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ABSTRACT 

The idea of coupling renewable energy production and agricultural waste 

management inspired this thesis. The production of an important future fuel -hydrogen 

gas- from high strength waste stream-liquid swine manure- using anaerobic treatment 

processes makes the most sustainable sense for both wastewater management and 

energy generation. The objectives of this thesis were to develop a fermentation process 

for converting liquid swine manure to hydrogen and to maximize hydrogen 

productivity. 

Anaerobic sequencing batch reactor (ASBR) systems were constructed to carry 

out this fermentation process, and seed sludge obtained from a dairy manure anaerobic 

digester and pretreated by nutrient acclimation, heat and pH treatment was used as 

inoculum. High system stability was indicated by a short startup period of 12 days 

followed by stable hydrogen production, and successful sludge granulation occurred 

within 23 days of startup at a hydraulic retention time (HRT) of 24 hours. Operation at a 

progressively decreasing HRT from 24 to 8h gave rise to an increasing biogas 

production rate from 15.2-34.4L/d, while good linear relationships were observed 

between both total biogas and hydrogen production rates correlated to HRT, with R2 

values of 0.993 and 0.997, respectively. The maximum hydrogen yield of 1.63 mol-

H2/mol-hexose-feed occurred at HRT of 16h, while the HRT of 12h was highly 

suggested to achieve both high production rate and efficient yield. Hexose utilization 

efficiencies over 98%, considerable hydrogen production rate up to 14.3 L/d and 

hydrogen percentage of off-gas up to 43% (i.e., a CO2/H2 ratio of 1.2) with the absence 
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of CH4 production throughout the whole course of experiment at a pH of 5.0 strongly 

validated the feasibility of the fermentative H2 production from liquid swine manure 

using an ASBR system. Ethanol as well as acetic, butyric and valeric acids were 

produced in the system accompanying the hydrogen production, with acetic acid being 

the dominant one, which contributed to 56-58% of the total soluble metabolite 

production, indicative of an acetic acid fermentation system, and acetate-to-butyrate 

ratio was found to be closely related to hydrogen yield.  

pH level influenced every aspect of the ASBR performance for hydrogen 

production. ASBR operation at five pHs ranging from 4.4 to 5.6 (4.4, 4.7, 5.0, 5.3, 5.6) 

showed distinct dynamic profiles of both biogas production and the changes of H2 and 

CH4 percentage in the biogas during a running period of 22 days. The H2 content in 

biogas, H2 production rate and H2 yield were all pH-dependent, in the range of 5.1-

36.9%, 0.71-8.97 L/d and 0.12-1.50 mol-H2/mol-glucose, respectively, and maximum 

values for all three responses were simultaneously achieved at pH 5.0. Methanogens 

appeared to be significantly activated at pH of 5.3 or higher since significant CH4 

evolution and concurrent reduction in H2 production was observed at pH 5.3 and 5.6. 

Acetate, propionate, butyrate, valerate, and ethanol were main aqueous products in all 

pH tests and their distribution was influenced by pH. Analysis of kinetic models 

developed from modified Gompertz equations for batch experiments showed that pH 

had a profound effect on all kinetic parameters for hydrogen production including 

hydrogen potential, maximum hydrogen production rate and the length of the lag phase, 

as well as the maximum substrate utilization rate. The low pH of 4.4 gave the highest 

hydrogen production potential but with the lowest hydrogen production rate. A contrast 
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experiment was conducted with an initial pH of 5.3 but not controlled, came up with a 

rapid pH decline, leading to a low hexose degradation efficiency of 33.2% and a 

significantly suppressed H2 production, indicating the importance of pH control and the 

effect of pH on H2 production and substrate consumption. pH 5.0 was verified as the 

optimal for the proposed fermentation system by kinetic models. An extremely linear 

relationship (R2= 0.993) between the maximum H2 production rate and the maximum 

hexose degradation rate suggested that the pH inhibition on H2 production was a result 

of the suppression on the bacterial activity for substrate utilization due to an 

unfavorable pH level. 

System optimization was realized through experiments conducted according to a 

response surface methodology, with a central composite design and empirical quadratic 

response equations obtained for three responses including the hydrogen content in the 

biogas, hydrogen evolution rate and hydrogen yield, against three independent variables, 

pH (4.4-5.6), HRT (8-24h) and substrate glucose concentrations (Cg, 0-20 g/L). Contour 

plots revealed that all three responses were significantly impacted by the variable and 

squared pH. Furthermore, pH and Cg had a significant interaction effect on H2 

production rate, while HRT and glucose concentration were interdependent, or they had 

a mildly significant interaction effect on H2 production rate. The hydrogen content 

decreased when pH was greater than 5.0 or less than 4.6 and a largest value of 42.7% 

could be obtained at pH 4.8, HRT 8 h, and Cg of 18.7 g/L. The highest hydrogen 

production rate of 26.1 L/d happened under a pH of 4.6, HRT of 8h, and Cg of 20 g/L; 

Lower HRT and higher Cg was found to benefit the H2 production rate because they 

provide elevated organic loading and food to microorganism ratio for the system. HRT 
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shorter than 17h resulted in declined hydrogen yield, while the glucose concentration up 

to 20 g/L did not cause suppression on hydrogen yield.  

The revised optimal condition of pH 4.8, HRT 11h, and Cg of 20 g/L, which 

could achieve 85% of the maximum values of all three hydrogen productivity responses, 

was determined by surface response methodology. Highly reproducible results from 

confirming experiments at the optimal condition indicated that the results modeled in 

this study possessed a high reliability, while the results of H2 content, H2 production 

rate and yield were obtained as 40.3%, 23.16 L/d, and 1.36mol H2/mol hexose, 

respectively. Results obtained in this study indicated that ASBR system using swine 

manure based substrate had significant potential of fermentative hydrogen production. 

 

Key words: biohydrogen production, hydrogen fermentation, liquid swine manure, 

anaerobic sequencing batch reactor (ASBR), hydrogen content, hydrogen production 

rate, hydrogen yield 
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INTRODUCTION  

Energy is vital to global prosperity, yet the environmental consequences of 

extensive use of fossil fuels have already begun to surface. Fossil-fuels-dependent 

economy contributes to the health problems, environmental deterioration and global 

climate change [1]. Nowadays, global attention is moving towards reducing air 

pollution and greenhouse gas emissions caused by combustion of fossil fuels and 

simultaneously discovering a sustainable future fuel [2]. In this scenario, hydrogen is 

considered to be an ideal energy alternative for the future due to its high conversion 

efficiency, recyclability and nonpolluting nature [3]. Most developed countries in the 

world have recognized the pivotal role that H2 may play in the future and thus experts 

are advocating the concept of a hydrogen economy [4]. In light of this development, the 

technology for sustainable and sufficient supply of H2 is inevitably in great demand. 

Despite the “green” nature of hydrogen as a fuel, it is still primarily produced 

from nonrenewable sources such as natural gas and petroleum hydrocarbons via steam 

reforming by thermal/chemical means. In order for hydrogen to become a more 

sustainable and green source of energy, it must be produced through biological routes 

using waste or renewable substrates for facilitating both bioremediation and energy 

recovery [5, 6], as biological hydrogen production using fermentative, photosynthetic 

bacteria or algae, which are environmentally benign and less energy intensive 

processes,  has been explored by many researchers in the past few years [3, 7].  

Biological Hydrogen production can be achieved via three different pathways: 

1) biophotolysis of water using algae and cyanobacteria, 2) photodecomposition of 



 

2 

organic compounds by photo-synthetic bacteria, and 3) fermentative hydrogen 

production from organic compounds (especially carbohydrates) by anaerobic bacteria 

(e.g., acidogenic bacteria). Among these hydrogen evolution by fermentation has been 

treated with little attention, however, it has several advantages for industrial production, 

such as: a) fermentative bacteria have very high evolution rate of hydrogen; b) they can 

produce hydrogen constantly through day and night from organic substrates; and c) they 

can have growth rate good for supply of microorganisms to the production system. 

Therefore, the fermentative evolution is more advantageous than photochemical 

evolution for mass production of hydrogen by microorganisms and also couples the 

need for waste reduction/treatment and byproduct recovery [3].  

Minnesota is the third largest hog producing state in US with abundant manure 

generated every year that is an untapped resource for bio-energy production. A simple 

calculation shows that the amount of manure generated yearly by finishing pigs alone, if 

processed to energy, can provide electricity to a third of the population in Minnesota for 

a year. Although swine manure has already been involved substantially in anaerobic 

digestion processes to produce methane other than directly disposed of to cropland, it 

was reported that the conversion of hydrogen to methane represents a net loss of energy 

because, on a mass basis, methane has only 42% of the energy content of hydrogen [8]. 

Considering liquid swine manure possesses all the necessary components for hydrogen 

fermentation by microorganisms such as clostridia, research on hydrogen production 

from swine manure is needed urgently for establishing such a technology for 

commercialization in the near future. Thus, the impact of this research on our society 

and economy is many folds. First, the bio-energy such produced is reliable and 
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inexhaustible in view of the growing animal agriculture around the world, which 

produces a considerable amount of manure every year. Second, the techniques 

developed in this study may give rise to a new energy industry that has the potential of 

creating numerous jobs. Third, using animal manure for energy production will reduce 

the burden of cropland that has long been used to dispose of manure, thereby reducing 

the potential pollution to water resources due to overloading. Fourth, with possible 

commercialization of the technique, swine producers may have an additional revenue 

stream by selling manure to the new bio-energy industry, thus improving and promoting 

the national economy as a whole.  

The overall goal of this proposed research is to develop a fermentation process 

for hydrogen production using liquid swine manure as the substrate. Specific objectives 

of this dissertation consist of three parts: 

(1) To establish an anaerobic batch reactor system and to study the technical 

feasibility of using liquid swine manure to produce H2 continuously via fermentation; 

(2) To investigate the pH effect on the fermentative hydrogen production 

process by both ASBR runs and the kinetic modeling of batch experiments; 

(3) To optimize the ASBR system for obtaining maximum hydrogen 

productivity by determining the optimal operating conditions of pH, hydraulic retention 

time (HRT) and the additional glucose concentration (Cg). 
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CHAPTER 1                                                                                            
L ITERATURE REVIEW  

1.1 Overview of fossil fuel in the world 

With just 5% of the world’s population, the United States is by far the largest 

user of oil, consuming 26% of the world’s oil, yet holding only 2% of the world’s oil 

reserves [9]. It is estimated that an additional 1% of the world’s oil reserves lay in the 

Artic National Wildlife Refuge in Alaska [10]. Of the 1800 to 2200 billion barrels of oil 

ultimately recoverable worldwide, 875 billion barrels have been consumed [11]. 

The most important estimate is not how much oil the world has but when the 

supply of cruel oil will not meet our demand. Current estimates suggest that non-OPEC 

(Organization of Petroleum Exporting Countries) oil-producing nations will peak in oil 

production in 2010 while OPEC oil-producing nations will peak by 2015 [11]. In other 

words, within this time frame the world would have consumed half of its recoverable oil 

reserves. 

Worldwide, per capita consumption peaked in 1979 and has decreased ever 

since due to exponential population growth [12]. Campbell and Laherrere [13] suggest 

the world oil production could peak before 2010. After the peak, most of the remaining 

oil will lie in Middle East countries. Most of these countries are ruled by autocracies 

and could use oil as a weapon and demand a high price for this oil [12], which weaken 

the United States’ economy because almost every segment of our economy relies on oil. 

Considering that food production currently uses 17% of the nation’s energy, mainly 

from oil for fertilizers and pesticides and to operate heavy machinery, any lack in oil 

supply or a high price for oil would severely weaken our ability to produce food 
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economically [14]. Jeremy Rifkin [12] stated that it would be illusory to expect other 

countries to have the same standard of living we enjoy here in the U.S. given the current 

world production rates. For example, if China were to have the same consumption rates 

as the U.S., it would require 81 million barrels per day or 10 million more barrels than 

the entire world’s production in 1997 [11]. 

1.2 Effects of using Oil and other Fossil Fuels 

The use of oil and other fossil fuels may be causing global warming through 

CO2 emissions which could affect the entire world through extreme changes in the 

weather and also degrading our air and water supplies [15]. Approximately 75% of the 

increase in CO2 concentrations in the atmosphere in the last twenty years has been due 

to the combustion of fossil fuels. Americans produce 30% of the CO2 emissions [12]. 

According to the Millennium Assessment Report launched by the U.N. Secretary-

General Kofi Annan in June 2001, 60% of the ecosystem services that support life on 

Earth are being degraded or used unsustainably. The degradation of ecosystems services 

could grow significantly worse during the first half of this century and is a barrier to 

achieving the UN Millennium Developments Goals. In a report commissioned by the 

Pentagon, it was stated that millions of lives could be lost over the next 20 years as 

abrupt climate changes due to global warming forces people to secure food, water, and 

energy supplies [16]. Any catastrophic weather events (droughts, floods) indirectly 

caused by global warming would injure developing countries the most since these 

countries are already disadvantaged. It seems the use of oil or the lack of fossil fuel in 

the future will cause major lifestyle changes or will prohibit developing countries to 
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adapt to climate change in the future. Therefore, a renewable energy alternative is 

urgently needed. 

However, a replacement for fossil fuels will not appear overnight. Extensive 

research and development is required before alternative sources can supply energy in 

quantities and at costs competitive with fossil fuels, and making those alternative 

sources available commercially will require developing the proper economic 

infrastructure. Each of those steps takes time, but greater global investment in research 

and development will most likely hasten the pace of economic change. Moreover, the 

present trend of yearly increases in fossil fuel use shortens our window of opportunity 

for a managed transition to alternative energy sources[12]. 

1.3 Hydrogen economy and hydrogen production technologies 

One promising alternative to fossil fuels is hydrogen [4]. Through its reaction 

with oxygen, hydrogen releases energy explosively in heat engines or quietly in fuel 

cells to produce water as its only byproduct. Hydrogen is abundant and generously 

distributed throughout the world without regard to national boundaries; using it to create 

a hydrogen economy- a future energy system based on hydrogen and electricity- only 

requires technology, not political access. Figure 1.1 depicts the hydrogen economy as a 

network composed of three functional steps: production, storage, and use. There are 

basic technical means to achieve each of these steps, but none of them can yet compete 

with fossil fuels in cost, performance, or reliability [12].  
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Figure 1.1 Hydrogen economy network 

1.3.1 Traditional hydrogen production technologies 

Although in many ways hydrogen is an attractive replacement for fossil fuels, it 

does not occur in nature as the fuel H2. Rather, it occurs in chemical compounds like 

water or hydrocarbons that must be chemically transformed to yield H2. Today, over 

90% of hydrogen is produced from natural gas via steam methane reforming, and 

although this process can sustain an initial foray into the hydrogen economy, it 

represents only a modest reduction in vehicle emissions as compared to emissions from 

current hybrid vehicles, and ultimately only exchanges oil imports for natural gas 

imports, which is not renewable and clearly not sustainable [4]. 

Coal gasification could produce considerable amounts of hydrogen and 

electricity merely because of the large size of available coal deposits [4]. Additionally, 

because of its relatively low cost, it is often cited as the best resource for economically 

producing large quantities of hydrogen. However, the energy required for the necessary 

sequestration of CO2 would increase the rate at which coal reserves are depleted; 
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converting the vehicle fleet to electric vehicles and generating that electricity from 

“clean coal” or making hydrogen as a possible energy carrier would accelerate that 

depletion. Coupling that with a modest economic growth rate of ~1%, the U.S. 250-year 

coal reserves will drop to 75 years or so, which is not at all sustainable [17].  

1.3.2 Hydrogen production from renewable energy 

A remedy for mitigating global warming while sustaining the U.S.’s standard of 

living could be the implementation of a hydrogen economy where the hydrogen gas is 

produced by renewable energy [12]. That means solar, wind, nuclear, and geothermal 

energy derived will serve as major resources for sustainable hydrogen production. The 

hydrogen production pathways from these resources include electrolysis of water, 

thermal chemical cycles using heat, and biomass processing (using a variety of 

technologies ranging from reforming to fermentation).  

1.3.2.1 Hydrogen production by electrolysis of water 

One of the most promising routes for H2 production is splitting water, which is a 

natural carrier of hydrogen. It takes energy to split the water molecule and release 

hydrogen, but that energy is later recovered during oxidation to produce water. To 

eliminate fossil fuels from this cycle, the energy to split water must come from non-

carbon sources, such as the electron-hole pairs excited in a semiconductor by solar 

radiation, the heat from a nuclear reactor or solar collector, or an electric voltage 

generated by renewable sources such as hydropower or wind [12].  

The direct solar conversion of sunlight to H2 is one of the most fascinating 

developments in water splitting [18]. Established technology splits water in two steps: 

conversion of solar radiation to electricity in photovoltaic cells followed by electrolysis 



 

9 

of water in a separate cell. It is well known that the photovoltaic conversion occurs with 

efficiency up to 32% when expensive single-crystal semiconductors are used in multi-

junction stacks, or about 3% with much cheaper organic semiconductors; remarkably, 

the cost of delivered electricity is about the same in both cases. 

Advanced electrolyzers split water with 80% efficiency. The two processes, 

however, can be combined in a single nanoscale process: Photon absorption creates a 

local electron-hole pair that electrochemically splits a neighboring water molecule. The 

efficiency of this integrated photochemical process can he much higher, in principle, 

than the two sequential processes; it has now reached 8-12% in the laboratory [18] and 

has prospects for much greater gains as researchers learn to better control the nanoscale 

excitation and photochemistry. The technical challenge is finding robust semiconductor 

materials that satisfy the competing requirements of nature. The Sun's photons are 

primarily in the visible, a wavelength that requires semiconductors with small bandgaps 

(below 1.7 eV) for efficient absorption. Oxide semiconductors like titanium dioxide that 

are robust in aqueous environments have wide bandgaps, as high as 3.0 eV, and thus 

require higher-energy photons for excitation. The use of dye-sensitized photocells that 

accumulate energy from multiple low-energy photons to inject higher energy electrons 

into the semiconductor is a promising direction for matching the solar spectrum. 

Alternatively, oxide semiconductors can be doped with impurities that reduce their 

bandgap energies to overlap better with the solar spectrum. In both cases, new strategies 

for nanostructured hybrid materials are needed to more efficiently use solar energy to 

split water. 
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1.3.2.2 Hydrogen production from water splitting by thermochemical way 

Water can be split in thermochemical cycles operating at elevated temperatures 

to facilitate reaction kinetics [19]. Heat sources include solar collectors operating up to 

3000°C or nuclear reactors designed to operate between 500°C and 900°C [20]. More 

than 100 types of chemical cycles have been proposed, including systems based on 

zinc-oxygen operating at l500°C, sulfur-iodine at 850°C, calcium-bromine at 750°C, 

and copper-chlorine at 550°C. At high temperatures, thermochemical cycles must deal 

with the tradeoff between favorable reaction kinetics and aggressive chemical corrosion 

of containment vessels. Separating the reaction products at high temperature is a second 

challenge: Unseparated mixtures of gases recombine if allowed to cool. But identifying 

effective membrane materials that selectively pass hydrogen, oxygen, water, hydrogen 

sulfate, or hydrogen iodide, for example, at high temperature remains a problem. 

Dramatic improvements in catalysis could lower the operating temperature of 

thermochemical cycles, and thus reduce the need for high-temperature materials, 

without losing efficiency. Molecular-level challenges, with which researchers are fast 

making progress using nanoscale design, include accelerating the kinetics of reactions 

through catalysis, separating the products at high temperature, and directing products to 

the next reaction step [12]. 

1.3.2.3 Biological processes for hydrogen production 

1.3.2.3.1 Biophotolysis of water using algae and cyanobacteria 

This method uses the same processes found in plants and algal photosynthesis, 

but adapts them for the generation of hydrogen gas instead of carbon containing 

biomass. Photosynthesis involves the absorption of light by two distinct photosynthetic 
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systems operating in series: a water splitting and O2 evolving system (“photosystem II” 

or PSII) and a second photosystem (PSI), which generates the reductant used for CO2 

reduction. In this coupled process, two photons (one per photosystem) are used for each 

electron removed from water and used in CO2 reduction or H2 formation. In green 

plants only CO2 reduction takes place, as the enzymes that catalyze hydrogen formation, 

the hydrogenases, are absent [21]. Microalgae, both eucaryotic (such as the green algae) 

and procaryotes (the cyanobacteria or blue-green algae), have hydrogenase enzymes, 

and can produce hydrogen under certain conditions [22]. 

In a direct biophotolysis reaction for hydrogen photo-evolution by unicellular 

algae, electrons flow from water through the two photosystems (PSII and PSI) of plant 

photosynthesis, to the hydrogen evolving enzyme hydrogenase via electron carrier 

(Ferredoxin Fd), as follows in Eq. 1.1 [23]:                             

H2O → PSII → PSI → Fd → Hydrogenase → H2 
   ↓ 
  O2                                                                                                                                                                     Eq. 1.1 

However, the rate of hydrogen production was lower than typical rate for CO2 

reduction. Small amount of O2 inhibits the hydrogenase activity during biophotolysis 

reaction which reduces hydrogen evolution [23]. Many microalgae, in particular species 

classified as “green algae”, produce hydrogen after a period of anaerobic conditions in 

the dark, during which the hydrogenase enzyme is activated and synthesized, and small 

amounts of hydrogen production are observed. When such “anaerobically adapted” 

algae are returned to light (but still under anaerobic conditions), H2 evolution rates often 

increase dramatically, but cease once normal photosynthesis (O2 evolution, CO2 

fixation) is re-established [3]. 
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Cyanobacteria or blue-green algae are gram positive bacteria with the same type 

of photosynthesis as higher plants and they exist in marine environment as well as in 

different soils/ecosystems [24]. These are called nitrogen-fixing bacteria and they are 

capable of biophotolysis, the light-driven splitting of water into hydrogen and oxygen, 

in reactions which involve nitrogenase and hydrogenase [25]. The relationship between 

nitrogenase-catalyzed hydrogen formation and hydrogenase-catalyzed hydrogen uptake 

in cyanobacteria are depicted in Figure 1.2 Hydrogen production through nitrogenase or 

hydrogenase- both by diazotrophic cyanobacteria- has been suggested as a good 

biological system for photoharvesting hydrogen from water [26-30]. One of the major 

obstacles in obtaining sustained H2 photoproduction is the photosynthetically generated 

O2 which irreversibly inactivates H2 producing systems and supports O2-dependent H2-

uptaking activity [31, 32]. 

 

Figure 1.2 Nitrogenase-catalyzed hydrogen formation and hydrogenase-catalyzed 
H2 uptake of cyanobacteria 

According to Lee et al. [33], green algae are probably better for hydrogen 

production than cyanobacteria whereas the latter uses more energy intensive enzymes 

and ATP-requiring nitrogenase for the production of H2. 
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1.3.2.3.2 Photodecomposition of organic compounds by photo-synthetic bacteria 

Phototrophic bacteria are indicated in the current literature as a promising 

microbial system for the biological production of hydrogen [34-38]. The major benefits 

are noted below: 

(1) high theoretical conversion yields, 

(2) lack of O2-evolving activity, which causes problem of O2 inactivation of different 

biological systems, 

(3) ability to use wide spectrum of light, and 

(4) ability to consume organic substrates derivable from wastes and then, for their 

potential to be used in association with wastewater treatment. 

The overall biochemical pathways for the photo fermentation process can be expressed 

in Eq. 1.2: 

222 HeNitrogenasFdO)(CH →→→                                                                      Eq. 1.2  

                ↑ATP           ↑ATP 

Carbon monoxide can also be used for the production of hydrogen using microbial shift 

reaction by the photosynthetic bacteria [39] as in Eq. 1.3: 

CO + H2O → CO2 + H2                                                                                           Eq. 1.3 

1.3.2.3.3 Fermentative hydrogen production from organic compounds 

Hydrogen evolution by fermentation has been treated with much less attention, 

while hydrogen evolution by photosynthetic microorganisms has been extensively 

studied. However, fermentation systems also appear to have the great potential to be 

developed as practical biohydrogen systems. Substantial improvements, however, can 
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be made through rapid gas removal and separation, bioreactor design, and genetic 

modifications of the microorganisms.  

The evolution of hydrogen by fermentation has several advantages for industrial 

production, such as: 

(a) fermentative bacteria have very high evolution rate of hydrogen. 

(b) they can produce hydrogen constantly day and night from organic substrates. 

(c) they have high growth rate for supply of microorganisms to the production system. 

Therefore, the fermentative evolution is more advantageous than photochemical 

evolution for mass production of hydrogen by microorganisms [40-44].      

1.3.2.4 Comparison of biological processes for hydrogen production 

Overall, biohydrogen technologies are still in their infancy. Existing 

technologies offer potential for practical application, but if biohydrogen systems are to 

become commercially competitive they must be able to synthesize H2 at rates that are 

sufficient to power fuel cells of sufficient size to do practical work. It has been found 

that most of the biological processes are operated at an ambient temperature (30-40°C) 

and under normal pressure. So, these processes are not energy intensive [3]. Further 

research and development aimed at increasing rates of synthesis and final yields of H2 

are essential. Optimization of bioreactor designs, rapid removal and purification of 

gases, and genetic modification of enzyme pathways that compete with hydrogen 

producing enzyme systems offer exciting prospects for biohydrogen systems. The 

merits and demerits of the different biological processes are presented in Table 1.1. It is 

clear that the rate of fermentative hydrogen production is always faster than that of the 

photosynthetic hydrogen production. Even a 10-fold increase in the rate of H2 synthesis 
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by some dark-fermentation systems would reduce bioreactor size dramatically. This 

would greatly facilitate overcoming the engineering challenges of scale up, and create 

new opportunities for practical applications [7].  

Table 1.1 Merits and demerits of biological processes for hydrogen production  

Microorganism Merits Demerits 
Green algae Can produce H2 from water 

Solar conversion energy increase 
by 10 folds as compared to trees 
and crops 

Require light for H2 production 
O2 can be dangerous for the system 

Cyanobacteria Can produce hydrogen from water 

Nitrogenase enzyme mainly 
produces H2  

Has the ability to fix N2 from the 
atmosphere 

Uptake hydrogenase enzymes are 
to be removed to stop the 
degradation of H2 

Require sun light 

About 30% O2 present in the gas 
mixture with H2 

O2 has inhibitory effect on 
nitrogenase 

CO2 present in the gas 

Photosynthetic 
bacteria 

Can use different waste materials 
like whey, distillery effluents, etc.  

Can use wide spectrum of light 

Require light for the hydrogen 
production 

Fermented broth will cause 

water pollution problem  

CO2 present in the gas 

Fermentative 
bacteria 

It can produce hydrogen all day 
long without light 

It can utilize different carbon 
sources like starch, cellobiose, 
sucrose, xylose, etc. and so 
different types of raw materials 
can be used 

It produces valuable metabolites 
such as butyric acid, lactic acid, 
acetic acid, etc. as by products   

It is anaerobic process, so there is 
no oxygen limitation problems 

The fermented broth is required to 
undergo further treatment before 
disposal otherwise it will create 
water pollution problem CO2 
present in the gas 
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1.4 Current status of research on fermentative hydrogen production  

Although H2 production through dark fermentation has been studied since 1960s 

[45-48], most studies, especially the early ones, were for pure cultures done by 

microbiologists. During the past two decades, environmental engineers become more 

and more interested in using mixed cultures for H2 production as well as 

wastewater/waste treatment for practical reasons because it would be cheaper to 

operate, easier to control, and would have a broader choice of feedstock [49]. Since 

anaerobic H2 fermentation is a complicated biological process due to the targeted 

product, H2, that is generated and harvested during the formation of several intermediate 

products rather than the final fermentative products during the fermentation process, 

there are no commercial technologies available for the H2 production through anaerobic 

fermentation using renewable resources.  

Many studies used monosaccharides as substrate like glucose or complex 

carbohydrates like sucrose, cellulose, or starch. In recent years, there is increasing 

interest in investigating H2 fermentation from organic wastes and wastewaters, but little 

information was mentioned about using animal manures as substrate. For the lab-scale 

fermentation system, the control of operational parameters, such as pH, temperature, 

hydraulic retention time (HRT), loading rate (LR), and substrate concentration, has been 

widely investigated. However, the optimal operation conditions varied significantly and 

need to be determined for a specific system.  

With a mixed culture, the bacterial community in the fermentation system is 

complicated and many facultative anaerobes such as Clostridium, Bacteroides, and 

Ruminoccus species can sever as H2 producers. Some researchers have analyzed the 
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bacterial community of H2 producing sludge with molecular biological approaches, 

which are new methods for better understanding the effect of operational conditions on 

bacterial community which is responsible for H2 production and to identify the best H2 

producers in the bioreactor systems [50-53].  

Overall, current research on fermentative  hydrogen fermentation is focused on 

the following aspects: single/multiple carbohydrate substrates (glucose, sucrose, starch, 

cellulose, and protein); reactor design, including batch tank, complete stirred tank 

reactor, plug flow reactor, upflow anaerobic sludge blanket bed, fed-batch and 

membrane reactor; significant microbial species isolation using 16S rDNA sequencing; 

identification of by-products (C1–C4 acids) resulting from the hydrogen production 

process; analysis of determining process factors (e.g. pH, temperature, hydraulic 

retention time, cell growth nutrients); and composition and yield of bio-gas resulting 

from the biological process. All these respects will be reviewed later. 

1.5 Fundamentals of the fermentative hydrogen production  

1.5.1 Introduction to the hydrogen production enzyme-hydrogenase 

At the core of any biological process leading to hydrogen production is the 

enzyme hydrogenase. This enzyme has been under investigation since it was named in 

1931 [54], and is surprisingly complex, considering that it carries out what is one of the 

simplest chemical reactions: 2H+ + 2e = H2. All known hydrogenases contain complex 

metallo-centers as active sites and the active enzymes are synthesized in complex 

processes involving auxiliary enzymes and protein maturation steps. These metallo-
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centers are extremely to moderately oxygen labile, consequently many hydrogenases 

are oxygen sensitive and are irreversibly destroyed by exposure to oxygen.  

There are two basic types of hydrogenases, named after the active sites that they 

contain, the Fe-hydrogenases and the Ni-Fe hydrogenases. The Ni-Fe hydrogenases 

include those hydrogenases, Ni-Fe-Se, that have selenium as part of their active site 

(contributed by selenocysteine). Many organisms have been found to contain a Ni-Fe or 

Ni-Fe-Se hydrogenase which is usually thought of functioning as an “uptake” 

hydrogenase, a hydrogenase whose normal metabolic function is to derive reductant 

from H2. However some can probably function to evolve H2. An example of this would 

be the hydrogenase 3 of the formate hydrogen lyase complex of enteric bacteria, which 

is a Ni-Fe hydrogenase based on its sequence, and which evolves hydrogen. The 

synthesis of Ni-Fe hydrogenase is a highly complicated process requiring a number of 

accessory gene products for metal (nickel and iron) capture, synthesis (CO and CN-) as 

well as cluster insertion and protein maturation [55]. 

1.5.2 Metabolism and limiting factors for fermentative hydrogen production 

Fermentative hydrogen production usually starts from the anaerobic glycolytic 

breakdown of sugars. The majority of microbial hydrogen production is driven by the 

anaerobic metabolism of pyruvate, formed during the catabolism of various substrates. 

The breakdown of pyruvate is catalyzed by one of two enzyme systems (Eq. 1.4 and 

1.5). 

1. Pyruvate formate lyase (PFL)  

Pyruvate + CoA → acetyl-CoA + formate                                                              Eq. 1.4 

2. Pyruvate ferredoxin (Fd) oxidoreductase (PFOR) 
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Pyruvate + CoA+ 2Fd (ox) → acetyl-CoA + CO2 + 2Fd (red)                               Eq. 1.5 

In both these biological systems, the pyruvate generated by glycolysis is used, in 

the absence of oxygen, to produce acetyl CoA, from which ATP can be derived, and 

either formate or reduced ferredoxin (Fd (red)), from which hydrogen can be derived. 

The overall yields in these metabolisms are relatively low (one to two hydrogen 

produced per molecule of pyruvate). This is a natural consequence of the fact that 

fermentations have been optimized by evolution to produce cell biomass, not hydrogen. 

Thus a portion of the substrate (pyruvate) is used in both cases to produce ATP giving a 

product (acetate) that is excreted. Also, in many organisms the actual yields of 

hydrogen are reduced by hydrogen recycling due to the presence of one or more uptake 

hydrogenases, which consume a portion of the hydrogen produced. It is unknown to 

what extent hydrogen production could be increased through metabolic engineering and 

manipulation of culture conditions. Another factor further potentially reducing 

hydrogen yields is that lactate dehydrogenase is induced under acidic conditions and 

therefore some of the potential reducing power present in pyruvate is lost by its 

diversion to lactate [55]. 

1.5.3 Microorganisms involved in fermentative hydrogen production 

Hydrogen production is a specific mechanism to dispose of excess electrons 

through the activity of hydrogenase in bacteria. Bacteria that possess such capability 

include strict anaerobes (Clostridia, methylotrophs, rumen bacteria, methanogenic 

bacteria, archaea), facultative anaerobes (Escherichia coli, Enterobacter, Citrobacter), 

and even aerobes (Alcaligenes, Bacillus) [45]. Among these hydrogen-producing 

bacteria, Clostridium sp. and Enterobacter are the most widely studied. Species of 
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genus Clostridium are gram-positive, rod-shaped, strict anaerobes and endospore 

formers [45, 56], whereas Enterobacter are gram-negative, rod-shaped, and facultative 

anaerobes [56]. An early study by Fang et al. [57] analyzed the microbial species 

present in a hydrogen producing culture (CSTR, pH 5.5, 36°C, 6.6 hHRT, sewage 

sludge inoculum) with glucose. They found that 64.4% of all clones present were 

Clostridiaceae, with 43.8% being most closely related to Clostridium cellulosi, 12.5% 

most closely related to Clostridium acetobutylicum and 8.3% most closely related to 

Clostridium tyrobutyricum. 18.8% of all clones were affiliated with Enterobacteriaceae, 

and 3.1% with Streptococcus bovis. A study of granular sludge (26°C, pH 5.5, 6 h HRT, 

and sucrose as substrate) showed 69% of the clones associated with four Clostridium 

species and 13.5% with Sporolactobacillus racemicus in the Bacillus/Staphylococcus 

group [58]. 

1.5.4 Fundamentals of Clostridia fermentation for hydrogen production 

 Acidogens of genus clostridia have been studied for their ability to form spores 

and for their potential to generate hydrogen gas [59-61]. Fermentation processes carried 

out by clostridia, proceed by the breakdown of pyruvate by pyruvate: ferredoxin 

oxidoreductase (PFOR), generating reduced ferredoxin and acetyl-CoA. The reduced 

ferredoxin drives hydrogen evolution by hydrogenase and a variety of products can 

potentially be produced from the acetyl-CoA. An example of possible clostridia 

fermentation pathways is shown in Figure 1.3.  
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Figure 1.3 Hydrogen production by clostridia carrying out acetate fermentation 

Clostridia are classified as proteolytic or saccharolytic depending of types of 

organics they ferment. Proteolytic acidogens degrade proteins or amino acids. 

Saccharolytic acidogens ferment carbohydrate and are widely studied because of their 

ability to produce higher level of hydrogen. One of the widely studied saccharolytic 

clostridia is Clostridium butyricum which produces butyric acid as the major 

fermentation product together with CO2, acetate and H2 [62]. Production of acetate 

allows the synthesis of ATP and a variety of reduced products can be produced to 

regenerate the NAD necessary to balance the fermentation for further glycolysis. The 

hydrogen fermentation reactions for glucose as organic substrate are expressed by 

Equations 1.6 and 1.7.  

glucose + 2H2O → 2 acetate + 2CO2 + 4H2    ∆G0’ = -182.4 kJ                             Eq. 1.6 
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glucose → butyrate + 2CO2 + 2H2    ∆G0’ = -257.1 kJ                                           Eq. 1.7 

Thus, yields of hydrogen by a butyrate type fermentation carried out by some 

clostridia are lower than that of acetate fermentation. In practice, during the 

fermentation process both butyrate and acetate are formed, but the ratio may vary with 

growth conditions within thermodynamically determined limits [58], for example, as 

denoted by Equation 1.8. Therefore, if we know the actual metabolic pattern, it would 

be possible to drive the pathway towards a higher acetate/butyrate ratio so as to enhance 

hydrogen production by controlling environmental conditions such as pH, mixing 

intensity, hydraulic retention time (HRT), organic loading rate and nutrients. 

4 glucose → 2 acetate + 3 butyrate + 8CO2 + 8H2                                                  Eq. 1.8 

The above pathway is found in approximately 50% of all clostridia that have 

been isolated to date. Other fermentation pathways found in sacchrolytic clostridia are 

those leading to the production of propionate by Clostridium arcticum [62], succinate 

by Clostridium coccoides [63], and lactate by Clostridium barkeri [64]. The clostridial 

genus is an obligate anaerobic heterotroph that does not contain a cytochrome system 

[45]. This genus produces hydrogen using the activities of pyruvate-ferredoxin-

oxidoreductase and hydrogenase enzymes, whose activity is inhibited by low pH, which 

was reported to be one of the most important factors in the overall hydrogen 

fermentation [65-68]. Thus, depending upon the species and the environmental 

conditions, ethanol, butyrate, butanol and acetone can be produced. Little or no 

hydrogen is produced during solvent producing fermentations. Again, the relative 

proportions of the products depends upon the pH of the fermentation, with solvent 

production (butanol) being favored at low pHs (below 4.5) [55].  
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Table 1.2 Some examples of hydrogen fermentation yields  

(Unit of H2 yield is mole of H2 produced per mole of glucose or hexose fed; M-SSAD, 
methanogenic solid substrate anaerobic digestion; OFMSW, organic fraction of 
municipal solid waste; CSTR, continuous stirred tank reactor)  

Strain Substrate H2 yield [reference]  
Bacillus coagulans Glucose 2.28 [69] 
Clostridia butyricum Algal biomass&starch 2.58 [70] 
Clostridia butyricum Glucose 2.0-2.3 [71] 
Clostridia butyricum Glucose 1.75 [72] 
Clostridia butyricum Glucose 1.80 [73] 
Clostridia pasteurianum Glucose 1.5 [59] 

Clostridia beijerincki 
Glucose 2.0 [74] 
Starch 1.8 [74] 

Clostridia sp. Glucose 2.6 [75] 
Clostridia sp. Glucose 1.84 [76] 
Lactobacillus delbrueckii & 
Rhodobacter sphaeroides 

Glucose 7.1 [77] 

Clostridia butyricum & Enterobacter aerogenes Starch & corn steep 2.7 [78] 
Ruminococcus albus Glucose 2.37 [79] 
Mixed culture from anaerobic sludge Sucrose  2.62 [80] 

Mixed culture from anaerobic sludge Sucrose 
2.04 [81] 
2.12 [81] 

Mixed culture from M-SSAD OFMSW 
3.20 [49] 
1.48 [49] 

Mixed culture from a CSTR that produced H2 

from sucrose 
Glucose  2.1 [82] 

Mixed culture from thermophilic anaerobic 
digester or sludge compost 

Cellulose  2.4 [61] 

Mixed culture from agricultural soil Glucose   1.7-2.8 [83] 
Mixed culture from compost Sucrose 2.45 [84] 

 

Seen from Figure 1.3, for the acetate fermentation the maximum yield of 

hydrogen from the breakdown of pyruvate is 2 H2 per mole of glucose. Additional H2 

(in theory 2 moles per mole) can be produced by the action of NADH: ferredoxin 

oxidoreductase which recycles the NAD and produces Fd (red) which can in turn drive 

hydrogen evolution. In theory therefore these fermentations are capable of generating 4 

H2 per glucose. This is the so-called “Thauer limit”, predicted by Thauer et al. [58] to 
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be the maximal hydrogen produced by the ATP generating fermentation of glucose 

yielding 4 moles of H2 (plus two acetates and two CO2) which could be written as Eq. 

1.9. However, under standard conditions the reduction of hydrogenase by NADH is an 

energetically unfavorable reaction and it only proceeds at very low partial pressures of 

hydrogen, below, 10-3 atm, when the free energy change is negative. These low partial 

pressures of hydrogen are realized in some natural anaerobic digestions where very 

active H2 consumption by methanogens permits the production of H2 from NADH. 

Usually the NADH is used to drive the more energetically favorable formation of 

butyrate, or butanol. Therefore, in general, practical yields from these fermentations are 

near 2 or slightly above (see Table 1.2). 

C6H12O6 + 4ADP + 4Pi + 2H2O→ 4H2 + 2CH3COOH + 2CO2 + 4ATP                Eq. 1.9 

 

1.6 Application of fermentative hydrogen production system 

1.6.1 Hydrogen production from pure culture of clostridia 

Clostridia are versatile and can utilize a range of carbohydrate substrates 

including starch, cellulose and hemicellulose [85]. Thus, unlike bioethanol production, 

complex substrates may be used for hydrogen production without pretreatment. In early 

1960s, Magna Corporation reported fermentative production of H2 in a 10 L fermentor 

using strains of C. butyricum and C. welchii [46]. Karube et al. [86] immobilized whole 

cells of C. butyricum IFO 3847 in polyacrylamide gel that produces 0.63 mol H2/mol of 

glucose in 24 h. H2 production dropped spontaneously, however, due to the 

accumulation of organic acids. Brosseau and Zajic [87] reported H2 production 

efficiency of 1.5 mol-H2/mol-glucose during stationary growth phase of C. 
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pasteurianum in a 14 L batch reactor. A higher H2 productivity (1.8 to 2.0 mol/ glucose) 

by the growing culture of a newly isolated C. beijerincki AM21B strain was reported by 

Taguchi et al. [74]. The bacterium produced H2 not only from glucose but also from 

starch at comparative rates. However, sustained production of H2 was not achieved and 

H2 production dropped before the exhaustion of carbohydrate in the medium. The strain 

could utilize a large number of carbohydrates such as arabinose, cellobiose, fructose, 

galactose, lactose, sucrose, and xylose with the efficiencies from 15.7 to 19.0 mmol/g of 

substrate over 24 h [88]. Another Clostridium species [89] was isolated from the group 

which produced H2 more efficiently from xylose and arabinose (13.70 to 14.55 mmol/g) 

than from glucose (11.07 mmol/g). This suggests the possibility for the production of 

H2 from abundant plant hemicellulosics. Taguchi et al. [90] studied the possibility of H2 

production from the enzymatic hydrolysates of Avicel and xylan, by the Clostridium 

strain. H2 was produced at the rates of 16.1, 14.6, 19.6, and 18.6 mmol/g of pure xylose, 

glucose, and enzymatic hydrolysate of Avicel and xylan, respectively. Taguchi et al. 

also isolated another Clostidium sp. strain X53, which produced both xylanase and H2 

in xylan medium. The optimum xylanase production was 1252 U/ml after 8 h 

cultivation at 40℃ and the maximum H2 evolution rate was 240 ml/l/h. However, total 

yield of H2 was 23% less than that obtained from equivalent amount of xylose present 

in xylan [75]. The production of biochemical fuel cell by the use of H2 producing 

Clostridium butyricum from glucose was attempted by Rohrback et al. [91]. Suzuki et 

al. [92] immobilized cells of C. butyricum in 2% (w/v) agar gel and studied H2 

production from wastewater from an alcohol factory. The operation was continued for 

20 d and a current of 15 mA was obtained. Later the group [93] improved their process 
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by using a system consisting of a continuously stirred reactor containing immobilized 

cells of C. butyricum, fitted with two gas type hydrogen- air (oxygen) fuel cells. 

Wastewater from that alcohol factory, which used molasses as the raw material, was 

applied to the system. About 63% of total sugar (glucose, sucrose) present in 

wastewater was converted into H2 with the ideal production rate at 2 mol H2/ mol of 

glucose. 

1.6.2 Mesophilic versus thermophilic fermentations for hydrogen production 

There appears to be a thermodynamic limit to H2 production during fermentation 

as it is carried out in a normally growing cell. Whether this restriction changes with 

temperature should be ascertained by examining the van’t Hoff equation, GT
0 = H0 + 

ST
0. Thus the reaction should become more favorable as the temperature is increased 

due to the increase in the entropy term. This is also revealed by examining the results of 

various studies of mesophilic and thermophilic fermentations (Table 1.3). These data 

are not exhaustive, but give an idea of the higher yields obtained with fermentations 

taking place at higher temperatures. Although normally giving high yields of hydrogen 

at specific production rates that are also high, high temperature hydrogen fermentations 

are usually characterized by low volumetric production rates since many thermophilic 

organisms do not achieve high cell densities in liquid cultures. These low volumetric 

rates of production limit the usefulness of these organisms in a practical system. It is 

noteworthy that some of these fermentations have been shown to take place at relatively 

high hydrogen partial pressures [94]. Since in most cases the fermentation pathways 

seem to be the same as mesophilic bacteria, most of the difference can be thought to be 

due to a thermodynamic advantage at higher temperatures.  
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Table 1.3 Some examples of fermentation yields at different temperatures  

(Only studies having yields greater than two for mesophilic fermentations are shown) 

 
On the other hand, at least for Pyrococcus furiosus, additional hydrogen can 

possibly be generated during glycolysis. P. furiosus, has been shown to carry out a 

modified glycolysis where the dehydrogenation of glyceraldehyde and production of 

glycerate produces reduced ferredoxin instead of NADH. Thus, fermentations with this 

organism might be expected to yield 4 H2 per glucose. Since glycerate is formed 

without the usual generation of ATP, there should be enough free energy available to 

produce reduced ferredoxin against appreciable hydrogen partial pressures. 

Nevertheless, even in this organism, fermentation is sensitive to hydrogen inhibition 

Organism Temp. Yield (H2/glucose) 

Mesophiles (30-40 °C)            

Mixed culture    2.1 
Sewage sludge seed    2.1 
Ruminococcusalbus    2.4 
Clostridium butyricum    2.2 
Enterobactercloacalemutant  3.4 
Anaerobic sewage sludge    2.4 
Food waste culture    2.5 
Citrobactersp.Y19    2.5 
C.butyricum    2 
Clostridium sp.    2.4 

Thermophiles     

Acetothermicuspaucivorans 60 °C 3.5 
Thermotogasp.  77 °C 3.6 
Spirochaeta thermophila  65 °C 3 
Pyrococcus furiosus  90 °C 3 
POME sludge  50 °C 2.1 
Spirochetasp.  65 °C 2 
Pyrococcusfuriosus 90 °C 3 
Thermotogamaritima  80 °C 4 
Acetomicrobiumflavidum  58 °C 4 
Mixed bacterial culture  60 °C 2.4 
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and in the presence of hydrogen, fermentation changes from one producing acetate to 

one that produces alanine [95]. Therefore, thermophilic operation may be particularly 

appropriate when meeting legislation for treatment of feedstock containing pathogens or 

coupled to a process with associated waste heat. Otherwise because of the energy input 

needed, thermophilic operation is less likely to be the technically and economically 

favored option [96]. 

1.6.3 Fermentative hydrogen production system with mixed culture 

In most pure culture cases listed above in Table 1.2 and 1.3, the original intent 

was to characterize the growth characteristics and fermentation products and yields 

rather than to study practical hydrogen production per se. However, pure cultures are 

less useful for industrial applications because of the possibility of contamination and the 

requirements for sterilization. Processes using mixed culture are more practical, because 

they are simpler to operate and easier to control, and may have a broader choice of 

feedstock [49]. When using mixed microflora, experimental approaches to suppress 

methanogenic activity (which consumes hydrogen) and assist hydrogen producing 

metabolism are necessary, including heat/acid treating the inoculum to select for spore-

forming clostridia, optimizing operating conditions such as hydraulic retention time 

(HRT), pH, substrate concentration as well as temperature, oxidation-reduction 

potential and nutrient requirements, and reducing hydrogen partial pressure [3, 7, 97-

100].  

1.6.3.1 Feedstock 

Carbohydrates are the preferred substrate for hydrogen-producing fermentations. 

Most of the substrates used in studies have been defined, polysaccharides: cellulose; 
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hexoses: glucose; pentoses: fructose, xylose, arabinose; or disaccharides: sucrose, 

maltose. In more and more cases, wastewater and solid waste, for example: cheese 

whey wastewater [101], municipal solid wastes and wastewater [60, 102, 103], sugar 

manufacturer wastewater [68], synthetic wastewater [84], dining hall food waste [104], 

alcohol manufacturer wastewater [92], or starch manufacturer waste [78], have been 

used.  

Various types of substrate yield different amounts of H2 per mole of hexose (the 

default unit of hydrogen production), depending on the fermentation pathway and end-

product(s). It was reported that the hydrogen yield in batch reactors varied widely from 

0.4 ml H2/g hexose using cellulose as feedstock [8] to 333 ml H2/g hexose using sucrose 

[84]. The corresponding conversion efficiencies were 0.1% and 61%. On the other 

hand, in continuous reactors the hydrogen yield and conversion efficiency ranged from 

64 ml H2/g-hexose and 12% [105] to 308 ml H2/g hexose and 56% [106]. For those 

cases using actual wastewater as substrate, the best yield was demonstrated by Ueno et 

al. [68] for the treatment of sugar factory wastewater. They achieved a yield of 343 ml 

H2/g hexose in a continuous stirred tank reactor (CSTR) with 63% of conversion 

efficiency, both of which are comparable to the best performance in treating single-

substrate wastewater. For feedstock including those wastewaters and solid wastes, the 

hydrogen yield varied widely from 2.5 ml H2/g VS [107] to 360 ml H2/g VS [49], with 

conversion efficiency from 9% [108] to 80% [49]. Wastes rich in carbohydrate in 

general had higher hydrogen yield than those rich in protein and fat [55].  

Overall, to better sustain Clostridium involved in biohydrogen production, the 

feedstock needs to meet at least two criteria. First, it must be mainly composed of 
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carbohydrate that can be obtained from sustainable resources. The pretreatment of 

feedstock should be designed to enhance or conserve, not remove or reduce the sugar 

content in the feedstock. Second, the carbohydrates (sugars) in the feedstock must also 

be present in sufficient concentration in favor of energetic fermentative conversion and 

energy recovery. However, with the majority of research focusing on the use of 

expensive pure substrates, information is needed to expand the feedstock reservoir if the 

goal is to establish a truly sustainable process to meet the demand for renewable energy. 

The substrate we propose to use is liquid swine manure which possesses most of 

the necessary and nutrients for hydrogen fermentation by Clostridia, but was barely 

studied. Since swine production is one of the most important agricultural industries in 

US, biohydrogen production based on swine manure would explore a non-traditional 

and stable alternative energy source, which also reduces the environmental problem 

caused by animal wastes disposal. 

1.6.3.2 Bioreactors for hydrogen production  

Many exploratory studies were conducted in batch reactors for simple operation 

and efficient control. However, large-scale operations would require continuous 

production processes for practical engineering reasons. Reactors for continuous 

hydrogen production included the completely mixed, packed-bed, fluidized-bed, 

sequencing-continuous reactor, trickling biofilter, and membrane bioreactors. Li et al. 

[109] summarized 33 cases studied, and reported that 21 cases were conducted in 

batches and 12 in continuous processes, including 6 that used CSTR, 3 leaching-bed 

reactors, 2 sequencing continuous reactors, and 1 membrane bioreactor (MBR). Using a 

CSTR, Noike [108] converted hydrogen at 35°C and 18 h of HRT from bean curd 
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manufacturing waste, wheat bran, rice bran, and municipal waste, and reported the 

respective hydrogen yields as 346, 235, 176, and 48 ml H2/g hexose. For comparison, 

Shin and Youn [110]  reported a production rate of 1.0 L H2/L/d and a yield of 299 ml 

H2/g hexose for the conversion of a food waste at 55°C in a CSTR at a loading rate of 8 

g VS/L/d and a HRT of 120 h. In a comparative study, Noike et al. [111] reported that 

the production rate of a MBR was 2.6 L H2/L/d, as compared to 1.0 L H2/L/d in a 

CSTR. The specific production rates were respectively 0.03 L H2/g VSS/d and 0.42 L 

H2/g VSS/d, whereas the hydrogen yields were 117 and 131 ml H2/g hexose for MBR 

and CSTR. Han and Shin [104, 112] developed a process in which four leaching-bed 

reactors were used for hydrogen recovery from food waste. The effluent was 

subsequently treated for methane recovery in separate reactors. They reported that in 

such a process, at a loading rate of 11.9 kg VS/m3/d, 28.2% of VS in the solid wastes 

were converted to hydrogen with a yield of 310 ml H2/g VS. Valdez-Vazquez et al. [49] 

operated two reactors in a sequencing continuous mode to convert a mixed waste under 

two conditions. They reported that at pH 5.5, each gram of waste produced 165 ml 

hydrogen at pH 6.4 and 37°C, and 360 ml at pH 5.5 and 55°C. 

For a non-sterile substrate and mixed culture system, it would be more 

straightforward to use suspended culture for combining cultivation and hydrogen 

production than attached growth of biomass which is used in continuous reactor to help 

retention of cells. Anaerobic sequencing batch reactors (ASBRs) are single-vessel 

bioreactors that operate in a four-step cycle: (i) wastewater is fed into the reactor with 

settled biomass; (ii) wastewater and biomass are mixed intermittently; (iii) biomass is 

settled and; (iv) effluent is withdrawn from the reactor. Known as a high biomass-
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retaining reactor operated with a self-immobilized biomass, an ASBR is developed to 

better handle high-suspended solids in wastewater and is particularly useful for 

agricultural waste, and has recently been scaled up for on-farm treatment of dilute swine 

waste [113]. To obtain a continuous hydrogen production, sufficient substrate utilization 

and good cell concentration, operational systems using ASBR have greater potential for 

prolonged and high-yield hydrogen. With its additional advantages over other systems 

including ease of operation with good flexibility, ASBR integrates the advantages of 

both batch and continuous reactors and is worth to be studied adequately. 

1.6.3.3 Seed sludge and pretreatmemt 

A variety of seed sludge sources rich in hydrogen-producing bacteria have been 

used to initiate the biohydrogen process in reactors, the most common of which was the 

anaerobic digester sludge (ADS) [109]. Others included fermented soybean meal, soil, 

sewage sludge, and compost residues. In a mixed culture system under anaerobic 

condition the hydrogen produced by Clostridium or Enterobacter is often readily 

consumed by other hydrogen-consuming bacteria. Thus, in order to harvest hydrogen 

from a mixed culture system, pretreatment of the seed sludge is needed to preserve the 

activity of the hydrogen-producing bacteria, which is achieved mostly by relying on the 

spore-forming characteristics of these bacteria [114]. Effective pretreatment processes 

include heating, acidic or basic treatment, aeration, chemicals, electric current, and so 

on. Table 1.4 [109] summarizes the key information in 41 cases related to the seed 

sludge pretreatment for the enrichment of hydrogen-producing bacteria. The most 

common pretreatment process, heating at 100°C for 15 min, appears to be simple and 

effective. 
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Table 1.4 Seed sludge source and pretreatment methods 

(AS, acclimated sludge; SS, sewage sludge; ADS, anaerobic digested sludge; SBM, 
soybean meal) 

 

1.6.3.3.1 Heat treatment 

Heat treatment of seed sludge has been most common for the screening of 

hydrogen-producing bacteria [60]. Among the cases reported in Table 1.4, 17 of 26 

employed heat treatment that may be easily and inexpensively achieved in practice by 

using steam. The temperature varied from 75 °C [105] to 121 °C [102], and the duration 

from 15 min [60] to 2 h [115]. No study has been conducted so far to determine the 

Treatment    Description    Sludge source   
Heat  100°C 15 min    ADS   
Heat  100°C 15 min    SBM   
Heat  104°C 2h    Compost and soil   
Heat  75°C 1h    SS   
Heat  80°C 10-60 min    ADS   
Heat  100°C 2h    Compost   
Heat  104°C 2h    ADS   
Heat  121°C 30 min    Waste biosolids   
Heat  90°C 10 min    ADS   
Heat  80°C 20 min    SS   
Heat  90°C 10 min    Compost   
Heat  100-105°C 2h    Compost   
Heat 100°C 15 min    ADS   
Heat  100°C 45 min    SS   
Heat  105°C 2h    Compost   
Heat  100°C 45 min    AS   
Heat  100°C 30 min    ADS   
Acid/base  pH 3, 10 for 24 h    SS   
Acid/base  pH 3-4 for 24 h    SS   
Aeration  Incubated under air for 24 h    ADS   
Aeration  60°C 3 days    Compost   
Methanogenic inhibitors  BES 25 mM    ADS   
Methanogenic inhibitors  BESA 100 mM    Waste biosolids   
Methanogenic inhibitors  Acetylene 1%    ADS   
Methanogenic inhibitors  Chloroform 28 mg/L    ADS   
Electric current  Low voltage of 3.0-4.5 V    ADS   



 

34 

optimal heating temperature and duration for the heat treatment. The most common 

condition (in 9 cases) was to heat the sludge by boiling (100 °C) for 15 min. On the 

other hand, some reported that heat treatment could not inhibit the activity of all 

hydrogen-consuming bacteria. Oh et al. [116] found that some homoacetogenic bacteria 

may survive the heat treatment, and consume hydrogen for the production of acetate, 

resulting in the decrease of the overall hydrogen production. 

1.6.3.3.2 Acid/Base Treatment  

In the conventional methanogenic process treating wastewater or solid wastes, 

the pH is controlled at near pH 7. Methane production rate would drop sharply at pH 

below 6.3 or above 7.8 [117, 118]. Thus, adjusting the pH of anaerobic sludge 

substantially away from pH 7 would effectively inhibit the bioactivity of methanogens, 

many of which are hydrogen consumers. This, on the other hand, would not affect the 

bioactivity of the endospore-forming Clostridia [114]. For example, Chen et al. [118] 

found that hydrogen yield of sewage sludge was increased 333 times after treating the 

sludge at pH 3 for 24 h, and 200 times at pH 10 for 24 h. Similar results were reported 

by Chang et al. [105]. 

1.6.3.3.3 Other methods 

Methanogens are strict anaerobic and very sensitive to many chemicals. Thus, 

the activity of hydrogen-consuming methanogens can be inhibited by simple aeration or 

by the addition of toxic chemicals. Ueno et al. [61, 68] reported that a compost sludge 

after forced aeration was able to produce 330-340 ml H2/g hexose from a cellulose-

containing wastewater without producing methane. 2-Bromoethanesulfonate (BES), 

acetylene, and chloroform are commonly used methanogen inhibitors. BES is an analog 
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of the coenzyme M in methanogens [119], and is thus very specific against 

methanogens [120, 121]. Use of BES at concentrations up to 25 mM [121] or 100 mM 

[102] has been reported effective for hydrogen production. However, treating sludge at 

these levels of concentration would be too costly for large-scale operations. 

Acetylene at a partial pressure of 500 Pa was able to inhibit methanogenic 

activities of pure cultures and environmental samples [122]. Sparling et al. [121] found 

that the presence of acetylene in headspace was as effective as the addition of BES for 

the hydrogen conversion from paper waste by anaerobic digested sludge. Their results 

also showed that acetylene had no effect on hydrogen yield and production rate of C. 

thermocellum. Similarly, use of chloroform may also inhibit the hydrogen-consuming 

activity and thus enhance the hydrogen yield from peptone [123] and glucose [124]. 

Roychowdhury [125] found that hydrogen-producing bacteria could be screened from 

an anaerobic sludge by electric current. After a treatment of low-voltage (3.0-4.5V) 

electric current, a cellulosic landfill sludge and a sewage sludge were able to produce 

hydrogen without methane. 

1.6.3.4 Operational parameters  

Operational parameters such as temperature, pH, HRT, H2 partial pressure, and 

initial substrate concentration, are crucial to hydrogen production. 

1.6.3.4.1 pH 

pH is one of the key process parameters on hydrogen production because it may 

directly affect the hydrogenase activity [66] as well as the metabolism pathway [126]. 

In addition, it is also a crucial factor for the suppression of the hydrogen-consuming 

methanogenic activities [126]. Fang and Liu [58] investigated the pH effect over the 
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range of pH 4.0-7.0 (with increments of 0.5), and concluded that the optimal pH was 5.5 

with a yield of 286 ml H2/g hexose and a specific production rate of 4.6 L H2/g VSS/d. 

For comparison, the hydrogen yields were only 190 ml H2/g hexose at pH 4.0 and 41 ml 

H2/g hexose at pH 7.0. Lin and Chang [127] compared the hydrogen production from 

glucose at two pHs, and reported that at pH 5.7 the hydrogen yield and specific 

production rate were 231 ml H2/g hexose and 11.2 L H2/g VSS/d, which were slightly 

higher than the 226 ml H2/g hexose and 8.3 L H2/g VSS/d at pH 6.4. For actual 

wastewater and solid wastes as substrate, however, many were conducted in batch 

reactors without pH control. In these cases, only the “initial pH” was reported, yet the 

actual pH in mixed liquor would have been gradually reduced due to the production of 

fatty acids, the degree of pH reduction depended on many factors, such as substrate and 

sludge concentrations, temperature, duration, and so on. Optimal initial pH values 

reported for these cases were thus case specific and can only be used for references. 

Optimal values for H2 conversion reported for actual wastewater (2 cases) and for solid 

wastes (8 cases) were summarized by Li et al. [109], all of which were within the range 

of pH 5.2-5.6, with one exception at pH 4.5. Noike [108] reported an optimal pH of 5.2 

for a noodle manufacturing wastewater, and Yu et al. [128] reported pH 5.5 for a rice 

winery wastewater. The optimal pH values for solid wastes were reported as pH 5.6 for 

a mixture of food waste, night soil, and sewage sludge [60], pH 5.2 for wheat bran, rice 

brain, municipal waste, and bean curd manufacturing waste [108], and pH 5.5 for a food 

waste [110]. However, Fang et al. [129] recently reported an optimal pH of 4.5 for rice 

slurry with a hydrogen yield of 346 mL/g carbohydrate.  
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pH may also affect the metabolism pathways in hydrogen production. In most 

studies, butyrate and acetate were the two main products, while low pH seemed to favor 

butyrate production. Propionate production increased substantially at pH 7.0 and above. 

Fang and Liu [130] investigated the product profiles from pH 4.0 to 7.0. Butyrate was 

found to be the predominant product (up to 45.6%) at pH 6.0 or below, whereas acetate 

became predominant (up to 34.1%) at pH 6.5 or above. Other by-products included 

ethanol (4.6-10.1%), lactate (2.0-4.6%), caproate (0.5-5.8%), and propionate (0.9-

15.9%). Similar observations were found in the degradation of rice slurry for pH 4.0-7.0 

[129]. Horiuchi et al. [131] reported that butyrate was predominant at pH 5.0, but 

acetate became predominant followed by propionate at pH 8.0. Kim et al. [132] also 

reported that butyrate was the main product at pH 5.5, but butanol became predominant 

at pH 4.3. A butanol fermentation pathway via butyraldehyde was proposed for low pH 

[133]. Hwang et al. [134] reported that the main products were butyrate at pH 4.0-4.5, 

but ethanol at pH 4.5-6.0, and propionate at pH 5.0-6.0.  

1.6.3.4.2 Hydrogen partial pressure 

Since the buildup of hydrogen partial pressure may inhibit the hydrogen 

production, many attempts have been made to improve hydrogen production by 

lowering its partial pressure in the reactor. Applying vacuum was found to have little 

effect on hydrogen yield [71]. However, several other methods were reported to have 

substantial improvements. These include vigorous mixing to avoid supersaturation 

[126], uses of nitrogen [135-137], and hydrogen-permeable membrane to remove 

dissolved hydrogen from mixed liquor [124], and continuous pressure release [8]. 

Lamed et al. [138] compared hydrogen yields from cellulose and cellobiose with and 
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without vigorous mixing by three Clostridium cultures. Results showed that mixing 

enhanced the hydrogen yield by a minimum of 56%. Similarly, Lay [126] reported that 

increasing mixing in an CSTR from 100 to 700 rpm enhanced the hydrogen production 

rate from starch by 130%, from 0.7 to 1.6 L H2/L/d. Mizuno et al. [135] demonstrated 

that sparging inert nitrogen in a CSTR increased the hydrogen yield from 120 to 195 ml 

H2/g hexose. A similar approach was reported by Nielsen et al. [139], but without 

providing the details. Hussy et al. [136] found that sparging with nitrogen not only 

increased the hydrogen yield from 172 to 254 ml H2/g hexose, but also improved the 

process stability. Similar observations were also reported in treating sucrose and 

sugarbeet wastewaters where the hydrogen yields were improved by over 66% from 

120–140 ml H2/g hexose to 200–260 ml H2/g hexose [137]. However, this method has a 

disadvantage in that the hydrogen content in the biogas is diluted, resulting in a cost 

increase for its recovery. Liang et al. [124] submerged a hydrogen-permeable silicone 

rubber membrane in the mixed liquor to remove hydrogen from the reactor, resulting in 

a yield increase from 110 to 130 ml H2/g hexose and a rate increase from 1.4 to 1.6 L 

H2/g VSS/d. The improvements seemed to be only marginal. Logan et al. [8] improved 

the hydrogen production from glucose in batch experiments by releasing the buildup 

pressure continuously. As compared to the experiments in which the pressure was 

released intermittently, continuous release improved the hydrogen production by 43%. 

1.6.3.4.3 Hydraulic retention time (HRT) 

Some reported optimal Hydraulic retention time (HRT) values are actually 

inconclusive because they are the lowest HRT values in the studied range [68, 127, 128, 

140-144], meaning the actual optima could be even lower. Besides, results in literature 
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show that most reported optimal HRT values for glucose and sucrose were in the range 

of 3-8 h, with the lowest being 0.5 h [50, 145, 146] and the highest 13.7 h [147]. The 

two reported optimal HRT for starch, on the other hand, were much higher, i.e., 15 h 

[136] and 17 h [126]. Long HRT was needed for degradation of starch due to its slow 

initial step of hydrolysis. The two reported optimal HRT values for actual wastewater 

were 2 h [128] for a rice winery wastewater and 12 h [68] for a sugar factory 

wastewater. They were in general in concurrence with results using single carbohydrate 

substrates [109]. Most of the solid wastes were treated in slurry form by mixing with 

water. The optimal HRT of the slurry varied significantly, from 6-9 h for bean curd 

waste in a CSTR or a membrane bioreactor (MBR) [111] to 84 h for organic solid food 

waste in a semi-continuous reactor [49]. Shin and Youn [110] compared the hydrogen 

yield at 48, 72, and 120 h for hydrogen conversion from a food waste, and reported that 

120 h had the highest hydrogen yield. 

1.6.3.4.4 Substrate concentration 

Fang et al. [129] examined H2 fermentation from rice slurry, a food processing 

waste, with six concentrations (2.2, 5.5, 8.3, 11.0, 13.8 and 22.1 g-carbohydrate/L) of 

the rice slurry tested and the concentration of 5.5 g-carbohydrate/L gave the highest H2 

yield of 15.4 mM/g-carbohydrate. The H2 yield decreased steadily with increasing the 

concentration above 5.5 g-carbohydrate/L, which may result from high concentrations 

of volatile fatty acids (VFAs) and alcohols produced in the bioreactor. Lin and Chang 

[148] studied substrate concentration effects on H2 fermentation from xylose and 

reported that 20 g-chemical oxygen demand (COD)/L was the best substrate 

concentration for H2 fermentation under their experimental conditions and the H2 yield 
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was declined as a result of increasing the substrate concentration except the 

concentration below 20 g-COD/L. At the optimum HRT (8.9 hr), the substrate 

concentration of 40 g-COD/L was found to be the optimum concentration generating a 

highest H2 yield (4.98 mol/mol-sucrose) among the concentrations (5, 10, 20 and 40 g-

COD/L) tested by Lin et al. [80]. Comparatively, Yang and Shen [149] concluded that 

the H2 production was not significantly affected by the concentrations (5, 10, 20, 30 and 

40 g starch/L) of soluble starch they tested with batch experiments and, however, more 

H2 generated at a starch concentration of 20 g/L. In the literature, the optimal substrate 

concentration varies under different conditions, thus the best results for our situation 

need to be defined.  
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CHAPTER 2                                                                                             
FEASIBILITY OF CONTINUOUS BIOHYDROGEN PRODUCTION 

FROM LIQUID SWINE MANURE USING AN ANAEROBIC 
SEQUENCING BATCH REACTOR  

2.1 Overview  

In this chapter sludge acclimated from a dairy manure anaerobic digester is used 

to convert liquid swine manure supplemented with glucose (10 g/L) into hydrogen using 

an anaerobic sequencing batch reactor (ASBR) operated at 37±1 oC and pH 5.0. Startup 

of the reactor was investigated and the influence of hydraulic retention time (HRT) on 

hydrogen production was examined. Sludge granulation occurred within 23 days and 

steady hydrogen production was achieved within 12 days after startup. Operation at a 

progressively decreasing HRT from 24 to 8h gave rise to an increasing H2 production 

rate from 15.2-34.4 L/d, while both production rates of total biogas and hydrogen were 

linearly correlated to HRT with R2 values of 0.993 and 0.997, respectively. The 

hydrogen yield was not HRT dependent and ranged between 1.18 and 1.63 mol-H2/mol-

hexose-feed, with a maximum yield occurring at an HRT of 16h. However, the 12h 

HRT was highly suggested to achieve both high production rate and efficient yield. For 

all the five HRTs examined, the hexose utilization efficiency was over 98%. The biogas 

was mainly composed of carbon dioxide and hydrogen gas with the percentage of 

hydrogen up to 43% (i.e., a CO2/H2 ratio of 1.2), and little methane (<1%) was observed 

throughout the whole course of experiment. Ethanol as well as acetic, butyric and 

valeric acids were the major aqueous metabolites produced in the fermentation process, 

with acetic acid being the dominant one, which contributed to 56-58% of the total 
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soluble metabolite production, indicative of an acetic acid fermentation system. Besides, 

the hydrogen yield was found to be related to the acetate-to-butyrate ratio.  

2.2 Introduction 

H2 has been considered as one of the most promising energy carrier for the 

future due to its high conversion efficiency, recyclability and nonpolluting nature [3]. In 

recent years, biological H2 producing processes were pointed out to be more 

environmental friendly and less energy intensive as compared to the traditional 

thermochemical and electrochemical processes. Biological H2 production can be 

classified as photo- and dark-fermentation processes. Compared with H2 production by 

photosynthetic bacteria or algae, the dark fermentative H2 production process with 

anaerobic acidogenic culture which consumes any organic substrate has advantages due 

to its much higher production rate [3], thereby being considered the most economically 

feasible way of producing bio-H2.  

There have been many studies regarding anaerobic fermentations for H2 

production. At early stage the substrates for those fermentation reactions were typically 

simple sugars or starches, which were not economically feasible to use due to their high 

production cost. Recently a few researchers have studied the production of H2 via the 

anaerobic fermentation of organic waste/wastewater, such as municipal solid waste and 

wastewaters [60, 102, 103, 150], sugar factory wastewater [68], food waste/food 

processing wastewaster [83, 101, 104, 151-153], bean curd manufacturing waste [154], 

brewery wastewater [155], starch manufacturer waste [78], rice winery wastewater 

[156], rice slurry [129], and dairy wastewater [157]. However, little information is 

available for using animal waste as the substrate for hydrogen fermentation [158, 159]. 
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Swine manure has been involved substantially in anaerobic digestion processes 

to produce methane other than directly disposed of to cropland, but it was reported that 

the conversion of H2 to CH4 represents a net loss of energy because, on a mass basis, 

methane has only 42% of the energy content of H2 [8]. Considering that liquid swine 

manure possesses all the necessary components for H2 fermentation by microorganisms 

such as clostridia [158], it presents a great potential for anaerobic H2 production. 

Continuous H2 production is required to realize the commercialization for this process. 

Among continuous-mode reactors, anaerobic sequencing batch reactor (ASBRs) is a 

single-vessel bioreactor that operates in a four-step cycle: (i) wastewater is fed into the 

reactor with settled biomass; (ii) wastewater and biomass are mixed intermittently; (iii) 

biomass is settled and; (iv) effluent is withdrawn from the reactor. Known as a high 

biomass-retaining reactor operated on self-immobilized biomass, SBRs have been 

developed to better handle high-suspended solids in wastewater and are particularly 

useful for agricultural waste. One such application has recently been reported for scale-

up, on-farm treatment of dilute swine waste [113]. With all these advantages, ASBR 

featuring sufficient substrate utilization and good cell concentration is thus particularly 

suitable for continuous high-yield H2 production. Its additional advantage over other 

systems includes the ease of operation with good flexibility to accommodate both batch 

and continuous operations. Furthermore, this semi-continuous-mode system is more 

feasible for real applications from an engineering aspect because most of the waste 

effluent is discharged periodically. 

In light of the above considerations, this study was conducted using mixed 

microflora originating from a dairy manure digester as the inoculums for an H2 ASBR 
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starting from an HRT of 24h with a 30-day startup period, during which the biogas 

production and granular sludge formation was monitored. After that, the HRT was 

progressively decreased from 24h to 8h to investigate its effect on H2 productivity and 

byproduct formation. The results obtained from this study provide insights on the 

development of an ASBR system for converting swine manure based carbohydrate 

substrates into H2.  

2.3 Materials and Methods 

2.3.1 Seed sludge and pretreatment 

The seed sludge used in this study was obtained from an anaerobic digester 

located in a dairy farm at St. Peter, MN and had an initial suspended solids 

concentration of around 8000 mg/L. The collected sludge was firstly sieved using a 1.4 

mm mesh to eliminate big chunks of grass. Pictures in Figure 2.1 illustrate the seed 

sludge preparation steps.  

 

Figure 2.1 Seed sludge preparation 
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To enhance its active content of bacteria, 1 liter of seed sludge was incubated 

under room temperature for 24 hours mixed with 1liter of nutrient solution composed of 

10 g glucose, 1.5 g KH2PO4, 0.5 g NH4Cl, 0.18 g MgCl26H2O, 0.05 g FeSO4, 5g 

polypeptone and 2 g yeast extract, which was adopted from literature for H2-producing 

sludge acclimation [116, 126, 129]. At the same time, pH was adjusted from 7.1 to 5.0 

with hydrochloric acid. After incubation, the sludge was subject to a heat treatment at 

100℃ for 30 min to inactivate thermal-susceptible methanogenic bacteria and other 

non- H2-producing flora in the sludge.  

2.3.2 Liquid swine manure source and preparation 

The liquid swine manure as substrate was collected from a finishing building at 

the University of Minnesota Southern Research and Outreach Center at Waseca. Prior 

to use, the manure was diluted with tap water from a solids content of about 2.0% to 

around 0.5%, since from our experience higher solids content (1-2%) in substrate would 

bring much more non-H2 producers which could easily lead to system upset. The 

manure was then frozen in a freezer, if not used immediately, and thawed before it was 

put in the feeding tank. In order to assist the growth of H2 producing bacteria and 

provide sufficient carbohydrates, 10 g/L glucose, 500mg/L of KH2PO4 and 400 mg/L of 

peptone were also mixed into the manure in the feeding reservoir as substrate 

supplements. Characteristics of both the original liquid swine manure and the prepared 

substrate are presented in Table 2.1. The pH was adjusted slightly higher than 5.0 to 

remit the addition of base solution at the beginning of each ASBR cycle because pH of 

the reactor would drop rapidly once the influent is added due to the formation of 

organic acid. 
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Table 2.1 The characteristics of the original and prepared liquid swine manure  

(TS, total solids; TVS, total volatile solids; TSS, total suspended solids; TKN, total 
kjeldahl nitrogen; BOD5, five-day biochemical oxygen demand; COD, chemical oxygen 
demand; VFAs, volatile fatty acids) 

Parameters Values of original manure Values of prepared substrate 

pH 7.6 5.4 

TS (%) 1.89 1.37 

TVS (%) 1.10 1.05 

TSS (%) 0.62 0.16 

Ortho-P (mg P/ L) 174 401 

TKN (mg N/ L) 3421 972 

BOD5 (mg /L) 4890 9220 

COD (mg/ L) 13080 13940 

VFAs (mg/ L) 3547 854 
 

2.3.3 Reactor setup and operation 

Figure 2.2 schematically describes the lab-scale sequencing batch reactor 

system. The bioreactor body was a polyethylene jar, with a 20.3cm diameter and of 45.0 

cm high, resulting in a total volume of 8 L and a working volume of 4 L, placed on a 

hot plate stirrer that maintained the temperature of the mixed liquor content in the 

reactor. Complete-mix condition was achieved by a centrifugal water pump circulating 

the liquid through a T connector holding a pH probe (Coleparmer EW-27003-02) at one 

end to simultaneously monitor the real-time pH. The pH probe was connected to a pH 

controller (Eutech αPH190) that adjusted the pH in the liquid by turning on and off two 

microtube-pumps that add either alkali (supplied as 1.0 M NaOH) or acid (supplied as 

1.0 N HCl) to the reactor. The substrate liquid manure was reserved in a 20L influent 

tank with a mixer which ran for 10 seconds before the feeding started.  
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Figure 2.2 Experimental set-up of ASBR system 

The influent and effluent flows were regulated by peristaltic pumps (catalog 

number: 900-0857; Barnant Company, Butler, NJ 07405), while all the mixers and 

pumps were operated by a programmable control module (Campsci CR1000) with its 

software (Campsci PC400) installed on a computer capable of repeating a set program 

of cycle operation in a time sequence. The time for each cycle was set at four hours, and 

during each cycle, the liquid circulation ran constantly except in the filling, settling and 

withdrawal phases (about 30 minutes total) to ensure a thorough mixing and to facilitate 

rapid diffusion of H2. The wastewater was discharged into an effluent tank at the end of 

a cycle, after which a new cycle would begin. The ASBR system worked cycle after 

cycle to produce biogas continuously. Biogas and liquid samples were collected at 
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different sampling ports, respectively.  Figure 2.3 is an image of the PC400 software 

interface, and the next paragraph is a sample of internal program language of the 

software, which was executed to turn on and off the mixers, circulation pump and 

filling/drawing pumps in a time sequence so that the system could repeat cycle 

operation continuously and realize different filling volume. Figure 2.4 shows an actual 

ASBR system set-up in our lab.  

 

Figure 2.3 PC400 controlling software interface 

Sample program language for HRT of 16h: 

'CR1000 Series Datalogger 
'Declare Public Variables 
Public PTemp, batt_volt, pH 
DataTable (HydFerm,1,-1) 
 DataInterval (0,15,Min,10) 
 Minimum (1,batt_volt,FP2,0,False) 
 Sample (1,PTemp,FP2) 
 Sample (1,pH,FP2) 
EndTable 
'Main Program 
BeginProg 
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 Scan (1,Sec,0,0) 
  PanelTemp (PTemp,250) 
  Battery (Batt_volt) 
   VoltDiff (pH,1,mV2500,1,True ,0,250,-.01695,7)   
    SubScan (1,Sec,1) 
'Circulator 
   If TimeIntoInterval (0,14400,2) Then  
   PortSet (1 ,1) 
   EndIf  
   If TimeIntoInterval (12430,14400,2) Then  
   PortSet (1 ,0) 
   EndIf  
'Mixer  
   If TimeIntoInterval (14291,14400,2) Then  
   PortSet (2 ,1) 
   EndIf  
   If TimeIntoInterval (14296,14400,2) Then  
   PortSet (2 ,0) 
    EndIf  
'Effluent  
   If TimeIntoInterval (14230,14400,2) Then  
   PortSet (3 ,1) 
   EndIf  
   If TimeIntoInterval (14298,14400,2) Then  
   PortSet (3 ,0) 
   EndIf  
'Influent 
   If TimeIntoInterval (14306,14400,2) Then  
   PortSet (4 ,1) 
   EndIf  
   If TimeIntoInterval (14399,14400,2) Then  
   PortSet (4 ,0) 
   EndIf   
'pH high 
   If TimeIntoInterval (120,14400,2) Then  
   PortSet (5 ,1) 
   EndIf  
   If TimeIntoInterval (12430,14400,2) Then  
   PortSet (5 ,0) 
   EndIf   
'pH low 
   If TimeIntoInterval (120,14400,2) Then  
   PortSet (6 ,1) 
   EndIf  
   If TimeIntoInterval (12430,14400,2) Then  
   PortSet (6 ,0) 
   EndIf  
  NextSubScan     
'Call Output Tables 
  CallTable HydFerm 
 NextScan 
EndProg 
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Figure 2.4 Actual set-up of an ASBR system 

2.3.4 Operating characteristics in ASBR processes for hydrogen production 

The ASBR system was operated in repeated cycles sequentially. A cycle is 

defined by four phases: fill, react, settle, and withdraw, which simultaneous accomplish 

a hydrogen production process and a wastewater treatment in the anaerobic activated 

sludge. Following are some definitions of parameters of ASBR operating characteristics 

for hydrogen production. 

The total cycle time (tC) is the sum of all the phases as presented in Equation 

2.1.  

tC = tF + tR + tS + tD                                                                                                  Eq. 2.1 

Where:   tC: total cycle time, h               
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 tF: filling time, h  

tR: reacting time, h                  

tS: settling time, h  

tD: withdrawal time, h  

The number of cycles (NC) per day can be determined through the total cycle 

time, as in Equation 2.2: 

C
C t

24
 = N                                                                                                                   Eq. 2.2 

Where:   NC: number of cycles per day 

Throughout the cycle, an ASBR can operate with different volumes due to the fill 

and withdraw phases. Then, total reactor volume (VT) is defined as the maximum 

working volume and the filling volume (VF) as the volume of wastewater filled and 

discharged every cycle. The difference between filling volume and total reactor volume 

is the minimum volume (VMIN), as shown in Equation 2.3. 

VMIN = VT − VF                                                                                                        Eq. 2.3 

Where:   VT: total reactor working volume, L 

VMIN: minimum volume, L               

VF: filling volume, L 

A parameter related to volume is the exchange ratio per cycle (VF/VT) between 

fill volume and total reactor volume, which is found in the ASBR design. 

The definition of hydraulic retention time (HRT, h) for an ASBR is based on 

Equation 2.4 which is defined in a continuous system. 

24
Q

V
 =HRT T ×                                                                                                         Eq. 2.4 
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Where:   HRT: hydraulic retention time 

Q: daily wastewater flow rate, L/d 

The flow rate (Q, L/d) in an ASBR equals the product of filling volume (VF) and 

number of cycles per day (NC) in Equation 2.5. 

CF NV =Q ×                                                                                                             Eq. 2.5 

Combining equation 2.4 and 2.5, the HRT (h) can be expressed as Equation 2.6. 

TF

C

/VV

t
 = HRT                                                                                                          Eq. 2.6 

Where:   VF/VT: exchange ratio 

The loading rate (LR) determines the rate at which the substrate is applied to the 

reactor, and the most useful parameter to describe the loading rate is the food to 

microorganism ratio (F/M) (g hexose/g MLSS/d), which is defined by Equation 2.7 

F/M ratio = 
MLSSV

QC

T

S

×

×
                                                                                         Eq. 2.7 

Where:   CS: substrate concentration feed, g/L 

MLSS: mixed liquor suspended solids level in the SBR, g/L 

During the hydrogen production process in an ASBR system, biogas that is 

usually composed of H2, CH4 and CO2 is produced and the most direct reading is the 

volume of the total biogas volume. By monitoring the volume with time, the biogas 

production rate (RB, L/d) can be obtained. The hydrogen evolved was calculated by 

multiplying the biogas volume produced by the hydrogen content of the biogas, thus the 

H2 production rate (RH2, L/d) could be determined as described in Equation 2.8.  

2HBH2 CR = R ×                                                                                                        Eq. 2.8 
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Where:   RH2: H2 production rate (L/d) 

RB: biogas production rate (L/d) 

CH2: H2 content of the biogas  

For the ASBR system, the mass rate of substrate feeding (MS, g/d), which is also 

called the mass loading rate, is the product of the flow (Q) and the substrate 

concentration (CS, g/L), as shown in Equation 2.9. 

SS CQ  = M ×                                                                                                             Eq. 2.9 

Where:   MS: mass rate of substrate feeding 

The hydrogen yield from unit substrate fed (YH2, mol H2/mol hexose) is the 

quotient of hydrogen production rate (PR) to the mass rate of substrate (hexose) feeding, 

and then adjusted to the appropriate unit, as shown in Equation 2.10. 

SS

molR
H2 m/M

 v/P
  = Y                                                                                                     Eq. 2.10 

Where:   YH2: hydrogen yield from unit substrate (hexose) fed, mol H2/mol hexose 

mS: molar mass of substrate (hexose), 180 g/mol 

vmol : standard gas molar volume, 22.4 L/mol 

By combining equation 2.4, 2.8, 2.9 and 2.10, the hydrogen yield YH2 (mol 

H2/mol hexose) can be expressed as Equation 2.11. 

molST

S2H

2H vCV24

HRTmCR
 = Y B

×××

×××
                                                                                Eq. 2.11 

2.3.5 Experimental procedures and sampling 

The inoculation of the fermentation system was completed by placing the seed 

sludge (2L) in the jar with the prepared liquid swine manure to fill up to the working 
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volume of 4L. The reactor was then sealed and purged for 1 minute with nitrogen gas to 

create an anaerobic environment for the system. Firstly the reactor was operated in a 

batch mode for about 24 hours until the biogas production was well established and 

detected by the gas meter, and then it was switched into a fed-batch mode starting with 

an HRT of 24 hours, which was realized by feeding 670 mL of substrate into the 4 L 

reactor for each cycle, and one liter of the fermenter content would be removed at the 

drawing phase followed by the same amount of influent added for each feeding. The 

reactor temperature was maintained at 37±1°C with the pH controlled at 5.0 throughout 

the experiment.  

The ASBR performance and the stability of biogas production were investigated 

during a one-month startup period at an HRT of 24h, and then the HRT was shortened 

in a stepwise manner from 24 to 20, 16, 12, and 8 h to study the effects of HRT and 

substrate loading on the fermentation process. Evaluation of the system performance for 

each HRT was carried out during pseudo-steady-state conditions, where the pseudo-

steady-state conditions at each HRT level were considered attained when the biogas 

production and glucose conversion rate were relatively consistent within 5% for five 

consecutive cycles. The amount of biogas produced was monitored over time, and three 

1-liter bags of the off-gas were collected every two days for gas composition analysis. 

Liquid samples were also taken from the well-mixed culture at designated time intervals 

to analyze the solids level which represented biomass concentration, the composition of 

soluble metabolites and the residual hexose concentration. The parameters of operating 

characteristics for the five HRTs are summarized as in Table 2.2. 
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Table 2.2 Operating parameter for tested HRTs 

Description Symbol 
HRT (h) 

24 20 16 12 8 

Flow Q (L/d) 4 4.8 6 8 12 

Total cycle time tC (h) 4 4 4 4 4 

Filling volume VF (L) 0.67 0.8 1 1.33 2 

Exchange ratio VF/VT 0.17 0.2 0.25 0.33 0.5 

Minimum volume VMIN (L) 3.33 3.2 3 2.67 2 

 

2.3.6 Analytical methods 

2.3.6.1 Physical and chemical analysis 

The physical, chemical, and biochemical characteristics including total solids 

(TS), volatile solids (VS), total suspended solids (TSS), five day biochemical oxygen 

demand (BOD5), chemical oxygen demand (COD), and dissolved ortho-phosphate 

(ortho-P) for all liquid samples were determined following standard methods [160]. 

TKN was measured using a Foss Kjeldahl Analyzer following digestion. The hexose 

concentration was determined by the phenol-sulfuric acid method [161] using glucose 

as the standard. A DR 2800 spectrophotometer (Hach Company, 2007) was used for 

colorimetric analysis. For dissolved parameters analysis (COD, ortho-P, and hexose 

concentration), each sample was centrifuged under 4500 rpm for 10 minutes and then 

filtered through a paper filter (Fisher GVWP02500) with a pore size of 0.22 µm. All 

samples were generally analyzed promptly or stored by freezing and thawed to room 

temperature before analysis. Specific procedures used in this study are described below. 

Total solids and total volatile solids (TS&TVS) 

Procedures: 
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1. Weigh an new and dry aluminum weighing boat for initial weight (a, g) 
2. Put 5 ml aqueous sample in the boat. 
3. Place the boat in an oven at 103°C and dry to constant weight.  
4. Cool in a desiccator and weigh the total weight of the boat and solids (b, g). 
5. Place the boat and TS in a muffle furnace and ash to constant weight at 550°C 

(require 30 min after the temperature reach 550°C). 
6. Allow the boat to cool to room temperature in a desiccator; weigh the boat and 

record the weight (c, g) 
7. Run two blanks following procedures above using DDW instead of a sample, 

get results of a’, b’, c’.  
 
Calculation: 
TS (g/L) = ((b-a-(b’-a’)*1000)/5 
TVS (g/L) = ((b-c-(b’-c’)*1000)/5 
 
Total suspended solids (TSS) 

Procedures: 
1. Put a glass-fiber filter (Fisherbrand 09-804-42C) in a dry aluminum weighing 

boat  and weigh for initial weight (a, g) 
2. Place the filter on a clean vacuum filtration setup and wet the filter with some 

distilled and deionized water (DDW), then filter 5 ml aqueous sample, and 
rinse down the funnel with a small amount of DDW. 

3. Dry to constant weight in an oven at 103°C.  
4. Cool in a desiccator and weigh to determine total weight of the boat and solids 

(b, g). 
5. Run two blanks following procedures above using DDW instead of a sample, 

get results of a’, b’.  
 

Calculation: 
TSS (g/L) = ((b-a-(b’-a’)*1000)/5 
 
Five-day biochemical oxygen demand (BOD5) 

Reagents: 
1. Phosphate buffer solution: Dissolve 8.5 g KH2PO4, 21.75 g K2HPO4, 33.4 g 

Na2HPO4⋅7H2O, and 1.7 g NH4Cl in about 500 ml DDW and dilute to 1 L. The 
pH should be 7.2 without further adjustment. Alternatively, dissolve 42.5 g 
KH2PO4 in about 700 ml distilled water, Adjust pH to 7.2 with 30% NaOH and 
dilute to 1 L. 

2. Magnesium sulfate solution: Dissolve 22.5 g of MgSO4⋅7H2O in distilled water 
and dilute to 1 L. 

3. Calcium chloride solution:  Dissolve 27.5 g CaCl2 in distilled water and dilute to 
1L. 
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4. Ferric chloride solution: Dissolve 0.25 g FeCl3⋅6H2O in distilled water and 
dilute to 1L. 

 
Procedures:  
1. Saturate 4L DDW with dissolved oxygen (DO) by aeration with organic free 

filtered air for 4h. Add 1 ml each of phosphate buffer solution, Magnesium 
sulfate, Calcium chloride and ferric chloride solutions, this makes the “DO 
water”.  

2. For each sample, dilute the samples for 20 times. Add 1mL of diluted sample to 
a 300-mL dissolved oxygen bottle, and fill the bottle with enough DO Water, 
so that insertion of a stopper displaces all air, leaving no bubbles.  Stopper 
tightly, water seal, and incubate for five days at 25oC.  

3. Run a blank using DO water alone without adding sample follow the above 
steps.  

4. Measure final DO of the blank (D1, mg/L) and the sample (D2, mg/L) after 
incubation. DO was measured using a DO meter (YSI 5000) with a DO probe 
(YSI 5010 BOD probe) particularly for 300-ml dissolved oxygen bottles. All 
samples were tested in triplicate. Dissolved oxygen was measured using a DO 
meter (YSI 5000) with a DO probe (YSI 5010 BOD probe) particularly for 300-
ml dissolved oxygen bottles.  

 
Calculation:   
BOD5 (mg O2/L) = (D1-D2) × 600 
 
Chemical oxygen demand (COD) 

Procedures: 
1. Preheat the COD digester to 150 °C. Dilute the sample for 20 times. 
2. Add 2 ml of the diluted sample to a COD reagent vial with barcode (HACH, 

TNT822) and invert gently several times to mix. 
3. Place the vial in the digester to heat for 2 hours. Turn off the digester. 
4. Wait the vial to cool to 120°C or below, and then invert the vial several times 

while still hot. 
5. Place the vial into a rack to cool to room temperature, and determined the COD 

result on a spectrophotometer (Hach DR 2800). Results are in mg/L COD. 
 
Ortho-phosphate (Ortho-P) 

Reagents: 
1. Armstrong reagent: Add 122 ml of conc. H2SO4 to 800 ml of DDW. While the 

solution is still hot, add 10.5 g of ammonium molybdate and 0.3 g antimony 
potassium tartrate. Heat to dissolve, cool, and dilute to exactly 1 L with DW.  

2. Ascorbic acid solution:  Dissolve 3 g of ascorbic acid in 100 ml of Armstrong 
reagent. This was prepared when needed because it will NOT remain stable for 
long. 
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Standards: 
0- 50 mg PO4

3-/L (0, 1, 5, 10, 15, 20, 30, 50), diluted from 100mg PO4
3-/L stock 

solution. 

Procedures: 
1. Pippette a 2 ml filtered sample of into a 50 ml flask, add 15-20 ml of DDW. Add 

5 ml of the ascorbic solution in the Armstrong reagent, and then make the 
volume with DDW up to 50 ml mark. 

2. Allow 30 min for color development. Measure absorbance (Abs) at 700 nm. 
3. Run the eight standards follow the above steps. Establish the calibration curve as 

shown in Figure 2.5. 

Calculation: 
Ortho-P (mg PO4

3-/L) = (62.09 × Abs – 0.1496) × 20 
 

 

Figure 2.5 Calibration curve for ortho-phosphorus analysis 

Total kjeldahl nitrogen (TKN)  

Procedures 
1. Pipette 5 ml of the sample into a Digestion tube.  
2. Add 1 Kjeltabs (tablets) to the digestion tube. 
3. Add 10 ml of concentrated sulfuric acid. 
4. Put digestion tubes in a TKN digestier.  Program the digestion: step 1- set 

digestion at 280°C for 30 min; step 2- set the digestion at 420°C for 1 hr; step 3- 
set the digestion at 10°C for 0 min (this is the termination step), the total time is 
3 hrs 50 min.  

5. Titrate the sample on an automatic titration device (Foss Kjeldahl Analyzer). 
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6. The results were calculated automatically by the titration device and are in the 
unit of mg N/L. 
 

Carbohydrates (hexose)  

Standards: 
 0- 150 mg/L (0, 10, 20, 30, 50, 70, 80, 100, 130, 150) 

Procedures: 
1. Dilute the filtered sample for 40 times. Add 1 ml sample solution to a test tube.  
2. Add 1 ml of 5% phenol solution and 5 ml of concentrated sulfuric acid to the 

test tube in order.  
3. Let tubes stand for 10 min, and then shake the tubes. 
4. Let tubes stand for 30 min and cool down to room temperature. 
5. Measure absorbance at 485 nm. 
6. Use D-glucose as standards follow above steps to establish a calibration curve 

(Figure 2.6). 

Calculation: 
Hexose (mg glucose/L) = (70.89× Abs – 4.909) × 40 
 

 

Figure 2.6 Calibration curve for hexose analysis 

2.3.6.2 Introduction to gas chromatography analysis 

Gas chromatography (GC) is a common type of chromatography used in organic 

chemistry for separating and analyzing compounds that can be vaporized without 
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decomposition. Typical uses of GC include testing the purity of a particular substance, 

or separating the different components of a mixture (the relative amounts of such 

components can also be determined).Generally chromatographic data is presented as a 

graph of detector response (y-axis) against retention time (x-axis), which is called a 

chromatogram. This provides a spectrum of peaks for a sample representing the 

analytes present in a sample eluting from the column at different times. Retention time 

can be used to identify analytes if the method conditions are constant. Also, the pattern 

of peaks will be constant for a sample under constant conditions and can identify 

complex mixtures of analytes. Quantitatively, the area under a peak is proportional to 

the amount of analyte present in the chromatogram. By calculating the area of the peak 

using the mathematical function of integration, the concentration of an analyte in the 

original sample can be determined. Concentration can be calculated using a calibration 

curve created by finding the response for a series of known concentrations of analyte. 

2.3.6.3 Gaseous sample analysis 

The volume of biogas produced was measured by a wet gas meter 

(GCA/Precision Scientific Inc., Chicago), and its contents of H2, CH4 and CO2 were 

analyzed by a gas chromatography (GC) (Varian CP-3800, Figure 2.7(a)) equipped with 

a thermal conductivity detector (TCD) and a “Select Permanent Gasses/CO2 solution-

set” column (Varian CP7429). Helium was used as the carrier gas at a flow rate of 30 

mL/min. The oven, injector, and detector temperatures were kept at 50°C, 120 °C, and 

150 °C, respectively.   
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Figure 2.7 (a) Gas chromatography machine Varian CP-3800; (b) Varian Column 
CP7429 for gas analysis; (c) Agilent column HP-FFAP for liquid analysis 

Figure 2.8 shows a typical chromatograph and the results window for gas 

analysis of H2, CH4 and CO2. There are eight peaks identified as H2(1), O2, N2, CH4(1), 

H2(2), Air, CH4(2), and CO2, respectively, by their retention times determined by 

injecting pure sample of each component. Given the peak area of the eight peaks is A1-

A8, and take the air as bridge-component, the split ratio of column 1 to column 2 (r1/2) 

could be determined using Equation 2.12. To quantify the biogas composition, the 

calibration curves should be established based on the relationship between content and 

total peak area of each gas, symbolized as AH2, AAir, ACH4 and ACO2, which can be 

calculated by Equations 2.13, 2.14, 2.15 and 2.16:  

r1/2 = (A2+A3)/A6                                                                                                    Eq. 2.12 

AH2 = A1+A5                                                                                                                                                                Eq. 2.13 

AAir = A2+A3+A6                                                                                                    Eq. 2.14 

ACH4 = A4+A7                                                                                                                                                             Eq. 2.15 

ACO2 = A8× (1+r1/2)                                                                                                Eq. 2.16 
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Figure 2.8 Typical chromatograph and the peak results for gas analysis 

Calibration curves were obtained by injecting gas samples with known content 

of each component and plotting the known content value versus total peak area value 

(Figure 2.9 (a), (b), (c), (d)), which fitted to a straight line, using linear regression 

analysis. The results of biogas composition were thus acquired by using calibration 

regression equations which are summarized as Equation 2.17, 2.18, 2.19 and 2.20, for 

the content of H2, Air, CH4 and CO2, and then adjust H2, CH4 and CO2 values to make a 

total of 100%.  

H2 content (%) = 2.011×AH2 + 0.1167                                                                   Eq. 2.17 

Air content (%) = 0.0260×AAir − 0.4191                                                               Eq. 2.18 

CH4 content (%) = 0.0303×ACH4 + 0.5153                                                            Eq. 2.19 

CO2 content (%) = 0.0219×ACO2 + 0.1358                                                            Eq. 2.20 
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Figure 2.9 Calibration curves for gas analysis: (a) H2, (b) Air, (c) CH4, (d) CO2  

2.3.6.4 Soluble metabolites analysis 

The concentrations of soluble metabolites include several alcohols (ethanol, 

propanol, and butanol) and volatile fatty acids (acetate, propionate, butyrate and 

valerate) were determined by the same gas chromatography (Varian CP-3800) with a 

flame ionization detector (FID). A fused-silica capillary column (HP-FFAP 

30m*0.25mm*0.25 um, Figure 2.7(c)) was used, and the injector and detector 

temperatures were set at 220°C and 250°C, respectively. The carrier gas used was 

Helium with a 25 mL/min flow rate (25 psi). The oven temperature was programmed as 

follows: 60°C for 2 min, increasing to 140°C at 8°C/min, and then constant at 140°C for 

another 6 min. Before analysis, each sample was centrifuged under 4500 rpm for 10 

minutes and then filtered through a paper filter (Fisher GVWP02500) with a pore size 

of 0.22 µm.  
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Figure 2.10 shows a typical chromatograph and the results window for gas 

analysis of the seven metabolites. There are peaks identified as ethanol, propanol, 

butanol, acetate, propionate, butyrate and valerate, respectively, by their retention times 

determined by injecting pure sample of each analyte. The peak area for each component 

was read from the results table, noted by Aethanol, Apropanol, Abutanol, Aacetate, Apropionate, 

Abutyrate and Avalerate. Calibration curves were obtained by injecting gas samples with 

known content of each component and plotting the content value versus peak area, 

which fitted to a straight line, using linear regression analysis (shown in Figure 2.11 (a), 

(b), (c), (d), (e), (f)). The results of biogas composition were thus acquired by using 

calibration regression equations which are summarized as Equation 2.21, 2.22, 2.23, 

2.24, 2.25, 2.26 and 2.27. 
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Figure 2.10 Typical chromatograph and the peak results for soluble metabolite 
analysis 
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Figure 2.11 Calibration curves for soluble metabolites analysis: (a) Ethanol, (b) 
Propanol, (c) Butanol, (d) Acetate, (e) Propionate, (f) Butyrate, (g) Valerate 
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Ethanol (mg/L) = 1.128× Aethanol  – 1.754                                                              Eq. 2.21 

Propanol (mg/L) = 0.7386× Apropanol – 5.568                                                         Eq. 2.22 

Butanol (mg/L) = 1.000× Abutanol – 2.530                                                              Eq. 2.23 

Acetate (mg/L) = 1.985× Aacetate  + 15.41                                                              Eq. 2.24 

Propionate (mg/L) = 1.169× Apropionate  + 11.80                                                     Eq. 2.25 

Butyrate (mg/L) = 0.9345× Abutyrate  + 10.97                                                         Eq. 2.26  

Valerate (mg/L) = 1.043× Avalerate  – 3.694                                                            Eq. 2.27 

 

2.4 Results and Discussions 

2.4.1 Start-up of the ASBR reactor for continuous hydrogen production 

During the first 24 h of batch operation, the pH was not regulated and dropped 

from 5.0 to 3.8, with about 2L of biogas produced and detected by the gas meter. The 

biogas production, H2 content of the biogas evolved and the mixed liquid suspended 

solids level of the system during the one-month start-up period with an HRT of 24h is 

shown in Figure 2.12. By entering into the sequencing batch mode, the mixed liquor 

solids level started to decline for about 1g/ L, which could be due to a poor settleablility 

of the biomass because the microorganisms were still acclimating themselves to the new 

environment until an activated microbial community was established, from which the 

MLSS began to build up.  

The production of biogas increased rapidly at the beginning of startup and the reactor 
took only 12 days to achieve a stable biogas producing rate (~14L/d) with low variation, 
as well as a high hexose utilization (>98%, data not shown). This is signaling a high 
capacity of ASBR for system stabilization. The reactor startup is much faster than the 
UASB systems conducted by Chang and Lin [123], which took up to 39 days to obtain 
stable system performance. Kim et al. [162] also claimed that the ASBR required 14 
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days to achieve steady H2 production while the CSTR used up to 32 days with the same 
start-up condition.   

 

Figure 2.12 Profile of the total biogas production, hydrogen content and biomass 
concentration during start-up period 

The initial H2 content of biogas was around 40%, and with the continuous-mode 

operation, it declined gradually to about 33% as the average value for 24h HRT. Sludge 

granules appeared about 23 days after startup in this work without any assistance, which 

was much more rapid than reported in some other work [123, 163], suggesting that the 

ASBR system could effectively enhance the granulation process, due possibly to the 

running characteristics of sequencing batch reactor and also the intrinsic nature of swine 

manure, such as high suspended solids that are easy for bacteria to attach. The 

granulation was considered critical for continuous H2 production systems since it 
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appeared to be the key to achieving a high-rate production of H2 [146, 164]. There is 

little information regarding the granular sludge for H2 production from animal waste 

substrate. Furthermore, it was reported that the timing of the granulation was closely 

related to the hydraulic feeding rate and organic loading rate [165], inferring that the 

sludge granulation in this work could occur sooner if starting up the reactor with a 

shorter HRT. By taking a close look at the system performance, slight enhancement was 

observed on biogas production as the granules formed and the biomass concentration 

increased at a higher rate than the period before the granulation happened.  

2.4.2 Continuous biohydrogen production under a progressive HRT decrease 

Starting from the 31st day, the H2 production capability of the ASBR system was 

evaluated over a range of HRTs from 24 to 8 h at 4-h intervals, corresponding to 

loading rates from 32 to 96 g hexose/d. It was found that whenever there was a change 

in HRT, a transitional variation would happen and a new steady state (biogas production 

rate and hexose removal rate less than 5% variation for five consecutive cycles) was 

achieved within three days. Five steady-state conditions, marked as Runs 1-5, were 

maintained at least for one week before changing the HRT. Thus the data points were 

the average of this seven-day steady operation. Although very efficient hexose 

utilization (>98%) was achieved at any HRT tested, the hexose degradation ratio 

decreased from 98.8% at HRT 24 h to 98.1% at HRT 8 h (Table 2.3), suggesting that 

long HRTs benefited the microbial use of hexose, but with little enhancement in H2 

production.  

The H2 content of biogas along the five runs is plotted in Figure 2.13. The 

average percent H2 content of HRT 24h was 33.4%, which was enhanced promptly to 
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42% simply by reducing the HRT to 20h and primarily leveled off thereafter (in the 

range of 38–44%) for the following runs with HRTs of 20-8 h. The biogas produced 

consisted of H2 and CO2 and was free of CH4 throughout, which lends support for the 

effectiveness of both the seed sludge pretreatment process and the preparation protocol 

for swine manure to inactivate methanogens. The maximum possible H2 content in the 

biogas is 66.7%, assuming that all the hexose is converted to H2 and CO2 with acetic 

acid (HAc) as the sole aqueous metabolite, based on the stoichiometric equation: 

C6H12O6 → 2CH3COOH+4H2+2CO2. Thus, our system could produce H2 from swine 

manure substrate at 50.5-64.3% of the theoretically possible H2 content. 

 

Figure 2.13 Hydrogen content change with time along different HRTs 

 Furthermore, because CO2 is an undesired byproduct from the prospective of 

global warming, a low CO2/H2 ratio is desired. The CO2/H2 ratio achieved in this work 

ranged from 1.33 to 1.96, which was lower than some previous studies [101, 146]. The 

lack of methane in the evolved gas could be due not only to the effective inactivation of 
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methanogens in the microflora by pretreatment, but also to the appropriate operational 

conditions which inhibited the methanogenic activity. According to Ueno et al. [68], it 

could be inferred that the fermentation pattern could shift to methanogenesis if the 

fermenter HRT increased to a higher range favoring methanogenic. However, in our 

situation, pH was found to be a more determining factor for CH4 production, if 

compared with our previous work [158] where pH 5.3 was investigated and CH4 was 

observed under all the HRTs (16-24h) tested with lower H2 concentration but higher 

variation (11.2-14.8% average, 27.5% as the highest). 

Figure 2.14 illustrates the relationships between biogas production (L/d), H2 

production (L/d), and the H2 yield (the ability to convert hexose into H2, mol H2/mol 

hexose) as related to the hydraulic retention time (HRT). As the operating HRTs 

decreasing from 24 to 8 h, the biogas production rate increased progressively from 15.2 

to 34.3 L/d, while the H2 gas produced per day increased from 5.1-14.3 L. Interestingly, 

the total biogas and H2 production both present a very good linear relationship when 

plotted against HRT, with the R2 of the regression lines being 0.993 and 0.997, 

respectively (Figure 2.14 (a)). This indicates that the H2 production rate has a close 

connection with the HRT, which actually reflects the organic loading rate. This 

phenomenon seems to also indicate the possibility that a lower HRT (higher loading 

rate or a higher substrate concentration) may result in a greater H2 production rate if the 

bacteria are not inhibited by the substrate supplied and the fermentation conditions 

applied, i.e., pH. A very short HRT of 0.5-1 h has been reported as the optimum HRT in 

several studies [81, 105]. The maximum H2 production rate of over 0.15 L/h/L obtained 

from this work with much less nutrients added in the feedstock is comparative to the 
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reported values (typically 0.1-0.3 L/h/L) in the literature, indicating that the system 

studied here is more economically feasible.  

 

Figure 2.14 Total biogas production rate, H2 production rate and H2 yield at 
different HRTs 

Unlike the remarkable dependence of the H2 production rate on HRT (even with 

a high linear relationship), the H2 yield did not vary significantly especially among the 

three middle HRT values, and no clear dependent pattern was observed when plotted 

against HRT (Figure 2.14 (b)). It was noticed that the hexose concentration in the 

influent tank tested was around 8000mg/L, although 10000mg/L glucose was added to 

the influent substrate, probably because of the consumption happened in the tank by the 

existing bacteria in the swine manure. The yield of H2 was thus calculated based on the 
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feeding hexose concentration of 8000mg/L. At HRT 24h, the average yield was low 

among the five runs which was mainly attributed to the low H2 content, indicating that 

this high HRT value did not benefit efficient H2 production. For the next three HRTs of 

20-12h, very close yields (1.57-1.63 mol H2/mol hexose) were obtained, while the 

highest occurred at the middle value of HRT (16 h). When the HRT was reduced to 8 h 

in the final run, there was a significant decrease in the H2 yield to 1.20 mol of H2/mol of 

hexose, with an indication that the H2 yield would become lower if the HRT was further 

reduced. The reason for the yield decline could be the sudden washout of biomass at 

this low HRT, i.e., half of the reactor content was drawn and fed for each cycle at HRT 

of 8h. It was widely reported that the H2 yield increased with decreasing HRT [105, 123, 

146, 166], whereas the results from this study showed a plateau at the middle HRT 

values with the longest and shortest HRTs presenting lower H2 yields. The reduction in 

H2 yield for the longest HRT is probably due to the reuse of H2 by homoacetogens 

because it has been known that homoacetogens produce acetate from dissolved CO2 in 

the presence of H2 at long HRTs [167-170]. Besides, it has been suspected in previous 

research that homoacetogenic fermentation which yields no H2 could gradually become 

the dominant process at a longer HRT, and/or the metabolism of H2-producing 

acidogens could shift to non-H2 formation pathways due to the decrease in their growth 

rate [72]. According to the results from this study, HRTs of 12-20h could be considered 

as the optimal HRTs for the ASBR system with respect to H2 yield. Similar results were 

obtained by Chang and Lin [123], who found a H2 yield plateau at the HRT range of 8-

20h.  
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In fact, it is hard to achieve a high rate and high yield simultaneously, as many 

studies reported a decline in H2 yield in an attempt to increase the H2 production rate by 

shortening the HRT [105, 123, 146, 166]. To achieve both the satisfactory production 

rate and yield efficiency, an HRT of 12h can be suggested for similar ASBR systems 

based on the information from this work. Since the theoretical H2 yield from glucose is 

4 mol of H2/mol of hexose, according to the reaction equation, C6H12O6 →  

2CH3COOH+4H2+2CO2, the H2 yield obtained from this work is in the range of 29.5-

40.8% of the ideal maximum yield, comparable to the results from other similar studies. 

Nonetheless, the ASBR system experimented herein has achieved both the competitive 

H2 production rate and the high H2 yield, and is thus proved to be more productive and 

economical than those reported from the comparable work. 

2.4.3 Dynamic profile of an ASBR cycle for hydrogen production 

As a semi-continuous system, the ASBR was operated with repeated cycles 

including four discrete steps: fill, react, settle and draw, the cycle performance was 

assumed to be identical during the steady state of each operational condition. A cycle 

profile of 16h HRT operation with maximum H2 yield is selected to study the dynamics 

of the H2 production process, during which the H2 volume, concentrations of hexose 

and liquid metabolites like ethanol (EtOH), acetic acid (HAc), propionic acid (HPr), 

butyric acid (HBu), and valeric acid (HVa) were monitored over time (Figure 2.15). The 

dramatic decrease from 1400 to 110 mg/L in hexose concentration indicated that the 

substrate was degraded almost completely within one hour after the cycle began, and 

the changes for all the products were significant during this one hour compared to the 
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three following hours. EtOH increased by 43.5 mg/L in the first 30 minutes, accounting 

for 70% of total EtOH produced during the 4-hour cycle.  

The production rate of HAc was the highest among the liquid products, with an 

increase of 490 mg/L in the first hour, while 409 mg/L was produced during the next 

three hours. Similarly, 146 mg/L of HBu and 73 mg/L of HVa were formed at the end 

of the first hour, accounting for 37.8% and 33.6%, respectively, of their total 

production. Approximately 45% of the total cycle H2 (1.58L) was generated after one 

hour, by which the hexose degradation almost ceased. It was noticed that the HPr 

concentration decreased with time throughout the cycle period. Several studies have 

reported that HPr was an unfavorable metabolite for H2 production and the pathway for 

propionate fermentation ought to be avoided [50, 101, 171, 172]. The removal of HPr in 

our system might be attributed to the high level of HPr in the influent feed, which 

created an elevated start point for each cycle, shifted its production route backwards to 

produce H2 and other acids, leading to the subsequent H2 production without consuming 

hexose. All components reached the maximum/minimum concentrations at the end of 

the cycle, except for ethanol at the end of the cycle. The production of VFAs includes 

acetic, butyric, and valeric acid, which accounts for 96% of total soluble metabolic by-

products.  
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Figure 2.15 Dynamic profiles of hydrogen production, hexose degradation, and 
aqueous metabolites for an ASBR cycle at HRT of 16h 
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2.4.4 Soluble metabolites produciton  

During the course of dark H2 fermentation, the most abundant soluble metabolite 

was HAc, followed by HBu, HVa and EtOH, regardless of the HRT adopted (Table 

2.3), indicating that HRT has little impact on the fermentation of these metabolites. It is 

understandable that the productivity of all these metabolites tends to increase with 

decreasing HRT when more substrate is introduced. Hence, to evaluate the effect of 

HRT on the fermentation pathway, the ratio of each soluble metabolite to the total 

soluble microbial products (SMP) was calculated and compared. The production of 

HAc was predominant at all HRT levels, accounting for 54.9-58.5% of the total SMP. 

Meanwhile, the HBu, HVa and EtOH production contributed 24.1-26.4%, 11.5-13.5%, 

and 3.4-8.9% to the total SMP, respectively.  

Table 2.3 Hydrogen production results and composition of soluble metabolites 
under HRT runs  

(HDR-hexose degradation ratio; HPR-hydrogen production rate; HY-hydrogen yield; 
SMP-soluble microbial products) 

HRT HDR 
(%) 

HPR 
(L/d) 

HY            
(mol H2/mol 

Hexose) 

EtOH/SMP 
(%) 

HAc/SMP
(%) 

HBu/SMP 
(%) 

HVa/SMP
(%) 

VFAs/SMP 
(%) 

24 98.8 5.1 1.29 8.9 54.9 24.7 11.5 91.1 

20 98.6 7.7 1.61 5.2 57.5 24.2 13.1 94.8 

16 98.5 9.7 1.63 4.1 58.3 24.1 13.5 95.9 

12 98.3 12.5 1.57 3.6 58.4 25.4 12.6 96.4 

8 98.1 14.3 1.20 3.4 58.5 26.4 11.7 96.6 

 
As seen from Table 2.3, the ratio of total volatile fatty acids (VFAs) to SMP was 

very high (91.1-96.6%), suggesting that the mixed culture carried out metabolic 

pathways favorable for H2 production, because the alcohol (the unfavorable metabolite 
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for H2 evolution) production was limited. Also, Hpr, another organic acid reported 

unfavorable for H2 evolving, was not produced in our system (discussed in the previous 

section). Other alcohols like propanol and butanol were not found in this study, either. 

As the HRT decreased, the production of HAc increased slightly, while the EtOH 

formation decreased. The H2 gas formed mainly through the acetogenesis process 

seemed to be utilized for acid formation by homoacetogens, since the HBu yield were 

less when the reactor yielded higher H2 (Table 2.3). Inversely, under the HRTs with 

greater H2 yield, the production of HVa was higher, leading to an observation that HBu 

could be generated from HVa in presence of H2.  

 

Figure 2.16 Hydrogen yield as a function of the ratio of acetate to butyrate 

The composition of SMP in this study highly suggests HAc-type fermentation in 

the reactor with liquid swine manure substrate. Besides, the H2 yield presents a 

dependent relationship with the ratio of HAc/HBu concentrations as illustrated in Figure 
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2.16. The regression line with a high R2 value (0.860) and a positive slope suggested 

that the higher the HAc/HBu, the greater the H2 yield could be achieved. Many previous 

researchers have demonstrated HBu- type fermentation in continuous culture and 

claimed that the HAc/HBu ratio can be used as an indicator for the richness of H2 

production in acidogenesis system [173-175]. However, some of them found that the 

smaller the ratio of HAc/HBu, the higher the H2 yield was obtained. This inconsistency 

is likely due to the different types of fermentation pathway used by the microorganisms 

in this study. In general, higher HAc/HBu ratios gave higher theoretical H2 yields 

according to the stoichiometric equations [3], which was evidenced by the results from 

this study in which HAc was the major liquid metabolic product.   

C6H12O6 + 2H2O →2CH3COOH + 2CO2 + 4H2  

C6H12O6 → CH3CH2CH2COOH + 2CO2 + 2H2  

Therefore, using HAc/HBu ratio alone seems to be insufficient to justify the H2 

production, yield and/or content and some other factors should also be considered 

simultaneously as discussed by Wu et al. [50].   

2.5 Conclusions 

As a handy and abundant organic waste source all over the world, swine manure 

contains carbohydrates and all the key nutrients for hydrogen-producing bacteria 

growth, and thus is considered a potential substrate for producing hydrogen by dark 

fermentation. The feasibility of H2 production from liquid swine manure using an 

anaerobic sequencing batch reactor was investigated in this study.  

The experimental results have demonstrated that stable and effective 

performance of a hydrogen-producing ASBR system can be established. Hybrid heating 
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and acidic pretreatment of inoculums and operating at pH 5.0 can successfully inhibit 

methanogenic activities. During the one-month startup period, sludge granulation 

occurred at around day 23, accelerating the increase of biomass concentration, and 

stable H2 production was achieved within 12 days. HRT showed important effects on 

many aspects of the hydrogen fermentation process. The H2 content of biogas was 

33.7% at HRT of 24h, increased to over 38-44% for HRTs of 8-20h. There was no 

significant methane production observed throughout the experiment.  

The production rate of total biogas and H2 was well linearly related to HRT with 

the maximum H2 production rate of 14.3 L/d obtained at 8h HRT. The H2 yield 

presented a plateau pattern when plotted against HRT and the highest value of 1.63 mol 

H2/mol hexose occurred at the HRT of 16h. The 12h HRT was suggested to achieve 

both the satisfactory production rate and yield efficiency.  

During a four-hour ASBR cycle, EtOH, HAc, HBu and HVa were produced 

while HPr was removed, and a large proportion of all the products was formed during 

the first hour as most of the hexose was degraded. HAc was the most abundant soluble 

by-product, accounting for 54.9-58.5% of the total SMP, while the HBu, HVa and 

EtOH production contributed 24.1-26.4%, 11.5-13.5%, and 3.4-8.9% to the total SMP, 

respectively. Although acetate to butyrate ratio has demonstrated a good linear 

relationship with H2 yield in this work, the results do not necessarily support the idea of 

using this ratio alone to evaluate the performance of ASBRs for hydrogen production.  

Overall, our results illustrated the feasibility of using liquid swine manure as an 

inexpensive feedstock for continuous, low-cost and high-yield production of 

biohydrogen via a granular-sludge-based anaerobic sequencing batch reactor.                                        
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CHAPTER 3                                                                                 
EFFECT OF PH ON BIOHYDROGEN PRODUCTION FROM LIQUID 

SWINE MANURE  

3.1 Overview 

pH is considered as one of the most important factors that impact hydrogen 

fermentation process. In this chapter, five pH levels in the range of 4.4-5.6 were tested, 

in the anaerobic sequencing batch reactor which was used for continuous hydrogen 

generation from liquid swine manure with mixed microflora obtained from dairy 

manure under mesophilic condition, to evaluate the pH effect on the system 

performance at 16 hours of hydraulic retention time (HRT). Experimental results show 

that the H2 content in biogas, H2 production rate and H2 yield were all pH-dependent, in 

the range of 5.1-36.9 %, 0.71-8.97 L/d and 0.12-1.50 mol-H2/mol-glucose, respectively, 

and maximum values for all the three responses were simultaneously achieved at the pH 

of 5.0. Continuous hydrogen production was achieved for over 3 weeks for pHs of 5.0, 

4.7 and 4.4, with little methane (<1.5%) observed. However, methane was significantly 

produced in the biogas with concurrent reductions in hydrogen production at pH 5.3 and 

5.6, indicated that the methanogens could be significantly activated for pH of 5.3 or 

higher. Acetate, propionate, butyrate, butyrate, valerate, and ethanol were main aqueous 

products and their distribution was also significantly influenced by pH. Batch 

experiments results showed that kinetic models developed from the Gompertz equation 

were suitable for describing the hydrogen production potential and rate, as well as the 

substrate degradation. pH had a profound effect on all the kinetic parameters for 

hydrogen production including hydrogen yield, hydrogen production rate and the lag 
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time, as well as the substrate utilization rate. The lowest pH of 4.4 gave the highest 

hydrogen production potential but with the lowest hydrogen production rate. As pH not 

controlled, the rapid pH decline led to a low hexose degradation efficiency of 33.7% 

and a significantly suppressed H2 production, indicating the importance of pH control 

and the strong impact of pH on H2 production and substrate consumption. A very good 

linear relationship (R2= 0.993) was observed between the maximum H2 production rate 

and the maximum hexose degradation rate, suggesting that the inhibitory effect of pH 

on the production of H2 was a result of the suppression of the bacterial activity for 

substrate utilization due to an unfavorable pH condition. 

3.2 Introduction 

Fermentative H2 production by mixed acidogenic culture system with 

waste/wastewater feeding is a very complex process and is greatly influenced by many 

factors, including wastewater specificity, reactor configuration, hydraulic retention time 

(HRT), influent substrate concentration, organic loading rate, pH, temperature, 

oxidation-reduction potential, and nutritional requirements [8, 82, 146]. Among these 

operational parameters, pH was found to be more significant than the others, because it 

may directly affect the hydrogenase activity [71] as well as the metabolism pathway 

[72]. In addition, it is the most crucial factor for the suppression of hydrogen-

consuming methanogenic activities to realize a long-term operating of hydrogen 

production free of methane gas [98].  

Many studies have been conducted to look into the pH effect on various aspects 

of hydrogen production system, most of which are focused on pH at the inoculum 

pretreatment [115] or initial pH of a batch process [176, 177]. The importance of pH 
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control for a long-term continuous hydrogen production was rarely investigated. To 

maintain stable hydrogen production for a long run, the pH must be controlled at a 

desired range, because the rapid pH depletion could have caused a metabolic alteration 

of the microorganisms involved in hydrogen production, thereby resulting in the shift of 

intermediates production pathway and a consequent decrease or cessation in hydrogen 

production [177]. Some researchers claimed that this shift occurs when the pH drops to 

4.5 or below [178], while others found that the shift occurred at pH levels above 5.7, 

due to enzyme synthesis or enzyme activation, which is necessary for solvent 

production [179]. Meanwhile, reported optimal pH for different systems or substrate 

differed a lot from 4.0-7.5, but for each specific situation, the optimal pH range is quite 

narrow, usually with an interval not more than 0.5. Since the feasibility of an ASBR 

system for hydrogen production from swine manure has been suggested and approved 

by in Chapter 1, system optimization is urgently needed.  The purpose of this work is to 

evaluate the pH effect on the ASBR system performance and kinetic parameters using 

swine manure as substrate and to identify the appropriate pH range towards the 

optimization of the system operation in the future.  

3.3 Materials and methods 

3.3.1 ASBR Experiments and sampling 

The seed sludge source and its pretreatment was described in Section 2.3.1, and 

the swine manure source and substrate preparation followed the steps mentioned in 

Section 2.3.2. The reactor setup was the same as described in Section 2.3.3. Five 

experiments, named Run 1- Run 5, were conducted to test the hydrogen production 
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under five different pH values, 4.4, 4.7, 5.0, 5.3, and 5.6, respectively. The inoculation 

of each run was completed by placing the seed sludge (2L) in the jar with the prepared 

substrate to fill up to the working volume of 4L. The reactor was then sealed and purged 

for 1 minute with pure nitrogen gas to eliminate the oxygen and create an absolute 

anaerobic environment. Firstly the reactor was operated in a batch mode for about 24 

hours at pH 5.0 until the biogas production was well established and detected by the gas 

meter, and then it was switched into a fed-batch mode to starting with an HRT of 16 

hours, which was realized by feeding 1 L of substrate into the 4 L reactor for each 

cycle, and one liter of the fermenter content would be removed followed by the same 

amount of influent added at the drawing phase for each feeding. Once entering into fed-

batch mode, the pH was adjusted to the designated value and controlled constantly with 

a variation less than ±0.05. The reactor temperature was maintained at 37 ± 1°C for all 

the experiments. The ASBR performance and the stability of biogas production were 

investigated during a three-week period for each pH, to determine the effect of pH on 

continuous hydrogen production process including the startup performance. Evaluation 

of the hydrogen production rate and yield for each pH was carried out during steady-

state conditions in the last five days of each run, where biogas production and glucose 

conversion rate were relatively consistent within 5% variation, thus the resultant point is 

the average of the five-day period. The amount of biogas produced was monitored over 

time, and two 1-liter bag of the off-gas was collected every day to analyze the gas 

composition. Liquid samples were also taken from the well-mixed culture at designated 

time intervals to analyze the composition of soluble metabolites and the residual hexose 

concentration. 
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3.3.2 Batch experiments 

After running as an ASBR in each experiment, the reactor was then operated in a 

batch mode using the existing sludge to study the kinetic models of hydrogen 

production at different pHs. The pH for batches with pH of 4.4, 5.0, and 5.6 was 

controlled while the batch with an initial pH of 5.3 was not pH-controlled. In order to 

compare the kinetic parameters, the sludge in each batch was washed three times with 

water but the pH was controlled constantly before batch experiment started, and the 

MLSS was adjusted to 8000 mg/L to ensure identical conditions for all experiments. 

The reactor was filled to the 4L mark with liquid swine manure and glucose, making an 

initial hexose concentration of around 20 g/L. The pumps were shut off once the 

influent was fed. Circulation was always on for mixing and the pH was still adjusted by 

adding alkali or acid automatically for the batches with pH of 4.4, 5.0 and 5.6. Liquid 

samples were collected 10-15 times during the processes that lasted 50-120h, about 15 

ml mixed liquid was taken each time and 10 ml was placed into a 15 ml centrifuge tube 

for analysis.  

3.3.3 Analytical methods 

3.3.3.1 Gaseous and liquid sample analysis 

All the gas and liquid samples were analyzed for their physical and chemical 

characteristics according to the methods and procedures described in section 2.3.6. 

3.3.3.2 Kinetic modeling for batch hydrogen production process 

Kinetic models could be used to describe relationship among the principal state 

variables and to explain the behavior of fermentation quantitatively. In addition, it can 
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provide useful information for the analysis, design and operation of a fermentation 

process. Fermentative hydrogen production is a complex multi-product process. 

Depending on operating conditions, the distribution of the acidogenic products varies 

substantially and some acidogenic products, e.g., acetate, butyrate, hydrogen, carbon 

dioxide, may form more complex long-chain fatty acids or alcohols as the hydrogen is 

consumed [180]. It is complicated to take metabolic pathways into consideration when 

the biochemical and physiological aspects of growth and metabolite synthesis are 

considered simultaneously, and the key fermentation rates are expressed and evaluated 

with regard to substrate consumption and end-product inhibitory effects. It would be 

much easier but good enough if microorganisms are considered to be a component or 

reactant in the system. There are some studies that have been carried out on this kind of 

kinetic models to describe acidogenesis successfully. They include Monod model [174], 

modified Monod model [181], Haldane model [182], a first-order model with respect to 

the substrate [183] and Contois model [184, 185]. Among these models, the Monod 

model seems to be employed most frequently to describe kinetics of acidogenesis. 

However, the complexity of acidogenesis with mixed cultures makes such a kinetic 

modeling difficult [183]. Since the early 1990s, the Gompertz equation has been used 

for describing the growth of pure strains, e.g, Lactobacillus plantarum [186] and 

Lactobacillus acidophilus [187]. Moreover, this equation has been modified recently to 

successfully estimate the cumulative hydrogen production in the anaerobic hydrogen 

production process [84, 188], and also substrate utilization, microbial growth and 

byproduct formation in the hydrogen production process in mixed culture system [189, 

190].  



 

86 

Since bacteria grow exponentially, it is often useful to plot the logarithm of the 

relative population size [y = ln(N/N0)] against time (Figure 3.1). The three phases of the 

growth curve can be described by three parameters: the maximum specific growth rate, 

µm, is defined as the tangent in the inflection point; the lag time, λ, defined as the x-axis 

intercept of this tangent; and the asymptote [A = ln(N/N0)], the maximal value reached.  

 

Figure 3.1 A typical bacteria growth curve 

In order to describe the microbial growth in a batch culture, the Gompertz 

equation (Eq. 3.1) was modified by Zwietering et al. [186] to Equation 3.2: 

y = a × exp [− exp (b− cx)]                                                                                      Eq. 3.1 
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Where:   X: microorganism concentration (g-VSS/L) 

X0: initial microorganism concentration (g-VSS/L) 

rX: microorganism growth rate (g-VSS/L/h) 

∆Xmax: maximum concentration of microorganism growth (g-VSS/L) 

Rmax,X: maximum rate of microorganism growth (g-VSS/L/h) 



 

87 

λX: lag time of microorganism growth (h)  

t: fermentation time (h) 

e: exp(1) = 2.718 

The rate of microbial growth can be obtained by differentiating Eq. 3.2, expressed as 

Equation 3.3: 
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The substrate consumption could be expressed using a modified Gompertz model, as 

Equation 3.4 [191]: 
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Where:   S0: initial substrate concentration (g/L) 

S: substrate concentration (g/L) 

∆Smax: maximum concentration of substrate consumption (g/L) 

Rmax,S: maximum rate of substrate consumption (g/L/h) 

λS: lag time of substrate consumption (h)  

By differentiating Eq. 3.4, the rate of substrate consumption was described by 

Equation 3.5: 
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Where:   rS: substrate consumption rate (g/L/h) 
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The hydrogen production could also be described by the modified Gompertz model [60, 

192], expressed as Equation 3.6, in which the parameters can be explained by Figure 

3.2: 
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Where:   H: cumulative hydrogen (L) 

Hmax: maximum cumulative hydrogen (L) 

Rmax,H2: maximum rate of hydrogen production (L/h) 

λH: lag time of hydrogen production (h)  

 

Figure 3.2 Typical cumulative hydrogen production curve fitted by the Modified 
Gompertz equation 

By differentiating Eq. 3.6, the hydrogen production rate was expressed as Equation 3.7: 
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Where:   rH2: hydrogen production rate (L/L/h) 

3.3.4 Data analysis 

In this study the above equations (Eq. 3.4-3.7) were used to describe the kinetic 

models of hydrogen production and substrate utilization for batch experiments. Each 

curve in Figure 3.2 was best fitted by minimizing the ratio of the sum of square error to 

the correlation coefficient using the Newton algorithm, using the software Sigmaplot 

Version 10. The fitted models were subjected to the F-test to determine if the model 

could successfully describe the experimental data and a t-test was carried out for each 

kinetic parameter to check its significance to the model. 

 

3.4 Results and discussion 

3.4.1 ASBR startup and overall performance for continuous hydrogen production 

at different pHs 

The ASBR reactor was conducted for 22 d at each pH to investigate the 

variation of system performance in related to the pH. It was found that even with a 

difference of 0.3 in pH, the profiles of overall biogas production were distinct, as in 

Figure 3.3. During the first 24 h of batch operation at pH of 5.0, about 2L of biogas 

produced and detected by the gas meter during each run. Note that the operating HRT of 

this chapter was set as 16h, and at the condition of pH 5.0, the startup of the system was 

as quickly as it was at an HRT of 24h in Chapter 2, and achieved a steady biogas 

producing rate (~23L/d) within 12 days, meaning that the microbial community in our 
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ASBR was able to endure an initial organic loading rate as high as 12g hexose/L/d as 

well as a volume exchange of 1L per cycle, without causing system upset.  During the 

first few days of startup the performance of the ASBR under pH 5.3 and 5.6 was quite 

similar to that of pH 5.0, followed by a decline of biogas production rate starting from 

day 6 at pH 5.3 and day 10 at pH 5.6, and achieved a stable production of around 17.6 

and 14.0 L/d, respectively, after 17 days of startup. Such a phenomenon could be 

explained by a microbial community shift in the system, induced by the pH. On the 

other hand, it was observed that the ASBR startup period was longer at lower pH values, 

4.4 and 4.7, compared to that of pH 5.0, which is probably attributed to the slower 

activation or growth rate of the microorganisms, and biogas production gradually 

increased from start time to day 17 till the steady state was obtained, with a rate of 19 

and 21L/d for pH 4.4 and pH 4.7, respectively.  

 

Figure 3.3 Profile of the total biogas production at different pHs 
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3.4.2 Biogas composition at different pH 

During ASBR operation for all the pHs tested, the produced biogas contained 

hydrogen, carbon dioxide and methane. Before reaching stable performance, 

fluctuations were observed in biogas content. Figure 3.4 illustrates the biogas content 

under the five pH conditions for H2 and CH4 respectively in two windows.  

 

Figure 3.4 Biogas composition profiles at different pH 

The highest H2 content for each run occurred at the beginning of the reactor 

startup as the reactor was shifted from a batch mode to a continuous mode at pH 5.0, 

probably due to the low H2 partial pressure at the headspace which benefits the H2 
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formation. At this point, very little CH4 content was observed, indicating that the 

employed process for seed sludge pretreatment had successfully inhibited the 

methanogenic activity. When the pH was controlled at 4.4-5.0, the variation of H2 

content was not significant, except that some fluctuating points were observed 

occasionally at pH 4.4 and 4.7 possibly due to the microbial acclimation before the 

community entered into the steady state. pH of 5.0 presents better stability of the system 

for H2 production. An average H2 content of 33.5%, 34.2%, and 36.9% was obtained at 

the steady state for pHs of 4.4, 4.7 and 5.0, respectively. Besides, the CH4 content had 

never exceeded 1.5% and was negligible in the course of these three runs.  

In the test of pH 5.3, the H2 content experienced two phases of decline. It 

reduced slowly from 37.5 to 30.1% during the first 14 days of operation, and then a 

dramatic drop from 30.1% to 19.3% took place during day 14 to day 18, while the CH4 

content was found to become flourishing after day 14, increasing from 2.1% to 7.3% by 

day 18, after which both of the H2 and CH4 content became stable for the rest of the 

operating period. It can be inferred from this observation that the CH4-producing 

bacteria (methanogens) apparently outgrew the H2-producing organisms in the reactor if 

the pH was controlled at 5.3 for over 14 days. This also accounted for the lower biogas 

volume at high pHs, since production of one mole CH4 generally consumed 2 moles of 

H2 according to the reaction equation: 6H2 + C2H4O2 + CO2 → 3CH4 + 4H2O, resulting 

in less biogas volume along with CH4 production. We noticed in last section that the 

biogas production started to decline at day 10, thus we consider 10 days instead of 14 

days as the period that the methanogens needed to become functional at pH 5.3 because 

the biogas content at the headspace may take some time to update to the new pattern. 



 

93 

Similar trend has been observed at pH 5.6, where the dramatic drop point moved to day 

6, meaning that the pH of 5.6 was able to activate the methanogens more rapidly. At the 

steady state at pH 5.6, the average H2 and CH4 content was 5.1% and 13.2%, 

respectively, signaling that the methanogenic activity was overwhelming in the system. 

Figure 3.5 plots the relationship between H2 and CH4 contents in the biogas 

from this study. As it can be seen, when the CH4 content was low (e.g., less than 2%), 

its effect on the H2 content was insignificant and the two contents appeared to be 

independent since the data points were distributed patternlessly. Nonetheless, it was 

interesting to notice that when the CH4 content increased to more than 2%, an inversely 

linear relationship between the concentrations of CH4 and H2 was clearly demonstrated 

with a correlation coefficient of 0.994 (Figure 3.5), strongly evincing that the H2 

production from liquid swine manure by the ASBR system decreased as more CH4 was 

produced. The data also suggest that in order to achieve a high level of H2 production, 

the CH4 content in the biogas should not exceed 2%, which was also observed by Zhu et 

al. [158] in our previous experiments. Furthermore, according to the regression formula 

we obtained from the plot, it can be speculated that the H2 production would be 

completely suppressed when the CH4 content grows to 15.4%. Therefore, when mixed 

cultures enriched from natural environments are used as the fermentative working force, 

it is necessary to avoid the presence of organisms utilizing H2, particularly methanogens. 

Past researchers suggested that this situation could be improved by operating the reactor 

at low pH for batch operation and at short HRTs for continuous operation because 

methanogens are more affected by lower pH and are slower growing than fermentative 

organisms [98]. We would suggest that in order to avoid CH4 formation for a long-term 
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operation, the pH for the ASBR system using liquid swine manure as substrate has to be 

controlled at or below 5.0 regardless of HRT, complying with the statement by Kim et 

al. [132] that a pH below 5 is considered to be able to inhibit the methanogenic activity.  

 

Figure 3.5 Relationship between the hydrogen and methane contents in the biogas 

3.4.3 pH effect on hydrogen productivity 

To understand the pH effect on the hydrogen productivity, the H2 content of 

biogas, H2 production rate, and the H2 yield were plotted against the corresponding pH 

values as shown in Figures 3.6a-c. As discussed in the last section, the H2 content of 

biogas was in a range of 5.1-36.9%, with the maximum value observed at pH 5.0. The 

H2 production rate increased from 6.37 to 8.97 L/d with increasing pH from 4.4 to 5.0, 

then decreased to 0.71 L/d as pH was further increased to 5.6 (Figure 3.6 (b)). The H2 

yield had a similar changing trend with the H2 content and H2 production rate, as shown 

in Figure3.6 (c), in a range of 0.12 to 1.50 mol H2/mol hexose, with the maximum value 
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occurred at pH of 5.0, higher than the maximum H2 yield of 1.3 mol H2/mol hexose 

consumed in an ASBR operation reported by Lin and Jo [193]. Our results highly 

suggested that the optimal H2 productivity was achieved at pH of 5.0 or a little lower 

within the tested range. Zhao and Yu [194] have reported a distinctive situation for their 

UASB system, where two peaks of the H2 yield were observed at an initial pH of 7.0 

and 9.0, respectively. They considered that some H2-producing microorganisms would 

prefer an alkaline growing environment and flourish at high pH value like 9.0. This 

hypothesis warrants a further investigation over a wider range of pH. 

 

Figure 3.6 variation of (a) H2 content of the biogas (%), (b) hydrogen production 
rate (L/d), and (c) H2 yield (mol H2/mol hexose) at various pH 

3.4.4 Hexose degradation and distribution of aqueous products at various pH 

The hexose degradation efficiency and the distribution of VFA and ethanol 

concentration formation during ASBR cycles at various pH is listed Table 3.1. We 
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found that the maximum degradation efficiency of 99.6% was observed at pH 5.6 where 

the lowest H2 production was observed, while the minimum value of 98.5% was found 

at pH 5.0 where the best H2 productivity was obtained. However, since the degradation 

efficiency of hexose was greater than 98.5% at all pHs tested without much difference, 

we conclude that hexose could be readily degraded in the ASBR system and its 

degradation is not affected seriously by the pH variation. 

Table 3.1 The substrate degradation and distribution of soluble microbial products 
during ASBR operation 

pH Hex. deg. 
(%) 

SMP 
(mg/L) 

EtOH/SMP 
(%) 

HAc/SMP 
(%) 

HBu/SMP 
(%) 

HVa/SMP 
(%) HAc/HBu 

4.4 99.2 1514.7 8.3 38.2 40.0 13.5 0.95 

4.7 98.8 1484.4 6.5 49.1 35.0 12.2 1.48 

5.0 98.5 1605.5 4.4 58.1 24.0 13.5 2.42 

5.3 99.2 1293.8 5.2 55.0 28.5 11.3 1.93 

5.6 99.6 1146.1 5.7 51.9 31.3 11.1 1.66 
 

Hydrogen production is usually accompanied by acid production coupled with 

solvent production. The production of these intermediates reflects changes in the 

metabolic pathway of the microorganisms involved and a better knowledge of such 

changes could improve our understanding of the conditions favorable for hydrogen 

production. The total concentrations of VFA and ethanol did not change significantly at 

the pHs tested in a range of 1146.1-1605.5 mg/L. However, the distribution of VFAs 

and ethanol was pH-dependent. Among the total soluble microbial products, ethanol, 

acetate, butyrate and valerate were detected as the metabolites accompanying the 

production of biogas and accounted for 4.4-8.3%, 38.2-58.1%, 24.0-40.0% and 11.1-
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13.5%, respectively. Many researchers reported propionate as one of the major 

metabolites formed during H2 fermentation process [177, 194, 195], but in our case 

propionate concentration always decreases in an ASBR cycle regardless of the pH value 

used, while similar trend was observed when different HRTs were tested in Chapter 2, 

probably due to the diversity of substrate characteristics (i.e., high propionate 

concentration in our substrate). The maximum concentration ratio of ethanol to the SMP 

was observed as 8.5% at pH 4.4 compared to a range of 4.4-5.7% for pH 5.0-5.6, which 

may indicate that the metabolic pathway shifts to solvent production at low pH as 

suggested by Byung and Zeikus [178].    

The percentage of acetate increased from 38.2% at pH 4.4 to 58.1% at pH 5.0, 

and then decreased to 51.9% at pH 5.6. On the contrary, the percentage of butyrate 

decreased from 40.0% at pH 4.4 to 24.0% at pH 5.0, then increased to 31.1% at pH 5.6. 

It seemed that acetate and butyrate levels were independent of pH in the range studied, 

which was in agreement with the results obtained by Van Andel et al. [196] based on a 

study with pure culture of Clostridium butyricum. However, the changes in 

acetate/butyrate ratio was thought to imply a metabolic alteration due to environmental 

changes such as pH and HRT, and several previous studies have reported the linear 

correlation between H2 production rate/yield and acetate/butyrate ratio [163, 177]. The 

results of the H2 yield in our study were plotted against the acetate/butyrate ratio in 

Figure 3.7. At first blush, there appeared little relationship between these two variables. 

However, a close examination revealed a two-way linear correlation among them that 

one regression line can be drawn for pH 4.4-5.0 with an R2 of 0.9996 and another for 

pH 5.0-5.6 with R2 being 0.9987. The two lines present a similar trend that higher H2 
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yield corresponds to higher acetate/butyrate ratio, but with different influential 

coefficients. This phenomenon seemed to suggest that we could divide the pH into two 

ranges: pH 4.4-5.0 stands for a microbial community predominated by H2-producing 

bacteria while at pH range of 5.0-5.6 the community shifts to a methanogenic mode, 

resulting in different patterns of metabolite production. Meanwhile, our results indicated 

that the formation of acetate, rather than butyrate, favored the H2 production. This was 

in accord with our previous results in Chapter 2 but disagreed with some other research 

where butyrate was deemed to be the more beneficial metabolite [163, 173, 175]. The 

optimal acetate/butyrate ratio for H2 production found in this study was 2.42 at pH 5.0 

and HRT of 16h, though it was considered to be highly depending on the type of 

anaerobic cultures and substrates used [45]. 

 

Figure 3.7 Hydrogen yield related to the ratio of acetate to butyrate at various pH 
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3.4.5 The pH effect on kinetics of hydrogen production in batch mode 

To establish kinetic models of H2 production and determine maximum hydrogen 

production yield potential (mol H2/mol hexose) and maximum production rate (L/h) at 

different pH (4.4, 5.0 and 5.6), each cumulative H2 production curve was computed 

from the experimental data using Equation 3.6 and plotted in Figure 3.7. In addition, to 

verify the importance of pH control for the H2 fermentation process, results from a 

batch experiment without pH control at an initial pH of 5.3 were also plotted and fitted 

in an equation curve in Figure 3.8 for comparison, and the profile of pH change during 

the course of H2 production process was presented in Figure 3.8 as well as the H2 

production rate. Estimated kinetic parameters and statistical evaluation of models were 

summarized in Table 3.2. 
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Figure 3.8 Cumulative hydrogen production at different pH 
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Table 3.2 Kinetic models for hydrogen production and estimated kinetic 
parameters at different pH conditions 

(The units of Hmax, HYmax (maximum hydrogen yield), Rmax, H2, and λH are L, mol 
H2/mol Hexose, L/h, and h, respectively) 

Equation 
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pH Hmax HYmax Rmax,H2 λH R2 p-value (F test) 

4.4 7.89 0.79 0.32 58.4 0.992 <0.0001 

5.0 7.80 0.78 0.64 21.2 0.992 <0.0001 

5.6 4.99 0.50 0.43 14.2 0.991 <0.0001 

No control 0.45 0.045 0.11 1.7 0.992 <0.0001 
 

The diagnosis results presented that the correlation coefficients, R2, of all the 

regression equations, were larger than 0.99, and the p-values of F tests were less than 

0.0001 (<< 0.05), signaling a perfect fit to the experimental data, which also indicated 

that the modified Compertz equation was suitable for simulating the hydrogen 

production potential and rate. Additionally, the t-values for each parameter was larger 

than that of t0.975(10)=2.23 (table value), where t= b/SE(b) and SE(b) and (b) represent 

the standard error of b and all parameters to be estimated, respectively. This indicates 

that the evaluated parameters were taken to be statistically significant at a confidence 

interval of 95% [197]. As can be seen in Table 3.2, the hydrogen production potential 

showed a declining trend with an increasing pH, while pH 5.0 and 4.4 had very similar 

potential. Actually the total biogas production volume at pH 5.6 was 23.47L which was 

higher than that of pH 5.0 (21.78L) and 4.4 (20.09L), but it had the lowest H2 content 

(20.9%) because of the concurrent methane production, resulting in the lowest H2 

potential. Although with the greatest yield of H2, the test at pH of 4.4 had a long lag 
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phase of 58.4 hours, while the others had much shorter lag phases with 21.2 and 14.2 

hours for pH 5.0 and 5.6, meaning that the lag time was greatly affected by pH and the 

hydrogen production at low pH needed longer time to be activated. This result was in 

close agreement with the findings obtained by Khanal et al. [73] and Fang et al. [129]. 

The operating environment at a low pH level (around 4.4) might not be suitable for 

hydrogen producers. However, with their adaptation and limited self-adjustment of 

environmental conditions [179], they started to produce hydrogen gradually at a 

moderate rate. This would be an explanation for the longer lag phase, slower start up of 

the ASBR system, as well as the lower hydrogen production rate and yield at pH 4.4 

than pH 5.0. The maximum H2 production rate of 0.64 L H2/h happened at the pH of 

5.0, which was twice the rate at pH of 4.4. Overall, pH 5.0 was identified in this series 

of experiments as the optimal pH for hydrogen production, with the highest H2 

production rate, comparative H2 potential and a moderate lag phase, verified by the 

kinetic models of batch experiments for H2 production from our liquid swine manure 

based substrate. This value is more acidic than the reported optimal pH of 5.5-7.0 in 

some studies [58, 60, 128, 194], but more alkaline than some other ones of 4.5 or below 

[129]. The discrepancy is unclear, but could be attributed to the choice of seed sludge 

and substrate.  

The rate of H2 formation at each pH level, calculated by using Eq. 3.5, is 

illustrated as a function of fermentation time in Figure 3.9. Although it shows a similar 

trend at all pH conditions that the rate increased to a peak value and then decreased as 

fermentation progressed further, the time for achieving the maximum rate was 

distinguishable at different pHs, and the maximum value was quite different as 
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described in the last passage. At pH 4.4, it took as long as 67.6 hours to reach its 

maximum H2 production rate, but the period of H2 production lasted for the longest, 

about 75 hours. When the pH was controlled at 5.0, the system started to produce H2 

after 15 hours of fermentation and reached the maximum rate of 0.64 L/h, which was 

the highest rate among all the pH conditions, and then the production rate declined 

quickly till the production was completely ceased after about 55 hours. The maximum 

production rate at pH 5.6 took 18.5 hours to get to and the period for H2 production 

lasted only 35 hours or so. This confirmed that pH had a significant effect on the 

hydrogen production rate, and the pH of 5.0 enhanced system performance and 

appeared to be the optimum for hydrogen production.  
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Figure 3.9 The profile of hydrogen production rate at different pH 
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As pH was not controlled, the hydrogen production began almost immediately 

after started up without a lag period, but at a very low rate, and reached the maximum 

rate of only 0.11L/ h after 3.28 hours of operation (Figure 3.8). The total H2 production 

process sustained for less than 15 hours. The relatively good H2 production rate 

happened at the relatively stable pH range (5.30-5.15) within the first five hours, after 

which the pH dropped promptly from 5.15 to 3.46 during the next 9 hours and the 

maximum H2 production was quickly reached as the pH dropped to around 4.3. The pH 

reduction significantly slowed down after H2 production ceased, which appeared to 

suggest that the rapid hydrogen production was accompanied with rapid acid production 

to the inhibitory levels which simultaneously depleted the buffering capacity. The 

hydrogen producers could not adapt to the fast change in environment and might have 

been inhibited, which could reversely mitigate the pH change. This was in good 

agreement with what Van Ginkel et al. [84] reported that maximum hydrogen 

production rate occurred before any inhibitory effects were observed. Apparently the 

buildup of volatile acid caused the drop of pH in our case which significantly inhibited 

the bacterial activity. pH of around 4.3 can be possibly considered as a threshold that 

the hydrogen-producing bacteria start to be inactivated. Thus, it is essential to keep the 

pH above 4.3 or even higher to create a stable and favorable environment to assist the 

H2 production during the fermentation process. pH control is also important to suppress 

hydrogen consumers and to obtain an enriched culture of hydrogen producing clostridia. 

By detailed monitoring of pH changes during hydrogen fermentation for uncontrolled 

pH, it was interpolate that pH is the most essential factor that activate/inhibit H2 

production and also substrate utilization.  
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Figure 3.10 Cumulative H2 production, H2 production rate and the pH profile at 
not controlled pH condition 

3.4.6 Kinetic modeling of the hexose degradation 

To further elucidate the observed results and investigate the pH effect on 

substrate consumption, the profile of the difference between initial and monitored 

hexose concentration at certain fermentation times was plotted in Figure 3.11. It was 

observed that hexose degradation under each pH condition increased gradually with 

time to reach a plateau, and its changing patterns were fitted by the modified Compertz 

equation (Eq. 3.4, solid lines in Figure 3.11), with high correlation coefficient values of 

0.998, 0.999, 0.992 and 0.993 for pH 4.4, 5.0, 5.6 and no control, respectively. 

Moreover, the p-values of F-test at a 95% confidence were all less than 0.0001, 

meaning a perfect fit of the experimental data. These results indicate that the modified 

Gompertz model is appropriate for describing the kinetics of substrate consumption. All 

the kinetic parameter values of hexose degradation fitting using Eq. 3.4 at various pH 
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conditions are summarized in Table 3.3. With the increase in pH, the hexose 

degradation entered the exponential phase increasingly rapidly and the lag time became 

shorter, while the lag phase for uncontrolled pH was ignorable in that the T-test for the 

parameter λS turned out to be insignificant. Results also showed that the maximum 

hexose consumption rate reached the peak of 2.99 g/L at pH 5.0, which was more than 

twice that of pH 4.4, suggesting the inhibitory effect of low pH on the reaction activity 

of the sludge with the substrate. Given similar initial hexose concentrations of 21.4, 

20.1, and 20.4 for the tests at pH of 4.4, 5.0, and 5.6 respectively, the final hexose 

degradation efficiencies exceeded 98.8% at controlled pH conditions. However, without 

controlling pH, the hexose utilization stopped after about 20 hours of fermentation and 

obtained a degradation efficiency as low as 33.7%, signaling an inhibition effect on the 

substrate consumption due to the depletion of pH.  

 

Figure 3.11 Profiles of hexose degratation at different pH 
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Table 3.3 Kinetic models for hexose degratation and estimated kinetic parameters 
at various pH conditions 

Equation  1)tλ(
S

eR
expexpSSS S

max

S,max
max0

















+−

∆

×
−×∆=−  

pH ∆Smax (g/L) Rmax,S (g/L/h) λS (h) R2 p-value (F test) 

4.4 21.40 1.33 7.5 0.998 <0.0001 

5.0 19.95 2.99 7.3 0.999 <0.0001 

5.6 20.63 2.00 3.5 0.992 <0.0001 

No control 6.86 0.54 0.6 0.993 <0.0001 
 

The profiles of hexose degradation rate at various pH calculated by using Eq. 

3.5 are plotted against fermentation time in Figure 3.12. Similar to the H2 production 

rate, the rate of hexose consumption increased to a peak value and then decreased as 

fermentation progressed further for each pH condition, yet the lag phase for hexose 

consumption was much shorter. At pH 5.0, the highest maximum rate of 2.99 g/L/h 

among all the pH conditions was reached after 9.8 h of fermentation. As observed in 

Figure 3.12, bacteria started to utilize hexose as soon as the reactor was started up at all 

pHs, while the length of period for the rate to rise to the maximum value was ranging 

from 5.3 to 13.4 hours, and the pattern that the hexose was utilized altered substantially 

with pH variation.  

Compared with Figures 3.9 and 3.10, we learned that the H2 yield stopped after 

the time point that the hexose was exhausted at controlled pH of 4.4 5.0 and 5.6. At 

uncontrolled pH, on the other hand, the H2 production ended before the hexose 

degradation was completely finished. This result suggested that pH at a certain range 

inhibited the H2-producing bacteria while some other bacteria still could consume 
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hexose for production of other metabolites such as solvent. A lower range of pH would 

inhibit all the bacteria that can utilize hexose. Surprisingly, a very good linear 

relationship (R2= 0.993) was observed when plotting the maximum H2 production rate 

against the maximum hexose degradation rate at various pH including the pHs 

uncontrolled (Figure 3.13). This result highly suggested that the hydrogen production 

was closely associated with the hexose utilization though these two events happened at 

different stages. The maximum hexose degradation rate denotes the reaction activity of 

the sludge. It could be speculated that the inhibitory effect of pH on the production of 

H2 resulted from the suppression of the bacterial activity for substrate utilization due to 

an unfavorable pH level. 

 

Figure 3.12 Profiles of hexose degradation rate at different pH 
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Figure 3.13 Relationship between maximum H2 production rate and maximum 
hexose degradation rate 

 

3.5 Conclusions 

To reveal the comprehensive effects of pH on the hydrogen production process 

for the system optimization, five pHs were tested for our ASBR system and kinetic 

models were studied for batch experiments at different pH conditions to understand the 

pH effect on kinetic parameters. The following conclusions could be derived from the 

results of this chapter. 

1. The ASBR startup of all pH conditions was reached within 18 days, while at the pH 

of 5.0, the system achieved a steady biogas producing rate of 23 L/d within 12 days, 

meaning that the microbial community could endure an initial organic loading rate 

as high as 12g hexose/L/d as well as a volume exchange of 1L per cycle, without 

causing system upset. Fluctuations were observed in biogas content during the 
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startup period, with the highest H2 content occurred at the very beginning of each 

test. An average H2 content of 33.5%, 34.2%, and 36.9% was obtained at the steady 

state for pH 4.4, 4.7 and 5.0, with no significant CH4 evolution. In contrast, the CH4 

production became significant after 10 and 6 days of operation at pH 5.3 and 5.6, 

respectively, with concurrent reduction in H2 content in the biogas, signaling a shift 

to methanogenic activity of the sludge at pH 5.3 or higher. Furthermore, inversely 

linear relationship was observed between H2 and CH4 contents when CH4 content 

exceeded 2%.  

2. The H2 content in biogas, H2 production rate and H2 yield were all pH-dependent, in 

the range of 5.1-36.9%, 0.71-8.97L/d and 0.12-1.50mol-H2/mol-glucose, 

respectively, and maximum values for all the three responses were simultaneously 

achieved at pH 5.0. The degradation of hexose was greater than 98.5% at all pHs 

tested, confirming that the ASBR system had a great ability for substrate utilizaiton 

and the hexose degradation efficiency was not affected seriously by the pH 

variation. Acetate, propionate, butyrate, valerate, and ethanol were main aqueous 

products in all tested pHs and their distribution was influenced by pH. The highest 

ethanol production occurred at pH 4.4, which may indicate a community shift to 

solvent production at low pH. Acetate and butyrate levels were independent of pH 

in the range studied, while the acetate/butyrate ratio was found to have a two-way 

linear relationship with the hydrogen yield, suggesting that pH could be divided into 

two ranges: pH 4.4-5.0 for a microbial community predominated by H2-producing 

bacteria while pH 5.0-5.6 for the community to shift to a methanogenic mode, 
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resulting in different patterns of metabolite production. Formation of acetate favored 

the H2 production.  

3. Kinetic models developed from the Gompertz equation were suitable for describing 

the hydrogen production potential and rate, as well as the substrate degradation. pH 

had a profound effect on all the kinetic parameters for hydrogen production 

including hydrogen yield, hydrogen production rate and the lag time, as well as the 

substrate utilization rate. The low pH of 4.4 gave the highest hydrogen production 

potential but with the lowest hydrogen production rate. pH 5.0 was confirmed by the 

kinetic models to be the optimal for the overall H2 productivity. As pH was not 

controlled, a batch with initial pH of 5.3 stopped producing biogas after 20 hours 

when the pH dropped to around 3.9, with a glucose degradation rate of only 33.7%, 

indicating the importance of pH control and the strong impact of pH on H2 

production and substrate consumption. A very good linear relationship (R2= 0.993) 

between the maximum H2 production rate and the maximum hexose degradation 

rate suggested that the inhibitory effect of pH on the production of H2 was a result of 

the suppression of the bacterial activity for substrate utilization due to an 

unfavorable pH level. 
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CHAPTER 4                                                                            
OPTIMIZATION OF THE BIOHYDROGEN PRODUCTION FROM 
LIQUID SWINE MANURE USING AN ANAEROBIC SEQUENCING 

BATCH REACTOR (ASBR) 

4.1 Overview 

Fermentation of liquid swine manure based substrate for hydrogen production 

was performed in an anaerobic sequencing batch reactor (ASBR) under various pH 

values (4.4-5.6), hydraulic retention times (HRT) (8-24h) and substrate glucose 

concentrations (0-20 g/L). Through response surface methodology, experiments were 

conducted following a central composite design and empirical quadratic response 

equations were obtained for hydrogen content of the biogas, hydrogen evolution rate 

and yield with the three independent variables. Contour diagrams were also plotted in 

order to facilitate examination of experimental results. Results revealed that all three 

responses were significantly impacted by the variable and squared pH. Furthermore, pH 

and glucose concentration have a significant interaction effect on H2 production rate, 

while HRT and glucose concentration were interdependent, or they had a mildly 

significant interaction effect on the H2 production rate. The hydrogen content decreased 

while the pH was greater than 5.0 or less than 4.6 and a largest value of 42.7% could be 

obtained at pH 4.8, HRT 8 h, and Cg of 18.7 g/L. The highest hydrogen production rate 

of 26.1 L/d happened under a pH of 4.6, HRT of 8h, and Cg of 20 g/L; Lower HRT and 

higher Cg benefit the H2 production rate because they provide elevated organic loading 

and food to microorganism ratio for the system. HRT shorter than 17h resulted in 
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declined hydrogen yield, while the glucose concentration up to 20 g/L did not cause 

suppression on hydrogen yield.  

The revised optimal condition of pH 4.8, HRT 11h, and Cg of 20 g/L, which 

could achieve 85% of the maximum values of all the three important hydrogen 

productivity parameters, was determined by surface response methodology. Highly 

reproducible results from confirming experiments at the optimal condition indicated that 

the results modeled in this study possessed a high reliability, while the actual results of 

H2 content, H2 production rate and yield were obtained as 40.3%, 23.16 L/d, and 1.36 

mol H2/mol hexose, respectively. Results obtained in this study indicated that the swine 

manure based ASBR system had significant potential of biological hydrogen production. 

4.2 Introduction 

In previous chapters we have successfully developed an ASBR system for 

fermentative hydrogen production from liquid swine manure based substrate, validated 

its feasibility, and investigated the influence of operational factors like pH and HRT on 

hydrogen productivity. Based on those results, the objective of this chapter is to 

optimize the system aiming at obtaining the maximum hydrogen production. For the 

optimization of a fermentation process, nutritional and environmental parameters are of 

primary importance and the interactive effects among the variables ought to be 

determined to guarantee the determination of optimal conditions. In view of this 

situation, it will be laborious, time-consuming and inadequate to perform this operation 

using conventional techniques such as a one-factor-at-a-time method [198]. On 

contrary, the statistically based experimental design is a time-saving method, which can 

not only save a lot of experimental work but also minimize the error in determining the 
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effect of parameters [199]. Some statistical methods including Plackett-Burman design 

and response surface methodology with various designs have been successfully 

employed for optimization in bioprocesses [200, 201].  

Recently, the statistical optimization design on hydrogen production has been 

reported in literature. For example, Fan et al. [115] and Van Ginkel et al. [84] 

evaluated the effects of initial pH and substrate concentration on biohydrogen 

production by enriched anaerobes in batch cultures using the central composite design 

and fractional factorial design, respectively. Similarly, Lay et al. [60] adopted the full 

factorial central composite design to assessing the feasibility of hydrogen production 

from organic municipal solid waste. Pan et al. [202] employed Plackett-Burman design 

to determine the influencing factors and then used the central composite design to 

optimize the process by assessing selected parameters. However, it is lacking in 

literature so far about the optimization of process parameters for an ASBR system on 

biohydrogen production. For hydrogen producing ASBR systems, the most important 

process parameters have been discussed in the previous chapters. In this chapter, the 

central composite design will be employed in planning experiments for learning the 

effect of pH, HRT and glucose concentration of substrate on the fermentation process 

for biohydrogen production. Moreover, the predictive polynomial quadratic equation 

and response-surface methodology were used to determine and explain the conditions 

required for optimizing hydrogen production.  

4.3 Methods and materials  

4.3.1 Experimental design 
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4.3.1.1 Response surface methodology 

In many biological fields, the basic knowledge of phenomena is insufficient to 

build a mechanistic model for system optimization. In this case, the response surface 

methodology (RSM), a collection of empirical models and statistical analyses, can play 

an extremely important role in elucidating basic mechanisms in complex situations and 

thus providing better process design and control [203]. 

In statistics, the response surface methodology explores the relationships 

between several explanatory variables and one or more response variables. The method 

was introduced by G. E. P. Box and K. B. Wilson in 1951 [204]. The main idea of RSM 

is to use a set of designed experiments to obtain an optimal response. It was usually 

employed for multiple regression analysis using quantitative data obtained from 

properly designed experiments to solve multivariate equations simultaneously. The 

graphical representations of these equations are called response surface, which can be 

used to describe the individual and cumulative effect of the test variables on the 

response and to determine the mutual interactions between the test variables and their 

subsequent effect on the response. If only significant explanatory variables are involved 

as in our case, a central composite design can be directly implemented to estimate a 

second-degree polynomial model, which can be used to optimize (maximize, minimize, 

or attain a specific target for) a response. A contour plot is frequently used to find the 

responses of two variables to determine the coefficients by including a large number of 

trials in each and combinations of them, and using some sort of interpolation to search 

for potentially better intermediate values between them [197]. 
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4.3.1.2 Central composite design 

In statistics, a central composite design is an experimental design, useful in 

response surface methodology, for building a second order (quadratic) model for the 

response variable without needing to use a complete three-level factorial experiment. In 

this study a full factorial central composite experimental design is employed to design 

the experiments for the following three variables: (i) pH, X1; (ii) HRT, X2 (hr) and (iii) 

glucose concentration in the influent (Cg) , X3 (g/L).  

In developing the regression equation, the test variables were firstly coded 

according to Equation 4.1:                     

xi= (Xi - Xi*)/∆X i,                                                                                                    Eq. 4.1 

Where:   xi: the coded value of the ith test variable;  

X i: an uncoded value of the ith test variable; 

X i
*: an uncoded value of the ith test variable at the center point; 

∆X i: the step change value of the ith test variable 

The range and the levels of variables employed in this study are listed in Table 

4.1. The center values (zero level) chosen for experimental design were: pH=5.0, 

HRT=16h, and Cg=10g, a combination of variables that was suggested by previous 

chapters that a maximum hydrogen production may be located in the neighborhood. 

Table 4.1 Experimental range and levels of the independent variables 

Variables 
Code and real values 

-2 -1 0 1 2 

X1 pH 4.4 4.7 5.0 5.3 5.6 

X2 HRT (h) 8 12 16 20 24 

X3 Cg (g/L) 0 5 10 15 20 
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The design consists of three distinct sets of experimental runs: 

1. A factorial (perhaps fractional) design in the factors studied, each having two 

levels; 

2. A set of center points, experimental runs whose values of each factor are the 

medians of the values used in the factorial portion. This point is often replicated 

in order to improve the precision of the experiment; 

3. A set of axial points, experimental runs identical to the center points except for 

one factor, which will take on values both below and above the median of the 

two factorial levels, and typically both outside their range. All factors are varied 

this way. 

The design matrix for a central composite design experiment involving k factors 

is derived from a matrix, d, containing the following three different parts corresponding 

to the three types of experimental runs: 

1. The matrix F obtained from the factorial experiment. The factor levels are scaled 

so that its entries are coded as +1 and −1. 

2. The matrix C from the center points, denoted in coded variables as (0, 0, 0, ..., 

0), where there are k zeros. 

3. A matrix E from the axial points, with 2k rows. Each factor is sequentially 

placed at ±α and all other factors are at zero. The value of α is determined by the 

designer; while arbitrary, some values may give the design desirable properties. 

This part would look like Equation 4.2: 
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Then d is the vertical concatenation (Eq. 4.3): 
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The design matrix Y used in linear regression is the horizontal concatenation of 

a column of 1s (intercept) d, and all elementwise products of a pair of columns of d, as 

in Equation 4.4: 

[ ]222 d(k)  ...  d(2)   d(1)   d(k)1)-d(k   ...  d(3)d(1)   d(2)d(1)   d   1   Y ∗∗∗=           Eq. 4.4 

Where:   d(i): the ith column in d 

Given an α of 2 which is widely used, a total of eighteen experiments have been 

performed for these three independent variables each at two levels with four replicates 

of the center values. The matrix of design was summarized in Table 4.2. 

Table 4.2 Full factorial central composite design matrix of three independent 
variables in coded and natural units (α=2) 

Exp. Run x1 x2 x3 

1 -1 -1 -1 
2 1 -1 -1 
3 -1 1 -1 
4 -1 -1 1 
5 -1 1 1 
6 1 -1 1 
7 1 1 -1 
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8 1 1 1 
9 0 0 0 
10 0 0 0 
11 0 0 0 
12 0 0 0 
13 2 0 0 
14 -2 0 0 
15 0 2 0 
16 0 -2 0 
17 0 0 2 
18 0 0 -2 

 

4.3.1.3 Second order quadratic model 

As mentioned in section 4.3.1.1, a second order quadratic model was used to fit 

the data set of responses with experimental parameters. To evaluate the effects of pH 

(x1), HRT (x2) and Cg (x3) on the function response of H2 production, the design matrix 

with the corresponding results were subjected to regression analysis by the least square 

approach and generated the following quadratic equation (Eq. 4.5). A statistical 

software R (version 2.8.1) was employed for quadratic regression. 

Y = β0 +β1x1+β2x2+β3x3+β11x1
2+β22x2

2+ β33x3
2+ β12x1x2+ β13x1x3+ β23x2x3

                 Eq. 4.5                 

Where:   Y: the predicted response 

x1,  x2 and x3: coded independent variables, pH, HRT and Cg 

β0: the offset term 

β1, β2 and β3: linear coefficients 

β11, β22 and β33: the squared coefficients 

β12, β13 and β23: the interaction coefficients 

After the values of function coefficients were determined, the whole regression 

function was checked with the statistical F test, defined as MSR/MSE, where MSR is 
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the mean square of regression and obtained by dividing the sum of squares of regression 

(SSr) by the degree of freedom (df). MSE is the mean squares of error from the analysis 

of variance. If the calculated value of F is greater than that in the F table at a specified 

probability level (i.e. F (P-1, ν, 1-α’)), which is also indicated by a p-value of F less 

than 0.05, then a “statistically significant” regression model is obtained, where ν is the 

degree of freedom of error and P is the number of parameters. F (P-1, ν, 1-α’) is the F 

value at the probability level of α’ (usually α’ is 0.05). Moreover, a high value of R2 

(close to 1) would indicate that the regression model is an accurate representation of the 

experimental data.  

In addition, each coefficient was examined by a T-test, in which the t value was 

obtained from the R software, and a p value [p= Pr (>|t|)] of a coefficient less than 0.05 

would indicate that the coefficient is significance for explaining the experimental data. 

The optimum conditions of pH, HRT and Cg for the hydrogen producing ASBR 

system converting liquid swine manure into hydrogen/metabolites for any response Y, 

i.e., the H2 production rate or hydrogen yield, were obtained by solving the regression 

quadratic equations. The response surface contour plots were created by Sigmaplot 

(version 10). 

4.3.2 Reactor operation and sampling 

The experimental setup was following the description in section 2.3.3. The swine 

manure source and substrate preparation was mentioned in section 2.3.2, and the seed 

sludge source and its enriched process was described in section 2.3.1. When the 

experimental setup was completed, the boiled seed sludge was placed in the reactor with 

additional fresh liquid manure substrate to fill up the working volume of 4 L. The 
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reactor was then closed airtight and purged with nitrogen gas for about 1 minute to 

remove oxygen left in the headspace. The reactor temperature was maintained at 37 ± 

1°C. The startup period was considered complete when the gas production from the 

reactor is detected by the gas meter (in about 24 hrs). The reactor then would enter into 

a continuous operating mode and was fed either 0.67, 0.8, 1, 1.33, or 2 liters of substrate 

each cycle every 4 hours to realize the five hydraulic retention times (HRT), i.e., 8, 12, 

16, 20 and 24 hours. The reactor was stirred constantly except in the settling and 

withdrawal phases (about 30 minutes total) to ensure a thorough mixing and to facilitate 

rapid diffusion of H2. The ASBR system was started over by inoculation once the pH 

changed. For each pH value, conditions with different combination of HRT and Cg were 

conducted according to statistical random number. The length of a test for each 

condition was 7 days after the steady state was reached, indicated by a stable reactor 

operation featuring constant gas production (with a variation of within 5%-10% for 10 

consecutive cycles). The amount of biogas produced was recorded daily using a wet-

gas-meter and the biogas was released continuously to keep a low H2 partial pressure in 

the headspace. Two gas samples were collected daily to test the composition. The 

content of H2, CH4, and CO2 was determined using the method discussed in section 

2.3.6.3. The liquid samples were taken either daily during the test period of each 

condition for analysis of TS, TVS, TSS, or at a 30-min interval for 4 hours cycle, thrice 

for each condition, for analysis of hexose concentration, alcohols and VFAs, and other 

parameters. All liquid sample characteristics were tested by the methods described in 

section 2.3.6.1 and 2.3.6.4. 
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4.4 Results and discussion 

To evaluate the impact of the three variables, pH (x1), HRT (x2) and Cg (x3) on 

the hydrogen production process towards system optimization, a rapid and reliable 

approach is to compare H2 content of the biogas, hydrogen production rate and 

hydrogen yield which are most concerned indicators over those statistically designed 

conditions. Table 4.3 summarizes the design matrix of the variables in both coded and 

uncoded units along with the results of hydrogen content (%), hydrogen production rate 

(L/d), hydrogen yield (mol H2/mol hexose).  

Table 4.3 Full factorial central composite design matrix along with the observed 
responses  

(HPR-hydrogen production rate; HY-hydrogen yield) 

Exp. 
Run x1 x2 x3 pH HRT 

(h) 
Cg 

(g/L) H2 % HPR (L/d) HY            
(mH2/m Hex) 

1 -1 -1 -1 4.7 12 5 30.3±0.5 4.18±0.15 1.05±0.05 

2 1 -1 -1 5.3 12 5 29.9±0.8 3.41±0.11 0.86±0.06 

3 -1 1 -1 4.7 20 5 32.7±0.9 2.12±0.10 0.89±0.04 

4 -1 -1 1 4.7 12 15 36.6±1.2 15.15±0.38 1.27±0.07 

5 -1 1 1 4.7 20 15 33.1±0.9 9.02±0.27 1.26±0.09 

6 1 -1 1 5.3 12 15 30.1±1.1 10.02±0.31 0.84±0.05 

7 1 1 -1 5.3 20 5 30.2±0.7 1.88±0.05 0.79±0.03 

8 1 1 1 5.3 20 15 31.3±1.1 5.82±0.14 0.81±0.04 

9 0 0 0 5.0 16 10 39.4±1.4 8.98±0.21 1.50±0.08 

10 0 0 0 5.0 16 10 38.2±1.2 8.94±0.18 1.50±0.04 

11 0 0 0 5.0 16 10 35.9±0.7 8.90±0.24 1.49±0.06 

12 0 0 0 5.0 16 10 36.5±0.6 8.72±0.17 1.46±0.03 

13 2 0 0 5.6 16 10 5.1±0.6 0.75±0.08 0.13±0.01 

14 -2 0 0 4.4 16 10 31.9±0.4 6.57±0.15 1.10±0.05 

15 0 2 0 5.0 24 10 33.7±1.3 5.10±0.21 1.28±0.06 

16 0 -2 0 5.0 8 10 41.6±2.1 14.30±0.86 1.20±0.08 

17 0 0 2 5.0 16 20 36.2±0.6 16.94±0.91 1.42±0.09 

18 0 0 -2 5.0 16 0 32.8±0.8 0.47±0.03 1.32±0.05 
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4.4.1 Hydrogen content of the biogas 

The design matrix with the corresponding results for hydrogen content of the 

biogas in Table 4.3 were subjected to regression analysis and generated the following 

equation (Eq. 4.6): 

H2%= 37.4− 4.05x1− 0.960x2+ 0.925x3− 4.77x1
2+ 0.0270 x2

2− 0.768x3
2+ 0.325x1x2− 

0.675x1x3− 0.625 x2x3 (P−1= 9; n= 8; F= 5.34; p-value= 0.0137; R2= 0.857)        Eq. 4.6  

Where the response H2% is in its original unit and the x1, x2, x3 are the coded values of 

pH, HRT and Cg, respectively. Since the p-value of the F test for the model was less 

than 0.05 and the value of R2 (0.86) was close to 1, the regression model was 

considered to be a good representation of the experimental data. The magnitudes of 

regression equation coefficients are used as a basis for judging statistical significance 

and illustrating the relative effects of linear, quadratic and interaction between the 

variables. For example, in Eq. 4.6 the effects of pH (x1) are represented by the 

magnitude of the coefficients associated with x1, x11, and x1x2 terms, which are −4.05, 

−4.77, and 0.325, respectively. A calculation of these coefficients revealed that the 

hydrogen content decreased when pH was greater than 5.0 (x1> 0) or less than 4.6 (x1< 

−1.33). Accordingly, there must exist an optimum operating condition for hydrogen 

production in the region between pH 4.6 and 5.0 (−1.33< x1< 0). The T-test for each 

coefficient showed that the p-values of β0, β1, and β11 were less than 0.05 while those 

for others were larger, meaning that pH has more significant effect on the percentage of 

hydrogen in the biogas; and a negative value of β11 suggests the plot of response on pH 

would be a parabola facing down. The optimal hydrogen content, 42.7%, occurred at 
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the condition of a pH of 4.8, with an HRT of 8h, and a Cg of 18.7 g/L, obtained by 

solving Eq. 4.6.  
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Figure 4.1Constant hydrogen content (%) contour lines against the pH and the 
HRT.  (a), (b), (c) and (d) represent 5, 10, 15 and 20 g/L of the glucose 

concentration in the substrate, respectively. 

To facilitate a straightforward examination of the dependence of the hydrogen 

content on the pH, HRT and Cg, four contour plots (Figure 4.1) were constructed using 

Eq. 4.6, presenting the hydrogen content as the response against pH and HRT, at four 



 

124 

different Cg levels: 5g/L, 10g/L, 15g/L and 20g/L. In a contour plot, a contour line for a 

function of two variables is a curve connecting points where the function has the same 

particular value. As seen in Figure 4.1, most contour lines for the hydrogen content look 

almost parallel with the HRT axis, and in the four charts for different Cg (g/L), the 

position of contour lines with the same values didn’t move too much especially at low 

levels, due to the non-significant effect of HRT and Cg on the H2 content. Relatively 

stable H2 content seems to suggest that the hydrogen-producing culture had high 

operation stability regardless of changes in substrate concentration and HRT.  Although 

insignificant, the HRT and Cg still have some impact on the H2 content since we can 

clearly observe from the charts that the highest contour line of 40% appears more often 

at low HRTs and high Cg. On the other hand, the H2 percentage was significantly 

dependent on pH since it was found that slightly changed pH could result in very 

different biogas content, regardless of HRT and Cg. The coordinates of the central point 

within the contour level of 40% lie between 8 and 13 h on the HRT axis and between 

4.6 and 5.0 on the pH axis, at 15-20 g/L of Cg. Therefore, the optimum conditions of 

these three variables for hydrogen percentage were expected to lie around these values. 

4.4.2 Hydrogen production rate 

Modeling of the hydrogen production rate was also done by a response surface 

analysis, evaluating the relationships between pH (x1), HRT (x2) and Cg (x3) with the 

hydrogen production rate. Table 4.3 summarizes the main results and allows the 

following expression for the hydrogen production rate to be derived: 

HPR (L/d) = 8.54− 1.31x1− 2.02x2+ 3.84x3− 1.39x1
2+ 0.117x2

2− 0.131x3
2+ 0.310 x1x2− 

0.914x1x3− 0.844x2x3 (P−1= 9; n= 8; F= 34.1; p-value= 1.939e-05; R2= 0.975)   Eq. 4.7 
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The significance of Eq. 4.7 was estimated using the same statistical approach that had 

been used for Eq. 4.6 and the p-values of F-test was 1.939e-05, much less than 0.05 

indicating that the regression model was suitable for accurately representing the 

experimental data, and the R2 value of 0.975 also indicates a good agreement between 

experimental and predicted values and implies that the mathematical model is very 

reliable for hydrogen production. For the coefficients evaluated, the p-values of β0, β1, 

β2, β3 and β11 in T-test were much less than 0.05, suggesting that all the three variables 

significantly impact the hydrogen production rate and the effect of pH presents a 

strongly quadratic trend. There are two coefficients which are obtained for x1x3 and x2x3 

having p-values larger than but very close to 0.05, which tends to mean that the 

interactive effect of pH and Cg as well as the interactive effect of HRT and Cg on the H2 

production rate is mildly significant. An optimal condition at a pH of 4.6, an HRT of 8h, 

and a Cg of 20g/L was calculated by solving Eq. 4.7, which gave the highest hydrogen 

production rate of 26.1 L/d.  

Subsequently, the data of H2 production rate from Table 4.3 were used to 

construct a series of contour plots using equation 4.7, as shown in Figure 4.2, with (a), 

(b), (c), (d) representing the contour lines of H2 production rate on pH and HRT at 5, 

10, 15, and 20g/L of glucose concentration in the substrate, respectively. The response 

surface has the shape commonly referred to as a “saddle”. As seen in Figure 4.4, as the 

Cg increased from 5 to 20 g/L, the whole saddle shifted towards left and the center 

point of the saddle moved from pH 5.0 to pH 4.7, which suggested that with an 

increasing glucose concentration, the optimal pH for the response decreased.  However, 

the HRT value for the highest response level was always the lowest tested.  
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Figure 4.2 Constant hydrogen production rate (L/d) contour lines against the pH 
and the HRT.  (a), (b), (c) and (d) represent 5, 10, 15 and 20 g/L of the glucose 

concentration in the substrate, respectively 

In the mean time, a dramatic increase on HPR could be achieved when the value 

of glucose concentration was increased in the range from 5 to 20 g/L. The higher the Cg, 

the greater the optimal hydrogen production rate could achieve. Since both HRT and Cg 

would determine the organic loading rate, it was not difficult to understand that higher 

hydrogen production rate resulted from an elevated food-to-microorganism (F/M) ratio. 
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Furthermore, the coordinates of the central point within the response contour level of 20 

L/d lay between 8 and 14 h on the HRT axis and between 4.4 and 5.2 on the pH axis, at 

only 20 g/L of Cg. Therefore, the optimum conditions for H2 production rate combining 

the three variables were expected to lie around these values. 

4.4.3 Hydrogen Yield 

Similarly, by applying regression analysis on the experimental data, the 

following second-order polynomial equation (Eq. 4.8) was found to explain the 

hydrogen yield (HY, mol H2/mol hexose):  

HY= 1.42− 0.195x1− 0.00613x2+ 0.0169x3− 0.235x1
2− 0.0781x2

2− 0.0130x3
2+ 

0.0100x1x2− 0.0728x1x3+ 0.0243x2x3
 (P−1= 9; n= 8; F= 4.97; p-value= 0.0170; R2= 

0.848)                                                                                                                       Eq. 4.8 

Statistical test results showed that the p-value of the F-test was 0.0170 (< 0.05) and the 

R2 of this equation was 0.848 (close to 1), reflecting the high significance of the model, 

and meaning that the regression model was suitable for accurately explaining the 

experimental data. The coefficient estimate and the corresponding p-values suggested 

that the terms of pH (x1), and also x1
2, had significant effect on HY, while other terms 

influence the HY mildly significantly. Therefore, we can also obtain the maximum 

point of the model by setting the partial derivatives of the Eq. 5.8 to zero with respect to 

the corresponding variables, which was 4.8 of pH, 17h of HRT, and 20 g/L of Cg, 

giving the highest hydrogen yield of 1.53 mol H2/mol hexose.  



 

128 

0.0

0.0

0.0

0.0

.2

.2

.2

.2

.4

.4

.4

.4

.6

.6

.6

.6

.8

.8

.8

.8

1.0

1.0

1.0

1.0
1.2

1.2

1.2

1.2

1.2

1.2

1.2 1.4

1.4 1.4

1.4

1.4

1.4

1.2

1.2

1.0

4.4 4.6 4.8 5.0 5.2 5.4 5.6

0.0

0.0

0.0

0.0.2

.2

.2

.2

.4

.4

.4

.4.6

.6

.6

.6

.8

.8

.8

.8

1.0

1.0

1.0

1.0

1.2

1.2

1.2

1.2

1.2

1.2

1.2

1.4
1.4

1.4

1.4

1.4

1.2

1.2

1.0

1.0

1.0

1.0

.8

.8

pH

4.4 4.6 4.8 5.0 5.2 5.4 5.6

H
R

T
 (

h)

8

10

12

14

16

18

20

22

24

0.0

0.0
.2

.2

.2

.2.4

.4

.4

.4

.6

.6

.6

.6.8

.8

.8

.8

1.0

1.0

1.0

1.0
1.2

1.2

1.2

1.2

1.2

1.2

1.2

1.4
1.4

1.4
1.4

1.2

1.0

1.0

1.0

1.0

1.0

.8

.8

.8

.60.0

.2

.2

.2

.2

.4

.4

.4

.4

.6

.6

.6

.6

.8

.8

.8

.81.0

1.0

1.0

1.0

1.2

1.2

1.2

1.2

1.2

1.2

1.4

1.4

1.2

1.2

1.0

1.0

1.0

1.0

1.0

.8.6

.8

.8

.8

.6

.4

.6

8

10

12

14

16

18

20

22

24
(a) (b)

(c) (d)

 

Figure 4.3 Constant hydrogen yield (mol H2/mol hexose) contour lines against the 
pH and the HRT.  (a), (b), (c) and (d) represent 5, 10, 15 and 20 g/L of the glucose 

concentration in the substrate, respectively. 

Figure 4.3 shows the contour curves based on independent variables pH (x1) and 

HRT (x2), while the third independent variable Cg (x3) was distributed at 4 different 

levels (5, 10, 15 and 20 g/L). Similar to hydrogen production rate, the hydrogen yield 

dependence on pH was not linear but in a quadratic mode and the optimal response 

appeared in the middle range below 5.0, meaning either lower or higher pH didn’t 
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benefit the hydrogen yield. But unlike the effect of HRT on hydrogen production rate, 

the hydrogen yield did not reach its maximum value at the lowest HRT, and the lower 

HRT had a suppression effect on hydrogen yield, just as discussed in section 2.4.2.  

Figure 4.3 also shows that the H2 conversion yield can be optimized by 

increasing glucose concentration at our tested range (0-20 g/L), since the contour line 

for the yield of 1.4 mol/mol hexose extended greatly as the Cg grew from 5 g/L to 20 

g/L. At the low glucose concentration of 5 g/L, the yield of 1.4 mol/mol hexose could 

be achieved only when the pH was around 5.0 and the HRT was about 15 h, while it 

became a big circle of pH (4.6-5.0) and HRT (12-22h) range at a Cg of 20g/ L. 

However, the contour line for a yield of 1.2 mol/mol hexose had no obvious 

enlargement with the change of Cg, which was indicative of a stability of the system for 

obtaining a good hydrogen yield from liquid swine manure. In some cases, researchers 

reported a decreased hydrogen yield with increasing glucose concentration, with 

explanations that high glucose concentrations was more directed to the production of 

reduced by-products such as ethanol which wass not accompanied with H2 production 

than that of organic acids [205], or that hydrogen production was inhibited by high 

concentrations of VFAs and alcohols produced in the batch reactor [148]. In our case 

actually, the hydrogen yield was not affected significantly by Cg, just reached the 

highest value of response at the Cg of 20 g/L, and similar results were found by Yang 

and Shen [149] who tested 0-40 g/L of starch concentration and found the best 

hydrogen yield at 20g/L. Increasing substrate concentration without losing hydrogen 

yield may indicate a great organic tolerance of the system and high efficiency of 

substrate utilization as well, probably due to the intrinsic characteristics of the ASBR 
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system, which provided complete mixing and enough time for the substrate to be 

adequately utilized by the suspended microorganisms. In addition, higher microbial 

concentration could also happen under higher substrate concentration, which would 

help enhance the hydrogen yield.  

It was noticed that with an exactly same organic loading and pH, two different 

combinations of HRT and Cg ended up with different results in Run 16 and Run 17. In 

Run 16, the HRT was 8h and the Cg was 10 g/L, obtaining a rate of 14.3 L/d and a yield 

of 1.20 mol H2/mol hexose; Run 17 with an HRT of 16h and Cg of 20 g/L achieved a 

rate of 16.9 L/d and a yield of 1.42 mol H2/mol hexose. Both shortening the HRT and 

raising substrate concentration were aimed to increase the organic loading and food to 

microorganism ratio (F/M) for the system to enhance hydrogen production rate. It was 

interesting to discover that raising substrate concentration up to 20 g-glucose/L is the 

better approach since it can achieve a higher rate without reducing the yield, while the 

HRT of shorter than 17 hours would result in a lower yield even if the H2 production 

rate was elevated.  

4.4.4 Optimization of the ASBR system 

From an engineering point of view, the optimal conditions for a hydrogen 

producing process should be able to achieve satisfying levels of all the three responses, 

including high content of H2 in the biogas to limit CO2 production and reduce the 

possibility of greenhouse effect; high production rate of H2 to realize efficient 

continuous production; and also high H2 yield from unit of substrate to obtain 

economical sustainability. The optimum conditions for each of those three important 

functions have been discussed in previous sections, and the results are summarized in 
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Table 4.4. As seen in Table 4.4, the optimal Cg values are similar and close to 20 g/L, 

while optimal HRTs are quite different for HPR and HY.  

Table 4.4 Optimal conditions calculated from regression functions 

 
H2 content 

(%) HPR (L/d) HY (mol H 2/mol hex.) 

Opt. pH 4.8 4.6 4.8 

Opt. HRT (h) 8 8 17 

Opt. Cg (g/L) 18.4 20.0 19.5 

Max. value 42.7 26.11 1.53 

85% max. value 36.3 22.18 1.30 

 
To optimize all three responses, a compromised optimal condition was defined 

as the combination of three variables that can simultaneously achieve 85% of the 

maximum value of each response, which was a H2 content of 36.3%, an HPR of 22.18 

L/d, and an HY of 1.30 mol H2/mol hexose. Since the optimal Cg was found to be close 

to 20 g/L in common, the response surface plots for 85%+ of maximum H2%, HPR and 

HY were constructed in Figure 4.4, 4.5, and 4.6, respectively, at Cg of 20 g/L to 

determine the optimal conditions of pH and HRT by comparing the common areas.   

In light of Figures 4.4, 4.5 and 4.6, a pH of 4.8 and an HRT of 11h were picked 

out as the compromised optimal conditions from the coincidental area covered by the 

three response surface plots.   
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Figure 4.4 Response surfaces plot for hydrogen content higher than 36.3% 
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Figure 4.5 Response surfaces plot for hydrogen production rate higher than 22.18 
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Figure 4.6 Response surfaces plot for hydrogen yield higher than 1.30 mol H2/mol 
hexose 

4.4.5 Confirmation experiments 

 To confirm the validity of the statistical experimental strategies and the 

predicted results of the optimal conditions, two repeated experiments under the optimal 

conditions (pH= 4.8; HRT= 11h; Cg =20 g) were performed. The results for H2 content, 

H2 production rate and yield are listed in Table 4.5 together with the predicted values by 

the regression models. The predicted value for each of the three responses was greater 

than the 85% of maximum level, verifying the proposed optimal conditions to be a good 

combination of system optimization. 

Table 4.5 Predicted versus Actual results for confirmation experiments 

Responses H2 content (%) HPR (L/d) HY (mol H2/mol hex) 

Predicted results 40.7 22.25 1.36 

Actual results 40.3±1.6 23.16±1.27 1.32±0.11 
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An examination of Table 4.5 revealed that the actual results were close to those 

evaluated using the response surface methodology. These highly reproducible values of 

hydrogen content (96%), hydrogen production rate (95%) and yield (92%) for the H2-

producing ASBR system utilizing 20 g/L glucose supplemented swine manure 

substrate, operated at a pH of 4.8 and an HRT of 11h, verified the model validation, and 

confirmed that the factorial central composite experimental design and the response 

surface methodology are good and useful techniques in this field of study where swine 

manure was used as substrate having significant potential to generate hydrogen gas. 

4.5 Conclusion 

The statistical methodology was employed for planning the biohydrogen 

production from swine manure based substrate using a sequencing batch reactor. 

Eighteen experimental runs were carried out according to a central composite design in 

modeling of hydrogen content, hydrogen production rate, and hydrogen yield under 

various pH, HRT and added glucose concentration. The results revealed that the 

response surface methodology was a good technique for finding the 

influences/interactions of the variables on the important indicating responses for 

hydrogen productivity. Further experiments confirmed that the results measured in this 

study possessed a high reliability and the swine manure had significant potential of 

biological hydrogen production. Based on the results and discussion, the principle 

conclusions derived from this investigation are as follow: 

1. The hydrogen content in the biogas, hydrogen production rate and hydrogen yield 

were all significantly affected by pH as well as squared pH. pH and glucose 

concentration have significant interactive effects on HPR, while HRT and glucose 
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concentration were interdependent, or there was a mildly significant interactive 

effect on HPR.  

2. The hydrogen content decreased when pH was greater than 5.0 or less than 4.6. A 

maximum value of 42.7% of hydrogen content in the biogas can be obtained at pH 

4.8, HRT 8 h, and Cg of 18.7 g/L.  The highest hydrogen production rate of 26.1 L/d 

happened under a pH of 4.6, HRT of 8h, and Cg of 20 g/L; Lower HRT and higher 

Cg benefited the HPR because they provide elevated organic loading and food to 

microorganism ratio. However, HRT beyond 17h would lead to declined hydrogen 

yield, while the glucose concentration up to 20 g/L did not seem to cause 

suppression on hydrogen yield. Maximum hydrogen yield of 1.53 mol H2/mol 

hexose happened at a pH of 4.8, an HRT of 17h, and a Cg of 19.5 g/L.  

3. The compromised optimal conditions at pH 4.8, HRT 11h, and Cg of 20 g/L which 

could achieve 85% of the maximum values of all the three important hydrogen 

productivity parameters was determined by surface response methodology. Highly 

reproducible results of confirmation experiments indicate that the results modeled in 

this study possessed high reliability, while the actual results of the H2 content, H2 

production rate and yield were obtained as 40.3%, 23.16 L/d, and 1.36 mol H2/mol 

hexose, respectively. 
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CHAPTER 5                                                                                 
SUMMARY  

5.1 Introduction 

Despite the “green” nature of hydrogen as a fuel, it is still primarily produced 

from non-renewable sources such as natural gas and petroleum hydrocarbons via steam 

reforming. In order for hydrogen to become a more sustainable and green source of 

energy, hydrogen must be produced either through photosynthetic or fermentative 

routes using waste or renewable substrates.  

Consider that the liquid swine manure was usually used in the anaerobic 

digestion process for CH4 production and possessed various nutrients for bacterial 

growth, we hypothesized that conversion of liquid swine manure to H2 was feasible and 

would be more favorable since the conversion of hydrogen to methane represents a net 

loss of energy because on a mass basis, methane has only 42% of the energy content of 

hydrogen. ASBR system has been chosen to carry out the bio-H2 fermentation process 

due to its flexibility of operation and the characteristics of high biomass-retaining and 

great substrate utilization capability. In light of above considerations, the objective of 

this dissertation was to develop an ASBR fermentation system for bio-H2 production 

from liquid swine manure with the commercialization of this fermentation process as 

the ultimate goal in the future.  

5.2 Summary of research in this thesis 

In Chapter 1 of this thesis, literature has been reviewed for the current needs of 

biohydrogen production towards a hydrogen economy, the related fundamentals and 
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principals of H2 fermentation, recent status of biohydrogen research, the basic physical 

conditions required for a H2 fermentation system like anaerobic environment, favorable 

temperature, and pH, as well as the factors that significantly impact the hydrogen 

fermentation process, including pH, substrate concentration, hydrogen partial pressure 

and hydraulic retention time (HRT). Overall, information on the detailed operational 

parameters has to be defined for the proposed fermentation process as the operation of a 

continuous reactor involves many variables, and due to the lack of understanding of the 

mechanism of hydrogen production within different systems.  

In Chapter 2 we mainly investigated the feasibility of H2 production from liquid 

swine manure using an anaerobic sequencing batch reactor. Two ASBR systems were 

constructed identically and realized automatic control of substrate feeding, effluent 

drawing, mixing, and pH control. Effective pretreatment was developed and used for 

seed sludge acclimation and successfully ensured the absence of methane gas and stable 

system operation. Five HRTs were tested and the influence of HRT on H2 content, H2 

production rate, H2 yield and the metabolites production was discussed. The system 

achieved the highest H2 yield at the HRT of 16 h while that of 12 h was suggested to 

obtain both high yield and high production rate. 

In Chapter 3 we studied the influence of pH on every aspect of the fermentative 

hydrogen production process by operating the ASBR system at five pH levels ranging 

from 4.4 to 5.6 and also conducting batch experiments for kinetic modeling.  The pH 

effects were discussed on startup of the ASBR system, profiles of H2 and CH4 contents 

in the biogas, H2 content in biogas, H2 production rate and H2 yield by the ASBR 

system, production and distribution of soluble metabolites, kinetic parameters of H2 
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production and substrate consumption. pH 5.0 was found to be the optimum for 

hydrogen production. 

In Chapter 4 we employed statistic approaches for system optimization. 

Eighteen experimental runs were carried out according to a central composite design in 

modeling of hydrogen content, hydrogen production rate, and hydrogen yield under 

various pH, HRT and added glucose concentration. Optimal conditions for each of the 

responses were defined and the single effect and interactive effect of the variables on 

the responses were discussed. Finally compromised optimal condition of pH 4.8, HRT 

of 11h, and Cg of 20 g/L were selected to attain a H2 content of 40.3%, a H2 production 

rate 23.16 L/d and a H2 yield of 1.36 mol H2/mol hexose. 

5.3 Directions for future work 

In light of system optimization of the operating conditions, the ASBR process 

for hydrogen production appeared to have great potential to be developed as a practical 

biohydrogen system. Substantial improvements, however, can be made through rapid 

gas removal and separation, bioreactor design, and genetic modifications in the 

microorganisms. 

5.3.1 Gas removal and separation 

Improvements in gas separation will contribute to significant increases in H2 

production. As discussed in Section 1.6.3.4.2, the H2 partial pressure is an extremely 

important factor for continuous H2 synthesis. In Chapter 3 the highest H2 content of the 

biogas was observed at very beginning of the reactor operation as the H2 pressure was 

low in the headspace.  As H2 concentrations increase, H2 synthesis decreases and 
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metabolic activity shifts to pathways that synthesize more reduced substrate [206]. In 

our study, this problem has not been addressed. Moreover, the H2 content of the gas 

mixture was low (~ 40%) while proton exchange membrane fuel cells (PEMFCs) 

require high-purity H2 (99%) [206]. To both maintain continuous H2 synthesis and 

remove diluting (CO2 and CH4) gases, rapid removal of gases and purification of H2 are 

essential. 

Current methods to enhance H2 production by removal of H2 and CO2 include 

sparging with N2 or argon (Ar) gas and applying a vacuum to the head space to reduce 

the H2 partial pressure [178]. Too much sparging, however, dilutes H2 and creates a 

serious problem with respect to separation of the H2 from the sparging gas. Removal 

and selective purification of H2 has been demonstrated using membrane technologies. A 

hollow fiber/silicone rubber membrane effectively reduced biogas partial pressure in a 

dark-fermentation system, resulting in a 10% improvement in the rate of H2 production 

and a 15% increase in H2 yield [124], and a non-porous, synthetic 

polyvinyltrimethylsilane (PVTMS) membrane was used for production of high-purity 

H2 from three different H2 producing bioreactor systems [207]. 

5.3.2 Bioreactor design 

Substantial gains in H2 production can also be achieved through optimization of 

bioreactor designs, and improvements can be made to our ASBR system in many 

aspects: 

(1) using activated carbon or beads as support matrix that allowed retention of the H2 

producing bacteria within the bioreactor at low HRTs may help avoid the decline of  

H2 yield; 
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(2) more intelligent approach for pH control is needed to avoid system upset due to 

excessive addition of acid/base caused by an unexpected circulation block; 

(3) oxidation and reduction potential (ORP) monitoring may help detect oxygen level in 

the reactor and timely prevent leaking or accidental air sucking; 

(4) shortening settling period of the ASBR cycle may improve settleability of the sludge 

and enhance H2 evolution; 

(5) better ways of substrate storage and influent feed are needed to prevent substrate 

consumption by microorganisms in the liquid swine manure before entering into the 

reactor; 

(6) Sugary wastewater or food processing wastewater can be used as substrate 

supplements instead of glucose to make the fermentation process more economical. 

5.3.3 Genetic modification of H2 producing bacteria 

Finally, gains in H2 production may be achieved through genetic modification of 

H2 producing bacteria. Hydrogen producing strains of bacteria can be genetically 

modified in several ways to increase H2 synthesis, including (1) over-expression of 

cellulases, hemi-cellulases, and lignases that can maximize substrate hydrolysis and 

enhance hexose availability from liquid swine manure; (2) elimination of uptake 

hydrogenases; (3) over-expression of H2 evolving hydrogenases that have themselves 

been modified to be oxygen tolerant; and (4) elimination of metabolic pathways that 

compete for reducing equivalents required for H2 synthesis. 
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