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Abstract

:

The reuse of wastewater has been observed as a viable option to cope with increasing water stress in Africa. The present case studies evaluated the optimization of the process of phycoremediation as an alternative low-cost green treatment technology in two municipality wastewater treatment pond systems that make up the largest number of domestic sewage treatment systems on the African continent. A consortium of specific microalgae (Chlorella vulgaris and Chlorella protothecoides) was used to improve the treatment capacity of domestic wastewater at two operational municipality wastewater pond systems under different environmental conditions in South Africa. Pre- and post-phycoremediation optimization through mass inoculation of a consortium of microalgae, over a period of one year under different environmental conditions, were compared. It was evident that the higher reduction of total phosphates (74.4%) in the effluent, after treatment with a consortium of microalgae at the Motetema pond system, was possibly related to (1) the dominance of the algal taxa C. protothecoides (52%), and to a lesser extent C. vulgaris (36%), (2) more cloudless days, (3) higher air temperature, and (4) a higher domestic wastewater strength. In the case of the Brandwag pond treatment system, the higher reduction of total nitrogen can possibly be related to the dominance of C. vulgaris, different weather conditions, and lower domestic wastewater strength. The nutrient reduction data from the current study clearly presented compelling evidence in terms of the feasibility for use of this technology in developing countries to reduce nutrient loads from domestic wastewater effluent.
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1. Introduction


Attention towards addressing sanitation and wastewater issues in Africa has grown in recent years [1]. While the aim of improving access to sanitation is included both in the Millennium Development Goals (MDGs) (2000–2015) and the Sustainable Development Goals (SDGs) (2015–2030), it is gaining prominence in the SDGs. Although overall service coverage increased, the target was missed by a margin of almost 700 million people, many living in sub-Saharan Africa. The new SDGs were endorsed by the UN General Assembly in September 2015, which included a commitment to provide universal access to sanitation and drinking water services by 2030 [2]. Population and urban growth are interlinked and the foremost challenge facing Africa’s sanitation provision. Rapid urbanization poses major infrastructure, economic, environmental, and social problems. Africa’s urban population will double by 2030, and the difficulties African cities currently face in providing sanitation will be exacerbated. Rates of urbanization in Africa are the highest in the world (5.8% in sub-Saharan Africa) [1].



The capacity of insufficient wastewater treatment ponds (WWTPs) to cope with increasing wastewater loads due to an increase in population numbers is among the technical, social, economic, and environmental challenges facing governments in Africa. Another key challenge is to cope with variation in pollution loads caused by uncontrolled discharges into the sewage network (e.g., industrial discharge). Furthermore, high operational and maintenance costs lead to inappropriate sludge disposal and odor. Power cuts also play a major role in cases where energy is needed for the treatment process. Financial problems were observed to impact all the selected African countries, which negatively affects the operation, maintenance, or upgrade of WWTPs [3]. Release of insufficiently treated wastewater into the environment is also observed when treatment plants are dysfunctional or temporarily disconnected, which is common in countries such as Ghana and South Africa [3,4]. Workers and managers in charge of treatment plants also lack the skills to maintain them and are not motivated to maintain treatment plants due to low wages.



In a comparative study on wastewater practices of seven African countries, namely Algeria, Burkina Faso, Egypt, Ghana, Morocco, Senegal, and Tunisia [3], it was evident that at least seven out of ten WWTPs are either waste stabilization ponds or activated sludge. Table 1 shows an overview of the most used sanitation infrastructure in these counties. In all the selected countries, both activated sludge (AS) and waste stabilization pond systems presented 68−100% of all implemented units still in operation. AS systems are applied mostly by private entities (e.g., industry) in Ghana, while pond treatment systems are preferred by public entities. In Burkina Faso, only pond systems are used [3]. However, in the other five countries, both AS and pond systems have been used. Overall, waste stabilization pond systems are the most used treatment technology in Africa.



Conventional domestic wastewater treatment systems (including AS reactors and trickling filters) [5] are labor- and energy-intensive, often requiring expensive infrastructure and regular maintenance, leaving the municipalities of rural communities in developing countries unable to treat the domestic inflow [6]. This led to the need and emergence of cost-effective wastewater treatment systems (also referred to as ecotechnologies), which require less infrastructure and use little or no energy [7]. Among these ecotechnologies are wastewater stabilization pond (WSP) systems [7]. WSP systems are regarded as the wastewater treatment method of choice worldwide [8]. In cooler climates, including Europe, WSP systems are used in small rural communities of around 2000 people [9]. However, in warmer climate conditions (including Africa and Asia), WSP systems are used for larger communities of up to a million citizens [10]. WSP systems use a series of different pond types, namely anaerobic ponds, facultative ponds, oxidative ponds, and aerobic ponds, each creating its own specific microbial, chemical, and biochemical characteristics, based on the oxygen level and nutrient content of the respective environments [11,12]. Each pond is dedicated to addressing a specific aspect of wastewater through the metabolic activities of the algae and microorganisms, while the organic and chemical content of the wastewater is metabolized and removed from the liquid via the cycling of nutrients [13].



Sustainable development and the global move towards a more circular use of resources where waste is reduced and resources are recycled, have driven a paradigm shift within the scientific community with regard to wastewater solutions [14]. Furthermore, nutrient recovery from domestic wastewater extends beyond direct economic benefits to human health and also environmental benefits, reducing eutrophication [14].



Phycoremediation is a biological cleanup technology involving the use of micro- or macro-algae for the biological transformation of contaminants, including nutrients such as inorganic and organic carbon, phosphorus, nitrogen, sulfates, and heavy metals [12,15,16]. During the process of phycoremediation, algae utilize nitrogen, phosphorus, carbon, and other salts from the wastewater for their growth [17]. This cleanup process has been a research subject for many decades [18]. Although a vast amount of literature related to phycoremediation and domestic wastewater treatment is available from developing countries, little is known of this technology on the African continent.



There are only a few known published case studies in Africa from the literature on phycoremediation and domestic wastewater treatment. One of these case studies is the Belmont Valley integrated algae pond system (IAPS) using natural occurring algae in the algae raceway. The IAPS is a derivation from the Oswald designed algal integrated wastewater pond system. The IAPS technology was introduced to South Africa in 1996 and a pilot plant was designed and commissioned at the Belmont Valley WWTW in Grahamstown. The IAPS primary treatment of domestic wastewater makes use of an advanced facultative pond which houses an in-pond anaerobic digester, followed by high-rate algae oxidation ponds with paddlewheel mixing. The IAPS technology makes use of gravity, solar energy, and natural occurring algae in the high-rated algae ponds [19]. Other places in Africa where IAPS has been used are Morocco and Zimbabwe [20]. However, in the case study by Oberholster et al. [12], the authors used specific phycoremediation to improve the treatment capacity of domestic wastewater in existing pond systems in South Africa, by mass culturing and inoculation of a consortium of selected algae.



The objective of the current study was to present comparative data of the nutrient treatment capacity of two municipal wastewater pond systems in South Africa, after implementing the phycoremediation technology process in maturation ponds by mass inoculation of a consortium of selected microalgae. Data were recorded before the technology was implemented at both plants and monitored after phycoremediation was introduced at the two wastewater treatment plants. The latter two municipal systems treat ≤0.5 and 4.5 mL day−1 of domestic wastewater and are located in two different locations with vastly different climate conditions (coastal and inland).




2. Materials and Methods


2.1. Background


The improvement of the process of phycoremediation in the two municipal pond treatment systems utilized a specific consortium of microalgal species (Chlorella vulgaris and Chlorella protothecoides) to remove nutrients through mass inoculation. Renuka [21] stated that Chlorella spp. is one of the most explored microalga genera in relation with nutrient removal in different types of wastewater. The microalgae scaling-up from laboratory cultures to the outdoor photobioreactors was performed according to Oberholster et al. [12]. The intention was to implement a self-sustaining system that can be operated independently of electricity or expensive chemicals and can be effectively maintained within financial and capacity constraints of developing countries [12].



The Motetema WWTP system (25°6′3.87″ S and 29°28′6.78″ E) is located inland in the Limpopo province of South Africa, in a temperate climatic zone, and treats 4.5 mL day−1 of domestic wastewater. This WWTP system consists of twelve earth ponds organized in two series of six each, parallel to one another. Of the twelve ponds, only six ponds are operated at a time, while the other six ponds are dried for sludge removal [12]. The Brandwag WWTP system, on the other hand, has a coastal location and is near the small town of Brandwag in the Western Cape, South Africa (34.0493° S and 22.0573° E). This WWTP system consists of a series of seven earth ponds, namely anaerobic ponds, primary facultative ponds, secondary facultative ponds, and maturation ponds, that naturally overflow gravitationally from one pond to another. The above-mentioned pond treatment system treats 0.5 mL day−1 of domestic effluent and is categorized as a micro-WWTP system (Figure 1).



Five semi-transparent photobioreactor tanks with a capacity of 5000 L each, diameter of 1800 mm, and height of 2040 mm, were installed at the Motetema wastewater pond system (Figure 2A), and three at the Brandwag wastewater pond system (Figure 2B), also with a capacity of 5000 L each [12,22].



The microalgae strains, Chlorella vulgaris (Beijerinck, ATCC: 30821) and Chlorella protothecoides (Kruger, ATCC: 30411), were acquired from American Type Culture Collection (ATCC) and cultured as described by the ATCC protocol and used as starting culture. In each of these outdoor bioreactors, a volume of 25 L of the two algal species (50:50%) was added to 1000 L of dechlorinated tap water and 10 g of synthetic fertilizer (10 phosphorus:20 nitrogen:10 potassium) for the start-up culture in the outdoor photobioreactors. This culture was upscaled to 5000 L in each photobioreactor and released in the selected different oxidation ponds on a 3 to 4 weekly basis, depending on the season. The photobioreactors’ algae dry weights (wt.) during the different culturing phases were the following: lag phase (average dry wt. 1.12 (±0.13) mg L−1), exponential phase (average dry wt. 1.69 (±0.15) mg L−1), and in the stationary phase (1.18 (±0.13) mg L−1) for the Motetema WWTP outdoor photobioreactors. In the Brandwag WWTP outdoor photobioreactors, it was: lag phase (average dry wt. 1.01 (±0.18) mg L−1), exponential phase (average dry wt. 1.55 (±0.11) mg L−1), and in the stationary phase (1.10 (±0.9) mg L−1). Solar illuminance reached 1251 μmol m−2 s−1 during midday in the Motetema WWTP outdoor photobioreactors and 1077 μmol m−2 s−1 in the Brandwag WWTP outdoor photobioreactors. Temperature ranges from 29 to 31 °C during midday in the Motetema WWTP outdoor bioreactors and 27 to 28 °C in the Brandwag WWTP outdoor bioreactors. The pH in the Motetema WWTP outdoor photobioreactors was 9.1, and 8.8 in the Brandwag WWTP outdoor photobioreactors during midday (12h00–13h00). All the above data were generated in duplicate during the startup of the mass algae culturing in the photobioreactors. The cultured microalgae were release from the photobioreactors when they reached a chlorophyll-a value of 250 mg L−1 to prevent overshadowing and suspension in the photobioreactors [23]. The protocol of Porra et al. [24] was followed for the determination of suspended chl-a (µg L−1) in the photobioreactors. The volume of cultured algae in the photobioreactors was stirred manually every four days with an oar by the wastewater plant operator. The total volume of cultured algae being released in the maturation ponds at one time (every three or four weeks) was 15,000 L at the Motetema pond treatment system and 12,000 L at the Brandwag pond treatment system. Of the 5000 L in each of the outdoor photobioreactors, only 4000 L was released at each mass inoculation, while 1000 L was left in the photobioreactor for subculturing. The pond systems are based on natural overflow from one pond to another, using no electricity, and are gravity-fed. Residence times for both the Motetema and Brandwag pond treatment systems were between 26 and 29 days depending on environmental conditions, for example, rain conditions. The average depth of the maturation ponds in both systems was 1.5 m. Although the photobioreactors were connected to all the maturation ponds by a piping network, only the first three maturation ponds, after the facultative pond, were inoculated with the consortium of microalgae in both systems. Chemical data presented in the current study were related to the last two ponds, which include the effluents of the last pond over a period of one year.




2.2. Physical and Chemical Sampling Analyses


Water samples were taken before and after treatment (one year later) at the outflow of the last two maturation ponds at each of the case study locations and analyzed according to Oberholster et al. [12]. In short, the first water samples were taken two times (n = 2) before any occurrence of mass microalgae inoculation at the two pond treatment systems, while the last water samples were taken three times (n = 3), four weeks after the last mass microalgae inoculation over the period of one year. On-site water quality parameters, such as temperature, pH, and electrical conductivity (EC), were measured using a Hanna HI991300 handheld water quality meter. The sampled water from each sampling location was divided into two subsamples for the following analyses: (a) one liter for dissolved nutrient analyses, and (b) one liter which was kept for the analyses of chemical oxygen demand (COD) and sulfates. Samples were kept on ice and sent to an accredited chemical laboratory for analysis within 48 h of collection. The standard chemical analysis procedures for all the water samples followed the approved analytical methods detailed in “Standard Methods for the Analysis of Water and Wastewater” [25]. Data of the effluent of the last maturation pond of each of the pond systems were compared with the South African wastewater discharge standards [6]. The following methods were used for the analyses: American Public Health Association (APHA) 4500-N: total nitrogen; APHA 5310-B: total organic carbon; APHA 5220-D/HACH Method 8000: total COD; APHA 4500-P: total phosphorus; APHA 2540-D: suspended solids; APHA 4500, APHA 4500-SO4 G: sulfate; APHA 4500-NH3 H: ammonia; APHA 4500-PO4 G: phosphate. Wastewater samples before and after microalgae treatment of the different ponds were filtered through 0.22 µm pore size Whatman GF filters to separate the microalgae from the treated water for the determination of nitrogen and phosphorus uptake by the microalgae.




2.3. Phytoplankton Sampling and Analyses


Phytoplankton sampling was performed at the outflow of the last two maturation ponds of each of the case studies before and one year after treatment. The water sample was divided into two subsamples: (a) preserved for microscope soft algae identification and (b) unpreserved for diatom identification. The soft algae subsample was fixed in 2.5% glutaraldehyde in the field and kept cold and in the dark until the laboratory analysis. Diatom samples of each sampling site were cleared of organic matter by heating in a potassium dichromate and sulfuric acid solution and the cleared material was rinsed, diluted, and mounted in a Pleurax medium for microscopic examination. All algae were identified using a compound microscope (Carl Zeis, Jena, Germany) at a 1250× magnification [26,27,28,29]. Samples were sedimented in a Sedgewick–Rafter sedimentation chamber and analyzed using the strip–count method [30]. The Berger−Parker dominance index [31] was used to measure the evenness or dominance of each algal species at each sampling pond using actual algae cell numbers:


D = Nmax/N



(1)




where Nmax = the number of individuals of the most abundant species present in each sample, and N = the total number of individuals collected at each pond site.




2.4. Weather Condition at Each WWTP Location


Weather data were generated from World Weather Online [32] to determine the influence of climate conditions on the treatment performance of the consortium of algae.




2.5. Statistical Analyses


Water quality data were captured in Microsoft Excel Spreadsheets for both wastewater treatment works. Simple error bar graphs for the water quality parameters were created in SigmaPlot (Version 14), and statistical analysis was performed using SigmaStat 14. The Mann–Whitney Rank Sum test was used to determine statistical significance for each parameter in each of the ponds for both wastewater treatment plants. Where data was normally distributed, the t-test was performed to determine significance. In all tests, the level of significance was adopted at = 0.05.





3. Results and Discussion


Chinnasamy et al. [33] envisaged that the use of a consortium of algae can be a promising alternative to increase the efficiency of wastewater treatment, but that further research is needed. They, however, speculated that competition between native and non-native algal strains may be a problematic factor for more effective treatment [33]. Furthermore, they also stated that environmental conditions such as climate and different types of wastewater may hamper the effective treatment of the consortia of algal strains [33]. Nevertheless, a study by Ruiz-Martinez et al. [34] showed that after a 42-day culturing period in WWTP effluent, a mixture of the microalgae Chlorococcales and cyanobacteria isolated from a submerged anaerobic bioreactor achieved reduction efficiencies forNH4-N and PO4-P of 67.2% and 97% respectively.. Silva-Benavides and Torzillo [35] compared the removal efficiency of Chlorella and a Chlorella–Planktothrix co-culture grown in municipal wastewater and showed that co-culture of Chlorella–Planktothrix removed the highest nitrogen concentration (80%) over the two-day exposure period. In 2015, Renuka et al. [21] presented a comprehensive review on different microalgal consortia in various types of wastewater. Nonetheless, for all the above studies, a consortium of microalgae was used to test for their nutrient removal in batch flask cultures, small high-rated algal ponds, small algal race ways, or outdoor photobioreactors [21,36]. The scaling-up of microalgal cultures to outdoor conditions presents additional challenges, for example variable irradiance, temperature, and rainfall [37]. These challenges are not observed in the constant environment experience by small-scale laboratory cultures. To the authors’ knowledge, the current study is the first report on a comparative study using two existing municipality pond treatment systems to treat domestic wastewater by improving the process of phycoremediation using a specific consortium of algae and mass inoculation over a period of one year. Table 2 summarizes the data, showing the percentage reduction after treatment as well as the standard deviation. Figure 3 and Figure 4 shows the standard error and statistical significance of Brandwag wastewater treatment works and Motetema wastewater treatment works, respectively.



In the current study, the average pH of both pond treatment systems increased after treatment with the specific algae consortium. The average pH was determined from sampling data two times (n = 2) before any occurrence of mass microalgae inoculation at the two pond treatment systems, and three times (n = 3) one year after the mass microalgae inoculation. The increase in pH values after specific algae treatment suggested a higher photosynthetic rate, drawing more dissolved CO2 from the water (Table 2). The pH values in the two pond treatment systems during the study period did not reach a value of 11, which is required for the precipitation of phosphorus, indicating that the microalgae were the main mechanism for the removal of phosphorus in the two treatment pond systems [38] (Table 2). The highest reduction of total nitrogen (73.1%) occurred in the last maturation pond of the Brandwag pond treatment system from pre- to post-treatment. Nevertheless, the highest removal of total phosphorus (74.4%) from pre- to post-specific mass algae treatment occurred in the effluent of the last maturated pond at the Motetema pond system. The uppermost removal of ammonia (99.4%) after specific algae mass treatment occurred at the effluent of the last maturated pond of the Brandwag pond system (Table 2). The N:P ratios before mass algae treatment in the final effluent of the Brandwag and Motetema pond systems were 3.4:1 and 3.5:1. After one year of mass microalgae treatment at the Brandwag and Motetema pond systems, the N:P ratios were 1.8:1 and 10:1. Although both the systems displayed a reduction of unfiltered COD after specific algae treatment in the last pond (Motetema pond treatment system 92 mgL−1 (60% reduction); Brandwag pond treatment system 114 mgL−1 (6.6% reduction)), they were unable to reduce unfiltered COD levels to meet the South African effluent discharge standard of 75 mgL−1 (Table 2). However, a large portion of this residual COD was possibly related to the microalgae biomass that increased the chemical demand of dissolved oxygen levels [12]. The treatment performance of microalgae is strongly related to three primary nutrients: C, N, and P. The C (C as COD):N:P ratios before mass algae treatment in the final effluent at the Brandwag and Motetema pond systems were 1.4:4:15 and 1:9:30 [39]. After one year of mass microalgae treatment of the Brandwag and Motetema pond systems, the C:N:P ratios in the final effluent were 1.1:12:22 and 1.4:7:63. Comparing the water quality data of the final effluent of both systems with the South African general standards for wastewater effluent, it was evident that the following standard target concentrations were not met after one year’s treatment with specific microalgae: ammonia (23 mgL−1) in the final effluent of the Motetema pond treatment system (South African general effluent standard 6 mgL−1), total nitrogen (17 mgL−1) in the final effluent of the Motetema pond treatment system (South African general effluent standard 15 mgL−1), and EC (160 mSm−1) in the final effluent of the Brandwag pond treatment system (South African general effluent standard 150 mSm−1) (Table 2). Overall, a higher reduction of all the selected parameters was observed in the last maturation pond of both pond treatment systems, except for EC values that increased from the second to last maturation pond to the last maturation pond (Table 2). To reach the latter nutrient target values, it is suggested to increase the number of algae photobioreactors.



Mahapatra et al. [40] reported on the treatment efficiency of a natural algae-based sewage treatment plant in India of 67.65 million liters per day treatment capacity, with a residence time of 14.3 days. Their study showed a moderate performance, with the removal of total COD (60%) and filterable COD (50%), as sewage travels from the inlet to the outlet [40]. Furthermore, nitrogen content showed sharp variations with total Kjeldahl nitrogen removal of 36%, ammonium removal efficiency of 18%, nitrate (NO3-N) removal efficiency of 22%, and nitrite removal efficiency of 57.8%. The predominant algae classes were euglenoids (in facultative pond) and chlorophyceae in the maturation ponds. However, in the current study, the resident times of the two pond treatment systems were much longer with a much lower treatment capacity per day, as in the case of the study by Mahapatra et al. [40]. Furthermore, Mahapatra et al. [40] compared data generated from the inlet to the outlet with treatment of natural algae. In the current study, the authors evaluated the treatment capacity of the last two maturation ponds before and after mass treatment with a specific consortium of algae before and one year after treatment.



Before treatment with the specific consortium of algae (day 0), the dominant taxa consisted of 40% Microcystis aeruginosa and 24% Micractinium pussillum in the last maturation pond of the Brandwag pond treatment system (Figure 5A). Although M. aeruginosa is one of the most common species in freshwater ecosystems, it is not common in pond treatment systems [41,42]. However, after one year of algae inoculation, the algae assemblage changed, with 45% C. vulgaris as the dominant taxa, followed by C. protothecoides with 37%. It must be mentioned that a natural strain of C. vulgaris occurred in relatively low numbers at the last pond of the Brandwag pond treatment system before the inoculation of the consortium of microalgae. These findings suggest that the combination of both C. vulgaris and C. protothecoides was able to suppress the dominance of M. aeruginosa after inoculation with the consortium of specific microalgae (Figure 5B).



At the Motetema pond treatment system, before the inoculation of the consortium of algae, M. pussillum was the dominant taxa (63%) in the last pond (Figure 5A), followed by the green algal Eudorina elegans. One year later, after the inoculation with the consortium of specific algae, the last pond was dominated by C. protothecoides (52%) and C. vulgaris (36%) (Figure 5B). No natural Chlorella spp. was observed at the Motetema pond treatment system before the inoculation, as in the case of the Brandwag pond treatment system.



Almomani and Örmeci [43] showed that the microalgae C. vulgaris can grow and perform well at 20 and 36 °C in 500 mL sterilized reactors. Zhang et al. [44] showed that Chlorella spp. can grow in surface water temperatures in the temperature range of 5−30 °C, while Shi and Shi [45] reported significant growth of C. protothecoides at 28 °C. However, Shi and Shi [45] showed that a lower algae growth was observed at 35 °C. A study by González-Camejo et al. [36] used two outdoor photobioreactors to evaluate the effects of ambient temperature on an indigenous microalgae-nitrifying bacteria culture dominated by Chlorella. The authors conducted four experiments over different seasons, maintaining the temperature-controlled photobioreactor at 25 °C, while the temperature in the non-temperature-controlled photobioreactors was allowed to vary with the surrounding environmental conditions [36]. The authors reported that temperature in the range of 15−30 °C had no significant effects on the microalgae cultivation performance; however, when the temperature rose to 30−35 °C, the microalgae viability was significantly reduced. In the current study, the monthly air temperature did not increase above 31 °C at the two localities of the two treatment plants.



The different observations in the treatment capacity at the two pond treatment systems under study can possibly be related to the characteristics of the domestic wastewater as well as environmental conditions, for example weather patterns. The strength of wastewater refers to its organic matter content, where the higher the organic matter content, the ‘stronger’ the wastewater, which is measured by its biological oxygen demand (BOD5) or COD value [46]. From the current study, it was evident that there was a large difference in the COD values between the two pond treatment systems before the treatment with a specific consortium of microalgae. The Brandwag WWTP system had a value of 140 mgL−1 at Pond 6 and the Motetema WWTP system had a value of 576 mgL−1 at Pond 5 (Table 2). The latter observation indicates that the community of the town of Brandwag had high water consumption that caused a weaker wastewater inflow into the Brandwag WWTP [46], which may have played a role in the results of the current study.



Borowitzka [37] stated that the number of sunny days and degree of cloud cover can determine the outcome of intensive outdoor algae culture systems. In the current study, the Motetema pond treatment system experienced more cloudless days than in the case of the Brandwag WWTP (Figure 6C,D). Cassidy [47] reported that the optimal growth temperature for C. vulgaris was between 25 and 30 °C, while Latala [48] observed poor or no growth at temperatures between 5 and 10 °C. Even though the minimum air temperatures measured at both localities (11 °C at the Brandwag pond treatment system and 4 °C at Motetema pond treatment system) were not optimal for the growth of C. vulgaris, a previous study by Oberholster et al. [12] showed that the temperature at the Motetema pond treatment system was not a major concern during the winter months, since these low air temperatures occur sporadically for two or three days during the winter season (Figure 6A,B). However, during the winter season, the microalgae culturing in the photobioreactors for the mass microalgae inoculation into the maturation ponds shift from a four-week cycle in the summer to a five-week cycle to reach the targeted chlorophyll-a value of 250 µgL−1 before inoculation at both pond treatment localities. The latter shift was possibly due to slower growth by the cultured microalgae in the photobioreactors at lower air temperatures (Figure 6A,B).



It was evident from the data in the current study that the higher reduction of total phosphates (74.4%) in the effluent, after treatment with a consortium of microalgae at the Motetema WWTP system, was possibly related to some of the following factors: (1) the dominance of the algal taxa C. protothecoides (52%), and to a lesser extent, C. vulgaris (36%) in the microalgae consortium, (2) more cloudless days, (3) higher air temperature, and (4) a higher domestic wastewater strength. In the case of the Brandwag WWTP system, the higher reduction of total nitrogen can possibly be related to the dominance of C. vulgaris in the microalgae consortium, less cloudless days, lower air temperature, and a lower domestic wastewater strength. According to Mara [46], when comparing with other treatment methods, waste stabilization ponds are the most important method for wastewater treatment in developing countries, since space is available, and temperature is suitable for the process.




4. Conclusions


The algal diversity in wastewater stabilization systems is greatly influenced by the design parameters, environmental conditions, such as temperature, solar radiation, and domestic wastewater strength, as well as operation conditions. However, it was evident that more cloudless days, higher air temperature, and domestic wastewater strength may have played a role in the treatment capacity and dominance of certain algal species of the pond treatment systems of the two case studies, after mass inoculation with a specific consortium of microalgae. From the case studies presented, it was evident that improvement of phycoremediation through specific microalgae consortiums can play a major role in the removal of nutrients from domestic wastewater of WSP systems in Africa. The construction of the whole phycoremediation treatment systems (five photobioreactors, piping and installation), treating around 4.5 mL day−1 at a cost of 13,800 USD, make it a feasible option for developing countries to improve their existing pond treatment systems to reduce eutrophic conditions in receiving waterbodies. The implementation of phycoremediation in maturation treatment pond systems in African countries could also effectively minimize greenhouse effects, since the algae mass culturing in maturation ponds is a carbon-absorbing process, which can be used by municipalities in the carbon trading market and to provide a subsidy to reward their contributions to environmental protection. Currently, further research is in progress for using the algae biomass in the circular economy as a biofertilizer in African countries with a dominant agricultural economy.
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Figure 1. The locations of the Motetema and Brandwag wastewater treatment pond (WWTP) systems in South Africa. 
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Figure 2. Photobioreactors for the outdoor mass culturing of the consortium of specific microalgae at the Motetema (A) and Brandwag (B) municipal WWTP systems. 
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Figure 3. Water quality results from Brandwag wastewater pond treatment before and after phycoremediation treatment. * p-values shown for those parameters that were statistically significantly different before and after treatment. 
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Figure 4. Water quality results from Motetema wastewater pond treatment plants before and after phycoremediation treatment. * p-values shown for those parameters that were statistically significantly different before and after treatment. 
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Figure 5. (A) Distribution of natural algae species in the last maturation pond before mass inoculation of the consortium of specific microalgae species (day 0) at the Motetema (MT) and Brandwag (BW) municipality WWTP systems. (B) Distribution of algae species in the last maturation pond 1 year after inoculation of the consortium of specific microalgae species at the Motetema (MT) and Brandwag (BW) municipality WWTP system. 
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Figure 6. (A) Maximum, minimum, and average air temperature at the Brandwag municipality WWTP system during 2017. (B) Maximum, minimum, and average air temperature at the Motetema municipality WWTP system during 2016. (C) The percentages of cloud cover and humidity at the Brandwag municipality WWTP system in 2017. (D) The percentages of cloud cover and humidity at the Motetema municipality WWTP system in 2017. 
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Table 1. Overview of the insufficient wastewater treatment plants (WWTPs) in operation at the seven selected countries (Algeria, Burkina Faso, Egypt, Ghana, Morocco, Senegal, and Tunisia) [3].
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	Country
	Total Number
	First Most Used Technology
	Second Most Used Technology
	Third Most Used Technology
	Feed Flow Rate (m3/h)





	Burkina Faso
	2
	100% pond systems
	N/A
	N/A
	96 (for the largest pond system)



	Ghana
	19 1 (4 ponds under construction)
	42% are pond systems
	26% are activated sludge (AS) or aerated tanks
	16% are anaerobic digesters
	1–25



	Senegal
	9
	56% are ponds
	44% are AS
	N/A
	N/A



	Algeria
	123 (96 under construction, of which 60 are AS and 36 are pond systems)
	55% are ponds
	45% are AS
	N/A
	8–2750



	Egypt
	>99
	Between 65% and 85% are AS
	About 10% are pond systems
	Others
	_



	Morocco
	>100
	>77% are pond systems
	5% are AS
	Trickling filters
	12–4914



	Tunisia
	109
	82% are AS
	13% are pond systems
	Trickling filters and wetlands
	4–3250







1 Among the WWTPs under construction, 60 are AS and 36 are pond systems.
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Table 2. Median of physical and chemical parameters measured before (day 0) and after treatment (one year later) with a specific consortium of microalgae at the Motetema (MT) wastewater pond system and Brandwag wastewater pond system.
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Parameters

	
Motetema Wastewater Pond System

	
Brandwag Wastewater Pond System




	
Before Treatment Pond 6

(STDEV)

	
After Treatment Pond 6

(STDEV)

	
Reduction after Algae Treatment (%)

	
Before Treatment Pond 7 (Outflow)

(STDEV)

	
After Treatment Pond 7 (Outflow)

(STDEV)

	
Reduction after Algae Treatment (%)

	
Before Treatment Pond 5

(STDEV)

	
After treatment Pond 5

(STDEV)

	
Reduction after Algae Treatment (%)

	
Before Treatment Pond 6

(Outflow)

(STDEV)

	
After Treatment Pond 6

(Outflow)

(STDEV)

	
Reduction after Algae Treatment (%)






	
Total nitrogen (mgL)

	
50 (3)

	
24 (7)

	
52.00

	
41 (5)

	
11 (4)

	
73.1

	
70 (11)

	
45 (7)

	
43.0

	
28 (7)

	
17 (4)

	
35.4




	
Total organic carbon (mgL)

	
53 (10)

	
32 (12)

	
39.62

	
50 (4)

	
23 (3)

	
54.0

	
195 (18)

	
69 (9)

	
69.0

	
52 (11)

	
42 (8)

	
22.2




	
Total chemical oxygen demand (mgL)

	
140 (26)

	
145 (46)

	
−3.57

	
122 (72)

	
114 (42)

	
6.6

	
572 (83)

	
147 (23)

	
75.0

	
235 (39)

	
97 (11)

	
60.0




	
Total phosphorous (mgL)

	
17 (2)

	
19 (9)

	
11.76

	
12 (2)

	
6 (1)

	
50.0

	
9.5 (4)

	
2.7 (0.9)

	
74.5

	
9 (3)

	
2.2 (0.3)

	
74.4




	
Sulfate as SO4 dissolved (mgL)

	
195 (90)

	
73 (20)

	
62.56

	
184 (85)

	
78 (24)

	
58.0

	
81 (10)

	
113 (21)

	
−45.0

	
172 (13)

	
127 (11)

	
26.9




	
Ortho Phosphate as P (mgL)

	
12 (1)

	
2.36 (0.79)

	
80.33

	
8 (3)

	
1.36 (0.7)

	
83.0

	
5.8 (1.1)

	
2.1 (0.6)

	
77.0

	
3.7 (0.8)

	
0.74 (0.4)

	
87.0




	
Ammonia as N (mgL)

	
20 (13)

	
9 (4)

	
55.00

	
19 (2)

	
0.1 (0.85)

	
99.4

	
48 (11)

	
32 (7)

	
43.0

	
27 (9)

	
23 (8)

	
16.6




	
Electrical conductivity (mSm)

	
114 (10)

	
185 (33)

	
−62.28

	
118 (2)

	
160 (22)

	
−36.0

	
117 (11)

	
125 (21)

	
−7.1

	
112 (10)

	
128 (9)

	
−16.0




	
pH (Lab) 20 °C

	
8.1 (0.15)

	
8.4 (0.06)

	
−3.70

	
8.2 (0.06)

	
9.1 (0.49)

	
10.9

	
7.7 (0.03)

	
8.8 (0.03)

	
−14.1

	
8.2 (0.02)

	
8.7 (0.18)

	
−6.1
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