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Abstract

:

The development and implementation of innovative production technologies have a direct influence on the creation of new sources of pollution and types of waste. An example of this is the wastewater from soil-less agriculture and the effluent from microbial fuel cells. An important topic is the development and application of methods for their neutralisation that take into account the assumptions of global environmental policy. The aim of the present study was to determine the possibilities of utilising this type of pollution in the process of autotrophic cultivation of the biohydrogen-producing microalgae Tetraselmis subcordiformis. The highest biomass concentration of 3030 ± 183 mgVS/L and 67.9 ± 3.5 mg chl-a/L was observed when the culture medium was wastewater from soil-less agriculture. The growth rate in the logarithmic growth phase was 270 ± 16 mgVS/L-day and 5.95 ± 0.24 mg chl-a/L-day. In the same scenario, the highest total H2 production of 161 ± 8 mL was also achieved, with an observed H2 production rate of 4.67 ± 0.23 mL/h. Significantly lower effects in terms of biomass production of T. subcordiformis and H2 yield were observed when fermented dairy wastewater from the anode chamber of the microbial fuel cell was added to the culture medium.
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1. Introduction


1.1. Soil-Less Agricultural Wastewater (S-LAW)


The cultivation of plants in controlled closed production systems is becoming increasingly popular and is therefore used in agricultural practice [1]. This rapidly developing trend is related, among other things, to dynamic climate changes that affect the deterioration of environmental conditions in field cultivation systems. High temperatures, a lack of adequate intensity and duration of atmospheric precipitation, prolonged droughts and regularly recurring extreme weather phenomena cause difficulties for modern agriculture that are difficult to neutralise [2]. These difficulties include the reduction of soil moisture, changes in soil structure, water and wind erosion and nutrient losses that reduce yields, increase the cost of crop production and consequently lead to a significant decrease in profitability [3]. One way to solve these current common agrotechnical problems is to orient the development of crop production towards highly efficient closed systems, where most of the factors determining the impact of cultivation depend on the operator. One of the agrotechnical solutions of modern agriculture is the use of soil-less systems. Crops on inert substrates are completely isolated from the natural soil system and are independent of it [4]. This makes it possible to optimise decisions on the quantity and composition of water and nutrients supplied to the system, taking into account current knowledge and achievements in agronomy. A common agrotechnical method is the use of fertigation installations with simultaneous irrigation and fertilisation, whereby the final chemical composition of the water corresponds to the current nutrient requirements of the cultivated plants [5].



Soil-less systems that use inert substrates ensure a multifactorial optimisation of cultivation, which significantly increases the yields achieved and the quality of the final product [6]. However, it should be emphasised that any agrotechnical solution applied should, in addition to achieving a high commercial quality of vegetables and fruit, also ensure the protection of the natural environment. It has been proven that the use of high concentrations of mineral fertilisers in agriculture and the improper management or neutralisation of the resulting wastewater after production pose a significant risk to the natural environment [7]. A particular risk of surface water pollution exists in soil-less systems where, due to the absence of the phenomenon of salt accumulation in the root zone of plants, unutilised nutrients with a high concentration of nitrogen and phosphorus compounds are released outside the system [8]. These are elements that are responsible for the acceleration of eutrophication processes and the deterioration of surface waters. Monitoring of effluents from soil-less tomato cultivation shows that 0.8–8.5 kg N/ha·day and 0.1–1.8 kg P/ha·day can be released directly into the environment [9]. In rose cultivation, the amount of nitrogen lost and released into the environment can be up to 60% of the original amount, resulting in emissions of up to 2000 kg N/ha·year [10]. When fertilising cucumbers, nitrogen losses are between 33% and 43%, while phosphorus losses are between 35% and 47% of the amount applied when using inert substrate [11]. The phosphorus concentration in wastewater from soil-less cultivation ranges from 35.4 to 104.0 mg P/L, while the nitrogen concentration ranges from 270.0 to 614.9 mg N/L. The content of organic compounds, which is described by the COD index, is relatively low and amounts to less than 50 mgO2/L [12].



The discharge of excess nutrients with a high salt concentration into the environment is known as overflow management. The problem of overflow management is very serious and has increased dynamically in recent years. In the EU, almost 100% of soil-less crops are grown with open fertilization systems based on overflow management [13]. The environmental neutrality of soil-less agriculture has not been solved, and despite numerous studies on the development of effective and economically viable technologies to neutralise pollutants, these have not been widely implemented. Experimental studies have shown that various methods can be used to treat this type of wastewater to remove biogenic compounds [14]. These are solutions based on activated sludge and biofilm technologies, chemical precipitation, physical and chemical sorption or membrane filtration [15]. However, alternative solutions are still being sought that are primarily effective and economically competitive in terms of reducing the investment and operating costs incurred and the possible recovery of value-added products.




1.2. Microbial Fuel Cell Effluent (MFC-E)


Previous research has shown that microbial fuel cells (MFCs) are a promising technology for sustainable energy production [16]. The MFC is a bioelectrochemical system in which electric current is generated by the decomposition of chemical compounds by microorganisms. Bacteria in an anaerobic anode chamber oxidise reduced substrates and generate electrons and protons in the process. The electrons are absorbed by the anode, which acts as an artificial electron acceptor, and are then transported to the cathode via an external circuit. The electrons reach the cathode chamber and reduce the electron acceptor, while the protons generated at the anode are exchanged for the cathode through a membrane separator or an electrolyte in a membraneless cell [17]. In this type of technology, different types of wastewater are used for the production of bioenergy [18]. These include wastewater from the food sector, which contains high concentrations of organic compounds. Carbonaceous substances are used as a substrate for microorganisms in the anaerobic anode chamber of the MFC [19]. In previous experimental work, the MFC was fed with slaughterhouse wastewater, landfill leachate, municipal sewage or pollutants from the dairy industry [20]. In previous studies, the effluent from the anaerobic anode chamber of the MFC was occasionally used for the cultivation of microalgae, which allows the utilisation of the nutrients contained in this wastewater [21].




1.3. The Potential of Tetraselmis subcordiformis Green Microalgae


One of the justified directions of the management of various types of sewage with simultaneous removal of pollutants and extraction of valuable substances is the use of biological technologies based on microalgae biomass [22]. The studies carried out to date have tested dairy wastewater [23], municipal wastewater [24], wastewater from sewage sludge dewatering [25], effluents from agricultural biogas plants [26] and wastewater from aquaculture [27], among others. It has been proven that these microorganisms can be a source of many valuable chemical compounds for the food industry, as well as the agricultural, pharmaceutical, medicinal and energy sectors [28]. One of the most universal species is Tetraselmis subcordiformis, whose biomass has been used as animal feed, as a component of fertilisers and soil conditioners and as a source of various types of biofuels, including biodiesel, biogas and biohydrogen [29]. In particular, the mechanism of hydrogen production by T. subcordiformis is of great interest due to global environmental policies related to the use of clean energy and the need to reduce greenhouse gas emissions [30]. It is a halophyte with high adaptability to changing environmental conditions that can grow on substrates composed of sewage of different origins [31].



The properties of S-LAW and MFC-E favour their use in systems for the intensive production of T. subcordiformis microalgae biomass. They are characterised by high concentrations of nitrogen (N) and phosphorus (P), while being clear and free of high concentrations of organic matter. The source, form and availability of N and P are commonly considered key factors that determine the production rate of microalgae and influence the chemical composition of their biomass [32]. Kim et al. [33] determined the effects of different N sources on the biomass production efficiency of T. subcordiformis. They showed that 2230 mg/L of dry microalgal mass was obtained when yeast extract was used as a N source. The use of NaNO3 allowed the shrinkage of T. subcordiformis at a value of only 1450 mg/L. The possibility of using municipal sewage for the cultivation of T. subcordiformis was also investigated, analysing the effect of ammonium nitrogen in the raw sewage and of nitrates in the sewage after nitrification. The biomass productivity was similar for both variants at about 340 mg/L·d, and the final biomass concentration reached a level of almost 1900 mg/L [33]. The high transparency of the effluents from soil-less cultivation allows high light penetration, which ensures efficient photosynthesis and intensifies the growth of the biomass of T. subcordiformis. Low concentrations of organic compounds, on the other hand, limit the possibility of developing a population of competitive heterotrophic microorganisms, including bacteria and fungi, which compete with the microalgae for nutrients and additionally increase the concentration of suspension and the turbidity of the culture medium [34].



It should be emphasised that the efficiency of pollutant removal from wastewater from soil-less cultivation and from MFC anaerobic chamber effluents as a result of intensive cultivation of microalgae biomass of the species T. subcordiformis, which can produce hydrogen, has not yet been tested. The aim of this study was to determine the possibility of using this type of pollutant in the process of autotrophic cultivation of T. subcordiformis biomass. The studies aimed to evaluate the efficiency of pollutant removal, the growth rate of the microalgae, the determination of the final concentration of biomass in the system and the verification of the efficiency of the biosynthesised hydrogen.





2. Materials and Methods


2.1. Organization of the Experiment


The experimental work was carried out in three variants (Vs). The criterion for differentiating the technological Vs was the type of culture medium used for cultivating the biomass of T. subcordiformis. The first variant (V1) was a control sample in which the microalgae were cultivated with deionised water and a medium of pure chemical reagents (pure culture medium—PCM). In the second variant (V2), the photobioreactors (PBRs) were supplied with wastewater from soil-less tomato cultivation (S-LAW). In the third variant (V3), the possibility of using pre-fermented dairy sewage from the anaerobic anode chamber of the microbiological fuel cell (MFC-E) was analysed. The analysed comprehensive process of T. subcordiformis biomass cultivation and biohydrogen production consisted of three interconnected and sequential stages (S). In the first stage (S1), the microalgae proliferation rate and nutrient use efficiency of PCM (V1), S-LAW (V2) and MFC-E (V3) were analysed under autotrophic conditions. In the second stage (S2), the biomass of T. subcordiformis was separated and concentrated to remove the culture medium, and the final concentration of microalgae in the PBR was determined. In the third stage (S3), the concentrated T. subcordiformis biomass was fed with a culture medium that provides the conditions for biohydrogen production. The whole was then introduced into respirometric reactors and the efficiency of hydrogen (H2) production in the biophotolysis process was monitored. The organisational scheme of the experimental work carried out is shown in Figure 1.




2.2. Materials


2.2.1. Microalgae Biomass


The microalgae T. subcordiformis SAG 161-1a were obtained from the Algae Culture Collection of the University of Göttingen, Germany (international acronym SAG [35]). In the first phase, T. subcordiformis was propagated to produce sufficient biomass for the experiment. The microalgae were first cultured in sterilised glass tubes with an active volume of 50 mL (Biospace, Poznań, Poland), then in 1.0 L glass bioreactors (Duran Bottle System, Mainz, Germany). The laboratory glassware was pasteurised in an autoclave 2840 EL-D (Tuttnauer, New York, NY, USA) at 121 °C for 15 min.




2.2.2. Pure Cultivation Medium (PCM)—(V1)


The composition of this synthetic medium in V1 was as follows, according to Guan et al. [36]: 0.09 mg/L (NH4)4Mo7O24, 0.36 mg/L MnCl2, 0.20 mg/L CuSO4, 1.30 mg/L FeCl3, 100.00 mg/L NaNO3, 33.60 mg/L H3BO3, 0.20 mg/L CoCl2, 20.00 mg/L NaH2PO4, 0.21 mg/L ZnCl2, 45.00 mg/L EDTA, 0.10 μg/L VB12 and 1.00 μg/L VB1. The salt content was 30–33 ppt and the pH value was between 8.00 and 8.20. The basic physicochemical parameters of wastewater are listed in Table 1.




2.2.3. Soil-Less Agricultural Wastewater (S-LAW)—(V2)


The sewage from soil-less cultivation used in V2 was purchased from a large company specialising in tomato production. The greenhouse complex consists of facilities with a total area of 15 hectares and a height of 6 m, equipped with an automatic system for regulating sunlight, humidity, temperature and irrigation. The water used to dissolve the fertilisers came from a separate underground inlet. A mineral wool mat was used as a growing medium. The fertilisers used on the tomato plantation were Fertilon NK and Fertilon MPK (Grupa Azoty SA, Tarnów, Polnad). The basic physicochemical indicators of this sewage are presented in Table 1.




2.2.4. Microbial Fuell Cell Effluent (MFC–E) (V3)


In V3, the culture medium was the effluent from an anodic, anaerobic, fully mixed 1.0-litre chamber from a two-chamber MFC system. The chamber was fed with model dairy wastewater. The anaerobic microorganisms grew on a carbon fabric (Inkarbo, Kraków, Poland) with a surface area of about 30 cm2. The chamber was operated at a temperature of 20–22 °C. Details of the construction and operation of the MFC were described in a previous paper by the authors [21]. The characteristics of the dairy effluent after the initial anaerobic biodegradation in the anodic MFC chamber are shown in Table 1.




2.2.5. Source of Microelements


To ensure an adequate amount of microelements for the biomass of T. subcordiformis in V2 and V3, the preparation MikroPlus (Intermag, Olkusz, Poland) was added to the medium at the beginning of the cultivation cycle at a level of 0.1 mL/L with the following composition: 2.3 g/L B in the form of acid, 1.2 g/L Cu in chelate form with EDTA, 22.3 g/L Fe in chelate form with EDTA, 9.5 g/L Mn in chelate form with EDTA, 0.6 g/L Mo in the form of ammonium salt and 3.5 g/L Zn in chelate form with EDTA.




2.2.6. Biohydrogen Production Medium


The medium for H2 production in S2 in all experimental variants was a culture medium based on deionised water and chemical reagents with the following composition: 0.196 mg/L NaHCO3, 0.667 mg/L KCl, 0.098 mg/L H3BO3, 27.23 mg/L NaCl, 0.098 mg/L KBr, 1.123 mg/L CaCl2, 0.003 mg/L NaF, 0.024 mg/L SrCl2, 5.079 mg/L MgCl2, 0.002 mg/L CuCl2 and pH 7.90–8.00. The composition of the culture medium in S2 was based on data available in the literature and previous work by the authors [30,37].





2.3. Photobioreactor (S1)


Cultivation of T. subcordiformis was carried out in vertical column photobioreactors (VT-PBR) with an active volume of 2.0 L (Aquamedic, Janikowo, Poland) at a temperature of about 25 °C (Figure 2). The exposure time was 14 h and the dark phase was 10 h. The PBRs were illuminated with white light from 10 W lamps (Leddy Slim, Aquael, Warsaw, Poland) with a colour temperature of 900 K, and the applied light flux was 720 lm, measured in PRR photosynthetically active radiation (PAR) of 270–300 μmol/m2s, with a light wavelength of 400–700 nm. The air was introduced into the reactor by Hailea V-10 pumps (Hailea Group, Chaozhou, China) with a capacity of 200 L/h. The purpose of this technical process was to mix the contents of the VT-PBR and add carbon dioxide (CO2). In all experimental variants, the initial biomass concentration of T. subcordiformis in the VT-PBR was ensured to be 50 mgVS/L.




2.4. Hydrogen Production Bioreactor (S3)


The biomass of T. subcordiformis separated via simple sedimentation was placed in respirometric reactors with an active volume of 1.0 L (OxiTop®-IDS, WTW, Weilheim, Germany) and incubated at 25 ± 1 °C (Figure 2). The respirometers were mixed with magnetic stirrers at 60 rpm and the pressure changes in the gas phase were recorded every 10 h. The pressure values obtained in the hydrogen production chambers were converted to the volumetric yield under normal conditions using the gas state equation. The concentrations of T. subcordiformis biomass in the subsequent variants depended on the amount of culture yield obtained in S1. The measurements were carried out for 120 h (30 h–dark phase, 90 h–light phase). The respirometers were illuminated with a fluorescent tube (Philips Lighting MASTER TL-D Super 80, Philips Lighting, Eindhoven, The Netherlands). The colour temperature corresponding to daylight was 6500 K and the power 58 W.




2.5. Analytical, Computational and Statistical Methods


Samples for the analysis of volatile solids (VSs) and chlorophyll a (chl-a) were taken every 48 h. Volatile solids were determined gravimetrically by burning the biomass at 550 °C (LAC L muffle furnace, Dabrowica, Poland) and then weighing the ash (DanLab AX423, Białystok, Poland). Chlorophyll a was determined using the fluorescence method (Algae Online Analyser bbe Moldanke, Schwentinental, Germany). Taxonomic analysis of microalgae biomass was performed using a MF 346 biological microscope with an Optech 3MP camera (Eduko, Warsaw, Poland). The basic parameters of the culture medium were determined using a UV/VIS spectrophotometer DR 5000 (Hach Lange, Düsseldorf, Germany). Salinity was measured with a Marine Control Digital (Aqua Medic, Janikow, Poland) and pH was measured with a 1000 L metre (VWR International, Radnor, PA, USA). Illuminance was measured with a HI 97500 Luxmeter (Hanna Instruments, Woonsocket, RI, USA). Gas samples were collected from qualitative respirometers (CO2, O2, H2) using a gas-tight syringe and analysed using a GC Agillent 7890 A gas chromatograph (Agilent Technologies, Santa Clara, CA, USA). The hydrogen production rate (r) and rate constants (k) were calculated using an iterative nonlinear regression method [38]. The experiments were performed in quadruplicate. Statistical analysis was performed using Statistics 13.3 software (Statsoft, Inc., Tulsa, OK, USA). The significance level for which the significance of the differences between the variables was assessed was 0.05. The normal distribution was tested using the Shapiro–Wilk test, the differences between the mean values were determined using a one-way analysis of variance (ANOVA) and the homogeneity of variance in the groups was tested using the Levene test. The HSD test (honest significant difference) was used to examine the significance of the differences between the analysed variables.





3. Results and Discussion


3.1. T. subcordiformis Biomass Growth


The highest average efficiency of biomass production of T. subcordiformis was observed in V2, where the culture medium was S-LAW. In this case, the biomass growth rate in the logarithmic growth phase was 270 ± 16 mgVS/L·day (Figure 3a) and 5.95 ± 0.24 mg chl-a/L·day (Figure 3b), and the final concentration of microalgae reached in VT-PBR was 3030 ± 183 mgVS/L (Figure 4a) and 67.9 ± 3.5 mg chl-a/L (Figure 4b). So far, the possibility of combining soil-less cultivation with the cultivation of microalgae in raceway ponds has been demonstrated. This has improved the ecological sustainability of crop production [39]. Salazar et al. [40] used hydroponic effluents to cultivate the biomass of Tetradesmus obliquus sp. NIVA-CHL107. The maximum production of microalgae biomass reached a high value of about 6200 mg dry weight (DW)/L.



A lower propagation efficiency of the T. subcordiformis population, as determined by VS concentration and chlorophyll-a content, was observed in V1 when PCM was used. The final biomass concentration was 2720 ± 199 mgVS/L (Figure 4a) and 62.1 ± 2.7 mg chl-a/L (Figure 4b), respectively, with a growth rate of 239 ± 14 mgVS/L·day (Figure 3a) and 5.89 ± 0.21 mg chl-a/L·day (Figure 3b). Dudek et al. [30], using a control medium consisting of deionised water with chemical reagents for T. subcordiformis biomass production, obtained a biomass growth rate of 321 ± 21 mgVS/L·d, and the final microalgal biomass concentration was 3410 ± 162 mgVS/L. It should be emphasised that the differences in biomass production efficiency of T. subcordiformis observed in V1 and V2 were not statistically significant (p > 0.05).



The use of MFC-E as a culture medium significantly restricted the growth of microalgae (Figure 5a,b). In V3, the final concentration of T. subcordiformis was 2040 ± 164 mgVS/L (Figure 3a) and 45.9 ± 6.2 mg chl-a/L (Figure 3b). The growth rate was 168 ± 13 mgVS/L·d (Figure 4a) and 4.11 ± 0.46 mg chl-a/L·day (Figure 4b). In other studies by the authors [37], a microalgal biomass of over 2000 mgVS/L was produced in a series of experiments with 25% and 50% proportions of wastewater from the dairy industry in the culture medium for the cultivation of T. subcordiformis. Don and Babel [41] used the effluent from an anaerobic anode chamber of a two-chamber MFC fed with synthetic wastewater for the cultivation of Chlorella vulgaris biomass (TISTR 8580). The application of a HRT of 10 days resulted in a microalgae biomass production rate of 367 mg/L·d. However, the biomass productivity of 497 mg/L·d achieved in the first 5 days decreased to 238 mg/L·d in the following 5 days. The limited efficiency of biomass production was directly reflected in the observed nutrient concentrations in the culture medium. Utilising the wastewater from the MFC anode chamber for the cultivation of microalgae is a technological challenge. Wastewater has a complex composition and may contain compounds that inhibit microalgae growth. The photosynthesis process is often hindered by the high turbidity of the wastewater [42,43]. Analysis of the changes in microalgal biomass concentrations during cultivation shows that in all variants the delayed growth phase lasted for 3 days, followed by the exponential growth phase, which changed to the stationary growth phase on day 12 (Figure 5a,b).




3.2. Nitrogen and Phosphorus Compounds Removal


Microalgae require accessible, easily assimilable basic nutrients and trace elements for their dynamic development. The most important of these are nitrogen and phosphorus, which significantly limit the efficiency of biomass production systems [44]. The highest efficiency of nutrients consumption by the growing biomass of T. subcordiformis was observed in V1, where 97.6 ± 1.1% of N-NH4 removal (Figure 6a) and 95.8 ± 2.1% of P-PO4 removal (Figure 6b) were recorded. This high bioassimilation efficiency is due to the low initial concentrations of these fertilisers (Table 1). During cultivation, the N-NH4 concentration decreased from 13.2 ± 1.3 mg/L to 0.32 ± 0.1 mg/L (Figure 7a) and the P-PO4 concentration from 9.6 ± 1.1 mg/L to 0.40 ± 0.2 mg/L (Figure 7b). This is confirmed by the authors’ earlier studies [37]. The highest N and P removal efficiency, 99.3 ± 0.2% and 99.1 ± 1.3%, respectively, was observed in the variant in which the biomass cultivation medium was T. subcordiformis pure culture medium. In the system to which 25% of the dairy industry sewage was fed, N and P removal efficiencies of 98.1 ± 1.9% and 97.1 ± 1.4%, respectively, were observed. Increasing the proportion of fermented wastewater directly reduced the removal efficiency of biogenic compounds [37].



In V2, where S-LAW was used as the culture medium, lower nitrogen and phosphorus fixation efficiencies were observed; they were 86.1 ± 2.3% for N-NH4 (Figure 6a) and 22.9 ± 2.6% for P-PO4 (Figure 6b). In V2, the content of N-NH4 compounds at the end of the culture was 10.7 ± 1.4 mg/L (Figure 7a) and P-PO4 was 27.3 ± 1.5 mg/L (Figure 7b). According to Renganathan et al. [45], agricultural wastewater from soil-less cultivation poses a threat to the environment that can be minimised by the use of intensive microalgae cultures. Salazar et al. [40] estimated the bioremediation potential of the microalgae Tetradesmus obliquus NIVA-CHL107 for hydroponic wastewater. They found 100% efficiency in the removal of N and P compounds. Huo et al. [46] also found very high efficiency in N and P elimination from hydroponic wastewater using C. vulgaris biomass, reaching 97.6% and 98.8%, respectively. The efficiency observed in the removal of nutrients from the culture medium was similar to that obtained in the present study.



The concentrations of biogenic compounds monitored during the cultivation of T. subcordiformis in MFC-E culture medium were 33.6 ± 5.2 mg N-NH4/L (Figure 7a) and 18.6 ± 2.1 mg P-PO4/L (Figure 7b) at the end of the biomass propagation process. The final values resulted from the N-NH4 utilisation efficiency of 74.4 ± 2.7% (Figure 6a) and the P-PO4 bioassimilation of 33.8 ± 2.5% (Figure 6b). The highest dynamics in the removal of fertilizing compounds, mainly N-NH4, from the culture medium was observed from the 2nd to the 10th day of cultivation, i.e., in the phase of logarithmic growth of the biomass of T. subcordiformis (Figure 7a,b). Don and Babel [41], who used a model effluent from an anaerobic MFC chamber for the cultivation of Chlorella vulgaris biomass (TISTR 8580), reported efficiencies similar to those obtained in the present experiment. N-NH4 removal was 79% within 20 days. Similarly, Campo et al. [47] used domestic wastewater from MFC for the cultivation of Chlorella vulgaris and achieved 70% N-NH4 and 26% P-PO4 removal. Jiang [48], on the other hand, achieved very high nitrogen and phosphorus removal efficiency by using wastewater from MFC for the cultivation of Chlorella vulgaris biomass. This solution enabled the removal of up to 97% TP and 99% N-NH4 [48].




3.3. Biohydrogen Production


T. subcordiformis can be considered a promising species in terms of its ability to produce H2. The production efficiency of this biogas component largely depends on the initial biomass concentration in the respirometers and the composition of the medium in the biomass culture phase [38]. This is also confirmed by the results of the experiments presented. Ji et al. [49] showed that the higher biomass density of T. subcordiformis led to an almost tenfold increase in the H2 production rate. The production of biomass with a cell density of 0.5 g/L resulted in a hydrogen yield of 16 mL/g biomass, while higher cell densities (3.2 g/L) eventually led to a production of 49 mL H2/g biomass [49]. It was found that the H2 production efficiency in V1 and V2 was comparable, and the observed differences were mainly due to the different amount of microalgae recovered in S1 and consequently the initial concentration of the T. subcordiformis population in the respirometers (Figure 8a,b). The highest total H2 production of 161 ± 8 mL was obtained in V2 (Figure 9a). In this part of the experiments, the H2 production rate was 4.67 ± 0.23 mL/h (Table 2). In V1, 150 ± 11 mL H2 was obtained (Figure 9a) at a rate of 4.05 ± 0.21 mL/h (Table 2). The H2 yields per gVS in V1 and V2 were even more similar (Figure 9b). They were 55 ± 3.7 mL/gVS, 1.49 ± 0.10 mL/gVS·h (V1) and 53 ± 2.6 mL/gVS, 1.48 ± 0.12 mL/gVS·h (V2), respectively (Figure 8a,b, Table 2). The H2 content of the biogas produced was 59.3 ± 1.4% (V1) and 58.5 ± 2.0% (V2) (Table 2). The observed differences in the efficiency of H2 biosynthesis in V1 and V2 were not statistically significant (p > 0.05). In previous studies by the authors [30], similar results were obtained to those in V1 using deionised water and a medium containing pure chemical reagents for the cultivation of T. subcordiformis biomass. The volume of hydrogen produced was 162 ± 7 mL. The percentage of H2 in the biogas was 57.2 ± 4.1% [30]. Ran et al. [50] also investigated the effects of culture medium on biomass growth and hydrogen production of T. subcordiformis. Their experiments showed the possibility of intensifying the H2 production of T. subcordiformis by using a medium enriched with an external carbon source and phosphorus compounds. By adding glucose to the culture medium, a H2 production of 146.35 ± 11.01 mL was achieved. This was 10–29% higher than that observed in typical autotrophic solutions [51].



In V3, where the culture medium was MFC-E, a significantly lower efficiency of H2 production by the biomass of T. subcordiformis was observed (Table 2). It was found that, in this case, this was primarily determined by the initial lower concentration of microalgae in the respirometer compared to V1 and V2 (Figure 4a,b). The total H2 yield in this part of the experiments was 78 ± 9 mL (Figure 8a), resulting in a unit production of 38.0 ± 9 mL/gVS (Figure 8b). The H2 biosynthesis rates were 2.26 ± 0.11 mL/h and 1.06 ± 0.05 mL/gVS·h, respectively (Table 2). The H2 content in the qualitative composition of the biogas produced was 58.9 ± 1.1% and was comparable (p > 0.05) to the other experimental variants (Table 2). In other studies [34], a medium was used based on distilled water and chemical reagents, with between 25% and 100% of dairy industry effluents in the culture medium. The use of pure chemical reagents as a medium allowed the recovery of 119 ± 12 mLH2 at an average production rate of 3.01 ± 0.12 mL/h. The H2 content of the biogas was 52.7 ± 2.4%. The highest effects were achieved in the series with 50% wastewater content. The amount of H2 was 127 ± 7 mL, which resulted from the concentration of this gas of 62.7 ± 1.7% and the production rate of 3.94 ± 0.13 mL/h. A significant decrease in the efficiency of H2 production by the biomass of T. subcordiformis was observed when the proportion of wastewater in the medium was 75% and 100%. The production efficiency of this biogas component was 92 ± 11 mL (42.9 ± 2.3%) and 81 ± 6 mL (40.8 ± 3.1%), respectively [34].





4. Conclusions


The experiments proved that comparable effects on the growth of the T. subcordiformis population were achieved in the variants in which the pure culture medium and the soil-less agricultural wastewater were used. Significantly lower concentrations of microalgal biomass, as determined by the concentration of volatile solids and chlorophyll, were observed when the substrate was pre-fermented dairy wastewater from the anode chamber of a microbial fuel cell. The kinetics of cell proliferation of T. subcordiformis observed in the logarithmic growth phase were also significantly lower in this experimental variant.



Regardless of the culture medium tested, a significant reduction in the concentration of biogenic substances in the environment was observed. This fact proves that the nitrogen and phosphorus compounds present in the tested effluents represent an available nutrient source that is effectively utilised by the T. subcordiformis culture. The highest bioassimilation dynamics of ammonium nitrogen and orthophosphates were observed in the logarithmic growth phase.



The efficiency and observed kinetics of H2 production were comparable in the variants where the pure culture medium and soil-less agricultural wastewater were tested. The minor differences observed resulted only from the different initial amount of microalgae in the respirometer chambers, which was a consequence of the effects of the T. subcordiformis culture stage. A significantly lower overall and unit efficiency of H2 biosynthesis was observed when the microalgal biomass was cultured at the outflow of the anode chamber of the microbial fuel cell. Regardless of the experimental variant, a similar qualitative composition of the biogas produced by the T. subcordiformis biomass was observed.



This comparative analysis of the technological effects achieved in terms of biomass production, pollutant removal efficiency and hydrogen production shows that wastewater from soil-less agriculture is a better cultivation medium than effluent from the anode chamber of a microbial fuel cell.
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Figure 1. Organisation and planned sequence of the experimental work. 
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Figure 2. The test stands used in stages 1 and 2 (a) and stage 3 (b). (a) Microalgae biomass proliferation (S1) and separation (S2) (1—vertical tyubular photobioreactor (VT-PBR), 2—light source, 3—intermediate air tank, 4—air pump) (1—initial phase of cultivation, 2—final phase of cultivation); (b) Hydrogen production (S3) (1—respirometric chamber, 2—pressure data logger, 3—gas sampling valve, 4—magnetic stirrer, 5—thermostating cabinet). 
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Figure 3. Course and rate of biomass growth of T. subcordiformis in the logarithmic phase, expressed as VS (a) and Chl-a concentration, and (b) as a function of the experimental variant. 
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Figure 4. Final concentration of VS (a) and chl-a (b) in the biomass of T. subcordiformis as a function of the experimental cultivation variant used. 
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Figure 5. Changes in the biomass concentration of T. subcordiformis, expressed as VS (a) and Chl-a concentration (b), during cultivation as a function of the experimental variant. 
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Figure 6. N-NH4 (a) and P-PO4 (b) removal efficiency during cultivation of T. subcordiformis as a function of the experimental variant. 
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Figure 7. Changes in N-NH4 (a) and P-PO4 (b) concentrations during cultivation of T. subcordiformis as a function of the experimental variant. 
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Figure 8. The course of total (a) and individual (b) biohydrogen production of T. subcordiformis biomass as a function of the experimental variant. 
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Figure 9. Final H2 yield in relation to the amount of microalgae biomass obtained in S1 (a) and in relation to gVS (b) as a function of the experimental variant. 
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Table 1. Composition of the cultivation medium in the following experimental variants.
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	Indicator
	Unit
	V1—PCM
	V2—S-LAW
	V3—MFC-E





	BOD5
	mgO2/L
	2.9 ± 0.2
	12.7 ± 2.4
	171 ± 7.3



	COD
	mgO2/L
	9.2 ± 1.1
	22.3 ± 5.1
	240 ± 8.1



	TN
	mg N/L
	19.7 ± 1.1
	171.9 ± 21.8
	239 ± 10.3



	N-NO3
	mg N-NO3/L
	9.0 ± 0.8
	66.0 ± 7.1
	1.4 ± 0.3



	N-NO2
	mg N-NO2/L
	1.6 ± 0.6
	3.3 ± 2.8
	2.1 ± 0.6



	N-NH4
	mg N-NH4/L
	7.2 ± 1.3
	77.1 ± 11.7
	131 ± 12



	TP
	mg P/L
	8.7 ± 0.9
	37.2 ± 3.9
	32.5 ± 7.3



	P-PO4
	mg P-PO4/L
	8.6 ± 1.1
	35.4 ± 4.1
	28.1 ± 6.6



	pH
	-
	7.12 ± 0.11
	7.94 ± 0.12
	7.27 ± 0.11



	Total suspended solids
	mg/L
	8.9 ± 1.7
	10.8 ± 1.9
	16.9 ± 9.9










 





Table 2. Efficiency and kinetics of biohydrogen production and composition of the biogas produced by T. subcordiformis as a function of the experimental variant.
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Parameter/Component

	
Unit

	
Variant/Medium




	
V1/PCM

	
V2/S-LAW

	
V3/MFC-E




	
H2 production efficiency/process kinetics






	
Total H2 yield

	
mL

	
150 ± 11

	
161 ± 8

	
78 ± 9




	
H2 production rate constant (k)

	
1/h

	
0.027

	
0.029

	
0.029




	
H2 production rate (r)

	
mL/h

	
4.05 ± 0.21

	
4.67 ± 0.23

	
2.26 ± 0.11




	
Unit H2 yield

	
mL/gVS

	
55 ± 3.7

	
53 ± 2.6

	
38 ± 3.0




	
H2 unit production rate constant (k)

	
1/gVS·h

	
0.029

	
0.028

	
0.028




	
H2 unit production rate (r)

	
mL/gVS·h

	
1.49 ± 0.10

	
1.48 ± 0.12

	
1.06 ± 0.05




	
Biogas composition




	
H2

	
%

	
59.3 ± 1.4

	
58.5 ± 2.0

	
58.9 ± 1.1




	
CO2

	
%

	
39.4 ± 1.2

	
40.2 ± 1.9

	
39.6 ± 1.2




	
O2

	
%

	
1.3 ± 0.2

	
1.3 ± 0.1

	
1.5 ± 0.3
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