Assessing the impact of organic loading rate on hydrogen production and mixed anaerobic culture community dynamics
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Introduction
Depleting fossil fuel supplies coupled with increasing greenhouse gas emissions have become increasingly apparent over the last decade. Developing strategies to combat these issues have forced researchers to develop renewable energy supplies.  Hydrogen (H2), an emerging energy carrier, has a high calorific value and it is considered a renewable energy source because CO2, a combustion byproduct is carbon neutral (Das and Veziroglu, 2001; Dunn, 2002). Among the biological H2 production methods, dark fermentation is a promising and preferred route to produce H2 because of its high productivity, ease and low cost of operation and ability to ferment on wide variety of feedstock (Das and Veziroglu, 2001; Levin et al., 2004).
Hydrogen production via dark fermentation using mixed anaerobic cultures is controlled by the presence of H2 producers, H2 consumers and other non-H2 producers. Changing operational variables pH, temperature, organic loading rate (OLR), hydraulic retention time (HRT) and reactor configuration to shift the metabolic pathways in favor of increasing the H2 yield is of significant importance (Jung et al., 2011; Li and Fang, 2007). Operating high rate reactors at a pH range of 5.0 - 6.0 and under mesophilic temperature conditions is preferred for optimizing H2 production (Jung et al., 2011; Lay, 2000; Rittmann and Herwig, 2012). Several studies have examined manipulating the OLR and HRT to suppress methanogenesis and subsequently, increase H2 production.  Establishing a link between data gathered from genomic analysis with metabolic flux data as a means to substantiate the claim that increasing the OLR suppresses H2-consumption is lacking (Pakarinen et al., 2011; Spagni et al., 2010). Hence, the objectives of this study was to examine the effect of OLR on the microbial fermentation of glucose in continuous upflow anaerobic sludge blanket reactors (UASBRs) and to elucidate the potential link between fermentation type and microbial consortia using 16S rRNA gene based pyrosequencing.
Methodology
The experiments were conducted using duplicate UASBRs (R1 and R2) with a working volume of 8.5 L. The UASBRs were seeded with 10 g L-1 VSS of mixed anaerobic cultures which was obtained from a brewery wastewater treatment facility (Guelph, Ontario). Reactor operation and inoculum maintenance was carried out in accordance with Veeravalli et al. (2014). Hydrogen production studies were carried out with cultures operating at 37 ᴼC and at pH 5.0. The influence of the OLR from 2 to 16 g glucose L-1 d-1 on the H2 yield, methane suppression and microbial consortia was examined at a 24 h HRT. At each OLR condition, experiments using R1 and R2 were repeated at least 7 times. The gas (H2 and CH4) and liquids metabolites comprising volatile fatty acids (VFAs) and alcohols were analyzed according to the methods described by Chowdhury et al. (2007). The flux balance analysis (FBA) was conducted using the data obtained from byproducts of glucose fermentation (Chaganti et al., 2011). The microbial communities were characterized using nested-PCR of16S rRNA gene using 454- pyrosequencing (Andersson et al., 2008).    
Results and discussion
A stable H2 yield of 1.64±0.05 mol mol-1 glucose was obtained at OLRs between 8 and 12 g glucose L-1 d-1 (Table 1). Increasing the OLR resulted in suppressing the methanogenic activity by 95% (approximately) with a simultaneous increase in the H2 yield. Studies conducted by Spagni et al. (2010) using grass silage suggest that a shift from CH4 to H2 production was observed in a CSTR by increasing the OLR from 2 to 10 g VS L-1 d-1. Note in the current study, the flux analysis showed that CH4 production via aceticlastic methanogenic activity contributed to approximately 0.52 and 0.05 mol mol-1 glucose at 2 and 16 g L-1 d-1, respectively (data not shown). A maximum H2 consumption of 1.81±0.22 mol mol-1 glucose due to methanogensis was observed at an OLR of 2 g L-1 d-1 while maximum H2 consumption due to acetogenesis of 0.54±0.03 mol mol-1 glucose was observed at an OLR of 16 g L-1 d-1 (Table 1).  The results of the current study suggest that even at pH 5.0 and high OLR (16 g L-1 d-1) complete suppression of H2 consumption was not established. Similarly, Lalman et al. (2013) reported H2 consumption (mol mol-1 hexose) due to an acetogenic flux of 0.45 and 0.12 at high OLRs of 20 and 30 g COD L-1 d-1, respectively, for a CSTR operating at pH 5.4 cultures fed sucrose.
Synergesticiae and Propionibacteriaceae, which constituted 45% of the microflora, was observed at low OLRs. In addition, the quantity of Clostridiaceae and Ruminococcaceae relatively observed was 16% and 8%, respectively (Table 2). The fermentation byproducts production with time revealed that mixed VFAs and alcohol production were observed at low OLRs with acetate, butyrate and ethanol as the major by products (Table 1). At elevated OLRs, high levels of Clostridiaceae (38%), Ruminococcaceae (33%) were detected while low levels of Synergesticiae, Propionibacteriaceae plus Bacteroidaceae (3%) were observed (Table 2).  When compared to low OLRs (2 to 6 g glucose L1 d-1), an increase in ethanol production under a high loading condition of 16 g glucose L-1 d-1 was observed.  Several studies have shown species belonging to Clostridiaceae and Ruminococcaceae were responsible for ethanol, VFAs and/or iso-propanol production, in addition to H2 and CO2 (Fang et al., 2002; George et al., 1983; Liu et al., 2012)
Conclusions
In summary, increasing the OLR caused an increase in the quantity of H2 produced and simultaneous suppression of CH4 production up to 12 g L-1 d-1 was observed.  High OLRs were associated with high homoacetogenic activity and ethanol production. Dominant species belonging to Clostridiaceae and Ruminococcaceae were detected at high OLR. 
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Table 1: Effect of organic loading rate on the hydrogen yield and metabolites 
	OLR
(g L-1 d-1)
	Observed H2 yield
(mol mol-1 glucose)
	H2 consumption
(mol mol-1 glucose)
	Acetate
	Butyrate
	Ethanol

	
	
	R29 Flux
	R17 Flux
	Concentration in mM

	2
	0.75±0.09
	1.81±0.22
	ND
	6.6±1.3
	3.5±0.2
	0.18±0.05

	4
	1.23±0.15
	1.36±0.16
	ND
	17.1±0.7
	7.4±0.4
	0.8±0.1

	6
	1.56±0.12
	0.78±0.06
	ND
	23.0±1.3
	11.5±1.0
	1.6±0.1

	8
	1.70±0.05
	0.32±0.02
	ND
	25.3±1.0
	14.0±1.4
	4.1±1.2

	10
	1.65±0.04
	ND
	0.18±0.01
	30.4±2.8
	18.1±1.5
	6.8±1.2

	12
	1.57±0.05
	ND
	0.25±0.02
	34.9±2.0
	21.7±1.5
	8.5±1.0

	14
	1.32±0.04
	ND
	0.35±0.02
	34.5±1.5
	26.0±1.0
	10.2±0.5

	16
	1.00±0.04
	ND
	0.54±0.03
	35.7±1.2
	24.0±4.3
	10.7±2.5


Notes: 
1. OLR: organic loading rate and ND: not detected
2. The FBA was conducted to determine H2 consumption due homoacetogenesis (R17 flux) and methanogeneis (R29) using the model previously developed by Chaganti et. al (2011). 
	Flux reaction no.
	Stoichiometric reaction

	17
	4 H2 + 2 CO2 → Acetate + 2 H2O

	29
	4 H2 + CO2 →  CH4 + 2 H2O




Table 2: Pyrosequencing results of microbial consortium showing their relative abundance obtained after fermentation at 2 and 16 g L-1 d-1
	Family
	Organic loading rate

	
	2 g L-1 d-1
	16 g L-1 d-1

	
	Percent relative abundance (%)

	Synergistaceae
	34.1
	1.4

	Ruminococcaceae
	8.4
	33.3

	Clostridiaceae
	15.7
	37.8

	Propionibacteriaceae
	11.0
	0.7

	Unclassified Clostridiales
	10.4
	19.4

	Unclassified bacteria
	10.1
	5.1

	Unclassified Bacteroidales
	3.7
	0.0

	Enterobacteriaceae
	0.15
	1

	Others
	6.5
	1.4
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