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Coal is the most abundant of the fossil fuels, with reserves estimated at 10? billions of
tons. The feasibility of using coal as a fuel depends upon reducing emissions of gas when it
is burnt, such as carbon dioxide (CO,), sulfur oxides (SO,), and nitrogen oxides (NO,). The
removal of CO, with microalgae may be one of the most efficient ways of reducing this gas,
without the need for radical changes in the world’s energy supply and production methods.
Spirulina sp. LEB-18 and Scenedesmus obliqguus LEB-22 were cultivated in serial tubular
photobioreactors, with the aim of measuring the potential of CO, biofixation and the resist-
ance of the microalgae to SO, and NO. Spirulina sp. and S. obliquus had CO, biofixation
scores of 0.27 and 0.22 g L™ d™', respectively. Both microalgae were resistant to SO, and NO,
and grew during the 15 d they were cultivated, which proves that using microalgae is an ef-

ficient method of biofixation of CO, emitted when fossil fuels are burnt.
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Introduction

Although renewable energy sources, such as bio-
mass, solar and wind power, account for the greatest
part of the world energy matrix, coal will continue
to be the main raw material for energy generation
both in developed and developing countries.

Internationally, despite its severe impact on the
environment, coal is an important source of ener-
gy. The main reasons for this are the vast amount
of reserves, its geographic distribution, low costs,
and price stability, when compared to other fuels.
Coal is responsible for around 7.9% of all world
energy consumption and 39.1% of all electrical
energy generated (Aneel, 2009).

The burning of coal in industries and thermo-
electric power stations has a serious social and
environmental impact, due to the emission of
particulate and pollutant gases, among which car-
bon dioxide (CO,), sulfur dioxide (SO,), and ni-
trogen oxide (NO) stand out. In addition to being
harmful to human health, these gases are some of
the major contributors to the greenhouse effect
(CO,) and acid rain (SO, and NO), which pro-
vokes the acidification of soil and water, and, con-
sequently, changes in biodiversity. Large-scale use
of coal in the future will be linked to advances in
the area of research and development, aimed at

improving the conversion efficiency, reducing the
environmental impact (especially the emission of
pollutant gases), and increasing its commercial
competitiveness (Aneel, 2009).

Microalgae have been used to capture and as-
similate CO,. While trees fix 1.0-3.5t CO, h™ over
the year, microalgae fix 6.3-16.2t CO, h™ (Hen-
rikson, 1994). Using microalgae may be one of the
most efficient ways of reducing CO, in the atmos-
phere, without the need for an immediate change
in the world energy supply or production methods
(Radmann and Costa, 2008).

Vertical tubular photobioreactors increase the
amount of time that CO, resides in the cultivation
medium and, consequently, the CO, utilization ef-
ficiency (Ono and Cuello, 2004). Cultivation can
also be carried out in serial photobioreactors in
which unused CO, effluent from first photobio-
reactor is fed into a second photobioreactor. The
advantage of this system is that there are lower
levels of CO, in the final gaseous effluent (Morais
and Costa, 2007a).

The objective of this work was to cultivate
the microalgae Spirulina sp. and Scenedesmus
obliquus in three-stage serial tubular photobiore-
actors and to determine the CO, fixation poten-
tial and resistance to SO, and NO.
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Material and Methods
Microorganisms and culture media

The Spirulina sp. strain LEB-18 (Cyanobacteria,
Oscillatoriales) (Morais et al., 2008) and Scenedes-
mus obliquus strain LEB-22 (Chlorophyta, Chlo-
rophyceae) (Morais and Costa, 2007b) were from
laboratory stock cultures. This study used carbon-
free media for the maintenance and cultivation
of both organisms: modified Zarrouk medium
for Spirulina sp. and MC medium for S. obliquus
(Morais and Costa, 2007c). For the experiments,
inocula of both organisms were acclimatized to
carbon dioxide by maintaining them for 7 d under
air mixed with 1% (v/v) added carbon dioxide.

Photobioreactors and cultivation conditions

Pure cultures of Spirulina sp. and S. obliquus
were individually cultivated in three 2-L (1.8 L
working volume) column photobioreactors (CP)
connected in series (Fig. 1). They were labelled,
consecutively, as CP1, CP2, and CP3. They were
then agitated and aerated using air from a com-
pressor and a sintered sparger. The effluent air
(with CO,, NO and SO,) from CP1 was fed to the
sparger in CP2, and the effluent from this photo-
bioreactor was fed to CP3. The photobioreactors
were maintained at 30 °C in a growth chamber
under a 12-h dark/light photoperiod. An illumi-
nation of 12.8 W m™ was provided by 40-W day-

[ —
—e| B33 | 55

Sample

Il |so ! !
—leo| | i 'r 1'
J Lol | Lol
— | ] | ]

_ 120

Fig. 1. Three-stage serial photobioreactor scheme. All
measurements are in millimeters.
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light-type fluorescent lamps (Osram, SP, Brazil)
during the light period (Morais and Costa, 2007c).

The experiments were carried out by adding ei-
ther just CO, or a mixture of filter-sterilized CO,,
NO, and SO, (White Martins, Sapucaia do Sul,
Brazil) to the air that entered CP1. The air entered
at a rate of 0.3 v v' min™ (volume gas per vol-
ume media per min) for 15 min every 2 h during
the 12-h light period, so that the final gas contents
entering the media were either 12% CO, (v/v), or
12% CO, (v/v), 100 ppm NO (v/v), and 60 ppm
SO, (v/v). The initial biomass concentration in all
runs was 0.20 ¢ L™, and all runs continued for 15 d.

Analytical determinations

Samples of the culture medium were aseptically
collected at 24-h intervals. Biomass concentration
(X, g L") was calculated by measuring the optical
density at 670 nm using a 700 Plus spectrophoto-
meter (Femto, SP, Brazil) and a calibration curve
of optical density versus dry biomass (Morais and
Costa, 2007c). Biomass carbon content was meas-
ured using a Perkin Elmer 2400 CHNS (carbon,
hydrogen, nitrogen, sulfur) element analyzer cali-
brated to the 100% value using a certified cystine
standard (Perkin Elmer, Waltham, USA).

Kinetic parameters

Biomass concentration (X) values and exponen-
tial regression were used to calculate the maxi-
mum specific growth rate (U, d') during the log-
arithmic phase (Bailey and Ollis, 1986). Doubling
time (1, d) was calculated as ¢y = In 2 y,,,,". Maxi-
mum biomass concentration achieved in a photo-
bioreactor was designated X, (g L™"). Productiv-
ity (P, g L' d') was obtained using the equation
P = (X, - X)) (t — 1), where X, is the biomass
concentration (g L™) at time ¢ (d) and X, is the
biomass concentration at the time of inoculation
(%) (Schmidell et al.,2001). Maximum productivity
during cultivation was designated P, (g L™ d™).

CO, biofixation

CO, fixation for each microorganism was cal-
culated using the CHNS data. The maximum bio-
fixed CO, for the system CP (BF, g L' d') was
determined as BF = (X, — X;) Mum (Mo, M) !
where X, is the biomass concentration (g L™) at
time ¢ (d), X; is the biomass concentration at the
time of inoculation (f), m,, is the mass fraction
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Table I. Maximum biomass concentration (X,,,,), maximum productivity (P,,,), and maximum CO, biofixation (BF)
for Spirulina sp. and S. obliquus growing in the three different photobioreactors (CP) which constitute the three-
stage serial photobioreactor. Values shown are means + standard deviation.

Cp Nonax [g L] P [g L7 d7] BF[gL'd"]
Spirulina sp. cultivated with 12% CO,

CP1 2.59 £0.01 0.18 £ 0.01° 0.26 £ 0.01°
CP2 2.69 £ 0.02 0.18 + 0.01° 0.26 £ 0.01°
CP3 2.76 £ 0.02 0.17 £ 0.01° 0.29 £ 0.01°
S. obliquus cultivated with 12% CO,

CP1 1.77 £ 0.01 0.18 £ 0.01° 0.28 £ 0.01°
CP2 1.42 +0.02* 0.14 £ 0.01 0.21 £ 0.01
CP3 1.32 £ 0.01% 0.10 = 0.01° 0.16 £ 0.01
Spirulina sp. cultivated with 12% CO,, 60 ppm SO,, 100 ppm NO

CP1 1.42 £ 0.01* 0.10 = 0.01° 0.14 £ 0.01°
CP2 1.35 + 0.01° 0.09 £ 0.01° 0.13 £ 0.01°
CP3 1.29 £ 0.01° 0.09 £ 0.01° 0.13 £ 0.01°
S. obliquus cultivated with 12% CO,, 60 ppm SO,, 100 ppm NO

CP1 0.64 £ 0.01 0.15 £0.01 0.14 £ 0.01°
CP2 0.99 £ 0.01 0.09 + 0.01° 0.09 £ 0.01
CP3 0.77 £ 0.01 0.04 + 0.01 0.08 £ 0.01

Values with the same letters in the same column indicate that the values did not differ when using Tuckey’s test

(p <0.10).

of carbon in grams of carbon per gram of bio-
mass (g g), Mco, (g mol™) is the molar mass of
CO, and M. (g mol™) is the molar mass of carbon
(Morais and Costa, 2007c¢).

Statistical analysis

The experimental results were evaluated by
analysis of variance (ANOVA) of the kinetic pa-
rameters and biofixation of the system medium
of three-stage serial tubular photobioreactors.
Significance levels were assessed using Tuckey’s
test at p < 0.10.

Results and Discussion

Growth parameters and characteristics of CO,
fixation in each photobioreactor of the series

Table I shows the growth kinetics and CO, fixa-
tion for Spirulina sp. and S. obliquus in each of the
three photobioreactors in the system. The highest
cellular concentration [(2.76 + 0.02) g L] was
reached when 12% CO, was added to Spirulina
sp. (p < 0.001), especially in photobioreactor CP3
(Fig. 1). Spirulina sp. and S. obliquus reached the
highest cellular concentrations (p = 0.0001) un-
der conditions where only CO, was added, when
compared with the trials carried out with synthet-
ic gases. Maximum concentrations are important
to obtain high cellular density, which makes the

cultivation of microalgae with high operational
costs economically feasible.

The productivity was highest (p < 0.001) in CP1
in the S. obliquus group with the addition of CO,
alone or with CO,, SO,, and NO. Apart from the
Spirulina sp. group with the addition of just CO,,
the highest productivity in all the other condi-
tions (p < 0.001) was always observed in CP1 of
the series.

Air, CO, and, when present, SO, and NO were
fed into the series of photobioreactors, starting
with CP1, so the first photobioreactor in the se-
ries received the highest quantity of gases, com-
pared to the subsequent one which was fed with
the effluent from the previous one. Because the
microalgae had the highest P, in CP1, it can
be confirmed that addition of SO, and NO does
not affect the growth of the studied microalgae,
so these can be grown in electrical energy plants
to biofix CO, released in coal combustion, and
thereby reduce global warming.

Spirulina sp. cultivated with just 12% CO, add-
ed to the air had the highest biofixation rate in
CP3 (p < 0.001). The amount of carbon dioxide
in air is normally 0.038% and is optimal for the
growth of higher plants (not true for C; plants),
although some higher plants can tolerate up to
0.1%. Many phototrophic microorganisms can
grow at, or above, 12% atmospheric CO, (Pulz,
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Fig. 2. Time course of (a) biomass concentration and (b) CO, biofixation in three-stage serial photobioreactors in
the presence of 12% CO, (v/v) with Spirulina sp. (e) and S. obliquus (m), and 12% CO, (v/v), 60 ppm SO, (v/v),
and 100 ppm NO (v/v) with Spirulina sp. (o) and S. obliquus (o).

2001). This is supported by the present study,
which showed that Spirulina sp. and S. obliquus
can grow under atmospheres containing 12%
CO.. Lee et al. (2002) pointed out that synthetic
flue gases contain 12% to 15% CO,, so it seems
possible that Spirulina sp. and S. obliquus, which,
as the results of the present study suggest, can
grow at 12% CO,, could be used to mitigate the
production of carbon dioxide by fossil-fuel com-
bustion.

When cultivated with CO,, NO, and SO,, Spir-
ulina sp. had the same rate of CO, fixation in all
three of the photobioreactor series. S. obliquus,
with or without the addition of NO and SO,, had
the maximum rate of CO, fixation (p < 0.001) in
the first photobioreactor of the series.

Growth parameters and characteristics of CO,
fixation in the three-stage serial photobioreactors

The growth curves for Spirulina sp. and S
obliquus (Fig. 2a) show no adaptation (lag) phase
because the stock cultures had been maintained
below 1% (v/v) CO,. According to Schmidell et al.
(2001), the initial sample (inoculum) adaptation
determines the presence or the absence of the lag
phase. Yun et al. (1997) confirmed that the inocu-
lum of Chlorella vulgaris which had adapted to 5%
CO, grew better in a culture with 15% of gas as
compared to the inoculum without acclimatization.

From Fig. 2a, it can be seen that in cultures, to
which just CO, was added, the microalgae grew
most, when compared with the trials with syn-

thetic gas. Spirulina sp. had greater rates of cel-
lular concentration than S. obliquus, in both the
culture with added CO, and in the trial with CO,,
SO,, and NO. Comparing Fig. 2a and 2b, it can be
seen that the trials with highest growth also had
higher rates of CO, biofixation, and the synthetic
gas cultures had the lowest values.

Table IT shows the kinetic responses, the length
of the exponential growth phase, and the correla-
tion coefficient of the exponential growth phase
with the system of three serial photobioreactors.
The cultures to which only CO, was added had
better kinetic and biofixation results than those
utilizing CO,, NO, and SO,. X, of the photo-
bioreactor system was 2.69 g L when Spirulina
sp. was cultivated with CO, (p < 0.01). X, of S.
obliquus cultivated with just CO, did not differ
from that of Spirulina sp. cultivated with CO,,
NO, and SO, (p = 0.54). In these conditions, S.
obliquus and Spirulina sp. had an X, value of
1.35 and 1.51 g L, respectively. The maximum
cellular concentration of S. obliquus cultivated
just with added CO, was 1.51 ¢ L™. In culture
with added CO, in an open circular tank, Binaghi
et al. (2003) obtained a maximum cellular concen-
tration of 3.4 g L™ for Spirulina platensis.

When cultivated under the same conditions,
Spirulina sp. and S. obliquus had no significant
difference in their maximum productivity values
(p = 0.23). The Spirulina sp. productivity varied
between 0.09 and 0.18 ¢ L' d™" and for S. obliquus
between 0.07 and 0.14 g L' d™', both with the ad-
dition of CO, only. Cultures with added CO,, NO,
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Table II. Maximum CO, biofixation (BF), maximum productivity (P,,,,), maximum specific growth rate (), dou-
bling time (¢,), length of exponential growth phase (Af), and correlation coefficient of the exponential growth phase
() with the system of three-stage serial tubular photobioreactors. Values shown are means + standard deviation.

Run BF[gL"'d"] Py [gL™d7] Hinan [d7'] fy [d] Ar [d] r

SP1 0.27 + 0.02° 0.18 £ 0.01° 0.11 £ 0.01° 63 £ 0.6° 3-15 0.961
Nel 0.22 + 0.06® 0.14 + 0.04° 0.15 £ 0.01 46+03 1-12 0.957
SP2 0.13 +0.01° 0.09 +0.01" 0.09 + 0.01° 7.7 £0.9" 2-15 0.962
sC2 0.11 £ 0.03° 0.07 £ 0.02° 0.04 £ 0.01 17.3 £4.7 5-15 0.977

SP1, Spirulina sp. cultivated with 12% CO, (v/v); SC1, S. obliquus cultivated with 12% CO, (v/v); SP2, Spirulina
sp. cultivated with 12% CO, (v/v), 60 ppm SO, (v/v), 100 ppm NO (v/v); SC2, S. obliquus cultivated with 12% CO,
(v/v), 60 ppm SO, (v/v), 100 ppm NO (v/v). Values with the same letters in the same column indicate that the values

did not differ when Tuckey’s test was used (p < 0.10).

and SO, had a maximum productivity of 0.09 and
0.07g L™ d*' for Spirulina sp. and S. obliquus,
respectively. Maximum productivity takes into
account the relationship between cellular con-
centration and cultivation time, which indicates
the performance of a process and can define the
length of time a discontinuous cultivation takes to
produce biomass.

Maximum values of the specific growth rate of
Spirulina sp. and S. obliquus, in trials with CO,
added only, were (0.11 + 0.01) d™" and (0.15 + 0.01)
d, respectively. In this study, the cultures that
were grown for 15 d and with 12% CO, added had
an exponential growth phase which lasted 12 and
11 d for Spirulina sp. and S. obliquus, respectively.

The maximum specific growth rate increases
when the doubling time decreases and cultivation
becomes more economical. Microalgae can du-
plicate their biomass within days, whereas higher
plants may take many months or years (Vonshak
et al., 1982).

The results show that adding SO, and NO in-
fluenced the growth and CO, biofixation rates of
Spirulina sp. However, the concentration of this
microalga did not decline during the 15 d of cul-
tivation. This proves that it has the potential to
biofix CO, derived from the burning of fossil fu-
els. The lowest generation times were observed in
trials where only CO, was added.

Sodium bicarbonate is the nutrient added in
the highest quantity in the Zarrouk culture medi-
um (16.8 g L™), which was used for the Spirulina
sp. microalga; it corresponds to 60% of the total
costs of nutrients (Alava et al., 1997). Microalgae
that fix the CO, can be used to reduce the costs
of nutrients and the diverse environmental prob-
lems caused by the increase in concentration of
this gas in the atmosphere.

Concerning the maximum rate of CO, biofixa-
tion, the microalgae cultivated with just CO, did
not significantly differ (p = 0.32), reaching 0.27
and 0.22 g L™ d™* for Spirulina sp. and S. obliquus,
respectively. S. obliquus was not different (p >
0.02) in terms of growth and CO, biofixation,
when SO, and NO were added to the culture.
The microalga S. obliquus LEB-22 probably had
a greater tolerance to the synthetic combustion
gas as it had been selected and isolated from a
lake located near a coal power station (Morais
and Costa, 2007b).

Conclusions

The microalgae cultivated with synthetic com-
bustion gas in tubular photobioreactors connect-
ed in series showed potential for CO, biofixation,
reaching fixation rates of 0.27 and 0.22 g L™ d
for Spirulina sp. and S. obliquus, respectively. Spir-
ulina sp. and S. obliquus had specific maximum
growth rates of (0.11 + 0.01) d™* and (0.15 + 0.01)
d™, respectively. The maximum productivities were
(0.18 £0.01) g L' d" and (0.14 £ 0.04) g L' d"
for Spirulina sp. and S. obliquus, respectively. Dur-
ing the 15 d of cultivation there was no decline in
cell density, which shows that the microalgae were
SO,- and NO-resistant. This proves the efficiency
of microalgae use for biofixation of CO, produced
during the burning of fossil fuels.
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