

  water-16-00485




water-16-00485







Water 2024, 16(3), 485; doi:10.3390/w16030485




Article



Study of Chlorella sorokiniana Cultivation in an Airlift Tubular Photobioreactor Using Anaerobic Digestate Substrate



Paraskevi Psachoulia 1, Christos Chatzidoukas 1 and Petros Samaras 2,*





1



Laboratory of Biochemical and Biotechnological Processes (LB2P), Department of Chemical Engineering, Aristotle University of Thessaloniki (AUTH), 54124 Thessaloniki, Greece






2



Laboratory of Technologies for Environmental Protection and Utilization of Food By-Products, Department of Food Science and Technology, International Hellenic University (IHU), Sindos, 57400 Thessaloniki, Greece









*



Correspondence: samaras@ihu.gr







Citation: Psachoulia, P.; Chatzidoukas, C.; Samaras, P. Study of Chlorella sorokiniana Cultivation in an Airlift Tubular Photobioreactor Using Anaerobic Digestate Substrate. Water 2024, 16, 485. https://doi.org/10.3390/w16030485



Academic Editor: Antonio Panico



Received: 19 December 2023 / Revised: 23 January 2024 / Accepted: 29 January 2024 / Published: 1 February 2024



Abstract

:

Microalgae offer a promising solution for efficiently treating high-nitrogen wastewater and recovering valuable nutrients. To optimize microalgae growth and nutrient assimilation, case-dependent studies are essential to demonstrate the process’s potential. This study aimed to evaluate the treatment capacity of high-nitrogen anaerobic digestion effluent as a nutrient source for a C. sorokiniana microalgal culture in a tubular photobioreactor. The study had two primary objectives: to assess how the concentration and composition of the digestate influence microalgae growth, and to identify the preferred nitrogen forms assimilated by the microalgae during long-term, continuous operation. A 20 L tubular airlift bioreactor was constructed and used in batch mode; various digestate concentrations were examined with ammonia nitrogen levels reaching to 160 mg/L. These experiments revealed a biomass growth rate of up to 130 mg/L/d and an ammonia nitrogen assimilation rate ranging from 8.3 to 12.5 mg/L/d. The presence of phosphorous proved essential for microalgae growth, and the growth entered a stationary phase when the initial phosphorous was fully assimilated. A nitrogen-to-phosphorous (N/P) ratio of 10 supported efficient species growth. While ammonia was the preferred nitrogen form for microalgae, they could also utilize alternative forms such as organic and nitrate nitrogen, depending on the specific digestate properties. The results from the continuous photobioreactor operation confirmed the findings from the batch mode, especially regarding the initial nitrogen and phosphorous content. An important condition for nearly complete ammonia removal was the influent dilution rate, to balance the nitrogen assimilation rate. Moreover, treated effluent was employed as dilution medium, contributing to a more environmentally sustainable water management approach for the entire process, at no cost to the culture growth rate.
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1. Introduction


Wastewater management is becoming an issue of strategic importance, as population growth and rapid industrialization have eventually resulted in severe quantitative and qualitative threats to water resources. Conventional wastewater treatment plants are primarily designed to degrade organic compounds and ensure effluent quality in line with legislative guidelines. However, due to stricter discharge requirements aiming to prevent eutrophication and the worldwide shortage of nutrients, considerable efforts are focusing on the recovery and reuse of nitrogen and phosphorous from effluents, instead of their removal from wastewater [1]. According to the recent suggestion toward the recast of the 91/271 Urban Wastewater Treatment Directive [2], societal challenges emerged through the adoption of European Green Deal agreement, aiming to turn wastewater treatment processes into more circular systems, by focusing on nitrogen and phosphorous recovery. Toward that direction, the utilization of microalgae for bioremediation of wastewaters with the concomitant production of biomass has received growing attention due to its multiple benefits including: (1) simultaneous efficient N and P recovery via microalgal photosynthetic assimilation, (2) cost efficiency and environmentally sustainable operation since no additional chemicals are required, while oxygen formation, carbon dioxide bio-fixation, and metal ion reduction can be carried out at the same time, and (3) potential utilization of the harvested microalgal biomass for production of food, animal feed, biofuels, biofertilizers, and other sustainable bio-products [3,4,5].



Although considerable literature has been presented on the treatment of various wastewater streams by microalgae, the use of anaerobic digestion effluents (ADEs) derived from biogas plants as nutrient source is rather less explored [3,6]. Valorizing the nutrients in ADEs through the microalgae biomass production enables the sustainable management of these effluents, as the use of digestates in agriculture is currently limited due to nitrogen surplus and low annual loading thresholds: EU Regulation 2092/91 strictly limits the input of farmyard manure and residues to a maximum level of 170 kg N/ha/year [7]. However, the high level of ammonium nitrogen in these effluents, their opaqueness, and the highly variable chemical composition constitute major bottlenecks, making often ADEs unfavorable cultivation media for microalgae systems with unforeseen effects in cells composition [8].



The variation in the composition of ADEs from biogas plants treating livestock wastes primarily stems from the different raw materials employed in the AD process, the availability and the seasonality of the feedstocks, or the different animal diets adopted at each livestock plant [8]. Therefore, before implementing a full-scale microalgae process for ADE treatment, it is advisable to conduct an extensive case-dependent pilot scale study to identify an efficient operational regime. This approach ensures a consistent microalgae-based treatment process that can accommodate the great variation in effluent properties. On the other hand, appropriate dilution is necessary to eliminate the inherent coloring of ADEs and adjust the ammonia nitrogen concentration, which often exceeds 3 g/L, to acceptable levels. Nevertheless, effluent dilution to receive a feedstock for the microalgae cultivation with desired nitrogen content might require large volumes of water with certain quality, increasing thus the water footprint of the entire process. To mitigate increased water demand, especially in continuous microalgae cultivation, simultaneous recycling, and reuse of the treated effluent from the process can be employed [9,10].



Cultivating microalgae in continuous mode within photobioreactors is an aspirational approach to enhance productivity in microalgae cultivation processes. Extensive research has been dedicated to investigating microalgae cultivation using wastewater as growth medium under various operation modes including batch-wise, fed-batch, semi-continuous and continuous [11]. Nonetheless, most reports predominantly focus on batch and fed-batch cultivations. Despite the advantages of batch operation, such as ease of handling and low installation costs, it is not a practical process at full scale: important downtime (unproductive time) is required for reactor cleaning and startup between runs, which increases the demand for labor, water, and chemicals [12]. In commercial-scale production systems, long operation periods under optimum conditions are desired to ensure high biomass productivity and the economic feasibility of the process. Thus, exploring the potential of continuous microalgae cultivation using wastewater of variable composition as growth medium is of crucial importance for the establishment of an efficient and viable microalgae-wastewater treatment technology.



Furthermore, the use of anaerobic digestate as a low-cost nutrient source for microalgae growth represents a challenging approach, requiring considerable efforts for the selection of suitable microalgae strains and the implementation of appropriate operation conditions to efficiently recover nutrients and promote biomass production. In a laboratory study, Chlorella sorokiniana demonstrated superior performance in growing in diluted anaerobic digestate, showing a high nitrogen removal rate [13].



This study assessed the capability of the microalgae strain Chlorella sorokiniana for bioremediating anaerobic digestion effluents within an airlift tubular photobioreactor (ATPBR), in batch and continuous modes. Specific objectives included the investigation of the effect of initial nitrogen concentration and chemical composition of the digestate on microalgae growth, the study of nutrient assimilation rates, the identification of potential requirements for external nutrient sources to optimize cultivation, and the monitoring of nitrogen forms utilized by the species. The overarching goal was to demonstrate the continuous cultivation of the certain species in anaerobic digestate, evaluate the method’s performance potential and pinpoint critical operational conditions, to justify its feasibility for long operation periods.




2. Materials and Methods


2.1. Modular Photobioreactor Design


The study of microalgae cultivation took place in a horizontal airlift tubular photobioreactor (ATPBR) with a total working volume of 20 L, designed to facilitate culture circulation solely through air supply, without the use of external pumps. The system was constructed by 36 mm ID polymethyl methacrylate tubes (PMMA), according to the design suggested by Molina et al. [14]. This photobioreactor type has been used by several authors using artificial culture medium, or in its vertical formulation, for wastewater treatment [14,15].



The choice of tubular photobioreactor arrangement for bioremediation of ADEs constitutes the ideal geometry, permitting efficient penetration of the available light in all areas of the photosynthetic part and its successful utilization by microalgae cells, given the bearing turbidity/opaqueness of digestate. In addition, the airlift device ensures the circulation of the culture in the tubular part where photosynthesis takes place (solar radiation receiving part), and the removal of the excess dissolved oxygen in the degasser section produced during photosynthesis [14]. A pump is not required to circulate the culture and the desired liquid velocity is achieved exclusively via air supply.



The constructed system consisted of six 2 m long horizontal tubes connected through appropriate elbows, representing the light receiving part, a 2 L degasser placed 2 m higher than the horizontal unit level, and the interconnecting riser/downcomer tubes as shown in Figures S1 and S2. The degasser was constructed from 1 cm thick PMMA layers, with a 60° bottom slope for the settling and recirculation of biomass. The ratio of riser/downcomer lengths was 1.14 to ensure smooth nutrients flow at the system [14]. The volume distribution of the aqueous content in the different parts of the reactor corresponded to 18 L in the tubular part, including the light receiver and the downcomer-riser tubes, and 2 L in the degasser. With the selected configuration, the reactor dark zone represented less than 12% of the total volume of the unit [14]. Turbulent flow is ensured, given a Reynold number exceeding 3000.



An air compressor, connected to the lower part of the riser was used to supply 10 L/min of air required for the recirculation of the liquid in the reactor at 0.5 m/s. In addition, CO2 was supplied into the system at constant flow of 85 mL/min. Cool white LED strips (11 W/m) were used as light source placed on a board above the horizontal part of the reactor, providing a total intensity of 7000 lux on the surface of the tubes. A timer was used to adjust the photoperiod during the experiments to 16:8 h light: dark. The whole structure was installed into a constant temperature room, achieved by an air-conditioning system set at 25 °C.



The reactor was equipped with four in-line sensors that provided real-time measurements, including:




	
A pH electrode located at the downcomer tube;



	
Two dissolved oxygen electrodes (Greisinger OXY 3610 MP), placed at the riser before the air supply port and close to the endpoint of the downcomer prior the horizontal unit;



	
A K-type temperature sensor placed at the downcomer.








All sensors were connected to a controller (PLC) and a data logger, serving as the monitoring and control unit.




2.2. Culture Media and PBR Operation


For the airlift photobioreactor studies, about 20 L of digestate samples were collected from the exit of a 1 MWel biogas plant, receiving waste from animal livestock production. The sample was immediately centrifuged at 5000× g for 10 min, filtered (Whatman Inc., Piscataway, NJ, USA, 150 mm, Grade 1, pore size 11 μm) and stored at −20 °C to avoid change of wastewater composition.



C. sorokiniana employed in this work isolated from the particular anaerobic digestion effluent according to the procedure described in a previous study [13]. Microalgae were cultured at 25 ± 2 °C in 2 L Erlenmeyer flasks in an incubating room under 1500 lux illumination, using a 16 h lighting period. Stock cultures were regenerated every 15 days in new flasks by inoculating fresh medium with the 15-day-old pre-culture at a volume ratio of approximately 1/10. The maintenance and regeneration of the stock cultures ensured the inoculation of all main cultures with a cell population of roughly the same physiology state and metabolic activity. All stock cultures were grown and maintained in BG-11 medium, containing nutrients (in g/L): NaNO3 1.5, K2HPO4·3H2O 0.04, MgSO4·7H2O 0.075, CaCl2·2H2O 0.036, citric acid 0.006, ammonium ferric citrate 0.006, Na2EDTA 0.001, Na2CO3 0.02; and trace elements (in mg/L): H3BO3 2.86, MnCl2·4H2O 1.81, ZnCl2 0.222, Na2MoO4·2H2O 0.391, CoCl·6H2O 0.05, CuSO4·5H2O 0.079. All nutrients and glasses were autoclaved at 121 °C for 20 min to prevent contamination at the early growth stage. Ammonium ferric citrate and trace elements solutions were filter sterilized (Whatman PTFE syringe filters, pore size 0.2 m).



Prior to reactor startup, cleaning of the system was carried out using 60 mL of 12% wt. sodium hypochlorite (NaClO) solution in 18 L tap water. The disinfectant solution was allowed to circulate in the entire unit for at least 48 h, following its removal by rinsing with tap water at least three times. In certain cases, the photobioreactor was disassembled and cleaned to avoid potential contamination of inner parts.



After cleaning, the reactor was filled with deionized water and ADE at volume ratios defined in each experimental study aiming to elaborate a feedstock with desired concentration of nutrients. At the following stage, air was supplied at the set flowrate, while monitoring of the medium properties including temperature (T), pH, and DO concentration was conducted. As soon as the operation conditions were stabilized, about 1.5 to 2 L of the containing solution was removed from the system and replaced by the same amount of preculture. Under these conditions, inoculum volume accounted for about 10% of the total working volume of the bioreactor while the initial number of cells was approximately 4,500,000 cells/mL. The operation of the reactor was then continuously monitored, while culture samples were received at certain times and were analyzed according to the procedure presented in the following paragraph.



Microalgae biomass received from the photobioreactor was harvested through filtration in a 0.4 μm ultrafiltration membrane (Kubota—Figure S3). The A4 shaped membrane was immersed in a 5 L PMMA tank downstream of the unit, filled with the reactor content. A peristaltic pump (harvesting pump, Shenghen LabV1, Shenghen pump yz1515x), connected to the membrane effluent port, was used to filtrate the liquid through membrane pores, while the biomass was concentrated in the membrane vessel. The configuration of the membrane system coupled to the photobioreactor is shown in Figure S4. In addition to batch operation described above, the photobioreactor could be operated in continuous mode by using the same peristaltic pump for the continuous addition of substrate at the horizontal part of the system. At that time, an equal amount of the content was overflowed from the degasser and fed to the membrane tank.




2.3. Analytical Measurements


Microalgae culture growth and the respective assimilation of nutrients were monitored by daily collection of samples from the reactor content. Optical density (OD) at 600 nm was measured using a UV-vis spectrophotometer (DR 3900, HACH). Determination of the biomass concentration, measured as dry cell weight (DCW), was carried out by filtering 15–40 mL of sample cultures through a pre-weighted glass microfiber filter (Whatman 934-AH, pore diameter 0.2 μm), dried at 50 °C overnight, and weighted. Microscopic observations of the culture were carried out using an optical microscope (Axion Star, Zeiss), to monitor the cells’ physiology and health status.



The concentrations of ammonium nitrogen (N-NH4), nitrate nitrogen (N-NO3), total nitrogen (TN) soluble phosphorus (P-PO4) and Chemical Oxygen Demand (COD) in the aqueous samples were determined using standard HACH cuvette tests in a UV-Vis spectrophotometer (DR 3900, HACH). Characterization of digestate in macronutrients and heavy metals was performed via Atomic Absorption Spectroscopy (AAS) (Shimadzu, AA-7000). All measurements were carried out in replicates and average values are presented in this work.




2.4. Estimation of Kinetic Parameters


During the batch operation of the photobioreactor, the net amounts of the produced microalgae biomass (DCWp, g/L), the average productivity (AP, mg/L/day), the nutrient recovery efficiency (REi, %) and the nutrient recovery rate (RRi, mg/L/d) were calculated according to the following equations:


    D C W   P   =   D C W   F   −   D C W   I    



(1)






  A P =   ( D C W   P   / Δ t ) × 1000  



(2)






    R E   i   = 100 ×   ( C   I , i   −   C   F , i   ) /   C   I , i     ;   i =   N   H   4     +   ,   N   O   3     −   ,   P   O   4     − 2   ,   T N    



(3)






    R R   i   =   ( C   I , i   −   C   F , i   ) / Δ t     ;   i =   N   H   4     +   ,   N   O   3     −   ,   P   O   4     − 2   , T N    



(4)




where CI,i and CF,i correspond to the ‘i’ nutrient concentration (mg/L) in the culture medium at the beginning and at the end of a specific period (or the day that the measured concentration is zeroed), respectively; Δt (day) is the elapsed time of a specific period, and DCWF and DCWI represent the biomass concentrations at the corresponding time (Final and Initial).



During continuous operation, the biomass production rate (PR, mg/L/day), the nutrient recovery rate (RRi, mg/L/day), and input rate (IRi, mg/L/day) were calculated according to the following equations:


  P R = (   ( D C W   F   −   D C W   I   +   D C W   C   −   D C W   E   ) / Δ t ) × 1000  



(5)






    D C W   E   =   ( ( D C W   F   −   D C W   I   ) / 2 ) ) × 0.024  



(6)






    D C W   C   =   ( D C W   F   −   D C W   I   ) / 2 ) ×   ( I R   A D E   × 60 ×   Δ t − X   ) / (   V   I   ) / 1000 )  



(7)






    R R   i   =   ( C   I , i   −   C   F , i   +   C   C , i   +   C   E , i   ) / ( Δ t )     ;   i =   N   H   4     +   ,   N   O   3     −   ,   P   O   4     − 2   ,   T N    



(8)






    C   C , i   =   ( I R   A D E   ∗   C   i , o   ∗ ( Δ t − X ) × 60 ) / (   V   I   ) / 1000     ;   i =   N   H   4     +   ,   N   O   3     −   ,   P   O   4     − 2   , T N  



(9)






    C   E , i   =   ( ( C   I , i   −   C   F , i   ) / 2 ) × 0.024     ;   i =   N   H   4     +   ,   N   O   3     −   ,   P   O   4     − 2   ,   T N  



(10)






    I R   i   =   ( I R   A D E   ×   C   i , o   × 60 × 24 ) / (   V   I   )   / 1000     ;   i =   N   H   4     +   ,   N   O   3     −   ,   P   O   4     − 2   ,   T N    



(11)






  Δ t =   ( H   F   −   H   I   ) / ( 24 )  



(12)




where DCWI and DCWF (mg/L) represent the biomass concentrations at the beginning and at the end of a specific time period, DCWC (mg/L) the value of dry cell mass withdrawn from the bioreactor (overflow), DCWΕ (mg/L) the increase in the biomass concentration due to condensation, CI,i and CF,i correspond to the ‘i’ nutrient concentration (mg/L) in the culture medium at the start and at the end of a specific time period (or the day that the measured concentration is zeroed), CC,I (mg/L) the concentration of the corresponding component added to the culture at a certain time, CΕ,i (mg/L) the increase in the concentration of the corresponding component due to condensation, IRADE (mL/min) the input rate of the ADE into the reactor, Ci,o (mg/L) the concentration of the corresponding component in the ADE, VI (L) the volume of the bioreactor, HF and HI (h) the final and the initial time slots during a specific period, and Χ (h) the time duration that continuous operation was turned off (8 h darkness on a daily basis).



It should be noted that the average PR and RR values were calculated during the exponential phase of microalgae growth.




2.5. Statistical Analysis


One-way analysis of variance (ANOVA) was applied to determine whether there were any statistically significant differences between variables in Minitab (Minitab LLC, State College, PA, USA). The significance of differences between the analyzed variables was determined with a Tukey’s test. In all of the tests, the adopted level of significance was p < 0.05.





3. Results and Discussion


3.1. Properties of Medium Substrate


The aim of the present work was the examination of the growth conditions of the microalgae strain, C. sorokiniana, using anaerobic digestate as nutrient feedstock, in an ATPBR unit. The particular effluent was collected from the exit of a full-scale anaerobic digestion unit and a great variation of its properties was expected, as a result of the different residues fed to the biogas plant and the various operation conditions applied. Table 1 summarizes the physicochemical properties of two raw ADE samples collected at different days, and their corresponding dilutions used as culture media in this study. For the sake of comparison, the composition of the standard culture medium, BG-11, is included in the table.



Ammonia nitrogen concentration in both batches of ADE exceeded 2 g/L because of a large percentage of poultry manure in the residues fed to the biogas plant. The inhibiting action of ammonia nitrogen at high concentrations is well known [13]; therefore, prior to using the respective streams directly as culture medium for the C. sorokiniana cultivation, two levels of dilution were tested, i.e., 3% and 5% for the first ADE batch and 5% and 7% for the second one, reducing the ammonia nitrogen concentration down to 107 or 175.4 and 115 or 150 mg/L, respectively. Although nitrogen in BG-11 is exclusively in the form of nitrate salt, nitrogen was measured in various forms in ADEs, mostly corresponding to ammonia, and to nitrates and organic nitrogen in substantially lower concentrations. Regarding phosphorous availability, both the raw effluents and consequently the diluted ones presented relatively low phosphate concentrations, resulting in N/P ratios considerably higher than the reported optimum limits [16].




3.2. Batch Kinetic Studies of C. sorokiniana


Batch kinetic studies under controlled conditions aim to identify the growth patterns of microalgae using various ADE concentrations, in comparison to the corresponding profiles demonstrated with the standardized medium BG-11. The target of this task was to determine the effect of different digestate dilutions, resulting in various nitrogen concentrations, on microalgae growth and nutrient recovery efficiency. The experimental conditions used in the batch kinetic studies are presented in Table 2. Membrane filtration was applied solely to the second effluent stream, ADE_2 (Figure S5). For experiments 3–5, initial phosphorus concentration was adjusted to desired values by the addition of appropriate volumes of an aqueous KH2PO4 solution, to reduce the initial N/P elemental ratio (ammonia nitrogen/total phosphorus) to values more favorable for microalgae growth.



Sterilization of wastewater when intended to be used for microalgae cultivation, is a major issue [17]. Thermal sterilization of digestates is a common technique used at laboratory scale, but it significantly increases the operation cost of large-scale microalgae applications. In addition, thermal treatment has been proved to affect effluent composition and characteristics, reducing the ammonia content due to stripping at elevated temperature, increasing the pH, total dissolved COD concentration, and phosphorus precipitation [13,18,19]. However, microalgae cultivation using non-sterilized wastewater as a substrate jeopardizes the microalgae culture contamination by bacteria, virus, and predatory zooplankton [20,21]. As a result, filter sterilization of diluted ADE was applied through an ultrafiltration membrane (0.4 μm) in the last experiments, to address rotifer contamination. Nevertheless, aseptic conditions were not applied in all runs, while unsterilized deionized water was used for ADE dilution.



The growth pattern of the C. sorokiniana culture within the reference medium, BG-11, in the ATPBR is displayed in Figure 1. In particular, the culture growth is represented by the time profile of optical density (OD600nm) and dry cell weight (DCW), while the corresponding aqueous concentration of nitrogen and phosphorus is also juxtaposed.



Throughout the entire cultivation period, culture growth occurred simultaneously with a continuous reduction in the nitrogen concentration in the aqueous phase. The maximum optical density and dry cell biomass values of 12.8 and 3.34 g/L, respectively, were recorded after 19 days of cultivation, associated to a 92.9% wt. consumption of N-NO3 corresponding to a total amount of 209 mg N-NO3 being recovered. On the other hand, the limited phosphorous of only 5.5 mg/L P-PO4 contained in the BG-11 medium was consumed within the first three days of the culture; this rapid phosphorous depletion in the medium is linked to an evident decline in the biomass productivity, which when calculated as an average value (AP) for the period from start point to the 3rd day it was found equal to 242.6 mg/L/day, while for the next five days from 3 to 8 it was found equal to 86.5 mg/L/day.



Phosphorous deficiency was addressed by a single-shot addition of an external phosphorous source (KH2PO4) to the culture within the ATPBR on the 8th day of cultivation replenishing the elemental phosphorous in the medium to the initial level (i.e., 5.5 mg/L). However, as shown in Figure 1, the measured aqueous phosphorus concentration at that time was only 2.7 mg/L due to the immediate uptake by the already dense cellular population. It has been observed that microalgae cells that have been adapted to a low P concentration are able to take up and store excess phosphorus whenever it becomes available under extremely fast kinetics, through a complex phenomenon known as “luxury uptake” or “starvation uptake” [22,23,24]. This response is well known in microalgae cultures subjected to phosphorus deprivation conditions. Undoubtedly, the phosphorous addition had a beneficial effect on the culture performance, which was reflected by the increase in the AP value from 20.9 mg/L/day, when calculated on the 8th day (before P addition), to 254.4 mg/L/day when calculated for days 8–10, which was comparable to the AP value measured initially.



It should be noted that the effect of phosphorous depletion on C. sorokiniana culture growth was not observed in the lab-scale experiments in 250 mL flaks with the BG-11 medium [13]. This is presumably attributed to the slower dynamics of the flask-scale culture that exhibited a productivity of only 51.2 mg/L/day, which mitigated and concealed such an effect, compared to the average productivity of 165.3 mg/L/d recorded in the ATPBR. In general, the growth performance of C. sorokiniana in the bioreactor is expected to be better than the lab-scale experiments, due to (a) the optimized geometry of the arrangement that allows better penetration of light into the culture, (b) the greater light intensity (7000 lux compared to 1200 in lab-scale experiments) and (c) the higher CO2 supply (85 mL/min compared to 2.5 mL/min) that is expected to enhance the culture growth rate as well as the corresponding nutrients uptake rate.



The effect of digestate concentration on the C. sorokiniana culture medium was evaluated in terms of the growth profile and the nutrients’ recovery efficiency of the cellular population from the employed effluent. The respective results are shown in Figure 2 and Figure 3 for two different digestate concentrations 3% and 5%, respectively, for the first effluent stream ADE-1. It should be noted that the measured initial nutrient concentration was slightly lower than the values tabulated in Table 1, due to the addition of microalgae preculture in the system, resulting in approximately 10% dilution of the culture medium.



As shown in Figure 2, the relatively low content of phosphorous was consumed quite fast, resulting in P-PO4 deficiency after twenty-four hours of cultivation. Lack of phosphorous resulted in a stationary phase of the culture with almost constant values of biomass and optical density being recorded, while ammonium nitrogen was only slightly reduced during the next five days (gray boxes in Figure 2). Although phosphorus consists less than 1% of the biomass, it is essential for algal growth, involved in many cellular processes [25]. A phosphorous supplement to reach a concentration of 10 mg/L P-PO4 was applied to the culture, by the addition of a KH2PO4 solution on the sixth day of the cultivation period. The measured phosphorous concentration was 2.22 mg/L due to the “luxury uptake” phenomenon. After that point (Figure 2), an immediate, noteworthy enhancement in the biomass growth was recorded corresponding to an AP increase from 2.85 mg/L/day before P- addition, to 112.9 mg/L/day on the 8th day. This exponential growth continued until the 16th day of culture, when the low availability of N-NH4 resulted in almost stabilized optical density and biomass values. Ultimately, cultivation in 3% ADE_1 yielded 100% N-NH4 consumption and a final dry cell biomass content of 1.42 g/L.



Since phosphorous presence in an adequate amount is proved crucial for the enhanced microalgae growth and the efficient assimilation of nitrogen, the initial P-PO4 concentration was adjusted to 15.6 mg/L in Experiment 3 where the ADE-1 effluent was employed at a dilution level of 5%, corresponding to a N/P ratio equal to 10.3. Under these conditions, no lag phase in the culture growth was recorded, as demonstrated from Figure 3, and both optical density and dry biomass profiles exhibited a constantly rising trend from the first days of cultivation. The maximum value of OD600nm was 8.23 and the maximum dry cell mass produced was 1.73 g/L. Phosphorus was depleted after 12 days of cultivation, while the assimilation of ammonium nitrogen reached 94.5% of the initially loaded amount on the 16th day of cultivation, corresponding to 151.7 mg/L N-NH4 reduction. It should be noted that ammonia concentrations higher than 150 mg/L are often reported to have a potential inhibition effect on microalgae growth [26]; nevertheless, microalgae tolerance to increased N-NH4 concentrations is an ability that can be developed in a microalgae population under the combined influence of several culture parameters including turbidity and macro- and micro-nutrients concentration [13]. In the present study, although a dense digestate effluent was used resulting in a culture medium with the rather high ammonium nitrogen concentration of 160.5 mg/L N-NH4, no inhibition on the C. sorokiniana cells proliferation was observed.



The consumption of the various nitrogen forms, i.e., ammonia, nitrate, and organic nitrogen, during the cultivation of C. sorokiniana in media produced by the ADE-1 effluent stream diluted to 3% and 5% is demonstrated in Figure 4 and Figure 5, respectively.



As shown in the following figures, the primary nitrogen form that was selectively assimilated by microalgae was ammonium nitrogen. As long as N-NH4 was available, the other N sources, i.e., N-NO3 and organic nitrogen, were not consumed by microalgae cells. This is more obvious in Figure 5, where ammonium nitrogen was available during the whole cultivation period and reduction in N-NO3 and organic N was not recorded. However, in 3% ADE, the initial ammonia nitrogen concentration was completely consumed on the 17th day of cultivation, resulting in the consumption of the other forms of nitrogen, as revealed by the reduction in N-NO3 from 9.7 mg/L (13th day) to 1.7 mg/L (19th day). Similar capability of assimilating ammonia nitrogen has been reported for various microalgae species cultivated in anaerobic digestate, suggesting that nitrate and organic nitrogen play a very weak role in algae metabolism in the presence of ammonia nitrogen [18,27].
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Figure 4. Consumption of the different nitrogen forms by C. sorokiniana, as a function of cultivation time using 3% ADE_1. 
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Figure 5. Consumption of the different nitrogen forms by C. sorokiniana, as a function of cultivation time using 5% ADE_1. 






Figure 5. Consumption of the different nitrogen forms by C. sorokiniana, as a function of cultivation time using 5% ADE_1.



[image: Water 16 00485 g005]





Cultivating C. sorokiniana in diluted ADE resulted in a substantial reduction in biomass production, with reductions of 57.5% and 48.2% observed at dilution levels of 3% and 5% of the effluent compared to using BG-11 medium. It is noteworthy that even though a phosphorus addition in the BG-11 and 3% ADE_1 tests occurred at different time points, a nearly equivalent amount of P-PO4 was made available to the cells, amounting to 11 mg P-PO4 in BG-11 and 12.1 mg P-PO4 in 3% ADE_1. However, the lower initial nitrogen content (as indicated in Table 1) in conjunction with the less favorable conditions in the diluted ADEs, compared to the standardized medium, may account for the observed reduction in cellular productivity. Conversely, when considering that a low phosphorous concentration did not significantly affect N-NO3 uptake in BG-11 (as shown in Figure 1), the average nitrogen removal rate of microalgae cultivated in BG-11 is akin to the corresponding value for cultivation in 5% digestate dilution (11.6 and 11.3 mg/L/day respectively).



In order to investigate the possible effect of the seasonal variation of the feedstock composition on the respective AD effluent composition, and the concomitant effect on microalgae cultivation, a digestate sample (ADE_2) with a lower ammonium content (as presented in Table 1), was used in batch experiments. Precisely, culture media mediums with N-NH4 concentration close to 100 mg/L and 150 mg/L were prepared by diluting the ADE_2 effluent to a level of 5% and 7%, respectively. The proposed research aims to discern the primary parameter influencing the function of the photobioreactor, specifically assessing the impact of either the dilution ratio or the ammonia nitrogen concentration of the substrate. To maintain a balanced N/P ratio, adjustments were made to ensure its proximity to 10 (as indicated in Table 1) through the introduction of suitable quantities of potassium phosphate solution. Furthermore, ADE_2 underwent filtration utilizing the ultrafiltration (UF) membrane to counteract issues associated with potential contamination by competing organisms present in the untreated effluent.



The culture performance in terms of microalgae biomass production and nutrients assimilation with the two media, 5% ADE-2 and 7% ADE-2, is displayed in Figure 6 and Figure 7, respectively. As shown in Figure 6, ammonium nitrogen was completely consumed within the first 12 days of cultivation, while phosphorus was depleted much earlier, already from the 7th day. The corresponding dry cell mass and optical density values increased concomitantly with ammonia nitrogen consumption, until no more N-NH4 was available, and then the culture entered at a stationary phase. The respective maximum biomass concentration attained was 1.5 g/L. Similar performance was observed when the cultivation was conducted with the 7% ADE_2 medium, as shown in Figure 7. Phosphorous and ammonium nitrogen depletion occurred on the 11th and 12th day of cultivation, respectively, signaling the onset of the stationary phase in the culture at a maximum DCW value of 1.6 g/L, indicating that the employed N-NH4 concentration, which was the largest examined one in the present study, did not reveal any inhibition effect.



The consumption pattern of the various nitrogen forms is shown in Figure 8 and Figure 9 for the 5% ADE_2 and 7% ADE_2 media, respectively, where it is demonstrated that ammonia nitrogen was not the sole N form consumed by microalgae: organic nitrogen content decreased the first days of cultivation, although N-NH4 was also available to cells, leading to a 64.3% reduction in initial concentration (19.9 mg N-organic consumed). Moreover, N-NO3 reduced during the cultivation period, especially after ammonium ions depletion. A similar pattern was observed in 7% ADE_2 cultivation where 80.8% organic N uptake was recorded along with N-NH4 reduction (Figure 9). However, nitrate nitrogen concentration remained constant as long as ammonium nitrogen was available, while it decreased from 29.8 to 2.5 mg/L from the 11th day to the end of the experiment.



As shown in Table 1, the composition of ADE_2 differs from the ADE_1, with ammonia nitrogen constituting about 75–78% of total nitrogen in ADE_1, while in ADE_2 ranged between 83.1 and 88.5%. It is possible that the different composition of digestate batches affected cells metabolism, allowing the consumption of specific sources of organic nitrogen in ADE_2. Microalgae species can consume both inorganic (N-NH4, N-NO3, N-NO2) and organic nitrogen sources (urea, amino acids, purines, etc.), with N-NH4 nitrogen being the preferred form due to the lower energy cost required for its assimilation by cells [28]. It has been reported that the preferred order of N utilization by microalgae is NH4 > NO3 > NO2 > N-organic (urea) [29]. In most studies that have been conducted using anaerobic digestate, the consumption pattern of total nitrogen follows a similar path to ammonia nitrogen consumption curve [30,31], while only few reports have been published on a total nitrogen uptake following another path than ammonia nitrogen bioremediation [32,33]. Nevertheless, different results reported may be attributed to the presence of other non-competing microorganisms in the culture that might break down the organic nitrogenous molecules, making nitrogen easily available to microalgae cells [34].



It should be highlighted that ammonium nitrogen removal was not caused by abiotic transformation but exclusively by microalgae bio-fixation, as the pH of the culture was maintained very close or under 7 and temperature at 25 ± 2 °C.



Overall, the average values of the biomass growth rate, ammonia nitrogen and phosphorous recovery rates, computed along the exponential phase of the culture, and the respective recovery efficiency, are presented in Table 3, for the various digestate concentrations. It is evident that average productivity and absolute maximum biomass content exhibited lower values when an effluent of lower initial N-NH4 content at low dilution was used. The average Ν-ΝH4 removal rates ranged from 8.3 to 8.8 mg/L/day for both ADE streams at initial nitrogen concentration of about 100 mg/L, while the corresponding value increased to about 11.3–12.5 mg/L/day at larger initial nitrogen concentrations, revealing an increase ranging from 36.1 to 42.1%. Nevertheless, nitrogen removal during microalgae cultivation in 5% and 7% ADE_2 resulted in 56.2% and 51.8% lower biomass production compared to BG-11. However, average nitrogen RR recorded in 7% ADE_2 was higher than the corresponding value in BG-11 (12.5 mg/L/d compared to 11.6 mg/L/d). From the above data, it became clear that the initial concentration of ammonia nitrogen in the culture medium reaching up to 160 mg/L resulted in a more efficient operation of the system with high biomass productivity and nutrient recovery rates, without causing toxicity to the culture of C. sorokiniana strain. Nevertheless, the addition of an external source of phosphorous is necessary to achieve a continuous growth of microalgae cells. In order to justify the beneficial role of the particular strain toward nitrogen assimilation from the anaerobic digestate effluent, the efficiency of the system was studied under a continuous operation mode of the ATPBR, utilizing the largest studied concentration of the digestate in the medium, 7%.




3.3. C. sorokiniana Kinetics under Continuous Operation of the Air-Lift Photobioreactor


Based on the experimental findings during the batch operation of the airlift photobioreactor, the continuous cultivation mode was investigated by successively modifying the continuous operating conditions for a period of 52 days, in order to identify the most favorable ones in terms of medium loading rate and phosphorous adjustment. Precisely, the time schedule and the experimental conditions applied are presented in Table 4, while biomass growth and nitrogen consumption are shown in Figure 10, and the concentration of the various nitrogen forms in Figure 11.



The operation of the reactor started by the batch-wise cultivation of C. sorokiniana, in accordance with the batch scale investigation (Experiment 5) using 7% ADE_2 with 135 mg/L initial N-NH4 concentration and adjustment of N/P to 10.6. This step lasted for 11 days until a microalgae biomass concentration of 1.4 g/L, an optical density of 5.8, and a residual N-NH4 concentration of 9.1 mg/L N-NH4 were reached. Continuous operation of the system started at day 11 by daily addition of 7% ADE_2 digestate utilizing a 16 h photosynthetic period. A culture dilution rate of 0.1 day−1 was implemented by adding 2 L/day of substrate with a simultaneous removal of equal volume of culture from the reactor by overflow from the degasser. However, considering both the progressive increase in the ammonium nitrogen concentration and the reduction in the OD values, it became clear that the applied dilution rate was higher than the specific growth rate of the culture resulting in microalgae washout.



In the following period (days 13–22), the system was operated with a dilution rate of 0.05 day−1 corresponding to a daily addition of 1 L of digestate. During that period, the overflow from the degasser was filtrated through the membrane and the resulting effluent was free of microalgae, containing N-NH4 < 5 mg/L and TN < 25 mg/L. This sample was reused as dilution water of the raw ADE-2 effluent, by replacing 32.3% of the required water, as an effort to reduce the use of fresh water and reinforce the sustainability perspective of the whole endeavor.



As shown in Figure 10, during the initial acclimation period along the batch operating mode of the system, culture growth and nitrogen consumption followed similar patterns to the ones that were observed during the batch operation of the reactor under the same conditions (Experiment 5). In the following period (day 11–13) of high influent loading (dilution rate 0.1 d−1), the reduction in biomass concentration was recorded in combination with a simultaneous accumulation of N-NH4.



In the context of continuous cultivation mode, the cell concentration within the culture is contingent upon the equilibrium between the specific growth rate of the microalgae and the applied dilution rate. Furthermore, the concentration of nutrients within the treated effluent is influenced by the equilibrium between the specific removal rate by the microalgae and the quantity of nutrients introduced into the system through continuous feeding. These conditions are depicted in Figure 11, illustrating the values of ammonium nitrogen removal rates (RR) for successive operational intervals of the system under batch and continuous modes (represented by blue and green data points), in conjunction with the input rate of N-NH4 during continuous cultivation. An analysis of the data within this graph reveals that the N-NH4 RR prior to the commencement of continuous mode (on day 11) amounted to 7 mg/L/day. During the subsequent two days, when the dilution rate was set at 0.1 day−1, the N-NH4 input rate increased to 15.1 mg/L/day. This discrepancy elucidates the challenges faced by the microalgae cells in managing the heightened influent nutrient content. Upon a reduction in the dilution rate to 0.05 day−1, there was an introduction of 141.8 mg/day N-NH4, or approximately 7.1 mg/L/day N-NH4, which closely aligned with the anticipated nitrogen assimilation capacity by the microalgae. During this period, a slight increase in ammonia nitrogen content was measured, reaching approximately 33.2 mg/L. As depicted in Figure 11, the nitrogen input rate via the influent was 7.0 mg/L/day, while the removal rate stood at 6.3 mg/L/day, resulting in the observed nitrogen accumulation, although no biomass washout was detected. Moreover, the replacement of a portion of the dilution water with treated water-effluent from the harvesting phase had no discernible impact on biomass, signifying the absence of significant toxicity that could be attributed to the accumulation of compounds with inhibitory effects on the microalgae culture.



After the 30th consecutive day, the cultivation system at its current state was appropriately modified in order to study the effect of phosphorous addition along a continuous operating mode. A certain volume of the reactor content was replaced by nutrient medium (7% ADE_2), and the system operation returned to the batch mode to enable the culture acclimation and attainment of the desired cell and nutrient concentration. The addition of phosphorus (day 36) resulted in an immediate increase in biomass growth, and as soon as sufficient culture growth was achieved, which raised the optical density and concentration to 5.0 and 1.3 g/L, respectively, at an ammonium nitrogen concentration of 18.6 mg/L, the continuous operation of the system started on day 41, applying a dilution rate of 0.05 d−1. In that case, the N/P ratio in the feeding medium was pre-adjusted to 10 by extra-phosphorous addition in the form of KH2PO4, while the treated effluent from the membrane was used to replace part of the required dilution water. The phosphorous input rate was 0.74 mg/L/day, while the phosphorous concentration in the reactor content was zeroed, corresponding to the complete removal of the P-PO4.



The adjustment of the N/P ratio in the feeding medium resulted in a substantial performance improvement of the system during its continuous operation, displayed as an increase in the recovery rate of ammonium nitrogen from 6.3 to 7.02 mg/L/day N- NH4, a value quite comparable to that of the feeding rate (7.1 mg/L/day N-NH4) as shown in Figure 12. In addition, both the optical density and the biomass concentration profiles in the period from day 41 to 52 presented a particularly stable pattern as shown in Figure 10, at average values 5 and 1.2 g/L, respectively.



During the reactor startup phase, conducted in a batch-wise operation, the nitrogen forms exhibited a consumption pattern akin to what was observed in the batch operation of the system during Experiment 5. Organic nitrogen was concurrently consumed with ammonium nitrogen, leading to an 80.1% reduction in the initial concentration, while the nitrate levels remained relatively constant. However, in the subsequent phase of continuous operation spanning from the 11th to the 30th day, without adjustment of the N/P ratio, there was an increase in organic nitrogen from 13 to 23.7 mg/L, accompanied by a rise in the concentration of N-NH4 from 9.1 to 33.2 mg/L. In contrast, the concentration of nitrate ions declined from 21.8 to 3.4 mg/L, resulting in only minor fluctuations in the total nitrogen concentration, as depicted in Figure 11. Nonetheless, following the adjustment of the N/P ratio, the metabolic pathway for nitrogen consumption by the microalgae shifted toward the utilization of ammonium nitrogen, while accumulation of organic nitrogen was observed, inevitably leading to an increase in the total nitrogen concentration.




3.4. Troubleshooting of the Airlift Photobioreactor Operation


During the experiments conducted using the non-sterilized digestate as culture medium, the presence of competitive microorganisms and specifically rotifers in the sample resulted in microalgae culture collapse. Rotifers are zooplankton microorganisms, representing ideal food for fish, existing in freshwater, effluents, and marine environments. Most of them can be reproduced asexually (parthenogenesis), producing eggs that can even remain inactive (resting eggs) for long periods of time and hatch when the conditions are favorable. Microalgae are the ideal food for rotifers, which can consume huge numbers of cells, bringing about the microalgae culture collapse within a very short time [35].



The choice of closed PBR is mainly based on the benefits of the system allowing easy cleaning and addition of a sterilized medium, preventing microalgae contamination. However, recent works demonstrated that this assumption is only partially correct, as in many cases microalgae cultures grown in closed systems are affected by various contaminants [36,37]. According to Huang et al. [38], in most of these cases, the water used for the medium was the source of contamination. In the present study, the origin of rotifers was attributed to the existence of a small number of eggs in the raw sample. Each time rotifer cells were observed in the culture by microscopic observation, the experimental device was disassembled, and the separate parts were thoroughly cleaned to ensure the complete removal of rotifers’ cells and eggs. In addition, in order to efficiently address the reactor contamination problem due to the presence of rotifers in the feedstock, the raw digestate sample was subjected to membrane ultrafiltration and used as stock for the preparation of the reactor influent [39]



Various measures to cope with rotifers in microalgal cultures have been reported, including the use of natural and chemical pesticides and anti-parasiticides [40,41,42], the increase in the concentration of specific element such as copper [43,44] or the effect of stress factors including increased pH and high salinity [39]. However, the data are not always encouraging, as the proposed methods cannot efficiently confront the rapid growth of rotifers seriously threatening the viability of microalgal cells. Few authors have reported the negative effect caused on rotifer population by increased levels of NH3 in the culture medium [45,46,47]. Although the indigenous toxicity of influent ammonia against the growth of rotifers has emerged as a promising outcome, it remains a difficult issue to be applied at full scale, since targeted wastewater streams, such as secondary municipal effluents, usually contain nitrate nitrogen, instead of ammonia source. However, cultivation of microalgae in NH4-rich effluents, such as the anaerobic digestate, might be beneficial, as non-ionized ammonia can be formed by a pH increase and continuous aeration of the medium. Such an option was preliminary applied in this work with promising rotifers inhibition results, although additional and more detailed work is required.





4. Conclusions


In conclusion, continuous cultivation of C. sorokiniana within an ATPBR can be effectively sustained over extended periods, concurrently involving the recirculation of treated effluent obtained from the harvesting phase. The outcomes of the continuous cultivation experiments underscore the pivotal roles played by both the influent’s dilution rate and the availability of phosphorus in enhancing the efficiency of microalgae bioremediation and the overall successful operation of the system. In the context of continuous operation, the decision regarding the dilution rate must be guided by the measured nitrogen recovery rate as determined in the batch mode cultivation. This approach aims to prevent both nitrogen accumulation in the medium and the potential washout of the culture. Simultaneously, the enhancement of ammonium nitrogen removal rates can be achieved by controlling the phosphorus availability within the influent stream. In addition, ensuring adequate phosphorus availability facilitates the effective assimilation of organic nitrogen by the microalgae.
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Abbreviations




	Term
	Meaning



	AAS
	Atomic absorption spectroscopy



	ADE
	Anaerobic digestion effluent



	AP
	Average productivity



	ATPBR
	Airlift tubular photobioreactor



	CC
	the concentration of the corresponding component added to the culture at a certain time



	CF
	the nutrient concentration in the culture medium at the end of a specific period (or the day that the measured concentration is zeroed)



	CI
	the nutrient concentration in the culture medium at the beginning of a specific period



	CΕ
	the change in the concentration of the corresponding component due to condensation



	COD
	Chemical oxygen demand



	DCW
	Dry cell weight



	DCWC
	dry cell mass withdrawn from the bioreactor by overflow



	DCWF
	the final biomass concentration at the corresponding time



	DCWI
	the initial biomass concentration at the corresponding time



	DCWp
	Produced microalgae biomass/dry cell weight



	DCWΕ
	the change in the biomass concentration due to condensation



	DO
	Dissolved oxygen



	ID
	Intermal diameter



	IRADE
	the input rate of the ADE into the reactor



	IRi
	Nutrient input rate



	N/P
	Nitrogen/phosphorus



	PLC
	Programmable logic controller



	PMMA
	Polymethyl methacrylate



	PR
	Biomass production rate



	REi
	Nutrient recovery efficiency



	RRi
	Nutrient recovery rate



	T
	Temperature



	TN
	Total nitrogen



	VI
	the volume of the bioreactor



	Δt
	the elapsed time of a specific period



	HF
	the final time slots during a specific period



	HI
	the initial time slots during a specific period



	Χ
	the number of times that continuous operation was turned off (8 h darkness on a daily basis)
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Figure 1. Microalgae growth and nutrients consumption as a function of time under C. sorokiniana cultivation in BG-11. 






Figure 1. Microalgae growth and nutrients consumption as a function of time under C. sorokiniana cultivation in BG-11.



[image: Water 16 00485 g001]







[image: Water 16 00485 g002] 





Figure 2. Microalgae growth and nutrients consumption as a function of cultivation time under C. sorokiniana cultivation in 3% ADE_1. 
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Figure 3. Microalgae growth and nutrients consumption as a function of cultivation time under C. sorokiniana cultivation in 5% ADE_1. 
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Figure 6. Microalgae growth and nutrients consumption as a function of cultivation time, under C. sorokiniana cultivation in 5% ADE_2. 
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Figure 7. Microalgae growth and nutrients consumption as a function of cultivation time under C. sorokiniana cultivation in 7% ADE_2. 
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Figure 8. Consumption of the different nitrogen forms by C. sorokiniana, as a function of cultivation time using 5% ADE_2. 
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Figure 9. Consumption of the different nitrogen forms by C. sorokiniana, as a function of cultivation time using 7% ADE_2. 






Figure 9. Consumption of the different nitrogen forms by C. sorokiniana, as a function of cultivation time using 7% ADE_2.



[image: Water 16 00485 g009]







[image: Water 16 00485 g010] 





Figure 10. Time profile of the microalgae biomass, N-NH4, and P-PO4 concentrations during the continuous operation of the ATPBR. 
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Figure 11. Time profiles of various nitrogen form concentrations during the continuous operation of the ATPBR. 
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Figure 12. Ammonia nitrogen feeding and recovery rate by microalgae during the long-term operation of the ATPBR in continuous mode of operation. 
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Table 1. Composition of nutrient media used in the present study.
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	Composition (mg/L)
	ADE_1
	ADE_2
	3% ADE_1
	5% ADE_1
	5% ADE_2
	7% ADE_2
	BG-11





	N-NH4
	3536 ± 36
	2310 ± 42
	107 ± 1.08
	175.4 ± 1.8
	115 ± 2.1
	150 ± 2.94
	-



	N-NO3
	92 ± 8.1
	37.2 ± 3.7
	2.77 ± 0.24
	4.6 ± 0.41
	1.86 ± 0.19
	2.65 ± 0.26
	247.84



	TN *
	3920 ± 66
	2839 ± 54
	117.6 ± 1.98
	195 ± 3.3
	146.8 ± 2.7
	192 ± 3.78
	247.84



	P
	81.4 ± 5.8
	32.3 ± 3.7
	2.1 ± 0.17
	4.2 ± 0.29
	1.81 ± 0.19
	2.19 ± 0.26
	5.50



	Organic N
	292 ± 21.9
	491.8
	7.83 ± 0.68
	15 ± 1.1
	29.94 ± 5.0
	39.35 ± 6.98
	-



	COD
	24,200 ± 153
	14,209 ± 76
	726 ± 4.59
	1210 ± 7.65
	736 ± 3.8
	968 ± 5.32
	-



	Ca
	369 ± 3.1
	1310 ± 4.7
	11.07 ± 0.09
	18.45 ± 0.16
	65.5 ± 0.24
	91.7 ± 0.33
	9.81



	Fe
	54 ± 1.4
	142 ± 2.8
	1.62 ± 0.04
	2.71 ± 0.07
	7.1 ± 0.14
	9.94 ± 0.2
	1.28



	Mg
	225 ± 5.3
	200 ± 3.6
	6.75 ± 0.16
	11.25 ± 0.27
	10 ± 0.18
	14 ± 0.25
	6.98



	Mn
	6.33 ± 0.35
	17.4 ± 1.29
	0.19 ± 0.01
	0.32 ± 0.02
	0.87 ± 0.06
	1.21 ± 0.09
	0.50



	Na
	1884.6 ± 4.5
	1130 ± 4.3
	56.54 ± 0.14
	94.23 ± 0.23
	56.5 ± 0.22
	79.1 ± 0.3
	212.28



	Cl
	1633.6 ± 5.9
	2762 ± 3.6
	49.01 ± 0.18
	81.68 ± 0.3
	138.1 ± 0.18
	193.34 ± 0.25
	18.02



	Κ
	3161 ± 2.7
	2930 ± 3.9
	94.83 ± 0.08
	158.05 ± 0.14
	146.5 ± 0.2
	205.1 ± 0.27
	13.70



	Cu
	2 ± 0.03
	6.6 ± 0.01
	0.06 ± 0.00
	0.10 ± 0.00
	0.33 ± 0.00
	0.46 ± 0.00
	0.02







Note(s): * negligible nitrite content was measured for all ADE samples.













 





Table 2. Experimental conditions utilized during batch operation of the ATPBR.
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	Experiment
	Cultivation Medium
	ADE Concentration
	Pretreatment
	Ν/P





	1
	BG-11
	-
	-
	45



	2
	ADE_1
	3%
	-
	41



	3
	ADE_1
	5%
	-
	10.3



	4
	ADE_2
	5%
	UFM
	10.5



	5
	ADE_2
	7%
	UFM
	10.9










 





Table 3. Average values of the produced biomass, cells growth rate, nutrient recovery rate, and respective recovery efficiency during the batch experiments carried out at the ATPBR.
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	Nutrient Medium
	ADE Conc.
	Initial N-NH4 (mg/L)
	Max DCW (g/L)
	RE N-NH4 (%)
	RE P-PO4 (%)
	RE TN (%)
	Ave. RR NH4 (mg/L/d)
	AP (mg/L/d)
	Ave. RR PO4 (mg/L/d)





	ADE_1
	3%
	95.2 ± 1.23
	1.42 ± 0.04
	100 ± 0.00
	100 ± 0.00
	86.7 ± 1.17
	8.3 ± 0.16
	110 ± 0.75
	0.29 ± 0.00



	ADE_1
	5%
	160.5 ± 2.86
	1.73 ± 0.02
	94.54 ± 1.35
	100 ± 0.00
	73.3 ± 0.31
	11.3 ± 0.22
	130 ± 0.78
	1.16 ± 0.00



	ADE_2
	5%
	103 ± 1.14
	1.46 ± 0.01
	100 ± 0.00
	100 ± 0.00
	87.0 ± 1.09
	8.8 ± 0.10
	111 ± 1.37
	1.66 ± 0.00



	ADE_2
	7%
	144.8 ± 0.88
	1.61 ± 0.02
	100 ± 0.00
	100 ± 0.00
	92.8 ± 1.01
	12.5 ± 0.08
	120 ± 1.02
	1.2 ± 0.00










 





Table 4. Operation conditions used during the continuous operation of the ATPBR.
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	Cultivation Period (Days)
	Conditions Applied





	1–11
	Batch mode/N/P adjustment



	11–13
	Continuous mode (dilution rate of 0.1 d−1)



	13–22
	Continuous mode (dilution rate of 0.05 d−1)



	22–30
	Continuous mode (dilution rate of 0.05 d−1)/recirculation



	30–36
	Batch mode



	36–41
	Batch mode/P addition



	41–52
	Continuous mode (dilution rate of 0.05 d−1)/N/P adjustment/recirculation
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