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Abstract

:

Scenedesmus dimorphus was utilized for the tertiary treatment of municipal wastewater in an effort to remove nutrients from secondary treated wastewater. In addition to the concurrent generation of biomass containing lipids for biofuel production. The effect of nitrogen to phosphorous (N:P) ratios (1:1 to 8:1) in culture media without carbon dioxide (CO2) supplementation (air supply alone, Case 1) and with CO2 supplementation (2% CO2 in air, Case 2) was investigated through a series of systematic parametric batch experiments. Case 2 produces greater biomass at all N:P ratios than Case 1. In Case 1, the highest biomass output for a N:P ratio of 8:1 is 567 mg/L at pH 8.4. In Case 2, however, the maximum biomass yield is 733 mg/L when the N:P ratio is 2:1 and the pH is 7.23. Scenedesmus dimorphus is capable of absorbing nitrogen and phosphorous from wastewater in a CO2 environment and at the optimal N:P ratio. In Case 1, total nitrogen removal ranges from 28% to 100% and in Case 2, total nitrogen removal ranges from 60% to 100%, depending on the N:P ratio. For an initial concentration of 13 mg/L, the total phosphorous removal ranges from 37% to 57%, depending on the N:P ratio in both cases. Case 2 yields a maximum lipid content of 29% of the biomass dry weight when the N:P ratio is 1:1. These results suggest the viability of removing nutrients from secondary treated wastewater utilizing microalgae Scenedesmus dimorphus and lipid biosynthesis in the generated biomass.
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1. Introduction


Water pollution, air pollution, and the rising need for energy are the greatest challenges associated with the current rapid urbanization and urban population growth [1]. Thus, the depletion of fossil fuels and freshwater reserves are two of the world’s greatest issues [2]. Based on a per capita water usage of 0.2 ton per day, a city with a population of 500,000 would produce around 85,000 tons per day of wastewater [3]. The majority of wastewater treatment plants perform primary and secondary municipal wastewater treatment, while releasing secondary treated wastewater (tertiary wastewater) for irrigation or to flowing water [4,5]. Tertiary wastewater is a sustainable, reusable resource that contains inorganic nutrients such as nitrogen and phosphorous; yet, if left untreated, it can have negative environmental effects, such as eutrophication [6]. The production of suitable water by treating wastewater is in demand to reduce the pressure on water reserves [7]. Wastewater must be subjected to tertiary treatment to produce potable water [8]. Various biological, chemical, and physical techniques are available for tertiary wastewater treatment [9]. Although there are numerous techniques for tertiary wastewater treatment, the microalgae-driven biological tertiary wastewater treatment process is in high demand since it is eco-friendly, cost-effective, and does not require any additional energy [10,11,12].



Owing to their potential to eliminate nutrients from wastewater, especially tertiary effluent, while simultaneously producing lucrative biofuel and non-fuel products, microalgae have attracted considerable interest [13]. Due to a rise in energy production demand, pressure is mounting on fossil fuel reserves alongside an increase in the emission of the greenhouse gas CO2 [14]. As energy production and consumption continue to rise, it is imperative to identify viable, sustainable, and ecologically friendly energy alternatives [10,15,16]. Therefore, carbon-neutral, sustainable, and renewable energy sources that do not contribute to the overall output of CO2 are required. In this context, the culture of microalgae in tertiary wastewater to create lipid-rich biomass for biofuel generation is an integrated method that has the added benefit of pollution control through the removal of nutrients from wastewater.



Carbon is the most essential nutrient for the development of microalgae, followed by nitrogen and phosphorous [17]. During photosynthesis, algae use CO2 as an inorganic carbon source for cell development. Microalgae such as Scenedesmus dimorphus may collect phosphorous and nitrogen as nutrients from wastewater, as well as CO2 to supply macro nutrient carbon via photosynthesis [7]. In addition, during photosynthesis, microalgae can produce 1 kg of microalgae biomass by consuming 1.8 kg of CO2 [18]. Microalgae cells gather molecules from important types of organic substances, such as proteins, lipids, and carbohydrates, which create their structure and are essential feedstock for biofuel production [19,20]. Microalgae have a number of advantages over conventional energy sources of the past, including faster growth rates, better lipid buildup, enhanced photosynthetic ability, and a lower land area requisite for production [7,15]. In addition, land that is inappropriate for supplemental harvests can be utilized without disrupting the food supply chain [21].



Microalgae cultivation is not cost-effective because it requires a substantial amount of water and other nutrients. For instance, 1 kg of biodiesel requires an estimated 3700 kg of water, 710 kg of phosphorous, and 300 kg of nitrogen if recycled freshwater is not used [22]. Therefore, the growing of microalgae in wastewater at the tertiary stage using atmospheric CO2 provides the following additional benefits: (i) Tertiary wastewater effluents gain economic value in terms of water and nutrient recovery; (ii) Nitrogen and phosphorous are simultaneously removed from wastewater [11]; (iii) Microalgae proliferate 10 to 50 times faster than terrestrial plants, allowing for an effective CO2-to-organic-compound transformation [21]; (iv) It can produce a sizeable amount of water that can be safely discharged to receiving streams or recycled on-site and off-site; and （v) It can transform lipid-rich algal biomass for biofuel generation [23,24]. Despite all these benefits, there are still a lot of obstacles to cross before this technology can be used in its full potential. These difficulties include (i) land requirement, (ii) the impact of wastewater characteristics, (iii) the influence of operational and environmental conditions, and (iv) the need to harvest valuable biomass [25].



Multiple studies have indicated that microalgae are promising options for the treatment of tertiary wastewater [11,26]. The microalgae cultures most often applied for nutrient elimination are Chlorella [27], Scenedesmus [28], and Spirulina [29]. Jiang et al. (2013) examined the cultivation of Scenedesmus dimorphus utilizing BG-11 medium enhanced with simulated flue gas [30]. Xin et al. (2010b) studied the nutrient removal, growth, and lipid biosynthesis of Scenedesmus species on BG-11 medium with varying nitrogen and phosphorous concentrations [31]. Since microalgae remove nutrients predominantly through assimilation during growth, the rate of nutrient elimination is precisely influenced by the rate at which nutrients are removed [32]. Moreover, only if the nitrogen-to-phosphorous (N:P) ratio of wastewater is within an acceptable range can both nitrogen and phosphorous be utilized and removed successfully [33]. The nitrogen concentration has an effect on the buildup of lipids in microalgal cells and, consequently, on CO2 elimination. With fluctuations in nitrogen content, and especially at low nitrogen levels, lipid formation is more prevalent [18]. Lutzu et al. (2015) investigated the potential of brewery wastewater for Scenedesmus dimorphus growth, nutrient removal, and biodiesel production [34]. Nayak et al. (2016) cultivated Scenedesmus sp. using residential wastewater under supplementation with different percentages of CO2 in the air and discovered a more favorable effect on biomass concentration and specific growth rate when supplemented with 2% CO2 in air [15]. However, neither study considered the influence of the N:P ratios on the growth and lipid accumulation. There have been a few studies conducted on the cultivation of Scenedesmus dimorphus microalgae using tertiary municipal wastewater as the culture medium for the removal of nutrients. However, there have been no studies carried out on the N:P ratios or the effect of CO2 and without CO2 coupled to the making of lipid-rich biomass. In addition, the development of microalgae with and without CO2 supplementation and lipid accumulation for biofuel generation has not been explored to determine the optimal combination for Scenedesmus dimorphus-based tertiary treatment of municipal wastewater and production of biofuel. Thus, the present study is innovative in assessing the effect of various N:P ratios on the cultivation of Scenedesmus dimorphus, as well as the effect of feeding it with CO2 and without. This novel way of analyzing the impact of the N:P ratio and the use of CO2 and without CO2 has never been attempted before using Scenedesmus dimorphus.



For this goal, a series of synthetic wastewater medium with varying N:P ratios usu-ally found in municipal tertiary wastewater was employed. Following the bioremediation of synthetic municipal tertiary wastewater, nitrogen and phosphorous concentrations were monitored every other day in order to meet the goal of reducing the concentration of the nutrients to that of appropriate clean water. Moreover, this study investigated the effects of all the key parameters influencing the culture conditions in order to generate a comprehensive picture, and the results reveal the optimal circumstances for achieving maximum nutrient removal, maximum biomass production, and high lipid content. Consequently, the study enabled the evaluation of the suitability of Scenedesmus dimorphus species grown in municipal tertiary wastewater for the coupling of nutrient removal, biomass production, and lipid accumulation.




2. Materials and Methods


2.1. Microalgal Strain and Culture Medium


The Scenedesmus dimorphus (UTEX B 746) microalgae strain was collected from the University of Texas, Austin, TX, USA, and was utilized to conduct the full experiments. To investigate the ability of microalgae to recover nutrients from municipal tertiary wastewater, synthetic wastewater media with varied N:P ratios commonly found in ter-tiary municipal wastewater were used as the growing medium [35]. Phosphate (PO43−) from dipotassium hydrogen phosphate (K2HPO4) and monopotassium dihydrogen phosphate (KH2PO4) have been used as the source of phosphorous. In addition, nitrate nitrogen (NO3−-N) from sodium nitrate (NaNO3) has been employed as the source of nitrogen. In addition to phosphorous and nitrogen, the culture medium includes the following ingredients: 25 mg sodium chloride (NaCl), 31 mg potassium hydroxide (KOH), 25 mg calcium chloride dihydrate (CaCl2.2H2O), 75 mg magnesium sulfate heptahydrate (MgSO4.7H2O), 4.98 mg acidified ferrous sulfate heptahydrate (FeSO4.7H2O), 11.45 mg boric acid (H3BO3), 50 mg alkaline ethylenediaminetetraacetic acid (EDTA), and 1 mL/L trace elements solutions. The trace element solution is composed by separately dissolving 0.49 gm cobalt chloride hexahydrate (CoCl2.6H2O), 8.82 gm zinc sulfate heptahydrate (ZnSO4.7H2O), 1.44 gm manganese chloride tetrahydrate (MnCl2. 4H2O), 0.71 gm molybdenum trioxide (MoO3) and 1.57 gm copper sulfate pentahydrate (CuSO4. 5H2O) in 1 L distilled water.




2.2. Experimental Technique for Microalgae Culturing


Figure 1 is a representation of the experimental apparatus employed in this laboratory analysis. Scenedesmus dimorphus was cultured in 2 L Erlenmeyer flasks that were considered batch photobioreactors using an autoclaved medium. The flasks were filled with a maximum of 1700 mL of the working liquid medium, which included the inoculum. To circumvent the lag phase, the inoculum was pre-cultured in a flask and 100 mL of it was inserted in each culture photobioreactor. Foam stoppers were utilized to prevent contamination of the photobioreactors’ contents. Four horizontally adapted Grolux fluorescent (Sylvania F18W/T8/GRO) tube lights were utilized to cover the majority of the photobioreactors’ surface area under a fume hood. The light strength at the surface of the reactor was measured to be between 50–54 mol photons/m2/s using a Fisher ScientificTM TraceableTM dual-display light meter.



With the aid of an air–CO2 mixture system FC-SH (Live Cell Instruments, South Ko-rea), the air–CO2 mixture was precisely supplied to the base side of each photobioreactor. A glass rotameter on the mixing device controlled the flow rate of CO2-mixed air and held at 1500 cc/min as required. Gas bubbles emerged throughout the liquid cultivation medium and exited through the reactor’s upper side, preventing cell sedimentation and also providing inorganic carbon. Furthermore, the photobioreactors were manually stirred three times a day to prevent microalgal settling. The trials were conducted at room temperature (22 ± 2 °C) for 25 days. The preliminary pH of the culture medium was modified from 7 to 7.5 using 1M HCL and 1M NaOH in all trial assays to match the range of pH of tertiary wastewater media [36,37]. Moreover, a pH meter was used to measure the pH of the culture media on a regular basis during the cultivation of microalgae (Fisher Scientific AccumetR Basic AB15 plus meter, Waltham, MA, USA).



Microalgae were cultured in synthetic tertiary wastewater media with varying N:P ratios, with and without CO2 supplementation. The nitrogen and phosphorous concentration ratios employed spanned the range of measured concentrations in municipal wastewater, from low to high. The batch tests were conducted in a series of five photobioreactors with an initial total phosphorous (TP) concentration of 13 mg/L and 1:1, 2:1, 4:1, 6:1, and 8:1 N:P ratios, as depicted in Figure 1. Initially, the culture was aerated with a flow rate of 1500 cc/min of air, and because the concentration of CO2 in air is approximately 0.03%, this set of studies was characterized as non-CO2-enriched (Case 1).



The subsequent series of trials with aeration at the same flow rate and air containing 2% CO2 were characterized as those with CO2-supplementation (Case 2). The other culture variables, including starting pH, temperature, and light intensity, maintain the same value for all tests. Each set of experiments were repeated three times for reproducibility. The experiment conditions utilized in this investigation are summarized in Table 1.




2.3. Analytical Techniques


2.3.1. Microalgal Growth Characteristics


To ascertain the growth factors of the microalgae Scenedesmus dimorphus, 15 mL of the culture medium was removed from the photobioreactors on a daily basis. To account for evaporation loss during microalgae cultivation, sterile water was applied to the photobioreactors as required to refill the cultivation medium.




2.3.2. Microalgal Biomass Growth


Optical density (OD) of the cultivation medium was monitored regularly by deter-mining the absorbance of microalgae samples at a wavelength of 690 nm [38] applying an ultraviolet–visible (UV–VIS) spectrophotometer (Evolution 260 Bio-Thermo Scientific). The dry weight (mg/L) of the microalgae biomass was estimated by vacuum filtering 15 mL aliquots of the culture medium with the help of pre-dried and pre-weighed glass microfiber filter paper (Whatman GF/C with 0.45 µm pore size and 0.47 mm diameter). Before being weighed, the biomass-containing filter paper was dried in an oven at 60 °C for 24 h. This difference in weight was used to calculate the dry cell (biomass) content of microalgae. The dry weight of the microalgae species was used to measure the biomass concentration (mg/L) [7].




2.3.3. Specific Growth Rate


The following equation was used to calculate the specific growth rate,    μ g   , which is defined as the growth of the dry biomass weight per day [39].


  Specific   growth   rate ,    μ g  =   ln      X 1     X 0         t 1  −  t 0     



(1)




where    X 0    and    X 1    are the dry biomass weight (mg/L) at the starting, at time    t 0  ,   and at the end, at time    t  1 ,     of the exponential growth phase, respectively.




2.3.4. Biomass Productivity


The biomass productivity (Pb), also known as the biomass production rate was calculated using the equation below [40].


  Biomass   productivity ,    P b  =    X t  −  X 0     t t  −  t 0     



(2)




where    X 0    and    X t    are the dry biomass weight at the beginning, at time    t  0 ,     and at the end of the growth phase of cultivation, at time     t  t ,     respectively.




2.3.5. Nutrient Removal Analysis


Nutrient assessment was performed on liquid microalgae samples withdrawn from the photobioreactors every alternate day during the 25-day test cycle. The samples were centrifuged at 4500 rpm for 10 min and then supernatants were stored for analysis. The nitrogen and phosphorous concentrations were calculated using a spectrophotometer (DR 3900-HACH, USA) and a digital reactor (DRB 200-HACH, USA) to determine total nitrogen (TN) in the form of N-NO3− and total phosphorus (TP) in the form of PO43− in the culture medium. The percentage of TN and TP removal rates is calculated in batch kinetics using the equation below.


   Percentage   removal  =    S 0  −  S t     S 0    × 100 %  



(3)




where    S 0    and    S t    are the concentration of the substrate at the beginning, time    t  0     and at the end of the cultivation, time    t t    respectively.



The following equation was used to measure the initial substrate removal rate (Ri):


   R i  =    S o  −  S t     t t  −  t 0     



(4)




where    S 0    is the initial substrate concentration as TN or TP, and    S t    is the related substrate concentration at    t t   .




2.3.6. Lipid Quantification in Microalgae Biomass


The lipid substance was determined using the sulfo-phospho-vanillin (SPV) process [41,42]. The mechanism for lipid detection in the SPV-based colorimetric assay was depicted in Figure 2. Using canola oil, a calibration curve was generated according to the SPV method’s instructions. On consecutive days, 15 mL of microalgal samples were obtained from each photobioreactor in order to evaluate the intracellular lipid content. If necessary, samples were further diluted and centrifuged at 4500 rpm for five min before being washed three times with distilled water to remove salts from the cell surface. The biomass was treated with one milliliter of 98% concentrated sulfuric acid and heated at 100 °C for ten min. After chilling the treated biomass for five min in an ice bath, 5 mL of freshly prepared SPV reagent was added to the sample. After that, samples were stored in an incubator for 15 min at 37 °C with 200 rpm of shaking. After incubation, the absorbed content of the samples was determined using the following formula.


   Y  O D 530   = 0.333  X  l i p i d   + 0.1316  



(5)




with an R2 of 0.9878 from the measured absorbance (Figure S1 in Supplementary Materials). Finally, using the equation below, the total lipid content was calculated as a percentage of the dry biomass weight.


  L i p i d   C o n t e n t =    X L     X B    × 100 %  



(6)




where    X L    represents the quantity of lipid in the dry weight (   X B   ) of the sample’s biomass.





2.4. Statistical Analysis


The average of the three repeat sets of experiments’ data was used to conduct the analysis. The standard deviation (SD) across repeated experimental data was calculated with values stated as means ± SD. One-way analysis of variance (ANOVA) was carried out to assess the variation among various treatment groups. A statistically significant difference was taken into account at the level of p < 0.05.





3. Results and Discussion


3.1. Growth and Biomass Yield


Nitrogen (N) and phosphorous (P) are two essential macronutrients for the growth and metabolic activity of algal cells [43]. Inorganic carbon, together with phosphorous and nitrogen, is a crucial macronutrient for the photoautotrophic development of microalgae, accounting for roughly 50% of their weight [44]. To retain the growth of microalgae, the culture medium must be replenished with the suitable proportions of carbon, nitrogen, and phosphorous. The time profiles of Scenedesmus dimorphus biomass concentration (mg/L) cultured with variable N:P ratios and without CO2 supplementation (air only) (Case 1) and supplemented with 2% CO2 in air (Case 2) are shown in Figure 3a,b, respectively. As indicated in these figures, microalgae effectively adapted to all growth media with N:P ratios ranging from 1:1 to 8:1 (Case 1 and Case 2). The biomass of microalgae increased steadily during the course of the 25-day growing period. For both Case 1 and Case 2 independently, ANOVA analysis showed that there was no statistically significant difference (p > 0.05) in terms of biomass growth for all N:P ratios. In all instances, the results indicate that the exponential growth phase of microalgae cultivation is within the range from 23 to 25 days for all NP ratios in both cases.



Table 2 describes the maximum biomass productivity (Pmax) and the maximum specific growth rate (µmax) of Scenedesmus dimorphus under the consistent conditions of this study. As shown in Table 2, the culture with CO2 supplementation (Case 2) has a better growth rate during the entire cultivation period than in Case 1 for almost all N:P ratios ranging from 1:1 to 8:1. Particularly, ANOVA analysis showed that there was a significant difference (p < 0.05) in biomass production under the N:P ratios of 2:1, 6:1 and 8:1 when comparing Case 1 and Case 2, which can be due to the accessibility of most of the inorganic carbon species in the appropriate form of bicarbonate (HCO3−) and carbon dioxide (CO2 (aq)), as those are suitable for microalgal growth [43]. Hence, CO2 supplementation has a substantial impact on the production of biomass and the specific growth rate during the cultivation of Scenedesmus dimorphus in synthetic wastewater media. These findings are coherent with the outcomes stated by other researcher [15].



Figure 4 illustrates the maximum biomass yields achieved from the cultivation of Scenedesmus dimorphus under different N:P ratios (1:1 to 8:1) for both Case 1 and Case 2.



Case 2 has a greater maximal biomass production during cultivation than Case 1 at all N:P ratios. Case 1’s maximal biomass output ranged from 365 mg/L to 567 mg/L for all N:P ratios evaluated. In Case 2, however, the maximal biomass output for cultures cultivated at various N:P ratios ranged between 574 mg/L and 733 mg/L. This study’s maximal biomass yield is commensurate with the projected average biomass production of 300–600 mg/L for culture of microalgae [45].



A range of 6.8–10 inorganic N:P ratio is determined to be optimal for microalgal development in freshwater [46]. Xin et al. (2010b) cultivated Scenedesmus sp. on modified BG -11 medium with a N:P ratio ranging from 2:1 to 20:1 and discovered that the adjustment of the N:P ratio has a significant impact on microalgae growth [31]. As shown in Figure 4, the maximum biomass output in Case 1 (without CO2 supplementation) is 567 mg/L on day 23 with a N:P ratio of 8:1, followed by 500 mg/L with a N:P ratio of 2:1. In Case 2, however, the highest biomass output of 733 mg/L occurs on day 24 with a N:P ratio of 2:1. These findings indicate that the growth of the microalgae Scenedesmus dimorphus in synthetic wastewater is influenced by CO2 enrichment and the N:P ratio in culture media, and that they should be within an optimal range. Similar results were observed with the freshwater microalgae Chlorella vulgaris in lagoon conditions [47].




3.2. Nutrient Removal


3.2.1. Total Nitrogen Removal


Figure 5a,b depicts the time profiles of the total nitrogen (TN) uptake by Scenedes-mus dimorphus grown under varied levels of N:P ratios for Case 1 and Case 2, respectively. As shown in Figure 5a (Case 1), the maximum removal percentage is 100% on days 18 and 24 of the cultivation periods for N:P ratios of 1:1 and 2:1, while the maximum uptake ranges from 29% to 59% for N:P ratios of 4:1 to 8:1 towards the conclusion of the cultivation period. However, according to Figure 5b (Case 2), on day 8, day 14, and day 25 of the culture period, the TN removal at N:P ratios of 1:1, 2:1, and 4:1 is 100%, 100%, and 93%, respectively. In addition, at the end of 25 days, TN elimination at N:P ratios of 6:1 and 8:1 is 66% and 60%, respectively.



From the ANOVA analysis, it was evident that TN changes occurred significantly (p < 0.05) under all N:P ratios when Case 1 (without CO2, air only) and Case 2 (with 2% CO2 in air) were considered individually. In addition, there was a significant difference (p < 0.05) in terms of nitrogen removal for the N:P ratios 4:1, 6:1 and 8:1 when comparing Case 1 and Case 2. Consequently, the initial nitrogen concentration and CO2 supplementation have a significant effect on the TN removal by Scenedesmus dimorphus from the growth medium. The outcomes of this analysis imply that a greater proportion of TN is eliminated than in prior experiments employing an initial TN concentration of 27 mg/L [15,31]. Various discoveries on the removal of TN from wastewater by various species have also been reported in other scholarly works. In a batch method, Scenedesmus obliquus cultivated in municipal wastewater with a total starting nitrogen concentration of 27 mg/L eliminated between 79% and 100% TN [48]. However, in the study reported here, 29% to 100% of TN was removed at an initial nitrogen concentration of 14.5–108 mg/L in both Case 1 and Case 2.



The TN concentration in effluents from treatment plants must be lower than 10 mg/L for the water to be safe for consumption and irrigation. This concentration is also the European Union legal limit for the safe discharge of treated wastewater into the environment [47]. In all instances, the time required to obtain a nitrogen concentration of 10 mg/L (T10(N)) was determined for all feasible experiments completed throughout this study. In this regard, the nitrogen removal rate, nitrogen removal efficiency, and potential T10(N) values are tabulated and compared for both situations in Table 3. As shown in Table 3, the T10(N) values produced in Case 2 are lower for all N:P ratios than those obtained in Case 1. The results indicate that it is essential to supplement the culture medium’s air supply with carbon dioxide. In both Case 1 and Case 2, the 1:1 N:P ratio results in lower T10(N) values than other N:P ratios. This is typically the case due to the lower starting nitrogen concentration in the culture media. Under these experimental conditions, the minimum T10(N) for 2% CO2 in the air (Case 2) at a N:P ratio of 1:1 was three days. At N:P ratios of 4:1, 6:1, and 8:1 (Case 1), as well as at N:P ratios of 6:1 and 8:1, a T10(N) value was not observed (Case 2). The nitrogen elimination rate in both instances of this investigation is consistent with the findings of other published studies [15].




3.2.2. Total Phosphorous Removal


Phosphorous is one of the contaminants that must be removed from tertiary wastewater. Similar to nitrogen, phosphorous is needed for microalgal growth and the maintenance of their energy metabolism [48]. As shown in Figure 6a,c, the percent elimination of phosphorous following culture ranges from 46% to 57% for an initial concentration of 13 mg/L of total phosphorous (TP) for all N:P ratios (Case 1). In contrast, phosphorous elimination at the conclusion of the cultivation period in Case 2 ranges from 37% to 46% for all N:P ratios with the same initial concentration of TP. The elimination of a greater proportion of phosphorous in Case 1 at all N:P ratios is significant compared to Case 2.



In terms of phosphorous removal, significant statistical difference (p < 0.05) was found among all N:P ratios considering Case 1 separately, whereas it was not statistically significant (p > 0.05) for Case 2. Thus, the data imply that CO2 supplementation does not considerably improve phosphorous removal efficiency. The increased percentage of phosphorous removal in Case 1 compared to Case 2 is most likely attributable to the elevated pH values up to 10 (Figure 6a) seen during the cultivation period in Case 1. In addition to the adsorption of phosphorous by the microalgal cell wall and subsequent phosphorylation, phosphate can be precipitated from the culture media at pH values greater than 9. Similar results have been reported in a number of published works [48,49,50]. The greatest phosphorous removal in Case 1 is 57% at a N:P ratio of 2:1. In Case 2, however, the greatest phosphorous removal of 46% occurs at a N:P ratio of 8:1, which is consistent with the cultivation medium’s nitrogen availability [35]. The Stumm empirical molecular formula for algae (C106H263O110N16P) indicates that the rate of uptake of nitrogen would be higher than that of phosphorous owing to the relatively higher percentage of nitrogen in algae. The nitrogen removal rates determined in this study under all experimental conditions are higher than those of phosphorous, as expected due to the chemical composition of algae. As a result, higher N:P ratio requirement could reasonably be associated with causing a high inner PO43− pool [51] and resulting in the lower phosphorous removal of 37% to 57% found in this study for all experimental conditions. In addition, the lower removal of phosphorous from the culture medium of synthetic wastewater may be attributed to the higher initial concentration of phosphorous [52]. However, the phosphorous removal effectiveness revealed in this study is substantially greater than those discovered in other published studies of a similar nature [53,54].





3.3. pH Profiles


Since pH influences CO2 solubility and accessibility, it is one of the most important environmental factors that affects the growth and metabolism of microalgae [55]. pH is the most crucial factor as regards influencing the relative amounts of carbonaceous species in water [43]. Figure 7 depicts the various inorganic carbon species with regard to mole fractions in various pH media [43]. Maximum algal growth occurs in the neutral pH range (6.1–10) when CO2 in water can also exist as CO2 + H2 = H+ + HCO3− [56]. In this investigation, the initial pH of the culture media was altered from 7 to 7.5 for all tests, taking into account the pH range of municipal tertiary wastewater [36,37]. Figure 8a,b demonstrates the pH profiles over time during the cultivation of Scenedesmus dimorphus under the experimental conditions of Case 1 and Case 2, respectively.



As shown in Figure 8a (Case 1), the initial pH of the culture medium is 7.0, and the pH of the medium gradually increases up to nearly 18 days in all tests. Due to the low level of CO2 in the medium, the uptake of nitrogen for algal cell growth and the sub-sequent nitrate adsorption by microalgae, the pH value rises during the cultivation period according to the following equation [43,57]:


16 NO3− + 140 H2O + 106 HCO3− + HPO42−→C106H263O110N16P + 124 OH− + 138 O2



(7)







The pH changes in Case 1 are statistically significant (p < 0.05) among all N:P ratios according to the ANOVA analysis. After 18 days, the pH of the culture medium lowers significantly, allowing for continued development and the attainment of maximum biomass at all N:P ratios. This may be caused by the existence of 60% to 85% of accessible CO2 as inorganic HCO3− species in the cultivation medium’s pH range [43].



According to the data shown in Figure 8b (Case 2), the initial pH decreases due to the augmentation of the culture medium with CO2, which is then followed by a progressive increase in pH that reaches a plateau with few changes during the cultivation period for all N:P ratios. The observed change of pH in Case 2 among all N:P ratios was also statistically significant (p <0.05). Other studies have reported comparable results [15,47]. The initial fall in pH results from the dissolution of CO2 in the culture media. The pH rises as a result of the microalgae cells absorbing CO2 during their growth, eventually reaching a plateau with slight changes. During photosynthesis, the pH levels linked with the growth of microalgae increase from around 6.85 to 7.23 [58]. Bicarbonate ions are adsorbed by microalgae cells during photosynthesis and converted to CO2, which is then fixed by the RuBisCO enzyme. H+ is absorbed in the cell as per the equilibrium of following Equation (8), resulting in an elevated OH− concentration.


H+ + HCO3− = CO2 + H2O



(8)







To maintain a neutral intracellular pH, H+ must be taken up from the growth medium, which eventually elevates the pH [59]. At a pH of 7.22, 87% of the inorganic carbon exists as HCO3− and 13% exists as CO2(aq) (Figure 7). Therefore, all additional CO2 is in a form favorable for microalgal development [43]. In this investigation, the greatest biomass production of 733 mg/L is achieved at a pH of 7.23 with a N:P ratio of 2:1. Therefore, it is assumed that the majority of inorganic carbon species were in the form of HCO3− and CO2(aq) at a pH of 7.23 (Figure 7) with a N:P ratio of 2:1, which supports the highest biomass output.




3.4. Total Lipid Content


Microalgae are a potential source of lipids for biofuel generation due to their simple cellular structure and greater growth rates than traditional crops as regards creating biomass for oil synthesis [60]. Lipids are compounds that are biosynthetically or functionally related to fatty acids and their derivatives [61]. In this study, the total lipid content of microalgae was measured utilizing a rapid colorimetric SPV method [41,42]. The total amount of lipids as a percentage of the biomass’s dry weight at the conclusion of culture for all N:P ratios are represented in Figure 9 for both Case 1 and Case 2. In Case 2, the microalgal biomass contains more lipids than Case 1’s biomass at all N:P ratios. This finding indicates that CO2 supplementation in microalgae cultivation has a significant impact on lipid accumulation in the microalgal biomass. The conclusions of this analysis confirm the findings of others [15,62]. In Case 1, the total lipid content ranges between 6% and 10% based on the dry biomass for each of the investigated N:P ratios. In Case 2, the total lipid content of Scenedesmus dimorphus microalgae ranges from 11% to 29% based on their dry biomass. Maximum lipid content was 29% when the N:P ratio was 1:1, and 16% when the N:P ratio was 2:1. Thus, lipid content of microalgae enhances significantly when the growth medium is supplied with CO2-enriched air compared to when supplied with pure air. In addition, this phenomenon can be attributed to nitrogen starvation owing to the depletion of nitrogen in the culture medium for 1:1 N:P ratio after 12 days of the cultivation period at higher supplementation of the supplied air with 2% CO2 [63,64]. In addition, Table 4 provides a summary of the key findings of this study and a comparison with previously published research.





4. Conclusions


Cultivation of microalgae in municipal tertiary wastewater with an optimally adjusted N:P ratio and CO2 supplementation are an intriguing integrated technique for improved biomass production with lipid buildup and pollution reduction via nutrient removal from wastewater. Significantly influencing enhanced microalgal growth and nutrient removal from wastewater is the culture medium’s pH. In this work, a maximum nitrogen removal of 100% and a maximum biomass production of 733 mg/L were obtained at a pH of 7.23 and a N:P ratio of 2:1, when microalgae were cultured with supplementation utilizing 2% CO2 in the air. In the cultivation of the microalgae Scenedesmus dimorphus, a higher pH value, i.e., without CO2 supplementation, has a significant effect on phosphorous removal. This is due to the precipitation of phosphate at pH levels above 9 and the adsorption of phosphorous onto the cell walls of microalgae. CO2 supplementation, the N:P ratio, and nitrate deprivation of the culture media influence the total lipid content. Due to the extended nitrogen shortage phase with a N:P ratio of 1:1, a maximum lipid content of 29% of the dry weight of the biomass was obtained when Scenedesmus dimorphus was cultured with 2% CO2 in the air under the experimental circumstances of this study. For the removal of nutrients from wastewater and the formation of lipid-rich biomass, it is proposed to research the viability of the growing of Scenedesmus dimorphus in municipal tertiary wastewater with supplementation of greater CO2 concentrations in the air.
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Figure 1. A schematic diagram of the experimental set up (adapted from Razzak 2019, accessed on 20 January 2019). 
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Figure 2. A schematic representation of the lipid detection principle in the SPV-based colorimetric assay (adapted from Razzak 2018, accessed on 24 February 2019). 
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Figure 3. Time profiles of the biomass concentration of Scenedesmus dimorphus cultivated under different levels of nitrogen-to-phosphorous (N:P) ratios (a) without CO2 supplementation (air only) and (b) with CO2 supplementation (2% CO2 in air). Data are means ± SD (n = 3). 
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Figure 4. A comparison of the maximum biomass yield of Scenedesmus dimorphus cultivated under different levels of nitrogen-to-phosphorous (N:P) ratios with (2% CO2 in air) and without (only air) CO2 supplementation. Data are means ± SD (n = 3). 
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Figure 5. Time profiles of the effect of the total nitrogen (TN) concentration on Scenedesmus dimorphus cultivated under different levels of nitrogen-to-phosphorous (N:P) ratios (a) without CO2 supplementation (air) and (b) with CO2 supplementation (2% CO2 in air). Data are means ± SD (n = 3). 
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Figure 6. Time profiles of the effect of the total phosphorous (TP) concentration on Scenedesmus dimorphus cultivated under different levels of nitrogen-to-phosphorous (N:P) ratios (a) without CO2 supplementation (air only) and (b) with CO2 supplementation (2% CO2 in air). (c) A comparison of the removal of total phosphorous (TP) under the experimental conditions of this study. Data are means ± SD (n = 3). 






Figure 6. Time profiles of the effect of the total phosphorous (TP) concentration on Scenedesmus dimorphus cultivated under different levels of nitrogen-to-phosphorous (N:P) ratios (a) without CO2 supplementation (air only) and (b) with CO2 supplementation (2% CO2 in air). (c) A comparison of the removal of total phosphorous (TP) under the experimental conditions of this study. Data are means ± SD (n = 3).



[image: Sustainability 15 01409 g006]







[image: Sustainability 15 01409 g007 550] 





Figure 7. Different inorganic carbon species with respect to mole fractions at different media pH (adapted from Eze et al. 2018, accessed on 15 April 2019). 
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Figure 8. Time profiles of the variation of the pH of the culture media during the cultivation of Scenedesmus dimorphus under different levels of nitrogen-to-phosphorous (N:P) ratios (a) without CO2 supplementation (air only) and (b) with CO2 supplementation (2% CO2 in air). Data are means ± SD (n = 3). 
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Figure 9. A comparison of the total lipid content (%) of Scenedesmus dimorphus cultivated under different levels of nitrogen-to-phosphorous (N:P) ratios with (2% CO2 in air) and without (air only) CO2 supplementation. Data are means ± SD (n = 3). 
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Table 1. Summary of the microalgae Scenedesmus dimorphus culturing conditions.
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	Microalgae species
	Scenedesmus dimorphus (UTEX B 746)



	Culture medium
	Synthetic tertiary municipal wastewater



	Process type
	Batch photobioreactor



	Initial working volume (mL)
	1700 mL including 100 mL inoculum



	Initial biomass concentration (mg/L)
	42 to 87



	Gas flow rate (cc/min)
	1500



	Light intensity (μmol photons/m2/s)
	50–54 (continuous)



	Nitrogen to phosphorous (N:P) ratio
	1:1, 2:1, 4:1, 6:1 and 8:1



	CO2 conc. (%) in air
	0.03% (air, Case 1), 2% (Case 2)



	Temperature (°C)
	22 ± 2



	pH (initial)
	7–7.5



	Cultivation period (days)
	25










[image: Table] 





Table 2. Effects of different levels of nitrogen-to-phosphorous (N:P) ratios and CO2 supplementation on the growth characteristics of Scenedesmus dimorphus.
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	CO2 (% v/v)
	N:P Ratio
	Xmax (mg/L)
	Pmax (mg/L/d)
	µmax (d−1)





	0.03% (air)
	1:1
	433 ± 21.6
	20.55 ± 1.03
	0.1714 ± 0.00857



	
	2:1
	500 ± 25.0
	21.75 ± 1.08
	0.1698 ± 0.00849



	
	4:1
	447 ± 22.4
	24.83 ± 1.24
	0.2586 ± 0.01293



	
	6:1
	365 ± 18.3
	18.80 ± 0.94
	0.1792 ± 0.00896



	
	8:1
	567 ± 28.4
	37.00 ± 1.85
	0.3642 ± 0.01821



	2%
	1:1
	587 ± 29.4
	25.90 ± 1.29
	0.1792 ± 0.00896



	
	2:1
	733 ± 36.7
	30.83 ± 1.54
	0.2424 ± 0.01212



	
	4:1
	640 ± 32.0
	33.33 ± 1.67
	0.2298 ± 0.01149



	
	6:1
	573 ± 28.7
	24.43 ± 1.22
	0.1769 ± 0.00884



	
	8:1
	647 ± 32.4
	29.17 ± 1.45
	0.1918 ± 0.00959
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Table 3. Nitrogen removal by Scenedesmus dimorphus cultivated under different levels of nitrogen-to-phosphorous (N:P) ratios and CO2 supplementation.
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	CO2 (% v/v)
	N:P Ratio
	TN Removal (%)
	Nitrogen Removal Rate (mg/L/d)
	Residual TN (mg/L)
	T10(N) (d)





	0.03% (air)
	1:1
	100
	0.828
	0.1
	6



	
	2:1
	100
	1.15
	0.1
	14



	
	4:1
	59
	1.29
	22.2
	--



	
	6:1
	35
	1.12
	52.4
	--



	
	8:1
	28
	1.22
	76.6
	--



	2%
	1:1
	100
	1.8
	0.1
	3



	
	2:1
	100
	1.95
	0.1
	9



	
	4:1
	93
	1.96
	3.6
	21



	
	6:1
	66
	2.1
	27.5
	--



	
	8:1
	60
	2.58
	43.5
	--
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Table 4. Summary of the results achieved in this study and comparison with earlier reported work.
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	Wastewater Media
	Microalgae Species
	CO2

(%)
	Light Irradiance (μmol m−2 s−1)
	Cultivation Period, Day and Temp. (°C)
	Max. Biomass Conc. (mg L−1)
	Max. Specific Growth Rate, µmax (day−1)
	Initial Nutrient (mg L−1)
	Final Nutrient (mg L−1)
	Lipid Content (%)
	References





	Domestic
	Scenedesmus sp.
	0.03 (air)
	60
	7 (25)
	430
	0.44
	TN = 41

TP = 53
	TN = 15.9

TP = 9.60
	23.1
	[15]



	Tertiary treated
	Scenedesmus obliquus
	15
	45
	7 (25)
	310
	0.89
	TN = 8.7

TP = 1.7
	TN = 0.08

TP = 0.02
	27
	[37]



	Pre-treated manure
	Scenedesmus dimorphus
	15
	238
	7
	-
	-
	TN = 152

TP = 115
	TN = 145.9

TP = 109.8
	24.2
	[44]



	Piggery refluent
	Scenedesmus obliquus
	-
	40
	20 (25)
	770
	0.28
	TN = 56

TP = 13.5
	TN = 21.8

TP = 5.40
	31
	[46]



	Secondary treated
	Scenedesmus sp.
	-
	55–60
	15 (25)
	120
	0.12
	TN = 15.5

TP = 0.5
	TN = 0.16

TP = 0.01
	33
	[65]



	Synthetic
	Scenedesmus dimorphus
	0.03 (air)
	54
	25 (22)
	433
	0.17
	TN = 15

TP = 13
	TN = 0.0

TP = 6.60
	-
	This study



	Synthetic
	Scenedesmus dimorphus
	0.03 (air)
	54
	25 (22)
	500
	0.17
	TN = 27.6

TP = 13
	TN = 0.0

TP = 5.6
	-
	This study



	Synthetic
	Scenedesmus dimorphus
	2
	54
	25 (22)
	587
	0.18
	TN = 14.5

TP = 13
	TN = 0.0

TP = 7.3
	29
	This study



	Synthetic
	Scenedesmus dimorphus
	2
	54
	25 (22)
	733
	0.24
	TN = 27.5

TP = 13
	TN = 0.0

TP = 7.8
	-
	This study



	Synthetic
	Scenedesmus dimorphus
	2
	54
	25 (22)
	640
	0.23
	TN = 52.6

TP = 13
	TN = 3.7

TP = 8.2
	-
	This study
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