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Abstract 
 
Algae biofuel has been gaining interest as a potential replacement for liquid fossil fuels. 

Wastewater provides a promising medium for algae production as it contains recycled water and 

high nutrient concentrations. Production of algae for biofuel can be made more cost efficient by 

using the algae to treat municipal and industrial wastewater. The purpose of this study was to 

test the ability of microalgae, under mixotrophic growth, to remove dissolved organic carbon 

(DOC), nitrogen (N), and phosphorus (P) from municipal and industrial wastewater. Other 

factors that may affect algae growth and nutrient removal such as bacteria, quality of the DOC, 

the concentration of the DOC in wastewater, and the addition of flue gas were also investigated. 

This was done by performing six experiments comparing nutrient removal and algal growth in 

sterilized municipal wastewater, unsterilized municipal wastewater, and unsterilized industrial 

wastewater mixtures with and without the addition of flue gas using the microalgae species 

Scenedesmus dimorphus and Selenastrum minutum. After six days, under mixotrophic growth, 

microalgae and bacteria together removed 50-60% of DOC from municipal wastewater and 68-

81% from industrial wastewater mixtures. Bacteria were responsible for the majority of the DOC 

removal. Also, under mixotrophic growth in industrial wastewater mixtures, microalgae removed 

>99% of ammonium (NH4
+) and 82-98% of total phosphorus (TP). Growth of microalgae was 

higher in the industrial wastewater mixtures with higher DOC concentration (>285 mg/L) than 

in municipal wastewater alone (DOC<32 mg/L). Both species of microalgae achieved the highest 

growth (dry weight biomass of 0.72-0.76 g/L) in the industrial wastewater mixture of pulp and 

paper and dairy wastewater with addition of flue gas. Overall, microalgae growth in wastewater 

under mixotrophic conditions removes a higher percentage of DOC than under autotrophic 

growth, which requires more energy for light, while also removing an equal percentage of N and 

P.  
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1 Introduction 

1.1 Benefits of algal biofuel 

Climate change linked to the increase in atmospheric greenhouse gases has largely been driven 

by the combustion of fossil fuels over the last century (Höök and Tang 2013). Fossil fuels are not 

considered renewable as it takes millions of years for the mineralization of organic matter into 

mineral matter (Bessou et al. 2010). One potential alternative to fossil fuels as an energy source 

are biofuels. Biofuel is defined as a fuel comprised from a biomass that is able to grow on a short 

enough time scale so that it can be considered renewable (Bessou et al. 2010). Algae, especially 

green microalgae, has long been considered a potential for biofuel due to its ability to generate 

significant quantities of biomass, its high growth rate, its high oil content, and because biodiesel 

produced from algae is nontoxic (Lau et al. 1995, Pittman et al. 2011, Zhang et al. 2014, Lin and 

Wu 2015). Also, unlike other sources of biofuel, microalgae does not affect agriculture and won’t 

compete for land used for growing food crops as it can be cultivated on barren land (Pittman et 

al. 2011, Lin and Wu 2015). Types of biofuel that algae can be used for are biodiesel from the 

lipid content, alcohol, hydrogen, biogas produced from anaerobic degradation or methane 

fermentation, or using the algal biomass directly for combustion (Dębowski et al. 2013). 

Microalgae also have many other productive uses such as animal feed, fertilizers, and for 

metabolic products such as food supplements (Lau et al. 1995, An et al. 2003, Perez-Garcia et al. 

2011). 

1.2 Wastewater as potential algae growth medium 

One of the major costs associated with algae production for biofuel is the need for a constant 

supply of freshwater, which is a problem in many areas dealing with drought and over pumping 

of groundwater stores (Rogers et al. 2014). Wastewater is one solution for this problem because 

this would mean recycling previously used water for algae biomass production (Rogers et al. 

2014). Another one of the difficulties with growing microalgae for biofuel and other products is 

the need for the addition of nutrients such as nitrogen (N), phosphorus (P), and carbon (C) to aid 

in algae growth (Dębowski et al. 2013, Zhang et al. 2014).  The need to add P to support algae 

growth is not an attractive option as P reserves are expected to be depleted in 50 years and are 

needed for agricultural use (Rogers et al.2014). Municipal wastewater is high in N and P (with 

both N and P typically between 10-100 mg/L), so it provides a promising growth medium for 

microalgae, without the need for additional nutrient addition (Pittman et al. 2011). Indeed, using 

wastewater for algae growth has been estimated to decrease algae production costs by 10-30% 

(Park et al. 2011). This approach to biofuel production would serve dual purposes in that 

microalgae could enhance wastewater treatment by assimilating inorganic nutrients such as N 

and P as well as organic carbon (Lau et al. 1995). Current wastewater treatment methods consist 

of a preliminary and primary treatment to remove large particles and sediment using bars, 

changing the flow velocity, and by using a sedimentation tank (Abdel-Raouf et al. 2012). 

Secondary treatment uses heterotrophic bacteria to reduce the biological oxygen demand (BOD) 

and to remove organic matter (OM) (Abdel-Raouf et al. 2012). Some wastewater treatment 

facilities use a tertiary treatment to remove nutrients such as ammonium (NH4
+), nitrate (NO3

-), 

and phosphate (PO4
3-)  to prevent eutrophication in the surrounding areas (Abdel-Raouf et al. 

2012). This can be done by using chemical precipitation, ozonation, reverse osmosis, or carbon 
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adsorption which are expensive procedures and can create secondary pollution (Abdel-Raouf et 

al. 2012).   

 

Microalgae used for wastewater treatment have been grown under autotrophic (with continuous 

light and inorganic carbon source), heterotrophic (no light and organic carbon sources), and 

mixotrophic (both inorganic and organic carbon are simultaneously assimilated and does not 

need continuous light) growth regimes (Perez-Garcia et al. 2011, Tian-Yuan et al. 2013, Lin and 

Wu 2015). Mixotrophic growth produces the highest lipid content of the three growth types 

which may mean that continuous illumination, which is expensive, is not necessary for 

productive algae biomass production (Tian-Yuan et al. 2013, Lin and Wu 2015). Bubbling CO2 

into algae treated wastewater has been shown to increase the biomass of the microalgae and 

reduce nutrients and elements such as Al, As, Cd, Ni and Zn (Woertz et al. 2009, Roberts et al. 

2013). Microalgae typically grow best under the molar Redfield ratio of C106H181O45N16P and often 

times C is the limiting resource (Rogers et al. 2014). However, the addition of carbon dioxide 

(CO2) is costly and subtracts from the profits algal biomass create (Rogers et al. 2014). Flue gas 

from power plants containing CO2 is a potential way to increase the algal growth in a more 

sustainable and economical way (Gentili 2014, Rogers et al. 2014). In many cases though, this 

solution would require finding a power plant in a location suitable for algae growth which is not 

always possible (Rogers et al. 2014). 

 

The Swedish Environmental Protection Agency (EPA) in 2012 reported that the average removal 

of total phosphorus (TP) and OM from wastewater in Sweden was 90-95% while average total 

nitrogen (TN) removal was only 60% (Swedish EPA 2014). Microalgae provide an alternative 

system to reduce the N and P concentrations in wastewater while also generating biomass which 

can be used for biofuel (Rogers et al. 2014). Microalgae and bacteria systems under autotrophic 

and mixotrophic growth have removed >95% of NH4
+ and >90% of P (He et al. 2013, Liang et al. 

2013, Gentili 2014). Under heterotrophic conditions the nutrient levels also decreased, but not as 

efficiently as during autotrophic growth (Tian-Yuan et al. 2013). The harvesting of the 

microalgae grown in wastewater also provides a way for the nutrients, most importantly P, to be 

recycled (Park et al. 2011, Zhang et al. 2014). The future goals for treating wastewater for the 

Swedish EPA are to recycle P removed from the wastewater while still removing other organic 

pollutants (Swedish EPA 2014). Algae treated wastewater provides a potential mechanism to 

make this possible.  

 

Types of wastewater that have been tested for potential growth of algae include municipal 

wastewater and  industrial wastewater such as pulp and paper and dairy wastewater (Tarlan et 

al. 2002, Woertz et al. 2009, Farizoglu and Uzuner 2011, Schneider and Topalova 2011, Gentili 

2014). Pulp and paper wastewater is commonly highly colored due to the high lignin and DOC 

content and requires color removal which has been successfully done with mixotrophic algae 

(Tarlan et al. 2002). However, pulp and paper wastewater is often low in nutrients such as N and 

P, so a potential solution for this is to mix in wastewater with higher nutrient concentrations 

such as municipal or dairy wastewater (Schneider and Topalova 2011, Tarlan et al. 2012, Gentili 

2014). This method of mixing wastewaters can also benefit dairy wastewater treatment because, 

due to its turbidity, it needs to be diluted in order for algae to grow successfully (Woertz et al. 

2009, Schneider and Topalova 2011).  
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1.3 Algae treated wastewater and organic carbon 

While the ability of algae to remove N and P from wastewater has been extensively studied (Lau 

et al. 1995, González et al. 1997, Kurosu 2001, de-Bashan et al. 2002, Woertz et al. 2009, Liang et 

al. 2013, Gentili 2014, Zhang et al. 2014), how algae growth relates to the OM content in 

wastewater medium has had less research attention (He et al. 2013, Tian–Yuan et al. 2013). 

Generally, total organic carbon (TOC) is the most accurate way to measure OM in aquatic 

environments (Leenheer and Croué 2003). Dissolved organic carbon (DOC) makes up the largest 

pool of TOC if particulate organic carbon (POC, usually less than 10% of the TOC) is filtered out 

(Søndergaard and Worm 2001, Leenheer and Croué 2003, Weishaar et al. 2003). Discharge of 

municipal sewage effluent wastewater can contribute to the DOC concentration in rivers 

(Balakrishna et al. 2006). An increase in colored DOC can have an effect on the global carbon 

cycle, alter the depth of the photic zone and reduce lake productivity, and facilitate the transport 

of toxic trace metals in the dissolved form (Weishaar et al. 2003, Balakrishna et al. 2006, 

Karlsson et al. 2009, Nicolau et al. 2012). When bacteria and algae have grown together in 

municipal wastewater with continuous light and bubbled CO2 (autotrophic growth regime), they 

have removed only 26% of DOC (He et al. 2013). This removal increased during a heterotrophic 

growth regime where 54-62% of the DOC was removed from domestic wastewater (Tian-Yuan et 

al. 2013). If microalgae and bacteria were able to remove an equal percentage of OM as current 

secondary wastewater treatment systems then tertiary and secondary treatments could be 

combined to lower the cost of algal production even more. 

 

While DOC can have an ecosystem effect when released in effluent wastewater, DOC  in 

wastewater can also affect how algae and bacteria treat the influent wastewater before it is 

released and ultimately, can affect the amount of algal biomass produced (Farjalla et al. 2009, 

He et al. 2013, Lin and Wu 2015). For example, when DOC concentrations exceed 231 mg/L, it 

has been shown to enable bacteria to inhibit the growth of algae (He et al. 2013). DOC is an 

organic source for bacteria production and also can support the heterotrophic and mixotrophic 

growth of microalgae (Søndergaard and Worm 2001, Farjalla et al. 2009, Lin and Wu 2015). 

After algae assimilate organic carbon, they can return back between 7-50% of that carbon to the 

surrounding environment in the form of extracellular polymers (Babel et al. 2002). Bacteria 

often use algal-produced organic carbon to help fuel their metabolism, but when allochthonous 

DOC (DOC not derived from autotrophs but from elsewhere such as soil etc.) is high, they have 

been shown to use the allochthonous DOC instead (Rier and Stevenson 2002, Peterson et al. 

2011). When algae have been grown to produce biomass in a medium without enough organic 

carbon, glucose or sucrose can be added as a biodegradable DOC substrate (Søndergaard and 

Worm 2001, Andrade and Costa 2007). 

1.4 Monitoring of organic carbon in wastewater 

Despite the effects DOC has on the environment and on algal and bacterial growth, current 

wastewater treatment systems in Sweden do not monitor organic pollutants such as DOC 

regularly due to the high costs and difficulty involved (Swedish EPA 2014). A more economical 

method for indirect measurements of DOC concentration is using ultraviolet (UV) absorbance 

measured at 254 nm (Abs254) (Borisover et al. 2011). Abs254 and DOC concentration under 30 

mg/L in freshwater is positively correlated because Abs254 represents UV-absorbing humic 

matter that comprises between 50-80% of DOC in aquatic systems (Imai et al. 2002, Farjalla et 
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al. 2009, Borisover et al. 2011). Absorbance could be a promising future way to test for DOC in 

effluent wastewater because it is not likely to have a high level of non-UV absorbing 

carbohydrates (Imai et al. 2002). Abs254 has been previously used to test effluent industrial 

wastewater for organic matter including: lignin, tannin, humic substances, and aromatic 

compounds (Wu et al. 2011). However, about 75% of the organic carbon in untreated sewage 

commonly contains carbohydrates, fats, proteins, amino acids, and volatile acids so whether 

influent, or untreated, municipal wastewater can be accurately measured using absorbance is not 

well studied (Abdel-Raouf et al. 2012). 

 

Not just the concentration of DOC, but the quality of the DOC is important to consider as well. 

The quality of the DOC refers to how bioavailable the organic carbon is for in situ bacterial 

production (Berggren et al. 2010). DOC bioavailability is important to consider because it can 

influence how it is used within the aquatic ecosystem and can affect food web structures 

(Berggren et al. 2010). One method of measuring the bioavailability of organic matter is using 

Specific UV Absorbance at 254 nm (SUVA254) which is calculated by dividing the absorbance at 

254 nm by the DOC concentration (mg/L) (Weishaar et al. 2003, O’Donnell et al. 2012). SUVA 

values have been used in fresh water as a measure of DOC bioavailability because SUVA254 is the 

average absorptivity of the molecules contained in the DOC representing the humic fraction 

(Weishaar et al. 2003). As the SUVA254 values increase, the bioavailability decreases. However, 

this measure of bioavailability still requires direct measurement of DOC concentration which is 

an expensive process. Another method is to use the ratio of absorbance at 254 nm divided by 

absorbance at 365 nm (Abs254/365) (Berggren et al. 2010, Hassan et al. 2013). Abs254/365 is a 

measure of average molecular weight of the DOM (Hassan et al. 2013). The lower the molecular 

weight fraction of the DOC, the more bioavailable it is because that means it is comprised of 

carboxylic acids, amino acids, and carbohydrates as opposed to humic acids with higher 

molecular weights (Dahlèn et al. 1996, Berggren et al. 2010, Hassan et al. 2013). A higher 

Abs254/365 value means it contains less of the UV-absorbing humic acids and is more bioavailable 

(Dahlèn et al. 1996). Also, the SUVA254 value and molecular weight are positively related which 

gives even more support for the use of Abs254/365 for bioavailability measurement (Imai et al. 

2002). 

1.5 Aim of study 

While using wastewater as a medium for growing algal biomass is promising, currently it is still 

an expensive process needing more efficient and economical methods to produce greater algal 

biomass and lipid yields while still effectively treating wastewater (Lin and Wu 2015). While 

heterotrophic growth saves money by not using a light source, it does not remove the same levels 

of N and P as autotrophic growth (Tian-Yuan et al. 2013). Autotrophic growth, while removing 

the majority of N and P from wastewater, has a lower removal efficiency of DOC than 

heterotrophic growth and it is more costly as it requires continuous illumination (He et al. 2013). 

Therefore, mixotrophic growth, which removes similar N and P as autotrophic growth in 

municipal wastewater and produces the highest lipid yields, may be a potential solution to 

decrease illumination costs (Liang et al. 2013, Lin and Wu 2015). If microalgae grown in a 

mixotrophic system could decrease N, P, and DOC to effluent levels, then it could be used as both 

secondary and tertiary wastewater treatment and would decrease production costs (Abdel-Raouf 

et al. 2012). However, the removal of DOC in mixotrophic systems and how it affects the quality 
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has not been tested. The mechanisms behind DOC removal, and the factors that affect it such as 

different DOC concentrations and adding flue gas, are also important in order to fully 

understand how wastewater with different characteristics will respond to algae growth. More 

economical systems to test for DOC are also needed so that proper monitoring of DOC removal 

from wastewater can be possible. Therefore, the following questions that will be addressed in this 

study are: 

1) Can Abs254 be used for organic carbon monitoring in municipal and industrial 

wastewater? 

2) Does microalgae and bacteria growth under mixotrophic systems effectively remove DOC 

and N/P from wastewater? 

3) How do microalgae and bacteria growth affect DOC quality? 

4) What effect do bacteria have on microalgae growth and DOC removal in wastewater? 

5) How does the concentration of DOC in the wastewater affect algae growth? 

6) What effect does flue gas bubbling have on algae growth under a mixotrophic system? 

To answer the questions above, the aim of this study was to test the following hypotheses: 1) 

Abs254 can be used to measure DOC in municipal and industrial wastewater systems, 2) Algae 

grown in mixotrophic systems will have similar removal efficiency of DOC as heterotrophic 

systems while also having a similar removal efficiency of N and P as autotrophic systems, 3) The 

growth of algae in wastewater will change the bioavailability of the DOC, 4) Bacteria will have an 

effect on algae growth and DOC removal, 5) Different DOC concentrations in wastewater will 

have an effect on algae growth, and 6) Flue gas added to industrial wastewater will increase algae 

growth.  

 

2 Methods 

2.1 Microorganisms 

These experiments used two strains of green microalgae, Scenedesmus dimorphus (S. 

dimorphus, UTEX 417) and Selenastrum minutum (S. minutum, UTEX 326), which were 

previously purchased from the Culture Collection of Algae at the University of Texas at Austin 

(Figure 1). They were stored in separate 2000 ml glass bottles filled with municipal influent 

wastewater (Umeva, Umeå) on the counter of the laboratory at Sveriges lantbruks universitet 

(SLU, Umeå) near a window. Algae samples used in the sterilized experiments 1 and 2 were 

stored in Bristol medium. Before use, microalgae were agitated by shaking. S. dimorphus and S. 

minutum were chosen because they have grown successfully in wastewater under both 

autotrophic and heterotrophic conditions (Abdel-Raouf et al. 2012, Cicci et al. 2013, Tian-Yuan 

et al. 2013, Gentili 2014, Zhang et al. 2014). Both algal strains also have high lipid content and 

biomass production and can even be used as an animal feed source (Cicci et al. 2013, Tian-Yuan 

et al. 2013, Gentili 2014, Zhang et al. 2014). When wastewater samples were studied using a light 

microscope, some other organisms were found in small quantities such as other species of 

Scenedesmus algae and Chlorella algae. 
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Figure 1. Photos of microalgae taken with a light microscope under 400 x magnification. a) Selenastrum minutum 

 b) Scenedesmus dimorphus 

2.2 Experimental design  

A total of six experiments were performed. The first five experiments were performed at SLU and 

the sixth experiment took place at the local heat and power plant (Umeå Energi, Umeå). In order 

to test the effect of bacteria on algae growth and DOC removal, the first two 2 experiments 

(experiments 1 and 2) grew microalgae in sterilized municipal wastewater and sterilized artificial 

freshwater medium (Bristol medium) without bacteria. The first experiment grew the algae 

under constant illumination (autotrophic growth) while the second experiment grew under a 

16:8 light to dark ratio (mixotrophic growth) to see if there was a difference in how microalgae, 

under different growth systems, affected the DOC concentration. The next two experiments, 

experiments 3 and 4, grew microalgae in unsterilized municipal wastewater with bacteria. 

Experiment 3 was grown under a 16:8 light:dark ratio while experiment 4 was grown under a 

12:12 light to dark ratio to see if a change in the length of the light hours would affect microalgae  

growth and/or DOC removal. The final two experiments, experiments 5 and 6, both grew 

microalgae in industrial wastewater mixtures under 16:8 light:dark ratio to test microalgae 

growth and N and P removal in industrial wastewater with a higher level of DOC concentration 

than municipal wastewater (Table 1). Experiments 5 and 6 differed in that experiment 6 was 

bubbled with flue gas during the light hours to test the effect of flue gas on microalgae growth 

under mixotrophic conditions.  

 

All six experimental setups consisted of six 500 ml glass bottles on either a magnetic stirrer (350 

rpm) or a shaker (150 rpm) to prevent the algae from settling. Each experiment contained two 

different types of wastewater mediums, with 3 bottles of each. The wastewater mediums used for 

experiment 1 were sterilized Bristol medium (an artificial medium to represent freshwater with 

no organics) and sterilized influent municipal wastewater Experiment 2 contained sterilized 

influent municipal wastewater and sterilized effluent municipal wastewater. Sterilized Bristol 

medium was only used in experiment 1 and was replaced by sterilized effluent municipal 

wastewater in experiment 2 because the effluent municipal wastewater provided a better 

comparison medium to influent wastewater than the Bristol solution. Experiment 3 and 4 both 

contained unsterilized influent municipal wastewater and unsterilized effluent municipal 

wastewater. Experiments 5 and 6 consisted of 2 separate industrial wastewater mixtures. 

Mixture 1 was a 1:1 mixture of pulp and paper influent wastewater and unsterilized influent 

a) b) 



7 
 

municipal wastewater. Mixture 2 was 1:1 mixture of pulp and paper influent wastewater and 

dairy effluent wastewater. The Bristol medium was made following instructions for UTEX 

Medium ID 29 (University of Texas at Austin). Influent and effluent municipal wastewater was 

from Umeva wastewater treatment facility (Umeå, Sweden). Pulp and paper wastewater was 

obtained from SCA Obbola (Obbola, Sweden) and dairy effluent was from Norrmejerier (Umeå, 

Sweden). Then within the three bottles of each wastewater medium, one contained no algae 

(control), one contained S. dimorphus microalgae, and one contained S. minutum microalgae. A 

visual representation of each experimental setup is shown in Figure 2.  

 

          
 
Figure 2. Visual diagram of all 6 experimental setups. Cntr=Control bottles without algae, Sm=S. minutum 

microalgae, and Sd=S. dimorphus microalgae. Letters to the left and right of diagram represent type of wastewater 

medium: a) Sterilized Bristol medium, b) Sterilized effluent municipal wastewater, c) Sterilized influent municipal 

wastewater, d) Unsterilized effluent municipal wastewater, e) Unsterilized influent municipal wastewater, f) Mixture 1 

(1:1 mixture of pulp and paper influent wastewater and municipal influent wastewater), g) Mixture 2 (1:1 mixture of 

pulp and paper influent wastewater and dairy effluent wastewater). Ratios in the diagram represent the light:dark 

ratio in each experiment. The bubbles in experiment 6 bottles represent the flue gas added. 
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Each 500 ml bottle (except the controls) was inoculated with 50 ml of algae culture with a 

concentration of 0.01-0.05 g/L dry weight. In experiment 6, flue gas from Umeå Energi power 

plant was bubbled into all six bottles (flue gas estimated to contain about 10% CO2) during the 

light hours. A picture of the setup from experiment 6 is shown in Figure 3. Each experiment 

lasted 6 days, except for experiment 1 which lasted 8 days, starting when the bottles were 

inoculated with algae (Liang et al. 2013, Gentili 2014).  Bottles were illuminated with fluorescent 

lamps at a PAR (photosynthetically active radiation) of 130 µE m-2s-1. The temperature for the 

experiments at SLU were measured every 30 minutes and ranged from 21   C (during hours when 

fluorescent lamps were off) to 26   C (when fluorescent lamps were on). The temperature of 

experiment 6 at the Umeå Energi power plant ranged from 20-33   C. 

 

 
Figure 3. Picture from experimental setup 6 with flue gas bubbling. 

 

In each experiment the control bottles were covered with aluminum foil to prevent native algae 

growth. In experiments 1 and 2 the Bristol medium, effluent, and influent municipal wastewater 

were autoclaved at 120  C for 20 minutes to sterilize the mediums. The pulp and paper and dairy 

wastewater used for the mixtures in experiments 5 and 6 were allowed to settle for 24 hours then 

the supernatant was used for the experiments. The influent municipal wastewater was filtered 

using three layers of paper towels to remove any larger particles. One mL of phosphorous 

solution (with 4 mg of P per ml of solution) was added to each liter of effluent municipal 

wastewater due to its low phosphorous content. All mediums were kept in the cold room 

overnight and then allowed to warm to room temperature before beginning the experiment. A 

summary of N/P/DOC characteristics of the wastewaters are given in Table 1. Dissolved 

inorganic nitrogen (DIN) represents NO3
- and NH4

+. Both TN:TP and DIN:TP ratios are shown 

because DIN/TP better represents biological N and P limitation (Bergström 2010). 

 

 

 

 

S. minutum Mix 1 
S. minutum Mix 2 

S. dimorphus Mix 2 S. dimorphus Mix 1 

Control Mix 1 Control Mix 2 
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Table 1. Summary of wastewater characteristics 
 

Wastewater 
 

 

    DOC (mg/L) 
 

TN  TN (mg/L) 
 

TTP (     TP (mg/L) 
 

            TN:TP (molar) 
    

   DIN/TP(molar) 

      
Influent Municipal 31.71±0.95 

 
    35±1 3.5±0.1    22:1        N/A 

Effluent Municipal 14.96±0.70     31±1 N/A    N/A        N/A 

Mix 1 Experiment 5 N/A 
 

    27±1 1.3±0.1    46:1        35:1 

Mix 1 Experiment 6 
 
Mix 2 Experiment 5 
 

285±0.34     17±1 
 

0.9±0.1    42:1        32:1 

N/A     36±1 2.5±0.1    32:1        34:1 

Mix 2 Experiment 6 376±0.09     43±1 7.5±0.1    13:1        10:1 

N/A= Not available. DOC was not directly tested for in experiment 5, and TP in effluent municipal wastewater was 

below the detection limit. No NO3- or NH4+ measurements were taken for municipal wastewater, so DIN could not be 

calculated. Mix 1= 1:1 mixture of pulp and paper and municipal influent wastewater. Mix 2= 1:1 mixture of pulp and 

paper wastewater and dairy effluent wastewater.  

2.3 Laboratory analyses 

In all six experiments, 50 ml of each 500 ml bottle was removed daily for chemical analysis 

(except for experiment 6 where samples were taken every other day). Ten ml was used to test for 

absorbance after being filtered (.2 µm filter). Absorbance samples were kept in the cold room 

until the last day of each experiment. Samples were tested for absorbance using a Cary 50 

UV/Vis Spectrophotometer (Varian, U.S.A.). 20 ml subsamples were used for analysis of DOC 

and TN samples (experiment 4 and 6) every other day after being filtered (.2 µm filter) and kept 

in the cold room until the final day of the experiment. DOC and TN were measured using a 

Shimadzu TOC-V + TNM1 detector (Shimadzu, Japan). DOC/TN samples were put into a 

combustion tube and heated to 680   C after being filled with an oxidation catalyst. Each sample 

was tested three times to get an average with relative standard deviation. For experiments 5 and 

6, each 50 ml sample was centrifuged (4000 g for 5 minutes), and then at the start of the 

experiment and on day 6, 15 ml of the supernatant was filtered (.2 µm filter) and frozen until 

analysis. After thawing in the cold room, these 15 ml samples were tested for TN, TP, NH4
+, and 

NO3
- using a DR 3900 Hach Lange spectrophotometer (Hach Lange, Germany). For every 

experiment, optical density at 665 nm (OD665) from 1 ml of unfiltered sample was tested daily (or 

every other day for experiment 6) with a UNICAM Heλios UV-Vis Spectrometry 

spectrophotometer (Tillquist AB, Sweden). Deionized water was used as a blank. Optical density 

has previously been used as a proxy for algae growth and concentration using wavelengths 600-

680 nm (Babel et al. 2002, Vasseur et al. 2012, Malinowski and Geiger 2014). Dry biomass of 

microalgae was measured directly in experiment 6 by transferring the algal pellets from the 

centrifuged 50 ml samples to preweighed eppendorf tubes and then drying in an oven at 70   C for 

24 hours. In experiment 2, 3, 5, and 6 pH was tested using a BECKMAN 295 pH meter (Beckman 

Coulter, U.S.A.). 

 

2.4 Statistical analyses and calculations 

The linear relationship between Abs254 and DOC concentration was measured using Spearman 

rank correlation where rho is used in place of R2. Linear regression was used to measure changes 

in algae characteristics (Abs254, OD665, Abs254/365, SUVA254), with time as the x variable. The data 
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were tested for normality using the Shapiro Wilk test. Data were analyzed using the statistical 

program R (version 3.0.2). Significance level was set at p=0.05. Microsoft Office Excel was used 

to produce the graphs. The net dry algae biomass was calculated in experiment 6 by subtracting 

the dried solids from each control sample at the start of the experiment and subtracting the algal 

inoculum amount. The algal dry biomass in experiment 5 was estimated in order to compare 

biomass production with and without CO2 added as flue gas by using a linear regression between 

OD665 and net dry biomass from experiment 6 as was done in Babel et al. (2002) and Arbib et al. 

(2013). 

3 Results 

3.1 Relationship between Abs254 and DOC concentration 

To analyze the possibility of using Abs254 as a proxy to measure changes in DOC in municipal and 

industrial wastewater, both direct DOC measurements (mg/L) and Abs254 measurements were 

taken in both experiment 4 with unsterilized municipal wastewater and in experiment 6 with 

unsterilized industrial wastewater mixtures. The results showed that measured DOC 

concentration and Abs254 values were correlated when DOC concentration was less than 150 

mg/L (p<0.05, rho=0.92, Spearman rank correlation). Above 150 mg/L the DOC concentration 

and Abs254 were not correlated (p>0.05).  

3.2 DOC removal in different microalgae/wastewater systems 

Abs254 measurements were used to measure changes in DOC in the wastewater systems with 

DOC concentrations under 150 mg/L (experiments 1-4 in municipal wastewater contained DOC 

concentrations of <32 mg/L). Neither experiment 1 nor 2, which were sterilized and contained 

no bacteria, had a significant change in Abs254 in either wastewater medium over the course of 

the experiment indicating  no removal of DOC (p>0.05, Figure 4 (a and b)).  

 

 
 
Figure 4. Dissolved organic carbon trends using Abs254. a) Experiment 1, b) Experiment 2. Symbols are used to 

represent wastewater mediums: Sterilized Bristol medium =      , Sterilized influent municipal wastewater =     , 

Sterilized effluent municipal wastewater =   . Lines are used to represent microalgae species:                                   

Control with no algae =             , S. dimorphus =              , S. minutum =             .  Note the differing scales on the graphs.  
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In contrast, both experiments 3 and 4, which contained bacteria, had a decrease in Abs254 in the 

unsterilized influent municipal wastewater bottles from days 0-2 (Figure 5). Even the control 

influent municipal wastewater bottle, which contained no algae, decreased in Abs254 to effluent 

levels. Also, in both experiments 3 and 4, the influent municipal wastewater with S. minutum 

microalgae gradually started to increase in Abs254. In experiment 3, Abs254 increased from 0.27 to 

0.29 during days 2 through 6 (Figure 5a). In experiment 4, Abs254 increased from 0.22-0.24 on 

days 4 through 6 (Figure 5b). S. dimorphus removed 60% of DOC from the influent municipal 

wastewater in experiment 4, while S. minutum removed 50%.  

 

 
 

Figure 5. Dissolved organic carbon trends using Abs254. a) Experiment 3, b) Experiment 4. Symbols are used to 

represent wastewater mediums: Unsterilized municipal influent wastewater=    , Unsterilized effluent municipal 

wastewater =  . Lines are used to represent microalgae species: Control with no algae =      ,                                                 

S. dimorphus =              , S. minutum =             .   

 

Experiments 5 and 6 grew microalgae in unsterilized industrial wastewater mixtures 1 and 2 

which both contained DOC concentrations over 150 mg/L (Table 1). This means that Abs254 will 

not accurately measure changes in DOC in these experiments. In experiment 5, only Abs254 was 

measured which means the change in DOC in experiment 5 will not be discussed. However, 

direct DOC concentrations were taken for experiment 6. The DOC concentration (mg/L) in 

experiment 6 in all of the bottles, including the controls, had a large decrease from >250 mg/L to 

<115 mg/L from day 0 to day 2 (Figure 6), similar to in experiments 3 and 4 with unsterilized 

municipal wastewater. However, the removal of DOC was higher in experiment 6 in both 

industrial wastewater mixtures than in experiment 4 in plain municipal wastewater. In mix 1, S. 

minutum removed 72% of the DOC while S. dimorphus removed 68%. In mix 2, S. minutum 

removed 81 % of the DOC while S. dimorphus removed 73%.  
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Figure 6. Dissolved organic carbon trends in experiment 6 using DOC concentration (mg/L). Symbols are used to 

represent wastewater mediums: Industrial wastewater mixture 1 (1 pulp and paper: 1 influent municipal) =     , 

Industrial wastewater mixture 2 (1 pulp and paper: 1 dairy effluent) =     . Lines are used to represent microalgae 

species: Control with no algae =               , S. dimorphus =              , S. minutum =             .  

3.3 Microalgae growth in different wastewater systems 

Microalgae growth was measured using OD665 in all 6 experiments. In experiment 1, in sterilized 

municipal wastewater and Bristol medium, there was no significant change in OD665 in any of the 

bottles which indicates no increase in algae concentration (p>0.05, Figure 7a). In experiment 2, 

in sterilized municipal wastewater, only S. dimorphus (grown in both sterilized influent and 

effluent wastewater) had a significant increase of OD665 from 0.04 to 0.09 in the influent 

municipal wastewater (p<0.05, R2=0.62) and from 0.01 to 0.13 in the effluent municipal 

wastewater (p<0.05, R2=0.71), indicating that only S. dimorphus was able to grow in this 

sterilized municipal wastewater system (Figure 7b). 

 

In unsterilized municipal wastewater with bacteria in experiment 3, both microalgae species 

increased in OD665 indicating microalgae growth (Figure 7c). The highest period of growth in all 

the four bottles containing microalgae occurred from day 0 to day 2. Even though S. dimorphus 

in influent municipal wastewater had the highest growth on day 6 (OD665=0.4), S. minutum in 

influent municipal wastewater reached the overall highest growth in experiment 3 on day 2 

(OD665 =0.42). Experiment 3 grew under a 16:8 light:dark ratio system. Experiment 4, using 

unsterilized municipal wastewater with a 12:12 light to dark ratio, also had an increase of OD665 

in all four algae bottles indicating algae growth (Figure 7d). S. dimorphus in influent municipal 

wastewater achieved the highest growth increase in experiment 4 (OD665= 0.13 to 0.42). Despite 

different light to dark ratios, both species of microalgae in unsterilized influent municipal 

wastewater in experiments 3 and 4 reached similar levels of growth by day 6 with an increase in 

OD665 from 0.13 to 0.4 in experiment 3 and 0.13-0.42 in experiment 4. 

 

Microalgae in experiments 5 and 6 were grown in unsterilized industrial wastewater mixture 1 

(1:1 mixture of pulp and paper wastewater and municipal wastewater) and mixture 2 (1:1 mixture 

of pulp and paper wastewater and dairy effluent wastewater) with higher DOC concentrations 

than experiments 3 and 4 (Table 1). In experiment 5, both microalgae species increased in OD665 
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during the experiment indicating algae growth (Figure 7e). S. dimorphus grown in mixture 2 

reached the highest level of growth in experiment 5 (OD665 = 1.48). Both species of microalgae in 

experiment 5, except for S. minutum grown in mixture 2, reached final OD665 values above 1 

while the unsterilized municipal wastewater alone from the previous experiments 3 and 4 never 

reached OD665 values above 0.5. This means that experiment 5 microalgae grown in industrial 

wastewater mixtures experienced higher microalgae growth than in experiments 3 and 4 in 

municipal wastewater alone. Also, in experiment 5, both bottles with S. dimorphus algae reached 

higher OD665 levels than S. minutum (Figure 7e). In experiment 6, with flue gas added, both 

species of microalgae grew better in mixture 2 (OD665> 1.75) than in mixture 1 (OD665<0.8) 

(Figure 7f). The OD665 values measured in mixture 2 in experiment 6 were the highest values of 

indirect algae concentration of all 6 experimental runs indicating this system had the highest 

algae growth. No control bottles significantly increased in OD665 except for mixture 2 in 

experiment 5. This increase was likely from growth of native algae. 

 

 
 
Figure 7. Optical density measurements at 665 nm for a) Experiment 1, b) Experiment 2, c) Experiment 3,                     

d) Experiment 4, e) Experiment 5, and f) Experiment 6. Symbols are used to represent wastewater medium:  Sterilized                   

Bristol medium =     , Sterilized influent municipal wastewater =      , Sterilized effluent municipal wastewater =      ,        

Unsterilized municipal influent wastewater =   , Unsterilized effluent municipal wastewater =   ,                      

Wastewater mixture 1 (1 pulp and paper: 1 municipal) =      , Mixture 2 (1 pulp and paper: 1 dairy) =     . Lines used to 

represent microalgae species: Control with no algae =               , S. dimorphus =             , S. minutum =             .               

Note the differing scales between the graphs. 
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The net dry algal biomass produced in g/L by day 6 was measured in experiments 5 and 6. In 

industrial wastewater mixture 1, net dry biomass for both microalgae species was 1.4-2 times 

higher in experiment 5 without flue gas than in experiment 6 with flue gas (Table 2). However, 

almost opposite results were seen in mixture 2, where 1.4-7.3 times more net algae biomass was 

produced in experiment 6 with flue gas than experiment 5 without flue gas (Table 2). The highest 

algal biomass produced in a control bottles was in experiment 5 mix 2. 

 
Table 2. Net dry biomass produced by day 6 in experiments 5 and 6. 
 

Experiment 
 

 

Wastewater  

mixture 

 

Microalgae 

       

 

Net Dry Biomass (g/L) 

 

    
Experiment 5 Mix 1 Control                        0.003 
Experiment 5 Mix 1 S. minutum                        0.38 

Experiment 5 

 

Mix 1 S. dimorphus                        0.41 

Experiment 5 Mix 2 Control                        0.17 

Experiment 5 Mix 2 S. minutum                        0.098 

Experiment 5 

 

Mix 2 S. dimorphus                        0.53 

Experiment 6 Mix 1 Control             0.01 

Experiment 6 Mix 1 S. minutum             0.26 

Experiment 6 

 

Mix 1 S. dimorphus                       0.19 

Experiment 6 Mix 2 Control                   -  0.03 

Experiment 6 Mix 2 S. minutum                       0.72 

Experiment 6 Mix 2 S. dimorphus                       0.76 

    
 

Wastewater mix 1= 1:1 mixture of pulp and paper wastewater and municipal influent wastewater.                    

Wastewater mix 2= 1:1 mixture of pulp and paper wastewater and dairy effluent wastewater. 

 

3.4 Effect of algae growth on bioavailability/quality of DOC 

Bioavailability of the DOC was measured using both Abs254/365 ratio and SUVA254 values. 

However, recall that Abs254 does not accurately measure DOC at levels higher than 150 mg/L 

such as in experiments 5 and 6. Abs254 is used in both the Abs254/365 ratio and SUVA254 

calculations which means that bioavailability could only be measured for experiments 1 through 

4. The bioavailability of DOC, measured using Abs254/365, in experiment 1 increased slightly in 

sterilized influent municipal wastewater with S. minutum (p<0.05, R2=0.89). Bioavailability also 

increased in sterilized influent municipal wastewater with S. dimorphus (p<0.05, R2=0.72) and 

in sterilized Bristol medium with S. dimorphus (p<0.05, R2=0.77) (Figure 8). The rest of the 

bottles had absorbance at 365 nm of zero so the Abs254/365 ratio could not be calculated. In 

experiment 2, there was no significant change in bioavailability measured with Abs254/365 in any 

of the six bottles (p>0.05).   
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Figure 8. Bioavailability measurements, using Abs254/365, in Experiment 1. Controls and S. minutum in sterilized 

Bristol are not included because Abs365 was zero. Symbols are used to represent wastewater medium:                          

Sterilized Bristol medium =      , Sterilized influent municipal wastewater =     . Lines used to represent microalgae 

species: S. dimorphus =              , S. minutum =              . 

 

Bioavailability of DOC in both experiments 3 and 4, using Abs254/365, decreased in unsterilized 

influent municipal wastewater with S. minutum (p<0.05, Exp. 3: R2=0.72, Exp. 4: R2=0.78, 

Figure 9a). Since direct measures for DOC concentration were taken in experiment 4, SUVA254 

was also calculated. Bioavailability, using SUVA254, in experiment 4 decreased in influent 

municipal wastewater with S. minutum (p<0.05, R2=0.94) and with S. dimorphus (p<0.05, 

R2=0.97) (Figure 9b). Recall that an increase of SUVA254 indicates decreasing bioavailability 

(Weishaar et al. 2003). Influent wastewater controls, measured with Abs254/365, in both 

experiments 3 and 4 decreased slightly, but not significantly (p>0.05, Figure 9a). Influent 

wastewater control measured with SUVA254 slightly increased, but not significantly (p>0.05, 

Figure 9b). Controls shown in graphs to demonstrate the effect of bacteria on bioavailability. 

 
Figure 9. Bioavailability measurements using Abs254/365 ratio and SUVA254. a) Abs254/365 measurements for S. 

minutum (p<0.05) and controls (p>0.05) in influent municipal wastewater in experiment 3 (grey) and experiment 4 

(black). All other bottles with algae measurements removed because of no significant slope (p>0.05). b) SUVA254 

values for experiment 4 for bottles with a significant slope (p<0.05) and control (p>0.05). Symbols are used to 

represent: Unsterilized municipal influent wastewater=    . Lines used to represent microalgae species:              

Control=                , S. dimorphus =              , S. minutum =              .   
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3.5 Effect of algae growth on pH in different wastewater systems 

Measurements for pH were also taken in order to get a better understanding of the changing 

wastewater chemistry as microalgae was grown in different systems. pH was measured for 

experimental runs 2, 3, 5 and 6. In experiments 2, 3, and 5 without flue gas, all the wastewater 

bottles with microalgae growth increased in pH while in experiment 6 with flue gas the pH 

decreased in all bottles (Figure 10).  

Figure 10. pH changes during 6 days of algae growth in a) Experiment 2, b) Experiment 3, c) Experiment 5, d) 

Experiment 6. Symbols are used to represent wastewater medium:  Sterilized influent municipal wastewater =      ,      

Sterilized effluent municipal wastewater =     , Unsterilized influent municipal wastewater =      , Unsterilized effluent 

municipal wastewater =     , Wastewater mixture 1 (1 pulp and paper: 1 municipal) =     , Mixture 2 (1 pulp and paper: 1 

dairy) =     . Lines used to represent microalgae species: Control with no algae =               , S. dimorphus =              ,           

S. minutum =             . 

3.6 Removal of N and P under a mixotrophic system  

N and P removal were only measured in experiments 5 and 6 in industrial wastewater mixtures 

because N and P removal in municipal wastewater under mixotrophic systems has been 

previously studied, while N and P removal in industrial wastewater mixtures under mixotrophic 

conditions has not (Liang et al. 2013). Removal of TN by microalgae was similar in both 

experiments with 77-88% removal in experiment 5 (industrial wastewater mixtures without flue 

gas) and 69-91% removal in experiment 6 (industrial wastewater mixtures with flue gas) (Figure 
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11a). Removal of TP by microalgae was also similar in both experiments with 84-99% removal in 

experiment 5 without flue gas and 82-96% removal in experiment 6 with flue gas (Figure 11b). 

Removal of NO3
- by microalgae varied in experiment 5, where S. dimorphus grown in mixture 2 

had an increase of NO3
- (1.58%) while S. minutum in mixture 1 had the highest removal of all the 

algae bottles of 45% (Figure 11c). However, these values may be misleading due to the relatively 

low initial concentration of NO3
- in the mixtures (mixture 1=1.64 mg/L, ± sd 0.46; mixture 

2=1.24 mg/L, ± sd 0.07). In experiment 6, NO3
- removal also had varied results, ranging from 3 

to 38% except for S. dimorphus mixture 2 which showed an increase (10%) (Figure 11c). These 

varied results are also likely due to the low concentrations of NO3
- in the wastewater mixtures 

(mixture 1= 0.84 mg/L, ± sd 0.08; mixture 2= 0.67, ± sd 0.02). In both experiments 5 and 6, 

NH4
+ was the dominant form of DIN in the industrial wastewater mixtures with 12-19 mg/L in 

mixture 1 and 35-36 mg/L in mixture 2. In experiment 5 and 6, without and with flue gas, NH4
+ 

removal in both species of microalgae was over 99% (Figure 11d). Removal of N and P in the 

control bottles was higher in experiment 5 than experiment 6 (Figure 11). 

 

 
Figure 11. Nutrient removal in experiments 5 and 6 after 6 days.  

          Control in mix 1 (1:1 pulp and paper and municipal)               S. minutum in mix 1                  S. dimorphus in mix 1           

          Control in mix 2 (1:1 pulp and paper and dairy)                        S. minutum in mix 2                 S. dimorphus in mix 2           

 

 

-5 

10 

25 

40 

55 

70 

85 

100 

Experiment 5 Experiment 6 

To
ta

l n
it

ro
ge

n
 re

m
o

va
l (

%
) 

a) -5 

10 

25 

40 

55 

70 

85 

100 

Experiment 5 Experiment 6 

To
ta

l p
h

o
sp

h
o

ro
u

s 
re

m
o

va
l (

%
) 

b) 

-5 

10 

25 

40 

55 

70 

85 

100 

Experiment 5 Experiment 6 

N
it

ra
te

 re
m

o
va

l (
%

) 

c) -5 

10 

25 

40 

55 

70 

85 

100 

Experiment 5 Experiment 6 

A
m

m
o

n
iu

m
 r

e
m

o
va

l (
%

) 

d) 



18 
 

4 Discussion 

4.1 Can Abs254 be used for DOC monitoring in wastewater? 

Overall, the ability of Abs254 to measure DOC in wastewater treatment monitoring depends on 

the DOC concentration. While direct DOC measurements will still be a more accurate system of 

monitoring, if it is not an available option, then using Abs254 for measurements in municipal 

wastewater or industrial wastewater with DOC < 150 mg/L provides a useful alternative. It is 

especially useful when the main objective is to calculate the change in organic carbon before and 

after treatment. Another study found similar results of DOC and Abs254 correlation up to 30 

mg/L, but only because that is as high as the measurements went (Borisover et al. 2011). 

Therefore, hypothesis 1 stating that Abs254 can be used to monitor DOC in municipal and 

industrial wastewater systems is valid, but only in wastewater with DOC concentration below 150 

mg/L. Often municipal wastewater has DOC concentrations less than 150 mg/L as was seen in 

this study and in Tian-Yuan et al. (2013). 

4.2 Do microalgae and bacteria growth under mixotrophic systems 

effectively remove both DOC and N/P from wastewater?  

In this study, under mixotrophic growth, the DOC removed by combined microalgae and 

bacteria systems from influent municipal wastewater was 50-60%.  This is higher than the DOC 

removal of 26% reported during autotrophic growth in He et al. (2013) and similar to DOC 

removal of 53-64% under a heterotrophic growth system in Tian-Yuan et al. (2013). Also in this 

study, the DOC removed from both industrial wastewater mixtures, under mixotrophic growth, 

was between 68-81% which is higher than previously measured DOC removal under both 

heterotrophic and autotrophic growth regimes (He et al. 2013, Tian-Yuan et al. 2014). Therefore, 

this study showed that DOC removal under mixotrophic systems was higher or equal to DOC 

removal in autotrophic and heterotrophic systems in both municipal and industrial wastewater. 

Mixotrophic and heterotrophic systems remove higher percentages of DOC from the wastewater 

than autotrophic systems because the microalgae use both organic and inorganic carbon for 

growth (Perez-Garcia et al. 2011, Tian-Yuan et al. 2013, Lin and Wu 2015). In this study, 

mixotrophic removal of DOC was highest in the industrial wastewater mixtures in experiment 6, 

but the final concentration of DOC was still fairly high at between 70-115 mg/L (compared to 

final DOC concentration of 10-16 mg/L in municipal wastewater from experiment 4). Ideally, the 

final DOC concentration in the algae treated wastewater would be equal to or less than the 

natural DOC levels in local streams. However, a study of a water catchment in northern Sweden 

showed a natural range of DOC concentrations from 2-41 mg/L which is much lower than the 

final DOC concentration from the algae treated industrial wastewater mixtures (Laudon et al. 

2011).  This means that mixotrophic algae growth in municipal wastewater sufficiently removed 

DOC, but mixotrophic algae growth in industrial wastewater did not. In future studies, it would 

be beneficial to test if a higher percentage DOC could be removed under heterotrophic growth 

than mixotrophic growth in industrial wastewater. 

 

Removal of N and P from influent municipal wastewater, under mixotrophic growth, has 

previously been shown to be have the same removal as autotrophic growth of >95% NH4
+ 

removal and >90% TP removal (He et al. 2013, Liang et al. 2013). In industrial wastewater 

mixtures, such as in experiments 5 and 6 of this study, microalgae grown under mixotrophic 
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conditions removed >99% of NH4
+ and 82-98% of TP. Microalgae from similar industrial 

wastewater mixtures under autotrophic growth achieved similar results of 96-99% NH4
+ removal 

and 91-99% phosphate removal (Gentili 2014). These results of N removal are higher than the 

current Swedish EPA wastewater treatment standards of 60% removal and the results of P 

removal are equal to Swedish EPA standards of 90-95% (Swedish EPA 2014). This means that 

hypothesis 2, that microalgae grown in mixotrophic systems will have a similar removal 

efficiency of DOC as heterotrophic systems while also having similar removal efficiencies of N 

and P as autotrophic systems, is valid. Microalgae grown under mixotrophic systems could 

effectively be used as tertiary wastewater treatment, to remove N and P, in both municipal and 

industrial wastewater (Swedish EPA 2014). However, only microalgae grown in municipal 

wastewater, but not industrial wastewater, removed DOC to natural levels and could be 

potentially used for secondary wastewater treatment to remove organic matter (Abdel-Raouf et 

al. 2012). Control bottles in experiment 5 removed more N and P than experiment 6, which is 

likely due to higher growth of native algae in experiment 5 which was seen in the OD665 

measurements.  

 

It is also important to look at each microalgae species individually, as using the correct algae 

species for wastewater treatment may be beneficial depending on the wastewater environment. 

For example, the increase of Abs254 and DOC concentration in unsterilized influent municipal 

wastewater with S. minutum at day 2 in experiment 3 and day 4 in experiment 4 was likely due 

to S. minutum releasing extracellular polymers at a faster rate than the microalgae (and the 

bacteria) could break it down (Lau et al. 1995, He et al. 2013). This increase of DOC after a large 

decrease also occurred with Chlorella vulgaris microalgae in He et al. (2013). Another 

explanation for why S. minutum in influent wastewater began to increase in organic matter is 

because near the end of the experiment the wastewater was likely limited in inorganic nutrients 

such as N and P which has been previously shown to cause algae to increase its release of 

extracellular polymers (Hulatt and Thomas 2010). Also, the pH in the wastewater of the algae 

bottles was well above the highest optimum level of 8.3 for bacteria after day 2 and may have 

caused a decrease in bacterial assimilation of DOC in the algae bottles (Park et al. 2011). This 

could mean that after day 2, the DOC and Abs254 levels were dependent more on algal 

assimilation of DOC as bacteria activity decreased (Park et al. 2011). One possible explanation for 

why S. minutum began to increase in Abs254, before reaching effluent DOC levels but S. 

dimorphus did not is because S. dimorphus may be able to assimilate and break down the 

extracellular polymers and OM at a faster rate.  This means that S. dimorphus could be a 

preferred option for removing DOC in municipal wastewater grown under heterotrophic or 

mixotrophic conditions. However, in experiment 6 with industrial wastewater with flue gas 

bubbled in, S. minutum removed a higher percentage of DOC than S. dimorphus. Without DOC 

measurements from experiment 5 without flue gas, though, it is not possible to say whether the 

higher removal of DOC by S. minutum in experiment 6 was caused by the addition of the flue gas 

or by the characteristics of the industrial wastewater mixtures.  

4.3 How do microalgae and bacteria growth affect DOC quality? 

The increased bioavailability of the organic carbon in sterilized influent municipal wastewater 

with S. minutum and in both sterilized influent municipal wastewater and sterilized Bristol 

medium with S. dimorphus in experiment 1 indicates that the microalgae were releasing small 
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amounts of extracellular polymers. The opposite results were found in experiments 3 and 4 

where the organic carbon in unsterilized influent municipal wastewater with S. minutum 

decreased in bioavailability. This decrease of bioavailability could help to explain why S. 

minutum and bacteria may not have been able to degrade the increase of DOC in experiments 3 

and 4, because it was less bioavailable. The reason behind why the organic matter would be less 

bioavailable is unclear and would need more in depth research on how S. minutum grows and 

produces its extracellular polymers and how it compares to other microalgae species such as S. 

dimorphus. The controls with influent municipal wastewater in experiments 3 and 4, measured 

with both Abs254/365 and SUVA254, also decreased in bioavailability, but not significantly. This 

may indicate then that the bacteria are responsible for part of the change in bioavailability of the 

DOC. 

 

Overall, the results discussed above using Abs254/365 to measure bioavailability had varied results. 

Because Abs254 cannot accurately measure DOC concentration above 150 mg/L, it also creates a 

problem when trying to measure bioavailability in wastewater with high DOC concentrations. 

Just focusing on lower concentrations, Abs254/365 and SUVA254 had similar results in experiment 4 

when they both showed a decreased bioavailability of DOC in unsterilized influent municipal 

wastewater with S. minutum.  These results agree with another study that showed SUVA values 

and Abs254/265 ratio are related (Imai et al. 2002). However, SUVA254 also detected a change in 

the bioavailability of DOC in unsterilized influent wastewater with S. dimorphus which Abs254/365 

did not detect. This could possibly be because SUVA contains exact measurements of DOC 

concentration and may be a more precise measurement of bioavailability, but more testing is 

needed to confirm this. In future studies, it may be beneficial to use 13C isotopic labels to 

determine if bacteria use mostly autochthonous DOC produced by the algae or if they utilize 

allochthonous DOC to help clarify the relationship between the algae and bacteria in wastewater 

with differing levels of DOC concentrations (Kritzberg et al. 2004). This information would be 

especially interesting to compare in a heterotrophic vs. autotrophic growth environment to help 

determine how the system utilizes available carbon. Hypothesis 3 stated that algae growth in 

wastewater will change the bioavailability of the DOC, but due to the varied results and 

unreliability of using Abs254 and SUVA254 as measurements of bioavailability in wastewater, 

hypothesis 3 is inconclusive. 

4.4 What effect do bacteria have on microalgae growth/DOC removal? 

Without bacteria present, the sterilized municipal wastewater from experiments 1 and 2 showed 

no change in Abs254 throughout the algae growth period meaning that the DOC was not affected 

by the microalgae growth in these systems. This outcome differs from other results measuring 

DOC changes in sterilized wastewater without bacteria where a significant increase in DOC was 

observed under autotrophic growth and a decrease of DOC was observed under heterotrophic 

growth (He et al. 2013, Tian-Yuan et al. 2013). This increase of DOC in He et al. (2013) was due 

to the microalgae C. vulgaris releasing extracellular polymers into the wastewater medium 

(Babel et al. 2002). He et al. (2013)’s experiment bubbled CO2 into the wastewater and 

microalgae systems while experiment 1 and 2 of this study did not. This means that the 

microalgae in He et al. (2013) grew under autotrophic conditions using the CO2 and light for 

growth (Min et al. 2014). Without bacteria in the wastewater in experiments 1 and 2 due to 

sterilization, there is no or very little CO2 being produced naturally and no CO2 being added 
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artificially which limits algal growth under autotrophic conditions and therefore also limits the 

amount of organic matter the algae releases (Roberts et al. 2013). There was a decrease of DOC 

over time in Tian-Yuan et al. (2013) under heterotrophic growth because the Scenedesmus and 

Chlorella microalgae species were assimilating the DOC in the wastewater for growth (Tian-Yuan 

et al. 2013). This same result was not found in experiment 2 under a mixotrophic system (16:8 

light ratio) due to the low levels of algae growth. Only S. dimorphus significantly increased in 

growth in experiment 2 whereas neither microalgae species significantly grew in experiment 1. 

One explanation for why S. dimorphus increased growth in experiment 2 but not S. minutum is 

that S. dimorphus may be more effective than S. minutum at assimilating organic carbon in the 

wastewater under mixotrophic conditions. However, this would require more investigation as the 

algae growth measurements for both algal species, using OD665, were very low. 

 

In both experiments 3 and 4 in unsterilized municipal influent wastewater and in experiment 6 

with unsterilized industrial wastewater mixtures, there was a large decrease of Abs254 between 

days 0 and 2, even in the control bottles without algae. This means that the bacteria likely 

consumed most of the DOC in the wastewater, not the microalgae, which was also seen in other 

studies such as Lau et al. (1995) and He et al. (2013). It can be hypothesized that a similar 

decrease of DOC would have been seen in experiment 5 as previous research has shown no 

significant difference in organic matter removal when CO2 is added (de Godos et al. 2010). The 

presence of bacteria also greatly influenced the growth of the microalgae in municipal 

wastewater. The growth was much higher with bacteria in experiments 3 and 4 in both 

microalgae species than in experiments 1 and 2 without bacteria. Experiments 3 and 4 both 

reached similar levels of OD665 algae growth which means that even with less light (12:12 ratio in 

experiment 4) the algae were able to grow just as well as in a 16:8 light:dark environment in 

experiment 3. This could be useful because areas that receive lower levels of natural light during 

the year and need to use artificial light could grow algae under fewer hours of light, and therefore 

for less money (Rogers et al. 2014). However, other research has found that an increase in the 

light exposure to the microalgae increases photosynthesis and growth, unless there is a nutrient 

limitation (Park et al. 2011). The N:P ratio in unsterilized influent municipal wastewater was 

22:1, so the wastewater was likely limited by P, which may explain why the decreased exposure to 

light did not have a significant effect on growth.  

 

Overall, when the municipal wastewater contained bacteria, there was a higher growth of both 

microalgae species than in the sterilized municipal wastewater without bacteria. There was also a 

decrease of Abs254 and DOC in unsterilized municipal and industrial wastewater mixtures due to 

the growth of bacteria. This demonstrates the important relationship between bacteria and 

microalgae because bacteria utilize both the organic carbon in the wastewater and the organic 

matter released by the algae while the algae benefits from the CO2 released from the bacteria 

(Peterson et al. 2011, Roberts et al. 2013). These results discussed above indicate that hypothesis 

4 is valid as the presence of bacteria increased algae growth and was the cause of most of the 

DOC removal in both municipal and industrial wastewater. 

4.5 How does the DOC concentration in wastewater affect algae growth? 

Industrial wastewater mixtures with DOC concentrations >285 mg/L resulted in higher algae 

growth, measured with OD665, than in municipal wastewater with DOC <32 mg/L. TN and TP 
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concentrations in municipal influent wastewater were higher than both industrial wastewater 

mixtures (except for mixture 2 in experiment 6). However, the algae growth in experiments 5 

and 6 in industrial wastewater mixtures was still higher than the municipal wastewater in 

experiments 3 and 4, despite having lower N and P concentrations. This means that the 

difference found in algae growth between experiments 3, 4 and experiments 5, 6 is likely not due 

to the TN and TP concentrations but to the large difference in DOC concentration. This result has 

previously been found in heterotrophic microalgae growth systems where an organic carbon 

substrate such as glucose is added to the wastewater to increase algae biomass (Andrade and 

Costa 2007, Perez-Garcia et al. 2011). Using industrial wastewater mixtures instead of adding 

glucose provides a potentially more economical way to add organic carbon to the wastewater 

system and increase biomass. However, He et al. (2013) found that when the wastewater 

contained DOC > 231 mg/L that bacteria inhibited the growth of the microalgae which was not 

seen in experiment 6 with DOC >285 mg/L. This difference in results may be because He et al. 

(2013) grew microalgae under an autotrophic system where only the bacteria were assimilating 

the DOC while the microalgae in experiment 6 were grown under a mixotrophic growth system 

where both the bacteria and microalgae were likely assimilating the DOC for growth. Bacteria 

biomass and activity are correlated to the level of allochthonous DOC, so a higher concentration 

of DOC, such as in experiments 5 and 6, means higher bacterial assimilation and higher 

production of CO2 for algal growth (Berggren et al. 2010). Therefore, the pulp and paper 

wastewater increased the maximum algae yield of influent municipal wastewater by increasing 

the concentration of DOC. Hypothesis 5, stating that DOC concentration in wastewater will affect 

algae growth, is valid.  

 

In experiment 5, S. dimorphus had a higher growth increase, measured with OD665 and dry 

biomass (g/L), than S. minutum in both unsterilized industrial wastewater mixtures. This may 

be because S. dimorphus is better at assimilating the organic carbon in a mixotrophic growth 

system which was also discussed earlier in this study. Other species of Scenedesmus have 

previously been successfully grown in a heterotrophic environment without light and with an 

addition of organic carbon (Tian-Yuan et al. 2013). Another reason why S. dimorphus would 

make a good choice for mixotrophic or heterotrophic growth is because many locations limited in 

light also have cooler temperatures and S. dimorphus is more resilient than other algal species in 

colder temperatures (de Godos et al. 2010).  

4.6 What effect does flue gas bubbling have on algae growth? 

Both experiments 5 and 6 were grown under a mixotrophic system in industrial wastewater 

mixtures. Flue gas was bubbled into experiment 6, but not bubbled into experiment 5. One 

difference in the results between experiments 5 and 6 is that both species of microalgae in 

mixture 1 (pulp and paper and municipal wastewater mixture) yielded a higher production of dry 

biomass in experiment 5 while both species of microalgae in mixture 2 (pulp and paper and dairy 

effluent mixture) yielded a higher biomass in experiment 6. These results from mixture 1, where 

added CO2 through flue gas decreased the dry biomass, differ from previous studies where an 

addition of CO2 increased biomass productivity by 30% and/or doubled the algal production 

(Park et al. 2011). One explanation for why microalgae in mix 1 grew better in experiment 5 

without flue gas than experiment 6 with flue gas is that the TN and TP concentrations in mix 1 

were higher in experiment 5 (TN=27 mg/L, TP= 1.3 mg/L) than experiment 6 (TN=17 mg/L, 



23 
 

TP=0.9 mg/L), which caused an increase in algal growth. Another explanation for the differences 

in growth in mix 1 and mix 2 is likely due to the differences in the DIN:TP ratios between the two 

wastewater mixtures. The lowest DIN:TP ratio was 10:1 in mixture 2 of experiment 6 while all 

the other mixtures in experiments 5 and 6 had DIN:TP ratios > 32:1. This means mix 2 in 

experiment 6 was likely the least limited in P and may partially explain why it achieved the 

highest dry biomass production of all 6 experiments. A previous study found that maximum 

biomass production and maximum CO2 biofixation in algae occur when the N:P ratio is in the 

range of 9-22 (Arbib et al. 2013). Only mix 2 of experiment 6 fell into this optimum range with a 

N:P ratio of 13:1, so it likely benefitted the most from the addition of the flue gas. However, 

mixture 2 of experiment 6 also contained the highest concentrations of TN and TP which likely 

also contributed to its high algae biomass. Therefore, hypothesis 6 stating that flue gas will affect 

algae growth under mixotrophic systems is valid, but only if the wastewater has a high enough 

nutrient concentration to support algal growth. Another benefit of flue gas is that it maintained a 

lower pH in the wastewater than previous experiments 2, 3, and 5 without flue gas. CO2 addition 

to wastewater has previously been used to lower pH and maintain it at an optimum level for 

growth and prevention of ammonia volatilization (de Godos et al 2010, Park et al. 2011). The N:P  

and DIN:TP ratios are important to consider when using wastewater to grow algal biomass, but it 

is also important to keep in mind that different species of microalgae vary in their optimum N:P 

ratio from 87:1 to 7:1, so using the Redfield ratio is not always the best choice (Hecky and Kilham 

1988). Also, algae benefit mostly from DIN such as NO3
- and NH4

+, as opposed to dissolved 

organic nitrogen (DON). TN in experiments 5 and 6 contained up to 40% DON meaning that the 

TN available for algae and bacteria growth using TN:TP ratios is likely 0verestimated (Berggren 

et al. 2015).  

 

In experiment 6, S. minutum grew better or equal to S. dimorphus in both industrial wastewater 

mixtures when flue gas was present which was also seen in Gentili (2014). If there is a source of 

flue gas available, S. minutum would be a beneficial choice as it has higher lipid extraction than 

S. dimorphus when flue gas is present (Gentili 2014). Even if a flue gas source is not located 

nearby, if the algae are used to produce biogas using anaerobic digestion, the exhaust gas from 

the burning of the biogas for electricity can also be used as the CO2 source for the algae (Park et 

al. 2011).  

4.7 Conclusion 

DOC in both municipal and industrial wastewater was correlated with absorbance at 254 nm up 

to 150 mg/L and can be used for limited organic carbon monitoring. Bacteria were responsible 

for an increased growth of microalgae in both municipal and industrial wastewater and for the 

majority of DOC removal. Bacteria and microalgae systems under mixotrophic growth removed 

up to 81% of DOC from industrial wastewater and 60% from municipal wastewater, an 

improvement from autotrophic systems which use more energy for light. Bacteria and 

microalgae under mixotrophic growth also removed the same, or higher, percentages of P and  N 

as current wastewater treatment systems and autotrophic systems making it promising for 

tertiary treatment of wastewater. Higher levels of DOC in the industrial wastewater mixtures 

compared to influent municipal wastewater increased algae growth. In the future, mixing 

wastewaters may provide a cost efficient way to increase algal biomass. When adding flue gas to 

algae wastewater systems, it is important to have high enough N and P concentrations in order to 
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obtain the highest algal biomass yield. Further research which may be beneficial would be to test 

the light ratio threshold at which the percentage of nutrients (N, P, and DOC) removed remains 

high while also using the least amount of light energy. In many areas without year round high 

levels of natural light, such as in Sweden, heterotrophic growth of algae would be very beneficial 

as long as future research finds a way for pure heterotrophic algae growth to efficiently decrease 

N and P levels and obtain high biomass yields. Determining what concentration of N and P is 

needed in wastewater for the algae growth to benefit from flue gas addition would also provide 

an interesting subject for future studies.  
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