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Abstract
Microalgae are widely used in biofuels, medicine, food, and feed industries. However, harvesting microalgal
biomass is a major di�culty that hinders their industrial application. In this study, three �occulants (ferric sulfate,
sodium hydroxide, and chitosan) were used to harvest the marine microalga Chlorella vulgaris, and �oc
characteristics including �occulation e�ciency, concentration factor, and �ocs morphology were studied. The
results showed that the tested �occulants can e�ciently harvest C. vulgaris. The �occulation e�ciencies of ferric
sulfate (0.9 g/L), sodium hydroxide (0.6 g/L), and chitosan (30 mg/L) were 93.4% ± 0.8%, 96.5% ± 0.6%, and
98.8% ± 1.3% within 70, 100, and 12 min, respectively. The total carbohydrates, proteins, and lipids contents in C.
vulgaris were not in�uenced by the test �occulants after harvesting. When compared with fresh f/2 medium, the
recycled medium could also e�ciently support C. vulgaris growth. Among the three �occulants tested, chitosan
was ideal owing to its high e�ciency, low dosage requirement, short harvesting time, and reutilization of culture
medium.

Introduction
Microalgae are unicellular microscopic organisms that perform oxygenic photosynthesis. They have simple
reproductive and cell growth system, allowing superior productivity and long-term survival in various harsh
environments ranging from fresh water to salt, ice, or hot springs. Besides, microalgae are adaptable to genetic
modi�cation and can grow in non-arable land that can be utilized for algal biomass cultivation. Microalgae are
sunlight-driven, fast growing cell factories that are being explored for the synthesis of lipids, proteins, and various
high-value products, including docosahexaenoic acid, eicosapentaenoic acid, lutein, astaxanthin, β-carotene, and
phycocyanin (Khan &Fu 2019, Raslavicius et al. 2018). Thus, these organisms can be potentially used for
commercial production of biofuel (e.g., biodiesel, bioethanol and biogas), human and animal nutrition, pharmacy,
and cosmetics, �ne chemicals and can also act as a tool for carbon dioxide bioremediation (Zhu et al. 2019, Zhu
et al. 2017). In particular, with increasing focus on “organic” and “natural” products, microalgal biotechnology is
being increasingly applied in animal feed and nutraceutical markets, which have an annual value of $31.3 billion
and $198.7 billion as of 2016, and are projected to grow to $34.2 billion and $285.0 billion in 2021, respectively
(Elder 2017, Pandal &Zachwieja 2017).

Despite intensive research on microalgae, their commercial application is limited by algal biomass harvest.
Microalgae harvesting technologies are challenged by the small size (2–50 µm) of microalgal cells, low culture
concentration (0.5 g/L in open ponds to 5 g/L in closed photobioreactors), negatively charged surface (from − 
7.5 to − 40 mV) and high colloidal stability in liquid suspension, and, in particular, high growth rates that require
frequent harvesting, when compared with land crops (Mathimani &Mallick 2018). About 20–30% of the total
production cost can be attributed to microalgae harvesting (Cai et al. 2019).

Microalgae are usually harvested via energy-intensive methods such as centrifugation, �otation, �ltration, and
electrical methods (Singh &Patidar 2018). However, �occulation is employed on larger scales because of its cost
effectiveness and simple operation (Singh &Patidar 2018). Chemicals called �occulants, including metal salts,
alkaline �occulants, and cationic polymers, can induce �occulation by charge neutralization, sweeping, bridging,
and electrostatic patch (Mathimani &Mallick 2018). Among them, metal salts provide positive charges to
neutralize the negative charges that reduces electrostatic repulsive force between the microalgal cells causes
destabilization of microalgal suspension, followed by agglomeration of microalgae, and are used for harvesting
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a wide range of microalgal spices (Mathimani &Mallick 2018). Alkaline �occulants cause �occulation
predominantly through sweeping mechanism (Besson et al. 2019), while cationic polymer induces �occulation
mainly via bridging mechanism (Li et al. 2018). In recent years, many studies had been conducted on harvesting
microalgal biomass using �occulants, including aluminium chloride, magnesium chloride, ferric sulfate, sodium
hydroxide, chitosan, and cationic starch (Nayak et al. 2019, Pandey et al. 2019, Phasey et al. 2017, Zhu et al.
2020). However, these works had mainly focused on �occulants screening and synthesis, �occulation process
optimization, and �occulation equipment design, and the effects of different �occulants on microalgal nutrition
contents have not received extensive attention (Wang et al. 2019, Zhu et al. 2020). It must be noted that the
microalgal components determine the market value of microalgae and their subsequent utilization. Microalgal
biomass, especially lipids content, could be lost during harvesting owing to unexpected delays (Lemos et al.
2016).

During algae harvesting process, a large volume of culture medium must be removed, resulting in huge wastage.
Microalgal culture medium not only contains speci�c amounts of essential carbon, nitrogen, and phosphorus for
growth, but also several other trace nutrients, such as potassium, magnesium, sulfur (as SO4

2−), calcium, and
iron, which are essential, despite their small quantities. It has been estimated that the production of 1 kg of
microalgal biofuel will require approximately 3726 kg of water, 0.33 kg of nitrogen, and about 0.71 kg of
phosphorus, if the remaining nutrients from algal cultivation are not recycled back into the system (Yang et al.
2011). Recycling of the algal culture medium can save up to 84% of water and 55% of essential nutrients such as
nitrate and phosphate required for microalgal growth (Yang et al. 2011). Moreover, reuse of the nutrient resources
needed for microalgal cultivation is the simplest method of reducing the net requirement for commodity
fertilizers for algal biomass. Therefore, recycling of the cultivation medium after harvesting of microalgal
biomass is necessary for economical and sustainable production of microalgal biomass. Although there are
many reports on the utilization of different �occulants, only a very few have addressed the reusability of culture
medium after microalgae harvest (Yang et al. 2011).

In the present study, microalgae harvesting using the �occulation method was evaluated based on the harvesting
e�ciency of the �occulants, and the reusability of the culture medium after harvesting of microalgae was
examined. Furthermore, the effect of harvesting methods on microalgal biomass productivity was also
investigated. Flocculants, ferric sulfate, sodium hydroxide, and chitosan, with different �occulation mechanisms,
including neutralization, sweeping, and bridging, respectively, were used to harvest the marine microalga
Chlorella vulgaris. Floc characteristics such as �occulation e�ciency, concentration factor (CF), and �ocs
morphology were studied, and the microalgal biomass contents, including carbohydrates, proteins, and lipids,
were compared between natural sedimentation and after �occulation. Besides, the effect of harvesting methods
on algal growth was also observed using recycled medium.

Materials And Methods

Strain and culture condition
The alga C. vulgaris was obtained from Algae Culture Collection at Laboratory of Applied Microalgae Biology,
Ocean University of China (Qingdao, China). The strain was cultivated in f/2 medium in seawater (Guillard 1975),
and grown at 25 ± 1 ℃ under 12-h light/dark cycle and 75 ± 5 µmol/m2.s light intensity.
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Flocculation experiments
Different dosages of ferric sulfate (0.1, 0.3, 0.5, 0.7, 0.9, and 1.1 g/L), sodium hydroxide (0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
and 0.7 g/L), and chitosan (10, 15, 20, 25, 30, and 35 mg/L) were added to 50 mL of C. vulgaris cultures and
mixed at 250 rpm for 2 min, followed by a different settlement period. Using chitosan as �occulant, the pH of
medium was controlled at 6.0 by 1M HCl. However, the �occulation experiments of ferric sulfate and sodium
hydroxide were conducted without pH adjustments. The supernatant was collected 2 cm below the surface of the
culture, and its optical density (OD) at 680 nm was determined using a spectrophotometer (UV-1800, Shimadzu,
Japan). The �occulation e�ciency was calculated as follows:

Flocculation e�ciency (%) = 100% ×(OD0-ODt)/OD0 (1)

Where OD0 and ODt are the absorbances of the initial microalgal culture and supernatant after �occulation at
680 nm, respectively.

CF is the ratio of the absorbance of the �nial �oc to that of the initial culture at 750 nm, which was one of the
parameters to evaluate the �occulation e�ciency of the �occulant. The CF was determined as follows (Salim et
al. 2012):

CF = ODsed/ODt0 (2)

where ODt0 is the absorbance of the initial microalgal culture at 750 nm and ODsed is the absorbance of the �oc
at 750 nm. The supernatant was removed from the settled cells. Both the supernatant and the remaining settled
cells were weighed. The settled cells were resuspended and the OD 750 nm of the settled cells was measured to
determine the biomass concentration in the settled cells.

Characterization of the microalgal �ocs
Algal powder was obtained through vacuum freeze-drying of C. vulgaris extracted by centrifugation (5000 ×g for
15 min) or �occulation using the test �occulants, respectively. The total carbohydrates, proteins, and lipids
contents in C. vulgaris were measured using anthrone-sulfuric acid (Haldar et al. 2017), Coomassie brilliant blue
(Sedmak &Grossberg 1977), and gravimetric method (Bligh &Dyer 1959), respectively. Scanning electron
microscopy (SEM) micrographs of the harvested microalgal cells were obtained using a scanning electron
microscope (JSM-6380LV, Agilent, USA). The algal cells of natural sedimentation and after �occulation were
examined by bright optical microscopy (H550S Nikon, Japan).

Recycling of �occulated medium
After �occulation, the supernatant was separated from the harvested biomass by using 0.22-µm �lter membrane.
Then, the nutrients remaining in the supernatant was determined and their concentrations were adjusted to those
in the original f/2 medium. Subsequently, fresh C. vulgaris was inoculated into the recycled medium (including
ferric sulfate, sodium hydroxide, and chitosan) or fresh f/2 medium to investigate the recyclability of the medium
for microalgal growth. The growth of C. vulgaris was monitored by measuring the OD of the culture at 680 nm
using a spectrophotometer (UV-1800, Shimadzu, Japan).

Statistical analysis
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The results are expressed as the mean value ± standard deviation (SD) of three replicates. Statistical analysis
was performed by SPSS (IBM, V.20) using one-way analysis of variance (ANOVA) (p  0.05).

Results And Discussion

Flocculation process
Flocculation time and �occulant dosage are the key factors that affect microalgae harvesting. Figure 1 shows
the �occulation process using ferric sulfate, sodium hydroxide, and chitosan. All the three test �occulants
achieved e�cient microalgae harvest. As indicated in Fig. 1, chitosan exhibited the highest �occulation e�ciency
(98.8% ± 1.27%) in shortest time (12 min), followed by ferric sulfate (70 min) and sodium hydroxide (100 min).
The rapid settling time achieved by chitosan allows integration of the harvesting process into microalgal
culturing in a continuous system, which could possibly improve commercialization of the microalgal industry. In
addition, chitosan is non-toxic and can be readily decomposed, which allows its potential use for harvesting
microalgae for stringent applications (e.g. human and animal nutrition, pharmacy, and cosmetics).

Maximum harvesting e�ciency of 93.4% ± 0.8%, 96.5% ± 0.6%, and 98.8% ± 1.3% was attained using 0.9 g/L
ferric sulfate, 0.6 g/L sodium hydroxide, and 30 mg/L chitosan, respectively. However, an increase in the
�occulant dosage above these optimum levels did not result in further improvement in the �occulation e�ciency.
In a previous study, Yunos et al. (Yunos et al. 2017) reported that an increase in the �occulant dosage beyond the
optimal value will not improve the �occulation-sedimentation process, but possibly re-stabilize the microalgal
culture system.

Some previous studies had indicated that a relatively higher dose of �occulants is needed for harvesting marine
microalgae (Fabrizi et al. 2010, Jin et al. 2019, Uduman et al. 2010). The optimum dosage of ferric sulfate (0.9
g/L) used in the present study to harvest C. vulgaris is much higher than that employed for some freshwater
microalgal strains (0.15 g/L ferric sulfate) (Wang et al. 2019). Similarly, the optimum dosage of sodium
hydroxide (0.6 g/L) used in this study is higher than those utilized for harvesting freshwater strain
Nannochloropsis sp. (94.9%) (Humberto Rojo-Cebreros et al. 2016) and Acutodesmus obliquus (93.5%) (Lemos
et al. 2016) (0.34 and 0.32 g/L sodium hydroxide, respectively). Moreover, the optimal dosage of chitosan (30
mg/L) used in the present study for harvesting marine C. vulgaris is higher than that employed for harvesting
marine Nannochloropsis sp. BR2 (97.01–99.93%) (22 mg/L chitosan) (Chua et al. 2019) and freshwater
Chlorella sp. HS2 (99.6%) (Nayak et al. 2019) (10 mg/L chitosan), but lower than that used for harvesting marine
diatom Chaetoceros gracilis (89%) (75 mg/L chitosan) (Yamin et al. 2019). It has been indicated that a much
higher dosage (2.5 g/L) of ferric sulfate is required for harvesting freshwater algal strains (Chlorella sp. KR-1)
than marine algal strains (0.9 g/L) (Zhu et al. 2020). Furthermore, the �occulation e�ciency of marine
microalgae (Phaeodactylum tricornutum) has been reported to be much higher than that of freshwater
microalgae (C. vulgaris) at low dosage (2–16 mg/g dry biomass) of cationic polyacrylamide �occulant (FO3801)
(Nguyen et al. 2019).

Harvesting e�ciency is generally used to indicate the coagulation performance of microalgal harvesting.
Moreover, CF is usually utilized to represent enrichment capacity in microalgae harvesting (Mathimani &Mallick
2018). Figure 1(d) shows the CF of 0.9 g/L ferric sulfate, 0.6 g/L sodium hydroxide, and 30 mg/L chitosan,
respectively. The CF of chitosan was signi�cantly higher than that of ferric sulfate and sodium hydroxide, which
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indicated the relatively high compactness of the harvesting microalgae. Furthermore, the �ocs formed were not
adequately compacted, and the gap between the �ocs was considerably large, which resulted in low CF. With
regard to chitosan, the �ocs formed were compacted with smaller gap between the �ocs. As a result, the CF was
higher (Fig. 1(d)). However, it has been reported that the CF of sodium hydroxide was lower than that of ferric
salts and chitosan in the freshwater microalgae (Lama et al. 2016).

Microscopic analysis
Figure 2 presents the images of natural sedimentation and after �occulation of C. vulgaris under bright optical
microscopy. In natural sedimentation, the microalgae appeared as isolated cells that were �nely scattered as �oc-
free cells. However, cultures treated with �occulants (ferric sulfate, sodium hydroxide, or chitosan) showed higher
degree of �ocs formation. The �ocs formed by ferric sulfate and sodium hydroxide were relatively far apart from
each other as they were loosely packed. However, the �ocs formed by chitosan were the largest, which were
closely distributed and patched to form bigger and denser �oc network (Fig. 2(d)). In general, the degree of �ocs
formation among the cells appeared to be strongly correlated with the settling time and �occulation e�ciency
(Nayak et al. 2019). The �oc size was also related to the �occulation mechanism, as this is different for every
method (charge neutralization vs bridging vs sweeping) (Lama et al. 2016). Larger and compact �ocs produced
by chitosan not only led to higher algal removal e�ciency, but also faster settling time, when compared with the
smaller �ocs generated by ferric sulfate and sodium hydroxide, which decreased the sedimentation tank size.
This �nding is in close agreement with those previously reported (Chekli et al. 2017, Kumari &Gupta 2020, Li et al.
2015).

The microalgae harvesting process may cause cell disruption, thus, affecting downstream processing. Figure 3
shows the state of microalgal cells of natural sedimentation and after the addition of �occulants. It can be
clearly noted that chitosan and ferric sulfate had relatively little in�uence on the morphology of the �occulated
microalgal cells. In contrast, the cell size of C. vulgaris dramatically increased after alkaline �occulation, and the
cell surface became rough (Figs. 2(c) and 3(c)). Similar results have also been reported in previous studies that
revealed that alkaline �occulation caused enlargement of microalgal cells and subsequent cell lysis (Huo et al.
2016). However, Huo et al. (Huo et al. 2016) detected two microalgae that reacted to alkaline �occulant
differently, including a marine diatom Chaetoceros muelleri and a freshwater algae Scenedesmus quadricauda.
The alkaline �occulation of the marine diatom was mainly caused by Mg(OH)2 rather than calcium phosphate
and calcium hydroxide. After harvesting, Mg(OH)2 would attached to the cell wall of algae and make it di�cult
for biomass utilization in the further process. While for the freshwater algae, alkaline �occulation possible would
not damage algal cells, which made it easier for the subsequent utilization of microalgae.

Fractal dimension might provide information on the spatial structure of �ocs, which is related to the �occulation
mechanism (Miller et al. 2008, Vahedi &Gorczyca 2011). In natural sedimentation, the C. vulgaris cells were
homogenously distributed in the suspension (Fig. 4(a)). However, after �occulants addition, the microalgal cells
formed �ocs and settled down, resulting in a clear separation of microalgal cells from the culture medium. The
addition of ferric sulfate increased the instantaneous concentration of particles and improved the collision
frequency between the particles, which can contribute to the formation of algal �ocs. According to the primary
�occulation mechanism of charge neutralization by ferric sulfate, the positive charge of ferric �occulants attracts
the negative charge of C. vulgaris cells, resulting in �ocs that bundle up into compacted and small aggregates
(Fig. 4(b)). When compared with the control, sodium hydroxide �occulation resulted in discernible rupture or
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damage of the cells (Figs. 3(c) and 4(c)), which might be bene�cial for nutrients extraction (Yap et al. 2014). In
contrast, the addition of chitosan resulted in �ocs with highly disordered �brillar structure (Fig. 4(d)). Besides, the
�ocs were porous with an open and extended three-dimensional structure, which is consistent with the
characteristics of bridging (Miller et al. 2008).

Biomass content
The effects of �occulants on microalgal contents, including carbohydrates, proteins, and lipids, are important to
evaluate �occulants. The lipids content in algae is important for biodiesel production (Mathimani &Mallick
2018), while proteins and carbohydrates are vital raw materials for nutrition, pharmacy, and cosmetics (Khan &Fu
2019, Raslavicius et al. 2018). In the present study, no signi�cant difference was noted in the contents of total
carbohydrates, proteins, and lipids of centrifugation and after �occulation (Fig. 5), which indicated that the
�occulants (ferric sulfate, sodium hydroxide, and chitosan) did not affect the algal content, thus, retaining the
application value and facilitating subsequent processing and utilization of C. vulgaris. Some previous studies
noted that several minerals that were not added to the growth medium were also found in the marine Chlorella
sp.. These include Pb, Cr, Ba, Ni, Sr, and Tl (Ju et al., 2012). Moreover, the optimal range of salinity of microalgal
growth were 10‰ and 20‰. Cell shape was also observed to be good in this range of salinity. The marine
microalgae can resistance to high osmotic pressure duo to their growing environment. Thus, the higher mineral
content would not reduce content of biochemicals. Many studies have also found that sodium hydroxide (Sidney
Aleman-Nava et al. 2017, Vandamme et al. 2015), ferric metal (Lemos et al. 2016), and chitosan (Wu et al. 2015)
did not in�uence the biomass composition of microalgae. However, sodium hydroxide has been reported to
decrease the lipids content in Acutodesmus obliquus (Lemos et al. 2016), whereas some metal �occulants have
been observed to increase the algal lipids content owing to condition stress (Augustine et al. 2019).

Microalgal growth in recycled medium
The growth of C. vulgaris in the recycled medium was approximately the same as that in the fresh culture
medium, and there was no obvious difference in the growth trend according to statistical analysis (p>0.05). The
results obtained indicated that the culture medium after �occulation could be recycled, which could reduce the
algal production cost as well as save water and nutrition resources. Similar �ndings have also been reported by
Wu et al. (Wu et al. 2015), who used chitosan and sodium hydroxide for harvesting Scenedesmus sp. and
Scenedesmus obliquus, respectively. Furthermore, low dosage of ferric chloride (0.5 g/L) recycled medium has
been demonstrated to enhance algal growth (Farooq et al. 2015), whereas high dosage of ferric chloride (1.62
g/L) recycled medium has been found to inhibit algal growth (Li et al. 2019). Thus, the �occulant type and
concentration could have a substantial impact on the recycling of culture medium.

Comprehensive comparison of the three �occulants
The maximum �occulation e�ciency was 98.8 ± 1.3 %, and the minimum �occulation time was 12 min under the
30 mg/L chitosan. Similar �occulation (chitosan) was utilized to �occulation Chlorella sp. HS2, it observed that
the �occulation time was higher than this test (Nayak et al. 2019). In our study, a very high �occulation e�ciency
(98.8 ± 1.3 %) was reported for �occulating marine microalgae. Marine microalgae are also utilized to biore�ning,
because the biomass can be used to produce higher value products, such as astaxanthin and phycocyanin
(Mayers et al. 2018). The astaxanthin and phycocyanin was $110/kg and $180/kg (http://www.alibaba.com).
Using this tested �occulation, the higher harvest e�ciencies were obtained. Based on this tested �occulation
methods, there is a great potential of marine Chlorella used as feedstocks to product valorize higher value
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products. Moreover, processing cost is one of the most important factors that affect algal markets. In the present
study, the algae �occulation e�ciency of higher dosages of ferric sulfate (0.9 g/L) and sodium hydroxide (0.6
g/L) was similar to that of the low dosage of chitosan (30 mg/L). Table 1 summarizes the cost of materials,
mainly based on the forward reports (Lama et al. 2016, Nayak et al. 2019). It can be noted from the table that
�occulation of 1 Kg dry biomass of microalgae can be accomplished using the �occulant chitosan for a cost of
94.0 USD, sodium hydroxide for a cost of 75.4 USD, or ferric sulfate for a cost of 71.4 USD. Although chitosan is
expensive, its low dosage requirement and rapid settling rate make it attractive for industrial applications.
Furthermore, with increasing commercial production, the cost of chitosan might reduce in the near future
(Augustine et al. 2017). Thus, chitosan-based �occulation may be practical for producing high valued products
owing to the additional revenue incurred, while ferric sulfate and sodium hydroxide could be suitable in biofuel
production from microalgae.

Conclusions
Analysis of the microalgae harvesting e�ciency of three �occulants, ferric sulfate, sodium hydroxide, and
chitosan, revealed that 30 mg/L chitosan presented the highest �occulation e�ciency of 98.8% ± 1.3%, with
shorter �occulation time. The three test �occulants had little in�uence on microalgal biomass contents.
Furthermore, the recycled culture medium could effectively support algal growth, thus reducing production cost,
saving water resources, and protecting the environment. Considering the �occulation e�ciency, dosage, and cost,
chitosan has potential for industrial applications for harvesting microalgae.
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microalgae Flocculant
type

Flocculant
concentration

Flocculation
time (min)

Flocculation
efficiency
(%)

Concentration
factor

Flocculant
cost
(USD/ton)

Cost
(USD/kg dry
microalgae)

Reference

C. vulgaris ferric
sulfate

0.9 g/L 70 93.4 ± 0.8  4.4 ± 0.3 150 71.4 This test 

  sodium
hydroxide

0.6 g/L 100 96.5 ± 0.6  4.8 ± 0.1 380 75.4 This test

  chitosan 30 mg/L 12 98.8 ± 1.3  8.0 ± 0.1 6000 94.0 This test

sodium
hydroxide
(DAF
system)

0.1 g/L 60 80 — 380 — (Besson
et al.
2019)

Chlorella sp. HS2 aluminium
sulfate

0.2 g/L 30 93.8 — 150 12.2 (Nayak et
al. 2019)

Chlorella sp. HS2 ferric
chloride

0.3 g/L 30 98.83 — 350 40.5 (Nayak et
al. 2019)

Chlorella sp. HS2 ferric
sulfate

0.35 g/L 30 97.3 — 150 20.6 (Nayak et
al. 2019)

Chlorella sp. HS2 chitosan 10 mg/L 30 99.6 — 6000 22.9 (Nayak et
al. 2019)

Chlorella
pyrenoidosa

egg shell 0.1 g/L 60 99 — — — (Pandey
et al.
2019)

Chlorella
pyrenoidosa

LACC — 60 95 — — — (Pandey
et al.
2019)

algae in municipal
wastewater

calcium
oxide 

354 mg/L 30 93 — 120 50.0 USD/L
culture

(Phasey
et al.
2017)

Flocculants cost based on bulk price estimations ferric sulfate = 150 USD/ton (Nayak et al. 2019), sodium hydroxide =380 USD/ton (Lama et

al. 2016), chitosan = 6000 USD/ton (Nayak et al. 2019), ferric chloride = 350 USD/ton (Nayak et al. 2019), aluminium sulfate = 150

USD/ton (Nayak et al. 2019), calcium oxide = 120 USD/ton (Phasey et al. 2017).

Figures

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/alga
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/municipal-wastewater
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Figure 1

Flocculation e�ciencies of C. vulgaris. (a) ferric sulfate, (b) sodium hydroxide, (c) chitosan, (d) Concentration
factor at 0.9 g/L ferric sulfate, 0.6 g/L sodium hydroxide and 30 mg/L chitosan. Data here represents the mean
values of three replicates and bar shows the standard deviation.
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Figure 2

Microscopic images of natural and �occulated C. vulgaris. (a) natural sedimentation, (b) ferric sulfate, (c)
sodium hydroxide, (d) chitosan.



Page 16/19

Figure 3

Integrity of microalgae cells. (a) natural sedimentation, (b) ferric sulfate, (c) sodium hydroxide, (d) chitosan.
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Figure 4

SEM morphology of C. vulgaris. (a) natural sedimentation, (b) ferric sulfate (0.9 g/L), (c) sodium hydroxide (0.6
g/L), (d) chitosan (0.03 g/L).
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Figure 5

Comparison of material contents after �occulation.
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Figure 6

Growth of algal cell in recycled medium.


