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Abstract

Increasing global energy demand u pl ed wi th the environment al

like global warming, reinvigorated the need for the commercialization and development of
alternative renewable energy sources such as biodibEeloalgae are considered a
sustainabléeedstocKor the commercial production of biofudiecause they need not compete
with food productionand they can use G@nd sunlight to produce the lipids needed for
biodiesel productionRecently the idedo directly convertunbroken and wet microalgde
biodieselviain situtransesterification has drawn attentiblowever thehighmoisture content

in microalgaebiomass is still anain limiting factorfor in situtransesterification process

The overall objective of this work was to develop and optimize the direct conversion of wet
microalgae biomass into biodiesel usarmgonic liquid catalyst. This process reduces the total
operational stepthroughthe simultaneous extraction and transesterificatiomtofcellular

lipids fromalgae biomasandeliminaing the need for an energgtensive drying step.

Four types of tetrabutylphosphonium carboxylate ionic liquidss{(fCA]) were
synthesized and we used to transesterify refined cooking oils (sunflower, canola, and corn
oil) into biodiesel, and for the direct transesterification of wet microalgae bid@asslgari9
into biodiesel.Phosphonium carboxylatenic liquids were found to be good cayats for
transesterification in the presence of methanol and capable of both cell disruption and
transesterification in a single stéfhe leading candidatenic liquid ([Pzs24[Formatg) was
selected for more wdepth characterization of the effect obpess variables ofatty acid
methyl este(FAME) yield. The FAMEs composition and the major properties of synthesized
biodiesel from both cooking oils and microalgae were calcul@tidynthesized biodiesels
fulfilled the biodiesel properties stipulated in the ASTM D6#id EN 14214 biodiesel

standards



The effects of reaction parameters including ionic liquid anion size, reaction time, reaction
temperature, the mass ratio of ILrtocroalgae biomass, and the water content of microalgae
on FAME yield were investigatedhis process was further optimized using response surface
methodology (RSM)The optimal reaction conditions for the FAME yields found to require
areaction time 4.6 h,areaction temperature of 102G} IL:microalgaemass ratio of 4,

and water content of 404 The FAME yield at these conditions wagredicted to be
98.0+ 2.48% Finally, the reusability of the ionic liquid was verifiethe major propertiesfo

the synthesized biodiesel from both cooking oils and microalgae were calcukiteglthe
FAME composition of the resulting biodiesélinally, the reusability of the ionic liquid was
verifiedwhich will be necessary to reduce the environmental impaiceet transesterification

process
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11l ntroducti on

1.1 Research Background

|l ncreasing gl obal energy demand coupled with

like global warming, reinvigorated the need for the commercialization and development of
alternative renewable energy sources such as biodiesel. Howes@mpetiton of biofuel
production with food productiohas led to a series of problems, such as increases in food
prices andthe overuse of agricultural lanfl, 2]. Microalgae are considered a sustainable
feedstock for the commercial production of biofuels bseaheydo not need taompete with

food productionand they can use G@nd sunlight to produce the lipids needed for biodiesel
production[3, 4]. Compared with conventional sources of biofuels such as edible and non
edible fuel crops, microalgae haligher photosynthetic efficiengyhigher growth ratethan
traditional land cropsand can be cultivated in brackish or wastewd&er§]. Moreover, many
microalgae species such @hlorella sp, Phaeodactylunsp, Nannochloropsissp, and
Chaetocerosp.can accumulate a substantial amount aof thiemass aipids (25 to 75% per

dry algae weightyvhich are usedbr biodiesel productiofi].

Despite these benefits, there are still some technical and economic bottlenecks that must be
overcome to makehe production of microalgae biofuels @stcompetitive industry.
Microalgae biomass contains more than 60miater inside the cells after harvesting and
dewatering. To use conventional methods of lipid extraction, microalgae biomass must be
dried to a water content of less than 1[849]. This requires a significant energy investment
increasing the processirgpsts[1l]. The extraction process for microalgae starts with cell
disruption using either mechanical, chemical or biological methods, followed by lipid and oll
extraction using organic solvenits0, 11] This can be challenging in microalgas some
speciesmay have a complex and rigid cell wall, which significantly hinders the disruption step
[12].



The extracted lipid oil is converted into biodiesel by transesterification in the presemce of
alcohol (most commonlymethanadl and an acid, base, tieterogeneous catalyfit2-15].
However recently the idea of direct use ahbroken andwet microalgae viain situ
transesterificatiofor biodiesel production in order teduce the number of steps and decrease
the processing costs has drawn attenfid$19]. Generallyjn situor direct transesterification
refers tathesimultaneous process of oil extraction and conversion into fatty acid methyl esters
(FAMES) directly from whole biomask situtransesterification streamlines and removes the
expensive cell disruption and drying steps, potentially reducing the overall energy
consumption for the process and decreasing the losses in yield that are intrinsically
compounded by an increased number of processing [@8422]. However, high moisture
content in microalgae biomass is still a main limiting factorifositu transesterification
processe as the synthesis of FAME is a reversible procassl the presence of water can
hydrolyze the product converting it to free yadicids (FFAs) and methanol ag§n 23, 24]

Furthermore, conventionain situ transesterification processes use expensive or
unrecoverable catalysts and/or organic solvents, which emit volatile organic compounds
(VOCs) that areharmful to the environenmt [25]. Pretreatments aralso often necessary,
although undesirable as they add additional cost and each additional step results in
additional loss in yield. Some of the pretreatments reported are expensive, have a high capital
cost, or are not ameable to scalkelp such as ultrasonication, microwaweadiation or
supercriticaffluid extraction[1, 26-28]. Therefore, it is vital to explore alternative methods to
address these challenges in order to advance the search for environmentallygrsreiges
for the production ofenewable liquiduels thatarecostcompetitive withunsustainalafossilt

fuels.

lonic liquids (ILs) have been shown both facilitate lipid extractior1, 7, 25, 2931] and
to facilitatethe in situ transesterificatiorprocess from wet microalgae usiaghomogenous
basecataly$ [19]. | L s, al so known as fAgr &lage nunbes ofgner

possible anion and cation combinations and their relatively high chemical and thermal stability,



nonf | ammabi lity, l ow volatility, l ow mel
[8, 3234]. Some ILs can dissolve recalcitrant biopolymdike lignin and cellulose by
disrupting their hydrogebonding network leading researchers to explore their use in cell

disruptiontechnologiess many algae species possess cellulosic cell jAabd, 36]

1.2 Research Objectives

The overall objectig of this work was to develop and optimize the direct conversion of wet
microalgae biomass into biodiesel usengionic liquid asthe catalystin order toreduce the
total operational steps lmpmbining theextraction and transesterificatistepsand elminaing

the need for an energgtensive drying stepro the best of our knowledge, basic ionic liquid
catalysts have not been tested ifositu transesterification for simultaneous lipid extraction
and biodiesel production from microalgdéhe researclobjectives can be divided into the

following tasks:

1. Identify room temperature ionic liquids capableminsesterifing refined cooking oils
(sunflower, canola, and corn oil) into biodiesas,well asdirecly transesterifing wet

microalgae biomass intuodiesel.

2. Study the effects of reaction parametarsluding ionic liquid anion size, reaction time,
reaction temperature, the mass ratio of IL to microalgae bigraadghe water content

of microalgae on FAME yield.

3. Optimize thereaction conditions used fam situ transesterification of wet microalgae

into FAME using response surface methodology (RSM)

4. Evaluate the reuse/recycling of the ionic liquid.

ti

ng



1.3 Outline of Thesis

This thesis is divided into five chapters. Chapter 1 oceslithe research background and the
specific objectives of this work. Chapter 2 presents a literature review of different processes
using in situ transesterification of microalgae into biodiesel to give a fundamental
understanding of this process. It alsscdsses the different generations of biodiesel and the
direct transesterification mechanism. Chapter 3 provides the details of materials, methods, and
experimental procedures followed during each research. stge experimental results are
presented ithe fourth chapterand the research findings are discussed and evaluated. Finally,
in chapter 5, the research is summarized, conclusions are made, and pgossiblevork

avenuesre outlined.



2 Literature Revi ew

Biofuels have garneredyrowing interest globally as a result of the limited fossil resources and
volatile fuel costs[22]. Conventional sources of energge gas, oil, and coare non
renewable. The usage of these traditional sources usually causes sigd#ioagito the
environment by raising the atmospheric load of@&Ad greenhouse gases (GHE3J].
Regulation 2009/28/EC of the European Parliament and Council was adopted to ent@urage
use of biofuels and other renewable fuels for transportation objectifeestablished a
compulsory goal to raise the portion of biofuels used globally for transpofétion all fuel
consumption by 202[20]. Thereforethere is a global effort underway to increase the use of
renewableenergy sourceand minimize the pdution triggered by fossil fuel consumption
[37]. The wse ofrenewable energy sources has been rising quickly in théelastears, and
this trend is expecte continuein the futureas it will be reinforced by a predicted increase
in global energy demand 080% by 2040[37]. The benefits of biodiesel compared to
conventional fueinclude its low-toxicity and superiolubricity, which have beewell
recorded22].

Based on th&uropean Academies Science Advisory Council (EASAC) report0iR 2
biodiesel is generally categorized as first (FGB), secd®@B) orthird (TGB)
generationThesegenerations are mainly based upon the omfithe feedstockmaterialof
thebiodiesel. In contrastfourth-generation biodiesel, now in the early stagf a primary

investigation, idased orthe genetically modified (GM) algd2].

2.1 Generations of Biodiesel

Firstgeneration biodiesé produced from edible food crops suchpasm oil, corn oil,canola
oil, and othewegetable oils. Using edible feadsks to produce biodiesel was popular at the
start of the biodiesel era. The availability of crops and relatively simple conversion procedure

are significant advantages of fugéneration feedstock38]. These feedstocks' disadvantages

5



relate to foodsecurityissues asdemand for food increases withe increasing global
population andlirecting food crops towards energy productios haeady been shown to
increaseod prices[39]. Furthemore, there is a limited amount of global arable land for food
production and these crops are seasonal limiting the production depending on climate,

promptingresearchers to look falternativefeedstockgor biodiesel production [6].

Seconégeneration biodiesel (SGHke other secondjeneration biofuels isroducedrom
nonedible feedstocksuch asion-edible plant oils likelatrophaoil, waste cooking oils, and
animal fats like tallowj40] . It can also include oleaginous microorganisms grown on waste
feedstocks for lipid productiofl]. SGB alleviates many of the concerns abdeGB by
producing biofuels fronwaste productsather than foodrops[5]. Moreover, many of the
purpose grown biodiesel crops litatropha curcusequirelessland for farmingand can use
land unsuitable for current food crogg. Waste cooking oiin particular is veryeconomical
but highly heterogeneous raw material for the production of biodiesel. Using waste cooking
oil for biodiesel productioralso decreasemndfilling and water contaminatiorby waste
cooking oils[42]. Neverthelesghese oilgdend to bdess suitable for biodiesel production due
to their highFFA content which generates soap during traditional transesterification processes
[43].

Finally, the biodiesel generated from microalgaedescribed as thirgeneration biodiesel
[43]. Using microalgae as a feedstoalkeviates the concerns of all previous generations of
biodieselwith respect to food security issues in addition to having an even smaller impact on
the environmen{44]. A summary of the three generatioasd their primary feedstocks,

benefits ananajor limitationsare shown irFigure 2.1



1 \  Feedstocks: Palm oil, soybean oil, corn oil, cancla oil, jatropha oil

Generation
Biodiesel

Feedstocks: Non-edible oil crops, waste vegetable oil, animal fats

2I1d
Generation
Biodiesel

Feedstocks: Microalgas, macroalgae
g = . .
Generation:
Biodiesel

Figure 2.1: Biodiesel generationsasedn feedstock45]

2.2 Algae as a Biomass

Research to obtain fuel from algae is not new. It was initially propogbe #9505, and with

the oil crisis in the 1970s, several publitindedresearch progranisegan but when the crude

oi |l price fell ( ar o uthiglrese¢atclewas Halted. Yoday this tomcpsp | | ¢ a't
again at the forefront, witlmany governments and companies investingrésearch and
development. Thus famany algae species have been tested, @tidation and oil extraction
technologies have been improveshd severalpilot plants have been constructgib, 47]
Interested parties include tB&energy Technologies Office of the U.S. Department of Energy
(US), the Algal Bioenergy Special Interest Group of Natural Environment Research Council
(UK) and theMinistry of Science and TechnologyMCT (Brazil) [48-50]. There have also
beena number ofprivate investments from companies such as AlgenalisB Petroleum

Shell, Chevron, ExxonMobil, and othdEl].



There are more than 30,000 speciealghe describefl2]. When classified by size, algae

aredivided into:

1 Macroal gae ( thdtisedludarv plantd (ldrge : algae, visible without a
microscope) growing in salt or freshwater. They can be brown seaRbadqphycege
red seaweed Rhodofnwycea¢, and green seaweedl{lorophyceag based on their

pigmentatior{52].

1 Microalgae: unicellular photosynthetic microrganismghat aresukaryotic organisms
containng chlorophyll A and a plastid. This excludes cyanobactarach are a type of

baderia, not algae, althoughe v er al bi ofuel sé6 studies incl
properties and potentifd3].

Microalgae can grow autotrophically (when supplied with light,»G@d nutrients),
mixotrophically or even heterotrophically (usingganic substrates such as sugars).
Heterotrophic growth may also enhance lipid producf&8]. Microalgae are cultivated in
aguatic media (seawater, freshwater, brackish water and domestic and industrial effluents)
using nutrients and CQas inputs. The nutrients, mostly nitrogen and phosphorus, can be
provided from fertilizers or wastewater, while the G4®usually provided by a pump system
from power plants or industries that emit this gasduction of 1 kg olgae biodiesainay
requre up to 3726 kg water, 0.33 kg nitrogen and 0.71 kg phospfwataout recycling the
wastewate);, while recycling the wastewater can result8f% less water usage and 5%%s
nutrients[54]. This is critical since the nutrients used for microalgalévation are also used
for agricultural fertilizers anthe overse of fertilizers wouldead to similar concerns to those
of first and secon@enerationbiodiesel Researchers conclude that the only -affgctive
strategy to produce microalgae on eg&ascale would beonstructingthe facility close taa
source of nutrients and G(J53]. However, microbyae can grow on nearable land irmany
different environments (even under harsh conditions), so thelitker no negative impacts

expectedrom land-use changgs3].



The advantages of usingicroalgae as feedstoadompared to traditional oil cropaclude
[55-58]:

1 Nonfood based resource

1 Non-productive land can be used taeir cultivation

91 Higherarea productivity

1 Canaccumulate aigherlipid content(more than 40% wt. of their dry biomass,
compared to 25% of rapeseed)
Higher photosynthesisfficiency (10% compared to 1%or typical crops)
Fasergrowthrate

Application of pesticides, herbicides or fungicidesot recessary

= =2 =/ =

Can use waste sources of £md100 tomes of microalgae biomagsan fix 183

tonnes of CQ
1 Microalgae can produce other valadded products

1 Microalgae biofuels have superior fuel characteristics

Microalgaelipids arecomposed ofriacylglycerices (TG) containingfatty acids from 12
to 22 carbons in lengtibut predominantly C16:0, C18:1, and C18which isa favourable
fatty acidprofile for biodieselproduction[59]. After lipid extraction, the remaining biomass
containing mainly starch and protean be used to produce other biofuels, such as jet fuel,
biogas, orethanol[60]. Some valueaddedproducts including animal feed, antioxidants,
colouring substances, fertilizers and soil conditioners, cosmedicd, pharmaceutical

compounds can also be extracted from the lipid extracted algae [REJA)



2.3 Transesterification of Lipids

After lipid extraction, Ibdiesel (fatty acid methyl or ethyl esteFAME or FAEE) is produced
by the transesterification and esfieation of TGsandFFAsfrom bidogically derived oilsin
the presence of an alcohol and catalgdfl. The first patent for biodiesel production from
vegetable oilsvas published inthe 1940461]. Since itsinception the princi@l steps of the
proesshave not changed significantly on a large scale, where biodiesel is pragilcgdn

alkaline catalyst in batch or flow react$éz].

The transesterification reaction happens in three stagghownin Figure 22. TG and
FFA react witHhow molecular weighalcohol (usually methanol or ethanol) in the presence of
a base or acid catalysthe catalyst can be alkaline, acidic, or enzymatic with sodium
hydroxide (NaOH), potassium hydroxide (KOH) and sulphuric acidgéi@ most commonly
used[63]. The reaction produces glycerol as aproduct. The stoichiometry requires 3 moles
of alcoholfor each mole off G, butto achievea higher yielda mole ratio of 6:1 is typically
used [64]. Methanol is the mostommonlyused alcohol because of its low casid higher
reactivity[65]. Still, ethanol has been studiedaasalternativdbecause it can be produced from
sugarausinga renewabl@roces$66]. Unfortunately, usingthanolresults in loweyields and

hampergylycerol separatioprocessef67].
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R-lcoo?"'z Catalyst HO$H2
RZCOO?H + CHOH «—2 R,COOCH + R,COOCH,
R,COOCH, R,COOCH,
Triglyceride Methanol Diglyceride FAME
HO?HJE Catalyst HO?HE
choocl:H + CH,OH < % HOCH + R,COOCH,
R,COOCH, R,COOCH,
Diglyceride Methanol Monoglyceride FAME
HO?HZ Catalyst HO?HZ‘
HOC"H + CH,OH _ HO(|3H + R,COOCH,
R,COOCH, HOCH,
Monoglyceride Methanol Glycerol FAME
R,COOCH, Catalyst HOCH, R,COOCH,
Overall | |
reaction: RQCOO(i:H + 3 CH,OH <—’ HO(|3H + R,COOCH,
R,COOCH, HOCH, R,COOCH,
Triglyceride 3 Methanol Glycerol 3 FAME

Figure 2.2: Transesterification cd TGwith methano[64]

In situ transesterification

11

In situ transesterification refers to the process of directly converting intracellular lipids in
biomass to biodiesel in a single stephout lipid extraction It uses the same reagents as the

traditional process describeabove butuses a much higher stoichiome ratio (30:1) of



alcohol to ipid in order to achieve reasonable yie[@d]. The combination of three steps,
including | ipid extraction, recover ymapf
provide a more costffective option for theproduction of biodiesefrom microalgaesince
drying and solvent extraction steps account for about 90% @f th@ ¢ eegused snergy in

thetwost ep transesteriycafe8.on of algae oil

Over the last few years, lots of researchers ar&ed on the direct productiaf biodiesel

from dry or wet microalgae, and several studies have found that high water ciontent

microalgaebiomassleads toredwced conversion oflipids to biodiesel[17]. In the in situ

transesterifications of micragde, alcohohas dual rolesasboth the extraction solvent and a

transester i[9 bBdngacms olevaecnttanctcan hel p to enhanc

by improving extractionefficiencyas well as creating a homogenous system between the oll

microalgaebiomass catalyst, and alcoh@b]. Direct biodiesel synthesslso minimizes the

loss of lipidsby reducing the number of process stepddepending on the catalyst used, can

convertall types oflipids into biodiese]70]. A comparison of cnventional transesterification,
conventional direct transesterification, ghé proposedvet direct transesterification process

is shown inFigure 2.3 In situtransesterification process can belassified intccatalytic and

s ol

t o

nortcatalytic. In the follaving sections, the advantages and disadvantages of each method will

be discussed.
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Harvesting Harvesting [ Harvesting 1
r N [ ~ /— \
Drying Drying

Cell disruption
and
Lipid extraction

In siftu transesterification

(Simultaneous lipid

in sifu transesterification
(Simultaneous lipid
extraction and
transesterification using wet

. extraction and microalgae)
transesterification)
Transesterification
\ AN J
Biodiesel [ Biodiesel ] [ Biodiesel ]
€Y (b) ©

Figure 2.3: Flow diagram of the microalgae biodiesel producpoocess. Depicted are (a)

conventional transesterification; (b) conventiomasitu transesterification70]; (c) wetin

situ transesterificatiofi6 3]
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2.4.1 Homogenous Catalytic in situ Transesterification

Homogenous catalytic systemse acid or base catalysts dissolved in the reaction solent.
selection of catalystis an importanstep to reaching high yield in biodiesel producticand
depend on the content oFFAs in the oil. The lower yield of biodiesel in aetdtalyzed

in situtransesterification compared basecatalyzed is considerdde main disadvantage of
acid catalystf21]. However, acid catalysts are able to convert both FFAs and TGs to biodiesel
while alkaline catalysts cannd?1]. They are only useful and effective in the production of
biodiesel from the lipids with lower FFA content (< 0.5%ut they exhibit much féer
reaction rates than aewhtalyzed reactionf/2]. Product yield usingacid catalyss is less
sensitivetowards water and FFA content compared to base caalysttherefore have been
studied more extensively fan situ transesterificationIin the acid-catalyzed reaction, the
carbonyl group of TGis protonatedvhich is attacked by the alcohol formiagetrahedral
intermediate[73]. Among the acid catalysts, sulphuric acidusedextensively due to its
selectivity in transesterification reaatiomoisture tolerance, and relatively low pri6é].

2.4.1.1 Acid -Catalyzed in situ Transesterification

VelasquezOrta et al[18] performedn situtransesterification procesgth Chlorella sp.and
Nannochloropsis oculatbiomass withmoisture contents of 0, 1.5, and 10% using various acid
and base catalysts (sodium methoxide, sodium hydroxide, and sulphuric acid). They found that
sulfuric acid as a catalyst showed the highest FAME vyield for both microalgae among the
mentioned catalyst(73% forNannochloropsis oculatand 92% forChlorella sp.), and the

FAME yield decreasedith theincreasing the moisture of algae.

Wahlen et d. [73] producedbiodiesel from mixed microalgaspeciesbiomass with
sulphuric acid athecatalyst and dained 77% of FAME yield at 0.3 h, molar ratio of methanol
to |ipid oil 1831: 1 at th&<ame expbronent allargeriscale t hey
(100 gvs.0.2 g) and reported conversioryield of 84% usinga higher amount of sulphuric
acid (1.3 ml1.8% (v/v) HoSQOs per CDW). They also found that the FAME yield was

14



proportionalto thealcohol loadingatio and inversely proportional to the moisture content of

microalgae.

2.4.1.2 Base-catalyzed in situ Transesterification

Few studies have been carried out using base catalysh feitu transesterification of
microalgae. In the basmatalyzed reaction, tHease deprotonates takoholwhich attacks the
carbonyl group obne of the fatty acids resulting in a fatty acid hkgter[19].

Salam et al[19] used a96% (w/w oil) base concentration archigh amount of methanol
(molar ratio of methanol to oil of 925:1) at®&forthein situtransesterification of. vulgaris
biomass A FAME vyield of 96% was achieved ereaction time of 10 minlnterestingly a
high FAME vyield was achieved regardlessttoé high FFA level in the algae. This finding
demonstrates the excessamount of methana@ndcatalysineeded to achieveshort reation
time andcan be utilized to prevent saponification and improve the production rate of biodiesel

during basecatalyzedn situtransesterification of algae biomass.

2.4.2 Heterogeneous catalys ts for in situ Transesterification

It is difficult to separatdhomogenous catalysts from the product which leads to extra cost for
purification of the product as well @ise produdion of extra wastg74]. As a result using
heterogeneousatalystsmay be a better option for production of biodiesel framicroalgae

This eliminates the need for recovery of the catatligsteby reducing the process cfid].

Solid acids and bases, including MgO, CaO, SrO, Sr8@0, and MgCg are among the

most popular hetrogeneous catalysts using for production of biodiesiely refined oil$75].

Li et al. [76] studied the twsestep lipid extraction andt r ans e st mocasspfc at i on
Nannochloropsisoil and the onestepin situt r an s e st e Nannochlropsisvith o f
Mg2ZrsO12 as a heterogenus catalyst. The highest FAME vyidlat in situtransesterification
was60%whichwas obtainedvith reaction conditioaof 65°C, for 4 h, and 10 wt.% catalyst

For the twes t e p t r a n speosessdhe iFA&MEayield was 47% using the same

15



transesterificatiortonditions. They found that the biodiesel yield increas#l increasing
amountof catalyst but very high catalyst amounted to a decreasen the yield. Although
heterogeneousatalysts haveosne benefits compared to homogeneous catalysts, the high cost
of synthesizing a solid acid catalyst with high activéiiyd specificityis one of the main

disadvantages of these cataly3t8|.

2.4.3 Solvent -assisted in situ Transesterification

Generally, a sofent is used to improve the mass transfer between the extracted oil from the
microalgae andhereactant. The simplest option is utilizing asaventsuch ashloroform

or hexane along with the acid catalyst and alcohol duringmatu transesterificatiofil 7].

Cao et al[78] produced=AME directly from Chlorella pyrenoidos@ontaining 690 wt.%
moisture content. Hexane was used assoteent, and the maximum FAMEeld was 91.8%
with a 30wt.% moisture contentisingl g of biomassg mL hexane, 4 mL methanol, 0.5 M
HSQW/gDCW at 90 for 12 0eactingal 2 A d d n tverdcdn@uttédy |,
andit wasfound that by increasing the reaction temperatueentgative effect ahcreasing

moisture content can bminimized.

Whenusingchloroform as a cgolvent for wetn situtransesterification (which has a higher
density than water), ¢an facilitateseparation othebiodieselfrom the residual solids, water,
and glycerohfter transesterification (Figure 2.4).

Im et al.[17] reportedin situ transesterification of wellannochlropsis oceanicanoisture
content 65%) using sulphuric acid as a catalyst and chloroform asaveat. They achieved
high conversion yield of 91%sing0.3 g of sulphuric acid, 1 mL of methanol, and 2 mL of
chloroformper0.2g of biomass#at a reaction temperature of
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v Alcohol (Ethanol)

v Co-solvent (Chloroform) >
v Catalyst (Sulfuric acid) Recycle
‘ Aqueous phase:
Water, glycerol, excess alcohol
Product phase:
_ Aqueous phase Solvent, biodiesel, co-products if exist
Downstream > Solid residue utilization
Algal paste =5 o ressing

” Product phase

Biodiesel (FAEEs)

Wet ISTE ) Co-products (ethyl levulinate,

ethyl formate and diethyl
ether)

Figure 2.4: Characteristic diagram of solveassisted wein situtransesterificatiof63]

2.4.4 Supercritical Solvent -assisted in situ Transesterification

Using supercritical alcohofer the production of biodiesel was presented by Saka ¢79l.

in 2001 and itsapplicationto in situt r ansesteri fication was
Lee et al[80] usingJatropha curcasseed andvas applied to microalga€llorella sp) in
2010by Levine et al[81].

Supercritcal solvent assisteth situ transesterificationdoes not require &atalystor a
co-solvent and decreases the reaction time significant[$2]. For supercritical
transest er isysach asiethamqgl or emdtharerb wslally used because they play a
dual role of reactarand solvent. iF supercritical conditions (critical temperature and pressure)
are relatively easy to achieve compared to other alc2®|sSince shorthain alcohd have

higher reactivity biodiesetan be obtained without any added catd¥2}.
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High water content does not interfere in the reaction compared to the standavdtalgized

in situ transesterification.The main disadvantage is thHagher reaction pressure and
temperaturg20 MPa and 300°Cto perform the reaction, compare to <i0(and standard
pressure for traditional transesterification procef®2k There is also a high staup cost for

the equipment needed and the need for a more skilled operator with knowledge of supercritical

operationg83].

Jazzar et a[84] reported that supercritical methanol wasead for in situtransesterification
of microalgae. During the transesterificatioreaction of wet Chlorella sp. and
Nannochloropsis gaditana@ maximum biodiesel yield of 45.62% and 21.79f4sobtained,
respectively;using the following reactiorconditions 265°C for 50 min a mass ratio of
methanol to dry microalgae of 10:And amoisture content of 7&t% for both microalgae.
Patil et al[85] studied the production of biodiesel using wet microalgae happgoximately
90 wt% water using supercritical methanol withowt catalyst. Theyusedresponse surface
methodology (RSM) to optimize the reaction conditions and reaxheakimunmFAME yield
of 85.7%usinga wet microalgae/methanol ratio of 1.9 at 255325 min.Levine et al[81]
used a supercritical method for direct transesterification to produce biodiesel from wet
C. vulgaris (80 wt% moisture content)Frst, microalgae were hydrolyzed with water at a
reaction temperature of 250°@en supercritial ethanol was used without a catalyst to
perform direct supercritical transesterification at 3238 produce FAEE. A yield of
approximately66% wasachievedusing anethanol/wet algae ratio of 8 and a reaction time of
3 h.

2.5 Novel Approaches in the in situ Transesterification of Microalgae

Recently, in order to enhance the situ transesterification process, different physical
assistancerocessebhave been usdd enhance cell lysisicluding ultrasound and microwave

technologyln addition, the use ajreen solvents such as ionic liquids instead of conventional
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organic solventss also an active area of researchthese studies, the main purpose of these

additional treatments hagén to improve cell lysis and increase transesterification yield.

2.5.1 Microwave or Ultrasound -assisted in situ Transesterification

Ultrasonic or microwave assistance durimgsitut r an s e s t hag begncshowvm  n
enhancdipids' conversionnto biodiesel Using thesetechniquesan decreasreaction time
by improving mass transfef86]. The major differences between ultrasonic and microwave

technologies are shown irable 2.1
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Table 2.1: Difference between microwave and ultrasound assistamooessef86-90].

Microwave assistance Ultrasound assistance

Mode of operation: Mode of operation:

Mi crowaves gener at ¢ High temperature and pressuretbulence,
that create heat and align polaolecules high  shear forces, and acous
because of friction from the slow« microstreaming create better emulsions
molecules orientation as well as changing b et we e n i mmi sci bl e
time rate of the ye«¢transesteriycation
are active microwave absorption media ¢ transfer.

to their strong polarity.

Advantages: Advantages:

1 Microwave technology permits saf  High pressure and temperatt
rapid, and economicaproduction of conditions make free radicals thegger
microalgae biodiesel without the ne the reaction to occur immediately.

for drying. 1 Approximately 5000 K and 100 MPa a
T Mi crowave heat i produced throughout the collapse
manipulation, decreases analysis ti ultrasonic bubbles.

and produces products with high ¢ \irasonic can be useful in tf

purity. extraction of valuable eproducts sucl
as carotenoids and pigments.

Disadvantages: Disadvantages:

1 Low reaction volume 1 Usually use irbatch reactors

f Noteasy to use in continuous conditic Y The hgh gartup cost for thequipment
1 Overheatingandgeneratiorof hotspots needed

1 Expensive to use forlargescale

pretreatment of biomass
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2.5.1.1 Microwave -assisted in situ Transesterification Process

Cheng et al[91] usedmicrowave irradiation to speed up the disruption of the microalgae cell

wall as well ago heatthereactants to theeactiontemperature. Microwave irradianh resulted

in the disruption of approximately 78% of the algae cells. In comparison with the conventional

two-st ep tr an s kps teeraction olowed byna separatt r ansesteri ycati
microwaveassistedn situ transesterificationmproved he yield of biodiesel from 8.3 to

10.5% of dried algaeaespectively.Furthermorethe kinetic rate of biodiesel production from

wet algae was increasesix-fold. By using the samemicrowave irradiation method,

Cheng et al[92] investigated the rolefdhe solvent usin@0 mL of methanol and chloroform

and 1 mL of sulfuric acid per gram of CDWhe addition ofchloroformimproved yield to

almost100%using wetNannochlropsis oceanidaiomasgmoisture content 8@it.%).

Loong et al.[93] used sodium hydroxide catalyzed situ transesterification with
simultaneous microwave heating ftine transesterification of wdiannochloropsis sp
biomass (2%-wt of moisturecontent) whichresulted in gield of 75%after only 10 minThe
simultaneos cooling and microwave heating (SCMH) processnteracts the drawbacks of
traditional microwave methods, includingerheatingand the formation of hot spotSCMH
maintains the temperature thie reaction at thelesignatedemperature without overheagin
which results in even penetration of microwave irradiation over the reaction médianse
of SCMH increased thia situtransesterificatiogield from 15.4% (microwav@ssistedn situ

transesterification without simultaneous cooling) to 75%.

In andher study, Chen et dB4] usemicrowave irradiation to facilitate oil extraction from
wet C. vulgaris (moisture content 4&t.%). They performedn situ transesterification using
05w NaOH in methanol. Al most 100% yield was o
in comparison with the other ae@talyzedn situtransesterification processes with or without

physical assistance, the reaction temperature was relatively low.
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2.5.1.2 Ultrasou nd-assisted in situ Transesterification Process

Sonication can be performed directly using an ultrasound horn or probe and indisaagy

an ultrasonic bath. Ultrasonication is an appealing technique as it promotes the mixing of
solutions, does not neachigh temperature for disrupting the cell walls, reduces reaction time,

and possibly reduces material consumptidrhis techniqueusessound waves tairculate
pressure puctuat i on[82]. Mibrodgae cellsaatdmagmenedbpthe t at i o
ultrasound, improving the interaction betweenthe reagents andthe oil [22, 82]

Ehinem et al[95] reportedthatwith a combination o& cosolvent and sonicatipthe molar

ratio of methanol to oilvassignificantly reduced in the transesterificatioh ©hlorella sp..

Using the traditional process, FAME conversion of 55.6%wvas reached after 0.5 h of
mechanical stirring with diethyl ether and methambl molar ratio of 315:1

With the combination of mechanical stirring angtrasaication the conversion yield
increased t®1%usingthe same amount of tinad a lowemethanol/oil molar ratio of 105:1.

X. Zhang et al[96] usedultrasonication fothe production of biodiesel fronfrichosporon
oleaginosudiomass They found that without ultrasonicationr ansest eri ycati on
biomassresulted in90.4% FAME after 12 h, whereasn situt r ans estusingi ycat i
ultrasonication reachelFAME yield of 94.1%in 20 min usinga 6 timeslower methanol/oil

molar ratio.

2.5.2 lonic Liquids (ILs)

As mentioned in previous sections, almost all conventiorgtutransesterification processes

use expensive or unrecoverable catalysts such as acid or base catalysts and/or organic solvents,
which emit volatile organic compounds (VOCs) and are harmful to the environment.
Furthermore, other pretreatments methods sush nacrowaves, ultrasonication, or
supercritical extraction are expensive, have a high capital cost, or are not amenable to

scaleup. Therefore, it is vital to explore alternative methods to address these challenges in
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order to advance the search for eamimentally friendly processes for the production of fossil

fuels that is costompetitive with unsustainably fossuels.

Recently, the possibility of utilizing ILs as an alternative solvent in lipid extractiomsad
co-solvent firin situtransesteritation processsfrom wet microalgae has been studied. ILs,
al so known as figriechde athgesnumberefrpossilbelanion and sation
combinations anthey generally haveralatively high chemical and thermal stabilidyenon
flammabe, havelow volatility, have al ow mel t i ng poi ntare éabilg| ow
recovered for reug8, 32-34]. Some ILs can dissolve recalcitrant biopolymers like lignin and
cellulose by disrupting their hydrogémmnding network leading researchers tplese their

use in cell disruption as many algae species possess cellulosic celywalis36]

Orr et al. [1] reported that the IL,1-ethyl3-methylimidazolium ethyl sulphate
[Comim][EtSQy] could disrupt the cell wall of the difficult to lyse sges,Chlorella vulgaris
at room temperaturéligh lipid extraction yields (1§0%) were obtained with a reaction time
of 75 min at ambientemperature andiere compatible with a wide range of water contents
from 0-82 wt.%. Combined with methanol and KOH, this IL could also be used for the direct
transesterification of intracellular lipids in the wet biomass of the oleaginous yeast
Rhodosporidium diobovaturj®7]. This process used low temperature °G5and short
reaction time (2.5 hjo recover over 97% of th€Gs as fatty acid methyl esters (FAME) in
fresh yeast biomass containing up to 8% water. However, while the IL was readily

recovered, the homegous catalyaised in this studyKOH) was not.

Wabhidin et al[33] utilized a simultaneous microwaveadiationusing anlL cosolventfor
in situtransesterification of wet microalgad¢annochloropsisp., with 80% moisture content.
Three ionic liquds; ZXethyl3-methylimmidazolium methyl sulphate j@im][MeSQy],
1-butyl-3-metyhlimidazolium chloride [@nim][CI], and Zbutyl-3-methylimidazolium
tri puor omet h amma]CRI0OH vaeeeluaed Anfor tested ionic liquids

[EMIM][MeSO4 s howed the highest c eThéhigdestbiodieselt i o n

yield was36.79%which was not much better than chloroform alone (28.82%)
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Lee et al. [98] performed in situ transesterification assisted by
1-butyl-3-methylimidazolium trifluoromethanesulfonate ({@im][CFSCs]) using wet
N. oceanigwatercontent of 65%) with acetyl chloride as a catalyst and methAneAME
yield of 54% was obtained at a temperature between 55 andg Hb%#&verthere was a high
methanol usag(50 mL/g CDW).

Sun et al[4] used 1butyl-3-methylimidazolium hydrogen sulphate ¢@im][HSO4]) as an
acid catalyst and solvent forsitut r ansesteri fication with met he
of reaction time and temperature as well as the mass ratio of wet microalgae to ionic liquid
([Camim] [HSQOq4]) on wetNannochloropsisp. (water content 62%). The biodiesel yield of
95.3% was achieed at the reaction condition of 200°C in 30 min with the mass ratio of
IL: wet Nannochloropsisp. of 0.9:1Moreover, [Gmim][HSOq4] could be recycled up to four

times with a biodiesel yield of 81.2%.

In previous studies, ILs have beerainly usedto fadlitate cell disruption when combined
with other pretreatment methods such as microwaeaeiation or facilitated direct
transesterification when combined with othemogeneous catalysts such as KOH and acety!
chloride The work of Sun et al4], which usedanacidic IL as asolvent for lipid extraction
and as ecatalyst forin situ transesterificatiorof microalgaelipids useda high reaction
temperature zone (200°@nd is the only studythus far using an IL catalyst for direct
transesterificationTo the best of our knowledgh, catalystshave not been tested fior situ
transesterification for simultaneous lipid extraction and biodiesel production from microalgae
in the low (underl00°C) and mid (100°C to 200°Cgactiontempeature zone. Moreover,
basiclL catalysts have not been testesla solvent for lipid extraction aadbasecatalyst for

in situtransesterification process for direct biodiesel production from microalgae.
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3 Materi als and Met hods

3.1 Materials

All materialswere purchased from Thermo Fisher Scientific or VWR or Sigdaich except
where otherwise stated. Tetrabutylphosphonium bromigeBr] (25% aqueous solution)
was donated by SOLVAY, Niagara Falls, Canada. Cooking oils, including corn, sunflower and

canola oil were edible grade oil purchased from a retail grocery store.

3.2 Strain and Culture Conditions

C. vulgarisstrain UTEX 2714 was purchased from The Culture Collection of Algae at the
University of Texas Austin. The culture was maintained in liquidienatllizing an aseptic
technique in 150 mL Triscetateo hos phat e (TAP) media in 500 mL
were grown at pH 6.5 and the temperature of 2
g mo Psgwith a 16 h: 8 h light/dark cyclic iltmination. The TAP medium contained Tris base

(20 mM), KHbPQ: (2.4 mM), KkHPQy (1.58 mM), MgSQ (0.83 mM), NHCI (7.0 mM), CaCl

(0.34 mM) , glaci al acetic acid (1 myaolL), and
After 48 h, a growing seed culture was harvested aseptically by centrifugation in the Eppendorf

5810 RT centrifuge. The centrifuged seed culture was inocutgted mL of modified media

(Tris base (20 mM), Cagl 2HO (0.04 g/L), KHPQ: ( 1. 74 g/ L) , Hut ner 6s t
solution (1 mL/L), NaN@ (1.11 g/L), MgSQ . 7H0O (2.5 g/L), and glucose (18.8 g/L)) in
250 mL shaker flasks at 1% v/v; and cultured forssiak y s (144 h) at 25 an

pH 6.8 which adjusted using NaOH (5 M) in order to induce lipid produfiio.
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3.3 Harvesting and Freeze -Drying

Microalgae cells were harvested by centrifugation at 3500 rpm for 15 min. The cell pellets
were resuspeated in DI water and washed 3 times using resuspension and centrifugation in
order to eliminate residual salts. The washed cells were froz8ntat f o r 12&ntandl e a st
lyophilized utilizing a 4.5 L benchtop freereyer (Labconco) for 36 h or till the vght no

longer fluctuated, and then stored in a desiccator until further use. Foinwstu
transesterification process, microalgae were harvested with the mentioned method and

resuspended in different amounts of DI water.

3.4 Synthesis of lonic Liquids

Fou ILs, tetrabutylphosphonium formate gh4[For]), tetrabutylphosphonium acetate
([Paaaq[Ace]), tetrabutylphosphonium propionate {4B][Prop]), and tetrabutylphosphonium

butyrate  ([Rssq[Buty]), were synthesized using the following procedure.
Tetrabdylphosphonium hydroxide (H244[OH]) (60% aqueous solution) was neutralized with

a slight excess of carboxylic acid (formic,
for 12 h. After neutralization, the mixture was dried under vacuum usiatagy evaporator

at 80 for 8 h. Then, the synthespibaetd 83 was
for 48 h in order to remove the remaining water and the excess acid prior to use. The structure

of synthesized ILs were characterized Iy NMR spectra using a Bruke300 Ultrashield

NMR. All the characterization data are availabl¢gh@Appendix.

3.5 Determination of Total Lipid content in Biomass

The total lipid content in the microalgae biomass was determined as a FAME ibysihe

transesterifiation standard laboratory procedure developed by the National Renewable Energy

Laboratory (NREL)[101]. In brief, approximately 10 mg of freedeied microalgae was

mi xed with 300 €L of 0.6 M HCI i n methanol ,

10 mg/mL as the recovery standard, and 200
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consequently incubae d at 85 for 60 min in a water batt
magnetic stirrer. After cooling to room temperature, 1 mL-bérane was added to the sample

and vortexed the mixture. The sample was allowed to stand undisturbed for 1 h, ahd thent

mi xture was centrifuged and 450 €L of the <cl e
with 50 €L of the internal standard (1 STD) ,
concentration of 100 e©€g/mL. The FAMEBdurwas anal
will be described in Section 3.6. The total amount of FAME by weight was determined
according to the process described by the NREL LAP procedure by adjusting the calculated

FAME mass using the extraction recovery standard (C15:0Me) and dividihg bytal mass

of microalgae used in the analysis.

3.6 Gas Chromatography (GC)

FAME samples were mixed with the ISTD and separated and analyzed using an Agilent 6890

GC equipped with a flame ionizing detector (FID) and Agilent-\WBx capillary column

B30m,025 mm, by thebstarrdand laboratory procedure developed by the National
Renewable Energy Laboratory (NREIP1]. Helium was employed as the carrier gas with a
consantflow rate of 1 mL/min. The injection was performed in split mode with 10:it spl
ratio, and the injection volume was 1 e€L. The
were eluted using the following program: 100°C for 1 min, 25°C/min up to 200°C and hold

for 1 min, 5°C /min up to 250°C, hold for 7 min. Each of FAMEswasquaetd by cal i br at
the method to an analytical standard mixture (Supelco 37, Sigma Aldrich) and using the ISTD,
Cll: 0Me. Unidentiyed FAMEs were quantiyed by &
peak.The schematic diagram of GEID is shown inFigure 3.1
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Figure 3.1: A Schematic diagram of the GEID setup used in the present work (originally
from Pedersen (2002)1102]

An example calculation for FAME concentrati@onc.)normalized by FAME extraction

efficiency using the C15:0 recovery standard is shown below:
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3.7 Transesterification of Cooking Oils

The transesterification of cooking oifsorn, canola, and sunflower oil) with methanol and
ionic liquids ([R4aq[For], [Pasad[Ace], [Paaaq[Prop], [Psasq[Buty]) were performed as
follows: 15 mg of oil, ionic liquid, and methanol were mixed at the designed ratio in a 5 mL
vial. The mixture wa heated to the indicated temperatures in an oil bath for the specified
incubation time with stirring on a magnetic hot plate at 600 rpm. After cooling, the upper phase
which contained FAME (visible as a thin layer) could not be easily recovered; thisp#t m
hexane was added to facilitate the extraction of FAME by vortexing for 1 min followed by
10 min stirring at 1000 rpm. The sample was settled for 5 min, then the top hexane phase was
withdrawn the FAME content was determined by GC according to tleeqbuoe previously
described. The FAME yield was calculated by the following equation:

00 0 @ "Q

awiéle QamQ OOV EsE0BDO

p Tl o

The maximum FAMEcontentfrom oil was calculated following the method described by
EU regulation 2568/91103]. 100 mg of oil was dissolved in 1
of 2 N KOH in methanol was added to the saan@amples were vortexed for 30 s, followed

by centrifugation, and the supernatant was spiked with the ISTD and separated on a GC.

3.8 Insitu Transesterification of C. vulgaris with Methanol

Thein situtransesterification reactions were performed as follows: 50 mg of microalgae was
combined with ionic liquid and methanol were mixed at the designed ratio in a 5 mL vial. The
mixture was heated to the indicated temperature in an oil bath for the spieciibdtion time

with stirring on a magnetic hot plate at 600 rpm. After cooling, 4 mL of hexane was added to
the mixture to facilitate the extraction of FAME by vortexing for 1 min followed by 10 min

stirring at 1000 rpm. The sample was settled for 5 mih,en 450 ¢eL of the <cl e
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phase was spiked with 50 €L of 1 STD. The
yield using GC according to the procedure previously describednBite transesterification

of wet microalgae was carried out ngifreezedried C. vulgaris,which was resuspended in
different amounts of DI water to simulate the wet microalgae with different water contents.
The FAME vyield was calculated by the equation given below, as the FAME recovered during

thein situtransestefication divided by total available FAME in ti@. vulgarisbiomass:

DR Q 000 @ 0 b oL
@ Ahia o 0am 0bobizonso PN

3.9 Calculation of Biodiesel Properties Using the FAME Composition

Several important biodiesel properties including cetane number (CN), iodine value (1V), cold

proe

filter plugging point (CFPP), hi gher heatin

FAME produced from refined oils amdicroalgae with [ks44[ For] were calculated using the
FAME composition. The cetane number of biodiesel was calculated by the following equation
[104]:

0 0 X mMmngd ¢mo o

where CN is the cetane numbkt,represents the molecular weight of tHeFAME, andN is
the number of double bonds ihe FAME. The iodine value (IV) in gll00g* and the cold
filter plugging point (CFPP) ifiC are pedicted by the following equatiofis05, 106]

vem o
0
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where Ni and M; represent the percentage and thelecular weight of thé" FAME,
respectively. LCFS is the long chain saturation fackbe higher heating valugiHV) and
ki nematic viscosity (&) o-2)ard[B2), respectivelyl0OA | cul at e
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whereN is the number of double bonds in tHeFAME. The HHV is in MJ/ Kg
kinematic viscosity of produced FAME at%@in mnt/s.

3.10 Response Surface Design and Polynomials

Response surface methodology (RSM) is a collection of statistical and mathematical methods
thatis beneficial foranalyzing and modellingroblems in whichmultiple variables influence

the response of interesth@ optimization of this response is the nainpose of these methods
[108]. Recently, RSM has been applied to optimd#éerent biodiesel production processes

[25, 85, 98, 109]

In this study, e in situ transesterification reaction was optimized by response surface
methodology (RSM) using central composite design (CCD) with Ddsipert software 10
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(StateEase, USA)The CCD is a standard RSM design which is ideal for fitinguadratic

response surfacpolynomial desigrOptimization of thesignificantvariables with a minimum

number of experimentsnd analyzing the interactions between variabde the main
characteristicof this method[108]. The CCD was used to study the following variables:

reaction time k1), reaction temperaturg, the mass ratio of ILC. vulgaris(xs), and the water

content of microalgae biomass;); The levels and ranges of four studied factors, including

actual and coded levelare summarized iffable 3.1 A five-level CCD with four factors

k= 4), U = 2 was carried out to fit a quadr a
was fully replicated three times, and six replicates at the center points were used to determine

the pure error of the experimenteating a total of 90 runs. The general form of the regression

model is as follows:

wherey is the predicted respene  ( F AME vyoj ieh, 8 a(négredent thb regression
coefficients k represents the number of factoxsandx; represent the coded factors, diid
the random error. Analysis of variance (ANOVA) and lack of fit of tests were performed to

evaluate the significance of the model.
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Table 3.1;: Coded and uncoded variables used in CCD

Coded Level and Actual Values

Factor Label -2 -1 0 1 2

Time (h) ® 2 4 6 8 10
Temperature W 55 75 95 115 135
Mass ratio ILmicroalgae 2 4 6 8 10
Water content (% wt.) @ 0 21 42 63 84

3.11 lonic Liquid Recycling

The reusability of [Fs4[For] was investigated after the situtransesterification reaction was

carried out in triplicate under the optimal conditions obtained by RSM: 8 g IL/g algae,

9 g MeOH/g algae, at 102.4°C for 4 h and 36 min usingQvetulgaris(water content of

40.62%). After FAME extraction, the microalyeesidue was separated from the IL/methanol

mixture by adding an extra 10 mL of methanol as an-switient in order to precipitate

di ssolved solids. The resulting I L/ methanol m
Buchner funnel. The IL was regered by evaporation of residual water and methanol using a

rotary vacuum evaporator at 80°C until the weight no longer fluctuated. The recycled IL was

reused foin situtransesterification process described above in order to determine the effect of

recycling IL on the performance difiewetin situtransesterification process.
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4 Results and Discussi on

4.1 Screening of lonic Liquids for Transesterification

The total lipid content in the microalgae biomaSs\ulgarig was determined as a FAME to

be 31.17 = 1.05 wt% using standard laboratory procedure developed by NREL.

First, the catalytic performance of the phosphonicarboxylate [Ps424[CA]) ILs was
investigatedor their ability toconvet refinedcooking oils (orn, canola, and sunflower oil)
into FAME. All experiments were conductadth amass ratio of IL tail/microalgaeof 6:1,
mass ratio of methanol toil/microalgaeof 9:1, at reaction temperature of €5 for 6 h.
The initial reaction conditions were ch&rsbased on our previous wofk]. The results of
FAME yield for different oils using [R44[CA] ILs were presented ifigure 4.1

Phosphonium ILs have relatively high thermal and chemical stabilities compared to the
corresponding imidazolium armmmonium ILs. Moreover, unlike the imidazolium cation, the
absence of acidic protons in the phosphonium cation indicates that phosphonium ILs can be
utilized in strong basic environmer|ts10]. Thus, it is possible to use them for ihesitu
transestefication process to produce biodiesel as the only catalyst of the process or as the
catalyst and csolvent, particularly in the basic environment. Furthermore, unlike halide
anions resulting in chemical corrosion aar@ harmful tahe environment, the daoxylates
anions are environmentally friendti11]. Consequently, [244[CA] ILs couldbeanexcellent

catalysts fotheproduction of biodiesel in order to have a green process.

It can be seen that using the formate anion resulted in a higher FA\tEIlyan the longer
chain carboxylates like acetate, propionate, and butyrate. This is not entirely unexpected since
formate is a much smaller igawhich reduces steric hindrance making it a stronger nucleophile
for deprotonating the methandl, 112] A similar trend was seen when the IL catalysts were
reacted withC. vulgaris biomass with [k4s4[For] yielding the highest amount of FAME

(Figure 4.2). In order to confirm the role of the IL plays iim situ transesterification, the
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carboxylic acids, their sodium salts, and the original tetrabutylphosphonium hydroxide or
bromide IL were tested for their ability to directly transesterify FAME on their éMnthe

experimentsvere performed in triplicate.

100

94.54

80 A

FAME Yield (%)
63.08

HH

Corn Sunflower Canola

m[ P ]g[FPor] ]@ARe] ]BPPop] ][But

Figure 4.1: Direct transesterification of refined corn, sunflower, and canolausihg
phosphonium carboxylate ILs
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Figure 4.2: Direct transesterification of microalgae biomassng phosphonium ILs, sodium
carboxylate salts, and carboxylic acids.
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[Psa4][For] showed better performance compared ta4ff Ace], even though acetate anion
is more basic than formate anion according ta gii¢a from aqueous chemis{iyl3]. Based
on previous literature, the basicitytbeIL could be one of the main factaaffecting the yield
of thetransesterificatiomeaction[114]. In our systenthe IL plays the role of both solvent for
lipid extractionandcatalyst forthetransesterificatiomeaction Therefore, it can be concluded
that the basicity of ILmay be confounded with other factoduring the in situ

transesterification of microalgae.

The excellent catalytic activity of ju4[For] compared to other ILs with the same cation
might be due to the nucleophilicity of the formate anion. The formate anion is less bulky than
other carboxylate anions; thus, it is the strongest nucleodii®j. On the other hand, the
viscosity of ILs increases with increasing the chain length of the anion, which negatively
impacts the transesterification procégsncreasng the mass transfer resistarjéd5]. Thus,
thelowerviscosity of [R4s4[For] compared to other ILs could be another reason for the highest
FAME yield of this IL. Among the other ILs, ji24[Buty] shows better catalytic activity with
aFAME yield of 59.33%. There were two possible reasons to explain the higher FAME yield
of [Paaaq[Buty] compared tdPaasaq[Ace] and [Ruaq[Prop]. Firstly, the higher solubility of
extracted oil from microalgae in the more hydrophobic[Rs444Buty], considering that the
hydrophobicity of the ILs comprising carboxylate anions increases with the chain length of the
anion[116, 117] Secondly, among the carboxylate anions, butyrate has reldtigblp v al u e
(Kamlet Taft parameter)which describeshe ability ofanl L6 s ani on t o -accept
bond as well as the hydrogéond basicity and correlates with the ability of anion to dissolve
cellulose and biomaslisruption This means that butyrate anioray have an improveability
to interact wih the cell wall of microalgae and disrupt it compareithé@mcetate and propionate
aniong118-120]. However, it needs to be mentioned that although the hydtogaah basicity
of anion is one of the important factors in cell disruption of microalgas, nbt the sole

mechanism that comes into play during the microalgae cell wall lysis.
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As shown inFigure 4.2 for all sodium salt&nd reaction intermediariefPg444[Br] and
[Paaad[OH]) low FAME vyields (less than 30%) ere obtained As can be seen in
Figure 4.2 FAME productionfor the ILsneared 92% with [Ra4[For] confirming that both

carboxylate and cation are required for direct transesterification.

4.2 FAME composition

The compositiorof FAME produced fronthe refinedoils (corn, canola, and sunflowenil)
using direct IL transesterificationusing phosphonium carboxylate catalysts is shown in
Figure 4.3 In addition,the composition of microalgae FAMESing the same IL catalysts
presented inFigure 4.4 All experiments were conductedith a mass ratio of IL to
oil/microalgaeof 6:1, mass ratio of methanol to ofl9:1, at reaction temperature of €5for

6 h.

Interestingly, transesterification of both microalgae and refined oils usingq[Rce]
consigently resulted in a higher proportion of C18:1 and a reduction in (ASNZE. This
could suggest that this IL acts more readily on unsatuie®B=sFAs, or it may result in the
saturation of these bonds during the reaction. Another possibility is thit tda¢alysts are
alsoable to convert the FFAs in these oils to FAME, since methanolic KOH was used to
determine the amount of saponifiable lipids which would not convert FFAs. This is in contrast
to the microalgae biomass which was converted to FAME usistgong acid catalyst and
methanol as is recommended by NREL. In this case, acid catalysts can convert all available
lipids including FFAs and phospholipidgo FAME for analysis and the composition did not

vary significantly when the IL catalysts wersed.
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Figure 4.3: The composition of FAME produced from refined oils with direct

transesterification using phosphonium carboxylate ionic liquid catalysts
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Figure 4.4: The composition of microalgae FAMEoduced by direct transesterificatiosing
phosphonium carboxylate ionic liquid catalysts
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4.3 Calculation of Biodiesel Properties Using the FAME Composition

The majorbiodiesel properéis ncluding cetane number (CNpdine value (IV),cold filter
plugging point (CFPPigher heating value (HHV), arkinematic viscosity  Jof FAME
producedrom refined oils and microalgaeith [Pass4[ For] were calculatedising the FAME
composition All calculated biodiesel properties as well as standards amaoodsding to
ASTM D6751and EN 14214re presented ihable 4.1

The cetane number (CN) is among the most important indic&dorslentifying diesel
combustion behaviowndindicative of delay time in the fuel ignitioithe shorter the ignition
time, the higher the CIL21]. Furthermore, the cold filter plugging point (CFPP) is another
significant biodiesel property which is generally utilizedto predictbi odi esel 6s
performance at lowemperature level$122]. The crystallization of biodiesel molecules
increases and agglomerates at the lower temperateh leads to clgging fuel pipes and
filters; thus the appropriate amount of CFPP fmy synthesized biodiesatcording to the
climate condition is vita]123].

A higher heating value (HHV) is the heat amount generated by the complete combustion of
a unit quantity of fue[107]. Moreover, biodiesethould have suitable kinematic viscosity
(@) in order to guarantee that a sufficient
[124]. Furthermore, the possibility of oxidation is ayfehe mainproperties of biodiesel. The
lodine value V) describes the tendency of biodiesel to react with oxygen at ambient
temperature. The higher the IV, the higher the deposits formation and the oxidation possibility
of biodiese[121].

As can be seemll synthesizediodieses fulfill the ASTM D6751andEN 14214biodiesel
standard for almost all propertiesndicatingdirecttransesterificatioof both microalgae and

refined oils usingPa444[ For] resulted irhigh-quality biodiesel.
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Table 4.1: Biodiesel of FAME produced using4R4[For]

Standeg St anc

ASTM DEEN 14 Cor Sunfl CancCwl ga

CN 04 7 05 1 52.2 50.5 54.0 53.9
v D120 118.9 130.44 112.49 88.5
( gZ/ 1 O O g N A O . . . .

CFPP ( ) 19 max. 0 ( me -84 -9.2 -11.0 -8.6
Ki nemat.

vi scosit 1.-69. 0 3 .-5. 0 4.09 4.08 4.19 3.90
(m m2/ s )

HHV ( MJ/ N A N A 39.6 39.9 39.5 36.9
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4.4 Effect of Process Conditions on FAME Production from C. vulgaris

It was evident from the firgixperiments that [2s4[For] outperformed the other ji4[CA]
ILs. Therefore, [ksaq[For] was selected foa more indepth characterization of the effect of

process variables on FAME vyieldll theexperimentsvere performed in triplicate.

4.4.1 Effect of Methanol Ratio

The amount of methanol is one of the most important factors thatsafiiecFAME yield
during thein situ transesterification proces3.he typical stoichiometric molar ratio of
transesterification of refined oils usimgethanol to oil is 3:1; howeveduring in situ
transesterification methanol plagsole in acting as a solveior lipid extraction reducing the
viscosity of the dissolved biomads,addition toits role as aeactanin thetransesterification
reaction[25]. Therefore theeffect of mass ratio of methanol to freedied C. vulgarison
FAME vyield wasfurtherinvestigated in the range of 0.15:1 (equal to methanol to oil molar
ratio of 3:1 in oursystem) to 18:1Five experiments were conducted under fixed operational
conditions of mass ratio of Jia4[For] to algae was 6:1, reaction temperature Sf8fr 6 h

and results are presentedrigure 4.5

When the mass ratio of methanolrocroalgaeincreased from 0.15:1 to 9:1, the FAME
yield was significantly increased from 51.54% to 91.6#ce the samples with low
methanol ratios were viscose and poorly covered by this small volume of liquid, it is possible
that the low yields are related teetpoor contact and mixing in these sampl€®]. Further
increases in mass ratio of methanoCtovulgarisfrom 9:1 to 18:1, resulted ionly a minor

increase in the FAME yield@hus, a ratio of 9:1 was selected for the remaining experiments.
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Figure 4.5: Effect of methanol ration FAME yield during transesterification using
[Paaaq[For]
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4.4.2 Effect of Mass Ratio of ILto Microalgae

The effect othemass ratio of [Rus4[For] to C. vulgarisbiomasson FAME yieldis shown in
Figure 4.6. All experiments were performed atonstant reaction temperature ofP85with a
reaction time of 6 hthe mass ratio of methanol toicroalgae of 9:1, when the mass ratio of

[Paaaq[For] to C. vulgariswas varied from 3:1, 6:1, and 9:1.

The results show thancreasing the amount of IL has a positive effectF&tME yield,
which increasedrom 60.5: 0.926 to 1029 + 2.1%% when the masmatio wasincreasd from
3:1 to 9:1.Since transesterification reactions are reversible, increasing the concentration of the
reactant, methoxide by increasing the amouriPgfz4[For] could play a role in the effect of
mass ratio of IL:microalgaje].
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Figure 4.6: Effect of mass ratio of IL to microalgae on FAME yield during transesterification
using [Ruaq[For]
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4.4.3 Effect of Reaction Time

The effect of reaction time on situ transesterification process wstsidied next. Wen the
reaction timewas increased, the yield was also increased as is sEejuie 4.7. This figure
shows the plot of FAME vyield vs. reaction timetla¢ constant reetion temperature of 8¢,
mass ratio of [Ruq[For] to C. vulgarisof 6:1, and mass ratio of methanol to microalgae of
9:1

As can be seen, the FAME vyield significantly increased from 60.2 &feaiction time of
1 h to 91.67% ah reaction time of 6 hThis is likely because the direct transesterification
process is aimultaneouswo step process where first the biomasstrbadisrupted, then the
transesterification reaction can occdowever, no considerable change in the FAME yield
was seen when the reaction time increased to 9 h. Therefore, considering the reaction efficiency
and energy consumption, the reaction timé& &f wasselectedas the optimum reaction time

for furtherexperiments.
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Figure 4.7: Effect of reaction time on FAME yield during transesterification using:JffFor]
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4.4.4 Effect of Water Content and Temperature

Recently, some studies have demonstrated the incdreasgatibility of lipid extraction and
transesterification with watdsy using IL cosolvents[1, 4, 97, 125] However,very high
moisture contemst in microalgae biomass is still amain limiting factor for in situ
transesterification processas the syiitesis of FAME is a reversible process émelpresence

of water can hydrolyze theroductconvering it to FFAsand methanol agaifFigure 4.8).

One of the main goals of this study walsoto enhance the water compatibility iof situ
transesterificationf wet microalgaeThus, the effects of temperature and water contetiteon
production of FAME were investigated. The different water contents were simudgted
pre-wetting afixed amount of freezdriedC. vulgarisusing deionizedvaterand allowing the
microalgae to rehydrate for 30 miFhe experiments were carried out at reaction temperatures
of 85°C and 118C, and water contents ranging from 50 ton@®b. The other variables were
fixed as a mass ratio of {R4[For] to algae of 6:1a mass ratio of methanol to dried algae of
9:1 for 6 h.The results are presentedrigure 4.9.

It wasobservedhatthe FAME yield decreasatbnsiderably with increasing water content.
This was not surprising as the presence of water can bgdselyze TAGs forming FFAs,
decreasing the FAMEyield [97, 125] The negative impact of water on direct
transesterification can be somewhat mitigated by increasing the reaction temperature. There
aremultiple possiblemechanisms as play. First, transesteriftcais an endothermic process
requiring some heat and therefore, higher temperatures result in higher[¥28¢s126]
Secondly, f[gher temperatusecan alsdead toa decrease in the viscosity of4&4[For] and
enhance the contact betwaeactants and mass transfer between the phE2éls
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Figure 4.8. Schematic of biodiesel transesterification reaction(A) The equilibrium
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(B) The mechanism of formation of fatty acid alkyl esters from gtydgids using an alkyl
oxide catalyst[4] and C) the hydrolysis of FAME to alcohol arfeFAsin the presence of
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Figure 4.9: Effect of water content and temperature on FAME yield during transesterification
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4.5 Optimization of Wet in situ Tr ansest er Regactiant Using
Response Surface Methodology (RSM)

In order to confirm the optimal conditions identified lre {oreviougxperiments, minimize the
consumption of catalyst and methanolaximize theFAME vyield, and to understand the
possible synergistic effects of multiple factors, respaswéace methodology (RSM) was

applied tothereactionconditions

Based on the previous experimental results, reaction tiheréaction temperaturey,
mass ratio of [Ruq[For]:C. vulgaris(xs), and the water content @&. vulgaris (x4), were
seleted as the main variables for the further optimizatiothef response variablEAME
yield. A four-factor, fivelevel central composite design (CCas usedThe experimental
results argresentedn Table Al. A quadratic model was chosen as the besiccording to
analysis of variance and a lack of fit tests. The externally studentized normal probability plots
and the residual plots did not reveal any issues with the nibaketesultingmodel equation

is given as:

W OFPLER pBM® XEWR PR B B o pdiuv LY Q
5
B @@ Pl o PpRBo @

Moreover, he ANOVA results are presentedTable 42.
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Table 4.2: ANOVA results for the CCD using j24[For]

Source SS df MS F-value p-value

Block 28.72 2 14.36

Model 35677.33 14 2548.38 414.95 < 0.0001 significant

x1(Time) 2005.83 1 2005.83 326.61 < 0.0001

X2 (Temp.) 8564.55 1 8564.55  1394.56 < 0.0001

xs (IL/algae) 4351.25 1 4351.25 708,51  <0.0001

x4 (Water cont.) 10309.93 1 10309.93 1678.76 < 0.0001

X1X2 341.64 1 341.64 55.63 < 0.0001

X1X3 235.39 1 235.39 38.33 < 0.0001

X1Xa 56.53 1 56.53 9.20 0.0033

X2X3 1986.14 1 1986.14 323.40 < 0.0001

X2X4 97.12 1 97.12 15.81 0.0002

X3X4 393.77 1 393.77 64.12 < 0.0001

X1 417.16 1 417.16 67.93  <0.0001

X2 5843.23 1 5843.23 951.45 <0.0001

X32 91.21 1 91.21 14.85 0.0002

X4? 2327.76 1 2327.76 379.03 < 0.0001

Residual 448.32 73 6.14

Lack of Fit 43.15 10 4.32 06710 07468 O
significant

Pure Error 405.17 63 6.43

?gtgf"ted 3615437 89
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Thelack offit wasnot significant indicating the data was well represented by the model and
that the residuals (SS = 448.32) were well represented by the pure error (SS=40%17).
model had amR? of 0.9876, which was very close tihe adjusted®? value (0.982) indicaing
that the model wawell fit by the quadraticmodel and has predicion R? value 0f0.9809
indicating it has good predictive ability in the design spdneaddition, the low value of CV

(3.15%)indicatinga high level of precien and good reliability in the experimahtiata

All of the quadratianodelterms were found to be significarg € 0.01) and the coded
coefficients were plotted ifrigure 4.10in order to visualize the factors with the greatest
effects. In terms of faots which positively influenced the FAME yield, the main factors,
temperature, time, and the IL mass ratio to microalgae were amongst the greguiesi(10).

Water content had the greatest negative effect on FAME yield as was expeuteder, both
time and temperature interacted with water content in a positive manner. The most significant
interaction was the mass ratio of IL to microalgae and temperature. As a result, less IL can be

used if the reaction temperature is increased without sacrificehd) yi
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Figure 4.10: Comparison of coded coefficients

A number ofthreedimensional (3D) surfasewere plotted tanalyze the four greatest

interactions between factors furtreerd are presented kigures 4.114.14.
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Predicted FAME Yield (%)

Temperature (C)

Figure 4.11. Surface plot of the interaction of reaction time and temperg&Bg and their
effect m FAME yield. IL:microalgaemass ratio (Cand water conter{D) were held constant

at 6:1 and 50%, respectively.
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Figure 4.12. Surface plot of the interaction of temperature and IL:microalgae mass ratio
(BC) and their effect on FAH yield. Reactiontime (A) and water conteiiD) were held
constant a6 hand 50%, respectively.
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Figure 4.13. Surface plot of the interaction of reaction time and IL;microalgae mass ratio
(AC), and their effect on FAME yield. Temperature (B) and water content (D) were held
constant at 10 and 50%, respectively.

58



Figure 4.14: Surface plot of the interaction of IL:microalgae mass ratio and water content
(CD), and their effect on FAME yield. Reaction time (A) and temperature (B) were held

constant at 6 h and 18D, respectively.
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