Upgrading of Oleic Acid, Olive Qil, and Used
Cooking Qil via Bubbling Ozonolysis

Rungrote Kokoo

A thesis submitted ipartialfulfilment of the requirements fdhe degree of
Doctor of Philosophy

The University of Sheffield
Faculty of Engineering

Department of Chemical and Biological Engineering

June 2015



Preface

This thesis is submitted for the degree of Doctor of Philosophy at the University of
Sheffield, and is available for library use as a learning mat&hal purpose of this thesis

is to introduceozonolysisvia a bubblingtechnique for upgrading bichemicals.e.,oleic

acid and olive oil ando reducethe free fatty acid content in usesboking oil under
supervision of Professor William B. J. Zimmerman in the Department of Chemidal a

Biological Engineering

| certify that all the results and works described in this dissertation are original\and ha

not been submitted in whole or any part for other degrees at this or any other universities.

Rungrote Kokoo
University of Sheffield

June 2015



Abstract

In this study, ozonolysiapplied via aubbling techniquet different temperaturesas
usedto upgrade biechemicas, i.e., oleic acid and olive gito form valuable products
especially inonanal.Shortchain alcohols (GIC4) were addedto thesechemicalsto
increag productivity. Used cooking oil mixed with methamehsalso ozonised to reduce
the free fatty acid content for biodiesel productiofhe by-product from olive oil
ozonolysis wassubsequentlyused as a reactant for Bierosene production via
conventional transesterificatiomwo techniques were used to generate bubbkmely,
with and without theuse of afluidic oscillator. The bubble column reactarsed in this
study was designedising Aspen Plus and COMSOL Multipkyi ¢ s . The Henr
constant and the diffusion coefficient were determungidgAspen Plus. The inlet ozone
concentration and specific interfacial angare evaluatedisingthe Kl method andn
opticaltechnique respectively. All samples from bithemtal ozonolysis were analysed
by GGMS, andsamples from used cooking oil ozonolysis were analysatyboth GG
MS and ASTM D974.

In the case ofozonolysis ofpureoleic acid,the results show thdtnonanalis the major
product witha93.5+3.4%yield at20°C, wherea®-oxononanoic acid is the minor product
the vyields increasewith increasing temperatureAdditional products from the
decompositiorof higher molecular weight species (secondary reastiware observed at
higher temperatures. The reactrate constant is 9.291.0° M1s at 20C, which represent
afast pseudo firsbrder reaction. In addition, the yield ofnbnanal increases the case
of mixed with alcohols, whereas the Criegee intermediates and carboxylic ameids
converted to alkyl gters depending on the molecular structurétheflcohols Methanol

is found to bea suitable solventor increasng productivity, and the optimum molar ratio
is 1:1.

In thecase obzonolysisof pure olive oil the results show thahly 1-nonanal is oberved
and its yield increases with increasing temperature. The reaction rate tohstiare oil
ozonolysis at 2T is estimate@s4.88x10° Ms. Forozonolysis oblive oil mixed with
methanol, inonanalis the major shorthain product with 88.(x6% yield, wlereas
nonanoic acid methyl estsrobserved as thminor shortchain productin addition inthe

case of transesterificatiothe by-product from olive oil mixed with methanol ozonolysis



is a suitable reactanfor use in bio-kerosene proddaion. The products found after

transesterification are nonanoic acid methyl estexd&honanoic methyl ester, azelaic acid
dimethyl esterand octanoic acid methyl ester, afir compositions are 0.093, 0.08,
0.776, and 0.052, respectively.

In the caseof ozonolysis ofused cooking oil mixed with methanol, the res@iltsn the
GC-MS show that all saturated free fatty ac{@sluding palmitic acid, stearic acid, and
myristic acig areconverted to methyl esters within 20 hoaf$0°C ozonolysiswherea
traceamouns of these chemicals remadth lower temperature$he results also show that
the conversion of oleic acid to form oleic acid methyl ester is 91 4#86 32 hours of
ozonolysisat 60C. Therefore the free fatty acid content in used cookiad is less than
1.33% which makes itsuitable as a reactant for biodiesel productibmwever this result

is different fromthe resultprovided byASTM D974 in thatthe acid numbers decrease
dramatically by 25%at the beginning of ozonolysisllowed bya plateau.

Moreover,if the fluidic oscillatoris used tagenerate bubbles ozonolysis ofoleic acid
mixed with methanol and olive oil mixed with methanol, the results show that ths yield
of 1-nonanal increasdoy 30% and 4%, respectively. Thisobservéion means that

ozonolysis of oleic acid and olive oil is relative to the specific interfacial area.

Kewwords: Ozonolysis, bubbles, oleic acid, olive oil, used cooking oil
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CHAPTER 1

INTRODUCTIO N

In this chapterthebackgroundaindgeneral statement tiestudyaredescribed irSection
1.1 Theobijectives, scopeandaims of the studarepresenedin Section 1.2Section 1.3
and Section 1.4 respectively Section 1.5 summariseghe utilisation of the studyand

Sectionl.6representshe thesis outline.

1.1 Background andgeneral statement of thestudy

Oleic add (OL) isamonounsaturated fatty adidatcan react with ozone to forainumber
of valuableproductsincluding 1-nonanalNN), 9-oxononanoic acigOA), nonanoic acid
(NA), and azelaic acigAA), as shown irFigure 11 (Hung et al. 2005)These products
areusedin a wide range osuchapplications aslavours perfumes, and plasticser and
lacquerpreparation It is interesting that two major prodgcfNN and OA) are highly

expensivecomparedvith thereactantasshownin Table 1.1.

O
CHy(CH,) (CHy; ¢ (OL)
N OH

6]
CH3(CH)7 (CHz)r < oy PO

) 5

(NN) (CI1) (C12) (0A)

0 + O— o) Oo— o)
CH3(0H2)7%H ¥ (}»(Cth% o }(CH2)7CH3 * (}(CHZ”% o

l Rearrangement l

HO o HO
(AA) \]g(CHZ»%OH \](])—CHs(CHZh (NA)

Figure 1.1 Possible products from ozonolysis@L



Table 11 Physical properties and prices of products and reactants

Molecular Cost
Reactants & products MW. BP(°C)
formula £/kg
Oleic acid(OL) Ci1gH340, 282.46 360 ~0.84
1-nonanalNN) CoH10 142.24 195 ~20.72
9-oxononanoic acigOA) CoH1603 172.22 304.78 -
Nonanoic acidNA) CoH1502 158.23 254 ~2.52
Octanoic aciqOcA) CgH1602 144.21 239.7 ~2.24
Azelaic acid(AA) CoH1604 188.22 286 ~5.60
At 100 mmHg
Olive oll - - 300 ~0.50
Usedcooking al - - - ~0.10

As reviewed inChapter 2,conventional contacimethods such as atomised droplets in
sprays or thin films in trickle reactors or along tubular walls are unlikebctieve high
yield productionof these valuable products froozonolysis ofOL. In addition, the
commercial production dfiN by hydroformylation of toctene ovea rubidium orcobalt
catalyst isfairly expensive because of high pressure operationtlaadiifficulty of
recycing the homogeneous catalyglanssemt al. 2010, Koekeret al.2011) Therefore,
the hypothesis of this researchthst theseexpensive product\N(N, OA, NA, and AA)
can be producedsing an inexpensive OL dhe reactant and aimple and low cost
techniqueto generte ozone bubblesTo test this hypothesishe experimerst mustbe
redesiged based on the application bfibblingozonebubblesto react withthe liquid
phase ofOL in the bubble column reactoto form such products This approach is
necessarybecauseeatier experiments based on the literaturevere conductedising
ozonolysis ofeither droplets or coatedall flow tubeof OL to obsenre the effectsof the
reactionin the atmosphereTheseresultsprovidel insufficientinformation (e.g.,kinetic

datg for reactor and process system design

Severalbenefitscan begained fromthis idea e.g.,the production cost of ozonesinga
plasma reactor and microbubbles generated fhyidic oscillatoris low compared with
otherconventional technique®zonolysis & OL studiedin previous researdakes place



at the fluid interface and thusmicrobubbleswhich have higher surface area to volume
ratio than fine bubbkg are a betteroption Ozonolysis isa cleantechnologythat uses
oxygen as the feedhemic#, produces no pollutant product moleculesnd can be
conductecht atmospheric pressunathout the use of &atalyst which resuls in reduced
operating cost Moreover, it isinterestingto notethat olive oil (triglyceridexanbe used

as a alternativereacantdue to thananyoleic acid structuresontairedin its molecubr
structureqapproximately 8%y); additionally, the costof olive oil is alsolessthan OL
(Galtieret al.2007)

1.2 Objective of the gudy

Themain objective of this search i¢o upgraddow pricebio-fuels,i.e.,OL and olive oll
to forma number ohigh valwe productsi.e.,NN, OA, NA, andAA, usingan ozonolysis
techniqueTherefore, he reaction between liquid reactants and ozone buldsdasdiedat
variousoperating temperatusereaction tims, and with differenibbzone concentratien
Optimum conditionsare identifiedbecausahese parameteiae useful forcommercial
production.Product seledvity, conversion ofOL andolive oil, andkinetic parameters
(reaction rate constanarealsodeterminedVariousprotic solventghat dissolve inOL
and oliveoil are also added toOL and olive oil to increag product selectivity The
optimum percentageof the protic solventsare determine@ndall previously described
parametersire consideredThe ozonsed oil, which isthe byproduct from ozonolysis of
olive oil and containssubstantial amountsf the shorchain triglyceride,s used as a
reactant for transesterificatiomafeasibility study for bio-kerosengroduction Moreover,
used cooking oil, which hakigh free fatty acid contentis ozonsed to reduce the

percentage diree fatty acid content for standdvabdiesel production.

1.3 Scope of thetady

This research consists ¢fvo main componentspnamely, simulatiors and experimeist
Aspen PlusCOMSOL Multiphysics and COMSOL Reaction Engineering Lsdiitwaie
are usedin the first component The reactorand cooling systenemployed in this
experimentare designedusing thissoftware. AspenPlus is used toestimateall required
parameters, whiclare notfoundin the literature including the Henryd s kasstant
diffusion coefficient andthermodynami@ropertiesThermal ozone decompositisalso

studiedusingCOMSOL Reaction Egineering Lab.



The second@domponentonsists oexperimeng with several susectionsThe first section
measuretheinlet ozone concentratiorendthe specific interfacial areaf the bubblest
differentfluid temperatures. Afe second sectidocuseson the study of ozonolysis of OL
at different reaction times and temperaturBse third sectiorconsists ofthe study of
ozonolysis of OL imixtures(protic solventyto increag the product selectivityThe best
protic solvenis selected tanvestigatehe effect of its composition groduct selectivity
Thefourthsectioncoversthe study of ozonolysisf olive oil. All parameters described in
theprevioussectiors arealsodeterminedThe fifth sectiorpresent®zonolysis of olive oll
mixed with thebest protic solventThe sixth sectiondescribestransesterification of
ozonsed oilfrom pure olive oil ozonolysis and mixed olive oil ozonoly3ise last section

deals withozonolysis of used cooking oil the best protic solvent

1.4 Aimsof the gudy

The prircipal aims of this research are:

1. Todesignthebubble column react@ndthe cooling systepandto find the appropriate
location forinstallation ofa sampling tube and a thermomaitsingboth Aspen Plus
andCOMSOL Multiphysicssoftware.

2. Todeterminghe Henryp s  toastant and the diffusion coefficient using Aspen Plus

andPolymath V5.1

3. To observethe thermal decompositionf ozonevia COMSOL Reaction Engineering
Lab.

4. To estimate the production ratef bothOL and olive oil ozaolysisvia Aspen Plus
5. To find the approgate protic solvents fdnothOL and olive oilvia Aspen Plus.
6. Todetermingheinlet ozone concentration using tké method

7. To estimate thepecific interfacialareain the reactousing ahigh speeccameraand

ImageJ software

8. To determinethe kinetic parameters, iweersion ofOL, and product selectivitgf the
ozonolysis of OLand to find theoptimum operating temperature, reaction time, and

0zone concendition



9. To increas¢heproduct selectiiy by addingselected protic solveniisto OL andto find

theoptimumpercentage ahese solvents

10. To find the kinetic parameters, conversiateof olive oil, and product selectivity of
the ozonolysis of olive ojlto find theoptimumoperating terperature, reaction time,
and ozone concentratipto study the product composition after transesterification of

ozonsed oil.

11. To increase the product selectivitydyding a selected protic solvdérdm the previous
sectioninto olive oil, to find the optimum percentage othese solvents, and to
investigate the feasibility of usingzonsed oil for bio-kerosene production via

transesterificatiomeaction.

12. To reduce the percentage of free fatty acid content in used cookfog@hventional

biodiesel production.

1.5 Utilisation of the gudy

The research resultnclude operating conditioninetic parametersand an appropriate
protic solventthat might be useful for commercialproduction The hy-product from
ozonolysis of olive oil might also besal as the reactant for bicerosene production.
Moreover,0zonolysis of used cooking affers a possiblalternative technique t@duce

the free fatty acid contefdr biodiesel production

1.6 Thesis outline

This thesis contain®ight chapters.Chager 1 gives an introductiorio the thesisi.e.,
background and general statement of the stabjectives, scope, aims of the study, and
utilisation of the study. Chapt8mpresentsa comprehensive literature revietvazonolysis

of oleic acid, ozone pradttion, and bubble formatiohaptei3 describeshe simulation
techniques simulation methodsand simulation result®btained fromAspen Plus,
COMSOL Multiphysics, and COMSOL Reaction Engineering liaét are appliedo
achieve aim1 to5. Chapte#l presentshe experimentahethods and results for estimation
of the inlet ozone concentration and bubble charaatesn necessary to achiexaems 6
and?. Chaptels describeshe experimental methods and results of ozonolysis of oleic acid

and mixtures teomplete airm8 and9. Chapte illustrates the experimental methods and



resultsfrom ozonolysis of olive ojlits mixturesand transesterification of ozaed oil to
achieve aim 10 and 1. Chapter7 provides the experimental methods and results of
ozondysis of used cooking oil i suitable protic solverib achieve aim 12Chapter 8

summarisesonclusiors and suggestiasfor the future work.



CHAPTER 2
A COMPREHENSIVE LITERATURE REVIEW

This chapter focuses aamcomprehensivditerature reviewthat consists ofthree main
sectionsSection 2.Jpresents &terature review otherecent researatn ozonolysiswvhich
focusegprimarily onoleic acid oleic acid methyl esteand vegetable 0il3he background
of free fatty acid and olive oildescriling how to produce free fatty acahd olive oilis
provided inSection 2.1.10zonolysisof oleic acid which explains the characterissiof
ozonolysis as el as the kinetis of thereactionsis coveredin Section 2.1.2. The effect
of operatng conditions on theproductformation of ozonolysi®f oleic acid is described
in Section 2.1.30zonolysis of oleic acid methyl esterdgscussedn Section 2.1.4and
focuses orthe differences betweeasieic acid and oleic acid methyl esterterms of the
reacton mechanism and product®zonolysis of vegetable oils discussed irSection
2.1.5.Section 2.1.@ddressediscussion of the issues raisecdmanalysis of the literature.

The summarised dateom previous research asolistedin Section 2.1.7

Section 2.2 concentrates primarilgn ozone productiorhe hstories of ozone, physical
properties, and applications are summariseégkation2.21,2.22, and2.2.3, respectively.
Suitable ozone production techniguesedin theseexperimers arediscussd in Section
2.24. The proper reactant feed for ozone production is review8eation2.25. Ozone
decompositiordue tovarious aspecté.e., pH and temperaturés discussed irbection
2.26. The design features of the ozone generator are also éiddnsection2.27. A
suitable measurement technidoe ozone concentration ithe gas phase is reviewed in
Section 2.28. The safety aspects anthterial requirementr contact with ozonen
laboratoryuse are discussed idection 2.29 and2.210, respectively.Section 2.2.11
concernghe kinetics of the direct ozone reacti@m contairs severalequations used to

clarify the characteristeof thegas phase reaction between ozone and the reactants.

Section 2.3ocuses on bubble formation. The et&eof bubble formatiorprimarily fluid
properties and operating conditgare describedh Section 2.3.1The rise velocity of the
bubblesdue tovarious aspectsncludingthe sizeandshape of bubbles, purity, viscosity,
and temperature of the liquid describd in Section 2.3.2Design and scalap of the

bubble column and microbubble generation are also desanilsedtion 2.3.3 an&ection



2.3.4, respectivelyThe bubble charactsation isdiscussed irBection 2.3.5Section 24

present&s summary

2.1 Ozonolysiof unsaturated fatty acid

This section providesuseful informationon experimental designs and experimental
techniquedrom previous research resyliscludingreaction time, reaction temperature

andsuitable protic solvent§he déails are described in tHellowing subsections

2.11 Background of free fatty acidand olive oil

Fatty acids, methyl esters, and alcohmisdued from both plant oilsand animal fatare
crucial reactantthatcan be used as starting materials forqttogluction ofsurfactants and
lubricants The production of thedaio-chemicals, which arenown anleochemica, has
dramaticallyincreaseaverthe last decade due to high demsfwd biodiesel and ethanol
in transportation Moreover, these renewablereactantsare quite inexpensive and are
availablearound the worldMetzger 2009, Biermanet al.2011)

TriglycerdestWater® Diglycerices+ Fattyacid
Diglycerices+Water? Monoglyceide+ Fattyacid
Monoglyceide+Water? Glycerol+ Fattyacid

Triglycerdest+ 3Water? Glycerol+ 3 Fattyacid

Figure 2.1 Hydrolysis of oils and fats

Currently, hydrolysis of plant oils and aninfats is the conventional technique used to
produce fatty acids. Either oils or fats react with water to form fatty acids and glycerol, as
shown inFigure 2.1 The operating temperature and pressure are 250°C and 50 bar,
respectively. The reaction time repd to achieve 989% conversion without use of a
catalyst is approximately two hours. Solid catalysts are also used in the hydrolysis process
so that the process can be operated at moderate temperature and pressure to obtain higher
conversion. In additio, enzyme hydrolysis is an alternative method used to produce fatty
acid, but this approach requires a longer reaction (Mo®r et al. 2003, Satyarthet al.

2011)



In nature, most plant oils and fatse primarily composed of triglycerides with a glycerine
backbone attached to fatty acid radidg@snakci and Van Gerpen 200There are two

types of fatty acids: unsaturated fatty acids and saturated fatty acids. The first category
contains at least one double bondheir molecules, e.g., oleic acid, linoleic acid, erucic
acid, and petroselinic acid, whereas those molecules in the second category do not contain
a double bond, e.g., palmitic acid and stearic acid. The compositions of fatty acids in oils
and fats ardisted inTable 2.1.

Table 21 Percentageof fatty acidin oils and fats

Oils and Fats 14:0 16:0 18:0 18:1 18:2 18:3
Soybeah - 6-10 2-5 20-30 50-60 5-11
Cornt 1-2 8-12 2-5 1949 | 3462 Trace
Peanut - 89 2-3 50-65 20-30 -
Olive! - 9-10 2-3 7384 10-12 Trace
Cottenseetl 0-2 20-25 1-2 2325 | 4050 | Trace
Hi linoleic safflowet - 5.9 1.5 8.8 83.8 -

Hi oleic safflowet - 4.8 1.4 74.1 19.7 -

Hi oleic rapese€d - 4.3 1.3 59.9 21.1 32.2
Hi erucic rapeseéd - 3.0 0.8 13.1 14.1 9.7
Buttert 7-10 24-26 10-13 2831 1-2.5 0.20.5
Lard! 1-2 28-30 12-18 40-50 7-13 0-1
Tallow! 3-6 24-32 24-32 37-43 2-3 -
Linseed oit - 4-7 4-7 2540 3540 25-60
Yellow greasé 2.43 23.24 23.24 44.32 6.97 0.67
Brow greasé 1.66 22.83 12.54 42.36 12.09 0.82
Myristic acid (140), Palmitic acid (16:1), Stearic acid (18:0), Oleic acid (18:1), Linoleic a(
(18:2), Gamma/alpha linoleic acid (18:3). (linstromberg 197Q)2 =(Canakci and Van
Gerpen 2001)

In addition to triglycerides, free fatty acids (FFAs) are found in plant oils and fats. The
amount of FFAs in oils and fats depends on their chemical nature. Most of the edible oil
contain a small amount of FFAs, whereas -edible oil or used cooking oils (UCO)
contain large amounts of FFAs, up t25% by weigh{Russbueldt and Hoelderich 2009)
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Table 2.2Triglyceride contents in olive oil

Iralycerides MW Triglyceride range %
(@/mol) | (Galtieret al.2007) | (Dimitrios 2006)

LLL 879.38 0.03-0.35 trace
OLnL 879.40 0.1740.51 trace
PLnL 853.36 0.01-0.14 trace
LOL 881.41 1.024.61 trace
OLnO 881.41 0.97-2.26 trace
PLL 855.37 0.121.89 trace
PLNO 855.37 0.261.03 trace
LOO 883.43 10.218.0 12.520.0
PoOO 819.35 0.903.31 trace
PLO 857.39 3.0411.29 5.57.0
PoOP 793.31 0.231.71 trace
PLP 831.35 0.151.&2 trace
000 885.44 26.4761.78 40.059.0
SLO 847.40 0.491.31 trace
POO 821.37 16.01:23.54 12.020.0
POP 833.37 1.774.24 trace
SO0 887.46 2.094.89 3.07.0
SOP 823.38 0.341.35 trace
POA 860.44 0.290.68 trace
P = palmitic (C16:0), Po = palmitoe{C16:1), S = stearic (C18:0), O = oleic (C18:1), L =
linoleic (C18:2), Ln = linolenic (C18:3), A = arachidic (C20:0)

As listed inTable 2.1 olive oil is an alternative reactant used to produce valuable-short
chain products. Olive oil consists primayrilof two groups of chemical compounds.
Triglycerides are the major compound in olive oil at%®Pb6, and the -B% of minor
compounds includes monoglycerides, diglycerideBAs hydrocarbons, and esters.
Triglycerides primarily include OL, a moderate amoohlinoleic and linolenic acid, and

trace amounts of palmitic acid and stearic acid. The composition of fatty acids in olive oll
might differ depending on several factors, such as production zone, latitude, and climate
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(Dimitrios 2006, Peri 2014)'he major hydrocarbon content in olive oil is squalene, which
is an antioxidant that acts as a bugiktal filter. Extravirgin olive oil contains 200 700

mg of squalene per 100 g of @iteri 2014)

The composition of olive oil is lted inTable 2.2 Because of thabundancef OL content

in olive oil, aldehydg@roductgespecially NN) and carboxylic acids (especially NA) might

be formed after ozonolysis of olive oil. It should be noted that vegetable oils suitable for
ozonolysis shad contain a substantial amount of unsaturated fatty acids (especially
monounsaturated) because both NN and NA can be produced by ozonolysis of
monounsaturated fatty acids.

2.1.2 Reaction ofOL and ozone

Oleic acid is a monounsaturated fatty acid widhchrbon atoms that have a double bond
at the C9 position. This compound normally reacts with commopltgse oxidants such

as Q, NOgs, and OH. In our environment, particles of OL are emitted from various sources,
including marine aerosol$anget al. 2002, Mochideet al. 2002)and cooking, which is

the main source in urban environme8haueret al. 1999, Robinsoret al. 2006)
Reactions among these materials have agafied by a number of researchers to observe
the effect of these reactions on the global clinfAshardis and &rucci 2007) Although

the reactions of OL with many gabiase oxidants have been studied, certain researchers
have focused on the reaction between OL and ozone known as ozonolysis using two
techniques (i.e., droplets and a coatedl flow tube) becausthe ozone concentration in

the troposphere is much higher than that of otheipbase oxidant§-inlaysonPitts and

Pitts 2000) These previous studies have investigated reaction kir{etezgn and Smith
2004, Thornberry ahAbbatt 2004, Knopét al. 2005, Ziemann 2005ktudied reaction
mechanismgThornberry and Abbatt 2004, Hurg al. 2005, Ziemann 2005)measured

the reactive coefficientMoise and Rudich 2002, Smitt al. 2002) monitored product
yields (Moise and Rudich 2002, Katrigt al. 2004, Hunget al. 2005, Ziemann 2005)
investigated secondary reactior{slearn et al. 2005) determined the chemical
compositions of the parties (Katrib et al. 2004) examined product yields at different
ambient conditions and humidity valu@&esnaet al.2009) calculated the OIO3 reaction
stoichiometry(Sageet al.2009) investigated the oxidation rate at different physical states
and temperaturggiung and Tang 20103tudied the reaction in mulkomponentgKatrib

et al.2005, Knopfet al.2005) and obsenathe OL lifetime(Knopf et al. 2005)
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2.1.2.1 Pathways and products in ozonolysis dDL

The existence ofhreestep mechanism has been proven for ozonolysis of OL at room
temperature, as shown kgure 2.2A.The first step of this reaction mechanism is the
formation of an unstable species known as primary ozonide (PO), which is stable at notably
low temperéures(Criegee 1975)The second step of the mectsam is decomposition of

the PO, which leads to two separate routes. The first route is the formation of aldehydes,
i.e., NN, and carbonyl oxides known as the Criegee intermediate (Cl1), which was nhamed
by the German chemist who proposed the ozonolysis anésain (Criegee 1975)The
second route is the forman of OA and the Criegee intermediate (Cl@garn and Smith
2004, Katribet al. 2004, Thornberry and Abbatt 2004, Ziemann 2005, Hung and Ariya
2007, Vesnat al.2009, Leeet al.2012) The last step of the memhism is theeaction of

either CI1 or CIQAwhich are energyich species) with other substances in the system via
many reaction pathways, including isomerisation, OL attack on the double bond, and
stabilisation, among others. For the isomerisation/regerment pathway, CI1 can
isomerise to form AAHearn and Smith 2004, Katréd al. 2004, Thornberry and Abbatt
2004, Ziemann 2005, Hung and Ariya 2007, letstl. 2009, Vesnat al.2009, Leeet al.

2012) octanoicacid (OcA), and carbon dioxid@iung et al. 2005) or cyclic acyloxy
hydroperoxide (CAHP1{Ziemann 2005)whereas CI2 can isomerise to form iAearn

and Smith 2004, Katrilet al. 2004, Thornberry and Abbatt 2004, Ziemann 2005, Hung
and Ariya 2007, Laset al.2009, Vesnat al.2009) In the case of OL attack on the double
bond, CI1 can react with OL at the double bond to form OA arakbéctadecanoic acid
(10-OxA) via pathway XHung and Ariya 2007and to form OA an®-oxo-octadecanoic

acid (90xA) via pathway 2(Katrib et al. 2004, Hung and Ariya 200/Wwhereas the
products of CI2 after attack at the double bond of OL are AA ar@x®via pathway 1

and NN and 9OxA via pathway 2, as shown kgure 2.2A(Katrib et al.2004, Hung and

Ariya 2007) For stabilisation, both CI1 and CI2 can react with OL or primary products to
f o r -acyldxyalkyl hydroperoxide (AAHPS) and secondary ozonides (S(sjnann

2005, Hung and Ariya 2007, Vesea al. 2009) As a rault of both OL attacks on the
double bond and stabilisation reactiotig stoichiometry of the reaction between OL and
Oz is greater than 2:{Sageet al. 2009) The Cl1s can react with each other to form
diperoxide (DP1)(Ziemann 2005, Hung and Ariya 2ZD0Vesnaet al. 2009) which
subsequently decomposes to produce two molecules of OAgitk@rn and Smith 2004,
Hunget al. 2005) The CI2s can also react with each other to form DF&mann 2005,
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Hung and Ariya 2007, Vesra al.2009) which subsequently decomposes to produce two
molecules of NN and £(Hearn and Smith 2004, Hureg al. 2005) The CI1 can react
with CI2 to formDP3 (Hearn and Smith 2004, Veseaal. 2009) which decomposes to
OA, NN, andO> (Hearn and Smith 2004, Hureg al. 2005) Moreover, in the presence
water in the systen€I1 can react with water to form hydroperoxide (HP1), and CI2 can
react with water to form HP2. The HP1 decomposes to form OA a@dAA and water,

and HP2 decomposes to form NN angdD6INA and water, as shown Figure 2.2B(Pryor

et al. 1995, Finlayso#Pitts and Pitts 2000, Veseaal.2009)

Moreover, the products of combination among three to five species of the primary products
have been observed by Hung and Ar{2807)and Last and cavorkers(2009) These
researchers proposed thatgeghemiacetal (PHA) with a peak at 501 m/z can be formed

by the reaction between OA and CI1/CI2 followed by addition of OA/NN. The peak at 519
m/z might represent the product of either reactions among OA, CI1, and CI2 or those
between NN and 2CI1. The peak 535 m/z might indicate the product of reactions
between 2CI1 and CI2. The peak at 565 m/z could be the product of reactions of 3CI1. For
the peak at 611 m/z or 642 m/z, the products are either the reaction between AAHP
(ClI1/CI2 + OL) and NN/OA or thesaction between OA and 2CI2 for the peak at 611 m/z

or the reactions among OA, CI1, and CI2 for the peak at 642 m/z. The peak at 693 m/z
might indicate the product of reactions between 2CI1 and 2CI2. The peak at 706 m/z
predicts that it is either the reamt between NN and 3CI1 or the reaction among OA, CI2,
and 2CI1. The peak at 721 m/z might represent the products from the reaction between
3CI1 and CI2. The peak at 753 m/z might be the products from the reaction of 4CI1. The
peak at 881 m/z might repregehe products from the reaction between 3CI1 and 2CI2,
and the peak at 911 m/z might indicate the products from the reaction between 4CI1 and
1CI2 (Hung and Ariya 2007, Lagt al.2009)

2.1.2.2 Valuable poductsfrom ozonolysis of OL

The commonly observed products from ozonolysis with molecular weights less than that
of OL are NN, AA, OA, and NA, as reviewed by Zahardis and Pet(@€€7) The NN

was found as the major product from the second step of ozonolysis of OL via pathway 1,
as illustrated irFigure 2.2A(Moise and Rudich 2002, Hearn and 3n#004, Thornberry

and Abbatt 2004, Hunet al. 2005, Laset al.2009, Saget al. 2009, Vesnat al. 2009)

The NN is difficult to measure because it is considered to be the most volatile of the
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observed producid.astet al.2009, Leeet al.2012) By observing ozonolysis of droplets

of OL, an NN yield of 84% in both phases was measured by Hearn and(30@i#) This
amaunt is greater than the AA yield by a factor of seven. Similar results were observed by
Vesna and covorkers(2008) who found that the NN yield is greater than the AA yield

by a factor of 8.8, which is approximately 60% of the NN detected in both phases. The NN
yields also have been measured solely in the condensed phase by Hungnamkiecs
(2005) A vyield of 30% of NN was detected in this phase, whereas 48% of carbon could
not be detected. If undetected carbon is assumed to be NN, the total yiitmoight

reach 78%. Unquantified NN was observed by Last andarkers(2009)and Sage and
co-workers(2009) Using the coatedall flow tube technique, Moise and Rudi(2002)
measured an NN vyield of 28in the gas phasdone and Thornberry and Abbg2004)
detected an NN vyield of 50% in the same phase. Moredisr,yield increases with
increasing operating temperatuidoise and Rudich 2002Yeaction time(Sageet al.

2009) and size of the OL particlgglung and Ariya 2007)In contrast, Sage and-co
workers(2009)found that the amount of NN accumulated in the system during ozonolysis
deceases sharply inglpresence of a substantial amount of ozone after all of the OL was

ozonised.

The 3oxononanoic acid was reported as the second major product from ozonolysis of OL
via pathway 2, as illustrated frable 2.3(Hearn ad Smith 2004, Katrilet al.2004, Hung

et al. 2005, Ziemann 2005)By observing the ozonolysis of droplets of OL, Ziemann
(2005)reported that a OA vyield of 28% wastéeted, whereas only 14% was found by
Hung and ceworkers(2005) Hearn and Smitf2002)suggested that the OA yield is five
times higher than # NA yield. Unquantified OA was identified by a number of
researcheréSmith et al. 2002, Lastet al. 2009, Vesnaet al. 2009, Leeet al.2012) In a
coatedwall flow tube study, Katrip and eworkers(2004)found that an OA vyield of 20

35% is formed in the liquid phase and also concluded that the OA yield increases with
increasing layer thickness. This observation means that the decompo$iR® to OA

and CI2 might take place in the liquid bulk, and it was evident that OA yield also increases
with ozone exposur@Hung et al. 2005) In contrast, Last and emorkers(2009)found

that OA decreases sharply with increasing time.

Azelaic acid was observed as the minor product in heterogeneous ozonolysis via the
rearrangement of the Clas summarised ifiable 2.3Moise and Rudich 2002, Hearn and
Smith 2004, Katriket al. 2004, Hunget al. 2005, Ziemann 2005, Hung and Ariya 2007,
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Vesnaet al.2009, Leeet al.2012) In aerosol experiments, AAsid was detected at 12%,

6%, and 4% by Hearn and Smitd004) Hung and caworkers(2005) and Ziemann
(2005) respectively. An unquantified AA yield also has been observed by a number of
researchergHung and Ariya 2007, Ladt al. 2009, Vesnaet al. 2009, Leeet al. 2012)

Using a coatedvall experiment, an unquantified AA yield was been detected by Moise
and Rudich2002)and King and cavorkers(2009) An AA yield of 1-3% was found by
Katrib and ceworkers(2004) who also found that the AA vyield increased slightly with
increasing OL thickness because the rearrangement reaction of CI1 to form AA might
occur in the liquid bulk instead of at the fluid interface. Last @andiorkers(2009)also

found that the AA yield is quite low and remains constant throughout the reaction times
because CI1 prefers to react with OL, Cls, and primary products instead of rearrangement
to form AA.

Nonanoic acid ats has been observed as the minor product in heterogeneous ozonolysis
via rearrangement of the CI2, as summarisetaiple 2.3(Hearn and Smith 2004, Katrib

et al.2004, Hunget al.2005, Ziemann 2005Y he reasonfor these observations might be

the same as those for the formation of AA in that CI2 prefers to react with OL, Cls, and
primary products instead of rearrangement to form NA. For the aerosol experiments, an
NA yield of 7% was detected by Hung and his t¢2005) whereas unquantified NA has
been observed by many researclieisarn and Smith 2004, Hung and Ariya 2007 tleas

al. 2009, Vesnat al. 2009, Leeet al.2012) An NA yield of 1-3% was also measured by
Katrib and his tear(R004)in coatedwall experiments, and unquantified NA was observed

by Moise and Rudick2002) Surprisingly, King and his tea(@009)proposed that NA is

the major produgtvith approximately 87% formed during the reaction by coating droplets
of water. Moreover, Last and -aeorkers (2009) found that NA yield increases with

increasing reaction time.
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OA + H;O; AA + H,O NN + H,0, NA + H,O

Figure 2.2B Reaction pathways of ozonolysis: water added

2.1.2.3 Secondary products of ozonolysis of OL

In addition to the low molecular weight products, peroxides and hydnapgeso(which

are higher molecular weight species from the reaction between Cls and other species) have
been observed as secondary prod(kerib et al. 2004, Ziemann 2005, Vesra al.

2009) Ziemann and cavorkers (2005)found that organic peroxides are observed at 68%

in the aerosol particles. Vesna andvearkers(2009)also found that peroxides represent

the largest fraction of products with approximately 50% found in the partiGisb and
co-workers (2004) reported that peroxide products of-88% are observed, and the
percentage yields of these peroxides decrease with increasing layer thickness. This
observation means that the reaction of organic peroxides occurs at-tlpighsiterface

or because an abundance of the Cls accumulated at the surface results in the high reaction
rate between OL and Cls.should be noted that the efficiency of the reaction between ClI
and protic species that forms hydroperoxide products is higher than thegt afaiction
between CI and aldehyd&esnaet al.2009) Moreover, lower molecular weight products

might be famed from decomposition of peroxide produ@ahardis and Petrucci 2007)

However, Thornberry and Abbg®2004)found that the amount of secondary products is
quite small because the aldehyde product rapidly desorbs frofiintheesulting in a

reduction of the secondary ozonide formation.

2.1.2.4 Reactive uptake of ozone

The loss of gaphase species to the particle phase is always described@sagasuptake.
Several processes exist for gdsase uptake by a particle, inding diffusion of gas
species through the gas phase to the surface, adsorption or desorption at the surface, mass
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accommodation, reaction at the surface/in the bulk, and pgrhelee reactant diffusion.
All of these processes can be described usinglectric circuit resistance model, as

illustrated inFigure 2.3(Worsnopetal. 2002)

Géurf

Figure 2.3Electric circuit resistant mod€Worsnopet al.2002)

If this model is combined, a new parameter referred to as the measuredonetifikeent

(Gheas) IS drawn, as shown i&q. 21 (Smithet al.2002, Worsnoget al.2002)

- =~ 4+ 4 + (2-1)

Worsnop and ceovorkers(2002)reported that the loss of spegin the particle pse, i.e.,

oL, can be described in ter msheohhngeim@. r e a
concentration therefore cdoe expressed using this parameter with the assumptions that

all of the reactive gas molecules react with the particle phase sp@ci¢hat the reaction

is irreversibleg(Smithet al. 2002, Worsnogt al.2002)

& -8
do] _ &0, €05, (2-2)
dt BRTYV,
g -

I n this expression, 2 i s t hmobabiitaofdollisore up't
of ozone with a liquid particle on the surface and in the bulk that results in the reaction,

P, is the partial pressure ofs@atm), ¢ is the mean kinetic speed of as @olecule in

the gas pase (3.6x10cm sY), R is the gas constant (0.082 atrit MY), T is the gas



19

temperature (K), andp8/; is the surface area to volume (3Mwhere g is the particle

radius).

Before solvingeg. 22,0 must be known because it i s
Smith and ceworkers (2002) also reported that loss afi®the reaction with OL is due
to both reaction in the bulk and reaction on the surface. Thus, the net reactive uptake of O

is the sunof the uptake caused by both reaction on the surf@ge)(and reaction in the

bulk (G,,), as shown irEq. 23. It should be noted that the nogactive uptake terms,

including the diffusion of gas species throughdhas phase to the surface, the adsorption
or desorption at the surface, mass accommodation, and the particle phase reactant
diffusion, are sufficiently fast. The measured uptake coefficient is therefore equal to the

reactive uptake coefficieffHearnet al.2005)
g= Qurf + GFxn (2'3)

For esse of calculation two major casesnust beassumed taleternine the reactive
coefficient by fitting to the measured concentration of(Qinithet al. 2002, Worsnopet
al. 2002, Hearret al.2005)

Case 16, is negligible in comparison wit,, such thatg equalsg, . The equation
for G,, is shown inEq. 24.

G.. =m¥[cotl‘(rpll)- (i/r,) (2-4)
C

In these expression, is the reaction rate constant for the reaction giith OL in the

bulk (M*-s%), D, is the diffusion coefficient of @in OL (cn?-s?), H"i s t he Henr

Law constant (M/atm), is the dffuso-reactivelength| = &, /(k2 [C om]) lé, andCg

is the OL concentration in the bulk. Moreover, case 1 can be subdivided into two cases
described as follows:

Case la: Rapid diffusion ofzWithin the particle or slow reactip which means that the
rate of reaction will not be limited by :(diffusion. In other words, ©is constant
throughout the particléSmithet al. 2002, Worsnoget al. 2002, Hearret al. 2005) With
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]
this assumptionthe[ cotHr, /1)- (1 /r,)] term inEq. 24 s approximatelyg—rlj, and this

eqguation reduces 1o

_4H®RTT,

3 k, [COLb] (2-5)

G, =9
C

The reduction of OL as a function of time can be written by substit&mng5 into Eq

2-2 and solving the differential equation as shown in Eg}. 2
[Cowsl =[ Cord &XP( Ry HP KD (2-6)

Case 1b: The reaction ok@ear the surface of the particle or rapid reaction, vimeans
that the rate of reaction will be limited bys @iffusion (diffusereactive length <5% of
particle radius)Smith et al. 2002, Worsnoget al. 2002, Hearret al. 2005) With this
assumption, thecotHr, /1)- (1 /r, )] term inEq. 24 is approximately equal to 1, and this

eguation reduces to

o=22"RT 5ok JiCoid (27)
C

The reduction of OL concentration as a functionimietcan be described by substituting

Eq. 27 into Eg. 22 and solving the differential equation as shown in E8}. 2

3P, H® /D, k,
\/lCOLbJ:\/lCOLb]o' = 224 (2-8)

2r

Case 2: A reaction occurs on the surfagBich means tha€3,, is negligible compared

with G,;, and thusg equalsa, ;. With this assumption, the equation @f, can be

written as shown ilkEq. 29 (Smithet al. 2002, Worsnoget al.2002, Hearret al.2005)

cp
G 4H"RT

surf

;" [Covsl (2-9)

c

The expression of OL as a function of time can be described by substiqtir&pP into
EqQ. 22 and soling the differential equation, as shown in E4L®
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é 3d2 C| sur
[COLb] = [COLb]o eXpéea? p Po,H K3 "t
p

(2-10)

|- 00O

surf

In this expressionk;™" is the reaction rate constant for the reaction ofith OL on the

surface (criimolecule- s), andd is depth of the surface layer (cm).

By fitting all of the equations listed above, Hearn anevookers(2005)concluded that

the reaction between OL ang @ccurs on the surface (case 2). In contrast, the previous
results, which were examined by Smith and his t€2002) showed that the reaction
occurs in both case 1b and case 2, but case 1b shows a better fit than case 2. Moise and
Rudich(2002)also concluded that the reaction occurs quite close to the surface (case 1b)
because the reactive uptake coefficient of liquid phase is higher than that of the solid phase
by at least an order of magnitude. Moreover, the experimental results reportexiriz/ M

and ceworkers (2002) show that the reduction of OL concentration increases with
decreasing particle diameter. This observation confirms that the reaction not only takes

place at the surface but also in tiggiid bulk.

Smith and ceworkers(2002) found that the reactive uptake coefficient decreases with
increasing particle diameter due to the limitation of-défusion of OL in the particles.
Although the seldiffusion of OL measured by Iwakhi and ceavorkers(2000)is quite

high, it can be assumed that the rate of reaction is not limited by OL diffusion. During the
reaction, the formation of higher molecular weight products might inhibit thesatifflof

OL in the patrticles. Therefore, the sdlffusion of OL at the fluid interface (reaction zone)

is not sufficiently rapid to maintain the uniform concentration profile of OL that accounts
for the decrease in reactive uptake of larger particles ifQst diffuse through a longer
distance. These groups also found that the particle diameters increase with increasing
ozone exposure because of the formation of ozonolysis products. Moreover, the formation
of ozonolysis products might affect the diffusiohozone, thus resulting in a change in

the rate of uptake, but it would not lead to an observed size dependence in the reactive
uptake coefficien(Smithet al.2002)

2.1.2 5 Reaction rate constantn the surface

Previous experiments show that ozonolysis of OL takes place near thquyhgOL)
surface (1G 20 nm) and does not depend onddfusion (Moise and Rudich 2002, Hearn
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et al. 2005) Therefore, theeaction between OL andzs@ an be consi der e
surfaceo, and consequently, t he Emp2lé | os:
(Rosenet al.2008)

d[(;(:Ls] - _ kzsurf [Co3s @OLS (2_11)

In this expressionC,, is the surface concentration of OL (moleculegjcrand Co3S is

the surface concentratiari Oz (molecules/crf).

If the flow rate of ozone is steady, the ozone concentration is assumed to be constant.

Therefore, the reaction between OL and ozone is likely a pdestorder reaction. If

k =k"[G,,J, Eq. 212 can be rewrittensa

diCold _

After solvingEqg. 212, the linear equation can be written as shown in HB{ 2
In[Co ] =Kt N[ C, ] (2-13)

Therefore, k' (s, which is the slope of the linear equatioan be calculateif In[Cod

is plottedagainsthe reactiortimes (GonzalezLabradaet al.2007)

2.1.3 Effect of operating conditionson the formation of ozonolysis products
It is evident from th@revious experiments thatanyfactors(temperature, time, humidity,
and ozone concentratioajfecttheyield of producs during ozonolysisTheseactas are

described below.

The effect of temperaturdloise and Rudich(2002)found that NN yield increases with
increasing operating temperatureldoth the solid and liquid phases of OL, whereas the
reactive uptake coefficient shows no significant differences with temperatures in both
phases. Thornberry and Abb&#004) concluded that the reactive uptake coefficient
increases with increasing operating temperature, which means that the reaction between
OL and ozone appears to behave in an Arrhenius mannervdoWeng and Tan¢2010)

have concluded that reaction temperature has a small effect on the oxidation rate of liquid
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phase and also suggestech a t -atyloxgalkyl hydroperoxide yield increases with

increasing reaction temperature.

The effect of reaction timeSmith and ceworkers(2002) and Vesna and eworkers
(2009)found that the concentration of OL decreases with increasing reaction time, whereas
the primary product concentration increases. Last andockers(2009)concluded that

the OA vyield dereases dramatically with increasing reaction time, and the NA yield
increases. The increase of NN yield during ozonolysis was also observed by Sage and co
workers(2009)

The effect of humiditylt is evident that increasing the humidity during ozonolysis of the
condensed phase of OL results in an increase of primary product yietdpt éor NN.

The formation of peroxide products also decreases because Cls react with water before
they react with primary product¥esnaet al. 2009) In contrast, Lee and egorkers

(2012) concluded that in the presence/absence of water, the reaction showed the same

results for oxidation of OL because only small amount of mee dissolve in OL.

The effect of ozone concentratioonzalez and cworkers (2007) claim that the
concentration of OL decreases with increasing ozone concenttdtiog.and ceworkers
(2005)report thathat the mole ratiofdOL to ozone affects the product yields. If the ratio

is much less than unity, the expected products are NN, OA, or Cls. However, if the ratio is
much greater than unity i n t he coated wall experiment
beaker) the expected pducts are higher molecular weight species from the additional
reactions between Cls and primary products. Moreover, these groups suggest that the OL
loss and the product formation are expected to be linear for the ordinate of 0zone exposure
i at mL s molar rétio af bzene to OL is much less than unity and also concluded that

if ozone concentrations are sufficiently low, the reaction rates are first order in ozone
concentration Moreover,Hearn and Smitt§2004) reported that additional NN and OA
yields might be formed for a system in the presence of high ozone concentration because
the concentration of Cls might be much higher than that at low ozone concentration,
resulting in an increase in the se#faction rate and an increase of NN and OA yields.

2.1.40zonolysis of methyl oleate
Ozonolysis of aerosol particles of methyl oleate-@U) was studied to observe the

formation of higher molecular weight produdtslochida et al. 2006). Although the
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reaction pathways of ozonolysis of®IL are quite similar to ozonolysis of OL, as shown

in Figure 2.2A several pathways for polymerisation are absent, and the formation of
certain species are different. For example, NN and€CIlf which s the Criegee
intermediate ending with a methyl ester group, are formed when the reaction follows
pathway 1, whereas@&ononanoic acidnethyl ester (MOA) and CI2 are formed when

the reaction follows pathway 2. For ozonolysis of pur®M Mochida and cevorkers
(2006)found that the secondary ozonide produotsned from the reactions among NN,
M-CI1, M-OA, and CI2 are the major compounds found in the higher molecular weight
products. However, compared with mixed particles of myristic acid ar@LMAAHP
compounds were observed in high yields feM mole fractons of 0.5 or less. This result
means that the reaction rate of the Cls with carboxylic acid groups that form AAHP
compounds is higher than the reaction rate of the Cls with aldehyde groups from the
secondary ozonide products. It is surprising thaCN or CI2 do not react with MDL

efficiently because of the methyl gro(igearnet al.2005)

Moreover, ozonolysis of the MDL monolayer at the aiwvater interface has been studied

by Pfrang and cevorkers(2014) who observed the oxidation kinetics and the reaction
products. These researchers found that the kinetic reaction is a{fisstadaler reaction,

the reaction rate constant is approximately nine times larger than that of ozonolysis of OL,
and the observed products are the same as those proposed by Mochidanamkiece

(2006) except for octanoic acid methyl ester.

2.1.5 Ozonolysis of vegetable oils

The reactions between olive oil and ozaeeuralmost exclusively at the carbaarbon

double bondgBailey 1978) Many products are observed from this reaction, such as
aldehydes and peroxides produced via the Criegee mechafisackbill et al. 1992,
Rebrovic 1992, Pryoet al. 1995) Diaz and ceworkers (2006) found that both the
viscosity and acidity values of ozonised oil (olive oil and sunflower oil) increase due to the
formation of peroxidic substances and carboxylic acids. The peroxide values cfeazoni
sunflower oil are higher than those of ozonised olive oil because more numerous double
bonds are observed in sunflower oil. These researchers also found that the iodine value
decreases as result of the reduction of double bonds. These results aetsithibse

reported by Sodowska and-emrkers(2008)
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Ozonolysis of sunflower oil also has been studied by Soriano andid@rs(2003) The
degradation of linoleate was observed to be 1.5 and 1.8 times higher than that of the oleate
in the absence and presenctwater, respectively, because a larger number of double
bonds are found in the linoleate molecule. These researchers also latirtdet ratio
between aldehyde and ozonised products is 10.5:89.5 and 46.6:53.4 in the absence and
presence of water, respectively. This observation could be due to the formation of
hydroxyalkyl hydroperoxiden the presence of waterhich decomposes torim hydrogen
peroxide and aldehyde, as discussed in the previous section. Moreover, ozonised vegetable
oils, i.e., soybean oil, rapeseed oil, and palm oil-(15% by weight), were mixed with

neat biodiesel produced from these materials to observe timgsicpl properties. The
density, flash point, and viscosity of mixed biodiesel all increase with the increasing
percentage of ozonised oils, whereas the pour pl@ioteasegSorianoet al. 2006) The
increase of both density and viscosity might be due to the triglydeaitidonecontent of
ozonised oil. The increase in the flash point is possibly a result of the formation of
aldehyde, i.e NN (flash point, 71°C), or namoic acid (flash point, 114°C).

Ozonolysis of canola oil with different solvents, i.e., ethyl acetate, methanol, and ethanol,
has been described in the work performed by Omonov amebdeers(2011) The major

products observed using ethyl acetate as the solvehN@ndNA, whereas -hexanal

and hexanoic acid are the minor produdt alcohols are used as the solvehts,and %

hexanal are still the major product and minor product, respectively, whereas nonanoic alkyl
ester was observed, but the reaction mechanism is unclear. Moreover, these researchers
found that if ozonolysis afanola oil is continued after all double bonds are cleaved, the
aldehyde products decrease, whereas the carboxylic acids and esters increase because
aldehyde products are oxidised by ozone to form carboagids, and the carboxylic acids

might react wilh methanol to form methyl estef@monovet al.2011)

2.1.6 Discussion ofthe literature review

Several necessary parameters for the bubble column reactor design and process design (i.e.,
the kinetic parameters and the product selectivity) are investigated in this research for the
purpose ofscaleup for commercial production. Therefore, ozonolysis of OL must be
revisited for many reasons. First, previous studies were performed using the small droplets
or coateewall flow tube methods of oleic acid reaction with ozone, which is quite different
from the methods intended for this research. Second, the previous results provided
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inefficient information for both reactor and process system design. However, certain clues
from previous research might be used to design experiments to test our hypdtoeses
example, the reduction of oleic acid concentration is a function of surface area, as shown
in Eg. 2.2 and the reaction between OL and ozone takes place at the fluid interface such
that ozone micrdbubbles are the correct option for this researchimzthey have a higher
surfaceareato-volume ratio than fine bubbles. The reduction of OL concentration is a
function of reaction time, and product yields are a function of operating temperature;
consequently, this research studies various reaction amé®perating temperatures to

find the kinetic parameters. The reduction of OL concentration is also a function of ozone
concentration, and therefore, various ozone concentrations must be studied in this research
to find the optimum ozone concentrationdato confirm the assumption of the kinetic
regime. Because NN is a volatile product, it might be evaporated during the reaction, and
thus, a condenser must be installed to condense all vppase products. In addition, the

NN vyield increases with the mence of protic solvent in the system (humidity), and
therefore, various protic solvents are added in mixtures with oleic acid at different
percentages to increase productivity, and the optimum percentage of the protic solvents is

determined.

In addition © OL, vegetable oils or used cooking oil, which contain a substantial amount
of unsaturated fatty acid and are much lower cost than OL, can be used as a reactant for
highly valuable chemicals. The {pyoduct, which is a shedhain triglyceride, also might

be used as a reactant for {kerosene/biggasoline production via the conventional

transesterification reaction.

In this research program, the kinetic parameters (i.e., the reaction rate constant and the
product selectivity) are investigatéar the purpose of reactor and process system design
intended for commercial production. A suitable protic solvent and the relevant percentages

are studied to increase productivity.

2.1.7Summary of previous research

Thesummaries of previous researatelistedin Table 23.
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Techniques for Techniques for Ozone Conditions Products (%) ) )
Researchers . ) . Aims/TechniquedDthers
Generating Ozonel  Analysingproducts concentration| Time | Temp. | Press.| NN OA | NA AA | CHOr
(Moise and Rudich| - EIMS for gas phases | 4 ppm 0.1ls | 267 39 28,4 n/a p p n/a To measure the reactive uptataefficient and to
2002) and HPLC 291K | Torr monitor volatileandsome of liquidphase products
1. Coatedwall flow tube
2. Liquid phase and solid phase
3. 0+02x18*foBliquid phase
4 . 29+04x16°foRsolid phase
(Morris et al.2002) | - AMS 10°atm 7s - latm| - - - - - To study the kineticef OL, to detemine the size
change due ttheuptake of ozoneand b assesthe
reaction stoichiometry
1. Droplet particlesbetween 20@mand600nm
2. Liquid phase
3. The stoichiometry is 1:1
4. The reduction in concentration of OL is a function ¢
particle diamegr.
5.0 =:02x16°
(Smithet al.2002) | (Pacific Ozone singleparticle mass 138 ppm 8s - - - p - - - To measure the reactive uptake coefficient as a funci
Technology, spectrometer of particle size
model L11) 1. Droplet particlesbetween 20@mand600nm
2. Liquid phase
3. The o of o0z o nthesurface tiptale
and bulk uptake
4.9 = 7. 3Wrismall patti€les
5 9 = 0.%® brge.partiiesl 0
(Thornberry and UV source A chemical ionization | 10% of Qin vary vary 1.3 50 - - - - To investigate the kinetics and mechanisms of loss 0
Abbatt 2004) mass spectrometer O, and He Torr gasphase ozoe
(CIMS) 1. Coatedwall flow tube
2. Liquid phase
3. Reaction take place very cldsethesurface




28

4. The independence of reaction rate constant on the
ozone concentration
5. The temperature dependence of the reactive uptak
coefficient

6. 0o +EOxB0* 0

(Katrib et al.2004)

UV source

AMS

1-30 ppm

3s

298

1/ N,
bar

n/a

20-
35

3550

To determine the chemical congiiion of particles and
product yields

1. Coating on particles

2. Condensed phase

3. Varying thickness of OL between 2 to 30 mm

4.30% of the particlés evaporated

5. Reaction take place at the surface and in the bulk

(Hearn and Smith
2004)

model L11, Pacific

Ozone Technology

Aerosol CIMS

80-120 ppm

4s

84

12

To investigate ozonolysis @L particles

1. Droplet particles with diameter 8800 nm

2. Condensed phase

3. Thenumber of double bondsfect the rate of

reaction

4. The reactive uptake coefficientirmlependent of

particle sizes

5. 0+12x10@% 5

(Hearnet al.2006)

model L11, Pacific

Ozone Technology

Aerosol CIMS

10-100 ppm

45s

To investigate the secondary reactions and surface
reaction

1. Droplet particles with diameter of ~800 nm

2. Condensed phase

3. Reaction take place at the surface

4. 36% bss ofOL is due to secondary reaction

5. 0:05x18* 8

(Hunget al.2005)

UV source

ATR-IR, GGMS, and
LC-MS

30-300 ppm

2000

298

1/air

bar

30

14

n/a

To investigate the mechanisms of reactions, and
characterization of products
1. Droplet particles, ~2.7 mm

2. Condensed Phase
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3. Viscosity of dopletsincrease after the reactian
4. If ozone concentrations are low enough, all
significant rates arthe first order in ozone

concentration.

(Knopf et al.2005)

UV source

CIMS

0.081.6 ppm

298

Torr

To study the reaction of ozone with OL/alkanoic acid
mixtures. To gain a better understanding of the reacti
on multrcomponents, reactivity and OL life time

1. Coatedwall flow tube

2. Liquid phase and solid phase

3. 9 decr e a gtheratiodf bA andiMA r ¢
4. Reaction might occun the bulk andn thesurface
5. 2x03x10*foBliquid

6. 0o +G:06 R10*Gorsolid

(Ziemann 2005)

A Welsbach 7408

A Dasibi 1003AH (for
ozone)
HPLC with TDPBMS

2.8 ppm

296

97
kPa

28

68

To investigate the products, mechanisms, and kinetic
1. Droplet particles with diameter of ~0:05 um

2. Condensed phase

3. NN is assumed to evaporatefbre reacting with the
Cls.

4 . 6al+5x10"

5. k =0.015+0.01 8 for 2.8 ppmv of ozone

(Katrib et al.2005)

AMS

1-50 ppm

7s

298

1/ N,

bar

To investigate ozonolysisf OL mixed with stearic acid
1. Droplet particles

2. Condensed Phase

3. 0 #G2x10° 25

(Hung and Ariya
2007)

UV source

UV-vis spectrometer
(for ozone con.JT-
ICR-MS

20 ppm and
500 ppm

6000

298

1 atm

To investigate heterogeneous ozonolysis of OL

1. Droplet particles

2. Condensed Phase

3. OLof 70% isconsumed by secondary reactions

4. The physical pragrties of droplets/particles are
changed after reacting with ozone

50 = 3.2N0.5T7T10
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(GonzadezLabrada | UV source: Pen PAT-1 surface Vary - 296 - - - - To observe a change in surface actieoityOL
et al.2007) Ray lamp tensionmetefor 1. Coated ovesurface of an aqueous pendant drop
analysing surface 2. Liquid phase
3. o =x10%. 6N0O. 1
4. K= 9.4+0.5x10' cmPmoleculé* s*
(Roseret al.2008) | model L11, Pacific| ATOFMS, SEM, and 4-25 ppm Vary | 298 latm | - - - To investigate the reaction on two different inorganic
Ozone Technology] AFM core particles
1. Coating on particles
2. Condensed phase
3. The kinetic rate of PSL is higher than silica particle
4. The reaction of large and small sizeidentical.
5. The kinett ratedoes not have a statistically
significant association with OL vapor pressure
6. Joleic = 2.5%10° on PSL at ozone 4 ppm
7. %keic = 1.6%10° on silica at ozone 4 ppm
(King et al.2009) UV source: Pen Neutron reflection 0.16i 4.78 10000 | - - - 87114 - To investigate the oxidation of a monolayeQif over
Ray lamp ppm i air-water interface
30000 1. coated over aqueous solution
s 2. Condensed phase
3. OLis removed from the interface by oxidation
reaction and replaced by NA.
4 . =40x10°
(Vesnaet al.2009) | UV source GC-MS and U\ 200-1800 60 298 1 56 p ~50 To investigate product yields at different ambient
spectrometry ppb 360 s condition and humidity
1. Droplet particles
2. Condensed phase
3. All productsyields increasavith increasing RH
exceptNN.
4. Peroxides are the largest product
(Sageet al.2009) - A quadrupole aerosol | 12 ppb Vary - - p - - To measure a change in the reactivity of initial OL an

mass spectrometer {Q
AMS)

to calculate the OIO; reaction stoichiometry

1. Droplet particles
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2. Condensed pba

3. The ratio betweenlOand Q is excess 2:1

4. Ayield of NN increass during the period between 0
-4 hrs.

5 . =80x10*

(Lastet al.2009) Plasma discharge | FT-IR, Electrospray 1.6% 8 min | - - To establish a laboratory method for ozonolysis
mass spectrometry (ES reactions
1. Bubblinga fine stream of bubbles by using a needl
2. Avyield of OA decreases with increasing the reactic
time, while NA increases.
3. Avyield of AA remains small throughottihe reaction
time.
(Hung and Tang UV source UV-vis spectrometer ~5 ppm .6000 | 273 To investigate the oxidation rate at different physical
2010) (for ozone con.) ATR s 298 states and temperaag
FTIR 1. Droplet particles ( 3mm and 10um)
2. Condensed phase and solid phase
3. Rate constant of small particles is higher than larg;
particle.
4 . =32+1.1x16
(Leeet al.2012) UV source Thermo Scientific, 49i | 2 ppm >100 | 298 1 atm To investigate the effect of humidity on ozonolysis
(Appleton Woods) | (for ozone hours 1. Aerosol particles

concentration), An
ultra-high resolution

mass spectrometer

2. Condensed phase

3. No dfect of humidity on the product distribution

n/a represents that analysis method was not used for these chemical species. P represents that the chemical spedies theg fgealts were not quantified.

is 1-nonanal. OA is ©xononanoic acid. NA is nonanoic acid. AA is azelaic acid. €ld@ther organic molecules.

OL is oleic acid. LA is lauric acid. MA igstig acid. NN
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2.2 Ozore

Similar to Section 2.1, this section provides useful information for the experimentgl set
i.e., the techniqueof generating ozone, the technique for inlet ozone measurement, and
suitable materials for contact with ozone. This section also provides the kinetic equation
used to estimate the reaction rate constant. The details are described in the following sub

sectbns.

2.2.1 History of ozone

Ozone was named in 1839 by Professor Schonbein, who worked on electrolysis at the
University of Basel, after he noticed the odour of ozone. Before ozone was named, the
same odour was also noticed near an electrostatic machih&b by natural scientist
Martinus van Marum, and near an anode in 1801 by Cruikshank, who worked on water
electrolysis. In 1865, J L Soret found that ozone consisted of three @enier 2005)
Non-equilibrium air plasma at atmospheric pressure is a technique faséndustrial

ozone generation because ozone molecules decay quite rapidly at high temperature.
Simultaneously, a high operating pressure is preferred as a result of tHedtlyeeaction

of an oxygen atom and oxygen molecule. In 1857, Siemens imvedalielectric barrier
discharge (silent discharge) method for ozone generation and also worked with Professor
Ohlmuller at the Imperial Prussian Department of Health to investigate the effect of ozone
on cholera, typhus and E. coli bacteria, and thegults showed that ozone could
completely kill all of these bacteria. After successful laboratory experiments, industrial
ozone production began at a small water treatment plant in Holland (1893), followed by
Germany (1901), Russia (1905), France (190i)Spain (1910). Currently, several
European countries, Canada, the USA, and Japan prefer ozone technology for disinfection
of water because certain dpyoducts from the chlorination technique can cause cancer
(Becker 2005)

2.2.2 Physical properties

Ozone is a triagle shaped molecule (MW: 47.9982) that exists as a colourless gas at room
temperature; its bond angle and bond length aré@ ddd 0.128 nm, respectively. Ozone
forms an indigo blue liquid (which is highly explosive) at temperature beld®°C and

a deepblue-violet solid at temperatures beleh93°C. As a result of the explosion hazard,

ozone must be diluted before use in either a gas or water stream, and its solubility is
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approximately 1 kg/min water. Ozone is always produced on site and is neithesdsto
nor shipped because of difficulties in storage, handling and transpoiia&oker 2005)
The conversion of gas phase concentrations is also illustraiéabla 2.4(Gottschalket
al. 2009)

Table 2.4 Conversion of ozone gas phase concentrgtimitschalket al.2009)

Cq (Weight %) Cgy(volume %) Cq(g/m)

1 0.7 14.1
5 3.4 71.7
10 6.9 145.8
15 10.5 222.6
20 14.3 302.1

At STP: T =(0°C, P = 1.013x10Pa

(1 ppm = 2 mg/) 20°C, 101.3 kPa ; 1ppm = 1ém?

2.2.3 Applications

Ozone is a powerful oxidant that is used in many industries. Fordganzone is used in

the chemical, food, and water treatment industfi€ésadre et al. 2001, Plaue and
Czerwinski 2003, Akbas and Ozdemir 2008, Azarpazhooh and Limeback 2008, 8tiwari
al. 2010) Moreover, Ozonesi used to replace such hazardous oxidants as chlorine for

reduction of environmental and hazardous issues in wastewater treé@eekdr 2005)

2.2.4Production techniques

Several techniques are used to generate ozone, including ultraviolet light and electrolytic
ard norrequilibrium plasmas. However, the first two techniques are not suitable for
commercial production because the ultraviolet light technique generates only small yields
of ozone and requires a large amount of energy, whereas the electrolytic techmague i
expensive due to the high current and high potential needed to electrolyse water. Therefore,
nonequilibrium plasmas are the most suitable technique for ozone production and are used

in this study.
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Figure 2.4 Dielectricbarrier discharges at different configurations

Although several techniques exist for generating-eguilibrium plasmas, i.e., glow
discharge, corona discharge, and dielectric barrier discharge (DBD), DBD is the technique
commonly adopted for worldwide ome production. A defining feature of dielectric
barrier discharge is that at least one electrode must be covered by a dielectric layer, i.e.,
glass, quartz, ceramic or polymers. Three basic types of silent discharge are available,
including volume dischge (VD) shown inFigure 2.4a, b, ¢, and d), coplanar discharge
(CBD) shown in Figure 2.4e, and surface discharge (SD) shown in FigurB@céiuse of

a combination between glow and corona discharge, dielectric barrier discharges can be
operated at highrpssure and can also run using an AC power supply with a voltage of 1
10 kV and frequencies of 5L MHz. Therefore, dielectric barrier discharge methods are
suitable for largescale production and are in use for ozone production in water treatment
proceses around the worl@Eliasson and Kogelschatz 1991, Conrads and Schmidt.2000)
Moreover, DBD reactors can be operated usititee air or pure @as the reactant, but

use of pure @produces a higher ozone concentration tha(Pa&tsch and Gibalov 1998)

The DBD reactors camlso be operated at high pressure between 1 bar and 3 bar,
frequencies from aefv Hz to MHz, and a gap that is in the mm rafRjetsch and Gibalov

1998, Becker 2005)rhe DBD technique is used for generation of ozone in this study for
many reasons. For example, DBD can be operated atsphlmoc pressure, and

consequently, neither an air compressor nor vacuum pump is necessary in the system. This
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method has a higher active voluntieus, large ozone yields can be generated. The DBD
method can also be operated using AC current as a powsy swhich is the lowest cost

option for running the plasma reac{8ecker 2005)

2.2.5Reactant feed

As mentioned previously, both pure oxygen and air can beasedfeed gas for ozone

production, and the details are described below.

Pure oxygen feed: Several large ozone generators use pure oxygen as a reactant because
use of air is more complicated. Ozone is always formed in a-bHoeye reaction among

oxygen aoms and two molecules of oxygen. A total of 131 reactions can form ozone using
pure oxygen, including electron impact excitation, electron impact ionisation, electron
impact dissociation, twody reactions, threleody reactions, and twieody reactions of

excited speciesThe reaction timeequiredto reach 99% of equilibrium yield for ozone

formation at atmospheric pressure is 0.01 sec@rasaneParada and Zimmerman 2010)

The initial reaction is the dissociation of (@issociation energy: 5.16 eV), and many side
reactions occur that can also destreyn@lecules at high temperatures, which means that
ozone generators operated at high temperature should be avoided beemusadtion

rates increase with increasing operating temperature. At 100% efficiency for ozone
formation (which is related to the enthalpy of formation), the energy efficiency is 1.22
kg/kWh. However, the best experimental values obtained from laboe®ig the range

of 0.250.3 kg/kWh(Becker 2005)

Dry air feed: The presence of i the feed gas complicates the process, which means that
the reaction time is longer compared with that of pure air feed, nearly 100 ps. Certain
nitrogen oxide species are also gated that can prevent ozone formation, as represented
in Eq. 214 to Eq. 216. The maximum energy efficiency is decreased to 0.2 kg/kwWh
because higher electron energy is needed to dissoci#Bebker 2005)

O+NO+M - NO,+M (2-14)
0+NO,- NO+O, (2-15)

O+NO,- NO,+0, (2-16)
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Moreover, if the feed gas contains water vapour, the reaction system will be further
complicated for several reasons. For instance, the surface conductivity and micro
discharge properties are atd by only traces of humidity, and the presence of OH and
HO: from electron impact dissociation ob® can limit the production of ozone following

Eq. 217 through Eq. 29 (Becker 2005)

e+H,0- e+OH+H (2-17)
OH+0O,- HO,+0, (2-18)
HO, +0O,- OH+20, (2-19)

As mentioned previously, the feed gas preparation process is an important step for ozone
production. Therefore, many large ozone production systems prefer oxygen prepared by
pressure swing or swing adsorptidasoption techniques as a feed g&ecker 2005)
However, dry air is used as a reactant for ozone production in this research because
maximum efficiency of ozone production is not necessary, and safety is a significant

concern.

2.26 Ozone decompositiorirom various agpects

The decomposition of ozone has been studied for nearly a céBehgsteet al. 1991)

Many effecs result from the disappearance of ozone, including pH, composition of gases,
and temperature. The effect of pH on the ozone decomposition occurring at the fluid
interface is shown ifigure 2.5as plotted by Beltra(2004) Beltran(2004)deduced that

the ozone decomposition reaction at pH values lower than 12 will not interfere with the
direct ozone reactions of the fast or instantaneous kinetic regime, whaéngdsvalues

higher than 12, the ozone decomposition reaction is the only method of ozone loss.

For the effect of temperature, Sehested andvadkers (1991) concluded that the
decomposition of ozone increases dramatically with increasing temperature. The effects of
thermal decomposition of ozone with various gases, including>) CO, N2, and He,

were also studied by Sidney and Axwortfiy957) The simple mechanisms of the

decomposition reactions are showrki. 220 through Eq. 22
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Figure 2.5 Variation of the concentration of ozone with the depth of liquid water and

organic free at steady state of’@)Beltran 2004)

ka
M+O, @8 M+0,+0 (2-20)
ko
k3
O0+0, a 20, (2-21)
ks
ks
O+0+M @ O,+M (2-22
ke

In this expression, M irfEq. 220 indicates O, & O3, CO;, N2 or He. The relative
efficiencies of O, @ N2 CO,, and He compared withz@re 0.44, 0.44, 0.41, 1.06, and
0.34, respectivelyBenson and Axworthy 1957, Heimerl and Coffee 1980y Eq. 222,

M might be O, @, or Gs. The relative efficiencies of O ancs@ompared with @are 3.6
and 1.0, respectivelHeimerl and Coffee 1980)

For further understanding based on this information, the COMSOL Reaction Engineering
Lab is used to model the effect of temperature on the decomposition of ozone with various

gases in the bubble. The details and tssare described i@hapter 4
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2.2.7 Design features

It is evident that ozone decomposition increases with increasing temperature of the system.
Therefore, to obtain a high ozone yield, the dielectric masesieduld have low dielectric
constant and therah conductivity because they can contribute to restriction of the gas
temperature rise. The optimum gap is in the range e® @ &m(Sung and Sakoda 2005)
Moreover, tke cooling system and the power density are important design features because
Oz molecules deteriorate at high temperature. Therefore, the features of ozone generators
are fabricated in a manner similar ttioseof heat exchangers. It is essential that the
operating temperature should be maintained as low as possible, usually less than 100°C
(Becker 2005)

2.28 Ozone measurement

Several techniques are available for measuring ozone concentration in the gas and liquid
phase. The indigo method is appropriate forlidngd phase, and the iodometric and UV
absorption methods are suitable for both phases. All details are summarisddeir?2.5
(Gottschalket al.2009)

Table 2.5 Analytical methods of ozone

Method | Gas| Liquid Detection Advantages Disadvantages
limit
lodometric + + 100 pg/L - No expensive - No selectivity
- Time consuming
uv- + + depending on | - Easy & simple - Aromatic
Absorption the system conponents can
disturb
- Expensive
Indigo + 5 pg/L - No expensive - Need calibration
trisulfate - Fast reaction - Natural colour of
- Secondary water does not
products do not disturb
interfere

As summarised imable 2.5 if the gas phase of ozone must rbeasured, either the
iodometric method (KI) or UMabsorption method should be selected. Although the UV
absorption method is the easiest technique for analysis of ozone concentration, this
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technique is quite expensive, and the detection limit depende aystem. Therefore, KI

is used to analyse the ozone concentration in this research. The analysis steps are described
as follows: The dissolved ozone gas from the bubbles reacts first with KI, and the products
of this reaction react with N&Os to form apale yellow colour, as shown kxq. 223 and

Eq. 224. The ozone concentration is calculated if the consumption e&:Na is
measured. It should be noted that the KI method is directly applicable in the range of 1
200 g/nfand is used as the calibratioetimod for the UVabsorption metho(Masschelein

1998)

2KI +O, +H,0- 1, +0, +2KOH (2-23)
|, +25,07 - 21" +S,0F (2-24)

2.29 Safety aspects

As a safety precaution, it is highly important to destroy excess ozone in the vent gas via
installation of destruction units. Many techniques are used for this purpose and depend on
the scale of ozone production. Eitherh e r ma | destruction (T
destruction (manganese or palladium: T = 40°C to 80°C) is normally applied. Recycling

of oxygen is a common technique used for leggale systems in which ozone is generated

by electrical discharge$n smallscale systems, a packed column filled with granulated
activated carbon €= 1-2 mm) is also employe(Gottschalket al. 2009) Furthermore,
ozonedetectors must be installed in {abale applications to ensure that personnel in the

workplace will not be harmed in the case of leaks.

2.210 Materials in contact with ozone for laboratory

Many pieces of equipment are used in the experiments, i@eogenerators, tubes,
valves, flowmetres, diffusers and reactors. To obtain the best results, all materials that
contact ozone must be highly corrosion resistant because ozone is a notably strong oxidiser.
The effect of ozone decay on materials sh@ldd be considered. Therefore, appropriate
materials for the experimental setup are glass, stainless steel, ceramics, polyvinylchloride
(PVC), polytetrafluoroethylene (PTFE), perfloatkoxy (PFA), and polyvinylkoxy

(PVA) (Gottschalket al.2009)
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2.211 Kinetics of the direct ozone reactions

The kinetics of the direct ozone reacti@as be observed from experiments by following

two different approaches to find the rate constant of the reactions. The first approach is a
homogeneous ozonisation reaction in which ozone and other compounds react with each
other in the same phases, andititoncentrations are monitored throughout the reaction
time. The reaction rate is a function of the concentration of the reactants for irreversible
reactions, and it is a function of the concentration of both reactants and products for
reversible reactioss. The second approach, which is used in this thesis, involves
heterogeneous gdisjuid ozonisation reactions in which ozone must transfer from the gas
phase (which might contain oxygen or air) to the liquid phase simultaneously with

reactions to other @micals in the liquid phase.

2.211.1 Physical absorption

Because the kinetics of heterogeneous reactions are controlled by both gas absorption and
chemical reactions, a fundamental understanding of these two theories is important to
describe the phenomemiaat occur during the reaction. For the gas physical absorption
phenomenon, when both gas and liquid phases are in contact, the gas phase (assumed as
component A) is transferred to the liquid phase to reach equilibrium. The rate of mass
transfer or absotn rate can be written as shownkg. 225, and the concentration

profile of the gas component A is shown in Figure 2.6
N, = kG(PAb - Ff) =k, (CI\ - CAb) (2-25)

In this expressionN , is the rate of mass transfer of A (mot/s); k. andk, are the
mass transfer coefficients for the gas and liquid phase (m/s), respecByebnd P are

the partial pressures of A at the gas interface, respectaathC, and C,, are the molar
concentrations of A at the liquid interface and in the bulk (mdJ/respectively

Because it is difficult to find the mass transfer coefficients and the interfacial
concentrations, thilmeoretical expressions for mass transfer coefficients can be written in

terms of the microscopic mass balance equation of the transferred component A, as shown

in Eg. 226, where the lefhand side term is the molecular and turbulent transport rate of
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A, and the convection and accumulation rates are represented in tHeanglgide terms,

respectively.

Gas-liquid
interface
Gas phase Liquid phase
Pan__
— P,
Cy*
\--‘_______. CAh
0

x, distance to interface

Figure 2.6 Concentration profile of a gas component A with the distance to the interface
during its absorption in a liquiBeltran 2004)

Gas-liquid

Gas phase  jpterface Liquid phase
Bulk gas  Gas film Liquid film Bulk liquid
Pab g |
Ca™~_
| T~ |
. Cap
3 0 5L
X

Figure 2.7 Concentration profile of gas A based on the film th@sitran 2004)

D,P%C, =UDC, + ”;A (2-26)

Two theories are used to simplify the previous equation, includinglthéhieory and the
surface renewal theory. The film theory is the simplest approach and was proposed by
Lewis and Whitman; mass transfer though the film is only caused by diffusion, and the
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concentration profiles are reached immediately with distance totdrace. Two films,

i.e., the gas film and liquid film, are bubbled into the liquid phase, as shdvigure 2.7

After solvingEg. 2-27 basd on the conditions of Figug?7, the rate of mass transfer is:

dC D "
N, = D A =A(C C- 2-28
Ao A d)(xzo dL ( A AO) ( )

By comparingeq. 2-28 with Eq. 2-25, the mass transfer coefficient for liquid is:

D
k ==A 2-29
o4, (2-29)

In this expressionD 4 is the diffusion coefficient, and/_is the film thckness parameter

for the film theory.

2.211.2 Chemical absorption

When chemical reactions take place at the fluid interface during diffusion, the reaction rate

(r,) will be added to the microscopic mass balandegpf226, whichbecomes

D,PD’C, +, H @} Eﬁ-& (2-30)

The reactions might be firstrder, pseuddirst-order, or secondrder reactions, as shown
below.

For a firstorder reaction

A - P = kC, (2-31)

For a pseuddirst-order reaction

arze R L =KGG kG (2:32)

For a seconarder reaction

A+zB - P Fh=kGG  ZKGG (2-33)
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where z is the ratio between the coefficients of B and A kaisdhe reaction rate constant
(s* for first-order, L/mol-s for secondrder) (Fogler 2006) To solveEq. 225, the film
theory must be applied. The reaction order is also assumed. For an irreversiblel@rst

or pseuddfirst-order reaction with application of the film theoBg. 230 becomes

= 1, KC, (239

For an irreversible seconarder reaction with application of the film theoiyg. 234

becomes
2

DA uw((:zA: T k:2(:ACB (2'35)
2

D, ”w((:f = 1, GG, (2-36)

2.211.3Kinetic regimes

Many kinetic regimes exist and must bewrsed to determine the reaction rate constant or
the mass transfer coefficient based on the film theory describes the concentration profiles
of A and B through the liquid, including very slow, diffusional, fast, fast pséiuste

order, and instantaneousnétic regimes, as show iRigure 2.8A through 2.8E. Each

regime has its own kinetic equation used to determine the rate otnawasfer(N,,), as

shown in Table 2.6 The rate of mass transfer is also used to determine the regdon
constant, mass transfer coefficient, or specific interfacial area, depending on the kinetic

regime.
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Figure 2.8 Film theory A = very slow kinetic regime, B = diffusional kinetic regime, C

= fast kinetic regime, D = fasspudo first order kinetic regime, and E = instantaneous
kinetic regime(Beltran 2004)
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Table 2.6 Absorption rate law equation for different kinetic regirf@sltran 2004)

o ) o ) Condition and parameter
Kinetic regime Kinetic equation 1o determ
0 determine
very slow KbCuCa. Ha,<0.02, C,, .0
NAo CAo :CAb
a Rate constant
Diffusional — g
N, =k C, 0.02<Ha, 0.3, C, %
Mass transfer coefficient
Fast
N, =k C,—% Ha,>3, C, 0
tanhHa,
Rate constant or Mass transf
coefficient
Fast pseudo first N, =C, /kZ D,Cas 3< Ha, <€ /2, CAb €
order
Rate constant or specific
interfacial area
Instantaneous N, = kLC;E Ha2 > nE, CAb =)
Mass transfer coefficient

b is the liquid holdup which is the ratio of liquid to total volume, Ha is the dimensionles

/ D,C
Hatta numberHa, = kD CBb E =1 D, CB:b

2.211.4Reaction rate constant calculabn

As summarised iMable 2.6 three regimes can be used to determine the reaction rate
constant, i.e., very slow kinetic, fast, and fast psdiudtorder kinetic regimes. In this
research, all of these regimes are studied to investigate the reattoronatant via
expression of the chemical disappearance rate of OL because the concentration of ozone
during the reaction time is difficult to measure. Therefore, the mass balance of OL in a

bubble column reactor becomes

] _dcow =N, a (2-37)

A. Fast kinetic regime

Because of difficulty in using the equation for a fast regime, the equation for a fast-pseudo

first-order kinetic regime is used by assuming that the concentration of OL is constant
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through the film layer and theame as the bulk concentration, as showfiguire 2.8D.

Therefore, Eq. B7 becomes

dCows e DO
'% qaC& lﬁ%l.b

The Imits of the equation above are:

LT (239

Eq.2-38can be integited to become:

T

o =Com 22 (Bt o A (2:39

In these expression§, is the concentration of OL (M}4P< s t he Henryés L

(atm/M), & is the specific interfaciadrea (crmt), Co; and 053 are the concentration of

ozone at the inlet and interface, respectively (M), Bagis the diffusion coefficient of

ozone in oleic acid (cffs). By plotting the square root thfe concentration of OL against

the reaction time, the reaction rate constant (which is a function of the slope) can be
calculated. The experiments must be performed at different ozone concentrations to obtain
the different slopes. In addition, by plotjithe slopes against the ozone concentrations,
linearity should be observed to confirm the value of the reaction rate constant. It should be
noted that if the assumption of a fast reaction regime is correct, the condition must be
fulfilled by equation inTable 2.6.

In the case of secondary reactions, the initial rate method shown irdBaq.a? be used

to determine the re#ion rate constant by plottin@/ z)(- dC,,,, / dt),-, against:;3cgfb. The

plotting result should appear as linear kueh that the reaction rate can be calculated from

the slope. The result should also be confirmed using the equaliable 2.6

RT
- dtto_:b :Zaq%\/ lﬁQ}Lbo _03 Z@ Kgm Q (2'40)

Moreover, another possible method can be applied to avoid the effectaridaeg

reactions because the ozone concentration is removed from the equation. This method



47

involves mixing between compound B and reference compound R with a known rate

constant and stoichiometry ratio. The equation is shown below

Covo - zk, In Cro
Cowo  ZRKr  Cro

In

(2-41)

By plotting In(Co,,, / Couyp) @gainstn(Cy,/ Cry), the plot leads to a straight line, and

the reaction rate can be calculated from the slope of this line.
B. Very slow kinetic regime

The very slow kinet regime can also be used to determine the reaction rate constant in a
bubble column reactor by expression of the chemical disappearance rate of compound OL.
Thus, the equation for this regime becomes

Co, RT

2Zbk G, G = ? b Gy, (2-42)

- 9,
dt

Integration of Equation-42 leads to

C, RT
NSO = Zpk Gt =2 7 g (2-43)

pc
OLbO H

A plot of ln(COLb/COLtD) against the reaction time becomes a straight line such that the

slope is the product of the reaction rate constant, the stoichionagits, liquid holdup,
and ozone concentration. If the assumption of very slow kinetic regime is correct, the

condition must be fulfilled by the equationTiable 2.6

2.3 Bubble generation

Similar to both Section 2.1 and Section 2.2, this section pgevigeful information for
bubble reactor design, i.e., the materials used for diffusers, effect for bubble formation,
and the microbubble generation using a fluidic oscillator. Bubble characterisation is also
provided to estimate the specific interfaciada The details are described in the following

subsections.
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2.31 Factorsthat affect the bubble formation

Many parameters affect the bubble formation and bubble size, including fluid properties
(liquid viscosity, surface tension, liquid density, and gansity), operating parameters
(gas flow rate and flow/static condition of the liquid, temperature, and pressure), and
orifice configurations (orifice submergence and orifice materials). All details are described

in the following subsections

2.3.1.1 Effect of liquid properties

Viscosity of the liquid: Although the effect of liquid viscosity on bubble formation is not
obvious, three contradictions can be given: 1) Bubble size increases with increasing liquid
viscosity, 2) liquid viscosity has a slight ett on bubble size, and 3) no relationship exists
between the two parametéfSerlachet al.2007, Maet al.2012)

Surface tension of the liquid: The surface tension force varies significantly with the gas
flow rate through the nozzle, although it is small. Both the bubble size and the detachment
time increase with increasing surface tension. However, for a small diameter nozzle, the
effect of surface tension is negligible at high gas flow réteskarni and Joshi 2005,
Gerlachet al.2007, Maet al.2012)

Density of the liquid: High liquid density causes an increase in the buoyancy force. As a
result of high buoyancy force, the bubble detaches earlier with smaliramiogas in the
bubble. The bubble size therefore decreases with increasing liquid dS&wesitychet al.

2007, Maet al.2012)

Density of the gas: High gas density via use of a higher molecular weight gaeratian
at higher pressure results in a reduction of the buoyancy force. At low buoyancy force, the
bubble requires a larger amount of gas before detachment. Thus, the bubble size increases

with increasing gas densifiulkarni and Joshi 2005)

2.3.1.2Effect of operating conditions

Gas flow rate and liquid condition: Ma and-wworkers(2012)reported that the average
bubble size obviously increases with increasing orifice gas velocity. In contrast, the

average bubble size gradually decreases with increasing liquid velocity urciemert
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conditions because the bubble detaches from the orifice more easily and rapidly,

accounting for the reduction in both bubble size and bubble detachment time.

Pressure: The experimental result reported by Luo arwdockers(1998)shows that the
increase of pressure does insignificantly change the bubble size although the gas
momentum force increases dramatically. The reason for this observation is that the increase
in the gas momentum force can be counterbalanced by the decrease in the buoyancy force

and the increase of the Basset and liquid drag forces.

2.3.1.3 Effect of orifice configuration

Orifice submergence: There are three methods used to submerge an orifigly, t@m
submergence, bottom submergence, and side submergence. The last two techniques are
normally found in the chemical process industry. Kulkarni and Joshi stated in their review
(2005) that the bubble size decreases exponentially with the increasing orifice
submergence, but under a constant gas flow rate and constant pressure conditions, orifice

submergence has an insignificant effect on the bubble size.

Orifice material: As discugsl previously, the surface force acting on the bubble depends
on the contact angle between the gas and liquid, which primarily depends on the wetting
properties of the material of construction. Suitable materials based on the hydrophilic or
hydrophobic natre of the liquid (wettability) and the polarity have been reviewed by
Ponter and Sura(il997) The effect of wetting conditions on bubble formation was also
studied under low gas flow rates by Gnyloskurenko andaders(2003) who found

that the final bubble size that detadieom the orifice increased dramatically as the
wetting conditions worsened. Therefore, the orifice materials should be sufficiently

wettable to obtain smaller bubbles.

Multi-orifice: The bubbles generated by nudtifice systems are much more complex

than those produced by a single submerged orifice. Therefore, instead of the bubble size,
the bubble size distribution is used in the system design. However, the bubbles generated
by a porous plate wit hp<n @tObleyn)f,i nfeorh oMhd sc
drop across the plate is notably high, show the equality of bubble formation from all
orifices that results in a highly narrow bubble size distribution over the pdiates@gion

(Kulkarni and Joshi 2005Moreover, the smallest bubbles can be formed using sieve

plates with the largest spacing and a high viscosity liquid. Therefore, a largegatshis
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required to suppress the coalescence effect in the sparger region. However, the

arrangement of bubbles in the dispersion zone is not affected by pitch space.

2.3.2 Bubble rise velocity

In addition to bubble size, the rise velocity is an img@arrtcontrol parameter that
determines the ggshase residence time. The rise velocity can generally be referred to as
the terminal rise velocity in stagnant liquid and as the slip velocity in moving liquid.
Several parameters can affect the rise of thebllesbin Newtonian liquids, including
bubble characteristics (size and shape), properties -diqges systems (density, viscosity,
surface tension, and concentration of solute), liquid motion (direction), and operating
conditions (temperature, pressuned gravity)(Kulkarni and Joshi 2005)

2.3.2.1 Effect of size and shape

The shape of bubbles moving in Newtonian liquids can be identified generally as spherical,
ellipsoidal, sphecal/ellipsoidal cap, etc., as shownHhigure 2.9 The shape of bubbles
primarily depends on the forces acting on the bubble, including surface tension force,
viscous force, and buoyancy force. If the dominant forces change with the increase in
bubble ste, the bubble shape will transform from a spherical to ellipsoidal to spherical cap
shapgYanget al.2007)

Three crucial dimensionless groups,, the Reynolds number (Re), Bond number (Bo),
and Morton number (Mo), are normally employed to characterise the bubble shapes and

the rise behaviours, as defineddq. 244 through Eq. -26:

Re= /%%, (2-44)
m
D 2

Bo=2 rd, (2-45)
S

Mo= 927 (2-46)
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Figure 2.9 Shape regimes for bubbles and drops in unhindered gravitational motion
through liquid(Clift et al. 1978)

In these expressiongy is the fluid viscosity, and>r is the density difference between

the liquid and gas phasegiscous force and surface tension force are two dominating
forces acting on the bubble, and its shape is in the spherical/nearly spherical regime. The
bubble size in this regime is usually less than 1.3 mm in diameter, and the ratio of minor
to major axs is less than 10%AmayaBower and Lee 2011) St okeds t he
HadamareRybczynski theoryvere applied to describe the spherical bubble rise velocity

at low Reynolds numbers {R1), as described ikq. 247 and Eg. 218, respectively
(Parkinsonet al. 2008) Al t hough Stokedés theory pres
correlation is indeed limited for a solid particle or a notably ssiaé#éd bubble in a
contaminated liquid (ifnobile surfaces) for which the internal circulation is quite small.
However, Clift(1978)and Sam and eworkers(1996) suggested that the surface of a
bubble with a sizébelow 3064 00 e m i s rigid even though
Therefore, both theories can be used to describe the rise velocity of the microbubbles in
this research, according to the experiment performed by Parkinson and his team. These
researchis concluded that excellent agreement is observed with use offfheddation
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if air, nitrogen, and helium are applied in ulal@an water. In contrast, the values
calcul ated from Stokebos equation are sl
experimets (Parkinsonet al. 2008) The equation for the bubble rise velocity based on
bounday layer theory was also obtained by Levich at higher Reynolds nur(ieish

1962) The rise velocity of the bubble in this regins proportional to the size of the

bubble, as shown iRigure 2.10

Rising velocity
of air bubbles
0.1 [m/s]

0.05

Classical Stokes law
rigid spbere atRe <1
A Experiment

0.02 \
0.01 Liger-Belair et al., 2000

0.005 /é/é i bubbles in champagne
7 3 | ]

o (3 -’f Bubble
. " Levich, 1962 dlcllmeterl ds
0.001 ¥ ' >
0. 02 04 06mm

Figure 2.10Rise velocity of bubbleas displayed theoretically (Levich) and

experimentally(Zimmerman and Rees 2009)

2r°Drg
Ut(ST) = bg—np (2-47)
2Drgr? m+
Uih-r) = Iy L (2-48)

3m 2 m3
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wherer, is the radis of the bubble, andy is the gas viscosity. If the internal viscosity
of the fluid drop is low compared with the fluid viscosityja@), Eq. 248 can be

rearranged as shown in Eg44.

Drgr? 3
Ut(H-R)= © =U

Tam 2o (2-49)

The shape and the dynamics of motion of the bubbles in the ellipsoidal regime with a
bubble size between 1.3 mm to 6.0 mm are primarily controlled by the surface tension
force and buoyancy force. Their motibegins to osciite when the thbles lose their
spherical shape. The range for the Bond number is from 0.25 to 40. Because of the slight
effect on viscous resistance to internal circulation, the drag and bubble rise velocity are

highly sensitive to contaminatigdmayaBower and Lee 2011)

For large bubbles or in the spherical cap regime for which the buizlelessnormally

larger than 6.0 mm, the buoyancy force dominates, whereas the effects of surface tension,
viscosity, and purity of the liquid on the bubbles are negligible. The Reynolds numbers
and Bond numbers of this regime are greater than 1.2 an@sf&ctively(Yang et al.

2007, Haapalat al.2010, AmayaBower and Lee 2011)

2.3.2.2 Effect of purity of liquid

The rise velocity characteristics of a bubble are altered significantly depending on
contaminationj.e., surfactants, electrolytes, and concentration of liquid used. The effect
of surfactants on the rise velocity is similar to that of an electrolyte solution. In the case of
Newtonian liquids, the bubble surface is dragged backward together with tideiflitine

solution contains a surfactant, resulting in an increase in drag and a decrease in the mobility
of the gadiquid interface. The rise velocity of the bubble in a contaminated liquid is
therefore less than that of the bubble in a clean liquideasame bubble siZ&ulkarni

and Joshi 2005)

2.3.2.3 Effect of liquid viscosity

Kulkarni and Josh{2005) stated that the viscosity of the liquid influences both the rise
velocity and the bubble size and also reported that the rise velocity decreases with

increasing liquid viscosity.
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2.3.2 4 Effect of liquid temperature

In an ideal gas at constapressure, the volume of gas increases with increasing
temperature. The size of the bubble is therefore increased after heat transfer across the
interface from the heated liquid. The density difference between the bubble and liquid
phase also decreasessukting in a reduction of the rise velocity of the bubble. Leifer and
co-worker (2000)investigated the effect of the riselagty of the bubble (0.1 mm to 3.5

mm in size) at various temperatures (0°C to 40°C) and found that for bubble sizes less than
0.3 mm, the rise velocity increases with increased temperature. In the case of the bubble
sizes between 0.3 mm to 0.67 mm, tise welocity also increases with the temperature.
Nevertheless, at temperatures above 25°C, the rise velocity decreases with increased
temperature. For larger bubbles, the rise velocity is inversely proportional to the processing
temperature, as shown kigure 2.11

2.3.2.5Effect of external pressure

The reactors used in industry are normally operated at high pressure, unlike those used at
an ambient pressure in a laboratory. Luo andodkers(1997)performed experiments at

high pressures and concluded that the rise velocity of the bubble decreases with increasing
external pressure because the bubble aizkigh pressure is smaller than that at low

pressure.

2.3.2 6 Effect of the wall

According to Krishna and eaorkers(1999) the wall hasslight effect on the bubble
motion. This observation is in good agreement with the work published by Clift and co
workers (1978) which stated that the wall has minor effect on the deformation of the

bubbles athe diameter ratiof ) less than 0,6/ =d, /D..
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eEm,

(b)

Bubble columns are widely used as multiphase reactors in a wide range of chemical,

petrochemical, pharmaceutical, and environmental applications due to their various

advantages. For exante, their heat and mass transfers are excellent, and their maintenance

and operating costs are low because of the simple structure of the r@iéatdesciet al.

2005) This section presents the design and sgplefluid dynamics and regimgas

holdup, massransfer coefficient, and heat transfer coefficiginthe bubble reactors.

2.3.3.1 Design and scaleip

The assembly of bubble columns is quite simple, but an understanding of multiphase fluid

dynamics and their influence on successful design and-ggpadee required. Normally,

the ratio of length to diameter of a bubble column operated in an industrial sector is at least

5, but this value varies between 2 and 5 for biochemical applicdiimgaleesart al.
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2001, Kantarciet al. 2005) However, three main phenomena that engineers should
understand before design and sagbeof bubble column reactors are the heat and mass
transfer characteristics, mixing characteristics, and chemical kinetics of the reacting
sysem. To understand these phenomena, the specific interfaciabavter, mean bubble
diameter, overall heat transfer coefficient, mass transfer coefficient for all species, gas
holdup, and physicochemical properties of the liquid medium must be meastoes be
design and scalep of bubble column reactors. Therefore, specialised measuring devices

are necessary in experimental studies.

2.3.3.2 Fluid dynamics and regime analysis

The three flow regimes observed in the bubble columns, i.e., the homogegous
(bubbly flow), heterogeneous regime (chimrbulent), and slug flow regime, are found to

be dependent on the superficial gas velocity, as shoviaigure 2.12(Hyndmanet al.

1997) Kantarci and cavorkers(2005)reported that the slug flow regime can be observed
only in a smaHldiameter (up to 15 cm at a high gas flow rate) laboratory column and also
reported that the chutarbulent regime consists of a mixture of small bubbles and larger
bubbles with ranges from a few millimetres to a few centimetres. The superficial gas
velocity of this regime is greater than 5 cm/s and is usually observed in industries that use
largediamete columns. It should be noted that the-figaid mass transfer coefficient of

the churrturbulent regime is lower than that of the bubbly flow regime. For the bubbly
flow regime, the superficial gas velocity is less than 5 cm/s, resulting in the forro&tion
small bubble size and rise velocity. A uniform bubble distribution is observed in this
regime over the entire crosectional area of the column. Moreover, the gas holdup of the

bubbly flow regime proportionally increases with the superficial gas Wgloc

2.3.3.3 Gas holdup

The transport phenomena in the bubble column can be characterised by the gas holdup,
which is a dimensionless parameter used for bubble column design and is defined as the
volume fraction of the gas phase occupied by the gaklésibKantarci and eworkers

(2005) stated thathte gas holdup decreases with increased liquid viscosity but increases
with the superficial gas velocity and the operating pressure. Gas holdup also increases with

addition of a surfacactive reagent to the liquid phase. However, the column size has no
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effect on the gas holdup if the column diameter is larger thakbldh and the height is

over 3 m.
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Figure 2.12Flow regimes in the bubble colum(Bouaifi et al.2001)

2.3.3.4 Mass transfer coefficient

Mass transfer in a bubble column is the crucial phenomenon for chemical reactions, and
thus, prior to design and scalp of bubble columns, it is necessary to estimate the mass
transfer coefficient. If it is assumed that the mass transfer coefficient gatsde is
negligible, the overall mass transfer coefficient in the bubble column is only governed by
the liquidside. The specific interfacial area is also the key parameter used to determine the
overall mass transfer rate. Because the shapes of thebuoiitries are spherical, the

specific interfacial areéa) can be written as a function of the gas holdap) and the

sauter mean bubble diame(et,,), as shown ifEq. 250.

o =56 (2-50)

Kantarci and cavorkers(2005)reported that the volumetric mass trand{er increases

with increasing gas velocity, gas density, and pressure and decreases with increasing liquid
viscosity as a result of larger bubble formation. These researchergpdsted that the

ka value increases if a surfactant is present because of small bubble formation. It should
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be noted that for effective mass transfer in the bubble column, the formation of large

bubbles should be avoided.

2.3.3.5 Hed transfer

In addition to mass transfer, heat transfer is a crucial parameter in many industrial
productions because chemical reactions usually take place via heat supply or heat removal
operations. The bubble column has a heat transfer rate that is tiighehat of a single

phase reactor by a factor of approximately 100, as reviewed by Kantarci-aratkeos

(2005) who also reported that the heat transfer coefficient increases with increasing
superficial gas velocity and temperature as a result of reduction in liquid viscosity and
decreases with imeasing liquid viscosity. In addition, the heat transfer coefficient in the
distributor region is less than that in the bulk region. The heat transfer coefficient in the
centre of the column is higher than that at the wall region because of large babhkesd

at the centre.

2.34 Microbubble s generated by fluidic oscillation

Microbubbles (diameter of-299 um) are used for several industrial applications because
their surfaceo volume ratios are higher than that of fine bubbles (diametefr2omin),

and thus, microbubbles can increase the mass transfer rate and mixing efficiencies.
Generally, microbubbles can be produced using three techniques. The first technique uses
compression to dissolve air into the liquid phase. The second techniqu@avees
ultrasound to induce cavitationh@&third technique is referred tow-power microbubble
generatiorby using thdluidic oscillator (Zimmerman et al. 2008) The first two methods

of microbubble generation are usually associated with high power densities and power
consumption by either the compression or stirac treatment. Thereforéye fluidic
oscillation techniquds the suitabletechniqe for use in generation of microbubbles
becausef low power consumptionn addition, the fluidic oscillatostructureis simple
resuling in lower maintenance cos(gimmermanet al. 2008, Zimmermaret al. 2009,

Zimmerman and Rees 2009, Zimmernedral.2011a, Zimmermast al.2011b)

2.3.4.1Fluidic oscillation

A fluidic oscillator is an important device in the airlift loop bioreactor pioneered by
Zimmerman and cavorkers(2009) When thdluidic oscillatoris connected with a steady
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air supply at sufficient frequencay,can generate uniform microbubbles that have the same
size as the pore. The fluidic oscillator offers many advantages, such as no moving parts,
no need for electricity, good reliability amdbustness, and low co&immermanet al.

2011b) The ability of the fluidic oscillator to divert the jet passing through the supply
nozzle is controlled bierminals X and X, as displayed ifrigure 2.13. It is interesting to

note that the frequency of the oscillation can be changed by adjusting the détiggh
feedback loop and the supply flow rate. The geometry and photographs of this device are
illustrated in Figure 2.14Tesaret al.2006, Zimmermaet al.2009)

In addition to the lengtbf the feedback loop and the supply flow rate that controls the size

of the bubbles, the surface wetting properties of tfiesgr have an effect on the size of

the bubbles, as discussed earlier. I f the
water film between the bubble and the pore material. The bullet shape of the bubbles is
observed at the pores becausethed r ophobi ¢ gas cannot stic
result of the water film. Moreover, nanobubbles will be formed if the flow rate of air is as

small as possible and the frequency is as large as possible (Zimnetraia@008).

Exit nozzles <

Figure 2.13Jet offluidic amplifier (Zimmermarnet al, 2008)
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Figure 2.14Geometry of the fluidic amplifiefTop) and the assembled fluidic amplifier
(Bottom) (Zimmermaret al, 2008)

2.3.4.2Benefits of microbubbles

The use of microbubbles imagliquid phase applications offers many advantages. The
major benefit is a surface areavolume ratio(Sy/V) that is larger than that of large
bubbles. The surfaeareato-volume ratio also increases with decreasing bubble radius, as
shown inEg. 251

S_ 4 .8 (2-51)
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For example, if one litre of air is generated to form 100 pm microbubbles, this system will
have 10 rof interfacial area. Threfore, mass flux can increase with increasing interfacial
area (reducing bubble size), as describedEm 252, and the transfer benefit of

microbubbles is shown in Figure 2.(Ammermaret al.2009)
3=k S(c, - ) (2-52)

In this expression] is mass flux (mol/s)k, is the mass transfer coefficient (m/€), and

G are the molar concentrations of the gas and liquid phases, respectiveyjsat

interfacial area (19).

Total Number of
A Bubble A fransfer bubbles N
volume / rate adjusted
3 across /1o ke;ap 1
- surface /' constan
/ Surface " volume
&
transfer 9
rate ~ [
Bubble size / bubble size {
LP.T") L":>
[mm] _T [mm]
a b

Figure 2.15 Transfer benefit of microbubble&) The suiace area & transfente scale
(b) Total transfer rate across surface

In addition to a higher surfag@eato-volume ratio, the residence time of microbubbles is
longer than that of large bubbles, which means that microbubbles have sufficient time to
react with the liquid swounding them, although their transfer momentum is lower. The
residence time of microbubbles in a viscous liquid can be descrilded. 348 (classical

Stokes law), and the rise velocity of bubbles is illustrated in Figure 2.10

2.35 Bubble characterisation
In addition to the bubble rise velocity, other crucial parameters that must be measured in
the bubble column are the bubble size and void fraction. These parameters are subsequently

used to determine the bubble size distribution and the specififacitdrarea. To date, two
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main techniques have been used to obtain these parameters, namely, optical and acoustical
techniques. The accuracy of bubble size characterisation using an optical technique
depends on the quality of the optical device, e.g.t igédium clarity, transparent walls,

and software used for bubble analysis, which might affect the accuracy of prediction of
bubble diameters. This technique is also time consufiagotuet al. 2012) Thus, the
techniques used for setting up the camera and the light source are highly important to

obtaining the best clear figure.

Bubble size distribution is one of the most basic characteristics of bubble colwtoigea
because the bubbles generated from a diffuser have a variety of sizes in reality. It is
therefore important to understand the entire range of bubble sizes in bubble columns, which
is often described statistically as the bubble size distribution.nihéber of measured
bubbles from the figure should be greater than 500 for reliable réSaltsiaSalaset al.

2008) To describe the variable distribution, two models are norreatigloyed, i.e., the
Gaussian or normal distribution and the-twmymal distribution. The normal distribution,

which is a belshaped and symmetrical curve, is often assumed to describe random

variation using the two values of arithmetic mearand standard deviation The log
normal distribution is usually characterised in terms ofttagsformed variables that are
symmetrical against the log scale. This distribution is particularly useful if the mean values
are low, the variances adarge, and the values are positive. In other words, thadogal
distribution corresponds to a ledkewed distribution. Therefore, for bubble size
distributions in bubble columns connected with a fluidic oscillator, which are normally
believed to be sfwwed(Hanotuet al.2012) the lognormal distribution is the appropriate
model used to describe this characteristibe Tprobability density functiortan be
expressd usingeq. 253 (Akita and Yoshida 1974, Limpeet al.2001)

£(x) = "1 a- (Inx- m)? @

PN ex%—g e ? Q x>0 (2-53

In this expression,f (X)is the probability density functiorx is the geometric mean of
the each size rangg/(pper lower ), mis the natural logarithm of theegmetric mean

bubble size, and@ is the standard deviation. Botlmand s , which are functions of the



63

nth moment of distribution /Qz), are defined b¥eq. 254 and Eq. 55, respectively. The

value ofﬁz is also defined by Eq.-26.

= /%Inng- Inm (2-54)

m:§ln '-Zln ] 2-5
> m 3 m (2-55

1

m ="t (x)dx = f" dF (2-56)
0

0

In addition,F is the distribution function defined by EepZ.
F(x) = fif (x) dx (2-57)

As discussed, the spedifinterfacial area is a highly important parameter in this thesis and

is one of several parameters used for estimation of reaction rate constants in the bubble

column. The specific interfacial aréa) related to the gas holdy,) and the volume

surface mean bubble diame(er, ) is defined byEq. 258.
a=— (2-58)

The gas holdup and the volurearface mean bubble diameter are determinegch2-59

andEqg. 2-60, respectively

q, =7 (2-59)
m
e, = % N7 f (x)dx (2-60)

In this expressionN is the number of bubbles per unit aerated liquid volume. FEgm
2-56 through Eq. 50, we obtain
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o 1
a=p N f (x)dx=p ON f°dF (2-61)
0 0

It is interesting that the volurmurface mean bubble diameter is equah®Sauter mean

diameter(d,,), which widely considered as the mean bulsiteas represertin Eq. 2-

62. The pecific interfacial area is possibly calculated by Z63.

N 3
a ”(dj )dl
Ay, (i) = F— (2-62)
a n(dj)df
j=1
N N
a=3al)=3 % (2-63)
i=1 i=1 d32
2.4Summary

In Section 2.1a wide range of useful information gainfdm the previous studies is
presented and afped in this work for experimental design. For example, ozonolysis of
OL under higher surface area conditions results in a higher production rate, and thus ozone
microbubbles are the correct option for this research. The reduction of OL and the product
formation during ozonolysis are functions of both reaction time and temperature, and
consequently, these experiments must be studied at various reaction times and
temperatures to find the kinetic parameters. The decrease of OL concentration is also a
function of ozone concentration, and therefore, various ozone concentrations must be
studied to find an optimum ozone concentration and to confirm the assumption of the
kinetic regime. Protic solvents are added into the reaction system to increase the
productivity, and the optimum percentage of the best protic solvent is determined.

Moreover, a condenser is installed to condense all volatile products and reactants.

In Section 2.2, dry air is used as a reactant for ozone production and is generated via non
equilibrium plasma. All equipment in contact with ozone is constructed from corrosion
resistant materials. For example, the reactor is made of glass and stainless steel, and PTFE
is used for all tubing and valves. The inlet ozone concentration is measurechesiig t
method. Ozone decomposition due the effect of pH is negligible due to the low pH of OL,

and the thermal decomposition of ozone is discussdéchapter 4. Based on previous
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studies, the fast pseudiost-order kinetic regime is selected to estimate riaction rate

constant. The experiments are performed at different temperatures to determine the pre
exponential factor and the activation energy. The experiments are also conducted at
different inlet ozone concentrations to confirm the kinetic regime.rMe o v e r t he
Law constant and the diffusion coefficient must be estimated before determining the

reaction rate constant. These details are discussed in Chapter 4

Section 2.3 describes the parameters that influence the formation and the rigg @€loci

the bubbles, i.e., the gas and liquid properties, the operating conditions, and the
characteristics of the diffuser. Smaller bubbles are formed under lower fluid viscosity, and
their rise velocity is lower than that of the larger bubbles. The diffsiseuld display
wettability to achieve formation of smaller bubbles. A fluidic oscillator is used for
microbubble generation. An optical technique and Image J software are used for bubble
characterisation to determine the bubble size distribution argp#usfic interfacial area.
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CHAPTER 3
EXPERIMENTAL DESIGN

This chapter primarily focuses on the experimental designs produced using Aspen Plus,
COMSOL Multiphysics, and COMSOL Reaction Engineering L%déction 3.1 describes

the process simulationith Aspen Plus used to model all possible reactions summarised
from previous research to determine the possible products and to observe the effect of heat
of reaction for the purpose of designing a cooling/heating syseotion 3.2 discusses

the condengedesign via Aspen Plus intended to condense all volatile products and
reactantsin Section 3.3, Aspen Plus is also used to find suitable protic solvents in terms
of mixing characteristics for increased productiviBgction 3.4 covers determination of

the minimum fluid level in the bubble column reactor using both Aspen Plus and COMSOL
Multiphysics. Section 3.5 details the reactor desig€@MSOL Multiphysics used to
observe the transport phenomena and to find the appropriate location of the thermometer
and sampling tube. Section $fovides a summary

3.1 Processsimulation using AspenPlus

In the experimental design, all possible reaction mechanisms summarkSgdria 2.2A

and Figure 2.2Bmust be investigated because these reaction mechanisms viiere on
predicted by previous researchers without a complete understanding of the reaction
mechanisms and the thermodynamic properties. This necessary information is further used
to design the reactor, separation system, and piping system. In this sectionPAspis

used to estimate the standard free energy of formation of all possible products and reactants
to identify which reactions are spontaneous based on the standard free energy theory.
Aspen Plus is also used to estimate the enthalpy of formatidhsofbstances, and these
parameters are used to determine the enthalpy of reactions. This information is further used
to classify types of chemical reactions as endothermic or exothermic reactions. The
estimated values of enthalpy of reaction are use@sad the heating system in the case

of an endothermic reaction or the cooling system in the case of an exothermic reaction.
Thetemperature atquilibriumis also evaluated for the purpose of finding an appropriate

range for the reaction temperatures. rdtiver, Aspen Plus is used to model the process
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of OL ozonolysis to determine the production rate of all products at different reaction

temperatures and to estimate the amount of heat generated/consumed during the reaction.

In the first section, Aspen B8 was applied to detaine the enthalpy of formatiofbH )

and the stadard free energy of formatiqidG? ) of both the vapour and liquid phases of

all possible products, as shownHFigure 2.2A and Figure 2.2A. The faoular structures
and the chemical formulas of the substances, which are not found in the simulation

database, must be drawn and input to the User Defined Component mode prior to
estimation. After estimatingH { and DG?, the enthalpy of reactionDH,) and the
standard free energyD@,,,) of all reactions were calculated using Eefl and Eq. 2,

respectively. The entropy change%°) was also calculated using Eg33

DH S, =& nDH? (product3- & mDH { (reactantp (3-1)
DG,,, =& nDG? (product3- & mDG? (reactantys (3-2)
DG =DH - TDS (3-3)

For DH,,, the reaction is endothermic when its value is positive; in contrast, the neactio

is exothermic if its value is negative. The valuD8,, can be used to conclude whether

a reactionis spontaneous or nespontaneousinder standard conditions: The reaction is

spontaneous in the forward directioitsfvalueis negatve, the reaction is nonspontaneous
in the forward direction ifts valueis positive, and the reaction is at equilibriunDFEf;n

is zero. MoreovergdH and &S can be used to predict whether a given reaction will
spontaneously occur at csiant temperature and pressure. If badth and -TasS are
negative, a5 will always be negative, and the process will be spontaneous at all
temperatures. Similarly, if botlsH and-Ta&S are positivegds will always be positive and

the process will be nonspontous at all temperatures, but the reverse reaction will be
spontaneous at all temperatures. When lgdthand DS are negative, resulting in a
positive sign for-TasS, &G will be negative at low temperatures, where#3 will be
positive & high temperatures. Similarly, if bo#eH and DS are positive, resulting in a
negative sign ofTasS, a6 will be negative at high temperature, whereda will be
positive at low temperatu{&mithet al.2005, Brown 2006)
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Normally, e&eH and &S vary slightly with te
for determination ofhe temperature at equilibriuneeG= 0 ) Equ33.i Motg that the
sign of &G can be used to indicatoasomahi ch
equilibrium, but it cannot be used to predict the reaction(Batevn 2006)

@
W)
& A@ - =
() REscTOR @ @ Temperature (C)
[t \ .
IZ> OZONE D Volume Flow Rate (I/min)
i () outy wan
j:o Q Duty (Watt)
o (a]

Figure 3.1 Processsimulation of ozonolysis adDL

In addition toDH { andDG?, Aspen Plus was employed in the second section to model

the process of OL ozonolysis and find the percentage of the products and the outlet
temperature of the RBDUCT stream. The property method employed in this simulation

is WILSON. As displayed ifrigure 3.1, the OLEIC stream (which is pure OL at a molar
flow rate of 1 mol/min, 20°C, and atmospheric pressure) was fed to the reactor (R1) to
react with ozone in all1 stream. The M1 stream is the combination of an OZONE stream
with a molar flow rate of 1 mol/min with an AIR stream at 20°C and atmospheric pressure.
The composition of ozone in the M1 stream after mixing with air was set to 1500 ppm
according to the m@mum rate of ozone generation used in the laboratory. All reactions
summarised in Figure 2.2A and Figure 2\@8re also added into R1. The temperatures of
the reactor were set at%L) 40°C, and 60C and atmospheric pressure. The HS1 stream,
which is theheat stream, and form R1 were connected to a heater (H1) to determine the
outlet temperatre of the PRODUCT stream.

Results anddiscussionsof the process simulation

The estimated values @H { and DG of both the gaphase and liquid phas¢standard

conditionsof all products and reactants are illustratedTable 3.1. The enthalpy of
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reacti on, standard free energy, entropy,
reactions calculated using EG13Eq. 32, and K. 3-3 are also displayed in Table 3.2

The results show that the spontaneous reactions at standard conditions aresig¢acfipn
2,3,4,5, 6,10, 11, 33 and 35 because the standard free energies of these ezactions
negative. he enthalpy of reactio is also negative. In addition, the reactions are
nonspontaneous in the forward direction. Therefore, the possible reactions of ozonolysis
of OL are exothermic. The possible products formed after the ozonolysis based on free
energy theory are PO, NN, CIDQA, CI2, AA, OcA, CQ, NA, 100xA, and 90xA.

Moreover, by considering the enthalpy of reaction and the entrofgbile 3.3 the results

show t hat -TtedBe od&HsNee b ®, tarid 8 are negative, and therefore, these
reactions will be spontaneous at all temperatures. This observation means that PO, NN,
Cll1, OA and Cl2 can be f or medd-Ta#S aolfl srteeancpt
No. 7, 20, 21, 22, 23, 24, 25, 26 and 34 are positive, and thus, these reactions will be
nonspontaneous at all t e mpsiNp.&,t5u6r &%, 10, ITL h e &
27, 28 29, 32, 33, and 35 are negative, resulting e fdrward direction at low
temperatures, wher easNotlh &3, B4HL5 46) 47, 1&39, 80f r ¢
and 31 are positive, resulting in the forward direction at high temperatures.

The equilibrium temperatures of reactions No. 4, 5, 6,10labhd wi t h &G val u
negative at the standard conditions, are 434.5 K, 462.0 K, 504.0 K, 306.3 K, and 306.3 K,
respectively, which means that all products from these reactions, including AA, NA, OcA,
CO, NN, 3OxA, and 100xA, will be formed at teperatures less than 504.0 K.

Mor eover, the equilibrium temperatures of
at 298.15 K) are 284.7 K, which means that the products of these reactions, i.es, OA, 9
OxA, and 100xA, will be formed at temperaturdess than 284.7 K. However, the
undesired products (AAHPs) gained from reactions No. 12 to No. 19 might be formed at
high temperatures. Therefore, ozonolysis of OL should be run at low temperatures to avoid
the formation of undesired products and to insescthe formation of valuable products.
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DH? DH? DG? DG?
No. Name Formula MW (KI/MolKx10? (KI/Mol)x10? (KJ/mol)x 10 (kJ/molx 10
(gas) (liquid) (gas) (liquid)
1 Oleic acid CigH3402 282.47 -7.10 -8.21 -2.28 -2.79
2 Primary ozonide C18H3405 330.46 -8.91 -9.57 -4.73 -5.37
3 9-Oxononanoic acid CoH1603 172.22 -6.56 -7.23 -4.19 -4.55
4 | Azelaic acid CoH1604 188.22 -9.27 -10.41 -6.57 -7.12
5 Octanoic acid CgH1602 144.21 -5.56 -6.35 -3.25 -3.54
6 1-nonanal CgH10 142.24 -3.11 -3.68 -0.76 -0.95
7 Nonanoic acid CoH1e02 158.24 -5.77 -6.62 -3.17 -3.50
8 Cyclic acyloxy hydroperoxide CoH1604 188.22 -6.24 -6.96 -5.27 -5.64
9 Stabilized Criegee intermediatel CoH1604 188.22 -9.17 -9.80 -5.95 -6.61
10 | Stabilized Criegee intermediate2 CoH1502 158.24 -5.67 -6.31 -2.51 -2.91
11 | 10-Oxooctodecanoic acid CigH3403 298.47 -8.68 -9.32 -3.72 -4.31
12 | 9-Oxooctodecanoiacid Ci18H3403 298.47 -8.68 -9.32 -3.72 -4.31
13 | U-acyloxyalkyl hydroperoxide1OL CoH5006 470.69 -12.67 -13.56 -6.42 -7.07
14 | Uacyloxyalkyl hydroperoxide20L Co7Hs5204 440.71 -9.17 -9.92 -2.98 -3.56
15 | Uacyloxyalkyl hydroperoxide10A CigH3207 360.45 -12.80 -13.49 -8.97 -9.78
16 | Uacyloxyalkyl hydropergide20A C18H3405 330.46 -9.29 -9.92 -5.53 -6.17
17 | Uacyloxyalkyl hydroperoxide1NA C18H3406 346.46 -11.98 -12.65 -7.98 -8.72
18 | Uacyloxyalkyl hydroperoxide2NA Ci8H3604 316.48 -8.48 -9.10 -4.54 -5.08
19 | Uacyloxyalkyl hydroperoxide1AA CigH320g 376.45 -15.48 -16.26 -11.42 -12.32
20 | Uacyloxyalkyl hydroperoxide2AA Ci8H3406 346.46 -11.98 -12.65 -7.98 -8.72
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DH ? DH ? DG? DG?

No. Name Formula MW (kI/MoIx 107 (kI/Molx10? (kI/Molx10? (kI/MoIXx10?
(gas) (liquid) (gas) (liquid)

21 | Secondary ozonides1 C1gH3603 300.48 -6.35 -6.98 -1.29 -1.72

22 | Secondary ozonides2 C18H340s5 330.46 -9.85 -10.50 -4.73 -5.37

23 | Secondary ozonides3 Ci8H3207 360.45 -13.34 -14.02 -8.17 -9.02

24 | Diperoxidel CisH3208 376.45 -12.75 -13.44 -9.15 -10.05

25 | Diperoxide2 Ci18H3604 316.48 -5.75 -6.40 -2.27 -2.74

26 | Diperoxide3 C18H340s 346.46 -9.25 -9.91 -5.71 -6.40

27 | Hydroperoxidel CoH160s5 206.24 -8.45 -9.07 -7.00 -7.71

28 | Hydroperoxide2 CoH2003 176.26 -4.96 -5.5 -3.56 -3.99

29 | Oxygen O 31.9 0 -0.76 0 0.13

30 | Ozone Os 47.99 1.43 1.36 1.63 1.73

31 | Water H20 18.02 -2.42 -2.87 -2.29 -2.37

32 | Hydrogen peroxide H20: 34.01 -1.36 -1.88 -1.05 -1.20

33 | Carbon dioxide CO 44.01 -3.94 -4.01 -3.94 -3.85

* All parametes areestimatedusingAspen Plus
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Table 3.2 Enthalpy of reaction and standard free energ@bfozonolysisat 25C and 1

atm.
DH., DS° DG, | Temp. (k)
No. Reactions (k3/mol) (3/mol-K) (k3/mol) at which | References
x10P x10° x1(P G =0
Primary ozonolysis
L[ oL+o PO 279 | 478 | 421 - [1,23,5,
6,79
2 | po - NN+ CL -1.30 1.30 -1.69 - [1,2 3,5,
6,7 9
3 | po - OA+ CI2 127 106 | -161 - [1,2 3,5
6,7 9
Isomerization
4 [ cn - AA 3.22 741 -1.01 4345 |[1,3,5,6,
7,8
5 Cl2 - NA 299 | -6.48 | -107 | 4620 |[1,3,5,6,
7,8
6 [Cl1 - OcA+CO, 317 | 629 | -1.28 | 5040 |[4]
7 | Ccnln - CAHPL 0.23 -0.79 0.45 - [5]
OL attacking double bond
8 | ci1+0L - OA 40,0xA -1.15 -4.04 0.039 284.7 [6]
9 | cisoL OA 9.0x2 115 | -404 | 0039 | 2847 |[2 6]
10 | clz2+0L NN 400x? | -116 | -3.80 | -0.038 | 306.3 |[6]
11 | ci2+0L _ NN +9,0xA -1.16 -3.80 -0.038 306.3 [6]
Stabilization
12 | cj1+0L . AAHPIOL| 184 | 004 | 18 - [6]
13 | ci2+oL - AAHP20L | 1.2 0.84 1.67 - (6]
14 | Cl1+0A ] AAHPLOZ | 0.93 021 | 0.879 - 5,79
15 | ci12+0A . AAHP2 O2 0.% 0.42 0.81 - [5, 7]
16 Cl1+ NA - AAHPL NA 1.16 0.95 0.8 - [7]
17 | cl12+NA . AAHP2 N2 1.15 1.08 0.85 - [7]
18 | o)1+ AA ] AAHPLAZ | 1.34 1.44 0.91 - [7]
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DH . DS° DG° | Temp. (K)

No. Reactions (kd/mol) | (9/mol-K) | (kJ/mol) | atwhich | References
x1(0P x10? x10? DG=0

19 | Cl2+ AA - AAHm A2 | 13D 1.88 0.83 - [7]

20 [ cl1+0A - som 040 | 414 | 164 - [5, 7]

21| cl2+0A - SOz 037 | 421 | Leél - [5, 7]

22 | CI1+ NN T soz 037 | 445 | 169 - 5.6, 7]

23| Cl2+NN - soz 033 | 449 | 166 - [5. 6, 7]

24 | cl1+cil ] DP1 094 | -413 | 217 - [5.7.§

25 | c12+Cl2 _ DP2 0.85 -4.26 2.12 - 5, 7]

26 | c11+Cl12 ] DP3 0.91 -4.18 2.14 - 1, 7]

Decomposition

27 | pp1 - OA+ OA +Q -1.78 -7.33 1.08 - [1,4]
28 | pp2 - NN+ NN +Q | 172 | 672 0.97 - [1,4]
29 | pp3 R NN+OA +Q | 176 -7.04 1.03 - [1]
Water added
30 | clii+ H,0 - HP1 0.99 0.68 0.769 - [7]
31| cl2+ H,0 - HP2 0.906 0.28 0.812 - [7]
32| w1 - OA+ H,0, -0.04 -6.72 1.96 - [7]
33| e - AA+ H,0 -4.21 -8.09 -1.78 520.4 | [7]
34 | Hp2 - NN+ H,O, 0.03 -6.08 1.84 - [7]
35 | yp2 - NA+ H,0 -3.9 -6.76 -1.88 576.9 | [7]

[1] = (Hearn and Smith 2004]2] = (Katrib et al.2004) [3] = (Thornberry and Abbatt 2004[4] =
(Hunget al.2005) [5] = (Ziemann 2005)[6] = (Hung and Ariya 2007)7] = (Vesnaet al.2009) [8] =
(Lastet al.2009) [9] = (Leeet al.2012)

The process simulation results show that all molecules of ozone react with OL ta form
number of products, as discussed previously. The NN, OcA, and carbon dioxide are the
major products found in the PRODUCT stream, whereas NA, OA, and trace amounts of
AA are considered the minor products. The volume fractions of NN, OcA, NA, and OA in
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theliquid phase at 20°C are 0.48 PPB, 0.52 P88 ,PPB and29 PPM respectively. These
results also show that formation of these products is temperature independent, as illustrated
in Table 3.3

It is clear that the major products estimated by Aspen RiegsN& and OcA. By
considering the liquid fraction from the simulation results, the decomposition of PO that
follows reaction pathway 1 to form NN and CI1 is approximately 100%, whereas the
remaining PO follows the reaction pathway 2 to form OA and CIZX Sibtiation occurs
because an @ bond, (which closes the alkyl group and might be the weaker bond) and a
C-C bond are cleaved to form a large amount of NN and CI1 and also shows that most of
the CI1 transforms to OcA and G@nd a small amount of CI1 is@rises to generate AA.

Il n pat hway 2, al | Cl2 isomeri s ebdo. 10andf or m
No. 11 are negative, no signs ofO&A and 9OxA are observed because a small amount

of CI2 is formed and is completely converted to NA.

The amounhof NN from the simulation result is similar to that of the experimental results
reported by many researchers in which8806 of NN was observe(Hearn and Smith
2004, Thornberry and Abbatt 2004, Huetgal. 2005, Vesnaet al. 2009) The amount of

AA is also similar to the observation of King andworkers(2009)that a trace amount

of AA is found during ozonolysis of OlMoreover, the volume percentage of NA is quite
similar to the experimental observation from Hung anavodkers(2005)in which NN of

7% was detected.

Table 3.3 Liquid product yield at different reaction temperatures using tteR.

Volume fraction Temperature (°C)
20 40 60
AA Trace Trace Trace
OcA 0.480 0.480 0.480
NN 0.520 0520 0520
NA 584 PPB 6 PPM 19 PPM
OA 29 PPM 3 PPM 286 PPB

However, thesimulation results are different from the experimental observation reported
by Katrib and ceworkers(2004)and Ziemanrf2005) who found that OA was one of the
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major products with 185% observed. These researchers also found that the composition
of Criegee intermediates and their related products-83%b, which is not shown in these

simulationresults.

In addition, during the reaction, the effect of the exothermic reaction increases the outlet
temperature by 21°C. However, the concentration of ozone used in this experiment is
notably low, and a large amount of inert air is fed to thetoeaThis effect can be
minimised by removing the insulation materials from the reactor so that heat generated
from the exothermic reactions can be transferred from the reactor to the surroundings.
Therefore, a cooling system is unnecessary for the budailenn reactor used in this

study.

In the case of water addition to increase productivity, Vesna asdodaers (2009)
concluded that increasingethumidity during ozonolysis of OL results in an increase of
primary product yields because CI will react with water before it reacts with the primary
products. Nevertheless, the simulation results display€dbte 3.2how that the standard

free energis of reactios No. 30 and No. 31 are positive. Therefore, both HP1 and HP2
cannot be formed during ozonolysis, accounting for unobserved products from eaction
No. 32, 33, 34, and 35. In contrast, if CI1 reacts with water to form AA and water or if CI2
reacts with water to form NA and water, the standard free energies of these reactions are
negative.Therefore, the primary product yields might be increased by following these

reaction paths, according to the research performed by Vesna-amudlars(2009)

Temperature effects on product formation were modelled over the studied temperatures of
20°C, 40°C, and 6@, as summarised iMable 3.3.The resits show that the product
formation is temperature independent. Furthermore, AAHPs will be formed at higher
operating temperatures, which is in good agreement with the experimental results
published by Hung and Tar{g010)

3.2 Condenser desigmusing AspenPlus

As discussed i€hapter 2, NN (which is the product with the lowest volatility) might be
evaporated if experiments are performed ghhemperatures. Therefore, in this section,
Aspen Plus was used to determine the heat exchanger area of the condenser needed to
condense all volatile products. As displayed in FiguretB2 gas phase from the reactor

(which is assumed to be pure airfesl to the condenser at a volumetric flowrate of 0.2
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L/min at 60°C and atmospheric pressure. The outlet temperature of the gas stream and the
inlet temperature of the water stream at a volumetric flowrate df/thih are set at 20°C

and 18°C, respectivel The physical properties used in this simulation for the gas phase
and water are IDEAL and STEANIA, respectively. The overall heat transfer coefficient

of the condenser with air and water as the fluids was also set at 1DK\{imcropera

2011)

Results and discussiosof the condenser design

The results show that 0.14 Watts of heat must be removed fronash&trgam to reduce
the gas temperature from 60°C to 20°C, and the required heat exchanger area is20.78 cm
Therefore, the conventional coil glass condenser used in all laboratories can be employed

in this experiment because its exchanger area is appatedy 200 crh

=

Figure 3.2 Condenser design

However, during ozonolysis with protic solvents, the substance used in thisstiudye

lowest boiling is methanol. The boiling point of methanol is much lower than that pf NN
thus, the designed condensetested by bubbling dry air at a volumetric flowrate of 0.1
L/min at 20°C into methanol at temperatures of 20°C, 40°C, and 60°C for 36 hr to
determine the loss rate of methanol. The loss rate was subsequently recorded such that

extra methanol could belded during the reaction according to this loss rate.
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3.3 Suitable protic solvents predicted using Aspen Plus

As discussed previously, Cls are considered undesirable species because they react with
valuable products as well as with OL, thus accountinghferdecrease in productivity of
valuable products. However, Vesna anenarkers(2009)proposed that the presence of
water, which is a protic solvenisults in an increase of productivity of NN. Finlayson

Pitts and Pittg2000) also proposed that the presence of hydrogen peroxide, methanol,
ethanol, and formic acid, which are all protic solvents, cgnttra reactions between Cls

and primary products. Therefore, the protic solvents, which can dissolve in OL to form a
homogeneous phase, are selected to increase the productivity instead of water because OL

is insoluble in water.

To find the appropriate saénts, Aspen Plus was used to plot the ternary map of OL, water
and protic solvents, i.e., methanol, ethanepropanol, isepropanol, Rbutanol, formic
acid, and acetic acid. The physical property method used in this simulatifiF&C-

LL, which isde<ribed in the thermodynamics bo@&mithet al.2005)

Results and disassiors of Suitable protic solvents

The results displayed figure 3.3 show that a small amount of OL dissolves in water (less
than 2%), whereas OL cannot dissolve in formic acid at all compositions. In contrast,
Batista and cavorkers(1999)reported that OL dissolves in acetic acid as well as in-short
chain alcohols at allcompositions. Therefore, the shahain alcohols, including
methanol, ethanol,-propanol, isgpropanol, Abutanol, and acetic acid, are used in this
work to dissolve OL to increase the productivity.

It is well known that the ozonolysis of alcohols fésun formation of aldehydes and
ketones at 583% yields under mild conditions. The reaction rate constant of ozonolysis
of alcohols is strongly dependent on the alcohol structure, as shown in Table 3:4. First

order kinetics are also observed for ozos®f alcoholg§Rakovsky 2009)

The data listed in Table 3show that the reaction rate constant for ozonolysis of methanol
is the lowest compared with ethanolpropanol, isepropanol, and #butanol by an order

of magnitude. Therefore, due to its lesser reactivity with ozone, methanol might be a
suitable solvent for enhancing productivity. In addition, it could be assumed that the

reactivities of methanol and ozone are negligible when they are mixed with unshturate
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compounds because the reaction rate constant of ozonolysis of unsaturated compounds is

several times higher than those found in methanol, especially in the liquid phase.

WATER

0.3 0.6 0.3
WATER WATER

Figure 3.3 Ternary map oOL mixture at 20C and atmagsheric pressuteA = methanol,
B = ethano] C =iso-propano) D = n-propano) E =acetic acidand F =formic acid
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Table 3.4 Reaction rate constawf ozonolysis of alcohols at different temperasure

Temperature (°C)
k (M-1.st)
20 25 30
Methanol 0.0/ 0.072 0.108
Ethanol 0.540 0.740 1.100
N-propanol 0.670 0.890 1.180
Iso-propanol 2.710 3.460 4.390
N-butanol 0.560 0.760 1.100

3.4 Minimum fluid level in the bubble column reactor
The minimum fluid level in the bubble column reactor is a crucialmpater in terms of
reactor design. This parameter can be estimated by multiplying the bubble rise velocity

discussed iChapter 2 by the total time. The total tiig,, ) is the summation of the time

that it takes the reactant to diffuserh the gas phase to the liquid interfgég ,; ) from

the liquid interface to the liquid buM%OL) and the reaction timef( ). The total time

can be used to define the residence time for whichubblbs should exist in the bubble

column reactor.

With the assumption of singldirection mass transfer along the radiﬁ@émr can be

calculated using Eq-8, which is a function of the diffusion coefficient of ozone in air and

the buble diameter. The worst case is also assumed if molecules of ozone are packed at
the centre of the bubble surrounded by molecules of air because the diffusion time from
this point is the longest diffusion due to the longest distance. The diffusion cagfti€ie

ozone in ai( Dy, 5, ) at different temperatures can be calculated using f5¢h8ough Eq.

3-10. Moreover, the, ,, can be modelled using COMSOL Multiphysics. Details are

described in Section 3.4.1

r
[ air = & (3_4)
> 2DO3air
3/2
0.0026d (3-5)

o,Ar = T2 .2
I:)'\/IO\,}Air‘s‘O3AirV\/D



Mo ar =2/ §AL/MW, ) +1/ MW, )
S _ 503 + Air

_1.06036 ,  0.1930

1.76464

W, === - T P
P T exp(0.47635° ) exp(1.52996 ) exp(3.89411
eO3Air

Eo,air :( & Airéo.s
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(3-6)

(3-7)

(3-8)

(3-9)

(3-10)

In these equationg, = radius of the bubble, T = temperature (K), pressure (bar)s =

characteristic length @, W = diffusion collision integral (dimensionless) =

characteristic Lennardones energy, anllg =

Boltzmannos

Zd)st ant

Both the characteristic length and characteristic Lenrdands engy are presented in

Table 3.5

Table 3.5LennardJones potentials of air and ozone

Substance 512\ elk,K
Air 3.71% 78.6
Ozone 3.87% 208.4
Air -Ozone 3.793 127.98
a =(Polinget al.2000) b =(lvanovet al.2007)

For 1‘03,0L, singledirection mass transfer over a plane surface can be assumed because the

diffusive length of ozone in OL is much smaller than the bubble raxh\ius,l‘osm can be

determined usindgeq. 311 It shouldalso be assumed that no chemical reaction occurs

during the diffusion from the liquid interface to the liquid bulk.

_ DO3OL _ a’

r

t =
0O;,0L k|2 2D030,_

(3-11)
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In this equationdr = the reactdliffusive length of ozone in oleic acid (2 iM20 nm)
(Moise and Rudich 2002, Morrist al. 2002, Smithet al. 2002, Kirg et al. 2009) and

Do, = the diffusion coefficient of ozone in OL, which is describeGhapter 4.

In this section, the  shown in Eqg. 3L2 can be minimised because the reaction rate

constant of ozonolysis of urts@ated compounds is notably high, thus resulting in a rather
short period for the reaction tingBeltran 2004, Kinget al.2009)

¢, = (3-12)

3.4.1Diffusion time of ozone in the bubbleusing COMSOL M ultiphysics

In addition toEqg. 34, COMSOL Multiphysics is used to predict the diffusion time of
molecules of ozone in the bubble such that the results can be used to determine the
minimum level of OL in the reactor. The & assumes the worst case in which all
molecules of ozone are packed at the centre of the bubble. From this point, molecules of
ozone diffuse to the liquid interface over the longest distance, resulting in the longest

diffusion time.
% +D @ DBC)=0 (3-19)

The diffusion module in COMSOL Multiphysics with transient analysis and no chemical
reactions was employed in this study. The mass transfer equation for this module is shown
in Eg. 313. Only half of the bubble was modellesing 2D axial symmetry. The inner

circle represents pure ozone surrounded by pure air, which makes up the outer circle, as
shown in Figure 3.4A. The radius ratio between the inner and outer circle was set at 1:10
such that the concentration of ozone in thubble at steadgtate conditions would be
approximately 1000 ppm. The initial concentration of pure ozone is 41.757 inafioh

the diffusion coefficients of ozone in air used in this model are estimated usB«.Eq.

The boundary conditions and the siation result are shown in Figure 3.4A and Figure

3.4B, respectively.
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Figure 3.4 Diffusion time of ozone in the bubblé?A) bubble geometry and boundary

conditions, B) simulation resuttat different times
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Figure 3.5 Total diffusion time of ozone from air tOL and bubble rise velocity
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Results and discussions of the minimum fluid level

The values of , ,, obtainel from the simulation results and frdey. 34 are identical.
This result confirms that both techniques are correct. Therefgrecan be plotted as a

function of bubble diameter, as shown in Figure 3.5. The result shows fhahcreases

with increasing bubble diameter but decreases witheasing fluid temperature¥he

t o 1S dominated only by the because is quite rapid due to the notably short

O;,air 0O;,0L
reactediffusive length of ozone in OL. Therefore, bubble size is a crucial parameter for

specifying the level of the liquid in the bubble reactor.

For the rise velocity of the bubbles calculated by E492which is suitable for a bubble
with a diametesmaller than 1.3 mm, the results illustrated in Figure 3.5 show that the rise
velocity increases with increasing bubble diameter and fluid temperature; this value is
much smaller than the rise velocity of the bubble in the water, as shown in Figure 2.10
becausehe fluid viscosity of OL is 35 times higher than the fluid viscosity of water, and

the density of OL is lower than the density of water.

0.2 -
0.18 +
£ 0.16 - i) C
0.14 - —g=i) T

§0'C
0.12 -

liquid level (c

0 —
200 400 600 800 1000 1200

Bubble diameter (micron)

Figure 3.6 Minimum OL level in the reactor at different temperatures

The minimum level of OL in the reactoan be determined by multiplying the summation
of the total time by the rise velocity, as showrFigure 3.6 The results show that the

minimum liquid level increases with increasing fluid temperature and bubble size. For
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example, at a bubble diameter B300 microns and a fluid temperature of 20°C, the
minimum level of fluid is approximately 0.17 cm, which means that at this level, ozone
molecules have sufficient time to diffuse from the gas phase to the liquid interface before
reacting with OL at the ietface. Therefore, in this research, the level of OL in the reactor
must be greater than 0.17 cm if the bubble size is approximately 1300 microns and the

reaction time is assumed to be rapid.

3.5 Reactor designusing COMSOL M ultiphysics

The COMSOL Muliphysics software is used to find a suitable location for the sampling
tube and the thermometer by modelling only half of the reactor to reduce the solution

memory, as shown iRigure 3.7.

The bubbly flow module and heat transfer module were selecteddelthe twephase
flow fluid. The geometry details and boundary conditions of both the liquid and gas phases
are shown in Figure 3.8. The diameter of the bubbles and the flow rate of asewate

1000 pm and 0.1 L/mirrespectively.

The momentum trap®rt of the bubbly flow can be written as shown in EG43
u ; .
fr % +fru @u =- P+D CﬁfI n;/(E)uI +Du/ )]+ frg (3-14)

In this expression/, is the volume fraction of the liquid phase®(m?®), 7, is the liquid

density (kg/m), U, is the liquid phase velocity (m/sfpis the pressur¢Pa), /77is the

liquid dynamic viscosity (Pa-s), and g is the gravity vector{mil$ie equation for thgas

phase transport can be written as showBgn3-15.

Hel Lol ) m, (3-15)

In this casel is the gas phase velocity (m/g), is the gas density (kafn fg is the
volume fraction of gas (Amd), and m,, is the mass transfer rate from gas to liquid

(kg/(m®-s)). The gas density, which is calculated from thelidaa law, can be written as

shown in Eq. 3L6.
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Figure 3.7 Simulationpartof reactor design

_(p+ pu MW

r
’ RT

(3-16)

In this expression, MV is the molecular weight of the gas (kg/mol), R is the ideal gas
constant (8.314 J/mol-K),P,es is the reference pressure {1Pa), and T is the

temperatureThe equation for the liquid volume fraction and the gas vglcain be written
as displayed in Eq.-37 and Eq. 4.8, respectively.
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Figure 3.8 Model definition of reactor design; geometry modelliAg, (boundary
condition of liquid B), boundary condition of ga€}, boundary conditionfcheat
transfer D)

f=1-¢f (3-17)

Uy =4y, (3-18)

In these expressionsly,is the relative velocity between the gas and liquid (m/s). In
addition, the relative velocity between the gas phase and the liquid phase catelbeasrit

illustrated inEq. 319.

3G,
1

4d,

(3-19)

uslip |uslip: - ﬁ

whereC, is the drag coefficient, andb is the bubled diameter (m). In addition to the
momentum transport equation, the heat transfer equation used in this model can be written

as shown in Eq.-20.

r,Cp,%+ B(&-T)PQ =Gy T (3-20)



87

In this case,C, is the heat capacity at a constant pressure of the liquid (J/klj,l-lﬁ,

the thermal conductivity of the liquid (W/m-K), and Q is the heat source Vhe
simulation steps and all parametased in this model appear Appendix C.Moreover,
COMSOL Multiphysicds employed for 3D modelling. The simulation details are listed in
Appendix C.

Before running the simulation, the geometry must be divided into mesh cells, as shown in
Figure 310A. In this simulationtriangle mestelementgunstructured meskgreset with
threedifferentnumbers omesh element®r mesh dependensyudy The numbeof mesh
elements andegrees of freedom calculated ®@MSOL Multiphysicsarelisted in Table

3.6

Table 3.6Meshdependency study

Mesh Number of Mesh elements | Number of degrees of freedom
11313 74564
B 14532 95638
19281 126671

Results anddiscussions othe reactor design by COMSOL MULTIPHYSICS

As shown in Figure 3,%he liquid velocityalongtheradius of the reactattheliquid level
of 10 cmis selected to represent the effect of maspendencyThe result shows thaté
liquid velocity at the centre of the reac{or0) and at the radius between 1.0.5 cm is
slightly different. A part from that the liquid velocity is identicdecauseof identical
results, the highest numberwistructured mesbklementgMesh C) as listed in Table 3.6
is used in this studyote that the higher numbers of mesh elemeaitsbe employed, if

high performance ofa computers available

For the reactor desigrhe simulation results of the liquid velocity and the arrow liquid
velocity are shown irFigure 310B and Figure 3.0C, respectively. These figures show

that the bubbles rise through the ligpidase between the centre of the reactor and the tip
of the diffuser (represented in red colour). When the bubbles rise, the liquid phase also

rises with the same direction and velocity, resulting in a circulating motion of the liquid
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phase inside the react Therefore, it is not necessary to insert the internal tube in the

bubble column reactor used in this study.

0.3 (
= \lesh A
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Figure 3.9Liquid velocity of different mesh elementMesh A =11313, Mesh B =
14532, and Mesh C =19281

Two locations are suitable for imdiiation of the sampling tube. The first location is the

area within the diffuser length that shows a strong flow of the liquid phase (red colour),
and the other is the area in which the liquid flows down along the edge of the reactor.
However, certain ragns are inappropriate for sampling tube installation because the
liquid displays slight movement in these regions. The mentioned locations are the blue
coloured zone at the top and the bottom of the reactor, and the blue coloured zone near the
red colourzone along the reactor (the interface between the liquid phasagprisnd

down).

In addition to installing the sampling tube, a thermometer is required for detecting the
reaction temperature. Therefore, the heat transfer model is added to predict the
chaacteristics of heat transfer in the reactor to find an appropriate location for the
thermometer. A heating mantle is employed in this study to heat the OL in the reactor such

that the heating zone is set at the bottom of the reactor. The temperatuiat 60S€. The
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inlet temperature of the feed gas (at the diffuser) and the initial fluid temperature are also
set to 20°C. The fluid properties, which are a function of temperature, are estimated using

Aspen Plus, as listed #ppendix B

r 0.08

0.04

0.02

Figure 3.10 Simulationresuls by COMSOL MultiphysicsMesh(A), Liquid velocity

and arrow liquid velocityH), and Liquid velocity and stream line liquid velocit) (

' l——/ l ' .
u 295

Time=0 > Time = steady state

Max: 335.37

Min: 290.92¢

Figure 3.11 Heat transfer inside the react

The simulation result displayed gure 3.1 shows that the fluid temperature inside the

reactor increases with increasing contact time. In the beginning, the fluid temperature is
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much lower than the set temperature of the heating zone. Next, gdrieratés transferred

from the heating zone to the fluid via convection heat transfer, resulting in a sharp increase
of the fluid temperature. At steady state, as shown in the last slide of Figlira g§dod
distribution of the fluid temperature in theactor exists, except at the heating zone and

the diffuser. Therefore, the thermometer might be inserted into the reactor at any location
except the locations near the diffuser and the heating zone because the fluid temperature
near the diffuser is quiteow compared with the average fluid temperature inside the
reactor, whereas the fluid temperature near the heating zone is quite high.

For 3D modellingsimulation result of the liquid velocity andtream lindiquid velocity
are illustrated in Figure 312. The results aradentical to those of2D modelling as
described abové@ hereforeaxial symmetry (2D)s acceptable for the reactor desiging
COMSOL Multiphysics.
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LA I AWY

0.04

+0.06

Figure 3.12 Simulationresult(3D): liquid velocity and stream line liquid velocity

Note thatthe diameter of the vent tube should be larger than the diameter of the feed tube

for the purpose of preventing pressure buidinside the reactor because methanol (which
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has the lowest boiling point) might evaporate during the reaction. Thalebablumn

reactor and other equipment used in this experiment are shdviguire 3.3B.

3.6 Summary

The heat of formation and the standard free energy of formation pba#lible products

from the ozonolysis of OL are determined using Aspen Plus softwacethe heat of
reaction,standard free energgnd entropy are calculated to find the possible reactions.
Eight reactions take place during ozonolysis at standard cond#iots)|l areexothermic
reactions. For process simulatiafi,molecules of ozwe react with OL to form NN, OcA,

and carbon dioxide and are considered to be the major products. Small amounts of AA,
NA, and OA are also observed. Moreover, the product yield is slightly dependent on the
reaction temperatures within the studied raiggeprotic solvents (i.e., methanol, ethanol,
n-propanol, isgpropanol, rbutanol, and acetic acid) are mixed with OL to increase the
product yield. For the reactor design, the level of OL in the reactor is primarily a function
of the bubble sizeA conventonal condenser must be installed on the top of the bubble
column for condensation of all volatile products. The most appropriate location for
installation of the thermometer and the sampling tube is at the centre of the bubble column

reactor.
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Figure 3.13 Bubble column reactarsed in this study
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CHAPTER 4

ESTIMATION OF THE HENRYG S L GOMSTANT, DIFFUSION
COEFFICIENT, INLET OZONE CONCENTRATION, AND BUBBLE
CHARACTERI SATION

As discussed ihapter 2, several parameters must be calculated prior tondeadon of

the reaction rate constant. Therefore, this chapter focuses on the estimation of these
parameters i.e., the Helrys  toastant, diffusion coefficient, inlet ozone concentration,
and bubble characterisation. Section 4.1 describes a newdgeehor estimation of the
Henryd s  Lamstant using Aspen Plus. Section 4.2 focuses on estimatibe fifiid
propertiego find the diffusion coefficient using Aspen Pliifie estimated fluid properties

are density, viscosity, surface tension, and moéraveight of mixtures and are provided

in Appendix B.Section 4.3 describes the measurement of inlet ozone concentration using
the KI method. The effect of thermal decomposition of ozone is also studied in this section
using COMSOL Reaction Engineerin@l. Section 4.4 presents the experimental setup
for bubble charaetisationbased on the reactor design from Chaptfar3he purpose of
determination of the specific interfacial area using a Siged camera and ImageJ

software. Section 4.provides asmmary.

4.1Henry6 s komstantat different temperatures based orthermodynamic
properties

The Henryés Law constant i s o ocakulaedbefarene cr
determining the reaction r at eonglydamperaturet s .
dependent but also slightly dependent on pressure, and its value also strongly depends on
the nature of the solvent. For the vapour/liquid equilibrium (VLE) in the solute and solvent

system, the Henryods Lawthea:nnneﬂmﬁoaofmgaa:jtﬁfin), be e
mole fraction of in the vapour phas(é’i ) and mole fraction dfin the liquid phase X ),

as shown irEq. 41. By plotting fi versus X , the limiting slope a¥{ =0 of this curve is

calcul ated and gi v e @VilhtelmetalH®/n Syittesal.20@6)v c o n s

Qo
(@8
——h

lim

i H > (i £2,.N) (4-1)
%- 0%

o)

o

_>< -
- O:on
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f=yfP (4-2)

For the VLE at |l ow pressure (PO 1 bar), t

gas such that the fugacity coefficieriftx is equal to 1, anthus,Eq. 42 can be rewritten

as Eq. 43:

f=yP (4-3)
Sever al superscripts are used to denote
H®"= Henryods Law ctratiors(MatmtH“wvi adi memcsemn!| es s
Law constantH® = Henryo6s Law constantd™¥in@rsemol al

Henryos Law constant Vi g T onhoept sat iHemr {
constantviaaqueoyshase mi xing ratio (atm). The co

Law constants as a function ef*" are shown irEq. 44 through Eq. 46 (Sander 1999)

H®=H® 3RT (4-4)
cp
How = 1 (4-5)
r solvent
c_ 1 i
HPe= e (4-6)
r
pX — solvent
R VIV (“-7)

solvent

It is impossible to measure the mole fraction of ozone in both the vapour and liquid phases

because it reacts simultaneously with OL. Therefore, in this section, Aspen Plus is used to
estimate the thermodynamic propertief$,y,),() between OL and ozone as well as the
mixture of OL with protic solvents using WILSOaé$ the property model. Polymath V5.1
is also applied to solve the mathematics equations. The techniques are described in

Appendix A In addition,sinli ar t echni ques are used to es

of ozone in olive oil, mixtures of olive oil with methanol, and used cooking oil mixed with

methanol.
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4.11 Results and discussion of the Heny s toastant estimation

After plotting the graplibetween the fugacity and the mole fraction of ozone in the liquid
phase of OL, as shown Figure 4.1, Polymath V5.1 software was used to determine the

sl ope of this graph at x = 0. The Henr
subsequently convertetd units of concentration and pressure using the density and

molecular weight of OL, as shown in Table41 The result shows th

constant as estimated by Aspen Plus incr e
Law constants at 20°@0°C, and 60°C are 2.23 atm/M, 2.87 atm/M, and 3.56 atm/M,
respectivel y. It i s interesting to note t

used by Hung and Ariyg007)and Smith and cavorkers(2002)for determination of the
reactive uptake coefficients are 10 atm/M and 2.08 atm/M, resplgcliveese values were
estimated based on the measured solubility constant for ozone in a variety of organic
solvents instead of O[(Smith et al. 2002) because ozone reacts simultaneously in OL
while it is dissolving, resulting in difficulties in measuring the mole fraction of ozone in
both the gas and | iquid phases. The Henry
can be set for ureaction mode based on molecular thermodynamics, are therefore
aaceptable for investigation of the kinetic parameters because its value at 20°C is in the

range used by previous studies.

Similar to the estimation of the Henryaods
is used to determine the slope of a graphi@ibbetween the fugacity and mole fraction of
ozone in the liquid phase of pure olive oil at x = 0. The results list€dble 4.1show that

the Henryds Law constants increase with
constants at 20°C, 40°C, and 60&f@ 114.03 atm/M, 173.01 atm/M, and 249.38 atm/M,
respectively. These values are slightly lower than that of oxygen in olive oil, which is
approximately 194.17 atm/M at 20{Battinoet al. 1968, Chaixet al.2014) Therefore,

the Henryds Law constants of o0ozone in ol
for investigation of the kinetic parameters. Moreover, if methanol is mixed at a molar ratio

of 1.0:1.0 with olive oil and at 1.0:3.0 with used cookingoilt he Henr yés La

are approximately two times and four times lower than those of pure olive oll, respectively
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Table4.1Henryd s toastant of ozone withureOL, olive oil, used cooking oiland

its mixtures
TheHenryd s  komstant

(atmiM) 20°C 40°C 60°C
Pure OL 2.23 2.87 3.56
OL : methanol (1:1) 1.65 2.10 2.26
OL : ethanol (1:1) 1.70 1.94 2.40
OL : npropanol (1:1) 1.74 1.97 2.50
OL : iso-propanol(1:1) 1.75 1.98 2.46
OL : n-butanol (1:1) 1.79 1.99 2.47
OL : acetic acid (1:1) 1.81 2.12 2.53
Pure olive oll 114.03 173.01 249.38
Olive oil : methanol (1:1) 59.95 89.17 126.46
Used cooking oil : methanol 32.86 48.87 69.30
(1:3)
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4.2 Diffusion coeficient at different temperatures

Il n addition to the Henrydés Law constants,
used in the reaction rate constant calculation. Many correlations are avialdetermine
the diffusion coefficients in binaryquids. In this study, the correlation used for binary

liquid at different temperatures is expresseBdn 48 (Polinget al.2000)

=745 10° FSMW)™T

4-8
MVA* o

DO3OL

where MW and/m are the molecular weight and the viscosity of the solvent (cP),

respectively, \ is the molar volume of ozone at its normal boiling temperatadas 35.5

cm’mol, and T is the temperature (K), aassociation factor of solvent 9‘4:1). All

parameters described above were estimated Asipgn Plus

4.2.1 Results and dscussionof the diffusion coefficient estimation

Fora binary gas mixture of ozone and air, the diffusion coefficients calculateéd.(85
increase with increasing gas temperature. The diffusion coefficients at 20°C, 46°C, an
60°Cat atmospheric pressure are 0.156/sn0.169 crfis, and 0.189 cffs, repectively.

These estimated values are close to the experimental results reported by Laisk and co
workers(1989)(D, ,, = 0.133 cnd/s at 20°C, 1 atm). Therefore, these diffusion coefficients

can be used to estimate the minimum liquid level.ezsgbed in Chapter 3.

For binary liquid mixtures, the density, viscosity, and molecular weight of OL evaluated
by Aspen Plus are shown in Appendix B. These values were used to determine the diffusion
coefficient of ozone in OL using Eg-8 which is thesame as the Henry constants in that

the diffusion coefficient of ozone in OL increases with increasing fluid temperature. The
estimated diffusion coefficients at 20°C, 40°C, and 60°C are 1.ZFlertf)s, 2.52x16

cé/s, and 4.72x10cn/s, respectivelylt is interesting to note that the estimated value

at 20°C falls between the diffusion coefficients used by Smith amebckers(2002)and

Moise and Rudict{2002) these values are 1x¥@nv/s and 1x16 cnv/s, respectively,

and were estimated based on the diffusion coefficient of oxygen in a variety organic

solvents instead of ozone in @&mithet al.2002)



98

Therefore, using the estimated values from Aspen Plus anB¢hd8, the diffusion
coefficient of ozone in OL at different temperature appears to be accurate for the reaction
rate constant calculation. For the sdiffusion coefficient of OL used to verify the kinetic
regimes, as listed in Table 2l@&ahashi and cavorkers(2000)reported that the values of

the selfdiffusion coefficients at 20°C, 40°C, and 60°C are ~5%d¥/s, ~7x10" cné/s,
~1.5x10° cn/s, respectively.

In addition to pure OL, the diffusion coefficients of ozone in the mixtures (OL and protic
solvents) at different molar ratios are calculated as list@@lohe 4.2 The results show a
similarity to pure OL inthat the diffusion coefficient of ozone in the mixtures increases
with increasing fluid temperature; however, it decreases as the molecular weight of the
alcohols increase. Therefore, the highest diffusion coefficient of ozone is found in the

mixture of OLwith methanol.

Table 4.2 Diffusion coefficients of ozone in aiQL, olive oil, used cooking oil and

mixtures

Diffusion coefficient (cn¥/s) 20°C 40°C 60°C

Do s 0.150 0.169 0.189

DooL 1.21x10° 2.52x10° 4.72x10°
Door..,(1:1 of methanol) 7.09x10° 1.20x10° 1.88x10°
DQOLmixed(l:l of ethanol) 5.05x10° 9.04x10° 1.51x10°
Do, (1:1 of n-propanol) 3.79x10° 7.08x10° 1.23x10°
Do, . (1:1 of isepropanol) 3.64x10° 7.22x10° 1.31x10°
DOSOLmixed (1:1 of nbutanol) 3.36x10° 6.40x10° 1.12x10°
D030Lmixed (1:1 of acetic acid) 5.12x10° 8.79x10° 1.41x10°
DoLow 5.00x10’ 7.00x10 1.50x10°
Do, oiveo 8.51x10’ 2.27x10° 4.73x10°
D030|i\,eoi| (1:1 of methanol) 7.62¢10° 1.46x10° 2.24x10°
Do, usewii (1:3 of methanol) 1.41x10° 2.35¢10° 3.57x10°
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For the diffusion coefficients of ozone in olied, used cooking oil, and their mixtures,

the results also listed ifable 4.2show that the diffusion coefficients in all cases are
observed to increase with increasing temperatures. The highest diffusion coefficient was
noted in used cooking oil mixeditw methanol (1.0:3.0), whereas the lowest diffusion
coefficient was found in pure olive oil because the fluid viscosity of used cooking oil mixed
with methanol is approximately 31 times lower than that of pure olive oil and 2.5 times
lower than olive oilmixed with methanol (1.0:1.0). However, the diffusion coefficient of
ozone is slightly lower than that of oxygen as a result of a higher molar volume of ozone

at its normal boiling temperatu(€haixet al.2014)

4.3 Experimental setup forinlet ozone concentratiormeasurement

As discussed previously irChapter 2 using Eq-20, the inlet ozone concentration is also

a crucial parameter that must be determined prior to the reaction rate constant calculation.
In this section, the inlet ozone concentration from the ozone generator wasededsur

line using the KI method (otherwise known as the iodometric method). The sanpeaset

for the kinetic experiments was used in this measurement. The equipment, preparation
techniques, and methodologies are described in the followingestitongRaknes®t al.

1996)

4.3.1 Equipment
1. The glass reactor designed in the previous chapter was used instead of a standard gas

washing bottle, as suggested by Rakness aivdockers(Raknesst al. 199%6).

2. All equipment must be resistant to ozone, i.e., tubing for connections with an ozone

generator, glassware, and diffug@ottschalket al.2009)

3. A glass diffusewith a diameter of 2.2 cfROBU GlasfilterGerate GmbH, Grade P4)
made from borosilicate glass 3.3 was used in this wBdkness and ew@orkers
recommended thatse of the diffuser should be avoided to prevent ozone loss at the
diffuser (Raknesst al. 1996) However, in this study, the glass diffuser was used to

represent the actual ozone camication at the diffuser outlet
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4.3.2 Reagent preparation
Potassium iodide (99%), Sodium trisulfate (99%), Sulfuric acid (98%), Zinc cholide
(99%), Potassium dichromate (>99.5%) were purchased from S\pniah.

1. Unbuffered KI20 gof potassium iodidéKl) was dissolvethto 1 litre of dstilled water.

2. Sulphuric acid 2N56 ml of concentrated sulphuric acwias mixedwith 946 ni of

distilled water.

3. Sodium hiosulphate (N£50s) 1 N: 250 g sodiumHiosulphatevas dissolvedh 1 L of

distilled water.

. Zinc chlorine starch: 4 g of leible starchwas mixedwith cold distilled water and
dispersd asa thin starch paste into 100Lnof water containing 20 g of zinc chlorine.
The solutiorwas boileduntil the volumedecreasetb 100 ni.. The solutiorwas diluted
with distilled water to a tal volume of 1 litre and medwith 2 g of ZnCh.

. Sodium hiosulphate (Ng5,0z) 0.1 N: 100 ml of 1N sodium hiosulphatevas mixed

into 900 ml of distilled water.

. Potassium dichromate {&r.O7) 0.1N: 4.904 g of potassium dichromatas dissolved

in 1 L of distilled water.

. Distilled water: Conductivity should be less than 10 mairms/cm.

4.3.3 Methodology

1. Preparation of the standardisation titrant (8.5odium hiosulphate): The reagents,

which consist of 150 iof distilled water, 1 ra of concentrated sulphuric acid, 20 mL

of 0.1N of potassium dichromate, and 2 g of KI, were mixed in a 2bEnenmeyer

flask for 6 minutes in a dark container. Soditnmogulphate 0.1 N was used for titration
until the yellow colour had nearly disappearée millilitre of the starch indicator
solution was added, and titration was continued until the blue colour vanished. The
normality of the Na50s titrant = 2/NaS0s.

2. A 50 ml Class A burette was filled with the 0.1 N sodihiosulphate titrant.

3. A gas washing bottle was filled with unbuffered Kl (400)m
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4. A bubble flow of ozone from the plasma ozone generator (Adjustable OZ500 Ozone
Generator, Dryden Aqua) was fed throughrteectorwith a flow rate of 0.40.2 L/min.

Better accuracy is obtaed if the ozone volume is at least 2 ktre

5. Immediately after the bubbling process was completed, 10 ml of the 2N sulphuric acid
was quickly added.

6. The liquid was transferred from the reactor toliéré& Erlenmeyer flask.

7. The solution was tiated with 0.1 N of sodiunmhiosulphate until the solution turned

pale yellow in colour.

8. An amount of 5 ml of the starch solution was added to the Erlenmeyer flask, and titration

was continued until the blue colour disappeared.
9. The volume of the tiéntused was recorded.
Calculation of ozone concentration

243V, 3 N,

Ozoneconcentraibn (mg/L) = v

(4-9)
In this case, V is volume of bubble; ig volume of sodium triosulfate used (mL), and N

is normalityof sodium triosulfate (mg/meN:= 0.17

4.34 Thermal ozone decompositiorusing COMSOL Reaction Engineering Lab

As discussed in Chapter 2, ozone decomposition depends strongly on the temperature as
well as the composition of the gases (air). Therefoeeddttomposition rate of ozone in

the bubbles at different temperatures must be studied because the subsequent experiments

were performed at various temperatures.

In this section, COMSOL Reaction Engineering Lab is used to model the effects of
temperaturesand composition of gases on the ozone decomposition at atmospheric
pressure. The equation used for solution is based on the batch reactor, as shown in Eq. 4
10, because all gases are trapped in a bubble; therefore, it can be assumed as a batch systerr
Thereaction rate constants of the thermal decomposition are summarised in Table 4.4. The
initial volume percentages ofs00,, N2, Ar, and CQ in the bubbles are set at 0.1, 20.85,
78.08, 0.91, and 0.033, respectively.
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(4-10)

Table 4.3 Reaction rate constants for ozone decomposition with various gases

No. Reaction Reaction rate constant Reference
1 ky k, = 4.313 10" exp(- 11,161/ T) 1,2
0;+0; & 0;+0,+0
K, k., =1.23 103 exp(+976/T)
2 ko k, =1.143 10" exp(- 2,300/ T) 1,2
0;+0 & 20,
K, k., =1.193 10" exp(- 50,600/ T)
3 ks ks =1.383 10T "Lexp( 171/ T) 2
0+0+0, @ 0,+0,
K. k.5 =2.75% 10T texp( 59,732/T)
4 K k, =0.44k, 1,2
0,+0, & 0,+0,+0
K. k., =044k ,;
5 ks ks = 0.44k, 2
0,40 & 0O +0,+0
k_5 k_ 5 = 0.44k_ 1
6 ke kg = 0.41Kk; 1
Oz;+N, @ N, +0,+0
K k.g =0.41k_,
7 ky k, =0.34k, 1
Oz+Ar &  Ar+0,+0
K 7 k., =0.34k_,
8 ke kg =1.06k; 1
0;+CO, & CO,+0,+0
k,g k-8 :1.06(_1
9 ko kg = 3.6k3 2
o+0+0 @ 0+0,
k_9 k_g :3.6k_3
10 Kio klO = k3 2
0+0+0; & 0;+0,
k —
e Kio=K4
1=(Benson and Axworthy 19572 =(Heimerl and Coffee 1980Yhe unit of the reaction rat
constant of k ko, ko, and ks arecm®/mol-s, whilek; and k are cnimoP-s.

4 .3.5 Resultsand discussionof inlet ozone concentration measurement

Three different ozone concentrations were used in this study and are listed in Zable 4.
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Table 4.4 Ozone concentrations lblye KI method

Ozonelevels Gas flow 0.1 L/min Gas flow 0.2 L/min

mg/L mol/L ppm mg/L mol/L ppm
Al 5.87 | 1.22x10* | 2935 3.26 | 6.7%10° | 1630
A2 6.67 1.39x10% | 3335 4.18 8.71x10° | 2090
A3 8.87 1.85x10% | 4435 5.63 1.17x10* | 2815
ao.omh'\-\.s
E - f—
g b‘ — = —
= 003 -]\
o
s L\
% 0.02 *\ e 333.15 K~ eccese 393.15K e +423.15 K
e \ \ = o= 47315K e +493.15K 523.15 K
S \
8 ° - ~
g 01 \ . T~ S -
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0 8 16 24 32 40 47 55
Time (s)

Figure 4.2 Thermal decomposition of ozerat different temperatures

For thermal decomposition of ozone, the simulation results show that the concentration of
ozone at 60°C, which is the highest temperature employed in this study, appears to be
constant during the studied time. Therefore, theotdfof thermal decomposition of ozone

at 20°C, 40°C, and 60°C are assumed to be negligible, which means that the inlet ozone
concentration is constant during the reaction time. It can also be assumed that the loss of
ozone is only caused by chemical réats. In contrast, at high temperature, ozone
decomposition is notably fast, as showrrigure. 4.2 The halflives of ozone are 2500 s

and 0.5 s at temperatures of 120°C and 250°C, respectively. The rather high thermal
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decomposition rate was used to degiexcess ozone in the vent gas as a safety precaution
(Gottschalket al.2009)

4.4 Specific interfacial area estimation

In addition to the Hewro s Law constant, di ffusion
concentration, the specific interfacial area must be evaluated prior to calculation of the
reaction rate constant. In this research, an optical method with &egll camera was
used for bubble chacterisation to determine the size distribution, gas holdup, and specific
interfacial area, as describedGhapter 2

4.4.1 Experimental setup for bubble charactersation

Measurement of the specific interfacial area poses the main difficulty in theckstudy

of the gadiquid reactions, and this value is only obtained from experiments. In this
research, a higepeed camera was used for bubble characterisation to determine the size
distribution, gas holdup, and volurserface mean bubble diameter.e8k parameters

were subsequently used to determine the specific interfacial area. The experiment was
performed in a clear glass reactor equipped with a sampling tube used as a referent scale
as shown in Figure 4.3t should be noted that for accuracy ieasurement, the size of

the referent scale should be the same as that of the bubbles. To generate the bubbles, two
techniques were used in this study, i.e., with and without the FO. In the case of operation
with the FO, dry air at 60 L/min, 20%C, and 151 psig was fed to the fluidic oscillator
designed by Zimmerman and-aemrkers (2008) to generate a pujeestream. Dry air at

only 0.1 L/min was fed to the diffuser, and the remainder of the dry air (59.9 L/min) was
purged. However, in the case of op&matwithout the FO, dry air at 0.1 mafin and the

same temperature and pressure as used with the FO was directly fed to the diffuser, and
the purge valve was closed. The diffuser used in this measurement has a diameter of 2.2
cm (ROBU GlasfilterGerate GmbHGrade P4) and is made from borosilicate glass 3.3.

The liquids (i.e., pure OL, OL mixeahethano| pure olive oil, olive oil mixednethano|

and used cooking oil mixed withethano] were heated using a heating mantle connected
to a temperature controllefhe liquid temperatures were set to 20&8140+rC, and
60x£1°C. Bubble images were obtained from a hsgleed camera (Photron SAthat is
able to capture 2000 frames/second. Halogen lamps (Model ne€82Ka: 150 W Argos,

UK) were used as a light sourdeshould be noted that the quality of the bubble images
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is primarily dependent on the light source such that the location of the lamps should be
carefully considered; in this experiment, the appropriate location is behind the diffuser for

clear images.

Taken pictures from the high speed camera were uploaded to ImageJ software. Although
using this software is time consuming, it is free software to download. Before measuring
the diameter of bubbles using ImageJ software, a reference scale, which idirgstarie

with diameter of 900 micron, was set. A number of bubblgg)-200bubbles) were

selected in various locations and their diameters we@sured

Feed Gas

l A scale

AN

Light source Hi gh_speed camera

j) T =

Image
processing

Figure 4.3 Experimentalset upfor bubble charactesation

The bubble ige distribution, probability density function, gas holdup, and specific
interfacial area were calculated. The calculation details describ&chapter 2are

presented in thiollowing section.

4.4.2 Results and discussionf bubble characterisation

As shown in Figure 4.4, at identical air flow rate and temperature, a smaller bubble size
was observed in water (as illustrated in Figure 4.4A), and a larger size was formed in OL
(as shown Figure 4.4B), which has a higher fluid viscosity and lower fluidtgebis

result occurs because the bubble size always increases with decreasing liquid density as a
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result of low buoyancy forc@erlachet al. 2007, Maet al.2012) However, in this case,

the fluid viscosity exes the main effect on the formation of the larger bubbles because the
viscosity of OL is approximately 35 times higher than that of water. This observation is
supported by Figure 4.5A, Figure 4.5C, and Figure 4.5E; the fluid density and surface
tension ofOL are quite similar except for the notably large difference in fluid viscosity.
The fluid properties at different temperatures of 20°C, 40°C, and 60°C estimated by Aspen
Plus are shown in Appendix B. For example, the viscosities of OL at 20°C, 40°6)&@hd

are 35.26 cP, 18.17 cP, and 10.32 cP, respectively. According to these figures at different
operating temperatures, the bubble size decreases with decreasing fluid viscosity.
Moreover, the smaller size was observed when the system was operatece wiih #s

shown in Figure 4.5B, Figure 4.5D, and Figure 4.5F, which is the same trend in the system
operated without the fluidic oscillator in that the bubble size decreases with increasing

temperature.

Figure 4.4 Photogaphs of microbubb& A = Bubbles generated under water with FO. B

= Bubbles generated under oleic acid with FO

After collecting photographs of the bubbles in the bubble column using thespegial
camera and analysis with ImageJ software, the bubblesizédution with and without
theFOat an air flow of 0.1 L/min was plotted at 20°C, 40°C, and 60°C, as shdviguire

4.6 (pure OL and OL mixed witlmethano), Figure 4.7 (pure olive oil and olive oil mixed

with methanol), and Figure 4.8used cooking ibmixed with methana), respectively. The
results show that the bubble size distribution without the FO appears as a normal size
distribution, which is belshaped and symmetrically shaped, whereas the bubble size
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distribution with the FO appears as at-fewed distribution. The narrower size
distribution is also observed using the FO. This characteristic of the FO can be described
using the lognormal size distribution, according to the experiment performed by Hanotu
and ceworkers(2012)

Figure 4.5Images othebubbles generated undeédL with air flow 0.1 L/mir at 20C
(A) without FO, B) with FO, at40°C (C) without FO, D) with FO, at 66C (E) without
FO, F) with FO
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In addition to the difference in size distribution, at the same temperature, the bubble size
of the system operated with the FO is smaller than that of the system operated without the
FO as a result of the pulget stream(Zimmermanet al. 2011b) Bubble size generally
increases with decreasing buotéosrce, which is primarily a function of liquid density.
Although, in this experiment, the density of OL decreasdhtly with increasing fluid
temperature and results in the formation of larger bubbles, the observed bubble size
decreases with increasing fluid temperature because of a sharp reduction in fluid viscosity
(Gerlachet al.2007, Maet al.2012) As listed in Table 6.2, the mean bubble sizes of pure
OL without the FO at 20°C, 40°C, and 60°C are 1614 pm, 1388 pm, and 940 pm,
respectively, whereas the mean bubble sizes with FO at 20°C, 40°C, and 60°C are 1000
pm, 768 um, and 618 um, respectively. The mean bubble sizes of OL mixedwitianol

without the FO at 20°C, 40°C, and 60°C are 1320 um, 1077 um, and 818 um, respectively,
whereas the mean bubble sizes with the FO at 20°C, 40°C, and 60°C are 790 pm, 734 um,
and491 pm, respectively.

In the system with pure olive oil, which has viscosity higher than OL, larger bubbles are
formed, and the mean bubble sizes without the FO at 20°C, 40°C, and 60°C are 2596 um,
2452 um, and 1719 um, respectively, whereas thosethatlrO at 20°C, 40°C, and 60°C

are 2149 um, 2082 um, and 1296 um, respectively. In the system of olive oil mixed with
methano| the mean bubble sizes without the FO at 20°C, 40°C, and 60°C are 2119 pum,
1819 um, and 1307 um, respectively, whereas thogetivt FO at 20°C, 40°C, and 60°C

are 1647 um, 1304 pum, and 1007 um, respectively.

By varying the flow rate up to 0.3 L/min with the FO at 20°C, as shoviamgure 4.9 the
bubble size increases with increasing air flow rate due to the increase of thegastle
velocity at the diffusefMa et al. 2012) Although the system ag operated with the FO,

the bubble size distribution at high rates of air flow (0.20 L/min and 0.30 L/min) appears
to be bellshaped, whereas an air flow rate of 0.1 L/min still produces theletted shape
distribution. The average sizes of bubble8.20 L/min, 0.15 L/min, 0.20 L/min, and 0.30
L/min are 999 um, 1140 um, 1647 um, and 1819 um, respectively. Thus, the optimum gas
flow rate for the diffuser used in this study is 0.1Mlid because it producedeft-skewed

shape distribution.
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Figure 4.6 Bubble size distributionsf air flow 0.1 L/minof OL and its mixtureat
different fluid temperaturewith FO (red)and without FQblue): A, B and C are pure
OL at 20C, 40C and 60C, respectively. D, E and are OL mixed withmethanokt

20°C, 40°C and 60C, respectively.
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Figure 4.7 Bubble size distributions of air flow 0.1 L/maf olive oil and its mixtureat

different fluid temperatures with FO (red) and without FO (blue): AnB C are pure
olive oil at 20C, 40C and 60C, resgctively. D, E and F aralive oil mixed with
methanolat 20C, 40C and 60C, respectively
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Figure 4.8 Bubble size distributions of air flow 0.1 L/maf used cooking oil and its
mixture, at different fluid temperatures with FO (red) andhaiit FO (blue): A, Band C
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Figure 4.9 Bubble size distributionat different air flow rates, 2@, with FO

An example of the specific interfacial area calculation at 20°Qahd/min without the
FO is shown inrable 4.5. The details in each column are described in Chapter 2. It should
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be noted that bubbles are assumed to be spherically shaped, although bubbles sizes over
2000 pum in diameter are ellipsoidally shaped basedmpr-B5, Eq. 246, and Figure 2.9

Table 4.5 Example of bubble charactsation at 20C, 0.1 Limin without FO

Range X No DF, 310C | DF*10C Dﬂ';, Dm, m?
(wm) (um) of mm?
bubble
<249 249 0 0 0 0 0
250499 | 353.1997 6 4 4 4990 | 1762466.305
500749 | 611.9641 12 8 12 29960 | 18334442.97
750999 | 865.5923 12 8 20 59940 | 51883601.43
10001249 | 1117.587 15 10 30 124900 | 139586577
12501499 | 1368.85 18 12 42 224850 | 307785896
15001749 1619.7220 21 14 56 367290 | 594907766.3
17501999 | 1870.361) 15 10 66 349825 | 654299011.5
20062249 | 2120.849 15 10 76 449800 | 953957829.7
22502499 | 2371.234 15 10 86 562275 | 1333285516
25002749 | 2621.545 12 94 549800 | 1441325631
27502999 | 2871.803 6 98 329890 | 947378949.8
30003249 | 3122.019 3 100 194940 | 608606301.6
Z 150 100 - 3248460 | 7053113990
a=pN C%ﬁ(“dF =0.046cm™
0

The specific interfacial areas of bubbles in the reactor at different fluids and temperatures
with and without the FO are shownTable 4.6. For example, the specific interfacial areas

of pure Q. at 20°C, 40°C, and 60°C without the FO are 0.0468,000513 crit, and
0.0734, respectively, whereas those with the FO are 0.07690c@v53 crit, and 0.1111,
respectively. This result means that the specific interfacial areas increase by apphpximate
45% when the reactor is operated with the FO at an identical inlet gas flow rate. Therefore,
based on Eq.-39, the reduction of both OL and olive oil during ozonolysis with the FO

is faster than ozonolysis without the FO, resulting in more rapid faymat shortchain

valuable products.
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Table 4.6 Specific interfacial areaof bubbles at different temperatures0of L/min

Mean diameter (um) Specific interfacial area (cr)
Temperature®C)
Without FO | With FO Without FO With FO
Pure OL
20 1614 1000 0.0468 0.0709
40 1388 760 0.0513 0.0753
60 940 618 0.0734 0.1111
OL+ methanol
20 1320 790 0.0504 0.0739
40 1077 734 0.0640 0.0220
60 818 491 0.0924 0.1350
Pure Olive oil
20 2596 2149 0.0413 0.0695
40 2452 2082 0.0433 0.0642
60 1796 1296 0.0607 0.0892
Olive oil+ methanol
20 2119 1647 0.0445 0.0652
40 1819 1304 0.0535 0.0763
60 1307 1007 0.0712 0.1028
Used Cooking oil+
methanol
20 1936 1487 0.0460 0.0666
40 1666 1248 0.0572 0.0832
60 1166 916 0.0775 0.1128
4.5Summary
Four essential parameters, i.e., the Henr

concentration, and specific interfacial area, were estimated and measured at different
temperatures using both simulati csnawand

constant and the diffusion coefficient estimated by Aspen Plus are within the ranges of
values reported in previous studies that used oxygen instead of ozone. Three different inlet

ozone concentrations were selected for the reaction study, andltdenomposition was
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negligible within the studied ranges. The specific interfacial areas at different temperatures
and in fluid mixtures with and without the FO were estimated. All of these parameters are

used for the reaction study in the following chapte
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CHAPTER 5
OZONOLYSIS OF OLEIC ACID

This chapter primarilyconsidersa reaction study of the ozonolysis of O&ection 5.1
describes the materials and methods used for the ozonolysis of OL, i.e., chemicals,
experimental setup, and analytical teclueis; Section 5.2 presents the experimental results
and discussions of ozonolysis of pure OL and of mixed OL with alcohols as well as the

reaction rate constant estimation. Section 5.3 provides a summatry.

5.1 Materials and methods for ozonolysis of OL

5.1.1Chemicals

Chemicals used in this chapter were obtained from Sigjlahach: oleic acid (99%)pleic
acid (tedwnical grade),1-nonanal (95%),nonanoic acid (99.5%)azelaic acid (98%),
acetone (HPLC grade)methanol (HPLC grade)ethanol (HPLC grade)n-propanol
(99.5%), iso-proparol (99.5%), butanol (99.8%),acetic acid (99.7%) methyl oleate
©99wet hyl pal mmettahtyd (nG9MN%meaihglbotanoat©(9Weand )
sodium hydroxide (098%).

5.1.2 Experimental set up

To generate bubbles, two techniques were used in this study, i.e., with and without the FO.
In case of FO use, dry aat 60 L/min, 20+1C, and 15.1 psig was fed into the fluidic
oscillator designed by Zimmerman andworkers (2008) to a generate pujsestream.

Dry air at only 0.1 L/min was fed into a plasma ozone generator (Adjustable OZ500 Ozone
Generator, Dryden A@), and the remainder of dry air (59.9 L/min) was purged. However,
without use of the FO, dry air at 0.1nhih with the same temperature and pressure as those
with use of the FO was directly fed into the plasma ozone generator, and the purge valve

was clogd.

After passing through the ozone generator, mixtures of ozone and dry air were fed into a
glass bubble reactor with a diameter of 7.5 mm filled with a total of 325 ml of solvents.
The glass reactor was equipped with a diffuser with a diameter of 2.(RQBU
GlasfilterGerate GmbH, Grade P4) made from borosilicate glass 3.3, a thermocouple, and

a sampling tube. The heating mantle was connected to a temperature controller. Because
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of volatile products that are possibly formed during the reaction, e8pddi, a glass
condenser with a surface area greater than 200wa% used to condense all volatile
products and recycle them to the reactor using water as a cooling medium. The surface
area of the condenser was determined using Aspen Plus, as disouSkegiter 3. The
schematic of the experimental setup is shown in Figure 5.1. All tubing and connections
were made of PTFE, glass or stainless steel for ozone resistance. It should be noted that
the experiments were performed using different protic sohaamsmolar ratios, and the

compositions of the solvents used in each batch are provided in Appendix B

The experiments were conducted at 23;140+TC, and 60+£1C at atmospheric pressure
and at three different ozone concentrations. Samples of 1 mL wiézeted every 4 hrs

for 36 hrs and stored in a refrigerator (< 4°C) prior to further analysis ilMI&GC

® Vent

>
Water
:
) Water
3 ?
Sampling tube
Ozone I |
Generator
1 11
Temperature
Flow meter controller
Dry air | Fluidic ||
oscillator |
Purge

Figure 5.1 Schematic representation aiiexperimergal unit



117

5.1.3GC-MS analysis

Samples of 10 pL were dissolved il of acetone with a volume ratio of 1:100 before
gualitative and quantitative analysis. The-GIS used in these experiments is an HP 6890
series equipped with an HP 5973 mass selective detector and a HP1-133%dalumn,

and helium was used as a cargas. The injection volume was set to 0.2 pL with an-auto
sampler, and the pressure was set to 54 kPa. The temperature program was isothermal at
60°C for 2 minutes, increased at 10°C/min up to 300°C, and was held at 300°C for 6

minutes

5.2 Resultsand discussion

5.2.1 Ozonolysispure OL

The chromatograms for ozonolysis of OL at 20°C for reaction times of 0, 16, and 32 hours
are shown in Figure 5.2A, Figure 5.2B, and Figure 5.2C, respectively. At the beginning,
two species oFFAs are observed, as showrFigure 5.2A, i.e., palmitic acid (PA) at RT

16.0 min and OL at RT 17.8 min. These results occur because OL purchased from Sigma
Aldrich is a technical grade product with 90% OL. After blowing of ozone bubbles to react
with OL, as shown in Figure 5.2Byt new species are observed, i.e., NN at RT 5.7 min
and OA at RT 10.7 min, and the concentration of both species increases with increasing
reaction time, as shown in Figure 5.2C, whereas the concentration of OL decreases. This
observation proves that thea@bmposition of PO follows both pathways reviewed in
Chapter 2 with 93.3+3.4% following pathway 1. Moreover, the concentration of PA
remains constant, which means that PA might not react with ozone during the studied

period.

It is interesting that no sigrappear of Cls and their isomerisation products, i.e., OcA, AA,
and NA are observed, although both NN and OA are formed. A possible explanation for
this observation is that the Cls might react with other products or with themselves to form
higher moleculaweight products (HMWPSs) that cannot be detected byMEBlunder the
studied conditions. However, in this study, the formation of HMWPs can be simply proven

by the increase of the fluid viscosity during the ozonolysis.
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Figure 5.2 Ozonolysis of OL at 2; 0 hrA), 16 hrs B), and 32 hrsQ)

For the reaction at 40°@he chromatograms at reaction times of 4, 16, and 32 hours are
shown inFigure 5.3A, Figure 5.3B, and Figure 5.3@spectively. Many unidentified
products (UPs) arebserved at RTs between 7.5 min and 9.5 min, and the amount of these
species increases with increasing reaction time. The concentration of NN also increases
with the reaction time, whereas the concentration of OA appears to remain constant.

Similar to ozamolysis at 20°C, the concentration of PA remains constant.

Compared with ozonolysis at 20°C, the concentration of NN at 40°C increases by 30%,
whereas the concentration of OA remains the same. This result demonstrates that the

increase of NN and the forriian of UPs are a result of the decomposition of HMWPs.
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Figure 5.3 0zonolysis of OL at@C; 4 hr @), 16 hrs B), and 32 hrsQ)

The chromatograms of the reaction times of 4, 16, and 32 lab@8°Care shown in

Figure 5.4AFigure 5.4B, and Figure 5.4€&spectively. Several UPs are found; in contrast
with the reaction a40°C, their retention times are between 3.9 min and 9.2 min, and their
concentrations increase with reaction time. For the expected products, the canosntrat

of OA and AA (RT = 13.1) remain constant over the study period, whereas the
concentration of NN increases. In additidm amount of PA appears to remain constant,
and its concentration is the same as that for ozonolysis at 20°C and 40°C. Acoording t
this result, no reactivity between PA and ozone can be assumed within the studied
temperature range because the reaction rate of ozone and PA is notably low compared with
that of OL.
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Figure 5.4 Ozonolysis of OL at 61C; 4 hr(A), 16 hrs B), and 32 hrsQ)

Several species are considered as unidentified products, as sHeguren5.3 and Figure
54The word Aunidentified productsodo means
are only predicted by GMS without calibratbn curve confirmation. The products found
atRTs0f3.9,4.2,4.4,5.1,5.2,6.5, 7.1, 7.9 and 9.2 min might be hexanoiceahigD;

furan, 2 pentyl (eH140), octenol (gH160), 2-octenal (GH140), heptanoic acid (f11402),
2-nonenal (@H160), 1,9 nonaedial (GoH2202), cis7-decenl-al (CioH180) and 10
undecenal (GH200), respectively. The results prove that these materials are products from
the decomposition of HMWPs formed by the reactions among CI1, CI2 and other products
because no peaks for Cl1da@I2 or their related products (i.e., OcA, AA, CHAP1, and
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NA) are detected at low temperature, whereas a substantial amount of NN and a small
amount of OA are observed.

Although many species are formed in the reactor during ozonolysis, OL is the aiblgpos
species that might react with both CI1 and CI2 because of a substantial amount of OL in
the reactor compared with other materials. This observation leads to loss of OL over the
stoichiometry ratio of 1:{Sageet al.2009) Therefore, HMWPs might be formed B
attacking the double bond reacti@hitiung and Ariya 2007)These products decompose at
elevated temperatureSeveral possible reaction mechanisms based on the products are
listed inTable 5.1. The enthalpy of formation and the free energy of formation of these

products are estimated using Aspen Plus.

To verify the reactions listed in Table 5Aspen Plus was afipd using an equilibrium
reactor. The simulation results are in good agreement with the experimental results in that
most of the UPs are formed at high temperatures via thermal decomposition. The
simulation results also show that a substantial amount dfisNformed during the
decomposition via reactions 3, 9, and 10, which means that ozonolysis by one mole of
ozone with OL can form more than one mole of NN. According to both the experimental
and simulation results, one mole of fed ozone results in twesvadl NN formation and

two moles of OL loss. In other words, ozonolysis of one mole of OL can generate one mole
of NN. This result illustrates an advantage of ozonolysis at high temperature because of
the increase in productivity, especially for NN andul@lecenal. Both of these materials

are used in the food and perfume industf&sburget al.2006)

However, continuous ozonolysis at high temperature over a long duration produces energy
loss. To achieve the same result using low temperature ozonolysistefvprocesses are
employed. The first step is ozdgsis at low temperature to obtain a substantial amount of
NN and HMWPs. The second step creates decomposition of HMWPs at high temperatures
to form the products listed ihable 5.1 Further study is necessary to find the optimum
tempeature and decomposih time.

As shown inFigure 5.2 through Figure 5.4, the concentration of NN increases with
increasing fluid temperatures, which is in good agreement with the results provided by
Moise and Rudict{2002)and Thornberry and Abbaf004) The concentration of NN
increases by 100% with a 40°C increment. According to Eq. 2.39, the increase of NN is a
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function of several par ameter s, . e. t h
diffusion coefficient, and reaction rate constant. By substitution of thefispaterfacial

area, Henrydés Law constant, and diffusion
Chapter 4 into Eqg. 2.3®ith the assumption of an identical inlet ozone concentration and
reaction time, the value ¢aT+V/ D/ H) increases by 31% from a reaction temperature of
20°C to 40°C and by 100% from reaction temperature of 20°C to 60°C. This observation
may not confirm that the ozonolysis of OL appears to behave in an Arrhenius manner

because the increasear/D/ H is similar to the increase of NN formation.

Table 5.1 Possible decomposition reactiontdMPWs

DH ., DG,
No. Reactions (kd/mol) (kd/mol)

x10? x10?
1 C27H5006 _ Cg H1603 + Cﬂ Hzoo +C7 H14Q -3.87 -6.145
2 C27H5006 . C9 H1603 + ClO Hlso +Cs HmO: -4.03 -6.217
3 C27H5006 . C9 H180+ qo HlSO +C7 H1402 €Q -4.14 -6.627
4 | C,H.0,- C,H,0+C,H,0+CH,0 H, O 1.48 -1.365
5 C27H5006 _ Cg H160+ CM Hzoo +C7 H1402 O 0.93 -1.701
6 | c,H0,- CH,0+CH,0+H,O H, O 0.35 -2.362
7 C27 Hsooe _ C8 H16O+ Cu Hzoo +C7 |_|1402 €Q -0.14 -2.655
8 C27H5006 _ CB H14O+ Cu Hzoo +CB H1602 O 0.71 -1.856
9 C27H5204 _ Cg H180+ Cﬂ Hzoo +C7 H14Q -15.11 -6.815
10 C27H5ZO4 - Cg H180+ ClO H18O +Cs Hleq -15.27 -6.887
11 C27H5204 _ C9 H160+ qo H2202 +Cs HMC -13.81 -5.157

5.2.2 Ozonolysis ofOL and alcohols
As discussed, the formation of HMWPs results in the los8LofAlthough certain lower

molecular weight products (i.e., NN, OA, OcA, and HeA) are formed to increase
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productivity, the reaction must be performed at high temperature for higher molecular
weight product decomposition. To increase the productivity attemperature, short

chain alcohols are mixed with OL before starting the reaction. The chromatograms of OL
ozonolysis at 20°C for 32 hours with methanol, ethangkapanol, isepropanol, and n
butanolare shown ifFigure 5.5A, Figure 5.5B, Figure 5.5Gg&re 5.5D, and Figure 5.5E,
respectively. It is interesting to note that not only NN but also many ester species are found
after the reaction, depending on the molecular structure of the alcohols. For example,
mixing with methanol produces NN, octanoiécaenethyl ester (MOCA), nonanoic acid,
methyl ester (MNA), nonanal dimethyl acetal (DMIN), 9-oxononanoic acid, methyl

ester (MOA), azelaic aciddimethyl ester DM-AA), 2-Octanol, 8, &imethoxy (DM

20cA), palmitic acid, methyl ester (MA), andheptalecanoiacid, methyl ester (MHA).

Both NN and DMNN are considered to be major products and can be used as flavouring
and fragrance agents in the perfume and food indug8ieaburget al. 2006, Waddelkt

al. 2007) The possible reaction mechanisms of the observed products are described below.

In addition tomethanaol ozonolysis of ethanol and OL is studied under the same conditions
as withmehano| and production of NN, octanoic acid, ethyl esteiQ&A,), nonanoic

acid, ethyl ester (A), nonanal diethyl acetal ®NN), 9-0xononanoic acid, ethyl ester
(E-OA), azelaic aciddiethyl ester DE-AA), 2-octanol, nonane, 1,-diethoxy (DENA),
palmitic acid, ethyl ester {PA), andheptadecanoic aciéthyl ester (EHA) is observed.

The formation of propyl ester, isopropyl ester and butyl ester (all carboxylic acids) are also

observed by ozonolysis withpropanol, isgpropanol or Foutanol, respdively.

According to the chromatograms shownHigure 5.5 the greatestamount of NN is
produced by ozonolysis of OL with methanol, and the remainder represents a slightly
greateramount compared with that of pure OL ozonolysis. No sign of OA, which was
observed at 20°C for 32 hours of reaction, is detected in mixing with alcohols because OA
reacts with alcohols to form alkyl esters. All of the carboxylic acids found during
ozonolysis of OL andFFAs (PA and HA) also react with alcohols to form alkyl ester

This result is quite surprising because these reactions usually occur when the reaction is
performed in the presence of an acid catalyst (i.eSQGd and HCI) at reaction
temperatures between 40°C and 80°C, as used in the biodiesel production tdresluce

fatty acid content.
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Based on the results discussed above, ozonolysis eédible oils or used cooking oils
mixed with alcohols might offer a new alternative technique for biodiesel production
because noerdible oils or used cooking oils contain ubstantial amount dfFFAs that
react with an alkaline catalyst (i.e., NaOH) to form soaps, resulting in difficult separation
processes and decreased conversion (@tasakci and Van Gerpen 2001, Balat 2011,

Biermam et al.2011, Hayyaret al.2011)

There are many advantages to ozonolysis of used cooking oils -@diida oils mixed

with alcohols in the pré&reatment process for biodiesel production. For example, a
substantial amount of NN might be formed if GL.the major species of free fatty acid.

The NN can be simply separated due to its lowest boiling point. The reactions take place
at atmospheric pressure and room temperature and without the use of acid catalysts,
resulting in reductions in the use of engrgvastewater treatment, and aerdsistant
materials in the piping system. Moreover, the alkyl esters of OcA, NA, AA, and OA can
be separated for sale as valuable products and can be directly blended watheiorajky!

esters to reduce the viscositytmodiesel.

As also shown irFigure 5.5A through Figure 5.5E, methanol is a suitable protic solvent

for mixing with OL to increase productivity because the highest concentration of NN is
observed. Several advantages can be gained from using methanfitsfTagvantage is

that methanol loss as a result of oxidation by ozone is quite low compared with other
alcohols because of methanol 6s | esser rea
di ffusion coefficient an dxediwihenethamol arehiyleer L a w
than those of the other mixtures, as listed in Appendthisresulting in faster formation

of NN. The last reason is that the viscosity of OL mixed with methanol is lower than that

of the other mixtures, leading to the foitina of smaller bubbles (increase in the specific
interfacial area). Therefore, methanol is the selected protic solvent used in this study.
However, the only disadvantage to use of methanol is its low boiling point because

substantial amounts of methanalim evaporate during ozonolysis.
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As discussed, methanol is the selected protic sohsad im this study. Therefore, several
different molar ratios were investigated, i.e., 0.5:1.0, 0.75:1.0, 1.0:1.0, 1.5: 1.0, and 2.0:1.0,
to find the optimum molar ratio between methanol and OL in terms of NN formation. As
shown inFigure 5.6 the concenttéon of NN increases dramatically until the molar ratio

is equal to 1.0:1.0 and subsequently increases slightly until the molar ratio is equal to
2.0:1.0. Theoretically, the concentration of NN should increase slightly as a result of steady
increaseinthéedlenr yés Law constant, di ffusion co:¢
The reason for the sharp increase of NN at low molar ratio is that all methanol molecules
might react with the Cls or other carboxylic acids to form methyl esters. Thus, in the
albsence of methanol, the fluid viscosity increases dramatically because of the formation
of higher molecular weight products. The increase of fluid viscosity results in decreases in
the specific interfacial area, tHweiichral 6s L
affectthe formation of NN

1000.00
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800.00 r
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500.00 r
400.00 F
300.00
200.00 +
100.00

000 1 1 1 1 1 1 1 J
025 050 075 100 125 150 175 200 225

Molar ratio of MeHO

Peak area of NN [ 10°)

Figure 5.6 Optimum molar ratio omethanalOL

At a molar ratio of methanol that exceeds 1:1, an amount of methanol molecules still
remain in the reactor, leading to slight decreases of the specific interfacial,ar He nr y ¢
Law constant and diffusion coefficient and a slight increase of NN. Ther#fereptimum

molar ratio for methanol and OL in this thesis is 1.0:1.0. This molar ratio is also used to
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study the different reaction temperatures. It should be rnbtgdan excess molar ratio
might be required for commercial production because a small amount of ozone is fed
through the reactor in this study, which results in an amount of remaining methanol in the

reactor.

In considering the effect ainethanolon theformation of NN, the formation of NN
increases by 45% whenethanol1:1) is added. However, based on E492 the increase

of NN might be due to the increase of the
and the diffusion coefficient. Thiesult proves that no reactivity between Cls and NN
occurs because all of the Cls react witethanoko form DM-AA and M-NA.

As discussed, ozonolysis of OL mixed witiethanolat a molar ratio of 1.0:1.0 is the
optimum point, and thus, this ratio was dier study at 40°C and 60°@s illustrated in

Figure 5.7, the concentration of OL decreases with increasing reaction time, but oleic acid
methyl ester (MOL) increases at all reaction temperatures. Although the experiment was
conducted for 32 hours, a athamount of MOL is detected at a reaction temperature of
20°C, as shown in Figure 5.7A, because the reaction rates the esterification reaction and
oxidation reaction are possibly the same at low temperature, resulting in the simultaneous

formation of MOL and any shofthain products.

At a reaction temperature of 40°C, a larger amount @IMis observed compared with

that at a reaction temperature of 20°C, as shown in Figure 5.7B and Figure 5.7C. In
addition, a small amount of OL is observed after 8rb@f ozonolysis at 60°C, whereas a
large amount of MOL is observed, which means that most of the OL is converted to M

OL before conversion to NN and shattain products.

However, it is interesting to note that®L still increases with increasing re@ct time,

as shown in Figure 5.7D through Figure 5.7G. Normally, this amount should theoretically
decrease because®L must be oxidised by ozone at the double bond position to form the
products by following the reaction pathway shown in Chaptévi@chidaet al. 2006,
Pfranget al.2014) According to these results, certain unknown higher molecular weight
products might be formed that cannot be detected by thé1&Q@nder the conditions
described in Section 5.3;dke unknown products are formed during ozonolysis and might

decompose to form NDL. Moreover, addition of methanol can convert most of the



128

saturated free fatty acids to methyl esters because no peaks of saturated free fatty acids,
i.e., OA, PA, and HA, arebserved in Figure 5.7

OL

20C,32hrs M-OL
a
M-OL
40C, 8 hrs

OL

M-OL
40C, 16 hrs
o]
60 C, 8 hrs
60C, 16 hrs
60 C, 24 hrs
60C, 32 hrs

Figure 5.7 Ozonolysis of OL withmethanok1:1) at different reaction times and

temperatures












































































































































































































