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ABSTRACT

Currently nonfood carbon sources araaking a valuablecontribution to
development of the next generationhgfirocarborbasedenewable fuels and value
added products. As ndood carbon feedstocks with low or negative value, yellow
and brown greases, as well b®solids, can potentially b@rocessed through
pyrolysis technologesto produce renewable fuels. Aqueousdrgduct streams are
generated irtheseprocesss after hydrolysis as well as after pyrolysisand can
potentially be used as a carbon andhutrient source to grow oleaginous

microorganisms and to facilitate lipid production.

In this study, vadtile fatty acidsand other compounds weggiantified in
pyrolysisaqueous byproduct streams. It was shown tkatatile fatty acidssuchas
acetic,propionic and butyric acidgould beused as singler mixed carbon source
for fermentation ofCryptococcus curvatuand Chlorella protothecoides. Model
media mimicked thevolatile fatty acidlevelsin the original aqueougyrolysis by-
product strearnwhich neeadto bediluted toenablegrowth and lipid accumulabn
in microbial cells To awid potential inhibitioncaused by low pHneutralization of
the original waste streams and model medss werformedo allow high biomass
and lipid production The best growth and lipid productivity dZ. curvatusalong
with C. protothecoide®iomass wer@bservedn threetimes diluted model media.
It was shown that volatile fatty acid consumption By curvatus and C.
protothecoidess time and concentraticdependat. Moreover, thdipid production
of C. curvatusand C. protothecoidesising aceticacid, propionicacid and butyric

acid as a single and mixed carbon source were compayahlesome casesyith



glucose. The fatty acid profiles Gf curvatusggrown in thevolatile fatty acidsn the
model media showeda higher amount of unsaturation in comparison teg.

protothecoidegatty acid profiles

The aqueous bproduct streams after hydrolysis of 4 % biosolids, brown
grease, and their mixtures, wereacdcterized for their ability to promo@& curvatus
and C. protothecoidegrowth and lipid accumulation. It was established that the
agueous byroduct streams after hydrolysis of 4 % biosolids or a biosolids/brown
grease mixcannot be used for fermentat and lipid production by oleaginous
microorganisms unless supplemented with the essential mingraktimulate
oleaginous microorganisms growds well asglycerol to increasehe carbon to
nitrogen ratio to force lipid production, respectivelyn supplemered conditions, a
significantrisein biomass productiowas detectedompared to low amounts of total
lipids production for bothC. curvatusandC. protothecoidesMoreover, substantial

changes in fatty acids profiles of yeast and microalgae detected.

To summarize, the valeedded application of the aqueous 4dpyoduct
streams after hydrolysis and pyrolysis of different lpahtaining feedstocks as a
carbon and nutrient source to grow and produce lipids by oleaginous microorganisms
is a promising approach. Both oleaginous microorganism€,. curvatusand C.
protothecoidesare suitable for higlzoncentrabn volatile fatty acids fermentations

as well as for lipid production under the ligtmulated conditions.
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CHAPTER 1. INTRODUCTION

1.1. Project background

Minimizing waste generation andreating valuable revenue from its
reapplication are significargriorities in any industry. Animal fats, cooking, trap
greasé yellow and brown greases, as well as biosdidsconsideredaslow-value
or negativevalue feedstockswhich can be utilizedin the production of the
renewable fuel§Wood, Layzell, 2003Pandey,et al, 2011). The biorefining of
waste biomass especially greases and biosolids, produce renewable dis and
addedvalue products needssearch and developmenittilization of waste streams
and industrial byproductscould beconsidered asvaste minimization and value
added product generation approacli€argbo, 2010; AbotShanabet al., 2013;
Hadiyanto & Nur, 2014; Kouhiat al., 2015). Wastestreans enrichedwith lipids
could serveas a feedstock for a drep fuel technology to produce biofueBrop-in
fuels arefully compatible with fossil derived fuels and producedtiwrmahemical
or biological processing dfydrocarbons from biomagKaratzoset al.,2014; Xuet
al., 2016) Animals fats (Asomaningt al., 2014a), tall oils (Jenabt al., 2014),
greases (yellow and brown), and cold pressed camelina oil (Asonmetrahg2014a;
Asomaninget al., 2014b); oleic, stearic, and abietic acids (Maher, Bressler, 2007,
Maheret al.,2008; Asomaninget al.,2014a; Asomaningt al.,2014b; Asomaningt
al., 2014c; Jenalet al., 2014); and yeast and algae biomass slurrtespifosa
Gonzalezt al.,2014a; Espinos&onzalezt al.,2014h Reddyet al.,2014 Donget
al., 2016 Naghdietal., 2016 Ochsenreitheet al.,2016§ were successfully studied

and used as lipid feedstocks for biofuel production.



Lipid pyrolysis to produce renewable fuels wastensively studid and
developedn the Biorefining Conversions and Fermentation Laboratory, University
of Alberta including the patentinJS8067653B2.23).of a novel proces@Maher,
Bressler, 2007;Bressler, 2011;Maher et al., 2008; Asomaninget al., 2014a;
Asomaninget al., 2014b; Asomaningt al.,2014c; Jenalet al.,2014). Fatty acids
(organic fraction) andan aqueous byroduct streamcontaining glycerolwere
yielded after hydrolysis.The recovered fatty acids wetteenpyrolyzed in a second
reactor to produce variou®rms of fuels. Fatty acid pyrolysis resulted inthe
production of theleoxygenated hydrocarbonsadgjuid product gas, solid products
andanaqueous byroduct stream.

Previously published studies aur laboratoryshowed that ejpending on the
feedstock usedthe aqueous bproduct streamaccounted for 2.6 4 % of the
product yieldasvhencamelina, brown and yellow greasespeef tallowwere used in
lipid pyrolysis (Asomaninget al.,2014a Asomaninget al.,2014b). Our laboratory
andmanyotherstudies reported the presencesobstantiabmounts ofvolatile fatty
acids in the aqueous bgroduct streams after hydrothermal liquefaction, fast
pyrolysisand catajtic fast pyrolysis applied ibiofuel production GarciaPerez et
al., 2010;Lian et al.,2012;Paasikallicet al.,2014;Vitasariet al.,2015;Black et al.,
2016).

The potential for eaginous microorganissnto produce microbial oil has
been welldocumentedRatledge, 1974; Ratledge, Wyr2002; Miao & Wu, 2004;
Liang et al., 2009; Papanikolaou, Aggelis, 201CeronGarcia et al, 2013).

Numerous studiedave shown the application of somevolatile fatty acidsin



oleaginous microorganism fermentatio@héng et al., 2010; Fei et al., 2011;
Fontanilleet al.,2012;Christopheet al., 2012;Wen Q.et al, 2013). A few studies
demonstratedthe utilization of the volatile fatty acidsand their mixures for
microbial growth andndicatedthe concentration@nd ratiosusedto increase lipid
accumulation Eei et al., 2011; Fontanilleet al., 2012;Lian et al., 2012 Liu et al.,
20186.

There has been npublishedreport on the processing of thequeous by
product streams received afteydrolysis ofbrown grease, 4 % biosolidsr their
mixtures afterpyrolysis of lipidcontaining feedstocksr theircharacterizatiorand
application.Based on the uniqueness of the composition of the aqueegpithyct
stream receivettom lipid pyrolysis it is very important to determine the compounds
that could serve as a carbon source fothe fermentation of oleaginous
microorganismsand lipid accumulation. Ithis researchstudy, he volatile fatty
acidsin the aqueous byroduct streamsvere appliedas a carbon source fohe
cultivation of oleaginous microorganismg/east Cryptococcus curvatusand

microalgaeChlorella protothecoides

Researchhypothesis Theaqueousy-product streams that are generated

from lipid pyrolysiscan be used as substratestfa cultivation of oleaginous yeast

andmicroalgae to accumulate lipids

1.2. Objectives

The overall objective of thithesisproject is to study and apply the aqueous

by-product streams after hydysis and pyrolysis of different waslipid-containing
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feedstockss a carbon and nutrient soutoeggrowoleaginous microorganisnasdto

facilitatelipid production

1.2.1.Short term objectives

1. Toidentify and quantifythe chemical compounds by-product streamthat
can be usedis anutrient sourcefor fermentationof C. curvatusand C.
protothecoides

2. To evaluate the ability ofC. curvatusand C. protothecoideso grow and
tolerate acetic, propionic and butyric acids assingle and mixed carbon
source

3. To evaluate the ability of. curvatusandC. protothecoideso produce lipids
usingacetic, propionic and butyric acidsasingle and mixed carbon source

4. To evaluate the feasibilitpf usng the agueous bgroduct streams after
hydrolysis of 4 % biosolids, brown grease and theirtanes as feedtocks

for C. curvatusandC. protothecoidegrowth and lipid accumulation

1.2.2. Long term objectives

1. Sustainable renewabfael production byusing lipids fromoleaginous yeast
and microalgaebiomass slurrieggrown on byproduct streamdrom lipid
pyrolysis

2. Using residual streams generated during fif@d pyrolysis process for

development obthervalueadded productand recycling options



CHAPTER 2. LITERATURE REVIEW

2.1. Lipids from oleaginous microorganisms as third generation

renewable fuels

Fossil fuelsare thederivatives of plart and anima formed over 350
millions years ago to 65 millionsf yeas ago Fossil fuels are the primary non
renewable energy source used toddRES, 2017) It is a known fact that sing
fossil fuels leads tdangerous air pollutioandgasesemissionsAir pollution affects
the environment as well as human heafbohen, 1990) In addition, he main
factorsaffecing global renewablefuel development are energy security and climate
change (WEO, 2016) Reducingoverall greenhouse gasmissionsis the key
function of the enewable fuels/biofuelshat can helpalleviate climate change
(Hassan & Kalam, 2013; RHB, 2016)in addition biofuel production stimulates
growth of the agricultural sector sustainsthe use of farmland and uses non

agricultural lands to promote agricultural developmetttet al.,2014)

There are four mairgenerations or categoriesf biofuels The first
generation biofuelare converted directly from food crops, animal fats, or vegetable
oil into biodiesel or bioethanoFirst-generatiorbiofuelshave some advantage$he
most important onés feedstock availabilityfood crops can grow in many regions,
andanimal fats and veg@ble oils are widely available. Moreover, the infrastructure
is already accessiblefor planting, harvestg, processingand relatively simple
conversion(Kagan, 2010; Gupta, 2016)The production of firsgeneration biofuels
does raise some concerngasling its sustainability because they are derived from

food crops for human consumpti@md have indirect landse implicationgHolt-



Gimenez, 2008; Nailet al.,2009) In addition geographic limitations are present.
The feedstock cosfor biofuelsproductionare generally high as there is competi
for the feedstockvith the food market The firstgeneration biofuelalso suffer from

feedstock commodity price volatiliAppadoo, 2011

The secondyeneration biofuelsre derived from noffood crops that are
often cultivated on marginal langd$orestry resourcesgesiduege.g.residues of the
lignocellulosic biomags dedicated energy crops, waste vegetable aiisl urban
waste (Naik et al., 2009; Kagan, 2010) Thermochemical (gasificationymlysis,
and torrefaction) and biochemical (fermentatiet;) conversion technolags are
usal to producesecondgeneration biofuelsThe nonfood biomass is less expensive
thanthefirst-generation biomass and more availgilagan, 2010Appadoo, 2011)
Biorefinelies and integrated approachasealso envisioned as potential providers of
all possiblefuels, chemicals and materials from biomagsgan, 201Q) Potential
benefits ofsecondgeneration biofuelsnclude theuse ofwaste materialgs low
value sources an@t the same timethe possibility ofsubstartial greenhouse gases
emissionsreduction (Pearson & Dale, 2013) Several disadvantages sécond
generatiorbiofuels are presnt. For seconejeneration biofuel produoin, policies
and market development as well as cost and technology development are currently
determined athemost important barrierd\N@ik et al.,2009;IEA, 2017). In addition
as mentionedh the disadvantages of the figéneration biofuelssecond generation
have some similar deficiencies iegaré towater and fertilizer requirementsThis

includes thatmany of the feedstosktested thus far have been rather high



maintenance(Kagan, 2010)and geographically grasses growth and application

depends on the climafdlaik et al.,2009).

Third-generation biofuels are focused on &lgpgpomass feedstoskas an
alternative o first and secondgeneratiorbiomass feedstock8arclayet al.,2010;
Lam & Lee, 2012; Beherat al.,, 2014) This group also includes other -oil
accumulating microorganisms such as yeast and f(Railedge & Wynn, 2002;
Ratledge, 2004)and bacteria(Broker et al., 2010). Oleaginous microorganisms as
nonedible lipid sources can be considered for the biofuel produ¢Ratledge,
1974;Lam & Lee, 2012; Beherat al.,2014) Lipids arestoral inside of the yeast
ard algae cells as lipid droplegsd Ipid bodies, respeately (Ratledge, 1991Guo
et al.,2009;Feiet al.,2011;Murphy, 2012. Currently, up to 30 species of yeast and
algae (microalgae included) aeenployedfor renewablefuel production(Wang et
al., 2013) The yeast€ryptococcuscurvatus(Ryu et al.,2013;Gonget al., 2015)
and Yarrowia lipolytica(Beopouloset al., 2008; Fontanilleet al.,2012; Xue et al.,
2013; Zhanget al.,2013, the microalga€hlorella protothecoidegMiao, Wu, 2004;
Chen, Walker, 2011; Brennan, Owende, 20M@&n et al.,2013) andScenedesmus
obtusiusculugToledoCervantest al.,2013) as wellascyanobacteri&ynechocystis
specieqQuintanaet al.,2011) andfungi Aspergillus nigeandMucor circinelloides

haveall beenstudied as biofuel sourcéRatledge, 2004).

The benefits of thirdgeneration biofuels includiée ability of the oleaginous
organisms tdix carbon dioxideto grow with high biomassproductivity, andthe use
of waste feedstocks to produce biofu@idata et al., 2010; Pittmanet al., 2011;

Suganyeet al.,2014) Neverthelss, technology to produce thiggneration biofuels



needs to be developed to eliminate the high capital cost of the downstream
processingNaik et al., 2009; Brennan & Owende, 201@)s well, some uresolved
issues withthe lipid extraction from oleaginous biomass and fatty acid composition

exist(Brennan & Owende, 201@nthonyet al.,2012)

A relatively new fourthgeneration groupg of biofuels is focused on
bioenergy production as well as capturing and storagbon digide using
genetically modified bacteriddowardet al.,2013) yeast(GuadalupeMedinaet al,
2013) and algagqJoneset al.,2016) The fourth-generation biofuelgan be made
using marginal landjo not need biomastestructionandgeographic limitations are
not a huge obstaclélhe technology of producing fourtfeneration biofuelsan be
used anywhere where water azatbon dioxidgpresent. In the model, developeyl
Joule Biotechnology, waste carbon dioxidenlight, and engineered microorganisms
integrate into a "solar converter” to create renewable(Kejan,2010). Asanew
technoloy, the approach to apply fourtfeneration biofuels needs sufficient

development antas highinitial capital cost (Cdlebaut, 2010)

2.1.1. Feedstocks for biofuels

Biomass feedstocks for biofuel production are very diversélhe
International Energy Agency (2017)efines biomass as nany organi c,
decomposabl e, matt er awamisdaied fomplantsar r enewab
animals”(IEA, 2017) The majority of biomass feedstocks used today are forestry

and agricultural biomassé€Brown, 2003; Gupta & Tuohy, 2013; Khosla, 20IlMe



continuously increasing amounts of urban wastduiding municipalsolids waste
bothresidential and commercjahcludingprimaryandsecondary industrial wasées
well asfood processing redueshasled to a great solutionthe possibility of using
these waste biomasses as feedstocks for renewable fuels prodBctam, 2003;

IEA, 2017; Khosla, 2017)

Value creationand environmental benefits of waste reuse laeefits of
comprehensive utilization of the waste feedsta@alrymple et al.,2013). Waste
feedstocks areftenrelatively poor feedstocks wittew options for utilization(Zhu,
Chertow, 2016)The composition of the waste feedstocks are varetidepend on
many factorssuch as initial feedstock content anthe impact of the selected
treatment process. In additiohetmost importanissueis theremovalof high levels
of contamination andssociatechandling hazard¢Turovsky, Mathai, 2006 The
opportunity forwaste feedstockis to be reintroduced into subsequemtdustrial
processsas a feestock eliminating the cost of it waste disposal, possible emissions

or environmental hazards.

2.1.1.1. Biomass feedstock availability in Canada

Canada has vast biological resourf@®od & Layzell, 2003). Availability
of agricultural and forest biomass fegacks make them a promising resource to
provide renewable energy and products (CBA, 2004; BAR, 201¥anadéa s
biomass supply feedstock chain includes forestry, agriculagatell asmunicipal

waste feedstocks (Wood & Layzell, 2003Canada has an abundance of forest



resourcesThe country had0% of t he wor | dobvehicH245rmdlisnt r es our c

hectaress considered productive forest  C a agrcditaré sourcescludeabout
68 million hectaresof farmlandof which 36.4 million hectaresis cropland(CBA,

2004)

Forestry feedstocks can be udedtraditional woodproductsor asan energy
resourceForestry biomassicludestimber productive forest biomass, harvest waste
residues, unused mill waste, woody residues from natural disturbances such as fires
and infestations and feedstocks derived from silviculturéilviculture refers to
growth ofwoody crop species with shexitation harvested cycle.g.poplar, maple,

eucalyptus, black locust, sycamore, and sweef) gNRC, 2000)

Agriculture feedstocksfor bioindustrial applicationgi.e. virgin and waste
biomass) include bioenergy crops.d. canola, soy, and coyras well as perennial
grasseqe.g. switchgrass, napiergrass, rye, tall fescue, and timotbgumes(e.g.
alfalfa, clover or crown vetghcrop residuesuchas straw or stover residuesd
livestock manure. Agricultural crop species grown in Canada belong to starch crops
like corn, wheat, barley, rye, oatas well asseed oil cropssuch ascanola or
soybeansand finally pulse crops such as peas and le(ilsod & Layzell, 2003;

CBA, 2004)

The available waste feedstock accounts for 46 % of biomass left after forestry
harvest and 39 % of biomass left after harvesting in agriculture (Wood & Layzell,
2003). There are significant residual or waste biomass streams coming from
municipalities, with around 387,166 ton/year of biosolids residues produced in

CanadaWood & Layzell, 2003). In generafanada has major potential to utilize
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its biomass forest and agricultural feedstocks resources as well as municipal waste

feedstocksincluding waste greases and biosaltdsprovide biofuels.

2.1.2.2. Feedstocks currently used in commercial biofuel production

The transformation of biomass feedstocks tednergy and bigroductshas
beendevelopng in Canada for more than 25 years. Numerous applicatbithe
biomass feedstochre found to produce biofuels, biogas, renewable chemicals and

materials(Bradburn, 2014)

The most intensively produced biofuels are bioethanol and biodiesel. In
general, bioethanol can be produced from sugar, starch, and cellulose. The most
popular first-generation bioethanol feedstasclare sugarcane ffom Brazil), corn
(from USA) (Rutz & Janssen, 2007)corn and grainf{om Canada)(Bradburn,
2014) sugar beetfiiom Europe), grain and maizé&dm Europe and USAJjRutz &
Janssen, 2007) USA and Brazil are by far the biggest producers of bioethanol
worldwide (WWI, 2011). In 2016, the UnitedStates produced 3% % of world
output while Brazil produced27.4 % and Canada produced 1.6 (RFA, 2017%.
Capacity to producérst-generation bioethanol made from corn and grain in Canada
reached 1,826 million liters from 14 plants2013 For example Suncomprodued
413 million liters of bioethanol in 2012 (retrieved from

http://sustainability.suncor.com

Production of the secorgkneration bioethanol from lignocellulosic

feedstocks is now successfully transitioning from the research and development stage
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to commercial developmentSeconédgeneration, cellulosic bioethanol, aédready
applicable at largesale. The estimated price of bioethangbroduction from
cellulosic feedstocks in for Raizens Brazil) at $ 2.17 per gallofVan der Hoeven,
2016). Currently,14 cellulosic bioethanol production facilities includipigpt plants
(e.g Lignol Innovations,Vancouver, British Columb)acommercial demonstration
plants (e.g. logen CorporationOttawa, Ontario)and stardups €.g. Prairie Green
Renewable Energy, Saskatoon, SaskatcheamahVarennes, Quebec) are now under
operation in CanadéBradburn, 2014BAR, 2016. The total capacity to produce
bioetranol made in Canada by 201¢as 1.75 billion liters where up to 19 %

accounted for secongkneration bioethanol (BAR, 2016)

The variety of feedstocki®r biodiesel production is determined by climate,
the geographical position of the country producer tredf e e d s agooulturédls
availability. Up to 85 % of biodiesel worldwide made from rapeseed (Europe),
soybean (USA and Brasil), sunflower sef@gurope), palm oil (Indonesia and
Malaysia), and jatropha (IndigMittelbach, Remschmidt, 200Rutz & Janssen,
2007) The lipidresources that can be used as biodiesel feedsteckeeds oils,
palm/fruit oils, algae/microalgae oils and waste oilsa Canada, canola ithe
primary used feedstodf@lberta and Saskatchewparfollowed by recycled cooking
oils, animal fats and greases (Ontario and Que(fléBR, 2014).The capacity to
produ@ biodieselin 2017 was estimated inthe Global Information Agricultural
Network Biofuels report at 55@nillion liters, compare to the 400 million liters

produced in 2016 CanadgBAR, 2018§.
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2.1.2. Waste feedstocks fdsiodieselproduction

Forestry, livestock, farming, domestic solid and liquid waste including waste
grease and oil from restaurants and food production facilitied,vegetable oil
refinery waste ar@otentialsources ofeedstock for biodiesel productioffChenet
al., 2009;Dizge, et al.,2009) Waste valorization approach was applieda wide
range ofwastefeedstocks, such as sewage sludge (Kargbo, 2010), paper industry
effluents (Kouhiaet al., 2015), palm oil mill effluent Kladiyanto & Nuy 2014),
piggery wastewateAbou-Shanaket al.,2013), and distillery wastewatetonzalez
Garciaet al.,2013) Yellow and brown greaseanimal fats, waste fish oil, spent
coffee grounds, cold pressed camelina oil, and citrus veast®me resources that
have been morted asaluablefeedstocks enriched by lipids for biodiesel production
(Kulkarni, Dalai, 2006; Didget al.,2009; Cheret al.,2009;Du et al.,2011;Chi et

al., 2011;Ryuet al.,2013;Asomaninget al.,2014a;Asomaninget al.,2014b)

2.1.2.1. Yellow and browrgreases

Currently, the small amount of biodiesel produced in Canada is mostly made
from waste productse(g. restaurant oils and greasesnd animal renderings)
(Bradburn, 2014) Yellow greases typically generatedrom usedcooking oil or
vegetdle oil with less than 15 % free fatty acid level.In yellow grease, solids are
filtered out, and moisture content is adjusted to meet industry specification standards
by heating spent cooking dibtiefelmeyergt al. (2006). Based on the population in
Alberta, an estimated 18 million liters per year of yellow waste grease are produced

(Bradburn, 2014) Two potato chip production plants in southern Alberta produce
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one million liters (McCain Foods, Coaldale) and 0.43 millibers (Hostess Potato

Chips, Taber) of grease per year in AlbéKalkarni & Dalai, 2006).

In brown greasethe freefatty acid level exceeds 20 %.hi§ grease can be
cleaned from restaurant grease traps but mainly represents trap and sewage grease
that cannot be used for animal feaslis highly oxidized yellow greas@Pandeyet

al., 2011)

The use of yellow and brown greases for biodiesel produasamell as other
waste oil can help to solve the problem of their dispdsainp, 200¢. Application
of different innovative strategies on the range ottattaining feedstocks.¢. brown
grease and yellow grease) to produce green renewable fuel and the possibility to
reduce greenhouse gas emissions is the best solution for their utiligagomp,

2006 UNFCCC, 2006; Pandest al.,2011)

2.1.2.2. Biosolids

Biosolids are the byroduct in liquid, semsolid or solid state generated after
wastewater treatmerg#nd enriched by organics, nutrients, chemical elemestsl
water (UNEP, 2017; Evanylo, retrieved on 2017)n Canada, more than 660,000
metric tons (dy basis) of urban biosolids are produced each,yassed on the
assessment of ti@anadian Council of Ministers of the Environm@é@CME, 2014).

The annual amount of biosolids managed by the City of Edmonton by the end of
2015 was 33,500 dry tons. Thecamulated amount of biosolids at the Clover Bar

lagoons at the end of 2010 was in the range of 18,0800,000 dry tonsGCME,
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2014). Currently,50 % of the processing cssif wastewater treatmefdcilities are
spent onthe managementees for biosolidsmaintenancgWheeler, 2007Mangory

et al.,retrieved on 2017)

Because of different wastewater treatnserthe composition of biosolids
varies substantially based ane municipality producingthose biosolids. Common
wastewater treatment pra@ses to geland applicable biosolids include thickening,
different general and advanced stabilization methadsl, physical and chemical
processes to enhance biosolids handlixanylo, 2017) They can be applied in the
thickened, dewatered and dry form. For example, the dried biosolids can be used as
a rich nutrient fertilizer (Luet al., 2012; BM, 2016). Benefits of this traditiaih
method of biosolids application include assistance i ithhprovement of soall
structure, reducing landfill disposal and groundwater protection (Evanylo, retrieved
on 2017). The bi osol i ds #fexawveypimportam pdramegfjanafl i t yo a
their land applicability pollutant concentration limits and loadinrates, and
pathogen reduction should be met (Turovsky, Mathai, 2006, g\Né&yertheless, the
drawbacks of the land biosolids applicatiare the concerns about environmental
impact because of incorreapplication accumulation of metalgyr becausef the

public dislike of existingodors.

Biosolids, as a municipal waste feedstock, can be sucdgssied for
biofuel production. Integration of the biosolids from municipal wastewater
processing facilities to produce biofueleas been examinedhrough different
processegMoller, 2007; CCME, 2014; Mulleet al, 2014) They includesludge to

biogasan anaerobic digestiqiRy c k ebosch, 2011; ,@Gaabial Pawgows
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syngas fermentatioar the FischeiTropsch procesfDry, 2004; Latifet al.,2014)
sewage sludge pyrolys{gontset al.,2012) catalytic pyrolysigHeo et al.,2011)

and fast pyrolysis(Park et al., 2010) Several studies have demonstrated that
wastewater treatment produtypically represented by waste activated slucige be
directly used as a growth substrhteoleaginous microorganisnigr further biofuel
synthesig(Pittman, 2011; Murphy, 2012; Dalrympé al.,2013) Waste activated
sludgewasused to grow the oleaginous ye@syptococcusurvatusto achieve lipid
accumulatiorof up to 23% of dry weight of biomasESeoet al.,2013) The yeast

C. curvatus and Rhodotorulaglutinis were testedfor ther ability to grow and
accumulate lipids in municipal primary wastewater. It was shown that lipids could
be accumulated up to 28.6 + 22 and 19.6 + 0.26 of thedry weightfor C.
curvatusandRhodotorula glutinisrespectively(Chi et al.,2011). Some microalgae
species ofChlorella and Scenedesmukave been shown to use a sewhgsed
wastewater for biodiesel production and, additionally, in many cases, they can
facilitate removal of ammonia, nitrate and total phosphorus (\&teal., 2013;
Stemmle et al., 2016). The potential of the oleaginous microorganisms to use by
products of wastewater treatments as a substrate to grow and to enhance further the
functional capacity for production of lipids provide substantial benefits for

sustainable biofuelproduction.
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2.1.3. Algae as a source of renewable fuels

Third-generation feedstochklgaejs consideredhe most promising feedstock
for the development dhe next generation of biofuahd valueadded products from
nonfood carbon sourcefam & Lee, 2012; Beherat al., 2014; Suganyat al.,
2016) Algae can grow in ocean water, npatable water,and in different
feedstocks that are unsuitable for agriculture usagevamable wastewatgMata et
al., 2010) These advantages led to widesutaise of algaéoth microalgaeand
macroalgagfor biofuel production.Based on cell composition, algae can be used to
producea variety of biofuelsincluding bioethanol, biodiesel, buml, biohydrogen,
and syngagBeheraet al, 2014 Suganyaet al., 2016§. Both nacroalgae and

microalgae can be used to produce biofuels.

Macroalgaeare enriched in carbohydrateshich after further prereatment
and subsequent enzymatic hydrolysis, can be used for bioethanol production.
Different red, brown and gem macroalgae species were tested for bioethanol
production. Some macroalgae cglshow high levels of carbohydrates (per dry
weight): Caulerpa laetevirensat 56.25 % Codium decorticatumat 50.63 %
Cladophora fascicularisat 49.50 % (Kaliaperumalet al, 2002) Laminarin and
mannitol represent fermentable sugarSatcharina latissimanacroalgae (Adamet
al., 2009). As shown by Borinest al., Sargassum spiomass is a raw source of
fermentable sugars (Borineg al, 2013). It was determined that thkcellulose,
hemicellulose, holocellulose, and mannitol are the main structural components of
Sargassum spp. After acid pretreatment and then enzymatic hydrolysis with

cellulase and cellobiase, the fermentable sugaasnly glucose and cellobiose, are
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released. Then, depending onthe different fermentation conditions applied, the
percentage of the ethanol convertedSaccharomyces cerevisia@as between 65

89 %.

Microalgae enrichedvith lipids (> 20 % per cell dry weightiare also
consideredas feedstock for biodiesel productidBeheraet al, 2014) In general,
dependhg on cultivation conditions, microalgae can accumulate from 20 % to 50 %
lipids, while some microalgae accumulated lipids up8tw % of their dry weight
(Bellou et al.,2014) As reportedBotryococcus sppaccumulated up to 7% by
weight of dry biomasg§Mataet al.,2010) Chlorella zofingiensiat 65.1% (Fenget
al., 2012) and C. protothecoidesat 50 % (CeronGarciaet al, 2013). In addition,
the fatty acids composition of the microalgae oil is affected by feedstock used for
growth (Hu et al.,2008;Mataet al.,2010). Microalgae can be one of the optito

produce biofuels from oily biomass (Sugaryal, 2016).

For biodiesel production, the algal lipids must be extracted from the cells.
EnzymecatalysedRoblesMedinaet al.,2013)andnon-catalyzed transesterification
under supercritical ethanol conditioftemperatureof 245 - 270°C and pressuref
6.517 20 MPa) Demirbas, 2003Reddyet al, 20149 or alipid pyrolysis technology
(Bressler, 2011xan be used.In addition, onventional, flash and fast pyrolysis
processesvere applied to receiveufficient amounts of bienil from algae. The
macroalgaeUlva lactuce was tested for bieoil production by fast pyrolysisind
showed 78 % vyield (Trinh et al., 2012)he yield of bieoil obtained forSaccharina
japonicaat 450°C was 47 %{Choiaet al.,2014). As was shown by Miao and Wu

in 2004 fast pyrolysis can be a useful tool to get 57.9 % yield ofddiaising
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heterotrophically grow€hlorella protothecoidess a feedstociMiao & Wu, 2004).
MicroalgaeBotryococcus brauniiChlorella vulgarisandDunaliella tertiolectawere
used for catalytic conversion at low temperatures. The results stddhat oll
recovery rates foB. brauniiand D. tetriolectawere 64 % and42 %, respectively

(Tsukahara & Sawayama, 2005).

2.1.4. Yeast as a source of renewable fuels

Y east isa uniquesource of biofuehs it can produce and serve as a source of
both bioethanoland biodiesel. The ability of yeast to ferment hexose sugar
feedstocks to ethanol and other chemical comgdsetas been described previously
(Sanchez & Cardona,2008. The abilty of yeast S cerevisiae and
Schizosaccharomyces pomb® produce bioethanolvas studied using different
feedstocks like sugars (molasses), starch, lignocellulosic substrates, wastss,
various cultivation and operation conditiondouzani & Taherzadeh,2015)
Moreover, as a convenient model for genetic modifications and metabolic pathways,
yeasthave been engineerénl ferment pentose sugars (Kehal.,2013) and various
lignocellulosic substrates (Delgenetsal., 1996; Matsushikat al.,2009; Olofssoret
al., 2011) to increase ethanol yield Alternatively, oleaginous yeast ia valuable
feedstock to produce biodiesel due to their exceléility to accumulate lipidsThe
generaCryptococcus, Yarrowia, Lypomyces, Rhodotoarnd Candidahavefound a
wide application adiodiesel feedsicks. The yeastYarrowia lipolyticg Candida
curvatg Rhodotorula glutinis, Lipomyces starkewind Cryptococcus albidugan

accumulate 50 70 % of intracellular lipids per cell dry weigfRatledge & Wynn,
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2002; Ratledge, 2004Meng, 2009; Feiet al., 2011; Fontanilleet al., 2012;

Christopheet al.,2012; Ryuet al.,2013; Gonget al.,2015.

Biodiesel properties depend dne compositionof raw materials usedbr
yeast cultivation Ramoset al., 2009) Carbon sources fodirect production of
oleaginousyeast lomassincluded glucose and other sugarsugar substitutes,
volatile fatty acids, glycerol, starch, cellulosic hydrolysatedustrial, commercial,
and food waste@Ochsenreitheet al., 2016. Lipomyces tetrasporusndLipomyces
lipofer can grow and accumulate lipidg!l.8 to 62.2 %(w/w) using L-arabinose,
glucose andxylose(Dien et al.,2016) With glucose used dke only carbon sourge
Rhodotorulaglutinis accumulatd 66 % (w/w) lipids while Lipomycesstarkeiand
Trichosporon pullulansamassed63 % and65 % lipids, respectively(Ratledge,
Wynn, 2002). Acetic, propionic and butyric acide/ere usedas thecarbon sources
andgrowth and lipid accumulation byarrowia lipolitica were measurefFontanille
et al.,2012). The highest lipid content was detec&sB0.7 %, 25.7 % and 25.0 %
(w/w), for acetic, propionic and butyric acidespectively(Fontanilleet al.,2012)
Candida albidus were cultivated inmix fermentation conditionsa€etic, propionic
and butyric acids wittheratio 81:1), andthe highest lipid conterttetected wa27.8
% (w/w) (Fei et al.,, 2011) Cryptococcuscurvatus strains grown on glycerol
accumulatd 25 - 69 % (w/w) lipids(Meesterset al., 1996; lassonovat al.,2008)
The heterologous alphamylase and glucoamylase enzymes were express¥d in
lipolitica to enable thauseof starch as a carbon sourcesulting in21 - 27 %lipid
produdion (LedesmaAmaroet al.,2015) Anotherapproat applied by Gongt al.

in 2003 usedcorn stover as a feedstock for lipid productiontycurvatugGonget
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al., 2013). The cellulose conversion and release of sugars with simultaneous lipid
accumulation effectiely led to 55 % (w/w) of lipidproducel by C. curvatus. Yeast

can also grow and accumulate lipids in various industrial, comna&rand food
wastes feedstocks-or example, oleaginous yed&3t curvatuscan grow using waste
activated sludge as a substrate aadaccumulate up to 2% (w/w) lipids (Seoet

al., 2013)

The approach to use yeast whole biomasgettuce costof lipids for
production otbiofuelshasactively developedver thelast decadéDonget al.,2016
Ochsenreitheet al., 2016. In addition,direct hydrothermaliquefaction withthe
presence ofcatalysf sodium carbonatewas reported as a method to produce
renewable diesel using. curvatusbiomasgJenaet al.,2015). From our laboratory,
EspinosaGonzaleset al. in 2014 investigated ricrobial slurry of C. curvatusas a
lipid feedstock to produce renewable hydrocarbons through tatep thermal
conversion technology(EspinosaGonzales et al, 2014a EspinosaGonzalez,

20148.

2.2. Oleaginous microorganisms as microbial oil producers

The total lipid content othe celk of oleaginous microorganism can be
described based on their chemical nature, subcellular distribwamh function.
Additionally, i pids coa na nbde oiidui e e d f @ rnmso
dependingon theirextraction mechanism®attrayet al., 1975). The lipids thatcan

be present inthe cell are triacylglycerols, sterols glycerophospholipids,
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sphingolipids and glycolipids which differ based on their chemical nature and

biological significanc€RatledgeWynn, 2002)

Yeast Cryptococcuscurvatusand microalgaeChlorella protothecoidesare
effective microbial oil producergmore information seen Chapters 2.1.3. and
2.1.4). Single cell oilsare considered valuableeedstocksourcefor biofuelsand
valueadded chemicals becausetlé specific ability of oleaginous microorganisms
to accumulate different types of neutral lipidstive form of a lipid dropletlipid
bodies In particular, neutral lipids as triacylglycerols, sterol esters,
polyhydroxyalkanoates, and wax estéigid mdecules with high energgtensityare
best for biofuel productio by oleaginous microorganismGday et al, 2014). In
general, oleaginous yeambhd microalgae lipidsareformulated by esters of glycerol
and C14i C22saturated or unsaturated fatty acids. Triacylglyceaoésthe most
common storage lipids these organism@orowitzka, 2010,0chsenreitheet al.,

2016)

The composition and concentration of produced fatty acidssviagiged on
many different factorsincluding strain spedicity. The composition of single cell
oils produced by oleaginous microorganisms represt@sperfect material for
biodiesel productiorfPapanikolaou, Aggelis, 2011)Thus, in the oleaginous yeast,
triacylglycerols and steroésters, in bacterjamainly polyhydroxyalkanoatesalso
triacylglycerols and wax esters, are the main components of single cdtl isilvell
known that bidiesel properties highly depemh the level of unsaturation @dtty
acid methyl esters A high degree of unsaturationdgs to production of biodiesel

with a bettercloud point andalower cetane indexSchenket al.in 2008 statedthata
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low oxidative potentiato avoid longterm instabilityof biodieselcan beachieved
withthefii d e al ttyiacid§ whicli fihak bBeen suggested to be 16:1, 18:1 and

14:0 in the ratio 5:4:4(Schenket al.,2008, p. 3%

2.2.1.Carbon to nitrogen ratio and lipid accumulation

Factos that affect lipid accumulation are macronutrient®.q. carbon,
nitrogen, and phosphorus)growth factors €.g. inositol, pantothenic acid, Vitamin
Bs, and biotin), micronutrients €.g. trace metals)and environmental factorse(g.
temperature, photoperiod and light intensity, a@ltypH, oxygen concentration,
oxidative stress, gaity, and culture mode) (Papanikolaou, Aggelis, 2011;
Yilancioglu et al, 2014; Miazeket al, 2015). The molar rab between carbon and
nitrogenwasconsidereda major factor in the induction of lipid accumulatiorboth
oleaginous yeast and algéRatledge, Wynn2002; Fei et al., 2011; Papanikolaou,
Aggelis, 2011;Fontanilleet al., 2012; Braunwaldet al. 2013). The other factors
which induced cell stresalso affect lipid accumulation. For example, as a result of
oxidative stress caused lagdition of hydrogen peroxidethe lipid production by
green algae straiBunaliella salinawas increased up to 44 % (Yilanciogit al.,

2014).

The most useful method to increase microbial lipid production is to keep the
ratio of carbon to nitrogen greatthan20 (Ratledge Wynn, 2002). It was observed
that increasing amounts of carbon watlconstant nitrogetrevel leads to extra lipid
accumulation inyeast To determine the lipid production Whodotorulaglutinis,

the carbon to nitrogen ratgoof 20, 70, and 120 were test@@raunwaldet al. 2013).
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It was shown thaénhancingthe carbon to nitrogen ratiby increasing the glucose
content led to higher total lipid ardtty acid methyl esteyields. The highstlevels
of C18:1 and C18:2 were detectedtatbon to nitrogen ratio 20to 1 (Braunwaldet
al. 2013). Carbon to nitrogen rat®ofrom 8.6 1 200, which were manipulated by
alteringglycerol and yeast extralgvels,were applied to grou€andida freyschussi
ATCC 18737(Raimondiet al, 2014) The conclusion of Raimoneit al (2014 was
thatat thecarbon to nitrogen ratooof 52 and 100vere the best for lipid production

by Candida freyschussATCC 18737

The influence ofa high carbon to nitrogematio on lipid accumulationby
algae cells wasalso observed(Brennan, Owende, 2010; Lam & Lee, 2012)
Nitrogen depletionalong with excessupplementation ofn carbon source was
studied usingChlorella vulgaris and Chlorella protothecoidesto increase lipid
productionfrom 33 %and 38 %to 50 and55.2 %, respectivelyHu et al., 2008;

Lianget al.,2009;Cer6nGarciaet al, 2013.

Excesscarbon supplementatioalong with nitrogen depletion shifted cells
from biomass generation to lipetcumulation as a mechanism to utilise additional
carbon in the form of neutral lipids (Ratledge, WyB602; Papanikolaou, Aggelis,
2011; Braunwald et al. 2013). During lipid accumulation by oleaginous

microorganisms, theiglh carbon to nitrogen ratiplaysakey role
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2.2.2.Volatile fatty acids

In the cell, de novasynthesiof lipids occurs using variety of carbon sources.
The oleaginous microorganismitilize carbon compounds throughwide range of
biochemical reactions and different metabolic pathways to produce -&wsiylthe
first importantintermediatemetaboliteof fatty acid synthas (Garayet al., 2014).
Traditionally, studies assessing lipid accumulation in yeast implicttteduse of
glucose(Ratledge, Wynn2002; Lianget al., 2009; Papanikolaou, Aggelis, 2011,
CerbnGarciaet al, 2013;Braunwaldet al.2013 Wenet al.,2013; Pagnanelit al.,
2014,etc). More recently, ithas been showtiatglycerol could provide carbonfor
both microalgae and yeast growftiang et al., 2010; Chen, Walker, 201Qerén
Garciaet al, 2013;EspinosaGonzalez2014b;Raimondiet al.,2014).

For yeast and algae fermentatiarvariety of low and negativevaluecarbon-
containing feedstocks can be employdtthasbeen demonstrated thi@miod wastes
(Fei et al., 2015),C5and C6sugars from waste cellulosic materials (Santamatiro
al., 2014, waste activated sludge (Lat al.,2016, effluentwaste stock (Wemtal.,
2013),andthe aqueous phasater pyrolysis (Liaret al.,2012) can be used for lipid
production for ipfuels It was shown that olatile fatty acids such as acetic,
propionic and butyric acid$ound in the variety of the feedstocksin beappliedas
sourceof carbonfor fermentatiorof oleaginous microorganisms and lipid production
(Changet al, 2010;Fei et al.,2011; Fontanilleet al.,2012 Christopheet al.,2012;
Wen Q.et al.,2013 Feiet al.,2015. A mix of volatile fatty acidsvas evaluated by
Fei, et al.in 2011,in which acetic, propionic and butyric acids were present in the
media inaratio of 8:1:1. Thehighestlipid content reached bgandidaalbiduswas

27.8 %(Feiet al.,2011) It was eported thaCryptococcuscurvatuscan use 5 g/L
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acetic acid with a lipid yield up to 50 §&hristopheet al, 2012) Fontanilleet al.in
2012determined thenaximalYarrowia lipolytica lipid contentobtainedwas40.7 %
whencultivated on acetatevith a carbon to nitrogen ratiof 50 to 1 (Fontanilleet
al., 2012). The highest lipid contendf 73.4 % wasreported forC. curvatusafter
cultivation in 30 g/L acetate in the ©ha, pH 7.0 witha carbon to nitrogen ratiof
50 to 1 (Gonget al., 2015). Wen et al., 2013 evaluate growth of heterotrophic
microalgaeand consumption of/olatile fatty acidsin the hydrolyzate of waste
activated sludge It was shown thatcetic acid and isovaleric acate the major
volatile fatty acid utilized for Chlorella protothecoides growth and lipid
accumulatiorup to 21.5 %andthe hydrolysate needs to be supplemented with trace
elements fora better biomass yieldWen et al., 2013). Feiet al. demonstrated
48.7% lipid accumulation usingC. protothecoidegrowing on volatile fatty acids
composed ohcetic acid, propionic acid and butyric aocdan8:1:1 ratio(Fei et al.,
2015) It has been demonstrated that the volatile fatty acids caappked for

fermentation ofheoleaginous microorganisn@ curvatusandC. protothecoides.

2.2.3.Biosynthesis oflipids in oleaginous microorganisms

Oleaginous microorganisms can effectively use volatile fatty doidBpid
formation. Glucose, acetate, propionate, and butyrate can all be converted te acetyl
CoA, and then, acet@oA is turned intofatty acids in a process that will be
described below The fatty acid synthesis pathway employing acetate, butyrate, and
propionate, in comparison with the glucose utilization pathway, are shown in Figure

2.1
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Figure 2.1. Fatty acid schematic synthesis pathways derived from glucose, acetate,
butyrate and propionate (modified from Pragtlal.,1994; Duncaret al.,2002; Vital
et al.,2014).

Fatty acids need to be esterified/activated with coenzyme @oAield
activated érm of fatty acid- acetytCoA, where high energy thioester linkage is
present (Pol et al.,, 2014). Acetate is activated into acet@oA through two
reactionscatalyzed by acyCoA synthetase (reactioh and 2), both of which are

ATP-dependentEllis et al.,2010;Pol et al.,2014:

Acetate+ ATP ——> AcylAMP + PPi Q)

Acyl-AMP + CoenzymeA —— Acetyl-CoA + AMP (2
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Similarly, the conversion of butyrateto two acetylCoA using butyryi
CoA:acetateCoA transferaseis possible through formation of butyr@oA in
bacteria cell§Duncanet al.,2002 Vital et al.,2014. In yeast and microalgazells,
the butyrate undergoes-dXidation (reaction 3 (Maggio-Hall & Keller, 2004)
through formation acyCoA thioester andubsequenyielding acetydfCoA (Feronet

al., 2005;Gabrielet al.,2014 Baroukhet al.,2017)

Butyrate +2 ATP +2 CoenzymeA —— 2 AcetyiCoA + 2 AMP + 2 PPi(3)

The nethylmalonytCoA pathway regulate fatty acid synthesis from
propionate.Propionateis first activated into propioyl-CoA (reaction4) and then
conveted into succinylCoA (reactionb), the intermetabolite ofthe tricarboxylic

acid cycle TCA cycle) (Pronket al.,1994).

Propionater ATP + Coenzym& —— PropionylCoA + AMP + PPi (4)

PropionytCoA —— (2S) methylmalonylCoA <—> (2R) methylmalonw

CoA —— SuccinyCoA (5)

After formation of succinylCoA (reaction 6),an intermediate otthe TCA

cycle,the reactions athecycle are triggered and leaded to formation of ag@oA.
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Lipid accumulationoccurs throughsimilar mechanisra in oleaginous yeast
and heterotrophically grown microalgae. Lipid accumulation in yeast and
microalgae cellss a complex process including the productamacetytCoA and
NADH, fatty acid chain biosythesis, generation of neutral and polar lipids due to
allocation of acyl moieties, and lipid droplet formation (Gaeyal., 2014). In
addition, @etylCoA, propionytCoA and butyrydiCoA can be used as a substrate for
condensation with malom@oA. AcetylCoA can be easily replaced by propicnyl
CoA due to their high affinity to NADPH dehydrogenase, when the buGoA has
very small degree of incporation into fatty acids (Bressle® Wakil, 1961).
Biosynthesis of lipids in oleaginous microorganigsforcedby undefregulation of
the AMP deaminase activity due to nutrient limitafioisually nitrogen (Ratledge,
2004; Jinet al., 2015). AMP breatown leads to citrate accumulation throusyh

interrupted TCA cycleRol et al.,2014)

The first step involved imle novolipid accumulation is the production of 1
mol of the key intermediate acef@bA (along with oxaloacetate) from excess citrate
derived from TCA cycleand the production a mol NADPH. To form malony
CoA, acetylCoA is carboxylated bycetytlCoA carboxylase (ACC l{reaction6)

(Ratledge, 2004

HCOz + ATP + acetyiCOA —> ADP + PPi + malonylCoA (6)
ACC1
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This reactionis an ATP-dependent carboxylatiowith biotin as the enzyme
prosthetic group(Ratledge, 2004) Then, sven units of activated aonate
(malonylCoA) are added to acetfloA, adding 2carbon units to the growing fatty
acyl chain until palmitgl-CoA is formed(catalyzed by fatty acyl synthase (FAS)).
Type | fatty acyl synthase (FAS I) in yeast cells facilitates elongation of the fatty acyl
chain. The fatty acyl chain elongation occurs via plastidial FAS Il or cytosolic FAS |
during heterotropic growth in algae cellsPalmitate is a precursor for different fatty
acids formed through subsequent elongation or/and desaturation reactions (Ratledge,

2004;Jacquieet al.,2011;Garayet al.,2014;Polet al.,2014;Jinet al.,2015).

As a third step, the generation of neutral and polar lipids occurs due to
acylation by acylt-phospbansesydffl agt yweartgl
phosphat iTdei pbosphatei gtbupf the phosphatidic acids removed via
phosphatidic acid ptsphataseforming 1,2diacylglycerol and, then, thecw
transferasdransfers the third acyl group from an aGdA molecule to generate a

triacylglycerol(Ratledge, 2004Pol et al.,2014;Jinet al.,2015).

Lipid droplets formation is the final step of lipid accumulation by oleaginous
microorganisms. AccordingtoPetal.( 2014 ) , | i pthaintracellolgs| et s ar e
organelle specialized in assembling, storing, and then supplying digRid et al.,

2014 p. 635. Lipid dropletsconsist ofrandomly packedipids, with the centre
consistingmainly of triacylglycerols with somediacylglycerols, monoacylglycerols
and sterol estersurrounded by monolayer of phospholipiggh perilipin family

proteinscontained withinRatledge, 2004).
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There are several moddlescribinglipid droplet formation. The first two,
the lensing model andbicell formation model involve accumulation of
triacylglycerides between two endoplasmic reticulum membranegth the
phospholipid monolayesurrounding the lipids originating from tloeiter membrane
or both leaflets ofthe endoplasmic reticulunmembrane respectively The third
model, the vesicles modeldescribe the possibility of forming secretory vesicke

directly from the endoplasmic reticulur@oet al, 2009)

Recent functional assays determined solid association of lipid droplets with
the endoplasmic reticulutmembrane Jacquieret al, 2011, Feiet al, 2011). It was
shown thatipid dropletsdo not constitute an independent cytosolic organelle, but
ratherare functionallylinked to the endoplasmic reticulunmembrane Jacquieret
al,, 2011) The seipin homolodrld1p facilitates trafficking of lipids and proteins
between endoplasmic reticuluamd lipid droplets, and regulates the fusion process
(Fei et al, 2011). However, the mechanisms involvéd the maintenance of the
discrete size of lipid droplets, their fusion and riperangactively studying(Wang,

2015).

2.3. Aqueous by-product streams generated from conversion

technologies

Currently lignocellulose derivatives andaste greasess well asoil-rich
algae and yeast biomass #ne preferred feedstksfor thermochemical conversion
to produce liquid fuel¢Brown, 2003;Lee & Lavoie, 2013Elliot et al.,2015; Xuet

al., 2016. Feedstocks subjected tdiigh temperatureeither with or without the
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action of the different catalysts or chemicats transform biomass intthe desired
product liquid biofuel. Lipid conversion routes includdransesterification,
hydrotreating, metatatalyzed deoxygenation, aatdtalyzed cradng, and pyrolysis
(Crocker 2010) The productgieneratednclude fatty acid alkyl esters;alkanes, n

alkenes, aromatics and other chemical compo(Basvn, 2003)

Hydrothermal liquefaction, catalytic pyrolysis, and fast pyrolysise
common, well developed and extensively appliedechnologies(Crocker, 2010;
Elliot et al., 2015; Xu et al., 2016) Lipid pyrolysis can producedrop-in fuels,
without catalyst applicationthat are functionally equivalent to petroleum fuels
(Maher,Bressler, 2007Maheret al.,2008; Asomaninget al.,2014a;Asomaninget
al., 2014h Bressler, 2011EspinosaGonzalez,2014a EspinosaGonzalez,2014h
Jenabet al.,2014). These technologided tothe production ofaqueous byroduct
streamghat can potentially be used for subsequent biofuel gener@&anm et al.,
2009 Paasikallio et al., 2014 EspinosaGonzalezet al., 20143, valueadded
applicatiors (Tsuoko et al., 2015) and recycling optionsEspinosaGonzalez,

2014b) depending on their composition

2.3.1.Hydrothermal liquefaction

Hydrothermal liquefaction is the biomasssbiocrude pyrolysis in water
using temperature from 28071 370°C and pressure betweem-24 MPa(Crocker,
2010). Lignocellulosic biomassas well asmacroalgae and microalgae bionesss
areusually applied as feedstacfor hydrothermal liquefactigrwith biocrude yield

of 35 %, 27 %, and 38 64 % respectively(Elliot et al., 2015) The biocrude

32



recoveredis more deoxygenatedompared to the bioil produced throughast
pyrolysis Because ofthe wide range of compoundsontained within biocrude
need to be upgradedefore it can beombusted for energy production amsked as
biofuel (Jenaet al., 2015) During the hydrothermal liquefactionf organic
compounds up to 40% are distributed into theaqueous byroduct streams.
According to Krochtaet al. (1984, after alkalinethermochemical treatmeruf
cellulose at processingemperatures fror200 - 280°C, significant yields of formic,
acetic, glycolic and lactic acids &re observed at higher temperaturesf 280 1
370°C, the main acids formedereacetic and propionic acid&rochtaet al.,1984).
It was shown by Paasikalliet al. (2014 that afterhydrothermal liquefaction of
lignocelldosic biomass27 i 40 % of the carbon yield in the aqueous-fpduct

phase consisted atetic and glycolic acid$?aasikallicet al.,2014)

2.3.2.Catalytic pyrolysis

Catalytic fast pyrolysis or catalytic pyrolysisadiomassto-bio-oil pyrolysis
with a solid catalyst{Crocker, 201Q) The main product ia partially deoxygenated
bio-oil containing somesolids and water(Crocker, 2010;Black et al., 2016.
Synthetic zeolite as a solid catalyst is typically used in catalytic pyrqRagsikallio
et al.,2014;Black et al.,2016. Carbon yieldof volatile fatty acidsaccountdor up
to 15 %of theaqueous byroduct phase generatddough catalytic fast pyrolysisf
pine sawdusin the presence od HZSM-5 catalyst(synthetic form of zeolite)
(Paasikallioet al., 2014) Catalytic pyrolysis of carbohydrate materialss leeen

shown to generate acetic acid, phenol, hydrozyacetone, acetaldehyde, axtgpgugar
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compoundgPaasikallioet al.,2014). Acetic, formic, propanoic acids, acetaldehyde
and more than 100 others compound were detected in the aqueous phase after
catalytic fast pyrolysis of lignocellulosic feedstock widtalyst ZSM5 by Black et

al. (2018.

2.3.3.Fast pyrolysis
Biomassto-bio-oil fast pyrolysisoccurs very quicklyat high temperatures
from 4807 520 °C (Crocker, 201Q) As the main product of fast pyrolysishe bio-
oil compositionis very complexandrepresents mixtusof oxygenated hywcarbams
with solids and watersimilar to the bieoil obtained througttatalytic fast pyrolysis
were the catalyst is presgiftaadkkallio et al.,2014 Black et al.,2016) Foruse as
biofuel, the bio-oil received after fast pyrolysiseed to be refinedOr gani cs ( F 6
%) , water ( F 15 %) , %)oaee prodicts pf fadpyarolysss) of and cl
wood biomass feedstockBridgwater, 2012) Carbon yieldof volatile fatty acids
accountsfor 5 - 10 % of the agqueous byroduct phase generatédrough fast
pyrolysis. The major compoungisesentare acetic acid, ethylene glycol, propylene

glycol, and phenglPaadkkallio et al.,2014).

2.3.4.Value-added applicationsfor aqueous byproduct streams

The organic material present in aqueouspogductstreans has potential for
recovery and valuadded applications.The aqueous bproduct streangenerated

after thermochemical conversioh biomass has aextremely complex composition.
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For example, esearchers reported the presentaip to 400 compoundsmainly
furan derivativs, carboxylic acids, phenolic compounds and other compoimetiits
agueous byroduct stream after thermochemical conversan lignocellulosic

materialgGarciaPerezet al.,2010).

Some applicationgor valorization of aqueous byroduct strean¥/phase
received through various thermochemical conversiorprocesseshave been
demonstratedFor instance,tiwas shown thahe organicsn the aqueous byproduct
stream thatre generated during bioil productioncan besuccessfullyprocessed to
hydrogen (Leiva-Candia et al., 2014; Magrini, 2015) or methane (Demirel &
Yenigun, 2002) The recoveryof acetic acid(up to 84 %)by reactiveextraction
using trin-octylamine in 2ethykhexanolfrom the aqueous phasebtained through
generatiorof pyrolysis oilwasdemonstratethy Rasrendraet al. (2011). FPoduction
of succinic acid using the transgemischerichiacoli straingrown in modified media
containing 20 % (v/viaqueous phaskom bio oil productionwas investigated by
Wang et al. (2013) The conversion oforganics in theaqueous phasebtained
through pyrolysis for biail productionto acetic acid, acetol, glycolaldehyde and
phenolic derivativedias also been demonstrat@gtasari et al., 2015). It hasalso
been shown that crude glycerol present in the aqueoymdoyct phase after
hydrothermal treatment of oils and fd&spinosaGonzalez,2014b) could serve as
the sole carbon source for both ye@stcurvatusand microalgaéC. protothecoides
growth. It wasreportedby Lianet al, (2012 thatthe @arboxylic acidgpresent inthe
agueous phase after lignocellulosic biomass pyrolysigd be usedor yeastlipid

productio.  Among the many different carbon molecules produced through
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pyrolysis, carboxylic acids was chosen as a main carbon source for yeast
fermentation. Before fermentation was started, the aqueous gbaseatedafter
lignocellulosic biomass pyrolysisas subjected to detoxification aadjustment It
wasreported that after 144 h of cultivation ©f curvatusn the aqueous phasesth

20 g/L of acetateeceived after pyrolysis of lignocellulosic bioma#dse amount of
biomass produeckwas 6.9¢/L and the amount of lipids was 2.2 g(Lian et al.,

2012)

2.4. Conclusion

As waste substrates, yeNoand brown greasess well asbiosolids are
consideed as nonfood carbon feedstocks with a lewand negative value,
respectively. These types of wastean potentiallybe used ashe lipid and water
feedstock for application ina lipid pyrolysis technologyto produce biofuels.The
present concerns about disposal, utilizateomd recycling of the aqueous-pyoduct
waste streamsbtainedafter hydrolysis and pyrolysisay be addressed bwysing

these streams as biorefinery feedstocks.

As an alternative to the firsand secondgeneration feedstocks, oleaginous
microorganisms especially yeast and microalgage themost promisirg third-
generationfeedstocks for renewable fuel productio®@leaginous microorganisms
are ableto utilize the waste substrates to produce biofutdeir high ability to
accumulate lipids, theability to survive the toxic environment of the fermentation

feedstockand theirhigh salt and t@perature tolerance

36



Because of theextremely complex composition of thagueous streams
received after biofuel conversion technologies, the applications of these streams to
grow oleaginous microorganisms are very limiteds far It has been demonstrated
that the main @rboncontaining compounds ithe aqueous streams afteumerous
biofuel conversion technologies arelatile fatty acids As described abovegcent
studies indicate that thafférent volatile fatty acidscan beappliedas the single
carbon sourceas well asin mixtures, for cultivation and lipid production of
oleaginous microorganismdn this study,we are planning toampareand analyze
the volatile fatty acids for oleaginous microorganismd cultivation and lipid
accumulationin specific byproduct streams frontipid pyrolysis In addition,
evaluation of the aqueous Jpyoduct streamsbtained after hydrolysis of 4%
biosolids, brown grease, and their mapes as nutrientsfor oleaginous yeastC.
curvatusand microalgaeC. protothecoideggrowth and lipid accumulation will be
done. As of yet, there has been no report describing the characterizatigridof
pyrolysis agueous byroduct streams, and their subsequent application for growth
and lipid accumulation in the oleagus yeastC. curvatusand microalgaeC.

protothecoides
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CHAPTER 3. MATERIALS AND METHODS

3.1.0leaginous microorganisms

As lipid producers, the yeas€Cryptococcus curvatusand microalgae
Chlorella protothecoidesvere used in this studyYeast extractpeptone dextrose
(YPD) agar media was used for terageof the yeasCryptococcus curvatusThe

yeast inoculum was grown in YPD broth forl24it 30 °C and shakireg 200 rpm.

Microalgae Chlorella protothecoidesvere stored for long term at room
tempeature with a light/dark cyclen APT (All purpose Tween 80) agar medighe
microdgae inoculum vasgrownin APT broth for 72 h at 25 °Gndshakingat 140
rpm to produce algae starter cultur€. protothecoidesvas grown heterotrophically

in all experiments

3.2. Materials

Base mineral media were used for ye@dassanet al., 1993) and algae
(EspinosaGonzalezet al., 2014b) cultivation with glucose and urea as sources of
carbon and nitrogen, respectively. Salts composition in the base mineral media and

thecompanythatthey were purchased from are stated in TaBlé and 3.2.

Difco YPD broth andDifco APT broth were obtained fronBecton,
Dickinson and CompanySparks, MD, USA, agarwas purchasedrom Fisher
Scientific (Fair Lawn, NJ, USA Glucose(99.5 %),urea 98 %), formic acid (88

%), 1-hexanol(99.5 %) N, N-dimethylformamide (anhydrous, 99.6%)d
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Table 3.1.Essential minerals used for growth@f curvatus

Name, Formula | Supplier Concentration o] Essential | Amount of Amount of Added amount of
Purity salt used in basq mineral essential mineralg essential essential
mineral media in base mineral | minerals in minerals **
media biosolids
agueous phase
Potassium Fisher Scientific
fnhoonsg’g‘:;; E@X"”“é"g'o/';”' 7.0g/L K* 2.01g/L 0.41 g/L 5.6 g/L
KHF POt
Sodium phosphat| ACROS Organics,
3?;;'3;}/ drate. g'g‘f,;)‘]ersey’ USA| 5 0giL Na* 0.26 g/L 0.18 g/L 0.6 g/L
NaeHPQ, - 12H0
Magnesium Fisher Scientific
sulfate Fairlawn, NJ, +
heptahydrate, USA. 99 % 1.5g/L Mg? 0.15g/L 0.06 g/L 0.9 g/L
MgSQy - 7HO
Calcium chloridel Fisher Scientific
dehydrate, Fairlawn, NJ, 0.1g/L ca* 0.03 g/L 0.36 g/L N/A
CaCk - 2H,0 USA, 99 %
Iron (I1l) chloride| ACROS Organics,
hexahydrate, New Jersey, USA| 24 mg/L Fe 4.96 mg/L 12.1 mg/L N/A
FeCk - 6H0 98 %
SigmaAldrich
SL?IF:EETCUSQ (D] st.Luis, MO, | 7mg/L C? 2.78 mg/L 0.08 mg/L 6.8 mg/L

USA, 99 %




Zinc sulfate| SigmaAldrich

heptahydrate, St. Luis, MO, 5mg/L zn?t 1.14 mg/L 4.04 mg/L N/A
ZnSQ; - 7H0 USA, 99 %

Manganese  (ll] Fisher Scientific

fr:gfr?éiy drate. E‘gi""‘é"g.} %’1 o | 2MaiL Mn2* 0.65 mg/L 2.71 mg/L N/A
MnSQ, - H20O

Ammonium Fisher Scientific

chloride Fairlawn, NJ, 0.645 g/L 0.645 g/L
NH4CI USA, 99 %

Thiamine SigmaAldrich St.

hydrochloride Luis, MO, USA 40 eg/L 40 eg/L
(Vitamin By) 99 %

ov

* amount of essential minerals in biosolids aquebygproduct phasewas analyzed with amductively Coupled Plasma Mass
Spectrometryat theCanadian Center for Isotopic Microanalydisiversity of Alberta

** added amount of essential minerals was calculated based on difference between amount of essential minerals in baseimineral
and amount of essential minerals in biosolids aqueous phase and recalculated to actual saltiooncentra

N/A - not added
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Table 3.2.Essential minerals used for growth@f protothecoides

Name, Formula Supplier Amount of salt | Essential Amount of Amount of essential | Added amount

Purity used in base minerals essential minerals in biosolids | of essential
mineral media minerals in base aqueous phase minerals**
mineral media

Potassium Fisher Scientific

fnhoonsfg‘;;ﬁ:’ E@X‘f“é"g’% NI 2 ggiL K* 2.01 g/L 0.2 glL 2.5 gL

KHF PC1

Potassium Fisher Scientific

phosphate dibasic, Fairlawn, NJ, 2.0g/L K* 0.89 g/L 0.2¢g/L 1.59/L

KoHPOy USA, 99 %

Magnesium sulfat Fisher Scientific

heptahydrate, Fairlawn, NJ, 1.2g/L Mg?* 0.15g/L 0.06 g/L 0.7 g/L

MgSQy - 7HO USA, 99 %

Manganese (I1) SigmaAldrich

f;'r‘;r@firate’ LthS A’;‘gi’/o MO.[ 72 giL Mn2* 1.99 gL 0.002 g/L 7.2 gL

MnCl> - 4H,0O

Iron (Il) sulfate| SigmaAldrich

heptahydrate, St.  Luis, MO,| 48 mg/L Fe?t 9.64 mg/L 12.1 mg/L N/A

FeSQ - 7H:0 USA, 99 %

Boric acid, Fisher Scientific

HsBOs Fairlawn,  NJ,[ 11.6 mg/L B3 2.03 mg/L 1.89 mg/L 0.8 g/L
USA, 99.5 %

Calcium chloride Fisher Scientific

dehydrate, Fairlawn, NJ,| 10 mg/L cat 2.73 mg/L 365 mg/L N/A

CaCk - 2H,0

USA, 99 %




A%

Zinc sulfate| SigmaAldrich

heptahydrate, St.  Luis, MO,| 0.88 mg/L et 0.2 mg/L 4.04 mg/L N/A

ZnSQ; - 7H0 USA, 99 %

Copper(ll) sulfate| SigmaAldrich

CuSQG St.  Luis, MO,| 0.32 mg/L (ofl 0.13 mg/L 0.08 mg/L 0.12 mg/L
USA, 99 %

Molybdenum(VI1) | SigmaAldrich

oxide, St.  Luis, MO,| 72 pg/L Mo3* 0.048 pg/L 0.002 pg/L 69 pg/L

MoOs USA, 99.5 %

Thiamine SigmaAldrich

hydrochloride St. Luis, MO, 40 eg/ L 40 egl

(Vitamin By) USA, 99 %

* amount of essential minerals in biosolids aqudouproductphasenvas analyzed with alCPMS at theCanadian Center for
IsotopicMicroanalysisUniversity of Alberta

** added amount of essential minerals was calculated based on difference between amount of essential minerals in basdimineral

and amount of essential minerals in biosolids agueous phase and recalculated salactuatentration

N/A - not added




acetonitrile (anhydrous, 99.8 %) were obtained from Siéidach (St. Louis, MO).
Glycerol (glycerin > 95 %)and propionic acid95 %)were purchased from Fisher
Scientific (Fairlawn, NJ, 8A). n-butyric acid(99 %) was procured fronfisher
Scientific (Rochester, NY, USA). The volatile free acid mix was purchased from
Supelco Analytica(Bellefonte, PA. To prepare media and solutiondilli -Q water

was usedMilli -Q, Millipore SAS,Molsheim, France).

Samplesof the aqueous bgroduct streamsvere directly receivedn the
Biorefining Conversiors and FermentationLaboratory, University of Albertaas
prepared and stored airtight containers to prevent loss of volatiks4 °C until

needed They werdhen were usefiasiso with no additional préreatment.

3.3. Growth determination

Two types ofgrowth assessment were used in this study. The first one was
applied to samples growmderstandard conditions in colorless media. The growth
of yeast and algal cultures wdsterminedusing the optical density (OD 600 nm)
parameter witha UV/Visible Spectrophotometer Ultrospec 43B% madeby GE
Healthcare, Piscataway, NJ, USA0 create stndard curvescell dry weight(g/L)

was measured and correlated with the optical density reaBogen, 2011)
For yeast: y = 0.8138 x0.1002 (R= 0.9983)
For algae: y = 1.43913x0.13306 (R= 0.9995)

where x = OD 600 nm and y = cell dry weight (g/L).
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The second one was us® determine the growth geast and algae celiis
colored media andh the media with high concentrations of acepopionic and
butyric acids Briefly, the cell dry weight wadetermined byraditional oven drying

method. Final cell dry weight was recalculated per g per L.

Medium pH was determined directly with a pH meter (Model AB 15 Plus

Fisher Scientific (Fairlawn, NJ)).

3.4. Screening experiments

The tolerance of. protothecoidesndC. curvatugo the agueous bgroduct
after pyrolysis was analyzed using screening procedusslapted from Espinosa
Gonzalezet al (EspinosaGonzalezet al.,2014c) For screening experiment36-
well microplates were used Briefly, 190 el ewvfowsly filtered
agueous byroductstream (produced througbyrolysi§ was added toeachwell.
The sameamount ofbase mineral mediwasadded to the wellto individual lares
(n=12) of a microplatein different dilutions. The positlve control in these
experiments was a well containirthe base mineral media supplemented with
glucoseas a carbon sourcgather than the aqueous -pyoduct stream) As a
control, cultures were also grown using glucose as the carbon source; the amount of
available carbon in this control was equivalent to the amount of carbon from volatile

fatty acids in thevell.

The pH of the aqueous bproduct stream after lipid pyrolysis was 2.4
(original sample) For screening experimentshe pH of the taken feedstoekas
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adjustedto 5.4 and 6.4for yeastand microalgaerespectively,using 5N NaOH
(adjusteds a mp | e) . loOmicecdlgaeoirfoculyng5a%s Wwv) was usedfor
microplate well inoculation The inoculum was prepared using cells washed twice
with corresponding phosphate bufféo ensure no carry over of nutrients
Microplates were incubated at 2% and shakingat 750 rpm in a microplate
vibratory shaker (Heidolph, Schwabach, Germany) for 72 h for yeast and {20 h
microalgae cellsin the dark. Initial and final absorbarsc€OD 600 nm) were
measured usingmicroplate reader (Biotek, Winooski, VT). Experimemtglicates

were monitored for contamination microscopically.

3.5. Batch experiments

In batch experimenisC. protothecoidesnd C. curvatuswere grownin 50
mL of cultivation media in 250 mL Erlenmeyer flaskécetic acid, propionic acid,
and butyric acidand a mixtue ofvolatile fatty acidsvere used in flask cultures with
thebase mineral medidhe amount of volatile fatty acids used was chosen based on
characterization othe aqueous byroduct streams acgad after hydrolysis. The
concentrations of acetic acid, propionic acid, and butyric acid, and nextdre
volatile fatty acidsare specified in Chapters 3.5.1. and 3.5&s a control, cultures
were grown using glucose as the carbon source; the anafuaiailable carbon in
this control was equivalent to the amount of carbon from volatile fatty acids in the
experimental flasks. n ot her experi ments, Aoriginal o
obtained aftehydrolysis of 4 % biosolids, brown grease, and atunex of the two
(/1 (w/w) of the 4 % biosolids and brown greassixed before hydrolysis) were
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used to grow microorganismsTo be used as inoculum, 5 % (v/@) cells were
washed twice using phosphate buffer (pH of the buffer corregppial the pH of
cultivation media), and then -suspended in the same buffer for subsequent
inoculation. Yeass weregrown aerobically at 30°C, 200 rpm, 120 h, and microalgae
weregrown in the dark for 168 h at 23°C, 140 rpm. The groot@. curvatusand
C. protothecoidesvere assessed byeasuringcell dry weighs. Experimental

replicates were monitored for contamination microscopically.

3.5.1.Tolerance of C. curvatus and C. protothecoidesto acetic,

propionic, and butyric acids

Basemineral media was supplemented by @0 g/L of acetic acid, 0 3.5
g/L of propionic acid, andr O i 2.5 g/L of butyric acid for yeasand algae
cultivation. The pH of the cultivation media waadjustedthroughaddition of 5N
NaOH to 5.4 and 7.Gor microalgae and yeast, respectivelyAs a basis for
comparisonC. curvatusandC. protothecoidesvere also grown using glucose as the
sole carbon sourcén this case,ite amount of glucose added to the cultivation media
was equal tahe amount ofvolatile fatty acidsadded (in terms of available carbaa)

maintaina carbon to nitrogen ratiof 100/1
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3.5.2.0leaginous microorganisms growth and lipid accumulation
with acetic, propionic, and butyric acids as a single and mixed

carbon sources

To examinegrowth of oleaginousC. curvatusand C. protothecoidesising
volatile fatty acidsbase mineral mediassupplementedvith acetic acid5, 10, 20,
or 30 g/L) propionic acid1.5, 2, or 2.5 g/L)or butyric acid(0.5, 1, or 1.5 g/L) In
theseexperiments two different ratipd:1:1 and 20:3:1 (acetic acid: propionic
acid: butyric acid, accordinglyyvere used.In the ratio 1:1:]1the concatration of
eachvolatile fatty acidswas 1 g/L in the base mineral media. Additionally, as a
mixed cabon source feedstocla ratio of 20:3.3:1 was usedalong with the base
mineral mediawith the concatratiors of the volatile fatty acidsset at60 g/L for
acetic acid, 10 g/L for propionic acid and 3 g/L for butyric gstdck solution) The
dilutions of volatile fatty acids(20:3.3:) by one(1:1), two (1:2), and hree times
(1:3) weredone according to the initial concentration of eatholatile fatty acids
andtheamount of base mineral media remains constant throughfsua contrglC.
curvatusand C. protothecoidesvere alsogrown usingglucose as a carbaource,
where the amount of glucose added to the cultivation media was equal to the amount
of carbon of addedia volatile fatty acidsto maintaina carbon to nitrogen ratiof

100/1
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3.5.3.0leaginous microorganisms growth and lipid accumulation

with the aqueous byproduct streams

Biomass production and lipid accumulation were assess&il farrvatusand
C. protothecoide#n the aqueous bgroductstreamgecoveredafter hydrolysis o#4
% biosolids, brown grease, and muxes of the twd50/50 (w/w) of 4 % biosolids
and brown grease mixed before hydrolysig)t the Natural Resources Analytical
Laboratory, University of Albertatotal organic carborand total nitrogenin the
agueous byroduct streams were determined using a Shimadzu-W@&himadzu
Corporation, Analytical &Measuring Instrument Division, Nakadyn Kyoto,
Japan) The pH of theaqueous byroduct streamsvas adjusted to 7.0 with W
NaOHbefore its use as a growth mediton both, yeast and alga€. curvatuswas
grown for a total of 120 br 168 hat 30 °C, 200 rpm C. protothecoidesvasgrown

heterotrophicallyfor a total of 168 tor 240 hat 25 °C, 140 rpm

The aqueous bproductstreamafter hydrolysis othe mixed feedstockvas
supplemented by glyceraldding 2340 g/L and 1210 g/L to adjustthe carbon to
nitrogen ratioto 50/1 and 30/1respectively Glycerol consumption was measured
andC. curvatusandC. protothecoidegrowth and lipidaccumulatiorwere evaluated
after 168 h and240 h of cultivation, respectively. Contamination wasnitored

microscopically during experiments.

3.6.Analytical methods

The water conterf the agqueous bgroduct streamwas quantified usinga

gas chromatograph BRUCKER 456 GC equipped \aithaitosampler CF840Q a
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thermal conductivity detector (TCDand a4' x 1/8' Sulfinert Haye Sep R coated
stainless steel columiChromatographic Specialities In&rockville, ON, Canada
packed with 60/8@nesh (180 to 250 um) porous polymer packing matetsdmple
preparation and analysis was done according to ASTM DB8392Anhydrous

acetonitrile vas used as an internal standard.

Volatile fatty acidswvere analyzed bgas chromatography coupled witame
ionization detector(GC-FID) as published by Asomaning et al. (20143 and
EspinosaGonzalezet al. (20143. It was done on an Agilent 7890&C with an
Agilent 7693 series autosampler and injector with a StabiBAxX(RESTEK)
column (30 m x 0.53 mm x 0.5 pmAs a standard was usedlatile free acid mix,
asan internal standard was usedd 1-hexanol. Acidification usingformic acidwas
donefor volatile fatty acid analysis by GEID (Nollet, 2000) The amount of added
formic acid was adjustedccording to sample volunte maintain pH levelst 2.9 -

3.0.

The optal fatty acid composition wasvaluatedby esterificéion with 3N
methanolic HClfollowed by GCFID analyseqEspinosaGonzalezet al., 2014b)
Nonadecanoic acid methyl est@as used as an internal standafebr C. curvatus
and C. protothecoideslipid accumulationwas analyzedby measuredluorescence
usingNile Redas described bipe la Hoz(2012, using a reference standard curve
For this measurementicroalgae biomassf known lipid content (14.1 42.6 % dry
weight basis) and yeast biomasfsknown lipid content (13.1 52.4 % dry weight
basis) were used to produce a standawive (fluorescence signal vs. lipid

percentage) for each experiment.
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The glycerolconcentration was determined usihgh performance liquid
chromatography coupled with refractive index dete{#t®LC-RID) and a Bio-Rad
Aminex HPX87H columnfollowing the method publishedby Asomaninget al.

(20149 andEspinosaGonzalezt al.(20143.

Total amino acids were analyzed usinghigh performance liquid
chromatography coupled with fluorescent detectoHPLC-FD) (excitation at 340
nm, emission at 450 njnusing freezedried C. curvatusand C. protothecoides
biomass.O-phthaldialdehydewas used for direct derivatization of the free amino

acids(Sedgwicket al.,19917).

The amount of essential minerals in the aqueous stream obtained through
hydrolysis of 4 % biosads was analyzed with amductively Coupled Plasma Mass
Spectrometryat the Canadian Center for Isotopic Microanalysldniversity of
Alberta. When used in growth media, essential minerals were added to the aqueous
by-product stream to ensure similar lesvas when base mineral media was used for

general cultivation o€. curvatugTable 3.1) andC. protothecoide§Table 3.2).

3.7. Calculations

Statistical analysis of variana# datafor biomass production, turbidity (OD
600 nm), lipid accumulation, water coeatration, glycerol compositionjolatile
fatty acidscomposiion and amino acids compositiovere done using the unpaired
Tukey test. YHigpificant differen@ed are indicated throughout using

asterisk (Fay & Gerow, 2013).



CHAPTER 4. RESULTS

4.1. C. curvatus and C. protothecoidesgrowth in original and

neutralized aqueous byproduct streams afterlipid pyrolysis

The aqueous bproduct streams wetaken forinitial characterizatiorafter
the hydrolysis and pyrolysis stages aflipid pyrolysis process All aqueous by
product streamsxaminedhad an acidic pH from 2.7 to 4.1 for samples after
hydrolysis anda pH from 2.0 to 2.5 for samples after pyrolysigble 4.lindicates
general baracterizatior(volatile fatty acids glycerol and water contentyf the two
agueous byroduct streamdrom the lipid pyrolysis processgenerated through
hydrolyss of brown greasandpyrolysis ofyellow greasederived fatty acidsThese
results express the means of multipenple characterizatiord the different lipid

pyrolysis runs.

It was determined that the aqueous-fapduct stream after hydrolysis of
yellow greasesamplescontained88.9 + 0.2 %water The water content inhe
samples of thequeous byroduct stream after pyrolyse yellow greasederived
fatty acidswas91.9 + 3.9 %. The composition othe aqueou®y-product streams
from pyrolysis technology process depends on the feedstocks and operation

conditions of the pilot plant
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Table 4.1. Characterization of the sample compositminthe aqueous bgroduct
streans after lipid hydrolysis and pyrolysis

Aqueous byproduct streas

Composition After hydrolysis After pyrolysis
Volatile fatty acids 0.09+ 0.01% 7.8 £3.7%
Glycerol 10.3+£ 0.2 0

Other compounds * 0.7£0.2% 03 £02%
Water 88.9+0.2% 91.9+3.9%

* calculated by difference: Other compounds (%409 %i Volatile fatty acids (%)
T Glycerol (%) 1 Water (%)

Using GCGFID, it was determined that hydrolytic aqueousgngduct streams
received through bench scale application dhe lipid pyrolysis processcontain
volatile fatty acids0.09 £ 0.01 % predominantly acetic aci@0.27 £ 0.02 g/l,
propionic acid(0.15 = 0.04 g/l, and valeric acid0.14 + 0.01 g/l (Figure 4.1).
Similarly, it was determined that pyrolytic aqueous-drgduct streams received
through the pyrolysis processcontain volatié fatty acids as wel(7.8 £ 3.7 %)
predominantly acetic aci@2.1 + 3.2 g/L), propionic acid10.9+ 1 g/L), and butyric

acid(3.6 + 0.8 g/l (Figure 4.2).
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To examine the impadf the volatile fatty acidspresent in the aqueous-by
product stream aftefipid pyrolysis on the growth ofthe C. curvatusand C.
protothecoidesthe pH was adjustedio 5.4 Theinitial screening was done usitige
microplate cultivation methodAs a contro| glucosewas usedat aconcentration
such that thenoles of carbonwere the same as were presenthimwells containing
volatile fatty acids In Figures 4.3 and 4.4, the light bars represent growth on base
mineral medium and various concentrations of glucose. For tkebdes, the same
amount ofthebase mineral medium was used, but the glucose has been replaced with
different concentrations of thequeousby-product streanafter pHadjustment In
this case, the glucose was substituted with an equivalent amount af,daalsed on
the volatile fatty acidslevels determined by G&ID. The aqueousby-product
stream was used either-igg(original) or afteipH adjustmentwith sodium hydroxide

(neutralized).

The data gathered from screengsgerimentof studying the tolerance @.
curvatusand C. protothecoideso aqueous byroducs obtainedafter the pyrolysis
stepshowed that oleaginous yeasind algaecan grow after dilutiorof the aqueous
stream1:64 to 1:256 and 1:128 to 1:25@espectively(Figures 4.3A and 4.4A.
However, after the pH was adjustéae growth ofC. curvatusandC. protothecoides
was observed in the 1:4 and 1:2 dilutioespectivelyas shown on Figure 4.3B and
4.4B. Relative to control data, the growbh both microorganisms wasgnificantly
inhibited. Such growth inhibition suggested presence of the other inhibitory

compounds. Similarly, the sartendency was observed for microorganisms
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growth in samples grown after pH neutralization at the haghcentrations of
aqueous byproducts 1:4 to 1:64 (yeast cells) and 1:2 to 1:32 (algae céils}ther
dilution led toleveling off of the influence of other inhibitory compounds present in

the aqueous bgroduct stream.

This investigation has clearly indicated the sample composition of the
agueous byroduct stream aftehe hydrolysis and pyrolysisteps oflipid pyrolysis.
It was noted that the large amountsvofatile fatty acidsare present ithe samples
of the ageous byproduct stream aftehelipid pyrolysisstage acetic, propionic and
butyric acids in ratio 20:3:1. Based on these data, wecided to use thes®latile
fatty acids as the carbon source for fermentation df. curvatus and C.

protothecoidesn subsequent experiments.

4.2. Acetic, propionic and butyric acids as single and mixedarbon

sourcesto grow oleaginous yeast

Volatile fatty acidsobtained from a chemical suppliexcgtic, propionic and
butyric acid$ were used to grow oleaginous yeast biomass. In this study, we
determined biomasgrowthand biomass yieldn acetic, propionic, and butyric acids
at two different pHs, 5.4 and 7.0For all three acids examinedhe biomass
production ofC. curvatusvassignificantly reduced when cells were grown at pH 5.4
compare to pH 7.Q for all studied acetiacid concentration@=igures 4.38\), for 1.0
g/L 1 2.5 g/L propionic acid concentratioiBigures 46A), for 0.5 g/LT 0.75 g/L
butyric acid concentration&igures4.7A). As shown in Figure 45, the growth of

C. curvatusat pH 5.4 was significantly reduced compared to pH 7.0 for acetic acid
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concentrations of .2 g/L and higher. At pH 7.0, growth ofC. curvatusincreased
steadily and with increasing amounts of acetic acilvhen the acetic acid
concentration was increased fromd & 6.0 g/L at pH 5.4, there was a large decrease
in biomass vyield(Figures 4.8). No significant difference in biomass yield was

observed, whef. curvatuggrown at both pHat 5.0 g/L of acetic acid

At pH 5.4 a propionic acicconcentratiorof 2.5¢g/L in the media inhibied C.
curvatusgrowth. Similarly, 3.0 g/L of propionic acid appears to inhibit growth when
the pH was 7.0.The highestbiomass yield weredetected in the presence 00 /L
of propionic acid in the media (FigureG}t. For butyric acid, concentrations of 1.0
g/L and 2.0 g/L semed to inhibit growth in the pH 7.0 and 5.4 systems, respectively.
In terms of biomass yield, the two pH systems displayed very similar trends, with the

highest biomass yield observed at 0.1 g/L butyric acid.

The pH 7 system outperformed the pH 5.4 sysie terms of biomass
accumulation, with the bestatistically similargrowth occurring with10.0 g/L of
acetic acid,1.5 - 2.5 g/L of propionic acidor 0.75- 1.5 g/L of butyric acid To
provide insight into the consumption of acids®@ycurvatus we performed G&1D
to quantify the amount of acids in the growth media before and after 120 h of growth
(Table 4.2). The GGFID analyses showed that for all of the conditions examined,
after 120 h of growth, the acids were entirely consumed by thd, yedk the
exception of 1M g/L of acetic acid, for which the amount of consumption was 96.2

+ 0.2 %.
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Table 4.2.The acetic, propionic and butyric acids consumptio@.afurvatus

Done in replicate (n=3).

Theoretical Before After growth, o4 onsumed
amount, g/L  growth, g/L g/L
Acetic acid 5.0 51+0.6 0 100
10.0 10.5+ 1.0 04+0.1 96.2+0.6
Propionic acid 15 1.26+0.1 0 100
2.0 1.89+0.2 0 100
2.5 2.54+0.4 0 100
Butyric acid 0.5 046 +0.1 0 100
1.0 0.92+0.1 0 100
1.5 1.42 +0.1 0 100

The actual aqueous iproduct streanproducedafter pyrolysis containsa
mix of volatile fatty acidswith the majorvolatile fatty acidsbeingacetic, propionic
and butyric acids. To investigate the influence afixed carbon source for biomass
production the ratio ofvolatile fatty acidswas initially set at1:1:1 (acetic acid:
propionic acid: butyric acidwith aninitial concentation of eactvolatile fatty acids
of 1.0 g/L (total amount 3 g/L) andsupplemented witlbase mineral media. The
potential of C. curvatusto grow and utilize acetate, propionate and butyrate as a

carbon source in the base nmalemedia were compared to thewth on glucose.

As represented in Figure 4.8Aa difference in gowth was observed
dependhg on which carbon sourcevasused forC. curvatuscultivation. Maximum

biomass concentration was higher when yeast used glucose as a carbon source
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compared to the volatile fatty acids mixtur&€he growth of C. curvatuson glucse
achievel stationary phase at 48 with a maximabiomass concentratiaof 2.2+ 0.1
g/L (Figure 4.8A) Conversely, yeast growth on volatile fatty acids during the 72 h
confirmed consumption of the volatile fatty acids up to 80 % (Figure 4.8B) and
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Figure 4.8. Biomass production (A) and volatile fatty acids substrate consumption
(B) of C. curvatus. Volatile fatty acids were added in the ratio 1:1fone in
replicate (n=3).
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production of 0.9 = 0.1 g/L biomass (Figure 4.8A). Over the next 24 h, yeast cell
consumed the remaining 20 % of volatile fatty acids (Figure 4.8B), and biomass
growth roughly doubled to 2.0 + 0.2 g/L (Figure 4.8A). In addition, foifitse24 h

of yeast growth, nebr 40 % of the initial volatile fatty acids placed in the media
wereconsumedwith preferred consumption of butyric acid, followed by acetic acid,
and finally propionic acid (Figure 4.8B) From 24 ¢ 72 h consumptionof the
volatile fatty acidssteadily increasedwith similar consumption rates observed for
acetic and propionic acids, both of which were higher than thdtubfric acid
(Figure 4.8B) Taken together, these data demonstiiaéeC. curvatuscould grow

on avolatile fatty acids mix.

Next, we investigatedC. curvatusgrowth athigher initial concentration of
volatile fatty acids addedat a ratio of 20:3.3:1 (acetic acid: propionic acid: butyric
acid), supplemented withase mineral mediandat pH 7.0 The maximumamounts
of volatile fatty acidsaused for yeast fermentation were ®@/L for acetic acid, 10
g/L for propionic acid and .B g/L for butyric acid(Figure 4.9; Undiluted) The
dilutions of theinitial volatile fatty acidsconcentrations bgne (1:1), two(1:2) and
three (1:3)old weredone b decrease thiaitial amounts owolatile fatty acids This
was doneo determine the coeatration ofvolatile fatty acidsn the ratio20:3.3:1
that wouldallow C. curvatusto grow and accumulate lipidsAs a contro| glucose
was also used as a carbon soutitemoles of carbonin this control were identical to
that of thel:3 dilution mix of volatile fatty acids The carbon to nitrogen ratizvas
adjusted to 100/1 usingea as a source of nitrogen for all experiment and control

samples.
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The consumption of the undiluted volatile fatty acid mix (acetic, propionic and
butyric acids ratio 20:3.3:1), and with three different dilutions (1:1, 1:2 and 1:3) were
plotted relative to time (hPone in replicate (n=3).
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The influence otheinitial volatile fatty acidsconcentrations o. curvatus
growth wasdetermined(Figure 4.9A). The amountof produced yeast biomass
after 48 h of growth for all samplesgrown using volatile fatty acidsvere
significantly lower tharwhat was observedsing aglucose substrateThe amount of
volatile fatty aciddnt h e dilditedhmedum wastoo high to allowC. curvatusto
grow as virtually no biomass accumulation was observEdis is supported by the
fact that thelowesttotal consumption of/olatile fatty acidswas observedor the
Aundi | ut el & 2 & aohsuroptioa afted68 h of growth (Figure 4.9B).
According to the results shown in Figure 4,%#fgnificant biomass growth after 96 h
of cultivation was observed fdhe threedilutions compare with A uditutedd media
with the 1:3 dilution generating the best resRgure 4.9A) The highest amount
of biomass 4.3 £ 0.04 g/l. was producedhrough use of thd.:3 dilution of the
original volatile fatty acid solutionFigure 4.9A) Amounts and rates afhe
consumedvolatile fatty acidsfrom O h to 96 h of cultivatiorshowed the direct
dependence on the produced amount€.ofurvatusbiomass (Figure 4.9B)After
96 h of cultivation, approximately the same amsufitvolatile free faty acids were
consumed in all three cases, but there were significant difference in biomass
accumulation. The 1:3 dilutioresuledin better overall biomass yields compared to
other tested conditions. It is of interest to note that after 96 hourgntbent of
volatile fatty acids remaining is the same in all three dilutions, but the biomass

produced is so much higher in the 1:3 dilution relative to the 1:2 and 1:1 dilutions.

To investigate thepecificcontributiors of acetic, propionic and butyric ias

in the volatile fatty acidamix on yeast growththeir concentrations were determined
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every 24 hby GGFID (Figure 4.10and Figure 4.11 Theinitial ratio of acetic,
propionic and butyric acidsas20:3.3:1 in thevolatile fatty acidsmix, with acalbon

to nitrogenratio of 100/1.
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Figure 4.10.Volatile fatty acids consumption @&. curvatus The consumption of
volatile fatty acids was examined in growth media containindiluted (A) 1:1
diluted (B)volatile fatty acid mix (acetic acid: propionic acid: butyric acid in a ratio
of 20:3.3:1)andwere plotted relative to time (h), done in replicate (n=3).
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A similar trend of volatile fatty acids consumption was detected for 1:1
(Figure 4.10B) 1:2 and 1:3 dilutiongFigure 4.11A and 4.11B)For instance, in the

first 96 h, butyric and propionic acids were generally consumed faster than acetic
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acid. After 96h of growth, the amount of all acids left in the media was less than 10
%. In all three of the dilution systemd)et main contributor t&. curvatusgrowth

from 72 h © 96 h was acetiacid. Similarly, acetic acid was essentially the only
volatile fattyaci d consumed in the fAundilutedo
between 48 h to 96 hlt should be noted that for all four systems examinbkd, t
actual consumption oécid per g per L was highest for acetic acid because the initial
loading of aceticacid was significantly higher compared to propionic and butyric

acids.

Our studies clearly demonstratece thbility of C. curvatusto grow and
tolerateacetic, propionic and butyric acids as single and mixed carbon solinte
includes growthfacilitated byaqueousby-product streamswhich for C. curvatus
was significantly better when the system vp&$ 7.0 ratherthan pH 5.4. The GC
FID analysis ofvolatile fatty acidsconsumption duringC. curvatusfermentation
showed that higimitial concentrations ofvolatile fatty acidded to growth inhibition.
It was observed thaise ofthe 1:3dilution of volatile fatty acidsresulted in the

highest amount of. curvatusiomass.

4.3. Lipid production by C. curvatususing acetic, propionic and

butyric acids as single and mixed carbon sourse

The acetic, propionic and butyric acidgere addedas a singleor mixed
carbon sourceto the base mineral medidn the lipid accumulation study, the results
of the C. curvatusgrowth using varying amounts ofcetic, propionic and butyric

acids as single and mixed carbon souwese compared to those of grown in control
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experiments using glucose. Biomass growth biomass yield, total lipids
accumulationand lipid yieldafter 120 h of growtlare shown inFigure 412, 4.13,

and 4.14.

In general, based on the datalmomass growth and amount of total lipids,
acetic acid was better carbon source then propionic or butyric acids toQrow
curvatus. The amounts of biomass produced at 120 h of growth for all studied acetic,
propionic and butyric acids concentrations were significantly lower compared to
control samples with glucose (Figure 2A1 4.13A and 4.8A, respectively). The
use of acetic acidoncentrations .B g/L and 300 g/L, compared to the glucose
loading with equal mols of carbon, resulted in a significantly decreased biomass
yield. However, use of hig acetic acid concentrations (D0g/L and 200 g/L)
resulted in biomass yields thaere statistically similar to those obtained using the
appropriate glucose control (Figure 2A). Significantly higher amounts of total
lipids were observed when 1) 200 and 300 g/L of acetic acid were used as a
carbon source fo€. curvatuscells when compared with control data using glucose
(Figure 4.RA). At the same time, no significant differences were observed in the
amounts of total lipids produced using propionic (FigurgA)land butyric (Figure
4.14A) acids, and control loadings using ghse. Using volatile fatty acids, the
highest amounts of total lipids in cells were produced when they were growrOin 20
g/L and 300 g/L of acetic acid, reaching levels of 32.0 = 0.6 % and 38.4 + 0.4 %,
respectively (Figure 42A). The total amount ofipids in the control cells using
glucose as a carbon source at comparable moles of carbon to.Qlggl2énd 300

g/L acetic acid
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Figure 4.12. The performance of. curvatusgrown in acetic (A, Blacid at 168

hours of growthpH 7.0 and C to N ratio of 10D/Biomass yield Y vs) = Biomass
(g)/Utilized substrate (initial residual) (g). Lipid yield Y vs) = Lipid (g)/Utilized
substrate (initial residual) (g).Glucose was used as a controllfpid accumulation

where the amount of the glucose in control samples corresponds (in terms of moles
of carbon) to the stated amounts of the volatile fatty acids as indicesestisk (*)

are indicated ifferences inthe biomass and total lipids produgcéibmass and lipid
yields using volatile fatty acids relative to the glucose control that were statistically
signi f i c adoneirreplicate (0=3)0 5)

71



>
=

'
(4]

Biomass, a/L /Total lipids, ¥
wn
]

] |_X—‘

*
1 i *
15 2 25 15 2 2.5
Propionic acid, g/L Glucose, g/L

mBiomass, g/l OTotal lipids, %

o
e o ©
o =~ oo
1 I 1

=1
o
1

o
[ %)
|

=
]
1

Biomass/Lipid yield, g/g
=
T
*

o
—
1

In N

15 2 25 ‘ 15 2 25

Glucose, g/'L

]

Propionic acid, g/L
mBiomass yield, ¥ (b/s) oOLipid yield, Y (I/s)
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are indicated ifferences inthe biomass and totapids produced, biomass and lipid
yields using volatile fatty acids relative to the glucose control that were statistically
signi f i c adoneirreplicate (0=3)0 5)
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are indicated ifferences inthe biomass and total lipids produced, biomass and lipid
yields using volatile fatty acids relative to the glucose control that wereststatly
signi fi c adoneirgplicate (0=3)05) ,
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sydems was significantly higher, displaying total lipid accumulations of 42.8 £ 0.5

% and 40.4 £+ 0.8 %, respectively.

Interestingly significantly higher lipid yields were detected in th®§/L and
10.0 g/L acetic acid systems relative to the appropriate glucose control systems
(Figure 412B). At the same moment, the biomass yield was significantly higher
when 50 g/L of acetic acidvas usedor cultivation Conversely, for propionic and
butyric acidsthe biomass yields were significantly lower than glucose controls for
all concentrations examind&igure 413B and 414B). No significant difference in
the performance of. curvatusbased on lipid yield were detected when 1.8,ahd
2.5 g/L propionic acid and 0.5 and 1.5 g/L of butyric acid were used as a carbon

source compare to the glucose.

The high amounts of acids present in theliluted volatile fatty acidsmix
media significantly inhibited biomass growth and the lipiddyi@able 43). Despite
this fact, there waanamount of lipid produced®6.9 + 0.8%) as well as 0.16 + 0.02

g/g lipid yieldin the cells that were able to grow (Tabl&)4.

In general, the lipid yield increased with greater dilution factors, moving from
0.09 £ 0.01 g/g in the 1:1 diluted system to 0.26 = 0.01 g/g in the 1:3 dilution system.
The lipid yield for the 1:3 dilution system was significantly higher than control data
evaluated after consumption of glucose (with equal moles of carlbanjhermore,
the 1:3 diluted media showed the highest amount of total lipids produced at 49.2 +
1.2 %, which was again significantly higher than that of the control. It should be

noted that a key difference between the control and 1:3 dilution systems is the
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amount of biomass generated, waf + 01 g/L and 5.1 + 0.2 g/L of biomass being

produced, respectively.

Table 43. The performance o€. curvatuscultures grown in volatile fatty acids.

The control (glucose) corresponds (in terms of moles of carbon) to the amounts of
the volatile fatty acids in 1:3 diluted mediapid yield = Lipid (g)/Utilized substrate
(initial 7 residual) (g)done in replicat¢n=3).

Volatile fatty = Carbon Biomass, Total lipids, Lipid yield,
acids mix amount, g/L % g lipid/g utilized
gL substrate
Undiluted 30.48 0.8+0.2 25.9+0.8 0.06 =002
1:1 Dilution 15.24 25 +£0.2 30.2+1.6 0.09 £0.01
1:2 Dilution 10.20 3.30.1 33.1+28 0.14 +0.02
1:3 Dilution 7.62 5.1+0.2 49.2+1.2 0.17+£0.02
Control
(glucose) 7.62 8.7+01 42.8+0.5 0.21 £ 0.02

In general, thdipid yield increased with greater dilution factors, moving from
0.06 = 0.02 g/gin theundiluted system to A7 = 0.02 g/gin the 1:3 dilution system.
The lipid yield forthe 1:3 dilution systemwas significantlylower than control data
evaluated after consumption of glucodeurthermore, thd.:3 diluted media showed
the highest amount of total ligdproduced at 49.2 + 1.2 ,%vhich was again
significantly higher than that of the contrdt should be noted that a key difference
between the control and 1:3 dilution systems is the amount of biomass generated,

with 8.7 £ 01 g/L and 5.1 £ 0.2 g/L dbiomass being produced, respectively.

The composition of the fatty acidis the lipids accumulated b§. curvatus

was analyzed by CGID after esterification (Figure #5). This was done to track
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possible changes in the fatty acid profile promoted by udifigrent concentrations
of the volatile fatty acid mix as a feedstockhe yeast cells in control experiments
were grownusing glucose addeat concentratioa wherethe amount of carbon in
glucose equédkd the amount by carbon as the 1:3 dilutedvolatile fatty acidamix

of acetic, propionic and butyric acids. The fatty acid profil€ oEurvatusgrown in
glucose was found toonsist mainly obleic (C18:1)33.3% 0.5 %, linoleic (C18:2)
275+ 1.6%, palmiticC16:026.5+ 2.4%, stearic(C18:0)9.8 + 1.5 %, andinolenic

(C18:3) 2.9 £ 0.1 %Acids
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Figure 4.15. Fatty acid composition o€. curvatusgrown in volatile fatty acids.
Asterisk (*)are indicateddtty acid levels that differ significantly p ~ b&weén5 )

the control culture (used glucose as a carbon source) and the culture supplemented
with volatile fatty acids. C16:0 palmitic acid,C18:0 - stearic acid, C18:1oleic

acid, C18:2 linoleic acid, C18:3 linolenic acid, and C20:0arachidic acigddone in
replicate (n=3).
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Significant differencein the composition of fatty acids wemeterminedor
the five different systems examinedOleic acid (18:1) levels were significantly
increased when volatile fatty acids of various dilutions were used instead of glucose.
Conversely, while stearic acid (18:0) levels increased significantitive to the
control when the undiluted or 1:1 dited volatile fatty acids were used, further
dilution of the fatty acid mixture led to stearic acid levels similar to that observed in
the control. Fopalmitic acid (16:0), only the 1:1 diluted volatile fatty acid system
displayed levels that were staitglly different from the control, increasing from
26.5 + 1.5% t0 31.8 + 0.86. Linoleic acid (18:2) was not detected in cells grown
using the undiluted or 1:1 dilutedolatile fatty acids while 27.5 + 1.6 % was
observed in the profil®bserved forthe control condition. Similarly significant
decreases ifinoleic acidto 16.7 + 0.2 % and 21.8 + 0.6 % were observed when
using the 1:2 and 1:3 dilutions, respectiveljhere wereno significant differencgin
the amount ot}inolenic acid (18:3) and achidic acid (20:0) in any of the systems,

with levels below4.0 + 0.1% and0.4 + 0.1%, respectively.

In summary, ourstudes on lipid production byC. curvatusgrown ona
mixture ofvolatile fatty acidsdemonstrated that the amount of total lipids produced
as well aghelipid yield were significantly highewhen the cells were grown in the
1:3 diluted volatile fatty acidsmix. Subsequent analysis of the fatty acid
composition ofC. curvatusgrown usingvolatile fatty acidsevealed changes, with

significantly higher levels of oleic acid in all systems, relative to the control.
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4.4. Acetic, propionic and butyric acids as single and mixed carbon
sources to grow oleaginous microalgae

To study the ability of a microalga€,. protothecoidesto use as a carbon
source acetic, propionic and butyric acids, biomass production was evaluated using
these volatile fatty acids at pH 5.4 or pH TRigure 416, 4.17, and 4.8 The
biomass produmn and biomass yield were assessed after 168 h of heterotrophic
growth where the base mineral media was supplemented With10.0 g/L of acetic
acid at pH 5.4 or 7.0. As shown in Figurd6h, low levels ofC. protothecoides
biomass (up to 0.5 + 0.§/L biomass) can grow in the presence up to 2.0 g/L of
acetic acid in media at pH 5.4. No growth was observed at concentrations of acetic
acid higher than 2.0 g/L at pH 5.4. At pH 7.0, the microalgae biomass increased
gradually as the acetic acid conaatibn in the media increased frair0to 7.0 g/L.
No significant difference was observed for biomass growth when the acetic acid
concentration was 7.0 10.0 g/L at pH 7.0; the amount of biomass produced was
roughly 3.9+ 0.04, 3.85 + 0.1, 3.85 + 0.2,85. £ 0.18g/L, respectivelyfor all four

conditions examined.
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The results ofC. protothecoideshiomass growth in base mineral media
supplemented by propionic acid shown in FigurE/A.and 417B, and by butyric
acid shown in Figure 48A and 4.BB. As shown in Figure 47A and 418A, the
biomass growth decreased significanttigen propionic or butyric acidwas present
in the media compared 0. protothecoidediomass growth in acetic acid (Figure

4.16A.).

At pH 5.4, the highest microalgae biomassoants produced in the three
different volatile fatty acid systems were achieved using 2.0 g/L of acetic acid (0.65
+ 0.01 g/L), 0.5 g/L of propionic acid (0.1 £ 0.02 g/L), or 0.5 g/L of butyric acid
(0.09 £ 0.01 g/L). Conversely, at pH T0 protothecailesgrowth was highest using
7.07 10.0 g/L of acetic acidffom 3.85 + 0.1g/L to 3.9 + 0.02 g/L), 0.5 g/L of
propionic acid (0.21 + 0.04 g/L) or 1.0 g/L of butyric acid (0.16 + 0.01 g/L). As
shown in Figure 46B, 417B and 418B, the biomass yield was significantly higher
at pH 7.0 than at pH 5.4 for growth in the presence of 3.0.0 g/L of acetic acid,

0.57 1.5 g/L of propionic acidor 1.0 g/L of butyric acid. At pH 7.0 no significant
difference was observed for biomasslgief C. protothecoidegrown in 1.0i 10.0

g/L of acetic acid; the cells can reach roughly 0.02 g biomass per mole of consumed
carbon (Figure 416B). In addition, the same biomass yield was determined for
growth at pH 5.4 and 2.0 g/L of acetic acid in maedin contrast, the propionic acid
concentratiorof 0.5 g/L (Figure 417B) or 1.0 g/L of butyric acidFigure 418B) at

pH 7.0 generated the highest biomass yieldtheir respective systents 0.015 +

0.001 g/g and 0.005 + 0.001 g/g, respectively.
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In addition, the results of acetic, propionic and butyric acids consumption
after 168 h of growth o€. protothecoidesvere evaluated. The data from &M
analysis indicate that acids were fgity consumed. As shown in Tabletdin the
presence of B.g/L and 10 g/L of acetic acid, algae cells used 82.2 £ 0.9 % and 62.8
+ 0.1 % of the volatile fatty acids, respectively. In addition, 68.5 + 0.7 % and 39.5 £
0.9 % of propionic acid was used from initial amount 0.5 g/L and 1.0 g/L
respectively. The ammts of butyric acid used when initial loadings were 1.0 g/L

and 1.5 g/L were 75.0 + 0.8 % and 65.9 + 0.2 %, respectively.

Table 44. The acetic, propionic and butyric acids consumptio@.oprotothecoides
after 168 h of growth determined by &XID, donein replicate (n=3).

Experimental amount, g/L

;nrjlf)ﬁﬁflglill_ Befo;ggrowth After growth(Cy) 7 consumetd
Acetic 5.0 493+0.3 0.88+0.1 82.2+0.9
acid 10.0 9.56 + 0.5 3.56 + 0.2 62.8+0.1
Propionic 0.5 0.46 + 0.1 0.14 + 01 68.5+0.7
acid 1.0 0.94+0.3 0.55+0.1 39.5£0.9
Butyric 1.0 0.98+0.1 0.25+0.1 75.0£0.8
acid 1.5 1.52 0.2 0.52+0.1 65.9+£0.2

* - % consumed acid = 100 %Cy»*100/Cy), Gy T acid concentration before growth,
Cal acid concentration after grth.

The potential ofC. protothecoideto grow and utilize acetate, propionate and
butyrate as a carbon source in the base mineral media were compared to its growth
on glucose. The ratio of volatile fatty acids was 1:hdefic acid: propionic acid:
butyric acid) used to evaluate the contribution for biomass productionCof

protothecoidedased on equal minimal loadind\s represented in Figurel®A the
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difference in growth observed depended on the carbon source use@. fo

protothecoidesultivation. The amount of glucose used (black line) was calculated
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such that the moles of carbon present was identical to the amount found in the
volatile fatty acids (dotted line). The carbon to nitrogen ratio was maintained at 100/1
using urea as the nitrogen source. This study showedCthptotothecoidesould

grow m volatile fatty acids mix. Significant differences in biomass production were
observed after 72 h of growttHigh biomass production was detected when glucose
was used as a carbon source. Significant decreases in algae lpomdassion were
noticed wien volatile fatty acids were used as a feedstdalring the first 72 h of
growth, ~45 %of aceticacid ~54 % of propionic acid and ~78 % of butyric acid
were consumed (Figurel®B). For this period, th€. protothecoidebiomass was

0.5 £ 0.16 g/L. The remainingamount ofvolatile fatty acids was entirely consumed

after120 h of growth.

C. protothecoide$ermentationwas then performed using volatile fatty acids
in undiluted media aa ratio of 20:33:1 (Figure 420). Dilution of the initialvolatile
fatty acids mixture by one (1:1), two (1:2) and three (1:3) times was done to decrease
the initial concentrations of acetic, propionic and butyric agfitpures 4.20B). As a
control, glucose was used at a concentration where the moles of ceeberithe
same amount as in the 1:3 dilution of volatile fatty acids.CEnbon to nitrogen ratio
was adjusted to 100/1 using urea as a source of nitrogen for all experiment and

control samples.

The biomass growth results in Figure2@ indicate that tb biomass
concentration obtained in all four volatile fatty acids systems showed significant
decreases compared to algae growth in control media where glucose was used as a

carbon source. Biomass production depended on the initial concentrations of acetic
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propionic and butyric acids (i.e. the dilution of volatile fatty acids). Although all
media supported algae growt, protothecoideproduced higher biomass (8.4 £ 0.1
g/L) in the 13 diluted system than in all other systems containing fatty acids. In
these systems, growth was indirectly proportional to the concentration oaéadty

As shown in Figure 4.28, by 168 h of cultivation in undiluted mediap to 53 % of
volatile fatly acids were consumed. No significant differences in volatile fatty acids
consumption were observed by 168 h of growth for the 1:1, 1:2 and 1:3 media

dilutions

To investigate the consumption of each acid-BB0 was performed using
samples taken every 24 he dstribution of consumipon rates was similar for all
volatile fatty acids containing media. For the first 72 h of growth, up to 70 % of
propionic acidsvas used while the acetic and butyric acids were enadwnly up
to 30 % (Figure 4.21 and Figure 4)21For the next 72 h of growth, algae used
mainly acetic and to a lesser extent, butyric acids (Fig@e 4.22A. Based on the
1:3 dilution systemKigure 4.22B, by 144 hoursC. protothecoidegonsumed ~80

% of the propionic acid, ~98 % of the acetic acid, and ~70 % of the butyric acid.

The GCFID analysis of volatile fatty acids consumption durir)
protothecoide$ermentation showed that initially high concentrations of volatile fatty
acids led to growth inhibition. It was observed that the 1:3 dilution of volatile fatty
acids was the best dilution to grow the highest amou@t giotothecoidebiomass.
Based a this observation of the volatile fatty acids consumption during fermentation
of C. protothecoidesit was noticed that the preference as a carbon source depends

on fermentation time, ratio and their initial concentration.
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4.5. Lipid production by C. protothecoidesising acetic, propionic

and butyric acids as single and mixed carbon sources

In the lipid accumulation study, the results of grow@grotothecoidesvere
compared to growth irhe control experiments after the same period of cultivation.
The performance o€. protothecoidesn glucose was used as a control for lipid
accumulation. To examine the impact of using various volatile fatty acids on lipid
accumulation, cells were cultited in the dark for 168 h at 25°C with shaking at 140
rom using different concentrations of acetic acid, propionic acid, or butyric acid.
Biomass growth, biomass yield, total lipids, and lipid yield sirewn in Table 4.5
The biomass growth @. protothecoidesvas reduced when the cells were cultivated
with different concentrations of acetic, propionic and butyric acids in the cultivation
media (Table 4). Glucose was added such that the moles of carbon was identical

with that of the 3 g/L acetic acid systenil C mol/L).

The biomass growth (Figure 28), biomass yield (Table 4.5) and total
amount of produced lipids (Figure24) were significantly decreased for any volatile
fatty acids system as compared to that of the control. The lipid yield
significantly decreased when algae were cultivated in 80.0 g/L of acetic acid as
compared to that of the control. In contrast, lipid yiel@oprotothecoidegrown in
propionic and butyric acids was significantly increased to ©®87 g/gand by 0.42
- 0.76 g/g, respectively (Table 4.5)t should be noted that the amount of biomass

produced in these systems were significantly lower than the control (Fig3je 4.
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Table 4.5. The performance o€. protothecoidegyrown in acetic, propionicand
butyric acids at 168 hours of growth, pH 7.0 aagbon to nitrogen ratiof 100/3,
where Y(b/s)= biomass (g)/utilized substrate (initiaresidual) (¢ and Y(I/s)= lipid
(9)/utilized substrate (initidl residual) (g)done in replicate (n=3).

Caribon Carbon amount, Biomass yield, Lipid yield,
source mol/L Y (b/s) Y(I/s)
Acetic acid, g/L
5.0 0.17 0.44 + 0.00 0.14 +£0.01
10.0 0.33 0.40 £ 0.02 0.13 +£0.02
20.0 0.67 0.34 +£0.02 0.11 +0.03
30.0 1 0.37 +£0.04 0.11 +0.03
Propionic acid, g/L
15 0.06 0.54+0.01 0.57 £0.07
2.0 0.08 0.46 +£0.01 0.54 + 0.02
2.5 0.1 0.44 +£0.01 0.55+0.05
Butyric acid, g/L
0.5 0.02 0.44 +£0.01 0.76 +0.07
1.0 0.05 0.35+0.04 0.52 + 0.02
15 0.07 0.22 £+ 0.02 0.42+0.01
Glucose, g/L
30.0 1.0 0.58 +0.01 0.17 +£0.04
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Biomass production, total lipid accumulation ad yield shown forC.
protothecoidegrown in the undiluted volatile fatty acid mix (acetic, propionic and
butyric acids ratio 20:3:1), or the 1:1, 1:2, and 1:3 dilutions are shown in Tal@le 4.
The control was standardized accordingttie amount of carbon loaded into 1:3
dilution culture media recipe for lipid production By protothecoidesThe biomass
production and total lipid accumulation were reduced when the algae cells were
cultivated in volatile fatty acids media. For the atdé fatty acid systems, the
maximum biomass production (8.6 = 0.2 g/L) and lipid accumulation (48.6 = 0.8 %)
were achieved when algae were grown using the 1:3 dilution. In comparison, the
control with glucose as a carbon source resulted in biomass poydat11.1 + 0.3

g/L and total lipids of 52.1 + 1.5 %.

Table 46. The performance of. protothecoidegultures grown using mixtures of
volatile fatty acid. The control (glucose) corresponds (in terms of moles of carbon)
to the amounts of the volatilfatty acids in 1:3 diluted mediaipid yield = Lipid
(g)/Utilized substrate (initial residual) (g) done in replicate (n=3).

Volatile fatty Carbon Biomassg/L Total lipids, %  Lipid yield,
acids mix amount, g lipid/g
g/L utilized

substrate

Undiluted 30.48 24+05 27.3+£0.2 005+0.1

1:1 15.24 3.0£05 309+1.0 0.17 £ 02

1:2 10.20 49+0.2 442 £0.2 018 £0.1

1:3 7.62 8.6+0.2 48.6 £ 0.8 0.19+00

Control
(glucose) 7.62 8.810.1 52.1+15 0.21+05
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Lipid yield observed folC. protothecoidegrowth in 1:3 volatile fatty acids
dilution to 0.B + 0.0 g/g as compared to lipid yield in the control media with glucose
0.21 + 0.5 g/gwas not significantly different Based on the amount of consumed
carbon after 168 h of. protothecoids growth no significant difference between
lipid yields in undiluted volatile fatty acid mix or the 1:1, 1:2, and 1:3 dilutions were

observed (Table 4.6).

Changes in the fatty acid profile during growthGfprotothecoidessing the
volatile fatty acidmix as a feedstock were then examined. Ghantificationof the
fatty acids from the lipids accumulated 8y protothecoidesvasdone througCG-

FID after esterification (Figure 25).
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Figure 425. Fatty acid composition o€. protothecoideggrown in volatile fatty
acids.Asterisk (*)are indicateddt t y aci d | evels that di ffer
between the control culture (used glucose asadon source) and the culture
supplenented with volatile fatty acidslone in replicate (n=3L14:07 myristic acid,

C16:0- palmitic acid, C18:0 stearic acid, C18:loleic acid, C18:2 linoleic acid,

C18:3- linolenic acid, and C20:0arachidic acid
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As a control, the fatty acid profile &. protothecoidegrown in glucose was
examined, where glucose was added to the cultivation media in an amount equivalent
(based on moles of carbon) to the 1:3 diluted volatile fatty acids Tre. fatty acid
composition of C. protothecoideggrown in glucose (control) was found to be
predominantly oleiqC18:1)at 53.3% 0.5 % linoleic (C18:2)at 23.7+ 0.6 %and
palmitic (C16:0)at14.4 + 1.2 % acidwith minor amounts o$tearic acid (C18:0at
4.7 £ 0.6 %, linolenic acid (C18:3)t 2.9 + 0.3 % myristic acid(C14:0)at1.4 + 0.2
% andarachidic aciqC20:0)at0.3 £ 0.1 % Significant differences in the fatty acid
composition ofC. protothecoidegyrown in volatile fatty acids mix were found
(Figure 425). The major fatty acid in the profile of algae grown in undiluted and the
1:1 diluted media was palmitic acid, reaching 62.1 = 0.6 % and 70.9 = 1.2 %,
respectively. For the fatty acid profile @f. protothecoidegrown with undiluted
fatty acd mix, we observed significant increases in stearic and myristic acids, and
unsaturated fatty acids were not detected. For example, the concentration of myristic
acid was significantly increased to 12.4 + 0.6 %, while the concentration of oleic acid
was educed to 6.4 £ 0.2 %. The concentration of oleic acid was significantly
increased to 62.9 + 0.3 % and 64.0 = 0.8 % when algae were grown using 1:2 and 1:3
diluted volatile fatty acids mixture, respectively, as compared to that of the control
and growth wvith the undiluted and 1:1 diluted fatty acid mix. Conversely, compared
to the control, use of the 1:2 and 1:3 diluted fatty acid mixtures resulted in

significantly lower proportions of linoleic acid.

In the study of lipid production b@. protothecoidegrown with a volatile

fatty acids mix, we demonstrated that the amount of total lipids produced, as well as
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lipid yield, were significantly higher when the cells were grown in the 1:3 diluted
volatile fatty acids mix, compared to other volatile fatty asydtems examined.
Analysis of the fatty acid composition d@. protothecoidesgrown in higher
concentration of volatile fatty acids present in the fermentation media (undiluted and
1:1 diluted) displayed enhanced amounts of saturated fatty acids. Adtitjo
enhanced amounts of unsaturated fatty acids were observed during ferment@tion of

protothecoidesn 1:2 and 1:3 diluted media.

4.6. Evaluation of feasibility of the aqueous streams produced
through hydrolysis of biosolids, brown grease, and theimixtures as
feedstocks for oleaginous microorganisms growth and lipid

accumulation

The aqueous bgroduct stream after hydrolysis of biosolids (4%) was
characterized; the water content, volatile fatty acistent (Table 4)7 amino acid
content (Figure4.26, 427), and amounts of total organic carbon and total nitrogen
(Figure 428) were determined. The aqueousgrpduct stream after hydrolysis of 4

% biosolids contains 99.8 + 0.1 % water as determined byf G analysis.

Determination of volatile fay acids in the aqueous {pyoduct streams after
hydrolysis of 4 % biosolids, brown grease, and their mixtures were done {RI5C
The aqueous bgroduct streams after hydrolysis of 4 % biosolids mainly consists of
acetic, propionic, and butyric acidg)cathe total content of volatile free acids was
determined to be 2.55 £ 0.3 g/lThe same main volatile free fatty acids that were

predominantn sample compositiowereobserved after hydrolysis of brown grease
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Table 47. The volatile free acids content (g/L) in samples after hydrolysis of 4 % biosolids, brown grease and mixtures of 4 %

biosolids and brown grease (50/%0w), done in replicate (n=3).

Acetic acid Propionic  Isobutyric  Butyric acid  Isovaleric  Valeric acid Isocaproic Hexanoic
acid acid acid acid acid
Biosolids 1.02+0.2 0.83+0.1 BDL 0.41+0.1 0.07+0.01 0.12+0.03 BDL 0.11+0.03
Brown
grease 0.32+0.03 0.17+0.01 BDL 0.26 £+ 0.02 BDL 0.08+0.01 0.11+0.04 BDL
Mix* 2.11+0.1 0.23+0.04 0.07+0.01 0.23£0.04 0.27+£0.02 0.07+0.01 BDL BDL

* - biosolids and brown grease mix (50/50; w/w).



In the aqueous byroduct water samples after hydrolysis of brown grease the
total concentration of volatile fatty acids was 0.84 + 0.05 g/L. The aquecus by
product streams produced through hydrolysis of the brown grease/biosolids mixture
contained 2.11 £ 0.1 g/L acetic acid, 0.23 + 0.04 g/L propionic acid as WeRk2s
0.04 g/L butyric acid, and 0.27 + 0.02 g/L isovaleric acid'he total amount of
carbon in the form of volatile fatty acids was 2.98 + 0.2 g/L in the aquecus by
product streams after hydrolysis of the brown grease/biosolids miXtaeeamount
of acetic acid in the mture wassignificantly higher than the amount of acetic acid
in biosolids and brown grease separatelyisTimplies that mixing the biosolids and
brown grease and subsequent hydrolysis promotes acetic acid production in the
agueous byroduct stream. Quwersely, the amount of propionic acid as that found
in the aqueous bgroduct stream after hydrolysis of brown grease or biosolids are
significantly lower than in the aqueous iproduct stream after hydrolysis of

biosolids.

The amino acid composition the agueous bgroduct streams after hydrolysis
of 4 % biosolids or brown grease was determined using HPLC coupled with
fluorescence detection, and the results are shown in FiguBés athd 427,
respectively. The total amount of amino acids \gaantified in the aqueous by
product streams after hydrolysis of 4 % biosolids at 179.9 + 1.2 mg/L. The major
amino acids detected were leuceted42.2 + 0.6 mg/land alaninet0.4 + 0.4 mg/L.
The minor amino acids identified were glutamate, glycine, argjnityrosine,
methionine, valine, and isoleucine. In addition, the total amount of amino acids was

guantified in the aqueous {product streams after hydrolysis of brown grease at 49.6
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+ 0.8 mg/L. The major amino acids detected were phenylal@&&irte+0.1 mg/L,

The minor amino acids detected wgrsine, methioningglutamateandvaline

Amino acid content, mg/L
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Figure 426. Free amino acid content in the aqueousphlyduct stream after

hydrolysis of 4 % biosolidslone in replicate (n=3).

Figure 427. Free amino acidcontent in the aqueous 4pyoduct stream after

hydrolysis of brown greaséone in replicate (n=3).
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