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Abstract

Microalgae citivation is considered as a promising solution floe treatment of gaseous
effluent from bioethanol production. However, acetaldelwtdieh isa commorpollutantin

the effluent is believetb be able tanhibit the growth ofmany algae straing herefoe, the
aims ofthis doctoral researahere todetermine the acetaldehyde tolerance of different algae

species and acclimainicroalgadgo adaptto acetaldehyde exposure

To ensure the efficiency of screening and acclimation processes, a novel micratdixel

algae screening systemasdevelopedAccordingto the results, the mixing, circulation and
mass transfer of this system were largely enhanced compared with conventional shake flasks
and bubble colurms The K a valuesof the microbubble induced dgsn are 4 times higher

than the conventional bubble columns. The results of this researelalsa revealed that
higher algae growth rate can be achiebgdpplyingthis systemwhich was pproximately

20% higher than thspecificgrowth rate in converdnal systems. The screening experiment

determined that dlux of 1.22 nis, highest algae growth rate can be observed.

Five algae strains were screened in this research naenaliella saling Chlorella,
Teraselmis Chlamydomonasand Nannochloropsis ocata. The research discovered that
acetaldehydeexposure(124 mg/L, 62.8 mg/L)could cause severe inhibition to almost all
strains. HoweverDPunaliella saling Chlorella and Teraselmisshowedbetter tolerance to
acetaldehydelThes three strains were furthmvestigated for their tolerance to acetaldehyde

and their acclimation capacities

The impact of acetaldehyde @unaliellaandChlorella growth was correlated by measuring
cell density of algal cultures under different acetaldehyde dosage (31.4 n2gBLm@)/L).
Under these dosagesedaldehyde caused growth inhibitionRanaliella but barely affected

the growth of Chlorella. However, Dunaliella and Chlorella showed remarkable



enhancement dheir tolerance to acetaldehyde aftke acclimation. Morewer, acetaldehyde
was observed to be able to enhance the growthcdimatedChlorella. The influence of
acetaldehyde on photosynthesidDafaliellaandChlorella are also studied using an oxygen
electrode Acetaldehyde increased the photosynthesisahtehlorella but caused inhibition
of the photosynthesiof Dunaliella. However, for both strains the acclimated cultures
achieved better growth and higher photosynthesis rate than those without acclifiagion.
acetaldehyde influencen microalgae lipid poduction vas also investigated by NMR and

GC-MS and discussed in this thesis.
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CHAPTER 1INTRODUCTION

1.1 Research Background

Humanityis facing two major challengesthe energy crisis andlimate change. Due to the
abuse of fossil fuels, these two challenpasedeteriorated angrown into greaer threas

that putmanki ndos v e r futuresdevelopmentinl the abalahce Therefore,
discovering alternative energy sowsdeecame an urgent quesiowever, among all the
attempts of finding iddaalternative fuels, bioethanol is proven to be a promising replacement
Bioethanol is a renewable, easily available, clean and efficient fusl.plioduced by very
common agriculturaffeedstocksuch as sugar cane, corn, potato, beetroot, manioc, etc
(Rudolfet al, 2009 722. During the growth othesefeedstock, CO; from atmosphere was
captured and fixed into the biomatsgt will be fermente in order to produce bioethanol.
Although the same amount of COwill be eventually released back into atmosphere after
burning bioethanol as fuels, there is met greenhouse gas generated. Therefore, under the
pressure of the energy crisis and globarmiag, industral productionof bioethanol fued

has beendevelogddramatically. In 2007, 52 billion litresf ethanolwasproducedand used

for transport fuelaroundthe world. It is more than three time as much as the ethanol
produced in 2000which was 17 billion litres (Stefanet al, 2009) In 201Q the world wide

ethanol production lthreached to 86.9 billion litreRenewable Fuels AssociatitFA,

20149.Thet abl e 1 shows the worl dds top 10 ethano
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Table 11 Annual Fuel Ehanol Production by Country (2002010)

Top 10 countries/regional blocks (Millions of U.S. liquid gallons per y@FA, 2014

World Country/Region 2010 2009 2008 2007
rank
1 United States  13,230.00 10,600.00 9,000.00 6,498.60
2 Brazil 6,921.54 6,577.89 6,472.2 5,019.2
3 European Unin  1,176.88 1,039.52 733.60 570.30
4 China 541.55 541.55 501.90 486.00
5 Thailand 435.20 89.80 79.20
6 Canada 356.63 290.59 237.70 211.30
7 India 91.67 66.00 52.80
8 Colombia 83.21 79.30 74.90
9 Australia 66.04 56.80 26.40 26.40
10 Other 247.27
World Total 22,946.87 19,534.993 17,335.20 13,101.7

Although the utization of bioethanol fuels generates zero net €Qissionsthe praluction
processes of bioethanatill still emit noticeable amouns of CO; from culturing and
harvesting feedstock, transporting raw material and products, heating fermenters and so on
(Department of Transport, 2008)akingthe emissions adugarcanethanolproductionasan
example, the production processuld generatel540 kg/ha greenhougms eaclyear The
majority of the CQ emissionsame from the fossil fuel€ombustedor maintaning heat and
operating machineries while producing bioethandbwever, compared tihe production of
traditional fossil fuel such as gasolipgpducing bioethanajenerate much less greenhouse

gas. Forinstance producing bioethanofrom sugarcanes otd emit 56% less C®@ than
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producing gasoline. Fgeroducingcorn ethanol, 22% less G@ generateccompared with
gasoline productior(Bourne, 2007) However,due to the rapid expansion of bioethanol

manufacturing industrieshe emittedgreenhouse gagould notbe ignored.

The exhaust gas emitted from bioethanol produsttmmtains not only C&but also various
volatile organic compoursd(VOCs) (Brady and Pratt 2007) These VOCscould cause
environmental problem# emitted without treatmentAcetaldelyde is one of the most
common VOCdound in the gaseous effluent of bioethanol productlois reportedo be

harmful to humarhealth Short term exposurmeuld cause irritation, dizziness, vomitingtc

The long termexposure ismore dangerousyhich could greatly increas¢éhe chance of

getting cancer and malformed foetuses. If the acetaldehyde is released into environment
without proper treatment, it may endangke aquatic ecosysterand cause serious odor

problems(Chemicals Evaluatn and Researdnstitute CERI, 2007)

The production ofbioethanol also generates significant amount of waste wateich
contains mainly agricultural waste, various biodegradable impurities and soil stone particles
(Chandel, 2007) The major effluent is discharged findfermentatiordistillation processes of

the bioethanol production which is generally known as stillage. It almost contains everything
fed into the fermenter such as less fermentable sugar plus yeast metabolites and yeast
contents(Driessenand Vereijken 2003) Compared to the wastewater discharged from
gasoline production, the stillage has much less toxicity. However, if directly discharge the
stillage into water bodies without proper treatment, it can still lead to nsengus
environmental impacts suchas depletion of dissolved oxygen, discoloration, odours,
eutrophication, salinization, acidification, increasing the water temperature, changes in
species composition of aquatic flora and fauna, and in some extreme situations, leading to

fish kill (CERI, 2007)
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Traditionally, the stillage and VOCs can be treatedaigeneral municipal wastewater
treatment plantHoweve, many organiccompoundcontained in the stillagdave the
potential to produce bituels but are notrecycled and reused by the tradi@ process
(Blonskga et al, 2006) Moreover, none of the existingeatmeng could process the
wastewater and VOCs while abatitize CQ emissions To minimize the environmental
impacts of bioethanol prodtion, the waste treatment would have tocbentined with CO;
fixing technologiessudh as Carbon Capture ar&kquestration whicls believed to beas
expensiveprocesses in terms of financial cost and energy consum#ager, 2009) To
process the waste water and the exhaust gas from bioethanattfpodiy traditional means,
multiple separate processes have to be MWitich will lead toan increasef the capital cost.
Therefore, procegsy the wastewater and the exhaust gas from bioethanol productos
economically and environmental friendigsattracted the attention ofiany researchers and

engineergSayre, 2010Q)

1.2 Algal Cultivation as &olution

Growing algae can redecgreenhouse gas emission, processstewater and producing
valuable biomasslhe CQ emitted from the bioethanol prodien could bethe main carbon
source of algal photosynthesim addition,the nitrogen, phosphorous and sulphur content
foundin the stillage ould be usedby algae aswtrients aftercertain treatmentbad been
carried out(Oilgae, 2009) Moreover, the wth of the microalgae need only simple
cultivation systera (pond or bubble columnand requires only solar energyand essential
nutrients Comparedvith other carbon fixation technologies suchCf8Swhich requireghe
rebuilding of existing production ystems, with thenstallation of expensiveequipmentand
the consunption of extra energy(Folger, 2009) algal carbon bidixation is a much more
economicalsolution. The biomass produced by algal cultivation can be used as the raw
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material formanyindusties such as b#uels, food supplemestind various fine chemicals
(Borowitzka and Borowizkal988) Unlike terrestrialplants, microalgae la higher growth
rates, higher solar conversion efficiencies and ogcupuch less spacéBorowitzka and

Borowitzka, 1988)

Acetaldehyde is one of the main-pyoducts of the bioethanol productiginviromental
Protection AgencEPA, 1992) It is a problematic impurity angollutantwhich may affect

the quality of the produ@ndalsocause many environmental issSy€ERI, 2007) Theefore,
acetaldehyde nesdo be removed. However, the effectiveness of algal based treatment may
be limited andevendamaged by acetaldehydeecausecetaldehydexposure could lead to
photosynthesisnd growth inhibition to various alpstrains(CERI, 2007) Neverthelessfor

many mixdrophicalgal strains, simple organic carbons such as ethanol and acetic acid can be
taken up and utilized as supplementary carbon soMaeeover, It is an established fact that
microalgae are able to pdt, even completely change their metabolic pathway through
biochemical and physical acclimatitmat allowthem in general to adapt and tolerate a wide
range of conditiongRichmond, 2004) Therefore, with careful selection and appropriate

acclimation ceain algal strains are believed to be ableoterateand utilize acetaldehyde.

However,the practical application of this alghased solution faces many challendésst

of all, the CQ mass transfer rate in many current microalgased carbon captir
technologies is considered to besufficient (Lam et al, 2013; secondly, although it is
believed that increasing G@oncentrations in the gas stream can stimulate microalgae to
grow faster, depending on strains, excessively high €@@centrations add also inhibit the

algal growth (80 to 98% v/v of Gran be found in the flue gas from ethanol production)
(Filho et al.,2013; Thirdly, the industriaflue gascontainsvarious pollutant and impurities

such as NOx, SOx, VOCs etc, which could causebitibns to microalga.ln order to
overcome these challenges, a novel microbubble induced microalga screening and
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acclimdion system was developed, which could considerably increase then&s3 transfer
rate due to the advantages of microbubble, and weptbe tolerance of microalgae to

various conditions and pollutants by selecting and acclimating different algal strains.

1.3Research Hypothesis and Objective

In this researchfive different algal strains were selected as potential candidates for
acetaléhyde removal and carbon Higation. Thesefive strains are all well studied, easily
available and hae high commercial value It is believedthat optimal algal strains can be
selected among theniihe ideal strains should have relatively high tolerancecetaldehyde
exposure and potential to take up acetaldehyde as supplementary caubme $hrough
gradual exposure acetaldehyde, thacclimationof selected algae strains should enhanced
their tolerance to acetaldehydmnd the results of acclimati shouldrevealther potential to

removeacetaldehyde.

In this study,microbubble induced airlift loop bioreactors wergedasthe algal cultivation
systemwhich wasappliedfor screening and acclimatiexperimentsThis is a scaled down
approach comgred to that reported for pilot scatudies on stack gas (Zimmermanal,

2011). The microbubble technology allows higher carbon dioxide mass transfer rate, better
mixing and higher algal growthates to be achieved (Zimmermant al, 2009), whichis

believed to be able to enhance the effectivenéfise acclimation system.

The major hypothesis of this thesis is thatith the desirable growth condition proed by
microbubble bioreactormicroalgae can be efficiently selected and acclimated. The
acclimated algal strainshould be able to toleraatetaldehyde exposure and even tiakg

asasupplementary carbon source. The objectives of this research are listed below:
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Build and test screening system. Compare the microbubble bioreactor induced
screeimg system with conventional bubble colungmowth system. Evaluate the
performance of the screening system.

. Algal screening. Determine optimal algal strains for the research. Study the growth
rates of different algae strains under acetaldehyde exposure.

. Algal acclimation. Gradually increase the dose of acetaldehyde into the culture
medium and study algae responses in terms of growth rate and photosynthesis rate

. Lipid content production. Uncover the influence of acetaldehgdealgal lipid

production.Reveal the mechanissibehind the effects caused by acetaldehyde.
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CHAPTER 2 LITERATURE REVIEW

2.1 Microalgae

2.1.1 Microalgae properties and applications

Microalgaeare a large group of omnipresent photosynthetic microorganisms which can be
discoveredin wide range of ecosystems typically in freshwater and marine systems.
Microalgae hae enormous biodiversityit is estimatedhat about200,000800,000 species
existed around world including both prokaryotic and eukaryotic spd€8esne, 2012)
Unlike higher terestrid plants,microalgae do not have roptsaves and stembutonly have

a unicellular or simple multicellular structurklicroalgae are very importatifeforms on
earthand hey have played significant rolesn terraforming primitive eant i nt o t oday
landscape (Biello, 2009) They also produce half of the atmospheric oxygen and
simultaneouslyiix anequal amount ofarbon dioxide, which are crucipfocesses that allow

the survival of many othelifeforms and also enhancethe stability @ global climate and

ecosystemgDunning, 2012)

Microalgae are adaptable and resiliamd are able to thve in diverse conditionsTheir
growth requires only inorganic carbon,essential nutrientswater anda light source
(Borowitzka and Borowitzkal988). However some strains are able to perform mixotrophic
growthi.e they anadapt their metabolic processes in order to use organic casbarcesas
their supplementary grin some extreme casegtimary carbon andenergy sourcesk-or
instance, certainChlorella species an actively utilize acetate as their carbon source
(HerediaArroyo et al, 2011) Such species can grow mixotropdily and producenore cell
biomass than thie autotrophic ad heterotrophic growtltombined(HerediaArroyo et al,
2011) This trait provides then with enough flexibility to survive undechangeable

environmentswhich gives them significant advantages in various industrial applications. In
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this particulate research, this characteristic is valuable, becaussdaech ansto study the
algal response to acetaldehyde exposure as well aslé¢otthe algal strainssuitablefor

carbon biefixation and acetaldehyde removal. For mixotrophrmicroalgae there are
possibilities that they coulthke upacetaldehyde as their carbsource an@chieve higher

yieldsin the meantime

Microalgae have already been widely studied atiiized in academic research and industrial
applicationfor decadegChristensorand Sims2011) Algal cultivationonly requires simple
equipment, mimnhal energyconsumption andasic nutrients but it rewardsgreatly with
renewable andvaluable biomasgBorowitzka and Borowizka1988) Therefore, ithas

attracted a lot of attentidnom researchers and investors.

For a long time, microalgae have beeulturing for aquaculture and animal consumption
(Borowitzka, 1997)Algal cell biomass is ricln protein,hydrocarbon and lipidwhich could
provide sufficient energy and nutrisrfor different livestock (Brown, 2002) For instance,
some protein enricliealgal strains are reported be able to replace soybean meala
protein source for animal feelkraeliresearchers discovered that sewage grown algae could
provide enough proteins to replace 25% soybean in poultryBaedwitzka andBorowitzka,
1983; Lipstein et al, 1980) It is also reported that 33% of protein can be successfully
replaced by addin§pirulinaandChlorellain the pig feedYap et al, 1982) Moreover, with

algal supplemeedfeed,a pig can grow 10% of its body weight every d&ie et al, 2002)
Microalgae also played significant role in aquaculture. For example, dia@widely used

as fish and shellfish feed as well lm®chrysis, Chaetoceros, Nannochloris, Chlorediad
Pavlova Algae gayed essential roles in cultng marne Bivalve mollusksseawater shrimp
larvae, certain fish species and zooplank{Brewn, 2002) Microalgae are not only provide
nutrient and energy for these species, they also serve as a growth factors, possibly as
bactericidal agent, sidethe culturg(Brown, 2002)
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Microalgae can produce important raw materials for various fine chemical produsiicim

as food supplemegtmedicine and food additives. Vitamiage essential for human health,
however cannot be synthesized sufficiently by ourselvesreftre, vitamins have to be
obtained from diet. However, many algae species are able to excrete such vital organic
compounds. For exampl€hlorella, Spirulina and Porphyria have been foundo contain
Vitamin B> which is obtained through symbiotic interteons with bacterialCroft et al,
2005) Vitamin Br2is a key nutrient for maintaininiipe functions ofhuman brain and neural
system. Vitamin E plays a significant role in the prevention of ligiduced pathologies and
degenerative disorders. Howeyetitamin E can only be synthesised by photosynthetic
organisms such as various microalgagdsreported thaNannochloropsiss able to excrete
vitamin E undemitrogen limited conditioa (Durmaz, 2007) Moreover many researchers
have conductedinvestgation on the medical applications of microalgae. For instance, the
extract ofthe brown algaeSargassum oligocystunwas dicscoveredto have remarkable
antitumor activity(Zandiet al, 2010) andChlorella is reported to have antflammatory
effect inchronic and acutenflammation(Renjuet al, 2013. In addition, Algae can also be

used to produce natural colourings for food indugmyodi, 1978)

Algae play many important roles in environmengaiotection and renewable energy
developmentMicroalgee are rapid growing photoautotrophic organisms which can capture
107 50 times higher carbon dioxide than &strial plants (Li et al, 2008) Microalgae
consumenitrogen, phosphorous and sulphur compauta grow, which can be used for
wastewater treatnmé to preventthe eutrophicationin water bodiegMallick, 2002) Some
algae can even tolerate N@nd SQ, and utilize them as nutriesi(Kim et al, 2014. Many

algal strains areble to remove heavy metals and other pollutants from the water body
(Mallick, 2002) The growth of algaeould also provide@xygen for aerobic bacteria to meet

the BOD.Some algal strains are very sensitive to the change of the envirowimehtwere
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suggestedo beutilized as environmental indicateof ecotoxicity(Becker, 194). There is a
research on usin@hlorella and Klebsormidiumto develop a biosensor for monitoring the

concentrations of volatile organic compouii@sdolaet al, 2004)

Algal biomass can be used for #ieel production. Many algal strains contains highel of

lipid content which can be processed to produmediesel. Some research indicatiwht
microalgae can be much greater oil source than soybeans and palms. Microalgae can generate
250 times and 31 times larger amount of oil than soybean and pedpesctively(Hossainet

al., 2008) For some microalgae strains, 16 to 24% of their dry weight is free fatty acid which
can be directly extracted to produce a good quality of fifglestaet al, 2005) Moreover,

the algal biefuels are considered muchfer and cleaner thapetroleum Algal bio-diesel

contains much less heavy metals and other impu(fBeset al, 2012)

2.1.2 Microalgae carbon biiixation.

Carbon dioxide is consideretd be the largest contributor to greenhouse effect. Due to
humanity 6 s a c t icarbon dioxide, atmbshheric concentrations have been increasing
rapidly since the beginning of last centunyhich havecaused a ses of global climate
alterations. It is believed that 60% of total £&nissions are released by indisdtactivities
(Bradshawet al, 2005) CO» sequestration is becoming a pressing challengehtetaised
global attention Among various technologies developed to mitigate: E@issions, algae

based bidfixation is an efficient and sustainable solution.

Industrial flue gagontainshigh leves of highly accessibl€0O;, butis currentlyregarded as
waste and discharged without utilization. Howeveé: is an absolute requiremefr
microalgae growthSuch flue gas could be ideal carbon source for algkivation. Flue
gagesemitted from many industries can be directly injected into k&l aultivationwithout

causing serious inhibitiofor algaebecause they aresilient and adaptable organisms. Many
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algal strains showed enough tolerance to W@l $x which commonly exisin combustion
emissions(Mastumotoet al, 1997; Olaizola, 2003)Some strains can even utilize these
inorganicnitrogen andsulphur compounslas nutrien{Mastumotoet al, 1997) For biomass
yield production, using industrial #u gas as carbon source could greatly enhance the
production rate with lower cost. However, strathgat can produce desired bmroducts
might not be the strains whiclarctolerate impurities in the flue gaSor instanceNOx and

SO« may cause inhibitiongo many high lipid yielding strains (Negoro et al, 1991)
Therefore, the feasibility of such application is considered limited and fdbuiyt some
researchers. However, others believed due to the largéivacsity of microalgagstrains

that areboth capable of producm targeted product and toleratirtge toxins are not
impossible to find. Moreover, the adaptable nature of microalgae allows tiheatter
themselves and thrive in difficult conditions. Therefore, with proper acclimation, it is
believedalgaemay adjust to the environmer@markablyquickly (Richmond, 2004)A study
carried out bya Japanese researcher discovered that power station fluthajadirectly
injectedinto an algal raceway pond did inhibit algal growth, but strains sudiaaechloris
andNANNO2still grew after a period of lag phagdegoroet al, 1991) A pilot scale tial

was conducted in UK using flue gas directly from Tata Steal plantDfonaliella salina
cultivation. During the tral, the algawas observed to be able grow exponentially under
high concentratios of CO; and exposures oftoxic impurities. CQ capture rate of the

microalgae waseported to b@.1 g/Lh (Zimmermaret al, 2011)

Different types of industrial flue gas have alredayen studied as carbon soel for algal
culture. Prereated emissions fronan industrial boiler fuelled by natural gasegere
suggestedo be used fogrowing Chlorella sp.(Douchaet al, 2005) Off-gas from municipal
waste incinerator waalsoconsidered as potential carbon szaufor Chorella sp. cultivation

(Douskovaet al, 2009) Untreated coalired power station flue gas was reported to be used
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successfullyfor an algalculture (Moheimani, 2012)It should be noticed thdhe flue gases
vary with different industries. Hower, the majority of the researchs focused on
combustion emissionsyhile the offgas from fermentatioprocessesvasbarely mentioned.
The fermentation exhaust gas contains almost pure carbon dioxide, which should be

recognised aacarbon rich source falgae cultivation.

2.1.3Microalgae strainsisedin this research

Generally, to ensure the suitability for the purpose of microalgae cultivation, the algal strains
selection should considethe following fedures: algal growth rate, resistance to
envirormental changes, nutrientequirements and valuable qualés such as the
accumulation of bigroducts In this work, the adaptability andcarbon dioxide assimilation

of the microalgae were specifically considerbdcausehe purpose of this researchtes
determinewhich strains show high tolerance and acclimation to acetaldehyde exposure

can be used for fermentation waste gas treatment.

2.1.3.1Dunaliella salina

Dunaliellais a genus of unicellular, biflagellate, marine green algae which presenisien
shape and contains only one chloroplasthe anterionf the Dunaliella cell, there are two
flagella of equal lengtland his morphological features indicates thia¢ Dunaliella gents
are actively motile microalgéHendeet al, 2012) The Dunaliella cell is not covered bya
cell wall, however a mucous surface envelope has been observed over its plasma membrane
(Attaway andZaborsky, 1993) When extracellular osmotic pressure changes, awefiular
structure neans thathe cell volumechangesrapidly and Dunaliella cells adaptto awide
range of salinity by synthesising or degrading intracellular glycer®he utilisation of
glycerol as a compatible solute allo@snaliella strainsto thrive at saliniesfrom 0.05M to
almostthe saturationpoint (5 M NacCl) (Chen andliang, 2009)Dunaliella species are also

foundto behighly tolerant to differentpH values There are reports indicatéhat Dunaliella
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strains can grow under strongly acidic conditiopg=1) and alkaline conditiongk=11)
(Borowitzka and Borowitzka, 1988; Visviki and Satiki000) In addition,Dunaliella are
resilient to temperature as well, the haloplillsalinais able to grow at temperatsrep to
40°C (Wegmanret al, 1980) Moreover, many investigatigrave reportedtha Dunaliella
has high tolerability to heavy metals and chlorinated hydrocarl§{Boesowitzka and
Borowitzka, 1988; Tsujet al, 2002) Such adaptabilés has been studiedoth for their

cultivation andor better understanding of the mechanidrakindthar adaptability

Dunaliella arealsowell exploited for industrial applicatioAs noted abovehey can adapt

to variaus environmeral conditions, whichmake them ideal candidates for mass cultivations.
D. salinais the besknown speciesamong the genudue to itsability to synthesislarge
amount of carotenoids whidre antioxidant agents commercially used in food supplements
and cosmeticBurri, 1997) It is also able to generate considerable ansafrglycerolwhen
grown at high salinities, glyceres widely used in food and pharmaceutical indust(iBse
Soap and Brgent Association, 1990)Therefore,D. salinais among the first mass cultured
algae for fine chemicaldarvesting Producing carotenoids and glycerol aretuatly
protective mechanissifor D. salina As one of few organisms known to be able to survive in
highly saline conditions such as salt evaporation ponds, high concentratiboaoftene
produced byD salina can shieldthem from intensve light, and high glycerol contents
maintain their osmotic balanc&@hese characteristics provided commercial oppdigsito
produce valuable chemicals biologicallyo a c hi e v e -camdere yield @rasuctiomn,
higher light intensities and salinities should be applied.isalinacultivations. In addition to
b-carotene and glycerol, other valuable products canb&sxtracted frond. salinabiomass
such as enzymes, vitamins, amino acids(Btrowitzka and Borowitzkal988) Like other

species irthe genusDunaliella, D. salinais a robustalgawhich has remarkable tolerance to
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various conditionswhich make it asy to culture eveim the outdoor environmenDue to the

high salinity medium thad.salinaprefer, outdoor cultures are only rarely contaminated

In this researchD. salina was chosen due to its wédhown adaptability. Exposure to
acetaldehyde couldausegrowth inhibition to aquatic organismslowever, it is established
thatD. salinahas high tolerance to many toxic chemicals. It is very possible that with proper
acclimation D. salina can survive and even thrive when acetaldehigeresent in the

medium.

2.1.3.2Chlorellasp.

Chlorellais a genus of unicellular, nenotile, spherical,generally frestvater green algae.
Chlorella was among the earliest algatrains to be discovered and studied. Since late 19
century,Chlorella has been isolated aspure culture(Borowitzka amd Borowitzkal988)

Its photosynthesis and cultivationveebeen researched for almost 100 yeard itis one of

the first algae which was studied for industrial mass cult(Belasco, 1997)Chlorella
species are fast gromg algae able to multiply rapidgndthe chloroplast oChlorella (like

all green &gae)contains photosynthetic pigments chloropfaylandi b. Chlorella can grow
photoautotrophicallyy usingcarbon dioxide, water, sunlight and a small amount of minerals

(Borowitzka and Borowitzkal 988)

Chlorellaisrich in protein and other nutriestvhich makes it an ideal alternative food source.
There ae approximately 45% protein, 20&&arbohydrate, 5% fibre and 10% minerals and
vitamins in the dry weight ofChlorella. Researchindicatel that around 458% of C.
vulgaris dry weight is protein (Belasco, 1997) Compared to standard nutrition profile
provided by World Health Organization, the amino acid profil€.ofulgaris proteinis even
more favourablgSafi et al, 2014). Chlorella hasthe potential for medical uses sindeis
believedto haveantioxidant and anticancer abilitiddohd et al. (2008) revealed thaxtracts

from C. vulgaris can successfully, restrain the proliferation and increase the apoptosis d Is
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liver cancer cells. The active component extracted f@mulgaris is reported to be able to
inhibit lung cancer metastasigWang et al, 2010) The antitumor activities of
polysaccharides extracted fro@ pyrenoidosahas #&so0 been identified bySheng et al.

(2007).

The biomass osome Chlorella speciescontains high level of lipids, which make them
potential feedtock for bieenergy productionChlorellasp. MR1 wasreported to be a strong
candidate for bioenergy production due to itghhenegy content (18.59MJ/kg)Phukanet

al.,, 2011) Zhao et al (2014) reported that cocultivaing Chlorella U4341 and
Monoraphidiumsp. FXY-10 can largely increase the vyield of lipids, which suggests that

Chlorellacould be a more competitive source for badfproduction.

Chlorella also has great potential for carbon -Eiation and wastewater treatment. When
cultivated in photobioreactor§hlorella is able to capture 74% of carbon dioxide from gas
flow and remove 45 to 97% nitrogen,-28% phosphorus fromgrowth medium (Safi, et al.,

2014) Such ability can greatly reduce the chemical oxygen demand for wastewater treatment
and contribute to carbon dioxide abatemeZtlorella can also remove heavy metals and
control pathogenghat existin wastewater(Sai et al, 2014) Moreover, ceculture of
Chlorella with some microalgae growth promoting bacteria can largely enhance the
performance of wastewater treatment. It is reported firathese mixed culture$00% of
ammonium (NH') can be removed during fowonsecutive cycles of 4B and 83% of

phosphorus after only one cyqafiet al, 2014)

Chlorellais able to perform mixotrophic growth and utilize various organimomoundas its
carbon source. Glucose and acetate are reported to be usé&hldoella mixotrophic
cultivation (Wan et al, 2011) This capacityof Chlorella is particularly interestg for this

researchwhich will study and discuss the possibility©hlorella utilizing acetaldehyde as
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carbon sourcelhere is researafliscoveredhatthe oxidant stress in aldehyde dehydrogenase
enzyme deactivated miceas relievedby feedingChlorella and the declining of cognitive
ability wasalsopreventedNakashimeet al, 2009) Researchesn usingChlorellato break
down acetaldehyde formed by ahmd metabolisms inthe body of alcohol drinking
volunteershas also been reporté8un Chlorella Corporation, 201The research discovered
that Chlorella injested subjects have significantly lower blood acetaldehyde level than the
control group, which idicated thatChlorella effectively promoted the acetaldehyde
metabolism in human®lthough, these studies are not focuseduptake of acetaleéhyde

from water bodies or gammissions, their re#ts suggest the great potentad Chlorella for

acetaldehydeemoval

2.1.3.3Tetraselmis

Tetraselmisis a unicellular, ellipsoid, motile, maringhytoplankton which hasfour equal
length flagellathat allows itto swim rapidly(Borowitzka and Borowitzkal988) However,
during the cell divisionTetraselmisgenearlly cease to be motile and some species tend to
attach to a surface. This genus of algae normally has a medium to thick cellhveligives
them remarkable adaptabilitp various environmentalconditions.They can tolerate wide
range of salinity, pH rad temperature¢Fabregaset al, 1984) Therefore, theyare widely
spread in most coastal and estuarine walasasémisrequires simple nutrient to groand
canoutcompete many other species wiremixed cuture. It can utilize various chemicals as

nitrogen source such as nitrate, urea, ammonium and aminaB@#éstts, 1990).

Tetraselmigs consideredo be a relativelyeasyalgaeto be mass cultureé as a quality food
source for animal and aquacultutecan provideessentiahutrients to many comercially
valuableanimal larvae such as clams, oysters, abalone, letis. reported thaf etraselmis
sueciarich in docosahexaenoic agigvhich is known tobe essential to various larvae,

Wikfors et al. reported thafetraselmiscontains high concentiahs of lipid which is ideal
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for increasing the growth rate of oyster larv@eraselmishas also been applied for penaeid

prawn cultivation(Brown, 2002)

Due to high yield of lipid contenfTetraselmiscould be a promising source for Higel
production It was reported that 50% ofetraselmislipids can be converted into biodiesel
(Chamoumiet al, 2012) and Tetraselns suecicais reportedto produce 25%of its dry
weight lipid (Moheimani, 2013) Bondioli et al (2012) discovered that, under stressed
cordition, Tetraselmis seucicB&M-M33 can produce biomass hfr?day’ and lipids 1.76
gn?day?. Researchindicates that Tetraselmis chiiis able to produce 23850 mgl*day?
lipid and Tetraselmis tetrathelés able to produce 908333 mgliday?! of lipid. (Liu et al,
2011) Biodiesel produced fronTetraselmis chiiihas kinematt viscosity of 3.2 mnts?,
cetane number of 66.6% and heating value of 41.3 MWhkgh fully meet the US (ASTM

6751) anl European (EN14214) standaf@simaranet al, 2014)

Tetraselmiswasalso reported to be a genus of mixotrophic algaganiccarbonpresentin

the culture medium benefits the growth Tadtraselmis Yeast extract, glucose and peptone
are all discovered can be their carbon sau(€id et al, 1992) Tetraselms speciesare
promising candidates for this research, the cell wall it prosesse shield it from harmful
conditions which give it more tolerance tdarshenvironment, and motrophic growth

provides possibilities of acetaldehyde utilization and removal

2.1.3.4Chlamydomonas

Chlamylomonasgs a genus of welknown, wellstudied, unicellular antchotile green algae.
Chlamyomonasare a spherical shaped algasually covered bya cell wall and containg
single chloroplast andvo flagella It is generallyconsideredubiquitous since it iswidely
spreadthroughoutall types of water body such as stagnant water, damp soil, freshwater,
seawater, and even snowor half a century,Chlamylomonashas served as model

organism for molecular biologyand genetic resarch in Biogenesis, flagella maotility
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metabolic pathwag/ and chloroplast dynamicéBorowitzka and Borowitzka 1988) Its
nuclear genome has been fully sequenced 0@7éhd t was discovered that there are
approximately 15,000 genes encoded in the genokhoreover, the mitochondrial and
chloroplastgenomesalso have been sequena@®tunnerand Merrow,2008) For decades,
the study of Chlamydomonas provided important information which deepened the

understanding of green algae at both cellular and molelewias (Harris, 2011)

Chlamydomonass also a mixtrophic green algaad itwasreported thammixotrophic growth

of Cshumicola luckscltan achieve 6 times higher growth rate than heterotrophic growth and
2.5 timeshigher than autotrophic growtflLaliberte and Nouie 1993) The mixotrophic

culture produced more protein and chlorophyll content less lipid and carbon hydrate
compared to autotrophic and heterotrophic growth. Generally, acetate is used as carbon
source for C mixotrophic and heterotrophigrowth C reinhartii grows very well
mixotrophiclly in acetatsupplementedTAP medum. The mkotrophially grown C.
reinhartii are more resistant fghoteinhibition compared to autotrophane under high light

intensity(Roachet al, 2013)

Due to theextensiveresearchcarried outon Chlamydomona, the undetanding of these
strains is greaterand more comprehensivethan many other taxaln this research,
Chlamydomona is a competitive selection and ideal control group. However, the only
drawback of tis genus ighatthey have been reported to tess stable in mass cultivation

(Borowitzka and Borowitzkal 988)

2.1.3.5 Nanodloropsis oculata

Nannodtloropsisoculatais one of 6species in the genwd Nannodloropsis This genus of algae is

consideredo be rich in lipid content, which make the species of this genus ideal candidates for bio

fuel production. It was reported thisnnodloropsisstrains could produce 28.7% dry weight lipid
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which are mainly unsaturated fatty acid and significant amoupalofitic acid. Sufficient amount of
linolenic and other polyunsaturated ac@hcalso be found in the bioma&Souveia andOliveira,

2009)

However, the main reason for selectiNgnnodloropsis oculata for this research is this straof
algae can removirmaldehyde from its culture mediuas Yoshidaet al (2009) reportedthat the
growth ofNannochloropsis oculateras increased after adding formaldehyde into its medium and the
concentration of formaldehyde also reduced during the experiment. Theyaaifioned thatN.
oculata can remove 99.3 % of the formaldehyde within 22 dayss reports evidenced that.
oculatais able to assimilate chemicals similar to acetaldehydiéch suggests thad. oculata could

be a promising candidates for this research.

2.2 GasEmissions fronBioethanolFermentatiorProcess

2.2.1 Compositions

Gaseous effluent released from fermentation presessinly contains carbon dioxide and
volatile organic compounds (VOCs) which cowddher be simple hydrocarbons such as
aldehyaes or complex aromatic compoundsake a yeast production plant aan example,
suchfacility can release 90 tons MOCs ever yeaandthe composition variem different
industries(EPA, 1992) The most common VOCs generated from bioethanol fermentations
are acetaldehyde, formaldehyde, acetic acid and acr@igrf, 1992) The biological
processeas well as biomass and fermentation conditemgloyed by different plantald
result in different concentrations of VOCgBrady and Pratt 2007) Therefore, a
comprehensivelgtudyof the compositioa of these VOCs is difficultVOCs are considered
as troublesomampurities which can affect the quality of bioethanol produaisithey may
also cause serious environmental issé®r example, many of them agesenhouse gas and

some of them can lead to health problemsecause of theitoxicity to many species
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including human being. Therefore, it is important to regulaig @educe the emissions of

VOCs(Munozet al, 2007;Khanet al, 2000)

2.2.2 VOCs treatnme

Conventionally VOCsfrom fermenétion processscan be treated by many methods such as
wet scrubber, carbon adsorbers, incinerators and condefhiarever, thee methods are far

from perfect. The wet scrubber is reportedhave limited and variablefficiency when
treating emissions of acetaldehyde, ethanol, and ethyl acE&atieon adsorber are costly
method, the replacement of active carbon is expensive. Carbon adsorber can only achieve
best performance when treating lawmoisture gas stream. Fancinerators, further C9
emission will be generate(llata et al, 2003) Therefore, it isrecognizedthat a more

effective approach shoulte developed for VOCs treatmd&tPA, 1992)

In addition to the methods listed above, various biological meanbecapplied for VOCs
abatement. For example, bioscrubbers, biofilters and trickle bed reactors are all sustainable
processes to limit VOCs emissionsMicroorganisms are reportetb have successfully
digested different organic pollutants armhvertedhem nto carbon dioxide, water, minerals

and biomasgMunoz et al, 2007; BertheCorti et al, 1998) However, these methods have

two major disadvantages: first, the extra carbon dioxidhich will be produced by the
metabolismof microorganisms; second, theamorganisms may be inhibited by sonfdhe

VOCs with high toxicitiegMunozet al, 2007)

Although largely unexplored, microalgaeuld contribute t6/OCs removabkustainably and
efficiently (Hendeet al, 2012) In manyinvestigations microalgae havalready partially or
indirectly participated in the biodegradation of VOG3hlorella and Scenedesmuare
introduced into VOCs treatment to provide oxygen for meeting the BORoaledhove CQ

generated by other microorganisiertheCorti et al, 1998) Microalgae are suggestea
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be fully capable of removing VOCs directh.g. N. oculatais reported to be able to reduce
99.3% formaldehyde in the medium within 22 dé@ysshidaet al, 2009) exposedN oculata
to formaldehyde iside arm shake flasks andigstovered ltat the growth rate of the alga

increased.

2.3 Acetaldehyde

2.3.1 Acetaldehyde emissiofrem bioethanol productioand its properties

Acetaldehyde is one of the major VOCs emitted from bioethanol produdtiowever,
determinng the concentratins of acetaldehyde in the exhagasis difficult due toethanol

and acetaldehydeeing constantlytransformed into each oth@EPA, 1992) Therefore the
proportiors of acetaldehyde and ethanol are variable depending on many factors such as the
sugar iput into the fermentsrand agitation However, generallyspeaking, acetaldehyde
makes upapproximately 10 to 20% of total VOCs emitted frgmast basedermentation

processs(EPA, 1992)

Acetaldehyde is problematic the ethanol production industry. Atddehyde inside the final
productcan be easily oxidizetb acetate which increas¢he acidity of bioethanolFor
ethanol products such as biodiesel and wines, increasing acidity mdicaighy affect their
gualities (Batista andMeirelles, 2009) According to European standareN 14104, acid
number of biodiesel should not be higher than 0.50 mg KAbligng bioethanol production,
generally, acetaldehyde inside the raw stré@m the fermentation procesan be separated
through stripping columns ardkgassing systentiowever, the separated acetaldehyde will
be in thegaseous phase and become a part of exhaust gas em{Bsitista andVieirelles,

2009)

Although it is reported that chemical and food industry sectors produced highest acetaldehyde

emissions, aetaldehyde caalsobe released due to incomplete combustitinsan be found
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in gaseous effluents from many industries such as power gengrateal manufacture and

waste incinerators Acetaldehyde is considered as one of the most commorstimaiu
carbonyl emissiongKim et al, 2008) Internal combustion engine of automobile also a

main source of acetaldehyde emissions, and the emission can be even doubled if bioethanol is

added into the fuel@oulopoulost al, 2001)

As the emission of acéaldehyde continuously increasiés negative effect to environment
hasfisounded an alarm to the society. Acetaldehyde is reported to be a greenhouse gas and
it also plag significant part in forming photochemical smog. Nowadays, acetaldehyde has
already been classified aspollutant required to be regulatéBoulopouloset al, 2001)
Acetaldehyde istransparent, extremely volatile liquehich has a boiling point at 2C and

high vapour pressure of 99 kPa at 20 °C. It can be dissolved im atag:y proportion.
Acetaldehyde has a unique penetratamgell, which can be detted at 0.05 ppm minimal
(Von-Burg and Stout, 1991; World Health OrganizatieWHO, 1994) However, at low
concentrations acetaldehyde has a fruity sdanthemical industr, acetaldehyde ithe raw
material for synthesis of ethyl acetaded a total 0f370,000 tons of acetaldehyde was
produce in 2001 in Japa€ERI, 2007) Acetaldehyde can be also used in flavouring and
aroma in cosmetic and food industayd in the producton of pesticides, lubricants and

adhesivegCERI, 2007)

2.3.2Environmental impacts of acetaldehyde

2.3.2.1 Photochemical smog
Acetaldehyde played significant role in forming photochemical srhogtaldehyde can react

with NO to form peroxyacylnitrate@AN). The reactionareshown in:
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CH,CHO 4+ OH — CH,'CO + H,0

CH,'CO + 0, — CH,'C(0)0;

CH.C(0)0; + NO, — CH.C(0)0,NO,(PAN) (1)

PAN is a serious health hazardous chemicals am& of the main components of
photochemical smofRaniet al, 2011) PAN can caus powerful irritation to both eyes and
respiratorytrackseven at low levels of exposuré can readily dissolve in water and lead to a
largeamountof lachrymation whern contactwith eyes. At higher concentrations, PAN can
cause damage to exposed skihss dangerous to vegetation and animals. There are reports
that extensivedamage is observed when plastand animalsare exposed to high
concentrations of PANRaniet al, 2011) PAN is also considered as mutagenic chemicals. It

is believed that PANan be a factor that increadbe risk of skin cancgRaniet al, 2011)

2.3.2.2 Effects on living organisms

Acetaldehyddnas beemeported thatd causegrowth inhibition br many microorganisms and
Yuenet al. (1995)reportedthat the minimal concentian of acetaldehyde thabuld cause
inhibition to 11 species of fungi is 540 mgimAt acetaldehyde concentration of 357,000
mg/m?, death of these fungi can be observed. They @tserved thaPenicillium italicum

and P. digitatumare the most acetaldgjde sensitivefungal species wh 95% and 91%
growth inhibition respectively after 5 days of exposure to acetaldehyde vapour at a
concentration of 540 mgfnSimilar inhibition can be found in aquatic microorganisfos
instanceBioluminescence inhibitiorwas found in luminescent bacteriuRhotobacterium
phosphoreumand 342 mg/L was obtained as the 0.5h EC50 (CERI, 2007) Growth
inhibition was also found ifetrahymena pyriformiat toxicity of 44 mg/L as the S EGso

(CER), 2007)
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Acetaldehyde can caa colour change and necrosis to vegetation. Such effects can be
observed in lettuce after 4 hours exposure to acetaldehyde (S4080000 mg/r#). (Aharoni

et al, 1979; Stewartet al, 198(0. Acetaldehyde can also prevent germination to many
speciesandacetaldehyde concentratiof 1,520 mg/L, 50% and more seeds of onion, carrot,

palmer amaranth and tomato had germination inhib{@8asadow and Connic, 1988)

Acetaldehyde is considered toxic to many animal speti@3% mortality at all life stages
canbe observed iMyzus persica@and Acythosiphon kondavhen exposed to acetaldehyde
at concentrations of 3,600 and 4,500 mytespectively(Aharoni et al, 1979) The acute
toxicity of acetaldehydénas been reporteith many fish species such as fathead rmoim,
pinfish, bluegill, guppy and rainbow trout. Take fathead minnowaraexample, the 96h

LCsois 30.8 mg/L. and br pinfish, the 24h LCsois 70mg/L(Brookeet al., 1984)

Many researchers concluded that acetaldehyde has hazardous effects on srgarism
environmentThe CERI(2007)suggested that the acute toxicity value of acetaldehyde should
correspondo the globally harmonized system of classification and labelling of chemicals

(GHS) acute toxicity hazard categoly (harmfu).

2.3.2.3 Effects on human health

Acetaldehyde can be abbed into human body through many way=or instance,
acetaldehyde can be inhaled throupk lungs, taken up through gastrointestinal tract
even adsorbed through skdoe to its physia-chemcal propertiesnside human bod(WwHO,
1995) acetaldehydes distributed through blood into liver, kidney, spleen, heart, muscle and
possibly betal enviroment(Hobaraet al, 1985) Irritationsin the eyes and respiratory tracts
could be cased by expsure to acetaldehydefythema can be developed on exposed skin
(CERI, 2007) However, die to lack of sufficient data, the exact effects of acetaldebgde

human reproductiodévelopment, neulogical system and immune system are yet unknown
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althoughthe animal experiments suggested that acetaldebgdéd behazardous to human

health and should concern(CERI, 2007)

According to experiments on rats,wias discovered that the acute toxicity of acetaldehyde
with inhalation exposure is much higher thaattith oral dose. For oral administration, the
LDso is from 660 to 1930 mg/Kg. For inhalation, the 4o@ between 13,100 (4 hours) and
20,200 (0.5 hours) pprCERI, 2007) Rats that have absorbedetaldehydeshow many
symptoms such as acceleraiacheat rate, increagkin blood pressure, pulmonary edema
and effects on their central nervous sys{€&RI, 2007) Hyperkeratosis in the forestomach
of the rats can be observed after 4 weeks of acetaldehyde oral administratioseod @75
mg/Kg/day (Til et al, 1988) For inhalation exposed rats, acetaldehgdeld damage the

respiratory tracts, and most of the damaged tissues were found from upper respiratory tract.

In order to study the reproductive and developmental toxicity of acetaldehyde, intrevenou
and intraperitoneal injection were conducted on female pregnant mice. The foetuses of the
injected mice showed foetal resorptions,body weight loss, neural tube defect and
malformation. Foetal skeletal defects can be observed in female rats treatedaby or
administration of acetaldehyde at a dose of 200 mg/Kg/day on gestation days @-&aldl8

and Persaydl990)

Acetaldehyde is considered mutagenic.various n vitro studies, positive responsés
acetaldehyddénave been reportedt is established #t acetaldehyde is able to cause gene
mutation, chromosomal aberration and sister chromatid exchanges. Acetaldehyde is believed
to be genotoxicAt a concentration of 13 ug/mL, acetaldehyde can causean lymphocytes

hprt gene locus mutatior(He et al, 1990) Acetaldehyde can also causklromosomal
aberration orhuman lymphocytes from dosage of 7.8 pg/mL and causster chromatid

exchange froma dosage of 4 pg/mL(Obe and Beek,1979; Bohlke et al, 1983.
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Acetaldehyde is also reportéd cause DNA stind breaks ohuman leukocytes and DNA

DNA crosslinks of human lymphocytef_ambertet al, 1985)

Animal tests also indicated that acetaldehyde could have carcinogenicity. After 28 ,/Bonths
hours / day5 days / week inhalation exposumrcinoma can é discovered in the nasal
cavity of both male and female rafé/outersenret al, 1986) Respiratory tractumourscan

be found in Syrian hamster after 52 weeks, 7 hours / ddgy% / week inhalation exposure
(Feronet al, 1982) The dose dependent inases in carcinoma indicated that acetaldehyde
should be considered as carcinogenic chemicals. Acetaldehyde is classified as Group 2B
(possible carcinogenic to humans) by the International Agency for ResearchaoneCC

(IARC) (CERI, 2007)

2.3.2 TheEffects of Acetaldehyde oMicroalgaeGrowth

Microalgae are sensitive to environnt@nchanges such as temperatykl, light intensity
and toxic compourgl Therefore, they are often used as indicators for chemical risk
assessments. Due to such high sensitivibe response of microalgae to acetaldehyde
exposure may be drastic. According to the toxicity test on thenicroalgal strain
Pesudokirchmeriella subcapitaiaacetaldehyde showed extremely high toxicity Ro
subcapitataamong 90 different organic compalstested At acetaldehyde concentration of
4,439mg/L, the growth rate dP. subcapitatacould only achiee half of its unaffected rate
(Tsai and Chen2007) Acetaldehyde is reportetb cause growth and photoghesis
inhibition to microalga An acute taicity test indicated that growth inhibition can be
observedn marine diatomsvhen EGp is from 237 to249 mg/L(CERI, 2007) According to

the research conducted by Brack and Frack (1998), the photosynth€siseofhardii can

be affected aain acetal@hyde concentration of 23 mg/L, the deelaf both photochemical
and norphotochemical quenching can be discovered when the microafgmexposed to
acetaldehyde.
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Although all theseinvestigationgndicated that acetaldehyaestrongly toxic to microaae,
they are toxicity studiesvhich involve high leved of acetaldehyde exposyras well as
specific and sensitive strains. i$ls how the risk of emitting acetaldehyde into environment
can be determined. However, microalgae are divansedaptable fe forms, different algal
species W have various responsavhen exposed to acetaldehyde because of different

cytology, physiology and genetics.

2.4 MicroalgaeScreening and\cclimation

2.4.1Microalgae response to toxic composnd

Many researchers reped the toxicityof acetaldehyde to algal growthowever few of their
studies involved the acclimation of microalgae. It is established that microalgae are resilient
organisms, they are repeatedly discovered thriving in extreme environment, and they also

tend to alter themselves metabolically in order tapatb new environments.

It is an established fact that tleeolutionaryadaptability ofsomemicroalgae allow them
tolerate compounds and pollutants that are far more than acetaldehyde. The githvof D.
salina and T. suecicaare reported to be slowed at early dafscadmium and copper
exposurehowever, such inhibition did not maintain permanently. The growth rate of both
strain®caughtup laer and achieved similar ratevith that ofthe contol cultures(Rodriguez

and Rivera1995) Some pollutants such as heavy metals are extremely toxic when delease
into the environmenthowever, these compods might provide crucial micronutrietior

algal growth. For instancescenedesmus incrassatulissreported to be able to remove
chromium, cadmium, and coppét.is believed that cadmium playesignificant role in
energy related processes required Ry incrassatuluswhich explained the remarkable
cadmium removal abilitythat S. incrassatulusposssesed (PenaCastro et al, 2004)
Dictyosphaerium chlorelloidpresented another ideal example of the micrddtgaranceto

toxic environmerd By gradually increasg the exposurd. chlorelloidsto TNT, the alga

41



becametolerart to this contaminant. Thisesearch showed the growth rate of treated algae
even declined when TNT was takeut d the medium. Moreover, significant reduction of its

photosynthesis rateasalso observe@GarciaVillada et al, 2002)

The above examplgsrovide evidencéhat, alttough acetaldehyde is regardedadsarmful
chemical to algal growth, it is quite possible certain strains can develop sufficient tolerance
that allow them tathrive under the exposuref acetaldehyde. Algasuch asDundiella,
TetraselmisandChlorella arerepeatedly reported to be ablerésist the influences efarious

toxins Screening methakshould be itroduced into the research in order to identligse
microalgae with high tolerance to acetaldehyde.efslving life forns, microalgae hee

never cased to mutate and adjust themselves, which hmade thenthe fittestorganisns in

every aquatienvironmentsince eons agoTherefore, tolerating and utilizing acetaldehyde
should not beconsidered asn impossible challenge tmicroalgaefor which actimation

could be a promising solution

2.4.2Algal screeningechniques

Algae screening is a strategy appltecan algal populatioto identify and seledhe optimal
strains with required biefunctions such as capability of producimgtarget bieprodud,
containing high level of nutrients or abilities to remove unwanted pollyterat$-or instance
manyinvestigationsvere conducted in order to determine the ideal algal species ffuddio
productionsrecently Nascimentoet al. (2012) carried @t a screening experimerfor 12
microalgae straingn order to determine the suitable strains for biodiesel productioe
algae were cultured in Erlenmeyer flasks which were kept under obristaperatureof
25 °C and agitation of 90 rpm. Cultures wereated with CQ enriched air (5%) at flow rate
of 0.5 vwm, and 12:12 h light dark cycle was also provided to the screening cultiees.
biodiesel fuel properties of these microalgae were measured and evaluated by their
volumetric lipid productivity and faytacd profiles. The study reportetat the highest lipid
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yields were found for Chlorella and Botryococcus However, Kirchneriella lunaris
Ankistrodesmus fustiformi€hlamydocapsa bacillysand Ankistrodesmus falcatushowed
highest level of polyunsatatedFAME, which indicated potentidbr high quality biodiesel

production.

Anotherexample ofmicroalgae screening reseanvis conducted byDoanet al (2011)in
Singapore they reportedthat Nannochloropsisstrains contained highest concentrations of
lipid. During the research, 96 marine microalgae strains were isolated from the coastal water
of Singapore, and 21 strains among these microalgae were characterized for biodiesel feed
stock. During the screening procestje isolated algae were grown side flasks and
maintained in a photoincubatat a temperature of 25+1 °C, light intensity of 60 pumol
photon n? s?, and 12:12 h light / dark cycle with manual shaking twice a Mhgroalgae

with cellular lipid droplets were selected and further scredoedell division and lipid
production. The cell growth rates were measured by optical density, and the lipid productions
were determined by total lipid content and fatty acid profile which can be measured
respectively by Ne Red fluorescence ah GC - MS. It was concludedon the basis of this
screening experiment thiannochloropsisp. haverapid growth rate, high lipid content and
favourable fatty acid profile, which suggested tNainnochlorops is a suitable candidate

for biofuel production

In addition, many researchehavefocused on screening microalgae for valuablegraduct.
For example, Naiet al. (2007) screenetiventy-six marine algae all collected from coastal
regions of Guijarat for thepossession oéintibacterial active agentThe active compound

of these microalgae are extracted by acetone and methanalsaddagainst 5 clinically
important bacterial stras, namelyBacillus cereus, Micrococcus flavuGitrobacter freundi,
Klebsiella pneumoniaand Pseudomonas testosteron&gar disc diffusion and agar dh
methods were employed for testing the antibacterial activity of extractedcalgglounds
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The mecroalgaEnteromorpha intestinaliproved to be the most promising candidate for

antibacterial agent production among the 26 strains.

Plazaet al (2010 also screened microalgder bioactive compounds. According to their
research bioactive compounds were extracttdm the cyanobacteriun$ynechocystisp.
andHimanthalia elongateind characterized by GRS and HPLGDAD. The extracts wer
discovered to have high antioxidant activities. Many antimicrobial active compounds such as

phytol, fucosterol, neophytadiene, palmitoleic and oleic acids were identified.

Microalgaeare believed to have great potentitdr treating waste water, exhaugas and
other waste materials. Therefore, it is important to study the tolerance of microalgae to
various pollutants. Hence, many researchers focused their studies omiditalgae
screenindor high resistance to toxic compoung®senin waste material Sivasubramanian

et al (2011) screened different microalgae fotheir tolerance to the sludge of hypochlorite
manufacturing industryThe microalgae, namelZhroococcus turgidus, Chlamydomonas
pertusa, Chlorella vulgaris, Chlorococcuinumicog Dactylacoccopsis raphidioideand two
isolated wild straingvere cultured in test tubes which contained culture medium and two
different concentrations of effluerdludge namely 2.5% and 5%. This effluent sludge
contains mainlyacid insoluble, carbonate,hydroxides andsulphates.The tolerance of
microalgae wasletermined by their growth rates which were measurecethycouns. The
screening experimemeportedthat Chlorococcum humicoland Chroococcus turgidusad
highest growth rate§ his indicated that thepave significant tolerance to the effluent sludge

and great potential fdryposludge remediation.

An algal screeningproject resarcing for chromium tolerance revealed thadhe
cyanobacteriunNostocsp. can tolerate Cr (VI) at conceations of5 and 10 rg/L. The algae

were screeneh 250ml Erlenmeyer flasksnder 5 differentoncentrations of Cr (VI) (5, 10,
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15 and 20 mg/L)After 10 days ofncubation the growth rates were measured and compared
with control group which was gwn without Cr (VI) exposw. Tolerance to chromium was
determired by dry weight, chlorophyth and protein contentlt is reported that the
cyanobacteriumshowed highest growth rate at chromium concentratiomf 5 mg/L.
However,the highest chlorophyig, protein and phycocgan concentratiorwasfoundin the

cyanobacteriunculture exposed to 10 and 15 mg/L Cr (Y&hivram and/ishwanath, 2012)

Zhang et al (2013) screred microalgae forCO:; tolerance Seventeeralgal strains were
culturedin flasks, andpure CQ blended with aiwasinjected into the culture. Theffect of
CGO, concentration in the inlet gam algd growth was screenedrom 2 to 20% (v/v).They
discovered that, among the strains they screestdins closely related to the species

ScenedesmusdChlorococcunmwere the most Cetolerant ones.

As noted earlier in this thesis,ieroalgaeshow great diversity ispeciation and functioand

this hasattracted a lot of attentiofrom various industries. Different culture collection centres
all over the world have maiamned thousands of algal cultures. Such diversity cseate
difficulties foridentifying the most suitable algal candidates for required functions. Therefore,
proper and efficient screening processes are desperately neledesiier, as can be seen in
the caes listed abovehe majority of screening experimentise plain shake flasks to grow
microalgae which are simple and econaahibut do not support the most efficient growth
Cultivation system is important to the screening process. Applying ideal@lljase system
could providea desirable environment for alggrowth and reduce external interference to

the screening.

2.4.3Acclimation for increasing tolerante toxic substances
Acclimation is the method whichaa allow microalgae to maintaigrowth across a range of

environmental conditions by creating a gradual change of the environment which force
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microalgae to adjust threbehaviour and physiologypuch adjustment generalbgcurs within
the generation timeof the organism, and the capability atclimation is presumably
genetically transmittedlt is a weltkknown fact that microalgae have large acclimation
capacities to various conditions which allow them to adapt and tolaratee range of
exposure to different toxic compounds. In order tdgeen bio-assimilation of many harmful
pollutans in bodies of wateralgal acclimation has beentioduced into the water treatment

researches.

Researchinto algal acclimation for phenol tolerance revealed that algae strains could
graduallygain the abiliy to grow in phenolic mediunThree algal straingocystis pusilla,
Chlorella pyrenoidosaand Oscillatoria quadripunctulatavere isolated from a local waste
stream. They were grown in 50ml culture tubes. The algae were exposed to a series of phenol
concentrationswhich were 0.1, 1, 2, 4, and 5 mg/L. After 8 days growth, the cells were
centrifuged incubated and exposed to successively higher concentrations of phenol in the
order of 7, 10, 12, 15, 17, 20, 22 and 25 mgfitially, growth inhibition can b@bserved in

all strains due to increase of phenol concentration. However, the algal cedlafteldsecond

exposurenere nearly the same #ee control group or even high@oseph andoseph, 1999)

Wang (1985) studied the acclimation and responselgdeatozinc toxicity. Algae samples
(SelenastrumMicrocystis Anabaena, Diatomsetc.)collected from Peoria and Farrgion,

lllinois were placed intdOD bdtles and exposed to zinc. Increasthg zinc concentration

after each acclimatiorexperiment sbwed that algadrom different regions responded
differently to zinc exposure. However, the algal response to zinc exposure could change after

acclimation mainly due to the tolerance microalgaveloped during acclimation.

Johnsoret al. (2007) reportedhiat tolerance of microalgae to copper could be developed after

acclimation. Two strains Nitzschia closteriumand Chlorella sp. were cultured at copper
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concentrations of < 2 pug/L and <1 pg/L respectively. Then transferred int@c@dainng
copper concdmations of 5 or 25 pg/L foN. chlosteriumand 2 pg/L forChlorella sp. The
researchrsconcluded thaacclimationhadlittle effect on the tolerance of these two strains to

copper, however, for long time exposure, acclimated samples showed more resistanc

Compared to aromatic compouwndnd heavy metals tested in the cadescribedabove,
acetaldehyde has been proven to be less hazardous to microorganisms. Acetakielale
generated by metabolisof various organisms and even reported can be digbstedany
bacteria and fungiTherefore, it is not completelynreasonableéhat microalgae could be

acclimated to tolerate or evassimilateacetaldehyde.

2.5 MicroalgaeCultivation

2.5.1 Culture techniques

For industrial scale culture algal biomass, #re are two distinct concepts which have been
emerged since early %0s. According to Chaumont (1993)he first is the closed
photobioreactor described by Burlew in 1953; the second is large, channelized, mixed open
ponds as pioneered by Oswald and Goduak 1960. Generally, the most widely applied
microalgal cultivation systems in the world are these two types. For open pondssystem
their size expandshey will be much easieaffected and contaminatdxyy the environment.
Therefore, there isften a huge gap between the theoretical and theaagitoductivities
Only a few algal strains can be cultuiedanindustrial sale open pond system (Richmond
20049). By contrast, the closed photobioreastare relatively more reliable and stabledcan
prewent the external contamination adidturbanceTheir productivities can be very close to
the theoretical value. However, many problems suchzashibition, mixing, circulation and

CO, supply could still restrain its development and popularization. Acdorg to the

] ) Light )
photosynthesis proceséqo, + 6H,0 — C.H,,0, + 60,), oxygen will be generated and
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accumulated in the mediuwhuring the growth of microalgae. High oxygen concentration
could limit the photosynthesisate In addition, woper mixing of the mediumis also
important to algal growth.Generally mechanical stirrerand pumps are used for mixing.
However they will consume energy and may krdalicate algal cellsMiron et al, 1999).
Moreover, CQ dosing can significantly affect éhperformance of the bioreactdris because
that CO, is the most important carbon sourf@ photosynthesis. Howevethe CQ is
generally dosed into the medium by normal dibebbles(over 500um), the resident time
and the mass transfer rate are not ideal, which will considerabitythe CQ uptake by

microalgae.

An arlift photo-bioreactor is a closed or seglosed biomass production systefe airlift
photcbioreactor can provida stable and reliable condition fatgal growthwith little
external contaminationit has relatiely simple structurg which meansthe capital cost,
operational cost and maintenance cost are Due to its unique geometrieg, gan als
achieve very fine gas dispersald mixing with low energy consumption. The airlift ptrot
bioreactor has no moving parts, low power consumption, high mass transfer rate,
homogeneous sheéorce rapid mixingrate and less land req@ment biomass production

system(Miron et al, 2002)
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Figure2.1. The principle of the circulatioaf gas and liquid within an airliftioreactor

Figure 2.1 shows the principle of gas and liguniculation in the airlift bioreactor. The gas
flow will be injected into the bioreactor from tligfuser placed at the bottom of the reactor
Whengas streanenteed into the draft tubewaterwill be dragged up and formed a rising
flow. Due to more gas in the draft tube than the rest of the bioreactor, the density of the fluid
in the centre of the reactds lower. A pressure difference igenerateddue to this density
difference, whichdrivesthe flow to circulate in the bioreactor. This pressure difference can

be expressed by following formula (Merchaikd Yunger1990).

AP = pL g(OR — @D) Eq2.1

Where, &P is the pressurdowndomérf erentbebkt weked
L is the height of the liquid? R is the diameter of the reacto is the diameter of the draft

tube. The circulation generated by the prass difference between the risexgion and the
downcomer region is more hogeneous. This circulation provides very fine mixing of the

medium and the bubbleg/hich prevents the sedimentation of the algalsdlhe circulation

can move algal cell from the dark zone of the reactor to the light zone, which makes more
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cells expose to sufficient light. Compared to mechanical stirring, the circulation generated
in the airlift bioreactor has very low shearing force, which minimizepthentialdamage to

the algal cells (Merchu&nd Yunger1990).

2.5.2 GrowtHhactors

The light conlitions, pH value, temperature, nutrient and salinity aocene of themost
important aspects that afethe growth of the algae.idht is the keynputthat determing

the energy density of the biomass produced by the algae photosynthesis. The enxyyme acti
of the microalgae is vithl importantfor almost every biochemical process ocimgrin the

algal cell. It is highly determined by the pH value and the temperature of the cultural medium.
The nutrients are key elements which maintain the survivéhefalgae. The metabolism

pathways greatly depend on the composition of the nutrients in the medium.

2.5.2.1Light intensity

Generally, increasing the liglmtensity can increase thenergy amount received by algal
pigmens, which means more solar energcgn be harvestlby the algal cell (Tamiy&l 957).
Chlorophyll molecules act aseactioncentres which convertie photo energy into chemical
energy. With mordight harvestingpigments, more photons can be captured and utilized.
However, if the amount gbhotons exceeds éhcapability of the pigments, thehe excess
photons cannot be processed and will be wasted as heat energy. Therefore, when the light
intensity becomes saturated, increasing theensity will not increase the rate of
photosynthesis. Meover, very high lightintensity can lead to light inhitton of the
microalgae, and it can even damage the algad delbugh photoinhibitioriTheincreaseheat
energy can affecthe enzyme activity of the algae, and the algall apparatus can be
damaed by continually increasingemperature (Sauelsson and Richardson, 1982).
Therefore, sufficient light intensity benefits thigal growth. Howeverincreasng the light

intensityexcessivelywill cause light inhibition.Generally, the light density begégn 5000 to
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10000 lux in large container and 1000lux in small flask is desirablalé@l cultivation

(Borowitzka andBorowitzka, 1988)

Algal cultivation in photobioreactors may easily achieve high density of algal culture, however, such
dense culture add also lead to problems of light attenuation or inhibition. The algal cell remains in
the shaded dark zones may not receive sufficient light flux for its growth. However, the algal cells at
the light zones close to the wall of the reactors may haveflighthat exceeds the saturation point.
Such maldisribution of light could affect the algal growth in the reactor and eventually reduce the
productivity of the cultivationlt is reported thabptimal lightdark cycle period coul@mprovethe
photosynthet efficiencies(Richmondet al, 2003) When algae growth in continuous lighting,

the cells in dark zones of the reactor are brought to the illuminatated region while those
former oO1ight 6 cel |, »naairdifelooptiorefictoeBg this arculdtanr K r e ¢
pattern, theight-dark cycle could be achieved. In the case of cultivation in photobioreactors,
this lightdark cycle generally is driven by gas bubbling. Through proper adjustment of the
circulation time and design of bioreactor geometry, the optimgat-tiark cycle can be

achieved Sforzaet al 2012)

2.5.23 The influence by Temperature

Enzymes arethe biacatalyss in algae metabolisrand enzyme activity is very sensitive to
temperature. At low temperature, the enzymatic reastareslow or even stopped. As the
temperature risgethe activity of the enzyme will recover and increase till it readhe
optimal range. However, over the optimal temperature, the enzymatic activity drops rapidly,
because the higtemperature will cause enzynmactivationor even dertarration. (Tamiya

1957)

Generally, algal metabolism will staphen the temperature is 10 to32%elow the optimal
value Howeverwhen the temperatuiie just2 to 33 higher than the optial temperature,

algal growth will be rapidly decreasddverall, he biomass production by microalgae will be
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affected by the temperature. At the optimal temperature, the algae cebrsilze be small
and the biochemical contents are the lowest. Generally, when the temperature is slightly
higher than the optimal tempdure, the best bmass production can be achieved

(Borowitzka andBorowitzka, 1988)

2.5.24 pH

The pH can affect the G@osing, dispersing anthemicalform in the medium. In higher pH
medium, there is more GOthan HCQ and free C@ As the pHincreases the HCQ and
free CQ keep decreasing. Generalxceptcyanobacteriahigh pH value may restrain the
growth of the algae. However, as growdh the algaekeers utilizing CO; species, the pH
valuein the mediumwill increase. The high pH may affettie algal uptakef some key
nutrients such as agnesium which is significant to the synthesis of chlorophyll. The
magnesium ions will sedimennder high pH condition. Generally, for most species, the pH

range between 6.0 and 8.0 is approprigiehmond 1986.

2.5.25 Salinity

The salinity of the culture medium is important to mainthie osmotic baince of the algal
cell. Increasinghe salinity of the medium may cause osmotic whiss. To keep the cell
hydrated the salinity musbe maintaired at an appropriatdevel. The salinity can also affect
the synthesis of some organic products in the algal cell. At higher salinity cogditien
production of the lipid contents can be increased. Banaliella species, increasing the
salinity can enhance eélproduction of glycerol and carotens{@orowitzka, 1997)However,
both high salinity (hypertonic stress) and low salinity (hypoosmotic stresay reduce the

photosynthesis rat@orowitzka andBorowitzka, 1988)
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2.5.26 Nutrients

Carbon

Carbon dioxile isessentialto algal photosynthesigiquatic specie®f algaewhich cannot
directly capture C@from the atmospherecan only uptake the GQlissolved in waterFor
achieving higher photosynthesis maia photobioreatorghe CQ has to be injected ia the
medium by concentrated flow in order to provide sufficiearbon source. The G@an also

affect the pH value. As the G@ dosednto medium, the pH value will reduce. Normally,

the metabolism of the algae can increase the pH in the medium mhigtharm the algae
photosynthesis. The pH value can be adjusted to optimal range by changing the amount of

CO. dosing(Borowitzka andBorowitzka, 1988)
Nitrogen

Nitrogen is akey constituent of nucleiacid and proteinsand during lhe cultivation ofalgal
biomass, nitrogers usually introduced into the culture mediumnorganic forns. Generally
the N source for algal culture is nitrate (KOHowever, many researefs haveaeportedthat
the ammonia(NHs) can bean alternative N source for algae growfrhe ammonia can be
assimilated by algal cell at very lo@nergy cost compared to nitrate ahdan be acquired

from manyindustrial and municipal was{8orowitzka andBorowitzka, 1988)
Phosphorus

Phosphorus plays a significant role in energy transfeigaecells as akey elemenin the
composition of ATP and ADP. It isalso animportant constituent of nucleic acid. The
microalgae can ogluptake the inorganic phosplisr (HPQ: and HPG?). Generally, the
optimal concentratioof phosphorusn the medium isbetween 0.02 to 0.025 gBorowitzka

andBorowitzka, 1988)

53



Trace elemeist

Trace elements are normally metal ions (Mg, Ca, Mn, Zn, Cu and Mo) and vitamins which
play important roles in algal photosynthesis and metabolism. The requireareméce
elements is very smadindthe amount of the trace elements added into the medium should be
carefully measuredEven a very small amount of the trace elemeant excessof the

requirement will be aculg toxic to algagBorowitzka andBorowitzka, 1988)

2.5.3 CQ supply

2.5.3.1 C@mass transfer

The efficiency of CQ supply is principally the efficiency of GQasliquid mass transfer, and
subsequently the mass transfer of ,CGfbugh celliquid interface. Moreover, the accumulated
dissolved oxygen geretied by algal photosynthesis is also removed via same two phase mass transfer

process.

The twophase mass transfer process could be explained bfjltmvtheory. As can be seen in Figure
2.2,the region where mass transtarcurs consists of thrgearts agas film, a liquid film and a gas
liquid interface(Whitman, 1962)It can be assumed that all the resistance to mass transfer were lies in
gas film and liquid film, and the phase interface is assutoeoffer no resistance. According to

He nr y 6tke mblaafraction of the species in liquid phase should be directly proportional to the
mole fraction of that species in gas phagen equilibrium achievedvhich could be described by

following equation:
Cei= HOu IEqZ2

Where the G is the gas mole fraction at the interface, andi€the liquid mole fraction at the
interface. The HO i s a daaoeffioient$BiOT0OLI 1892)sThi§ egquation o f He |
can be usedtdetermine the interfacial concentrations of the studying species. Chisti (1989) reported

that it can be assumed that the mass transfer occurred in both films is solely molecular diffusion.

Moreover, such diffusion is believed to be driven by the byctivecentration gradient in the films.
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Therefore, the driven force of the mass transfer in gas film and liquid film could described by (C

Cei) and (G 7 Cy) respectivelyHowever the diffusivities of gas phase are much larger than those in
liquid phaseTherefore, compared to liquid film the resistances in gas film could be considered to be
negligible. Hence, it can be safely assumed that all the resistance to mass transfer lies in the liquid
film. The mass transfer in liquid film is the control stagetle# overall mass transfer. The overall
mass transferan be expressed'by

dc, .
—=KalC -G)
dt “ Eq2.3

Where dC/dt is the instant mass transfer rate, C* is the equilibrium concentration,and K

the secalled volumetric or overall mass transfer coefficient

Gasfilm Liquid film

Bulk gas | I Bulk liquid

| 1
Cs 1 Cy :
- Pherrsrnnnn 2 [P :

;\ 0.(:141 =£ Gl /H

dC /dt=K a(C-Cy) | Cii| ., ‘: : dC;/dt=K; a(C;,"-Cy)

= = = = I Tl "Sessssssssssssnnnas
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I ! ‘
1 | ('L
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5

Gas Liquid interface
C Gi=H X ("Li

Figure 2.2: Gasiquid mass transfer explained by tfibm theory

(Adaptedfrom Chisti, 1989)
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2.5.32 Introducing CQ by microbubbles

Mi crobubbl es refer to the bubbles with diam

properties of microbubbdesuch as relatively high mass and heahsfer rate and slow rising
time, microbubbles have been reportedo have many important applicati®enn various
industrial processes, for example, separation process, special porous polymer synthesis, waste

water treément and many biological processes.

According to equation 2.3, a and C*are most important factors that determine the mass
transfer rate. In the case e@asliquid mass transfer, the C* is directly proportional to the

CO, concentration in inlet gas, udh indicates that dosing gases with higher ,CO
concentrations could effectively enhance the mass transfer rate. BpiKKis usually a
constant only depends on the gjgsiid properties. Therefore, theterfacialar ea 6 adé i s

factor which could déct the effectiveness of mass transfer.

The interphase mass transfer has direct proportion relationship with the interphase area. For

bubbles, the interphase area is its specific surface area which can be calculated by:

L Yufoce Araa 4yt 3
Specific Surface = = == Eqg 2.4
p f ‘f volums i!rrs r q

g

As can be seen in equati@, the bubble size and gas hold up are the governing parameters

for mass transfer rate.

The Figire 2.3 shows the advantages of the miabble, the graph (a) demonstsatbe

surface area increase by dividing large bubblmimro-bubbles. The diagram (b) shows that

the bubble volume is proportional to the square of bubble size, and the surface and transfer
rate are proportional to the cube of the bubble size. The diagram (c) shows the relationship of
the total trasfer rate ad the bubble siz&immermaret al, 2008.
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Fig 23 The advantages of micitmubble

One of the key limitations of COsupply for algal cultivation is lack of sufficient mass
transfer efficiency. By traditional aeration methods, only20%0 of dosed C®can be
utilized by microalgae, however, most of the & wasted and released into atmosphere.
There are reports claimed that this low mass transfer efficiency is determined by the bubbles
size. (Carvalhoand Malcata 2006) It is believedthat utilizing microbubble instead of big
conventional bubbles could achieve relatively higher surface to volume ratio wdudth

result in desirable mass transfer rate.
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Moreover, the bubble with smaller size have longer residence time in liquid tgen $&re
bubblesAccording to Stokes law, the rising velocity of bubbles can be calculated through the
following equation:

v = Z(rL - E)grz

Eq 2.5
r om q

Wh e r, & the terminal rising velocity for a single bubble with the diameter of r, p is the
Vi scosi t yLigd)isthe densitydifferefice between liquid and g&higti 1989
Zimmermanet al, 2008) Therefore, reducing the size of bubblescmarsiderably reduce the
rising velocity, which means much longer residence titmamermanet al (2009) reported

that microbubble have lower momentum rising however could increase the momentum for

liquid rising which is considered to be a benefactoritpritl mixing.

The size of microbubbteis generally similar tadhe size of aralgal cell or even smaller.
Therefore, the micro bubble can attach to the algal cell and provide more buoyant force to the
cell, Along with the long residence time of the micrbbigs, good suspension of the algal

cell in the medium can be achieved.

For CQ supply in the algae biomass cultivation, more-@®0sing can be achieved by high
mass transfer rate and long residence time of microbsitible to the enhancement of liquid

T gas mass transfer, the microbubble could help trip out accumulated dissolved oxygen.

Factors such as fluidic properties, geometry and material of orifice, etc. could all affect the
formation of bubblesin this research, the marine algae are studied. Tdretehe influence

of liquid salinity and viscosity to bubble formation should be discusEeelliquid viscosity

is considered as a controversial parameter of bubble formation. The reports contradicted each
other.Siemes and Kaufmann (1956) reported thatliquid viscosity could not affect bubble

size when the studied viscosity are relatively low. Kuma and Kuloor (1@p@yted that
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viscosity has no effect on bubbles formation. HoweS8ehaferet al (2002) and Mouzat al

(2005) both reported the bhbles size could imease follow the increase of viscositypuring

the research, it is discovered that as the algae growing the viscosity of the culture increased.
However,theC@d osage havendt been affected (see se

the viscosity did not affect the G@ass transfer in this research.

Salinity of culture medium was reported to be able to affect the bubble formation and mass
transfer. It is believed that salinity could alter the gas hop mass transfer and
hydrodynanic characteristics in the airlift reactdBajjadi et al. (2011) reported that the
bubble size will decreaseitlv increase in the salinity. They believe that salinity could
increase the Lapalace pressure difference wtnetd inhibit the coakescence aflibles and
improve the bubble breakadggmilar phenomenon was reportedRyerrngamet al (2008).

They discovered that increasing the salts concentration in the airlift reactor could increase the
overall volumetric specific area. The mean bubble sizegh salinity water is reported to be

smaller than that in fresh water.

2.5.33 Microbubble generation by novel fluid oscillator

Conventional microbubble generation technologies are always consitterbaedve high
energy consumption ando be expensive. Hoever, a new microbubble generation
technology developed by Pesfsor Will Zimmerman ca greatly reduce the energy
requirementcapital cost and the operational cost which thesentional technologies require
It is achieved by introducing a novel fluidad$ator, patented by Prof Zimmermamto the

system.
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Figure 2.3 the operation principle dhe fluidic oscillator

Figure 2.3 shows the basic structure and operation principle of the fluidic oscillator. It
achieves oscillation by switching the contingdlow input into alternative exit channels at

very high frequency.

The inlet gas flow enters into the oscillator through supply terminal. According to Coanda
effect, the fluid jet turns to attach itself to nearby surface and remain attached even when the
surface curves away from the initial jet direction. The flow will not come out from the both
outlet terminal at the same time. It will randomly remain atddb one channel and pass
through it. When the gas flow passby one of the two control termirgla small low
pressure zone will be created near the side of the nearby control terminal due to
intermolecularforces and shearing force. Therefore a pressure difference is generated
between two control terminalsvhich are connected byfeedback. The gssure difference
between the control terminals will make the gas in the feedback loop form a gas flow and
move from the high pressure zone to low pressure zone. This flow can switch the input gas
flow to the opposite side. Then, the whole process wikaepgain and go round and round.

Thereby, the oscillating flows are generated.
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According to the Young.aplace law, reducing the size of orifices will not necessarily reduce

the bubble size. It can be explained by equation 2.6:

r Eq 2.6

WhereqpPi s t he pressure difference between i nsi
tension and r is curvature radius of bubbéen bubbles start to form on the orifices, they

have infinite curvature radius. As the bubbles growing, the radius reducetieabdbbles

tend to form spherical shape. However, after the bubbles grow in to hemispherical shape, the
radius start to increasas the growth of bubbles volume. As can be seen in equation 2.6,

when radius reduced, the pressure difference which air fleedsrto overcome is also

reduced. Therefore, air could bmicheasier to flow into the bubbledence, the bubbles are

going to grow faster, and its size will be mualger than the size of orifigimmermanet

al., 2009)

In order to stop the growth blubbles, and reduce the bubble sthe,bubbleshould be break

off when it is still a hemispherical caphe fluidic oscillator introduced abowsuld genera
oscillatedgas flow which switching off gas supply for bubble growstfiter cuting off gas
suply, the surrounding water would flood tlugifice andforce bubbles breaking off the
apertures. After, the bubbles come off the diffuser, the gas supply is switchedrghtiie

next bubbles start anef@immermanet al, 2009) Therefore, the bubble sizell be similar

to the orifice in ceramic diffuser, which are much smaller than conventional large bubbles.

Thus the microbubbles are generated.
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The following chapters of this thesis will report and discuss the experiments carried out by
the author whiclexamine the possibility of microalgae acclimation for acetaldehyde removal

using screening based on the use of airlift plimooeactor systems employing microbubbles.
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Chapter 3 Methodology

3.1Equipment and Materisl

3.1.1Screening andcclimation system
The cultivation system for acclimation consisted of six 2.5L microbubble induced airlift
loop bioreactors. This is a scaled down approach compared to that reported for pilot scale
studies on stack gas (Zimmermanh al, 2011). The microbubbleethnology allows
higher carbon dioxide mass transfer rate, better mixing and higher algal gabevtb be
achieved (Zimmermaet al, 2009), which increases the efficiency of the acclimation
system. Figure.1 shows the setup of the acclimation systemh e basic structure of

the bioreactor.

2.5L airlift loop bioreactors

@@g\a 7
Q@ \

>

DKl

Gas draught tube|
L

¢
-{>~<»

Sampling valve

Ceramic diffuser’
L

Gas cylinder (5% CO: /95% N)

(a) (b)

Figure3.1 The structure of the 2.5L airlift bioreactor éad the

schematic setup of acclimation system. (b)

The inlet gas contains 5%32 and 996 Nitrogen. Gas flux is 1.22 mé&nd the duration of
the aeration is 3thinutesper day 30 min aeration time is determined byywous research
done byYing (2013) the CQ concentration in the medium will be saturated within 30 min,

and therefag, further dosing would not affect the mass transfer anduppt@ke. However,
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continuous dosing would waste more energy for pumping gas flow into the culture system,
moreover, continuous bubbling will maintain the pH value at acidic level which may inhibit
many strainsHence, after repeated experiment, the optimal dosing time is determined to be

30 min to 40min(Ying, 2013 andYing 2013)

The acetaldehyde was added into the medium in liquid phase. The properties of the
acetaldehyde: gradeuriss.p.a, ass-09 9 . 5 % ( G-@nihydrousRradiici Number:

402788, company: SigniaAldrich.

3.1.2 Design of screening and acclimation system

The fluidic oscillators developed by PeskorZimmerman were introduced into the design of the
screening system tgenerge oscillated gas flow which feed through ceramic diffuser to produce
microbubbles with diameter@round400 pm to the bioreactorsMicrobubbles have a much larger
surface to volume ratio which means higher gas and liquid mass trafféency and large
dragging force when floating in the medium. These features could beitegpto enhance the GO

dosageand bioreactor circulation.

The bioreactor was designed to be a closed culture system due to two reasons. First is prevent
contamination and reduce ternal influence. Second is the experiment requires dosage of
acetaldehyde into the medium. Acetaldehyde is volatile and considered as harmful pollutants,
therefore it should not be emitted directly into atmosphere. Hence, when designing the bioreactor a

filter systemshould be added at the gas outlet on the top of the reactors.

As the growing of microalgae, light penetration becomes weaker, which could limit the algal growth.
Therefore, the concept of airlifoop bioreactor was incorporated into the dasof the screening
system.The airlift loop bioreactor could generate gentle circulation which could bring algae to the

shining surfaces more frequently.
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Figure 3.2. (a)the design of the dift loop bioreactors. (b) achematic management of

screening/acclimation system.
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The Fig 3.2 (a) shows the structure of the bioreactor applied for building the screening system.
The bioreactors are made of transparent Perspex so that light can easihat@ethnet
bioreactors. The main catin of the bioreactor is 3 L (2.5 L when operatinf)e diameter

of the bioreactor is 12.5cm. The total height is 33cm. The diameter of the draft tube is 8.75
and it is 14cm high. The bottom of the draft tube is 2.5crhdrigdbove the diffuser. The
diffuser will be placed at the bottom of the reactor and share the same diameter with the draft
tube. A 4cm high lid is fixed at the top of the bioreactor in order to prevent contamination
and evaporation. Gas outlet will be leacted at the top of the lid. The inlet gas from cylinder

will be sent to fluid oscillator and be converted into high frequency oscillating flow. The inlet
gas flow eventually is injected in the bioreactor through a ceramic diffuser. The key
dimensions sut as the diameter and the height of the draft tube, the height of the gas
separator and the height of the liquid surface are adjustable in order to study the bioreactor

geometric influence to the algal growth.

The Fig 3.2 (b) shows the 3x4 arrangemerthefscreening system. Each circle represents an
independent 3 litre airlift bioreactor. This system can test 12 different algal strains
simultaneously. Each dash dot line represents a light tube horizontally placed on the 14 racks
and the 4 top light fixedbove the bioreactors to provide even light distribution for each

bioreactor.
3.13 Algal strains and culture meali
All microalgae studied in this research were provide®bgtor Gilmour, Department of

MolecularBiology andBiotechnology, University of I&ffield.

Dunaliella salina It hastheability to synthesidarge amount carotenoids which can be
used in cosmetic and dietary supplement. It is robidtan thrive in extreme
environmers, where itcan resist various harmful compowsndurvive in highy salty
conditions,and can tolerate intense ligBtunaliella salinais one of the most common
algal strains used in commercial productiGalture medium i®unaliella Growth

Medium with a salinity of 1 M NaCl shown in Table 3(Hajibagheriet al, 198)
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Table 3.1 Culture medium f@unaliella salina

Dunaliella Growth Medium

Stock solution Volume of solution for 1L of medium (ml
1M NaCl 87.75¢
2M KCI 5
1M MgCl2 10
1M CaClz 10
2.4M MgSOs 10
4M NaNOs 1.25
0.5 M NaSO4 48
100mM NaH2PO4 1
1.5mM FeEDTA 1
Trace elements 1
1M HEPES (pH 7.6) 20
NaHCO3 19

Chlorella sp.: Chlorella area group of algaetsains which also have high commercial
valug as mentioned in previous Chaptethlorella cells containhigh concentration of
proteins and mangther essential nutrientfhey haveimpressive growth rage andcan

reproduce rapidly requirg only carbon dioxide, water, sunhigand small amount of
minerals, although many species o€hlorella also grow mixotrophically and

heterotrophically Chlorella strains havéhigh carbon dioxide toleranag to 40% CQ
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concentration(Hanagataet al, 1992) Mixotrophic growth of Chlorella allows the

removal ofvarious toxic chemicalsom the medium

Chlorella sp. were cultured in3N-BBM (modified Bold Basal Mdium with 3fold

Nitrogen)plusvitamins medium shown ifable 3.2.

Table 3.2 Culture medium f&hlorellasp.

3N-BBM + V Medium

Stock solution Volume of solution for 1L of medium (ml
25g/L NaNGs 30
2.5 g/L CaCbk- 2H20 5
7.5 g/LMgSOa4-7H20 10
7.5 gL K2HPO4-3H20 10
17.5 g/L KH2POs4 10
2.5gNaCl 10
Trace element solution 6

97 mg/LFeCls6H,0
41 mg/L MnCl24H:0
5 mg/L ZnCl»
2 mg/L CoCl.6H,0
4 mg/L N&eM004.2H,0

12 mg/LVitamin B1 1

10 mg/L Vitamin B 12 1

Tetraselmis: Tetraselmis a gnusof greenalgaethat contains strains that accumulagsy

high lipid levek. Lipid content is major source for bfael production.

Nannochloropsiculatais a promising strain for this research. It is microalgae can grow

mixotrophically and reported to be able to assimitddehyde.
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The culture mediuntor Tetraselmisand Nannochloropsis oculates F/2 medium shown in

Table 3.3.

Table 33 Culture meium for TetraselmisspandNannochloropsis oculata

f/2 medium

Stock solution Volume of solution for 1L of medium (ml
75 g/L NaNGs 1
5.65 g/L NatbPOs-2H-0 1
Trace element solution 1
4.16 g/LNa2EDTA
3.15 g/L FeCh-6H20
0.01 g/L CuSQ-5H20
0.022 g/L ZrS0Os-7H20
0.01 g/L CoChk-6H20
0.18 g/L MnCl2-4H20
0.006 g/L NaMo4-2H20
Vitamin mix 1
0.0005 g/L Cyanocobalamin (&)
0.1 g/L Thiamine HCI (Ba)
0.0005 g/L Biotin

Artificial Seawater MakeuptolL

Chlamydomonascan usghotosynthesis, heterotroplpd mixotrophy. It is well studied

and used aa model organism in various reseafchmany decades.
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Chlamydomoassp. were cultured in TAP medium shown in Table 3.4

Table 3.4 Culture medium f@hlamydomoassp.

TAP medium
Compound Quantity Solution protocol
Tris 242¢
Solution 1 (TAP salts) 25 ml NH4CI 15.0 g
MgSQy7H20 4.0g
CaCb.2H,0O 2.0g
Water to 1 litre
Solution 2 (Phosphate 0.374 ml K2HPQ;28.8 g
solution) KH2PQy14.4 g
Water to 100 mi
Solution 3 ( 1 mi EDTA disodium alt 200 g
elements) ZnSOL7TH0 220 g
H3sBOs57 g
MnCl2.4H.0 101g
CoCh.6H0 32.3 g
CuSQG.5H031.4¢
(NH4)sM07024.4H0 22 g
FeSQ.7H0
Glacial acetic acid 1ml
dH20 To 1 litre

3.14 Oxygen electrode for photosynthesis measurement

The photosynthesis rate waseasured through measuring the concentration changes of
oxygen in the mediumA Clark-type oxygen electrode wassedto measure the dissolved
oxygen concentration in algae samples contained in the temperature controlled chamber of
the apparatus. A Teflon mdrane permeable to oxygen forms the base of the chamber.
Underneath this membrane is a shallow compartment containingh EGI solution and

two electrodes, a platinum cathode and a silver anode. A fixed polarizing voltage is applied

between the electdes and the resulting tiny current is proportional to the oxygen
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concentration. The current is determined using a chart recorder. The method is essentially

polarographic, oxygen being reduced at the platinum cathode:

0, +2e” +2H,0 - H,0, + 20H"

The current depends upon the rdt¢he diffusion of oxygen to the cathode, and this rate is

proportional to the dissolved oxygen concentration. Figure 3.2 shows the basic principle and

structure of the oxygen electrode.

Principle

magnetic
stirrer

)

temperature
controlled
chamber

Algae sample

e

Iy

Light
L~

d

J 2.3M KCl solution

platinum cathode
Afixed polarizing voltage = tiny currentOOC OXY8EN concentration

Light source
teflon membrane
" permeable to oxygen

silver anode

chart recorder

0,+2e +2H,0 - H,0,+2 OH-

Figure 33. Basic working principle of oxygen electrode
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3.2Reseach Methods

3.2.1Performance study of novel screengystem

3.2.1.1COMSOL simulations

A Comsol model was built for simulating the circulation and mixing of the bioreactasr. It
based on the bubbly flow model provided by COMSOL Multiphysics CFD modcdkage.
This bubbly flow model is a simplification of the tvioid model, relying on the following

assumptions:
1. The gas density is negligible compared to the liquid density.

2. The motion of the gas bubbles relative to the liquid is determined byaacbdbetween

viscous drag and pressure forces
3. The two phases share the same pressure field.

According to above assumptions, a momentum equation for liquid velocity, a continuity
equation, and a transport equation for the volume fraction of gas phadee agiven by

summing the momentum equation for both liquid and gas phase.

The momentum equation is:

du, 2
0101 22+ ipyuy - Vuy = —Vp+ V- [y ( + 1p) (Vuy + V] — 2(V-u 1) | + 6118 +
F

(3-1)
Where, u denotes velocity (m/s), p pressure @@hase volume fraction #hm?), p density
(kg/ n?), g thegravity vector (m/§, F any additional volume force (N/3mw, dynamic
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viscosity of the liquid (Pa-s), andt ur bul ent viscosity (Pals).
denote quantities related to the liquid phase and the gas presxtreely.

The continuity equation is:

Blopditegdg) _
—— LV (g o Pu,) =0 (3-2)

The equation for the transport of the volume fraction of gas is:

dogd
222 1 V- (p,0,u,) = —my, (3-3)

Where-mg is the mass transfer rate from gas to liquid (K&/éh).

For low gasvolume fractions &é_<0.1), it is in general valid to replace the continuity
eguation, equation-3, by:

V-u,=0 (3-4)

This bubbly flow model solves fai;, p, ands, = p,¢,, the effective gas dengitThe gas

velocity u, is the sum of the following velocitiea, = wu; + u ;, + U g,

Where u,;,, is the relative velocity between the phases, apd.. is an additional

el

contribution when it is including a turbulence model. In this reteahe bubbly flow is
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assumed laminar. The bubbly flow model calculates the gas density from the ideal gas law.

Liquid volume fraction is calculated frogy, = 1 — ¢,.

3.2.1.2Methods fomicrobubble bioreactor mass transfdetermination

An airlift bioreactor with exchangeable diffusers waed for studying the influences of
bubble size to mass transfer rate. Different diffusers were used to generate different sizes of
bubblesFive different bubble sizes were tested namely 440, 755, 790, 910, andnic28.
Nitrogen (99% in 200 bar, 50 L cylindg¢mwasbubblal into the reactor in order to strip out
dissolved oxygenThe dissolved oxygen (DQyas measurewvith a DO metr (placed in

down comer, 50 mm beneath the water) every 30 seconds until the esstdjpiged changing.
Then,air wasbubblal into the reactgrthe DOmeasured as abownd the DO readingias
recordedevery 30 secondantil saturated. When completéhe diffuserwas changeand

above procedureepeatd
3.2.1.3Methods for studying thdfects of microbubble to algae growth

Two types of bioreactor wentilized, me type vasequipped with fluidic oscillator which
will generate microbubble for the G@njection and theothertype wastraditional bubble

column. Two fluorescent lansprovidedconstant light intensity of %2 pmol-m?.s?,

In microbubble induced bioreactors, £&Was hjected at bubble size of 300 pin traditional
bioreactors, C@wasinjecting at bubble size of 600w Dunaliella salinawas selected ahe
model strain forthis experiment which were praltured in 250 ml shake flasks and then
inoculated imo the reactors. The aeration duration is 30 min per day and inleivams

compogdof 5% CQ and 95% rirogen.1052+ ml samples wre taken from every bioreactor
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each dayand stored in the fridge for further measurement. The cultivatioediaétdays ad

the growth rate of algal cells in each bioreactor maasured bghlorophyll content.

3.2.2Algal screeningnethod

3.2.2.1 Experiment methods for screening of optinesd fow rate to algae growth

The screening system consisted of 6 bioreactors which were equippedfluittic oscillator
which generatd microbubble for CO; injection. The illumination conditions were the same

as section 3.2.1.3

Figure 3.4 The expefinental setup

6 different fux (0.14, 0.41, 0.68, 0.95, 1.22 and 1m&) were applied in order to determine
the optimal gas flow rate for algal cultui2unaliella salinawas selected abe model strain

for this experimentThe cellswhich were precultured in 6x 250 ml shake flasks and then
transferred into the reactors as in@Ulhe aeration plan and inlet gas composition were the

same as the experiment describedantion3.2.1.3.
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3.2.2.2 Agal screening for determination of optimal strains

Five unialgal strains namel\Dunaliela salina, Chlorellasp., Tetraselmis Chlamydomonas
and Nannochloropsis oculatavere precultured in 250 ml shake flasks and inoculated into
the screening system. During the growth of microalgae, the light intensity wasimaihat
84.8 umol/nt/secand the temperature was 24 %2 Inlet gas contained 5% G@nd 95% N

was bubbled into the system for 30 min/per day at flow rateddf/tin.

Acetaldehyde was added into the system in liquid pbasgipette Due tothe low boiling

point of acetaldehyd¢21°C), it would be very hard to injedt by gas flow. The dosage of
acetaldehyde was determined by actual concentratimasuredn the exhaust gas from
bioethanol production. The VOC compounds in the exhaust gas of altigriceentation

process is around 10000 ppm, and 20 % of these VOCs are acetaldehyde. Therefore, there is
approximately 0.2% of acetaldehyde in the exhaust gas. The aeration duration for each
reactoris 30 min per day and the flow rate is9Q./min. Hence|f using actual exhaust gas as

the gas feed for algal growth, the amount of acetaldehyde dosed into eacheaaeaktday

should be

0.2 % X 09 L/min X 30 min/day = 0.054 L/day

Which equals tadding liquid acetaldehyde:

0.054L/day X (22.4L/mol X

273 .15K +lab tam'parﬂture’f) % acetaldehyde meolecular weight __

273.15K density of liguid acetaldehyds -

0.054 x (22.4 x 2528 ) 2448

273.15 0784 x10% L =100 puL

In order to study the microalgae response taouar levels of acetaldehyde exposure, the

screening processes contains two groups. The first group planned to discover how microalgae
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respom to extreme acetaldehyde exposure. The dosage of acetaldehyde increasedmapidly
adaily bass and the highest ataldehyde dosage 4stimes higher than the amounbwd be
if delivered by actual bioethanol effluent gas. The acetaldehyd¢icaddcheme dr the

group 1 is showin Table 3.5

Table 35 Acetaldehyde adtion schemdor screening group 1

day volume (eL)
1,2 50
3,4 75
5,6 100
7 125
8 150
9 175
10 200
11 250
12 300
13 350
14-18 400

Group 2 aimed to determine the promising candidates frorfihienicroalgae strains. The
algae were grown under relatively gentle acetaldehyde exposure. Thklelvgde dosage
gradually increased during the cultivation and the highest dosageeimasce higher than
delivered directly from effluent gas in order to set a buffenoge for the considerations of
future industrial applications. The acetaldehydéittah schemdor group 2 is showin table

3.6.
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Table 36 Acetaldehyde adtion schemdor screening group 2

day Volume (L)
1,2 50
3,4 75
5,6 100
7 125
8 150
9 175
10-18 200

15 ml of samples were taken every day from each bioreactor. Theesatngh measured by
spectrophotometer fooptical density at wavelength of 595 nmhe cell numbers were
counted under microscope for each sample in order to draw the calibration curves between
optical density and cell densityhe growth rate of microalgain different bioreactors were
determined by cell density which can be calculated from optical density through the

calibration curves.

3.2.3 Microalgaacclimation
Acetaldehyde can cause photosynthesis inhibition and growth inhibition to many alges strai
In order to increase algae tolerance to acetaldehyde and prevent rdmitbmhthe

acclimation in this research was divided into two stages: treatment 1 and treatment 2.

In treatment 1, the pure algae samples were inoculated into the assay Bystagithe 21
days cultivation, the acetaldehyde dosage was gradually increased #brio3MCL in

each bioreactor. The acetaldehyde dosing procedure is shown irBTable
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Table 3.6 Acetaldehyde dosing plan for treatment 1

Day Acetaldehyde dosage

(volume per 2.5L bioreactor)

3d, 4h 50e L
5th, gh 75¢ L
7 21h 100e L

After treatment 1 finished, the algae samples taken from treatment 1 were inoculated into the
assay system to continue the acclimation for treatment 2. In treatment 2, the acetaldehyde
dosage was gradually increased from £0Q@o 200¢L in each reactor. The acadahyde

dosing plan is displayed in the Tal3§.

Table 3.7 Acetaldehyde dosing plan for treatment 2

Day Acetaldehyde dosage

(volume per 2.5L bioreactor)

3, 4h 100e L
5t gh 125¢ L
7th-gth 150¢ L
gih-21th 200e L

During the acclimation, algasamples were taken every day, and the optical density of the
samples was measured by spectrophotometer. Thelemgtn of the OD measurement was
set at 600im. The absorption readings acquired from spectrophotometer were calculated and

converted in to dedensity through cell count vaus OD calibration curve.
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When treatment 1 or treatment 2 finished, the acclimated algae samples were taken and
inoculated into another assay system and cultivated for 21 days in the same way as the
treatmentl and treatmeén 2. Acet al dehyde 100 €L or 200 €L
the innocula were taken from) was added into each bioreactor every day from the first day.

This part of the experiment aims to evaluate the performance of the acclimation by studying

the toleance of the algal strains to acetaldehyde after each acclimation treatment. Samples

were taken every day and measured by the same methods as in treatment 1 and treatment 2.

Figure 3.4 showed the flow chart of acclimation processes.
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Figure3.5 The flowchart of acclimation process
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3.2Analysis methods

3.3.1 Determination of microalgal growth
Generally, the microalgal growth is determined by specific growth rate. Scragg (1991) described the
method for the calculation of overall specific growth rate olgal culture. The relationship between

the algal growth ratelC/di and the specific growth rate could be explained by following

equation:
d
_Ct:ﬂ(:t
dt
WhereGi s i nstantaneous concentration and g i

Integrat this equation, the followinfprm can be acquired:

=7
O Qo
A2
|- O Ot
3

Where G is the initial concentratiorRlot In(Ci/Co) against t, then the overall specific growth

rate can be obtained as the slope of the plot.

3.32 Chlorophyll content
1. Transfe 5 ml sample collected every day from bioreactors in to a 15ml Falcon tube and

centrifuge it at full speed (30@f) in a bench top centrifuge for 10min

2. Pour off the supernatant immediately. And add 1ml distilleémmto the tube in order to

re-susp@d sediments.

3. Add 4ml acetone into each tube. Leave the tabehe benchayvoidng direct sunlighf for
a few mirutesto let the acetone broke the algal cell and dissolve the chloroftngh
centrifuge at full spee(B000 g)for another Gmin.
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4. Check whether the sediments on the bottom of the tube are totally white. If they are not,

then repeat step 3.

5. Use spectrophotometer to measure the chlorophyll content of the sam@B@%Jaeetone
solutionto zero the spectrophotomet@ihen measure theptical density of the supernatant

from each tube at 645 and 663nm

The chlorophyll concentration can be calculated by:

0D, X 202= y

OD,.; X 802= 2

(v +2)/2 = pg chlorophyll 5 * ml™* (HardwickandBaker, 1973)

3.33 Determination of Photosynthesis rate
1. Add 2 ml of the algae sample into the tempera controlled chamber and close the
chamber. Switch off the light source but turn on the chart recorder and measurement box, and

leave for 3min till the system is stable.

2. Switch on the light source and wait 5min for photosynthesis of the algae. igctordhe

chart recorder, oxygen is increasing inside the chamber.

3. Switch off the light source and leave for 5 min. the oxygen in the chamber is decreasing

because of the respiration.
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4. Calculate the photosynthesis rate. The following equation & tosealculate the rate of
oxygen evolution in the light and oxygen uptake in the dark, the rate of photosynthesis is

calculated by adding the two rates together ignoring + aradues.:

oxygen changes = Standard/range X number of units/time X 60/cell density

Where the standard is the amount of oxygen at the 100% satypatidn the range is the
number of chart recorder units between 0% oxygen point and 100% oxygen saturation point

(given by calibration). The number of units/time is read directly from the chart recorder.

The photosynthesis experiment contains two treasnasitwell. Treatment 1: acetaldehyde
concentration in the medium is 31.4 mg/ L (ec
and the Treatment 2: acetal dehyde concentrat

acetaldehyde into 2.5 L medium)

3.34 Lipid measurement

3.34.1 Nuclear magnetic resonan¢edMR)

Samples (180 ml) taken fromeachbioreactor at the end of the cultivation were centrifuged
at 3000g for 10 mins. The microalgae can $eento be separated from growth medium and
formed pelletsafter centrifugtion The supernatant was discarded and the pellets were re
suspended in 5 ml dis&@tl waterthen transferred into 15 ml Falcon tub@$e tubes were
centrifuged again at full speed (30gPfor 5 mins. Then the supernatant water was poured
off and the microalgae pellets were-gaspended in 0.75 ml of dis&tl water. The re
suspended samples werarnsferred into 1.5 ml prereighed and labelledmicrofuge
(Eppendorfitubes. The Falcon tubes were washed by thI78istilled water which was |&r

added into the microfuge tubes in order to give a total volume of 1.5 ml.
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The microfuge tubes were centrifuged for 10 mins at full speed. Pipette was used to remove
supernatant, and each pellet wassuspended in 1 ml didgld water. Same numbers of

unused microfuge tubes were taken. The lids were cut off and a hole was drilled in each lid
by dissecting needle. These lids were put on top of the microfuges which contained the

samples.

The samples were then stored ieeizerat temperature 680°C for nore than 1 hour (longer

e.g. overnight is fine)The samples were taken afterwardsand freeze dried (lyophilizi

for 24-48 hours After lyophilization, the holed lids were discarded and tubes were sealed by
their own lids Reweighthe Eppendorf tubedgs order to estimate the weight of algal biomass.
The samples could be stored at room temperature on the bench waiting for NMR

measurement.

However, for some algal strains suchGislorella sp. andTetraselmissp., centrifughg and
freeze drying alom camot ensure algal lysis. Therefore, before freeze drying the sample,
sonication was applied tGhlorella and Tetraselmissamples in order to further disrupt the

cells.

The freeze dried samples were dissolved into BDQL:6 deuterated chloroform (CD4JI
deuterated (CBCl3) with 5 pL chloroform (CHG) used as an internal standard for reference.
Spectra could be acquired by using a Bruker Avance 600 wheduipped with a cryoprobe

inti 16k complex data points. A simple pulsequire programme was used lwa 3 second
recycle time with four blank scans prior to eight scans of the sample. The acquired spectra
were Fourier transformed using a 1 Hz line broadening followed by manual baseline

correction. Bruker Topspin 1.3 was used to processmaegratefinal spectra.
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3.34.2 GGMS measurement for FAME

The method was developed Bypctor Krys Bangert (University of Sheffield) based on the
published worlby Ichiharaet al, 2010. Algal samples were collected in 50 ml Falcon tubes
from the screening system. Sales were centrifuged at 3000g for 10 niline supernatant

was poured off and the algae pellets wersugpended in 5 ml distilewater. Then, the
Falcon tubes were centrifuged again at 3@@or 5 min. The supernatant water were
discarded and pellets ere resuspended in 1 ml dis@d water. Eppendorf tubes were
selected, weighted and labelled, which were fitted with separate holed lids. The centrifuged
microalgae samples were transferred into these Eppendorf tubes and then stew&rddper

at -80 °C overnight (or 12 hours minimum). The samples were taken out next day and sent
for lyophilisationfor 24 hours. The freeze dried samples were then weighed for determination
of biomass yieldApproximately 7 to 10 mg of the dried sample were taken ardfierred

into clean glass vials (11 mm, 2ml, 12x30 mm Kinesis CRY2R

190 pL chloroform / methanol (2:1, v/v) were added into the vials for lipid solubilisation. 10
pL (0.1 mg) of tridecanoic acifC13 lipid) in chloroform / methanol (2:1, v/v) weadded in

to thevials as internal standards for determination of solubilisation efficiency. The vials were
then sealed with PTEE lined cap (Kinesis CR®21B2) and placed on a hot plate set at
85 °C for 1 hour for the lipids transesterification. Whenstieid, the vials were taken out and
placed on the bench for 5 min in order to let the samples cool to room tempérhauras

were removed and 975 [hiexane were added into each ¥@ FAME extraction. The vial

were resealed and left on the bench famother hourThen, the vials were unsealed and
487.5 pLof the top hexane layer were transferred into fresh vials. 12.5 yL (0.126frt@)

mg / mL methyl nonadecanoate (C19 FAME) in hexane internal standard were added into

each new vials and PTEE linedps were used for sealing the vials.
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Gas chromatography mass spectroscopy-ME} were used for identifying and quantifying
the lipids extracted from algae samples. The model of theiSQused in this research is
Perkin Elmeii AutoSystem XL Gas Chromagoaphy (CHM100-790) combined with Perkin

Elmeri TurboMass Mass Spectrometer (13657). The GC Capitlaltynn equipped in this

machine is Zebroh ZB 1 5MSi1 30 m 0.25 mm ID and 0.25 pm FT (7HG5010- 11). The

GC-MS setting is listed below:

AutosampleMethod:

Injection volume: 5uL

Preinjection solvenwvashes: 2

Post injection solvent washes: 6

Tempergaure Program (FAMEO3 _ 100 min): 10@00 °C, Ramp 1:2 °C/min to 300,

20 ml/min He Constant carrier gas flow

MS Scan: El+,
Start nass: 50
End mass: 600
Scan time: 05s

Interscan time: 0.1s

Starttime: 0

End time: 100 min

The Perkin EIl merés Tur bomas s asssed to ideatifyeandl i n k e

integrate the resultant peaks
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In order to calibrate the FAMEs quantificaton in algal biomass, the transesterification
efficiency should be calculated. It can be acquired based on the C13 lipid standard. The

related equations are listed below:

Molecular weight (M) C13 fatty acid = 214.4 g/Mol, Molecular weight C13 FAMW = 228.4

g/Mol.
(17505)
Moles in 0.1 mgof C13FA= ————" =466 X 107" M,
g
214.4 M

the coverted weight should be

(Molgysps X My, C13FAME) X 1000 = (4.66 X 1077 M X 225.4% X 1000 = 0.107 mg

Therefore, the externalastdardiransesterification efficiency should be:

[aflﬂsrd - cflﬂ_}'inr) _
= Cr13 std

Mey13rr

Coidseg/ _
(( l;lsﬂgmn;) X 100) = Crrans—ext

The internal std transesterification efficiency should be:

([aclﬂ st/ 815 sea) — Cota vint

) X Coigsra = Cra3 staimg
Mei3 rF
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trans—int

(Cclﬂ S'td."r?ﬂg) w100 = e
0.107 mg

Where @ansext IS the standard external transesterification efficieneysig is the standard
internal transesterification efficiency:stis the integrated area of the C13 FAME standard

in algal sampleceisyintis the yaxis intercept of the line from the appropriate C13 calibration
curve, a19swiS the integrated area of the C19 FAMBEmstardin the algal samples, ¢i2 rriS
gradient of the C13 calibration curve or REgsewis the concentration of C13 FAME in the
sample, 0.107 mg is the theoretical maximum concentration of C13 FAME transesterified in

the samples anddn rris the gadient of the C13 calibration curve (or IRF).

In order to calculate the concentrations of algal FAMES requires to make calibratiofgurve
using premixed set of FAME standard (Supelco 37 Component FAME mix 41885
combined with a 0.25 mg methyl nedacanoate (C19 FAME) internal standard. Five
concentration of the standard solution were prepared (0, 2, 4, 6 and 8 mg/ml) to create a 5

point calibration curve.

The Response Factor (RF) can be calculated by following equation:

B FAME area,

supalco

B FAME conc

supalco

V axis

x axis

The Internal Response Facd (IRF):

RF,

supalco

RFryg inesta FAME conc

supgico

_ FAME area

supaico

/FAME aretcys s cra
/FAME coNCeyg inr ora

IRF =
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Where, FAME areapeicoiS the integration area of the FAME in Supeico solution; FAME
CONGupeicolS the actual concentration of the FAME in Supeico solution; FAMEcas@gstds
the integration area of the C19 internal standard; FAME ©efm€swis the concentration of

the C19 internal standard.

Then the FAME in algae samples can be calculated by folloing equations

OgigraME — Cdlg FAME yint

= Caigas FAME
M gFAME RF

([Cﬂlgﬂs F:-L'd'Efetr'Ens—sxt) X 100) = CE!QEB FAME compensatad

Cﬂ!grxa FAME compensated %10 | =
W, T “algos FAME per biomass
BM

C ¥ 0.1x 100 = FAME as % Biomass

clgas FAME per biomass

WhereC,, .. rauz 1S the concentration of FAME in the sampi®;_ . raue compensarea 1S

the FAME concentration compensdtfor the transesterification efficiendy using C13

standardf is the FAMEconcentration per unit biomass.

algoe FAME per biomass

3.3.5 Statistical analysis
In order to prove the scientificity, validity and repeatability of the findings of this research,
indepeneént replicates were performed for the mass transfer, algal screening and algal

acclimation experimenilhe results of the experiments were demonstrated correspond to the
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calculated mean from these replicatébe data variation were repgentedby the stadard

deviation which graphically presented as error bar.

In order to determine the statistical significance of the data acdquimadacclimation trial of
Dunaliella salina and Chlorella sp., the software minitab 17 were introduced for the
statistical anigsis. A general linear model was generated for the analysis of variance
(ANOVA). The specific growth rates, photosynthesis rates and lipid production of the algal
cultures of same strains under different acclimation treatments (control, treatment 1 and
treatment 2) and different stages of acclimation (before acclimation, acclimating, acclimated)
were compared and evaluated to determine whether there was any significant statistical
difference. The statistical analysis provided more precise and statisticadjgificant
evidences on how the two microalgae strains respond to acetaldehyde exposure, and evaluate
the effectiveness of the acclimation scientificallyughthe more suitabl@lgal strainwith

high acetaldehyde tolerance and potential for the denedop of acetaldehyde and €O

sequestration system could be determined.
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CHAPTER 4 PERFORMANCE STUDY OF THE SCREEENING

SYSTEM

4.1 COMSOISimulation of theCirculation andMixing of MicrobubbleBioreactor

Time=100 Arrow: Velocity field, liquid phase

Surface: Velocity magnitude, liquid phase (m/s) Time=100 Arrow: Velocity field, liquid phase v
Streamline: Velocity field, liquid phase Surface: Velocity magnitude, liquid phase (m/s)
Streamline: Velocity field, liquid phase
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(Flux 0.95m/s$ 300 micron bubble size) (1 0.95m/s 600 micron bubble size)

Figure4.1The simulation of the circulation in the bioreactoth / without oscillatorat a

flux of 0.95 m/s

A COMSOL Multiphysics model wsbuilt in order to simulate the circulation and mixing of

the bioreactors applied in the screening system.Figsire 4.1 demonstratedoth the
bioreactors with oscillator and the ones without should be able to achieve homogeneous
circulation and mixing. However, the model predicted that the liquid velocities in the
bioreactors with oscillator are much higher than the velocities in the bioreactors without

oscillator under the same gasiX¥l Due to the oscillation, the bubbles injectedoi the
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reactors with oscillator are mictmubbles (100 to 300 micron). Micitmubbles have much
larger specific surface areas which can generate larger dragging force to the surrounding
liquid. The smaller bubbles have longer residence time in the wadtergds holdup in the
draft tube of microbubble reactor should be larger. Therefore higher pressure differences are

generated, which leads to higher liquid velocity. According to the equation:

_ L

Bo - (Asterio, 2000)
Dz
WhereBo is Bodenstein number wth is used to describe the mixing in the readtds the
characteristic lengthUL is the liquid velocity andDz is axial dispersion coefficient.

Increasng the liquid velocity can enhance the mixinigtlee medium in the bioreactor.

Time=100 Arrow: Velocity field, liquid phase , Time=100 Arrow: Velocity field, liquid phase v
Surface: Velocity magnitude, liquid phase (m/s) Surface: Velocity magnitude, liquid phase (m/s)
Streamline: Velocity field, liquid phase Streamline: Velocity field, liquid phase
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(a) Flux 0.14 ms (with oscillator) (b) Bk 0.41m/s(with oscillator)
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Time=100 Arrow: Velocity field, liquid phase v% Time=100 Arrow: Velocity field, liquid phase ]

Surface: Velocity magnitude, liquid phase (my/s) Surface: Velocity magnitude, liquid phase (m/s)
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Figure4.2 The simulation of liquid circulation in the bioreactor with oscillator
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As can be seen in the Figgdthe model predicted that very fine circulaticen be observed
under all different gasfluxes The liquid velocities in different bioreactors should be
increased following the increase of the inlet gas.flThe driving forces of the liquid
circulation in the reactorarethe drag forces between rising bubbles and surrounding waters
as well as the pressure differeat®tween the riser and the down comagion. As the gas

flux increased, more bubbles will enter into the draft tube. Therefore, the fluid density inside
the draft risers decreased which increasbe pressure difference between inside and outside

the draft tube. Larger drive force is genecat

When the gas tix is low, the liquid velocity inside the draft tube is higher than the velocity
outside. Due to lower gdkix, the pressure difference between riser and down comer regions
is not sufficient However, the rising bubbles still causeragying effect to its surrounding
waters.Due to more bubbles concentrated inside the draft tube, larger drag force created by
the bubbles will be generated inside the draft tube. Hence, higher vedboiyd beinside

the tube. It may benefit the algalogvth. The algal cells can be circulated with the liquid
streams. Higher velocitin the centre of the bioreactareans shorteresidencdime in for

algal cellsthe dark zone, and lower velocity in tiewn comers means longer residence time

in the lightzone. However, when the gasiXlincreased, pressure differences become more

significant driving force. More homogeneous velocity distribution will be spotted.

The model predicted that both types of bioreactor should have decent mixing and circulations.
However, the microbubble bioreactors have faster liquid velocity which could lead to
stronger mixing and circulation, whether this estimation is accurate and what effects such

characteristics could have to microalgae growth remained to be proven by experimen
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4.2 MassTransferEnhancement biicrobubbleBioreactors

4.2.1 Hypothesis

According to twefilm theory, the mass transfer dvo phases can be described thye

following equation:

dc, .

a7 - Kas (€ -G

Where, K is mass transfer coefficient which only depends on flumigperties such as
density, viscosity diffusivity and temperature etc., and the interfacial are&. anda are

generally combined together as one parameter which can reflect the effectiveness of mass

transfer. In the case of bulpflow, a can be daulated by followingequations

|
a=—G><aB
Ve

a BEVE
—_— (1-£) dg

Where Vg is total gas volume inside bioreactorg V6 theaveragevolume of a single bubble,

as is the mean surface area of eaclb I | e , & i s t_Is¢he total solumeodf d u p
liquid inside the reactor andsds the averge di amet er of each bubk
proportional to bubbles rising velocity which will increase following the bubble Sizés

determined by the volae of the reactoAccording to the equatiorunder the same inlet gas

flow rate, reducing the diameters of the bubblesicarease the interfacial ar@dich could
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enhance the effectiveness gési liquid mass transferTherefore, introducing microbuldbl

into air lift bioreactors might largely benefit their mass transfer efficiency.

Moreover, bubbling oxygen free gas flow into the system can effectively remove the
dissolved oxygen. Due to the high mass transfer efficiency of microls tbée dissolved
oxygen inside the medium may effectively transfer into the gaseous pbaseg the
cultivation, Q is generated by photosthesis reactions and accumulatesthe medium.
According to the relationship between the concentrations of products and the ch&ilgjes

free energy, the high dissolved oxygen level may affect the photosynthesis rate. It can be

explained by following equations:

. . photons
Photosynthesis reactio&C0, + 12H,0 —— C . H,,0, + 60, + 6H,0

[c.H. . 0.][0,]1°[H, 01%
[co;1%[H 0]*

The change of Gibbs free energyd = AG® + RTln

Where @GA is the standard change ofRTlaKhe r e a

K is equilibrium constant which only depends on the temperature. Therefaggen
accumulabn in the medium will lead tanincreasent he @G. Whegeactiap@Gan0O t h
happen spontaneousl y. However, when @mG=0 the
reaction cannot happen without extra work. Therefore, increasing the concentration of
oxygen in the growth medium may restrain or even inhibit the pyatiossis process.

Therefore, stripping out oxygdrom the culture is believed to benefit the algal growth.

4.2.2 Results and discussion

The experiment has two stages. First bubbhiigpgen by different sizes of bubbles in to
water to study the effectimess of oxygen striping. Then, bubbling air into oxygen striped
water in order to determine the mass transfer rate of gas désugdifferent bubble size
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namely 440, 790, 910 and 2@ micron were studiedll the groups were conducted under

same gas tix (0.14 m/3.
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Figure4.3 Oxygen massansfer driven by different sized bubbles
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As can be seen in tliégure 4.3, the highestxygen exchangeate was driven by 440 micron

sized bubbles. In both oxygen depletion and dissolution experiments, the mass transfer rate
were inversely proportional to the size of bubbles, which supported the hypothesis that
reducing bubble size may significantly imprave effectiveness of gdgjuid mass transfer.

At inlet gas bubble size of 440 micron, the dissoheygen level dropped (or rose,
depending on depletion or dissolution) rapiddr first 6 minutes of aeration, and then
reached equilibrium concentratioHowever, all other test groups with larger bubble sizes

failed to achieve equilibrium within 15 minutes of bubbling.

Another interesting pmomenoncan be observed in kige 4.3. The groups with smaller
bubbles turnsout have less deviation. Replicatepeximents indicated that the results of mass
transfer driven by larger bubble had lEmconsistencyAs equatio.2 indicated, the larger

bubble size lead to higher rising velocities:

— 2(pp—pglgdl Eq 4.2
—'311 . 4.

vy
Where,vii s t he r i sLi yyds the densatycdiffergnces Hetween liquid and gas, d
is the diameter of bubbles, and u is the viscosity of the liquid. According to this equation
increasing the bubble size can significantly increase the rising velésitghown inFigure
4.4 (b), the large fast rising bubbles formed crowd swarms whimte easilycollide with
each other and generate even larger bubbles. The diameter distribution of these bubble

swarms are wide. Therefoitbeir mass transfer rate coudd diverseand inconsistent.
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() (b)

Fig 4.4 Photos of bubble swarms (a) bubble size around 388 mimrbaol{ble size around

719micron

As can beseen in Figre 4.4 (a), the smaller sized bubfleavemore uniform distribution.
The bubbls were even sized andV&low rising velocity which means longer residence time
and higher gas holdp. Therefore, more efficient mass transfer and less deviation can be

achieved.

KLa isan essential parameter in tfiton theory, it directly reflects the effectiveness of mass
transfer. The relationship between the mass transfer rate eadcah be described by

following equations:

2% = g a(C*—C,) Eq. 4.3

dt

Where Gis instantaneous concentration, i€ equilibrium concentrationand t is the aeration

duration This equation can be transformed into:

(£ —Cg)
[ —Cyd

In =Ka-t Eqgq. 4.4
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Where

c*—C, 1 1 B 1
cr—c, C°—C,  C—C+C—C _1_c -G,
C*— G, C*—C, C*—C,
]

Where G is the initial concentration. Mak& = , then the equation can be converted

£ -,
into:

lnﬁ= Ka-t Eq. 4.5

Plot lﬂ-llTE against t, and the slope of the plot isakK

The K_a of different bubble sizavere calculated andreshown in Figire 4.5. According to

this barchart, higherK a can be achieved by aeration through microbubbles (defined as
diameter < 500 micron) compared with fine bubbles (diameter >500 micron but < 1000
micron) and normal bubbles (diameter > 1000), under same flow ratexyg@ndissolution
(Figure 4.5 (@@)), the highest Ka (0.3580 min') which was diven by microbubbles o$ize

440 micron was times higler thanthe K a (0.0897 mirt) achieved by normal bubble (size

of 1020 micron). The fine bubbles at size of 790 oncand 910 micron respectivetad the
second and third highest & (0.2590 and 0.1253 mih Similarly, for the oxygen removal
(Figure 4.5 (b)) the highest Ka (0.429Q was also obtained atbubble size of 440 micron
which was4 times higher than the i (0.0796)f normal bubbleln conclusion, under same
flow rate, reducing bubble size can improve theaKWith nonlinear regression, the

relationship between & and the bubble size can be describethbjollowing equations:

Foroxygen dissolution K,a = —0.3096 X log(0.0007d;) resnorm = 5.8 X 1073
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For oxygen removal

K;a = —0.4316 X log(0.0008d;) resnorm = 5.97 x 107¢
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. . . . 0.0 . . .
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Bubble size (micron) Bubble size (micron)

(a) oxygen dissolution (b) oxygen removal

Fig 4.5Ka of different bubble sizes

According to the experimental results, the advantages of reducing bubble size are well
supported. To achieve required concentration of dissolved gaseomysund, smaller sized
bubble need much shorter time to dose or remove target components under the same flow rate
than larger bubblesMuch research hasdicated thaincreasing the gas flow rate can also
increasethe gross mass transtddowever,maintaning the gas flow rateequiresconsuning

energy to overcome the pressure drop of the system, and increasing the flow rate means extra
energy isneeded.Moreover, high flow rate could cause intensive agitation which may

damage the algal cell¥herefore,applying smaller bubbles for mass transfer is obviously a

more energy efficient method.
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4.3 Algal Growth Enhancement biylicrobubbleBioreactors

4.3.1 Hypothesis

According to above experiment and simulations, microbubble airlift loop bioreactor is
believedto largely benefit the growth of microalgae. Due to the large specific surface area of
the microbubble, the mass transfer rate between gas phase and the liquid phase is much
higher than normal bubbles. @@om the bubbles can be rapidly dosed into thelioma,

which increases the G@oncentration in the medium and stripes the dissabxgden out of

the liquid phase.

A microbubble can attach t@n algal cell and provide more buoyant force to the aall
along with the long residence time of the microblghthis means that a nice suspension of
algal celsin the medium can be achieved. Furthermore the airlift bioreactor can provide fine

mixing and circulation with gentle shearing force.

In order to assess the feasibility of the theory, an experimentovakicted to compare the

microalgae growth rate between microbubble and fine bubble induced reactors.

4.3.2 Results and discussion

In this experiment, the algal growth was determined by chlorophyll content which generally
is directly proportional to the ogentration of algal cellsThe model strain for this
experimentwas Dunaliella salina Figure 4.6 shovg the growth curveof D. salina cultured

in microbubble bioreactors and fine bubble reactors. Both of the cultures were growing well,
the algae chloropfil content multipliedmore than 3@mes within 20 daysAs can be seen in
Figure 4.6 the lag phase and exponential growing phase commonly observed in
microorganism cultivations were not obvious in this experiment. groeth curves were
almost linearThe lack of arobvious lag phase can be explained by desirable environments

provided by the airlift loop bioreactor It would take much less time fanoculated
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microalgae taadaptto the new environment. The linear growth curve is actually one of the
signdure featues of dense algal culture thrivimgpder the constant illuminatio(Douskova,

et al., 2009)
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Days

—@— fine bubble bioreactor (bubble size: 600 micron)
—@— microbubble bioreactor (bubble size: 300 micron)

Figure4.6 Growth ofDundiella salinain microbubble and fine bubble induced reactors

As can be seen from Figudet, the average growth rate DBf salinacultured in microbubble
bioreactors was better than the one in fine bubble bioreactors, which proved the hypothesis
that aeration throughsmaller bubbles could benefit the growth of microalgdée
chlorophyll conents of microbubble treated cultuiesreased from 0.74 mg/L to theghiest

point of 32.65 mg/Li.e., multiplied 44 times within 15 days. Me@ver, for the fine bubble
cultures the chlorophyll content only increased from 0.73 mg/L to 25.28 mg/L, which
increased roughly 34 times within same period of tifhbe specific growth rate of these two
groups can beatculated by the method described in section 3.4.1spheific growtlrate of
microbibble induced cultures was 0.15 daynd the specific growthate of fine bubble
induced culturswas 0.125lay*. By reducingthe bubble sizéy half, a20%improvement in

growth ratewas achieved
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The main advantage of microbubble aeration is rapid mass tralhséenoteworthy that the
difference in growth ratebetween the microbubble and fine bubble cultures was seen
towards the endf the growth period (days 13 to 15), when the cultures had reached a high
cell density, It is likely that some of improvement in growth due to the microbubble is caused

by reducinghe oxygen levels in densely populated cultures (Figure 4.6).

COdosing rate is alstargely enhanced by reducing bubble size, which means more carbon
source available for microalgae photosynthesis. This could be the key reason of algal growth
enhancen& in densely populated cultureldowever, in order to prove this assumption, the
relationship between GQdosageand algae growth rate should be studibdferent CO,
dosagecould beachievedhrough diferent bubble size and flow rate, and toerespoding

algal growthdetermined by the specific growth rate.

In the experiment, the C©dosage is definedsthe total sum ofdaily CO; transferrednto
each bioreactoduring the period of cultivationThe daily transferred CQs actually the
concentrationdifferences between CGQevels before and after bubbling.ccording to the
research done by Ying (2003 CO, concentration canebcalculated by pH value dhe

culture medium:

(0™ - 10 + ja 110
[COZ] - 1d—6.381-PH )+ 2 3ld 16.758) (mov D

Wh e r e ,"] is[thgpbbacentrationf@dditional cations due toydrolyzation

The relationship between algal growth and.@0sagess shown in Figuret.7. As can be
seen in this illustration, the assumption was well supported by the expetirdata. The
algal growth rate was observed to be directly proportional t€@edosaye. This should not

be difficult to understand, due to increasing the concentration ea€@@striping out oxygen
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could reduce the Gibbs free energy of photosynthesis reagtluch could favourably shift

theequilibrium of the photosynthesis.
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Figure 4.7. The relationship between algal growth rate anddG€age
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Figure4.8. CQ concentration changes during the aeration

The Figure 4.8 shows the concentration change<afitCthe culture medium during the aeration. As
can be seen in this chart, the f&Oncentration increased faster in biatea with oscillator than that

in reactorwithout oscillator. This is because that the fluidic oscillator helps generate ssizdiér
bubbles which could increase the effectiveness of the mass transfer in the réamtording to
figure 4.8, the C@concentration increased rapidly in first 10 minutes from 6.1230%mol L' to
709+39 1 mol L in the reactors with oscillatond from 6.88+0.5 1®mol L to 588+53
10% mol L. Then the dosing of Cslowed. For the reactors with oscillator, the .CO
concentration reached to saturation point at arousdminh of duration. The saturated
concentration is 1004+42 £0mol L. However, for reactors without oscillatothe CQ
concentration failed to rehcsaturation point within 30min due to lack of mass transfer
efficiency. The figure 4.8 also indicated that, for microbubble bioreactors, 30min aeration is

sufficient.
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4.4. Conclgion

The experiments and analysis of this chapter supptreeldypothesis thatigal growth could

be enhanced by introducing microbubble technology. According to the experiments, the
specific growth rate ithe microbubble bioreactors was increasedo2480% comparedo the

fine bubble induced bioreactors at teame flow rateSuch improvements have been proved

to be due to the advantages of microbubble aeration such as rapid mass transfer rate, fine
mixing andcirculation and rygen stripingMoreover, he mcrobubbles in this research were
generated by fluidic oscillators which cost no extra energy and can be manufactured
economically.It is believed thatulturing microalgae by the innovative microbubble airlift

bioreactor is a cost effective and higlef§icient algal cultivation technology.

The microbuble bioreactor isalso believed by the author to have significant potential for
algae screening and acclimatieimcethese processessentiallyare simply algae cultivation

under different conditiong\ccording to he previous experiment, the algae grew faster inside
microbubble bioreactors and appeatedhave no lag phasé&i@ure 4.6), which means the

time needed for reaching the goalsafeening and acclimatiazan be shortened. Therefore,
increasd efficienciesof these two processe&sn be achievedn addition, uniform bubbly

flow consistingof microbubbles could create gentle and homogenous circulation and mixing
which contribute to the distribution of nutrients without damaging the cells. téarcity
studies, such circulation and mixing can prevent sudden local overexposure which may affect
the accuracy of the studies. For acclimation research, the adaptability of microalgae may not
be limited only by target conditions, theycould alsobe stressed by the cultivation
environment. Howeverc ul t ur ed i nsi de circunmsgances pwrevidéd by er v e (
microbubble reactors (Zimmermaat al, 2011) the potential of microalgae could be fully

developed with minimized external interference.

108



CHAPTER 5 AAGAE SCREENING

5.1 Algae Screening foDetermination ofOptimal Inlet GasFlux

5.1.1 Hypothesis

To fully explore the potential of the microbubble induced screening systengptimal
operation conditiomshould be studiednd determinedMuchresearh has alreadybeendone
on operation conditions such as pH, temperature and light intensities. Howevstudéss

have discussed the relationship between inlet gas flow rate and thepagéic growth rate.

Repeated experimenthaveindicated that irdt gas flx can affect the growth rate of
microalcpe (Becker, 1994)Firstly, flux can influence the CQdissolution. Higher fix means
larger volums of gas injected into the reactor, which might lead to increaeegfross mass
transfer.However, high flix can resulin larger bubble size due the growth and colliding
of bubbles which could redu@ the mass transfer capacities of individual bubldesl
eventually theCO; dissolution However,for low flux, smaller bubbles imniform gentle
swarms can be observed, adgration with such @ix may lack sufficient gas holdp to
achieve the required mass transfer r&econdlyhigh flux could causeexcessivaurbulence
which maydisturb the growttof microalgae and evestamage the algal cells. However, low
flux may not be able to generate desired circulation inside the bioreactors, which lead to less
homogenous nutrient and light distribution. In conclusgasfl ux is importantparameter for
algal cultivation however neither simply increasy nor decreagsg the flux will

automaticallybenefit the algal growthate The optimal flow rate should be determined.

5.1.2Resuls and discussion
The experiment studied how algae growth was affectefl ¢hfferent gasflux (0.41, 0.68,
0.95, 1.22 and 1.48V/s). The model straiusedis Dunaliella salina Six 2.5 L microbubble

airlift bioreactors were usdd build the screening system. The composition of the inlet gas

109



was5% CQ and 95% N. All the bioreactors were woirkg under same light intensit9@+2
umol-m2.st) and temperature28 °C). The pH of the cultivation medium was adjusted to
neutral (pH=7)Sampleq10 ml) were taken from each bioreactor, and the algae growth was
determined by chlorophyll content. Theesgic growth rates of each cultivation were

calculated by equation 4.6. The relationship between algae growth and inletxgas fl

demonstrated in Fige5.1

35 + —e—03FO
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Figure5.1Growth curves of D.salinaunder different flow rat all reactors generated

microbubbles

As can been seen in kige 5.1, theD. salinacultures under all testing flow rates grew very

well. The chlorophyll content in all cultures multiplied more than 200 times, and all the
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cultures entered into the statiopayrowth phase at the $@lay. Under gas fix of 0.95 m/s
(flow rate 0.7 L/min) the microalgae culture achieved the highest chlorophyll concentration
of 32.65 mg/L. The second highest chlorophyll concentrgdm8 mg/l) was faind inthe
cultureexpo®d t00.68 m/sof gas flux (0.5 L/min of flow ratehe culture undegasflux of

149 m/s (1.0 L/min of flow rate)producedthe lowest chlorophyll conten(26.83 mg/L)
before enteringhe stationary phasedowever, after the #8day, the chlorophyll cdaent in
cultures under €lx of 0.95 and 068 m/s decreased but were still higher than algae cultures
under other flow rate@=igure 5.1) Microalgaecells invery dense culturesften start to form
clusters which could easily te tothe bottom of the @ctors. Suclka phenomenon could be
the explanation of the chlorophyll content decesasserved in the cultures undgasfl ux of

0.95and 068 m/s.

It is difficult to fully determine the influence of flow rate to algae growthratye by
chlorophyll contet This is becausein addition tothe flow rate, the chlorophyll content
could also depend on the inoem concentrations. Due to the limitation of the research
conditions, the inocuim concentration could not be easily controlled. In order to reflect the
actual relationship between algae growth and flow rate, the specific growth rate alsould

beconsidered as an important parameter.

111



0.18

0.16 1

0.14 A

Algae specific growth rate

0.12 A

0.10 T T T T
0.2 0.4 0.6 0.8 10 1.2

Flow rate L/min

Figure 5.2. Theelationship between flow rate and algae specific growthfoatB. salina

cultures

As can be seen in Rige5.2,in theflow rate range between 0.3 and 0.9, the specific growth
rate ofD. salinaincreasedn tandem withthe increasingflow rate. However, at @ix of 1.49

m/s (flow rate of 1.1 L/min)the specific growthate dropped rapidly. Ashown inFigure 5.2

the highest specific growth rateas observeat a flux of 1.22m/s (flow rate of 0.9 L/min)
However,Figure 5.1showed that the highest concentration of chlorophyll was produced by
the D. salinaculture unde flux of 0.95 m/s (flow rate of 0.L/min). This was because the
inoculum of cultures underuk of 1.22 L/min had lower concentration than the rest of the
cultures (due to an accident). Therefore, although the microalgae grown l@8en/s
achieved mug higher growth rate, the total chlorophyll content they produced were less than
cultures under €lx of 0.95 and 068 m/s (flow rate of 0.7 and 0.5 L/mirgut still higher than

the ones under 41 and 149 m/s (flow rate of 0.3 and 11¥min). According tothese reults,

it can be concluded that, when gésx is low, increasing it could benefit the growth of

microalgae. However, very highas fluxcould slow thealgae growthTherefore,a plot of
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CO, dosage versus the gasnflwas made to further uncovehet mechanism of this

phenomenon.
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Figures.3. Therelationship betweeflow rate and C@dosagdor D. salinacultures

Similar trendshown inFigure5.2 can be observed iAgure5.3. When the flow ratés in the
rangeof 0.3 to 0.9 L/min(gas flux of 0.41 to 1.22 m/sthe CQ dosage was directly
proportional to the flow rate. However, when the flow rate exceeded 0.9 (gasnflux of
1.22 m/s) the CQ dosage decreased dramatically0t0144 nol/L. The highest C@dosage
was achieved atflow rate of 0.9 L/min, and the lowest @@as observed at flow rate of 0.3
L/min (gas flux of 0.41 m/s)By comparingFigures5.2 and 53, it can be concluded that the
inlet gas flow rate affeetl algae growth by influencing the GQnass transfer inside the

bioreactors.

Generally,an increasein the flow rate means more carbon source could be dosed into the
medium, which would benefthe algalgrowth. However, increasingf flow rate could also
increase the bubble sizAlthough lager amourd of CO, could enter the reactors through

inlet gas stream when flow rate is high, the effectiveness of mass transfer was reduced due to

anincrease of bubble size. Therefore, when flow rate increased to a certain point, in this case
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it was 0.9L/min (gas flux of 1.22 m/s)further increasesould not only stop benefiting GO
dosage but alseause adecline the mass transfer, which would slow the groweftlihe
microalgae. According to the rdti of this experiment, the optimal flow rate for this
cultivation system is 0.9 L/mi(gas flux 1.22 m/s)Under this flow raté gas flux the highest

CO, mass transfer rate can be achieved.

5.2 Determination of lyal Acetaldehydd olerance

5.2.1 Hypothesis

Effluent gas from bioethanol production containsaimy CQ and VOCs such as
acetaldehyde Acetalcehyde is a problematic impurityhich affecs the qualities of products

of fermentation processes. Its emissions could cause many environmental problems.
Exposure to acetaldehyde is considered harmful tio lnaman health and aquatic ecosystems.
Current treatment methods cent effectivelyprocess such effluent gagthout expensive

and complex facilitiesvhich generateanore CQ.

Microalgae arebelieved by the author to be the solutiddgal photosynthesisould reduce

CO, emission and produce valuable biomass to compefsatae capital cost The only
problem remaimg is acetaldehyde removal. Generally acetaldehyde is considered harmful to
microalgae. There are a fewxamples oftoxicology research whie reported that
acetaldehyde could cause growth inhibition and photosynthesis inhibj@&RI, 2007)
However,it must be takerinto consideration that such toxicistudies employed intensive
acetaldehyde exposui@round 250 mg/L) and sensitive straifsge section 2.3.2)The
expected exposure caused by industrial gas effluent is much &aessund 32 mg/LThe
effects of low acetaldehyde exposure to microalgaes hardly been reportedHowever,
considering the vast diversity and remarkable adajggtabilof microalgae, it is highly

possibleto find strains with high acetaldehyde tolerance
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Searching suitable algae candidates among tens of thousands of strains is not economical in
terms of cost and time. Because the purpose of this research isifatusé&ial application,

the algae selected should be vstlidied,easily availableand very robust to ensure that the
process could be profitable. Therefore, in this research,ableop the algae candidates was
narrowed to 5 strains nameBunaliella saling Chlorella, TeraselmisChlamydomonasand
Namochloropsis All of these 5 strainsare well researched and undeyetl, and are
considered to be flexible and commercially valuable. Their unique characteristics and the

potentials of being optimal cartdite were thoroughly discussed in Chapter 2.

5.2.2 Results and discussion

Five strains were grown separately in the screening system under their prdighted
intensity, culture medium antemperature. The acetaldehyde dosed followed the two
addtion scleme listed inTable 3.5 an®.6, Chapter 3. The first dosing scheme aims to reveal

the limits of algae tolerance to acetaldehyde, which employed extreme acetaldehyde exposure.
The second scheme is to study the algae resporibe txetaldehyde exposuretia levels

in the industrial effluentby increasng acetaldehyde exposure from zero to twice as high as

the concentratiofrom the effluent.
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Figure5.4. Thealgal response to acetaldehydgosure follow thelosingscheme 1Growth

was estimated by measuriogll density

As can be seen iRigure 5.4, growth inhibitionwasobserved in all 5 strag Chlorella and
Dunaliella were able to multiplyespectively from6.97x16 and7.23x16 to 7.20x10 and
7.17x10 when daily acetaldehyde dosage was lower than 200 pL. However célfie
densities of these two straidsopped rapidlyafter the ' and 1™ day following thefurther
increaseof acetaldehydelaily dosage Figure 5.4also showedhat the Tetraselmisculture
ceasd to grow after daily acetaldehyde dowy reached 125 pL. The growth of
ChlamydomonasandNannochloropsiseemed to be extremely slow from the very beginning
of the experiment All experiment conditions were maintained eech microalggreferred,

such deceasng of growth rate can be explained by the influence of acetaldehyde exposure.
However, as shown iRigure5.4, Chlorella, D salinaandTetraselmisshowed better growth

than the other two strain§his isChlorellawhich wasobserved no obvious inhiimn caused

by acetaldehyde before the daily dosage reached to 200The. highestcell density
(7.20x10) was achieved bghlorella at the §' day of theexperimentAfter the 10" day of

the experiment,Chlamydomonaswas observed to béneavily contamiated by bacteria or
fungi. This may because acetaldehyde and poorly grown algae provided carbon source for
heterotrophic microorganisms to grow, which lead to serious contaminadiionever,
marine algaesuch asDunaliella, Tetraselmisand Nannochloropsis are less likely be
contaminated bgommonfresh waterbacteria. However noontamination was observed in
Chlorella cultures during the experiment. Even when Chlorella was inhibited by

acetaldehyde, it stilemainedhe dominant species in the medium
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Figure 5.5. Agae growth response to acetaldehydeosype under dosing scheme&owth

was estimated by measuriogll density

Figure 5.5 showsmicroalgae growth undeacetaldehyde exposure the level of industrial
effluent. By comparing kEgure 5.5with Figure 54, it can bediscoveredthat the growth of
Dunaliella and Chlorella were obviouslyincreasedvhen acetaldehyde dosagesreduced
The cell densityof Chlorella multiplied from 4.63x16 to 9.28x10, which wasthe fastest
growing strain in this experiment. The growth Déinaliella also seemed to be improved
under lower acetaldehyde exposuFae cel density ofDunaliella increased from.95x16

to 6.74x10. It can be observed thatetraselmiswas able to growpasitively during the
experiment. However, when acetaldehyde ddibge reached25 pL, thecell density of
Tetraselmisstopped increasing amdaintained aroun@.64x10 (Figure 5.5) It is similarto
the trend shown inigure 5.4, whichsuggestedhat the naximum acetaldehyde daily dosage

that Tetraselmiscan endure is around 125 p&trong growth inhibitiorwas stillobservedn
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Nannochloropsi@nd Chlamydomonascultures, both strainshowed no positive growth rate

and little change icell density can beneasured during the experiméhigure 5.5)

As Figure 5.4and Figure 5.5 show acetaldehyde inhibition can still be observed among
strains even when the exposure levels were much lower tiaaremployed by toxicology
studies The mechanissiof acetaldehge toxicity to algae cells are rarely reported. However,
a few investigationson acetaldehyde toxicity to testrial plant cells indicated that
acetaldehyde is able thsruptmultiple cellular biefunctionsbr instance, acetaldehyde could
disturb the oxde/redox balance, which could cause oxidative sfi€s&choniet al, 2006)
Research done by Tadegeal (1998 showed thatacetaldehyde accumulated in potato leaf
cells and resuled in degradation of starcand necrosisThroughanimal and human csll
study, acetaldehyde is proved to &genotoxicant This is because highly electronegative
oxygen atom of acetaldehyde molecaéndraw electron density from carbon and hydrogen
atoms, which makehe two carbon atoms beawe hard electrophiles. Thereforéhe
acetaldehyde molecule could preferentially resith hard nucleophiles such agragen of
deoxyguanosineBecauseDNA of all eukaryotesshares same basic structuréhere are
reasons to believe that acetaldehyde could have similar genotoxicitgrmigae(LoPachin

andGavin, 2014)

However,theresults shown ifrigure 5.4andFigure5.5 also indi@ted that algal response to
toxicants can be diverse. Different strains have different tolerance level towards acetaldehyde.
Chlorella andDunaliella seemed to be more resistant to acetaldehyde than other strains. The
acue toxicity of acetaldehyde¢o Chlorella and Dunaliella was only expressed when
acetaldehyde dosage readt#0 pL per dayThis was not surprisingpecause both strains

are knownto be etreme adaptabld=or Chlorella, some medicé} relatedstudies suggested
Chlorella contains the aldehyde dehydrogenase enzyme which could be usednas
antioxidants(Nakashimaet al, 2009; Sun Chlorella Corporation, 201The results (Figure
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5.4 and Figre 5.5) showed thatTetraselmispossessed certain level of tolerance to
acetaldehyde. Positive growth rate can be observedetnaselmiscultures whenthe
acetaldehyde daily dosagestower than 125 puLHowever, acetaldehyde toleranwas not
observedin cultures ofNannochloropsisand Chlamydomonasin these experimers. Low
growth rats of both strains only suggested that acetaldehyde toxicity was expressed by
inhibition of cell multiplying. Algicidal effect wabserved inChlamydomonasulture

during the experiment.

5.3 Conclusion

This chapter studied the influence of gas flow rateatgae growth. Alga cultures were
screened undefive gas flux 0.41, 068, 095, 1.22 and 149 m/s). It was observedthat
increasing gas tix could indeed increase tlepecific growth rate of microalgae. However,
when gas fix exceeded certain point, it could slow the algae growth rapidly. The screening
experiment also discovered that changing the mass eragféiciency was the reason tlgas

flux could affect micnalgae growth. The results of this experiment suggested that, for the
system employed by this research, the optimad if6 1.22 nis which could achieve highest

CO mass transfer efficiency.

According to theresults of the screening experimestfor the dedrmination of algal
acetaldehyde tolerancecedaldehyde could indeed cause negative effentmicroalgae
growth even at much lower exposure levels compared to toxicology studies. However,
ChlorellaandDunaliellashowed pronging resistancto acetaldehge exposure. Both strains
were considered by the authampotentialcandidategor developing algae based treatmeht
fermentation gaseous effluent. Moreoveifetraselmisalso showedcertain tolerance to
acetaldehyde. Under daily dosage of 125 uL (stgher than the level ahdustrial effluent),
positivegrowth can bebservedAlthough Nannochloropsistrains were reported could take

up formaldehyde as supplemant carbon surce, there was no evidenoevealedby this
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research to support the hypaise that Nannochloropsis oculatgpossesses sufficient

acetaldehyde tolerander the treatment of gaseous effluemtsich containsacetaldehyde
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CHAPTER 6 ALGAE ACCLIMATION FOR ACETALDEHYDE

TOLERANCE AND REMOVAL

6.1 Hypothesis

As shown in Chaper 5, Chlorella and Dunaliella salina showed better tolerance to
acetaldehyde exposure. Therefore, this path@efesearch aims to explore theapacities of
acclimationand discuss the possibility of utilizing them for treatment of gaseous efthaent
contains acetaldehyddc cl i mati on i s a mechanism that
survivability in a changeable environmen@®rganisms across all species are known to be
able to adjust their morphologik behaviouraland physicabnd biochemicalraits to adapt

to the changes of the environment.Especially for microalgae, which can be found thriving

in many extreme conditions. Through acclimation, the algae tolerance to acetaldehyde could

be further improved, and theability to removeacetaldayde could potentialljpe developed.

For mixotrophic strains such &hlorella, it is not difficult to believe that acetadyde could
be utilized as asupplementary carbon source. It is reported thhalorella could grow
mixotrophially by feeding acetaténto the medium.Moreover, the mixotrophic growth
showed higher growth ratéhan both autotrophic and heterotrophic groveibmbined
Theoretically acetaldehyde contains morehemical energy than acetate, upta&ed
utilization of acetaldehydewould bendit algae more.For organisms that metabolize
acetaldehyde, iwill be converted into acetaterough dehydrogenase reacticand then
acetate will be further oxidized into G@nd HO. (Bullock, 1999 Umulis et al, 2005)The

following theemodynamics caldation will reveal the energy changes during this pracess
Theflow chat of acetaldehyde metabolism:

Acetaldehyde—> acetate—> Ac@gA —> HO+CO
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The Gibbs Free Energy of formation for acetaldehyd&74.8 kJ/mal

The GibbgFree Energy of formation for acetate 389.9 kJ/mal

The Gibbs Free Energy of formation for £€©H,0 is-1500.1 kJ/mal

Therefore:

The Gibbs Free Energy of formation for converting acetaldehyde into acetate should be:

AGy = —389.9+ 1748 = —215.1 k] /mol

The GibbgFree Energy of formatin for corverting acetate into carbon dioxide and water

should be:

AGg, = —1500.1 + 389.9 = —1110.5 kJ/mol

As can be seen in above calculatidhs,acetaldehyde metabolism could release 215.1

kJ/mol more energy thatirectly taken u@cetateas carbon and energy source

There is little evidence thatDunaliella genus canperform mixotrophic growth(Hard,

Gilmour, 1996) However, according to the results found in section Biialiella showed
noticeabletolerance to acetaldehyde, which indicated tBanhaliella could be used for
carbon biefix ation of gas effluent that contains acetaldehydinough Dunaliella might not

be able to remove acetaldehyde from the effluent, the benefits adri€sion aba&ment and
biomass productiomould compensatéor the costs of acetaldehyde treatments ag las
high growth rate can be achievedBesides,Dunaliella could be co-cultured with the

organismghatcould metabolize acetaldehyde.
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6.2 Results and Bcussion

6.2.1 Acclimation ofDunaliella salinaandChlorellasp.

The methodology of acclimatioexpemments was described inh@pter 3.The results of the

two acclimation treanents are shown in the Figure 6vthere the curves demonstrate the
algae growth and the bar charts are volumes of the acetaldehyde dosage. As can be seen in
these diagrams, durirthe treatment 1 (or T1), both strains presented very similar trends and
cell densitywith their control groups (growing without any acetaldehyde dosage) which
means that they are hardly affected by acetaldehyde exposure. However, as the acetaldehyde
is increasingly accumulated in the medium, an obvious inhibition can be spotted h the
salina T1 cultures after 14 days of cultivation. However, the opposite phenomenon was
observed in th€hlorellaT1 group. After 14 days, while ti@hlorella control group atered

the stationary phase, tAd group continued growing and surpassed the control gfagpre

6.1)

For treatment 2 (or T2), growth inhibition can be observed in both strains, but especially, for
D. salinaT2. TheD. salinaT2 cultures also showedhslar trend with their control cultures

but with muchslowergrowth. The growth slowed as soontlhs acetaldehyde dosing began,
and it produced 25% lesell densitythan the control group (Figure 6.1). Fonlorella T2, it
shared similarcell densityand growth trends with its control until the ¥0day of the
cultivation. Then, its growth slowed down due to the increasingly mount of acetaldehyde in
the medium. However, the growth trend Ghlorella T2 cultures showed a level of
adaptation. They grew stdily and eventually reached same level of cell density with their

control group (Figure 6.1).

123



DS acclimation treatment 1 DS acclimation treatment 2

5e+6 600 Se+6 600
te+6 t 500 de L 500
2 _ 2
E Lo 8 E e Lao 8
} 3e+6 1 8 2 8
g 3009\ g 2et6 4 r 300 ;g:\
5] £ 8 0
2 2e+6 g = %
8 F200 8 9 1016 { 20 &
3 &
o HHHHHH
0 0 0 E; 1‘0 1‘5 2‘0 250
0 25
= acetaldehyde dosing T acetaldehyde dosing
—— DS Control —— DS Control
Chlorella acclimation treatment 1
24 600 Chlorella acclimation treatment 2
2e+7 4 1.8e+7 600
2647 1 i 500 9 1.6e+7 4
E 1e+7 4 | 400 g 14047 | B 500 g)
2 1o 8 E oo | L 400 §
2 le+7 4 F 300 3 2 1] Q
: g 2 L300 3
% 8et6 1 e} é 8.06+6 '<|C)
r200 83 o)
O e 8 g 6,006 4 L 200 S
det6 © 8
L 100 4.0e+6 4 I
=< oD Y
o 1= HNCRRRNNRNAVANNIOT 1, | HH
0 5 10 15 20 25 00 ' ' ' ! 0
0 5 10 15 20 25
—— Chlorella t1 acclimating Day —— Chlorella t2 acclimation Day
[ acetaldehyde dosing [ Acetaldehyde
—— Chlorella Control —— Chlorella Control

Figure6.1 Growth ofDunaliella salinaandChlorellasp. on two acetaldehyde acclimation

treatmentsT1: acetaldehyde increasing to 100 pl; T2: acetaldehyde increasing to 200 pl.

As the results shown in Figure 6.1 indicated, growth inhibitions were observed duein

acclimation. This can be explained by the detrimental effects of acetaldehyde. Acetaldehyde
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is reported to be toxic to some microalgae sucRseudokirchneriella subcapita@saiand
Chen 2007). It is able to cause photosynthesis inhibition aodthyrinhibition inmany other
strains (CERI2007). Acetaldehyde as a reactive molecule with its side groups can be found
in multiple biological tissues and processes. It is able to form acetals with alcohol, thiol and
amino groups, which may affect the taeolism of the microalgae. (Slatyet al, 1983).
However, microalgae, as a very diverse group of organisms, may have variable sensitivity
responses to acetaldehyde due to their different cytology, physiology and genetics as
illustrated here byesser imibition observed irChlorella compared wittDunaliella (Figure

6.1).

6.2.2 Evaluate the performance of acclimation

To evaluate the performance of the acclimation, the algae cultures from treatment 1 and
treatment 2 were taken and inoculated into a nevesysinstead of gradually increasing the

dose of acetaldehyde, in this part of experiment the acetaldehyde was added dithetly at
beginning of the gradaWw@ helpe(dedemdi ng 0o re Lwloir
inocula came from). By comparing tlggowth of these acclimated groups with treatment 1

and 2, we can discover whether the algae tolerance to acetaldehyde improved after

acclimation. The results are shown in Figara
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Figure6.2 Comparison of the growth of acclimatBdsalinaandChlorella sp. cultureswith

thenon-acclimated cultures

According to Figures.2, both the acclimateD salinaandChlorellashowed improvement in
their growth and their tolerance to acetaldehyde compared neitFacclimated cultures
exposed to treatment 1 a@Bd Especially folChlorella, under the same or even higher levels
of acetaldehyde exposure the acclimatexigs achieved mudbettergrowth than treatments

1 and 2cultures (noracclimated) and they even surpassed the control gr@tugure 6.2)
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For theChlorella T1 acclimated group (inoculum is from treatment 1, dose acetaldehyde 100
eL per day) el densitpowad aclgdved rat the end of the cultivation compared
with the control group. Th€hlorella T2 acclimated group (inoculum was from treatment 2,
dose acetaldehyde 200 €L per day) achieved
Moreover, he cell densities of acclimatgdhlorella groups were continuously increasing

even afer the control groups reachte stationary phase.

However, forD. saling such dramatic improvement in growth as observedhiorella was

not seen. Th®unaliella T1 acclimated group shared almost the same trend and growth rate
with the Dunaliellanonacclimated culturesThisis maybe because the growthDfinaliella

T1 was already very close to the control group. Therefore, there is not much space for further
improvanent. However, the improvement of the growthDefnaliella T2 acclimated group
was obvious Compared withnonracclimatedT2 cultures the Dunaliella T2 acclimated
group showedtrongtolerance to acetaldehyde. It achiewadery similar growthcurveand

cdl production with the control grougFigure 6.2) However, the inhibition can be still
observed in th®unaliella T2 acclimated group at the early stage of the cultivation, this may
be due to the changes in the acetaldehyde dosing plan. Instead of lgraaicahg
acetaldehyde, in the acclimated experiment the acetaldehyde was dicsety at the
maximum volume of acetaldehyde dosagetreitment 2. However, the acclimated group
gradually caught up with the control group and eventually reached the sashefl the cell

production(Figure 6.2)

According to the results of acclimated groups shown in Fi§izehe acetaldehyde seems to
have different influence towards different strains. Eorsaling acetaldehyde can cause
obvious growth inhibition. Thenore acetaldehyde present in the medium the more serious
the inhibition. However, with acclimation, the toleranceDofsalinato acetaldehyde can be
increased. After acclimation, the inhibition can be reduasgkly, as is shown in Figure 6.3
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However, br Chlorella, on low level of exposure, the acetaldehyde seems to liidge
negative effect, it can even slightly improve the growtlCaforella. However, for higher
concentrations of acetaldehyde sucim2%Bls 62.

medium), minor inhibitiorcan be observedFigure 6.3)

More interestingly, after the acclimation, acetaldehyde seems to be able to increase the
growth of Chlorella sp. at both higher and lower level of exposure. Moreover, higher

acetaldehyde concentrati can lead to higher cell proction, which can be seen iRigure

6.3
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Figure6.3 The growth of acclimated salinaandChlorella.

Comparison of the acclimated algae cultureshwite acclimation treatments indicate that
acclimation benefits the growth of bolh salinaand Chlorella sp, and improves th®.

salina tolerance to acetaldehyde. Microalgae are believed to be able to adapt to the
environment they are living in and cawen modify their metabolism completely through
biochemical and physical acclimation, which allows them to tolerate and survive a wide

range of conditions (Richmond, 2004). That is why the growth inhibition in the acclidated
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salinareduced considerablyompared to the acclimation treatment 2. HoweverCtdorella,
after the acclimation, it is not only tolerating the presence of acetaldehyde but its growth is

also largely enhanced.

As the results shown inFigure 6.3 demonstrated, unlikdd salina, Chlorella showed
remarkable tolerance to acetaldehyde exposure and significant growth enhancement after
acclimation. This may be because tiutlorella sp. is reported to be able to grow under
mixotrophic conditions. It is reported that considerable growth orggnent and biomass
productivity of Chlorella cultured under mixtrophic conditions were observed compared with
the photoautotrophic cultures (Wat al, 2011). There is no report in the literature that
Chlorella sp.is able to use acetaldehyde as its nigaarbon source for mixotrophic growth.
Moreover, during the acclimatio@hlorella did not present noticeable growth improvement
even with the presence of acetaldehyde. However, in the acclimated groups the growth
enhancement wasbserved The results othis experiment suggest th@hlorella is able to

utilize acetaldehyde as organic carbon source due to acclimation.

Table 6.1 Algal specific growth rate of different acetaldehyde treatment

Dunaliella salina Chlorella sp.
Treatments Specific growth  Standard Specific growth Standard
rate divisions rate divisions
(Cells/ml/day") (Cells/mi/day')

Control 0.147 0.000746 0.166 0.0109

NonT 0.109 0.00606 0.172 0.00154
acclimated
Treatment 1

Non- 0.0903 0.00046 0.142 0.00168
acclimated
Treatment 2

Acclimated 0.142 0.00490 0.205 0.00380
Treatmentl

Acclimated 0.147 0.00214 0.197 0.115

Treatment2
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Finally, the specific growth raseof different acetaldehyde treatmentvere calculated to
provide more concrete overview of the growth of algae. The specific gnais were

shown in the Table 6.1.

According to the table, the specific growth rates of-aodimatedDunaliella salinaslowed
considerably when exposed to atdthyde. The specific growth rates dd. salina non
acclimated treatment 1 and nraoclimatel 2 were 26% and 39% lower than that of the
control grouprespectively. According to the statistical analysis described in Chapieth3,
more tharB5% confidenceghere were significandecreasingf the specific growth rates of
D. salina nonacclimatedtreatmentscompared to the control grouplowever, the specific
growth rates othe acclimated treatments were improeed reached to the same level as the
control group With more than 90%of confidence, there vere no significant diferences

between th specific growth rates d@. salinaacclimated treatments and that of the control
group.

For Chlorella strainswhen the nofracclimated algae culture exposed to the lower level of
acetaldehyde such agéitment 1the specific growth rate showed no aims reduction. With

82% of confidence that there was no significant differences between the specific grosvth rate
of nonacclimatedChlorella sp. treatment 1 and the contréls the acetaldehyde exposure
level increased, the inhibition of algal growth denobserved. The neacclimatedChlorella

sp. treatment 2 showed 14% of reduction of specific growth rate compared to that of the
control group.However, after acclimation the specific growth rates of culttirasexposed

to acetaldehyde were largely inoped. Compared to the control grouphet acclimated
treatment 1 showe2l3% improvement of specific growth rate and the acclimated treatment 2
showed 19% of improvement. With a confidence level of 95%, these improvements of

specific growth rates were sigizént.
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The result of the specific growth rate analysis was consistent with the result of growth curve
discussion. The acetaldehyde could inhibit the growth of microddgamliella salinaand
Chlorella sp.. However, acclimation could significantly pnove the tolerance of the alga.

Moreover, after acclimation, the acetaldehyde exposure could benefit the gratlodlla
sp.

During the experiment, it ievealedhat the resu#tof acclimationwere genetically heritable.
Samples taken from the acetaldedytclimation treatments were revived in cultures without
acetaldehyde exposure, however, the improved tolerance can still be observed once the
acetaldehyde dosage startddhe acclimated algae cultures can grow in medium without
acetaldehyde for weeks arddill possess the abilities developed during the acclimation
treatments. It appears that the results in acclimation is due to genetic mutations. In order to
acquire solid prove of this conclusions, future works are recommended for instance, DNA

sequencingind comparison could provide concrete evidence of the mutations.

6.2.3 Respons®f algae photosynthesis rate to acetaldehyde

Figure 64 shows the effect of the exposure to two acetaldehyde treatments on the
photosynthesis rate dd salina and Chlorella sp. cultures. The noiacclimated group in

Figure 64 are the algae samples which were taken from control group and the same
concentrations of acetaldehyde were added as in corresponding treatments directly before the
photosynthesis measurement. As can tsesem, the two microalgae strains showed opposing
response to the presence of acetaldehyde.DFealing the photo synthesis rate declined
following the increase of the acetaldehyde concentration. The control group growing without

any acetaldehyde presetite t he hi ghest average phxperddsynt he:
cells per h. However, for Treatment 1 acclimated cultures, their photosynthesis dropped by
approximately 10% compared t ozperal@ctell mth gr oup
Compared wh the acclimated culturesheé nonacclimated group showed 28% lower of
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photosynthesis r at e 2pehld cehpemhaiscording & 5n8 statistio | e s (
analysis, there was 90% of confidence that no significant difference between the acdclimat
treatment 1 and the control, however, 95% of confidence that the differences between non
acclimated treatment 1 and the control group were significdhth@d treatment 2 cultures

showed the lowephotosynthesis rates including acclimated andaarimated groups. fie
photosynthesis rate of the perRlfeeltpelhiwiiehtsed gr c
30% lower compared with the control. However, it is still higher than theanolimated
goupwhi ch i s 0:2@4l6 cahedr a swhid is only 70% Vwer than the
photosynthesis rate of T2 acclimated group and 80% lower than the control group. The
differences of photosynthesis rate among the control and the two treatments are significant

with a confidence level of 95%t is attributed to the acetaldgle exposure. The decline of

the photosynthesis rate was dependent and inversely proportional to the acetaldehyde dosage.
However, in both treatments, the acclimated culture showed noticeable improvement of their
photosynthesis rate compared to +amtlimaed ones, which means the acclimation is

beneficial.
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Chlorellasp. cultures at differerdcetaldehyde treatmeni&l cultures had 100 pl of

acetaldehyde added and T2 cultures had 200 pl of acetaldehyde added.
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For Chlorellasp., the response to the acetaldehyde is totally opposite to thatatiha The
cultures of acclimatedChlorella preseted an acetaldehyde concentratt@pendent
enhancement in their photosynthesis rate. The T2 acclimated culture with highest
acetaldehyde concentration (62.8 mg200u) achieved the highest photosynthesis rate of
1. 93 ¢ pyed 1€ sell @r h. The eclimated T1 culture achieved the second highest
photosynt hesi s roperdC celf perh. CoBparednam theecontraD group
which had aphotosynthesisratef 1 . 1 9 ¢ nperl1@csll p& h, the photosynthesis rates

of acclimated T1 and Tihcreased 50% and 62% respectively. The-actlimated group of

T1 showed similar photosynthesis rate with the T1 acclimated group with an average
photosynthesis ppertlécelbperhis.sligily lewverdharetilse adlimated
one, but norecclimated groups have higher deviations among the replicates. However, the
acetaldehydd@?2 Chlorella sp. without acclimation did ngiresenimuch noticeable change in
photosynthesis comparedth the control; although it still has a slightly highereragerate

of photosynthesis than the control grodje improvement of the photosynthesis rates of
acclimated treatments were proven to be significant with confidence level of 95%. However,
there was little difference between the ramtlimated treatment 1 aadclimated treatment 1

with an 80% confidence, and the nagcclimated treatment 2 showed no significant
difference comparedwith control group with a 90% confidenceComparing the
photosynthesis rates of control, acclimated and-awwmlimated groups sugsts that
acetaldehyde does not cause photosynthesis inhibitiddhlarella sp., on the contrary,
acetaldehyde is able to interact with the metabolismCbforella sp., and contribute

positively to its photosynthetic ra{&igure 6.4)

The results ofthe mhotosynthesis experiemigre consistent with the ressilof growth
acclimation. FoD saling photosynthesis inhibition was observed inversely proportional to
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the concentration of acetaldehyde, and acclimation appears to be able to reduce such
inhibition. Due to all the conditions remainingchanged, this inhibition should beplained

by the negativenfluence of acetaldehydéccordingto the researchindertakerby Slatyer

(1983, acetaldehyde didnot affect the photosynthetic electron flow in algae (or
cyanobacteria cells. However, acetaldehyde is proven to be able to irreversibly inhibit the
CQO, fixation which could lead t@ reductionof the photosynthesis rate. This is because
acetaldehyde could react with mastyemical groups commonfpund in living cells such as

thiol and amino groups which can be found in various protein and enzymes. Such reactions
could possibly lck the electroraccepting pativays of CQ fixation (Slatyeret al, 1983;
LoPachin and5avin, 2014) For Chlorella, the photosynthés inhibition was not observed
when exposed to acetaldehyde. On contrary, acetaldehyde could largely benefit the
acclimatedChlorella culture. This might be becausgéhlorella was grown mixotrophially

that the existence of the organic carbon source may abbth the photosynthetic and
heterotrophic metabolism. Therefore, there are researches indicatedalthatgh
photosynthesis and heterotrophic growth happened simultaneously and independently in
mixotrophic strains. The mixotrophic growth was still heghthan simply combined growth

of photosynthesis and heterotrophy. It is believed that photosynthesis could be stimulated by
the presence of organic carbon through high level of intracellular gé@erated by the

metabolisms of these orgamarbons (Cheslip and Torpeg2012.

6.3 Conclusion

Acetaldehyde can cause growth inhibition and photosynthesis inhibitDuartaliella salina
The growth rates and photosynthesis rateD adalina decline with increasinglevels of
exposure to acetaldehyde. Howe\adter acclimationD salinashowed remarkable tolerance
to acetaldehyde exposure. The acclimdiedalina from both treatments achievedndar

biomass productivity tdhe control group. Although an obvious photosynthesis inhibition
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was spotted in the TZealimated group, its photosynthesis rate increased 70% compared with

the nonacclimated group

However, for Chlorella, acetaldehyde can barely affect its growth and photosynthesis.
Moreover, with the acclimation, the acetaldehyde can considerably incteaseell
productivity and the photosynthesis rate. In the T 1 experiment, the acclimated group
generated 40% more biomass than the control. In the treatment 2, even higher growth was
observed; the acclimated group achieved 50% higher cell density thaol gmoup. It is

likely that the acclimatedhlorella sp. is able to utilize acetaldehyde as an organic carbon

source for mixotrophic growth.
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CHAPTER 7 INFLUENCE OF ACETALDEHYDE ON ALGAL

LIPID PRODUCTION

7.1 Hypothesis

The Lipid composition of aal cells playssignificant roles in many b#unctions. It is
believed thathe ability to producean exceptional variety of lipid copositionsis the key
reasorthatalgae are able to addptavastrange ofenvironmental condition€uschina and
Harwoad, 2006. Lipids and proteins are key structural composeot all kinds of
membranes in algae cells. Such membganot only protectells and organelles from
damage, they also provides indispensable reaction sites for almost all the biochemical
reactiongThompson 1996) Lipids participate in algal photosyntheslisectly, for instance,

pi gments such aarotenk bre involyet ip thé absomtibn db light. Lipid
canalso serve as energy reserves inside algal @&k&la and Murate2009) Algal lipids are

also considered as alternative fuel sources with high potential. Many scenékévethat
harvesting algal fatty acid could be the answer to the growing oppression of the energy crisis
and climate change. Mangomponent ofalgal lipids are 4so fine chemicals with high
commer ci al v @droteresandspalyarisatusated fatty aciffUFAS) Therefore,

studying the algal lipid production holds greatnmercialopportunities.

According to previous chapters,has been showthat acetaldefide could have significant
effects(positive or negativedn algae growth and metabolisBue tothe fact thatipids are
involved in almost all the algal bifunctions it is not difficult to believe that acetaldehyde
could also influence thepid produdion and compositiorAcetaldehyde is not uncommon in
the cells of living organismshecause it isan intermediate of many cellular pathways.
However, due to its chemichlghly reactive nature, excessive accumulation of acetaldehyde

could cause many prabhs. For instance, acetaldehyde was reported to be able to cause
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genotoxic effects, lipid peroxidation and interactions witportantproteins(Kotchonietal,
2006; Worrallet al, 1993) The mechanisms of lipid peroxidation can be exgdiny the

following flow chart:

l

Lipid radicals

| l

< Lipid peroxyl radicals

|

Lipid peroxide

Figure7.1 the mechanisms of lipid peroxidation

When acetaldehyde engento the organisms cells, it will undergadehydrogenase reaction.
Due to the catalytic effect of dehydrogenase enzymmech as xanthine oxidase,
acetaldehyde wlilbe converted into acetate and release free radicals known as oxygen
reactive species. As can be seefigure7.1, thesdreeradicalscould react with unsaturated
fatty acid by capturing the hydrogen atom and produge &hd fatty acid radical3.he faty

acid radical is nostableand isfurther oxidized into fatty acid peroxyl radical which is also
unstable. The peroxyl radicahnreact with other unsaturated fatty acid and release more
fatty acid radicals. This is a chain reaction which could |grdaimage the cells and disrupt
bio-functions if not terminated fast enoufMarnett, 1999 If sucha phenomenon happened

in the algae samples, the lipid contents cduddexpected to be reduced by acetaldehyde

exposure.
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However, it is reported that algaee able to accumulali@id contents undestressed nutrient
or environmental conditiongrilancioglu et al, 2014) The numerous b#unctions of lipid
contents allows algae to survive through difficult situations @nodiucereserve energy for
growth dter the stress. For instangetrogen stress is widely regnized as an effective way
to increasealgal lipid contentslt is generally believed thatarbon normally allocated to
protein synthesis is channelled intezreasindipid contents and hydrodaon levelsbecause
of insufficient nitrogen. However,according to later researcih,is noticeable thanitrogen
starvation analso cause oxidative stress similar tatttaused by acetaldehy@éilancioglu

et al, 2014) In addition ths study also digovered that oxidative stress could induce lipid
accumulation The researcheportedby Zhanget al. (2013 supported this opinion, they
discovered that the natural lipid accumulatioasvgignificantly increased by artificially
adding HO- to Chlorella sookiniana C3cultures. The lipid accumulation caused by the
artificial exogenous oxidative stress was even higher than umidegen starvationThey
believe that oxidative stress should be recognized as more noteworthy benefactor to algae

lipid accumulaton than nitrogen stress

Therefore, theexpectedinfluence of acetaldehyden algal lipid productionis not easily
determined. Aetaldehyde could damage the lipid content inside algaebcelEso stimulate

the accumulations of lipids. Hence, experimeats required to uncover the relationship
between algal lipids production and acetaldehyde exposure. The results could possibly

questiorthe traditional views ofiow best tprodu@ microalgalipid costeffectively.

7.2 Effect of Exposure to Acetaldehyda Algal Lipid Production

Algal samples were taken from the control, treatmenactlimatedand treatment 2
acclimated cultures (see Chapter 6)Samples were prepared following the proceslure
describedin Chapter 2. A Bruker Avance 600 NMR ws used for measuring the

photosynthetic pigments and general lipid contents in the algae samples.
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Figure7.2 Dunalell salina pigment concentration under acetaldehyde exposure

Figure 7.2 shows thehlorophyll and betaarotene comrints ofDunaliella salinain different
acetaldehyde treatmentAs can be seen in this chart, ttfdorophyll content was reduced
from around 6x10° mM/mg to 13x10% mM/mg due to the increase of acetaldehyde
exposure. The decrease of chlorophyll contemonsistent to thehanges ophotosynthesis
rate described in th€hapter 6, but the change in chlorophyll content is sriallowing the
increase of acetaldehyde dagy the photosynthesis rate @unaliella declined. It is
suggested thaicetaldehyd may affectphotosynthesishroughinfluencingthe synthesis of
chlorophyll. As discussed abouie reduction of chloropii content could be the resudf
lipid peroxidation caused by acetaldehydmwever, the changes of beatarotene content
showed diferent trend(Figure 7.2) Although samples from bothcetaldehyddreatments
showel lower concentration of betzarotene(2.1x10° mM/mg for treatment 12.5x10°
mM/mg for treatment 2}han the control grou2.9x10° mM/mg), the concentrations in
treament 2 (which contained higher level of acetaldehyde) wagher than treatment 1.

According to this result, betzarotene production in algae cells could be affected by
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acetaldehyde because acetaldehyde is able to watttmultiple functioral groups of
essential molecules inside cells of various organisms. Howevercdretine is also an
antioxidant agenfDummermuthet al, 2003) Algae might increase thgroductionof beta
carotene and other antioxidant vitamins toenadithe oxidase stress causeddretaldehyde,

which could be the reason why higher carotene content can be measured in samples from

treatment ZFigure 7.2)
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Figure 7.3 Chlorella pigment concentration under acetaldehyde exposure

According toFigure 7.3, the chlorophyll changes Ghlorellasamples showed opposite trend

to Dunaliella. Acetaldehyde appeared to be a benefactor to the accumulation of chlorophyl
in Chlorella cells. The chlorophyll content in treatment 1 samples were measured to be
0.13x10° mM/mg which was much higher than the cortcation in control groups (0810

3 mM/mg). The highest coentration of chlorophyll (@.6x10° mM/mg) was found in
samples of treatment 2. The positive effect of acetaldelydehlorophyll accumulation
could be thereasonwhy photosynthesis ratef Chlorella cells wasincreased under

acetaldehyde exposu(€hapter 6) The betacarotene contents also increased when expose
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to acetaldehyde, whicls possibly due to the need to reduce oxidase stress. Hawibeer
highest betacarotene concentration was observed in samples of treatment 77008
mM/mg) rather tharin samples of treatment 2 (88<10° mM/mg), which was still higer

than the control group (68x10% mM/mg). The reasons for this reductiooutd be various,

for instance: betaarotene could be damaged by high levels of acetaldehyde exposure;
acetaldehyde could react with enzymes involved in synthesis of car@iteRachin and
Gavin 2014) or it could be simply because acetaldehydes utilized by Chlorella as a

carbon source so that large amauoit antioxidant were no longer required to counter the
oxidative stress. The mechanisms of this phenomenon could only be revealed by further
studes however, such phenomenon provided a novel ingmhpotentially increasg the

yield of valuable chemicals suehs-cafotene.
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Figure7.4 Lipid production of both strains under acetaldehyde exposure
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Figure 7.4 showshe totallipid concentration in botBunaliella salinaandChlorella strains.
The diagram indicated thBunaliella salinacontains highelipid content tharChlorella sp.
This might be becaugehlorella strains in all treatments achieved highpecificgrowth rate
according to the experimental results discussed in Chaptiri$ believed algae tend to
accumulge lipid content when their growth rateresduced For Chlorellain this experiment,
the rapid growth suggested that metabolic pathe/asere directed into synthesig protein
and other structurahacromolecule$or rapidly reproducing cellgFanet al, 2014) Another
possible reason for this outcome coudd the lysis of Chlorella cells before the NMR
measurementChlorella cells were reported to be difficult to break, therefore, the extraction
of lipid content may not be complete in these experimditsvever, due to the good
consistency of repeated experiments, the tendency of the lipid fluctuati@ma®lla strain

under different acetaldehyde exposure should be reliable.

As can be seen iRigure7.4, lipid content of both strains showed similantteThe lowest
concentration(1.067102 mM/mg for Dunaliella, 0.35%102 mM/mg for Chlorella) of

methyl esters can be observed in treatment 1 which were followed by control group
(1.228<10% mM/mg for Dunaliella, 0.456<10% mM/mg for Chlorella). The highet of the

methyl contents (1.2571.0%2 Mm/mg for Dunaliella, 0.434x102 mM/mg for Chlorella) were
measured in samples from treatment 2 which were exposed to highest acetaldehyde dosage.
According to the results of both strains, increasing the acetaldehymesuze does not
significantly increase or decrease the lipid accumulation, which contradict research evidence
that the lipid concentration in algal cells increase due to various types of stress. Many
researchis also indicated that the tolerance algaesttged against certain conditions could
allow them to tolerate other situations. For instafenaliella was reported to be able to
tolerate intensively high salinities bgynthesisingsignificant amourg o f -cafotene.

However,the same mechanisms could also shield algae from high light interaitedselp
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algae overcomaitrogen starvatioror endure the toxicity of heavy metals. It is believed that
all different stresssno mattemwhether they bautrient starvation, toxic pollutasor changes

of environmenteventually come down to the oxidative stréBsereforethe correctevel of
acetaldehyde exposure might be able to induce desisttdss responses in microalgae.
However, a show in Figure 7.4, there might not be sufficient acetaldehyde induced stress in
treatment 1 to stimulate the microalgae to redgmnaccumulating lipid to protect itself from
the damage. However, as the exposure levaleasedn treatment two, a possibly more
desirableacetaldehyde stress triggered the algal mechanisms to produce more lipid contents.
Especially forChlorella, it achieved relatively higher lipid accumulation (compared with its
control group) while growingapidly in treatment 2The lipid concentratiof treatment 2
was not much higher than that of control grodpwever with over 50% more cell density
produced by treatment 2 cultur@sgure 6.3) the total lipid productivity would no doubge
higher thanthe control. Although the lipid concentrationseemed to be much less than

Dunaliella, the largebiomassChlorella culturesproduce would compensatthis difference.

7.3 TheEffects of Acetaldehydd=xposure toAlgal Fatty Acid Methyl Ester (FAMES)
Algae samples were taken from contratclimatedireament 1 andacclimatedtreatment 2
cultures and prepared following the method explaine@hapter 3. Samples were then sent
to the mass spedmetry lab for FAMEs analysis. Table 7.1 and 7.2 shiogvidentified
FAMEs and their concentrations ibDunaliella salina and Chlorella samples. The

chromatograph sp#am of each sample can be found in appendix

Five different FAMEs were identified iDunaliella salinasampleswhich are listed in Table
7.1. Among thes® FAMEs, methyl 4,7,10,1hexadecateraenoat@d 6:4(n-3)) is a type of
polyunsaturated fatty acid (PUFMhich is considered as part of theup of important fatty
acids that including many essential fatty aciddexadecateraenoic acid16:4(n3)) is
reported to be able to inhibit the production of lewiene in the mouse mast cell line
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(Ishiharaet al., 2000) The palmitic acid methyl ester is one of the saturated FAMEs. It is
considered as the most common fatty acidnfb in many organisms (Frar& al, 2007).
Palmitic acid can be used for producim@ny products such as soaps, cosmedicd,release
agentsLinolenic acidandlinoleic acid are both essential polyunsaturated fatty aaidich
are vitalto the health of humarand animals. These fatty acidanoonly be ingested though
food souce but @annot be synthesisedsidethe human body. Thénolenic andlinoleic fatty
acidsare classified respectively as ome&yand omeg® fatty acié. Trans13-octadecenoic
acid is atransfatty acid whichis edible but considered aslong-termrisk to humarhealth.

However, it is believed to be favourable (18:1) for biodiesel (Duetett, 2008)

As Table 7.1 suggested, all identified FAMiEsDunaliella samplesgxceptlinolenic acid

methyl ester seemed to be reduced under the exposacetaldehyde. Ae results suggested

that acetaldehyde could inhibit the synthesis of FAMEBumaliella salina The inhibition

could be the results of peroxidation and other harmful effects (as mentioned and discussed in
previous chapters) caused by acetaldehyde. Hawalgae samples taken from treatment 1
showed higher concentration kifiolenic acidmethyl ester (0.39%) than that of the control
groups (0.18%). Thenolenic acidmethyl ester in samples from treatment 2 was still lower
than the control, however, thegree of reduction was measured to be less than other FAMEs

in same samples. Linoleic acid methyl ester cannot be found in algae samples from treatment
1 and treatment2. Such phenomenon could suggest that the influence of acetaldehyde may
alter the linolet acid synthesis into producifigolenic acid. Linolenic acids reported to be

a strong trigger to oxidative burst which isnm@echanismthat organismause to protect
themselves from pathogens and tomiaterial However,the principle of this mechanisia

similar to lipid peroxidation, which can be summarised as the free fatty acids (FFAs) driven
by enzymeactivity or directreacton with reactive oxygen species (ROS) to caasshain

reaction to mass produce ROS to inhibit pathogens and detoxify hanole¢des (Kupper
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et al, 2009. In the case of algae response to acetaltkelexposure, the author believes
similar protective mechanisms might be triggeradolenic acidwasproduced to trigger the
oxidative burst to react with acetaldehyde and foess Ireactive products such as acetate,
lipid peroxide and long carbon chain aldehy@shigeet al., 2000), and eventually reduce

the level of toxicity.

Table 7.1The identified FAMEs irDunaliellasamples

Dunaliella salina

Identified FAMEs

Control Treatment 1 Treatment 2
% of dry biomass % of dry biomass % of dry biomass
Methyl 4,7,10, 13 0.30 0.28 0.13
hexadecateraenoat
Palmitic acid 1.57 1.36 0.85
methyl ester
Linolenic acid 0.18 0.39 0.15
methyl ester
Trans13 0.35 0.21 0.16
octadecenoic adi
methyl ester
Linoleic acid 0.84 - -

methyl ester
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For Chlorella samples, the influence of acetaldehyieFAMES productio seemed to be
beneficial.As Table 7.2 demonstrateanly one fatty acidPalmitic acidcan be identified in
control samples. However, any more species of fatty acid can imeasuredn acetaldehyde
exposed sampleSevenfatty acids can be observed in the chromatograph of treatment 1 and
8 can be found in samples of treatmenlir®lenic acid methyl estglinoleic esterandtrans
13-octadecenoic acid methyl estean also be found in acetaldehyde exposed samples.
However, linoleic acid cannot be identified in @hlorella samplesTrace amount of.2-
dimethylocta3,4-dienal methyl 2hydroxyoctadeca9,12,15trienoateand ISO C17 methyl
estercan be detected in satap from both treatmesitl and 2 The major component of the
FAMEs in acetaldehyde expose@hlorella samplesseemed to bemethyl (7E)7-

hexadecenoatéinoleic esterpalmitic acid methyl esteand(92,127)9,12octadecadienoate.

Among these identified FAMEsnethyl 2hydroxyoctadeced,12,15trienoate is a omega
polyunsaturated fatty acid which has very similar molecular strutdunmeolenic acid except
it has a hydroxy functicml g r o u p  arbon atdmsStudigs suggested that hydroxy fatty
acids may play a roles in animal and human reproduction and pobsibsanti-cancer
abilities (Martinezet al., 2005; Llad et al, 2009; Lladoet al, 201Q. Methyl (7E}7-
hexadecenoates an omeg® monounsaturated fat which is not consideredaasessential
fatty acid. Hoveverit can still be utilized for biduel production (Pazouket al, 2010). Iso
c17 methyl acid is a saturated fatty aaidich can befound in many organisms (Richardson
and Williams, 2013). Though ingesstg large amours of saturated fat could raise health
issues, saturated fatty asidould makeexcellent biodiesetlue tohigh oxidative stabilities

(Pubharet al,, 2010).
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Table 7.2The identified FAMEs irChlorellasamples

Identified FAMESs Chlorella
Control Treatment 1 Treatment 2
% of dry biomass % of dry biomass % of dry biomass
2.2-Dimethylocta - 0.09 0.06
3,4-dienal
Methyl 2hydroxy - 0.07 0.04
octadecad,12,15
trienoate
Methyl (7E}7- - 1.26 1.33
hexadecenoate
Palmitic acid 0.98 1.61 1.51

methyl ester

ISO C17 methyl - 0.10 0.03
ester
Linoleic acid - 3.48 3.22

methyl ester

Linolenic acid, - 0.45 0.45

methyl ester

trans13- - 0.29 0.27
octadecenoic acid

methyl ester

As shown inTable 72, the FAMEs profile of thi<Chlorella species is not impressive. There
is only one fatty acidhat can be identified by G®S in control samples. This may be

because, the algae showed continuously fast growth rate during the whole cultivation, which
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normally would not accumulate lipid content but multiply more ceflewever, the detected
FAMEs profiles were significantly improved in acetaldehyde tre@lieldrella sample. Not

only the quantities of the fatty acid methyl ester has been improved, butithigers of
FAMEs species detected was also increased. Moreover, the growth rate of cultures of the two
treatmers was not inhibited but improved by acetaldehyd8ix more fatty acids were
identified in samples from treatmert and 2. Thepalmitic acid estein both treatments
(1.61% and 1.51% respectivelyyas also largely increased compared to control group
(0.98%). The fatty acid with highest concentrations in samples of treatrhesutd 2 is
linoleic acid which was 3.48% of dry biomass weight in treatm&nand 3.22 % of dry
biomass weight in treatment 2. It is desirable bectnskeic acidis valuable essential fatty

acid which could be used for producing food supplement. The fatty acids levels in treatment 2
sample were observdd beslightly lower han that of treatment 1 samplespecially for

methyl 2hydroxyoctadecad,12,15trienoateandISO C17 methyl estefhe explanationfor

the improvement of FAMEs productioim Chlorella sp. under acetaldehyde exposure could

be variousAccording to the@search donkby Benjamas et al2012), for mixotrophic grown

strains, organic carbon sources in the cultures may trigger the alteration of algae
photosynthetic and heterotrophic metabolisnfSuch alteration could results increasd

fatty acid accumula@n because the carbon and energy required for lipid production may not
necessarily come from photosynthesis, they can also be provided by heterotrophic
metabolism.Arroyo et al. (2010 also discoveredChlorella vulgariscould achieve much
higher growth ree under mixotrophic growth while maintaining consistent el lipid
production They believed that microalgaevethe potential to fully utilize all the organic

and inorganic resources to obtain maximum biomass and lipid production. Another possible
explanation of improving the FAMEs profile under acetaldehyde exposure is mentioned in

the hypothesis part of this thesis. Acetaldehyde may dhesappropriatéevel of oxidative
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stress that could trigger the accumulation of fatty acids. However, dhe txvantages of
possibly mixotrophy, the growth rates Gfhlorella cultures of treatment 1 and 2 were

uninhibited.

7.4 Conclusion

The influence of acetaldehyam algallipid productionwasvaried and depensiheavily on

the species of the microalgae &hd levels of acetaldehyde exposure. The results of this part

of thethesis suggested that acetaldehyde may affect algae photosynthesis through influencing
the synthesis of photosynthetic pigmeffiicarotene production showed different response to
acetaldehyde exposure Dunaliella and Chlorella cultures. Higher levslof acetaldehyde
dosage tr i gaaenectaaccuoulae infde salina samplesOn thecontrary,

hi ghest -chretmeewas pootiucel under relatively lower acetaldehyde expésure
Chlorella. The total lipid productiorof both strains shared similar tendiersc however,D.

salinaachieved much higher productivity

For fatty acid methyl ester determinations, acetaldelgah be considered as an inhibitor to
the FAMEs production obD. salina. However the FAMEs profike of Chlorella were largely
improved under acetaldehyde exposiirevasdiscovered thaChlorella could improe both

its biomass production and FAMEs accuation due tahe presence of acetaldehyddiich
substantiatedhe assumption thaChlorella could be performing mixotrophic growth by
utilizing acetaldehyde ascarbon sourceThis Chlorella strain also revealed the possibility
that high yield of FAMEscan be achieved without stressing and limiting the growth of the

microalgae.
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CHAPTER 8 RECOMMENDATIONS FOR FUTURE WORK

8.1 Scope of this Chapter

The results of this research are very inspiring, which demonstrated the grand potettigls of
algae utilzation. The resultsindicate the possibility that effluents from bioethanol
productionscould be treate@conomically and efficiently by cultivating microalgadgae
strains such adunaliella salina, and Chlorella presented remarkable capability of
acclimations which allow them to develop sufficient tolerance to acetaldehyde. Moreover,
acetaldehyde was found could even benefit the growth andplipatlictionof Chlorella sp..
However,the outcomes of the research atased many questions which are ieting to
explore further in ordeto deepen the understanding of algae acclimation, to reveal the
mechanisms of acetaldehyde influermeel uncover the metabolic pattys of acetaldehyde

inside the algae.

On the bases of the resultsthfs researchChlorella were especially found promising for
bioethanol gaseous effluent treatmemhis finding inspired more initial point of view
towards the prospective that study the interaction of acetaldehydérdarklla metabolisms.

The articular interest of theuthor is finding the solid proof thaChlorella sp. could grow
mixotrophially by utilizing acetaldehyde as its supplementary carbon source. This could be
realized by conducting isotopbelling experiments. Through feeding labelled acetaldehyde
and mease the isotope distribution inside the cell could not only support the hypothesis of
growth improvement ofChlorella but also could reveal the metabolic pathway of
acetaldehyde inside algae cells. Moreowdentify the species of thi€hlorella strain cold

also provide important information to interpret its response to acetaldekgdsure

Although acetaldehyde was observed as mainly an inhibitDutwliella salina,it is still

premature to believe thét salinais not suitable for acetaldehyde rerab Thetolerance of
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D. salinato acetaldehyde improved after acclimati@oodgrowth rate can be observedDn
salinaculture. To explore the potential Bf salinamay not necessarily has to rely solely on
pureD. salinaculture.Mutualisitic could povide solutions. Due the acclimation capacity and
sufficient acetaldehyde tolerance bf salina shown in the reseacit is not difficult to
believe that removing and utilizing acetaldehycEn be achieved by coulturing with

desired organisms.

8.2DNA Sequencingf Chlorellasp.

8.2.1Introduction

The Chlorella strain used inthis research was isolated from local water body. It was
identified as Chlorella through its morphology. However,Chlorella is a large genus
including numerous strains, and eadhas1 has its unique characteristid® understand the
acclimation capability and the acetaldehyde beneficial effects, fully identifyingttiais is
necessary. To do so, DNA sequencing is the most reliableMa@gover ty comparingthe
resultswith identified DNA sequences, the bfoinction of the strain can be identified, which

is valuable for understanding the mechanisms of the response of tested microalgae to

acetaldehyde exposure.

The DNA sequestration could also determine the natures of€hi@rdla acclimation. It
could provide important evidence to determine whether the acclimation was the results of
genetic mutation. To do so, the DNA sequence of the acclin@itdatella strain and the

control group should be compared.

8.2.2Presumablyethology
Genomic DNA can be extracted from fresh liquid algae cell culture by QlAgen genomic tip

kit. Prepare the gel and run gel in order to enslueepresence of gDNA and the absence of
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RNA. When RNA observed 1 pul RNAse could be added into the samples @rzhiad at
4 °C over night. Heat samples 20 minutes at temperatures°@. 3hen extract the genomic

DNA and ethanol precipitate by pheralloroform.

PCR mix should be prepared by followirggipe:

Distilled Water 39ul
10xBuffer 5ul

50 mM MgCb 2.5 pl
Forward Primer 0.5 ul
Reverse Primer 0.5 ul
dNTPs 1pl
genomic DNA 1l
Bioline Taq 0.5 ul

After preparation, the PCR mix will berrdy following cycle (Named 16s Standard):

Initial denature: 94 °C

Denature: 94 °G

Anneal: 60 °C repeat for 30 cycles
Elongation : 72 °C

Final ebngation: 72 °C then hold at 10 °C
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The reacted samples will be sent to Medical school, university of Sheffield, for sequencing

and identification.

8.313C-labelling forDetermination ofAcetaldehydéetabolicPathway in
MicroalgaeCells

8.3.1 Introduction

The research discovered that acetaldehyde can affect microalgae metabolism significantly.
The photosynthesis and lipid accumulations were both observed to be altered due to the
exposure of acetaldehyde. Moreover, strains suctDasaliella salina and Chlorella
developed significant resistance to acetaldehyde after acclimation. Furthe@hteella

was seen potentially capable of utilizing acetaldehyde as its suppamearbon and energy
source. The hypothesis were médesed orthe results and literatures to expléie influence

of acetaldehyde exposure, however the exact mechanisms are yet un¢sotape labelling
provides reliable tool to probe the metabolic flux of microaldfais.considered as one of the
standard metbds for metabolic studies of organismSrdwn and Antoniewicz,2012).
Introducing*3C labelled acetaldehyde into algae medium and tracing the isotope through
NMR can discover and determirtbe reaction acetaldehyde involved, the pathsvaly
acetaldehyde nmabolisms and the product acetaldehyde eventually become. It could also
provide valuable insight of algae acclimatibp comparing acclimated sampleith non
acclimated ones. The results of isotope labelling could also be the solid proof of acetaldehyde

removal and utilization bhlorella sp.

When 1*C labelled acetaldehyde present in the mediungGhiorella and Dunaliella could
utilize it then the isotope could be detected from the output metabBétause isotope atom
has different gyromagnetic radi from general carbon atom, therefore it can be detected by

nuclear magnetic resonance. The NMR could even identify the location of isotope atom in the
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strucures of the metabolic produc{®ickin, 2005) Through the isotope patterns of the
output metabolt e, t he di stri buti on o folicaetvotk aantee hy d e

determined as well as the conversiate(Leeet al, 2011)

8.3.2Presumablyethodlogy

Purchasé>C labelled acetaldehyde, preferably labelled on both carbon atomCBitella
andDunaliella should be cultivated over the lag phase in bioreactors and then inoculated into
250ml shake flasks'*C labelled substrates could be expensive. Therefore, algae samples
would be better tde cultivated till the metabolic steady stage reached bfore adding
labelled substratéTanget al, 2009) Both acclimated and neacclimatedculturesshould be
included in the experimemh order to determine the performance of acclimati®lace the
flasks under preferred temperature and lighensity. Add isotope labelled acetaldehyde at
the concentration of 32 mg/L and 64 mg/L respectively into the corresponded flasks.

Cultivate the microalgae for around 1 wdalquasisteady stateWiechert,2001)

Samples should be taken and prepared\/diR measurement. ThHEC NMR is considered

as preferable techniques than Proton NMR. With NMR measurement, each single isotope
carbon atom and its position can be detected in a metabolite pool and the distribution of the
isotopomers can be observed in dstdt is realized because thgperfine splitting signals
generated by labelled carbon atom is different from the neighbourintabelted that atoms.
Therefore, when there is no labelled atom in neighbouring area then only a single peak can be
detected However, doublet peak can emerges because one neighbouring atom is labelled.
The size of the peaks is depended on the function group of the neighbouring carbon atom
(Wiechert 200). With the information provided by NMR the percentage of labelled
isotoppmers at different positions can be calculatelnich could be used for quantification of
acetaldehyde uptaké& hrough the results of NMR measurement and the stoichiometric
analysisthe metabolic fluxes of acetaldehycknbe identified (Tangt al, 2009.
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8.3 Mutualisitic Research obunaliella salina

8.3.1Introduction

Although there is no evidente support thaDunaliella salinacould utilize acetaldehyde for
its growth, there are many bacteria and funwbich arefor instanceHalomonasgunas were
reported repeatedly that it could perform acetaldehyde dehydrogégseet al, 2002)
Moreover, manyHalomonasstrainshave been commonly found tmexisted withD. salina
in D.S cultures(Chao et al, 2013) Both D. salina and Halomonasprefer high sknity
environmentHalomonasis generally harmless 1. salina Halomonas could also perform
both anaerobic and aerobic growth. All these characteristics fdak@monasan ideal
candidate for symbiosis research withh salina. Halomonas could reduce leve of
acetaldehyde exposure minimize the influenc®1t®alinaand process organic carbon into
inorganic nutrient for the growth dd. salina In return, the photosynthesis Bf. salina
provides sufficient oxygen forHalomonas aerobic metabolisms when aluyde
dehydrogenase process is actiVerefore, the symbiosis &f. salinaandHalomonasstrain

could be very promising.

8.3.2 Resumable methodology

The Halomonasstrain will be acquired through isolatirg. salina culture. A screening
experiment shoulde conducted in order to study the optimal compositions of the mixed
culture. TesD. salina to Halomonasconcentratiorratios from 9:1 to 3:7. Provides glucose
for Halomonasgrowth during the cultivation initially, stop if affect the growth@dinaliella

salina

After the optimal ratios determined, add acetaldehyde into selected mix cultures, study the
changes of acetaldehyde concentrations through high performance liquid chromatograph
(HPLC). Measure the photosynthesis rate, lipid profile and protenile of the culture.

When acetaldehyde removal observed, adding isotope labelled acetaldehyidetope
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labelling analysisThen solatetwo strains and measure the NMR in order to analysis the

metabolic flux.
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CHAPTER 9 CONCLUTION

The djectives of this doctorial research were achieved. A novel screening system was
designed and built. It is proven to be beneficial to algae gramththe efficiency of
screening and acclimation process. The thesis also discussed the relationship beéveen i
gas bubble size, mass transfer rate and algae growth naeediedthat with improving the
effectiveness of mass transfare could improvethe algae growth considerably. The
influence of gas flow rate to algae growth was also analysed and ogasdllow rate was
determined. 5 different algae strains were screened in order to determine the most promising
candidates with high acetaldehyde toleraraanaliella salinaand Chlorella were selected

due to their higher growth rate when exposeddetédehyde. The performance of both strain

also showed significant improvement due to the acclimation. Additionally, the effect of

acetaldehyde on algae lipid accumulation were also studied and discussed

9.1 ThePerformances of thBlovel MicrobubblelnducedScreeningSystem

A COMSOL simulation were built during the research to predict the performance of the
systems. The model suggested that with the geometry of the bioreactor and the smaller
bubble size better mixing and circulation were expected to bevachidhe model also
predicted higher liquid velocity could be achieved by microbubble, which cesldt in

stronger mixing and circulation.

Two experiments were conducted in order to reveal the relationship between mass transfer
rate and inlet gas bulblsize. It is determined that the reducing bubble size could largely
increase the effectiveness of mass transfer under the same flow rate.aléfenkicrobubble

was achieved more than 4 times higher than the &f the normal bubbles. Through

nonlinear rgression, the relationship o & and bubble size could be obtained:
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For oxygen dissolution K;a = —0.3096 X log(0.00074d;) resnorm = 5.8 X 1073

For oxygen removal

K;a = —0.4316 X log(0.0008d;) resnorm = 5.97 x 107¢

The advantages of smaller bubble size in mass transfer is well supported by the results.

To prove the beneficial effect of microbubble on algae growth, model strains were cultured in
microbubble bioreactors and conventional reactors. The experiment results indicated that the
specific growth rate in microbubble bioreactors were found to be 20 % Higher than the
growth rate in conventional reactors. The experiment also determined that microbubble
contribute to algae growth through its rapid mass transfer rate. More carbon source were
provided to microalgae and the oxygen were striped out. TVentates of the microbubble
bioreactor is believed could also improve the efficiency of screening and acclimation

processes.

9.2 AlgaeScreening

The relationship of the inlet gas flow rate and microalgae growth rate was studied. 5 different
flow rate werdnjected into 5 bioreactors respectively. The specific growthafat@croalgae

from each bioreactor were calculated and compdrési discovered that increasing the flow

rate did not necessarily increase the growth rate of the microaldee.experimet
discovered that under flow rate of 0.9 L/min, highedgbe growth rate can be achieved. It is

also revealed that the improvement of algae growth is due to the increase of mass transfer rate.

When the flow rate was near 0.9 L/min, the highest @@ss tansferratecould be reached.

Algae strains namely Dunaliella salina, Chlorella, Tetraselmis, Chlamyndomoreasd

Nanochloropsis oculatavere screened under two set of acetaldehyde exposuie plader
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high level of acetaldehyde exposure, inhibitory @decan be observed in all strains.
However, at lower level of exposur€hlorella and D. salina showed hghest tolerance to
acetaldehyde, which were determined as the most promisitideses.Both strain were
grown without obvious inhibitiorat lower level of exposure Positive growth can alsbe
observedn Tetraselmiscultures however, the strain cease to grow when acetaldehyde daily
dosagereachedl125 pl. Both strains ofChlamyndomonasnd Nannocloropsisshowed no

growthwhich werepresumably deaddeause of the exposuréacetladhyde.

9.3 AlgaeAcclimation

The inhibitory effects of acetaldehyde Bunaliella salinacould be observed during the
experiment. Both of the growth rate and photosynthesis raf@ sdlina suffered decline
when exposed to cataldehyde. However, acclimation could significantly reduce the
inhibition. The acclimated cultures showdiitle difference from the control group.
Especially for photosynthesis rate, the T2 acclimated group showed 70% improvement

compared to the neacdimated groups.

For Chlorella, the effect of acetaldehyde was almost entirely beneficial Citerella strains

during the acclimation showed little difference from the control. The acetaldelyd®ot

seem to affect the growth @hlordla. Moreover,acdaldehyde exposure seemed to be able

to improve the photosynthesis rate of ChloreMéier theacclimation, considerable increase

of both thegrowth and photosynthesis rate can be observed. The T2 acclimated group
achieved 50% higher cell density and ioygd more than 60% of photosynthesis rate

compared tahe control groups.

The resultsproved that the both algae strains have remarkable capacitiesatimation
Sufficient tolerance can be developed through acclimatidowever, the inhibition of

photasynthesis can still be observed in acclimdbeohaliella, though largely improvedrhe
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beneficial effects of acetaldehyde Ghlorella supported the hypothesis th@lorella could

potentially utilize acetaldehyde as its supplementarpon source for motrophic growth.

9.4 TheDetermination ofAcetaldehydeénfluence orAlgal Lipid Production

According to the results acquired by NMR measurement, the influence of acetaldehyde on
algal lipid production was arious. ForDunaliella saling the Chlorophyll cotents were
observed to reduce when exposed to acetaldehyde. The tendency is consist to the
photosynthesis rate under acetaldehyde exposure, which hinted that acetaldehyde influence
the photosynthesis obunaliella salina through affecting the synthesis @&@hlorophyll
content. The Change of the Chlorophyll contenCaforella showed opposite trend. As the

level of acetaldehyde exposure increasaedre Chlorophyll content accumulated inside the

cell, which explained why acetaldehyde could benefit the piotiossis rate o€hlorella.

The concentration of betzrotene insideDunaliella cells fluctuated when exposed to
acetal dehyde. T h e -caratene doreéntrattbre iD.r saliaascells gwheno f b
exposed to acetaldehyde treatment 1 may be due to acetaldehyde toxicity. Acetaldehyde is
considered very reactive inside the systenorgfanisms. It could react with many essential
molecule which could lead serious disorder to the organisms. This might be the reason for the
c hange -aarftené torcenfrations. Howevb+carotene is also an antioxidant which
could be excreted to reli the oxidative stress cause by acetaldehyde. Different trend can be
observed inChlorellac ul t ur es . -Jafotene bhonogriiratient wasbachieved when
samples exposed to acetaldehyde treatmemhé&Dunaliella salinasamples were found to
contain meh higher concentrations of lipid th&hlorella. This could due tdower growth

rate Dunaliella achieved. Lipid content was believed to be able to accumulate when the
growth of microalgae was stresséule to the fast growth rate @hlorella, the carborand

energy source might be directed to reproducing the cells rather than accumulating lipid.
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Reductions of FAME accumulation can be observedumaliella due to acetaldehyde
exposure. However, acetaldehyde could lgrgaprove the lipid profile ofChlordla. More

fatty acids can be identified @hlorella samples when exposed to acetaldehyde. Moreover,
the quanties of the FAMEs vere also increasedDue to the influence of acetaldehyde,
Chlorella could manage to grow its biomasapidly while accumulatig fatty acids.
Generally, microalgae only mass accumulate lipid content when the growth is stressed.
According to the analysis, the oxidative stresght still exist inside theChlorella cells;
however, the benefibf the mixotropic growth compensated timhibition caused by the
stress. Moreover, the acetaldehyde level inSitiorella cells could also reduce due to its

metabolisms.

9.5 Feasibility of future industrial applicati

As discussed in Chapter 2, acetaldehyde is a troublesome side produdetbfamhol
production. It could affect the quality of the ethanol fuels and cause environmental issues.
The manufacturers of ethanol fuels are seeking effective and environmental friendly
approaches to treat acetaldehyde emissions. Therefore, this resaarcaried out in order

to provide an algebased solution to remove acetaldehyde from the exhaust gas of bioethanol

production.

According toprevious experiments and discussiotie potential of algae based treatment

has been proven to be promising. Algaains such aBunaliella salinaand Chlorella sp.

showed sufficient tolerance to acetaldehyde exposure and the growth r@&telootlla
enhanced after acetaldehyde involved acclimation, which may suggest the ability of
utilization of acetaldehyde as d#on source. Such algae based treatment has many
advantages in industrial application. Both algal strBinsaliella salinaandChlorellasp. are

well studied and widely used, which are considered to be adaptable strains and can be easily

acquired and cultated. Moreover, both strainscan produce bigproducts with high
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commercial valuesThe alg@& based technology also has advantageegdicingcapital cost

and land use Unlike traditional VOC treatment process which requires |gngancial
investment ad space for installation of complex facilities, the algal acetaldehyde removal
system needs only simple phdimreactorsThese bioreactors are cheap to manufacture and
easy to maintain. This novel algal system alsoequires lover energy consumpn. The
sunlight can be used to provide lighuste for algal photosynthesis, and the geometry of the
bioreactor could generate sufficient circulation to previdquired mixing, therefore, the

energy cost can be reduced due to less electricity needed fongitiom and agitation.

In terms ofindustry applicationsthe bath culture techniqueshouldbe considered in the
design of the removal systeiBatch culture is the most common method for microalgal mass
cultivation due to its simplicity, high reliabilitgndlow requirementor complex sterilization.

In practice, the batch culture systemsdtgae based acetaldehyde removal should consist of
different batches of microbubble bioreactors. The microalgae is grown in one batch of
bioreactors until it reachinghe maximum biomass density, then they will be retained as
inoculum for next culture batch. The carbon source for the algal photosynthesis will be
provided by injecting exhaust gas from bioethanol producfidre outlet gas should be

recycled in order téurther reduce the acetaldehyde anc@@issions.

The cultivation sysem could installed on roof top in order to further reduce the land
requirement and achieve better sltlaniination. To reduce the capital cost, the-freated
municipal wastewater cabe used to replace cultural medium. The processes such as
ozonation could break the large molecule in the wastewatepearfiorm decontaminabn,

which could convert the municipal wastewater into ideal algal growth mediooording to

the discussion, thandustrial application of algal based acetaldehyde removal technology is

believed by the author to be a promising, economical and feasible approach.
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9.6 Final thoughts

It can be established that this research generated a number of novel impacts dndaiayse
unexpected, yet significant questions. Firstly, a novel microbubble induced screening system
were built and tested. The experiment results fully supported the advantages of this system
over traditional shake flasks based screening techniduast only suitable for lab scale
research but also ideal for industrial scalgdtrails due to the stable and desired cultivation

environment the system provides.

Secondly, the algal response of 5 different strains to acetaldehyde exposure were studied.
After a thorough examination of literatyrherearefew reportson acetaldehyde influence to
microalgae except a handful of toxicity researches which involving extremely high levels of
exposure. The thesis provided fildind information of different algal sponses when
exposed to acetaldehyde at the level of industrial effluent. The traditional point of views
believed acetaldehyde would cause serious inhibition to microalgae even lead to algaecide.
On contrary, the results of this dissertation revealed gbate strains are naturally more
resilient to acetaldehyde influence and remarkable capacities of acclimation. It is proved that
after acclimatiorDunaliella could grow unaffected at presence of acetaldehyde. Moreover,
the growth of acclimatedChorella sp. was observed increased significantly under
acetaldehyde exposure. These findings overturned the traditional ideas of the interaction
between microalgae and acetaldehyde and also demonstrated the possibility of algae based

techniques of acetaldehyde treatme

Last not the least, the thessdso discussed the influence of acetaldehyde on the lipid
production Dunaliella and Chlorella. The beneficial effect of acetaldehyde Gtlorella
FAMEs profile is the most unexpected and interesting outcome. It is wortiention the
growth rate of theChlorella cultures is described in Chapter 6, which also increased due to

the effect of acetaldehyde. The traditional perspective of FAMEs accumulation
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contradictory to the growth of microalgakk was commonly recognidethat stressing the
growth of microalgae is the necessary cost to ensure the yield of algal FAMEs. However, the
results of this thesis offered a novel insight that the increase of both biomass and lipid
production of microalgae is not impossible to béieeed simultaneously. Presumably
because the mixotrophic growth provided microalgae extra carbon and energy pathway which
compensated the influence of the stresses. However, the toxicities of the acetaldehyde
stimulated the protective mechanisms of mitgaa which normally results lipid

accumulation.

These outcomes and impacts are significant and the author offered explanations based on
literatures and deductive thinking. Howevali, these conclusions, deductions, assumptions
and hypothesis would be mooenvincing if supported by more analysis on cellular and
molecular level for instance isotope labelling analysis. By the methods mentioned in the
future work chapter, the understanding of the microalgae behaviour under acetaldehyde
exposure could be muateepened. In conclusion, this research is served as an essential and
fundamental study that could be developed into a novel algae based technology that would
play significant roles in many area such as lipid harvesting, waste material treatment and

biomasgproduction.
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APPENDIX 1: Performance Study tife Screening System

COMSOL model simulation for the liquid circulation and mixing in the bioreactors

1. The simulation of liquid circulation in the bioreactor with oscillator
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2. The simulation of liquid circulation in the bioreactor with out oscillator
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APPENDIX 2

Algal growth in microbubble induced bioreactor and traditional bioreactor under

different flow rate
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(d) The chlorophyll content increase under 0.7L/min flow rate (B®&actors with

oscillator, NoOS¢&bioreactors without oscillator)
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(e) The chlorophyll content increase under 0.9L/min flow rate (@®&actors with

oscillator, NoOSGhioreacors without oscillator)
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(f) The chlorophyll content increase under 1.1L/min flow rate (@&@eactors with

oscillator, NoOS¢&bioreactors without oscillator)
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APPENDIX 3

The original chart of oxygen concentration changes due to photosynthesis and

respiration
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T1 non acclimated

201



