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1. Introduction

Various research projects are underway involving the applica-
U
N

C
O

R
R

E
C

TE
D

 P
R

O

Please cite this article in press as: E. Jacob-Lopes, et al., Effect of light cycle
in photobioreactors, Chem. Eng. Process. (2008), doi:10.1016/j.cep.2008.04

tion of cyanobacteria and microalgae in carbon dioxide biofixation,
aiming to project viable photobioreactors for CO2 sequestration
technology [1–3].

Photosynthesis is a process comprising two steps, light reactions
that only occur when the cells are illuminated, and carbon-fixation
reactions, also known as dark reactions, that occur both in the pres-
ence and absence of light. Thus in the first step the cells transform
light energy into chemical energy, which is stored in high-energy
compounds for later use in the carbon-fixation reactions [4].

The use of these photosynthetic pathways in environmental
engineering processes requires the use of solar energy so as to
develop clean technology processes [5]. Thus the cells use the light
energy by way of exergonic reactions, producing energy that is used
in the synthesis of compounds as from carbon dioxide fixation by
way of endergonic reactions [6]. However, one of the operational
problems of this type of technology refers to the lack of availability
of light energy for whole time periods.

The light regimes to which the cultures are submitted are con-
sidered to be an important factor in the productivity and yield of
photosynthetic reactions [7,8]. Various studies have been carried

∗ Corresponding author. Tel.: +55 19 3521 2089.
E-mail address: franco@feq.unicamp.br (T.T. Franco).

45

46

47

0255-2701/$ – see front matter © 2008 Published by Elsevier B.V.
doi:10.1016/j.cep.2008.04.007
ro, Lucy Mara Cacia Ferreira Lacerda,

-970 Campinas, SP, Brazil

to evaluate the effect of the photoperiod on the biomass production and
sing a photosynthetic culture of the cyanobacterium Aphanothece micro-
photobioreactors. The cultures were carried out at temperatures of 35 ◦C,
e at concentrations of 15% and photon flux density of 150 �mol m−2 s−1.
0:24, 2:22, 4:20, 6:18, 8:16, 10:14, 12:12, 14:10, 16:8, 18:6, 20:4, 22:2 and

The results obtained indicated that the duration of the light periods was
formance of the photobioreactors. A linear reduction in biomass produc-
n with reductions in the duration of the light period was evident, with
ht:day) cycles. Reductions of up to 99.69% in the carbon-fixation rates as
continuous illumination were obtained.

© 2008 Published by Elsevier B.V.

out focused on the effect caused by different photon flux densi-
ties incident on photobioreactors, but few reports can be found
on the effects of the duration of the day and night cycles [9–11].
Thus a comparison of different photoperiods is necessary in order
to determine the most efficient light regimes for industrial pur-
poses.
s (night/day) on CO2 fixation and biomass production by microalgae
.007

Thus the objectives of the present study were to evaluate the 48

effect of the photoperiod on biomass production and carbon diox- 49

ide fixation rates by the cyanobacterium Aphanothece microscopica 50

Nägeli in bubble column photobioreactors. 51

2. Materials and methods 52

2.1. Microorganism and culture medium 53

Unialgal cultures of Aphanothece microscopica Nägeli (RSMan92) 54

were originally isolated from the Patos Lagoon estuary, Rio 55

Grande do Sul State, Brazil (32◦01′S–52◦05′W). Stock cultures 56

were propagated and maintained on synthetic BGN medium 57

[12], with the following composition (g/L): K2HPO4·3H2O (0.040), 58

MgSO4·7H2O (0.075), EDTA (0.001), H3BO3 (2.860), MnCl2·4H2O 59

(1.810), ZnSO4·7H2O (0.222), Na2MoO4·2H2O (0.390), CuSO4·5H2O 60

(0.079), CaCl2·6H2O (0.040), NaNO3 (150), C6H8O7·H2O (0.006), 61

ammonium iron citrate (0.006), pH 8.0. The incubation conditions 62

used were 25 ◦C, photon flux density of 15 �mol m−2 s−1 and a pho- 63

toperiod of 12 h. 64

dx.doi.org/10.1016/j.cep.2008.04.007
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2.2. Photobioreactor design

Measurements were made in a bubble column photobioreactor.
The system was built in 4-mm thick glass, an internal diameter of
7.5 cm, height of 75 cm and nominal working volume of 3.0 L. The
dispersion system for the reactor consisted of a 1.5 cm diameter
air diffuser located in the centre of the column. The reactor was
continuously illuminated with 16 20 W fluorescent daylight-type
tubes (General Electric, Brazil) connected in parallel, located in a
photoperiod chamber. The duration of light cycles was controlled
by timer. Airflow into the photobioreactor was provided via filtered
air and pure CO2 cylinder through Teflon tubing. The CO2/air mix-
ture was adjusted to achieve the desired concentration of carbon
dioxide in the airstream, through three rotameters that measured
the flow rates of the carbon dioxide, the air and the mixture of gases,
respectively.

2.3. Obtaining of the kinetic data in an experimental
photobioreactor

The experiments were carried out in bioreactors operating in
a batch mode, fed with 3.0 L synthetic BGN medium. The experi-
mental conditions were the following: initial cell concentration of
0.1 g L−1, isothermal reactor operating at a temperature of 35 ◦C,
photon flux density of 150 �mol m−2 s−1 and continuous aeration
of 1 VVM with the injection of air enriched with 15% carbon dioxide.
Such conditions were previously defined by Jacob-Lopes et al. [13].
The light cycles evaluated were 0:24, 2:22, 4:20, 6:18, 8:16, 10:14,
12:12, 14:10, 16:8, 18:6, 20:4, 22:2 and 24:0 (night:day), respec-
tively. The cell concentration and the carbon-fixation rate were
monitored every 12 h during the growth phase of the microorgan-
ism. The tests were carried out in duplicate and the kinetic data
referred to the mean of four repetitions.

2.4. Kinetic parameters

The volumetric growth rate was determined from the variation
in cell concentration in a determined time interval, as shown in Eq.
(1):

PX = X1 − X0

t1 − t0
(1)

where X0 and X1 are the biomass concentration at times t0 and t1,
respectively. In the present study, t0 and t1 were zero and 156 h,
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respectively. In light cycles of 24:0 (night:day), the t1 considered
was 48 h.

The carbon dioxide fixation rate was evaluated from the rela-
tionship between the carbon content of the cells and the volumetric
growth rate of the microorganism, as shown in Eq. (2):

RC = CCPX

(
MCO2

MC

)
(2)

2.5. Analytical methods

The cell concentration was evaluated gravimetrically by filter-
ing a known volume of culture medium through a 0.45 �m filter
and drying at 60 ◦C for 24 h. The photon flux density was deter-
mined using a digital photometer (Spectronics, model XRP3000),
measuring the light incident on the external reactor surface. The
temperature was controlled using thermostats, and measured
using a polarographic probe (Mettler Toledo, lnPro5000 series).
The flow rates of the carbon dioxide, air and CO2 enriched air
were determined using rotameters (AFSG 100 Key Instruments).
The composition of the elements of the Aphanothece microscopica
Fig. 1. Growth curve under a continuous light regime (dark:light).

Nägeli cells was determined using a PerkinElmer 2400 CHNS/O ele-
ment analyser. Two milligrams sample of biomass were oxidised at
1000 ◦C and the resulting gases were determined using a thermal
conductivity probe for carbon. The standard used was acetanilide,
with a composition of 71.09% carbon, 11.84% oxygen, 6.71% hydro-
gen and 10.36% nitrogen.

3. Results and discussion

In photosynthetic cultures, the amount of light energy received
and stored by the cells has a direct relationship with the carbon-
fixation capacity, consequently determining the productivity in
biomass and cell growth rate. In nature, light energy is available
in a discontinuous way, since the light varies from day to night.
Such considerations are relevant in carbon sequestration processes
in photobioreactors, since the viability of these systems requires the
use of solar energy for photosynthesis. Systems of this type, funda-
mentally based on natural resources, are highly affected by the lack
of availability of light energy during whole periods of time. Fig. 1
shows the variation in growth of the cyanobacterium Aphanoth-
ece microscopica Nägeli under conditions of 35 ◦C, 150 �mol m−2 s−1

and 15% CO2 with a continuous source of light energy.
An analysis of the growth curve shows the lack of an adaptation
s (night/day) on CO2 fixation and biomass production by microalgae
.007

phase for the microorganism, with exponential growth occurring as 140

from 12 h of cell residence time. The stationary phase was observed 141

as from the sixth day of culture. The maximum cell concentra- 142

tions obtained were 5 × 100 g/L, representing a more than 50-fold 143

increase in cell density as compared to that initially present in the 144

reactor. 145

Fig. 2 shows the growth curves for the cyanobacterium Aphan- 146

othece microscopica Nägeli, with light cycles reduced at 2 h intervals. 147

Different cell growth profiles can be seen as a function of the 148

duration of the light periods. The cultures grown under photope- 149

riods of 2:22 (night:day) showed characteristics similar to those 150

grown with a continuous supply of light energy, whilst those grown 151

in the absence of light showed evidence of limited carbon source 152

for cell growth, since the cyanobacteria are unable to use inorganic 153

carbon sources in the absence of light, and the organic carbon con- 154

centrations in the culture medium were insufficient for the energy 155

maintenance of respiratory metabolism [14]. 156

These results are more evident in Table 1, which presents the 157

kinetic characterisation of the growth and carbon fixation in the 158

biomass by Aphanothece microscopica Nägeli, under the different 159

light cycles evaluated. 160

dx.doi.org/10.1016/j.cep.2008.04.007
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Fig. 2. Growth curves in differen

From the analysis of variance (ANOVA) and Tukey’s test
(p < 0.05), maximum volumetric productivity was shown to occur
under conditions with a constant supply of light energy (0:24),
the values not differing significantly (p = 0.41) from those obtained
in experiments carried out with photoperiods of (2:22), suggest-
ing that the supply of light for periods greater than 22 h did not
influence the volumetric growth rate. These results demonstrate
that Aphanothece microscopica Nägeli is capable of storing suffi-
cient energy to sustain cell growth for periods of up to a maximum

Table 1
Kinetic parameters for Aphanothece microscopica Nägeli in different light cycles

Photoperiod
(night/day) (h)

PX (g/L day) Xmax (g/L) RCO2 (g/L day)

0:24 0.770a ± 0.038 5.100a ± 0.255 1.440a ± 0.072
2:22 0.764a ± 0.042 5.080a ± 0.305 1.428a ± 0.085
4:20 0.501b ± 0.025 3.400b ± 0.187 0.936b ± 0.065
6:18 0.235c ± 0.014 2.685c ± 0.174 0.439c ± 0.032
8:16 0.240d ± 0.016 1.640d ± 0.116 0.448c ± 0.040
10:14 0.189e ± 0.009 1.300e ± 0.052 0.353d ± 0.021
12:12 0.301f ± 0.016 2.060f ± 0.072 0.562e ± 0.025
14:10 0.127g ± 0,006 0.944g ± 0.018 0.237f ± 0.014
16:8 0.035h ± 0,002 0.343h ± 0.013 0.065g ± 0.003
18:6 0.026i ± 0.001 0.260i ± 0.013 0.048g ± 0.003
20:4 0.015j ± 0.000 0.200i ± 0.017 0.028g ± 0.001
22:2 0.008k ± 0.000 0.150i ± 0.009 0.015g ± 0.001
24:0 0.002l ± 0.000 0.110i ± 0.004 0.004g ± 0.000

Values are mean ± S.D. of quadruplicate analysis; Within the same column, means
having different superscripts (a–l) are significantly different (p < 0.05) by Tukey’s
test.

170

171

172

173

174

175

176
t light cycles (dark:light).

of 2 h in the dark, without affecting the rate of photosynthetic
metabolism. For the other photoperiods evaluated, all the values
for volumetric growth rate differed statistically (p < 0.0001). Simi-
lar results were obtained for the maximum cell densities, for which
the photoperiods (0:24) and (2:22) (night:day) were statistically
equal (p < 0.05). On the other hand, it was shown there were no
significant differences in the maximum cell concentrations for the
s (night/day) on CO2 fixation and biomass production by microalgae
.007

Q3

cultures grown with dark periods greater than 18 h. 177

The influence of the light cycles has been reported as a deter- 178

minant factor in photosynthetic activity and in the growth rates of 179

microalgae in photobioreactors [15–17]. According to these authors, 180

light is a limiting substrate in these systems, which are affected by 181

light/dark zones that depend primarily on the configuration, agita- 182

tion and mixture in the reactor, associated with the possibility of 183

cultures with discontinuous periods of light energy supply. Addi- 184

tionally, cell concentration is another parameter which determines 185

the availability of light in photobioreactors. As result of the mutual 186

shading occurring at high cell densities, the light intensity within 187

the reactor becomes also a function of the biomass concentration 188

[18]. As a result, the cells are exposed to different light intensities, 189

with a considerable effect on system performance. 190

The pronounced variations in the volumetric growth rates 191

and maximum cell density as a function of the duration of the 192

light cycle showed that the cell concentration decreased propor- 193

tionally with the fraction of time that the microorganism was 194

exposed to intermittent light conditions as compared to contin- 195

uous illumination. An exception to this behaviour was shown with 196

photoperiods of 12:12 (night:day), in which higher productivity 197

dx.doi.org/10.1016/j.cep.2008.04.007
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(0.301 g/L day) and maximum cell density values (2.060 g/L) were
obtained than for photoperiods with 14h (0.189 g/L day, 1.300 g/L)
and 16 h (0.240 g/L day, 1.640 g/L) of light.

These results are related to the fact that the cultures were main-
tained and propagated under a 12 h light cycle, resulting in an
improvement in the volumetric growth rate and maximum cell con-
centrations under these conditions. Sicko-Goad and Andresen [8]
obtained similar results, reporting that some species of microalgae
could show preferences with respect to the duration of the light
periods, resulting from the environmental conditions in which they
were isolated in nature. Grobbelaar et al. [19] corroborated these
results, reporting that independent of culturing under continu-
ous or intermittent light conditions, acclimatisation of the cultures
is determinant in the photosynthetic rates of the microalgae. On
the other hand, Toro [7], comparing the growth of the microalgae
Chaetoceros gracilis and Isochrysis galbana under culture conditions
with photoperiods of 0:24 and 12:12 (night:day), respectively, sup-
plied the cultures grown with photoperiods of 12:12 with double
the light intensity during the light periods as compared to the cul-
tures receiving continuous light energy, obtaining equal growth
rates, suggesting that cell growth is also affected by the amount
of energy offered per cycle, and not only by the duration of the
photoperiod.

These results suggest the possibility of storing light energy by
way of exergonic reactions, supplying an excess of energy for later
use in subsequent endergonic reactions that can occur in periods
in which there is an absence of light. From the operational point of
view, this situation would be technologically interesting for use in
photobioreactors, in which species capable of storing substantial
amounts of light energy would show better performance in the
application of this type of process. However, the limited capacity
of the majority of microalgae to store light energy, means that in
these cases the majority of the energy is dissipated in the reactors
in the form of heat [15].

The carbon dioxide fixation rates are associated with the energy
received by the cells during the light periods. Maximum carbon
dioxide fixation rates of 1.440 g/L day were found for cultures with
a continuous supply of light energy. A linear reduction in the CO2
fixation rates with the reduction in duration of the light period was
evident, with the exception of the 12:12 (night:day) cycles. It was
also observed that carbon dioxide fixation did not differ signifi-
cantly (p < 0.05) in cultures grown with dark periods greater than
16 h.

Fig. 3 shows the distribution of the percent carbon dioxide fixed
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in the biomass under the different conditions evaluated, the ref-
erence being the experiment carried out with a continuous light
supply. An analysis of the diagram shows that the discontinuous
supply of light resulted in a reduction in the CO2 fixation rate
between 2.0 and 99.69%, indicating the importance of the light
phase of photosynthesis in the subsequent carbon-fixation reac-
tions.

Besides the changes in the rates of biomass production and
CO2 fixation, one should also consider that the biomass formed
in each photoperiod condition might have a different biochemi-
cal composition. Microalgae cells cultivated photoautotrophically
under limited light conditions preferentially assimilate carbon in
the direction of the synthesis of amino acids and other essential
cell constituents, but under saturated light conditions, sugars and
starch are formed via the pentose phosphate-reducing pathway
[20,21], suggesting the dependence of the biomass composition
with the light availability.

So the results obtained for the different light cycles evaluated
indicated that the development of technology for the biological
fixation of carbon dioxide in photobioreactors depended funda-
mentally on the access to light energy, which should be provided
Fig. 3. Percent carbon fixation as related to the duration of the light periods.

by solar energy so as to develop clean technology processes. Thus
this type of CO2 sequestration process could be very efficient in
tropical countries, especially in locations near the equator where
the light and dark periods are very similar and are associated with
favourable temperature conditions. Martins et al. [22] reported that
countries like Brazil show an ample potential for the exploration
of solar energy, with mean solar irradiation varying from 4.25 to
6.50 kW/m2 day in the different regions included in its territory.
According to these authors, all regions in Brazil receive elevated
light energy indices, with the potential for use as an energy source.

4. Conclusions

The development of photobioreactors for carbon dioxide
sequestration is a potential technology for application in tropical
countries with elevated solar light availability. However, in order to
predict the real carbon dioxide removal rates and biomass produc-
tion in such systems, the lack of availability of light energy for part
of the time during complete 24-h time periods must be considered,
and this was evident from the cultivation of the cyanobacterium
Aphanothece microscopica Nägeli under different photoperiod con-
ditions.

Maximum values of 0.770 gbiomass/L day, 5.100 gbiomass/L and
s (night/day) on CO2 fixation and biomass production by microalgae
.007

1.440 gCO2
/L day were obtained for volumetric productivity, max- 284

imum cell concentration and carbon dioxide fixation rate, 285

respectively, under continuous light regime. 286

Linear reduction of the performance of the microorganism was 287

evidenced in function of the duration of light regime. Exception to 288

this behaviour was obtained in light cycles of the 12:12 (dark/light), 289

suggesting the importance of the pre-adaptation of the microalgae 290

cultures. 291

Thus the results obtained in the present study suggest the poten- 292

tial of applying this type of process to remove carbon dioxide. 293

Nevertheless, the duration of the light cycles (night:day) is one 294

fundamental criteria which should therefore be considered when 295

projecting and analysing photobioreactors for the sequestering of 296

carbon dioxide and biomass production. 297
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Appendix A. Nomenclature

CC Percent carbon in the biomass (%)
MC molecular weight of carbon
MCO2 molecular weight of CO2
PX volumetric growth rate (g/L day)
RCO2 carbon dioxide fixation rate (g/L day)
t0 cell residence time in t = 0 (h)
t1 cell residence time in t = n (h)
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X0 cell concentration in t = 0 (g/L)
X1 cell concentration in t = n (g/L)
Xmax maximum cell density (g/L)
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