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Introduction
Sustainable energy production is one of the most important 

resources for humanity. Sunlight is a vital energy source for the 
Earth and photosynthesis is the main biological process that 
channels solar energy into the biosphere [1]. Microalgae are 
a very heterogeneous group of organisms that performs high 
photosynthetic efficiency and CO2 absorption, contributing to the 
reduction of greenhouse gases. In recent years, the major focus 
of applied phycological research have attracted a great deal of 
interest as potential tools for producing different compounds, 
such as high-value chemicals, pharmaceuticals, food supplements 
and biofuels [2,3]. Thus, different strains of microalgae are used 
in different purposes, in order to generate high biomass and 
bioproducts productivity with low harvest cost [4,5].

Among the advantages of using microalgae, they are cultivable 
throughout the year, can grow in reuse water and in non-arable 
land without altering soil use, minimizing the associated 
environmental impacts, without compromising food production 
[6,7]. Many strategies being employed to generate microalgae 
biomass. Therefore, important considerations include strain 
selection, cultivation methods, separation and pretreatment 
processes. Strain selection plays an important role because 
microalgae biodiversity differs in their productivity. Separation 
and pretreatment affect the total amount of harvested microalgae 
and the downstream process [8].

The microalgae transformation in high-value products consists 
of process steps that induce high energy needs. One of the main 
reasons is the lack of a highly integrated process for harvesting [9]. 
While it is essential to reduce the cost of the production process, 
little progress has been made in research into downstream 
processing. The microalgae harvest is still a great challenge, which 
resides in the microalgae separation from its growth medium. Due 
to the size of the microalgae, harvesting by sedimentation is not 
feasible, besides the negatively charged surfaces of the microalgae 
prevent them from settling easily by gravity [9,10]. Additionally, 
certain cyanobacteria (i.e., prokaryotic microalgae) have gas 
vesicles and are known to use these vesicles to move to a more 
favorable upright position, making them difficult to harvest using 
sedimentation and centrifugation [11].

The microalgae harvest basically comprises two steps: 
thickening and dehydration, which can occur by mechanical, 
electrical, chemical and biological. Mechanical methods are most 
commonly used to harvest microalgae biomass. However, often 
preceded by a chemical or biological, to optimize the thickening 
phase in order to reduce operation and maintenance costs [12]. 
An ideal harvesting process should be effective for most strains 
of microalgae, although it presents moderate energy costs and 
maintenance. The selection of a suitable harvest depends on the 
final product, namely its value and properties. It is also desirable 
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that the harvest method be associated with the recycling of the 
culture medium [13].

Considering the obstacles still found in harvest stage of the 
microalgae industrial processing, this study aims to evaluate the 
effect of physical (i.e., centrifugation), chemical (i.e., chemical 
flocculant) and biological (i.e., temperature, irradiance, growth 
phase) mechanisms on the solid-liquid separation of microalgae 
and the possibility of large-scale reproduction, discussing the 
advantages and disadvantages of each process, its applicability, 
cost-benefit and efficiency.

Materials and Methods
Microalgae and culture medium

Microalga Isochrysis galbana provided from Federal 
Fluminense University (Rio de Janeiro, Brazil) and cyanobacterium 
Spirulina maxima obtained from Federal University of São Carlos 
(São Paulo, Brazil) were maintained in 250mL Erlenmeyer flasks 
containing 125mL of F/2 medium and AO medium [14,15], 
respectively. Modified culture mediums were sterilized by 
autoclaving at 121°C and 1 atm for 20 minutes, except vitamins 
that were filtrated with cellulose membrane (0.22µm porosity, 
SARTORIUS®).

Flasks were kept in a rotary shaker set at 110rpm (ETHIK 
TECHNOLOGY, model 109-01, Brazil, 25mm orbital motion), 20 
µmol photons m-2 s-1 photon flux density (PFD) provided by 
fluorescent bulbs in 12:12 h photoperiod and temperature of 
25±2°C. PFD measurements were carried out using an integrated 
quantum meter LI-250A (Li-Cor Inc., USA) equipped with a 
cosine-corrected planar quantum sensor LI- 190SA (Li-Cor Inc., 
USA). Sensor was located at the external surface of culture flasks.

The F/2 medium was composed of artificial seawater (33 g 
L-1, Ocean Fish, Prodac®) enriched with NaNO3 (74.8mg L-1), 
Na2HPO4.2H2O (5.6mg L-1), citric acid (4.1mg L-1), ferric citrate 
(3.3 mg L-1), CoCl2.6H2O (0.011 mg L-1), CuSO4.5H2O (0.01mg L-1), 
MnCl2.4H2O (0.18mg L-1), NaMoO4.H2O (0.006mg L-1), ZnSO4.7H2O 
(0.022 mg L-1), biotin (0.005 mg L-1), cyanocobalamin (0.005 mg 
L-1) and thiamine HCl (0.101 mg L-1).

The AO medium was composed of NaHCO3 (13.6 g L-1), Na2CO3 
(4.0 g L-1), K2HPO4 (0.5 g L-1), NaNO3 (2.5g L-1), K2SO4 (1.0g L-1), 
NaCl (1.0 g L-1), MgSO4.7H2O (0.2 g L-1), CaCl2.2H2O (0.04 g L-1), 
Na2EDTA.2H2O

(0.08 g L-1), FeSO4.7H2O (0.01 g L-1), H3BO3 (2.9 mg L-1), 
MnCl2.4H2O (1.8mg L-1), ZnSO4.7H2O (0.22 mg L-1), Na2MoO4.2H2O 
(0.39 mg L-1), CuSO4.5H2O (0.079mg L-1) and Co(NO3)2.6H2O 
(0.049mg L-1).

Obtainment and monitoring of biomass
To obtain the inoculum, cells were grown in 500 mL 

Erlenmeyer flasks containing 250 mL of culture medium. Culture 
flasks were maintained at 70 μmol photons m-2 s-1 in 12:12h 
photoperiod and 25±3 °C. Cultures were gassed with filtered 
atmospheric air pumped by aquarium compressors with 800 
mL min-1 airflow. Obtained inoculums during exponential 

growth phase were transferred to 4 L flasks containing 2 L of 
culture medium. Cultivations were maintained until cells achieve 
stationary growth phase.

Growth cell were monitored by measuring the optical density 
(OD) (SHIMADZU, model UV-1800 ENG 120V). Growth curves 
were built with dry mass (DM) values in logarithmic scale. OD was 
converted to DM (g L-1) of I. galbana and S. maxima as shown in Eq. 
(1) and (2), respectively.

2750nm(OD -0.0085) (R =0.98)
2.5547

DM =                        (1)

2730nm(OD ) (R =0.99)
1.8158

DM =                                         (2)

DM was obtained by vacuum filtering through fiber glass 
membranes (0.45 µm porosity, SARTORIUS®) previously weighed 
[16]. Membranes were dried in oven (ICAMO, model 3) at 100 °C 
to a constant weight, cooled in desiccator and weighed again. DM 
was calculated by subtraction between the final weight and the 
initial weight of the membrane. Cell concentration was measured 
in terms of DM (g L-1).

Solid-liquid separation of microalgae
Obtained biomass was harvested by different mechanisms 

with physical, chemical and biological action. Measurement of 
pH was estimated using a pH meter (ANALYSER COMÉRCIO 
E INDÚSTRIA LTDA, model 300) and the cell disruption was 
observed by optical microscopy (Bioval, model L1000B).

Separation by physical mechanism
The centrifugation process (CIENTEC, model CT 6000R) was 

conducted at 20°C with round bottom flasks containing 60 mL of 
cultivation in different combinations of acceleration (320, 537, 
840, 1209 and 1646 g) and time (1, 2, 3, 5, 10 and 15 minutes), 
according to each strain. An aliquot was withdrawn from the 
middle of the supernatant column of the samples to analyses the 
harvesting efficiency and cell disruption.

Separation by chemical mechanism
Chemical separation occurred in beakers containing 50mL of 

cultivation and 1 mL of NaOH (1, 2, 3, 4 and 5M). Cell suspensions 
were homogenized thrice and incubated at 25°C during 10, 30, 
60, 90, 120 and 150 minutes according to the strain. Change of 
pH values were measured after incubation time. To observe 
the harvesting efficiency and cell disruption, an aliquot was 
withdrawn from the upper or the lower portion of the suspension 
column, depending on the cell behavior (i.e., sedimentation for I. 
galbana and flotation for S. maxima).

Influence of the temperature and irradiance on mi-
croalgae harvest

To evaluate the influence of temperature on metabolism and 
I. galbana harvest, beakers containing 50 mL of cultivation were 
incubated in thermostatic bath (QUIMIS, model Q214M2) at 5, 15, 
25, 35 and 45°C during 60, 120 and 180 minutes. The influence 
of irradiance on vertical cell migration at 25 °C was observed 
incubating beakers containing 50 mL of cultivation at 30, 100, 
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200, 300 and 500 µmol photons m- 2 s-1 (provided and measured 
as quoted in section 2.1) during 60, 120 and 180 minutes. The 
harvesting efficiency was measured. An aliquot was withdrawn 
from the upper portion of the suspension column to measure the 
harvesting efficiency and cell disruption.

Influence of the growth phase on microalgae harvest
To analyze the impact of the growth phase on S. maxima 

harvest, separation by physical and chemical mechanisms (as 
quoted in sections 2.3.1 and 2.3.2) was also realized during 
exponential growth phase because of its variation in the cell 
content.

Harvesting efficiency
Harvesting efficiency was represented as OD reduction, which 

was calculated by the difference between the OD obtained before 
(initial OD) and the OD quantified after the separation mechanism. 
Percent OD reduction was calculated as a ratio between the OD 
reduction and the initial OD.

Statistical analysis
The set of continuous probability distributions pertinent to 

this work encompasses Normal Distribution with mean, variance 
and t-Student Distribution [17,18]. To accomplish the analysis, 
three statistics were invoked: Sample Mean (SM); Sample Variance 
(SV) and Sample Standard Deviation (SStD).

Solid-liquid separations were observed in duplicate being 
extensively used to establish 95% probability (α=0.05) confidence 

limits for all realized assays with the appropriate t-Student 
abscissa. Statistical analysis is summarized in the Supplementary 
Material.

Results and Discussion
Several factors can influence microalgae separation (e.g., 

form and cell size, ionic strength and pH) existing numerous 
harvest mechanisms [19]. The strains were selected due to their 
biotechnology importance and different characteristics. While I. 
galbana is a golden-brown Haptophyta, unicellular with elliptical 
form (length ~5-6 μm, width ~2-4 μm) and flagellate [20]; S. 
maxima is a green cyanobacterium, filamentous with tightly 
coiled trichomes (length ~50-500 μm, width ~3-4 μm) and its 
movement in the water column is oriented by gas vesicles [21]. 
These differences between the strains were relevant for the 
experimental analysis.

Separation by physical mechanism
Figure 1a presents harvesting efficiency in centrifugation 

process of I. galbana. Centrifugal forces as from 537 g demonstrate 
OD reduction above 80%, whereas intensities and exposition 
times as from 1209 g shows low influence on cell sedimentation 
(around 95.3-99.9%). S. maxima centrifugation at 1, 2, and 3 
minutes was not satisfactory (data not shown) being necessary 
evaluate the separation at 5, 10 and 15 minutes (Figure 1b). 
Maximum OD reduction was 85.5% at 1646 g for 10 minutes. For 
both strain, gravitational and shear forces did not generate cell 
disruption.\

Figure 1: Harvesting efficiency in centrifugation process of I. galbana (a) and S. maxima (b) during several intensities and exposition times.

Centrifugation process consists on the generation of a 
centrifugal force that acts radially separating particles based on 
the density difference between the particle and the surrounding 
medium [22]. Although centrifugation is a recurrent method for 
microalgae harvest (can recover 80-90% of biomass within 2-5 
minutes), the energy demand is high for industrial applications 
[21]. Kim et al. [23] analyzed various harvesting methods for 
the high-density microalga Aurantiochytrium sp. Among the 
tested means, centrifugation (1000-9000 g for 30 minutes) 
demonstrated lower water content in harvested biomass with 
harvesting efficiency between 84.6-87.2%. In terms of energy 
consumption, centrifugation was the costliest (1.94 W hg-1).

Separation by chemical mechanism
Figure 2 exhibits harvesting efficiency in solid-liquid separa-

tion mediated by NaOH. As demonstrated in centrifugation pro-
cess, microalga recovery varies between 48-100% and cyanobac-
terium recovery at 10, 30, and 60 minutes was not satisfactory 
being necessary evaluate the separation at 90, 120 and 150 min-
utes. It is satisfactory apply 4 M NaOH during 30 minutes for I. 
galbana recovery (recovery was 99.6%). Regarding to S. maxima, 
maximum recovery was 80.7% at 5 M NaOH during 150 minutes. 
For both strain, chemical interactions did not generate cell dam-
age.
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Figure 2: Harvesting efficiency of I. galbana (a) and S. maxima (b) during chemical flocculation mediated by NaOH at different concentrations 
and incubation times.

Flocculants addition can help in the colloids and suspensions 
removal accelerating the clarification process. Microalgae cells 
carry a negative surface charge originates predominantly of the 
presence of carboxylic and amine groups on the cell surface. To 
maintain electrical neutrality, charged cells will attract cations of 
the solution (e.g., NaOH, NH4OH, AlCl3) [24]. System of negative 
surface charge and associated cations in the surrounding solution 
is known as electrical double layer, being the potential difference 
between the bulk fluid and the cation layer defined as Zeta po-
tential. When the Zeta potential is high, repulsion in the electrical 
double layer is strong (stable system). When the Zeta potential is 
close to zero, electrical double layer will be attracted by Van der 
Waals forces formatting larger aggregates and flocks (floccula-
tion) [10].

Many studies about flocculation of microalgae have focused 
on a single species cultured under one particular condition.

However, flocculation depends on the properties of cell 
surfaces that differ between species and vary within a species 

depending on culture conditions. In microalgae suspensions, 
compacts flocks change the density facilitating the gravity 
sedimentation. For some strains of cyanobacteria, the mechanism 
is different due to the gas vesicles. These vesicles, formed solely 
of protein, are inert, hollow and gas-filled structures [25]. Water 
content within the cell can be adjust using gas vacuoles, thus 
cell density can be lower than that of surrounding water. In this 
situation, dense flocks induce the flotation [26].

The pH also is an important variable considering that 
determines the net surface charge (positive, negative or even 
neutral) on the cell surface influencing flocculation performance. 
Figure 3 shows pH values after separation by chemical mechanism. 
Initial pH of the microalga suspension was 7.38 and NaOH addition 
increased this value from 9.7-10.9. Cyanobacteria are most 
prominent in neutral to alkaline pH being the initial suspension 
pH from 9.2. After flotation, pH values of the cyanobacterium 
suspension were between 9.3-10.

Figure 3: Change of pH values of the cell suspensions measured after incubation time with NaOH. Dashed lines indicate cell suspension of 
I. galbana (initial pH of the microalga suspension was 7.38). Full lines indicate cell suspension of S. maxima (initial pH of the cyanobacterium 
suspension was 9.2).

The pH increase (i.e., 9.7-10.9 at assays using 4-5 M NaOH - 
Figure 3) induced flocculation (Figure 2), inasmuch cell presented 
lesser surface electrostatic charge. Sales & Abreu obtained similar 

results in relation the influence of the pH when they investigated 
Nannochloropsis oculata flocculation mediated by chemical and 
biological flocculant [27]. Flocculation more efficient significantly 
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(70%) was obtained for the culture with pH 9.6 (added from 5 mM 
NaOH and 0.5 ppm from bioflocculant) representing an economy 
from 20% with flocculant in the costs of crop harvesting [28,29].

According to Kim et al. [11] cyanobacteria harvest employing 
centrifugation is hampered by their physiology being more 
effective flotation activity. Effect of several chemical and biological 

flocculants have been studied as Ca2Cl [28], Al2(SO4)3 [29], Fe3O4 
[30], chitosan [31], Moringa oleifera [32] and γ-glutamic acid [33]. 
Although efficient, the use of flocculants can make not viable reuse 
of culture medium and it contaminate the biomass. In specific 
case of S. maxima, supernatant recycling containing NaOH is not a 
problem due to alkaline cell nature.

Figure 4: Algal behavior during harvesting mediated by NaOH: sedimentation of the microalga I. galbana on stationary growth phase (0.2g 
L-1) mediated by 5M NaOH during 60minutes (a); flotation of the cyanobacterium S. maxima on exponential growth phase (0.4 g L-1) 
mediated by 5 M NaOH during 150 minutes (b).

Flotation results reflect the need to employ a fotobiorreactor/
container that permits medium withdraw in the lower portion 
without to endanger the formed flocks in the upper portion. 
Figure 4 illustrates sedimentation and flotation behavior during 
algal harvest by NaOH. Considering same cell volume (i.e., 50 mL 
of cultivation), cell concentration of I. galbana and S. maxima were, 
respectively, 0.2 g L-1 and 0.4 g L-1. Still with different cell density, 
which is prevenient of the content and cell size, it is notorious that 
harvested S. maxima demonstrated lower water content than 
harvested I. galbana demonstrating efficacy of flotation by gas 
vacuoles.

Influence of the temperature and irradiance on mi-
croalgae harvest

Knowing that I. galbana is mobile and their flagellar movement 
can be oriented by environmental factors, it was observed influence 
of the temperature and irradiance on vertical cell migration. 
According to the Figure 5a, brown microalga not demonstrated 
consistent response pattern for temperature variations. Although 
the change of temperature can influence accelerating or reducing 
cell metabolism, this effect is not statistically relevant in I. galbana 
harvest. In addition, prolonged exposure at 35-45 oC generated 
cell lysis. Likewise, harvesting efficiency was statistically constant 
(around 52.2-62.1%) during irradiance variations (Figure 5b).

Figure 5: Harvesting efficiency of I. galbana under influence of the temperature (a) and irradiance (b).
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Some studies have reported the influence of temperature in 
flocculants action. Xueqian et al. [34] evaluated the effect of heat 
treatment in the Chlorella vulgaris flotation by bioflocculant. 
Authors demonstrated stable flotation at a range of temperatures 
ranging between 10-40°C. Yi et al. [35] analyzed harvesting 
Chlorella protothecoides using the temperature-activated phase 
transition of thermoresponsive polymers. When the heating 
temperature increased, the polymer aggregation increased, and 
hence, the microalgal separation was facilitated.

Some gas-vacuolate photosynthetic system have shown to lose 
buoyancy due to turgor pressure in cyanobacteria exposed to high 
photon irradiances. In other systems, gas vacuoles can attenuate 
light penetration in cell suspensions [25]. In cyanobacteria, the 
mechanism of buoyancy regulation may involve modulation of gas 
vesicle gene expression [36], collapse of gas vesicles (e.g., turgor 
pressure, sonication)

[37] and cell density (e.g., carbohydrate content or other 
dense substances).

Influence of the growth phase on microalgae harvest

Figure 6: Harvesting efficiency in centrifugation process (a) and chemical flocculation (b) of S. maxima on exponential growth phase.

Considering influence of the biomolecules composition on 
buoyancy mechanism, it was examined the S. maxima harvest on 
different growth phases (Figure 6). In general, difference between 
cell content (i.e., dry mass from 0.4g L-1 during exponential 
phase and 1g L-1 during stationary phase) was not statistically 
significant during separation by centrifugation being maximum 
OD reduction from 86.1% at 1646 g during 15 minutes (harvested 
microalgae during stationary phase exhibited maximum OD 
reduction from 85.5% at 1646g during 10minutes - Figure 1). 
For chemical separation, statistically significant difference is 
observed at assays adding 5 M NaOH. Harvested microalgae 
during exponential phase presented maximum recovery from 
97.4% at 5 M NaOH during 150 minutes (assay realized during 
stationary phase shown maximum recovery from 80.7% for the 
same experimental conditions - Figure 2).

Among the prokaryotes, only cyanobacteria can carry out 
oxygenic photosynthesis with production of carbohydrates, 
proteins and lipids from carbon allocation [26]. Thus, cell growth 
implicates on cell density increase, gas-vacuolate reduction and 
lower buoyancy [25]. Light/Dark cycles during photosynthesis 
have direct effect on the photosynthesis/respiration balance. In 
addition, night respiratory losses can impact the yield of specific 
biomolecules [38]. Obtained results indicate exponential growth 
phase and dark cycle of the photoperiod more favorable to 
microalgae harvest by flotation.

Kim et al. [11] investigated influence growth phase on 
harvesting Spirulina platensis by flotation. Although gas vacuole 
synthesis exceeded the carbohydrate accumulation during 
stationary growth phase, the cells lose buoyancy impacting 
harvest by flotation. Harvested S. platensis on the exponential 
growth phase presented maximum recovery from ~90% at 
NaCl 2% during 150 minutes. Yi-Ru et al. [39] described that the 
Nannochloropsis maritima biomass increased gradually with the 
culture time reaching the maximum from 1.02 g L-1. The Fe3O4 
nanoparticles dosage required for achieving 95% of recovery 
efficiency increased during the culture process.

Conclusions
Solid-liquid separation of the microalga Isochrysis galbana 

and cyanobacterium Spirulina maxima by different mechanisms 
with physical (i.e., centrifugation), chemical (i.e., chemical 
flocculant) and biological (i.e., temperature, irradiance, growth 
phase) action was explored. Obtained results in the present work 
suggest that the chemical flocculation of both strains presents 
best cost-benefit. During chemical flocculation, S. maxima 
harvested by flotation demonstrated lower water content than I. 
galbana harvested by gravity sedimentation. After initial harvest, 
water content within the I. galbana biomass can be reduced by 
centrifugation. Difference between cell content from different 
growth phases of S. maxima is significant for flotation efficiency. 
In this situation, harvested microalgae during exponential phase 
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(containing lesser density) presented better recovery than assay 
realized during stationary phase. Thus, exponential growth phase 
and dark cycle of the photoperiod (night respiratory losses can 
impact the yield of specific biomolecules) are more favorable to S. 
maxima harvest by flotation.
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