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Abstract

:

The potential of microalgal photobioreactors in removing total ammonia nitrogen (TAN), chemical oxygen demand (COD), caffeine (CAF), and N,N-diethyl-m-toluamide (DEET) from synthetic wastewater was studied. Chlorella vulgaris achieved maximum removal of 62.2% TAN, 52.8% COD, 62.7% CAF, and 51.8% DEET. By mixing C. vulgaris with activated sludge, the photobioreactor showed better performance, removing 82.3% TAN, 67.7% COD, 85.7% CAF, and 73.3% DEET. Proteobacteria, Bacteroidetes, and Chloroflexi were identified as the dominant phyla in the activated sludge. The processes were then optimized by the artificial neural network (ANN). High R2 values (>0.99) and low mean squared errors demonstrated that ANN could optimize the reactors’ performance. The toxicity testing showed that high concentrations of contaminants (>10 mg/L) and long contact time (>48 h) reduced the chlorophyll and protein contents in microalgae. Overall, a green technology for wastewater treatment using microalgae and bacteria consortium has demonstrated its high potentials in sustainable management of water resources.
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1. Introduction


Water resources supply needs for drinking, industrial and agricultural activities, and habitat for diverse wildlife [1]. The discharge of harmful contaminants into aquatic environments is a major concern that can pose serious threats to ecosystems and human health [2]. Currently, emerging pollutants (i.e., pharmaceuticals and personal care products, PPCPs) have gained global attention [3] because they have been extensively reported to occur in numerous water bodies worldwide, and constitute a serious threat to human health [4]. PPCPs are commonly applied in the cosmetic industry, medicine, livestock farming, aquaculture, and agriculture; as they cannot be effectively removed in wastewater treatment plants, they have been detected in aquatic environments worldwide [5]. Although PPCPs usually occur at trace concentrations in aquatic environments, most of these compounds can cause endocrine disruption, chronic toxicity in humans and organisms, and increased antibacterial resistance [6].



Contrary to the prescription PPCPs, caffeine (CAF) and N,N-diethyl-m-toluamide (DEET) are commonly available for commercial, household, and industrial uses. DEET is applied in several commercial products of insect repellent to protect animals and humans against insects and mosquitoes [7]. Tran et al. [7] reported that wastewater, groundwater, and surface water samples all contained DEET. CAF is an alkaloid that belongs to the methylxanthine family, which can be found in teas, coffees, sodas, and chocolate products. CAF is commonly consumed due to its stimulating effect on the central nervous system [4], with the average daily consumption of 70–400 mg per person worldwide [8].



As conventional wastewater treatment plants are not efficient in eliminating PPCPs [9], new technologies to remove PPCPs are needed. Physical and chemical methods (i.e., adsorption) have been employed to eliminate PPCPs, but these methods produce secondary contaminations [10]. Thus, the application of biological techniques (e.g., microalgae-based systems) can be considered as a green method to remove contaminants from water bodies [11]. Microalgae grow quickly, treat wastewater, and generate biomass for future use (such as production of biofuel and biochar). Moreover, microalgae consume CO2, absorb sunlight, and produce O2, making the microalgal method an environmentally friendly system for treating wastewater [6]. Marchão et al. [12] stated that using microalgae to remove pollutants from water bodies is an effective and economic approach because they can grow in different wastewater streams, efficiently recycle nutrients, require low energy, and reduce the formation of waste sludge. Amongst different microalgae species, Chlorella vulgaris is a great candidate for wastewater treatment owing to its strong ability to consume nutrients, remove chemical oxygen demand (COD), and reduce emerging contaminants [13]. Hence, C. vulgaris was selected in this study. It belongs to the Chlorellaceae family and is one of the most notable green eukaryotic microalgae [14]. To improve the efficiency of the algae in removing emerging contaminants, researchers have suggested coculture or a consortium of microorganisms [15]. For instance, Rossi et al. [16] stated that the cocultivation of microalgae–bacteria consortia seems to have higher resistance toward free ammonia and metal ions than algal monocultures. In addition to removing a portion of the emerging contaminants, microalgae enhance the biodegradation of these contaminants by bacteria, because the microalgae supply oxygen (as an electron acceptor) via photosynthesis for the aerobic bacteria [17]. The 96% removal of 4-nonylphenol with a microbial consortium including C. vulgaris has been reported [14].



It is stated that activated sludge has a vital role in the protection of the environment and human health because activated sludge contains a complex and diverse microbial community that contributes considerably to the degradation of organic matter, abatement of nutrients, and detoxification of water and wastewater [16]. Therefore, activated sludge was used as a part of the consortium in this study. During the treatment of water and wastewater with biological methods, an artificial neural network (ANN) has been employed to control, monitor, and simulate the treatment processes [18].



This study thus aimed to compare the removal effectiveness of the target contaminants by microalgae and microalgae/activated sludge consortium, optimize the process performance for the contaminants removal by using an ANN, and determine the ecotoxicity of PPCPs on the chlorophyll and protein content of microalgae.




2. Materials and Methods


2.1. Materials and Proparation of Synthetic Wastewater


Chlorella vulgaris was collected from a stirred-tank photobioreactor with a hydraulic retention time (HRT) of 7 days at Amin-Azma Research Institute laboratory, which was operated at a temperature of 25 ± 2 °C and an illumination intensity of 85–110 μmol photons/(m2 s). The cultivation of Chlorella vulgaris was done in a 500 mL Erlenmeyer flask containing BG11 medium. The activated sludge biomass was collected from a sequencing batch reactor (SBR) operating in the laboratory. The SBR (working value of 3.5 L) included filling (20 min), reacting (1320 min), settling (85 min), drawing, and idle (15 min) phases, which treated domestic wastewater. DEET (C12H17NO, CAS number: 134-62-3) and CAF (C8H10N4O2, CAS number: 58-08-2) with purities of >97% were obtained from Sigma-Aldrich Co. (Petaling Jaya, Malaysia). For preparation of stock solutions (1 g/L), these PPCPs were dissolved separately in distilled water.



Tap water was used to prepare synthetic wastewater. The tap water was characterized for pH (7.09), hardness (46.1 mg/L), Ca2+ (9.1 mg/L), K+ (0.7 mg/L), Cl- (3.7 mg/L), NH4+ (0.01 mg/L), Na+ (0.9 mg/L), Mg2+ (0.6 mg/L), and electrical conductivity (EC, 169 μS/cm). The synthetic wastewater contained nutrients and trace elements as described by Makut et al. [19], and supplemented with TAN, COD, CAF, and DEET. To reach the concentration of 50–200 mg/L of TAN, ammonium chloride (NH4Cl) was added to the tap water. In addition, carbon sources (including yeast, milk powder, and peptone) were added to react with the COD (50–200 mg/L). CAF and DEET (0.20–2.2 mg/L) were added to the synthetic wastewater by diluting their stock solutions.




2.2. Photobioreactors


The removal of contaminants COD, TAN, CAF, and DEET by the consortium of microalgae and activated sludge was studied in two identical laboratory-based photobioreactors. The photobioreactors (6.0 L) were made of glass that were 16 cm in diameter and 30 cm in depth. They were operated under light (12 h):dark (12 h) cycles at an illumination intensity of 100 ± 15 μmol photons/m2 s, at 25 ± 2 °C. Reactor 1 was inoculated with both C. vulgaris (1 g/L) and activated sludge biomass (1 g/L) based on the preliminary experiments, which was in agreement with the study of Yang et al. [20]. Reactor 2 was inoculated with 1 g/L of C. vulgaris only. The performance of reactor 1 (microbial consortium) and reactor 2 (microalgae) could then be compared. The synthetic wastewater was treated with both reactors to monitor their performance. The aeration rate was 0.4 L/min, and the pH of the influent was adjusted to 7.0 [4]. The system operating conditions are shown in Table 1. All experiments were conducted in triplicate, and the average and standard deviations values were calculated.




2.3. DNA Extraction and Microbial Community in Activated Sludge


Before inoculation of the photobioreactor and after running the experiments, the community of bacteria in the activated sludge was studied. The extraction of DNA was carried out in triplicate with the E.Z.N.A.® Soil DNA Kit, based on the manufacturer’s instructions (Omega Biotek, Norcross, GA, USA). The V3–V4 regions of the 16S rRNA genes were amplified by the sets of primer 341F and 805R [21]. The mixture of PCR (30 μL) contained 15 μL of 2 × Taq master Mix, 1 μL of Bar-PCR primer F (10 μM), Genomic DNA 10–20 ng, and 1 μL of Primer R (10 μM). The PCR process began at 94 °C for 3 min; then with 5 cycles at 94 °C for 30 s, 20 s at 45 °C, 30 s at 65 °C; followed by 20 cycles at 94 °C for 20 s, 20 s at 55 °C, at 30 s for 72 °C; and at 72 °C for 5 min [22]. Then, the DNA purified in the study was sequenced by the MiSeq platform using a MiSeq Reagent Kit v3 (Illumina Inc., San Diego, CA, USA), and taxonomic units (OTUs) were studied. The claustration of sequences into OTUs was done by the ARB software (6.0) [23].




2.4. Photolysis of Contaminants


During contaminant removal in the two photobioreactors, there is a potential that the contaminants may be removed by direct photolysis. Hence, the photolysis of contaminants was determined in a photolysis reactor (Erlenmeyer flasks), which was capped during the photolysis process [4]. The flasks (without the presence of microalgae or activated sludge) comprised the solution of CAF and DEET (0.2–2.2 mg/L) under illumination intensity of 100 ± 15 μmol photons m−2 s−1. Similar to the photobioreactors, the photolysis experiments were run under light:dark cycles of 12:12 h. By measuring the concentrations of CAF and DEET in the solution, the extent of PPCPs removal by the photolysis process was determined.




2.5. Analyses of Contaminant Concentrations in Water


A high-pressure liquid chromatograph (LC-20AT, Shimadzu Co., Ltd., Tokyo, Japan) with a UV detector (wavelength of 273 nm and 250 nm) and a C18 analytical column was employed to measure the concentrations of emerging contaminants. At 1.1 mL/min flow rate, the mobile phase comprised methanol and ultrapure water (70/30, v/v). The detection limit of contaminants analysis was expressed as three times the standard deviation of the baseline noise [4]. A Hach DR 2800 (Hach, Loveland, CO, USA) was used to analyze COD (Method 8000) and TAN (Method 8038, Nessler Method) in water samples.




2.6. Optimization of Photobioreactors by Artificial Neural Network


Based on the measurement of contaminants concentrations, the abatement efficiency of COD, TAN, DEET, and CAF was calculated by Equation (1):


  Removal   efficiency   ( % ) =   I n i t i a l   c o n c e n t r a t i o n    (    mg  L   )  − F i n a l   c o n c e n t r a t i o n    (    mg  L   )    I n i t i a l   c o n c e n t r a t i o n    (    mg  L   )    × 100  



(1)







To improve the performance (Tables S1 and S2) of photobioreactors, an ANN, which is a mathematical computational approach based on the human nervous system, was used. An ANN has a great capability to estimate and predict complex nonlinear processes [24]. In this study, the ANN approach was established by using the nftool function in MATLAB R2015a to optimize the relationship between two independent factors, the initial concentrations of PPCPs (0.2–2.2 mg/L) and contact time (1–7 d), and the response (i.e., removal of PPCPs). The whole dataset was divided into training (60%), validation (20%), and testing (20%). Multilayer feedforward ANNs were employed. The Levenberg–Marquardt (LM) method was applied to train the ANN model. At the maximum validation, failures are equal to zero and the validation is disabled. Model performance was assessed by the values of correlation coefficient (R2) and mean square error (MSE), as shown in Equations (2) and (3) [4]:


   R 2  = 1 −    ∑  i = 1  N   (   |   y  p r d , i   −  y  e x p , i    |   )     ∑  i = 1  N  (  |   y  p r d , i   −  y m   |     



(2)






  M S E =  1 N     ∑  i = 1  N    (  |   y  p r d , i   −  y  e x p , i    |  )  2   



(3)




where the anticipated value of the ANN is specified by yprd,i, and yexp,i is the experimental value, N is the number of data points, and the average value of experiments is represented by ym.




2.7. Effects of CAF and DEET on Chlorella vulgaris


The potential adverse effects of contaminants CAF and DEET on microalgae were studied. The Erlenmeyer flasks were added with Chlorella vulgaris (5 × 104 cells/mL) which were mixed with different concentrations of CAF and DEET (0–35 mg/L) for different contact time (0–72 h). The flasks were run at the illumination intensity of 100 ± 15 μmol photons/m2 s at room temperature, and the pH of the influent was set at 7. The contents of protein and chlorophyll were determined using a UV–Visible spectrophotometer (UV-1280, Shimadzu, Tokyo, Japan). The preparation of samples for tests was completed by collecting 10 mL of culture which was centrifuged at 4500–5000× g rpm for 15 min. The supernatant was discarded, and the container was re-suspended in 10 mL of methanol (>90%), incubated at 60 °C for 10–15 min, and then centrifuged again for 10–15 min [25]. For testing chlorophyll, the samples were measured at wavelengths of 646 nm and 663 nm. Chlorophyll (Chl) contents were then estimated by Equations (4)–(6) [26]:


  C h l   a    (   μ g  / mL  )  = 12.25    (   A  663    )  − 2.55    (   A  646    )   



(4)






  C h l   b    (   μ g  / mL  )  = 20.13    (   A  646    )  − 4.91   9  (   A  663    )   



(5)






  C h l   a + b    (   μ g  / mL  )  = 17.76    (   A  646    )  + 7.34    (   A  663    )   



(6)




where A646 and A663 represent the absorbance values at the wavelengths of 646 nm and 663 nm, respectively.



For testing the content of protein, the samples were scanned at wavelengths 260 nm and 280 nm. The content of protein was estimated by Equation (7) [27]:


Protein content = (1.55 × A280) − (0.77 × A260)



(7)




where A260 and A280 indicate the absorbance values at the wavelengths of 260 nm and 280 nm, respectively.





3. Results


3.1. Photodegradation of PPCPs


Most PPCPs can be removed by more than one pathway, such as biodegradation and photodegradation; thus, the removal of CAF and DEET via the photolysis process was tested. Molecules of emerging contaminants can absorb light, leading to breaking bonds, in direct photodegradation [28]. Based on this study, the direct photolysis process eliminated 13% (contact time of 1 d and initial concentration of 2.2 mg/L of PPCPs) to 19% (contact time of 7 d and initial concentration of 0.6 mg/L of PPCPs). In comparison with the removal performance of the reactor in total (which is discussed in the next section), the findings indicate that the main pathway to remove emerging contaminants was biodegradation, consistent with de Wilt et al. [29].




3.2. Contaminant Removal in Photobioreactors


The results from this study included the removal of TAN, COD, CAF, and DEET by two photobioreactors, reactor 1 comprising microalgae and activated sludge and reactor 2 comprising microalgae only. The performance of both reactors is compared in Figure 1. Moreover, the biomass evolution in both reactors during the treatment process is shown in Figure 2. Then, an ANN was employed to optimize the removal performance of both reactors in the elimination of PPCPs. Finally, the toxic effects of PPCPs on microalgae were investigated.



As indicated in Figure 1, for the first photobioreactor, the maximum elimination of COD and TAN was 82.3% and 67.7%, respectively, when the reaction time was 5 d, and the initial concentration of TAN and COD was 80 mg/L. Furthermore, for the first photobioreactor, the optimum abatement of CAF and DEET was 85.7% and 73.3%, respectively, when the contact time was 5 d, and the initial concentration of PPCPs was 1.0 mg/L, while the minimum removal of CAF and DEET was 52.6% and 41.8% at a contact time of 1 d and with an initial concentration of 2.2 mg/L.



For the second reactor, Figure 1 shows that the maximum abatement of 62.2% TAN and 52.8% COD was achieved at a contact time of 5 d and a concentration of 80.0 mg/L of TAN and COD. Moreover, the maximum elimination of CAF and DEET was 62.7% and 51.8%, respectively, on the fifth day with the initial PPCPs concentration of 0.6 mg/L, while the minimum elimination of CAF and DEET was 38.7% and 32.4%, respectively, during a contact time of 1 d with an initial concentration of 2.2 mg/L of PPCPs. Therefore, the removal of PPCPs by the consortium of microalgae and activated sludge in reactor 1 was more than that in the second reactor. Microalgae can improve the degradation of emerging contaminants by bacteria not only by releasing oxygen for aerobic bacteria but also by releasing dissolved organic matter [17]. Presentato et al. [30] stated that an alternative carbon substrate is required to achieve biotic transformation of organic contaminants in bacteria, which is supplied by microalgae in this case. García-Galán et al. [31] reported 50% removal of carbamazepine using a semi-closed microalgae photobioreactor. In another study, 12% of carbamazepine was eliminated by C. vulgaris [32], which is in line with the second reactor in the study. Meng et al. [33] expressed that some bacteria (such as Proteobacteria and Bacteroidetes) could eliminate the emerging contaminants. Apart from that, Matamoros et al. [34] stated that the microalgae were able to remove emerging contaminants. Thus, the performance of reactor 1 was improved in comparison with the second photobioreactor because of the consortium of microalgae and bacteria used. da Silva Ribeiro et al. [35] reported that >54% of sulfamethoxazole was removed by the microalgae/bacteria consortium in less than 1 week, which is in line with the current study. Mojiri et al. [4] reported a 39.8% removal of sulfamethoxazole during 6.3 days, which is in agreement with the findings of the second reactor in this study. In addition, the first reactor showed better performance in the removal of TAN and COD. In one study, 84.5% of ammonia and 71.8% of COD were removed in a modified treatment method including Chlorella sorokiniana [36], which is consistent with the current study. Similarly, Akizuki et al. [37] eliminated more than 80% of ammonia by the microalgae/bacteria consortium. Wang et al. [38] and Rossi et al. [16] stated that the high concentration of ammonia can inhibit the growth and activity of microalgae because ammonia enters into the cell interior by directly crossing the cell membrane, causing toxic effects on the enzymes related to the photosynthesis process. However, the high concentration of ammonia did not cause significant effects on the algae in the first reactor, and the removal performance was stable in most runs due to the presence of bacteria. Proteobacteria, Bacteroidetes, Nitrospirae, and Chloroflexi have a vital role in removing high concentrations of ammonia [39], which were the dominant bacteria in the first reactor during the study. The COD removal in reactor 1 was high because photosynthesis of microalgae generates oxygen, which is necessary for the bacteria to metabolize organic matter. Thus, the COD removal would be higher in a consortium of microalgae and bacteria [40]. Zhu et al. [41] stated that C. curvatus could consume some fraction of COD.




3.3. Evolution of Microbial Biomass


Based on Figure 2a, the dominant bacteria were Proteobacteria, Bacteroidetes, and Chloroflexi in the activated sludge, which are the same as with a study reported by Zhang et al. [42]. In the co-culture of activated sludge and microalgae, after running the experiments, the microbial communities can be changed [43]; therefore, the microbial community was monitored in reactor 1 after experiments. Based on Figure 2b, the Protobacteria, Bacteroidetes, and Chloroflexi were still dominant phyla after experiments; however, the percentage of Protobacteria was increased, while the percentage of Bacteroidetes and Chloroflexi was decreased. In comparison with the activated sludge (Figure 2a), the Actinobacteria community was significantly increased, which is in line with findings by [44]. This may relate to the light conditions. Maresca et al. [45] stated that Actinobacteria grew faster in the presence of light, because the transport of sugar and metabolism were upregulated. Moreover, Comamonadaceae, Desulfobulbaceae, and Rhodobacteraceae were increased after experiments due to better aerobic conditions and the supply of oxygen by microalgae.



As shown in Figure 3, the biomass concentration in reactor 1 was much greater than in reactor 2, which is consistent with the findings of Berthold et al. [46].



In reactor 1, the maximum concentration of biomass was 9.8 g/L, compared with the maximum biomass concentration of 5.9 g/L in reactor 2. Moreover, the biomass concentration increased with an increase in the concentrations of contaminants and TAN. Mojiri et al. [4] suggested that low concentrations of some emerging contaminants have a positive effect on chlorophyll accumulation and the growth of microalgae. When compared to microalgae only, Makut et al. [19] reported more than a 21% enhancement of biomass in a bacteria/microalgae consortium. In a microalgae/activated sludge consortium (1:1), the concentration of biomass increased from 0.5 mg/L to more than 0.95 mg/L (89.8% biomass productivity) during 48 h, which is in line with the current study. Ray et al. [47] expressed that enhanced biomass production through the coculture strategy helped the bioremediation process as well as efficient biomass harvesting. Microalgae/bacterial symbiosis offers several advantages in comparison with algal monocultures: algae provide oxygen with photosynthesis, different organic exudates improve the growth of bacteria, and algae secrete several toxic metabolites that inhibit undesired bacterial growth, thus preventing competition among different bacteria in the coculture system [47] and reducing the effects of contaminates on microalgae. In addition, the biomass increased with time, which is in line with other findings [48].




3.4. Optimization of Removal Performance by the ANN


Once the contaminants were being removed by the two reactors, the removal optimization of both reactors was conducted by the ANN. Two neurons in the input layer were contact time (h) and the initial concentration of PPCPs (mg/L), while there were five neurons in the hidden layer, and removal (%) of CAF and DEET was the output layer. For developing a model via an ANN, training is the most vital step; therefore, 60% of data were clustered in the training step. The analysis of linear regression between the anticipated and experimental abatement data for CAF and DEET was conducted to evaluate the network efficiency [35]. For the removal of CAF and DEET by the first reactor, the experimental values versus the model prediction for the optimum topology for training, validation, and test data are presented in Figure 4. A high R2 value (0.99 for CAF and DEET) denotes the reliability of the model. Kassahun et al. [2] stated that the high R2 value can confirm that the ANN topology exhibits a good estimate and possesses an appropriate generalization capability in order to predict the degradation efficiency under different operating conditions. The values of MSE were obtained by the LM training algorithm after 6 and 8 epochs (Figure S1) for the removal of CAF and DEET, respectively.



For the removal of CAF and DEET by the second reactor, the experimental values versus the model prediction for the optimum topology for testing, validation, and training data are indicated in Figure 5. A high R2 value (0.99) for both the removal of CAF and DEET denotes the reliability of the model. The values of MSE were obtained by the LM after 7 and 13 epochs (Figure S2) for the removal of CAF and DEET, respectively.




3.5. Effects of Emerging Contaminants on Microalgae


The combined impact of CAF and DEET on Chlorella vulgaris has not been widely reported in previous studies. Thus, water polluted with both CAF and DEET (0–35 mg/L) was used in this study. As indicated in Figure 6, the content of chlorophyll and protein increased with increasing PPCPs concentration, up to 5.0–10.0 mg/L. Then, the protein and chlorophyll were dramatically decreased by further increasing exposure time (contact time) and PPCP concentration. Low concentrations of emerging contaminants increased chlorophyll and protein content, due to the increase in enzyme synthesis or other energy-producing fractions [4]. However, a high concentration of PPCPs can negatively affect photosynthesis of Chlorella pyrenoidosa [49]. Moreover, the longer period of exposure to emerging contaminants negatively influenced the growth and cellular response of Chlorella sp. [49]. In addition, a high concentration of emerging contaminants may result in a decrease in the assimilation of CO2 by affecting the photosynthetic carbon-reduction-cycle enzymes [48].





4. Conclusions


The removal of TAN, COD, CAF, and DEET from synthetic wastewater was investigated in two photobioreactors, including the first reactor (integrated Chlorella vulgaris/activated sludge) and the second reactor (Chlorella vulgaris). The findings of the study are summarized below:




	
The biological consortium in photobioreactor 1 removed a maximum of 82.3% TAN and 67.7% COD, higher than 62.2% TAN and 52.8% COD by microalgae alone.



	
The consortium achieved a maximum removal of 85.7% for CAF and 73.3% for DEET, which was higher than 62.7% and 51.8% by microalgae alone.



	
ANN was able to optimize photobioreactor performance, as demonstrated by the high R2 (>0.99) and low MSE (<0.1) values.



	
High concentrations of PPCPs and long contact time reduced the content of chlorophyll and protein in microalgae.








Further investigations are needed as follows: (1) The tolerance of the photobioreactors and their stable operation under the stress of multiple contaminants should be further assessed. (2) Separately, the cocktail effects of different abiotic factors and contaminants can affect the performance of microalgae, which needs further study.
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Figure 1. The performance of (a) reactor 1 and (b) reactor 2 in removing TAN, COD, CAF, and DEET. 
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Figure 2. The microbial community in activated sludge before (a) and after (b) the operation in reactor 1. 
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Figure 3. The evolution of biomass concentration (mg dry weight/L) in reactors 1 and 2 over time. 
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Figure 4. Prediction versus experimental values for the optimum analysis of the test and all data for the elimination of CAF and DEET in reactor 1. 
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Figure 5. Prediction and experimental values for the optimum analysis of the test and all data for the elimination of CAF and DEET in reactor 2. 
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Figure 6. The effects of CAF and DEET on (a) chlorophyl and (b) protein content in microalgae. 
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Table 1. Operation conditions used in the different experiments.
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	Experiment
	Contact Time (d)
	Initial Concentration of PPCPs (mg/L)
	Initial Concentration of TAN and COD (mg/L)





	1
	1–7
	0.2
	50



	2
	1–7
	0.6
	80



	3
	1–7
	1.0
	110



	4
	1–7
	1.4
	140



	5
	1–7
	1.8
	170



	6
	1–7
	2.2
	200
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