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Today, microalgae have received considerable interest as an alternative feedstock 
for biofuel, animal feed, human food, and pharmaceuticals because they possess valuable 
oils and biomolecules. The main problem of the cost of microalgae production is gener-
ally associated with the harvesting process. Flocculation is an effective method to harvest 
microalgal biomass and minimize the operating cost. In this study, the effect of the chi-
tosan solution, different pH conditions, and flocculation time on flocculation process of 
Chlorella minutissima and Nannochloropsis oculata were investigated, and the obtained 
data were evaluated statistically. Flocculation efficiency of C. minutissima and N. ocula­
ta were the highest under the conditions of 10 pH, 100 mg L–1 chitosan concentration, 
and flocculation time of 60 min, and found as 97 % and 85 %. It was also found that 
chitosan flocculation could be improved with pH increase. This study showed that chi-
tosan is a favorable flocculant because of its high efficiency, being non-toxic, and en-
abling the reusability of the growth medium after flocculation.
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Introduction

Separating microalgae from the growth medi-
um emerges as the biggest problem in the microal-
gae process. High biomass concentration causes the 
microalgae cells to shade each other, and use only 
the growth media to grow algae at low concentra-
tions. Microalgae are used for high-value products, 
which exhibit antibacterial, antifungal, anticoagu-
lant, antiviral, antioxidant, anticancer, and anti-in-
flammatory properties.1 In order to obtain high-val-
ue products, harvesting of microalgae is generally 
carried out by centrifugation. However, if the bio-
mass is processed for lower valued products, such 
as biofuels, centrifugation for harvesting is quite 
expensive and requires a lot of energy. It is import-
ant to find an alternative technology that requires 
minimal cost to harvest microalgae from large-scale 
cultivation, to reduce process cost, and increase mi-
croalgae biomass production.2–5 Flocculation has 
come into prominence for microalgal production to 
reduce the operating costs, which mainly consist of 
dewatering process due to its effectiveness, maturi-
ty, and energy-efficiency.6 Flocculation process can 
be performed via pH adjustment, using flocculants 
such as aluminum and ferric salts, natural polymers 
such as chitosan or taking advantages of fungus or 
bacteria which induce flocculation biologically.7–9 

Flocs can be formed by flocculants such as alumi-
num and ferric salts with microorganisms such as 
microalgae.

Chitosan is a natural biopolymer, one of the 
most abundant in the world, and is a linear copoly-
mer synthesized by the alkaline deacetylation of 
chitin. It is a cationic polyelectrolyte due to free 
amino groups, which are protonated in acidic medi-
um. Being a cationic biopolymer, it enhances floc-
culation, including efficient charge neutralization 
and bridging effects.10 Since microalgae cells are 
charged negatively, charge neutralization occurs 
during the interaction within chitosan and microal-
gae cells, which causes flocculation of microalgae 
cells. In the literature, studies investigate floccula-
tion of microalgae cells using chitosan.9,11–13 These 
studies show efficient flocculation performance of 
chitosan for some species of microalgae. However, 
without a statistical evaluation, it is hard to assess 
the effect of chitosan under different conditions, ex-
amine the relation between process parameters, and 
see the interactive effects of chitosan and other pa-
rameters such as pH, especially. In order to interpret 
the results comprehensively, a statistical evaluation 
of the flocculation process should be carried out.

Although there are a few studies on floccula-
tion of Chlorella sp. and Nannochloropsis oculata, 
with chitosan, no study evaluates the effect of ex-
perimental parameters (chitosan concentration, pH, 
and flocculation time) and their interactive effects 
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on flocculation efficiency with analysis of variance. 
In this study, Chlorella minutissima and N. oculata 
were flocculated via different concentrations of chi-
tosan solution under different pHs and flocculation 
times. These microalgae species were selected to 
examine the effects of parameters on flocculation of 
both freshwater and marine microalgae. In addition, 
utilizability of the microalgal cells and culture me-
dium that remain after this dewatering process were 
investigated. Box-Behnken experimental design 
was used to examine the results statistically. In the 
literature, it was observed that the remaining chi-
tosan residue in the medium after collecting mi-
croalgae is not investigated in most of the studies. 
However, whether chitosan remains in the solution 
or becomes floc with the microalgae may change 
the results of further applications. Therefore, in this 
study, the presence of chitosan in the remaining me-
dium was also tested after flocculation of microal-
gae.

Materials and methods

Microalgae cultivation

C. minutissima and N. oculata were selected as 
fresh and marine microalgae for the flocculation ex-
periments. Cultures were obtained from Algal Bio-
technology Laboratory of Yildiz Technical Univer-
sity, TURKEY. N. oculata and C. minutissima were 
grown in f/2 medium and BG-11, respectively. Mi-
croalgae were cultivated in a 250-mL glass flask at 
25±3 °C under continuous white illumination (8000 
lx) for 15 days. Initial number of living microalgae 
cells was 7.02–8.01·105 mL–1. Microalgal growth 
was measured by UV–visible spectrophotometer 
(PG Instruments T60, UK) at the wavelength of 680 
nm. When the cells entered the stationary phase on 
day 15, flocculation with chitosan was carried out 
in triplicate.

Flocculation experiments

Box-Behnken experimental design was carried 
out to investigate the effect of the process parame-
ters on concentration of chitosan solution, pH, and 
flocculation time. To evaluate the effects of these 
parameters on flocculation, different concentrations 
of chitosan solutions were added to the microalgal 

cultures in beakers. The pH of the cultures were ad-
justed within the range of 8–10 using 0.1 M NaOH 
solution. The samples were then mixed at 100 rpm, 
and different flocculation times were measured at 
750 nm at room temperature. Efficiency of floccula-
tion was determined with the following equation:

   ( ) ( )Flocculation efficiency % 1 / 100A B= - × 	  (1)

A:	 Absorbance of the culture suspension at different 
times during the flocculation experiment

B:	 Absorbance of original culture suspension at the 
beginning.

The factors were studied at three levels and 
three replicates at the center points. The three fac-
tors and their levels are listed in Table 1.

The following model was used:

 
		   

(2)
 

0 1 1 2 2 3 3 12 1 2
2 2 2

13 1 3 23 2 3 11 1 22 2 33 3

Y X X X X X

X X X X X X X

= + + + + +

+ + + + +

β β β β β

β β β β β

where Y is a response; β0, β1, β2, β3, β12, β13, β23, β11, 
β22, and β33 are constant factors. X1, X2, X3, which 
are defined as the independent factors, are the con-
centration of chitosan, pH, and flocculation time, 
respectively.

The best-fitting models were established via 
quadratic regression, and significant model parame-
ters were chosen only by removing the insignificant 
model parameters from the models. The computa-
tional work, including the designation of experi-
mental points, randomization, analysis of variance 
fitting of the quadratic models, and graphical repre-
sentations, as well as optimization, was performed 
using a statistical package Design-Expert version 
7.0 (Stat-Ease In., Minneapolis, USA).

Determination of zeta potential

Malvern Zetasizer Nano ZS instrument was 
used to determine the zeta potentials of the microal-
gae culture. Zeta potential measurements were per-
formed at ambient conditions, and three measure-
ments were conducted.

Viability of harvested microalgae cells

Flocculated microalgal biomass was grown 
again under the conditions mentioned in the mi-
croalgae cultivation section to observe their viabili-
ty and physiological activity. In order to observe the 
microalgae growth, the optical density of the cul-
tures was determined at 680 nm. Moreover, bio-
chemical content of the cultures was evaluated. To-
tal carbohydrate content in microalgae was measured 
using the phenol-sulfuric acid method.14 β-carotene 
and chlorophyll-α contents were also determined, as 
given in the study of Zou and Richmond.15

Ta b l e  1 	–	Parameters and their levels

Parameter Unit –1 0 +1

Chitosan concentration (X1) mg L–1 50 100 150

pH (X2) 8 9 10

Flocculation time (X3) min 30 45 60
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Utilizability of the culture medium

The remaining medium after harvesting of mi-
croalgal cells was investigated to determine wheth-
er the chitosan solution had changed the medium or 
it was adequate for the next growth process to de-
crease the microalgae cultivation cost. Approxi-
mately 90 % of the supernatant was recovered with 
flocculation, and whether the chitosan remained in 
the medium was investigated. The pH of the recov-
ered solution, which was used as growth medium, 
was set to pH level which was optimal for microal-
gae cultivation, with 0.1 M HCl solution. Com-
pounds used for the formulation of BG-11 and f/2 
medium were added to the recycled medium, and a 
new medium for cultivation was prepared as a con-
trol. Cultures were grown under the same condi-
tions mentioned in the microalgae cultivation sec-
tion. The growth of microalgae was monitored using 
spectrophotometer at the wavelength of 680 nm.

Results and discussion

Effect of process parameters on flocculation 
efficiency

In this study, microalgae species were firstly 
grown until they reached stationary phase. The 
growth curves of the microalgal species are given in 
the Fig. 1. Statistical evaluation of the effects of the 
process parameters (chitosan concentrations, pH 
level, and flocculation time) on the flocculation ef-
ficiency for C. minutissima and N. oculata are giv-
en in Table 2. The highest flocculation efficiencies 
were determined as 85 % and 97 % for C. minutis­

sima and N. oculata, respectively. The relationship 
between flocculation efficiency and the selected pa-
rameters was fitted to the quadratic regression mod-
el equation. Based on the coded levels of these pa-
rameters, regression model equations were 
represented as Eq. 3 and Eq. 4 for C. minutissima 
(CM) and N. oculata (NO), respectively.
		   
 
 
 

FE, CM 1 2 3

1 2 1 3 2 3
2 2 2

1 2 3

50.00 13.63 6.62 17.75
4.00 10.25 16.75  

6.50 5.50 0.75

Y X X X
X X X X X X

X X X

= + + + −

− − + +

+ − +

		    
 
 

FE, NO 1 2 3

2
1 2 1 3 1
2 2
2 3

76.00 2.00 31.75 6.75

2.50 11.00 11.25  

 8.25 6.25

Y X X X

X X X X X

X X

= − + + −

− + − −

− −

F i g .  1 	–	 Growth curves of C. minutissima and N. oculata

Ta b l e  2 	–	Flocculation efficiency of C. minutissima and N. oculata by chitosan under different flocculation times and pH conditions

Batch 
number

Process conditions Coded factors Flocculation efficiency (%)

Chitosan 
concentration  

(mg L–1)
pH Flocculation time 

(min) X1 X2 X3 C. minutissima N. oculata

1 100 8 60 0 –1 1 38 33
2 50 8 45 –1 –1 0 24 20
3 150 9 30 1 0 –1 59 31
4 150 10 45 1 1 0 70 88
5 100 8 30 0 –1 –1 39 26
6 100 10 60 0 1 1 85 97
7 50 9 30 –1 0 –1 17 66
8 150 8 45 1 –1 0 65 30
9 100 10 30 0 1 –1 19 90
10 100 9 45 0 0 0 50 76
11 150 9 60 1 0 1 77 73
12 50 9 60 –1 0 1 76 64
13 50 10 45 –1 1 0 45 88

(3)

 
 
(4)
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Analysis of variance (ANOVA) method was 
used to study the design matrix and the main effects 
quantitatively. The ANOVA results of the statistical 
evaluation are shown in Table 3. Table 3 shows that 
the R2 values for flocculation of C. minutissima and 
N. oculata were found to be very close to 1. Fur-
thermore, since the gap between Pred-R2 and Adj-R2 
was less than 0.2, the values of Pred-R2 were most 
likely in agreement with the values of Adj-R2. Thus, 
the regression models were found to be important 
since the p values were less than 0.01. The co-
efficients of determination for the equations were 
calculated as 0.98 and 0.97, for C. minutissima and 
N. oculata, respectively. The response surface plots 
of N. oculata and C. minutissima flocculation using 
different concentrations of chitosan under different 
flocculation times and pH conditions are presented 
in Figs. 2–3.

As seen from equation (3), the coefficient of 
flocculation time was the highest, thus, its effect on 
flocculation was the strongest. It was found that, the 
chitosan concentration, pH, and flocculation time 
had positive influence on the flocculation efficien-
cy. Interactive effects of X1X2 (chitosan concentra-
tion and pH), X2X3 (pH and flocculation time) and 
X1X3 (chitosan concentration and flocculation time) 
had considerable coefficient values. The interactive 
effects of chitosan concentration and pH, and chi-
tosan concentration and flocculation time, affected 
flocculation negatively. Moreover, the square coef-
ficient of the pH, which was also negative, was high 
compared to the coefficient of the individual and 
interactive effect of pH. Despite the fact that the pH 
affects flocculation of C. minutissima positively, it 
was found that increasing the pH level above 10, 
would affect the flocculation efficiency negatively, 
as can be seen with the effect of pH squared given 
in the equations. Xu et al. studied harvesting of 
green microalga Chlorella sorokiniana via floccula-
tion using chitosan as flocculant. The author report-
ed that almost 99 % efficiency was achieved under 
acidic conditions.12 Morales et al. investigated har-
vesting of various microalgae species using chi-
tosan. They found that by using high chitosan con-

centrations, flocculation efficiency of up to 100 % 
was achieved without changing the pH. When the 
pH was around 7.8–8.0, a full harvesting process 
was achieved with 40 mg L–1 or more chitosan con-
centrations. Nevertheless, it was stated that, in acid-
ic conditions, 95–100 % flocculation efficiency was 
achieved using less concentrations of chitosan solu-
tion in comparison to the neutral conditions.16

On the other hand, as for the regression equa-
tion of the flocculation process of N. oculata, the 
coefficient of pH is the highest and its effect on the 
flocculation is the strongest. It was observed that, 
increasing the pH caused an increase in the floccu-
lation efficiency. At pH 8, flocculation efficiency 
was very low, and it can be said that the chitosan 
concentration had little or no effect on the floccula-
tion process. Similar to C. minutissima, flocculation 
time had positive effect on flocculation process. 
However, unlike C. minutissima, chitosan concen-
tration had negative effect on the flocculation of N. 
oculata. It was seen that, up to a certain chitosan 
concentration (100 mg L–1), flocculation efficiency 
increased with increasing pH and time. Above this 
concentration, the flocculation efficiency was still 
high in alkaline conditions, but it was lower than 
the flocculation efficiency of the experiment using 
100 mg  L–1 chitosan. This result showed that, at 
higher pH levels, flocculation process occurred with 
a mechanism independent of chitosan concentra-
tion, which was in agreement with the study of 
Blockx et al.17 Blockx et al.17 investigated the most 
suitable parameters for harvesting of N. oculata us-
ing chitosan. It was stated that, in order to hydro-
nate the amine groups and induce the activity of 
flocculation toward charge-neutralization and bridg-
ing, acidic conditions are necessary in freshwater. 
In contrast, this process can be only performed ef-
fectively in alkaline conditions. According to 
Blockx et al., in order to harvest Nannochloropsis 
using chitosan, higher concentrations of chitosan 
solutions were required in comparison to the fresh-
water species.17 In another study, Farid et al. inves-
tigated the effect of chitosan and nano-chitosan on 
flocculation of Nannochloropsis sp. The authors re-

Ta b l e  3 	–	ANOVA results of statistical evaluation for the flocculation process of N. oculata and C. minutissima

Sources of variations Degree of 
freedom Sum of squares Mean square F-value Probability

C. minutissima

Regression model 9 6252.67 694.74 24.74 0.0116

Error 3 84.25 28.08

Corrected total 12 6336.92

N. oculata

Regression model 9 9292.69 1032.52 12.54 0.0306

Error 3 247 82.33

Corrected total 12 9539.69
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F i g .  2 	–	 Response surface plots showing flocculation of N. oculata at different concentrations of chitosan under different flocculation 
times and pH conditions
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F i g .  3 	–	 Response surface plots showing flocculation of C. minutissima at different concentrations of chitosan under different floccu­
lation times and pH conditions
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ported that flocculation efficiency carried out under 
the conditions of pH 9.0 and chitosan concentration 
of 100 mg L–1 was the highest. Similar to this study, 
a slight decrease was observed for flocculation effi-
ciency when the chitosan concentration was 120 
mg L–1.18

As may be seen with the regression equations, 
harvesting of C. minutissima and N. oculata via chi-
tosan flocculation were more affected by ionic 
strength or interactive effects of ionic strength and 
flocculation time. Therefore, different results can be 
obtained for different microalgae species, depend-
ing on their response to the chitosan concentrations. 
According to Sirin et al., many parameters affect 
the efficiency of flocculation, such as pH and ionic 
strength of the environment, and type of microor-
ganism to be harvested. The authors stated that, in 
alkaline pH, remarkable increase in flocculation 
with chitosan was observed. Because positive 
charge started to decrease (neutralization point at 
pH 7.9), the chitosan started to coil and then precip-
itate. The variation of the flocculation efficiency in 
chitosan experiments can also be explained with the 
results of using the remaining chitosan. To stabilize 
it, repulsion was performed between positively 
charged microalgae cells.13

After providing Eq. 3 and Eq. 4, the optimal 
conditions were predicted. As for C. minutissima, in 
order to achieve maximum flocculation efficiency, 
concentration of chitosan solution should be 55 
mg  L–1, pH level, and flocculation time should be 
10 and 59 min, respectively. As for the N. oculata, 
these conditions were predicted as concentration of 
chitosan solution of 80 mg L–1, pH level of 10, and 
flocculation time of 46 min, respectively. In these 
process conditions, flocculation efficiency was pre-
dicted at 90 % and 97 % for C. minutissima and N. 
oculata, respectively.

Zeta potential measurement

Increase in the chitosan concentration increased 
the zeta potential of the microalgal culture. Howev-
er, according to the results of the zeta potential de-
termination, a negative correlation with the chitosan 
concentration was observed, as shown in Fig. 4. It 
can be stated that the separation of carboxylic acid 
groups caused this decrease, which induced the re-
lease of negative ions into the solution. In the liter-
ature, some studies report zeta potential decreases 
with increases in flocculant concentration, which is 
in agreement with this study.9,19 According to Rashid 
et al., flocculant dose affected zeta-potential nega-
tively. They reported that a decrease in the zeta-po-
tential was observed at high concentrations of chi-
tosan solution. Such a result indicated that the 
positive charge of chitosan neutralized the negative 
charge on C. vulgaris cell.9 Wu et al. also indicated 

that the zeta potentials changed according to pH of 
the medium, tending to first decrease, and then in-
crease.19

Viability of harvested microalgae cells

At this stage of the study, cells that were har-
vested with chitosan solution were grown again to 
observe their viability and changes in their bio-
chemical content. As may be seen from Fig. 5, the 
microalgal cells began to proliferate, and no chang-
es were observed in the molecular structure or func-
tion of the cells. These results are comparable to 
those reported in the literature.20,21

Besides the growth curves, biochemical content 
of the harvested and naturally sedimented microal-
gae were compared. Content of carbohydrate, chlo-
rophyll-α, and β-carotene of N. oculata sedimented 
naturally were found as 27 %, 3.3 %, and 1.1 %, 
respectively. The contents of carbohydrate, chloro-
phyll-α, and β-carotene of N. oculata flocculated 
with chitosan were determined as 28 %, 3.2 %, and 
1 %, respectively. As for the C. minutissima, the 

F i g .  4 	–	 Zeta potential of a) N. oculata, and b) C. minutis­
sima after flocculation with chitosan at pH 10 for  
60 min
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chlorophyll-α, β-carotene, and carbohydrate con-
tents of naturally sedimented and flocculated cells 
were determined as 4.4 %, 1.7 %, and 14 %, and 4.5 
%, 1.6 %, and 13 %, respectively. In the floccula-
tion process carried out with chitosan, chitosan can-
not be removed from the flocculated microalgae at 
the end of the process. Therefore, some amount of 
chitosan remains with the microalgal biomass.17 
However, no significant difference between the car-
bohydrate, clorophyll-α, and β-carotene contents of 
naturally sedimented and flocculated N. oculata and 
C. minutissima were observed.

Utilizability of the culture medium

The culture medium recovered after harvesting 
should be utilizable for the next cultivation in order 
to achieve a cost-effective microalgae cultivation. 

Apart from investigating the biochemical content 
and viability of the cells, it is required to evaluate 
whether the recovered medium was adversely af-
fected by the chitosan solution. According to the 
method carried out by Blockx et al. in their study, at 
high pH, chitosan precipitation should be seen 
clearly in pure chitosan solutions in deionized wa-
ter.17 In this study, the recovered medium was eval-
uated for chitosan precipitation, and no precipita-
tion was observed. The recovered medium was then 
evaluated for subsequent cultivations. Based on the 
results presented in Fig. 6, the microalgae growth 
carried out in the recovered solution and the freshly 
prepared solution was similar. Therefore, both mi-
croalgae species can be grown in recovered medi-
um. These findings are in agreement with the exist-
ing literature.19,21,22

F i g .  5 	–	 Growth curves of N. oculata and C. minutissima obtained after 
flocculation process

F i g .  6 	–	 Growth curves of N. oculata and C. minutissima cultivated in fresh 
medium and the recovered medium obtained after flocculation
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Conclusion

This study used chitosan for harvesting C. 
minutissima and N. oculata by flocculation. Based 
on the flocculation efficiency and reusability re-
sults, chitosan can be considered as a potential can-
didate for harvesting microalgae cultures. The re-
sults also showed that flocculation with chitosan 
was more complete at alkaline pH for the microal-
gae species used in this study. Statistical analysis 
indicated the difference in flocculation between ma-
rine and freshwater microalgae. Chitosan, being a 
natural biopolymer, is non-toxic and has no nega-
tive effects on the growth medium and microalgae 
cells. However, the use of chitosan in microalgae 
flocculation is unattractive due to its high costs. 
Therefore, microalgae flocculation using chitosan 
can be suggested only for obtaining high-value al-
gal products.
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