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Abstract: The growth of the green microalga Raphidocelis subcapitata in sodium alginate beads was
studied. The beads were generated by the extrusion technique, which was followed by gelling
in a Ca2+ solution. The alginate concentrations studied were 1%, 1.5% and 2% (w/v), while the
concentrations of CaCl2 were 0.2%, 0.5% and 1% (w/v). The growth monitoring of the cells in
the beads was performed by dissolving the gel in a sodium phosphate buffer and reading the
optical density at 685 nm using a spectrophotometer. The results clearly showed that alginate
and divalent Ca2+ ions do not contribute directly to the growth of microalgae but play a decisive
role in preserving the integrity of the beads and protecting them from shrinkage. Furthermore,
they have an important role in the transfer of nutrients, light and CO2 in the beads. The highest
growth (3.92 × 106 ± 0.39 cells/bead) was obtained with the concentrations of alginate being 1.5%
and CaCl2 being 0.2%. However, the beads began to shrink and this resulted in the cells being
released into the culture medium after the 8th day. Of all the combinations studied, the combination
of 2% alginate and 1% CaCl2 was the best because it ensured the stability of the beads during the
10 days of culture and resulted in a low concentration of free cells detected in the culture medium.
These concentrations were determined as the optimal conditions for the immobilization of microalgae
and will be used in the following work.
Keywords: alginate; CaCl2 ; beads; Raphidocelis subcapitata; growth

1. Introduction
Climate change is the result of the industrialization of the planet and the massive use of fossil
fuels [1–5]. This issue has stimulated the development of alternative and renewable energy sources,
such as microalgae biomass [6,7]. Attention has been drawn to using microalgae for the production of
biofuels for many reasons, including rapid growth. Some species can double their biomass 1–3 times
in 24 h [8] due to high lipid productivity. Under certain conditions, they can accumulate 40–60% of
their dry weight in fatty acids [9], and value in a very effective way the CO2 (1.83 kg CO2 /kg dry
weight) [10]. Furthermore, their cultivation does not require the exploitation of agricultural land,
unlike the production of biofuels from terrestrial cultures [11]. Dry biomass can be used to produce
direct combustion energy [12], while the recovered heat can produce steam to activate turbines and
generate electricity. The pyrolysis and the gasification of the microalgae make it possible to obtain the
coal and the synthesis gas separately [13]. The latter can serve in turn to produce methanol, ethanol,
dimethyl ether (DME), synthetic natural gas (SNG) and hydrogen [14].
By biochemical conversion, methane and ethanol can be produced from anaerobic biomass
bio-anaerobic digestion or the fermentation of sugars accumulated in the cell [15]. This conversion
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system also allows for the production of hydrogen, with some microalgae having the capacity to
produce hydrogen through enzymes, such as hydrogenases, during photosynthesis [16,17]. Finally,
biodiesel can be obtained as follows [18]. First, the autotrophic culture requires a light source, CO2 and
nutrients. The culture is optimized according to the selection of a strain, which involves adjustment
of the culture conditions and promotion of the accumulation of lipids in the form of triglycerides.
After this, the biomass is harvested and concentrated. Finally, the lipids are extracted and converted
into biodiesel by a transesterification reaction. In this reaction, the triglycerides react with an alcohol,
which is usually methanol, to form fatty acid esters (biodiesel) and glycerol as a by-product. Microalgae
harvesting is a limiting step in the production of biofuels. According to some estimates, this accounts
for 20–30% of the total cost of producing biodiesel [19]. These high costs are due to their very small
diameter (2–20 µm in diameter) among other factors [20]. Centrifugation is the most frequently
used method for separating cells from water [21]. However, it is a very energy-intensive technique
and therefore, it contributes to an increase in the energy balance of the production process using
algal biofuels [22]. More economical and more efficient methods of biomass concentration, such as
the immobilization of microalgae in natural polysaccharides, such as alginates, carrageenans and
agars, are currently being investigated worldwide. The latter has the advantage of non-toxicity,
biocompatibility, biodegradability and light transparency, which maintain the photosynthetic activity
of the algae [23–25]. Because of the particularly mild gelation conditions, alginates are the most
favorable [26]. Alginate is a polycarboxylate extracted from brown algae, which gels by cationic
bridging in the presence of multivalent ions, such as CaCl2 [27].
Although the immobilization of the photosynthetic microalgae in alginate beads has been the
subject of previous studies [23,25,28–31], a perfect mastery of this technology has not been achieved
since it partially depends on the type of microorganism and its conditions of culture. In addition,
it should be noted that the immobilization within matrices often causes limitations in the material
transfer [32]. It is with this in mind that this study was undertaken. The main objective of this present
study is to optimize the growth of Raphidocelis subcapitata in the alginate gel. This species has many
advantages. Due to its high lipid productivity, it holds good potential in the field of energy-rich
biomass [33,34]. Moreover, by fixing the CO2 in the form of organic matter due to its luminous energy,
it is a potential candidate for decreasing CO2 in the atmosphere [35]. For this, we initiated the research
by evaluating the effects of alginate and CaCl2 concentrations on the growth of the algae. The results
obtained would allow us to determine the optimal conditions of immobilization for obtaining an
important quantity of microalgae in order to produce the biodiesel.
2. Materials and Methods
2.1. Chemicals and Reagents
Sodium alginate from the brown algae (No. 71238) was used in this study for the formulation of
beads. It was supplied by Sigma-Aldrich® (St. Louis, MO, USA).
Calcium chloride dihydrate CaCl2 ·2H2 O (No. 700912) was chosen to constitute the gelling
medium. The divalent Ca2+ cation has a high affinity for polysaccharides of negative charges [27,36–38]
compared to all monovalent cations. It was supplied by Anachemia.
Sodium phosphate monobasic dihydrate NaH2 PO4 ·2H2 O (No. 71505) and sodium phosphate
dibasic dihydrate Na2 HPO4 ·2H2 O (No. 71643) were used to prepare the sodium phosphate buffer for
dissolving the beads. They were obtained from Sigma-Aldrich® .
Distilled water was used for the various manipulations.
2.2. Microalga and Culture Medium
The unicellular green algae Raphidocelis subcapitata was obtained from the Environment Canada
Laboratory. The cells were conserved and grown in a medium [39] with five nutrient mother solutions
having the following composition (per liter): (1) 25.5 g NaNO3 ; (2) 14.7 g MgSO4 ·7H2 O; (3) 1.044 g
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K2 HPO4 ; (4) 15 g NaHCO3 ; (5) 10 g MgCl2 ·6H2 O; 4.4 g CaCl2 ·2H2 O; 0.185 g H3 BO3 ; 0.416 MnCl2 ·4H2 O;
3.28 mg ZnCl2 ; 0.16 g FeCl3 ; 1.428 mg CoCl2 ·6H2 O; 7.26 mg Na2 MoO4 ·2H2 O; 0.012 mg CuCl; and 0.3 g
Na2 EDTA·2H2 O. From each solution, 1 mL was taken and placed in an Erlenmeyer flask, before the
volume was brought to 1 liter by the addition of distilled water. The pH of the medium was adjusted
to 7.5. The culture medium was autoclaved at 121 ◦ C for 20 min.
2.3. Algae Immobilization
The immobilization of R. subcapitata cells in alginate beads was carried out according to the
method of Moreira dos Santos et al. [40], with some modifications in the alginate/NaCl ratio.
A pellet of microalgae resulting from the concentration of 100 mL of exponential growth
cell density growth of about 107 cells/mL was washed three times in sterile saline water (0.85%),
with centrifugation of the sample between each wash (4000 rpm, 4 ◦ C for 10 min). The cells were
resuspended in 50 mL of sterile saline (0.85%). After this, the algae suspension was mixed with 50 mL
of the sodium alginate solution at the final concentrations of 1%, 1.5% and 2%, which was previously
sterilized by autoclaving (120 ◦ C, 20 min), and gently homogenized. Each mixture was dripped from a
20 mL syringe equipped with a 0.9 × 40 mm G needle (Braun, Melsungen, Germany) in CaCl2 solutions
at the final concentrations of 0.2%, 0.5% and 1%. These were previously sterilized by autoclaving
(121 ◦ C, 20 min), with gentle and constant agitation. The beads obtained were left in the CaCl2 solution
for 30 min to complete the gelation reaction. After this, they were collected in a sterile metal sieve and
then rinsed with sterile distilled water.
2.4. Culture Conditions
Cultures were performed in 2-L Erlenmeyer flasks, which were sterilized by the autoclave (121 ◦ C,
20 min). The beads containing the microalgae were aseptically introduced into 1 L of sterile culture
medium. A thermoregulated chamber equipped with a stirring table (INFORS HT Ecotron) was used
to provide standard culture conditions at a certain temperature (25 ± 1 ◦ C) and level of agitation
(100 rpm).
The light was provided by a white fluorescent lamp (KF15T8CW-PROJECT PAK 15W) placed
vertically in the cultures, providing illumination of 4000–5000 lux (light quantum flux of approximately
56 µmol/(m2 ·s)). The cultures were incubated under a photoperiod of 24 h of light for 0 h of darkness
(24/0; L/D).
The contribution of CO2 was provided by an air pump (MARINA 300). The cultures were strongly
bubbled (145 L of air/liter of culture/hour). The air was filtered through a 0.45-µm porosity filter
(Fischer Scientific, Hampton, NH, USA).
2.5. Growth Monitoring
The growth monitoring of the cells immobilized on the beads requires the prior dissolution of the
gel. In this study, the sodium phosphate buffer was used to dissolve the beads, while the ion exchange
between the Na2+ ions present in the buffer solution and the Ca2+ ions that were bound to the alginate
leads to the destruction of the gel. During the ion exchange process, the content of free carboxylate
anions in the gel increases, which leads to electrostatic repulsion between the alginate chains, causing
relaxation of the chain. The beads begin to disintegrate when the alginate networks are unable to retain
the structure and finally, they dissociate [41].
Each day, the 10 beads of each formula were removed aseptically from the Erlenmeyer flask and
placed in 4 mL of sodium phosphate buffer (pH = 6.0), which was previously sterilized by autoclaving.
This achieved a final concentration of 50 mM. After this, they were incubated at room temperature
for 4 h. The number of cells was determined by measuring the optical density at 685 nm using a
spectrophotometer (Varian cary 300 bio visible UV spectrophotometer). The relationship between
OD685 (y) and cell concentration (x) of R. subcapitata was established by a linear regression: y = 0.3572x
(R2 = 0.9978). The experiment was stopped when the stationary phase was reached.
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2.6. Calculation of Growth Rate and Generation Time
The growth rate was calculated as follows [42].
The culture of microalgae was carried out in batches. In this case, a material balance between the
instants t and t + dt gives:
VdX = rVdt
(1)
where: V = volume of culture (mL); r = growth rate (cell/mL/d); X = cell concentration (cell/mL).
The growth rate of microalgae is given by the model:
R = µX

(2)

with: µ = specific growth rate (day−1 ).
Using Equation (2), we obtain the following:
dX
= µX
dt

(3)

If we consider all the culture phases, µ is not constant. However, in the exponential phase, µ is
optimal and constant. This results in:
dX
= µdt
(4)
X
By integrating Equation (4), we obtain the following:
Ln =

x
= µ ( t − t0 )
x0

(5)

where: t0 : initial time; x0 : cell concentration corresponding t0 .
The generation time is the time needed to double a population. It was calculated according to the
following formula [42]:
G = Ln2 /µ
where G is the generation time (day); Ln is the natural logarithm; and µ is the specific growth
rate (day−1 ).
3. Results and Discussion
3.1. Beads Analysis
Before immobilizing the microalgae, we first sought to determine the concentrations of polymers
and gelling agents for generating macroscopically homogeneous beads. For this, alginate and CaCl2
concentrations were chosen arbitrarily and the ball manufacturing tests were performed. The results
obtained are summarized in Table 1, which were the average from three replicate experiments.
It has been found that both constituents (alginate and CaCl2 ) generated beads regardless of their
concentrations, except for the 3% alginate solution (m/v). At this concentration of alginate solution,
the formation of beads was almost impossible because the dissolution of alginate in water was very
difficult even with the heating.
The 2.5% alginate solution generated beads of larger diameters than the other concentrations.
However, the high viscosity of this solution interfered with its flow and high pressures were applied
to make the beads. In addition, the latter had a non-regular shape.
In view of these results, the 2.5% and 3% alginate concentrations were considered unsuitable for
the elaboration of the beads and were therefore not used in the following experiments.
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Table 1. Size of beads (mm) versus alginate
CaCl2 concentrations.
CaCland
% (w/v)

Alginate% (w/v)

Alginate% (w/v)
1
1.51
21.5
2.52
32.5
3

2

0.2 CaCl2%
0.5(w/v)
1
0.2
0.5
1
3.0 ± 0.2 2.5 ± 0.1 2.0 ± 0.1
3.0±± 0.2
0.2 2.5
0.10.1
3.5
3.0 ±±0.1
0.1 2.0
2.5± ±
3.5±± 0.2
0.2 3.0
0.10.1
3.8
3.5 ±±0.1
0.2 2.5
3.0± ±
3.8±± 0.2
0.2 3.5
0.10.2
3.8
3.8 ±±0.2
0.2 3.0
3.5± ±
3.8 -± 0.2 3.8 ±- 0.2 3.5 ± 0.2
-

Increasing the alginate concentration and decreasing the CaCl2 concentration increases the size of
Increasing the alginate concentration and decreasing the CaCl2 concentration increases the size
the beads
1). 1).
of the(Figure
beads (Figure
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Figure 1. Macroscopic appearance of the sodium alginate beads with the following concentrations of:

Figure 1. Macroscopic appearance of the sodium alginate beads with the following concentrations of:
(a) 2% alginate and 0.2% CaCl2; and (b) 1% alginate and 1% CaCl2.
(a) 2% alginate and 0.2% CaCl2 ; and (b) 1% alginate and 1% CaCl2 .

These observations are consistent with the findings of other articles. In 1985, Boyaval et al. [43]
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2. [43]
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3.8 ± 0.2 mm of
for2.5%
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concentrations
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and 0.5% of
CaCl2 .
CaCl
2. Other authors obtained lower average diameters of 2.5 mm [44] and 2.6 mm [45].
This alginate
present and
study
reports
a slightly higher value of 3.8 ± 0.2 mm for the same concentrations of
The differences observed with the literature could be attributed to the types of alginates and
alginate and CaCl2 . Other authors obtained lower average diameters of 2.5 mm [44] and 2.6 mm [45].
extrusion devices used.
The differences observed with the literature could be attributed to the types of alginates and
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The experiments
were performed
in duplicate.
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inside the beads for all formulations. After a lag phase of three days, the OD685nm measured using the
spectrophotometer revealed a significant increase in the microalgae concentrations inside the beads
made from all the formulations.
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Figure 2.
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2
alginate; and (c) 2% alginate. t = 0 corresponds
to the first day of culture.
(b) 1.5% alginate; and (c) 2% alginate. t = 0 corresponds to the first day of culture.
The beads made from the 1.5% and 2% alginate solutions (Figure 2b,c) exhibited remarkably
higher concentrations of microalgae compared to the 1% alginate beads (Figure 2a) regardless of the
The beads made from the 1.5% and 2% alginate solutions (Figure 2b,c) exhibited remarkably
CaCl2 concentrations used. The maximum concentrations of the cells reached within the beads of each
higher concentrations
of microalgae
to the 1% alginate beads (Figure 2a) regardless of the
formulation are presented
in Tablecompared
2.
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used.
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The beads formed from the 1% alginate solution (Figure
were
soft and
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dissolved,
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after2.day 4, 5, and 7 for 0.2%, 0.5%, and 1% CaCl2, respectively. The beads
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medium.
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number
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(Figure
were Asoft
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cells were recorded on the 10th day (Table 3).

showing inadequate results after day 4, 5, and 7 for 0.2%, 0.5%, and 1% CaCl2 , respectively. The beads
began to shrink
resulted
in the release
of cells(cells/bead
into the×culture
medium.
Aashigh
number of free
Table and
2. Maximum
concentrations
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106) reached
in the beads
a function
cells were recorded
on the
10th2 concentrations.
day (Table 3).
of the alginate
and CaCl
CaCl2% (w/v)

R. subcapitata (cells/bead × 106 ) reached in the beads as a function
Table 2. Maximum concentrations
Alginate%of(w/v)
0.2
0.5
1
of the alginate and CaCl2 concentrations.
1
1.5
2
Alginate% (w/v)

0.83 ± 0.08 1.21 ± 0.12 1.48 ± 0.35
3.92 ± 0.39 2.74±0.27 2.62 ± 0.26
(w/v)3.04 ± 0.3
3.58 ± 0.35 CaCl
3.46 2±%
0.34

0.2

0.5

1

Table 3. Free R. subcapitata concentrations (cells/mL × 106) detected in the culture medium on the 10th
1
0.83 ± 0.08
1.21 ± 0.12
1.48 ± 0.35
day.

1.5
2

3.92 ± 0.39
2.74±0.27
3.58 ± 0.35 CaCl
3.462%±(w/v)
0.34

Alginate% (w/v)

0.2
1
1.54
± 0.15
Table 3. Free R. subcapitata concentrations (cells/mL
1.5
0.8
±
0.08
10th day.
2
0.27±0.02

Alginate% (w/v)
1
1.5
2

2.62 ± 0.26
3.04 ± 0.3

0.5
1
6
1.28
±
0.12
1.0
± 0.1
× 10 ) detected in
the culture medium on the
0.34±0.03 0.21 ± 0.02
0.16 ± 0.01 0.12 ± 0.01

CaCl2 % (w/v)
0.2

0.5

1

1.54 ± 0.15
0.8 ± 0.08
0.27±0.02

1.28 ± 0.12
0.34±0.03
0.16 ± 0.01

1.0 ± 0.1
0.21 ± 0.02
0.12 ± 0.01
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These observations have shown that a low concentration of alginate causes the instability of the
beads due to the thin layer of the formed biofilm. Furthermore, the Ca2+ ions play an important role
in the hardening of the beads and in the maintenance of their stability for a long time. Low CaCl2
concentrations reduce the stability of the beads, which causes them to easily release the cells into
the culture medium. Thus, a 1% concentration of alginate is certainly not suitable for the culture of
microalgae in the beads for a long time.
The formulation based on 1.5% alginate (Figure 2b) allowed for good growth of the microalgae.
Nevertheless, a shrinkage of the beads formed from 0.2% and 0.5% CaCl2 solutions was observed after
the 8th and 9th day, respectively. The 0.1% concentration of CaCl2 allowed us to maintain the stability
of the beads during the 10 days of culture. In addition, the free cells detected on the 10th day were
reduced compared to the beads from 1% alginate (Table 3).
The beads synthesized with the 2% alginate solution (Figure 2c) demonstrated a continuous
growth of microalgae even after the exponential growth phase, without remarkable shrinkage of the
beads. Furthermore, the free cell concentrations recorded on the 10th day of culture were considerably
minimized (Table 3). There was a maximum reduction of 40% compared to those synthesized using
1.5% alginate, while the maximum reduction was 88% when compared to those produced using 1%
alginate for the same concentration of CaCl2 (1%).
In a second step, the growth rates (Table 4 and Figure 3) and the generation times (Table 4)
obtained from all the formulations tested were compared in order to fulfil the objective of this present
study, which was the optimization of the growth rate of the alga to obtain a large quantity of cells
to produce biodiesel. The results obtained showed that the beads made with the combination of 1%
alginate and 1% CaCl2 had the lowest growth rate and therefore, the slowest growth (µ = 0.17 ± 0.01
cells/bead/day, G = 4.05 ± 0.4 days) of all the combinations studied.
On the other hand, the growth rate values recorded with the beads from the 1.5% and 2%
alginate solutions and the studied concentrations of CaCl2 indicated that the highest growth rate
was obtained with the formulation of 1.5% alginate and 0.2% CaCl2 (µ = 0.27 ± 0.2 cells/bead/day,
G = 2.55 ± 0.25 days). These concentrations of alginate and CaCl2 appear to improve the mass transfer
of nutrients, light and CO2 in the beads due to the relatively thin layer of alginate biofilm formed and
the soft texture of the beads. However, they were not sufficient to ensure the stability of the beads for a
long time; it is the same for the concentrations of alginate 1.5% and CaCl2 0.5%.
Table 4. Growth Rates (Cells/Bead/Day) and Generation Time (Day) of R. subcapitata as a function of
the concentrations of alginate and CaCl2 .
Alginate% (w/v)
1

CaCl2 % (w/v)
0.2
0.5
1

1.5

2

µmax

G

µmax

G

µmax

G

0.53 ± 0.05
0.49 ± 0.04
0.17 ± 0.01

1.30 ± 0.13
1.40 ± 0.14
4.05 ± 0.40

0.27 ± 0.02
0.22 ± 0.02
0.19 ± 0.02

2.55 ± 0.25
3.13 ± 0.31
3.63 ± 0.36

0.25 ± 0.02
0.22 ± 0.02
0.20 ± 0.02

2.76 ± 0.27
3.13 ± 0.31
3.13 ± 0.31

The combination of 1.5% alginate and 1% CaCl2 as well as all the combinations with 2% alginate
were the best because they maintained the stability of the beads during the 10 days of culture. However,
the lowest number of free cells detected in the medium at the end of culture was recorded with the
combination of 2% alginate and 1% CaCl2 . As a result, these alginates and CaCl2 concentrations
were determined as the optimal conditions for the immobilization of microalgae and will be used
in the following work. An observation of the beads made under these conditions and containing
R. subcapitata cells in the exponential phase of growth, was carried out using a stereomicroscope
(SteREO Discovery.V8) (Figure 4), equipped with a low-magnification objective (G × 1.0) and image
capture software (Zen 2.3 lite, blue edition).

Environments
Environments 2018,
2018, 5,
5, 60
x FOR PEER REVIEW
Environments 2018, 5, x FOR PEER REVIEW

of 12
12
88 of
8 of 12
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The differences in the growth values observed in the study of Li-Juan Zhang et al. [46] could be
attributed to the alginate and CaCl 2 concentrations used. The
The researchers
researchers used concentrations higher
attributed to the alginate and CaCl22 concentrations used. The researchers used concentrations higher
what is
is proposed
proposedin
inthis
thispaper
paperbecause
becausetheir
theirobjective
objectivewas
wastotoobtain
obtain
dissolution-resistant
beads
than what
dissolution-resistant
beads
in
than what is proposed in this paper because their objective was to obtain dissolution-resistant beads
in
contaminated
freshwater
sediments.
contaminated freshwater sediments.
in contaminated freshwater sediments.
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Figure
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containing R.
R. subcapitata in
in the exponential
exponential
Figure 4.
Figure
4. Beads
Beads formed from
from 2% alginate
alginate and 1%
1% CaCl22 containing
R. subcapitata
subcapitata in the
the exponential
growth
phase.
Stereomicroscope
observation
(G
×
1.0).
growth phase.
phase. Stereomicroscope
Stereomicroscope observation
1.0).
growth
observation (G
(G ×
× 1.0).

3.3. Comparison
of
Free
and Immobilized
Immobilized R.
R. subcapitata
subcapitata Growth in
in Alginate Beads
Beads
3.3.
Comparison of
of Free
Free and
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3.3.
Comparison
Immobilized R.
subcapitata Growth
Growth in Alginate
Alginate Beads
A
comparison
was
established
with
the
cells
immobilized
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beads
using
2% alginate
and
A comparison
comparison was
wasestablished
establishedwith
withthe
the
cells
immobilized
beads
using
2% alginate
A
cells
immobilized
on on
the beads
using
2% alginate
and
1%
CaCl
2 (Figure 5). The results obtained showed that the cell division termination is almost
and CaCl
1% CaCl
5). The
results
obtained
showed
that
thecell
celldivision
divisiontermination
termination is
is almost
2 (Figure
1%
2 (Figure
5). The
results
obtained
showed
that
the
almost
concomitant in
in both
both culture
culture conditions.
conditions. Nevertheless,
the
final
concentration of
of cells
cells is
is greater
greater in
in the
the
concomitant
Nevertheless,
the
final
concentration
concomitant in both culture
conditions.
Nevertheless,
the
final
concentration
of
cells
is
greater
in the
6
6
free culture
culture (7.1×× 10
106 ± 0.71
cells/mL
against
1.52
10
0.15
cells/mL
for
the
immobilized
culture).
free
0.71 cells/mL
cells/mLagainst
against 1.52
1.52 ×××10
1066±±±0.15
0.15cells/mL
cells/mLfor
forthe
theimmobilized
immobilizedculture).
culture).
free
culture (7.1
(7.1 × 106 ±
± 0.71
The immobilized cells expressed a growth rate of 0.203 ± 0.02 cells/mL/day during the exponential
The immobilized cells expressed a growth rate of 0.203 ± 0.02 cells/mL/day during the exponential
phase of growth, while the free cells had a growth rate of 0.305 ± 0.03 cells/mL/day. This is a decrease
phase of growth, while the free cells had a growth rate of 0.305 ± 0.03 cells/mL/day. This is a decrease
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rate of 0.203 ± 0.02 cells/mL/day during the exponential
phase of growth, while the free cells had a growth rate of 0.305 ± 0.03 cells/mL/day. This is a decrease
in
in the
the order
order of
of 34.42%.
34.42%. These
These results
results first
first confirmed
confirmed that
that immobilization
immobilization in
in natural
natural polysaccharides
polysaccharides
often
causes
material
transfer
limitations,
which
has
been
described
in
the
literature
[32].
Moreover,
often causes material transfer limitations, which has been described in the literature [32].
Moreover,
in
in
free
culture,
thesuspension
suspensionofofalgae
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thethe
free
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the
at any
any point
pointof
ofthe
thereactor.
reactor.
In
In contrast,
contrast, in
in the
the immobilized
immobilized culture,
culture, the
the distribution
distribution of
of the
the alginate
alginate beads
beads in
in the
the reactor
reactor and
and the
the
distribution
of
the
cells
in
the
beads
are
heterogenous.
distribution of the cells in the beads are heterogenous.
However,
it should
should be
benoted
notedthat
thatthe
theuse
use
immobilization
technology
in microalgae
culture
However, it
ofof
immobilization
technology
in microalgae
culture
has
has
made
it
easier
to
separate
the
cells
from
the
water.
The
alginate
beads
are
relatively
large
made it easier to separate the cells from the water. The alginate beads are relatively large compared
compared
toand
freecan
cellsbeand
can collected
be easily collected
a simple filtration
method
such aswithout
sieving
to free cells
easily
through athrough
simple filtration
method such
as sieving
without
a significant
of consumed.
energy consumed.
In addition,
although
R. subcapitata
was incubated
a significant
amountamount
of energy
In addition,
although
R. subcapitata
was incubated
under
under
standard
microalgal
culture
conditions,
its
growth
exhibited
better
results
than
found
in
standard microalgal culture conditions, its growth exhibited better results than waswas
found
in the
the
literature
research
therefore
suggests
that optimizing
the conditions
of culture
could
literature
[46].[46].
ThisThis
research
therefore
suggests
that optimizing
the conditions
of culture
could provide
provide
even
more
promising
results.
even more promising results.
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4.
This research
research studied
studied the
the effects
effects of
of immobilization
immobilization conditions
conditions on
on the
the growth
growth of
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Raphidocelis
This
subcapitata in
in alginate
alginate beads.
beads. The
The first
first step
step was
was designed
designed to
to determine
determine the
the alginate
alginate and
and CaCl
subcapitata
CaCl22
concentrations
that
are
capable
of
generating
beads.
Following
the
results
obtained,
it
was
shown
that
concentrations that are capable of generating beads. Following the results obtained, it was shown
among
all the
tested,
onlyonly
the concentrations
of 1%,
and 2%
allowed
us to
that
among
allconcentrations
the concentrations
tested,
the concentrations
of1.5%
1%, 1.5%
andalginate
2% alginate
allowed
obtain
macroscopically
homogeneous
beads
and
had
easy
handling.
Regardless
of
the
concentration
of
us to obtain macroscopically homogeneous beads and had easy handling. Regardless of the
CaCl
used,
the
2.5%
alginate
concentration
generated
irregular
beads,
while
the
3%
alginate
was
too
2
concentration
of CaCl2 used, the 2.5% alginate concentration generated irregular beads, while the 3%
viscous and
in and
water.
Therefore,
these last
two concentrations
alginate were considered
alginate
was insoluble
too viscous
insoluble
in water.
Therefore,
these last twoofconcentrations
of alginate
inadequate
for
the
elaboration
of
the
beads.
were considered inadequate for the elaboration of the beads.
The results
growth
monitoring
of theofalga
the beads
synthesized
from different
formulations
The
resultsofof
growth
monitoring
theinalga
in the
beads synthesized
from
different
6
showed
that
the
highest
growth
(3.92
×
10
±
0.39
cells/bead)
was
obtained
with
the
combination
6
formulations showed that the highest growth (3.92 × 10 ± 0.39 cells/bead) was obtained with the
of 1.5% alginate
and 0.2%
CaCl
these
concentrations
did not maintain
of the
the
2 . However,
combination
of 1.5%
alginate
and
0.2% CaCl
2. However,
these concentrations
didthe
notstability
maintain
beads during
10 days
of culture.
For aoflong-lasting
culture,
the optimal
immobilization
stability
of thethe
beads
during
the 10 days
culture. Formicroalgae
a long-lasting
microalgae
culture,
the optimal
conditions
were
determined
to
be
concentrations
of
2%
alginate
and
1%
CaCl
.
This
choice
is justified
2
immobilization conditions were determined to be concentrations of 2% alginate and 1% CaCl
2. This
by
the
stability
of
the
beads
vis-à-vis
the
dissolution
of
the
gel
and
the
release
of
cells
in
the
culture
choice is justified by the stability of the beads vis-à-vis the dissolution of the gel and the release
of
medium.
maximum
concentration
of cells
reached in these
beads
was 3.04
× 106beads
± 0.3 was
cells/bead
cells
in theThe
culture
medium.
The maximum
concentration
of cells
reached
in these
3.04 ×
with
a growth
rate with
of 0.20
± 0.02 cells/bead/day.
6 ± 0.3
10
cells/bead
a growth
rate of 0.20 ± 0.02 cells/bead/day.
The
results
obtained
are
high
compared
to
The results obtained are encouraging
encouragingas
asthe
theconcentrations
concentrationsofofcells
cellsreached
reachedare
are
high
compared
other
works
despite
the fact
strain
incubated
under standard
microalgalmicroalgal
culture conditions.
to
other
works
despite
the that
factthe
that
the was
strain
was incubated
under standard
culture
conditions. This study suggests that optimizing crop conditions, such as light, could lead to even
more promising results. It is known that photon input is critical for microalgae culture in terms of
biomass yield. Thus, it would be interesting to evaluate the influence of cell trapping in the alginate
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This study suggests that optimizing crop conditions, such as light, could lead to even more promising
results. It is known that photon input is critical for microalgae culture in terms of biomass yield.
Thus, it would be interesting to evaluate the influence of cell trapping in the alginate beads on light
penetration. Although the gel is transparent and we have noted a considerable growth of algae, it can
be a barrier and reduce the amount of light available.
On the other hand, further studies are needed to provide more information for the valorization of
the immobilized Raphidocelis subcapitata biodiesel, namely the influence of cell trapping on biomass
production and lipid production.
Thus, the contribution of the present work is paving the way for a possible use of a well-known
algae for the production of biofuels. Despite the species having been studied before, this study allowed
us to develop the knowledge on its culture in the alginate gel. This research is the first in the process of
optimizing the growth of immobilized Raphidocelis subcapitata.
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