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ABSTRACT 

In this research, biological hydrogen production via dark fermentation using 

mixed cultures was studied in batch, repeated batch and continuous systems. The 

preparation of active and stable microflora, increase of hydrogen production yields and 

rates, and evaluation of sustainability and revivability of continuous hydrogen production 

were the main objectives of this research. 

Batch experiments showed that, depending on the type of inocula, the heat pre-

treatment temperature had a direct effect on hydrogen production yield, hydrogen 

production rate and microbial community. The maximum yields of 2.3 and 1.6 mol 

Ek/mol glucose were achieved for 65 °C pretreated anaerobically digested sludge and 

activated sludges, respectively. Pretreatment of anaerobically digested sludge at 95°C 

lowered the yield up to 15% while the same pretreatment for the activated sludge led to 

the complete suppression of hydrogen production. Biological hydrogen production with 

two types of microflora, activated sludge and anaerobically digested sludge, was 

compared at mesophilic (37°C) and thermophilic (55°C) conditions. Hydrogen 

production using activated sludge proved to be higher at thermophilic conditions, with 

cumulative hydrogen approximately six times more than that of mesophilic temperature. 

However, in anaerobically digested sludge, hydrogen yield at thermophilic temperature 

was 15% lower than that of mesophilic temperature. Repeated batch experiments at 37°C 

showed that hydrogen production with activated sludge was not stable due to the 

presence of lactic acid bacteria in the microflora according to PCR-DGGE analysis. 
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The effect of addition of four metabolites, including ethanol, lactic acid, butyric 

acid and acetic acid, by a fractional factorial design revealed the positive impact of lactic 

acid on hydrogen production. Although no significant hydrogen production was observed 

when lactic acid was used as the sole carbon source for hydrogen production, the addition 

of 10 mM lactic acid to a starch-containing substrate could enhance both hydrogen 

production rates and yields by approximately 1.9 and 1.6 times, respectively. 

Continuous hydrogen production was compared in continuously stirred tank 

reactors (CSTR) with and without a gravity settler at mesophilic temperature. The 

observed inverse relationship between hydrogen yield and biomass yield implied that 

biomass yield is minimized with maximization of hydrogen yield. The revivability of a 

continuous hydrogen production system after a period of feed interruption was studied in 

a CSTR bioreactor. After the feed interruption, butyric acid formation completely 

stopped and the hydrogen yield decreased from 1.36 to 0.29 mol H2/ mol glucose with 

ethanol, acetic acid, and lactic acid as the predominant soluble metabolites. Hydrogen 

production yield later increased to 0.7 mol E^/mol glucose by adjusting the organic 

loading rate and pH. The microbial community analysis showed complete elimination of 

Clostridium affiliated strains after the re-startup of the reactor. 

Key words: biological hydrogen production, dark fermentation, mixed culture, heat pre-

treatment, CSTR, PCR-DGGE 
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CHAPTER 1 

General Introduction 
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1.1 Background 

Oil reserves of the world are being depleted at an alarming rate. It is estimated 

that the world's oil supply would be depleted by 2057, assuming the total world oil 

reserves of 1.25 trillion barrels and a daily consumption of 85 million barrels [1]. The 

decrease in the fossil fuel reserves in recent years has been accompanied by an 

exponential growth in worldwide energy demand. In an article published in Science in 

2006, Ragauskas et al. [2] stated that " Indeed, energy demand is projected to grow by 

more than 50% by 2025, with much of this increase in demand emerging from several 

rapidly developing nations. Clearly, increasing demand for finite petroleum resources 

cannot be a satisfactory policy for the long term." Another problem of oil combustion is 

CO2 emission which contributes to green house effect and global warming. 

Hydrogen is considered as a viable alternative fuel and "energy carrier" of the 

future. Hydrogen is an environmentally friendly energy carrier in comparison with fossil 

fuels and has a high energy yield 142 kJ/g which is 2.75 times greater than hydrocarbon 

fuels. It has been reported that 50 million tones of hydrogen are traded annually 

worldwide with a growth rate of approximately 10% per year for the time being [3]. 

Based on an estimation by the National Hydrogen Program of the United States, the 

contribution of hydrogen to the energy market will be 8-10% by 2025 [4]. 

Due to the increasing demand for hydrogen, development of cost-effective and 

sustainable technologies for hydrogen production is of major importance. Currently most 

of the hydrogen production in the world is by steam reforming of methane and other 

hydrocarbons. This method is an energy intensive process requiring temperatures more 
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than 850°C. A small part of produced hydrogen today is from electrolysis of water; 

however, electrolysis is economical only for the areas with low electricity cost since 

electricity accounts for 80% of the operating cost [4]. 

Biological hydrogen production offers the potential production of renewable 

hydrogen from biomass. Among biological methods, dark fermentation presents a 

promising method for sustainable hydrogen production due to different types of biomass 

including wastewater streams, food scraps, animal waste, crop residuals and energy crops 

which can be used as substrates for hydrogen production. The high rate of hydrogen 

production is another advantage of dark fermentation for biohydrogen production. 

Since non-sterile biomass is the practical feed for fermentative hydrogen 

production, mixed cultures developed from natural resources have to be used for 

biohydrogen production. Using mixed cultures for hydrogen production leads to many 

challenges including unwanted shifts in microbial communities and metabolic pathways. 

1.2 Problem Statement 

In spite of intensive research on fermentative hydrogen production in the last 

decades, this area is still in its early stage and to date no commercial plant has been 

established. The contradictory experimental results which have been frequently reported 

in the literature reflect the complexity of hydrogen production with mixed cultures and 

suggest more detailed characterization of the process. Further understating of the nature 

of microflora and its relation to soluble metabolites, as well as hydrogen yield may 

provide a direction for process optimization. 
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One of the major challenges to large scale biological hydrogen production is the 

development of an economical and efficient enrichment method for the preparation of 

large quantities of inoculum from natural sources. Enrichment is a critical stage which 

affects not only start-up but also overall efficiency and the stability of continuous 

hydrogen production systems. The type of original microflora also plays a major role in 

the development of a successful continuous hydrogen production system. Although 

facultative anaerobes have lower yields of hydrogen production, their presence in a 

mixed culture reduces the sensitivity of the process to environmental conditions such as 

oxygen exposure and makes the system more efficient for long term operation. 

Another important challenge in fermentative hydrogen production is the current 

low hydrogen production rates and yields. If fermentative hydrogen production systems 

are to become commercially competitive, they must be able to produce hydrogen at rates 

that are sufficient for practical applications. The organic loading rate is one of the factors 

which directly affect the performance of a continuous biohydrogen system and needs to 

be optimized. The initial organic loading rate during the start up of the system may 

influence the long term efficiency of the system. 

Continuous fermentative hydrogen production systems are characterized by 

operation under low hydraulic retention times. This feature increases the wash-out risk 

due to the operational failure such as interruption in feeding and makes the system 

unstable. Characterization of microbial communities with advanced molecular biology 

methods plays an important role in comparison of systems working at different organic 

loading rates. 
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1.3 Obj ectives of the Research 

In the present research, hydrogen production with mixed cultures originating from 

municipal sludges was investigated in batch, repeated batch and continuous mode. The 

specific objectives of this study are: 

• Developing an efficient and economical enrichment method for biohydrogen 

production by investigation of the effect of heat treatment temperature. 

• Investigating the impact of using activated sludge as a more diverse microflora 

for biohydrogen production and comparing it with anaerobic digester sludge. 

• Identifying the influence of soluble metabolites on biohydrogen production 

yields and rates. 

• Clarifying the impact of organic loading rate on the performance of continuous 

hydrogen production and its relationship with changing microbial structure. 

• Investigating the effect of feed interruption on the performance of a continuous 

hydrogen production system and examining the revivablity of the system. 

1.4 Thesis Overview 

This thesis encompasses eight chapters and conforms to the "integrated-article" 

format as outlined in the Thesis Regulation Guide by the School of Graduate and 

Postdoctoral Studies (SGPS) of the University of Western Ontario. A review of literature 

including background and comparison of information on fermentative hydrogen 

production is presented in Chapter 2. 

Chapter 3 is a paper entitled, "The effect of heat pretreatment temperature on 

fermentative hydrogen production using mixed cultures", published in the International 
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Journal of Hydrogen Energy [5]. This chapter comprehensively compares the effect of 

heat pretreatment temperatures on the enrichment of municipal sludge for biohydrogen 

production and proposes an optimum temperature for heat treatment. In this chapter the 

relationship between the metabolites, microbial community and hydrogen production at 

different pretreatment temperature was investigated. 

Chapter 4 covers the results of a comparative study on using activated sludge and 

anaerobically digested sludge as inocula for biohydrogen production at both mesophilic 

and thermophilic temperatures. The stability of the inocula in this study was investigated 

by conducting repeated batch experiments and the relationship between instability in 

hydrogen production and changes in microbial community was identified. 

Chapter 5 is a paper entitled, "Effect of extrinsic lactic acid on fermentative 

hydrogen production", published in the International Journal of Hydrogen Energy, [6]. 

In this chapter, the effect of addition of acetic acid, butyric acid, ethanol and lactic acid 

on fermentative hydrogen production was first investigated using a fractional factorial 

design. This study revealed the positive effect of lactic acid addition on hydrogen 

production which was further investigated to determine the main reason for enhancement 

in hydrogen production. 

Chapter 6 is a version of the paper entitled, " Comparative assessment of 

decoupling of biomass and hydraulic retention times in hydrogen production 

bioreactors", which has been published online in International Journal of Hydrogen 

Energy. This study compares sustainability of biological hydrogen production from 

glucose in two continuously stirred tank reactors (CSTR) and two systems comprising 

CSTR with gravity settlers. My contribution in this study was in the preparation of the 
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submitted draft of the paper, running one of the CSTR reactors, and performing the 

analysis of microbial community in the reactors with PCR- DGGE method. 

Chapter 7 describes the results of a research on the effect of feed interruption on 

the performance of a continuous hydrogen production reactor. This research compared 

the soluble metabolites, carbon mass balances, and microbial communities before and 

after feed interruption and discusses the revivability of the system. 

Chapter 8 summarizes the major conclusions of this research and provides 

recommendations for further research work based on the results of this study. 

The sequential outline of the research is depicted in Figure 1.1. 



Chapter 2 
Literature review 

Chapter 3 (published) 
The effect of heat pretreatment temperature on 

fermentative hydrogen production using mixed cultures 

Chapter 4 (submitted) 
Fermentative hydrogen production by diverse microflora 

Chapter 5 (published) 
Effect of extrinsic lactic acid on fermentative hydrogen production 

Chapter 6 (submitted) 
Sustainability of biological hydrogen production in 

continuous flow bioreactors 

Chapter 7 (to be submitted) 
Revivability of a continuous hydrogen production reactor after a period of 

feed interruption 

Chapter 8 
Conclusions and recommendations 

Figure 1.1 Organization and structure of chapters 
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In the years to come with the worldwide increasing demand for clean energy and 

development of hydrogen based economy, biohydrogen will play an important role as a 

sustainable source of energy. Increasing the hydrogen production yields and rates 

together with development and/or modification of enrichment strategies for inocula 

preparations are some of the issues which have to be addressed before the 

commercialization of the process. Moreover, long term stability of continuous systems 

has to be investigated and confirmed. These major challenges were the main focus of the 

presented research. The contribution of this work to fermentative hydrogen production is 

increased knowledge related to enrichment methods and inocula preparation from mixed 

microflora, enhancement of hydrogen production rates and yields, and long term stability 

of the continuous hydrogen production reactors. The information generated from this 

research allows better understanding of the important parameters which affect hydrogen 

production by mixed cultures and provide basis for further optimization of the process in 

future. 
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Literature Review 
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2.1 Introduction 

During the last decade, much attention has been paid to the hydrogen gas as a 

clean and potentially renewable form of energy. The energy yield of hydrogen (142.35 

KJ/g) is higher than all hydrocarbons [1] and it is the only common fuel that is not 

chemically bound to carbon; therefore, water is the only product of its reaction with 

oxygen, and its burning does not contribute to the greenhouse effect. 

The importance of hydrogen as a fuel source dates back to the oil crisis in the 

1970s. During that period, hydrogen was recognized as the "fuel of the future" and 

considerable resources were devoted to research on its viability and applications. After 

oil market was re-stabilized, hydrogen energy was no longer regarded as a priority. 

However, in the 1990s, the interest in hydrogen energy resurfaced, when it became 

evident that the atmospheric pollution by fossil fuels was not only health-threatening but 

might also cause significant global climate changes. [2] 

In addition to hydrogen utilization as a source of energy, it can be employed as a 

reactant in hydrogenation processes, an O2 scavenger and a coolant in electrical 

generators. These areas of hydrogen applications account for 3% of the energy 

consumption today and are subject to significant increase in years to come [3]. 

Hydrogen can be produced through water electrolysis and chemical cracking of 

hydrocarbons. However, these processes are not always environmentally friendly. As 

biological processes are usually carried out at ambient temperatures and pressures, they 

are less energy intensive than chemical or electrochemical ones. Thus, the hydrogen 

which is produced directly from organic materials and water by bacteria promises to be 
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an economical and sustainable technology for hydrogen production provided that the 

conversion efficiencies can be increased. 

Biological production of hydrogen by fermentation can be classified into two 

main categories including photo fermentation and dark fermentation. In photo 

fermentation small-chain organic acids are used by photosynthetic bacteria as electron 

donors for the production of hydrogen at the expense of light energy. Photosynthetic 

bacteria have high theoretical conversion yields. Moreover, these bacteria do not have an 

oxygen-evolving activity, which causes problems of O2 inactivation in fermentative 

systems [4]. Hydrogen production with photosynthetic bacteria has been the focus of 

some researchers so far [5, 6]. In dark fermentation hydrogen can be produced by both 

strict and facultative anaerobes from a variety of potentially consumable substrates, 

including refuse and waste materials. 

Fermentative bacteria present a promising route of biological hydrogen 

production because they have high growth rates and can produce hydrogen in a shorter 

period without any light source. Moreover, different kinds of organic waste and 

wastewaters can be used as a substrate for hydrogen production. This process can 

produce hydrogen and simultaneously reduce the pollution strength of the waste. 

2.2 Substrates for Fermentative Hydrogen Production 

Carbohydrates are the preferred organic carbon source for hydrogen producing 

fermentations. Complex carbohydrates (e.g. starch and cellulose) break into hexose 

molecules such as glucose and then further degrade to produce the required energy for 
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cell. Degradation of glucose to acetic acid gives a maximum yield of 4 mol H2/1110I 

glucose: 

C6Hi206 + 2H20 -> 2CH3COOH + 2C02 + 4H2 + 184 kJ/mol (1) 

Half of this yield is obtained with decomposition of glucose to butyrate: 

C6Hi206 -> CH3CH2CH2COOH + 2C02 + 2H2 + 257.1 kJ/mol (2) 

It may be difficult to produce hydrogen from substrates with high lipid contents. 

Anaerobic hydrolysis of lipids results in the production of glycerol and long chain fatty 

acids (LCFA). Degradation of the LCFAs has positive free energy change and it is 

thermodynamically unfavorable [7], since a large portion of chemical oxygen demand 

(COD) of lipids is converted into long chain fatty acids during the hydrolysis reaction. 

Even if glycerol had a high hydrogen production potential, hydrogen production from 

lipids could not be high. In a study of hydrogen production from different substrates [8], 

it was demonstrated that hydrogen percentage of the biogas which was produced from 

protein degradation was much lower than the one produced from carbohydrates and even 

lipids. It seems the substrates which contain large amounts of proteins are not favorable 

for hydrogen production. 

Among the preferred carbon sources, glucose and sucrose are the fermentation 

substrates, which have been extensively studied for hydrogen production [9, 10]. More 
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complicated carbohydrates such as starch or cellulose and carbohydrate rich wastes such 

as molasses can also be used as a substrate for hydrogen production. 

Most of the studies for hydrogen production from wastes have been conducted in 

batch experiments, like hydrogen production from palm oil mill effluent [11] and paper 

mill wastes [12]. The produced gas in batch experiments from four food processing 

wastewaters including apple processing, potato processing and two confectioners 

consistently contained 60% hydrogen, and approximately 40% carbon dioxide [13]. 

However, the gas that was produced by a concentrated domestic wastewater in this study 

contained only 23±8% hydrogen. Potato processing wastewater had the highest overall 

gas conversion of 2.1-2.8 L/L among other wastewaters in this study. 

Hydrogen production from sweet potato starch residue with the addition of 0.1% 

polypepton using a defined culture of Clostridium butyricum and Enterobacter aerogenes 

in a repeated batch culture with a yield of 2.4 mol H2/mol hexose has been reported [14]. 

Continuous hydrogen production from insoluble starch in a non-sterile condition 

using mixed microflora gave hydrogen yield of 1.3 mol/ mol hexose [15]. Sparging the 

reactor with nitrogen to reduce hydrogen in the off-gas from 50% to 7% gave stable 

operation with a hydrogen yield of 1.9 mol/ mol hexose consumed over 18-day period. 

Another continuous hydrogen production by mixed microflora dominated in Clostridia 

from soluble starch was reported by Lay [16]. Hydrogen production yield of 1.29 L/g 

starch-COD was obtained at pH 4.5 and 22 h HRT in a CSTR bioreactor. However, the 

period of these experiments lasted only a few days. 

Continuous hydrogen production for over 200 days on sugar factory wastewater 

resulted in a yield of 14.4 mmol H2/g carbohydrate removed [17]. Taguchi et al. [18] 
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reported continuous hydrogen production from pure strain of Clostridium on cellulose 

hydrolysate as the main substrate which was supplemented with peptone and yeast 

extract. 

Nutrient levels should exceed the required optimum concentration during 

fermentation because anaerobic bacteria might be severely inhibited by even slight 

nutrient deficiencies. Many essential nutrients, however, can become toxic when present 

in high concentrations. A rough estimate of the required theoretical amount of 

macronutrients, i.e. nitrogen (N), phosphorous (P) and sulphur (S), can be derived from 

the elemental composition of bacterial cells. [19] 

Lin and Lay [20] reported that hydrogen production ability by anaerobic 

microflora in batch experiments would depend on carbon/nitrogen (C/N) ratio. Hydrogen 

yield reached a maximum value of 4.8 mol/mol sucrose at a C/N ratio of 47. 

Concentration of inorganic nutrients plays an important role in optimal hydrogen 

production. Dabrock et al. [21] reported that under phosphate limitation, ethanol, butanol 

and 1,2- propanol were the major metabolites from glucose. Iron is a component of the 

hydrogenase enzyme, which generates hydrogen; therefore, iron limitation decreases 

hydrogenase activity. Lee et al. [22] who conducted batch experiments with mixed 

culture on sucrose reported that low iron concentrations favored ethanol and butanol 

production. Maximum hydrogen production yields were observed when 800 mg FeCl3/L 

was added to the growth medium. 
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2.3 Inoculum and Enrichment Methods 

Hydrogen can be produced by anaerobic bacteria grown on carbohydrate rich 

substrates in dark. The bacteria known to produce hydrogen include the species of 

Clostridium [23], Enterobacter [24] and Bacillus [25]. 

The highest yields of hydrogen production have been reported with strains of 

Clostridia in pure cultures or mixed cultures where Clostridia are predominant. Pure 

cultures of Clostridium butyricum yielded 2 mol H2/ mol glucose [26] and 2.78 mol 

IVmol sucrose [27]. Collet et al. [23] achieved 2.1- 3.0 mol IVmol lactose with 

Clostridium thermolacticum. It has been reported that Clostridium thermocellum could 

use delignified wood fibers to produce hydrogen with an average yield of 1.6 mol I V 

mol glucose [28]. Although Clostridial species have high yields of hydrogen production, 

they are sensitive to the inhibition by oxygen, and require specific nutrients and 

environmental conditions for spore germination [29]. 

Facultative anaerobes including Enterobacteriace have less hydrogen production 

yields; however, they can be grown easier and are less sensitive to environmental 

conditions like the presences of oxygen. Because of these specifications, facultative 

anaerobes have been the focus of attention for some researchers [24, 30, 31]. 

Enterobacter cloacae which was isolated and used by Kumar and Das [24, 32] had 

different hydrogen yields with different substrates (2.2 mol/mol glucose, 6 mol/mol 

sucrose and 5.4 mol/ mol cellobiose ). Bacillus licheniformis was also used for hydrogen 

production from damaged wheat grains [25]. 

There are also some reports of hydrogen production by co-culturing of pure 

species in the literature. Yokoi et al. [33] stated that Enterobacter sp. produced about 1 



18 

mol of H2/ mol hexose, whilst Clostridium sp. produced around 2 mol H2/ mol of hexose. 

Yokoi et al. [26] in another study obtained 2.6 mol H2/mol glucose with a mixed culture 

of Clostridium butyricum and Enterobacter aerogenes. 

Pure cultures have been shown to produce hydrogen from defined substrates such 

as glucose, at efficiencies about 20% to 60% of the known biochemical routes (based on 

4 mol hydrogen per mol of glucose). However, application of pure cultures with waste 

materials is not feasible due to the different bacteria needed to break down the various 

organic components in the waste, and the prohibitive cost of sterilizing wastewater 

streams [34]. For a technically feasible process, mixed cultures obtained from natural 

sources which are able to operate on non sterile feedstocks are required. However, one of 

the obstacles for the production of hydrogen from mixed microflora is the coexistence of 

hydrogen consuming bacteria. Various types of hydrogen consuming anaerobes, 

including methanogens, acetogens, and sulfate reducing bacteria can obtain energy by 

utilizing molecular hydrogen [35]. In order to produce hydrogen using mixed cultures, 

hydrogen consumption by methanogens, homoacetogens, and sulfate reducing bacteria 

must be prevented and inocula must be enriched with hydrogen producing bacteria. 

Enrichment methods are reported to affect start-up, overall efficiency and the stability of 

a continuous hydrogen production system [29]. Heat treatment, acid treatment, alkaline 

treatment and utilization of chemical inhibitors are some of the enrichment methods that 

have been used for hydrogen production. 

Heat treatment is the most common technique for enriching hydrogen producing 

bacteria. A wide range of heat-pretreated natural sources including anaerobically 

digested sludge [16], activated sludge [36], soil [9], cow dung [37], compost [38] and 
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river sediments [39] has been used for continuous hydrogen production. Heat treatment 

of inoculum is reported to be a rapid method for enrichment that can kill non-spore-

forming hydrogen consuming bacteria, such as methanogens. It is reported that the 

predominant species after the heat treatment belong to the genus Clostridia [40]. When 

exposed to high temperatures, unlike methanogens, Clostridium species can produce 

protective spores and survive. However, some hydrogen consuming bacteria like 

Clostridium aceticum [41] and Desulfotomaculum geothermicum [42] that can produce 

spores will remain in the system. In spite of this fact, heat treatment is still one of the 

most practical methods for enrichment of inocula for hydrogen production. 

Acid-base treatment is also considered as a method for enhancing hydrogen 

production. Chen et al. [43] reported that hydrogen production potential of sludge with 

acid or base enrichment was enhanced 200 and 333 times, compared with the control, 

when enrichment pH was 10 and 3, respectively. Cai et al. [1] also increased the 

hydrogen production yield from 9.1 mL H2/ g dry solids to 16.6 mL H2/g dry solids by 

alkaline pretreatment of sludge. Eubacterium multiforme and Paenibacillus polymixa 

were the dominant bacteria in biohydrogen production from alkaline pretreated sludge at 

initial pH of 11. It must be considered that acid- base treatment requires an acclimation 

time and sometimes the method is inadequate for avoiding subsequent biological 

contamination of a system with hydrogen consumers. 

Applying short retention times can be useful to increase the productivity, because 

the growth rate of methanogens is slower than that of hydrogen producing bacteria [44]. 

However, in a free suspended cell bioreactor, the biomass is easily washed out and the 

efficiency of substrate utilization is reduced at short retention times [45,46]. 
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Chemical inhibitors can also suppress the methanogens and acclimation time is 

not generally required. 2-bromoethanesulfonate is a specific inhibitor for methanogens, 

but it may result in the formation of resistant mutants [47, 48]. Acetylene at 1% v/v in the 

head space is also reported as an effective inhibitor for methanogens [49]. 

The evaluation of the enrichment methods has been scantly studied. In a study 

comparing the heat treatment versus acid treatment, hydrogen yields observed as a result 

of the heat treatment were reported to be higher than those in acid treatment [50]. In a 

recent study [51], the effects of acid treatment, alkaline treatment and heat treatment on 

the hydrogen production were compared and the highest hydrogen yield was achieved 

with heat treatment while the lowest yield was obtained with alkaline treatment. 

Although some studies have been conducted with the aim of preparation of an active and 

stable microflora, this area has still remained as an obstacle in biological production of 

hydrogen from wastewater. 

2.4 Metabolic Pathways for Fermentative Hydrogen Production 

The microbial hydrogen production is derived by the anaerobic metabolism of 

pyruvate, an intermediate formed during the catabolism of various substrates by 

glycolysis (Embden-Meyerhof pathway): 

C6H1206 + 2NAD+ - • 2CH3COCOOH + 2NADH + 2H+ (3) 

The NADH which is formed during the glycolysis can be used for hydrogen 

evolution through the NADH oxidation to NAD+ [3]: 
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NADH + H+-> H2 + NAD+ (4) 

The enzyme which is involved in this reaction is known as ferredoxin 

oxidoreductase. 

Other pathways for hydrogen evolution are via the decomposition of pyruvate. The 

breakdown of pyruvate is catalyzed by two different enzymatic systems [52]. 

One of these systems is Pyruvate- formate lyase (PFL) which is used by enteric 

bacteria for hydrogen production. In this system, the pyruvate is converted to formic acid 

and acetyl-CoA. The formic acid can be further degraded with catalytic hydrogenase to 

hydrogen: 

Pyruvate + CoA —*• acetyl- CoA + formate (5) 

HCOOH - • H2 + C02 (6) 

The second enzymatic system for the breakdown of pyruvate is pyruvate-

ferredoxin oxidoredoctase (PFOR) which can be presented by the following reactions: 

Pyruvate + CoA + 2Fd(ox) - • acetyl- CoA + 2Fd(red) (7) 

2 Fd(red) - • 2Fd(ox) + H2 (8) 
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In this system hydrogen production is associated with the presence of an electron 

carrier called ferredoxin through which the electrons transfered to H* ions derived from 

water serve as electron acceptors, and are catalyzed by hydrogenase to form H2. Strict 

anaerobes release hydrogen by this system [53]. 

2.5 Factors Affecting Fermentative Hydrogen Production 

In fermentative hydrogen production, hydrogen rates and yields are influenced by 

environmental and physico-chemical factors including pH, temperature, hydraulic 

retention time, organic loading rate, concentration of soluble metabolites and hydrogen 

partial pressure. 

2.5.1 pH 

Due to the effects of pH on the hydrogenase activity [21], metabolic pathways 

[16] and microbial community [54] pH control is crucial to the hydrogen production. 

However, the reported optimal pH values for hydrogen production are conflicting, 

varying from initial pH of 11.0 for batch fermentation of sewage sludge [1], to controlled 

pH values of 7.0 and 5.5 for continuous fermentation of molasses [55] and glucose [9], 

respectively. 

In hydrogen production with mixed cultures operation at pH values higher than 6, 

may increase the risk of methanogensis. Development of methanogens has been reported 

in a CSTR at the short HRT of 6 hours when pH increased to 6 [54]. However, some 

other researchers reported no methanogenic population build-up in continuous hydrogen 
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production systems at pH values of 6.5 and 6.6 [56, 57] which could be attributed to the 

duration of the process. 

By comparison of the studies on continuous hydrogen production with mixed 

cultures at various pH values, Hawkes et al. [58] suggested an optimum pH range 

between 5.2 and 5.8 within HRT values of 6-32 hours and substrate types (sucrose, starch 

and beer industry waste). 

Fang and Liu [59] demonstrated that the diversity in microbial community 

increased as pH shifted from 4.0 to 7.0 in continuous production of hydrogen from 

glucose. At the optimal pH of 5.5, the biogas comprised 64±2% of hydrogen with a yield 

of 2.1 ±0.1 mol E^/mol glucose. The increase of pH resulted in the decrease of butyrate 

but increase of acetate. At pH 4.0-6.0, the effluent contained mostly butyrate (41.4-32.4% 

on carbon basis), followed by acetate (15.30-29.5%). 

Although usually higher hydrogen production has been reported in a pH range of 

5.0-6.8 with butyric and acetic acid as the predominant soluble metabolites there are 

some reports of high hydrogen production at pH range of 4.5-5.0 when ethanol and acetic 

acid are the predominant soluble metabolites [60, 61]. Operating at low pH values 

suppresses the methanogens and homo-acetogens [60] and it also reduces the base 

consumption for pH control [45]. 

2.5.2 Temperature 

Most of the research on hydrogen production has been done at mesophilic 

temperatures around 30 to 35°C. Zoetemeyer et al. [62] reported that butyrate, the 

preferred metabolite for hydrogen production, was decreased at temperatures above 30°C 

while acetate and propionate were increased. 
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High yields of hydrogen with thermophilic regimes were also reported in 

literature. The hydrogen yield of 2.2 mol/ mol hexose with the hydrogen production rate 

of 1.0 L/L/d was achieved in a continuous conversion of food waste into hydrogen at 

55°C [63]. Semi-continuous anaerobic processes with solid substrate and mesophilic 

regime (35°C), showed a yield of 37% of the maximum yield (based on 4 mol I V mol 

hexose), while thermophilic regime (55°C) exhibited a yield of 80% of the maximum 

yield [64]. 

Although thermophilic hydrogen processes give high yields of hydrogen 

production, they are usually characterized by low volumetric production rates. It is 

because of the fact that many thermophilic microorganisms do not achieve high cell 

densities in liquid cultures. The low volumetric production rates limit the usefulness of 

these organisms in a practical system. [65] 

2.5.3 Hydraulic Retention Time (HRT) 

Hydrogen-producing bacteria usually have faster growth rate in comparison with 

methanogens. Therefore, at relatively high dilution rates (or low HRTs) methanogens are 

washed out of a mixed culture and therefore hydrogen production is increased [66]. 

Continuous hydrogen production in literature has usually been conducted at HRTs 

between 0.5 and 12 hours [58, 67]. Optimum retention time in a continuous hydrogen 

production system depends on other characteristics of the system such as the type of 

substrate and should be optimized for a specific system. Comparing two hydrogen 

production systems with actual wastewater, the optimum retention time for rice winery 

wastewater was reported to be 2 hours [68] while that of sugar factory wastewater was 12 

hours [17]. Operation at too low HRTs can lead to biomass washout, while operation at 
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too high HRTs can lead to the inhibition of hydrogen production by accumulation of high 

levels of volatile fatty acids. 

2.5.4 Concentration of Soluble Metabolites 

Volatile fatty acids or alcohols at some concentrations may have inhibitory effects 

on fermentative hydrogen production. Clostridium thermocellum has low alcohol 

tolerance of less than 2% for growth [69] which is because of blockage of glycolysis 

which occurs after ethanol induces changes in the cell membrane [70]. 

When acetic acid and butyric acid were added to the feed at concentrations of 25 mM, 

hydrogen production yields decreased by 13% and 22%, respectively [71]. In the same 

study the addition of both acids at 60 mM, which is the undissociated acid concentration, 

resulted in 93% reduction in hydrogen yield. The undissociated acids can cross the cell 

membrane, collapse the transmembrane pH gradient and, thus, cause cell death or 

sporulation [72]. 

2.5.5 Hydrogen Partial Pressure 

The decrease in the partial pressure of hydrogen in the reactor can increase 

hydrogen production. When the hydrogen concentration in the liquid raises hydrogen 

production reactions are less favorable [29]. As hydrogen concentration increases, 

metabolic pathways shift toward the production of reduced products instead of hydrogen. 

In natural ecosystems, low partial pressure of hydrogen is achieved via syntrophic 

associations between hydrogen producing bacteria and hydrogen consuming bacteria 

such as methanogens [19]. 
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In order to obtain high concentrations of hydrogen, hydrogen must be artificially 

removed from the system, before it leads to repression of its production or be consumed 

by methanogenes [30]. Continuous hydrogen production requires a partial pressure of H2 

< 50 kPa at 60°C, < 20 kPa at 70°C and < 2 kPa at 98°C [4]. 

Continuous versus intermittent release of gas pressure in batch tests increased 

hydrogen production by 43% [73]. Reducing the hydrogen partial pressure by sparging 

argon or nitrogen has also increased the hydrogen production yield in continuous cultures 

[30,74]. 

A report by Tanisho et al. [30] demonstrated that sparging with argon results in an 

increase of residual NADH, which in turn increases the hydrogen production, although 

hydrogen was not measured. The yields were mainly estimated by calculating the amount 

of residual NADH. Sparging nitrogen gas was also reported as a useful method for 

increasing hydrogen yield [74]. They observed that the specific hydrogen production rate 

increased from 1.446 ml / min-g biomass to 3.131 ml / min g biomass under nitrogen 

sparging condition. With nitrogen sparging at a flow rate approximately 15 times the 

hydrogen production rate, the hydrogen yield was 1.43 mol H2/ mol glucose. This showed 

a 50% increase in hydrogen yield when nitrogen was sparged into the system. In 

hydrogen production from a wheat starch co-product, sparging the reactor with nitrogen 

to reduce hydrogen in the off-gas from 50% to 7% gave stable operation with a hydrogen 

yield of 1.9 mol / mol hexose consumed over 18-day period. Hydrogen production yield 

without sparging in this reactor was 1.26 mol/ mol hexose consumed. [15]. However, too 

much sparging gas results in serious problems of hydrogen separation and purification. 

Sparging gas should be free of CO, otherwise it could inhibit hydrogenase enzyme. [4] 
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2.6 Bioreactor Type 

Different types of bioreactors have been used in research on hydrogen production. 

The design parameters for continuous reactors are yet not clearly defined. Since 

fermentative hydrogen production is similar to the acidogenic stage of anaerobic 

digestion, it seems that a modified fermentor technology can be used for this purpose. 

Generally, at laboratory scale continuous stirred tank reactors (CSTRs) have been 

used for hydrogen production, because the pH and agitation of the culture can easily be 

controlled in continuous performance. However, the biomass can easily be washed out at 

short hydraulic retention times (HRTs) resulting in failure in substrate degradation and 

hydrogen production efficiency. 

Hussy et al. [15] used an anaerobic CSTR reactor for continuous fermentation of 

a wheat starch co-product by mixed microflora. A five day average of 1.26 mol H2/ mol 

hexose consumed was the highest amount obtained without sparging, while an average of 

1.87 mol H2/ mol hexose consumed was achieved over 18 day period when nitrogen was 

sparged into the reactor. 

It is economic to maintain higher biomass concentrations in the reactor by 

immobilization, granulation, membrane processes and centrifugation. Hydrogen 

production using immobilized Clostridium butyricum on porous glass beads has been 

reported by Yokoi et al. [33]. Wu et al. [75] used immobilized sewage sludge for 

hydrogen production. They achieved durable (over 24 repeated runs) and stable hydrogen 

production with a gel entrapment system by the addition of acrylic latex plus silicone. 
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Using activated carbon as support matrix, fixed bed bioreactors could enhance 

hydrogen production from sewage sludge and sucrose and allowed retention of hydrogen 

producing bacteria within the reactor [76]. Hydrogen production with immobilized 

sewage sludge in three-phase fluidized bed bioreactor resulted in a hydrogen production 

rate of 0.93 L/h/L and hydrogen yield of 2.67 mol I V mol sucrose [77]. It was reported 

that fluidized bed could be stably used at high loading rates (HRT as low as 2 hours). 

In an attempt to use membrane bioreactor for hydrogen production, it was 

demonstrated that hydrogen production by fermentative bacteria, grown at short detention 

time (3.3 hours), could be increased in the system [9]. At longer HRTs, membrane will 

not be necessary, as biogas production will decrease with any increase in solid retention 

time (SRT). Since lower hydrogen production was associated with a slight increase in the 

number of DNA bands in Ribosomal Intergenic Spacer Analysis (RISA) profiles, it 

seems that a shift in physiology of bacteria with changing the detention time is the reason 

for decreasing hydrogen production. Biogas composition in this study was not affected by 

HRT or SRT and was always in the range of 57 to 60% of hydrogen. 

The up-flow anaerobic reactor was also applied for hydrogen generation from 

waste materials and wastewaters [68]. When winery wastewater was used in an up-flow 

anaerobic sludge blanket reactor (UASB), an optimum hydrogen production rate of 9.33 

L/g VSS d was achieved at an HRT of 2 h, COD of 34 g/L, pH 5.5 and 55°C. The 

hydrogen yield in this study was 1.37-2.14 mol/mol hexose. 

A remarkable hydrogen production rate of 7.3 L/h/L (7150 mmol/d/L) was 

obtained with a carrier- included granular sludge bed reactor (CIGSB) [78]. The 

hydrogen yield was 1.5 mol/ mol hexose. One of the advantages of CIGSB over UASB is 
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the quick sludge generation within 100 h of start-up, whereas it takes months for 

hydrogen producing UASB process to form granular sludge. 

Practical application of some of these systems like CIGSB process with high 

content of suspended solid wastewater has not yet been investigated. 

2.7 Metabolic Shift 

Hydrogen fermentation by Clostridia occurs under a branched fermentative 

pathway. The ratio of product formed to substrate consumed is variable in hydrogen 

fermentation while it is constant in the linear fermentative pathways such as ethanol 

fermentations. A branched pathway produces more ATP and oxidized products than a 

linear pathway. The formation of products in a branched pathway is dictated by the 

environmental conditions especially hydrogen partial pressure [79]. 

Figure 2.1 shows the possible fermentation products by fermentation of 

carbohydrates. In practice, high H2 yields are associated with a mixture of acetate and 

butyrate fermentation products, and low H2 yields are accompanied with propionate and 

reduced end products such as alcohols and lactic acid [80]. However, it should be 

considered that under special environmental conditions such as low pH values (4.5 - 5) 

hydrogen can be obtained through ethanol type fermentation [81]: 

C6H1206 + H20 -> C2H5OH + 2CH3COOH + 2C02 + 2H2 (9) 

Therefore, ethanol formation is not always a sign of low hydrogen production 

yields. 
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It has been well investigated that metabolic pathway of hydrogen producing 

bacteria is significantly influenced by various environmental factors. In C. pasteurianum 

metabolism can be directed away from H2 production toward solvent production by high 

glucose concentrations (12.5%), by CO (an inhibitor of hydrogenase) and by iron 

limitation but not by phosphate limitation [21]. 

Reduction of hydrogen partial pressure in the reactor can increase hydrogen 

production. Continuous versus intermittent release of gas pressure in batch tests increased 

hydrogen production by 43% [73]. Reducing the hydrogen partial pressure by sparging 

argon or nitrogen has also increased the hydrogen production yield in continuous cultures 

[30,74]. 
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Figure 2.1 Metabolic pathways possible for carbohydrates fermentation [61] 
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Tanisho et al. [30] observed that the removal of CO2 from the liquid culture of 

Enterobacter aerogenes E 82005 increased the hydrogen yield from 0.52 to 1.58 mol H2/ 

mol glucose by redirection of metabolic pathways. In a study by Park et al. [34], when 

CO2 in the headspace was decreased from 24.5% to 2.5% during the highest gas 

production phase, hydrogen yield increased by 43% (from 1.4 to 2.0 mol f^/mol 

glucose). 

2.8 Microbial Shift and Investigation of Microbial Community Dynamics 

Maintaining an active and stable microflora is the key for sustainable hydrogen 

production. It is frequently observed that the change in hydrogen production yield and 

rate is associated with variations in microbial community [82-84]. 

Typically, microorganisms are identified by isolating individual cultures and 

examining their physiological, biological, and morphological characteristics. However, 

such identification is often unreliable. First, microorganisms may not be properly 

isolated from the artificial growth medium. Second, many microorganisms grow 

syntrophically with others and thus cannot be cultured individually. Third, many 

microorganisms share similar physiological, biochemical and morphological 

characteristics and, therefore, cannot be diagnosed by these methods. [85] 

Molecular biological techniques offer new opportunities for the analysis of 

structure and species composition of microbial communities. These methods rely largely 

upon sequence information of genes that are universally conserved, yet sufficiently 

different to reflect the phylogeny of the prokaryotes [86]. Among these methods, 

denaturing gradient gel electrophoresis of PCR amplified community 16S rDNA have 
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been extensively used in the study of different microbial communities for example, in 

ocean mats [87], biofilms [88] and acidogenic anaerobic reactors [89]. 

Separation techniques based on denaturing gradient gels were first described by 

Fischer and Lerman [90]. In PCR-DGGE method, polymerase chain reaction (PCR) is 

first used to amplify a highly variable region (i.e, V3 region) of 16S rDNA gene of a 

mixed pool of chromosomal DNA. The result of this PCR reaction is a mixture of 

products with an equal size but species-specific sequence. 

Denaturing gradient gels are prepared to give an increasing concentration of 

denaturing agent along the same direction of electrophoresis. When PCR amplified 

products of 16S rDNA are applied in DGGE, as a critical concentration of denaturing 

agent is reached the melting domains will denature and result in a separation of fragment 

based on the sequence. A virtual model of the separation of PCR amplified fragments via 

DGGE is shown in Figure 2.2. 

Ueno et al. [91] applied PCR-DGGE for the first time to study the microbial 

community in hydrogen production from sludge compost. They could identify sixty-

eight microorganisms in the microflora and classify them into nine distinct groups by 

genetic fingerprinting of the PCR-DGGE and determine the partial sequence of 16S 

rDNA. Most of the strains in this study were Clostridium and bacillus species. 

In another study conducted by Fang et al. [85], microbial diversity of a 

mesophilic hydrogen producing sludge was investigated using PCR-DGGE method. A 

total of ninety-six clones were selected for plasmid recovery, screened by DGGE, and 

sequenced for rDNA. Based on the phylogenetic analysis of rDNA sequences, 64.6% of 
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all the clones were affiliated with three Clostridium species, 18.8% with 

Enterobacteriaceae, and 3.1% with Streptococcus bovis. 

Application of different environmental conditions, such as different HRTs, pH 

values and temperatures has a direct effect in microbial community. In each 

environmental condition a particular group of microorganisms become predominant and 

affect the overall performance of the system. Therefore, monitoring the microbial 

community with molecular techniques is a valuable way for fundamental investigation of 

fermentative hydrogen producing processes. 

DGGE Process DGGE Resulting Profile 

Figure 2. 2 Schematic diagram of the separation of PCR amplified fragmants via DGGE 
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2.9 Conclusions 

Although, fermentative hydrogen production has been the focus of many research 

groups in recent years, reported results that are available in literature reveal that 

commercial hydrogen production is still not feasible at the present time. Further research 

and development with the aim of increasing both yields and rates of fermentative 

hydrogen production are required. Moreover, long term stability of the systems should be 

investigated. Establishment of an active and stable microflora has an important role to 

achieve a successful biohydrogen production process. Regarding the continuous 

hydrogen production enough information is not available on the revivability and 

sustainability of continuous reactors. Such information will play a significant roll in 

development of large scale biohydrogen production systems. 

The above mentioned points are highlighted in the present study anticipated that 

the results of the research in this area will benefit current knowledge on dark fermentative 

hydrogen production. 
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CHAPTER 3 

The Effect of Heat Pretreatment Temperature on Fermentative 

Hydrogen Production Using Mixed Cultures 

A version of this chapter has been published in International Journal of Hydrogen 

Energy, 2008, 33:4064-73 
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3.1 Introduction 

Biological hydrogen production is potentially regarded as one of the most 

promising alternatives for sustainable green energy production [1, 2]. Among various 

biological hydrogen production processes, dark fermentation is of significant importance, 

due to its higher rate of hydrogen evolution in the absence of any light source and its 

applicability to different types of organic wastes and wastewaters [3]. In spite of the 

intensive research on the dark fermentative hydrogen production, no commercial systems 

are yet available. One of the challenges for large scale biological hydrogen production is 

the preparation of large amounts of active and stable inocula from natural sources. To 

improve hydrogen production, the inocula must be enriched by the elimination of 

methanogens, homoacetogens, and sulfate reducing bacteria. The method by which the 

seed is enriched is considerably important as it may affect the start-up, overall efficiency 

and the stability of a continuous hydrogen production system [4]. 

Enrichment by heat treatment is the most common technique for screening of 

hydrogen producing bacteria. Heat treatment of inocula eliminates non-spore forming 

hydrogen consuming microorganisms such as methanogens and initiates spore 

germination in Clostridia by altering their germination receptors [5, 6]. Furthermore, 

since the germination of spores occur in a batch mode prior to the continuous operation, 

the risk of the inocula wash-out is minimized [5]. A wide range of heat pretreated natural 

sources including anaerobically digested sludge [7], activated sludge [8], soil [9], cow 

dung [10], compost [11] and river sediments [12] has been used for continuous hydrogen 

production. Taking advantage of the heat treatment, Chang and Lin [13] have reported 8 

months of constant hydrogen production and substrate degradation using municipal 
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sewage sludge in a UASB operating at the HRT of 8 to 20 hours. Han et al. [14] used the 

heat treated sludge to inoculate four 50 L fixed-bed reactors in the acidogenic stage of a 

pilot-scale two-stage hydrogen and methane producing system. The volatile solids 

removal efficiency and hydrogen production rate were 70.9% and 3.55 m3/m3/d, 

respectively. Repeated heat treatment of a fraction of return sludge in a continuous 

hydrogen producing system was reported to increase the yield of hydrogen production, 

but did not significantly affect the volumetric hydrogen production rate [6]. 

The cost-effectiveness of the heat treatment and the predominance of the sensitive 

Clostridial species in heat treated inocula make this approach controversial and 

necessitate further research. Enrichment of inocula by heat pretreatment consumes 

thermal energy. The energy required for heat treatment might be economized using the 

excess heat in the process. Furthermore, the treatment can be less energy intensive if it is 

conducted at lower temperatures. Various treatment temperatures have been used in the 

literature for the enrichment of the hydrogen producing inocula. Pretreatment at boiling 

temperature is the most frequent reported enrichment method [15]. However, 

pretreatment at low temperatures of 75°C and 85°C [16, 17] as well as high temperature 

of 104 [18] have been used for hydrogen production from mixed cultures. In all of these 

studies a variety of natural and synthetic feedstock, various inocula and different 

operation conditions have been used. Natural variability of bacterial cultures coupled 

with the complex biological hydrogen production mechanisms do not facilitate 

comparison between different studies. To the best of our knowledge and based on what is 

stated in the literature [15], no comparative study has been conducted to evaluate the 

effect of heat treatment at different temperatures on hydrogen production at the same 
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experimental conditions. Temperatures of the heat pretreatment may significantly affect 

the microbial community and energy required for the process. 

The purpose of this research is to comprehensively compare the effect of heat 

pretreatment temperatures on the enrichment of two types of natural inocula, activated 

sludge and anaerobically digested sludge, for hydrogen production as well as to 

investigate the relationship between the metabolites, microbial community and hydrogen 

production at each pretreatment temperature. 

3.2 Materials and Methods 

3.2.1 Inocula and Treatment Conditions 

Two inoculum sources were investigated for hydrogen production: anaerobically 

digested sludge from St. Marys, Ontario, municipal wastewater treatment plant; and 

activated sludge from the Adelaide Pollution Control Plant in London, Ontario. Prior to 

their use, the sludge inocula were thickened and then sieved through 2 mm screen. In 

order to enrich hydrogen-producing bacteria, the inocula were heat treated at 65°C, 80°C 

and 95°C for 30 minutes. Untreated inocula were also used as control. 

3.2.2 Batch Experiments 

Hydrogen production experiments were conducted in duplicates in 320 mL-vials 

containing 120 mL of media. The concentration of volatile suspended solids (VSS) in 

each vial was 2 g/L. In all samples, the medium contained 10 g/L glucose as the carbon 

source and the following inorganic salts (mg/L): NH4CI, 2600; K2HPO4, 250; 
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MgCl2.6H20, 125; FeS04.7H20, 5.0; CoCl2.6H20, 2.5; MnCl2.4H20, 2.5; KI, 2.5; 

Na2Mo04.2H20, 0.5; H3B04, 0.5; NiCl2.6H20, 0.5;ZnCl2, 0.5. The solution was buffered 

with 0.07 M phosphate and the initial pH was adjusted to 6.7 using 2M NaOH and 2M 

HC1. Each vial was purged with nitrogen for one minute. The cultures were placed in a 

shaker-incubator at 37°C and 190 rpm. The volume and the composition of the produced 

gas and also the concentration of the soluble metabolites were measured up to several 

hours after hydrogen production stopped. 

3.2.3 Repeated Batch Experiments 

After the completion of a batch operation (see previous section for the 

procedures), 60 mL of the culture were collected and added to 60 mL of fresh medium (to 

make the total working volume of 120 mL) and the pH was adjusted to 6.7 under 

anaerobic conditions. The same procedure was repeated four times for other consecutive 

batches. During each batch, the amount and composition of the produced gas were 

measured. Soluble metabolites were detected at the end of each batch. 

3.2.4 Analysis 

The biogas composition including hydrogen, methane and nitrogen was 

determined by a gas chromatograph (Model 310, SRI Instruments, Torrance, CA) 

equipped with a thermal conductivity detector (TCD) and a molecular sieve column 

(Molesieve 5A, mesh 80/100, 6 ft X 1/8 in). The presence of hydrogen sulfide in the 

biogas was checked using another gas chromatograph (6890 series, Agilent) equipped 

with a flame photometric detector (FPD) and a capillary column (HP-5, 10 m x 0.32 mm 
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x 0.25 urn film thickness). The total gas volume was measured by releasing the gas 

pressure in the vials using a glass syringe (5-50 mL) to equilibrate with the room pressure 

as recommended by Owen et al. [19]. Gas volumes were corrected to standard conditions 

(25°C and 1 arm). 

The concentrations of organic acids including acetic acid, butyric acid, iso-butyric 

acid, lactic acid, valeric acid, iso-valeric acid and formic acid were analyzed using a 

high- performance liquid chromatography system (1200 series, Agilent Technologies) 

equipped with Aminex HPX-87H ion exclusion column (300 mm x 7.8 mm I.D.; BIO-

RAD), and a UV-detector at 210 nm. The column temperature was adjusted to 30 °C. The 

same instrument with a refractive index detector (RID) was used to measure the 

concentrations of glucose and alcohols. The temperature of the RID detector was set to 

35 °C. The concentrations of total suspended solids (TSS) and volatile suspended solids 

(VSS) were measured according to standard methods [20]. 

The cumulative hydrogen production profiles were fitted with modified Gompertz 

equation (1). Gompertz equation (developed in 1825) is a mathematical model which 

shows a sigmoidal curve for a time series, where growth is slowest at the beginning and 

at the end of a time period. This model has been used to describe the bacterial growth. 

Lay et al. [21] derived the Equation (1) from a Gompertz equation which explained the 

growth of Lactobacillus plantarum and Lactobacillus aciodophilus and satisfactorily 

used it to describe biological methane production. The modified Gompertz equation (1) 

can also be used for fermentative hydrogen production: 
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H = Pexp<-exp ^-(x-,)+i (i) 

where H is the cumulative hydrogen production (mL), P is the maximum hydrogen 

production (mL), Rm is the maximum hydrogen production rate (mL/ h), X is the lag 

phase time (h) and t is the incubation time (h). The cumulative hydrogen data were fitted 

with Gompertz equation using CurveExpert 1.3. Pearson correlation coefficients were 

determined using SPSS 10.0 (SPSS Inc., USA). 

3.2.5 Bacterial Community Analysis 

The total genomic community DNA was extracted and purified using UltraClean 

Soil DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA). The primer set of 

349FGC(5'-CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCC 

TACGGGAGGCAGCAG-3') and 518R (5*-ATTACCGCGGCTGCTGG-3') at the 

annealing temperature of 53 °C were used for the PCR amplification of the variable V3 

region of 16SrDNA from the purified genomic DNA. Denaturing gradient gel 

electrophoresis (DGGE) of PCR products was performed with a DCode universal 

mutation system (Bio-Rad laboratories, Hercules, CA, USA). The PCR products were 

applied directly to 8% (w/v) polyacrylamide gel with 15 to 55% denaturant (urea) 

gradients. Electrophoresis was performed at a constant voltage of 130 V at 59°C for 4.5 

hours. The DNA template of the bands of interest were re-amplified and the PCR 

products were purified using QIAquick PCR purification Kit (QIAGEN Sciences, 

Maryland, USA) in accordance with the manufacturer's protocol. The sequences of re-

amplified DNA fragments were determined by dideoxy chain termination (Sequencing 
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Facility, John P. Robarts Research Institute, London, Ontario) and compared with 

available sequences in GenBank database using the BLAST program [22]. 

3.3 Results and Discussions 

3.3.1 Effect of Pretreatment on Fermentative Hydrogen Production 

Figures 3.1 (a) and (b) show the cumulative hydrogen production at different 

pretreatment temperatures for the activated and anaerobic sludges, respectively. The 

produced biogas in all of the samples only contained hydrogen and carbon dioxide. No 

methane and hydrogen sulfide were detected in any of the samples during the 165 hours 

of batch fermentation. 

When activated sludge was used as an inoculum in the batch tests, hydrogen 

production started after a short lag time of less than 7 h (Figure la). Untreated activated 

sludge produced only 82 mL biogas which contained 39 mL of hydrogen. A significant 

increase in hydrogen production was observed at pretreatment temperatures of 65°C and 

80°C. The maximum amounts of hydrogen produced with heat treatment at 65 and 80°C 

were 313 and 265 mL, respectively. However, a 21.6% and 25.7% decrease in the 

hydrogen production was observed after 110 and 140 h for 65 °C and 80°C heat-

pretreated activated sludge, respectively. 

The cumulative hydrogen production curves for anaerobic sludge are shown in 

Figure lb. The untreated anaerobic sludge yielded the least amount of both hydrogen (70 

mL) and total gas (131 mL). Pretreated sludges at 65°C and 80°C produced 342 and 317 

mL of hydrogen, respectively. The percentages of hydrogen in the evolved gas for the 

65°C and 80°C pretreated sludges were 56.2% and 54.1%, respectively. The amount of 
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hydrogen production in the 95 °C pretreated sludge was approximately 15% less than the 

amount produced by the 65°C pretreated inoculum. When anaerobic sludge was used as 

inoculum, at all pretreatment temperatures, no decrease in cumulative hydrogen was 

observed after hydrogen production stopped. 

400 

-E 300 

200 

Figure 3.1 Cumulative hydrogen production with activated sludge (a) and anaerobically 
digested sludge (b) pretreated at different temperatures 
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Hydrogen yields (mol hydrogen/mol glucose), the specific hydrogen production 

(mmol hydrogen/g VSS) and growth yields (g VSS/g glucose) are illustrated in Table 3.1. 

The highest yield (2.3 mol hydrogen/mol glucose) and specific hydrogen production 

(63.3 mmol hydrogen/g VSS) were achieved with the 65°C pretreated anaerobic sludge. 

The hydrogen yields and specific hydrogen production decreased with the increase of 

pretreatment temperatures in both types of inocula. Low hydrogen production was 

observed with both untreated activated sludge and untreated anaerobic sludge. Hydrogen 

production in the 95°C pretreated activated sludge was even less than the untreated 

inoculum, which reflects the suppressing effect of the heat pretreatment at high 

temperatures on this inoculum. However, the lower treatment temperatures of 65 and 

80°C could enhance the hydrogen production about 7.3 and 6.7 times in comparison with 

untreated sample, respectively (these values were calculated based on 39 mL of evolved 

hydrogen in the untreated activated sludge and maximum hydrogen production in 65 and 

80°C pretreated activated sludge shown in Table 3.2). 

The microbial load in all the samples before the heat treatment was approximately 

2 g VSS/L. No significant difference was observed in the volatile suspended solids (VSS) 

before and after the heat pretreatment. However, different pretreatment temperatures 

resulted in different VSS concentrations at the end of the fermentation, with final VSS 

concentrations in the untreated activated sludge and the treated activated sludge at 65, 80 

and 95°C of 2.3, 2.4, 2.5 and 2.9 g VSS/L, respectively. The corresponding values for 

anaerobic sludge were 3.2, 3.1, 3.2 and 2.6 g VSS/L. The related growth yields are 

depicted in Table 3.1. Growth yields in the anaerobic sludge were higher than the ones 

observed in the activated sludge, except for the vials which were heat treated at 95°C. 
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Heat treatment at 95°C resulted in high growth yield of 0.16 g VSS/ g glucose in the 

activated sludge together with the production of lactic acid as the predominant metabolite 

(data will be presented later). The calculated yields in this study are within the range of 

0.03 to 0.16 g VSS/g glucose which are close to the yields of 0.04 to 0.15 g VSS/g 

glucose reported by Cheong and Hansen [23]. 

Table 3.1 Effect of pretreatment temperatures on hydrogen production and bacterial 

growth 

Inoculum 
source 
Activated 
sludge 

Anaerobic 
sludge 

Heat 
treatment 
temperature 
no 
treatment 
65°C 
80°C 
95°C 
no 
treatment 
65°C 
80°C 
95°C 

Hydrogen 
production yield 

(mol H2/ mol glucose) 

0.26 ± 0.02 
1.64 ±0.07 
1.32 ±0.21 
0.19 ±0.08 

0.43 ± 0.05 
2.30 ± 0.08 
2.12 ±0.05 
1.95 ±0.07 

Specific hydrogen 
production 

(mmol Hj/gVSS) 

7.2 ±0.1 
45.7 ± 2.9 
36.6 ± 6.8 
5.4 ±0.1 

12.0 ±3.3 
63.6 ± 2.6 
59.0 ±1.7 
54.2 ± 2.8 

Growth yield* 
Yx/s 

(g VSS/g glucose) 

0.03 
0.05 
0.05 
0.16 

0.13 
0.12 
0.12 
0.07 

3.3.2 Kinetic Analysis 

The kinetic parameters estimated by modified Gompertz equation are presented in 

Table 3.2. The maximum hydrogen production rate (Rm) decreased with increasing heat 

treatment temperature for both activated sludge and anaerobically digested sludge 

samples. The highest Rm (26.3 mL/h) and maximum specific hydrogen production rate 

(109.6 mL/g VSS.h) were observed for the anaerobic sludge pretreated at 65°C. The 
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increase in the treatment temperature had a negative effect on the hydrogen production 

rate. The descending order of Rm values in all inocula tested was as follows: 65°C heat 

treated anaerobic sludge > 80°C treated anaerobic sludge > 65 °C treated activated 

sludge > 95°C treated anaerobic sludge > 80°C treated activated sludge . 

Table 3. 2 Kinetic parameters of hydrogen production for various pretreatment 

temperatures 

Inoculum 
source 

activated 
sludge 

anaerobic 
sludge 

Heat 
treatment 
temperature 

65°C 
80°C 

65°C 
80°C 
95°C 

Maximum 
hydrogen 

production 
P 

(mL) 

284.7 
262.5 

338.0 
309.9 
283.1 

Maximum 
hydrogen 

production 
Rate 
Rm 

(mL/h) 

19.3 
15.5 

26.3 
22.4 
16.35 

Lag 
time 

(h) 

6.76 
3.80 

9.27 
10.87 
14.55 

Maximum 
specific H2 

production rate 
(mL/g vss.h) 

80.4 
64.6 

109.6 
93.3 
68.1 

R 

0.9944 
0.9990 

0.9999 
0.9983 
0.9963 

RMSE 

12.62 
4.69 

2.25 
7.47 
11.87 

R: correlation coefficient value, RMSE: root mean square error 

3.3.3 Intermediate Metabolites Production 

The concentrations of soluble metabolites were measured at various time intervals 

during the course of hydrogen production. The formation of metabolites together with 

glucose consumption for the activated sludge and anaerobic sludge are illustrated in 

Figures 3.2 and 3.3, respectively. The organic fatty acids detected during hydrogen 

production were acetate, butyrate, lactate, propionate, formate and iso-valerate, while 

ethanol was the sole alcohol detected in all cases. 
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50 100 150 200 

time (h) 

Figure 3. 2 Soluble metabolites formation and glucose consumption with activated sludge 

as inoculum after: (a) no treatment; (b) heat treatment at 65°C; (C) heat treatment at 80°C; 

(d) heat treatment at 95°C 



50 100 150 200 0 50 100 150 

time (h) time (h) 

200 

Figure 3.3 Soluble metabolites formation and glucose consumption with anaerobically 

digested sludge as inoculum after: (a) no treatment; (b) heat treatment at 65°C; (c) heat 

treatment at 80°C; (d) heat treatment at 95°C 
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The intermediate metabolite formation showed different profiles depending on the 

pretreatment temperatures and the type of the inocula. Except for the 95 °C pretreated 

anaerobic sludge which exhibited the largest lag time of 14.5 h (Table 3.2) other inocula 

started acid formation and glucose utilization almost immediately. In all the inocula with 

high levels of hydrogen production, including the activated sludge treated at 65 °C and 

80°C, and the anaerobic sludge treated at 65°C, 80°C and 95°C, hydrogen production 

was accompanied by the formation of high amounts of butyrate and acetate (Figures 3.2 

and 3.3). High levels of ethanol were observed only in the untreated inocula (Figures 3.2a 

and 3.3a) with poor hydrogen production. Statistical analysis, based on Pearson 

correlation coefficients, showed that the cumulative hydrogen production was 

significantly correlated with acetate, butyrate and total VFA (Table 3.3). Pearson 

correlation coefficients between 0.85 and 1.0 were considered as good association. No 

significant correlation was observed between cumulative hydrogen production and 

ethanol. 
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Table 3. 3 Pearson correlations of cumulative hydrogen production with major soluble 

metabolites during the course of hydrogen production 

Inoculum 
source 
activated 
sludge 

anaerobic 
sludge 

Heat 
treatment 
temperature 
no 
treatment 
65 C 
80 C 
95 C 
no 
treatment 
65 C 
80 C 
95 C 

Acetate 

0.868" 
0.993" 
0.991" 
0.963" 

0.966" 
0.979" 
0.959" 
0.978" 

Butyrate 

0.991" 
0.979" 
0.969" 
0.983" 

0.995" 
0.998" 
0.990" 
0.998" 

Ethanol 

0.674" 
0.869 
0.803 
0.855" 

0.455 
0.501 
0.861 
0.853 

Total VFAs 

0.885" 
0.966" 
0.972" 
0.989" 

0.908" 
0.993" 
0.956" 
0.998" 

: Correlation is significant at the 0.01 level (2-tailed) 

In the untreated activated sludge, the 95°C pretreated activated sludge and 

untreated anaerobic sludge, lactic acid was the predominant soluble metabolite (Figures 

3.2a, 3.2d and 3.3a). All of these batches produced very low amount of hydrogen gas 

(according to Figure 3.1). These results correspond with some other studies [24, 25] 

which show the inhibitory effect of lactic acid fermentation on hydrogen production. 

Noike et al. [24] demonstrated the inhibitory effect of two lactic acid bacteria, 

Lactobacillus paracasie and Entrococcus durans, on hydrogen production caused by the 

lethal effect of bacteriocins excreted from these bacteria on other bacteria including 

hydrogen producers. Heat treatment at 50°C for 30 minutes was reported as an efficient 

method for the elimination of these inhibiting bacteria. Although, such bacteria could 

possibly be responsible for the inhibition of the hydrogen production in the untreated 
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inocula, they could not cause inhibition to 95 °C treated activated sludge because of their 

inability to form heat resistant spores. However, Clostridium butyricum and Clostridium 

acetobutyricum which were identified in this study (will be presented in the following 

text) use branched metabolic pathways with the capability of lactate formation [26, 27] 

and are likely to be the cause of lactate production. Although lactic acid was produced in 

some of the other inocula during the first 24 h of fermentation, it was totally consumed 

later. 

Comparison of soluble metabolite production curves for activated sludge 

pretreated at 65°C and 80°C (Figure 3.2b and 3.2c) and the corresponding hydrogen 

production curves (Figure 3.1a) illustrates that net decrease in hydrogen after 110 hours 

and 140 hours in the 65°C and 80°C pretreated activated sludge was accompanied by an 

increase in acetic acid concentration. This could be because of hydrogen consumption by 

homoacetogens through the following reaction [28]: 

4H2 + 2 C 0 2 - • CH3COO" + 1 ^ + 2 ^ 0 (2) 

Equation (2) indicates that 1 mol of acetate can be produced by consumption of 4 

moles of hydrogen. In the activated sludge pretreated at 65°C, consumption of 67 mL 

(2.99 mmol) of hydrogen gas corresponded with 482 mg/L (0.889 mmol) acetate 

formation which is 119% of the theoretical acetate formation calculated from Equation 

(2). Consumption of 68 mL (3.04 mmol) hydrogen in the 80°C pretreated activated 

sludge was accompanied by 460 mg/L (0.804 mmol) increase in acetate which is 106% of 

the theoretical value. The high yield values could be because of the acetate formation by 
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other metabolic reactions. Although these results stoichiometrically substantiate the high 

probability of hydrogen loss through homoacetogensis in the activated sludge pretreated 

at 65 and 80°C, it is also plausible that uptake hydrogenase activities of Clostridium 

species may have attributed to hydrogen consumption [29]. 

Table 3.4 summarizes the characteristics of soluble products after 116 h of 

fermentation. Higher concentrations of acetate in the activated sludge samples (7.7-

43.7 %) versus those in anaerobic sludge (8.0-32.1 %) could be attributed to the presence 

of more facultative anaerobes in the activated sludge, as the conversion of glucose to 

acetate is the favorable reaction of the facultative anaerobes, while the conversion to 

butyrate is the typical reaction observed in strict anaerobic bacteria [3]. In the vials with 

poor hydrogen production (untreated activated and anaerobic sludges and activated 

sludge pretreated at 95°C) lactic acid was the predominant metabolite with concentrations 

between 50.8 and 68.3% of total soluble metabolites. Propionic acid which is an 

undesirable metabolite in hydrogen fermentation was observed in very low amounts (0.0-

0.5 %) in all the vials. Interestingly, it was observed that the pretreatment temperature 

affected the ratio of butyrate to acetate (Table 3.4). Increasing the pretreatment 

temperature from 65 to 95°C in anaerobically digested sludge caused an increase in the 

butyrate/ acetate ratio from 1.5 to 2.4. In activated sludge increasing the treatment 

temperature from 65 to 80°C raised the butyrate/acetate ratio from 0.9 to 1.2. Heat 

treatment at lower temperatures resulted in lower butyrate/acetate ratio accompanied by 

higher hydrogen production, which is consistent with the findings of Khanal et al. [30] 

and Vanandel et al. [31] who demonstrated that driving pathways towards a lower 

butyrate/acetate ratio (or a higher acetate/butyrate ratio), by changing environmental 
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conditions, enhances hydrogen production. This behavior can be explained by the major 

metabolic reactions involved in hydrogen production through butyrate fermentation: 

C6Hi206 + 2H20 -> 2CH3COOH + 2C02 + 4H2 (3) 

C6H1206 -> CH3CH2CH2COOH + 2C02 + 2H2 (4) 

Since the conversion of glucose to acetic acid gives a maximum yield of 4 mol 

H2/mol glucose and half of this yield is obtained with conversion of glucose to butyrate, 

driving the glucose consumption reaction towards higher acetate (or lower 

butyrate/acetate ratio) will give rise to hydrogen production. 
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The glucose removal efficiency, calculated as the difference between the initial 

and final glucose concentrations; and its conversion efficiency to soluble metabolites, 

based on the initial concentration of glucose, after 24 hours of incubation are shown in 

the Table 3.5. As it is illustrated in Table 3.5, the carbon balance on the soluble 

metabolites and evolved gases was satisfactorily closed within 88% to 97% for the 

pretreated inocula. It was observed that the pretreatment at 80°C resulted in faster glucose 

removal and lower hydrogen production. This unexpected anomaly at 80°C may be 

attributed to the formation of higher amounts of soluble metabolites (Table 3.5) which 

were not related to hydrogen production. As apparent from Figure 3.2, at the end of the 

fermentation, glucose was completely exhausted in all of the vials except for the 95 °C 

treated activated sludge where only 54.5% of the initial glucose was utilized. 

Table 3. 5 Effect of pre treatment temperature on substrate consumption (24 hours after 

starting of hydrogen production) 

Inoculum 
source 
activated 
sludge 

anaerobic 
sludge 

Heat 
treatment 
temperature 

no treatment 
65°C 
80°C 
95°C 

no treatment 
65°C 
80°C 
95°C 

Carbon 
balance 
closure 

(%) 

89 
97 
94 
91 

77 
88 
91 
92 

SM 
(mg C/L) 

2315 
2029 
2416 
1860 

1796 
1735 
2361 
1992 

Glucose 
removal 

efficiency(1> 

(%) 

67.8 
69.1 
91.7 
50.9 

60.2 
70.2 
93.3 
70.5 

Glucose 
conversion 
efficiency(2> 

(%) 

57.9 
50.7 
60.4 
46.5 

44.9 
43.4 
59.0 
49.8 

SM: Soluble metabolites 
(1): Calculated as the difference between initial and final glucose concentrations 
(2): Calculated as the soluble metabolites produced per initial glucose (carbon basis) 
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3.3.4 Effect of pH 

The pH of all of the samples in batch experiments was initially buffered with 0.07 M 

phosphate buffer and adjusted to 6.7. The final pH values for untreated inocula were 

about 3.4 and those of treated inocula ranged from 3.8 to 4.6 and 4.1 to 4.5 for the 

activated sludge and anaerobic sludge, respectively. The major pH drop in all of the 

samples occurred during the first 24 hours of fermentation (Figure 3.4). Faster pH drop in 

0 50 100 150 200 

time (h) 

Figure 3.4 pH profiles during hydrogen production with activated sludge (a) and 

anaerobically digested sludge (b) under different heat pretreatment conditions 
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the untreated inocula could be because of the higher production of fatty acids (Table 3.4). 

Since the activity of most methanogens is limited to a narrow pH range between 6.7 and 

8 [32], the drop of pH could help the elimination of methanogenic activity in both treated 

and untreated inocula. It must be asserted that the difference in hydrogen yields could not 

be attributed to pH changes, since the pH in the anaerobic sludge pretreated at 95°C was 

almost identical to those pretreated at 65°C and 80°C despite widely disparate hydrogen 

production. 

3.3.5 Microbial Community Analysis 

The total genomic community DNA of the samples with high hydrogen 

production including the 65°C, 80°C pretreated activated sludge and anaerobic sludge 

pretreated at 65°C, 80°C and 95°C, were extracted and used for the analysis of microbial 

community by PCR-DGGE. The DGGE profiles of the 16S rDNA gene fragment at each 

treatment condition are illustrated in Figure 3.5. Table 3.6 shows the results of the 

sequence affiliation. In total, 11 bands and 7 species were identified. The number of the 

bands detected at the lower pretreatment temperatures was more than those detected at 

higher pretreatment temperatures, indicating that elevated pretreatment temperatures 

reduce species diversity. 
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A B C D E 

Figure 3. 5 DGGE profile of the 16S rDNA gene fragment at each treatment condition; A: 

activated sludge pretreated at 65°C, B: activated sludge pretreated at 80°C, C: 

anaerobically digested sludge pretreated at 65°C, D: anaerobically digested sludge 

pretreated at 80°C, E: anaerobically digested sludge pretreated at 95°C 

Clostridium acetobutyricum (bandl, 6 and 10) was detected in both activated 

sludge and anaerobic sludge samples. Clostridium acetobutyricum ferments 

carbohydrates to hydrogen and carbon dioxide with acetate and butyrate as the main 

soluble metabolites [33]. Clostridium acetobutyricum has a potential to shift from 
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hydrogen production towards acetone and butanol production. This shift may occur at the 

end of the exponential growth phase. Low growth rate, low pH and high concentrations 

of carbohydrates have been considered as some of the factors which stimulate solvent 

production by Clostridium acetobutyricum [34]. 

Table 3. 6 Affiliation of denaturing gradient gel electrophoresis (DGGE) fragments 

determined by their 16S rDNA sequence 

land 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Affiliation (accession no.) 

Clostridium acetobutyricum (AE001437.1) 

Clostridium sp. JRI19 (EF067828.1) 

Uncultured bacterium (DQ795258.1) 

Bacillus thuringiensis (EF210289.1) 

Clostridium butyricum (DQ831124.1) 

Clostridium acetobutyricum (AE0011437.1) 

Clostridium Butyricum (DQ831124.1) 

Clostridium sp. HPB-21 (AY862509.1) 

Uncultured Clostridium sp. (EF700377.1) 

Clostridium acetobutyricum (AE001437.1) 

Clostridium butyricum (DQ831124.1) 

Similarity 

(%) 

94 

93 

94 

96 

100 

99 

100 

100 

97 

98 

99 

One of the bacterial species that was identified in the activated sludge inocula was 

Bacillus thuringiensis (band 4). Although, this bacterium has been reported as the 

predominant species in some activated sludge samples [35], to the knowledge of the 

authors, despite few reports of hydrogen production by some pure Bacillus species such 
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as Bacillus licheniformis and Bacillus coagulans [36, 37] or presence of other Bacillus 

species in mixed microflora of hydrogen producing reactors [38, 39], this species has not 

yet been reported in an anaerobic hydrogen production system. 

Clostridium butyricum (band 5, 7 and 11) was found in all the hydrogen 

producing samples in this study. This species is one of the most frequently reported 

species in hydrogen producing mixed cultures [40, 41]. 

Although based on the stoichiometry, the hydrogen consumption in the pretreated 

activated sludge at 65°C and 80°C could be because of homoacetogensis, none of the 

identified bands in the DGGE profile of activated sludge samples belonged to the 

homoacetogenic species. It must also be added that there were other bands in the DGGE 

profile which were not identified. 

3.3.6 Repeated Batch Experiments 

In order to investigate the stability of hydrogen production with 65 °C heat 

pretreated activated sludge and anaerobic sludge, theses sludges were operated in a 

repeated batch mode. Neither net hydrogen utilization nor methane and hydrogen sulfide 

formation were observed in the batches. Specific hydrogen production for the activated 

sludge substantially increased from 45 mmol/g VSS in the first batch to 164 rnmol/g VSS 

in the fourth batch. The same increase in the specific hydrogen production was observed 

for anaerobic sludge with the corresponding values of 56 to 134 mmol/g VSS (Figure 

3.6). These results show the effectiveness of heat treatment at 65°C for these two inocula. 

The metabolites measured at the end of each batch, indicated that other than ethanol 

which was in the range of 81 to 1607 mg/L in the activated sludge and 92 to 
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133 mg/L in the anaerobic sludge, there were no observed differences between the two 

sludges throughout the four consecutive batches. 

250 

Figure 3. 6 Specific sequential hydrogen production in pretreated activated sludge and 

aerobically digested sludge at 65°C 

3.4 Conclusions 

The results of this work demonstrated that the hydrogen yield, hydrogen 

production rate and microbial community were influenced by various heat-pretreatment 

temperatures and this effect depended on the type of the inocula. Pretreatment at 65 °C 

resulted in the highest hydrogen yield as well as the highest hydrogen production rates in 

both the activated sludge (1.6 mol hydrogen/mol glucose and 19.3 mL/h) and anaerobic 

sludge (2.3 mol hydrogen/mol glucose and 26.3 mL/h). Pretreatment at higher 

temperatures resulted in lower hydrogen production yields and rates and was 
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accompanied by higher butyrate/acetate ratio. When the pretreatment temperature was 

increased to 95°C in the activated sludge, hydrogen production was suppressed and 

metabolic pathways were observed to shift towards lactic acid formation. Our repeated 

batch experiments with the inocula treated at 65 °C illustrated a good stability of the 

process during four consecutive batches. The analysis of microbial communities showed 

that elevated pretreatment temperatures reduced species diversity. 
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CHAPTER 4 

Fermentative Hydrogen Production by Diverse Microflora 

A version of this chapter is submitted to InternationalJournal of Hydrogen Energy 
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4.1 Introduction 

Dark fermentation presents a promising method for sustainable hydrogen 

production due to the potential use of different types of biomass including wastewater 

streams, food scraps, animal waste, crop residual and energy crops. Although high yields 

of hydrogen have been reported with pure species [1-3], use of pure cultures is not 

plausible due to the prohibitive cost of sterilization. For a technically feasible process, 

mixed cultures obtained from natural sources which are able to operate on non-sterile 

feedstocks are required. A wide range of natural sources including municipal sludge [4, 

5], compost [6], soil [7] and even river sediments [8] directly or after some treatment 

have been used for continuous biohydrogen production. Heat treated anaerobically 

digested sludge can be regarded as the most frequently used inocula for hydrogen 

producing systems [9-11]. Clostridia, which are strict anaerobes, are usually the 

predominant species in mixed cultures of hydrogen producing systems [12] and make 

these systems more difficult to control. Clostridia are extremely vulnerable to oxygen 

inhibition and upon sporulation, due to unfavorable environmental condition very 

specific nutritional and environmental requirements are needed to trigger spore 

germination [13]. Facultative anaerobes, such as Enterobacter sp., have lower hydrogen 

production yields of approximately 1 mol/mol glucose [14] but they are able to consume 

oxygen and help maintain the anaerobic condition in reactors. Yokoi et al. [1] obtained 

2.6 moles hydrogen per mole glucose with a mixed culture of Clostridium butyricum and 

Enterobacter aerogenes. Since the available oxygen in the system was utilized by the 

facultative anaerobe, Enterobacter aerogenes, the mixed culture was more tolerant to 

environmental conditions. Waste activated sludge is another diverse microflora which 
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rarely has been used for inoculation of hydrogen producing systems [15, 16] and 

potentially contains more facultative anaerobes. 

Activated sludge and anaerobically digested sludge have been compared under 

different pre-treatment conditions at mesophilic temperature [17, 18]. However, the 

behavior of these two microflora has never been compared at different operation 

temperatures (mesophilic versus thermophilic). Since hydrogen production at 

thermophilic temperature has been repeatedly reported in literature [19-21] and 

sometimes regarded more favorable because of lower dissolved hydrogen concentrations 

at thermophilic temperatures [22] such a comparative study will not only reveal useful 

information about using different microflora for hydrogen production but may have 

practical implications. Thus, overall objective of this study is comparison of activated 

sludge and anaerobically digested sludge as two types of inocula for hydrogen production 

at mesophilic and thermophilic temperatures. In addition the stability of the cultures at 

mesophilic temperature has been investigated in repeated batch experiment. 

4.2 Materials and Methods 

4.2.1 Inoculum and Treatment Conditions 

Waste activated sludge from the Adelaide Pollution Control Plant in London, 

Ontario and anaerobically digested sludge from St. Marys, Ontario, municipal wastewater 

treatment plant were used as the microbial sources for hydrogen production. Prior to 

inoculation, the sludge inocula were thickened. In order to enrich the hydrogen-producing 

bacteria and avoid the elimination of the non-spore forming facultative anaerobes, the 

inocula were heat-treated at 65 °C for 30 minutes. 
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Batch experiments were performed in duplicates in 320 mL-batch vials containing 

140 mL of media. The nutrient medium contained 10 g/L glucose as the carbon source 

and the following inorganic salts (mg/L): NH4CI, 2600; K2HP04,250; MgCl2.6H20,125; 

FeS04.7H20, 5.0; CoCl2.6H20, 2.5; MnCl2.4H20, 2.5; KI, 2.5; Na2Mo04.2H20, 0.5; 

H3BO4, 0.5; NiCl2.6H20, 0.5;ZnCl2, 0.5. The amount of inoculum added to each vial was 

equivalent to a VSS concentration of 2 g/L. The solution was buffered with 0.05 M 

phosphate and the initial pH was adjusted to 7 using 2M NaOH and 2M HC1. Each vial 

was purged with nitrogen for one minute to provide an anaerobic condition. The vials 

were placed in a shaker-incubator at 37°C or 55°C and 180 rpm. 

4.2.3 Repeated Batch Experiments 

Repeated batch experiments were conducted at 37 °C. In repeated batch 

experiments, after the completion of each batch operation, 60 mL of the culture was 

collected and added to 60 mL of fresh medium (to make a 120 mL working volume) and 

the pH was adjusted to 7 using 2M NaOH and 2M HC1 under anaerobic conditions. In 

each batch, the amount and composition of the produced gas were measured. 

4.2.4 Analytical Procedures 

The total gas volume was measured intermittently by releasing the gas pressure in 

the vials using glass syringes (Perfektum; Popper & Sons Inc., NY, USA) according to 

Owen et al. [23]. Gas volumes were corrected to standard conditions (25°C and 1 arm). 

Biogas composition was determined by a gas chromatograph (Model 310, SRI 
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Instruments, Torrance, CA) equipped with a thermal conductivity detector (TCD) and a 

molecular sieve column (Molesieve 5A, mesh 80/100, 6 ft X 1/8 in). The temperatures of 

the column and the TCD detector were 90 °C and 105 °C, respectively. Argon was used 

as the carrier gas at a flow rate of 30 mL/min. 

In order to measure pH during the fermentation 2 mL liquid samples were taken 

from the vials and pH was determined using a Symphony SB70P pH meter (VWR 

Scientific products, Canada). The concentrations of volatile fatty acids and ethanol were 

measured by a gas chromatograph (Varian 8500) with a flame ionization detector (FID) 

equipped with a fused silica column (30m x 0.32 mm). Helium was used as the carrier 

gas at a flow rate of 5 mL/min. The temperatures of the column and detector were 110 

and 250°C, respectively. The concentrations of lactic acid was analyzed using a high 

performance liquid chromatography system (1200 series, Agilent Technologies) equipped 

with Aminex HPX-87H ion exclusion column (300 mm x 7.8 mm I.D.; BIO-RAD), and a 

UV-detector at 210 nm. The column temperature was adjusted to 30 °C. Concentration of 

glucose was measured using a colorimetric method based on reaction with glucose 

oxidase enzyme. The commercial kit (220-32; Diagnostic Chemical Limited, 

Charlottetown, Canada) was used for this measurement. The concentrations of volatile 

suspended solids (VSS) were measured according to standard methods [24]. 

The cumulative hydrogen production profiles were fitted with the modified 

Gompertz equation [25]: 

H = Pexp<-exp ¥(*-')+« (i) 
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where H is the cumulative hydrogen production (mL), P is the maximum hydrogen 

production (mL), Rm is the maximum hydrogen production rate (mL/h), X is the lag phase 

time (h) and t is the incubation time (h). The cumulative hydrogen data were fitted with 

Gompertz equation using the CurveExpert software (Curve Expert 1.34, Hyams D.G., 

Starkville, MS, USA). 

4.2.5 Microbial Community Analysis 

In repeated batch experiments after the first, third and fifth batches the total 

genomic DNA were extracted and after PCR amplification were analyzed by denaturing 

gradient gel electrophoresis. The detailed procedure has been described in our previous 

work [18]. 

4.3 Results and Discussions 

The hydrogen production data were satisfactorily correlated (R2 = 0.9930-0.9994) 

based on the modified Gompertz equation (Equation 1). The estimated kinetic parameters 

at different operating temperatures are presented in Table 4.1. No methane was detected 

in any of the samples during the course of gas production. When activated sludge used as 

inocula the highest yield (1.32 mol IVmol glucose consumed) and highest specific 

hydrogen production rate (2.39 mL/h.gVSS) were observed at 55 °C. However, with 

anaerobically digested sludge at 37°C the yield was 2.18 mol IVmol glucose consumed 

compared with 1.25 mol IVmol glucose consumed at 55 °C; while the specific hydrogen 

production rate at 37°C and 55°C were comparable at 2.94 and 3.08 mL/h. g VSS). 
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Although the specific hydrogen production rate is higher at thermophilic temperature as 

illustrated in Table 4.1, the lower biomass yield which is one of the characteristics of 

thermophilic bacteria [22] reduced the observed hydrogen production rate and hydrogen 

yield at thermophilic temperature. It is noteworthy to mention that the highest hydrogen 

content of biogas (70%) was observed with activated sludge at 55 °C. 

Table 4.1 Kinetic parameters of hydrogen production at different temperatures 

Inocula 

Activat 

ed 

Sludge 
Anaero 
bic 
sludge 

Temperature 

(°C) 

37 

55 

37 

55 

P 

(mL) 

44.1 

177.5 

275.1 

214.0 

Kinetic parameters 

(mL/h) 

4.2 

4.2 

7.9 

5.8 

(h) 

8.7 

39.6 

9.9 

45.1 

R2 

0.9994 

0.9930 

0.9935 

0.9967 

Yield 

(mol H2/mol 

Glucose 

consumed) 

0.56 

1.32 

2.18 

1.25 

Specific H2 

production 
rate 

(mL/h.g 
VSS) 

2.13 

2.39 

2.94 

3.08 

H2 

Content 
(%) 

57 

70 

58 

59 

The experimental and fitted hydrogen production profiles, using activated sludge 

at 37°C and 55°C are shown in Figure 4.1. This figure also shows pH profiles and 

hydrogen production rate profiles (which were developed based on hydrogen production 

data from fitted Gompertz equation) in related batch experiments. At mesophilic 

temperature, hydrogen production started after a lag phase of approximately 9 hours and 

proceeded for 20 hours before stopping when the pH reached 4 after 30 hours. However, 

at the thermophilic temperature hydrogen production started after a longer lag period and 

all hydrogen production occurred when the pH of the culture was at 4. At the 
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thermophilic temperature, 177 mL hydrogen was produced by activated sludge which 

was four times higher than the amount produced at the mesophilic temperature. The 

production of hydrogen at pH values below 6 is preferred because the methanogens are 

effectively inhibited [13]. The maximum hydrogen production rates with activated sludge 

at 37 °C and 55 °C were identical and equal to 4.2 mL/h. 

37°C 

30 

mLhydrogen/h 
- • - p H 

55°C 

< * * — - F ^ , 

• ^ - -—* 9 

— I 1 1 1 

60 90 120 150 180 0 

Time (h) 

- n 1 1 1 "T—'— 

30 60 90 120 150 180 

Time (h) 

Figure 4. 1 Cumulative hydrogen production and hydrogen production rate profile using 

activated sludge as inoculum at mesophilic temperature (37 °C) and thermophilic 

temperature (55 °C) 
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When anaerobically digested sludge was used as the inoculum for hydrogen 

production (Figure 4.2), at 37 °C, hydrogen production commenced after 10 hours and 

reached 275 mL after 65 hours. At 55°C hydrogen production started after 45 hours and 

reached 213 mL. The maximum hydrogen production rates were 7.9 and 5.8 mL/h at 

mesophilic and thermophilic temperatures, respectively. Lower hydrogen production 

rates at thermophilic temperature can be attributed to the fact that many thermophilic 

microorganisms do not produce high cell densities in liquid cultures [22]. At 37 °C 

hydrogen production was insensitive to pH drop as it continued even after pH dropped to 

4. The hydrogen production at 55 °C followed the observed trend with activated sludge at 

the thermophilic temperature, i.e. all hydrogen was produced at pH 4. The results 

illustrated that at thermophilic temperatures the hydrogen production with both inocula 

was less sensitive to pH, as opposed to mesophilic temperatures. 
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Figure 4. 2 Cumulative hydrogen production and hydrogen production rate profile using 

anaerobically digested sludge as inoculum at mesophilic temperature (37 °C) and 

thermophilic temperature (55 °C) 

Table 4.2 shows the concentrations of the soluble metabolites at the end of the 

fermentation. Butyric acid and acetic acid were the dominant soluble metabolites with 

activated sludge at 55°C and anaerobic sludge at 37°C and 55°C. However, at mesophilic 

temperature the main product with the activated sludge was lactate at concentration of 

936 mg/L which could be the main reason for the low hydrogen production yield [26]. 

The formation of ethanol with activated sludge (81-114 mg/L) was less than that of 

anaerobically digested sludge (165-326 mg/L). 
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Table 4. 2 Soluble metabolites formation with activated sludge and anaerobic digested 

sludge at 37 °C and 55 °C at the end of fermentation 

Temperature Acetate Butyrate Propionate Valerate Lactate Ethanol 
Inocula 

°C (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 

Activated 37 242 327 0 0 936 81 

Sludge 55 703 1014 9 8 N.T. 114 

Anaerobic 37 1045 2733 50 5 25 326 

sludge 55 692 1465 8 9 N.T. 165 

N.T., not tested 

The stability of hydrogen production with two inocula at 37°C was investigated in 

repeated batch experiments for 650 hours. As illustrated in Figure 4.3a, cumulative 

hydrogen production with activated sludge clearly increased after the first batch but it 

never remained constant during the five consecutive batches and significant discrepancies 

were observed as it was reflected by 149 mL hydrogen production in batch 2 and 74 mL 

in batch 3. However, when anaerobic sludge was used as inocula, although hydrogen 

production decreased after the first batch, the ultimate hydrogen production for the rest of 

batches varied within a narrow range of 110-130 mL hydrogen (Figure 4.3b). 

The stability of hydrogen production with two inocula was investigated in 

repeated batch experiments for 650 hours. Due to extremely long lag time in repeated 

batch experiment at 55° C, repeated batch experiment conducted only at 37° C. As 

illustrated in Figure 4.3a, cumulative hydrogen production with activated sludge clearly 

increased after the first batch but it never remained constant during the five consecutive 

batches and significant discrepancies were observed as it was reflected by 149 mL 

hydrogen production in batch 2 and 74 mL in batch 3. However, when anaerobic sludge 
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was used as inocula, although hydrogen production decreased after the first batch, the 

ultimate hydrogen production for the rest of batches varied within a narrow range of 110-

130 mL hydrogen (Figure 4.3b). The average yields of hydrogen production in activated 

sludge and anaerobically digested sludge were 1.21 ± 0.62 and 1.40 ± 0.16 mol H2/ mol 

glucose consumed, respectively. The relatively high coefficient of variation (standard 

deviation/ mean) of 0.51 in activated sludge versus 0.12 in anaerobic sludge shows that 

hydrogen production was more stable with anaerobic sludge in comparison with activated 

sludge. 
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Figure 4. 3 Hydrogen production in five consecutive batches with activated sludge (a) and 

anaerobic digested sludge (b) 
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The investigation of the soluble metabolites at the end of each batch (Figure 4.4) 

exhibited that butyric acid and acetic acid were the predominant metabolites with 

anaerobic digested sludge. However, with activated sludge, high levels of ethanol and 

lactic acid were detected in some of the batches which indicated a shift from butyrate-

type fermentation to ethanol and lactic acid fermentation. When activated sludge was 

used, formation of lactic acid followed a sequential pattern along the consecutive batches, 

it decreased from 936 mg/L in batch 1 to 634 mg/L in batch 2 and then increased to 2155 

mg/L in batch 3, after that it dropped to 22 mg/L in batch 4 and again increased to 318 

mg/L in batch 5. It has to be noted that in the batches with high concentrations of lactic 

acid, (batches 1 and 3) lowest cumulative hydrogen production was observed. 
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Figure 4. 4 Comparison of soluble metabolites formation during five consecutive batches 

with activated sludge and anaerobically digested sludge 
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The relationship between the hydrogen yield and lactic acid concentration at the 

end of consecutive batches has been illustrated in Figure 4.5. Increase in the formation of 

lactic acid until concentration of 634 mg/L resulted in 27% and 32% enhancement of 

hydrogen yield for activated sludge and anaerobic sludge, respectively. However, higher 

concentrations of lactic acid caused a sharp decrease in hydrogen yield. From these 

results it can be concluded that fluctuation in hydrogen production with activated sludge 

is because of formation of lactic acid as the predominant soluble metabolites in some of 

the batches. As for the anaerobic sludge, the highest observed concentration of lactic acid 

was 630 mg/L and hence the hydrogen yield did not drop drastically. This data suggests 

that threshold level of lactic acid in fermentative hydrogen production is approximately 

650 mg/L. 
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Figure 4. 5 Relationship between hydrogen yield and lactic acid concentration in repeated 

batch experiment with activated sludge and anaerobically digested sludge 
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In order to further investigate these two systems and find out the predominant 

species, at the end of the first, third and fifth batch, the DNA of the biomass was 

extracted and used for PCR-DGGE analysis. The DGGE profile of the 16S rDNA gene 

fragment (Figure 4.6) showed considerable variations during the re-cultivation of both 

types of inocula. Although activated sludge is potentially a more diverse microflora in 

comparison with anaerobically digested sludge, this diversity was not observed in the 

DGGE profile, which might be attributed to both heat treatment at 65 °C and selectivity of 

the subsequent anaerobic cultivation process. The change in DGGE profile indicated that 

a different microbial community was formed in each batch and the cultures did not 

stabilize within 650 hours of operation in repeated batch mode. 

Table 4.3 shows the results of the sequence affiliation. C. butyricum and C. 

acetobutyricum affiliated species were detected with both types of inocula. These two 

species are well known hydrogen producers which have frequently been reported in 

hydrogen-producing mixed microflora [9, 27]. Some of the other bands, which were 

affiliated to Clostridia including bands G, K and N, disappeared during the re-

cultivations. The band K is affiliated to C. aurantibutyricum which is a potential 

hydrogen producer previously detected in biohydrogen production reactors [28]. L. 

delbrueekii which was detected in all consecutive batches with activated sludge is a 

homofermentative strain which can produce only lactic acid from glucose metabolism 

[29]. L. fermentum and B. bourn were other detected bands which are heterofermentative 

species and can produce other metabolites such as acetate and ethanol in addition to 

lactate. Presence of lactic acid bacteria in the DGGE profiles showed that the formation 

of lactic acid in repeated batch experiments (Figure 4.4) was attributed to the identified 
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lactic acid bacteria not re-direction of metabolic pathways in hydrogen producers. In the 

first and fifth batch with anaerobic sludge where lactic acid was not significantly detected 

(Figure 4.4), no lactic acid bacteria were identified or the observed bands were weak 

(Figure 4.6). 

Activated sludge Ana erobic sludge 

C-

B * M I * 

J.-

K • -

>w .-i M». '-«* *•" .,. •F " L 

N -

mm 

Figure 4. 6 DGGE profile of the 16S rDNA gene fragment using activated sludge and 

anaerobic sludge after the first, third and fifth consecutive batch 
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Table 4.3 Affiliation of denaturing gradient gel electrophoresis (DGGE) fragments 

determined by their 16S rDNA sequence 

Band 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

K 

L 

M 

N 

O 

P 

Affiliation (accession no.) 

L. delbrueekii (FJ915705.1) 

L. delbrueekii (FJ915706.1) 

L.fermentum (GQ131282.1) 

C butyricum (DQ831124.1) 

C acetobutyricum (FM994940.1) 

Uncultured bacterium (AB441617.1) 

Clostridium sp. (FJ876436.1) 

B. bourn (AY\66529.1) 

L. delbrueekii (FJ915706.1) 

Uncultured bacterium (DQ235219.1) 

C. aurantibutyricum (FJ358641.1) 

C. butyricum (DQ831124.1) 

C. acetobutyricum (FM994940.1) 

Uncultured Clostridium (DQ168846.1) 

Uncultured Bacillus sp. (DQ 168845.1) 

Uncultured Bacillus sp. (DQ168845.1) 

Similarity 

(%) 

99 

96 

91 

100 

99 

99 

99 

98 

98 

93 

99 

100 

100 

99 

95 

96 

4.4 Conclusions 

Preparation of an active and stable seed from natural microflora is one of the 

important stages of hydrogen production via dark fermentation which is influenced by the 

operational temperature. In this study hydrogen production with activated sludge and 

anaerobically digested sludge was compared at two temperatures of 37 °C and 55 °C. The 

highest yield of 2.18 mol H2/mol glucose consumed in batch experiments was observed 
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with anaerobically digested sludge at 37°C. The results of batch studies with activated 

sludge showed thermophilic temperatures are preferable for hydrogen production with 

this inoculum. For activated sludge, hydrogen yield of 1.32 mol Ek/mol glucose 

consumed was observed at 55°C with butyric acid (1596 mg/L) as the dominant soluble 

metabolite followed by acetic acid (703 mg/L). This yield was approximately 2.4 times 

more than hydrogen yield of 0.56 mol I V mol glucose consumed at 37°C. Although with 

activated sludge, hydrogen production in repeated batch mode at mesophilic temperature 

increased after the first batch the cumulative hydrogen production did not converged to a 

stable trend. In anaerobic digested sludge, however, the cumulative hydrogen production 

consistency was observed after the first batch. The fluctuation of hydrogen production in 

the activated sludge was attributed to the presence of lactic acid bacteria in the microflora 

and their competition with hydrogen-producing bacteria. As apparent from results of this 

study, the potential diversity of activated sludge does not provide any advantages to 

hydrogen production relative to anaerobically digested sludge and is not appropriate for 

hydrogen production. 
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CHAPTER 5 

Effect of Extrinsic Lactic Acid on Fermentative Hydrogen Production 

A version of this chapter has been published in International Journal of Hydrogen 

Energy, 2009, 34:2573-2579 



100 

5.1 Introduction 

Agricultural and food wastes, as well as carbohydrate-rich industrial wastewaters 

are promising substrates for biological hydrogen production [1, 2]. Acidogenic bacteria 

can ferment the carbohydrates in these feedstocks to hydrogen, carbon dioxide and 

volatile organic acids - mainly acetic and butyric acid. However, these bacteria are not 

able to further break down the organic acids to hydrogen due to the positive Gibbs free 

energy of the reaction. 

lAuetal. [3] reported the production of hydrogen from acetate at the cathode of 

a microbial fuel cell. The biochemical barrier was overcome by increasing the 

electrochemical potential achieved by bacteria in the microbial fuel cell applying an 

additional voltage of at least 250 mV. Another report on hydrogen production from 

organic acids is from a mixture of acetic and lactic acids [4]. The Clostridium diolis used 

in that study was not able to produce hydrogen when acetic, citric, propionic and 

succinic acid were the only available organic substrates. However, when a mixture of 

acetic and lactic acid was used hydrogen and butyric acid were produced. 

In dark fermentative hydrogen production, the presence of lactic acid as a 

metabolite during hydrogen production is frequently regarded as a sign of lower 

hydrogen production [5, 6, 7]. Lactic acid has been rarely studied as substrate for 

hydrogen production and despite reports of methane production from lactate [8], no 

significant hydrogen production was reported when lactate was used as the sole substrate 

[4, 9]. Hydrogen yield with a mixed culture using lactate as substrate was reported to be 

only 2.2 mL H2/g lactate (COD basis) with a substrate conversion efficiency of 0.5% [9]. 
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The effect of the addition of lactic acid to a carbohydrate-containing medium for 

hydrogen production has not been investigated yet. Our study on the effect of addition of 

some metabolites, including acetic acid, butyric acid, lactic acid and ethanol, to a 

hydrogen producing system showed that extrinsic lactic acid could enhance the hydrogen 

production. This paper is the first report of the enhancement in hydrogen production by 

addition of lactic acid to a carbohydrate-containing medium. 

5.2 Materials and Methods 

5.2.1 Inoculum and Treatment Condition 

Municipal waste activated sludge from the Adelaide Pollution Control Plant in 

London, Ontario was used as the inoculum for hydrogen production. Prior to inoculation, 

the sludge was dewatered and then sieved through 2 mm screen. In order to enrich 

hydrogen-producing bacteria, the inoculum was heat treated at 70°C for 30 minutes. 

5.2.2 Batch Experiments 

All hydrogen production experiments were conducted in 320 mL batch vials. The 

nutrient medium was prepared using 5 g/L starch as a carbon source, plus the following 

inorganic salts (in mg/L): NH4CI, 2600; K2HP04, 250; MgCl2.6H20, 125; FeS04.7H20, 

5.0; CoCl2.6H20, 2.5; MnCl2.4H20, 2.5; KI, 2.5; Na2Mo04.2H20, 0.5; H3BO4, 0.5; 

NiCl2.6H20, 0.5;ZnCl2, 0.5. The solution was buffered with 0.07 M sodium phosphate 

and the initial pH was adjusted to 7 using 2M NaOH or 2M HC1. After the addition of the 

inoculum each vial was purged with nitrogen for one minute. The cultures were placed in 
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a shaker-incubator at 35°C and 180 rpm. The experiments for this study were performed 

under two categories: 

Fractional factorial experiments 

These experiments included 15 batches to study the effect of addition of ethanol, 

lactic acid, butyric acid and acetic acid on hydrogen production. The concentration of 

different metabolites in each batch is presented in the "fractional factorial design section". 

The working volume was 120 mL and the inoculum concentration was 1.3 g VSS/L. 

Lactic acid experiments 

The experiments were conducted to study the effect of addition of lactic acid on 

hydrogen production. The concentration of lactic acid was 10 mM. The experiments were 

conducted at working volume of 140 mL with 0.8 g VSS/L inoculum. 

5.2.3 Analytical Procedures 

The total gas volume was measured by releasing the gas pressure in the vials 

using appropriately-sized glass syringes (Perfektum; Popper & Sons Inc., NY, USA) in 

the 5 to 50 mL range to equilibrate with the ambient pressure as recommended by Owen 

et al. [10]. Gas volumes were corrected to standard conditions (25°C and 1 arm). Biogas 

composition was determined by a gas chromatograph (Model 310, SRI Instruments, 

Torrance, CA) equipped with a thermal conductivity detector (TCD) and a molecular 

sieve column (Molesieve 5A, mesh 80/100, 6 ft * 1/8 in). The temperatures of the column 

and the TCD detector were 90 and 105°C, respectively. Argon was used as carrier gas at 

a flow rate of 30 mL/min. 

The concentrations of volatile fatty acids (VFAs) were analyzed using a gas 

chromatograph (Varian 8500) with a flame ionization detector (FID) equipped with a 



103 

fused silica column (30m x 0.32 mm). Helium was used as carrier gas at a flow rate of 5 

mL/min. The temperatures of the column and detector were 110 and 250°C, 

respectively. Lactic acid concentrations were measured using a high-performance liquid 

chromatography system (1200 series, Agilent Technologies) equipped with Aminex 

HPX-87H ion exclusion column (300 mm x 7.8 mm I.D.; BIO-RAD), and a UV-detector 

at 210 nm. The column temperature was adjusted to 30 °C. The same instrument with a 

refractive index detector (RID) was used to measure the concentrations of alcohols. The 

temperature of the RID detector was set to 35 °C. The concentrations of volatile 

suspended solids (VSS) were measured according to standard methods [11]. 

The cumulative hydrogen production profiles were fitted with the modified 

Gompertz equation [12]: 

H = Pexp\-exp (1) 

where H is the cumulative hydrogen production (mL), P is the maximum hydrogen 

production (mL), Rm is the maximum hydrogen production rate (mL/ h), X is the lag 

phase time (h) and t is the incubation time (h). The cumulative hydrogen data were fitted 

with Gompertz equation using the CurveExpert software (Curve Expert 1.34, Hyams 

D.G., Starkville, MS, USA). 

5.2.4 Fractional Factorial Design 

A two-level irregular fractional factorial design (12 runs), augmented by three 

centre-point runs, was implemented to explore the effect of addition of ethanol (xi) at 
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concentration of 5 mM and lactic acid (X2), butyric acid (X3) and acetic acid (X4) at 

concentrations of 10 mM on the maximum hydrogen production and the hydrogen 

production rate. The maximum concentrations were chosen based on the average 

concentrations of these metabolites produced in our previous experiments. Table 5.1 

summarizes the test levels of the experimental variables. The detailed experimental 

design with the coded values of the four variables is given in Table 5.2. The design array 

was set to determine the main effect of each factor and two factor interactions. The 

analysis of the variance was performed using the Design-Expert software (Version 7.0.0, 

Stat-Ease, Minneapolis, USA). 

Table 5.1 Experimental variables and their levels 

Levels 
Variables 

-1 0 1 

xi Ethanol(mM) 0 2.5 5 

X2 Lactic acid (mM) 0 5 10 

x3 Butyric acid (mM) 0 5 10 

X4 Acetic acid (mM) 0 5 10 

5.3 Results and Discussion 

5.3.1 Fractional Factorial Experiments 

According to the design matrix (Table 5.2), fifteen batch experiments including 

three center points, were conducted. The cumulative hydrogen profiles in these 

experiments are shown in Figure 5.1. No methane was detected in any of the batches 
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during the course of gas production. It was observed that all the runs containing 10 mM 

lactic acid (level +1: runs 2, 5, 6, 9, 10 and 12) produced the highest amounts of 

hydrogen. The center point runs (13, 14 and 15), which contained 5 mM (level 0) lactic 

acid, produced slightly lower amounts of hydrogen. The lowest amounts of hydrogen, 

however, were evolved when no lactic acid was added to the culture (runs 1, 3, 4, 7, 8 

and 11). 

Table 5. 2 Design matrix with three central points of four variables with observed 
responses 

Runa 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Xi 

-1 

+1 

-1 

+1 

-1 

+1 

-1 

+1 

-1 

+1 

+1 

-1 

0 

0 

0 

x2 

-1 

+1 

-1 

-1 

+1 

+1 

-1 

-1 

+1 

+1 

-1 

+1 

0 

0 

0 

x3 

-1 

-1 

+1 

+1 

+1 

+1 

-1 

-1 

-1 

-1 

+1 

+1 

0 

0 

0 

X4 

-1 

-1 

-1 

-1 

-1 

-1 

+1 

+1 

+1 

+1 

+1 

+1 

0 

0 

0 

Cumulative 

Hydrogen 

Production 

(ml) 

89.8 

108.2 

59.3 

87.8 

121.1 

117.3 

53.0 

75.1 

102.2 

118.0 

73.1 

113.7 

94.8 

102.8 

91.2 

Hydrogen 

Production rate 

(nuVh) 

5.76 

6.40 

1.59 

3.98 

7.08 

6.14 

1.95 

3.68 

5.20 

7.04 

2.83 

6.32 

5.01 

5.19 

4.31 

The random order performed was 4, 10, 7, 15, 1, 3, 12, 5, 8, 2, 9, 6, 11,14, 13. 
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140 

time (h) 

Figure 5.1 Cumulative hydrogen production in different experimental conditions based on 
fractional factorial matrix. LA: Lactic acid concentration 

The statistical analysis confirmed the large positive effect of lactic acid on 

hydrogen production. The maximum hydrogen production (P) and maximum hydrogen 

production rate (Rm) were estimated by the Gompertz equation (1) and used for the 

statistical analysis. The estimated equation for the maximum hydrogen production was 

obtained by multivariable regression in terms of the coded values xi to X4 as follows, 

PH2=93.23 + 7.81 xi +20.19 x2 +0.93 x3-3.72 X4+ 6.63 x2x3 + 6.74 X2X4 (2) 
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where Pm is the predicted maximum hydrogen production (mL) and xi to X4 are the 

coded values of ethanol, lactic acid, butyric acid and acetic acid concentrations as 

demonstrated in Table 5.1, which range from -1 to 1. The R-squared value of the model 

(0.9054) also shows that about 90 percent of the variability of PH2 is explained by xi to X4, 

X2X3 a n d X2X4. 

The analysis of the variance (ANOVA) is shown in Table 5.3. The calculated 

Fisher's F value (11.17) and a probability (P) value of 0.0028 in ANOVA demonstrates 

that the regression model was significant. Generally, if the P value is lower than 0.05, it 

indicates that the term is statistically significant [13]. It was observed from the ANOVA 

table that lactic acid (P= 0.0001) was the most significant term of the model. Ethanol 

(P= 0.0477) also showed a significant effect on hydrogen production. However, it is 

probably better to accept higher p-values (<0.1) to avoid the chance of missing an 

important factor [14]. Based on this concept, interactions of lactic acid-butyric acid (x2-

X3) and lactic acid-acetic acid (X2-X4) having P values of 0.0811 and 0.0755, respectively, 

were also considered as marginally significant terms in the model. These interactions 

indicated that at higher concentrations of butyric and acetic acid the positive effect of 

lactic acid on hydrogen production increased. The butyric acid (X3) and acetic acid (x4) 

with P values of 0.7562 and 0.2275 were insignificant factors; however, they were 

included in the model to satisfy the hierarchy. The curvature F value of 0.26 implies that 

the curvature, as measured by the difference between the average of the center points and 

the average of the factorial points, in the design space was not significant. Therefore, the 

behavior can be represented by a linear change in the response between the high and low 

levels of experimental variables. 
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Table 5. 3 Analysis of Variance 

Source 

Model 

Ethanol (xi) 

Lactic acid (X2) 

Butyric acid (x3) 

Acetic acid (X4) 

x2 x x3 

X2 X X4 

Curvature 

Residual 

Lack of Fit 

Pure Error 

Total 

DF 

6 

7 

5 

2 

14 

SS 

5707.47 

488.75 

4890.70 

9.26 

147.87 

352.17 

363.00 

22.07 

595.72 

524.04 

71.68 

6325.26 

MS 

951.24 

488.75 

4890.70 

9.26 

147.87 

352.17 

363.00 

22.07 

85.10 

104.81 

35.84 

F 

11.18 

5.74 

57.47 

0.11 

1.74 

4.14 

4.27 

0.26 

2.92 

P 

0.0028 

0.0477 

0.0001 

0.7512 

0.2289 

0.0814 

0.0778 

0.6262 

0.2742 

DF, degree of freedom; SS, sum of Squares; MS, mean square; F, Fisher F value; P, 

Probability 

The same statistical analysis was also applied for the maximum hydrogen 

production rate as the response. The results illustrated that only the lactic acid had a 

significant positive effect on the maximum hydrogen production rate (P= 0.000) and the 

effects of the other compounds were insignificant. 

5.3.2 Lactic Acid Experiments 

The results of the fractional factorial design confirmed that addition of lactic acid 

to the media could enhance both maximum hydrogen production and hydrogen 

production rate. In order to further study this enhancement, the cumulative hydrogen 



109 

production from starch in the presence of lactic acid (10 mM) was investigated and 

compared with the cases in which only starch or lactic acid were present in the culture 

(Figure 5.2). It was observed that the presence of lactic acid in a starch-containing media 

increased the hydrogen production from 89.5 to 119.9 mL/g COD starch. However, when 

lactic acid was the sole carbon source, only 2.9 mL (3.0 mL/g COD lactic acid) hydrogen 

was produced, similar to the previous observation of 2.3 mL/ g COD lactate in the 

literature [9]. 

c 
a> 

8 
•o 
>» 

Q> .> 
JH 
3 
E 
3 
U 

180 

160 

140 -

120 -

100 

80 

60 

40 

20 H 

0 

-*— lactic acid starch • starch + lactic acid 

+-

60 70 

Figure 5. 2 Cumulative hydrogen production for cultures conducted with lactic acid, 
starch, starch and lactic acid 

The kinetic parameters estimated by the modified Gompertz equation (1) are 

presented in Table 5.4. The lag time (X) in the medium containing both lactic acid and 
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starch was slightly lower than the one with only starch. When 10 mM lactic acid was 

added to the starch medium the maximum hydrogen production rate (Rm) and the 

maximum hydrogen production (P) increased from 4.3 mL/h to 8.2 mL/h and from 93.0 

mL to 144.1 mL, respectively. The hydrogen production yield also increased by 59% 

from 5.70 to 9.08 mmol H2/ g starch. However, even after considering the additional 

carbon available for fermentation from the lactic acid, hydrogen yield increased by 35% 

from 14.25 to 19.25 mmol Fb/g carbon. 

Table 5. 4 Performance of fermentative hydrogen production with different substrate 
conditions 

Culture 

condition 

Starch 

Starch + 
lactic acid 

Lactic acid 

P 
(mL) 

93.0 

144.1 

2.9 

Kinetic parameters 

Rm 
(mL/h) 

4.31 

8.23 

NA 

k 
(h) 

14.41 

12.82 

NA 

R 

0.9944 

0.9980 

NA 

H2 yield 

(mmol H2/ g 

starch) 

5.70 

9.08 

NA 

Biomass 

(gVSS/L) 

1.31 

1.35 

0.9 

Final pH 

6.1 

5.9 

6.9 

For the experiments shown in Figure 5.2, the concentrations of soluble metabolites 

were measured at various time intervals during the course of hydrogen production (Figure 

5.3). Formation of the metabolites from starch showed different patterns in the presence 

and absence of lactic acid. In the absence of lactic acid (Figure 5.3A), acetate, butyrate 

and ethanol were produced at the same level. Lactic acid was also produced but it was 

completely consumed later. In media containing both lactic acid and starch (Figure 5.3B), 

lactic acid decomposition started after 12 hours. Butyric acid exhibited the highest rate of 
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formation and it was the most predominant soluble metabolite. Acetic acid was the 

second major metabolite. Ethanol was formed in lower concentration compared to starch 

medium. The other difference was the formation of small amounts of propionic acid 

which were decomposed at the end of the fermentation. In the starch medium, propionic 

acid was not detected. When lactic acid was the sole carbon source (Figure 5.3C), 

propionate type fermentation was observed. The formation of propionic and acetic acid as 

the main fermentation products together with some valeric acid coupled with 

insignificant gas production are characteristic of propionate type fermentation [15]. All 

the aforementioned characteristics were observed in the culture that contained only lactic 

acid as carbon source (Figures 5.2, 5.3C). Clostridium propionicum is one of the species 

that has the ability to consume lactic acid through the following reaction [16]: 

3 CH3CH(OH)COOH -* 2 CH3CH2COOH + CH3COOH + C02 ( 3 ) 

Equation (3) indicates that from the consumption of three moles of lactic acid, 

two moles propionic acid and one mole acetic acid can be produced. As apparent from 

Table 5.5, in the medium containing only lactic acid, from 8.9 mM lactic acid, 5.13 mM 

propionic acid and 2.94 mM acetic acid were produced which are respectively 86.5% and 

99.1% of the theoretical values calculated from Equation (3). It is noteworthy that the 

lactic acid present in starch containing medium showed completely different metabolic 

pathway and gave rise to the hydrogen production together with the formation of butyric 

acid as the major metabolite. 
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Figure 5. 3 Soluble metabolite formation and lactic acid decomposition in culture 
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If NADH pathway is the pathway for hydrogen evolution, hydrogen will be 

evolved through the re-oxidation of NADH [17]: 

NADH + H+ -> H2 + NAD+ (4) 

With increasing excess NADH, the hydrogen yield will be improved. Through the 

main pathway of glycolysis glucose is decomposed to pyruvate. Pyruvate is then used for 

formation of organic acids and alcohols. The overall reaction equations [18, 19] for the 

products which were detected in our experiments are presented in Table 5.6. The valerate 

and iso-butyrate were not considered in the calculation of excess NADH, since they are 

produced by Clostridial species from fermentation of amino acids not carbohydrates [16]. 

Excess NADH for each condition can be calculated from the difference between 

produced and used NADH. 

Assuming that the amount of produced pyruvate is equal to that of used pyruvate 

[18] the excess NADH can be calculated from the molar concentrations of soluble 

metabolites as follows: 

[Generated NADH] = [produced pyruvate] + [acetate] 

= [used pyruvate] + [acetate] 

={ [acetate] + 2[butyrate] + [propionate] + [lactate] + [ethanol]} + 

[acetate] (5) 

[Used NADH] = [lactate] + 2 [propionate] + [formate] + [ethanol] (6) 
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[Excess NADH] = [Generated NADH] - [used NADH] 

=2[acetate]+2[butyrate]-[propionate]-[fonnate] (7) 

Table 5. 6 Overall reaction equations for the mixed culture fermentation of carbohydrates 

Pyruvate formation: 

Main pathway of glycolysis C6H1206 + 2 NDA+ -»• 2 CH3COCOOH + 2 NADH + 2 H+ 

Pyruvate decomposition to: 

Acetate CH3COCOOH +NAD+ + H20 ->• CH3COOH + C02 + NADH + I f 

Butyrate 2 CH3COCOOH -»• CH3(CH2)2COOH + 2 C02 

Lactate CH3COCOOH + NADH + H+ - • CH3CHOHCOOH + NAD+ 

Propionate CH3COCOOH + 2NADH + 2 l T - » CH3CH2COOH + H20 + 2NAD+ 

Formate C02 + NADH + I f -> HCOOH 

Ethanol CH3COCOOH + NADH + I f - • CH3CH2OH + C02 + NAD+ 

Based on the equation (7) the excess NADH concentrations were calculated from 

the molar concentrations of soluble metabolites after 48 hours incubation (Table 5.5). The 

results show that the addition of 10 mM lactic acid increased the residual NADH from 

37.05 mM to 50.75 mM. It is noteworthy that the aforementioned 37% increase in 

residual NADH compares well with the 35% increase in hydrogen yield, on unit carbon 

mass basis. 
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The effect of the addition of different concentrations of lactic acid to a medium 

containing 5 g/L starch was investigated in batch tests. As illustrated in Figure 5.4A, the 

cumulative hydrogen production increased with increasing the concentration of lactic 

acid and remained constant at concentrations above 3 g/L. The addition of lactic acid 

even at concentration of 5 g/L did not cause inhibition to the hydrogen production. If both 

starch and lactic acid were considered as carbon sources, the highest hydrogen production 

was 16.9 mL hydrogen/ g COD removed with the addition of 1 g/L lactic acid to the 

starch culture. When lactic acid concentration was between 0.25 and 2 g/L, it was totally 

depleted by the end of fermentation. However, total consumption did not occur when 

lactic acid was added at the concentrations of 3 to 5 g/L (33 to 55 mM). 
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5.4 Conclusions 

The results of this work demonstrated that the addition of lactic acid (up to 3 g/L) 

to a starch-containing medium could improve hydrogen production. The analysis of 

soluble metabolites showed that the metabolism of starch was affected by the addition of 

lactic acid. The increase in hydrogen production in the presence of lactic acid was 

accompanied by formation of higher amounts of butyric acid as the predominant aqueous 

metabolite. The increase in hydrogen production yield was assigned to the increase in the 

available residual NADH for hydrogen production. 
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6.1 Introduction 

Hydrogen has a high energy yield (142 kJ/g) which is 2.75 times more than that of 

any hydrocarbon [1]. Biological hydrogen production is potentially regarded as one of the 

most promising alternatives for sustainable green energy production despite the 

feasibility of hydrogen production through water electrolysis and chemical cracking of 

hydrocarbons. Among different biological processes for hydrogen production dark 

fermentation is the most attractive one because of its potential of direct use of wastewater 

streams and organic wastes and its higher rate of hydrogen production in comparison 

with photo-fermentative processes [2, 3]. However, this process has not been 

commercialized yet mainly due to long term instability attributed to changes in microbial 

communities and metabolic shifts and also relatively low hydrogen production yields and 

rates [4]. 

One of the major obstacles for production of hydrogen from mixed microflora is 

the coexistence of hydrogen consuming bacteria including methanogens, acetogens, and 

sulfate reducing bacteria which can obtain energy by utilizing molecular hydrogen [5]. 

Heat treatment [6, 7], acid treatment [8], alkaline treatment [1, 8] and utilization of 

chemical inhibitors [9, 10] are some of the enrichment methods that have been used for 

suppression of hydrogen consuming bacteria such as methanogens. Although short 

detention times have been reported to increase the productivity, in a conventional 

bioreactor, the biomass is easily washed out and the efficiency of substrate utilization 

plummets at short detention times [11]. Proliferation of other non-spore forming bacteria 

such as propionate bacteria and lactic acid bacteria, concomitant with high organic 
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loading [12] retards hydrogen production due to competition for carbohydrates, as well as 

excretion of bacteriocins which inhibit hydrogen producers [13]. 

The maximum specific growth rate (u^x) for mixed culture of 0.333 h"1 [14] 

corresponds to minimum solids retention time (SRTmjj,) of 3.0 h and thus CSTR operated 

for hydrogen production are characterized by HRTs of 3-8 h. However, high dilution 

rates result in a marked decrease in biomass content in the reactor due to severe cell 

washout and system failure [15]. Although, fill and draw (fed-batch) reactors have been 

used for hydrogen production, they invariably suffered from inconsistent hydrogen 

production [16] and methane production [17]. The hydrogen yield in sequencing batch 

reactor utilizing sucrose at an organic loading rate (OLR) of 82 g/L-d at 35 °C and pH 7 

was 1.3 mol H2 / mol hexose [18] compared to 1.15 mol H2 / mol hexose observed in a 

CSTR at a similar OLR [19]. In order to overcome biomass washout in hydrogen 

reactors, decoupling of SRT from HRT in hydrogen bioreactors has been achieved 

primarily by using biofilms on several media including synthetic plastic media and 

treated anaerobic granular sludge [20], activated carbon, expanded clay and loofah 

sponge [6], glass beads [21] and membranes [22]. Kim et al. [23] using poly-vinyl 

alcohol as solid support medium for non-heat-treated sewage sludge seed, for the 

treatment of 20 g/L glucose at a pH 5.0 and HRT of 20 h found variable H2 production in 

a 30 day experiment, with approximately 4 g/L of biomass retained in the reactor. 

Biofilms reactors seeded with acid-shocked sewage sludge developed on activated 

carbon and treating 17.8 g / L sucrose at 0.5-5 h HRT, 35 °C, pH 6.7 yielded 7.4 L H2 / L-

h at 0.5 h HRT [24] and 1.32 L H2 / L-h at lh HRT [6]. At higher substrate concentrations 

performance declined due to competition from non-hydrogen producers but thermal 
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treatment restored H2 production rates, suggesting spore-formers were part of the 

attached biofilm [4]. Problems with the development of methanogenic biofilms on the 

carrier media adversely impact process stability, which is critical for sustained hydrogen 

production. Oh et ah [25] coupled a cross-flow membrane to a CSTR operated at HRTs 

of 3.3 and 5 h and SRT of 3.3 to 48 h on 10 g / L glucose at pH 5.5 and 26 °C, and found 

an optimum volumetric hydrogen production of 0.37 L H2 / L-h at a 12 h SRT with the 

yield decreasing at an SRT of 48 h. Moreover, membranes have not shown many 

advantages in terms of volumetric hydrogen yield and are also prone to fouling. The up-

flow anaerobic sludge blanket reactor (UASB) has been used for biological hydrogen 

production with varying degrees of success. Fang et al. [26] achieved a hydrogen yield of 

2.2 mol /mol hexose in a 90-day test of a USAB at an OLR of 49 g/L-d of sucrose at 6h 

HRT and 26 °C. The long startup time for UASB reactors and problems with particle 

granulation are problematic for hydrogen production in this type of bioreactors. 

As depicted in table 6.1, there is no clear relationship between the hydrogen yield 

and the organic loading rate. In some cases higher OLRs decreased the hydrogen yield 

[27] whereas in some others higher OLRs increased the hydrogen yield [28]. For waste 

activated sludge as a seed material, it appears that increasing the OLR within the 40-160 

gCOD/L-d increased hydrogen yield to an optimum of 1.67 mol H2/mol glucose at an 

ORT of 120 gCOD/L-d [29], whereas hydrogen yield decreased with increasing OLR for 

both anaerobically digested sludge [19] and soil microorganisms [27]. Hydrogen yield 

with digester sludge at an OLR of 45 gCOD/L-d was 1.3 mol H2/mol glucose [19] as 

compared with 0.92 mol H2/mol glucose with waste activated sludge [29]. Moreover, 
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comparing the biomass concentration in the two CSTRs utilizing agricultural soil as the 

seed and glucose as a substrate under approximately same OLRs, Van Ginkel and Logan 

[27] achieved much higher hydrogen yield (2.2 mol/mol) at a biomass concentration of 8 

g/L compared to Zhang et al. [28] who reported 0.72 mol H2 /mol hexose with 0.9 g/L 

biomass. Oh et al. [25] achieved a hydrogen yield of 0.4 mol/mol at a biomass 

concentration of 2.2 g/L in a CSTR and Wu et al. [29] using a CSTR seeded with 

silicone-immobilized sludge realized a hydrogen yield of 1.58 mol/mol at 3.5 g/L of 

biomass compared to a hydrogen yield of 2.06 mol/mol achieved by Zhang et al. [28] at a 

similar OLR with a higher biomass concentration (4.6 g/L). It is thus clear that the higher 

biomass concentration in the reactors improved the hydrogen yield, which in essence 

shows that one of the key factors affecting the stability of hydrogen producing systems is 

maintaining higher biomass concentrations in the system. In addition, the low hydrogen 

yield and system failure was attributed to low concentrations of biomass due to washout 

[27]. 

The literature review has highlighted the importance of organic loading and 

maintaining active biomass in the reactor for biohydrogen production. This paper has two 

objectives; the first objective focuses primarily on the assessment of decoupling of SRT 

from HRT using simple conventional clarification that is widely used in the anaerobic 

contact and activated sludge processes for wastewater treatment, while the other objective 

of this paper is to asses the impact of organic loading on four systems, utilizing anaerobic 

and waste activated sludges, as seed sludges. Additionally, this paper will compare the 

impact of seed sludges on hydrogen yield and microbial communities. The paper will 

include detailed COD mass balances and microbial characterization using denaturing 
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gradient gel electrophoresis (DGGE). While there is significant literature on individual 

systems optimization, there are few side by side comparisons that offer opportunity for 

assessment of long-term performance and sustainability, a widely reported concern with 

biohydrogen production. This is particularly important in light of the various metabolic 

pathways and microbial shifts involved in biological hydrogen production. 

6.2 Materials and Methods 

6.2.1 Systems Setup and Operation 

Four lab-scale systems were operated at 37° C for 65 days (Figure 6.1). Two 

integrated biohydrogen reactor clarifier systems (1 and 2) [30], denoted henceforth as 

IBRCS-1 and IBRCS -2, comprised a continuously stirred reactor (CSTR) for biological 

hydrogen production (5 L working volume), followed by uncovered gravity settler 

(volume 8 L) i.e. open to atmosphere, while CSTR-1 and 2 consisted of a CSTR only 

with a working volumes of 5 L and 2 L, respectively. Details of the operational 

conditions for the four systems are listed in Table 6.2. In order to enrich hydrogen 

producing bacteria, the sludges were heat treated at 70° C for 30 minutes. The systems 

were monitored for total chemical oxygen demand (TCOD), soluble COD, volatile fatty 

acids (VFA), ethanol, lactate, glucose, volatile suspended solids (VSS), total suspended 

solids (TSS) and biogas composition including hydrogen, methane and nitrogen. The 

quantity of produced biogas was recorded daily using a wet tip gas meter (Rebel wet-tip 

gas meter company, Nashville, TN, USA). 



Feed 

H2 + C02 

LU 

Completely Mixed Bioreactor 

Effluent 

Biomass Recirculation 

Gravity Settler 

IBRCS 

^ p H2 + C02 

Effluent 

Completely Mixed Bioreactor 

CSTR 

Figure 6.1 Experimental Setup for the biohydrogen production systems 

Table 6. 2 Operational Conditions in the hydrogen producing systems 

IBRCS-1 

IBRCS-2 

CSTR-1 

CSTR-2 

Glucose (g/L) 

2 

8 

8 

20 

HRT(h) 

8 

8 

8 

12 

SRT (h) 

48±3.2 

46±4.2 

8 

12 

OLR (gCOD/L-d) 

6.5 

25.7 

25.7 

42.8 

PH 

5.5-6.5 

5.5-6.5 

5.5-6.5 

5.5 (controlled) 
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6.2.2 Inocula and Media Compositions 

For the IBRCSs and CSTR-1, anaerobically-digested sludge from the St. Marys 

wastewater treatment plant (St. Marys, Ontario, Canada) was used as the seed. These 

three systems (IBRCS-1, IBRCS-2 and CSTR-1) were seeded with 5 liters of sludge and 

started up in a continuous mode with the feed containing glucose at different 

concentrations as highlighted in Table 6.2. It must be emphasized that there was no 

sludge wastage from the clarifier for systems IBRCS-1 and IBRCS-2 throughout the 

operation, and the values of SRTs presented in Table 6.2 represent the average ± standard 

deviation (SD) during steady state operation. It is noteworthy that the reactors operation 

was consistent over time and accordingly the average SRT with SD of less than 10% of 

the mean SRT is representative of the overall SRT during the run. As expected the 

clarifier effluent VSS was substantially lower than the reactor VSS and remained 

unchanged during steady-state operation. The feed contained sufficient inorganics 

(mg/L): NaHC03, 2000- 4000; CaCl2, 140; MgCl2.6H20, 160; NH4HCO3, 600; 

MgS04.7H2 O, 160 ; urea, 500; Na2C03, 124; KHCO3, 156; K2HP04, 15; trace mineral 

solution, 500; H3PO4, 250. For CSTR-2, waste activated sludge from the Adelaide 

Pollution Control Plant in London, Ontario was used as the inoculum for hydrogen 

production. The medium contained 20 g/L glucose as the carbon source and the following 

inorganic salts (mg/L): NH4CI, 2600; K2HP04, 250; MgCl2.6H20, 125; FeS04.7H20, 5.0; 

CoCl2.6H20, 2.5; MnCl2.4H20, 2.5; KI, 2.5; Na2Mo04.2H20, 0.5; H3B04, 0.5; 

NiCl2.6H20, 0.5;ZnCl2, 0.5. The sludge was added to achieve an initial biomass 

concentration of 4.2 g/L in the reactor containing the growth medium. The reactor was 
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first operated in batch mode for 15 hours, after which the reactor was shifted to 

continuous mode with an HRT of 12 hours. As apparent from Table 6.2, in order to 

evaluate the impact of seed sludge on hydrogen yield, the two CSTRs were operated, 

albeit at different OLRs. The rational for using different OLR is that at the same OLR of 

40-45 gCOD/L-d the anaerobically digested sludge showed approximately 50% higher 

hydrogen yield [19] than the waste activated sludge [29], and the general trend discussed 

elaborately before indicated that hydrogen yield for anaerobically digested sludge as a 

seed decreased with OLR, and vice versa with waste activated sludge. Hence increasing 

the OLR in the waste activated sludge (CSTR-2) was anticipated to cause an increase in 

hydrogen yield to a comparable level with the waste activated sludge; minimizing the 

influence of OLR in the seed assessment. 

6.2.3 Analytical Methods 

The biogas composition including hydrogen , methane and nitrogen was 

determined by a gas chromatograph (Model 310, SRI Instruments, Torrance, CA) 

equipped with a thermal conductivity detector (TCD) and a molecular sieve column 

(Molesieve 5A, mesh 80/100, 6 ft X 1/8 in). Argon was used as carrier gas at a flow rate 

of 30 mL/min. The temperatures of the column and the TCD detector were 90 and 

105°C, respectively. Presence of oxygen was also examined by this GC in order to ensure 

anaerobic condition in the bioreactor. 

The concentrations of volatile fatty acids (VFAs) were analyzed using a gas 

chromatograph (Varian 8500, Varian Inc., Toronto, Canada) with a flame ionization 

detector (FID) equipped with a fused silica column (30m x 0.32 mm). Helium was used 

as carrier gas at a flow rate of 5 mL/min. The temperatures of the column and detector 
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were 110 and 250°C, respectively. Lactic acid concentrations were measured using a 

high- performance liquid chromatography system (1200 series, Agilent Technologies) 

equipped with Aminex HPX-87H ion exclusion column (300 mm x 7.8 mm I.D.; BIO-

RAD), and a UV-detector at 210 nm. The column temperature was adjusted to 30 °C. The 

same instrument with a refractive index detector (RID) was used to measure the 

concentrations of glucose. The temperature of the RID detector was set to 35 °C. The 

amount of volatile suspended solids (VSS) and chemical oxygen demand (COD) were 

measured according to standard methods [31]. 

6.2.4 Microbial Community Analysis 

In all four reactors, after 50 days the total genomic community DNA were 

extracted using UltraClean Soil DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA, 

USA) and after PCR amplification were analyzed by denaturing gradient gel 

electrophoresis (DGGE). The primer set of 357FGC (5'-CGCCCGCCGCGCGCGGCG 

GGCGGGGCGGGGGCACGGGGGGCCTACGGGAGGCAGCAG-3') and 518R (5'-

ATTACCGCGGCTGCTGG-3') at the annealing temperature of 53°C were used for the 

PCR amplification of the variable V3 region of 16SrDNA from the purified genomic 

DNA. Denaturing gradient gel electrophoresis (DGGE) of PCR products was performed 

with a DCode universal mutation system (Bio-Rad laboratories, Hercules, CA, USA). 

The PCR products were applied directly to 8% (w/v) polyacrylamide gel with 15 % to 

55% denaturant (urea) gradients. Electrophoresis was performed at a constant voltage of 

130 V at 58°C for 5 hours. The DNA templates of the bands of interest were re-amplified 

and the PCR products were purified using QIAquick PCR purification Kit (QIAGEN 

Sciences, Maryland, USA) in accordance with the manufacturer's protocol. The 
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sequences of re-amplified DNA fragments were determined by dideoxy chain termination 

(Sequencing Facility, John P. Robarts Research Institute, London, Ontario) and compared 

with available sequences in GenBank database using the BLAST program [32]. 

6.3 Results and Discussions 

Figure 6.2 shows the hydrogen production profiles for the four reactors 

throughout the 65 days of operations. All the reactors showed stable hydrogen production 

during the two months of operation and methane was not detected in any of the reactors. 

However, the coefficient of variation (calculated as standard deviation divided by the 

average) for hydrogen production rate in CSTR-2 was 20% in comparison with 

approximately 10% variation in other reactors. IBRCS-2 showed a drastically higher 

hydrogen production rate than other systems. Comparing IBRCS-2 and CSTR-1, which 

were operated at same OLR, hydrogen production rate in IBRCS-2 gradually increased 

during the first 10 days of operation from 5.5 L/L-d to 11 L/L-d; while in CSTR-1 

hydrogen production decreased during the first ten days of operation and stabilized at 1.8 

L/L-d. However, in the CSTR with higher organic loading rate (CSTR-2) hydrogen 

production rate dropped to approximately 0.6 L/L-d after 7 days. Comparing IBRCS-1 

and IBRCS-2 (see Table 6.3) under two different OLRs (6.5 and 25.7 g COD/L-d), 

respectively, the hydrogen yield was the same in both systems during steady state 

operation. The average hydrogen production rate in IBRCS-1 was 2.4 L/L-d. 
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Figure 6. 2 Profiles of hydrogen production in the systems 

As illustrated in Figure 6.3, in IBRCS-1, the biomass concentration in the reactor 

was maintained at 1.5 g/L, while in IBRCS-2 the concentration of VSS decreased from 

5.2 g/L at start-up to approximately 4.0 g/L after the 5th day and remained constant 

thereafter with an average value of 4.2 g/L. In CSTR-1 which was working at the same 

OLR of IBRCS-2 (OLR = 25.7 g COD/L-d) VSS concentration decreased to 

approximately 0.75 g/L after 7 days and remained stable for the rest of the study. These 

results substantiated the effectiveness of gravity settler in maintaining the biomass in the 

system. Comparison of CSTR 1 and 2 which worked at different OLRs showed that the 

system with higher organic loading rate (CSTR-2) could sustain more biomass; this result 

is in agreement with other researchers' findings [27]. The drop in biomass concentrations 

during the first days of operations observed in both CSTRs was attributed to biomass 

washout. 
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Figure 6. 3 Variations of biomass with time in the hydrogen production systems 

Table 6.3 Summary of steady state data in the hydrogen production systems 

Hydrogen Hydrogen "L- if ^* Glucose Biomass Yield 
Gas(%) Gas(L/L/d) r m * | ^ o l ) converted (gVSS/gglucose) 

Bio-1 
Bio-2 

CSTR-1 

CSTR-2 

71 ±0.9 

73 ±2.7 

66 ±5.3 

76 ±3.6 

2.4 ± 0.2 

9.6 ±0.9 

1.8 ±0.2 

0.55 ±0.11 

2.8 ±0.3 

2.8 ±0.3 

1.0±0.1 

0.5 ±0.1 

99.9 ±1.0 

99.9 ±1.5 

50 ±3.5 

29 ±5.7 

0.12 ±0.02 

0.09 ± 0.01 

0.19 ±0.02 

0.29 ± 0.02 

The steady state data as summarized in table 6.3 shows that the IBRCSs achieved 

a hydrogen yield of 2.8 mol/mol, much higher than a hydrogen yield of 1.0 and 0.5 

mol/mol for CSTR-1 and CSTR-2, respectively. While the glucose conversion was 

complete in the IBRCSs, it was only 50% and 29% in CSTR -1 and CSTR-2, 
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respectively. The COD mass balance for the four systems is shown in Table 6.4, 

computed considering the measured influent and effluent CODs, and the equivalent 

CODs for both gas and biomass. The closure of COD balances at 97%-109% validates 

the reliability of the data. Using the stoichiometric yield of 4 and 2 mol H2 / mol glucose 

from the Eq. (1 and 2), and according to the measured concentrations of acetate and 

butyrate, the contribution of the two pathways was estimated. 

C6Hi206 + 2H20 - • 2CH3COOH + 2C02 + 4H2 (1) 

C6Hi206 ^CH3CH2CH2COOH + 2C02 + 2H2 (2) 

In IBRCS-1, 65 % and 35 % of the hydrogen produced were through the acetate 

and butyrate pathways, respectively. The main liquid products in IBRCS-2 were acetate 

and butyrate at concentrations of 2494 mg/L and 1594 mg/L respectively, with 

approximately 68 % and 32% of the hydrogen yield through the acetate and butyrate 

pathways, respectively. In CSTR-1, the acetate and butyrate concentrations were 650 

mg/L and 1366 mg/L, respectively, and both acetate and butyrate pathways equally 

contributed to hydrogen production at 50% each. Furthermore, in CSTR-2 lactate was 

detected at an average concentration of 460 mg/L, while acetate and butyrate 

concentrations were much lower than the other systems The hydrogen yield followed the 

same pattern of CSTR -1 with 50/50 % through acetate/butyrate pathways. 
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Figure 6.4 shows the biomass yields for the four systems, calculated as the slope 

of the cumulative biomass produced versus the cumulative glucose converted. It should 

be noted that biomass production incorporated both the temporal changes in bioreactor 

mixed liquor volatile suspended solids (MLVSS) and the solids leaving in the clarifier 

liquid effluent for IBRCS-1 and IBRCS-2, and solids leaving the bioreactor in CSTR 1 

and 2. The observed biomass yields in IBRCS-1 and IBRCS-2 of 0.12 and 0.09 g VSS/g 

glucose were substantially lower than the CSTRs of 0.19 to 0.29 g VSS/g glucose. The 

high biomass yield of 0.29 g VSS/g glucose could be also attributed to possible 

contamination of feed with aerobic bacteria and/or presence of very small amount of 

soluble oxygen in the feed. Although the observed yield is impacted by SRTs, the 

statistically significant differences between the IBRCSs and CSTRs at the 95% 

confidence level can not be rationalized only on the basis of SRT. 

y = 0.127x 
R2 = 0.9972 

y = 0.0933x 

R2 = 0.9995 

• 
• 
A 
X 

IBRCS-1,6.5 gCOD/L.d 
IBRCS-2,25.7 gCOD/L.d 
CSTR-l,25.7gCOD/L.d 
CSTR-2,42.8 gCOD/L.d 

50 100 

Glucose Converted (g/L) 

150 200 

Figure 6. 4 Biomass yield estimation for the four systems 
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Figure 6.5 shows the inverse relationship between the biomass and hydrogen 

yields which emphatically demonstrates that the higher biomass yield is attributed to 

different microorganisms other than hydrogen producers. Using Equation (3) and the 

biomass yield reported in the literature for hydrogen producers of 0.1 g VSS/g glucose 

[11], it was estimated that the non-hydrogen producing bacteria constituted 12.5%, 0%, 

40%, and 60% of the measured bioreactor VSS in IBRCS-1, IBRCS-2, CSTR-1, and 

CSTR-2, respectively. 

Xv =Xa + Xt ^X^ +XnHP+Xi=0c.YtHP.OLR77 + XnHP+Xi (3) 

where Xv is the total biomass, Xa is the active microbial population in the reactor 

which in this case consisted of the biomass of hydrogen producers (XHP) and biomass of 

non-hydrogen producers (XDHP), Xi is the inert remains of microorganisms in the reactor, 

0C is solid retention time, Ytm> is true yield of hydrogen producers, OLR is the organic 

loading rate and n is the substrate conversion efficiency. It was estimated that the non-

hydrogen producing bacteria constituted 12.5%, 0%, 40%, and 60% of the measured 

bioreactor VSS in Bio-1, Bio-2, CSTR-1, and CSTR-2, respectively. It should be noted 

that these values also included the inert biomass in the bioreactors. 
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6.3.1 Microbial Community Analysis 

The DGGE profiles of the 16S rDNA gene fragments in the four continuous 

reactors are illustrated in Figure 6.6. Table 6.5 shows the results of the sequence 

affiliation. The number of the bands detected in IBRCS-2 which was operating at OLR of 

25.7 gCOD/L-d was more than those detected in IBRCS-1 at an OLR of 6.5 gCOD/L-d. 

The increase in the number of the bands with the increase in the OLR was also observed 

in CSTRs as CSTR-2 with higher OLR had higher number of bands in comparison with 

CSTR-1. This observation may indicate increased species diversity in the continuous 

flow CSTR. The comparison of DGGE profile of IBRCS-2 and CSTR-1 operated at the 

same organic loading rates shows different microbial community structure in these 

reactors. Considering the higher yield of hydrogen production in IBRCS-2 and the 

different microbial community, it appears that the gravity settler in the IBRCSs allowed 

for selective enrichment of high-hydrogen producing species. 
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Figure 6. 6 DGGE profile of the 16S rDNA gene fragment at each treatment condition 
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Table 6. 5 Affiliation of denaturing gradient gel electrophoresis (DGGE) fragments 

determined by their 16S rDNA sequence 

and 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Affiliation (accession no.) 

Klebsiella pneumonia 

Klebsiella pneumonia 

Klebsiella sp. 

Lactobacillus fermentum 

Pseudomonas veronii 

Clostridium pasteurianum 

Clostridium acetobutyricum 

Clostridium mesophilum 

Lactobacillus fermentum 

Klebsiella pneumonia 

Similarity 

(%) 

100 

100 

99 

91 

99 

99 

99 

99 

95 

100 

Klebsiella pneumonia (bands 1, 2 and 10) which has been observed in all of the 

reactors is a facultative anaerobic bacterium that is frequently used for hydrogen 

production as a pure culture [33, 34] or detected as one of the active microorganisms in 

mixed cultures of hydrogen production systems [35]. Band 3 in CSTR-2 is also a 

Klebsiella sp. This band has not been observed in other reactors. Presence of more 

facultative anaerobes in CSTR-2 may be due to using activated sludge as the microbial 

seed in this reactor. Clostridium pasteurianum (band 6) which is a hydrogen producer 

with a yield of 1.5 mol glucose/mol hydrogen [36] was detected in IBRCS-2 and CSTR-

1. Clostridium acetobutyricum (band 7) was observed only in IBRCS-2. This bacterium is 

one of the frequently reported species in hydrogen producing reactors [37, 38]. 



142 

Clostridium mesophilum (band 8) was observed only in CSTR 2. Although most of the 

Clostridium species have the ability of hydrogen production there is no specific report of 

hydrogen production by Clostridium mesophilum. CSTR-2 which exhibited the lowest 

hydrogen yield among other reactors showed the most diverse DGGE profile. 

Lactobacillus fermentum (band 4 and 9) and Pseudomonas veronii (band 5) are two non-

hydrogen producers which were present only in CSTR-2 and could potentially use 

glucose for production of other metabolites rather than hydrogen and decrease the 

hydrogen yield in this reactor. The lactic acid production in CSTR-2 (Table 4) can be 

attributed to presence of lactic acid bacteria Lactobacillus fermentum. This finding is in 

agreement with Oh et al. [12] who reported that the concentration and/or the activities of 

lactate-forming bacteria increase as organic loading increases. However, these 

researchers did not analyze the microbial culture. Comparing CSTR-1 and CSTR-2, it is 

apparent that the waste activated sludge, though more microbially diverse than 

anaerobically digested sludge, is not advantageous for biohydrogen production due to the 

presence of non hydrogen producers such as Lactobacillus species. It has been reported 

that lactic acid bacteria reduces the hydrogen production through the inhibition of 

hydrogen producers [13]. Resistance of pre-existing lactic acid bacteria after heat 

treatment at 65°C and their appearance after the third consecutive batch in a repeated 

batch experiment using waste activated sludge has been reported in our previous work 

[39]. 
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6.4 Conclusions 

The decoupling of SRT from HRT in biohydrogen production systems, evaluated in 

this work, validated the promise of using a gravity settler after a CSTR to maintain high 

biomass retention in the system and decrease biomass washout, thus improving hydrogen 

yield and long term sustainability of hydrogen production. Using a gravity settler after a 

CSTR drastically increased the hydrogen production rate and hydrogen yield from 1.8 to 

9.6 L/L/d and from 1 to 2.8 mol/mol glucose, respectively. The diversity of waste 

activated sludge does not provide any advantages to biohydrogen production relative to 

anaerobically digested sludge as reflected by 50% lower hydrogen yield and 50% higher 

biomass yield. In addition, the IBRCSs were capable of producing hydrogen at the same 

yield with approximately full conversion of glucose at two different OLRs in the range of 

6.5-25.7 gCOD/L-d. Although further work is needed to optimize the IBRCS, and 

evaluate the impact of higher OLRs on the performance of the system, the inverse 

relationship between hydrogen and biomass yields observed in this study shows that the 

higher biomass yield is attributed to presence of non-hydrogen producing biomass, and 

the widely reported failure of biohydrogen reactors due to biomass washout corroborate 

the need for decoupling of SRT from HRT in order to maximize biohydrogen production. 
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7.1 Introduction 

Most of the world's energy demand today is supplied by fast depleting fossil fuels. 

The atmospheric pollution by fossil fuels is not only unhealthy but might also cause 

significant climate changes globally [1]. Therefore, fossil fuels should be substituted 

with sustainable energy sources that do not contribute to pollutiont. Hydrogen has the 

highest energy yield (142 kJ/g) which is 2.75 times more than that of any hydrocarbon 

[2]. Among different biological methods for hydrogen production dark fermentation is 

regarded as one of the most promising alternatives for sustainable energy generation 

because of the high rate of hydrogen production and its potential of direct use of 

wastewater streams and organic wastes [3-5]. 

One of the characteristics of bio-hydrogen production systems is their sensitivity 

to environmental conditions such as feed interruption which is mainly because of the fact 

that most of the hydrogen producers are strict anaerobes. Therefore, any failure in the 

reactor operation may cause sporulation and washout of the hydrogen producing 

community [5]. Working under low hydraulic retention times which is an inevitable 

feature of hydrogen production with mixed cultures makes this concept more critical. 

The hydraulic retention time of the dark fermentative hydrogen production systems is 

usually maintained between 3 to 12 hours [6] to prevent the growth of slow growing 

methanogens in the reactor. Washout of reactors at low hydraulic retention times even 

without any operational failure has been reported in the literature [7, 8]. 

Considering the large scale continuous hydrogen production, if an operational 

failure causes wash out in the system, re-inoculation and start-up of the system will be 

accompanied by huge cost and long term shutdown of the system. Reactor start-up is an 
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important and time-consuming phase for successful operation of continuous flow 

systems. Although, some techniques such as heat or acid-base treatment can considerably 

decrease the duration of start-up, the long term stability of the systems started with these 

methods has not yet been confirmed [9]. A successful startup of continuous hydrogen 

production systems by inoculation with non treated inocula and operating the reactor at 

low HRT and low pH values may take two to three months [10]. 

Due to the inevitable cost and time for re-inoculation of the hydrogen production 

systems, information on revivability of hydrogen producing systems after a period of 

shut-down is valuable in order to find out if these systems are revivable or whether re-

inoculation is necessary. Based on the authors' knowledge, no such information is 

available in the literature. 

The aim of this study is to investigate the performance of a continuous stirred tank 

bioreactor before and after feed interruption with emphasis on observed shifts in 

formation of soluble metabolites and microbial communities and their relationship with 

hydrogen production in order to examine the revivability of the system. 

7.2 Materials and Methods 

7.2.1 Inoculum and Composition 

Anaerobically-digested sludge from the St. Marys' wastewater treatment plant 

(St. Marys, Ontario, Canada) was used for inoculation of the reactor. Prior to inoculation, 

the sludge was heat treated at 65°C for 30 minutes to enrich the hydrogen producing 

bacteria [11]. The nutrient medium contained glucose as the carbon source at 
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concentrations between 10 to 20 g/L and the following inorganic salts (mg/L): NH4CI, 

2600; K2HPO4, 250; MgCl2.6H20, 125; FeS04.7H20, 5.0; CoCl2.6H20, 2.5; 

MnCl2.4H20, 2.5; KI, 2.5; Na2Mo04.2H20, 0.5; H3BO4, 0.5; NiCl2.6H20, 0.5; ZnCl2, 

0.5. Yeast extract at a concentration of 0.25 g/L also added to the medium. 

7.2.2 Reactor Start-up and Operation 

A stirred tank bioreactor (New Brunswick BioFlo 110, New Brunswick Scientific 

Co.) with a working volume of 2.2 liters was used in this study. Temperature was 

controlled at 35 ± 0.1 °C and the reactor mixed at 150 rpm. The pH was maintained at 5.5 

± 0 . 1 with 3N potassium hydroxide. The reactor was inoculated with 300 mL of 

thickened anaerobically digested sludge to achieve an initial biomass concentration of 3 

g/L in the reactor containing the growth medium. Subsequently the reactor was filled 

with the feed to the working volume and the reactor headspace was flushed with nitrogen 

for 30 minutes to ensure anaerobic conditions. The quantity of produced biogas was 

recorded daily using a wet tip gas meter (Rebel wet-tip gas meter company, Nashville, 

TN, USA). A biogas sampling port was installed between the reactor and the gas meter to 

allow direct biogas sampling with a gas tight syringe. The feed tank was kept at 4°C 

using F12-ED refrigerated circulator bath (Julabo, UK, Ltd.). The reactor was first 

operated in a batch mode for 15 hours, after which the reactor was changed to continuous 

flow mode. 



7.2.3 Analytical Methods 

153 

The biogas composition including hydrogen, methane and nitrogen was 

determined by a gas chromatograph (Model 310, SRI Instruments, Torrance, CA) 

equipped with a thermal conductivity detector (TCD) and a molecular sieve column 

(Molesieve 5A, mesh 80/100, 6 ft X 1/8 in). Argon was used as carrier gas at a flow rate 

of 30 mL/min. The temperatures of the column and the TCD detector were 90 and 

105°C, respectively. Presence of oxygen was also examined by this GC in order to ensure 

anaerobic condition in the bioreactor. 

The concentrations of organic acids including acetic acid, butyric acid, iso-butyric 

acid, lactic acid, valeric acid, iso-valeric acid and formic acid were analyzed using a 

high-performance liquid chromatography system (1200 series, Agilent Technologies) 

equipped with Aminex HPX-87H ion exclusion column (300 mm x 7.8 mm I.D.; BIO-

RAD), and a UV-detector at 210 nm. The column temperature was adjusted to 30 °C. The 

same instrument with a refractive index detector (RID) was used to measure the 

concentrations of glucose and alcohols. The temperature of the RID detector was set to 

35 °C. Sulfuric acid at the concentration of 9 mM was used as the carrier phase. The 

amount of volatile suspended solids (VSS) was measured according to standard methods 

[12]. 

7.2.4 Microbial Community Analysis 

At different times during the operation of the continuous reactor, intervals total 

genomic community DNA of biomass samples was extracted and purified using 



154 

UltraClean Soil DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA). The 

primer set of 349FGC (5'-CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGG 

GGGGCCTACGGGAGGCAGCAG-3') and 518R (5'-ATTACCGCGGCTGCTGG-3*) at 

the annealing temperature of 53°C were used for the PCR amplification of the variable 

V3 region of 16SrDNA from the purified genomic DNA. Denaturing gradient gel 

electrophoresis (DGGE) of PCR products was performed with a DCode universal 

mutation system (Bio-Rad laboratories, Hercules, CA, USA). The PCR products were 

applied directly to 8% (w/v) polyacrylamide gel with 15 to 55% denaturant (urea) 

gradients. Electrophoresis was performed at a constant voltage of 130 V at 59°C for 4.5 

hours. The DNA template of the bands of interest were re-amplified and the PCR 

products were purified using QIAquick PCR purification Kit (QIAGEN Sciences, 

Maryland, USA) in accordance with the manufacturer's protocol. The sequences of re-

amplified DNA fragments were determined by dideoxy chain termination (Sequencing 

Facility, John P. Robarts Research Institute, London, Ontario) and compared with 

available sequences in GenBank database using the BLAST program [13]. 

7.3 Results and Discussion 

The continuously stirred tank reactor (CSTR) was started-up with an organic 

loading rate (OLR) of 40 g/L.d at hydraulic retention time (HRT) of 12 hours; and during 

the 135 days of operation went through different experimental conditions as shown in 

Table 7.1. Figure 7.1 illustrates the variations of fermentation parameters including 

hydrogen production rate, hydrogen concentration, conversion efficiency and 
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concentrations of biomass and soluble metabolites in the effluent during the operation of 

the continuous reactor. 

Table 7.1 Experimental progress of CSTR 
Experimental conditions 

Stage Purpose Glucose HRT OLR pH Operational period 

(g/L) (h) (g/L-d) (d) 

I 

II 

in 

rv 

V 

VI 

Start-up and continuous operation 

Feed interruption 

Re-start up 

Decreasing the OLR 

Using same OLR with lower HRT 

Increasing pH 

20 

— 

20 

12 

10 

10 

12 

— 

12 

12 

10 

10 

40 

— 

40 

20 

20 

20 

5.5 

4.5 

4.5 

4.5 

4.5 

4.8 

0-22 

23-33 

34-58 

59-82 

83-102 

103-135 

7.3.1 Effect of Feed Interruption 

Hydrogen production became stable after 6 days of operations and continued until 

day 19 when an accidental feed interruption for 12 hours happened and resulted in a 

sharp decrease and finally complete cessation of biogas production on day 21 (Figure 7.1-

a). On day 22, continuous feeding was stopped and the reactor was operated in a batch 

mode (without addition of any substrate) for 10 days. During this period pH was adjusted 

to 4.5 to avoid development of methanogens during the operation at batch mode. 
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Methanogens have lower growth rate in comparison with hydrogen producers, and 

because of this characteristic operation at low HRT values during continuous operation 

can inhibit them. However, during the batch operation for several days, methanogens 

may find enough time to become active in the reactor. It has been reported that operation 

at pH values below 4.5 can inhibit not only methanogens [5] but also hydrogen 

consuming acetogens [14]. Therefore, pH after feed interruption was adjusted to 4.5. 

After 6 days of operation in batch mode, gas production gradually recovered and 

biomass concentration in the effluent increased from 0.34 to 1.15 g/L. The concentration 

of hydrogen in the biogas decreased from 65% before the feed interruption to 25% during 

the batch operation. 

When feeding restarted (stage III) hydrogen production rate reached to 0.6 ±0.1 

L/L.d in comparison with 3.2 ± 0.2 L/L.d before feed interruption and hydrogen 

concentration in the biogas reached to only 27%. Characteristics of the soluble 

metabolites (Figure 7.1-d) before and after feed interruption show that butyrate formation 

completely stopped after feed interruption and ethanol, lactic acid and acetic acid became 

the main soluble metabolites. Therefore, after the re-start up a shift from butyrate type 

fermentation to ethanol type fermentation was observed. Hydrogen production through 

butyrate fermentation gives higher yields of hydrogen production [15]: 

4C6Hi206 + 2H20 -> 2CH3COOH + 3CH3(CH2)2COOH 

+ 8CO2+10H2 (1) 
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However, lower hydrogen yields of 2 mol H2/mol glucose can be obtained 

through ethanol type fermentation [16]: 

C6Hi206 + H20 -> C2H5OH + CH3COOH 

+ 2C02 + 2H2 (2) 

Although equations 1 and 2 can help for understanding of the main hydrogen 

production mechanism, they cannot be individually used for stoichiometric purposes 

because of the consumption of glucose for formation of other metabolites such as lactic 

acid which have been detected in the reactor. Hydrogen production through ethanol type 

fermentation has been rarely reported in the literature [17, 18]. This type of fermentation 

has been mostly investigated for its potential for ethanol production [19] rather than 

hydrogen. The main advantage of this type of fermentation is its low optimum pH of 4.5-

5.0 [17] which is preferable for elimination of methanogens and homo-acetogens in the 

mixed culture and reduction of base requirements for pH control [20]. Considering the 

theoretical yield of 2 mol H2/ mol glucose (Equation 2) the low yield of 0.29 mol H2/ 

mol glucose could be because of formation of high amounts of lactic acid (2600 mg/L) as 

a reduced end product after re-start up of the reactor. 

As illustrated in Table 7.2, feed interruption resulted in a significant decrease in 

the yield of hydrogen production and hydrogen concentration from 1.36 to 0.29 mol 

H2/mol glucose and from 66.6 to 27.6%, respectively. The biomass yield after re-start up 

increased from 0.19 to 0.22 gVSS/g glucose and glucose conversion efficiency dropped 

from 46% to 37%. This could be related to a shift in microbial community in the 

bioreactor. 
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7.3.2 Effect of Organic Loading Rate 

After the re-start up of the reactor, lactic acid became one of the major metabolic 

products. It has been observed that the concentration and/or activity of lactate-forming 

bacteria increased with increase in the organic loading [10]. Noike et al. [21] reported 

that hydrogen yield is reduced when lactic acid bacteria became active. In order to shift 

the fermentation pathway from lactic acid formation, in stage IV organic loading rate 

(OLR) was reduced to 20 g glucose/L.d. This reduction in the OLR was accompanied by 

an increase in hydrogen production rate from 0.65 to 1 L/L.d as well as hydrogen 

concentration from 27 to 34% (Figure 7.1 a and b). Biomass concentration in the effluent 

decreased from 1.5 to 1 g VSS/L (Figure 7.1c). However, as illustrated in Figure 7.1 d, 

concentration of lactic acid did not decrease in the stage IV. 

We examined the same OLR of 20 g glucose/L.d with lower HRT in stage V. 

According to Figure 7.1, no significant differences were observed in hydrogen production 

rate, hydrogen concentration, biomass concentration and soluble metabolite including 

lactic acid, acetic acid and ethanol. Comparison of steady-state values in Table 7.3 shows 

an increase in glucose conversion efficiency from 37% to 74% by reduction of OLR from 

40 to 20 g glucose/L.d. Reduction of HRT and glucose concentration in the feed by 

maintaining the same OLR (stage V) did not have any significant effect on hydrogen 

production yield and biomass yield although it raised conversion efficiency from 74% to 

88%. Biomass yield decreased with reduction in OLR and remained constant in stages 

IV and V. 
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7.3.3 Effect of pH 

After 103 days of operation (stage VI) pH was increased from 4.5 to 4.8. With 

increasing the pH, a sharp increase in hydrogen gas was observed while the content of 

CO2 in the biogas decreased (Figure 7.1a). In stage VI acetic acid formation increased 

from 619 to 958 mg/L and a decline in formation of both lactic acid and ethanol was 

observed (Figure 7.Id). No butyric acid formation was detected upon increasing the pH. 

As illustrated in Table 7.4, changing the pH could enhance hydrogen yield from 0.35 to 

0.7 mol H2/ mol glucose and hydrogen concentration of biogas from 32 to 40%. In 

addition, glucose conversion efficiency improved from 88% to 99%. The significant 

increase in specific hydrogen production from 434 to 662 mL H2/g VSS.d together with 

only a small improvement in bacterial yield from 0.09 to 0.1 g VSS/ g glucose could be 

because of a shift in microflora or a shift in the metabolic pathways within the existing 

microflora rather than improvement of growth condition for available hydrogen 

producers. Although a pH range of 4.5 to 5.0 has been regarded as the optimum pH for 

ethanol type fermentation in the literature [17, 18], our results show a considerable 

difference in hydrogen production at pH values of 4.5 and 4.8. 
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7.3.4 Carbon Mass Balance 

Table 7.5 summarizes the carbon mass balance for the CSTR before and after the 

feed interruption (stages I and III in Table 7.1) and after improvement of hydrogen 

production (stage VI). It was assumed that the carbon from the yeast extract (0.25 g/L) 

was negligible and the cellular composition of the biomass was assumed to be C5H7O2N 

[22]. As show in Table 7.5 carbon recovery was high, in a range of 90-99%. Before feed 

interruption most carbons from glucose metabolism were directed toward butyric acid 

(28.1%), biomass (27.0%), acetic acid (15.4%), lactic acid (10.7%), ethanol (4.2%) and 

carbon dioxide (9.8%). Direction of carbon to propionic acid was insignificant under all 

test conditions (< 0.11%). 

After feed interruption, the direction of carbon toward biomass remained almost 

constant while formation of butyric acid completely stopped and most of the carbon was 

converted to lactic acid (27.0%) and ethanol (24.1%), which rationalizes the low 

observed yield of 0.29 mol IVmol glucose. However, after reduction of organic loading 

rate from 40 to 20 g glucose/ L.d and increasing the pH from 4.5 to 4.8 the carbon 

conversion of glucose to biomass was reduced to only 14.1% and formation of acetic acid 

and ethanol increased. These changes in carbon conversion resulted in an increase in 

hydrogen production yield from 0.29 to 0.7 mol H^/mol glucose. 
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7.3.5 Analysis of Microflora Population 

During all six different phases of the CSTR operation (Table 7.1), DNA samples 

from the whole community were used for PCR-DGGE analysis in order to investigate the 

changes in the microbial community. The DGGE profiles of the 16S rDNA gene 

fragment are shown in Figure 7.2. Table 7.6 shows the results of the sequence affiliation. 

Appearance of new bands during the operation of the CSTR is because of enrichment of 

the organisms which were already present in the reactor at undetectable concentrations. 

The DGGE profiles of the 16S rDNA gene (Figure 7.2) show a rapid change in the 

microbial community after feed interruption. This change is obvious by comparison of 

microbial communities before day 16 and after day 34. Most of the detected species 

before feed interruption, were affiliated with Clostridia. C. butyricum affiliated strain A 

(100% similarity) appeared at the third day of operation and was present in the reactor at 

the day 16. Band B was another C. butyricum affiliated strain which differed from C. 

butyricum DQ831124.1 by three mismatches. C. acetobutyricum affiliated bands (bands 

C and D) with 98% similarity to C. acetobutyricum FM994940.1 were also present in the 

reactor until the day 16. C. acetobutyricum and C. butyricum are well known hydrogen 

producers which ferment carbohydrates to hydrogen and carbon dioxide with acetate and 

butyrate as the main soluble metabolites [23]. High yields of 2 mol hydrogen/ mol 

glucose have been reported with pure cultures of C. acetobutyricum and C. butyricum 

[24]. The higher yield of hydrogen production before the feed interruption together with 

presence of butyrate and acetate as the main soluble metabolite could be because of 

presence of these species. Band E on days 3 and 16 was also identified as uncultured 
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Clostridia. All of the aforementioned species disappeared after the feed interruption at the 

day 34. 

Stage 
Time (d) 

I 
3 16 

II 
34 

III 
46 

IV 
61 68 

V 
88 

VI 
128 140 

4 m , „ , , „ , , .. !<F' 
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Figure 7. 2 DGGE profile of the 16S rDNA gene fragment 
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Table 7. 6 Affiliation of denaturing gradient gel electrophoresis (DGGE) fragments 

determined by their 16S rDNA sequence 

Band 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

K 

L 

M 

N 

P 

Q 

Affiliation (accession no.) 

Clostridium butyricum (DQ831124.1) 

Clostridium butyricum (DQ831124.1) 

Clostridium acetobutyricum (FM994940.1) 

Clostridium acetobutyricum (FM994940.1) 

Uncultured Clostridium (DQ168164.1) 

Lactobacillus fermentum (EU931244.1) 

Lactobacillus fermentum (EU931244.1) 

Lactobacillus fermentum (EU931244.1) 

Pseudomonas sp. (FJ979851.1) 

Lactobacillus parabuchneri (AB429372.1) 

Lactobacillus parabuchneri (AB429372.1) 

Lactobacillus Casei (FJ915819.1) 

Lactobacillus Casei (FJ915819.1) 

Lactobacillus Casei (FJ915819.1) 

Uncultured bacterium (DQ464539.1) 

Uncultured bacterium (DQ464539.1) 

Similarity 

(%) 

100 

97 

98 

98 

88 

100 

99 

100 

96 

99 

99 

98 

97 

99 

100 

99 

On day 34 a L. parabuchneri affiliated strain and a L. casei affiliated strain 

were detected, these Lactobacillus related bands were available before the feed 

interruption but they were hardly visible. Band N which appeared on day 34 was also a L. 

casei affiliated strain. Operation of the reactor at an OLR of 40 g glucose/L.d after feed 
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interruption (stage III) resulted in formation of new bands including L. fermentum and 

Pseudomonas sp. affiliated strains. With changing of OLR from 40 to 20 g glucose/L.d a 

new strain was detected in the reactor which was, 99-100% affiliated with uncultured 

bacterium DQ464539.1 (bands P and Q). The uncultured bacterium DQ464539.1 was 

reported in an acidophilic ethanol-H2-coproducing system. This organism could be the 

main hydrogen producer in the reactor after the feed interruption since its appearance 

increased hydrogen production rate. By comparison of DGGE profile on days 61, 68 and 

88 it can be concluded that changing the HRT with a constant organic loading rate did not 

affect the microorganisms present in the reactor. This is in good agreement with the 

observed hydrogen and biomass yield in stages IV and V (days 59 to 102 in Figure 7.1a 

and lc). Changing the pH from 4.5 to 4.8 which resulted in an increase in the hydrogen 

production yield from 0.35 to 0.7 mol H2/mol glucose was accompanied by elimination 

of L. parabuchneri (band K) from the culture. Lactic acid bacteria compete with 

hydrogen-producing bacteria for carbohydrates, and thus their presence reduces 

hydrogen yields. 

7.4 Conclusions 

The results of this work demonstrated that a period of feed interruption in a 

continuous hydrogen producing system caused an entire stop in butyric acid formation 

along with a decrease in hydrogen production yield from 1.36 to 0.29 mol IVmol 

glucose. Reduction of organic loading rate together with increasing the pH after the feed 

interruption increased the hydrogen yield to 0.7 mol IVmol glucose. The main soluble 
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metabolites after the feed interruption were acetate, lactate and ethanol. The analysis of 

microbial community showed the predominance of hydrogen producing Clostridia in the 

reactor before feed interruption. However, after the feed interruption most of the specious 

were affiliated to Lactobacillus. It seems that hydrogen producing reactors are not 

readily revivable unless activity of lactic acid bacteria can be eliminated. 
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CHAPTER 8 

Conclusions and Recommendations 
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8.1 Conclusions 

In the present research, biological hydrogen production via dark fermentation was 

studied in batch, repeated batch and continuous systems. The fermentation inocula 

consisted of mixed cultures which originated from municipal sludges. The key objectives 

of this thesis incorporate (i) the modification and improvement of enrichment methods to 

obtain active and stable inocula, (ii) the increase of hydrogen production rates and yields, 

and (iii) the investigation of sustainability and revivability of continuous biohydrogen 

production. These issues are critical to biohydrogen commercialization. 

In this research, the effect of heat pre-treatment on the inocula at various 

temperatures was investigated and the best temperature which led to the highest hydrogen 

production was employed for the heat pre-treatments. Then, hydrogen production with 

two types of inocula, waste activated sludge and anaerobically digested sludge, were 

compared at mesophilic and thermophilic temperatures. In another phase of the research, 

the positive impact of extrinsic lactic acid on biohydrogen production was examined with 

starch-containing media. Continuous hydrogen production experiments were also 

conducted to compare sustainability of hydrogen production in continuously stirred tank 

reactors under different organic loading rates. The last part of this research was the 

investigation of revivability in continuous hydrogen production after a period of feed 

interruption by comparison of soluble metabolites, carbon mass balance and microbial 

community before and after the feed interruption. Based upon the findings of this 

research, the following specific conclusions were drawn: 



176 

• The effect of heat treatment at different temperatures on two types of inocula, 

activated sludge and anaerobically digested sludge, was investigated in batch cultures. 

Heat treatments were conducted at 65°C, 80°C and 95°C for 30 minutes. The untreated 

inocula produced less amount of hydrogen than the pretreated inocula, with lactic acid as 

the main metabolite. Conducting pre-treatment at 65°C resulted in the highest hydrogen 

yield as well as the highest maximum specific hydrogen production rate in both activated 

sludge (1 .6 mol H2/ mol glucose and 80.4 mL hydrogen/g VSS h ) and anaerobically 

digested sludge (2.3 mol Ik/mol glucose and 109.6 mL hydrogen/g VSS h) in batch 

experiments. Approximately a 15% decrease in yield was observed with increasing 

pretreatment temperature from 65°C to 95°C concomitant with an increase in 

butyrate/acetate ratio from 1.5 to 2.4 for anaerobically digested sludge. The increase of 

pretreatment temperature of activated sludge to 95°C suppressed the hydrogen production 

while induced the production of lactic acid. The DNA analysis of the microbial 

community exhibited that the elevated pretreatment temperatures reduced the species 

diversity. 

• Hydrogen production with activated sludge and anaerobically digested sludge at 

both thermophilic (55°C) and mesophilic (37°C) conditions was compared in batch 

experiments. The results revealed that the production of hydrogen with activated sludge 

was more efficient at the thermophilic temperature and had a yield of 0.93 mol H2/ mol 

glucose. However, when anaerobically digested sludge was used for hydrogen production 

at thermophilic temperature, the hydrogen yield decreased to 1.28 mol H2/ mol glucose, 

which was 15% less than that of mesophilic temperature. To investigate the stability of 

hydrogen production with the two types of inocula a series of repeated batch experiments 
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were conducted at 37°C. The results showed no major difference in the average hydrogen 

yield between the two types of inocula (1.18 ± 0.62 mol H2/ mol glucose with activated 

sludge versus 1.35 ± 0.14 mol H2/ mol glucose with anaerobic sludge), however, the 

hydrogen production with the activated sludge was not stable and widely fluctuated 

during the consecutive batches. The observed instability was attributed to formation of 

lactic acid. 

• The effects of the addition of ethanol (5mM), acetic acid (10 mM), butyric acid 

(10 mM), and lactic acid (10 mM) were studied using a fractional factorial design. The 

addition of ethanol, acetic acid and butyric acid did not significantly affect the hydrogen 

production. However, lactic acid had a significant positive effect on the cumulative 

hydrogen production and maximum hydrogen production rate. 

• The effect of extrinsic lactic acid on fermentative hydrogen production from 

starch-containing media was further studied in batch experiments. The addition of 10 mM 

lactic acid to a batch containing starch increased the hydrogen production rate and 

hydrogen production yield from 4.31 to 8.23 mL/h and 5.70 to 9.08 mmol H2/ g starch, 

respectively. This improvement in hydrogen production rate and yield was associated 

with a shift from acetic acid and ethanol formation to the production of butyric acid as the 

predominant metabolite. The increase in the hydrogen production yield was attributed to 

the increase in the available residual NADH for hydrogen production. When lactic acid 

was used as the sole carbon source, no significant hydrogen production was observed. 
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• The revivability of a continuous hydrogen production system after a period of 

feed interruption was studied. After the feed interruption, butyric acid formation 

completely stopped and ethanol, acetic acid and lactic acid became the predominant 

soluble metabolites. The microbial community analysis showed the complete elimination 

of Clostridium affiliated strains and predominance of Lactobacillus affiliated strains after 

the re-startup of the reactor. The hydrogen production yield after the feed interruption 

decreased from 1.36 mol H2/ mol glucose to 0.29 mol H2/ mol glucose. The operation of 

the reactor at lower organic loading rate of 20 g glucose/L.d and pH of 4.8 could increase 

the yield to 0.7 mol H2/ mol glucose. 
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8.2 Recommendations 

The following recommendations can be made based on the results of this study: 

• The addition of lactic acid to carbohydrate containing media in batch 

experiments resulted in a significant enhancement of hydrogen production. Further 

research on the use of lactic acid in continuous biohydrogen reactors using pure lactic 

acid and lactic acid containing wastes such as whey and yogurt waste is recommended. 

• Based on the results of this study start-up at high organic loading rate of 40 g 

glucose/L could be the main cause of low hydrogen production in continuous systems. 

Additional research on the start-up strategy including gradual increase in the organic 

loading rate is required. 

• Further information on ethanol type fermentation for biohydrogen production 

should be developed and the process should be optimized. 

• Effective strategies for inhibition of lactic acid bacteria are underreported in the 

literature of hydrogen production from mixed cultures. More research is required to 

develop an appropriate method to minimize the presence of lactic acid bacteria, and such 

a method needs further assessment not only in batch but in long term continuous 

operation. 
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• Hydrogen production from mixed cultures of known bacteria may provide a 

deeper knowledge on dark fermentative hydrogen production and make the system more 

predictable and easier to control. 

• Dark fermentative hydrogen production has always been studied with the aim of 

increasing the yields and rates of hydrogen production. However, this method can not be 

used individually and in the future biohydrogen production systems, dark fermentation 

has to be integrated with a second stage such as photo fermentative hydrogen production; 

therefore the soluble metabolites of the first stage should not have an inhibitory effect on 

the second stage. It is recommended to consider the limiting ranges of some parameters 

such as ammonia concentration on the second stage while conducting the research on 

dark fermentative hydrogen production. 
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Supplementary Materials 



APPENDIX A 

Supplementary Figures for fractional factorial experiment (Chapter 5) 
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Figure A. 1 Normal plot of removed data after power transformation; A: ethanol, B: 
lactic acid; C: butyric acid; D: acetic acid; orange square symbols: Positive Effects; 
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Figure A. 2 Pareto chart of examined effects of four parameters, A: ethanol, B: lactic 
acid; C: butyric acid; D: acetic acid; BC: interaction of lactic acid and butyric acid; 
BD: interaction of lactic acid and acetic acid; 
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APPENDIX B 

Figure A. 5 A view of the continuous bioreactor setups. 
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