
RESEARCH ARTICLE

Optimal Conditions for the Treatment of Shrimp Culture Effluent
Using Immobilized Marine Microalga Picochlorum maculatum
(PSDK01)

S. Dinesh Kumar1,2 • P. Santhanam1
• P. Prabhavathi3 • B. Kanimozhi4 •

M. Abirami4 • Min S. Park5 • Mi-Kyung Kim2

Received: 1 September 2016 / Revised: 1 November 2016 /Accepted: 7 March 2017 / Published online: 22 March 2017

� The National Academy of Sciences, India 2017

Abstract A significant environmental concern has been

raised over the wastewater produced from aquaculture

including shrimp farms. In order to evaluate the potential

of microalgae to treat the wastewater from a shrimp

aquaculture, response surface methodology (RSM) was

applied to identify optimal conditions for various parame-

ters. Picochlorum maculatum immobilized beads were

used to remove excessive nutrients (phosphate, nitrate,

nitrite and ammonia) from a 90 days old shrimp (Litope-

naeus vannamei) cultured wastewater. The effects of

number of algal cells per bead, density of beads per given

volume of wastewater, pH, and retention time were

investigated. A significant maximum nutrient removal was

obtained at pH 7, 24 h of retention time, 150 beads of

density and 111,200 cells/ml of algal cell concentration.

The primary experimental results were used to RSM for

optimizing the variables statistically for maximum nutrient

removal. A ‘minimum run resolution V’ central composite

design with four variables (pH and retention time, different

bead density and algal cell concentrations in beads) was

applied to optimize the process. The results showed good

fits with the proposed statistical model for the removal of

nutrients.
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Introduction

High concentrations of nitrogen and phosphorus in

wastewater are the main cause for eutrophication of estu-

aries and seas. It is imperative to remove these substances

from wastewater in order to maintain water quality in the

environment [1, 2]. Removal of nutrients from wastewater

using physical and chemical methods is highly expensive

and energy consuming. However, use of biological systems

serves as a cheap and efficient method of nutrient removal

from wastewater [3–6]. In recent decade, microalgae have

received more attention, especially in the tropical and

subtropical regions, as an alternative biological system for

wastewater treatment [6–8]. One of the major issues in

using microalgae for wastewater treatment is their recovery

from the treated wastewater. Immobilization technology,

which entraps the microalgal cells into a matrix, solves the

harvest problem. This technology can offer operational

flexibility and easy separation of algae from the treated

wastewater. Moreover authors reported that higher nutrient

removals were achieved in immobilized algal matrix than

suspension culture of algal species [4, 9].
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As the result of rapid growth of aquaculture industry

including shrimp farms throughout Southeast Asian coun-

tries such as Thailand and India, water quality has been

detraining due to the incompletely treated wastewater

(culture water) discharged from these farms. In order to

investigate the potential of algae to treat wastewater from

shrimp farms, the authors tested various parameters that

might affect the applicability of immobilized microalgae

for nutrient-removal from the waste water. Effective

removal of nutrients using immobilized algal system is

dependent on various factors such as algal species, type of

matrix for immobilization, pH, treatment time or hydraulic

retention time (HRT), algal cell density, bead concentra-

tions and the degree of aeration.

Response surface methodology (RSM) has an important

application in the process design and optimization as well

as the improvement of an existing design. In last few years,

RSM has been used to optimize and evaluate the interactive

effects of independent factors in numerous chemical and

biological wastewater treatment such as advanced treat-

ment of olive oil processing wastewater using Fenton’s

peroxidation [10] and, acidogenesis of cheese-whey

wastewater to acetic and butyric acids [11], powdered

activated carbon augmented activated sludge process for

the treatment of semi-aerobic landfill leachate [12], Fenton

and photo-Fenton treatment of distillery wastewater and

optimization of treatment conditions [13].

Several workers attempted removal of nutrients from

various wastewaters using fresh water microalgal beads

[6, 14–17]. However, very few attempts have been made

using marine microalgae for wastewater treatment

[4, 7, 17]. Therefore, the present study was undertaken for

estimating removal efficiency of nutrients (phosphate,

nitrate, nitrite and ammonia) from wastewater from a

shrimp farm by using immobilized marine microalgae

Picochlorum maculatum. Picochlorum maculatum (Nan-

nochloris maculata Butcher 1952) is a group of marine

microalgae and their size varies between 1.5 and 3 microns

diameter. Zeaxanthin and Canthaxanthin are most domi-

nant pigments in P. maculatum [18]. It has been investi-

gated independent variables of pH, retention time, beads

density and algal cell concentration in beads using response

surface analysis and presented the results from compre-

hensive process modeling efforts.

Material and Methods

Collection and Composition of Wastewater

The wastewater was collected from an individual shrimp

(Litopenaeus vannamei) culture pond located at Ennoor,

Chennai, Tamil Nadu, India (13�1904300N; 80�1905400E) and

transported to the laboratory. At laboratory, wastewater

was kept undisturbed to settle the suspended particles. The

composition of effluent was analyzed according to standard

methods [19–21].

Immobilization of Microalgae

The isolation and cultivation methods for marine

microalgae P. maculatum were previously described [5].

Microalga P. maculatum was harvested during the expo-

nential phase by using Milliphore filtering system (Model

No. X10422050, 50 Hz) and were immobilized according

to Santos et al. [22] with minor modifications in respect to

alginate and cation solution (CaCl2) concentrations. The

total volume of alginate mixture was 100 mL (70 mL

alginate ? 30 mL NaCl mixture). Sodium chloride was

included since saline microalgae used for immobilization

treatment. In brief, 3 g sodium alginate (sodium alginate is

a natural polysaccharide product extracted from brown

seaweed) was first dissolved by slow stirring in 70 ml of

distilled water. In the remaining 30 ml of distilled water,

3.5 g sodium chloride was dissolved to obtain a 35 psu

salinity final solution. When the alginate was completely

dissolved, the two parts were mixed using a magnetic

stirrer. After preparation of alginate mixture, the equal

amounts of centrifuged algae were added to the mixture

and the mixture has been added drop-wise into the cation

solution. While alginate algae mixture added to the cation

solution, the thin layer has been formed around the alginate

algae mixture. The cation solutions (2 g CaCl2 to 100 mL

of nanopure water) were prepared in nanopure water. The

beads were prepared by adding algae alginate mixture

drop-wise to the cation solution (CaCl2) by using 20 ml

syringe (0.8 mm 9 40 mm needle; Braun, Melsungen,

Germany) from a height of approximately 15 cm and at a

rate of approximately one drop per second. The distance

between syringe tip and cation solution determined the

beads size. After forming of beads, the beads were kept

stirring in the cation solution for 45 min to allow the

complete hardening of the alginate, and washed three times

with filtered (0.45 lm) natural seawater to eliminate the

remaining cation solution.

Experimental Variables

In order to find out the effect of pH and retention time, the

different pH levels from 1 to 10 and retention time viz., 4,

8, 12, 16, 20 and 24 h on biosorption were maintained. The

pH of the wastewater was adjusted to the desired value

using 0.1 N HCl or 1 N NaOH. The effect of bead-density

on the nutrient removal was studied by employing 50, 100,

150, 200, 250, 300, 350 and 400 beads. The algal cells were

suspended in 50 ml deionized water to produce various
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concentrations of microalgae of 21,500, 35,300, 49,200,

65,700, 81,400, 92,600, 111,200, 131,800, 169,700,

210,400, 262,400, and 286,600 cells/ml. All experiments

were performed in triplicates.

Experimental Setup

The experiments were conducted in 1000 ml conical flask

filled with 500 ml of shrimp cultured wastewater. Immo-

bilized microalgal beads were added to culture flasks and

water sampling was made every 4 h for analyses. After

experiments, wastewater was separated from the immobi-

lized microalgal beads through filter paper. The amounts of

nutrients in the samples were measured spectrophotomet-

rically using Shimadzu Model-2450 as per the standard

protocol [19–21].

RSM Design

A design of experiment (DOE) statistical software

(Design-Expert version 9, Stat-Ease, Minneapolis, MN)

was employed to design statistically the smallest num-

ber of experiments using ‘‘minimum run resolution V

Design (Min–Run Characterize)’’ design. The response

surface design was preferred to carry out removal of

nutrients (phosphate, nitrate, nitrite and ammonia). Four

operating factors were selected as independent variables

and the interaction of variables on nutrient removal was

evaluated using a limited number of designed experi-

ments by MinRes V [23]. It is an optimal design which

predicts the possible effects and interactions of the four

chosen factors with a minimum number of experimental

runs.

Fig. 1 Effect of pH and retention time on a phosphate removal, b nitrate removal, c nitrite removal, and d ammonia removal
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Results and Discussion

Effect of pH, Retention Time, Bead-Density

and Algal Cell Density on Nutrient Removal

The recorded initial concentrations of physico-chemical

parameters viz., pH, salinity, dissolved oxygen, phosphate,

nitrate, nitrite, ammonia, silicate, total nitrogen and total

phosphorus in 90 days shrimp (L. vannamei) cultured

wastewater were 7.8, 31 psu, 5.38 mg/L-1, 0.35, 3.77,

4.02, 12.34, 20.18, 19.59, 0.53 lmol/L-1 respectively.

Immobilized Picochlorum maculatum beads were efficient

in removing nutrients from aquaculture wastewater sug-

gesting that microalgae-imbedded bead can be used to

remove nutrients in excess in waste water from shrimp

farm. The significant decrease in the concentration of

PO4
3-, NO3

-, NO2
- and NH3 was observed in the pH,

ranging from 1 to 10 and time ranging from 4 to 24 h

(Fig. 1a–d) (detailed results were showed in supplementary

files). The maximum phosphate, nitrate, nitrite and

ammonia removal that was obtained at pH 7 at 24 h were

0.33, 3.23, 3.22 and 4.23 lmol L-1, respectively. The

efficiency of removal (%) was 92.8, 85.6, 80.3, and 34.2 for

phosphate, nitrate, nitrite and ammonia, respectively. The

minimum reduction of nutrients (PO4
3-, NO3

-, NO2
- and

NH3) was observed at pH 1 during 24 h retention period,

where the concentrations were 0.02, 0.10, 0.11 and

0.25 lmol L-1 respectively. Figure 1a–d shows that

nutrient removal was pH-dependent and was optimal at

neutral pH range, while it was negatively affected by either

acidity or alkalinity. The pH dependence of nutrient uptake

can be largely related to the functional groups that are

present in algae and also on the nutrients and metallic

chemistry in solution [24]. At low pH, the concentration of

Fig. 2 Effect of beads density on a phosphate removal, b nitrate removal, c nitrite removal, and d ammonia removal
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the hydrogen protons in the solution far exceeds that of

ions and hence, these protons competes with these nutrient

and metal ions by forming a bond in the active sites

(functional groups) on the surface of the algae, leaving the

metal ions free in solution. These bonded active sites

thereafter become saturated and thus are inaccessible to

other cations. When the pH was increased, the competing

effect of hydrogen protons decreased and the positively

charged metal ions took up the free binding site [7].

In the present experiment, the effect of bead-densities

(50, 100, 150, 200, 250, 300, 350 and 400) was also studied

for nutrient removal. Results showed a significant reduc-

tion of nutrients from the shrimp farm wastewater (Fig. 2a–

d) (see supplementary files for detailed results). The

removal of nutrients (PO4
3-, NO3

-, NO2
- and NH3) was

maximum in the experiment with the bead-density of 150

after 24 h-retention time and the removal efficiency was

86, 62, 87, and 94%, for PO4
3-, NO3

-, NO2
- and NH3,

respectively. The concentrations of nutrients reduced from

0.35 to 0.049 lmol L-1 (phosphate), 3.77–1.44 lmol L-1

(nitrate), 4.02–0.52 lmol L-1 (nitrite) and

12.34–0.57 lmol L-1 (ammonia) when 150 numbers of

beads were maintained. Regarding the effect of beads

density on biosorption, moderate number of beads (150

beads) showed good biosorption when compared to both

high and low density of beads (Fig. 2a–d). Higher density

of beads in treatment reactor resulted in a significantly low

nutrient removal. Higher density of beads would shrink the

penetration of light through the reactor, and enhance the

self-shading effects, which might have limited the meta-

bolic activities of algal cells. Due to heavy weight of high

density of beads (200, 250, 300, 350 and 400 numbers), the

beads were settled in bottom. Under this condition, the

supplied air was not sufficient to completely suspend all of

the beads in the reactor. As a result, low nutrient removal

was observed as have been previously observed

Fig. 3 Effect of algal cell density in beads on a phosphate removal, b nitrate removal, c nitrite removal, and d ammonia removal

Optimal Conditions for the Treatment of Shrimp Culture Effluent Using Immobilized Marine… 1181

123



[6, 7, 16, 25, 26]. Pakshirajan and Singh [27] also stated

that higher stocking density decreases the biosorption due

to cell loading in gel which weakens the membrane of gel

[28].

The influence of algal cell density per bead (21,500,

35,300, 49,200, 65,700, 81,400, 92,600, 111,200, 131,800,

169,700, 210,400, 262,400, and 286,600 cells/ml) on

removal of nutrients is depicted in Fig. 3a–d (see supple-

mentary files for detailed results). As expected, removal of

nutrients was dependent on the number of algae per indi-

vidual bead, although the removal kinetics was different

among types of nutrients. Phosphate and nitrite were

removed in similar manner (Fig. 3a, c), while nitrate and

ammonia were removed rapidly in the early hours of

incubation. The recorded removal of nutrients were 94%

(PO4
3-), 42% (NO3

-), 90% (NO2
-), and 99% (NH3)

achieved after 24 h of retention time in 111,200 cells/ml

algal cell concentrations. The beads without algae (control)

had resulted in lower amount of adsorption of nutrients

(PO4
3--6.28%; NO3

--10.88%, NO2
--3.98%, NH3-

10.06%) as compared to the treatment beads (beads with

algae). Phosphate (0.35–0.021 lmol L-1), nitrate

(3.77–2.18 lmol L-1), nitrite (4.02–0.37 lmol L-1) and

ammonia (12.34–0.11 lmol L-1) were effectively

removed in the presence of algae at various densities. The

influence of algal cell density in beads on removal of

nutrients from wastewater (Fig. 3a–d), moderate algal cell

concentration (111,200 cells/ml) resulted in higher nutrient

removal (94% of PO4
3-, 42% of NO3

-, 90% of NO2
-,

99% of NH3) as compared to high (131,800, 169,700,

210,400, 262,400, 286,600 cells/ml) and low algal cell

concentrations (21,500, 35,300, 49,200, 65,700, 81,400,

92,600 cells/ml). Increasing the algal cell concentrations in

beads appeared to reduce their efficiency in nutrient

removal and caused cell leakage. The algal cell leakage

was monitored in the treatment reactor during each sam-

pling period by counting the cell number in 10 ml culture

medium. Earlier researchers [7, 14, 16] have seen that,

increasing algal cells concentration in beads did not

improve nutrient removal and this might be due to a sig-

nificant algae leakage from the beads when too many cells

were used to create imbedded-beads [14, 29]. It could be

also due to the limited diffusion of nutrients when the algal

cell density is high [30]. The same microalgae species were

Fig. 4 Response surface methodology (RSM) model for a phosphate removal, b nitrate removal, c nitrite removal, and d ammonia removal
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used for nutrient elimination and the removal rate was

lower (PO4
3--89.08%, NO2

--56.66%, NH3-72.94%) than

the present investigation except for nitrate (59.33%) while

using the mobilized form [31]. While immobilized algal

beads are used for the removal of nutrients in wastewater,

phosphate and ammonia are adsorbed to the surface of

beads and then penetrate slowly into alginate beads and

continuously absorbed by algal cells [32]. As it has been

demonstrated by de-Bashan et al. [15]. It has been also

observed that moderate algal cell concentration

(111,200 cells/ml) was effective in nutrient-removal from

the wastewater from shrimp aquaculture.

Response Surface Methodology

All experimental data were obtained from 13-individual-

experiments and the predicted data from a response surface

analysis model (results were given in supplementary

Table 1) and analyses of variance with reference to pH,

density of beads and algal cell concentration results were

analyzed (results were given in supplementary Table 2, 3

and 4). The model F-value of all treatments is less than 4

(F\ 4.00) indicating that the model is significant except

nitrate and nitrite with reference to pH; and phosphate and

nitrate with reference to density of beads. While values of

‘‘Prob[ F’’ [0.05 indicate that model terms are

insignificant. In all responses, B–B is significant model

term. The highest lack of fit F-value of 19.10 implies that

the lack of fit is significant. To investigate the significant

interactive effects of different variables on nutrient

removal (lmol L-1), the three-dimensional profiles of

multiple nonlinear regression models were made and

results were shown in Fig. 4a–d. Analysis on the normal

probability plot (Fig. 5a–d) of the residual showed a rather

straight line residual distributions, which refer that error are

evenly scattered and hence support adequacy of the model.

In order to quantify the curvature effects, the data from the

experiments were fitted to higher degree polynomial

equations, i.e. four factor interaction (4FI) and quadratic

equations. In the design expert software, the response data

were analyzed by default. The model terms in the equations

are those that remained after the elimination of insignifi-

cant variables and their interactions. Based on the statisti-

cal analysis, the models were highly significant with very

low probability values (\0.0001). It was shown that the

model terms of independent variables were significant at
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the 99% confidence level. The square of the correlation

coefficient for each response was computed as the coeffi-

cient of determination (R2) at 95% confidence level. The

predicted values were in very good agreement with the

experimental values, as shown in Fig. 6a–d. Hence, the

quadratic model appears to be well suited for this experi-

mental set up. By carrying out parameter optimization

based on the built mathematical models, the present work

indicated that the majority of nutrients in the wastewater of

shrimp farm can be removed to the minimum concentra-

tions of nutrients (lmol L-1) like phosphate-1.52, nitrate-

0.022, nitrite-0.011 and ammonia-0.015, which are equiv-

alent to the percentage removal of 93.4, 99.4, 97.2 and

99.8%, respectively.

Conclusion

The present findings revealed that Picochlorum maculatum

immobilized in alginate beads can be used to remove

nutrients in excess from the wastewater from a shrimp farm

(control). Further, the authors also observed that pH 7,

retention time of 24 h, density of beads 150, and

111,200 cells/ml of algal cell concentration per bead were

found to be optimum for maximum removal of nutrients

from the wastewater. RSM results demonstrated the effects

of operating variables as well as their interactive effects on

the response. Therefore, pH, retention time, density of

beads and algal cell concentration in beads appeared to be

some of the important parameters for immobilized

microalgae-based wastewater treatment.

Acknowledgements The authors are thankful to the Head, Depart-

ment of Marine Science and authorities of Bharathidasan University

for the facilities provided. They (SDK, PS) are indebted to Depart-

ment of Biotechnology, Government of India for microalgae culture

facility provided through extramural project (BT/PR 5856/AAQ/3/

598/2012). One of the authors (SDK) thanks the DBT, Govt. of India

for Junior Research Fellowship.

Compliance with Ethical Standards

Conflict of interest There is no conflict of interest among the authors

for publishing this manuscript.

Predicted vs. Actual

00E+00

00E-03

00E-03

.00E-03

.00E-03

0 0.001 0.002 0.003 0.004

Predicted vs. Actual

0.01

0

0.01

0.02

0.03

0.04

0.05

-0.01 0 0.01 0.02 0.03 0.04 0.05

Predicted vs. Actual

0.015

0.02

0.025

0.03

0.035

0.04

0.015 0.02 0.025 0.03 0.035 0.04

Predicted vs. Actual

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Actual

Pr
ed

ic
te

d

Actual

Pr
ed

ic
te

d

Actual

Pr
ed

ic
te

d

Pr
ed

ic
te

d

Actual

4

3

2. 

1.

(a) (b)

(c) (d)

Fig. 6 Design-expert plot; predicted versus actual values plot for a phosphate removal, b nitrate removal, c nitrite removal, and d ammonia

removal

1184 S. Dinesh Kumar et al.

123



References

1. Wang X, Wang S, Ma Y (2005) Anoxic biological phosphorus

removal and effect of excessive aeration on biological phospho-

rus removal in A2O process. J Chem Indus Eng (China)

56:1565–1570

2. Zhang Z, Zhou J, Wang J, Guo H, Tong J (2006) Integration of

nitrification and denitrifying dephosphatation in airlift loop

sequencing batch biofilm reactor. Process Biochem 41:599–

608

3. Abdel Hameed MS, Hammouda O (2007) Review: biotechno-

logical potential uses of immobilized algae. Int J Agric Biol

9:183–192

4. Dinesh Kumar S, Santhanam P, Jayalakshmi T, Nandakumar R,

Ananth S, Shenbaga Devi A, BalajiPrasath B (2013) Optimiza-

tion of pH and retention time on the removal of nutrients and

heavy metal (zinc) using immobilized marine microalga Chlor-

ella marina. J Biol Sci 13:400–405

5. Dinesh Kumar S, Santhanam P, Nandakumar R; Ananth S, Nithya

P, Dhanalakshmi B, Mi-Kyung Kim (2016) Bioremediation of

shrimp (Litopenaeus vannamei) cultured effluent using copepod

(Oithona rigida) and microalgae (Picochlorum maculatam and

Amphora sp.)—An integrated approach, Desal Wat Treat doi:

10.1080/19443994.2016.1163509

6. Tam NFY, Wong YS (2000) Effect of immobilized microalgal

bead concentrations on wastewater nutrient removal. Environ

Poll 107:145–151

7. Adam S, Suresh Kumar P, Santhanam P, Dinesh Kumar S,

Prabhavathi P (2015) Bioremediation of tannery wastewater

using immobilized marine microalga Tetraselmis sp., experi-

mental studies and pseudo-second order kinetics. J Mar Biol

Oceanogr 4:2. doi:10.4172/2324-8661.1000141

8. Dinesh Kumar S, Santhanam P, Lewis-Oscar F, Thajuddin N

(2014) A dual role of marine microalga Chlorella sp. (PSDK01)

in aquaculture effluent with emphasis on initial population den-

sity. Arab J Sci Eng 40:29–35

9. Abdel Hameed MS (2002) Effect of immobilization on growth

and photosynthesis of the green alga Chlorella vulgaris and its

efficiency in heavy metals removal. Bull Fac Sci Assiut Uni

31:233–240

10. Ahmadi M, Vahabzadeh F, Bonakdarpour B, Mehranian M,

Mofarrah E (2006) Phenolic removal in olive oil mill wastewater

using loofah-immobilized Phanerochaete chrysosporium. World

J Microb Biot 22:119–127

11. Yang K, Yu Y, Hwang S (2003) Selective optimization in ther-

mophilic acidogenesis of cheese-whey wastewater to acetic and

butyric acids: partial acidification and methanation. Water Res

37:2467–2477

12. Aghamohammadi N, Aziz HBA, Isa MH, Zinatizade AA (2007)

Powdered activated carbon augmented activated sludge process

for treatment of semi-aerobic landfill leachate using response

surface methodology. Bioresour Technol 98:3570–3578

13. Hadavifar M, Zinatizadeh AA, Younesi H, Galehdar M (2010)

Fenton and photo-Fenton treatment of distillery effluent and

optimization of treatment conditions with response surface

methodology. Asia-Pac J Chem Eng 5:454–464

14. Lau PS, Tam NFY, Wong YS (1997) Wastewater nutrients (N

and P) removal by carrageenan and alginate immobilized

Chlorella vulgaris. Environ Technol 18:945–951

15. de-Bashan LE, Antoun H, Bashan Y (2005) Cultivation factors

and population size control the uptake of nitrogen by the

microalgae Chlorella vulgaris when interacting with the

microalgae growth promoting bacterium Azospirillum brasilense.

FEMS Microbiol Ecol 54:197–203

16. Abdel Hameed MS (2007) Effect of algal density in bead, bead

size and bead concentrations on wastewater nutrient removal. Afr

J Biotechnol 6:1185–1191

17. Venkatesan R, Kumaraguru Vasagam KP, Balasubramanian T

(2006) Culture of marine microalgae in shrimp farm discharge

water: a sustainable approach to reduce the cost production and

recovery of nutrients. J Fish Aquat Sci 1:262–269
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