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Abstract

Microalgae as a source of feedstock for biofuels production recently have restored attention
due to the current concerns regarding high oil prices and environmental impacts. Biomass
derived from microalgae can positively contribute to the issue from two points of view: CO; bio-
fixation and concomitant reduction of nitrogen and phosphorus from waters would lead to
environmental sustainability and the biomass yielded could be used to produce biofuel or other
valuable products. Industrial waste waters are potential substitute of traditional media used for
microalgae cultivation. For decades, algae have been used for treating waste water in different
industries taking advantage of their high removal efficiency of nitrogen and phosphorus.
However, using waste water for achieving a high algal biomass production is a different
scenario. In this aspect, the focus is to get the highest possible cell mass when using the waste
water, instead of just ensuring minimal levels of N and P in the treated water. Pulp and paper
mills are major consumers of water resources and these industries discharge a huge amount of
water to nearby lakes or rivers. The current research work investigated whether pulp and paper
mill waste water is suitable for microalgae cultivation with the aim to achieve significant
biomass production. Nine different process waters from five Swedish pulp and paper mills were
tested with nine fresh water species of microalgae. Six of these waters were unable to support
growth of microalgae due to color, turbidity and toxicity issues. Only three waters collected
from Holmen Paper, Arctic Paper Munkedals AB, and Billerud Gruvon mill were able to support
growth of the nine tested microalgae to a limited extent. During scale up, through a lab
constructed gas distribution system, 1% CO, was added to the cultures to enhance the algal
growth (flow rate of 2000 ml/min. In these scaled-up cultivations, three fresh water microalgae
were used: Chlamydomonas reinhardtii, Scenedesmus obliquus and Dictyosphaerium
pulchellum. The highest cell concentration was achieved only when the waste waters were
supplemented with nutrients (either with municipal water or with nitrate and phosphate salts),
which indicated that one of the major limiting factors was low nutrient concentrations present
in the waste waters. The order of growth for these three microalgae was similar (D. pulchellum>
S. obliquus > C. reinhardetii), irrespective of type of water. There was no noticeable difference in
growth, while growing in ammonium rich waste water and nitrate rich waste water. After two
weeks of microalgae cultivation in Holmen Paper waste water supplied with nitrate and
phosphate, the highest biomass was achieved by D. pulchellum (1.36 g/L). More than 90% of
phosphate-P and around 65-81% nitrate-N was removed by the three fresh water microalgae.
Thus, serious attention needs to be put on nutrient concentration levels while using pulp and
paper mill waste water for microalgal biomass production.

Key words: Fresh water microalgae, Chlamydomonas reinhardtii, Scenedesmus obliquus,
Dictyosphaerium pulchellum, biofuels, bio-fixation, waste water.
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1. Introduction

Cultivation of microalgae in industrial process waters holds great potential from both
bioremediation and biofuel production context. Resemblance in the research works regarding
utilization of algae from 1980’s and 1990’s compared to the most recent papers is striking.
However till this day, microalgae are in the center of attention, due to their advantages over the
conventional biofuel feedstock. While growing, microalgae can fixate carbon dioxide from
pollution sources (i.e. flue gas) and are able to take up inorganic compounds from waste water
and use them as nutrients. In addition, the biomass from microalgae is a great source of feed
stock for oil production. These characteristics of microalgae eliminates the need for using fresh
water as media and also add value to the industries by utilizing effluents such as: waste water,
flue gas etc. However, in practice, several factors are needed to be considered, while using
industrial process water to grow microalgae. This is why the current thesis work is important. In
this study, different pulp and paper mill effluents were investigated as media for nine fresh
water microalgae species, with a goal to achieve high algae biomass production.

1.1. Background

The two greatest challenges of this century are global warming and energy crisis. Fossil fuel is
the major energy source for human civilization and diminishing natural resources of oil had led
to the excessive cost of petroleum. In addition, the burning of fossil fuels causes release of
enormous amounts of greenhouse gas, which in turn directly affects the climate change (1).
Therefore, there is a growing demand to reduce our dependence of fossil fuel, and substitute it
with alternative oils, which will be renewable and environmentally sustainable.

A lot of attention has been drawn to deriving oil from biomass, which can be used for
production of biofuel. Biofuels can be in three states: solid, liquid and gaseous (2). In this report,
only liquid biofuel will be discussed. Depending on feedstock used for the production, they are
categorized as first, second, and third generation biofuels (2). Bioethanol and biodiesel are the
two main types of liquid biofuels available in the market. First generation (1G) biofuel is the
dominating biofuel in the current market. This category includes both bioethanol and biodiesel,
where starch and sugar crops are used for bioethanol and vegetable oil are used as feedstock
for biodiesel production (3). The major source for sugar to produce bioethanol are in USA and
Brazil maize and sugar cane and in UK sugar beet and cereals Whereas, biodiesel produced
comes in USA from soybeans (4) and in Europe 70% of the stock comes from rapeseed oil (1).
The production in first generation biofuel involves conventional methods of fermentation and
esterification (2). Although the technology for 1G biofuels already is established in the market,
the question regarding the massive use of arable land for the production had stimulated
interest in developing biofuels from non-food based resources. The second generation (2G)
biofuel mainly comprises bioethanol, where lignocellulose is the fundamental raw material.



Therefore, besides low cost energy crops and short-rotation forests, other sources are used to
get lignocellulosic material; including vegetative grasses, forest residues, cereal straw and
certain waste sources, like municipal solid waste and wood process waste (5). These additional
sources of feedstock enable a reduction of the land use for biofuel production compared to the
production of 1G biofuels. On the other hand, the production for 2G is still capital intensive, as
adequate water and nutrition is required to achieve high ethanol yield (5). The process
technology is rather critical and still not established as compared to for the first generation
biofuels. Improvements are required to enhance the efficacy of hydrolysing enzymes and
occurrence of inhibitory by-product formation during the biochemical conversion of
lignocellulose to ethanol needs to be minimized (5).

Microalgae as miniature cell factories for biofuel production, has the potential to overcome the
limitations addressed in 1G and 2G biofuels. Although algae research in USA was begun in 1978,
by Department of Energy (DoE), during 1996 the program was discontinued due to funding
limitation owing to deceases in the oil price (6). However in the recent decade, drastic rises in
oil price and climate concerns have rejuvenated the attention in algae research. In 2007, US
government established Energy Independence and Security Act (EISA) to pursue non-corn
ethanol production and mitigate greenhouse gas emission, through the provision of Renewable
Fuels Standard (RFS) (6). In Europe, algae research also gained much attention recently, due the
act by European Energy Commission, aiming to meet the one-fourth of transport fuel in EU from
clean and CO, efficient biofuel by 2030 (3) .

As a potential feedstock for biofuels, microalgae provide several advantages compared to
terrestrial plants. The most popular is that algal feedstock could be non- competitive with the
food resource. According to Uday Bhan Singh (7), the photosynthetic efficiency of microalgae is
10-20% higher than for terrestrial plants. Microalgae also require relatively less light intensity
(7) and can tolerate a wide variety of waters (6) (7). Microalgae biomass productivity is relatively
high due to fast growth. Generally, the doubling time during exponential growth for microalgae
is 3.5 h (4) . Microalgae posses a simple structure and can accumulate carbohydrates and lipids
under certain conditions. Therefore they are a potential source used in biorefinery.

Although the basic concept of utilizing microalgae for biofuel has been explored for decades,
the algae biotechnology is still at its infancy. Algae oil promises sustainability relative to corn-
ethanol, biodiesel from plant oil or even cellulosic ethanol. However, only around 5000 to 10000
tons of algal biomass is commercially produced worldwide (3). This holding back is due to the
high expense regarding construction material for cultivation system, proper agitation, CO,
administration, and supply of large amount of water and nutrient resources. According to Chisti
(4), approximately 183 t of CO; is required to produce 100 t of algae biomass. If fresh water is
used without recycling, in order to achieve 1 kg of biodiesel from microalgae biomass, would



require about 3726 kg water, 0.33 kg of nitrogen and 0.71 kg of phosphate (8) . Nevertheless,
after deciding the microalgae species to use with a desired lipid profile, these are the problems
anticipated during microalgae cultivation. In this context, industrial effluents such as waste
water and CO2 emission provide a means to reduce the expenses in microalgae cultivation.

In this context, the present study will positively contribute to the knowledge regarding suitable
microalgae cultivation in pulp and paper mill waste water.

1.2. Target Group

The pulp and paper industry are one of the major industrial sectors in Sweden. It is the third
largest in Europe, after Germany and Finland, contributing with about 28% of the pulp
production and 12% of the paper and board production (9). Sweden’s pulp and paper industry
maintains a strong competitive edge and has the interest to achieve more energy efficient
technologies with less adverse environmental impact. Although there is no direct law
enforcement or regulatory influence from the government, Sweden’s Pulp and paper industry
are very keen to develop green technologies. Therefore they are collaborative partners for
several research projects in this field. Consequently in this study, pulp and paper mill effluents
are the target sources for using as cheap supply of media and CO2 in microalgae cultivation. In
addition, pulp and paper mill waste water comes with excess heat, which has a positive impact,
since Sweden has ambient temperatures during a large part of the year lower than the optimal
temperature for growth of microalgae (10).

1.3. Aim

This project objective is to investigate if Swedish pulp and paper mill waste waters is suitable
medium for high microalgae growth production. Nine waste waters and nine fresh water
microalgae were investigated in the prescreening experiment. In the scaled-up screening
experiments, 1% CO,, with a flow rate of 2000 ml/min, was added to enhance the microalgae
growth in waste waters. The focus was to follow the microalgae growth, specific growth rate, pH
and nutrient uptake.

This project is a continuation of earlier research work conducted by Bark (11), where microalgae
were tested in artificial growth medium with flue gas mimicked from paper mill effluents. Thus,
the project also aims in finding microalgae species that might grow on both flue gas and waste
water from Swedish pulp and paper mills.

1.4. Constrains

There should be certain restrictions in this project. The number of microalgae species and
process waters are limited due to equipment set up and as well as the time limitation. The
equipment that was used has a capacity of 12 batch cultivations per run and one test run took
around 5-10 days. Maintaining an optimal flow rate of the added flue gas that should affect



agitation of the culture is an important factor. Another important factor that needs
consideration is the pH of the cultivation. As CO, dissolves to carbonic acid the pH in the
medium declines whereas growth of microalgae increases the pH. Although all the algal species
have different optimum growth temperatures, for simplicity of the experiment, in this project
the temperature for the cultures was maintained approximately at room temperature and
fluorescence bulb lamps were used as light source.



2. Theory

2.1. Introduction to Algae

Algae represent a large group of different organisms from different phylogenic groups with no
particular taxonomic standing (12). In context of size and morphology, algae can be ranging
from unicellular to filamentous and multicellular. Based on this feature algae is categorized into
two groups: 1) macroalgae, also known as seaweeds normally found in the ocean and have
plant-like appearance due to their considerable size (can grow up to about 50 meters) (12).; and
2) microalgae: the oxygen producing chlorophyll a containing photosynthetic type of algae,
which are only visualized under microscope (13). This group of algae is highly diversified in
morphology and usually is found in aquatic environment, including fresh water, brackish water,
marine water and moist surroundings (lichen, symbiosis with fungi) (12). Due to the presence of
chlorophyll, microalgae are generally green in color. Some types of microalgae contain different
pigments, such as xanthophylls and carotenoids, which provide them brown or red appearance
(12). Microalgae used in this study are all green algae grouped under Chlorophyta division (13).

2.2. Algae growth: Autotrophy, heterotrophy and mixotrophy

Knowledge regarding algae growth is one of the key features that are essential to know for
proper implementation of algae technology. Microalgae species that are capable of using
energy obtained directly from light are referred to as autotrophic microalgae. These microalgae
actively sequester carbon dioxide from the atmosphere as carbon source (14). In addition, some
microalgae can also utilize organic compounds as their carbon and energy source, eliminating
the need of CO, and light. This mode of growth is called heterotrophic growth (14). When
microalgae can use both organic and inorganic carbon source simultaneously, they are growing
as a mixotrophic culture (14).

In this study, the selected microalgae are autotrophic microalgae in general. However, some of
them are capable of heterotrophic growth: Chlamydomonas reinhardtii, Chlorella sorokiniana,
Chlorella vulgaris and Chlorella protothecoides (15), and some can grow mixotrophically as well:
Chlorella protothecoides (16), Chlorella vulgaris, and Scenedesmus obliquus (17). Chlorella
sorokiniana is reported to grow heterophically at night and switch to mixotrophic growth during
day time (14). Based on the growth mode, biomass productivity of microalgae may vary.
According to Lee (17), heterotrophic culture shows relatively lower maximum specific growth
rates compared to photosynthetic growth, but result in higher cell density and productivity.

2.3. Algae Photosynthesis

In general Photosynthesis comprises a series of reactions where carbon, from its maximally
oxidized state (CO;) is converted to reduced compounds (carbohydrates), using light energy.
During respiration, these reduced compounds can be re-oxidized to CO, (12).



2.3.1. Photosynthetic apparatus:

For algae, photosynthetic energy transformation is the basic energy supplying process and it
takes place in the chloroplast: an organelle found in plant cells and eukaryotic microalgae (18).
Chloroplast consists of three membranes: outer membrane, inner membrane and thylakoids. A
semi gel like fluid: stroma is present within the outer and inner membrane, where the thylakoid
system is immerged (12).

The photosynthetic unit comprises of photosystem-I (PS-I), photosystem-II (PS-11) and the light
harvesting complexes (LHC). A pigment system is integrated into the thylakoid membrane,
distributed throughout PS-I and PS-Il complex system (18). The major pigments for
photosynthesis are: chlorophylls (chlorophyll a, b, c; and c¢,), carotenoids, cytochromes, and
phycobiliproteins. Each has distinctive absorption spectrum as a characteristic of different algal
divisions (12). Chlorophyll is a cyclic tetra pyrrole molecule, ubiquitous in most photosynthetic
organisms. This pigment molecule is crucial for both the light harvesting and the reaction center
complexes of the photosynthetic apparatus (19) . In general, the basic function of pigments is to
absorb light energy and transfer it to Pegg and P (12). Another important function is protecting
the photosynthetic assemblies from photosensitization, especially by secondary carotenoids,
e.g. B-carotene, zeaxanthin (20).

2.3.2. Light dependent reaction

During the light dependent reaction, light energy is captured and transferred to reducing
potential and energy molecules, NADPH and ATP. This reaction takes place in the thylakoid
membranes of chloroplasts (18).

Once the algal cells are exposed to photons of appropriate energy, the antenna pigments
absorb and transfer the energy of photons to the photosynthetic centers. PS-Il is the central to
the photosynthetic process, as it catalyzes the photo-induced oxidation of water molecule,
followed by release of electrons and protons. The electrons are transferred to the stromal side
of PS-I to reduce NADP* to NADPH. The concomitant proton gradient generated across the
thylakoid membrane is used to drive the ATP synthesis (12). However, no ATP is released if the
gradient force is too small (pH gradient less than 2). Furthermore, the sequential arrangement
of PS-l1 and PS-1l determines the fate of released electrons (12). The final end products in the
light reaction are ATP and NADPH.

2.3.3. Dark Reaction/ Light independent reaction

During the light independent reaction, the assimilatory power of NADPH and ATP is utilized to
fixate CO, into carbohydrates (12). This reaction takes place in chloroplast stroma (eukaryotic
algae) or in cytoplasm (prokaryotic algae). Generally, light independent reactions take place
simultaneously with the light reactions, except for the fact that these reactions can occur in
dark as well (12).



The reaction scheme involves three phases: first, carboxylation, where CO, is added to a 5-
carbon molecule, Ribulose bisphosphate (RuBP), resulting in a 6-carbon molecule that is later
broken down to form 3-phosphoglycerate. The reaction is catalyzed by the enzyme Rubisco. In
the second phase, reduction of 3-phosphoglycerate takes place by NADPH, to form
phosphoglyceraldehyde. In the final phase, ribulose bisphosphate is regenerated from triose
phosphate, through a series of reactions to bind more CO,. ATP from the light reaction is utilized
in the final step (12). The products of the dark reaction includes carbohydrates, fatty acids,
amino acids, and organic acids (18).

Light

H-.O uptake CO, uptake

b

Light Dependent
Reactions

-

W

O, release

Figure 1: Schematic drawing of the photosynthetic machinery, redrawn from (12).

2.4. Factors affecting microalgae growth

2.4.1. Light

Light is one of the most important factors in aspect of microalgae growth, as it is the
fundamental energy source for photosynthesis. In an outdoor cultivation system, natural sun is
used to take advantage of the natural provided light, minimizing the cost of production. In an
indoor/closed setup, artificial light is supplied uninterruptedly or in light and dark cycles.



Theoretically, only the visible portion of the natural sun light, ranging from 380 nm to 750 nm is
utilized during photosynthesis, leading to energy losses while using natural light (18).
Furthermore, availability of sun light is extremely dependent on regional climate, with variation
in the light intensity both daily and seasonally. In Sweden, there is a great deal of difference of
light hours among summer and winter. In summer during June, the light is available from 160 to
340 hours, whereas, in winter during December the time range of available light is from 0 to 60
hours only (21). Apart from light hours, the light intensity also varies significantly during these
two seasons: light intensity is in June between 140 to 200 kW/m? and in December between 0
to 20 kW/m? (21). Therefore, despite the cost efficiency, utilization of sunlight as a growth
parameter in Sweden is challenging. From the data it is clear that, winter is not suitable for
algae cultivation and Sweden has long winters. An alternative to sun light is using artificial light
in a closed cultivation system, confirming a relatively controlled environment for the algal
growth.

When exposed to light, there are three possible incidents that may occur: light adaptation, light
saturation and light inhibition (22). At presence of lower irradiance, the onset of the cellular
mechanism for increasing the number of photosynthetic units allows more efficient harvesting
of light energy. At high irradiance, the numbers of units are declined due to inhibition of the
pathway. Regulation of these mechanisms enables the algal cell to adapt to natural variations in
irradiance. The event is called light-adaptation or photo-adaptation (20). Algae become light
saturated when the photosynthetic rate is at its maximum. Prior to reach saturation, when light
is limiting, the photosynthesis rate is linearly dependent on the light irradiance, meaning algae
cells grow faster as the light intensity increases (22). Once the light saturation point is reached,
the cells reduce the number of photosynthetic units leading to photo inhibition (20).

2.4.2. Temperature

Temperature is another major influencing factor for optimal growth of microalgae, as
temperature below or above the optimum temperature of the species may lead to different
stress responses in the algal cell. This is particularly an important issue when the culturing is
conducted to be in a Northern country like Sweden. Sweden has a long winter, when the
temperature is between -16 to 4°C during December and in June the temperature is between -2
to 16°C (21), which is quite lower temperatures comparing with tropical countries. Apart from
the lower temperature, while culturing in natural way (outdoor), algae has to face temperature
fluctuations as well.

Suboptimal temperature, which indicates very low temperature, combined with other
environmental factors like high light or excessive oxygen concentration, may lead to photo
inhibition, resulting in impaired algae growth (23). Additionally, low temperature also reduces
the rate of CO, fixation, resulting in low algae biomass levels (23) .



Fluctuation in temperature leads to onset of stress response in algae cells, which thus
counteracts the effects of an increase in temperature. In other words, even though the
temperature is increased gradually to an optimum level, the initial exposure of the culture to
suboptimal temperature for a short time may result in significant decrease in the
photosynthetic parameters (23). This type of inhibition is more likely to happen in an open
culturing system in Sweden, where temperature is lower relatively to the light irradiance.
However this can be avoided in the closed cultivation system by exposing the microalgae to a
fixed temperature from the beginning.

On contrarily, lower temperature than optimum level influences the lipid profile of algae
species. In order to adapt to the lower temperature, cells begin to synthesize unsaturated fatty
acids in the thylakoid membrane to enhance its stability and fluidity, which in turn helps to
protect the photosynthetic machinery from photo inhibition (20). However, the impact of low
temperature is more directed to the type of lipid rather than enhancing the total content of lipid
(20).

Temperature also has a direct correlation to the nutrient concentration and cell constituent. The
algae cell volume and biochemical content increases if the temperature is below or above the
optimum level, thus more nutrients is required to grow microalgae compared to growth at
optimum temperature (20). It has been found that, high temperature significantly increased the
chlorophyll a content in S. obliquus when there was a fairly high amount (10 mg/L) of
phosphorus present in the media (24). In another report (25), it was found that the inhibition of
S. obliquus growth by excessive phosphorus was highly dependent on the culture temperature.
However in this report, the temperature optimum for the phosphorus consumption (25° C) was
found to be different compared to at the optimum temperature for the algal growth (30° C).
Therefore the choice for temperature suitable for an algae culturing system needs to be decided
strictly based on the original aim of algae cultivation.

2.4.3.pH

The pH is another environmental factor crucial for microalgae growth. In the algae culture; pH is
balanced by the interplay between photosynthesis and respiration. CO, fixation during
photosynthesis liberates OH" in the culture, which accumulates while the algae species grow and
results in an elevated pH in the system. A similar reaction takes place, when bicarbonate is the
inorganic carbon source (14). During respiration, the opposite reaction takes place, resulting in
decreasing the pH in the culture (14).

Besides CO, and bicarbonate, nitrate and ammonium also influence the pH level in a culture.
When ammonium is the sole nitrogen source of a culture, due to release of H" ions during
assimilation a decrease in pH is obtained, whereas nitrate as major nitrogen source has the
opposite effect (14).



It is very important to maintain the pH level in a culture medium, as very high pH (>9.0) inhibits
the photosynthesis (26). Because at this pH most inorganic carbon is in the carbonate form, thus
cannot be taken up by photosynthesis. High pH also influences the overall nutrient uptake, by
mediating flocculation (26).

2.4.4. Nutrients:

After the environmental parameters are fulfilled, microalgae require presence of nutrients in
the water (or habitat) in order to grow. Microalgae have relatively simple nutritional demand,
which make them an attractive package for commercial production. Carbon, nitrogen and
phosphorous are the major nutrients for survival of microalgae. Among other nutrients some
are macronutrients such as sulfur, potassium, calcium, magnesium and some are
micronutrients, like manganese, copper, molybdenum, boron, iron, zinc, chloride, nickel etc
(14). These trace elements has an important role in many enzymatic reactions and biosynthetic
pathways (14). The requirement for nutrients may vary depending on the type of microalgae
species. An overall stoichiometric formula for an algae cell including the most common
elements is C1osH181045N16P (14) (10).

Carbon

The carbon sources can be either organic or inorganic or both, depending on the growth mode.
For an autotrophic system microalgae use mainly carbon dioxide and bicarbonate (HCO3) to
make up most of the carbon skeleton. Heterotrophic microalgae grows on organic carbon
sources such as glucose, fructose, and acetic acid (14).

Nitrogen and phosphorus

Nitrogen (N) is the second most important nutrient, after carbon, contributing to the algae
biomass production. Although several inorganic compounds can be utilized by algae, for most of
them, nitrate, ammonium, and urea are the sole N-suppliers (14). However, when both nitrate
and ammonium are present in a culture, algae often prefers ammonium over nitrate as their
nitrogen source (14).

Phosphorus is another vital nutrient for algal growth, as it is an active participant in many
metabolic processes, like energy transfer and different biosynthetic pathways. Algae take up
phosphorus mostly as orthophosphate (PO,%) in an energy dependent way (14). Although a low
amount of phosphorus is required for algae growth compared to C and N, phosphorus uptake
can be limiting because orthophosphates can easily bind to other ions present in the culture
(CO5%, iron etc.) and precipitate (14). High pH also mediates precipitation of phosphate, which
re solubilizes when the pH drops (26).
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Sulfur

Sulfur is an essential macronutrient that is utilized by microalgae, primarily as the inorganic
sulfate anion (27). In microalgae, metabolic changes take place in order to acclimate to any
environmental stress including nutrient deficiency. It is known that, generally, microalgae in
nutrient deprived conditions tend to accumulate lipids. In case of mineral deprivation, sulfur in
particular, has been shown to increase hydrogen production (28). Morsy (29) reported that
culturing Chlamydomonas reinhardtii in sulfur limiting condition leads to increase in anaerobic
H, production. Although both nitrogen and sulfur deficiency cause elevation of lipid content,
according to Cakmak et al,2012, (30) tri acyl glycerol (TAG) production in Chlamydomonas
reinhardtii is larger in a sulfur limiting culture.

2.5. Algae cultivation

2.5.1. Mode of growth: Batch and Continuous

In a continuous culture, the medium is replenished with new medium, while the existing
medium is continuously used up by the algae. Theoretically, new medium is fed in similar rate as
the culture removed, thus the culture volume and rate of dilution is maintained (17). However,
in practice, a continuous culture is rather complex to install and run. A major drawback is that it
is difficult to maintain the reproducible cultivation set-up and quality of the feedstock (31).

In the batch culture, the culture medium and the algae species are prepared only once at the
beginning of the cultivation. No more medium is fed during the growth, but CO, and air can be
added in order to enhance the growth (17). Unlike the continuous culturing mode, in a batch
culture the growth rate varies throughout the culturing period because, when cell density
becomes high, the light intensity begins to vary with time and location, leading to a light limiting
situation. On the other hand, in a continuous culture the light varies only with location (32). If a
small amount of the algae inoculum is added, a lag phase may occur representing the
adaptation phase of the cells to the new environment (17). As the cells adapt to the new
culturing condition, the lag phase is followed by an exponential growth phase (log phase), which
shows to be linear due to photoautotrophic growth (17). The growing culture reaches to a state
when the cell density, restrain the penetration of light to reach all cells and cause lack of light
saturation to those cells. This may result in limited biomass production giving rise to the linear
trend of growth (17).

2.5.2. Algae culture medium

Choosing the right medium is a key factor in algae cultivation. However the choice is highly
dependent on the target of cultivation and the algae species selected for the experiment. A
different medium is required dependent on the type of algae, whether it is collected from a
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marine source or from fresh water or from brackish water. The nutrients supplied to the
medium directly affect the cellular constituent of the respected culture, which is another vital
factor to be considered.

In this study, fresh water microalgae are under investigation. Some common media suggested
for growing fresh water microalgae are: Bristol medium, BG-11, and Bold’s Basal Medium.
Bristol medium is a well-known medium for fresh water microalgae, originated from the
Bristol’s recipe done by H.C. Bold (33). BG-11, on the other hand, is a modification of G-11
medium of Hughes, Gorham, and Zehnderto (34). BG-11 medium is extensively used for
culturing fresh water green algae and cyanobacteria (14) , with special consideration when
culturing unicellular strain (34). Bold’s Basal Medium (BBM) is derived from a modified version
of Bristol’s solution (33). This medium lacks vitamins and certain nutrients are present in high
concentrations. BBM has been used as base for development of several modified medium such
as: 3N-BBM, BBM enriched with three times nitrate (35), and 3N-BBM+V, 3 fold nitrate with
vitamins added (36). The major characteristic of BBM over the two other medium is that, BBM is
suitable for cultivation of a wide range of algae (14). However this media is unsuitable for algae
with vitamin requirements, then the modified version should be chosen.

These entire three medium: Bristol, BG-11, and BBM are minimal defined media, where Bristol
media lacks in carbon-containing compounds (33), BG-11 has low phosphate content with poor
buffering characteristics (34) and BBM is limited in nitrogen (14). The N:P ratio in BG-11,
according to Grobbelaar (14) is 45:1 indicating a P limitation, which is consistent with previous
report by Stanier et al. (34).

In this study, one fundamental goal was to screen convenient microalgae from a vast range of
fresh water microalgae collection. Therefore 3N-BBM+V media was chosen for maintaining the
cultures.

2.5.3. Growth rate

Microbial growth in a batch cultivation may be categorized into four phases: lag, log, stationary
and death phases. A lag phase corresponds to the time when the cells adapt to the new
environment. If they are moved from a similar environment, the culture may lack this phase
(17). Once the environment is favorable, cells begins to grow exponentially, followed by a
phase, where the biomass increased linearly over time (17).

Specific growth rate (u), expressed as h™, is calculated from the exponential phase to obtain the
maximal specific growth rate, pmax, using the following equation, assuming biomass
concentration at time O (initial), Xo and at time t, X; and t corresponds to the time interval (17).

n= Ln(X, /X,)/t
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2.5.4. Algae growth on waste water

The waste water generated in different industries has been found to be potential source of
nutrients for supporting algae growth. The concept of utilizing algae for waste water treatment,
however flash backs to the early 50’s (37). Because purifying wastewater using microalgae
provides the benefits of cost effectiveness, environmental friendliness and algae biomass
productivity, microalgae research has retained its attention till date.

Different process waters have been reported to be tested as medium for different microalgae
species with various aims: nutrient removal efficiency, high biomass productivity, feed stock for
biofuel production (table 1). However, optimal condition for cultivation of microalgae in
different waste waters is very species specific and varies significantly based on the quality of
waste water and the environmental conditions.

Table 1: reported fresh water microalgae in different waste waters.

Waste water

Algae investigated

Olive-oil Mill waste water and
urban wastewater

Scenedesmus obliquus (38)

Municipal waste water

Chlorella sp. (39), Nannochloropsis sp. (40)

Poultry liter extract, treated
and untreated carpet industry
waste water

Chlamydomonas globosa, Chlorella minutissima, Scenedesmus
bijuga (41)

carpet industry effluents with
municipal sewage

13 native algae starins (42)

Piggery waste water

Botryococcus braunii (43)

Domestic waste water

Chlorella ellipsoidea Yj1 (44)

Concentrated municipal waste
water

Auxenochlorella protothecoides UMNZ280 (45)

Wood-based pulp and paper
industry waste water

Mixed algae culture dominated with Chlorella sp, and diatom sp.
(46)

Influent, effluent and
concentrate collected from St.
Paul Metro Plant(St. Paul, MN,
USA)

Chlamydomonas reinhartii (47)

2.6. Application of algal biomass

Microalgae are one of the oldest life forms on earth. Although commercial utilization of algae
biomass dates back to fifteenth century, the first use of microalgae as food supplement has a
2000 years old history, when people eat edible algae like Nostoc to survive (48). With growing
knowledge regarding algae physiology over the years, commercial use of algae biomass has
been utilized over a vast array of areas including feed, food, cosmetics (49), pharmaceuticals
(50) etc. Recently, the focus has been narrowed to environmental and fuel industries due to oil
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crisis and climate concerns. Particularly, feedstock produced from industrial waste water or flue
gas should be used for biofuel production, due to safety issues.

Microalgae are potential source for several types of fuel including biodiesel, bioethanol, biogas
or hydrogen (51). However, the overall microalgae biomass to fuel system includes: production
of biomass followed by processing of the raw biomass to the production of final biofuel. The
first phase comprises strategy for cultivation technique to achieve highest biomass with desired
end product (31). The later phase comprises chemical processing/ conversion, also known as
refining and fermentation (bioprocess).

Microalgae with high starch content is exposed to fermentation for bioethanol production,
whereas, high oil accumulation is good for biodiesel production, if the lipid profile fits the
criteria. Triglycerides are the major raw material for biodiesel production (51). Fatty acids with
C16-18 are subjected to trans- esterification reactions for biodiesel production. Hydrocarbons
are another type of lipids found in certain microalgae that can be converted to biodiesel as well
(52). Microalgae biomass can be concentrated to produce biogas or separated to yield hydrogen
(51).

2.7. Pulp and Paper making process

Different pulp and paper mill waste water were collected in this project to investigate them as
culture media for microalgae growth. This section provides basic idea regarding the
fundamental processing steps involved in pulp and paper manufacturing.

Wood Preparation:

Three types of raw material are commonly used: hard wood (oaks, maples, birches), soft wood
(hemlock, pines, cider), and non-wood (straw, bamboo etc.). They are mainly composed of
cellulose, hemi-cellulose, and lignin (53). Wood enters the mills as logs and is converted to chips
before transported to the pulping process. Basic steps involves: debarking, wood chipping etc.
The bark press waste water is generated during this part of the production line (53).

Pulp production:

There are several ways of pulping including mechanical pulping, chemical pulping or
combination of both. The most common chemical pulping processes are Kraft pulping and
Sulfite Pulping. Kraft pulping involves using alkaline cooking liquor consisting of NaOH and Na,S
to digest the wood chips (53). According to Sumathi et al. (53) this cooking liquor is called white
liguor and the reaction takes place in the digester. The content are later discharged from
digester to the blow tank, where the chips are disintegrated into fibers or “pulp”. The spent
liquor is called ‘black liquor’ and is subsequently separated from the pulp by a series of brown
stock washer.
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Sulfite pulping involves an acidic cooking liguor composed of sulfurous acid (H,SOs3) and
bisulfate ion (HSO3’). The acid mixture is prepared by cooling SO, in water containing one of four
chemical bases: Mg, NH3, Na or Ca. This mixture works to degrade the lignin bonds between
wood fibers (53). However, the pulp yielded by this process has less color, thus it is easily
bleachable but has less strength than Kraft pulp (53).

In mechanical pulping, the fibers are separated from raw materials by physical energy such as
grinding and shredding. Lignin is not removed completely thus imparts a dark color to the pulp
and paper product (53).

Combination of mechanical and chemical pulping involves partial chemical treatment followed
by a mechanical pulping step. Wood chips are partially processed in mild chemical liquor prior to
be subjected to the physical treatment (53). However, the composition of the chemical cooking
liquor varies in different process. NSSC (Neutral Sulfite Semi-chemical) pulping is an example of
semi-chemical pulping process that uses sodium based sulfite cooking liquor (53). CTMP (Chemi
Thermo Mechanical Pulping) is another example of a combinatorial pulping process where the
chemical treatment consists of NaOH or sodium bisulfite, before or during the steaming of the
wood chips. Chemically treated discs are then introduced to the mechanical refiner (53). To
avoid economic and environmental impacts, chemical recovery is used to reclaim the spent
cooking chemicals in chemical and semi-chemical pulping mills (53).

Bleaching:

Bleaching comprises a series of steps employing chemicals to remove the remaining residual
lignin from the pulp providing a whiter/brighter pulp. In simplified words, during bleaching the
pulp is sequentially treated with elemental chlorine(C,), alkali (E;), chlorine dioxide (D;) and
alkali (E,), or chlorine dioxide (D,) (53). However, due to concerns over emissions of chlorinated
organic substances, such as furan and dioxins, pulp and paper mills currently has adopted
bleaching process that uses elemental chlorine free (ECF pulp) or total chlorine free (TCP pulp)
processes. ECF bleaching uses chlorine dioxide and TCF uses oxygen containing compounds such
as molecular oxygen, peroxide, ozone etc (53).

Paper making:

The pulp after pulping and bleaching is ready to use for producing the final product i.e. paper. In
an integrated mill, the pulp manufactured on-site is used. In case of a non-integrated mill, the
pulp is dried, baled and shipped off to the target paper mill. In general, the pulp is collected
from the storage chest, screened, refined (if necessary), and placed in to a head box of paper
machine, where the paper is made (54).
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2.8. Pulp and Paper mill effluents

The waste water generated from pulp and paper mills are diverse in quality due to implication
of different processing methods. However, the effluent from the earlier stages of the
manufacturing is much higher in toxic compounds than the final outflow (53). Especially waste
water from pulping and bleaching is rich in toxic pollutants, than the effluent from paper
making. The spent liquor from pulping and bleaching process is loaded with a range of
chemicals. A number of chemicals found in this liquor have been reported to be toxic to
Daphnia and fish populations. Especially hydrogen sulfide, methyl mercaptan, crude sulfate
soap and salts of fatty and resin acids (53). The major classes of toxic compounds found in
bleaching waste water are resin acids, fatty acids, and AOX (Absorbable organic halides) (53).
Chlorinated organic compounds, including dioxins and furans, can affect the exposed organism
at the genetic level, and are also carcinogenic for humans. Thus, it's important to get rid of the
AOX load before discharging the water to outer environment. Among commonly detected resin
acids, isopimaric acid is the most toxic one (55). In addition to resins, unsaturated fatty acids
also employed toxic effects on fish population (55). Tannins (polar phenolic polymeric
compounds) are another group of highly reactive compounds found basically in the debarking
process in pulp and paper mills. Tannins constitutes up to 50% of COD of this waste water (55).
The final discharge from pulping has a distinct color due to the dissolved lignin (9). The effluent
from bleaching, on the other hand, has relatively light color, but is rich in toxic chemicals. Spent
water from paper making differs from the pulping as the water only comes from the rejects of
cleaning, screening and de-inking (54).
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3. Materials and methods

3.1. Microalgae species and strains
In this study nine fresh water microalgae strains were selected based on previous studies done
at SP (11), fast specific growth rates and high lipid content reported in the literature (Table 2).

Table 2: List of fresh water microalgae used in this study. Most of the species were collected from the Culture Collection of
Algae and Protozoa CCAP (56).

Microalgae selected Strain

Chlorella vulgaris CCAP 211/11B
Ankistrodesmus falcatus CCAP 202/15A
Chlamydomonas reinhardtii CCAP 11/32 CW15+
Botryococcus braunii CCAP 807/1

Chlorella sorokiniana CCAP 211/8K

Chlorella protothecoides CCAP 211/54
Scenedesmus obliquus CCAP 276/50
Scenedesmus dimorphus UTEX417 or CCAP 276/48
Dictyosphaerium pulchellum CCAP 222/2A

Since all microalgae species used in the current study were from fresh water habitats all pre-
cultures and control cultures were maintained in Bold’s Basal Medium with 3-fold Nitrogen and
Vitamins (3N-BBM+V). The full recipe is included in the Appendix A. According to (14) the 3N-
BBM+V medium provide broad range for wide variety of fresh water microalgae, which in turn
makes this media suitable for the screening. Prior to the start of the experiment, the algae
strains were pre-cultured and stored in 250 ml glass bottles containing 100 ml culture media
(3N-BBM+V). The pre-cultures were kept in the laboratory with a night/day cycle of 20/4 hours.
The caps were loosely bound on the glass bottles to allow gas exchange and the bottles were
shaken manually every working day.

3.2. Collecting waters from Swedish pulp and paper mills

With the target to investigate pulp and paper mill waste water as cheap means of cultivating
fresh water microalgae, nine different process waters were collected from five Pulp and Paper
mill companies located in Sweden (Table 3). The waters were taken from different processing
steps at the mill and therefore were different in color, nutrient levels, pH etc. (Table 4).
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Table 3: List of different processing steps, from which wastewaters were obtained in five Pulp and Paper mills located in
Sweden.

Name of Pulp and Paper mill Processing step, from which water was obtained
1. Holmen Paper Braviken Flotation-in

2. Arctic Paper Munkedals AB Before final release to outer environment

3. Stora Enso Skoghall Basin 4

4. Sodra Viro Bark-press

5. Sodra Varo Bleaching

6. Billerud Korsnas Gruvon Outgoing effluent from activated sludge treatment

7. Billerud Korsnis Gruvon Bark-press

8. Billerud Korsnas Gruvon Bleaching

9. Billerud Korsnas Gruvon Wood room

Holmen Paper, Braviken

Holmen Paper is a subsidiary of Holmen Company originally stated as Mo och Domsjé AB, before
year 2000. This paper mill company is the major supplier of newsprint (both white and colored)
in Sweden, along with Spain and Germany. Among other products there are: paperboard for
consumer packaging, magazine paper etc. (57).

The process water collected for this study was from flotation-in, which is the end stage of the
Bravikens Reningsanldaggning (purification plant) at Holmen Paper mill. After this stage, the
effluent is finally released to the outer environment (Information provided by the mill).

Stora Enso, Skoghall

In 1998 the merging of Swedish mining and forestry product industry, Stora, with Finnish Enso, a
forestry products company, created the giant company “Stora Enso’”” the world’s second largest
paper producer (58).

Skoghall mill of Stora Enso produces their own pulp and the major manufacturing product
includes paper boards: liquid packaging board and board for dry products. They are the main
manufacturer of liquid packaging board in Sweden. Three different pulps are required for
producing the final three layer liquid package. Chemical pulping is used, where Chemi Thermo
Mechanical Pulping (CTMP) pulp is utilized for the middle layer for stiffness of the paper. The
waste water effluent collected from this paper mill came from the CTMP facility. The water from
CTMP is drained into basin-4 (figure2), which is a pre-sedimentation pond (59). The effluent
from basin-4 is rich in total nitrogen, but the nitrogen is mostly bound to a complex agent such
as EDTA. The target of this pond is to get rid of these nitrogen loads by sedimenting EDTA-
nitrogen, so less nitrogen is released to the lake Vanern (information gathered from a visit by SP
to Stora Enso Skoghall at 21-03-2013).
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Figure 2: Effluent treatment plant in Stora Enso Skoghall Mill, the water used in this study was collected from the basin 4
(figure taken from (59).

Lake Vanern

Billerud Korsndis, Gruvén

Billerud Group is one of Europe’s largest manufacturers of packaging paper. From 2001, Billerud
AB comprises paper mills located in Skarblacka, Karlsborg and Gruvon, Sweden. A number of
different types of paper are produced by Billerud pulp and paper mills, such as brown paper
bags, liquid packaging cardboard, fluting paper etc. However their specialized area also includes
different wrapping paper, particularly, the one used to wrap disposable items and surgical
instruments in health care system (60).

Waste waters for this study were collected from the Gruvén mill. Four waste waters were
collected, of which three effluents were taken from different points of the pulping line that
produce bleached paper. Gruvon mill uses NSSC (Neutral Sulfite Semi-chemical) pulp for their
paper production. In 2006, Billerud Gruvon built the multi-biological treatment plant for their
waste water treatment, which comprises five stages: Bio 1, Bio 2, Bio 3, AS 1 and AS 2 (Bio
stands for biological and AS stands for activated sludge).One waste water for this study was
collected from the outflow of the AS 2 stage in multi biological treatment (figure 3). Nitrogen
content found in this water is mostly nitrate. However, because the retention time is small in
this treatment plant, it is highly sensitive to disturbances. Hence, it is often difficult to maintain
low nitrogen and phosphorus level at the final effluent released to the lake. The difference is
sometimes quite high, e.g. 10 mg/I. As this is the final water released to the lake Vénern, it is of
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course interesting to investigate whether or not microalgae can be used in an additional
cleaning step to purify the water even more before releasing it (information gathered during a
visit by SP to Gruvon mill at 21-03-2013).
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Figure.3: Aeration tank in Billerud Gruvon Mill.

Arctic Paper, Munkedals AB, Munkedal

Arctic paper S. A. is one of the leading suppliers of book paper and graphic paper in Europe. The
process water collected for this study was from one of their production facilities located in
Sweden, Arctic Paper Munkedals AB and is a nonintegrated mill. Pulp is purchased from external
supplier and the manufacturing involves only paper making.

The purification plant comprises of six stages: first the buffer tower, followed by a tank of bio-
beds containing solid plastic materials. In this stage, biofilm of bacteria are formed, which works
to break down the pollutants. Third, water passes through the tower with floating solid
materials and biofilm attached to the surface. Added air ensures the circulation of the materials
and the survival of the bacteria enclosed in the biofilms. The treated water then proceeds to the
sedimentation tanks, from which the settled solid particles are transferred to the centrifuge, to
get more thickened and the treated water proceeds to the ultra filtration tank. The collected
water for the current project was taken from the final stage after ultra-filtration, just before
discharging into Munkedal River (61).

Sodra, Viiro

Sédra Cell is a pulping mill and lacks manufacturing of paper. It is one of the leading market pulp
producers around the world. S6dra manufacture different types of pulp generally categorized as
textile pulp and paper pulp. The waste water collected from Sodra for this study is from the
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paper pulping facility. Bark-press effluent is generated in the very early stage of pulping, the
barks after debarking, are pressed into pellets. The effluent is collected from this stage. Another
effluent was collected from the bleaching step. This processing step enables removal of
unwanted by-products, thereby whitening the pulp (62).

Table 4 : Three primary measurements of the collected process waters from the Swedish Pulp and Paper mills. Tot-N and tot-

P values were given from the company and the pH were measured at SP, except for Billerud Korsnds paper mill water. They
do not do measurements for tot-N and tot-P for these respected waters

Name pH Tot-N, | Tot-P, Color appearance
mg/1 mg/1
1.Holmen Paper | 7.59 5.69 0.48 Light golden color. Color was usually
Braviken little darker when unfiltered. Less
particle present, relatively easy to filter.

2.Arctic Paper | 6.74 11.0 1.23 Looked almost like water color. Easy to
Munkedals, AB filter.

3. Stora Enso Skoghall 5.68 18.7 3.90 This water was the most difficult one to

filter, as the water was very thick, and
rich in fine particles. But the color was
light golden.

4. Sodra Viro 5.14 12.5 1.74 Very dark brown. Bark particles were
present. Filtration time was longer
depending on the amount of bark

particles.

5. Sodra Viro 7.24 13.6 1.76 Very light golden color. Relatively clear
water, that was easy to filter.

6. Billerud Korsnas 7.54 5.0 0.30 Light golden color. Looked similar to
Holmen waste water. Easy to filter.

7. Billerud Korsnis 4.51 - - Very dark brown, almost like black color

water. The water had bark particles in it,
took time to filter.

8. Billerud Korsnas 10.53 - - Light golden color, easy to filter.

9.Billerud Korsnis 5.41 - - Light brown color, less dark than bark-

press water.
3 4 5
. \ ) '
l &

Figure 4: Nine pulp and paper mill process waters. The numbers are according to the table 4.
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3.3. Culture condition

Two types of screenings were done in this study, one prescreening in tissue culture flasks
examined by visual observations and three scaled-up screenings in E-flasks, with strains based
on the results of the previous mentioned prescreening, where growth was followed by OD7so.

For both the prescreening and the scaled-up experiments, the cultures had been maintained at
similar conditions. 18W fluorescence lamps were used as a source of light and the light and dark
cycle was 20/4 hours. During the prescreening in culture tissue flasks, the cultures were placed
under these lamps and during the scaled-up screenings in E-flasks the lamps were directed from
both sides of the cultures to ensure better light exposure. The cultures were kept at room
temperature and the initial pH was always within the range from 6.5 - 7.5 approximately.

3.4. Prescreening

In this study, during prescreening the investigation included nine fresh water microalgae and
nine pulp and paper mill process waters. High cell growth of the fresh water microalgae in the
testing process waters was the desired characteristics. The growth was followed by simply
examining the growth visually where the green color indicated how the algae grew. The aim of
this small screening was to select three species and waters to scale-up.

100 sets of 50 ml tissue culture flasks were used to do the prescreening. The caps were
constructed to allow gas exchange without contaminating the cultures. The arrangement of the
culture flasks are shown in Table 5. The letters are indicative of different waters and the
numbers represents different microalgae species (Table 5).

Table 5: Schematics of culture organization in prescreening.

oM 0a 0b 0c 0od Oe 0f Og Oh 0i
1M la 1b lc 1d le 1f lg 1h 1i
2M 2a 2b 2¢c 2d 2e 2f 2g 2h 2i
3M 3a 3b 3c 3d 3e 3f 3g 3h 3i
4M 4a 4b 4c 4d de 4f 4g 4h 4i
5M 5a 5b 5c 5d 5e 5f 5g 5h 5i
6 M 6a 6b 6¢C 6d 6e 6f 6g 6h 6i
7M 7 a 7b 7c 7d 7e 7f 78 7h 7i
8M 8a 8b 8c 8d 8e 8f 8g 8h 8i
9M 9a 9b 9c 9d 9e 9f 9g 9h 9i
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0= No species a = Holmen Paper

1= Chlorella vulgaris b = Arctic Paper Munkedals,AB
2= Ankistrodesmus falcatus ¢ = Stora Enso Skoghall

3= Botryococcus braunii d = S6dra Varo-Barkpress

4= Chlamydomonas reinhardltii e = Sodra Varo-Bleaching

5= Chlorella sorokiniana f = Billerud Korsnds Gruvon

6= Chlorella protothecoides g = Billerud Korsnas-Barkpress
7= Scenedesmus obliquus h = Billerud Korsnas-Bleaching
8= Scenedesmus dimorphus i = Billerud Korsnas- wood room
9= Dictyosphaerium pulchellum M=3N-BBM+V medium

The prescreening was conducted for 15 days. Before starting, both the microalgae species and
the industrial waste waters (WWs) were prepared for the test. The waters were filtered with
0.6um filter paper and the pH was measured. Process waters with pH higher or lower than 7.0
were adjusted to pH around 7.0 (Table4). For the algae species, inoculum size was decided
based on OD;59 measurements taken for each microalga pre-culture. Simultaneously, different
amount of Botryococcus braunii (50, 100, 150ul and so on) was added to the waste water with
least color to estimate the inoculation size, and 250ul was chosen for B. braunii. From this visual
observation and the ODy5o measurements, the remaining inoculum sizes were calculated for
each of the waste waters, including a control with 3N-BBM+V medium (calculation included in
the Appendix B). To prepare for inoculation, 1ml of each algae culture was centrifuged at 5000
rom for 5 min using Hettich Universal 1200 Centrifuge machine. The supernatants were
discarded, followed by a re-suspension of pellet with the corresponding water. Finally, the
calculated amount of each species was transferred to the corresponding tissue culture flasks
with 30 ml of the respective media.

3.5. Equipment setup for scaling-up to E-flasks

A cultivation system with twelve batches (E-flasks, 250 mL) was constructed by Bark (11) and
(63) originally developed to screen several cultures of microalgae simultaneously with a coupled
gas distribution system mimicking Valadi et.al. 2001 (64). A schematic diagram of the culture
system is shown in Figure 5.
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Control Cultures Testwaters as media

P
Out flow
H,0
Il l I
7 8 a 10 11 12
Testwaters as media Testwaters as media

Chlamydomonas reinhardtii
D Scenedesmus obliquus
DDEctyasp haerium pulchellum

Figure 5: Schematic diagram of culturing system used for the three screening experiments. The number represents the 250 ml
E-flasks with cultures.

In general, the E-flasks were sealed with rubber stoppers. Each rubber stopper was drilled with
three holes, and stainless steel tubes were put through the holes: one to be used as inflow of
gas, one as out flow of gas and one for sampling. Gas supply was first saturated in autoclaved
water to avoid losses of water from the cultivations and later distributed to the 12 cultures
through the outlet and inlet tubes attached to the E-flasks. Agitation was provided by the inflow
of gas generating bubble from the bottom of the cultivations. 1% CO, air was supplied to the
cultures with an approximate total flow rate of 2000 ml/min. Four 18W lamps were placed on
both sides of the E-flasks arranged in two lines (figure 6).

The cultures were always arranged as shown in Figure 6 for the three screening experiments.
The control cultures were in flask 1 (C. reinhardtii), flask 2 (S. obliquus), and flask 3 (D.
pulchellum). The waste waters for investigation were placed in flask 4 to flask 12. The
microalgae species were transferred to these flasks in a similar manner for all three screenings,
and the orientation is shown below,
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Culture flask 4, 5 and 6 (Chlamydomonas reinhardtii )
Culture flask 7, 8 and 9 (Scenedesmus obliquus )
Culture flask 10, 11 and 12 (Dictyosphaerium pulchellum)

Figure 6: Gas distribution system used for screening. Picture taken during screening 1.

3.6. Scaled-up screenings in E-flasks with a gas distribution system

During the second phase of investigation, a limited number of test items were investigated.
Three microalgae species and three process waters comprised the group for screening and the
separation was based on the best algae growth. Three screening tests were conducted, where
the media used for each run varied. Table 6 represents the different media used during the
three screenings.
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Table 6: Different control and test waters used during three screening experiments.

Screening Control Waste water for testing

Screening 1 3N-BBM+V Holmen Paper, Arctic Paper Munkedals,AB and
Billerud Gruvon waste water

Screening 2 100% Municipal waste water | Holmen+20% MWW, Arctic +20% MWW, Billerud
(MWW) Gruvon+ 20% MWW

Screening 3 Holmen Paper Waste water | Holmen paper water + Nitrate and Phosphate
with  no added nutrients
(negative control)

3.6.1. Screening 1 - Algae growth in pulp and paper mill waste waters

For this screening, the waste waters were filtered with 0.2um filter paper to minimize the
number of other microorganisms coming from the test water. Control media was the nutrient
rich 3N-BBM+V prepared according to the recipe (Appendix A). The cell concentration for the
pre-cultures of Chlamydomonas reinhardtii, Scenedesmus obliquus and Dictyosphaerium
pulchellum were measured by taking ODyso values. These values were used to calculate the
inoculation size for the test cultures. The 12 cultures were arranged as shown in the schematic
diagram (figure 5). Growth was followed daily by OD;5o measurements and the pH was
controlled on a daily basis. The screening was run for 15 days.

3.6.2. Screening 2 - Algae growth in pulp and paper mill waste waters modified with
municipal waste water

During the second screening, the tested waters from pulp and paper mills were modified.
Assuming that, the limiting factor for algae growth in the first screening was nutrient
concentration, municipal waste water was decided to be added to the pulp and paper mill
waters. Municipal waste water is relatively rich in nutrients. This water was provided by Ingrid
Appelberg, performing another master thesis project at SP (65).

In this screening, undiluted municipal waste water was used as control (100%), and for the test
waters only 20% of Municipal water was mixed with the paper mill effluents before cultivation
began. All the process waters were filtered prior to the screening. The pore size for filtering and
the inoculum size were similar as Screening 1. Growth was followed daily by OD;sg
measurements and the pH was controlled on a daily basis. The screening was run for 12 days.

3.6.3. Screening 3 - Algae growth in Holmen Paper waste water supplemented with
Nitrate and Phosphate

One pulp and paper mill process water was selected for Screening 3. All the waters were filtered
with 0.2um filter paper, before the test began. The control water was the pure pulp and paper
mill effluent. For the test waters, three inorganic compounds: NaNO; K;HPO, -3 H,O and
KH,PO,4 were incorporated into Holmen Paper waste water, according to the 3N-BBM+V recipe.
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The adjustment was done to increase the nutrient levels even more and to achieve high biomass
production and also to investigate if the growth was only a function of nutrient levels. The way
of calculating the inoculation size for the microalgae species was same as for the first screening.
Growth was followed daily by OD;5¢ measurements. The final dry weight was measured and the
biomass concentration in g/l was calculated. The pH was controlled throughout the cultivation.
The screening continued for 15 days.

3.5. Analytical methods
The growth of the microalgae was monitored and followed by taking optical density (OD) and a
final dry weight measurement.

3.5.1. Optical density (OD) measurement

In order to acquire a fundamental growth curve of microalgae, optical density (OD) was taken
daily basis during the experiments. The OD values later allowed obtaining the specific growth
rate for each microalga. Bark, (11) examined different wavelengths to detect the appropriate
wavelength with minimal absorbance and selected OD;s5y for studies of microalgae growth.
Therefore in this project, OD;50 was used and OD measurements showing higher values than 0.7

were diluted to minimize error.

A spectrophotometer (Cary 50 UV-visible Spectrophotometer) was used to measure the
absorbance of the algal cells present in each sample. According to Bark (11), taking OD is an
indirect measurement of microalgae cell mass. Theoretically, the scattered light is linear to the
number of cells present as long as the biomass concentration is low enough (OD between 0.2-
0.7). Although, measuring OD is a convenient way of following the microbial growth, in case of
microalgae, OD values could often be misleading due to the chlorophyll and other pigments
present in an algal cell (66). These pigments can vary in amounts depending on the environment
and growth phase and lead to absorbance of the applied light in the spectrophotometer (11).

3.5.2 Algal biomass determination / dry weight

In order to achieve a relatively accurate biomass concentration of the microalgae culture, dry
weights were determined. The biomass concentration measurement represents the total dry
weight of the biomass per volume of culture. A known volume of the culture was filtered using
0.2um filter paper, followed by rinsing with 0.5M Ammonium formate (NH;HCO,) (67). The filter
papers were then dried at 100°C overnight, and left in a constant variable room maintained at
23°C with air humidity of 50% RH; for several hours before measuring the final weight. The filter
papers were pre-weighed and the additional washing step ensures that the salts and nutrients
were rinsed off. Double samples were made for all samples and averaged. Biomass
concentration measurement by dry weight was performed for Screening 3 only.
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3.5.3 Measurement of pH
In order monitor the influence of pH on the cultures, the pH of each culture was measured
regularly using a pH meter (Symphony SP80OPD).

3.5.4. Phosphorous and nitrogen analysis

Analysis was performed for only one screening experiment. The selected process water and the
water with added nutrients were analyzed for five measurements: tot-N, tot-P, NH4-N, NOs-N
and PO4-P at AK-lab in Boras. Then to follow the nutrient removal efficiency of the respected
microalgal species, all 12 cultures were prepared for N and P analysis. The culture was first
centrifuged at 5000 rpm for 10 minutes followed by filtering with 0.2um filter paper and send to
AK-lab for analysis.

28



4. Results

4.1. Prescreening

For prescreening, the result was made basically from visual observations. Color and turbidity of
the cultures were the main indicators. Pictures were taken daily to follow the cultures, where
turbidity was an indication of low cell concentration. Dense cultures were recognized by the
color intensity, varying from light to darker green. Often microscopic examinations were done
to check if the cultures were contaminated or not. Therefore the decision for selecting waste
water and microalgae species were mainly based on visual impression and rough estimation of
the algal cell concentration.

4.1.1. Selection of waste water

From the inspection, it was absolutely clear that only three waste waters, Holmen Paper (a),
Arctic Paper Munkedals AB water (b) and Billerud-Gruvon waste water (f), were suitable for
microalgae growth. The cultures with other waters had no color development or turbidity visible
by naked eyes (Figure 7). These three waters that could support algal growth were selected for
further studies.
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Figure 5 Pictures from the last day of prescreening (day 15), comparing all the waste waters with nine algae species. The black
line box indicates the selected waters (a, b, and f).The number 0-10 represents the microalgae species. Where 0 indicates no
microalgae. 1=C. vulgaris, 2=A. falcatus, 3= B. braunii, 4= C. reinhardtii, 5= C. sorokiniana, 7= S. obliquus, 8= S. dimorphus and
9=D. pulchellum.
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4.1.2. Selection of microalgae species

All nine microalgae species showed growth, which was visible as color development in the
cultures. No OD75o measurements were taken during prescreening, because it was not feasible
due to the firm attachment of the cells to the culture flasks. Under microscope, the two
Scenedesmus species had clear morphological changes by the end of prescreening. Usually
Scenedesmus sp. are found as colony of 4 or 6 cells. Each cell is long in diagonal and pointy near
the edges. In the end of prescreening, due to the impact of waste water, the cells became
relatively larger and roundish than their normal size and shape. No indigenous microorganisms
were visible in three cultures with S. obliquus, S. dimorphus and. D. pulchellum. The remaining
microalgae species were interfered with some indigenous microorganism growth.
Ankistrodesmus falcatus, was contaminated with another round microorganism from the
beginning and the culture was not over taken by A. falcatus.

Figure 6 Selected microalgae species in prescreening

Three of them were chosen for the screening experiments: Chlamydomonas reinhardtii,
Scenedesmus obliquus, and Dictyosphaerium pulchellum (figure8). Although C. reinhardtii was
contaminated in the prescreening this species was selected because this species is extensively
studied as model microalgae and is the only microalgae with full genome sequenced (68). Other
two selected species showed relatively good growth in prescreening.

4.2. Batch Cultivation in a gas distribution system

Three screenings were conducted where the cultures were scaled up to 250 ml E-flasks.
Different media were used in these screenings (table 6). Five parameters were measured for
these waste waters (analysis done at Ak lab, Boras) and the data are shown in table 7.
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Table 7: Initial nutrient content in the waste waters used in three screenings .

Media Tot-N Tot-P NOs3-N PO,-P NH4-N
(mg/) | (mg/1) | (mg/1) | (mg/) | (mg/1)
Holmen Paper 4.5 0.17 3.74 0.14 0.012
Arctic Paper Munkedals,AB 3.4 0.025 <0.03 0.012 0.007
Billerud Gruvon 2.2 0.13 0.240 0.12 0.45
Municipal waste water* 4.1 0.46 <0.03 0.33 2.9
Holmen with NO3-N,PO;-P$ 120 53 122 53 0.012
3N-BBM+V 124 50 124 50 -

* Data provided by Backhammar for municipal waste water, was

2.4 mg/l, NHs-N 18.3 mg/l, NO3-N 0.29 mg/I.

® This water had a little lower value for tot-N, than NOs-N. This is because of the measurement

quite different from the
analysis by Ak lab. According to Backhammar, the measurements were: tot-N 21.1 mg/l, tot-P

error, as the sample had very low nitrogen. Therefore according to AK lab, the actual value
might be in between 120-124 mg/I.

4.2.1. Screening 1 with pulp and paper mill waste waters
In 3N-BBM+V medium (Control cultures), Chlamydomonas reinhardtii, Scenedesmus obliquus

and Dictyosphaerium pulchellum reached the highest ODsso: 1.2, 7.1 and 7.4, respectively (figure
9, 14). In Holmen Paper waste water, the highest OD;so at 0.6 was found for D. pulchellum,
whereas both Arctic Paper waste water and Billerud Gruvén waste water gave maximum ODsg
below 0.3 (figures 10, 11, 12).

3N-BBM+V

0D750

O B N W & U1 O N O

100 150 200
Time(h)

—o—C.reinhardtii
—-S. obliquus

D. pulchellum

Figure 7: Growth curves for three microalgae species in the control water (3N-BBM+V), during screening 1.
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Figure 8: Growth curves of three fresh water microalgae species in Holmen Paper waste water, screening 1.
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Figure 9: Growth curves of three fresh water microalgae species in Arctic Paper Munkedals AB waste water, screening 1.
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Figure 10: Growth curves of three fresh water microalgae species in Billerud Gruvon waste water, screening 1.



No contamination was encountered during this screening experiment, confirmed by microscopic
inspection. In both control and test waters, the D. pulchellum cells were smaller in size and
found as colonies. After day 5, C. reinhardtii in control medium began to settle and the cells
were always found as cluster of colonies under the microscope. S. obliquus in control medium
were present as colonies of 4 or 6 cells where cells are pointy near the two edges of the cells
and 4 or 6 cells are attached as one colony( usual morphology). By the end of screening the cells
were found relatively larger compared to usual and the cells were relatively round in the
corners.

The microalgae species growing in control (3N-BBM+V) media were also shown to have higher
specific growth rates, compared to growing the species in waste waters. However, the specific
growth rate of different species varied based on the process water. For C. reinhardetii, the
highest growth rate was found in Billerud Gruvon water and for both S. obliquus and D.
pulchellum; the rate was highest in Holmen Paper waste water (Table 8).

Table 8: Specific growth rate calculations for 12 cultures during screening test 1 . Doubling time is regarded as (In2/p).

Culture Specific growth rate | Doubling time
u(h™?) (h)
1. C. reinhardtii, 3N-BBM+V 0.043 16.1
2. C. reinhardtii, Holmen 0.100 06.9
3. C. reinhardtii, Arctic 0.018 38.5
4. C. reinhardtii, Gruvon 0.055 12.6
5. S. obliquus, 3N-BBM+V 0.053 13.1
6. S. obliquus, Holmen 0.049 14.1
7. S. obliquus, Arctic 0.030 23.1
8. S. obliquus, Gruvon 0.006 115.5
9. D. pulchellum, 3N-BBM+V 0.067 10.3
10.D. pulchellum, Holmen 0.061 114
11.D. pulchellum, Arctic 0.027 25.7
12.D. pulchellum, Gruvon 0.027 25.7

There was no significant fluctuation in the pH, throughout the cultivation period, except that
the control cultures had relatively lower pH (around 6.0) at start, compared to the cultures with
waste water. However, the pH found in all the cultures showed a trend of gradual increase and
reached around 8.5-9.2 at the end of screening (figure 13).
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Figure 11: pH in 12 cultures during screening 1. L1, L2,L3 are C. reinhardtii, S. obliquus and D. pulchellum in 3N-BBM+V. L4,
R1, R4 are cultures of C. reinhardtii in Holmen Paper waste water. L5, R2, R5 are cultures of S. obliquus in Arctic Paper
Munkedals,AB and L6,R3,R6 are cultures of D. pulchellum in Gruvon waste waters.

Figure 14: Pictures taken during screening 1 at day 1 and day 9. Control culture (species grew in 3N-BBM+V) with green algae
at the left (from most left 1. C. reinhardtii, 2. S. obliquus, 3. D. pulchellum ) showed significant growth, compared to the waste
water cultures, which had no significant color development.
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4.2.2. Screening 2 with the pulp and paper mill waste waters, modified with
municipal waste water

In screening 2, the microalgae species in 100% municipal waste water (the control, MMW)
showed rapid increase in cell concentration until day 5 (figurel15). At this point, D. pulchellum
reached ODys5o 2.93, which is the highest among all the cultures in screening 2. However, there
was a sudden drop in cell concentration for D. pulchellum, and the culture turned white.
Considering this incidence as an indication for nutrient deficiency, on day 5, additional 20% of
municipal waste water was added to all the cultures (indicated by arrow in the figures).

After this addition, the remaining two microalgae: C. reinhardtii and S. obliquus in 100%
municipal waste water continued growing until last day of the experiment, whereas D.
pulchellum failed to recover (Figurel5). In Holmen Paper waste water, microalgal growth was
enhanced by the addition of municipal waste water. The ODy5o for D. pulchellum in Holmen
Paper waste water was nearly as high as for D. pulchellum in the control medium (figurel6). For
the remaining two waste waters, no significant algal growth was detected (figure 17, 18).

100% Municipal water
3 T —> —o—C. reinhardtii

2.5 T = —m-S. obliquus

D. pulchellum

0 50 100 150 200 250 300
Time (h)

Figure 15: Growth curves for three microalgae species in 100% municipal waste water in screening 2.
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Figure 16: Growth curves of three fresh water microalgae species in Holmen Paper water with 20% municipal waste water.
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Figure 17: Growth curves of three fresh water microalgae species in Arctic water with 20% municipal waste water.
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Figure 18: Growth curves of three fresh water microalgae species in Billerud Gruvon water with 20% municipal waste water.

36



The specific growth rates for the three microalgae species in 100% municipal waste water (the

control) were slightly higher than the rates found in the other tested waters, except for D.

pulchellum. This species in Holmen water with 20% MWW had almost similar specific growth

rate as found in the control cultivation (Table 9).

Table 9: Specific growth rate values for 12 cultures during screening 2.

Culture Specific growth rate, Doubling time
p(h?) (h)
1. C. reinhardtii, 100% MWW 0.055 12.60
2. C. reinhardtii, Holmen+20% MWW 0.033 21.00
3. C. reinhardetii, Arctic+20% MWW 0.026 26.65
4. C. reinhardtii, Gruvon+20% MWW 0.033 21.00
5. S. obliquus, 100% MWW 0.040 17.32
6. S.obliquus, Holmen+20% MWW 0.036 19.25
7. S. obliquus, Arctic+20% MWW 0.023 30.13
8. S. obliquus, Gruvon+20% MWW 0.023 30.13
9. D. pulchellum, 100% MWW 0.066 10.50
10.D. pulchellum, Holmen+20% MWW | 0.059 11.74
11.D. pulchellum, Arctic+20% MWW 0.035 19.80
12.D. pulchellum, Gruvon+20% MWW 0.052 13.32

When starting the cultivations of screening 2, there was no added CO, only air was supplied. As

a result, at this point a significant higher starting pH was found (around 9.0) for all cultures

(figure19). Once CO, was added to the culturing system, the pH declined to around 7.0, showed

in figure 19. Later no critical change in the pH was found throughout the screening experiment.

37




pH in screening 2 —=u

-2

10 - e 3
9.5 ’: e | 4
9 & =15
:Q:- 8.5 =06
. !
A5 . _a_a N e R2

7.5 | R3
7 T T T T T 1 == R4
0 50 100 150 200 250 300 = RS
Time(h) R6

Figure 19:12 pH in 12 cultures during screening 2. L1, L2, L3 are C. reinhardtii, S. obliquus and D. pulchellum in 100% municipal
waste waters. L4, R1, R4 are cultures of C. reinhardtii in Holmen + 20% MWW. L5, R2, R5 are cultures of S. obliquus in Arctic +
20% MWW and L6, R3,R6 are cultures of D. pulchellum in Gruvon +20% MWW.

4.2.3. Screening 3 with Holmen Paper waste water supplemented with nitrate and
phosphate

As Holmen Paper waste water supported the best growth of microalgae in both screening 1 and
screening 2, therefore, this water was selected for screening 3. To better understand the effect
of waste water on microalgae growth, extra nutrients was instead added as nitrate and
phosphate salts.

In continuation with the previous screenings, D. pulchellum was the best microalgae with
highest amount of biomass formed, followed by S. obliquus, which was found to be
contaminated with another microorganism. The order of cell concentration (OD;s value) was D.
pulchellum> S. obliquus > C. reinhardtii, (figure 20), also reflected in the final biomass (g/l) 1.36
>1.09 >0.97, respectively. This was also consistent with the percent removal of nitrate-N and
phosphorus-P; 81 % > 73 % > 65 % and 94% >93% >92%, respectively, with the same order of
good performance for the species: D. pulchellum> S. obliquus > C. reinhardtii (Table 10 and 11).

From microscopic examination at last day of screening, C. reinhardetii cells in control water were
found mostly as clusters of 4-5 and 5-8 cells. However there was also some fiber like structure
seen, which were also visible by naked eye as white lining floating in the culture. Whereas, the
cells were in big clusters, almost no single cell were seen under microscope, in all three cultures
with nutrient rich waste water. For S. obliquus, both in control and test cultures, the cells were
found as consortium with another green round microorganism. Only the differences were found
in the morphology and cell number. In control the cells were few in number and S. obliquus was
mostly found as pairs of 4 and the cells were pointy near the edges. In test waters the cells
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became relatively larger and roundish than pointy. The other microorganism was found as small
clusters rather than single cells inhabitant with S. obliquus. For D. pulchellum, the cells were
found as round and single cells in the control. In three triplicate cultures of test water, they
were found as small round cells, most in dividing phase (dividing to 3-4 cells). Some single cells
were also seen often.

Holmen with nitrate and phosphate

=—o—_C. reinhardtii
—-S.obliquus

D. pulchellum

0 50 100 150 200 250 300 350

Time(h)

Figure 20: Three microalgae species in Holmen waste water with nutrient supplement during screening 3.

As anticipated, the negative controls without additions of extra nutrients had lower amounts of
biomass formed compared to the test waters and by the end of screening both nitrate-N and
phosphorus-P were mostly removed (Table 10 and 11).

Table 10: Final biomass concentration at 350 h from start and specific growth rate for the three microalgae species in

screening 3. Standard deviations are included as * values for cultures growing in nutrient rich Holmen WW. No triplicate of
cultures were made for the controls thus, no standard deviations are added (marked as *).

Microalgae sp. Culture medium Final biomass, | Specific growth
(g/1) rate,
p(h1)
C. reinhardtii Holmen(Control)* 0.15 0.03
C. reinhardtii Holmen +nitrate and phosphate 0.97 +0.05 0.03 £ 0.00
S. obliquus Holmen WW (Control)* 0.39 0.04
S. obliquus Holmen +nitrate and phosphate 1.08 +0.27 0.04 +0.01
D. pulchellum Holmen WW(Control)* 0.42 0.06
D. pulchellum Holmen +nitrate and phosphate 1.36 +0.04 0.03 +0.00
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Table 11: The percent reduction of NO5-N and PO,-P for three test microalgae species cultured in Holmen waste water (WW)
and Holmen Paper WW supplemented with nitrate and phosphate. Standard deviations are included as * values for cultures
growing in nutrient rich Holmen WW. No triplicate of cultures were made for the controls thus, no standard deviations are
added (marked as *).

Culture Medium NO3-N (% | PO4+-P(%
Reduction) Reduction)

C. reinhardtii Holmen(Control)* 93.18 90.71

C. reinhardtii, Holmen +nitrate and phosphate 65.30+ 06.43 92.89+ 01.57
S. obliquus Holmen WW (Control)* 99.19 95.71

S. obliquus Holmen +nitrate and phosphate 73.41+ 13.74 93.27+ 01.47
D. pulchellum Holmen WW(Control)* 99.19 94.28

D. pulchellum, Holmen +nitrate and phosphate 81.22+ 04.33 94.404 02.71

Little fluctuation in pH was perceived during screening 3. In some cultures the pH were elevated
(became around 9.00) due to default in the gas distribution system followed by no CO, supply
and zero agitation. Once the fault was fixed, the pH was resumed to its original range, which
was approximately 7.5- 8.5 (figure 20).

pH in screening 3
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Figure21: The pH in 12 cultures during screening 3. C1, CL2, CL3 are C. reinhardtii, S. obliquus and D. pulchellum in Holmen
Paper waste waters. S 1.1, S1.2 S1.3 is triplicates of C. reinhardtii in Holmen waste water with nutrients. $2.1, S2.2, S2.3 are
triplicates of S. obliquus in Holmen waste water with nutrients and S3.1, S3.2 $3.3 are triplicates of D. pulchellum in Holmen
with nutrient supplement.
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5. Discussion

5.1. Fresh water microalgae species selection for the scale up
From the prescreening, three fresh water microalgae species were chosen for the screening
investigation using gas distribution system.

D. pulchellum were selected because this strain was occasionally found in an open pond
cultivation system in Ume3, Sweden?, using waste water and directed to produce algal biomass.
In addition, several reports have indicated that D. pulchellum has a broad range of tolerance to
a variety of conditions, including pH, temperature, color, turbidity, CO, availability, and light
intensity (68). Especially, this species has a wide range of pH tolerance, between 2.4 to 10.7 and
even between pH 3.3 to 8.5 optimum growth could occur (69). Frequent encounter of this
species with high growth in lakes with extreme conditions has been reported, which made it
guite interesting to investigate this species to be used for biomass production. There was also
no literature found reporting using D. pulchellum for biofuels production, or in waste water
treatment, which made it even more interesting for further research.

Of the two Scenedesmus species, S. obliquus was selected particularly because it had shown
good growth in cultivation with flue gas from Swedish pulp and paper mills (11). This species has
also a wide range of tolerance in temperature, ranging between 15 to 40°C, with an optimal
growth temperature around 30° C (25). In another report it was found that, the highest specific
growth rate is possible to reach by culturing S. obliquus at pH 7.0 (38). Therefore this microalga
was interesting to select for further screening, as it would enable an opportunity in the future to
couple waste water with flue gas from pulp and paper mills.

Recently genetic and metabolic alterations to enhance the economy of microalgae derived
biodiesel production has been considered as an way of improving algae biofuel production (4).
In this aspect, C. reinhardtii seemed a potential candidate since the full genetic information of
this species is available (70) and this microalga has been studied extensively at the molecular
level regarding its cellular behavior/regulatory system under different nutrient conditions (71)
(72) . This species has also been reported to give a high biomass production at 2.0 g/l/day with a
lipid content of around 25 %, while growing in waste water (73). Therefore, this species was
found interesting for further investigation.

Moreover, these three species has quite distinctive morphological features, which were
considered as an additional benefit, as it made easy to detect the specific algae cells by
microscopic examination. This was important, as contamination was a common scenario in the
prescreening experiments.

! Information found from Francesco Gentili (Assistant researcher, SLU Swedish University of Agricultural Sciences)
via personal communication.
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5.2. Impact of Waste water quality

Waste water collected from the Stora Enso Skoghall mill was spent liquor from the CTMP
pulping process. Therefore this water is likely to be toxic to microalgae as it is heavily loaded
with chemicals from the pulping treatment. Another fact is, despite the light color, this water
was very thick due to fine particles, which was not possible to remove completely by filtering. As
mentioned earlier, this water was also loaded with nitrogen mostly bound to EDTA (ethylene
diamine tetraacetic acid). However, Eklund et al. (74) reported that EDTA works as a growth
stimulator, while culturing algae in pulp and paper mill waste water, as it enables the availability
of essential metals for algae growth. Therefore the negative result for microalgae growth in this
water is either due to the thick water, impairing light penetration or due to presence of other
toxic compounds, but not for EDTA.

In this study, there were two waste waters collected from bleaching step and no microalgae
growth was visible in these waters. This is because bleaching spent liquor is rich in toxic
compounds like resin acids, which are incorporated to the waste water generally during the
pulping process. These compounds come from the washing of unbleached pulps of the
bleaching step (53).According to Ali et al. (55) , algae species such as Microcystis sp., Chlorella
sp., and Chlamydomonas sp., were found to be used to decolorize and reduce AOX( Absorbable
Organic Halides) load from diluted bleach Kraft mill effluents, however in this study, no color
removal or color development due to algae growth were visible in the bleaching effluent.

During prescreening, there were two waste waters from debarking process steps, which showed
no microalgae growth. The cause of the absent growth might be tannins, which are present in
these waters and absorb a significant amount of light and heat and less oxygen can be retain
compared to other waste waters (55).

Positive microalgae growth was found only in three waste waters, which were collected from
different waste water treatment plants. This fact indicates that the toxic compounds were
already removed from the water. However, these waters had relatively low nitrogen and
phosphate amount as they were ready to be discharged to the outer environment (shown in
table 3 and 4).

Therefore, to know whether or not the waters can be used as growth medium, even if the
nutrient levels are high, more thorough water analyses are needed to know the water
composition. The biomass quality can vary a lot and the use of the final product, e.g. the oil,
depends on how the quality is. If the algae accumulates for example heavy metals the water is
clean, but the product is more or less not useful. If diluting with municipal wastewater is a way
to increase the nutrient levels, there might also be an addition of toxins, medicines and other
unwanted components following. Other ways of increasing the nutrient levels therefore need to

42



be investigated, maybe have a dialogue with the mills to map their wastes and see where other
nitrogen and phosphorous sources can be found close to the power plant.

5.3. Growth characteristics of the microalgae in the process waters

Initially during the prescreening (first five days), the visual observations indicated that the
microalgae had slow growth in the nutrient rich 3N-BBM+V media compared to the waste
waters. This was probably because the nutrient rich medium primarily inhibits the cell growth at
start and prolongs the lag phase (73). However, no lag phase was detected during screening
experiments which was reflected in the specific growth rates, indicating that the microalgae
species were well adapted in the scaled up cultivation with the waste waters.

5.4. Effect of nutrient concentration

Nutrient concentration was a great influencing factor in the scaled up experiment. The
microalgae growth was significantly improved by the addition of nutrients in the form of
municipal waste water (screening 2) or with direct addition of nitrate and phosphate (screening
3). Addition of nitrate and phosphate salts according to 3N-BBM+V greatly enhanced the
microalgae growth in Holmen waste water, but were not enough to reach the cell concentration
as found in only 3N-BBM+V culture in screening 1( figure 9 and 20). This is because besides
nitrogen and phosphate, microalgae growth also requires additional vitamins, minerals and
sulfur in order to reach their full biomass production capacity. The impact of these trace
elements can be easily dignified, while comparing figur9 and 20. There were significant
difference in cell concentration between the control cultures in screening 1 ( highest 005
around 7.0), and the cultures with supplemented Holmen water in screening 3 ( highest ODsq
around 3.5). Although compared to nitrate and phosphate, only a small amount of trace
elements and vitamins are needed, however the cell reached only half of its potential in
absence of these components in screening 3 (figure 9 and 20). Therefore, it was conclusive that,
nutrient concentration is one of the major limiting factors in microalgae growth in waste waters,
after selecting the right water with no toxins and less color.

Although microalgae prefer ammonium as sole nitrogen source (14), no significant difference in
microalgae growth was found while culturing microalgae in ammonium rich media (screening 2)
or nitrate rich media (screening 3). This was also evident by the rapid growth of D. pulchellum
found in screening 2., where after only five days of cultivation, the culture of D. pulchellum in
control turned white( figurel5) ,an incident also reported by An et al. (43) . According this
report, nitrogen depletion in the medium induces a stress response where chlorophyll contents
are masked by carotenoide pigments and the cells begins to accumulate lipid and carbohydrate
as a result of defense mechanism.

However, in context of this study, using ammonium rich medium could be a disadvantage. As
the final idea of this project is to couple real industrial flue gas as the carbon source, a problem
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for the algae is that the pH in the culture medium decrease as the gas components is dissolved.
When ammonium (NH,4") is used as nitrogen source the cells release H* to keep the electrical
neutrality and the pH decreases in the culture medium. Vice versa occurs as nitrate (NO3) is
used as the nitrogen source and the culture medium increases_(26). Moreover ammonium
influences phosphorus uptake (26) and can be lost in the form of ammonia in the atmosphere at
high temperature and at high pH (37). The range of pH at which the loss of ammonium is
avoided is between 6.8 and 8.1 (43). Therefore it could be better to add nutrients in the form of
nitrate to be able to dissolve more of the flue gas in the culture as the flue gas probably will be
driven by a pH-control.

5.5. Effect of pH on the culture medium

The starting pH for all cultures was always maintained in between 6.0-7.0. There was no drastic
pH change during the three screening experiments. In first screening, the initial pH (around 6.0)
gradually raised to around 8.0, because algae growth cause elevation of pH which is usually
reduced up on dissolving CO, (14). This was also evident in screening 2. The first pH was found
around 9.0, because no CO, was present, thus only microalgae growth occurred resulting in
increased pH. In screening 3, certain cultures (figure 21) had temporary bubbling problem,
which was overcome by tapping the culture flask the day after, showed slightly higher pH. This
was because at that point CO, was not available to those cultures, thus algae growth increased
the pH. Other than that, no significant fluctuation was encountered.

Overall, it was conclusive that 1% CO, with 2000 ml/ min flow rate had no critical effect on the
pH level of the twelve cultures during the screenings.
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6. Conclusion

It was conclusive that, Holmen, Arctic and Billerud Gruvon waste waters were able to support
growth of fresh water microalgae species (microalgae chosen for this study). However the
potential was limited to some extent. Nutrient concentration was found to be the major limiting
factors, therefore addition of nitrogen, phosphorus and trace elements are highly required in
order to achieve the highest biomass production. Not all pulp and paper mill effluents were
suitable for microalgae growth. Particularly, spent liquor from debarking, pulping, and bleaching
waters did not support growth at all due to dark color and presence of toxins. It was also certain
that, 1% CO, added at 2000 ml/min flow rate do not affect the pH balance of the cultures.

Among the nine microalgae species, during scale up, D. pulchellum had the best growth
followed by S. obliquus and C. reinhardtii. S. obliquus had cell concentration almost close to D.
pulchellum and this species had been successfully cultured in Swedish pulp and paper mill flue
gas (11), therefore S. obliquus might be a potential candidate if the aim is to couple microalgae
cultivation in waste water with flue gas. Another additional advantage over D. pulchellum is S.
obliquus can settle relatively better when biomass is high. This is a good characteristic, as it
reduces expense during harvest. On the other hand, D. pulchellum was found very interesting to
grow in waste water and had showed a promising cell growth in Swedish pulp and paper mill
waste water. Further investigation is essential while using this microalga, because there is no
literature found where it has been used for biofuel production. Thus the quality of the biomass
from D. pulchellum is unknown. Effect of addition flue gas from Swedish pulp and paper mill is
also needed to be tested.
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Appendix A

3N-BBM+V Composition

3N-BBM+V (Bold’s Basal Medium with 3 fold Nitrogen and vitamins, modified)

Stock solution in g/ 1000ml water
25.0 g NaNO3

2.5 g CaCl,.2 H,0

7.5 g MgS0,. 7 H,0

7.5 g K,HPO, 3 H,0

17.5 g KH, PO4

25¢g

Trace element solution

Vitamin B,

Vitamin By,

For 1 liter final medium
30.0 ml

10.0 ml

10.0 ml

10.0 ml

10.0 ml

10.0 ml

6.0 ml

1.0 ml

1.0 ml

Make up to 1 liter with distilled water, autoclaved, stored in the fridge.
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Appendix B
Calculation of inoculum for prescreening

Initially, in order to rough estimate the algae needed, B. braunii were added to Arctic Paper
waste water (this had the lightest color) and from visual inspection, 250ul of the culture was
decided to be used for calculating the other microalgae inoculum size. The calculation were
calculated using the following equation, where Vinocuum refers to the volume of inoculation for
the desired species, ODysgspecies refers to respective OD of that species and ODysg, g. braunii IS the
ODy5q for B. braunii.

250pul * OD750,8.braunii

Vinonuium = T oD
750,spciecies

The Odyso for the nine microalgae and the calculated inoculum size are shown in table .

Table 12: The OD,5, for nine microalgae precultures. The inoculum size were calculated based on 250 pl of B. braunii

Microalgae species 0D750 Inoculum size (ml)
1. Chlorella vulgaris 1.294 0.258
2. Ankistrodesmus falcatus 1.113 0.301
3. Botryococcus braunii 1.341 0.250
4. Chlamydomonas reinhardtii 1.309 0.256
5. Chlorella sorokiniana 1.321 0.253
6. Chlorella protothecoides 1.126 0.297
7. Scenedesmus obliquus 1.179 1.872
8. Scenedesmus dimorphus 0.141 2.362
9. Dictyosphaerium pulchellum | 0.182 1.834

Calculation for inoculum for screenings

During three screenings, the ODs5o for the pre-cultures of C. reinhardtii, S. obliquus and D.
pulchellum were measured just before starting the experiment. Then based on the cell
concentration indicated by ODso, the desired ODsg in the culture is decided. Then using the
following equation inoculum size for each species was calculated.

Cl*V]_:CZ *VZ

Where, C; is the ODy5 that is found for the species, V; is the desired volume( inoculum) and C,
is the concentration of cell that is desired and V, is the final volume (where the culture would be
inoculated).
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Appendix C

Calculation of specific growth rate

Calculations of specific growth rates (u) were calculated from the growth curve plotted with
OD7so in logarithmic scale against time. The linear phase was estimated to create a linear
regression. The W value was correspondent to the slope of the linear regression.
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Figure 2213: Linear regression fit to the exponential phase of the growth curve found in screening 1. LI, L2, L3 represents p for
C. reinhardtii, S. obliquus and D. pulchellum in 3N-BBM+V. L4, R1,R4 represents p for C. reinhardtii, S. obliquus and D.
pulchellum in Holmen Paper waste water, L5,R2, R5 represents pu for C. reinhardtii, S. obliquus and D. pulchellum in Arctic
Paper waste water and L6,R3, R6 represents C. reinhardtii, S. obliquus and D. pulchellum in Billerud Gruvén waste water.
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Figure 23: Linear regression fit to the exponential phase of the growth curve found in screening 2. LI, L2,L3 represents pu for C.
reinhardtii, S. obliquus and D. pulchellum in 100% Municipal waste water(MWW).. L4, R1,R4 represents p for C. reinhardtii,
S. obliquus and D. pulchellum in Holmen Paper waste water + 20% MWW, L5,R2, R5 represents u for C. reinhardtii, S.
obliquus and D. pulchellum in Arctic Paper waste water + 20% MWW and L6,R3, R6 represents C. reinhardtii, S. obliquus and
D. pulchellum in Billerud Gruvén waste water + 20% MWW.
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Figure 24: Linear regression fit to the exponential phase of the growth curve found in screening 3. Cl, C2,C3 represents pu for
C. reinhardtii, S. obliquus and D. pulchellum in Holmen Paper waste water.. $1.1,51.2,51.3 represents p for C. reinhardtii in
Holmen Paper waste water + nitrate and phosphate S2.1, $2.2, S2.3 represents p for S. obliquus in Holmen Paper waste
water + nitrate and phosphate and $3.1,53.2, S3.3 represents D. pulchellum in Holmen Paper waste water + nitrate and

phosphate.
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Appendix D
Calculation of dry weight

= The differences of weight for filter paper before and after filtration were measured.

= The weight for blank filter were subtracted from the weight of filter with the dried cell
mass

= There were duplicates for each sample, thus, average was calculated.

= The weight was coveted as g per L
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