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Abstract- Integration of CO2 mitigation with nutrient removal from different wastewater sources can be realized by 
microalgae growth. In spite of being an option with significant environmental benefits, this technology still suffers from 
achieving high performances since atmospheric concentration of CO2 limits microalgae growth; i.e. biomass accumulation. 
This is why the use of flue gas with CO2 concentrations of 20-25% (by volume) should be considered as an inorganic C 
source for the microalgae culture reactors. This study has focused on the measurement of CO2 uptake and nutrient removal 
by microalgae as well as biomass accumulation in the photo-bioreactors containing domestic wastewater inoculated by 
freshwater microalgae cultures. The real flue gas (11% CO2) collected from an iron-steel industry was used to supply CO2. 
The total CO2 uptake was 0.75 g/L with a rate of 0.15 g/L.day in the reactors operated with autoclaved wastewater as the 
growth medium. The use of raw wastewater yielded 0.13 g/L total CO2 uptake with a rate of 0.06 g/L.day. The results 
indicated that microalgae culture was capable of tolerating high levels of CO2 and removal of nutrients from wastewater. 
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I. INTRODUCTION 
 
Algae research has been accelerating in the last 50 
years since microalgae growth can integrate several 
processes with environmental and economic benefits, 
such as, CO2 sequestration via photosynthesis, 
nutrient removal from wastewaters of different origin, 
and production of valuable products (biofuels 
(biodiesel, bioethanol, biohydrogen, biomethane), 
human food, cosmetics and pharmaceuticals, 
aquaculture food, fertilizers) (Ho et al., 2013; Wang 
et al., 2008).  
There are many research studies undertaken to 
increase algae growth rate and yield and use algal 
biomass as a resource of valuable materials and 
energy. The algal biomass is perceived as a 
renewable energy resource based on sunlight being 
the original energy source and high growth rates of 
algae.  
Atmospheric CO2 uptake during primary production 
is a natural carbon sink and relies on the mass transfer 
from the air to the microalgae in their aquatic growth 
environments during photosynthesis. However, 
according to Brennan and Owende (2010), due to the 
low CO2 concentration in air (around 395 ppm), the 
potential growth yield from the atmosphere is limited. 
On the contrary, flue gas emitted from industrial 
activities may contain higher CO2 concentrations (up 
to 20%), which may boost algae growth unless 
dissolution of CO2 is limiting (Bilanovic et al., 2009) 
and presence of other gases in the flue gas is 
inhibitory or toxic (Negoro et al., 1991). It has been 
found that SO2 and NOx, major constituents of flue 
gas, may not affect the growth of microalgae 
(Nannochloris sp. and Nannochloropsis sp.) up to a 
concentration level that they do not acidify 
cultivation medium (Ho et al., 2013; Zhao and Su, 
2014). Another research study has tested the growth  

of C.vulgaris and Cyanidium caldarium in a 
simulated flue gas containing SO2 and NOx (Hauck et  
al., 1996). Of the species tested, C. vulgaris growth 
has been inhibited in the presence of 200 ppm SO2 
and 15% CO2, while Cyanidium caldarium could 
tolerate pH drop due to dissolution of SO2. The 
solubility of NOx gases is very low and they may 
bypass the aqueous phase in the reactor when the flue 
gas is supplied in a continuous mode. However, in the 
cases of its increased solubility, NOx can be either 
used by microalgae as nitrogen (N) source (Nagase et 
al., 2001) or may be inhibitory for microalgae causing 
a long lag period for the growth to start (Negoro et 
al., 1991).  
The main objective of the research study was the 
removal of CO2 from the real flue gas produced in 
iron-steel making industry by fresh water microalgae. 
The integration of CO2 uptake from the flue gas with 
nutrient uptake (removal) from wastewater was 
investigated by adopting conditions for microalgae 
growth in illuminated reactors (photo-bioreactors). To 
be able understand the influence of bacterial activities 
on microalgae growth and nutrient removal 
efficiency, autoclaved wastewater was tested as the 
growth medium in a separate set of reactors. Another 
factor, which may adversely affect the microalgae 
growth, was the flue-gas borne gases (CO, SO2, NOx, 
hydrocarbons) other than CO2. For this purpose, CO2 
supply in a set of reactors was made using pure CO2 
and air mixture in the control reactors.  
 
II. MATERIALS AND METHODS 
 
2.1. Collection and Characterization of Flue Gas  
The flue gas is collected from an iron and steel 
industry (Karabuk, Turkey). The collected gas was 
transferred to the laboratory in a pressurized gas 
cylinder (V=200 L) with a pressure range of 1.4-1.6 
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bar. It was equipped with a regulator and a valve 
providing a connection to withdraw the flue gas 
during the experiments. The composition of the flue 
gas was as follows:11.0 % CO2, 379 ppm CO, 5 ppm 
NO, 1 ppm NO2, 6 ppm NOx and 0 ppm SO2.  

 
2.2.  Microalgae Culture    
The microalgae culture was collected from Arac 
Creek (Karabuk, Turkey) and cultivated in Bold’s 
Basal Medium (3N-BBM+V) in the laboratory. The 
growth medium is composed of (concentration of  the 
constituents are given in parentheses as g/L): NaNO3 
(25), MgSO4.7H2O (7.5) ,NaCl (2.5) ,K2HPO4 (7.5) 
,KH2PO4 (17.5), CaCl2.2H2O (2.5), and autoclaved 
ZnSO4.7H2O (8.82), MnCl2.4H2O (1.44), MoO3 
(0.71), CuSO4.5H2O (1.57), Co(NO3)2.6H2O (0.49), 
H3BO3 (11.42), EDTA (50), KOH (31), FeSO4.7H2O 
(4.98)). The medium contained autoclaved and 
concentrated 1 mL H2SO4 solution. The operation of 
cultivation reactors was under continuous 
illumination (200 µmol/m2.s). Atmospheric CO2 was 
supplied continuously with flow rate of 0.5 vvm.  
 
2.3.  Wastewater as the growth medium 
Wastewater was collected from the exit point of 
primary clarification operating in the municipal 
wastewater treatment plant (Ankara, Turkey). It was 
characterized in terms of nutrients (NH4

+ and PO4
3-), 

solids (TS), pH, and the COD concentration. The 
collected wastewater contained bacteria and to be 
able to understand the impact of bacterial activity on 
microalgal growth; autoclaved wastewater was used 
as the growth medium in one set of reactors. The 
wastewater was autoclaved at 1210C for 30 min and 
its characterization was made by measuring the 
nutrients, solids, pH, and COD. The autoclaved 
wastewater contained less TAN (Total Ammonium 
Nitrogen) and PO4-P than raw wastewater, which 
may be due to volatilization of NH3 and precipitation 
of PO4 as a result of pH increase. The 
characterization results indicated that both 
wastewaters (raw and autoclaved) could be used as a 
growth medium for microalgae, in which PO4-P being 
the growth controlling nutrient.     
 
2.4.  Photobioreactors: Preparation and Operation 
500 mL reactors with air tight caps were used as 
reactors. Each reactor contained 350 mL of 
wastewater and 50 mL of microalgae culture leaving 
100 mL for the headspace. The reactors were 
illuminated continuously receiving approximately 
200 µmol/m2.s light (fluorescent lamps, OSRAM). 
The photo-bioreactors (PBRs) were continuously 
mixed at 175 rpm. A reactor was terminated at each 
sampling time.   
The headspace of the PBRs was purged by pure CO2 
and air mixture (15-25 % CO2) in the first set of 
PBRs which were run as the control reactors for flue 
gas added PBRs. Flue gas with a 10-11% CO2 was 
used to aerate the second set of PBRs. The 

composition of headspace in terms of CO2 was 
monitored every day to make sure CO2 was not 
limiting microalgae growth in the PBRs. The addition 
of CO2 was performed periodically whenever CO2 
level in the headspace decreased significantly. In 
other words, PBRs were operated in a fed-batch mode 
regarding CO2. The operation of PBRs continued 
until the nutrients, especially PO4, were exhausted. 
The growth medium in PBRs was real municipal 
wastewater, which contained numbers of 
heterotrophic bacteria. Therefore, a set of PBRs 
containing autoclaved real wastewater was used as 
the growth media. In addition, another control reactor 
was run to determine and compare the water 
solubility of CO2 in pure CO2 and air mixture and in 
the flue gas. At each sampling time, a PBR was 
terminated following the measurement of the 
headspace CO2 composition and the concentrations of 
TS, TAN, and PO4

3- were measured in the aqueous 
phase.  
 
2.5.  Analytical Methods 
The gas samplings from the headspace of the PBRs to 
measure the CO2 concentration were conducted by 
using a 10 mL gas-tight syringe (Sanitex-Italy). The 
CO2 analyses were done by using a gas 
chromatograph (GC) (Thermo Electron Co., 
Thailand) equipped with a thermal conductivity 
detector (TCD). In the GC measurements, helium 
(He) was the carrier gas supplied at a constant 
pressure of 100kPa. Temperature of inlet and detector 
were programmed to 50 0 C and 80 0C respectively. 
The calibration of GC for hydrogen (H2), carbon 
dioxide (CO2), oxygen (O2), nitrogen (N2) was made 
by pure standards of the gases.  
Prior to the measurement of TAN (NH4

++NH3-N) and 
ortho-phosphate (PO4

3--P) concentrations, the 
samples were filtered through 0.45 µm cellulose-
acetate filter (Sartorius Stedim, 1110647-N, 
Goettingen, Germany) using a filtration unit 
(Milipore, WP8 11 2250, Billerica MA,UISA). The 
filtrate was then used to measure TAN and PO4

3--P 
concentrations photometrical methods (PC Multinet 
Autoset photometer, Aqualytic, Dortmund, 
Germany). The kits used were Lovibond Vario 
535600 and 515810 for TAN and PO4

3--P 
respectively. Total solids (TS) concentrations were 
determined according to Standard Method 2540 
(APHA, 2004). COD measurements were 
accomplished using Standard Method 5220 (APHA, 
2004). 
 
III. RESULTS AND DISCUSSION 
 
Batch PBRs were operated to investigate the CO2 
uptake from pure CO2 and mixture of air and flue gas 
by microalgae growing in municipal wastewater. The 
microalgae growth depends on the availability of 
light source, CO2 and nutrients. The dissolution of 
CO2 is critical for its uptake by microalgae 
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considering that it is low under atmospheric 
pressures. The Henry’s Law Constant for CO2: 0.8 
mol air/mol water at room temperature (Reid et al., 
1987). The dissolved CO2 can be in its solvated 
molecular form (CO2(aq)) in addition to H2CO3, 
HCO3

- and CO3
2- following its reaction with water, 

which serve as the inorganic carbon source except 
CO3

2-  for algae. There were two control PBRs to find 
out the solubility of CO2 in water. Carbon dioxide 
was supplied by pure CO2 and air mixture in Control 
1A and by flue gas in Control 1B. The initial 
concentrations of CO2 by volume in the headspace of 
the PBRs were 18% and 10% in Control 1A and 1B, 
respectively. There was no escape of CO2 from the 
headspace of the reactor and equilibrium between the 
phases was established by the end of the 3rd day. The 
dissolution of CO2 in water was 42.9 mg/L in Control 
1A, which was higher than that in Control 1B (6.7 
mg/L) at equilibrium at T=240C. The low solubility 
of CO2 supplied by flue gas could be mainly due to 
the presence of other gases and this may address to a 
long contact time of flue gas with aqueous phase 
(cultivation medium). During the operation of PBRs 
used for testing the microalgae growth, the headspace 
composition of the reactors was measured on a daily 
basis to prevent the growth conditions to be 
controlled or limited by CO2 due to its dissolution in 
water. To be able to test microalgae growth and 
nutrient removal in the absence of bacterial 
activation, raw wastewater was autoclaved and then 
used as the growth medium in a set of PBRs operated 
with the mixture of pure CO2 and air (app. 20% CO2) 
and flue gas (app. 9-11 % CO2) parallel to the PBR 
containing raw wastewater. The daily measurements 
of CO2 in the headspace, TAN, PO4-P, and TS 
measurements in the aqueous phase of the reactors 
helped to understand microalgal activity in the PBRs.  
 
3.1. CO2 uptake from pure CO2 and air mixture by 
microalgae 
The PBRs purged by pure CO2 and air mixture were 
operated as long as the nutrients were above the 
detection limit of the measurement techniques used. 
The CO2 was supplied periodically to make sure 
inorganic C was not limiting in the reactors for 
microalgae growth. The uptake of CO2 (g/L) is shown 
in Figure 1, which is estimated by the decrease in 
CO2 concentration in the headspace of PBRs. The 
cumulative CO2 uptake increased with time up to 0.4 
and 1.3 g/L in the PBRs containing autoclaved and 
raw wastewater respectively, which were higher than 
its dissolution in water without microalgae (Control 
1A and 1B) indicating the biofixation of CO2 in the 
reactors. The difference in CO2 uptake by microalgae 
grown in autoclaved and raw wastewater is mainly 
due to the presence of high TAN and PO4-P 
concentrations in the raw wastewater. The initial 
composition of the wastewater changed significantly 
in terms of TAN from 44 to 14 mg TAN/L, while 
PO4-P concentration dropped from 2.8 to 0.67 mg 

PO4-P/L as a result of autoclaving. The CO2 uptake 
by microalgae could be observed until the depletion 
of nutrients in the reactors. The rates of CO2 uptake 
were calculated as 0.1 and 0.2 g CO2/L.day in the 
autoclaved and raw wastewater respectively and they 
were lower than the typical rates (0.7-1.3 g/L.day for 
Chlorella vulgaris) (Cuellar-Bermudez et al., 2014) 
reported in the literature for similar conditions. The 
removal of TAN and PO4-P was complete by the end 
of Day 6 (Figures 2 and 3) and rates were higher in 
raw wastewater than autoclaved wastewater, which 
may be due to nutrient uptake by bacterial activities 
in addition to microalgae and high initial 
concentration of nutrients. Using the results, where a 
linear decrease in the concentration of TAN was 
observed (Figure 2), the removal rates were 
calculated as 3.33x10-4 and 6.25x10-4 mol TAN/L.day 
in autoclaved and raw wastewaters respectively. In a 
similar approach, PO4-P removal rates were 
calculated as 1.29x10-5 and 2.52x10-5 mol PO4-
P/L.day in autoclaved and raw wastewaters 
respectively using the results indicating linear 
decrease in PO4-P concentration (Figure 3).  
The microalgae activities in batch PBRs resulted in 
biomass accumulation, which was measured by solids 
concentrations as shown in Figure 4. The daily 
increase in biomass amount was 0.065 and 0.078 g/L 
in autoclaved and raw wastewaters, respectively 
(Figure 4). The biomass accumulation rates in the 
PBRs were much lower than the rates reported in 
similar studies regardless of the growth media used in 
this study. For example, the biomass accumulation 
rate was 0.7 g/L.day for Chlorella vulgaris culture 
aerated by 20% CO2 composed gas mixture in batch 
reactors (Cuellar-Bermudez et al., 2014). In another 
study, 25% CO2 and air mixture yielded a biomass 
accumulation of 0.133 g/L.day in a culture of 
Chlorella species wild type (Chiu et al., 2014). It has 
to be noted here that the reported microalgae cultures 
are grown in a growth medium prepared in the 
laboratory to optimize the growth for maximum while 
wastewater was the growth medium in this study. 
Therefore, the nutrient concentrations may be 
controlling the biomass accumulation in the PBRs 
operated in this study.  Total CO2 uptake normalized 
with respect to biomass at the end of the experiments 
was calculated as 2.56 g CO2/g TS (0.69 g C/g TS) in 
the reactors containing raw wastewater. The amount 
of CO2 fixed by microalgae grown in autoclaved 
wastewater was lower and equal to 1.54 g CO2/g TS 
(0.42 g C/g TS). The results obtained indicate that 
freshwater microalgae can tolerate high levels of CO2 
(20%), which may simulate typical flue gas 
composition of iron-steel and cement industries using 
the nutrients available in municipal wastewater.   
 
3.2.  CO2 Uptake from Flue Gas by Microalgae 
In this part of the study, batch PBRs were purged by 
real flue gas collected from iron-steel industry and its 
level of CO2 was measured as 11% by volume. The 
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reactors were operated until the nutrients were 
completely used up by microalgae and/or bacteria. 
The total CO2 uptake was calculated using the daily 
measurements of CO2 concentration of the headspace. 
TAN, PO4-P, and TS concentrations were monitored 
during the operation of the reactors.  
 

 
Figure 1. Total CO2 uptake in the PBRs fed by pure CO2 and 

air mixture 
 

 
Figure 2. TAN removal in the PBRs fed by pure CO2 and air 

mixture 
 
Total CO2 uptake of 0.75 g/L (0.15 g/L.day) was 
determined in the PBRs containing autoclaved 
wastewater and flue gas, which was higher than its 
uptake from pure CO2 and air mixture. In the PBRs 
composed of raw wastewater, total CO2 uptake of 
0.125 g/L with a rate of 0.06 g/L.day was observed 
(Figure 5). During the first 6 days of operation of 
PBRs with raw wastewater, there was a slight but 
continuous increase in the CO2 uptake, which started 
to increase at a higher rate by the end of Day 6. The 
low solubility of CO2 in flue gas in water, inhibition 
of bacterial activities by the other gases in flue gas, 
and granulation of microalgae with bacteria in the 
presence of organics may result in lower microalgae 
activities hence lower CO2 uptake when raw 
wastewater was used to grow microalgae.   The use of 
real flue gas for microalgae growth has been 
proposed by many researchers, but there a few studies 
focusing on the subject. The reported CO2 uptake 
rates for Chlorella vulgaris grown by real or 
simulated flue gas in a growth medium solution are in 
a range of 0.7-1.8 g/L.day (Cuellar-Bermudez et al., 
2014). The rates are much higher than the rates 
observed by other research groups, which may be due 
to the nutrient concentrations in the growth medium 
optimized for maximum growth.  

The removal of nutrients is shown in Figures 6 and 7 
for TAN and PO4-P, respectively. In the PBRs 
containing autoclaved wastewater as the growth 
medium, the removal of TAN and PO4-P was fast and 
complete by the end of Day 5 with the initial removal 
rates of 5.07x10-4 mol/L.day and 6.77x10-5 mol/L.day 
respectively. The concentrations of nutrients were in 
trace levels after Day 5.  There were two different 
removal rates observed in the removal of TAN and 
PO4-P in the PBRs containing raw wastewater 
(Figures 6 and 7). The removal of TAN was 9.3x10-5 
mol/L.day until Day 5, which increased suddenly to 
almost 1x10-3 mol/L.day. Similarly the removal rate 
of PO4-P was slow initially (3x10-5 mg/L.day) and 
then increased to 2.6x10-4 mg/L.day after Day 5. The 
results from CO2 uptake and nutrient removal in the 
PBRs with raw wastewater may indicate the fact that 
microalgae growth becomes significant following an 
acclimation to the medium in the presence of flue gas. 
The microalgae biomass increased in PBRs similarly 
with final TS concentrations of 1760 and 1470 mg/L 
in autoclaved and raw wastewater respectively.  
Maximum biomass concentration in the batch 
reactors used for Chlorella sp. wild type growth using 
flue gas (25% CO2) in the study of Chiu et al. (2011) 
was reported as 1500 mg/L, which is similar to the 
results obtained for microalgae growth in either 
autoclaved or raw wastewater.  
 
 
The biomass accumulation rates were 0.12 and 0.074 
g TS/L.day in the PBRs containing autoclaved and 
raw wastewater, respectively. An isolated thermal and 
CO2 tolerant strain of Chlorella sp. MTF-7 has been 
inoculated in batch reactors aerated by flue gas from 
iron-steel industry with 25% CO2 content (Chiu et 
al., 2011) and the average biomass accumulation rate 
has been reported as 0.37 g/L.day. The higher 
accumulation rate of biomass may be the result of 
using growth medium in the study by Chiu et al. 
(2011). The total CO2 uptake was normalized with 
respect to biomass growth during the operation of 
reactors. It was calculated that higher inorganic C 
was biofixed by microalgae grown in autoclaved 
wastewater than in raw wastewater. The biological 
uptake by microalgae was 0.96 g CO2/g TS in 
autoclaved wastewater, while it was 0.24 g CO2/g TS 
in raw wastewater. 
 

 
Figure 3. PO4-P removal in the PBRs fed by pure CO2 and air 

mixture 
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Figure 4. The biomass growth in the PBRs fed by pure CO2 and 

air mixture 
 

 
Figure 5. Total CO2 uptake by microalgae grown by flue gas 

 

 
Figure 6. The removal TAN in the PBRs fed by flue gas 

 
CONCLUSIONS 
 
The use of pure CO2 and air mixture (18-20% CO2) 
for the growth of freshwater microalgae culture 
resulted in the CO2 uptake rate of 0.1-0.2 g/L.day. 
Moreover, the total CO2 uptake was found to be 0.4 
and 1.3 g/L when autoclaved and raw wastewater 
used as growth media, respectively. Microalgae 
growth was slightly higher in raw wastewater because 
of higher nutrient concentrations than autoclaved 
wastewater and production of additional CO2 as a 
result of bacterial activities. The use pure CO2 
resulted in higher amounts of CO2 fixed by 
microalgae which was measured indirectly by dry 
weight (TS) as 1.54 and 2.56 g CO2/g TS for 
autoclaved and raw wastewater growth media, 
respectively.   
reshwater microalgae culture carried out 
photosynthetic reactions in domestic wastewater 

aerated by flue gas collected from iron-steel industry. 
The microalgae strains in culture could tolerate high 
levels of CO2 in the flue gas (11%), although it 
appears that total CO2 uptake and microalgae growth 
were halted in the PBRs operated with raw 
wastewater. There may be several reasons for 
observing low microalgae activity in these reactors: 
1) low solubility of CO2 in the flue gas, 2) inhibition 
of bacterial activities in the presence of flue gas, 
which would stimulate microalgae growth otherwise 
by producing CO2, 3) formation of microalgae-
bacteria flocs in the presence of organics, which may 
reduce the growth of microalgae. The rate of CO2 
uptake was lower than the values reported in the 
literature and this has been attributed to low nutrient 
concentrations in raw wastewater compared to growth 
media used in other studies. Growing microalgae by 
using flue gas and wastewater can act as an integrated 
solution for CO2 accumulation in the atmosphere and 
eutrophication. The coupled removal of nutrients 
from wastewater and CO2 from flue gas is possible. 
The results obtained point out that there is a need to 
increase microalgae growth rate when flue gas is used 
as the source for CO2 supply. 
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