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Abstract

:

One of the current challenges in the treatment of wastewater is the recovery and/or transformation of their resources into high value-added products, such as biohydrogen. The aim of the present study was to optimize the production of hydrogen by mixed cultures of purple phototrophic bacteria (PPB), targeting in low CO2 emission. Batch assays were conducted using different carbon (malic, butyric, acetic acid) and nitrogen (NH4Cl, Na-glutamate, N2 gas) sources by varying the chemical oxygen demand to nitrogen ratio (COD:N 100:3 to 100:44), under infrared radiation as sole energy source. Malate-glutamate (COD:N 100:5.5) and malate-NH4-N (COD:N 100:3) fed cultures, exhibited high H2 production rates of 2.3 and 2.5 mLH2/Lh, respectively. It was observed that the use of glutamate decreased the CO2 emission by 74% (13.4 mLCO2/L) as compared to NH4-N. The H2 production efficiency achieved by organic carbon substrates in combination with glutamate, was in the order of malic (370 mLH2/L) > butyric (145 mLH2/L) > acetic acid (95 mLH2/L). These substrates entailed partitioning of reducing power into biomass at 64%, 50% and 48%, respectively, whereas reductants were derived to biohydrogen at 5.8%, 6.1% and 2.1%, respectively. These results suggest that nitrogen source and carbon dioxide emissions play an important role in the optimization of hydrogen production by PPB.
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1. Introduction


Nowadays, human activities associated with food production, agriculture, domestic and industry generate considerable amounts of waste effluents rich in nutrients and organic compounds. Uncontrolled disposal of these wastes alters severely the biogeochemical cycles of the global ecosystems and can cause great damage to the environment. Public or private associations responsible for water sanitation invest lot of energy in wastewater treatment plants just for the destruction of organic matter and removal of nutrients, in order to avoid the contamination of water bodies. However, wastewater treatment processes can be upgraded into sustainable biorefineries for release and recover energy and nutrients within the concept of circular economy and the water-energy-food nexus [1,2].



The use of photosynthetic organisms for partitioning of resources from wastewater has received considerable attention worldwide, since is an environmental-friendly and a low energy alternative, compared to physical separation processes, such as membrane technologies [1,3]. Microalgae have been widely used for nutrients’ partitioning from the liquid into their solid phase from wastewater, however, they form macroscopic structures that hinders their settleability, which makes hard their harvesting [4]. This is, in fact, one of the major limitations for cost-effective wastewater treatment [5]. Alternatively, purple phototrophic bacteria (PPB) are able to simultaneous partition of organics, nitrogen and phosphorous and therefore have been proposed as a new partitioning approach for wastewater treatment [1,6]. PPB are fast growing organisms that can be easily isolated from sources such as soil, freshwater, marine, and sewage [7]. They grow via anoxygenic photosynthesis by converting low energy infrared light into chemical energy, in the form of adenosine triphosphate (ATP) [8]. PPB have an extremely versatile metabolic system, but the most interesting metabolic pathway involves photoheterotrophic growth using sugars or organic acids as electron donors and carbon source in presence of light, which also entails CO2 fixation or emissions depending on the overall redox state of the system [9,10].



PPB can harvest and accumulate electrons during the cyclic anoxygenic photosynthesis, in the form of reduced cofactors. Excess of reductants is handled through CO2 fixation via the Calvin cycle or by H2 release [11]. Hydrogen production is an ATP-driven process occurred under nitrogen-fixing conditions or by directly dissipating electrons via ferredoxin oxidation in the nitrogenase/hydrogenase enzyme complex at the end of the electron transport chain [12,13]. The theoretical stoichiometries for hydrogen production in the presence and absence of dinitrogen gas are presented in Equations (1) and (2), respectively [14].


   N 2  + 8  e −  + 8  H +  + 16 ATP → 2   NH  3  +  H 2  + 16 ADP + 16  P i   



(1)






  2  e −  + 2  H +  + 4 ATP →  H 2  + 4 ADP + 4  P i   



(2)







Highly reduced carbon sources relative to PPB biomass (e.g., butyrate), are expected to promote hydrogen production as compared to more-oxidized substrates (e.g., acetate and malate) [10]. However, it has been previously reported for both mixed and pure cultures of PPB, that H2 yields are not strictly co-related with the carbon oxidation state [15,16,17]. Other factors affecting the H2 yield from different organic substrates is the amount of organic carbon stored as polymers such as polyhydroxybutyrate (PHB), as well as the Calvin cycle flux competing for electrons [16]. Moreover, an important factor non correlated with carbon substrates, is the nitrogen source, since the presence of NH4-N represses nitrogenase synthesis of PPB and therefore H2 production [14].



Ammonium salts, reversibly inhibit the enzyme, which is able to recover its activity after the consumption of ammonium. It has been, also reported that inhibition may occur, by the formation of ammonium during the consumption of non-ammonium nitrogen sources, such as glutamate. Nevertheless, glutamate is considered an excellent substrate for hydrogen production, since it serves simultaneously as carbon and nitrogen source [18]. Finally, dinitrogen, which serves as the natural substrate of nitrogenase, inhibits the hydrogen production rate, since N2 fixation and biohydrogen production are two competing processes [19].



Biological hydrogen production generates a renewable environmental-friendly biofuel, that produces H2O upon combustion [20]. Oxygenic (algae, cyanobacteria) and anoxygenic (PPB) photosynthetic hydrogen production, also known as photo-fermentation, is considered the absolute renewable source, since it requires a supply of light energy and H2O or organic electrons donors [21], respectively. However, H2 production from the photo-fermentation of organic compounds may lead to the simultaneous production of CO2 [22], a key greenhouse gas that drives global climate change.



PPB have been widely assessed for industrial wastewater treatment or transformation of organic streams coming from biorefineries towards organics recovery and/or H2 production [9,17,20,23,24,25,26,27,28,29,30,31,32,33,34]. However, most of these studies use pure cultures [9,17,22,25,26,29,30,35,36] and do not deal with the factors involved in CO2 emissions. Controlling the driving factors for CO2 releasing, is key for reducing greenhouse gas emissions in photo-fermentation processes.



This study aims to evaluate the performance of mixed PPB cultures for biohydrogen production from wastewater, while minimizing CO2 emissions. Optimization basis relies on the use of different organic carbon sources and organic and inorganic nitrogen substrates, applying a wide range of COD to nitrogen ratio (100:3 to 100:44) to evaluate the production yield and the CO2 production. An electron balance method based on chemical oxygen demand (COD) was used to determine the partitioning of electrons into H2 and PPB growth.




2. Materials and Methods


2.1. Chemical Compounds


The chemical compounds that were used in this study were purchased from Sigma-Aldrich. Stock solutions (20 gCOD/L) of L-malic acid (C4H6O5), butyric acid (C4H8O2), propionic acid (C3H6O2), acetic acid (C2H4O2) and ethanol (C2H6O) were prepared separately in ultra-pure water and stored at 4 °C. Stock solutions (5 gN/L) of ammonium chloride (NH4Cl) and L-glutamic acid monosodium salt monohydrate (Na-glutamate, C5H8NNaO4·H2O) were prepared separately in ultra-pure water and stored at 4 °C. Finally, nitrogen gas (N2) was used as external gaseous nitrogen source. The pH in stock solutions was adjusted to 7.




2.2. Enrichment of Purple Phototrophic Bacteria (PPB)


The mixed culture of purple phototrophic bacteria (PPB) was enriched from wastewater taken from a pilot-scale WWTP at Rey Juan Carlos University (Mostoles, Madrid, Spain). Enrichment process was performed following the procedure outlined by Vasiliadou et al. [15]. Briefly, a 1 L suspended growth photo-bioreactor (PhBR) containing synthetic wastewater (SW) as growth medium was inoculated with 20% v/v of domestic wastewater. The SW was prepared with tap water containing 5 organic carbon sources (acetic acid, malic acid, propionic acid, butyric acid and ethanol) (total COD 1.2–1.6 gCOD/L), NH4Cl (0.06–0.13 gN/L) as well as 1 mL/L micro-nutrient and 100 mL/L of macro-nutrient solution, which were prepared according to Ormerod et al. [37]. Subsequently, the SW in the reactor was flushed with argon gas to remove dissolved oxygen in order to achieve anaerobic conditions.



The incubation was performed by illuminating the PhBR with LED lamps (850 nm) to provide near infra-red (NIR) light source (Figure 1). The surface of the PhBR was covered with UV-VIS absorbing foil (ND 1.2 299, Transformation Tubes, Banstead, UK), in order to absorb ca. 90% of the wavelength <750 nm. The average light intensity on the outside PhBR surface was 10 W/m2, which results in 512 W/m3 at a surface to volume (VL) ratio of 51.2 m2/m3. These conditions can be considered as non-limiting in irradiation needs [38]. Figure 2, presents a contour diagram, that was constructed using Matlab software, illustrating the IR light intensity measured on different heights around the surface of the PhBR. The measurements covered a surface area of 512 cm2 (PxH = 32 × 16 cm) (Figure 1). The whole acclimation period (around 40 days), PPB culture was kept at room temperature (25 ± 1 °C), while the pH was weekly adjusted to 6.8 ± 0.1. The PhBR was operated using 99% SW replacement with fresh medium on a weekly basis. The system was operated for six weeks. The total COD added in the PhBR during the 6 weeks of operation was in the range of 1.2–1.6 gCOD/L, with ammonium nitrogen concentration of ca. 0.06–0.13 gN/L. The enrichment of PPB was determined by detecting the presence of Bacteriochlorophylls (BChl) and carotenoids in liquor samples of the PhBR using VIS-IR spectra analyses.




2.3. Batch Assays of PPB


Batch experiments were conducted using serum bottles (160 mL) with a working volume of 100 mL, containing 99 mL of SW medium (as previously described) and 1% v/v inoculum of PPB enriched culture, that was grown in the PhBR. In the SW, different organic carbon and nitrogen sources were examined. All experiments were performed using ca. 2 gCOD/L of carbon source (malic-, butyric- and acetic- acid). On the other hand, nitrogen source concentrations were varying from 75 to 600 mgN/L (NH4Cl as inorganic N source and Na-glutamate as organic N source) or the corresponding to the liquid-gas equilibrium with dinitrogen gas filling the headspace of the serum bottles (60 mL of N2). Control experiments without PPB enriched culture were conducted under sterilized conditions for all the conditions tested in this study. The conditions under which each batch assay was performed are given in Table 1. As shown in Table 1, the carbon and nitrogen substrates were tested in different combinations, using a wide range of COD:N ratios (100:3.8–100:30), considering only the COD of organic substrate and the N of the nitrogen substrate. It should be noted that these COD:N ratios were initially calculated based on the theoretical concentrations of organic and nitrogen substrates added. Therefore, Table 1 presents also the actual COD:N for each experiment (R1–R14), as resulted from the experimental measurements, considering also the amount of COD came from the use of Na-glutamate. It should be noted, that during experiment R14, the nitrogen concentration per liquid volume added as N2 was 650 mgN/L. The N2 from the gas phase was gradually diluted into the liquid phase, while based on Henry’s Law the maximum concentration of dissolved N2 each time could not exceeded the 17 mgN/L.



The pH at the beginning of each experiment was adjusted to 6.8 ± 0.1. After the preparation of the bottles, their liquid mediums were flushed with argon for 10 min and closed with rubber stoppers with aluminum seals. Subsequently, the headspace of the bottles was flushed with argon for 2 min. The bottles where nitrogen gas was used, were flushed with N2 gas. The bottles were shaken at 120 rpm and 25 ± 1 °C (Orbital shaker, optic ivymen system) and illuminated using LED lamps from the left and right-top of the shaker, providing an average uniform IR intensity of 20 W/m2. The duration of each experimental run was 7 days.



Chemical oxygen demand (COD), total Kjeldahl Nitrogen (TKN), ammonium nitrogen and PPB and organic acids’ concentrations, were determined at the beginning and at the end of each experimental run. Moreover, throughout each experiment 2 mL of liquid samples (which were replaced with sterile degassed water) were taken from the liquid phase at different time intervals, to evaluate organic acids’ assimilation and PPB growth. Gas samples were taken from the serum bottles and were analyzed periodically to evaluate hydrogen production and CO2 evolution. Biological and control experiments were conducted in duplicate. Runs R4-R8 were conducted initial once, in order to check the potential of H2 production under these conditions. The experiments were not repeated twice for time-saving reasons, since the first screening showed no encouraging results.




2.4. Analytical Methods


All liquid samples were analyzed after filtering with a 0.45 μm nylon filter (Chrodisc filter/syringe, CHMLab, Barcelona, Spain). Total chemical oxygen demand (COD), total Kjeldahl Nitrogen (TKN), biomass absorbance at 660 nm (optical density) and VIS/NIR spectra were determined using unfiltered samples. Total and soluble COD were determined using a dichromate-reflux colorimetric method [39]. The TKN of filtered and unfiltered samples were determined by the standard Kjeldahl procedure (Gerhardt TNK, Vapodest 450, Königswinter, Germany). The NH4-N was analyzed using Spectroquant Ammonium Test (Merck, Darmstadt, Germany). The VSS concentration (gVSS/L) was measured according to standard methods [39]. The optical density of PPB biomass at 660 nm was measured using UV-VIS spectrophotometer (V-630, Jasco, Madrid, Spain). The concentration of PPB was calibrated using a standard curve of optical density against volatile suspended solids (gVSS/L). The detection of BChl and carotenoids of PPB was performed by VIS-NIR spectra (400–950 nm) (V-630, Jasco, Madrid, Spain). The pH was measured using a pH meter (Crison GLP22, Hach Lange, Loveland, CO, USA). Illuminance was measured with a VIS-NIR spectroradiometer (STN-Bluewave-V, MTB, Madrid, Spain). The concentrations of volatile fatty acids (VFAs, malic, acetic and butyric acids) were analyzed using high performance liquid chromatography (HPLC) (Varian 356-LC, Agilent Technologies, Santa Clara, CA, USA), using refractive index (RI) detector and MetaCarb 67H 300 × 6.5 mm column (Agilent Technologies, Santa Clara, CA, USA). The volume of the gas accumulated in the headspace of the bottles was determined using a Boyle-Mariotte Apparatus (3B Scientific S.L., Hamburg, Germany). The gas composition was analyzed using a 7820A GC system equipped with a 3Ft 1/8 2 mm Poropak Q 80/100 SS column, a 6Ft 1/8 2 mm Poropak Q 80/100 SS column and a 6Ft 1/8 2 mm MolSieve 5A 60/80 SS column, a fitting external Luer lock and a thermal conductivity detector (TCD) (Agilent Technologies, Santa Clara, CA, USA).




2.5. Statistical Analysis


Experimental data of experiments were used to calculate average values (Equation (3)) and standard deviations (Equation (4)).


    Y ¯   =    ∑  i = 1  n   Y i   n   



(3)






  SD =      ∑  i = 1  n     (   Y i  −   Y ¯    )   2    n − 1      



(4)




where    Y ¯    is the average of the measured values, SD is the standard deviation,    Y i    are the experimental values and n is the total number of data.



Confidence Interval on the mean was computed as follows (Equation (5)):


  CI =   Y ¯   ±  Z  95   ·   SD    n     



(5)




where Z95 is the number of standard deviations extending from the mean of a normal distribution required to contain 0.95 of the area. With a normal distribution, 95% of the distribution is within 1.96 standard deviations of the mean.





3. Results and Discussion


3.1. PPB Culture Enrichment


Figure 3a presents the biomass growth, the soluble COD degradation and the initial ammonium concentration during a 6-weeks enrichment period of the mixed PPB culture. Each operating cycle of the PhBR lasted 7 days (see Section 2.2). After a 2-weeks period, a stable behavior of the system during the next 4 cycles in terms of biomass production rate (0.12 ± 0.01 gVSS/Ld) and biomass yield (0.64 ± 0.08 gVSS/gCOD) in each cycle, was observed. COD consumption rate throughout this steady state was 0.18 ± 0.02 gCOD/Ld. PPB biomass enrichment was evidenced through the accumulation of BChl and carotenoids in the mixed culture. Figure 3b shows the absorption spectra that represent PPB growth at different time intervals, i.e., at the end of 2nd, 3rd and 5th cycle. The peaks with maximum absorbance at 590, 805, and 865 nm represents the absorption maxima for BChla. It was observed that during the 2nd cycle PPB enrichment was sufficient with a high proportion of BChla as evidenced by the sharp increase of the Abs805,865/Abs660 ratio as compared to the 1st cycle (1.0 to 1.6) [40]. It is well known, that PPB under anaerobic conditions and NIR irradiation express their photosynthetic system via bacteriochlorophyll [41] which associated with carotenoid pigments to a light-harvesting complex [8]. The absorption spectrum of carotenoids appeared in the spectral range between 400 and 550 nm [42]. PPB produce a subclass of the molecules commonly referred to as open-chain carotenoids pigments that protect the cells from photooxidative damage [10].



Regarding community composition, it has been previously stated that an Abs805/Abs660 ratio higher than 1.0 indicates a very high dominance of PPB in the bacterial community, with PPB presence (based on Illumina MiSeq analysis on the 16S RNA gene) higher than 50% [40]. In addition, BChla is indicative of species from genera like Rhodobacter sp., Rhodopseudomonas sp. and Rhodospirillum sp., which were found as dominants in domestic wastewater enrichments cultivated under anaerobic photo-heterotrophic environments [3,6]. These genera commonly have a very high efficiency of carbon usage, with biomass yield values close to 1.0 (COD basis), which are very similar to the values reported in this study. These evidences lead to the assumption, that the enriched culture of the present study, was strongly dominated by PPB.




3.2. Effect of Nitrogen Sources on H2 and CO2 Production


In this study, the effect of nitrogen source on the H2 production process by a mixed PPB culture, was investigated using malic, as organic carbon source and ammonium chloride, Na-glutamate and N2 gas, as nitrogen sources. Table 2 summarizes the cell growth rate, the substrate degradation rate, the H2 production rate, the H2 yield and the CO2 production. Figure 4 shows the time profiles using malic acid and NH4Cl as carbon and nitrogen sources, respectively. Figure 4a,c and d represents the malic acid degradation and PPB growth using 75, 150 and 300 mgNH4-N/L (runs R1 – R3) and ca. 1.1 gC/L (ca. 2.2 gCOD/L) of two experimental trials (1 and 2), while Figure 4b shows the H2 and CO2 production by PPB using 75 mgNH4-N/L (run R1). As shown in Table 2, higher H2 production (381.6 mLH2/L) was achieved at the NH4-N concentration of 75 mgNH4-N/L (5.4 mM ammonium, R1), compared to the concentrations of 150–600 mgNH4-N/L (10.7–42.9 mM ammonium, R2 – R4), where little or no H2 generation was detected. It has been previously reported that ammonium concentrations higher than 20 μM strongly inhibit the activity of nitrogenase in axenic cultures of R. sphaeroides [10]. In addition, Kim et al. [43] reported that H2 production by R. sphaeroides was inhibited at ammonium concentrations higher than 2 mM. The results obtained suggest that the mixed PPB culture used in this study, had tolerance to the ammonium concentrations as high as 5 mM. Interestingly, Tichi and Tabita [44] reported that some PPB species, such as Rhodobacter capsulatus, in the absence of a functional Calvin cycle or any other exogenous electron acceptor, are able to develop alternative electron acceptor pathways to preserve their intracellular redox state. In the presence of high ammonium levels, R. capsulatus can derepress the synthesis of the dinitrogenase enzyme complex, allowing the dissipation of excess reducing equivalents towards H2 production.



It should be noted, that during H2 production using 75 mgNH4-N/L (5.4 mM ammonium, R1), significant CO2 production was observed (51.2 mLCO2/L, Figure 4b, Table 2). The oxidation of malic acid, which is more oxidized than PPB biomass, results in CO2 production via TCA cycle [11]. A mass balance over liquid and gas phases on CO2 concentration, using Henry’s law and experimental pH values, provided that the produced CO2 was similar to the theoretically expected production based on the stoichiometry of malic acid, with a ratio of H2:CO2 of 1:1 compared to the theoretical ratio of 3:2.



Subsequently, experiments were conducted using malic acid as carbon source (ca. 26 mM or 1.2 gC/L, and ca. 2.4 gCOD/L) and Na-glutamate as nitrogen source. The nitrogen concentrations used were 75–300 mgN/L. In the cases of runs R9–R11, COD:N ratios were significantly different from the COD-substrate to N ratios, due to the carbon content of Na-glutamate (Table 2). Figure 5 shows the time profiles using Na-glutamate and malic acid as nitrogen and carbon source, respectively. Figure 5a–c illustrates the malic acid degradation and PPB growth using 75, 150 and 300 mgN/L (runs R9 – R11) of two experimental trials (1 and 2), while Figure 5d shows the H2 and CO2 production by PPB using 300 mgN/L (run R11). Increasing initial glutamate concentrations caused a rise in the H2 production values (Figure 6, Table 2). The highest H2 production in these experiments was observed for a concentration of 300 mgN/L of glutamate (R11: 370 mLH2/L) (Figure 6, Table 2). It should be noted, that no ammonium accumulation was observed during the experimental runs with Na-glutamate. This is in contrast with other research studies conducted with R. sphaeroides strain, reporting that H2 evolution was significantly suppressed by ammonium ions, which were accumulated proportionally to the concentration of glutamate added [43].



The H2 production rate and yield obtained for 300 mgN/L of Na-glutamate (R11), were comparable to those achieved by 75 mgNH4-N/L (R1) (Table 2). However, the CO2 gas emission in run R11 was decreased by 74% as compared to run R1b, resulting to the production of 13.4 mLCO2/L. In addition, results showed an inverse relationship between glutamate addition and CO2 gas production (Figure 6). The H2:CO2 ratios achieved were 1.2:1.5, 1.1:1.7 and 1:0.8 for 75, 150 and 300 mgN/L (R9 – R11), respectively. Interestingly, the CO2 gas production using Na-glutamate, was negatively correlated with the PPB growth rate achieved during R9–R11, as resulted from linear regression (y = −15.4x + 118.0, R² = 0.9122) of PPB growth rate vs CO2 (mLCO2/L). This confirms that CO2 fixation process is crucial for photoheterotrophic growth [45]. Actually, Wang et al. [45] showed that in the absence of ribulose-1,5-bisphosphatecarboxylase/oxygenase, which is the responsible enzyme for CO2 fixation, the mutant R. sphaeroides was not able to grow neither photoautotrophically nor photoheterotrophically using malate as the carbon substrate. PPB growth on oxidized organic substrates, such as malic acid, produces CO2 due to the substrates’ oxidation, which then is be re-fixed into cell material using the Calvin cycle [11]. The electrons needed for this come from the transformation of glutamate during its metabolism, as has been previously reported [15]. Thereby, it can be concluded that an organic N source (N-glutamate) considerable decreases the CO2 emissions as compared to an inorganic source (ammonium) in photo-fermentation processes focused on hydrogen production.



Finally, when N2 gas used as nitrogen source (R14), negligible H2 production was observed (Table 2). Moreover, cell growth rate (3.3 ± 2.1 mgVSS/Lh) and substrate consumption rate were significantly lower for the N2-purged reactors than in any other condition using malic acid (R1-R4 and R9–R11) (Table 2). This could be attributed to the N2 passing from the gas to the liquid phase, which could be characterized as the rate-limiting step of the process. In addition, N2 fixation competes with hydrogen production for the reduced cofactors generated during oxidation of organic substrates into biomass. Hydrogen production under nitrogen fixation conditions is an inefficient process as 75% of electrons go to ammonia generation purposes. However, in the absence of N2, nitrogenase exclusively reduces protons towards maximal H2 production [14]. These findings are in accordance with other studies, reporting that the amount of H2 produced from propionate and butyrate, decreased under N2 gas phase growth of R. sphaeroides [19].




3.3. Effect of Carbon Sources on H2 and CO2 Production


In order to compare the effect of carbon source used, experimental runs (R5–R8, Table 2), were conducted using similar concentrations of NH4-N (75–600 mgNH4-N/L, 5.4–42.9 mM ammonium), but acetic acid as carbon source rather than malic acid. Results showed no H2 or CO2 production at any ammonium concentration used; however, PPB growth rates were comparable to those achieve by malic acid (Table 2). In addition, lower organic substrate assimilation rates were observed when acetic acid was used as carbon source. Acetic acid uptake also caused a rise in pH values more than 9. This pH increase has been related to the metabolic pathway of poly-b-hydroxybutyrate (PHB) formation rather than H2 production [20]. Accumulation of PHB can affect the acid-base equilibrium and rise the pH value in the cultivation medium. Therefore, it may be assumed that the excess of electrons was accumulated as PHB instead of released as H2. The PHB accumulation of PHA as an electron sink using acetate as carbon source has been previously demonstrated in R. sphaeroides cultures [21,22].



Furthermore, a set of experiments was carried out with Na-glutamate as N source but including two additional carbon sources, acetic acid and butyric acid, instead of malic acid. The concentrations used were 300 mgN/L as Na-glutamate and 9.5 mM (ca. 0.5 gC/L) of butyric acid (R12) and 25 mM (ca. 0.60 gC/L) of acetic acid (R13), respectively. Figure 7a,b represents the organic substrates’ degradation and PPB growth of two experimental trials (1 and 2), while Figure 7c,d shows the H2 and CO2 production by PPB. Table 2 summarizes the photo-H2 production, H2 yield, cell growth rate and CO2 emissions of the mixed PPB culture using the two carbon sources and glutamate as nitrogen source. The total amount of H2 produced after one week of cultivation was 145.2 ± 31.6 and 94.6 ± 7.5 mLH2/L for the butyric (R12) and acetic (R13) experiments, respectively, which were anyway much lower than the achieved in the malic experiment (R11, 370.0 ± 27.4 mLH2/L, Table 2). These findings are related to the different entrance of the substrates in the central metabolism of PPB, since malate enters directly into the TCA cycle, and therefore reductants go to succinate/fumarate that can drive direct energy production [10]. Accordingly, the H2 production rate achieved was 2.3 ± 0.2 mLH2/Lh, 0.86 ± 0.19 mLH2/Lh and 0.56 ± 0.04 mLH2/Lh for malic, butyric and acetic acids, respectively (Table 2).



Apart from the H2 production rate achieved, another criterion to evaluate the hydrogen production performance of an organic substrate is the substrate conversion efficiency. This means the amount of the substrate that has been utilized for hydrogen production instead of cell growth. The conversion efficiency can be evaluated by Equation (6).


  %   C o n v e r s i o n   e f f i c i e n c y = 100 ·   A c t u a l    H 2    m o l e s   p r o d u c e d     T h e o r e t i c a l    H 2    m o l e s    



(6)







The theoretical amount of hydrogen was evaluated assuming that all the acid’s substrate was converted to H2 and CO2 [46]. Results showed that the conversion efficiency achieved by the mixed PPB culture was in the order of butyric (9.3%) > malic (6.5%) > acetic acid (4.4%). However, the conversion efficiencies observed in this study, were lower than those reported for pure PPB cultures [10]. Specifically, other studies, working with PPB species, such as R. sphaeroides or R. capsulatus, observed a 22–56% substrate conversion efficiency with malate as carbon source [47,48,49]. Moreover, researchers working with butyrate or acetate as carbon sources, reported substrates conversions in the range of 40–75% by R. monas or R. sphaeroides [50,51].



The conversion efficiency of each substrate, was also verified by evaluating the electron partitioning during growth and H2 production process, following the procedure outlined by Yilmaz et al. [16]. Therefore, the concentrations of carbon and nitrogen substrates were converted into COD to quantify electron availability and partitioning in different electron sinks. The reducing power was equal to the sum of COD in the carbon source and in glutamate, that were consumed at the end of each experiment. The PPB growth was converted into COD, considering that 1 mg PPB expressed as VSS equals to 1.78 mg COD [13]. The theoretical value of COD for H2 production was calculated as 16 mgCOD / mmol of H2. The fate of substrate electrons in PPB cultures cultivated with different carbon sources are shown in Figure 8. All the COD values have been normalized dividing by the total COD consumed during each test (R11, R12, R13). The data indicated that, in malate-fed culture, the fraction of substrate electrons converted to cell synthesis was 64% (fcells), while the fraction of substrate electron used for H2 formation was 5.8% (fH2). In addition, when butyric and acetic acids were used as carbon sources, 50% and 48% of electrons were partitioned into the cell growth and 6.1% and 2.1% of electrons were partitioned into H2 production, respectively. This is in accordance with the higher yield (YH2) observed for butyric (0.4 LH2/g acid) as compare to acetic acid (0.16 LH2/g acid) (Table 2). Notably, it has been reported that the fraction of substrate electrons used for the cell growth of Rhodobacter sphaeroides was higher using butyrate or acetate (85%) than malate (48%) as organic substrate [43]. It was observed, that based on the theoretical calculation fother = 100 − fH2 − fcells, more than 30% of the reducing power in all cases, tends to be partitioned into other electron sinks. If the energy used for cell maintenance has a minor portion, fother could be correlated with soluble microbial products (SMPs), which are accumulated to the culture media due to cell lysis or are excreted for metabolic purposes [43]. The SMPs accumulated in this study in each case (Figure 8, R11, R12 and R13), were calculated by subtracting the COD of the remaining carbon and nitrogen sources from the measured soluble COD in the media [16]. It was observed, that the calculated SMPs (26% for malic, 54% for butyric and 55% for acetic) were similar to the theoretical calculated fraction fother (30% for malic, 45% for butyric and 50% for acetic). These results are in agreement with the findings reported by Yilmaz et al. [16], who observed that SMP was a major electron sink (>30% of the substrate electrons especially in resting cells), taking a big fraction of reducing power away from H2 production, in R. sphaeroides cultures. SMP formation during photoheterotrophic growth, may be associated with the formation of metabolic byproducts, such as formate, as well as high-molecular weight extracellular polymeric substances (EPS).



An important electron sink, that is correlated with fcells, is the CO2 fixation, as an electron accepting process. It is well known, that under butyrate-fed conditions, the role of CO2 fixation during PPB growth is to accept electrons, generated during the conversion of the reduced carbon source to PPB biomass, in order to maintain the redox balance [11]. As a result, negligible CO2 emission was occurred during the R12 experiment (Table 2). Negligible CO2 was observed in the case of acetic acid (Table 2), which is slightly more oxidized than the PPB biomass. McKinlay and Harwood [11] demonstrate that CO2 fixation is required for R. palustris photoheterotrophic growth on acetate, as about two times more reduced redox cofactors are produced than is required for biosynthesis during acetate uptake. Therefore, CO2 fixation is an obligatory electron-accepting process for the recycle of the excess of reduced cofactors.



In summary, the PPB mixed culture was able to produce significant amount of H2 using malic acid as carbon source, while the use of glutamate decreases CO2 emissions. The negative correlation between glutamate’s concentration and CO2 gas production, suggests that wastewater with high organic nitrogen content may be a preferable feedstock to produce H2 using PPB mixed cultures. It has been reported, that wastewaters produced from industrial processes, have less microbial (e.g., pathogens), metal, and organic contaminants content than domestic wastewater [33]. Therefore, animal processing wastewaters (e.g., poultry processing wastewater), with high concentration of nutrients and organic carbon, are potential good candidates to drive H2 production by PPB with low C footprint.





4. Conclusions


In this study, a mixed PPB culture was used to assess the effects of organic carbon and nitrogen substrates’ on H2 production as well as on CO2 emissions by the PPB culture. Results suggested that malic acid was more favorable organic source than butyric and acetic acids for H2 formation, achieving higher production rate. Moreover, NH4-N and Na-glutamate were found to produce comparable amounts of H2 when they used in combination with malic acid, in COD:N ratios of 100:3 and 100:5.5, respectively. However, the use of high glutamate’s concentration favors CO2 mitigation emissions. The experimental findings presented herein are useful to better plan wastewater treatment strategies by PPB mixed cultures for H2 production with low CO2 emissions.
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Figure 1. Photo-bioreactor’s set-up. 
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Figure 2. Infrared (IR) light intensity (W/m2) on the PhBR surface. 
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Figure 3. (a) COD assimilation, biomass growth and NH4-N concentration added throughout the weekly operation photo-bioreactor and (b) Absorbance spectra (440–1000 nm) of PPB in culture medium for three cycles. 
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Figure 4. (a) Malic acid uptake and PPB growth for R1, (b) gases production for R1, (c) malic acid uptake and PPB growth for R2 and (d) malic acid uptake and PPB growth for R3. 
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Figure 5. Malic acid assimilation, PPB growth in media supplemented with malic acid and Na-glutamate for (a) R9, (b) R10 and (c) R11 and (d) gases production for R11. 
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Figure 6. H2 and CO2 production under different conditions tested. Error bars present the corresponding CI (95%) for each combination of sources tested. 
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Figure 7. Acids’ assimilation, PPB growth and gases’ production in media supplemented with (a,c) butyric acid and Na-glutamate for R12 and (b,d) acetic acid and Na-glutamate for R13. 
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Figure 8. Electron partitioning during PPB growth using different organic substrates. Error bars present the represent the standard deviation of data. 
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Table 1. Experimental condition of batch assays of purple phototrophic bacteria (PPB) using different carbon and nitrogen sources.
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RUN Number

	
Carbon

Source

	
Nitrogen

Source

	
Nitrogen

(mgN/L)

	
COD-Substrate to N Ratio a

COD:N

	
Measured COD to N Ratio b

COD:N






	
R1

	
Malic acid

	
NH4Cl

	
75

	
100:3.8

	
100:3




	
R2

	
150

	
100:7.5

	
100:6.8




	
R3

	
300

	
100:15

	
100:12.1




	
R4

	
600

	
100:30

	
100:33.8




	
R5

	
Acetic acid

	
NH4Cl

	
75

	
100:3.8

	
100:2.9




	
R6

	
150

	
100:7.5

	
100:8.6




	
R7

	
300

	
100:15

	
100:15.6




	
R8

	
600

	
100:30

	
100:44




	
R9

	
Malic acid

	
Na-glutamate

	
75

	
100:3.8

	
100:2.3




	
R10

	
150

	
100:7.5

	
100:4.6




	
R11

	
300

	
100:15

	
100:5.5




	
R12

	
Butyric acid

	
Na-glutamate

	
300

	
100:15

	
100:6.9




	
R13

	
Acetic acid

	
Na-glutamate

	
300

	
100:15

	
100:6.7




	
R14

	
Malic acid

	
Ν2 gas

	
650 c

	
100:33

	
100:36








a COD-substrate to N ratio, considering only the COD of organic substrate and the N of the nitrogen substrate; b Measured COD to N ratio, considering also the COD content of glutamate; c Nitrogen concentration per liquid volume added as N2.
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Table 2. H2 and CO2 production by PPB under different nitrogen and carbon sources.
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RUN Number

	
Carbon

Source

	
Nitrogen

Source

	
Nitrogen

(mgN/L)

	
COD-Substrate to N Ratio a

COD:N

	
Measured COD to N Ratio b

COD:N

	
RPPB c

(mgVSS/Lh)

	
Racid d

(mM acid/h)

	
H2 e

(mLH2/L)

	
H2_rate f

(mLH2/Lh)

	
YH2 g

(LH2/g_Acid)

	
CO2 h

(mLCO2/L)






	
R1

	
Malic acid

	
NH4Cl

	
75

	
100:3.8

	
100:3

	
3.7 ± 0.8

	
0.32 ± 0.11

	
381.6 ± 13.2

	
2.5 ± 0.8

	
0.11 ± 0.01

	
51.2 ± 1.6




	
R2

	
150

	
100:7.5

	
100:6.8

	
3.7 ± 1.7

	
0.28 ± 0.10

	
1.4 ± 2.1

	
0 ± 0

	
0 ± 0

	
5.6 ± 3.0




	
R3

	
300

	
100:15

	
100:12.1

	
4.2 ± 2.3

	
0.26 ± 0.11

	
1.8 ± 2.9

	
0 ± 0

	
0 ± 0

	
11.0 ± 1.7




	
R4

	
600

	
100:30

	
100:33.8

	
1.69

	
0.31

	
0

	
0

	
0

	
15.1




	
R5

	
Acetic acid

	
NH4Cl

	
75

	
100:3.8

	
100:2.9

	
3.62

	
0.11

	
0

	
0.01

	
0.002

	
0




	
R6

	
150

	
100:7.5

	
100:8.6

	
2.93

	
0.07

	
2.4

	
0.02

	
0.004

	
0




	
R7

	
300

	
100:15

	
100:15.6

	
3.95

	
0.12

	
2.9

	
0.02

	
0.002

	
0




	
R8

	
600

	
100:30

	
100:44

	
4.30

	
0.09

	
2.8

	
0

	
0

	
0.2




	
R9

	
Malic acid

	
Na-glutamate

	
75

	
100:3.8

	
100:2.3

	
3.8 ± 0.5

	
0.31 ± 0.08

	
264.3 ± 96.4

	
1.7 ± 0.8

	
0.08 ± 0.03

	
66.4 ± 6.1




	
R10

	
150

	
100:7.5

	
100:4.6

	
4.6 ± 2.9

	
0.23 ± 0.12

	
305.9 ± 64.2

	
2.1 ± 0.9

	
0.12 ± 0.05

	
38.2 ± 21.4




	
R11

	
300

	
100:15

	
100:5.5

	
6.9 ± 2.4

	
0.30 ± 0.05

	
370.0 ± 27.4

	
2.3 ± 0.2

	
0.11 ± 0.01

	
13.4 ± 13.6




	
R12

	
Butyric acid

	
Na-glutamate

	
300

	
100:15

	
100:6.9

	
2.7 ± 0.9

	
0.04 ± 0.03

	
145.2 ± 31.6

	
0.86 ± 0.19

	
0.40 ± 0.28

	
1.1 ± 1.3




	
R13

	
Acetic acid

	
Na-glutamate

	
300

	
100:15

	
100:6.7

	
3.3 ± 0.9

	
0.10 ± 0.08

	
94.6 ± 7.5

	
0.56 ± 0.04

	
0.16 ± 0.15

	
0.10 ± 0.12




	
R14

	
Malic acid

	
Ν2 gas

	
650

	
100:33

	
100:36

	
3.3 ± 2.1

	
0.01 ± 0

	
1.7 ± 0

	
0 ± 0

	
0 ± 0

	
1.6 ± 1.9








a COD-substrate to N ratio, considering only the COD of organic substrate and the N of the nitrogen substrate; b Measured COD to N ratio, considering also the COD content of glutamate; c PPB growth rate; d organic substrate assimilation rate; e H2 production; f H2 production rate; g H2 yield, h CO2 production.
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