belowproduce hydrogen
dioxide radicals (HO,), hydrogendioxide anions (HE) and hydrogen peroxide £§8,). [19]
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Reactonsinvolving conduction band are

AE/R 1 0O4E | (4)
4 E IR I ¢ © 4E/ (I (5)
AEIA (1 © 4Bl I( I (6)
/ (/1 ° [1( I / (7
/ ( ° (/ (8
4 E IR (I © 4E/ (/ 9)
(/o (1 (10)
¢ (I o/ (1 (12)

Water isoxidizedby positive holesandsplits into OH and H. Reations involving valence

band H are

4 E/E (/ © 4E/ I ( (12)
AEIE ¢ (/] © 4E/ (/ (13
4 E/E I( © 4E/ [ ( (14)

Hydroxyl radicals (OH), superoxide radical anions @,) and HO, are called reactive
oxygen species (ROS) which are responsible for the removal of organic pollutants in water
treatment.The hydroxyl radical is highly reactive bghortlived. Superoxde anionand
hydrogen peroxidean also function gsrecursors for hydroxyl radicd[L9]
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The phaocatalytic functionality of @emiconducting material can be determibgdhe rates
at which electron hole paire generated and recombindthe generation oélectron hole
pairs by UV radiation andtheir tendency to recombine are competpigenomena. If the
generation rate is higher than the recombination rate thigelifetime of electrothole pairgs
longer compared to a situation where the generationaradlerecombination ratare equal.
Longerlifetime means that the electrbiole pairshave a higher probability to participate in
photocatalytic reactions. Tihas a relatively slow ratef electronhole pairrecombination

compared to othesemiconductorgd6, 21]

2.31 Photocatalytic prformance opure TiO, crystal forms and mtures

When comparingthe band gap values alone it would seem that brookite is the best
photocatalytic material and anatase the wokkiwever, there is growing evidence that
anatase althowgh having the highest bamgap- has greater photocatalytic activity thautile.

For instance, matase isfound to be more active than rutilen the oxidation of pure
cyclohexane and-@ropanol[22]. Anatase is also found to Imeore active in thelegradation

of phenol and nitrophenol isomers in wa2?]. But then again, there are also &asvhere
rutile has thegreater photocatalytic activityPure rutile is reported to have higher hydrogen

production rate from methanol deoposition than pure anatase [23

There are averal explanations why anatase hagherphotocatalytic ability thamutile. One
explanation is that thaeratase phase hasallereffective electron mass and therefbigher
mobility. If the madility of the photogenerated @nd H is different, tha the probability of
recombinatiorwill be lower. Charge carriesare more likely to participate in surface reactions

if the electrorhole pair life is longerPhotocatalytic activity is thus increasg?il]

Another explanation igelated to direct and indirect band gajpslirectband gap differs from
direct band gap in a sense thié upper ad the lower electronic states, conduction and

valence bandslo not occur at the same value of crystal momergiigure 13. [24]
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Figure 13 Direct and indirect band gdp4].

Anatase has aimdirect baad gap that is smaller than ilsrect band gapThe indirect band
gap of rutile, however, is very similar tts direct band gaj21]. The indiect band gap of
anatase will also decreadeetrecombinationate of the electrohole pair generatedpon
illumination. Rutile typically haslarger grain sizeand thisalso causes the electidole

recombination rate to be higher][6

Yet another explanation is that aiasephase hadower capacity to adsorb oxygeand
consequently a higheedree of hydroxylatiosompared to rutile. This means that the level of
hydroxyl groups in the surface is higher in anatase plgiroxyl groups contribute to the
higher photocatalytic activity. The lower oxygen adsorption capacity of anatase can be
explained withits higher Fermi leveby 0.1 eVcompared to rutileThe Fermi level is the
total chemical potential for electroasdits significance is the thermodynamic wadquired

to add one electron to the bodyxygen adsorption involves theansfer of one or more
excess electrons to an, @olecule at the Ti@ surface.Oxygen adsorptiorcapacity for

andase is lower becauserdquires more thermodynamic wor9] 21,25|

Although the photocatalytic properties of brookite are not so widely studied, this crystal form
has also proved to be a promisirfgpcatalyst. In some cases it has shown tbdier than
pure anatase. Pure brookite on a thin film is found to hayleeh photocatalytic activity for
the degradation of-gropanol tharanatase or rutile thin films [26Phobcatalytic hydrogen

evolution bypure brookite is reported to be higher than that of pure an&jase
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A common commercial photocatalystthe Degussa-P5, a powder consisting of bothtile
and anatase crystallités a ratio of 3:1 A mixture of different polymorphs hasynergistic
effects andthus an increased phototdytic activity,. One explanation for this enhanced
activity is thatthe transfer of electrorfsom anatase to a lower enengyile electron trapping
site helpsto reduce th recombination rate of anatase. This le@dsoreefficient electron

hole separation and greater catalytic reactif#}.

There are various studies where Deguss2b Rvas found to be more photocatalytically
effective compared to pure rutile, anatase or brookibe.instance, Bgussa 225 was found
to be more effective in thphotadegradation of acetaldehyded 4chlorophenbthan pure
brookite[4]. Degussa 25 was also found to be more effective thath anatase anditile in

the photodegradation of cyclohexane into cym®&anone in room temperature [22

However, it is not correct to say th&degussa P25 has the optinlaphotocatalytic
performance in every situatiofror instance, transparent particles of brookite prepared by
hydrolysisof an aqueous solution of TiCin the presence of polyethyleneglycol degraded
Orange Il more efficiently than-B5 [8]. It can be concluded that none of the pure crystal
forms nor the commercial Degussa2® is optimal in all applications. Choosing the right
photocatalyst, whether that be anatase, btepkutile or the commerciaDegussa P25,

dependyery muchon the apfication.

2.3.2 Factors affecting thehmtocaalytic performanceof TiO,

Photocatalytic performance of Ti@learly depends othe crystal form but it is also affected

by the way howthis material is applied as photocataly§itanium dioxide can be used as a
photocatalyst either in the form of fine suspended particles or as thin filmscdid@ysts are

often used as particulate suspensions since its photocatalytic activity is significantly reduced
when it is immobikzed in acarrier substancerhin films have reduced active surface area
compared to suspended particles, but then again, with thin films there is no need for the

mechanical separati@f catalyst after treatmer@8]
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The photocatalytic ability of Titanium dicde is strongly dependent on surface area
Absorptionof light and target compoundseshanced whethe surface area of photocatalyst

is increasedln the case of Ti@powders the surface area is strongly related to particle size
and also to porositySurface area can be increased by decreasing the particle size and by
increasiy the porosity of the particld.he commerciaDegussa 25 has a typical surface

area of 50 rfig. [28]

If the catalyst is applied in suspendpdticles, the photocatgtic performance can be
enhanced by selecting optimedtalyst concentratiorExcessamount of TiQ can create a
light screening effect that leatts the reduction in the surfaeeea exposed to irradiation and
thus reduces the photocatalytic efficiency of f@cess With high concentrations the
agglomeration of particlealso increases.his reduces the effective surface area and tineis

photocatalytic efficiency[28]

The optimal catalyst concentration varies between different studies and with different
parameters such as target compounds and cataBystisnum dosages of photocatalysts for
some organic compounds are presented in Talil;8.of the most studied target compounds

is phenol.Way et al [29] studied thephotocatalytic oxidation of phenol witpure anatase

TiO, and concluded that the tal catalyst concentratiowas 13 g/l. In another study by
Kashif et al [30] the optimal anatase TgZoncentration for the photocatalytixidation 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 setwsed UV wavelength and other
parameterg-or instancethe specific surface area of Ti the study of Way et aJ30] was

only 9 m?/g whereas in the study &fashif et al [30] it was 120m%g. This might be one of

the factorghat could explairthe lower optimum TiQ concentrationn the study of Kashif et

al. [30]. Mehrvar et al [31] studied the photocatalytic oxidation of dxane with two
commercial TiQ powders: Degussa-B and Hombikat UV 100, which was pure anatase
TiO,. The optimunphotocatalyst loading for Deguss&B was found to be 1.5 g/l while for
Hombikat UV D0the optimum was betvea 3.0 4.0 g/l.
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Table3. Optimum dosageof photocatalystfor degradation of organic compouri@9,30,31,32

Target compound Photocatalyst Optimum dosage g/l

Erioglaucine Degussa 25 0.3
Tebuthioron Degussa 25
Propham Degussa 25
Triclopyr Degussa 25
Phenol anatase TiQ 1-3,0.2
1,4-dioxane Degussa 25 15
1,4-dioxane anatase Ti@ 3.04.0

The chemical structure of tatggompoundnot only affect the optimal catalyst concentration,

but the photocatalytic performance as weélar examplefor 4-chlorophenolthe required
irradiationtime is long becausd-chlorophenoffirst transformsto intermediatesWith oxalic

acids thetransformation igdirectly to carbon dioxide and ater[32]. Also the ability of a
compound to adsorb to the surface of the photocatalyst has an effect on the degradation rate.
Nitrophenolis reported to benuch strongeadsorbing substrate than phenol and therafore
degrades fastej28]. The concentration ofarget compoundnfluences the photocatalytic
performanceas well High concentration of pollaints in water saturates the Fi€urfaceand

thisresults inreducedohotonicefficiency and deaactation of the photocataly§32].

Light intensity and temperature also have an effectth@n photocatalytic performance.
Photocatalytic activityis directly proportional to light intensity and increases with increasing
light intensity For effective photomineralizationf organic contentan optimal temgrature
range exists between 20 a@d °C. Reaction temperature above 80 {omotes the
recombinatiorrate of charge carriers and disfavdise adsorption of organic compounds on
the titania suece. [28, 33

Photocatalytic performands also @&pendent on pH because it determitiessurface charge
properties of the photocataly3the adsorption of pollutants on the Ti€urfacesize of TiO,
aggregates and the position of conductance and valence bands are affected by pH2a&s well.
32
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The surface of titania can be protonated or deprotonatder acidic or alkaline condition

according to the following reaction8, 32

4E/ (( © 4H/ (15)

AE/ (I (©4E (1 (16)

The point of zero charge of Tids 6.8 In acidic medium the surface 31O, is positively
charged and ialkaline medim it is negatively charged. Xidizing activity of TiO; is higher

at lower pH but exceds” at very low pH can decreaseaction rate[28]

Various inorganic ionsuch as magnesium, iron, zinc, copper, bicarbonate, phosphate, nitrate,
sulphateand chloridecanadsorbonto the surface of TiOand thus affect the photocatalytic
performancePhotocatalytic deactivation has been reported whethe¢ogdtalysts are used as
suspended particles or as thin filmBhe inorganic anions such as nitrate, chlorides,
carbonatesind sulphatemhibit the surface activity of the photocatalyhe surfae contact
between the pollutastand the photocatalys reducedOn the other hand, it is reported that
the effect ofcalcium, magnesiurand zincon the photodegradation of orgamompoundss
negligible This is because these catiare at their maximunoxidation states so these are
unableto have any inhibitory effect on the degradation pracegsvever,the effect of
inorganic ions is mainly studied withodel compounds.hereforethe results of these studies

do not necessarily represent their effectaal water matrix where several ions eX32]

Certain anions such as chloridesirbonates, phosphated sulphates also scavergge and
hydroxyl radicals This scavenging phenomenon has a negative effect on the photocatalytic
performance.The mechanissof hole andhydroxyl radical scavengingybchloride are as
follows: [32]

# I(O #1 /¢ 17

#1 E O #1 (18)
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3 <ol-gel Method

3.1 Hydrolysis, condensationand gelation

The I gel process starts with a preparation of sol, which stable dispersion of colloidal
paticlesin a solventStarting compound®or the preparation ofolloidal particles are called
precursors. These precursaansist of a metal or metalloid elemenirrounded byarious
ligands Common precursors for Tghanoparticleproduction are metal alkoxides, such as
titanium(1V) isopropoxide Also TiCl, can be used asprecursor|2]

The formation of colloids starts fropartial hydrolysis reaction. [2

4B 2 (10482 1 ( 2/ (19)

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

/| 24E/( (/I 4B 2 O [ 24E/ 4”2 (/ (20)

This type of reaction continues to build larger molecules by the process of polyioeriza
At first thesemolecules grow and then they begin to link togethi¢hen asingle molecule
reaches macroscopic dimensions so that it esteéhroughout the solutiothe substance is
turned into a gel. The time at which thestladbond isformed thatcompletesthis giant

molecule, is called gel timg2]

Gelation can be described as a process wha@ution suddenliosesits fluidity and takes

on the appearance of an elastic sdlkhen a gel is formed the viscosity rises abruptly and
elasticresponse to stress appeavsscosity and shear modulus are properties that can be
measured to determine tgel time.Many gels ardormedin amorphougphase For instance,

titania gels made by hydrolysis of Ti&re amorphous. [2

Hydrolysis and condesation reactionswith metal alkoxidesproceed very fast. These
reactionshave to be slowed down in order to contifeé processChemical modification of
metal alkoxides with alcaits, chlorideschelating ligands, acids and bases commonly

employed taachieve this|2]
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The kinetics and resulting structure mdélymer 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 hydrolysi€hloridemodified transition metal alkoxides can beared by
reaction of metal alkoxides with halides by reaction of metal chlorides with alcohols. With
the addition of acetic &t the gel time can be increasethe size of organic ligand in a
precursor affects the hydrolysis kinetics. Small ligandsilrés fasterreaction than large

ligands [2]

Acid and base catalysts are used to contelhydrolysis and condensation rabes also the
structure of condensed produetn be influencedAcids seve to enhancéhe hydrolysis rate
by producing gooddaving groups and eliminating the requirement for proton transfer within
the transition state. Hydrolysis goes to completion when suffieieaiunt ofwater is added.

In basic conditions withitanium (IV) butoxide as a precursor it was observed that the
hydrolysis rate was lower compared to neutral or acidic conditidxwsd-catalyzed
condensation is directed towards the ends of chaiveseas baseatalyzed condensation is
directed towards the middles of chains. Acatalyzed polymers are thus less brettthan
basecatalyzed polymers Condenstion kinetics can be retarded witthigh acid
concentrationsAcid and basecatalysts shouldhereforealso have an effect otne size of
TiO, particles because the growth of molecules by polymerizatiorthés result of
condensation reactiong]

Thangavelu et al33] studied how acidic conditions affect the size of Ji@articles. It was
concluded that the particle sizecdessed as the pH valuesaeasedIt was dso noticed that
with lower pHthe TiG, particles were less agglomerat®&ase catalysts, on the other hand,
enhance condensation kinetics. As a result, largeg padticlesshould be obtained in basic
conditionscompared to acid conditions Imanieh et al[34] prepared Ti@ particles inboth
acidic and basic environments and confirmed that particles prepabagic conditions were

larger.
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3.2 Ageing

The chemical reactions that cause gelatiomioue long after the gel timAgeing isthe next
phase after gelation and it involvelsangs in structue and properties of gel networkgeing
involves further condensation, dissolution and reprecipitabbnmonomers andphase

transformations within theolid or liquid phases [2

Further condensation reactions produesv bridging bads which increasthe connectivity
of gel network. 8bsequentlythe gel isstiffened and strengthesd After gel time therestill
might be some smaller clusters present in the sol phase. The stiffness of the gdsawill

increase when these clusters are attad2é¢d.

Same condensation reactiadhat cause stiffeningan also cause shrinkagéthe gel. Lquid

is expelled from the pores. This phenomenon is common with titanialget®st inorganic
gels the shrinkage isreversible Therate ofshrinkage can be changed by transferring the gel
from one liquid to another or altering the temperatdi@s, however, does not reverse the

shrinkage procesf2]

Ostwald ripening is a process of dissolution and reprecipitatioren by differences in
solubility. Small particles dissolve faster than larger partiddessolvedsmaller particleseed

the growth of the larger particled)sually the small pores of langgarticles are filled in
causing a decrease in interfacial ar®stwald ripening is influenced by temperature, pH,
concentration and the type of solvent, because theseddwoe an effect on solubilitn
example of phase transformationnmcrosyneresis, in which solid phase separates from the

liquid on a locakcale [2]

3.3 Drying

The next step after ageing is drying where solvent is removed from th€lgesically, he
drying proces®f a porous material oabe divided into three periods which are: constant rate
period, first falling rate period and secofalling rate period Cracking of the gel during
drying isone of the main problems and this is sought to overcome with alternative drying

methods. These methods are supercritical drying and fogirey. [2]
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In theconstant rate perigdhe rate of evapgation per unit area is independent of time drel t

gel shrinks by an amount equal to the volume of the liquid that evaporatelsquitievater
interface remains at the exterior surface of the ek surface othe 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 ofidgjoéd in the pores decreases, it
cannot cover the newly exposed surface without forcing the pores to a concavd ticem.

then causes tension in the liquithe netvork becomes increasingly stidfs 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 network2]

The shrinkage of the gel stops at critipaint when the gel becomes so stiff that it is able to
withstand the capillary pressufBhe liquid retreats into the interior and leaaasfilled pores

near the surfacé he rate of evaporation decreases. At critical point the tension in the liquid
reades its maximum value so cracking of the gel is most likely to occur at this $tame.
higher tension in the liquid near the outer surface makes that portion of the network shrink
faster than the gel as a wholéis results in crackingCracking is mordikely for thick gels

and high drying rate42]

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

is because acidatalyzed gels are less crdsgked and therefore less robust. Acdtalyzed

gels also havemaller pore network than basatalyzed 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 evaj@jrates.

There are ways that can hetpreduce 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 ¢évalaps 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 smaligeing phase alsbelps to reduce the
occurrence of cracking. Aged gels are stifand stronger so they can better withstand the
capillary pressureThe occurrence of cracking can also be reduced by using slower

evaporation rate and less viscaadvent.[2]
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After critical point the drying process progresseshe first falling rate periodvherethe
liquid evaporates through partially empty pores. The ragvaporation depends @mbient
temperature and vapor pressufidie temperature of the surface remabeow ambient
temperatureThe exterior of the gelaks notimmediatelybecome completely dripecause
liquid continues to flow to the surfacéhis condition applies as long as the flux of liquid is
comparable to the evaporation raaporation of liquid within the pores is also possible.

Vapor is transpaed out of the pores by diffusiof2]

The flow to the surface stowventuallyand liquid isthenremoved only by diffusion ofts
vapor. Thesecond falling rate period staréd this point The temperature of the surface
approaches ambient temperatuse the rate of evaporation bmmes less dependent on

ambienttemperature onumidity. [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 as$ype of the liquid.

This means that there is no ligwdpor interface and therefore no capillary pressure. Wet gel
can be heated in autoclave along a certain path. Temperature and presgweased So

that the phase boundary is not crosgdte solvent is vented at a constant temperature when
the critical point is passedhe resulting aerogel has a voluthat is close tahat of original

sol. Theoreticallyit is possible to produce monolithic gelsat have the same volume as the
autoclave TiO; gels from alkoxides can be supercritically dried directly with a walt=yhol
solution in he pores. Resulting powders doeind to be useful as catalysts because of their
high surface ared2]

Freezedrying is another approach to eliminate greblem of capillary pressurélowever,

this method has not proven to be as successful as supercritical dinytinig. method, the pore
liquid is frozen to a solid state and then sublimed under vacuum. The pore liquid is often
crystallized. This is probteatic because growing crystals reject the gel network and push it
out of the way until the network is stretched to breaking point. Attempts to fdegzgels

usuallyresult inflakes. [3
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3.4 Calcination

The last stagen the sol gel process isatcinatian. The purpose of this final stepto remove

the organic impuritie$rom the final producand to complet¢he crystallization. Dried gels

are stillin amorphousstate Because calcination step completies crystallizationthis stage

has a significant effect on the photocatalytic abilities of the final producinégionedin
chapter 2.3.1ldifferent crystal forms have different photocatalytic activitidsatasehas
greater photocatalytic activity than rutihile commecial Degussa 25, which is a mixture

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

performance imany applicationg2, 6]

The calcination process can be studied with the helgfefehtial thermal analysi@©TA). In

DTA the difference in temperature between a sample and an inert reference nmterial
measured for instance with thermocoupBsth the sample and the inert reface material

are made to undergo identical thermal prograeamperature differensdetween sample and
reference are recordedemperature differensearethen plotted against time give DTA
curve, or against temperatute give a thermogramDTA curves or thermograms show
energy gains or losses in the sample corresponding to cheoniphlysical changesuch as
crystallization, melting, vaporization or sublimatio@Glues to the existence of transitions

between crystalline phases are also obtaif3&g.

Imanieh et al [34] preparednanocrystallineTiO, particles with a sol gel methodsing
titanium isopropoxideas a precursorsopropanolas a solvent and sodium hydroxide aas
basiccatalyst Samples were produced with differeniQdprecursor molar ratios: 2, 7 and 14.
Dried gels were analysed with DTKAigure 14shows the thermogramam the analysis. The
first peak is related tothe burning of organic compoursl This peak occurred at
approximately 267 °CThe second peak watue to anatase crydlization while the third
peakwas due to rutile crystallizatioft was noticed that by increasing thater content the

intensity of thesecond peak watecreased and shifted toward higher temperatures.
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Figure 14 DTA analysis[34].

As was seen inhe study by Imanieh et.dl34], the crystalline TiQ phasethat is initially
formed is usuallyanataseThis is due to the lessonstrained molecular structure of anatase
compared to rutileThe shaet-range ordered Ti@octahedraarrangeinto longrange ordered
anatase structure more eagjB]. It is also found that anatase phase is more stable for

crystallites of extremelgmall sizes (10 nm) and correspondinigigh surface ared9].

For highly pure fine powderthe reportedransitiontemperature at which puematas begins
to transform irreversibly toutile vary in the ramge 600700 °C. Larger anatase grains
transformto rutile more slowly than fier grains.The anatas¢o rutile transformation is
reconstructive proess sahe bonds are first broken and then refornfethe anatase to rutile
transiton proceeds,utile grain grevth becomessignificant And as the rutile grains grow

larger, the surface area and hence the photocatalytic activity are redéjiced.

The presene and amount of defects on the gen sublatticeareimportant factos that affect

the phase transformatiofhe presence of oxygen vacancies allows the ease of rearrangement
and transformation to rutile because tbteuctural rigidity of large oxygen sublattice is
lessened[6]
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The transformation to rutile is also affected by thBnosphere useduring calcination
Vacuum conditionsslow the phase transformation becausethe redwced convective heat
transfer.Inert or reducing emospheresn the other hand aexpected tancreasehe number
of oxygen vacancies ithe anatase léice and therefore promote the transformati@xygen
vacancies are expected to be filled when calcination is carried out in air or in pUrgi©

filling of vacancies should inhibit the transformatif®i.

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 of1BD kV. Charger also charges the energy
storage device which can b#&hera capacitor or an inductor. Energy storage device nsay al
contain components that improtee shape of the pulse. Switch starts &whninates the

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

not sufficiently high The block that is called load is actually the treatment chamber that
contains the treated materigd]
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20=120kV |
: [ _ I."'— '
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grid i T S B B
Charger ; Energy storage Switch Pulse Load

[+ PFM) transformer
Pulse generatar

Figure 15 Block diagram of PEF treatment systé4.

The treatment chamber is the key compondrda BEF systm because the structure of this
component determines the uniformity of electric field distribution and in continuous
applications the flow characteristigSontinuouslow PEF chambers apgeferably applied in

an industrial scaleVarious treatment chamber desigmsed in continuous systerssich as

parallel platescoaxial cylinders or c@ield configurationsare shown in Figure 1637]
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Figure 16 Different PEF treatment chambers: (a) parallel plate chamber; (b) continuous flow parallel plate
chamber; (c) cdield flow chamber; (d) coaxial continuous chamber; (e) enhanced electdc fiel

continuous treatment chambg36]

Paamllel plate chambers arhe simplestdesign andwere actually the first experimental
chambersThis chamber typeonsists of a rectantr duct of insulating materiakith two
limited electrodes on opposite sid@se electric field distributioms determined only by the
electrode length and distancé&his type of chambeproduce the nost uniform distribution
of the electricfield but the lowelectical resistance is limiting thapplication possibilities.

Electric field strength is limited ithis chamber typd 36, 37|

In a coaxial treatment chamber, the treated material fldvesween two cylinders. fie
application of this chambeypeis restricted to materials of liquid form containing only small
particles. The innercylinder is used asa high voltage electrode and the outsfinder as
ground electrode. The electrodbeape in this configuration can bgtimized with numeric
electric field computationThe electric field within the treatent zoneis enhanced by a
protruded outer electrodaurface. Also the field intensity in the remaining portion of the
chamber is reducedl'he electric field distribution within this treatment chamber is not
homogeneost This is because the electric field is distribufesm the central cylinder
towards theexternal cylinde The advantage of eaxial treatment chamber is the fact that
peak values of lcal electric field strength can Ib@nimized or eveneliminated.The effective
area ofelectrocks isalsovery large. This allowkigh current flow andow treatment chamber
resistance[36, 37|
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One of themost utilized chambetypesin continuousflow systemss the cefield treatment
chamber typeCo-field chambers have two hollow cylindrical electrodes separated by an
insulator to form a tube through whichetlproduct flows. Electric field distributiom this

type of configurationis not uniform Different electric field strength distributionsan be
obtained by modifying the insulator geometigtween the two electrodeSo-field chambers

can be designed toperate at lower currents than-axial chambersEnhanced electric field
continuous treatment chamber is apgraded version of efield treatment chambefhe

insulator shape is conical in order to eliminate gas deposits within the treatmeriB8p84d.

4.2 Design parametersof PEF treatment systens

PEF treatment systems have various desigarpaters which are strongly dependent on one
another. The key design parameters and their relationships with each other are described in
Figure 17. This interdemdency of key parametemsith other parametersnakesit a
challenging task to desigrew PEF treatmerstystens. It is also difficult to study the impact

of one single parameter by its variatidmecause it is nopossible to chage one single

parametewithout affectingotherrelaed parameter$37]

@L—\ Electrical
@ oaidl @ current
Treatment
chamber
Parallel plate
Thermophysical
Treatment chamber design properties of the
it Electrical inaditn
electrode surface area TeRslance viscosity
electrode and insulator shape electrical conductivity
specific heat capacity
Treatment
chamber Temperature
Co-linear @ @
Pulse width | +{Puise enel
Effective electric — l_E“
field strength
Total specific
energy input
Capaciance ®
Temperature
increase
Pulse waveform Pulse waveform

Size of Exponential decay Rectangular
treatment zone

Resderice]_, [~ Puise
time number

Pulse frequency }

Figure T7. PEF desigmparameterand their various interdependencjag].
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An electric field is generated when voltage is applied between two electidaestrength of

the electric field is dependent on voltage and treatment chamber desigasimpleparallel

plate electrode configurian, the electric field strength is homogeneous and can be calculated
with equation(21). For other treatment chambeonfigurations, such as the-tield electrode
configuration, the averageelectric field strength need® be estimatedvith numerical

simulation procedures becaube electric field is not homogeneo{37]

% —, (21)
where E electric fieldstrength
voltage
de distance betweeslectrodes

During the pulse a current will flowlfhe magnitude of current is affected by #dectrical
resistance ofthe treatment chambeand the treated material inside the chamf@etal
resistance is dependeasm the geometry of the treatment chamberalad on the condtieity

of the treated material. Temperature of the treated material also has an effect on the
conductivity of the treated material so the toésistance islsotemperature dependef7]

In practice the total resistance has such a value that a substantial current will flow in the
treated material during the treatmeFihe resistancean be determined experimenydily first
measuring the voltagand currentand then daulating it with eqation (22). For a parallel
plate chamber configuration the resistarmmn be calculad with equation(23). The

resistance carnlso be determined usingumericd simulations[4, 37

2 - (22)

where R resistance

I current
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2 M, (23)

where | specific eledtical 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 puaa becalculated bsed onvoltage and
electrical currentvith the following equatiofi37]:

7 .50)0 A0 (24)

where Wuise energy of a single pulse

The power that is required to establish a uniform field in a voMgaean be calculated with
equation(25) [37]:

0 A%6 (25)
where Poulse power of a single pulse

G conductivity of treated material

Veh volume of the treatment chamber

The totaltreatment timecan be defined athe exposure time of the treated material to the
electric field while it passeghrough the treatment zonA. specific residence time can be

calculated based on the length of the treatrmene and the flow velocitys7]:

6o —, (26)

where tres residence time
L treat length of the treatment zone

u flow velocity.
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During this residence time, a definitamber of pulses will be appligd the treated material.
The number of pulses depenads the pulse frequencyA total treatment the canthen be
calculated witrequation(28) [37]:

€ £O , (27)
where Npulse number of pulses

f frequency
0 € T, (28)
where tireat treatment time

U pulse width

The power delivered by the pulse generator is dissipated as heat in the material. This is
usually an unwantedideeffect. The total specific energyinput, which depends on the
number of pulses applied to an ambof product,is catulated according to equati§R9).

The totalspecific energy inpuiVspeccan be used to estiméatee temperature increasering

the treatment37]

7 —7 , (29)

where Wopec total specific energy input

I mass flow rate

The temperature increase ctren be estimated based on the total specific energy input
according to equatio(80). It is assumed thatomplete dissipation of energy will take place.

[37]

34 — (30

where T temperature increase

Co specific heat capacity
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Changein temperature will have an impaon the temperature dependémérmophysical
properties of the treated material such as electdoaductivity 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 hdifferent parameters in a

PEF system are linked to one anotiigr]

Different pulse shapes that areed in a PEF treatmesystem are shown in Figure. Mith a
rectangular pulse, éhfield strength reaches the maximum value quicklye €xcess field
strength is low.Voltage and the correspondirgdectric field strengtrare maintainedor a
large part of the pulse widtirhe voltage decreasand the pulse widtlof exponentially
decaying pulses are dependentthe electrical resiance of the dischargeauit and alsaon

the capacitance of the capacitor bank used for the genefdfion.

J J\ j”K/“ -~

la {c) ()

il JUL

(e}

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

oscillating pulse; (d) bipolar rectangular pulse; (e) bofgulsed4].
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4.3 The effects ofelectric field on nucleation and growth

PEF treatmentanaffect nucleation by inducingarticle orientation effects, which accelerates
nucleation The particle orientation effect is depicted in Figure Tie basiddea is that an
electric field could align solutemoleculesn such a way that theall collide with the nucleus

in a specific orientationf the orientation of solute molecules and the orientation of molecules
in the nucleus is the same, then themberof successful attachments of solute molecules to
the nucleus is increasdé]

< <A NARRR!
JN N N N =] ]
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Figure 19 The effect of electd field on particle orientatiofb].

An increase in electric field strength accelerates nucleation in two ways. Firstly, it boosts the
particle orientation effect described above. An@ase in electric field strengétsoprovides
additional energy to the systenfihis additional energyrovides more opportunities for
molecules to overcome the nucleatienergy barrier. As a result, neation rateshould

increase with the increasing field strendth.39

The benefit oparticle orientation effect induced by PEF treatment was observétii et al
[38] when theystudied the effect of pulsed electric Ifieon sucrose nucleation at low
supersaturation The PEF treatment systemsed in the experimentsad the following
parameters: monopolar rectangular pulse, pulse frequantp08 Hz, pulse widtlef 20 s,
electric field strength IGO0 kV/cm, and Ibw rate of 15, 25, 38, or 50 miin. By increasing
the electric field strengthe total mmber of nucleicountedper secondi.e. the nucleation

rate,increased
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Temperature elevatiocaused by PEF treatmemas twoopposing effects on nucléan. The

heat ad mass transfer ratégm thecrystl surface to the bulk soluticare increased. As a
result, morestable crystals appear earligrder the influencef an electric field than ithout

it. On the other hand, an increase in solution temperature will increase the solubility.
Therefore tle effective supersaturation mecreased, which decreasé® tprobability of

nucleation othe newly formed nuclei may be dissolv§B]

Growth process can also be affected by electric fiehe application of electric field causes
the charged particle® move towards the electrodesapfposite charge. This phenomensn
called electromigrationThe result of electromigration is localized growth nearefeetrods

(Figure 20)because solution concentration around electrode is incr¢aged.

Figure19. The effect of electromigratioocalized growth near the electrodés.

Radacsi5] studiedthe effect of a strong DC electric fie{dlectric field strength60 kV/m)

on crystallization ofisonicotinamideand observed that the growth ratasmiicotinamidevas

15 times faster with the presence of electric field. The growth rate was estimated with image
analysisIt was also observed that the crystals formed on the anode sunféice.absence of

the electric field crystallization took plagethebulk solution, even when the electrodes were

in the solution.
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Electric field alsohas an effect onglymorphic formation because it is primardgtermined
by nucleation and crystal growtNucleation andjrowth can be influenced in such a wayith
a different polymorph can bebtained under the influence of an electric fighl. While
studying theeffect of a strong DC electric fieloh crystallization ofsonicotinamideRadacsi
[5] observed thaglectric field alsdhad annfluenceon which polymorph was obtained/hen
the electric fieldvas not applied, thmetastable form | was obtainetiile in the presence of

electric fieldthe stabldorm Il was obtained.

EXPERIMENTAL PART

5 Pulsed electric field assted ®l-gel preparation of TiO»
particles

Titanium dioxideparticles were produced with sgél method under the influence of pulsed
electric field. The aim was to study the effect of pulsed electric field on the preparation of
TiO, nanoparticlesThe frequency and duration of the pulsed electric field were chosen as the
parameters to be alteredther parameters such as pH, precursor concentration or calcination
temperature were fixed in order to gast the effect of pulsed electric fieltt. was expected

that crystallite size, specific surface area and polymorphismregared particles can be
influenced.In the solgel process the size ofrfoed colloidal particles depermh nudeation

rate and growth rate [B9Small particles are obtained whthe nucleation rate rmuch faster

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

treatmentjt is assumed thaven smaller particles should be obtained.

The properties of produced particles werarained wih X-ray diffraction (XRD), Raman
spectroscoprndBET surface area analysiX-ray diffraction and Raman spectroscopgre
used foridentifying the atmic and molecular structures of particles. It was analyzed whether
the particles had anatase, rutibe brookite structuresBased on XRD results, the crystallite
size of TiQ particles was estimated with the Scherrer equafibe. specificsurface area of
particles was determined wiBET surface area analysis
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5.1 Materials and methods

5.1.1 Chemicals

For the synthesis of Ti® particles by the sedel method,titanium (IV) isopropoxide
[(TI(OCH(CHg)2)4] (97% Aldrich, Germanywas used as a precursor and ethd@gHsO]

(99,8 % VWR Chemicals, Franceas a solventUsed water was deionizedlitric acid

[HNO3] (65 % Merck, Germanyjvas usedo adjust the pHNitric acid was chosen as a
catalystbecause according to theory and previous studies, smaller particles should be obtained
in acidic environment Smaller particles then have larger surface area and thtier b
photocatalytic performanc&he concentration oftanium (V) isopropoxidein the synthesis

of TiO, was chosen to be 0.15 Buch a low concentration was chosen because for sparingly
soluble materials the nucleation ragevery high while the amount of material available for
growth of the nuclei is very smalB9]. This shouldalso favor the formation of small

particles.

5.1.2 Experimental setup

The experimental setup iffure 2Q consisted of a jacketed crystallizer vesbagh voltage
electrodes, pulse generator and a ballast water filled resistor. A more detailed scheme of the

experimentasetup is shown inigure 21

Figure 20 Experimental setup.
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Figure 21 Scheme of the experimental set@pJacketed crystallizer vesselTBermostat3. High voltage

electrodes4. Ballast water filled resistob. Voltage amplitude adjustment capacijtor

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

The high voltage pulse generator wasnufactured by Wapulec Oy and it was tuned for 100
W maximum power input. The generator had a-4t2p pulse frequency converter but ottlg
first three setting$0, 1 and 2wereused. Thdrequenciesgcorresponding pulse duratioasd
voltage amplitudesf these three settingsere determined with an oscilloscofzata from
the ascilloscope measurementspigesented in dble 4.The oscillograms of diffent settings

are shown in fgures22to 24.

Table4. 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




Figure22. Oscillogram of setting .0

Figure 3. Oscillogram of setting 1.

Figure 2. Oscillogram of setting 2.
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5.1.3 Experimental procedure

The solgel processvas carried out accordirtg the steps shown in Figur®.ZTitanium (IV)
isopropoxideg(7 ml) was first mixed wittkethanol(120 ml). The mixing speed was maintained
at 800 rpomThen the pH adjusted waté30 ml)was added to the mixture and simultaneously
the pulse generator was turned dine pH of the water was adjusted to 3t2vas desired that
the pulsed electric field was applieight from the beginning ofiydrolysis reactionsvhich
start whenwater isadded to the mixtureThe pulsed electric field was appliatternatively
eitherfor 12 minutesor 24 minutes The frequency of the pulsed electfield was changed
between three settindd9.9Hz, 294 Hz and 949 Hz). Als@ control sample was produced
without the application of pulsed electric fielfter the application of pulsed electric field
the mixture wadeft to agefor 24 hours.The crystallizer vessel wakermostatedo 20.0 °C
during mixing and ageing stageBvery experiment was repeated onie provide an
indication of repeatability.

Titanium
precursor

Ethanol

pH adjusted Pulsed electric
H,0 field

Drying at 80 °C
for 4 hours

Calcination at
500 °C for 2
hours

Figure . Schematic diagram for ¢hsynthesis of Tigpowder by asolgel method.
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After ageing phase ¢hmilky white product (Figure® was dried in an oven at 8C For four
hours.Solid products afterrging are shown in Figuresrzand28. Two drying methods were
tested.Firstly, the milky white product was dried in the bowdhich is shownin Figure 26
This resulted in largagglomerags as can be seen from Figuig Zhen, a different drying
method was tested. The milkyhite product was poured to sevelatri dishesThe idea was
to obtain as thinayer as possibleAlso the evaporation area was tried to maximiziee
powders were obtained with this metha Ganbe seen from Figure82 This latter drying

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

Figure &. Milky white productafter ageing

Figure Z. Solid dried product after drying mbowl.
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[ —
Figure B. Solid dried product after drying in Petri dish

The dried solid product was then calcineginatmosphere at 500 °C for two houfgyures
29 and30 show the obtained TiJproducts after calcinationfs can be seen from Figur8,2
the solid product that was dried in the bowl remained highly agglomerated after calcination.
In sharp contrast, the solid proddlkat was dried in Petri dishesas a fine powdefFigure

30). Drying phase thus has a significant effect on the composififinal product.

Figure 2. Calcined TiQ. Dried in a bowl.
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Figure 30 Calcined TiQ. Dried in Petri dishes.

5.2 Characterization of TiO, particles

The morphology of produced Ti(particles was studiedith a Raman spectroscopy and X
Ray diffraction. It was analyzed whether the particles had anatasgéle- or brookite
structuresRaman analysis was performedth a Horiba Yvon JobinabRAM 300 Raman
spectrometer. ThRaman patterns were recorded withvenumbersn the range of 19800
cm™. Anatase has one characteristic peak at 143 and rutile has one at 145 ¢mThe
lower boundn the Raman spectrometesuld not be set below 130’ so theseeaks could

not be observed.

The titania samples wemdsocharacterized by powder-May diffraction (XRD) with Bruker

D8 powder diffractometer (40 kVO¥mA) usi ng CuKU r aXRDpdtéerrsn ( &
were recorded with702A biyn sttheep rsacnagneni sfg, 1 Qu s
0.0102° and a fixeatounting time of 0.5 sec/steRaman spectra and-pay diffraction

patterns for samples which were produced by applying the pulsed electric field for 12 and 24
minutes at different frequencié49.9 Hz, 294 Hz and 949 Haje shown in Figure31to 34.

Also included in Figure81to 34 are the Raman spectrum anera§ diffraction pattern of a
reference sample which was produced without the application of pulsed electric field.
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Figure 31 Raman spectraf TiO, particles:a) pulsed electric field2 minutesat 949 Hz;b) pulsed electric
field 12 minutesat 294 Hz;c) pulsed electric fieldl2 minutesat 499 Hz; d) noapplication of
pulsedelectric field.
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Figure32. Raman spectra of Tilparticles: a) pulsed ele field 24 minutes at 949 Hib) pulsed electric

field 24 minutes 5294 Hz;c) pulsed electridield 24 minutes at 49.9 H-) no application of

pulsed electric field.



55

For all samples shown in Figures 31 to B2 characteristic peaks were located at 197,cm
395 cmt, 517 cm and638 cm'. These peaks are aharacteristic for anataseystals form
so this indicated that the samples were alepanatase. Xay diffraction (XRD) was then
used to verify theesultsobtained with Raman spectroscopye X-ray diffraction patternsf

all samples were very similavith each otheand hadcharacteristic peaki®cated at 25.4°,
37.8°, 48.0°, 54.0°, 55.1°, 62.8° and 68.8M. of these peaks areharacteristic for anatase

crystalform.
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Figure 3. X-ray diffraction pattern®f TiO, 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.
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Figure 3. X-ray diffraction pattern®f TiO, particles: a) pulsed electric fiel4 minutes at 949 Hz, b)
pulsed electric fiel®4 minutes at 294 Hz, c) pulsed electric fiéldl minutes at 49.9 Hz and d)

no application of pulsed electric field.
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The crystallite sizeand specific surface areaf TiO, samplesare summarized in Figures 35
to 38 Crystallite sizesvere estimated witBcherrer's equaticendspecific surface areas were
measuredy the BET methodisinga surface area analyzer Micromeritics Gemniliie values
presated in Figures 35 to 3&e average results from repeated measuremiérgserror bars

show standard deviations.

25,0
€ 20,0
; _ mno PEF
» 15,0 - m PEF 49.9 Hz
[
% 10,0 - PEF 294 Hz
2 m PEF 949 Hz
O 5,0 4

0,0 -
Figure 35 Crystallite size of TiO, samples with 12 minute PEF treatment time.

Compared to the control sampléetcrystallite sizes were generally smaller $amples
which were produced by applying the pulsed electritdfifhe standard deviations of
estimated crystallite sizes were small, indicating that the results are repedable.the
treatment time opulsed electric field wa%2 minutes, the crystaié size first increased but
then started to decrease when the frequency of pulsed electric field was incfeasashtrol
sampé had a crystallite size of 188Bn. Sample that was produced by applying the pulsed
electric field for 12minutes at 49.9 Hzdd a slightly larger crystallite siZ#9.5 nm)thanthe
control sample. However, when the frequency was increased to 294 Hzystadlite size
decreased to 171Am. Crystallite sie was further decreased to 16m when the frequency

was increased to49 Hz.

25,0
=5
< 20,0 - = No PEF
% 15,0 - ® PEF 50 Hz
()
% 10,0 - PEF 294 Hz
B
2 50 m PEF 949 Hz
O

0,0 -

Figure 36 Crystallite size of TiO, samples witt24 minute PEF treatment time.
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When the treatment timef pulsed electric fieldvas doubledo 24 minutes, therystallite
sizeswith all frequency settings were still smalleompared tocrystallite size ofcontrol
sample.The ame trendwhere the crystallite size decreased when frequency was increased,
could not be observdiere With higher frequencies (294 Hz and 949 Hz) the crystallitessize
werebigger compared to samples that wereducedy using the same frequency but shorter
treatment time of 12 minutew/ith frequency 49.9 Hz, however, the crystallite size decreased
remarkably when the treatment time was doublduk smallest crystallite size, 14r8n, was

obtained by applying the pulsed electric field for 24 minutes at 49.9 Hz.
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Figure 37 Specific surface areas of TiGamples with 12 minute PEF treatment time.
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Figure 38 Specific surface areas of Ti®@amples witl24 minute PEF treatment time.
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The specific surface areéisenwere generally largefor samples which were produced by
applying the pulsed electric fiel@he standard deviations of measured specific surface areas
were also fairly small. This indicates the results are repeatablehere were no specific
trends when thdrequency or the treatmenime wasaltered. The control sample had a
specific surface area of 24%y. When the pulsed electric field was applied for 12 minutes at
frequency 49.9 Hz, thepecific surface area decreased to 2128.mVhen the frequency was
increased to 294 Hzhe specific grface area increaséd 38 nf/g. Specific surface area was
further increased to 39 g when the frequency was increased to 949 Hz. The highest
specifc surface area, 46 ¥y, 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 Hzyid not further increase the specific surface avéigh frequency294 Hz the
surface area was 24.Zfmand with 949 Hz it was 23.7 %g.

6 Photocatalytic degradation of formic acid by TiO,
photocatalysis

The photocatalytic activityof produced Ti@ 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 Ti@ particles.Produced particles were used as photocatalysts for

the degradation of formic acid under BMight. 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 electricield would have enhanced photocatalytic activitieBhe
photocatalytic activities of samples produced withgall method were alscompared to the

photocatalytic activity ofthe commercial Ti@powderAeroxide® (Evonic Degussa GmbH).

Formic acidwas chgen to be the model organic pollutant becailiseeasily degradetb CO,

and HO and no byproducts can be formed durinige degradatianFormic acid is also an
intermediate in the mineralization of some other organic polluté&tistodegradatiorof
formic acid could therefore represerat possible final step in the photodegradation of more
complex organic pollutantd=ormic acid is present in industrial wastewaters that originate

from tanners, dye workshopsd printed fabrics millg40, 41].
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6.1 Materials and methods

6.1.1 Chemicals

In addition to TiQ samples that were produced with-gel method, alscommercial TiQ
was used. Ti@powderAeroxide® (Evonic Degussa GmbH) with specific surface dretne
range of36 - 65 nf/g and amean crystallite sizef 21 nm was received from Sigma Aldrich
(Helsinki, Finland). The reagent grade formic acid was purchased from -Bilgimeh.
Ultrapur e wa'tvwasused foBall étperineemisll chemicals were used without

further purificdion.

6.1.2 Experimental setup

The plotocatalyic experiments were performed at room temperatuee recirculating batch
system An illustration of this experimental setup shown in Figure 35. The recirculating
batch system consisted afsupply vesseh hosepump, reactor tubes ardV light sourcs.
The supply vessalias a 100 ml volumetric flask which was wrapped in aluminum Tdié
total volume ofthe two reactor tubes was 10.7 mdV light sources wereUVA LED lamps

(peak at 370 nm)The ntensityat the locatin of reactor tubes was 28W/cnt-

: Nsgag
}7

[

|¢—

Figure 39 Scheme of the experimental setdp.Supply vessel2. Hose pump 3. Reactor tubg4. UVA
LED lamp.
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6.1.3 Experimental procedure

TheUVA LED lamps were turned d30 minbefore the experimente obtain a constant light
intensity.30 mg of TiQ samples were weighed in 100 ml volumetric flasks which were then
sealedwith parafilm andwrapped in aluminum foil60 ml of formic acid solution (0.217
mmol/l) wasadded to the volumetric flaskiO, concentration was thu&5 g/l. Formic acid
concentration of 0.217 mmoMas chosen becagisaccording to Turki et al. [41the initial
disappearance ratd formic acidis proportional to thénitial formic acidconcentratioruntil

a concentration a0 ppm(0.217 mmol/l)

Formic acid solution was then stirred for 15 minutes in dark conditionsder to favor the
organic chemisorption onto the catalyst surfaocel to reachthe adsorptiondesorption
equilibrium. After 15 minutes a sample was takerhrbugh a syringe filter(0.45 pm
polypropylene, VWR International)Volumetric flask was then connected as part of the
recirculating batch syste and an experiment was start&hmples were taken through a
syringe filter in Xminute intervals for 5 minute§'he volumes of samples were recorded
(Annex IIl). Between experiments threactor tubes were washed with Millipore water until
no particles were visibléAlso before each new experiment the reatibes were dried with
air. Every experiment was repeateqice to provide an indication of repeatability.

Adsorption tests were then carried out with each, B@mple. 30 mg of Ti@samples were
weighed in 100 ml volumetric flasks which were then sealed with parafilm and wrapped in
aluminum foil. 60 mlof formic acid solution (0.217 mmo)/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.

6.14 Analytical determination

Concentrations of formic acidemaining after adsorption and dog the photocatalytic
degradation process were determined ubiR§C analysis. HP Agilent 1100 HPL&pparatus
equipped withan RSpak KCG-811 column (300 x 8.0 mmyas usedThe column temperature
was set to 40C. The molile phase wa$.1% phosphoric acid aqueous solution and the flow

rate wadixed at 1 mimin. The detection weelength was set 810 nm.
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6.2 Results and discussion

The nitial formic acid degradatiorates with different TiQsamples are shown in Figure.40

In order to comparthe photocatalytic activity of prepared materials with standieiinitial
degradatn rate of formic acid using commercial TifowderAeroxide® (Evonic Degussa
GmbH), testedn the same experimentabdreditions,wasalso demonstrat in Figure 40
Calculation ofinitial formic acid degradation rates is shown in AppendiXTlHe values

presented in Figure 4fre average results from repeated measurements. The error bars show

standard deviations.

0,1400
= 0,1200 —  mNo PEF
£ 01000 . mPEF 49.9 Hz 12 mir
e w PEF 294 Hz 12 min
% 0,0800 ——  mPEF 949 Hz 12 min
E 0,0600 - _ mPEF 49.9 Hz 24 mir
f_5 ’
= l PEF 294 Hz 24 min
c 0.0400- L mPEF 949 Hz 24 min
(]
= 0,0200 - L mAeroxide®

0,0000 -
Figure 40 The initial formic acid degradation rates

As an exampleformic acid degradatiowith respect to timevith sample PEF 949 Hz 12 min

is shown in Figure 41. Also the initial formic acid degradationsnaith Aeroxide® (Evonic
Degussa GmbH) and by photocatalysis as welihaseffect of adsorption are included in
Figure 41.The purpose of Figure 41 is to demonstrate that the Sahples produced with
solgel method are photocatalytically active in the UVA regibims is proved by the fact that

the initial formic acid degration rateby 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 negligibleliSdmpearance

of formic acid that was observed in the presence of $&nplesunder UVA condtions was

therefore majorly due to photolysis apldotocatalytiqprocess
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Figure 41 Photocatalytic degradation of formic acid with sample PEF 949 Hz 12 min.

Based on weerage values, it can be concluded that the initial formid degradatiorrates

were generally higher for samples that were produced under the influence of pulsed electric
field. Though, all of the Ti@samples produced witthe solgel method had signdantly

lower initial formic acid disappearance rates than the commériial powder Aeroxide®

(Evonic Degussa GmbHThe photocatalytic activities of Ti@samplesvary inthe 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 (@031
mmol/l/min). It must be noted that the standard deviatiohinitial formic acid degradation

rateswere generally quite large. This might be related to sampling.
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Differences in photocatalytic activities between samplesbeato some extent explathdy

the differences in specific surface area and crystallite size. The lower photocatalytic activity
of control sample (No PEF) could be attributed to smaller spesififacearea and larger
crystallite size. Samples that had high specific surface &seaagplesPEF 49.9 Hz 24 min

and PEF 294 Hz 12 min) also had higher photocatalytic activities. However, the highest
photocatalytic activity was ih sample PEF 949 Hz 24 mifhis sample had a specific
surface area of 23.7 #g which was less than the sfecisurface area (24 ty) o control
sample. On the contrarthe photocatalytic activity of sample PEF 949 Hz 12 mas nearly

as lowas with control sample (No PEF) even though it had a specific surface area 9§39 m

which was the second highestadf samples produced with sgél method.

7 Summary and @onclusions

Titanium dioxde particles were produced by tha-gel method under the influence of pulsed
electric field. The aim was to study the effect of pulsed electric field on the preparation of
TiO, particles via solgel method It was expected that morphology, peld size and

agglomeratiorof prepared pdicles can be influenced.

Frequency and treatment tiroéthe pulsed electric field were chosen as the parameters to be
altered.Samples were made by usingde different frequencies (49.9 Hz, 294 Hz and 949
Hz) andtwo differentdurations of treatmentith the pulsed electric field12 minutes and 24
minutes) Other parameteysuch as pH, precursor concentration or calcination temperature
were fixed in order to see just the effect of pulsed electric fidittic acid catalyst was used

in the preparan of TiO, samples because according to theory and previous studies, smaller
particles should be obtainéd acidic environmentSmaller particles then have larger specific
surface area and thus better photocatalytic performance. The concentrattaniwnt(IV)
isopropoxidan the synthesis of Ti©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 verglsf89]. This should also

favor the formation of small particles.
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The polymorphic formof produced TiQ particles could not be influenced by thelgad
electric field. The results of XRD and Raman analysishowed thatall of the samples
produced by theolgel method, with or without the application of pulsed electric field, were
pure anataseTo some extentthis outcome was expetxt becauserystallizaton occurs
during calcination Pulsed electric field was applied in the mixing phase where the dorme

colloidal TiGQ, particles are still amorphous.

However, pised electric fielddid have an effect on crystallite size of TiOparticles.
Generally the crystallite sizes were smaller for samples that were produced by applying the
pulsed electric fieldAccording to literaturePEF treatment should enhance nucleation rate. In
the solgel 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 thdmrgtew

[39]. Therefore, if the nucleation rate can be further increased with PEF treatment, even
smaller particles should be obtained.

When the treatment time of pulsekbctric field was 12 minutest, seemed that by increasing

the frequency of pulsedeetric 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 incra&#bdhigher frequencies

(294 Hz and 949 Hz) the crystallite sizgecame larger when the treatment time of pulsed
electric field was doubled from 12 minutes to 24 minutes. Wighfrequencyof 49.9 Hz,
however, the crystallite size decreased remarkabiy 19.5 nm(PEF 49.9 Hz 12 minjo

14.8 nm(PEF 49.9 Hz 24 minyhen the treatment time was doubl&te smallest crystallite

size (14.8 nm) of all samples produced with-gel methodwas obtained by applying the
pulsed electric field for 24 minutes at 49.9 Hz.

The specific surface r@as werethen generallylarger for samples that were produced by
applying the pulsed electric fiel@here 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. Howpeeifis surface area and
crystallite size of sampleseemed to correlat® some extentSamplethat had the smallest
crystallite size (pulsed electric field at 49.9 Hz for 24 minugdso had th largest specific

surface arealhe effect of pulsed electric field on specific surface area was more remarkable
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than on crystallite sizaVith the help of pulsed electric field, the specific surface area could
be increased from 24 g (contol sample)to 46 nf/g (PEF49.9 Hz24 min). Hence, the
specific surface area could almost be doubled by applying the pulsed electrid Hislds
notable becausespecific surface area is one of the key factors that determine the
photocatalyticperformance of a materialhe crystallite size could be decreased from 19.5
nm (control sample) to 14.6 nm (pulsed electric field 24 minutes at 49.Fbizjeference,

the commercialTiO, powder Aeroxidé® (Evonic Degussa GmbHijs reported to have
crystdlite size of 21 nmand a specific surface argathe rangef 36 - 65 nf/g. Compared to
Aeroxide€® (Evonic Degussa GmbHjhe crystallite size of all samples were smaller but the

specific surface areas waksosmaller

During the experimentg ivasalso noticed thatthe drying stage in the sgkl process has a
significanteffect on the compositioof final product namely agglomerate siz€his 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 milkiyewgroduct 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 @@veralPetri dishes in very thin
layers, the dried product was fine powder. It missinoted that agglomerate size also has an
effect on the catalytic activity of a materiam8ller sized agglomerates provid®re rective

sites per unit weight gfowder.

The photocatalytic activity of produced Ti(particles was also tested in practiCEhe
objective was to study whether the pulsed electric field would have an effect on the
photocatalytic activity of Ti@ particles. Produced particles were used as photocatalysts for
the degradation of formic acid under UMiht. Degradation rate of faric acid was chosen

to be the indicator of photocatalytic performance. The photocatalyimtiast of samples
produced by thesolgel method were also compared to the photocatalytic activity of the

commercial TiQ powderAeroxide® (Evonic Degussa GmbH).
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Results from thghotocatalytic experiments shawat pulsed electric field did also have an
effect on the photocatalytic activity of Ti(articles. he initial formic acid disappearance
rates were generally higher for samples that were produced thd@nfluence of pulsed
electric field. The higher photocatalytic activities of samples that were produced under the
influence of pulsed electric field are attributed to largpecific surface areas and smaller

crystallite sizes.

The commercial TiQpowderAeroxide® (Evonic Degussa GmbH) had a significantly higher
photocatalytic activity compared to samples that were produced wihpesohethod. The
superior photocatalytic activity gferoxide® (Evonic Degussa GmbH) can also be explained
with higher specific surface areaeroxide® (Evonic Degussa GmbH) Tipowder has a
typical specific surface area in the range36f- 65 nf/g. The specific surface areas of

samples produced with sgel method were in the range of 21.86.2m?/g.

Another explan@on for better photocatalytic activity is théteroxide® (Evonic Degussa
GmbH) is amixture ofrutile and anatase crystallites.mixture ofdifferent polymorphs has
synergistic effects anthus an increased photoizdytic activity. One explanation for th
enhanced activitys that the transfer of electrorieom anatase to a lower energytile
electron trapping sit@elpsto reduce th recombination rate of anatase [27]. This letads
moreefficient electrorhole separation and greater catalytic reatstil@7]. Samples produced
with solgel method were pure anata3é&ere arealsovarious studies whertae commercial
TiO, powderDegussa 225 was found to be more photocatalytically effective compared to
purecrystal formsrutile, anatase or brookitdhes studies were mentioned in the literature

part in chapter 2.3.1.

Further studies might focus dhe effectof pulsed electric field during calcination phase
where the crystallizatiofinally happensThis way it might be possible to determine whether

the pulsed electric field would have an effectlo@ polymorphic form of final product.
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APPENDIX I, 1

[Mj micromeritics®
Surface Area

Gemini V1.00 Unit 1 ) Serial # 5002 Page 1

Sample: no_ef_1
Operator: Sampo
Submitter: MIC
File: CAGEMINNSAMPOM~1\000-791.SMP

Started: 12.9.2014 13:59:38 Analysis Adsorptive: N2
Completed: 12.9.2014 14:39:04 Equilibration Time: 5s
Report Time: 12.9.2014 14:39:04 Sat. Pressure: 101.3250 kPa
Free Space Diff.: -0.2783 cm?® Sample Mass: 0.1939 g
Free Space Type: Measured Sample Density: 1.000 g/cm?®

Gemini Model: 2380

BET Surface Area Report

BET Surface Area: 26.1777 + 0.1354 m%g
Siope: 3.690984 + 0.018855 g/mmol
Y-intercept: 0.036357 + 0.003999 g/mmol
C: 102.521688
Qm: 0.26829 mmol/g
Correlation Coefficient: 0.9999609
Molecular Cross-Sectional Area: 0.1620 nm?

Relative Quantity  1/[Q(p%/p - 1)]

Pressure Adsorbed

(p/p°) (mmol/g)
0.099881584 0.27228 0.40754
0.149874998 0.29952 0.58859
0.199914470 0.32386 0.77152
0.249986849 0.34820 0.95723
0.300059208 0.37381 1.14683

Figurel. BET surface area repoftlo application of pulsed electric field@rial 1.
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Figure2.

1[Q(p/p - 1)]

[Mj micromeritics’
Surface Area
Gemini V1.00 Unit 1 ‘ Serial #: 5002
Sample: no_ef_1
Operator: Sampo

Submitter: MIC
File: C\GEMINNSAMPOM~1\000-791.SMP

Started: 12.9.2014 13:59:38 Analysis Adsorptive: N2
Completed: 12.9.2014 14:39:04 Equilibration Time: & s
Report Time: 12.9.2014 14:39:04 Sat. Pressure: 101.3250 kPa
Free Space Diff.: -0.2783 cm? Sample Mass: 0.1939 g
Free Space Type: Measured Sample Density: 1.000 g/cm?

Gemini Model: 2380

BET Surface Area Plot
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[Mj micromeritics
Surface Area
Gemini V1.00 Unit 1 Serial #: 5002 Page 1
Sample: no_ef 2
QOperator: sampo

Submitter: MIC
File: C:\GEMINNSAMPOM~1\000-780.SMP

Started: 11.9.2014 14:13:33 Analysis Adsorptive: N2
Completed: 11.9.2014 14:54:37 Equilibration Time: 5s
Report Time: 11.9.2014 14:54:37 Sat. Pressure: 101.3250 kPa
Free Space Diff.: -0.4999 cm? Sample Mass: 0.2990 g
Free Space Type: Measured Sample Density: 1.000 g/em?

Gemini Model: 2380

BET Surface Area Report
BET Surface Area: 21.9123 + 0.1994 m?/g

Slope: 4.429177 + 0.039640 g/mmol
Y-Intercept: 0.023713 + 0.008407 g/mmol

C: 187.785689

Qm: 0.22457 mmol/g
Correlation Coefficient: 0.9998799
Molecular Cross-Sectional Area: 0.1620 hm?

Relative Quantity MQp°/p - 1)]
Pressure Adsorbed
(p/p°) (mmol/g)
0.099874998 0.23535 0.47145
0.149855262 0.25722 0.68530
0.199907885 0.27654 0.90350
0.249980264 0.29571 1.12713
0.300006585 0.31544 1.35869

Figure3. BET surface area repoftlo application of pulsed electric field@rial 2.
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Started: 11.9.2014 14:13:33 Analysis Adsorptive: N2
Completed: 11.9.2014 14:54:37 Equilibration Time: 5 s
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[Mj micromeritics
Surface Area
Gemini V1.00 Unit 1 Serial #: 5002 Page 1
Sample: ef_50_12min
Operator: sampo

Submitter: MIC
File: CA\GEMINNSAMPOM~1\000-774.SMP

Started: 11.9.2014 10:20:05 Analysis Adsorptive: N2
Completed: 11.9.2014 10:56:57 Equilibration Time: 5s
Report Time: 11.9.2014 10:56:57 Sat. Pressure: 101.3250 kPa
Free Space Diff.: -0.4282 cm?® Sample Mass: 0.2978 g
Free Space Type: Measured Sample Density: 1.000 g/cm?®

Gemini Model: 2380

BET Surface Area Report

BET Surface Area: 21.4920 + 0.1659 m?g
Slope: 4.503426 + 0.034273 g/mmaol
Y-Intercept: 0.036551 + 0.007274 g/mmol
C: 124.208389
Qm: 0.22027 mmol/g
Correlation Coefficient: 0.9999131
Molecular Cross-Sectional Area: 0.1620 nm?

Relative Quantity Y[Q(p°/p - 1)}

Pressure Adsorbed

(p/p°) (mmol/g)
0.099888159 0.22616 0.49068
0.149907895 0.24824 0.71037
0.200032887 0.26810 0.93267
0.250184210 0.28780 1.15936
0.300236832 0.30774 1.39423

Figureb. BET surface area repoRulsed electric field at 49.Hz for 12 minTrial 1.
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[Mj micromeritics®
Surface Area
Gemini V1.00 Unit 1 Serial #: 5002 Page 1
Sample: ef_50_12min_2
Operator: Sampo

Submitter: MIC
File: C\GEMINNSAMPOM~1\000-777.SMP

Started: 11.9.2014 11:47:24 Analysis Adsorptive: N2
Completed: 11.9.2014 12:31:04 Equilibration Time: 5s
Report Time: 11.9.2014 12:31:04 Sat. Pressure: 101.3250 kPa
Free Space Diff.: -0.4458 cm?® Sample Mass: 0.2967 g
Free Space Type: Measured Sample Density: 1.000 g/cm?

Gemini Model: 2380

BET Surface Area Report

BET Surface Area: 21.0225 + 0.1898 m¥g
Slope: 4.607587 + 0.040988 g/mmol
Y-Intercept: 0.033776 + 0.008692 g/mmol
C: 137.415451
Qm: 0.21545 mmol/g
Correlation Coefficient: 0.9998813
Molecular Cross-Sectional Area: 0.1620 nm?

Relative Quantity 11Q(p°/p - 1)]

Pressure Adsorbed

(p/p°) (mmol/g)
0.099861838 0.22222 0.49923
0.149874998 0.24410 0.72223
0.199927641 0.26309 0.94982
0.249934207 0.28224 1.18062
0.299973679 0.30122 1.42259

Figure?. BET surface area repoRulsed electric field at 49.Hzfor 12 min Trial 2.
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[Mj micromeritics
Surface Area
Gemini V1.00 Unit 1 Serial #: 5002 Page 2
Sample: ef_50_12min_2
Operator: Sampo

Submitter: MIC
File: CAGEMINNSAMPOM~1\000-777.SMP

Started: 11.9.2014 11:47:24 Analysis Adsorptive: N2
Completed: 11.9.2014 12:31:04 Equilibration Time: 5s
Report Time: 11.9.2014 12:31:04 Sat. Pressure: 101.3250 kPa
Free Space Diff.: -0.4459 cm?® Sample Mass: 0.2967 g
Free Space Type: Measured Sample Density: 1.000 g/cm?

Gemini Model: 2380

BET Surface Area Plot
+ ef_50_12min_2

11Q(p°lp - 1)]

0>0_'—_7—‘;|7I T T T T T T | B BRI ¢ { T T T T T T T Y T T 1
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Figure8. BET adsorption isothernPulsed electric field at 49Hz for 12 min Trial 2.
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Figure9.

[Mj micromeritics®
Surface Area
Gemini V1.00 Unit 1 Serial #: 5002
Sample: ef_300_12min
Operator: Sampo

Submitter: MIC
File: CAGEMINNSAMPOM~1\000-778.SMP

Started: 11.9.2014 12:37:34 Analysis Adsorptive: N2
Completed: 11.9.2014 13:22:26 Equilibration Time: 5s
Report Time: 11.9.2014 13:22:26 Sat. Pressure: 101.3250 kPa
Free Space Diff.: -0.3542 cm® Sample Mass: 0.2826 g
Free Space Type: Measured Sample Density: 1.000 g/em?

Gemini Model: 2380

BET Surface Area Report

BET Surface Area: 39.1801 + 0.2543 m?¥g
Slope: 2.462916 + 0.015810 g/mmol
Y-Intercept: 0.027457 + 0.003353 g/mmol
C: 90.700751
Qm: 0.40155 mmol/g
Correlation Coefficient: 0.9999382
Molecular Cross-Sectional Area: 0.1620 nm?

Relative Quantity 1/[Qp°p - 1]
Pressure Adsorbed

) (mmolig)
0.099874998 0.40309 0.27526
0.149868423 0.44487 0.39627
0.199894734 0.48275 0.51753
0.250000000 0.51976 0.64132
0.300026321 0.55738 0.76900

BET surface area repoRulsed electric field at 294z for 12 min Trial 1.

Page 1
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| M| micromeritics
Surface Area
Gemini V1.00 Unit 1 Serial #: 5002 Page 2
Sample: ef_300_12min
Operator: Sampo
Submitter: MIC
File: CA\GEMINNSAMPOM~1\000-778.SMP
Started: 11.9.2014 12:37:34 Analysis Adsorptive: N2
Completed: 11.9.2014 13:22:26 Equilibration Time: 5s
Report Time: 11.9.2014 13:22:26 Sat. Pressure: 101.3250 kPa
Free Space Diff.: -0.3542 cm?® Sample Mass: 0.2826 g
Free Space Type: Measured Sample Density: 1.000 g/cm?
Gemini Model: 2380
BET Surface Area Plot
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Figure 10. BET adsorption isotherniPulsed eletric field at 294Hz for 12 min Trial 1.
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[Mj micromeritics
Surface Area
Gemini V1.00 Unit 1 Serial #: 5002 Page 1
Sample: ef_300_12min_2
Operator: Sampo

Submitter: MIC
File: CAGEMINNSAMPOM~1\000-779.SMP

Started: 11.9.2014 13:28:50 Analysis Adsorptive: N2
Completed: 11.9.2014 14:04:15 Equilibration Time: 5s
Report Time: 11.9.2014 14:04:15 Sat. Pressure: 101.3250 kPa
Free Space Diff.: -0.3910 cm? Sample Mass: 0.2760 g
Free Space Type: Measured Sample Density: 1.000 g/cm?

Gemini Mode!: 2380

BET Surface Area Report
BET Surface Area: 36.7501 + 0.2802 m?/g

Slope: 2.630947 + 0.019806 g/mmol
Y-Intercept: 0.024097 + 0.004201 g/mmol

C: 110.182720

Qm: 0.37664 mmol/g
Correlation Coefficient: 0.9999150
Molecular Cross-Sectional Area: 0.1620 nm?

Relative Quantity 1[Qp°lp - 1]
Pressure Adsorbed

(p/p°) (mmol/g)
0.099881584 0.38345 0.28938
0.149861838 0.42209 0.41764
0.199934207 0.45663 0.54726
0.250000000 0.49038 0.67974
0.299986849 0.52484 0.81653

Figurell. BET surface area repoRulsed electric field at 294z for 12 min Trial 2.
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Figurel2.
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[Mj micromeritics®
Surface Area
Gemini V1.00 Unit 1 Serial #: 5002 Page 2
Sample: ef _300_12min_2
Operator: Sampo

Submitter: MIC
File: CAGEMINNSAMPOM~1\000-779.SMP

Started: 11.9.2014 13:28:50 Analysis Adsorptive: N2
Completed: 11.9.2014 14:04:15 Equilibration Time: 5s
Report Time: 11.9.2014 14:04:15 Sat. Pressure: 101.3250 kPa
Free Space Diff.: -0.3910 cm® Sample Mass: 0.2760 g
Free Space Type: Measured Sample Density: 1.000 g/cm®

Gemini Model: 2380

BET Surface Area Plot
ef_300_12min_2
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BET adsorption isotherniPulsed electric field at 294z for 12 min Trial 2.
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[M] micromeritics
Surface Area
Gemini V1.00 Unit 1 Serial #: 5002 Page 1
Sample: ef_949_12min
Operator: Sampo

Submitter: MIC
File: CA\GEMINNSAMPOM~11000-781.SMP

Started: 11.9.2014 15:02:34 Analysis Adsorptive: N2
Completed: 11.9.2014 15:46:36 Equilibration Time: 5s
Report Time: 11.9.2014 15:46:36 Sat. Pressure: 101.3250 kPa
Free Space Diff.: -0.4427 cm?® Sample Mass: 0.2518 g
Free Space Type: Measured Sample Density: 1.000 g/cm?

Gemini Model: 2380

BET Surface Area Report
BET Surface Area: 40.1264 + 0.2192 m%g

Slope: 2.403948 + 0.012993 g/mmol
Y-Intercept: 0.027695 + 0.002756 g/mmol

C: 87.801596

Qm: 0.41124 mmol/g
Correlation Coefficient: 0.9999562
Molecular Cross-Sectional Area: 0.1620 nm?

Relative Quantity MQ(p°/p - 1)]
Pressure Adsorbed

(P/P%) (mmol/g)
0.099874998 0.41206 0.26927
0.149874998 0.45467 0.38775
0.199953943 0.49339 0.50655
0.249967113 0.53152 0.62703
0.300092115 0.57073 0.75125

Figurel3. BET surface area repofPulsed electric field at 949z for 12 min Trial 1.
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[m:l micromeritics
Surface Area
Gemini V1.00 Unit 1 Serial #: 5002 Page 2
Sample: ef_949_12min
Operator: Sampo

Submitter: MIC
File: C:\GEMINNSAMPOM~1\000-781.SMP

Started: 11.9.2014 15:02:34 Analysis Adsorptive: N2
Completed: 11.9.2014 15:46:36 Equilibration Time: 5 s
Report Time: 11.9.2014 15:46:36 Sat. Pressure: 101.3250 kPa
Free Space Diff.: -0.4427 cm® Sample Mass: 0.2518 g
Free Space Type: Measured Sample Density: 1.000 g/cm?®

Gemini Model: 2380

BET Surface Area Plot
+  ef_949_12min

Qp“/p - 1)]
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Figurel4. BET adsorption isotherniPulsed electric field at 949z for 12 min Trial 1.
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[Mj micromeritics®

Surface Area

Gemini V1.00 Unit 1 Serial #: 5002

Sample: ef_949_12min_2
Operator: sampo
Submitter: MIC
File: CA\GEMINNSAMPOM~1\000-782.SMP

Started: 11.9.2014 15:54:54 Analysis Adsorptive: N2
Completed: 11.9.2014 16:30:58 Equilibration Time: 5 s
Report Time: 11.9.2014 16:30:58 Sat. Pressure: 101.3250 kPa
Free Space Diff.: -0.4248 cm? Sample Mass: 0.2611 g
Free Space Type: Measured Sample Density: 1.000 g/cm?

Gemini Model: 2380

BET Surface Area Report
BET Surface Area: 37.8850 + 0.2302 m?/g

Slope: 2.551439 + 0.015310 g/mmol
Y-Intercept: 0.024065 + 0.003247 g/mmol

C: 107.024956

Qm: 0.38827 mmol/g
Correlation Coefficient: 0.9999460
Molecular Cross-Sectional Area: 0.1620 nm?

Relative Quantity 1[Q(p°/p - 1))
Pressure Adsorbed

(p/p°) (mmol/g)
0.099874998 0.39510 0.28083
0.149881584 0.43435 0.40591
0.199907885 0.46975 0.53189
0.249953943 0.50477 0.66021
0.300052623 0.54120 0.79208

Figurel5.

Page 1

BET surface area repoRulsed electric field at 949z for 12 min Trial 2.
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[Mi micromeritics®

Surface Area

U ——

Relative Pressure (p/p°)

Gemini V1.00 Unit 1 Serial #: 5002 Page 2
Sample: ef_949_12min_2
Operator: sampo
Submitter: MIC
File: CAGEMINNSAMPOM~11000-782.SMP
Started: 11.9.2014 15:54:54 Analysis Adsorptive: N2
Completed: 11.9.2014 16:30:58 Equitibration Time: 5s
Report Time: 11.9.2014 16:30:58 Sat. Pressure: 101.3250 kPa
Free Space Diff.; -0.4248 cm? Sample Mass: 0.2611 g
Free Space Type: Measured Sample Density: 1.000 g/cm?
Gemini Model: 2380
BET Surface Area Plot
ef 949 12min_2
08 = = T
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Figure16. BET adsorption isotherniPulsed electric field at 949z for 12 min Trial 2.
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Figurel?.

[Mj micromeritics’

Surface Area

Gemini V1.00 Unit 1

Sample: ef_50_24min_1
Operator: Sampo
Submitter: MIC

Serial #: 5002

File: C:\GEMINNSAMPOM~1\000-784.SMP

Started: 12.9.2014 9:04:21
Completed: 12.9.2014 9:41:38
Report Time: 12.9.2014 9:41:38
Free Space Diff.: -0.4125 cm®
Free Space Type: Measured
Gemini Model: 2380

Analysis Adsorptive: N2
Equilibration Time: 5 s
Sat. Pressure: 101.3250 kPa
Sample Mass: 0.3010 g
Sample Density: 1.000 g/cm®

BET Surface Area Report

BET Surface Area:

Slope:

Y-Intercept:

C:

Qm:

Correlation Coefficient:
Molecular Cross-Sectional Area:

46.5060 £ 0.3024 m?¥g
2.074736 + 0.013346 g/mmol
0.023340 £ 0.002831 g/mmol
89.893443

0.47663 mmol/g

0.9999379

0.1620 nm?

Relative Quantity 1[Q(p°lp - 1)]

Pressure Adsorbed

(P/p°) (mmol/g)
0.099868423 0.47812 0.23205
0.149907895 0.52773 0.33416
0.200000000 0.57294 0.43635
0.250078944 0.61684 0.54062
0.300052623 0.66147 0.64807

BET surface area repoRulsed electric field at 49.9 Hz &4 min. Trial 1.

Page 1
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Figurel8.

1Q(p°fp - 1)

= = - Ll ®
M} micromeritics
Surface Area
Gemini V1.00 Unit 1 Serial #: 5002 Page 2
Sample: ef_50_24min_1
Operator: Sampo
Submitter: MIC
File: CAGEMINNSAMPOM~1\000-784.SMP
Started: 12.9.2014 9:04:21 Analysis Adsorptive: N2
Completed: 12.9.2014 9:41:38 Equilibration Time: 5s
Report Time: 12.9.2014 9:41.38 Sat. Pressure: 101.3250 kPa
Free Space Diff.: -0.4125 cm* Sample Mass: 0.3010 g
Free Space Type: Measured Sample Density: 1.000 g/cm?®
Gemini Model: 2380
BET Surface Area Plot
585 ef _50_24min_1 ) ‘
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BET adsorption isothernfPulsed electric field at 49.9 Hz fa@d min. Trial 1.
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[Mi micromeritics®
Surface Area

Gemini V1.00 Unit 1 Serial #: 5002 Page 1

Sample: ef_50_24min_2
Operator: Sampo
Submitter: MIC
File: C:\GEMINI\SAMPOM~1\000-785.SMP

Started: 12.9.2014 9:55:09 Analysis Adsorptive: N2
Completed: 12.9.2014 10:36:24 Equilibration Time: 5s
Report Time: 12.9.2014 10:36:25 Sat. Pressure: 101.3250 kPa
Free Space Diff.: -0.3575 cm? Sample Mass: 0.3015g
Free Space Type: Measured Sample Density: 1.000 g/cm?

Gemini Model: 2380

BET Surface Area Report

BET Surface Area: 45.8133 + 0.3435 m?/g
Slope: 2.107613 + 0.015622 g/mmol
Y-Intercept: 0.022183 + 0.003314 g/mmol
C: 96.008351
Qm: 0.46953 mmol/g
Correlation Coefficient: 0.9999176
Molecuiar Cross-Sectional Area: 0.1620 nm?

Relative Quantity  1/[Q(p%p - 1)]

Pressure Adsorbed

(p/p°) (mmol/g)
0.099874998 0.47301 0.23457
0.149874998 0.52221 0.33760
0.199953943 0.56621 0.44141
0.250013151 0.60906 0.54733
0.300019736 0.65232 0.65706

— e

Figure19. BET surface area repoRulsed electric field at 49.9 Hz fa4 min. Trial 2.
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1[Q(p°/p - 1)]

Figure20.
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[Mj micromeritics
Surface Area
Gemini V1.00 Unit 1 Serial #: 5002 Page 2
Sample: ef_50_24min_2
Operator: Sampo
Submitter: MIC
File: CAGEMINNSAMPOM~11000-785.SMP
Started: 12.9.2014 9:55:09 Analysis Adsorptive: N2
Completed: 12.9.2014 10:36:24 Equilibration Time: 5s
Report Time: 12.9.2014 10:36:25 Sat. Pressure: 101.3250 kPa
Free Space Diff.: -0.3575 cm?® Sample Mass: 0.3015 g
Free Space Type: Measured Sample Density: 1.000 g/cm?
Gemini Model: 2380
BET Surface Area Plot
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BET adsorption isothernPulsed electric field at 49.9 Hz a4 min. Trial 2.
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[Mj micromeritics
Surface Area
Gemini V1.00 Unit 1 Serial #: 5002 Page 1
Sample: ef_300_24min_1
Operator: Sampo

Submitter: MIC
File: C\GEMINNSAMPOM~1\000-787.SMP

Started: 12.9.2014 10:50:51 Analysis Adsorptive: N2
Completed: 12.9.2014 11:24:46 Equilibration Time: 5s
Report Time: 12.9.2014 11:24:46 Sat. Pressure: 101.3250 kPa
Free Space Diff.: -0.4476 cm?* Sample Mass: 0.3025 g
Free Space Type: Measured Sample Density: 1.000 g/cm?

Gemini Model: 2380

BET Surface Area Report

BET Surface Area: 24.8512 + 0.2558 m?/g
Slope: 3.895911 + 0.039526 g/mmol
Y-Intercept: 0.030376 + 0.008404 g/mmol
C: 129.255076
Qm: 0.25469 mmol/g
Correlation Coefficient: 0.9998456
Molecuiar Cross-Sectional Area: 0.1620 nm?

Relative Quantity 1[Q(p°/p - 1)]
Pressure Adsorbed

/P (mmol/g)
0.099888159 0.26147 0.42443
0.150065793 0.28765 0.61380
0.200421062 0.31126 0.80531
0.250769746 0.33364 1.00318
0.300776311 0.35593 1.20856

Figure21. BET surface area repoRulsed electric field at 294 Hz fad min. Trial 1.
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[Mj micromeritics®

Surface Area

Gemini V1.00 Unit 1 Serial #: 5002 Page 2
Sample: ef_300_24min_1
Operator: Sampo
Submitter: MIC
File: CAGEMINNSAMPOM~1\000-787.SMP
Started: 12.9.2014 10:50:51 Analysis Adsorptive: N2
Completed: 12.9.2014 11:24:46 Equilibration Time: 5 s
Report Time: 12.9.2014 11:24:46 Sat. Pressure: 101.3250 kPa
Free Space Diff.: -0.4476 cm® Sample Mass: 0.3025 g
Free Space Type: Measured Sample Density: 1.000 g/cm?
Gemini Model: 2380
BET Surface Area Plot
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Figure22. BET adsorption isothernPulsed electric field at 294 Hz fa4 min. Trial 1.
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Figure23.

Gemini V1.00

[Mj micromeritics®

Surface Area

Unit 1

Sample: ef_300_24min_2
Operator: Sampo
Submitter: MIC

Started:
Completed:
Report Time:
Free Space Diff.:
Free Space Type:
Gemini Mode!:

File

12.9.2014 11:34:33
12.9.2014 12:10:26
12.9.2014 12:10:26
-0.4573 cm®
Measured

2380

Serial #: 5002 Page 1

: CA\GEMINNSAMPOM~1\000-788.SMP

Analysis Adsorptive; N2
Equilibration Time: 5 s

Sat. Pressure: 101.3250 kPa
Sample Mass: 0.3066 g
Sample Density: 1.000 g/cm?®

BET Surface Area Report

BET Surface Area

Y-intercept:

1 23.7488 + 0.1960 m3/g

Slope: 4.085183 + 0.033168 g/mmotl

: 0.023371 + 0.007036 g/mmol

C: 175.796180
Qm: 0.24339 mmolig

Correlation Coefficient: 0.9999011
Molecular Cross-Sectional Area: 0.1620 nm?
Relative Quantity 1Q(p°/p - 1)}
Pressure Adsorbed
(p/p°) (mmol/g)
0.099874998 0.25459 0.43583
0.149888159 0.27808 0.63404
0.199953943 0.29918 0.83537
0.250006585 0.32004 1.04157
0.300092115 0.34178 1.25448

BET surface area repoRulsed electric field at 294 Hz fad min. Trial 2.
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M} micromeritics
Surface Area
Gemini V1.00 Unit 1 Serial #: 5002 Page 2
Sample: ef_300_24min_2
Operator: Sampo

Submitter: MIC
File: CAGEMINNSAMPOM~11000-788.SMP

Started: 12.9.2014 11:34:33 Analysis Adsorptive: N2
Completed: 12.9.2014 12:10:26 Equilibration Time: 5s
Report Time: 12.9.2014 12:10:26 Sat. Pressure: 101.3250 kPa
Free Space Diff.: -0.4573 cm?® Sample Mass: 0.3066 g
Free Space Type: Measured Sample Density: 1.000 g/cm?®

Gemini Model: 2380

BET Surface Area Plot
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Figure24. BET adsorption isotherniPulsed electric field at 294 Hz fa4 min. Trial 2.



Figure?25.

APPENDIX I, 25

[Mi micromeritics®

Surface Area

Gemini V1.00 Unit 1

Sample: ef 949_24min
Operator: Sampo
Submitter: MIC
File: CAGEMINNSAMPOM~1\000

Started:
Completed:
Report Time:
Free Space Diff.:
Free Space Type:
Gemini Model:

12.9.2014 12:27:20
12.9.2014 13:09:14
12.9.2014 13:09:14
-0.4081 cm?
Measured

2380

Serial #: 5002 Page 1

-789.SMP

Analysis Adsorptive: N2
Equilibration Time: 5s
Sat. Pressure: 101.3250 kPa
Sample Mass: 0.2949 g
Sample Density: 1.000 g/cm®

BET Surface Area Report

BET Surface Area: 23.5295 + 0.1709 m?/g
Slope: 4.113813 + 0.029467 g/mmol
Y-Intercept: 0.033033 + 0.006250 g/mmol
C: 125.536784
Qm: 0.24115 mmol/g
Correlation Coefficient: 0.9999230
Molecular Cross-Sectional Area: 0.1620 nm?
Relative Quantity 1Q(p°/p - 1)]
Pressure Adsorbed
(p/p°) (mmol/g)
0.099868423 0.24789 0.44758
0.149861838 0.27186 0.64843
0.199907885 0.29350 0.85129
0.249993415 0.31498 1.05822
0.300039472 0.33696 1.27211

BET surface area repoRulsed electric field at 949 Hz fad min. Trial 1.
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[Mj micromeritics
Surface Area
Gemini V1.00 Unit 1 Serial #: 5002 Page 2
Sample: ef 949 24min
Operator: Sampo

Submitter: MIC
File: CAGEMINNSAMPOM~1\000-789.SMP

Started: 12.9.2014 12:27:20 Analysis Adsorptive: N2
Completed: 12.9.2014 13:09:14 Equilibration Time: 5s
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Figure26. BET adsorption isothernPulsed electric field at 949 Hz f@d min. Trial 1.
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Figure27. BET surface area repofRulsed electric field at 949 Hz fa4 min. Trial 2



