ABSTRACT

LAI, YI-CHUN. Improving theDunaliella viridisto Biofuel Conversion Pathway: Studies on
Growth, Flocculation, and Cell Disruption using Cavitatidgnder the direction of Dr. Francis
L. de los Reyedll and Dr. Joel J. Ducoste).

Microalgal biofuels are promising but not yet economically feasPievious workhas
focused on one aspect of biofupl®cessing such as cultivation or harvestiwgich may lave
limited application because of unknown feasibility in the process chdiere has beernited
researclon multiple and integrate@ngineeringorocesses to reduce overall cdge tosynergies.
The goal in this dissertation wasevaluatgotential engineering processesluding cultivation,
harvesting, and cell disruption procesgbat are scalable and economical for commercial
production Dunaliella viridis, a promising marine microalga that Hagh lipidscontentandno
cell wall, is the model specian this reseath study We optimizedD. viridis6 gr owt h and |
yield by regulating two abiotitactors (nitrogen and light levels) in a photobioreactor with tight
pH and temperature controbubsequentlyD. viridis was harvested using high phiduced
flocculation a grown continuously in reclaimed media. Lasthg disruption oD. viridis using
hydrodynamiaavitationin a venturi tubes a method for cell lysis was investigated

We found that light and nitrogefevels individually and interactively affect lipid
production.D. viridis accumulates lipidsat the cost of lowetell counts) the highest at low light
and low nitrogen conditionsFor harvestingD. viridis can be effectively flocculated at high pH
and grown continuously in a neutralized reclaimed media. However, {&eistong bacteria and
accumulagd extracellular polymeric substancesmy have reduce®. viridisd maxi mum spec
growth rate and flocculain efficiency over timeWhenusing hydrodynamic cavitation to disrupt
D. viridis, we found that shear was the primary fomnecedisruping cells. Cavitation, however,

weakened thehear forcend slowed tadisruption ratelue to the potential thaavitation induced



cell aggregation Overall, this research provides new and innovatrgineering process
suggestionghat are feasiblepotentially moreeconomical, andcan beintegratedto enhance

commercial microalgal biofuels production.
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Chapter 1. Introduction

Microalgae are photosynthetic, unicellular microorganisms that are knownsaitice of
third generation biofuels because they grow fast (doublmg4 hours), photosynthesize
effectively (5 % photoconversion efficiency versus 1 % for terrestrial plants), and fixate high
amounts of CQ(1.7kg CQ/kg dry biomassjPosten and Schaub, 2009; Zhang and Liu, 2021)
With theelevation othe atmospheric C£andtheshortage o€lean energygonvertingmicroalgae
to biofuelsmight beone ofthe solutios to balancing global energy neeudsh reducing climate
changgBhagea et al., 2019; Daneshvar et al., 2022)

Currently, microalgal biduels are noyeteconomically feasibl@Bhagea et al., 2019The
U.S. Department of Energy (DOE) has set an ambitious gbachievng $3 per gallorof-
gasolineequivalent (gge) by 2030 i Resear cher s S R0O1A) Elowever,thike d u c e
current stimated price is stithreetimes morethanthat goal ($9.816 per gge]Cruce et al.,
2021; Davis et al., 2020)

To reducethe price of microalgal biofuels engineering solutions that encompass
cultivation and processing of microalgae are criti€alaba et al., 2020Manystudiesonly focus
on one aspect of microalgal production, such as cultivation or harv@stetal., 2008; Srirangan
et al., 2015pnd tle narrowviewpointcould limit applicatiorof any individual finding Studying
engineeringprocesses that can be integratedy uncover morevalue due to synergie3his
research aims to evaluate multiple integratable engineering processes for rdtioveyalicost
of microalgal biofueproduction.

Dunaliella viridisis our modelmicroalgaedue toits promising characteristic) it grows

in seawaterminimizing the competition fofreshwaterfor humanconsumptions?2) it has high



lipid content precursors of bimels; and finally, 3) it lacks a rigid cell wall, which could
significantly lower the cost of lipid extractiorfBenramotz et al., 2009)These characteristics
makesD. viridis a promisingfeedstockcandidatdor biofuels(Wang et al., 2013)

To explore suitable engineering processesowiridis, harvestings oftenidertified as
the top bottleneckin the process chaifFigure 1-1) because it accounts for 30% of total cost
(Barros et al., 20l15Har vesting i s <chall emal size @3 @ ysamlt o mi
natumlly dilute culure (0.020.06 wt%) Consideringhe advantages of low price and scalahility
flocculation compared to other harvesting meth@adsation, filtration, centrifugation, or drying
has thegreatestpotential (Fasaei et al., 2018High pH-induced flocculationparticularly, is
promisingfor marine microalgae because the flocculant contamination from inducing high pH is
sdt (NaCl), which is the major component of the media for marine microalgae. On tiogl@iv
price and scalabilitythe absence oflocculant contamination makes media reuse possible.
Thereforejn this dissertationye proposdarvestind. viridis using high pHinduced flocculation
along with combining other integtable processesich agrowth optimization, media reuse, and

cell disruption to reduce production cost.

Cultivation Harvesting Extraction Products
Processing
= T

co el

Figure 1-1. Processes of commercial microalgal biofuel production.



Figure 1-2 shows the proposed integrated processeb fatiridis that will be discussed
In Chapter 2, wénvestigate optimizinghe growth and lipid production &f. viridis by regulating
nitrogen and light level§ herehavebeen fewstudiesaboutthe effect of abiotic stresses (nitrogen,
temperature, salinity, light, pH) db. viridisé growth (Byrd et al., 2017; Gordillo et al., 1998;
Jiménez and Niell, 1991; Srirangan &t 2015) However,these studiesvere performed in
loosely-controlledcultivation environments wdretheuncontrolled and confounding factasuld
have biased thieresults In this study, wewill grow D. viridis in tightly pH and temperature
controlled photobioreactor (PBRjo determine optimal nitrogen and light levels for maximum

growth and lipid production.

Media recycle

' ' ———————— >
Biofuels
Cultivation High pH-induced Hydrodynamic
flocculation Cavitation (HO)

Figure 1-2. Proposed integrated process flow of growth, harvesting, and disruptibn yordis.

In Chapter 3, the goalvas to evaluate harvesting efficiency using high -ptduced
flocculation and the potential to continuously reuse the media after flocculetizaon et al.
(2014)first showed thaD. viridis flocculates at higlpH but did not attempt to reuse the media
after flocculation. In this chapter, we-egaluatd the efficiency of high pHnduced flocculation
onD. viridis and continuously cultivateand flocculatd the cells in reycledmedia.

Cell disruption is the néxstep after harvestingchapter 4describeglisruptingD. viridis

cells by hydrodynamic cavitation (HC) in a venturi setuprevious studies showed that
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hydrodynamic cavitation disrupts microalgal céllse et al., 2015; Lee and Han, 20¥5wever,
the effect of gdrodynamic cavitation has not been investigated with micrealoat lackcell
walls. In this research, we will exploi2. viridis cell disruption using lalscale hydrodynamic
cavitation setup.

As mentioned abovejarvestingis often identified as thebotieneckin the production
process. We find thdtioflocculation of microalgae by extracellular polymeric substances (EPS)
has potential becausastchemicafree however, this field is still at its infancyMicroalgal EPS
assisted bioflocculatioreseath is behind by decades compared to research on bacterial EPS
assisted bioflocculation. IfChapter 5, we discuss th&tate of the knowledge in bacterial
bioflocculationand identiy research gagin microalgal bioflocculatiorio reveal future research
oppatunities.

This dissertation presents potential engineering solutions to imphev®. viridis to
biofuel conversionpathwayfrom cultivation, harvesting, and cell disruption perspectiVése
results providenformation and data that may positively impeeatworld valuefor commercial

microalgal biofuel productian
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Chapter 2. Relating nitrogen concentration and light intensity to the
growth and lipid accumulation of Dunaliella viridis in a
photobioreaaor
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2-1. Abstract

The marine microalgal speciBsinaliella viridisis a promising source of biofuels because
of its ability to accumulate neutral lipids without freshwater resources for growth. Less energy for
biofuel praduction fromD. viridis may also be required because of the possible extraction of lipids
through osmotic lysis. However, there is a lack of experimental data on the growtlviatlis
that can be used in mathematical models for process design. Irtuitlys experiments were
performed in a 3.2 L photobioreactor with both pH and temperature tightly controlled at 7.6 and
25°C, respectively. Levels of neutral lipids, biomass, carbohydrates, chlorophyll, and cell counts
of D. viridis were evaluated for teragls at various initial light intensities (100, 300, 400, and 600
e mol p h'dd4Ypama nitragen levels (9 and 60 d %ras nitrogen). The maximum lipid
production observed was 26.9 ¢3with 3.15 g m® day * average lipid productivity at an initial
nitrogen concentratonof 9gdand i ni ti al | ight i nMidé dhedatay o f
show thatD. viridis accumulates cellular carbohydrates as a primary carbon and energy storage
product and then converts the cellular carbohydrates into aeliplds as a secondary storage
product when nitrogen is depleted. Thelme light data revealed linear relationships between

reaktime light intensity and biomass concentration (r = 0.96, p < 0.01) and betwe&meekdht

)



intensity and chlorophyh concentration (r = 1 0.89, -p <O0.
time light data as a method for in situ quantification of biomass concentration and chlorophyll a

concentration.
Keywords: Dunaliella viridis, Chlorophyta, ipid, Light, Nitrogen Photobioreactor

Graphical abstract:
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Figure 2-1. Graphical abstract of chapteréhntitled fiRelating nitrogen concentration and light
intensity to the growth and lipid accumulationinaliella viridis in a photobioreactor 0



2-2. Introduction

Microalgae are a potential renewable energy source because they grow fast, do not need
arable land for growth, and have the ability to capture. C@e microalgal genusunaliellafirst
drew attention becausef i t s hi g h-capoterednddts characteristit halotolerance
(BenrAmotz and Avron 1981)Dunaliella viridis was later recognized as a promising source of
biofuel because of its high content of neutral lipids, which are building blocks oéb&diVang
et al. 2013). In addition, the absence of a cell wall makes possible the lipid extraction through
osmotic lysis (Oren 2005). As a marine microalgal spefesijridis does not need freshwater,
avoiding issues with freshwater scarcity.

To maximizetheyield of lipids from D. viridis, its growth under different conditions must
be understood. Previous research suggests that under environmental stress conditions, lipids
accumulatewithin the algal cells. Identified stressconditions include nitrate limitation (Li et al.
2008, change# temperature (Srirangan et 2015, changes in light conditior{§&ordillo etal.
1998 Davisetal. 2015 Srirangaret al. 2015 KharatiKoupaeiand Moradshahiz016, and salt
concentration shocklakagiet al.2006. To date, most of the research Dn viridis growth has
been conducted in ladcaleflasks(Gordillo etal. 1998 Srirangaretal. 2015 or in massculture
(Mixson Byrd and Burkholder 2017, approaches in which tight control of environmental
conditions likepH andtemperaturarehardto achieveln contrasthighly controlled cultivation
environmentarepossiblen closed photobioreactors (PBRs) (Singh and Sh&®i2 Narala et
al. 2016, reducingthe risk of resultsbeingbiasedby uncontrolled andonfounding factors. An
additional advantage is that sensors in the PBRs could provide automatealkiimde monitoring
data in a nofnvasive way (Sandne=t al.2006. However,a majority of studies place the light

sensoroutside the PBRs, which complicates quantificatbrthe irradiance experienced by the



microalgae because bfjht scattering and absorbance by the panels oPBies(Sandnes et al.
2006 Melnicki et al.2013 Shin et al2016). In this studyD. viridis wasgrownin alab-scalePBR
with tight controlof the growth environmentjncluding pH,light, and CQ input, and with thdight
sensor mounted inside tRBR (Karametal. 2017). The goal waso determine optimatonditionsfor
guantifyingthegrowthandenhancinghelipid yield fromD. viridis. Since lighintensity temperature,
CO; concentration, nitrogen levandphotoperiod have been suggegstedave profound impactan
the lipid accumulationof D. viridis (Gordillo et al. 1998 Srirangan etl. 2015, the interactive
effects ofinitial light intensity(100, 300, 400and600e mo | p h' ost! phatosynthetiphoton
flux density,PPFD)andnitrogenlevel (~ 9 and60 g m'® asnitrogen)onthe growth ofD. viridis
with tight control of temperature, G@oncentrationandcontinuous light period were explored.
The levels of light intensitiesand nitrogen concentratiomvere chasen basedon theresults of
preliminaryrunsthat showedhefollowing: (1) theoptimal growthratewasunder6 0 0 ¢ mo |
photons M s * and (2) the two nitrogen levels would allow comparisothegffectsof nitrogen
limitation in a terdayexperimentTo ourknowledgethis is the firstcomprehensive characterization
of thegrowth ofD. viridis undertight pHandtemperatire controlwith reaktime light monitoring.
Datafrom theseexperimentsvould aidin mathematical modelingf growth andscaleup to full-

scalePBRs.

2-3. Materials and Methods

2-3-1. Microalgal strain and pre-culture conditions

Pureculturesof Dunaliella viridis straindumsii wereobtainedfrom the Center for Applied
Aquatic Ecology at the Nort@Garolina Staté&niversity.Dunaliella viridiswasculturedin modified

BenAmotz medium (BerAmotz et al. 1989 with 1M NaCland 5 mM KNOs in sterile500 mL
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Erlenmeyefflasksfor 5 to 7 dayswithout CO; actively suppliedor pH control. The stock culturewas
keptat 25°C undersix lamps(F17T8/TL841ALTO, 17W Cool whilefluorescenbulb, Philips,USA)
with continuousllumination(109¢ m ghotonan' 28 1) at a shakingfrequencyof 40 rpm. When the
desired cell courdf ~ 5 x1(P cells mL' ! wasachieved200mL of stockculture wagransferredrom
theflaskto thephotobioreactofPBR)containng 3 L of modified BerRAmotz medium (BerAmotzet

al. 1989 with theappropriat@itrogenconcentrationor thekinetic experiments.
2-3-2. Photobioreactor

Kinetic testswere conductedin benchscale 3.2 L flat-panel PBRqFigure A-1), as
previouslyreportedKaram et al2017) with the pH and temperature continuously contrciied6
and25 °C, respectivelyThe pH wasmaintained bynjectionof 99 vol% CO; controlledby a pH
controlalgorithm(Figure A-2). An LED growthlight (SOL1, HydroGrow,DeerfieldBeachFL,
USA)wasusedasthecontinuoudight sourceandalight senso(SQ-225-SS,Apogee Instruments,
USA) wasinstalledwithin thecultureinsidethe PBR.Two differentnitrogen levels (~ 9 and 60 g
m' 3 as nitrogen, in the nitrate form) under four different initial light conditions (100, 300, 400, and
600 & mol "I5hRPFD) weve tanted. Initial light intensity was controlled by physically
adjusting the distance of the light sourcehte PBRfront surfaceuntil thelight sensoinsidethe
PBR obtained the desired light intensity. The riade light data was continuolysrecorded
throughalive dataacquisitiorandcontrolunit (Karametal. 2017). An ultralow nitrogen(~6 g m' 3
as nitrogen) experiment was conducted, and the gmatéhangroductivitydataweremeasured
(Table A-1) tofurtherexamineheeffectof initial nitrogenconcentration fooptimalgrowth.Three
replicatesvereconductedoe x ami ne t he reproduci bi?Eiandyhigmf t he
nitrogen condition and 300 ¢ m ophotonsm'? ' at both low and high nitrogen conditions.

Measurementgseesubsequernexts)weretakenonceadayfor approximatelyendays.
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2-3-3. Cell count determination and dry weight biomass determination

Cellcountsof 10¢ L microalgalsuspensionseremeasured usingnautomatedaell counter
(TC 20, Bio-Rad,USA). The method for determining ash free dry weight biomass was adapted
from ZhuandLee(1997). Deionizedwater(10 mL) wasusedto precleara precombuste50°C
for 1 h) glassfiber filters (Whatma®GF/F,4 7 mm, por e si ze suffacefibere m) t o
debris,and10 mL microalgalsuspensiowasfiltered throughthefilter. Towashtheinorganicsalts
attachedo thecells,20 mL of 0.5M ammoniumformatewas used (Pillsburg989. Filters were
dried at 100 °C for 24 h and then weighed after cooling to room tempeftiames were baked
again in a furnace oven at 550 °C for 1 h and weighed after cooling to room tempéra¢ure.

difference betweethetwo weightswasthe ashfreedry weight.
2-3-4. Neutral lipid determination

Neutral lipid levels were quantified using fluoromeamydNile Reddye (SigmaAldrich,
USA) with coconutoil aslipid standard (Chen et &009. Microalgal suspensions (1 mL) were
sampledn triplicate,and4 €L of 0.78mM Nile Red solutionn acetonavasaddedo eachsample.
After mixing, 200¢L samplesvere pipettedto individual wells of a 96-well black microplate.
Fluorescence was determined using a microp&dder(SynergyHT, BioTek, USA) tunedto an

excitation wavelength of 485 nm and emission wavelength of 590 nm.
2-3-5. Carbohydrate determination

The phenokulfuric acgd method was used (Masuko et2005 with glucose as standard.
Aliquots of triplicate 1 mL microalgabmplesverepelletedor 10minat16,10Qelativecentrifugal
force(rcf) at4 °C. Thepelletswereimmediately stored &30 °C until furtheanalysis. The pellets

were resuspended in 1 mL dei onsam@edasimraduced , and
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into individual wells of a96-well transparent microplate. Fontyicrolitersof 5% phenolsolution

was added to the individual wells, and then 200 c¢ o n c sulfuticacad vasatidedrapidly

and mixed with the sample. Absorbana 490 nm was measured using a microplate reader
(SynergyHT).

2-3-6. Chlorophyll determination

Triplicate 1 mL microalgal sampleswvere pelletedfor 10 min at 16,100rcf at 4 °C. The
supernatant wasnmediatelydecantedandl mL pureethanolwasaddedo themicracentrifugation
tubes.The mixture wasvortexeduntil all thechlorophyll pigmentsveredissolvedin the ethanol
andonly white algal debrisemainedat the bottom. The mixture was centrifuged forlO min at
16,100rcf at4 °C again,andl mL supernatanivasextracted fombsorbanceneasuremerdt 647
and664nm.Chlorophylswerecalculatecaccordingo thefollowing equations (Porra et d1989:

B¢ I @pn - p& U 6O ¢ GEEEHD B U 0O ¢ g U
(Equation 2-1)
OMENTHPI — (BF OO DE@WT G 1&8F Ol €1 wikg Er
(Equation 2-2)
YE OGGHE B G~ PR G Ol £1 WIMTHN XD T O Qi €1 IR @EQ
(Equation 2-3)
2-3-7. External nitrogen determination

Triplicate 1.5 mL microalgal samples were filtered (25 mm polypropylene syringe filters
with 0.45 e€m nylon membrane), and the filtrate

nitrogen tet tube kit (Method 10021, Hach Co., USA) was used to meastogen residue in

the media.
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2-3-8. Maximum specific growth rate determination

Maximum specificcell countgrowth rates(e max, cell coun) @nd maximum specific biomass
growth rates&max, niomasy Were determineduringtheexponentiagrowthphaseof D. viridis using

Equation 2-4.

(Equation 2-4)
whereVariable; andVariable, are the cell count concentration or biomass concentration at time

t1 (day) and 4 (day) respectivelye maxis the maximum specific growth rate of the microalgae
(day ).

Average lipid or biomass productivities were determinsithg data over nine days
excludingthe first day (Figure A-3a); maximumlipid andbiomasgroductivitywereobtained
usingthelipid or biomasgroductivitiesduring the highestlipid or biomassproductionperiod

(Figure A-3Db).
2-3-9. Statistical analysis

Pearson's correlation coefficient (r) was used to examine the strength and direction of the
linear relationship of two variables of interest, with avgdue < 0.05 considered to indicate a
statistically significant correlatior.ongitudinal data analysis was used to understand the effects
of nitrogen and light levels on lipid productions. Data frony @ato day 10 was used for
consistency; two nitrogen levels (high and low) and two light levels (100 & 300 PPFD: low light;
400 & 600 PPFD: high light) were used as predictors; lipid concentration (in mg/L) was the

response. For covariance matrices, weettsompound symmetry and autoregressive of order 1
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assumptions. The analyses were performed in RStudio using R versio(peddix R Code

A).

2-4. Results and discussion

2-4-1. Influence of initial nitrogen concentration and initial light intensity on internal cell

bioproducts

Theexternalnitrogenconcentratiorandcell growthdatacorfirm that the initial level of
nitrogen doesot influenceD. viridis growth omitrogen uptake rate as long as nitrogenois
completelydepletedThisobservations consistentwith previous results obtainda/ Jiménez and
Niell (199]). Externalnitrogenwas continuouslyassimilatedby the algae into biomass during
growth before nitrogen was exhausted, and the nitrogesumption rate at high and lowtrogen
conditions was very similar at all light conditionSigure 2-2). After external nitrogen was
depleted by dag or day 3 at lownitrogenconditions,cell productionstopped(Figure 2-2 and

Figure A-4).
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Figure 2-2. External nitrogen concentrations in the media under high and low nitrogen conditions
at different initial light ntensities. The observed delay of the exponential growth phase at 300
e mo | p h'6d1®PFD and high nitrogen condition was caused by a more dilute starting
culture. To compensate for differences in lag times, the experiment was performed for a longer

period than in other experiments

It has beemypothesizethat when the external nitrogen paaepletedthemostaccessible
internalnitrogensource chlorophyllwouldbeutilizedfor furthercelldivision,andcell division will
stop when the critical level of chlorophyll for maintaining cell life is reached (Li 088. Our
results arén line with this hypothesisWhennitrogenwasdepleted, chlorophytiontentdecreased
immediately,andthe cell numberstoppedncreasingaftera considerabl@ecreasén chlorophyll
conten{Figure 2-2, Figure A-4,andFigure 2-3a). Thisoccurredat allconditions,andat 6 0 O
photonsm'? s 1 PPFD, the cell count decreased after nitrogen was deffitpade A-4). At 600
e mo | p h'os'tt RPRBscoditions,anincreasén cellsaccumulatingitthebottomof the reactor
was observed. These cells were likgliiotodamagedcells causedby high light exposure

(Carvalhoet al. 201)) or selfaggregateaells thatflocculatedbecausef extracellulampolymeric
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substancesxcretedrom algalcellsun der high light exposur@Volfsteinand StakR002 Xiao and

Zheng2016.
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Figure 2-3. Chlorophyll a concentrations and neutral lipid content per cell under (a) high and (b)
low nitrogen conditions at different initial light intensities. Each data point represents the mean
of three replictes. Error bars indicate plus and minus the standard deviation.
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Carbohydrateand lipid contentsof D. viridis also increaseddrastically after nitrogen
deprivation Figure 2-4a and Figure 2-5a), in accordancewith other studies claiming that
microalgae would shifts metabolic pathway to carbon storagede(Griffiths etal. 2012 Zhuet
al. 2014 Tanetal. 2016. We surmise basedon the temporalchangesn carbohydrateandlipid
cellularcon tents,thatD. viridis convertsthe carbonsource tocarbohylrates as primary carbon
storage product and then converts carbohydrate content to lipgdsecondarycarbonstorage
product.Both Pseudochlorococcurap. andChlorella zofingiensissharethis characteristiof
partitioning carbohgratesinto neutrallipid under nitrogen limited conditions (Li at. 2011 Zhu
etal. 2014). However,Scenedesmuabliquusappears to accumulate both carbohydrates and lipids
at the same time under nitgstarvation (Ho et &012. This sequential carbohydraten lipid
productionwasevident inthe 100 and 308mol photonsm?? s PPFD and lowitrogen conditions
(increase in carbohydrates from day 3 to dafoowed by a decrease). However, ftire 600
e mol photonsm®? s PPFD and lowitrogen condition, cellulararbohydrateontenincrease@nd
thenremainecdhigh (Figure 2-4a andFigure 2-5a). It is likely thatthe dual stressfrom nitrogen
deprivationandhighlight intensitymaintainedheprimary carborstorageprocessut did not lead
to an immediate increaserieutralipid contentln generalthe lownitrogen/60& mol photonam®?
¢! PPFDcellshadlower neutral lipid conterthan thosat 1000r 300 mol photonsm?? s> PPFD
low nitrogen conditions. Furthermore,becauseof the decreaseccell counts, the overall lipid
concentration a®00 emol photons ¥ s** PPFD/low nitrogen leveled offF{gure 2-4a, Figure
2-5a, andFigure A-4). Thisagrees with g@reviousfinding (Ho etal. 2015 which suggestedhat
excess light intensity under nitrogen starvation cdiahdt lipid syrthesis inthe cell. Thenighest
lipid content measuredas15%dry weightatlow nitrogen conditiongtboth 100 and300emol

photonsm®? s PPFD;the highestlipid concentrtion was26.9g mk which occurredat the low
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nitrogen and 300 emol photonsm?? ' PPFD condition. For this study, the optimaloperating
conditionfor highlipid yield appearso beatlow nitrogenand 30&mol photonam*? s PPFDinitial

light intensity. Despitethe variation among internal components Bf viridis under different
combinations of lightindnitrogen conditionghecellular biomass remained fairlyconsistent at 50

pg per cellafterlag phase.
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Figure 2-4. Carbohydrate concentrations and carbohydrate content per cell under (a) low and (b)
high nitrogen conditions at different initial light intensities. Each data point represents the mean
of three relicates. Error bars indicate plus and minus the standard deviation. The data was not
measured n days 1 t o 3 & !PPEDAandsigionitrogpnhcontitmm ecause

the starting culture was too diluted. The experiment ran beyond 10 dayspertsate for the

longer lag phase
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Figure 2-5. Neutral lipid concentrations and neutral lipid content per cell unddoaand(b)

high nitrogen conditions at different initial lighttensities. Each data point represents the mean

of three replicates. Error bars indicate plus and minus the standard deviation. The data was not
measured on days 1 t'%!PAPFand hgyl itrogemooriditiop beoause n's  m
the starting culire was too diluted. The experiment ran beyond 10 days to compensate for the
longer lag phase
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We notethe suddenchangeof internalcomponentsn the first two days (Figure 2-3 to
Figure 2-6), which was likely due to D. viridis adaptingto a newenvironmentafterthetransfer
of the culture from the flask to the PBRunaliellasp. has no polysaccharidell wall, and the
cells areableto rapidly changén biovolume(ChenandJiang2009. Thebiovolume oD. viridis,
ameasuref biomassgcoulddrasticallyincrease duringag phaseandthenreturnto morenormal
levelsduring logphasgJiménezandNiell 1991). Ourdatashowedhatthe averagdiameteiof D.
viridis waslargerin thelag phasdhen graduallyeturnedo theiroriginal sizes(Figure A-5). The
dramaticchangesin growth environment(light source, lightintensity, and pH) induced the
adaptation phase which lemsudderthangem thelevelsoftheinternalcomponents. Thissimilar
topreviougesearcliSrirangaretal. 2015 that reported the lipid content doubling in one day after
the temperature of the culture was changed from 25 to 35 °C.

At nitrogensufficient @nditions, cell division occurredast, and nitrogen was
continuously being assimilated into the chlorophyll content of new datisie 2-2 andFigure
2-3b). Aftertheadaptatiophasetheconcentrationsfinternalcomponentgraduallyincreasedsa
resultof growing cell nunbers (Figure 2-3b, Figure 2-4b, and Figure 2-5b). Chlorophyll a
and carbohydrate contents increased moderately over #igerre 2-3b and Figure 2-4b) and
particularly after the light intensity was approximately belove 8®I| photons rf s> PPFD.

Thelight intensityto whichD. viridis cellswereexposedlearly decreased especially during
the exponentialgrowth phase,becauseof shadingby biomassgrowth, and reachednear zero
transmissiomttheendof theexperimentgFigure 2-7). Usinga simplified light uptakeate (Choi et
al. 2003 calculatedusingAppendix Equation A-1 undertheassumptiorthatlight datarecordedy
thesensomwastheaveragdight energyutilized by the algaewe confirmed that light energyasvery

scarceiowardthe endof eachrun (Figure A-6). Lee etal. (2006 suggestethatfor Haematococcus

24



pluvialis, theoptimal lightfor algal growthis 3.5 x10 & emol photons celft s 1, Similar data havaot
been reportetbr D. viridis. Assuming 18 emol photons celfl s * was thelevel whereD. viridis
beginsto experiencdight limitation, the cellsat all high nitragyenconditionswerelight limited from
themiddleto theendof theexperimen{Figure A-7). Lackof light energyled to photo limitation,and
more light-harvesting pigments, chlorophw] wereproducedo extractmorelight energy(Figure
2-3b). Thisis alsoshownby thesignificant increase chlorophyllcontent(t test, 0.05 significance
level) from when lightuptakerate was ~ 10 mo |  p h 6ts btmthe esdeoihd experiment,

when lightintensitywasthelowest Figure A-7a).
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Figure 2-7. Realtime light intensities experienced Iy viridis in a PBR under high and low
nitrogen conditions and different initial light intensities

While high light intensity at low nitrogen conditions has been shown in our study and in
the literature to effectively increase carbohydrate content (Ho 208, we also observed that

at extremely low light intensity conditions, carbohydrate content also slowly accumulated. Again,
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this is shown by the significant increase in carbohydrate coritéggt( 0.05 significance level)
from when light uptake ratevas ~ 10°° emol photons cel! s! to the endof the experiment
(Figure A-7b). He et al. 2015 presentedimilar behaviorof Chlorella sp.andMonoraphidium
dybowskij whereinthe cellcarbohydrate contents increaggddually when cultured at an incident
light of 40 emol photons ¥ ' PPFD. However,the lipid content and biomass at nitrogen
sufficient conditions did not increasignificantlyatall conditiongestedvhenlight energy became
scarcebut were consistentlymaintainedat aroundl and 50 pg per celF{gure 2-5b andFigure
2-6b) at all light conditionsKigure A-7c and A-7d).

To gain more insight on the relationdip betweenlight uptake rate and internal cell
components, the calculated light uptatetes were plotted againstthe contentand reactor
corcentrationsof the internal cell componentand biomass(Figure A-8). Because the light
intensity withinthe PBRswas notmaintained constant duringrowth (lumostatic conditions
but was allowed to change due to biomgsswth andshadingit is difficult to fully determine
optimumlight intensitiesFurthermoregrowthbehaviorduringthelagphasecorrespondingp the
highestight intensities in any given experimental run) needs to be interpreted with castiun
cellswerelow in numberandadjustingto the growthconditions.

Thelipid contentpercell doesnotappeato becorrelatedo light uptakerate when nitrogers
notlimiting (Figure A-8a), althoughthelow cellnumbersn thefirst few daysof arunledtodecreasing
neutrallipid concentrationén the reactorat the highestlight uptake ratesHigure A-8b). This is
consistentvith thelight intensityanalysisdiscussee@arlier. The carbohydrate conteper cellexhibits
a U-shaped trendanincreaseat both low and highight uptakerates(Figure A-8c). However if we
only considetthe timepointswhen lightwaslimiting (< 10° emol photonscell! s*1), thendecreasing

light uptake rateted to increasing carbohydrat®rtent. The chlorophylla content increaseaslight
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uptakerate decreasedHigure A-8¢), as discussecearlier. Biomass content increased at light
update rates 10° emol photons celf & but wasrelativelyflat below that Giventhe natureof the
PBRexperimentsit is difficult to idertify optimallight uptakeratesaslipids wereaccumulatedcross

the sparof light uptakeratesmeasuredfrom 10’ to 10-*° emol photons ceit &2).

2-4-2. Maximum specific growth rate, biomass productivity, and lipid productivity

Fromaneconomicstandpointgrowthrateandproductyield are crucial characteristics to
consider (Davis et a2011). There was no distinct difference in the maximum specific groatéh
(basedncell countshetweerhighandlow nitrogenconditionsconsistentvith otherdatashowing
similar growthpatterndeforenitrogenwasexhaustedlheaverage maximumspecificgrowthrates
(basedncellcounts)n both high and low nitrogen conditions were 0.92, 0.90, &s8El.04 day*
at initial light intensities of 100,@, 400, and 606mol photons i s** PPFD,respectively A
slight increase in the maximum specific growth rate (based on cell counts) with an increase in the
initial light intensity wa®bserved Eigure 2-8 and Table A-1). The maximum specifigrowth
rategbasedncell counts)arein goodagreement with the ~ 0.8 ddyt 700e mol photons ¥t s+
reportedby Gordillo et al. (1999 and 1.11day*! at 150emol photons ¥ s reported by
Jiménez and Niell1©991). The maximum specific growth rates (based on biom@assentration)
in both high and low nitrogen conditions were 0.39, 0.42,0.37, and 0.37 day*! at initial light
intensities of 100, 300, 400, and 6ol photons ¥ s PPFD, respectivelgFigure 2-8 and
Table A-1). Asmertionedpreviously the light intensity experienced by tBeviridis cells changed
as the cellgrew. Cultivating microalgae at a fixed specific light uptake rate has been shown to
promote microalgagrowth (Choietal. 2003. Thiswasnotthefocus of the current batch studies

and investigating the growtbf D. viridis at afixed specific light uptake rate would be insightful.

27



The highest average biomagsoductivity was 70.8 g mday? which occurred at the
400 emol photonam*? ¢! PPFDandhigh nitrogen conditiorfFigure 2-9), and thehighest average
lipid productivity of 3.15g m*® day* occurredat 300& mol photonsm® $** PPFDand lownitrogen
condition(Figure 2-10). Theaverage lipidoroductivties were verycloseto the respectiveobserved
maximumlipid productivitiesat 100 and 30@ mol photonsm®? s** PPFDandlow nitrogenconditions,
indicatingD. viridis was ableto contiruously produce lipidsit high productivity withinthe tenrday
growth periodin the photobioreactosystem.At any othercondition,otherengineering operational
strategiesshould be applied to maintainhigh productionratesfor maximizing the lipid or biomass
production. Furthermoréeultralow nitrogerdata sugest thathetiming of stresgo themicroalgagas
essential irmaximizinglipid productivity. Withoutenough initiahitrogenfor cell growth,D. viridis had
comparativelyow biomassggrowth(Figure 2-9 andFigure 2-10). A possiblestrategyto optimizetotal
lipid productivityis to grow D. viridis undera nitrogenrich enviromentat 400 £ mol photonsm?®? s
PPFDto increasebiomasdevels and then transfeto a nitrogenstarved environmerdt 300 € mol
photonan® s*! PPFDto increase lipid levelThistwo-stage cultivatiotas beeproposedindapplied
to othermicroalgalspeciegSuetal. 2011) butnotyetfor D. viridis; suchanapproach couldethefocus
of futureinvestigations.

Overall eithebiomasgproductivityorlipid productivityof D. viridis is not high enough to
compete with many othenicroalgal species (Griffithetal. 2012 Hempeletal. 2012. However,
these two characteristics solely should naotheenly parametes to considemwhenevaluatinghe
ecanomic efficiencyof growing microalgagWilliams and Laurens2010. CulturingD. viridis
couldpotentiallyreduce cultivation and harvesting costs since there is no netddbwatefor

growth,andthelackof cell wall maymakecell lysis and lipid capture efficient. A comprehensive
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life cycle assessmeirtcluding cultivationandharvestingandalternative uses (e.g., biomass for

biogas production) is needed to further evaluate the commercial potemialiatlis cultivation
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Figure 2-8. Maximum specific growth rates at exponengjedwth phase based on (a) cell count
and (b) biomass concentration
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2-4-3. Results of statistical analysis

2-4-3-1. Reaktime light data and its correlation with biomass and chlorophyll a

concentrations

Online collection of Ight data within the photobioreactor provides the actual light
intensity experienced by the algae at every time point and may also be used to monitor the growth
of microalgadn realtime. Analysisof reattime light intensity to whichD. viridis was exposed
reveals a linear relationshiyith biomassoncentratiomboveacertainlight intensity(r =0.96,p<
0.01,Figure 2-11) andasbiomassconcentrationncreasesA stronglylinearrelationshigoetween
light intensityandchlorophylla (r =1 0.89,p<0.01,Figure 2-12) was alsavident.With aknown
geometryof the photobioreactorthelight distributionis oftenpredictedoy biomassconcentration
using BeedLamberts law (He et al2015. However, otheresearchasshownthatthe pigment
contentin the cell couldleadto errorswhen relating observedlight intensity and biomass
concentratior(Griffiths etal. 2011). Sincethe major photosynthetianit, chlorophyll a, playsa
crucialrolein utilizing light energy(Carvalhoetal. 2011), alinearrelationshipbetween reatime
light data and chlorophyh is expectedL ervenyetal. (2009 showeahepotentialof usingreak
time optical density data to approximate cell density and chloropbgtientratiorwith a light
sensoinstalledattherearof thePBR.With reattimein situlight monitoring,suchasin our study,a
more precise mathematical model that incorporates biomass concentration and chl@ophyll
concentratiordata alongvith on-line light datacould be developedSucha modelwould greatly
reducethe work involved in measurementsf biomassand chlorophyll a concentrationand

potentiallyprovide reliable and instantaneapgantification.
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2-4-3-2. Longitudinal data analysis

(@)  Objective

To understand the effects of nitrogen and light levels on the total lipid concentration, we
applied longitudinal data analysis to figure out the impact of nitrogen levels, light levels, and their
interactions on lipid production. The pattern of lipid prcttlon at each condition changes over
time is also of interest. The proposed model is as follows:

& - -6 -i -1 -—ii =-06i -01i =-06ii ©

(Model 2-1)
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Table 2-1. Four covariance modetssted in théongitudinal data analysisn lipid production

Compound symmetry Autoregressive of order 1
Equal variances  Unequal variances Equal variances Unequal variances
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(b)  Summary of fitted models

The measures of the goodness of fit of models with four different covariance matrices are
in Table 2-2. Because we have small sample size, the goodness of fit was based on AlCc and BIC.

The results showed that autoregressive of order 1 (AR1) with equal variances had the lowest AlCc

and BIC.
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Table 2-2. Measures of goodness of fit from faovariance matrices

Degree of Akaike Corrected Bayesian
freedom information  Akaike information
(DF) criterion information criterion
(AIC) criterion (BIC)
(AICc)
Compound symmetry 10 457.71 460.05 483.46
with equal variances
Compound symmetry 20 451.22 461.22 502.71
with unequal variances
Autoregressive of order 10 390.45 392.79 416.20
1 with equal variances
Autoregressive of order 20 387.51 397.51 439.00
1 with unequal
variances

The estimatedoefficients,standard errors, t values, and p values were listédlie 2-3. To
obtain a proper infence, we userbbust empiricatovariance matrixalso known asobust
sandwichcovariance matrixof coefficientsto compute standard errors to account for the

possibility that the AR1 with equal variances assumption was incorrect.



Table 2-3. Estimated coefficients and their standard error, t values,-aatlips using AR1 with
equal variances model

Coefficients Estimate (SE) t value p-value
d: -0.4762(0.0762 -6.2529 0.00®
d2 1.9467(0.06149) 37.8498 0.0000
ds 1.0777(0.104) 10.3483 0.00®
da 1.2226(0.1257) 9.7227 0.0000
ds -1.8980(0.2012 -9.4325 0.0000
de -0.9669(0.11817) -8.1871 0.0000
dz -0.9937(0.1819 -5.4626 0.0000
ds 2.4674(0.271749) 8.8962 0.0000

The fitted equations and corresponding plot assuming AR1 with equal varsaeda3able 2-4
andFigure 2-13. (Residuabplots inFigure A-9).

Table 2-4. Predicted lipid production at different cultivation conditions.

. High light High light Low light Low light
itoar:gnﬁm High N Low N High N Low N
(S=Ri=0) (S=0&Ri=1) (S=1&Ri=0) (S=Ri=1)
Intercept di di+ 4d di+ 3d di+ 3¢ 44 sq
Slope d2 d2+ 74 d2+ sd d2+ 6 7t0s

Predicted lipid | _04762+1.9467% 0.74630.9529t 0.6055+0.9798t -0.0740%42.45%*t
production
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Figure 2-13. Predicted and experimental data of lipid production at four different cultivation
conditions.

(c) Discussion

We found that all the parameters are statistically significamalge < 0.001) including-2
way and 3way interactions. This result means that not only light, nitrogen individually affect lipid
production, their interaction which is dependent on cultivatime also matters. Positive slopes
were observed at all conditions which indicates lipid always accumulates at these tested conditions.
CultivatingD. viridis at low light and low nitrogen condition accumulates lipids at the highest rate:
~2.45 mg/L peday; at high light and high nitrogen condition accumulates lipids at the second
highest rate: ~1.95 mg/L per day. It is important to note that the predicted rate was an approximate
estimation of lipid concentration trajectories within 10 days cultivatibich might not be a good

prediction after 10 days.
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2-5. Conclusions

In a PBR with carefulpH andtemperaturecontrol, D. viridis accumulatedellularlipids
whenexperiencingitrogenstress and reached a lipid concentration of 26.8@ta low nitrogen
and 300 emol photons ¥t s PPFD condition witi8.15g m*3 day-! lipid productivity.D. viridis
adjustedyuickly tochanges environmentatonditionsandtheircellsizeand internal components
varied drastically during the lgghase. As soon as nitrogen was depleedyviridis started to
consumeellularchlorophyllandshiftedits carborallocationto store carbon and energy in cellular
carbohydrates and then cellulgrids. The dataand correlationsfrom this study can beusedin
mathematicainodelghatrelatebiomassandchlorophylla concentratiorio reattime light intensity

in thePBR.
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Chapter 3. Growth of Dunaliella viridis in multiple cycles of
reclaimed mediaafter high pH-induced flocculation and harvesting

3-1. Abstract

Dunaliellaspp. cells can be harvested effectively using higkhinztdced flocculation and
grow in the relaimed media. However, the continuous growth @dnaliella spp. in multiple
cycles ofreclaimed mediafter flocculationand theimpact of recycling on the flocculation
efficiencyhave not been exploreth this studyrepeated cyclesf growth ofDunaliella viridisin
reclaimedmedia after high pHinduced flocculation was studied by evaluatthg densityand
intracellular componentsf the cells, and thaccumulated dissolved organic matter (Doand
change in bacterigommunity in theeclaimednedia. The datshowthatin the reclaimed media,
compared to the fresh medi@, viridis grows to the same concentrations of cell densityg
intracellularlipids, carbohydrates, proteins, and biom&gsvever, thenaximum speific growth
rate and flocculation efficiency decreaseder time which might have been caused by the
accumulateddOM or caliving bacteria This research highlights the potential of repeatedly
flocculating microalgae and recycling media with some tradeoffs in growth rate and flocculation

efficiency.
Keywords:

Marine microalgaeDunaliella viridis, FlocculationHarvestingWater reuseDissolved organic

matter
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3-2. Introduction

One key strategy to sustain the microalgal industry is to reduce the wssgnificant
amounts of water and nutrients in microalgae cultiva(ugazhendhi edl., 2020). There has
been increasing interest in growing microalgae in wastewater r@ciaimedmedia to recycle
water and nutrients that were originallyused(Loftus and Johnson, 2017; Ma et al., 201i)
addition to cost reductions, cultivation ceclaimedmedia also saves energy because tkstin
recycling process needs less pumping. However, factors such as high concentrations of dissolved
organic matter (DOM), high abundance of bacteria, or high contamination of chemicals from
harvesting mighinhibit microalgae from growing ireclaimedmedia(Lu et al., 2020)

As a harvesting method, high phiduced flocculation is promising because the byproduct
is nontoxic salt(Wu et al., 2012)an essential nutrient for marine microalgae. Therefore, reusing
media followng high pHinduced flocculation is potentially a sustable way to grow marine
microalgae. Marine microalgae are regarded as an advantageous source of biofuels since they do
not require freshwater and arable lands. One marine microBlgaaliella (Chlorophyta,
Chlorophyceae) has engendered particular isténethe past decade because they are adaptive to
a wide variety of salinities (or osmotic pressuréBplle et al., 2020) The cell walless
characteristic assists them in attenuating osmotic pressuresianudifies the extraction of
intracellular compoents

Many studies have demonstrated that highimpdiced flocculation cabe effective for
harvestingdunaliellaspp.(Besson and Guiraud, 2013; Horiuchi et al., 20B@)iuchi(2003)had
successfully growD. tertiolectain onetime recycled media from flocculation. However, only
optical density (an indirect measurement of cell density)measuredo examine the growth of

D. tertiolecta Dunaliella spp. can excrete high DOM to the me(iuntsman, 1963which can
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potentally discourage microalgal growthoftus and Johnson, 2019)he excreted DOM can also
feed ceexisting bacteria, which could crash the microalgal culture if they are pred&anyza
et al., 2016) However, DOM concentration and the bacterial commuméye not examined by
Horiuchi (2003) and these factors may be importantunderstandinghe effect of reclaimed
media orDunaliella sppsurvival.

In this research, we uséte marine microalgBunaliella viridisas the model organism to
evaluate the gmwth of microalgae under conditions of sequential #pghflocculation and
reclaimed mediaThe cell density, lipids, carbohydrates, and biomass were measured as well as
the accumulated DOM in the media. The chamgbacterial community and the efficienof

flocculation were also monitored.

3-3. Methods

3-3-1. Microalgae strains

D. viridis strain dumsiwas obtained fronthe Center for Applied Aquatic Ecology at the
North Carolina State University, USA, and was maintained on agar plates with growth media and
plantissue cultureagaP(hyt oagar E, Pl an )inveedhribufipatir@mdéulbator U S A

at 25 °C.
3-3-2. Cultivation

D. viridis stock culture was inoculated from a single colony on an agar plate to a sterile
flask containing filtered (0.22 um) growth media, which was modified from-&aotz media
containing 1 M NacCl, 50 mM NaHGD5 mM KNG;, 0.2 mM KHPQ;, 5 mM MgSQ, 1 mM
CaCbk, 7 pM MnClz, 1 pM ZnSQ, 1 pM Co(NQ)2, 1 uM CuSQ, and 1 pM (NH)sM07024 (Ben
Amotz et al., 1989)We cultivated the stock culture at 26 with continuous light illumination
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(two 17 W cool while fluorescent bulbs, F17T8/TL841 ALTO, Philips, USA and W Plant
Grow Light Strips, Mosthink, USA) without controlling pBPncethe stock culture achieved ~5 x
10° cells mL'%, 200 mL stock was transferred to 2 L working volume flask containing 1.4 L growth
media for experiments.

Three flasks oD. viridiscultur es wer e grown at the same
photonsm'? s *as the stock culture. The cultures were continuously mixed at 80 rpm and purged
with 0.22 um vent filtered (PTFE membrane 50mm inline filter, Thermo Scientific Nalgene, USA)
20 % CQ bdance N gas (Arc3 Gases, USA) for 30 mins daily. The positions of the three flasks

in the incubator were randomly changed daily and the cell density and pH were monitored daily.
3-3-3. Flocculation test

Flocculationwas performeat the early stationary phastaen the microalgae was ~ X2
10" cells mL'%, using3 minutes rapid mix (300 rpm), 10 minutes slow mix (20 rpm), and 30
minutes settling (0 rpomYhedesignated volume of base (5 N NaOH) was added during rapid mix
to achieve pH 9.5, pH 10.3, pHL..1, or pH 11.7. Before the flocculation test, we measured cell
density, intracellular carbohydrates and proteins, andrastbiomass. After the flocculation test,
the supernatarit2 cm below the water level was collected for measurements of celtyjeasion
concentrations, U4 dissolved extracellular carbohydrates, and proteins. The flocculation

efficiency was evaluated using cell density before and after the pH treatment.

6Qda o6t 0 6 Q@& o¢ 0

00 £ OOO6 QVWNOHWQE Gpw 5 0&E 0L 0

pmmp

(Equation 3-1)
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3-3-4. Reclaimed media test

After flocculation, we collected the supernatant and neutralizegi 0.5 with 10 N HCI.
The retrieved supernatant was ~70% of the original volume. We then added nutrieatar@acCl
MgSQ; to the same concentrations of fresh media based on the results of ion chromatography (IC);
the other nutrients and bicarbonate werdem@phed fully. The reclaimedmediathat were not
sterilizedand added additionastock were equally distributed to three flask&/e adjustedhe

volumeof each flasko 1.4 L using fresh media
3-3-5. Sample pretreatment

For cell density, asfree biomass, andipids, we used microalgal cultures without
pretreatment. For ion chromatography (IC), 2/ extracellular carbohydrates and protein
measurements, filtered supernatant was collected by centrifuging microalgal cultures at 3,260 g, 4
°C for 10 minutes (filter: hydrophilic nylon membrane, 25 mm, 0.45 um pore size, MicroSolv
Technology Corporation, USA). The pellets were usedrfeasuringntracellular carbohydrates,

intracellular proteins, anidr DNA extraction.
3-3-6. Cell density and cell &ze

Cell numbers and cell size were quantified usamgautomated cell countgfTC 20
Automated Cell Counter, BiRad Laboratories, California, USA).ten mL culture was pipetted
into the counting slide and counted with gatssgat range 44 5 €& m. poiield éPE® images
were analyzed using TC20E Dat a Sgecfia grgntheates Sof t w
werecalculated using densities with the following equation:

I ivoaa: i QolvldQaats i Qo &
oo

(Equation 3-2)
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3-3-7. Ash-free biomass

A gravimetric approach adapted from Zhu and (#897)was used. Glass fiber filters
(What man GF/ F, 47 mm, -cqmbusted as5b0Z@&for8 midutesamdcoolee r e p
to room temperature in a desiccator. On the filtration apparatus, theompiristed filter was
cleaned with 10 mL deionized wateittdred with 10 mL microalgal suspension, and rinsed with
20 mL 0.5 M ammonia formate. Deionized water was used to clean surface fiber debris, and
ammonia formate was used to isotonically rinse out the retained salts on the microalgal cells and
filters. Fiters with samples were dried at 105 °C for 24 hours and cooled to room temperature in
a desiccatorThecooled filterswere weighednd furnacedgain at 550 °C for 1 h. Furnaced filters
were stored in a desiccator and weighed again after cooling totesoperature. Thdifference

between the two weights was taken aswk&ht of asHree biomass
3-3-8. Lipids

Lipids were quantified using fluorometry and Nile red dye (Sigktthich, USA) with
coconut oil as lipid standard (Chen et al.,, 2009)L mL microalgal culture or standard was
combined with 4 mL Nile red solution (0.78 mM in acetone) and 200 mL mixtusepipatted
into the well in a black and flat bottom 9&ll plate. The fluorescence was measured using a
microplate reader with 485 nm (20 nm bandwidth) excitation and 595 nm (35 nm bandwidth)

emission wavelengths (Infinite 200 PRO, Tecan, USA).
3-3-9. lon chromatography

We measured Mg and Ca concentration of 5X diluted samples in an integrated ion
chromatography system (Dionex 12800, Dionex Corporation, USA). Flow rate was at 1mL per

minute and 30 mM sulfonic acid was the eluent.
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3-3-10. Ultraviolet absorbance at 2% nm

UV2s4 was measured for comparison with dissolved extracellular carbohydrates and
proteins. The filtered supernatant was transferred to a 10 mm quartz cell and measured at
ultraviolet light 254 nm (DR 5000 UWWVis Spectrophotometer, Hach, USA) withdremedia as

background.
3-3-11. Extracellular and intracellular proteins

The Micro bicinchoninic acid (BCA) method (Micro BCA Protein Assay Kibermo
Scientific, USA)was used for quantifying total proteins with bovine serum albumin (BSA) as
standardSmith et &, 1985) Proteins were regarded as extracellular proteuhstécted iriltered
supernatant, and as intracellular proteindefectedn pellets. In the extraction proceks the
proteins in the pelletsve resuspendethe pellet sequentiallyn 100mL deionized water and 0.1
N NaOH to extract dissolved cytosolic proteins and the solubilized memboamel proteinsVe
repeated the extraction process twaod combined the collected supernatants from resuspensions
of one pelletWhen dilution was needl, we used 1X phosphate buffered saline (PBS) solution
(Phosphate Buffered Saline, 1X Solution, pH 7.4, Fisher Scientific, USA) to ensure the
concentrations were within the calibration curve. We mixed 150 uL sample or standard and 150
uL working reagentd each well in a clear and flat bottom-@@ll plate. Then, the well plate was
incubated in the dark at 37 °C for 2 hours. When samples were cooled to room temperature, we
measured the absorbance at 560 nm (10 nm bandwidth) using a microplate readier 200in

PRO, Tecan, USA).

50



3-3-12. Extracellular and intracellular carbohydrates

The phenokulfuric acid method was used to quantify total carbohydrates with glucose as
a standard (Masuko et al., 200%p avoid nitrate interference when determining extracellular
carbohydrates, the supernatant was dialyzed beforehand at room temperature. We loaded three mL
filtered supernatant in a pte/drated dialysis cassette and submerged it in 900 mL, 1X PBS
solution (SlideA-Ly zer E Di al ysi s Cassett dfis, USA} FistkweMWC O,
dialyzed the cassette for 2 hours twice with fresh fBB&wved bydialyzing the cassette overnight
with fresh PBS. The next day, we collectb@ sampledor carbohydrates analysis. For pellet
samples, the pellets were resuspendeltianized water and the suspension was dsedtly for
carbohydrates analysis. We mixed 40 pyL sample or standard and 40 uL of 5% phenol, and followed
immediately with 200 uL, 98% concentrated sulfuric acid. When the plate was cooled to room
temperaturewe measured the absorbance at 492 nm (10 nm bandwidth) using a microplate reader

(Infinite 200 PRO, Tecan, USA).
3-3-13. DNA extraction and sequencing

We extracted microbial DNA from an algal pellet that was collected by centrifuging 45 mL
algal culture using acenmercial kit (DNeasy PowerSoil Pro Kit, Qiagen, USA) according to the
instruction. The 16S rRNA gene V4 variable region PCR modified primers 341F
(CCTAYGGGRBGCASCAG) and 806R (GGACTACNNGGGTATCTAAT) were used. The
illumina sequencing was conducted by MR ®AKShallowater, TX, USA) on a MiSeq following

t he manufacturerds guidelines. The sequences
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3-3-14. Statistical analysis

Multiple linear regression was used to explore the potential factors that reduce the
maximumspecific growth rate. Internal and extracellular carbohydrates and extracellular proteins
were used as predictors; maximum specific growth rate was used as the response. The analyses

were performed in RStudio using R version 4(@ppendix R Code B).

3-4. Resdts and Discussion

3-4-1. Growth of D. viridis in reclaimed media.

In five sequential cycles of growth and harvestiby, viridis grew to the same cell
concentrations (~1.2xI@ el | s) but with a decreasimM maxi m
reclaimed media after high pHinduced flocculation(Figure 3-2 and Figure 3-3). This
demonstrates th&t. viridis can access and use required nutrients despite the atypical environment
in reclaimedmedia such as high DOM and differentlaong microbiome(Figure 3-4 andFigure

3-5).
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Figure 3-2. The cell density oD. viridis in five cycles of growth in reclaimed media after high
pH-induced flocculation. Values represent means of three biological replicates and error bars are
one standard error of the mean.
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UV254 in the culture before flocculation. Values represent means of three biological replicates

anderror barsare one standard error of the mean.

55



1.00

0.751
0.501
0.251
0.001

Fresh media 15t g se 2" reuse 3 reuse

Genus

M Virgibacillus

B Thalassobacillus
B Salirhabdus

[ Pseudomonas
B Oceanobacillus
B Dietzia

[ Bacillus

B Aureibacillus
Anaerobacillus

Relative Abundance (Genera > 1%)

Figure 3-5. Bacterial microbiome composition with taxonomy at the genus level in the microalgal
culture.

Dunaliella spp. can excrete high DOM and is sensitive to the presence of other
microorganismgle Chevanton et al., 2013). Huland Thomas (2010) showed ttaanaliella
tertiolectaexcreted up to 19% of the assimilated carbdre &xcreted DOMan serve as a carbon
source forco-existing microorganisms which might stimulate or inhibit microalgal growth
(Fukami et al., 1997)While each microalgal strain reacted to accumulated DOM or other
microbiome differently(Fukami et al., 1997; Loftus and Johnson, 2019), our growth data along
with DOM and microbiome composition data suggest fhatiridis can tolerateo-exising with
otherbacteria which might feed on their excreted DOMe presence of thed®cteriamayhave
decelerated. viridis6 s peci fic growth rate but not <cell

Our analysis shows that at the end of each growth cixlejridis produces biomass,

proteins, carbhydrates, and lipids in consistent concentrations and proportions ircthienes
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media Figure 3-6 andFigure 3-7). This consistency indicates that the accumulating DOM and
bacteria did nbcause metabolic changes [n viridis as much as othenbiotic stressesFor
example, under nitrogen deprivatidD, viridis accumulated five times more intracellular lipids
while decreasing in biomagkai et al., 2019)Therefore, growind. viridis in reclaimedmedia

can still continuously produce consistent and reliable-tigjhe products.
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Figure 3-6. The concentrations of biomass and intracellular componenis wiridis. Values
represent means of three biological replicateseairat barsare one standard error of the mean.
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Figure 3-7. The percentageof intracellular components in aflee biomass ob. viridis. Values
represent means of three biological replicatesesirat bas are one standard error of the mean.

Except for the first reclaimed media growth cycle (see beltw)nonflocculated cdk in
the relaimedmedia served astock culturefor the next batch of culture. Typically, when the
growing environment changes, such as changes in temperature or light, cells experience a shock
that can cause cell death or a prolonged lag phase. Betteusenflocculated cells already
adapted to the culture system, without going through a lag phase, they grew at a high rate
immediately(Figure 3-2). This characteristic is particularly important for engineering practice
because adapted cells can prevent cell death or long lag pghasesin ensure sustainable
production of microalgae in a reliable and predictable timeframe.

Between the periods ofgwing cells in fresh media aride first reclaimedanediagrowth
cycle, cell death occurred because we stored thehaovestednonflocculated)cells in a dark, 4

°C fridge(Figure B-1). To sustain the cultureve added 10 mL stock culture in each fla&ker
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a prolonged lag phas®. viridis bounced back and continued to grow wWeéligure 3-2). The
unexpected cell death and the ability to nse-flocculated cells astock culture in subsequent

growth cycleslemonstrated the resilience®fviridis, which is critical for largescale cultivation.
3-4-2. Change of Mg and Ca concentrations in the rdaimed media.

D. viridis were flocculated at pH 11.1 with Mg playing a major role in fpéhinduced
flocculation Figure 3-8). At high pHinduced flocculation, metal salts preitate to sweep
flocculate microalgagWu et al., 2012) We observed Ca precipitates at pH 9.5, but they
contributed little to the flocculatioprocesq2.2% flocculation efficiency with 83.3% Ca salts).

Mg precipitates at pH 11.1 but effectively flocatddD. viridis (61.7% flocculation efficiency
with 94% Mg salts). The data indicate that metal salts floccilataridis cells with different
effectiveness, consistent with the result of Smith and O@éis2)that Mg precipitates formed at
pH above 1@ settled microalgal cells. The gelatinous texture around €&fjare B-2) could be
Mg(OH)2 which could aid cell aggregation (Vrale, 1978).

We later flocculated cells grown in the reuse media at pH 11.1 and monitored the change
in Mg and Ca concentratns Figure 3-9). The variationin Mg and Ca precipitatiosould be
caused by inconsistent concentrations of other micronutrieaiding to forndifferent types and
amounts of Mg and Ca precipitates. The inconsistent precipitation rate suggebtg tvad Ca
both need to be supplemented to ensure that microalgae can grow rgelaimedmedia from
pH-induced flocculationLack of Ca addition could be the reason that Pirwitz €28f15) failed
to growD. salinain Mg-supplemented reused media. ifldata showed that Ca was still sufficient,
but Ca and Mg act competitively and high Mg can inHinihaliellaspp. from uptaking Ca (Fuijii
and Hellebust, 1992). Therefore, supplementing and tracking Mg and Ca concentrations is

important for reusing media
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Figure 3-8. The Mg and Ca concentrations in the supernatant before and after flocculating at
different pH. The flocculation applied on the culture growing in fresh media. Values represent
means of threbiological replicates anerror bas are one standard error of the mean.
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Figure 3-9. The Mg and Ca precipitation rates from the media in five cycles of higimghtted
flocculation and media reuse.

3-4-3. Impact of DOM on the flocculant dose.

Carbohydrates, rather than proteins, dominate DOM in the reused migdige(3-4). The
concentration of extracellular proteins fluctuated between 25 to 35 mg/L and remained steady in
this range. Conversely, the concentration of extracellular carbohydrates continuowsigedan
the reusednediaperiods and carbohydrates gradually dominated D{@McatingthatD. viridis
excreted more carbohydrates. Because the carbohydrates in DOM could inhibit Arglupét
flocculation(Vandamme et al., 201@Je effect ofincreasd carbohydratéevelsin the relaimed
mediaonthe flocculant dose was explored.

We found that increasing carbohydrateseolaimedmedia did not increase the NaOH

dose to achieve pH 11.howeverthe flocculation efficiencydecreasedfrom ~60% to ~46o)
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when extracellular carbohydrates exceed 45 {igijure 3-10). The decrease in efficiency agrees

with the finding of Vandamme et g2016) where external carbohydrates reduce flocculation
efficiency from high pHnduced harvesting; the inhibition might be due to the chelating properties
of extracellular carbohydratéKaplan et al., 1987)n ourstudy, the inhibition occurred at much
higherextracellular carbohydrate concentrations compared to that reported by Vandamme et al.
(2016)(18 mg/L vs. 0.44 mg/L as C)he difference was likely because seawater media has more
Mg than freshwater media (5 mM versus 0.15 mM). With more Mg, seawatéa tmesl more
capacity to tolerate the negative effect on flocculation efficiency resulting from accumulating

carbohydrates.

—_ 0,
22 ] F Dose _ 100%

20 4 Flocculation efficiency| | 90%

18 1 80%

16 ] 70%
14 T
] 60%
12 .
] 50%
10 ]
] 40%
8 - |

T 30%

Aouaia1a uonenNd20|4

20%

10%

Dose (mL 5N NaOH per 1L algal culture)

Fresh media 1%reuse 2™ reuse 39reuse 4"reuse 5" reuse

Figure 3-10. The NaOH dose and flocculation efficiency in five cycles of highipdtuced
flocculation and media reuse.

We suggest future research should monitor DOM, especially carbohydratesaimed

media.To evaluate the impact of DOM on the efficiency and dose of flocculant, an appropriate
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method to quantify and monitor DOM ihg microalgal culture is needddY absorbance at 254

nm (UV2s4) or specific ultraviolet absorbance (SUVA) (kbYdivided by dissolved organic carbon
concentration) are often used to estimate the amount of natural organic matter in aquatic systems.
We fourd that U\ss4 data related to primarily extracellular proteins in microalgal culieigure

3-4). Unlike in aquatic systems, natural orgamatter is more complex and has aromatic rings

that can be detected by LB/ Organic matter in microalgal cultureg®mposed osimpler units

of organics such as glycerol, proteins, and carbohydrates.
3-4-4. Effect of increasing salinity in the reclaimed media

Salinity increased because NaCl was produced when neutralizing the culture with HCI. The
salinity increased 40% in each reused cycl€igure B-3). Dunaliella spp. can tolerate high
salinity, but to compensate for osmotic pressure from higher saliméy stvitch their metabolism
to synthesize intracellular glycerol in two pathways: photosynthesizingil@® glycerol and
degrading intracellular carbohydrates for glycgi@byal, 2007; Xia et al., 2014T.he switch
would reduce the production of carbohgtts and further decrease the production of lipids.
Although we did not observe a drastic reduction of compomémteresiFigure 3-6), wenoticed
that the cell size decreased over tifag(re B-4). The decreasm cell size demonstrates tHat
viridis responded to the gradual change of the environment suchraasingsalinity and DOM
but notenoughto decrease the production of compdser interest such as lipidgo avoid the
reduction oftargetcomponents, when adding fresh media to compensate the loss volume from
flocculation and evaporation, the salinity of the fresh media can be adjusted to maintain the desired

salinity for the clture.
3-4-5. Statistical analysis

(@) Objective
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To explore the potential reasons that caused decreased maximum specific growth rate, we
applied multiple linear regression analysis to examine the dependance of maximum specific
growth rate to internal and extracedut car bohydr ates and proteins

model is as follows:

T T oo oo | oo Foo T oo® -h
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RR AT AODAOEARD A ARAT BAOEAB AA

The concentration of internal proteins was not considered in the model because we found
internal proteins highly correlated with internal carbohydratés=(R894) which indicates they
represent similar effect to the maximum specific growth r&igufe 3-11). Since internal

carbohydrates correlated with maximspecific growth rate more than internal proteins £R

0.505 versus 0.415), we eliminated internal proteins in the mbigiré 3-11).
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Figure 3-11. Correlation plot between internal and external carbohydrates and proteins and

specific growth rate.

(b)  Summary of fitted models

Full model and two reduced models, one withowte8/ interaction and the other one

without both 2way and 3way interactions, were teste@iable 3-1). None of the parameters in

the full model was significant albeit the model was significant; therefore, in the reduced model,

we eliminated the predictor(s) that had the lower absolute wl#etiong the three tested models,

the full modelhad the lowest BIG-35.3113.
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Table 3-1. Estimated regressoos full and reduceanultiple linear regression model

Regressor Model 1 Model 2 Model 3
(Intercept) -6.81 3.13 0.665*
External carbohydrates 0.29 -0.021 -0.005
Internal carbohydrates 1.11 -0.234 0.046*
External proteins 0.27 -0.090 -0.0084
External carbqhydrates: .0.01 0.00056

External proteins

External carbohydrates: -0.04 0.00040
Internalcarbohydrates

External proteins: Internal .0.04 0.00085

carbohydrates

External carbohydrates:

External proteins: Internal | 0.002

carbohydrates

BIC -35.3113 -23.3667 -28.54226
Adjusted R 0.6891 0.55871 0.6061
Model pvalue 0.004769 0.01029 0.001L05

*Indicates pvalue <0.05

(c) Discussios

Although all three models had significantvalues, most of the parameters did fdtis
outcome revealed that our data correlates with each. othes, these modefailed tofit and
predict the change of maximum specific growth raiiologically speaking,internal, and
extracellular carbohydrates and proteins impact the maximum specific growtiossiesrer, some
other factors should be considered tdée suggestuture researcher tocludedata ofbacterial
contamination rate and microbial community compositeomd explore the correlation of

carbohydrates and proteittspredict maximum specific growth rate. Theeasting bacteria can
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affect carbon allocation ahicroalgae (Le Chevanton et al., 2013), so the remaining unexplained

variability could be attributed to eexisting bacteria.

3-5. Conclusions

Ourresultssuggest thdD. viridis can grow continuously ireclaimedmedia after high pH
induced flocculation. The flocculated cells have consistent concentrations of cell density, biomass,
proteins, carbohydrates, and lipids; the-flonculated cellshatremained imeclaimedmedia can
serve as inoculum for the next blatof cells. Overtime, the cell sizmaximum growth rateand
flocculation efficiency decreasedbecause ofexternal stresses including increased salinity,
enriched bacteria, and accumulated carbohydrates

High pHinduced flocculation is an effective hasting method of microalgaglsing
reclaimedmedia after thastep wouldfurther reduce the operation cost. e reclaimednedia
effectively, itis crucial to supplement both Mg and Ca to original concentrations, monitor DOM

concentrations, and adjust dia salinity.
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Chapter 4. Disrupting Dunaliella viridis cellsusing hydrodynamic
cavitation

4-1. Abstract

Disrupting microalgal cells to release intracellular components such as lipids is a costly
step in biofuel production. To date, hydrodynamically cavitatingwell less microalgal cells has
not been reported. We duated the extent of disruption Dunaliella viridis, a marine microalga
without cell walls, with and without cavitation, in a venturi system. Size distribution, disruption
level, settling ability, and zeta potential over time were examined. We founshibat force in
the venturi system dominated the disruptiomahaliella viridis, conversely, cavitation reduced
the disruption efficiency. The reduced efficiency is likely due to cell aggregation, which is
sensitive to culture pH. This study reveals effect of hydrodynamic cavitation on c&liall less
microalgae and highlights the importance of evaluating mechanisms that are induced by the onset
of hydrodynamic cavitation.

Key words: hydrodynamic cavitation, microalgae, cell disruption, aggregapiamteins

4-2. Introduction

Disrupting microalgal cells for products (lipids, proteins, carbohydrates) is an energy
intensive process, with specific energy consumption ranging from 0.06 to 146.9 kWh/kg disrupted
biomass)Lee et al., 2017)Recently, hydrodynamic cavitation (HC) has drawn attention because
it requires low energy (~0.83 kWh/kg disrupted biomass) and can be applied at the industrial scale
(Lee et al., 2015; Sun et al., 2020a)

HC occurs when the static pressure of a liquapd below its vapor pressure, inducing the

formation of vapor bubbles; these vapor bubbles collapse and implode once the static pressure
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returns above t he Fgure4l) @dpper, 2084 The changeeirs daticr e (
pressure can be induced by setups such as the inclusion of an orifice or venture in a continuous
flow system. In a venturi, the bubbles collapse at the exit of the throat wtrietitices mechanical

(shock waves, microjets, and shear force), chemical (formation of radicals), and thermal effects to
the liquid (Sun et al., 2020that can disrupt cells such as rotifers, cyanobacteria, bacteria, and

microalgagDular et al., 2016; Kn et al., 2017, 2021; Lee et al., 2015)

- Pressure inside venturi
== \apor pressure of water

Absolute pressure

Figure 4-1. lllustration of pressure change inside of the venturi tube.

HC-assisted cell disruption has been shown to be effective on various microalgae that have
arigid cell wall (Lee et al., 2015; Lee and Han, 2015; Waghmare et al., 2db®%)ever, no study
has been performed on cell wall less microalJdee marine microalgaDunaliella viridis is of
interest because @an accumulate significant amounts of lipaisd can be disrupted with less

energy due to its cell waléss characteristic. However, the absence of a cell wall niakesdis
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sensitive to not only cavitation effects but also shear force arising from the hydrodynamic
cavitation setup.

Most studies assess effectiveness by comparing disruption efficiency with other treatment
techniques or with noetreated culture. Lee and H&2015)and Waghmare et d2019)compared
their cavitation results withculture treated with ultrasonic cavitation; K{€021)compared their
results with and without treatment of cultures in the cavitation system. These comparisons could
have overlooked the effect of shear force on the cells and attributed the effectiveness solely to
cavitation.

To activate cavitation,|dw rate plays a key role because it is inversely proportional to
cavitation number (see below), a dimensionless number characterizing the cavitation phenomenon.
However,a high flow rateinduces eigh shear force. The shear introduced in the venturi system
and the impeller inside the pump can damage cells. Michels(20&6)reported that among four
strains, three microalgal strainksdchrysis galbanaSkeletonema costatyurand Chaetoceros
mueleri (CCMP1316)) failed to grow after being recirculated by a centrifugal pump rotating at 4
rpm speed. Their result showed that the damage caused by hydrodynamic shear in a pipe loop
system should not be ignored.

To evaluate the effect of hydrodynamiwitation onD. viridis, we examined microalgal
cells with and without cavitatiori.€. control) occurring in a venturi systergigure C-1). The
control was operated by preventing static pressure at the throat from dropping below the vapor
pressure of thadquid, thus preventing cavitation. This is the first paper disruiungaliellaspp.
using hydrodynamic cavitation. Size distribution, disruption rate, settling ability, and zeta potential

of D. viridis with and without cavitation at three pH conditioBs5( 9.2, and 9.6) were measured.
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4-3. Method

4-3-1. Microalgal strain

The marine microalgd)unaliella viridis strain dumsii, was obtained from the Center for
Applied Aquatic Ecology at the North Carolina State University, USA, and was maintained on

saline agar plas grown at an illumination & 5 ¢ mo | -mp $l@nd2517G.
4-3-2. Microalgae cultivation

We used modified BeAmotz media to cultur®. viridis (1 M NaCl, 50 mM NaHC@g) 5
mM KNOs, 0.2 mM KHPQs, 5 mM MgSQ, 1 mM CaCl, 7 uM MnChk, 1 pM ZnSQ, 1 uM
Co(NGs)2, 1 pM CuSQ, and 1 pM (NH)sM07024) (BenrAmotz et al., 1989)The stock culture,
inoculated from a single colony on an agar pl
photonsm' 2 s tillumination from two 17 W cool while fluorescent bulbs and two 20W light strips
(F17T8/TL841 ALTO, Philips; Plant Grow Light Strips, Mosthink, USA). When the stock culture
achieved ~5 x 10cells mL't, 200 mL stock culture was combined with 2.8 L unfétk growth
media in a 3.5 L working volume bioreactbr. viridis in the bioreactors were cultivated indoors

at 21 °C with continuous mixing at ~50 rpm and illumination by sunligigiufe C-2).
4-3-3. Venturi system

We constructed a lakcaled, venturi systemithr a centrifugal pump (C63CXHN8070,
% HP, 3,450 RPM, TEFC motor, Emerson, USA) and a venturi uni2@-Armfield, UK) (
Figure 4-2; picture inFigure C-3). When the culture was in exponential growth phase (~£#x 10
cells mU'Y), 8 L culture was harvested and used for each experimental run. We operated the venturi

system with and without cavitation; experiments without cavitation were used as corttels.
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cavitation numbers at the throat wer@X2 and 0.216in the cavitation and control setting,
calculated using the following equation:

n n

%” O

6w

(Equation 3-1)
Ca: dimensionless cavitation number
p: absolute pressure at the pointraérest (Pa)
pv: vapor pressure of the fluid (Pa)
;] density oOf the fluid (kg/m
v: velocity of the fluid at the point of interest (m/s)
The flow rates in the cavitation and control setting were 28.52 and 24.75 L/min,

respectively, which allowed the culture pass though the venturi ~ 30 times for every 10 minutes.
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Vent

Figure 4-2. lllustration of the labscaled venturi system.

4-3-4. Cell size distribution

The cell size was quantified using particle characterization system (Mastersizer 3000,
Malvern Instruments Ltd, UK). We used unfiltered 1 M NaCl solution as bagkdrand set

mixing frequency and laser obscuration at 1500 rpm anib2.
4-3-5. Cell counts

Cell count was quantified using automated cell counter (TC 20 Automated Cell Counter,
Bio-Rad Laboratories, California, USA). A 10 mL culture was pipetted into theiogwitde and
counted with gatingintheZ5 e m r ange, cor r es pbowridigcallg. Theo t he

exported JPEG i mages were analyzed using TC20
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4-3-6. Settling test

The settling ability wasleterminedy measuring absorbance at 750 nm (Vernier\U$
Spectrophotometer, Vernier, OR, USA).2.5 mL culture was poured into a quartz cuvette and
the absorbance data was recorded every two seconds for 25 minutes using Sfeeocieal

Analysis software.
4-3-7. Zeta potential measurement

The zeta potential was measured using a zeta potential meter (Zetasizer Nano Z, Malvern
Instruments Ltd, UK). A 1 mL culturevas pipetted into the folded capillacgll (DTS1070)

cuvette and quantéd.
4-3-8. Power usageand temperature

The power consumption was monitored using a power monitor (Kuman KY$47

Electricity Usage Monitor) and the temperature was measured using a sealed glass thermometer.
4-3-9. Statistical sample size analysis

Disruption rate ((Cell count t=0 mi@ell count t=60mi) Cell count t=0 min) obtained
from cell count data to calculate sample size for detecting the effect of cavitation at the power of
0.8. We assume the variances at different conditions were similar to that of the variance from pH
8.5 treating in cavitatio setting at which we had one biological replicated data. Data used were as

in Table 4-1. The analyses were performed in RStudio using R version(@®pp&ndix R Code

C)
Table 4-1. Disruption rate at 60 mins calculating using cell count data from TC 20 cell counter.
Culture pH 9.2 8.5
Cavitation 67.0 % Replicate 1: 49.2%
Replicate 2: 51.1%
Control 81.0% 65.9%
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4-4. Results

4-4-1. The effect of cavitation on cell disruption rate.

With cavitation, compared to contr@®, viridis cells disrupted at a slower rate regardless
of the culture pH. At pH 9.6, thB. viridis size distribution (~2L0 um) flattened 40 mins later
during cavitation than irthe control group Figure 4-3). The lower rate was not as obvious for
cultures at lower pHiue to the presence of smaller sized bé&ctdong with the algaéstill, we
observed the dominance afsignal gradually shifting fronD. viridis to the other smaller size
microorganism at a slower rate in the cavitatiated cellsKigure 4-4 andFigure 4-5) (Stacked
results shown ifrigure C-4 to Figure C-6). In thecell count datahownin Figure 4-6, a slower
disruption rate was also observed: ~50% ofDheiridis cells were disrupted at similar raties
the first 20 mins. However, after 20 mins, the disruption rates started to deviate with ~ 2 times

faster rate in the contrgroup
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technical measurement.
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Figure 4-6. The cell counts dD. viridis treated in the cavitation and control settings at pH 8.5 and

pH 9.2. Values represemeans of the subsamples collected from the same batch of culture and
vertical lines are one standard error of the mean.

4-4-2. The effect of cavitation on cell aggregation.

A clear aggregation signal was observed when cavitating the cells at pH 9.6 buthet at
pH levels. After cavitating. viridis for 10 mins, 18 % (by volume) of cells formed larger
aggregates, ranging from 27 to 272 um with a peak at 144iguaré¢ 4-3 andFigure C-4). As
cavitation time increased, the sizes of the aggregates were reduced and by 100 mins, the aggregates
and microalgal cells both ruptured into small fragments €0.8% um).The volume moment mean
diameter (De Broucker mean diameter) indicated that at pH 9.6 the aggregates that were formed
after cavitation dominated the majority of the volurRg(re 4-7; Figure C-6 shows the volume

moment mean diameter at the other two pH levels).
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Figure 4-7. The D(4,3) oD. viridis treated in the cavitation and control settings at pH 9.6.

4-4-3. The effect of changing distribution of cell sizes on settling and zeta potential.

Fragmented cells decreased light absorbance over time but they showed no signs of
changing settling patterns at pH 9.2 and &fgyre 4-8). At the same time point, for both pH
conditions, the decrease rate was faster in the control than in the cavitation setting. Furthermore,
the changing distributin of cell sizes did not change the zeta potential of the cells which was about

-11 eV for culture at pH 9.2 and 8 Bigure 4-9).
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Figure 4-9. Zeta potentials db. viridis treated in the cavitation and control settings at pH 9.2 and
8.5. Values represent means of three technical replicates and vertical lines are one standard error
of the mean.

4-4-4. The energy consumption and temperature in the system.

The energy(that was suppkd to the centrifugal pump that circuldtéhe culturg
consumption rate was linear, ~ 43 kJ per liter algal culture for every 10 minutes. Without
temperature control, the temperature increased over time in both settingshigtter increase
rate in thebeginning and leveled off after 60 minutésgure 4-10). We observed no difference
in energy consumption rate and temperature change between thearatiéated culture and the

control.
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Figure 4-10. The temperature of the culture and the energy consumption of the system. Values
represent means of the three pH conditions and vertical lines are aerdtamor of the mean.

4-5. Discussion

4-5-1. Shearing in the system is the major cause of cell disruption in both cavitation and

control settings.

To induce cavitation, a high flow velocity is needed which simultaneously causes high
shear(Moholkar et al., 1999)The decreasing number of intdat viridis cells shown in the size
distribution data, cell count data, and absorbance data from both settings suggests that the major
disruption force was from the persistent shear fanger time. Major shear force contributions
were from the pump, venturi unit, and balve.With the information of pump performance, flow
rate, and friction coefficients of the parts, we found that the taadl hosses from the pump,
venturi unit, and ball valve were similar (12.07 m in cavitation setting; 12.22 in control setting)
(Table C-1). Thus, the shear force in both settings should have similar volume mean size cell

disruption ratesKigure 4-7). However,the results shown iRigure 4-3 at the pH 9.6 condition
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indicatethat the cavitation inducing system produced cell aggregation that was not observed in the
nortcavitation induig systenin the early minutesf the continuous flow system. Therefore, the
altered disruption rate between cavitation and control setting may have been attributed to the

influence of cavitation.
4-5-2. Cavitation effect slows the cell disruption rate.

With cavitation, cells were disrupted at a slower rate. Mfgothesizetwo potential
mechanisms:

Mechanism 1Proteins aggregate at the hydrophobic regions of vapor/liquid interfaces

We had larger size signal in the cavitation at pH t& could be interpreted as cell
aggregation. The aggregation might have shielded cells from shear and skiiaidruption.
Cavitationinduced aggregation also had been reported in other resepidbn&013)observed
thatTetraselmis suecicaggregated after treatment ihigh-pressurdnomogenizer. Huan@018)
found that mineral particles, molybdenite, aggregated through attaching to caartdtiond fine
bubbles. Randolph et gR015)foundthat proteins in drug vials aggregated due to the cavitation
induced by a sudden physical drop.

With high protein content db. viridis (Lai et al. 2022 and the foam generated in the
process of treatmenFigure C-8), we suspect proteins play an importesie towards inducing
cell aggregation. Duerkop et §018a)researched protein aggregation behavior with and without
cavitation and found that only proteins that were treated with cavitation but not with high shear
force aggregated. Their results shdwlat it was the increased ratio of vapor to liquid that
promoted aggregation. Furthermore, they indicated that the aggregation behavior is-proteins
dependentandpdependent: the c¢closer the pH is to the

the mae proteins aggregate. Their results agree with our observations that aggregation occurred
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only under cavitation and was more pronounced at pH 9.6 (FHa@rl Fig. 7). The vapor/liquid
interface has hydrophobic regions where proteins would expose yoptmobic sites, which
leads to protein aggregatiéMaa and Hsu, 1997)

Mechanism 2Hydroxyl radicals promote proteins aggregation

Hydroxyl radical (OH-) formed from HC, albeit low (Duerkop et al., 2018b), can degrade
organic matter (Bandala and RodrggNarvaez, 2019). Sun et al. (2017) found that light-
induced OH- reacted with microorganisms that have high protein proportion of extracellular
polymeric substances (EPS); this reaction promoted aggregation. Conversely, other
microorganisms that hddw protein proportion of EPS failed to aggregate. They also found that
the salts in marine environments assisted bridging flocculation during aggregation.

Recently, Zhu et al. (2020) suggested that OH- is inclined to degrade tryptophan, which
has a higtproportion of hydrophobic amino acids. Releasing these hydrophobic amino acids in
the solution reduce the energy barrier gap between particles and promote aggregation. The results
from Sun et al. (2017) and Zhu et al. (2020) demonstrated the possikitityith induces protein
aggregation.

Higher absolute flow rate in cavitation produces higher concentration of OH- (Amin et al.,
2010). Our system had a high absolute flow rate (29.9 m/s). Therefore, we suspiitiD.
produced high amounts of hydrophobimteins that are susceptible to be degraded by the OH-
formed from cavitation. The hydrophobic amino acids aggregated among themselves along with
D. viridis cells, with the assistance of multivalent cations in the saline media, through polymeric

and catonic bridging.
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4-5-3. Culture pH affects culture dynamics and disruption rate.

At pH 9.6, compared to lower pi. viridis culture was less contaminated and the cells
seemed to be disrupted eag@0% disruption in 60 mins at pH 9.6 versus > 80 mins at pH 9.2 or
86) ThepH can affect cell sé growt h, membr ane pr.
production(Taraldsvk and Myklestad, 2000; Ying et al., 2014t high pH, less hypersaline
bacteria, like bacillusL@i et al. 2022 and changed membrane properties could have resulted in

less tolerance ability to shear for viridis.

4-6. Proposed measurements for future expements

To elucidate the aggregation mechanisms, more experiments are needed. We suggest
including amino acids profile characterization, protein structure characterization, and hydroxyl
radical concentration. For characterizations of amino acids prgiitet e i struttsre,
ultracentrifuge and higperformance liquid chromatography (HPLC) are needed: ultracentrifuge
can purify proteins that have different weights and HPLC can detect and quantify protein
concentrationgBetancort Rodriguez et al., 1997; Sdf70 et al., 2005; Unzai, 2018)

For hydroxyl radical measurement, salicylic acid dosimetry at 750 ppm is suggested
because the reaction products {@iBydroxybenzoinc acid, 2;5dihydroxybenzoic acid) are
exclusively from reacting with hydroxyl radicaldmin et al., 2010) To quantifyconcentrations

of reactants and products, HPLC with ultraviolet detector is needed.
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4-6-1. Statistical analysis

(@  Objective

To detect the effect of cavitation on disruption rate, we usednaypanova tesbecause
we have two factors (treatment and culture pH)loong, we estimatethe powermsingvarious
within-group varianc&@umber for future reference
(b) Discussion

With only one replicate on cavitation setting at pH 8.8,can only test the main effects
and assuméhere was no interaction betwetre treatmentand culture pHwhich could be the

case based drigure 4-11.

90% -
=== Control

859 === Cavitation

80% -
75%
70%

65%

Disruption rate

60%
55%

50% -

Culture pH

Figure 4-11. Interaction plot of disruption rate with two levels of culture pH and two levels of
treatment.
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The twoway anova resultT@able 4-2) showed that both treatment and culture pH has
significant i mpact :aallsadeidisruptegprioreatrhigh pal ting in Cobtrol= 0 .
setting.

Table 4-2. The result otwo-way anovawith only on replicate on cavitation at pH &&ing type

Il test
Sum of Degree of Value P value

square freedom (>F)
Treatment (Cavitation vs Control)  0.030241 1 225.68 0.004**
Culture pH 0.026250 1 195.90 0.005**
Residuals 0.000268 2

** |ndicatesa significance level of 010

The result above was under the assumption of no interaction between the treatment and the
culture pH. We further estimated the power assuming we have atteaseplicates on all
conditions tduture referencelh within-group variancé&om thetwo-way anovgTable 4-2) was
0.000134 (Residuals/degree of freeddis)95 % confidence intervaisingchi-square distribution
with 2 degree of freedowas P.00@695, 0021574 1.With this confidence interval, the power can
be calculated as shovimFigure 4-12. The result of power analysis showed ttiatwithin-group
variance should be below 0.00® achieve 0.8 power when performing twa@y anova test with
treatment and culture pH as factaed two replicates at each conditiddnder the most
conservative sg®rio that the withirgroup variance is on the high end of the confidence interval
(0.021574), to achieve 0.8 power, we will requreamples in each conditigirigure 4-13).

However, less samples will likely suffice.

195% confidence intervalas calculated frorf2*0.000134/pchisq(0.975,2) , 2*0.000134/pchisq(0.025,2) ]
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4-7. Conclusion

We investigated the disruptive effect of shear and cavitatibn tiridis. Our data showed
thatD. virdis was primarilydisrupted by shear force from the pump, venturi, and ball valve, and
cavitation weakened the shear force which slowed the disruption rate. The slowed disruption rate
could be attributed to cell aggregation or shearing prevention by cavitation phenormenon.
elucidate the mechanisms, further research can investigate the change of protein structure, the
effect of hydroxyl radical, and the effect of bubble size to the disruption of cells. This paper
demonstrated the need to evaluate shear force in hydrodyoawitation respecting to microalgal

disruption.
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Chapter 5. Extracellular polymeric substancesassisted
bioflocculation of microalgae: what can we learn from the
bioflocculation of wastewaterbiosolids?

5-1. Abstract

Microalgal bioflocculation is a promising harvesting method because it is chefneieal
and has potential for large scale application. Because research on microalgal bioflocculation began
only a decade ago while bioflocculation in wagtéer has been studied for a century, insights from
the field of wastewater biosolids may help advance the research of microalgal bioflocculation. We
review the current knowledge of bioflocculation of wastewater biosolids, focusing on the role of
extracelular polymeric substances (EPS), to identify and highlight critical research gaps-in EPS
related bioflocculation of microalgae. This paper also reviews the production and extraction of
microalgal EPS and potential mechanisms of microalgal bioflocculatdda. suggest that
researchers should quantify proteins and polysaccharides in {ighttyd EPS (TEEPS), loosely
bound EPS (LEEPS), and soluble EPS-EPS), report EPS concentrations in consistent units,

investigate EPS from various types of microalgad,explore appropriate EPS extraction methods.

Keywords:

Microalgae, Bioflocculation, Extracellular polymeric substances, Biosolids, Sludge, Thickening,
Dewatering
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5-2. Introduction

Microalgae are phototrophic unicellular microorganisms that have attradtadicat
because they grow fast (faten times faster than food crops) and can turn light energy and carbon
dioxide into beneficial products such as oxygen, biofuels, pigments, polysaccharides, and proteins
(Forjan et al., 2015; Khan et al., 2018; Zulldilet al., 2019)

However, because microalgal cultures are dilute and the algal cells aresinéntp
microalgal harvesting is a challen@&ngh and Patidar, 201,&nd a key step, as it represents 20
30% of the total production cos{Barros et al., 208). Harvesting includes either or both
thickening and dewatering processes to reduce excess water for downstream processing.
Thickening processes such as chemical flocculation, flotation, and bioflocculation can concentrate
algal cells to 27% dry weightand dewatering processes such as filtration and centrifugation can
concentrate algal cells ta30% dry weigh{Barros et al., 2015Figure 5-1).

Bioflocculation appears to be a promising harvesting method because it is cHeagical
is nontoxic to the microalgae, and has been used at the industria{Alzateet al., 2016; Alleman
and Prakasam, 1983; Cho et al.,, 2016; Ummalyma et al., 2@&ldfjocculation involves
microorganisms and their related products, extracellular polymeric substances (EPS), to promote
the aggregation of cel{&lam et al., 2016)Bioflocculation using activated sludge was discovered
in 1913 in the UK and has since been usethe wastewater fiel(Seviour and Nielsen, 2010)
Although a large and growing body of literature has investigated bioflocculation of activated
sludge(Nguyen et al., 2019; Sanin and Vesilind, 2000; Urbain et al., 1993; Vogelaar et al,, 2005)
researcher have only recently investigated microalgal bioflocculation over the last decade. We
posit that learning from the knowledge established in activated sludge bioflocculation could be

beneficial to a better understanding of microalgal bioflocculation. snréview, we:
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1. Discuss the state of the knowledge in bioflocculation, particularly in relating EPS to the
thickening and dewatering of sludges.

2. Review the status of EP®lated microalgal bioflocculation.

3. Discuss the potential mechanisms involved.

4. Examine the production of bioflocculants by microalgae and bacteria.

5. Discuss the extraction of microalgal EPS.

6. ldentify research gaps in microalgal bioflocculation.

Harvesting Extracting

4 \

- [

extracting Biofuels

Cultivating _ A

o o, Thickening
° -c;’ ° to algal slurry (2-7% DW)
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Algal culture w T Biotul
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OR to algal cake extracting Polysaccharides
(30-85% DW)

Thickening + Dewatering
to algal paste (7-30% DW)

\J =/

Figure 5-1. Dry and wet route extractisrfor microalgal products.

5-3. Water removal in sludge

Treated sewage sludge (biosolids) are soligppimducts of wastewater treatment. Before
disposal, sludge thickening and dewatering are two critical but fundamentally different steps that
remove water to dice volume and production of leachate during landfill disp@sadreoli et
al., 2007) Sludge thickening occurs prior to anaerobic digestion, and the common ways are gravity
sedimentation, dissolved air flotation thickening, gravity belt thickeningyyrotam thickening,
and centrifugation(Ontario, 2008) Conversely, sludge dewatering takes place after anaerobic

digestion and before sludge disposal. Common dewatering methods include belt filter press,
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vacuum filtration, centrifugation, and thermal dnyi (Oleszkiewicz and Mavinic, 2001)
Generally, thickening removes water content by decreasing bulk water (or free water), whereas
dewatering reduces water content by releasing bound water (or structured @aterp, 2008)

Figure 2 contrasts bulk watand bound water around cells. Bulk water is freely moving water and
nontassociated with sludges; bound water is physically or chemically attached to surfaces of
sludges(Vaxelaire and Cézac, 2004)herefore, removing bound water in dewatering requires
more energy, compared to releasing bulk water in thickening.

Extracellular polymeric substances (EPS) reside between water and cells as shown in
Figure 2, and they play an important role in proper thickening and dewatering. EPS are microbial
biosynthetic ptymers secreted to the environment. They are composed of polysaccharides,
proteins and other less dominant polymers such as nucleic acids and phospfwimieénder et
al., 1999) Physiologically, they are important in nutrient interactions, enzymaiigtaes, water
retention, and cell protection (details of the functions, properties, and compositions of EPS have
been discussed in Wingender e{&899)and Flemming et a(2010, 2001a, 2001)p)To facilitate
proper separation of sludge and water, BRPB microorganisms aggregdtheng et al., 2010)

The properties of EPS affect the quality of microbial aggregates, and further impact water removal
efficiency. In the following section, we review how EPS properties impact thickening and

dewatering.
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Figure 5-2. Sketch of bulk water, structured water, and EPS structure.

5-3-1. The effect of EPS on thickening sludge

Thickening activated sludge involves floc formation with microorganisms and their EPS,
a process called bioflocculation. The efficiency of bioflocculation is impacted by EPS location,
EPS composition, and cation contrations in the liquidSheng et al., 2010)

As shown inFigure 5-2, according to their positions relative to the cells, EPS can be
classified into thre categories: tightpound EPS (TEEPS), looseibound EPS (LBEPS), and
soluble EPS (&£PS)(Guo et al., 2016)Additionally, each category of EPS has unequal amounts
of proteins and polysaccharides.

TB-EPS have a definite shape and reside in the inner layer of EPS (@ataxet al.,
2016) They play a crucial role of forming dense and compact flocs thasbleddiquid separation
in bioflocculation(Yu et al., 2009) The formation of dense and compact flocs has been attributed
to the high protein proportion in FBPS(Basuvaraj et al., 2015; Zhang et al., 20Bgsuvaraj et
al. (2015)analyzed contents ofdcs and their relationship to settling and bioflocculation. Their

results showed that granular flocs (> 300 um diameter) that settled well contain a high ratio of
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proteins to polysaccharides in I8PS, whereas pin flocs (< 50 um diameter) that settledypoo
contain a high proportion of polysaccharides inrEBS. LBEPS have a loose shape and reside
in the outer layer of the EPS matrix, ardEBS are dissolved EPS in the superngi@ob et al.,
2016) Some researchers presume that excesERB and SEEPSwould weaken cell attachment
and deteriorate compact flogszami et al., 2012; Li and Yang, 200However, Liu et al(2010)
suggest LBEPS should always promote sludge aggregation. These inconsistent conclusions about
the role of LBEPS and EPS may bealue to different ratios of proteins to polysaccharides in
different studies. Also, it is now apparent that the properties of proteins and polysaccharides impact
bioflocculation differently.

Complex proteins have both polar and nonpolar side chains asutfaee that help to
form dense flocs. The polar regions bind with cations, especially multivalent cations, to bridge
flocs (Higgins and Novak, 1997a; Pollack, 200the nonpolar regions (aromatic and aliphatics in
proteins) create stable hydrophobic mgmtes(Jorand et al., 1998)Conversely, extracellular
polysaccharides are high molecular weight (MW) and {omain biopolymers with charged
functional groups. The charged functional groups (carboxyl, hydroxyl, amino, and phosphate
groups) also bind wlit cations or cationic polymers and the laeri@ain biopolymers can adsorb
onto cells and serve as a bridge to aggregate(&akszka et al., 2006)

Although both proteins and polysaccharides seem to promote sludge aggregation, high
hydrophobic TBEPS arecrucial to forming compact sludge aggregdteso et al., 2016)The
hydrophobicity of EPS depends on the proportion of prgteuo et al., 2016; Jorand et al., 1998)

Thus, a high proportion of proteins in I8°S is key to effective sludge thickening.
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5-3-2. The effect of EPS on dewatering sludge

Dewatering is essentially the removal of bound water. Bound water is adsorbed water
attached to EP@ollack, 2001jhat can prevent cell desiccatigflemming and Wingender, 2010)
Thus, too high a level of EPS, espadly proteins that have better wateolding ability than
polysaccharides, negatively affects dewatering. Houghton €2@01) examined sludge from
eight municipal wastewater treatment plants and concluded that sludge dewaterability decreased
when EPS xceeded certain amounts (for raw sludge, 20 mg EPS/g suspended solids; activated
sludge, 35 mg EPS/g suspended solids; digested sludge, 10 mg EPS/g suspended solids). As a
result, unlike bioflocculation, a lower protein proportion in EPS enhances bouadrembval in
sludge dewaterinfCetin and Erdincler, 2004J o improve dewatering, advanced sludge treatment,
such as thermal hydrolysis and chemical oxidation, have been applied to purposely degrade EPS

before the dewatering stéeyens et al., 2004)
5-3-3. The effect of cations in the solution on floc formation

The concentrations of cations in the media affect sludge floc formation and morphology,
which further influence both thickening and dewate(igvak et al., 2001)The cations can bind
with chargedsites on EPS to neutralize EPS; multivalent cations can neutralize charged sites and
further bridge the gap between two charged $Redlack, 2001) Thus, the charge and the kind of
the cations matter in floc formation.

Compared to monovalent cationgjltivalent cations can help form more compact sludges.
Higgins and Novak1997a)suggested that when the divalent to monovalent cation ratio is higher
than 0.5, activated sludge settled and dewatered better. Besides the bridging effect, they found that
with high concentrations of divalent cations, eithef*Ga Mg?*, the concentration of bound

proteins increased; the sludge with high protein proportion resists shear and settles better. On the
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other hand, with high concentrations of monovalent cations,dbB&$ are released by swapping
with divalent cations which would loosen and break compact {ldgggins and Novak, 1997a,
1997b; Novak et al., 1998)n a more recent study, Berde and J@i20)suggested that not only
the divalent to monovalent catioatio but also the concentrations of individual ions matter when
evaluating the cation effect on-flecculation. They found Naover 1 meq/L is detrimental to
compact flocs. To reverse the damag€e’; @aeds to be above 1.6 meq/L.

It is also important toote that cations with the same charge can function differently in the
floc matrix. For example, a rising Naoncentration in media decreases sludge hydrophobicity;
however, K does not(Kara et al., 2008)Higgins and Novak1997a)also pointed out that
depending on the characteristics of the sludge$! @aMg?* could affect the thickening and
dewatering differently. Different EPS binding ability with met@lset al., 2012)and hydrolyzed
radius (the radius of metal ion complexes with water) may exthla different impacts on the floc
matrix.

To summarize, thickening and dewatering are responsible for removing different water
content (bulk water and bound water) in sludge. These two important water removal steps are
affected differently by EPS, theey component for floc formation. These insights from sludge
treatment may be relevant to microalgal bioflocculation. We review the state of the knowledge of
microalgal bioflocculation next and then discuss potential research gaps revealed by analogy to

sludge bioflocculation.
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5-4. Bioflocculation of microalgae

5-4-1. Types of EPSrelated microalgal bioflocculation

Microorganisms that have been used to help flocculate microalgae includ€Digarst
Santos et al., 2015)rotozogJakob et al., 2016jungus(Zhang andHu, 2012) bacterigLi et al.,
2016; Powell and Hill, 2014)and microalgae themselves. In the following sections, we review
EPSrelated microalgal bioflocculation including sélbcculating bioflocculation, bactera

assisted bioflocculation, and thega¢ive impact of EPS on pHduced flocculation.
5-4-1-1. Self-flocculating microalgae

Self-flocculating microalgae can excrete high EPS to aggregate microorganisms
around them. Different microalgal strains release different amounts and types of EPS to
facilitate focculation Table 5-1. Self-flocculating microalgal strainsChlorococcunsp. and
Ettlia texensigproduce more bound proteins than bound polysacchaflidest al., 2018; S
Salim et al., 2014)Neocystis mucos&X, Chlorella vulgaris JISG7, and Scenedsmus
obliquusAS-6-1 primarily depend on bound polysaccharides to floccikstem et al., 2014;
S. L. Guo et al., 2013; Lv et al., 2019&nd Desmodesmusp. PW1 andScenedesmus
guadricaudaproduce equal amounts of proteins and polysacchafilgmoori et al., 2016;
Chen et al., 2020Bound EPS are believed to play a more critical role than solubl¢@Ea
etal., 2020; S. L. Guo et al., 2013; Lv et al., 2019, 2018; S. Salim et al., 2014; Vu et al., 2019)
and microalgae at the stationary growth ghescrete the highest amounts of EPS compared
to exponential growth phag¢€hen et al., 2020; Lv et al., 2018; Salim et al., 2013)

These conclusions broadly corroborate those from studies of the bioflocculation of

sludge. However, most of the microalgdedies failed to report concentrations or ratios-of S

105



EPS, LBEPS, and TEEPS. These inconsistencies in reporting of the content and
concentration of EPS impede comparisons of flocculating effects between different strains of

seltflocculating microalgae.
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Table 5-1. Self-flocculating microalgal strains

Microalgal strain Major EPS components and Flocculation species and efficiency Reference
concentrations from selfflocculating
microalgae
Desmodesmusp. Both bound and soluble EPS Desmodesmusp. PW1 (76.8%) Chen et al., 202C
PW1 Chlorella vulgaris(80.5%)

Scenedesmubliquus (89.4%)
Nannochloropsis oceanidd4.7%)

Neocystis mucosaxX Bound proteins: ~6mg/g DW Neocystis mucosax (93.6%) Lv etal., 2019
Bound carbohydrates: ~50 mg/g DW
Chlorococcunsp. Bound proteins: ~75mg/g DW Chlorococcunsp. (84.4%) Lv etal., 2018
Bound carbohydrates: ~10 mg/g DW
Scenedesmus Soluble proteins: 41% of total EPS Scenedesmus quadricau@@6.7%) at  Aljuboori et al.,
quadricauda Soluble carbohydrates: 56.7% of total EP. the presence of extra Zn 2016
Ettlia texensis Soluble proteins: Not detectable Ettlia texensig90%) Salim et al.,
Bound protein: 233 mg/g DW . 2013 Salim et
Solulde carbohydrates: 35 mg/g DW Chiorella vulgaris(not reported) al., 2014
Bound carbohydrates: 96 mg/g DW
Chlorella vulgaris Bound polysaccharides Chlorella vulgarisJSG7 (76.3%) Alam et al., 2014
JSG7 C. vulgaris CNW1X68.3%)
S. obliquus FSF62.7%)
Scenedesmus Bound EPS Scenedesmus obliqueSR3 (8085%) Guo et al., 2013
obliquusAS-6-1 Neutral sugar: Uronic acid: Amino sugar = Chlorella vulgarisCNW-11 (8085%)

16:9:1 Glucose: Mannose: Galatose:

Rhamnose: Fructose = 8:5:3:2:1 Nannochlorop3|s oceanidaUT01

(30%)
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5-4-1-2. Bacteria-assisted microalgal bioflocculation

Bacteria grow fast and bacterial bioflocculation is extensively studied in the wastewater
field, andthus should be explored for microalgal bioflocculation. Several bacterial species
have shown the potential to flocculate microalggab(e 5-2). In these studies, bacteria were
batchcultivated for 1 to 2 days and either the bacterial culture or purified bioflocculant from
the bacterial culture was used to flocculate microa{ijmbkubwimana et al., 2014; Powell
and Hill, 2013) Most studies suggested bacterial EPS aggregate microalgae, and bound
polysaccharides seem to be dominant component in bacteridLEPS al., 2015; Liu et al.,

2015; Ndikubwimana et al., 2014)owever, TBEPS, which might contain more proteins,
were not extracted and quantified in these studies. Thus, future research should examine S
EPS, LBEPS, and TEEPS of bacteria that assist microalgal bioflocculation to elucidate
flocculation mechanisms.

In additionto bacterial EPS directly affecting aggregation of microalgae, Zhou et al.
(2017)proposed another potential mechanism: bacterial quorum sensing molecules inducing
microalgal seHflocculation. Quorum sensing (QS) molecules are excreted by microorganisms
during growth and microorganisms gauge population density by sensing surrounding QS
moleculegWest et al., 2006Zhou et al. (2017) found that bacterial QS signaling molecules,
N-acylhomoserine lactones (AHLS), n@gulated the production of extracellul@aromatic
proteins of microalgahlorophytasp. (FACHB729). Aromatic proteins are hydrophobic
proteins known to promote flocculatidhlou et al., 2015; Wen et al., 2018)o date this
research group is the only one that has examined how microalgaersgnsgp@nd to bacterial

QS molecules.
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It is possible that the results from prior studies were affected by QS. For example, Vu
et al.(2019)found that bacteria induced the production of long filamentous EE8liaf sp.
YCO0O01 that help aggregatricroalgae. QS also might occur between different microalgae.
Zhou et al. (2019) found that wh&esmodesmusp. ZFY andMonoraphidiumsp. QLY-1
were cocultured together, the flocculation efficiency increased to 85.3% from 58.0% and
32.4% when was cultudeindependently, respectively. The polysaccharides iFEPES in

coculture increased by 1.7 times compared to that in roolore
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Table 5-2. Bacteria strains that assist microalfaiflocculation

Bacterial strain Major bioflocculant Bacterial source C/N ratio Flocculation species Reference

component for bacterial and efficiency

cultivation

Bacterial mixed Aromatic proteins from  Activated sludge 0.5 Chlorophytasp. Zhou et al.,
culture microalgae induced by (FACHB-729) (41%) 2017

bacteria
Bacillus 65.42% polysaccharides Alkaline lake 8.3 Chlorella minutissima Liu et al., 2015
agaradhaeren€9 4.7% proteins, and 1.65¢ UTEX2341 (80.63%)

nucleic acids
Cobetia marind.03  31.6% polysaccharides, West Pacific Ocean 13.2 Chlorella vulgaris Lei et al., 2015

0.2% proteins hypobenthile (92.1%)

sediment

Bacillus licheniformis o- polyglutamic acid Lab bacterial culture 6.5 Desmodesmusp. F51 Ndikubwimana
CGMCC 2876 (>99%) etal., 2014
Solibacillus silvestris 75.1% polysaccharides, Activated sludge 5.2 Nannochloropsis Wan et al.,
w01l 24.9% proteins oceanica(90%) 2013
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5-4-1-3. pH-induced flocculation at the presence of EPS

Adjusting the pH of a culture can induce microalgal flocculaf®érez et al., 2017)

Two major mechanisms dominate fhtluced flocculation: charge neutralization and sweep
flocculation (Wu et al., 2012) The hydrolyzed cations from the base can neutralize the
negatively charged microalgal cells. Subsequent metal precipitates formed at high pH further
collect and aggregate the cells. Metal precipitates such as calcium phosphatg,(Cale{@e
(CaCQ), or magnesium hydroxide (Mg(Ok))can sweep microalgal cel(Beuckels et al.,

2013; Branyikova et al., 2018; Leite et al., 2019; Mixson et al., 2014; Phasey et al., 2017;
Vandamme et al., 2015, 2012)

Different metal precipitates form at different pH valuéghe ions of the metal
precipitates are sufficient. CaRCCaCQ, and Mg(OH) form precipitates at pH above 8.5
(Sukenik and Shelef, 19849bove 9.4Cao and Harris, 2008and above 10.85ukenik and
Shelef, 1984)respectively, Theoretically, becausaPQ and CaC@form at lower pH, they
should dominate sweep flocculation. However, Mg(8sidften the major precipita{&arcia
Pérez et al., 2014; Vandamme et al., 2012; Yoo et al., 2Ri8)possible that, in addition to
pH and ion concentrationthe interactive effects between existing molecules and ions matter
as well. For example, magnesium ion and carbonate individually have inhibitory effects on
forming CaPQ (Cao and Harris, 2008\vhich might explain the dominance of Mg(Qldyer
CaPQ. Theinteractive effects might also occur between ions and EPS. EPS can bioflocculate
microalgae, but the presence of EPS reducempticed flocculation efficienc{Rashid et al.,

2019; Vandamme et al., 201@)is possible that ions are attached to EPS tepwisufficient

free ions to form metal precipitates. Assuming the metal precipitates flocculate microalgae
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better than EPS, then the presence of EPS can harm the flocculation efficienemdupét

flocculation.
5-4-2. Mechanisms of microalgalbioflocculation.

Many scholars have proposed potential mechanisms for-bBB&l bacterial
bioflocculation, including neutralizing charges, electrostatic patching, sweeping, and bridging
(Malik et al., 2020) For EPSassisted microalgal bioflocculation, kewe review both collision
and cationic bridging theories hoping to inform future research about mechanismsag$s&d

microalgal bioflocculation.

5-4-2-1. Derjaguini Landaui Verweyi Overbeek (DLVO) and extended DLVO

(XDLVO)

DLVO theory explains the stability @n aqueous colloidal system by considering the
van der Waals forces and electric double layer forces between moléohksma, 2012)
Extended DLVO further includes Lewis atlthse interactions, such as the effect of
hydrophobicity, in the DLVO theor@Wu et al., 1999)The extended DLVO theory describes
as follows:

For two similarly charged particles, Vis the total interaction energy, aVis an
approximately exponential curve of the doulalger repulsive interactioNyvanis an attractive
force decreasing with distance, andMiescribes the interaction between electlonors and
electronracceptors. The aggregation occurs when the energy barrier is ¢lesirethl., 2018)

DLVO theory can quantitatively predict @explain microbial adhesion but is limited
in describing physicehemical interactionfHermansson, 1999PLVO theory also fails to

describe biological change, the polymeric entanglement effect, or the cation bridging effect
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on bioflocculation(Azeredo €al., 1999; Hermansson, 1999; Mikkelsen and Keiding, 2002;
Sobeck and Higgins, 200Z)herefore, DLVO is useful when physicbemical interactions

are dominant in bioflocculation or as a general framework to explain phgiseroical
interactions along wit discussions on other effects. Ndikubwimana e{2415) made an
example in their research to bioflocculBtesmodesmusp. F51 by the bacterial bioflocculant,
o-glutamic acid. They further applied DLVO theory to calculate interaction energy change
and bund charge neutralization and bioflocculant adsorption are primary mechanisms for

better flocculation at acidic pH.
5-4-2-2. Polymeric bridging and cationic bridging

Bridging effects are an important factor for modeling bioflocculation that are not
described by DVO theory. EPS in the media can adhere to EPS on the particles and
polymeric bridging occurs when multiple particles attach onto one polymer (F&jure
(Hocking et al., 1999)

The other bridging effect is cationic bridging (FiguBe Multivalent cationsin a
solution can bind to the negatively charged site of EPS and bridge multiple particles together,
forming large flocs. Besides forming large flocs, cationic bridging can destruct vicinal water
to improve dewatering efficiency as well. The multivaleatians perform a zippdike
condensation by bridging two EPS polymers and eradicate the attached vicinal water in
betweenPollack, 2001) The impact of divalent cation on sludge settling and dewatering has
been explored in a series of papers by Higgind &lovak. They concluded that (1)
monovalent cation to divalent cation ratio matters for settling and dewatering, (2) cations in
the growth media could bind with biopolymers, mainly proteins, during floc growth to form

more shearesistant compact floc, although both divalent cations, calcium and magnesium
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could impact unequally to settling and dewatering slu@degins and Novak, 1997c, 1997b,

1997a; Novak et al., 1998; Sobeck and Higgins, 2002)

Figure 5-3. Sketch of polymeric bridging (left) and cationic bridging (right).

The role of polymeric substances and cations in bridging flocs might be different.
Wang et al.(2014) proposed that polymeric substances bridge individuigrabes to
microcolonies by entanglement; cations bridge the microcolonies to larger flocs. Thus, it is
highly possible that both polymeric bridging and cationic bridging play an important role in

EPSassisted microalgal bioflocculation.
5-4-3. Research gaps imicroalgal bioflocculation

Current studies on microalgal bioflocculation suffer from three critical gaps. First, all the
studies reviewed to date did not quantify concentrations of proteins and polysacchari#Sin S
LB-EPS, and TEEPS. From the discus® in section 2, it is clear that proteins and
polysaccharides and their locations in EPS greatly affect bioflocculation efficiency. To better
elucidate the mechanisms and improve bioflocculation efficiency, more detailed information on
EPS content and ocentration needs to be reported.

Second, the inconsistent documentation of EPS concentrations makes it difficult to
compare data from different studies. We suggest that in future research, EPS data can be reported

in weight per dry weight of microalgaélso, more analyses assessing efficiency should be
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conducted. For example, measurement of solid compressibility would be helpful. This can be
evaluated by sludge volume index (SVI), defined as the volume occupied in mL by 1 g of biomass
after settling, wheh provides an indication of the general physical properties of the solid (Dick
and Vesilind, 1969).

Third, there needs to be increased focus on the bioflocculation of marine microalga. Guo
et al.(2013)and Chen et a(2020)both found that compared feeshwater microalgae, marine
microalgae flocculate more poorly. It is possible that the high salinity and ionic strength in
seawater lead EPS to function differently. With the increasing interest in marine microalgae,
understanding bioflocculation of mad microalga is necessary. Some preliminary results show
the promise of using bacteria to flocculate marine microalgae. Studies like Liu et al. (2015) found
the salttolerant stairBacillus agaradhaeren€9 to have good flocculating ability, while Wan et
a. (2013a) showe&olibacillus silvestriaV01 from activated sludge could flocculate the marine

microalgaNannochloropsis oceanica

5-5. Factors affecting the production of EPS

5-5-1. Microalgal EPS

Factors that affect production of microalgal EPS include: the concentrations of nutrients
and ions in the media, conditions of cultivation, and growth phase of microalgae.

The nitrogen concentration, nitrogen to phosphorus ratio, salinity, and concestratti
heavy metal§Chen et al., 2015; Sorianterez et al., 2020; M. Wang et al., 20bdye shown
effects on the microalgal EPS production. Wang €Réll4)found that compared to low nitrogen
wastewater, high nitrogen wastewater as a nutrient saaltoeed freshwater microalgae,

Chlorella sp. andMicractiniumsp. to produce more extracellular proteins. A more recent study
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(SorianeJerez et al., 202Mighlights that at a fixed nitrogen concentratiblgnnochloropsis
gaditanaproduced more extracelad proteins at a higher phosphorus concentration (molar ratio
N/P < 15). Furthermore, increased salinity (0.5 M NaCl to 5 M NaCl) and some heavy metals like
cadmium (Cd) both elevate overall EPS concentrgt@ren et al., 2015; Mishra and Jha, 2009)

Thephysical conditions of cultivation also impact the production of microalgal EPS. CO
concentration and temperature significantly change the concentrations of betird#Ss and
EPSpolysaccharide$Li et al., 2016) Higher light intensities (330 versus 70 PPFD) and more
acidic pH (4.5 versus 6) induce EBS8lysaccharides productigikelhof and Melkonian, 2017)

Lastly, Salim et al(2013)suggested that in stationary growth phase, the protein proportion
of EPS oftttlia texensisncreased. More recentldguyen et al. (202@howed that the production
of microalgal EPS was unaltered regardless of the inoculating concentration of microalgae. Thus,
the growth phase but not the initial concentration of microalgae nis&it&PS production.

It appears that there are more studies that have evaluated production of extracellular
polysaccharides than extracellular proteins of microalgae. This may be because the application of
extracellular polysaccharides in the food andrptaceutical industry is populéDelattre et al.,

2016) and the technique of extracting extracellular proteins eEPB is not well developed. The

use of immature techniques could potentially lead to biased conclusions. For example, Halaj et al.
(2018)extracted EPS of 17 microalgal species without additional physical or chemical methods to
separate TEEPS from the cells. They found, in these 17 microalgal species, protein proportions
from 0-16% which is much lower than that of polysaccharide83%. Tre surprisingly low
protein proportion could be due to overlooking-EBS, where most extracellular proteins are. To
optimize the extraction of microalgal EPS, studying more microalgal strains, identifying influential

factors, and developing proper extraatimethods should be explored.
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5-5-2. Bacterial EPS

The production of bacterial EPS is affected by genotype, physical (pH, temperature,
agitation speed), chemical (carbon and nitrogen source, carbon to nitrogen ratio, mineral
concentration), and biologicajfowth phase, axenic or xenic culture) conditifviere et al., 2014;
Salehizadeh and Shojaosadati, 2001; Sheng et al.,.Z0¥OHegree to which these factors affect
bacteria is speciespecific, and More et a(2014)has detailed how various factordeat EPS
production among different bacterial species. Vari@&illus spp. have been studied as
bioflocculant (Deng et al., 2003; Okaiyeto et al., 201&)d have been used in microalgal
flocculation(Liu et al., 2015; Ndikubwimana et al., 2014; Powelll &fill, 2013) Other species
are worth investigating, particularly those that can recycle nutrients from wastewater to save cost,
such asRhodococcuspp, Saccharomycetspp., andAchromobacterspp. (Batta et al., 2013;

Cheng et al., 2004; J. Guo et 2013)

5-6. Extraction of microalgal EPS

To extract EPS, harvesting cells effectively, keeping cells intact, and maintaining cell
structure original are important. Centrifugation plus physical stirf8ajim et al., 2013)heat
treatmentLv et al., 2018) erzyme treatmenftAlam et al., 2014)or acid treatmentYang et al.,
2020)have been applied to extracEPS and bound EPS. These methods are adapted from EPS
extraction from sludgéLiu and Fang, 2002)However, depending on the characteristics of the
speies and EPS components, the extraction method should be individi{8leed) et al., 2010)

Few papers have discussed the effect of different methods on microalgal EPS extraction,
and some have incompatible results. Lv et(2019) compared heating, tan exchange resin

(CER), ethylenediaminetetraacetic acid (EDTA), acid treatment, and alkaline treatment methods
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on the extraction of bound EPS Mé&ocystis mucosa@X. They found CER and heating methods

are good for qualitative and quantitative purposes, EDTA and acid treatment methods can be
used for qualitative purposes. However, alkaline treatment was considered inappropriate to extract
microalgal EPSLvV et al., 2019)Conversely, Chu et §2015)found that both alkaline and heating
methods arempropriate for extracting bound EPS fra@hlorella pyrenoidosaThese conflicting

results further show that the extraction methods for microalgal EPS are spemsslent and
should be tested and optimized individually.

Additionally, extraction of sludgePS focus on bacterial EPS from municipal wastewater
sludge(Liu and Fang, 2002; McSwain et al., 200bhe characteristics of wastewater bacteria are
fundamentally different than those of microalgae and especially marine microalgae. For example,
researchon Dunaliella species is populaiHejazi et al., 2004; Lai et al., 201But Dunaliella
(marine species without a cell wall) are quite different from wastewater bacteria (freshwater
species with cell walls). Extracting cellall lessDunaliella species wold be extra challenging
because the many vigorous steps used in extracting bacterial EPS can break their cell membranes.
In one attempt at extraction, Mishra et @009) applied 15,000 x g force to extract EPS for
characterization fronbunaliella salina It is likely, unfortunately, that the high g force already
broke the cell membranes; Xu et@015)showed that ~50% of tHeunaliella salinacells lysed

when the centrifugal force was 15,000 x g.
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5-7. Conclusions and future outlook

In this paper, we reeiwed the state of knowledge in bioflocculation of biosolids,

bioflocculation of microalgae, extraction of microalgal EPS, and potential mechanisms of

microalgal bioflocculation. We found the knowledge established from bioflocculation of sludge

can help adance the field of microalgal bioflocculation.

Bioflocculation and dewatering aim to remove bulk water and bound water respectively.

EPS are critical in floc formation but have different impacts on bioflocculation and dewatering.

TB-EPS, LBEPS, and EPS lave different amounts of proteins and polysaccharides and TB

EPS with high protein proportions play a critical role in proper bioflocculation. The concentrations

of cations can bridge EPS on particles and improve bioflocculation efficiency. To continung mov

the field of microalgal bioflocculation forward, future research should:

1.

2.

Quantify proteins and polysaccharides in-EBS, LBEPS, and EPS.

Establish protocols to extract and quantify-EBS, LBEPS, and SEPS for various types

of microalgal cells, inluding marine cells, freshwater cells, and cells with and without a
cell wall.

Evaluate the metal affinity and kinetics test in-EBS, LBEPS, and E€PS, as well as
evaluate the effects of the ratio of monovalent to divalent cations and their individual
concentrations.

Evaluate water content and SVI of microalgal concentrate after bioflocculation.

Develop an understanding of the effect of the structure of proteins and polysaccharides on
bioflocculation. For example, matrix assisted laser desorption tomzizme of flight

mass spectrometry (MALBTOF) can assist in analyzing the structure of the polymers.
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Explore coculture systems such as microalgaeroalgae, microalgakacteria,
microalgaefungi, microalgaeprotozoa. Quorum sensing should be evatliatehese co

culture systems.

Establish microalgal bioflocculation modeling to assist in unravelling mechanisms.
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Chapter 6. Conclusions suggestiors, and future research

This dissertation explodentegratableengineeringprocesseso improve theD. viridis to
biofuel conversion pathway from cultivation, harvesting, and cell disruption perspedthes.
results indicatd®. viridis accumulates lipids at theostof lower cell counts at nitrogen and light
stressed conditions, flocculates effectively at highgrbws in reclaimed media from flocculation,
and isdisrupedby shear forcethrough hydrodynamicavitation. Furthenore,cavitation induces
pH-dependent cell aggregation that is potentially eelad extracellular proteins in the cultuaad
reducedhte disruption rate

The result of this research provides some potential suggestions for full scale
implementation.For scale up, we suggest cultivatidgviridis at low light condition(~100 PPFD)
with sufficient nitrogen that can grow the cells to exguatial growth phase (~1@ells/mL) and
then limit nitrogento accelerate cellpid accumulation After a period of cultivation to achieve
high lipid productionharvesting cells using high pidduced flocculation and neutralizing and
reclaiming media focontinuous cultivatiomvould save budgets on nutrients, water, and pumping
energy Throughout the process and during the media reassrators shouldhonitar bacterial
contamination andxtracellular organic mattérvels andnaintainmedia salinitywith fresh media
to avoid reducing cell growth rate and flocculation efficieri@gstly, developers should design a
high shear systethatdo not induce additional mechanis(ssch as cavitatiorthat could lead to
aggregation and limit the ability to disrugells. Taken together, these three strategiedaage
scale feasible and integratable processes that can reduce production cost individually and

synergisically.
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The limitatiors of this research include the following:dge to the limited culture volume,
we disrupted notharvestedD. viridis cultures instead of concentrated flocculated celis.
concentrated cells, the viscosity and protein concentrationkl be differentvhich might impact
the disruption efficiency2) elucidatingthe effect ofextracellular polymeric substancd&sR on
our resultsvas not performetiecause thawvas out of our scope; however, our results show that
EPS affects growth, flocculation efficien@nd disruption efficiency.

For future researchdisrupting cells using flocculated cells should be explored. We also
suggest future research should examine the effect of growth conditions to EPS production and
compositionshioflocculationusing EPS, anthe effect of EPS composition and structure on cell
disruption.Finally, the cause of aggregation that occurred during cavitatéated cells at high
pH condition is another interesting reseagakstion Quantification and characterization of amino
acids from EPS and cavitatieinduced radicals should be expldte elucidate their relationstgp

to aggregation.
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A. Supplementary information for Chapter 2

G

E

Key

A. Reactor lid

A1 PG-13.5 threaded port for pH sensor

A2 Motor mounted to lid

A3 Light sensor port with rubber stopper

A4 Lid extension for mounting light sensor

A5 Temperature probe port with rubber stopper
A6 Sampling port with rubber stopper

B. pH sensor

C. Mixer impeller and shaft

D. Light sensor

E. Temperature sensor

F. Grow lamp

G. Temperature-controlled incubator
*diagram not drawn to scale

Figure A-1. Schematic of benehcale 3.2 Lflat-panel photobioreactor (similar setup used in

Karam et al. 2017)
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0 2 4 6 8 10
Cultivation time (Days)

Figure A-2. pH values in the PBR during the experimental period. The algorithm measured the
pH every minute and controlled injection of 99 vol% £fas ino the PBR as needed. The pH
was maintained very tightly around 7.6 throughout the experiment.
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Figure A-3. lllustration of how (a) average lipid productivity and (b) maximum lipid
productivitywasdetermined at exponential growth phase using data set at high nitrogen and 100
PPFD condition.
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Figure A-4. Cell countconcentration in the media under high and low nitrogen conditions at
different initial light intensities. Each data point represents the mean of three replicates. Error
bars indicate plus and minus the standard deviation.
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Figure A-5. Cell size distribution oD. viridis cultivating under high and low nitrogen
conditions at different initial light intensities.
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Equation A-1. Adapted specific light update rate equatiogndsensois the eaktime light energy
exposed to the cell; A and V are the surface area of front panel, volume of PBR; C is the cell
count concentration of the culture at the specific time point.
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Figure A-6. Light uptake rate ob. viridis under high and low nitrogen conditions at different
initial light intensities.
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(d)
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Figure A-7. (a) Chlorophyll a concentration and Chlorophyll a content, (b) carlvate/d
concentration andarbohydrate contenfc) lipid concentration and lipid conterfd) biomass
concentration and biomass contenbDotviridis cultivatedunder high nitrogen conditions at

different initial light intensitiesThe arows show the day when the lighttakerate startedto be

lower than 1d umol photonscell* s and the starindicatethe data on that specific daas
statistically significatly differentto thedata on the&ay when light was about to be limit&dnly

data from the last day of the experiments were used for statistical testing (t test with significance
level of 0.05).
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