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RIASSUNTO

E stata valutata la possibilita di integragk attuali processi a fanghi attivi con la coltivazione di
microalghe.

La crescita diChlorella potothecoidesin un refluo urbano non sterilizzato e stata testata
attraverso esperimenti in batch, effettuati a diverse temperatuper simulare la variaziee
FyydzZ£fS RA GSYLISNI (dzNIF RSt NEFtdzz Ay AyaNBaaz
(PD). Durante questi esperimenti & stata osservata una forte dipendenze della costante di
crescita diC. protothecoidedspetto alla temperatura.

Inoltre, é stao rilevato e coltivato in modalita batch un consorzio di microalghe native dal refluo

RA [/ FYLRAlIYLIASNRYI O2y tQ20ASGGA G2 miétdalgain NI G G S N.
previsione di future ricerche e sviluppi.

E stata effettuata una ricerca $allcapacita di crescita dt. protothecoidesn urina umana

sintetica, ma gli esperimenti sono falliti, probabilmente a causa di una errata scelta della
O2YLIRaAT A2yS RSttt Qdz2NAYIl aAydiSdiaiaoll o

Sono stati eseguiti esperimenti in continuo con un fotobioreattqriatto verticak, sia a
illuminazione costante che con cicli silatigiorno/notte: durante questi esperimensono stati

monitorati sia la produttivita di biomassa che la capacita di rimozione dei nutrienti e i risultati

sono stati integrati con i dati ottenuti in precedenti lavori di tesi.

Infine, sono stati proposti e analizzation un approccio di dimensionamto preliminare, tre

possibili processi di trattamento dei reflui integrati con la produzione di biomassa microalgale.






ABSTRACT

The wssibilityof integrating existing activated sludge processes with microalgae cultivation was
addressed.

The growth ofChlorella Protothecoides urban nonsterilized wastewater was tested with
batch experiments, carried out at different temperatures in order tondate the annual
temperature variation of the influent wastewater of Camposampiero (EBatment plant.
During thistemperature screening, a strong dependence ©f protothecoidegrowth rate
constant on temperature was observed.

Furthermore, native miaralgae consortium from Camposampiero wastewater daected and
grown in batchmodein order to characterize its strain composition for future researches and
developments.

An investigation onC. protothecoidegrowth capacity in diluted synthetic humanine was
performed, but experiments failed, probably due to an incorrect synthetic human urine
composition.

Continuous flow experiments with vertical flat panel photobioreactor were performed both at
constant illumination andunder simulaied day/night cyles: during theseexperimentsboth
biomass productivity and nutrients depletion capacity were monitored and results were
integrated with data obtained in previous thesis works.

Finally, three possible wastewater treatment procesgasgrated with microalge production

were proposed and analyzed by a preliminary process design approach.
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1 INTRODUCTION

In recent decades, thexploitation of fossil fuels proved all its limitation: the energy demand is
increasing worldwide due to the raise of life quality in developing countries and the inability of
industrialzed countries in findingalternatives, and the conventional oil production have
difficulty in reaching this increasing demand. Alternatereergy source, such as photovoltaic,
thermal, wind and hydrogen fuel cells are technologies still characterized by high costs and low
efficiencies. Besides, ¢ise technologies cannot be easily implementedthia transportation
sector withoutcostly upgrading.

In addition to these economic problems, fossil fuels have raised a lot of environmental concerns,
such as greenhouse gases (GHG) effect on global warming.

In this scenario, biofuels arow being recognized as a valid and green alternative to fossil fuels
from researchers and governors. The greatest benefits of biofuels are thgtati@enontoxic,
biodegradable andlo not contribute to carbon dioxide or sphur net emissions(Lam & Lee
2012)

First generation biofuels are produced starting from edible vegetable oils such beaspy
rapeseed, sunflower and palm oil. However, the use of these feedsteevéselimited by the
competition with food culture. Second geneation biofuels, instead, derivieEom nonedible oils

such as jatropha oil, waste cooking oil and animal ftas not affecting food production.
However, the sustainability of second generation biofuels is not favo&aevat et al. 2013)

In this situation, biofuels production from microalgae is more and more considered the best
available alternative. The® microorganisms have a shorter life cycle that terrestrial plants,
allowing a continuous harvesting of biomass over the year and they need less freshwater for
cultivation, which can be accomplished in rarable lands(Rawat et al. 2011)Besides, oll
content of microalgae i®n the average highewith respect to terrestrial plants used for the

production of first and second generation biofuel (Table 1.1).

Table 11 Comparison of microalgae with other biodiesel feedst@idita et al. 201Q)

Plant source Seed oil content 0il yield Land use Biodiesel productivity
(% oil by wt in biomass) (L oil/ha year) (m? year/kg biodiesel) (kg biodiesel/ha year)

Corn/Maize (Zea mays L.) 44 172 66 152

Hemp (Cannabis sativa L.) 33 363 31 321

Soybean (Glycine max L.) 18 636 18 562

Jatropha (Jatropha curcas L.) 28 741 15 656

Camelina (Camelina sativa L.) 42 915 12 809

Canola/Rapeseed (Brassica napus L.) 41 974 12 862

Sunflower (Helianthus annuus L.) 40 1070 11 946

Castor (Ricinus communis) 48 1307 9 1156

Palm oil (Elaeis guineensis) 36 5366 2 4747

Microalgae (low oil content) 30 58,700 02 51,927

Microalgae (medium oil content) 50 97,800 0.1 86,515

Microalgae (high oil content) 70 136,900 0.1 121,104




However according toresults of many researchefRaehtz 2009; Lardon et al. 200%e
environmental andecoromic benefits when passindrom laboratay scale to plan scajare not
always cleaand effective.

LCA (Life Cycle Assessment) on microalgae biomass production recomntteadedpling with
wastewater treatment, thus to minimize the heavy dependence on inorganic nutrients,
necessary for its growtfLam & Lee 2012)Other studiegLardon et al. 20099uggest that the
coupling with wastewater treatment is necessary for achieve a net reduction ger8iSsions.
Besides, wastewater treatment processes can improve their sustainabilithebytilization of
microalgae: nitrificatiordenitrification processes usually implemented for nutrient reduction are
high energyintensive and require high capital cogidetcalf & Eddy 2004and only a small part

of this energy can be recovered by the anaerobic digestion of the baldiésiaass produce.

A careful engineered approach could improve the overall process yield, reducing the total

energy demand and, at the same tinprpducinga biomass fedstock with high energy content.

1.1 WASTEWATER TREATMENT PLANT

Sewage wastewater represesne of the pimary sourcesof soil and wate 2 R p@ldtiah: it
generallycontairs high nutrient and organic substances loadings, with variabl@racteristics
depending onthe basin extent, presence of industrial or commercial discharges and other
factors. The nain issuerelated to discharge of this loadings in superficiatev bodies, is the
depletion of dissolved oxygen due to the aerobic digestion of organic matter by bacteria
naturally presets and eutrophication phenomenah@ first case regaiprimarily river bodies,
where oxygen depletion can cause the death of fish species and, in some cases, it can lead to
anoxic conditions, causing problems of odorous compounds. The seconi cakded towater
bodies with low water exchange (lakes and lagoonskessive nutrient loadings cause an
abnormal algal bloom; when this biomass die it igmeledby bacteria,that consume oxygen

and causdish death.

Besides, sewagwastewater containshigh concentration of pathogens anih some cases,
excessive loadings inorganic pollutants, like heavy metals.

In the following paragraphs, typical wastewater treatment processes are described and law

limits imposedby lItalian legislatiomre recalled

1.1.1 ITALIAN LEGISLATION ON WASTEWATER TREATMENT AND DISCHARGE

The refeence standard for the EU Member States on the treatment of urban wastewater is the

Directive 91/271/EEGyhich concerns the entire management system of urbaastewater,



starting from the collectionthe treatment and final discharge of wastewater fromrizen
industrial sectors. Its aim is to protect tlemvironment from any adverse effects caused by the
discharge of such waters.

The competent authorities lay down ehregulations which urban wastater treatmentplants

are subjecéd to. The Directive, fuher, establishes a timetable, which Member States must
adhere to, for the provision of collection and treatment systems for urban waste water in
agglomerations corresponding to the categories laid down in the Directive.

Specifically the Directive requires

1 the wllection and treatment of waste water in all agglomerations that hapefulation
equivalent >2000.E. (Equivalent Inhabitants)

1 secondary treatment of all discharges from agglomerations of population > 2600
and more advanced treatment fomgglomerations of population >10000QE. in
designated sensitive areas

1 arequirement for preauthorization of all discharges of urban wastewater into urban
wastewater collection systemshe monitoring of the performance of treatmerglants

and receivingvaters,and finalthe control of sewage sludge disposal aneuse.

The second reference directive is the Directive 2000/60/@fich establish a framework for
Community action on watefThe Directive pursues multiple objectives, such as preventing and
reducing pollution,promoting sustainable water use, environmental protection, improving the
conditions ofaquatic ecosystems and mitigag the effects of floods and droughts.

The Italian legislation on water, with the D. Lgs 152/1999 and subseqmanhdnents, is a
comprehensive program to protect water bodies from pollution.isTéiecree incorporates,
among other things, the EU Directive 91/271/EEC on urban waater treatment.In addition

to regulatedischarges while maintainingoncentration limits fo varioussubstances contained
in wastewater, the decree focuses on the quality of the receiviager body by providing the
development of monitoring activities for thguantification of environmental damageaused by
the man. The current referencetandad is the D. Lgs 152/2006 (Italian environmental code),
within which the protection of water bodies and the discipline of dischargetailedin the
Sezione Il Titolo 111

The Ministry of Environment setke limits quality to the discharge of wastewater adéfines

the general applicability criteria and guidelines.

The technical and administrative frameworktbe discharge is delegated teegons whilst the
functions of monitoring, contrdihg, inspecting ad authorizingare the responsibility of the

provinces and municipalitieS'he rules govern 4 different types of waste water waste: urban,



household and similarjndudrial and rainwater and rwoff. All discharges areegulated
according to the objectivesf the quality of water bodiesnd should still meet the limit values
laid down in Annex 5 of the Decrethe decree establishes that theefons, in the exercise of
their autonomy, taking intoaccount the maximum permissible loads atige best available
technigues,may define emissiorimit values different than those in Annex 5 to Part Il of the
Decree, both in maximunallowable concentration and in maximum amount per unit of time
relative to eachpollutant and for groups or famés of related substams. The Bgions cannot
setvalues limit less stringent than thosé Annex 5.

Discharges from waswater treatment plants urbanenust comply with the emissiostandards
listedin Tables 12 and 1.3. Inthe case of discharge of industrial waste water megshply with

the limit values ofTablel.4.

Tablel.2 Emission limits for waste water treatment plants for urban waste water.

Inhabitants served [E.I] 2.000¢ 10.000 >10.000
Parameters (daily average)  Concentration %reduction Concentration %reduction
BODR (without nitrification) [mg/L] 25 70-90 @) 25 80
CcoOmg/l 125 75 125 75
Suspended solidsg/L 35 90 35 90

Tablel.3 Limits for emissions for wastewater treatment plants in sensitive areas.

Inhabitants served [E.I] 10.000¢ 100.000 >100.000
Parameters (daily average Concentration % reduction Concentration % reduction
Total Phosphorou® mg/l] 2 80 1 80

Total NitrogerfN mg/l] 15 70-80 10 70-80




Table 14 Emission limits for sewers and surface waters.

Discharge in superficial water

Substances Units bodies Discharge in public sewage
pH - 55-95 55-95
Not perceptible with 1:20 Not perceptible with 1:40
Color o o
dilution dilution
Odor - It may not cause harassment It may not cause harassment
Course materials - Absents Absents
Total suspended solids mg/L 80 200
BODRQ mg/L 40 250
COD mg/L 160 500
Aluminum mg/L 1 2
Arsenic mg/L 0.5 0.5
Barium mg/L 20 -
Boron mg/L 2 4
Cadmium mg/L 0.02 0.02
Total chromium mg/L 2 4
Chromium VI mg/L 0.2 0.2
Iron mg/L 2 4
Manganese mg/L 2 4
Mercury mg/L 0.005 0.005
Nickel mg/L 2 4
Lead mg/L 0.2 0.3
Cupper mg/L 0.1 04
Selenium mg/L 0.03 0.03
Tin mg/L 10
Zinc mg/L 0.5 1
TotalCyanide mg/L 0.5 1
Active Free Chloride  mg/L 0.2 0.3
Sulfur (come S) mg/L 1 2
Sulfite (come S9 mg/L 1 2
Sulfate (come S(3) mg/L 1000 1000
Chlorides mg/L 1200 1200
Fluorides mg/L 6 12
Total Phosporous mg/L 10 10
Ammonia (NNH) mg/L 15 30
Nitrous Nitrogen (\NG,)  mg/L 0.6 0.6
Nitric Nitrogen (NNOy) mg/L 20 30
Grease and oils mg/L 20 40
Total hydrocarbons mg/L 5 10
Phenols mg/L 0.5 1
Aldehydes mg/L 1 2
Aromatic organic solvents mg/L 0.2 04
Nitrogenous organic mg/L 01 0.2
solvents
Total surfactants mg/L 2 4
Phosphorus pesticides mg/L 0.10
Total pesticides mg/L 0.05 0.05
- aldrin mg/L 0.01 0.01
- dieldrin mg/L 0.01 0.01
-endrin mg/L 0.002 0.002
-isodrin mg/L 0.002 0.002
Chlorinated solvents mg/L 1 1




1.1.2 WASTEWATER REATMENT PLANT PROCESSES AND FACILITIES

Wastewater treatment plant processes are usually matiraded in three categories:
1 Primary treatments
1 Secondary treatments

1 Tertiary treatments

1.1.2.1 Primary treatments

Primary treatmentsinclude a series of physicabr physicalchemical processes that are a
preliminary step for the following biological remediation. Their purposes ediminating all
constituents that can break or ruin the subsequent facilities and avoid excessive nutrient

loadings.

Equalization

Flov equalization isa preliminary step which aim® reduce the operational problems due to
daily flowrate and pollutant loadings variations. Since eaicthe following process is desigd
on the highest loading and/or flowrate that reach¢he plant, by egalizing themthe size and
the cost of the downswam facilities will be reducedTwo possibleconfigurationscan be

implemented(Fgure 1.1)

1. in-line equalization: in this case all the flowrate pasthrough the equalization basin;
the aim ofthis configuration igo reduce the pollutant peaks;

2. off-line equalization: with this configuration, the flowrate exceeding a predetermined
value is diverged to the equalization basin. This method is usually applied in order to

capture the firstflux from combined collection systems.

The best locatin of equalization facilities ha® be analyzed in each case, since it depends on
land availability and characteristics; however the best position is #feeprimary clarifier, thus

to cause fewer problemsfsolids settlementsas shown in figure 1.1
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Figurel.1 Typical wastewater treatment plant flow diagram incorponatflow equalization; A: idine; B: offline.
Derived fromMetcalf & Eddy2004)

Screening

Generally, he first unit of a wastewater treatment plants is screeningfacility. A screen is a
device withuniform openings, used to retain solids containdgy the influentwastewater.

Themain aimof screening is to remove coarse material from the flow stream thatccdamage

the process equipment downstream reduce overall treatment process reliability and
effectivenesspr contaminate waterwaygMetcalf & Eddy 2004)

In wastewater treatment, coarse screens are used to protect pumps, valves, pipelines, and other
appurtenances from damage or clogging by rags amdelabjects.Coarse screerare not

installed if the sewage line is equipped with gringler

Grit removal

Removal of grit from wastewateis accomplishedin grit chambers or usinghe centrifugal
separation of solidsGrit chambers aréanks designed to maove grit which is formed bysand,
cinders, or other heavy solids materials that hasiking velocities or specific gravities
substantially greatethan those of the organic putrescible solittauindin wastewater.

Grit chambers are most commonly locdtafter the bar screen and befothe pumping station,

in order to reduce pumps strain.



Grit chambers are provided to:

9 protect moving mechanical equipment from abrasiamd accompanying abnormal
weatr;
reduce formation of heavy deposits iipglines,channels and conduits;

reduce the frequency of digester cleaning caused by excessive accumulations of grit.

There are three general types of grit chambers:

1 horizontaHlow type;
1 aerated type

1 vortex type.

Aerated type grit chamber play also @anportant role in preaerating wastewater, which can

improve biological treatment yield.

Pumping station

Pumping stations are usually required to head losses and to avoid excess costs of hydraulic
works due to tanks buringPumpsare usuallyplacedafter screening and grit removal to avoid
breakage and clogging problemBwo main types of pumps are generally used for wastewater

treatment plants:

1 centrifugal pumps, designed to operate with wastewater rich of solids;

1 screw pumps

Primary sedimentation

The objective of primary sedimentation is to remove readily settleable solids and floating
material and thus redung the suspended solids contenPrimary sedimentation tank can
remove up to 80% of total suspended solids and achieve a BOD redugtitm 60% if well
designed.The purpose of sedimentation is to remove a substantial portion of organic golids
reduce organic loadings to secondary treatments. In some treatment plants they are not used
since they reduce too much the organic and nutriemdding, reducing the prdenitrification

yield. There are twamainkinds of primary sedimentation tanks:



1 Rectangular tanks.

9 Circular tanks.
1.1.2.2 Secondary treatments

Secondary treatmentare a series of treatments that exploit biological processes, ocagririn
controlled environmental conditions, for depleting organic matter and nutrient loadings.
Therefore the aim of these processestisconvert this organic and inorganic substances in
energy and bacteria biomass, that wile subsequently removed from thwater streamby
means of a secondary clarifier

Several configurations can be used, with or without nitrogen and phosphorous biological
removal. For treatment plants that discharge in sensitive areas nitrogen removal must be
provided. Usually phosphorousemoval is not achieved with biological process, but with
chemical coagulation, since & liess expensive and easier to control.

Below, the most common configuration, called ftenitrification isexposedlt is composed by
three main facilities: pralenitrification tank, oxidation tank and secondary clarifi&¢he whole
process works in continuous mode€his configuration requires a high amount of mixed liquor

recirculation from aerated to anoxic tank in order to permit denitrification to occur.
Oxidation

Oxidation of organic matter occuis an artificially aerated taniBacteria userganic substances

as electron donor and oggn as electron acceptor for thainetabolism.Biomass concentration

is maintained at a desired value by biomass sludggrculation from the secondarglarifier. Air

or pure oxygen araiffused from the bottom of the tank usually with a series of diplarger
which ensure the maximum gdigjuid transfer and act also as a mixer. The biomass oxygen
demand can be estimatedith empirical formulas that consider the amount of organic matte
loading, gadiquid transfer coefficients and tank geometry. If nitrogen removal is requested, the
oxidationbasin actsalso as nitrification tank. In fact, environmental conditiqnssidence time

and air supplypre varied to permit the developing afnitrificant bacteriafraction that can use

ammonia and nitrites as electron donor and oxygen as electron accaptorake nitrates:

( 98006 co OO (Eq. 1.1)

66 PG o0 (Eq. 1.2



Reactionl.1 and 1.2 are consecutivéhe second one is usually faster than the first one, so
virtually there is no nitrites net production.
These reaction requireadditional amount of oxygen, that must be provided, and higher

residence time (therefore also higher tank volumes).

Pre-denitrification

In this step, facultative hetotrophic bacteriause nitrates and nitrites molecules to assimilate
biodegradable orgaics. This is the reason why denitrification tank is usually set before oxidation
tank: denitrification reactions need high amount of organic substances to occur; if denitrification
is set after oxidationgrganic substances haweenalreadyconsumed andhe process failsThe
design of oxidation basin to leave a certain amount of organics for subsequent denitrification
has beemnproved to be a failingteategies since organic loading subject to daily and seasonal
variations so thata correct desigmandprocess controls almost impossible.

The denitrificationprocess occurs only in anoxic conditions and involvesduction step from

nitrate to nitrogen gasas reported in eq. 1.3.

00 OO0 ©00°900° 0 (Eq.1.3)
Since anoxic conditionare fundamental, the recirculain stream must contain the lowest
oxygen content possible: this is achieved by maintaihingdissolved oxygen in the oxidation
basin (usuallyless that2 mgQ/l).

Denitrification tanks are generally made of squdrer redangular ponds with depths greater
than 34 m, equipped with submersible mixers or agitators that keep the tankgimation to
prevent the buildup of sludge withowausinga significant transfer of oxygen.

The advantages of nitrificatiedenitrificationprocess aréMetcalf & Eddy 2004)
reduction ofNO; concentration in the effluent;
reduction of rising sludge in secondary sedimentation tanks dusttdication process
occurring there;
9 reduction of oxygen requirements, as organics are removed usingN&so

On the other hand the disadvantages are:

9 higher capital costslue to higher volume requirements;

10



9 increased plant complexity due to recirculation of mixed liquor fromdkeobic to the
anoxic tank;

9 higher energy consumption related to mix liquor recirculation pumping.

Secondary sedimentation

Secondary sedimentation exploits the force of gravity to separate water fhensolid biomass
characterized by a higher specific weidlitanks to its flocculating capacitiegnd therefore
able to settleon the bottom of a tank in a time of several hguPart of the accumlated sludge

is recirculated tathe biological basin in order to keep the biomass concentration at the desired
value (37 g/l). Particular attention must be takenrfeecondary clarifiedesign since its failure

will cause the failur of the entire process.

The conditions in the biological reactor affect the settling and clarificatlwaracteristics of the
sludge. As a result, the functions of the biological proeeskthat of the secondary settling tank
interact up n each other andhe design ofone cannot be undertaken independently of the
other. Particular attention have to be paid to avoid the formation on anoxic sludge and the
subsequent formation of nitrogen bubbles that raise, carrying sludp@ards and releasing
odorous compunds.

If total Phosphorous concentration is still too high, it can be removed with chemical processes

involving its adsorption on sludge particles. This process is usually mediated with chemicals.

1.1.2.3 Tertiary treatments

Tertiary treatments involve seriesof physical or chemical processesreducetotal suspended

solids and bacteria concentration.

Filtration

Surface filtration involves the removal of particulatsuspended in diquid, by mechanical
sieving achieved passing the liquid through a thintsep which is the filtemg material. Surface
filtration has been used to remove the residslspended solids from secondary effluents and
from stabilization pond effluents.

This step is fundamental only if UV disinfection is used, simgeaitantees thano selfshading
effects will occuthere.

Several types of filtration can be implemented, but the most used are sand filtration and disk

filters.
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Disinfection

Thisstepis fundamentalto reduce the pathogenand coliformsconcentration. Several systems

can be implemented:

9 chlorination, which is the most widely used disinfectant. It can be applied in the form of
sodium hypochlorite, chlorindioxide, chlorine liquid or gasVith chlorination processes
chloramine compoundswhich are toxiccanbe formed;

1 ozonation which uses ozone @) a highly effective compound againbacteria and
viruses.This process wuires high capital costs and difficult to control sice ozone
molecules are unstable;

1 UVdisinfection which exploits the bactericidal action of U&ys,emitted by means of
mercury vapor lamps. The UV rays are strongly effective against bactpaaes,

viruses, fungilts main advantage is that doesnot create unwanted chemicals.

Sludge line

Duringwastewater processes three types of sludge can be produced:

1 primary sludge it is produced by sdteable solids removed from rawagewater in
primary clarifiers it is characterized by high putrescibility and good dewateigbivhen
compared to biologial sludge;its total suspended solidsontent isusuallyin the range
2-7%(Metcalf & Eddy 2004)

1 secondary sludgdor excess sludge): it jgroduced by biologicatecondaryprocesses
and contains microorganisms grown on biodegradable matter, endogenous residue
and inert solids not removed in the prary settling if a primary settler is present) or
entering with the rawwastewater (if primary settler isnot present);total suspended
solidscontent in secondargludgeis in the range 0-8.5%(Metcalf & Eddy 2004)

1 chemical sludgs produced bythe precipitation of specific substances (ighosphorus)

or suspended soliddt is present only if chemical coagulation is used.

The aims of the sludge line arecavering energy or materials fno sludge or decreasing its
volume and biodegradability for further disposal in landfills.
Sludge lines usually composed of three subsequential processes: thickening (or dewatering),

stabilization and final dehydration.
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Thickening

In this step sludge is concentered and dewatered by means of physical processes. Reduction of

water content carbe achievedvith different facilities:

T dynamic thickenerthis thickener is usually used also &segualization basin for mixg
primary and secondary sludge;
1 centrifuge

1 filterpress.

If sludge is treated with a wet anaerobic digestion process, sludge thickemiogrniecessary.
The excess water from this step of treatment must be recirculated in the wastewater treatment

plant since it contains high amowsf organic matter.

Stabilization

Sludge stabilization can be accomplished with aerobic or anaerobic digeSthe latter is
usually preferred since groducea certain recovery of energy, in form of electricity and/or heat.
Anaerobic digestion expl@t metabolism of anaerobic bacteria that degrades organic
substances, converting them in biogas, a mixture @,CCH, H, and other compounds.
Methane can be burned in biogas engine to produce heat and electricity. Preliminary gas
treatments are necessary since the biogas corsthigh leve$ of humidity and hydrogen sulfide.

The final product of anaerobic digesti is a well stabilized material, poor in organic fraction and
with lower solids content than the initial sludge.

Sludge can be treated alone, or it can be added to putrescible matter, for exaopimgfrom

separate collection of urban solid waste {@digestion).
Dehydration
In order to decreasdahe disposal costs ofludge, water content have to bdecreased A

mechanicaldehydration is performed byneans of empty filter, filter press, press tape and

centrifuge.
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1.1.3 ISSUES RELATED TO COMMON WASTEWAITRIRATMENT PROCESSES

One of the most important problems related to wastewater treatment is the high energy
demand of the proces@able 1.5) pre-denitrification units requirehigh amount of mixed liquor
recirculation (recirculation flowrate can increasttimes the average daily flowrate), which is
accomplished with high consuming centrifuge pumps.

Besides, anoxic tank have to be mixed to avoid settling of sludge and air haveféa be
oxidation tark: all these facilities requirigh capital and ogrational costs.The main aim of
wastewaterplantsis to meet water quality standardstherefore they areusually designed to
meet certain effluent requirements, without major energy consideratiohs.anexample, in the

US alone WWTPs consume about 2%thef total amount of electricity generated. In fact,
WWTPs represent the single largest cost to local governments with up to 33% of their total
budget, and their energy consumption is expected to increase luyi(B® in the next 2€BO
years(Rojas & Zhelev 2012After labour, electricity is the largest operating cost associated with
wastewater treatment with 25¢40% of the total. In the most common type of WWTP, the
activated sludge plant, about 50% of this energy is used for aeratioposes(Metcalf & Eddy
2004)

Besides, plants that implement biological treant for nutrients removal and filtration use
from 30 to 50 % more electricity for aeration, pumping, and solids processing than conventional
activated sludgeinits (Burton 1996)

Tablel.5 Average sewage energy consumption for treatment [kWﬁ/’m different countrie{HernandezSancho et
al. 2011)

U.S.A Netherlands Singapore Switzerland Germany U.K. Australia Spain
0.45 0.36 0.56 0.52 0.67 0.64 0.39 0.53

Together with these economic problems, wastewater treatment plants should face also
environmental issues: oxidation processdsogas burning, and indirect energy consumption
causethe release of greenhouse gases in the atmospheres.

The main gasesmitted by plants arecarbon dioxide, methane and,®: carbon dioxide is
produced by the metabolism of aerobic bacteria in oxidation tarikswas estimated that
treatment plants in the U.S.Aause the releasef 12.7 million of cubic meters of GPer year
(Woertz et al. 2009)

Methane is produced by anaerobic fermentation of organic matter in demigtibn basin and it

is estimated that 9% of global methane emissions are due to wastewater treatment plants
(Gupta & S. Singh 2012)

14



Nitrous oxide is one of the Byroducts of denitrification reactions; it is consrée a gas with
one of the highestGreenhouse potential. Gupta & Singh (2012) estimated that 3% of global
nitrous oxideemissions arelue to wastewater treatment plants.

Technologies for sequestering atreating these gases already exiit their implementation

would lead to enormous increase capital and process costs

1.1.4 URINE SEPARATION

A large fraction of nutrients found imrban wastewaters comes from human urjnehich
contributes for 80% of Total Nitrogen and 50% of Total Phosphoeuen if itrepresents less
than 1% of the total wastewater flowte (T. A. Larsen et al. 200®urthermore, urine contains
trace elements (for example Cu, Zn, Mo, Necessary for bacterial metabolisamd is usually
poor in hazardous compounds argavy metals thatan inhibit biological processéS€hanget
al.,2013)

Separation of urine fronthe main wastewater stream could be a way to recover nutrients, to
improve the effluentquality and increas¢he capacity of existing activated sludge wastewater
treatment plants(Mbaya et al. n.d.)Typical fresh human urine comgtition is reported in table
1.6.

Tablel.6 Fresh human urine composition. Derived fr¢htbaya et al. n.d.)

Parameter Value Unit
Dilution 1 -

pH 6.2 -

Niot 8830 g/m®
NH,"+NH 463 g/m?
NO+NGQ - g/m?
Prot 8002000 g/m°
COoD - g/m®
K 2737 g/m®
S 1315 g/m?
Na 3450 g/m?
Cl 4970 g/m?
Ca 233 g/m®
Mg 119 g/m®
Mn 0.019 g/m?
B 0.97 g/m?
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Benefits of source separation of human urine can be summarized as follows:

T

reduction of wastewater treatment costs. h€ nitrification process implementedh
treatment plantsis desigred on the ammonia peak loads.e. the worst possible
condition The reduction ofthis peak due to urineseparation at the sourcevould
increase the stability and reliability of the nitrifigaih process and therefore alloalsoa
smallerplant size thus leading tolower capital andperatingcosts.

Besides, if influent TKN/COD ratio can be reduced enough, the denitrification
nitrification process can be totally avoide@ihe degree of urine separation that have to
be achievednot to require denitrificationnitrification in wastewater treatment plant
depends mostly on the diet of the communitylbaya et al. n.d;)

reduction in waer consumption: separate urine collection reduces the flush water
usage, resulting in lower wastewater generation and therefore also in a lower water

consumption.

Source separation techniques are known and used from 70s, but it is only from 90s thar¢hey

considered a sustainable alternative to existing wastewater collection and treatment systems for

urban and industrialized areas.

Urine separation at the source can be accomplished with appropriate designed toilets (NoMix),

which were developedin Sweda in 70s; modern versions of these facilities improves hygienic

handling ofdry feces figure1.2)
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Despite the advantages illustrated above, urine separation technolquesents a series of

unsolved problemgM Maurer et al. 2008)

9 dilution: the present practice for neutralizing nutrient loadings of souseparated
urine require its dilution with large amount of water§l. A. Larsen et al. 2009\
possible solution it exploit grey water or overfl streams from sewer sideweirs;

1 the modern wastewater management system comprises a series of interdependent
actor and facilities, which are extremelffaiult and expensive to change;

9 transport: transport of sourceeparated urine to the treatment facility is still an
unsolved problemlin some pilot projects, multiple piping systems are tested; besides

on-site treatment could be performed, to avoid transportation on urine.

1.2 MICROALGAEAND BIODIESEL PRODUCTION

Microalgae are eukaryotic or prokaryotic photosynthetic organisms, with doiaelor simple
multicellular structure, with dimensions ranging from 1 to 10.[ltvis estimated that more than
50000 species of microalgae exist, but only around 30000 species have been yet identified and
studied (Mata et al, 2010) Microalgae can growoth in fresh and salt water, and also some
terrestrial species are known

These microorganism are able to convert carbon diokitie cell biomass, in term of lipid&tty

acids, food and highialue bioactive chemicals, with sunligihtiven metabolism. Besides,
microalgae can be useful in bioremediation applications and a®gatr fixing biofertilizer
(Chistj 2007) Many species can be induced to accumulate consistent quantities of lipid,
contributing to obtain a high final oiligld, by controlling environmental parameters, such as
carbon dioxide supply, nutrients concentrati@amd lightning conditionsAverage lipid content
varies significantly from 1 to 70% (some species can reach 90% in particular conditions)
therefore the chdce of algal strain is fundamental for the entire process feasilfilitata et al.,

2010)

Microalgae growth in batch conditions is chaextzed by 5 main steps (Fig. 1.3

1. lag phasehere the algaeadapt physiologically to their nevenvironment. Lag phase
duration isvariable, depending of difference tiie environmental conditionsuch as
temperature, nutrient concentration and light conditions. At this stage there is a high
nutrients consumption due to algae fast metabolism, whildscebncentration increases

slowly (or does not increases at all);
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2. exponential growth: afteradaptation, microalgaestart to growth at the highest rate
(they can double the biomass in few hours). Exponential growth last until environmental
factors are not limiting. For example, nutrient depletions or light attenuation due te self
shading effect othe newbiomass can be limiting factors;

3. stationary phase: at a certain point, when one or more factors become ligyitiells
number remain constant;

4, death phase: at this step, substrates vital for cells growth are totally absent and this

leads to cellsleath (cells concentration decreases).

3. Stationary
phase

4. Death, or
logarithmic
decline, phase

Growth rate
Nutrient concentration

Time

Figurel.3 Schematic representation of the microalgal growth in batch cultures (continuous line), and the
nutrients uptake(dashed line).

1.2.1 THE BIOREFINERY CONCEPT

The microalgabiorefinery concept reflecthe concept of apetroleum refinery: it uses every
available component of the raw material (in this case biomass) to produce valuable products,
with a net energy production. The inteme exploitation of the biomasshould dereasesthe
overall process coshn figure 1.4 an example of biorefinery approdohmicroalgads reported.

As said before, microalgae, fixing carbon dioxide and depleting nutricintgn the growth
medium, producehighly saturated lipids, suitable for lliesel production throughtrans
esterification processe¢Rawat et al. 2013)In addition, some microalgae species produce
valuable byproducts: proteins, biopolymergarotenoids, pigments and antixidant substances

that can be used for cosmetic pharmaceutical purposYen et al. 2011)
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Figurel.4 Schematic representation of a proposed microalgae biorefif&rgingh & Gu 2010)

However, the most interesting pect remains the possibility of biofuels productjdon addition

to biodiesel, several types of different renewable fuels can be produced starting from microalgal
biomass: bioethanol, methane and hydrogen are some possible alternafb®ugh limited
reports on bioethanol are avaidble, a number of advantages $deen reported in the
production of bioethanol from algae. Fermentation process involves less intake of energy and
much simpér in comparison of biodiesel production system. In addition, @@duced as by
product fromthe process can be recycled for microalggewth, thus reducing the greenhouse
gases emissions. However, the technology for the commercial production of bioethanol from
microalgae is yet under development ahds tobe further investigatedJ. Singh & Gu 2010
addition, contraiily to biodiesel,bioethanol can be used in internal combustion engines only in
small percenages without a costly upgrade ftre engine.

Methane can be produced simultaneously to détimanol through the fermentation process, but
still no commercial pduction has been implementedJ. Singh & Gu 2010 oncerning
hydrogen production from microalgadét occuis only in peculiar environmental conditions, such
as sulfur deprivation anedxygen absence, which are conditions hard to keep in large scale
industrial facilitieZhang et al. 2002)

Current researiees are focusing on biodiesel productiavhichit could play an important role in

the transportation sector in the shornedium period, without the necessity of cosgystems
upgrading.Besides, biodiesdlas a higher calorific value respect to bioethh(87.3 MJ/kg and
26.7 MJ/kg respectively)am & K. T. Lee 2012)
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1.2.2 SELECTIONDF ALGAL STRAIN

Many authorsreport that a critical point ofbiofuel production optimization setup from
microalgae is the choice of the most suitable algal strain. In fact, thousands of microalgae
species exist, but only few of these were analyzed for lipid content and biomass production
(Table 1.7)publishedbiofuel studies have focused on less than 20 spetiksen from culture
collections and of thespublications,70% are not comparative studies but they focus only on
one specific speciefarkum et al. 2012)One reason of this trend is th#tis mucheasierto
operate with well know species, rather than starting from microalgae with completely unknown
characteristics. Besides, it seems that examining new straould not lead to higher
productivity performances, since this aspect is maigbverned by external environmental
conditions rather than by the strain. Another challenge is the possibility of culture endemic
indigenous strain, i.e. a microalgae consortium found in the natural environment where facilities
would be installed. In factthese strains are already adapted to the local environmental

conditions therefore they should give better performances in case of open pond systems.

Tablel.7 Lipids contents and lipids productivity of 30 microalgal stréirSingh & Gu 2010)

Algal group Microalgae strains Habitat Lipid content (% biomass) Lipid productivity (mg/l/d)
Diatoms Chaetoceros muelleri FEM-M43 Marine 336 21.8
Chaetoceros calcitrans C5 178 Marine 39.8 17.6
P. mricornutum F&M-M 40 Marine 18.7 44.8
Skeletonema costatum CS 181 Marine 21 17.4
Skeletonoma sp. C5 252 Marine 31.8 273
Thalassioria pseudonana CS 173 Marine 206 174
Chlorella sp. FEM-M48 Freshwater 18.7 421
Chlorella sorokiniana IAM-212 Freshwater 193 44.7
Chiorella vulgaris CCAP 211/11b Freshwater 19.2 326
C. vulgaris F&M-M49 Freshwater 184 369
Green algae Chlorococcum sp. UMACC 112 Freshwater 19.3 537
Scenedemus quadricauda Freshwater 18.4 35.1
Scenedemus FEM-M19 Freshwater 19.6 40.8
Scenedemus sp. DM Freshwater 211 53.9
T. suecica F&EM-M33 Marine 85 27
Tetraselmis sp. FEM-M34 Marine 147 434
T. suecica F&M-M35 Marine 129 364
Ellipsoidion sp. F&EM-M31 Marine 274 47.3
Monodus subterraneus UTEX 151 Freshwater 16.1 304
Nannochloropsis sp. CS 246 Marine 292 49.7
Eustigmatophytes Nannochloropsis sp. FM-M26 Marine 206 61
Nannochloropsis sp. FeM-M27 Marine 24.4 48.2
Nannochloropsis sp. FerM-M24 Marine 309 54.8
Nannochloropsis sp. FeM-M29 Marine 216 376
Nannochloropsis sp. FeM-M28 Marine 35.7 60.9
Isochrysis sp. (T-1SO) €S 177 Marine 224 37.7
Isochrysis sp. F&M-M37 Marine 274 378
Prymnesiophytes Paviova salina C5 49 Marine 309 49.4
Paviova lutheri C5 182 Marine 355 50.2
Red algae Porphyridium cruentum Marine 9.5 34.8

In summarythe main aspects that have to be considenedhis stepare:

species growth rate angroductivity;
guantity and quality of lipid produced;

settling and processing characteristics;

= =4 =4 =

possibility of exploiting secondary luable chemicals
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9 resistance to changing in environmental conditions like temperature, nutrient load, light

conditions.

1.2.3 BIOMASS CULTIVATION

Microalgaecan grow in three different conditions:
1. phototrophic;
2. heterotrophic

3. mixotrophic

The first one uses light as energy source and carbon dioxide as carbon source. The second uses
complex organic compounds as energy and carbon source. Regarding mixotrophic conditions,
microalgae can grow in phototrophic and heterotrophic conditions atghme time, depending

on carbon source concentration and light availabilMata et al. 201Q)

Presently, only phototrophiculture method is implemented in commercial scale

A correct design of the culture system is fundamental for the overall process yield and
sustainability, since it permits to maximize productivitydaguality of microalgal biomas3he

following criteriashould be carefully analyzed :

effective illumination area of the culture reactor

optimal gasliquid transfer in case of carbon dioxide supply

easy operability of the microalgal reactor, i.e. maimance, disinfection, cleaning;
low contamination leve{in case of single microalgal strain usage)

minimal land ararequirement

=A =4 =4 =4 =4 =4

low capital and maintenance cost of the whole system

Microalgae cultivation can occur in closed or open faciliiggure 1.5)Open ponds systems are

the most common solutionsmplemented nowadays since they require lower capital and
process costs than closed photobioreactors. Usually they are linotéiduid depthof 20-30 cm

in order to avoid shading effects. The settling of the biomass is avoided through a paddle wheel.
Even if open ponds ardess expensivethey are characterized by low efficiency since some
environmental factors cannot be controlled: water loss due to evaporation, changes in
temperature and C@limited transfers are the most common problenfRawat et al,2013)
Closed photobioreactors usually guarantee higher performances since environmental conditions
are strictly controlled. Typicatonfigurations used aresertical flat panel reactor, annular

reaciors or plastic bags used in batch mode and tubular reactors.
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Besides they permit singlespecies cultures ofmicroalgae hence it is possible to avoid
competition between specieshey are designed to maximize light absorption and gas transfer,
thus givinghigher productivity, and finalllknowing microalgae behavior at different conditions,

quality and quantity of lipids can be maximized.
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Figurel5 Schematic representation of (A) raceway ponds, (B) tubular horizontal photagtor and (C) flapanel
photobioreactor.

1.2.4 BIOMASS HARVESTING

The separation of microalgabiomass from the culture media is necessary to biomass
downstreamprocessing operations. This step is considered to be one of the most problematic
and challenginglue to the small size of microalgal celisd it can contribute up to 30% of the

total process costéRawat et al2013) There are severahit operations involved

9 filtration. Improved filtration isnecessary since conventional filtration techniques are
insufficient for microalgal biomass recovery.

1 centrifugation. This method is usually problematic due to the high power consumption
of centrifuges, even ifthey ensurea rapid and effective biomass septon.

9 gravity sedimentationlt is the most common method implemented for large volumés o

water, since it is the cheapest
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9 chemical flocculation. Multivalent cations or polymers are used to improve

sedimentation characteristics of the biomass.

A standard harvesting method for microalgal biomass has not been developed yet and this is still

an active field of researgMata etal. 2010)

1.2.5 ISSUBRELATED TO BIOFUEL PRODUCTION WITH MICROALGAE

Many authors have highlightetihat the environmentaland economic benefit{Lardm et al.,
2009)of microalgae utilization are nalways clear and effectivehen passing from labatory
to large scale For these reasons nowadayhere is no commercial plant producing and
processingmicroalgae biomass into biofuelget (Lam & K. T. Lee 201Z)Jhe majoropen

problemsrelated to microalga biomass production are

photobioreactordesign(Jorqueraet al.,2010)
dewatering and biomasarying(Sander & Murthy 2010)
lipid extraction(A L Stephensoret al,, 2010)

=A =4 =4 =

nutrients source.

Regarding photobioreactor designcurrent research isfocusing on improving biomass
productivity and quality in closed systems, in order to decrease the net cost of the plant. If
capital and processing cost remain at the presémtel, open pond systems will be the only
economically feasible solution.

Regardingnutrient source the cultivation of microalgae at the industrial scale fmofuels
production requires a large amount of nutrients, typically nitrogen in then of nitrate or
ammoniaand phosphorous in the form of orthophosphatdgsually, nutrients are suped to
biomass through the additiomf chemical fertilizes, which are expensive and definitely not
sustainablgLam & K. T. Lee 2012)

1.3 TREATING WASTEWATER WITH MICROALGAE

The ideaof treating wastewaters with microalgagoes back to the 50®s early studies were
carried out by Oswald et al. (1953), it is only in the lastlecade that researchdsavefocused

of this field, because of the problem of energyurcesand the need of finding more sustainable
solutions for fuelproduction Modern wastewater treatments, in fact, are characterized by high

energy demands and onlysanall portion of this energy can be recovered by means of anaerobic
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digestion of the excess sludge. Besides, the final product of the denitrification prooesstly
used is atmospheric nitrogen §\ which is a useless compounds, thus leading to antiaddl

waste of energy.

Integrating themicroalgae biomass production aride wastewatertreatment, economic and
environmental advantages can be achieedm &Lee 2012)such as theecovery of nutrients,

no need of fresh/saline water, G@missions saving.

1.3.1 BIOLOGICAL OXYGENATION

The ability of algae to produce oxygen by photosynthesis is vital to the ecology ofvaier
environment microalgae usealissolvedCQ and apart of nutrients dissolved invastewater
(nitrogen andphosphorous) to growandreleaseoxygen asa byproduct. Aerobic bacteriaan
use thisreadily availablexygenin orderto consumethe organicmatter presentin wastewater
and create CQas byproduct.In turn this CQ can beused by microalgae fgohotosynthesis,

closing this biological circ{€igurel.6).
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Figurel.6 Simplified algabacterial interactions in wastewater treaent ponds(Woertz et al. 2009)

Recent studies pointed out that microalgae metabolism caad l€0 high concentration of
dissolved oxygen, with values up to 8 mf/lO, (Su et al. 2012)

The oxygen produced by microalgae should be more readily available than that supplied with the
common air sparging systems: microalgae reactor is placed before the activated sludge
process, the air demand of ihlatter can be substantially reduced, thus allowing to additional
energy and money savings. In fact, currexit supplysystems areharacterizedoy low transfer

efficiency: usuallyonly 5% of gas transfer is achieved in 1 meter of oxidation tank.
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1.3.2 GREENHOUSE GASES

Coupling wastewater treatment with microalgae biomass production can lead to a substantial
environmental improvementsthe energy saved using microalgé® nutrients removal,the
aeration of the mixed liquor, and the reduction tife greenhouse g&s overall enssions: in

fact microalgal biomass production and utilization for biofuel synthesis offers potentials for
greenhouse gas avoidance since it regltlte needs of fossil fuel extraction and burn.

Elevated C@evelscoming from typicapower plants could be supplied to microalgal culsie

enhance the biomass production thus allowingedfective GHG reduction.

1.3.3 OTHER ADVANTAGES

Significant concentrations of heavy metals and toxic organic compooadsbe detectedn

municipal wastewater. Microalgae are efént sorbers of heavy metalshe bioaccumulation of
metalsin microalgae maybecomea feasibleand cheapemethod for remediating wastewater
contaminated with metals Microalgalmetal sequestering processeme driven bydifferent

mechanisms which aredependent on thespecies the metal ionconsidered the solution
conditions and whether the algal cells are livingnot (AbdelRaouf et al. 2012)

Besides, it wa®bserved that the environmental factor$irst of all theincrease ofpH of the
solution during microalgal photosynthegjswhich are favorable for algal growth become
unsuitable for the survival ofcoliform bacteria and pthogenic organismsisually foundin

wastewates, such asSalmonella Shigella viruses and protozogAbdelRaouf et al. 2012)in

high-rate ponds,Shelef et al.(1977) reported a rediction of 99% in total colifornbacteria
thanks to the high pH anegksidence time

1.4 SCOPE OF THE THESI

The objective of the present thesis work is to investigate experimentally the possibility of
treating urban wastewater with microalgae; specificallye speciesChlorella potothecoides
33.80 (from SAS Goettingemas been tested, starting from a previous thesis work that
identified this strain as the most suitable for urban wastewater treatment.

Batch experimentshave beencarried out in order to mesure the microalgae growth rate
constant andthe nutrient consumption at different temperatures, simulating the annual
temperature trend ofthe influent wastewater at Camposampiero (PD) plant.

A further batch experiment has beeperformed to develop and &racterize the native

microalgae consortium found in urban wastewater from Camposampiero plant.
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C. protothecoideshas been also cultured in continuous flow experiments at constant
illumination to evaluate the biomass productivity at different residencees and the nutrient
depletion capacitiesresults of these experimentzave beerintegrated with those of a previous
thesis(Morandini 2012)

Continuous flow experiments simulating October day/night light cycles were performed in order
to evaluateC.protothecoidesbehavior in this more realistic conditions.

Moreover, he possibility of applyingiicroalgae biomass produon to sourceseparated urine

has beertested through batch experiments.

Finally, experiments results have beaxploited to developthree possible wastewater

treatment process integrated with microalgae biomass production.
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2 MATERIALS AND METHODS

2.1 MICROALGAE

Previous screening experimengermitted to selectChlorella potothecoides 33.8@from SAG
Goettingen as the best microalgae species foban wastewater treatment, thanks to ithigh
growth rate (about 1d™) and its shortest lag phag®&lorandini 2012) This specigcan grow in
fresh water and in both autotrophiand heterotrophic environments. Itdpid content vaies
significantly according tgrowing environmentand can reachin autotrophic conditionsup to
23% ofits total dry weight{Cheng et al. 2012)

Consequently, in this thesis wo@k protothecoidesvas used for all batch and continuous flow

experiments.

2.2 WASTEWATER

Screening experiments we carried out in order to select the most suitable wastewatgre for
microalgd growth. In particular,urban wastewater fromCamposampiero (PD) treatment plant
and mixed urban/industrial wastewater frodMontecchio Maggiore (VI), botht different points

of treatment @fter primary treatments and at discharge) were test@dorandini 2012) These
experiments pointed out that treated wastewater has a too low nutrient load to support
microalgae growth; besides, there were little differences in final cehcentration between
Padua and Vicenza primary treated wastewater

For these reasons, primary treated wastewaters from Camposampiero treatment plant were
used for all batch and continuous flow experiments.

In some continuous flow experiments, wastewat&as preliminary filtered with blotting paper

and laboratory paper, in order to avoid tubes clogging.

2.3 SYNTHETIC URINE

The medium of urine experiments is synthetiaman urine according to real human urine
(Mayrovitz & Sims 20015everal synthetic urine recipes were evaluated. The choice was based
on the pH of the recipein fact, some synthetic uringpresentsan unsuitable pH for microalgae
cultivation For these reasus, the synthetic urine chosen has a pH of.7.8

The urineformulation is reported irtable 2.1. The constituents arexpressedn grams per liter

of sterile water.
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Table2.1 Composition of one liter of synthetic human urine, according to Mayrovitz et al. (2001)

Composition Quantity
[9/1]
Urea 25
Sodium Chloride 9
Disodium hydrogeworthophosphate anhydrous 2.5
Ammonium chloride 3
Creatinine

Sodium Sulfitehydrate

Bidistilled water was used for urine productioifter the solution was prepared, it has been

sterilized in autoclave for 30 minutes at 120°C.

2.4  ANALYTICAL METHODS

241 MEASUREMENTS OBIOMASS CONCENTRATION

Microalgae concentration was determined by means of 3 diffeggntedures
1. cell concentration
2. optical Density (OD)

3. dry weight

Usually, cells concentration and OD measures were performed on the same sample, with

different dilution factos.

2.4.1.1 Cellconcentration
Cellconcentration was measad according to this standardized procedure:

1. asample (I5-H Yt 0 2F YAONRLIf 3Lt az2tdziazy glt-a GF 1Sy
Aid®;
the sample was diluted with a dilutidactor ranging from 20 to 200;
cell counting was performed by microscopeusinga Burker Counting Chambednly 3

of the 9 squarswere countedand thenan average value was calculated.
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Burker Counting Chamber is a glasseslid5x35 cm wide and 4 mm deep. The chamber is
composed of two ells 1/10mm deep, each one divided in 9 squasel mm side and divided by
a triple line. Edesquare is further divided inGlsmaller squares, divided lojpuble lines (Figure
2.1).

=1 mm —|

Figure2.1 Structure of the Burker Counting Chamber reticulate
2.4.1.2 Optical density (OD)
Microalgal concentrationsan be estimatedisingthis standardzedprocedure:

1. asample (IG-HYf 0 2F YAONRLIf 3Lt &d2tdziAzy ost-a G 1Sy
Aid®;
2. the absorbance of the sample at a wavelength of 750 nm, placed in a cuvette with path
length | = 1cm, was measured using Spectronic Unicanb@QD/UVvisible spectrometer.
At this wavelength chlorophyll does not absorb photons and light attenuagioniquely
due to scatteringphenomena, i.e., to cells anglispended solids concentration. Using
this instrument the absorbance has to range between 0,1 to 1. The samplt Hze
diluted when the upper limits exceededa dilution factor from 1 to 10 was usedhe
absorbance, also called optical density (OD), obtained by spectrophotometer was
directly linked to cells concentrations bye LambertBeer law:

5 P (Eq. 2.1)

where: ]
-Aso sample absorbancat< I 1 p&1 Y \Qré[—]

- path length[cm]
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-8 extinction coefficient [critcell]

-C cells concentratioricell/ml]

Results of these measurementare plotted in figure 2.2, where the relationship between
microalgal concentratiorand ODsq is reported. The figure clearly shows that the relationship
was linearbut it showsalso a certain dependence on temperatuaad a high variabilitylgw R
value. This variability can be due to wastewater suspended solid confEgS)which can
influence the sampl®©D;s,, especially atow biomass concentration, when scattering due to TSS
is greater than that due to biomass

. ——10°C
1x10° ——15°C
lxlOE—- 23°C
1x10° 4 ——30°C

1x10° -
9x10’ -
8x10"
7x10"
6x10"
5x10"
4x10" -
3x107 -
2x10" -

Cell concentration (cell/ml)

1x10" 1
0

T T T T T T T T T T T T
0 1 2 3 4 5 6

oD

750

Figure2.2 Cell concentration vs QE. Each straight line is the linear fitting results of temperature suirggbatch
experiments reported in pagraph3.3.

Equations associated to the linear fitting straight Birefigure 2.2 arereported in table 22.

Table2.2 Cell concentration and QB relationships at different temperatures

Temperature cell/ml-ODs,relationship R

10°C y = 1E+07x6E+06 0.9527
15°C y = 9E+06x + 7E+06 0.9428
23°C y = 2E+07x6E+06 0.9581
30°C y = 2E+07x + 414260 0.9848
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2.4.1.3 Dry weight

The dry weight ofmicroalgal biomass (DWpresents the amount omicroalgae per uniof
volume better than the cell concentrationThe analytical procedure used in order to evaluate

the biomass growth in terms of dry weight is summarized as follows:

1. a sample of 3ml or 5 ml of microalgal suspension was collectddd Ay 3 . 5 ClI f O2
9 ELINS ®8Aid® t A LJ

2. a biomass filter(Sartorius Stedim biotech cellde nitrate filter pore size 0,2m or
Whatman NC 20 Membrane filters pore size OrR)was placed in the oven for 20
minutes to remove theabsorbed humidity and then weighted with Atilon Acculab
Sartorius Group microbalance with instrument sensitivity of -4 This value
represensthe tare;

3. the biomass filter was placed in a suitable filteringl@nd a known volume of sample
was spilled on the filtewith a micropipette (Gilson Pipetman @10} the liquid fraction
flowsthroughwhile microalgal biomass was retained,;

4. the filter was placed in the oven at 80° C for 2 hours. In this aflehe samplehumidity
evaporates;

5. the filter was weighted. This value repressiite gross weight

The dy weight was calculated according to

Ow - (Eq.2.2)

2.4.2 MEASUREMENODFBACTERIA CONCENTRATION

Bacteria concentration was measured in terms of CFU/ml (Cdtonming Unity) following a
standardized procedure.
1. asample (LH Yt 0 2F YAONRLIf I+t &2ftdziAzy gt-a G 1Sy
Aid®;
2. the sample was diluted several times in sterilenditions (working underbiological
safety hoodASALAIR Vertical 700 laminar fljpw
3. a precise volumetypically 20 pl) was spread on a Petri plate by means dftazile
disposable spatula;
4. the Petri plate was incubated for 24 hours at 3#f@n incubator BINDER)
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5. eventually a manual counting @FUwas performed.

Starting from the CFU value of each plate, bacteria concentration in the microalgal solution can
be calcuhted with equation 23.

20 (Eq. 2.3)

where;:

- CFU/ml  CFU valupresent in a milliliter of the starting microalgal solution

- CFUWae CFU value counted on the plate

-V sample volume spread on the pldid]
- 1000 transformation factor fronul to ml
- D dilution factor

243 MEASUREMENODFPOLLUTANTSONCENTRATION

Nutrients measuredn this thesis workvere ammonia, orthophosphates, nitrates and COD using
standard methods for wastewate(APHAAWWAWEF. 1992)Samples preparation follows this

procedure:

1. s YL Ay 2F GALAOLItEEE mnYf 2F YAON®RE I+ Odz i
2. filtering of samples by means of Sartorius Stedim biotech Minisart® with a pore size of

0,2um or VWR INTERNATIONS€rilesyringefilter 0,2 um;
3. dilution of the sample to achieve a final pollutant concentration within the sensitivity

range of theanalyticalmethod.

Sample filtering was necessary for corregiplication of the procedure, but isiimportant to

notice that this permisto evaluate only dissolved nutrients concentration.

2.4.3.1 Chemical OxygenDemand (COD)

COD was measuraging aSigma COD determinati kit (SigmaAldrich®. This method is based
on the oxidation of organic andinorganic substances by the didmate ion, whose
concentration is quantified by spectrophotometer The procedurenvolvesincubationat 148°C
for 2 hous. Interferences of chlide ions are avoided thanks to the presence of mercury

sulphate, while sulfuri@cid actsasa catalyst.The calibration lingFigure 2.3 was determined
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with solutions at known COD value, obtained dogintassium hydrogen phthalatie bidistilled
water. Comparing figure 2.3 with figures 2.4, 2.5 and 2.6 it can be noticed that the slope of the
calibration lines is opposite: in fact, the COD kit is mapewith vials containing prdosed
potassium dichromate; this method measure theantity of remaining dichromate in the vials
after the reaction with organic substances, while all the other methods measure the quantity of

reaction products formed.

0,6 4

0,5 1

o
~
1

0,3 1

absorbance720

o
N
1

0,14

0,0 T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160

ppmCOD
Figure2.3 COD kit calibration curve

Equation assciated to calibration line is

OOi MmO McPYo Y TBWWP (Eq. 2.4)

2.4.3.2 Ammonia

Ammonia Nitrogen was measured by meang &itswith pre-dosed reagents:
1. the first kit isdistributed byCarlo Erba Reagentt is based on a colorimetric reaction
between Nessler reagentRotassium tetraiodomercurajeand ammonia, according to

the reactiondescribed by equation 2.5.

O 'OUO §'O v § 'O 'OWH 0O X0 OOV (Eq. 2.5)

Ammoniumions present in wastewater argreviouslyconvertedto ammonia form by
hydroxides contained in reagent$his reaction leadto a dense yellow/orange color.

Theabsorbance of the sample due to the colorimetgéaction was measured by means
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of Spectronic Unicam US00 UWvisible spetrometer at a wavelendt of 445nm. The
calibration line Figure 2.4) was determinedbased onsolutions at known ammonia
concentrations, prepared with ammonium chide;

2. the second kit is HYDROCHECK SPECTRATEST Ammonia. It is based on the same
colorimetric reaction(Eq. 2.5yeported for the first kit. The calibration lind-igure2.4)
was determined with solutions at known ammonia concentrations, prepared with

ammonium chloride.

m kitl
e kit2
0,6
0,5
0 0,4
wﬂ‘
S
8 03
IS}
2
® 02
0,14
0!0 T T T T T T T T T 1
0 1 2 3 4 5 6
PPMNH,
Figure2.4 Ammonia kit calibration curves
Equations associated to calibration lgere;
1. OO MW Qqd mMixoo Y TEOWC (Eq. 2.6)
v v o . (Eq.2.7)
2. Wi TP v a 18 T WwTl Y T@OwXT

2.4.3.3 Orthophosphates

Orthophosphates wereanalyzed with 2 different procedures Analysis on continuous flow
experiments were aaied out by a kit with predosed reagents, but the kit showed a low
accuracy therefore an analyticalprocedure based on selfpreparation d reagents was
implementedand used in temperature screeniegperiments with batch reactors

According to the firsprocedure, ethophosphates were measured by sres of HYDROCHECK
SPECTRATEST Phosphates low rangéelleat colorimetricreaction creates a blue colored
complex between the orthophosphatesnicand molybdenum under reducingpnditions. The

method was a vari@n of the classical Tschopp test. Tabsorbance of the sample due to the
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colorimetric reaction was measured by meansf Spectronic Unicam US00 UWvisible
spectrometer at a wavelength of 72@m.
The calibrationline (Figure2.5) was evaluated by meansfdknown orthophosphates standard
solutiors prepared with mtassium dihydrogen phosphate
In the second procedure,rthophosphates were measured by ares of an analyticanethod
describedm Nova Thalassia vol. 11 (1990), modified in order to be apfgiadsample of 2.5 ml.
The mixed reagent was prepared immediately before the anafgsise it become unstable i 3
4 hours) mixing predetermined quantities of stock solutions and ascorbic seidtion The
latter must be prepared the same day of the &rsds, as it become unstable in 24 hours, while
stock solutions can be stored for monthEhe composition of each solution is:
1 sulphuric acid 5N: preparediluting 35 ml of 96%, of sulphuric acid in 256l of milliQ
water,
1 potassium antimonyl tartrate0.34 g of potassium antimonyl tartratwasdissolvedin
250 ml of milliQ water;
1 ammonium molybdate: 7.5 g of ammonium molybdate tetrahy@ratasdissolvedin
250 ml of milliQ water;

9 ascorbic acid: 1.35 g of ascorbic acid was dissolved in 25 ml of milié® wa

The final composition of the mixed reagent is reported in tébi

Table 23 Mixed reagent final composition

VOLUME
SOLUTION
[ml]
Sulphuric acid 5N 25
Potassium antimonyl tartrate 5
Ammonium molybdate 10
Ascorbic acid 10

For the analysig).25 ml of mixed reagent was added to each sample and the absorheaxe
measured after 5 minutes.

Colorimetric reaction is the same explained in the previous procedthecalibration line was
evaluated by means of known orthophosphatstsndard solutios prepared with ptassium
dihydrogen phosphateThe absorbance of the sample due to the colorimetraction was
measuredspectrophotometricallyat a wavelength of 70%:m. This pocedure show a higher
accuracy, axan be easily noticed looking at the o of the calibration line, even ihe
sensibility range is smalle®,1-3 ppm instead of -b ppm.

Calibration lines of the two procedusare reportedin figure 2.5.

35



0,45 -
®  Procedure 1

® Procedure 2

0,40

0,35

0,30

o

N

a
1

0,20

0,15

absorban(:em,705

0,10

0,05

0,00

ppmPO4
Figure2.5 Phosphates calibration curves

Equations associated to calibration Igeare:

OOI MmN & MInge Y TBWPU (Eq. 2.8)
- Eq. 2.9
2. Owimogqmnam@igpn Y THOWYX W® (Fa.2.9)

2.4.3.4 Nitrate s

Nitrates were measured by means of Idrime&é Carlo Erba Reagenifhe colorimetric reaction
firstly reduces nitrate to nitrite, which, by reacting with sulfaniticid, produces diazo. The
reaction between diazonium salt and gentisc acid (2lydroxbenzonic acid) produces the azo
dye. The absorbance of the sample waeasuredspectrophotometricallyat a wavelength of
445 nm.The calibratiorine (Figure2.6) wasevaluated by means of known nitrate concentration

standard solutiongrepared withNaNQ.
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Equation associatedtcalibration line is:

Ghi Mrpme)d Mrxpp Y T@YQG (Ea. 2.10)

2.5 EXPERIMENTAL SETUP

Thesetup of each experimens now described, with reference teactor type, culture medium

illuminationsystem and air supply system.
2.5.1 LABORATORY FACILITIES

All laboratory experiments were carried out timermostatic incubators where temperature can

be adjusted witin an error of £1°C. In each incubator 8 air supply lines are present. Usually, a
mixture air/CQ at 5%CQ volumeconcentrdion was used. The plant (Figug?) is powered by

a cylinder ofair and a cylinder of GOIn each cylinder there are twmanometers, thaigivethe
valuesof inner cylinder pressure armdkliverypressure. The latteone can be adjusted through a
pressurereducer. Each cylinder is equipped also with an-off valve which allow the opening

(or the closure) of the cylindeDutlet gasesare sent to two volumetric flowmeters, which allow

to control each gadlowrate, thus determining the volumetric ratio of he gasto be fed to the
reactor. Gases from the two flowmeters are mixedf N2 dz3 K | a¢ ¢ 2dzy OGAz2y T
sentto the 8 terminal linesnside the incubatarEach terminal line is equipped with an-ofi

valve and a regulation valve which permits to adjust the flux of thelgasigh eaclreactor.
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Figure 2.7 Schematic representation of the laboratory plant.

2.5.2 URINE BATCH EXPERIMENTS

Urine experiments were performed Quickfit®Drectsel Bottles with avolume d 250 ml and a
diameter of 5 cm, as shown figure2.8.

Experiments were carried out in sterile conditions; for screening experiments microalgae
inoculum was added without cétifugation, while in the following experiments inoculum was
centrifuged for 6 minutes at 5100 rpm in order to separate microalgae from BG11l medium.
Microalgae specie used wé&s potothecoides previously grown in a bottle with BG11 medium.

Two types ofair supply system were used: for experiments with, GOpply, bottles were
continuously bubbled withair enrichedwith CQ. The total flow rate was 1/h. For experiments
without CQ supply, atmospheric air was bubbled by means of a compressor.

The lottles were continuously mixelly both amagnetic stirrer and air bubbling and they were
placed inside an incubator (Frigomeccanica Andreaus) where temperature was maintained
constant at 23°C+1°C)

Light sources used were white neon lamps (OSRAMgbottles where placed at a distance
from the lamp so thatight intensityhitting the bottleg & ™ p A*s),>a® measvred with a
radiometer (DELTA OHM HD 2102.1)

For screening experiment, one bottle was used for each dilution thesfollowing experimets

were carried out in two replicas with the same set up, and results reported are an average from

analysis on each replica.
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Figure2.8 Drechsler glass bottle system sketch up and photo.
2.5.3 WASTEWATER BATCH WITHOUT INOCULUM

Also this experiment was caed out in Drechsler glass bottligure 28). No inoculum was
added to the bottle.Bottle air supply, light and temperature conditiomgere the sameas the

urine batch experiments.
2.5.4 TEMPERATURE SCREENING BATCH EXPERIMENTS

Temperature screeningxperiments were all carried out in two replicasxperiments under
constant lightintensity were performedin bottles while experiments undeday/night light cycle
were performed in vertical flat panel photobioreact(ee 2.5.5), operateth batch mode C

protothecoidesspecies was inoculated after centrifugation for 6 minutes at 5100 rpm.

Air supply and mixing conditions are the saasefor theurine batch experiments.

Experiments were carried out in an incubat@irigomeccanica Andreaysvhere temperdure

could be adjusted at the desired values. A monitoring campaign for determiningdtuzl

temperature inside the incubator was performed, resulting that temperaturaigdtad to be
one degree lower than the desired temperature (For example, in ordekdep anactual

temperature of 30°C, the incubator had to be 4$et29°C);temperature wasmonitored daily

with a mercury thermometer.
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For experiments at constant light conditions, light sources used were white neon lamps
(OSRAM)The Imttles where placedt a distanceso that thelight intensityhitting the panelwas
Mpn koY

For experimentainderday/night light conditions, the daily sun cycle was simulated by means of
a LEDlamp system(PHOTON SYSTEMS INSTRUMEMNTSNn°2, linked to a digital cotroller
(PHOTON SYSTEMS INMBERNTS Light Controller LC 100The sin function(Figure 2.9was

used to simulate the daily solar irradiation curve.

Light Curve and Symbol Visualization

Fenod

Amplitude

f’\hlpl it

Background 1 Background t Intensity

Triangle Sine Pulse Continuous

Figure 29 Light functions available in the controller

October sun cycle in Padua was sintedisstarting from dataavailableonline (PVGIS© European
Communities 2007)As he controller used, didiot permit a lightperiodlongerthan 9 hours, the
first and last hoursof illumination were simulated with white neon lamps (OSRAMhose
on/off cyclewas governed by a mechanical timén figure2.10real and mulated sun cyckeare

reported. The result is quite satisfactory.

m Realcurve
250 4 # Simulated curve

200 4

150 4

Wi’

100 4

50 4

Time (h)
Figure2.10 LED lamm°2 calibration curve confronted with real sun daily irradiation in Padua in October
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2.5.5 CONTINUOUS FLOWXPERIMENTS

Continuous flow experiments were carried out in a vertical flat pgrtobioreactor (Figure
2.11and?2.12). This photobioreactoris made of twaransparent polycarbonate sheets glued at
I a! & &dzLJLJ2 NIi @ caffeSts thedzhdtalRvbliime &nd thelighft Bathdengtithe
reactor was continuously mixdasy means of both amagnetic micrestirrer andgasbubbling.The
reactor wascontinuously bubbled with indugtl air enrichedwith CQ through a rubber tube
placed at the bottom Theair/CO, mixture was 95/5by volumeand thetotal flow rate was 0.5
I/h. Previous studiegFacca 2013)ermitted to assess that this reactor can be considered a CSTR
type with a good approximation, in fact the dead volume was estim&belde 10%o0f the total
volume. The systemwas placed inside an incubator (Frigomeccanica Andreaus)se
temperature was maintained constant at 23(€1°C) C protothecoidess the only freshwater
microalgae used in thesexperiments.

Reactor wasoperatedin batch conditionsC protothecoideswas inoculatedn the reactor with

200 ml ofnon-sterilized wastewateat the beginning of each run.

N 7 e

Figure 2.1 Geometry and dimensions of the vertical flat panel photobioreactor used.
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Figure2.120n left: schematic representation of a continuous flow system setup. On right: photo of a continuous flow
experiment running at day/night light condition (1. inlet wastewater; 2. Pump; 3. Reactor; 4. Outlet wastewater; 5.
Neon lamps; 6. LED lamp)

Once he desired cell concentration was reachddde operation was switched to continuous
mode. Accordingly, the reactor was fedth wastewater through a peristaltic pum@Vatson
Marlow pumps 120S)inlet wastewater storage tank was continuously mixed with agnetic
stirrer. The liquidlevelin the reactorwas controlled with a overflowplastic tube placedlose
to the top.

For experimentainder constant light conditions, light sources were white neon lamps ted
panels vhere placed at a distance where light intensidachingthemg & wmn As).>9 K 0 Y
For experimentainderday/night light conditions, the daily sun cyalas simulated by means of
a LEDamps(PHOTON SYSTEMS INSTRUMBENTBN1)linked to a digital controdlr. October
sun cycle in Padua was simulated starting from datailable online(PVGIS© European
Communities 2007)As te controller usedlid not permit a light periodonger than 9 hoursthe
first and last hoursof light were simulated with white eon lamps.In figure 2.13real and

simulated sun cycle are reported.
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Figure2.13 LED lamm°1calibration curve confronted with real sun daily irradiation in Padua in October
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3 RESULTS AND DISCUSSION

3.1 SYNTHETIC URINBBATCHES

Synthetic human urine is characterized by a very high nutrient content, which can have
inhibition effects on microalgae growth, therefore a dilution with water is necessary. §€o
higher dilutionscan limitC. protothecoidegrowth and need too much water for a real scale
process.

First of all a dilution screening was performed in order to analyze the growthC.of
protothecoidesat different dilutiors. 10-diluted urine was initially chosen thanks to its highest
growth rate bu in subsequent experiment§. protothecoidedid not grown at all, therefore an
additional batch experiment with air not enriched in £&as performed in order to asses if CO
was a limiting factor for microalgae growth in synthetic human urine. Besiolase 100diluted

(following 100d) was tested.

3.1.1 DILUTIONSCREENING

A dilution screening was performed over different dilution factors framo 20Q biomass
concentration was monitored through Gfg analysis for 3 days. Gfg measurements for each

dilution factor are reported iable 3.1.

Table 3.1 OR3ymeasurements at different dilution factdD). Data refers to batch system with the same set up.

ODrso
Day
200D 50-D 10-D 2-D 1.25D 1-D
0 0.575 0.536 0.537 0.526 0.731 0.574
0.661 0.651 0.703 0.410 0.469 0.430
3 0.698 0.666 0.992 0.228 0.259 0.241

Fgure 3.1 shows the results of the screening experimenthe two bottles with medium urine
200d and 50d did not show a significant growthafter 3 daysprobably due to poor nutrient
content. Inthe cultures2-d, 1.25d and %d the growthwas stopped after the first daglue to
high concentratiorof NH,-N.

Only 10-d urine displayed a significant growth. Then the following experimemisre focalized

on this dilution ratioconly.
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Figure3.1 ODsotrend ad different dilution ratio in synthetic human urine.

3.1.2 EXPERIMENT 110-DILUTED URINE

Resultsof this first runare discor@nt with screening experiments. According to what is reported
in table 3.2 and in figure 3.2 it can be clearly seen fromsgdhd cells counting that there is no

growth at all.

Table 3.2 ORyand cells concentratioat 10-d urine Values are an average from two replicas with the same set up.
Time ODs, St.dev. Cell. onc. St. dev.
d [ [1 [1C°cellml] [10° cells/ml]

0 0530 0.000 10.11 -

1 1.048 0119 15.70 1.74
2 1333 0.007 15.70 0.99
3 0839 0.021 9.83 0.24
4 0554 0.007 10.@ 0.68
7 0948 0.060 - -

9 1106 0.105 12.83 3.06
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Figure3.2 OQspand cells concentratiotrend for C. protothecoides 10-d synthetic uman urine

3.1.3 ESPERIMENT 2t0-DILUTED URINBNVITHOUT CQSUPPLY

The previous batch experiment showed a discrepancy with screening experiments. Since CO
was not supplied in screening experiments, a batch system Mth synthetic hunan urinewith
only amospheric air supply was performeth order to assess whether the €®@as a limiting

factor or not. Results are reported fable 3.3.

Table 3.3 ORyand cells counting at0-d urine Values are an average from two replicas with the sameiget
Time ODs, St.dev. Cell. onc. St. dev.
d [ [1 [10°cellml] [10° celis/ml]

0 0537 0.000 1147 -

1 0579 0.042 1416 0.76
4 0963 0.144 16.23 1.23
5 1109 0.168 17.12 0.45
6 1227 0.229 1747 0.15
7 1251 0.204 18.13 0.99
11 0954 0.011 13.70 2.1
12 0.833 0.103 16.57 3.06

Also in this case, no growth westected(Figure 3.3).
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Figure3.3 OQspand cellsconcentrationtrend for C. protothecoides 10-d synthetic human urine diluted without GO
supply

It was concluded that GCcannot be considered & a limiting factor for the growth of C.

protothecoidesn synthetic human urine.

3.1.4 EXPERIMENT 3100-DILUTED URINE

As a last attempt to grouZ. protothecoides urine based medium, the nutrient concentration
was further reduced, and batch experiment witlsynthetic human urind00-d with bi-distilled
water was performed.

Results are summarized in taldetandin figure 3.4.

Table 3.4 ORyand cells oncentation at 100-d urine Values are an average from two replicas with the same set up.

Time ODj;, St.dev. Cell. onc. St. dev.
[d] [-] [-] [10°cel/ml] [10° celis/ml]
0 0430 0.000 7.00 -

1 0710 0.004 9.17 0.42
2 0.689 0.025 1135 2.29
3 0594 0.033 8.82 0.50
4 0588 0.040 8.52 0.%4
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Figure3.4 OQspand cellconcentrationtrend for C. protothecoides 100-d synthetic human urine diluted

Evenwith this highdilution no growth ofC. protothecoidewvas observed. It was concluded that
nutrients were not the reason for that

The quite absolute absee of growth in experiments with 3@ and td urinecould be explained
by the absence of micronutriestin the synthetic human urine used (for exampMg which is
fundamental for bdlorophyll molecule synthesis). Growth iscreening experimentésee 3.1.1)
was probably possible thanks to micronutrients inoculated together withprotothecoidesin
fact, for screeninga different inoculum procedure was used, which did riotlude algae
centrifugation, so a certain amount of nutrient and micronutrient widely to beadded to the
system. It isnoteworthy that our results disagree withsimilar experimentsfound in the
literature, where other species of microalgae were successfully grownlilinted synthetic
human urine (everwith low growth rateconstants between 0-0.3 d*, showing high nutrient
removal capacity (C. Yang et al.,8@nhd Y. Chang, 2012).

Therefore for further analysis oi€. protothecoideggrowth, a preliminary study for assessing the

correct synthetic human urine formula suitable thrs microalgasshould be performed.

3.2 BATCHEXPERIMENT IN WASTEWATERVITHOUT MICROALGAE
INOCULUM

Optical microscope analysisf primary wastewater from Camposampiero plant permitted to
identify the presence osome microalgae cells inside the mediuthough their concetration
wasvery low (about 11000 cell/ml). Since wastewater was just sampled from the plant and did
not contactany microalgae in thiaboratory,we concluded that they were nativaicroalgae of

the wastewater.
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So, abatch experiment with no microalgaeoculumwas carried out with the aim to develop
those native microalgaeCells concentration was monitored each day until stationary phase was

reached. Results are reportéal table 3.5.

Table 3.5 Cells counting and natural logarithm for wastewater battifout inoculum

Time Cell. onc. St. dev. St. dev.
Ln(cell/ml)

[d] [1CPcell/ml] [10°cells/ml] In(celml)
0.06 0.01 10.964 0.203
0.34 0.03 12724 0.098
8 156 0.34 14.247 0.221
9 4.40 0.78 15.289 0.178
10 1433 448 16.453 0.318
14 2117 259 16.864 0.123
15 2550 1.65 17.053 0.065
16 26.83 1.18 17.105 0.044
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Figure3.5 Growth curve of native wastewater microalgae consortium

Figure 3.5 showthat native microalgae have a long lag phase, about 7 days, after whadt a

exponential growth starts. Some reactor photos are reported just to show the evitariging

in turbidity and color as shown in figure 3.6.
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Figure 3.8Color and turbidity variation over days in batch experiments without algae inoculum.

The kinetic growth constantcan be evaluatedby plotting the natural logarithmof cell
concentration over time From he slope of the straight linét was obtained 'Q p& x v

Bt @'Q for these unknown species.

Native microalgagrowth rateis slightly higher tharfor C. protothecoidekep 23-51.157 d), but
further experimentswould be needed to draw a conclusion, skrting conditions are too
different: batch experiments wittC. protothecoidealways started with a cell concentration of
about 10+20x10cells/ml.

In order to characterize this microalgae consortium, a sample from the last point of the curve
wasanalyzed in thdiology Department of Padua University.

The samplés currently under analysishative microalgae strains are going to be isolated and
identified, but it takes longer than expected since the correct culture medium have to be found

for their growing.

3.3 TEMPERATURE SCREENING BATCH EXPERIMENTS

During the year the wastewates in the treatment plantsare characterized by a significant
temperature changes depending on gegraphcal position and climate Wastewater
temperature is usually higher than that of the water supply thanks to the addition of feces, urine
and warmer water from household appliances. Besjdester specific heat leaves wasteveas
warmer than local air during cold periods and colder in waeriods (Metcalf & Eddy, 2004), so
that their temperatures usually range from 10°C to 3(BEC can be reached at high altitydas
temperaturehas a strongnfluence on biological processesis important to evaluate its effects

on C. protothecoidegrowth rate and nutrients removal.

Accordinglyprocess desigproceduresshould be based on the worst possible conditions.
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