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E�ect of pH, cationic inducer, and clam shells as bio-�occulant in the 
optimization of the �occulation process for enhanced microalgae harvesting 
using response surface methodology
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ABSTRACT

Flocculants agglomerate suspended microalgae cells, while cost and toxicity have led to the 
increased use of bio-#occulants. In this experiment, Chlorella pyrenoidosa was gathered by 
utilizing bio-#occulants from discarded clam shells. At pH 8, 0.2 mg/mL of bio-#occulant clam 
shell, 0.1 mg/mL of cationic inducer, and 240 rpm of mixing achieved 91.87 % #occulation 
e1ciency and 458.1 mg of recovered biomass. Calcium ions in bio-#occulants are the main 
contributor to Chlorella pyrenoidosa #occulation, employing charge neutralization and sweep-
ing as #occulation mechanisms. Zn2+ salt boosts #occulation by neutralizing the functional 
group's negative charge. The R2 values of 0.8969 and 0.8894 for harvesting e1ciency and 
recovered biomass re#ect the model's predictive power. XRD exhibited faint, indistinct peaks 
with considerable noise, indicating that the chitosan bio#occulant did not have a crystalline 
structure and that Chlorella had become <brillar. Response Surface Methodology approach, 
which promotes #occulation, improves water reuse and microalgae harvesting.
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1. Introduction

Recent analyses of the changes needed in the global 
energy system to combat climate change have deter-
mined that bioenergy will play a signi<cant role in global 

renewable energy during the next decade [1]. In order for 
biomass to be used as a feedstock for bioenergy and 
other bio-based products, its availability and production 
costs are crucial. There have been considerable attempts 

to assess the overall quantity of accessible biomass and its 
average production cost [2,3]. It is necessary to produce 
goods based on renewable natural resources in order to 

solve the di1culties generated by population increase 
and rising human requirements throughout time [4].

Microalgae are one of the most autotrophic micro- 

organisms of plant life and are renowned for their 
capacity to quickly create and accumulate important 
products, including carbohydrates, proteins, fatty 
acids, and lipids [5,6]. Additionally, they are used as 

bio<lters to remove contaminants from wastewater 
and as fertilizers for animal feed. Microalgae may also 
be used to produce biofuels such as methane [7], 

biodiesel [8], and biohydrogen [9]. Due to these bene-
<ts, microalgae are regarded as one of the most pro-
mising renewable bioenergy sources [10].

Chlorella is one of the most important commercia-
lized microalgae species that may be used for food, 
animal feed, bio-energy, and other by-products [11– 

13]. Chlorella has the potential to reproduce rapidly in 
growing circumstances, is simple to cultivate, produces 
oxygen via photosynthesis, and has a high protein 

content with amino acids as the primary component 
[14]. There are several microalgae harvesting methods, 
including centrifugation, sonication, <ltration, air #oa-
tation, coagulation, and #occulation. Among them, 

#occulation stands out due to its simplicity and relative 
low cost [15,16].

Clam shells (Perna viridis) are belong to the class 

bivalvia and the phylum Mollusca. The primary ingre-
dient of the shell is calcium carbonate, which is either 
calcite or calcium carbonate. Waste clam shells are 

common in Indonesia, and only 30% weight (meat 
plus shells) was #esh [17]. Clam shells include 66.70% 
Calcium Carbonate, 7.88% SiO2, 22.28% MgO, dan 
1.25% Al2O3 [18]. Due to their high calcium carbonate 

concentration, mussel shells may be used to purify 
water. Calcium carbonate in shell<sh is able to purify 
water and can even lower iron, manganese, and other 

metal concentrations [19].
Due to the tiny size of microalgae (a few mm) 

and their low concentration in the medium 

(500 ml), this constitutes a serious di1culty. 
Microalgae is presently collected by using centrifu-
gation in commercial systems, however this 

approach uses a great deal of energy and is thus 
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not cost-eFective [4]. Using metal coagulants like 

alum and ferric chloride, microalgae may be #occu-
lated with ease. However, this needs a substantial 
quantity of coagulant and resulting in metal con-

tamination of the collected biomass [20]. Among 
them, #occulation is regarded the preferred harvest-
ing method since it is very inexpensive and easy to 

implement. Due to the inclusion of chemicals or 
organic substances, #occulation enabled microalgae 
to form a mass and aggregate [21]. Flocculation is 
an e1cient procedure that permits the quick treat-

ment of large numbers of microalgae cells [22].
Hadiyanto et al. [23] did research on the #occulation 

of Chlorella pyrenoidosa using eggshell as a #occulant, 

while Abdul Razack et al. [24] conducted a study on the 
harvesting of C. vulgaris utilizing Strychnos potatorum 

as a #occulant. In contrast, Surendhiran & Vijay [25] 

included ZnCl2 into the #occulation process of 
Nannochloropsis oculata). The research of Guldhe 
et al. [26],, which harvested Ankistrodesmus falcatus 

using chitosan. There is also a research by Xu et al. 
[27], that uses Chitosan powder extracted from crab 
shells as a coagulant for the harvesting of Chlorella 

sorokiniana.

In this study, microalgae had been harvested by the 
#occulation technique with Perna viridis bio-#occulants. 
Using response surface modeling (RSM) and center 

composite design (CCD) techniques, the impact of catio-
nic inducer dosage, pH, mixing rate, and bio-#occulant 
on deposition time and #occulation e1ciency will be 

assessed and adjusted. The RSM was used to identify the 
optimal #occulation conditions. RSM is a statistical 
method for constructing factorial experiments in order 

to generate mathematical models that enable the ana-
lysis of the in#uence of numerous variables on the 
intended response and the determination of the opti-
mal conditions while minimizing the number of trials. 

Using the RSM-CCD approach to optimize bio- 
#occulants in the green shell microalgae harvesting 
process has never been done previously, hence we 

consider this a scienti<c novelty. The goals of the study 
were to improve the #occulation process by identifying 
optimal operating conditions and to promote for the 

use of clam shell as a sustainable bio-#occulant in the 
harvesting of Chlorella pyrenoidosa. Flocculation e1-
ciency and biomass recovery were investigated and 
optimized in relation to pH, cationic inducer, and #oc-

culant concentration using response surface 
methodology.

2. Materials and methods

2.1 Culture preparation of Chlorella pyrenoidosa

Chlorella pyrenoidosa microalgae were obtained from 
Ugoplankton, Jepara, Central Java, Indonesia. In the UPT 

C-BIORE Laboratory at the Diponegoro University in 

Semarang, Indonesia, microalgae were cultivated, tested, 

and the <ndings analyzed. The cultivation was conducted 
in an aquarium with an aerator (BS-410, Amara, Shanghai, 
China). The cultures were put in an incubator that was lit 

by a Philips 8 W tube lamp with a light intensity of 1500 
lux (light/darkness ratio of 24:0 h). To maintain the growth 
of Chlorella pyrenoidosa, nutrients are added every two 

days in the form of a combination of 0.05 g/L TSP, 0.05 g/L 
Urea, and 0.2 g/L NaHCO3. Optical Density was measured 
using a Spectrophotometer with a wavelength of 680 nm 
(Spectroquant Prove 100, Merck KGaA, Darmstadt, 

Germany).

2.2 Synthesis of bio-�occulant

The technique of making bio#occulants from Perna viridis 

shells was adopted from Suparmaniam et al., as seen 
below [28]. Perna viridis shells were cleaned thoroughly 
with distilled water. Perna viridis shell is then heated at 
a temperature of 105°C for 30 minutes to evaporate the 

water content. After that, the shell is crushed into a <ne 
powder. This dry <ne powder is then sieved through 
a sieve with a mesh size 200. Finally, Perna viridis powder 

was dissolved in 0.1 N HCl solution (Sigma Aldrich, 
St. Louise, USA) and stirred with a magnetic stirrer for 
3 min.

2.3 Bio-�oculant experiment

Experiments on #occulation were conducted during the 
stationary growth phase of microalgae. The optimization 
research used 400 mL of Chlorella pyrenoidosa. By measur-

ing #occulation eFectiveness and biomass, the impacts of 
bio-#occulation factors such as pH, bio-#occulant concen-
tration, cationic inducer, and mixing rate were evaluated 

[29]. The 1 mg/mL stock solution was made by dissolving 
100 mg of clam shell bio#occulant in 10 mL of 0.1 M HCl. 
Using a magnetic stirrer, the solution was swirled for 

10 minutes until the powder was entirely dissolved. The 
solution is then diluted with deionized water to 100 mL. 
This is repeated for each variable, and the resulting solu-
tion is ready to be added to 400 mL Chlorella pyrenoidosa 

medium with the addition of 1 M HCl or 1 M NaOH 
starting at pH 6 to 10 and swirled with a magnetic stirrer 
at 200, 220, 240, 260, 280 rpm for 15 minutes. The settling 

time of microalgae #ocs was set to 15 minutes [27]. The 
optical density of 680 nm (OD680) in a Spectrophotometer 
Spectroquant Prove 100 (Darmstadt, Germany) was used 

to calculate the concentration of microalgae biomass in 
the tube during one hour.

2.4 Flocculation e ciency and biomassanalysis

Using a spectrophotometer, the initial concentration of 

microalgal biomass was measured in quart cuvettes 
with an optical density of 680 nm (OD680). At the end 
of the bio-#occulation time, the optical density of the 
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supernatant was measured at 2/3 of the height of the 

pellucid culture. The #occulation e1ciency was deter-
mined as followed equation (1) [22,30]: 

Flocculation efficiency %½ � ¼
ODi � ODf

ODi

� �

x100 (1) 

where ODi was OD680 value of sample and ODf was 
OD680 value of control. Through an Ultra Micro Fiber, 
500 mL of microalgae cell suspension was <ltered. The 

biomass content of microalgae cultures was then 
determined gravimetrically by drying the samples in 
plates at 60°C for 24 hours until constant weight. The 

weight of the <nal plate was used to measure the dry 
biomass of microalgae.

2.5 Response surface methodology

Response Surface Methodology (RSM) was used to test 
the eFect of four independent factors. To study four 

#occulation parameters, a central composite design 
(CCD) of the experiments was designed. Optimized 
utilizing a four-level factorial design and a small central 

composite design [31]. RSM is renowned for evaluating 
the interaction between the important variables of an 
experiment and optimizing them [32]. The four inde-
pendent variables were examined at <ve levels (−2, −1, 

0, +1, +2) using 30 experimental runs and six central 
points that were repeated.

Using Design-Expert software, experimental design 

and multiple regression analyses of experimental data 
were conducted (version 10, Stat-Ease Inc., MN, USA). 
Using ANOVA, the experimental results were statisti-

cally assessed. The bio-#occulation activity- 
representing response variable [Y] was <tted using 
the following second-order polynomial equation (2): 

Y ¼ β0þ β1X1þ β2X2þ β3X3þ β4X4þ β12X1X2

þ β13X1X3þ β14X1X4þ β23X2X3þ β24X2X4

þ β34X3X4þ β11X1
2þ β22X2

2þ β33X3
2þ β44X4

2

(2) 

Where Y is the predicted response, β0 was the con-

stant, X1 – X4 were the input variables. β1 – β4 were the 
linear coe1cients, β12 – β44 were the second order 
interactive coe1cients and β11 – β44 were the quad-

ratic coeicients. The actual values of the diFerent code 
levels consisting of pH [X1], Chitosan concentration 
[X2], Cationic Inducer [X3], and Mixing Rate [X4] are 

shown in Table 1 and the eFect of #occulation e1-
ciency is represented as Y.

2.6 SEM, XRD, and FTIR analysis

Utilizing a scanning electron microscope, the cell sur-
face of Chlorella sp. control and Chlorella obtained 

using clam shells as bio#occulant was analyzed. 
Microalgae #ocs were studied under a light micro-
scope before to and after #occulation. Using SEM and 

Energy Dispersive X-ray spectroscopy (EDX) to assess 
the material’s inorganic constituents [33]. The study 

was conducted at room temperature using A Jeol 
(model JSM-6510 LA, Tokyo, Japan) at 2000x magni<-
cation. X-ray diFraction analysis was carried out with 

a Siemens D500 X-ray diFractometer with Cu Kα radia-
tion. Fourier Transform Infrared (FTIR) is a common 
technique for analyzing the surface colonization of 

microorganisms [34]. FTIR equipment of the Perkin 
Elmer Type Frontier (United States) was used to cap-
ture 4000–400 cm−1 spectrum. Changes in polymer 
functional groups were evaluated through FTIR analy-

sis. FTIR analysis was performed on samples of control 
microalgae or microalgae that had not been #occu-
lated and compared with samples of #occulated 

Chlorella utilizing dried clam shells or biomass.

3. Result and discussion

3.1. Mechanism of bio�occulation

As shown in Figure 1, it is crucial to examine the 
mechanism of microalgae bio#occulation by bio#occu-
lants derived from clam shells. Under neutral pH set-

tings, microalgal cells are negatively charged owing to 
the presence of active protons bonded to their surface, 
such as amine, phosphoric, hydroxyl, phosphodieter, 

and carboxyl functional groups [28]. The pH of the 
microalgae culture is then adjusted to meet the pre-
determined conditions. Afterward, HCl is ionized into 

H+ and Cl−, while CaCO3 is ionized into Ca2+ and CO3
2-. 

Due to the low solubility of calcium carbonate in water, 
it should be emphasized that not all CaCO3 gets 
ionized to form calcium ions. Ca2+ then attaches to 

the negatively charged microalgae, resulting in 
a neutralizing reaction. It is di1cult to show stoichio-
metry since the interaction between Ca2+ and micro-

algae is a physical binding generated by the diFerence 
in charge. Ca2+ binding to microalgae is enhanced by 
the presence of a cationic inducer, which also makes 

the environment more stable. When stirring is per-
formed, the Ca2+ that binds microalgae aggregates 
and closes together via the process of patching and 
bridging, causing microalgal #ocs to form. At the time 

of #occulation with clam shells, excess CaCO3 in 
decomposes into CaCl2 through the following break-
down reaction equation (3) and (4): 

direct : CaCO3 þ 2HCl ! CaCl2 þ H2O þ CO2

(3) 

Table 1. Coded value based on the factor at a time experiment 
for 4 variables employed in the study.

Code Variables −2 −1 0 +1 +2

A pH 6 7 8 9 10
B Clam shells powder (mg) 50 75 100 125 150
C Cationic Inducer (mg) 0 25 50 75 100
D Mixing Rate (rpm) 200 220 240 260 280
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indirect CaCO3 ! CaO þ CO2 ! CaCl2 þ H2O þ CO2

(4) 

CaO þ CO2 þ 2HCl ! CaCl2 þ H2O þ CO2 (5) 

3.2. E,ect of pH on bio�occulation

The pH is one of the factors that aFects the #occulation 
e1ciency of Chlorella pyrenoidosa. This was con<rmed 

by the ANOVA results, which provided a P-value < 0.01 
suggesting that the pH component was important for 
#occulation e1ciency. This is based on the <ndings of 

prior research. According to previous research, auto-
#occulation occurs at high pH owing to diFerences in 
protonation and structural changes within the #oc [35]. 
Statistical investigation demonstrated that the in#u-

ence of pH on #occulation e1ciency is extremely 
strong and substantial, and that #occulation e1ciency 
increases as pH rises.

In acidic environments, the active sites on the 
microalgal cell wall were likely to be protonated and 
deprotonated as the pH rose [36]. Calcium-rich mollusk 

skeletons may absorb and disrupt the negative charge 

on microalgae cells, resulting in #occulation. In the 
presence of a <xed dose of 0.2 mg/mL of clam shell 
bio#occulants, pH 8 was determined to be the optimal 

pH for harvesting 400 mg of microalgae culture, 
achieving a #occulation e1ciency of around 91.89% 
as shown in Figure 2. This may be a result of the 

increased electrostatic interaction between negatively 
charged deprotonated microalgae cells and positively 
charged bio#occulant particles at pH 8. However, any 

pH value over 8 resulted in a reduction in #occulation 
eFectiveness.

It is known that pH variations aFect the #occulant 
structure. Changes in pH may alter the surface charge 

of microalgal cells, leading them to become proto-
nated when pH decreases and deprotonated when 
pH rises. Surface charge diFerences in#uence particle 

interactions and #occulation eFectiveness. The cell sur-
face may become negatively charged as 
a consequence of acid dissociation at higher pH values, 

i.e. pH greater than 6.0 [37]. At extreme pH (very low 
and high pH), #occulation was likely impaired due to 
repulsive forces between particles with identical 

Figure 1. Mechanism of microalgae flocculation process.
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charges. In other words, microalgae cells and bio#oc-
culant particles may have identical charges at that pH, 

resulting in repulsion [37]. In addition, at extreme pH, 
partial dissolution of calcium-rich bio#occulant may 
release cationic and anionic ions into aqueous solu-

tion, which may subsequently adsorb onto the surface 
of bio#occulant, causing same-species hindrance [38]. 
However, it has been noted that some microalgae 

species prefer to auto-#occulate at high pH owing to 
the precipitation of metal ions in the culture medium 
[32]. Several studies have shown that auto-#occulation 

increases microalgae recovery by up to 90%, however 
the procedure is time-consuming and often requires 
the addition of calcium and magnesium ions [39]. 
However, if the pH is too high, the eggshell load 

becomes negative, resulting in repulsion and 
a reduction in #occulation eFectiveness [27]. 
Moreover, Vandamme et al. [15] found that repulsive 

forces might diminish particle interaction, hence dis-
rupting the #occulation process.

3.2. E,ect of bio�occulant concentration

The optimal dosage of clam shells may increase #oc-
culation because adsorption and charge neutralization 

are the most probable mechanisms involved in coagu-
lation as shown in Figure 3. The calcium carbonate 
(CaCO3) content of clam shell is 97% [27,40]. 

Extraction of bio#occulant from these shells by com-
bining shell powder with an aqueous solution resulted 
in the partial breakdown of calcium carbonate and the 
release of a number of ions [41]. Due to their high CaO 

content, clam shells have signi<cant bio#occulant 
potential. Because Ca2+ ions may induce negative 
ions to form #ocs that disperse throughout the micro-

algae solution.

The optimal concentration of bio#occulant is 
0.2 mg/mL; if the concentration is too high, the bio-

#occulant does not form sediment but instead breaks 
the precipitate and creates turbidity in the solution. 
Due to the repulsion between positively charged par-

ticles of clam shells, this might result in de#occulation 
or stability of the particles [37]. This validated the 
function of calcium ions as bio#occulant, as the copre-

cipitation of calcium ions and microalgae cells stimu-
lated bio#oc production at pH 8 and 100 mg #occulant 
clam shells.

3.3 E,ect of cationic inducer

According to earlier investigations, ZnCl2 was utilized 
as a cationic inducer for Perna viridis #occulants [25]. 

This technique, known as Divalent Cationic Bridging 
(DCB) by Sobeck & Higgins [42], is used in wastewater 
treatment, which explains why #oc properties are 

enhanced. As a link, the Zn2+ salt enhances the #oc-
culation process by neutralizing the functional 
group’s residual negative charge [32]. If the concen-

tration of the cationic inducer is too high, the cell 
cohesion and #occulation e1ciency will suFer. In 
this investigation, ZnCl2 was utilized as a cationic 
inducer, with 50 mg cationic inducer being optimum 

as shown in Figure 4.

3.4 E,ect of mixing rate

At a concentration of 0.2 mg/mL of clam shells, pH 8, 
and a concentration of 50 mg of cationic inducer, the 
stirring speed in#uenced the #occulation e1ciency 

and biomass output (Figure 5). 15 minutes of stirring 
at 240 revolutions per minute resulted in an optimal 
#occulation e1ciency of 91.897%; if the mixing rate is 

Figure 2. Effect of pH on bioflocculation.
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too high, the #occulation e1ciency will decline to 90% 

and then 87%, respectively. This phenomenon is 
a result of cell stability at high stirring rates [43]. High- 
velocity mixing tends to break up #oc, scatter fused 

cells, and reincorporate them into the medium.

3.5 Response surface analysis

Bio#occulation of Chlorella sp. was carried out using 
chitosan as a #occulant with optimization of the 
four variables used in the Central Composite 
Design (CCD) with 30 runs and 6 central points. 

The results of the prediction and experimental 
responses of each experiment are shown in 
Table 2. A positive sign indicates that the in#uence 

of the variable on #occulation is greater at higher 
concentrations, while the negative symbol shows 
that the in#uence of the variable on #occulation is 

greater at lower concentrations. Linear regression 

analysis was carried out using the second order 
polynomial equation according to the equation (5) 
and (6): 

Yflocculation efficiency¼ 89; 23 þ 3; 53 X1 � 0; 84 X2

þ 1; 23 X3 � 0; 79 X4 þ 0; 49 X1X2 � 2; 47 X1X3

� 1; 00 X1X4 � 1; 98 X2X3 þ 1; 17 X2X4 � 1; 15 X3X4

� 0; 90 X1
2 � 3; 46 X2

2 þ 0; 058 X3
2 � 1; 67 X4

2

(5) 

Ybiomass ¼ 399; 27 þ 58; 90 X1 þ 2; 64 X2 þ 10; 79 X3

� 8; 64 X4 � 3; 11 X1X2 � 30; 19 X1X3 � 13; 92 X1X4

� 19; 67 X2X3 þ 24; 11 X2X4 � 17; 56 X3X4

� 16; 28 X1
2 � 32; 13 X2

2 � 6; 44 X3
3 � 16; 43 X4

4

(6) 

Figure 3. Effect of bioflocculant on bioflocculation.

Figure 4. Effect of cationic inducer on bioflocculation.
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where Y #occulation e1ciency and Y biomass are the 
response variables, and pH [X1], Chitosan [X2] concentra-
tion, Cationic Inducer [X3], and Mixing Rate [X4] are vari-

ables, and X1
2- X4

2 is the squared eFect of variable. The 
derived regression equations (R2) are 0,8969 for harvest-
ing e1ciency and 0.8894 for collected biomass, indicating 

that the model is signi<cant in terms of response 
prediction.

The coe1cient is signi<cant with a value of P < 0.05 
and a magnitude greater than t. The coe1cients on the 
response are marked with, X1, X2, X3, X4, X1X2, X1X3, X1X4, 

X2X3, X2X4, X3X4, X1
2, X2

2, X3
2, X4

2 and in this model the 
results obtained are signi<cant [P 0,0001] . For #occulation 
e1ciency, the ANOVA illustrated Table 3 calculates F to be 

9.32 and low P values, speci<cally P < 0.0001. Table 3 
reveals that the Linear vs Mean and Quadratic vs 2FI 
model was selected to describe the in#uence of the 

experimental variables (bio#occulant concentration, pH, 
cationic inducer concentration, and mixing rate) on the 
#occulation e1ciency response. The P value for the Linear 
vs Mean model is less than 5%, hence it is advised to 

utilize it while optimizing the answer in question. 
However, the P value for the Quadratic vs 2FI model is 
0.0001, indicating that the model has a smaller in#uence 

on explaining the anticipated result. However, it is sug-
gested to use. Table 4 shows that the biomass response 
yielded F = 8.61 and P < 0.0001 as indicated. Table 4 

demonstrates that the Linear vs Mean and 2FI vs Linear 
models were selected to describe the in#uence of experi-
mental variables (bio#occulant concentration, pH, catio-

nic inducer concentration, and mixing rate) on the 
#occulation e1ciency response. The P value for the 

Linear vs Mean model is less than 5%, hence it is advised 

to utilize it while optimizing the questioned answer. In 

Figure 5. Effect of mixing rate on bioflocculation.

Table 2. Central composite design with observed responses 
pertaining to flocculation efficiency and recoverable biomass.

Run pH

Clam 
Shell 

[mg/mL]

Cationic 
Inducer 

[mg/mL]

Mixing 
Rate 

[rpm]

Flocculation 
Efficiency 

[%]

Recovered 
Biomass 

[mg]

1 7 0.15 0.05 220 75.858 232.7
2 9 0.15 0.05 220 90.185 421.7
3 7 0.25 0.05 220 72.945 199.1
4 9 0.25 0.05 220 87.465 387.9
5 7 0.15 0.15 220 87.179 327.2
6 9 0.15 0.15 220 91.833 447.5
7 7 0.25 0.15 220 81.792 310.1
8 9 0.25 0.15 220 88.314 395.3
9 7 0.15 0.05 260 71.004 145.3
10 9 0.15 0.05 260 83.369 358.2
11 7 0.25 0.05 260 80.103 330.8
12 9 0.25 0.05 260 90.615 453.6
13 7 0.15 0.15 260 87.009 332.1
14 9 0.15 0.15 260 83.689 306.7
15 7 0.25 0.15 260 77.102 278.3
16 9 0.25 0.15 260 81.489 328.6
17 6 0.2 0.1 240 80.461 215.8
18 10 0.2 0.1 240 90.896 450.7
19 8 0.1 0.1 240 77.864 282.1
20 8 0.3 0.1 240 72.981 257.6
21 8 0.2 0.02 240 88.372 357
22 8 0.2 0.2 240 89.708 388.2
23 8 0.2 0.1 200 82.046 337.5
24 8 0.2 0.1 280 83.172 327.8
25 8 0.2 0.1 240 89.154 395.7
26 8 0.2 0.1 240 90.738 432.8
27 8 0.2 0.1 240 88.182 364
28 8 0.2 0.1 240 85.743 357.4
29 8 0.2 0.1 240 91.898 458.1
30 8 0.2 0.1 240 89.657 387.6

Table 3. ANOVA table for response surface function on floccu-
lation efficiency.

Source SS DF MS F P

Mean vs Total 2.135E+005 1 2.135E+005
Linear vs Mean 367.98 4 91.99 3.21 0.0293
2FI vs Linear 223.76 6 37.29 1.44 0.2508
Quadratic vs 2FI 379.91 4 94.98 12.75 0.0001
Cubic vs Quadratic 84.95 8 10.62 2.78 0.0979
Residual 26.74 7 3.82
Total 2.146E+005 30 7152.85
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contrast, the P value for the 2FI vs Linear model is 0.2508, 

indicating that the model is very signi<cant for explaining 

the questioned answer.
Figure 6a show the eFect of Perna viridis clam 

shells and pH on the #occulation process when 

Perna viridis is employed as a bio-#occulant. The 
graph demonstrates that Perna viridis, pH 8, and 
#occulants at a concentration of 0.2 mg/mL culture 

Table 4. ANOVA table for response surface function on 
biomass.

Source SS DF MS F P

Mean vs Total 3.514E+006 1 3.514E+006
Linear vs Mean 88,023.21 4 22,005.80 5.88 0.0018
2FI vs Linear 38,259.77 6 6376.63 2.19 0.0896
Quadratic vs 2FI 35217.48 4 8804.37 6.57 0.0029
Cubic vs Quadratic 9830.30 8 1228.79 0.84 0.5986
Residual 10,258.57 7 1465.51
Total 3.696E+006 30 1.232E+005

Figure 6. 3D response surface and contour plots illustrating the interaction effects of a) Perna viridis-pH, b) cationic inducer-pH, c) 
mixing rate-pH, d) cationic inducer-Perna viridis, e) mixing rate- Perna viridis, and f) mixing rate-cationic inducer on the flocculation 
efficiency of Chlorella sp. Flocculation.
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resulted in a #occulation e1ciency of around 91%. 

This implies that the concentration supplied is opti-
mum for #oc formation. As seen in Figure 6b, 
a 0.1 mg/mL cationic inducer at pH 8 had 

a signi<cant eFect. In this environment, the greatest 
value was reported at a cationic inducer dosage of 
0.1 mg/mL and a pH of 8. The #occulation process 

is signi<cantly aFected by the solution’s mixing 
velocity and pH (Figure 6c). Due to the improved 
cell stability at high speeds, the stirring speed has 
a signi<cant in#uence on charge neutralization and 

sweep coagulation. The highest point in Figure 6d 
was reached with the addition of 0.2 mg/mL Perna 

viridis and 0.1 mg/mL cationic inducer due to the 

rapid #occulation of microalgae by ZnCl2, a cationic 
inducer with a signi<cant positive charge that 
attracts and #occulates microalgal cells. Figure 6e 

depicts the connection between stirring speed and 
#occulant dose when 0.15 mg/mL Perna viridis is 
applied with 220 rpm stirring. Due to the insu1-

cient Perna viridis concentration, the #occulation 
e1ciency was insu1cient. In Figure 6f, the connec-
tion between stirring speed and cationic inducer 
was adjusted too low, resulting in ineFective #occu-

lation. Due to insu1cient cationic inducer dose and 
insu1cient stirring speed, the procedure was ine1-
cient. As a result, a link was established between 

four variables: cationic inducer, pH, bio-#occulants, 
and stirring speed, all of which had a signi<cant 
impact on the time required to reveal these four 

plots: cationic inducer, pH, bio-#occulants, and stir-
ring speed. As seen in Figure 7a, a culture with pH 8 
and bio-#occulants at a concentration of 0.2 mg/mL 

produced a biomass of 458.1 mg. As shown in 
Figure 7b, the peak was reached with a cationic 
inducer at a concentration of 0.1 mg/mL and a pH 
of 8, while the smallest gap was obtained with 

a cationic inducer at a concentration of 75 mg/L 
and a pH of 9. This was the result of an insu1cient 
dosage of the cationic inducer, which resulted in 

less-than-desirable biomass. As demonstrated in 
Figure 7c, a stirring speed of 260 rpm and a pH of 
9 resulted in a decrease in biomass to 81%, which 

was likely due to the higher cell stability created by 
excessive agitation. Using a 0.05 mg/mL cationic 
inducer with a 0.15 mg/mL Perna viridis yielded 
the lowest gap, as seen in Figure 7d. This happened 

because insu1cient quantities of cationic inducer 
and #occulant were used. As a result, both the 
quantity and e1ciency of biomass production 

were ine1cient. The peak plot shown in Figure 7e 
was produced by swirling 0.2 mg/mL of clam shells 
at 240 rpm. This was the optimal dose, as it allowed 

Perna viridis to absorb all microalgal cells with su1-
cient agitation. As seen in Figure 7f, the biomass 
declined when the stirring speed was raised to its 

maximum. This was due to the fact that the stirring 

speed had a signi<cant impact on charge neutrali-

zation and sweep coagulation, which occur as 
a consequence of cell stability.

The form of the contour plot reveals the signi<cance 

of the interaction between the elements. Using three- 
dimensional surfaces and contour plots, it is easy to 
study the reciprocal interaction and optimization of 

the tested variables. By analyzing response surface 
plots and contour representations of the observed 
interaction eFects, the following optimal values for 
the examined variables were determined: pH 8, Perna 

viridis concentration of 0.2 mg/mL, cationic inducer 
concentration of 0.1 mg/mL, and stirring speed of 
240 rpm. The model was tested in triplicate under 

ideal conditions, with a #occulation e1ciency of 
91.87% and a biomass recovery value of 458.1 mg. As 
a consequence of our research, we have determined 

that bio-#occulation using Perna viridis shells is an 
e1cient technique for microalgal cell collection. The 
optimization results were then compared to those of 

various prior studies that harvested Chlorella through 
#occulation. Prochazkova et al. [44], for instance, used 
1.3 g/L Diethylaminoethyl/Polyethylenimine as a #oc-
culant to collect Chlorella vulgaris with an e1ciency 

more than 90%, a #occulation duration of 30 minutes, 
and a pH range of 2–10.

Hadiyanto et al. [4] used a dose of 59.98 mg/120 ml 

eggshell as a #occulant for Chlorella pyrenoidosa with 
a #occulation e1ciency of 90.78%. Kumar [45] collected 
Chlorella sp. with 96.68% e1ciency using 50 mg/L catio-

nic locust bean gum biopolymer as a #occulant. Rakesh 
et al. [46] collected Chlorella sp. using a total of 120 mg/L 
maize starch with an e1ciency of 80%. In previous 

research, 90% microalgae recovery was achieved using 
auto-#occulation, but the procedure is time-consuming 
and often requires the addition of calcium and magne-
sium ions [39]. The comparison above reveals that the 

optimized operating conditions are equivalent to or even 
superior than those of prior experiments. The kind and 
concentration of microalgae also in#uence the #occula-

tion process from the microalgae’s vantage point. The 
higher the microalgae concentration, the greater the 
required #occulant dosage. In relation to #occulant inter-

action, each kind of microalgae has unique features.

3.6 Morphological analysis

Figure 8a depicts a SEM image of Chlorella sp. that had 
not been treated with Perna viridis shells, and Figure 8b 
depicts a Perna viridis as a clam shells agglomeration 
with microalgal cells and SEM images following #occu-

lation at pH 8, 100 mg/mL #occulant concentration, 
50 mg/mL cationic inducer concentration, and 
240 rpm stirring speed. Existing research on microal-

gae harvesting using bio#occulants recovered from 
shell waste is sparse. These calcium-rich shell wastes 
have a high cationic charge density with diverse 
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functional groups including carboxyl, sulfate, phos-
phate, and amino groups designed to adsorb and dis-
rupt negatively-charged microalgae cells [47].

The high CaO content of Perna viridis shells makes 
them a promising candidate for use as a bio#occulant. 
Ca2+ ions are capable of forming #ocs for negatively 

charged ions, which bind to negatively charged micro-
organisms such as microalgae. When negatively 
charged algal cells coexist with positively charged 

Perna viridis shells in a solution, electrostatic repulsion 
between the cells lessens. At large quantities of #occu-
lant, cationic polymers cover microalgal cells, leaving 

insu1cient vacant sites and resulting in a net positive 
charge [37]. In addition, this positive charge attracts 
the negatively charged cells in its surroundings, result-

ing in the formation of a #oc. The morphology of 
microalgae changes when chitosan is applied as a bio- 
#occulant. The surface morphology of Perna viridis 
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Figure 7. 3D response surface and contour plots illustrating the interaction effects of a) Perna viridis-pH, b) cationic inducer-pH, c) 
mixing rate-pH, d) cationic inducer-Perna viridis, e) mixing rate- Perna viridis, and f) mixing rate-cationic inducer on the biomass of 
Chlorella sp. flocculation.

ENVIRONMENTAL POLLUTANTS & BIOAVAILABILITY 347



shells is varied. Perna viridis shells have been used to 

encapsulate Chlorella sp. cells, transforming their 
smooth surface into a <brous one [48–51]. Carbon 
from the bio-#occulant decreased the carbon content 

of Chlorella following #occulation, as seen in Table 5.

3.7 XRD analysis

Using XRD, the crystallinity of dry bio#occulants isolated 

from clam shells was determined. In nature, calcium car-
bonate exists as three anhydrous crystalline polymorphs 
(calcite, aragonite, and vaterite), two hydrated crystalline 

polymorphs (calcium carbonate monohydrate (CaCO3.H2 

O) and calcium carbonate hexahydrate (CaCO3.6H2O), 
and one amorphous polymorph [47]. However, these 

results indicate that the XRD spectra of the #occulants 
do not match those of calcium carbonate, which is the 
most thermodynamically stable component in the shell. 
In clam shell bio#occulants, wide peaks with low intensity 

and inability to be distinguished in the presence of high 
noise levels suggested that non-crystalline structure pre-
dominated. Amorphous calcium carbonate is a hydrated, 

irregular, and unstable crystalline precursor of calcium 
carbonate seen in a variety of animals, including adult 
sea urchin larvae and mollusc bivalves larvae. It is gener-

ally known that commercial and powdered calcium car-
bonate have hydrophobic properties and a high water 
absorption capacity [52]. As seen in Figure 9, the sample 

Figure 8. SEM images of microalgae (a) before and (b) after flocculation.

Table 5. Energy Dispersive X-ray spectroscopy (EDX) analysis 
results for the chemical constituents of Chlorella sp 

flocculation.

Chlorella sp. content
Before 

flocculation
After Flocculation with dose 

optimum

Carbon, C 62.69 33.33
Nitrogen, N 28.77 8.35
Natrium Oxide, Na2O 3.26 -
Magnesium Oxide, 

MgO
0.28 0.45

Silica Dioxide, SiO2 0.20 1.02
Phosphor Pentoxide,  

P2O5

2.05 21.13

Sulfide, SO3 1.22 -
Chloride, Cl - -
Kalium Oxide, K2O 0.34 -
Calcium Oxide, CaO 0.35 20.67
Cuprum (II) Oxide, 

CuO
0.46 -

Zinc Oxide, ZnO 0.38 7.19
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Figure 9. X-ray Diffraction (XRD) curves of microalgae control (black line) and after flocculation (red line).
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collects moisture from the air and upon exposure, attest-

ing to the amorphous nature of calcium carbonate 
included in the bio#occulant.

3.8 FTIR analysis

Using FTIR, the identi<cation of functional groups and 

position of these groups in control microalgae, bio- 
#occulants, and #ocs formed by addition of bio- 
#occulants extracted from clam shell were studied to 

determine the likelihood of biomolecular group reten-
tion or any chemical changes that occurred after the 
#occulation process. Figure 10 displays the FTIR spec-

trum of a sample of raw microalgae. The absorption 
spectra seen at 3334.49 cm−1 corresponds to -OH 
stretching. The existence of C = C explains the stretch-

ing that happened at the wide band peak of 
2110 cm−1. The primary amide and carbonyl (C–O) 
groups in proteins have respective wavelengths of 
1615.81 and 1633.89 cm−1, which are attributable to 

the C = O stretching vibration and a combination of - 
NH bending and C-N stretching vibrations in amide 
complexes. COO-carboxylate bond binding and 

(NCH3)3 lipid bending occur at a wavelength of 
1367.35 cm−1 [53–55]. On the other hand, 
1454.11 cm−1 is distinguished by intense vibrations 

induced by the bending of CH2, the intensity of 
which then rises. The nucleic acid spectrum was 

discovered at 1235.55 cm−1. Residual absorption 

values of 560.52 cm−1 and 518.57 cm−1 revealed the 
existence of potent alkyl halides [56].

Conclusion

Current study reveals the novel potential of bio#occu-

lants extracted from clam shell for harvesting Chlorella 

pyrenoidosa at up to 91.98% and 458.1 mg of #occula-
tion e1ciencies and biomass recovery at pH 8, bio#oc-

culant concentration of 0.2 mg/mL, ZnCl2 concentration 
of 0.1 mg/mL, and mixing rate of 240 rpm. 
Characterization research demonstrated that co- 

precipitation of calcium ions, which are plentiful in 
these shell-derived bio#occulants, is the most important 
factor in the e1cient #occulation of microalgae cells. 

However, the Response Surface Methodology and 
ANOVA-derived regression equations (R2) for harvesting 
e1ciency and biomass recovery are 0.8969 and 0.8894, 
respectively, demonstrating that the model is signi<cant 

in terms of response prediction. The SEM and EDX 
investigations revealed that mollusk shells underwent 
morphological changes. Clam shells surface structure is 

highly varied. The smooth surface of Chlorella sp. was 
converted into a <brillar structure, and XRD analysis 
revealed low-intensity, indistinct peaks with consider-

able noise, suggesting that the chitosan bio#occulant 
had a non-crystalline structure. The absorption spectra 
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Figure 10. FTIR spectra of microalgae control and after flocculation process.
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at 3334.49 cm−1, which corresponds to -OH stretching, 

the primary amide and carbonyl (C–O) groups in pro-

teins with respective wavelengths of 1615.81 and 

1616.89 cm−1, and the nucleic acid spectrum discovered 

at 1235.55 cm−1 are the most important peaks for deter-

mining the properties of clam bio-#occulant. Clam shells 

are inexpensive, non-toxic, and need minimum prepara-

tion. These results provide a cost-eFective alternative to 

standard chemical #occulants for microalgae harvesting.
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