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Abstract

Carbon dioxide (Cg) is one of the primary greenhouse gases that contribute to climate
change. Consequently, emission reduction technologies will be needed to reduce CO
atmospheric concentration. Microalgae may have an important role in this context. They
are photosynthetic microorganisms that are able to fix atmosphercu§i@y solar
energy with efficiency ten times higher than terrestrial plants. The objectives of this
study were: (i) to analyse the effect of light supply on the growtbhidrella vulgaris

and Pseudokirchneriella subcapitata; (ii) to assess the atmosphericc@fiure by
these microalgae; and (iii) to determine the parameters of the Monod model that
describe the influence of irradiance on the growth of the selected microalgae. Both
microalgae presented higher growth rates with high irradiance values and discontinuous
light supply. The continuous supply of light at the highest irradiance value was not
beneficial forC. vulgaris due to photooxidation. Additionall@, vulgaris achieved the
highest CQ fixation rate with the value of 0.305 g-¢@* d*. The parameters of

the Monod model demonstrated tt@t vulgaris can achieve higher specific growth
rates (and higher Cixation rates) if cultivated under higher irradiances than the
studied values. The presented results showed that microalgal culture is a promising

strategy for CQcapture from atmosphere.

Key words. Bioenergy with carbon capture and storage; Carbon dioxide capture;

Chlorella vulgaris;Pseudokirchneriella subcapitata
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1. Introduction

A recent study identified some important planetary boundaries that must not be
transgressed to avoid unacceptable environmental changes (Rockstrom et al. 2009). The
continuous increase of atmospheric concentrations of greenhouse gases (mainly
COy) has been associated to perturbations on the climate (Rockstrom et al. 2009;
Singh and Ahluwalia 2013). Consequently, several nations have recognized the need
to shift to a low-carbon economy (Dovi et al. 2009; Shepherd et al. 2009; Pires
et al. 2011). However, the progress inJ Gfitigation has been very slow and, even if

CO, emissions were immediately cut to zero, climate change would continue in the
future due to long residence time of this greenhouse gas in atmosphere (Allen et al.
2009; Keith 2009; Shepherd et al. 2009; Moss et al. 2010; McLaren 2012).
The application of geoengineering methods would be needed, which are divided
in two groups (Pielke 2009; Shepherd et al. 2009; McLaren 2011): (i) carbon
dioxide removal from atmosphere; and (ii) solar radiation management — reflexion
of a small percentage of sun’s light and heat back into space. The first methodologies
are preferable than the last ones, as they are able to return the climate system to
its natural state (Singh and Ahluwalia 2013). Carbon dioxide removal methods
include (Shepherd et al. 2009): (i) land use management (to protect land carbon
sinks); (ii) the use of biomass (result of photosynthetic conversion gf &Ocarbon
neutral energy source; (iii) enhancement of natural weathering processes to capture
atmospheric C& (iv) direct engineered capture (physicochemical processes); and
(v) enhancement of oceanic €@ptake. These methods may allow future reductions

of atmospheric C® concentrations, reason to also be called negative emission

technologies (NETs) (Keith 2009; Lemoine et al. 2012).
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Currently, photosynthesis is the only practical form of air capture. With the constant
increase of atmospheric GOoncentrations, the enhancement of natural sinks can have
a strong impact in the reduction of atmospheric concentrations (DuPont 2013).
The largest carbon sink in the planet is the algae floating in the ocean that conyerts CO
into biomass. Currently, it is estimated that they are responsible for capture of 12 Gt-
CO, yr1 (Singh and Ahluwalia 2013). Afforestation and bioenergy with carbon
capture andeduestration (BECCS) can have an important role in the atmospheric
CO, capture. Afforestation aims to increase biomass production, while BECCS
aims to produce bioenergy followed by the capture of released@@rsteiner et al.
2001; Keith 2009; Lemoine et al. 2012). The main disadvantage of these
biological methods is the requirement for land (Keith et al. 2006). Aiming to
reduce the land use requirements, microalgal culture can be applied. These
photosynthetic microorganisms use solar energy with efficiency ten times greater than
terrestrial plants (Murakami and lkenouchi 1997; Pires et al. 2012; Singh and Ahluwalia
2013). They are responsible for about 50% of the world oxygen production
(Chapman 2013; Singh and Ahluwalia 2013). Moreover, contrary to
physicochemical processes for &£Qapture (absorption, adsorption, membrane
separation and cryogenic distillation), microalgal culture have a final product (their
biomass) with several applications (Chanakya et al. 2013; Chapman 2013; DuPont

2013; Goncalves et al. 2013; Sing et al. 2013): (i) bioenergy produgijofgod and

feed production; (iii) pharmaceuticals; and (iv) cosmetics.

The process variables that could influence the success of microalgal cultivation are light
distribution and saturation, temperature, pH, salinity, nutrient qualitative and
quantitative profiles, dissolved oxygen concentration and presence of toxic
elements (heavy metals) (Singh and Ahluwalia 2013). Light supply is one of the most
important variables that influence the growth kinetics of microalgae. Thus, tth study

aims: (i) to



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

analyse the influence of irradiance and light/dark ratio on the growi@htdrella
vulgaris and Pseudokirchneriella subcapitata; (i) to assess the atmospheric CO
capture by microalgae; and (iii) to determine the parameters of the Monod model that
describe the influence of irradiance on microalgal growth. As far as it is known, there
has been no previous research study focusing the analysis of light supply effect on CO

capture from atmosphere by microalgae.

2. Materialsand M ethods

2.1. Microorganisms and culture medium

Stock solutions of the freshwater green algaeéhlorella vulgaris and
Pseudokirchneriella subcapitataere prepared by previously described methods with
the following composition (per liter) (OECD 2011): 12 mg Mg6H.O, 18 mg
CaCb-2H20, 15 mg MgS®@7H.0, 1.6 mg KHPQs;, 0.08 mg FeGI6H.O, 0.1 mg
NeeEDTA-2H0, 0.185 mg kEBOs, 0.415 mg MnG4HO, 3 ug ZnCbh, 1.5 ug
CoChk-6H0, 0.01 pg CuCh-2H0O, 7 pug NaMoOs-2H,0, and 50 mg NaHCO
Nitrogen was supplied in the form of Nall@r C. vulgaris, and in the form of N4l

for P. subcapitata(15 mg LY). These algae strains were selected to compare their
growth rate in the determined experimental conditions for selection of the best one for
future research work. The cells were incubated in 500 mL flasks at room temperature,
under continuous fluorescent light with an irradiance ofiE2n? st at the surface of

the flasks. Agitation was obtained by bubbling filtrated (A8, Orange Scientific

GyroDisc CA-PC) atmospheric air (flow rate of 1.5 L mjiin the bottom of the flasks.

2.2. Experimental setup

Experiments were performed in 500 mL flasks (VWR, Germany) operating in
batch with a working volume of 450 mL. Cells were cultivated for 12 days using the

growth 5
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medium described above. The experimental conditions were the following: initial
biomass concentration of 0.05-0.08 ¢ [(Tastan et al. 2013), room temperature
(2211 °C), and continuous aeration with the injection of atmospheric air in the bottom
of the flasks. The assays were carried out under different light irradiance values: 36, 72,
96, and 126 UE rhst. For each irradiance value, different light cycles were evaluated:

10:14, 14:10, and 24:0 (light:dark). All the experiments were performed in triplicates.
2.3. Analytical methods

Irradiance was monitored using a light meter (IsoTech Lux-1335). Duplicate samples
were collected at 24 h intervals and biomass concentration was determined by
measuring optical density at 683 nm (£ (Kwon et al. 2005), using a V-1200
spectrophotometer provided by VWR company (Portugal). Each sample was diluted to
give an ORg3 in the range of 0.1-1.0 (assuming that the biomass concentration is
linearly correlated with OE33). The relationship between optical density and the dry
cell weight ofC. vulgarisandP. subcapitata was previously determined. In different
microalgal growth stages, simultaneous evaluation ofs&@hd biomass concentration
were performed and the linear relationships are given by linear regresstoh8415x

(R? =0.9974) andy = 2.7318x (R? = 0.9928), respectively. The valug is the

ODgs3 and the value is the biomass concentration in g.1.The pH of the cultures was

also determined everyday using a HI 8424 pH meter (HANNA Instruments, USA).
2.4. Kinetic parameters

Cell concentration values were used to determine specific growth rates®)u, d
maximum biomass concentration (% g L?), and maximum biomass productivities
(Pmax g Lt d?Y) of each microorganism. Specific growth rates were calculated by

exponential regression during the logarithmic phase (Bailey and Ollis 1986). Biomass
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productivities (P) were calculated from the variation in biomass concentratio®) (g L

within a cultivation time (d), according to the following equation:

X1 — Xo

p=
t1 — o (1)

whereX; andX, were the biomass concentration () lon dayst; andt,, respectively.
CO: fixation rate (R) was calculated based on the relationship with microalgal carbon
content (@) and biomass productivities (Jacob-Lopes et al. 2009), represented by:

Mco,
RC = CC X P X M_C (2)

Considering the typical molecular formula of microalgal biomass,40.s3No.11Po.o,
each gram of microalgal biomass is equivalent to about 1.88 g of captusd@C IS

2007; Wang et al. 2008; Jacob-Lopes et al. 2009).

Growth rate values for different irradiance valugswere then used to determine the
kinetic parameterg,,,, andkK;, according to the mathematical Monod model (Fergola
et al. 2007), expressed by:

_P—max'l
/= K +1 )

wherep,,q 1S the maximum specific growth rate akidis the half saturation constant.

This model was fitted to the experimental data (irradiance versus specific growth rates)
using a non-linear minimization function (NonLinearRegress) of the software package

Mathematica (Wolfram Mathematica 8). These parameters were chosen to minimize the

x? function given by the sum of squared resid}als?.

2.5. Statistical analysis
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For each parametdested, theverageand thestandard deviation wemglculated. The
statisticalsignificanceof the resultswas evaluated usinghe Student’'spaired ttestto
investigatewhetherthe differencesbetween theontrolsand theactualtestscould be
considered significant. Additionally, 3-w&gctorial design wasappliedto evaluatef
the threefactors(algal species, light/dark ratio and irradianae)their interaction were
significantfor Xmax M and Fhax All statisticaltestswere carried outat a significance

level of 0.05, using the statistical software SPSS 17.0 (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion

3.1. Biomass Growth and Productivity

Microalgal cultures were performed undemphotoautotrophicconditions, converting
inorganic carbon into biomass by photosynthesis. Figure 1 presents the growth curves of
C. vulgaris and P.subcapitata fordifferent light conditionsat room temperatureand
aerated with C@at atmosphericconcentration, showintheir different growth stages.

For almost all cultures, it was observed the lack of an adaptation phase. The exponential
phasestartedbeforecompletingthe first day of culture. However, fom light/dark ratio

of 10:14 and lowlight irradiancevalues, theadaptation phase&as observed with both
microalgal species. Generally, thstationaryphaseoccurred atthe seventh dayof
culture. Similarbehaviourwas observed bylacob-Lopet al. (2009), when analysed

the effect of light cycleson culturesof the cyanobacteriunAphanothecenicroscopica

Nageli.

Table 1 shows the main kinetic parameteps Xmax and Ray for cultures of
C. vulgarisand P. subcapitata. Fromtest (p<0.05), themaximumvalue for specific

growth rate was achieved with C. vulgarisnvith constantsupply of light energy

8
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(light/dark ratio of24:0) with irradianceof 96 pE m? s! (0.738 d'), which valuewas

not statistically different (p>0.05) from the ones obtained with the same light/dark ratio
and irradianceof 126 UIE m? s, and with thesameirradiancevalue and the light/dark

ratio of 14:10. Regardingthe maximum biomassconcentration, itoccurred with the
same microalga for the light/dark ratio of 14:10 and irradiancef 126 pEm?s?
(0.821 g L, representindlO timesmore the initial concentration othe culture). This
kinetic parameterdid not presentsignificant differencesvarying the irradiance, buit

was significantly different for other light/dark ratios. Theachievemenbf the highest

value in a discontinuous light supply (already observed in Figure 1 for both microalgae)
may be related with possiblghotooxidation (Molinaet al. 2001; Chisti 2008). The
oxygen generated bphotosynthesiamay accumulatein culture medium, reaching
valuesthatin combination with intenséght can damagenicroalgalcells. During the

dark period, microalgae do not perform photosynthesis and the oxygen may be released
from the culture by the constantaeration. On thether hand, thecells get energyby
oxidizing the compoundsproduced duringthe light period. Consequently, th&,
concentration in theculture decreasesand the microalgaecould repairthe photo-
induced damagé@Verchuk etal. 1998;Carvalhoet al. 2011).Taking into accounthe
maximumbiomassproductivity, thehighestvalue was obtained forthe light/dark ratio
of 14:10 and irradiancef 36 uE m? s? (0.162 g [* d?) thatdid not statisticallydiffer
from the valuesobtainedwith otherlight/dark ratios(maintainingthe irradiancevalue)

and other irradiances (maintaining the light/dark ratio).

Three-way factorial design was applied using as main effects: (i) algal species with two

levels (C. vulgarisand P. subcapitata)(ii) light/dark ratio with thredevels (10:14,
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14:10 and 24:0); and (iii) irradiance with four levels (36, 72, 96, and 126 4E)m
Regardingspecific growth rate, algal specig=0.0064), light/dark ratiopE0.0002) and
irradiance =0.0036) were considered statistically significant, as well as the
interactions between light/dark ratio with algal speqe0(0271) and irradiance
(p=0.0461). However, concerningn and Fhax only the main effects were considered
statistically significant: (i) algal speciep=0.0039 andp=0.0023, respectively); (ii)
light/dark ratio p=0.0114 anc=0.0333, respectively); and (iii) irradiange=0.0048

and p=0.0217, respectively).
3.2. Carbon Sequestration

The determination of carbon sequestration rate was performed using an empirical
chemical formula for microalgae proposed by Chisti (2007). This assumption was
considered to avoid the elemental characterization of biomass for each experiment (24
experiments, excluding the replicates), as the chemical composition depends on
microalgal species and culture conditions. Moreover, other authors have already applied
this relationship to determine the €@apture by microalgae from the produced
biomass (Wang et al. 2008; Jacob-Lopes et al. 2009). In this study, the maximum
fixation rate was calculated based on the maximum productivity, achieving a value of
0.305 g Lt d! for C. vulgaris which is the same order of magnitude as values obtained

in other research studies that aerated microalgal cultures with enrichesdr€&ins (Jin

et al. 2006; Jacob-Lopes et al. 2009; Tang et al. 2011; Yeh and Chang 2011).

The experimental results showed that microalgal culture is a promising methodology to
integrate BECCS technology, contributing to negative carbon dioxide emissions.
Capturing CQ from atmosphere represents a cost reduction in microalgal cultures, as it

is obtained for free and in any location (land use). However, to implement this

10
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technologyin industrialscale, research based on tesign ofphotobioreactorshould
be performed to reducethe energy required in the process, improvingtheir
sustainability. Renewableenergy sources (solar and wind) could be coupled in

microalgal cultivation to reduce the energetic dependence.
3.3. Monod model

The influence of irradianceon microalgalgrowth wasmodelled byMonod function
(Equation 2). Table showsthe model parameterghat characterizeeach microalga
growth with continuousllumination obtained bythe non-linearminimization function
(Wolfram, 1988). C. vulgaripresented highanaximumspecificgrowth rateand half
saturation constanthan P. subcapitata. Théalf constantof 124.112 pBEn?s?
determined forC. vulgarisis almostequalto themaximumirradiancevalueapplied in

this study (126E m? s1), which means that future studies with this microalga could be
performed with higher light irradiance valuesto achievehigher growth ratesand,

consequently, C&removal efficiencies.

4. Conclusions

Chlorella vulgaris andPseudokirchneriella subcapitata presented higher growth rates
under high irradiances and discontinuous light supply. Based on the Monod model,
C. vulgaris can significantly increase its growth rate (to almost double) if the culture is
performed under higher irradiance. Regarding the €4pture from atmosphere, even
under sub-optimal culture conditior(S, vulgaris achieved fixation rates (up to 0.305 g
Lt d') comparable to the ones obtained by other species frope@@hed streams.
Thus, microalgal cultures showed to be a promising technology for capturinfydd®

atmosphere.

11
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Figure Captions:

Figure 1. Growth curves ofChlorella vulgaris(a, ¢ and e) ané&seudokirchneriella
subcapitata(b, d and f) under different light supplies: inaace value (36, 72, 96 and

126 uE mi? s1) and light/dark ratios (10:14 — a and b; 14:10and d; 24:0 — e and f).

16
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Table 1. Kinetic parameters for cultures Ghlorella vulgarisandPseudokirchneriella subcapitataith different light conditions

Chlorella vulgaris Pseudokirchneriella subcapitata

Irradiance Light/dark ratio

(LE m? s?) 10:14 14:10 24:0 10:14 14:10 24:0
u 36 0.267+0.035 0.544+0.017%> 0.425+0.019° 0.201+0.023' 0.516+0.036%> 0.321+0.01%3
(%) 72 0.387+0.030! 0.428+0.032! 0.523+0.052? 0.324+0.019' 0.465+0.019%> 0.417+0.008°
96 0.367+0.023! 0.659+0.1122 0.738+0.077% 0.324+0.015' 0.635+0.0162 0.496+0.037°
126 0.469+0.037* 0.485+0.034' 0.650+0.0142 0.354+0.022! 0.543+0.0162 0.421+0.0023
Xmax 36 0.460+0.055' 0.756+0.063> 0.445+0.053' 0.311+0.033! 0.370+0.047* 0.360+0.017*
L% 72 0.606+0.045* 0.716+0.078* 0.566+0.070% 0.574+0.007' 0.519+0.0282 0.455+0.008°
96 0.513+0.029' 0.789+0.029> 0.530+0.028' 0.497+0.036' 0.483+0.017' 0.343+0.0372
126 0.682+0.032' 0.821+0.048° 0.534+0.000° 0.517+0.033! 0.760+0.013%> 0.589+0.005°
Prmax 36 0.066+0.003* 0.162+0.08%' 0.077+0.002' 0.034+0.00%3' 0.054+0.005' 0.057+0.005"
(gL*d) 72 0.090+£0.007* 0.080+0.002* 0.111+0.00%° 0.087+0.007' 0.069+0.023' 0.089+0.029'
96 0.073+0.009* 0.110+0.006* 0.132+0.00%' 0.063+0.007' 0.078+0.00%* 0.079+0.015"
126 0.100+0.009! 0.117+0.023' 0.146+0.013' 0.071+0.023' 0.089+0.007' 0.115+0.028

U - specific growth rate; #x - maximum biomass concentration;a?- maximum biomass productivities; Values are maatht within the same column (and the same

kinetic parameter), means having different supgrsdetters are significantly different (p<0.05) byest; within the same row (and the same microadgalcie), means
having different superscript numbers are signifilyadifferent (p<0.05) by-test.
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Table 2. Monod model parameters of microalgal growth withtawuous light supply

Chlorella vulgaris Pseudokirchneriella subcapitata
Parameter Estimation Standard error Estimation Standard error
Mmax (dY) 1.867 0.602 0.680 0.054
Ki (UE m? s?) 124.112 69.668 40.955 9.651

Mmax — Maximum specific rate; k- half saturation constant.
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