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Abstract: The presence of pesticides in aquatic environments has threatened marine food 

resources, aquaculture, fisheries and human health; therefore, two most used insecticides were 

removed during this study. Two photobioreactors, including biochar and Chlorella 

vulgaris/activated sludge (reactor 1), and Chlorella vulgaris/activated sludge (reactor 2) were 

run to remove chlorpyrifos (CPF) and cypermethrin (CYP). Proteobacteria, Bacteroidetes and 

Chloroflexi were the dominant phyla of activated sludge. The optimization performance of both 

reactors was conducted by response surface methods. The performance of first photobioreactor 

was better than that in the second reactor, achieving abatement of 88.80% CPF and 93.12% 

CYP, at 69.7 h contact time and 0.32 mg/L initial concentration. The toxicity of CPF and CYP 

to Chlorella vulgaris was monitored under 0-4 mg/L of insecticide concentrations and 0-72 h 

contact time. The minimum chlorophyll content (2 mg/L) and protein (16.7%), and maximum 

growth inhibition (89.7%) were recorded at 4 mg/L insecticides concentration and 72 h contact 

time. Moreover, molecular docking simulation for catalytic enzyme degradation of 

Proteobacteria, Bacteroidetes and microalgae was carried out using individual hydrolase 

enzymes: carboxypeptidase in microalgae, isochorismatase hydrolase in Proteobacteria and 

alpha-L-arabinofuranosidase in Bacteroidetes. Ligand-binding energy, affinity and dimensions 

of ligands-binding sites in the enzyme cavity were calculated in each case. Hydrolase is an 

enzyme group that offers a promising practical application for the degradation of CYPand CPF 

due to its cavity features. This analysis demonstrated the mode of interaction of ligands with 

hydrolase enzymes in different species. 
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1. Introduction 

Water is a vital natural resource that is essential for human sustainable development (Ma et al., 

2020). With industrialization, urbanization and rapid human population growth, water 

contamination has become increasingly severe, hence affecting freshwater resources and 

becoming one of the main challenges of the 21st century (Zhang et al., 2021). Amongst the 

common contaminants, pesticides are of the main concern around the world as they are widely 

used, relatively stable and non-biodegradable, bioaccumulative, and highly toxic for the 

ecosystems and human health (Kamboh et al., 2021).  

Pesticides have been employed to control pests and weed to improve the yield of the crops 

(Kodali et al., 2021). However, only around 1% of the applied pesticides reached the target 

organisms with the remaining 99% in soils and waterways (Ali et al., 2019). The contamination 

of aquatic environments by pesticides residues has threatened marine food resources, 

aquaculture and fisheries (Bilal et al., 2019, Morsi et al., 2020). Pesticides are categorized in 

three major groups as fungicides, herbicides, and insecticides. Insecticides are generally 

employed to control insects, but their environmental safety has become a serious concern. In 

2016, 17% of the total applied pesticides (4.1 million tonnes) were insecticides (Mojiri et al., 

2020).  

Of wide concern are two common insecticides, chlorpyrifos (CPF) and cypermethrin. CPF 

(O,O-diethyl O-3,5,6-trichloropyridin-2-yl phosphorothioate) is an organophosphate 

insecticide, which has been remarked as the hazardous substance because of its residual 

presence and toxicity. Due to the large application of this insecticide, CPF is often reported in 

water sources and endangers the survival of animals, aquatic organisms and even humans 

(Hamadeen et al., 2021). Furthermore, the half-life of CPF in water sources is up to 77 days 

(Sheikhi et al., 2021). Tulun et al. (2021) expressed that CPF could cause the neurotoxicity in 

children. In addition, exposure to CP even at low concentrations has been reported to result in 

health problems such as lung cancers in humans. Pyrethroid insecticides are one of the most 
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frequently applied insecticides in agriculture due to their broad-spectrum insecticidal capability 

and high effectiveness. One of the most used pyrethroid insecticides is cypermethrin (CYP) 

(Zhang et al., 2021). CYP can cross the blood-brain barrier (BBB) to cause neurotoxicity in 

the nervous system (Ali et al., 2020). Moreover, the half-life of CYP in water sources is 8 to 

16 days (Laskowski, 2002). 

Different methods (e.g. physicochemical and biological methods) have been employed to 

remove pesticides from wastewater. Physicochemical techniques such as advanced oxidation 

process (AOP) are effective for removal of organic contaminants (such as pesticides) (Ding et 

al., 2020, Zhao et al., 2021), but they have some disadvantages, such as high energy and 

operational costs as well as potentially producing secondary pollution (Beltrán-Flores et al., 

2021). Therefore, biological treatment methods (such as bioremediation) have attracted 

researchers’ attentions (Beltrán-Flores et al., 2021). Bioremediation involves the 

microorganisms such as bacteria and microalgae which degrade pesticides through the 

metabolic enzymes. Low cost, simple operation, and ecofriendliness are some of the 

advantages of bioremediation techniques (Zhang et al., 2020). Microalgae, as unicellular 

photosynthetic microorganisms, have diverse species from 200,000 to 500,000. They absorb 

nutrients at a high-rate fixation of CO2 through photosynthesis (Singh and Mishra, 2021). 

Therefore, using microalgae to eliminate pollutants (such as insecticides) has been considered 

as an effective method. Moreover, the application of microalgae-based systems in the removal 

of emerging contaminants can reduce the operation cost compared to other treatment methods 

(especially physicochemical methods). For instance, the cost of the use of UV photolysis for 

4-nonylphenol elimination has been estimated to be around 2.66 €/m3 of wastewater, compared 

with  the cost of around 1.66 €/m3 for the application of microalgae-based system (López-

Pacheco et al., 2019b). In the presence of algae, organic contaminants can be removed not only 

through biodegradation and biosorption but also over the photodegradation process. 
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Microalgae, with excretion biopolymers such as proteins, can increase the photodegradation of 

organic contaminants (Yang et al., 2018). 

In the current study, a green microalgae species (Chlorella vulgaris) was selected for 

wastewater treatment and removal of organic pollutants due to its resistance to low 

temperatures and effective elimination of nitrogen, phosphorus and organic compounds (Ferro 

et al., 2019). López-Pacheco et al. (2019a) employed a microalgae-based system, including 

Chlorella vulgari, to treat nejayote and swine wastewater. Up to  80% of levofloxacin was 

removed with Chlorella vulgaris (Xiong et al., 2017a). To improve the microalgae efficiency 

in the removal of pesticides, the co-culture of algae with other microorganisms (such as 

bacteria or fungi) have been suggested (Leng et al., 2021, Prosenc et al., 2021). Sewage sludge 

contains many nutrients and organic substrates (e.g., volatile fatty acids) (Xu et al., 2021), and 

a high diversity of microorganisms in both phylotypes and functions (Nascimento et al., 2018). 

Emerging contaminants can partially be removed by biodegradation through activated sludge 

in a biological wastewater treatment system (Dubey et al., 2021). For instance, around 30% of 

several emerging contaminants were removed via conventional activated sludge plant (Barret 

et al., 2012). One of the disadvantages of using microalgae and bacteria for the remediation of 

pollutants is that the recovery of algae and biomass from treated water is costly (Shi et al., 

2014). To address this limitation, biochar can be added to the system to improve 

immobilization of microorganisms. Biochar is a carbonaceous material which is produced by 

thermo-chemical conversion of biomass under limited oxygen condition (Wang et al., 2021). 

Biochar has the great porosity and biocompatibility, which can supply growth matrix for 

microorganism to promote their biodegradation capability (Ouyang et al., 2021). However, to 

our knowledge, no study has been reported in the combined application of microbes and 

biochar for insecticides removal. Apart from that, a comprehensive understanding of biochar-

microbe-insecticide interactions is a vital part of the biological studies, which can be carried 

out by molecular docking analysis (Phong et al., 2021), as considered in the current study. 
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Thus, this project aimed to remove typical insecticides using an integrated system with the 

microalgae/bacteria consortium immobilized by biochar. In addition, the removal performance 

was optimized by response surface methodology (RSM). Furthermore, the molecular docking 

simulation for catalytic enzyme degradation was conducted. 

 

2. Materials and methods 

Chlorella vulgaris was obtained from a photobioreactor in our laboratory (Amin-Azma 

Research Center), which was run at the illumination intensity around 100±20 μmol photons 

m−2 s-1 with light: dark cycles of 12 h:12 h and at room temperature 25±2 oC. Then, before 

inoculation of photobioreactors, Chlorella vulgaris was cultivated in an Erlenmeyer flask 

comprising BG11 medium. Activated sludge biomass was also obtained from the aerobic 

sequencing batch reactor in our laboratory. Chlorpyrifos and cypermethrin (Table 1) were 

purchased from Sigma-Aldrich Co. (Petaling Jaya, Malaysia). Then, stock solutions (1 g L−1) 

were prepared by separately dissolving the insecticides in distilled water. Biochar (4 mm to 5 

mm) was purchased from a local shop which was derived from agricultural wastes.   

 

Table 1: Characteristics of insecticides used in this study 

 

2.1. Experimental setup 

Two photobioreactors (Figure 1) with a working volume of 5 L were made of glass (30 cm in 

depth and 16 cm in diameter). Based on the preliminary experiments, both reactors were 

inoculated with activated sludge biomass and microalgae with the concentrations of 1 g/L and 

1 g/L, respectively, which was similar to the findings of Yang et al. (2018). Furthermore, 25 

g/L of biochar was added to the first reactor (microorganisms/biochar reactor) based on the 

preliminary results which was in line with findings of Mojiri et al. (2021). Synthetic aqueous 

solution, with the concentration of insecticides at 0.1 mg/L (Huang et al., 2021) to 1.1 mg/L 
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(Avila et al., 2021), was prepared by dissolving stock solution in the distilled water, and pH of 

synthetic wastewater adjusted to 7.0 (Mojiri et al., 2020). In both photobioreactors, aeration 

rate was set at 0.4 L/min (Mojiri et al., 2021) based on the preliminary experiments. Contact 

time was considered as 24 to 96 h. To mix the solution, a magnetic stirrer was placed at the 

bottom of both reactors. 

 

Figure 1: Schematic of photoreactors in the study 

 

2.2. Microbial community 

At the first day before inoculation process, the bacteria community of activated sewage sludge 

was analyzed. The soil DNA kit (Omega, USA) was employed for DNA extraction based on 

the manufacturer’s guideline. For amplifying V3-V4 region of bacterial 16S rRNA genes, the 

primer sets 341F (CCTACGGGNGGCWGCAG) and 805R 

(GACTACHVGGGTATCTAATCC) were used. The PCR mixture (30 μL) included 15 μL of 

2× Taq master Mix, 1 μL of Bar-PCR primer F (10 uM), 1 μL of Primer R (10 uM), Genomic 

DNA 10–20 ng (Fan et al., 2020). The PCR process was as follow: 3 min at 94 °C; 5 cycles at 

94 °C for 30 s, 45 °C for 20 s, 65 °C for 30 s; 20 cycles at 94 °C for 20 s, 20 s at 55 °C, 72 °C 

for 30 s; and 5 min at 72 °C. DNA was purified  via an Agencourt AMPure XP (Becman Coulter, 

Brea, CA, US). The purified DNA was sequenced by using the MiSeq platform with a MiSeq 

Reagent Kit v3 (Illumina Inc., San Diego, CA, US), and then taxonomic units (OTUs) was 

analyzed. The sequences were clustered into OTUs by ARB software (Ludwig, 2004). 

 

2.3. Photocatalysis and biosorption processes 

To reveal the relative contribution of direct photocatalysis, batch experiments were conducted 

in the Erlenmeyer flasks, closed with cotton-wool stoppers, following the method of de Wilt et 

al. (2016). The flasks (without presence of sludge, algae and biochar) include the solution of 
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insecticides with the concentration of 0.1 to 1.1 mg/L under illumination intensity around 

100±20 μmol photons m−2 s-1 with light: dark cycles of 12:12 and at room temperature 25±2 

oC. With monitoring the concentrations of insecticides in the solution, the contribution of 

photocatalysis process in removal of insecticides was revealed. 

To monitor the contribution of sorption of insecticides into biomass of microorganisms, batch 

experiments were conducted in the Erlenmeyer flasks (included dead biomass, autoclaved at 

110 °C for 20 min), closed with cotton-wool stoppers, on the basis of Norvill et al. (2017) in a 

dark place. The flasks include the solution of insecticides with the concentration of 0.1-1.1 

mg/L, at room temperature of 25±2 oC. 

 

2.4. Analytical methods 

To measure the concentration of chlorpyrifos and cypermethrin, the high-performance liquid 

chromatography (HPLC, Agilent, Germany) with the UV detector with the C18 column was 

used. The mobile phase comprised methanol (88%) and ultra-pure water (12%) with a flow 

rate of 1 mL/min (Sheikhi et al., 2021). The expression 3σ/s (“σ” specifies the standard 

deviation of the peak and “s” specifies the slope of the corresponding calibration curve) was 

calculated to determine the limit of detection (LOD) (Mojiri et al., 2021). The autosorb 

(Quantachrome AS1WinTM-automated gas-sorption apparatus, Boynton Beach, FL, USA) 

was employed to determine the BET surface of biochar. For biochar, BET surface area, 

Langmuir surface area , micropore area , and micropore volume were 813 m2/g, 936 m2/g, 317 

m2/g, and 0.23 cc/g, respectively. 

 

2.5. Statistical analysis 

Equation 1 was applied to estimate the removal effectiveness (%). Response surface 

methodology (RSM) is considered as a significant tool in designing and optimizing a treatment 

method. This software makes a study strategy systematic and effective to assess the interactive 
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effects of several parameters with the help of statistical procedures (Abdulgader et al., 2020). 

In this study, RSM was applied by the Design Expert Software (Version 10.0) to optimize the 

abatement effectiveness of insecticides during running both reactors. Contact time (24-96 h ,) 

(Mojiri et al., 2021) and initial concentrations (0.1-1.1mg/L) (Avila et al., 2021) were 

considered as the independent parameters at three levels: low (−1), central (0), and high (+1) 

(Bashir et al., 2010). A quadratic model (equation 2), including the linear model, was applied, 

where values of P is < 0.05 (Dolatabadi and Ahmadzadeh, 2019). All experiments were 

conducted in triplicate. 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (%) = ( 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓  𝑝𝑒𝑠𝑡𝑖𝑐𝑖𝑑𝑒𝑠 −𝐹𝑖𝑛𝑎𝑙  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  𝑜𝑓  𝑝𝑒𝑠𝑡𝑖𝑐𝑖𝑑𝑒𝑠

𝐼𝑛𝑖𝑡𝑖𝑎𝑙  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  𝑜𝑓  𝑝𝑒𝑠𝑡𝑖𝑐𝑖𝑑𝑒𝑠
) 100   (1) 

𝑌 = 𝛽0 + ∑ 𝛽𝑖𝑋𝑖 + ∑ 𝛽𝑖𝑖𝑋𝑖
2 + ∑ ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗

𝑛
𝑗=𝑖+1

𝑛−1
𝑖=1

𝑛
𝑖=1

𝑛
𝑖=1                                        (2) 

where removal efficiency is denoted by Y; the linear coefficient and the quadratic are specified 

by βi and βii; βij signifies the interaction coefficient; and Xi and Xj demonstrate the independent 

coded variables (Dolatabadi and Ahmadzadeh, 2019). 

 

2.6. Insecticides toxicity to Chlorella vulgaris 

The tests on the toxicity effects of insecticides on Chlorella vulgaris were carried out in the 

Erlenmeyer flasks (with 5×104 cells mL−1 of microalgae) with different concentrations of 

insecticides (0.0 mg/L to 4.0 mg/L) and contact time (0 to 72 h) (Vagi et al., 2018). The UV–

Vis spectrophotometer (UV-1280, Shimadzu, Japan) was employed to measure chlorophyll 

and protein content. To prepare the samples for tests, 10 mL of culture was gathered by 

centrifugation at 4500 rpm for 15 min (Xiong et al., 2017b). Samples were analyzed on three 

wavelengths 663 nm and 646 nm, and then the chlorophyll contents were calculated by 

equations 3 to 5 (Damergi et al., 2017). 

Chlorophyll a (µg/mL) = 12.25 (A663) – 2.55 (A646)           (3) 

Chlorophyll b (µg/mL) = 20.13 (A646) - 4.91 (A663)           (4) 

Chlorophyll a+b (µg/mL) = 17.76 (A646) + 7.34 (A663)      (5) 
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where A663 and A646 indicate the absorbance at the wavelength of 663 nm and 646 nm, 

respectively. 

 

To monitor the protein content, samples were analyzed on two wavelengths 280 nm and 260 

nm, and then the protein content was calculated by equation 6 (Jabir et al., 2021). 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = (1.55 × 𝐴280) – (0.77 × 𝐴260)             (6) 

where A280 and A260 are the absorbance at the wavelength of 280 nm and 260 nm, respectively. 

Specific growth rate (µ) was evaluated by equation 7: 

µ=
𝑁𝑡−𝑁0

𝑡−𝑡0
                                       (7) 

where µ is stated as the logarithmic increase in cell density per unit time, Nt and N0 define the 

cell number at specified time (t) and starting time (t0), respectively. 

Based on the scheduled time (0, 24, 48 and 72 hours), cell densities were estimated by the 

microscope with the improved Neubauer hemocytometer (Vagi et al., 2018). Then, the growth 

inhibition (I) with comparing the growth rate of microalgae (µinsecticides) in the presence of 

insecticides and microalgae in control (µblank) condition (without presence of insecticides) was 

calculated by equation 8.  

I(%) = 
(𝜇𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝜇𝑖𝑛𝑠𝑒𝑐𝑡𝑖𝑐𝑖𝑑𝑒𝑠 )100

𝜇𝑐𝑜𝑛𝑡𝑟𝑜𝑙
     (8) 

 

2.7. Bioinformatic analysis and protein preparation 

2.7.1. Software 

Python language was downloaded from www.python.com, Molecular graphics laboratory 

(MGL) tools was downloaded from http://mgltools.scripps.edu and AutoDock4.2 was 

downloaded from http://autodock.scripps.edu, Bio Via draw was downloaded from 

http://accelrys.com, Discovery studio visualizer 2017 was downloaded from 
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http://accelrys.com , and Chem3D was downloaded from  https://acms.ucsd.edu (Venkatesan 

et al., 2010). 

 

2.7.2. Methods 

The three dimensional crystal structure of hydrolase enzymes in Bacteroide with PDB ID: 

5JOW, isochorismatase hydrolase protein in proteobacteria with PDB ID: 3LQY and 

carboxypeptidase protein in Vulgaris with PDB ID: 6T9Y were selected and downloaded from 

Protein Data Bank (www.rvcsb.org/pdb) (Figure 2) (Fang et al., 2013). The complexes bound 

to the receptor molecule, all the non-essential water molecules and heteroatoms were deleted 

and ultimately hydrogen atoms were added to the target receptor molecule using Argus Lab. 

 

Figure 2: Vug. carboxypeptidase in microalgae with PDB ID (6T9Y), Pro. isochorismatase 

hydrolase in Proteobacteria with PDB ID (3LQY) and Bac. alpha-L-arabinofuranosidase in 

Bacteroide with PDB ID (5JOW). 

 

2.7.3. Ligand preparation 

Ligand compounds available with identified structure were downloaded from Pubchem to 

make sdf format and converted to PDB format using Pymol, and further used for docking 

studies (Maiti and Banerjee, 2021). The starting structures of the proteins were prepared using 

AutoDock tools. Water molecule was deleted, polar hydrogen and Kollman charges were added 

to the protein starting structure   (Atif et al., 2021). Grid box was set with the size of 

126×126×126 Å with the grid spacing of 0.375 Å at the binding site. Gasteiger charges were 

assigned into optimized ligand using AutodockTools. 100 docking runs were conducted with 

the mutation rate of 0.02 and the crossover rate of 0.8. The population size was set to use 150 

randomly placed individual. Lamarckian Genetic algorithm was used as the searching 
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algorithm with a translational step of 0.2 Å, a quaternion step of 5 Å and a torsion step of 5 Å. 

Most populated and lowest binding free energy (Badroon et al., 2020). 

 

2.8. Adsorption isotherm  

The adsorption isotherm experiments were carried out at room temperature (25 °C) in beakers 

(250 mL) which contained 0.32 mg/L of insecticides and biochar (0-25 g/L), with the pH 

adjusted to 7.0. The mixtures were shaken for 24 h at 200 rpm to reach equilibrium. The 

capacity of adsorption (mg/g) was calculated by equation 9. 

𝑞𝑒 =  
(𝐶0−𝐶𝑒𝑞 )𝑉

𝑚𝑠
                    (9) 

where C0 and Ceq denote the concentration of insecticides (mg/L) at time 0 and at equilibrium, 

and V and ms are volume (L) of solution and mass of adsorbent (g), respectively. 

 

3. Results and discussion 

First, two photobioreactors were employed to remove chlorpyrifos and cypermethrin from 

aqueous solution. The first reactor included biochar, Chlorella vulgaris, and activated sludge; 

the second reactor included Chlorella vulgaris and activated sludge only. The concentrations 

of insecticides varied from 0.1 mg/L to 1.1 mg/L, and contact time ranged from 24 h to 96 h. 

The removal performance of reactors 1 and 2 is shown in Table 2 (Tables A.1 and A.2, in the 

supplementary file show the removal efficiency), respectively. In addition, the toxicity of 

insecticides to algae, and adsorption isotherm studies of insecticides removal by biochar were 

conducted in this study. 

 

Table 2: Experimental design and results (Reactors 1 and 2) 

 

3.1. Removal of chlorpyrifos and cypermethrin from synthetic wastewater 
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As shown in Table 2 and Figure 3, the maximum removal of CPF and CYP in reactor 1 was 

87.2% (0.436 mg/L) and 93.4% (0.467 mg/L), respectively, where the contact time reached 72 

h and initial concentration of insecticides was 0.5 mg/L. The minimum abatement of CPF and 

CYP for reactor 1 was 62.5% (0.688 mg/L) and 63.9% (0.703 mg/L), respectively, where the 

contact time reached 24 h and initial concentration of insecticides was 1.1 mg/L. 

 

Figure 3: Surface plots for the removal of (a) CPF, and (b) CYP, in reactor 1 
 

 

As indicated in Table 2 and Figure 4, the maximum elimination of CPF and CYP for reactor 2 

was 67.3% (0.202 mg/L) and 69.1% (0.207 mg/L), respectively, with the contact time of 72 h 

and initial concentration of insecticides of 0.3 mg/L. The minimum removal of CPF and CYP 

for reactor 2 was 39.9% (0.439 mg/L) and 40.8% (0.449 mg/L), where the contact time was 24 

h and initial concentration of insecticides was 1.1 mg/L. It is obvious that the performance of 

reactor 1 in removal of insecticides was significantly higher than the reactor 2.  

 

Figure 4: Surface plots for removal of (a) CPF, and (b) CYP in reactor 2 
 

 

Avila et al. (2021) removed 74% of CYP by using microalgae consortium, with 0.1 mg/L of 

initial CYP concentration and contact time of 7 days. Matamoros and Rodríguez (2016) 

reported that using green microalgae could improve the removal efficiency of  CPF by 50%, 

where initial concentration of pesticides was 10 µg/L and hydraulic retention time was 2 to 8 

days. Ferrando and Matamoros ( 2020) removed around 36% of organic micropollutants from 

groundwater by microalgae-based system. The maximum removal rate of CPF and CYP with 

both reactors was more than in comparison to other studies, demonstrating the advantages of 

using microalgae and activated sludge consortium in this study. Mailler et al. (2014) removed 

around 60% of hydrophobic and volatile compounds by activated sludge process. The growth 
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rate and microalgae activities could be increased in presence of the bacteria (Nguyen et al., 

2019), which may increase the removal of insecticides with microalgae though our study. 

As shown in Figure 5, Proteobacteria, Bacteroidetes and Chloroflexi were the dominant 

bacteria in the activated sludge. Similarly, Zhang et al. (2019) reported that Proteobacteria, 

Bacteroidetes and Chloroflexi were dominant bacteria in a wastewater treatment plant. Meng 

et al. (2021) stated that Proteobacteria and Bacteroidetes could remove the emerging 

pollutants; however, high concentration of organic pollutants could affect the bacteria 

performance in bioremediation. Modrzyński et al. (2021) removed up to 50% of 

sulfamethoxazole with using bioremediation method, where Actinobacteria and Chloroflexi 

accounted for 21% and 11% of microbial community. During remediation of pesticides, 

ammonia is produced which may have a negative effect on the performance of the system. For 

instance, Huete-Ortega et al. (2018) expressed that high concentration of ammonia had a 

negative effect on the lipid productivity of some microalgae. Guo et al. (2020) stated that 

Proteobacteria, Bacteroidetes, Chloroflexi, and Nitrospirae were the main contributors in 

ammonia removal of high concentration. Therefore, the negative effects of high concentration 

of ammonia on the microbial consortium would be decreased in this study due to the presence 

of activate sludge. 

 

Figure 5: Microbial community of activated sludge used in this study 
 

As shown by Table 2, the removal performance of reactor 1 was more than the reactor 2, which 

can be attributed to biochar in the reactor 1. Nie et al. (2020) expressed that the immobilization 

of microalgae is an effective approach in improving removal of pesticides by algae-based 

system. For example, Ferrando and Matamoros (2020) improved the removal of emerging 

contaminant from 36% to 51% by immobilized microalgae-based method. Moreover, Mojiri et 

al. (2020) stated that applying biochar in biological treatment methods was not only improving 
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microbial community by immobilization of microorganisms and balancing nutrient content, 

but also served as an adsorbent for removing contaminants.  

Drouin et al. (2021) and de Wilt et al. (2016) reported that while biodegradation is the main 

pathway of pesticide degradation in the environment, photodegradation and biosorption also 

have a vital role in removal process. In this study, the direct photocatalysis process removed 

between 11% (contact time 24 h, initial insecticide concentration of 1.1 mg/L) and 19% 

(contact time 96 h, initial insecticide concentration of 0.4 mg/L) of contaminants. Pesticide 

molecules can absorb light, resulting in bond cleavage, during direct photodegradation (Drouin 

et al., 2021). Drouin et al. (2021) reported that the photodegradation of some pesticides was 

three times lower than the dissolved organic matters. de Wilt et al. (2016) expressed that 

sorption to algal biomass usually accounted for less than 20% of the emerging contaminants 

removal. The minimum and maximum sorption were 16% (contact time 24 h and concentration 

0.9 mg/L) to 21% (contact time 96 h and concentration 0.1 mg/L) during biosorption 

experiments in this study. On the other hand, the contributions of photodegradation and 

biosorption in removal of insecticides were less than 22%, and the most of the insecticides 

were removed by biodegradation process. de Wilt et al. (2016) stated that biodegradation is the 

main mechanism of emerging contaminants removal. 

RSM and central composite design (CCD) were applied to optimize the abatement performance 

of both reactors in this study. The R2 plots of insecticides elimination, predicted versus actual 

data, with both reactors are presented in Figures A.1 and A.2 (supplementary file). The R2 (for 

actual data) and predicted R2 were higher than 0.9, displaying that the RSM could optimize the 

performance of reactors (Khalid et al., 2019). The statistical analysis of optimization of both 

reactors’ performance is shown in Table 3. On the basis of the actual results and significant 

results at p < 0.5, the final equations for the elimination of CPF and CYP with the reactors 1 

and 2 are shown in equations 10-13. Based on the RSM, the maximum removal of CPF and 

CYP with reactor 1 was 88.80% and 93.12% at the optimum contact time (69.7 h) and 0.32 
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mg/L of initial concentration. The maximum elimination of CPF and CYP with reactor 2 was 

66.96% and 64.44%, respectively, at the optimum contact time (71.8 h) and 0.29 mg/L of initial 

concentration. 

For reactor 1: 

69.62 + 86.10B – 176.65B2 + 83.96B3                                         (10) 

67.56 + 150.06B – 291. 90B2 + 139.95B3                                    (11) 

For reactor 2: 

56.76 + 5.82A – 21.78B – 6.01B2 – 6.93A3 + 13.19B3                (12) 

62.10 + 72.38B + 0.002B2 + 73.17B3                                           (13) 

where A and B define the contact time (h) and initial concentrations of CPF and CYP, 

respectively. 

 

Table 3: ANOVA and optimization results 

 

3.2. Toxicity of chlorpyrifos and cypermethrin on Chlorella vulgaris 

The effects of toxic pollutants such as insecticides on algae can affect their structure and 

function, resulting in reducing the performance of algae in removal of pollutants, and biomass 

productivity (Satyavani et al., 2012). Therefore, the toxic effects of insecticides (0-4.0 mg/L) 

on Chlorella vulgaris were examined under different contact time from 0 to 72 h. 

As shown in Figure 6a, the exposure to insecticide concentrations from 0 to 1.5 mg/L for 24 h 

increased the chlorophyll content from 8.7 to 10.1 mg/L. However, the chlorophyll content 

decreased from 12.9 to 2.0 mg/L with increasing the insecticide concentrations from 0.5 to 4.0 

mg/L in contact time 72 h. On the other hand, the exposure to low concentrations of insecticides 

in a short time (> 24 h) could increase the chlorophyll content, and with increasing contact time 

and concentration of insecticides the chlorophyll decreased. Delorenzo et al.  (2001) reported 

an increase in content of chlorophyll a with exposure to chlorpyrifos (10 pg/L). Bighiu et al.  
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(2020) stated that an increase in chlorophyll content in response to a biotic or abiotic stress is 

considered as a mechanism of shade adaptation, named “greening effect” in algae. An increase 

in photosynthetic efficiency might indicate hormesis, with biofilm compensating for the 

pesticides‐induced disturbance (Bighiu et al., 2020). Mostafa and Helling (2002) reported that 

the chlorophyll content reduced to 9.5% of normal conditions (algae in the control tests) with 

increasing the pesticides concentrations to >0.81 mg/L and contact time more than 72 hours, 

which is in line with the findings here. Mojiri et al.  (2021) expressed that reduction of 

chlorophyll contents in microalgae exposed to organic pollutants might be explained with the 

reactive oxygen species (ROS)-mediated damage to the photosystem and chlorophyll 

biosynthesis. Chlorophyll of cells might be used as a protective technique to decrease the 

accumulated ROS in chloroplasts. Apart from that, Mostafa and Helling (2002) stated that the 

reduction in the chlorophyll contents leads to alter the photosynthetic unit size and the 

concentration of photochemical reaction centers of the photosystems. 

Based on Figure 6b, the protein content increased from 37.3% at time zero to 56.7% after 72 h 

during exposure to insecticide concentration of 0.5 mg/L. Additionally, the minimum protein 

content (16.7%) was recorded in contact time 72 h and insecticide concentration of 4 mg/L. On 

the other hand, low pesticide concentration in a short time might increase the protein content, 

which may be attributed to increasing chlorophylls and photosynthesis of algae. The exposure 

to low concentrations of pesticides in a short time increased the protein content in Chlorella 

pyrenoidosa, which then decreased with increasing the concentration and contact time (Nong 

et al., 2021). Dai et al. (2021) reported that protein content of Chlorella vulgaris significantly 

reduced by exposure to 1.05 mg/L triclosan. Nong et al. (2021) suggested two reasons for 

reduced protein content: (1) a decrease in chlorophylls with increasing the concentration of 

pesticides and contact time must have a great effect on protein production; and (2) increasing 

concentration of pesticides may block the metabolism of algae which result in protein 

degradation. 
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As indicated in Figure 6c, no growth inhibition was found in low concentrations of insecticides 

(0.5 mg/L), and short contact time (>24 h). Maximum inhibition (89.7%) was reached at 

insecticides concentration of 4 mg/L and contact time of 72 h. Vagi et al. (2018) reported a 

significant reduction in growth of microalgae exposed to 2.00-3.00 mg/L organophosphorus 

insecticide, which is in agreement with the current study. DeLorenzo et al. (2001) reported that 

growth rate of Anabaena doliolum completely reduced with increasing endosulfa concentration 

more than the 3 mg/L. Organic contaminant may prevent the normal mitotic divisional process 

in microalgae, which reduces the growth rate of microalgae (DeLorenzo et al., 2001). Liu et al. 

(2019) stated that increasing the pesticides concentrations and contact time could inhibit the 

growth of Chlorella vulgaris, as the exposure to pesticides for 96 h reduced the growth rate of 

Chlorella vulgaris for more than 23%. 

 

Figure 6: Toxicity of insecticides on Chlorella vulgaris, as shown in (a) total chlorophyll, (b) 

protein content, and (d) inhibition rate. 

 

3.3. Molecular docking 

The free binding energy of cypermethrin after interaction with Vug was -7.03Kcal/mol. It 

showed two strong hydrogen bonds with ARG189 and SER188 via oxygen linked to carbonyl 

group and triple bonded nitrogen of cypermethrin (Figure 7). The interaction of cypermethrin 

with Pro showed three hydrogen bonds with TYR18, ASN27 and THR122 (Figure 8). These 

bonds occurred between etheric oxygen and oxygen linked to carbonyl group and residues in 

Pro. Moreover, the interaction between Bac and cypermethrin showed three hydrogen bonds 

with free binding energy of -10.21 kcal/mol. It showed that the triple bonded nitrogen and 

oxygen linked to carbonyl group are involved in interaction with TYR271 and LEU211. This 

study showed the possibility of synergistic effects of three enzymes in degradation of 

cypermethrin would be more successful than working individually (Table 4).  
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Figure 7: Chemical interactions between Vug and ligands 

Figure 8: Chemical interactions between Pro and ligands 

Figure 9: Chemical interactions between Bac and ligands 

 

The same molecular docking studies using chlorpyrifos showed the lowest free binding energy 

happened in interaction with Bac (Figure 9). It demonstrated three conventional hydrogen 

bonds with LEU211 and ALA239 via the oxygen linked to phosphate group. The interaction 

between Pro and chlorpyrifos demonstrated four hydrogen bonds with TYR18, LYS92, 

ALA120 and ILE126 via sulfur and chloride group of chlorpyrifos. The result of molecular 

docking between Vug and chlorpyrifos also demonstrated three hydrogen bonds with ILE197, 

HIS269 and LYS198 to sulfur and oxygen linked to phosphate groups. Hydrogen bonds in this 

study showed the stability of ligand-enzyme interactions. The smaller the binding energy 

between enzyme and substrate is, the more favorable it is for enzyme to combine with substrate, 

and the easier pollutants can be degraded (Hongyan et al., 2019). Molecular docking studies 

using the selected catalytic enzymes in Proteobacteria, Bacteroidetes and algae suggests that 

probably the use of three organisms can show better efficacy in the degradation of cypermethrin 

and chlorpyrifos. 

 

Table 4: Free binding energy (Fbe) and inhibition constant of selected proteins with ligands 

 

3.4. Biochar adsorption of chlorpyrifos and cypermethrin in synthetic wastewater 

The characteristics of biochar showed that BET surface area, Langmuir surface area , 

micropore area, and micropore volume  were 818 m2/g, 981 m2/g, 413 m2/g, and 0.22 cc/g, 

respectively. Apart from improving the microbial community with using biochar, biochar is a 

carbon-rich material that is frequently employed as an adsorbent for pollutant elimination (Suo 
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et al., 2019). Therefore, adsorption isotherm studies were conducted to monitor the removal of 

pesticides by biochar. The key data from the Langmuir and Freundlich models are shown in 

Table 5. The Langmuir isotherm (equation 14) can effectively justify the monolayer adsorption 

(Mojiri et al., 2020b). Baharum et al. (2020) reported b (0.20), R2 (0.89) and Qm (4.22 mg/g) 

for pesticide (diazinon) removal with biochar (extracted from coconut shell), which are near 

our findings (Qm = 5.2 to 6.32 mg/g, b = 0.17 to 0.21, and R2 = 0.911 to 0.937). Based on the 

R2 values, the Langmuir model explain well the adsorption of CPF and CPY with biochar. 

𝑥

𝑚
=  

𝑎𝑏𝐶𝑒

1+𝑏𝐶𝑒
                       (14) 

where the mg of adsorbate per g of adsorbent is presented by x/m, the constants of Langmuir 

model are a and b, and the equilibrium concentration of adsorbate (mg/L) is shown by Ce. 

The Freundlich isotherm (equation 15) is frequently applied to define adsorption characteristics 

in for heterogeneous surfaces. 

𝑥

𝑚
=  𝐾𝑓𝐶𝑒

1

𝑛                      (15) 

where the adsorption capacity of the adsorbent (mg/g (L/mg)1/n) and intensity of adsorption are 

defined by Kf and n, respectively. 

Zhao et al. (2018) reported Kf  of 0.6 for removal of pesticide imidacloprid with biochar (peanut 

shell), which is similar to our findings (Kf 0.23 to 34 (mg/g (L/mg)1/n)). Moreover, CFP removal 

by biochar could be explained by the Freundlich model due to R2 of0.93. The related graphs 

for the Langmuir and Freundlich models are shown in Figures A.3 and A.4 (supplementary 

file).  

 

Table 5: The Freundlich and Langmuir isotherms constants 
 

 

Conclusions 
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CPF and CYP were eliminated by two photobioreactors, with the first reactor containing 

biochar, Chlorella vulgaris and activated sludge, and the second reactor containing Chlorella 

vulgaris and activated sludge only. DNA extraction showed that the Proteobacteria, 

Bacteroidetes and Chloroflexi were the dominant phyla of the activated sludge. In addition, the 

interaction between three hydrolase proteins in three different microorganisms, and CYP as 

well as CPF were simulated individually by molecular docking. The simultaneous use of 

microorganisms was suggested for further studies to be more successful in the degradation of 

ligands. The main findings of the study are listed below: 

1. The integrated biochar/microbial system eliminated 87.2% of CPF and 93.4% of CYP and, 

which are higher than 67.3% of CPF and 69.1% of CYP in the absence of biochar. 

2. Based on the RSM, the maximum abatement of CPF and CYP with reactor 1 was 88.80% 

and 93.12%, respectively, at the optimum contact time of 69.7 h and initial insecticide 

concentration of 0.32 mg/L.  

3. The maximum chlorophyll content and protein were 12.9 mg/L and 56.7%, which decreased 

with increasing concentration of insecticides and contact time. 

4. Both Freundlich and Langmuir models could be fitted to CPF and CYP adsorption by biochar 

with high R2 values.  
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