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Abstract

:

Four inocula collected from different operating facilities were tested in their hydrogenic performances by means of two biochemical hydrogen potential test set-ups using sucrose and food waste as substrates, with the aim of evaluating the influence of inoculum media in batch fermentative assays. The selected inocula were: activated sludge collected from the aerobic unit of a municipal wastewater treatment plant, digested sludge from an anaerobic reactor treating organic waste and cattle manure, digested sludge from an anaerobic reactor treating agroindustrial residues, and digested sludge from an anaerobic reactor of a municipal wastewater treatment plant. Test results, in terms of specific hydrogen production, hydrogen conversion efficiency, and volatile solids removal efficiency, were significantly dependent on the type of inoculum. Statistical analysis showed different results, indicating that findings were due to the different inocula used in the tests. In particular, assays performed with activated sludge showed the highest performances for both substrates and both experimental set-ups.
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1. Introduction


The worldwide exploitation of fossil fuels and raw materials is driving Earth towards energy emergency, environmental pressure, and climate change [1]. In recent years, society has begun to recognize the necessity of a sustainable future built on alternative sources of energy and materials. The European Union action plan for a circular economy [2] is the basis for developing a sustainable, low carbon, resource efficient, and competitive economy. In a circular economy, products at the end of their life are turned into resources for new purposes [3]. In this context, the European environmental policy is twofold: reduction of landfill disposal due to impacts and risks (e.g., odour and greenhouse gas emissions, groundwater contamination by leachate, etc.) [4,5], and valorisation of residues. In the matter of organic waste, the biorefinery concept fits well with this latter perspective. A biorefinery is a facility where biomass is converted into bioenergy, biofuels, biofertilizers, biochemicals, biopolymers, or bioproducts for further industrial or commercial applications [6]. Due to the production of energy and bioproducts (digestate), anaerobic digestion (AD) is considered one of the first examples of biorefinery [7].



With the aim of improving the anaerobic biorefinery, the scientific community has recently increased its interest in the study of biological hydrogen production by dark fermentation (DF). Hydrogen is considered to be the fuel of the future, owing to its high energy content and environmentally friendly production [8]. This technology considers separation of the traditional AD into a two-stage process, equipped with a fermentative reactor and a methanogenic reactor. While the first stage produces H2 and CO2 as gaseous products and releases volatile fatty acids (VFAs) into the liquid solution, the second one converts VFAs and the residual organic biodegradable matter into CH4 and CO2 [9]. The multiple advantages of this technology include an increase in energy efficiency due to the high calorific value per unit of weight of H2, and the enhancement of biogas yield in the second stage [10].



In continuous pilot scale applications, process parameters are set in order to establish a stable microflora of hydrogen producing bacteria (HPB) and to avoid the formation of hydrogen consuming bacteria (HCB). The pH is maintained at acidic conditions, generally in the range of 4.5–6 [10,11]. Hydraulic retention time is shortened to a few days, generally in the range of 1–3 d [10], with the aim of enabling a rapid washout of methanogenic biomass [12]. In spite of their potential and adequacy, continuous tests entail long duration, high reactor costs, and a significant amount of substrate.



In order to have a rapid, low-cost, and worthwhile response of the specific hydrogen production (SHP) of a substrate, biochemical hydrogen potential (BHP) tests are widely used in the literature [6,11,13,14,15,16,17,18,19,20,21].



BHP tests take place in batch reactors, where a certain amount of substrate is incubated with an inoculum under anaerobic fermentative conditions. Due to their simpler and shorter procedures in comparison with more complex and high priced continuous reactor experiments, batch tests are mostly preferred when time and costs are a constraint. BHP assays evaluate the specific amount of hydrogen that can be potentially produced when a certain substrate or waste is biodegraded under fermentative conditions. In particular, BHP tests play a fundamental role as preliminary experimental tests for assessing the feasibility of DF treatment of such wastes. Despite their wide use, batch fermentative tests do not follow a specific guideline like other anaerobic biodegradability tests do (e.g., biochemical methane potential tests, BMP [22]), and previous research has presented remarkable differences in their set-ups. Assays are assessed using a broad pH range (4.5–9.0 [15,21]), with the optimum found at 5.5 [11,13,14]. In this matter, the most adopted methods of controlling pH during batch trials are the use of an initial buffer solution [6,13,14,15] or the automatic addition of an alkaline solution [19,20,21]. Temperature is set at mesophilic (35–39 °C) or thermophilic conditions (50–55 °C), according to the original conditions of the seed microorganisms. Concerning the microorganism medium, unlike pilot scale reactors that can operate on process parameters to select the optimum microbial culture, batch assays depend directly on the inoculum chosen for the test. Several studies use pure hydrogen producing cultures such as Clostridium sp. to avoid the presence of HCB [23,24,25,26,27,28,29]. Nevertheless, since in full scale digesters bacteria coexist in a wide range of species, and the fermentation of substrates into biohydrogen involves a wide consortium of microorganisms [30], the use of mixed cultures belonging to operative facilities is preferred by most authors [6,11,13,14,15,16,17,18,19,20,21,31,32,33]. Moreover, using mixed-microorganism media is more functional and economically advantageous than using unique microbial populations. In this context, BHP tests reported in literature are currently being performed with different types of mixed cultures. Several works use anaerobic sludge from anaerobic digesters [6,11,13,14,15,16,17,18] while others use activated sludge [19,20,21].



In this study, biological hydrogen production was evaluated using four types of inoculum collected from different operating facilities. The main purpose of this paper is to derive indications of which type of inoculum to use for setting up future batch fermentative tests. To the authors’ knowledge, this is the first time that different seeding sludges have been compared in terms of fermentative performances. Tests were carried out using two substrates: sucrose was selected as an easy biodegradable substrate, while food waste (FW) was adopted as a more complex feed. Moreover, two different BHP set-ups were performed, with the aim of evaluating the effect of the type of inoculum under the different experimental configurations that can be found in the literature. Therefore, batch tests were carried out both with and without automatic pH control.




2. Materials and Methods


2.1. Inocula


Different types of inocula used in literature to perform BHP tests were selected. The four media consisted of:

	
IN1: activated sludge collected from the aerobic unit of a municipal wastewater treatment plant;



	
IN2: digested sludge collected from an anaerobic reactor treating the organic fraction of municipal solid waste (OFMSW) and cattle manure;



	
IN3: digested sludge collected from an anaerobic reactor treating agroindustrial residues;



	
IN4: digested sludge collected from an anaerobic reactor of a municipal wastewater treatment plant.








Inocula were heat treated at 80 °C for 30 min prior to fermentation tests, with the aim of selecting only HPB while inhibiting hydrogenotrophic methanogens [14]. The treatment was performed in 250 mL beakers placed in a static oven (UM200, Memmert GmbH, Germany). The temperature of the medium was continuously measured with a digital tip thermometer (T1, Testo S.p.A., Italy). Treatment time started when the temperature of the medium reached 80 °C. After 30 min, the inocula were removed from the oven and cooled down to ambient air temperature. Tests were carried out when the inoculum temperature reached mesophilic conditions.




2.2. Substrates


FW was used as the substrate as it has been proven to be a highly desirable feedstock for anaerobic fermentation, due to its high biodegradability, availability, and well balanced carbon and nutrient contents [11,18,34]. FW was manually sorted from OFMSW collected in a Tuscan municipality (Italy) by means of a kerbside collection system. In order to obtain a slurry with a total solid content suitable for wet fermentation, the sample was treated in a food processor, sifted with a strainer (3 mm diameter), and mixed with tap water [35].



Carbohydrate rich substrates, such as pure starch mixtures, glucose, xylose, or sucrose are used in dark fermentation studies [8]. In this research, sucrose (S0389 SIGMA, Merck KGaA, Germany) was used as an easy biodegradable feed [33,36,37].




2.3. Biochemical Hydrogen Potential (BHP) Tests


BHP tests were performed with two different methods. In particular, assays were performed with and without automatic pH control. Both tests were carried out at pH 5.5 and mesophilic conditions (37 °C). Previous studies found 5.5 to be the optimum pH for hydrogen production [11,13,14]. The temperature was set according to the main original temperature of the seed microorganisms.



2.3.1. Biochemical Hydrogen Potential (BHP) Tests without Automatic pH Control (BHP1)


Tests, hereinafter referred to as BHP1, were based upon the methodology reported by previous studies [6,13,14,15] that involves the use of an initial buffer solution to control pH during the test. Assays were carried out in triplicate using 1L stainless steel bottles [38]. The reactors were placed on a hot plate magnetic stirrer and incubated in a water bath at 37 °C for 48 h. The ratio between volatile solids of substrate and volatile solids of inoculum (food/microorganism, F/M) was 0.5 gTVS/gTVS [14]. This concentration is adopted for BHP tests using a buffer solution to control pH, and it is a compromise of the needs to use a large sample to get a high easy-to-measure gas production, and to avoid inhibition from pH drop and to ensure the buffer effect. The working volume of the reactor was roughly 0.5 L, comprising substrate, inoculum, MES (2-N-morpholino-ethanesulfonic acid, VWR, Italy) buffer solution, and HCl 2.5M to set the initial pH at 5.5. Before the start of the experiment, the reactors were flushed with nitrogen for a few minutes to guarantee anaerobic conditions.



Biogas generation was regularly appraised by measuring the pressure in the headspace of each bottle by means of a membrane pressure gauge (HD2304.0, Delta Ohm S.r.L., Italy). Pressure data were then converted to volume using the ideal gas law [35]. The hydrogen content of the gas was measured by gas chromatography (3000 Micro GC, INFICON, Switzerland) using a thermal conductivity detector. Hydrogen passed through a Molsieve column (30 μm/320 μm/ 10 m) using argon as gas carrier at a temperature of 50 °C. Carbon dioxide passed through a PLOTQ column (10 μm/320 μm/ 8 m) using helium as gas carrier at temperature of 55 °C. The SHP was finally obtained as the cumulative volume of hydrogen produced during the test, divided by the volatile content of the substrate initially added to each reactor.



A sample of material was collected before and after the test and its TVS content was analysed, with the aim of calculating the volatile solids removal efficiency (ηTVS) as follows (Equation (1)):


ηTVS=TVSbefore test−TVSafter testTVSbefore test×100



(1)








2.3.2. Biochemical Hydrogen Potential (BHP) Tests with Automatic pH Control (BHP2)


The test, hereinafter referred to as BHP2, was performed in triplicate using pilot scale stainless steel reactors (6 L total volume, 3 L working volume). The automatic dosage of an alkaline solution during the test has been used in several works instead of using an initial buffer solution to control pH [19,20,21]. In BHP2, 3 mL of NaOH 2M solution was automatically added by means of peristaltic pumps when a pH decrease under 5.5 was detected. This configuration enabled the pH value to be kept constantly in the range of 5.5–5.6 throughout the test. The ratio between volatile solids of substrate and volatile solids of inoculum (F/M) was 4 g TVS/g TVS (approximately 1 g/g on a wet weight basis). Previous studies found that this ratio optimized hydrogen production in batch assays with FW as a substrate and automatic pH control [39]. In the case of sucrose, the substrate amount was calculated based on the TVS ratio. Tap water was then added to obtain the ratio on a wet weight basis. HCl 2.5M solution was used to set the initial pH at 5.5. Temperature was constantly kept at mesophilic conditions (37.0 ± 0.1 °C) by a jacket where warm water heated up by a thermostat (FA90, Falc Instruments s.r.l., Italy) and was continuously recycled. Continuous mixing was ensured by mixing blades. The three reactors were equipped with pH probes (Metter Toledo, Italy) and connected to an automatic data acquisition system (LabView, National Instruments Corporation, Italy). Data were recorded every 5 min. The volume of the produced gas during the tests was measured using volumetric counters connected to the upper side of the reactors through a 3-way valve. Each counter was composed of two concentric cylinders partially filled with water; when the gas entered from the reactor to the external side of the counter, the water rose through the internal cylinder up to reach a level defined by the an electrode. An impulse was then given to the 3-way valve in order to connect the counter with a 10 L multilayer foil bag (Supel TM, Merck KGaA, Germany) that collected the gas. Once a minimum water level was reached, the valve reconnected the counters to the reactors end the gas restarted to enter into them. Each impulse was related to a gas volume of 0.07 L.



Hydrogen content of the gas was measured by gas chromatography, with the same instrumentation and settings used for BHP1.



After set-up, the reactors were flushed with N2 gas to ensure anaerobic conditions and to drive off air from the reactor headspace.



With the aim of calculating the volatile solids removal efficiency (ηTVS), a sample of material was collected before and after the test and analysed for TVS content (Equation (2)).




2.3.3. Kinetic Model


The mean cumulative hydrogen production curves were obtained over the course of the batch experiments and analysed using the modified Gompertz equation [40]. Equation (2) is used in many works to describe the kinetic of hydrogen production from batch fermentation assays [18].


H(t)=Hmaxexp{−exp[r·eHmax(λ−t)+1]}



(2)




where:

	
H(t): specific hydrogen production at time t (NL H2/kg TVSsub);



	
Hmax: total amount of hydrogen produced (NL H2/kg TVSsub);



	
r: maximum hydrogen production rate (NL H2/kg TVSsub h)



	
λ: length of the lag phase (h).








The time needed to attain 95% of the maximum hydrogen yield (t95), was obtained from the Gompertz equation as follows [21]:


t95=HmaxR·e(1−ln(−ln0.95))+λ



(3)







Constants were estimated by minimizing the sum square of errors between the experimental data and model results. The estimations were carried out using the solver function of Microsoft Excel version 2016.




2.3.4. Theoretical Hydrogen Production


Theoretical maximum hydrogen production from FW and sucrose was obtained with the hypothetical assumption of Van Ginkel et al. [40] and Logan et al. [41] that sucrose, fructose, glucose, and cellulose were the sole carbohydrates and the primary product was acetate. Under this assumption calculations were performed, taking into account a theoretical yield of 4 mol of H2/mol of glucose, fructose, and cellulose, and 8 mol of H2/mol of sucrose [41]. Sucrose, fructose, glucose, and cellulose concentrations of FW are presented in Table 2. Based on the considerations above, the conversion efficiency was calculated on a mass basis using the equation of De Gioannis et al. [9], Equation (4):


Em=mol H2 produced/mass of substrateTheoretical mol H2 produced/mass of substrate×100



(4)









2.4. Analytical Parameters


Inocula and FW were characterized in terms of TS, TVS, pH, total organic carbon (TOC), total Kjeldahl nitrogen (TKN), ammonia, alkalinity, VFA, elemental composition, bromatological analysis, and Ca, Mg, Na, and Clostridium Perfringens sp. spore concentrations.



TS, TVS, and pH were measured following standard methods [42].



Proteins, lipids, and cellulose were obtained following the European Commission Regulation 2009/152/EC of 27 January 2009 [43]. Total carbohydrates were determined by subtracting the contents of humidity, ashes, proteins, lipids, and fibres from the total amount. Lignin was obtained as reported by Martillotti et al. [44]. Sucrose, fructose, and glucose content of FW were determined according to official methods [45].



C, H, and N were measured in accordance with EN 15407 [46], while S, P, Ca, Mg, and Na were obtained following EPA 6010 D [47] and EN 13657 [48]. The oxygen content was calculated by subtracting the contents of C, H, N, S, and P from the total.



Total organic carbon (TOC) was determined as stated in EN ISO 13127 [49], while ammonia was obtained following APHA [50]. TKN, the sum of organic nitrogen and ammonia, was obtained in accordance with the European Commission Regulation 2009/152/EC of 27 January 2009 [43].



VFAs were determined as stated in US EPA [51].



The concentration of Clostridium perfringens sp. spores was investigated as bacterial indicators for the four inocula. Several works found Clostridium perfringens sp. to be the most dominant hydrogen producing culture [23,24,25,26,27], and it is widely adopted when evaluating hydrogen production from a pure culture [24,28]. Spores were measured because Clostridium sp. and other HPB are able to sporulate and survive the extreme pre-treatment conditions, unlike nonsporulating bacteria which are suppressed [31]. Clostridum perfringens spores were measured using a tryptose sulphite cycloserine (TSC) agar method [24,52,53]. 50 mg of inoculum were heated at 80 °C for 30 min and then filtered through 47 mm Whatman WCN 0.45 μm pore size membrane filters. Samples were placed onto TSC agar plates (Merck KGaA, Germany) and incubated at 44 °C ± 1 °C for 21 ± 3 h under anaerobic conditions. All black colonies were then counted as Clostridium perfringens [24,52].




2.5. Statistical Analyses


Three statistical approaches were used to compare experimental results.



In order to evaluate differences between results of the four inocula, SHP, ηTVS, and Em and Gompertz model results were analysed using one-way ANOVA [6]. Results were studied separately for each parameter and for each substrate.



Subsequently, simple linear regression was used to compare the results of the two different set-ups: BHP1 and BHP2.



Lastly, in order to identify linear relationships between the variables of concern, two Pearson matrices were obtained, one for each substrate (FW and sucrose). The analysis was performed taking into account experimental findings (SHP, ηTVS, Em), Gompertz model results (Hmax, λ, r, and t95) and Clostridium perfringens sp. spore concentrations in the four sludges (Table 1). Quadratic, exponential, and logarithmic relationships were preliminarily evaluated (data not shown), highlighting lower correlation levels.



A confidence level of 95% was selected for all statistical comparisons. All data analysis calculations were performed using XLStat2018 software packages.





3. Results and Discussion


3.1. Analytical Characterization of FW and Inocula


Analytical characterization of inocula and FW was performed with the aim of providing detailed descriptions of the media. Results expressed with averages and standard deviations are presented in Table 1.



Butyric, isobutyric valeric, and isovaleric acid contents were not shown, since they were found to be below the limit of detection (LOD = 40 mg/L). Acetic and propionic acids were also undetected for IN2, IN3, and IN4, while acetic acid was the prevalent VFA for IN1 and FW.



With regard to C:N ratio, FW showed a value of 12.4, which was slightly below other FW findings. Zhang et al. [54] reported an average value of 14.8, while Pan et al. [18] and Han and Shin [55] obtained C:N ratios of 17.1 and 14.7, respectively. Concerning sludges, their C:N ratios were found to be lower than FW, being between 3.9 (IN2) and 7.9 (IN1). This result is comparable with the range of 6–9 defined by Iacovidou et al. [56] for sewage sludge, and it is explained by the high N contents and the high ammonia concentration. Previous studies found that a proper C:N ratio enhances biohydrogen production by shifting the microorganism metabolic pathway [36]. Argun et al. [17] studied the effects of the C:N ratio on the hydrogen yield and specific H2 production rate in DF of wheat powder solution by supplementing nitrogen. The results of the study showed that the highest H2 production was obtained at a C:N ratio of 200. Lin and Lay [36] achieved a 500% and 80% increased hydrogen yield and hydrogen production rate at a C:N ratio of 47, compared with the blank, while Kayhanian [57] reported an optimum C:N ratio in the range of 27–32. Although the optimum ratio covers a wide range of values, the C:N ratios of the four inocula were found to be significantly lower than each of them. The problem that might occur with the use of these sludges is the failure of the process due to toxic ammonia inhibition [56]. Under this perspective, Ghimire et al. [8] advised against the use of swine, poultry, and dairy manure due to their low C:N ratio and high levels of ammonia (cattle slurry: 1040–1900 mg/L and chicken manure: 7000–12,800 mg/L). As reported for methane enzymes [57], the accumulation of ammonia inside the cell membrane may be toxic and inhibit HPB activities. Several studies have made an effort to find the inhibitory threshold of ammonia on hydrogen production. Sterling et al. [58] investigated hydrogen production from dairy cattle manure under different ammonia concentrations (600, 1500, and 3000 mgN/L). In the first two set-ups, an increase in hydrogen generation was observed after 24 h while in the 3000 mgN/L set-up, the fermentative process was arrested. Salerno et al. [59] studied ammonia inhibition of biohydrogen production in batch and continuous reactors with glucose as substrate. In batch tests, an ammonia threshold concentration of 7000 mgN/L was found under a pH of 5.2, while in continuous flow conditions, the suppression of biohydrogen production occurred when ammonia concentrations in the feed exceeded 800 mgN/L. As can be highlighted, even if the probability of having an inhibitory effect and ammonia concentration seems to follow a linear correlation, a unique threshold limit is still not defined. Ammonia content in the four inocula ranged between 341 mgN/L (IN1) and 2025 mgN/L (IN2), while FW highlighted a weaker concentration (191 mgN/L). All the inocula showed concentrations lower than the threshold limit for batch tests of 3000 and 7000 mgN/L, set respectively by Sterling et al. [58] and Salerno et al., [59].



Among the macromolecules, carbohydrates were the main component for FW, while inocula highlighted a predominance of proteins [60]. FW proteins and carbohydrates were found to be slightly below previous works, due to the dilution employed in the present study. Indeed, protein and carbohydrate contents in FW generally range between 3.1–4.9% w/w and 6.2–13.4% w/w respectively [12,61].



The content of Clostridium perfringens sp. spores was studied, since previous works found Clostridium perfringens sp. to be the most dominant hydrogen producing culture [23,24,25,26,27]. The concentration was observed to vary by a factor of up to 12, ranging from a maximum of 150 CFU/mg found for the activated sludge sample (IN1) to a minimum of 13 CFU/mg (IN2).



Light metals, such as magnesium, sodium, and calcium, are crucially important requirements of DF, as they assist in microbial metabolism, cell growth, and hydrogen and enzyme generation. Nonetheless, significant contents of metal ions in inocula or substrates may result in an inhibitory behaviour and hinder hydrogen generation [31]. Magnesium constitutes bacterial cell walls, and it is needed for cellular protein synthesis. Therefore, a minimum content of magnesium ions is needed for an efficient fermentative process, and it has been highlighted to improve hydrogen generation [31]. Concerning the inhibitory threshold, Srikanth and Mohan [62] defined a magnesium concentration of 600 mg/L as the limit value. Sodium is an element necessary for microbial growth [63]. Nevertheless, a significant sodium content may hinder hydrogen generation because of a variation of the metabolic route. In this case, alternative metabolites such as lactate are produced instead of hydrogen [31,64]. In particular, Cao and Zhao [65] found an inhibitory threshold level of 14,410 mg/L. Calcium is a constituent of extracellular polysaccharides, which plays a key role in the formation of biofilms and thereby improves cell granulation and settleability [66]. Lee et al. [67] reported that addition of a small amount of Ca2+ (5.4 mg/L) spurred a significant improvement in hydrogen production. Yuan et al. [68] reported enhancement of bacterial growth and mechanical strength. Chang and Lin [69] showed that Ca2+ in the range of 0–150 mg/L is non-inhibitory, as reflected by yields of 3.6 mol/mol. In conclusion, light metal concentrations of the four sludges were found to be below the inhibitory threshold.




3.2. BHP Tests


The results of specific cumulative hydrogen productions, volatile solids reduction, and conversion efficiency obtained from the four inocula (IN1, IN2, IN3, IN4), the two substrates (FW and sucrose), and the two experimental set-ups are reported in Table 2. SHP curves are expressed in terms of NL H2/kg TVSsub, and depicted in Figure 1 and Figure 2. In these figures, the experimental data are shown as single points, while solid lines represent Gompertz model curves. In order to avoid visual misunderstandings, BHP2 experimental data were represented every 2 h.



During all fermentation assays, no methane was detected. Thermal pre-treatment of inoculum was therefore efficient in the inhibition of hydrogenotrophic methanogens. SHP from FW (29.3–90.2 NL H2/kg TVSsub for BHP1 and 65.4–101.6 NL H2/kg TVSsub) were comparable to the findings of previous works. Specifically, Alibardi and Cossu [14] highlighted results in the range of 25–85 NL H2/kg TVSsub, De Gioannis et al. [20] and Pecorini et al. [70] reported final SHPs from FW of 58.6 and 55.0 NL H2/kg TVSsub respectively, while Alibardi and Cossu [6] found 78–135 NL H2/kg TVSsub for different organic waste mixtures. As for sucrose, the conversion of hydrogen production to mol H2/molsucrose ranged between 0.9–2.3 mol H2/molsucrose for BHP1 and 1.4–2.4 mol H2/molsucrose for BHP2. These data were concurrent with Dellosso Penteado et al. [37]. Hydrogen yields from sucrose were in the range of 0.7–2.0 mol H2/molsucrose using different seed sludge sources in up-flow anaerobic fixed-bed reactors.



Observing the data of the four inocula, it was evident that the hydrogenic process was dependent on the type of inoculum. Analysis of variance performed separately for each substrate and each test configuration on SHP, ηTVS, and Em results indicated the finding of statistically different results (p < 0.01). This confirms that results are due to the different inocula used in the tests. In particular, the highest SHP and efficiencies were obtained for activated sludge (IN1). SHP obtained using IN1 were almost double that of IN2 results in all test configurations, and 4.5–5.8% and 23.4–31.4% higher than IN4, the second most performing inoculum, respectively for FW and sucrose tests.



TVS removal efficiencies were found to be in the ranges of 14.3–48.3% for FW and 31.7–58.2% for sucrose. Similarly to hydrogen production results, IN1 showed the highest removal efficiencies, followed by IN4, IN3, and IN2.



In the matter of Em, results were below 30%, with the highest conversion efficiencies found for tests performed with activated sludge (IN1) as inoculum. Previous literature findings reported conversion efficiencies of 23% [41] and 58% [71] for sucrose and 19.3% for FW [55]. These findings were obtained since, in real practice, fermentation processes do not generate only acetate as products, differently from what is assumed by the theoretical calculation. Several other reduced products are formed to sustain microbial cell synthesis, including ethanol, butanol, butyrate, and lactate [9]. In practical situations, the yield is lower than 4 mol H2/mol glucose and 8 mol H2/mol sucrose, since the main end product together with acetate is butyrate [6,31].



In order to compare the results of the two experimental set-ups, simple linear regression was carried out between SHP, ηTVS, and Em data obtained for BHP1 and BHP2. Results were not statistically different (p < 0.05), and coefficients of determination R2 were always found to be above 0.90, with the exception of ηTVS calculated for FW assays. In this case, values obtained from BHP1 tests were significantly lower than BHP2, with this finding attributable to the heterogeneity of FW.



The kinetic parameters derived from fitting of the experimental data with the Gompertz equation (Equation (3)) are shown in Table 3, while Hmax results are depicted in Figure 3.



The Gompertz model fitted the experimental data well, with high coefficients of determination for all the assays (R2(G) > 0.977). In analogy with SHP results, Hmax data highlighted a good correlation between BHP1 and BHP2 findings (R2 > 0.94, p < 0.05) with assays performed with activated sludge (IN1) as inoculum, which obtained the highest hydrogen yields for both FW and sucrose. The linear correlation between BHP1 and BHP2 was not evident for the other kinetic parameters, due to differences in data acquisition methods. Indeed, while for BHP2 assays, volumetric gas production was recorded every 5 min, for BHP1 tests the time between two pressure measurements was in the range of a few hours. The maximum hydrogen production rates for FW were in the ranges of 1.4–5.2 NL H2/kg TVSsub h and 5.9–7.3 NL H2/kg TVSsub h for BHP1 and BHP2 respectively. These findings were in the range of previous literature data. Cappai et al. [21] reported maximum hydrogen production rates in the range of 2.4–16.6 NL H2/kg TVSsub h, depending on pH and inoculum pre-treatment, while De Gioannis et al. [20] found a maximum hydrogen production rate of 3.9 NL H2/kg TVSsubh. Concerning sucrose, maximum hydrogen production rates were higher than those found for FW, due to the higher biodegradability of the substrate: 5.4–8.4 NL H2/kg TVSsub h and 6.4–10.1 NL H2/kg TVSsub h for BHP1 and BHP2 respectively. In the matter of t95, the time required to attain 95% of the maximum hydrogen yield was found to be slightly higher for sucrose (28.8–39.4 h for BHP1 and 23.6–46.2 h for BHP2) than for FW (26.3–32.3 h for BHP1 and 20.0–32.9 h for BHP2). These results were concurrent with previous works (Cappai et al. [21]: t95 = 9.1–32.2 h; De Gioannis et al. [20]: t95 = 26.4 h).



In order to identify linear relationships between the variables of concern, two Pearson matrices showing the determination coefficients (R2) were carried out for FW and sucrose separately (Table 4). Given the correlation between BHP1 and BHP2 results, the data from the two experimental set-ups were treated together. In these tables, R2 values >0.6 were accepted as valuable.



What is relevant from Table 4 is a high degree of correlation between the experimental variables (SHP, ηTVS, and Em) and Clostridium perfringens sp. spore concentration, which is particularly related to the production of hydrogen (R2 > 0.9). This confirms the analogy between the experimental results obtained from two different set-ups and the relevance of the Clostridum perfringens sp. in the production of hydrogen. On the other hand, no correlation was found between the kinetic variables of the Gompertz model, especially between r, λ, and t95. This result is attributable to the differences of the two set-ups, with particular regard to their data acquisition methods. While in BHP1, biogas production in the vessels was measured periodically, in BHP2 biogas production was recorded every 5 min. As can be seen from Table 3 and Figure 1 and Figure 2, final hydrogen productions exhibited comparable results between BHP1 and BHP2, but hydrogen generation trends over time were distinct, highlighting different kinetic parameters (r, λ, t95).





4. Conclusions


With the aim of assessing the role of seeding sludge in the performance of batch fermentation assays, two different biochemical hydrogen potential tests with two substrates (food waste and sucrose) were carried out, using four types of inoculum collected from different sources.



Observing the BHP test results, it was evident that the hydrogenic process in batch assays was highly dependent on the type of inoculum. Statistical analysis highlighted statistically different results, indicating that findings are due to the different inocula used in the tests. In particular, assays performed with activated sludge (IN1) highlighted higher specific hydrogen productions (SHP), TVS removal efficiencies (ηTVS), and conversion efficiencies (Em) for both substrates and both experimental set-ups.



These results confirm the correct use of activated sludge as inoculum in BHP tests demonstrated by some previous works. More specifically, it can be concluded that activated sludge is the seeding sludge that best valorises biodegradable waste via dark fermentation in batch assays. Future works should take into consideration the use of this inoculum to perform biochemical hydrogen potential tests.
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Figure 1. Mean SHP curves obtained for the tests without automatic pH control (BHP1). Points indicate experimental results, solid lines Gompertz model trends. The four inocula are represented as follows: IN1 (●), IN2 (□), IN3 (■), IN4 (○). 
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Figure 2. Mean SHP curves obtained for the tests with automatic pH control (BHP2). Points indicate experimental results, solid lines Gompertz model trends. The four inocula are represented as follows: IN1 (●), IN2 (□), IN3 (■), IN4 (○). 
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Figure 3. Results of the design of experiments in terms of total amount of hydrogen produced, Hmax. The two experimental set-ups are represented as follows: BHP1 (□), BHP2 (■). 
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Table 1. Food waste and inocula characterization. Values are expressed by averages and standard deviations (n = 3).
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	Parameters
	IN1
	IN2
	IN3
	IN4
	FW





	Origin
	Activated

sludge
	Dig. sludge

OFMSW

and manure
	Dig. sludge

Agro-industrial
	Dig. sludge

WWTP
	OFMSW

kerbside

system



	pH
	7.1 ± 0.0
	8.2 ± 0.1
	7.8 ± 0.1
	6.7 ± 0.1
	3.8 ± 0.1



	TS (% w/w)
	2.1 ± 0.2
	2.9 ± 0.1
	3.2 ± 0.4
	2.1 ± 0.0
	5.6 ± 0.1



	TVS (% w/w)
	1.5 ± 0.1
	1.8 ± 0.1
	1.8 ± 0.3
	1.7 ± 0.0
	5.1 ± 0.1



	TOC (%C w/w)
	1.2 ± 0.2
	1.0 ± 0.1
	1.2 ± 0.2
	0.6 ± 0.1
	1.9 ± 0.2



	TKN (%N w/w)
	0.2 ± 0.0
	0.2 ± 0.0
	0.2 ± 0.0
	0.1 ± 0.0
	0.2 ± 0.0



	Ammonia (mgN/L)
	341 ± 47
	2025 ± 304
	1040 ± 82
	980 ± 79
	191 ± 5



	Acetic acid (mg/L)
	830 ± 120
	<25
	<20
	<20
	958 ± 30



	Propionic acid (mg/L)
	390 ± 71
	<25
	<40
	<40
	<40



	C (%TS)
	58.9 ± 4.3
	34.6 ± 5.2
	50.8 ± 3.7
	52.1 ± 3.8
	36.0 ± 1.9



	H (%TS)
	6.4 ± 0.5
	5.7 ± 0.8
	3.9 ± 0.3
	5.2 ± 0.4
	5.8 ± 0.2



	N (%TS)
	7.5 ± 0.9
	8.9 ± 1.4
	8.0 ± 0.9
	10.5 ± 1.2
	2.9 ± 0.3



	S (%TS)
	0.9 ± 0.1
	0.7 ± 0.1
	0.6 ± 0.1
	1.2 ± 0.2
	0.2 ± 0.0



	P (%TS)
	0.4 ± 0.1
	0.9 ± 0.1
	0.4 ± 0.1
	1.7 ± 0.2
	0.4 ± 0.1



	O (%TS)
	27.9
	49.2
	36.3
	29.3
	54.6



	C: N
	7.9
	3.9
	6.3
	4.9
	12.4



	Ca (mg/L)
	703 ± 85
	840 ± 74
	1240 ± 140
	617 ± 56
	1120 ± 13



	Mg (mg/L)
	109 ± 25
	154 ± 14
	220 ± 44
	103 ± 24
	166 ± 34



	Na (mg/L)
	121 ± 27
	769 ± 66
	710 ± 140
	173 ± 36
	550 ± 110



	Proteins (% w/w)
	0.9 ± 0.1
	0.6 ± 0.1
	1.2 ± 0.1
	0.8 ± 0.1
	1.0 ± 0.1



	Lipids (% w/w)
	<0.3
	<0.3
	<0.3
	<0.3
	0.3 ± 0.1



	Carbohydrates (% w/w)
	<0.1
	<0.1
	0.1
	0.1
	2.0



	Cellulose (% w/w)
	0.1 ± 0.0
	0.2 ± 0.0
	0.1 ± 0.0
	<0.1
	1.5 ± 0.1



	Lignin (% w/w)
	0.3 ± 0.0
	0.3 ± 0.1
	0.3 ± 0.0
	<0.3
	0.3 ± 0.1



	Clostridium Perfringens spore (CFU/mg)
	150
	13
	50
	110
	-



	Sucrose (% w/w)
	-
	-
	-
	-
	0.4 ± 0.2



	Glucose (% w/w)
	-
	-
	-
	-
	1.1 ± 0.4



	Fructose (%w/w)
	-
	-
	-
	-
	0.2 ± 0.1
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Table 2. Average experimental results of fermentative tests in terms of specific hydrogen production (SHP expressed in NL H2/kg TVSsub), volatile solids removal efficiency (ηTVS expressed in %), and conversion efficiency (Em expressed in %) obtained from the four inocula (IN1, IN2, IN3, IN4), two substrates (FW, sucrose), and two experimental set-ups (BHP1, BHP2). Results of the simple regression analysis are expressed by means of R2 and p-value (± SD, n = 3).
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BHP1

	
BHP2

	
BHP1

	
BHP2

	
BHP1

	
BHP2






	
Inoculum

	
Substrate

	
SHP

	
SHP

	
ηTVS

	
ηTVS

	
Em

	
Em




	
IN1

	
FW

	
90.2 ± 3.2

	
101.6 ± 2.5

	
24.1 ± 0.7%

	
48.2 ± 1.2%

	
27.0 ± 1.0%

	
30.1 ± 0.7%




	
IN2

	
FW

	
29.3 ± 0.7

	
56.0 ± 2.5

	
14.3 ± 0.5%

	
31.2 ± 1.5%

	
14.9 ± 0.4%

	
19.5 ± 0.9%




	
IN3

	
FW

	
50.2 ± 1.4

	
65.5 ± 2

	
14.8 ± 0.5%

	
43.0 ± 1.7%

	
7.2 ± 0.2%

	
16.3 ± 0.5%




	
IN4

	
FW

	
74.0 ± 4.1

	
79.2 ± 2.6

	
23.5 ± 0.6%

	
37.8 ± 0.8%

	
20.2 ± 0.5%

	
23.2 ± 0.8%




	

	
R2

	
0.94

	
0.27

	
0.96




	

	
p-value

	
0.03

	
>0.05

	
0.02




	
IN1

	
Sucrose

	
153.1 ± 2.1

	
155.3 ± 1.8

	
46.9 ± 1.0%

	
58.2 ± 2.0%

	
29.2 ± 0.4%

	
29.6 ± 0.3%




	
IN2

	
Sucrose

	
74.6 ± 1.6

	
95.1 ± 2.1

	
34.6 ± 1.5%

	
31.7 ± 1.4%

	
20.9 ± 0.4%

	
21.0 ± 0.5%




	
IN3

	
Sucrose

	
109.4 ± 1.0

	
110.2 ± 2.3

	
41.1 ± 1.1%

	
46.3 ± 1.7%

	
11.4 ± 0.1%

	
17.7 ± 0.4%




	
IN4

	
Sucrose

	
149.9 ± 1.7

	
151.0 ± 2.5

	
44.8 ± 1.2%

	
46.5 ± 1.5%

	
28.6 ± 0.3%

	
28.0 ± 0.5%




	

	
R2

	
0.97

	
0.90

	
0.94




	

	
p-value

	
0.02

	
0.04

	
0.03











[image: Table]





Table 3. Kinetic parameters obtained from the application of the Gompertz model: total amount of hydrogen produced (Hmax in NL H2/kg TVSsub), maximum hydrogen production rate (r in NL H2/kg TVSsub h), length of the lag phase (λ in h). The times needed to attain 95% of the maximum hydrogen yield (t95 in h) and the linear correlation with the experimental data (R2(G)) are also presented. Results of the simple regression analysis are expressed by means of R2 and p-value.
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BHP1

	
BHP2

	
BHP1

	
BHP2

	
BHP1

	
BHP2

	
BHP1

	
BHP2

	
BHP1

	
BHP2






	
Inoculum

	
Substrate

	
Hmax

	
Hmax

	
r

	
r

	
λ

	
λ

	
t95

	
t95

	
R2(G)

	
R2(G)




	
IN1

	
FW

	
92.4

	
102.4

	
5.2

	
5.9

	
1.4

	
7.4

	
27.1

	
32.9

	
0.999

	
0.999




	
IN2

	
FW

	
29.9

	
54.1

	
1.4

	
7.3

	
1.3

	
9.2

	
31.6

	
20.0

	
0.997

	
0.998




	
IN3

	
FW

	
49.9

	
64.5

	
2.9

	
5.7

	
1.2

	
7.8

	
26.3

	
24.3

	
0.977

	
0.997




	
IN4

	
FW

	
74.9

	
78.0

	
3.5

	
6.0

	
0.9

	
7.2

	
32.3

	
26.0

	
0.997

	
0.999




	

	
R2

	
0.94

	
0.53

	
0.17

	
0.23

	




	

	
p-value

	
0.03

	
>0.05

	
>0.05

	
>0.05

	




	
IN1

	
Sucrose

	
157.5

	
158.8

	
6.4

	
10.1

	
3.4

	
10.9

	
39.4

	
34.0

	
0.998

	
0.998




	
IN2

	
Sucrose

	
74.6

	
95.4

	
5.7

	
9.7

	
9.7

	
9.3

	
28.8

	
23.6

	
0.999

	
0.999




	
IN3

	
Sucrose

	
108.5

	
113.1

	
5.4

	
8.8

	
0.7

	
12.0

	
30.2

	
30.7

	
0.996

	
0.997




	
IN4

	
Sucrose

	
150.8

	
150.0

	
8.5

	
6.4

	
5.0

	
11.9

	
30.9

	
46.2

	
0.999

	
0.997




	

	
R2

	
0.98

	
0.66

	
0.73

	
0.04

	

	




	

	
p-value

	
0.01

	
>0.05

	
>0.05

	
>0.05
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Table 4. Pearson correlation matrices. Determination coefficients in bold are >0.6. All data are significantly correlated (p < 0.05). Clos. means Clostridium perfringes sp. spore concentration.
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FW




	
Parameters

	
SHP

	
ηTVS

	
Clos.

	
Em

	
Hmax

	
r

	
λ

	
t95




	
SHP

	
1.00

	
0.67

	
0.92

	
0.83

	
1.00

	
0.58

	
0.26

	
0.20




	
ηTVS

	
0.67

	
1.00

	
0.39

	
0.61

	
0.64

	
0.77

	
0.82

	
−0.10




	
Clos.

	
0.92

	
0.39

	
1.00

	
0.76

	
0.94

	
0.25

	
−0.10

	
0.46




	
Em

	
0.83

	
0.61

	
0.76

	
1.00

	
0.84

	
0.55

	
0.32

	
0.26




	
Hmax

	
1.00

	
0.64

	
0.94

	
0.84

	
1.00

	
0.55

	
0.22

	
0.24




	
r

	
0.58

	
0.77

	
0.25

	
0.55

	
0.55

	
1.00

	
0.84

	
−0.58




	
λ

	
0.26

	
0.82

	
−0.10

	
0.32

	
0.22

	
0.84

	
1.00

	
−0.52




	
t95

	
0.20

	
−0.10

	
0.46

	
0.26

	
0.24

	
−0.58

	
−0.52

	
1.00




	
Sucrose




	
Parameters

	
SHP

	
ηTVS

	
Clos.

	
Em

	
Hmax

	
r

	
λ

	
t95




	
SHP

	
1.00

	
0.80

	
0.96

	
0.73

	
1.00

	
0.20

	
−0.09

	
0.70




	
ηTVS

	
0.80

	
1.00

	
0.85

	
0.51

	
0.82

	
0.29

	
0.14

	
0.56




	
Clos.

	
0.96

	
0.85

	
1.00

	
0.76

	
0.97

	
0.13

	
−0.11

	
0.69




	
Em

	
0.73

	
0.51

	
0.76

	
1.00

	
0.74

	
0.31

	
0.26

	
0.53




	
Hmax

	
1.00

	
0.82

	
0.97

	
0.74

	
1.00

	
0.22

	
−0.08

	
0.69




	
r

	
0.20

	
0.29

	
0.13

	
0.31

	
0.22

	
1.00

	
0.46

	
−0.34




	
λ

	
−0.09

	
0.14

	
−0.11

	
0.26

	
−0.08

	
0.46

	
1.00

	
0.11




	
t95

	
0.70

	
0.56

	
0.69

	
0.53

	
0.69

	
−0.34

	
0.11

	
1.00
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