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ABSTRACT
Hydrogen could replace fossil fuels for power generation and transportation and

contribute to a low carbon economy. However, current methods of producing hydrogen 

e.g. steam methane reformation of natural gas are not sustainable and also contribute to 

COi emissions.

Dark fermentation of carbohydrate-rich waste organics and energy crops to hydrogen 

using mixed microflora could contribute to the mix of technologies for producing 

hydrogen sustainably. Naturally available mixed microflora can be enriched e.g. by 

heat treatment to select for hydrogen producers, typically clostridia. Fermentation end- 

products from the hydrogen-producing stage could be fed to a second anaerobic 

digestion stage to recover more energy as methane and to stabilise the effluent. 

Although anaerobic digestion is well established, fermentative hydrogen production is 

not.

This work evaluated the feasibility of hydrogen production from two energy crops, 

grass and fodder maize in batch culture without pretreatment; investigated the effect of 

increase in substrate (sucrose) concentration, attractive from an energy point of view, 

on the yield and stability of hydrogen production in continuous culture; examined the 

performance of a mesophilic high rate anaerobic digester treating effluent from a 

continuous hydrogen-producing bioreactor; demonstrated the possibility of changeover 

of substrate - sucrose, starch and xylose - during continuous hydrogen production and 

evaluated the effect of sparging with CO2 , a process gas, on hydrogen production.



It was demonstrated for the first time that hydrogen production from grass and fodder 

maize by direct fermentation in batch culture (2.3 L reactor, 35°C, pH 5.2-5.3) is 

possible, with hydrogen yields of 75.6 ml/g dry matter wilted perennial rye grass and 

62.4 ml/g dry matter of fodder maize. In continuous culture (pH 5.2-5.3, 35°C, 12 hour 

hydraulic retention time (HRT)), stable hydrogen production was achieved up to 40 g/L 

sucrose concentration - with decreasing hydrogen yields, from 1.7±0.2 mol/mol hexose 

added at 10 g/L to 1.2±0.3 mol/mol hexose at 40 g/L - beyond which the system 

became unstable. The decrease in hydrogen yield and lack of stability at higher 

substrate concentrations was attributed to feedback inhibition by volatile fatty acids 

(VFAs). Effluent from the hydrogen reactor was readily degraded in an upflow 

anaerobic filter up to an organic loading rate of 10 gCOD/L/d (2 d HRT) and/or a 

sodium concentration of 1.87 g/L. Reduction of sodium levels in the methane reactor 

by using calcium hydroxide as alkali in the hydrogen reactor was found to extend the 

efficiency of degradation of VFAs; overall COD reduction for the two stage system fed 

with 20 g/L sucrose increased from 83% (with NaOH as alkali) to 91% with Ca(OH)2 . 

It was easier to switch from starch to sucrose and vice versa during continuous 

hydrogen production; however switching from sucrose or starch to xylose was slower, 

requiring operation for about 1 day in batch culture before continuous operation could 

commence. Sparging with CO2 improved hydrogen yield from sucrose by at least 71% 

and appeared to inhibit homoacetogenesis from starch. This work verifies the potential 

technical feasibility of generating hydrogen, a clean energy carrier, sustainably from 

carbohydrate-rich waste organics and energy crops.



CHAPTER 1. INTRODUCTION

LI. Overview
Concerns about dwindling fossil fuel reserves, global climate change due to the

increase in greenhouse gas emissions (mostly CO2) in the atmosphere and conflicts and 

wars due to fluctuating energy prices have led to interest in the development of 

sustainable, carbon neutral energy sources (IPCC 2007; Midilli et al. 2005; Stern 2006).

Combustion of fossil fuels for transportation, heating and power generation contributes 

over half of the world's greenhouse gas emissions and a large fraction of air pollutant 

emissions. Continued reliance on current fuels and end use technologies poses 

significant challenges in air pollution and greenhouse gas emissions particularly in the 

transportation sector. The Kyoto protocol 1997 - an agreement that reduction of COa 

emission is essential for our planet for maintaining climatological and ecological 

balance - commits member signatories to reduction of CC>2 emissions. This means a 

reduction in the use of fossil fuels and could involve their substitution with renewable 

forms of energy.

Many national and international bodies for example the UK Hydrogen Energy Network 

(H2NET), the US Department of Energy (US-DOE), the International Partnership for 

the Hydrogen Economy (IPHE) and the European Hydrogen Association (EHA) have 

identified hydrogen as having the potential to replace fossil fuels. Hydrogen and 

oxygen can be combined in a fuel cell to produce electricity and water (Sammes et al. 

2005). Such a fuel cell has a high efficiency, creates little air pollution and can be used 

for stationary and mobile power generation. Molecular hydrogen is however not 

naturally available. In the UK, over 95% of the hydrogen is produced by steam 

methane reformation of natural gas (Cherryman et al. 2004). The reserves of natural gas



are however not infinite and this method of hydrogen production liberates CC>2 from 

fossil fuels. Renewable and sustainable ways of producing hydrogen are required. 

Direct dark fermentation of carbohydrate-rich waste organics or energy crops could 

contribute to the mix of technologies for producing hydrogen renewably (Claassen et 

al. 2000; Hawkes et al. 2002; Svensson and Karlsson 2005). Dark fermentation is an 

anaerobic energy yielding process where the substrate acts as electron donor and 

acceptor. Since no external energy is added to the process, the word 'dark' is used to 

distinguish it from photofermentation by photosynthetic bacteria where light energy is 

added to drive the process (Hallenbeck 2005). Hogg (2005) defined fermentation as 'a 

microbial process by which an organic substrate (usually a carbohydrate) is broken 

down without the involvement of oxygen or an electron transport chain, generating 

energy by substrate level phosphorylation'. In direct dark fermentation, the 

fermentation is not preceded by a separate step to hydrolyse carbohydrates to 

monosaccharides. The advantages of the dark fermentative route are that it uses 

available technology (similar to anaerobic digestion) unlike photofermentation, a range 

of industrial/agricultural wastes could be used as substrates because of the metabolic 

versatility of the microorganisms and there is the possibility to recover other chemicals 

e.g. organic acids and alcohols.

Acidogens in ecosystems like landfills and sewage sludge produce hydrogen naturally; 

however the hydrogen is consumed by methanogens as fast as it is produced by 

interspecies hydrogen transfer (lannotti et al. 1973). By decoupling the two processes 

of hydrogen production and consumption and creating an enabling environment for 

growth of acidogens, hydrogen production could be enhanced. This is the basis of the 

dark fermentative approach. Pure cultures can be used but inocula derived from natural



sources e.g. anaerobically digested sludge, soil or compost are preferred as they are 

readily available, can oxidise a range of substrates perhaps without pre-treatment and 

there is no need for sterilisation. Along with hydrogen, carbon dioxide and soluble 

fermentation end products are produced. This CO2 was however only recently taken up 

(in biomass) unlike fossil fuels where the CC>2 took millions of years to be fixed while 

the release takes decades. Release of CO2 from biomass is part of the carbon cycle and 

the fermentation process is CC^ neutral. Of the soluble fermentation end products, 

volatile fatty acids (VFAs) e.g. acetate and butyrate usually accompany hydrogen 

production but there is also the possibility of reduced hydrogen production by 

solventogenesis, methanogenesis, homoacetogenesis etc. hence the need to bias 

operating conditions to hydrogen production especially in mixed cultures.

The challenges for optimising hydrogen production by dark fermentation were 

reviewed by Hawkes et al. (2002) and include inoculum selection, inoculum pre- 

treatment, feedstock selection, metabolic and population shifts, product inhibition e.g. 

by produced acids, process design, operation and monitoring; and reactor 

environmental conditions. The progress that has been made in dark fermentative 

hydrogen production recently reviewed by Hawkes et al. (2007) includes the findings 

that heat or acid treatment of mixed microflora is effective in selecting hydrogen 

producers; the optimum pH for hydrogen production appears to lie between 5.2 and 5.8 

for hydraulic retention times (HRT) in the range 6-32 hours; sparging with an inert gas, 

stirring and extraction of hydrogen using membranes appears to improve hydrogen 

yield and reactor type is important. Nevertheless hydrogen yield is lower than the 

theoretical; the maximum H2 yield so far reported using mixed microflora is 2.6 

mol/mol hexose (65% of the theoretical value not considering biomass growth) with a



tb flow rate of 7.6 litres per litre of reactor per day (L/L/d) (CSTR, soil inoculum, 

glucose substrate (2.5 gCOD/L), HRT (2.5-10 hours), pH 5.5, 30°C) (van Ginkel and 

Logan 2005a). Energy efficiency and cost-effectiveness are two other hurdles still 

faced by the dark fermentative process for hydrogen production.

Hydrogen has a higher energy density (142 MJ/kg) compared to alternative biofuels 

e.g. bioethanol (30 MJ/kg) and biodiesel (37-41MJ/kg). A wide range of substrates can 

be used for hydrogen production whereas simple sugars are required for bioethanol 

production and oil seeds for biodiesel production. Hydrogen can be used, among others, 

in transportation, power generation and in the manufacture of other chemicals e.g. 

ammonia; bioethanol and bioediesel are mainly used in transportation. Thus whereas 

bioethanol and biodiesel could also make a contribution to the technologies for 

renewable energy production, biohydrogen appears to be more advantageous from an 

energy viewpoint and flexibility in production and use.

For commercialisation of the dark fermentative process for hydrogen production, 

hydrogen yields, preferably from low or zero cost carbohydrate-rich substrates e.g. 

waste organics or energy crops, have to be improved as well as the volumetric 

hydrogen production rates. The whole process must also have a net positive energy 

yield. In this respect mesophilic operation is in many cases preferred to thermophilic 

operation.

Martinez-Perez et al. (2007) examined the suitability of a range of crops for hydrogen 

(and methane) production in the UK using yield, harvest window and composition of 

the crops as selection criteria and considering the net energy available from the whole



process. The fermentable energy crops fodder beet, fodder maize, sugar beet and rye 

grass were identified as the most suitable substrates for this farm-scale process. Table 

1-1 summarises the main components in forage maize, sugar beet, and rye grass and 

their yields in the UK. For a good fermentation the crops should be low in lignin but 

high in simple sugars or cellulose and hemi-cellulose.

Sugar beet can be stored in clamps. Crops may not be stored by conversion to silage as 

in this process carbohydrates are converted to fermentation end-products. Information 

on the direct fermentability of these energy crops or similar substrates to hydrogen is 

scanty (Fan et al. 2006b). Most studies dealt with investigation of sugar release 

following various pre-treatment methods (Kim and Holtzapple 2005; Kim et al. 2003; 

Mosier et al. 2005; Penaud et al. 1999; Sharma et al. 2002). At laboratory scale only 

batch or fed batch studies on these particulate feedstocks can be carried out because of 

the difficulty in automated feeding of particulates.

Table 1-1. Composition and yield of selected crops in the UK_____________
Crop Lignin Cellulose Hemi- Soluble Starch Yield Harvest 

(%) cellulose carbohydrates (%) (tonne/hectare) window
(%) in UK

Fodder 4.8dm 30.3dm 19.5dm 22.1dm 31dm 17-21 dm Sept-Oct
maize
Perennial <*    57.5*dm ___^ 13-18 dm 3dm 8.5-19.2 dm Jun
rye grass Sept

Sugar 4.5dm 26dm 28dm 17 none 12.6-13.5 dm Sept 
beet_________________________fresh matter__________________Jan____ 
*lignin + cellulose + hemicellulose; dm = dry matter. Adapted from Martinez-Perez et

al. (2007)

Practical application of the dark fermentative process will require continuous operation 

because it is the economically favoured option. Overall yields of hydrogen are usually 

larger in continuous flow systems than in batch reactors (van Ginkel and Logan 2005a).



Nevertheless, batch systems are useful in the generation of data on the fermentability of 

paniculate feedstock (which are difficult to feed continuously at laboratory scale) and 

in the study of possible interaction between experimental factors. For paniculate 

substrates experience of continuous culture requires pilot plant scale.

One of the factors key to the dark fermentative process efficiency - energy recovery 

and cost effectiveness - is the concentration of the substrate. Substrate concentration 

affects the growth rate of microorganisms and therefore hydrogen production rate and 

yield. The effect of substrate concentration on the stability and yield of biological 

hydrogen production has not been well studied despite its technical and economic 

significance. High substrate concentrations would be attractive from an energy point of 

view as they would minimise the energy required for heating, leading to a larger energy 

gain. Energy requirements decrease with substrate concentration (Fannin 1987), and for 

a given weight of organic material, the higher the substrate concentration (and organic 

loading rate (OLR)) the smaller the size (and cost) of the reactor. Srivastava (1987) for 

example reported for methanogenic mesophilic anaerobic digestion (AD), an analogous 

process, that the energy required to heat the feed at 1% total solids (TS) is about 100% 

of the total energy produced, but heating takes only 7 - 8% of the total energy at 15% 

TS feed. High volumetric hydrogen production rates would also require continuous 

operation at the highest substrate concentration possible.

It can be expected that at high substrate concentrations the process would suffer from 

product and substrate inhibition. Un-dissociated volatile acids are reported to be 

inhibitory to microbial growth (Bajpai and lannotti 1988). Increased inhibition is 

expected as the pH tends towards the pKa of the acid (Herero 1983). At standard



conditions, pKa values for acetic and butyric acids are 4.76 and 4.82 respectively. The 

optimum pH for fermentative hydrogen production is 5.2 to 5.8 so inhibition by free 

VFAs could arise.

Thus while continuous, rather than batch, operation and use of higher substrate levels 

are both desirable economically, there are few reports involving substrate 

concentrations above 20 g/L in continuous culture. Also evidence in the literature 

suggests product inhibition may be a problem.

Neglecting biomass growth, theoretically only 33% of the electrons in hexose sugars 

can go to H2 during dark fermentation implying that at least 67% of the substrate 

electrons remain on the fermentation end products. The addition of a second stage 

system to recover the electrons as energy while stabilising the effluent from the 

hydrogen reactor is necessary. Candidate processes include photo-fermentation to 

produce hydrogen or microbial fuel cells to produce electricity, both of which are at 

research and development stage; anaerobic digestion to produce methane is another 

option and is already proven and commercially available. The methane produced can be 

used to power the process or as a transport fuel with hydrogen in internal combustion 

engines thus lowering emissions (Bauer and Forest 2001; Karim et al. 1996). Effluent 

from the anaerobic digester stage would be applicable to land as a fertiliser/soil 

conditioner since it retains all the nutrients e.g. nitrogen and phosphorus (Hogg 2004) 

provided it meets the relevant legislation. Such a two stage hydrogen production and 

methane recovery system, a schematic of which is shown in Figure 1-1, makes a closed 

on-site system for crop growth and should be optimised for energy production and 

environmental impact.
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Figure 1-1. Schematic of the two stage system for producing hydrogen and 
methane.

This system is similar to two stage anaerobic digestion where the acid-forming and 

methane-producing microorganisms are physically separated (Demirel and Yenigun 

2002). The difference lies in the fact that the first stage of the two-stage hydrogen and 

methane recovery system is optimised for hydrogen production whereas that of the 

two-stage AD system is not. The two-stage AD system has a long history (Pohland and 

Ghosh 1971). Maximum loading rates and COD elimination in the methanogenic stage 

of a two-stage AD system operating on glucose were over two times higher than a 

single stage, with process stability also improved (Cohen et al. 1980; Speece 1996). 

The process has been applied in the treatment of wastes including sewage sludge (Lin 

and Ouyang 1993), dairy wastewater (Ince 1998), instant coffee waste (Dinsdale et al. 

1997), food waste (Han and Shin 2004a) and agro-industrial wastes (Weiland 1993). 

Results show that the two stage process improves digestibility although more process 

experience is required with a variety of wastes (Ke et al. 2005).
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As the substrate concentration rises, there is an increase in the amount of alkali (usually 

sodium hydroxide) required to keep the acidogenic Ha producing reactor at the 

optimum pH around 5.2. The methanogenic stage can be affected by salt toxicity e.g. 

from sodium (Bashir and Asif 2005; Speece 1996).

Organic acids entering the methanogenic stage as salts are mineralised and the 

alkalinity (as bicarbonate salts) increases. Methanogenic reactor effluent recycled to the 

Ha-producing stage could reduce net alkali addition. Kraemer and Bagley (2005) 

studied the effect of recycle (recycle ratio of 0.98) on the performance of a mesophilic 

two stage system with glucose entering the hydrogen reactor (CSTR) at 16 gCOD/L 

(OLR 4.8 gCOD/L/d) and the effluent fed to an upflow sludge blanket reactor (no 

granules). Although recycle reduced the amount of alkali required for pH control, the 

performance of both reactors was impaired, with methanogenesis appearing in the 

hydrogen reactor and the COD degradation in the methane reactor reduced 

significantly. This was attributed to the recycling of hydrogenotrophic methanogens 

back to the hydrogen reactor, although if an anaerobic digester type with more effective 

biomass retention had been used this effect may have been less. The decrease in 

performance of the methane reactor was attributed to the decrease in HRT from 2.66 

days without recycle to 1.34 days with recycle.

To date, there is very little information in the literature regarding the performance 

characteristics of a two stage system designed to produce hydrogen and methane 

especially in relation to substrate concentration.

11



Although various types of carbohydrate-rich feedstocks e.g. industrial wastewater, 

food/agro-industrial wastes and energy crops could in principle be used as substrates in 

the dark fermentation process to produce hydrogen year-round, their composition is 

variable. For example, whereas industrial wastewater from a cane factory contains 

sucrose, that from food processing industries such as corn, soybean or tapioca contains 

carbohydrates in forms other than simple sugars. Factories may also change products 

seasonally. Similarly, the carbohydrates in energy crops vary from soluble sugars (e.g. 

sucrose) to homo- and hetero-polysaccharides such as starch, hemicellulose and 

cellulose. Hemicellulose is a complex carbohydrate. Its hydrolysis produces monomers 

like glucose, xylose and arabinose (Kim and Holtzapple 2005; Zhu et al. 2002). Starch, 

sucrose, xylose and glucose have been shown to be fermentable to produce hydrogen 

(Hussy et al. 2003; Khanal et al. 2006; Lin and Cheng 2006; Mizuno et al. 2000). To 

the author's knowledge, there is only one report on the effect of changeover of 

substrate during continuous fermentative hydrogen production, and that had limited 

success (Khanal et al. 2006). More information on the effect of substrate changeover 

during continuous fermentative hydrogen production is required. Presumably a new 

dominant population may develop or in the existing population a new set of enzymes 

may have to be synthesised when one substrate is replaced by another during dark 

fermentation.

It has already been mentioned that the low yield of hydrogen is currently one of the 

main problems facing fermentative hydrogen production. Hydrogen production 

reportedly becomes thermodynamically unfavourable at high hydrogen partial 

pressures i.e. high dissolved hydrogen concentrations (> 30,000 Pa for ferredoxin- 

mediated hydrogen production and >60 Pa for NADH-mediated hydrogen production

12



(Angenent et al. 2004) - see section 1.3.3.6. Sparging with an external gas has been 

used to reportedly reduce hydrogen partial pressure (Kim et al. 2006b; Liu et al. 2006; 

Mizuno et al. 2000; Tanisho et al. 1998). Mizuno et al. (2000) used nitrogen as the 

sparging gas and glucose as the substrate and increased hydrogen yield by 68%. 

Sparging with an external gas is likely to concomitantly reduce the CO2 partial pressure 

and there are conflicting reports on the role played by carbon dioxide concentration. 

Kim et al. (2006b) showed that COa was an effective sparging gas while Park et al. 

(2005) in batch studies showed that removal of CO2 improved hydrogen production. 

Since CO2 arises from the scheme shown in Figure 1-1, it could conveniently be used 

as a sparging gas.

Using nitrogen as a sparging gas, Kraemer and Bagley (2006) recently showed that, 

even under sparging conditions, both Ha and COa remained supersaturated in solution, 

suggesting that the observed increase in hydrogen yield may not be due to reduction in 

hydrogen partial pressure. Sparging will dilute the hydrogen stream but a range of 

membranes for separation of gas components are commercially available and are 

commonly used to purify hydrogen for use in fuel cells. Teplyakov et al. (2002) have 

used a system of two polyvinyl trimethylsilane membranes to separate components of 

gas produced in a biohydrogen reactor achieving gas purities of 90% for Ha and 99% 

for CO2 . The effect of sparging in general and CO2 partial pressure in particular on 

fermentative hydrogen production needs to be clarified.

13



1.2. Aim and objectives of the research
Aim:
  To advance our scientific understanding - and with it the development - of

the fermentative generation of hydrogen from carbohydrate-rich substrates 

using mixed microflora under mesophilic conditions.

Objectives:

  To evaluate the yield of hydrogen from crops (perennial rye grass and 

fodder maize) identified as having a high net energy yield, in batch culture 

without pre-treatment.

  To investigate the effect of increase in substrate concentration, attractive 

from an energy point of view, on the stability and yield of hydrogen 

production by dark fermentation of sucrose, a model carbohydrate, in 

continuous culture.

  To examine the performance of a mesophilic anaerobic digester, a well 

established technology, treating effluent from the hydrogen-producing 

reactor in order to study the recovery of energy as methane and stabilise the 

effluent stream. The overarching question was, 'what organic loading rate to 

the methane reactor can be reached that gives efficient operation without 

increasing HRT (and therefore reactor size and cost) appreciably?'

  To determine the possibility of changeover of substrate during continuous 

dark fermentative production of hydrogen, as the process in industry or 

agriculture may operate on a range of substrates separated in time and 

composition.
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To evaluate the effect of sparging with CO2, a process gas, on hydrogen 

production because of the contradictions in the literature surrounding the 

role played by CO2 partial pressure.

1.3. Microbiology and biochemistry of dark fermentative hydrogen production
This section provides a general overview of the microbiology i.e. microorganisms, and

biochemistry i.e. chemical processes and transformations, involved in dark 

fermentative hydrogen production and downstream processing by anaerobic digestion. 

The purpose is to give a background to the interpretations of the results presented.

1.3.1. Hydrogen-producing microorganisms 
Hydrogen has long been known to be produced in anaerobic ecosystems (Harden, 1901

as cited by Hallenbeck, 2005) but it is only in the last decade that it has come to the 

fore as a possible means of generating hydrogen on a larger scale. Four major steps are 

involved in an anaerobic ecosystem (digestion) process: a, hydrolysis; b, acidogenesis; 

c, acetogenesis and d, methanogenesis (Figure 1-2).

During acidogenesis, the hydrolysed monomers are taken up by different groups of 

fermentative bacteria and are subsequently metabolised to volatile fatty acids, alcohols, 

hydrogen and CO2 . Acetogenesis involves conversion of lactate, alcohols and fatty 

acids longer than acetate to acetate and hydrogen by the obligate hydrogen producing 

acetogenic bacteria; these bacteria require low hydrogen partial pressures. During 

methanogenesis, acetate and H2+CO2 are converted to methane by acetotrophic and 

hydrogenotrophic methanogens. The hydrogen produced during acidogenesis is 

immediately consumed by other microorganisms e.g. methanogens that live in 

syntrophy with the hydrogen producers, reducing the hydrogen partial pressure in the
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system and maximising the efficiency and energy yield of catabolic processes (Fenchel 

and Finlay 1995).

Organic polymers

Sugars, amino acids, long chain fatty acids

Electron sinks e.g. alcohols, lactate, butyrate, 
propionate

Figure 1-2. Processes occurring during anaerobic digestion, a, hydrolysis; b, 
acidogenesis; c, acetogenesis; d, methanogenesis; e, homoacetogenesis.

Natural sources such as sewage sludge (Hussy et al. 2005), soil (van Ginkel and Logan 

2005b), river sediments (Zuo et al. 2005), compost (Fan et al. 2006b; Khanal et al. 

2006), etc. have been used as a source of hydrogen-producing microorganisms where 

they exist in syntrophy with other bacteria. The versatility of these microorganisms as 

exemplified by their existence in a wide range of habitats suggests that a wide range of 

carbohydrates could be used for hydrogen production. Hydrogen producers have been 

isolated from the rest of the bacteria in their natural habitats using a number of 

enrichment procedures e.g. heat treatment or chemical treatment (section 1.3.3.7). Heat 

and acid treatment of digested sludge inoculum completely repressed methanogenic 

activity (Zhu and Beland 2006). Workers (Hussy et al. 2005; Lin and Jo 2003; Shizas

16



and Bagley 2005) who have used inocula without any pre-treatment have relied on 

controlling pH or HRT/ solids retention time (SRT) to inhibit hydrogen consumers. 

Hussy et al. (2005) using raw anaerobically digested sludge were able to obtain stable 

operation in 5 days in two separate experiments (pH 5.2, 15 h HRT) that lasted 45 and 

32 days because of time constraints but methane production was not analysed. On the 

other hand, Shizas and Bagley (2005) using similar inoculum at pH 5.5 and HRT 10 

hours were unable to prevent growth of methanogens. It appears that in addition to 

shorter HRTs (< 20 hours) and slightly acid medium (pH 5-6) pretreatment of the 

inoculum is required to favour hydrogen production and inhibit hydrogen consumers.

When seeded in bioreactors for hydrogen production most of the mixed community 

bacteria were shown to belong to the genera Clostridium or Bacillus or Enterobacter 

(Fang et al. 2002a; lyer et al. 2004; Lin et al. 2006; Sung et al. 2002). Fang et al. 

(2002a) analysed the microbial species present in a hydrogen producing culture (pH 

5.5, 36°C, 6.6 hour HRT, sewage sludge inoculum) with glucose. They found that 

64.6% 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. lyer et al. 

(2004) appear to be the first to follow bacterial population shifts under different 

conditions in a H2-producing reactor (pH 5.5 operating on glucose). At 10 hour HRT 

only Clostridiaceae were detected while at 30 hour HRT the populations were more 

diverse and included Bacillaceae and Enterobacteriaceae. At 10 hour HRT when the 

temperature was changed from 30 to 37°C there was a population shift from 

populations related to Clostridium acidisoli to C. acetobutylicum.

17



1.3.2. Fermentative metabolic pathways and H2 production 
There are three requirements common to all biological hydrogen production processes:

1. a source of electrons; 2. an electron shuttle NAD+/NADH; 3. a catalyst (enzyme) for 

reducing the protons (Benemann 1996). In dark fermentation the carbohydrates provide 

electrons; the inoculum provides the electron shuttle (ferredoxin (Fd) or nicotinamide 

adenine dinucleotide (NAD)) and catalyst (nitrogenase, Fe-hydrogenase and NiFe 

hydrogenase). Electrons flow through the sequence: carbohydrates  » Ferredoxin or 

NADH  >  Hydrogenase  > Hydrogen.

The carbohydrates (hydrolysed if polymerised) enter metabolism through 

phosphorylation i.e. they react with ATP and a kinase to yield phosphorylated 

derivatives. Following the Embden-Meyerhof-Parnas (BMP) pathway, pyruvate, ATP 

and reducing power are formed (Bailey and Ollis 1986) giving an overall equation for 

hexose to pyruvate:

C6Hi2O6 + 2Pi + 2ADP + 2NAD+ -». 2C3H4O3 + 2ATP + 2(NADH+H+) Equation 1 

Given the small pool of NADH in a cell, re-oxidation of NADH is required to propel 

the catabolic process forward and to maintain electrical neutrality; this entails 

production of ATP and hydrogen - equation 4, derived from two half equations 2 and 3 

at standard conditions (Tanisho 2001):

NADH + H+ -> NAD+ + 2H+ + 2e- AE° = +320 mV Equation 2 
2H+ + 2e- -> Hi____________AE°' = -414 mV_______Equation 3 
NADH + H+ -*NAD+ + H2 AE° = -94 mV Equation 4

This step for hydrogen production only occurs (for thermodynamic reasons) at very low 

hydrogen partial pressures (< 100 Pa, section 1.3.3.6). Pyruvate can act as an electron
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sink to allow NADH reoxidation. Figure 1-3 shows the products of pyruvate. Pathways 

that lead to acetate and butyrate produce H2; those that lead to ethanol, propionate, 

lactate, succinate etc., consume [H].

Acetate

Acrylate

2H-

Fumarzte

Formate + Acetyl CoA + H 2 + CO,

Succinate H, CO,

Propionate
Acetoacetyl CoA

4H

Acetone 

2H-

Iso-Propanol

Butyryl CoA 

-4H

Ethanol

Acetate

But/rate

Butanol

Ethanol

Figure 1-3. End products of microbial fermentations from pyruvate. Letters 
indicate organisms which conduct these reactions as follows: A, Lactic acid 
bacteria (Streptococcus, Lactobacillus); B, Clostridium propionicum; C, Yeast, 
Acetobacter, Zymomonas', D, Enterobacteriaceae; E, Clostridia; F, Aerobacter; G, 
Yeast; H, Clostridia (butyric, butylic organisms); I, Propionic acid bacteria. 
Amended from Mandelstam et al. (1986).

To improve Ha production, pathways that consume H2 or [H] should be avoided. 

Furthermore, competing reactions e.g. hydrogenotrophic methanogenesis (equation 5)
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and (homo)acetogenesis (equations 6 and 7) (Bahl and Durre 2001) that reduce 

hydrogen yield should be suppressed:

CO2 +H2 -*CH4 + H2O Equations
2CO2 + 4H2 -» CHjCOOH + 2H2O Equation 6

> 3CH3COOH Equation 7

Some organisms contain NiFe or NiFeSe hydrogenases thought to act as uptake 

hydrogenases i.e the normal metabolic function is to derive reductant from F^ 

(Hallenbeck 2001). The activity of uptake hydrogenase should be curtailed.

If hexose conversion to biomass is not considered, the maximum hydrogen yield for 

acetate as the only VFA produced is 4 mol/mol hexose (equation 8); if butyrate is the 

only VFA produced a maximum yield of 2 mol/mol hexose can be produced (equation 

9). In practice a mixture of both acetic and butyric acids is produced e.g. equation 10 

suggesting a yield of 2.5 mol/mol hexose (Hawkes et al. 2007)

C6HnO6 +2H2O -» CH3COOH + 2CO2 + 4H2 Equation 8
C6H,2O6 -> CH3CH2CH2COOH + 2CO2 + 2H2 Equation 9
4C6H12O6 +2H2O -> 2CH3COOH + 3CH3CH2CH2COOH +8CO2 + 10H2 Equation 10

The pathways for acetate and butyrate formation are elaborated in Figure 1-4. During 

the production of butyrate, hydrogen is produced by decarboxylation of pyruvate to 

acetyl CoA involving ferredoxin. The reaction is not strongly dependent on hydrogen 

partial pressure. NADH is reoxidised by dumping reducing power on butyrate limiting 

the energy yield to 3 mol ATP/ mol glucose (Figure 1-4). For acetate formation, some 

of the reducing power is used to produce hydrogen using the enzyme NADH- 

ferredoxin oxidoreductase. The reaction is endergonic and is only feasible at very low 

hydrogen partial pressures (< 100 Pa). When all NADH is oxidised, acetate is the sole 

product with an energy yield of 4 mol ATP/mol glucose and a hydrogen yield of 4 

mol/mol glucose (Figure 1-4). At a high hydrogen partial pressure, NADH is reoxidised
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at the expense of acetyl CoA leading to the formation of butyrate and accordingly less 

energy available for growth. According to Thauer et al. (1977), acetate formation is 

mainly associated with ATP generation whereas butyrate formation is associated with 

entropy generation (anabolism); the fluxes in the different branches are adjusted such 

that the ATP gain and thermodynamic efficiency (ATP gain/entropy) are optimal for 

the respective growth conditions. Thauer et al. (1977) provide the example of 3.3 ATP/ 

glucose with end products 0.6 mole acetate, 0.7 mole butyrate, 2 moles CC>2 and 2.6 

moles H2 per mole glucose. The butyrate to acetate (B/A) ratio has been used as a 

quantitative indicator of substrate metabolism and H2 production.

GLUCOSE

2ADP • 
2ATP-I

~ 2 Fd
2 F<1H

t2H4

2 PYRUVATE

2 CO,-

2H'

H,

2H- 

M 2

| 2 ACETYL-CoA [

2AOP-
2 ATP-

I BUTYRATE
3 ATP « 2 H,

2 ACtTTATE
4 ATP * /( H,

Figure 1-4. Bacterial metabolism to butyrate and acetate (Fenchel and Finlay 
1995).

A correlation between B/A ratio (COD/COD), r, and hydrogen yield, y (mol/mol

hexose consumed), was given by Kim et al. (2006a):

y = 0.07r + 0.550 (R2 = 0.974) Equation 11
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B/A ratios have been quoted in various units - mol/mol, g/g, COD/COD or TOC/TOC. 

It can be shown mathematically that a molar B/A ratio of 1:1 is equivalent to 2.5:1 on a 

COD basis or 2:1 on a TOC basis. From equation 10, a molar B/A ratio of 1.5 (3.75 on 

a COD basis) would theoretically be expected to give a hydrogen yield of 2.5 mol/mol 

hexose consumed; the equation 11 of Kim et al. (2006a) predicts 0.81 mol/mol. The 

B/A ratio of 1.2 on a TOC basis (equivalent to 1.5 on a COD basis) reported by Fang 

and Liu (2002) in a CSTR operating at 7 g/L glucose (pH 5.5, 6 hour HRT) gave a 

molar H2 yield of 2.1 experimentally, rather than 0.65 as predicted by Kim et al. 

(2006a). It is thus unclear if the correlation between hydrogen yield and B/A ratio is 

useful.

Another pathway for hydrogen formation is the splitting of formate to CO2 and F^ by 

the enzyme formate-hydrogen lyase. The enzyme is affected by redox regulating 

compounds e.g. nitrate and fumarate and will not form hydrogen in their presence. ATP 

and acetate are formed from acetyl CoA. This pathway is mainly associated with 

Enterobacter species.

Depending on the conditions used (section 1.3.3) and the metabolic pathways taken, 

three fermentation types have been observed in hydrogen fermentations: ethanol type 

fermentations produce mainly ethanol, acetate, hydrogen and carbon dioxide (Ren et al. 

1997); butyric type fermentations produce mainly butyrate, acetate, hydrogen and 

carbon dioxide; mixed acid type fermentations produce mainly lactate, acetate, 

succinate, formate (or hydrogen and carbon dioxide) and ethanol. Equation 12 shows 

that for ethanol type fermentation, the theoretical maximal hydrogen yield is 2 mol H2/ 

mol hexose fermented.
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C6H,2O6 + H2O -> CHjCOOH + CH3CH2OH + 2CO2 + 2H2 Equation 12

1.3.3. Factors affecting optimal hydrogen yield and production rate 
Factors that influence the distribution of fermentation products and therefore impact on

hydrogen yield and production rate include temperature, pH, HRT, type of reactor 

(suspended versus attached), mixing and gas transfer, inoculation and acclimation of 

microbial populations, redox potential and nutrient requirements (Hawkes et al. 2007; 

Lyberatos et al. 2005). Feedstock type and concentration is crucial. Contradictions still 

exist on the role played by sparging with respect to Ha and COa partial pressure. The 

mode of reactor operation - batch or continuous - is also important. Reactor modes of 

operation are usually selected based on the output of the desired product in relation to 

reactor size and the extent to which formation of unwanted products can be suppressed 

(Lee 1994).

In a gas-producing batch process, after inoculation, apart from exhaustion of the 

produced gas nothing is added or removed. The composition in the reactor changes 

with time implying that gas production rates can only be quoted at specific times and 

are not steady. From the fermentability point of view, batch modes of operation are 

useful in generation of technical data on the fermentability of particulate feedstock, e.g. 

their conversion or yield of hydrogen and in the study of possible interactions between 

experimental factors - factorial designs - (Nelson 1998) as in the latter the number of 

experiments is usually large but a number of serum bottles can be used, saving valuable 

time.

In continuous systems at constant reactor working volumes, compositions do not 

change with time. The rate of accumulation of reactant is by definition zero; the rate of
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reactant removal by reaction is just balanced by the difference between inflow and 

outflow. Thus stable rates of product e.g. hydrogen can be obtained. Continuous culture 

is preferred when selecting for the fastest growing strain, when substrate limitation is 

desired and for studying effects of shock e.g. toxic substances or disturbances in 

equilibrium conditions. It allows the separation and definition of parameters which are 

interdependent in batch fermentation e.g. culture growth rate, nutritional and physical 

environment and cell density (Stafford 1986). Further it is an invaluable tool in 

exploring microbial form, function or population dynamics. A continuous system is 

easier to control automatically and has low manpower requirements. From an economic 

point of view, continuous operation is the likely option for large scale hydrogen 

production.

1.3.3.1. Temperature 
Temperature affects the growth rate of microorganisms (and therefore conversion of

substrate to hydrogen) in accordance with Arrhenius' equation,

In K = In A ——a- Equation 13
RT

where K is the rate of a given biochemical reaction, Ea is the activation energy, A is a 

constant, R is the universal gas constant and T is the temperature (in Kelvin). An 

increase in temperature would thus lead to an increase in reaction rate. However, since 

the enzymes catalysing the biochemical reactions leading to hydrogen production are 

heat labile, the optimal temperature is a balance between increased rates of reactions 

and increased rates of thermal inactivation of the enzymes.

Bacteria may grow at different temperatures: psychrophilic (<20°C), mesophilic (20- 

45°C), thermophilic (45-65°C) or extreme thermophilic (>65°C). Thermophilic
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operation could improve the thermodynamics of hydrogen production and prevent 

contamination with methanogenic bacteria but it is less likely to be the technically and 

economically viable option because of the energy input needed (Hawkes et al. 2007). 

Exceptions are if pasteurisation is a pre-requisite for disposal or if the carbohydrate- 

rich substrate is from an industry with much waste heat. Studies on the effect of 

temperature on hydrogen production from sucrose (Zhang and Shen 2006) showed that 

increasing the temperature in the range 25 to 40°C increased molar hydrogen yield. In 

another study, the specific hydrogen production rate (ml/gVSS/d) was found to increase 

in the temperature range 33 to 39°C and to decrease beyond 39°C (Mu et al. 2006). 

Using a carrier induced granular sludge bed reactor and a sucrose-based synthetic 

wastewater (20 gCOD/L, pH 6.7, 4 hour HRT, and acid pre-treated inoculum), Lee et 

al. (2006) obtained an optimum temperature of 40°C. Thus mesophilic temperatures in 

the range 30-40°C appear to be favourable for hydrogen production.

1.3.3.2. pH 
pH influences hydrogen production (yield and rate) through its influence on growth and

hydrogenase activity. A pH gradient is necessary for the creation of a proton motive 

force across the cell membrane which can be used to perform work e.g. pumping 

compounds across the membrane. The H2 evolution activity of hydrogenase in 

Clostridium pasteurianum was found to increase as external pH decreased in the range 

8 to 6 (Adams and Mortenson 1984). At pH<4.5 hydrogenase becomes inactive 

resulting in an increased carbon flux towards solvents (Kirn and Zeikus 1984). pH also 

affects the nature of the metabolic products produced e.g. by selecting for a particular 

microorganism (Horiuchi et al. 2002) or inhibiting the growth of others e.g. 

methanogens at low (<6) pH. Table 1-2 shows some of the previous studies on
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determining optimum pH in continuous mesophilic mixed microflora biohydrogen 

reactors. The optimal pH for hydrogen yield seems to be in the range 5 to 6. Higher pH 

values generally favour methanogen growth, inhibiting hydrogen production. For 

example Fang and Liu (2002) in their study of the effect of pH (in the range 4 to 7) on 

hydrogen production from wastewater containing glucose (7 g/L, 6 hour HRT), noted 

that whereas at pH 5.5 or lower no methanogenic activity was registered, increasing the 

pH from 6 to 9 increased methane content in the gas produced from 3 to 9%. However 

Chang et al. (2002), with acid pre-treated inoculum, operated a fixed bed reactor where 

the microorganisms were deliberately retained at pH 6.7 and found methane not 

detectable.

Table 1-2. Optimum operating pH for continuous mixed mesophilic hydrogen 
producing cultures (Hawkes et al. 2007).
pH 
range 
tested
4-6

4-7

5.7
and
6.4
5.0-6.5

5.0-6.5

4.5-6.0

Optimum 
pH

5.2

5.5

5.7

5.5

5.8

5.5

Inoculum

Heat treated
anaerobic
sludge
H2
producing
sludge
Anaerobic
sewage
sludge
Cow dung
compost

Heat treated
grass
compost
Heat treated
soil

Substrate

Starch

Glucose

Glucose

Brewery
waste

Waste
yeast
(beer)
Glucose

HRT
(hours)

17

6

6

18

32

10

Temp. 
(°C)

37

36

35

37

40

30

Max. yield 
(mol H2/mol 
hexose)
2.15

2.1

1.7

43
ml/gCOD
added
NA

2.5

Ref.

(Lay
2000)

(Fang and
Liu 2002)

(Lin and
Chang
1999)
(Fan et al.
2006a)

(Lay et
al. 2005)

(van
Ginkel
and
Logan
2005a)

NA = not applicable.

Similarly Lin et al. (2006), using base enriched anaerobic mixed microflora, operated a 

CSTR on 20 g/L sucrose, HRT between 2 and 12 hours at pH 6.8 for over 350 days and 

did not detect any methane. It is possible that the acid and base enrichment procedures
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removed all the methanogens. Operation at higher pH values also means increased 

alkali (and cost) required for maintenance of pH as the pKa of acetic and butyric acids 

are 4.76 and 4.81 respectively. At a pH of 4.0 to 4.5 and HRT 4 to 6 hours, Ren et al. 

(2006) obtained hydrogen production in an ethanol type fermentation. Hydrogen yields 

obtained at a pH around 4.5 are slightly lower than those obtained in the pH range 5.2- 

5.7 (Hawkes et al. 2007) and whilst a pH of 4.5 might also inhibit homoacetogenesis 

(Hussy 2005) it lowers the threshold required for feedback inhibition by VFAs.

Thus it appears hydrogen can be produced in the pH range 4 to 7, giving ethanol type 

fermentation in the pH range 4.5 to 5 and butyric type fermentation in the pH range 5 to 

7. To completely inhibit methanogenesis a pH less than 6 is desirable. Operation at a 

pH as close as possible to the pKas of acetic (4.76) and butyric acids (4.81) but within 

the optimum pH range (5 to 6) would also reduce the amount of alkali required for pH 

control.

1.3.3.3. HRT 
HRT affects growth and therefore hydrogen production (rate and yield) by influencing

the rate at which substrate (and nutrients) are added, and the rate at which 

microorganisms (for suspended systems) and inhibitory materials are washed out of the 

reactor. Ideally the optimal HRT should equal the reciprocal of the specific growth rate 

of the H2-producing microorganisms but should not be so big as to allow colonisation 

of the reactor by methanogens. The specific growth rate for methanogens was quoted as 

0.4 day' 1 (0.0167 hr"') much less than 0.083 hr' 1 for clostridia (Chen et al. 200la). The 

defining relationships are: D = 1/HRT (optimal) = u where D is the dilution rate and u 

is the specific growth rate for the hydrogen producers. If D»n, washout occurs. If
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D«\i, methanogens could proliferate. For example, despite heat treatment (90°C, 15 

minutes) of a compost inoculum, Khanal et al. (2006) noted that the off gas from a 

hydrogen reactor (sequencing batch, sucrose substrate, 37°C, pH 4.8 and 5.2) operated 

at 30 hour HRT, contained 10-15% methane whereas at 20 hour HRT no methane was 

detected. Since the specific growth rate is substrate specific and also varies with the 

environmental conditions e.g. pH and temperature, the optimum HRT will vary with 

the circumstances. Table 1-3 indicates optimum HRTs reported in the literature.

In CSTRs with soluble substrate, the optimal HRT appears to lie in the range 8-12 

hours. For particulate feedstock an optimal HRT of 18 hour was obtained for brewery 

waste (Fan et al. 2006a), while for waste yeast the optimal HRT was found to be 32 

hour (Lay et al. 2005). Significantly lower HRTs of 1-2 hour were obtained in a fixed 

bed operating on sucrose as a substrate (Chang et al. 2002).

Table 1-3. Optimum HRT for continuous mixed mesophilic hydrogen producing 
cultures
HRT
(hours)
12

8

8

13.7

18

12
32

1(AC)
2 (EC)

pH

6.8

6.4

6.7

5.5

5.5

6.8
5.8

6.7

Substrate

Sugary
wastewater
Sucrose

Sucrose

Sucrose

Brewery
waste
Sucrose
Waste yeast

Sucrose

Reactor
type
CSTR

CSTR

CSTR

CSTR

CSTR

CSTR
CSTR

Fixed bed

H2 yield 
(mol/mol hexose)
1.26

2.26

1.7

2.06

43 ml/ gCOD

1.75
460 ml/gVSS/d
3%w/w feed
0.57
0.36

Ref

(Ueno et al.
1996)
(Chen and Lin
2003)
(Chen et al.
200 la)
(Liu and Fang
2002)
(Fan et al.
2006a)
(Lin et al. 2006)

for (Lay et al. 2005)

(Chang et al.
2002)

AC - activated carbon; EC - expanded clay as packing materials.

28



Using sucrose as a substrate (pH 6.7, 35°C, CSTR, acclimated sewage sludge inoculum 

- gradual reduction of HRT from 20 days to 2.5 days), Chen et al. (200la) studied the 

kinetics of hydrogen production and noted that better hydrogen production (yield and 

rate) occurred at HRT < 13.3 hours; the critical retention time leading to washout was 

5.8 hours with 8 hours being the HRT that gave optimal hydrogen production rate. It 

can therefore be said that for soluble substrates in CSTRs an HRT of between 8 and 12 

hours has been found conducive for hydrogen production. It has to be noted that many 

of the studies on the effect of HRT were done at pH values outside the optimum range 

(5 to 6) yet studies by Lay (2000) on the effect of pH and HRT on hydrogen production 

from starch showed that pH and HRT interact.

1.3.3.4. Type of reactor 
The type of reactor is important to hydrogen production in so far as it affects mixing

and gas transfer (Section 1.3.3.5), steady state biomass concentration and organic 

loading rate. Suspended systems e.g. CSTRs are widely used in fermentative hydrogen 

production and have the advantage of maintaining homogeneity in space and time. But 

they have the disadvantage of biomass being continuously lost, necessitating long 

HRTs (relative to the specific growth rate) and bigger sized reactors. Also as slow 

growing organisms are continuously washed out, the diversity of the reactor could 

decrease with time.

In hydrogen production, retention of bacteria in reactors should allow more catalytic 

power providing other conditions (e.g. pH between 5 and 6) prevent development of 

methanogens. Biomass loss has been prevented by using attached growth high rate 

systems e.g. fixed bed reactors (Chang et al. 2002; Lee et al. 2004a), anaerobic filters
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(Kim et al. 2005), upflow anaerobic sludge blanket (UASB) reactors (Chang and Lin 

2004; Fang and Liu 2001; Han et al. 2005b) or by using membrane reactors (Lee et al. 

2004c; Oh et al. 2004) where the solid biomass is separated from the liquid effluent and 

recycled. Active biomass concentration in reactors relates to OLR and to reactor size 

and affects the rate of hydrogen production but is not necessarily related to molar 

hydrogen yield. Gavala et al. (2006) compared H2-producing CSTR and UASB reactors 

operating on glucose and noted that the UASB configuration was more stable and had a 

higher volumetric H2 production rate. However, the molar H2 yield was higher in the 

CSTR for all conditions tested. Attached growth systems have a short HRT and a high 

organic/hydraulic loading rate (high volumetric hydrogen production rates) meaning 

that smaller reactors can be used; however they are difficult to operate on particulate 

substrate (Lyberatos et al. 2005).

Other reactor types that have been used for hydrogen production include semi-batch 

systems where the reactors are operated on a draw and fill basis (Fan and Chen 2004), 

sequencing batch reactors which are operated as fed batch but the microorganisms are 

retained by settling in a quiescent period and require optimisation of the R (reaction 

period) to S (settling period) (Khanal et al. 2006; Lin and Jo 2003) and the BIOCELL 

process (Han and Shin 2004a). The two-stage BIOCELL process consisted of two main 

parts: three leaching bed reactors for acidogenic hydrogenesis and an upflow anaerobic 

sludge blanket (UASB) reactor for methanogenesis. The three leaching bed reactors 

were operated in a rotation mode with a two-day interval between degradation stages. 

Hydrogen fermentation of 6 days was followed by post-treatment (dewatering/aeration) 

for 2 days in the reactor. The UASB converted VFA and alcohol generated from the 

leaching bed reactors into methane.
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Table 1-4 gives a comparison of OLR, VSS in the reactor, hydrogen yields, volumetric 

hydrogen production rate and specific hydrogen production rate obtained from different 

reactor types. The highest H2 production rate so far reported is 15.09 L/L/hour at 93% 

sucrose conversion, OLR 1708 g sucrose/L/d in a novel continuously stirred granular 

sludge-type reactor seeded with silicone-immobilised sludge (Wu et al. 2006). Granule 

formation is an advantage of a UASB although the start-up period is usually long. Lee 

et al. (2004a) using granules developed after seeding with activated carbon bearing a 

H2-producing biofilm obtained Ha production rates (Table 1 -4) that are higher than for 

most reactors. Sewage sludge after acid pre-treatment was immobilised by gel 

entrapment and used in 24 repeat fed-batch experiments with 20 g/L sucrose. A specific 

Ha production rate of 0.24 L/gVSS/hour was obtained rising to 6.08 L/gVSS/hour with 

repeated use (Wu et al. 2002). Oh et al. (2004) coupled a cross-flow membrane to a 

CSTR (10 g/L glucose, pH 5.5, 26°C). At 3.3 hour HRT, using the membrane to give a 

12 hour SRT increased TSS from 2.2 to 5.8 g/L and volumetric production rate from 

0.3 to 0.37 LH2/L/hour. At a 5 hour HRT, using the membrane to give a SRT of 48 

hours increased TSS from 2.4 to 8.8 g/L but volumetric H2 production rate and yield 

decreased. Fouling and high capital costs are cited as disadvantages of membrane 

bioreactors and so this may not be the technology of choice. Of the reactor types 

investigated, while seeded granules have the best performance with soluble substrate, 

for particulate feedstock biofilm reactors or continuous stirred tank reactors may be 

most successful.

Specific hydrogen production rates are related to the activity of the biomass. Where the 

specific hydrogen production rate, as well as hydrogen yield, is low despite a high
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biomass concentration as in Chang et al. (2002) Table (1-4), it reflects inactivity on the 

part of some biomass.

Table 1-4. Hydrogen yields and production rates as a function of reactor type 
(Hawkes et al. 2007)
Reactor type

CSTR

CSTR

CSTR

Sequencing batch

Leaching bed

Immobilised
sludge (gel)
repeat batch
Biofilm
(activated carbon)
Biofilm
(activated carbon)
CSTR
CSTR+membrane

Granules

Granules

AC seeded
granules
AC seeded
granules
Stirred granular
sludge

Substrate

beer
processing
waste yeast
beer
manufacturing
waste
glucose

sucrose

food waste

sucrose

sucrose

sucrose

glucose

sucrose

sucrose

sucrose

sucrose

sucrose

OLR
(g/L/d)

NG

70 (as
COD)

80 (as
COD)
82

11.9
(as
VS)
NA

427

854

72

49

60

854

854

1708

VSS 
(g/L)

2.3

NG

4.59

4.4-7.5

NA

1
(initial)

15

NG

2.2
5.8
(TSS)
20

5.0

22

26

35.4

Volumetric 
H2 prod, 
rate 
(L/L/hr)

0.045

0.129

0.8

0.42

0.15

NG

1.32

7.4

0.146
0.187

0.54

0.28

5.1

7.3

15.09

Specific H 2 
prod, rate 
(L/gVSS/hr)

0.019

NG

0.093

0.065

NA

0.24-6.08

0.088

NG

0.066
0.032
(TSS)
0.029

0.056

0.34

0.28

0.421

H2 yield 
(mol/mol 
hexose)

NA

NA

2.06

0.94

NA

NG

0.57

1.59

0.4

2.2

0.86

1.2

1.2

1.59

Reference

(Lay et
al. 2005)

(Fan et al.
2006a)

(Zhang et
al. 2004)
(Lin and
Jo 2003)
(Han and
Shin
2004b)
(Wu et al.
2002)

(Chang et
al. 2002)
(Lee et al.
2003)
(Oh et al.
2004)

(Fang et
al. 2002b)
(Chang
and Lin
2004)
(Lee et al.
2004a)
(Lee et al.
2004b)
(Wu et al.
2006)

AC - activated carbon; NA - not applicable; NG - not given.

1.3.3.5. Mixing and gas transfer 
Adequate mixing is important because it overcomes mass transfer resistances of

substrate to bacteria and also of gas from the liquid phase to the gas phase. In attached 

growth systems, performance is strongly influenced by transport phenomena that take
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place onto and into the biofilm. Inadequate mixing at low upflow velocities may lead to 

an accumulation of dead zones in the sludge bed where substrate would be trapped 

unconverted. The mass transfer resistances depend on bulk substrate concentration, 

degree of turbulence in the fluid, morphology, size and cell density of the biofilm, the 

substrate saturation constant, Ks and the maximum specific activity of the active 

microbial biomass (Lyberatos et al. 2005). In CSTRs mixing serves the purpose of cell 

suspension, prevention of wall growth and reduction of gas hold up. Baffles inserted in 

CSTR increase turbulence, prevent vortex formation and eliminate dead spaces (Waites 

et al. 2001). Brosseau and Zajic (1982) studied the effect of agitation, by varying 

impeller tip velocities, on the growth and Hb-producing capabilities of Citrobacter 

intermedius in batch culture. An impeller tip speed (N*D) where N = revolutions per 

sec (rps) and D = diameter of impeller (m) of 2.6 to 3.4 m/s was found optimal (500 to 

650 rpm). Escape of gas bubbles from the fermentation fluid was retarded at a tip speed 

of 4 m/s. Ren et al. (1995) noted that impeller Reynolds numbers (pND2/^ where p = 

density, N = rps, D — diameter of impeller and u = viscosity) of 1600 - 1900 were 

optimal for hydrogen production rate. In continuous experiments with a heat shocked 

inoculum, an increase in the speed of a magnetic mixer from 100 rpm to 700 rpm more 

than doubled the hydrogen production rate, from 700 to 1600 L/m3/day (Lay 2000).

Too much agitation can also lead to a decrease in biological activity in the cell (Berzins 

et al. 2001), cell death (Cherry 1993) or suppression of growth and propagation of 

methanogenic centers (Vavilin and Angelidaki 2004). For CSTRs, Zwietering (1958) 

investigated the required stirrer speed and stirrer dimensions for suspending solid 

particles in a low viscosity liquid and developed a simple criterion for ensuring 

homogeneity: "if by looking at the bottom of the reactor, no solid matter rests on the
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bottom for more than 1-2 seconds then the reactor is adequately mixed". This is the 

'just suspended criterion'. The effectiveness of agitation depends upon the design of the 

impellers, speed of agitation and the depth of liquid.

1.3.3.6. H? and CO; partial pressure
Poor mixing can lead to poor gas transfer and increase the amount of dissolved

hydrogen (and  62) in the reactor medium. A high hydrogen partial pressure limits the 

thermodynamic feasibility of re-oxidation of NADH (as it makes the reaction (equation 

4) endergonic) and therefore limits hydrogen production. Instead, other fermentation 

products, e.g. butyrate, are formed (Figure 1-4). Angenent et al. (2004) estimated that 

hydrogen production can continue as long as the hydrogen partial pressure is less than 

0.3 atm (30,000 Pa) for ferredoxin as electron shuttle or less than 60 Pa for NADH as 

electron shuttle.

Sparging with an external gas has been used in an attempt to reduce hydrogen partial 

pressure. Sparging with nitrogen at around 15 times the hydrogen production rate in 

experiments with mixed cultures on glucose (35°C, pH 6, 8.5 hour HRT) increased 

hydrogen yields from 0.85 to 1.43 mol/mol glucose (Mizuno et al. 2000). Hussy et al. 

(2005) showed for CSTR operation on 10 g/L sucrose that sparging with nitrogen 

increased hydrogen yield from 1.0±0.1 to 1.7±0.2 mol/mol hexose. With particulate 

starch, Hussy et al. (2003) found sparging with nitrogen to reduce hydrogen in the off 

gas from 50% to 7% increased hydrogen yield from 1.3 to 1.9 mol/mol hexose 

converted.
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Continuous sparging of the reactor may use other process gases such as methane and/or 

CC>2 from anaerobic digestion or recycled gas after hydrogen has been stripped. Liu et 

al. (2006), using biogas from an anaerobic digestion second stage, stripped CC>2 and 

FbS and sparged the first stage hydrogen-producing reactor with the resulting methane- 

rich gas. An 88% increase in hydrogen production rate resulted. Evidence from a batch 

study suggested reducing COa content may reduce acetogenesis and increase H2 yield. 

Park et al. (2005) suspended a CO2 scavenger - KOH - in the headspace of a batch 

reactor generating hydrogen from glucose and found that reduction in CO2 partial 

pressure increased the hydrogen yield by 43%; this was attributed to inhibition of 

homoacetogenesis. However, recent results from Kim et al. (2006b) with a CSTR 

operating on 20 gCOD/L sucrose (pH 5.3, 12 hour HRT), comparing sparging with 

CC>2 and with N2 , showed CO2 sparging was more effective in improving hydrogen 

yield. Contrary to expectations, microbial analysis indicated acetogens and lactic acid 

bacteria were inhibited by the high CC>2 partial pressure and substrate conversion to 

microbial biomass was reduced. Compared to a control (no sparging), only t^- 

producing bacteria e.g. Clostridium tyrobutyricum, Clostridium proteolyticum and 

Clostridium acidisoli were detected (16S rDNA and PCR-DGGE techniques) in the 

CCVsparged reactor. These results could prove useful in industrial situations if they 

can be extrapolated to other substrates. It is possible that comparison of the results of 

Park et al. (2005) and Kim et al. (2006b) highlight differences which may exist 

between experimentation in batch and continuous conditions.

Studies by Kraemer and Bagley (2006) however suggested that it is practically 

impossible using sparging to reduce the hydrogen partial pressure to the level (0.5 uM 

dissolved hydrogen) required to stop inhibition by hydrogen partial pressure although
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in their study hydrogen yield increased from 1.3 to 1.8 mol/mol hexose as a result of 

sparging. Using nitrogen as a sparging gas at a sparging rate (80 ml/L reactor/min) 

greater than any rate previously reported, those workers found by headspace GC 

analysis that the reactor medium was supersaturated with hydrogen (485 uM dissolved 

hydrogen) as well as CO2. Their results suggested mass transfer limitations on the 

movement of H2 and CO2 from the liquid into the gas phase, and they concluded that 

the common assumption that sparging increases the yield of hydrogen because of lower 

dissolved H2 concentrations may be incorrect. No information about how mixing was 

achieved in the reactor was however given. There seems at present no satisfactory 

explanation for the proven increase in H2 yield with sparging.

1.3.3.7. Inoculation and acclimation of microbial populations
Inocula from natural sources e.g. anaerobically digested sewage sludge (Hussy et al.

2005), soil (van Ginkel and Logan 2005b), river sediments (Zuo et al. 2005), compost 

(Fan et al. 2006b; Khanal et al. 2006) etc. has been enriched to harvest hydrogen 

producers using a range of methods. These include heat treatment, acid or base 

treatment, use of inhibitors e.g. bromoethanesulphonic acid and iodopropane, treatment 

with sodium chloride or simply control of reactor environmental conditions e.g. pH and 

HRT and/or SRT (Kawagoshi et al. 2005; Lin et al. 2006; Oh et al. 2003; Zhu and 

Beland 2006). In conditions which are unfavourable for growth e.g. heat, chemicals, 

radiation, starvation etc., vegetative cells of certain bacteria differentiate to form 

metabolically dormant spores (endospores) which are resistant to harsh treatment. 

Endospores were for example demonstrated in a chemostat (glucose feed, pH 6, 30°C) 

by starving the microorganisms for six hours (Cohen et al. 1985). This ability to form 

endospores is one of the main characteristics of clostridia. Endospores can revert back
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to vegetative cells i.e. germinate given appropriate conditions e.g. heating to elevated 

but sub-lethal temperatutes, presence of nutrients e.g. sugars, amino acids etc. but 

germination is inhibited by oxygen (Mitchell 2001). Cost considerations preclude the 

use of expensive chemicals e.g. bromoethanesulphonic acid. Heat treatment of a soil 

inoculum (drying at 104°C for 2 hours) was found to be more effective in inhibiting 

other microorganisms compared to hydrogen producers (Oh et al. 2003). Heat and acid 

treatment was found to completely repress methanogenic activity unlike base treatment 

(Zhu and Beland 2006). Kawagoshi et al. (2005) compared the effect of conditioning - 

heat and acid treatment - of a number of inocula - aerobic activated sludge, anaerobic 

digested sludge, soil (water melon field), soil (kiwi grove field), lake sediment and 

aerobic refuse compost - on hydrogen production from glucose in a batch process. The 

highest H2 production was obtained with heat-conditioned anaerobically digested 

sludge. Unconditioned sludge gave almost the same amount of hydrogen as the heat- 

conditioned digested sludge. It is probable that the hydrogen consumers in the 

unconditioned digested sludge may not have proliferated given the short timescale (<50 

hours) of the batch studies. Considering all the above factors, heat treatment of the 

inoculum may be necessary. Apart from inhibiting the non spore-forming hydrogen 

consumers, heat treatment may also activate clostridial spores to start germination; heat 

alters the germination receptor so that it is more responsive to the presence of 

germinants.

Many H2 producing microorganisms are obligate anaerobes i.e. oxygen is toxic to them. 

Oxygen derivatives e.g. superoxide anion, hydrogen peroxide and hydroxyl radicals are 

known to damage biological molecules and a popular explanation for growth inhibition 

of obligate anaerobes in the presence of oxygen is the lack of systems to eliminate these
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species (Mitchell 2001). In conventional anaerobic digestion, the microbial community 

includes facultative anaerobes e.g. Enterobacter aerogenes that consume any oxygen 

present. A heat treated inoculum is however not likely to contain facultative anaerobes 

as they do not form spores. After inoculation it is typical to flush the headspace of the 

reactor with an inert gas to drive off oxygen (Hussy et al. 2005) or add reducing agents 

like cysteine to remove dissolved oxygen (van Ginkel and Logan 2005b).

The acclimation of the inoculum is a very important step bringing significant changes 

to the microbial population and allowing the microbial population to be adapted to the 

substrate. It is a natural selection process resulting in a dominant microbial population 

that can be quite different from the initial inoculum. Ren et al. (2006) reported that 

during start up, fermentation product changes were mostly caused by ecological 

succession of microflora, while in the steady state they were mainly caused by 

biological regulation of metabolism. A length of 12 HRTs was suggested as the time 

required in continuous reactors for the microorganisms to get acclimated/adapted to the 

substrate (Lyberatos et al. 2005). By slowly reducing the HRT, Chen and Lin (200 Ib) 

using untreated inoculum noted that stable hydrogen production could be achieved in 

60 days. On the other hand stable hydrogen production could be achieved in 5 days by 

using a batch start up procedure with untreated inoculum and turning to continuous 

operation (12 hr HRT) after significant gas production was achieved (Hussy et al. 

2005).

1.3.3.8. Nutrient requirement

As well as nitrogen and phosphorus, nutrients known to be significant for efficient

hydrogen production include sulphur and iron, significant components in hydrogen-
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producing hydrogenases. Magnesium, sodium, zinc and iron were also shown to be 

important trace metals affecting hydrogen production in batch culture, with magnesium 

the most significant (Lin and Lay 2005). For most laboratory studies with pure 

substrates, nutrient concentrations were presumably well in excess to ensure carbon 

limitation, though few papers actually state this. The simple salts medium chosen by 

Zoetemeyer et al. (1982a) was said to guarantee excess of all essential nutrients other 

than glucose and thereby allow glucose-limited growth of the bacteria.

Most laboratory work to date seeking to optimise nutrient addition has used batch 

cultures. More information is needed on minimum amounts of nutrients needed for 

continuous operation as results of batch studies are difficult to extrapolate to 

continuous operation. Although some clostridia are nitrogen fixing, laboratory studies 

with defined carbohydrates all use a nitrogen source and many report yields of more 

than 1 mol Ha/mol hexose with addition of mineral nutrients only. Whilst Ren et al. 

(1995) report hydrogen production from sugar or corn starch with addition only of N 

and P salts, most studies have used more complex mineral salts solutions. Four 

examples are given in Table 1-5 of element concentrations and COD:N and COD:P 

ratios in studies using defined media with glucose (Fang and Liu 2002; Lin and Chang 

1999; Mizuno et al. 2000; Zoetemeyer et al. 1982a; Zoetemeyer et al. 1982b). Table 1- 

5 shows COD:N ratios varying between 11:1 and 73:1. Ren et al. (1995) reported 

hydrogen production at an even higher COD:N of 160-200:1. Lin and Lay (2004) 

reported that a carbon to nitrogen ratio of 47:1 (COD:N of 125:1) was the optimum. 

From Table 1-5, COD:P ratios show an even wider variation from 73:1 to 970:1. 

Though the earliest work in Table 1-5 (Zoetemeyer et al. 1982a) did not measure 

hydrogen yield, all other hydrogen yields are between 1.4 and 2.1 mol/mol hexose.
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Thus reasonable hydrogen yields were obtained despite the wide variety of nutrients 

added. Apart from nitrogen and phosphorus, only potassium, magnesium and iron are 

common to all recipes in Table 1-5. There is a 20-fold variation in the amount of iron 

added with respect to hexose concentration; one or more workers did not add one or 

more of the elements nickel, calcium, boron, molybdenum, zinc, cobalt, copper, 

manganese or iodine. Mu and Yu (2006) exceptionally did not add a sulphur source to 

the medium.

Table 1-5. Element and hexose concentrations (mg/L) and ratio of COD to N and 
P for defined media in some studies on continuous hydrogen production with 
mixed cultures

Element

N
K
S
Mg
Ni
Ca
B
Mo
Zn
Co
Cu
Mn
I
hexose
COD:N
COD:P

(Fang and 
Liu 2002)

131
112
42
32
12
14
0.4
0.01
11
6.2
3.7
8.3
-
7000
57:1
73:1

(Lin and Chang 
1999)

929
56
5.5
13
-
-
-
-
-
0.04
1.3
-
-
20000
23:1
970:1

(Mizuno et al. 
2000)

680
113
0.6
32
0.13
-
0.07
0.20
0.24
0.74
-
0.69
1.91
10000
16:1
240:1

(Zoetemeyer et 
al. 1982a, 1982b)

351
97
12.8
3.6
-
0.20
-
-
0.40
-
-
-
-
10000
30:1
140:1

The actual concentration of elements in the reactor for a defined medium includes tap 

water concentrations and impurities in reagents used. Our information on true 

concentrations is even less certain when using substrates from crops or food wastes. As 

the technology is applied to a greater range of substrates, studies of nutrient 

requirement will become more necessary for process optimisation and cost- 

effectiveness. The minimum amounts of nitrogen, phosphorus, sulphur, iron and trace

40



minerals needed for efficient Fb production in continuous reactors at various conditions 

of e.g. pH and substrate concentrations, must be determined.

1.3.3.9. Redox potential

Redox potential (Eh) is a measure of the tendency of a compound to lose or gain 

electrons; it can be used as a measure of the availability of electrons. Historically, 

redox potential measurement of bacterial cultures has been motivated by the need to 

monitor oxygen-free conditions while cultivating obligate anaerobes. Negative redox 

potentials indicate oxygen free conditions. During batch start up of a hydrogen reactor 

operating on glucose, it was observed that redox potential fell sharply to -200 mV as 

gas production started (van Ginkel and Logan 2005a). A number of explanations have 

been put forward as contributing to this decrease in redox potential (Srinivas et al. 

1988): (i) exhaustion of trace levels of oxygen from the medium; (ii) hydrogen 

produced by bacteria emerging from the lag phase; (iii) reductants produced by 

microorganisms to reduce the growth environment. According to Cai et al. (2004), 

redox potential represents the amount and type of oxidative-reductive substrate 

contained in the liquid. In continuous hydrogen producing cultures redox potentials of 

between -400 and -500 mV were reported (Gong et al. 2004; Kataoka et al. 1997).

Although culture redox potential is readily measured, its mechanistic interpretation is 

difficult; a large number of redox couples present in the broth interact with the 

platinum electrode in the redox probe. Consequently the measured value cannot be 

assigned to a specific extracellular or intracellular redox reaction. Also the intracellular 

reactions are compartmentalised and may exist under non-equilibrium conditions.
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Uncertainty exists about the identity of the redox mediators responsible for the 

measured redox potential.

1.3.3.10. Feedstock
Hydrogen production from soluble and particulate starch and cellulose (Hussy et al.

2003; Lay 2000; Ueno et al. 2001) and from sugar beet (Hussy et al. 2005) has been 

demonstrated in CSTR experiments using mesophilic mixed microflora. Hydrogen 

production from other carbohydrate-rich complex materials has been shown mainly in 

batch conditions, presumably because of the difficulty of delivering particulate matter 

to continuous reactors at laboratory scale. Van Ginkel et al. (2005c) studied the 

potential for H2 production of wastewaters from the confectionery, apple and potato 

processing industries with CODs between 9 and 21g/L in batch conditions at room 

temperature. Since the factory used chlorine bleach daily and carbohydrate 

concentration varied, Van Ginkel et al. recommended an equalisation tank.

Investigations of organic fractions of municipal solid waste using mixed microflora in 

batch studies showed fifteen to thirty times more hydrogen was produced from rice and 

potato than from egg, meat or chicken skin (Okamoto et al. 2000). Hydrogen 

production from dining hall food waste as a solid has been studied in a mesophilic 

leaching bed reactor (Han and Shin 2004a) and as slurry in a CSTR fed daily by the 

draw-and-fill method at mesophilic and thermophilic conditions (Youn and Shin 2005). 

Data on the direct fermentability of substrates like crops and food wastes to hydrogen is 

scanty; Fan et al. (2006b) have only recently demonstrated hydrogen production from 

wheat straw wastes using cow dung compost as inoculum. Crops like perennial rye 

grass are carbohydrate-rich; they contain soluble non structural carbohydrates (glucose,
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sucrose, fructans etc.) in addition to starch and insoluble complex structural 

carbohydrates (cellulose and hemicellulose) that could be exploited for hydrogen 

production.

Most studies on continuous biological hydrogen production used substrates at 

concentrations below 20 g/L (Fang and Liu 2002; Hussy et al. 2005; Lin and Jo 2003). 

Hydrogen production studies at substrate concentrations above 20 g/L have been 

conducted in batch modes of operation (Lay and Noike 1999; Majizat et al. 1997; van 

Ginkel et al. 2001). In continuous culture, Zoetemeyer et al. (1982c) varied the glucose 

concentration from 2.5 to 75 g/L while studying the acidification of glucose at 30°C, 

pH 6.0 and HRTs that increased with increasing substrate concentration (2.17 hours at 

2.5 g/L to 25 hours at 75 g/L). However, their main interest was not hydrogen 

production. Ren et al. (1995) studied the effect of organic loading rate (4.5 - 75.7 g 

sucrose/L/d) on hydrogen production. However, since the HRT was not given, the 

effect of substrate concentration was not clarified. Organic loading rates of 3-8 g 

VS/L/d of food waste were used in a two stage mesophilic system (Youn and Shin 

2005) but hydrogen yields in the hydrogen generating reactor (5 day HRT, pH 5.5) 

were poor (0.07 to 0.56 mol/mol hexose consumed) presumably because some of the 

hydrogen was consumed to produce methane. When the first stage was operated at 55 

°C, there was an improvement in both hydrogen and methane yields. However 

operation at a higher temperature means that more energy is required for heating and 

may more than offset the improvement in gas yields. Loading rates of up to 13.1 

gCOD/L/d of wastewater from a hydrogen reactor operating on food waste were 

achieved in an Upflow Anaerobic Sludge Blanket (UASB) methanogenic reactor at a
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hydraulic retention time of 6 hours (Han et al. 2005a). This equates to a substrate 

concentration of 3.3 g COD/L which is rather low.

Higher substrate concentrations should allow more energy-efficient operation but 

product inhibition is likely to set the upper limit. With glucose concentrations between 

2.5 and 10 gCOD/L and HRTs of 1 to 10 hours, increased OLR decreased H2 yield 

from 2.8 to 1.7 mol H2/mol glucose at 30°C and pH 5.5 (van Ginkel and Logan 2005a). 

This effect was mostly related to increased glucose concentration rather than changes in 

HRT and was attributed to H2 inhibition. However, Kim et al. (2006a) investigating the 

effect of a range of sucrose concentrations (10 to 60 g/L as COD) in a CSTR at pH 5.4, 

12 hour HRT, found the hydrogen yield at hexose concentrations below 20 gCOD/L 

decreased. Above 35 gCOD/L, overload occurred, with the maximum molar H2 yield of 

1.22 mol/mol hexose consumed at an inlet sucrose concentration of 30 gCOD/L. A 

decrease in performance in terms of molar H2 yield at 40 g/L was noted by van Ginkel 

and Logan (2005b) when comparing operation of a CSTR on 10, 20, 30 and 40 g/L 

glucose at 2.5 and 10 hour HRTs. At 40 g/L the yield decreased from 2.0±0.2 mol/mol 

hexose (10-30 g/L influent glucose concentration) to 1.6±0.1 mol/mol hexose and a 

switch to solventogenesis occurred. These changes were attributed to inhibition by 

undissociated VFAs.

The level of undissociated acetic and butyric acid (a function of pH and substrate level) 

as well as the H2 concentration may set the upper limit of substrate concentration. The 

initiation of solventogenesis above an undissociated butyric acid concentration of 

13 mM (1140 mg/L) was suggested experimentally by van Ginkel and Logan (2005b). 

Externally added acetic and butyric acids at pH 5.0 to give undissociated acid
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concentrations in the reactor of 50 and 63 mM (3000 and 5544 mg/L) respectively or 

self produced acids to give a total undissociated acid concentration of 19 mM almost 

completely inhibited hydrogen production (van Ginkel and Logan 2005b). Studies with 

Clostridium acetobutylicum at pH 5.0 (Leung and Wang 1981) suggest that butyrate 

was not inhibitory to growth at concentrations below 10,000 mg/L (undissociated 

concentration of 76 mM), but it completely stopped cell growth at 17,000 mg/L 

(undissociated concentration of 129 mM). van den Heuvel (1985) studied substrate and 

product inhibition using glucose as a substrate at a pH of 5.8 in a repeated fed batch 

mixed culture. He reported a lethal free butyric acid concentration of 4,210 mg/L (48 

mM). Acetate was not found inhibitory below 12,000 mg/L (undissociated 

concentration of 100 mM). Zheng and Yu (2005) added various amounts of sodium 

butyrate to batch reactors producing hydrogen from 10 g/L glucose at a pH originally 

adjusted to 6.0 and report that concentrations of 4.18 g/L and 6.27 g/L only slightly 

inhibited hydrogen production; 8.36-12.54 g/L imposed a moderate inhibitory effect 

but 25.08 g/L had a strong inhibitory influence both on substrate degradation and 

hydrogen production. The undissociated concentration cannot be calculated in this case 

as the pH was not known.

It should be noted that the feedstock entering the reactor should not be allowed to pre 

ferment in a holding tank (Khanal et al. 2006; Liu et al. 2006) as this lowers hydrogen 

production. For commercial operations, it will be necessary for the feedstock to be 

delivered in a fresh state to the reactor, a difference from anaerobic digester 

technology. There is a need for industrially-significant complex substrates to be 

investigated in continuous operation to determine the relation between substrate and
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nutrient concentration, OLR and H2 production. In view of the particulate nature of 

many such substrates, this is likely to require pilot-scale continuous operation.

1.3.3.11. Food to microorganism ratio
The ratio of food to microorganism is another factor that can affect hydrogen

production rate and yield. Fan and Chen (2004) investigated the effect of initial 

substrate concentration /seeding ratios (S0/X0) on batch hydrogen production from a 

dehydrated brewery mixture. Maximum H2 yield potential (27 ml/gCOD added) 

occurred at a So/X0 ratio of 4 gCOD/gVSS whereas the maximum specific H2 yield 

(205 ml/gVSS/d) occurred at a S0/X0 ratio of 3gCOD/gVSS. So/X0 ratios above 

4gCOD/gVSS inhibited hydrogen production. A maximum growth rate of 0.078 IT 1 

was estimated under the optimum conditions of pH 5.5, temperature 34.6 °C and So/Xo 

of 4.3 g/gVSS (Mu et al. 2007). Using microcrystalline cellulose for hydrogen 

production in batch culture, Lay (2001) observed that the hydrogen producing activity 

depended highly on the interaction between S0 and So/X0 . A maximum H2 yield of 3.2 

mmol/ g cellulose occurred at S0 =40 g/L and S0/X0 = 8 g cellulose/gVSS. A high 

specific hydrogen production rate of 18 mmol/gVSS/d occurred at S0 = 28 g/L and 

So/Xo = 9 g cellulose/gVSS. In general high H2 generation from cellulose was 

accompanied by low So/X0 . Based on these findings, it appears that hydrogen yield will 

be optimised for low S0 and/or high X0. In retained biomass systems, a high VSS 

concentration will probably give a higher OLR; so design size of the reactor could be 

smaller.

1.3.3.12. Cations
Cations like sodium and calcium can influence hydrogen production. In a UASB

generating hydrogen from sucrose, a sodium concentration of 1,000 to 2,000 mg/L was 

found optimal for hydrogen production and the fermentation end products gradually
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changed from acetate, butyrate and propionate to acetate as the sodium concentration 

was increased in the range 0 to 16,000 mg/L (Hao et al. 2006). Chang and Lin (2006) 

noted also in a UASB generating hydrogen from sucrose that calcium addition at low 

levels (75-150 mg/L) enhanced granulation and hydrogen production; however at high 

levels (300 mg/L), hydrogen productivity deteriorated.

1.4. Down stream processing
Dark hydrogen fermentation is an incomplete oxidation. This physiological drawback

can be overcome by coupling the process to a subsequent fermentation. Besides 

stabilising the effluent from the first hydrogen-producing stage, recovery of more 

energy as methane or hydrogen or electricity may improve the economics of the 

process. Candidate processes for the second stage include:

(i) Conversion to F^ and CC>2 in a photobioreactor by photofermentation using

photosynthetic bacteria (Fang et al. 2005), 

(ii) Bio-electrochemically assisted production of hydrogen using an anaerobic

microbial fuel cell (MFC) process (Liu et al. 2005; Rozendal et al. 2006). 

(iii) Electricity generation in a cathode-aerated microbial fuel cell (Oh and

Logan 2005).

(iv) Conversion to methane and carbon dioxide in a methane reactor (Han et al. 

2005b; Kraemer and Bagley 2005),

The photochemical efficiency (yield of hydrogen with respect to the energy of light 

used) of photobioreactors using photosynthetic bacteria is still low, being less than 

10%. Turbidity impedes light penetration and cost-effective photobioreactors are not 

yet available (Akkerman et al. 2002). Bio-electrochemically assisted hydrogen
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production involves application of an additional voltage under anaerobic conditions to 

generate hydrogen from the fermentation end-products under anaerobic conditions. The 

process is still inefficient due to diffusional loss of hydrogen from the cathode to the 

anode chamber and high overpotentials associated with the cathode reaction (Rozendal 

et al. 2006). Oh and Logan (2005) demonstrated that the fermentation products 

remaining after H2 production from a food processing wastewater high in sugar can be 

used by a MFC to produce electricity with 95% COD removal. MFC technology is still 

developing and the surface area of electrodes required and power densities achievable 

remain to be established (Logan and Regan 2006; Lovley 2006). Further research is 

needed to evaluate the potential for energy generation and wastewater treatment by the 

combined dark Fb fermentation/MFC technologies. Anaerobic digestion is probably the 

best suited for use as a second stage at the present time as its technology is already well 

developed.

1.5. Factors affecting anaerobic digestion
Efficient operation of an anaerobic digester requires an optimal temperature (around

35°C for mesophilic operation), pH, alkalinity, nutrient levels and tolerable toxicity 

levels (Hawkes 1979; Speece 1996); adequate mixing is also important. Methanogens 

are slow growing and so an adequate hydraulic/solids retention time is also necessary. 

A few of the factors pertinent to this work are discussed below.

1.5.1. Mixing 
Mixing in methanogenic reactors is important for the same reasons as described in

section 1.3.3.5 for hydrogen reactors. The criteria for mixedness vary from reactor to 

reactor: impeller Reynolds number for CSTRs; particle Reynolds number for a UASB 

or upflow velocity for an upflow anaerobic filter. A Reynolds number of 159,000 was 

found necessary to ensure good mixing and minimize liquid film resistance in a UASB
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reactor with granular sludge treating a mixture of acetate, propionate and ethanol (Wu 

et al. 1995). Most upflow anaerobic filters operate at upflow velocities of between 1 

and 8 m/d, dependent on media depth and gas production rate. A maximum upflow 

velocity that ensured adequate mixing without washing out biomass of 25 m/day was 

obtained by Smith et al. (1996).

1.5.2. Toxicity 
The anaerobic digestion process is prone to toxicity although to some extent

acclimation of the microorganisms to toxicants can occur. Toxicants include ammonia, 

hydrogen sulphide, oxygen, long chain fatty acids, heavy metals and salts. The nature 

of the toxicity can be complex. Salts like sodium can be stimulating at low levels but 

inhibitory at higher levels (Feijoo et al. 1995; McCarty 1964). Sodium concentrations 

in the range 100-200 mg/L were reported to be beneficial for the growth of mesophilic 

anaerobes (McCarty 1964). Anaerobic toxicity assays (batch) using a mixture of 2 g/L 

acetate, 0.5 g/L butyrate and 0.5 g/L propionate as substrate revealed that a sodium 

concentration of 3 g/L reduced the methanogenic activity by 50% compared to the 

blank (Feijoo et al. 1995). The activity of methanogenic bacteria was reported to cease 

at sodium concentrations of 10 to 16 g/L (Kugelman and McCarty 1965; Rinzema et al. 

1988). Similarly in a UASB treating a glucose-based synthetic wastewater, high 

efficiency was achieved up to a calcium concentration of 3500 mg/L; inhibition started 

when the calcium concentration was 4000 mg/L with total collapse occurring at a 

calcium concentration of 6000 mg/L (Rubi et al. 2001).

The presence of other substances can also create antagonistic or synergistic effects e.g. 

calcium (200 mg/L) and magnesium (350 mg/L) used together were found effective in
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reducing sodium toxicity in an anaerobic digester (Bashir and Asif 2005). The toxicity 

of some components e.g. hydrogen sulphide or ammonia is pH dependent as it is the 

unionised component that is toxic. Toxicity can be controlled by removing the toxicant, 

diluting the stream to below the toxicant threshold, precipitating the toxicant or adding 

an antagonist.

1.5.3. pH and alkalinity 
For a stable and efficient methanogenic activity a pH near neutral is desired. A pH

range of 6.5 to 8.2 was quoted as being optimal (Speece 1996) while Meulepas et al. 

(2005) quoted a pH range of 7 to 8. Higher or lower pH inhibits methanogenic activity.

Alkalinity denotes the proton-accepting or buffering capacity of the liquid system in an 

AD reactor. It is usually quoted as mg CaCOs/L because in olden days CaCOs - thought 

to be the cause of hardness in wastewater - was regarded as the compound providing 

the buffering. Bicarbonate alkalinity contributes significantly to buffering capacity in 

AD systems (Hawkes et al. 1993). The methanogenic system is self-buffering in itself. 

Table 1-6 shows the pKa values (and hence buffering regions) of the various 

components in an AD system:

Table 1-6. Buffering components in AD systems and their pKas
Component__________________pKa_______ 
VFAs 4.7- 4.9 
H2C03 6.3 
H2S 7.1 
Dihydrogen phosphate 7.2 
Ammonium ion _____________9.3_______

Sufficient alkalinity is required to prevent pH drops during periods of overload or 

imbalances. A ratio of less than 0.1 for total VFAs (as mg acetic acid) to total alkalinity 

was reported as being required for effective anaerobic digestion where total alkalinity
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is bicarbonate alkalinity due to the CO2/water system + alkalinity due to the salts of 

VFAs (Lyberatos et al. 2005). Normally an alkalinity of at least 1000 mg/L as CaCO3 

is sufficient (Hawkes et al. 1993) and may be aided by dosing of sodium bicarbonate 

or, to reduce buffer cost, effluent recycle back to the influent stream. Kraemer and 

Bagley (2005) using 15 g/L glucose in a two stage hydrogen and methane producing 

process found that recycling of effluent from the methane reactor to the hydrogen 

reactor lowered the required alkalinity to control pH in the hydrogen (and methane) 

reactor by 40%. Effluent recycle also lowered the H2 output from the first stage, which 

showed more ^-consuming methanogenesis and propionate, ethanol and butanol 

production. In contrast, in the BIOCELL process (section 1.3.3.4) where process water 

from the second stage methanogenic UASB was recycled to the H2 producing reactor 

(Han and Shin 2004b) no problems in the first stage with methanogenesis were 

reported. The effluent leaving the H2 producing stage had a high alkalinity (2,158mg/L 

as CaCOs). It may be that the methanogenic UASB granules used by Han and Shin 

(2004a) allowed less H2-consuming or propionate-producing bacteria to be recycled to 

the first stage than the sludge blanket anaerobic digester of Kraemer and Bagley. Also 

possibly with complex biomass substrates there is less need for alkali addition than 

with glucose. Further studies of the two-stage process are needed, including those with 

food wastes and crops, to optimise operation for both H2 production and alkali addition.

1.6. Stoichiometry of methane formation

Methane is formed by two reactions: hydrogenotrophic methanogenesis (equation 5 

repeated below) and acetotrophic methanogenesis (equation 14):

CH3COOH -+ CH4 + CO2 Equation 14
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About 67% of the methane comes from acetate degradation (Meulepas et al. 2005). 

Other compounds that may be in the feed e.g. butyrate, ethanol, propionate are first 

converted to acetate before degradation to methane. Acetate and propionate utilisation 

were reported as being the rate limiting steps (Speece 1996). The efficiency of the 

methanogenic process can be measured by determining the reduction in chemical 

oxygen demand (COD) and/or methane yield. The COD equivalent of methane is given 

in equation 15 where it can be seen that for each mole of methane consumed, 2 moles 

of oxygen (64 g) are consumed. Thus 350 ml (22.4 L/64 g) of methane at STP (0°C, 

latm) is equivalent to 1 g COD destruction (Speece 1996). 

CH4 + 2O2 -»  CO2 + 2H2O Equation 15

1.7. Concluding remarks
Dark fermentation of carbohydrate-rich substrates e.g. energy crops or food industry

wastes and wastewaters could contribute to the mix of technologies for producing 

hydrogen sustainably. Clostridial-based cultures enriched from natural sources have 

been widely used but challenges still exist in optimising hydrogen yield and obtaining 

high and stable volumetric hydrogen production rates at the highest organic loading 

rate possible. Some work has been done on the effect of pH, temperature, HRT, reactor 

type, sparging, nutrient requirements, and various inoculum enrichment procedures 

mostly using model substrates. A pH between 5 and 6, mesophilic temperature of 30 to 

40°C and HRT between 8 and 12 hours were generally found optimal for hydrogen 

production. Of the reactor types investigated, while seeded granules have the best 

performance with soluble substrate, for particulate feedstock biofilm reactors or CSTRs 

appear to be most successful. Nutrient supplies appear to have been well in excess to 

ensure carbon limitation. Heat treatment of the inocula appears to be beneficial for 

selecting spore-forming hydrogen producers and initiating germination. However, data
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on the feasibility of hydrogen production from energy crops is scanty. Given the 

difficulty of automated feeding of particulate substrate at a laboratory scale, hydrogen 

production studies from particulate substrate have been undertaken in batch culture. 

Continuous culture is likely to be the favoured economic option for large scale 

hydrogen production but requires pilot scale for particulate substrates.

Higher substrate concentrations should be more energy-efficient but there is likely to be 

feedback inhibition e.g. by produced VFAs. The maximum substrate concentration 

giving stable hydrogen yields has not been well studied. The effect of changing 

substrates such as would be expected in a year-round operation on a farm, in the food 

industry or with kitchen wastes has not been well explored. Although it is established 

that sparging with CC>2, N2 or CH4 improves Ha yields, the exact mechanism is not 

known and contradictions exist on the role of hydrogen and carbon dioxide partial 

pressure. A second stage is required to recover more energy from fermentation end- 

products and to stabilise the effluent from the first hydrogen-producing stage. 

Anaerobic digestion technology is well established but more operational experience is 

required with regard to the maximum OLR achievable that will not compromise reactor 

size.
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CHAPTER 2. MATERIALS AND METHODS 

2.1. Experimental apparatus

2.1.1. Reactors 
Three reactors were employed in this work, all made from perspex. Reactor A (Figure

2-1) was a 2.9 L continuously stirred tank reactor (CSTR), internal diameter 10 cm, 

height 35.5 cm, with a working volume of 2.3 L. The reactor headspace was 600 ml.

Effluent pumped out 
during sparging

Figure 2-1. Photograph of reactor A.

It was used in the control experiment, experiments FM1-FM3, G1-G5, SC2 and SC3 

(section 2.8). Reactor B (Figure 2-2) was a 11 L CSTR, internal diameter 19.2 cm, 

height 38 cm with a working volume of either 9.3 L (Experiments Sul-Su3) or 10 L
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(Experiments TS1-TS6, SCI) and a headspace of 1700 or 1000 ml. Reactors A and B 

were used for hydrogen production.

Figure 2-2. Photograph of reactor B.

Reactor C (Figure 2-3) was a 19.5 L upflow anaerobic filter, internal diameter 24 cm, 

height 43 cm with a working volume of 17.6 L, a headspace of 1850 ml and was used 

for methane production in experiments TS1-TS6 and SCI (section 2.8). Reactor C was 

packed with Bioblok 80 - net tubes made from polyethylene (Expo-net Danmark A/S, 

Hjorring, Denmark) - to provide a large surface area for biofilm attachment. Each tube

55



(Figure B-4, Appendix B) had a diameter of 70 mm, a surface area of 80 m2/m3 in dry 

conditions; a voidage of 92% and a flow area of 70%.

Figure 2-3. Photograph of reactor C.

The reactors were used in two configurations: Configuration I, whose schematic is 

shown in Figure 2-4, involved either reactor A or reactor B as stand-alone reactors. 

Both reactors A and B were cylindrical in shape and had a number of ports for 

sampling, feeding in materials - nutrients, water, alkali and substrate - as well as ports 

for allowing gas out of the reactor and fitting of the redox and pH probes. The reactors
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were also equipped with sintered sticks (Fisher Scientific, Loughborough, UK) at the 

bottom for sparging purposes. The sintered sticks had a pore size of 10 to 16 urn. For 

purposes of sparging, GC-grade nitrogen or carbon dioxide gas (Messer, Cardiff, UK) 

under pressure in a gas cylinder was passed through two control (needle) valves and a 

flow meter (model 32908-17, Cole Farmer, Vernon Hills, USA) before reaching the 

sintered sticks at the bottom of reactor A or B.

Feed materials (substrate, water and nutrients) and alkali were pumped to the reactors 

using Watson Marlow 505U/RL or 505S pumps fitted with marprene tubing (Watson 

and Marlow, Falmouth, UK). Effluent from the reactors exited through a submerged 

tube (reactors A and B), which also acted as a small baffle, or an adjustable U-bend 

(reactor C) to prevent air from getting into the system (Figure 2-5). When sparging was 

used effluent from the reactors was pumped (Model 520Di/D, Watson-Marlow, 

Falmouth, UK) out of the reactors instead of letting it to overflow because of the 

difficulty of controlling the level of liquid in the reactor due to the back pressure 

created by the online instruments under sparging conditions.

Mixing in reactor A was effected using a stirrer with a stainless steel rod and an 

anchor-type impeller S-l (Figure B-l, Appendix B) made from perspex. In reactor B, 

mixing was effected with stirrers with a stainless steel rod and either impeller S-2 made 

from aluminium or S-3 made from perspex (Figures B-2 and B-3, Appendix B). The 

stirrers were rotated by an adjustable electric overhead stirrer (Heidolph Instruments, 

Schwabach, Germany) at 120-150 rpm based on the 'just suspended criterion', see 

section 1.3.3.5). Measurements of the just suspended impeller speed were obtained by
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gradually increasing and decreasing the impeller speed whilst observing the particles 

from the bottom of the reactor.

Redox

To Matlab or Labview Data Acquisition System 

t t t *

Substrate
Nutrient
Water

Effluent

Sparging system

Figure 2-4. Configuration I. Schematic set up of the one stage CSTR system 
(reactor A or B) for investigating the biological generation of hydrogen by dark 
fermentation.

a) U-bend exit b) Submerged tube exit 

Figure 2-5. Schematic of effluent pipes used.

Configuration II (Figures 2-6 and 2.7) involved reactors B and C in series to form a two 

stage process. Effluent from reactor B (the H2 reactor) was pumped to reactor C (the
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CH4 reactor) to maintain a designated hydraulic retention time. The level of contents 

inside reactor C was controlled by a U-bend through which effluent passed (Figure 2- 

5a). Reactor C was equipped with two ports at the bottom and at the top. One port at 

the top was used as a gas outlet; the other, along with the two ports at the bottom were 

used for external recirculation of liquid contents in reactor C using a peristaltic pump 

(model 520 IP31, Watson-Marlow, Falmouth, UK). Feed from reactor B was fed 

through the recirculation line. A T-junction in the recirculation line near the bottom of 

reactor C served as a sampling port. Another T-junction in the recirculation line (Figure 

2-8) housed a pH probe. This was done to prevent fouling of the pH probe.

In both configurations I and II, hydrogen sulphide and moisture was removed from the 

gases to protect the online sensors e.g. the Ha sensor from corrosion.

Feed

Redox probe 

pH probe

Impeller

CO, sensor   > H, sensor  » Gas flow meter

Figure 2-6. Configuration II. Schematic set up of the two stage (CSTR - Upflow 
reactor) system (reactors B and C) for investigating simultaneous hydrogen and 
methane production. Data from meters and sensors was collected by Labview data 
acquisition system.
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Figure 2-7. Photograph of the two stage H2 and CH4 production system

Figure 2-8. pH probe installed in the recirculation line to prevent its fouling

Gas was passed through a Dreschel bottle containing saturated copper II sulphate 

solution (head of 1 cm), dried with silica gel in another Dreschel bottle before being
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passed through a series of online instruments for determining the gas composition and 

measuring the flow rate.

2.1.2. Control of environmental conditions

2.1.2.1 Temperature control 

Temperature was controlled at 35±0.5°C by recirculation of warm water through a

water jacket (reactors B and C) or coils (silicone tubing) wound round the vertical 

surface area of reactor A. The water was heated using Grant flow heaters (Grant 

Instruments, Cambridge, UK). Temperature was measured using a pH probe (section 

2.1.2.2) and data continuously logged online.

2.1.2.2. pH control 

The pH in the reactors A and B for hydrogen production was maintained between 5.2

and 5.3 or between 4.9 and 5.1 (part of Experiment TS2) by automatically dosing 

alkali. Sodium hydroxide (2M, 40% w/v solution; from Fisher Scientific, 

Loughborough, UK), calcium hydroxide suspension containing 18% calcium hydroxide 

in water (Buxton Lime Industries, Buxton, UK) and/or potassium hydroxide (Fisher 

Scientific, Loughborough, UK) were used as alkali. A pH meter/controller (Mettler 

Toledo, Leicester, UK) and associated pH probe (model InPro4010/120/PT1000 also 

from Mettler Toledo) were connected through a relay to a pump for dosing alkali 

(reactors A and B). In reactor C, during start up or when the substrate concentration 

was high, pH was manually controlled in the range 6.5 < pH <7.0 by dosing sodium 

bicarbonate (Fisher Scientific, Loughborough, UK) at a rate of 2 g/L/d.

The pH meters and probes were calibrated using standard buffer solutions (National 

Institute of Standards and Technology, NIST, Gaithersburg, USA) of pH 4 and 7.
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During periods when the reactors were redundant, the pH probes were kept in saturated 

potassium chloride. pH data was continuously logged online.

2.7.3. Online monitoring
A range of parameters - pH, temperature, culture redox potential (ORP), volumetric

gas output and composition of the off gases (%H2 , %CO2 , %CH4) was monitored 

online.

2.1.3.1. Volumetric gas output

Three different gas flow meters were used for measuring volumetric gas flows:

1. The Model ADM2000 Intelligent Flowmeter (Agilent Technologies, Wilmington, 

CO (USA)) was used for measuring volumetric gas production from reactors A and B. 

It had a range of 0.5 - 1000 cnrVmin with an accuracy of ±0.2 ml/min or 3% whichever 

is greater. The meter was factory calibrated to within an absolute accuracy of 3% to 

NIST traceable flow rate standards. The meter had a solenoid actuated valve which 

when activated interrupted the gas flow momentarily. The gas flow moved a diaphragm 

in proportion to the flow rate. This movement was transformed by the microprocessor 

into a digital value which was displayed instantly. Data from this meter were logged via 

serial (RS232) communication.

2. Model EW-32908-17 flow controller (Cole Farmer, Vernon Hills, IL (USA)) used 

for measuring gas output from the methane reactor (reactor C). The meter measured 

flow via pressure drop across a laminar flow element. It had a range of 0.01 L to IL/min 

and an accuracy of ± 1% of full scale. It had an input of 0 - 5 VDC and output of 0-5 V 

DC.

3. Model EW-32907-67 flow meter (Cole Farmer, Vernon Hills, USA) used for 

measuring sparging rate. Flow rate was measured by measuring pressure drop across a
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laminar flow element. It had a range of 0.01 L to IL/min and an accuracy of ±1% of full 

scale. It had an input of 0 to 5 VDC and output of 0 to 5 V DC.

Data from the flow meters was logged as a serial input (Agilent flow meter) or analog 

input (Cole Farmer meters) via a National Instruments data acquisition card (section 

2.1.3.5) to a PC equipped with either Labview or Matlab® data acquisition programs. 

Gas volumes were measured at room temperature (20°C) and were not converted to 

s.t.p.

2.1.3.2. Hydrogen content
The proportion of hydrogen in the off gas from the hydrogen reactor (reactor A or B)

was measured using a Robust Hydrogen Sensor (H2Scan, Valencia, CA (USA)) - 

Figure B-5, Appendix B. The sensor contained a thin film of palladium-nickel (Pd/Ni) 

deposited on a silicon substrate that acted like a resistor in the presence of hydrogen. 

Hydrogen was absorbed in the lattice of the Pd/Ni and as the number of absorbed 

molecules increased, the resistance of the Pd/Ni increased proportionately. The sensor 

interpreted this resistance and converted it to a voltage output. This system had a 

voltage output of 0-5 V corresponding to a range of 0.5 to 100% H2 . According to the 

manufacturer's specification the sensor had an accuracy of ±0.2% at the lower end 

(0.5% H2) and ±2% at the higher end (100% H2). It operated at 0-40°C; 0-95% relative 

humidity and required a minimum (recommended) flow rate of 236 ml/min. A heating 

system helped keep the sensor at a constant temperature. The aluminium casing of the 

sensor was susceptible to corrosion by H2 S and for this reason the gas was first bubbled 

through a saturated copper sulphate solution to remove hydrogen sulphide (if any).
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Comparison was made between the logged data from the sensor and the results 

obtained from GC in measurements of hydrogen in the off-gas from one experiment 

involving batch start up and continuous generation of hydrogen from 10 g/L sucrose. 

Figure 2-9 shows a good correlation between the two implying that the sensor was 

reliable.
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Figure 2-9. Comparison between online and offline % hydrogen measurements.

The response of the sensor was determined using gases of standard composition, 5% 

hydrogen in nitrogen and 100% hydrogen, obtained from BOC, Guildford, UK, at flow 

rates (e.g. 44.7±0.22 and 53.8±0.7 ml/min) lower than the minimum (236 ml/min) 

recommended by the manufacturer but comparable to gas flow rates generated from 

reactors A and B. Figures 2-10 and 2-11 show that for 100% hydrogen, the sensor gave 

an average reading of 98.85±0.15% (n=199) whilst for 5% hydrogen it gave 

4.62±0.03% (n=120). The response of the sensor across various flow rates of 100%H2 

was found to be accurate within ±2% above 5 ml/min (Figure 2-12).
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Figure 2-10. Variation of % hydrogen with time for 100% hydrogen as measured 
by the hydrogen sensor. Flow rate 44.7±0.22 (n=199) ml/min; average % logged 
online = 98.85±0.15% (n=199).

5% hydrogen

50 100 150 

Time (minutes)
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Figure 2-11. Variation of % hydrogen with time for 5% hydrogen as measured by 
the hydrogen sensor. Flow rate 53.8±0.7 ml/min; average % logged online = 
4.62±0.03% (n=120).
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Figure 2-12. Response of the H2 sensor across various flow rates of 100% H2. 
Value of %H2 at a flow rate of 2.94±0.22 ml/min was 90.04±0.16%(n=22).

Therefore for gas flow rates less than 5 ml/min, as occurred during the initial and latter 

phases of batch experiments on crops (see Chapter 3), the percentage of hydrogen was 

underestimated using the online hydrogen sensor. However no correction was made for 

the %H2 during these experiments because this underestimation was not significant. For 

example allowing a correction factor of 1.1 in %H2 associated with flow rates less than 

5 ml/min in Experiment Gl (section 3.4) would have increased the amount of hydrogen 

produced by only 1.3%.

? 1.3.3. Redox potential

The hydrogen producing culture redox potential was measured using a combination 

redox electrode Pt4805-DXK-S8/120 (Metier Toledo, Leicester, UK). It consisted of 

an Ag/AgCl reference system, a ceramic diaphragm, a Xerolyt electrolyte - polymer 

containing KC1 - and a platinum redox sensor. It had a range of -1200 mV to 1200 mV. 

The system depends on the ability of a platinum electrode to take up or lose electrons 

according to whether the ions in solution are readily oxidised or reduced. The more
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readily oxidation or reduction occurs the greater is the negative or positive potential of 

the inert electrode. Before each experiment, the reading of the probe was cross checked 

against standard NIST traceable standard of 220 mV (pH 7, 25°C). Any disagreement 

between the acquired voltage and the redox potential of the standard was harmonised 

by incorporation of a correction factor.

2.1.3.4. Carbon dioxide and methane content
The proportion of carbon dioxide and methane in the off gas were measured using

Gascard II sensors (Edinburgh Sensors Ltd, Livingston, UK) - i.e. CO2 Gas card and 

CtLt Gas card. The cards work on the principle of the amount of incident infrared 

radiation that is absorbed by the gas sample. The absorption is selective, occurring at 

specific frequencies corresponding to the resonant frequencies of bond vibrations 

within the molecule. Measuring at a characteristic absorption wavelength enables the 

detection of the gas and the strength of the absorption gives a measure of the gas 

concentration. Both cards had a range of 0-100%, an accuracy of ±2% of full scale, and 

an output of 0-20 mA for data logging purposes. The sensors were calibrated with 0% 

CO2 (e.g. nitrogen gas), 100% CO2 and 100% CH4 (BOD, Guildford, UK) at a flow 

rate of 1 L/min. Although the recommended minimum usable flow rate is 200 ml/min 

(for 10 s response time), operation using lower flow rates e.g. 50 ml/minute only 

increased the response time to about 1 minute. The gas card was set to automatically 

correct for variations in ambient temperature according to the ideal gas law. Since the 

sensors were not venting directly to the atmosphere, changes in barometric pressure 

were assumed to have negligible effect on the output signal for gas concentration.
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2.1.3.5. Data acquisition
Two systems were used for data acquisition: Labview™ (National Instruments

Corporation, Newbury, UK) and Matlab® (Mathworks, Cambridge, UK).

In configuration I, for reactor B, data acquisition was via a Matlab® program and for 

reactor A, a Labview program was used. Configuration II used Labview for data 

logging.

All outputs were analog signals - except for volumetric gas output which was serial 

when using Agilent flow meter - and were connected as differential inputs (Matlab® 

program) or referenced single ended inputs (Labview program).

The data acquisition system used in configuration I (reactor B) consisted of a PCI- 

6036E data acquisition card, NI-DAQ driver software and data acquisition tool box 2.8 

installed on a Genie PC. Appendix A-1 and A-2 show the programs that were used for 

data acquisition and for transferring logged data from Matlab® to Excel for data 

analysis respectively.

In configuration II, the data acquisition system consisted of a PCI-6035E data 

acquisition card, NI-DAQ driver software and a LabviewTM 6 full development 

system for Windows installed on a Viglen Pentium III computer. A typical V-I diagram 

is shown in Appendix A-3 for logging data for pH, temperature, %CO2 , ORP, %H2 and 

sparging rate.
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Where Matlab® was used the sampling rate was 1 sample per minute. For Labview the 

sampling rate was 1 sample per second and data was averaged every 3 min 

(Configuration II) or 1 minute (Configuration I - reactor A).

2.2. Offline analysis

2.2.1. Gas composition
The composition of the off gas from each reactor was cross checked offline by use of

Gas Chromatography. Dried gas samples were taken from the gas exit lines using a 1 

ml gas tight syringe (Varian Ltd, Walton-upon-Thames, UK). The syringe was flushed 

four times before the final sample was taken. For analysis two GCs were used: 

GC 1 was a Varian CP-4900 Micro-GC from Varian Ltd (Walton-upon-Thames, UK). 

It was equipped with a thermal conductivity detector and two columns: a MolSieve 5A 

Plot column which separates H2, CO, CH4, N2 and O2 ; and a HayeSep A column which 

separates O2, CFL;, and CO2 ; ethane, acetylene and ethene. The injected gas sample was 

split into both columns. The GC was operated at an oven temperature of 150°C and 

column pressure of 30 psi (MolSieve 5 A Plot column) and also an oven temperature of 

60 °C, column pressure 20 psi (HayeSep A column). The carrier gas was argon. The 

calibration of the GC for H2 , CO2, CH4, and N2 was done using calibration gases of 

following compositions:

Gas 1: 5%H2 and 95%N2 (BOC, Guildford, UK) 

Gas 2: 100%H2 (BOC, Guildford, UK) 

Gas 3: 40%CO2 and 60% CH4 (BOC, Guildford, UK) 

Gas 4: 100% CO2 (BOC, Guildford, UK)

Gas 5: 10.047% H2, 30.256% N2, 27.764% CH4 and 31.933% CO2 (Scientific and 

Technical Gases Ltd., Newcastle-under-Lyme, UK)
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Gas 6: 19.901% H2 , 30.150% N2 and 49.949% CH4 (Scientific and 

Technical Gases Ltd., Newcastle-under-Lyme, UK)

The regression coefficients of the individual gas calibration curves were: H2 (0.9963; 4- 

point calibration - 5%, 10.05%, 19.9% and 100%); N2 (0.9974, two-point calibration - 

30.15% and 95%); CH4 (0.9987, three-point calibration - 27.76%, 49.95% and 60%) 

and CO2 (0.9820, three-point calibration - 31.93%, 40% and 100%). By activating the 

start option within the data handling package, a vacuum pump drew the gas sample 

through a loop (10 ul) and then the injector injected the gas sample from the sample 

loop into the carrier gas stream. The run time was 1 minute. GC1 was used in 

experiments SCI to SC3 (section 2.8.5).

GC 2 was a Star 3400CX gas chromatograph from Varian Ltd (Walton-upon-Thames, 

UK) equipped with a thermal conductivity detector and a 4m stainless steel column 

packed with Porapack N 80-100 (Supelco Ltd, Poole, Dorset, UK) for hydrogen 

separation. The carrier gas was nitrogen at a flow rate of 23 ml/min. The injector 

temperature was 80°C, column, 70°C and detector 200°C. Gas was manually injected 

into the column and the run button pressed; run time was 3 minutes. Five point 

calibration of GC 2 was carried out using fixed volumes (200, 400, 600, 800 and 1000 

ul) of 100% H2 . The correlation coefficient of the calibration curve always exceeded 

0.99 (Figure 2-12). GC 2 could not be used to determine nitrogen. For the 

determination of carbon dioxide and methane, columns in GC 2 were swapped to a 2 m 

stainless steel column packed with Porapack Q 50-80 (Supelco Ltd, Poole, Dorset, UK) 

at 60°C. The thermal conductivity detector temperature was 200°C and helium was 

used as the carrier gas at 23 ml/min flow rate. The injection port was at 110°C. Single
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point calibration was done using fixed volumes of a 40% CO2 and 60% CH4 gaseous 

mixture (BOC, Guildford, UK). The percentage of hydrogen was calculated by 

comparison of the area under the hydrogen peak/volume of gas sample injected with 

the slope of the curve in Figure 2-13. GC2 was used in all experiments except SCI to 

SC3.
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Figure 2-13. Calibration curve for the determination of %Ha using GC 2.

2.2.2. Volatile fatty acids 
Liquid samples were taken from the liquid sampling ports on the reactors daily using

medical syringes for analysis of VFAs (acetic, propionic, /-butyrate, «-butyrate, /'- 

valerate and n-valerate). If the analysis was to be done later, the samples were stored in 

a freezer and allowed to thaw in air in the laboratory up to the point of use. The VFAs 

were determined by the method of Cruwys et al. (2002) using a HS 40 XL automatic 

headspace sampler connected to an Autosystem XL GC system (Perkin Elmer, 

Beaconfied, UK). The determination was linear in the range 0 to 1000 mg/L (R2>0.99 

for each acid) and the limit of detection was 4 mg/L. 1 ml of reactor sample, 1 ml of

71



deionised water, 1 ml of NaHSO4 (62% w/v) and 0.1 ml of 2 - ethylbutyric acid (1800 

mg/L, stored at 4°C as internal standard) were pipetted into a standard 22.3 ml vial, 

fitted with PTBE septum. For high concentrations of fatty acids (>2 g/L) the reactor 

sample was diluted twice or four times. In the headspace unit, vials were thermostated 

for 30 min. and then pressurised for 3 min. The sample injection period was 0.1 min. 

Each sample was followed with 2 washes to minimise carry over of sample. The 

injection port was maintained at 200°C and split flow of 5.0 ml/min. The column used 

was a free fatty acid phase fused-silica capillary column at 60°C, which was increased 

at 10°C/min to 200°C where it was held for 1 min. The carrier gas was nitrogen at a 

pressure of 14 psi. The detector was a flame ionisation detector at 250°C.

2.2.5. Other acids - formate, lactate and succinate
Liquid samples from the reactors were centrifuged (MSB Scientific Instruments,

Crawley, UK) at 4000 rpm (2000xg) for 10 minutes and the supernatant diluted 100 

times. Formate, lactate and succinate were determined by Ion Chromatography 

(Dionex, Camberley, UK). Two instruments were used: Dionex D500 with Peaknet 

software and manual injection; and Dionex ICS-3000 with Chromeleon software and an 

autosampler.

Each instrument was equipped with a gradient pump, an lonPac ICE-AS6 column for 

organic acids, an AMMS-ICE II suppressor and a conductivity detector. The eluent 

used was 0.4 mM heptafluorobutyric acid at a flow rate of 1 ml/min. The regenerant for 

the suppressor was 5 mM tetrabutyl ammonium hydroxide. The regenerant flow rate 

was 2.5-3.0 ml/min. Analysis was done at room temperature (20°C) and each run took

72



25 minutes. A typical calibration chromatogram for a standard sample that contained 2 

mg/L of each of formate, lactate, acetate and succinate is shown in Appendix C.

For Dionex D500, single point calibrations were made with standard solutions of 

formic, lactic and succinic acids (100 mg/L each). Replicate measurements did not vary 

by more than 5%. For Dionex ICS-3000 five point calibrations in the range 1 to 100 

mg/L were made for formic acid, lactic acid and succinic acid. All the calibration 

curves were linear with regression coefficients above 0.99 and relative standard 

deviation less than 3%. Dionex D500 was used for experiments Sul-Su3 and TS1; 

other experiments used Dionex ICS-3000.

2.2.4. Cations
Samples from the reactors were initially centrifuged and the supernatant diluted 1000

times with ultra pure water. The concentration of cations e.g. sodium and potassium in 

the reactors was determined by Ion Chromatography (Dionex, Camberley, UK). As in 

section 2.2.3, two instruments were used - D500 and ICS-3000. Each instrument was 

equipped with a gradient pump, an lonPac CS12A column for cations, a suppressor and 

a conductivity detector.

For Dionex D500 the CSRS-I cation self regenerating suppressor (suppressor current 

100 mA, 30 °C) was used. The eluent was 11 mM H2SO4 in ultra pure water at a flow 

rate of 1 ml/min or 20 mM methanesulphonic acid at a flow rate of 0.5 ml/min. Single- 

point calibration was done using standard solutions of sodium (1000 ppm) and 

potassium (1000 ppm) diluted down to 2 ppm with ultra pure water. The variability of 

replicate measurements was no more than 3%. The diluted sample was then sucked up
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in a 2 ml syringe and injected in the sample port through a 1.0 um syringe filter 

(Gelman Sciences, Ann Arbor, USA) and the analysis started. For a flow rate of 1 

ml/min, the run time was 15 minutes.

For Dionex ICS-3000 the CSRS ultra II cation self regenerating suppressor (suppressor 

current 60 mA, 40°C) was used. The eluent was 20 mM methanesulphonic acid at a 

flow rate of 1 ml/min. Five-point calibration in the range 0-10 ppm was done for 

sodium, potassium, calcium and ammonium. Standards of each of these cations were 

obtained from Fisher Scientific, Loughborough, UK. The calibration curves were linear 

with coefficients of regression above 0.99. Dionex D500 was used for experiments 

Sul-Su3 and TS1; other experiments used Dionex ICS-3000.

2.2.5. Solvents
Samples were initially centrifuged and 0.6 ml of the supernatant mixed with 0.6 ml of

the internal standard - hexanol (500 mg/L acidified with phosphoric acid) - in a 12 mm 

by 32 mm screw cap vial (Alltech associates, Stamford, UK) and sealed with a TFE/ 

silicon lined septum and lid. The solvents (acetone, ethanol and butanol) were 

determined using a star 3400 GX gas chromatograph (Varian Ltd, Walton-upon- 

Thames, UK) fitted with a 8200 CX autosampler, a 2 m carbowax column filled with 

carbopack 80/120 (Supelco Ltd, Poole, UK) and a flame ionisation detector (FID). 

Injection port and FID temperatures were 120°C and 220°C respectively. The initial 

column temperature was 65°C, where it was held for 5 minutes and then increased by 

4°C per min to 200°C. The carrier gas was GC grade nitrogen (Messer, Cardiff, UK) at 

a flow rate of 20 ml/min. The run time for each sample was 32 minutes. The GC was 

calibrated for acetone, butanol and ethanol in the range 25 to 1000 mg/L.
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2.2.6. Total, suspended and volatile solids
Solids were determined by standard methods (APHA 1989). Total solids were

determined by drying in an oven (Gallenkamp, Leicester, UK) a 10 ml homogeneous 

sample to constant weight at 103 - 105°C. The increase in weight over that of the empty 

container represented total solids. Because of the paniculate nature of the samples, 

wide bore pipettes were used. Samples were analysed in duplicate. Duplicate samples 

were within 5% of their average:

. , ..^ /r (A-B)xlOOQ mg total sohds/L = - ——— - ——— Equation 16

where A = Weight of dried residue + dish, mg; B = Weight of empty dish, mg; V = 

sample volume, ml.

Suspended solids were determined by drying to constant weight at 103-105°C, the 

residue of 5 ml of sample. Samples were taken using a wide bore pipette tube and 

filtered through a Whatman GF/C filter (1.2 um pore size). The filter paper was 

previously weighed in a 100 ml Pyrex beaker. The filter paper and the residue were put 

in the beaker and dried to constant weight in an oven (Gallenkamp, Leicester, UK). The 

total suspended solids were calculated according to the formula

Equation 17

Where SS = suspended solids, A = Weight of beaker plus dried filter paper and residue, 

B = Weight of beaker plus filter with no residue and V = Sample volume, ml. 

Volatile suspended solids were determined by igniting the residues left on the filter 

paper in the determination of total suspended solids to 550°C in an electric furnace 

(Carbolite Ltd, Sheffield, UK) to constant weight. The volatile suspended solids were 

calculated from the formula:
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(A-B)xlOOO = - ——— - ——— Equation 18

Where A = Weight of filter, residue and beaker before ignition, g; B = Weight of filter, 

residue and beaker after ignition, g and V = volume of sample, ml.

2.2.7 Chemical oxygen demand - Soluble COD
The soluble COD in the reactor samples was determined by titrimetry using 2.5 ml of

reactor sample, previously centrifuged in a Sorvall Legend™ T centrifuge (Kendro 

Laboratory Products Pic, Bishop's Stortford, UK) for 5 minutes at 13400xg and diluted 

between 2 and 100 times with deionised water to bring the COD in the region of 200 

mg/L for greater accuracy. COD was used as an indirect measure of the amount of 

organic matter in a sample, based on the fact that nearly all organic compounds can be 

fully oxidised to carbon dioxide with a strong oxidising agent under acidic conditions:

Cn Ha Ob Nc +(« + ---- — )O2 -> nCO2 + (- - —)H2 O + cNH, Equation 19 

The analysis is indirect in the sense that COD actually measures the oxygen equivalent

of the organic matter when oxidised by a strong oxidant. Acidified potassium 

dichromate was used as the oxidising agent under the trade name, 'Ficodox Plus' 

(Fisher Scientific, Loughborough, UK) which also contained chromium III potassium 

sulphate to suppress any chloride interference. The potassium dichromate was added in 

excess and the excess determined by back titration against standard ferrous ammonium 

sulphate.

6Fe 2+ + Cr2 0]~ + 14/T -> 6Fe 3+ + 2Cr 3+ + 7H2 O Equation 20 

For the determination the following reagents were used:

1. Ferrous ammonium sulphate (FAS) standardised against a standard potassium 

dichromate solution
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2. Ferroin (1,10 phenanthroline-ferrous sulphate) indicator solution (Fisher 

Scientific, Loughborough, UK)

3. Ficodox plus (Fisher Scientific, Loughborough, UK)

5 ml of Ficodox plus reagent were placed in a Pyrex incubation tube with PTFE lined 

screw top (Fisons Ltd, Loughborough, UK). Then 2.5 ml of reactor sample, previously 

centrifuged and diluted between 2 and 100 times depending on the anticipated COD 

value, was added. A blank determination with water instead of sample was also 

required. The incubation tube was sealed and placed on a vortex minishaker (MS2 

minishaker, Essex Scientific Laboratory Supplies Ltd., Endway, UK) to effect mixing. 

The tubes were then heated at 150°C for 2 hours in a DriBlock heating block (Techne 

Ltd, Cambridge, UK) placed in a fume cupboard. The tubes were then cooled and 

residual dichromate determined by back titration against standard ferrous ammonium 

sulphate. The contents of the tubes were emptied into conical flasks containing 2-3 

drops of ferroin indicator. The tube was then rinsed three times with deionised water, 

each time emptying the rinse water into the conical flask. The solution was titrated with 

0.0130 M FAS until the bright orange end point was reached. The COD of the sample 

was calculated based on the formula:

xD Equation 2,
i3

Where A = volume of FAS used for blank, ml; B = volume of FAS used for the sample, 

ml; M = molarity of FAS; D = Dilution factor and S = diluted sample volume, ml.

2.2.8. Hydrogen sulphide
Hydrogen sulphide in the off gas was determined using a hydrogen sulphide detection

tube and sampling pump (RAE Systems, San Jose, CA (USA)). In this method a gas
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sample (100 ml) from the reactor was taken using a sampling pump and pushed through 

a calibrated glass tube containing a solid reagent. The reaction between the gas and 

solid reagent formed a colour the extent of which was related to the concentration of 

hydrogen sulphide. The concentration of hydrogen sulphide was read off directly from 

the scale printed on the tube immediately after the reaction. Two tubes were used and 

had ranges of 50-1000 ppm and 100-2000 ppm. The hydrogen sulphide tube has an 

accuracy of 10% and a precision of 10%. The tube was packed with copper II sulphate 

which changed from light blue to black. There was no cross sensitivity with other 

gases.

2.2.9. Bicarbonate alkalinity

Bicarbonate alkalinity (B A) is a measure of the amount of bicarbonate ions in solution. 

It offers buffer capacity against acidification during methanogenesis. The BA in the 

methane reactor was determined by the method of Jenkins et al. (1983). 25 ml were 

drawn from the methane reactor and immediately titrated rapidly while stirring against 

0.1004 N HC1 to pH 5.75. BA, as CaCO3 was calculated according to the formula:

BA(mgCaCO3 1L) = 2.0 x T x 100.4 Equation 22 
where T is the titre value of HC1. Determinations were made in triplicate.

2.2.10. Residual sugars and soluble carbohydrates
Residual sugars in the reactor and soluble carbohydrates in particulate feedstock were

determined colorimetrically by the method of Dubois et al. (1956). Samples were 

centrifuged in a Sorvall Legend™ T centrifuge (Kendro Laboratory Products Pic, 

Bishop's Stortford, UK) for 5 minutes at 13400xg and the supernatant diluted 100 

times with deionised water. To 0.4 ml of the diluted solution was added 0.4 ml of 5% 

phenol in water solution and 2.5 ml of concentrated sulphuric acid (98% analytical
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grade from Fisher Scientific, Loughborough, UK). The test tubes were allowed to stand 

for 10 minutes, then vortex mixed and allowed to stand for a further 20 minutes. The 

absorbance of the characteristic orange colour was measured at 490 nm using a UV 

spectrophotometer (UV 1 Unicam, Cambridge, UK) against a reagent blank. The color 

was stable for several hours and readings could be taken later if necessary.
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Figure 2-14. Calibration curve for determining the concentration of residual sugar 
(as sucrose) in H2 reactor samples.

Concentrations were read off a calibration curve with sucrose (e.g. Figure 2-13) for 

experiments using sucrose and on grass and maize or xylose as the standard in 

experiments using xylose. Determinations were made in triplicate. The accuracy of the 

method was to within ±2%.

2.2.77. Total starch
Starch (including dextrins) was determined using a Megazyme total starch assay

procedure. The method was designed for solid samples. The sample was incubated with 

thermostable alpha-amylase in boiling water to catalyze the hydrolysis of starch to 

maltodextrins, the pH of the slurry was adjusted, and the slurry was treated with a

79



highly purified amyloglucosidase to quantitatively hydrolyze the dextrins to glucose. 

Glucose was measured with glucose oxidase-peroxidase reagent. For the liquid reactor 

samples the method was modified as shown below:

A 1 ml aliquot of undiluted reactor sample was added to 10 mg of maize starch 

standard (included in the assay kit, starch content 86% as provided, and mixed with 0.2 

ml of 80%v/v ethanol (Fisher Scientific, Loughborough, UK) in a 50 ml centrifuge 

tube to aid dispersion. The reference was 10 mg starch standard suspended in 1 ml 

deionised water.

To each test tube 3 ml of thermostable a-amylase (100 U/ml, included in kit) in MOPS 

buffer (50 mM, pH 7.0, made up from 99.5% MOPS sodium salt from Sigma 

Gillingham, UK, pH adjusted with 1 M HC1) was added followed by 6 min incubation 

in a boiling water bath to hydrolyse the starch. The tubes were stirred every 2 minutes 

in a vortex minishaker (MS2 minishaker, Essex Scientific Laboratory Supplies Ltd., 

Endway, UK).

Then 4 ml sodium acetate buffer (200 mM at pH 4.5, made from analytical grade 

glacial acetic acid from Fisher Scientific, UK, pH adjusted with 1M NaOH) and 0.1 ml 

amyloglucosidase in p-nitrophenyl p-maltoside (200 U/ml, pH 4.5, included in Assay 

kit) were added to all test tubes to hydrolyse dextrins. The tubes were stirred again and 

incubated in a water bath at 50°C for 30 minutes.

After incubation, the volume in all test tubes was made up to 10 ml before centrifuging 

for 10 minutes at 3000 rpm (1 lOOxg) in a Centaur bench top centrifuge (MSE Scientific
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Instruments, Crawley, UK). After centrifuging, duplicate 100 ul aliquots of the 

supernatant were transferred into 10 ml screw cap test tubes. In each batch duplicate 

standards of 100 ul glucose (included in the assay kit, 100 ug per 100 ul in 0.2% 

benzoic acid) and lOOul deionised water were included as controls. Then 3.0 ml 

GOPOD (> 12000 U/L glucose oxidase and > 650 U/L peroxidase in reagent buffer, 

included in the kit) was added to all samples and standards, followed by incubation in a 

water bath at 50°C for 20 minutes.

Absorbance was determined with a spectrophotometer (UV 1 from Unicam, 

Cambridge, UK) at 510 nm, 20 to 60 minutes after the GOPOD was added, against a 

reagent blank that consisted of 0.1 ml water and 3 ml of GOPOD reagent. Calculation 

of the amount of starch was done by comparison of the absorbance of the standard 

glucose solution and the hydrolysed starch sample taking into account the fact that 

glucose exists as anyhydroglucose in starch (equation 23). The efficiency of the method 

was judged from the assayed amount of the starch standard which was included in the 

analysis for this purpose. A deviation of ±5% of the starch standard value from the 

actual value was deemed satisfactory.

1 1 f\~)

Starching) = A x B x 100 x —— x —— Equation 23 
6 1000 180

Where A = absorbance of sample read against a reagent blank

B = 100 (ug of glucose)/ absorbance of lOOug of glucose. 

100 = volume correction (0.1 ml taken from 10 ml). 

1/1000 = conversion from micrograms to milligrams. 

162/180 - Adjustment from free glucose to anyhydroglucose (as occurs in 

starch).
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When the reactors contained small amounts of residual starch (<100 ug/ml) the concept 

of adding a standard amount of starch and assaying the product proved less accurate. In 

that case a known volume around 380 ml of effluent from the reactor was collected, 

centrifuged at 4000 rpm (2000xg) for 10 minutes (MSB Scientific Instruments, 

Crawley, UK), decanted and the residue dried. The amount of starch in the residue was 

then assayed using the same method but without adding standard starch. The 

concentration of starch could then be calculated from the volume of sample initially 

collected.

2.2.12. Ash content
The ash content in dry matter was determined by combustion of an oven dried sample.

Three crucibles were pre-heated in a furnace at 550°C, cooled in a dessicator and 

weighed. Approximately 1 g of sample was transferred to each of the crucibles and 

dried at 105°C to constant weight. The dried samples were put in a furnace at 550°C. 

After 3 hours, the samples were removed, allowed to cool and placed in a dessicator. 

The residue was weighed when cool. Ash was determined from the equation

Ash(%) = x 1 00 Equation 24
B(g) 

Where A is the ash weight and B is the oven dry weight.

2.2.73. Holocellulose
Holocellulose was determined in experiments on grass and fodder maize by the method

of Alien et al. (1974) involving delignifying with sodium hypochlorite in weak acetic 

acid at 75°C. Into 100 ml conical flasks at 75°C containing 0.5 g of an oven dried 

sample was added 30 ml of water, 1 ml of 10% v/v acetic acid and 0.3 g of sodium 

chlorite. The conical flasks were the kept in a water bath at 75°C. After every 2 hours,
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10% acetic acid (1 ml) and sodium chlorite (0.3g) were added with swirling of the 

flasks. The flasks were removed after 4 hours and cooled immediately in ice cold 

water. The contents were filtered through a weighed no. 2 Pyrex sintered crucible, 

washed 10 times with ice cold water, with acetone 2 to 3 times and finally washed with 

diethyl ether. The ether was allowed to evaporate and the residue dried in an oven at 

105°C to constant weight after cooling. The gain in weight of the crucibles represented 

hollocellulose. The determination was done in triplicate. Holocellulose determinations 

by this method may underestimate the actual amount as the delignification process 

tends to attack the hemicellulose (Alien et al. 1974).

2.2.14. a-cellulose
a-cellulose was determined in experiments on grass and fodder maize by the method of

Alien et al. (1974). The holocellulose obtained in 2.2.14 was broken down using 24% 

KOH which dissolves the hemicellulose leaving a-cellulose intact.

1 g of an oven dried sample was processed by method 2.2.14 for holocellulose this time 

taking 2 ml of 10 % acetic acid and 0.6 g sodium hypochlorite. The recovered 

holocellulose was weighed in a conical flask and 20 ml of 24% KOH added. The 

corked flask was incubated at 20°C for 2 hours, swirling gently at intervals. The 

contents were then filtered through a weighed no. 2 sintered crucible. The residue was 

washed with water until free of alkali and 5 ml of 5% acetic acid added. The residue 

was again washed with water, then acetone and finally ether. The ether was allowed to 

evaporate and the residue dried in an oven at 105°C for 30 minutes, cooled in a 

desiccator and weighed. The increase in weight of the crucible represented a-cellulose 

in the original sample. The analysis was done in triplicate unless otherwise specified.
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2.2. 15. Hydrogen and methane yield
Hydrogen yield was expressed as mol H2/mol substrate added, mol H2/mol hexose

added, ml H2/g substrate added or mol H2/mol substrate consumed. The daily 

volumetric hydrogen production rate per litre of reactor (LH2/L/d) was first obtained 

from the logged data for gas flow rate, F (ml/min) and % hydrogen content using the 

expression:

LH2 /L/d = F —— x%H2 x 60x24 Equation 25 
min FxlOOO

where V is the working volume of the reactor (L).

The organic loading rate to the H2 reactor was then calculated from the expression:

OLR(g/L/d) = C(g/L)x ————— Equation 26
HRT(hours)

where C is the concentration of substrate. The result of equation 25 divided by 22.4 

gives moles H2/L/d. The result of equation 26 divided by the molecular weight of the 

substrate gives mol substrate/L/d. The hydrogen yield in mol/mol substrate added was 

then obtained by dividing moles H2/L/d by mol substrate /L/d. The hydrogen yield in 

terms of mol/g substrate added was obtained by dividing moles H2/L/d by the OLR. 

Dividing the hydrogen yield (mol/mol substrate) by the number of hexose units in 1 

unit of the substrate e.g. 2 for sucrose, gave the yield in terms of mol/mol hexose 

added. H2 yield as mol/mol hexose consumed was obtained by dividing the yield as 

mol/mol hexose added by the substrate conversion efficiency (i.e. percentage of 

substrate degraded to products). For starch as substrate, the hydrogen yield in terms of 

mol H2/mol hexose added took into account the starch assay (72.4% w/w) of the 

Defmol BWH used in this study and the conversion factor 180/162 from 

anhydroglucose (as occurs in starch) to free glucose.
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Methane yield was expressed as ml/gCOD added by dividing the average daily 

volumetric flow rate of methane per litre of reactor obtained from a similar expression 

to equation 25, by the OLR (as gCOD/L/d) obtained from a similar expression to 

equation 26. The volumetric gas flows were not corrected to STP.

2.3. Substrates
Particulate substrates were used in batch culture only, because of the difficulty of

feeding particulates continuously at laboratory scale. Soluble substrates were made up 

as stock solutions and diluted to the required concentration with water and nutrients 

(section 2.5) at the point of entry to the reactor.

2.3.1. Perennial rye grass
Perennial rye grass (Lolium perenne) of the AberDart type was obtained from the

Institute of Grassland and Environmental Research (IGER), Aberystwyth. Two types of 

rye grass were used: 'wilted grass', harvested in May 2002 and 'fresh grass' harvested 

in May/June 2004. After harvesting, the fresh grass was kept in deep freezers (-20°C) at 

IGER. It was transported to University of Glamorgan in cardboard containers 

containing solid carbon dioxide and kept in deep freezers (-18°C) up to the point of use 

(October 2005). Wilted grass, transported in the same way as fresh grass, was also kept 

in a deep freezer (-18 °C) and was used in June 2005. Before use the grass was allowed 

to thaw in the air in the laboratory for 3 hours. Grass equivalent to 46 g or 23 g dry 

matter (to give 20 or 10 g dry matter/L in reactor A) was suspended in 1 litre of water 

and passed through a domestic juicer (Moulinex, Paris, France) twice. The juicer was 

equipped with rollers that crush the material thus increasing its surface area. A slurry- 

like material resulted. The slurry was transferred to reactor A along with 177 ml (for 10
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g dry matter/L) or 354 ml (for 20 g dry matter/L) of nutrient stock solution (section 

2.4), inoculum (section 2.6) to give 3 gTS/L medium (HMSO 1988) and make up water 

to give a volume of 2.3 L.

2.3.2. Fodder maize
Fodder maize was harvested in October 2004 from IGER, Aberystwyth and was kept in

deep freezers at -20°C at IGER prior to transportation to University of Glamorgan in 

cardboard boxes containing solid carbon dioxide. The maize was a heterogeneous 

mixture of corn cobs, stem and leaves. It was kept in freezers at -18°C in the laboratory 

up to the point of use (July 2005). Before use, the maize was allowed to thaw (3 hours) 

in the air and an amount of the fresh matter equivalent to 46 g DM (20 g/L in reactor A) 

was passed through a domestic juicer (Moulinex, Paris, France) twice (Experiment 

FM1) or four times (Experiments FM2 and FM3). The resulting suspension was 

transferred to reactor A along with 177 ml nutrients stock solution (section 2.4) and 

inoculum to make 3 g/L TS (section 2.6.1), and make up water to give a total volume of 

2.3 L.

2.3.3. Sucrose
Food grade granulated sugar (Tate & Lyle, London, UK) was used as a source of

sucrose. It was dissolved in tap water to give 50 g/L or 100 g/L and stored in a fridge at 

4°C for up to 5 days. The sucrose was diluted with water and nutrients to the required 

concentration at the point of entry to the reactor.
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2.3.4 Xylose
Xylose was obtained from Fluka, Dorset, UK. It was diluted in tap water to 50 g/L and

kept in a fridge at 4°C for up to 5 days. It was diluted with water and nutrients to the 

required concentration at the point of entry to the reactor.

2.3.5. Starch
Definol BWH wheat starch co-product (Crespel and Deiters GmbH and Co.,

Ippenbueren, Germany) was used as a source of starch. The properties of the wheat 

starch as given by the manufacturer are shown in Table 2-1. The product was labelled 

as containing at least 75% starch; analysis of the starch in our laboratory using the 

Megazyme assay for starch procedure (section 2.4) gave an assay of 72.4±2.6% w/w.

Table 2-1. Properties of Definol BWH wheat starch
Property Value
Moisture content Max. 10.0%
Protein content Max .5.0%
Starch content* Min. 75.0%
Ash content Max. 0.8%
pH value Min. 4.0
Particles >315 urn Max. 0.2%
Water absorption_______Min 1:6_______ 
*Analysis in the laboratory gave 72.4±2.6% (w/w)

The starch was finely suspended in tap water to give a 50 g/L stock solution using an 

ultrasonic homogenizer (Kinematica AG, Littau-Lucerne, Switzerland) run at 2600 rpm 

and was kept stirred in a fridge at 4°C. The starch stock solution was diluted with tap 

water and nutrients (section 2.4) at the point of entry to the reactor to give a 

concentration of 10 g/L of total solids i.e. 7.24±0.26 g/L actual starch.
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2.4. Nutrients
Nutrients were made up as a 13 times concentrate stock solution with respect to a

growth medium containing 10 g dry matter/L substrate. The stock solution was 

acidified with HC1 to pH <2 to prevent precipitation and was diluted 13 times with 

water and substrate at the point of entry to the reactor (continuous operation on 10 g/L 

substrate) or added as a lump volume (769 ml for 10 L of a 10 g/L substrate solution) at 

the beginning of a batch study. Thus total influent stream (water + nutrients + 

substrate) containing 10 g/L substrate to the reactor or a batch reactor containing 10 g/L 

substrate also contained the concentrations of nutrients shown in Table 2-2.

Table 2-2. Nutrient concentrations in the reactor associated with 10 g/L substrate 
concentration
Nutrient Concentration (mg/L)

NH4C1 2600

K2HPO4 250

KH2PO4 250

MgSO4.7H2O* 320

FeSO4.7H20 86

CoCl2 .6H2O 15

MnCl2 .4H2O 15

(NH4)6Mo7O24.4H2O 14

Na2B4O7.10H2O 12

NiCl2 .6H2O 49

ZnCl2 23

CuCl2 .2H2O 10

CaCl2 .2H2O 66

*Experiments Sul-Su3 and TS1 (up to day 20); other experiments used 125 mg/L of 
MgCl2
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The ratio of nutrient to substrate was kept the same every time a change in substrate 

concentration was made.

2.5. Dilution water
Tap water was used to dilute the substrate and nutrient stock solutions to the required

concentrations. The water, which contained suspended antifoam (polydimethylsiloxane, 

Dow Corning, Coventry, UK) was kept in a 20 L jerry can.

2.6. Inoculum

2.6.1. Hydrogen reactor
Anaerobically digested sludge from a sewage biosolids mesophilic digester (Cog

Moors Sewage Treatment Works, Cardiff, UK) was used as inoculum. The sludge was 

sieved through a 1.18 mm mesh. A typical analysis of the sieved sludge had the 

following characteristics: TS 22.5±0.2 g/L; VS 13.57±0.2 g/L; pH 7.57 and bicarbonate 

alkalinity 3835 mg/L as CaCO3 . Sludge was heat treated at 110°C in a Prestige 

domestic pressure cooker for 10 minutes. An amount of the heat treated sludge that 

gave 3 g/L total solids (HMSO 1988) was used in the hydrogen reactor during batch 

start up (section 2.7). The inoculum was stored for up to 1 month at room temperature 

in a sealed vessel.

2.6.2. Methane reactor
The anaerobically digested sludge was used raw without heat treatment. An amount of

the sludge that gave 5 g/L TS was used in the methane reactor during batch start up 

(Section 2.7).
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2.7. Batch start up

2.7.1. Hydrogen reactor
For continuous culture experiments, reactor A or B was started as a batch using 10 g/L

sucrose, heat treated inoculum to give 3 g/L TS, 1 ml antifoam, 769 ml of nutrient stock 

solution (section 2.4) and make up water to a working volume of 9.3 L or 10 L (reactor 

B). The pH was adjusted to between 5.2 and 5.3 with HC1. The reactor was sealed, the 

headspace flushed with nitrogen and the reactor maintained at 35±0.5°C. Continuous 

operation at 12 hour HRT was started once gas production was well established.

For batch culture, Experiments FM1-FM3, G1-G5, an equivalent amount of 10 or 20 g 

dry matter/L of fodder maize or grass processed through a domestic juicer (sections 

2.3.1 and 2.3.2) was added to reactor A followed by 177 or 354 ml of nutrients and 

inoculum to give 3 gTS/L. Antifoam (1 ml) and make up water were added to give 2.3 

L. The reactor was sealed, pH adjusted with HC1 to within 5.2 and 5.3; reactor 

headspace flushed with nitrogen and temperature maintained at 35±0.5°C

2. 7.2. Methane reactor

The methane reactor, C, was started as a batch using 5 g/L sucrose, raw inoculum to 

give 5 g/L TS and 1 litre of nutrient stock solution (section 2.4). The headspace was 

flushed with nitrogen and temperature maintained at 35±0.5°C. Mixing was effected by 

external recirculation of the reactor contents at an upflow velocity of 4 or 5.8 m/d. 

Sodium bicarbonate was dosed intermittently to keep the pH above 6.5 but below 8. 

Feeding of effluent from the hydrogen reactor was started when the hydrogen reactor 

had reached steady state or gone through three hydraulic retention times. Steady state 

was taken to refer to near constancy in gas production and also VFA concentration
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levels (±10%) for a period of three HRTs. The methane reactor was kept unfed, at room 

temperature with recirculation, between experiments. Restart up of the membrane 

reactor after periods of dormancy was by raising the temperature to 35±0.5°C and 

feeding effluent from the hydrogen reactor.

2.8. Experiments
The nature of each of the 22 experiments is summarised in Table 2-3.
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Table 2-3. Operating parameters and substrates for experiments presented in this

Expt.
i.d.
Control
FM1-
FM3
G1-G2

G3-G5

Sul

Su2

Su3

TS1

TS2

TS3

TS4

TS5

TS6

SCI

SC2

SC3

Reactor

A
A

A

A

B

B

B

B+C

B+C

B+C

B+C

B+C

B+C

B+C

A

A

For reactors A

Substrate/
Cone (g/L)
Water
20 gDM/L
Fodder maize
20 gDM/L
Wilted rye
grass
10 gDM/L
Fresh rye
grass
Sucrose
(10-50 g/L)
Sucrose
(40 g/L)

Sucrose (40
and 50 g/L)
Sucrose (10
and 20 g/L)
Sucrose
(20 g/L)

Sucrose
(20 g/L)
Sucrose
(10-30 g/L)
Sucrose
(10-30 g/L)
Sucrose
(10-20 g/L)

Sucrose (10
and 20 g/L)
Definol BWH
10 g/L
Xylose
10 g/L
Sucrose
10 g/L
Definol BWH
10g/L
Xylose
10 g/L
Sucrose
10 g/L
Definol BWH
10 g/L

and B, pH =

Mode of
operation
Batch
Batch

Batch

Batch

Continuous

Continuous

Continuous

Continuous

Continuous

Continuous

Continuous

Continuous

Continuous

Continuous

Continuous

Continuous

5.25±0.05,

Sparging,
gas
NA
NA

NA

NA

NA

NA

Yes,
N2
NA

NA

NA

NA

NA

NA

NA

Yes
CO2

Yes
CO2

35°C, 12

Remark

Blank run
%CO2 data not logged for FM1 and
FM2.
Wilted perennial rye grass

Fresh perennial rye grass

Effect of substrate concentration
studied
Feedback inhibition by
w-butyric acid externally added also
studied.

NaOH as alkali

Vup from 4 to 5.8 m/d
HRT (reactor C) from 2 to 3 days
pH (reactor B) from 5.25 to 5.0
Ca(OH)2 + NaOH as alkali

Ca(OH)2 as alkali; disturbances in pH
and feed supply
Ca(OH)2 as alkali

Repeat of TS1 to study the influence (if
any) of biofilm development in the
methane reactor. Operated for 29 days.

Continued on from end of Expt. TS 1

Actual starch content 72.4±2.6% w/w

NaOH as alkali; first 3.9 days of
operation were without sparging

NaOH as alkali. First 5 days of
operation were without sparging.
Experiment stopped after 16.5 days due
to a technical fault.

hour HRT unless otherwise stated;

HRT in reactor C was 2 days unless otherwise specified; Vup = upflow velocity. NA = 

not applicable.
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2.8.1. Control experiment
The control experiment was performed in reactor A in batch culture, using inoculum,

nutrients and water only without substrate. pH was initially adjusted to between 5.2 and 

5.3 with HC1, reactor headspace flushed with nitrogen, and temperature maintained at 

35±0.5°C. The experiment was run for 7 days.

2.8.2. Hydrogen production from green crops

2.8.2.1. Fodder maize as substrate: Experiments FMl to FM3
Batch studies were carried out on the generation of hydrogen from fodder maize. Three

replicate experiments FMl, FM2 and FM3 used fresh matter equivalent to 20 g dry 

matter/L at pH 5.2-5.3 and a temperature of 35±0.5°C in reactor A. Thawed fodder 

maize was passed through a domestic juicer twice (Experiment FMl) or four times 

(Experiments FM2 and FM3, section 2.3.2). Data for %CO2 was not logged for 

experiments FMl and FM2. At the end of the batch the contents of the reactor were 

sieved through a 2 mm sieve and the residue dried in an oven at 105°C.

2.8.2.2. Perennial rye grass as substrate: Experiments Gl to G5
Batch studies were carried out on the generation of hydrogen from two types of rye

grass (AberDart variety): wilted grass and fresh grass. Experiments Gl and G2 were 

duplicate experiments investigating the batch production of hydrogen from wilted rye 

grass. Experiments G3, G4 and G5 were replicate experiments investigating the batch 

generation of hydrogen from fresh rye grass. All the experiments were carried out in 

reactor A at pH 5.2 to 5.3 and temperature 35±0.5°C. The grass was passed through the 

domestic juicer twice. At the end of the batch the contents of the reactor were passed 

through a 2 mm sieve and the residue dried in an oven at 105°C.
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2.8.3. Continuous hydrogen production using sucrose as a model carbohydrate
Four experiments in continuous culture were carried out in reactor B using sucrose as a

model carbohydrate.

2.8.3.1. Experiment Sul: Effect of influent sucrose concentration on yield

and stability of hydrogen production
Sucrose concentrations in the range 10 to 50 g/L were used. The working volume in the

reactor was set to 9.3 L. The ratio of nutrient to substrate was kept the same each a time 

a change in substrate concentration was made. For each concentration the system was 

operated for at least five retention times, depending on how stable it was. The system 

was deemed to have reached steady state if the volumetric gas production rate and VFA 

concentration varied within ±10% for a period of three HRTs. Start up and initial 

operation for 10 HRTs at 20 g/L sucrose was followed by operation for 6 HRTs at 40 

g/L, 13 HRTs at 50 g/L, 6 HRTs at 10 g/L and 4 HRTs at 50 g/L, a total of 21 days. pH 

was controlled between 5.2 and 5.3 at a temperature of 35±0.5°C.

2.8.3.2. Experiment Su2: Feedback inhibition by volatile fatty acids and effect 

of operational time on the yield and stability of hydrogen production

The stability of hydrogen production over an extended period (over 40 HRTs or 20 

days) was investigated in this experiment using 40 g/L sucrose as substrate at 35±0.5°C 

and pH 5.2-5.3. In the same experiment, end product (VFA) inhibition of hydrogen 

production was studied by adding butyric acid (Fisher Scientific, Loughborough, UK) 

to a reactor operating on 40 g/L sucrose.

2.8.3.3. Experiment Su3: Effect of sparging with nitrogen on hydrogen production 

The effect of sparging with pure nitrogen on the yield and stability of continuous 

hydrogen production was studied at two sucrose concentrations, 40 g/L and 50 g/L. pH
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was maintained between 5.2 and 5.3 and temperature 35±0.5°C. Start up was followed 

by operation at 40 g/L sucrose without sparging (10 HRTs), 40 g/L with sparging 

(13.85 HRTS), 50 g/L with sparging (10 HRTs) and 50 g/L without sparging (6 HRTs), 

a total of 21 days. The pressure in the nitrogen cylinder was regulated to 5.5 psi (ca. 

0.38 bar) which gave a sparging rate of 97.5 ±1.5 L/L/d and a superficial velocity of 

3.6* 10'4 m/s.

2.8.4. Two-stage hydrogen and methane production
In these experiments (TS1-TS6) effluent from the hydrogen reactor (reactor B) was fed

directly to a methane reactor (reactor C) to recover more energy and stabilise the 

effluent.

2.8.4.1. Experiment TSI: Hydrogen and methane yield as a function of organic loading 
rate
The yield of hydrogen and methane as a function of organic loading rate was 

investigated in this experiment with sodium hydroxide as alkali. The OLR to the 

methane reactor (35°C, 2 day HRT) was changed by changing the substrate 

concentration of the feed to the hydrogen reactor (pH 5.2-5.3, 35°C, 12 hour HRT) 

from 10 to 15 to 20 g/L. The nutrients were increased proportionately. On day 20, 

magnesium sulphate in the nutrient medium was substituted by magnesium chloride to 

reduce the production of hydrogen sulphide in the second methanogenic stage. In the 

same experiment, the effect of reducing sodium concentration in the hydrogen (and 

therefore methane) reactor using a mixture of equal volumes of sodium and potassium 

hydroxides (82 g/L each) was studied. The experiment lasted 96.8 days.
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2.8.4.2. Experiment TS2: Effect of increasing the upflow velocity and retention time in 

the methane reactor, and a shift in pH in the hydrogen reactor

Between experiments TS1 and TS2, the methane reactor was unfed at room 

temperature for 12 days. Experiment TS2 studied the effect of increasing the upflow 

velocity (from 4 to 5.8 m/d) and retention time (effectively improving mass transfer) on 

an upflow filter fed with effluent from a hydrogen reactor fed with 20 g/L sucrose, 12 

hour HRT with sodium hydroxide as alkali. In the same experiment, the effect of a shift 

in pH in the hydrogen reactor from 5.25 to 5.0 was studied. The methane reactor HRT 

was changed from 2 to 3 days on day 31. Experiment TS2 lasted 44.5 days. 

Temperature for both reactors was 35±0.5°C.

2.8.4.3. Experiment TS3: Effect of using a mixture of Ca(OH)? and NaOH as 

alkali on the two stage process

Between experiments TS2 and TS3 the methane reactor was unfed at room temperature 

for 9 days. Experiment TS3 studied the effect of using calcium hydroxide (Buxton 

Lime Industries Limited, Buxton, UK) admixed with sodium hydroxide (1:1 v/v 4.8 M 

NaOH and 18% Ca(OH)2 - 3.2:3 w/w NaOH:Ca(OH)2) as a base on the operation of 

the two stage system at 20 g/L sucrose. Start up and initial continuous operation used 

sodium hydroxide as alkali up to day 7 when the switch was made. Experiment TS3 

lasted 20 days. H2 reactor operating conditions were pH 5.2-5.3, 35°C, 12 hour HRT; 

CH4 reactor operating conditions were 35°C, 2 day HRT, upflow velocity 5.8 m/d.

96



2.8.4.4. Experiment TS4: Two stage H? and CH4 production using Ca(OH)? as 

jilkali: changes induced by process interruptions in feed supply and pH

Between experiments TS3 and TS4, the methane reactor was unfed at room 

temperature for 1.5 months. Experiment TS4 was initially designed to study the effect 

of using calcium hydroxide only as a base in the substrate concentration range 10-30 

g/L sucrose on two stage hydrogen and methane production. The Ca(OH>2 was diluted 

in the ratio 3:1 with water to render it easier to dose. In the course of the experiment 

there were two power failures (days 13.5 and 18.5), which meant that the reactors went 

unfed and the temperature in the reactor decreased. The pH control mechanism also 

failed due to a blockage of the tube (due to precipitation) dosing alkali at various times 

in days 24 to 27. The experiment therefore turned into studying the effect of these 

process disturbances. Experiment TS4 lasted 47 days.

2.8.4.5. Experiment TS5: Two stage H^ and CH4 production using CafOH)? as 

alkali: effect of operating without process disturbances

The methane reactor was left unfed at room temperature after completion of 

Experiment TS4 for 40 days. Experiment TS5 was undertaken with the objective of 

maintaining the operating conditions adequately and hence checking whether the 

effects observed in Experiment TS4 were actually a result of the process disturbances 

or whether those effects would have happened anyway. The calcium hydroxide storage 

vessel was kept stirred all the time using a magnetic stirrer and the dosing pump set to 

its maximum (55 rpm) to prevent the calcium hydroxide from settling in the tubes.
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The hydrogen reactor was operated at three different concentrations, 10, 20 and 30 g/L 

sucrose and effluent from it fed to an upflow filter reactor (2 day HRT) to generate 

methane.

2.8.4.6. Experiment TS6. Two stage Hz and CHa production using NaOH as 

alkali. Repeat of TS1

This experiment served as a repeat of Experiment TS1 to examine the role played by 

biofilm development over the 6 months since TS1 on COD degradation in the methane 

reactor. Effluent from the H2 reactor was fed to the CH4 reactor directly to maintain a 2 

day HRT starting on day 3.8. The two stage system was run on 10 g/L sucrose for 14 

days and then on 20 g/L sucrose for a further 1 5 days.

2.8.5. Substrate changeover and fermentative hydrogen and methane production
The effect of substrate changeover on hydrogen and methane production was

investigated using starch, sucrose and xylose as substrates. Experiment SCI used 

reactor B for hydrogen production and reactor C for methane production. Experiments 

SC2 and SC3 used reactor A for hydrogen production; no methanogeneic stage was 

involved.

2.8.5.1. Experiment SCI: Changeover from sucrose to starch to sucrose to xylose 

Experiment SCI examined changeover from sucrose to starch, starch to sucrose and 

sucrose to xylose in continuous culture. This experiment continued on from the end of 

Experiment TS6 (day 29) by changing the feed to the hydrogen reactor (Reactor B) 

from 20 g/L to 10 g/L sucrose. The days of Experiment SCI overlap with the days of 

Experiment TS6, such that day 0 of TS6 and SCI are identical. The substrate was then 

changed to Definol BWH (10 g/L i.e. 7.24±0.26 g/L starch) on day 39.85 then to
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sucrose (10 g/L) on day 47.88 and finally to xylose (10 g/L) on day 56.9. Experiment 

SCI was run for 66 days with the two stage system.

2.8.5.2. Experiment SC2: Changeover from sucrose to starch to xylose under CQi 
sparging conditions

Experiment SC2 studied changeover from sucrose (10 g/L) to Defmol BWH (10 g/L) to 

xylose (10 g/L) under sparging conditions with CO2 . Batch start up on 10 g/L sucrose 

was followed by continuous operation with 10 g/L sucrose initially without sparging 

for 2.9 days before continuous operation with 10 g/L sucrose whilst sparging with CO2 

for a further 5 days. Continuing with sparging with CO2, the substrate was changed to 

10 g/L Defmol BWH for another 10 days before changing over to xylose on day 20. 

The sparging rate (60.9±1.4 ml CO2/min), about 15 times the expected flow rate of 

hydrogen, gave a superficial velocity of 1.3 x 10~4 m/s. The experiment was run for 21 

days in reactor A.

2.8.5.3. Experiment SC3: Changeover from sucrose to starch under CO? sparging 
conditions, repeat of SC2

Experiment SC3 was a repeat of experiment SC2. Batch start up using 10 g/L sucrose 

was followed by continuous operation with sucrose (10 g/L) without sparging for 4.5 

days, continuous operation with 10 g/L with CO2 sparging for 7 days and continuous 

operation with Defmol BWH (10 g/L) with CO2 sparging for 4.3 days before the 

experiment was stopped because of a technical fault.
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CHAPTER 3. HYDROGEN PRODUCTION FROM GREEN CROPS

The objective of experiments on hydrogen production from green crops, i.e. fodder

maize and perennial rye grass, was to evaluate their technical feasibility for use as 

substrates for hydrogen production by direct fermentation. Fodder maize and perennial 

rye grass were some of the crops identified in the UK as suitable for hydrogen 

production based on crop yield, harvest window, carbohydrate composition (Table 1-1) 

and considering the net energy available from the process (Martinez-Perez et al. 2007). 

The harvest windows of the crops are important in maximising the number of days per 

year that the fermentation process could operate. The net energy production estimates 

were based on the energy output as hydrogen from water soluble carbohydrates and as 

methane from the produced acetic and butyric acids and residual holocellulose less the 

sum of the energy input to grow the crop and the energy to run the process. A hydrogen 

yield of 0.7 mol/mol hexose added (assuming all total soluble carbohydrates were 

hexose) as reported by Hussy (2005) for an extract of perennial rye grass was used. For 

the methane stage it was assumed that the conversion of the holocellulose exiting from 

the hydrogen fermentation stage was on average 300 ml CHVgVS added (Martinez- 

Perez et al. 2007). Net energy outputs of 121,522 MJ/hectare/year were estimated for 

forage maize and 114,189 MJ/hectare/year for perennial rye grass.

The experiments on hydrogen production from forage maize and perennial rye grass 

were done in batch culture because of the difficulty of feeding particulate matter 

continuously. The methodology used was detailed in section 2.8.2. The assayed 

composition of the two grass types is shown in Table 3-1 while Table 3-2 shows the 

composition of the forage maize used. The analysis for starch was not done but the 

approximate starch composition of these crops is given in Table 1-1. The values 

obtained for holocellulose are only approximate as in the method (designed for woods)
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the delignification process may attack the hemicellulose as well (Alien et al. 1974). 

Samples sent to IGER gave a holocellulose content of 49.2% w/w dry matter for wilted 

perennial rye grass and 50.5% w/w dry matter for fodder maize based on fibre analysis. 

The assayed amount of soluble carbohydrates (7.5% w/w dm) for dried perennial rye 

grass in our laboratory was much lower than that quoted in the literature (Table 1-1) 

and lower than that obtained from analysis of the soluble carbohydrates in fresh grass 

(average 24.5% w/w dm); this is probably due to degradation of some of the sugars 

during the drying process.

Table 3-1. Properties of wilted and fresh perennial rye grasses________
Property____________________Wilted rye grass Fresh rye grass 
Moisture content (%w/w fresh matter) 64.5±0.4 (3) 79.3±1.3 (2) 
Ash (%w/w dry matter) 4.8±0.1 (3) 8.9±0.2 (3) 
Soluble carbohydrates (%w/w dry matter)
as sucrose 7.5±0.1 (6) 11.9±0.8 (3)* 
Holocellulose (%w/w dry matter) 34.3±2.2 (3) 54.2±3.1 (3) 
a -cellulose (%w/w dry matter)_______18.4(1)______22.8±2.0 (3) 
* obtained from macerated fresh grass.

Table 3-2. Properties of fodder maize___________________________
Moisture content (%w/w fresh matter) 65.6±2.0 (3) 
Ash (%w/w dry matter) 3.9±0.1 (3) 
Soluble carbohydrates (% w/w dry matter) 
as sucrose 16.7±1.0(3)

Holocellulose (% w/w dry matter) 60.2±3.9 (3)
q-cellulose (%w/w dry matter)________21.4±3.0(3)____________

Of the non structural carbohydrates in perennial rye grass, ninety percent are made of 

fructans, less than 3% sucrose and less than 1% glucose and fructose (Morris 2004). 

Fructans consist of glucose as a starting unit and up to 200 fructose units, linked 

through P(2-»l) and (3(2—»6) bonds. No information is available on the fermentability 

of fructans to hydrogen.
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3.1. Experiment FMl. Batch production of hydrogen from fodder maize.
The fodder maize in this experiment was passed through a domestic juicer twice as

opposed to experiments FM2 and FM3 (sections 3.2 and 3.3 respectively) where the 

fodder maize was passed through the juicer four times. Results for experiment FMl are 

shown in Figure 3-1.
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Figure 3-1. Experiment FMl. Batch study of hydrogen production from fodder 
maize (20gdm/L) passed through a domestic juicer two times, a) Gas flow rate 
(L/L/d), b) acetate and butyrate (mg/L), c) %H2 and redox potential (mV), d) 
ethanol and residual sugars (mg/L), e) pH variation with time.
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The lag phase lasted 67 hours (Figure 3-1 a). The maximum gas production rate reached 

was 6 L/L/d (over the control which did not produce any gas). Gas production lasted 28 

hours. The hydrogen yield was 59 ml H2/g dry matter of fodder maize. The main 

volatile fatty acids produced were acetate and butyrate. Acetate predominated up to 

hour 70 but by hour 93, butyrate existed in greater amounts (25.6 mM) than acetate 

(22.7 mM) (Figure 3-lb). By hour 115, acetate amounted to 1939 mg/L (32.3 mM) 

whereas butyrate amounted to 2724 mg/L (31.0 mM). The gas produced had a variable 

hydrogen composition, reaching 80% at hour 80 which tailed off to a value of 57% at 

hour 95 before gas production dropped to zero (Figures 3-la and 3-lc). The rest of the 

gas produced was composed of carbon dioxide. The HI sensor, which operates on the 

principle of absorption of hydrogen molecules from the surrounding gas, continued to 

give some reading from the static gas in the sensor after gas production had stopped. 

During hours 70 to 90 when gas production was intense, the redox potential reached - 

500 mV, rising to -300 mV when gas production stopped (Figure 3-lc).

Figure 3-Id shows the variation of residual sugars (as sucrose) and ethanol in the 

reactor over time. Residual sugars decreased more rapidly during hours 0 to 50 (even 

when there was no gas registered) compared to the rate of decrease in hours 50 to 100. 

At the beginning of the experiment, some ethanol (117 mg/L) was detected in the 

reactor and this increased to a maximum value of 237 mg/L at the end of the 

experiment (hour 115.25). In hours 75 to 77, the pH in the reactor decreased from 5.25 

to 4.8 (Figure 3-le) because of a problem with the alkali dosing pump.
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3.2. Experiment FM2. Batch production of hydrogen from fodder maize
In this experiment, the fodder maize was passed through a domestic juicer four times,

as opposed to twice in Experiment FM1 to further increase the surface area of the 

resulting materials. Results for experiment FM2 are shown in Figure 3-2.
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Figure 3-2. Experiment FM2. Batch study of hydrogen production from fodder 
maize (20 gdm/L) passed through a domestic juicer four times, a) Gas flow rate 
(L/L/d), b) acetate and butyrate (mg/L), c) %H2 and redox potential (mV), d) 
residual sugars (mg/L), e) pH variation with time.
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The lag phase lasted 9 hours (Figure 3-2a). The maximum gas production rate was 7 

L/L/d (Figure 3-2a). Gas production lasted 29 hours. The hydrogen yield was 69 ml H2/ 

g dry matter of fodder maize. The main volatile fatty acids produced were acetate and 

butyrate. Before hour 20, acetate predominated; after day 20, butyrate existed in greater 

amounts than acetate e.g. on hour 44 butyrate amounted to 1637 mg/L (18.6 mM) 

whereas acetate amounted to 960 mg/L (16 mM) (Figure 3-2b). The pH overshot 

slightly between hours 11.6 and 21.0 from 5.29 to 5.5 (Figure 3-2e) but it is not clear 

what caused this as it happened at night. The proportion of hydrogen in the off gas in 

days 12 to 38 averaged 65.3±5.3% (n=1581). The rest of the gas produced was 

composed of carbon dioxide. The redox potential decreased from -98 mV at hour 0 to 

an average of -520±12 mV (n=1022) in hours 22 to 38, rising to -300 mV when gas 

production stopped (Figure 3-2c). Ethanol was not assayed for.

3.3. Experiment FM3. Batch production of hydrogen from fodder maize- 

repeat of experiment FM2
Experiment FM3 was a repeat of experiment FM2 to see how repeatable the

fermentation was. Results for experiment FM3 are shown in Figure 3-3.

The lag phase lasted 6 hours (Figure 3-3 a). During this phase, the redox potential fell 

from +15 mV at hour 0 to -209 mV at hour 6 (Figure 3-3c). After hour 6, gas 

production increased steadily reaching a maximum gas rate of 6.8 L/L/d on hour 17 

(Figure 3-3a); correspondingly, residual sugars decreased steadily (Figure 3-3d). After 

hour 17, gas production decreased steadily and stopped on hour 24.6. The hydrogen 

yield was 59 ml H2/ g dry matter of fodder maize.
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Figure 3-3. Experiment FM3. Batch study of hydrogen production from fodder 
maize (20 gdm/L) passed through a domestic juicer four times (repeat of FM2): a) 
Gas flow rate (L/L/d), b) acetate and butyrate (mg/L), c) %H2 and redox potential 
(mV), d) residual sugars (mg/L), e) pH, f) YoCCh variation with time

The main volatile fatty acids produced were acetate and butyrate. At or before hour 16, 

acetate predominated; by hour 68 (end of batch), butyrate existed in greater amounts 

than acetate (Figure 3-3b). At hour 68, acetate amounted to 1473 mg/L (24.6 mM) 

whereas butyrate amounted to 2680 mg/L (30.5 mM).
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The trend for %H2 and %CO2 was the same as that for gas flow rate, increasing steadily 

and peaking at 65% and 38% respectively on hour 17 before decreasing steadily 

(Figure 3-3c and 3-3f).

There was a sharp drop in redox potential at the onset of gas production (hour 6). 

Redox decreased from -209 mV on hour 6.06 to -358 mV on hour 7.75 and by hour 17 

had reached -507 mV. Between hours 17 and 32, redox averaged -549±10 mV (n=903). 

After hour 32, redox potential increased reaching an average of -394±10 mV (n=1200) 

in hours 40 to 60 (Figure 3-3c). Ethanol was not assayed for.

3.4. Experiment Gl. Batch production of hydrogen from wilted perennial rye

grass
Results of experiment Gl are summarised in Figure 3-4. Figure 3-4a shows the

volumetric gas production rate as a function of time from wilted grass. There was a lag 

phase of about 9 hours. During this lag phase redox potential decreased from -36 mV 

(hour 0) to -368 mV (hour 9) and acids were produced as evidenced by the dosing of 

sodium hydroxide seen as oscillations in Figure 3-4e prior to hour 9.

After hour 9 gas production increased reaching a maximum gas production rate of 14 

L/L/d on hour 18. Ethanol, volatile fatty acids and % hydrogen also increased (Figure 

3-4b, c and d). In the same period, residual sugar (as sucrose) concentration in the 

reactor decreased to about half of the initial value (Figure 3-4d). The proportion of 

hydrogen in the gas was greatest (73%) at hour 11.9 (Figure 3-4c). The rest of the gas 

was composed of carbon dioxide. After hour 23 gas flow rate dropped to zero. Redox
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potential was always negative, reaching a minimum of-550 mV at hour 17 (Figure 3- 

4c).
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Figure 3-4. Experiment Gl. Batch production of hydrogen from wilted perennial 
rye grass (20gdm/L). a) Gas flow rate (L/L/d), b) acetate and butyrate (mg/L), c) 
%H2 and redox potential (mV), d) ethanol and residual sugars (mg/L) e) pH 
variation with time.

Around hour 15 when there was intense gas production, the grass floated on top of the 

reactor and this interfered with the dosing of the sodium hydroxide for pH control. The 

pH decreased at hour 14 below the lower (pH 5.2) set point presumably because the 

added sodium hydroxide took time to percolate through the grass layer and more 

sodium hydroxide was added leading eventually to a rise in pH above the upper (pH
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5.3) set point (Figure 3-4e). Figure 3-4b shows the trend curve of the main volatile fatty 

acids in the reactor over time. Butyrate was the main volatile fatty acid produced (on a 

mass or molar basis) followed by acetate. The hydrogen yield was 82 ml/gdm of wilted 

perennial rye grass.

3.5. Experiment G2. Batch production of hydrogen from wilted perennial rye

grass. Repeat of Gl 
Figure 3-5 shows the main results in experiment G2, which was a repeat of Gl. Results

from this experiment were repeatable with those of Experiment Gl (Figure 3-4). The 

hydrogen yield was 69 ml/ g dm of wilted perennial rye grass. Further discussion of the 

trends is given in section 3.9. Ethanol was not assayed for.
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3.6. Experiments G3-G5. Batch production of hydrogen from fresh perennial rye 
grass.
Unlike wilted perennial rye grass, operation using fresh grass was problematic: the

grass entangled itself around the impeller preventing it from rotating and when gas 

production started, the grass formed a floating mass on top of the reactor preventing gas
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from escaping from the reactor and interfering with pH control. A number of 

experiments were done using fresh grass equivalent to 20 g dry matter/L of grass to
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Figure 3-6. Gas flow rates from a 2.3 L batch reactor (in triplicate) operating on 
10 g dry matter/L equivalent of fresh perennial rye grass versus time of operation, 
a) Experiment G3; b) Experiment G4; c) Experiment G5.



solve the problems of poor mixing and prevent the grass from floating e.g. by 

immobilising the grass in a meshed bag, dosing NaOH used for pH control through a 

side port etc. but their success was limited. It was therefore decided to reduce the grass 

loading to a fresh grass loading equivalent to 10 g dry matter/L. Whereas no handling 

problems were experienced with 10 g dry matter/L, the gas flow rates from the 2.3 L 

reactor were too low (maximum 2.5 ml/min or 1.57 L/L/d as shown in Figure 3-6 for 

experiments G3-G5) to give reliable online measurements. Further work using a larger 

reactor at a loading of 10 g dry matter/L is required.

3.7. Discussion of results on batch production of hydrogen from fodder maize and 

perennial rye grass

3.7.1. Lag phase
All the experiments were marked by a lag phase before gas production ensued. The

length of the lag phase in batch cultures was reported as being dependent on both the 

changes in nutrient composition (if any) experienced by the cells and the age and size 

of the inoculum (Bailey and Ollis 1986). The nutrients and size of the inoculum were 

the same in all cases. The relative age of the inoculum differed by about 5 days 

between consecutive experiments from the time of its collection. There was a 

significant difference in the lag phase in Experiment FM1 (67 hours) where the fodder 

maize was passed through the juicer 2 times compared to experiments FM2 and FM3 (9 

and 6 hours respectively) where the fodder maize was passed through the juicer four 

times. The inoculum used in Experiment FM3 was older (by ca. 5 days) than that used 

in Experiment FM2 which was also older (by ca. 5 days) than that used in Experiment 

FM1. Since the lag phase of 9 hours for Experiment FM2 is comparable to a lag of 6 

hours for Experiment FM3, the age of the inoculum does not appear to be a factor here 

and suggests that for particulate substrates the extent of size reduction may also affect
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the length of the lag phase. The lag phase obtained for grass (9 hours) appears to be 

comparable to that obtained from fodder maize passed through the juicer 4 times. The 

fact that no gas was registered during the lag phase may suggest either that microbial 

growth was not accompanied by gas production or that the pressure was still building 

up in the reactor to overcome the back pressure arising out of the hydrostatic pressure 

(ca. 1 cm H2O) in the Dreschel bottle. The reactor headspace had a volume of 500 ml 

and this would have to be filled to a pressure at least 98 Pa gauge - pressure due to 1 

cm of water - before gas would be registered.

3.7.2. VFA profile
During the batch fermentation of perennial rye grass, more butyrate than acetate

(w/w or mol/mol) was formed throughout the course of the batch. This is probably 

because the metabolism of hexose to butyrate is more energetically feasible (equation 

27) compared to the conversion to acetate (equation 28) (Thauer et al. 1977).

Glucose + 2H2O -»1 butyrate + 2HCO3 + 3H+ + 2H2 (AG° = -255 kJ/mol) Equation 27 
Glucose + 4H2O -» 2 acetate + 2HCO3 + 4H+ + 4H2 (AG° = -206 kJ/mol) Equation 28

Such a butyric-type fermentation is typical of bacteria of the genus Clostridium and has 

previously been reported during the dark fermentation of sugar beet and cellulose 

(Hussy 2005; Lay 2001; Ueno et al. 1995).

For fodder maize, initially more acetate than butyrate (w/w or mol/mol) was produced 

especially during emergence from the lag phase; then there was a switch in the 

quantities of acetate and butyrate with more butyrate than acetate produced during the 

latter phase of the batch (Figures 3-lb, 3-2b and 3-3b). Table 3-3 gives a comparison of 

the amounts of VFAs in experiments Gl and FM3 at two times, when gas production 

was intense and when gas production had stopped. It can be seen that for fodder maize
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there was more acetate initially (17.4 mmol compared to 5.3 mmol for butyrate at hour 

15.7) but at the end of the batch, butyrate existed in larger amounts than acetate (30.5 

mmol compared to 24.6 mmol for acetate at hour 68). A stage with more acetate than 

butyrate was not observed during the fermentation of grass (Figures 3-4 and 3-5 and 

Table 3-3) where butyrate was always in larger quantities than acetate.

Table 3-3. VFA profile in Experiments Gl and FM3 showing a switch in the 
amounts of acetate and butyrate for fodder maize as the experiment progressed.

Period of intense gas production Period when gas production had stopped 
(Hr. 17.98 for G 1,15.7 for FM3) (Hr. 43.5 for Gl, 68 for FM3)

Experiment Gl:

Acetate (mM)

Butyrate (mM)

Experiment FM3:

Acetate (mM)

Butyrate (mM)

7.86

13.67

17.37

5.25

11.94

29.41

24.55

30.45

3.7.3. Redox profile
There was a dramatic decrease in redox potential at the very start of gas production

(Figures 3-lc, 3-2c, 3-3c, 3-4c and 3-5c). This decrease in redox potential was 

attributed to hydrogen evolved as the bacteria emerge from the lag phase, exhaustion of 

trace levels of oxygen from the culture medium and also to anaerobes producing 

reductants for reducing the growth environment although the specific reductants were 

not identified (Srinivas et al. 1988). Hydrogen production in all cases occurred when 

the redox potential was negative.

3.7.4. Gas production profile
In both fodder maize and grass fermentation the gas produced as analysed online

consisted of carbon dioxide and hydrogen. No methane was detected. A maximum 

value of hydrogen composition of 80% was reached during the early phases of gas
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production. Because of solubility, theoretically this is unlikely. Acetate production is 

accompanied by generation of a gas mixture that is 66.6% hydrogen (equation 8) 

whereas for butyrate formation the proportion of hydrogen in the off gas is 50% 

(equation 9). For butyrate fermentation therefore the hydrogen content in the off gas 

may be expected to lie between 50 and 66.6%. However since hydrogen is much less 

soluble in water (0.0241 vol/vol. at 1 bar and 35 °C) compared to CO2 (1.936 vol/vol. 

at 1 bar and 35°C), a hydrogen content of 80% is possible, especially in the early stages 

of gas production before the liquid phase becomes saturated with CO2 .

J.7.J. Solvents
Ethanol was the only solvent formed in both grass (Experiment Gl) and fodder maize

(Experiment FM1) fermentation. At the end of Experiment Gl, ethanol amounted to 

14.3 mM while at the end of Experiment FM1, ethanol amounted to 5.1 mM. Ethanol 

formation is not accompanied by hydrogen production and produces less energy (2 

ATP per mole of hexose) compared for example to the production of acetic acid (4 

ATP per mole of hexose). A pH of less than 5 was reported as one of the factors that 

can lead to solvents production (Rogers and Gottschalk 1993). In this regard proper 

mixing is crucial otherwise pockets of low pH might form in the reactor and initiate 

solventogenesis. Doremus et al. (1985) also observed that when the hydrogen partial 

pressure increased to a certain level in the reactor headspace, the culture then switched 

to alcohol production and produced less hydrogen.

5.7. 6. Substrate handling
A suitable substrate loading is important for good mixing. High substrate loadings

increase the viscosity of the slurry making mixing difficult. For grass there is the added 

complication of entanglement of the grass around the impeller, preventing it from
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rotating. Also during peak periods of gas production, the grass floated on top of the 

reactor making pH control difficult as the NaOH used for maintaining pH was dosed 

from the top of the reactor. Further, if the mixing is not good, the partial pressure of 

hydrogen in the reactor liquid phase might increase as gas is prevented from escaping 

thus inhibiting the process.

3.7.7. Fermentation efficiency
Of the dry matter added to the reactor in Experiment Gl, 70% was recovered at the end

as residue while for Experiment FM1, 16% was recovered as residue. From this low 

value it appears that the 2mm sieve may not have recovered the entire residue in 

Experiment FM1 as fodder maize contains ca. 50% holocellulose which is difficult to 

degrade anaerobically. Table 3-4 shows composition results obtained from IGER of the 

dried grass and fodder maize before and after fermentation based on fibre analysis.

Table 3-4. Composition (% w/w dry matter) of wilted perennial rye grass and 
fodder maize before and after batch fermentation

NDF

ADF

Lignin

Hemicellulose

a-Cellulose

Holocellulose

Before

Perennial rye grass

(Experiment Gl)

After

fermentation fermentation

55.43

34.16

6.20

21.27

27.96

49.23

68.91

36.09

4.68

32.82

31.41

64.23

Before

Fodder maize

(Experiment FM1)

After

fermentation fermentation

54.23

22.94

3.76

31.29

19.18

50.47

79.36

44.60

7.14

34.76

37.46

72.22

ADF = Acid detergent fibre; NDF = Neutral detergent fibre. Hemicelullose = NDF- 
ADF; a-Cellulose = ADF - Lignin. Holocellulose = a-Cellulose + Hemicellulose.
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The solid residue in Experiment Gl contained 64.23% w/w dry matter holocellulose 

(65.3±7.6% w/w using Alien's method) while in Experiment FM1, the residue 

contained 72.22% w/w dry matter holocellulose (Table 3-4) (70.0±3.5% w/w using 

Alien's method). In each case in Table 3-4 the amount contributed to the dry weight by 

hemicellulose and a-cellulose increased after the experiment, presumably since the 

readily degradable components of the dry matter were fermented, leaving the structural 

carbohydrates. The complexity of a pre-treatment step to hydrolyse the cellulose and 

hemi-cellulose to simple sugars must be balanced against any resulting gain in 

hydrogen. A hydrogen yield of 75.6±8.8 (n=2) ml/g dry matter was obtained from 

wilted perennial rye grass while 62.4±6.1 (n=3) ml/g dry matter was obtained from 

fodder maize. Using a grass extract obtained by a series of pretreatments that involved 

(in the following order) shredding, treatment with NaOH, pH adjustment to pH 7 with 

HCI, addition of catalase and enzymatic treatment (combination of ferulic acid esterase, 

cellulose and xylanase, incubation for 48 hours), Hussy (2005) obtained a lower 

hydrogen yield of 19 ml/g dry grass under similar reactor operating conditions despite a 

high amount of sugar extracted (45.6% w/w dry matter compared to e.g. 23% w/w dry 

matter as analysed at the start of experiment Gl). It is probable that the chemical pre- 

treatment produced side products like furfural that inhibited hydrogen production 

(Mosier et al. 2005). The water soluble carbohydrates and starch in perennial rye grass 

and fodder maize make up about 20 to 50% of the dry matter (Table 1-1). If all the 

water soluble carbohydrates and starch were hexose and all assumed to be converted to 

hydrogen, hydrogen yields of about 100 to 250 ml/ g dry matter would be expected.

Table 3-5 shows a carbon distribution sheet based on the metabolites analysed at the 

end of the batch process and the amount of soluble sugars added at the beginning of the
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batch. The amount of carbon was calculated from the amounts of the respective 

compounds per litre of reactor solution given their molecular formulae. For grass it was 

assumed that it is accurate to measure fructans as soluble carbohydrates by the phenol 

sulphuric acid method (Dubois et al. 1956) using sucrose as the standard. Even without 

taking account of bacterial growth, the total amount of carbon in the liquid portion of 

the reactor contents at the end of the batch (2.609 g/L in Gl and 2.765 g/L in FM1) is 

greater than the original amount of carbon assayed as soluble carbohydrates in the 

reactor contents (1.937 g/L for grass in Gl and 1.579 g/L for maize in FM1) added to 

the reactor, indicating that some components other than soluble carbohydrates e.g. 

starch in the solid substrates must have been used up.

Table 3-5. Carbon mass balance amongst the different metabolic products not 
considering biomass.

Grass reactor Fodder maize reactor 
(Experiment G1) (Experiment FM1) 
Total Amount of Total Amount of 
amount carbon (g/L) amount carbon (g/L) 
(g/L)_____________(g/L)

Soluble carbohydrates (as 
sucrose) at start of batch 
Acetate*
Butyrate*

Ethanol*

Final residual sugar cone 
(as sucrose).* 
Carbon dioxide
Total carbon in liquid phase 
at end of batch + C in CO2

4.6 

0.716
2.588

0.658

0.417 

893 ml/L

1.937

0.2864
1.412

0.2547

0.1755 

0.48
2.609

3.75 

1.939
2.724

0.237

0.169 

630 ml/L

1.579

0.7756
1.486

0.092

0.071 

0.34
2.765

*End of batch when gas production had stopped - hour 44 for Experiment Gl and hour 
115 for Experiment FM 1.

A hydrogen yield of 0.7 mol/mol hexose (assuming all total sugar was hexose) or 19 ml 

H2/g dry grass was reported for an extract of perennial rye grass and 1.9 mol/mol
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hexose for starch (Hussy 2005). These yields (along with a methane yield of 300 

ml/gVS as residue from the hydrogen reactor) were used in the estimation of energy 

generated from the two stage hydrogen and methane production from grass and fodder 

maize (Martinez-Perez et al. 2007). The yield of hydrogen used in the energy 

calculations for perennial rye grass (19 ml/g dry grass) is lower than that obtained in 

this study (75.6 ml/g dry grass) suggesting that the energy yield due to hydrogen could 

have been under-estimated by Martinez-Perez et al. (2007).

3.8. Summary of findings on hydrogen production from fodder maize and 

perennial rye grass

It was possible for the first time to produce hydrogen, in batch culture, from untreated 

perennial rye grass (75.6±8.8 ml/g dry matter of wilted grass) and untreated fodder 

maize (62.4±6.1 ml/g dry matter) using mixed microfiora as inoculum. Based on the 

annual yield/hectare of dry matter of perennial rye grass (8.5-19.2 tonne) and fodder 

maize (17-21 tonne) as given in Martinez-Perez et al. (2007), hydrogen yields of 643 to
"5 ^

1452 m /hectare of wilted grass per year and 1060 to 1309 m /hectare of fodder maize 

per year can be obtained. The solid residue after fermentation of grass contained 

65.3±7.6% w/w dry matter holocellulose and for fodder maize 70.0±3.5% w/w dry 

matter holocellulose implying that the majority of these complex structural 

carbohydrates were not accessible for metabolism. A carbon balance showed more 

carbon in the liquid phase at the end of the batch compared to the amount of carbon (as 

soluble carbohydrates) at the beginning of the batch for both grass and fodder maize 

implying that more than just soluble carbohydrates were fermented. The hydrogen yield 

was greater than that (19 ml/ g dry matter of grass) used in the estimation of net energy 

yields from two stage hydrogen and methane production from crops by Martinez-Perez
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et al. (2007). Using fresh grass as a substrate at a loading of 20 g dry matter/L in a 2.3 

L reactor posed problems with its handling including entanglement around the impeller, 

overshooting of pH set points and floatation on top of the reactor once gas production 

had started. A two-stage pilot plant (1m3 H2 reactor) is now being constructed to be 

sited at IGER which will operate on fodder maize and grass continuously. Pre- 

treatment may lead to improvement in hydrogen yields from grass and fodder maize but 

the advantage economically and in terms of overall energy balance of adding pre- 

treatment processes must be evaluated.
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CHAPTER 4. CONTINUOUS HYDROGEN PRODUCTION USING SUCROSE 
AS A MODEL CARBOHYDRATE

Practical application of the dark fermentative process for hydrogen production would 

require continuous operation. At a research and development scale, continuous 

operation allows the separation and definition of parameters that are interdependent in 

batch fermentation e.g. culture growth rate, nutritional and physical environment and 

cell density (Stafford 1986). From an economic point of view, the productivity gains 

which can be achieved by continuous culture allow for smaller production plants. Thus 

experiments on hydrogen production in continuous culture were carried out using 

sucrose as a model carbohydrate. Biomass crops such as sugar beet and sweet sorghum 

and some industrial wastewaters e.g. from confectionery manufacture or a sugar 

refinery contain sucrose. The experiments were designed to examine the effect of 

substrate (sucrose) concentration in the range 10-50 g/L on the yield of hydrogen; 

stability of hydrogen production over an extended period of operation; feedback 

inhibition by «-butyrate, and the effect of sparging with nitrogen. The methodology 

was detailed in section 2.8.3. Results from these experiments have been published 

(Kyazze et al. 2006).

4.1. Experiment Sul: Effect of influent sucrose concentration on yield and stability 
of hydrogen production

Figure 4-1 shows the variation of gas output, % hydrogen, redox potential, %CO2 , 

VFAs and residual sucrose with time of operation.

The lag phase lasted 15 hours and at the end of this phase there was a sudden drop in 

the redox potential from -100 mV to -450 mV (Figure 4-la and 4-lb). Gas production 

started slowly (hour 15) and then increased rapidly. When the gas production rate was
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7.7 L/L/d (hour 19.65), the process was switched to continuous operation with total 

sucrose concentration in the influent of 20 g/L. Initially the process was unsteady but 

after 96 hours reckoned from hour 0, steady state was obtained. The total gas 

production rate on 20 g/L sucrose in the period 82 to 146 hours averaged 12.2±2.4 

L/L/d with a hydrogen content of 55.7±5.1%, the rest being carbon dioxide. In the same 

period the main volatile fatty acids averaged 6,345 ± 562 mg/L (n=6) butyrate, 2,009 ± 

640 mg/L (n = 6) acetate and redox -443±11 mV.

At hour 145.4 the total sucrose concentration in the influent was stepped up to 40 g/L. 

Gas production increased rapidly and was relatively constant, averaging 22.0±4.6 L/L/d 

within the period 153 to 219.3 hours. The hydrogen content averaged 55.2±3.5%. The 

redox potential was also consistent, averaging -455±9 mV. Comparable redox 

potentials were obtained by Kataoka et al. (1997) (-500 to -550 mV during the 

fermentative production of hydrogen from glucose using a Clostridium butyricum strain 

SC-E1), and Zoetemeyer et al. (1982c) (-400 to -500 V). Butyrate averaged 9,613 ± 

998 mg/L whereas acetate averaged 3,737± 350 mg/L.

At hour 219.3 the sucrose concentration in the influent was stepped up to 50 g/L. Gas 

production went up initially, reaching 27.9 L/L/d but then varied in the period 219.5 to 

377 hours. For 50 g/L sucrose hydrogen yield calculated over the range 250 - 300 

hours was 0.8±0.1 mol/mol hexose added.

From the variation of VFAs with time (Figure 4-lc), it can be noted that the downward 

trend of gas production (Figure 4-1 a) occurred when 12,000 mg/L butyrate or 5,000
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mg/L acetate were present (hours 231.5-267.2 and 349.4 respectively). Within the 

period 231.5 to 267.2 hours, residual sucrose concentrations increased.
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Figure 4-1. Experiment Sul. Variation of a) gas output and %H2; b) Redox 
potential and %CO2 ; c) acetate, butyrate and residual sucrose with time of 
operation.
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This may suggest that the biomass was overloaded or that at this pH either 12,000 mg/L 

butyrate (136.4 mM), 5,000 mg/L acetate (83.3 mM) or the combination of both might 

be inhibitory. The free acid concentrations can be calculated from the Handerson 

Hasselbach equation for a typical acid HA (equation 29) as 4,458 mg/L butyric acid 

(50.6 mM) and 1,618 mg/L acetic acid (27.0 mM) using 5.25 as the average pH.

pH = pKa + log f— | Equation 29

The lethal free acetic acid concentration at pH 5.8 is calculated as 1,094 mg/L (18.2 

mM) from van den Heuvel (1985). The butyric acid value lies between the free butyric 

acid lethal concentrations, 1 1,231 mg/L (127.6 mM) calculated from the value (17 g/L 

butyrate) obtained by Leung and Wang (1981) at pH 5.0, and 4210 mg/L (47.8 mM) 

obtained by van den Heuvel (1985) at pH 5.8 respectively. Using a similar calculation 

the free butyric acid concentration corresponding to 23,960 mg/L butyrate obtained at 

75 g/L glucose and pH 6.0 (Zoetemeyer et al. 1982c) would be 1583 mg/L (18.0 mM). 

This value is probably below the butyric acid lethal concentration at pH 6 and that 

could explain why no butyrate inhibition was observed by Zoetemeyer and co- workers. 

Operation at pH 6 and above is however likely to induce the growth of methanogens 

which in turn would decrease hydrogen yields. Fang and Liu (2002) for example report 

an increase in methane content from 3 ± 1% at pH 6.0 to 9±1% at pH 7.0. In their study 

of inhibition of hydrogen production from glucose by undissociated VFAs at pH 5.0, 

van Ginkel and Logan (2005b) reported that for self produced acids a total threshold 

free acid concentration of 19 mM (1140 mg/L for acetate alone or 1672 mg/L for 

butyrate alone) significantly decreased hydrogen yields. The inhibitory free acid 

concentrations at pH 5.25 are probably less than the free acid amounts (77.6 mM
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consisting of 50.6 mM butyric acid and 27.0 mM acetic acid) obtained in this 

experiment (hours 231.5-267.2 and 349.4).

At hour 378, the feed strength was stepped down to 10 g/L of sucrose to examine the 

yield and stability at this level. It can be seen that gas production eventually settled, 

averaging 7.3±0.7 L/L/d, 60.2±2.7% H2 over the period 393 to 452 hours, with 

butyrate and acetate levels of 4,387 ± 635 mg/L and 1,708 ± 88 g/L respectively ( n = 

4). Almost all the sucrose was converted as the residual sucrose averaged 0.1 g/L. After 

another six retention times, the feed strength was again increased to 50 g/L (hour 

452.8). The gas production increased to a maximum of 37.2 L/L/d and dropped off 

again before the experiment was stopped. Correspondingly acetate and butyrate levels 

rose to 4,985 and 13,972 mg/L respectively. Analysis of the liquid samples for solvents 

- ethanol, butanol and acetone - revealed small amounts (< 100 mg/L) of ethanol and 

butanol. No acetone was detected.

Table 4-1 contains a summary of the average values at steady state of total suspended 

solids and volatile suspended solids, hydrogen yields and other parameters at the 

sucrose concentrations studied here. It can be seen that as the sucrose concentration 

increased the hydrogen yield decreased. The biomass concentration increased from a 

mean of 2.25gVSS/L at 10 g/L sucrose to 5.72gVSS/L at 40 g/L sucrose but then 

decreased at 50 g/L suggesting some kind of inhibition at play. It can be noted that 

butyrate levels were always higher than acetate levels, roughly by a factor of 2.6 (w/w) 

or 1.8 on a molar basis. The conversion to butyrate is more energetically feasible (AG° 

= -255 kJ/mol) than that to acetate (AG°' = -206 kJ/mol). If the process could be biased
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towards predominantly acetate production, excepting homoacetogenesis, the yield 

could be improved.

The lack of stability observed at 50 g/L and the decreased hydrogen yields at higher 

sucrose concentrations could possibly be due to product inhibition, including inhibition 

by high hydrogen partial pressure, or just overloading of VSS. Ren et al. (1995) 

operating at pH 4.4 and temperature of 30°C attribute the decreased yields of gas with 

an increase in loading rate of the substrate (powdered sugar) to a decrease in the mass 

transfer velocity of the materials inside the floe particles, causing an incomplete 

conversion of the substrate into gas. Floes and sometimes big granules were also 

observed in this investigation especially for cases when the butyrate (and acetate) 

concentration were at their peak e.g. hour 350. The hydrodynamic and physical 

properties of floes produced in biological hydrogen production systems were studied by 

Zhang et al. (2004) who report that the fractal nature of the floes does not allow 

substantial intra-aggregate advective flow.

Table 4-1. Steady state values at sucrose concentrations in the feed of 10-50 g/L 
(Experiment Sul).
Sucrose
cone.
(g/L)

Butyrate
mg/L

Acetate
mg/L

TSS
H2 output % H2 (g/L)
(L/L/d)
± std. error

VSS Residual
(g/L) sucrose

(g/L)

H2 yield
(mol /
mol
hexose
added)

10 4,387±735 1,708±88 4.37±0.5 60.2±2.7 2.50±0.06 2.25±1.16 0.10±0.05
(n = 4) (n = 4) (n=3547) (n=3) (n=3) (n = 3) 1.65±0.2

20 6345±562 2 009±640 6.79±1.5 55.7±5.1 4.04±0.57 3.80±0.45 0.12±0.04
(n = 6) (n = 6) (n=3612) (n=3) (n=3) (n = 3) 1.30±0.3

40 9613±998 3,737±350 12.12±2.7 55.2±3.5 6.55±0.95 5.72±0.54 0.63±0.09
(n = 5) (n = 5) (n=3841) (n=3) (n=3) (n =3) 1.15±0.3

50 11596±92 4,620±147 10.60±1.6(a) 53.8±2.6 6.55±0.75 4.83±0.23 3.74±0.85 
_____(n = 4) (n = 4)___________(n=3012) (n=3) (n=3) (n = 3) 0.81±0.1

Values are mean± standard deviation. n is number of values.
aSteady state not obtained
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Another important factor that is crucial to hydrogen yield is the specific loading rate. 

Table 4-2 gives a comparison of hydrogen yields at different specific loading rates 

taken from literature and some of the results in this study. For sucrose as a substrate 

and for the same fermentation type (butyrate type in this case), there appears to be an 

inverse relationship between specific loading rate and hydrogen yield. Ren et al. (1995) 

is an exception in this case as the fermentation was ethanol-type.

Table 4-2. Hydrogen yields at different specific loading rates
Substrate 
( Cone. - 
g/L)

Sucrose
(40)
Sucrose
(17.8)
Sucrose
(10)
Sucrose
(12)
Sucrose
(Not
given)
Glucose
(18.75)
Glucose
(8)
Glucose
(10)
Glucose
(9.37)
Glucose
(15.95)

pH

5.25

6.4

5.25

5.5

4.4

5.7

5.0

6.0

5.5

5.5

Organic 
loading 
(g/L/d)

80

32

20

48.6

40

37.5

16

27

68.1

42.5

vss
rate (g/L)

5.72

2.50

2.25

20.0

20.0

1.36

0.75

1.50

5.80

3.65

Specific 
loading rate
(g/gVSS/day)

14.0

12.8

8.9

2.4

2.0

27.6

21.3

18.6

11.7

11.6

%H2

55.2

35

60.2

63

45-49

45.3

30

53

57-60

50.8 -
60

H2 yield 
mol/mol 
hexose 
added
1.15

1.17

1.65

2.14(a)

0.99(b)

1.76

1.13

0.88

1.0(c)

1.12(c)

Reference

This study

Chen & Lin
(2003)
This study

Fang & Liu
(2001)
Ren etal. (1995)

Lin & Chang
(1999)
Horiuchi et al.
(2002)
Mizuno et al.
(2000)
Oh et al. (2004)

Lee et al.
(2004c)

a = UASB; b = CSTR with solids retention; c = Membrane bioreactor 

The highest hydrogen yield of 2.14 mol/mol hexose added was obtained in a UASB 

system at a specific loading rate of 2.4 g/gVSS/d. In contrast, for glucose as a substrate, 

there appears to be a direct relationship between specific loading rate and hydrogen 

yield (for the same reactor and fermentation type). However, since other variables such 

as HRT, pH, and reactor type must also be considered, it is not possible to confirm
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from the data that any particular relationship between specific loading rate and 

hydrogen yield exists.

4.2. Experiment Su2. Feedback inhibition by volatile fatty acids and effect of 
operational time on the yield and stability of hydrogen production.

Figure 4-2 shows the variation of hydrogen content, gas output and redox potential 

during the continuous production of hydrogen over an extended period of time (20 days 

- up to point A, Figure 4-2b) at 40 g/L of sucrose following batch start up at 20 g/L 

sucrose as in Experiment Sul. Steady state was obtained after 120 hours from hour 0. 

At hour 115 when the gas output peaked at 37.2 L/L/d, off-white granules were seen 

floating on top of the liquid contents in the reactor. In the ensuing 5 hours large 

amounts of smaller sized granules were seen coming out of the overflow tube, before 

the gas output became stable. The granules disappeared when steady state was 

obtained. This degree of biomass granulation (and therefore washout) was more 

pronounced than in Experiment Sul. Table 4-3 shows the steady state values. The 

hydrogen content in the off gas was stable, averaging 56.8 ± 1.6% (hour 368 to 500). 

The average VSS (4.40±0.66 g/L), TSS (4.83±0.68 g/L) and gas output (17.4±3.4 

L/L/d) were lower than in Experiment Sul at 40 g/L sucrose. Correspondingly residual 

sucrose (7.4±1.9 g/1) was higher. However, acetate (3469±567 mg/L) and butyrate 

(9780±1072 mg/L) levels were not statistically significantly different from those in 

Experiment Sul at 40 g/L sucrose. In both experiments at 40 g/L sucrose the hydrogen 

yields per hexose consumed were similar (1.17±0.3 for Experiment Sul and 1.23±0.3 

for Experiment Su2).
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Figure 4-2a and 4-2 b. Experiment Su2. Continuous hydrogen production from 40 
g/L sucrose over an extended period of time and feedback inhibition by n- 
butyrate: variation of gas output, %H2 and redox potential with time of operation. 
The gaps in logged data for %H: indicate periods when the sensor had developed 
internal errors. A (487 h): spike of butyric acid to give additional 2 g/L of reactor 
followed by 2 g/L in the influent. B (556 h): spike of butyric acid to give additional 
4 g/L of reactor followed by 4 g/L in the influent. C (578 h): butyric acid in the 
feed discontinued; original feed solution reinstated.

To evaluate the performance of the reactor, a COD balance that makes use of steady 

state values in Table 4-3 are shown in Table 4-4. A basis of 1 day was used. From 

Table 4-4 the percentage COD recovery is 88.8 ± 7.0%. The balance could possibly be 

soluble microbial products (Majizat et al. 1997).

129



Table 4-3. Experiment Su2. Steady state values at 40 g/L sucrose (hours 130 - 
450).
Butyrate Acetate H2 %H2 TSSVSSResidual H2 yield
(mg/L) (mg/L) Output (g/L) (g/L) sucrose (mol/mol

(L/L/d) (g/L) hexose
± std. added) 
error

9780±1072 3469±567 9.88±2.0 56.8±1.6 4.83±0.68 4.40±0.66 7.4±1.9 1.0±0.2
(n=19) (n=19)_________(n=9722) (n=12) (n=12) (n = 5)

In the same experiment the effect of adding n-butyric acid was studied. At point A in 

Figure 4-2b (hour 487), n-butyric acid was added to the reactor to give 2 g/L of reactor 

contents followed by 2 g/L incorporated in the feed solution until hour 556 (point B). 

There was a slight short-lived decrease in gas production which was followed by 

recovery of the steady state production rate. The same figure indicates how addition of 

butyric acid to give 4 g/L of reactor contents at hour 556 followed by 4 g/L butyric 

acid incorporated in the feed until hour 578 (point C) influenced the reactor. There was 

a dramatic decrease in gas production to zero. The hydrogen sensor, which operates on 

the principle of absorption of hydrogen molecules from the surrounding gas, recorded 

hydrogen in the static gas for some time after the gas flow dropped to zero. Acetate and 

butyrate levels during Experiment Su2 are shown in Figure 4-3. Samples taken 

immediately the 4 g/L butyric acid was added gave a butyrate concentration of 18,900 

mg/L and compares with the butyrate concentration (17,000 mg/L) that completely 

stopped cell growth obtained by Leung and Wang (1981) at pH 5.0. In their study of 

inhibition of hydrogen production from glucose by undissociated VFAs at pH 5.0, van 

Ginkel and Logon (2005b) found that an undissociated, externally added butyrate 

concentration of 63 mM (equivalent to 8296 mg/L total butyrate, lower than the 18,900 

mg/L in this study) almost completely inhibited hydrogen production. TSS and VSS 

concentration in the reactor after adding 4 g/L of n-butyric acid averaged 5.36±0.55 g/L
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(n - 10) and 4.84 ± 0.8l(n = 10) respectively. These concentrations were not 

statistically significantly different (p = 0.05) from those prior to the addition of the n- 

butyric acid. At hour 578 the original feed solution without butyric acid was reinstated. 

The reactor eventually recovered after 84 hours of dormancy (with respect to hydrogen 

production), during which time the propionate levels, previously averaging 20.7±4.0 

mg/L in hours 120 to 400 rose to 203 mg/L at hour 604.7. During the dormant period 

the redox potential was positive (150 mV) but became negative again (-500 mV) as the 

bacteria emerged from dormancy.

20000 - B- 9
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E
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•§. A A ^A ^^ A ^ A A
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Figure 4-3. Experiment Su2. Variation of volatile fatty acids with time. A (487 
hours) = Spike of butyric acid to give additional 2 g/L of reactor followed by 2 g/L 
in the influent. B (556 hours) = Spike of butyric acid to give additional 4 g/L of 
reactor followed by 4 g/L in the influent. C (578 hours) = Butyric acid in the feed 
discontinued; original feed solution reinstated.
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Table 4-4. Experiment Su2. COD balance at 40 g/L sucrose (averages of hours 
130-450)
Material

Feed

Residual sucrose
«-Butyrate
Acetate
Propionate
Ethanol
Lactate
Butanol
Acetone
Formate
VSS (as C4H702N)*
Hydrogen

Total COD

g/day

744.2

138.4 ±35.5
183.0 ±20.0
64.9 ± 9.8
0.39 ±0.07
2.9 ±0.7
1.37±1.0
2.5 ±1.1
0
0
82.3 ± 12.3
8.2 ±1.7

of effluent streams

gCOD/day

835.6

155.4 ±39.9
333.0 ±36.4
69.2 ±10.4
0.6 ±0.1
6.1 ±1.5
1.5±1.1
6.7 ±2.9
0
0
104.0 ±15.5
65.6 ±13.6

742.1 ±58.8
*Waitesetal. (2001)

4.3. Experiment Su3. Effect of sparging with nitrogen on hydrogen production
Following batch start-up on 20 g/L sucrose, continuous operation with 40 g/L sucrose

commenced at hour 20.2. After 10 retention times sparging was started (point A in 

Figure 4-4a, sparging rate of 68 ml Na/L/min). Because of back pressure problems 

between hours 140.3 and 170.4, at hour 170.5 a pump to remove effluent from the 

reactor was introduced. The dips in gas output at hours 173 and 233 correspond to 

situations when sparging nitrogen had run out. At hour 306.5 the feed concentration 

was increased to 50 g/L whilst maintaining sparging. Then at point B sparging was 

stopped but the feeding was continued at 50 g/L sucrose. It is noteworthy that this time 

the system was stable at 50 g/L and it continued to operate at steady state even when 

the sparging was stopped. It was also observed that the bacteria were not flocculated 

unlike the case where no sparging was used. It is possible that the sparging fluidised the 

microbial consortia improving their interaction with the substrate and hence the 

observed stability. After the lag phase the redox potential averaged -428 mV up to hour
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140, rising to an average of-300 mV during periods of sparging (hours 140 to 430) and 

dropping to an average of-400 mV after hour 430.

Table 4-5 shows the yield of hydrogen, VSS, TSS and hydrogen output obtained in this 

experiment. Sparging did improve the yield by at least 35% at 40 g/L and 33% at 50 

g/L. Improvements in hydrogen yields with sparging have previously been obtained for 

example by Mizuno et al. (2000) and Hussy et al. (2005). A hydrogen partial pressure 

of less than 100 Pa is recommended for continued hydrogen production (Tanisho et al. 

1989). Some workers e.g. Kataoka et al. (1997) have applied a vacuum (0.28 atm) as a 

way of alleviating inhibition by high hydrogen partial pressure but the improvement in 

hydrogen yield was not very significant (e.g. at 10 g/L glucose under vacuum, 1.3 - 2.2 

mol/mol glucose added; with no vacuum, 1.4 - 2.0 mol/mol glucose). The variation of 

VFAs in Experiment Su3 is as shown in Figure 4-4b. The butyrate level at 50 g/L was 

lower than at 40 g/L sucrose. Hydrogen yields with both 40 and 50 g/L without 

sparging were lower than those obtained in Experiments Sul and Su2, in contrast to 

VSS.

Despite the increase in hydrogen yield upon sparging with nitrogen, there was no 

significant increase (p<0.05) in the absolute amounts of VFAs produced (except for 

butyrate which decreased from 10035 mg/L to 8428 mg/L upon sparging at 50 g/L 

sucrose, Table 4-5) as would be expected for a thermodynamically improved hydrogen 

production process. It is possible that sparging may enhance evaporation of VFAs. 

Experiments involving comparable sparging rates (60 ml/min/L) with N2 done by
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Figure 4-4. Experiment Su3. Effect of sparging on continuous hydrogen production from sucrose - 40 and 50 g/L. a) variation of gas output and % hydrogen with time; b) variation of VFAs with time. A - sparging started, B - 
sparging stopped. Black line: gas output; grey line: % hydrogen.

Kim et al. (2006b) using sucrose as a substrate at pH 5.3 showed a 35.6% increase in 

butyrate and a 6.5% decrease in acetate compared to the control (no sparging) 
indicating that sparging made favourable butyrate production while it suppressed 

acetate production. Only a 6.7% increase in butyrate was obtained by Mizuno et al. 
(2000) who sparged with nitrogen at a rate of 48 ml/L/min with glucose as a substrate 

atpH6.
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Table 4-5. Experiment Su3. Hydrogen output at 40 and 50 g/L sucrose with and 
without sparging.____________

Sucrose Sparging Butyrate Acetate H2 output TSS VSS H2 yield
cone. (mg/L) (mg/L) (L/L/d) (g/L) (g/L) (mol/mol
(g/L) ± hexose 

.____________________________std. error_______________added )_____
40 No 11638±674 5054±367 8.8±1.0 8.7±1.3 5.7±0.7 0.85±0.1

(n = 4) (n = 4) (n = 9) (n = 9)
40 Yes 11056±1667 4365±695 11.8 ±2.8 7.3 ± 0.9 6.4±0.6 1.15 ±0.4

(n = 4) (n = 4) (n = 8) (n = 8)
50 No 10035±760 4079±637 7.9±1.3 7.3±1.3 6.9±1.0 0.6±0.1

(n = 3) (n = 3) (n = 3) (n = 3)
50 Yes 8428±207 3613±189 10.4 ± 8.0 ± 0.5 7.3±0.5 0.8 ±0.3

(n = 3) (n = 3) 2.8 (n = 9) (n = 9)

It appears that sparging improves hydrogen yield but the exact mechanism needs 

further study. Assumptions that sparging reduces the dissolved hydrogen concentration 

thus improving the thermodynamics of the H2-producing enzymatic reactions were 

recently discounted on the finding that it was practically impossible using sparging to 

obtain the thermodynamically-required threshold dissolved hydrogen concentrations 

(Kraemer and Bagley 2006). More discussion of sparging effects using CC>2 is given in 

section 6.2.

4.4. Summary of findings on continuous hydrogen production from sucrose

• Continuous and stable H2 production was obtained from influent containing sucrose 

(10-40 g/L) within five days from start-up in a CSTR using heat treated digested 

sludge as inoculum at pH 5.2-5.3, 35°C and 12 hour HRT. Increasing the substrate 

concentration (hence loading rate) led to a decrease in the H2 yield, from 1.7±0.2 

mol/mol hexose added at 10 g/L to 0.8±0.1 mol/mol hexose at 50 g/L. The 

maximum stable volumetric hydrogen production rate achieved was 12.12±2.7 

L/L/d at 40 g/L sucrose concentration. Without sparging, steady state operation at 

10, 20 and 40 g/L sucrose was possible while at 50 g/L the system was less able to
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maintain steady state. Sparging with N2 improved the H2 yield by at least 35% at 40 

g/L and 33% at 50 g/L, and also the stability of operation at 50 g/L sucrose.

• Prolonged operation at 40 g/L sucrose was stable and did not show signs of 

washout or significant variations in VFA concentration within the time frame (20 

days) studied. The main soluble fermentation products were butyrate and acetate, in 

the ratio of ca. 2.6:l(w/w) or 1.8:1 (mol/mol). Gas production showed signs of 

inhibition at around 4500 mg/L (51 mM) free butyric acid plus 1600 mg/L (27 mM) 

free acetic acid, both self produced. The external addition of butyric acid to a stable 

reactor operating on 40 g/L sucrose raised the butyrate level from a mean of 9,830 

to 18,900 mg/L (equivalent to a free butyrate concentration of 7100 mg/L (81 mM)) 

and completely stopped gas production (and initiated the formation of more 

propionate). Continuing to operate at 40 g/L sucrose, the reactor recovered 84 hours 

after cessation of the butyric acid addition.
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CHAPTER 5. TWO STAGE HYDROGEN AND METHANE PRODUCTION

Two stage hydrogen and methane production recovers more energy as methane whilst 

treating effluent from the hydrogen reactor. To increase gas production rates the highest 

organic loading rate possible that would give efficient operation without increasing 

HRT (and therefore reactor size and cost) was sought. The efficiency of operation was 

measured in terms of COD reduction/VFA degradation, methane yield and stability of 

operation. The methodology was detailed in section 2.8.4. Some of the results 

(Experiments TS1, TS5 and TS6) are reported in Kyazze et al. (In press) - see 

Appendix D.

5.7. Experiment TS1: Hydrogen and methane yield as a function of organic 

loading rate

5.1.1. HI reactor operation
Initially, continuous operation of the hydrogen reactor was started after 1.78 days with

5 g/L sucrose but gas production was not sustainable. The reactor was therefore put in 

recovery (batch) mode on day 4.81. On day 5.68, continuous operation was restarted 

with the feed concentration increased to 10 g/L sucrose (OLR 20 g/L/d). Figures 5-la 

and 5-1 b show the variation of volumetric hydrogen production rate (calculated from 

the logged data for %H2 and total gas flow rate) and redox potential over time. During 

days 1- 4.81 of batch start up and continuous operation on 5 g/L sucrose, the redox 

potential became negative, then positive and gas production ceased. This could be due 

to sporulation of the clostridial population thought responsible for H2 production, due 

to substrate limitation (Cohen et al. 1985). After putting the reactor in recovery mode 

on day 4.81, there was a lag phase of about 12 hours, presumably when the bacteria
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Figure 5-la and 5-lb. Experiment TS1, Hydrogen reactor. Time variation of 
volumetric hydrogen production rate and redox potential for a CSTR, 12 hour 
HRT, pH 5.25 (NaOH as alkali) and 35°C. A to B (days 1.78 -5.68), operation on 5 
g/L sucrose; B (day 5.68), continuous operation at 10 g/L sucrose started; C (day 
20), SO42" to Cl; D (day 72), feed strength changed from 10 g/L to 15 g/L; E (day 
78), feed strength changed to 20 g/L; F (day 89), alkali changed from NaOH to a 
mixture of KOH and NaOH.

started germinating again and the redox potential fell from +75 mV on day 4.81 to -469 

mV on day 6.2. After this point, redox potential was stable and averaged -417.5 ± 17.5 

mV in days 40 to 60. On day 20, MgSO4 in the nutrient medium was substituted by 

MgCl2 to reduce the concentration of H2 S in the second stage (section 5.1.2). Hydrogen 

production was stable and averaged (days 60-70) 4.25 L/L/d, a yield of 1.62 mol/mol 

hexose added. The off gas contained 60% H2 , the rest being carbon dioxide. The
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degradation of the influent sucrose to fermentation end products (in days 60 to 70) was 

98.5% efficient with 13.5±1.9% of the influent COD converted to hydrogen.

Table 5-1. Experiment TS1. Sodium hydroxide as alkali. Comparison of the
performance of the two stage system at different loading rates and substrate

^concentrations___________________________ ______
~ K>~g/L sucrose (days 60-70) 20 g/L sucrose (days 82-88)

H2 reactor CH4 reactor H2 reactor CH4 reactor
Influent COD (mg/L)
Effluent COD (mg/L)
OLR(gCOD/L/d)
%COD reduction
H2 yield (mol/mol 
hexose added)

H2 yield (ml/gCOD )
CH, yield (ml/gCOD)

Acetate (mg/L) 
«-butyrate (mg/L) 
/-butyrate (mg/L) 
Propionate (mg/L) 
/-valerate (mg/L)

11,228
8,507±595(5)
22.5
24.2±5.3
1.62±0.2

189±26
NA

1,877±77(6) 
3,480±138(6) 
157±37(4) 
none 
none

8,507±595(5)
830±71(7)
4.3
90.2±9.5
NA

NA
323±23

316±40(4) 
51±11(4) 
28±16(4) 
108±9(4) 
14±2(4)

22,456
17,102±1217(3)
45.0
23.8±5.4
1.47±0.1

172±13
NA

3,578±682(10) 
6,843±635(10) 
499±131(6) 
none 
none

17,102±1217(3)
3,752a
8.6
78±7a
NA

NA
294±23

l,885a 
610a 
298a 
167a 
45a

H2 or CH, production 
rate (L/L/d)

Qou«(kJ)b

4.25±0.6

2.29±0.3

1.39±0.1

9.23±0.7

7.72±0.6

2.08±0.2

2.53±0.2

8.45±0.7

H2 or CH, content (%)

Residual sucrose (mg/L)
TSS(g/L)
VSS (g/L)
Na+ (g/L)

60.1±0.8
(n = 4540)

153±19(5)
2.16±0.3(5)
1.84±0.2(5)

0.92±0.2(5)

74.7±5.4
(n = 7240)

none
ND
ND
0.90±0.1(6)

57.7±1.1
(n = 2736)

170±23(4)
3.31±0.1(5)
3.04±0.1(5)
2.11±0.3(4)

74.0±2.1
(n = 4800)

none
ND
ND
2.23±0.2 (6)

'Value on day 88; hEnergy content of gas produced per gCOD added to the entire 

system; high heating values of hydrogen and methane are 12.1 and 37.71 J/ml at 15 °C 

and 101.325 kPa respectively (Rose and Cooper 1977). NA - Not applicable; ND - Not 

determined. Numbers of measurements are shown in parentheses
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The liquid phase in days 60 to 70 consisted mainly of butyrate (3480±138 mg/L) and 

acetate (1877 ± 81 mg/L). Ethanol (94.8±8 mg/L) and butanol (20.2±5.1 mg/L) were 

also produced. No lactate was detected. Residual sucrose averaged 153±19 mg/L. 

Results for the period days 60 to 70 are summarised in Table 5-1.

The nature of the stability observed here, both of the gaseous phase composition as well 

as the liquid phase, suggests that the culture was probably devoid of metabolic and 

population shifts (Hawkes et al. 2002). The diversity of reduced end products however 

means that hydrogen yield was reduced from a maximum (theoretically) of 4 mol/mol 

hexose consumed with acetate alone to 1.62 mol/mol hexose added (1.64 mol/mol 

hexose consumed). A similar yield was obtained previously at these conditions 

(Experiment Sul) and is higher than yields obtained by some workers (Fan et al. 2006a; 

Hussy et al. 2005; Kim et al. 2006a; Mizuno et al. 2000) using sucrose or glucose at 

comparable concentrations and HRT.

From day 69 to 72, hydrogen production was still stable (Figure 5-lb). During days 73 

- 77.9 the hydrogen reactor was operated on a feed concentration of 15 g/L and on day 

78 the concentration was increased to 20 g/L sucrose. The 15 g/L sucrose was used in 

an attempt to avoid a sudden overload to the second stage methane reactor. A 

volumetric hydrogen production rate of 7.72±0.6 L/L/d (yield of 1.47±0.1 mol/mol 

hexose added) was obtained between days 82 and 88 (Figure 5-lb). In the same period, 

the H2 reactor liquid phase contained acetate 3,578±682 (n = 10) mg/L, butyrate 6,844 

± 635 (n - 10) mg/L, ethanol 160 ± 12 (n = 5) mg/L and 17.1 gCOD/L. Similar levels 

of butyrate (6345±562 mg/L) and hydrogen yield (1.30±0.3 mol/mol hexose added) 

were obtained previously at these conditions but the level of acetate (2009±640 mg/L)
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was significantly different (Experiment Sul). Residual sucrose averaged 170 ± 23 

mg/L in the period day 82 to 88, a conversion of 99%. Butanol was produced in 

variable amounts with a peak of 174 mg/L produced on day 81 where as 15 mg/L was 

produced on day 87. Lactate was also detected in variable amounts ranging from 250 to 

600 mg/L. The redox potential averaged -398 ± 38 mV in the period 60 to 100 days. 

Results for the period days 82 to 88 are summarised in Table 5-1.

To alleviate sodium toxicity in the second methanogenic stage (see section 1.5.2), a 

mixture of sodium and potassium hydroxides was used for pH control in the hydrogen 

reactor operating at 20 g/L sucrose. Figure 5-lb shows that after day 89 when the 

mixture was used for pH control, the hydrogen reactor was severely inhibited with 

hydrogen production dropping to zero in 4 days.

A sample taken from the hydrogen reactor on day 90.1 contained 1.02 g/L sodium and 

1.42 g/L potassium. The sodium concentration of 1.02 g/L is not significantly different 

from the level (0.92 ± 0.2 g/L) observed when the hydrogen reactor was operated at 10 

g/L sucrose and where stable operation was obtained. Maybe potassium is toxic at a 

concentration of 1.42 g/L in biohydrogen reactors. Kim et al. (2006a) used potassium 

hydroxide for controlling pH between 5.3 and 5.5 in their study of the effect of 

substrate (sucrose) concentration in the range 10-60 gCOD/L on hydrogen production. 

Beyond 35 gCOD/L there was no increase in VFA concentration which they attributed 

to microbial inhibition by high (> 8.8 gCOD/L) residual sucrose concentrations. It is 

however possible that potassium toxicity may have had a role in inhibiting their 

process. Potassium hydroxide was used for pH control with no reported ill effects 

during the biological production of hydrogen using a membrane bioreactor at a pH of
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5.5 (Oh et al. 2004), although the low substrate concentration used (10 g/L glucose) 

may suggest a low (< 1.42 g/L) concentration of potassium in the reactor. It may also 

be that the adverse effect of Na+ and K+ is synergistic. Using a mixture of NaOH and 

KOH for pH control in their study of hydrogen production from sucrose (pH 4.8, 

9gCOD/L, 20 hour HRT, 37°C, sequencing batch), Khanal et al. (2006) obtained 

oscillations in hydrogen production and a significantly low hydrogen yield (35 

ml/gCOD added compared to 189±26 ml/gCOD at 11.2 gCOD/L in this experiment).

5.7.2. CH4 reactor operation
From day 13 of operation of the hydrogen reactor, the effluent was fed to an upflow

anaerobic filter started up in batch mode and fed intermittently with 2.5 g/L sucrose 

between days 0 and 13. The OLR to the methane reactor in days 13 to 73 was 4.25±0.3 

gCOD/L/d (2 days HRT). To control pH within the range 6.5 to 8.0 suitable for 

methanogenesis (Speece 1996), sodium hydrogen carbonate was continually dosed at a 

rate of 2.0 g/L reactor/d from day 13 to day 43. The dosing rate was such that it gave a 

5% decrease in HRT, from 2 to 1.9 days.

Figure 5-2a shows the methane volumetric production rate (calculated from the logged 

data for %CH4 and total gas flow rate) and sodium concentration over time. A steady 

methane production rate of 0.7 L/L/d was initially obtained in the period 15-20 days 

when the loading rate was 4.3gCOD/L/d but at this methane production rate the reactor 

was underperforming. On day 18 for example, the effluent stream contained 6,734 

mgCOD/L (influent concentration 8,507 mgCOD/L; i.e. 21% COD removal). The pH 

in the methane reactor was 6.6.
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In the same period (days 15-20), hydrogen sulphide was detected in the off gas 

amounting to 1,500 ppm. Hydrogen sulphide was reported to be inhibitory to 

methanogens (Colleran et al. 1995; Speece 1996); for bacteria, it is inhibitory at levels 

of 0.002 - 0.003M H2S i.e. 68-102 ppm in solution (Speece 1996).

o
o _
3 ^

O

IT
^

£ 
oo
E
D"D
O
CO
08

3 n

2.5

2

1.5 -

1

0.5
0 -

C

a)

b)

1 1 o I

10 20 30 

Time (days)

40 50

60 70 80 

Time (days)

Methane D Sodium cone.

90 100

Figure 5-2a and 5-2b. Experiment TS1. Methane reactor. Time variation of 
volumetric methane production rate and sodium concentration from an upfiow 
anaerobic filter reactor (2 day HRT) fed with effluent from the hydrogen reactor. 
A (day 13), start of continuous operation on effluent from the hydrogen reactor 
(OLR 4.3 gCOD/L/d); B (day 20), change of nutrient SO4 to Cl; C (day 43), 
discontinuation of NaHCO3 addition; D (day 72), OLR increased from 4.3 to 6.6. 
gCOD/L/d; E (day78), OLR increased from 6.6 to 8.6 gCOD/L/d ; F (day 89), 
alkali to the H2 reactor changed from NaOH to KOH + NaOH.
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Therefore from day 20 and in all succeeding experiments, magnesium sulphate in the 

Hz reactor nutrient medium was substituted with magnesium chloride.

Following the change in nutrient recipe, the hydrogen production rate decreased 

slightly from 5.09±0.5 L/L/d (n = 4800) in days 10 to 20 to 4.67 ± 0.4 L/L/d (n = 4800) 

in days 20 to 30; for the methane reactor, the concentration of hydrogen sulphide in the 

off gas decreased to less than 50 ppm and methane production almost doubled, from 

0.7 to 1.3 L/L/d and was stable for 13 days (days 25-37.9, Figure 5-2a). The pH 

increased from 6.6 to 6.8 in days 20 to 25.

In the period day 25 to day 37.9, the sodium concentration in the methane reactor was 

1.83±0.05 g/L and alkalinity ranged between 3200 and 3600 mg/L as CaCO3 . However, 

gas production started to decrease between days 38 and 39 (Figure 5-2a). The 

bicarbonate alkalinity peaked at 4000 mg/L on day 39. The pH (7.0 on day 39) started 

decreasing after day 39 (sodium concentration in the methane reactor on day 38 was 

2.75 g/L). It was thought that sodium may be inhibiting the process. So, the dosing of 

bicarbonate was stopped on day 43. The bicarbonate alkalinity started decreasing after 

day 39 and reached a minimum of 1000 mg/L in days 47 to 52 before increasing again. 

Methane production was seen to improve, presumably as a result of the sodium levels 

decreasing from 2.75 g/L on day 38 to 1.87 g/L on day 45.7 (Figures 5-2a and 5-2b), 

reaching a steady state level of 1.39 LCH4/L/d (days 60 to 70, Figure 5-2b and Table 5- 

1) and the reactor was able to self regulate pH (average bicarbonate alkalinity 2000 

mg/L CaC03 in days 50 to 80). The yield of methane over the days 60-70 was 323 

ml/gCOD added with a COD reduction of 90.2%. Cohen et al. (1980) working with 10 

g/L glucose obtained yields of 334 and 313 ml/gCOD added in duplicate one-stage
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anaerobic digestion experiments (pH 7.2, 30°C, 100 hour HRT). For duplicate two 

stage anaerobic digestion configuration experiments (acidification reactor - pH 6, 

30°C, 10 hour HRT; methane reactor - pH 7.2, 30°C, 100 hour HRT) the methane 

yields were 383 and 321 ml/ gCOD added (Cohen et al. 1980).

The variation of volatile fatty acids in the methane reactor with time is shown in Figure 

5-3. Upon starting the feeding of effluent from the hydrogen reactor on day 13, acetate 

increased while butyrate decreased. This may imply that butyrate was being converted

to acetate since butyrate is not directly metabolised by methanogens.
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Figure 5-3. Experiment TS1. Methane reactor. Time variation of VFAs from an 
upflow anaerobic filter reactor (2 day HRT) fed with effluent from the hydrogen 
reactor. A (day 13), start of continuous operation on effluent from the hydrogen 
reactor (OLR 4.3 gCOD/L/d); B (day 20), change of nutrient SO42 to CT; C (day 
43), discontinuation of NaHCO3 addition; D (day 72), OLR increased from 4.3 to 
6.6 gCOD/L/d; E (day 78), OLR increased from 6.6 to 8.6 gCOD/L/d; F (day 89), 
alkali to the H2 reactor changed from NaOH to KOH + NaOH.

With continued operation, the acetate concentration started to decrease on day 22 and 

coincided with the change in nutrient recipe to the hydrogen reactor to reduce hydrogen 

sulphide (day 20). On day 32, the downward trend of acetate concentration stopped and 

butyrate started to increase, presumably due to sodium toxicity and decreased after 

discontinuing the supply of sodium bicarbonate on day 43. The reactor reached steady
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state in the period 60 to 70 days with residual acetate concentrations of 316±40 mg/L 

and small amounts of/- butyrate (28±16 mg/L), «-butyrate (51±11 mg/L), propionate 

(108±9 mg/L) and /-valerate (14±2 mg/L).

After day 78, having increased the OLR to the methane reactor to 8.55 gCOD/L/d, the 

methane volumetric production rate averaged 2.53 ± 0.2 L/L/d (days 80-88, Figure 5- 

2b, Table 5-1), a methane yield of 294 ml/gCOD added. However, acetate and butyrate 

concentrations in the methane reactor continued to rise (Figure 5-3, days 80 - 90).

Propionate initially rose to 400 mg/L then decreased to 166 mg/L, /-butyrate increased 

from 100 to 298 mg/L where as /-valerate remained almost constant at 45 mg/L in days 

80 to 88. The COD reduction in the methane reactor decreased with time from 90% on 

day 78 to 78% on day 88. The BA and pH also decreased, from 2,500 mg/L and 7.0 on 

day 80 to 2,000 mg/L and 6.85 respectively on day 88. Feeding of the methane reactor 

was stopped on day 92 whereas the hydrogen reactor was stopped on day 96.

Figures 5-2a and 5-2b also show the variation of sodium concentration in the methane 

reactor over time. On day 31.9 when the downward trend in VFA (particularly acetate) 

concentration stopped (see Figure 5-3), sodium in the methane reactor was 1.87 g/L. 

On day 39.8 when volumetric methane production rate (Figure 5-2a) started decreasing, 

the sodium concentration in the methane reactor was 2.75 g/L and acetate and butyrate 

were increasing in concentration. Around day 50 when volumetric methane production 

rate started to increase again, the concentration of sodium in the methane reactor was 

about 1.72 g/L (day 50.7). Between days 60-70 when VFA concentration in the 

methane reactor was lowest, the sodium concentration was 0.90±0.1 g/L (n = 6). This
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suggests that a sodium concentration of 1.87 g/L is probably the inhibitory threshold 

for methanogens operating on such a VFA/ethanol mixture. A sodium concentration of 

2.75 g/L (days 38-39, Figure 5-2a) appears to be toxic whereas a concentration of 1 g/L 

can be tolerated. The sodium concentration in the methane reactor after day 78 was 

2.23±0.2 g/L (n = 6) and appears to be in the inhibitory range.

It is probable that published studies on single stage dark fermentative hydrogen 

production may be using conditions that would give rise to sodium toxicity in any 

subsequent methanogenic stage. For example a bicarbonate alkalinity of 7,043 mg/L as 

CaCO3 was reported by Chang and Lin (2004) for a hydrogen producing UASB reactor 

generating hydrogen from sucrose at pH 6.7. The equivalent sodium concentration 

would be 3.24 g/L (Hawkes et al. 1993), depressing methane production in any 

subsequent methanogenic stage. On the other hand, Han and Shin (2004a) in their two 

stage system producing hydrogen and methane from food waste and where process 

effluent was recycled as dilution water, continually monitored sodium concentration for 

fear of accumulation of sodium and the consequent toxicity. Every 25 days, 40% of the 

process effluent, kept in a reservoir, was replaced with water. This kept the sodium 

concentration below 1.65 g/L (because this was lower than reported inhibitory levels) 

and led to stable operation.

Some workers (White and Stuckey 2000) attributed the increase in acetate levels in 

chemostat methanogenic anaerobic digesters fed with high strength substrate (30 

gCOD/L sucrose, 20 day HRT, 35°C, sodium concentration (added as NaHCO3) in feed 

of 6.67 g/L) to nutrient limitation because metal ion supplementation (including 

significant amounts of Mg2+ and Ca2+) improved acetate degradation. The present study
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indicates that an increase in acetate levels can be reversed (Figure 5-3, point C) even 

without nutrient supplementation if sodium levels are decreased. Moreover Bashir and 

Asif (2005) reported that calcium and magnesium are very effective in reducing sodium 

toxicity when used together. It therefore appears that the nature of the inhibition may 

not be nutrient limitation but rather sodium toxicity, usually originating from NaHCO3 

conventionally used as a buffering agent.

5.1.3. Comparison of the performance of the two stage system at 10 and 20 g/L sucrose 
A comparison of the performances of the hydrogen producing and methanogenic

reactors at 10 and 20 g/L sucrose is given in Table 5-1. It can be seen that the hydrogen 

yield was higher for a hydrogen reactor operated at 10 g/L sucrose (1.62 mol/mol 

hexose added) compared to operation at 20 g/L sucrose (1.47 mol/mol hexose added). 

Similar results (1.65±0.2 mol/mol hexose added at 10 g/L and 1.30 ± 0.3 mol/mol 

hexose added at 20 g/L sucrose) were obtained previously (Experiment Su 1). It 

appears that dilute solutions give improved hydrogen yields, as was also recently 

highlighted by van Ginkel and Logan (2005a) using glucose as a substrate (2.5-10 

gCOD/L, HRT 1-10 hours, pH 5.5, T - 30°C). Different results were however obtained 

by Kirn et al. (2006a) using sucrose as a substrate (CSTR, 10-60 gCOD/L, pH 5.3-5.5, 

12 hour HRT, T = 35°C); a maximum hydrogen yield of 1.09 mol/mol hexose added 

was obtained at a substrate concentration of 30 gCOD/L, while below 20 gCOD/L the 

hydrogen yield decreased with decreasing influent sucrose concentration.

Based on the volumetric hydrogen yields in Experiment TS1, 13.5% of the influent 

COD was converted to hydrogen for operation at 10 g/L sucrose whilst the conversion 

was 12.3% at 20 g/L sucrose. Cohen et al. (1979) obtained an average COD conversion
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to hydrogen of 12% while working with glucose as the substrate (10 g/L, pH 6, 30°C, 

lOhourHRT)

Although the effluent from the hydrogen reactor did not contain propionate or valerate, 

these compounds, along with acetate, /-butyrate and «-butyrate, were detected in the 

effluent of the methane reactor. It is possible that the propionate and valerate were a 

result of degradation of the residual sucrose (Table 5-1) from the hydrogen reactor. 

Propionate production in anaerobic digesters may be a sign of difficulties in any one or 

more of the metabolic processes of anaerobic digestion (Speece 1996). Table 5-1 also 

shows that large amounts of acetate (e.g. 1,885 mg/L on day 88) and «-butyrate (e.g. 

610 mg/L on day 88) were detected in the effluent of the methane reactor when the 

hydrogen reactor was being fed with 20 g/L sucrose. The COD reduction in the 

methane reactor on day 88 was 78%. Note that only single values as distinct from 

averages can be quoted here as the VFA profile was not stable (days 82-88, Figure 5-3). 

Day 88 was chosen because it was the last day of operation of the hydrogen reactor 

using NaOH only as alkali. Since acetate can be metabolised by acetoclastic 

methanogens, it can be concluded that the methanogenic reactor was performing 

poorly.

There was no statistically significant difference (p < 0.05) in the TSS (and VSS) in the 

hydrogen reactor and in the effluent from the upflow anaerobic filter at 20 g/L sucrose 

(TSS, 3.31±0.1 g/L in the hydrogen reactor compared to 3.41±0.5 g/L in the effluent of 

the methane reactor) perhaps signifying that bacteria from the hydrogen reactor were 

not degraded or held up in the packing material in the methane reactor.
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The energy output based on 1 gCOD input to the entire two stage process can be 

calculated. When the hydrogen reactor of the two stage system was operated at 10 g/L 

sucrose and effluent fed to a methanogenic reactor, the total gross energy produced 

averaged over days 60 to 70 was 11.52±0.8 kJ/gCOD added to the entire system (for an 

overall COD reduction of 92.5%). For 20 g/L sucrose, the energy output was 10.53±0.7 

kJ/gCOD added to the entire system. Anaerobic degradation of IgCOD to methane 

with no hydrogen would theoretically (100% COD reduction) produce 350 ml or 13.2 

kJ but this does not take into account the fact that some of the COD would be 

transformed into biomass. Cohen et al. (1980) obtained methane yields of 334 and 313 

ml/gCOD glucose added to a one phase anaerobic digestion process in two separate 

experiments. The energy equivalent is 12.6 kJ/ gCOD added and 11.8 kJ/gCOD added 

respectively. It appears the energy yield is comparable for both two stage and single 

stage processes. However for the two stage process, optimisation of the environmental 

conditions of the microorganisms in each reactor can mean increased stability, higher 

sludge loading capacities and improved rates of substrate turn over, particularly with 

complex substrates, which may allow a reduction in reactor volume (Cohen et al. 1979; 

Ke et al. 2005). This would improve the energy balance of the process. Aside from 

energy considerations, hydrogen-methane mixtures are more environmentally friendly 

than methane alone when used as a transportation fuel.

5.2. Experiment TS2: Effect of increasing the upflow velocity and retention time in 

the methane reactor, and a shift inpHin the hydrogen reactor.

In this experiment, the feed to the methane reactor was effluent from the hydrogen 

reactor (12 hour HRT, pH 5.25±0.5) operating on 20 g/L sucrose. pH of the hydrogen 

reactor was controlled by dosing sodium hydroxide.
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5.2.1. //2 reactor operation 
Figure 5-4a shows the volumetric hydrogen production rate, as well as ethanol and

lactate concentrations, as a function of time.
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Figure 5-4a, 5-4b and 5-4c. Experiment TS2, hydrogen reactor: Hydrogen and 
ethanol/lactate production, VFA and residual sugars and pH and redox variation 
with time up to day 45. A (day 1), Start of continuous operation with 20 g/L 
sucrose, 12 hour HRT; B (day 38.5), pH shift from 5.25±0.05 to 5.0±0.05.
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The hydrogen reactor produced on average 7.51 ± 1.5 L H2/L/d, a yield of 1.43 ± 0.3 

mol/mol hexose added (days 14.5 to 32.5). Unlike operation at 20 g/L in Experiment 

TS1, small amounts (170 mg/L) of /-butyric acid were detected after day 12.3. The 

effluent butyric acid was 5729±416 mg/L (n = 8) and acetic acid, 2314±232 mg/L (n = 

8) in the period day 15 to 25 (Figure 5-4b). 98% of the sucrose fed to the hydrogen 

reactor was converted to fermentation end products between days 9 and 20. However 

between days 20 and 23, residual sugars were seen to increase, from 692 mg/L on day 

20 to 5167 mg/L on day 22.7 before decreasing to 872 mg/L on day 25 (Figure 5-4b). 

The increase in residual sugar was also accompanied by an increase in butanol, from 

less than 50 mg/L before day 20 to 383 mg/L on day 22.7. After day 20, the ethanol 

concentration also started to increase, reaching 3.2 g/L after 30 days (Figure 5-4a). 

Lactate also changed significantly around day 20, increasing from 183.6 mg/L on day 

17.7 to 2437 mg/L on day 26.7 and then decreasing to 1486 mg/L on day 34.5. The 

redox potential also increased in the period day 20 to 23, from -295 mV on day 20 to - 

205 on day 22.7 (Figure 5-4c). Before day 20, the liquid phase contained 3.93±0.2 g/L 

(n = 4) TSS and 3.23 ± 0.8 (n- 4) g/L VSS. After day 30, the liquid phase contained 

2.65 ± 0.3 g/L (n = 4) g/L TSS and 2.50 ± 0.1 (n = 4) g/L VSS.

As there was no change in the operating parameters e.g. pH in days 10 to 30 (Figure 5- 

4c), these changes may suggest a change in the population and/or metabolism. Such 

changes were however not observed in experiment TS1 with 20 g/L sucrose as the feed 

(11 days operation) or in a previous experiment Su2 where stable operation was carried 

out at 40 g/L sucrose, 12 hour HRT for 20 days.
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This may suggest that the culture can lose its viability over time, especially at 

concentrations above 10 g/L sucrose since no such changes were observed when the 

hydrogen reactor was operated at 10 g/L sucrose for over 60 days (Experiment TS1). 

Cohen et al. (1985) however subjected a 10 g/L glucose medium enriched with casein 

hydrolysate to acidogenesis in chemostats at pH 6 and 30°C and found that large 

quantities of lactate seemed to occur exclusively at HRTs shorter than 5 hours and 

under conditions of excess glucose. It was noted that lactate, as well as ethanol, 

fermentation is energetically less efficient and is likely to predominate under conditions 

of high glycolytic flux as a fast way of disposing of an enhanced supply of electrons. A 

number of other factors including pH, butyric acid and other metabolic intermediates, 

intracellular NADP(H) concentration, ATP/ADP ratio, and limitation of certain 

nutrients e.g. sulphate have been implicated in the change of metabolism to solvent 

formation (Bahl and Gottschalk 1984; Mitchell 1998). Ethanol-type fermentations were 

for instance reported at pH 4.5 (Ren et al. 1997). Since there were no changes in the 

external conditions in this experiment, it could be argued that the rise in residual 

sucrose led to the observed changes in metabolism.

Operation at 20 g/L sucrose compared to 10 g/L sucrose produces more VFAs in the 

hydrogen reactor and therefore consumes more sodium hydroxide, thus raising the 

amount of sodium reaching the methane reactor. If the hydrogen reactor was operated 

at a lower pH, less sodium hydroxide would be dosed. The downside of this however, 

would be the fact that product inhibition increases as the pH in the reactor tends to the 

pKas of acetic (4.76) and butyric (4.82) acids. A compromise pH of 5.0 was chosen. On 

day 38.5 the pH of the hydrogen reactor operating on 20 g/L sucrose was shifted from 

5.25 to 5.0 (Figure 5-5c) by letting the pH to fall to the new set point. The ensuing
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hydrogen productivity was oscillatory in nature (Figure 5-5a). The oscillations in 

hydrogen production rate also resulted in oscillations in VFA concentration between ca. 

4260 and 2800 mg/L for butyrate and ca. 3600 and 1800 mg/L for acetate (Figure 5- 

5b), with VFAs increasing as hydrogen production rate increased and vice versa. The 

dosing rate of sodium hydroxide decreased from ca. 84.6 mmol/hour to 43.4 mmol/hour 

following the shift in pH. Figure 5-5a also shows that ethanol previously stable at 

3329±180 (n=4) mg/L between days 31.5 and 37.6 decreased to 1869 mg/L on day 43.7 

but lactate which had previously decreased to 1486 on day 34.5 increased to 2420 mg/L 

on day 42.7.

5.2.2. CH4 reactor operation
Effluent from the PL; reactor was fed to the methane reactor starting on day 6 from the

start of the experiment. The hydraulic retention time was 2 days. A steady methane 

production rate of 2.2 L/L/d was obtained starting on day 14 (Figure 5-5a). During the 

period days 15-20 when the OLR to the methane reactor was 9.2gCOD/L/d, the COD 

reduction in the methane reactor was on average 68.7%. The residual concentrations of 

acetic acid and butyric acid in the effluent of the methane reactor in this period were 

1574±118 (n=6) mg/L and 668±146 (n=6) mg/L respectively (Figure 5-5b).

Between days 20 and 23, methane volumetric production rate was seen to increase from 

2.22 to 3.35 L/L/d. At the same time the VFAs also increased (Figure 5-5b) and the 

proportion of methane in the biogas decreased slightly from 70 to 62%. The pH was 6.5 

and alkalinity 1200 mg CaCO3/L. The transient increase in methane productivity was 

probably due to the transient increase in residual sugar content in the influent of the 

methane reactor (Figure 5-5b, days 20 to 23). Aceticlastic methanogenesis in the
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ADM1 model (Batstone et al. 2002) for glucose as a substrate has a umax of 0.41 d' 1 and 

Ks of 0.035 gCOD/L compared to acetate as a substrate with a jxmax of 0.298 d' 1 and Ks 

of 0.213 gCOD/L.
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Figure 5-5a and 5-5b. Experiment TS2, methane reactor: Variation of methane 
volumetric production rate, pH and VFAs with time for a reactor fed after point 
A (day 6) with effluent from a hydrogen reactor operating on 20 g/L sucrose, 12 
hour HRT - OLR 9.2 gCOD/L/d, 2 day HRT; B (day 23), Change in upflow 
velocity from 4 to 5.8 m/day; C (day 31), Change in HRT from 2 to 3 days; D (day 
38.5), Shift in pH in H2 reactor from 5.25±0.05 to 5.0±0.05.
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Inadequate mixing at low upflow velocities can lead to an accumulation of dead zones 

and poor mass transfer in the reactor (Smith et al. 1996). Most laboratory filters operate 

at upflow velocities between 1 and 8 m/day. Hence the upflow velocity was increased 

from 4.0 to 5.8 m/day on day 23. The increasing trend of VFAs stopped (Figure 5-5b) 

and a steady methane production rate of 2.83±0.1 L/L/d was obtained between days 25 

and 30. However the residual acetic, butyric and propionic acids were not significantly 

different from the previous case (Figure 5-5b, days 15-30). The COD reduction on day 

27.5 was 65%. On day 31 the hydraulic retention time was increased from 2 to 3 days.

The COD of the influent to the methane reactor in the days 34 to 39 was 18,565±3283 

(n = 4) mg/L. The OLR changed from 9.2 gCOD/L/d to 6.2 gCOD/L/d and 

correspondingly methane production was seen to decrease from 2.83±0.1 (days 25 to 

30) to 1.84±0.1 L/L/d (days 33 to 38). There was no statistically significant (p<0.05) 

change in the amount of residual acetic acid (2388±152 (n=6) mg/L, in days 25-30 

compared with 2188±205 (n=5) mg/L, in days 32-38. Only w-butyric acid concentration 

changed statistically significantly (p<0.05) (604±27 (n=5) mg/L in days 25-30 

compared with 217±27 (n=5) mg/L in days 32-38). This suggests that uninhibited 

aceticlastic methanogenesis was not the rate limiting step. Within the period days 15- 

20, the COD reduction in the methane reactor was 68.7%. Beyond day 31, when the 

HRT in the methane reactor was increased from 2 to 3 days, the COD reduction was 

78.4%.

Upon shifting the pH of the influent stream to the methane reactor from 5.25 to 5.0 on 

day 38.5, there was a significant (p<0.05) improvement in VFA degradation in the 

methane reactor - acetate concentrations changed from 2188±205 (n=5, days 32 to 38)
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to 1541±499 mg/L (n = 6, days 38.9 to 43.7) and butyrate concentrations changed from 

217±27 (n - 5, days 32 to 38) to 138±71 mg/L (n = 6, days 38.9 to 43.7). Although the 

influent acetate concentration changed from 3184±145 mg/L (n = 4, days 32 to 38) to 

2878±740 mg/L (n = 6, days 38.9 to 43.7) and butyrate changed from 4367±485 mg/L 

(n = 4, days 32 to 38) to 3858±843 mg/L (n = 6, days 38.9 to 43.7), these changes were 

not statistically significantly different (p<0.05). In the methane reactor, propionate is 

the only metabolite that increased, from 197 mg/L (day 38.9) to 368 mg/L (day 43.7). 

This increase could be attributed to degradation of residual sucrose which also 

increased in days 38.9 to 43.7 (Figure 5-5b). The COD reduction in the methane reactor 

changed from 68.7% in days 16 to 20 (2 day HRT, pH 5.25 in H2 reactor) to 78.4% in 

days 34-38.9 (3 day HRT, pH 5.25 in H2 reactor) to 86.8% in days 39 to 43 (3 day 

HRT, pH 5.0 in H2 reactor).

5.2.3. Summary of the effect of up/low velocity, HRT andpH shifts on the performance 
of the two stage system

The increase in upflow velocity coincided with a reduced concentration of VFAs 

entering the methane reactor and so it is difficult to say whether it was necessary. 

Increase in retention time from 2 to 3 days reduced the residual butyrate concentration 

from 604 to 217 mg/L and improved COD reduction in the methane reactor from 68.7 

to 78.4%; however the amount of residual acetate did not change significantly. Gas 

production decreased even in the presence of excess acetate signifying that gas 

production was dependent on the loading rate (or other component(s) in the feed 

stream) not on acetate concentration. The shift in pH from 5.25 to 5.0 led to oscillations 

in hydrogen production and VFAs and also a 48.7% reduction in sodium hydroxide 

dosed, from 84.6 to 43.4 mmol/hour. The sodium concentration during operation at pH
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5.0 may be expected to be around 1 g/L. VFA degradation in the methane reactor 

following the pH shift improved significantly and COD reduction in the methane 

reactor changed from 78.4% at pH 5.25 to 86.8% at pH 5.0. The improvement might be 

due to lowered sodium levels. Operation at pH 5.0 might be recommended if gas 

production was stable with good hydrogen yields.

5.5. Experiment TS3: Effect of using a mixture of calcium hydroxide and sodium 
hydroxide as alkali on the two stage hydrogen and methane production process

5.3.1. H2 reactor operation
In this experiment, the hydrogen reactor was operated using a mixture of sodium and

calcium hydroxides to control pH when operated at a sucrose concentration of 20 g/L. 

Figure 5-6a shows the variation of volumetric hydrogen production rate and ethanol 

concentration with time. Continuous feeding of a medium containing 20 g/L sucrose 

was initiated on day 1 with sodium hydroxide for pH control. pH control using a 

mixture of calcium and sodium hydroxides was started on day 7. Hydrogen production 

was oscillatory in nature, averaging 5.60±1.3 L/L/d (yield of 1.07±0.3 mol/mol hexose 

added) in days 7.9 to 18.8. After day 10, ethanol started increasing in the hydrogen 

reactor, reaching 2660 mg/L on day 19. Between days 19 and 20, hydrogen production 

was relatively stable and averaged 4.66±0.2 L/L/d (yield of 0.9 mol/mol hexose added). 

Similar shifts to ethanol production were observed when sodium hydroxide was used as 

a base at 20 g/L sucrose after 20 days (Experiment TS2, Figure 5-4a). No such changes 

were observed when the sucrose concentration was 10 g/L. The onset of increased 

ethanol production also corresponded with a rise in residual sugars (Figure 5-6c). The 

VFAs (Figure 5-6b) were also oscillatory in nature and averaged 3330±509 mg/L acetic 

acid and 3128±1036 mg/L n-butyric acid in days 14 to 20. The acetate concentration 

was comparable to that (3578±682 mg/L) obtained when sodium hydroxide was used
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Figure 5-6a, 5-6b and 5-6c. Experiment TS3, hydrogen reactor: Volumetric 
hydrogen production rate and ethanol concentration, VFAs, TSS, VSS and 
residual sugar variation with time. A (day 1), Continuous operation with 20 g/L 
sucrose started and NaOH for pH control; B (day 7), NaOH + Ca(OH)2 used for 
pH control.

as a base (Experiment TSI) but the butyrate concentration was almost half of what was 

obtained (6843±635 mg/L) with sodium hydroxide as a base. A discussion of
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oscillatory behaviour in bacteria growth processes is given in section 5.4.1. The 

oscillations seemed to dampen at the end (days 19 to 20) but still hydrogen production 

was low (4.66±0.2 L/L/d) compared to using sodium hydroxide only as a base 

(7.72±0.6 L/L/d - Experiment TS1) for 20 g/L sucrose. The redox potential in the 

period 10 to 20 days averaged -321 ±72 mV.

Table 5-2. Experiments TS2 and TS3, H2 reactor. Comparison of the effect of 
NaOH with that of a mixture of NaOH and Ca(OH)2 when used as pH control 
agents for 20 g/L sucrose. ____________________________

Parameter 20 g/L, 12 hour HRT, NaOH 20 g/L, 12 hour HRT,
(Expt TS2, day 35) NaOH + Ca(OH)2

(Expt.TS3,dayl8)
H2 production rate
(L/L/d)
H2 yield
(mol/mol hexose added)
VFAs (mg/L)
Acetate
«-butyrate
TSS (g/L)

VSS (g/L)

Residual sugars (mg/L)

Ethanol (mg/L)

Lactate (mg/L)

Sodium concentration (g/L)

8.05

1.53

3292
4665
2.65

2.50

638

3230

1486

2.1

5.09

0.97

3799
3022
2.48

2.44

624

2403

1128

0.91

As expected the residual sugars increased, from less than 1 g/L to about 5 g/L, when 

gas production went down e.g. on days 8, 12 and 15 (Figure 5-6c). VSS and TSS 

decreased in the period day 9 to day 13.0, from 6.0 g/L (TSS) and 5.0 g/L (VSS) on day 

9 to 3.2 g/L (TSS) and 3.2 g/L (VSS) on day 13, and seemed to be stable at 2.34±0.14 

g/L (n=3, TSS) and 2.56±0.04 g/L (n = 3, VSS) after day 14 (Figure 5-6c). Table 5-2
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gives a comparison of the performance of the hydrogen reactor on day 18 with another 

reactor operated at 20 g/L sucrose using sodium hydroxide for pH control (Experiment 

TS2, day 35).

From Table 5.2, despite comparable residual sugar concentrations, the yield of 

hydrogen from the reactor operated using a mixture of NaOH and Ca(OH)2 as alkali 

was less than that of the reactor operated using NaOH only as alkali. In Experiment 

TS3, less butyrate and more acetate was produced

5.3.2. CH4 reactor operation
Effluent from the hydrogen reactor was fed to the upflow methane reactor starting on

day 9 to maintain a 3 day HRT. The organic loading rate was on average 6 gCOD/L/d. 

On day 11 the pH dropped to 6.5 (Figure 5-7) and sodium bicarbonate was dosed up to 

day 13 at a rate of 2 g/L/d to raise the pH. The reactor eventually achieved steady state 

between days 14 to 20 with a volumetric methane production of 1.77±0.1 L/L/d (Figure 

5-7). The methane yield was 300 ml/ g COD added. Effluent from the methane reactor 

in days 14 to 20 consisted of 464±68 (n = 6) mg/L acetic acid, 263±140 (n = 6) mg/L 

propionate, 37±3.7 (n = 6) mg/L n-butyric acid and small amounts (< 20 mg/L) of/- 

butyrate, /-valerate and rc-valerate. As Table 5-3 shows, the operation of the methane 

reactor in Experiment TS2 in days 31 to 38 (similar HRT, similar influent 

concentration to the hydrogen reactor), gave high (2188 mg/L) concentrations of 

acetate in the effluent compared to 464 mg/L in Experiment TS3 suggesting that 

reduction of the sodium concentration to 0.75±0.1 g/L improved the overall 

performance of the two stage system. The overall COD reduction in Experiment TS3 

was 97.8% compared to 78.3% in Experiment TS2 (Table 5-3).
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Figure 5-7. Experiment TS3, methane reactor: Volumetric methane production 
from a reactor operating on feed from a hydrogen reactor whose pH was 
controlled by dosing a mixture of sodium and calcium hydroxides. A (day 9), 
Feeding started with OLR 6 gCOD/L/d at a 3 day HRT.

Table 5-3. Performance of the methane reactor in experiments TS2 (NaOH) and 
TS3 (NaOH and Ca(OH)2) - effect of alkali__________
Parameter Experiment TS2 Experiment TS3 

(days 31-38) (days 15-20)
Influent VFAs (mg/L):
Acetate
«-butyrate
Influent ethanol (mg/L)
Influent residual sucrose (mg/L)
Effluent VFAs (mg/L):
Acetate
Propionate
/-butyrate
rc-butyrate
i-valerate
n-valerate
Overall %COD reduction
Sodium cone. (g/L)
Calcium cone. (g/L)
Average pH in CFL; reactor

3109±210(5)
4345±423 (5)
3329±180(6)
638±12 (2)

2188±205(5)
202±24 (5)
79±6 (2)
217±27(5)
19±0.3 (2)
20±1 (2)
78.3
2.5±0.2 (4)
NA
6.8

3330±509 (6)
3128±1036(6)
2156±542(6)
563±110(5)

464±68 (6)
263±140 (6)
17±1 (6)
37±4 (6)
16±9(6)
17±3 (6)
97.8
0.75±0.1 (6)
0.44±0.2 (6)
7

Values are averages. Number of values is shown in parentheses. NA = not applicable.
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5.4. Experiment TS4: Two stage //^ and CH4production using calcium hydroxide as 

alkali: changes induced by process interruptions in feed supply andpH

In order to remove the possibility of sodium toxicity and/or to use a more cost effective 

and eco-friendly alkali, this experiment used calcium hydroxide only as a pH control 

agent. The hydrogen reactor was operated at three different concentrations of sucrose, 

10, 20 and 30 g/L (12 hour HRT) and effluent from the H2 reactor was fed to the 

upflow methane reactor to maintain a 2 day HRT.

5.4.1. //2 reactor operation
Continuous feeding of the reactor was started on day 0.93 (point A, Fig. 5-8a). On day

2.6, pH dropped to 4.5 due to a tube blockage (Figure 5-8b) and total gas production 

decreased from 20 to 10 ml/min. When another tube was installed and Ca(OH)2 dosed 

to raise the pH, gas production started increasing. Operation of the hydrogen reactor at 

10 g/L sucrose was stable (Figure 5-8a) with a volumetric hydrogen production rate of 

4.31±0.3 L/L/d (days 5 - 12). The reactor contained 1389 ± 155 (n = 6) mg/L acetate 

and 3154 ± 468 mg/L «-butyrate (Figure 5-8c). 13.7% of the influent COD was 

converted to hydrogen. Figure 5-8d also shows that after day 9, ethanol concentration 

started to rise while hydrogen production rate decreased. It is not clear what caused this 

shift in metabolism. Bajpai and lannotti (1988) noted that inhibition is usually 

manifested as a shift in metabolism especially in mixed cultures. On the other hand 

ethanol formation was linked with high residual substrate concentrations (Cohen et al. 

1985) but the residual sugars in this regard were small (212±9 mg/L) and the pH did 

not vary around day 9 (Figure 5-8b). On day 12.6, the pH in the reactor dropped to 4.95 

due to a collapse of the Ca(OH)2 feed tube but gas production was not affected.
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Figure 5-8a and 5-8d. Experiment TS4. Hydrogen reactor. Variation of hydrogen 
volumetric production rate, pH, VFA, lactate, ethanol and residual sugars with 
time. A (day 0.93), start of continuous operation with 10 g/L sucrose, 12 hour 
HRT; B (day 13.5), power failure for 3 hours; C (day 18.5), power failure for 4.5 
hours; D (day 20.5), increase in HRT from 12 hours to 1.8 days and OLR from 20 
to 27.4 g/L/d by stopping water supply; E (day 23.5), continuous operation with 20 
g/L sucrose, 12 hour HRT; F (day 38.6), continuous operation with 30 g/L sucrose, 
12 hour HRT; G, pH shifts due to blockage of the tube feeding Ca(OH)2.
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While still operating at 10 g/L sucrose (Figure 5-8a), the culture in the hydrogen reactor 

experienced discontinuous feed supply arising out of power failure first for 3 hours on 

day 13.5 and then for 4.5 hours on day 18.5. After the first episode (Figure 5-8a, day 

13.5), the reactor produced less hydrogen than before - 3.47± 0.2 L/L/d (days 16 to 18) 

compared to 4.31±0.3 L/L/d (days 5 - 12) - when feed supply was reinstated. Also, the 

reactor became browner and the off gas showed that it contained hydrogen sulphide as 

black deposits were observed in the dreschel wash bottle containing copper II sulphate.

The effect of the second power failure (Figure 5-8a, day 18.5) however was not the 

same. The reactor showed signs of washout (gas steadily decreased indicating that 

dilution rate was greater than specific growth rate and residual sugar increased - Figure 

5-8d) when feed supply was reinstated (days 19.7-20.5). Possibly the microorganisms 

had sporulated as a result of no / discontinuous feed supply (Cohen et al. 1985). The 

reactor was recovered from day 20.5 to day 23 by stopping the supply of water - 

effectively increasing the hydraulic retention time from 12 hours to 1.8 days. During 

this period the reactor was fed with a medium containing 50 g/L sucrose and so the 

OLR increased from 20 to 27.4 g/L/d. Gas production increased and on day 23 the feed 

concentration to the hydrogen reactor was changed to 20 g/L. Big granules formed in 

the reactor and decreased in size as the operation continued. Around day 28.7 the 

reactor which was normally off white or yellowish in colour, turned from brownish to 

pale orange and the off gas still showed that it contained hydrogen sulphide as the 

copper II sulphate solution turned black. This also marked the beginning of an increase 

in the amplitude of the oscillations in hydrogen production and led to an increase in 

ethanol concentration.
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It is not clear whether the recovery period or the pH shifts which also occurred just 

before day 28 due to a tube blockage (Figure 5-8b, marked by G) did select for a 

different type of organism. At the onset of sustained oscillations (day 28.5), the reactor 

contained between 5 and 6 g/L sucrose and this may account for the observed increase 

in ethanol concentration. Analysis of the liquid phase of the hydrogen reactor on day 

28.5 - when sustained oscillations in hydrogen production were just beginning - 

revealed that in addition to acetic (2424 mg/L) and butyric acids (5810 mg/L) there was 

also lactic acid (1313 mg/L) and ethanol (621 mg/L). This again might suggest a shift 

in metabolism to lactate formation or contamination and eventual colonisation of the 

reactor with lactic acid bacteria since they withstand low pHs better than hydrogen 

producers. The presence of hydrogen sulphide in the off gas might also suggest 

colonisation by sulphate reducing bacteria which also thrive well at low pH. Further 

confirmation would require microbial community analysis. The reactor eventually 

regained its usual appearance (day 32.6) albeit with sustained oscillations in gas 

production (Figure 5-8a). The oscillations remained unabated when the sucrose 

concentration was increased to 30 g/L on day 38.6.

Biological growth processes in flow reactors can have multiple steady states and 

bioprocesses may oscillate even under constant external conditions (Fan et al. 1970). 

Shoemaker et al. (2003) hypothesised that long recovery times, of the order of several 

hours to several days, can occur because the initial transport enzyme level is too small 

to cope with the increased substrate supply. The substrate concentration, therefore, 

would increase until the enzyme level was built up to a sufficiently high level by the 

slow process of enzyme induction. Damped and sustained oscillations could occur
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because transport enzyme synthesis is autocatalytic, i.e. the reaction product is also a 

catalyst for that reaction, and hence destabilising. Xiu et al. (1998) noted that the 

combined effect of enhanced product formation (as a result of metabolic overflow) and 

product inhibition could also lead to sustained oscillations. Other workers have 

proposed that the oscillatory behaviour observed during continuous culture is an 

inherent characteristic related to the shift from primary to secondary metabolism e.g. 

from acid production to solvent production (Clarke et al. 1988). This would mean that 

as the VFAs oscillate (Figure 5-8a), the solvents would oscillate too but the 

observations here indicate that whereas the acids oscillated in days 32 to 37 for 

example (Figure 5-8c), ethanol (the main solvent produced) was stable (Figure 5-8d).

The VFA amounts produced at 20 g/L sucrose (Figure 5-8c, days 28-36) - acetate, 

2612±394 (n=9) mg/L; butyrate, 4355±844 (n = 9) mg/L - were not statistically 

significantly different (p<0.05) from the amounts produced at 30 g/L sucrose (Figure 5- 

8c, days 40-45) - acetate 2790±527 (n = 5) mg/L and butyrate 3703±998 (n=5). Part of 

the extra substrate was converted into biomass (a 35% increase in VSS from 20 g/L to 

30 g/L sucrose (Table 5-4)) and ethanol (Figure 5-8d) and the rest remained unused; 

residual sucrose ranged between 8 and 19 g/L (Figure 5-8d). Kim (2006a) in their 

study of the effect of substrate (sucrose) concentration on hydrogen yield noted that 

above 35 gCOD/L there was no increase in VFAs produced and attributed it to 

substrate overload. Substrate overload usually manifests itself in terms of negative 

inhibition by high VFAs. However during the acidogenic dissimilation of sucrose using 

mixed microflora at pH 5.2, acetate was not found inhibitory up to 12 g/L (van den 

Heuvel 1985) and a butyrate concentration of up to 10 g/L (Experiment TS1) gave 

stable operation. These amounts are well above the values obtained in this experiment.
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It is therefore likely that something else, perhaps competition from lactic acid 

producers, was inhibiting the process at 30 g/L sucrose. Noike et al. (2002) co-cultured 

lactic acid bacteria with hydrogen producers and found that lactic acid bacteria 

produced bacteriocins which had a deleterious effect on the hydrogen producers. 

Microbial community studies done by Kirn (2006a) also showed presence of lactic acid 

bacteria e.g. Bacillus racemilacticus in their culture.

5.4.2. CH4 reactor operation
Effluent from the hydrogen reactor operating on 10 g/L sucrose was fed to a methane

reactor to maintain a 2 day HRT starting on day 3.67. The methane reactor had been 

left unfed for 1 month and 11 days. At the start no VFA was detected in the reactor. 

The pH was 7.27 and bicarbonate alkalinity 1200 mg/L as CaCOs. Sodium bicarbonate 

was dosed continuously at a rate of 2 g/L/d whilst monitoring the bicarbonate alkalinity 

and sodium concentration. This alkalinity loading was enough to just neutralise the 

VFAs coming from the hydrogen reactor and would give a sodium concentration in the 

influent to the methane reactor of 1.01 g/L which is below the inhibitory level from the 

findings of experiment TS1. Methane production was stable at all organic loading rates 

although the levels of volatile fatty acids increased when the hydrogen reactor was 

operated at 30 g/L (Figure 5-9).The increase of VFAs in the methane reactor after day 

39 led to a decrease in pH (Figure 5-10) although from day 40 there was a three fold 

increase in the dosing rate of sodium bicarbonate. The bicarbonate alkalinity on day 

42.6 was 1180 mg CaCO3/L whereas on day 43.5 it had decreased to 800 mg CaCO3/L. 

This may suggest that the reactor was overloaded as the metabolic rate of the 

methanogens was not coping up with the throughput of the VFAs.
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A methane production rate of 1.5 L/L/d was obtained in the period 5 to 12 days. When 

the Fb reactor was operated at 20 and 30 g/L sucrose there was no significant difference
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Figure 5-9. Experiment TS4. Methane reactor. VFA profile as a function of time. 
A(day 3.67), started feeding the methane reactor to maintain a 2 day HRT at OLR 
5.16 gCOD/L/d; B (day 22.9), OLR increased to 9.32 gCOD/L/d; C (day 38.6), 
OLR increased to 11.98 gCOD/L/d.
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Figure 5-10. Experiment TS4. Methane reactor. Variation of pH with time. A (day 
3.67), started feeding the methane reactor to maintain a 2 day HRT at OLR 5.16 
gCOD/L/d; B(day 22.9), OLR increased to 9.32 gCOD/L/d; C (day 38.6), OLR 
increased to 11.98 gCOD/L/d.
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in steady state methane production rates from the methane reactor up to day 43.7 when 

gas production started to decrease. The decrease is attributed to souring up of the 

reactor due to an increase in sugar concentration in the H2 reactor (up to 20 g/L - 

Figure 5-8d) at that time. The experiment was stopped on day 46.2.
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Figure 5-11. Experiment 4. CH4 reactor. Methane production rate versus time. A 
(day 3.67), started feeding the methane reactor to maintain a 2 day HRT at OLR 
5.1 gCOD/L/d; B (day 22.9), OLR increased to 9.32 gCOD/L/d; C (day 38.6), OLR 
increased to 11.98 gCOD/L/d.
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Table 5-4. Experiment TS4. Calcium hydroxide as alkali. Comparison of the 
performance of the two stage system at different loading rates and substrate 
concentrations.

Influent
COD
[mg/L)
Effluent
COD
;mg/L)
DLR
;gCOD/L/d)

:OD
•eduction

12 yield 1
12 yield2

:E, yield3
/FAs
mg/L)
Acetate
/-butyrate
-butyrate
'ropionate
/olumetric
12 or CFLi
(reduction
ate (L/L/d)
WkJ)

I2 or CH4
ontent (%)
Residual
ugars
mg/L)
-SS(g/L)
ASS (g/L)

1 0 g/L sucrose
H2 reactor 
(12 hr. HRT)
11,228

10,316±1,811(3)

22.46

8.1

1.64
192±13 C

N/A

1,389±155(6)
3,154±468(6)
N/A
N/A

4.3±0.3 C

2.323

59.9±2 (3360)

1.9±0.2(8)
2.1±0.1 (8)

CFL, reactor 
(2 day HRT)
10,316±1,811
(3)

1,983±288
(3)

5.16
(day 15.5-
17.5)
80.8±4.4 (3)

N/A
N/A

291

459±124(7)
62±17(7)
18±5(7)
78±5 (7)

1.5±0.2f

9.654

70.0±2.0
(2400)
N/A

1.5±0.3(5)
1.5±0.1 (5)

20 g/L sucrose
H2 reactor 
(12hr. HRT)
22456

18,642±1,937
(4)

44.91

17.0

1.09
127±27d

N/A

2,612±394(9)
4,355±844(9)
N/A
N/A

5.7±1.2d

1.537a

54.2±3.9
(5280)
Variable
see Fig. 5-8d

3.4±0.2 (3)
3.4±0.1(3)

CH4 reactor 
(2 day HRT)
18,642±1,937
(4)

2,467±395
(4)

9.32a

86.8±2.8 (4)

N/A
N/A

365

495±124(5)
60±10(5)
28±3 (5)
532±172(5)

3.4±0.5d

12.293

63.6±4.7
(5280)
N/A

4.8±0.4 (4)
4.6±0.1 (4)

30 g/L sucrose
H2 reactor 
(12 hr. HRT)
33684

23,961±2,699
(3)

67.37

24.6b

0.78
91±27e

N/A

2790±527 (5)
3703±998 (5)
N/A
N/A

6.1 ±1.8C

1.092

54.2±0.9
(2400)
Variable -
see Fig. 5-8d

4.8±0.4 (4)
4.6±0.1 (4)

CH4 reactor 
(2 day HRT)
23,96 1±2,699
(3)

7523±796 (3)

11.95 b

68.1±6.4(3)b

N/A
N/A

284

2608±645 (5)
348±79 (5)

3.4±0.5 e

8.075

57.8±2.7
(2400)
N/A

5.2±0.4 (4)
4.7±0.3 (4)

"average of values on days 9.85, 17.9, 18.93 and 19.88. baverage of values on days 
41.15, 42.61 and 43.92. cdays 5-12, ddays 25.72-36.72, edays 38.72-43.72, fdays 7-12.

'mol/mol hexose added; 2ml/gCOD added; 3ml/gCOD added to CH4 reactor; Qout, 
energy content of gas/gCOD added to the entire system; high heating values of 
hydrogen and methane as in Table 5-1. Numbers of measurements are shown in 
parentheses.
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Table 5-4 gives a comparison of the performance of both the hydrogen and methane 

reactors in the substrate concentration range 10-30 g/L sucrose. For the hydrogen 

reactor gas production was only stable at 10 g/L sucrose. Operation at 20 and 30 g/L 

was accompanied by oscillations in gas production. The percentage of methane in the 

off gas decreased with OLR, from 70% at 5.16 gCOD/L/d, to 57.8% at 11.98 

gCOD/L/d (Table 5-4). This means less and less carbon dioxide was dissolved in 

solution and may be a consequence of the increasing VFAs in solution lowering pH 

and/or increasing the ionic strength of the solution both of which reduce the solubility 

of carbon dioxide in solution. The percentage COD reduction in the methane reactor at 

10 g/L sucrose (80.8±4.4%) and 20 g/L sucrose (86.8±2.8%) was not statistically 

significantly different (p < 0.05) but that at 30 g/L (68.1±6.4%) was significantly lower 

(p < 0.05). Given that the amount of total VFAs reaching the methane reactor when the 

hydrogen reactor was operated at 30 g/L did not change significantly (p<0.05) 

compared to operation at 20 g/L, the poor performance in the methane reactor at 30 g/L 

could be attributed to VFA production from residual sucrose (range 8 to 14 g/L) 

souring up the methane reactor (Figure 5-11). More volatile solids were registered in 

the hydrogen reactor operating at 30 g/L compared to 20 g/L although the yield of 

hydrogen was lower. This means more of the COD was transformed into biomass and 

could explain the apparent large reduction (24.6%) in soluble COD in the hydrogen 

reactor at 30 g/L.
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5.5. Experiment TS5: Two stage H2 and CH4 production using calcium hydroxide as 
alkali: effect of operating without process disturbances

In order to alleviate the effects of sodium toxicity, Experiment TS5 used calcium 

hydroxide as the pH control agent. The hydrogen reactor was operated at three different 

concentrations, 10, 20 and 30 g/L sucrose (12 h HRT) and effluent from it fed to the 

upflow filter reactor (2 day HRT) to generate methane.

5.5.1. //2 reactor operation
Figure 5-12a shows the variation of volumetric hydrogen production rate and residual

sucrose concentration against time. It can be seen that hydrogen production was stable 

at all the substrate concentrations studied and volumetric hydrogen production rate 

increased with substrate concentration - 3.37±0.3 L/L/d at 10 g/L sucrose (H2 yield of 

1.29±0.1 mol/mol hexose added, days 5 to 10); 6.78±1.4 L/L/d at 20g/L sucrose (H2 

yield of 1.29±0.3 mol/mol hexose added, days 15 to 20) and 11.57±1.5 L/L/d at 30 g/L 

sucrose (H2 yield of 1.47±0.2 mol/mol hexose added, days 26 to 40) (Table 5-5). H2 

yield was higher at 30 g/L sucrose than at 20 or 10 g/L sucrose. The occasional 

decreases in hydrogen production on days 22, 28.8, 33.8, 36 and 42.7 were due to 

nutrient limitation as the nutrient feed tube collapsed but once feeding of nutrient was 

resumed, gas production increased again.

pH was adequately controlled except on one occasion (day 7.7) when pH fell to 4.7 but 

that did not appear to affect the performance of the reactor. The proportion of hydrogen 

in the off gas did not change significantly with substrate concentration, averaging 

51.0±1.0% (10 g/L, days 5-10), 51.2±0.7% (20 g/L, days 15-20) and 49.8±2.5% (30 

g/L, days 44-47).
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Figure 5-12a and 5-12b. Experiment TS5. Hydrogen reactor, pH controlled by 
dosing Ca(OH)2. Time variation of volumetric hydrogen production rate, residual 
sugar concentration and VFAs. A (day 0.6), continuous operation with 10 g/L 
sucrose; B (day 12), continuous operation with 20 g/L sucrose; C (day 25), 
continuous operation with 30 g/L sucrose.

The rest of the gas consisted mainly of carbon dioxide with small amounts of nitrogen 

(<1%) but no methane. Ethanol peaked at 2,753 mg/L on day 2 and then decreased 

steadily reaching 157 mg/L on day 7. In days 8 to 47, the ethanol concentration 

averaged 135±38 (n = 20) mg/L.
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The redox potential was negative, falling from 123 mV to -400 mV on days 0 to 8 and 

averaged -558 mV in days 25 to 45. «-butyrate was the main VFA produced followed 

by acetate (on a weight basis; Figure 5-12b). Table 5-5 gives a comparison of the 

performance of the two stage system at different loading rates and substrate 

concentrations. In the hydrogen reactor, acetate and «-butyrate concentrations 

increased with increasing substrate concentration averaging respectively 1372±126 

mg/L and 3009±160 mg/L at 10 g/L sucrose (days 5 to 10); 2290± 215 mg/L and 

4477±471 mg/L at 20 g/L sucrose (days 15 to 20); 3086±486 mg/L and 7164±1381 

mg/L at 30 g/L sucrose (days 26 to 36); 3953±527 mg/L and 9832±488 mg/L at 30 g/L 

sucrose (days 37 to 47) (Table 5-5). At 20 g/L sucrose, the concentration of butyrate 

increased with time and was also variable for the first 10 days after increasing the 

sucrose concentration to 30 g/L (Figure 5-12b). TSS and VSS also increased with 

increasing substrate concentration averaging respectively 1.96±0.05 g/L and 1.87±0.07 

g/L at 10 g/L sucrose; 6.55±1.2 g/L and 4.9±0.6 g/L at 20 g/L sucrose; 10.2±2.8 g/L 

and 5.5±0.6 g/L at 30 g/L sucrose (Table 5-5). In general, lactate was not detected in 

days 4 to 25 except on day 22 when small amounts (290 mg/L) were detected. After 

day 25, lactate increased significantly (presumably due to an increase in residual sugars 

- Figure 5-12a) reaching a high of 2,830 mg/L on days 30.7 and 43 and a low of 747 

mg/L on day 39.6. Sugar degradation was 97.5% at 10 g/L and 96% at 20 g/L sucrose 

and about 96.5% at 30 g/L sucrose (Table 5-5). Spikes of high residual sucrose 

corresponded to days when the reactor was nutrient deficient as a result of the nutrients 

feed tube collapsing.
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Figure 5-13a and 5-13b. Experiment TS5. Methane reactor. Time variation of 
volumetric methane production rate, bicarbonate alkalinity and VFAs. A (day 
2.9), started feeding the methane reactor with effluent from the hydrogen reactor 
at OLR 4.4 gCOD/L/d; B (day 12), OLR increased to 6.9 gCOD/L/d; C (day 24.8), 
OLR increased to 10.1 (days 27 to 35) -13.0 (days 37 to 44) gCOD/L/d.
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Table 5-5. Experiment TS5. Calcium hydroxide as alkali. Comparison of the 
performance of the two stage system at different loading rates and substrate 
concentrations

10g/L sucrose 20 g/L sucrose 30 g/L sucrose
H2 reactor CH4 reactor H2 reactor CH4 reactor H2 reactor CH4 reactor
(days 5-10) (days 7-11) (days 15-20) (days 16-23) (days 26-40) (days 44-47)

Influent 
COD
(mg/L)

11,228 8,775± 1,004(4) 22,456 13,737±866(4) 33,684 26,087±562(6)

Effluent
COD
(mg/L)

OLR
(gCOD/L/d)
%COD
reduction
H2 yield
(mol/mol
hexose)
H2 yield
(ml/gCOD)

8,775± 1004(4) 962±78(2) 13,737±866(3) 1,989±237(4) 26,087±562(6)a 10,920±2175(4)

22.5 

21.9 

1.29±0.1

150±13

CE, yield NA 
(ml/gCOD)

4.39

89.0

NA

NA 

330±54

45.0 

38.8 

1.29±0.3

151±31

NA

6.90

85.5

NA

NA 

339±49

67.4 

22.6 

1.47±0.2

172±22 

NA

13.04a 

58.1

NA

138±16

VFAs:"
Acetate
n-butyrate
i-buryrate
Propionate

H2 or CH4
production
rate(L/L/d)
Qou,(kJ)c
H2 or CH4
content (%)

Sucrose
cone.
(mg/L)
TSS(g/L)
VSS(g/L)

Na+(g/L)
C£(g/L)__

1,372±126(6)
3,009±160(6)
none
none

3.37±0.3
(2400)

1.82±0.1
51.0±1.0
(2400)

252±37 (3)

1.96±0.05(4)
1.87±0.07(4)

NA
NA

349±3 (2)
70.8±0.3 (2)
24.5±0.4 (2)
41 ±3 (2)

1.45±0.2
(1920)

9.72±1.6
73.0±3.0
(2400)

NA

ND
ND

0.285±0.08 (4)
0.37±0.03 (4)

2,290±215(12)
4,477±471(12)
none
none

6.78±1.4
(2400)

1.83±0.4
51.2±0.7
(2400)

770±176(5)

6.55±1.2(5)
4.9±0.6 (5)

NA
NA

522±87 (6)
73.1±16.5(6)
31.4±5.2(6)
70± 11(6)

2.33±0.3
(3504)

7.82±1.1
73.1±2.2
(3504)

NA

ND
ND

0.492±0.013(4)
0.68±0.02 (3)

3,953±527(ll)a
9,832±488(ll)a
none
none

11.57±1.5
(6720)

2.08±0.3
49.8±2.5
(6720)

Widely
variable
1312±1000(9)
10.2±2.8(5)
5.5±0.6 (5)

NA
NA

7,343±715(11)
1,803±338(9)
421±73(9)
779±125 (9)
(days 39-47)
1.80±0.2
(1797)

4.03±0.5
65.6±4.4(1797)

NA

ND
ND

0.645±0.2 (4)
1.72±0.3(5)

NA - Not Applicable; ND - Not Determined. Numbers of values are shown in 
parantheses. "Days 37 to 47; b units, mg/L; cEnergy content of gas produced per gCOD 
added to the entire system; high heating values of hydrogen and methane as in 
Table 5-1.
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5.5.2. CH4 reactor operation
Figure 5-13a shows the variation of methane volumetric production rate and

bicarbonate alkalinity with time. The bicarbonate alkalinity decreased upon starting the 

feeding on day 2.9 (OLR 4.4 gCOD/L/d) from 3500 mg/L as CaCO3 to 1200 mg/L as 

CaCO3 on day 6.6. After day 6.6, the dosing of NaHCO3 was stopped not only for fear 

of sodium toxicity but more importantly because the pH started to increase. Moreover 

the VFA concentration in the effluent of the methane reactor started decreasing (Figure 

5-13b). Subsequently, the reactor was able to self regulate pH up to day 25. A 

volumetric methane production rate of 1.45±0.2 L/L/d (CH4 yield of 330 ml/gCOD 

added) was obtained in days 7 to 11. The corresponding COD reduction was 89% and 

VFAs in the effluent averaged 349±3 mg/L acetate, 70.8±0.3 mg/L «-butyrate, 

24.5±0.4 mg/L /-butyrate and 41 ±3 mg/L propionate. On day 12 the OLR was 

increased to 6.9 gCOD/L/d (Figure 5-13a, point B). The methane production rate 

increased and averaged 2.33±0.3 L/L/d (CH4 yield of 339 ml/gCOD added) in days 16 

to 23. The corresponding COD reduction was 85.5% and VFAs in the effluent averaged 

522±87 mg/L acetate, 73.1±16.5 mg/L «-butyrate, 31.4±5.2 mg/L /-butyrate and 70±11 

mg/L propionate. After day 25 when the OLR was increased to 10.1 gCOD/L/d 

(influent COD of 20,280±3,772 mg/L in days 27 to 35), there was need to dose 

bicarbonate (2 g/L reactor/d) to prevent pH from dropping below 6.5. Methane 

production rate increased up to a maximum of 3.9 L/L/d on day 29 and then steadily 

decreased (Figure 5-13a). Beyond day 44 (OLR then had reached 13.0 gCOD/L/d), the 

methane production rate levelled off to an average of 1.80±0.2 L/L/d (CH4 yield of 138 

ml/gCOD added) in days 44 to 47; that is 45% of the maximum value reached on day 

29. The proportion of methane in the off gas decreased from 73% in days 10 to 25, to 

66% in days 44 to 47 presumably because of the steady decrease in pH from 6.8 to 6.5
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after day 33.The rest of the gas was composed of carbon dioxide (mainly) with small 

amounts ( < 1% each) of hydrogen and nitrogen.

Since the calcium and sodium concentration in the methane reactor - 1.72 and 0.65 g/L 

respectively (days 37 to 47) - were below reported inhibitory levels (Feijoo et al. 1995; 

Rubi et al. 2001) (see section 1.5.2), it can be argued that the fall off in volumetric 

methane production rate (Figure 5-13a) and the increase in VFAs (Figure 5-13b) at 

OLR 10.1 - 13.0 gCOD/L/d (days 25 to 47) indicated that the reactor was either 

overloaded or inhibited or both. Lin et al. (1986) studied the methanogenic digestion of 

a 2:1:1 (COD basis) mixture of acetic, propionic and butyric acids respectively 

(containing 1.84 g/L sodium as NaHCO3) in chemostat reactors and found out that 

below HRT 2.9 days, increasing the feed concentration above 20 gCOD/L significantly 

adversely affected the acetate and propionate degradation. For 20 gCOD/L influent 

concentration, increase in OLR from 8.33 to 9.1gCOD/L/d did not increase gas 

production. The failure was attributed to washout of the slow growing methanogens. In 

an upflow filter, washout is not expected to happen and so it appears the methane 

reactor in this study (post day 25, 20.28±3.8 gCOD/L VFA/ethanol/lactate/residual 

sucrose mixture, OLR > 10.1 gCOD/L/d) may have been overloaded as in the case of 

Lin et al. (1986). High (> 7.2 g/L, pH 7) acetate levels were reported to be inhibitory to 

acetate degradation by pure cultures of Methanosarcina barken and Methanosarcina 

mazei (Yang and Okos 1987). Given that the various compounds (e.g. ethanol, 

butyrate) in the effluent of a biohydrogen reactor would have to be oxidised to acetate 

before being metabolised by methanogens, the potential residual acetate concentration 

from a given stream (a balance between acetate supply and degradation rates) may also 

set a limit on its degradability by anaerobic digestion.
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The COD reduction in the methane reactor was 89% in days 9 to 12, 85.5% in days 17 

to 24 and reached a value of 85% on day 29 at which time the hydrogen reactor was 

being operated at 30 g/L sucrose. The COD reduction then decreased steadily to 58% 

(days 44 to 47). The COD concentration in the influent of the methane reactor on day 

29 was 17,160 mg/L and appears to be the threshold for efficient operation of the 

methane reactor treating acid-rich effluent from a bio-hydrogen reactor under the 

conditions in question (upflow filter, 2 day HRT, 35°C, pH 6.8, upflow velocity 5.8 

m/d, influent pH 5.2-5.3, sodium concentration < 1 g/L). Similar results were obtained 

by Mitani et al. (2005) using brewery waste (30-60 gCOD/L) as substrate in a two stage 

process for hydrogen (CSTR, pH 6.0-6.5, 11.4 hour HRT, 50°C) and methane (UASB) 

production. The COD removal in the methane reactor was 65% showing that at high 

loadings the efficiency was low.

5.5.3. Comparison of the performance of the two stage system using NaOH

or Ca (OH)2 as alkali 
Table 5-5 gives a summary of the performance of the two reactors in Experiment TS5

at different loading rates and substrate concentrations. Compared to NaOH as alkali 

(Table 5-1), operation at 10 g/L sucrose with Ca(OH)2 as alkali gave a lower H2 yield 

(1.29 compared to 1.62 mol/mol hexose added) despite comparable biomass 

concentrations (1.84 g/L VSS with NaOH; 1.87 g/L for Ca(OH)2). At 20 g/L, the H2 

yield was also lower (1.29 mol/mol hexose added with Ca(OH)2 compared to 1.47 

mol/mol hexose added with NaOH) but the biomass concentration was higher (4.9 

gVSS/L with Ca(OH)2 compared to 3.0 gVSS/L with NaOH). It appears that calcium 

enhanced substrate conversion to biomass at 20 g/L sucrose concentration and explains
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the rather high (38.8% compared to ca. 22% for NaOH as alkali) COD reduction in the 

hydrogen reactor. Calcium at low levels (75-150 mg/L) was reported to enhance 

granulation but at high levels (300 mg/L) inhibited hydrogen productivity (Chang and 

Lin 2006).

Both NaOH and Ca(OH)2 gave stable hydrogen production rates at feed strengths of 10 

and 20 g/L sucrose. For Ca(OH)2, operation at 30 g/L sucrose was also stable for the 

hydrogen reactor. The two stage system was not operated with 30 g/L sucrose and 

NaOH as alkali but it can be inferred from previous work where stable operation of the 

hydrogen reactor was obtained at 40 g/L sucrose (Experiment Su2) that the hydrogen 

reactor would have been stable. The methane reactor was stable at 10 g/L sucrose with 

NaOH but VFAs rose with 20 g/L sucrose with NaOH (Figure 5-3) but not with 

Ca(OH)2 (Figure 5-13a). Since the methane reactor showed poor performance when the 

system was fed with 20 g/L sucrose and NaOH used as alkali, operation at 30 g/L 

sucrose would have given a poorer performance.

Methane yields were comparable for either alkali at 10 g/L sucrose i.e. 323 ml/gCOD 

added for NaOH (Experiment TS1) compared to 330 ml/gCOD added for Ca(OH)2 

(Experiment TS5). At 20 g/L sucrose however, operation with Ca(OH)2 gave a higher 

methane yield (339 ml/gCOD added, Experiment TS5 compared to 294 ml/gCOD 

added with operation with NaOH as alkali (Experiment TS1).

The total energy output from the system decreased with an increase in substrate 

concentration. At 10 g/L sucrose, Ca(OH)2 as alkali, the total energy produced 

(11.5±1.6 kJ/gCOD added, Experiment TS5, Table 5-5) is not significantly different
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from that obtained using NaOH at the same concentration (11.5±0.8 kJ/gCOD added, 

Experiment TS1, Table 5-1). The energy output at 20 g/L sucrose is also not 

significantly different for either alkali (10.53±0.7 kJ/gCOD added for NaOH, 

Experiment TS1, Table 5-1 and 9.65±1.2 kJ/gCOD added for Ca(OH)2> Experiment 

TS5, Table 5-5) although COD degradation in the methane reactor of the NaOH- 

operated system (Table 5-1) was less (78% as on day 88 and still decreasing) compared 

to 85.5% for Ca(OH)2, Table 5-5.

The overall COD reduction for operation at 20 g/L sucrose was better for Ca(OH)2 

(91%) in days 16 to 20 compared to NaOH (83% evaluated on day 88) but the total 

energy produced was comparable as already indicated. The discrepancy can be 

attributed to much of the COD in the Ca(OH)2 operation having been transformed into 

biomass in the hydrogen reactor (and possibly methane reactor).

Thus it appears from the improved methane yield and COD reduction that using 

Ca(OH)2 instead of NaOH as alkali can extend the range of influent substrate 

concentration to a high rate two stage system producing hydrogen and methane to 22.5 

gCOD/L, corresponding to 20 g/L sucrose, with good (> 90%) overall COD reduction.

5.6. Experiment TS6. Two stage H2 and CH4 production using sodium hydroxide as 
alkali. Repeat of TS1

Experiment TS1 was repeated after 6 months during which period the upflow anaerobic 

filter was used in experiments TS2-TS5. Thus biofilm development could have affected 

the performance of the methane reactor. Biofilm development can lead to 

microorganisms adapting to harsh (e.g. high Na+) conditions.

182



5.6.1. 7/2 reactor operation
Following batch start up, continuous operation of the H2 reactor was started on day

1.06. Figures 5-14a, 5-14b and 5-14c show the variation of volumetric hydrogen flow 

rate, VFAs, ethanol and residual sugar in the hydrogen reactor over time.

In days 6 to 14, hydrogen production was stable, averaging 3.49±0.4 L/L/d (n=5760), a 

yield of 1.33±0.15 mol/mol hexose added. The hydrogen yield is lower than in 

Experiment TS1 where a yield of 1.62±0.2 mol/mol hexose was obtained. The off gas 

contained 50.5±2.4% (n=4) hydrogen, 43.8±1.7% (n=4) carbon dioxide and 1.8±0.2% 

(n=4) nitrogen. The main soluble metabolites were acetate 1590±131 mg/L (n=12), 

butyrate 3306±142 mg/L (n=12), caproate 224±34 mg/L (n=8) and ethanol 84±9 mg/L 

(n=5). The VFAs were slightly lower than in Experiment TS1 where acetate amounted 

to 1590±131 mg/L and butyrate 3306±142 mg/L. In Experiment TS6 (days 6 to 14), 

residual sugar averaged 298±44 mg/L (n=9), representing a conversion of 97%. Total 

suspended solids amounted to 2.38±0.1g/L (n=3) where as volatile suspended solids 

amounted to 2.21±0.1 g/L (n=3). Redox potential was stable and averaged -376±57mV 

(n=5760). No lactate or formate was detected.

On day 14, the sucrose concentration was increased to 20 g/L (point B, Figure 5-14). 

Hydrogen production increased and in days 18 to 29 averaged 7.85±0.38 L/L/d 

(n=1441), a yield of 1.50±0.07 mol/mol hexose added (cf. 1.47 mol/mol hexose added 

in Experiment TS1). The main soluble metabolites were acetate 2524±128 mg/L (n=4), 

butyrate 7237±237 mg/L (n=4) and ethanol 93±15 mg/L (n=5). No caproate was 

detected (Figure 5-14b). The total VFAs (9761 mg/L) are comparable with those of
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Figure 5-14a, 5-14b and 5-14c. Experiment TS6. Hydrogen reactor. Variation of 
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1.06), continuous operation started with 10 g/L sucrose; B (day 15), sucrose 
concentration increased to 20 g/L.
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Experiment TS1 (10421 mg/L). Residual sugar amounted to 289±63 mg/L (n=5) 

representing 98.5% conversion efficiency. TSS amounted to 3.58±0.2 g/L (n=3) and 

VSS 3.2±0.06 g/L (n=3). Redox potential amounted to -399±16 mV (n=1441). The 

results appear to be repeatable with those of Experiment TS1.

5.6.2. Methane reactor operation

Feeding of the methane reactor started on day 3.8 (Point A, Figure 5-15a). Methane 

production was seen to increase and reached steady state in days 10 to 14 (Figure 5- 

15a) averaging 1.43±0.13 L/L/d (n=1920), a yield of 332 ml/ g COD added.

The off gas comprised of methane 61.0±6.8% (n=3), carbon dioxide 33.7±7.0% (n=3), 

nitrogen 7.7±1.0% (n=3) and small amounts of hydrogen (0.08%). All the VFAs (acetic 

to valeric) averaged less than 200 mg/L (Figure 5-15b). The COD reduction was 90% 

(92% for the whole two stage system). The bicarbonate alkalinity in days 5 to 14 

averaged 2000 mg/L as CaCOs (Figure 5-15a). On day 15 when the sucrose 

concentration fed to the hydrogen reactor was doubled from 10 to 20 g/L, methane and 

acetate production levels increased (Figures 5-15a and 5-15b). While in days 18 to 29 

methane production was stable averaging 2.29±0.1 L/L/d (yield of 257 ml/gCOD 

added) and bicarbonate alkalinity was stable averaging 2500 mg/L as CaCO3 (Figure 5- 

15a); acetate continued to increase reaching 2452 mg/L on day 28.8 (cf. 1885 mg/L on 

day 88 in Experiment TS1); the other VFAs were less than 200 mg/L each.
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Figure 5-15a and 5-15b. Experiment TS6. Methane reactor. Variation of a) 
volumetric methane flow rate and bicarbonate alkalinity; b) acetate and butyrate, 
with time of operation. A (day 3.8), feeding of effluent from the hydrogen reactor 
started; B (day 15), sucrose concentration in the hydrogen reactor feeding the 
methane reactor changed from 10 to 20 g/L.

The gas produced was comprised of methane 72.4±0.5% (n=2), carbon dioxide 

29.5±0.3% (n=2), nitrogen 1.64±0.4% (n=2) and hydrogen 0.26±0.2% (n=2). The COD 

reduction on day 20 had dropped from 90% (days 10 to 14) to 80%. Between days 22 

and 23 when acetate appeared to be decreasing but then increased (Figure 5-15b) the 

sodium concentration in the methane reactor was 2214±249 mg/L (n=3) and confirms 

the findings of Experiment TS1 that high (>1.87 g/L) sodium levels inhibit acetate 

degradation. It appears that biofilm development did not have any effect on the
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performance of the methane reactor and therefore that results from experiments TS1 to 

TS6 could be reasonably compared.

5.7. Summary of findings on two stage hydrogen and methane production

• At a feed concentration of 10 g/L sucrose, NaOH as alkali, steady operation was

obtained in both the H2 and CH4 reactors with hydrogen yields of 1.62±0.2 mol 

H2/mol hexose added and 323 ml CH4/gCOD added. 13.5±1.9% of the influent 

COD was converted to H2 whereas 70.0±6.6% was converted to CH4 . The methane 

reactor was found to be prone to toxicity. Sodium at concentrations beyond 1.87 

g/L in the methane reactor inhibited acetate degradation and methane production 

with toxic effects occurring at 2.75 g/L. Hydrogen sulphide (1500 ppm) was also 

found to be inhibitory to methane production. Reducing the H2S concentration to 

less than 50 ppm by reducing sulphate concentration in the system improved 

performance. VFA degradation in the methane reactor was impaired at high OLRs 

decreasing from 90.2% at 4.3gCOD/L (Experiment TS1) to 68.7% at 9.2 gCOD/L 

(Experiment TS2, days 15-20).

• Oscillations in hydrogen production were observed upon shifting pH from 5.25 to 

5.0 and also upon using a mixture of Ca(OH)2 and NaOH for pH control. A mixture 

of sodium and potassium hydroxides (equal volumes of 82 g/L of each) used as a 

base for pH control giving a Na+ concentration of 1.02 g/L and K+ concentration of 

1.42 g/L was found to severely inhibit hydrogen production compared to sodium 

hydroxide alone which has not been reported previously. The COD reduction in the 

methane reactor increased from 78% (3 day HRT, influent pH 5.25) to 87% (3 day 

HRT, influent pH 5.0). This improvement can be attributed to lowered sodium 

levels (49% reduction in sodium hydroxide dosed).
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• The increase in retention time from 2 to 3 days in the methane reactor improved 

butyrate degradation and COD reduction but did not improve acetate degradation. 

Since acetate levels decreased when the sodium concentration in the system was 

lowered by shifting pH from 5.25 to 5.0, it can be concluded that acetate 

degradation was sodium inhibited. Increase in upflow velocity from 4 to 5.8 m/day 

stopped the previously increasing trend of VFAs in the methane reactor which 

would suggest improved mass transfer but it also occurred at a time when the VFA 

input to the methane reactor was reduced and so it is difficult to say whether it was 

necessary or not.

• In Experiment TS4 operation with Ca(OH)2 only as a base was stable at 10 g/L 

sucrose but following recovery of the hydrogen reactor after power failure was 

oscillatory at 20 and 30 g/L sucrose. COD degradation in the methane reactor was 

significantly reduced when the hydrogen reactor was operated at 30 g/L sucrose 

compared to operation at 10 and 20 g/L sucrose. Thus previous disturbances in 

operation may affect the performance of the reactor.

• In Experiment TS5, use of Ca(OH)2 as alkali gave stable operation in the hydrogen 

reactor with H2 yields of 1.29 mol/mol hexose added at 10 and 20 g/L sucrose and 

1.47 mol/mol hexose added at 30 g/L sucrose as a substrate. It also improved COD 

degradation in the methane reactor when the system was operated at 20 g/L sucrose 

- overall COD reduction increased from 83% (with NaOH as alkali) to 91% with 

Ca(OH)2 . However, COD degradation in the methane reactor was significantly 

reduced from 85.5% (OLR 6.9 gCOD/L/d, influent COD of 13,737 mg/L) to 58%
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(OLR 13.0 gCOD/L/d, influent COD of 26,087 mg/L) when the hydrogen reactor 

was operated at 30 g/L sucrose, Ca(OH)2 as alkali, presumably due to organic 

overloading.
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CHAPTER 6. SUBSTRATE CHANGEOVER AND FERMENTATIVE 
HYDROGEN AND METHANE PRODUCTION

Whilst carbohydrate-rich organic waste products and energy crops are potential 

substrates for hydrogen production by dark fermentation, their composition is varied. 

For example, crops like sugar beet or sorghum contain soluble sugars like sucrose 

whereas wastewater from food processing industries such as corn, soya bean, tapioca 

etc. contain carbohydrates in forms other than simple sugar. The ability of the dark 

fermentative process to utilise a range of substrates without conversion to glucose is 

one of the keys to the practical utilisation of this technology. To mimic a scenario of 

changing waste product and/or energy crop, the effect of changeover of substrates - 

starch, sucrose and xylose - on continuous hydrogen production was studied. The 

starch used was the commercially available Definol BWH whose composition is given 

in Table 2-3; its analysis in the laboratory gave an assay of 72.4±2.6% w/w starch 

(section 2.3.5). The effect of sparging with COi, a process gas, on hydrogen production 

was also studied because of the contradictions in the literature surrounding the role 

played by carbon dioxide partial pressure on hydrogen production. Effluent from the 

hydrogen reactor was pumped to an upflow anaerobic filter reactor for methane 

production.

6.1. Experiment SCI: Changeover from sucrose to starch to sucrose to xylose

6.1.1. H2 reactor operation
Figures 6-la, 6-lb and 6-lc show the variation of volumetric hydrogen flow rate,

VFAs, ethanol and residual sugars in the hydrogen reactor over the period day 30 to 

day 65. Day 0 of Experiment SCI coincided with day 0 of Experiment TS6 (see section 

2.8.4.6 and 2.8.5.1). Experiment SCI continued on from day 29, when Experiment TS6 

was ended, by changing the feed concentration from 20 g/L to 10 g/L sucrose.
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Operation with 10 g/L sucrose in days 30 to 38 was stable and gave a volumetric 

hydrogen flow rate of 3.59±0.4 L/L/d (n=3841) (yield of 180±20 ml/g sucrose added or 

1.37±0.15 mol/mol hexose added). The off gas contained 50.1±0.6% (n=4) hydrogen, 

47.1±1.5% (n=4) carbon dioxide and 0.5±0.2% (n=4) nitrogen. The main soluble 

metabolites were «-butyrate 3288±367 mg/L (n=4), acetate 1857±121 mg/L (n=4), 

caproate 339±84 mg/L (n=4) and ethanol 77±6 mg/L (n=3). From the residual sucrose 

measurements, the conversion of sucrose to products was 97.3% complete. Total 

suspended solids amounted to 2.33±0.1 g/L (n=3) whereas volatile suspended solids 

amounted to 2.27±0.1 g/L (n=3). Redox potential was stable and averaged -401±13 mV 

(n=3841). No lactate or formate was detected.

After day 39.85 when the substrate was changed to 10 g/L Defmol BWH, the H2 flow 

rate initially decreased (Figure 6-la, day 40) and then increased in a space of 20 hours. 

In days 41 to 44, the hydrogen flow rate averaged 2.46±0.2 L/L/d (n=902) (yield of 

123±10 ml/g Defmol BWH added or 1.23±0.1 mol/mol hexose added). The off gas 

contained 51.0±3.1% (n=3) hydrogen, 44.1±1.9% (n=3) carbon dioxide and 0.9±0.2% 

(n=3) nitrogen. The main soluble metabolites were rc-butyrate 2210±319 mg/L (n=4); 

acetate 1337± 56 mg/L (n=4); propionate 52±12 mg/L (n=4) and ethanol 70±12 mg/L, 

(n=3). Caproate decreased steadily from 338 mg/L on day 40 to 21 mg/L on day 44. No 

formate or lactate or succinate was detected. The sodium concentration in the reactor 

was in the range 1135±62 mg/L (n=3). Redox potential averaged -402±14 mV (n=902). 

Residual sugar (as sucrose) amounted to 193±18 mg/L (n=2) whereas residual starch 

averaged 350±104 mg/L (n=4) (days 41 to 44). Thus the mixed microflora after a 20 

hour delay period was able to convert from utilising a soluble hexose disaccharide to a 

paniculate more complex substrate containing a branched hexose polysaccharide.
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Stable operation was not sustained however as on day 44.3, hydrogen production 

started decreasing steadily for no apparent reason reaching an average of 0.78±0.2 

L/L/d (n=912) (yield of 39±10 ml/g wheat starch added) in days 45 to 47. In the same 

period the off gas comprised of 40.3±2.6% (n=2) hydrogen, 51.7±0.4% (n=2) CO2 and 

4.9±2.7% (n=2) nitrogen. Furthermore, there was a shift in the VFA composition of the 

reactor contents; while butyrate remained almost constant at 2432±57 mg/L (n=3) (days 

45 to 47), the concentration of acetate increased from 1310 mg/L (day 44) to 2883 

mg/L (day 45) to 3699 mg/L (day 47).

The ethanol concentration in days 45 to 47 also increased from 84 mg/L (day 45) to 

236 mg/L (day 47) (Figure 6-lc); formate was detected averaging 224 mg/L. No 

succinate was detected. Lactate was undetectable until day 46.8 when 200 mg/L lactate 

was detected. The redox potential did not change significantly, averaging -399±15 mV 

(n=912) in days 45 to 47. The inversion in the VFA profile could be attributed to 

homoacetogenesis. The homoacetogens can form acetate as the only metabolic product 

heterotrophically from carbohydrates and/or autotrophically from CO2 and H2 

(equations 6 and 7 (Mitchell 2001)). The fact that w-butyrate remained stable whilst 

gas production decreased and acetate increased suggests hydrogen was still being 

produced but was converted to acetate presumably by homoacetogenesis (equation 6). 

Similar increases in acetate concentration were obtained by Hussy et al. (2003) during 

the fermentative production of hydrogen from wheat starch (also Defmol BWH, pH 5.2 

but at 30°C, 18 hour HRT). Homoacetogenesis here may be due to a change in the 

dominant species in the hydrogen reactor, or to clostridial species already present 

switching to a more advantageous homoacetogenic metabolism.
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On day 47.9 gas production had decreased to zero (Figure 6-la), ethanol amounted to 

276 mg/L (Figure 6-lc), VFAs had decreased by half compared to day 47 (Figure 6- 

Ib), succinic acid previously not detected was present at 118 mg/L, residual sucrose 

was 64 mg/L, no lactate or formate was detected and total starch amounted to 425 

mg/L. These trends suggest a change from hydrogen (and VFA) production to other 

products including ethanol and succinate perhaps triggered by high concentrations of 

VFA.

The critical VFA threshold for triggering ethanol formation depends on the operational 

pH, as pH determines the proportion of VFAs that are undissociated, and may be 

substrate specific as well, van Ginkel and Logan (2005b) reported that a total 

undissociated (free) acid concentration of 19 mM (pH 5.5, glucose substrate) was the 

threshold for significantly decreasing hydrogen yields and initiating solventogenesis. 

In his study of substrate and product inhibition using glucose as a substrate at a pH of 

5.8, van den Heuvel (1985) reported a lethal free butyric acid concentration of 4210 

mg/L (ca. 48 mM); acetate was not found inhibitory below 12,000 mg/L (200 mM 

equivalent to a free acetic acid concentration of 18.2 mM).

In this experiment the combined free acetic and butyric acid concentration on day 46.8 

when gas production was decreasing to zero can be calculated using the Handerson- 

Hasselbach equation (pH 5.25, pKa (acetic) = 4.76, pKa (butyric) = 4.81) to be 30 mM 

(20 mM for acetic and 10 mM for butyric acid) and appears to be the inhibitory 

threshold for a starch substrate at pH 5.25.
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Figure 6-la, 6-lb and 6-lc. Experiment SCI. Variation of volumetric hydrogen 
flow rate, VFAs, ethanol and residual sugars (sucrose or xylose) with time. A (day 
39.85), changeover from sucrose 10 g/L to Definol BWH (10 g/L); B (day 47.88), 
changeover from Definol BWH to sucrose 10 g/L; C (day 56.9), changeover from 
sucrose to xylose 10 g/L; D (day 57.775), reactor turned to batch mode; E (day 
58.86), start of continuous operation with xylose, 10 g/L.
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Hussy et al. (2003) using Definol BWH as a substrate (pH 5.2, 18 hour HRT, 30°C) for 

hydrogen production throughout their continuous experiment which run for 11 days 

observed an increase in the amount of acetate, attributed to homoacetogenesis. On day 

11 there were 28.5 mM acetate and 20.5 mM butyrate in the reactor, giving a total free 

VFA concentration of only 18.7 mM. Hydrogen production varied little, consistent with 

the critical 30 mM total free VFA concentration as the inhibitory threshold presented in 

this experiment.

Khanal et al. (2006) observed a decline in hydrogen production when the substrate was 

switched from sucrose to starch (9 gCOD/L, sequencing batch reactor, pH 4.8 and 5.2, 

20 and 30 hour HRT, 37°C, heat treated compost as inoculum, biomass recycle with 

heat treatment, mixture of KOH and NaOH as alkali); hydrogen production decreased 

from 1.29 L/L/d (with sucrose) to 0.45 L/L/d (with starch) at 20 hour HRT, pH 4.8. 

Increasing the pH to 5.2 or operating at a longer HRT led to a further decrease in 

hydrogen production. Their best yield of hydrogen from starch at pH 4.8, 20 hour HRT 

can be calculated to be 44.5 ml/g starch added, which is much lower than the 123 ml/g 

Definol BWH added (or 171 ml/ g starch added) reported here (during the first phase of 

high gas production). The decline in hydrogen production in the study by Khanal et al. 

(2006) was attributed to the differences in the intrinsic degradation ability of microbial 

communities present in the system with respect to different substrates.

After day 47.9, the reactor was fed with 10 g/L sucrose. It can be seen (Figure 6-la) 

that hydrogen production started increasing steadily almost immediately, reaching a 

steady value (days 50 to 55) of 3.68±0.3 L/L/d (n=2400) (yield of 184±15 ml/g sucrose
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added or 1.40±0.1 mol/mol hexose added) in a space of 2 days after the changeover. In 

the same period the off gas consisted of 49.6±1.5% (n=2) hydrogen, 46.0±0.2% (n=2) 

carbon dioxide and 1.3±0.6 % (n=2) nitrogen; redox potential averaged-395±15 mV 

(n=2400). As in days 30 to 38 when sucrose was used as feed, the main soluble 

metabolites (days 50 to 55) were butyrate 3605±391 mg/L (n=4); acetate 1366±243 

mg/L (n=4) (Figure 6-lb); propionate increased from 114 mg/L on day 47.9 to 349 

mg/L on day 50 and then decreased to 54 mg/L on day 53.9; caproate initially increased 

from 0 on day 48 to 259 mg/L on day 50.87 and then decreased to an average of 

129±19 mg/L (n=2) up to day 55. Ethanol decreased from 276 mg/L on day 47.9 to 136 

mg/L on day 52 (Figure 6-lc). Small amounts of formate (20 mg/L) were detected but 

no lactate. Residual sucrose amounted to an average of 151±19 mg/L (n=3) indicating 

98.5% sugar degradation efficiency. Thus the mixed microflora was rapidly able to 

change from starch to sucrose.

After day 56.9 (point C, Figure 6-la), the hydrogen reactor was fed with 10 g/L xylose. 

It can be seen that hydrogen production immediately dropped to zero and xylose 

concentration in the reactor started increasing. Thus while the transistion from a 

hydrogen producing metabolism of a hexose disaccharide to a particulate hexose 

polysaccharide-containing substrate took only 20 hours, transition from a hexose 

disaccharide to a pentose monosaccharide was more complex.

The main difference in the bacterial metabolism of sucrose as opposed to xylose lies in 

the initial set of enzymes required for the hydrolysis and/or phosphorylation of the 

substrate, and cleavage of the phosphorylated substrate to glyceraldehyde-3-phosphate 

which then forms pyruvate. The enzymes invertase, hexokinase, fructokinase and
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aldolase are initially required as part of the Embden-Meyerhof-Parnas (BMP) pathway 

for metabolising sucrose (Bailey and Ollis 1986). For xylose, a different set of enzymes 

- xylose isomerase, xylulokinase and phosphoketolase - is initially required as part of 

the pentose phosphate pathway (phosphoketolase pathway) as shown in Figure 6-2. The 

long delay in uptake of xylose following the changeover from sucrose to xylose, as 

opposed to changeover from sucrose to starch, probably suggests that a population 

capable of synthesising these enzymes has to develop or that in the existing population 

the induction of the necessary enzymes is slow.

By day 57.78 (point D), 21 hours after the changeover to xylose was made, the xylose 

concentration had reached 10 g/L, redox potential had increased from -395±15 mV 

(days 50 to 55) to -221 mV and VSS had decreased from 1.77 g/L (day 51) to 1.27 g/L 

(day 57.78) suggesting that the microorganisms were being washed out. The reactor 

was therefore put in recovery (batch) mode on day 57.78 (Figure 6-la, point D). 

Following this, it took a lag phase of 20 hours for gas production to be initiated by 

which time redox potential had gone down to -453 mV.

Continuous operation with 10 g/L xylose was started on day 58.86 (Figure 6-la, point 

E). The ensuing hydrogen production rate was stable averaging 3.50±0.4 L/L/d 

(n=2400) (yield of 175±20 ml/g xylose added or 1.18±0.1 mol/mol xylose added) in 

days 60 to 65. The off gas consisted of 50.0±1.9% H2 (n=3), 45.0±0.7% CO2 (n=3) and 

1.2±0.1%N2 (n=3).
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Figure 6-2. Xylose catabolism via the phosphoketolase pathway [adapted from 
Bailey and Ollis (1986)].

The main soluble metabolites (days 60 to 65) were butyrate 3538±204 mg/L (n=4), 

acetate 1051±139 mg/L (n=4), propionate 135±47 mg/L (n=4) and ethanol 76±1 mg/L 

(n=2). Caproate was not detected. TSS amounted to 1.74 g/L whereas VSS amounted to 

1.54 g/L. The redox potential in days 60 to 65 averaged -408±34 mV (n=2400). About 

99% of the influent xylose was converted to degradation products. Small amounts of 

formate (4 mg/L) were detected but no lactate.

Taguchi et al.(1995) using a pure culture of Clostridium sp. strain No. 2 showed 

continuous fermentation of xylose (3 g/L) to hydrogen with a molar yield of 2.06 

mol/mol (pH 6.0, HRT 4.8 hrs). The only study known to the author where hydrogen 

was produced from xylose in a continuous process was by Lin and Cheng (2006)
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(CSTR, PH 7.1, 12 hour HRT, 20 gCOD/L, 35°C, heat-treated sewage sludge 

microflora). Those workers obtained a lower hydrogen yield of 0.7 mol/mol xylose 

with lower % hydrogen in the off gas (32%) and lower xylose degradation efficiency 

(70%). The difference probably lies in the operational pH (7.1 compared to 5.2-5.3) and 

substrate concentration (20 gCOD/L compared to 10.7 gCOD/L here). A high pH may 

be favourable for growth but it is not favourable for hydrogen production. The optimal 

pH for hydrogen production is in the range 5 to 6 (see section 1.3.3.2). Moreover a 

higher pH favours methanogens and other hydrogen consumers even when the 

inoculum is heat treated (Fang and Liu 2002; Park et al. 2004). Also presence of 

'excess substrate' seems to trigger solventogenesis such as for example during batch 

start up (Figure 5-14c). Indeed Lin and Cheng (2006) obtained a higher ratio 

(COD/COD) of ethanol to total VFA (1:1.7) compared to 1:49 obtained in this study 

with xylose.

Equations 30 and 31 show the perceived stoichiometry of xylose metabolism in relation 

to hydrogen production and the phosphoketolase pathway (Figure 6-2):

Os + 3H2O -* CHjCOOH + 3CO2 + 6H2 Equation 30 
2C5H10O5 + 2H2O -» CH3COOH + CH3CH2CH2COOH + 4CO2 +6H2 Equation 31

A maximum H2 yield of 6 mol/mol xylose would be produced if only acetate was the 

final metabolic product (equation 30); alternatively a possible 3 mol H2/mol xylose is 

the maximum possible if acetate and butyrate are both produced (equation 31). 

According to equation 31, 1:1 molar ratio acetate to butyrate would be expected. The 

molar ratio of acetate to butyrate obtained in this study was 1 :2.3 suggesting that simple 

stoichiometry is not adequate to describe the metabolism of xylose.
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6.1.2. CH4 reactor operation
The reactor was first fed on day 3.8 and reached steady state in days 10 to 15 of

experiment 1 with all the VFAs (acetic to valeric) averaging less than 200 mg/L (over 

90% COD reduction in methane reactor). However when on day 15 the sucrose 

concentration to the hydrogen reactor was increased to 20 g/L, the acetate concentration 

in the methane reactor started increasing and continued to increase. By day 28.8, 

acetate had reached 2452 mg/L; other VFAs were less than 200 mg/L each.

Figures 6-3a and 6-3b show the variation of methane production rate and 

VFA concentration in the methane reactor over the days 30 to 65. In days 30 to 38 

when the hydrogen reactor was operated on 10 g/L sucrose, the volumetric methane 

production rate averaged 1.47±0.38 L/L/d (n=3841) (OLR 4.29±0.4 gCOD/L/d, yield 

of 343 ml/gCOD added). The off gas from the CH4 reactor contained 73.8±0.8% (n=2) 

methane, 27.0±0.7% (n=2) carbon dioxide, 2.7±1.4% (n=2) nitrogen and 0.5±0.6% 

(n=2) hydrogen (Table 5-6). Acetate in the methane reactor, which had reached 2452 

mg/L on day 28.8 when the hydrogen reactor was being fed with 20 g/L sucrose, started 

decreasing when the feed was changed to 10 g/L sucrose on day 29 reaching 190 mg/L 

on day 38 (Figure 6-2b). The other VFAs, propionate to valerate, existed in very small 

amounts (< 50 mg/L). Of the influent COD (8580±822 mg/L (n=4)), 90.2% was 

degraded.

In days 41 to 44, when the H2 reactor was operated on 10 g/L Defmol BWH, a 

volumetric methane production of 1.43±0.18 L/L/d (n=1460) (OLR 4.06±0.4 

gCOD/L/d, yield of 352 ml/gCOD added) was obtained. The off gas consisted of 

70.7±2.4% (n=3) methane, 30.3±1.4% (n=3) carbon dioxide, 2.2±0.5% (n=3) nitrogen
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and 0.5±0.5% (n=3) hydrogen. Acetate averaged 90±12 mg/L (n=3) whilst the other 

VFAs (propionate to valerate) were less than 50 mg/L each. Of the influent COD 

(8129±819 mg/L (n=3)), 82.3% was degraded (Table 5-6).

In days 45 to 46.9 when the H2 reactor was operated on 10 g/L Defmol BWH and 

acetate in the hydrogen reactor increased, there was an increase in the volumetric 

methane production rate from 1.43±0.18 L/L/d (n=1460) to 1.83±0.15 L/L/d (n=1912) 

(OLR 6.31±0.6 gCOD/L/d, yield of 290 ml/gCOD added). The off gas consisted of 

70.5±0.7% (n=2) methane, 31.0±0.1% (n=2) carbon dioxide, 1.7±0.5% (n=2) nitrogen 

and 1.0±0.1% (n=2) hydrogen. Acetate increased from 87 mg/L on day 45 to 190 mg/L 

on day 46.8 (Figure 6-3b). The rest of the VFAs were less than 50 mg/L each. Of the 

influent COD (12614±1152 mg/L (n=3)), 88.2 % was degraded.

In days 50 to 55 when the H2 reactor was operated on 10 g/L sucrose the volumetric 

methane production rate was 1.81±0.23 L/L/d (n=2400) (OLR 4.61 gCOD/L/d, yield of 

393 ml/ gCOD added). The off gas consisted of 72.0±0.8% (n=2) methane, 28.6±0.3% 

(n=2) carbon dioxide, 2.8±1.6% (n=2) nitrogen and 0.6±0.7% (n=2) hydrogen. Acetate 

averaged 177±18 mg/L (n=4) whilst the rest of the VFAs were < 30 mg/L each. Of the 

influent COD (9226±35 mg/L), 86.7% was degraded. During the period day 57.78 to 

58.86 when the H2 reactor was put in batch recovery mode, the methane reactor was not 

fed hence the decrease in methane production in that period (Figure 6-3a).
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Figure 6-3a and 6-3b. Experiment SCI. Methane reactor (2 day HRT) operated on 
effluent from the HI reactor. Variation of methane production rate, bicarbonate 
alkalinity and VFAs with time. Changes in feed to Ha reactor: A (day 39.85), from 
sucrose 10 g/L to Defmol BWH (10 g/L); B (day 47.88), from Defmol BWH to 
sucrose (10 g/L); C (day 56.9), from sucrose to xylose (10 g/L); D (day 57.78), feed 
to both reactors turned off; E (day 58.86), feeding to both reactors restarted.

Feeding of the methane reactor resumed on day 58.86 when continuous operation of the 

H2 reactor with 10 g/L xylose was restarted. Methane production increased (Figure 6- 

3b) and in days 60 to 65 the volumetric methane production rate averaged 1.43±0.16 

L/L/d (n=2400) (OLR 4.64±0.1 gCOD/L/d, yield of 308 ml/gCOD added) (Table 5-6). 

The off gas comprised 69.7±0.5% (n=3) methane, 28.1±0.3% (n=3) carbon dioxide, 

3.6±0.8% (n=3) nitrogen and 0.05±0.02% (n=3) hydrogen. Acetate initially increase 

from 75 mg/L on day 57.78 to 297 mg/L on day 61 but then decreased to 121±40 mg/L
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In day 62.8 to 64. The rest of the VFAs were less than 30 mg/L each. Of the influent 

COD (9273±152 mg/L), 85.5% was degraded.

The bicarbonate alkalinity in the CH4 reactor averaged 2160±320 mg/L 

(n=4) as CaCO3 in days 30 to 65 and was enough to buffer the system without addition 

of external buffering agent.

Table 5-6. Experiment SCI. CH4 reactor. Summary of main performance 
parameters
Substrate OLR 
fed to H2 to 
reactor CH4 
(cone., reactor 
days) gCOD/L/d
Sucrose 4.29±0.4
(10g/L,
30-38)
Defmol
BWH 4.06±0.4
(10 g/L,
41-44)
Definol
BWH 6.31±0.6
(10 g/L,
45-47)
Sucrose 4.61 ±0.0
(10 g/L,
50-55)

Xylose 4.64±0.1
(10 g/L,
60-65)

Gas composition (%)a 

CH4 CO2

73.8±0.8
(n=2)

70.7±2.4
(n=3)

70.5±0.7
(n=2)

72.0±0.8
(n=2)

69.7±0.5
(n=3)

27.0±0.7
(n=2)

30.3±1.4
(n=3)

31.0±0.1
(n=2)

28.6±0.3
(n=2)

28.1±0.3
(n=3)

1

N2

2.7±1.4
(n=2)

2.2±0.5
(n=3)

1.7±0.5
(n=2)

2.8±1.6
(n=2)

3.6±0.8
(n=3)

H2

0.5±0.6
(n=2)

0.5±0.5
(n=3)

1.0±0.1
(n=2)

0.6±0.7
(n=2)

0.05±0.02
(n=3)

CH4 
output 
(L/L/d)

1.47±0.38
(n=3841)

1.43±0.17
(n=1460)

1.83±0.15
(1912)

1.8U0.23

(n=2400)

1.43±0.16
(n=2400)

Influent %COD CH4 
soluble degradation yield 
COD in CH4 ml/ 
(mg/L) reactor gCOD 

added
8580±822 90.2
(n=4)

8129±819 82.3
(n=3)

12614±1152 88.2
(n=3)

9226±35 86.7
(n=3)

9273±152 85.5
(n=3)

343

352

290

393

308

aOffline. Values are averages ± std. deviation. CH4 reactor is not under steady state.

6.2. Experiment SC2. Hydrogen reactor. Changeover from sucrose to starch

to xylose under CO2 sparging conditions
In this experiment, sparging of the H2 reactor was started on day 3.9. Figures 6-4a, 6-4b

and 6-4c show the variation of volumetric hydrogen flow rate, redox, VFAs, ethanol 

and residual sugars in the hydrogen reactor over time. No data was logged for gas flow 

rate between days 6.3 and 7.3.
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After the start of continuous operation with sucrose (10 g/L) on day 1.03 without 

sparging, between days 2.3 to 3.8, 2.47±0.28 LH2/L/d (n=673) were produced; a yield 

of 124 ml/g sucrose added or 0.96±0.1 mol/mol hexose consumed. The off gas was 

comprised of 54.0±0.4% (n=2) H2 , 37.6±0.7% (n=2) CO2 and 4.7±0.8% (n=2) N2 . No 

methane was detected. The main soluble metabolites were acetate 1235±5 mg/L (n=2) 

and H-butyrate 2506±44 mg/L (n=2). Other soluble metabolites were succinate (105 

mg/L), formate, ethanol and caproate. Formate decreased from 544 mg/L on day 2.92 

to 217 mg/L on day 3.88 (Figure 6-4c). Ethanol decreased from 1305 mg/L on day 1.81 

to 164 mg/L on day 3.88. Caproate was not detected on day 1.81 but it then increased 

to 221 mg/L by day 3.88. The sodium concentration in the reactor increased from 80 

mg/L on day 1.81 to 358 mg/L on day 3.88. On day 1.81, lactate amounted to 1081 

mg/L but no lactate was detected in days 2.92 to 3.88. Residual sucrose amounted to 

248±14 mg/L (n=2) (days 2.3 to 3.8) indicating 97.5% sucrose degradation efficiency. 

The redox potential had decreased from 35 mV (day 0) to -224 mV when continuous 

operation was started (day 1.03). By day 2.5 the redox potential had reached -364 mV. 

It then started increasing and reached -294 on day 3.88 (Figure 6-4a). TSS amounted to 

2.74 g/L whereas VSS amounted to 2.08 g/L in days 2.3 to 3.88.
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Figure 6-4a, 6-4b and 6-4c. Experiment SC2. Variation of volumetric hydrogen 
flow rate, redox, VFAs, ethanol and residual sugars (as sucrose) with time. A (day 
1.03), start of continuous operation with 10 g/L sucrose with no sparging; B (day 
3.88), sparging with CC>2 started; C (day 9.05), substrate changed from sucrose to 
Definol BWH 10 g/L; D (day 20), substrate changed from Definol BWH to xylose 
10 g/L.
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On day 3.88 sparging with CO2 at a rate of 60.9±1.4 ml/min (n=6246) (26.5 ml/L 

reactor/min) was started. The off gas composition in days 4.85 to 8.1 was 8.4±0.3% 

(n=5) H2, 1.7±1.2% (n=5) N2 and 87.1±2.1% (n=5) CO2 . The reduction in hydrogen 

composition in the off gas from 54% to 8.4% due to sparging with CO2 led to an 

increase in hydrogen production rate from 2.47±0.28 L/L/d (n=673) in days 2.3 to 3.8 

to 4.24±0.4 L/L/d (n=912) in days 7.3 to 9 (yield of 212 ml/g sucrose added or 

1.64±0.2 mol/mol hexose consumed), an increase of 71% in hydrogen yield. The 

average residual sucrose in days 5.9 to 8.99 was 148±32 mg/L (n=4) indicating 98.5% 

sucrose degradation efficiency; sodium concentration in the reactor increased from 358 

mg/L on day 3.88 to 743 mg/L on day 8.99.

Some effects of sparging are discussed in section 1.3.3.6. Mizuno et al. (2000) studied 

the effect of sparging with nitrogen on hydrogen production from glucose and obtained 

a comparable percentage improvement (68%) in hydrogen yield, from 0.85 to 1.43 

mol/mol hexose consumed. Hussy et al. (2005) on sparging with N2 obtained a 

comparable percentage increase (70%) in hydrogen yield, from 1.0±0.1 to 1.7±0.2 

mol/mol hexose consumed from sucrose. Using sucrose (20 g COD/L, 12 hour HRT, 

pH 5.3±0.1, 35°C) and a comparable sparging rate with CO2 (i.e. 20 ml/L reactor/ min) 

as in this Experiment, Kirn et al. (2006b) obtained a higher percentage increase (82%) 

in hydrogen yield, from 0.77 to 1.4 mol/mol hexose consumed.

Sparging also led to a rapid decrease in the amount of n-caproate from 221 mg/L on 

day 3.88 to 13±2 mg/L (n=3) in days 5.8 to 8.1; however there was no statistically 

significant difference (p<0.05) in the amount of «-butyrate 2413±245mg/L (n=4) (cf. 

2506±44 mg/L (n=2) before sparging) or acetate 1193±75 mg/L (n=4) (cf. 1235±5
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mg/L (n-2) before sparging) produced. During sparging, succinate was undetected on 

day 4.85 but increased to 381 mg/L on day 8.99; propionate also increased from 67.6 

mg/L on day 3.86 to 270 mg/L on day 8.99; formate (in the range 250 to 800 mg/L) 

was detected but in no discernible pattern. Lactate was in general undetected except on 

day 4.85 (125 mg/L) and day 8.99 (156 mg/L). Ethanol continued to decrease, from 

164 mg/L on day 3.88 to 49 mg/L on day 8.99 (Figure 6-3c). The redox potential 

increased from -294 mV on day 3.88 to -94 mV on day 8.99 (Figure 6-4a). TSS 

amounted to 3.05±0.04 g/L (n=2) whereas VSS amounted to 2.77±0.04 g/L (n=2).

The substrate was changed from sucrose (10 g/L) to Definol BWH (10 g/L) on day 9.05 

whilst continuing with sparging. Just as in Experiment SCI there was a delay in the 

microorganisms' utilisation of the starch to produce hydrogen but this time the delay 

was shorter; the proportion of hydrogen in the off gas decreased from 5.5% just after 

the changeover to starch was made to 3.0% in 2 hours and then increased to 5.5% in a 

further 2.2 hours (total delay 4.2 hours; cf. 20 hours delay in Experiment SCI without 

sparging).

In days 10 to 20, hydrogen production averaged 2.66±0.3 L/L/d (n=4805) (Figure 6-3a, 

yield of 133 ml/g wheat starch added or 1.33±0.2 mol/mol hexose added). Residual 

starch amounted to 72.0±3.9 mg/L and residual sugar (as glucose) 243±9 mg/L (n=3), 

representing a conversion of 97%. The composition of the off gas from the hydrogen 

reactor was 5.9±0.7% (n=10) H2 , 1.0±0.4% (n=10) N2 and 89.4±0.5% (n=10) CO2 . The 

main soluble metabolites were acetate 1048±101 mg/L (n=6), rc-butyrate 1511±290 

mg/L (n=6) and propionate 211±36 mg/L (n=6). Acetate appeared to be increasing with 

time, albeit slowly (Figure 6-4b) and hydrogen flow rate slowly decreasing with time
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(Figure 6-4a), suggesting that homoacetogenesis might still be taking place. No lactate 

or formate or succinate was detected. Ethanol averaged 64±18 mg/L (n=5) (Figure 6- 

3c). Caproate averaged 11 ±3 mg/L (n-6). The redox potential in days 10 to 20 

averaged -92 ±27 mV and is higher than redox potentials reported in the literature 

during continuous hydrogen production which lie in the range -400 to -500 mV for dark 

fermentative systems not involving sparging (Gong et al. 2004; Kataoka et al. 1997; 

Zoetemeyer et al. 1982c). TSS amounted to 2.1±0.2 g/L (n=3) where as VSS amounted 

to 2.0±0.1 g/L (n=3). The sodium concentration in the reactor averaged 630±38 mg/L 

(n=5).

Continuing with sparging the substrate was again changed from Definol BWH to 

xylose (10 g/L) on day 20. Hydrogen production immediately decreased (Figure 6-4a, 

point D) as was the case in Experiment SCI. By day 20.3 the xylose concentration in 

the reactor had risen to 6.0 g/L. The experiment was stopped 18 hours after the 

changeover to xylose because of a mechanical problem.

Assuming the partial pressure of hydrogen in the gas is in equilibrium with the 

dissolved hydrogen concentration, a lowered hydrogen partial pressure would be 

expected to increase the redox potential of the 2H+/H2 redox couple as the 

corresponding Nernst equation (equation 32) indicates:

E' = E°' + —— In H^L Equation 32 

where the parameters have their usual meaning. This might explain the observed 

increase in the culture redox potential.
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The detection of succinate and increase in H2 yield from sucrose as substrate under CO2 

sparging conditions (days 5.9-11.2) in Experiment SC2 contradicts Tanisho and co- 

workers' (Tanisho et al. 1998) view that removal of C02 improved hydrogen 

production from molasses (E. aerogenes strain E82005 inoculum, pH 6.0, 38°C, batch 

culture) by suppressing succinate formation. Succinate was also not detected in 

Experiment SC2 with starch as a substrate despite sparging with CO2 . It appears the 

formation of succinate vis-a-vis CO2 may have to do with the mode of cultivation of the 

microorganisms or may be a property of the E. aerogenes strain used or perhaps may 

be substrate specific.

Although sparging inhibited the formation of caproate, there was no increase in the 

amounts of butyrate and/or acetate commensurate with the observed increase in 

hydrogen yield. A question then arises: where do the electrons come from? Table 5-7 

shows the electron distribution amongst the various products in Experiment SC2, days 

3.88 to 9 involving sparging. Compared to the starting number of electrons (2.807 

moles per day from the influent sucrose per litre of reactor), there is only a small 

difference (4.7%) in the total number of electrons amongst the various products (2.939 

moles per litre of reactor per day) which could be within the margins of experimental 

error. Since sparging also inhibited homoacetogenesis, it can be argued that the 

pathway for acetate formation changed from homoacetogenesis (which negates 

hydrogen production) without sparging, to predominantly acetyl CoA degradation to 

acetate (which does not negate hydrogen production) with sparging hence the increased 

hydrogen yield. Both pathways of acetate formation produce the same amount of ATP 

(4 mol/mol glucose). To optimise the thermodynamic efficiency (ATP gain/entropy)
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(Thauer et al. 1977) similar amounts of butyrate as before sparging would probably still 

be produced.

Table 5-7. Experiment SC2, days 3.88 to 9 involving sparging with CO2. Electron balance based on 
1L reactor/day
Material

Influent

sucrose

Acetate 

n-butyrate

Propionate

Caproate

Residual sugar

Ethanol

VSS (as

C4H702N)

Hydrogen

Total

mg/L/day

20,000

2386 

4826

406

26

296

128

5540

378

Mol.

Wt.

342

60 

88

74

116

342

46

101

2

Moles of

electrons/mole

48

8

22

14

32

48

12

16

2

Total number of millimoles of

electrons/L/d

2807

318 

1206.5

76.8

7.16

41.54

33.4

877.6

378

2939

Thus it appears that sparging improves hydrogen yield from mixed culture hydrogen 

production processes by inhibiting homoacetogenesis and caproate formation. Using 

Gibbs free energy calculations, Yu et al. (2004) noted that caproate was most certainly 

formed by a combination of hydrogen, butyrate and carbon dioxide. If sparging with 

any gas reduced the threshold concentration of hydrogen or carbon dioxide or both 

required for homoacetogenesis or caproate formation, that might explain the seemingly 

paradoxical findings that (a) removal of CO2 from the headspace improved hydrogen 

production (Park et al. 2005; Tanisho et al. 1998); (b) sparging with CO2 or nitrogen
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improved hydrogen production (Kim et al. 2006b; this study) (c) sparging with argon or 

hydrogen increased the NADH concentration in the reactor (with E. aerogenes] which 

would suggest an improvement in hydrogen production (Tanisho et al. 1998) if 

hydrogen had been measured. However, recent results by Kraemer and Bagley (2006) 

showed that for a sparged reactor (sparging rate of 80 ml nitrogen/L/min) the hydrogen 

and carbon dioxide in the reactor liquid phase both remained supersaturated. Thus the 

mechanism for the known increase in hydrogen yield with sparging is still not proven.

6.3. Comparison of hydrogen production from different substrates in experiments 
SClandSC2.
Table 5-8 encapsulates H2 reactor data for the main performance criteria in experiments 

SCI and SC2 for comparative purposes. All the substrates underwent a butyric type 

fermentation with ethanol also produced in small amounts (<100 mg/L). For 10 g/L 

sucrose as the substrate without sparging, there was a statistically significant difference 

(p<0.05) in hydrogen yield from the 2.3 L reactor (0.94±0.1 mol/mol hexose added) 

compared to the 10 L reactor (1.32±.0.15 mol/mol hexose added). The yield obtained 

from the 2.3 L reactor (0.94±0.1 mol/mol hexose added) is similar to yields obtained by 

previous workers in our laboratory who used the same reactor - 0.85 mol/mol hexose 

added, from 10 g/L glucose, pH 6, 35°C, 8.5 hour HRT (Mizuno et al. 2000) and 

0.95±0.1 mol/mol hexose added, from 10 g/L sucrose, pH 5.2, 32°C, 15 hour HRT 

(Hussy et al. 2005). The difference in hydrogen yield between the two reactors can be 

attributed to the difference in their aspect ratios (ratio of height of liquid level to reactor 

diameter) - 1.8 for the 10 L reactor and 2.9 for the 2.3 L reactor. Generally an aspect 

ratio of 1 is the ideal for mixing purposes as this allows for the optimum number of 

impellers, optimum power input and optimum power distribution. There could also 

have been a difference in the microbial population in both reactors.



The yield of hydrogen from Defmol BWH (10 g/L, pH 5.2-5.3, 12 hr HRT, 35°C) upon 

sparging with CO2 from the 2.3 L reactor in Experiment SC2 (1.34 mol/mol hexose

Table 5-8. H2 reactor: Summary of data for the main parameters in experiments
SCI and SC2.

Parameter

H2 (L/L/d)

Off gas
%compositionc
H2
C02
N2
VFAs (mg/L)
Acetate

n-butyrate

Propionate

Caproate

Residual sugar
(mg/L)
H2 yield:
ml/ g substrate
added
mol/mol
substrate
added
Redox
potential (mV)

TSS (g/L)

VSS(g/L)

Ethanol cone.
(mg/L)

Expt SCI (No sparging, 10 L reactor) 
Sucrose Defmol Xylose (10 
(10 g/L, BWH (10 g/L, days 
days 30- g/L, days 60-65) 
38) 41-44)"
3.59±0.4

(3841)

50.1±0.6(4)
47.1 ±1.5(4)
0.5±0.2 (4)

1857±121
(4)

3288±367
(4)
Nil

339±84 (4)

271±19(3)

180±20

2.74±0.3

-401±13
(3841)

2.33±0.1
(3)

2.27±0.1
(3)

78±9 (3)

2.46±0.2
(902)

51.0±3.1(3)
44.1±1.9(3)
0.9±0.2 (3)

1337±56(4)

2210±319(4)

52±12(4)

Range
338 to 21
193±18(2)
350±104(4)d

123±10

1.23±0.1

-402±14
(902)

3.87

3.84

70±12 (3)

3.50±0.4
(2400)

50.0±1.9(3)
45.0±0.7(3)
1.2±0.1 (3)

105U139
(4)

3538±204
(4)

135±47
(4)

nil

70±16(2)

175±20

1.18±0.1

-408±34
(2400)

1.74(2)

1.54(2)

76±1(2)

Expt SC2 (sparging with CO 
Sucrose Sucrose (10 
(10 g/L, g/L, days 
days 2.3- 3.88-9) 
3.8)b
2.47±0.28

(673)

54.0±0.4(2)
37.6±0.7(2)
4.7±0.8 (2)

1235±5 (2)

2506±44(2)

Nil

0 to 221

248±14(2)

124±14

1.88±0.2

range -364
to -294

2.74±0.03
(2)

2.08±0.06
(2)

164
(day 3.88)

4.24±0.4
(912)

8.4±0.3 (5)
87.1±2.1(5)
1.7±1.2(5)

1193±75(4)

2413±245(4)

203±53(4)

13±2.2 (3)

148±32(4)

212±20

3.24±0.3

variable

3.05±0.04
(2)

2.77±0.04
(2)

64±16(3)

2, 2.3 L reactor) 
Defmol BWH 
(10 g/L, days 
9.05-20)

2.66±0.3
(4805)

5.9±0.7(10)
89.4±0.5(10)
1.0±0.4(10)

1048±101(6)

1511±290(6)

211±37(6)

11 ±3 (6)

243±9 (3)
72(l)d

133±15

1.33±0.2

-92±27
(4805)

2.H0.2 (3)

2.0 ±0.1 (3)

64±18 (5)

"Values not wholly representative of operation on starch without sparging as the system 
was not stable throught; bSteady state before sparging was started; coffline; Vsidual 
starch. Numbers in parentheses are numbers of samples.
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converted) is higher than that (0.8 mol/mol hexose converted) obtained by Hussy 

(2005) using the same reactor without sparging at 30°C but otherwise identical 

conditions.

The yield of hydrogen from Defmol BWH using the 10 L reactor in Experiment SCI 

(1.23 mol/mol hexose added, 95% conversion) during the first phase of high gas 

production is comparable to that (1.28 mol/mol hexose consumed) obtained by Hussy 

et al. (2003) using the same reactor without sparging (10 g/L Defmol BWH, pH 5.2, 

30°C, 12 hr HRT). It appears reactor geometry can affect hydrogen yield.

6.4. Experiment SC3. Changeover from sucrose to starch under CO2

sparging conditions
Figure 6-5a, 6-5b and 6-5c show the variation of hydrogen production rate, %

hydrogen, redox potential and VFAs with time.

In days 3 to 5 using 10 g/L sucrose without sparging, the hydrogen production rate was 

2.36 ±0.36 L/L/d (n=960), a yield of 118± 18 ml/g sucrose added (cf. 124±14 ml/ g 

sucrose added for Experiment SC2). The gas produced was comprised of 52.5±0.2% 

(n=2) hydrogen, 39.0±0.4% (n=2) carbon dioxide and 4.5±0.1% (n=2) nitrogen. The 

main soluble metabolites were acetate 1269±52 mg/L (n=3) and butyrate 2475±234 

mg/L (n=3). Ethanol decreased from 2788 mg/L on day 1 to 94±28 mg/L (n=3) in days 

3 to 5; caproate increased from 0 on day 2 to 339 mg/L on day 5. Small amounts (<25 

mg/L) of/-butyrate and propionate were also detected. Residual sugar averaged 230±67 

mg/L (n=3) and redox potential -379±16 mV (n=960).

rs
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Figure 6-5a, 6-5b and 6-5c. Experiment SC3. Variation of volumetric hydrogen 
flow rate, %hydrogen redox and VFAs with time. A (day 0.65), start of continuous 
operation with 10 g/L sucrose without sparging; B (day 5), sparging with CO2 
started; C (day 12), substrate changed from sucrose to Defmol BWH (10 g/L).

On day 5 when sparging was started, hydrogen production was seen to increase 

averaging in days 6 to 12, 5.21±0.4 L/L/d (n=2881), a yield of 260±21 ml/ g sucrose 

added (cf. 212±20 ml/ g sucrose added in Experiment SC2). This represents a 120% in 

hydrogen yield (cf. 71% in Experiment SC2).
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The off gas comprised hydrogen 8.60±0.4% (n=9), carbon dioxide 85.9±1.4% (n=9) 

and nitrogen 1.55±1.0% (n=9). The main soluble metabolites were acetate 1524±129 

mg/L (n=7) and butyrate 2676±368 mg/L (n=7) (Figure 6-5c). Ethanol averaged 63±4 

mg/L (n=4). Caproate initially increased from 339 mg/L on day 5 to 418 mg/L on day 7 

and then decreased reaching 35 mg/L on day 12 (Figure 6-5 c). No lactate or succinate 

was detected. Redox potential increased from -303 mV on day 6 to -165 mV on day 12 

(Figure 6-5b).

On day 12 when the substrate was changed from sucrose (10 g/L) to Definol BWH (10 

g/L), there was a short decline in hydrogen production as the composition of hydrogen 

in the off gas dropped from 8.6% with sucrose to 2.9% 1 hour after changing over to 

Definol BWH (Figure 6-5b). Hydrogen production then recovered 10 hours after the 

changeover to Definol BWH was made, averaging in days 13.5 to 14.5, 3.89±0.17 

L/L/d (n=480), a yield of 195±9 ml/g Definol BWH added with sparging (cf. 133±15 

ml/ g Definol BWH added with sparging in Experiment SC2). A gas sample taken on 

day 14 gave an offline composition of 8% hydrogen, 87.3% carbon dioxide and 1.25% 

nitrogen. On day 14, the reactor contained 1096 mg/L acetate, 2372 mg/L butyrate, 52 

mg/L ethanol and 250 mg/L residual sugar. Small amounts (<25 mg/L) of caproate 

were also detected. No lactate or succinate was detected. Redox potential continued to 

increase reaching -135 mV on day 14.5. After day 14.5, there was a technical fault that 

prevented Definol BWH from being fed to the reactor hence the decrease in % 

hydrogen.
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The yield of hydrogen from starch obtained in Experiment SC3 (195±9 ml/g Defmol 

BWH added) seems to be higher than that from SC2 (133±15 ml/ g Defmol BWH 

added) both under sparging conditions. Operation on starch in Experiment SC2 was 

over a longer period (11 days) compared to Experiment SC3 (2.5 days, from day 12 to 

day 14.5). So it is probable that the operation in Experiment SC3 on starch had not yet 

reached steady state.

6.5. Summary of findings on substrate changeover and hydrogen production
It was possible to generate hydrogen continuously from a range of substrates (sucrose,

starch and xylose) by substituting one substrate with another. Without sparging, 

hydrogen yields for each substrate were for sucrose, 1.37 mol/mol hexose added, 1.23 

mol/mol hexose added for starch (days 40 to 44 in Experiment SCI), and 1.18 mol/mol 

xylose added for xylose. Operation using starch without sparging was marked by an 

increase in acetate concentration and a decrease in hydrogen flow rate suggesting 

homoacetogenesis. Sparging with CO2 improved hydrogen production from sucrose (by 

at least 71%) and suppressed the increase in acetate concentration when starch was 

used as a substrate. It was easier to switch from sucrose to starch and vice versa. 

However it was more difficult to switch from a 6 carbon sugar e.g. sucrose to a 5 

carbon sugar e.g. xylose, requiring a batch recovery period of about a day. Effluent 

from the hydrogen reactor with all substrates was readily digested in a high rate upflow 

anaerobic filter to produce methane with COD degradation between 80 and 90%. 

Although a COD removal of 80-90% was achieved in the anaerobic filter, steady state 

conditions as defined by a constant influent composition for 3 HRTs was not achieved. 

However the good COD removal would indicate that the filter was capable of treating a 

range of effluent from the hydrogen reactor.
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CHAPTER 7. CONCLUSIONS
The overall objective of this research was to advance our scientific understanding - and

with it the development - of the fermentative generation of hydrogen from 

carbohydrate-rich substrates under mesophilic conditions using mixed microflora. 

Fermentation of carbohydrate-rich substrates is an attractive potential carbon-neutral 

technology for producing renewable hydrogen. A large hydrogen market already exists 

in transportation, power generation, upgrading of heavy crude oils etc. This work 

addressed some of the technical barriers and challenges that must be overcome before 

the energy-efficiency and cost-effectiveness of hydrogen production via dark 

fermentation can be assessed.

The need for optimal reactor (CSTR) performance under conditions required for 

commercial hydrogen production i.e. robust, reliable performance, high sustained 

hydrogen yields and volumetric production rates was investigated by evaluating the 

highest substrate (sucrose) concentration that the dark fermentative system can operate 

on, sparging with nitrogen or a process gas COi to improve hydrogen yields, 

controlling pH and temperature at optimal values reported by previous workers with 

NaOH or Ca(OH)2, operating for an extended period of time to gauge stability and 

examining the effect of changeover of substrate (sucrose, starch and xylose) on 

hydrogen production, all in continuous culture. The inoculum was heat treated to 

inhibit hydrogen consumers and harvest hydrogen-producing spore formers.

The technical feasibility of hydrogen production from biomass feedstock e.g. fodder 

maize and perennial rye grass used without pre-treatment was investigated in batch 

reactors. The biomass crops fodder maize and perennial rye grass were identified in the 

UK as having the potential for hydrogen generation from the view point of growth
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yield, harvest window, composition of the crops and considering the net energy 

available from the whole process, from planting to conversion of the crops to hydrogen 

(first stage) and methane (second stage). The effect of increased substrate concentration 

and changes in substrate (sucrose, starch and xylose) on the second methanogenic 

reactor was also evaluated. The technical feasibility of combining the continuous 

hydrogen production stage (using sucrose as a model carbohydrate) with an additional 

AD stage (upflow anaerobic filter) for conversion of by-products from the first stage to 

methane was evaluated. The AD stage helps stabilise the effluent (an environmental 

requirement), while generating methane which could bring in more revenue, be used to 

power the process or combined with hydrogen as a transport fuel in internal combustion 

engines.

Experiments on green crops (G1-G5; FM1-FM3)

It was shown for the first time that hydrogen can be produced from grass and fodder 

maize by direct fermentation. Hydrogen yields of 75.6±8.8 ml/ g dry matter of wilted 

grass (643 to 1452 m3/hectare/year) and 62.4±6.1 ml/g dry matter of fodder maize 

(1060 to 1309 m3/hectare/year) were obtained. Seventy percent of the original grass dry 

matter was recovered as residue of which 65.3±7.6% was holocellulose; of the fodder 

maize dry matter recovered as residue, 70.0±3.5% was holocellulose suggesting that 

most structural carbohydrates in these crops were not used for hydrogen production. 

Using grass as a substrate in a 2.3 L reactor at a loading of 20 g dry matter/L posed 

problems with its handling including entanglement around the impeller, floatation on 

top of the reactor once gas production had started and overshooting of pH set points. 

Since results of batch studies are difficult to extrapolate to continuous operation, more
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information on continuous operation on these crops, most likely in a pilot scale plant 

where particulates can be automatically fed, is required.

Experiments Sul and Su2 and SCI

Continuous stable hydrogen production was achieved up to a substrate concentration of 

40 g/L sucrose (pH 5.2-5.3, 35°C, 12 hr HRT) with decreasing hydrogen yields (from 

1.7±0.2 mol/mol hexose added at 10 g/L to 1.15±0.3 mol/mol hexose added at 40 g/L) 

and increasing hydrogen production rates (from 4.37±0.5 L/L/d at 10 g/L to 12.12±2.7 

L/L/d at 40 g/L). Without sparging, hydrogen production occurred at negative (-400 to - 

500 mV) redox potentials. At 50 g/L sucrose concentration, the system became 

unstable with hydrogen production inhibited. These trends were attributed to feedback 

inhibition by VFAs and suggest that for stable hydrogen production the substrate 

concentration should not exceed 40 g/L (12 hour HRT). At 50 g/L sucrose the free 

VFA concentrations of 4458 mg/L butyrate and 1618 mg/L acetate (total of 78 mM at 

pH 5.25) was higher than reported free VFA thresholds (19 mM at pH 5.5, glucose 

substrate) for inhibiting hydrogen production. Butyric acid externally added to a stable 

hydrogen producing reactor operating on 40 g/L sucrose to give a butyrate 

concentration of 18,900 mg/L (free butyrate of 81 mM, pH 5.25), completely inhibited 

hydrogen production. For starch as a substrate (Experiment SCI), complete inhibition 

of hydrogen production occurred at a free VFA concentration of 30 mM (pH 5.25). For 

improved hydrogen yields, produced butyrate and acetate could be extracted to keep 

their combined unionised concentrations below 28 mM corresponding to a total 

butyrate of 4387 mg/L and acetate of 1708 mg/L produced at 10 g/L sucrose, pH 5.2 

(Experiment Sul).
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Experiments involving sparging - Su3. SC2. SC3

Sparging with nitrogen or carbon dioxide was found to improve hydrogen production - 

nitrogen by 35% at 40 g/L sucrose concentration and by 33% at 50 g/L sucrose; carbon 

dioxide by 71% (Experiment SC2) and 120% (Experiment SC3) at 10 g/L sucrose. 

Sparging with carbon dioxide also suppressed the increase (presumed by 

homoacetogenesis) in acetate concentration in a hydrogen reactor operating on starch. 

The redox potential became less negative in experiments involving sparging, changing 

from -400 to -500 mV without sparging and reaching -300 mV with nitrogen as the 

sparging gas or -100 mV with carbon dioxide as sparging gas. Thus efficient hydrogen 

production can occur at redox potentials as high as -100 mV. Despite the increase in 

hydrogen yield upon sparging with nitrogen or carbon dioxide, there was no significant 

difference in the butyrate and acetate concentrations in the liquid phase with or without 

sparging when sucrose was used as a substrate. For example at 10 g/L sucrose as a 

substrate and CO2 as the sparging gas in the hydrogen reactor (Experiment SC2), 

acetate averaged 1235±5 mg/L without sparging and 1193±75 mg/L with sparging; 

butyrate averaged 2566±44 mg/L without sparging and 2413±245 mg/L with sparging. 

An electron balance carried out over the sparging period in Experiment SC2 with 

sucrose as substrate showed an electron recovery of 105 %. Sparging with nitrogen or 

carbon dioxide appears to have affected hydrogen production by inhibiting hydrogen 

consuming pathways e.g. homoacetogenesis or by fluidising the microbial aggregates 

thus improving mass transfer. If sparging reduces the threshold concentration of 

hydrogen or carbon dioxide or both required for homoacetogenesis, similar amounts of 

acetate (and butyrate) as without sparging could still be produced from alternative 

pathways that do not negate hydrogen production. Recently other work has cast doubt 

on the ability of sparging to lower dissolved H2 and CO2 concentrations below the
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threshold required for thermodynamic feasibility of NADH oxidation; so the 

mechanism by which sparging improves H2 yield is still not clear. Observation during 

Experiment Su3 suggested sparging decreased bacterial flocculation. In Experiments 

SCI and SC2 and previous published work with these reactors, an influence of aspect 

ratio on hydrogen yield was observed suggesting a positive effect of improved mixing. 

Thus it may be that the effects of sparging are related to mixing. However more 

detailed electron balances are required. These results show that CO2 , a process gas, 

could be used for sparging purposes to improve the efficiency of the process. Gas 

separation techniques e.g. membranes exist that can separate H2 from CO2 .

Experiments TS1 (latter phase). TS2 (latter phase), TS3 and TS4 

Changes in hydrogen reactor operating conditions were found to affect the stability and 

yield of hydrogen production. pH shifts (deliberate or inadvertent) or use of a mixture 

of calcium hydroxide and sodium hydroxide for pH control in a reactor previously 

using sodium hydroxide only for pH control were followed by oscillations in hydrogen 

production. Use of a mixture of sodium hydroxide and potassium hydroxide as a base 

in a stable reactor previously using sodium hydroxide only as a base severely inhibited 

hydrogen production. These findings underscore the essence of maintaining and 

controlling reactor environmental conditions for optimal and stable hydrogen 

production and point to the vulnerability of the hydrogen-producing process to cation 

toxicity.

Experiments Sul. Su2. Gl and FM1

It was possible to obtain prolonged stable hydrogen production for 40 HRTs from 40

g/L sucrose as substrate. The hydrogen reactor did not show any signs of washout or
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significant variations in VFA concentration. This means stable reactor operation is 

possible once reactor conditions are adequately maintained and controlled. Hydrogen 

production was associated mainly with rc-butyrate, acetate and ethanol production as 

soluble metabolites. In continuous culture, molar butyrate to acetate ratios were in the 

range 1.2:1 to 1.8:1 which explains the rather low hydrogen yields e.g. 1.7±0.2 mol/mol 

hexose added at 10 g/L sucrose (Experiment Sul without sparging) compared to the 

theoretical maximum of 4 mol H2/mol hexose associated with acetate as the only 

soluble metabolic product (not considering microbial biomass production). In batch 

culture, molar butyrate to acetate ratios at the end of the batch were on average 2.5 for 

grass as a substrate and 1.2 for fodder maize as a substrate. Production of ethanol was 

generally stronger during batch start up (e.g. 1305 mg/L at the start of Experiment SC2) 

and in periods when the residual sucrose concentration increased during continuous 

operation (examples: Figures 5-4a and 5-4b).

Experiment SCI

Continuous hydrogen production was achieved when switching from one substrate 

(sucrose or starch or xylose) to another in continuous culture although with starch 

hydrogen production was not sustained. While it was easier to switch from sucrose to 

starch and vice versa, it was more difficult to switch from a 6 carbon sugar e.g. sucrose 

to a 5 carbon sugar e.g. xylose, requiring a batch recovery period of about a day. 

Operation on starch was marked by an increase in acetate concentration and a decrease 

in hydrogen production rate (at constant butyrate concentration) suggesting 

homoacetogenesis. Hydrogen yields for each substrate were 1.37 mol/mol hexose 

added for sucrose, 1.23 mol/mol hexose added for starch (before an increase in acetate 

levels attributed to homoacetogenesis), and 1.18 mol/mol xylose added for xylose.
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Effluent from the hydrogen reactor for each substrate was readily degradable (COD 

reduction of 80 to 90%) in an auxiliary upflow anaerobic filter though not at steady 

state to produce methane. The practical implication of this is that hydrogen-producing 

microflora can adapt to changes in carbohydrate substrates found in crops and agro- 

industry wastes. For a factory that changes products seasonally, its wastewater would 

be readily digestible (with H2 and CH4 production) provided the change is between 6- 

carbon substrates. For 5-carbon substrates e.g. xylose-containing wastewater, it would 

be wise to store the incoming wastewater for at least a day while acclimatising the 

microorganisms to the xylose substrate in batch culture or use an inoculum containing 

microorganisms already growing on a xylose-based substrate. Year-round production 

of hydrogen is important for the practical application of dark fermentative hydrogen 

production. Therefore the ability of the dark fermentative process to utilise a range of 

substrates continuously is crucial.

Experiment TS1 and TS5

Effluent from the hydrogen reactor operating on sucrose was degraded in an auxilliary 

methane reactor depending on the sodium concentration and organic loading rate. At a 

feed concentration of 10 g/L sucrose to the two stage system, NaOH as alkali, steady 

operation was obtained in both the H2 and CH4 reactors with hydrogen yields of 

1.62±0.2 mol H2/mol hexose added and 323 ml CH4/gCOD added. 13.5±1.9% of the 

influent COD was converted to hydrogen whereas 70.0±6.6% was converted to 

methane. The overall system COD reduction was 92.6% with 0.90±0.1 g/L sodium 

while residual acetate concentrations averaged 316±40 mg/L in the methane reactor. 

Hydrogen sulphide resulting from sulphate (as part of nutrient medium fed to the H2 

reactor) reduction amounting to 1500 ppm in the gas inhibited methane production.
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Reducing the H2S concentration to less than 50 ppm in the gas by reducing the amount 

of sulphate fed to the system improved performance. Also, concentrations of sodium in 

the methane reactor (partly as NaOH dosed to the H2 reactor and partly as NaHCO3 

dosed to the CH4 reactor) beyond 1.87 g/L were found to inhibit acetate degradation. 

VFA degradation in the methane reactor was impaired at high OLR decreasing from a 

COD reduction of 90.2% at 4.3 gCOD/L (2 day HRT, 10 g/L as feed to the two stage 

system, Experiment TS1) to 68.7% at 8.6 gCOD/L (2 day HRT, 20 g/L as feed to the 

two stage system, Experiment TS2). This means that for proper operation of the two 

stage system, the sodium concentration added to the system has to be regulated.

One way of regulating sodium added to the first stage was to use an alkali not based on 

sodium i.e. Ca(OH)2. Using calcium hydroxide with 20 g/L sucrose as feed to the two 

stage system gave a hydrogen yield of 1.29±0.3 mol/mol hexose added, a methane 

yield of 337 ml/gCOD added and improved the overall system COD reduction from 

83% to 91% with residual acetate concentrations of 522±87 mg/L. However operation 

at 30 g/L sucrose with Ca(OH)2 gave a poorer overall COD reduction (68%), a 

hydrogen yield of 1.47±0.2 mol/mol hexose added, a methane yield of 138 ml/gCOD 

added and residual acetate concentrations in the methane reactor of 7,343±715 mg/L. 

Since the calcium concentration (1.72±0.3 g/L) in the methane reactor was below 

reported inhibitory levels (4 g/L), it can be concluded that the methane reactor was 

organically overloaded.

The energy yield from the two stage process operating on 10 g/L sucrose (11.52±0.8 

kJ/gCOD added to the entire system) was comparable to that from single stage 

methanogenic systems operating on soluble substrate e.g. glucose. However for the two
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stage system, optimisation of the environmental conditions of the microorganisms in 

each reactor can mean increased stability, higher sludge loading capacities and 

improved rates of substrate turnover particularly with complex substrates which may 

allow a reduction in reactor volume and improve the energy balance of the process. 

Aside from energy considerations, hydrogen-methane mixtures are more 

environmentally friendly than methane alone when used as a transportation fuel.

The practical implication of the above results is that a high rate two stage H2 and CH4 

production system using NaOH as alkali will be optimised at low sodium levels (< 1.87 

g/L) and tolerable organic loadings (< 10 gCOD/L/d) to the second methanogenic 

stage. Against this background, it is probable that published studies on single stage dark 

fermentative hydrogen production may be using conditions that would give rise to 

sodium toxicity in any subsequent methanogenic stage. Effluent recycle from the 

methane reactor pretreated to inhibit methanogens or where methanogens were 

immobilised firmly in the AD reactor could reduce alkalinity requirements hence 

lowering sodium hydroxide required. The sodium ions from the H2 reactor could be 

removed for example by passing the effluent stream through a cation exchange resin. 

The strategy adopted here of using Ca(OH)2 instead of NaOH as alkali improved 

methane yield and COD reduction and extended the range of influent substrate 

concentration to a high rate two stage system generating hydrogen and methane to 22.5 

gCOD/L, corresponding to 20 g/L sucrose, with good (>90%) overall COD reduction.
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CHAPTER 8. FURTHER WORK
• It is now proven that accumulation of VFAs causes feedback inhibition and

reduces hydrogen yield. Research on efficient and cost effective extraction of 

volatile fatty acids from the reactor medium should be carried out. Hydrogen 

production rates were enhanced when alumina was used as a VFA adsorbent in 

serum bottles (Liang et al. 2001.). Barnes et al. (2003) investigated the use of 

Teflon (microfiltration) and ion-exchange membranes to separate acetic acid 

from rumen fluid with limited success. VFA extraction e.g. using membranes 

needs investigation.

• The role of mixing and reactor design should be investigated. Optimal mixing is 

essential for mass transfer of substrate to cells and of products e.g. hydrogen 

away from cells. Gas hold up was identified as a major problem in bioreactors 

(Nath and Das 2004) due to poor mixing. Baffles inserted in CSTRs can 

increase turbulence, prevent vortex formation and eliminate dead spaces. 

Research on dislodging gas from the liquid is needed. The effectiveness of 

agitation depends upon the design of the impellers, speed of agitation and the 

aspect ratio of the reactor. Such factors should be investigated.

• The exact cause of improved hydrogen yield upon sparging needs further 

investigation. The assumption that sparging reduces hydrogen partial pressure 

appears to be dubious. Some results suggest sparging prevents hydrogen 

consumption say by homoacetogenesis, but there is no significant difference in 

the soluble metabolic products before and after sparging. Other results suggest 

sparging improves the butyrate: acetate ratio. The key question is where do the 

extra electrons come from? Kraemer and Bagley (2006) suggested that electron
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balances over a range of sparging rates, microbial activity tests and microbial 

community analyses are required to decipher the exact cause of higher H2 

production during sparging.

• Genetic analysis can add value to H2 producing technology if the species 

identified have well characterised optimum operating conditions which can be 

implemented to improve hydrogen production. As molecular techniques 

develop, information on species abundance and on proteomics indicating 

changes in metabolism with operating conditions could prove particularly useful 

in optimisation studies.

• More research is needed on the optimal nutrient requirements for fermentative 

hydrogen production. There is for example a 20-fold variation in the amount of 

Fe added with respect to hexose concentration in the literature. As the dark 

fermentative technology is applied to a greater range of substrates, studies of 

nutrient requirement will become more necessary for process optimisation and 

cost-effectiveness. The minimum amounts of N, P, S, Fe and trace minerals 

needed for efficient HI production in continuous reactors at various conditions, 

e.g. pH and substrate concentrations, must be determined.

• Biomass retention for example by granulation, immobilisation on a surface, 

settling or reintroduction by recycling to increase catalytic power should be 

investigated for a range of substrates and HRT. Biomass concentration affects 

the rate of conversion of substrate to degradation products and hence the design 

size of the reactor.
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• Microbial fuel cells (MFC) can utilise materials such as acetate, butyrate, 

ethanol etc. to produce electricity. Electricity generation may prove an attractive 

option for a stage after hydrogen fermentation as this technology develops. 

Further research is needed to evaluate the potential for energy generation and 

wastewater treatment by the combined dark H2 fermentation/MFC technologies.

• A recently reported option for enhancing biohydrogen recovery is the bio- 

electrochemically assisted microbial reactor (BEAMR) with low voltage 

conversion of acetate to H2 . BEAMR technology is a modified application of 

microbial fuel cells (MFCs) with an additional small potential applied to the 

fuel cell under anaerobic conditions. This technology allows another process 

configuration in which additional hydrogen can be produced from fermentation 

end products.

• Aside from the catalytic efficiency of the enzymes involved in hydrogen 

production, an investigation of other limiting factors e.g. rate of reductant 

generation by the cellular machinery or electron transport to hydrogenase 

enzyme is required. Ways of limiting the activity of uptake hydrogenase should 

also be examined (Hallenbeck 2001).

• The technology for hydrogen production is still untested on a larger scale. 

Hydrogen production studies e.g. on a pilot scale level are required. Design of 

large scale systems requires information about models e.g. kinetic models. 

Work on modelling of the dark fermentative process is needed. Modelling will
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also obviate the need for more time consuming single factor experimentation 

(Rodriguez et al. 2005).

• More work needs to be done on the use of other pH control agents not based on 

sodium in fermentative hydrogen production; high levels of sodium have been 

found to affect the auxilliary methanogenic stage. Phosphate buffers based on 

potassium could for example be used. Further the hydrogen reactor could be 

operated at pH 5.0 provided oscillations in gas production can be avoided.

• Many of the studies on the effect of HRT on hydrogen production used pH 

values outside the optimum range. A statistical examination done by Lay (2000) 

showed that pH and HRT interacted; the interaction was significant at the 10% 

confidence level. Thus more studies on the effect of HRT at optimum pH levels 

are needed.

• Further work should be done on the fermentability of fructans in grass. Fructans 

make up the majority of non structural carbohydrates in grass. The extent of 

hemicellulose and cellulose degradation in hydrogen fermentation should also 

be investigated.
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APPENDICES

Appendix A-l. Program for continuous logging of data in Matlab
The following program was used to continuously log data for pH, redox, temperature, 
gas output (serial output), %CO2 and %H2 .

clear all;
log_int=60; % Unit=seconds 300 = 1 sample every Srnins
ai=analoginput('nidaq', 1);
addchannel (ai,0:4);
set(ai,'InputTypeVDifferential');
%channel name, properties:sensor range, inputrange, unitsrange
ai.channel (l).channelname='vpH';
ai.channel (2).channelname='vredox';
ai.channel (3).channelname='vco2';
ai.channel (4).channelname='vT';
ai.channel (5).channelname='vH2';
ai.vpH.sensorrange=[0 10];
ai.vpH.InputRange=[0 10];
ai.vpH.unitsrange=[0 14];
ai.vredox.sensorrange=[0 3];
ai.vredox.InputRange=[0 3];
ai.vredox.unitsrange=[0 3];
ai.vco2.sensorrange=[0 5];
ai.vco2.InputRange=[0 5];
ai.vco2.unitsrange=[0 100];
ai.vT.sensorrange=[0 10];
ai.vT.InputRange=[0 10];
ai.vT.unitsrange=[0 50];
ai.vH2.sensorrange=[0 5];
ai.vH2.InputRange=[0 5];
ai.vH2.unitsrange=[0 100];

set(ai,'SampleRate', 100) 
set(ai,'samplespertrigger',100); % one sample per log_int

Ph=[]; 
redox=[];
co2=Q;
T=D;
H2=D;
flow=[];
Internal_count=0;
window_size_x=300;
WinSt=0;
WinEd=WinSt+window_size_x;
fork=l:inf 

tO=clock;

% The serial port.
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s = serial('COMl');
s.inputbuffersize =15;
fopen(s);
out = fscanf(s,'%g',5);
%out2 = double(out)
flow(k,l)=out(l);
fclose(s);

% NI-DAQ
start(ai);
%data(k,:)=getdata(ai); %l=Ph, 2=Redox, 3=CO2
datat=getdata(ai);
ph(k)=mean(datat(:,l)); %if you need, add some filter for signal
redox(k)=min(datat(: ,2));
co2(k)=mean(datat(: ,3));
T(k)=mean(datat(:,4));
H2(k)=mean(datat(:,5));
data(k,:)=[ph(k) redox(k) co2(k) T(k) H2(k)];

t(k)=k-l; % count from zero

t_win=mod(t(k),window_size_x); 
ift_win==0

%t_win=20;
WinSt=Internal_count*window_size_x;
WinEd=WinSt+windo w_size_x;
Internal_count=Internal_count+1; 

end
subplot(2,3,l)%plotting Ph 
set(gcf,'doublebufferVon');%reduce plot flicker 
h=plot(t(k),data(k,l),'r*'); 
set(h,'LineWidth',1,...

'MarkerEdgeColor','r',... 
'MarkerFaceColorVg', • •. 
'MarkerSize',2) 

ylim([3 8])
xlim([WinSt WinEd]); 
grid on;

hold on;
title('pH variation'); 
ylabel('pH'); 
xlabel(Time(Min)');

subplot(2,3,2)%plotting Redox 
set(gcf;doublebufferYon');%reduce plot flicker
h=plot(t(k),data(k,2)*0.9798*le3,'b+'); % 0.9798 corresponds to a factor (ifD.8907 is 

200 then x will be 220) that tunes the redox into its true value. 
%Le3 multiplies the values of redox times 1000 
ylim([-600 300]); 
xlim([WinSt WinEd]);
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set(h, 'LineWidth',1,...
'MarkerEdgeColorVb',...
'MarkerFaceColorVg',...
'MarkerSize',2) 

grid on;
hold on;

title('Redox variation'); 
ylabel('Redox potential(mV)'); 
xlabel('Time(Min)');

subplot(2,3,3)%plotting CO2
set(gcf,'doublebuffer','on');%reduce plot flicker
h=plot(t(k),data(k,3),'bA1);
ylim([0 100]);
xlim([WinSt WinEd]);
set(h,'LineWidth',l,...

'MarkerEdgeColor','k',...
'MarkerFaceColor','g',...
'MarkerSize',2) 

grid on;
hold on;

title('CO2 variation'); 
ylabel('%C02'); 
xlabel('Time(Min)');

subplot(2,3,4)%plotting flow
set(gcf,'doublebuffer','on');%reduce plot flicker
h=plot(t(k),flow(k),'k*');
ylim([0 10]);
xlim([WinSt WinEd]);
set(h,'LineWidth',1,...

'MarkerEdgeColor','k',...
'MarkerFaceColor','g',...
'MarkerSize',2) 

grid on;
hold on;

%flow(k) = 0:1:100; % change value to 300 rather than 100 when sparging 
title('Gas Output'); 
ylabel('Gas Flow Rate (ml/min)'); 
xlabel('Time(Min)');

subplot(2,3,5)%plotting T 
set(gcf,'doublebuffer','on');%reduce plot flicker
h=plot(t(k),data(k,4),'bAT); 
ylim([0 50]); 
xlim([WinSt WinEd]); 
set(h,'LineWidth',1,...

'MarkerEdgeColor','k',...
'MarkerFaceColorVg',...
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'MarkerSize',2) 
grid on;

hold on;
title('Temperature Variation'); 
ylabel('T (Degrees C)'); 
xlabel('Time(Min)');

subplot(2,3,6)%plotting H2 
set(gcf,'doublebufferVon');%reduce plot flicker 
h=plot(t(k),data(k,5),'bA1); 
ylim([0 80]); 
xlim([WinSt WinEd]); 
set(h,'LineWidth',l,...

'MarkerEdgeColor','k',...
'MarkerFaceColorVg',...
'MarkerSize',2) 

grid on;
hold on;

title('H2 variation'); 
ylabel('%H2'); 
xlabel('Time(Min)');

drawnow

total (k,:)=[tO data(k,:) flow(k)];
save c:\matlab6p5pl\work\fmal\Grass26-10-05.mat % remember to change the 

dataOOOOOO.mat name every time an experiment starts
while etime(clock,tO)<log_int, end 

end
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Appendix A-2. Program for transferring logged data from Matlab to Excel

function n=mat2xls(S,X,R)
%MAT2XLS - pokes data from matlab to excel via Dynamic Data Exchange, DDE
%
% MAT2XLS('S',X,'R')
% S - String containing name of the Excel file to which data is poked
% X - NxM matrix of data.
% R - A string specifies the DDE item for the data sent.
% Returns:
% n - Matrix of same size as X poked into S specified by format R
%
% For example,
% Send a 5x5 identity matrix to Excel
% mat2xls('bookl.xls:sheetr, total, 'rlcl:r5c5');
%
if nargin<2, error(TSfot enough arguments.'); end

ifnargin<3
[xr,xc]=size(X);
range=sprintf('r%dc%d:r%dc%d',[l 1 xrxc]); 

else
range=R; 

end

%initialise DDE conversation 
channel=ddeinit('excer,S); 
n=ddepoke(channel,range,X); 
rc=ddeterm(channel);
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Appendix A-3. Print screen copy of a VI digram for data - pH, temperature, %CO2, 
ORP, %H2 and sparging rate - acquisition in Labview.
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Appendix B - Photos of some reactor hardware

Figure B-l. Photos of stirrer S-l
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Figure B-2. Photo ofstirrer S -2
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Figure B-3. Photo ofstirrer S-3.
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Figure B-4. Photo of net tube used as packing material in reactor C.

Figure B-5. Photo of the hydrogen sensor
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Appendix C. Example of calibration chromatogramfor checking lactate, formate and 
succinate

Chromeleon PC-JW5P92J_local\ICS3000XSequences\05_09_06 VFA SEQUENCE #1 3 Standardl 3 (CDJ | [PC JW5P92J_locdl«CS3000\SequencesV..
g File Edit View Table Workspace Qualification Window Help 

D Q* H ' 8 EB & Ift »- ; Iff I • * • i * n

H * .j. 4. H, > pjes ftlEf 1
ooeo-

0000- 

-0 050-

-0 120-

c

05_09_06 VFA SEQUENCE #13 [modified by Admin istrjtoi] Stjndatd13 CD_1

MS 

4- Foimjte • 11 163— — — ̂ -!i__ lULarfs1" 11887 A— /r*'""
Vi.el? ———— ̂  ——————— .LJLX-^ j\ ./_X_

.0 2.0 4.0 6.0 8.0 10.0 12.0 140 16.0 18.0 20 0 22.0 25

Figure C-l. Resolving formate, lactate and succinate on the Dionex ICS3000
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Abstract: The effect of substrate concentration (sucrose) 
on the stability and yield of a continuous fermentative 
process producing hydrogen was studied. High substrate 
concentrations are attractive from an energy standpoint 
as they would minimise the energy required for heating. 
The reactor was a CSTR; temperature was maintained at 
35°C; pH was controlled between 5.2 and 5.3, and the 
hydraulic retention time (HRT) was 12 h. Online measure 
ments were taken for ORP, pH, temperature, %C02, 
gas output and %H2, and data logged using a MatLAB" 
data acquisition toolbox. Steady-state operation was 
obtained at 10, 20 and 40 g/L of sucrose in the influent, 
but a subsequent step change to 50 g/L was unsustainable. 
The hydrogen content ranged between 50% and 60%. The 
yield of hydrogen decreased as the substrate concentration 
increased from 1.7 ±0.2 mol/mol hexose added at 10 g/L, 
to 0.8±0.1 mol/mol at 50 g/L. Sparging with nitrogen 
improved the hydrogen yield by at least 35% at 40 g/L and 
at least 33% at 50 g/L sucrose. Sparging also enabled 
steady-state operation at 50 g/L sucrose. Addition of an 
extra 4 g/L of n-butyric acid to the reactor operating at 40 g/L 
sucrose increased the butyrate concentration from 9,830 to 
18,900 mg/L, immediately stopping gas production and 
initiating the production of propionate, whilst the addition 
of 2 g/L taking the butyrate concentration to 12,200 mg/L did 
not do so. It was shown that operation at 50 g/L sucrose in a 
CSTR in butyrate fermentation is possible. 
©2005 Wiley Periodicals, Inc.
Keywords: biological hydrogen production; stability; 
hydrogen yield; substrate concentration; sparging; but 
yrate inhibition

INTRODUCTION

The production of petroleum and other fossil fuels is 
expected to peak in the next 20 years and to start declining 
thereafter. In addition there are increased environmental 
concerns over the use of petroleum and fossil fuels. Such 
concerns include global warming, air pollution and acid rain

Correspondence to: G. Kyazze 
Contract grant sponsor: EPSRC 
Contract grant number: GR/526965/01

with all their attendant problems. There is therefore a need for 
an alternative fuel energy vector that will meet the energy 
demands of an increasing population, be sustainable and also 
have minimal or no impact on the environment. Most leading 
international and national bodies have identified hydrogen as 
a good contender in this respect.

Fermentation of carbon containing compounds in anaero 
bic environments provides a way of generating hydrogen, as 
the compounds are derived from biomass-based feedstocks 
and are carbon neutral (Hawkes et al., 2002). Hydrogen 
production is the means by which acidogenic bacteria in 
anaerobic ecosystems reoxidise reduced ferredoxin to gain 
energy. The theoretical yields from a typical dark fermenta 
tion process are 4 mol hydrogen per mol of hexose if the main 
aqueous product is acetate (Eq. 1) and 2 mol/mol hexose if the 
main aqueous product is butyrate (Eq. 2):

C6 H 12 O6 + 2H2 O -> 2CH3 COOH + 2CO2 + 4H2 (1) 

C6 H, 2 06 -» CH3 (CH2 ) 2 COOH + 2CO2 + 2H2 (2)

In practice a mixture of both butyrate and acetate was 
reported (Fang and Liu, 2002; Hussy et al., 2005). Depending 
on the environmental conditions, other fermentation pro 
ducts, for example ethanol, propionate, formate, lactate, 
fumarate, succinate and acetone may be produced. For 
optimal yields products like ethanol, lactate, propionate and 
others that consume hydrogen during their production ought 
to be avoided.

Pure cultures were cited (Wang et al., 2003) as giving a 
relatively higher hydrogen yield compared to mixed cultures. 
However, pure cultures are less useful for industrial 
applications because of the possibility of contamination 
and the requirements for sterilisation. Moreover mixed 
cultures can be obtained from natural sources, for example 
soil and sewage sludge (Hussy et al., 2003; van Ginkel et al., 
2001).

®2005 Wiley Periodicals, Inc. WWILEY
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Figure 1. Schematic setup of the reactor.

The fermentation process for hydrogen production has 
significant challenges to be overcome (Hawkes et al., 2002). 
Owing to interspecies hydrogen transfer (in mixed methano- 
genic or sulphidogenic cultures), negative feedback by 
reduced organic end products or hydrogen partial pressure 
(except members of the family Enterobacteriaceae, such as 
Enterobacter aerogenes (de Vrije et al., 2003)), homoaceto- 
genesis, population and metabolic shifts, the yield of 
hydrogen can be low and the stability of the process quite 
poor. If this process is to reach commercial scale, further 
improvement in production efficiency and process stability is 
desirable. In addition, the start-up of the process should not 
be time consuming.

Operation in continuous culture would allow the separa 
tion and definition of parameters that are interdependent in 
batch fermentation. From an economic point of view, the 
productivity gains which can be achieved by continuous 
culture allow for smaller manufacturing plants.

Most studies on continuous biological hydrogen produc 
tion considered the effects of pH, hydraulic retention time 
(HRT), biomass retention, reduction of hydrogen partial 
pressure, for example by sparging with an inert gas, redox 
potential and reactor type using glucose or sucrose as 
substrates at concentrations less than 20 g/L (Cohen et al., 
1984; Fang and Liu, 2001, 2002; Horiuchi et al., 2002; Lin 
and Jo, 2003; Mizuno et al, 2000).

Hydrogen production studies at substrate concentrations 
above 20 g/L have been conducted in batch modes of 
operation (Lay and Noike, 1999; Majizat et al, 1997; van 
Ginkel et al, 2001). In continuous culture, Zoetemeyer et al.

r$
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100 200 300 400 503
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Figure 2a. Experiment 1. Variation of gas output and %H2 with time.

Figure 2b. Experiment 1. Variation of redox potential with time.

(1982) varied the glucose concentration from 2.5 to 75 g/ 
while studying the acidification of glucose at 30°C, pH 6. 
and HRTs that increased with increasing substrate conce 
tration (2.17 h at 2.5 g/L to 25 h at 75 g/L). However, the 
main interest was not hydrogen production. Ren et al. (199 
studied the effect of organic loading rate (4.5-75.7 g sucros 
L/day) on hydrogen production. However, since the HRT w; 
not given, the effect of substrate concentration was n< 
clarified.

Thus, the effect of substrate concentration on the stabilit 
and yield of biological hydrogen production is not we 
studied despite its technical and economic significance.

High substrate concentrations are attractive from a 
energy point of view as they would minimise the energ 
required for heating leading to a net positive energy gain 
Srivastava (1987), for example reported for methanogenii 
mesophilic anaerobic digestion, an analogous process, tha 
the energy required to heat the feed at 1 % total solids (TS) i; 
about 100% of the total energy produced, but only 7%-89S 
at 15% TS.

It can be expected that at high substrate concentrations the 
process would suffer from product and substrate inhibition.: 
Undissociated volatile acids are reported to be inhibitory tc 
microbial growth (Bajpai and lannotti, 1988). Maximum 
inhibition is expected at the pKa of the acid (Herero, 1983). 
At standard conditions, pKa values for acetic and butyric 
acids are 4.76 and 4.82 respectively. Studies with Clostridium 
acetobutylicum at pH 5.0 (Leung and Wang, 1981) suggest 
that butyrate was not inhibitory to growth at concentrations 
below 10,000 mg/L, but it completely stopped cell growth at 
17,000 mg/L. Van den Heuvel (1985) studied substrate and 
product inhibition using glucose as a substrate at a pH of 5.8 
in a repeated fed batch mixed culture. He reports a lethal free 
butyric acid concentration of 4,210 mg/L. Acetate was not 
found inhibitory below 12,000 mg/L. Zheng and Yu (2005) 
added various amounts of sodium butyrate to batch reactors 
producing hydrogen from 10 g/L glucose at a pH originally 
adjusted to 6.0 and report that concentrations of 4.18 and 
6.27 g/L only slightly inhibited hydrogen production; 
8.36-12.54 g/L imposed a moderate inhibitory effect, but 
25.08 g/L had a strong inhibitory influence both on substrate 
degradation and hydrogen production.

Thus while continuous, rather than batch, operation and 
use of higher substrate levels are both desirable economic 
ally, there are very few reports involving concentrations 
above 20 g/L in continuous culture. Also evidence in the 
literature suggests product inhibition may be a problem. Here 
we examined the effect of substrate (sucrose) concentration
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Table II. Hydrogen yields at different specific loading rates.

Substrate (cone. -g/L)

Sucrose (40)
Sucrose (17.8)
Sucrose (10)
Sucrose ( 1 2)
Sucrose (not given)
Glucose (18.75)
Glucose (8)
Glucose (10)
Glucose (9.37)
Glucose (15. 95)

Organic loading 
pH rate (g/L/day)

5.25
6.4
5.25
5.5
4.4
5.7
5.0
6.0
5.5
5.5

80
32
20
48.6
40
37.5
16
27
68.1
42.5

VSS (g/L)

5.72
2.50
2.25

20.0
20.0

1.36
0.75
1.50
5.80
3.65

Specific loading 
rate (g/gVSS/day) %H2

14.0
12.8
8.9
2.4
2.0

27.6
21.3
18.6
11.7
11.6

55.2
35

60.2
63

45-49
45.3
30
53

57-60
50.8-60

H2 yield mol/mol 
hexose added Reference

1.15
1.17
1.65
2.10"
0.99"
1.76
1.13
0.88
1.0C
1.12C

This study
Chen and Lin (2003)
This study
Fang and Liu (2001)
Renetal.(1995)
Lin and Chang (1999)
Horiuchi et al. (2002)
Mizuno et al. (2000)
Oh et al. (2004)
Lee et al. (2004)

"UASB.
"CSTR with solids retention.
cMembrane bioreactor.

the same experiment, the effect of adding free butyric acid 
(Fisher Scientific, Loughborough, UK; 2 g/L reactor for 5.8 
HRTs and 4 g/L reactor for 1.8 HRTs) was investigated.

Experiment 3 studied the effect of sparging with pure 
nitrogen on the yield and stability of continuous hydrogen 
production at two sucrose concentrations, 40 and 50 g/L 
sucrose. Start up was followed with operation at 40 g/L 
sucrose without sparging (10 HRTs), 40 g/L with sparging 
(13.85 HRTs), 50 g/L with sparging (10 HRTs) and 50 g/L 
without sparging (6 HRTs). The pressure in the nitrogen 
cylinder was regulated to 5.5 psi (ca. 0.38 bar), which gave a 
sparging rate of 97.5 ± 1.5 L/L/day.

Off-line Analysis

Liquid samples were taken twice daily from the sampling 
port for the analysis of volatile fatty acids (VFAs), total 
suspended solids (TSS), volatile suspended solids (VSS) and 
solvents. VFAs were determined by the method of Cruwys 
et al. (2002). Solvents (ethanol, acetone and butanol) were 
determined by the method of Hussy et al. (2003). TSS and 
VSSs were determined by standard methods (APHA, 1989). 
The hydrogen content of the produced gas was cross-checked 
by GC (Mizuno et al., 2000). Residual sucrose in the effluent 
was determined by the phenol-sulphuric acid method using 
sucrose as the standard (Dubois et al., 1956).

RESULTS AND DISCUSSION

Experiment 1: Effect of Sucrose 
Concentration in the Range 10-50 g/L

Figures 2a and 2b show the variation of gas output, % 
hydrogen and redox potential with time of operation. The lag 
phase lasted 15 h and at the end of this phase there was a 
sudden drop in the redox potential from -100 to -450 mV. 
This dramatic decrease in redox potential was attributed to 
hydrogen evolved as the bacteria emerge from the lag phase 
and also to anaerobes producing reductants for reducing the 
growth environment (Srinivas et al., 1988). Gas production

started slowly (15 h) and then increased rapidly. When the gas 
production rate was 7.7 L/L/day (19.65 h), the process was 
switched to continuous operation with total sucrose con 
centration in the influent of 20 g/L. Initially, the process was 
unsteady but after 96 h reckoned from 0 h, steady state was 
obtained. Here steady state refers to near constancy in 
volumetric gas production rate and also VFA concentration 
(±10%). The total gas production rate on 20 g/L sucrose in 
the period 82-146 h averaged 12.2 ±2.4 L/L/day with a 
hydrogen content of 55.7 ±5.1%, the rest being carbon 
dioxide. In the same period, the main VFAs averaged 
6,345 ±562 mg/L butyrate, 2,009 ±640 mg/L acetate 
(n = 6) and redox —443 mV.

At 145.4 h the total sucrose concentration in the influent 
was stepped up to 40 g/L. Gas production increased rapidly 
and was relatively constant, averaging 22.0 ± 4.6 L/L/day 
within the period 153-219.3 h. The hydrogen content 
averaged 55.2 ± 3.5%. The redox potential was also 
consistent, averaging —445 mV. Comparable redox poten 
tials were obtained by Kataoka et al. (1997) (-500 to 
—550 mV), during the fermentative production of hydrogen 
from glucose using a Clostridium butyricum strain SC-E1 
and Zoetemeyer et al. (1982) (-400 to -500 V). Butyrate 
averaged 9,613 ±998 mg/L where as acetate averaged 
3,737 ± 350 mg/L.

At 219.3 h the sucrose concentration in the influent was 
stepped up to 50 g/L. Gas production went up initially, 
reaching 27.9 L/L/day but then varied in the period 219.5- 
377 h. For 50 g/L sucrose hydrogen yield calculated over the 
range 250-300 h was 0.8 ± 0.1 mol/mol hexose added.

From the variation of VFAs with time (Fig. 3), it can be 
noted that the downward trend of gas production (Fig. 2) 
occurred when 12,000 mg/L butyrate or 5,000 mg/L acetate 
were present (231.5-267.2 h and 349.4 h respectively). 
Within the period 231.5-267.2 h, residual sucrose concen 
trations increased. This may suggest that the biomass was 
overloaded or that at this pH either 12,000 mg/L butyrate, 
5,000 mg/L acetate or the combination of both might be 
inhibitory. The free acid concentrations can be calculated 
(Handerson Hasselbach equation) as 4,458 mg/L butyric acid
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Figure 3. Experiment 1. Variation of VFAs and residual sucrose with 
time.

and 1,618 mg/L acetic acid using 5.25 as the average pH. The 
lethal free acetic acid concentration at pH 5.8 is calculated as
I,094 mg/L from van den Heuvel (1985). The butyric acid 
value lies between the free butyric acid lethal concentrations,
II,231 mg/L calculated from the value (17 g/L butyrate) 
obtained by Leung and Wang (1981) at pH 5.0, and 4210 mg/ 
L obtained by Van den Heuvel (1985) at pH 5.8 respectively. 
Using a similar calculation the free butyric acid concentra 
tion corresponding to 23,960 mg/L butyrate obtained at 75 g/ 
L glucose and pH 6.0 (Zoetemeyer) would be 1583 mg/L. 
This value is probably below the butyric acid lethal 
concentration at pH 6 and that could explain why no butyrate 
inhibition was observed by Zoetemeyer and co-workers. 
Operation at pH 6 and above is however, likely to induce the 
growth of methanogens which in turn would decrease 
hydrogen yields. Fang and Liu (2002), for example report 
an increase in methane content from 3 ± 1 % at pH 6.0 to 
9±l%atpH7.0.

At 378 h, the feed strength was stepped down to 10 g/L of 
sucrose to examine the yield and stability at this level. It can 
be seen that gas production eventually settled, averaging 
7.3 ±0.7 L/L/day, 60.2 ±2.7% H2 over the period 393- 
452 h, with butyrate and acetate levels of 4,387 ± 635 mg/L 
and 1,708 ±88 g/L respectively (n = 4). Almost all 
the sucrose was converted as the residual sucrose averaged 
0.1 g/L. After another six retention times, the feed strength 
was again increased to 50 g/L (452.8 h). The gas production 
increased to a maximum of 37.2 L/L/day and dropped off 
again before the experiment was stopped. Correspondingly

Table IV. Experiment 2: COD balance at 40 g/L.

Material

Feed
Residual sucrose
rc-Butyrate
Acetate
Propionate
Ethanol
Lactate
Butanol
Acetone
Formate
VSS (as C4H7O2N)a
Hydrogen
Total COD of effluent streams

g/day

744.2
138.4±35.5
183.0 ±20.0
64.9 ±9.8
0.39 ±0.07

2.9 ±0.7
1.37±1.0
2.5±1.1

0
0

82.3 ±12. 3
8.2 ±1.7

gCOD/day

835.6
155.4 ±39.9
333.0 ±36.4
69.2 ± 10.4

0.6 ±0.1
6.1 ± 1.5
1.5±1.1
6.7 ±2.9

0
0

104.0± 15.5
65.6 ± 13.6

742.1 ±58.8

"Waitesetal., 2001.
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Figure 4. Experiment 2. Continuous gas production from 40 g/L sucrose: 
variation of gas output, %H2 and redox potential over an extended period of 
time. The gaps in logged data for %H2 indicate periods when the sensor had 
developed internal errors.

acetate and butyrate levels rose to 4,985 and 13,972 mg/L 
respectively. Analysis of the liquid samples for solvents- 
ethanol, butanol and acetone revealed small amounts (<100 
mg/L) of ethanol and butanol. No acetone was detected.

Table I contains a summary of the average values at steady 
state of TSS and VSS, hydrogen yields and other parameters 
at the sucrose concentrations studied here. It can be seen that 
as the sucrose concentration increased the hydrogen yield 
decreased. The biomass concentration increased from a mean 
of 2.25 gVSS/L at 10 g/L sucrose to 5.72 gVSS/L at 40 g/L 
sucrose, but then decreased at 50 g/L suggesting some kind of 
inhibition at play. It can be noted that butyrate levels were 
always higher than acetate levels, roughly by a factor of 2.6 (w/ 
w). The conversion to butyrate (Eq. 1) is more energetically 
feasible (AG° =-290.3 kJ/mol) than that to acetate 
(AG° = —206 kJ/mol). If the process could be biased towards 
predominantly acetate production (excepting homoaceto- 
genesis), the yield could be improved.

The lack of stability observed at 50 g/L and the decreased 
hydrogen yields at higher sucrose concentrations could 
possibly be due to product inhibition, including inhibition by 
high hydrogen partial pressure or just overloading of VSS. 
Ren et al. (1995) operating at pH4.4 and temperature of 30°C 
attribute the decreased yields of gas with an increase in 
loading rate of the substrate (powdered sugar) to a decrease in 
the mass transfer velocity of the materials inside the floe 
particles, causing an incomplete conversion of the substrate 
into gas. Floes and sometimes big granules were also 
observed in this investigation especially for cases when the

20000-
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Figure 6. Experiment 2. Variation of volatile fatty acids with time. 
A (487 h): spike of butyric acid to give additional 2 g/L of reactor followed by 
2 g/L in the influent. B (556 h): spike of butyric acid to give additional 4 g/L of 
reactor followed by 4 g/L in the influent. C (578 h): butyric acid in the feed 
discontinued; original feed solution reinstated.

butyrate (and acetate) concentration were at their peak, for 
example 350 h. The hydrodynamic and physical properties of 
floes produced in biological hydrogen production systems 
were studied by Zhang et al. (2004) who report that the fractal 
nature of the floes does not allow substantial intra-aggregate 
advective flow.

Another important factor that was advanced as crucial to 
hydrogen yield is the ratio of food to micro-organism also 
referred to as specific loading rate. Table II gives a 
comparison of hydrogen yields at different specific loading 
rates taken from literature and some of the results in this 
study. For sucrose as a substrate and for the same 
fermentation type (butyrate type in this case), there appears 
to be an inverse relationship between specific loading rate 
and hydrogen yield. Ren et al. (1995) is an exception in this 
case as the fermentation was ethanol type. The highest 
hydrogen yield of 2.14 mol/mol hexose added was obtained 
in a UASB system at a specific loading rate of 2.4 g/gVSS/ 
day. In contrast, for glucose as a substrate, there appears to be 
a direct relationship between specific loading rate and 
hydrogen yield (for the same reactor and fermentation type). 
However, since other variables such as HRT, pH, and reactor 
type must also be considered, it is not possible to confirm 
from the data that any particular relationship between 
specific loading rate and hydrogen yield exists.

Tuwe (Irurs)

Figure 5. Experiment 2. Effect of adding free n-butyric acid to a continuous culture generating hydrogen from 40 g/L sucrose. A (487 h): spike of butyric acid 
to give additional 2 g/L of reactor followed by 2 g/L in the influent. B (556 h): spike of butyric acid to give additional 4 g/L of reactor followed by 4 g/Lin the 
influent. C (578 h): butyric acid in the feed discontinued; original feed solution reinstated.
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Figure 7. Experiment 3. Effect of sparging on continuous hydrogen 
production from sucrose—40 and 50 g/L. (A) sparging started. (B) sparging 
stopped. Solid line: gas output; grey line: % hydrogen.

Experiment 2: Stability of Operation at 40 g/L 
Sucrose Over an Extended Period and Effect of 
Free Butyric Acid

Figure 4 shows the variation of hydrogen content, gas output 
and redox potential during the continuous production of 
hydrogen over an extended period of time (20 days up to point 
A) at 40 g/L of sucrose following batch start up at 20 g/L 
sucrose as in Experiment 1. Steady state was obtained after 
120 h from Oh. At 115 h when the gas output peaked at 37.2 L/ 
L/day, off-white granules were seen floating on top of the 
liquid contents in the reactor. In the ensuing 5 h large amounts 
of smaller sized granules were seen coming out of the 
overflow tube, before the gas output became stable. The 
granules disappeared when steady state was obtained. This 
degree of biomass granulation (and therefore washout) was 
more pronounced than in Experiment 1. Table III shows the 
steady-state values. The hydrogen content in the off gas was 
stable, averaging 56.8 ±1.6% (368-500 h). The average 
VSS (4.40 ± 0.66 g/L), TSS (4.83 ± 0.68 g/L) and gas output 
(17.4 ± 3.4 L/L/day) were lower than in Experiment 1 at 40 g/ 
L sucrose. Correspondingly residual sucrose (7.4 ±1.9 g/L) 
was higher. However, acetate (3469 ± 567 mg/L) and 
butyrate (9780 ±1072 mg/L) levels were not statistically 
significantly different from those in Experiment 1 at 40 g/L 
sucrose. In both experiments at 40 g/L sucrose, the hydrogen 
yields per hexose consumed were similar (1.17 ±0.3 for 
Experiment 1 and 1.23 ±0.3 for Experiment 2).

To evaluate the performance of the reactor, a COD balance 
that makes use of steady-state values in Table III is shown in

SOgfL
1«00 
12000
10000-
8000 

• 8000 
4000 
2000

200 233 300 

Tine(hun)

o Butyrate • Acetate

Figure 8. Experiment 3. VFA variation for the sparged and non-sparged 
operations at 40 g/L and 50 g/L sucrose. (A) sparging started. (B) sparging 
stopped.
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Table IV. A basis of 1 day was used. From the Table, the 
percentage COD recovery is 88.8 ±7.0%. The balance 
could possibly be soluble microbial products (Majizat et al., 
1997).

In the same experiment the effect of adding w-butyric acid 
was studied. At point A in Figure 5 (487 h), «-butyric acid 
was added to the reactor to give 2 g/L of reactor contents 
followed by 2 g/L incorporated in the feed solution until 
556 h (point B). There was a slight short-lived decrease in gas 
production which was followed by recovery of the steady- 
state production rate. The same figure indicates how addition 
of butyric acid to give 4 g/L of reactor contents at 556 h 
followed by 4 g/L butyric acid incorporated in the feed until 
578 h (point C) influenced the reactor. There was a dramatic 
decrease in gas production to zero. The hydrogen sensor, 
which operates on the principle of absorption of hydrogen 
molecules from the surrounding gas, recorded hydrogen in 
the static gas for some time after the gas flow dropped to zero. 
Acetate and butyrate levels during Experiment 2 are shown in 
Figure 6. Samples taken immediately the 4 g/L butyric acid 
was added gave a butyrate concentration of 18,900 mg/L and 
compares with the butyrate concentration (17,000 mg/L) that 
completely stopped cell growth obtained by Leung and Wang 
(1981) at pH 5.0. The TSS and VSS concentration in 
the reactor after adding 4 g/L of «-butyric acid avera 
ged 5.36 ±0.55 g/L (n = 10) and 4.84 ±0.81 («=10) 
respectively. These concentrations were not statistically 
significantly different (P = 0.05) from those prior to the 
addition of the «-butyric acid. At 578 h the original feed 
solution without butyric acid was reinstated. The reactor 
eventually recovered after 84 h of dormancy (with respect to 
hydrogen production), during which time the propionate 
levels, previously averaging 20.7 ±4.0 mg/L in 120-400 h 
rose to 203 mg/L at 604.7 h. During the dormant period the 
redox potential was positive (150 mV) but became negative 
again (—500 mV) as the bacteria emerged from dormancy.

Experiment 3: Effect of Sparging 
With Pure Nitrogen

Following batch start-up on 20 g/L sucrose, continuous 
operation with 40 g/L sucrose commenced at 20.2 h. After 10 
retention times sparging was started (point A in Figure 7). 
Because of backpressure problems between 140.3 and 
170.4 h, at 170.5 h a pump to remove effluent from the 
reactor was introduced. The dips in gas output at 173 and 233 
h correspond to situations when sparging nitrogen had run 
out. At 306.5 h the feed concentration was increased to 50 g/L 
whilst maintaining sparging. Then at point B sparging was 
stopped but the feeding was continued at 50 g/L sucrose. It is 
noteworthy that this time the system was stable at 50 g/L, and 
it continued to operate at steady state even when the sparging 
was stopped. It was also observed that the bacteria were not 
flocculated unlike the case where no sparging was used. It is 
possible that the sparging fluidised the microbial consortia 
improving their interaction with the substrate and hence the

observed stability. After the lag phase the redox potential was 
consistent, averaging -428 mV.

Table V shows the yield of hydrogen, VSS, TSS and 
hydrogen output obtained in this experiment. Sparging 
did improve the yield by at least 35% at 40 g/L and 33% at 
50 g/L. Improvements in hydrogen yields with sparging 
have previously been obtained by Mizuno et al. (2000) 
and Hussy et al. (2005). A hydrogen partial pressure of 
less than 100 Pa is recommended for continued hy 
drogen production (Tanisho et al., 1989). Some workers, 
for example Kataoka et al. (1997) have applied a vacuum 
(0.28 atm) as a way of alleviating inhibition by high 
hydrogen partial pressure but the improvement in hydrogen 
yield was not very significant (e.g. at 10 g/L glucose under 
vacuum, 1.3-2.2 mol/mol glucose added; with no vacuum, 
1.4-2.0 mol/mol glucose). The variation of VFAs in 
Experiment 3 is as shown in Figure 8. In general for the 
same sucrose concentration, sparging lessened the VFA 
levels. The butyrate level at 50 g/L was lower than at 40 g/L 
sucrose. Hydrogen yields with both 40 and 50 g/L without 
sparging were lower than those obtained in Experiments 1 
and 2, in contrast to VSS.

CONCLUSIONS

• Continuous and stable H2 production was obtained from 
influent containing sucrose (10-40 g/L), within 5 days 
from start-up using heat treated digested sludge as 
inoculum at pH 5.2-5.3, 35°C and 12 h HRT

• The hydrogen content in the off gas was in the range 50%- 
60%

• Increasing the substrate concentration (hence loading rate) 
led to a decrease in the H2 yield, from 1.7 ±0.2 mol/ mol 
hexose added at 10 g/L to 0.8 ± 0.1 mol/mol hexose at 50 g/L.

• Without sparging, steady-state operation at 10,20 and 40 g/ 
L sucrose was possible, while at 50 g/L the system was less 
able to maintain steady state.

• Sparging with N2 improved the H2 yield by at least 35% at 
40 g/L and 33% at 50 g/L, and also the stability of operation 
at 50 g/L sucrose.

• Prolonged operation at 40 g/L sucrose was stable and did 
not show signs of washout or significant variations in VFA 
concentration within the time frame (20 days) studied.

• The main soluble fermentation products were butyrate and 
acetate in the ratio (w/w) of ca. 2.6:1.

• The addition of butyric acid to a stable reactor operating 
on 40 g/L sucrose raised the butyrate level from a mean of 
9,830-18,900 mg/L and completely stopped gas produc 
tion (and initiated the formation of more propionate). 
Continuing to operate at 40 g/L sucrose, the reactor 
recovered 84 h after cessation of the butyric acid 
addition.

The authors wish to thank EPSRC for funding the UK SUPERGEN 
(SHEC) project (grant number GR7526965/01) of which this work 
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ABSTRACT: The performance of a mesophilic two-stage 
system generating hydrogen and methane continuously 
from sucrose (10-30 g/L) was investigated. A hydrogen- 
generating CSTR followed by an upflow anaerobic filter were 
both inoculated with anaerobically digested sewage sludge, 
and ORP, pH, gas output, %H2, %CH4 and %CO2 
monitored. pH was controlled with NaOH, KOH or 
Ca(OH) 2 . Using NaOH as alkali with 10 g/L sucrose, yields 
of 1.62 ± 0.2 mol H2/mol hexose added and 323 mL CH4/ 
gCOD added to the hydrogen and methane reactors respec 
tively were achieved. The overall chemical oxygen demand 
(COD) reduction was 92.6% with 0.90 ± 0.1 g/L sodium and 
316 ±40 mg/L residual acetate in the methane reactor. 
Operation at 20 g/L sucrose and NaOH as alkali led to 
impaired volatile fatty acid (VFA) degradation in the 
methane reactor with 2.23 ±0.2 g/L sodium, 1,885 mg/L 
residual acetate, a hydrogen yield of 1.47 ±0.1 mol/mol 
hexose added, a methane yield of 294 mL/gCOD added and 
an overall COD reduction of 83%. Using Ca(OH) 2 as alkali 
with 20 g/L sucrose gave a hydrogen yield of 1.29 ± 0.3 mol/ 
mol hexose added, a methane yield of 337 mL/gCOD added 
and improved the overall COD reduction to 91% with 
residual acetate concentrations of 522 ± 87 mg/L. Operation 
at 30 g/L sucrose with Ca(OH) 2 gave poorer overall COD 
reduction (68%), a hydrogen yield of 1.47 ±0.2 mol/mol 
hexose added, a methane yield of 138 mL/gCOD added and 
residual acetate 7,343 ±715 mg/L. It was shown that sodium 
toxicity and overloading are important issues for successful 
anaerobic digestion of effluent from biohydrogen reactors in 
high rate systems.
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Introduction
Concerns over dwindling fossil and oil reserves, global 
climate change due to the increase of carbon dioxide 
concentration in the atmosphere and fluctuating energy 
prices influenced by geopolitical uncertainties have led to 
interest in hydrogen as a fuel/energy vector (Midilli et al., 
2005). Hydrogen production by dark fermentation of 
carbohydrate-rich waste organic matter or biomass crops by 
naturally occurring microflora may contribute to the mix of 
technologies yielding hydrogen renewably. Process effi 
ciency, both in terms of cost and energy recovery, requires 
fermentation at the highest concentrations of raw material 
giving process stability and good energy yields. A second 
stage is also necessary to convert fermentation end products 
to useful energy. Other candidate processes for this stage are 
still developing but anaerobic digestion is a proven, 
commercially available technology. It yields methane to 
power the process or for use as a transport fuel with 
hydrogen in internal combustion engines, with reduced 
emissions (Bauer and Forest, 2001; Karim et al., 1996).

The two-stage anaerobic digestion process in which 
acidogenesis and methanogenesis occur in separate reactors 
has a long history (Pohland and Ghosh, 1971). Maximum 
loading rates and chemical oxygen demand (COD) 
elimination in the methanogenic stage of a two-stage 
system operating on glucose were over two times higher than 
the single stage, with process stability also improved (Cohen 
et al., 1980; Speece, 1996). The process was applied in the 
treatment of wastes including sewage sludge (Lin and 
Ouyang, 1993), dairy wastewater (Ince, 1998), instant coffee 
waste (Dinsdale et al., 1997), food waste (Han and Shin,
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2004) and agro-industrial wastes (Weiland, 1993). Results 
show that the two-stage process improved digestibility. The 
applications of this process in the treatment of industrial 
wastewaters were reviewed by Ke (2005)°'.

Until recently, studies on the first stage of the two-stage 
anaerobic digestion process have considered optimisation for 
acidogenesis, not H2 production. The challenges for optimis 
ing for hydrogen production have been reviewed by Hawkes 
et al. (2002). The optimum pH range favouring the 
production of acetate, butyrate and H2 and suppressing 
methanogenesis is between 5 and 6, and in the literature pH 
control normally uses sodium hydroxide (Chen et al., 2002; 
Horiuchi et al., 2002) or potassium hydroxide (Kim et al., 
2006). One of the factors key to process efficiency (including 
energy recovery and cost-effectiveness) is the concentration of 
the substrate. Energy requirements decrease with substrate 
concentration (Fannin, 1987) and, for a given weight of 
organic material, the higher the substrate concentration and 
organic loading rate (OLR) the smaller the size (and cost) of 
the reactor. The maximum substrate concentration giving 
stable H2 production in a continuously stirred tank reactor 
(CSTR) so far reported in the literature is 40 g/L (Kyazze et al., 
2006). However, as the substrate concentration rises, there is 
an increase in the amount of alkali required to keep the acido- 
genic H2 producing reactor at the optimum pH around 5.2.

The methanogenic stage can be affected by cation toxicity, 
for example, from sodium (Bashir and Asif, 2005; Speece, 
1996) and calcium (Ahn et al., 2006; Rubi et al., 2001). 
Anaerobic toxicity assays (batch) using a mixture of 2 g/L 
acetate, 0.5 g/L butyrate and 0.5 g/L propionate as substrate 
revealed that a sodium concentration of 3 g/L reduced the 
methanogenic activity by 50% compared to the blank 
(Feijoo et al., 1995). The activity of methanogenic 
bacteria was reported to cease at sodium concentrations 
of 10-16 g/L (Kugelman and McCarty, 1965; Rinzema et al., 
1988). Inhibition by calcium was reported to start at a 
calcium concentration of 4 g/L in an Upflow Anaerobic 
Sludge Blanket (UASB) reactor treating a glucose-based 
synthetic wastewater (Rubi et al., 2001) with total collapse of 
the process occurring at 6 g/L.

Organic acids entering the methanogenic stage as salts 
are mineralised and the alkalinity (as bicarbonate salts) 
increases. Methanogenic reactor effluent recycled to the H2- 
producing stage could reduce net alkali addition. Kraemer 
and Bagley (2005) studied the effect of recycle on the 
performance of a mesophilic two-stage system with glucose 
entering the hydrogen reactor (CSTR) at 16 gCOD/L (OLR 
4.8 gCOD/L/d) and the effluent fed to an upflow sludge 
blanket reactor. Although recycle reduced the amount of 
alkali required for pH control, the performance of both 
reactors was impaired, with methanogenesis appearing in 
the hydrogen reactor and the COD degradation in the 
methane reactor reduced significantly. This was attributed 
to the recycling of hydrogenotrophic methanogens back to 
the hydrogen reactor.

To date, there is very little information in the literature 
relating substrate concentration to the performance

characteristics of a two-stage system designed to produce 
hydrogen and methane. Cohen et al. (1980) studied the 
maximum turnover of COD in a one and two-stage system 
using 10 g/L glucose as substrate and found that the 
maximum specific sludge loadings of the methanogenic 
phase of the two-stage system (1.49 and 1.61 gCOD/ gVSS/d 
in two separate experiments) was over three times higher 
than that of the one stage system. OLRs of 3-8 gVS/L/d of 
food waste were used in a two-stage mesophilic system 
(Youn and Shin, 2005) but hydrogen yields in the hydrogen 
generating reactor [5 day hydraulic retention time (HRT), 
pH 5.5] were poor (0.07-0.56 mol/mol hexose consumed) 
presumably because some of the hydrogen was consumed to 
produce methane. When the first stage was operated at 55°C, 
there was an improvement in both hydrogen and methane 
yields. However operation at a higher temperature means 
that more energy is required for heating and may more than 
offset the improvement in gas yields. Loading rates of up to 
13.1 gCOD/L/d of wastewater from a hydrogen reactor 
operating on food waste were achieved in an UASB 
methanogenic reactor at a HRT of 6 h (Han et al., 2005). 
This equates to a substrate concentration of 3.3 gCOD/L 
which is rather low.

Thus the objective of this work was to investigate the 
performance of a mesophilic two-stage system (CSTR/ 
upflow filter) continuously producing hydrogen and 
methane as a function of the substrate concentration or 
OLR. Sucrose was used as a model carbohydrate. 
Performance indicators chosen were hydrogen/methane 
yield, COD reduction/volatile fatty acids (VFAs) degrada 
tion and stability of operation. The effect of increased alkali 
addition (NaOH or Ca(OH)2 ) with rising influent 
concentration was evaluated.

Materials and Methods

Reactor Set-Up
An 11 L CSTR (working volume of 10 L) was used for the 
production of hydrogen. The pH was maintained between 
5.2 and 5.3 using a pH controller (Mettler Toledo, Leicester, 
UK) interfaced to an alkali dosing pump (Watson-Marlow, 
Falmouth, UK). Sodium, potassium and calcium hydroxides 
were used as alkali. The calcium hydroxide suspension 
contained 18% calcium hydroxide in water with small 
quantities of calcium carbonate, magnesia (MgO and 
Mg(OH) 2 ) and trace elements, and was obtained from 
Buxton Lime Industries, Buxton, UK. Sodium hydroxide 
(40% w/v solution) and potassium hydroxide (as pellets) 
were obtained from Fisher Scientific, Loughborough, UK. 
Temperature was controlled at 35 ± 0.5°C using a Grant 
flow heater (Grant Instruments, Cambridge, UK) and the 
reactor mixed using an adjustable stirrer (Heidolph 
Instruments, Schwabach, Germany) at 150 rpm based on 
the 'just suspended criterion' (Zwietering, 1958). For 
methane production, a 20 L upflow filter was used. The
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working volume was 17.6 L and the reactor was packed with 
Bio-Blok 80 (net tubes made from polyethylene, Expo-Net 
Danmark A/S, Hjorring, Denmark) to provide a large 
surface area for biofilm attachment. Each tube had a 
diameter of 70 mm, a surface area of 80 m2/m3 in dry 
conditions, a voidage of 92% and a flow area of 70%. Mixing 
in the upflow filter was effected by external recirculation 
using a peristaltic pump (Model 520 IP31, Watson- 
Marlow). The two reactors were arranged in tandem, with 
sufficient effluent from the hydrogen reactor pumped to the 
methane reactor to maintain a 2 day HRT.

The off gas from each reactor was passed through a 
dreschel bottle containing copper II sulphate to strip out any 
hydrogen sulphide and then dried with silica gel before being 
passed through a series of online sensors for determining the 
composition and measuring the flow rate. Online measure 
ments of redox potential (Mettler Toledo), %CO 2 
(Edinburgh Sensors, Livingston, UK), %H2 (H2scan, 
Valencia02 ). pH and temperature (Mettler Toledo) and 
volumetric gas flow rate (ADM2000, Agilent Technologies, 
WiLmingtonQ3) were performed on the hydrogen reactor. 
For the methane reactor online measurements were taken 
for pH, temperature, %CH4 (Edinburgh Sensors), biogas 
flow rate (Model 32908-17, Cole Farmer, Vernon Hills°4) 
and %CO2 . The instruments were calibrated according to 
the manufacturers' instructions. Data were continuously 
logged to a PC as the average over 3 min (1 s—interval 
sampling) using a Labview® program and a National 
Instruments card.

Start-Up
For the hydrogen reactor, anaerobic digester sludge from a 
sewage bio-solids mesophilic digester (Cog Moors Sewage 
Treatment Works, Cardiff, UK) was used as inoculum. The 
sludge was sieved through a 1.18 mm mesh and heat treated 
at 110°C for 10 min. Enough sludge was added to give 3 g/L 
total solids (TS) and sucrose to give 10 g/L. A total of 715 mL 
of a nutrient stock solution was also added to give the 
concentration of nutrients for 10 g/L sucrose as described by 
Hussy et al. (2003). One millilitre of suspended antifoam 
(polydimethylsiloxane, Dow Corning, Coventry, UK) was 
added. The reactor headspace was initially flushed with 
nitrogen. Continuous operation at 12 h HRT was started 
once gas production was well established. This start-up 
procedure was used at the beginning of each experiment. 

For the start-up of the methane reactor, raw digested 
sludge was added to give 5 g/L TS, sucrose to give 5 g/L and 
1 L of the nutrient solution used by Hussy et al. (2003). 
The headspace was flushed with nitrogen and mixing was 
effected by external recirculation of the reactor contents at 
an upflow velocity of 5.8 m/d. Sodium bicarbonate was 
dosed intermittently to keep the pH above 6.5 but below 8.0. 
Feeding of effluent from the hydrogen reactor was started 
when the hydrogen reactor had reached steady state or gone 
through three HRTs. Here steady state refers to near

constancy in gas production and also VFA concentration 
(±10%). The methane reactor was kept unfed, at room 
temperature with recirculation, between experiments.

Operation

Stock sucrose solution (50 or 100 g/L, stored at 4°C), 
nutrient stock solution to give the concentrations for 10 g/L 
sucrose described in Hussy et al. (2005), and dilution water 
(containing 0.1 mL/L of suspended antifoam) were fed 
separately to the hydrogen reactor using peristaltic pumps 
(Watson-Marlow) to maintain a 12 h HRT and deliver the 
required sucrose concentration at the point of entry to the 
reactor. Once steady operation was established effluent was 
pumped from the hydrogen reactor to the methane reactor 
to maintain a 2 day HRT. In each experiment, as sucrose 
concentration was changed, the nutrient strength was 
changed proportionately.

Experiment 1 examined hydrogen and methane yields as a 
function of OLR using sodium hydroxide as alkali. The 
organic loading to the methane reactor was changed by 
changing the substrate concentration of the feed to the 
hydrogen reactor from 10 to 15 to 20 g/L. On day 20 and for 
all succeeding experiments, MgSO4 in the nutrient medium 
was substituted by MgQ2. The effect of lowering sodium 
concentration in the hydrogen (and therefore methane) 
reactor by using a mixture of equal volumes of sodium 
hydroxide and potassium hydroxides (both 82 g/L) as alkali 
was studied.

To rule out any influence of biofilm development on the 
performance of the methane reactor, Experiment 1 was 
repeated after 6 months during which period the methane 
reactor was used in Experiment 2 and other similar studies. 
In the repeat experiment, operation with 10 g/L sucrose for 
15 days was followed by operation at 20 g/L sucrose for a 
further 14 days.

Experiment 2 studied the effect of using calcium 
hydroxide only as alkali for substrate concentrations of 
10, 20 and 30 g/L sucrose. The commercially available 
Ca(OH)2 solution was diluted in the ratio 3:1 with water to 
render it easier to dose. The calcium hydroxide storage vessel 
was kept stirred all the time using a magnetic stirrer and the 
dosing pump set to its maximum (55 rpm) to prevent the 
calcium hydroxide from settling in the tubes. Sodium 
bicarbonate (2 g/L reactor/d) was dosed continuously to the 
methane reactor for the first two HRTs following start-up 
and also when the substrate concentration was 30 g/L 
sucrose. The bicarbonate was combined with effluent from 
the hydrogen reactor and gave a sodium concentration in 
the influent of the methane reactor of 1 g/L.

Off-line Analysis
Liquid samples were taken once daily from both reactors for 
the analysis of VFAs, total suspended solids (TSS), volatile 
suspended solids (VSS), solvents (ethanol, butanol and
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acetone), residual sugars, bicarbonate alkalinity and soluble 
COD. VFAs were determined by the method of Cruwys et al. 
(2002). Solvents were determined by the method of 
Hussy et al. (2003). Soluble COD, TS, TSS and VSS were 
determined by standard methods (APHA, 1989). The 
hydrogen content of the gas produced was cross-checked 
by GC (Mizuno et al., 2000). The hydrogen sulphide content 
in the off gas was measured using a hydrogen sulphide 
gas detection tube packed with copper sulphate (RAE 
Systems, Sunnyvale05). Residual sucrose in the effluent was 
quantified by the phenol-sulphuric acid method using 
sucrose as the standard (Dubois et al., 1956). Bicarbonate 
alkalinity was determined by the method of Jenkins et al. 
(1983). Lactate was determined by the method of Hussy 
et al. (2005). Sodium, calcium and potassium were analysed 
by ion chromatography (Dionex, Camberley, UK) using 
20 mM methanesulphonic acid as the eluent (flow rate of 
0.5 mL/min), an lonPac CS12A (2 x 250 mm) analytical 
column, a salt converter cation self regenerating suppressor 
(suppressor current of 50 mA) and a CD20 conductivity 
detector (detector temperature = 30°C).

Results and Discussion

Experiment 1: Effect of OLR on H2 and CH4 
Yield With NaOH as Alkali

H2 Reactor Operation

Initially, continuous operation of the hydrogen reactor was 
started after 1.78 days with 5 g/L sucrose but gas production 
was not sustainable. The reactor was therefore put in 
recovery (batch) mode on day 4.81. On day 5.68, continuous 
operation was restarted with the feed concentration 
increased to 10 g/L sucrose (OLR 20 g/L/d). Figure la 
and b show the variation of volumetric hydrogen produc 
tion rate (calculated from the logged data for %H2 and 
total gas flow rate) and redox potential over time. During 
days 1-4.81 of batch start-up and continuous operation on 
5 g/L sucrose, the redox potential became negative, then 
positive and gas production ceased. This could be due to 
sporulation of the clostridial population thought res 
ponsible for H2 production, due to substrate limitation. 
After putting the reactor in recovery mode on day 4.81, there 
was a lag phase of about 12 h, presumably when the 
bacteria started germinating again and the redox potential 
fell from +75 mV on day 4.81 to -469 mV on day 6.2. After 
this point, redox potential was stable and averaged 
-417.5 ± 17.5 mV in days 40-60. On day 20, MgSO4 in 
the nutrient medium was substituted by MgCl2. Hydrogen 
production was stable and averaged (days 60-70) 4.25 L/L/ 
dQ6. a yield of 1.62 mol/mol hexose added. The off gas 
contained 60% H2> the rest being carbon dioxide. The 
degradation of the influent sucrose to fermentation end 
products (in days 60-70) was 98.5% efficient with 
13.5 ± 1.9% of the influent COD converted to hydrogen.
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Figure 1. »,\>: Experiment 1: hydrogen reactor. Time variation of volumetric 
hydrogen production rate and redox potential for a CSTR, 12 h HRT, pH 5.25 (NaOH as 
alkali) and 35°C. A and B (days 1.78-5.68), operation on 5 g/L sucrose; B (day 5.68), 
continuous operation at 10 g/L sucrose started; C (day 20), S0\~ to Cl~; D (day 72), feed 
strength changed from 10 to 15 g/L; E (day 78), feed strength changed to 20 g/L; (day 
89), alkali changed from NaOH to a mixture of KOH and NaOH.

The liquid phase in days 60-70 consisted mainly of 
butyrate (3,480 ± 138 mg/L) and acetate (1,877 ± 81 mg/L). 
Ethanol (94.8 ± 8 mg/L) and butanol (20.2 ± 5.1 mg/L) were 
also produced. No lactate was detected. Residual sucrose 
averaged 153 ± 19 mg/L. Results for the period days 60- 
70 are summarised in Table I.

The nature of the stability observed here, both of the 
gaseous phase composition as well as the liquid phase, 
suggests that the culture was probably devoid of metabolic 
and population shifts (Hawkes et al., 2002). The diversity of 
reduced end products however means that hydrogen yield 
was reduced from a maximum (theoretically) of 4 mol/mol 
hexose consumed with acetate alone to 1.62 mol/mol hexose 
added (1.64 mol/mol hexose consumed). A similar yield was 
obtained previously at these conditions (Kyazze et al., 2006) 
and is higher than yields obtained by some workers (Fan 
et al., 2006; Hussy et al., 2005; Kim et al., 2006; Mizuno et al., 
2000) using sucrose or glucose at comparable concentra 
tions and HRT.

From day 69-72, hydrogen production was still stable 
(Fig. Ib). During days 73-77.9 the hydrogen reactor was 
operated on a feed concentration of 15 g/L and on day 78 the 
concentration was increased to 20 g/L sucrose. The 15 g/L 
sucrose was used in an attempt to avoid a sudden overload 
to the second stage methane reactor. A volumetric hydrogen 
production rate of 7.72 ± 0.6 L/L/d (yield of 1.47 ± 0.1 moll 
mol hexose added) was obtained between days 82 and
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Table I. Experiment 1: sodium hydroxide as alkali.

10 g/L sucrose (days 60-70)

Influent COD (mg/L)
Effluent COD (mg/L)
OLR (gCOD/L/d)
%COD reduction
H 2 yield (mol/mol hexose added)
H2 yield (mL/gCOD)
CH4 yield (mL/gCOD)
Acetate (mg/L)
n-butyrate (mg/L)
i-butyrate (mg/L)
Propionate (mg/L)
i-valerate (mg/L)
Ha or CH4 production rate (L/L/d)
Qou, (W) b
H 2 or CK, content (%)
Residual sucrose (mg/L)
TSS (g/L)
VSS (g/L)
Na+ (g/L)

H2 reactor

11,228
8,507 ±595 (5)

22.5
24.2 ±5.3
1.62 ±0.2
189 ±26

NA
1,877 ±77 (6)
3,480 ±138 (6)

157 ±37 (4)
None
None

4.25 ±0.6
2.29 ±0.3

60.1 ±0.8 (n = 4,540)
153 ±19 (5)

2.16 ±0.3 (5)
1.84 ±0.2 (5)
0.92 ±0.2 (5)

CH4 reactor

8,507 ±595 (5)
830 ±71 (7)

4.3
90.2 ± 9.5

NA
NA

323 ±23
316±40 (4)

51 ±11 (4)
28 ±16 (4)

108 ±9 (4)
14 ±2 (4)

1.39±0.1
9.23 ±0.7

74.7 ±5.4 (n = 7,240)
None
ND
ND

0.90 ±0.1 (6)

H 2 reactor

22,456
17,102±1217(3)

45.0
23.8 ± 5.4
1.47 ±0.1
172±13

NA
3,578 ±682 (10)
6,843 ±635 (10)

499 ±131 (6)
None
None

7.72 ±0.6
2.08 ± 0.2

57.7 ±1.1 (« = 2,736)
170 ±23 (4)

3.31 ±0.1 (5)
3.04 ±0.1 (5)
2.11 ±0.3 (4)

CH4 reactor

17,102±1217 (3)
3,752a

8.6
78±7a

NA
NA

294 ± 23
l,885a
610a
298"
167a
45"

2.53 ±0.2
8.45 ±0.7

74.0 ±2.1 (n = 4,800)
None
ND
ND

2.23 ±0.2 (6)

Comparison of the performance of the two-stage system at different loading rates and substrate concentrations. 
NA, not applicable; ND, not determined. Numbers of measurements are shown in parentheses. 
"Value on day 88.
bEnergy content of gas produced per gCOD added to the entire system; high heating values of hydrogen and methane are 12.1 and 37.71 J/mL at 15°C and 

101.325 kPa respectively (Rose and Cooper, 1977).

88 (Fig. lb). In the same period, the H2 reactor liquid phase 
contained acetate 3,578 ±682 («=10) mg/L, butyrate 
6,844 ± 635 (n = 10) mg/L, ethanol 160 ± 12 (n = 5) mg/L 
and 17.1 gCOD/L. Similar levels of butyrate (6345 ± 
562 mg/L) and hydrogen yield (1.30 ± 0.3 mol/mol hexose 
added) were obtained previously at these conditions but the 
level of acetate (2,009 ±640 mg/L) was significantly 
different (Kyazze et al., 2006). Residual sucrose averaged 
170 ± 23 mg/L in the period day 82-88, a conversion of 99%. 
Butanol was produced in variable amounts with a peak of 
174 mg/L produced on day 81 where as 15 mg/L was 
produced on day 87. Lactate was also detected in variable 
amounts ranging from 250 to 600 mg/L. The redox potential 
averaged -398 ± 38 mV in the period 60-100 days. Results 
for the period days 82-88 are summarised in Table I.

To alleviate sodium toxicity in the second methanogenic 
stage (see CH4 Reactor Operation Section), a mixture of 
sodium and potassium hydroxides was used for pH control 
in the hydrogen reactor operating at 20 g/L sucrose. Figure 
lb shows that after day 89 when the mixture was used for pH 
control, the hydrogen reactor was severely inhibited with 
hydrogen production dropping to zero in 4 days.

A sample taken from the hydrogen reactor on day 90.1 
contained 1.02 g/L sodium and 1.42 g/L potassium. The 
sodium concentration of 1.02 g/L is not significantly 
different from the level (0.92 ±0.2 g/L) observed when the 
hydrogen reactor was operated at 10 g/L sucrose and where 
stable operation was obtained. Maybe potassium is toxic at a 
concentration of 1.42 g/L in biohydrogen reactors. Kim et al. 
(2006) used potassium hydroxide for controlling pH

between 5.3 and 5.5 in their study of the effect of substrate 
(sucrose) concentration in the range 10-60 gCOD/L on 
hydrogen production. Beyond 35 gCOD/L there was no 
increase in VFA concentration which they attributed to 
microbial inhibition by high (>8.8 gCOD/L) residual 
sucrose concentrations. It is however possible that 
potassium toxicity may have had a role in inhibiting their 
process. Potassium hydroxide was used for pH control with 
no reported ill effects during the biological production of 
hydrogen using a membrane bioreactor at a pH of 5.5 (Oh 
et al., 2004), although the low substrate concentration used 
(10 g/L glucose) may suggest a low (<1.42 g/L) concentra 
tion of potassium in the reactor. It may also be that the 
adverse effect of Na+ and K+ is synergistic.

CH4 Reactor Operation

From day 13 of operation of the hydrogen reactor, the 
effluent was fed to an upflow anaerobic filter started up in 
batch mode and fed intermittently with 2.5 g/L sucrose 
between days 0 and 13. The OLR to the methane reactor in 
days 13-73 Was 4.25 ±0.3 gCOD/L/d (2 days HRT). To 
control pH within the range 6.5-8.0 suitable for methano- 
genesis (Speece, 1996), sodium hydrogen carbonate was 
continually dosed at a rate of 2.0 g/L reactor/d from day 13 
to day 43. The dosing rate was such that it gave a 5% 
decrease in HRT, from 2 to 1.9 days.

Figure 2a shows the methane volumetric production rate 
(calculated from the logged data for %CH4 and total gas 
flow rate) and sodium concentration over time. A steady
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Figure 2. a,b: Experiment 1: methane reactor. Time variation of volumetric 
methane production rate and sodium concentration from an upflow anaerobic filter 
reactor (2 day HRT) fed with effluent from the hydrogen reactor. A (day 13), start of 
continuous operation on effluent from the hydrogen reactor (OLR 4.3 gCOD/l/d); B (day 
20), change of nutrient S0j~ to Cl ; C (day 43), discontinuation of NaHC03 addition; D 
(day 72), OLR increased from 4.3 to 6.6. gCOD/L/d; E (day 78), OLR increased from 6.6 to 
8.6 gCOO/L/d; F (day 89), alkali to the H2 reactor changed from NaOH to KOH + NaOH.

methane production rate of 0.7 L/L/d was initially obtained 
in the period 15-20 days when the loading rate was 
4.3 gCOD/L/d but at this methane production rate the 
reactor was underperforming. On day 18 for example, 
the effluent stream contained 6,734 mgCOD/L (influent 
concentration 8,507 mgCOD/L; i.e., 21% COD removal). 
The pH in the methane reactor was 6.6.

In the same period (days 15-20), hydrogen sulphide was 
detected in the off gas amounting to 1,500 ppm. Hydrogen 
sulphide was reported to be inhibitory to methanogens 
(Colleran et al., 1995; Speece, 1996); for bacteria, it is 
inhibitory at levels of 0.002-0.003 M H2S, that is, 68- 
102 ppm in solution (Speece, 1996). Therefore from day 20 
and in all succeeding experiments, magnesium sulphate in 
the H2 reactor nutrient medium was substituted with 
magnesium chloride. Following the change in nutrient 
recipe, the concentration of hydrogen sulphide in the off gas 
of the methane reactor decreased to less than 50 ppm and 
methane production almost doubled, from 0.7 to 1.3 L/L/d, 
and was stable for 13 days (days 25-37.9, Fig. 2a). The pH 
increased from 6.6 to 6.8 in days 20-25. In the period days 
25-37.9, the sodium concentration in the methane reactor

was 1.83 ± 0.05 g/L and alkalinity ranged between 3,200 and 
3,600 mg/L as CaCO3 . However gas production started to 
decrease between days 38 and 39 (Fig. 2a). The bicarbonate 
alkalinity peaked at 4,000 mg/L on day 39. The pH (7.0 on 
day 39) started decreasing after day 39 (sodium concentra 
tion in the methane reactor on day 38 was 2.75 g/L). It was 
thought that sodium may be inhibiting the process. So, the 
dosing of bicarbonate was stopped on day 43. The 
bicarbonate alkalinity started decreasing after day 39 and 
reached a minimum of 1,000 mg/L in days 47-52 before 
increasing again. Methane production was seen to improve, 
presumably as a result of the sodium levels decreasing from 
2.75 g/L on day 38 to 1.87 g/L on day 45.7 (Fig. 2a and b), 
reaching a steady-state level of 1.39 LCH4/L/d (days 60-70, 
Fig. 2b and Table I) and the reactor was able to self regulate 
pH (average bicarbonate alkalinity 2,000 mg/L CaC03 in 
days 50-80). The yield of methane over the days 60-70 was 
323 mL/gCOD added with a COD reduction of 90.2%. 
Cohen et al. (1980) working with 10 g/L glucose obtained 
yields of 334 and 313 mL/gCOD added in duplicate one- 
stage anaerobic digestion experiments (pH 7.2, 30°C, 100 h 
HRT). For duplicate two-stage anaerobic digestion config 
uration experiments (acidification reactor—pH 6, 30CC, 
10 h HRT; methane reactor—pH 7.2,30°C, 100 h HRT) the 
methane yields were 383 and 321 mL/gCOD added (Cohen 
et al., 1980).

The variation of VFAs in the methane reactor with time is 
shown in Figure 3. Upon starting the feeding of effluent 
from the hydrogen reactor on day 13, acetate increased while 
butyrate decreased. This may imply that butyrate was being 
converted to acetate since butyrate is not directly 
metabolised by methanogens. With continued operation, 
the acetate concentration started to decrease on day 22 and 
coincided with the change in nutrient recipe to the hydrogen

0 10 20 30 40 50 60 70 83 90 100 

Time (days)

o Acetate An-butyrate

Figure 3. Experiment 1: methane reactor. Time variation of VFAs from an upflow 
anaerobic filter reactor (2 day HffT) fed with effluent from the hydrogen reactor. A Way 
13), start of continuous operation on effluent from the hydrogen reactor (OLR 4.3 gCODV 
VIA); B (day 20), change of nutrient S0j~ to CP; C (day 43), discontinuation of NaHCOs 
addition; 0 (day 72), OLR increased from 4.3 to 6.6. gCOD/L/d; E (day78), OLR increased 
from 6.6 to 8.6 gCOD/L/d; F (day 89), alkali to the H2 reactor changed from NaOH to 
KOH + NaOH.
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reactor to reduce hydrogen sulphide (day 20). On day 32, 
the downward trend of acetate concentration stopped and 
butyrate started to increase, presumably due to sodium 
toxicity and decreased after discontinuing the supply of 
sodium bicarbonate on day 43. The reactor reached steady 
state in the period 60-70 days with residual acetate 
concentrations of 316 ±40 mg/L and small amounts of 
i-butyrate (28 ±16 mg/L), n-butyrate (51 ±11 mg/L), 
propionate (108 ±9 mg/L) and i-valerate (14 ±2 mg/L).

After day 78, having increased the OLR to the methane 
reactor to 8.55 gCOD/L/d, the methane volumetric 
production rate averaged 2.53 ± 0.2 L/L/d (days 80-88, 
Fig. 2b, Table I), a methane yield of 294 mL/gCOD added. 
However, acetate and butyrate concentrations in the 
methane reactor continued to rise (Fig. 3, days 80-90). 
Propionate initially rose to 400 mg/L then decreased to 
166 mg/L, i-butyrate increased from 100 to 298 mg/L where 
as i-valerate remained almost constant at 45 mg/L in 
days 80-88. The COD reduction in the methane reactor 
decreased with time from 90% on day 78 to 78% on day 88. 
The BA and pH also decreased, from 2,500 mg/L and 7.0 on 
day 80 to 2,000 mg/L and 6.85 respectively on day 88. 
Feeding of the methane reactor was stopped on day 92 
whereas the hydrogen reactor was stopped on day 96.

Figure 2a and b also show the variation of sodium 
concentration in the methane reactor over time. On day 31.9 
when the downward trend in VFA (particularly acetate) 
concentration stopped (see Fig. 3), sodium in the methane 
reactor was 1.87 g/L. On day 39.8 when volumetric methane 
production rate (Fig. 2a) started decreasing, the sodium 
concentration in the methane reactor was 2.75 g/L and 
acetate and butyrate were increasing in concentration. 
Around day 50 when volumetric methane production rate 
started to increase again, the concentration of sodium in the 
methane reactor was about 1.72 g/L (day 50.7). Between 
days 60 and 70 when VFA concentration in the methane 
reactor was lowest, the sodium concentration was 0.90 ± 
0.1 g/L (n = 6). This suggests that a sodium concentration of 
1.87 g/L is probably the inhibitory threshold for methano- 
gens operating on such a VFA/ethanol mixture. A sodium 
concentration of 2.75 g/L (days 38-39, Fig. 2a) appears to be 
toxic whereas a concentration of 1 g/L can be tolerated. The 
sodium concentration in the methane reactor after day 78 
was 2.23 ± 0.2 g/L (n = 6) and appears to be in the inhibitory 
range.

It is probable that published studies on single stage dark 
fermentative hydrogen production may be using conditions 
that would give rise to sodium toxicity in any subsequent 
methanogenic stage. For example, a bicarbonate alkalinity of 
7,043 mg/L as CaCO3 was reported by Chang and Lin (2004) 
for a hydrogen producing UASB reactor generating 
hydrogen from sucrose at pH 6.7. The equivalent sodium 
concentration would be 3.24 g/L (Hawkes et al., 1993), 
depressing methane production in any subsequent metha 
nogenic stage. On the other hand, Han and Shin (2004) in 
their two-stage system producing hydrogen and methane 
from food waste and where process effluent was recycled as

dilution water, continually monitored sodium concentra 
tion for fear of accumulation of sodium and the consequent 
toxicity. The process effluent was exchanged once every 
25 days with prepared dilution water by 40%. This kept the 
sodium concentration below 1.65 g/L (because this was 
lower than reported inhibitory levels) and led to stable 
operation.

Some workers (White and Stuckey, 2000) attributed the 
increase in acetate levels in chemostat methanogenic 
anaerobic digesters fed with high strength substrate 
(30 gCOD/L sucrose, 20 day HRT, 35°C, sodium 
concentration (added as NaHCOs) in feed of 6.67 g/L) to 
nutrient limitation because metal ion supplementation 
(including significant amounts of Mg2+ and Ca2+ ) 
improved acetate degradation. The present study indicates 
that an increase in acetate levels can be reversed (Fig. 3, point 
C) even without nutrient supplementation if sodium levels 
are decreased. Moreover Bashir and Asif (2005) reported 
that calcium and magnesium are very effective in reducing 
sodium toxicity when used together. It therefore appears 
that the nature of the inhibition may not be nutrient 
limitation but rather sodium toxicity, usually originating 
from NaHCO 3 conventionally used as a buffering agent.

Comparison of the Performance of the 
Two-Stage System at 10 and 20 g/L Sucrose
A comparison of the performances of the hydrogen 
producing and methanogenic reactors at 10 and 20 g/L 
sucrose is given in Table I. It can be seen that the hydrogen 
yield was higher for a hydrogen reactor operated at 10 g/L 
sucrose (1.62 mol/mol hexose added) compared to 
operation at 20 g/L sucrose (1.47 mol/mol hexose added). 
Similar results (1.65 ±0.2 mol/mol hexose added at 10 g/L 
and 1.30 ±0.3 mol/mol hexose added at 20 g/L sucrose) 
were obtained previously (Kyazze et al., 2006). It appears 
that dilute solutions give improved hydrogen yields, as was 
also recently highlighted by van Ginkel and Logan (2005) 
using glucose as a substrate (2.5-10 gCOD/L, HRT 1-10 h, 
pH 5.5, T= 30°C). Different results were however obtained 
by Kim et al. (2006) using sucrose as a substrate (CSTR, ID- 
60 gCOD/L, pH 5.3-5.5, 12 h HRT, T= 35°C); a maximum 
hydrogen yield of 1.09 mol/mol hexose added was obtained 
at a substrate concentration of 30 gCOD/L while below 
20 gCOD/L, the hydrogen yield decreased with decreasing 
influent sucrose concentration.

Based on the volumetric hydrogen yields in Experiment 1, 
13.5% of the influent COD was converted to hydrogen for 
operation at 10 g/L sucrose whilst the conversion was 12.3% 
at 20 g/L sucrose. Cohen et al. (1979) obtained an average 
COD conversion to hydrogen of 12% while working with 
glucose as the substrate (10 g/L, pH 6, 30C C, 10 h HRT).

Although the effluent from the hydrogen reactor did not 
contain propionate or valerate, these compounds, along 
with acetate, i-butyrate and n-butyrate, were detected in 
the effluent of the methane reactor. It is possible that the 
propionate and valerate were a result of degradation of the
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residual sucrose (Table I) from the hydrogen reactor. 
Propionate production in anaerobic digesters may be a sign 
of difficulties in any one or more of the metabolic processes 
of anaerobic digestion (Speece, 1996). Table I also shows 
that large amounts of acetate (e.g., 1,885 mg/L on day 88) 
and n-butyrate (e.g., 610 mg/L on day 88) were detected in 
the effluent of the methane reactor when the hydrogen 
reactor was being fed with 20 g/L sucrose. The COD 
reduction in the methane reactor on day 88 was 78%. Note 
that only single values as distinct from averages can be 
quoted here as the VFA profile was not stable (days 82-88, 
Fig. 3). Day 88 was chosen because it was the last day of 
operation of the hydrogen reactor using NaOH only as 
alkali. Since acetate can be metabolised by acetoclastic 
methanogens, it can be concluded that the methanogenic 
reactor was performing poorly.

There was no statistically significant difference ( P < 0.05) 
in the TSS (and VSS) in the hydrogen reactor and in the 
effluent from the upflow anaerobic filter at 20 g/L sucrose 
(TSS, 3.31 ±0.1 g/L in the hydrogen reactor compared to 
3.41 ±0.5 g/L in the effluent of the methane reactor) 
perhaps signifying that bacteria from the hydrogen reactor 
were not degraded or held up in the packing material in the 
methane reactor.

The energy output based on 1 gCOD input to the entire 
two-stage process can be calculated. When the hydrogen 
reactor of the two-stage system was operated at 10 g/L 
sucrose and effluent fed to a methanogenic reactor, the total 
gross energy produced averaged over days 60-70 was 
11.52 ±0.8 kJ/gCOD added to the entire system (for an 
overall COD reduction of 92.5%). For 20 g/L sucrose, the 
energy output was 10.53 ± 0.7 kJ/gCOD added to the entire 
system. Anaerobic degradation of 1 gCOD to methane with 
no hydrogen would theoretically (100% COD reduction) 
produce 350 mL or 13.2 kj but this does not take 
into account the fact that some of the COD would be 
transformed into biomass. Cohen et al. (1980) obtained 
methane yields of 334 and 313 mL/gCOD glucose added to a 
one phase anaerobic digestion process in two separate 
experiments. The energy equivalent is 12.6 kJ/gCOD added 
and 11.8 kJ/gCOD added respectively. It appears the energy 
yield is comparable for both two-stage and single stage 
processes. However for the two-stage process, optimisation 
of the environmental conditions of the microorganisms in 
each reactor can mean increased stability, higher sludge 
loading capacities and improved rates of substrate turn over, 
particularly with complex substrates, which may allow a 
reduction in reactor volume (Cohen et al., 1979; Ke et al., 
2005). This would improve the energy balance of the 
process.

Results for the repeat experiment (details not shown here) 
were similar when compared with those of Experiment 1 
despite the fact that there had been a 6-month interval. For 
the two-stage system fed with 10 g/L sucrose, the COD 
reduction at steady state in the methane reactor was 90% (cf. 
90.2% for Experiment 1). When the influent concentration 
was increased to 20 g/L on day 15, acetate increased and

reached 1,773 mg/L on day 25 (cf. 1,885 mg/L, 10 days 
after substrate concentration was increased to 20 g/L in 
Experiment 1). It appears that biofilm development did not 
have any effect on the performance of the methane reactor 
and therefore that results from Experiments 1 and 2 could 
reasonably be compared.

Experiment 2: Effect of OLR on H2 and CH4 
Yield With Ca(OH)2 as Alkali

In order to alleviate the effects of sodium toxicity, 
Experiment 2 used calcium hydroxide as the pH control 
agent. The hydrogen reactor was operated at three different 
concentrations, 10, 20 and 30 g/L sucrose (12 h HRT) and 
effluent from it fed to the upflow filter reactor (2 day HRT) 
to generate methane.

H2 Reactor Operation

Figure 4a shows the variation of volumetric hydrogen 
production rate and residual sucrose concentration against 
time. It can be seen that hydrogen production was stable at 
all the substrate concentrations studied and volumetric 
hydrogen production rate increased with substrate con-
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Figure 4. a,b: Experiment 2: hydrogen reactor, pH controlled by dosing Ca(OH)2 . 
Time variation of volumetric hydrogen production rate, residual sugar concentration 
and VFAs. A (day 0.6), continuous operation with 10 g/L sucrose; B (day 12), continuous 
operation with 20 g/L sucrose; C (day 25), continuous operation with 30 g/L sucrose.
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centration -3.37 ± 0.3 L/L/d at 10 g/L sucrose (H 2 yield of 
1.29 ± 0.1 mol/mol hexose added, days 5-10); 6.78 ± 1.4 L/ 
L/d at 20g/L sucrose (H2 yield of 1.29 ± 0.3 mol/mol hexose 
added, days 15-20) and 11.57 ± 1.5 L/L/d at 30 g/L sucrose 
(H2 yield of 1.47 ± 0.2 mol/mol hexose added, days 26-40) 
(Table II). H 2 yield was higher at 30 g/L sucrose than at 20 or 
10 g/L sucrose. The occasional decreases in hydrogen 
production on days 22, 28.8, 33.8, 36 and 42.7 were due 
to nutrient limitation as the nutrient feed tube collapsed 
but once feeding of nutrient was resumed, gas production 
increased again.

pH was adequately controlled except on one occasion 
(day 7.7) when pH fell to 4.7 but that did not appear to affect 
the performance of the reactor. The proportion of hydrogen 
in the off gas did not change significantly with substrate 
concentration, averaging 51.0 ± 1.0% (10 g/L, days 5-10), 
51.2 ±0.7% (20 g/L, days 15-20) and 49.8 ±2.5% (30 g/L, 
days 44—47). The rest of the gas consisted mainly of carbon 
dioxide with small amounts of nitrogen (<1%) but no 
methane. Ethanol peaked at 2,753 mg/L on day 2 and then 
decreased steadily reaching 157 mg/L on day 7. In days 8—47, 
the ethanol concentration averaged 135 ± 38 (n = 20) mg/L.

The redox potential was negative, falling from 123 mV to 
-400 mV on days 0-8 and averaged -558 mV in days 25- 
45. rc-butyrate was the main VFA produced followed by 
acetate (on a weight basis; Fig. 4b). Table II gives a 
comparison of the performance of the two-stage system at 
different loading rates and substrate concentrations. In the 
hydrogen reactor, acetate and n-butyrate concentrations 
increased with increasing substrate concentration averaging 
respectively 1,372 ± 126 mg/L and 3,009 ± 160 mg/L at 10 g/ 
L sucrose (days 5-10); 2,290 ±215 mg/L and 4,477 ± 
471 mg/L at 20 g/L sucrose (days 15-20); 3,086 ± 486 mg/L 
and 7,164 ±1,381 mg/L at 30 g/L sucrose (days 26-36); 
3,953 ± 527 mg/L and 9,832 ± 488 mg/L at 30 g/L sucrose 
(days 37^7) (Table II). At 20 g/L sucrose, the concentration 
of butyrate increased with time and was also variable for the 
first 10 days after increasing the sucrose concentration 
to 30 g/L (Fig. 4b). TSS and VSS also increased with 
increasing substrate concentration averaging respectively 
1.96 ±0.05 g/L and 1.87 ±0.07 g/L at 10 g/L sucrose; 
6.55 ± 1.2 g/L and 4.9 ±0.6 g/L at 20 g/L sucrose; 10.2 ± 
2.8 g/L and 5.5 ±0.6 g/L at 30 g/L sucrose (Table II). In 
general, lactate was not detected in days 4-25 except on day

Table II. Experiment 2: calcium hydroxide as alkali.

Influent COD
(mg/L)

Effluent COD
(mg/L)

OLR (gCOD/L/d)
%COD reduction
H2 yield (mol/mol

hexose)
H2 yield

(mL/gCOD)
CH4 yield

(mL/gCOD)
VFAsb

Acetate
n-butyrate
i-butyrate
Propionate
H2 or CH4

production
rate (L/L/d)

Qou, (kj)c

10 g/L
H2 reactor 
(days 5-10)

11,228

8,775 ±1,004 (4)

22.5
21.9

1.29 ±0.1

150±13

NA

1,372 ±126 (6)
3,009 ±160 (6)

None
None

3.37 ± 0.3 (2,400)

1.82±0.1
H2 orCH4 51.0 ±1.0 (2,400)

content (%)
Sucrose cone.

(mg/L)
TSS (g/L)
VSS (g/L)
Na+ (g/L)
Ca2 + (g/L)

252 ±37 (3)

1.96 ±0.05 (4)
1.87 ±0.07 (4)

NA
NA

sucrose
CH4 reactor 
(days 7-11)

8,775 ±1,004 (4)

962 ±78 (2)

4.39
89.0
NA

NA

330 ±54

349 ± 3 (2)
70.8 ± 0.3 (2)
24.5 ± 0.4 (2)

41 ±3 (2)
1.45 ±0.2 (1,920)

9.72 ±1.6
73.0 ± 3.0 (2,400)

NA

ND
ND

0.285 ±0.08 (4)
0.37 ±0.03 (4)

20 g/L sucrose
H2 reactor 

(days 15-20)

22,456

13,737 ±866 (3)

45.0
38.8

1.29 ±0.3

151±31

NA

2,290 ±215 (12)
4,477 ±471 (12)

None
None

6.78 ±1.4 (2,400)

1.83 ±0.4
5 1.2 ±0.7 (2,400)

770 ±176 (5)

6.55 ±1.2 (5)
4.9 ±0.6 (5)

NA
NA

CH4 reactor 
(days 16-23)

13,737 ±866 (4)

1,989 ±237 (4)

6.90
85.5
NA

NA

339 ±49

522 ±87 (6)
73.1 ± 16.5 (6)
31.4±5.2 (6)
70 ± 11 (6)

2.33 ±0.3 (3,504)

7.82 ±1.1
73.1 ±2.2 (3,504)

NA

ND
ND

0.492 ±0.0 13 (4)
0.68 ±0.02 (3)

30 g/L sucrose
H2 reactor 

(days 26-40)

33,684

26,087 ± 562 (6) a

67.4
22.6

1.47 ± 0.2

172 ±22

NA

3,953 ±527 (11)"
9,832 ±488 (11)"

None
None

11.57 ±1.5 (6,720)

2.08 ± 0.3
49.8 ±2.5 (6,720)

Widely variable 1,312 ± 1,000

10.2 ±2.8 (5)
5.5 ±0.6 (5)

NA
NA

CH4 reactor 
(days 44-^17)

26,087 ± 562 (6)

10,920 ±2175 (4)

13.04"
58.1
NA

A

138 ±16

7,343±715 (11)
1,803 ±338 (9)

421 ±73 (9)
779 ±125 (9) (days 39-47)

1.80 ±0.2 (1,797)

4.03 ± 0.5
65.6 ±4.4 (1,797)

(9) NA

ND
ND

0.645 ±0.2 (4)
1.72 ±0.3 (5)

Comparison of the performance of the two-stage system at different loading rates and substrate concentrations.
NA, not applicable; ND, not determined. Numbers of values are shown in parentheses.
"Days 37-17.
^Jnits, mg/L.
'Energy content of gas produced per gCOD added to the entire system; high heating values of hydrogen and methane as in Table I.
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22 when small amounts (290 mg/L) were detected. After day 
25, lactate increased significantly (presumably due to an 
increase in residual sugars—Fig. 4a) reaching a high of 
2,830 mg/L on days 30.7 and 43 and a low of 750 mg/L on 
day 39.6. Sugar degradation was 97.5% at 10 g/L and 96% at 
20 g/L sucrose and about 96.5% at 30 g/L sucrose (Table II). 
Spikes of high residual sucrose corresponded to days when 
the reactor was nutrient deficient as a result of the nutrients 
feed tube collapsing.

CH4 Reactor Operation

Figure 5a shows the variation of methane volumetric 
production rate and bicarbonate alkalinity with time. The 
bicarbonate alkalinity decreased upon starting the feeding 
on day 2.9 (OLR 4.4 gCOD/L/d) from 3,500 mg/L as CaCO3 
to 1,200 mg/L as CaCO3 on day 6.6. After day 6.6, the dosing 
of NaHCO3 was stopped not only for fear of sodium toxicity 
but also more importantly because the pH started to 
increase. Moreover the VFA concentration in the effluent of 
the methane reactor started decreasing (Fig. 5b). Subse 
quently, the reactor was able to self regulate pH up to day 25. 
A volumetric methane production rate of 1.45 ±0.2 L/L/d

a
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Figure 5. a,b: Experiment 2: methane reactor. Time variation of volumetric 
methane production rate, bicarbonate alkalinity and VFAs. A (day 2.9), started feeding 
the methane reactor with effluent from the hydrogen reactor at OLR 4.4 gCOD/L/d; B 
(day 12), OLR increased to 6.9 gCOD/L/d; C (day 24.8), OLR increased to 10.1 (days 27- 
35) -13.0 (days 37-44) gCOO/L/d.

(CH4 yield of 330 mL/gCOD added) was obtained in 
days 7-11. The corresponding COD reduction was 89% and 
VFAs in the effluent averaged 349 ±3 mg/L acetate, 
70.8 ±0.3 mg/L n-butyrate, 24.5 ±0.4 mg/L /-butyrate 
and 41 ± 3 mg/L propionate. On day 12 the OLR was 
increased to 6.9 gCOD/L/d (Fig. 5a, point B). The methane 
production rate increased and averaged 2.33 ±0.3 L/L/d 
(CH4 yield of 339 mL/gCOD added) in days 16-23. The 
corresponding COD reduction was 85.5% and VFAs in the 
effluent averaged 522 ±87 mg/L acetate, 73.1 ± 16.5 mg/L 
«-butyrate, 31.4 ±5.2 mg/L i-butyrate and 70 ±11 mg/L 
propionate. After day 25 when the OLR was increased to 
10.1 gCOD/L/d (influent COD of 20,280 ± 3,772 mg/L in 
days 27-35), there was need to dose bicarbonate (2 g/L 
reactor/d) to prevent pH from dropping below 6.5. Methane 
production rate increased up to a maximum of 3.9 L/L/d 
on day 29 and then steadily decreased (Fig. 5a). Beyond 
day 44 (OLR then had reached 13.0 gCOD/L/d), the 
methane production rate levelled off to an average of 
1.80 ± 0.2 L/L/d (CH4 yield of 138 mL/gCOD added) in days 
44 to 47; that is 45% of the maximum value reached on day 
29. The proportion of methane in the off gas decreased from 
73% in days 10-25, to 66% in days 44-47 presumably 
because of the steady decrease in pH from 6.8 to 6.5 after day 
33. The rest of the gas was composed of carbon dioxide 
(mainly) with small amounts (<1% each) of hydrogen and 
nitrogen.

Since the calcium and sodium concentration in the 
methane reactor—1.72 and 0.65 g/L respectively (days 37- 
47)—were below reported inhibitory levels (Feijoo et al., 
1995; Rubi et al., 2001), it can be argued that the fall off in 
volumetric methane production rate (Fig. 5a) and the 
increase in VFAs (Fig. 5b) at OLR 10.1-13.0 gCOD/L/d 
(days 25—47) indicated that the reactor was either over 
loaded or inhibited or both. Lin et al. (1986) studied the 
methanogenic digestion of a 2:1:1 (COD basis) mixture of 
acetic, propionic and butyric acids respectively (containing 
1.84 g/L sodium as NaHCO3) in chemostat reactors and 
found out that below HRT 2.9 days, increasing the feed 
concentration above 20 gCOD/L significantly adversely 
affected the acetate and propionate degradation. For 
20 gCOD/L influent concentration, increase in OLR from 
8.33 to 9.1 gCOD/L/d did not increase gas production. The 
failure was attributed to washout of the slow growing 
methanogens. In an upflow filter, washout is not expected to 
happen and so it appears the methane reactor in this study 
(post-day 25, 20.28 ±3.8 gCOD/L VFA/ethanol/lactate/ 
residual sucrose mixture, OLR >10.1 gCOD/L/d) may have 
been overloaded as in the case of Lin et al. (1986). High 
(>7.2 g/L, pH 7) acetate levels were reported to be inhibitory 
to acetate degradation by pure cultures of Methanosarcina 
barkeri and Methanosarcina mazei (Yang and Okos, 1987). 
Given that the various compounds (e.g., ethanol, butyrate) 
in the effluent of a biohydrogen reactor would have to be 
oxidised to acetate before being metabolised by methano 
gens, the potential residual acetate concentration from a 
given stream (a balance between acetate supply and

10 Biotechnology and Bioengineering, Vol. 9999, No. 9999, 2007

DOI 10.1002/bit



degradation rates) may also set a limit on its degradability by 
anaerobic digestion.

The COD reduction in the methane reactor was 89% in 
days 9-12, 85.5% in days 17-24 and reached a value of 85% 
on day 29 at which time the hydrogen reactor was being 
operated at 30 g/L sucrose. The COD reduction then 
decreased steadily to 58% (days 44-47). The COD 
concentration in the influent of the methane reactor on 
day 29 was 17,160 mg/L and appears to be the threshold for 
efficient operation of the methane reactor treating acid-rich 
effluent from a bio-hydrogen reactor under the conditions 
in question (upflow filter, 2 day HRT, 35°C, pH 6.8, upflow 
velocity 5.8 m/d, influent pH 5.2-5.3, sodium concentration 
<1 g/L).

Comparison of the Performance of the Two-Stage 
System Using NaOH or Ca (OH)2 as Alkali

Table II gives a summary of the performance of the two 
reactors in Experiment 2 at different loading rates and 
substrate concentrations. Compared to NaOH as alkali 
(Table I), operation at 10 g/L sucrose with Ca(OH)2 as alkali 
gave a lower H2 yield (1.29 compared to 1.62 mol/mol 
hexose added) despite comparable biomass concentrations 
(1.84 g/L VSS with NaOH; 1.87 g/L for Ca(OH)2 ). At 20 g/L, 
the H2 yield was also lower (1.29 moL/mol hexose added 
with Ca(OH)2 compared to 1.47 mol/mol hexose added 
with NaOH) but the biomass concentration was higher 
(4.9 gVSS/L with Ca(OH)2 compared to 3.0 gVSS/L with 
NaOH). It appears that calcium enhanced substrate 
conversion to biomass at 20 g/L sucrose concentration 
and explains the rather high (38.8% compared to ca. 22% for 
NaOH as alkali) COD reduction in the hydrogen reactor.

Both NaOH and Ca(OH) 2 gave stable hydrogen produc 
tion rates at feed strengths of 10 and 20 g/L sucrose. For 
Ca(OH)2 , operation at 30 g/L sucrose was also stable for the 
hydrogen reactor. The two-stage system was not operated 
with 30 g/L sucrose and NaOH as alkali but it can be inferred 
from previous work where stable operation of the hydrogen 
reactor was obtained at 40 g/L sucrose (Kyazze et al., 2006) 
that the hydrogen reactor would have been stable. The 
methane reactor was stable at 10 g/L sucrose with NaOH but 
VFAs rose with 20 g/L sucrose with NaOH (Fig. 3a) but not 
with Ca(OH) 2 (Fig. 5a). Since the methane reactor showed 
poor performance when the system was fed with 20 g/L 
sucrose and NaOH used as alkali, operation at 30 g/L sucrose 
would have given a poorer performance.

Methane yields were comparable for either alkali at 10 g/L 
sucrose (323 mL/gCOD added for NaOH compared to 
330 mL/gCOD added for Ca(OH)2 ). At 20 g/L sucrose 
however, operation with Ca(OH)2 gave a higher methane 
yield (339 compared to 294 mL/gCOD added) than 
operation with NaOH as alkali.

The total energy output from the system decreased 
with an increase in substrate concentration. At 10 g/L 
sucrose, Ca(OH)2 as alkali, the total energy produced 
(11.5 ±1.6 kJ/gCOD added) is not significantly different

from that obtained using NaOH at the same concentration 
(11.5 ±0.8 kJ/gCOD added). The energy output at 20 g/L 
sucrose is also not significantly different for either alkali 
(10.53 ±0.7 kJ/gCOD added for NaOH and 9.65 ± 1.2 kj/ 
gCOD added for Ca(OH) 2 ) although COD degradation in 
the methane reactor of the NaOH-operated system was less 
(78% as on day 88 and still decreasing, compared to 85.5% 
for Ca(OH) 2 ).

The overall COD reduction for operation at 20 g/L 
sucrose was better for Ca(OH) 2 (91%) in days 16- 
20 compared to NaOH (83% evaluated on day 88) but 
the total energy produced was comparable as already 
indicated. The discrepancy can be attributed to much of the 
COD in the Ca(OH)2 operation having been transformed 
into biomass in the hydrogen reactor (and possibly methane 
reactor).

Thus it appears from the improved methane yield and 
COD reduction that using Ca(OH) 2 instead of NaOH as 
alkali can extend the range of influent substrate concentra 
tion to a high rate two-stage system producing hydrogen and 
methane to 22.5 gCOD/L, corresponding to 20 g/L sucrose, 
with good (>90%) overall COD reduction.

Conclusions
• At a feed concentration of 10 g/L sucrose, NaOH as alkali, 

steady operation was obtained in both the H2 and CH4 
reactors with hydrogen yields of 1.62 ±0.2 mol H2/mol 
hexose added and 323 mL CH4/gCOD added. 13.5 ± 1.9% 
of the influent COD was converted to H2 whereas 
70.0 ± 6.6% was converted to CH4 .

• At a constant HRT of 2 days, anaerobic degradation of 
effluent from the hydrogen reactor using NaOH as alkali 
was impaired at high OLRs (high substrate concentration 
and low HRT) decreasing from 90.2% COD removal 
at 4.3 gCOD/L/d (influent COD of 8,507 mg/L) to 
83% COD removal at 8.6 gCOD/L/d (influent COD of 
17,102 mg/L).

« Hydrogen sulphide (1,500 ppm) was found to be 
inhibitory to methane production. Reducing the H2S 
concentration to less than 50 ppm improved perfor 
mance.

• Sodium at concentrations beyond 1.87 g/L was found to 
inhibit methane production with toxic effects occurring at 
2.75 g/L

• A mixture of sodium and potassium hydroxides used 
as alkali for pH control giving a Na+ concentration of 
1.02 g/L and K+ concentration of 1.42 g/L was found to 
severely inhibit hydrogen production compared to 
sodium hydroxide alone. This has not been reported 
previously.

• COD degradation in the methane reactor was significantly 
reduced from 85.5% (OLR 6.9 gCOD/L/d, influent COD 
of 13,737 mg/L) to 58% (OLR 13.0 gCOD/L/d, influent 
COD of 26,087 mg/L) when the hydrogen reactor was
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operated at 30 g/L sucrose, Ca(OH) 2 as alkali, presumably 
due to organic overloading.

The authors wish to thank EPSRC for funding the UK SUPERGEN 
(SHEC) project (grant number GR/526965/01) of which this work 
forms a part, and Buxton Lime Industries for supplying Ca(OH)2 .
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Abstract

There is increasing international interest in developing low carbon technologies to provide hydrogen renewably. Hydrogen can be 
produced through dark anaerobic fermentation using carbohydrate-rich substrates, and methane can be produced in a methanogenic 
second stage. The suitability of a range of crops for hydrogen and methane production in the UK is examined, using selection criteria 
including yield, harvest window and composition of the crops. The annual potential for hydrogen and methane production is calculated 
using the selected crops, taking into account the energy required to grow and harvest the biomass and run the process. The fermentable 
energy crops fodder beet, forage maize, sugar beet and rye grass were identified as the most suitable substrates for this farm-scale process. 
A conservative estimate of the amount of agricultural land in the UK excluding permanent grassland not already used for food 
production or energy crops (currently unused "set-aside" land) has been made (294,960 ha). If this was used to grow a rotation of the 
selected crops, 9.6 TW h net energy could be produced per year. This equates to electrical power for 2.2 million homes in the UK annually 
and a reduction of CO2 emissions by over 2.3 million tones per annum in the UK. 
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Sustainable hydrogen production; Fermentation; Biomass; Energy crop

1. Introduction

The UK, in common with many other countries, faces a 
number of challenges in its energy sectors. These include 
security of supply, achieving a reduction in CO2 emissions 
and delivering improvements in local air quality. Currently 
the UK produces 395 TWh of electricity per annum [1] and 
imports 5TWh [2]. The UK also consumes 644.5TWh in 
road, rail and air transportation [3]. It is likely that the UK 
will become a net importer of natural gas by 2006 and of oil 
by 2010 [4]. By 2020 it has been estimated that up to three- 
quarters of the UK's primary energy consumption will be 
imported [5]. Dependence on imports has balance of 
payment and security of supply implications. At present 
some 98% of the UK total energy demand is met from

'Corresponding author. 
E-mail address: sjchcrryfa glam.ac.uk (S.J. Chcrryman).

fossil fuels. Through ratification of the Kyoto Protocol [6] 
the UK is committed to reducing CO2 emissions by 12.5% 
below 1990 levels by 2010 [4].

The transport sector is one of the biggest contributors to 
CO2 emissions in Europe and the European Commission 
has provided the target of 5% transport fuel to be 
hydrogen by 2020 [7]. Until fuel cells become commercially 
available, hydrogen can be used in internal combustion 
(1C) engines and turbines. Hydrogen mixed with 
methane in • an 1C engine is a commercial technology, 
which can significantly reduce CO2 and other emissions 
and improve fuel combustion efficiency. Vehicles can be 
converted to run on a hydrogen/methane mixture cost 
effectively, allowing for an incremental introduction of 
hydrogen to the fuelling infrastructure. This vehicle 
technology can be seen as an immediate bridge between 
the current hydrocarbon economy and the future hydrogen 
energy economy.

0961-9534/$-see front matter © 2006 Elsevier Ltd. All rights reserved. 
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Use of hydrogen as a fuel is potentially a zero carbon 
technology, if hydrogen is produced using sustainable 
sources of energy. Currently, hydrogen is predominantly 
produced from fossil fuels; in the UK approximately 95% 
is generated by steam methane reforming [8]. Hydrogen 
can be produced sustainably by electrolysing water using 
electricity from renewable energy sources (e.g. wind, 
marine and solar), through the utilisation of energy crops 
and waste streams or other methods [8]. Biomass has the 
potential to contribute to the mix, provided appropriate 
technologies can be developed for its conversion to 
hydrogen. Woody biomass with low water content is 
suitable for gasification/pyrolysis while wet biomass with 
high carbohydrate content can be converted to hydrogen 
and organic acids through the action of fermentative 
bacteria.

1.1. Fermentative hydrogen and methane production

Considerable research effort is evident from the litera 
ture on biologically produced hydrogen [9]. Reactor 
systems utilising dark fermentative processes for hydrogen 
production are likely to resemble the highly developed 
methanogenic anaerobic digestion technologies used in 
wastewater treatment [10]. In studies on methane produc 
tion by anaerobic digestion, an organic acid-producing first 
stage, similar to fermentative hydrogen production, has 
been found to give an increased rate of substrate 
decomposition, higher methane yields and improved 
process stability compared to the equivalent single-stage 
system [11]. An integrated and sustainable system for 
production of hydrogen and methane from biomass in a 
two-stage system is proposed (Fig. 1). A selection of co- 
products, particularly from the food industry, could be 
used as feedstocks, as could crops specifically grown for the 
process. Dark fermentation to hydrogen is a technology 
that could be managed and operated on a farm scale, as is 
already the case with anaerobic digestion to methane. If 
crops already grown in the UK were suitable, farmers 
could use the existing sowing, growing and harvesting 
technologies together with their experience to minimise 
energy input. The biomass can be used at the site of 
production avoiding transportation, and can be harvested

H2+ CO2

just before use, avoiding deterioration. For this paper we 
have chosen the scenario in which the crops receive no pre- 
treatment other than harvesting.

Unlike biomass for combustion/gasification/pyrolysis 
technologies, which may be woody, the crops needed in 
dark fermentation must be readily biodegradable. Carbo 
hydrate-rich organic material, low in lignin, is the preferred 
substrate. Hydrogen production by fermentation can use a 
wide range of carbohydrates, while fermentation to ethanol 
using yeast can only utilise a few simple sugars [12]. 
Biomass such as root crops [13], fodder grass [14] or wheat 
industry co-products [15] have been shown to be available 
substrates for dark fermentative hydrogen production. 
Fermentative bacteria producing hydrogen may be ob 
tained in uncharacterised mixed cultures from natural 
sources such as anaerobically digested sewage sludge [9]. 
Carbohydrate-rich crops can be directly fermented to 
produce hydrogen and CO2 as shown in Eqs. (1) and (2) 
for a six-carbon sugar (hexose). This will result in a mixture 
of acetic and butyric acid, with (usually) smaller amounts 
of other fermentation end products. The maximum 
theoretical stoichiometric yield of hydrogen is 4mol 
hydrogen per mole hexose if the fermentation end products 
were only acetic acid, CO2 and hydrogen (Eq. (1)). If 
butyric acid is the end product, the maximum yield is 2mol 
hydrogen per mole hexose (Eq. (2)) [15,16].

C6Hi 2O6 + 2H2O -+ 2CH3COOH + 2CO2 + 4H2 (1)

C6H, 2O6 -* CH3CH2CH2COOH + 2CO2 + 2H2 (2)

The acetic and butyric acids, together with other 
fermentation end products and any undigested biomass, 
can then undergo methanogenic anaerobic digestion and 
the effluent can be used as a fertiliser, as there is little or no 
loss of N, P, K or other nutrients. Thus the energy inputs 
and the financial costs of growing the biomass substrate 
will also be reduced. This strategy allows traceability and 
could give outputs compliant with the specification for 
composted materials BSI PAS 100 [17] for utilisation of the 
process residue to land [18].

To date there is no study on the contribution that 
fermentative hydrogen-enriched biogas production could 
make to the energy mix of countries. The authors are

CH4 + CO2

Biomass from 
crops

Acetic/butyric 
acids Fertilizer

Fermentative H2 
reactor

Methanogenic stage 
reactor

Fig. 1. Two-stage system for hydrogen and methane production from wet biomass.
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members of the UK's Sustainable Hydrogen Energy 
Consortium (UK-SHEC) [19] and thus have selected the 
UK for initial evaluation. This paper identifies the land 
available for growing biomass crops, types of crops 
suitable for fermentative hydrogen and methane produc 
tion, annual availability of these crops, their potential 
hydrogen and methane yield and the likely energy 
contribution of this process to the UK.

2. Land available for growing biomass crops in the UK

The UK has a geographical area of 24Mha of which 
over 70% is currently needed for agriculture, according to 
the Department for Environment, Food and Rural Affairs 
[20]. Fig. 2 shows land used by the UK agricultural 
industry in 2004 [20].

In England, the largest proportion of agricultural land 
(45%) is suitable for arable crops whereas Scotland, Wales 
and Northern Ireland have a lower percentage of arable 
land (Table 1). The category "arable" refers to production 
of crops for human and animal consumption but, 
increasingly, to crops for non-food uses including energy 
crops. In common with other countries in the European 
Union (EU), the UK has a significant proportion of land, 
which has been removed from food production, i.e. set 
aside. "Set aside" land is left fallow or used for growing 
non-food crops with industrial uses. The EU compensates 
farmers for their loss of income (as derived from food 
crops). The amount of land to be taken out of production,

forest
urban and other 

14%

other agricultural 
1% grazing

Fig. 2. UK land use by agricultural and other uses in 2004 [20].

decided by the EU's Agriculture Council, varies from year 
to year depending on the level of production and stocks 
worldwide. For 2005 the percentage set aside was 8% of all 
agricultural land excluding permanent pasture and rough 
grazing [21] (664,960 ha in the UK). Since the Mid Term 
review in 2003 [21], farmers can grow crops on set aside 
land which are not for human or animal consumption. The 
scenario considered in this paper is that set aside land not 
currently claimed by farmers (calculated from figures in 
Table 1) is converted to growing suitable energy crops. This 
would give 294,960 ha of land available for hydrogen 
production in the UK. This is a conservative estimate as it 
does not include currently used set aside land or permanent 
grassland, as pasture grasses could be used in the 
production of hydrogen. No existing arable land has been 
included since energy crop production may not be cost 
effective.

3. Crops considered for fermentative hydrogen and methane 
production

In contrast to biomass typically used in thermochemical 
processes, substrates for fermentation need to be low in 
lignin, high in carbohydrates and have high moisture 
content. The ideal energy crop would be characterised by 
the highest possible yield (dry matter per hectare) with the 
maximum carbohydrate content, low energy input to 
produce the crop, low cost of production and low nutrient 
requirements [22]. These features can be dependent on 
climate, soil, water consumption, pest resistance and 
fertiliser requirements which are country specific.

Candidates for energy crops to be grown in the UK were 
subjected to a systematic selection process to identify the 
most suitable crops for anaerobic fermentation and their 
ability to fit within current agricultural practices and policy 
barriers. The crops that were considered initially were: 
barley, flax, fodder beet, forage maize, hemp, miscanthus, 
oats, perennial ryegrass, potato, reed canary grass, sugar 
beet, sweet sorghum, switch grass and wheat (whole crop). 
The criteria for crop selection were productivity levels, 
carbohydrate content and harvest windows. All of the 
crops selected comply with set aside rules, and can be 
grown and harvested using standard agricultural machin 
ery and practices. All crops chosen could be grown in UK 
climatic conditions, although trials on sweet sorghum have 
only begun recently.

Table 1
Agricultural land use ('000 ha)

Reference Scotland [32] England [33] Wales [34] N Ireland [35]

Total agricultural land
Arable land (tillage and grass under 5 years old) 
Permanent grassland (over 5 years old)
Rough grazing
All other agricultural land
Set-aside claimed

5197
965 
903
3329
—
76

9583
4499 
2816
612
1369
287

1639
183 
962
*rUO

5
4

1074
191 
710
153
17
3
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4. Crop yields, harvest windows, composition and energy 
input

In Table 2 the average yields of dry matter and fresh 
matter for each crop in identified temperate countries are 
given. In some cases (as indicated in Table 2) dry matter 
was derived using published water content data for the 
crops. For dry matter yield (in t ha~') Table 2 shows

Table 2
Average yields of crops in temperate climates

Crop

Barley

Flax
Fodder beet

Forage maize

Hemp

Miscanthus

Oats

Perennial
ryegrass

Potatoes

Reed canary 
grass

Sugar beet

Sweet sorghum

Switch grass

Winter wheat

Yields 
tha" 1 
(fresh)

5-6
5-7
4.53
4-8
80
80-100

40
5.5
8-12
15

5.5
5.25-7.75
10-20

40
36-44-52
32
12-18

55
40
34-60
45-80
42.5-55-67.5

12-18

7-9
5-7
6.7-8.25-9.75

Yields 
tha- 1 
(dry matter)

4.25-5.1
2.75 straw

3.7-1 1.6a

13.6-17
17-21

4.54b
6.6-9.9b

11-18
7-24
12-14
12-30
11
4.7
3.5 straw

8.5-19.2
15
12
18-23

2.3-3.4°

7-8
12.65-13.53

20-27
25

8-13
9
8

3.5 straw
14 
(whole crop)

Reference

[36]
[21]
[37]
[36]
[21]
[36]
[38]
[21]
[21]
[36]
[36]
[39]
[40]
121]
[22]
[41]
[36]
[21]

[36]

[42]
[43]
[44]
[45]
[36]
[21]
[37]

[36]

[41]
[36]
[37]
[46]
[47]
[21]
[48]
[36]
[36]
[41]
[49]
[22]
[36]
[37]
[21]

[22]

Country

UK
UK
UK
UK
UK
UK
Ireland
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
France
The Netherlands
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
(Northern) Italy
UK
UK
UK
Iowa (USA)
UK
UK
UK
UK
UK

'Using [50] 91.6 % of fresh is dry matter.
bUsing [51] 82.57 % (mean value) of fresh is dry matter.
'Using [52] 2.2-7.7% of fresh is dry matter.

fodder beet (13.6-17), forage maize (17-21), miscanthus 
(7-30), perennial ryegrass (8.5-23), sugar beet 
(12.65-13.53), winter wheat (whole crop) (14) and sweet 
sorghum (20-27) have some of the highest yields.

The harvest windows of the crops are important in 
maximising the number of days per year that the 
fermentation process could operate. The harvest windows 
for the crops can be seen in Fig. 3, indicating when crops 
can be used in the fermentation process directly after 
harvesting, or stored for later use. During April and May 
there are no reported harvest activities. Only miscanthus 
could be harvested during February and March. Some 
crops can only be harvested in 1 month (wheat and sweet 
sorghum), whereas other crops like beets, perennial 
ryegrass or potatoes have a longer period for collection. 
Of the crops indicated in Table 2 it is possible to store 
sugar beet, forage beet or energy grasses. Crops cannot be 
stored by conversion to silage, as in this process 
carbohydrates are converted to fermentation end products.

Table 3 gives compositional crop data of % dry or fresh 
matter occurring as soluble sugars, starch, water-soluble 
carbohydrates, a-cellulose, hemicelluloses, pectin and 
lignin. In some cases no compositional data were available 
for specific elements such as soluble sugars, starch or 
water-soluble carbohydrates, which can be used in the 
hydrogen production process, a-cellulose, hemicelluloses 
and pectin are likely to be converted to hydrogen more 
slowly, but can be degraded to produce methane. However, 
lignin can affect the availability of these substrates, with a 
higher level of lignin reducing the hydrogen yield. Crops 
with the highest content of soluble sugars are sweet 
sorghum, perennial ryegrass, oats, sugar and fodder beets. 
Some of the highest starch contents were found in potatoes, 
oats, barley and fodder maize. In most cases crops contain 
large amounts of cellulose and hemicelluloses ranging from 
13% to 74% dry matter. It can be expected that the crops 
with high lignin content such as reed canary grass, 
miscanthus and wheat (whole crop and straw) are likely 
to be problematic to ferment to hydrogen and methane.

While differences in yield and composition exist between 
the crops, other factors such as energy input may negate 
any yield benefits. Energy inputs needed to grow and 
harvest the crops are shown in Table 4 on a per hectare 
basis. This data includes agrochemicals (including pesti 
cides and fertilisers) and machinery activities (ploughing, 
harvesting, etc.) but not transport or storage. In Table 4, 
data for miscanthus, reed canary grass and switch grass 
have been averaged over their expected lifetime (20 years) 
[23] as energy inputs in the early stages of growing these 
crops are very high, but once established reduce dramati 
cally. Data in Refs. [70,71,74] include an 8% addition for 
energy to transport the material off site. As this study 
considers farm-based systems there is no such requirement. 
So in Table 4 energy inputs given in these references have 
been reduced by 8%. Energy inputs range between 
4082 MJ ha" 1 for reed canary grass to 23,920 MJ ha" 1 for 
wheat or forage maize.
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Harvest window (Months)
Jan Feb Mar I Apr May Jun Jul Aug

Barley
1 Fl

|

Miscanthus '

Sept Oct Nov Dec

ax
Fodder beet

Forage Maize 
Hemp

Miscanthus
I Oats

I Perennial Ryegrass
Potatoes

1 Reed canary grass
1 I Sugar beet

] Wheat

Sweet 
Sorghum

Switchgrass

Fig. 3. Crop harvest periods in the UK.

5. Potential hydrogen and methane yield

5.7. Assumptions on the operation of the reactors and yields 
of hydrogen and methane

The calculations used to estimate hydrogen and methane 
yield were based on work by Hussy et al., which found that 
>95% of fine particulate wheat starch [15] and 90% 
sucrose from sugar beet [13] convert to hydrogen and 
fermentation end products. There is evidence in published 
work that clostridia are capable of converting cellulose into 
hydrogen [24-26] however this has not been factored into 
the calculations. The yield of hydrogen varies between 1.7 
and 1.9mol of hydrogen per mole of hexose in sugar beet 
and starch, respectively [13,15] at a substrate concentration 
of lOkgm"3 . A yield of 0.7mol hydrogen per mole hexose 
(assuming all total sugar is hexose) is reported for an 
extract of perennial ryegrass [14]. Table 5 indicates which 
of the three hydrogen yields was applied to each crop, crop 
yield and carbohydrate content values used. Other 
assumptions were:

• Hydraulic retention time (residence time) of the hydro 
gen reactor is dependant on substrate; a hydraulic 
retention time of 12 [14], 15 [12] and 20 h are suitable for 
the hydrogen production operating on starch, sugar beet 
and grass based substrates, respectively.

• Substrates in the influent at 50kg (dry matter) m~3 . [27]
• A hydraulic retention time of 15 days for the methano- 

genic anaerobic digester.
• Ninety per cent of the acetic and butyric acid resulting 

from the hydrogen fermentation is converted into 
methane.

• The methane yield from the holo-cellulose (see Table 5) 
entering the anaerobic digester after the hydrogen 
fermentation stage is on average 0.3m3 methane per 
kg volatile solids added [28].

• One mol hexose degraded in H2 stage gives 0.5 mol 
acetate (hence 0.5 mol methane in anaerobic digester 
stage), and 0.75 mol butyric acid [29] (hence 1.9 mol 
methane in anaerobic digester stage).

The size of a medium-to-large farm scale plant was 
calculated for a 250 ha farm operating using substrate grown 
on 20 ha cropped for 10 months of the year. Using ryegrass, 
maize and sugar beet, the maximum crop per month is 261 
dry matter, delivered at 50kg dry matter per m3 hydrogen 
reactor in 15 h. The reactor sizes were 7.5 m3 for the hydrogen 
reactor and 110m3 for the methane reactor.

The data for each crop from Tables 1-3 was used to 
develop a set of assumptions to calculate energy output. 
Table 5 indicates the data used for the calculation of 
hydrogen and methane production and was created from 
the mean crop yield values, average compositional data 
and likely hydrogen yield. Table 5 was then used to 
calculate the energy output per hectare of each of the crops 
using Eq. (3).

5.2. Calculations of the net energy production

Eq. (3) was developed in order to estimate the overall net 
energy production for a crop grown on one hectare of land. 
The equation calculates the energy produced and the 
energy consumed in the process to give net energy 
production of the system.

£N = rc[WSCS[(rH2 )(H2 LHv) + [(Fac) + (rbu)]CH4LHv] 
+ [%CHC x CH4 LHV]] - El - E2 , (3)

where Yc is the crop yield (tha" 1 dry matter), WSC S the 
water-soluble carbohydrates and starch (% dry matter), 
Yn2 the reported H2 yield for specified crop (mole 
hydrogen per mole converted), H2 LHV the hydrogen lower 
heating value (nOMJkg" 1 ) [8],CHC the a-cellulose and 
hemicellulose (% dry matter), Yac the reported methane 
yield from acetic acid yield (mole methane per mole acetic 
acid converted) [14], Ybu the reported methane yield from 
butyric acid yield (mole methane per mole butyric 
converted) [14], CH4 LHv the methane lower heating value 
(SOMJkg" 1)^ the net energy (MJha" 1 ), E: the energy 
input to grow the crop (MJha" 1 ), E2 the energy to run the 
process (36 MJ year" 1 ) quoted in [30].

This equation was applied to the crop data in Table 5.
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6. Results and discussion

Table 6 shows the five highest net energy yielding crops 
are sweet sorghum (223,928 MJyearha" 1 ), forage maize 
(121,522 MJ year ha" 1 ) fodder beet (117,063 MJ year ha' 1 ), 
perennial ryegrass (114,189 MJ year ha~') and sugar beet 
(112,624MJyearha~'). Sweet sorghum has a 1-month 
harvest window (Fig. 3) and is not a proven crop in the 
UK so farmers would be reluctant to commit to 
commercial growth of a crop currently involved in trials. 
Fodder beet and sugar beet are almost identical crops, and 
both are harvested over 5 months and may be stored for 
several months. However, among of two beets, Fodder beet

Table 4
Energy inputs per hectare per year from annual cropping

was preferable as it has the higher net energy. Therefore the 
most appropriate crops identified were forage maize, 
perennial ryegrass, sugar beet and fodder beet.

The overall UK energy contribution was estimated by 
assuming the allocation of the available landmass of 
294,960 ha divided equally between forage maize, sugar 
beet and perennial ryegrass, in order to facilitate crop 
rotation. Thus by utilising the available "set aside" 
hectares of eligible (but not currently used) land, from 
the figures in Table 6, an estimated 9.6 TWh of energy 
could be produced. The average energy ratio is 10.4% as 
H2 and 89.6% as CH4, however sugar beet produces a 
higher ratio of H2 (see Table 6). Research efforts could be 
directed at improving this ratio. This equates to electrical 
power for 2.2 million homes in the UK annually (assuming

. Table 6 Energy inputs (MJ ha ') Reference Calculated gross and

Barley 
Flax 
Fodder beet
Forage maize

Perennial rye grass
Hemp
Maize
Miscanthus
Oats
Potatoes
Reed canary grass
Sugar beet

Sweet sorghum
Switch grass
Wheat

"Modified from [72]. 

Table 5
Data used for calculating

Barley
Flax
Fodder beet
Forage maize
Hemp
Miscanthus
Oats
Perennial rye grass 
Potato
Reed canary grass 
Sugar beet
Sweet sorghum 
Switch grass
Wheat (whole plant)

16,563 
8656
18,247
17,630 
23,920
4710
12,234
17,630
6234
15,094
48,200
4082
18,247
21,400
20,240"
18,400a
6330
21,895
23,920s

hydrogen and methane

Crop yield
tdm 
(ha' 1 )

4.5
5.5
14
19
7
13.5
4.7
14 
3.4
7.5 
13
24.5 
9.2
14

[70] 
[71] 
[70]
[72] 
[73]
[74]
[71]
[72]
[23]
[70]
[70]
[23]
[71]
[75]
[73]
[73]
[23]
[70]
[73]

production

Carbohydrate for 
H2 production
as % 
of dm

55.1 starch
Not found
63.9 WSC
31 starch
5.5 soluble sugars
Not found
53.5 starch
25.3 soluble sugars 
86 starch

Barley
Flax
Fodder beet
Forage maize
Hemp
Miscanthus
Oats
Perennial rye grass
Potato
Reed canary grass
Sugar beet
Sweet sorghum
Switch grass
Wheat (whole crop)

Not found 
67.35 soluble sugars
43 soluble sugars 
1 1 .2 (starch and soluble sugars)
10.5 starch

net energy output per year

Energy Energy 
output output 
from from
H2 CR, 
(MJha- 1 ) (MJha~')

5653 29,522
0 45,441
19,263 116,046
13,429 125,723
829 62,419
0 97,767
5733 26,812
3140 115,759
7259 27,737
0 38,250
18,853 112,017
22,685 219,642
2338 73,180
3351 81,081

Holo-cellulose 
for CH4
production as 
% of dm

13
81
21.75*
36
fiO 3 OZ.J

71
6.1
57.5 
Not found
50
21.75
47.44 
67.6
47

Total 
gross 
energy
output 
(MJha~')

35,175
45,441
135,309
139,152
63,248
97,767
32,545
118,899
35,037
38,250
130,871
242,327
75,519
84,432

H2 yield 
mol mol

Net 
energy
output 
(MJha~')

15,613
36,785
117,063
121,522
45,618
91,533
17,451
114,189
-13,163
34,168
112,624
223,928
69,190
62,538

-'

hexose converted

1.9
—
1.7
1.9
1.7
0.7
1.9
0.7 
1.9

1.7
1.7 
1.9
1.9

Assume as per sugar beet for lack of data.
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an average household consumes 4290 kWh year" 1 of 
electricity [31]). The overall CO2 emissions reduction is 
estimated to be over 2.3 million tones per annum in the 
UK. The estimated reduction of CO2 was calculated using 
the conversion efficiency of 0.24kgCO2 kWh" 1 [76].

The estimated yields used in this paper were of moderate 
yields (not the higher end of production) in Northern 
European growing conditions similar to that of the UK. 
Set-aside is high-quality land that would normally be under 
food cropping and thus it would be expected that these are 
achievable yields. The two determining factors for the use 
of set-aside land proposed here would be the outcome of a 
full economic comparison with other energy and non-food 
crops and any strong political agricultural policy in regard 
to the use of set-aside land.

Only crops from unclaimed set aside have been 
considered here. The energy contribution of this technol 
ogy could be considerably increased if food industry co- 
products, municipal solid waste, crops residues and crops 
growing on other agricultural land were used.

7. Conclusions

• Sugar beet, forage maize, fodder beet and perennial 
ryegrass are the most appropriate energy crops to grow 
for fermentative hydrogen and methane production in 
the UK as the net energy output could be 112,624 MJ 
year ha" 1 , 121,522 MJ year ha"', 117,063 MJ year ha' 1 
and 114,189MJyearha~ I , respectively and these crops 
provide feed for the process over 10 months.

• Sweet sorghum has a potentially high energy output of 
223,928 MJ year ha"" 1 if used in this process, but the crop 
harvest window is only 1 month and the crop is 
unproven in the UK.

• The use of 294,960 ha of currently unused set aside land 
would in the UK provide 9.6 TWh of net energy, 10.4% 
as H2 and 89.6% as CH4 in accordance with the 
assumptions set out in this paper. This would corre 
spond to savings in emissions in the order of 2.3 million 
tones of CO2 per annum.
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Abstract

Continuous, dark fermentative hydrogen production technology using mixed microflora at mesophilic temperatures may be suitable for commercial development. Clostridial-based cultures from natural sources have been widely used, but more information on the need for heat treatment of inocula and conditions leading to germination and sporulation are required. The amount of nutrients given in the literature vary widely. Hydrogen production is reported to proceed without methane production in the reactor in the pH range 4.5-6.7, with hydraulic retention times optimally between a few hours and 3 days depending on substrate. Higher substrate concentrations should be more energy-efficient but there are product inhibition limitations, for example from unionised butyric acid. Inhibition by H2 can be reduced by stirring, sparging or extraction through membranes. Of the reactor types investigated, while granules have the best performance with soluble substrate, for paniculate feedstock biofilm reactors or continuous stirred tank reactors may be most successful. A second stage is required to utilise the fermentation end products which, when cost-effective reactors are developed, may be photofermentation or microbial fuel cell technologies. Anaerobic digestion is a currently-available technology and the two-stage process is reported to give greater conversion efficiency than anaerobic digestion alone. © 2006 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.

Keywords: Hydrogen production; Fermentation

1. Introduction

Hydrogen must be made from renewable resources if its use 
is to impact global CC>2 levels. The sustainable generation of 
hydrogen may be achieved by a range of technologies, including 
biological processes. These utilise algae and bacteria in photo- 
bioreactors in the light, or bacteria growing fermentatively in 
the dark in bioreactors resembling the well-characterised anaer 
obic digestion process [1,2]. Suitable substrates for dark fer 
mentative hydrogen production include carbohydrate-rich crops 
and food industry wastes [3,4]. COz produced by metabolism 
of these renewable biomass sources is carbon-neutral as it is 
part of the natural carbon cycle.

Since dark fermentative hydrogen production processes take 
in non-sterile feedstock, a common approach has been to use 
mixed microflora derived from natural sources, often enriched 
in hydrogen-producing clostridial species [5]. Much labora 
tory work has used batch processes, particularly to investigate
' Corresponding author. Tel.: +4401443480480. 

E-mail address: frhawkes@glam.ac.uk (RR. Hawkes).

nutrient requirements and obtain hydrogen yields from panic 
ulate feedstocks. Pure cultures of clostridia were used in batch 
processes at industrial scale for many years to produce the sol 
vents acetone, butanol and ethanol [6]. Study of conditions used 
in batch processes [7,8] to yield solvents is relevant, since the 
inverse of these conditions is presumably required in continu 
ous processes to produce HI- However, batch processes involve 
regular down-time and non-steady-state conditions, hence con 
tinuous processes are potentially more attractive. Some chal 
lenges for optimising continuous processes were summarised 
by Hawkes et al. [5] and there has been considerable progress 
in research in the last few years, although an economically and 
technically feasible process is yet to be established.

Both mesophilic and thermophilic continuous dark fermenta 
tive hydrogen production have been investigated. 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 favoured 
option.

0360-3199/$-see front matter © 2006 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved. 
do':10.1016/j.ijhydene.2006.08.014
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Substrates studied for fermentative hydrogen production 
have mostly been rich in carbohydrates, although hydrogen 
production from proteins has also been reported [4]. The max 
imum theoretical hydrogen yield from fermentation of carbo 
hydrates is 4molH2 mor 1 hexose converted, with acetic acid 
as the fermentation end product. In practice yields are lower, 
as some carbohydrate is converted to bacterial cells, and end- 
products other than acetic acid, e.g. butyric acid, are formed. 
When using mixed microflora, experimental conditions to sup 
press methanogenic activity (which consumes hydrogen) and 
favour hydrogen producing metabolism are necessary. These 
include heat treating the inoculum to select for spore-forming 
clostridia, optimising operating conditions such as hydraulic 
retention time (HRT), pH and substrate concentration and 
reducing hydrogen partial pressure [5,9,10].

A stage after the fermentative hydrogen-production process 
is required to convert the fermentation end-products to other 
forms of energy or to further amounts of hydrogen with a theo 
retical maximum of 12 mol H2 moP 1 of hexose mineralised. At 
present the most near-market alternative for this second stage is 
anaerobic digestion to methane. If cost-effective photobioreac- 
tors or microbial fuel cells were developed, these could produce 
more hydrogen or electricity, respectively, in the second stage 
and may prove attractive options. This paper reviews current 
progress in continuous processes utilising mixed mesophilic 
microflora and highlights gaps in our knowledge affecting prac 
tical applications.

2. Microbiology and biochemistry of dark fermentative 
hydrogen production

Like the mature technologies of activated sludge and anaer 
obic digestion for wastewater treatment, hydrogen production 
using mixed microflora was demonstrated before advances in 
molecular biology allowed study of the microbial communities 
responsible. Many microorganisms are able to produce hydro 
gen from carbohydrates but molecular techniques have mainly 
identified clostridial species [11-13]. An early study by Fang 
et al. [14] analysed the microbial species present in a hydrogen 
producing culture (CSTR, pH 5.5, 36 °C, 6.6 h HRT, 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 re 
lated to Clostridium acetobutylicum and 8.3% most closely re 
lated to Clostridium tyrobutyricum. 18.8% of all clones were 
affiliated with Enterobacteriaceae, and 3.1% with Streptococ 
cus bovis. A study of granular sludge (26 °C, pH 5.5, 6 h HRT, 
sucrose as substrate) showed 69% of the clones associated with 
four Clostridium species and 13.5% with Sporolactobacillus 
racemicus in the Bacillus/Staphylococcus group [15].

Clostridia are versatile and can utilise a range of carbohydrate 
substrates including starch, cellulose and hemicellulose [16]. 
Thus, unlike bioethanol production, complex substrates may be 
used for hydrogen production without pretreatment. However, 
metabolic flexibility of clostridia allows the production of a 
range of end-products which may lower the H2 yield from the 
theoretical maximum of 4 mol mol"" 1 hexose achieved when

acetate is the sole fermentation end product (Eq. (1)): 

C6H 1206 + 2H20 -* 2CH3COOH + 2CO2 + 4H2 . (1)

Hydrogen production in clostridia is the property of hydroge- 
nase enzymes. These transfer electrons from reduced ferredoxin 
or NADH to protons to regenerate the oxidised forms (Fdo^ 
and NAD+) required so that glycolysis and oxidative decar- 
boxylation of pyruvate can proceed to generate ATP. The effect 
of hydrogen partial pressure on these reactions is summarised 
by Agenent et al. [17]. If the hydrogen partial pressure is suf 
ficiently low, NADH may be oxidised via hydrogenase, pro 
ducing H2 up to the maximum theoretical yield of 4molmor' 
hexose consumed and a maximal yield of ATP. However, under 
normal reactor conditions, most of the NADH will be oxidised 
in reactions producing reduced fermentation end products, such 
as butyrate [4,17] with a lower molar hydrogen yield (Eq. (2)) 
and lower ATP yield:

C6Hi206 -H- CH3CH2CH2COOH -I- 2CO2 + 2H2 . (2)

Many continuous experiments with mixed microflora show ac 
etate and butyrate as major end products, with butyrate in excess 
of acetate [18-20]. Kim et al. [13] found during operation of 
a CSTR on sucrose (10-60 g COD r 1 , pH 5.5, 12 h HRT) that 
butyrate to acetate (B/A) ratios were directly proportional to 
H2 yields as mol H2 mol" 1 hexose consumed. Thus B/A ratios 
might be a quantitative indicator of substrate metabolism and 
H2 production. The B/A ratios of Kim et al. [13] are given on 
a COD basis and when converted to a molar basis are between 
0.64 and 3.69. From an example of known stoichiometry, the 
molar B/A ratio of 1.5 from Eq. (3) [21]:

4C6Hi206 + 2H2 O -> 3CH3 CH2CH2COOH
+ 2CH3COOH + 8CO2 
+ 10H2 (3)

would result in a theoretical molar H2 yield of 2.5 mol H2 mol" 1 
hexose fermented. However, Kim et al. [13] experimentally 
predict a molar yield around 0.85; with approximately 11% 
of sucrose converted to microbial biomass and 7.4-10.6% to 
ethanol, a large amount of hexose must have been converted to 
other metabolic products to account for this discrepancy. The 
B/A ratio of 1.2 on a TOC basis (corresponding to a ratio on a 
molar basis of 0.6 and on a COD basis of 1.5) reported by Fang 
and Liu [18] in a CSTR operating at 7gl~' glucose (pH 5.5, 
6 h HRT) gave a molar H2 yield of 2.1, rather than around 0.65 
as predicted by Kim et al. [13]. Further work is thus needed 
to clarify the nature and usefulness of the relationship of B/A 
ratio to molar hydrogen yield.

Although production of the reduced end product ethanol from 
hexose consumes NADH, Ren's group has shown that a fer 
mentation producing ethanol and acetate from carbohydrate in 
a molar ratio close to 1 is favourable for hydrogen produc 
tion [22,23]. The reactor, with flocculant sludge at pH 4.5 (ap- 
prox.) could operate on molasses at a high organic loading



174 F.R. Hawkes et al. /International Journal of Hydrogen Energy 32 (2007) 172-184

rate (OLR), giving 5.6m3 H2 m~3 reactord" 1 at an OLR of 
68.2 kg COD m~3 reactor d~'. Although a molar H2 yield per 
mol hexose fermented was not given, from the reaction stoi- 
chiometry the theoretical maximum is 2 mol H2 mol" 1 hexose 
fermented [24]:

CH3COOH + CH3CH2OH 
+ 2C02 + 2H2 . (4)

Lactate and propionate can be produced either by clostridia 
themselves or by other bacteria competing in the mixed mi- 
croflora, lowering the hydrogen yield. Clostridia such as C. 
aceticum can lower the H2 yield by converting H2 and CO2 to 
acetate or can convert hexose directly to acetate alone by the 
process of homoacetogenesis (Eqs. (5) and (6)) [25]:

2C02 +4H2 -> CH3COOH + 2H2 O, 

C6Hi206 -> 3CH3COOH.

(5)

(6)
Thus increased acetate production need not signal an improved 
H2 yield [13]. During operation on a paniculate starch substrate 
(pH 5.2, 30°C, 18 h HRT, heat-treated inoculum) Hussy et al. 
[19] observed a doubling in acetate concentration not linked to 
an increased H2 yield. When sparged with N2 to lower the H2 
and C02 partial pressure, such an increase in acetate was not 
seen. A number of bacteria including clostridia are homoaceto- 
genic and the threshold concentrations of H2 and CO2 required 
are not well characterised [25]. The influence of homoaceto 
genesis on H2 yield and conditions which might suppress ho- 
moacetogenic H2 consumption deserve further study.

The metabolic reactions serving to lower the molar hydrogen 
yield by the production of reduced fermentation end products 
may be the result of a shift in metabolism within species in the 
microflora or a shift in the abundance of acetogenic or lactate-, 
ethanol- or propionate-producing species. lyer et al. [26] and 
Xing et al. [27] appear to be the first to follow bacterial pop 
ulation shifts under different conditions in a Reproducing re 
actor, lyer et al. [26] studied a CSTR at pH 5.5 operating on 
glucose. At lOhHRT only Clostridiaceae were detected while 
at 30hHRT the populations were more diverse and included 
Bacillaceae and Enterobacteriaceae. At lOhHRT when the 
temperature was changed from 30 to 37 °C there was a pop 
ulation shift from populations related to Clostridium acidisoli 
to C. acetobutylicum. Xing et al. [27] followed communities in 
a CSTR operating on molasses at a low pH with acidophilic 
bacteria from sewage, which established an ethanol-acetate- 
hydrogen producing community after 28 days. The hydrogen 
production rate increased with the increase of Ethanologenbac- 
terium sp., Clostridium sp. and Spirochaetes. Some types of 
Clostridium sp., Acidovorax sp., Kluyvera sp. and Bacteriodes 
were dominant populations throughout. It appeared that hydro 
gen production depended not only on hydrogen producers but 
also on co-metabolism in the whole community.

Linet al. [12] using a CSTR with 20gr' sucrose COD at 
HRTs between 2 and 12 h showed a Clostridium ramosum re- 
jated species present at all HRTs, but a Clostridium pasteur- 
«"« related species to be present at 12, 8 and 4hHRT only. 
A transition in the community structure as HRT was decreased

to 0.5 h in a stirred granular reactor showed a dominant species 
with high similarity to a C. pasteurianum strain associated with 
an increased specific hydrogen production rate and referred 
to by Wu et al. [28] as the "superstar" hydrogen-producing 
species in the consortium used. Kirn et al. [13] studying a 
CSTR operating at 12 h HRT with different sucrose concentra 
tions found a predominance of clostridial species, one of which 
at lOgT 1 sucrose COD was related to an acetogen, and at 
60gl" 1 sucrose COD a band related to the spore-forming, lac 
tic acid-producing Bacillus racemllacticus. These species have 
a deleterious effect on hydrogen production and it is interest 
ing that they predominate at different substrate concentrations. 
Genetic analysis can add value to H2 producing technology if 
the species identified have well characterised optimum operat 
ing conditions which can be implemented to improve hydro 
gen production. As molecular techniques develop, information 
on species abundance and on proteomics indicating changes in 
metabolism with operating conditions could prove particularly 
useful in optimisation studies.

The yield coefficient for microbial biomass generation in 
hydrogen-producing reactors is an important parameter for fun 
damental considerations. It is related to the amount of energy 
made available as ATP per unit of substrate fermented, which 
depends on the fermentation end products and hence the reac 
tor operating conditions. The degree of conversion of substrate 
to biomass influences both the amount of substrate available 
for hydrogen production and the amount of biomass generated 
for disposal or for passage to a second stage such as an anaer 
obic digester. Kirn et al. [13] experimentally investigated the 
relationship between sucrose consumed and microbial biomass 
produced, measured as volatile suspended solids (VSS) in a 
CSTR at pH 5.4. A biomass or sludge yield of 0.08 g VSS g" 1 
sucrose COD consumed was determined. A sludge yield of 
0.21 g VSS g" 1 glucose was determined for a CSTR at pH 5.5, 
36 °C, 6hHRT, consuming 27% of influent TOC [18]. An av 
erage sludge yield of 0.20 g VSS g" 1 sucrose was determined 
for a granular sludge operated at pH 5.5, 26 °C, between 5 and 
28 h HRT at a constant OLR of 25gl~ ! d" 1 (influent sucrose 
5-30 gl~') [29] and a yield coefficient of 0.1 gVSSg" 1 COD 
was given by Chang and Lin [30] for a granular reactor operat 
ing on 20gCODr' sucrose between 4 and 24 h HRT. Yu and 
Mu [31] found the yield coefficient of H2-producing granules 
operating on sucrose at pH 4.4 was 0.334 g VSS g" 1 COD. It 
can be seen from this range that experimental work should be 
performed to provide the yield coefficient for a variety of op 
erating conditions and fermentation end products, to give data 
for modelling [10] and to identify conditions which minimise 
excess microbial biomass production for practical operation.

3. Inocula and start-up for hydrogen production

A range of natural sources has been used to provide inocula 
for continuous H2 production by mixed microflora, including 
sewage sludge, soils [5], cattle dung compost [32] and river 
sediment [33]. Inocula are commonly pretreated to select for 
spore formers and destroy methanogens. Lin and Chou [34] in 
vestigated acid treatment (pH 3-4 with HC1 for 24 h) of waste
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activated sludge from a municipal sewage treatment works. This 
inoculum has been used to develop the carrier-induced granular 
sludge bed reactor [35,36]. In a later paper, Lin et al. [12] rec 
ommended base-enrichment rather than acid enrichment, and 
produced a seed sludge with no methanogenic activity after in 
cubation of waste activated sludge from a municipal sewage 
treatment works with 1 M NaOH for 24 h.

However, spore-former enrichment by heat treatment is more 
common, although there is variation in the temperature attained 
and the time for which it is applied. Heat treatment of the inocu 
lum at industrial scale would be technically more difficult than 
acid or alkali treatment so it is important to determine whether 
it improves hydrogen production in practice. Han et al. [20] 
used heat treatment at pilot scale, starting up four 501 batch 
reactors on food waste every 8 days. Heat treatment may pre 
vent development of non-spore-forming propionate producers 
which convert hexose without forming Ha [37,38]. However, 
Hussy et al. [39] used non-heat treated anaerobically digested 
sludge to establish H2 production from sucrose and sugar beet 
within 5 days, in two experiments which remained stable for 
45 and 32 days before termination because of time constraints. 
Other workers obtaining H2 production using non-heat treated 
sludge include Lin and Jo [40] although a period of acclima 
tion was required. By contrast Shizas and Bagley [41] found 
with non-heat treated anaerobic digester sludge inoculum that 
operating a CSTR at pH 5.5 and lOhHRT was not sufficient 
to prevent methanogenesis for more than approximately one 
week. Further work is thus needed to establish whether the 
additional technical complexity of heat-treating the inoculum 
at industrial scale is cost-effective. The heat treatment of in- 
ocula not only reduces the non-spore-forming microorganisms 
present but also activates clostridial spores to commence ger 
mination. Spores of clostridial strains used for industrial sol 
vent production were routinely activated by heat-shock. Heat 
alters the germination receptor so that it is more responsive to 
the presence of germinants.

When using a pre-treated inoculum, germination of spores 
is allowed to occur in a batch phase before continuous oper 
ation so that wash-out of the inoculum does not occur. The 
reactor headspace is commonly flushed with inert gas, but it is 
not known if this is necessary, since germination of clostridial 
spores is generally less susceptible to oxygen inhibition than 
subsequent growth [42]. Germination has been induced by 
amino acids, sugars, ribosides, enzymes and hydrostatic pres 
sure, but often a species specific combination of germinants 
was required [42-44] e.g. alanine and lactate for Clostridium 
botulinum spores. Faster and more successful start-up might be 
achieved if the required germinants were known. Information 
on restart up after periods without feed is also needed. It is 
not yet clear whether H2 producing reactors can be efficiently 
restarted after shut-down by providing conditions favouring 
germination, or whether re-inoculation is preferable. This 
would be valuable process information to obtain.

During continuous operation sporulation has to be avoided 
in CSTR reactors, since it will result in washout of clostridia 
[19] and could allow non-spore formers to take over. Exposure 
to oxygen triggers sporulation in continuous cultures of some

species e.g. Clostridium beijerinckii. Clostridium strain C7 was 
more tolerant to trace concentrations of oxygen and to nutrient 
stress [45] while carbon starvation gave sporulation with C. 
cellulolyticum on cellobiose [46]. The accumulation of acetic 
and butyric acid fermentation end-products may cause clostridia 
to switch to solvent production and sporulate [47]. However, 
exact information is lacking on the adverse conditions causing 
sporulation.

4. Nutrient requirement

As well as N and P, nutrients known to be significant for 
efficient hydrogen production include S and Fe, significant 
components in hydrogen-producing hydrogenases. For most 
laboratory studies with pure substrates, nutrient concentrations 
were presumably well in excess to ensure carbon limitation, 
though few papers actually state this. The simple salts medium 
chosen by Zoetemeyer et al. [48] was said to guarantee excess 
of all essential nutrients other than glucose and thereby allow 
glucose-limited growth of the bacteria. Most laboratory work 
to date seeking to optimise nutrient addition has used batch 
cultures. More information is needed on minimum amounts of 
nutrients needed for continuous operation.

Although some clostridia are nitrogen fixing, laboratory 
studies with defined carbohydrates all use a nitrogen source 
and many report yields of more than 1 molHamol" 1 hexose 
with addition of mineral nutrients only. Whilst Ren et al. [49] 
report hydrogen production from sugar or corn starch with ad 
dition only of N and P salts, most studies have used more com 
plex mineral salts solutions. Six examples are given in Table 
1 of element concentrations and COD:N and COD:P ratios in' 
studies using defined media with glucose [18,48,50,51] starch 
[19] or sucrose [52] as substrate. Table 1 shows COD:N ratios 
varying between 11:1 and 73:1; Ren et al. [49] reported hydro 
gen production at an even higher COD:N of 160-200:1. From 
Table 1 COD:P ratios show an even wider variation from 73:1 
to 970:1. Though the earliest work in Table 1 [48] did not mea 
sure hydrogen yield, all other hydrogen yields are between 1.4 
and 2.1molmol~ 1 hexose. Thus reasonable hydrogen yields 
were obtained despite the wide variety of nutrients added.

Apart from a N and P source, only K, Mg and Fe are com 
mon to all recipes in Table 1. There is a 20-fold variation in the 
amount of Fe added with respect to hexose concentration, One 
or more workers did not add one or more of the elements Ni, 
Ca, B, Mo, Zn, Co, Cu, Mn or I. Mu and Yu [52] exceptionally 
did not add a S source to the medium. The actual concentration 
of all elements in the reactor for a defined medium includes 
tap water concentrations and impurities in reagents used. Our 
information on true concentrations is even less certain when 
using substrates from crops or food wastes. As the technology 
is applied to a greater range of substrates, studies of nutrient 
requirement will become more necessary for process optimi 
sation and cost-effectiveness. The minimum amounts of N, P, 
S, Fe and trace minerals needed for efficient H2 production in 
continuous reactors at various conditions, e.g. pH and substrate 
concentrations, must be determined.
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Table 1
Element and hexose concentrations (nigl' 1 ) and ratio of COD to N and P for denned media in some studies on continuous hydrogen production with mixed
cultures

Element

N
K
S
Mg
Ni
Ca
B
Mo
Zn
Co
Cu
Mn
I
Fe
P
Hexose
COD:N
COD:P

Fang and Liu [18J

131
112
42
32
12
14
0.4
0.01
11
6.2
3.7
8.3
—
17.2
102.3
7000
57:1
73:1

Lin and Chang [50J

929
56
5.5
13
—
—
—
—
—
0.04
1.3
—
—
5.03
22.0
20000
23:1
970:1

Mizuno et al. [51J

680
113
0.6
32
0.13
—
0.07
0.20
0.24
0.74
—
0.69
1.91
1.0
44.5
10000
16:1
240:1

Zoetemeyer et al. [48J

351
97
12.8
3.6
—
0.20
—
—
0.40
—
—
—
—
2.9
76.2
10000
30:1
140:1

Hussy et al. [19]

680
183.7
9.9
37.8
12.05
18.0
1.36
7.61
11.04
3.72
3.73
6.95
__

17.3
101.5
7765
11.4:1
77:1

Mu and Yu [52]

72.9
53

12.0
1.23
18.02
0.69
8.66
2.4
1.24
1.42
1.39
_
11.0
21.03
5330
73:1
253:1

5. Process pH and HRT

A number of workers have used low pH, short retention time 
in a CSTR or a combination of both to exclude methanogenesis 
[9]. Fang and Liu [18] observed development of methane pro 
duction in a CSTR operating with a mesophilic hydrogen pro 
ducing mixed culture when the pH was increased to 6.0, even at 
the short HRT of 6 h, as methanogens may be able to attach to 
die reactor. The findings of other workers at pH > 6.0, however, 
contradict this. Chang et al. [53], with acid-pretreated inocu 
lum, operated a fixed-bed reactor where the bacteria were de 
liberately retained at pH 6.7 and found methane not detectable. 
It is possible that a methanogenic population had not devel 
oped in the time the reactors operated (16 days). Lin et al. [12] 
operated a CSTR on 20 gl" 1 sucrose for over 350 days at pH 
6.8 between 2 and 12 h HRT with no methane detected, giving 
a maximum molar hydrogen yield of l.TSmolHamol" 1 hex 
ose. With heat treated inoculum and brewery waste in a CSTR 
over a 10 month period, Fan et al. [32] did not detect methane 
even at conditions of pH 6.5 and 18 h HRT. Lee et al. [54] re 
ported excellent performance of a granular sludge bed type re 
actor at pH 6.7 on sucrose, as did Wu et al. [28] at pH 6.6. 
Experience in the laboratory so far suggests that there may be 
no problem with methanogenic population build-up, even in re 
tained biomass reactors [55]. However, more experience with 
»al wastewaters which may themselves contain methanogens 
is required.

The above examples suggest acceptable hydrogen yields can 
be obtained at pH around 6.5-6.8. However, using a mixed cul 
ture on glucose, Zoetmeyer et al. [56] reported strong lactic acid 
Production at pH > 6 and increasing acetate/formate/ethanol 
Production with pH>7. Horiuchi et al. [57,58] report that 
th« dominant metabolism in a mesophilic CSTR, seeded with 
unaerobic digester sludge operating on glucose, changed slowly 
from butyrate/acetate to acetate/propionate production when the

pH was increased to 8 or above, attributed to a shift in microbial 
population. Onset of propionate production was also observed 
by Fang and Liu [18] when the pH was increased to 7.0 in 
a hydrogen producing CSTR on glucose (6 h HRT, 36 °C) and 
conversion also decreased at pH < 5.5. It can be concluded that 
the H2-producing butyrate-acetate metabolism is more com 
petitive at pH < 6 than at near neutral pH. Where a range of pH 
has been tested in continuous conditions, investigations point 
towards an optimum for hydrogen production in the pH range 
5.2-5.8 over a variety of HRT (6-32 h) and substrate types (su 
crose, starch and beer industry wastes) (Table 2). Where it is 
possible to calculate the molar H2 yield, where pure carbohy 
drate substrates are used, the maximum yield from Table 2 is 
in the range 2.15-1.7molH2mol~ 1 hexose consumed, com 
paratively high yields. However, there is some evidence that 
acceptable hydrogen production may occur at even lower pH 
with strong production of ethanol (see Eq. (4)).

Khanal et al. [61] using 8gl~' sucrose and a sequencing 
batch reactor, stated that on lowering the operating pH from 
5.2 to 4.8 the performance improved. In a review of their work, 
Ren et al. [23] gave the optimal operating conditions for the 
ethanol/acetate hydrogen-producing fermentation of molasses 
as pH 4.0-4.5, HRT 4-6 h. Ren et al. [62] reported continu 
ous hydrogen production with ethanol and acetate production 
at pH around 4.5 from CSTR experiments with a mixed cul 
ture and molasses at 30 °C, whilst no gas was produced at pH 
4.9. They claim propionic acid fermentation is dominant in the 
pH range 5-6. Wang et al. [63] also state that avoiding pH 5.5 
and working at pH 4.5 could produce more hydrogen without 
propionic acid accumulation. A H2 yield of 26 mol kg" 1 COD 
removed was obtained from molasses [22] with effluent pH be 
tween 4.5 and 5 and an acetate:ethanol ratio on a molar basis 
of about 1. With an effluent pH between 4.3 and 4.5, Mu and 
Yu [52] working with a granular sludge bed reactor and sucrose 
as substrate (4.7 g I"" 1 , 18 h HRT) obtained a molar H2 yield of
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Table 2
Determination of optimum operating pH for mixed mesophilic cultures

pH range 
tested

4.0-6.0
4.0-7.0
5.7 and 6.4
5.0-6.5
5.0-6.5
4.5-6.0

Optimum 
PH

5.2
5.5
5.7
5.5
5.8
5.5

Inoculum

Heat treated anaerobic sludge
Hi producing sludge
Anaerobic sewage sludge
Cow dung compost
Heat treated grass compost
Heat treated soil

Substrate

Starch
Glucose
Glucose
Brewery waste
Waste yeast (beer)
Glucose

HRT (h)

17
6
6

18
32
10

Temp. (°C)

37
36
35
37
40
30

Max. yield 
(mol Ha mol" 1 hexose)

2.15
2.1
1.7
43 ml g COD- 1 added
NA
2.5

Refs.

[59]
(I8J
[SOJ
[32]
III]
160]

1.44 mol H2 mol~' hexose. Butyrate and ethanol were the dom 
inant end-products on a molar basis. It is thus clear that reactors 
can operate at pH around 4.5, although with a slightly lower 
H2 yield than those at 5.2-5.7 (Table 2). Further advantages 
are that, as stated by Hussy et al. [19], at pH<5 homoace- 
togenesis is unlikely to occur and that operation at the low 
est possible pH would reduce alkali requirements. Zoetemeyer 
et al. [56] found NaOH requirements for an acidogenic CSTR 
fed on 10gl~ l glucose increased by 50% when operating pH 
increased from 4.5 to 5.0 and by more than 100% when the pH 
was increased from 4.5 to 5.7.

However, the proportion of undissociated acetic and butyric 
acids increases as the pH falls towards the pKa s of 4.78 and 
4.81, respectively. The undissociated forms can pass across the 
cell membrane, collapsing the membrane pH gradient, and the 
cell will convert to solvent formation, sporulate or die [47]. At 
pH < 5 it was observed that hydrogen production switched to 
solvent production in a mixed culture on soluble starch [59]. 
The shift to solvent production at the end of batch process may 
be a mechanism for the cell to detoxify from undissociated acid 
end products. Van Ginkel and Logan [60] reviewed the effects 
of undissociated acid concentration on the Ha/solvent shift and 
concluded the threshold value cannot be predicted because of 
the wide range reported. Thus it is important to establish the 
optimal substrate concentration and minimum operating pH, a 
balance between lowest alkali cost and ion concentration in the 
effluent and highest Ha production.

Short HRTs in CSTRs may wash out slow growing 
methanogens and can reduce reactor size and capital cost. In 
CSTRs operating on sucrose, optimum retention times of 8.Oh 
[64], 8.7h [65], 12h [66] and 13.7h [29] have been reported 
for maximum hydrogen yields with inhibition of methano- 
genesis. For cellulose, Ueno et al. [67] reported continuous 
hydrogen production from a mixed culture at the long HRT of 
3 days (pH 6.4), without encountering problems with methano- 
genesis. With soluble starch, statistical analysis of 23 short 
(approx. 4 day) experiments by a mixed culture indicated an 
optimum HRT between 12.7 and 20.2 h, with 17 h HRT giving 
maximum hydrogen yields [66]. Hussy et al. [19] operating on 
a paniculate wheat starch showed that reducing HRT from 18 
to 12h improved H2 yield without affecting starch removal ef 
ficiency. At the 12 h HRT propionate production was lowered, 
suggesting wash-out of a non-clostridial propionate-forming 
community. For beer processing wastes Lay et al. [11] statisti

cally analysed 16 short (4 day) CSTR experiments to determine 
the optimum pH and HRT for H2 production and found a max 
imum specific H2 production rate of 0.0191H2 g~'VSSh" 1 
should occur at pH 5.8 and 32 h HRT (Table 2). Fan et al. [32] 
evaluated five HRTs and three pHs in a CSTR at 37 °C using 
the bottom layer from a beer manufacturing plant and showed 
that maximum H2 production occurred at 18 h HRT, pH 5.5 
and OLR of 70 g COD r 1 d~ l . For CSTRs operating on more 
complex substrates, starch, brewery waste and waste yeast, 
longer HRTs may be needed than for glucose (Table 2).

6. Feedstock

Hydrogen production from soluble and paniculate starch and 
cellulose [19,59,67] from xylose [68], from sugar beet [39] 
and the wastewater from a sugar beet refinery [63] and the 
bottom layer from a beer manufacturing plant [32] has been 
demonstrated in CSTR experiments using mesophilic mixed 
microflora. Hydrogen production from other carbohydrate-rich 
complex materials has been shown mainly in batch conditions, 
presumably because of the difficulty of delivering paniculate 
matter to continuous reactors at laboratory scale. Hydrogen 
production from dining hall food waste as a solid has been 
studied in a mesophilic leaching bed reactor [69] and solid 
waste as a slurry has been used in CSTRs fed daily by the 
draw-and-fill method [70,71].

Substrate concentrations used in continuous H2 production 
with mixed microflora in CSTRs have until recently been 
commonly around 10gl-1 carbohydrate. Higher substrate 
concentrations should allow more energy-efficient operation 
but product inhibition is likely to set the upper limit. With 
glucose concentrations between 2.5 and lOgCODT 1 and 
HRTs of l-10h, increased OLR decreased H2 yield from 2.8 
to UmolHamor 1 glucose at 30 °C and pH 5.5 [72]. This 
effect was mostly related to increased glucose concentration 
rather than changes in HRT and was attributed to Ha inhi 
bition. However, Kirn et al. [13], investigating the effect of 
a range of sucrose concentrations (10-60 g I" 1 as COD) in 
a CSTR at pH 5.4, 12 h HRT, found the hydrogen yield at 
hexose concentrations below 20 g COD I" 1 decreased. Above 
35 g COD r', overload occurred, with the maximum molar H2 
yield of 1.22 mol mol" 1 hexose consumed at an inlet sucrose 
concentration of 30gCODr'. A decrease in performance in 
terms of molar H2 yield at 40gl~' was noted by van Ginkel
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and Logan [60] when comparing operation of a CSTR on 
10, 20, 30 and 40gl~ 1 glucose at 2.5 and lOhHRTs. Kyazze 
et al. [73] examined continuous operation at pH 5.2, 12hHRT 
on 10-50 gl~' sucrose. Stable operation was obtained with 
influent sucrose concentration up to 40 g I" 1 sucrose within 
5 days from start-up. At 50gl~' the system was less able to 
maintain steady state but sparging with N2 improved stability. 
The Ha yield decreased from 1.7 ± 0.2molHamor' hexose 
added at lOgT 1 sucrose to 0.8 ± 0.1 molHamor 1 hexose 
added at 50gl~'. Thus the upper limit of substrate concentra 
tion for sucrose or glucose without a marked decrease in molar 
hydrogen yield may be around 30gl~~'.

The level of undissociated acetic and butyric acid (a func 
tion of pH and substrate level) as well as the Ha concentration 
may set the upper limit of substrate concentration. The initi 
ation of solventogenesis above an undissociated butyric acid 
concentration of 13mM was suggested experimentally by Van 
Ginkel and Logan [60]. Kyazze et al. [73] report that adding 
butyric acid to a stable reactor to raise the free butyric acid 
level from 33 to 63 mM stopped gas production completely, 
although the reactor recovered 84 h after the spike. Similarly, 
near-complete Ha production inhibition was observed by Van 
Ginkel and Logan [60] with added acetic and butyric acids at 
pH 5.0 to give undissociated acid concentrations in the reactor 
of 50 and 63 mM, respectively.

Inhibition of biohydrogen production by ammonia, which is 
also related to pH, may be a factor in the fermentation of animal 
manures. Salerno et al. [74] showed that increasing ammonia- 
Nfrom 0.8 to 7.8 gl~' gave a progressive decrease of molar 
HZ yield from 1.9molmol~' hexose to l.lmolmol" 1 hexose 
in a CSTR operating on glucose at pH 5.5 and lOhHRT.

It should be noted that the feedstock entering the reactor 
should not be allowed to pre-ferment in a holding tank [61,71 ] 
as this lowers hydrogen production. For commercial opera 
tions, it will be necessary for the feedstock to be delivered in a 
fresh state to the reactor, a difference from anaerobic digester 
technology. There is a need for industrially-significant complex 
substrates to be investigated in continuous operation to deter 
mine the relation between substrate concentration, pH, OLR 
and Ha production. In view of the paniculate nature of many 
such substrates, this is likely to require pilot-scale work.

7. Hydrogen and COa partial pressure

In a natural environment or a single stage anaerobic digester, 
hydrogenotrophic bacteria such as methanogens keep the hy 
drogen partial pressure low. In an acidogenic reactor hydrogen 
and COa levels can be lowered artificially [5]. Stirring, gas 
sparging and extraction through membranes may all affect Ha 
yield. In continuous experiments with a heat-shocked mixed 
culture, an increase in the speed of a magnetic mixer more than 
doubled the hydrogen production rate [59]. Overall, stirring 
clearly aids hydrogen production [75]. More physico-chemical 
information on the effect of stirring would be useful for reactor 
design.

Sparging with Na at around 15 times the hydrogen pro 
duction rate in experiments with mixed cultures on glucose

(35 °C, pH 6, 8.5 hHRT) increased hydrogen yields from 0.85 
to 1.43molHamor' glucose [51]. Hussy et al. [39] showed 
for CSTR operation on 10gl~' sucrose, sparging with Na 
increased H2 yield from 1.0±0.1 to 1,7±0.2 mol H2 mor 1 hex 
ose. Kyazze et al. [73] in similar experiments extending the con 
centration range, reported that sparging with Na improved the 
Ha yield by at least 35% at 40 g \~ ' sucrose and 33% at 50 g r', 
and also improved the stability of operation at 50 g T 1 sucrose. 
With paniculate starch, Hussy et al. [19] found sparging with 
Na to reduce Ha in the off-gas from 50% to 7% increased Ha 
yield from 1.3 to 1.9 mol Ha mor 1 hexose convened.

It is thus proven that sparging does improve H2 yield, and 
may improve process stability, but an assessment of the overall 
process must be made to determine whether dilution of the Ha 
stream is acceptable. A range of membranes for separation of 
gas components are commercially available and are commonly 
used to purify hydrogen for use in fuel cells. Teplyakov et al. 
[76] have used a system of two poly vinyltrimethylsilane mem 
branes to separate components of gas produced in a biohydro 
gen reactor, achieving gas purities of 90% for hydrogen and 
99% for carbon dioxide. More research is needed to develop 
low-cost gas purification systems at appropriate scales which 
deliver Ha at the specifications required.

Continuous sparging of the reactor to lower Ha partial pres 
sure may use other process gases such as methane and/or COa 
from anaerobic digestion or recycled gas after hydrogen has 
been stripped. Liu et al. [71], using biogas from an anaero 
bic digestion second stage, stripped COa and HaS and sparged 
the first stage hydrogen-producing reactor with the resulting 
methane-rich gas. An 88% increase in hydrogen production rate 
resulted. Evidence from a batch study suggested reducing COa 
content may reduce acetogenesis and increase Ha yield [77], 
However, recent results from Kim et al. [78] with a CSTR op 
erating on 20gCODl~' sucrose (pH 5.3, 12hHRT), compar 
ing sparging with COa and with Na, showed COa sparging was 
more effective. Contrary to expectations, microbial analysis in 
dicated acetogens and lactic acid bacteria were inhibited by the 
high COa partial pressure and substrate conversion to micro 
bial biomass was reduced. These results could prove useful in 
industrial situations if they can be extrapolated to other sub 
strates. It is possible that comparison of the results of Park et al. 
[77] and Kim et al. [78] highlight differences which may exist 
between experimentation in batch and continuous conditions.

8. Reactor types

CSTRs are the most frequently used reactor type for contin 
uous fermentative Ha production. However, a range of other 
reactor types exist, based on those available for methanogenic 
anaerobic digestion. High rate reactors are widely used in 
methane production in order to retain large amounts of bacterial 
catalyst in the reactor as floes, films or granules or by mem 
branes, allowing shorter HRTs (higher hydraulic loads) with 
out wash-out of slow growing methanogens. In H2-producing 
reactors, retention of bacteria in the reactor should provide 
more catalytic power allowing greater OLRs and volumetric 
Ha production rates. The difficulty may be that slower-growing
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methanogens and propionate producers are also retained, de 
creasing Ha yield, but there seems little evidence so far that 
this occurs.

Fed-batch (draw and fill) operation of CSTRs can result from 
manual feeding at laboratory scale. Fan and Chen [79] using 
a brewery waste showed that a CSTR at ShHRT can recover 
from repeated replacement of 25% of the volume, but simulat 
ing the fed-batch approach in this way gave variability in Ha 
production. Youn and Shin [70] used daily fed-batch reactors to 
examine Ha production from slurried food waste. At 35 °C, 5 
day HRT, pH 5.5, OLR 3-8 gVS 1~' d" 1 , methane was formed, 
lowering Ha yield and operation at 55 °C was preferable. Liu 
et al. [71] fed household solid waste slurry (7.5% VS) twice 
daily to a hydrogen-producing reactor at a 2 day HRT, 37 °C, 
pH 5.2 and found effective prevention of methanogenesis.

Sequencing batch reactors in which the microorganisms are 
retained by settling in a quiescent settling period (5) inside 
the reactor also operate on a fed-batch system and require 
optimisation of the R (reaction period) to 5 ratio. Lin and Jo 
[40] with a sequencing batch reactor (35 °C, pH 6.7, OLR 
82 g sucrose I" 1 reactor d~', R/S 5.6) obtained (at standard 
temperature and pressure) a yield of 1.3molHa moP 1 hexose 
compared to 1.15molHamol~' hexose obtained by Kyazze 
et al. [73] with a CSTR at similar OLR. The volumetric 
production rate and specific H^ production rates from the se 
quencing batch reactor were comparable with CSTR values, 
while the upper value of VSS was higher (Table 3). Lin and 
Chou [34] using the same sequencing batch system report the 
high alkalinities occurring (>6gl~' as CaCOs), presumably 
due to operation at pH 6.7. This may give rise to problems of 
alkali consumption in the overall process. Khanal et al. [61] 
used a sequencing batch reactor operating on sucrose with a 
portion of the settled effluent returned to the reactor after heat 
treatment. They suggest a sequencing batch reactor operating 
in a "feast and fast" mode might favour spore germination 
and also flush out inhibitory unionised acids. The authors do 
not say what portion of the settled effluent was heat-treated 
in continuous operation, but suggest the 14 fold increase in 
hydrogen production arising may be due to the promotion of 
germination.

Food waste from a Korean dining hall [20] was used in the 
BIOCELL process (see Section 9) with leaching bed reactors 
operated at varying liquid throughput appropriate to the rate 
of VFA production in a 6 day batch process [69]. The process 
yielded Ha continuously as four reactors were used sequen 
tially. At an OLR of 11.9 kg VSm~3 reactor d" 1 , a volumet 
ric production rate of 0.151 Ha I" 1 reactor h" 1 was obtained. 
Little is known about process optimisation for mesophilic Ha 
production from solid wastes such as food wastes.

The ability of microorganisms to form floes retained in a 
iettler is the basis of the aerobic activated sludge process. Ha- 
brming mixed cultures also form floes in continuous culture, 
md the floe properties from a reactor at 23 °C, pH 5.5, HRT 
i.5 h have been examined by Zhang et al. [80]. Dense, relatively 
mpermeable floes with mean sizes increasing with OLR had 
ettling properties in reasonable agreement with Stokes' law. 
'he lower temperature used may have favoured floe formation.

Methods of retaining bacterial biomass in reactors include 
immobilisation. Sewage sludge after acid pre-treatment was 
immobilised by gel entrapment and used in 24 repeat fed-batch 
experiments with 20gr' sucrose. A specific Ha production 
rate of 0.241 g" 1 VSS h" 1 was obtained, rising to the very high 
value of 6.081 g~' VSS h" 1 with repeated use [81]. However, as 
the authors say, the stability and durability of the immobilisation 
system is a more critical issue than the production rate. Silicone- 
immobilised sludge was used as inoculum in a stirred reactor 
and may have provided a reservoir of bacteria during operation 
at high hydraulic loading [28].

Biofilm attachment on solid supports are common in anaer 
obic digesters. Kirn et al. [82] using poly-vinyl alcohol as solid 
support medium (non-heat-treated sewage sludge seed, pH 
5.0, 20hHRT, 20gr' glucose) found variable Ha production 
in a 30 day experiment, with approximately 4gl~' biomass 
retained in the reactor. Biofilms seeded with acid-shocked 
sewage sludge were developed on activated carbon and su 
crose (17.8gr') fed to reactors at 0.5-5hHRT, 35°C, pH6.7 
giving a maximum volumetric production rate of 7.41 Hal" 1 
reactor h~' at 0.5 h HRT [85] and 1.321H2 r1 reactor h' 1 
at 1 hHRT [53] (Table 3). At higher substrate concentration 
performance declined due to competition from non-hydrogen 
producers but thermal treatment restored Ha production rates, 
suggesting spore-formers were part of the attached biofilm. 
Thus activated carbon has so far given better performance than 
poly vinyl alcohol as support medium.

The retention of bacteria in the reactor by a membrane has 
been developed for aerobic and anaerobic biological wastewa- 
ter treatment, Oh et al. [83] coupled a cross-flow membrane to a 
CSTR (lOgr 1 glucose, pH 5.5, 26°C). Intermittent backpuls- 
ing was used to limit fouling. At system HRTs of 3.3 and 5 h and 
solids retention time (SRT) of 3.3 to 48 h, no methane was in 
the biogas. At 3.3 h HRT using the membrane to give a 12h SRT 
increased total suspended solids (TSS) from 2.2 to 5.8 g I" 1 
and volumetric production rate from 0.30 to 0.371 Hah" 1 1" 1 
reactor, assuming 58.5% H2 in the biogas. At a ShHRT using 
the membrane to give a SRT of 48 h increased TSS from 2.4 
to 8.8 g I" 1 but volumetric Ha production rate and yield de 
creased. Fouling and high capital and operating costs are cited 
as disadvantages of membrane bioreactors and so this may not 
be the technology of choice.

In methanogenic UASBs, well-settling and mechanically 
stable granules form spontaneously, requiring the presence 
of calcium. Fang et al. [15] demonstrated that Ha-producing 
biomass could also develop granules with high activity. In a 
90 day experiment (non-heat treated sewage sludge inoculum, 
26°C, 6hHRT, 2-12gr' sucrose) granules were visible by 
day 15 and by day 60 the reactor was operating on an OLR 
of 49gl~' d" 1 at 97% conversion of sucrose with a HI yield 
of 2.2 mol mol~' hexose converted (Table 3). Average granule 
diameter was 1.6 mm.

Chang and Lin [30] after a 39d start-up period from heat- 
treated sewage sludge developed visible granules after 120 days 
and produced H2 from 20 g 1~' sucrose at 4-24 h HRT, pH 6.7. 
VSS was 7.2gl-' at 24h HRT and 3.6gl-> at 4hHRT. H2 
productivity was nearly constant between 8 and 20hHRT, with
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Table 3
OLR, bacterial biomass relained, H2 production rates and Hj yield in various reactor types

Reactor type

CSTR

CSTR

CSTR
CSTR
Sequencing batch
Leaching bed
Immobilised sludge
(gel) repeat batch
Biofilm (activated carbon)
Biofilm (activated carbon)
CSTR
CSTR + membrane
Granules
Granules
AC seeded granules
AC seeded granules
Stirred granular sludge

Substrate

Beer processing
waste yeast
Beer manufacturing
waste
Sucrose
Glucose
Sucrose
Food waste
Sucrose

Sucrose
Sucrose
Glucose

Sucrose
Sucrose
Sucrose
Sucrose
Sucrose

OLR
(gl-'d- 1 )

NG

70 (as COD)

80
80 (as COD)
82
11.9 (as VS)
NA

427
854
72

49
60
427
854
1708

VSS

2.3

NG

5.7
4.59
4.4-7.5
NA
1 (initial)

15
NG
2.2
5.8 (TSS)
20
5.0
15
26
35.4

Volumetric 
H2 prod, 
rate (11~' d~')

0.045

0.129

0.5
0.8
0.42
0.15
NG

1.32
7.4
0.146
0.187
0.54
0.28
2.7
7.3
15.09

Specific Hj 
prod, rate 
(IgVSS-'h- 1 )

0.019

NG

0.088
0.093
0.065
NA
0.24-6.08

0.088
NG
0.066
0.032 (TSS)
0.029
0.056
0.173
0.28
0.421

H 2 yield 
(molmor 1 
hexose)

NA

NA

1.15
2.06
0.94
NA
NG

0.57
1.59
0.4

2.2
0.86
1.2
1.2
1.59

Refs.

[I'J

[32]

[73]
[80]
[40]
[84]
[81]

[53]
[85]
[83]

[15]
[30]
I35J
[36]
[28J

NA—not applicable, NG—not given, TSS—total suspended solids, AC—activated carbon.

volumetric Ha production rate and spefcific H2 production rate 
peaking at 8 h HRT (OLR 60 gT 1 d" 1 , see Table 3). 0.1 g VSS 
were generated/gCOD removed. The mean cell retention time 
was 22.2 h. Operation at pH 6.7 gave rise to high alkalinities. 
The long start-up period for this type of UASB reactor should 
be noted as should the 8 month period of stable operation.

In a 90 day experiment, Lee et al. [35], using granules 
developed after seeding with activated carbon bearing a Ha- 
producing biofilm, found the shortest HRT at 17.8gr' su 
crose giving successful operation was 1 h at 35 °C. Addition of 
5.4 mgT 1 Ca2+ increased granule retention giving a biomass 
concentration of IS.SgVSSr 1 . At Id HRT with 89% conver 
sion of sucrose and H2 yield 1.2molmol~' hexose converted, 
the OLR of 427gl~ 1 d~ 1 and Ha production rates result 
ing shown in Table 3 are higher than for most reactors. Lee 
et al. [36] showed spherical activated carbon was the most 
effective inducer for granular sludge formation, giving gran 
ules within lOOh of start-up which reached 3-5 mm diameter. 
Operation at 0.5 h HRT (OLR 854 gP 1 d" 1 ) for a short time 
period gave the very high maximal volumetric Ha production 
rate of 7.31 TV (Table 3). Lee et al. [54] improved this 
rate at 98% sucrose conversion to 9.31 IP 1 h~' in a carrier- 
induced granular sludge bed reactor of height:diameter ratio 
8, with agitation. The highest volumetric hydrogen produc 
tion rate to our knowledge ever reported is 15.0911~'h~ 1 
at 93% sucrose conversion, OLR 1708 g sucrose P'd" 1 , in a 
novel continuously stirred granular sludge type reactor seeded 
*ith silicone-immobilised sludge[28] (Table 3). If these rates 
could be maintained, the granulation approach to conversion 
°'soluble simple sugars is very promising.

It appears that bacterial retention in Ha-producing reactors 
88 * biofilm or as activated carbon seeded granules can increase

reactor bacterial biomass and allow higher OLRs without lead 
ing to retention of slow growing bacteria such as methanogens 
detrimental to Ha production, even at pH 6.6 [28]. One advan 
tage of a retained biomass system is that technical problems in 
operation such as power failure will not result in washout of 
the population [53,54] unlike the situation in CSTRs. It should 
be noted that these studies have been performed on soluble 
substrates. Commercial methane-producing granule-containing 
UASB reactors are limited when operating on particulate sub 
strates with high suspended solids contents, and this is likely 
to be also true for Ha-producing granular reactors. For anaer 
obic digestion, biofilm reactors (upflow and downflow filters) 
have proved successful at dealing with particulate feedstocks. 
Thus it is likely that the reactor of choice for particulate sub 
strates will be the biofilm reactor or, for lower volumetric Ha 
production rates, the CSTR.

Values for OLR, volumetric Ha production rate, VSS in 
the reactor and specific Ha production rate for CSTR op 
eration at laboratory scale are given in Table 3. It can be 
seen that the highest volumetric hydrogen production rate 
(7.3 and 15.091Hal~'reactorh~ 1 ) were obtained from ac 
tivated carbon seeded granules and a stirred granular sludge 
type reactor. These reactors also have the highest OLR (854 
and 1708 g sucrose P 1 reactord" 1 ). With the exception of gel 
immobilised sludge, where durability was an issue, granular 
sludges had the highest specific Ha production rate and the 
highest amount of VSS per litre of reactor when operated on 
soluble substrates. Gavala et al. [55] compared Ha-producing 
CSTR and UASB reactors operating on glucose, showing that 
the UASB configuration was more stable and had a higher 
volumetric Ha production rate. However, the molar Ha yield 
was higher in the CSTR for all conditions tested. As Yu and
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Mu [31J note, it may not be molar hydrogen yield but loading 
rate and volumetric hydrogen production rate on which reactor 
performance should be judged.

9. Second stage processes

A second stage process is necessary to follow the dark fer 
mentative stage, producing more hydrogen, methane or elec 
tricity. Thus the fermentative hydrogen reactor becomes part of 
a process train, analogous to a sewage treatment works, and the 
overall process must be optimised for energy production and 
environmental impact. Three possible second stage processes 
are discussed below.

9.1. Photofementation

Fang et al. [86] showed for the first time that mixed photofer- 
mentative microflora enriched from a reservoir could be used 
to convert acetate and butyrate effectively to H2 . Previous 
work had concentrated on pure cultures. If technologically and 
cost effective photobioreactors were available, the two-stage 
dark and light Ha fermentation process using mixed microflora 
would be a promising method as it has a theoretical maxi 
mal molar Ha yield of 12 mol mol~' hexose converted in the 
two-stage process.

9.2. Microbial fuel cells

Microbial fuel cells (MFC) can utilise acetate and butyrate to 
produce electricity [87]. Oh and Logan [88] demonstrated the 
fermentation end-products of batch hydrogen production from 
a cereal processing wastewater high in sugar could be used by a 
MFC to produce electricity with 95% COD removal. MFC tech 
nology is currently at the research stage and still developing; 
the amount of electrons transferred to the anode in relation to 
the amount of electrons theoretically delivered by the substrate 
(Coulombic efficiency), surface area of electrodes required and 
power densities achievable remain to be established [89]. A re 
cently reported option for enhancing biohydrogen recovery is 
the bio-electrochemically assisted microbial reactor (BEAMR) 
with low voltage conversion of acetate to Ha [90,91]. BEAMR 
technology is a modified application of microbial fuel cells 
with an additional small potential applied. It allows another 
process configuration in which additional hydrogen can be pro 
duced from fermentation end products, possibly with effluent 
then passing to a MFC to generate electricity. Either enhanced 
hydrogen production or electricity generation may prove an at 
tractive option for the second stage as these technologies de 
velop. Further research is needed to evaluate the potential for 
energy generation and wastewater treatment by the combined 
dark Ha fermentation/MFC technologies.

9.3. Anaerobic digestion

Two-stage anaerobic digestion is a process related to fer 
mentative Ha production already in use at commercial scale, in

which an acidogenic first stage is used before the methanogenic 
stage. This achieves enhanced stability, higher loading capaci 
ties and greater process efficiencies but there is a need for more 
process experience with a variety of wastes [92]. The acidogenic 
stage is not optimised for hydrogen production and normally 
effluent recycle from the second stage is used to minimise al 
kali addition. However, Kraemer and Bagley [93] using ISgT 1 
glucose found that recycling lowered Ha output from the first 
stage, which showed more Ha-consuming methanogenesis and 
propionate, ethanol and butanol production. It is not certain 
which of the effluent constituents when recycled (e.g. volatile 
acids, COa, methanogens) had this effect on hydrogen produc 
tion. In contrast, in the BIOCELL process where process water 
from the second stage methanogenic UASB was recycled to the 
Ha producing reactor [84] no problems in the first stage with 
methanogenesis were reported. The effluent leaving the Ha pro 
ducing stage had a high alkalinity (2158 mgl~' as CaCOa). It 
may be that the methanogenic UASB granules used by Han and 
Shin [84] allowed less Ha-consuming or propionate-producing 
bacteria to be recycled to the first stage than the sludge blanket 
anaerobic digester of Kraemer and Bagley. Also possibly with 
complex biomass substrates there is less need for alkali addi 
tion than with glucose. Further studies of the two-stage process 
are needed, including those with food wastes and crops, to op 
timise operation for both Ha production and alkali addition.

The two-stage BIOCELL process [94] consisted of two main 
parts; three leaching bed reactors for acidogenic hydrogenesis 
and an upflow anaerobic sludge blanket (UASB) reactor for 
methanogenesis. The three leaching bed reactors were operated 
in a rotation mode with a two-day interval between degradation 
stages. Hydrogen fermentation of 6 days was followed by post- 
treatment (dewatering/aeration) for 2 days in the reactor. The 
UASB converted VFA and alcohol generated from the leaching 
bed reactors into methane. Han and Shin [69] operated the pro 
cess at laboratory-scale for 110 days. The leaching bed reactors 
operated in sequential mode without pH control with recycle 
of the UASB effluent and a proportion of fresh water to keep 
NHs and Na+ below inhibitory levels. At 35 °C and an OLR of 
11.9kg VSm~3 reactor d" 1 , overall 72.5% of VS was removed 
and converted to H2 (28.2%) and CH4 (69.9%) on a COD basis 
in 8 days. Yield values of 0.311 H2 and 0.211 CH4 per gram 
of VS added were obtained, with volumetric production rates 
of 0.151 H2 and 0.0711 CH^" 1 reactor h" 1 . Each leaching 
bed reactor was operated for 6 days and the solid residue after 
draining and aeration in situ for 45 h met Korean regulations for 
use as compost. In another study a UASB reactor treated influ 
ent generated during Ha production from the food waste with 
over 96% COD removal up to an OLR of 12.9gCODr l d" 1 
[94]. The BIOCELL process operated for over 120 days at pi 
lot scale using 501 leaching bed reactors followed by a 2191 
UASB reactor obtained similar results. 70.9% VS reduction at 
OLR of 12.5 kgVS m~3 d~ l and solids retention time of 8 days 
was obtained with 18.7% of the COD added converted to Ha 
and 52% to methane [20].

A two-stage batch-fed study of dining hall waste slurry com 
pared H2 producing reactors at 35 and 55 °C (both pH 5.5, 5 
day HRT) followed by mesophilic methanogenic reactors (each
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20dHRT). AtanOLRof 8gJ -1 d~' the process with thether- 
jnophilic reactor yielded 8.9% of the COD added as Hj and 
66% as methane, while the mesophilic reactor process gave 
poorer Hi yields [70J. Liu et al. [71] used a 7.5% VS slurry 
of household solid waste fed manually twice daily at an OLR 
of 37.5 kgVS irT3 d~ ! to the hydrogen reactor operating at 2 d 
HRT, pH 5.2. The hydrogen yield was 43 cm 3 g~' VS added or 
250 cm3 g~' VS removed. The second stage methanogenic re 
actor generated 21% more methane than the analogous single- 
stage reactor, although the HRT was 17 rather than 15 days.

Few details are yet widely available of the two-stage pro 
cess developed by Sapporo Breweries Ltd. in partnership with 
Shimadzu Corp. and Hiroshima University which successfully 
produced Hj and CHt from bread waste over 6 months [95]. 
The technology produced over 10% more biogas compared to 
the existing method of producing methane alone. About 80% 
of the bread waste was converted in one quarter of the conven 
tional processing time. The Energy Technology Research Insti 
tute of the National Institute of Advanced Industrial Science and 
Technology, Japan, has a semi-pilot scale hydrogen/methane 
plant operating on high water content kitchen refuse, paper 
waste and food waste. The overall processing time was reduced 
from 25 to 15 days, the decomposition of organic waste was 
increased from 60-65% to 80% and energy recovery increased 
from 40-46% to 55% in comparison to conventional methane 
fermentation [96].

Two-stage processes currently appear to be essential, and 
it is therefore promising that there are good indications a 
two-stage process with an acidifying Ha-producing first stage 
and a methanogenic second stage gives rise to more effi 
cient waste treatment and energy recovery than a single-stage 
methanogenic process. It is likely that food industry and kitchen 
wastes will prove initially most attractive as substrates. Experi 
ence with these complex substrates is likely to develop as fuel 
costs rise and climate change mitigation becomes more press 
ing. Reactor capital and operating costs are likely to be similar 
to those already well known for anaerobic digestion. The next 
major challenge is to determine whether the economics and 
reliability of dark fermentative Ha production are sufficiently 
attractive for commercial applications to be installed.
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