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ABSTRACT

INTEGRATED NUTRIENT REMOVAL AND CARBON DIOXIDE
SEQUESTRATION BY USING MIXED MICROALGAE CULTURE

Cakarlar, Stikrii Burak
M.S., Department of Environmental Engineering

Supervisor: Prof. Dr. Goksel N. Demirer

May 2017, 154 pages

Microalgae can remove nitrogen (N) and phosphorus (P) in domestic and industrial
wastewaters, which cause eutrophication in rivers, lakes and seas. Microalgae have also
been recognized as a promising alternative for carbon dioxide (COz) sequestration from
flue gas. However, it is necessary to design flexible and low-cost cultivation systems and,
use suitable operating conditions to achieve enhanced biomass productivities and high

CO:; fixation efficiencies.

The aims of this study were: (i) to determine optimum hydraulic retention times (HRTS)
for cultivation of microalgae in different types of wastewaters; (ii) to compare the
microalgal productivities and nutrient removal rates at different N:P ratios (iii) to propose
an integrated system for the utilization of wastewater and CO in flue gas for the
production of microalgae. Within this context, a mixed microalgae culture collected from
Arac Creek in Karablik Province in Turkey was grown under batch and semi-continuous
operation modes. Two types of culture mediums were used in the experiments: (i) primary
treated domestic wastewater from Ankara Tatlar WWTP and (ii)) KARDEMIR Coke Plant
wastewater diluted with supernatant of sludge thickener tanks of Ankara Tatlar WWTP.

While ambient air (0.03% CO.) was supplied to the cultures grown with primary treated
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domestic wastewater, CO, enriched air (4% CO-) was sparged into the cultures grown
with diluted industrial wastewater. Light and mixing (aeration) conditions were the same
in all set-ups. The optimum inoculum volume was determined as 10% (v/v) conducting a

batch study and was used in all experiments.

The optimum HRT was found to be 2 days for cultivation of microalgae in primary treated
domestic wastewater. Mixed microalgae culture was able to remove 94.7% of Total
Ammonia Nitrogen (TAN) and 93.8% of orthophosphate (POs*-P) from domestic
wastewater at a HRT of 2 days. Although almost complete nutrient removal efficiencies
were observed during steady conditions of the cultures with 4- and 8-day HRT, the steady-
state conditions could not be maintained and cell washout was observed in the reactors

due to nutrient limitation.

The TAN/POs*-P (g/g) ratio of 6 resulted in the maximum nutrient removal efficiency
when the diluted coke plant wastewater was used in the batch-mode operation. Results of
the semi-continuous study conducted with diluted coke plant wastewater revealed that
HRT should be kept 8 days at minimum in order to achieve efficient TAN and PO4*-P
removal (>98%) and high steady-state biomass concentrations (>2.4 mg TS/L). The CO-
removal rates were highest in the culture with 12 day-HRT and, it was obtained as 0.436
g CO2/h.

The results demonstrated both effectiveness and potential application of the coupled
system to remove nutrients from domestic and industrial wastewaters and simultaneous

CO2 removal from a point source.

Keywords: Microalgae, Nutrient Removal, Carbon Dioxide Sequestration.
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KARISIK MiKROALG KULTURUNUN KULLANILMASI ILE ENTEGRE
BESIYER MADDE GiDERIMI VE KARBONDIOKSIT TUTULMASI

Cakarlar, Stikrii Burak
Yiksek Lisans, Cevre Miihendisligi Bolimii

Tez Yoneticisi: Prof. Dr. Goksel N. Demirer

Mayis 2017, 154 sayfa

Mikroalgler, irmak, g6l ve denizlerde otrifikasyona neden olan, evsel ve endistriyel
atiksularda bulunan nitrojen (N) ve fosforu (P) giderebilirler. Mikroalgler baca gazindaki
karbondioksitin (CO2) tutulmas:i i¢in de umut verici bir alternatif olarak kabul
edilmektedir. Ancak, yuksek miktarda biyokutle retimi ve CO> tutumu icin esnek ve
diisiik maliyetli yetistirme sistemlerinin gelistirilmesi ve uygun isletme kosullarinin

kullanilmas1 gerekmektedir.

Bu calismanin amaglari: (i) farkli tiir atiksularda yetistirilen mikroalg i¢in en uygun
hidrolik bekletme siirelerinin (HBS) bulunmasi; (ii) farkli N:P oranlar1 i¢in mikroalg
uretim verimlerinin ve besiyer madde giderim hizlariin karsilagtirilmasi; (iii) mikroalg
uretiminde atiksuyun ve baca gazindaki CO2’in kullanildigi entegre bir sistem 6nermektir.
Bu baglamda, Tiirkiye’nin Karabiik ilinde bulunan Ara¢ Cayi’ndan alinan karigik alg
kiltiri, kesikli ve yar1 kesikli igsletme modlarinda yetistirilmistir. Deneylerde iki farkli
kiiltiir ortam1 kullanilmistir; (i) Ankara Tatlar Atiksu Aritma Tesisi’nden alinan ve 6n
aritmaya tabi tutulmus evsel atiksu ve (ii) Ankara Tatlar Atiksu Aritma Tesisi’ne ait gamur
yogunlastirma tanklarmin siiziintii sularyla seyreltilmis KARDEMIR Kok Fabrikasi

atiksuyu. Birincil olarak aritilmis evsel atiksu ile yetistirilen kiiltiirlere ortam havasi
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(%0.03 CO2) beslenirken, endustriyel atiksu kullanilarak yetistirilen kiiltiirlere CO»
yoniinden zenginlestirilmis hava (%4 CO2) saglanmistir. Aydinlatma ve karistirma
(havalandirma) kosullar1 tiim diizenekler igin ayni tutulmustur. En uygun inokulum hacmi

%10 olarak belirlenmis ve tiim ¢alismalarda bu oran kullanilmistir.

Birincil olarak aritilmis evsel atiksular icin en uygun HBS’nin 2 giin oldugu tespit
edilmistir. Karigik alg kiiltiirii, 2 glinlik HBS stresinde evsel atiksudan 94.7% Toplam
Amonyak Azotu (TAN) ve 93.8% ortofosfat (PO4>-P) giderimi saglayabilmistir. Denge
kosullarinda, 4 ve 8 giinliik bekletme siiresine sahip kiiltiirlerde besiyer madde giderimi
tama yakin oldugu gozlemlenmis olsa da, denge durumunun korunamadigi ve besiyer

madde limitasyonu sebebi ile alg kultlrlerinin ¢oktiigli gézlemlenmistir.

Seyreltilmis endiistriyel atiksu ile kesikli modda yapilan ¢alismada, TAN/PO4*-P (g/g) =
6 oran1 maksimum besiyer madde giderimi ile sonuglanmistir. Seyreltilmis endiistriyel
atiksu ile gergeklestirilen yari-kesikli ¢alismanin sonuglari ise ylksek (>98%) TAN ve
PO4>-P giderimlerine ve yiiksek (>2.4 mg TS/L) biyokiitle konsantrasyonlarina ulasmak
icin hidrolik bekletme stiresinin en az 8 gun olarak secilmesi gerektigini gostermistir. 12
gunlik bekletme siresine sahip kiltirde CO2 giderim oraninin en Yyiksek oldugu
belirlenmis ve 0.436 g CO2/saat olarak kaydedilmistir.

Deneysel sonuglar, evsel ve endiistriyel atiksularda bulunan besiyer maddelerin giderimi
ve noktasal kaynakli CO, giderimi saglayan birlestirilmis sistemin etkinligini ve

potansiyel uygulamasini géstermistir.

Anahtar Kelimeler: Mikroalg, Besiyer Madde Giderimi, Karbondioksit Tutulmasi.
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CHAPTER 1

INTRODUCTION

Global warming is the term used to describe the gradual increase in the average
temperatures of lower atmosphere that causes climate change. It is believed that the main
reason of global warming is the large amount of anthropogenic greenhouse gases emitted
during energy production, industrial activities including waste management, cultivation

of crops and livestock, and transportation (Mata et al., 2010).

CO: is considered as the most abundant greenhouse gas contributing the global warming.
Atmospheric concentration of CO> has increased significantly from the level of 278 ppm
in preindustrial period to current level of 400 ppm in the last 150 years-period and, it is
predicted to reach 500 ppm by the year of 2100 (Johnston et al., 2003). Combustion of
fossil fuels is the source of about 75% of the total anthropogenic emissions (L6pez et al.,
2009) and extensive use of fossil fuels for energy production is considered to be the main
reason of accumulation of CO> in the atmosphere. However, it is predicted that the use of

fossil fuels for energy production will continue in the foreseeable future.

In the recent years, various strategies have been investigated and many technologies have
been developed for CO, mitigation (Filali et al., 2011). Increasing the use of renewable
sources for energy production, developing energy efficient technologies and
improvements in combustion processes can help reducing CO2 emissions (Fernandez et
al., 2012).

Current technologies available for the removal or capture of CO> in the flue gases can be

divided into two categories, namely physicochemical and biological methods.



Physicochemical methods include absorption and injection into deep oceans and
geological formations. However, these methods are far away from being sustainable due
to their high costs and high energy consumption. On the other hand, biological CO>
mitigation refers to CO> fixation with terrestrial plants and microalgae via photosynthesis.
Microalgae are considered as one of the most effective approaches to fix CO2 since their
photosynthetic efficiency and CO. fixation capability are notably higher than terrestrial
plants (Douskova et al., 2009). The carbon fixed by microalgae is incorporated into
cellular components such as carbohydrates, lipids and proteins (Costa et al., 2011).
Therefore, biofuels, fine chemicals, or foods can be produced from the harvested algal
biomass (Bhakta et al., 2015). When coupled with biofuel production and wastewater
treatment, algae-based CO: sequestration can be a more economically feasible and

environmentally sustainable process.

Nutrient enrichment (mainly nitrogen and phosphorus) in surface water due to agricultural
activities and inadequately treated urban and industrial wastewater discharge lead to
deterioration of water quality. Algal bloom which cause decreased water transparency,
oxygen depletion, odor and fish kills is also a serious environmental problem caused by
nutrient rich conditions in lakes, rivers and coastal waters (Nyenje et al., 2010). In addition
to being an environmental problem of great importance, algal bloom has significant
economic and socio-cultural consequences when public health costs of illnesses and
impacts on fisheries and tourism are considered (Cai et al., 2013). In order to reduce the
impacts of nutrients on surface waters, it is essential to treat wastewaters prior to
discharge. Many activated sludge treatment plants have been upgraded to remove
nutrients however upgrades are not cost-effective, especially for nitrogen, due to high
energy demand (U.S. EPA, 2008). Nutrients in domestic and industrial wastewaters can
also be removed by microalgae in the engineered systems namely, open ponds and
photobioreactors. Algal biomass produced in these controlled systems can then be
transformed to high value chemicals and biofuels such as biomethane, bioethanol or

biohydrogen.



The costs for microalgae cultivation and harvesting can be reduced by integration of CO>
sequestration, wastewater treatment and production of useful industrial products. In this
context, the objective of this study to investigate nutrient removal from domestic and

industrial wastewaters coupled with CO mitigation using mixed algal cultures.
The tasks undertaken are:

e Determination of optimum inoculum culture and volume for the cultivation of
mixed microalgae culture in primary treated domestic wastewater;

e Evaluation of the effect of hydraulic retention time (HRT) on the steady-state
biomass concentrations and nutrient removal from primary treated domestic
wastewater using semi-continuous cultures;

e Evaluation of the kinetics of microalgae growth and nutrient removal from
primary treated domestic wastewater;

e Investigation of the effect of the N:P ratio on the microalgal growth and nutrient
removal from the diluted coke plant wastewater;

e Investigation of simultaneous CO> sequestration and nutrient removal potential of
semi-continuous cultures grown in diluted coke plant wastewater under

continuous CO»-enriched air supply






CHAPTER 2

LITERATURE REVIEW

2.1. Nutrient Pollution

Nutrient pollution in the surface and groundwater has received much attention in recent
years world-wide and it is ranked as one of the most significant causes of degradation of
water quality (Liu et al., 2005; Subramanian, 2012). Nutrient pollution can be caused by
point and non-point sources. Anthropogenic nutrient inputs such as municipal and
industrial effluents which are point sources; and agricultural runoff which is a non-point
source constitute serious threats for both surface and groundwater. Excess nitrogen and
phosphorus from these inputs lead to eutrophication in coastal waters, rivers and lakes
which causes reduction of biodiversity and replacement of dominant species, increased
water toxicity, and increased turbidity of the water and decreased lifespan of the lakes
(Cai et al., 2013). These changes in water quality directly affect the economic activities

and human health.

Nutrients such as nitrates and phosphates in the groundwater are particularly an important
issue where communities use groundwater as daily water supply for their domestic and
agricultural activities (Jayasingha et al., 2012). Contamination of groundwater with
nutrients occurs due to fertilizer application, sewage leakage and animal manures. Nitrate
is one of the most common groundwater contaminants in rural areas and excessive
concentrations of nitrate in drinking water can lead to a serious disease in infants known
as methemoglobinemia, or blue baby disease (Ota et al., 2013; WHO, 2011).



2.1.1. Eutrophication

European Commission Directive 98/15/EC on urban wastewater treatment defines the
eutrophication as the enrichment of water by nutrients, especially compounds of nitrogen
and/or phosphorus, causing an accelerated growth of algae and higher forms of plant life
to produce an undesirable disturbance to the balance of organisms present in the water
and to the quality of the water concerned. Eutrophication poses a significant threat to long-
term health and functioning of coastal and enclosed water bodies in several regions of the
world (Ruiz et al., 2013). As a result of eutrophication, low dissolved oxygen level, fish

kills and depletion of desirable flora and fauna are observed (Sathasivan, 2009).

There are natural and anthropogenic causes of eutrophication. Natural run-off of nutrients
from the soil and the weathering of rocks are natural eutrophication processes. Untreated
sewage discharge and run-off of inorganic fertilizers and manure from farms containing
nitrates, ammonia and phosphate are the significant sources of human-caused
eutrophication. Beside direct causes, there are also indirect causes. For instance,
deforestation following human activities leads to eutrophication because it results in
increased nutrient accumulation rate in water bodies due to increased surface runoff. The
main effects of eutrophication on water bodies are algal blooms and increased vegetation,
development of anoxic conditions, increase in turbidity and decrease in species diversity.
Consequently, eutrophic water bodies become non-potable, and unsuitable for drinking,
agricultural and industrial purposes (Nyenje et al., 2010).

Between 1961 and 2013, total phosphorus consumption has increased fivefold and
reached 31 Tg (Chen and Graedel, 2016). Human activities have caused a dramatic
increase in the annual accumulation rate of the phosphorus in ecosystems during this
period (Calicioglu, 2013). Phosphorus mostly enters the aquatic ecosystems from non-
point sources such as agricultural operations and phosphate rock mining. Point sources
such as municipal and industrial effluents are also a significant source of total phosphorus
loading to water bodies. Since phosphorus is the key-growth limiting nutrient for algae in
fresh-water systems, excessive loading of phosphorus into freshwater systems causes

eutrophication (Usher et al., 2014). Therefore, it is important to remove phosphorus in the



effluents before being discharged to surface water to prevent eutrophication (Cordell et
al., 2011).

Eutrophication is one of the most significant global environmental problems. According
to a survey conducted by International Lake Environment Committee, 54% of the lakes
or reservoirs in Asia are impaired by eutrophication. In Europe, the percentage is 53%, in
North America it is 48%, in South America it is 41%, and in Africa it is 28% (Cai et al.,
2013). The survey results show that both developing and developed countries are suffering
from this problem. Research, monitoring and evaluation activities are very critical for
determining impacts and sources of eutrophication in water bodies in order to formulate

appropriate policy responses.
2.2. Nutrient Removal Technologies

Conventional biological processes designed to meet secondary treatment effluent
standards typically do not remove total nitrogen (TN) and total phosphorus (TP) to the
extent needed to protect water quality. Discharges from conventional wastewater
treatment plants still contain high concentrations of nitrogen and phosphorus, which
causes eutrophication in receiving water bodies. To meet the discharge limits for both N
and P, conventional plants are now required to add tertiary treatment systems
(Selvaratnam et al., 2014).

Biological Nutrient Removal (BNR) processes have been developed to protect receiving
water bodies from eutrophication. In BNR processes, nitrogen in wastewater is converted
to inert nitrogen gas and phosphorus is trapped in the solids, which are removed from
effluent (EPA, 2004). These processes include different combinations of anaerobic,
aerobic, and anoxic zones with internal recirculation such as Bardenpho, A2O, UCT, and
their modifications to remove ammonium, nitrate and phosphate in wastewater (Mennaa
et al., 2015). Conventional suspended growth biological treatment plants can also be
modified to BNR systems.



The main disadvantages of these biological wastewater treatment technologies have been
given as high costs, complex operation and great volume of waste sludge production (Von
et al., 2002). Moreover, external carbon sources, such as methanol and sodium acetate,
are required to improve the process efficiency since the carbon (COD) is limiting for both
nitrogen and phosphorus removal for the treatment of wastewater with low C:N ratio
(Yuan et al., 2016).

2.2.1. Nitrogen Removal Technologies

There are physical-chemical and biological methods for nitrogen removal from
wastewaters (Sathasivan, 2009). Physical-chemical methods include ammonia stripping,
selective ion exchange and breakpoint chlorination. These techniques can be applied for
direct removal of nitrogen in ammonia form and thus the cost of converting ammonia to
nitrate in biological treatment processes is eliminated. Furthermore, physical-chemical
nitrogen removal methods are unaffected by toxic compounds, which can have adverse
effects on the performance of biological treatment methods. Ammonia stripping process
consists of raising to pH to values up to 11.5, formation and reformation of water droplets
in stripping tower and agitation by air through the tower to provide air-water contact.
However, air pollution problems may arise due to the atmospheric reactions (Behera et
al., 2013) and also, dry and wet deposition of stripped ammonia may negatively affect the

quality of sensitive water bodies (Yadav et al., 2016).

In the selective ion exchange process, natural zeolites, synthetic zeolites and other
synthetic ion exchange resin can be used for the removal of ammonia from wastewaters.
The process includes a regeneration step. In this step, the absorbed ions are removed and
then replaced with less selective binding ions. Therefore, it is a costly step due to the

requirement of concentrated salt or alkaline solutions (Rahmani et al., 2006).

Breakpoint chlorination process is used for converting ammonia in wastewater to
chloramines and then nitrogen gas by the addition of chlorine to the breakpoint. It has

been reported that 95 to 99 percent ammonia in domestic wastewater could be converted



to nitrogen gas. However, additional alkalinity is required to neutralize the acidity

produced by oxidation of ammonia to nitrogen gas (U.S. EPA, 2008).

Stripping, ion exchange and breakpoint processes for ammonia removal are not feasible
because of technical, regulatory, and economical concerns and therefore, they are not
preferred by municipalities in most countries, including the USA (U.S. EPA, 2008). The
traditional method is the biological methods, which is carried out by three main steps
called ammonification, nitrification and denitrification. In the first step, organic nitrogen
is converted to ammonia by hydrolysis and microbial activity. In nitrification step,
ammonia is oxidized to form nitrate and nitrite by Nitrosamanas and Nitrobacter. Then,
nitrate is converted to nitrogen gas under anoxic conditions in the last step commonly by
Pseudomonas sp. (Tchobanoglous et al., 2003). However, denitrification efficiency is
dependent on C:N ratio and, sufficient carbon must be available in the wastewater to

completely denitrify nitrite to nitrate (Shahrom et al., 2012).

2.2.2. Phosphorus Removal Technologies

Removal of phosphorus present in the wastewater can be achieved by chemical and
biological methods. Combination of these methods might also be employed in some cases
to attain desired effluent concentrations (U.S. EPA, 2004).

In chemical phosphorus removal process, a trivalent metal cation such as ferric ion or
aluminum ion is used for the precipitation of orthophosphate. Metal ion addition is
performed in primary clarifiers or in the secondary processes. Alkalinity is required for
the chemical reaction to be completed and generally, lime is used in order to supply
sufficient alkalinity level. Chemical phosphorus removal process produce additional
sludge which is the main disadvantage of the process and, there is a risk of phosphorus

release if sludge is in an anaerobic environment.

Biological process is also utilized for phosphorus removal from wastewaters. Activated
sludge systems can be designed and operated to treat phosphorus are called as Enhanced
Biological Phosphorus Removal (EBPR). Biological phosphorus removal is achieved by

enhancing the accumulation of phosphorus in microorganisms called as Polyphosphate



Accumulating Organisms (PAO) in the form of polyphosphates under cyclic anaerobic
and aerobic operation conditions (Seviour et al., 2003). Phosphorus is removed from
system as a fixed biological material in the waste sludge after sedimentation.
Microorganisms also remove phosphate in conventional activated sludge process during
biological oxygen demand (BOD) utilization however, removal levels are 2.5 to 4 times
higher in EBPRs (WEF and ASCE, 1998). It is important to note that ratio of C:P is an
important factor to achieve high phosphate removal efficiencies. In a previous work, it
has been observed that as the C:P ratio was higher, P removal was also enhanced (Zhao
et al., 2008).

2.2.3. Nutrient Removal Using Microalgae

Biological wastewater treatment with microalgae is very attractive since microalgae can
convert solar energy into useful biomass via photosynthesis and also remove nutrients
such as nitrogen and phosphorus from wastewater (de la Noue et al., 1988). In addition to
nutrients, microalgae can also remove coliform bacteria, chemical and biological oxygen
demand and heavy metals in both domestic and industrial wastewater (Hammouda et al.,
1995; Abdel-Raouf et al., 2012).

Microalgae have direct and indirect effects on nutrient removal. For example, nutrient
uptake into algal biomass is direct removal and, ammonia stripping and orthophosphate
precipitation due to high pH resulted from photosynthetic activity is indirect removal
(Garcia et al., 2000).

Microalgae based wastewater treatment systems are considered as a promising alternative
to biological nutrient removal (BNR) processes. Unlike previously described BNR
processes, nutrient removal using microalgae-based wastewater treatment systems do not
require the addition of chemicals, construction of numerous tanks for operations and
internal recirculation of partially or fully processed wastewater (Mennaa et al., 2015).
Microalgae biomass has a high potential for commercial application of large scale

production of bio-compounds that are easily converted into biofuels (Costa et al., 2011).
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Besides, ability of microalgae to capture CO, can reduce a treatment facility’s

environmental footprint (Packer, 2009).

Microalgae are utilized in two types of wastewater treatment systems, namely, facultative
waste stabilization ponds and high rate algal ponds (HRPs). Intentionally use of
microalgae for wastewater treatment has been developed by Oswald in the beginning of
1950’s with the introduction of stabilization ponds (Oswald et al., 1957). Waste
Stabilization Ponds are large and shallow basins used for treatment of wastewater by
biological processes involving both algae and bacteria (Hammouda et al., 1995; Abdel-
Raouf et al., 2012) . Microalgae produce oxygen necessary for bacteria to remove the
organics and contribute to nutrient assimilation in facultative waste stabilization ponds
(Woertz et al., 2009). These ponds do not have any artificial energy input and, mixing is
provided by wind and hydraulic dilution. Facultative ponds are cost-effective, reliable and
easily-operated method for wastewater treatment nevertheless they have lower biomass
productivity than HRPs. Nitrogen cycle in waste stabilization ponds is shown in Figure 1.

Atmosphere Volatilization Valatilization

Ammonia Organic N
Orrganic N Ammonia

{(photosynthetic or surface operation)
(mechanical)

Ammonia

Nitrite Effluent —

Influent Oxidation Oxidation

Pond

Bottom Sludge or settled algae

Figure 1 Nitrogen Cycle in Waste Stabilization Ponds (Spellman and Drinan, 2014)

HRPs are modified versions of facultative algae ponds and they have been developed to
achieve higher Biological Oxygen Demand (BOD) and Total Suspended Solids (TSS)
removal. HRPs are shallow and raceway shaped ponds and, mixing and circulation are
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provided by paddle wheels. HRPs have shorter hydraulic retention times and less area
requirement than conventional ponds and, they have high nutrient removal capability.
Green et al. (1995) have measured ammonia and phosphorus removal efficiencies of 89
and 49 percent, respectively, in the treatment of municipal wastewater with facultative-
HRP sequences. In a recent study, ammonia removal efficiencies up to 85% and phosphate
removal efficiencies between 51% and 57% have been achieved at HRPs with different

operation conditions treating anaerobically digested wastewater (de Godos et al., 2016).

Chlorella, Scenedesmus and Spirulina are widely used microalgae cultures for nutrient
removal (Xin et al., 2010). Currently, most studied strains are Chlorella vulgaris and
Scenedesmus acutus in the studies utilizing real wastewater (Ale et al., 2014) Although
there are many studies investigating nutrient removal using microalgae, most of the
research was on cultivation of monocultures in synthetic wastewater with batch mode
operations (Aslan and Kapdan, 2006; Hsueh et al., 2007; Hu et al., 2012; Li et al., 2011b;
Ruiz-Marin et al., 2010; Samori et al., 2013). In particular, nutrient removal capability of
microalgae from unsterilized municipal wastewater in semi-continuous and continuous
modes has been investigated only in few studies. Among these studies, Li et al. (2013)
grew C.vulgaris in sterilized municipal effluent and reached removal efficiency of 93.6%
for total nitrogen and 91.8% for total phosphorus. Woertz et al. (2009) achieved over 99%
removal of ammonium and orthophosphate from primary treated municipal wastewater
by mixed cultures. Tercero et al. (2013) compared different urban wastewaters and
obtained the best growth rate and final biomass concentration with primary treated

wastewater.
2.3. Microalgae

Algae are defined as a large and diverse group of simple, typically autotrophic organisms,
ranging from unicellular to multicultural forms (Znad et al., 2012). They use carbon
dioxide, energy from the sun and inorganic nutrients to produce oxygen and complex
organic compounds including biomass. Algae can be found in a wide range of water

habitat, including freshwater, brackish water and marine environment (Kiepper, 2013).
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Algae are subdivided into two groups based on their sizes, macroalgae and microalgae.
Macroalgae are large and multi-cellular organisms and generally found in ponds. On the
other hand, microalgae are microscopic (less than 2 mm in diameter) and unicellular
microorganisms and found in both marine and freshwater environments (Znad et al.,
2012). Microalgae are amongst the most photosynthetically efficient organisms and they
are more productive than land plants and macroalgae (Haiduc et al., 2009). Microalgae
produce more than half of the world’s primary production of oxygen and consume large
amounts of CO; (Edberg, 2010).

The number of microalgae species are estimated between 200,000 and 800,000 and just
around 35,000 species of microalgae have been studied so far (Arenas et al., 2016).
Cyanophyceae (blue-green algae), Chlorophyceae (green algae), Bacillariophyceae
(including diatoms) and Chrysophyceae (including golden algae) are the most frequently
cited microalgae since these have one or more of the desirable features for efficient and
economical combination of CO- fixation, wastewater treatment and lipid synthesis toward
biofuel production (Kumar et al., 2010).

2.3.1. Growth Kinetics
In batch cultures, where food supply is limited and nothing is added or removed (Becker,
1994), algal growth will pass through the following six growth phases (Lee et al., 2015):

1) Lag phase

2) Exponential phase

3) Linear phase

4) Declining growth phase
5) Stationary phase

6) Death phase

These growth phases are illustrated in Figure 2. The individual phases shown in the figure
are not always clearly defined, their length and slope may change depending on prevailing

culture conditions such as nutrient concentration, light intensity and temperature.
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Microalgae cell concentration

Nutrient concentration

Time

Figure 2 Microalgal growth phases (solid line) and nutrient concentration (dashed line)
in batch culture (Lee et al., 2015)

During lag phase, microalgae cells are adapting to change in nutrient concentration or
culture conditions. At the end of lag phase, the cells are well adjusted to the new
environment and ready to enter exponential growth phase, where algal cells grow and
divide as an exponential function of time. In this period, light intensity and nutrients are
saturated and do not limit microalgae growth. As it can be seen from the Figure 2, the
algal cells divide at a constant rate and the slope of exponential growth phase is called as

productivity, P which can be calculated by using Equation 1 (Samori et al., 2013):

mg \ _ dN _ Xp—X; ]
(L.day) Tdt T t-t (Equatlon 1)

In this equation;

X1 is the biomass concentration at the beginning of selected time interval (t1)

14



X2 is the biomass concentration at the end of selected time interval (t2)

Biomass productivity (P) is an important parameter that should be considered in
microalgae cultivation, since it shows the capacity of a reactor to produce biomass under

specific operating conditions (Mennaa et al., 2015).

The plot of the log algal biomass concentration values versus time yields a straight line
and its slope gives the specific growth rate. Its value can be determined as in Equation 2
(Becker, 1994):

dN

u(d™b) = i (Equation 2)

After an exponential growth, algae cell division slows down or specific growth rate tends
to decrease and increase in biomass becomes almost linear since light becomes limiting.

This phase is called as linear growth phase.

In the declining growth phase, cell division rate reduces due to limiting factors, such as

nutrients, carbon dioxide, and others.

In stationary phase, there is an equilibrium between growth rate and death rate, thus
growth rate remains constant. Maximum biomass concentration that can be reached is

observed in this phase.

Decrease in the concentrations of nutrients, overheating, pH disturbance, or
contamination are the factors leading to death phase.

2.3.2. Algal Photosynthesis

Photosynthesis is a complex biological process. Algae can convert CO2 into carbohydrates
and produce oxygen by using energy contained in sunlight and water. H>O provides
electrons necessary for reduction of CO> to sugars (Costa et al., 2011). Light energy is

required for breaking up of water and, pigments like chlorophyll is used to absorb solar
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energy (Ringsmuth et al., 2016). The overall photosynthesis reaction is given below (Zhu,
2010):

6C0, + 12H,0 + photons = C¢H1,04 + 60, + 6H,0

Algal photosynthesis involves many different types of organisms including green algae,
diatoms and cyanobacteria. However, many of the major photosynthetic pathways are
similar in all algae species. In general, photosynthesis can be divided into two stages
namely light-dependent reactions and Calvin cycle (Zhao et al., 2014). Light depended
reactions are oxidative processes and require light for splitting of water. Energy carrier
molecules such as ATP and NADPH are produced in this stage. In the Calvin cycle,
energy carrier molecules are utilized to convert CO, and water into carbohydrates
(Moroney, 2009). General scheme of the photosynthesis is given in Figure 3.

X\ ATP

NADPH
Calvin cycle
ADP + P,
H,O O, CO, Sugars

Figure 3 General scheme of photosynthesis (Moroney, 2009)

2.3.3. Environmental Factors Affecting Microalgal Growth
There are some abiotic, biotic and operational factors influencing algal growth. The
effects of these factors on the algal growth are explained in the next sections.
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2.3.3.1. Nutrients

Nitrogen and phosphorus are the two essential nutrients for microalgae growth and
contribute about 10-20% of microalgal biomass (Zhu, 2010). Both nutrient deficiency
and excess nutrients can negatively affect physiology and morphology of microalgae
(Rowley, 2010). Therefore, sufficient amounts of nutrients must be provided in growth
medium (Wang et al., 2008).

Nitrogen is required for the growth and biomass synthesis. Nitrate (NOz"), nitrite (NO>),
and ammonia (NH4"-N) are the chemical forms of nitrogen that can be directly assimilated
by all eukaryotic algae. On the other hand, urea had to be hydrolyzed to NH4*-N before
its assimilation. It should be noted that NHs"-N is the most readily taken up and

assimilated form of nitrogen.

Phosphate is responsible for the energy transfer of the cells and the formation of cell
membranes and nucleic acids (Ding et al., 2014). Phosphorus is preferentially assimilated
as inorganic phosphates in the form of dihydrogen phosphate (H2PO4) and hydrogen
phosphate (HPO42). It is mainly supplied in the form of orthophosphate (POs*) in the

cultivation of microalgae.

Moreover, inorganic N:P ratio is also important in terms of growth. General
stoichiometric formula of an average algal cell is C106H181045N16P and the elements
should be available in these proportions in nutrient medium to achieve optimum growth
(Larsdotter, 2006). Composition with N:P ratios between 3:5 and 38:1 have been reported
in literature for different species (Boelee et al., 2012). The optimum N:P ratio for
microalgae growth was stated to be in the range of 6.8-10 (Cheah et al., 2016). High N:P
ratios like 30:1 indicates P limitation while low ratios of N:P like 5:1 indicates N
limitation (Larsdotter, 2006).

Both domestic and industrial wastewaters can also be used as a source of nitrogen and
phosphorus for algae cultivation since they contain large quantities of different forms of
nitrogen and phosphorus sources. The N:P ratio is between 4 and 5 for most wastewater
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(Cheah et al., 2016). Therefore, it should be noted that domestic and industrial
wastewaters generally have lower N:P ratios compared to typical ratios in rapidly-
growing microalgae and, nitrogen is the limiting nutrient in many case (Tchobanoglous
et al., 2003).

2.3.3.2. Carbon dioxide

Carbon dioxide (CO,) is the usual carbon source for microalgae and the CO, demand is
about 1.8 g CO2/g biomass, considering algal biomass contains roughly 50% carbon by
dry weight (Hulatt et al., 2011b). Three different sources of CO2 for microalgae are CO>
in the atmosphere, CO- in discharge gases from industries, and CO2 chemically fixed in
the form of soluble carbonates (e.g. NaHCO3 and Na.COs) (Singh et al., 2014).

Microalgae can directly utilize CO, and often bicarbonate (Sims et al., 2016).
Concentrations of the inorganic carbon forms depend on pH and temperature of the
medium. At pH values greater than 9, inorganic carbon is in the form of carbonate form,
which cannot be directly utilized by microalgae (Larsdotter, 2006).

Atmospheric CO is provided to microalgal cultivation systems via aeration. However,
since CO; concentration in the atmosphere is very low (0.033%) to meet the need of
optimum algal growth, addition of extra COz to the air supply might be necessary. This is
why most previous studies have been performed providing the cultures with air enriched
with 1 to 5% CO (Larsdotter, 2006).

Regarding maximum CO- tolerance, some microalgae species can survive with very high
CO- concentrations. However, lower CO, concentration is required for their maximum
growth. For example, maximum tolerance and optimum CO: concentrations for Chlorella
sp. were found to be 40% and 10%, respectively, while Scenedesmus sp. could grow under
80% CO> conditions but the maximum cell mass was observed at 10% - 20% CO>

concentrations (Hanagata et al., 1992).
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2.3.3.3. pH

Microalgae growth can be affected by variations in pH in different ways. Besides
distribution of carbonate species, pH has a strong impact on solubility, bioavailability and
toxicity of the nutrients and heavy metals present in the medium (Weisse et al., 2006). pH
values above 9 induce the precipitation of phosphorus in the form of calcium phosphate
(Laliberté et al., 1997). High pH conditions (10.5 — 11.5) result in ammonia stripping and
cause high rates of ammonia removal from the medium (Kim et al., 2003). Physiological

effects are also likely to be observed at extreme pH values (Chen et al., 1994).

In most cases, microalgae prefer pH values between 7 and 9 (Ruiz-Martinez et al., 2012).
Optimum productivity of Anabaena variabilis was observed at pH 8.2 and 8.4 (Fontes et
al., 1987). On the other hand, optimum pH for C. reinhardtii was found to be around 7.5
(Kong et al., 2010). The optimal pH for the growth and lipid accumulation of the

microalga Chlorella vulgaris was found to be 7.5 (Sakarika et al., 2016).

In a previous study, the growth of two freshwater species, namely Scenedesmus obliquus
(Turp.) Kutz. and Chlorella vulgaris Beij, at pH values between 7.7 and 10.6 have been
investigated. Both species could grow up to pH 10.6 although C.vulgaris was more

adversely affected by alkaline pH than was Scenedesmus obliquus (Goldman et al., 1982).

2.3.3.4. Temperature
Temperature has direct effect on cellular chemical composition, nutrient uptake, CO>
fixation and growth rate of algae (Cassidy, 2011). Increase in temperature enhances

growth up to an optimum temperature is reached (Becker, 1994).

The optimal temperature for microalgae cultures vary with the composition of the culture
medium, the species and strain cultured. Generally, optimum temperature is in the range
of 20 °C and 30 °C for ideal microalgae growth (Chisti, 2007; Zhu, 2010). Temperatures
higher than 35 °C may cause cell damage or death and temperatures lower than 16 °C will

slow down growth (Bitog et al., 2011). At low temperatures, microalgae are more
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sensitive to bright light and it can be an operational problem for outdoor microalgae

cultivation systems in cold climate (Larsdotter, 2006).

In a previous study, the effect of temperature on the growth of Chlorella vulgaris with
COz-enriched air has been investigated. The growth parameters were the highest at 30 °C,
slightly higher than at 25 °C (Bamba et al., 2015). At 35 °C, growth was negatively
affected. In another study, the growth of Chlorella vulgaris with ambient level of CO; at
different temperatures (30, 40 and 50 °C) has been compared. Results indicated that the
highest growth was at 30°C and, no growth was observed at 50 °C (Chinnasamy et al.,
2009). Some other Chlorella species also grew successfully between 26 °C and 36 °C
(Kessler, 1985).

2.3.3.5. Light

Light intensity greatly affects the growth, composition and content of lipid in microalgae.
The growth rate of microalgae increases with rising light intensity, before reaching the
stage of photo-inhibition, i.e., inhibition of photosynthesis by increased light intensity (B.
Zhao et al., 2014). A research indicated that high light intensity stimulated the
accumulation of lipid in Chlorella sp. L1 and M. dybowskii Y2 and the content of protein,
carbohydrate and Chlorophyll-a decreased (He et al., 2015). Conversely, at low light
intensities, Chlorophyll-a concentration increases due to the reduced light absorption
(Torzillo et al., 2013).

Previous studies also depicted that saturation irradiance varies between 30 and 280 pumol
m2s? for aquatic photosynthetic microorganisms with an average of 100+50 pmol m2s’
! (Bohutskyi et al., 2016). Generally, light intensities between 100 and 200 pmol m?s?
are used in lab-scale studies and this corresponds to 5-10% of full daylight (Barsanti et
al., 2006). Ilumination necessary for algal cultivation can be provided naturally,
artificially or by both. Artificial illumination is provided by florescent lamps in the
laboratory settings.

Photoperiod has an important role in the gases exchange pattern. Microalgae consume

organic carbon via heterotrophic metabolism and, consume O, and release CO> during
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dark periods. It has been observed that biomass productivity reduces with the increased
dark period (Pires et al.,2012). Different light/dark regimes, such as 16:8, 12:12, 8:16
(h:h) and continuous illumination, are also used for the lab-scale photobioreactors. In most
studies, 12h:12h photoperiod has been used to more closely mimic natural solar day-night
cycle (Suetal., 2012).

Photoperiod is also an important factor affecting nutrient removal. Nutrient and organic
carbon removal of heterotrophic Chlorella kessleri under 12h:12h and continuous lighting
have been investigated. The removal efficiency of organic carbon and phosphorus was
greater under a 12h light/12h dark lighting scheme than that under continuous lighting,
while nitrate removal efficiency under continuous lighting was greater than that under
12h:12h photoperiod (Lee et al., 2001).

The effects of light intensity and photoperiod cycle have been investigated in many
studies. For example, microalgae growth has been compared at three photoperiods
(8h:16h, 12h:12h and 16h:8h light/dark cycles) and light intensities (37.5, 62.5 and 100
umol m2 s1). Maximum biomass production has been observed at 62.5 pmol m2 s* light
intensity and 16h:8h photoperiod (Khoeyi et al., 2012). On the other hand, it was found
that biomass production increased in parallel with the increasing light period duration
(Jacob-Lopes et al., 2009). Furthermore, Chlorella species achieved higher biomass
production under continuous illumination compared to cyclic light/dark conditions
(Ogbonna et al., 1996).

2.3.4. Microalgal Cultivation Systems
Microalgae cultivation can be conducted either in open or closed systems. In the following

sections, basic properties of open and closed systems are explained.

2.3.4.1. Open Systems

Shallow big ponds, raceway or high rate ponds (HRP) (Figure 4), circular ponds and tanks
are commonly used open systems for cultivation of microalgae (Zhang, 2015). The HRP
is the mostly used and cheapest system for commercial algae production (de Vree et al.,

2015). Although open systems are economical and easily scalable, they have
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disadvantages of high evaporation, poor control of culture conditions such as temperature
and pH and low photosynthetic efficiency, high CO> loss, low biomass productivity and
large area requirement (Harun et al., 2010).

Figure 4 Photograph of a pilot scale raceway pond in AlgaePARC, Wageningen
University, the Netherlands (Cakirlar, 2014)

2.3.4.2. Closed Systems

Closed systems or photobioreactors (PBR) allow better control of cultivation conditions
such as temperature and pH compared to open systems. Besides, various designs,
applications and operation methods of closed systems have been developed to overcome
the problems with open systems described above.

Proper photobioreactor design is important for achieving maximum biomass production.
The most important design parameters influencing growth in closed systems are light
penetration, gas injection and mixing speed. Light penetration directly affects biomass
composition, growth rate and end products (Bitog et al., 2011). Aeration with CO;
enriched air can meet the CO2 demand of microalgae and provides mixing. It has been
reported that 5% or 10% (v/v) CO- enriched air at rates of 0.025-1 vvm (volume of
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air/medium/time) is cost effective for cultivation (Zhang et al., 2002). Generally, flue
gases from combustion processes contain 5% - 15% (v/v) CO2 depending on the fuel type
and therefore, they can be used to provide sufficient amounts of CO; for large-scale
production of microalgae (Van Den Hende, 2012). Sufficient mixing is essential for
ensuring light intensity distribution, providing sufficient CO transfer and maintaining
uniform pH (Bitog et al., 2011). Furthermore, illumination surface area per unit volume,
high mass transfer of CO2 and O, energy requirement for illumination and mixing should
be considered for appropriate design (Harun et al., 2010). Flat plate, tubular and vertical
column photobioreactor configurations are widely used for both laboratory scale and large

scale cultivation of microalgae.

Flat-plate photobioreactors have large illumination surface area that provides high
biomass productivity and photosynthetic efficiency. Flat-plate configuration is suitable
for outdoor cultures and, typically flat plate photobioreactors are made of transparent
materials in order to utilize solar energy as efficiently as possible. Furthermore,
operational flexibility, ease of cleaning and low oxygen build-up and low cost are the
advantages offered by flat plate photobioreactors (Ugwu et al., 2008). Main disadvantages
of flat-plate reactors are the scaling-up problems, poor culture temperature control, the
possibility of algal wall growth, and the incompatibility with some microalgae species
(Sierra et al., 2008).

Tubular photobioreactors are very suitable for outdoor cultivation and consist of
straight, coiled or looped glass or plastic tubing arranged in various ways in order to
increase illumination area and to maximize solar energy utilization (Grima et al., 1999).
Beside high illumination area, low investment cost and suitability for outdoor cultivation
are main advantages of tubular photobioreactors. Limitations are large area requirement
and non-uniform pH, dissolved oxygen and carbon-dioxide distribution along the tubes
(Ugwu et al., 2008). Tubular photobioreactors may have different configurations as shown
in Figure 5.
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Figure 5 Photograph of pilot scale horizontal and vertical tubular PBRs in AlgaePARC,

Wageningen University, the Netherlands (Cakirlar, 2014)

In addition to being suitable for large scale algae cultivation, vertical-column
photobioreactors are compact, cost efficient, and easily operated reactors (Miron et al.,
2002). Furthermore, other advantages include high mass transfer, good mixing, low
photoinhibition and photo oxidation risk, low energy consumption and ease of
sterilization. Low illumination area and requirement of sophisticated construction
materials are basic disadvantages of vertical-column photobioreactors (Ugwu et al.,
2008).

Bubble column and airlift photobioreactors, which are configurations of vertical-column
photobioreactors, have been widely studied for the microalgae cultivation. A typical
vertical column photobioreactor consist of a glass or plastic column with an air inlet at
the bottom. Air bubbling from bottom provides good mixing, enhance CO> utilization and
provide optimal O> removal (Castellanos, 2013). Air pumps or preferably air lift systems
are used to provide aeration and mixing (Ugwu et al., 2008). Bubble column
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photobioreactors have the highest gas hold-ups rates and consequently the best mass

transfer compared to other systems (Znad et al., 2012).

2.3.4.3. Cultivation System Operation Modes

Photobioreactors can be operated in batch, semi-continuous or continuous mode.
However, using continuous mode has several advantages as opposed to the batch mode
including providing a higher degree of control, regulating and maintaining of the growth
rate for extended time periods, controlling biomass concentration by varying the dilution
rate and achieving more reliable and easily reproducible results (Mata et al., 2010). Table
1 summarizes the advantages and disadvantages of the batch and continuous operation

modes.

Table 1 Comparison of cultivation modes (Zhu, 2015)

Culture Mode

Advantages

Disadvantages

Easy set up and operate
Efficient nutrient removal

Easy to set specific conditions for the

Long cultivation periods
A limited capacity and ability to treat

wastewater

High capacity and ability to treat
wastewater
Easy to scale up

Higher automation

Batch accumulation of desired end-products Lower volumetric biomass
in biomass productivity
Lower contamination risk Expensive set-up
Popular in lab-scale studies
No time requirement for the Technical and complex installation
preparation of a culture system in the Composition of nutrient supply might
middle of operation affect the growth and end products in
Semi- Steady-state conditions can be biomass
Continuous maintained Uncertain stability for long term
and High volumetric biomass productivity operation performances
Continuous

Contamination is a high risk

The installation is more expensive
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2.4. Greenhouse Gases and Global Warming

The atmosphere traps some of the Sun's energy, heats the Earth’s surface to support life
and, Earth reflects some of the sunlight into space as heat. Greenhouse gases (GHGS) in
the atmosphere allow sunlight to enter the atmosphere and to reach a planetary surface.
GHGs tend to absorb reflected infrared radiation from Earth’s surface and heats both the
atmosphere and the planetary surface (Condie, 2015). This natural process is called as

greenhouse effect.

Global warming refers to the rise in the average temperature of atmosphere and in turn,
change in climate, which is caused by produced greenhouse gases by human activities
(Ramanan et al., 2010). Increase in the average temperatures will result in changes in the
amount and distribution of the precipitation, reduction in food production, glacial melting,
rise of the ocean level and species extinction (Pires et al., 2012). Studies also suggest that
global warming will increase the negative consequences of man-made eutrophication
mainly due to the higher water temperatures in lakes, estuaries and coastal rivers. Rising
temperature will also increase the nutrient inputs to water bodies as a result of increased
rate of nutrient release from soils (Moss et al., 2011). Figure 6 illustrates that how global

warming accelerate the eutrophication in lakes, estuaries and coastal rivers.
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Figure 6 Effects of global warming on eutrophication (Moss et al., 2011)

GHGs include carbon dioxide (CO), methane (CH4), nitrous oxide (N20), sulfur oxides
(SO2), ozone (Os), water vapor and halogenated organic compounds such as
chlorofluorocarbons (CFCs), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and
sulfurhexafluoride (SFs). Since industrial revolution, the atmospheric concentrations of
GHGs have been increasing primarily due to human activities. CO2, which makes up 68%
of the total greenhouse gas emissions, is the principle gas causing global warming
(Harrington and Foster, 1999). CO. concentration has increased by about 25 percent since
pre-industrialization and it is rising at about 0.5 percent per year. In addition, atmospheric
lifetime of CO2 is between 50 and 200 years which means that its atmospheric

concentration responds slowly to changes in emission rates (Hammitt et al., 1996).

Combustion of fossil fuels such as coal, natural gas, and oil for energy production and
transportation is the main human activity emitting CO,. Combustion of fossil fuels
represents about 75 percent of total anthropogenic greenhouse gas emissions (Lopez et
al., 2009). Average carbon emission factors from electricity generation for selected fuel

sources are presented in Table 2.
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Table 2 CO, emissions from generation of electricity from different sources (Word

Nuclear Association, 2013)

Fuel Source g CO2/kWh
Natural Gas 499
Lignite 1054
Hard Coal 888
Fuel-oil 733

Beside combustion processes for energy production, certain industrial processes including
refining, cement production and iron and steel industry cause large amounts of CO;
(Jansson et al., 2010). Table 3 shows the contribution of different industrial activities to
the total CO2 emissions.

Table 3 Worldwide large stationary CO2 sources (Metz et al., 2005)

COs Sources Contribution Emissions
(%) (Mt CO2 year?)
Power 78.3 10,539
Cement Production 6.9 932
Refineries 5.9 798
Iron and Steel Industry 4.8 646
Petrochemical Industry 2.8 379
Oil and Gas Processing 0.4 50
Other Sources 0.3 33
Biomass (Bioethanol and bioenergy) 0.7 91
Total 100 13,468

Researchers have been studying on development of energy efficient technologies and

utilization of renewable energy to lessen consumption of fossil fuels. On the other hand,
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usage of coal and other fossil fuels will continue in the electric power industry in the near
future and, carbon mitigation for coal-fired power plants is prerequisite for climate change
strategy (Zhu, 2010).

Municipal wastewater treatment is one of major contributors to the increase in the some
GHG emissions, namely N2O, CH4 and CO2. Wastewater treatment was the fifth largest
source of worldwide anthropogenic CHs emissions with 9% and the sixth largest
contributor to worldwide anthropogenic N2O emissions with 3% in 2000. It is expected
that global CH4 emissions and N2O emissions will grow by approximately 20% and 13%,
respectively, between 2005 and 2020. It should be also noted that Turkey is among the
countries with high GHG emissions (Gupta et al., 2012).

The emission rates per treated wastewater ranged from 0.005 kg CO.-equivalent for
primary treatment facilities, 0.26 kg CO»-equivalent for conventional activated sludge
with anaerobic sludge digestion to over 0.8 kg CO-equivalent/m?® for extended aeration
with aerobic digestion (Maclean et al., 2005). In A/O and SBR wastewater treatment
systems, GHG emissions were 0.405 kg CO-equivalent/m*® wastewater and 0.865 kg

COz-equivalent/m?® wastewater, respectively (Bao et al., 2016).

Two main conceptual methods to reduce CO- in atmosphere are physicochemical methods
and biological methods. Many physicochemical methods have been developed for CO>
mitigation in recent years. Carbon dioxide Capture and Storage (CCS) is a set of
technologies and techniques that separate CO. from centralized industrial and energy-
related emission sources, compress, transport to store the extracted gas in non-
atmospheric reservoirs. CCS allows long-term isolation of CO. from the atmosphere
however there are some limitations including high capital cost, difficulty in locating
suitable carbon reservoirs, potential risks of aquifer contamination, and leakage and
corrosion (Mubhs et al.,2009). Physicochemical techniques, such as wet absorption or dry
adsorption, membrane separation and cryogenic fractioning, are applied to capture CO>
from large emission source points however they are far away from being sustainable due

to high cost, high energy consumption and also some disposal problems (Znad et al.,
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2012). Therefore, it is necessary and valuable to develop cost-effective and sustainable

alternatives to directly remove or fix CO> from the flue gas (Wang et al., 2008).

Biological CO> mitigation can be achieved by terrestrial plants and photosynthetic
microalgae. Since terrestrial plants have slow growth rates, it has been estimated that only
3-6% fossil fuel emissions can be removed in agriculture by plants (Skjanes et al., 2007).
Unlike terrestrial plants, microalgae have fast growth rate. Microalgae are able to fix CO>
using solar energy with efficiency 10 to 50 times greater than that of terrestrial plants
(Mata et al., 2010; Wang et al., 2008). Therefore, it can be said that biological capture of
CO2 using microalgae is a promising technology.

2.4.1. CO2 Sequestration by Microalgae

The concept of using flue gas from power generation and industrial processes for the
large-scale algae production has been studying since the 1960s (Benemann et al., 2002).
Considering that a typical flue gas has CO> concentrations of 2 to 20% (volume), flue
gases from power plants and industry are favorable CO. sources for microalgae
cultivation. Moreover, it has been shown that higher algal growth rate and CO; fixation
rate can be achieved when flue gas is used as carbon source than that of systems using
simulated air (Douskova et al., 2009). Therefore, utilization of microalgae is becoming an
appealing option for CO2 mitigation since they have ability to utilize concentrated forms
of CO..

Many laboratory-scale studies have been published regarding the use of flue gas as a
carbon source for microalgae cultivation (Doucha et al., 2005). Besides, several pilot-
scale projects have been conducted in USA, Germany, Austria, Israel, China, India and
South Africa to investigate the feasibility and benefits of supplying flue gas to algae
cultures (Zhang, 2015). On the other hand, in Turkey, only a limited number of pilot scale
projects have been conducted so far. In Akcansa Cement Factory located in Canakkale,
Turkey, Nannochloropsis has been cultivated in pilot scale raceway, plate and tubular
PBRs using the flue gas. An annual CO> reduction of 25,360 kg and daily microalgae
production of 5 kg are aimed at the pilot plant (Akcansa, 2015).
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Among the companies investing in large scale microalgae cultivation to produce biofuel
(Usher et al., 2014), Algenol Biofuel Inc. has already started commercial ethanol,
gasoline, diesel, and jet fuel production using CO, emissions from industry as the carbon
source. There are also some commercial microalgae production plants in Hawaii
(Cyanotech Corporation) and Israel (Seambiotic) using flue gas from power plants (Jacob
et al., 2015; Van Den Hende et al., 2012).

It is important to note that flue gases of coal fired power plants and iron and steel factories
have high concentrations of NOx and SOx (Table 4) which may inhibit algal growth.
Tolerance of microalgae species to these pollutants are different and varies as shown in
Table 5 and therefore treatment of the flue gases is needed before being injected to the
microalgae cultivation systems. Flue gases have also very high temperatures and low
pressures which must be taken into account when designing such systems and they must
be cooled to the temperature range of 25-35 °C prior to feeding to the photobioreactors
(Zhao et al., 2014).

Table 4 Composition of the flue gases from energy production and iron and steel industry

Source of Flue | Temperature | COz NOx SO« Reference
Gas (°C) (%) | (ppm) | (ppm)

Coal fired (Kumar et al.,

Power Plant 120 13 150 10 2011)

Coal fired :

Power Plant 316 10-15 | 40-100 N.A. (Cassidy, 2011)

Natural Gas

fired Combined | 154 159 | 125 | 250-300 0 (Packer, 2009)

Cycle Power

Plant

Gas Turbine (Olaizola et al.,

Combustor i 5.7 306 0 2004)




Table 4 (continued)

Coke Oven N.A. 18 150 200 (Lietal, 2011a)
Coke Oven N.A. 2315 78+4 87+9 (Chiuetal., 2011)
Blast Furnace 120-160 22.11 N.A. N.A. (Gielen, 2003)

Table 5 Temperature and flue gas tolerance of various algal species (Kumar et al., 2011)

Max Max COz | MaxNOx | Max SOx
Algal Species Temperature Tolerance | Tolerance | Tolerance
Tolerance

(°C) (%0) (Ppm) (Ppm)
Cyanidium caldarium 60 100 - -
Scenedesmus sp. 30 80 - -
Chlorella sp. 45 40 - -
Monoraphidium 25 13.6 150 200
minutum
Tetraselmis sp. - 14 125 185
Nonnochloris sp. 25 15 100 -

The advantages of using microalgal-based CO- fixation system are as follows:

I.  High purity CO2gas is not required so that flue gas can be directly introduced into
the microalgal cultivation systems, and the microalgae can transform the CO- in
the flue gas into microalgal biomass. Therefore, the cost of CO. separation and
purification from flue gas in CCS can be eliminated (Li et al., 2011a; Doucha et
al., 2005).
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V.

In addition to CO2, microalgae can use other combustion products, such as NOx
or SOy, as nutrients for growth (Hauck et al.,1996). It has been reported that direct
blowing of flue gas will not negatively affect the growth of the two selected
microalgae compared with the group that is supplied with pure CO2 (Negoro et
al., 1993).

Although the percentages vary with the type of algae, all algae contain proteins,
carbohydrates, lipids and nucleic acids that could be extracted and converted into
high valuable commercial products which can offset the capital and the running
costs of microalgal cultivation operations. Human food, animal feed mainly for
aquaculture, cosmetics, medical drugs, fertilizers, biomolecules for specific
applications and biofuels can be produced from microalgae (Pires et al., 2012).
Regarding biofuel production, microalgae has many advantages over other
conventional energy crops including high lipid content when compared with the
conventional feedstocks (Table 6), and less land and water requirement.

Table 6 Oil yield of biodiesel sources (Chisti, 2007)

Biodiesel Source Yield of oil (L halyr?)

Corn 172

Soyabean 446

Canola 1,190
Jatropha 1,892
Coconut 2,689
Oil palm 5,950
Microalgae (30% oil by weight) 58,700

Industrial and domestic wastewater can be used in microalgae cultivation to
provide nutrients. It is important to note that combination of microalgae

cultivation with wastewater treatment will significantly enhance the
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environmental benefits of microalgal CO> bio-mitigation strategy (Wang et al.,
2008).

V.  For regular processing industry, using flue gas as a carbon source can greatly
reduce the algal system cost since CO. cost plays a crucial role in overall
economics (Kadam, 1997; Mata et al., 2010).

2.4.2. Flue Gases for Microalgae Cultivation

Iron and steel factories have many processes which have different flue gas compositions
and their flue gases may have high concentrations of CO, PM, NOyx and SOy depending
on the process. Therefore, it is required to add NOx, SO and dust removal systems before
injecting the flue gas to the microalgae cultivation systems.

Conversely, flue gas from natural gas fired power plants has no high SOx and PM
emissions that can affect algal growth negatively. Only NOx emissions are needed to be
considered in the design of full scale systems. New gas turbines have little NOx and CO
emissions and flue gas of these plants is promising to be used for microalgae cultivation.
CO- concentrations in their flue gas is at about 2-4% which is found to be the optimal for
algal growth in the previous studies (Chae et al., 2006; Taher et al., 2015). Therefore, flue
gases from natural gas fired power plants are suitable in terms of their composition.

Beside the presence of impurities, high temperatures and low pressures of the flue gases
are the main concerns limiting the usage of algal based CO> sequestration technologies.
Flue gases whether from power plants or iron and steel mills are needed to be cooled and
pressurized to provide suitable growth conditions for microalgae. Installing heat
exchangers may be necessary in order to cool the water from the temperatures around 120
°C to the the 20-30 °C (Kumar et al., 2011). The waste heat can be used for drying the
algal biomass (Zhu, 2010).

Based on these requirements, a simple microalgae cultivation system for CO removal
from a fossil fuel-fired combustion system is illustrated in Figure 7.
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Figure 7 A proposed microalgae cultivation coupled with sequestration of CO- in flue

gas of a stationary combustion system (Olaizola et al., 2004)

2.5. Studies on Wastewater Treatment and CO2 Sequestration using Microalgae

In numerous previous batch studies, it has been demonstrated that microalgae have a great
potential for the removal of nitrogen and phosphorus from both synthetic and real
wastewater (Aslan and Kapdan, 2006; Ji et al., 2014; Ruiz-Marin et al., 2010). While
batch studies are critical for determining specific growth parameters, steady-state (i.e.
semi-continuous and continuous) studies are necessary to develop commercially viable
microalgae-based production systems for biofuel production integrating with wastewater
treatment and CO> sequestration. (Tang et al., 2012).

Hydraulic Retention Time (HRT) is an important process parameter that affects both
biomass growth and nutrient removal. While short HRT values result in washout of
biomass, long HRT values allow slow algae growth due to nutrient limitation and
increased internal shading (Larsdotter, 2006). HRT depends on the type of wastewater
and therefore it should be pre-investigated before the implementation of a larger scale
application (Wang et al., 2010). Although, some researchers have investigated semi-
continuous cultivation of different monocultures of microalgae, this type of systems have
not been well-studied for mixed microalgae cultures and there is a lack of scientific data
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on the effect of HRT on biomass growth and productivity as well as nutrient removal
efficiencies (Li et al., 2013; Woertz et al., 2009). Particularly, studies on nutrient removal
from unsterilized municipal and industrial wastewaters by mixed microalgae cultures are
very limited. Besides, available studies have evaluated only the quality of the final
effluent, a few have utilized semi-continuous mixed microalgae cultures for integrated
nutrient removal and CO» sequestration. The relevant research studies have investigated
CO: fixation abilities of microalgae however most of them have utilized monocultures,
batch mode operation and artificial wastewater as the cultivation medium (de Morais et
al., 2007; Gomez-Villa et al., 2005; Jiang et al., 2013; Ramaraj et al. 2015). This study,
unlike other relevant studies, aims to present the effects of hydraulic retention time and
N:P ratio on the growth, nutrient removal and CO: fixation of mixed microalgae culture

grown in different types of wastewater.

Several pilot-scale demonstration projects utilizing flue gas and/or wastewater have also
been implemented. In some of the previous pilot-scale operations, flue gases from coal
and natural gas fired power plants and from industrial facilities such as coke oven,
aluminium and cement factory have been introduced into open ponds and
photobioreactors of different configurations (Chae et al., 2006; Kumar et al., 2010; Pires
etal., 2012; White et al., 2015). In the pilot demonstrations, different types of wastewaters
including municipal wastewater, dairy and fish farm wastewater and anaerobic digestates

have been used as the cultivation medium (White et al., 2015).

In Appendix J, a summary of lab-scale and pilot-scale research performed in various
photobioreactor configurations using different microalgae species is given.
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CHAPTER 3

MATERIALS AND METHODS

The following sections cover the analytical methods, inocula used and experimental sets
and procedures followed throughout this study in which the experimental design can be

divided into two main groups:

(1) Microalgal biomass production and nutrient removal studies, which aim investigation
of the growth of microalgae in batch and semi-continuous PBRs in the primary treated

domestic wastewater under ambient air supply;

(2) Microalgal biomass production, nutrient removal and CO. sequestration studies,
which aim determination of biomass production, nutrient removal and CO sequestration
potential of the microalgae grown in batch and semi-continuous PBRs using the mixtures
of industrial and domestic wastewaters under sparging with CO»-enriched air.

Experimental sets and procedures followed in this study are tabulated in Table 7. The

details of the experiments are given in detail in Section 3.6.

Table 7 Experimental summary table

Experiment Aim Inoculum Cultlva_tlon CO: Reactors Section
Media Source
Batch Study | To Mixed Primary Ambient | 1-L Test 3.6.1.1.
determine cultures Settling Tank | Air PBRs
suitable grown in Effluent named as
inoculum Basal B3-50, B3-
source (R3 Medium (R3 100, B4-50
PBRvs.R4 | and R4 and B4-100
PBR) and microalgae
inoculum cultivation
volume (50 PBRs)
mL vs. 100
mL)
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Table 7 (continued)

Semi- To Mixed culture | Primary Ambient | 1-L Test 3.6.1.2.

Continuous determine acclimated to | Settling Tank | Air PBRs

Study optimum the primary Effluent named as
HRT for the | settling tank Y1, Y2and
treatment of | effluent in the Y3 with
primary Batch Study HRTSs of 2,
treated (Section 4and8
domestic 3.6.1.1) days,
wastewater | (34-100 respectively.

PBR)

Kinetic Study | To The last Primary Ambient | 1-L Test 3.6.1.3.
determine withdrawal Settling Tank | Air PBR named
growth and made during Effluent as YB-1
nutrient the operation
removal of semi-
kinetic continuous
parameters PBR with 2-
of the mixed | day HRT
microalgae (Section
culture 3.6.1.2)

(Y1PBR)

Batch Study | To Mixed culture | Coke Plant %4 CO, 1-L Test 3.6.2.1.
investigate grown in wastewater Enriched | PBRs
the effects of | Basal diluted with | air named as
(TAN:PO,) Medium sludge DB6, DB8
(g/g) ratio on (R4 thickener and DB10
microalgae | microalgae supernatant for
growth, cultivation TAN/PO,
nutrient PBR) ratios of 6, 8
removal and and 10,

CO:; fixation respectively.
efficiencies

Semi- To Mixed culture | Coke Plant %4 CO; 1-L Test 3.6.2.2.

Continuous determine acclimated to | wastewater Enriched | PBRs

Study optimum the mixture of | diluted with | air named as
HRT for Coke Plant sludge D5, D8 and
efficient Wastewater thickener D12 with
nutrient and Thickener | supernatant HRTSs of 5,
removal Supernatant in | with a 8and 12,
from diluted | the Batch TAN/PO4 respectively.
coke plant Study ratio of 6
wastewater (Section
and CO; 3.6.2.1) (DB6
sequestration | PBR)
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3.1. Inocula

3.1.1. Microalgae

The algal culture was collected from Arac Creek in the vicinity of Karabik University
Campus in Karabiik Province. Arag Creek has a flowrate of 18.7 m®/sec and a total length
of 150 km and, it is one of the main surface water resources of Karabik Province together
with Soganli Creek. These two creeks merge into Yenice River within the borders of
Karabiik Province (Figure 8).

In Karabuk Province, domestic wastewaters from all the district and town municipalities
are discharged into Soganli and Arag Creeks except the central district municipality and
municipality of Safranbolu (Uncer et al., 2012). The main source of pollution in these
creeks is untreated domestic wastewater discharges. Besides, some industrial facilities
such as KARDEMIR Integrated Iron and Steel Factory and Karabliik Small Organized

Industrial District discharge their treated wastewaters to Soganli Creek.

Figure 8 Aerial view of Ara¢ Creek, Soganli Creek and KARDEMIR Integrated Iron
and Steel Factory (Google Earth, 2017)
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The analyses performed by using a microscope (Section 3.2.16) revealed that inoculum
samples contained a mixture of green algae. Dominant microalgae in the inoculum
samples was Chroccoccus turgidius. Besides, Kirchneriella sp. and Cryptomanas sp. were

also observed. Photographs of microscopic analyses are given in Appendix D.
3.2. Analytical Methods

3.21. pH

pH values were measured for all the batch and semi-continuous photobioreactor
experiments using a pH meter (Eutech, CyberScan pH510, Nijkerk, The Netherlands) and
pH probe (Sensorex, p350, Garden Grove, CA, USA). The pH meter was always rinsed
off distilled water before measuring. It was calibrated daily with pH 4, pH 7 and pH 11

solutions.

3.2.2. Temperature

Temperature measurements for the batch and semi-continuous photobioreactors were
taken directly by using a submerged thermometer (Sensorex, p350, Garden Grove, CA,
USA).

3.2.3. Light Intensity
Light intensity in the batch and semi-continuous cultures was measured using a light meter
(Li-Cor, 250 A, Lincoln, Nebraska, USA) having a quantum sensor. The sensor was

inserted in the reactors to determine the light intensity with the unit of umol m2 s™!.

3.2.4. Optical Density

Optical density of any sample was measured using a spectrophotometer (HACH, DR
2800, Berlin, Germany) at 685 nm wavelength which was found to reveal the highest
absorbance value within the range of 450 to 800 nm wavelength range as shown in Figure
9 (Calicioglu, 2013). This wavelength has been also used by several other researchers (He
etal., 2013; Ho et al., 2010; Li et al., 2011a).
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Since absorbance values below 0.1 and above 1 are not reliable, each sample was diluted
to give an absorbance in the range of 0.1 and 1.0. Macro-cuvettes 10-mm path length with

a sample holding capacity of 4 mL was used to hold the samples.

0.28 -

0.24

Absorbance

0.20

T T T T T T T T : T T T T T T T 3 T
580 600 620 640 660 680 700 720 740 760
Wavelength (nm)

Figure 9 Wavelength vs. Absorbance curve for Chlorella vulgaris (Calicioglu, 2013)

The O.D. measurement is a quick method to monitor algal growth. However, dead and
alive cells cannot be distinguished in the O.D. measurements and cellular conglomerates
can cause faulty readings (Brooker, 2011).

3.2.5. Solids

TS, VS, TSS and VSS values were determined according to Standard Methods 2540
(APHA etal., 2005) by using a 5 mL algae suspension from the batch and semi-continuous
reactors. The suspended fraction of any sample was obtained by membrane filtration with
0.45 mm size glass fiber filters (Millipore, AP40, Billerica, MA, USA) using a vacuum
filtration unit (Millipore, WP8 11 2250, MA, USA).

3.2.6. Total Chemical Oxygen Demand
Standard Method 5220 B (APHA et al., 2005) was used to determine tCOD concentration

in the wastewater samples.
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3.2.7. Soluble Chemical Oxygen Demand

The soluble chemical oxygen demand (sCOD) determinations were carried out according
to Calicioglu (2013). First, the samples were filtered with 0.45 pm cellulose acetate
membrane filter (Sartorius Stedim, 1110647-N, Goettingen, Germany) using a filtration
unit (Millipore, WP8 11 2250, Billerica, MA, USA). Then, sCOD of the samples were
determined by Micro-COD method by using medium-range (0 — 1500 mg/L COD) and
low-range (0-150 mg/L COD) test kit vials (Lovibond, Aqualytic, Dortmund, Germany).
Finally, the vials were heated up to the temperature of 150° C, digested for 120 minutes
and cooled down to room temperature before sCOD value detection using a
spectrophotometer (PC Multinet Autoset photometer, Aqualytic, Dortmund, Germany).

3.2.8. TKN and Organic Nitrogen

TKN concentrations in the domestic and industrial wastewaters were determined by
applying Standard Method (APHA et al., 2005) Macro Kjeldahl Method 4500-Norg. The
content of organic-N was determined by subtracting the TAN (NHs*-N + NH3-N) from
the TKN values.

3.2.9. Total Soluble Nitrogen

TN measurements were made by first filtrating the samples with 0.45 pum cellulose acetate
membrane filter (Sartorius Stedim, 1110647-N, Goettingen, Germany) using a filtration
unit (Millipore, WP8 11 2250, Billerica, MA, USA).

Soluble TN values were then determined using test kit vials (Lovibond, Vario 535560,
Agqualytic, Dortmund, Germany). Finally, soluble TN values were detected using a
photometer (PC Multinet Autoset photometer, Aqualytic, Dortmund, Germany).

3.2.10. Total Ammonia Nitrogen

TAN (NH4*-N + NH3-N) measurements were made by first filtrating the samples with
0.45 pum cellulose acetate membrane filter (Sartorius Stedim, 1110647-N, Goettingen,
Germany) using a filtration unit (Millipore, WP8 11 2250, Billerica, MA, USA).
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TAN concentrations were then determined using test kit vials (Lovibond, Vario 535600,
Aqualytic, Dortmund, Germany). Finally, TAN values were detected using a photometer

(PC Multinet Autoset photometer, Aqualytic, Dortmund, Germany).

3.2.11. Nitrate-N

Nitrate (NO3-N) measurements were made by first filtrating the samples with 0.45 pum
cellulose acetate membrane filter (Sartorius Stedim, 1110647-N, Goettingen, Germany)
using a filtration unit (Millipore, WP8 11 2250, Billerica, MA, USA).

NOs" -N concentrations were then determined using test kit vials (Lovibond Vario NitraX
535580, Aqualytic, Dortmund, Germany). Finally, soluble NOs™ -N concentrations in the
samples were detected using a photometer (PC Multinet Autoset photometer, Aqualytic,

Dortmund, Germany).

3.2.12. Nitrite-N

Nitrite (NO2-N) measurements were made by first filtrating the samples with 0.45 pm
cellulose acetate membrane filter (Sartorius Stedim, 1110647-N, Goettingen, Germany)
using a filtration unit (Millipore, WP8 11 2250, Billerica, MA, USA).

NO2"-N concentrations were then determined using test kit vials (Lovibond Vario Nitri 3
530980, Aqualytic, Dortmund, Germany). Finally, soluble NO2-N concentrations in the
samples were detected using a photometer (PC Multinet Autoset photometer, Aqualytic,

Dortmund, Germany).

3.2.13. Orthophosphate

Orthophosphate (POs*-P) measurements were made by first filtrating the samples with
0.45 pm cellulose acetate membrane filter (Sartorius Stedim, 1110647-N, Goettingen,
Germany) using a filtration unit (Millipore, WP8 11 2250, Billerica, MA, USA).

PO.*>-P values were then determined using Lovibond phosphorus tablet pack (Lovibond,

Vario 515810, Aqualytic, Dortmund, Germany). Finally, POs*-P concentrations in the

43



samples were detected using a photometer (PC Multinet Autoset photometer, Aqualytic,

Dortmund, Germany).

3.2.14. Chlorophyll-a

Chlorophyll-a measurements were done according to the Standard Method 10200H
(APHA et al., 2005). A known volume of algae samples was poured in plastic tubes and
centrifuged at 5000 rpm for 20 min. The pellets were re-suspended and extracted with
90% v/v acetone during 24 h at 4 °C and in darkness. MgCOz was used to prevent
degradation of chlorophyll during the measurements. Chlorophyll-a concentration in the
extract was estimated by measuring absorbance before and after acidification using the
spectrophotometric Equation 3:

26.7 (Es64—E665)XV1
Vo XxLX1000

Chlorophyll a,(%%) = (Equation 3)
Where:
Eess = (Optical density of filtrate at 664 nm) — (Optical density of filtrate at 750 nm)

Eees = (Optical density of acidified filtrate at 665 nm) — (Optical density of acidified
filtrate at 750 nm)

V1= volume of extract in L
V, = volume of sample filtered in m®

L = light path length or width of cuvette in cm

3.2.15. Elemental Analysis

Minimum 10 mg dry microalgae biomass was necessary for the elemental analysis. The
cultures were put in plastic tubes and centrifuged for 5 min, 5000 rpm, washed with
distilled water and dried at 80 °C. In order to determine C, H and N weight percentages,
LECO Elemental Analyzer, CHNS-932 was used in order to determine weight
percentages of C, H and N elements. The results of the CHN analyses were given in
Appendix F.
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3.2.16. Visual Algae Identification and Imaging

Algae inolcula was collected from Ara¢ Creek in Karabilk. Visual identification and
imaging of microalgae species were performed by using a Lecia DM 2500 microscope.
An aliquot of microbial from the reactors was placed on a slide glass and covered with a
cover slip (Choi et al., 2010).

3.2.17. CO2 Analysis

Evaluation of CO, removal was conducted by taking samples from gas inlet and outlet of
the semi-continuously operated bubble-column reactors during steady-state growth period
and then measuring gaseous CO> concentrations by using a Gas Chromatography (GC).
Air samples from the air inlet and outlet of the reactors were collected into 1-L plastic
bags. Then, a sample volume of 10 pL was taken from the bags and injected to the GC by
using a 1-mL gastight manual injection syringe (Reno, Nevada, USA). The Agilent
6890N, CA, USA Gas Chromatography (GC) equipped with a thermal conductivity
detector and capillary column CP-Sil 8 (CP8752, Varian) was used to analyze gaseous
CO2 concentration. Temperature of the injector and detector and oven were 50 °C, 80 °C
and 35 °C, respectively. Helium was used as the carrier gas and controlled at a temperature

of and at a pressure of 100 Pa.

A calibration curve was prepared by injecting different CO, concentrations and
corresponding area readings. Four standardized CO> solutions (100, 200, 400 and 800
ppm CO.) were used. The actual inlet and outlet CO concentrations were calculated using
the area obtained by chromatogram and comparing the area with the calibration curve.
Calibration curve for the CO> analysis can be found in Appendix C.

3.3. Preparation of the Acid and Base Solutions

During the semi-continuous studies, pH of the cultures was adjusted with diluted 5 N
H2>SO04, 1 M HCI and 1 M NaOH aqueous solutions. Preparation procedures are given

below:
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e A 1L of5 N sulphuric acid (H2SOs4) solution was prepared by using 135.85 mL
98% sulphuric acid stock solution and 864.15 distilled water.

e In order to prepare a 0.5 L of 1 M hydrochloric acid (HCI) solution, 41.75 mL of
37% hydrochloric acid stock solution and 458.25 mL distilled water were used.

e Inorderto geta 0.5 L 1 M sodium hydroxide (NaOH) solution, 20 g of sodium
hydroxide was added to enough distilled water and the final volume of the solution

was made 0.5 L.
3.4. Characterization of Cultivation Medium and Wastewaters

3.4.1. Cultivation Medium

Mixed culture collected from Arag Creek, Karabik, has been cultivated with Bold’s Basal
medium enhanced with 3-Fold Nitrogen and Vitamins (3N-BBM+V) as reported by
Bilanovic et al. (2009). The formulation is given in Table 8.
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Table 8 3N-BBM + V constituents (Bilanovic et al., 2009)

Constituents Concentration (g/L)
NaNOs3 0.750
CaCl2.2H.0 0.025
MgS04.7H20 0.075
K2HPO4.3H20 0.075
KH2PO4 0.175
NaCl 0.025
Na,EDTA 0.0045
FeCls.6H.0 58.4x10
MnCl2.4H20 24.6x10°
ZnCl, 3x10°
CoCl2.6H20 1.2x10°
Na:Mo004.2H.0 2.4x10°
Vitamin B1 12x10°
Vitamin B12 1.2x10°

3.4.2. Wastewaters Obtained from Ankara Tatlar WWTP Cultivation Medium

Two different types of wastewaters were obtained from Tatlar Wastewater Treatment
Plant (WWTP), located in Ankara, Turkey for this study. These wastewaters were
supernatants of the primary sedimentation tanks and sludge thickening tanks. A simplified

scheme of the WWTP and sampling points are shown in Figure 10.
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Figure 10 Simplified scheme of Ankara Tatlar WWTP and wastewaters used in
experiments (1-primary settling tank supernatant; 2-sludge thickener tank supernatant)
(Ankara Water and Sewerage Authority, 2017)

3.4.2.1. Supernatant of Primary Settling Tanks
Supernatant of the primary settling tanks was used in the batch and semi-continuous
studies conducted to observe nutrient removal from domestic wastewaters by microalgae

culture.

Collected wastewater was passed through a sieve with pore size of 0.3 mm in order to
remove larger particles and was not sterilized. The wastewater was stored in a refrigerator
at 4°C and analyzed twice a week to monitor its nutrient and sCOD concentrations. The

characterization of the supernatant effluent of primary settling tank is given in Table 9.

Table 9 Characteristics of primary settling tank supernatant

Parameter Value
Optical Density @ 685 nm 0.09+0
TS (mg/L) 413 + 17
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Table 9 (continued)

VS (mg/L) 269 + 17
TS (%VS) 65

pH 7.95
tCOD (mg/L) 254 +2.5
sCOD (mg/L) 785+0.3
TN (mg/L) 421+21
TKN (mg/L) 42+59
Organic-N (mg/L) 115
TAN (mg/L) 305+1.2
NO3-N (mg/L) <1
NO.-N (mg/L) <0.01
POs*-P (mg/L) 49+0.3

3.4.2.2. Supernatant of Sludge Thickening Tanks

Supernatant of the sludge thickening tanks was used to dilute the industrial wastewater
which had a high ammonia concentration but low levels of phosphate. Collected thickener
wastewater was passed through a sieve with pore size of 0.3 mm in order to remove larger

particles prior to storage at 4°C at dark.

As shown in Table 10, supernatant waters of thickening tanks had a high POs>-P content
which was essential for the support of the microalgal growth during the studies conducted
with industrial wastewater. It should be noted that the use of high phosphate containing

wastewater for this purpose is particularly important when side-stream wastewaters of the

sludge treatment facilities are considered (Wang et al., 2013).
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Table 10 Characteristics of sludge thickener supernatant

Parameter Value
TS (mg/L) 880 £ 42
TVS (mg/L) 488 + 20
TVS (%TS) 55
tCOD (mg/L) 587 + 3.6
sCOD (mg/L) 328+6.2
TN (mg/L) 472+15
TAN (mg/L) 41.7+21
NOs-N (mg/L) <0.1
NO2-N (mg/L) <0.01
Organic-N (mg/L) 5.48
POs*-P (mg/L) 19.9+0.2

3.4.3. Industrial Wastewater

Industrial wastewater used in the experiments was obtained from the junction point which
connects wastewater channel of KARDEMIR Coke Plant to the main channel collecting
different types wastewaters from different units in the factory. The production flow chart

of the factory is given in Figure 11.

The coke plant wastewater was passed through a sieve with pore size of 0.3 mm and stored
at 4 °C in a refrigerator as well. No sterilization has been carried out for the industrial

wastewater.
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Figure 11 Production flow chart of KARDEMIR Integrated Iron and Steel Factory
(Kardemir Product Catalog, 2016)
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The characterization of the wastewater is given in Table 11. Sulfate, phenol and heavy
metal analyses were conducted by a commercial accredited laboratory. Related standards
methods, namely SM-4110 B, SM-4500-CN A and E, SM-5530 A, B and C, were used
for the analysis of sulfate, cyanide and phenol in the wastewater. EPA 200.7 method was
used for the determination of other constituents (heavy metals). The analysis results and

the methods are also given in Appendix E.

Table 11 Characteristics of the coke plant wastewater

Parameters Value
TS (mg/L) 8471 + 311
TVS (mg/L) 136 +4
TS (%TVS) 2
Chlorophyll-a (mg/L) N.D.
tCOD (mg/L) 11,827 + 150
sCOD (mg/L) 10,225 £ 61
TN (mg/L) 3600 + 90
TAN (mg/L) 3352+ 78
NOz-N (mg/L) 4+0.2
NO2-N (mg/L) <0.01
Organic-N (mg/L) 244
PO*-P (mg/L) 1+0.1
Sulphate (mg/L) 1509
Cyanide (mg/L) 0.0125
Arsenic (ug/L) 767.2
Mercury (ug/L) 3.27
Iron (ug/L) 9.26
Cadmium (ug/L) 17
Total Chrome (ug/L) <18
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As it can be seen from Table 11, industrial wastewater had very high TAN concentration
but very low POs*-P concentration. Moreover, it contained high levels of heavy metals
and phenols, which might have affected biological activity of microalgae negatively.
Therefore, it was a good opportunity to investigate whether there were any negative
effects of these pollutants on microalgae growth.

3.5. Design of Photobioreactors

Two different photobioreactors (PBR) were used during the experiments: microalgae
cultivation PBRs and test PBRs. 3-L reactors were used to cultivate mixed microalgae
culture, which was collected from Arag Creek in Karabik (Turkey), in the Bold’s Basal
Medium (3N-BBM+V). On the other hand, glass gas wash bottles having a 1-L working

volume were used in the batch studies, kinetic studies and semi-continuous studies.

3.5.1. Microalgae Cultivation Photobioreactors

Two identical 3-L glass reactors, namely R3 and R4, were used for the cultivation of
mixed microalgae culture (Figure 12). The reactors were made by 0.3 cm thick glass. They
had an internal diameter of 9 cm, and a total height of 40 cm. The cultivation
photobioreactors were capped with a glass cap allowing gas entrance and exit. An aeration
tube with inner diameter of 0.5 cm submerged into the reactors was connected to an air
pump (RESUN AC-9602, China). Gas inlet and outlet of the reactors were equipped with
0.2 um syringe filters (Hydrofobic Minisart Syringe Filter) to prevent contamination from
the outer laboratory environment. The reactors were operated semi-continuously with 10
days of HRT. In other words, in 10-days cycles, 10 percent volume of the mixed
microalgae culture from the reactors were withdrawn and same volume of Bold’s Basal
Medium (3N-BBM+V) stored at 4 °C was added to the reactors. The temperature was
maintained at 30+2°C and continuous illumination at 120 pmol m? st using T8
fluorescent tubes (OSRAM L18/840) was provided to the PBRs.
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Figure 12 3-L Microalgae cultivation PBRs (R3 and R4)

3.5.2. Test Photobioreactors

Test Photobioreactors which were used for the batch, kinetic and semi-continuous
experiments had a diameter of 8 cm, a height of 24 cm and a working volume of 1-L
(Figure 13). As in the microalgae cultivation photobioreactors, aeration and mixing was
provided with the air pumps (RESUN AC-9602, China). The reactors were operated under
continuous illumination at 120 pumol m? s using T8 fluorescent tubes (OSRAM
L.18/840) as well.

54



Florescent Lamp

- m

Test PBR

Figure 13 Test PBRs

3.5.3. Control Reactor

A 1-L control photobioreactor was operated for 2 days to examine the abiotic removal of
CO:o». To this aim, the control reactor was not inoculated with microalgae and only filled
with diluted coke plant wastewater. The reactor was operated semi-continuously with a
HRT of 12 days.

The control reactor had the same diameter and height as the test photobioreactors.
Aeration and mixing was provided with the air pumps (RESUN AC-9602, China). The
reactor was operated under continuous illumination at 120 pumol m? s using T8
fluorescent tubes (OSRAM L18/840) and aeration with 4% CO- at 0.5 vvm.
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3.6. Experimental Sets and Procedures

3.6.1. Studies with Primary Settling Tank Effluent

3.6.1.1. Batch Study

A batch study was conducted in order to determine the most suitable cultivation reactor
to be used as inoculum source and inoculum volume for the semi-continuous study which
has been performed with primary treated domestic wastewater (Section 3.6.1.2). This
batch study was also essential for the adaptation of mixed microalgae culture to the
primary treated domestic wastewater since the mixed cultures have been cultivated using
a synthetic medium (i.e. Bold’s Basal Medium) in two separate semi-continuously

operated cultivation reactors, namely R3 and R4 (Section 3.5.1).

Batch reactors were inoculated with 50 mL and 100 mL microalgae from R3 and R4
microalgae cultivation reactors. Then, 950 mL and 900 mL primary settling tank effluent
was added to achieve a microalgae-wastewater mixture volume of 1 L. Corresponding
names of the reactors were determined as B3-50, B3-100, B4-50 and B4-100. Summary
of the batch experiments conducted using the inoculums from cultivation reactors and

domestic wastewater is given in Table 12.

Table 12 Components of the batch reactors

Inoculum Inoculum volume Wastewater volume | Total working volume
Reactor
source (mL) (mL) (mL)
B3-50 R3 50 950 1000
B3-100 R3 100 900 1000
B4-50 R4 50 950 1000
B4-100 R4 100 900 1000

The reactors were operated for 4 days at 0.5 vvm air and 30+2°C with 120 pmol m? s
continuous illumination using T8 fluorescent tubes (OSRAM L18/840). 50 mL sample
was collected daily from the reactors in order to measure the O.D., TAN and PO,*-P

concentrations.
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3.6.1.2. Semi-Continuous Study

The main goal of this semi-continuous experiment was to determine optimum HRT value
for the treatment of non-sterilized primary effluent from Ankara Tatlar WWTP by
measuring and comparing algal growth (biomass concentration) and nutrient consumption
(nutrient removal efficiencies) in the PBRs during steady-growth conditions. In order to
determine optimum HRT, three semi-continuous reactors with 2 (Y1 PBR), 4 (Y2 PBR)
and 8 (Y3 PBR) days of HRT were operated. These values were chosen based on the
reported HRT values in the literature for microalgal municipal wastewater treatment
(Garcia et al., 2000; Larsdotter, 2006; Woertz et al., 2009). The microalgae growth and

nutrient removal performance of the reactors were investigated.

The output of B4-100 PRB that was adapted to the primary domestic wastewater during
the previous batch study (Section 3.6.1.1) was used as inoculum. Algae were inoculated
at 10% (Vinolculation/Viotar), Was determined as the optimum inoculum volume/reactor volume
in the batch study (Section 3.6.1.1), in 1-L bubble column reactors containing 900 mL
primary treated domestic wastewater. In 24 hour cycles a predetermined volume of the
mixed liquor from reactors were withdrawn and same volume of domestic wastewater
stored at 4 °C was added to the reactors. For example, for the reactors with 4 days of HRT,
the daily replaced volume was 250 mL. Table 13 summarizes the experimental procedures

followed.

Table 13 Summary of the semi-continuous operation with primary treated domestic
wastewater

Inoculum noculum Wastewater Total Daily
Reactor volume working HRT (days) replaced
source volume (mL)
(mL) volume (mL) volume (mL)
Y1 B4-100 100 900 1000 2 500
Y2 B4-100 100 900 1000 4 250
Y3 B4-100 100 900 1000 8 125
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Optical density, TN, TAN, PO4*-P, sCOD and Chlorophyll-a analyses were conducted
on the mixed liquor withdrawn from the reactors. pH of each reactor was adjusted to 6
with diluted H>SO4, HCI and NaOH solutions daily, after the reactors were feed with
domestic wastewater. The reactors were operated at 30+2°C under 120 pmol m2 s for
24 hours a day and aerated with ambient air at 0.5 vvm (Figure 14).

Figure 14 A photo from the experimental setup of the semi-continuous study with

primary treated domestic wastewater

3.6.1.3. Kinetic Study

In order to investigate the growth and nutrient removal kinetics of microalgae, a 72-hour
kinetic study was conducted with mixed microalgae culture that was acclimated to
domestic wastewater during the batch (Section 3.6.1.1) and semi-continuous (Section
3.6.1.2) studies. Algae inoculum used in this batch study was the last withdrawal made
during the operation of Y1 PBR. Algae were inoculated at 10% (Vinolculation/Vtotar) in 1-L
bubble column reactor containing 900 mL primary treated domestic wastewater as

summarized in Table 14. The reactor was operated at 30+2°C with 120 umol m? s*
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continuous illumination and 0.5 vvm aeration. 50-100 mL sample was collected

periodically from the reactor in order to measure O.D., TAN and PO4>-P concentrations.

Table 14 Initial conditions in the kinetic study conducted with the domestic wastewater

Reactor | Inoculum source Inoculum Wastewater volume (mL) Total working
volume (mL) volume (mL)
Kinetic
Study YB1 100 900 1000
Reactor

3.6.2. Studies with Coke Plant Wastewater Diluted with Primary Thickener

Supernatant

3.6.2.1. Batch Study

The effects of different N:P ratios on microalgae growth and biomass yield, nutrient
removal and CO. fixation was studied in this part of batch study. With the aim of
evaluating the effects of N:P ratio, mixed algal culture was grown with TAN:PO4>-P
ratios of 6, 8 and 10. In order to get these ratios, coke plant wastewater and sludge

thickener supernatant were mixed at different volumes as shown in Table 15.

Table 15 Volume of domestic and industrial wastewater used to prepare different TAN:
PO.*-P Ratios

Sludge Thickener .
TAN/ PO&-P Coke Plant Wastewater Supernatant Total working
(mL) (mL) volume (mL)
6 23 977 1000
8 34 966 1000
10 45 955 1000

During cultivation, temperature was maintained at 28+2 °C and light intensity was

supplied continuously at 120 pmol m2 s !, All reactors were bubbled with %4 CO.-
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enriched air at an aeration rate of 0.5 L/min (vvm). 50-100 mL sample was collected
periodically from the reactors for the analyses. A schematic diagram of the experimental

setup is shown in Figure 15.

Florescent

A N=

Flow meter

— WV,

Figure 15 Schematic diagram of the batch study with diluted industrial wastewater

Table 16 provides the summary of the batch experiments with diluted industrial

wastewater.

Table 16 Summary of the batch operation with diluted industrial wastewater

TAN/ PO4*-P .
Inoculum Inoculum tio of th Diluted Total working
Reactor source volume ratio ot the wastewater volume (mL)
(mL) diluted volume (mL)
wastewater
DB6 R4 100 6 900 1000
DB8 R4 100 8 900 1000
DB10 R4 100 10 900 1000
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3.6.2.2. Semi-Continuous Study

The objective of this study was to determine optimum HRT for nutrient removal coupled
with CO> sequestration by using mixed microalgae culture. For this purpose, three PBRs
were operated in semi-continuous mode by using KARDEMIR coke plant wastewater
diluted with sludge thickener supernatant obtained from Ankara Tatlar WWTP with a
TAN/PO*-P ratio of 6 (g/g). This ratio was determined as the optimum inlet TAN/PO,*
-P supporting microalgal growth and nutrient removal in the previous batch study (Section
3.6.2.1). The HRT of the PBRs were selected as 5, 8 and 12 days considering the HRT
values reported by the researchers who have studied with nutrient-rich wastewaters such
as dairy manures and mixtures of settled swine and sewage (Travieso et al. (2006); Wang
et al., (2010)) The HRT of the PBRs was adjusted by varying the volume of wastewater
added per day as previously described in Section 3.6.1.2 for the semi-continuous study
with primary treated domestic wastewater. In 24 hour cycles, a predetermined volume of
the mixed liquor from reactors were withdrawn and same volume of wastewater mixture

was added to the reactors.

All PBRs were supplied with COz-enriched air (4%). To achieve 4% CO> concentration,
20% CO2 enriched air was mixed with ambient air. Flow rates of the ambient air and 20%
CO: enriched air entering a photobioreactor were regulated by two gas flow meters to
achieve a total 0.5 vvm inlet airstream with 4% CO> concentration. Table 17 shows the
experimental procedures followed during the semi-continuous operation using diluted

industrial wastewater and 4% CO- enriched air.

Table 17 Summary of the semi-continuous operation with diluted industrial wastewater

. TAN/PO,-P Total Daily
Inoculum N
R Inocul Diluted ratio of the working HRT replaced o
eactor um volume wastewater diluted volume (days) volume CO. (%)
lume (mL) Y

source (mL) vo wastewater (mL) (mL)
D5 DB6 100 900 6 1000 5 200 4
D8 DB6 100 900 6 1000 8 125 4
D12 DB6 100 900 6 1000 12 83.3 4
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Optical density, TN, TAN, PO4*-P, sCOD and Chlorophyll-a analyses were conducted
on the mixed liquor withdrawn from the reactors. Mixed microalgae culture grown in DB6
PBR was used as inoculum at a ratio of 1:10 (Vinoclumum/Vtotar) for all PBRs which were
operated at 28+2 °C with 120 umol m~2 s™! continuous illumination and aerated with 4%
CO2 enriched at a constant rate of 0.5 vvm. During steady-state conditions, CO>
concentrations in inlet and outlet gas streams were conducted for each PBR. A schematic
diagram and a photo of the experimental setup for the abovementioned semi-continuous

study are shown in Figure 16.

Florescent
/ '\ ?_] /\LEIT‘IDS

=y

\‘ 20%
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Figure 16 Schematic diagram and a photo of the experimental setup of the semi-

continuous study performed with diluted industrial wastewater
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Microalgae Cultivation in Primary Treated Domestic Wastewater

4.1.1. Batch Operation

In this batch study, suitable inoculum source (microalgae cultivation PBRs; R3 vs. R4)
and inoculum volume (5% (v/v) vs. 10% (v/v)) were investigated. This was necessary to
achieve efficient microalgal growth and nutrient removal in the upcoming batch and semi-
continuous experiments (Sections 4.1.2, 4.1.3, 4.2.1 and 4.2.2). As explained in the
Section 3.6.1.1, 50 mL or 5% (v/v) and 100 mL or 10% (v/v) inoculums were transferred
to four 1-L test PBRs (i.e. B3-50, B3-100, B4-50 and B4-100) from the microalgae
cultivation reactors, namely R3 and R4. Remaining volume of the test PBRs were filled
with primary treated domestic wastewater. The reactors were operated in batch mode for
four days under continuous illumination (120 umol m™ s*) and aerated with ambient air
(0.5 vvm). Microalgal growth and nutrient removal were followed by daily measurements
of O.D. and nutrient (TAN and POs*-P) concentrations. The results of this batch study
are given in Figure 17 and Figure 18.
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Figure 17 The change in Microalgal Biomass (O.D)., TAN and PO4*-P concentrations
in (a) B3-50 and (b) B4-50 PBRs
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o
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Time (day)

Figure 18 The change in Microalgal biomass (0.D.), TAN and POs*-P concentrations
in (a) B4-50 and (b) B4-100 PBRs

At the beginning of the cultivation, a short acclimation period was observed and
logarithmic growth phase started on the 1% day in all reactors as can be seen from the O.D.
data in Figure 17 and Figure 18. The specific growth rates were calculated by taking the
natural log of the biomass concentration (as In(O.D.)) and plotting it over time (Brooker,

2011; Woertz, 2007). The specific growth rates were obtained as 0.38, 0.40, 0.46 and 0.48
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abs/day for B3-50, B3-100, B4-50 and B4-100, respectively (Appendix A). Therefore, it
can be concluded that in the reactors with 100 mL inoculum volume, higher biomass
concentrations and higher growth rates were achieved than those with 50 mL inoculum

volume within 4 days of cultivation.

Nutrient removal rate was another important factor in deciding the suitable inoculum
source. Both nitrogen (TAN) and phosphorus (PO4*-P) removal rates were calculated by
using the Equation 4 (Ding et al., 2014).

So—S; ]
R (%) - t(i)—to (Equation 4)
Where;

R is the removal rate of nutrient (mg (TAN or POs*-P) /L.d)
So is the nutrient concentration (mg/L) at the beginning of the cultivation to (d)

Si is the nutrient concentration (mg/L) at the end of the cultivation (d)

Based on the results, it can be stated that nutrient removal rates demonstrated a parallel
relationship with the growth rates. The highest TAN removal rates were achieved as 5.36
and 5.25 mg/L.d in B4-100 and B3-100, respectively. TAN removal rates obtained in
other two reactors were 5 mg/L.d for B3-50 and 5.1 mg/L.d for B4-50. POs*-P removal
rates in B3-50, B3-100, B4-50 reactors were 1.26, 1.29, 1.34 mg/L.d, respectively and,
was highest in B4-100 with 1.58 mg/L.d. The growth-limiting nutrient is generally
nitrogen for the domestic wastewater as discussed in Section 2.3.3.1. Based on the TAN
and PO*-P data in Figure 17a ,b and Figure 18a and b, TAN removal rates were higher
than PO+*-P removal rates and microalgae could almost completely (>99%) removed
TAN from the domestic wastewater in the all PBRs in 3 days. As expected, limiting
nutrient was nitrogen for the microalgae grown in the domestic wastewater. The summary

of the results is given in Table 18.
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Table 18 Summary of the batch experiment results

Specific TAN Rt;rrr/?oltl/al POs*-P FE::::_/;
Reactor | O.D. Growtg Rergmval Rate Removal Rate
Rate (d5) | (%) (mg/L.d) (%) (Mg/L.d)
B3-50 | 1.7 0.38 99 5.00 94 1.26
B3-100 | 2.76 0.40 99 5.25 89 1.29
B4-50 | 2.1 0.46 99 5.10 90 1.34
B4-100 | 3.05 0.48 99 5.36 91 1.58

Regarding the selection of microalgae cultivation reactor to be used as the inoculum
source in the semi-continuous study (and further experiments), the results have indicated
that R4 microalgae cultivation PBR was more suitable than R3 PBR in terms of growth
rate and nutrient uptake (Table 18). Moreover, it was observed that growth rates and
nutrient removal performances were higher in the reactors inoculated with 100 mL (10%
(v/v)) microalgae culture than the reactors inoculated with 50 mL microalgae (5% (v/v))
(Table 18) and inoculation with 10% basis was used throughout the experiments (Sections
4.1.2,4.1.3,4.2.1and 4.2.2).

In the literature, inoculum sizes used for batch mode operations generally vary between
3% v/v and 10% v/v (Ojo et al., 2014; Wang et al., 2013; Yun et al., 1997). Higher
inoculum sizes of 20% v/v and 37% v/v were also reported (Aslan and Kapdan, 2006;
Hongyang et al., 2011). Although the effect of the initial inoculum size and volume on
the microalgal biomass concentration is apparent (Lau et al., 1995), there are only few
studies about the influence of inoculum volume on the microalgal growth and nutrient
removal from wastewater. One of the related studies indicated the importance of the
inoculum size on achieved biomass densities and productivities (Bohutskyi et al., 2016).
Their study suggested that increasing the algal inoculum has a significant effect on
relations between microalgae and wastewater-borne bacteria, and allows microalgae to

compete successfully with wastewater bacteria for nutrients and organic carbon in the
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wastewater. The study also notes that high initial microalgae concentration has been found
to be beneficial for their survival in the presence toxic compounds, which may be present
in wastewater. On the other hand, in another study, it has been stated that the competition
between microalgae for nutrients is also expected to increase at high inoculum volumes,
which may cause a slower growth (Ale et al., 2014). The results of their study have
showed that high inoculum volume result in higher biomass concentration however
biomass concentration is not always proportional to the initial size of the inoculum and
optimal balance between inoculum size and microalgal density should be defined. This
was also true for the current batch study. The amount of inoculum was 2 times higher in
the B3-100 and B4-100 reactors as compared to the low inoculum volume in B3-50 and
B4-50 reactors. On the other hand, both optical density and nutrient removal rate in these

two reactors were much less than 2 times at the end of the cultivation (Table 18).

As can be seen in Table 19, complete removal of TAN and PO4*-P from the primary
treated domestic wastewater has been achieved in 4 days by the mixed culture. Longer
time periods (Lau et al., 1995; Martinez et al., 2000) were required in some relevant
studies to remove the nitrogen and phosphorus in the primary treated municipal
wastewater. On the other hand, Ruiz-Marin et al. (2010) could achieve a significant

nutrient removal in 2 days in the batch cultivation of S.obliquus.
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Table 19 Reported nutrient removal efficiencies for batch cultures

Microalgae Nutrient Cultivation | TAN Removal PO4*-P Reference
Specie Source Period (days) (%) Removal (%)
. 74.1-99.9 68.8-92.8
C. Vulgaris Primary treated 10 depending on depending on (Lauetal,
sewage . . . . 1995)
inoculum size inoculum size
Scenedesmus Municipal (Martinez, et
obliquus wastewater 8 100 98 (TP) al., 2000)
Urb 60.1-80 for 53.3-80.3 for
C.vulgaris and tr a”t ) C.vulgarisand | C.vulgarisand | (Ruiz-Marin
S.obliquus wastewater 100-96.6 for 55.2-83.3for | etal., 2010)
(Secondary) . . '
S.obliquus S.obliquus
Mixed culture Primary treated 4 100 100 This study
wastewater

4.1.2. Semi Continuous Operation

As stated in Section 3.6.1.2, the main goal of this semi-continuous study was to determine

optimum HRT for the treatment of the non-sterilized primary treated domestic

wastewater. The outcome of this study would help make a comparison between the

steady-state biomass concentrations, effluent concentrations and nutrient removal
efficiencies in the PBRs operated at the HRT of 2 days (Y1), 4 days (Y2) and 8 days (Y3).
These values were selected based on the previously reported values for microalgal

domestic wastewater treatment (Larsdotter, 2006). The change in pH, O.D., solids,

Chlorophyll-a, TN, TAN, POs*-P and sCOD concentrations during the semi-continuous
operation of the Y1, Y2 and Y3 PBRs are shown in Figure 19, Figure 20 and Figure 21,

respectively.
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Figure 19 The change in a) pH, b) Optical Density, c) TS, TVS, TVS (%TS), d)
Chlorophyll-a, €) TN, f) TAN, g) POs*-P, h) sCOD in the photobioreactor with 2-day
HRT (Y1 PBR)

69



a)
T
o
= T
i)
o b)
a
©
=
=
o T
- 80
Lo 2
S
- 40 (£
400 - o Ts L
200 - —v— Tvs c)
‘O - TVS (%TS)
31 5 . T T T T T T T O
30,6 - ] d)
—&— Chlorophyll-a (mg/L)
29,7 A
28,8 -
27,9 -
27,0 A
T T T T T T T - 100
15
M‘—.\. e) | g0
10 —— TN - 60
—e— TN Removal (%) e\e/g\e__e\a/e L 40
5 - 20
16 < T T T T T T T 100
= 127 f) |80
2 —o— TAN | 60
= 8 —e&— TAN Removal (%)
S -40 =
= 4 S
© - 20 =
= _ o o =
@ 0 <)
e TF 100 £
o ()
o 124 -80 X
i< 9)
L 8 —o— PO4-P - 60
= 4 9 —e— PO4-P Removal (%) L 40
_ o—o—= - 20
O -
T T T T T T T - 100
70 n [ 80
60 4 —6— sCOD - 60
—@— sCOD Removal (%) - 40
50 - ./o\./‘__./._. - 20
40 T T T T T T T
o} 5 10 15 20 25 30 35

Time (day)

Figure 20 The change in a) pH, b) Optical Density, ¢) TS, TVS, TVS (%TS), d)
Chlorophyll-a, €) TN, f) TAN, g) POs*-P, h) sCOD in the photobioreactor with 4-day
HRT (Y2 PBR)
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Figure 21 The change in a) pH, b) Optical Density, c) TS, TVS, TVS (%TS), d)
Chlorophyll-a, €) TN, f) TAN, g) POs*-P, h) sCOD in the photobioreactor with 8-day
HRT (Y3 PBR)
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4.1.2.1. The Effect of HRT on Biomass Production

The pH was controlled to maintain the culture at an optimum range for growth. To this
aim, pH of the cultures was adjusted to 6 with diluted H2SO4, HCI and NaOH solutions
(Section 3.3) after addition of the domestic wastewater to the reactors during the operation
period of the PBRs. pH in the reactors was observed in the range of 8 to 11 in the following
day as a result of the microalgal photosynthetic activity (Figure 19a, Figure 20a and Figure
21a). This is consistent with a previous study that continuous illumination caused high

photosynthetic activity which resulted in high pH values (Su et al., 2012).

During the semi-continuous runs on treatment of domestic wastewater, optical density
(O.D.) at 685 nm, total solids (TS) and total volatile solids (TVS) parameters were
monitored periodically to quantify algal biomass concentrations in the reactors. Besides,

Chlorophyll-a was monitored during the steady-state conditions.

In the reactor with 2-day HRT (Y1), O.D. value increased from 0.95 to 1.8 after 3 days
(Figure 19b). TS and TVS concentrations showed a similar trend with respect to O.D
(Figure 19c). Then, a reduction was observed in the algal biomass due to the low HRT
value. However, the culture could be adopted to the operating conditions and, the O.D.
and solids concentrations were stabilized and, reached steady-state after day 17 as can be
seen in Figure 19b and c. During the steady operation phase, O.D. ranged between 1.1
and 1.3. The average TS and TVS concentrations obtained at steady growth were 963
mg/L and 584 mg/L, respectively (Table 20).

In the reactor with 4-day HRT (Y2), O.D. increased sharply to above 2.5 in 3 days and
then slightly decreased to the range of 2.1-2.3, where it was stable for about 10 days
(Figure 20b). During this steady-state period (Figure 20c), average TS and TVS
concentrations were 1123 and 519 mg/L, respectively. Then, O.D. and solids
concentrations decreased gradually between days 14-26. At day 26, O.D. value dropped
to 0.01 level (Figure 20b) which indicated the wash-out of the algae culture from the

reactor. The operation of the reactor was ended on day 32.
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In the reactor with 8-day HRT (Y3), O.D. value rapidly increased to 2.63 after 3 days and
it varied between 1.85 and 3.1 following 12 days of the operation (Figure 21b). During
this period, average TS and TVS concentrations were in the range of 1159 mg/L and 517
mg/L, respectively (Table 20). A sharp decline in O.D. (Figure 21b) and solids
concentrations (Figure 21c) was observed after day 17. Then, a change in biomass color
from bright green to yellow was observed on day 20 and O.D. value decreased nearly to
zero (Figure 21b). Thus, the operation was ended on day 20 in this PBR. The average of
the measured OD, TS and TVS concentrations under steady-state conditions are given
with their standard deviations (z) in Table 20. The average of measured Chlorophyll-a
(Chl-a) concentrations were calculated using the whole data obtained during the operation
of the PBRs. The number of samples used to calculate the average concentrations are

given in brackets.

Table 20 Average steady state biomass concentrations in Y1, Y2 and Y3 PBRs

PBR&HRT | OD at 685 nm TS (mg/L) TVS (mg/L) Chl-a (mg/L)
Y1 (2days) | 1.17£0.15(21) | 963%33.7 (9) 584+14.4 (9) 28.76x0.4 (9)
Y2 (4 days) | 2.20+0.06 (10) | 1123+40.1 (5) | 519£36.0 (5) 29.26+1.1 (7)
Y3 (8 days) | 2.81+0.18 (13) | 1159+155.8 (7) | 517453.4 (7) 30.8+0.9 (3)

Although higher steady-state biomass concentrations were achieved in the PBRs with 4
and 8 days of HRTs than those achieved with 2 days of HRT (Table 20), steady-state
conditions could not be maintained at these HRTs. The biomass data show that an HRT
of 2 days is not limiting the growth for the studied domestic wastewater under the

conditions of this experiment.

The steady-state O.D. and solids concentrations obtained in this study are consistent with
the results of the relevant studies. Li et al. (2013) studied indoor semi-continuous
cultivation of C.vulgaris in municipal wastewater using cultures with 2-4 day HRTs. Solid
concentrations were in the range of 425-550 mg TSS/L and O.D. values were in the range
of 1.1-1.426 in their work. Woertz et al. (2009) reported steady state biomass
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concentrations between 300 and 800 mg VSS/L during the cultivation of mixture of green
algae and diatoms using municipal wastewater at HRTs of 2 to 4 days. Tercero et al.
(2013) could achieve a steady-state biomass concentration of 470 mg TS/L during semi-
continuous cultivation of C.protothecoides fed with non-sterilized primary treated
municipal wastewater and with a shorter residence time of 1.26 day. On the other hand,
Wang et al. (2010) used a longer HRT of 5 day for the semi-continuous cultivation of
C.vulgaris in undigested dairy manure due to the high organic and nutrient content of the

wastewater. They achieved biomass concentrations between 1000 and 1380 mg TSS/L.

It should be noted that biomass concentrations obtained in this study are lower than those
reported by Park et al. (2010) and Hulatt et al. (2011a). Park et al. (2010) could obtain
maximum biomass concentrations between 2 and 2.4 g/L using the ammonia-rich
anaerobic digestion effluent at a 10-day HRT. Hulatt et al. (2011a) obtained dry weight
values between 1.5 g/L and 3.5 g/L with a mean value of 2.45 g/L in the semi-continuous
cultivation of Scenedesmus obliquus in a well-designed 500-L horizontal tubular PBR
(outdoor) using Jaworski medium. They used pure CO; to stabilize pH at 7 and variable

HRT to maintain the nitrate concentration higher than 2 mmol/L.

In addition to O.D. and solids concentrations, Chlorophyll-a content also provided
quantitative information on the algal biomass. In Y1 reactor, it was in the range of 27.9-
29.8 mg/L. As a result of higher biomass produced, Chlorophyll-a contents were slightly
higher in reactors Y2 and Y3 at steady-state conditions. Chlorophyll-a concentrations in
these reactors ranged between 26.1-31.2 mg/L and 28.1-32.7 mg/L, respectively. These
results are slightly higher than those reported by Li et al. (2013), who treated sterilized
municipal wastewater by using Chlorella vulgaris at semi-continuous mode and obtained
Chlorophyll-a concentrations around 20 mg/L at steady-state growth period. The lower
concentrations can be explained by low light intensity and different photoperiod that they
used in their study.
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4.1.2.2. The Effect of HRT on Nutrient Removal

In this semi-continuous study, concentrations of Total Nitrogen (TN), Total Ammonia
Nitrogen (TAN), Orthophosphate (POs*-P) and soluble Chemical Oxygen Demand
(sCOD) in the effluent of PBRs were monitored periodically to determine nutrient
removal efficiencies in the reactors. The average of measured effluent TAN, PO4*-P and
TN concentrations under steady-state conditions and corresponding nutrient removal
efficiencies are given with their standard deviations (£) in Table 21. It should be noted
that whole TN data obtained during the operation of the PBRs were used for the
calculation of average TN concentrations and average TN removal efficiencies. The

number of samples used to calculate the average concentrations are given in brackets.

Table 21 Average steady-state effluent concentrations and nutrient removal rates in the
Y1, Y2and Y3 PBRs

TAN Effluent PO4*-P Effluent TN

PBR&HRT Efﬂ(l;ﬁn}JAN Removal PO4%-P Removal TN Removal
J (%) (mg/L) (%) (mg/L) (%)

Y1 (2 days) 1.6x1.4 94.7+4.7 0.3+0.2 93.8+4.5 2.0+1.3 95.2+3.0

(©) (©) ©) ©) ©) ©)
Y2 (4 days) 0.05+0.05 99.8+0.2 | 0.3%0.3 935+6.3 | 65+1.3 | 84.7:3.1
4) 4 4 *) ©) ©)
Y3 (8 days) 0.16+0.06 96.5+6.8 | 0.25+03 | 96.2#3.4 | 1.55:0.4 | 96.3+0.9
(6) (6) (6) (6) ®) )

In the reactor with 2-day HRT (Y1), effluent TN, TAN and PO4*-P concentrations
decreased rapidly within 3 days and remained constant through most of the experiment
which indicates steady growth of the mixed culture. The removal rates of TN and TAN
were 88-97% and 88-100%, respectively (Figure 19e and f). In addition to TN and TAN,
a high removal performance was also observed for POs*-P (90-98 %) as it can be seen

from Figure 19g.
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In the reactor with 4-day HRT (Y2), significantly high nutrient removal performance was
achieved until day 25. Namely, 90-95% for TN, 95-100% for TAN and 85-99% for PO,*
-P were obtained during steady-state operation. However, the nutrient removal
efficiencies decreased significantly after day 25 since the algal cells have started to
washed out from the reactor (Figure 20g, f and g).

In the reactor with 8-day HRT (Y 3), almost complete removal of nutrients was observed
after day 10 till day 17 as shown in Figure 21e, f and g. TAN and POs*-P between days
5-15 was in the range of 91-100% and 87-99%, respectively. TN removal was between
95.6% and 97.3% on the last 4 days of steady state operation (Figure 21e). Similar to Y2,
a significant decrease in nutrient removal efficiencies was observed after beginning of
washout of algal cells in the reactor. Ruiz-Marin et al. (2010) has also observed that the
semi-continuous culture of S.obliquus collapsed after four cycles of steady state operation.
This was attributed to a protein synthesis limiting step which might have caused a
decreasing amount of protein in the algae cells for every increasing number of cycles in

semi-continuous systems.

In this study, mixed microalgae culture could efficiently remove TN, TAN and PO4*-P
from the primary treated domestic wastewater even at a short HRT of 2 day. Nutrient
removal efficiencies obtained in the PBRs (Table 21) suggest that nitrogen is the limiting

nutrient and that it starts to become limiting due to increasing HRT.

The experimental results of the study show that higher biomass concentrations and lower
effluent concentrations can be achieved by increasing HRT. However, domestic
wastewater tested 2 day-HRT is more suitable than HRTs of 4 and 8 days since washout
of algal biomass was observed which in turn affected nutrient removal efficiencies and
Chlorophyll-a concentrations in Y2 and Y3 reactors. Considering high nutrient removal
performance of the reactor operated with 2 days of HRT (Y1), washout observed in Y2

and Y3 reactors was mainly due to nutrient limitation.

It should be noted that ammonia-stripping affects nitrogen removal from wastewaters in

addition to direct utilization by microalgae. It has been reported that alkaline conditions,
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elevated air and water temperatures and the existence of abundant urea result in ammonia-
stripping (Li et al., 2011b; Su et al., 2012). Although the pH in the reactors was observed
in the range of 8 to 11 as a result of the photosynthetic activity, air temperature was kept
at 30+£2°C and urea was not dominant in the domestic wastewater. TAN removal trends
matched with growth curves (Figure 19b and f, Figure 20b and f, Figure 21b and f), which
suggest that main nitrogen removal mechanism was absorption by microalgae as
previously reported by Boonchai et al. (2012). A statistical analysis was also performed
using the algal growth and nutrient data obtained in the kinetic study conducted under the
same experimental conditions (Section 4.1.3). The statistical analysis results showed that
main nutrient removal mechanism is algal uptake since nutrient removal trends well fitted
with the algal growth (Chl-a) (Appendix H and I). Some researchers have performed
nitrogen balances to ensure that algal uptake is the main mechanism for nitrogen removal
during their experiments. For example, Woertz et al. (2009) has reported that ammonia
volatilization was minor (<7% of the total influent nitrogen) in the cultivation of algae in
municipal wastewater. They measured pH values around 10.3 during the semi-continuous
operation of the 3-day HRT photobioreactor without CO, sparging. They carried out a
nitrogen balance for the determination of Volatilized-N concentration by measuring
influent and effluent Ammonium-N, Nitrite-N, Nitrate-N and Organic-N concentrations.
Moreover, Su et al. (2012) have also reported that algal uptake was the main nitrogen
removal mechanism during the cultivation of mixed algal culture in municipal wastewater
and removal by ammonia stripping and denitrification accounted for 7.6%-10.1% of the
total nitrogen. For this study, nitrogen balance could not be made since only TAN and TN

concentrations were measured during the operation of the PBRs.

Nutrient removal efficiencies achieved in this semi-continuous study are in consistency
with relevant studies (Table 22). Woertz et al. (2009) has reported 84% removal of
ammonium and over 99% orthophosphate removal from primary treated municipal
wastewater in their semi-continuous experiment under ambient air supply. Wang et al.
(2010) obtained 99.7% ammonium, 89.5% total nitrogen and 92.0% total phosphorus
removal in the cultivation of Chlorella vulgaris (UTEX 2714) using 20x diluted
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undigested dairy manure with 2% CO> supplementation to stabilize pH. In the semi-

continuous study conducted by Lee et al. (2013) using mixed culture and 2" lagoon

effluent, the highest nutrient removal efficiencies (about 80% total nitrogen and 90% total

phosphorus) were obtained in the case with 3-day HRT and 0.5 mg/L P addition to achieve

a balanced N:P ratio. However, Ruiz-Martinez et al. (2012) reported relatively lower

ammonia removal efficiency during the semi-continuous cultivation of a mixed

microalgae in a phosphorus-limited effluent of a submerged anaerobic membrane

bioreactor.

Table 22 Nutrient removal efficiencies by algae reported in literature

TAN

. 3-_
Mlcroa_lgae Nutrient Source HRT Removal PO.™-P Reference
Specie (days) (%) Removal (%)

. Domestic (Woertz et al.,
Mixed Culture wastewater 3 days 84 99 2009)

Chlorella Undigested dairy (Wang et al.,

vulgaris manure 5 days 97 92 (TP) 2010)

. Anaerobic (Ruiz-Martinez et
Mixed Culture process effluent 2 days 67.2 97.8 al., 2012)
Mixed Culture Domestic 3 days 80 (TN) 90 (TP) (Lee et al., 2013)

wastewater
Mixed Culture Domestic 2 days 94.7 93.8 This Study
wastewater

Characteristic of the specific type of wastewater utilized and the microalgal species or

microbial consortia involved, illumination cycle, CO> bubbling are the factors affecting
COD removal efficiency (Hu et al., 2012; Olguin, 2012; Tercero et al., 2013). Due to the
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operation under continuous illumination, the aerobic respiration of algal biomass was
minimal and photosynthesis was the dominating activity of algal cultures. However, a
partial COD removal could also be obtained in the reactors (Figure 19¢g, Figure 20g and
Figure 21g). Among the three PBRs, highest sCOD removal efficiencies (30-40%) were
measured in Y1 reactor. This suggests that the mixed culture used in this study could
utilize different organic compounds as carbon sources besides CO2 which was discussed
in a previous work (Li et al., 2011b). On the other hand, Tercero et al. (2013) has reported
that COD was not consumed during their semi-continuous studies conducted under
continuous light at 100 pmol m~2 s™1. This was explained by the preinoculum grown under
sparging with CO»-enriched air (5%) which affected the capability of C. protothecoides

to use organic carbon in their studies.

4.1.3. Kinetic Study

This 72-hour kinetic study aimed at determination of growth and nutrient removal kinetic
parameters of the mixed microalgae culture which was previously acclimated to domestic
wastewater during the semi-continuous study (Section 4.1.2). As also described in detail
in Section 3.6.1.3, this batch study was conducted in a 1-L Test PBR (presented
schematically in Figure 13) using the mixed microalgae culture (100 mL) which was the
output of the semi-continuous PBR with 2-day HRT (Y1) and primary treated domestic
wastewater (900 mL). The PBR was operated at 30+2°C under 120 pmol m? s?
continuous illumination and 0.5 vvm aeration. 50-100 mL sample was collected
periodically from the reactor to measure O.D., TAN and POs*-P concentrations in the
reactor. Solids concentrations, TN and sCOD were also measured once a day.

The variation in O.D., solid concentrations, Total Nitrogen (TN), Total Ammonia
Nitrogen (TAN), Orthophosphate (POs*-P) and soluble Chemical Oxygen Demand

(sCOD) concentrations during the 72 hours of batch operation is depicted in Figure 22.
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4.1.3.1. Change in pH and Biomass Production

Within 72 hours of operation, an increase in pH, from 6 to 10.68, was observed as a result
of photosynthetic activity (Figure 22a). This shows that atmospheric air supplied to the
culture was not sufficient to provide enough CO: to prevent large rise in pH as observed
in the study conducted by Ruiz-Marin et al. (2010). Mennaa et al. (2015) has also reported
similar final pH values (between 9.7 and 10.3) after a 3-day batch study in which urban

wastewater and seven microalgae species were used.

As can be seen from Figure 22b and Figure 22c, the growth curves show no lag or
adaptation phase since the stock culture (inoculum) had been already acclimated to the
domestic wastewater (Section 4.1.2). Considering O.D. and solids data, it can be said that
the growth rate significantly declined after 57 h when O.D. has exceeded 1.0 (Figure 22b).
The stationary phase could not be clearly observed in the solids data (Figure 22c),
however it can be assumed that it had been reached at 72" hour by considering the change
in O.D. (Figure 22b).

In this study, the specific growth rate was calculated by plotting the natural log of the
optical density versus time (black line in Figure 23). The specific growth rate was
observed as 0.03 hr? (0.72 d*) which is the slope of the trend line (red dashed line in
Figure 23) within In(OD) values between t1=0 h and t2=30 h period (red line in Figure 23)
with r2=0.98.
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Figure 23 Determination of the specific growth rate

The specific growth rate determined in this study is higher than those obtained in the batch
study conducted with unacclimated cultures (Section 4.1.1). This finding shows the
importance of the acclimation on the growth (Yun et al., 1997). The obtained growth rate
in this study is also higher than those reported in various related studies. For example,
Boonchai et al. (2012) achieved a specific growth rate of 0.452 d* under a light intensity
of 50 umol m~2 s! with the light:dark cycle of 14h:10h in the batch cultivation of
C.vulgaris. Similarly, Wang et al. (2010) reported a similar specific growth rate of 0.429
dt when domestic wastewater from primary settling tank was used in the batch cultivation
of Chlorella sp. under continuous illumination at 200 pumol m=2 s™! and at 25+2 °C. Tam
et al. (1990) also reported growth rates in the range between 0.3 d* and 0.5 d* for the
batch cultivation of Chlorella pyrenoidosa in settled and activated sewage under 4000 lux
(56 pmol m2 s7!) illumination at 16h:8h light-dark cycles and at a temperature of 20+2
°C. Li et al. (2013) reported a much lower specific growth rate of 0.30 d* for the growth
of Chlorella vulgaris in primary domestic wastewater for 5 days at 25 °C with an
irradiance of 40-60 pumol m™2 s~! on a 16h:8h light-dark cycle. Moreover, Lau et al. (1995)
reported specific growth rates in the range of 0.2742-0.2771 d* for the batch cultivation
of Chlorella vulgaris at 24+1 °C, under continuous illumination of 4300+300 lux (56-62
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umol m2 s™) at light-dark cycles of 16h:8h. It should be noted that, although domestic
wastewater was used in these studies, light intensities and/or photoperiods applied were
different than that used in this study. Therefore, it can be concluded that microalgae
species, light intensity and the frequency of light/dark cycle strongly influence the growth
rate of algal cells.

In this study, TS measurements could have been made five times since each TS
measurement (mean of triplicates) required at least a total sample volume of 75 mL. Due
to the limited TS data, productivity value was calculated over 72-h period in accordance
with Equation 1 (Section 2.3.1). Within the 72-h operation, the initial TS concentration
was increased from 0.39 g/L to 1.24 g/L which corresponds to a productivity of 0.283
g/L.d. Similarly, Ji et al. (2014) reported productivity values between 190 and 290
mg/L.day for the batch cultures of Desmodesmus sp grown with anaerobic digestion

wastewater.

However, Li et al. (2013) reported a lower biomass productivity value of 0.15 g/L.d. with
a peak biomass value of 0.76 g/L for the cultivation of Chlorella vulgaris in municipal
wastewater. Yao et al. (2015) also reported a low productivity value of 0.19 mg/L.d for
Chlorella sorokiniana grown in a mixture of swine and municipal wastewater. The lower
biomass production obtained in their study can be explained by the lower light intensities

and different photoperiods used by these researchers.

4.1.3.2. Nutrient Removal

As shown in Figure 22d and Figure 22e, significantly high TN and TAN removal
efficiencies were achieved at the end of this kinetic study. TN and TAN contents in the
reactor dropped from their initial values of 21.3 mg/L and 21.14 mg/L to less than 2.3
mg/L and 0.35 mg/L after 48 hours, respectively. At the end of 72-hour batch growth, TN
removal efficiency and TN removal rate were 90.3% and 6.4 mg TN/L.d, respectively.
TAN was completely removed at the end of the operation with a 8.9 mg TAN/L.d removal
rate.
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PO4>-P concentration decreased from 3.46 mg/L to 0.2 mg/L in 48 hours (Figure 22f).
The final concentration was obtained as 0.18 mg/L which resulted in a removal efficiency

and a removal rate of 94.7% and 1.1 mg POs>-P/L.d, respectively.

In this kinetic study, most of the TAN (72%) and PO4>-P (66%) in the wastewater has
been removed by microalgae within 24 hours and it has been observed that depletion of
nutrients slowed down the growth (Figure 22b and c). When TAN was completely
removed from the wastewater (t=57 h), >%?5 of the initial PO,>-P concentration has not
be utilized by the algae. Therefore, growth limiting nutrient was nitrogen in this study as
well. Moreover, it can be concluded that N:P ratio of the mixed microalgae culture was
similar to that of studied domestic wastewater when very similar nitrogen and phosphorus

removal trends are considered (Figure 22e and f).

As stated in Section 4.1.3.1, pH in the PBR has increased from to 6 to the levels higher
than 10. Therefore, ammonia-stripping and phosphate precipitation might have indirectly
affected the nutrient removal process (Izhar, 2016). In order to verify that the main
nutrient removal mechanism was microalgal uptake in the study, the growth data of the
microalgae were analyzed using Minitab 17 software. Chl-a data for YB-1 PBR were
generated using the correlation between Chlorophyll-a concentration and TVS
concentration data obtained during the operation of semi-continuous PBR named Y1 with
2-day HRT (Appendix G). It should be noted the output Y1 PBR has been used as the

inoculum source for this Kinetic study (Section 4.1.3).

According to the results, there was a strong relationship between Chlorophyll-a
concentrations and reduction in TAN (R? = - 0.951) and POs*-P (R? = - 0.941)
concentrations (Appendix H and 1) showing that most of the TAN and PO4>-P have
already been removed by algae before that pH was above 9.5 as discussed by Su et al.
(2012).

As shown in Figure 229, there was a slight decrease in sSCOD concentration. It decreased
from 66.7 mg/L to 59.6 mg/L in 72 hours and, corresponding removal efficiency was

10.6%. Low sCOD removal in this batch study indicates that the heterotrophy of
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microalgae (Section 2.3.3.5), and heterotrophic bacteria was negligible as reported by Yun
etal. (1997).

Nutrient removal efficiencies obtained in this batch study were consistent with referenced
values. Ruiz-Marin et al., (2010) obtained 100% NH4*-N and 83.3% PQO4*-P removal
efficiencies in 50 hours for batch culture of S.obliquus growing in urban wastewaters. Li
et al. (2013) reported 98.1%, 90.9%, 90% removal efficiencies for NH4*-N, TN and TP
in 10 days of batch cultivation of Chlorella vulgaris in sterilized primary treated
municipal wastewater. Soluble N and P removal efficiencies of 95.7% and 96.4% for
Chlorella sp. and, 93.9% and 96.1% for Micractinium sp. were reported at the end of
batch cultivation with an urban primary effluent which had similar nutrient concentrations
with the wastewater used in this study. On the other hand, sCOD concentrations reduced
to 24 mg/L and 25 mg/L from 93 mg/L for Chlorella vulgaris and Micratinium sp.,
respectively, in their study. The high sCOD removal than expected was explained by the
growth of heterotrophic algae and bacteria during 8-hours dark periods applied to the
cultures (Wang et al., 2013).

Su et al. (2012) reported that mixed culture could treat 98% of NH4*-N and %99 of PO,*
-P in urban wastewater containing 48.9 mg NH4*-N/L and 4.0 mg PO4>-P. However, in
order to achieve these high efficiencies a retention time of 9 days and 7 days for ammonia
and orthophosphate, respectively. Therefore, the corresponding nutrient removal rates
were only 5.4 mg NH4"-N/L /L.d and 0.57 mg PO4>-P. The difference in nutrient removal
rates between their results and obtained in this study can be explained by the effect of
photoperiod and light intensity on nutrient removal. In their study, illumination was 7000
lux (98 umol m2 s™!) with a period of 12 hours. On the other hand, continuous

illumination at 120 umol m~2 s~ was used in this study.

85



4.2. Microalgae Cultivation in Industrial Wastewater Diluted with Sludge Thickener

Supernatant

4.2.1. Batch Operation

In the batch operation, the effects of N:P (TAN:PO4*-P) ratio on microalgae growth and
biomass yield, nutrient removal and CO; fixation efficiency were investigated as
described previously in Section 3.6.2.1. With the aim of evaluating the effects of N:P
ratio, mixed algal culture was grown in batch mode using unsterilized industrial and
domestic wastewater mixtures with TAN: PO4*-P (g/g) ratios of 6 (the PBR named DB6),
8 (the PBR named DB8) and 10 (the PBR named DB10). In order to get these ratios, coke
plant wastewater taken from KARDEMIR Integrated Iron and Steel Factory was diluted
with primary thickener supernatant obtained from Ankara Tatlar WWTP. Table 23 shows
the initial (t=0) nutrient concentrations in the DB6, DB8 and DB10 photobioreactors.

Table 23 Initial nutrient concentrations in the batch PBRs

Reactor Initial TAN Initial POs*-P | Initial TAN:P_O43‘-P
(mg/L) (mg/L) (9/g) Ratio
DB6 148.9 23.6 6.3
DB8 167.2 215 7.8
DB10 194.5 20.7 9.4

The batch mode-PBRs were operated at 28+2 °C under 120 umol m~2 s™! continuous light
and 4% COo-enriched air. The graphs showing the trends in pH, O.D., TS and TVS,
Chlorophyll-a, TAN and PO4*-P concentrations in DB6, DB8 and DB10 photobioreactors

are given in Figure 24, Figure 25 and Figure 26, respectively.
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4.2.1.1.The Effect of N:P Ratio on Biomass Production

The biomass growth in the PBRs was monitored daily by measuring O.D. at 685 nm
wavelength, dry weight as Total Solids (TS) and Volatile Solids (TVS) and ChlorophylI-
a (Chl-a) concentration. Table 24 provides final pH and biomass concentrations obtained

at the end of the experiment.

Table 24 Summary of the results

TAN:POS-P | Final | Final | Final | P | productivity | oo

(N:P) Ratio pH O.D. TS Rate (d) (mg TS/L.d) (mg/L)
6 634 | 844 | 2654 | 0476 0.252 19.4
8 556 | 867 | 2576 | 0475 0.235 16.7
10 625 | 7.15 | 2420 | 0423 0222 15.4

As can be seen from Figure 24a, Figure 25a and Figure 26a, pH values in the reactors
dropped to the range of 6-7 from 8.5-9 in the first day of operation and then stayed in this
range till the end of the experiment (10" day). Figure 24a, Figure 25a and Figure 26a
show that COz-enriched air supplied to the cultures could prevent increase in pH which
was observed in the batch studies conducted with ambient air (Sections 4.1.1 and 4.1.3).
Considering that the optimum range is around neutral pH for many microalgae species
(Kumar et al., 2010), it can be said that supplied %4 CO- had positive effect on microalgae
growth in terms of pH buffering.

Mixed microalgae culture showed a lag phase for the all N:P (TAN:PO4>-P) ratios (Figure
24b, Figure 25b and Figure 26b) since acclimation of the mixed microalgae culture to the
toxic materials such as cyanide originated from the coke plant wastewater (Dash et al.,
2009) and to the high nutrient concentrations was necessary. Relatively longer lag phases
observed in DB8 and DB10 reactors might have been caused by the larger industrial
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wastewater volumes used for the preparation of their inputs (Section 3.6.2.1). It should be
also noted that concentrations of hazardous volatile organic contaminants present in the
coke plant wastewater might have decreased during the lag period as a result of continuous
aeration (El-behlil et al., 2012).

After an initial lag period, optical densities in the PBRs started to increase on 3™ day of
the cultivation. At the end of the cultivation period of 10 days, optical densities in DB6,
DB8 and DB10 have reached 8.44, 8.67 and 7.15, respectively (Figure 24b, Figure 25b
and Figure 26b). In order to determine the specific growth rates, In(O.D.) versus time
were plotted (Appendix B-1). The slopes of the straight line of the plots were equal to
specific growth rates. By using this method, logarithmic change in the O.D. values of the
cultures between 3 and 7" days (exponential growth period) was calculated. The
resulting growth rates were 0.476 d!, 0.475 d* and 0.423 d! in DB6, DB8 and DB10,
respectively. Therefore, it can be postulated that the specific growth rates were similar for
the N:P ratios of 6 and 8 and, it was lowest for the N:P ratio of 10 under conditions of this

batch experiment.

The growth rate values achieved in this study are comparable with those obtained in other
studies. For example, Chiu et al. (2008) obtained a specific growth rate of 0.343 d* for
high density inoculums of Chlorella sp. in an 800 mL-photobioreactor at 26+1 °C under
continuous illumination with light intensity of 300 pmol m2 s™!, aerated and mixed with
5% COz-enriched air at a rate of 0.25 vvm. In a different study, algal consortium in
primary wastewater effluent has showed a specific growth rate of 0.53 d at room
temperature, 440 pmol m2 s~! with light/dark cycle of 16h:8h and 2% CO; ina 1 L-bottle
(Samori et al., 2013). Yet, some researchers reported higher growth rates. For example,
Tang et al. (2011) achieved specific growth rates of 0.943 d* and 0.993 d* in the
cultivation of S.Obliquus SJTU-3 and C.Pyrenoidosa STJU-2 in 1L Erlenmeyer flasks
with BG11 medium under 180 pmol m2 st continuous illumination at 25+1 °C and 5%
CO.. Besides, Filali et al. (2011) achieved a maximum specific growth rate of 1.92 d* for
Chlorella vulgaris in a bubble column reactor with a total culture volume of 9.6 L at 25

°C with 80 pmol m~2 s™! continuous illumination and 5% CO2 supply.
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The trend in optical densities was also observed in solids concentrations (Figure 24c,
Figure 25c and Figure 26¢). Total Solids (TS) and Total Volatile Solids (TVS)
concentrations started to increase on 3" day of the experiments. Then, concentrations of
TS and TVS increased almost linearly till 10" day in all reactors. The final TS and TVS
concentrations were 0.265 g TS/L - 0.131 g TVS/L, 0.257 g TS/L - 0.118 g TVS/L and,
0.242 g TS/L - 0.114 g TVS/L for DB6, DB8 and DB10, respectively. In parallel with the
dry weights, the final Chlorophyll-a concentration was the highest in DB6 and was the
lowest in DB10 (Figure 24d, Figure 25d and Figure 26d).

The solid concentrations obtained in this study are lower than what is reported by Hulatt
et al. (2011). They studied different power inputs for sparging by batch cultivation of
microalgae at 4% CO; and achieved higher biomass concentrations, which were in the
range of 3.03-3.60 g SS/L.d for Dunaliella and in the range of 2.7-3.62 g SS/L.d for
C.vulgaris. The higher biomass concentrations achieved can be explained by higher
incident radiance (350 pmol m~2 s™!) used in their study. Yet, Yun et al. (1997) cultivated
C.vulgaris in raw industrial wastewater at %5 CO; and reported biomass concentrations
of 1.58 g SS/L when culture was adapted to air and 1.72 g SS/L when the culture was
adapted to %5 CO.. Their study showed that adaptation to the higher CO concentrations
could significantly improve the growth of microalgae. Therefore, it can be stated that
biomass concentrations obtained in this experiment (Table 24) are promising since no

adaptation period to the CO2-enriched air was applied.

In this study, productivity values were calculated according to the Equation 1 (Section
2.3.1) using the Total Solids (TS) data obtained during the linear growth (Appendix B-2).
The productivity values were determined to be 0.252, 0.235 and 0.22 g/L.day in DB6,
DB8 and DB10, respectively. These productivity rates are comparable with the reported
values in relevant studies. S.Obliquus have been cultivated in urban wastewater with %5
CO2 and, a productivity rate of 0.23 g SS/d.L was achieved (Ruiz et al., 2013). S.Obliquus
SJTU-3 and C.Pyrenoidosa STJU-2 were cultivated in batch mode at %5 CO; and
productivity values of 0.158 and 0.133 g SS/L.d, respectively, were obtained (Tang et al.,
2011). On the other hand, Ryu et al. (2009) cultivated Chlorella sp. in Allen medium with
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100 pmol m~2 s7! continuous illumination at air enriched with 5% CO- at a flow rate of
0.2 vvm and, reported 0.34 g SS/L.d productivity.

4.2.1.2.The Effect of N:P Ratio on CO: Fixation
In this batch study, all reactors were operated in batch mode under the same experimental
conditions and with continuous supply of 4% CO.. For determination of the CO; fixation
rates, Equation 5 was used (Jacob-Lopes et al., 2009):

Mco,

Rco, = Cc X P X - (Equation 5)

(o}

According to the Equation 5, Rco2 is the carbon fixation rate (g CO./L.day), Cc is the
average carbon content of microalgae, P is the productivity, Mco2 is the molecular weight
of CO2 (44 g/mol) and Mc is molecular weight of elemental carbon (C). Productivity
values were already given in Section 4.2.1.1. The average carbon content of microalgae
was obtained as 0.51 g C/g dry cell weight in the elemental analysis conducted by an
accredited laboratory (Appendix F). By using these values, CO; fixation rates were
calculated as 0.477, 0.445 and 0.420 g CO2/L.d in DB6, DB8 and DB12, respectively.
The highest CO; fixation rate observed in DB6 since productivity values achieved in these

reactors were the determinant in calculation of CO- fixation rates.

These results are comparable to the published literature. In the batch study of Hulatt et al.
(2011) under %4 COo, fixation rates were between 0.43 and 0.51 g CO2/L.d for Dunaliella
tertiolecta and, between 0.30 and 0.40 g CO/L.d for Chlorella vulgaris were obtained.
Synechococcus PCC7942 was cultivated in an air-lift column at %5 CO. and light
intensity of 8klx (100 pmol m2s™!) and CO; uptake rate of 0.6 g CO/L.d was achieved.
However, a higher fixation rate of 0.7 g CO./L.d was observed when Chlorella sp.
AG10002 was cultivated at 5% COs-. In their study, the effect of flow rate (vwm) on CO>
utilization efficiency was also investigated and it was found that as aeration rate increased
from 0.1 to 0.5, the efficiency decreased. The optimum flow rate was found to be 0.2 vvm
in terms of productivity and CO; fixation. Furthermore, the carbon content of microalgae

used in their study was reported as 0.57 g C/ g biomass (Ryu et al., 2009). Therefore,
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higher CO> utilization rate achieved at similar experimental conditions can be explained

by both appropriate flow rate and microalgae strain used.

4.2.1.3.The Effect of N:P Ratio on Nutrient Removal

It was critical to determine optimum N:P (TAN:PO4*-P) ratio for wastewater to be used
in order to attain high algae growth and high nutrient removal efficiencies. In parallel with
microalgal growth, nutrient removal percentages were different in the reactors. After 10
days of cultivation, TAN and POs*-P removal efficiencies were %100-%95.8, %95.8-
%71.5 and %87.8-%46 for DB6, DB8 and DB10, respectively (Figure 24e, f, Figure 25e,
f and Figure 26e, f). Average removal efficiencies and rates are given in Table 25. It
appears that POs>-P removal was obviously affected by the N:P ratios and TAN could be

more efficiently removed than phosphate at N:P ratios of 6, 8 and 10 under the conditions

of this study.
Table 25 Nutrient removal efficiencies and rates in the PBRs
PO43-P
Reactor TAN TAN Removal POs-P Remo\;‘al rate
Removal (%« Rate (mg/L.d Removal (%t

(%) (mg/L.d) 06 | L
DB6 100 14.89 95.8 2.96
DB8 95.8 16.02 715 1.97
DB10 87.8 17.08 46.0 1.50

It was observed that the nutrient concentrations did not decrease rapidly due to slow
growth in the first 3 days of cultivation (Figure 24b, Figure 25b and Figure 26b), while
the TAN and PO4>-P were almost completely removed within 10 days in reactor DB6.
Concentrations of TAN and PO,*-P in wastewater were significantly decreased from
148.9 mg/L to less than 1 mg/L and from 23.6 mg/L to 1.1 mg/L, respectively, after 10
days of cultivation. The corresponding nutrient removal rates were 14.89 mg TAN/L.d
and 2.96 mg PO,*-P/L.d in DB6.
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There was also a significant TAN removal in DB8 and DB10 reactors (Figure 25e and
Figure 26e). However, 10 days of cultivation period was not sufficient to remove the
nutrients completely (Figure 25e, f and Figure 26e, f). TAN concentrations decreased
from 167.2 mg/L to 6.9 mg/L in DB8 and, from 194.5 mg/L to 23.7 mg/L in DB 10 and,
corresponding TAN removal rates were 16.02 mg.L/d and 17.08 mg.L/d, respectively.
These results showed that higher initial ammonia concentration led to over uptake of
ammonia by algal cells. Similar observation was made by Wang et al. (2013) and Aslan
and Kapdan (2006).

It was observed that POs*-P removal efficiencies and removal rates obviously decreased
as N:P ratio increased from 6 to 10 (Figure 24f, Figure 25f and Figure 26f). In DB8
reactor, PO4>-P concentration decreased from 21.5 mg/L to 6 mg/L and POs*-P removal
rate was calculated as 1.96 mg/L.d. POs*-P removal was the lowest in DB10 among three
reactors. POs>-P concentration decreased from 20.76 to 11.2 mg/L and resulting removal

rate was only 1.50 mg/L.d.

In this batch study, nutrient-rich wastewater mixtures with N:P (g/g) ratios of 6, 8 and 10
were used to grow mixed microalgae culture. TAN and PO4*-P data (Figure 24e, f, Figure
25e, f and Figure 26e, f) showed that microalgae removed TAN faster than PO,>-P at the
all N:P ratios studied. Although TAN could not be completely removed in the PBRs
named DB 8 and DB10 within 10 days (Table 25), the results indicated that nitrogen was

the limiting nutrient for algae growth at the all N:P ratios.

Wastewater composition and environmental conditions such as the initial nutrient
concentration, N:P ratio, light intensity or algae species directly affect nutrient removal
efficiencies. Therefore, reported values vary depending on these factors (Aslan and
Kapdan, 2006). The resulting nitrogen removal efficiencies in this batch study are
consistent with other studies having similar conditions. For instance, Yun et al. (1997)
have reported %100 ammonia-N removal efficiency with a rate of 20.64 mg/L.d. Yet,

ammonia-N concentration was only 54.6 mg/L and could be removed in 3 days. In the
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present study, ammonia concentrations were between 148.9 and 194.6 mg TAN /L (Table
25).

Higher phosphate removal efficiencies were obtained compared to some of other
previously reported values although PO4>-P concentrations in the reactors were between
20.7 mg/L and 23.6 mg/L. For example, Chlamydomonas sp. was cultivated with
industrial wastewater under continuous illumination of 125 pmol m~2 s ! and aeration of
%5 COg/air (v/v) mixture. Microalgae culture could completely remove NH4*-N from the
wastewater with a consumption rate of 19.2 mg NH4"-N/L/d. However, POs*-P removal
was only 33% in 10 days with a removal rate of 1.5 POs>-P/L.d (Wu et al., 2012). While,
higher phosphate removal efficiencies could also be achieved in some studies. For
example, Chinnasamy et al. (2010) cultivated a consortium of 15 native algae in treated
and untreated wastewaters containing 85-90% carpet industry effluents with 10-15%
municipal sewage by providing continuous illumination at an irradiance of 75-80 pumol
m~2 s7! and bubbling 6% CO.—air mixture at a rate of 0.1 L/min. After 72 hours of
incubation in treated wastewater, the consortium achieved 99.8% nitrate-N, 100%

ammonia-N and 96.6% phosphate-P removal.

The results of this study showed that even at high concentrations, both nitrogen and
phosphorus can be efficiently removed provided that N:P ratio of the wastewater is
balanced. The results also suggest that N:P (TAN:PO,*-P) ratio of 6 is the most adequate
ratio to produce the highest amount of biomass and to achieve highest level of nutrient

removal within a shorter time (Table 24 and Table 25).

4.2.2. Semi-Continuous Operation

This study investigated the potential for nutrient removal from wastewater coupled with
CO- sequestration when mixed microalgae culture was grown in semi-continuous PBRs.
Within the scope of this study, three semi-continuous PBRs were operated at different
HRT. The reactors were fed with coke plant wastewater diluted with sludge thickener
effluent. The mixture had a TAN:PO4*-P ratio of 6 (g/g), which was found to be the
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optimum TAN:PO.*-P (g/g) ratio for the studied mixed microalgae culture and

experimental conditions (Section 4.2.1).

In order to investigate the effect of the HRT on the biomass production, nutrient removal
and CO; sequestration potential of the mixed algae culture, HRT of the reactors was
adjusted to 5 (the PBR named D5), 8 (the PBR named D8), and 12 (the PBR named D12)
days. The conditions of temperature (28+2 °C), lighting (continuous, 120 umol m2s™!)
and CO2 sparging (4% CO.-enriched at 0.5 vvm) were the same for all reactors during this
study (Section 3.6.2.2).

The biomass production, O.D., TS and TVS, and concentration of nutrients, TAN and
PO,>-P, in the PBRs were measured from the start-up until the end of operation. Besides,
Chlorophyll-a (Chl-a), TN and sCOD parameters were monitored when the reactors at
steady-state conditions. The results of the analyses conducted for D5, D8 and D12 PBRs

are shown graphically in Figure 27, Figure 28 and Figure 29, respectively.
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4.2.2.1. The Effect of HRT on Biomass Production

When the O.D. and solids data of the PBRs are considered, it can be concluded that steady-
state growth profile was achieved after 6™, 11" and 12" days of operation in D5, D8 and
D12 photobioreactors, respectively (Figure 27b, ¢, Figure 28b, ¢ and Figure 29b, c). The
initial pH in all the reactors was 7.9. The pH values gradually decreased until steady-state
conditions were observed (Figure 27a, Figure 28a and Figure 29a). At steady-state, the
pH in the PBRs remained stable within the range of 5.85-6.5. Although no pH adjustment
was made for the PBRs during their operation, it has been observed that supplied CO>
provided necessary buffering capacity (measured pH values were between 6.0 and 6.6)
for microalgae to grow successfully at all HRTs studied (Figure 27b, Figure 28b and
Figure 29b).

The biomass data of the PBRs operated at various HRTs show that the algal cells grew
well under continuous supply of 4% CO- and without any inhibition caused by the diluted
industrial wastewater (Figure 27b, c, Figure 28b, c and Figure 29b, ¢). The initial OD, TS
and TVS values of the PBRs were 0.92, 1110+7 mg/L and 645+4 mg/L, respectively. The
average of the measured OD, TS, TVS and Chlorophyll-a (Chl-a) concentrations under
steady-state conditions are given with their standard deviations (x) in Table 26. The

number of samples used to calculate the average concentrations are given in brackets.

Table 26 Average steady-state biomass concentrations in the D5, D8 and D12 PBRs

PBR&HRT | OP2LO% 1t (mg) | Tvs(mgi) | chi-a(m)
D5 (5days) | 3.240.4 (25) | 16124118 (13) | 760428 (13) | 25.840.9 (3)
DS (8 days) | 5.0+0.3 (32) | 24894140 (13) | 1023+48 (13) | 44.2+15 (4)
D12 (12 days) | 5.3+0.3 (40) | 2555491 (17) | 1063+57 (17) | 43.2+1.7 (6)

Based on these results, the biomass production obtained in D12 reactor was the highest
and it was comparable with the values achieved in D8 (Table 26). Whereas the biomass

production in reactor D5 was significantly lower than these two reactors. In parallel with
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the algal biomass concentrations, the lowest steady-state Chlorophyll-a concentration was
measured in D5 and, higher and comparable Chlorophyll-a concentrations were obtained
in the reactors D8 and D12 (Table 26). From these results, it can be concluded that the
steady-state concentration of algal biomass increased when the HRT increased from 5 to
12 under the conditions of this study. When the growth rates are considered, longer HRT
values increased the biomass production by introducing higher contact with light and
carbon sources (Chae et al., 2006). Similar observation was reported in relevant studies.
For example, Tang et al. (2012) reported the highest steady-state biomass concentration
at the lowest flow rate (or the highest HRT) during the continuous cultivation of
Dunaliella tertiolecta in a 6-L PBR operated under continuous light and 4% CO: sparging.
Similar observation was made by Chae et al. (2006) during the semi-continuous
cultivation of Euglena gracilis in Cramer-Myers medium and under continuous supply of
10% CO: enriched air.

It is important to note that higher biomass concentrations could be achieved in this semi-
continuous study than those obtained in the previous semi-continuous study conducted
with primary treated domestic wastewater and ambient air supply (Section 4.1.2). Higher
biomass production obtained in this semi-continuous study can be explained by the proper
N:P ratio which was selected in the batch study (Section 4.2.1), high nutrient
concentrations in the feed wastewater which was a mixture of ammonia-rich coke plant
wastewater and phosphorus-rich domestic wastewater as well as continuous supply of 4%
COa.

Biomass concentrations observed in this study are slightly higher than those reported by
relevant works. For example, Chae et al. (2006) studied semi-continuous cultivation of
Euglena gracilis with Cramer—Myers medium, 10% CO; and HRT values between 5 and
8 days using a 100-L pilot-scale PBR and they obtained biomass concentrations between
510 mg/L for 5-day HRT and 910 mg/L for 8-day HRT. Tang et al. (2012) reported a
biomass concentration of 0.726 g TS/L in the continuous cultivation of Chlorella
minutissima in a 3-L PBR with continuous light of 50 umol m2s™?, 4% CO,, and at a

temperature of 25 °C. On the other hand, higher biomass concentrations of 5 g/L could be
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maintained in the semi-continuous cultivation of Chlorella sp. NCTU-2 at HRT values of
2, 3 and 8 days under continuous light at 300 pmol m~2 s 'and %5 CO- supply (Chiu et
al., 2009).

4.2.2.2. The Effect of HRT on Nutrient Removal

The nutrient removal efficiencies were determined based on the nutrient concentrations
in the effluent of the PBRs. The average of measured effluent TAN, POs*-P and TN
concentrations under steady-state conditions and corresponding nutrient removal
efficiencies are given with their standard deviations (£) in Table 27. The number of

samples used to calculate the average concentrations are given in brackets.

Table 27 Average effluent concentrations and corresponding removal rates in D5, D8
and D12 PBRs

Effluent TAN Effluent | PO4s*-P | Effluent TN Effluent sCOD

PBR TAN Removal | POs#-P | Removal TN Removal sCOD Removal
(mg/L) (%) (mg/L) (%) (mg/L) (%) (mg/L) (%)

D5 23.8+6.3 | 79.6+4.9 | 1.3+1.6 | 93.3+8.4 | 25.8+1.8 | 80.3+1.5 | 258.4+17.6 | 49.31£3.6
(13) (13) (13) (13) 3) 3) (8) 8

D8 1.6+1.2 | 98.6x1.1 | 0.44+0.3 | 97.7+1.8 | 1.3+0.5 | 98.9+0.3 | 237.2+10.7 | 54.0+2.2
(13) (13) (13) (13) (4) (4) (11) (11)

D12 1.42+1.42 | 99.0+1.2 | 0.4+0.3 | 98.1+1.6 | 2.1+1.3 | 98.4+1.0 | 193.8+11.1 | 62.0£2.2
(16) (16) (16) (16) (6) (6) (14) (14)

From the results, it can be said that nutrient removal efficiencies had a parallel relationship
with the growth data. As previously reported by Kapdan and Aslan (2008) and Lee et al.
(2013), a balanced N:P ratio is important to achieve high nitrogen and phosphorus
removal efficiencies. In the all PBRs, the nitrogen and phosphorus removal efficiencies
were comparable due to the balanced N:P ratio of the influent. Although significant
removals were achieved in the PBRs operating with 8 and 12 days of HRT, both TAN and
PO.*-P in the effluent were not completely removed (Figure 28d, e and Figure 29d, €).
Therefore, it can be stated that a limiting factor, probably the light intensity, might have
limited further biomass growth and nutrient removal in D8 and D12.
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For the D8 and D12 PBRs, the average effluent concentrations of the nutrients were lower
than 2 mg/L for TAN and 0.5 mg/L for PO4*-P (Table 27), which makes the effluent in
compliance with the Turkish Environmental Regulation on Water Pollution and Control
(31/12/2004-N0.25687) and with the EU directive 98/15/CE on urban wastewater
treatment. However, the PBR with 5-day HRT (D5) resulted in slightly lower TN, TAN
and PO4*-P removal efficiencies than those obtained in the PBRs with 8-day and 12-day
HRT (Table 27). This showed that 5-day retention period was not sufficient to achieve an

efficient nutrient removal for the studied wastewater.

Besides nitrogen and phosphorus, effluent concentrations of sSCOD were followed at
steady-state conditions (Figure 27f, Figure 28f and Figure 29f). Although sCOD
consumption was not expected due to the continuous supply of light and CO; enriched
air, at least 49% sCOD removal could be achieved in the PBRs (Table 27). The removal
rate was observed as high as 63.7% in PBR with 12-day HRT. As discussed by Delgadillo-
Mirquez et al. (2016) microalgae can exhibit different metabolisms including
heterotrophic and mixotrophic mode and, they are capable of metabolic shift in response
to changes in environmental conditions such as light intensity and photoperiod. Although
no dark period has been applied to the cultures, high cell concentrations in the reactors
led to limitation in light penetration and increase the self-shading effect in the reactors
(Cheah et al. 2014). This resulted in the mixotrophic growth conditions.

Nutrient removal efficiencies obtained in this semi-continuous study are comparable with
relevant studies. For example, Woertz et al. (2009) achieved over 99% removal of
ammonium and orthophosphate for CO,-sparged mixed cultures with both 3-day and 4-
day HRT. Li et al. (2013) reported that Chlorella vulgaris can efficiently remove
ammonium and total phosphorus from primary clarifier effluent under 2% CO: enriched
air by 98.4% and 91.8%, respectively. On the other hand, Ruiz-Martinez et al. (2012) used
pure CO> to stabilize pH during the semi-continuous cultivation of a mixed microalgae
culture in P-limited anaerobic process effluent and reported 67.2% ammonium and 97.8%
phosphate removal efficiencies. In the cultivation of mixed culture in 2" lagoon effluent

under 2% COy, Lee et al. (2013) could achieve a high phosphorus removal efficiency of
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over 80% but a low nitrogen removal efficiency of 30% due to the unbalanced N:P ratio.
Tercero et al. (2013) reported 90% ammonia and 70% orthophosphate removal from the
primary treated domestic wastewater with a continuously operated culture of Chlorella
protothecoides at 1.26-day HRT under 5% CO:..

Table 28 Nutrient removal efficiencies with CO- sparging by algae reported in literature

3.
Microalgae Nutrient CO2 HRT TAN I PO. PI f
Specie Source supply (days) Remova Remova Reference
(%) (%)
. Pure CO,
Mixed Culture | DOMESUC | g9 gopy 1o | 32Nd4 99 99 (Woertz et
wastewater . days al., 2009)
adjust pH
Chlorella Undigested 0 (Wang et
vulgaris dairy manure 2% 5 days 9.7 92(TP) al., 2010)
Anaerobic Pure CO, (Ruiz-
Mixed Culture process (99.9%) to 2 days 67.2 97.8 Martinez et
effluent adjust pH al., 2012)
Chlorella Domestic 0 (Lietal.,
vulgaris wastewater 2% 5 days 984 91.8 (TP) 2013)
Chlorella Domestic 0 (Tercero et
protothecoides wastewater 5% 1.26 days %0 70 al, 2013)
. Domestic o (Leeetal.,
Mixed Culture wastewater 2% 3 days 80 (TN) 30 (TP) 2013)
Industrial
Mixed Culture | 2nd domestic |, 8 days 98.6 97.7 | This Study
wastewater
mixture
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4.2.2.3. The Effect of HRT on CO2 Reduction

Besides nutrient removal, CO. removal performance of the PBRs namely, D5, D8 and
D12, was investigated in this study. In order to assess the amount of CO. consumed by
the PBRs, the differences in CO2 concentrations between inlet and outlet gas loads were
monitored during the steady-state growth conditions (Mortezaeikia et al., 2016).

A 1-L control reactor was filled only with the wastewater (without algae inoculation) and
operated for 2 days under the same experimental conditions in order to examine the abiotic
removal of CO. (Chiu et al., 2008). The measurements showed that there was no
significant difference between the inlet and outlet CO, concentrations (<1%), indicating
that there was no abiotic CO> removal in the control reactor. A similar observation was
made by Chiu et al. (2008) when CO»-enriched air at different concentrations were given
to a control reactor. Also, Keffer et al. (2002) reported that there was no abiotic CO>

removal in the control reactor.

In this study, the CO2 removal rates (mass-based) were calculated by the Equation 6
(Reddy, 2002):

P,in—P,out

C02 Removal Rate (g CO2/h) = 7 X FXMW Xt (Equation 6)

Where;

Pin=0.039 atm (example for a 3.99% (v/v) inlet CO2 concentration)
Pout=0.036 atm (example for a 3.6% (v/v) outlet CO, concentration)
R=0.082057 L.atm/mol.K

T=301 K (28 °C)

F=Air flow rate (0.5 vvm or 0.5 Lair/min.Lworking volume)
MW=Molecular weight of CO> (44 g/mol)

t=60 min/h

The average of the measured inlet and outlet CO2 concentrations under steady-state
conditions and corresponding CO2 removal efficiencies (%) and CO, removal rates (g
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CO2/h) are given with their standard deviations (x) in Table 29. The number of samples

used to calculate the average concentrations are given in brackets.

Table 29 COzremoval by the PBRs

Average Average
PBR Inlet CO2 Outlet CO2 CO2 Inlet CO2 Outlet CO2 CO2
(%) (%) Removal (9CO2h) | (g CO2h) Removal
(%) (g CO2/h)
DS 3.99+0.05 3.63+0.01 8.90+0.97 2.12+0.03 1.93+0.01 0.189+0.023
3) 3) 3) @) 3) @)
D8 4.00+0.03 3.24+0.02 19.12+0.56 2.12+0.02 1.7240.01 0.407+0.014
(7) (7) (7) () () ()
D12 4.02+0.03 3.19+0.07 20.46+1.63 2.13+0.02 1.70+0.03 0.436+0.004
(10) (10) (10) (10) (10) (10)

In the PBR with 5-day HRT (D5), CO2 measurements were performed on days 24, 26 and
28 within the steady-state operation period. The lowest CO, removal efficiencies were
obtained (8.1-10%) in this reactor. The operation of the PBR was stopped on 30" day due
to low nutrient (Section 4.2.2.2) and CO: removal efficiencies as a result of low

microalgae growth in the reactor.

In the reactor with 8-day HRT (D8), the measurements were made on different days 24,
26, 28, 31, 34, 37 and 40 and it has been observed that CO» removal efficiency was in the
range of 18.4% and 19.9%.

In the reactor with 12-day HRT, the measurements were done on 10 days between days
24 and 49. Although there was no significant difference between performances of the D8
and D12 reactors, the highest CO> removal efficiency was measured in D12. The removal
efficiencies were in the range of 18.4-23.7%. Figure 30 and Figure 31 show the CO;
removal efficiencies and CO2 removal rates based on mass, respectively, obtained during

the operation of the D12 photobioreactor.
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These results indicate that as biomass concentration increases, CO2 removal rate also
increases due to utilization of CO> during photosynthesis. It is important to note that CO>
removal is dependent on various factors including the characteristic of the microalgae
strain, cultivation system and reactor type, operating conditions (light intensity,
photoperiod and aeration rate etc.) and CO2 concentration (Cheah et al., 2014; Van Den
Hende et al., 2012). Therefore, different values have been reported in the literature for the

CO2 sequestration by algae (Table 30).
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The CO2 removal rates obtained in this study are comparable with those reported by Chiu
et al. (2009) and Reddy (2002). Chiu et al. (2009) reported a CO- reduction rate of 0.316
g/h in the semi-continuous cultivation of Chlorella sp. NCTU-2 with 5% CO2, 0.25 vvm
aeration and continuous illumination in the 4-L bubble column PBR. The results of their
study also showed that CO, removal efficiency in the porous centric-tube photobioreactor
was about 50% higher than those in the bubble column photobioreactor. Moreover, CO>
removal efficiency could be increased by using high density cultures (5.15 g/L) and lower
aeration rates (0.125 vvm). Similarly, Reddy (2002) has reported 0.6 g/h CO2 removal for
mixed algae culture grown in a flat-plate PBR with 5% CO- at an aeration rate of 0.132
L/min. On the other hand, Chae et al. (2006) has reported a much lower CO removal rate
of 0.003 g/h (74 g/m® per day) with L-Shaped Innovative PBR in the semi-continuous
cultivation of Euglena gracilis at 10% COz-enriched air supply. It should be noted that
they have calculated the removal rate based on the daily average biomass production value
of 113 g/dry cell. Keffer et al. (2002) reported higher CO. removal rates between 4.4 g/h
and 14.2 g/h with an average of 12.5 g CO2/h when the Chlorella vulgaris culture was
exposed to an air stream with 0.185% CO». The high CO> removals can be explained by
the low CO> concentration utilized and tubular reactor configuration allowing efficient
high light penetration.
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Table 30 Reported CO2 removal efficiencies by microalgae

Inlet CO2

CO2 Removal

Reactor Type| Culture Mode Light (%) Rate (g/h) Reference
Tubular C.vulgaris | Continuous | Continuous 0.185 12.5 (Keféfg(r)g al.,
Flat Plate Mixed Continuous | Continuous 5 0.6 (Reddy, 2002)
L-Shaped

Innovative Eug'?’?a Semi-cont. | Continuous 10 0.003 (Chae etal,
gracilis 2006)
PBR
Bubble . . (Chiuetal.,

Column PBR Chlorella sp. | Continuous | Continuous 5 0.316 2009)
Test PBR
(Bubble Mixed Semi-cont. | Continuous 4 0.436 This Study
Column)
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4.3. Summary of the Results

In this study, biomass production, nutrient removal and CO; sequestration potential of
batch and semi-continuous mixed microalgae cultures were investigated using the
unsterilized wastewaters from Ankara Tatlar WWTP and industrial wastewater from
KARDEMIR Coke Plant. Besides, the effects of inoculum volume, HRT, N:P ratio of
wastewater and COz-enriched air supply on the algal growth and nutrient removal were

monitored in different phases of this study.

In the first part of the study, unsterilized primary treated domestic wastewater was used
as the cultivation medium. It was shown that the domestic wastewater can provide
adequate nitrogen and phosphorus for the growth of microalgae without a supply of
additional nutrients. It was also found that competition with endogenous bacteria did not

affect the growth of the algae.

In the batch set-up with primary treated domestic wastewater, the effects of inoculum
volume on the growth and nutrient removal rates were investigated. It was found that 10%
(v/v) was more suitable in terms of higher biomass production and nutrient removal rates
achieved within a shorter time. This inoculum volume was used throughout the

experiments.

In the semi-continuous operation with domestic wastewater, PBRs were operated with
HRTs of 2, 4 and 8 days. It was observed that, even at a low HRT of 2 days, mixed
microalgae culture achieved removal efficiencies of 94.7 % and 93.8% for TAN and PO4*>
-P, respectively, at steady-state growth period. The effluent nutrient levels (TN < 2 mg/L
and POs*-P < 0.5 mg/L) obtained were lower than the strictest discharge standards in
Turkey and EU and, it was proved that the mixed microalgae culture is applicable for
treatment of domestic wastewater. The steady-state TS and TVS concentrations in 2-day
HRT culture were 0.96 g/L and 0.58 g/L, respectively. However, for the PBRs with HRT
of 4 and 8 days, steady-state conditions could not be maintained and the cultures collapsed

as a result of nutrient limitation.
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After the semi-continuous study, a kinetic study was conducted with the domestic
wastewater to determine parameters for microalgal growth and nutrient removal. The
mixed culture could completely remove TAN in domestic wastewater within 72 hours

with a 8.9 mg/L.d removal rate. POs>-P removal rate was 1.1 mg/L.d in the same studly.

In the second part of the study, mixtures of a phosphorus-rich sludge thickener supernatant
and nitrogen-rich coke plant wastewater were used as the culture media. The effect of the
N:P (TAN/PO.*-P (g/g)) ratio of wastewater on the algal growth and nutrient removal
rate was investigated by performing a batch study under continuous COz-enriched air
supply. Within the scope of this batch study, coke plant wastewater was diluted with
sludge thickener tank supernatant to obtain different TAN/PO4*-P (g/g) ratios. The
TAN/PO.*-P (g/g) ratio of 6 resulted in the maximum nutrient removal efficiency. This

ratio then was used in the upcoming semi-continuous study.

During the semi-continuous experiment with diluted coke plant wastewater, the effect of
HRT on nutrient removal was investigated under continuous CO; enriched air supply. The
HRTs of 5, 8 and 12 were selected for this study. Excellent nutrient removal and high
algal biomass concentrations could be achieved in PBRs with 8 and 12 day-HRT at
steady-state conditions as a result of nutrient rich cultivation medium with balanced N: P
ratio and CO> enriched air supplied to the cultures. Results revealed that HRT should be
kept 8 days at minimum in order to achieve efficient TAN and PO4*-P removal (> 98%)
and high steady-state biomass concentrations (> 2.4 mg TS/L) in semi-continuous PBR

operation with the studied wastewater under experimental conditions of this study.

Besides nutrient removal, CO> removal performance of the PBRs was investigated in the
second part. The results showed that CO. sequestration rate had a parallel relationship
with the biomass concentration and, the highest CO> removal was observed at 12-day
HRT. The CO2removal rates in the PBR with 12 day-HRT was 0.436 g CO2/h.
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CHAPTER S

CONCLUSIONS AND RECOMMENDATIONS

The results obtained in this study are promising. It was shown that primary treated
domestic wastewater and coke plant wastewater diluted with thickener supernatant can be
successfully used as cultivation medium for mixed microalgae culture. The high
productivities obtained in the set-ups also demonstrated the potential of mixed microalgae
cultures for integrated CO sequestration and biomass production in unsterilized
wastewater mediums. Moreover, the produced algal biomass can be used to produce a
broad portfolio of fuels, such as biodiesel, bioethanol, and biogas. However, structure of
lipid derived from harvested algae biomass should be examined if it is planned to produce

biodiesel from biomass.

The results obtained in the batch and semi-continuous experiments conducted within the
scope of this study provided a better understanding of the behavior of the mixed culture
in different growth conditions. Most importantly, information obtained on the steady state
behavior of the cultures can aid in optimization of process design of future pilot scale
applications and then in the development of economically and environmentally

sustainable microalgae cultivation systems at larger scale.

Prior to the implementation of a pilot scale facility, lab-scale continuous cultivation
operations investigating the light/dark cycles are strongly suggested since continuous
illumination was provided to the batch and semi-continuous cultures in this study.
Besides, the effect of aeration rate should be deeply investigated in lab-scale studies. The
aeration rates lower than 0.5 vvm should be examined. Further research should also be
made to understand the effects of impurities contained in real flue gases from thermal
power plants, cement plant and iron and steel plants such as NO and SOg, ash and heavy

metals on the growth of mixed microalgae culture.
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Lastly, further research is needed for well-designed photobioreactors to achieve higher
photosynthetic efficiencies and carbon dioxide fixation capacities. Evaluation of the
continuous cultivation of the mixed microalgae culture in well-designed and pilot scale
outdoor photobioreactors which increase the contact time between the flue gas and liquid
phase is needed to assess the economic feasibility of the microalgae based CO-

sequestration system at a large scale.
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APPENDICES

APPENDIX A: Calculation of Specific Growth Rate for B3-50, B3-100, B4-50 and
B4-100 Photobioreactors

B3-50 B3-100

0.8 1,2

0,6 y=0,382x-0,9588
R?=0,9565

1 | y=0,3985x-0,4792
R?=0,9233

0,4
0,2

0,2
-0,4
-0,6
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-1,2 0,6

B4-50 B4-100

y= %’24526;5;51(;172 y =0,4819x-0,7947

0,5 1 R*=0,9593

-1,5 1

Figure 32 Natural log O.D. versus time plots for B3-50, B3-100, B4-50 and B4-100
Reactors
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APPENDIX B-1: Calculation of Specific Growth Rate for DB6, DB8 and DB10

Photobioreactors
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Figure 33 Ln(OD) versus Time for DB6
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Figure 34 Ln(OD) versus Time for DB8
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In(OD) in DB10
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y=0,4232x-1,5208
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Figure 35 Ln(OD) versus Time for DB10
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APPENDIX B-2: Calculation of Microalgal Biomass Productivity for DB6, DB8 and
DB10 Photobioreactors
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Figure 36 Productivity determination for DB6
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Figure 37 Productivity determination for DB8
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TS (mg/L) in DB10
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Figure 38 Productivity determination for DB10
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APPENDIX C: Calibration Curve for the GC Analysis

y = 4E-05x - 0,3507
7 R?=0,9925

CO.%

0 50000 100000 150000 200000 250000
Area

Figure 39 Calibration curve used for the calculation of inlet and outlet CO>

concentrations
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APPENDIX D: Photographs of Microscopic Analyses

Figure 40 Chroccoccus Turgidis-I

Figure 41 Chroccoccus Turgidis-II
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Figure 42 Chroccoccus Turgidis and Cryptomanas sp. (in the red circle)

Figure 43 Chroccoccus Turgidis and Kirchneriella sp. (in the red circle)
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APPENDIX E: Industrial Wastewater Analysis Results
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Figure 44 Results of industrial wastewater characterization study conducted by ENCON
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APPENDIX F: CHN Analysis Results
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Figure 45 Results of CHN Analysis conducted by Central Laboratory at METU for the
microalgal biomass samples taken from R3 cultivation reactor, Y1-B reactor and D12

reacto
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APPENDIX G: Correlation Between Chlorophyll-a and TVS Concentrations

The correlation between Chlorophyll-a and TVS data obtained during the operation of

semi-continuous Y1 PBR with 2-day HRT is given in Figure 46.

Correlation Between Chl-a and TVS

29,4
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29,2 R?=0,997
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29
28,9
28,8
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28,4
566 568 570 572 574 576 578
Total Volatile Solids (mg/L)

g/L)

Chlorophyll-a {m

Figure 46 Correlation Between Chlorophyll-a and TVS
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APPENDIX H: Simple Regression for Chl-a in Microalgae vs. TAN in Microalgae

Dependent variable: Chl-a in Microalgae
Independent variable: TAN in Microalgae

Linear model: Y =a + b*X

Fitted Line Plot
Chl-a (mg/L) = 36,65 - 1,618 TAN (mg/L)

® s 3,62429
40 R-Sq 95,1%
R-Sq(adj) 93,9%
®
30
= N
)
£
< 20
:
=
O
®
10
P
o
o 5 10 15 20
TAN (mg/L)

Figure 47 Fitted line Plot for Chl-a (mg/L) versus TAN (mg/L)

The regression equation is:

Chl-a in Microalgae (mg/L) = 33.65 - 1.618 (TAN in Microalgae (mg/L))

Analysis of Variance

Sum of D+ Mean F-Ratio P-Value
Squares Square
Model 1020,24 1 1020,24 77.67 0.001
Residual 52,54 4 13,14
Total (Corr.) 1072,78 5

Correlation coefficients = - 0.951
R-squared = 93.9%
Based on the assessment, there is a statistically significant relationship between

Chlorophyll-a in microalgae and TAN in microalgae at the 95.0% confidence level since
the P-value in the ANOVA table is less than 0.05.
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The R-Squared statistic indicates that the model as fitted explains 93.9% of the variability
in Chlorophyll-a in Microalgae. The correlation coefficient equals to -0.951 which

indicates that there is a relatively strong relationship between the variables.
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APPENDIX I: Simple Regression for Chl-a in Microalgae vs. PO4*>-P in Microalgae

Dependent variable: Chl-a in Microalgae
Independent variable: POs*-P in Microalgae

Linear model: Y =a + b*X

Fitted Line Plot
Chl-a (mg/L) = 37,99 - 9,559 PO4-P (mg/L)

°® s 3,97290
R-Sq 94,1%
R-Sq(adj)  92,6%

40

30

20

Chl-a (mg/L)

0,0 0,5 10 15 2,0 2,5 3,0 3,5
PO4-P (mg/L)

Figure 48 Fitted Line Plot for Chl-a (mg/L) versus POs*-P (mg/L)

The regression equation is:

Chl-a in Microalgae (mg/L) = 37.99 — 9.559 (PO+*-P in Microalgae (mg/L))

Analysis of Variance

Sum of D+ Mean F-Ratio P-Value
Squares Square
Model 1009,65 1 1009,65 63,97 0,001
Residual 63,14 4 15,78
Total (Corr.) 1072,78 5

Correlation coefficients = - 0.941
R-squared = 92.6%
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Based on the assessment, there is a statistically significant relationship between
Chlorophyll-a in microalgae and PO+*-P in microalgae at the 95.0% confidence level
since the P-value in the ANOVA table is less than 0.05.

The R-Squared statistic indicates that the model as fitted explains 92.6% of the variability
in Chlorophyll-a in Microalgae. The correlation coefficient equals to -0.941 which

indicates that there is a relatively strong relationship between the variables.
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APPENDIX J: Research Performed Using Microalgae

Table 31 Summary of research performed using microalgae

. Biomass Biomass Growth Nutrient
Species Nutrient PBR Temp:e ratu Light CO: Mode HRT Productivit | Concentratio Rate Removal C0: Reference
Source Design re (°C) Supply 1 L Fixation
y n (dh Efficiency
12h:12h
2-L light-dark ZBgt‘ZNieSHQ Between (Reichert
Spirulina | - Zarmouk’s | g jen e 30 cycle; Ambie | Semi- | » 4 days | and423+ | 750mgl | 0.050and | - - etal.,
platensis medium 2500 lux nt air Cont.
yer flasks 6.0 0.111 2006)
(35 umol
m2s ) mg/L/day
_ COz- 510 mg/L at 7.4¢9/Ld
Euglena C’\r/larztresr 100-L 2740.5 4?;); 10 enriche | Semi- 382%658 113.8 mo/d 5 day-HRT : ) or 19% at (Chae et
gracilis megj,ium PBR - %’Zs’l d air Cont. davs -omg and 910 mg/L 8-day al., 2006)
(10%) 4 at 8-day HRT HRT
58%,
0, 0,
COx- 178 and removaloof
enriche 155 the inlet
Modified 1.15-L Continuo d air mg/L/day CO, for
Chlorella's 72 Cylindric 2641 us light at (2%, Semi- 2 davs for 2%, 5%, ) 0.492 at ) 204 250/ (Chiu et
P- medium al glass = 300 pmol 5%, | Cont. 4 10%, and 2% CO; 103) a;’]'d al., 2008a)
reactor m2! 10%, 15% CO> o
. 15% CO2
and enriched- ;
. enriched
15%) air, air
respectively respectivel
y
COz- Maximum
4L Continuo enriche CO2
Chlorella sp. Atrtificial S us light at d air Semi- 2,3and 510-610 0.106- ) reduction (Chiuet
NCTU-2 seawater AP";F';S 26+1 300umol | (5% | Cont. 8 days mg/L.d 5000 mg/L | o153, of 63% al., 2009)
mZs! and 10 under 10%
%) CO
L 16h:8 h Over 99%
Municipal o CO2-
. wastewate 1L Ilghtgark enriche . 271 700-800 remova! of
Mixed N Pyrex cycle; ) Semi- mg/L/day ammonium (Woertz et
r (primary 23-25 d air to 2-4 days mgVSS/Lat | - -
culture e Roux 4300 lux 1 Cont. for 3-day and al., 2009)
clarifier stabiliz steady state
bottles (60 umol HRT orthophospha
effluent) ms 1) epH te
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Table 31 (continued)

manure

Effluent
from the
anaerobic 500
digester 40-L CO2- mgVSS/L for 96%
4 - .
Mixed (lozé’o/a nd rectaln gul 30.6 Outdoor an!che h 10% dilution; arr:jmor;}um (Woertz et
culture o7 ar giass (average) culture airto | Batc . . 900 . and 9% ) al., 2009)
diluted aquarium stabiliz orthophospha N
dairy tanks epH mgVS$l L_for te removal
25% dilution
wastewate
r with tap
water)
anaero- 12 h:12h
N 1-L light: dark .
Scened_esmus ) blc_ cylindric ) cycle at ) Semi- 10 days 213 mg/L.d 2400_mg/L : } } (Park et
accuminatus digestion Cont. (maximum) al., 2010)
al PBR 200 pmol
effluent g
ms
60.1-80% and
96.6-100%
0.186 and ammonium
0.285 for removal and
. Continuo C.vulgaris | 53.3-80.3% .
C.v;:]%ans wazig\?vr;te 3-L 2541 us light at Ambie Batch : : ) and and 55.2-83.3 . I(\i:rllzn et
) PBRs - 135 pmol nt air S.obliquus | orthophospha
S.obliquus r ot al., 2010)
ms , te removal by
respectivel | by C.vulgaris
y and
S.obliquus,
respectively
Continuo 88%
Urban 3-L us light at Ambie | Semi- ammonia and (Ruiz-
S.obliquus wastewate 25+1 9 . 35 hours - - - 63% - Marin et
PBRs 200 pmol nt air Cont.
r m2s ! orthophospha al., 2010)
te removal
5 days For 3724 mg
. CO2eq.
for undigested
20x CO2- undigeste 1000 and dairy manure; for
diluted I 2 9 1380 mg/L at Y " | undigested
Chlorella . Continuo enriche d dairy 99.7% .
" undigested . . . steady state . manure;
vulgaris and 4-L 2542 us light at d air Semi- manure, : oneration : ammonium, 2976 m (Wang et
(UTEX ) flasks * 120 ymol | (2%)to | Cont. 10-20 pere 89.5% total 9| ai, 2010
digested Y - with . COz eq.
2714) dair ms stabiliz days for undigested nitrogen and for
Y epH digested ndig 92.0% total .
manure : dairy manure digested
dairy phosphorus dair
manure removal. Y
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Table 31 (continued)

Few days
Pure to
Scenedesmus Jaworski SQO'L COqz-to Semi- maintain 11.31 Between 1.5 (Hulatt et
. . horizonta 10-24 Outdoor - X 5 g/L and 3.5 - -
obliquus Medium I tubular stabiliz Cont. nitrate at g/m?.d n al., 2011a)
epH a desired 9
level
. Continuo CO»- 137 0.076-0.64
Chlorella '\élgﬁ;fé?\? 3—I’;§|I?ass 25 us lightat | enriche Cont 113555 mg/L/day G%I.;/ZE ;\g (equalsto | _ (Tang et
minutissima medium vessel 50 pmol d air ' da‘ s at 3-day steady state dilution al., 2012)
m2s! (4%) 4 HRT Y rate)
Continuo
Submerge .
d oL s atal | pyre 67.2% (Ruiz-
Mixed anaerobic evlindric 28-32 m,zsfll @t CO2-to Semi- 2 days : 595 mg/L 066 ammonium Martinez
culture membrane ;II PBR the stabiliz Cont. 4 (maximum) ' and 97.8% etal,
bioreactor - e pH phosphate 2012)
effluent mldgﬁle
section)
. 80% nitrogen
Ambie
and 90%
Mixed 2" |_agoon 24-L rggrzld Semi- 3and 6 phosphorus (Lee etal
culture Effluent plastic 238258 . enriche Cont days . . . removal 2013) ’
baskets d air ’ Y when N:P
ratio is
(2%) balanced
Sterilized i 0
Chlorella municipal Illgr?t?j;rk COz- ?rlﬁogngifm
vulgaris wastewate 7.5-L 25 cycle: 40— enrlc_he Semi 2-4 days : 425-550 0.259 93% (Lietal.,
(C9-JN r (primary PBR d air Cont. mg/L 2013)
2010) clarifier 60 pumol %) orthophospha
effluent) m2s! te removal
90%
ammonia and
Non- . 70%
- 0.25-L Continuo COz-
Chlorella sterilized . : orthophospha
protothecoid municipal flat plate 23 us light at ennc_he Cont. 1.26 days 500 470 mg TS/L 0.97-1.03 te removal (Ramos et
vertical 100 pmol d air mg/L/day at steady state al, 2013)
es wastewate Y from the
reactor m~s (5%) .
rs primary
treated
wastewater
Anaerobic 15h:9h
o light:dark max. conc. of 75.5% TN .
Des”;‘;desm“ vs;gsfes\t,\',‘;{‘e 12&3(" 2441 cycle: 120 ; Batch ; rlng(if?jg 412 mg ; and 100% TP %fj)a"'
P- r pmol u/L-day TSS/L removal
m!
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Table 31 (continued)

Mixed . Max biomass
Chlo_re_lla swine and 1.2 h',lz h CO2- 193 concentration
sorokiniana municipal light-dark enriche mg/L.da s of 1220 (Yaoetal
and p 1-L 28+2 cycle; 126 ! Batch - y/L.oay - - - "
Desmodesmu wastewate umol d air for mg/L and 840 2015)
s communis rs (at 1:3 s (5%) Chlorella mg/L for
ratio) Chlorella
Continuo Average
. us light at . R 63.4% TN (Ramaraj,
Mixed Natural 4-L 29.5 2711+ Amb_le Cont. 10 days 13 biomass : and 81.9% 137 etal.
culture fresh water CSTR nt air mg/L.day conc. 130 mg/L.d
2.67 umol TP removal 2015)
Y mg/L
ms
Chlorella
vulgaris, .
Chlorella Primary .
Sorokiniana o 0.44-L e ght o Dry weigh (Bohutskyi
’ secondary 44- us light at . ry weights ohutskyi
SC:ZE?ESTUS treated cylindric Ten?oec;amture 140-200 - Batch - :‘r? /68 da between 100- 03-0.9 - - etal.,
e urban al PBR P pmol y/L-day 380 mg/L 2016)
wastewate m2s!
and '
Scenedesmus
dimorphus
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