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a b s t r a c t

The present study aimed at investigating the carbon metabolism in terms of carbon dioxide fixation and
its destination in microalgae cultivations. To this purpose, analysis of growth parameters, media of cul-
tivation, biomass composition and productivity and nutrients balance were performed. Four microalgae
suitable for mass cultivation were evaluated: Dunaliella tertiolecta SAD-13.86, Chlorella vulgaris LEB-104,
Spirulina platensis LEB-52 and Botryococcus braunii SAG-30.81. Global rates of carbon dioxide and oxygen
were determinated by a system developed in our laboratory. B. braunii presented the highest CO2 fixation
rate, followed by S. platensis, D. tertiolecta and C. vulgaris (496.98, 318.61, 272.4 and 251.64 mg L�1 day�1,
respectively). Carbon dioxide fixated was mainly used for microalgal biomass production. Nitrogen, phos-
phorus (calcium for D. tertiolecta), potassium and magnesium consumption rates (mg gX�1) were evalu-
ated for the four microalgae. Biomass composition presented a predominance of proteins but also a high
amount of lipids, especially in D. tertiolecta and B. braunii.

� 2010 Published by Elsevier Ltd.
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1. Introduction

As a consequence of global warming many technologies are
being developed for greenhouse gases mitigation. Chemical reac-
tion-based CO2 mitigation approaches are energy-consuming and
costly processes (Lin et al., 2003), and the only economical incen-
tive is the CO2 credits to be generated under the Kyoto Protocol
(Wang et al., 2008). Biological CO2 mitigation through microalgae
has attracted much attention as a strategic alternative that associ-
ates both environmental and economical interests.

The rate of carbon uptake is limited by the metabolic activity of
microalgae, which is in turn limited by photosynthesis. Several
authors have studied microalgae CO2 fixation capacity. In theory
microalgae can use up to 9% of the incoming solar energy to pro-
duce 280 tons of dry biomass ha�1 year�1 while consuming/
sequestering roughly 513 tons of CO2 (Bilanovic et al., 2009). Hirata
et al. (1996) cultivated Chlorella vulgaris in 3% CO2 for 8 days and
achieved a carbon dioxide fixation of 865 mg CO2 L�1 day�1. This
represents around 1.7 times more carbon dioxide fixated than
the estimative of Bilanovic et al. (2009), considering a liquid col-
umn depth of 15 cm. Besides the important environmental role
against global warming, the carbon dioxide fixation is of industrial
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interest since carbon papers can now be traded in the international
market and used as a marketing move by companies.

Most studies quantify the carbon fixated in terms of biomass
production (Chae et al., 2006; Jacob-Lopes et al., 2008; Kajiwara
et al., 1997). On the other hand, many several papers describe
the production of extracellular compounds by microalgae, includ-
ing volatile organic compounds (Shaw et al., 2003), organohalo-
gens (Scarrat and Moore, 1996), polysaccharides, hormones and
others. This indicates that carbon fate may be quite diverse and
that microalgal biomass generation is just a part of the carbon
destination. Moreover, little information is available with respect
to the simultaneous research of both the global rates of carbon
dioxide sequestration and the rates of incorporation of carbon into
the microalgae biomass (Chiu et al., 2008).

Microalgae can fix carbon dioxide from different sources includ-
ing CO2 from the atmosphere, from industrial exhaust gases and in
form of soluble carbonates. The utilization of industrial gaseous
and/or liquid residues is becoming a reality in microalgae cultures
in view that the major barrier in industrial cultivation of microal-
gae is the cost of the media for cultivation. Therefore, knowledge of
residue composition, microalgae metabolic pathways and nutri-
tional needs plays a central role in processes development.

The aims of this study were to evaluate growth, metabolism,
and consumption of nutrients and to quantify the carbon dioxide
assimilation of the four widely used microalgae Dunaliella

http://dx.doi.org/10.1016/j.biortech.2010.02.088
mailto:soccol@ufpr.br
http://www.sciencedirect.com/science/journal/09608524
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tertiolecta SAD-13.86, C. vulgaris LEB-104, Spirulina platensis
LEB-52 and Botryococcus braunii SAG-30.81.
A

2. Methods

2.1. Microalgae cultivation

C. vulgaris LEB-104 and S. platensis strain LEB-52 were obtained
from Federal University of Santa Maria (UFSM, Brazil) and culti-
vated at 30 �C in Modified Bristol Medium (Watanabe, 1960) and
Zarrouk medium, respectively. D. tertiolecta SAG-13.86 and B. brau-
nii SAG-30.81 were obtained from the Culture Collection of Algae at
Gottingen and cultivated at 25 �C in artificial sea water (DUN med-
ium) and 3N-MBM medium, respectively.

The main cultivations were performed in an 11L BioFlo Fermen-
tor (New Brunswick Sci.) with a working volume of 8 L. For pH
measurement and control, a sensor was used and the pH controlled
by automatic injection of specific acid and/or base as required. All
microalgae were cultivated in pH 7.2 ± 0.2, except S. platensis LEB-
52 (pH 9.0 ± 0.2).

Air enriched with 5% CO2 (White Martins, Curitiba, Brazil) was
sparged through a ring sparger. Illumination of culture was pro-
vided by eight cool white 32 W fluorescent lamps (providing
3500 lux) in 12:12 h (light/dark) photoperiod. Temperature was
measured by a thermocouple and controlled by a water jacket.
Experiments duration were 15 days for all microalgae tested.

2.2. Analysis

Samples were withdrawn daily and centrifuged in a Sorvall Leg-
end Mach 1.6 R centrifuge (Sorvall, Germany) at 246g for 15 min.
Cells were washed once and dried at 60 �C until constant weight,
while the cell-free medium was used for further analysis of
nitrate, alkalinity (carbon solubility), phosphorus and cations
concentration.

Nitrate determinations were done daily by the colorimetric
method proposed by Cataldo et al. (1975). Alkalinity was measured
daily by titration of 10 ml of the cell-free medium with 0.1 N HCl
using phenolphthalein (0.2 g L�1 in ethanol 95%) for carbonate
and methylorange (0.5 g L�1 in water) for bicarbonate quantifica-
tion as dye indicators. Phosphorus consumption was assessed dur-
ing the experiment in 5 days intervals by the quantification of
soluble phosphorus by the phospho-molybdate method. The 15th
day cell-free medium was analyzed for total sugars by the
phenol–sulfuric method (Dubois et al., 1956).

The determination of cations was done with a 761 Compact IC
817 Bioscan chromatograph. The column used was METROSEP C3
250/4.0 (Metrohm), 250 mL � 4.0 mmID. Analytical conditions
were: 3.5 mM HNO3, 1.0 mL/min, 40 �C, 20 lL sample volume,
11.2 MPa. A standard chromatogram was prepared with the fol-
lowing salts: CaCl2�2H2O, MgCl2�6H2O, KCl, Na2SO4, ZnSO4�7H2O,
NH4Cl e FeSO4�7H2O. All reagents used were analytical grade
(Sigma–Aldrich).

2.3. Carbon dioxide data acquisition

The cultivation vessel was coupled with sensors for the mea-
surement of carbon dioxide and oxygen in the inlet and outlet
gases. In the inlet, carbon dioxide flow was monitored by a rotame-
ter and measured by a thermal dispersion mass flow sensor (Aal-
borg GFM), while oxygen flow was monitored by a rotameter and
its concentration in the air measured by an electrochemical sensor
(Alphasense O2-A2). In the outlet, total flow was measured by a
mass flow sensor (Aalborg model GFM), the percentage of carbon
dioxide measured by an infrared sensor (Vaisala GMT) and the per-
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centage of oxygen by an O2-A2 sensor. These sensors were all con-
nected to Novus model N1100 controllers (Sturm et al., 2008). Data
acquisition occurred at 15 min intervals by Laquis software (La-
quis, 2009). To perform the calculations, this industrial net was
connected to a personal computer running the Laquis software.

A blank trial, using only sterile media in the vessel, was run for
5 days with data acquisition in order to define sensors baselines for
O2 and CO2 be used as basis to further calculations of carbon diox-
ide consumption.

2.4. Biomass analysis

After 15 days of experiment, the cells were removed by centri-
fugation (1500g at 25 �C), washed (distilled water), recentrifuged
again and dried at 60 �C until constant weight. The dried biomass
was analyzed for chlorophylls, carbohydrates, proteins, lipids and
ash.

Chlorophylls were extracted with 90% acetone and the quantifi-
cation follows the equations suggested by Strickland and Parsons
(1968). Lipids were determined by extraction with methanol:chlo-
roform 1:1 (Bligh and Dyer, 1959) followed by a liquid–liquid
extraction with hexane. Ash was quantified by the AOAC 941.12
method, while phenol–sulfuric method (Dubois et al., 1956) was
used for total carbohydrate and the Lowry method (Lowry, 1951)
for protein determination.
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3. Results and discussion

3.1. Growth parameters

C. vulgaris LEB-104 presented an exponential growth from 96 to
168 h of experiment. Maximum cell concentration of 1.94 g L�1

was reached on the last day (15th) of cultivation. Maximum spe-
cific growth rate (lmax) of 0.29 day�1 and biomass doubling time
(td) of 2.39 days was achieved during exponential growth and the
maximum productivity (Pxmax) was 0.31 g L�1 day�1. Morais and
Costa (2007) obtained very similar results (lmax = 0.31d�1,
td = 2.27 days and Pxmax = 0.14 g L�1 day�1) cultivating the strain
of the same group in vertical tubular reactors supplemented with
6% CO2.

B. braunii SAG-30.81 reached an exponential growth phase dur-
ing the 15 days of cultivation. Final biomass concentration was
3.11 g L�1. Maximum specific growth rate, productivity and the
biomass doubling time were calculated and resulted in 0.24 day�1,
0.61 g L�1 and 2.9 days, respectively. These results are in accor-
dance to Vovola et al. (1998), who achieved a biomass concentra-
tion of 3.9 g L–1, specific growth rate and generation time
of 3–4 days.

For S. platensis LEB-52, maximum cell concentration was ob-
served in day 14th (2.18 g L�1). Specific growth rate and doubling
time were calculated in the exponential growth phase and resulted
in 0.22 day�1 and 3.12 days, respectively. Maximum cell productiv-
ity was 0.73 g L�1 day�1. This data are in accordance with Binaghi
et al. (2003) and Morais and Costa (2007).

D. tertiolecta SAG-30.81 also presented an exponential growth
during the whole duration of experiment. Maximum cell concen-
tration was observed in day 15th (2.15 g L�1). Specific growth rate
and doubling time were calculated at the exponential growth
phase and resulted in 0.21 day�1 and 3.29 days, respectively. Max-
imum cell productivity was 0.42 g L�1 day�1.

3.2. Biomass composition

Table 1 presents the biomass composition of the four microal-
gae studied. A high amount of proteins was observed in C. vulgaris
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Table 1
The biomass composition in terms of proteins, sugars, pigments, lipids and ash of the analyzed microalgae.

Microalgae Protein (%) Sugars (%) Pigments (%) Lipids (%) Ash (%) Total carbon (%)a

Chlorella vulgaris LEB-104 40.95 ± 3.0 16.74 ± 1.8 12.41 ± 1.6 9.95 ± 2.1 13.35 ± 0.9 45
Botryococcus braunii SAG-30.81 39.61 ± 3.2 2.38 ± 0.4 13.05 ± 1.5 33 ± 2 7.54 ± 0.5 58
Spirulina platensis LEB-52 42.33 ± 1.9 11 ± 0.88 16.12 ± 2.3 11 ± 2.2 7.11 ± 1.5 50
Dunaliella tertiolecta SAG-13.86 29.41 ± 2.8 13.95 ± 1.2 7.61 ± 1.3 11.44 ± 1.8 33.35 ± 3.5 36

a Considerations of carbon composition for the organic compounds: protein = 45%, sugars = 40%, chlorophyll = 74% and lipids = 87%. The values of biomass compositions
were corrected to 100% before the estimation of carbon composition.

Table 2
The nutrients specific consumption rate in terms of biomass production for the four
microalgae analyzed.

Microalgae Nitrogen
rate
(mg gX�1)

Magnesium
rate
(mg gX�1)

Potassium
rate
(mg gX�1)

Phosphorous
(mg gX�1)

Calcium
(mg gX�1)

C. vulgaris
LEB-
104

49.35 2.85 32.18 314.4 –

B. braunii
SAG-
30.81

40.72 2.60 15.02 175.9 –

S. platensis
LEB-52

61.8 4.17 24.09 247.4 –

D. tertiolecta
SAG-
13.86

26.05

58.45 59.71 – 375.46
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LEB-104 and S. platensis LEB-52, while B. braunii SAG-30.81 and D.
tertiolecta SAG-13.86 accumulated a high amount of lipids. The
high amount of ash in D. tertiolecta SAG-13.86 biomass might be
a consequence of the high salinity of the cultivation media.

Lipid productivity for each microalga was calculated as the ratio
of the amount produced by the growth time, considering the com-
position of the biomass constant over time. B. braunii SAG-30.81
presented the higher lipid productivity (61.38 mg L�1 day�1), fol-
lowed by D. tertiolecta SAG-13.86, S. platensis LEB-52 and C. vulgaris
LEB-104 (15.25, 14.3 and 11.54 mg L�1 day�1, respectively).

3.3. Media analysis and nutrients balance

Carbon solubility (CSOL) was determined daily and compared
with the biomass production (Xt � X0, where X0 is the biomass con-
centration in the beginning of the experiment and Xt is the concen-
tration in a given time). It can be observed that carbon solubility
increased in all cases (Fig. 1). Eriksen et al. (2007) related that
the concentration of HCO�3 in the growth medium increased in pro-
portion to the decrease concentration in nitrogen source, which
was also observed during our experimentations. This is a conse-
quence of the nitrogen source used, because the reduction of
1 mol of NO�3 consumes one proton that comes from the dissocia-
tion of carbonic acid.

Through the analysis of dissolved cations and anions in the
media, it was possible to calculate the rates of consumption of
phosphorus, magnesium, nitrogen and potassium. Table 2 shows
the obtained nutrient specific consumption rate for each microalga
studied. These are very important data that indicates specific nutri-
Fig. 1. Profile of dissolved carbon (CSOL) through time in comparison with growth of (
tertiolecta SAG-13.86.
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ent requirement of each microalga, being very useful in the utiliza-
tion of complex media for cultivation (industrial liquid wastes, for
example).

Table 3 shows the profile of accumulated nutrient consumption
and biomass production during cultivation for each microalga
studied. It can be observed that magnesium and nitrogen con-
sumption accompanied biomass production in all cases. It was ob-
served that for C. vulgaris LEB-104 the highest potassium
consumption was towards the end of the exponential growth.
The same behavior observed for phosphorus consumption by S.
platensis LEB-52. Calcium consumption analysis in D. tertiolecta

C

A) C. vulgaris LEB-104, (B) B. braunii SAG-30.81, (C) S. platensis LEB-104 and (D) D.



Table 3
Nutrient accumulated consumption and biomass production during cultivation of each microalga.

Time (days) (mg L�1) Nitrogen (mg L�1) Magnesium (mg L�1) Potassium (mg L�1) Phosphorous (mg L�1) Biomass (mg L�1)

Chlorella vulgaris LEB-104
0 0 0 0 0 0.20
5 34.83 1.90 4.24 193.08 0.81
10 68.29 3.58 17.14 526.96 1.48
15 85.87 4.96 56.00 547.06 1.94

Botryococcus braunii SAG-30.81
0 0 0 0 0.32
42.94 2.60 12.68 128.72 1.29
78.06 5.68 20.44 305.72 2.25
78.06 7.26 41.92 490.75 3.11

Spirulina platensis LEB-52
0 0 0 0 0.23
57.10 2.14 21.88 179.65 0.87
80.41 4.14 68.93 187.69 1.34
120.50 5.45 110.73 1328.77 2.18

Time (days) (mg L�1) Nitrogen (mg L�1) Magnesium (mg L�1) Potassium (mg L�1) Calcium (mg L�1) Biomass (mg L�1)

Dunaliella tertiolecta SAG-13.86
0 0 0 0 0.15
33.15 84.16 74.82 534.09 0.5
47.46 108.48 99.38 727.21 1.23
52.10 116.90 119.42 750.92 2.15
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SAG-13.86 growth indicates major consumption in the beginning
of the growth, which might be a consequence of adsorption to
the cell membrane.

Assuming the biomass composition presented in (Table 1) and
nutrient consumption data obtained (Table 2), it was possible to
determine the destination of the nutrients. Proteins production
was the main destination of the nitrogen consumed in all cases,
as expected. The amount of nitrogen used in protein production
was 75%, 65%, 91% and 56% for C. vulgaris LEB-104, B. braunii
SAG-30.81, S. platensis LEB-52, and D. tertiolecta SAG-13.86,
respectively.

Magnesium consumption by all microalgae was higher than
the necessary for chlorophyll production, suggesting that this
nutrient play others important roles in microalgae metabolism.
In C. vulgaris LEB-104 cultivation it was observed an extra con-
sumption of 1.38% of magnesium, while for B. braunii SAG-
30.81 and S. platensis LEB-52 this extra consumption was of 3%
and 3.2%, respectively.

Through the biomass composition of the microalgae presented
in Table 1 it was possible to estimate the amount of carbon in each
microalga (Table 1). This was made considering the lipid profile of
B. braunii SAG-30.81 (Dayananda et al., 2007) and C. vulgaris LEB-
104 (Petkov and Garcia, 2007) and sugars as glucose. For carbon
estimation in proteins, an average was done for all aminoacids.

TR
Fig. 2. Carbon dioxide and oxygen consumption profiles (in g h�1) during C. vulga
photosynthesis and respiration processes.

RE
3.4. Carbon fixation and balance

The metabolism of the microalgae was studied during the entire
duration of the experiment (15 days). As example, the profile of
oxygen and carbon dioxide uptake by C. vulgaris LEB-104 is shown
in Fig. 2 (observe that, as oxygen is produced by microalgae, the
values of oxygen uptake are negative). It is observed the comple-
mentary behavior of photosynthesis and respiration during micro-
algal growth. Under light regimem the increase in carbon dioxide
consumption is simultaneously accompanied by a decrease in oxy-
gen consumption (photosynthesis process); and the opposite was
observed under dark regimem (respiration process). The distances
between peaks and valleys of carbon dioxide consumption line is
approximately 12 h, which is in accordance with the duration of
photosynthesis and respiration under the light photoperiodicity.
These same characteristics were observed in the other assays with
B. braunii SAG-30.81, S. platensis LEB-52 and D. tertiolecta SAG-
13.86.

The determination of carbon dioxide fixation by each microalga
was done based on the CO2 consumption profile. The trapezoidal
method was used in order to integrate the curves (CO2 cons g/h
and CO2 base line) (see Fig. 2). The areas obtained was subtracted
and the difference between them corresponding to the total
amount carbon dioxide consumed.

CT
ris LEB-104 growth plotted together, presenting symmetry and accordance to



Table 4
Comparison between carbon fixation rates indicated in the literature and our results. It is also shown the amount of carbon dioxide used in biomass generation.

Microalga Literature (mgCO2

L�1 day�1)
Reference This work (mgCO2

L�1 day�1)
% To biomass CO2 fixated per ton

of biomass produced (in kg)

C. vulgaris LEB-104 624 Yun et al. (1997) 251.64 86.68 144.63
B. braunii SAG-30.81 1100 Marukami and Ikenouochi

(1997)
496.98 87.96 178.09

S. platensis LEB-104 413a Morais and Costa (2007) 318.16 80.40 182.81
D. tertiolecta SAG-

13.86
313a Kishimoto et al. (1994) 272.40 70.42 136.19

a Calculated from the biomass productivity (see Wang et al., 2008).
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It is important to note that one of the objectives of this work
was to obtain the carbon dioxide fixation rate of industrially
important microalgae under conditions recommended by the
strains suppliers, intenting to serve as basis for carbon dioxide fix-
ation researches.

Carbon dioxide fixation rate (in mg L�1 day�1) was equal to
251.64 for C. vulgaris LEB-104 , 496.98 for B. braunii SAG-30.81,
318.61 for S. platensis LEB-52 and 272.4 for D. tertiolecta SAG-
13.86. Table 4 compares carbon fixation rate obtained in this work
and some described in the literature. The amount of carbon used in
biomass production is also shown in table.

A good similarity was observed between the data obtained in
our work and the literature in the cases of D. tertiolecta and S. plat-
ensis, while some disparities were observed in the cases of B. brau-
nii and C. vulgaris (Table 4).

These discrepancies are acceptables, once they are a conse-
quence of the conditions to which microalgae are submitted. For
example, Marukami and Ikenouochi (1997) used a specific medium
for the accumulation of hydrocarbons by B. braunii (which can ex-
plain the highest carbon fixation) and Scragg et al. (2002) do not
use CO2 enrichment in cultivation of C. vulgaris (which can explain
such low carbon fixation). These conditions are very different from
the ones we used in this work.

On the other hand, the different conditions used by us and those
by Kishimoto et al. (1994) and Morais and Costa (2007) in the cul-
tivation of D. tertiolecta and S. platensis, respectively, did not lead to
significant changes in the carbon fixation rate. These shows the
metabolic flexibility of microalgae when submitted to distinct cul-
tivation conditions.

4. Conclusions

The methodology developed for CO2 quantification was useful
in the determination of the carbon fixation capacity and evaluation
of microalgal metabolism behavior.

The determination of biomass composition linked carbon and
nutrients balances, providing important and rare data in terms of
carbon destination and microalgal metabolism. Different
biomass compositions suggests different carbon metabolism in
microalgae, which can also be influenced by nutrients
availability.

Biomass production is the main destination of carbon in micro-
algal cultivation. In association to the determination of its compo-
sition and analysis of nutrients uptake, biomass production gives
important data of microalgal metabolism and might be considered
in industrial applications.
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