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Abstract 
One of the bottlenecks in microalgae harvesting is the lack of an efficient method for separating the 
microalgae from its culture medium. Moreover, the lack of viable and simple preservation techniques for 
microalgae starters hinders the immediate recovery of cultures after experiencing collapse. Hence, the present 
study was conducted to evaluate the use of aluminium sulphate as a flocculant for harvesting spirulina 
(Arthrospira platensis) and compare it with other flocculation techniques (electrolytic flocculation and 
autoflocculation). Moreover, the use of antioxidants to lengthen the storage of viable spirulina cells in 
refrigerated conditions was explored. The results of the study showed that the optimum dosage of aluminium 
sulphate for flocculation of spirulina is 200 ppm with 94.82 ± 0.59% efficiency in 15 – 45 minutes post-
administration. Moreover, the combination of ascorbic acid and alpha-tocopherol at 0.01% v/v resulted in the 
highest viable cells at 57.76 ± 2.48% until the 3-week refrigeration period. This may help in maintaining viable 
starters. However, further investigations are needed to ascertain residuals of aluminium in harvested biomass 
and explore low-cost options for its reduction or removal and optimize the use of antioxidants in spirulina 
preservation in refrigerated conditions.  
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1 | INTRODUCTION 
Spirulina (Arthrospira platensis) is a microscopic, plank-
tonic, blue-green alga belonging to the class Cyanophyta. 
The cellular structure of this alga is spiral shape and simi-
lar to that of a simple prokaryote. They form massive 
populations in tropical and subtropical alkaline bodies of 
water with an extremely high pH. Spirulina achieved con-
siderable popularity in the health sector, food industry, 

and aquaculture due to the increased awareness of its 
therapeutic benefits (Belay et al. 1997). It contains antiox-
idants, phytonutrients, probiotics, nutraceuticals, and 
essential fatty acids (Soni et al. 2017). Hence, the United 
Nations declared it as the best food for the future while 
UNESCO described it as the most ideal food for tomorrow 
(Pulz and Gross 2004). Also, it has been successfully used 
by astronauts as a dietary supplement on space missions 
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by the National Aeronautics and Space Administration 
and the European Space Agency (Jung et al. 2019; Ciani et 
al. 2021; Ramírez-Rodrigues et al. 2021; Soni et al. 2021). 
With this, there was a burst of activity relating to the pro-
duction of spirulina biomass as specialised industries for 
producing health food, food additives, animal feed, bio-
fertilizers, and assorted natural products have emerged 
(Vonshak 1997). This increasing demand can only be met 
if a reliable, predictable, and continuous supply is made 
available. Hence, the development of culture technology 
for the propagation of spirulina. As early as the 1970s, 
mass production technology of spirulina is already availa-
ble utilising a semi-natural facility (Voshak 1997; Soni et 
al. 2017). Two decades later, the mass production tech-
nology of spirulina has been established with total annual 
production reaching as high as 1000 tons per year (Von-
shak 1997; Richmond 2004). Currently, spirulina can be 
found in health food stores and is sold mainly as a dietary 
supplement in the form of health drinks or tablets. In the 
Philippines, large-scale production of spirulina remains 
limited even with the progress in the development of 
biomass production technology. Research on the optimi-
sation of growth under local climatic conditions, post-
harvest processing, and utilisation of spirulina in the 
country is limited (Tiburcio et al. 2007). 

The global average production of spirulina is 73030 
tons in the last 13 years (FAO 2020). As one of the most 
cultivated microalgae worldwide, the spirulina market 
achieved USD 348 million in 2018 and is expected to 
reach USD 779 million by 2026 (Silva et al. 2020). Moreo-
ver, spirulina is a premium source of the natural blue 
pigment phycocyanin. The market demand for naturally-
derived phycocyanin pigment has continued to increase 
through the years with the global market size valued at 
USD 155.3 million in 2020 and it is expected to reach USD 
409.8 million by 2030 (Thevarajah et al. 2022). 

To efficiently harvest spirulina and use it for varied 
applications, efficient methods for separating and har-
vesting its biomass from the culture media must be em-
ployed. Harvesting spirulina can be done through differ-
ent techniques with its pros and cons. Commonly, cen-
trifugation is used but its main drawback of being energy-
intensive led to the adaptation of a two-step harvesting 
strategy that involves pre-concentration (either by sedi-
mentation or floatation) and centrifugation to reduce 
costs (Pienkos and Darzins 2009; Dassey and Theegala 
2013). Also, floatation has been reported as a good har-
vesting technique with approximately 80% efficiency due 
to the presence of gas vacuoles in spirulina (Kim et al. 
2005). Furthermore, recent developments in membrane 
filtration technology touted it as a promising option as it 
reduced energy consumption and reduced water re-
quirements (Ismail et al. 2021).  A more convenient pro-
cess in harvesting spirulina is through flocculation as it 
allows the treatment of large quantities of culture. Elec-

trolytic flocculation with the use of metal anodes / cath-
odes is a promising approach but its major drawback is 
the requirement of high energy input. On the other hand, 
chemical flocculation using inorganic flocculants is the 
most cost-effective flocculation method (Vasistha et al. 
2021). Aluminium sulphate, commonly known as alum, 
has been used as a flocculant for algae and as a preferred 
cationic coagulant in water and wastewater treatment 
(Apostol et al. 2011) due to its ability to obtain strong 
flocs and a minimum amount of residual aluminium in the 
water (Govoreanu et al. 2001; Gabelich et al. 2006; Lin et 
al. 2008; Mihai and Dajiba 2008; Liu and Chin 2009). Pre-
vious studies in several algal species reported successful 
use of aluminium sulphate as an inorganic flocculant at 
doses ranging from 100 ppm to 1200 ppm but with pH 
manipulation and rotational speeds to facilitate coagula-
tion and flocculation (Papazi et al. 2010; Gani et al. 2017; 
Zhu et al. 2020; Mohseni and Moosavi Zenooz 2022). 

Another challenge in the culture of spirulina is the 
occurrence of contamination and inclement weather 
conditions which ultimately lead to die-off in outdoor 
cultures. This is undesirable as this interferes with the 
program of production which may ultimately affect profit. 
Thus, a readily viable starter is necessary to immediately 
jumpstart culture after experiencing a die-off. Both short-
term and long-term storage using cost-effective methods 
are desirable. Recently, the production of microalgal 
pastes has been successful but its use has remained lim-
ited to resuspension as larval food but not as a viable 
starter for cultures (de la Peña and Franco 2020). The 
present study investigated the efficiency of different floc-
culation techniques (autoflocculation, chemical floccula-
tion, and electrolytic flocculation) in harvesting spirulina 
(A. platensis) to determine the most viable technique for 
biomass production under local conditions. Moreover, 
the use of antioxidants to lengthen the storage of viable 
spirulina cells in refrigerated conditions was explored. 
 
2 | METHODOLOGY 
2.1 Spirulina production 
The test organism (A. platensis) was grown in the labora-
tory using a commercial NPK complex fertilizer formula-
tion under constant illumination with cool white light-
emitting diodes (specification: T5 15W 6400K) and aera-
tion (airflow rate: 90 Lh–1) at ambient temperatures (24-
26°C). Spirulina was harvested after three days and was 
ensured to be homogenous to be used for the floccula-
tion experiments. All flocculation experiments had spir-
ulina cultures with an optical density of 0.800 at 680 nm. 
 
2.2 Flocculation techniques 
Electrolytic flocculation was done using 10 L spirulina cul-
tures. Two aluminium electrode plates were placed paral-
lel and vertically in the vessel with an electrode gap of 11 
cm and both plates had an area of 38.7 cm2 and a thick-
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ness of 0.5 mm. The anode and cathode were connected 
to the DC power supply in the constant current mode and 
both submerged at a depth of 30 cm. The time course for 
microalgae concentration was monitored by a UV–VIS 
(Hach DR 1900, USA) spectrophotometer with optical 
density values measured at 680 nm. Furthermore, to de-
termine the microalgae recovery efficiency, a 10 ml sam-
ple within 15 cm depth was collected every five minutes 
during the electrolytic flocculation process. 

Autoflocculation is done by allowing the spirulina to 
naturally flocculate. Spirulina was placed in 8 L capacity 
glass jars and allowed to autoflocculate. Moreover, chem-
ical flocculation was done using aluminium sulphate 
(Al2(SO4)3) at various concentrations as treatments. Ali-
quots of algal cultures (200 ml) were placed in 250 ml 
Erlenmeyer flasks. The test flocculant was then added 
accordingly to reach final concentrations of 50, 100, 150 
and 200 ppm. Upon addition of flocculants, flasks were 
stirred for 1 minute and left to settle. All flocculation ex-
periments were carried out in triplicates following a com-
pletely randomised experimental design. 
 
2.3 Determination of flocculation efficiency 
Flocculation efficiency was determined by measuring the 
optical density of the cell cultures before flocculation and 
the residual optical density of the supernatant liquid at 
different time intervals: every 5 minutes for electrolytic 
flocculation and every 15 minutes for chemical and auto 
flocculation. Optical density (OD) was read using a spec-
trophotometer at 680 nm. To determine the flocculating 
efficiency, the following formula by Ferriols and Aguilar 
(2012) was used: Flocculating Efficiency = (Initial OD – 
Residual OD) / Initial OD × 100. 
 
2.4 Microscopic examination of spirulina cells and flocs 
To determine whether the various flocculation methods 
used had any effect on the integrity of the cell walls of A. 
platensis, samples of settled material were pipetted out 
and observed using a compound microscope under 10X 
magnification and photomicrographs were taken for doc-
umentation. 
 
2.5 Use of antioxidants for preservation 
A completely randomised design experiment with differ-
ent preservatives as treatments in triplicates, namely: 
control- distilled water, treatment 1 (ascorbic acid at 0.1% 
volume per volume [v/v]); treatment 2 (butylated hydrox-
ytoluene at 0.01% v/v); treatment 3 (α-tocopherol at 
0.1% v/v) and treatment 4 (a combination of ascorbic acid 
and α-tocopherol at 0.1% v/v). 

Spirulina cells were concentrated using a centrifuge 
(Benchtop low-speed Centrifuge, TD-5Z, China) at 5000 
rpm for 5 minutes to a volume of 15 ml and put in a test 
tube with the preservative and covered with paraffin film. 
All the test tubes were put in a rack and stored in a refrig-

erator with a temperature of 5.00 ± 0.30°C. 
Monitoring was done once a week until the cells ex-

hibit signs of deformation and / or disintegration. Cell 
viability was monitored by obtaining a 1 ml sample from 
each replicate and diluted in 100 ml distilled water for 
observation under the light microscope at 100X using a 
Sedgewick rafter counting chamber. Cell viability is com-
puted using the formula: Cell viability (%) = (No. of viable 
filaments / Total No. of filaments) × 100 
 
2.6 Data analyses 
The collected data were subjected to descriptive analyses 
followed by testing of significant differences of means 
among treatments. Once requirements for parametric 
testing were satisfied, a one-way analysis of variance was 
conducted and a post-hoc Tukey’s test followed. All statis-
tical tests were done using Paleontological Statistics 
(PAST) software v. 4.0 at a 95% confidence level. Values 
are expressed as mean ± standard error of the means. 
 
3 | RESULTS AND DISCUSSION 
3.1 Flocculation of spirulina 
Changes in the optical density of spirulina subjected to 
the different flocculation methods are shown in Figure 1. 
Among the flocculation methods, electrolytic flocculation 
had the fastest settling times displaying stable optical 
density after 20 minutes. This was followed by the chemi-
cal flocculation method using aluminium sulphate. Among 
the concentrations tested, 150 and 200 ppm had the fast-
est settling times displaying a marked decrease in optical 
density after 15 minutes up to 45 minutes of the settling 
period. In addition, the autoflocculation method reached 
stable optical density after 105 minutes of the settling 
period. 
 

 
FIGURE 1 Changes in optical density of spirulina (Arthro-
spira platensis) in different methods of flocculation: A) 
electrolytic flocculation, B) autoflocculation and C) chemi-
cal flocculation using aluminium sulphate (Al2(SO4)3). Val-
ues are means ± standard error of the means. 
 

On the other hand, Figure 2 shows the different 
flocculation efficiencies of different flocculation methods. 
The highest flocculation efficiency was attained in 200 
ppm Al2(SO4)3 at 94.82 ± 0.59% followed by 150 ppm 
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Al2(SO4)3, 100 ppm Al2(SO4)3, electrolytic flocculation and 
50 ppm Al2(SO4)3 at 90.62 ± 2.46%, 79.78 ± 0.77%, 76.22 ± 
2.42% and 58.10 ± 1.50% respectively. The lowest floccu-
lation efficiency was attained in the autoflocculation 
method at 32.29 ± 4.10%. These differences were found 
to be significant (One way ANOVA, p < 0.05) with the 200 
ppm Al2(SO4)3 concentration significantly higher than the 
other methods. 

Furthermore, the microscopic examination of the 
spirulina filaments flocculated using various methods 
showed that cells were in good physical condition as 
shown in Figure 3. No signs of cell structural damage or 
plasmolysis were observed under all treatments. The 
formation of flocs was observed in spirulina flocculated 
using 200 ppm Al2(SO4)3 and electrolytic flocculation (Fig-
ure 3D and 3E) while those treated with lower concentra-
tions of aluminium sulphate and autoflocculated, alt-
hough indicating reductions in optical densities, displayed 
no prominent aggregations of spirulina filaments (Figure 
3A–C and 3F). Compared to untreated cells, flocculated 
cells were observed to have not exhibited distinct chang-
es in size and shape. 

 
 

 

 
FIGURE 2 Flocculating efficiency (%) of various floccula-
tion methods. Values are means ± standard error of the 
means. Different letters on top of bars indicate a signifi-
cant difference (One-way ANOVA, p < 0.05). 

 

 
FIGURE 3 Microscopic examination of flocculated spirulina (Arthrospira platensis) filaments using A) 50 ppm Al2(SO4)3, B) 
100 ppm Al2(SO4)3, C) 150 ppm Al2(SO4)3, D) 200 ppm Al2(SO4)3, E) electrolytic flocculation and F) autoflocculation showing 
no signs of plasmolysis. 
 

The use of 200 ppm aluminium sulphate dosage in 
spirulina can result in high efficiencies at 15 – 45 minutes 
after administration. The use of aluminium sulphate as a 
flocculant has been tested in several species of algae. In 
Botryococcus sp., the use of 100 ppm aluminium sulphate 
resulted in up to 95% biomass harvest (Gani et al. 2017). 

In other reports, flocculation was successful only at higher 
doses and longer incubation times. Flocculation was best 
observed in Chlorella minutissima at 750 ppm in 2 h re-
sulting in 80% efficiency (Papazi et al. 2010) while in Chlo-
rella vulagris. Mohseni and Moosavi Zenooz (2021) re-
ported an optimum dose at 500 ppm at pH 8.0 resulting 
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in 90% efficiency but Zhu et al. (2020) attained optimum 
flocculation at 2500 ppm with optimal rotation speeds for 
coagulation and flocculation were 150 and 25 rpm re-
spectively. 

Furthermore, the use of electrolytic flocculation for 
spirulina may not be a promising option due to the high 
cost of electrodes and high-power requirement for opera-
tion (Fuad et al. 2018) while food-grade aluminium sul-
phate, as used in this study, is readily available at 0.74 
USD kg–1 and may not require energy inputs as coagula-
tion-flocculation was observed even without rotation. 
However, further evaluation is necessary to ascertain 
whether levels of aluminium residues in the harvested 
algal biomass are at recommended levels for animal and 
human consumption and possible low-cost options to 
remove or reduce it.  
 
3.2 Antioxidants as spirulina preservatives  
The concentrated spirulina stored in refrigerated condi-
tions lasted only for four weeks. Cell viability varied 
throughout the storage period depending on the preserv-
ative used. There was no observed cellular deformations / 
disintegration after centrifugation as shown in Figure 4. 

However, after 1 week of storage, cell viability is highest 
in treatment 1 at 81.78 ± 7.90% followed by treatment 3 
at 80.51 ± 5.88%, treatment 4 at 49.21 ± 3.16% and con-
trol at 47.34 ± 13.27% while the lowest cell viability was 
recorded in treatment 2 at 36.90 ± 5.52%. Only treat-
ments 1 and 2 were significantly different during this pe-
riod. 

In the 2nd week of storage, cell viability further de-
clined. The highest cell viability was recorded in treat-
ment 1 at 81.65 ± 2.45% followed by treatment 3 at 80.51 
± 5.88%, treatment 4 at 77.04 ± 0.30%, treatment 2 at 
58.59 ± 6.05% while the lowest cell viability was recorded 
in the control at 52.01 ± 6.24%. It can be observed that 
the cells in treatments 2 and 4 grew with the increase in 
viable cells. The control is significantly different from 
treatments 1, 3 and 4. In the 3rd week of storage, all but 
treatments 2 and 4 have viable cells. In this period, signif-
icantly higher cell viability is observed in treatment 4 at 
57.76 ± 2.48% compared to 13.02 ± 1.38% in treatment 2. 
The photomicrographs of the cells in treatments 2 and 4 
are shown in Figure 5. However, in the 4th week, all 
stored cells in different preservatives have no viable cells. 

 

 
FIGURE 4 Cell viability of spirulina stored using various preservatives in refrigerated conditions. Values are mean ± stand-
ard error of the means. Bars with different letter notations indicate a significant difference (One-way ANOVA, p < 0.05). 
 

 

 
 
 
FIGURE 5 Photomicrographs of spirulina cells in 
treatment 4- a combination of ascorbic acid and 
alpha-tocopherol at (A) and treatment 2- butylated 
hydroxytoluene (B) after 3 weeks in refrigerated 
storage conditions showing the majority of cells are 
deformed and/or disintegrated. 
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The results of this experiment indicated that the use 
of combined ascorbic acid and alpha-tocopherol at 0.01% 
v/v may help preserve spirulina cells under refrigerated 
conditions for up to 3 weeks. Further investigation is nec-
essary on the optimisation of this method and / or the 
use of other preservatives. 
 
4 | CONCLUSIONS 
The present study demonstrated that the optimum dos-
age of 200 ppm aluminium sulphate can be used as an 
inorganic chemical flocculant for spirulina (A. platensis) 
without pH adjustments and rotational inputs to facilitate 
coagulation and flocculation. Compared to previous stud-
ies the dosage is lower but results in faster flocculation in 
15 to 45 minutes post-administration. Moreover, the 
combination of ascorbic acid and alpha-tocopherol at 
0.01% v/v may help preserve spirulina cells under refrig-
erated conditions for up to 3 weeks. This may help in 
maintaining viable starters. However, further investiga-
tions are needed to ascertain residuals of aluminium in 
harvested biomass and explore low-cost options for its 
reduction or removal and optimize the use of antioxidants 
in spirulina preservation in refrigerated conditions. 
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