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Abstract The likely use of continuous cultures of Chlo-
rella vulgaris for flue gas abatement was studied. Firstly,
no pH-controlled photo-bioreactors were operated in order
to understand the tolerance of this microalgae to high CO,
concentrations in the airstream. Thus, the effect in biomass
productivity, CO, fixation and biochemical composition of
different percentage of pure CO, (ranging 1-12%) in the
air supply was investigated. When the inlet CO, concentra-
tion varied from 1 to 10%, no statistical differences were
found (ANOVA, p <0.05) in the rate of carbon assimilation
(0.6-0.8 g L' d). In all the cases, biomass presented a high
content both proteins and lipids (40 and 25% respectively).
However, when cultures were supplied with 12% of pure
CO, in the airstream, pH drastically dropped and cultures
were not viable. Next, the potential use of CO, contained
in a simulated flue gas as a unique source of carbon was
evaluated. Thus a mix of gases mimicking those presented
in an exhausted stream of a power plant was used to aer-
ate constantly the cultures. In this condition, cultures were
only viable either when the simulated flue gas stream was
diluted twelve times with air (resulting a constant supply
of 1% CO, in the airstream) or no diluted but being used
by pulse to control the pH of the culture. In both cases, cul-
tures achieved a steady state, rendering 0.7 and 0.9 g CO,
assimilated L™' d~! respectively. Biomass presented high
content of proteins and lipids (40% respectively) in both
conditions. These results suggest that the use of exhausted
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gases can make more economically feasible the production
of microalgae and generate a valuable biomass rich in pro-
teins and lipids.
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Introduction

Global warming is reaching alarming level due to the
increasing concentration of anthropogenic carbon dioxide
in the atmosphere. Industries related to electricity genera-
tion, natural gas processing, cement, iron and steel manu-
facturing and combustion of municipal solid waste are
the major contributors of atmospheric CO, increase [1].
United States Environmental Protection Agency (USEPA)
has stated that energy production and consumption, mainly
from transportation, contributed 71% of greenhouse gas
emission world-wide in 2010 [2]. Since industrial revo-
lution, atmospheric level of CO, has risen until 400 ppm
determined in 2015 [3]. In order to reduce the CO, levels
in the atmosphere, different abiotic (physical) methods
have been evaluated, including either injection into geo-
logical formations or in deep oceans and the utilization of
absorbent materials [4]. However, these energy-consuming
methods require significant space of storage, associated
with elevated costs of monitoring, operation and mainte-
nance, raising serious concerns about potential CO, leak-
age over time [5]. CO, might be considered as a raw mate-
rial for biomass production and not only as a waste. Thus,
biologic abatement can be considered a promising alterna-
tive to those abiotic methods. Specifically, microalgae have
received attention in the last years. These photosynthetic
microorganisms can grow faster than plants, do not require
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fertile land or potable water, reach efficiencies in the solar
energy utilization up to 5%, and are able to use direct flue
gases as their carbon source [6]. On average, 1.8 tn of CO,
are necessary to produce 1 tn of microalgae biomass, which
can be rich in valuable products such as carotenoids, amino
acids, TAGs and starch, or even to be used in bioremedia-
tion processes [7].

CO, requirement increases the price of microalgae bio-
mass. Thus alternatives to reduce production costs, like
the use of flue gases, have been proposed [8]. The flue
gas composition is variable and depends on what is being
burned. Usually it consists of nitrogen (typically more than
66%) derived from the combustion air, carbon dioxide and
water vapour as well as excess of oxygen (also derived
from the combustion air). Additionally, it contains a small
percentage of a number of pollutants, such as particulate
matter (like soot), carbon monoxide, nitrogen oxides (NO,)
and sulphur oxides (SO,) [9].

Species from genus Chlorella have been considered as
promising microorganisms for CO, abatement [10, 11].
The aim of this study was to maximize the CO, fixation
and biomass productivity by the green microalga Chlorella
vulgaris sparged in different concentrations of pure CO, or
flue gas in the airstream as well as to evaluate the effect
of both in the biochemical composition of the biomass pro-
duced for a future valorisation focusing in the starch con-
tent for a possible use for bioethanol production.

Materials and Methods
Microalga and Culture Conditions

Chlorella vulgaris UAM 9-88 was grown photo-autotroph-
ically in the medium Arnon [12] supplied with NaNOj; as
to reach 20 mM.

Continuous cultures were performed in 2.0 L capacity in
a jacketed sterilized bubble column photo-bioreactor (0.07 m
diameter, 0.50 m height), containing 1.8 L of cell suspension
and continuously sparged with air (33 L (L culture™") h™").
Temperature was maintained at 20 °C and pH at 7.5 by injec-
tion on demand of pure CO, or flue gas into the air stream. In
experiments with no pH-control, either pure CO, or flue gas
were diluted into the airstream in order to reach a constant
supply of 1, 3, 6, 8, 10 and 12% of carbon dioxide. The photo-
bioreactor was illuminated by six Phillips PL-32 W/840/4p
white-light lamps. Light intensity followed a sine cycle of
12 h light/12 h dark, providing 3000 pmolp, m™2 s™! as
maximal incident irradiance on the photo-bioreactor surface.
Initially, the photo-bioreactors were inoculated with batch-
grown cells and operated in batch mode until stationary phase
was attained. Then, it was switched to operate in continuous
mode; fresh medium was continuously fed during the light
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period (12 h) at a dilution rate of 0.5 d, harvesting simul-
taneously the same volume of culture. Once steady state was
achieved, analytical determinations were performed. A steady
state was considered after 4—8 constant determinations of dry
weight. All experiments were done in triplicate.

Analytical Determinations

Biomass was harvested by centrifugation for 10 min 1500xg,
lyophilized (Virtis Sentry) and stored at —20°C for future
analysis. All the analytical measurements were made in
triplicate.

Microalgae biomass concentration was determined by
dry cell weight (DCW) measurement and total organic car-
bon (TOC) concentration in culture samples using a TOC
analyser (Shimadzu V-CPH) [13, 14]. The amount of fixed
CO, was calculated from TOC values, taking into account
that 1 g of total organic carbon corresponds to 3.66 g of fixed
CO, [14]. An elemental analyser CHNS-O Thermo (Flash-
EA 1112) was used to determine the carbon content in the
dry biomass. Protein content was measured using the Lowry
method [15], the lipid content was determined as described
by Kochert [16] and total carbohydrates content was meas-
ured using phenol-sulfuric method [17]. Starch content was
analysed by a modification of the spectrophotometric proto-
col described by Lin [18]. 5 mg of lyophilized samples were
rinsed in 1 ml solution of chloroform:methanol (2:1 v/v) as
solvent and mechanically disrupted by a bead beater (0.5 mm
diameter glass beads) in order to remove all the pigments.
After centrifugation (4500 rpm, 5 min), pellet contained
starch, was solubilized (KOH 0.2 M; 100°C; 30 min), and
pH readjusted (pH 5) using 1 N acetic acid. Free glucose
residues were obtained by a-amylases and amyloglycosidases
treatment (0.2 U wI™! in CH;COONa 0.1 M pH 4.5 and 0.03
U pl™! in CH;COONa 0.1 M pH 4.5 respectively). Free glu-
cose was determined as increase of absorbance to 340 nm by
the NADH generation, with hexokinase (1 U pl_l in HEPES
100 mM pH 7.7) and glucose 6-phosphate dehydrogenase
(2.5 U ul™! in HEPES 100 mM, pH 7.7). The content was
referred to a standard curve of starch treated as the same way.

Numerical Methods

The organic carbon in the biomass was determined according
to Eq. 1:

Corganic biomass (g L_l ) = TOCcullure (g L_l ) - TOCsupemalant (g L_l)
ey

Biomass concentration was determined according to Eq. 2:

Biomass concentration (g L™") = Cyyyanic biomass (L")
X %C

elemental analysis
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Biomass productivity was calculated according to Eq. 3:

Biomass productivity (g L™'d™") = Biomass (g)
X Volume of culture (L™") x Time(d™") 3)

CO, fixation rate was calculated according to Eq. 4:
CO,fixation rate (g L_ld_l) = AC{0unic biomass (gL7'd™") x44/12
“

Flue Gas Composition

The composition of the gases used to simulate an exhausted
stream of a power plant was: 12% (v/v) CO,, 0.06% (v/v)
S0O,, 0.08% (v/v) NO,, 5% (v/v) O, and the rest N,.

Statistical Analysis

Statistical analysis of data was performed by using software
7.0 Statgraphics. One-way ANOVA test was performed to
evaluate the difference among treatments. The Tukey test
was used as post hoc analysis to compare means.

Results

Effect of Different Concentration of Pure CO, Supplied
into the Airstream

In order to define a technology for CO, abatement based on
C. vulgaris is necessary to check its tolerance to different
CO, concentrations. Therefore, cultures were aerated with
a constant supply of different percentage of pure CO, (1, 3,
6, 8, 10 and 12%) into the airstream.

No significant differences were observed when CO, supply
ranged from 1 to 10% (ANOVA, p<0.05). In all the cases,
a steady state was achieved and cultures rendered 0.4-0.5 g
biomass per litre and day (resulting 0.8-1 g CO, assimilated
L~!d™"). Nevertheless, when higher CO, concentrations were
assayed (12%), cultures were not viable (Fig. 1).

The biomass presented high contents in proteins (>40%)
and lipids (>25%). In addition, carbohydrates and starch
content were constant (approx. 20 and 5% respectively) in
all the conditions (Fig. 2).

Effect of Different Concentration of Flue Gas Supplied
into the Airstream

After it was evaluated the tolerance of C. vulgaris to dif-
ferent concentrations of pure CO,, next was to investigate
its viability to be cultivated using flue gas. Thus, to deter-
mine the optimal ratio of air:flue gas, the synthetic mixture
of flue gases was injected into the airstream either pure
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Fig. 1 Biomass productivity and CO, fixation rate of C. vulgaris
continuous cultures with different concentrations of pure CO,
injected into the airstream. Culture conditions: Temperature 20°C,
Dilution rate 0.5 d~!, I, 3000 umolp,p m~2 s~
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Fig. 2 Dry cell weight composition of C. vulgaris in the culture con-
ditions described in Fig. 1

(resulting in a constant supply of 12% CO,) or diluted with
air (5/6, 2/3, 1/2, 1/4 and 1/12 times, resulting in a constant
supply of 10, 8, 6, 3 and 1% CO, respectively).

Only when the flue gas was diluted 12 times (1% CO,),
cultures achieved a steady state. In the rest of conditions
assayed, pH dropped drastically. In the viable condition,
cultures rendered 0.4 g biomass L~! d™!, assimilating 0.7 g
CoO, L' d7!. In this case, biochemical composition was
high both in proteins and lipids (close to 40% respectively)
but carbohydrates and starch represented barely 15 and 3%
respectively (Fig. 3).

Effect of Flue Gas for pH Control

A set of experiments was performed to assess whether
it was possible to use non-diluted flue gas (12% CO,) to
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Fig. 3 Dry cell weight composition of C. vulgaris in continuous cul-
tures when supplied with 12 times diluted flue gas (inlet 1% CO,)
(left) or non-diluted but injected on pH-demand (right)

control the pH of culture by injection on pH-demand. Cul-
tures reached a steady state, rendering a biomass productiv-
ity of 0.5 g L™ d™! and CO, fixation rate of 0.9 g L™' d~".
Biomass presented a biochemical profile similar to those
obtained when flue gas was diluted 12 times, with a high
protein and lipid content (both >40%) and a reduction in
carbohydrates and starch (15 and 3% respectively) (Fig. 3).

Discussion

To increase the productivity of microalgae it is necessary
to supply the cultures with a carbon source preferably as
CO, [19]. Nevertheless, atmospheric CO, concentration is
low and typically represents, alongside low mass transfer
in bioreactors, the main bottleneck to achieve high biomass
densities inside of bio-reactors [1]. Hence, CO, supply sig-
nifies one of the major OPEX (operational expenditures)
in microalgae biotechnology [20]. Consequently, in recent
years, methods to reduce costs have been proposed, focus-
ing mainly in the use of flue gases from waste incineration,
coal, kerosene, gas or fuel-oil power plants [21-26]. Gen-
erally, exhausted gases contain high CO, concentrations
(most of cases higher than 15%), making them suitable
for production of microalgal biomass [27]. To date, most
of the studies have focused on the microalgae tolerance to
high carbon dioxide concentrations but few to evaluate pos-
sible applications of the biomass generated [28]. Thus, it is
necessary to evaluate the biochemical composition of the
biomass generated when flue gas is used.

First step to establish systems for flue gas abatement
based on C. vulgaris is to understand its tolerance to high
CO, concentrations. Generally, microalgae growth is
affected and decreased at high CO, concentrations [29]. In
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this work, C. vulgaris exhibited a broad tolerance to differ-
ent concentrations of pure carbon dioxide, (1-10% CO,).
These results confirm data published by other authors [5,
30, 31].

Aside from tolerating high CO, concentrations, it is
important to consider the effect in the culture of SO,
and NO, present in flue gas. The direct use of flue gas to
cultivate species from genus Chlorella have been stud-
ied broadly [32], evidencing that C. vulgaris is a suitable
organism for bio-mitigation. Nevertheless, culture condi-
tions and NO, and SO, content in the flue gases are very
heterogeneous and can affect the carbon assimilation [28,
33] Our results also agree with those presented by Keffer
[10] ensuring that NO, and SO, do not affect the Chlorella
growth when flue gas is used by pulse.

Part of the research done to date has been focused on
the use of microalgae for flue gas mitigation, without tak-
ing into account the composition of biomass produced. One
of the scopes of our research was to valorize the microalgal
biomass. Our results indicate that independently of the ori-
gin of carbon source (pure CO, or from flue gas), the bio-
mass present a high content in proteins and lipids making
it attractive for cattle and poultry feed [34]. Likewise, the
starch content in the produced biomass can use for energy
production whether principles of bio-refinery are applied
[35, 36].

Conclusions

The results of this study show that C. vulgaris UAM 9-88
can be used for flue gas bio-mitigation with an efficient use
of CO, and tolerate the presence of NO, and SO,. The gen-
erated biomass exhibited high content in protein and lipid
as well as to present fermentable carbohydrates as starch,
representing a feasible way to produce microalgal biomass
for a future green-based economy.
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