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Abstract  

Water resources crisis and concerns about environmental pollution led to promote 

different wastewater treatment processes. Biological wastewater treatment through 

microalgae cultivation is one of the promising methods that perfectly remove nutrients. 

In this study, nanoparticle of Fe3O4 was used as trace element to enhance microalgae 

growth and biological wastewater treatment by removing nutrients (e.g. COD, nitrate 

(NO3
-), phosphate (PO4

-3)) and heavy metals (HMs) (e.g., Cr and pb) form municipal 

wastewater (MWW). C. sorokiniana was used as microalgae in this study. According 

to the results, maximum biomass concentration of 1.8 g/L was achieved in the 

presence of 80 mg/L of Fe3O4. C. sorokiniana microalgae showed a high capacity to 

remove 89% of Nitrate (NO3
-), 95% of phosphate (PO4

-3), 81% of COD, 80% of Cr and 

98% of Pb from real municipal wastewater.  
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1. Introduction  
 

The increasing use of water in urban area due to increased industrialization and 

population growth resulted in generate large amount of municipal wastewater [1]. 

Wastewater consists of different substances, some of them at concentrations that are 

highly toxic to organisms. Eutrophication of aquatic environments caused by excessive 

loadings of phosphorus (P) and nitrogen (N) results in environmental concerns such 

as the generation of wastes [2]. Moreover, the presence of heavy metal in wastewater 

has become a major health concern all over the world due to its inability to decompose 

and obstinate nature [3]. The most common toxic metals are Cr(II) and Pb (II) found in 

the water of industry which have highly toxic causing serious illnesses, having a 

carcinogenic effect, and interfering with the nervous and biological systems in living 

beings even when the concentration is low [4]. 

 

Therefore, much effort has gone into developing wastewater treatment methods, 

including chemical/physical such as electrochemical or chemical oxidation [5]. and 

biological treatments such as conventional activated sludge process [6], and anaerobic 

sequencing batch reactor [7]. However, most of chemical/physical methods are not 

environmentally friendly and in the case of biological methods, removal efficient in 

nitrogen and phosphorus may not be satisfactory [8]. Among them, microalgae have 

received many attentions due to their multiple applications for wastewater treatment 

and producing high-valuable bio-products [9]. Microalgae can be grown in wastewater 

medium and used to remove both nutrients such as nitrogen and phosphorus and 

heavy metals by consuming them as major source to improve the growth rate of 

microalgae biomass [10]. 

 

Several studies have shown that microalgae can remove P, N, along with heavy 

metals from wastewaters. The microalgae Chlorococcum sp. RAP-13 has the ability to 

significantly reduce organic pollutants, including chemical oxygen demand (COD) and 

biochemical oxygen demand (BOD), in dairy wastewater. The reduction rates of COD 

and BOD have been reported as 93% and 82%, respectively, indicating the 

effectiveness of Chlorococcum sp. RAP-13 in treating this type of wastewater[11]. In 

another attempt, Novoveská et al. (2016) used scenedesmus dimorphus microalgae 

for raw municipal wastewater treatment. They could achieve 75% of total nitrogen, 93% 

of phosphorus and 92% BOD removal efficiency [12]. In addition, microalgae due to 

their functional groups (e.g. hydroxyl and carboxyl groups) have the ability to adsorb 

heavy metals onto their cell surfaces via a biosorption process [13].However, the low 



 
 

ability and limited capacity of microalgae cells for HMs removal at just toxicity levels 

limited their use in large-scale applications. 

  

In recent years, various metal oxides, especially iron oxides (Fe2O3 and Fe3O4), have 

attracted wide attention due to their good selectivity and affinity in the adsorption 

process [14]. Iron is a vital micronutrient required for the growth of microalgae, as it 

plays a role in various enzymatic reactions. These include redox reactions, 

photosystem II, oxygen carrier proteins, nitrogen consumption, and chlorophyll 

synthesis. The preference of microalgae for iron sources varies among microalgae 

species. For instance, Chlorella vulgaris and Nannochloropsis oculata are commonly 

used for cultivation and wastewater treatment using ferric iron such as FeCl3, while 

Chlorella sp. can be grown with ferrous iron like FeSO4 [15]. 

 

In this study, we attempt to enhance the microalgae growth and its ability for an 

efficient remove of nutrients such as COD, nitrate, phosphate and heavy metals (Cr 

and Pb) from municipal wastewater. To do this, the effect of Fe3O4 nanoparticles on 

microalgae growth rate and wastewater treatment was investigated. Gompertz model 

was used to simulate the microalgae growth behavior. 

 

2. Materials and methods 

 

2.1.  Microalgae cultivation and chemical material (Fe3O4) 
 

A new strain of Chlorella sorokiniana pa.91 was chosen for this research [19]. 5% 

(v/v) of Chlorella sorokiniana was inoculated in 250 ml conical flasks with BG-11 

medium and cultured under a light intensity of 2800 lux at 30 °C, pH 7.1, and a cycle 

of light/dark 12/12 h [16]. In order to prepare magnetite (Fe3O4) nanoparticle, 

FeCl2·4H2O and FeCl3·6H2O were used, while NH4OH was employed as a reactant. 

 

2.2. Wastewater characteristic  
 

Raw municipal wastewater was obtained from a wastewater treatment plant in Sari, 

Iran, after undergoing preliminary settling tank treatment. Once the solids were 

separated from the wastewater, it was used as the culture medium for testing the 

microalgae's potential for nutrient removal from real municipal wastewater. Prior to 

each experiment, the wastewater was centrifuged at 10000 rpm for 20 min to eliminate 

any solid particles. The physicochemical properties of the culture mediums were 

presented in Table 1[10]. 



 
 

Table 1. The physicochemical characteristics of the culture mediums used in this study 

Parameters 
Real municipal wastewater 

(RMWW) (mg/L) 

sCOD 211.4 ± 3.0 

NO3
- 17.11 ± 0.8 

NH3 10 ± 2.8 

PO4
-3 6.1 ± 0.5 

Cr 60.1 

Pb 25.7 

pH 7.8 ± 0.3 

 

2.3.  Analytical methods 
 

2.3.1. Determination of microalgae growth and productivity 
  

During cultivation, the optical density of microalgae biomass concentration was 

determined daily by using a UV spectrophotometer (2800 UV/VIS UNICO, China) at 

the wavelength of 680 nm (OD680). The standard curve was plotted with OD680 in the 

different range of microalgae biomass concentration. The correlation between OD680 

and biomass concentration (C) (g/L) of the microalgae were obtained as Eq. (1): 

 

𝐶 = 1.824 𝑂𝐷680 + 0.043                     (R2 = 0.9889)                                                  (1) 
 

2.3.2. Nutrients removal 
 

In order to quantify the removal efficiency of the nutrients through microalgae 

cultivation the concentration of nitrate (NO3-), phosphate (PO43-) and COD were 

measured based on APHA standard methods [17]. According to the standard method, 

COD was measured by using the standard curve of potassium hydrogen phthalate 

(KHP). The amount of nitrate and phosphate concentrations were determined based 

on brucine sulfate and phosphorus solution methods, respectively. During cultivation 

period, the sample of microalgae culture medium was taken daily and after 

centrifugation at 4000 rpm for 15 min, the supernatant was used for measuring the 

nutrients concentration. The nutrient removal rate (%) was calculated as Eq (2): [18]. 
 

Removal rate = (𝐶0 − 𝐶𝑓)/𝐶0 × 100                                                                          (2)           
 

Where, 𝐶0 and 𝐶𝑓 are the initial and final nutrient concentrations at day 𝑡0 and 𝑡𝑓, 

respectively. The pH was measured daily by pH meter. Light intensity was measured 

in all experiments by a digital light meter (Mastech MS6610, USA).  



 
 

2.3.3. Heavy Metal removal 

 

Measurements of Cr and Pb were performed using a Shimadzu AA-6300 atomic 

absorption spectrophotometer equipped with a GFA-EX7i graphite furnace atomizer 

and an ASC-6100 auto sampler. A normal graphite tube was used in the furnace. 

Background correction was accomplished by the deuterium lamp method (Shimadzu).  

Sampling was performed in a laminar flow fume hood to prevent contamination from 

ubiquitous microorganisms. A 3 mL sample were taken from the culture medium every 

two days and centrifuged. The supernatant was used for final heavy metal analysis. 

The initial value for heavy metals used in calculations was taken after microalgae 

inoculation. The heavy metal removal efficiency was calculated as Eq 3: 

 

Removal efficiency (%) =
Initial concentration−Final concentration

Initial concentration
 × 100                          (3) 

 

 

3. Results 

 

3.1. The effect of Fe3O4 on microalgae growth rate 

 

Fig. 1 demonstrates the growth of C. Sorokoniana cultured in MWW by adding five 

different dosages of Fe3O4 (20, 40, 60, 80 and 100 mg/L), during the 10 days of 

cultivation period. As can be seen in Fig. 1a, the microalgae showed a poor growth 

rate (maximum biomass concentration ~ 0.9 g/L) without adding Fe3O4. In the case of 

using 40 mg/L of Fe3O4 relatively better growth was obtained as maximum 

concentration of 1.5 g/L on the 8th day of cultivation. However, a significant 

improvement in microalgae growth was observed in the medium with 80 mg/L Fe3O4. 

Maximum biomass concentration of 1.83 and 1.7 g/L were achieved for the cases of 

using Fe3O4 at 80 and 100 mg/L after 8 days, respectively.  

 

Additionally, Gompertz model was used to simulate microalgae growth behavior at 

the different cases (Fig. 1b). The simulation results showed that the microalgae 

cultivated in the medium with 80 mg/L Fe3O4 had the best accordance with the 

experimental data (R2 = 0.999) compared to the other mediums. It was also observed 

that it had a short lag phase (𝜆 = 0.85 d). Eventually, the growth experiments and 

modeling results revealed that the presence of adequate micronutrients provided in the 

culture medium at high concentration of Fe3O4 (80 mg/L), can act as the trace element 

and resulted in improving microalgae growth rate. 



 
 

 

 
 

Fig.1. Microalgae growth (a) experiments and (b) modeling during the 10 days of 

cultivation in wastewater with addition of five different dosages of Fe3O4 

 

3.2. The effect of Fe3O4 on microalgae in wastewater treatment 

 The consumption of nutrient from municipal wastewater by microalgae cells and the 

addition of Fe3O4 nanoparticle can improve microalgae growth rate and wastewater 

treatment. In order to evaluate the feasibility of Fe3O4-microalgae based wastewater 

treatment using C. sorokiniana, the removal of nutrients such as nitrate (NO3
-), 

phosphate (PO4
-3) and chemical oxygen demand (COD) from real municipal 

wastewater influent was investigated. 

 

3.2.1. Nitrate (NO3
−) removal efficiency  

Among different nutrients, nitrogen is the main source for microalgae growth. Fig. 2 

shows the performance of the microalgae cultivated in the municipal wastewater at 

optimum dosage of Fe3O4 (80 mg/L) which the concentration and removal rate of 

nitrate (NO3
−) was measured during 10 days. According to Fig. 2, the NO3

− 

concentration decreased from 17.11 mg/L to 1.75 mg/L during 10 days and it met the 

standard level for agriculture water reuse (NO3
− < 10 mg/L) after 3 days. Although 

during the first two days microalgae was almost ineffective in removing nitrate from 
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wastewater due to the adoption period, after the adoption period (the 3rd day) the 

removal efficiency was significantly increased up to 89% until the 8th day. Therefore, 

using Fe3O4 in wastewater medium could improve microalgae potential to remove 

nitrate from municipal wastewater.  

 

 

Fig. 2. Removal rate and concentration of nitrate NO3
- from real municipal 

wastewater during cultivation of C. sorokiniana in the presence of Fe3O4 

 

3.2.2. Phosphate (PO4
-3) removal efficiency 

Phosphate is another nutrient that can be used for microalgae growth while the 

current wastewater treatment technologies showed a poor performance in an efficient 

removal of phosphate from wastewater. According to Fig. 3 demonstrates removal rate 

and the consumption of phosphate (PO4
-3) by microalgae at optimum dosage of Fe3O4 

nanoparticle. As in can be seen from Fig. 3, a similar trend was observed with nitrate 

removal from wastewater. However, the final removal rate of the phosphate (95%) was 

higher than nitrate (89%) which might be attributed to the initial concentration of the 

nutrients in the culture medium. As showed in Fig. 3, the PO4
-3 concentration 

decreased substantially from 10.03 to less than 1 mg/L within 8 days, which was below 

the acceptable level of the surface water quality standard (1 P-mg/L). The findings of 

this study suggested that C. sorokiniana has high capacity of orthophosphate storing 

from the wastewater culture medium in the presence of Fe3O4 nanoparticle. 
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Fig. 3. Removal rate and concentration of phosphate PO4
-3 from real 

municipal wastewater during cultivation of C. sorokiniana in the presence of 

Fe3O4 

 

3.2.3. Chemical oxygen demand (COD) removal efficiency 
 

Chemical oxygen demand (COD) has been reported as the most challenging 

problem in wastewater treatment process due to its re-increasing in the medium. As 

illustrated in Fig 4, the COD was removed from 211 to 24 mg/L with removal rate of 

81% during 10 days cultivation of microalgae. It was observed that the COD level could 

meet the standard level for agriculture water reuse (COD < 40 mg/L) after 7 days. 

Generally, microalgae release organic matter after utilization of COD components 

which resulted to increased COD in the culture medium. However, it seems that the 

wastewater in this study has provided sufficient carbon source for the microalgae cells 

for metabolism process.  
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Fig. 4. Removal rate and concentration of COD from real municipal wastewater 

during cultivation of C. sorokiniana in the presence of Fe3O4 

 

32.4. Heavy metals (Cr and Pb) removal  

Fig. 5 shows the concentration reduction of the heavy metals of Cr and Pb by the 

microalgae cells cultivated in the wastewater at optimum dosage of Fe3O4 (80 mg/L) 

during 10 days. As shown in Fig. 5a, the microalgae cultivation in the wastewater 

without adding Fe3O4 could not reduce Cr concentration below acceptable level for 

drinking water (< 50 μg/L) and just remove 36% of Cr. However, in the case of using 

80 mg/L Fe3O4 in culture medium, the Cr concentration (36.5 μg/L) met the standard 

level for drinking water after 3 days of cultivation period as well as the highest 

microalgae growth rate was achieved in this medium. Therefore, microalgae in the 

presence of Fe3O4 could satisfactorily remove Cr from the wastewater (up to 80%) and 

reduce the Cr concentration from 60.1 to 10.9 μg/L, after 10 days of cultivation. 

According to Shen et al. the main functional groups of – NH, – NH and C – H of aliphatic 

participate as electron donors results in reduction of Cr (VI) to Cr (III) by microalgae 

[14]. 

In the case of pb (Fig. 5b), the concentration of Pb was reduced from 36.7 to 14.75 

μg/L in the case of microalgae alone (control) and from 25.7 to 0.55 μg/L in the 

presence of Fe3O4 in culture medium after 10 days of microalgae cultivation. By adding 

Fe3O4 to the microalgae culture medium, the removal efficiency of Pb improved and 

reached to 98% as well as the final concentration of Pb could meet the standard of Pb 
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level in drinking water (< 10 μg/L) within 4 days. The mechanism of Pb removal is 

related to the biosorption of Pb2+ by the fictional groups of carboxyl, hydroxyl, amide, 

amine and carbonyl. 

  

Fig. 5. The removal of (a) Cr and (b) Pb during microalgae cultivation in the 

wastewater at optimum dosage of Fe3O4 (80 mg/L) 

Conclusion 

The use of Fe3O4 nanoparticle in microalgae culture medium could improve the 

microalgae growth and the cell's capability to remove nutrients and heavy metal from 

wastewater. In this context, the maximum microalgae biomass concentration of 1.83 

g/L at the dosage of 80 mg/L of Fe3O4 was achieved after 10 days of cultivation. 

Moreover, this approach showed an excellent nutrient and heavy metal removal ability 

from wastewater by achieving removal rates of 89%, 95%, 81%, 80% and 98% for 

nitrate (NO3
-), phosphate (PO4

-3), COD, Cr and Pb, respectively. The results of this 

study suggested a promising method enhancing both microalgae growth rate and 

municipal wastewater treatment. 
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