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Abstract

This study is focused on the possibility to prodigcethanol from microalgal biomass
(Scenedesmus obliquusnd Chlorella vulgarig. Scenedesmus obliquusas first
cultivated in a continuous flat panel photobioreacand under nutritional stress
(nitrogen limitation) to promote carbohydrates amalation. Acid and enzymatic
hydrolysis were optimized and compared (both migaa - Scenedesmusnd
Chlorella). To promote enzymatic hydrolysis a pretreatmeagell on ultrasonication
was applied. Fermentation process was initiallgisti in a synthetic culture medium to
simulate the sugars composition present in theseoalgal species. Initial inoculum
concentration and consortium by Richia-Saccharomycewas studied to improve
ethanol productivity and yield. Additionally, th&ext of salinity on yeasts fermentation
was studied. Finally, ethanolic fermentations wihicroalgal hydrolysate were
performed.
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Introduction

The global demand for energy is highly dependerfoesil fuels and several studies are
trying to improve the availability of renewable egy as a strategy to a more
sustainable world where climate change is avoidetlantrol of pollution is ensured.
However, the development of new technologies depewth the feasibility,
investments/incentives and availability of reneweabburces. Biomass is one of them,
and can be used to produce biofuels, anyway whiténel is the most produced one.
The demand of bioethanol practically doubled inlgst decade reaching a saturation of
the first-generation crops exploitation and risupgarable land and food vs fuel issue.
As result of this, investigations orf'®ethanol generation were stimulated which is
based on lignocellulosic material/biomass/waste ras materials. However, the
difficulty to validate this technology at industrgcale due to saccharification problems,
severity of the pretreatments, the high chemicas ar higher time of biological
pretreatment, cost of enzymes and slower fermemntaime and yield opened space to
new sources of biomasses such as micro and maaso&lj and 4' generations of
bioethanol production).

In particular, microalgae can reach good valuesasbohydrate content depending of
the environmental/nutritional conditions, have lglgrowth rate in comparison to
higher plants and are not containing lignin, thheyt are easier to hydrolyze than
lignocellulosics. Often there are no industrial laggtions of this type of biomass for
ethanol production as several process steps ndegl developed prior to the expansion
of scale, such as hydrolysis and fermentation.

Thus, in this work the acidic and enzymatic hydsayof Scenedesmus obliquasid
Chlorella vulgarisbiomass were studied and optimized. After thagjrthydrolysates
were submitted to fermentation with an inoculum posed by a consortium
(Saccharomyces Pichia) to verify the influence of salinity on ethanoéid.

In chapter 1 the state of art with several infolioratrelated to ethanol production
technologies are reported, while chapter 2 detadsmaterial and method used for the
experimental procedures of microalgae cultivatiod hiomass characterization, acidic

and enzymatic hydrolysis and ethanolic fermentation
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In chapter 3, the acid and enzymatic hydrolysisnafroalgal biomass are studied and
discussed. For acidic hydrolysis, the best acid l@ncthass concentration, temperature
and reaction time were determined. During enzymiayrolysis, ultrasonication was

validated as a pretreatment of the biomass to imgenzyme accessibility and the
concentration/type of enzyme was also verified.

In chapter 4, the fermentation process was invat&iin order to guarantee a good
productivity and ethanol yield. Firstly, the inooal concentration and species
consortium were studied. After, the influence dirsty was performed to understand if

the salts concentration in both hydrolysis couléecf negatively the fermentation

performance. Finally, the microalgal hydrolysatesevfermented.

| would like to thank prof. Alberto Bertucco to gime the opportunity to do this work
and a special thanks to MSc. Carlos Eduardo ded=aBilva for help and his precious

support.









Chapter 1

Ethanol from microalgae: state of the art

1.1 Energetic matrix worldwide

From the first industrial revolution (1750), humastarted to get energy from coal, oil
and gas (fossil fuels), and at present, it stiiresents most of the energy sources and
cause serious pollution problems. The combustiofos$il fuels produces gases like
carbon dioxide, nitrogen oxide (NOx), sulphur dai(SQ), volatile organic (VOCs)
and heavy metals compounds. All of these are f@oitstthat are responsible directly of
environmental problems like acid rains, greenhoustésct, ozone depletion, and
indirectly the climate change, ecosystem alteratising of the sea levels (Mata et al.,
2010; Ashokkumar et al., 2015).

A number of several treaties (such as Kyoto, COR l2dve promoted a cooperation in
order to change the mix of energy resources wighddvelopment of new systems to
obtain clean energy (i.e. renewable energy). Byndei renewable energy is the
energy derived from nature and that can replenisiima human lifespan. This are also
call sustainable source of energy became it haateaaf consumption that does not
exceed its rate of regeneration (Natural Resouteesmda, 2017). At the world level in
2015 the energy derived from fossil fuel was edqaa@2% (32% from gas, 42% from
oil and 26% from coal), 5% was taken from nuclessién, 2% from hydropower and
11% from renewable sources which include biomasgu(eé 1.1) (World Energy
Council, 2016).
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Figure 1.1: Energetic matrix worldwide (WORLD ENERGY COUNCI] @)

Biomass is a natural product with a high amounttegmical energy stored inside, so
that it and it is the raw material of biorefinerysgem. According to the US congress
2000, biomass is an “organic matter that is avilan a renewable or recurring basis
(excluding old growth timber), including agricultdrfood and feed crop residues,
dedicated energy crops and trees, wood and woaduess aquatic plants, animal
wastes and other waste materials.” The conceptiakfinery is similar to that of
petroleum refinery. According to IEA Bioenergy TagR: “Biorefinering is the
sustainable process of biomass into a spectrumavketable products and energy”.
This definition includes a great variety of tectogies able to transform biomass
resources (sugar cane, corn, wood, microalgae.o)hbntlding blocks (carbohydrates,
triglycerides, proteins...) which can become valugbteducts, chemicals and biofuels.
In brief, biorefinery is a network of facilitiesahcombine biomass conversion process,
power, chemicals and operation units to producduble (Figure 1.2) (Cherubini,
2010).
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Figure 1.2Biorefinery concept as network of facilities sourieagauskas et al.2006)

The principal renewable sources developed are folar irradiation, wind, biomass
and biogas, and represent only 11% of the totaiggnesed.

1.2 Ethanol market and generations

1.2.1 Bigger producers

The ethanol production was developed first in Brand USA for different reasons

such as the economic crisis due to overproductiosugar, global oil crisis and as
alternative to oil derivate molecules. In 1975 Naional Alcohol Program (ProAlcool)

was started, based on the production of ethantheatarge scale starting from sugar
cane as raw material. This activity is nowadaydasned, as in 2015 Brazil's govern
approved a law that require a bioethanol conteri23£25% in gasoline (Risoluzione
n°6/2009 del Conselho Nacional de Politica Enecgitiln 2016, Brazil was one of the
main producer of bioethanol with 7.295 billion gals out a total of 26.5 billion gallons
produced (Table 1.1 and 1.2).

The USA, ethanol industry started from 1980 witle #im to revitalize the farming

sector on difficult due to the overproduction. Aappened in Brazil, United States
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gradually promote the ethanol industries by apprgulender fuel made by 85% of
bioethanol and 15% of gasoline for vehicles spcddsigned (Mussatto et al., 2010).

Table 1.1 Share of biofuel production by region (2014 daggurce: World Energy Resource, 2016.

Region Percentage (%)
Asia 10.5

Africa 1

Middle East -

Europe and Eurasia 16.5
South and Central America 28.7
North America 44.1

Table 1.Z Major Bioethanol producer (year 201&ource: statista.com

. Production
Region/State |\ uiion gallons)
USA 15,250
Brazil 7,295
Europe 1,377
China 845
Canada 436
Thailand 322
Argentina 264
India 225
Rest of the world 490
Total 26,504

1.2.2 Type of biomass and conversion technology

The bioethanol production from sugars can be sumetdhin three steps:

1. cultivation and extraction of fermentable sugars;

2. transformation of sugars into ethanol by ethanf@imentation (usually);

3. ethanol separation and purification (Mussatto ¢t24110).
Thanks to its high sugar cane productivity, Bragtleloped a®igeneration biorefinery
where sugar cane was converted into bioethanol.pfbeess is simple and consist in
the milling of the sugar cane for the sugars extvadhydrolysis is not required). The
ethanolic fermentation is done directly after tikgaction (Figure 1.3).
As sugarcane needs specific climatic conditionant@es of northern hemisphere used
other food crops to develop their ethanol indust{morn in USA and beet in Europe).
When corn is wused, the process of saccharificatioequires sugars
extraction/depolymerization (hydrolysis) after theniling since starch, a
polysaccharide, is the main carbohydrate presehé pretreatment consists in an

enzymatic hydrolysis with amyglucosidase andmylase of the gelatinized cooked
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starch (extracted from biomass). Then the fermemgtrocess can be done. (Figure
1.3).

The main disadvantages of fjeneration ethanol are the geographical limitattbeir
seasonality and also the ethical problems relaietthé use of food as raw material to
produce energy. This last concern (food vs fuela$ss really an issue due to the world
population growth and led scientist to develop 2fegeneration ethanol biorefinery,
where the new raw material is lignocellulosics bés® such agricultural/forest waste
and wood. This process, compared to the first geiogr one is more complex mainly
due to the presence of lignin in the biomass call (fFigure 1.3 and 1.4). After milling,
a pretreatment to improve cellulose accessibiliyd @0 remove de-structucture
hemicellulose-lignin complex is required. Thus, thain disadvantage is the difficulty
to extract sugars from the raw materials. On tleerobhand, the process is able to use

different feedstock even though high capital castésrequired.

Obtainment of a solution of fermentable sugars  Fermentation of sugars  Ethanol separation and purification

" Sugarcane b
i A -
.
o
Milling
Fermentation
(Sucrose)
."“Cnm -
Fermt-matmn
§ (Glucose)
e Dlsll]iutlun
Lignocellulosic material ~ R
1 T
1)
| Milling

Fermentation
(Pentoses+ Hexoses)
D i[ ' Distillation

Fermentation
l(. Hul.lw."l

Flgure 1.3: Flowchart for the ¥ and 2° generauons ‘ethanol. Source: Mussatto et al.,@01
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Figure 1.4Effect of the pretreatment on the lignocellulosacttire. Source: Bhatia et al., 2012.

Chemical/physical/biological treatments can be usedch as dilute acid,
alkaline/organic compounds, steam explosion, impaiign or filamentous fungi (or the
combination between them). Each one has their avardages/disadvantages and the
applicability/efficiency depends on the biomasspwérecalcitrance determined by the

content of the lignocellulosic fractions and therirangements (Table 1.3).



Table 1.3:Pretreatment methods of lignocellulosics materi8lsurce:El-Naggar et al., 2014.

Pretreatment method | Processes Advantages Disadvantages

Physical pretreatment Milling Intensive decrystadtion Energy intensive

Increase in accesively surface area and pore size

Physicochemical and Ammonia fiber explosion| Increase accessible area Not efficient for biomass with high lignin content
chemical pretreatments | (AFEX)
Remove lignin and hemicelluloses to an extent Does not significantly solubilize hemicellulosesrgmared
to other pretreatment process

Does not produce inhibitors

Physicochemical and Dilute acid: sulphuric acig High xylose yields Equipment corrosion
chemical pretreatments
Increase the surface area and the pore volumentgviag hemicellulose| Formation of toxic substances

Relative expensive

Physicochemical and Sodium hydroxide Effective ester removal Expensive reagent
chemical pretreatments
Increase surface area and the porosity Alkali recovery
Physicochemical and Lime Effective lignin and acetyl removal Less effective due poor solubility of lime
chemical pretreatments
Inexpensive
Physicochemical and Ammonia Effective delignification Alkali recovery

chemical pretreatments
Relatively expensive

Physicochemical and Ozonolysis Effectively removes lignin Large amount of ozone is required, making the m®ce
chemical pretreatments expensive
Does not produce toxic residues

The reaction is carried out at room temperaturepadsure

Biological pretreatments Fungi Degrades lignin and hemicelluloses Cellulose loss

Actinomycetes Mild environmental conditions Rate of hydrolysis is relatively slow
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After pretreatment, the de-structured biomass cadergo an enzymatic hydrolysis to
recover the cellulose fraction, which is less atdcby the pretreatments thanks to its
strong resistance to thermochemical processesur@-ig4).

Recently, micro/macroalgal biomass has been propasa 3 generation alternative to
the ethanol biorefinery. Microalgae are less compteterms of structure than higher
plants, do not depend on arable land, for cultbrgtdisplay present higher growth rate
and, can consequently increase the productivityhpetare. However, cultivation costs
are still high, became acceptable technology abl®hvert and manage efficiently this
type of biomass is lacking (Acién et al., 2012;d8laand Bauen, 2013). Microalgae
perform photosynthesis using sunlight energy, wasalts and carbon sources to
convert them firstly in sugars and then proteind Bpids. In addition, pretreatment of
this biomass is simpler than lignocellulosics beealignin is not present in the cell
wall. On the other hand, it is a new technologyhst high capital costs are required.
More research and development are needed but trentades will play a key role in
the near future.

In parallel to this, a @ generation biorefinery was the result of the meneand
development of some patents in the USA where gaaltimodified cyanobacteria are
applied to produce ethanol directly from sunlightiaautrients. The advantage of this
process is simplification. Thus, the elimination mbmass pretreatments ethanol is
obtained by direct distillation of the medium. Hoxge, there are not enough studies on
that and it is difficult to estimate a real produity and calculate the capital costs
involved (Silva and Bertucco, 2016). The four bi@etol generations technologies are

summarized in Table 1.4.

Table 1.4 Biorefinery generations, advantages and disadvaedagpurce: Silva and Bertucco, 2016.

Generation Advantages Disadvantages

Lower and stable production cost use of edible material
Known technology Seasonality of raw material
Can be competitive to fossil fugl Geographical limitation

1* generation
(Sugar cane, corn, beet)

Pretreatment problems
High capital costs
Recent technology

2" generation Low geographical limitation
(Lignocellulosics) Less use of edible material

No geographical limitations
(water, light, salts and Gre
a
needed)
No lignin in the cell wall

High cultivation costs
High capital costs
Recent technology

3 generation
(Microalgae, cyanobacteri
and macroalgae)

New technology (little information on
Composed by two steps: literature)

cultivation and distillation Use of genetically modified organism
High capital costs

4™ generation
(Genetically modified
cyanobacteria)

n
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1.3 Microalgae as a promising source for biofuels

Microalgae/Cyanobacteria are organism typicallynfbun fresh water and marine
systems. They are unicellular, prokaryote or eubddry(cyanobacteria and microalgae,
respectively) and photosynthetic organisms, whigle Individually or in colonies.
There exist more than 50000 species, with a sizgimg from 1 to 1Qum (Mata et al.,
2010).

1.3.1 Advantages of microalgae for biofuels

Using microalgae have many advantages over higlaatspin view of producing first
and second generation biofuels. Microalgae hawasteirf growth, they can double their
biomass in a short time=8.5h hours), they have the ability of growing inrdia
condition and they need a lower water amount tharestrial crops. In addition,
microalgae fix more effectively C1000 g of algal dry biomass utilize about 1.83 kg
of CQO,); nutrients for cultivation can be obtained by teawater and other valuable
byproducts like proteins can be obtained. Unlikeetdrial crops, biomass cultivation
does not need pesticide nor herbicide treatmertsatso the cultivation area requested
is lower (Table 1.5) (Mata et al., 2010).

Table 1.5:Ethanol productivity comparison between differeionfasses.

. Ethanol productivity Reference

Raw material
(L/(ha year))

Corn 3450 — 4600 BNDS, 2008
Beet 5000 — 10000 BNDS, 2008
Sugarcane 5400 — 10800 BNDS, 2008
Lignocellulosic biomass 10000 Santos et al., 2014
(sugarcane)

Microalgae (20% dry biomass Acién et al., 2012
carbohydrate content)
Microalgae (35% dry biomass
carbohydrate content)
Microalgae (50% dry biomass

carbohydrate content)

7093 - 21279

12413 — 37286 Acien et al., 2012

17733 — 53199 Acién et al., 2012

1.3.2 A carbohydrate-rich biomass from microalgae

Microalgae grown in normal condition (excess of riaumts) have the biochemical
composition of 20-40% of carbohydrates, 30-50% wdtgins and 8-15% of lipids.
However, it is possible to increase the carbohydraind lipid content by properly

managing environmental/nutritional conditions theitrients concentration, light
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intensity and residence time as that the carbomadason and its metabolism a
modified (Chen et al., 2013; Vitova et al., 20

It is important to mention that wunder nitrogen lation/starvatior
microalgae/cyanobacteria can accumulate ene-reserves of both lipids ar
carbohydrates depending on the stress conditiaguf€il.5). The main carbohydr:
present in microalgae are starch and in cyanobactglycogen, (while othe
polysaccharides such as cellulose, hemicellulosk pattin can be found in the ¢
wall). All others are glucose based polymers angtegent a promising source -
fermentation applications such as bioethanol, Wi, other alcohols, acetor
methare, and hydrogen (Vitova et al., 20!

ETHANOL

BIODIESEL

Figure 1.5 Biofuels potentiality from microalg. Source: Beer et al., 2009

In Table 1.6 some values of carbohydrate contetdimdd in microalgae cultivate

under nutrient limitation are report
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Table 1.6 Carbohydrate content in some microalg&eurce: Adapted from Silva and Bertucco, 2016.

Microalgae Carbohydrates content (%)
Chlamydomonas fasciatzttl 437 43.5
Chlamydomonas reinhardti TEX 90 59.7

Chlorella vulgarisP12 41

Chlorella vulgarisFSP-E 52

Chlorella sp.KR1 49.7

Dunaliella tertiolectaLB999 40.5
Scenedesmus dimorphus 45 -50
Scenedesmus obliquGiNW-N 51.8

These polysaccharides, after hydrolysis, provideniypaglucose (70-80% of dry cell
carbohydrates - DCC) and pentose sugars (20-30%G)DFor example, i€hlorella
sp KR182% glucose and 18% pentose was founded (Lee 208b) and foChlorella
sorokiniana70.8% glucose, 21.5% pentose and 7.7% other sifg@mmandez et al,
2015). Scenedesmus obliqueghibited a monosaccharide profile of 80% glucasd
20% xylose (Ho et al., 2013) arfscenedesmus almeriensigth 52.2% of glucose,
33.4% of xylose, 15.4 of other sugars (Hernandeal.et2015). InNannochloropsis
gaditanawas59% of glucose, 28.8% xylose, 6.5 Ramnose and @fffér sugars was
founded (Hernandez et al., 2015), @nlamydomonas reinhardt88% of glucose, 7%
galatose, 4% arabinose and trace of xylose (Ngateeal., 2008).

1.3.3 Hydrolysis process

Polysaccharides are complex molecules which ususdlye repetitive structure with
monomers or oligomers. Thus, they need to be hydedl to be efficiently fermented
by yeast and/or bacteria strains. (Figure 1.6).
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Figure 1.6: Bioethanol production from microalgae biomass bld@gram.

The hydrolysis process allows carbohydrates extnacind their simplification into
reduced sugars which are easily fermentable. Foroaligae, the main one is glucose,
but also xylose and arabinose (pentose) or mangatagtose can be obtained.

There are several methods of carbohydrate hydeolykich are basically divided into
chemical and biochemical ones. In the literaturentlsal hydrolysis is generally
performed with acids (dilute or concentrated - ligusulphuric acid, chloride acid) at
high temperatures, in the range between 110 — 13@t0with times shorter of 15 — 45
minutes. Sugars extraction yields obtained weravden 70% and 98%. For example,
Chlamydomonas reinhardtivith sulphuric acid at 110°C for 30 minutes reatllee
saccharification yield of 90% (Nguyen et al., 2Q08)enedesmus bijugatbgmass at
130 °C and 2% of sulphuric acid yielded around 8&F/saccharification efficiency
(Ashokkumar et al., 2013)Scenedesmus obliguuBNW-N, at 121 °C and with
sulphuric acid 2% for 20 min reached 95% of sugasovery (Ho et al., 2013).
Tribonemasp. at 121 °C and 3% of sulfuric acid, 30 min reacB0% (Wang et al.,
2014).Chlorella vulgarisJSC-6, at 121 °C and 3% of sulfuric acid for 2@ mchieved

a saccharification yield of 90% (Wang et al., 2018¢idic hydrolysate needs to be
neutralized before fermentation causing the foramatif high amount of salts which can
significantly affect the fermentation yield (Casstyal., 2013).

Biochemical hydrolysis can also be performed withyenes carefully chosen based on
the type of polysaccharide due to their specificitiie environmental conditions must

be previous determined and controlled during al pinocess because, as biologically
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active components, they are sensible and inhiddematuration can happen (pH,
temperature, osmotic pressure, biomass charaatsyi@dRobinson, 2015).

Amylase, pectinase and cellulase are the most comenaymes used to saccharify
microalgal biomass. Amylases are a group of enzymeduced by plants, animals, and
microorganisms for starch assimilation. The mogionant arex -amylasey —amylase
and pullulanase. They have different structure aathlytic mechanism. The best
condition for the saccharification were found atpH.5 at temperature between 45 and
55°C (Lee et al., 2015).

Cellulases are produced by fungi, bacteria, prangpplants, and animals. These types
of enzymes are specialized for cellulose hydrolysisch is achieved through the
combination of the catalytic effect of endoglucasms exoglucanases,
cellobiohydrolases angl—glucosidase. According to the literature the lgesidition for
hydrolysis are pH = 5.5 and 55°C (Lee et al., 2015)

Pectinase is an enzyme used for the demolitiorecfip (polymer of galacturonic acid),
usually contained in the cell wall. The main enzgnoé this family are pectolyase,
pectozyme, and polygalacturonase. The maximum aaéichtion yield is found at
45°C and pH = 5.5 (Lee et al., 2015), and Kim et é&014) showed a good
performance for this type of enzyme at 50°C and=pH8.

In comparison with the chemical method, enzymagdralysis is slower and more
complicate because a biomass pretreatment is neéedetithe enzyme enter inside the
cell and catalyze the reaction. On the other hénd, more eco-friendly because no-
reduced chemicals are used. Some results are edpariTable 1.7 where it is possible
to see that a minimal change of the enzyme typemronmental conditions can

decrease a saccharification yield from 80 to 20%.
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Table 1.7:Enzymatic hydrolysis for some microalgal biomass.

%
Microalgae Enzyme Conditions o Reference
Saccharification
Chlorella ) .
) Pectinase pH=4.8, T=50°C 41 Kim et al., 2014
vulgaris
Chlorella Pectinase )
] ) pH=4.8, T=50°C 79 Kim et al., 2014
vulgaris (bead-beating)
Chlorella ) )
) B-glucosidase pH=4.8, T=50°C <20 Kim et al., 2014
vulgaris
Chlorella )
) Cellulase pH=4.8, T=50°C <20 Kim et al., 2014
vulgaris
Chlorella .
) Amylase pH=4.8, T=50°C <20 Kim et al., 2014
vulgaris
Chlorella » )
) Chitinase pH=4.8, T=50°C <20 Kim et al., 2014
vulgaris
Chlorella sp. )
Pectinase pH=5.5, T=45°C 76.8 Lee et al., 2015
KR-1
Dunaliella )
_ Amyloglucosidase pH=5, T=55°C 42 Lee et al., 2013
tertiolecta

1.3.4 Ethanolic fermentation

Ethanolic fermentation is one of the best charasdrbiological processes because is
the source of several food and biofuel applicatiditgere are microorganisms having a
metabolic activity that is able to transform thegas contained in the biomass
hydrolysate into ethanol. The main reaction of is:

C6H1206 — ZCH2CH20H + ZCOZ (11)

It is an anaerobic process and the most commonoorganisms used are yeasts
(Saccharomycesnd Pichia genug and bacteria Zymomonas Industrial ethanolic

fermentation use glucose or sucrose as the carborces However, in the biomass
hydrolysate it is common that other mono/oligosacities are present, and in some

cases, such as pentose or xylose they cannotrberiegd bySaccharomyceserevisiae.
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In this case the use of genetically engineered aurganisms or microorganisms
naturally fermenters of pentose and other sugarsh(ssPichia and Kleyveromyces
must be used (Agbogbo et al., 2006; Rouhollah.eP@07; Rodrussamee et al., 2013).
Values reported in the literature for the fermdotatof microalgal hydrolysate show
yields between 56% and 90% (Silva and Bertucco,6R0Ih details,Scenedesmus
bijugatus acidic hydrolysate (2% #$0,) reached a fermentation yield of 70% using
Saccharomyces cerevisig@dshokkumar et al., 2013Chlorella sp. KR-1pretreated
with HCI 0.3N reached a fermentation yield of 80%w&.cerevisiadLee et al., 2015).
C. vulgarisafter enzymatic hydrolysis with endoglucanase, lasgyand3-glucosidase
and fermented with the bactedgmomonas mobiliGATTC 29191) at 30°C ensured an
ethanol yield of 91%.

1.4 Aim of the thesis

This thesis is aimed to study the processes ofdhysls and fermentation of microalgal
biomass to obtain bioethanol as a biofuel. Acidid anzymatic hydrolysis experiments
were performed in order to determine the best d¢mmdi to maximize the
saccharification yield. Ethanolic fermentation wexaried out to understand if it is
possible to achieve a fermentation yield similathe values obtained with traditional
crops.

In details:

1) Acidic hydrolysis was optimized acid with respect diomass concentration,
treatment time and temperature;

2) Enzymatic treatment was studied with ultrasonicatie pretreatment to increase
enzyme accessibility during the hydrolysis proceBbe effect of enzyme
concentration per gram of biomass was evaluated;

3) Fermentation with standard medium was evaluatedtudy the influence of
inoculum concentration, consortium (SaccharomyeoesRichia) and salinity on
the ethanol yield and productivity;

4) A validation for the results previously determingds made with the microalgal

hydrolysates (acidic and enzymatic).
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Chapter 2

Experimental materials and methods

In this chapter the material and methods usedttopsthe experiments are considered.

First some details concerning algal cultivatiorghsas the continuous growing system
and biomass characterization are presented. Thewerimental procedures of acidic
and enzymatic hydrolysis are described. Finallgaeblic fermentation using different

yeast strains and how optimizing their performaisadiscussed.

2.1 Algal biomass

The microalgal chosen for the study weBeenedesmus Obliquuend Chlorella
Vulgaris.

Chlorella Vulgaris biomass powder was provided by Neoalgae® (Micrawsed
products B-52501749).

Scenedesmus Obliquuar6.7 (SAG- Goettingen) biomass was produced throug
cultivation in a continuous photobioreactror (PB&) 23 + 1 °C, and fed with a
modified BG11 with nutrient limitation to promotieet accumulation of carbohydrates.
The continuous cultivation was performed in a \eaitiflat-plate polycarbonate CSTR
(continuously stirred tank reactor) PBR with a wogkvolume of 700 mL, a depth of
1.2 cm, and an irradiated surface measuring 30 lemgth) and 19.5 cm (width)
(Barbera et al., 2017).

CO; in excess was provided by a mixture £@ir (5% v/v) bubbling at the reactor
bottom (1L/h of total gas flow rate), which alsosared mixing. Additionally, a
magnetic stirrer was used to prevent any deposaiobiomass, thus ensuring a good
mixing within the reactor. The fresh medium was &d constant rate by a peristaltic
pump (Watson-Marlow sci400).

The working volume\(r) was controlled by an overflow tube, and the duttawv rate

Q (mL/day) was collected in a tank. So, the hydauisidence timer) in the reactor
was directly controlled by the peristaltic pumpe@rling to the relationshipt = Vr/Q.

The inlet flowrate was regulated in order to obtairesidence time= 2.3 £ 0.3 days.
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Light was provided by a LED lamp (Photon Systemtrimaents, SN-SL 3500-22).
Photon Flux Density (PFD) was measured on bothrg¢laetor front and back panels
using a photoradiometer (HD 2101.1 from Delta OHNMNhich quantifies the
photosynthetically active radiation (PAR) (Silvaag, 2017). In Figure 2.1 a picture of
the continuous flat panel used for tBeenedesmus obliquisomass cultivation is

shown.

Figure 2.2: Biomass continuous cultivation.

2.2 Microorganisms and Culture Medium

2.2.1 Yeast strains and culture medium

Yeast species chosen for this study weaecharomyces cerevisi@@ameo S.p.A.) and

Pichia stipitisATCC 58785.

The cultures were maintained in YPD-Medium: 10 gfiLyeast extract, 20 g/L of

peptone and 20g/L of glucose. The microorganismae alere grown in YPDA (agar
plates — 20 g/L) to store them for longer periotdd°&. For all control fermentations,
YPD medium was used with glucose concentration20ofYPD-20) and 50 (YPD-50)

g/L.

These sugars content in the medium were dependgddy the yeast fermentation with
a substrate similar to the ones obtained from X080ag/L of microalgal biomass after
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the hydrolysis proces&hlorella vulgaris a strain with 20-25% of carbohydrate content
and Scenedesmus obliquusth 45-50% of carbohydrate content, were the cesirof
their respective carbohydrates which were maddablaias sugars concentration in the

medium.

2.2.2 Microalgae strain and Cultivation

As aforementione&cenedesmus obliquuss cultivated in continuous made using BG-
11 medium (Table 2.1) (Rippka et al., 1979). To mmxe the biomass and
carbohydrate production, BG11 medium was modifeegrovide limitation of nitrogen
and to shift towards the accumulation of carbohtgdraln fact, under nutrient limitation
(in particular of the nitrate content) microalgae aaturally stimulated to accumulate
carbohydrates as a result of the growth limitato reduced capacity to synthesize
proteins (Chen et al., 2013).

The culture medium and all the materials were Isted in an autoclave at 121 °C for
20 mins in order to prevent any contamination. phewas kept constant at pH = 8 by

using Hepes as buffer.

Table 2.1:Standard and modified composition of BG11 medium.

Component Concentration (mg/L) Concentration (mg/L)
Rippka et al., 1979 Silva et al., 2017

Na;Mg EDTA 1 1

Ammonium ferric citrate 6 6

Citric acid*H,O 6 6

CaCb*2H,0 36 36

MgSO, 75 75

K HPO, 30.5 142

HsBO; 2.86 2.86

MnCl,*4H,0 1.81 1.81

ZnSO¥7H0 0.222 0.222

CuSQG*5H,0 0.70 0.70

COCL*6H,0 0.050 0.050

Na,MoO,*2H,0 0.391 0.391

Na,CO; 20 20

NaNG; 0.943 0.54

HEPES pH 8 1M M
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In Table 2.1, the concentration of the medium ismsiarized. Note that P and N
concentration were modified in order to cause arittrtal stress and improve
carbohydrate accumulation Hy. obliquus P concentration was increased to avoid
limitation of this nutrient on cell growth, and migen limitation was the unique
condition desired, avoiding growth inhibition duelifitation. On the other hand,
reducing nitrogen concentration is the most knovethod in carbohydrate production
from microalgae (Silva and Sforza, 2016; Silvalet2017). FoiScenedesmus obliqyus
their respective values were previously determiamed80 mg/L of N and 100 mg/L of P
(Silva et al., 2017). Light intensity was equal6®0 pmol nif s* and resident time to
2.3 £ 0.3 days.

2.3 Analytical Procedures

2.3.1 Growth analysis

For each experiment, the cellular concentration wasnitored through the

measurement of dry cell weight, optical density j@Bd cellular count.

Dry cell weight

Measuring the dry cell weight allows to know thecamt of mass per unit volume.

First, a known volume of culture (V) is taken. Teparate the aqueous bulk from the
biomass, nitrocellulose filters (Whatman®) with @aize of 0.45um are used. These
filters are first dried up to eliminate the absatbdeimidity, then they are weighed to
measure the tare (Initial filter weight) on an atiahl balance (Atilon Acculab
Sartorius Group®, sensibility of 10-49).

The phase separation is achieved by suction oidh&l volume of culture through the
filter, performed by a vacuum flask. After that tileer with the wet biomass, is kept in
the oven for 1.5 h at 105°C to eliminate the irgtladar water. Then, the final weight of
the filter is measured.

The dry weight of the sample is then calculatethefollowing way:

Dry weight (%) = (final filter weight — initial filter weight)/sample volume (2.2)
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Cell count

Cell concentration can be directly measured by tingnthe cells at the optical
microscope.

The sample is put in the Blrker® chamber, a glagpart containing 2 cells with a
depth of 0.1 mm each. The cells are divided ingg@ares with 1 mm sides, which are
separated by a triple line. Each of these biggerasss is divided into 16 smaller
squares, delimited by a double line.

The measure requires to dilute the sample to hatveden 20 and 100 cells per bigger

square (see Figure 2.2).

i

I - |

== m ==
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Figure 2.3: Biurker chamber (on the left) and schematic repregem (on the right).

Cell concentration (N) is then calculated in cetils/

N = n * dil = 10* (cells/mL) (2.2)

where: “n” is the mean number of cells countedhi@ bigger square (usually only the
big diagonal square is counted). “dil” is the saenghllution used. The factor 104 is due

to the fact that each bigger square has a volumal ¢ég 0.1uL.

Optical Density (OD)

This measurement was performed by using a spedtopteter (Spectronic UV-500®
UV-visible). At the wavelength of 750 nm there isireear relationship for microalgae
between absorbance and cell concentration, ansl valid in a range of absorbance
between 0.1 and 1. If the sample is too concemtratenust be diluted to be in the
range. For the yeast grow measurement the wavalef@®00 nm was used instead.
Before the measurement, it was necessary to setefeeand removing the medium
contribution to the absorption This is done by @arépy two cuvettes with the culture
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medium as blanks. Then, one of them is used a®enee to the sample during the OD
measurement, while the sample is put in the ottiees

The final value is given by:
OD = abs * dil (2.3)

where “abs” is the absorbance (0 to 1) and “dithis sample dilution.

Growth rate
From the cellular concentration the cellular growstte was determined. This is an
important parameter that let us know how fasterdiléure replication is. The growth

rate is calculated as:

u= ﬁ? (2.4)

where k is the growth rate, [C] is the cellular centration and t is the time. Growth
rate is calculated when there is excess of nufriemt in the exponential growth phase

(see Figure 2.3).

g E T : T g T g T . T : T
IAdaptation|  Exponential growth Stationary phase
200 In(C) = 0,23*time + 3,1 o
R - 4
3 150 4 §
£
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Figure 2.4: Growth curve of Scenedesmus obliquws. Cellular concentration — C (million cells/mL)
and ) In(C). p=0.23 ¢
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2.3.2 Total Sugars (Anthrone Method) and Reducing Sugars (DNS Method)
Microalgae’s biomass total carbohydrate content wemitored with the Anthrone

Method. The reactant composition is reported inl@&b2. The reaction procedure is
summarized as follow: 100 puL of sample react wili® §iL of Anthrone reactant in a
hot water bath at 100°C for 10 mins. Absorbancesm&anent is then performed at 625
nm. (Trevelyan and Harrison, 1952). The calibratioe (Figure 2.4) was determined
by measuring standard solutions at known conceotraif glucose. As a colorimetric

reaction takes place, the reaction leads to a fskeencolor of the sample (Figure 2.5).

Table 2.2:Reactant composition of Anthrone reagent.

H.SO, concentrated 71% viv
H,O 29% viv
Anthrone 2 g/L

A linear correlation between total carbohydrates alosorbance is given by:

[Total Carbohydrates] (g/L) = 0.2732 x ABSg,5 + 0.0033 (2.5)
0.30 | |
0.25 A
0.20 |
0.10 ]
0.05 n
" 02 oa o5 o8 1o 12
Absorbance

Figure 2.4: Calibration line for Anthrone method. (Regressiaotér R=0.991)
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Figure 2.5: Total carbohydrate determination with Anthroneethod. On tt
right there is a sample with a carbohydrate contentthe left the zero sample.

Reducing Sugars were determined with DNS Methode Téactant is DNS (3,5-
Dinitrosalicylic acid) whose composition is repatte Table 2.3. The reaction is done
with 500 pL of water, 250 pL of DNS and 250 uL dtited sample (in order to obtain
absorbance between 0 and 1) and takes place in water bath at 100°C for 5mins,
then 4 mL of water are added. Absorbance (ABS) oreasent is then performed at
540 nm. (Miller, 1959). The calibration line (Figu2.6) was determined by measuring
standard solutions at known concentration of Glacd$ie reaction is colorimetric like

the previous one, the sample’s color lead to reage (Figure 2.7).

Table 2.3:Reducing sugars - DNS reagent.

DNS (3,5-Dinitrosalicylic acid) 19

NaOH 2N 20 mL

Potassium sodium tartrate 3049
Complete with HO to 100 mL

The reducing sugaf®S] concentration in g/L are obtained from:

[RS](g/L) = 3.8315 x ABSs,, + 0.2088 (2.6)
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C (g/L)

0.0 T T T
0.0 0.1 0.2 0.3 04 0.5 0.6

Absorbance

Figure 2.6: Calibration line of DNS method for reducing sugalstermination (Regression fact
R’=0.9832)

Figure 2.7: Reducing sugars with DNS method. On the right theeesamplesvith lower concentratic
of sugars (Yellow). On the right there are sampléh high concentration of sugars (red - orange).

2.3.3 Ethanol determination
Ethanol was by a mixture of sulphuric acid and gsitan dichromate (Table 2.4)

determined through a chemical method based onxltatmon of organic substances,
such as alcohols. The methodology consisted indikgllation of 5 mL of sample
diluted in 20 mL of water for the extraction of attol. The extract solution is stored in
a falcon and summed with water for a final volumth@® mL. After that 1 mL of sample

is taken react with 1 mL of reactant.

Table 2.4:Composition for 1L of reactant.
sulphuric acid (98 % p/p) 325 mL

potassium dichromate 33.68¢g
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Absorbance measurement was then performed at 600 Inencalibration line (Figure
2.8) was determined by measuring standard solutetng&nown concentration of
ethanol. Reaction takes place in a hot water bath3® min, and is a colorimetric
reaction where sample’s color leads to brown (FeglB).

The ethanol linear correlation is given by:

[Ethanol](g/L) = 53.063 * ABSsy, — 0.3871 (2.7)

60

Ethanol (g/L)

T T T T T
0.0 02 0.4 0.6 0.8 10
Absorbance

Figure 2.8: Calibration curve of ethanol. (Regression fact6r®9983)

Figure 2.9: Ethanol determination, on the left there is a slEwaithout ethanol (zero), on the right there
is a sample with a concentration of 20 g/L of etilan
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2.4 Biochemical characterization

Biochemical characterization of microalgal biomassluded the determination of
moisture (AOAC official method 934.01), ash (AOA@ical method 942.05), protein
(AOAC official method 2001.11), lipid content (AOAGfficial method 2003.05),
carbohydrates and monomers (HPLC) (AOAC, 2002).

2.5 Hydrolysis

2.5.1 Acidic Hydrolysis

Acidic hydrolysis was performed with 5-10% of salitbad (microalgal biomass), in

autoclave (Autoclave vapour-lineeco VWR), using penatures between 100-130 °C (P
~ 1 atm), and changing the concentration of catgh2S04 — 98% or HCl — 37% -
Sigma ®, at 0, 1, 3 and 5% v v-1 respectively) tredreaction time (0-60 min).

2.5.2 Enzymatic Hydrolysis

Enzymatic hydrolysis was performed using citratéfds60 mM, pH 5.0 at 50 °C. The
enzyme mix was composed by:

Viscozyme® L (Novozymes cellulases mixture with100 FBGU/g — betaglucanase
units);

AMG 300 L (amyglucosidase from Aspergillus nigetw260 U/mL);

Pectinex Ultra SP-L (pectinase from Aspergilluslaans with> 3,800 U/mL.

All of them were produced by Novozymes® and puredast Sigma-Aldrich ®.

The amount of enzyme per gram of biomass was fikedause the experiments must
validate the effect of ultrasonication on extractiand saccharification of microalgal
sugars.
The concentrations were:

Viscozyme L® — 20U/gbiomass;

AMG 300 L® — 100U/gbiomass;

PectineX Ultra SP-L® — 1000U/gbiomass.
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All experimental conditions were based on publishbagers (Danquah, Harun, 2011;
Asada et al., 2012; McMillan et al.,2013; Kim et, &014; Lee et al., 2015), any
environmental conditions able to permit each enzyomeork with a sufficient activity

to perform the hydrolysis adequately. Sodium amds used at concentration of 0.02%

(w/v) to prevent contamination.

2.5.2.1 Ultrasonication

Ultrasonication was done by using an Ultrasonicegator (AA-WG1-800W — SN 154,
Aktive Arc Sarl, Switzerland) with different amplde/offset and time options. The
parameters were set to 50% of amplitude and 25%feét for 40 min, resulting in an
energy consumption of 30 W. These parameter vake¥s based on previous works
(Asada et al., 2012; McMillan et al., 2013; Leeakt 2015). To study the effect of
ultrasonication a statistical analysis was donee TWariable studied were the
pretreatmentime, the biomass concentratioand thesonication intensityfamplitudg.
For these experimen&cenedesmus obliqgub®mass was used.

Ultrasonication assays were carried out as a fiattexperimental design®avith three
central point, totalizing 11 experiments. The Vialea studied were time (min), intensity
of sonication (amplitude/offset) and biomass cotregion (g/L). The levels of the

experimental design are summarized in Table 2.5.

Table 2.5:Levels of the factorial experimental design

Variable -1 0 +1
Time (min) 5 15 25
Amplitude/Offset (%)* 50/-40 60/-10 70/25
Biomass Concentratio 10 55 100
(9/L)

All statistical analysis was performed by the saitevStatistica® for the factorial design
analysis considering p < 0.05 (95% of significande) the variables and their linear
interactions.

The efficiency of the process was compared alsh v@spect to the energy consumed
per gram of biomass to verify if it is the integsiind/or the energy applied by

ultrasonication that provides higher accessibditypiomass to the hydrolysis process.
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2.5.2.2 Enzymatic mix

The experiments were performed with 100 g/L of watgal biomass. For the following
runs the enzymatic mix in the concentrations of lx and 1/10x were used; where x
= Viscozyme: 20 FPU cellulose(ghass AMG: 100U/ghiomass, Pectinex: 1000Ufgmass
The saccharification extent (%) was measured by DN&hod since enzymatic
saccharification is very specific and must leadréducing sugars at the end of

hydrolysis process.

2.5.3 Process parameters

Hydrolysis experiments were validated by the sdizdition of biomass, extracted sugars
(total sugars) and hydrolyzed sugars (reducingrsjiga

After the hydrolysis, the mass yield (MY) of theopess was evaluated on a dry weight
basis by gravimetry using cellulose acetate filtd@r9.45um (Whatman®) at 105°C and 2

hours. Filters were pre-dried for 10 min at 105iACrder to remove any moisture. The

relation between solubilized biomass and mass ysajiven by:

Initial Biomass (%)—Mass yield (%)

[Solubilized Biomass](%) = * 100 (2.8)

Initial biomass Load (%)

The amount of total extracted sugars (TS) was detexd by the Anthrone method and
reducing sugars (monomers, RS) using the DNS methbde % of sugars

extracted/hydrolyzed were calculated by:

Sugar concentration in the liquor (%)

[Sugar](%) = * 100 (2.9)

Initial biomass load (%)*Carbohydrates content

where the carbohydrates content was that obtaingdtihe Anthrone method, the initial
biomass load was measured with dry weight initialyd the sugar concentration was
determined with Anthrone and DNS method.

2.5 Ethanolic fermentation

Fermentation experiments were performed with twifedgnt yeastsSaccharomyces
cerevisiag(Cameo S.p.A.) anBichia stipitis(ATCC 58785). Inoculums were stored in
liquid and solid YPD medium. All the experiments revecarried out at 31°C.

Reducing sugars were measured by DNS method alubcejrowth by dry weight and
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cell count (82.3.1). Ethanol was determined by dbehmethod (described in §2.3.3).
Conversion factors were calculated by:

AX

YX/S - ASugars (2'10)
AEthanol
YE/S " ASugars (2.11)
AX
YX/E " AEthanol (2.12)

where: 4X is the difference between the initial dry weigindathe final dry weight,
ASugarsis the difference between the initial reducing easgand the final reducing
sugarsEthanolis the difference between the initial concentratod ethanol and the

final concentration of ethanol.

Process and fermentation (biochemical) yield (dism@mness) are evaluated as:

Ethanol produced

Process Yield (%) =

(2.13)

0.511«Initial Sugars

Ethanol produced
0.511+ASugars

Biochemical Yield (%) = 100 (2.14)

where 0.511 is the glucose-ethanol conversion faamtoording to the stoichiometry of
Gay-Lussac, andSugarsis the difference between the initial reducingasgand the

final reducing sugars.

The ethanol productivity is determined as:

AEthanol
At

Productivity (L“ih) = (2.15)

where 4Ethanol is the difference between the initial concentratad ethanol and the
final concentration of ethanol, antt is the time required to reach the maximum

concentration value of ethanol.
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Four sets of experiments were carried out:

* First, the efficiency of each strairs.Cerevisiaeand P. stipitig and inoculum
concentration (0.1, 0.5, 2.5 and 12.5 g/L) wereidea¢d in terms of ethanol
productivity; The strains were cultivated in YPD-220 g/L of glucose, 20 g/L
Peptone and 10 g/L of Yeast extract) and YPD-50 ¢BAO of glucose, 20 g/L
Peptone and 10 g/L of Yeast extract).

* Then, the presence of xylose (20% of sugars presehe medium — generally the
presence of pentose in microalgal biomass), andds¢ consortium combination
(Saccharomyces cerevisiaand Pichia stipitis in different percentages) were
validated. Using a consortiunBaccharomyces+ Pichia can increase the
fermentation productivity sincePichia has the ability to ferment pentose
(Saccharomycesot). The modified culture medium has the follogvbomposition:

o0 YPD-20: (16 g/L of glucose, 4 g/L of xylose, 20 dPeptone and 10 g/L of
Yeast extract)

0 YPD-50: (40 g/L of glucose, 10 g/L of xylose, 2@ gfeptone and 10 g/L of
Yeast extract).

* The third step evaluated the influence of salimtthe fermentation process. During
the acidic hydrolysis after neutralization of theoth, salts are formed in a
concentration range of 10-50 g/L which can influes@gnificantly the productivity.
The strains used were the same as in the previous pith process addition of a
certain concentration of NaCl or pBO,.

* Finally, acidic and enzymatic hydrolysates werentented with the best conditions
of inoculum concentration and consortium as deteechi in the preliminary
experiments, and a comparison between the stamaeddum and microalgal broth
was made.

The sets of experiments considered are summarizedure 2.10
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Step 1: inoculum
optimization

Step 2:
Consortium
optimization

Step 3. Salts
influence

Step 4
Microalgal
biomass
fermentation

These steps are important for acidic and
enzymatic hydrolysis.

This step 1s correlated to acidic
hydrolysis due the great amount of

chemicals used.

Comparison of the efficiency
to a standard medium and a

real microalgal hydrolysate.

Figure 2.10: Flowchart of thedrmentatiol experiments.
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Chapter 3

Microalgal hydrolysis

In this chapter besides the characteristics ofGhéorella vulgarisand Scenedesmus
obliquus biomass (cultivation system and biochemical cortjpod used in the
experiments, the experiments of hydrolysis (acidicd enzymatic) are described.
During the acidic hydrolysis reaction time, tempere, acid and biomass concentration
were varied and optimized. On the other hand, tdopma enzymatic hydrolysis
efficiently, a pretreatment step fo6cenedesmus obliquusvas required and

ultrasonication was the method chosen.

3.1 Algal biomass

Scenedesmus obliquuend Chlorella vulgaris are very common and studied as
feedstock for the bioethanol production (Silva &witucco, 2016)As aforementioned,
Chlorella vulgaris biomass powder was purchased frd¥eoalgae®. Scenedemus
obliguuswas cultivated in a continuous stirred flat paplebtobioreactor (PBR). The
cultivation conditions were reported in the cha@eg2.2.2.

In Figures 3.1 and 3.2 it is shown the dry cell gieiand carbohydrate content
measured during the biomass cultivation at stegatg-svhich was operated for more
than a hundred days, guarantying physiologicallaodhemical stability of the biomass

produced. Growth and productivity parameters gpented in Table 3.1.
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Figure 3.1: Continuous biomass cultivation of Scenedesmusuldi, dry weight, along with cultivation
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Figure 3.2: Carbohydrate content during the continuous cuttiva of Scenedesmus obliquus biomass.

The results obtained in the biomass cultivation smenmarized in Table 3.1. The
carbohydrate and biomass productivity are highantthe values found in literature
because the culture medium was optimized in order provide nitrogen

limitation/starvation in combination with light ensity and residence time (Silva et al.,

2017). The operating conditions are reported i2.82.

Table 3.1:Steady state conditions of continuous biomassvatilin (Scenedesmus obliquus).

Dry weight (g/L) 3.94+£0.18
Optical Density (750 nm) 19.3+2.21
Carbohydrate content (%) 544+4.1

Biomass productivity (g tday™) 1.70 £ 0.11
Carbohydrate productivity (g iday®) 0.93+0.09
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In literature,Scenedesmus obliquus CNWstivated in glass vessel at 28°C, pH 6.2,
2.5% CQ-air at 210-230 pumol ths*and under nitrogen starvation achieved a biomass
and carbohydrate productivity of 0.5 ¢ Hay* and 0.26 g I* day*, respectively (52%
carbohydrate content) (Ho et al., 2013). Wang et @013) with Scenedesmus
dimorphus cultivated in a photobioreactor at 38°C, with 2%.,Cair supply and
outdoors conditions obtained a biomass productivify 0.6 g L'day’ and a
carbohydrate productivity of 0.24 g'tlay* (40% of carbohydrate content).

3.2 Biochemical characterization

The biochemical composition dChlorella vulgaris and Scenedesmus obliquse
shown in Table 3.2. These species presented quitéeaent composition in terms of
protein, carbohydrate and lipid content. It is imtpat to remember that microalgae
display a biochemical plasticity able to changeirtlt®mposition according to the
nutritional and environmental factors, and withetatively fast dynamic. Specifically,
for these microalgae, nitrogen availability, resicke time and light intensity allow to
accumulate more or less carbohydrateScenedesmus obliquSilva et al., 2017),
while Chlorella vulgarisprobably was cultivated in excess of nutrientsiciishifted
the biochemical synthesis towards the productioprofeins Chen et al., 2013).

Table3.2: Macrocomponents and sugars profile in Chlorellagarls and Scenedesmus obliquus

Components Chlorellavulgaris Scenedesmus obliquus
% of dry cell weight

Protein 49.5 +0.29 33.63 +4.04

Lipid 6.3+0.15 25.34+0.64

Carbohydrates 23.0£2.0 45.9+4.5
Glucose* 70.15 79.78
Xylose* 10.65 16.14
Arabinose* 10.91 -
Rhamnose* 5.73 -
Other* 2.56 4.08

Ash 7.18+0.01 6.83+0.01

Moisture 5.41+0.05 7.05+0.01

*%% respect to the carbohydrate content.
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Carbohydrates in microalgae are present as cell sgahponents (generally cellulose
and soluble hemicellulose) and plastids (mainlytha form of starch)Ghen et al.,
2013). Glucose was found as the predominant monosacehamidhe biomass and
accounts for more than 70% of total sugars, togetiith xylose (10.65% fo€hlorella,
16.14% for Scenedesmysarabinose (10.91% foChlorella) and rhamnose (5.73%,
Chlorella).

Similar compositions were found in the literatuce these specie€hlorella sp KR1
(36.1% of carbohydrate content where 82% gluco®% fientose) (Lee et al, 2015) and
Chlorella sorokiniana(18.2% of carbohydrate content where 70.8% gluc@4e5%
pentose and 7.7% other) (Hernandez et al, 28&nedesmus obliquusth 50% of
carbohydrate content exhibited a monosacchariddeoommposed by 80% glucose and
20% xylose (Ho et al., 2013%cenedesmus almeriensigth 14.5% of carbohydrate
content exhibited a sugars composition of 52.2%glatose, 33.4% of xylose, 15.4
others (Hernandez et al., 2015).

3.3 Acid hydrolysis

During this part of the study, the efficiency ofetlprocess was based on biomass’
carbohydrate extraction and its conversion intoucaty sugars (monomers). These
experiments were designed to study the influenceiféérent acid concentration (HCI
and HSQ,, 0-8% v/v), reaction times (0-60 min) and biomassacentration (50-100
g/L) at 120 °C.

3.3.1 Acid hydrolysis of Chlorella vulgaris

Several experiments already showed 120°C is thetéeperature (Silva and Bertucco,
2017). As shown in Figure 3.3, higher acid conaditn and reaction time provided a
higher sugars recovery. Sugar extracted (total Sygeere saccharified into reducing
sugars with a high efficiency.
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Figure 3.3: Acid hydrolysis for Chlorella performed at T =1ZDand 100 g/L of biomass load.

At 120 °C, more than 90% of reducing sugars wetaiobd when 3% 80O, and 30
min of reaction time were used. This was considaethe best condition in the range
of the experiments performed. In fact, accordingitemature, 90% of biomass has been
hydrolyzed when 50 g/L ofribonemasp. was submitted at 121 °C and 3% of sulfuric
acid for 30 min (Wang et al., 20143hlorella vulgarisJSC-6 (120 g/L), at 121 °C and
3% of sulfuric acid for 20 min reached a sacchaaifibn yield of 90% (Wang et al.,
2016).Dunaliella tertiolectalLB999 (50 g/L) at 121 °C and 3.73% of sulfuricchéor

15 min achieved a hydrolysis yield of 44.31%, beftentime was probably limiting (Lee
et al., 2013).

As seen in Figure 3.4,280, gives better carbohydrate conversion into redusungars
than HCI, confirming as best condition 3% of acihcentration and 30 min of reaction
time at 120°C. This check was necessary since lieal.e(2015) found better
performance foChlorella using HCI 0.5N with 15 minutes of treatment at 2%&nd
50 g/L of biomass concentration, reaching 98% imgarison with sulphuric acid
(0.5N, 121°C, 15min) which yielded 80% as maximungass recovery. With the
conditions used in Figure 3.4 was proved that usialphuric acid 3%v/v is better
because it needed a lower concentration of thetaefci.e. a possible economical

advantage.
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Figure 3.4: Comparison between the performance with HCl ap8i@® Chlorella vulgaris (100 g/L) with !

min at 120 °C.

3.3.2 Acid hydrolysis of Scenedesmus Obliquus
These experiments were done with 50 g/L of biomaisd20°C and 3% of acid

concentration. Initially, reaction time was 30 maccording to the best condition found
for Chlorella vulgaris But this was not sufficiently fo6cenedesmus obliquugich
reached 90% of sugars extraction and 64% of saiéicaséion yield (reducing sugars —
monomer) as visualized in Figure 3.5.

The results of Figure 3.5 are in agreement witbrdifure. Scenedesmus obliquus
hydrolyzed (50 g/L) at 120 °C and,&0, 5% for 30 min, provided 90% of
saccharification yield (Miranda et al., 2012). Askakar et al. (2013) hydrolyzed 20
g/L of Scenedesmus bijugatbgmass at 130 °C and 2% of acid obtained arodd 8
of saccharification. Ho et al., (2013) wiltenedesmus obliqu@NW-N, 10-40 g/L, at
121 °C and with different concentrations of3@, (1.5-2%) for 20 min reached 95% of
sugars recovery.

With H,SO, 5% vlv it was visualized a significant sugars @elgition from 87 to 70%,
exhibiting sugars degradation. The sugars therragtatlation from sugar cane broth
was evidenced by Nolasco and Massaguer (2006).a#t demonstrated that sugars

concentration decreases when increasing the tetaperand the time of treatment
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(ranges: 110-140°C and 0-500 hours). A similar ptuds accomplished by Woo et al.,
(2015) for glucose and maltose (range studied vifstd 150°C). In addition, it was
observed that under low pH (2.89 — 3.76) the themhegradation increased due the
formation of organic acids. Accordingly, the sugalsgradation process is highly
catalyzed by acid concentration. When 3% of acid wsed, final pH was less than 1,
extremely acid, and it can justify the fast redoctof sugars concentration in solution.
Sugars degradation was already evidencedTidbonema sp with H,SO, 3%vlv,
biomass concentration of 70 g/L at 121°C in thattreent time range of 15-90 minutes.
It was found a maximum saccharification of 85% &atr8inutes, after that the sugars
yield decreased fast enough: at 60 minutes thehadfication was 65%, at 75 minutes
40% (Wang et al., 2014).
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H2S04 0% H2S04 1% H2S04 3% H2S04 5%

Figure 3.5: Acid hydrolysis for Scenedesmus obliquus (50 gibjluence of different }$Q,
concentration.

Miranda et al.,, (2012) withScenedesmus obliquustudied the effects of 490,

concentration (0.05-10N) performed at 120°C for rBhutes. The maximum Yyield
obtained was 30 % (g §&Qdry biomasy With H.SO4 2N. For acid concentration > 2N the
sugars yield decreased faster. Additionally, Haalet (2013) performed a study for
Scenedesmus obliquughere the HSO, concentration from 0.5% to 3% (10 g/L of
biomass, 120°C and 20 minutes) was changed andast faund an optimal acid

concentration of 2% achieving almost 100% of sugac®very, being equal to when
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3% of acid concentration was used. In conclusiammaring the results of the two

different microalgaeScenedesmus obliquis more sensitive to thermal degradation
and acid concentration th&hlorella vulgaris

As a slight increase of acid concentration causegratlation of the sugars, it was
decided to study the effect of the reaction timéhwl,SO, varying between 0-45min at

120°C and 3% of acid (Figure 3.6). Increasing trection time (35 and 45 min) a linear
degradation process of the sugars was noted, sgowgh sensitivity; as well, none

advantages were obtained.
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Figure 3.6: Acid hydrolysis of Scenedesmus obliquus (50 gAb) M4SQ, 3%v/v at 120°C

Biomass concentration was set to 50 g/L becaus®esity problems occurred with 100
g/L, differently of Chlorella vulgaris A decreasing of the saccharification yield is
already demonstrated in the literature when biorcassentration is high and increases
significantly the viscosity (Ho et al., 2013). Maxking biomass concentration is

important from an industrial point of view.

3.4 Enzymatic hydrolysis

Enzymatic hydrolysis is an alternative process t@rbohydrate extraction and
transformation into reducing sugars. Biological tpnas with high specificity named
enzymes are used. Enzymatic treatment, besiddsedfigh cost of enzymes, provide a



Microalgal hydrolysis 53

more specific process at middle temperature andspre (lower heating costs) and
decrease the possibility for degradation phenon@oacur.

To apply this last method a pretreatment is reguioemprove the accessibility of these
carbohydrates to enzymatic attack. Several metfmdalgal cell disruption have been
discussed in the literature: ultrasonication, béadting, microwave, osmotic shock
(NaCl) and autoclaving (at 121 °C) and the resaitts different (Miranda et al., 2012;
Jeon et al., 2013; McMillan et al., 2013; Kurokagtal., 2016; Wang et al., 2016).

3.4.1 Enzymatic hydrolysis for Chlorella vulgaris

In this caseChlorella vulgarisbiomass was purchased as dried and milled, thus no
pretreatment was required, i.e., enzymes were tabteact directly with the biomass
because the cells were already broken during thé&elatment.

The experiments were carried out with 100 g/L ofnw@lgal biomass. The enzymatic
mix (X), where used in the concentrations of 1%x0and 0.1x in order to study the
effect of enzymes, as show in Figure 3.7. The xmaghe enzyme mix: Viscozyme: 20
FPU cellulose/gomass AMG: 100U/giomass Pectinex: 1000U{gmass

The enzymatic hydrolysis with enzyme concentrafismeached the maximum value of
92% of saccharification in 4 hours. With 0.5x acteification of 60% after 10 hours
was obtained. For 0.1x only 25% was saccharifielois Toehavior depends on the
polysaccharides type present in the biomass. Eazynee is specialized to saccharify
specific polysaccharides. This was evident in tapep published by Kim et al., (2014)
where different enzymes (Cellulase, Pectinase, nada, p-glucosidale, Amylase,
Chitinase, Lysozyme and Sulfatase) were testedtlier enzymatic hydrolysis of
Chlorella vulgaris(KMMCC-9; UTEX 26) in this case pectinase was timdy one to
reach a saccharification yield of 78%, the othezryames were less than 20%. A study
investigated the hydrolysis @hlorella pyrenoidosausing Cellulase with a biomass
concentration of 20 g/L at 50°C and a sacchariboayield of 60% was obtained after
24 hours (Fu et al, 2010). The maximum values foanithese works were lower than
those of our study.

Interesting was the study performed by Shokrkaalet (2017) where a microalgal
biomass mix with B-glucosidase/celluloseg-amylase and amyglucosidase was
hydrolysate. The three enzymes were added sepamtdie same hydrolysate one by

one and at different times to optimize the pH aewhgerature for each enzyme. A
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synergy of these enzymes was observed and alm@86 XdF sugars recovery was
reached, indicating that an enzymatic mix couldrimee efficient than the application

of simple enzymes, confirming own idea.

100

% Saccharification

0 : T J T J T y T J 1
0 5 10 15 20 25

Time (hour)

Figure 3.7: Enzimatic hydrolysis of Chlorella vulgaris: effeof enzyme mix concentration on the
Saccharification. (x = Viscozyme: 20 FPU cellulosgfghass AMG: 100U/Giomass, Pectinex:
1000U/giomas) (Se€ §82.5.2).

3.4.2 Biomass pretreatment

Ultrasonication was chosen as a pretreatment bedadsas the advantages of being
able to disrupt the cells at relatively low temperas (lower than microwave and
autoclaving), faster extraction, it is suitable &brcell types and does not require beads
or chemicals thus keeping production costs low r{Jebal., 2013), (Byreddy et al.,
2015).

A preliminary experiment was run witlscenedesmus obliquu® confirm the
advantages of ultrasonication with respect to arobeondition. The negative control
condition was the microalgal biomass without argatment and the positive control
(exploded cells) utilized biomass suspension afigoclaving at 121°C for 20 min
(82.5.2.1). Biomass concentration in all experirmentas 10 g/L and optical
microscopic visualization was verified before anferathe pretreatments with a

magnification of 75x
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(Figure 3.8). It can be seen in Figure 3.8A theradtgae without pretreatment, in B
after ultrasonication, in C the microalgae prewdatvith autoclave and in D the
biomass after the enzymatic hydrolysis.

In Figure 3.%igure 3, preliminary results with and without pretreatmarg show. It is
concluded that sonication improved at least 30%actharification yield in comparison
with the negative and positive controls (withoutetpeatment and autoclaving

pretreatment) which reached around 70%, while wgitimication practically all the

carbohydrate content was hydrolyzed in monosacdésiri

Figure 3.8: Optical visualization after the pretreatments. AJantrol (without treatment), B) Sonication
and C) + Control (Autoclave), D) Biomass after s@tion and 24h of enzymatic hydrolysis. 10 g/L of
biomass concentration and optical magnificatiory bk.
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Figure 3.9: Saccharification of the preliminary experimentsn@ol (-) - without treatment; Sonication —
40% amplitude, 40 kHz for 40 min and Control (+adtoclaving at 121 °C for 20 min.

This result is very interesting, because (see Ei@u®), autoclaving microalgal biomass
promotes the completely cell explosion/de-strud¢tana but does not improve enzyme
accessibility, as probably diffusion effects wamsited by biomass aggregation (Figure
3.8C). In contrast, some literature mentions tlegtting methods are more effective to
cell disruption and suggest it as the best arepamte biomass fractions and promote
enzymatic hydrolysis. We think this is not true (Mitan et al., 2013). On the other
hand, after sonication an apparently not significaall volume reduction is possible
(Figure 3.8B), but with a good volume dispersioronffogenization). Sonication
promotes fissures and cracks on algal cell surfacd consequently enzyme
accessibility (Jeon et al., 2013), and a reductiboell volume may occur or way not
(Kurokawa et al., 2016). In Figure 3.8D, an ‘appé#reell reduction is observed after

enzymatic hydrolysis, according to what already eobsd for C. homosphaera
(Rodrigues et al., 2015).

3.4.3 Study of ultrasonication pretreatment

To study the effect of ultrasonication a statidtiaaalysis was done. The variable
studied were theretreatmenttime, the biomass concentratiomnd thesonication
intensity(amplitudg (82.5.2.1).
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As a results enzymatic hydrolysis was performedy weell in some experiments
achieving more than 90% of sugars recovery as memanThe highest values were
those with higher sonication intensity, higher pratment time and lower biomass
concentration (5 and 6), and achieved near to 96%aacharification, reaching almost
90% in 4 hours of hydrolysis (Table 3.3).

Table 3.3: Saccharification results of all experiments andrayysis time

Assay | Time Sonication Biomass Saccharification (%)
(min) parameter Concentration Time (h)
Amplitude/Offset (g/L) 0 2 4 8 24
(%)

1 5 50/-40 10 13.00+1.41| 32.18+1.19 36.02+2.01 62.26+4[16 79.0¥31
2 25 50/-40 10 10.50+0.71| 37.54+1.19 40.701+0.74 82.24+6]24 83.78%(
3 5 50/-40 100 10.97+0.14| 66.33+2.74 67.85t1.95 70.00+4/05 79.0%B]
4 25 50/-40 100 9.00+1.41 | 65.83+0.08 77.87+0.38 83.06x0.97 90.9080.
5 5 70/25 10 11.00+1.41| 81.23+6.69 86.66+2.34 92.58+4/46 92.89it]
6 25 70/25 10 10.50+0.71| 88.50+2.12 89.62+9.29 93.04x0[74 96.3]
7 5 70/25 100 9.89+1.09 | 65.31+7.20 68.65+2.02 74.21+2}40 79.629.
8 25 70/25 100 12.65+0.04| 67.82+4.46 81.26+0.53 85.29+023 87.64§
9 15 60/-10 55 8.83+0.45 | 74.72+4.61 71.55+0.40 74.02+5.89 88.4837.
10 15 60/-10 55 9.19+0.05 | 70.32+2.94 73.06+1.7 75.17+2[14 88.3@Y.
11 15 60/-10 55 8.57+0.19 | 77.65x0.74 75.12+2.1 74.15+6[42 86.7384.

The data were analyzed with a Pareto chart wherenfiuence of the three variables
studied on the saccharification (biomass conceatrattime of pretreatment and
amplitude) were reported. From the statistic plas wetermined the magnitude of each
variable on the process. If some of them overcdmaevalue of p=0.5 it means that these
variables have a major influence on the procespeoed to the others.

In fact, the Pareto charts represented in Figur® f8r each hydrolysis time considered,
demonstrate that at the beginning (0 h) no infleeoicthe variables in the pretreatment
was observed, i.e., the sugars concentration stattisapproximately the same value.
This is important, because the temperature in sexperiments had a maximum value
of 40°C while in other is reached 90°C. Furthel, edperiments were influenced
positively by sonication intensity (amplitude) amtegatively due to the linear
interaction of sonication intensity and biomassoamtration (2L by 3 L), i.e., higher
sonication intensity promoted more enzyme accdigibnd, consequently, hydrolysis,

and lower biomass concentration. However, with eespo the biomass concentration,
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from the industrial point of view is not profitabte maintain process with 10 g/L of
biomass. Another detail is the energy consumptiothe process and how much the
hydrolysis yield is influenced by the energy usedhie pretreatment process.
Additionally, an interesting information is givery the experiments with 4 and 8 hours
of hydrolysis is that the pretreatment time hadositpve influence, i.e., if a faster
hydrolysis time is required, higher pretreatmemigtican be used.
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Figure 3.10: Effect of the variables on enzymatic yield for ehgdrolysis time. A) 0 hours, B) 2 hours,
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At our best knowledge Sonication intensity studynigatude) applied to algal
pretreatment for sugars hydrolysis is not in therditure so then. However, some
information is available almost sonication frequesensitivity to disrupt algal cells: for
Chaetoceros gracilis Chaetoceros calcitransand Nannochloropsis sp. using
frequencies between 0.02-4.3 MHz, it was demorestritat values of 2.2-4.3 MHz are
efficient in cell reduction (%) (Kurokawa et al.0I6). In addition,Scendesmus
dimorphusand Nannochloropsis oculataising 20 kHz and 3.2 MHz (low and high
frequency) to evaluate chlorophyll and lipid fluscence and consequently extraction
and no differences was found in lipid recovery, the combination of high and low
frequencies decrease the pretreatment time (Waalg €014).

Wang and collaboratoso verified that the pretreatment time influensaghificantly
the lipid extraction, proportionally between 1-5nieaching value from 50 to 100% of
lipid extraction. In the dark fermentation of etbgnvolatile fatty acids (VFA) and
hydrogen, the pretreatment time a key-point to mi@nbioaccessibility/bioavailability
of microalgal biomass Scenedesmus obliquuéSW15), reducing the cell surface
hydrophobicity and increasing ethanol and VFA piidun (Jeon et al., 2013). Thus,
the additional positive influence of the pretreattméme was expected and confirmed.
The regression coefficients are summarized in Eouositl-4, and their surface graph
are in Figure 3.11, showing more specifically theual representation of the variables

effect on the saccharification yield.

SY (%) = —92.01 + 2.39.Amp - 0.0185.Amp. Cp;omy (2 h) (3.1)
R?=0.8632

SY (%) = —92.34 + 3.095.Time + 2.473.Amp - 0.0184. Amp. Cpior, (4 1) (3.2)
R?=0.9243

SY (%) = —22.27 + 0.856.Time + 0.164.Amp - 0.013.Amp. Cp;o,  (8h) (3.3)
R?=0.9515

SY (%) = 31.12 + 0.96.Amp - 0.012.Amp. Cpio, (24 h) (3.4)

R? = 0.8954

where: SY — Saccharification yield (%), Time — pgatment time (min), Amp — Amplitude/Offset (%)
and Chiomass — biomass concentrationjy L
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3.4.4 Energy analysis

The energy analysis of the process is importaritiadly it is a bottleneck, towards an
industrial application, thus, optimizing the energgquired to provide an efficient
saccharification is a must. As seen in Table 3.48&h, the ratio energy/biomass
changed a lot in the different experiments. Althougns number 5 and 6 reached
around 95% of hydrolysis yield, a considerable amai energy was consumed which
makes this choice quite unfeasible. On the othedhthe run number 4 (Table 3.4)
achieved 90% of hydrolysis and 83% after 8 houtsusing between 30-100 times less
energy, i.e. 2.4 KJ@mass— MI/KGiomass

Literature values of energy consumption for micgaélpretreatment using sonication
are: 70.6 MJ/kg foScenedesmus obliqu¥sSW15 (Jeon et al., 2013); 1200 MJ/kg for
Thraustochytridstrains (Byrreddy et al., 2015) and 44-132 kJ/&gtr@polated) for
Nannochloropsis oculatabut with this reduced value demonstrated muchetow
efficiency was formed in comparison with microwaewen, blender and laser
(McMillan et al., 2013). Thus, the value obtaine?l4( MJ/Kgiomas) represents a
promising value, mainly considering the energy eahbf microalgal biomass, which to

generally between 20-22 MJ/kg.

Table 3.4:Energy consumption during sonication pretreatment

Assay | Power| Total Energy | Energy/Volume | Energy/Biomass Final Maximum

(W) | Consumption (kd mL™) (kJ Obiomass’) Temperature | Yield of

(kJ) (°C) Sugars

(%)**

1 2-4 0.98 0.049 4.90 30 79.08
2 2-4 6.02 0.301 30.10 42 83.71
3 2-4 0.92 0.046 0.46 32.1 79.09
4* 2-4 4.79 0.240 2.40 37.9 90.90
5 34-55 13.00 0.650 65.00 90.2 92.90
6 29-58 43.20 2.160 216.00 89.5 96.38
7 36-50 11.30 0.565 5.65 90.2 79.67
8 37-59 46.90 2.345 23.45 93.2 87.67
9 13-21 12.60 0.630 11.45 85 88.48
10 9-20 11.60 0.580 10.54 83.9 88.38
11 9-19 11.60 0.580 10.54 83.2 86.78

*25 min, 50% of amplitude and 100 g/L of biomasf4°h hydrolysis yield.
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In Figure 3.12 the energy consumed is plotted \&etise % of saccharification for each
hydrolysis. It is concluded that the hydrolysis@éincy does not depend on the energy
input, but the intensity of amplitude mainly.
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Figure 3.12:Energy consumption versus % saccharification ofetkgeriments

Ultrasound is a mechanical acoustic wave with teguency range from roughly 10
kHz to 20 MHz. It imparts high energy to reactioedium by cavitation and secondary
effects (both physical and chemical). When ultrasation is used to break cells, it is
important to determine the energy intensity (expentally represented by a
combination of amplitude-power generated and tina@d population of active
cavitation to promote the specific reactivity withlls and increase the accessibility to
the substrate (Kurokawa et al., 2016). The valwhatdf the process was based on
enzymatic hydrolysis of microalgal biomass andfant, the intensity of sonication
showed to be important, but not directly linked ttee consumed energy in the
pretreatment process. This indicates that physigdlchemical changes can be achieved

by ultrasound up to a level which is sufficienpierform enzymatic hydrolysis.
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3.4.5 Enzymatic hydrolysis of Scenedesmus obliquus

Scenedesmus obliquiomass was also contacted with to different cotraéion of
enzymatic mix (as made witBhlorella vulgarig, i.e., 1x, 0.5x and 0.1x. The biomass
was pretreated with the conditions of experimemhiber 4 of Table 3.3.

From Figure 3.13, it was noticed that the maximwaunchkarification level is reached
faster by increasing the enzymes concentratiothénconcentration 1x the maximum
saccharification was 95% which was reached aft&o@rs of enzymatic hydrolysis.
With the other concentrations (0.5x and 0.1x), shecharification yield achieved 90
and 75% after 24 hours, respectively. Thus, it iw@variable system saccharification
time and enzyme concentration. It is important &ntion that the enzymatic mix was
based on literature data but the influence of fhecidic enzyme and its concentration

has still to be optimized.

100 - * 1x

% Saccharification

0 I |

y : T y T y T y 1
0 5 10 15 20 25

Time (hour)

Figure 3.13: Effect of enzymes concentration for Scenedesmliguod biomass - 100g/L(x =
Viscozyme: 20 FPU cellulose{ghass AMG: 100U/gomass Pectinex: 1000Ufgmasd (see §2.5.2).

Pancha et al. (2016) studied the effect of enzyomsentration onScenedesmus
obliguus CCNM 107de-oiled (45.23% carbohydrate content). The enzyased were
Amylase, Vyscozyme-L and Cellulase, in the con@itn range 5-50 U{@mass The
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best condition after 24 hours was the ones withcdggme-L 50 U/gomass With a

saccharification efficiency of 45% still insuffieiefor industrial purposes. In our study
because more than 90% of sugars recovery was eltaamd it was also demonstrated
that by increasing the enzymes concentration, #oeharification yield increase the

time needed to reach the maximum saccharificatemnehse.

3.4.6 Acidic vs Enzymatic hydrolysis, final remarks

In literature acidic and enzymatic hydrolysis dre processes most studied in view of
bioethanol production process application. Accagdio our results acid hydrolysis
showed high efficiency in terms of sugars recovenginly for Chlorella vulgaris
where degradation processes were not detectedh®©wther hand, this process for
Scenedesmus obliqumsust be carefully used, because the sensitivitpiofmass to
degradation of sugars was highly evidenced.

The enzymatic hydrolysis process from microalgaintass ensured lower vyield in
comparison with acidic treatment and required longgrolysis time, (if a biomass
concentration value acceptable in view of induktsaonsidered): for example, it was
found 27.4 instead of 93.3% f@hlorella sp.(50 g, wmslL @nd 3 h) (Lee et al., 2015)
64 instead of 96% foChlorella vulgarisFSP-E (40 g womslL and 2-3 days) (Ho et al.,
2013) and 62.8 instead of 100% fohl@ococcum(10-15 g, nomelL @and 12 h) (Harun
and Danquah, 2011). These results could be emghadiected by two problems:
ineffective pretreatment and/or specificity/concatibn of the enzymes. In our study
we have demonstrated that enzymatic hydrolyses amampete in terms of sugar
recovery with acidic treatment since more than @%accharification was achieved in
both treatments. In the Table 3.5, positive andatieg points of these two processes are

summarized.
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Table 3.5.Summarizing of the characteristics of acidic andyanatic hydrolysis.

Acid hydrolysis

Advantages Disadvantages

e Short process time (less than 45 minutes); ¢  High amount of chemicals required;

\1%4

» High hydrolyzed sugars recovery; e pH neutralization inhibits the
* No biomass pretreatment is required. fermentations process;

- Efficiency decrease by increasing the

microalgal biomass concentration.

Enzymatic hydrolysis

Advantages Disadvantages

« Middle conditions of temperature and <« Process time larger than acid hydrolysig (6
pressure; to 24 hours);

« Specificity (other components can be <« Organic buffer is necessary;
recovered too, almost intact). e Enzyme are sensible, additional process

control are required to avoid degradation /

inhibition;

* Pretreatment required.
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Chapter 4

Fermentation of microalgal hydrolysate

In this chapter a systematic study of ethanolienftation of acidic and enzymatic
microalgal hydrolysate with the goal to understdhid process and to improve its
productivity. The study was divided in four stepach one addressing a specific aspect
(see Figure 2.9). In a first step, the initial inlon concentration was optimized to
reach a feasible ethanol productivity with two eiffint yeast strainSaccharomyces
cerevisiaeandPichia stipitis In the second step the behavior of these yeastsoctium
was studied using a medium composed by glucose xgfabe, to simulate the
hydrolysate which is almost 80% of glucose and 2ff%ylose. In the third step the
influence of salinity was investigated (to make effective comparison with saline
influence during acidic hydrolysis which requiresutralization to achieve the right
fermentation pH). Finally, in the fourth step th¢hamolic fermentation of the

hydrolyzed microalgal biomass was performed.

4.1 Step 1: Inoculum optimization

The experiments were focused on the research dfdsieinitial inoculum that provide a
viable ethanol productivity (defined as the ethgsraiduced per unit volume, in g’

1. Yeasts,Saccharomyces cerevisiamd Pichia stipiteswere studied separately. The
fermentations were performed in YPD-@D g/L of glucose, 20 g/L Peptone and 10 g/L
of Yeast extractand YPD-50(50 g/L of glucose, 20 g/L Peptone and 10 g/L ofe
extract) For each strain four different fermentations weagried out with different
initial inoculums: 0.1 g/L, 0.5 g/L, 2.5 g/L and.b2y/L.

4.1.1 Ethanolic fermentation with Saccharomyces cerevisiae

In Figure 4.1 the growth curves for each experimamet reported. The fermentations
reached the stationary phase faster when thelimbaulums were higher. For YPD-20
and YPD-50 stationary phase was achieved in lems & hours for inoculums with
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initial concentration larger than 2.5 g/L. A lagggsle of at least 2 hours was required to

adapt the microorganisms in the medium conditions.
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Figure 4.1: Growth curve for the inoculumaj 0.1g/L, ©) 0.5¢/L, (4)2.5¢/L and (V) 12.5g/L for YPD-
20 (A) and YPD-50 (B)

In Figure 4.2 growth rates of the experiments aspldyed. When increasing the initial
inoculums of the yeast's growth rate decreased. Vethees ranged from 0.57 hwith
0.1 g/L of inoculum to 0.1 hwith 12.5 g/L. This behavior is compatible witheth
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sugars consumption reported in Figure 4.3 wherditiiation of sugars determined the
limitation of growth. The larger the initial inoauh, the faster the sugars consumption
as less nutrient was available for cell growthpémticular the inoculum with 12.5 g/L

consumed 90% of total sugars in the medium withivo@rs.
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Figure 4.2: Growth rate @) YPD-20, O) YPD-50

Final sugars concentration was practically the sema#l experiments, between 2-5 g/L.
This emphasizes that the capabilities of the cétls metabolize changed the
consumption time, i.e., the higher the inoculum camiration, the faster the sugar

consumption (Figure 4.3).
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Figure 4.3: Sugars concentration for the inoculuma) 0.1g/L, ©) 0.5g/L, (4)2.5g/L and () 12.5g/L

for YPD-20 (A) and YPD-50 (B)

In Figure 4.4 ethanol concentration profiles aldimg time are shown. The larger is the
inoculum, the faster is the ethanol production adl.wihe inoculum with 12.5 g/L
reached the maximum ethanol concentration in leas £.5 hours, those with 0.1 g/L
and 0.5 g/L needed at least 12 hours. Final ethemmtentration was the same for all
experiments. Increasing the initial inoculum, thater at which the maximum
concentration of ethanol is reached increases.ulnot concentration optimization is
one of the most known techniques to improve thieieficy of the fermentation process
(Shokrkar et al., 2017).
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Figure 4.4: Ethanol produced by the inoculums)(0.1g/L, ©) 0.5¢/L, &)2.5g/L and () 12.5g/L for
YPD-20 (A) and YPD-50 (B)

From an industrial point of view the ethanol proedicper unit time is of crucial
importance. With reference to Figure 4.5 a brotth\200 g/L (as sugarcane broth) and
a fermentation time between 20-24 hours give aarethproductivity between 4.25 and
5.11 g L* h?, (thus range was used as a reference value inthkiss). For this
achievement an estimated inoculum concentratioh®f/L, which is the average value

between 2.5-12.5 g/L was used in the following expents.
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From Figure 4.5 it is clear that by increasing theculum concentration the ethanol
productivity can be made layer. This result wa® disund by Erten et al. (2006):
studying on white wines witlsaccharomyces cerevisigeermiblanc N°SM 102-Gist
Brocades) they demonstrated that if the inoculuncentration is increased from 1*10
cells/mL to 1*10 cells/mL the production of alcohols was enhanddso, Wanderley
et al. (2014) studied the effect 8hccharomyces cerevisi@encentration (UFPEDA
1238 and UFPEDA 1324) for ethanol production framges cane using inoculums of
0.4 g/L, 4 g/L and 8 g/L. The best ethanol proditti(3.1 g L*h™) was obtained
starting from a strain with 40 g/L of sugars andy/8 of inoculum. For the other

inoculums the fermentation process was slower hagtoductivity lower.

4.1.2 Ethanolic fermentation with Pichia stipitis

Unlike Saccharomyces cerevisjd@ichia stipitesshowed a considerable lag time in all
the experiments. The time required by the microoisya to adapt was at least 20 hours.
Observing the growth curves reported in Figure #.€an be noted that at high
inoculum concentrations the difference betweenaln#@nd final dry cell weight can be

neglected.



Fermentation of microalgal hydrolysate 77

20 4 A
18
16
— 141 _
= L R w
o i B
= 124 ¥
oy
2 7
D 104
2 10 j
8 8-
E- e
0 g
- A
“ d/‘ff::___ —
4 " A A ___!f"/
g b
] ___J/
U‘Fij;t;ali T T T T
0 10 20 30 40 50
Time (h)
20
<15+
2
5 free—= — 7 v
‘D
=
= 104
D
& ]
o o,
54 /
-
I 44 A
ooe— ¢ = 2
O'P_."" —— T T T T
0 10 20 30 40 50
Time (h)

Figure 4.6: Growth curve for the inoculumm{ 0.1g/L, ©) 0.5g/L, &)2.5g/L and () 12.5g/L for YPD-
20 (A) and YPD-50 (B)

The sugars were consumed slowly during the lag,tiemel path slower after the
adaptation depending on the inoculums concentrdfi@d g/L versus 0.1 and 0.5 g/L
respectively). See Figure 4.7 for details. This wase evident for YPD-50 because the
glucose concentration was high (50 g/L) and thestyeaquired a longer period of
adaptation, exhibiting also an influence on theassigoncentration. This evidence was
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also reported by Silva et al. (2016), who evidenited P. stipitisin a culture medium
with 20 g/L xylose, 3 g/L of glucose and 6.7 g/L BNyeast nitrogen base) with the

inoculum of 0.1 g/L consumed only the 57.5% of sagdter 72 hours.

A

Sugar (g/L)
g

lhv]
[ =]
1

10 +

Time (h)

Figure 4.7 Sugars concentration along the time starting froiffecent inoculums: ) 0.1g/L, ©)

0.5¢/L, )2.5g/L and (V) 12.5g/L for YPD-20 (A) and YPD-50 (B)
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As can be seen in Figure 4.8 the ethanol concemratas low during the first hours of
fermentation because yeast was in the lag-adaptttiee. After 24 hours, the ethanol
production rate markedly increased. In Figure A@dthanol productivity is displayed,

indeed a very low value due to the need of the goiganism.

14-_ A

Time (h)

labg—— e
1

0 10 20 30 40 50
Time (h)

Figure 4.8: Ethanol produced along the time starting from défe inoculums: g) 0.1g/L, ©)
0.5¢/L, &)2.5g/L and (V) 12.5g/L for YPD-20 (A) and YPD-50 (B)
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Figure 4.9: Ethanol productivity for different inoculums fordRia stipitis

Gunan Yucel and Aksu (2015) studi€lchia stipitis (NRRL Y-7124) with sugars
obtained from beet pulp hydrolysate. They obseteedethanol productivities (0.06 —
0.494 g [* h') and long time (50-75 hours) for reaching the nmaxn ethanol
concentration of 37.1 g/L (culture medium with 7§/L of xylose). On the other hand,
Pichia stipitis(NRRL Y-7124), with inoculum concentration of gA. was fermented
in a medium with 20 g/L of xylose, 3 g/L of glucomed 6.7 g/L of YNB (yeast nitrogen
base) showing an ethanol productivity of 0.039H! after 72 hours, with a maximum
ethanol concentration of 4 g/L (Silva et al., 2016)

By comparing these results wiBaccharomyces cerevisid@ichia stipitisresults much
less productive. Thus, the only advantage for ushigystrain is in capacity to increase
xylose conversion. The main result of this stepthat: larger initial inoculum

concentration ensures greater ethanol productarityfastest the fermentation process.

4.2 Step 2: Consortium optimization

The biomass biochemical characterization (83.2hlilgbted the presence of xylose and
other C-5 sugars, with pentos20% of total sugars, in addition to glucose (70-80P%6
cell carbohydrate dry weight). ASaccharomyces cerevisiag not able to ferment
pentose sugars. A lower sugars consumption andverlprocess yield are expected
(Silva and Bertucco, 2017).



Fermentation of microalgal hydrolysate 81

On the other handRichia stipitisis naturally able to ferment pentose sugars. Hewev
as seen in the previous step, it reached a remigrk@aler ethanol productivity than
Saccharomyces cerevisiaelhe aim of the second step was to optimize a
Saccharomyces-Pichieonsortium in order to maintain a high ethanoldmaivity and
simultaneously maximizing the sugars consumptiosth(thexose and pentose). The
culture mediums were YPD-ZQ6 g/L of glucose, 4 g/L of xylose, 20 g/L Pepta@mal 10
g/L of Yeast extract) and YPD-50 (40 g/L of gluco$é g/L of xylose, 20 g/L Peptone and
10 g/L of Yeast extract). (7.5 g/L) It was decideduse the inoculum concentration of the
first step, taking into account the previous resulthere it was able to consume sugars in
less than 8 hours. The second step experimentasaitium between the strains was used:
(100%S. cerevisiaa 0% P.stipitis 75%S.cerevisiax 25% P .stipitis 50%S. cerevisia
50%P. stipitis 25%S.cerevisiae 75%P.stipitis 0%S.cerevisiaex 100%P.stipitis).

In Figure 4.10 the sugars concentration profildisplayed. The fermentations with the
consortium made by 75%.cerevisiaavas the fastest on both culture medium followed
by the ones with 100% and 50% ®fcerevisiacAs expected, the worst performance

was the one with 1009R. stipitis
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Figure 4.10: Sugars concentration in the time for the consorti(w) 100% Saccharonegs c. and O |

stipitis (O) 75% S. cerevisiae and 25% of P. stipiti&)60% S. cerevisiae and 50% of P. stipiti§] (
25% S. cerevisiae and 75% of P. stipitis ar# (0% S. cerevisiae and 100% of Pichia stipitis)

YPD-20 and (B) YPD-50

The experiments with 100% and 75% $d&ccharomyces cerevisiagere the fastest

ones to reach the maximum ethanol concentratior (@ for YPD-20 and 25.5 g/L

for YPD-50). In Figure 4.11 are reported the etthaooncentrations profiles are

displayed. The outcome of ethanol production pesfilvas the same of the sugars

consumption ones, indicating that experiments W@ and 75% of. cerevisiaare

the most efficient.
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Figure 4.11: Ethanol concentration in timemj 100% Saccharomyces c. and 0 P. stipite$ 15% S
cerevisiae and 25% of P. stipitisA(50% S. cerevisiae and 50% of P. stipiti§) 5% S. cerevisi:
and 75% of P. stipitis and#) 0% S. cerevisiae and 100% of Pichia stipiti9. (8PD-20 and (B) YPD-

In Figure 4.12 the process yield and ethanol prtvdtyc for the consortium are shown.
These results confirmed that the best consortiura the one made with 75% &.
cerevisiae probably that is the contribution Bf stipitisto pentose fermentation. This
increased process yield ethanol productivity of 9&9d 4.91 g > h* for YPD-20 and
100% and 6.36 g'th™ for YPD-50, respectively.

In general, from Figure 4.10 and Figure 4.11it da concorded that the faster

fermentations are those with high contenSatcharomyces cerevisjaa agreement to
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what was seen in the previous st«Saccharomyces cerevisiag faster and mor

productive tharPichia stipitis). By increasing thd. stipitis fraction in the inoculm
(from 25% to 100%) the process yields and the etharoductivities fell dowr
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Figure 4.12:Process yield and ethanol productivity for the amtisms in YPI-20 (A) and YPI-50 (B)

The percentage of S. cerevisiae is summed withotbEP. stipitisto reach 100%.

Our results aresimilar to thos published by Ciolfi et al. (2032whc studied the

influence ofPichia guilliermondiion fermentatiorfor alcohols productionperformed

with Saccharomyces cerevi andSaccharomyces uvarumifferent consortiurs were
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tested (100 9. cerevisiae x S. uvaryumO0 %P. guilliermondii 10 %S. cerevisiae X
S. uvarumand 90 %P. guilliermondii 50 % S. cerevisiae x S. uvaruand 50 %P.
guilliermondii; 90 % S. cerevisiae x S. uvaruand 10 %P. guilliermondi), in a
synthetic medium with 200 g/L of sucrose (pH=3.20) initial inoculum of 2*16
cells/mL. The best consortium was the one made 96tl§6S. cerevisiae x S. uvarum
and 10 % P. guilliermondii it reached the highest alcohols concentration and
productivity. The others consortium tested showeé@@easing of alcohols productivity
when thePichia guilliermondiifraction increase in the inoculum.

In another study (Kalyani et al., 2013), the adaget of a consortium were shown
using an inoculum composed by 5% cerevisiaeBATCC 26603 and 509%. stipitis
KCCM 12009 for the fermentation of woody biomaske Thydrolysate with 50 g/L of
sugars was neutralized to pH 5 and added with 5 @j/Lyeast extract, 10 g/L
(NH4)2SOy, 4.5 g/L KHPO,, and 1 g/L MgS®7H,0 (yeast inoculum was equal to 2%
v/v). A sugars consumption of 70% for the fermentatvith S. cerevisiagvas founded,
62.2% withP. stipitisand 88% for the consortium. The process yielddtas ethanol)

measured 65% fdb. cerevisiae52% withP. stipitisand 84% with the consortium.

4.3 Step 3: Salinity influence on the ethanolic fermentation

After acidic hydrolysis, the broth needs to be redised to a pH = 58).2, considered
as adequate for yeast cultivation. NaOH was usetha NaSO, was formed, (if acid
hydrolysis has been performed withS®0,) or NaCl is produced (if acid hydrolysis has

been performed with HCI) as follows:

H,S0, + 2NaOH — Na,S0, + 2H,0 (4.1)

HCl + NaOH —> NaCl + H,0 (4.2)

The aim of this step was to evaluate the influesicealts (NaSO, and NacCl) on the
ethanolic fermentation. The salts concentratiorestigated were: 10 g/L NaCl, 30 g/L
NaCl, 10 g/L NaSQ,, 30 g/L NaSQ,. From previous results the yeast consortium with
75% Saccharomyces cerevisiaad 25%®Pichia stipitis(7.5 g/L) was used.

In Figure 4.13 and 4.14 the sugars concentratiothef YPD-20 and YPD-50 are

reported. Compared to the fermentations withous gabntrol condition) it was evident



86 Chapter 4

that salts inhibited sugars assimilation, beingvelowhen the salt concentration was
increased (Figure 4.13 and 4.14 A, B).

The inhibition was less for NaCl showed than fop3@, (Figure 4.13 and 4.14 A,B)
The same effect was observed on ethanol producepiré=4.15 and 4.16). The
maximum ethanol concentration (end of fermentatiwa$ obtained in few hours: 6
hours) and was lower than the one without salts.

Fermentations withSaccharomyces cerevisiaeder salinity stress was studied by
several authors and it was demonstrated that salss is caused by two different
phenomena: osmotic stress and ion toxicity. In d&rsiressed conditio8. cerevisiae
tends to accumulate osmolytes like polyols (glyLeimr example) by wasting energy
and consuming sugars present in the fermentatioth jBlomberg, 2000; Logothetis et
al., 2007). For this reason, the ethanol produesdlted lower even though most of
sugars were consumed. A similar behavior was eerifn this work.

From the growth curves reported in Figure 4.17 448, it was noticed a decreasing of
dry cell weight during the first 5 hours in all te&periments (probably part of the cells
died due to the osmotic shocking).

During the adaption time, the cells under osmotiespure accumulate compatible
solutes like glycerol, fatty acids and amino admlsell membranes to minimize the
negative effects, because these substances hageognized osmoprotective action
(Logothtis et al., 2007).

In addition, it was demonstrated that the pres@i@dium ions in excess are toxic to
yeast (Arino et al., 2010; Casey et al., 2013). Hmon chloride exhibits more
inhibitory effects than sulfate (Casey et al., 20I3is is proven by the growth curves
where the final dry cell weight of the fermentasonith NaSO, was higher than those
with NaCl.
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Figure 4.13:Sugars concentration for saline experiments witiD-20.
(A): (O) 10 g/L NaSQ,, (A), 30 g/L NaSQ,, (m) no salts

(B): (O) 10 g/L NaClI(A), 30 g/L NaCL, %) no salts
(C): (O) 10 g/L NaCl, @), 10 g/L Na2SO4 m)) no salts

(D): (O) 30 g/L NaCl, @), 30 g/L Na2SO4 m)) no salts
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Fermentation of microalgal hydrolysate

89

12 4
A
I F3
.
- L
= ¢
= S ——
=]
=
[1+]
=
]
15 20 25
Time (h)
12 4
| C
104 =7 n
.
| ff 1
8 ||
= }/
o 64 T
& ;"_4]’7 g T
2 /d -
b []
44 &
b
[
|I ||l
2 ‘-| II| ."I
[/
|/
0 T L} L T 1
0 5 10 15 20 25
Time (h)

Figure 4.15:Ethanol concentration for saline experiments wiBDY20.
(A): (O) 10 g/L NaSQ,, (A), 30 g/L NaSQ,, (w) no salts
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Figure 4.16: Ethanol concentration for saline experiments wiBD-50.

(A): (O) 10 g/L NaSQ,, (A), 30 g/L NaSQ,, (w) no salts

(C): (O) 10 g/L NaCl, @), 10 g/L Na2SO4 m)) no salts

(B): (O) 10 g/L NaCI(A), 30 g/L NaCL, %) no salts
(D): (O) 30 g/L NaCl, @), 30 g/L Na2SO4 m)) no salts
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Figure 4.17:Growth curve for saline experiments witFPC-20.
(A): (O) 10 g/L NaSQ,, (A), 30 g/L NaSQ,, (w) no salts
(C): (O) 10 g/L NaCl, @), 10 g/L Na2SO4 &) no salts

(B): (O) 10 g/L NaClI(A), 30 g/L NaCL, %) no salts
(D): (O) 30 g/L NaCl, &), 30 g/L Na2SO4 &) no salts
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In Figure 4.19 are shown the process yield and nethgroductivity for the
fermentations under salinity stress are reportedcd3s yield values between 50 and
75% respect to 97% in the control (no salts) degpié sugars had been consumed were
achieved for the microalgal hydrolysates. Alsoaethi productivity decreased and this
was the consequence of the slower sugars consumptbably caused by the cellular
adaptation to the osmotic environment (previouslgcussed). For YPD-20 the
maximum ethanol production was reached after 4hfmurthe experiments with 10 g/L
of NaCl and NgSQ,, exhibiting values of 1.37 g'th™* and 1.865 g L h, respectively.
The fermentations with 30 g/L of salt descreasedentbe ethanol productivity even
more confirming inhibition due the osmotic stre§be productivities measured (after
24 hours, where the maximum ethanol concentratias measured) were 0.237 gi*

for NaCl and 0.288 for g'th™ for N&SQs. On the other hand, for YPD-50, the ethanol
productivities. The values found were 0.77 tht and 0.51 g * h™ for 10 g/L and 30
g/L Na&SQ, 0.70 g L*h™* and 0.65 for 10g/L and 30 g/L of NaCl, respectvel

Those significant reductions of ethanol producyivte not desirable from an economic

and industrial point of view.
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Figure 4.19:Process yield and ethanol productivity for the fentations under saline stress:

(A) YPD-20, for NaCl 10g/L and Na2S04 10 g/L ethgmmoductivity were calculated after 4 hours,
NaCl 30 g/L and Na2S04 ethanol productivity werkewated after 24 hours.

(B) YPD-50 All the ethanol productivity was caldela after 24 hours.
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4.4 Step 4: Microalgal biomass fermentation

The purpose of this last step was to evaluatedhkperformance of ethanol production
with microalgal hydrolysates. All hydrolysis coridits used in this section were
defined in chapter 3. The microalgae used wéndorella vulgarisand Scenedesmus
obliquus Both microalgae were submitted to acidic and eratic hydrolysis and then

fermented.

4.4.1 Hydrolysis and fermentation of Chlorella vulgaris biomass to ethanol

production
PowderedChlorella vulgarisbiomass with a carbohydrate content of 23% ofdhe

biomass (83.2) was used. The acid hydrolysis wafonpeed at 120°C in autoclave,
with H, SO, 3%v/v for 30 minutes. The biomass concentratioedusvas 100 g/L
(83.3.1).

The enzymatic hydrolysis was done by means of tizgrae mix: Viscozyme (20 FPU
cellulose/giomasy, AMG (100U/giomasy @and Pectinex (1000Ufgmas3- The reaction was
performed at 561 °C for 24 hours with no biomass pretreatment beedahe biomass
was powdered (cells were already broken). The t®sof saccharification after

hydrolysis are resumed in Table 4.1 and both shaffedent sugars recovery.

Table 4.1:Reducing sugars extracts from Chlorella vulgarigahydrolysis processes

Reducing sugars (g/L) %Saccharification
Acid hydrolysis 19.16+0.18 83.3+ 0.51
Enzymatic hydrolysis 21.45+0.43 93.27+ 1.89

The hydrolysates were fermented with inoculum catregion of 7.5 g/L (consortium
75% Saccharomyces cerevisiaad 25%Pichia stipitig.

Before starting the fermentation, acidic hydrolgsagH was adjusted to 6.2 by
adding NaOH 10% v/v. In Figure 4.20 it can be stdwt the fermentation obtained
from the enzymatic hydrolysate is faster than the vom acid hydrolysis. The sugars
conversion to ethanol were 82% for acid and 93%efmymatic hydrolysate.

As seen in the previous step, the salinity affadist the fermentation process. Also, the

enzymatic hydrolysate has a lower but significatftissconcentration (sodium citrate).
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Figure 4.20: Sugars concentration for the fermentation of Chlargulgaris hydrolysates:u) control
(YPD-20), ) enzymatic hydrolysateA() acid hydrolysate.

In Figure 4. the growth curves for the two ferméotas and the control with YPD-20
21 are reported. The microalgal biomass hydrolysated contains a significant
concentration of salts. The behavior of the groatinves represented in Figure 4.21

were similar to the growth curve seen in Figuréb4rilthe salinity fermentation with an
initial decreas of cell concentration (lag phase).
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Figure 4.21: Growth curves for Chlorella vulgaris hydrolysatem) control (YPL-20), (©) enzymatic
hydrolysate, &) acidic hydrolysate

Kim et al, (2014) investigated the fermentatior Chlorella vulgaris after enzymatic
hydrolyss. The fermentation process was done in continfad with 0.03 mL/min

residence time of 5.55 hours) wiSaccharomyces cerevisia¢ 30°C. At steady sta
condition 89% of sugars conversion was reachedaanethanol yield and productivi
of 78% and0.11 g L' h*, respectively. Shokrkar et al., (2017) performée

fermentations of acid and enzymatic hydrolysatea bfomass of an algae mix. For-
enzymatic hydrolysate with 13.5 g/L of reducing @sga process Yyield of 89.5% w
achieved after 24ours of fermentation with a maximum ethanol coti@ion of 6.2
g/L. From the acid hydrolysate (13 g/L of sugarsiteat) 4.96 g/L of ethanol we
produced with a process yield of 75% after 24 hoBrsctically all the sugars we
consumed.

Ho et al.,(2013) fermentecC. vulgaris hydrolysate withZymomonas mobi (ATTC

29191) at 30°C. The initial sugars concentratiors ®a.6 g/L. After 12 hours, almc
all sugars were consumed and a process yield of@d8teached. In addition, a cont
fermentationwas done with a 20 g/L of glucose medium and aefastgar:
consumption and ethanol production were verifiadstit was achieved that microal
hydrolysates are fermented slower than simple sughtained from traditional croj

(sucrose and glucoser example
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4.4.2 Hydrolysis and fermentation of Scenedesmus obliquus biomass to ethanol

production
The carbohydrate content of the dry biomass used4b&o (of the dry mass). The acid

hydrolysis was performed at 120°C in autoclave hwitSO, 3%v/v for 30 minutes.

The biomass concentration was 50 g/L (83.3.2).

The enzymatic hydrolysis was done by using the m@zynix: Viscozyme (20 FPU
cellulose/giomasy, AMG (100U/gjiomasy and Pectinex (1000Udgmasy- The process was
operated at 51 °C for 24 hours. The microalgal biomass was pedad with

ultrasonication for 25 minutes with an amplitude50R6 and offset of -25% (83.4.3).
The biomass used for enzymatic hydrolysis was 100. he results of the

saccharification after hydrolysis process are sunz@d in Table 4.2.

Table 4.2:Reducing sugars extracts from Scenedesmus oblaftershydrolysis processes

Reducing sugars (g/L) %Saccharification
Acid hydrolysis 11.47 £1.56 50.98 + 2.3
Enzymatic hydrolysis 41.19+0.91 91.55+0.62

After hydrolysis, microalgal broth were fermentedithw the same inoculum
concentration used foC. vulgaris hydrolysate. Sugars consumption profiles are
reported in Figure 4.22. The sugar conversion &deinours was 92% for acid and 97%
for enzymatic hydrolysates. As seen in chapter333(8),Scenedesmus obliquissvery
sensible to thermal degradation, so that the saifichéion yield obtained was low
comparedvith Chlorellds acid hydrolysis.

The fermentation with the acidic hydrolysate wampared with the control YPD-20
(50 g/L of biomass with almost 50% of carbohydm@aiatent can recovery at maximum
25 g/L of sugars). The fermentation with enzymatidrolysate was compared with the
control YPD-50 (100 g/L of biomass and 50% of canmirate content).

As demonstrated bZhlorella vulgaris Scenedesmus obliquisrmentation exhibited
inhibition probably due the medium salinity. Thésavident by observing Figure 4.23A
where the growth curve has the same shape of time $armentation seen in Figure
4.15 and 4.18. Enzymatic fermentation was slowan tthe control condition as well
(Figure 4.22B).
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Figure 4.22:Sugars concentration for Scenedesmus obliquus gt fermentation.
(A) Acid hydrolysate:x) control (YPD-20), ¢) acid hydrolysate.
(B) Enzymatic hydrolysatem) control (YPD-50), ¢) enzymatic hydrolysate.

In Figure 4.23 the growth curves of the fermentaicare displayed. The acid
hydrolysate caused a decrease of the dry cell weligg to the cellular adaptation to the

salinity and the osmotic stress. This did not odouthe enzymatic hydrolysate.
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Figure 4.23:Growth curves for Scenedesmus obliquus hydrolyfsateentation:
(A) Acid hydrolysate:) control (YPL-20), (©) acid hydrolysate.
(B) Enzymatic hydrolysatem] control (YPL-50), (0) enzymatic hydrolysate.

According to the literature (Ashokkumar et al., 2)).Scenedesmus bijuga after acid
hydrolysis obtained 100 g¢/L of reducing sugars dhdy were fermented wit
Saccharomyces cerevisié@01 g/L as initial inoculum). The sugars convensafter 24
hours was 30% (due to the small inoculum used) and 428 hours was 70%. Ti
process yields were 39% and 72% after 24 and 1@6shcespectively
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Scenedesmus obliquasid hydrolysate (16.5 g/L of sugars) fermenteth\di.7 g/L of
Zymomonas mobiliSATCC 29191) (30°C) obtained an ethanol conceiatmabf 8.55
g/L after 4 hours with an ethanol productivity o12 g L*h? (practically all the sugars
were consumed) (Ho et al., 2013). The results wer because the acid hydrolysis
was done at a lower biomass concentration and arlaaid concentration 30, 2%
viv, 40 g/L, 20 minutes), with respect to the ctiodis used in this study ¢8O,
3%vlv, 50 g/L, 30 minutes). In addition, the pH tralization after acid hydrolysis was
done with CaCg@(in this study with NaOH). The main advantagehat the presence of
cation C4" in solution can be less toxic thanNkeading it a lower inhibition.

Finally, we note that there were no ethanol datilable for this last step because the
method used for the determination was not reliable the matrix characteristics
(microalgal hydrolysate). Samples will be analyzadan external laboratory with
HPLC.

4.5 Fermentation, final remarks

The main results obtained in this chapter can bensarized as follow:

* The ethanol productivity could be increased byeasing the yeast inoculum.

¢ The higher the initial inoculum, the fastest is fhenentation process.

e Saccharomyces Pichia consortium can be able to ferment the additioredtion of
pentose sugars and can increase the fermentaéth yi

* The presence of salts in solution, even little dgities (10 g/L for example) leads to
inhibition effects on cell growth, sugars consumptand ethanol production

« The hydrolysis process influences the hydrolysheeacteristics and interferes directly
the fermentation process (salinity, inhibitors, @e&gd sugars ...).

e However, almost all sugars present in the hydrédsavere consumed ensuring that

ethanol or a secondary component were produced.
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Conclusions

In this study, the problem of production bioethainoin microalgae was addressed.

It was shown that microalgae can be saccharifiditieitly with both hydrolytic
methods (acidic and enzymatic) reaching valuesdrtigian 90% of sugars recovery. In
the acidic hydrolysisScenedesmushowed higher susceptibility tha@hlorella to
degradation processes, more difficult, to solubjliand for this reason lower biomass
concentration was used (50 g/L f&cenedesmusistead of 100 g/L applied for
Chlorella). The best condition was found as 120 °C, 3% tfisa acid and 30 min of
reaction time. During enzymatic hydrolysis, ultnasation was very efficient as
pretreatment, and in the best condition the energy of 2.4 MJ/kg of biomass was
spendend. The enzymatic mix with amylase, celluéas® pectinase with concentration
of 100, 20 and 1000 U/g were sufficient to perfaim process. In the fermentation,
sugars concentration between 20-50 g/L (20% ofgsentwere used and an inoculum
concentration of 7.5 g/L and a consortium compobgd75% of Saccharomyces
cerevisiaeand 25% ofPichia stipitiswas determined as the best. Saline concentration
(10-30 g/L of NaCl and N&O,) showed a significant contribution to decrease the
productivity and ethanol yield, i.e., leading talaedirecting the metabolism to use the
energy obtained by sugars consumption in otheuleglprocesses instead of ethanol
synthesis. Microalgae hydrolysates were fermentad the sugars were almost
completely consumed suggesting their conversiogthanol. Final analysis of ethanol
concentration will confirm the efficiency of therfeentation process. As a final result,
it is possible to conclude that hydrolysis and fentation processes can be efficiently
performed using microalgal biomass. Fermentaticedadurther studies to understand

better what is the inhibitory factor and how is gibke to reduce its effect.
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