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Abstract
Microalgal biomass production has been investigated since the 1950s by academic and industry sectors due to its potential and for
biodiesel production. One of the main bottlenecks in microalgae production is biomass recovery and its separation from aqueous
medium. For this reason, the use of a flocculation process is an important step to promote microalgae recovery in large scale. Here
we provide a strategy for the harvesting of microalgal biomass using chitosan as flocculating agent in pilot scale cultures
performed in flat plate photobioreactor. The results show that chitosan was effective in inducing microalgae flocs and separating
them by settling. In the jar test scale the best clarification efficiency was around 99% and when scaled up using a 100-L
photobioreactor, the biomass recovery efficiency was close to 98%. Comparison of the compositions of biomasses obtained
by flocculation and centrifugation indicates no significant differences in terms of carbohydrates, proteins, lipids, and ashes,
showing that the flocculation process is not affecting the biomass characteristics and its potential biotechnological applications.
Based on the presented results, flocculation using chitosan as flocculant agent can be considered as an efficient method to harvest
Desmodesmus subspicatus biomass cultured in pilot scale photobioreactors.
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Introduction

Microalgae present valuable features for bioindustry as their
metabolic plasticity, tolerance to environmental changes and
potential to be used in genetic engineering. These characteris-
tics make microalgae an important source of high-value com-
pounds such as carotenoids, proteins, polyunsaturated fatty
acids, polysaccharides, and other compounds useful to agri-
culture and food, pharmaceutical, and chemical industries
(Valverde et al. 2016). Microalgae cultures can also be used

to promote wastewater treatment and CO2 fixation from di-
verse fossil fuel emissions (Correa et al. 2017).

Biomass separation from the liquid medium represents one
of the main costs in biomass production and can account for
up to 30% of production costs (Hansel et al. 2014).
Microalgae cultures are relatively diluted, so large volumes
need to be manipulated for biomass recovery (Grima et al.
2003). The technique used to recover microalgae biomass
depends on the characteristics of microalgae cells, such as
shape and size, crop density, biomass application, and costs
involved (Brennan and Owende 2010). Essentially, the main
techniques used are centrifugation, filtration, and sedimenta-
tion preceded by flocculation. Various flocculants have been
studied in biomass recovery, including inorganic and organic
flocculants. Inorganic flocculants commonly include salts of
polyvalent cations, such as Al2(SO4)3 and Fe2(SO4)3 (Gerde et
al. 2014; Chatsungnoen and Chisti 2016). Coagulants of veg-
etable and animal origin, such as tannin, cationic starch, and
chitosan have been used for water treatment and microalgal
biomass recovery (Vandamme et al. 2010; Vieira et al. 2012;
Escapa et al. 2017).

* Maria Eugênia Rabello Duarte
nosedaeu@ufpr.br

* Miguel Daniel Noseda
mdn@ufpr.br

Diego de Oliveira Corrêa
diego.biodoc@gmail.com

1 Departamento de Bioquímica e Biologia Molecular, Universidade
Federal do Paraná, CP 19046, Curitiba, PR CEP 81531-980, Brazil

Journal of Applied Phycology (2019) 31:857–866
https://doi.org/10.1007/s10811-018-1586-z

http://crossmark.crossref.org/dialog/?doi=10.1007/s10811-018-1586-z&domain=pdf
http://orcid.org/0000-0003-1682-5501
http://orcid.org/0000-0002-3288-060X
http://orcid.org/0000-0002-0724-1515
mailto:nosedaeu@ufpr.br
mailto:mdn@ufpr.br


Chitosan is a linear polysaccharide composed of randomly
distributedβ-(1→ 4)-linked D-glucosamine andN-acetyl-glu-
cosamine obtained from chitin partial deacetylation.
Modification of chitin to chitosan alters its properties, so that
chitosan is insoluble in water but soluble in most organic acids
and some inorganic acids. Due to the large amount of primary
amines in its chain, chitosan has several applications in the
biomedical area, such as carrier of drugs or genes. Chitosan is
also widely used in food, cosmetics, and agriculture, and be-
cause it is a long-chain polymer and has a high cationic charge
density, chitosan can be used as a flocculant agent (Dong et al.
2014). The recovery of the microalgae biomass using chitosan
requires low concentration of this polymer and is applicable in
cultures of the most variable microalgae species; however, the
optimal dosage of chitosan depends on the species used
(Heasman et al. 2000). In addition, cell density and pH of
the culture may influence the required concentration of chito-
san (Divakaran and Pillai 2002; Şirin et al. 2012; Chen et al.
2013). The addition of chitosan flocculation preceding the
final centrifugation step may represent a significant reduction
in energy consumption during the biomass recovery process.
Xu et al. (2013) achieved a 95% reduction in energy expen-
diture by adding a chitosan flocculation step in Chlorella
sorokiniana cultures.

Most of flocculation studies with chitosan focus on the
evaluation of isolated parameters, such as efficiency biomass
recovery, flocculant concentration or pH influence. For this
reason the main novelty of the present study is the evaluation
of the whole process, from the microalgae culture in a
photobioreactor to the recovery of the biomass using chitosan,
determining the most important parameters for the process,
such as flocculating concentration, flocculation efficiency, ze-
ta potential, floc morphology, and biochemical composition of
the recovered biomass. Therefore, the aim of this work was to
evaluate the microalgae biomass production ofDesmodesmus
subspicatus cult ivated in a pilot scale flat plate
photobioreactor and harvested by in situ flocculation using
chitosan as flocculant agent. The flocculation efficiency was
determined in a jar test scale and in scaled up cultures using a
100-L photobioreactor.

Material and methods

Flat plate photobioreactor

The microalgae culture was carried out in a 100-L flat plate
photobioreactor developed in our lab, patent pending in Brazil
(Noseda et al. 2016). The developed photobioreactor is char-
acterized by its rectangular-shaped regular hexahedron geo-
metric structure, constructed with translucent material, illumi-
nation provided by removable side plates with variable-
intensity LED lamps, and an air injection system. The

photobioreactor construction features allow the biomass re-
covery by in situ flocculation.

Microalgae culture

The green freshwater microalga Desmodesmus subspicatus was
obtained from the ElizabethAidarMicroalgae Culture Collection
of the Fluminense Federal University (Brazil). The algae were
photoautotrophically cultivated for 14 days in a 100-L
photobioreactor at room-controlled temperature (23 ± 1 °C),
without pH-control system, under continuous compressed air
supply (0.25 vvm without supplementary CO2), and continuous
illumination (24 h) at an intensity of 155 μmol photons m−2 s−1.
Bold’s basal medium (Nichols and Bold 1965) modified was
used, prepared in deionized water containing the following
chemicals: NaNO3 (250 mg L−1), CaCl2·2H2O (25 mg L−1),
MgSO4·7H2O (75 mg L−1), K2HPO4 (75 mg L−1), KH2PO4

(175 mg L−1), NaCl (25 mg L−1), EDTA (50 mg L−1), KOH
(31 mg L−1), FeSO4·7H2O (5 mg L−1), H3BO3 (11.4 mg L−1),
ZnSO4·7H2O (8.8 × 10−3 mg L−1), MnCl2·4H2O (1.4 ×
10−3 mg L−1), Na2MoO4·2H2O (1.2 × 10−3 mg L−1), CuSO4·
5H2O (1.6 × 10−3 mg L−1), Co(NO3)2·6H2O (0.49 ×
10−3 mg L−1). Parameters such as dry weight (APHA 2005)
and pH were daily measured to describe the microalgae growth
in culture.

Jar test flocculation assays

Fifteen assays (triplicate) were performed with samples collected
from the photobioreactor in the culture stationary phase. The
samples’ pH was adjusted to: (a) 8.0 (with 1 M HCl), (b) 9.0,
and (c) 10.0 (with 1 M NaOH), to investigate the effect of dif-
ferent pH values and chitosan concentrations. For each assay,
200 mL of culture samples was poured into 250-mL beakers,
and the tests were carried out adding chitosan aqueous solution
(pKa 6.5) to obtain final concentrations of 10, 20, 30, 40, and
50 mg of chitosan per liter of culture. Chitosan stock solution
(5 g L−1) was prepared before the experiments, dissolving 0.5 g
of medium molecular weight chitosan (Sigma-Aldrich catalog
no. 448877) in 100 mL of 1% (v/v) aqueous acetic acid. To
emulate the flocculation in the photobioreactor, the individual
beaker samples were vigorously mixed with air injection for
15 s, then the chitosan solution was added and gently homoge-
nized for 60 s to promote floc formation, and finally, the flocs
were left settling for 15 min. After the precipitation time, the
flocculation efficiency was determined as follows:

Efficiency %ð Þ ¼ 1−
Bf
Bi

� �
� 100

where Bf is the biomass at half of the height of the clarified phase
after settling and Bi is the biomass in the fresh culture, before
chitosan addition.
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After the settling time the sludge volumewas determined to
evaluate the flocculation effectiveness in concentrating the
microalgal biomass. The concentration factor (CF) was calcu-
lated according to Xu et al. (2013), as follows:

CF ¼ V � Bið Þ � Vs� Bsð Þ
V−Vsð Þ

� �
=Bi

where V is the total volume of the sample, Vs is the volume of
supernatant, Bi is biomass density of the initial sample, and Bs
is biomass density of the supernatant after flocculation and
sedimentation. A higher CF value indicates lower energy con-
sumption for biomass harvesting, considering the centrifuga-
tion step after flocculation.

Zeta potential measurements

To understand the influence of chitosan addition in the cell
surface charges and flocculation efficiency, zeta potential (ZP)
of the fresh culture and all the flocculated biomasses were
determined with Stabino (Colloid Metrix GmbH). ZP mea-
surements were carried out with 10 mL of fresh culture cell
suspension and with the same volume of all the samples ob-
tained after jar test flocculation assays.

Scanning electron microscopy (SEM)

Microalgae flocculated samples were analyzed by SEM to
evaluate the floc morphology. The flocculated microalgae
were fixed in 2.5% (v/v) glutaraldehyde in 1.0-M sodium
phosphate buffer (PBS) pH 7.4 for 1 h; after fixation, a small
aliquot was filtered using polycarbonate membrane (1 μm)
and washed for 1 h with PBS; then the flocs samples were
dehydrated with increasing concentration ethanol solutions
(30, 40, 50, 60, 70, 80, 90, and 95% v/v) for 10 min each
solution (Shubert and Wilk-Wozniak 2003). The cells were
CO2 critical point dried, metalized with gold, and analyzed
by SEM (JEOL mod. JSM-6360 LV).

Photobioreactor biomass recovery

The best flocculation conditions as determined by the jar test
assays were reproduced in the 100-L photobioreactor.
Chitosan homogenization in the photobioreactor culture was
performed by the air injection system. After chitosan addition,
the culture was vigorously mixed for 30 s, followed by 5 min
of low flow air injection, and finally the air was turn off and
the biomass settled for 30 min. Before flocculation, a sample
was collected directly from the photobioreactor culture and
was centrifuged for 30 min (2600 ×g). Both biomass samples
were then freeze dried and stored in freezer for later biomass
composition analysis.

Biomass composition

Biomass composition of the samples obtained by two different
harvesting processes (flocculation and centrifugation) was de-
termined by thermogravimetric analysis using the thermal an-
alyzer STA 449 S3 Jupiter (Netzsch) with temperature pro-
gram from 20 to 800 °C at a heating rate of 10 °C min−1

(Larrosa et al. 2018). The chemical composition of microalgae
biomasses was also determined using the following methods:
total carbohydrates by the phenol-sulfuric acid colorimetric
method (Dubois et al. 1956), proteins using the colorimetric
method described by Lowry et al. (1951), and total lipids were
determined by the gravimetric method using a solvent mixture
of chloroform:methanol (2:1 v/v) for lipid extraction as de-
scribed by Bligh and Dyer (1959).

Statistical methods

All the results were obtained from at least three biological
replicates and expressed as mean value ± standard deviation.
The biomass composition was analyzed using Student t test,
and statistical significancewas set atP < 0.05. All graphs were
performed using GraphPad Prism 7.

Results and discussion

The microalga D. subspicatus was cultivated in a pilot scale
flat plate photobioreactor under photoautotrophic conditions.
The growth profile (Fig. 1) shows that biomass increased ap-
proximately 12 times from the inoculation of the system until
the end of the period, where a concentration of 0.7 ±
0.01 g L−1 was recorded. The growth rate was faster during
early 4 days showing exponential tendency, while during the
other 10 days, the growth profile was more linear. This may
indicate that microalgae multiply more rapidly at the begin-
ning of cultivation, and after that period, they begin to gain
mass more slowly by the accumulation of energetic reserve

Fig. 1 Biomass dry weight ofD. subspicatus and pH profile over 14 days
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molecules. These data are comparable with those presented by
Jiang et al. (2013) who obtained similar results in autotrophic
culture of Scenedesmus dimorphus in a 300-mL bubble col-
umn photobioreactor, and Mattos et al. (2015) who cultivated
Scenedesmus bijuga in Erlenmeyer flasks of 4 L and obtained
0.7 g L−1 in different lighting regimes. Although comparable
to the literature results, it is worth mentioning the total volume
of the photobioreactor used in this work, which results in a
higher total biomass produced in the same time interval. The
optical path that the light traverses inside the reactor, the two
lateral plates with LED illumination, and the existence of an
aeration system for culture homogenization are the differen-
tials of the photobioreactor used in this work and may explain
the high biomass production capacity under photoautotrophic
conditions.

Another important factor shown in Fig. 1 is the pH profile
over time. The cultivation of microalgae begins with pH close
to neutrality (7.26 ± 0.02), but from its inoculation, the pH

increases rapidly until the fourth day of cultivation (8.66 ±
0.03). From that moment, the variations become less, reaching
the highest pH at the end of the culture period (9.00 ± 0.03).
The pH variation is important in the evaluation of the recovery
of the biomass obtained by flocculation with chitosan.
Therefore, the understanding of the pH behavior throughout
the culture is fundamental to determine the flocculation con-
ditions, since the solubility and density of chitosan are strong-
ly influenced by this factor. At neutral and alkaline pH, chito-
san can precipitate with co-precipitation of algae (Renault et
al. 2009). Although the pH at the end of the culture is alkaline,
the addition of chitosan in acetic acid solution decreases the
pH of the medium, favoring the protonation of the amino
groups in its structure, making the polymer capable of
interacting with the negative charges on the microalgae sur-
face, increasing flocculation efficiency.

At the end of the culture period, aliquots of the
photobioreactor culture were collected to evaluate the floccu-
lation efficiency using chitosan at different concentrations and
pH values to determine the best biomass recovery conditions
and to carry out the process scaling up for the total volume of
photobioreactor. For this reason, three pH values (8, 9, and 10)
as well as five concentrations of chitosan (10, 20, 30, 40, and
50 mg L−1) were evaluated in experiments similar to the Jar
test methodology. The objective of the choice of the pH range
was to reproduce the values usually found in previously
photobioreactor cultures and to make the analysis closer to
the reality of biomass production. For the jar tests at pH 8,
the higher flocculation efficiency (97.64 ± 0.14%) corre-
sponds to the lower concentration of chitosan used
(10 mg L−1); for the tests performed at pH 9, the highest
biomass recovery efficiency was recorded using 20 mg L−1

of chitosan; whereas for the pH 10 tests, the highest efficiency

Fig. 2 Jar test experiments
varying chitosan dosage and pH

Fig. 3 Zeta (ζ-) potential of flocculated biomass in the jar test bioassays
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was related to the use of 40 mg L−1 (Fig. 2). The need for
addition of higher amounts of chitosan in the tests at higher pH
is a consequence of the structural characteristics of this poly-
mer as its deprotonation constant. Chitosan tends to present
higher densities of positive charges at more acidic pH
(Renault et al. 2009). Thus, the more alkaline the initial pH
of the samples, the greater the amount of chitosan needed to
neutralize the negative charges present on the surface of the
microalgae cells. This dose-dependent effect presents a bal-
ance that involves the amount of positive charges present in
the polymer, the pH of the medium, and its influence on the
ionization of the chitosan amino groups and the density of
negative charges resulting from the concentration of biomass
present in the system. Studies using chitosan as a flocculating

agent to recover biomass of Scenedesmus sp. showed results
of flocculation efficiency in the order of 97.4% at pH 11.5
(Chen et al. 2013), while Ahmad et al. (2011) observed an
efficiency higher than 99.0% for Chlorella sp. with 20 ppm
of chitosan. These results reinforce the reproducibility and
viability of the use of chitosan as a flocculating agent in the
recovery of microalgae biomass.

The zeta potential, another parameter frequently used to
study the flocculation process, is defined as a measure of the
electric potential in the double layer at the interface of the
particles and is dependent on the surface charge of the parti-
cles and the nature and composition of the surrounding medi-
um in which they are suspended (Atkins 1990). Figure 3
shows the results of the zeta potential measurements

Fig. 4 Scanning electron micrographs of fresh culture (a, b) and flocculated biomass (c, d)

Table 1 Biomass recovery and
concentration factor in the jar test
bioassays

Parameters Initial
pH

Chitosan concentration (mg L−1)

10 20 30 40 50

Biomass
recovery

(g L−1)

8 6.92 ± 0.09 6.81 ± 0.17 5.13 ± 0.13 4.95 ± 0.09 4.86 ± 0.12

9 6.83 ± 0.18 7.03 ± 0.11 6.72 ± 0.20 6.46 ± 0.16 6.28 ± 0.15

10 5.88 ± 0.21 6.19 ± 0.09 6.63 ± 0.14 6.77 ± 0.12 5.92 ± 0.19

Concentration
factor

8 55.82 ± 0.06 42.45 ± 0.07 32.23 ± 0.16 15.94 ± 0.11 10.75 ± 0.08

9 62.68 ± 0.09 79.33 ± 0.08 23.71 ± 0.14 13.73 ± 0.05 9.14 ± 0.26

10 12.79 ± 0.04 16.75 ± 0.14 24.97 ± 0.08 42.45 ± 0.12 11.87 ± 0.06

Means with standard deviation (n = 3)
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performed on the flocculated fractions of each jar test exper-
iment. The zeta potential of the culture without addition of the
flocculating agent was − 23.11 ± 0.27 mV, like that observed
by Selesu et al. (2016), which registered a value of − 26.30 ±
1.55 mV for Scenedesmus sp. cultivated under similar condi-
tions and close to the value observed by Lama et al. (2016),
with − 24 ± 1.0 mV for S. obliquus. The observation of nega-
tive zeta potential values is related to the negative surface
charge of the suspended microalgae cells and for most species
it is between − 10 and − 35 mV.

For the tests carried out at pH 8, the zeta potential of the
samples varied from − 9.47 ± 0.13 mV in the lowest concen-
tration of chitosan up to − 2.92 ± 0.10 mV in the highest floc-
culant concentration; for the tests at pH 9, the zeta potential
values ranged from − 8.37 ± 0.10 mVup to − 1.47 ± 0.59 mV;
while for the assays at pH 10, the results ranged from − 9.67 ±
0.33 mV up to − 1.21 ± 0.02 mV. Although the zeta potential
values do not show a direct correlation with the flocculation
efficiency results, all the values recorded show a tendency to
load neutrality due to the addition of positively charged chi-
tosan. Similar results were obtained by Gerchman et al. (2017)
in flocculation assays using chitosan at different concentra-
tions to flocculate Chlorella vulgaris. Different to what was
initially expected, the observed zeta potential values do not
reflect the complete neutrality of surface charges, even though
they present high biomass-recovery efficiency results. In our
results, this effect may be related to the chemical nature of the
culture medium, since the experiments showed in the present
work were performed with aliquots taken directly from the
photobioreactor culture after 14 days of cultivation, and may
contain cell debris, secondary metabolites, and other com-
pounds produced by algae.

Together with the results of biomass recovery, efficiency,
and zeta potential, the concentration factor (CF) was calculat-
ed for each sample, in order to determine the effectiveness of
concentrating the suspended biomass in the smallest possible
volume, thus reducing the energy demand for the harvesting at
the end of the growing period. In summary, the concentration
factor correlates the flocculation efficiency with the volume
generated by the precipitate at the end of the sedimentation
period. Table 1 summarizes all the results obtained in the
assays performed in jar test scale. Similar to the results of
flocculation efficiency, the highest CF was recorded for the
assay performed at pH 9 with the addition of 20 mg L−1 of
chitosan showing a value of 79.33 ± 0.08.

With the results obtained in the jar test scale, it was possible
to evaluate the biomass recovery conditions in the
photobioreactor. Since the pH found at the end of the
microalgae cultivation is pH 9 (see Fig. 1) and the best floc-
culation result for this pH in the jar tests was observed with
chitosan at 20 mg L−1 (see Table 1), we decided to choose this
concentration to perform the flocculation scale up in a 100-L
photobioreactor. Using the aforementioned conditions, the
flocculation efficiency in the photobioreactor reached 98.7%
with a concentration factor of 69.6 and biomass recovery of
7.0 g L−1. These results indicate a great efficiency in the floc-
culation carried out using a 100-L photobioreactor, as the pilot
scale process allowed a biomass recovery with few losses
when compared with the jar test scale. The geometry and
construction characteristics of the photobioreactor allowed
the in situ biomass recovery, which avoids the need of vol-
umes transfer to additional systems, such as settling tanks,
thus reducing the associated biomass losses. After addition
of the flocculating agent, homogenization of the cells in

Fig. 5 Schematic view of
flocculation bridging mechanism
in photobioreactor microalgae
culture
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suspension, and precipitation, the biomass is deposited in the
lower portion of the reactor, available for harvesting through a
register that allows the complete flow of the material.

Fig. 6 TG and DTG curves of the
flocculated (a) and centrifuged
(b) biomasses

Fig. 7 Carbohydrate (CHO), protein (PTN), and lipid (LPD) content in
the biomasses as determined by colorimetric and gravimetric analysis

Table 2 Chemical composition of centrifuged and flocculated
biomasses by thermogravimetric analysis

Composition (%) Biomass

Flocculated Centrifuged

Moisture 4.2 3.5

Organic compounds (CHO, PTN, LPD) 59.3 60.2

Other carbonaceous 14.8 14.2

Ashes and fixed carbon 21.7 22.1

CHO, carbohydrates; PTN, proteins; LPD, lipids

J Appl Phycol (2019) 31:857–866 863



To compare the characteristics of the biomasses recovered
by centrifugation and flocculation, scanning electron micros-
copy (SEM) analyses were performed (Fig. 4). In fresh cul-
ture, the microalgae present isolated cells or colonial growth
usually with four cells arranged parallel to the longitudinal
axis and with elongated spines at their ends (Fig. 4a, b).
After flocculation, the microalgae present the appearance of
cellular and colonial agglomerates bound together by a net-
work of interactions resulting from the action of chitosan,
along with the aggregation of culture medium salts and dead
cell fragments (Fig. 4c, d).

This aggregation pattern can be explained by the interac-
tions between the chitosan polymer and cells surface.
Different flocculation mechanisms were proposed such as
simple charge neutralization, charge patching, bridging, and
sweeping. It is possible that more than one flocculation mech-
anism occurs simultaneously, and this depends on the charac-
teristics of particles in suspension and the chemical properties
of flocculant (Yang et al. 2016). The chitosan polymer,
through its positive charges, binds to the microalgal cells,
thereby bridging them and resulting in a network of polymers
and cells (Salim et al. 2011). Based on the SEM analysis, we
suggest that bridging is the mechanism responsible for the floc
format ion between the microalgae cul t ivated in
photobioreactor and the flocculant agent chitosan (Fig. 5).

In addition to the morphological analysis using SEM, bio-
masses recovered by centrifugation and flocculation were evalu-
ated for their chemical composition. Thermogravimetric analysis
is a methodology in which the weight of the samples is deter-
mined continuously during a continuous and controlled heating
process. The correlation between the sample weight and temper-
ature changes allows the physical and chemical properties of the
samples to be described through the TG and DTG curves (Bach
and Chen 2017). In summary, TG shows the mass loss of the
samples, while DTG indicates the temperature ranges between
which the mass loss events are characterized. The results show
great similarity between the thermal decomposition pattern of
flocculated and centrifuged biomasses (Fig. 6). DTG curves in-
dicate three different stages in decomposition process (Fig. 6a, b).
Stage 1, with a temperature range from 20 to 135 °C, is charac-
terized by slight weigh loss due to the moisture present in the
samples. The main mass loss occurred during stage 2, with a
temperature range from 135 to 500 °C,wheremost of the organic
compounds, such as carbohydrates, proteins, and lipids, were
lost. In stage 3, with temperature between 500 and 800 °C, the
composition of other carbonaceous matters contributes to slight
weigh loss as show in TG curves (Wu et al. 2014).

The composition of the flocculated and centrifuged bio-
masses was calculated based on the mass degradation during
thermogravimetric analysis (Table 2). The moisture of the
samples was 4.2 and 3.5% for flocculated and centrifuged
biomasses, respectively. For themain organic compound com-
position (carbohydrates, proteins, and lipids), the content was

59.3% for flocculated biomass and 60.2% for the centrifuged
biomass. These values represent a variation coefficient of
1.1% indicating a small difference between samples’ compo-
sitions. The content of other carbonaceous compounds was
14.8% for flocculated biomass and 14.2% for centrifuged bio-
mass, which represents 2.9% of variation coefficient. The con-
tent of ash and fixed carbon for flocculated biomass was
21.7%, while for centrifuged, it was 22.1%, with variation of
1.3%. These results indicate negligible differences between
the biomasses recovered by flocculation and centrifugation
and show that chitosan does not interfere on the biomass main
composition.

To corroborate and complement the thermogravimetric
analysis, the carbohydrate, protein, and lipid contents were
analyzed in both biomass lots by colorimetric and gravimetric
methods (Fig. 7). The results showed the presence of approx-
imately 33% of carbohydrates in the flocculated biomass and
about 31% for the centrifuged biomass. Proteins showed
values of 11% for both centrifuged and flocculated lots.
Similarly, the lipid content was 16% for both biomasses.
The sum of carbohydrate, protein, and lipid contents repre-
sents the main organic compounds present in the biomass
and the comparison of these results with those obtained from
thermogravimetric analysis indicates that flocculation with
chitosan did not interfere or modify the biomass composition.
The stability in the composition of the centrifuged and floc-
culated biomasses corroborates the data of Gupta et al. (2018),
who evaluated the lipid extraction of Scenedesmus sp. to pro-
duce biodiesel in microalgae flocculated with chitosan and
aluminum salts. They reported the maintenance of lipid con-
tents after the use of chitosan, unlike the results observed
when aluminum salts were used as flocculant agent.

Evaluating the influence of chitosan on biomass composi-
tion is fundamental to define the use of microalgae biomass
and its compounds. Ideally, flocculating agents should not
modify the biomass composition of microalgae or alter the
physicochemical properties of their constituents. Chitosan
does not interfere in the metabolite extraction frommicroalgal
biomass unlike the use of metals such as aluminum sulfate that
cause a significant loss of microalgae metabolite contents
(Chatsungnoen and Chisti 2016). According to Gutiérrez et
al. (2015), the presence of inorganic coagulants such as alu-
minum or iron salts can consume alkalinity and reduce pH
providing a negative impact on subsequent biomass reuse
for feed-supplement production for animals and aquatic or-
ganisms or biofuel production.

Conclusions

The present study gives an overview of the cultivation of the
microalga D. subspicatus in photobioreactor, evaluating one
of the main bottlenecks in this process: the biomass recovery.
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The use of chitosan for biomass flocculation enabled the scale
up of the production process to a 100-L photobioreactor. The
results indicate the feasibility of the use of this polymer, since
in addition to the high efficiency in biomass recovery, it did
not affect the microalgae composition, allowing its use in pur-
poses that can range from the pharmaceutical industry to food
supplementation. Thus, the use of chitosan to recover the bio-
mass of D. subspicatus via flocculation is a functional alter-
native that enables the biomass production of this microalga.
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