
2453
Research Article
Received: 11 January 2017 Revised: 22 February 2017 Accepted article published: 27 February 2017 Published online in Wiley Online Library: 27 April 2017

(wileyonlinelibrary.com) DOI 10.1002/jctb.5256

Effects of shear rate, photoautotrophy and
photoheterotrophy on production of biomass
and pigments by Chlorella vulgaris
Juan Roberto Benavente-Valdés,a Alejandro Méndez-Zavala,a Lourdes
Morales-Oyervides,a Yusuf Chistib and Julio Montañeza*

Abstract

BACKGROUND: This work compared the production of Chlorella vulgaris biomass and pigments (chlorophylls and carotenoids)
in photoautotrophic, photoheterotrophic and two-stage photoheterotrophic–photoautotrophic cultures in two types of pho-
tobioreactors, a flat-panel airlift (FPA) and a conventional stirred tank (STR) system.

RESULTS: The biomass and pigments productivities of photoheterotrophic and photoheterotrophic–photoautotrophic cultures
were much greater than the productivity of photoautotrophic culture in the FPA. The 3.9-fold higher average shear rate
values in the FPA relative to the STR affected the size of the algal cells, but not the final biomass concentration. The
two-stage photoheterotrophic–photoautotrophic culture in the FPA had nearly 48% higher biomass productivity than the
photoheterotrophic culture in the same device but offered no advantage in terms of production of the pigments.

CONCLUSIONS: The FPA and the STR offer very different culture environments which affect an algal culture; a two-stage culture
was more productive in biomass than a photoautotrophic culture but not for pigments production.
© 2017 Society of Chemical Industry
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NOTATION
Ar Cross-sectional area of the riser
Ad Cross-sectional area of the downcomers
ChlA Concentration of chlorophyll a
ChlB Concentration of chlorophyll b
di Diameter of the impeller
FPA Flat panel airlift bioreactor
g Acceleration due to gravity (=9.81 m s−2)
N Rotational speed of the impeller
ODxxx Optical density measured at xxx nm
PG Power input due to aeration
Po Power number
STR stirred tank bioreactor
SV Ratio of surface area to bioreactor volume
UG Superficial aeration velocity in bubble column
UGr Superficial gas velocity in the riser zone of the

bioreactor
VL Volume of the gas-free culture broth
Xmax Maximum cell concentration
X Biomass (cells mL−1)
X0 Initial biomass (cells mL−1)
t Time (h)

Greek symbols
! Average shear rate
"L Viscosity of the culture broth
"max Maximum specific growth rate
#L Density of the culture broth

INTRODUCTION
Microalgae are eukaryotic microorganisms that photosynthesize
to produce biomass and many other useful products. Certain
microalgae are used as human food supplement and feed for
aquaculture species.1,2

Biomass productivity and the product profile of a microalgae
are significantly affected by the culture conditions. At least four
distinct modes of growth are recognized.3 These are: (1) pho-
toautotrophy in which light is the sole source of energy and
inorganic carbon is the sole source of carbon; (2) heterotrophy
in which energy and carbon are both obtained exclusively from
an organic carbon compound such as glucose and growth can
occur in the dark; (3) mixotrophy in which an alga grows both by
photosynthesis and heterotrophy and, therefore, light and inor-
ganic carbon are provided in addition to organic carbon; and
(4) photoheterotrophy in which light is provided but the carbon
source is exclusively an organic chemical. Photoautotrophic cul-
tivation using water, carbon dioxide and light is the most com-
mon mode of algae culture,4 – 7 but mixotrophic and heterotrophic
growth modes are receiving increasing attention because of their
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ability to greatly enhance culture productivity compared with pho-
toautotrophic growth.8 – 11 Photoheterotrophic culture is a distinct
mode of operation that has not received much attention. Pho-
toheterotrophic growth is different from mixotrophic growth as
inorganic carbon is not externally supplied. Nonetheless, pho-
tosynthesis can occur so long as light and oxygen are present.
Potentially, a photoheterotrophic culture can be more produc-
tive compared with a pure heterotrophic culture without requir-
ing inorganic carbon. This is because the carbon dioxide produced
through oxidation of the organic carbon source via respiration can
be used as an additional carbon source in the presence of light.

Although heterotrophic growth can be highly productive con-
cerning the amount of biomass produced,10,11 the products
formed can be quite different from those synthesized during
photoautotrophy. For example, photosynthetic pigments such as
chlorophyll may not be produced at all during heterotrophy, or
may be produced only at low levels. If pigmentation is desired,
a heterotrophic growth stage may be followed by a photoau-
totrophic stage to allow the cells to generate the desired color.
Such sequential heterotrophic and photoautotrophic cultiva-
tion is used in the production of Chlorella biomass12 for human
consumption. A two-stage mixotrophic–photoautotrophic cul-
tivation of Chlorella vulgaris was reported to increase biomass
production by 62% relative to pure photoautotrophic culture.13

Similar approaches have been used with other microalgae.10 A
photoheterotrophic culture improves the likelihood of producing
photosynthetic pigments (including chlorophylls, carotenoids,
and cyanobacterial accessory pigments such as phycobilins)
compared with a pure heterotrophic culture.

For certain microalgae, the turbulence intensity, or shear rate
in the culture broth, also influences biomass production,14 – 16

although this subject has received no attention in relation to
Chlorella spp. Turbulence fields in different configurations of biore-
actors can be quite different and, therefore, the type of bioreactor
can influence culture productivity quite apart from any differences
in light regimes of the bioreactors.

The present work compares photoautotrophic culture of C. vul-
garis with a sequential two-stage culture consisting of a photo-
heterotrophic phase followed by a photoautotrophic phase of cul-
tivation. Production of biomass and pigments (chlorophyll and
carotenoids) are discussed. A high surface-to-volume flat panel
airlift photobioreactor is compared with a conventional stirred
tank photobioreactor for production of the alga because a high
surface-to-volume ratio is expected to improve light availability
to both the photoheterotrophic and photoautotrophic production
phases. Differences in shear rates in the two types of bioreactors
used are shown to affect the culture characteristics.

EXPERIMENTAL
Microalgae and culture media
The green microalgae Chlorella vulgaris was obtained from the
CICESE (Baja California, México) culture collection. The alga was
grown aseptically in 250 mL Erlenmeyer flasks containing 100 mL
of the culture medium. Stock cultures were propagated and main-
tained photoheterotrophically on a medium17 of the following
composition (g L−1): NaNO3 1.0, K2HPO4 0.25, MgSO4 0.5, NH4Cl
0.05, CaCl2 0.058, FeCl3 0.003 and glucose 2.0. This medium with-
out glucose has been recommended for photoautotrophic culture
of algae.18 The medium was sterilized by autoclaving at 121 ∘C for
15 min. The pH was adjusted to 6.5 before inoculation. The incu-
bation conditions used were 25± 2 ∘C, a light intensity of 45 μmol

Figure 1. Geometric details of the flat-panel airlift photobioreactor. Dimen-
sions in m.

photons m−2 s−1 and a light/dark cycle of 12 h/12 h. The flasks were
agitated at 145 rpm. Cell concentration was measured daily using
a hemocytometer. This provided the inoculum for all bioreactor
cultures.

Bioreactor configurations used
A stirred tank bioreactor (STR; Applikon, Schiedam, the Nether-
lands) and a flat panel airlift (FPA) photobioreactor designed and
built by the authors were used. The working volume for both sys-
tems was 2 L. The stirred vessel had a diameter of 0.127 m. The
initial depth of culture was 0.154 m. The tank had three baffles
(14 cm tall, 1.39 cm wide). Agitation was provided by a single Rush-
ton impeller (diameter= 4.56 cm).

The FPA was made of acrylic sheets. The rectangular tank (0.2 m
length, 0.3 m height, 0.05 m width) contained two vertical baffle
plates to form a central aerated riser zone (Fig. 1). The clearance
between the tops of the baffles and the gas-free working volume
of the culture broth was 0.05 m. The bottom ends of the two baffles
were located 0.05 m above the base of the tank. The distance
between each baffle and the adjacent side wall of the tank was
4.75 cm (Fig. 1).

At the working volume used, the surface-to-volume ratio of the
stirred bioreactor was 30.7 m−1 and that of the FPA was 50 m−1.
The STR was continuously mixed at an agitation speed of 100 rpm.
At this rotational speed, the impeller tip speed was 0.239 m s−1.
Both bioreactors were continuously sparged with ambient air (78%
N2, 21% O2, 0.003% CO2 and 0.97% other gases) at a flow rate of
1.2 L min−1 (0.6 vvm).

Bioreactors cultures
The light regimen of both bioreactors was identical with an inci-
dent light intensity of 100 μmol photon m−2 s−1 and 12/12 h
light/dark cycles. The incubation temperature was 27± 2 ∘C in
both cases. The inoculum size was always 5% (v/v) of initial culture
volume and the initial concentration of cells after inoculation was
1× 106 cells mL−1. The inoculum consisted of cells in the exponen-
tial phase growth. All cultures were aseptic. STR was sterilized by
autoclaving (121 ∘C for 20 min) while the FPA was chemically ster-
ilized using a solution of quaternary ammonium salts followed by
repeated rinsing with sterile distilled water.

Photoautotrophic culture: For comparison with photo-
heterotrophic culture, a 192 h photoautotrophic batch culture
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was carried out in the FPA. The STR was not evaluated for pho-
toautotrophic culture due to low surface-to-volume ratio. The
above-specified medium was used but excluded glucose and was
sparged with air supplemented with 5% (v/v) carbon dioxide as
the unique carbon source.

Photoheterotrophic culture: Identical duration (192 h) photo-
heterotrophic batch cultures were carried out in both the FPA
and the STR. The STR was continuously mixed at an agitation
speed of 100 rpm. At this rotational speed, the impeller tip speed
was 0.239 m s−1. Both bioreactors were continuously sparged
with ambient air at a flow rate of 1.2 L min−1 (0.6 vvm). The
above-specified medium was used with glucose as unique carbon
source.

Photoheterotrophic–photoautotrophic culture: The experi-
mental set-up used for the sequential photoheterotrophic–
photoautotrophic cultivation was carried out in the FPA using
the conditions previously described for photoheterotrophic
and autotrophic cultures. The first stage consisted of photo-
heterotrophic growth using glucose as carbon source per 120 h
until concentration was reduced to low levels. Immediately after,
air enriched with 5% CO2 (v/v) was supplied as the carbon source
during the following 72 h.

ANALYTICAL METHODS
A sample of the diluted culture broth was used to measure the
cell concentration (cells mL−1). The cells were counted using a
Neubauer hemocytometer.

The biomass concentration in the broth at the end of the culture
(192 h) was measured gravimetrically. Thus, a known volume
of the broth was centrifuged (14 500×g, 10 min). The biomass
pellet was washed twice using distilled water. The final recovered
biomass was dried to constant weight at 60 ∘C.19

The glucose concentration in the culture supernatant was mea-
sured by a previously reported colorimetric method.20

The pigments content were measured daily in the freshly har-
vested biomass using the method reported by Griffiths et al.21

Pigments were extracted from algal cells using dimethylsulfoxide
(DMSO, 99%; JT Baker). Culture samples (1.5 mL) were centrifuged
in Eppendorf tubes (12 298×g, 5 min) and the supernatant was
discarded. The cells were re-suspended by adding 1.5 mL of warm
DMSO (60 ∘C) and vortexed. Samples were incubated at 60 ∘C, with
occasional shaking for 10 min. The pigment-containing super-
natant was recovered by centrifugation as above. The supernatant
was diluted with DMSO to an optical density (OD) of less than one
(1.0). The OD was measured at 649 nm, 665 nm and 480 nm using
a spectrophotometer (Unico S-2150; UNICO, Dayton, NJ, USA) and
the pigments concentrations were calculated using the following
equations:22

Chlorophyll a (ChlA, mg∕L) = 12.47 OD665 − 3.62 OD649 (1)

Chlorophyll b (ChlB, mg∕L) = 25.06 OD649 − 6.5 OD665 (2)

Total chlorophyll (mg∕L) = ChlA + ChlB (3)

Total carotenoids (mg∕L)

=
[
1000 OD480 − 1.29 ChlA − 53.78 ChlB

]
∕220 (4)

The above-measured concentrations in the extract, the volume
of the extract, the volume of the original algal broth, and the
biomass concentration in the original broth, were used to calculate
the concentrations of the pigments (i.e. total chlorophylls, total
carotenoids) in the broth and the pigment contents of the biomass.

Growth and pigment kinetics
The microalgae growth curves were adjusted to a logistic model.
Logistic equation is a good choice for explaining the performance
of microalgae growth, as it does not use substrate term for explain-
ing the entire growth profile of the microorganisms. The biomass
(X) versus time (t) gives a sigmoid variation of X as a function of t,
which may completely explain the lag, exponential and stationary
phases of microalgae growth:

dX
dt

= "maxX
(

1 −
Xmax

X0

)
(5)

where X is the cell number (cells mL−1), Xmax is the maximum
number of cells (cells mL−1) and "max is the apparent spe-
cific growth/prodution rate (h−1). Integrating and rearranging
Equation (5), it can be written as:23

X =
Xmax

1 +
(

Xmax

X0
− 1

)
e−"maxt

(6)

Data analysis
All reported values are averages of two measurements. Data
treatment, model fitting and statistical analyses were carried out
using Statistica 7.0 (Statsoft, USA).

RESULTS AND DISCUSSION
The biomass growth and pigment production profiles of photoau-
totrophic and photoheterotrophic cultures in the two bioreac-
tors are shown in Fig. 2. The microalgae was able to grow and
produce pigments (chlorophylls and carotenoids) both by pho-
toautotrophy and photoheterotrophy (Fig. 2). Nevertheless, pho-
toheterotrophic population growth was always far superior to
photoautotrophic growth in the flat panel airlift (FPA) despite its
high surface-to-volume ratio (Fig. 2). This was because of insuf-
ficient light in the photoautotrophic culture. Although the inci-
dent light level of 100 μmol m−2 s−1 was close to the photosat-
uration light level for Chlorella, the self-shading by cells limited
the light supply deeper in the FPA. Therefore, the growth rate of
photoautotrophic culture (FPA in Fig. 2(a)) was low compared with
photoheterotrophic cultures. At 192 h, the peak cell concentra-
tion of the photoautotrophic culture (7.19× 106 cells mL−1) was
quite low compared with the two photoheterotrophic cultures
(FPA: 29.32× 106 cells mL−1; STR: 62.30× 106 cells mL−1).

Based on the data of the photoautotrophic culture (FPA in
Fig. 2(a)), photosynthesis contributed very little to the photo-
heterotrophic growth in the two bioreactors in Fig. 2(a). As light
was not an important contributor to growth, the differences in
photoheterotrophic biomass production capabilities of the STR
and FPA could not be attributed to any light-related phenomena.
Although, FPA had a bigger illuminated surface area (nearly 60%
larger) than the STR it supported a much lower cell growth rate and
final cell concentration than the STR (Fig. 2(a)). The likely reason for
the higher cell growth rate and productivity of STR was its better
gas–liquid oxygen transfer compared with the FPA. Mechanically
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Figure 2. Profiles of (a) cell growth and glucose consumption; (b) chloro-
phylls production; and (c) carotenoids production. The solid lines were
obtained by fitting the logistic equation to the experimental data. (FPA,
flat panel airlift bioreactor; STR, stirred tank bioreactor; PAuto, photoau-
totrophic; PHet, photoheterotrophic).

agitated stirred tanks are generally known to be better in trans-
ferring oxygen from air to liquid than the nonmechanically mixed
airlift bioreactors.24,25 As the observed photoheterotrophic growth
was mainly due to heterotrophy, oxygen was required for con-
sumption of glucose, the principal source of energy and carbon.

Photoheterotrophic growth provided a higher concentration of
carotenoids (FPA: 4.66± 0.07 mg L−1; STR: 5.62± 0.01 mg L−1) and
chlorophylls (FPA: 42.34± 0.38 mg L−1; STR: 36.09± 0.57 mg L−1)
in the culture both compared with photoautotrophic growth
with 17.38± 0.02 mg L−1 and 1.51± 0.07 mg L−1 for chlorophylls
and carotenoids, respectively (Fig. 2(b), (c)). Therefore it could be
assumed that production of pigments was more or less directly
dependent on cell population. Despite its much higher cell pro-
ductivity (Fig. 2(a)), the chlorophylls concentration in the STR
was lower than in the FPA (Fig. 2(b)), but the final carotenoids
concentration was higher (Fig. 2(c)). Chlorophylls are the light cap-
ture pigment and their accumulation is sensitive to the light level

Table 1. Fitted values of the logistic model parameters for the
different culture conditions

Kinetics parameters

Culturea
Xmax

(×106 cell mL−1) "max (h−1) R2

FPA photoautotrophic 6.983± 0.182 0.037± 0.005 0.978
FPA photoheterotrophic 32.738± 1.587 0.042± 0.008 0.972
STR photoheterotrophic 64.257± 2.155 0.039± 0.004 0.990
FPA two-stage culture 47.330± 2.265 0.030± 0.004 0.987

a FPA, flat panel airlift bioreactor; STR, stirred tank bioreactor.

experienced by the cells. The higher light level of the FPA due to
its higher surface-to-volume ratio compared with the STR, induced
the cells to accumulate higher levels of chlorophylls in the FPA.
In contrast to chlorophylls, carotenoids are accessory pigments
that apparently accumulate also at low light levels. Hence, the
carotenoids accumulation in the STR (5.62± 0.01 mg L−1) was high
than in the FPA (4.66± 0.07 mg L−1).

The logistic model fitted well both the growth and pigment pro-
duction data as shown in Fig. 2. The best-fit values of the two
model parameters (i.e. Xmax and "max) are shown in Table 1 for
the culture growth profiles shown in Fig. 2(a). The maximum cell
concentration (Xmax) for the photoheterotrophic cultures irrespec-
tive of the production device (FPA: 32.73× 106 cells mL−1 and STR:
64.25× 106 cells mL−1) was clearly much greater than for the pho-
toautotrophic culture (6.98× 106 cells mL−1) as explained earlier.
Given these results, photoheterotrophic culture was clearly far
more productive than photoautotrophic culture in terms of cell
population growth.

Photoautotrophic cultures are generally known to be less pro-
ductive than photoheterotrophic and heterotrophic cultures. For
example, a maximum biomass concentration of nearly 4 g L−1

was reported for C. vulgaris grown photoautotrophically for 50
days, corresponding to a biomass productivity of around 0.07 g L−1

d−1.26 In many other studies, a maximum biomass concentra-
tion of less than 1 g L−1 has been reported in photoautotrophic
cultures.8,27,28 In contrast with these results, a heterotrophic cul-
ture of Chlorella protothecoides UTEX 255 attained a biomass con-
centration of nearly 12 g L−1.29 Similarly, a biomass concentration
of almost 3 g L−1 was obtained within 3 days in a heterotrophic
culture of Chlorella sp. with a biomass productivity of around
0.68 g L−1 d−1.27 The biomass productivity of the heterotrophic cul-
ture was nearly 1.6-fold the best productivity in photoautotrophic
growth.30

In the present study, the maximum specific growth rate values
("max, Table 1) for photoheterotrophic and photoautotrophic cul-
tures were statistically identical (P < 0.05) at around 0.039 h−1. In
photoautotrophy, the growth rate is maximum in a dilute cul-
ture with little or no self-shading. Data in Table 1 suggest that a
light unlimited photoautotrophic culture is capable of growing as
rapidly as a heterotrophic culture, although in practice the aver-
age growth rate in photoautotrophic culture would be reduced by
light limitation caused by self-shading in an increasing population
of cells.

Note that for both the STR and the FPA cultures grown photo-
heterotrophically the final biomass levels were identical (Table 2,
STR: 1.45± 0.01 g L−1 and FPA 1.43± 0.05 g L−1) despite an almost
2-fold difference (Table 1) in the final cell number concentration
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Table 2. Final concentrations (at 192 h) of biomass, total chlorophyll and carotenoids for the various cultures

Culturea
Biomass concentration

(g L−1)
Total chlorophyll

concentration (mg L−1)
Carotenoids concentration

(mg L−1)

Chlorophyll content
of biomass

(mg g−1)
Carotenoids content
of biomass (mg g−1)

FPA photoautotrophic 0.69± 0.02 17.38± 0.02 1.55± 0.08 25.2 2.2
FPA photoheterotrophic 1.43± 0.05 43.34± 0.38 4.66± 0.07 30.3 3.2
STR photoheterotrophic 1.45± 0.01 36.10± 0.58 5.62± 0.01 24.8 3.9
FPA two-stage culture 2.11± 0.08 43.68± 0.45 5.72± 0.13 20.7 2.7

a FPA, flat panel airlift bioreactor; STR, stirred tank bioreactor.

Figure 3. Cell growth and pigment production in two-stage
photoheterotrophic–photoautotrophic culture in the flat panel airlift
bioreactor (a; solid lines were obtained by fitting the measured values to
the logistic model). Glucose consumption profile (b). Air enriched with
carbon dioxide was supplied during the glucosefree photoautotrophic
stage 2 only.

in these reactors. This was because of the substantial difference in
cell sizes in the two bioreactor vessels. Microscopic observations
showed the cells to be distinctly larger (9–10 μm in diameter) in
the FPA bioreactor compared with the cells in the STR (6–7 μm
in diameter) (data not shown). These differences in cell sizes were
attributed to the very different turbulence levels that prevailed in
the two bioreactor systems, as shown later in this paper. Turbu-
lence, generally quantified as an average shear rate in the culture
broth, is well known to affect growth, cell morphology and other
characteristics of microalgae so long as its threshold is above some
critical value.14 – 16

In this work, the shear rate (! , s−1) in the STR was calculated using
the following equation:31

! =
(

4Po#Ld2
i

27$"L

)0.5

N3∕2 (7)

where Po is the power number, #L (kg m−3) is the density of the
culture broth, di (=0.0456 m) is the diameter of the impeller, "L
(Pa s) is the viscosity of the culture broth and N (s−1) is the rotational
speed of the impeller. In well-developed turbulent flow, the power
number is a constant (=6 for Rushton disc turbine in a fully baffled
tank). The culture fluid had a fairly low concentration of suspended
cells and, therefore, its properties were taken to be the same as for
water at 27 ∘C. Thus, #L was 996.5 kg m−3 and "L was 85.1× 10−5 Pa
s. At the impeller rotational speed of 100 rpm (N = 1.667 s−1), the
shear rate value was 59.5 s−1.

In the FPA, the shear rate was calculated as follows:31

! =
(

1
"L

PG

VL

)0.5

(8)

where PG (W) is the power input due to aeration and VL (m3) is the
volume of the gas-free culture broth. The specific power input in an
airlift vessel can be calculated using the following equation:32,33

PG

VL
= #LgUGr

Ar(
Ar + Ad

) (9)

where g (=9.81 m s−2) is acceleration due to gravity, UGr
(=8.9× 10−3 m s−1) is the superficial air velocity in the riser
zone of the reactor, Ar (=0.005 m2) is the cross-sectional area
of the riser and Ad (=0.0045 m2) is the cross-sectional area of the
downcomers. Substitution of Equation (9) in Equation (8) provided
the following equation for the shear rate:

! =
(
#LgUGr

"L

Ar(
Ar + Ad

)
)0.5

(10)

Thus, the average shear rate in the FPA bioreactor was 232 s−1.
This value was nearly 3.9-fold greater than the value previously
calculated for the STR (! = 59.5 s−1).

For comparison with a typical laboratory algal culture system,
the shear rate was also calculated for an aerated Duran culture
bottle as used by Chatsungnoen and Chisti26 to grow C. vulgaris
to a concentration of nearly 4 g L−1. An aerated Duran culture
bottle is essentially a bubble column and, therefore, the following
equation31 was used:

! =
(
#LgUG

"L

)0.5

(11)

At the 25 ∘C culture temperature used by Chatsungnoen
and Chisti,26 the properties of water were: #L = 997.0 kg m−3

and "L = 8.9× 10−4 Pa s. The superficial aeration velocity UG
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was 43.0× 10−5 m s−1 based on an aeration rate of 62.5× 10−7

m3 s−1,26 an internal bottle diameter of 0.136 m31 and a working
volume of 1.6 L.26 Thus, the average shear rate was 69 s−1.

In the above referenced Duran culture vessel at the calculated
average shear rate of 69 s−1, the measured diameter of C. vulgaris
cells was previously reported to be 5.1± 0.5 μm.35 This was com-
parable with a diameter of 6–7 μm seen in the STR in the present
study. Thus, for roughly similar values of shear rates in the aerated
culture bottle (! = 69 s−1) and the stirred tank of the present study
(! = 60 s−1) the size of the algal cells was quite comparable. The
larger cell size (9–10 μm in diameter) seen in the FPA, therefore,
had a plausible explanation in the high shear rate.

Production of chlorophyll (Fig. 2(b)) and carotenoids (Fig. 2(c))
was linked to biomass growth as previously observed.36 As both
photoheterotrophic and photoautotrophic cultures received light,
both developed pigments. This is in contrast to heterotrophic
growth in the dark when sometimes the biomass produced lacks
photosynthetic pigments.37 As shown in Table 2, for both pho-
toheterotrophic and photoautotrophic growth, the chlorophyll
content of the biomass was in the 25–30 mg g−1 range and the
carotenoids content was in the 2–4 mg g−1 range.

The glucose consumption profiles of photoheterotrophic cul-
tures are shown in Fig. 2(a). In both reactors, nearly all glucose
was consumed by 120 h (Fig. 2(a)). Nevertheless, the cell popula-
tion in the FPA was lower than in the STR (Fig. 2(a)), but the final
biomass concentrations in both reactors were substantially identi-
cal (Table 2), as discussed earlier. Carbon dioxide was not provided
to any of the photoheterotrophic cultures shown in Fig. 2(a), but
it was the sole carbon source for the photoautotrophic culture in
the FPA.

The use of FPA for photoheterotrophic phase showed similar
biomass production to STR, besides the use of FPA as single reactor
facilitates growth under two-stage cultivation allowing only the
change of carbon source by introducing air enriched with carbon
dioxide to the reactor, making the process more feasible and easy
to carry out.

A typical two-stage sequential culture profile in FPA is shown in
Fig. 3. The growth was initially photoheterotrophic until around
120 h when all glucose was used up. Subsequently, inorganic
carbon was provided as carbon dioxide mixed with the aeration
gas. After 120 h, the growth was exclusively photoautotrophic
(Fig. 3). During this photoautotrophic phase (stage 2, Fig. 3(a)) the
cell concentration increased slowly because of the inevitable light
limitation. At the end of the first-stage (120 h), the biomass con-
centration was 1.5± 0.0 g L−1. At the end (192 h) of the two-stage
culture the biomass concentration was 2.1± 0.1 g L−1. In general,
pigment production paralleled biomass growth (Fig. 3).

Regarding the production of chlorophylls and carotenoids,
one-stage photoheterotrophic culture (42.34± 0.38 mg L−1

and 4.66± 0.07 mg L−1, respectively) in the FPA was clearly
superior to photoautotrophic culture in the same bioreac-
tor (17.38± 0.02 mg L−1 and 1.55± 0.07 mg L−1, respectively)
(Table 2). Improved productivity of these pigments in pho-
toheterotrohpic cultures was a consequence of both higher
concentration of biomass and higher content of the pigments
on the biomass (Table 2). In contrast, although the two-stage
photoheterotrophic–photoautotrophic culture did improve
biomass productivity relative to one-stage photoheterotrophic
culture (Table 2), the productivity of chlorophylls and carotenoids
was essentially the same as in the one-stage photoheterotrophic
culture in the FPA (Table 2).

In conclusion, under photoheterotrophic culture, large differ-
ences in shear rates in the two bioreactors apparently affected the
size of the C. vulgaris cells and accumulation of photosynthetic pig-
ments, but not the final biomass concentration. The biomass pro-
ductivity of photoautotrophic culture in the FPA was only around
48% of the productivity of photoheterotrophic culture in the same
bioreactor. The two-stage photoheterotrophic–photoautotrophic
culture in the FPA bioreactor increased the biomass productiv-
ity (2.11± 0.08 g L−1) nearly 3-fold relative to photoautotrophic
biomass production (0.69± 0.02 g L−1) in the same system. Pho-
toheterotrophic operation both in the FPA and the STR improved
productivity of chlorophylls and carotenoids relative to pho-
toautotrophic operation. This was partly because of an increased
production of biomass and partly because of elevated specific
content of chlorophylls and carotenoids in the biomass. Compared
with one-stage photoheterotrophic production, the two-stage
photoheterotrophic–photoautotrophic production provided no
clear advantage in terms of the concentrations of total chloro-
phylls and carotenoids produced in the culture broth; however, the
amount of microalgal biomass was improved by 32% compared
with a one-stage photoheterotrophic culture system, obtaining a
process of higher biomass production with high pigment content.
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