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Abstract

The increasing cost of fossil fuels, combined with concerns about their impact on our envi 

ronment has led to a renewed interest in hydrogen as a clean, sustainable, alternative energy 

vector. Using sewage biosolids as the substrate for fermentative hydrogen production offers 

several advantages over the use of other biomass sources. It is available at little or no cost 

and is abundant, being produced wherever there are human settlements, with 1.3 million 

tonnes (dry solids) per year currently being produced in the U.K alone.

This research demonstrated the feasibility of hydrogen production from sewage biosolids via 

anaerobic fermentation. To do this a number of issues specifically relating to the nature of 

sewage biosolids had to be addressed. Firstly, the solids content and rheology made auto 

matic feeding difficult. The feedstock also contained high levels of indigenous microorganisms 

and a high ratio of insoluble to soluble carbohydrate.

To address these challenges, a novel reactor design using wide bore tubing and computer 

controlled pumping equipment was successfully used to construct a working continuously 

fed bio-reactor. A combination of heat treatment at 70°C for one hour and pre-treatment 

with a commercially available food processing enzyme mixture was found to be the most 

efficient method of inactivating competing microorganisms and improving substrate quality.

Hydrogen was successfully produced via batch fermentation of primary sewage biosolids 

which had undergone heat treatment and enzymatic digestion. When fermentation took 

place at pH 5.5 a peak hydrogen production rate of 3.75 cm3 min" 1 was observed. At this 

pH the hydrogen yield was 0.37 mol H2 mol~ : carbohydrate, equivalent to 18.14 L H2 kg"1 dry 

solids. Fermentative hydrogen production from sewage biosolids was also demonstrated in a 

five litre, continuously fed bio-reactor for the first time. A comparison of different hydraulic



retention times showed that hydrogen production was most stable at a HRT of 24 hours. 

A hydrogen producing fermenter was successfully linked to a methanogenic bio-reactor in a 

two stage digestion process.
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Chapter 1

Introduction

1.1 Overview

To date, the vast majority of the world's growing energy needs are met by the burning of 

fossil fuels (International Energy Agency, 2004). This poses a number of problems. Firstly, 

the supply is finite, many oil producing countries are already having difficulties meeting 

increased demand and oil prices are expected to rise in the long term. Secondly, burning of 

fossil fuels releases sequestered carbon in the form of greenhouse gases such as methane and 

carbon dioxide along with a variety of other atmospheric pollutants. Finally, the geographical 

distribution of fossil fuel reserves inevitably means that western nations are heavily reliant on 

less stable Middle Eastern states for energy, leading to concerns over the security of energy 

supplies.

To solve these problems, hydrogen has been proposed as an alternate energy source. Firstly, 

it can be produced via a multitude of methods, most of which are carbon neutral (they result 

in no net increase in atmospheric carbon) (Meher Kotay and Das, 2008). Combustion or

1



electrochemical degradation of hydrogen forms only oxygen and water so it can be thought 

of as a clean fuel. Finally, since it can be generated by a variety of routes both chemical and 

biological its production is largely independent of geography, alleviating the issue of energy 

security.

Although producing hydrogen as a sustainable energy source is a powerful economic driver 

for modifying the anaerobic digestion of sewage biosolids, other economic advantages should 

also be acknowledged. Hydrogen can be combined with methane to form hythane (Karim 

et al, 1996), which, when used in combustion engines, can result in greater fuel efficiency 

and lower emissions of CC>2, CO and NOx when compared with methane alone (Akansu 

et al, 2004; Bauer and Forest, 2001; Larsen and Wallace, 1997; Shrestha and Karim, 1999). 

In the near term, hydrogen is currently a valuable commodity due to its use in areas other 

than energy production. It is used in the manufacture and refinement of various products 

including petroleum (Hallale and Liu, 2001), fertilisers (Wood and Cowie, 2004) and silicon 

for the electronics industry (Sarti and Einhaus, 2002). It may also be used as an oxygen 

scavenger to prevent corrosion and as a coolant in electrical generators.

Many technologies exist for producing hydrogen, both chemical and biological (Das and 

Veziroglu, 2001; Ni et al, 2006a; Kapdan and Kargi, 2006; Ni et a/., 2006b). This overview 

is concerned chiefly with microbial hydrogen via anaerobic fermentation; specifically the 

fermentation of sewage biosolids. The advantages of this technology are numerous. It is 

carbon neutral since ultimately the material being digested comprises non fossilised carbon. 

It requires a smaller input of energy than most chemical processes for hydrogen production 

and additionally, sewage biosolids are an abundant and inexpensive feed stock.

Despite the potential benefits of fermentative hydrogen production, this technology is still 

in its infancy. Considerable research has been conducted into the production of hydrogen



from simple substrates such as glucose, less research has been conducted with regards to 

fermenting more complex feed stocks, and comparatively few published experiments relate 

to fermentative hydrogen production from sewage.

This review will examine both the technical and practical aspects of fermentative hydrogen 

production. These include the molecular basis of fermentative hydrogen production, the 

organisms responsible for producing hydrogen in this manner and the suitability of sewage 

as a feed stock. The challenges and obstacles involved in fermentative hydrogen production 

will also be evaluated, as will some the results achieved so far.

1.2 Aims of the research

• To investigate fermentative hydrogen production from sewage biosolids in 

batch and continuous modes, using a mixed culture inoculum derived from 

anaerobically digested sewage biosolids.

• To optimise hydrogen production by identifing limiting factors in the fer 

mentation processes and evaluating pretreatments and environmental pa 

rameters.

• To evaluate the possibility of linking a hydrogen producing digester to a 

more conventional methanogenic digester, in a two stage process for the 

production of energetic biogases from sewage biosolids.



1.3 Anaerobic digestion of sewage biosolids

The production of hydrogen from sewage biosolids can be viewed as a development of con 

ventional anaerobic digestion. For this reason it is useful to consider the biosolid treatment 

processes that are currently used in sewage treatment works. Sewage biosolids are a by 

product of waste water treatment. Figure 1.1 is a simplified representation of the sewage 

treatment processes used at a typical sewage treatment works. After the grit and any large 

pieces of material are removed from the influent sewage, the sludge is thickened in a primary 

settlement tank. The thickened sludge which results from this stage is referred to as primary 

bio-solids. The supernatant from this stage is often treated aerobically to reduce its biological 

oxygen demand (BOD) prior to discharge from the works. This aerobic treatment results in 

an accumulation of microbial biomass, some of which is periodically removed and dewatered 

resulting in the production of secondary biosolids (or waste activated sludge). Primary and 

Secondary biosolids are often mixed together in various ratios prior to being treated anaer- 

obically in order to stabilise them, reducing their odour and solids content (Barber, 2005). 

The stabilised biosolids can be disposed of via incineration or landfill; however increasingly 

attractive alternative is to recycle to land as a soil improver.
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Figure 1.1. Treatment processes in a typical sewage treatment works

Anaerobic digestion is the process most commonly used to treat primary and secondary 

biosolids. This process involves using a consortium of anaerobic micro-organisms to de 

compose the organic material in an anoxic environment. Digestion can be carried out at 

mesophilic temperatures (30-38°C) and since aeration is not required, energy inputs are rel 

atively low. In addition the process involves the production of methane, often in sufficient 

amounts to provide much (if not all) of the energy requirements of the treatment works 

(Nouri et al, 2007). The initial purpose of anaerobic digestion was to stabilise the biosolids 

produced during wastewater treatment. However rising energy costs have led many to view 

these biosolids as a potential source of renewable energy, rather than solely a waste product 

requiring treatment and disposal (Walker and Water, 1996). Consequently anaerobic diges 

tion is taking on a new role as a means of energy production as well as a waste treatment 

option. Increased gas yields are among the advantages cited for several recent developments 

in anaerobic digestion, including pressurized, thermal pretreatment processes such as the



CAMBI process (Bien et a/., 2004; Dereix et a/., 2006) and biological pretreatment processes 

such as enzymatic hydrolysis. There is also an increasing interest in combining methane and 

hydrogen for use as a fuel (referred to as hythane); this too serves as an incentive to further 

develop anaerobic digestion of sewage biosolids as a source of renewable energy. Develop 

ments in anaerobic digestion technology are also being driven by its application to substrates 

other than sewage biosolids. A wide range of industrial effluents are now subjected to some 

form of anaerobic treatment and many variations of anaerobic digestion have been developed 

as a result (Wheatley et ai, 1997).

The biological processes which operate in an anaerobic digester fall into three broad groups, 

hydrolysis, acidogenesis and methanogenesis. Hydrolysis involves the breaking down of com 

plex organic polymers such as cellulose into simpler subunits such as glucose. In the next 

step, acidogenesis, these compounds are fermented anaerobically to produce short chain or 

ganic acids such as acetate and butyrate along with other organic compounds. Molecular 

hydrogen is also evolved during this phase and will be examined in more detail in a later 

section of this review. In the final stage, methanogenesis, organic acids (such as acetate) and 

hydrogen are converted into methane and carbon dioxide according to the formulae below.

CHzCOOH -> CH* + CO2 (1.1)

(1.2)

A number of environmental factors influence the anaerobic digestion process. These are:



pH and alkalinity, hydraulic retention time and temperature (Siegrist et a/., 2002). The 

alkalinity in an anaerobic digester is chiefly present as bicarbonates which are found in the 

feedstock, and also produced by the biological degradation of protein present in the biosolids. 

The production of organic acids and carbon dioxide both consume alkalinity in the reactor. 

A pH below 6.8 has a negative effect on methanogenesis (Lay et al, 1997) and if sufficient 

alkalinity is not present in the reactor it may need to be increased by adding reagents such 

as sodium bicarbonate, or lime (Barber, 1978).

The mean residence time of material in an anaerobic digester without recycling is usually 

expressed as the solids retention time. This is equal to the volume of the reactor divided by 

the amount of biosolids removed per unit time and is usually expressed in days. If the liquid 

in the reactor is not recycled, the solids retention time is equal to the hydraulic retention 

time (HRT). The distinct biological processes occurring during anaerobic digestion such as 

methanogenesis and hydrolysis are each affected differently by changes in HRT. Increasing 

the HRT effectively reduces the dilution rate in the reactor; if this dilution rate is greater 

than the growth rate of a key microbiological group such as the methanogens, they will 

eventually be removed from the digester and anaerobic digestion will fail. The maximum 

dilution rate that can be accommodated by the growth rate of a microbial population is 

referred to as the critical dilution rate (Waites, 2001).

The temperature at which anaerobic digestion is operated affects both biological and phys 

ical aspects of the process. The microorganisms involved have optimal temperature ranges 

within which they are able to grow and metabolise, and non biological phenomena such as 

gas transfer rates and the rheology of biosolids are also linked to temperature. Thus the 

temperature at which a digester is operated will influence key operational parameters such 

as volatile solids destruction, and solids retention time (Batstone, 2002). Anaerobic digesters 

are most commonly operated in a mesophilic temperature range (30 to 38° C) although ther-



mophilic digesters operating at between 50 to 57°C also exist (Rimkus et al., 1982; Song 

et al, 2004).

Adequate mixing is also important for most forms of anaerobic digestion and is usually 

accomplished in one of three ways. Gas mixing involves taking gas from the head space of 

the reactor, compressing it and the injecting it back into the reactor contents with the aim 

of creating sludge movement. Several variations of gas mixing occur largely based on how 

and where the gas is reintroduced to the reactor contents. Mechanical mixing uses a shaft 

with blades attached which is turned by a motor. The blades physically displace the sludge 

and mixing may be further enhanced by adding baffles into the reactor. Finally, sludge 

may be mixed by recirculating the sludge using pumps. This recirculation may take place 

internally or externally depending on reactor design. Each mixing system has its advantages 

and disadvantages but whichever is chosen it remains clear that mixing has a profound effect 

on digester performance. In particular mixing ensures that biosolids added to the digester 

are properly integrated into the digester, which improves solids destruction and biogas yields 

(Bello-Mendoza and Sharratt, 1998).

One of the key functions of anaerobic digestion is sludge stabilisation. This is often expressed 

as the reduction in volatile solids. Sewage biosolids can be divided into two fractions, the 

organic fraction also known as volatile solids and an inorganic fraction, also known as fixed 

solids. Assuming that the fixed solids fraction is conserved, it is possible to measure these 

fractions in the untreated and digested biosolids and determine the degree of volatile solids 

reduction which has occurred. Around 50% volatile solids reduction is typical of a mesophilic 

anaerobic digester (Chan et al., 2007).

As well as reducing volatile solids, a working mesophilic anaerobic digester produces between 

0.75 and 1.12 m3 of biogas for every kilogram of volatile solids reduction (Tchobanoglous



et al, 2002). By volume, this is typically composed of about 60-70% methane 20-30% carbon 

dioxide and relatively small quantities of other gases such as nitrogen, hydrogen sulphide 

and hydrogen. Along with volatile solids reduction, methane production is a good indicator 

of digester performance. Digester gas is typically used on site to provide a source of heat 

and power. This is commonly achieved using combined heat and power units which use the 

gas to power a combustion generator producing electricity while the heat is collected via a 

water jacket and used to heat digesters or site buildings. Where surplus electrical power is 

generated from the biogas it can also be sold to electric companies.

The fate of wastewater biosolids after treatment is another influencing factor in the develop 

ment of anaerobic digestion. Traditional disposal routes such as disposal at sea, landfill and 

incineration are prohibitively expensive or banned altogether. At present the main alterna 

tive is to recycle sewage biosolids to land, a disposal route which accounts for over 40% of 

sewage biosolids produced in the EU (Hall and Dalimier, 1994).

There are several pieces of legislation governing the application of sewage biosolids to land. 

The current directive in force within the EU is directive 86/278/EEC which focuses mainly 

on the heavy metal content of sewage biosolids (EEC, 1986), a revision of this directive is un 

der way which is expected to address the issue of pathogen levels in sewage biosolids recycled 

to land. In the UK a voluntary code of practice has been adopted after consultation with the 

food retail industry. This safe sludge matrix details two forms of treatment, conventional and 

enhanced, which corresponds to pathogen reduction levels of 99% and 99.9999% respectively 

(ADAS, 2001). These treatment levels are largely analogous to the class B and class A treat 

ments denned by environmental protection agency in the US (USEPA, 1993). Restrictions 

apply to the use of biosolids which do not meet the higher of these two standards.

The effect of this legislation is to encourage the recycling of digestates to land while at



the same time, putting pressure on the water treatment industry to upgrade their biosolids 

treatment technologies in order to address the concerns that this practice raises (Wheatley). 

With regard to pathogen inactivation, traditional anaerobic digestion qualifies, at best, as a 

conventional, or class B treatment. Consequently, conventional anaerobic digestion is being 

augmented and developed so as to achieve greater pathogen destruction. In this regard, heat 

treatment of sewage biosolids has been shown to be effective in reducing pathogen numbers 

either in the form of pasteurisation (Pickworth et al, 2005) or thermal hydrolysis (Potts and 

Jolly, 2004).

The most common form of anaerobic digestion used to treat sewage biosolids involves 

mesophilic temperatures, a HRT of 10-15 days, continuous feeding and mixing. This form 

of digestion is often referred to as single stage digestion. However there are many variations 

involving changes to operation temperatures, mixing, hydraulic retention times, and other 

variables.

Perhaps the most fundamental variation of anaerobic digestion is to separate the process into 

more than one stage. There are in fact several sub-variations of this including the coupling of 

a standard digester with a secondary unmixed storage tank, the use of separate digesters for 

primary and secondary biosolids or the combining of thermophilic and mesophilic digestion 

phases (Song et al, 2004). Another use of a two phase digestion system is to combine a 

reactor with a short HRT of 1-2 days with a second reactor operating at a HRT of 10 days 

or more. In this system hydrolysis and organic acid production occur in the first phase 

and methanogenesis occurs in the second phase. For this reason it is often referred to as 

an acid/gas phased digestion. Acid/gas phased digestion is thought to offer greater volatile 

solids digestion and methane yields as well as reducing operational difficulties such as foaming 

(Ghosh, 1991; Ghosh et al, 1995).
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Acid/gas phased digestion is of particular relevance to this study since it most closely resem 

bles the digestion system required for hydrogen production from sewage biosolids and may 

confer the same benefits with regard to overall yields and VS destruction. The first phase 

in which organic acids are formed is also the phase in which molecular hydrogen is evolved 

and it is here that research will need to be focused in order to increase hydrogen yield and 

prevent its consumption by other organisms. Since this process is already used at full scale it 

may one day offer a platform on which full scale hydrogen production from sewage biosolids 

may be developed.

1.4 The molecular basis of microbial hydrogen produc 

tion

It has been known since the 1800's that micro-organisms are capable of producing hydrogen 

(Benemann, 1996). Since the fuel crisis of the 70's and the environmental concerns sur 

rounding fossil fuels in the following decades, this phenomenon has been extensively studied 

(Hallenbeck and Benemann, 2002). As a result, much is now known about the various 

pathways used by microorganisms to produce hydrogen.

Traditionally, hydrogen producing organisms have been divided into four groups (Gray and 

Gest, 1965); the groups themselves are somewhat arbitrary and may contain any number of 

microorganisms that are often phylogenetically unrelated. Nethertheless, the system does 

provide a useful (if broad) overview of the biochemical pathways involved in hydrogen pro 

duction.

Group one consists of the obligately anaerobic heterotrophs; this group comprises members 

of several genera including Clostridium and Ruminococcus (de Vrije and Claassen, 2003).
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These organisms derive electrons chiefly from pyruvate or other, two-carbon compounds 

although some species are thought to use electron donors derived from amino acids (Cai 

et al., 2004). Organisms in this group lack cytochrome type electron carriers.

In contrast organisms in the second of the four groups are facultatively anaerobic and do 

contain cytochromes. Organisms in this group usually derive electrons from formate, a 

derivative or pyruvate which again can be derived from either carbohydrates or amino acids.

One organism, Desulfovibrio desulfuricans does not fit neatly into either of these groups 

since it is a strict anaerobe, contains cytochrome type electron carriers, and can produce 

hydrogen from formate and pyruvate in the absence of sulphate, which it typically uses as 

a terminal electron acceptor (Carepo et al., 2002). For this reason it is placed in a third 

group by itself. The fourth group contains microorganisms that use light energy to generate 

hydrogen from either organic or inorganic sources.

As mentioned above strict anaerobic hydrogen producing microorganisms are heterotrophic 

and most of these derive electrons from pyruvate or one of its derivatives. The pyruvate itself 

is derived from carbohydrates such as glucose, or from amino acids. So far, the best under 

stood method of hydrogen production is that employed by members of the genus Clostridium 

and is often referred to as clostridial fermentation. Clostridial type fermentation is seen as 

being typical of the way in which group one organisms produce hydrogen. The by-products 

of clostridial fermentation are often organic acids such as acetic acid and/or butyric acid. 

The overall equation for these reactions is shown below (Hawkes et al, 2002).

2H20 -> 2CH3COOH + 2CO2 + 4H2 (1.3)
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C6Hl2Oe -» CH3CH2CH2COOH + 2CO2 + 2H2 (1.4)

As can be seen from the above formulae, for each mole of glucose consumed the yield of 

hydrogen is between 2 and 4 moles (Nandi and Sengupta, 1998). This represents at most, 

about 33% of the energy available from the glucose molecule. In reality most digestion pro 

cesses result in the production of both butyric acid and acetic acid, and therefore exhibit 

hydrogen yields less than this 4 mole maximum (Fang and Liu, 2002; Chen and Lin, 2003). 

Other means of hydrogen production, notably those involving light driven mechanisms ex 

hibit greater yields. Some researchers have sought to combine dark fermentation with light 

driven hydrogen production in a two stage fermentation process, so as to liberate as much 

hydrogen as possible from the substrate (Jeong et a/., 2007; Tao et al., 2007).

In assessing the molecular basis of hydrogen production it is important to consider the 

advantages to the microorganisms involved. With regard to the strict anaerobes there is an 

energetic advantage. Molecular hydrogen is used as a sink for reducing power (electrons) 

derived from the fermentation of substrates such as glucose. Since these organisms do not 

use cytochrome systems to generate energy from this reducing power it must be disposed 

of by reducing organic compounds. For example in clostridial fermentation some reducing 

power is released by transferring it to acetyl-coA which is ultimately reduced to butyric acid. 

However, if molecular hydrogen is used as sink for this reducing power then the acetyl-coA 

can be further oxidised to acetic acid and more ATP produced (Fenchel and Finlay, 1995).

For a more detailed examination of this process we must consider some of the intermediate 

molecules involved. Firstly during substrate level phosphorylation, the conversion of ADP 

to ATP involves the concurrent reduction of NAD to NADH. As was mentioned in the last
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paragraph, because the fermentation is proceeding anaerobically and there is no cytochrome 

system, NAD is the sole vehicle for accepting reducing power during the production of ATP. 

Because of its size NAD is too energetically valuable to be used just once so it must be 

recycled, which means that reduced NADH must somehow be re-oxidised back to NAD.

As we have mentioned, molecular hydrogen can be used as a sink for reducing power allowing 

the NAD to be re-oxidised. Study of clostridial fermentation showed that this proceeds 

via an electron carrier called ferredoxin. This is an iron-sulphur protein similar to those 

present in the electron transfer chain of many aerobic and anaerobic respirers (Nicolet et al., 

2002). Ferredoxin is converted to reduced ferredoxin and NADH oxidised to NAD, a reaction 

mediated by the enzyme NADH: ferredoxin oxidoreductase. Reducing power is transferred 

from reduced ferredoxin to hydrogen through the action of hydrogenase completing the 

transfer of electrons from NADH to molecular hydrogen.

Reducing power can also be transferred to molecular hydrogen without the involvement of 

NAD. Such a step also occurs in clostridial fermentation during the oxidation of pyruvate to 

acetyl-coA where ferredoxin is reduced directly. The ferredoxin is subsequently re-oxidised 

by hydrogenase and the reducing power transferred onto hydrogen.

Given the advantage of hydrogen production and the array of organisms that are capable 

of carrying it out it is perhaps surprising that hydrogen gas is not abundant in anaerobic 

habitats. The reason that this is not so is because hydrogen, being a high energy molecule, 

is quickly oxidised by other organisms in order to meet their energy requirements (Thauer 

et al, 1977). Studies have shown that hydrogen is used by several organisms that are 

common to anaerobic environments, including sulphate reducers and methanogenic bacteria 

(Smith and Klug, 1981). Such is the efficiency with which hydrogen is removed by these 

organisms that in most anaerobic environments, the partial pressure of hydrogen is less than
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10 4 atmospheres.

However the production of hydrogen and its consumption by hydrogenotrophs is not a one 

way relationship. It is in fact a kind of symbiosis; this is because the thermodynamics 

of hydrogen production mean that much of it can only proceed at the low concentrations 

of hydrogen maintained by the hydrogenotrophs. The relationship between these groups 

of organisms is therefore a kind of syntrophy referred to as interspecies hydrogen transfer 

(Chung 1976). What this means in terms of producing hydrogen in anaerobic digesters (in 

which the hydrogenotrophs are absent or inhibited) is that hydrogen yields can be improved 

if the partial pressure of hydrogen in the bio-reactor is kept low (Lamed et a/., 1988; Mizuno 

et al., 2000).

In summary, there are several biochemical pathways resulting in hydrogen production. The 

best studied of these is clostridial fermentation and since it occurs under anaerobic conditions 

it offers the prospect of producing hydrogen in conventional anaerobic digesters. From what 

we know of the ecology of this process however, care must be taken when uncoupling hydrogen 

production from hydrogen consumption.

1.5 Hydrogen producing microorganisms

When examining the microbial production of hydrogen, one of the central issues is the iden 

tity and characteristics of the organisms involved. Consequently, much research has focused 

upon this issue. This work has shown that fermentative hydrogen production is carried out 

by a wide array of microorganisms. There are many ways in which these organisms could be 

grouped, but most reviews of the subject chose to group them by growth habit (Roe, 1955; 

Nandi and Sengupta, 1998) specifically with regard to oxygen requirement. This method
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of classification probably reflects the use to which such research is put, i.e. the manipu 

lation of digester environments to optimise hydrogen production. Accordingly, this review 

will adopt this convention and examine anaerobic, facultatively anaerobic and aerobic or 

ganisms in turn, before briefly addressing some studies of hydrogen production from mixed 

populations.

Some of the most widely studied hydrogen producing microbes are strict anaerobes and of 

these, the best characterised so far are the members of the genus Clostridium. Clostridia 

produce hydrogen from hexose sugars such as glucose. As discussed earlier, this process has 

a maximum yield of 4 moles of hydrogen per mole of glucose.

In reality, yields are notably less than this, even using pure cultures on simple, well defined 

substrates. This is largely due to alternative metabolic pathways being employed in response 

to certain environmental conditions. Some factors such as glucose concentration (Levin et ai, 

2004) and Fe concentration (Dabrock et a/., 1992) have already been identified. However 

there are still many factors which require further investigation if hydrogen production is to 

be improved (Hawkes et al., 2007b, 2002).

Nevertheless, many species of Clostridium have been shown to produce considerable amounts 

of hydrogen with yields over 2.0 mol H2 mol" 1 glucose or more. Additionally clostridial 

species are capable of producing hydrogen from a wide range of substrates, many of which 

are known to be present in wastewater, such as cellulose and hemicellulose. Some of the 

Clostridium species that have so far been shown to produce hydrogen include C. pasteuri- 

anum, C. beijerincki, C. welchii and C. butyricum.

A number of other strict anaerobes have also been shown to produce hydrogen including 

rumen bacteria such as Ruminococcus albus. Thermophilic and hyperthermophilic microor 

ganisms such as Thermotoga maritiuma and Pyrococcus furiosus can also produce hydrogen.
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In fact, these organisms are known to produce hydrogen at higher yields than their mesophilic 

counterparts albeit at a lower rate of production.

As well as strict anaerobes, a number of facultative aerobes have been shown to produce hy 

drogen under certain conditions. These microbes may produce hydrogen anaerobically, but 

they are capable of withstanding oxygen levels that would be toxic to strict anaerobes. Facul 

tative aerobes will consume any oxygen that is present in their environment thereby restoring 

anaerobic conditions. Three of the best characterised hydrogen producing facultative aer 

obes are the genera Enterobacter, Escherichia and Citrobacter although other facultatively 

aerobic hydrogen producers such as Klebsiella have been described in the literature (Chen 

et al, 2006).

Certain Enterobacter species are known to produce hydrogen. These species include E. 

aerogenes and E. doaceae. These bacteria can utilize a wide variety of substrates and, 

unlike clostridia, are not inhibited by high hydrogen partial pressures (Tanisho et al., 1987). 

One drawback however is that their hydrogen yield is lower than that of clostridial species, 

ranging from 1.0 -1.5 mol H2 mol" 1 glucose (Tanisho et al., 1983). Some workers have shown 

however that mutants can be produced that exhibit greater yields (Rachman et al., 1997).

Another facultative anaerobe, E. coli has been shown to produce hydrogen, which it does 

via the formate hydrogen lyase pathway (Stickland, 1929). This pathway is still not fully 

understood although, as its name suggests, it involves the degradation of formate as an in 

termediate step. Some researchers have demonstrated that exclusive, long term utilisation of 

the hydrogen formate lyase pathway requires inhibition of other metabolic pathways (Nandi 

and Sengupta, 1996). Nevertheless, yields of 0.75 moles of hydrogen per mole of glucose have 

been reported using E. coli (Blackwood et a/., 1956).

To date, few strict aerobes have been shown to produce hydrogen as an end product. The
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best documented of such organisms are members of the genera Ralstonia and Bacillus and 

are discussed below.

Ralstonia metallidurans is a strictly aerobic bacterium but some researchers have found that 

it can be made to produce hydrogen (Kuhn et al, 1984). These bacteria are able to use 

molecular hydrogen as a source of energy under aerobic conditions using the enzyme hydro- 

genase. This reaction is reversible under anaerobic conditions resulting in the production of 

hydrogen.

Another aerobic species producing hydrogen is Bacillus licheniformis which can be isolated 

from cattle (Kalia et a/., 1994). This bacterium, when immobilised on a suitable medium 

will produce hydrogen with an efficiency of 1.5 mol H2 mol" 1 glucose. This is substantially 

lower than the best yields attainable anaerobically however.

To date, a great deal of work has gone into the identification and characterisation of individ 

ual hydrogen producing species. In nature however, one is unlikely to find one microorganism 

acting in complete isolation when degrading substrate. Attention is therefore turning to the 

use of mixed cultures for the fermentative production of hydrogen. Using mixed cultures 

offers many advantages over the use of pure strains.

Firstly, mixed cultures have been shown to tailor their environment to maximise hydrogen 

production. Specifically, when a co-culture of Clostridium butyricum and Enterobacter aero- 

genes was studied it was found that E. aerogenes (a facultative aerobe) was able to consume 

excess oxygen thus maintaining an anaerobic environment without the need for reducing 

agents (Yokoi et al., 1998).

Mixed cultures are often preferable to pure cultures in situations where contamination from 

the feedstock or elsewhere is an issue. This is particularly relevant to the digestion of sewage
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waste since it contains a large number of microorganisms. Additionally, treatment of waste 

water is traditionally carried out using semi continuous digestion. This presents a greater 

risk of contamination during operation than batch digestion and again this is likely to result 

in the compromising of pure cultures if they were used in digestion.

Finally, in nature, recalcitrant molecules such as cellulose and other complex carbohydrates 

are often broken down by communities of microorganisms. Using mixed cultures during diges 

tion allows for the preservation of these communities, resulting in more efficient degradation 

of complex substrates such as may be found in waste water feed stocks. This phenomenon 

has been demonstrated with respect to hydrogen production by organisms fermenting cel 

lulose at high temperatures (Ueno et a/., 2001) and the researchers have even patented the 

process.

When examining an organism's potential as a hydrogen producer in a biotechnological con 

text, the two most important considerations are yield from the substrate and production 

rate. The work presented here indicates that the highest yields attained so far are from 

thermophilic cultures with some species exhibiting hydrogen yields at or near the theoret 

ical maximum of 4 mol H2 mol" 1 hexose. However, the low cell densities of thermophilic 

cultures usually result in low production rates of around 3-10 mmol L" 1 h" 1 (de Vrije and 

Claassen, 2003). The best balance between yield and production rate seems to be clostridial 

fermentation which is capable of yields of around 2 mol H2 mol" 1 and production rates of 

30 mmol L" 1 h" 1 (Ewyernie et al, 2000).

Clostridial fermentation has other advantages also. Digestion can be carried out at mesophilic 

temperature, reducing energy costs, they can utilise a wide range of substrates, and they tend 

to dominate in mixed, enriched cultures (Shin, Youn et al. 2004) which are often cheaper 

and more practical to use than pure cultures, particularly in non sterile applications such as

19



the treatment of wastewater.

1.6 Suitability of sewage as a feedstock

When considering the suitability of sewage as a feed stock for hydrogen production, two 

main areas need to be addressed. Firstly the range of substrates that anaerobic bacterial 

can convert to hydrogen must be examined, and secondly, the quality of sewage with respect 

to the amount of these substrates it contains should be evalulated. Previous sections have 

briefly examined the former topic and it will be expanded upon here. The quality of sewage 

biosolids will be examined in the context of the techniques used to analyse its organic factions 

and the results of surveys employing these techniques. Finally, other factors mitigating in 

favour of sewage biosolids as a feedstock for hydrogen production will be discussed.

To review the work published on dark hydrogen production to date is to be left in no doubt 

that carbohydrate is an eminently suitable substrate. The vast majority of work published 

details experiment where carbohydrates in one form of another are used as the feedstock. In 

most cases monosaccharides or disaccharides such as glucose or sucrose are used. (Higgins 

et al, 1982; Chen and Lin, 2003; Chen et al, 2005; Zhang et al., 2005). However, the 

feasibility of using more complex carbohydrates such as starch and other cellulosic material 

has also been reported (Lay, 2000; Hussy et al., 2003; Arooj et al, 2007). More complex 

substrates analogous to commercially viable carbohydrate sources have also been investigated 

with hydrogen yields varying from less than 1 mol H2 mol" 1 glucose consumed to 3 mol H2 

mol" 1 glucose consumed (Antonopoulou et al., 2008; Datar et al, 2007; Hussy et al, 2005; 

Lay et al, 1999).

The focus on carbohydrate as a substrate for fermentative hydrogen production is not difficult
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to understand. As discussed previously, the biochemistry of hydrogen production from hexose 

sugars is comparatively well understood and there are an abundance of microbes capable of 

utilising even complex carbohydrates under anaerobic conditions.

Nevertheless, hydrogen production from other substrates has been documented, notably from 

proteins and lipids (Mackie et a/., 1991). Additionally researchers are beginning to evaluate 

more complex feedstocks which contain all of these components such as food waste and 

wastewater (Daniels et al, 1980; Wang et ai, 2003b; Shin et al., 2004; Hussy et al, 2005). 

The fact remains however that our understanding of the conversion of simple carbohydrate 

to hydrogen is far more advanced.

Due to its nature and origin it seems reasonable to assume that sewage biosolids will contain 

carbohydrates, proteins and lipids. This would make it a potential feedstock for fermentative 

hydrogen production. However, to effectively gauge this potential as well as to find ways of 

increasing it, these organic fractions must be accurately quantified.

Historically, sewage biosolids have been characterised in a way which reflects the primary 

purpose of anaerobic digestion, this being chiefly solids reduction and stabilisation. Accord 

ingly biological analysis has focused on parameters such as biological and chemical oxygen 

demand (BOD and COD) and total organic carbon (TOG) in either soluble or particulate 

forms (Tchobanoglous et al., 2002). As research interests shift towards areas such as energy 

generation, numerous methods have been employed to measure carbohydrates, lipids and 

protein in sewage.

Carbohydrate content has been measured using several methods including colorimetric as 

says such as the phenol sulphuric acid assay (Chaplin and Kennedy, 1986; Dubois et al., 

1956) and modifications of the anthrone method (Roe, 1955). Initial hydrolysis followed 

by analysis with ferrocyanide has also been used (Elefsiniotis and Oldham, 1994b). Lipid
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content has been determined via a number of methods including infrared spectroscopy and 

chloroform methanol extraction (Bligh and Dyer, 1959). Similarly, a number of methods ex 

ist for measuring protein content, including modifications of the Lowry assay (Lowry et a/., 

1951) and the measurement of total nitrogen using the Kjeldahl method.

Variations in reported case studies inevitably arise due to the existence of multiple analytical 

techniques, combined with variations in the way samples are collected, not to mention the 

inherent variability of sewage biosolids both temporally and geographically. This makes it 

difficult to ascertain typical values for the levels of carbohydrate lipid or protein in different 

sewage biosolids. This assertion is borne out by the data in Table 1.1 which amalgamates 

the findings of some of the wastewater surveys undertaken so far. The data presented in 

the table shows that the ratio of carbohydrate, lipid and protein in sewage biosolids is not 

constant. This appears to be true both between and within different studies, locations and 

wastewater types. Similar conclusions have been reported by other authors (Hunter and 

Heukelekian, 1965; Raunkjaer et a/., 1994).
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Nevertheless, work published so far confirms that carbohydrate and other potential precur 

sors to hydrogen production are indeed present in significant, if unpredictable amounts. This 

underlines the potential of sewage biosolids as a useful feedstock for hydrogen production. 

This case is strengthened by several other factors; sewage biosolids are an abundant waste 

stream and are produced in large amounts at almost all locations where human settlement 

and/or industry are present. In the UK it is estimated that over 1.3 million tonnes (dry 

mass) of sewage biosolids are produced each year (www.wateruk.org.uk, 2006), in Europe 

that figure is over 8 million tonnes (Langenkamp and Marmo, 2000). Additionally, sewage 

is commonly treated using anaerobic digestion and consequently much of the technology 

and infrastructure to produce hydrogen from sewage biosolids is already in place. Some 

researchers have also proposed that hydrogen generation could be used as a complementary 

process to conventional anaerobic digestion with the liquid/solid output of the hydrogen pro 

ducing bio-reactor being anaerobically converted to methane in a second digester (Ghosh, 

1991).

To summarise, although the majority of work so far has focussed on carbohydrates as a 

substrate for fermentative hydrogen production, research indicates that hydrogen may also 

be generated from the degradation of protein and lipids. Sewage biosolids, by their nature, 

contain all these fractions but the precise character of each sewage biosolid seems to be quite 

variable. As well as containing the necessary substrates, the potential of sewage biosolids 

as a feedstock for hydrogen production is further increased due to a number of reasons, as 

a waste product it is available at little or no cost, it is abundant and because much of the 

infrastructure to process it anaerobically is already in place in the form of sewage treatment 

works.
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1.7 Challenges for the optimisation of hydrogen pro 

duction

In light of all the mechanisms and species involved in fermentative hydrogen production, it is 

reasonable to ask why hydrogen gas is not produced in existing anaerobic environments. The 

simple answer to this is that in fact it is, but it is rapidly oxidised by other species present in 

the environment. These include methanogens, sulphate reducers, and nitrate reducers; each 

of these will be examined in turn.

Methanogens fall into two main groups, acetoclastic methanogens which consume acetic 

acid producing carbon dioxide and methane, and hydrogenotrophic methanogens which, as 

their name suggests oxidise hydrogen and reduce carbon dioxide to methane (Waites, 2001). 

Methanobacterium thermoautotrophicum is a well known example of a hydrogenotrophic 

methanogen (Daniels et al., 1980; Morgan et al, 1997). Other genera such as Methanobre- 

vibacter, Methanococcus and Methanocorpusculum are also capable of forming methane from 

hydrogen (Asakawa et al., 1993; Corder et al., 1983; Zellner et al., 1989). In general, the con 

version of carbon dioxide and hydrogen to methane (autotrophic methanogenesis) proceeds 

according to the following formula:

CO2 + 4#2 -> CH4 + 2H2O (1.5)

Another group of bacteria capable of consuming hydrogen under anaerobic conditions are 

the sulphate reducing bacteria. This group of bacteria, include genera such as Desulfovibrio, 

Desulfobacter and Desulfonema. Desulfovibrio has been mentioned in an earlier section since
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it is also technically capable of producing hydrogen from lactate.

Sulphate reducers, utilize sulphate as an electron acceptor, reducing it to hydrogen sulphide. 

When hydrogen is used as an electron donor, the reaction proceeds as follows:

S0l~ + 2H+ -+ H2 S + 4H20 (1.6)

Utilisation of sulphate is advantageous because of its abundance in nature but disadvanta 

geous because it is very stable anaerobically (the redox of the sulphate/sulphite couple is 

-516 mV). This means that the net energy yield when using sulphate is quite low, which can 

limit growth rate. Additionally, sulphate reducers are unable to degrade complex polymers 

and so utilise electron donors which are end products of fermentation such as hydrogen, 

acetic acid and lactate. In the case of Desulfovibrio proton motive force, partnered with 

the conversion of lactate to acetic acid in the cytoplasm, has been proposed as a mechanism 

whereby sulphate reduction is linked to ATP generation(Odom and Peck, 1984; Matias et a/., 

2005). If true this sulphate reducer's metabolism would be a combination of respiration and 

fermentation. Sulphate reducers have been observed to out-compete methane producing mi 

croorganisms in certain anaerobic environments such as lake sediments (Lovley and Klug, 

1986).

Hydrogen may also be consumed by nitrate reducing organisms. Dissimilatory nitrate re 

duction is a respiratory process used by many bacteria for generating energy. The enzymes 

involved (such as nitrate reductase) are membrane bound. Broadly speaking, there are 

two types of nitrate reduction. Denitrification, whereby nitrate is converted to gaseous end 

products via the following steps:
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(1.7)

This process is carried out by facultative anaerobes and ATP generation proceeds chemios- 

motically. Some species (notably Paracoccus denitrificans) are able to reduce nitrate at the 

expense of hydrogen using carbon dioxide as carbon source, thus making them autotrophic 

nitrate respirers (Smith et a/., 1994).

The second type of nitrate reduction is largely confined to fermentative bacteria such as 

clostridia and involves the reduction of nitrate to ammonium as follows:

(1.8)

In bacteria such as Campylobacter sputorum (Smibert, 1978) and Desulfovibrio gigas reduc 

tion of nitrate in this manner is coupled to the oxidation of hydrogen and other substrates 

such as formate (de Vrije and Claassen, 2003).

Finally, as well as producing acetic acid and butyric acid as mentioned in the first section, 

some anaerobic fermenters such as members of the genus Propionibacter are able to use 

propionic acid as a sink for reducing power. This process consumes molecular hydrogen in 

accordance with the formula below:

C6H1206 + 2H2 -» 2CH3CH2COOH + 2H2 O (1.9)
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The above discussion shows that there are several groups of bacteria capable of consuming 

molecular hydrogen in an anaerobic environment. In practice, hydrogen is usually scavenged 

so efficiently that it may only be present in concentrations as 10~4 atmospheres within the 

digester off gas (Fenchel and Finlay, 1995). Clearly, if an anaerobic digester is to produce a 

significant amount of hydrogen then these hydrogen consumers must be inhibited.

Fortunately, methane producers, and a majority of anaerobic respirers are not thermotoler- 

ant. So heating the feedstock at 100°C for 30 to 60 minutes is usually sufficient to inactivate 

them (Sung et al, 2002). In contrast, the clostridial species which are responsible for hy 

drogen production are capable of sporulating and thus remain viable during heat treatment. 

Accordingly, heat treatment has been shown to effectively increase hydrogen yields during 

anaerobic digestion (Lay, 2000).

As was pointed out in earlier sections, much of the work published in regard to fermentative 

hydrogen production has been conducted using simple sugars such as glucose (Mizuno et al., 

2000; Sung et al., 2002; Chen and Lin, 2003; Hussy et al, 2005; Zhang et al, 2005). Un 

fortunately, as we have seen, sewage biosolids are a complex substrate containing a variety 

of polysaccharides and other complex carbohydrates. These polymers must be broken down 

into their respective monomers before being converted into hydrogen and volatile fatty acids; 

a process referred to as hydrolysis.

Mobilisation efficiency is of crucial importance in an anaerobic digester or indeed any ecosys 

tem. In fact, in analogous natural environments such as soil ecosystems, substrate availability 

is usually one of the limiting factors relating to microbial growth (Richards, 1987). Con 

sequently there is considereble interest in identifying pre-treatments which can effectivley 

break down complex substrates, in particular, cellulosic biomass (Mosier et al, 2005). Al 

though as we have seen, members of genera such as Clostridium are capable of growing on
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a wide range of complex substrates, the speed at which they do so may be an area in which 

optimisation is possible. In this section we will examine some of the methods to improve 

mobilisation that have been attempted so far. These include, thermal hydrolysis, acid and 

alkaline pre-treatment, freeze thaw treatments, and enzymatic digestion.

Thermal hydrolysis, as its name suggests, involves the degradation of complex polymers using 

heat. Hydrolysis of this type has been applied to fermentative hydrogen production from 

wastewater and other substrates with a measure of success (Panter, 2002; Sung et al, 2002). 

In 2003, Wang et al. (Wang et al, 2003b) heated sewage biosolids to 121°C for 30 minutes. 

They reported that this raised the soluble chemical oxygen demand of the sewage biosolids 

from 1.5% to between 4% and 5%. This finding is also supported by other researchers (Ting 

et al., 2004). Although the input of energy required to pre-treat sewage biosolids in this way 

may seem prohibitive, it should be noted that treatment schemes of this type are already 

in operation, notably the CAMBI process developed by the Norwegian company of the 

same name (Neyens and Baeyens, 2003; Panter, 2002). Additionally, wastewater treatment 

companies are looking closely at thermal pre-treatment as a way of achieving compliance 

with pathogen reduction regulations, meaning that heat treating sewage biosolids need not 

be rationalised solely on the basis of improving hydrogen production.

One of the potential problems with using heat treatment to mobilise complex carbohydrate is 

that it inactivates a large percentage of the indigenous microflora. In many respects this is of 

value because it also removes hydrogenotrophs that would otherwise be present (as discussed 

in the previous section). It is understood however, that in nature the anaerobic degradation 

of complex carbohydrates is a complex process involving 'consortia' of microorganisms, all 

producing different combinations of enzymes (Atlas and Bartha, 1987; Bayer et al, 2004). 

If this community is disrupted by heat treatment the result may well be a reduction in the 

speed at which complex carbohydrates are degraded in the bio-reactor.
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Degradation of complex polysaccharides has also been achieved by manipulating the pH of 

the substrate. In practice, alkaline hydrolysis is usually employed since it more effectively 

breaks down the bonds in cellulose. This technique has been used as part of paper production 

for some time and has also been applied by researchers to improve digestibility of municipal 

waste streams prior to digestion (Chiu et al., 1997; Panter, 2002). These researchers all 

reported a considerable increase in soluble COD (SCOD) levels as a result of alkaline pre- 

treatment.

The process has also been applied at lab scale to hydrogen production from sewage biosolids 

by Cai et al. (2004). This group reported an increase in SCOD as did the other groups, 

but they also reported an increase in hydrogen yield compared to raw sewage biosolids that 

had not been pre-treated. However, this group did not neutralise the biosolids prior to 

digestion and even speculate that the increased pH stimulated to hydrogen production via 

an alternate pathway. Acid hydrolysis of sewage biosolids using perchloric acid (HC1O4 ) has 

been evaluated by some researchers (Wang et al., 2003b). Wang et al. found that it did 

increase the SCOD of the substrate but did not significantly increase hydrogen production.

Mechanical disruption of the substrate using ultrasound has also been investigated by a 

number of groups. Wang et al. (2003c) found that ultrasonication at 20 kHz for 20 minutes 

caused a 2-3 fold increase in soluble COD (SCOD) levels. Similarly, freezing and thawing has 

also been applied to sewage biosolids with positive effects on SCOD levels and subsequent 

hydrogen production with Ting et al. (2004) reporting a five-fold increase in SCOD when 

freezing/thawing was applied to waste activated sludge.

Another problem which needs to be overcome when hydrogen is being produced via dark 

fermentation is the inhibitory effect of hydrogen itself. In clostridial fermentation, hydrogen 

acts as a sink for reducing power when intermediate electron carriers are reoxidised. One
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such redox reaction occurs when pyruvate is oxidised to acetyl-coA. This is coupled with the 

reduction of ferredoxin as shown below:

Pyruvate + Fdox -» Fdred + Acetyl - coA + CO2 (1.10)

This reaction is slightly exergonic (AG° = -19.2kJ mo/" 1 ). That fact, combined with the 

low redox potential of reduced ferredoxin (E° = -OAlmV) means that ferredoxin can be 

reoxidised with the concurrent reduction of protons to hydrogen. Moreover, the favourable 

energetics mean that the reaction is not strongly dependant on the concentration of hydrogen 

in the system.

Clostridial species can also use hydrogen as a sink for reducing power at another step in the 

fermentation process. During the formation of pyruvate, reducing power is transferred to 

NADH which is later reoxidised to NAD+ as ferredoxin is reduced (The enzyme involved 

here is NADH - ferredoxin oxidoreductase) (Jungermann et al., 1973). The formula for this 

reaction is given below.

NADH + Fdox -> Fdred + NAD+ + H+ (1.11)

However, in this instance, the reaction is endergonic (AG° = +18.SkJmol~ l ) and as a con 

sequence, the reoxidation of ferredoxin will not occur unless the partial pressure of hydrogen 

is very low (less than 10~4 atmospheres).

What this probably means in practice is that under favourable conditions (meaning here,
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low hydrogen partial pressure) clostridial species will use hydrogen as a sink for more of their 

reducing power and produce acetic acid as an end product. Whereas if hydrogen levels rise, 

these same microorganisms will respond by producing less hydrogen and the more reduced 

end product butyric acid will be produced (Fenchel and Finlay, 1995). In reality one usually 

finds that a balance is maintained between butyric acid and acetic acid formation (Chung, 

1976). Thauer et al. (1977) proposed a mechanism for control of this balance that centers 

on the inhibition of NADH - ferredoxin oxidoreductase.

Logically then, since fermentative hydrogen production involves uncoupling hydrogen for 

mation from the natural routes by which hydrogen is consumed (methanogenesis, sulphate 

reduction etc.) it is important to find ways to keep hydrogen partial pressure low.

One of the main ways by which this has been attempted so far is by increasing the disengage 

ment of hydrogen from the substrate by increasing agitation (Lamed et al., 1988; Lay, 2000), 

and by sparging with gas such as nitrogen (Mizuno et al., 2000; Hawkes et al., 2002; Hussy 

et al., 2003). Both have met with some success but both have inherent disadvantages in 

the forms of increased energy inputs and downstream processing costs respectively. Others 

have experimented with using thermophilic fermentative hydrogen production, which is less 

affected by hydrogen inhibition (van Niel et al., 2002). These researchers routinely report 

yields at or approaching the maximum 4 moles per mole of hexose (van Niel et al., 2002; 

Schroder et al., 1994). Nonetheless thermophilic digestion requires an increased energy input 

to maintain the operating temperature and the organisms involved exhibit significantly lower 

hydrogen production rates than their mesophilic counterparts. A simple, cost and energy 

effective way of keeping hydrogen partial pressures as low as possible remains a challenge for 

those attempting fermentative hydrogen production.
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1.8 Hydrogen from sewage biosolids

As previous sections in this review show, the surge of interest in biological hydrogen produc 

tion has led to many papers being published in this field. A large proportion of these relate 

to dark fermentative hydrogen production and as has been previously discussed, yields close 

to the theoretical maximum have been reported along with equally encouraging production 

rates.

Nevertheless, these results are often obtained from experiments where the feedstock is arti 

ficial, commonly a solution of a simple sugar such as sucrose (Chen and Lin, 2003; Hussy 

et a/., 2005; Zhang et al., 2005). Bearing in mind the importance of substrate availability in 

fermentative hydrogen production, which was alluded to in the previous section it is impor 

tant to know what yields and production rates are attainable when using 'real world' waste 

streams as feed stocks. Of particular relevance in this project would be results pertaining to 

fermentative hydrogen production from waste water biosolids.

When the field is narrowed to this degree, very few papers can be found. Of these, several 

were written in Chinese and a small number in English. These papers all report on batch 

mode digestions only and not on continuously fed digestions. However, they do examine 

the effects of a number of pre-treatments and bio-reactor configurations. Each of these 

publications is examined below.

One of these papers, published in 2003 is one of two published by Wang et al. (Wang et al, 

2003b). In this publication, the authors describe the fermentative production of hydrogen 

from waste activated sludge using an inoculum of Clostridium bifermentans isolated from 

sewage biosolids. The authors also evaluated a number of pre-treatment options includ 

ing acidification, freeze-thawing, sterilisation and ultrasonication. The digestion itself was
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performed on a small scale in 125ml serum bottles.

The authors reported that an increase in SCOD was observed as a result of all the pretreat- 

ments, from a level of 1.5% to between 4% and 5%. They also reported hydrogen yields as 

high as 0.38 moles of hydrogen per mol of COD (2.1 mmol H2 g" 1 COD) when the substrate 

was pretreated using a freeze-thaw procedure. Unfortunately, the amount of carbohydrate 

in the sewage biosolids prior to, and after digestion was not measured, so no approximation 

of the yields in terms of moles of hydrogen per mole of monosaccharide can be determined.

A second paper on this subject was published by Wang et al. (2003a). Again batch fermen 

tation was conducted in 125ml serum bottles, and again a range of pretreatments, including 

acidification, sterilisation and freezing and thawing were used. This time, after hydrogen 

fermentation the samples were inoculated with methanogenic bacteria and the amount of 

methane produced from the digestate was evaluated. On this occasion, a hydrogen yield of 

up to 5 mmol hydrogen per gram of dried solids was generated. Again, in this paper no 

carbohydrate data were presented, and so how close this yield is to the theoretical maximum 

yield of 4 mole of hydrogen per mole of monosaccharide is unclear. However, if COD is 

assumed to comprise 80% of the dried solids in the sewage biosolids (the actual data are not 

supplied in this paper) this value could be converted to the same format as the previously 

discussed paper giving a value of 6.25mmol of hydrogen per gram of COD.

As well as an increase in hydrogen yield, the authors also reported an increase in methane 

yield using the digestate from the hydrogen production experiments, compared to using the 

original sewage biosolids. This appears to strengthen the case for using two stage anaerobic 

digestion (which will be discussed later). However, no data relating to acetic acid or total 

VFA production were reported, and a mechanism for this increase in methane yield was not 

suggested.
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Cai et al. (2004) reported on a series of experiments where a combination of alkaline pre- 

treatment and digestion at high pH was evaluated when using sewage biosolids as a feed 

stock. They concluded that the maximum hydrogen yield could be obtained when alkaline 

pretreated sewage biosolids were fermented at an initial pH of 11.0. The authors reported 

that yields of 0.66 mmol hydrogen per gram of dry solids could be obtained under these con 

ditions. Furthermore, their evaluation of the VFA data they collected, along with changes in 

carbohydrate and protein levels in the sewage biosolids, led them to speculate that hydrogen 

production could be occurring as a result of protein degradation rather than carbohydrate 

degradation. The researchers also succeeded in isolating a number of hydrogen producing mi 

crobes from their reactors and identified strains of Eubacterium multiforme and Penibacillus 

polymyxa, both of which can reportedly degrade peptone (in addition to glucose) thus pro 

ducing hydrogen gas. The fact that hydrogen production was being produced from protein, 

while strongly supported by the carbohydrate and protein measurements, was not conclu 

sively demonstrated however. Additionally, the hydrogen yield reported here was notably 

lower than that reported previously by Wang et al. (2003a).

Ting et al. (2004) also published a report on hydrogen production from waste activated 

sludge. Using the same inoculum as Wang et al. (2003a,b,c) and a similar range of pre- 

treatments, they conducted fermentations in 125ml serum bottles. As with Wang et al. 

(2003a,b,c), the authors achieved the best yield of hydrogen when the feedstock was pre 

treated using freezing and thawing. Under these conditions, they reported a yield of 0.215 

mmol hydrogen g" 1 dry solids. The authors also monitored VFA levels during their exper 

iments and found that hydrogen production correlated closely with acetic acid production, 

propionic acid was produced but was not correlated with hydrogen production and butyric 

acid was seldom detected. The predominance of acetic acid reported by the authors comple 

ments the rinding that, as with Wang et al. (2003a,b,c) the subsequent fermentation of the
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digestate from hydrogen production yielded more methane than the original feedstock.

In summary then, although few in number, the publications relating to fermentative hydrogen 

production from sewage biosolids all point to the fact that hydrogen can be produced in 

appreciable amounts. Additionally, all four publications stress the importance of pretreating 

the sewage biosolids and all except Cai et al. (2004) maintain that this is because of the 

need to increase soluble COD. It should be noted that all the experiments discussed above 

were batch mode digestions which took place in 125ml serum bottles. The next logical step 

may well be to conduct experiments on a larger scale and to investigate whether hydrogen 

can be produced when a bio-reactor is fed with sewage biosolids continuously.

1.9 Two stage digestion

If fermentative hydrogen production from sewage biosolids is successful, consideration will 

need to be given to the fate of effluent from such a process. Currently in the waste water 

treatment industry, anaerobic digestion is not geared towards obtaining the best energy yield 

in terms of biogas. Rather, it is performed with a view to reducing COD and solids content, 

and towards stabilising the sewage biosolids (Tchobanoglous et al, 2002). However, it is very 

likely that using fermentative hydrogen production in place of conventional methanogenic 

anaerobic digestion will have a negative impact on these parameters. It is unlikely then, that 

fermentative hydrogen production will be used on its own in an industrial context.

The most apparent solution, and the one which has received the most attention from re 

searchers, is to use a two stage system of anaerobic digestion. The first stage being optimised 

for the production of hydrogen and the second for the production of methane. In reality, 

a similar approach is already used in the wastewater treatment industry and is referred to
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as acid phase digestion. Here the first stage is optimised towards the production of VFAs, 

particularly acetic acid since it is the oxidation of this that accounts for the majority of 

methane production (Fenchel and Finlay, 1995; Waites, 2001). The process has been used 

successfully at full scale where it has resulted in improved digestion efficiency and a lower 

overall hydraulic retention time (Asaadi and Marsh, 2004; Ghosh et al, 1995). A number of 

papers have examined the feasibility of linking together hydrogen and methane production, 

and all have concluded that the effect was to increase methane yields (Wang et al, 2003a; 

Ting et al., 2004), as well as improving other measures of digester efficiency such as volatile 

solids destruction (Azbar et al., 2001; Han and Shin, 2004). However, there seems to be no 

instances in the literature of a hydrogen producing bio-reactor continuously fed with sewage 

biosolids, being used to continuously feed a methanogenic digester, either at bench scale or 

pilot scale. It is envisioned that the results of such a study would be of interest to the waste 

water treatment industry.
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Chapter 2

Materials and methods

2.1 Experimental apparatus

2.1.1 Bio-reactor design

Three continuously stirred anaerobic reactors where used. Bio-reactor A had a working 

volume of 5L and a head space of 0.5L. This bio-reactor was constructed from Perspex in 

the University of Glamorgan and had a detachable lid but was otherwise glued together. 

Glued into the sides of this bio-reactor where a number of ports for the following functions:

• Accommodation of stirrer shaft

• Feed input

• Alkali input

• Level sensor mounting
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• pH probe mounting

• Redox probe mounting

• Sample retrieval

• Effluent output

• Gas output

Bio-reactor B had a working volume of 5L and a headspace of 0.5L. This bio-reactor was 

constructed to replace bio-reactor A which eventually began to leak. This was due to an 

adverse reaction between the sewage biosolids and the glue used in the bio-reactor's con 

struction. Bio-reactor B's design did not require any glue and was held together using bolts. 

Bio-reactor B contained all the ports fitted to bio-reactor A with the addition of a port for 

the supply of enzyme solution. Rather than gluing these ports into the bio-reactor they were 

screwed into place. Part of Bio-reactor B's design included relocation of all the ports to 

either the lid or the base of the bio-reactor; this prevented the need to glue ports into the 

side of the bio-reactor. Bio-reactor C followed the same design as bio-reactor B but had a 

working volume of SOL and a head space of 5L. A typical schematic of the bio-reactor setup 

is given in figure 2.1 below.
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Figure 2.1. Schematic of bio-reactor set up

2.1.2 Addition of reagents and removal of samples

Reagents which were added to the bio-reactor during the experiment such as alkali and en 

zyme were pumped from storage reservoirs using Watson Marlow peristaltic pumps (Watson 

Marlow, Falmouth, UK). Samples were withdrawn from the bio-reactor using a 50 ml plastic 

syringe fitted to a sampling port in the lid of the bio-reactor, the port incorporated a plastic 

tube that extended below the surface of the bio-reactor contents. This ensured that when a 

sample was taken, the headspace in the bio-reactor was not contaminated.
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2.1.3 Gas handling

Gas from the bio-reactor was passed first through a glass Drechsel bottle which acted as a 

trap to prevent any bio-reactor contents from progressing further down the gas line. The 

gas then passed through a two way valve used to divert gas flow during feeding. The gas 

then continued over a bed of ferric oxide to remove any H2 S which would have damaged the 

gas composition sensors. Gas then flowed through a Drechsel bottle containing saturated 

CU2SO4 solution which acted as an air lock, and finally another Drechsel bottle containing 

silica crystals to remove moisture from the gas stream. From this point the gas passed 

through a series of online gas sensors before being vented to atmosphere.

2.1.4 Semi-continuous feeding

A system was designed that allowed sewage biosolids to be fed in to the bio-reactor at hourly 

intervals without the need for human intervention. Using this system, a specified amount of 

effluent was transferred from the bio-reactor to a waste reservoir and then sewage biosolids 

were transferred from a chilled feed reservoir into the bio-reactor (see figure 2.2). When 

feeding is not occurring, a pump continuously re-circulates the biosolids in the feed reservoir 

to prevent them from settling out in the tubes that connect it to the bio-reactor.
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Figure 2.2. Schematic showing how apparatus was set up to allow semi continuous 

feeding

In essence the automated feeding protocol consisted of the following steps:

1. A pump is switched on which transfers material from the bio-reactor to the waste 

reservoir. This is stopped when a specified mass has been transferred to the reservoir.

2. Automatic valves are operated that divert the flow of sewage biosolids from the chilled 

reservoir to the bio-reactor, these valves are closed when a level indicator in the bio- 

reactor senses that the bio-reactor has been refilled.

3. A timer allows one hour to pass and the process is repeated.

As mentioned in section 2.1.3 a valve diverts gas flow to a flexible gas bag during the feeding 

cycle. This prevents the input and withdrawal operations from causing large perturbations 

in the measurement of gas flow.
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2.1.5 Temperature control

The temperature in all reactors was controlled using a water jacket connected to a flow 

heater (Grant instruments, Cambridge, UK). In the case of bio-reactor A, this water jacket 

was built into the design using a second, outer tube, whereas reactors B and C had water 

jackets made from silicon tubing which was coiled around the bio-reactor. The temperature 

of the bio-reactor contents was monitored using a platinum resistance temperature sensor 

(PT sensor) incorporated into the pH probe and was found to be accurate to 0.5°C.

2.1.6 pH control

The pH of the bio-reactor contents were measured using a combination polymer pH elec 

trode (model number HA405-DXK-S8/120, Mettler Toledo, Leicester, UK). This was then 

connected to a panel mounted pH meter (Mettler Toledo). Before each experiment the pH 

meter was calibrated using standard pH buffers at pH 4.2 and 7.0. Data from the pH meter 

were passed data to a PC via a data acquisition card see section 2.1.12. This information 

was then used by the computer to activate a pump delivering l.OM NaOH to the bio-reactor 

in response to the pH dropping below a specified threshold value.

2.1.7 Gas flow rate

Gas flow was measured using a laminar flow meters (Cole Farmer, London, UK) these meters 

exhibit a sensitivity of 3 cm3 min-1 and a response time of 1 second. Meters were calibrated 

by connecting them to a pump whose flow rate had been determined by measuring the rate of 

water it displaced from a burette. During calibrations a linear correlation with an R2 value 

of 0.99 or greater was achieved. Sample calibration data given in the appendix (section 12.1).
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2.1.8 Hydrogen content

The hydrogen content of the biogas produced during fermentation was measured online using 

a sensor from H2Scan (Valencia, California, USA). The sensor contains a palladium/nickel 

layer, the resistance of which changes in the presence of hydrogen molecules. The resistance 

drop is then interpreted by a control module supplied with the sensor which produces a 

voltage proportional to the hydrogen content of the biogas. The sensor was connected to a 

data acquisition card and the information collected by a desktop PC. The sensor is known to 

operate best at flow rates between 230 and 1410 ml min"1 . At flow rates below this response 

time is increased. Gas mixtures containing known concentrations of hydrogen were passed 

through the hydrogen sensor at a flow rate of 10 cm3 min" 1 and a linear correlation with 

an R2 value of 0.99 or greater was achieved. Sample calibration data given in the appendix 

(section 12.2).

2.1.9 Carbon dioxide content

Carbon dioxide in the biogas was measured online using a Gascard II infra-red gas sen 

sor (Edinburgh Sensors, Livingston, UK). This instrument measures the infra-red energy 

absorbed by the gas sample at a characteristic wavelength which correlates with the con 

centration of carbon dioxide in the gas. As with the hydrogen sensor there is an optimal 

flow rate of 200 cm3 min" 1 through the sensor. Flow rates less than this will cause a lag in 

response time. In order to calibrate the sensor, gas mixtures containing known concentra 

tions of carbon dioxide were passed through the instrument at a flow rate of 10 cm3 min" 1 ; a 

linear correlation with an R2 value of 0.99 or greater was achieved. Sample calibration data 

given in the appendix (section 12.3).
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2.1.10 Methane content

Online measurement of methane content in the biogas was performed using a Gascard II 

infra-red sensor similar to that used for carbon dioxide measurement. Again, the sensor 

measures infra red absorption at a particular wavelength to give a measure of methane 

concentration in the gas stream. In order to calibrate the sensor, gas mixtures containing 

known concentrations of methane were passed through the instrument at a flow rate of 

10 cm3 mkr 1 ; a linear correlation with an R2 value of 0.99 or greater was achieved. Sample 

calibration data is given in the appendix (section 12.4).

2.1.11 Redox potential

To measure the redox potential of the bio-reactor contents a redox electrode (model Pt4805 

DXK-S8/120, Mettler Toledo, Leicester UK) was used. The range of the probe is -1200 mV 

to 1200 mV. The probe cannot be calibrated but its point accuracy was determined at the 

start of each experiment using a standard at 220 mV (pH 7.0) and 468 mV (pH 0.1). The 

output voltage from the probe was captured on a desktop PC via a data acquisition card.

2.1.12 Data acquisition

A desktop PC was used for capturing data from online instruments. The PC was equipped 

with a data acquisition card (Model PCI-6035E, Labview, Newbury, UK), and Labview 6 

data acquisition software for Windows. Most of the online instruments communicated data 

via an analogue voltage output. These instruments were connected to the data acquisition 

card by wiring them into a junction box (Model CB-68LP I/O, Labview, Newbury, UK). 

The balance was connected directly to the PC via an RS232 serial port. A custom interface
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was written using Labview 6 in order to capture data from this device. An additional 

program was written in labview 6 in order to collect and display data. This program collected 

measurements every second and displayed them digitally on screen. These data were then 

averaged over a three minute interval before being displayed on graphs and written to a text 

file (Comma separated values).

2.1.13 Automation

Several valves and pumps built into the bio-reactor design were controlled by the same 

desktop PC used to capture data from the bio-reactor. The data acquisition card attached 

to this PC was capable of outputting a control voltage of either +5 V or 0 V. Devices 

to be controlled were either directly capable of interpreting these control signals, or else a 

solid state relay (RS Components, Northants, UK) was used to switch devices on and off. 

Programs were written in Labview 6 which used these signals as well as the input from 

sensors to control pH and to feed and empty the bio-reactor.

2.2 Off-line measurement

2.2.1 Hydrogen

In all fermentation experiments samples of bio-reactor biogas were withdrawn at regular 

intervals using a glass syringe. To facilitate the sampling of biogas from the bio-reactor, a 

two way manual valve was fitted to the bio-reactor just downstream of the overflow trap 2.1. 

This valve could be used to divert gas flow from the sensors to the syringe.
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In experiments presented in chapters 3 and 4 (see sections 2.5.1 and 2.5.2), hydrogen in the 

biogas was measured using a Star 3400CX gas chromatograph (GC) (Varian Ltd., Walton 

Upon Thames, UK) fitted with a 4mm stainless steel column packed with Porapack N80-100 

(Supelco, Ltd, Poole, UK) and a thermal conductivity detector. The injector was set to 

80°C, the column was set to 70°C and the detector set to 200°C. Nitrogen was used as a 

carrier gas. A three point calibration using 0.2 ml, 0.6 ml and 1.0 ml of 100% hydrogen was 

performed daily, the R2 value of this calibration always exceeded 0.990.

Carbon dioxide and methane were also measured using the Star 3400CX although this re 

quired a separate sample to be taken from the bio-reactor. The column used was a 2 mm 

stainless steel column packed with Porapack Q50-80 (Supelco Ltd, Poole, UK). The injector 

was heated to 110°C, the column to 60°C and the detector to 200°C. The injection port had 

a sample loop fitted. A single point calibration was performed before each day of use using 

a 60:40 mix of methane and carbon dioxide.

In subsequent experiments a newer gas chromatograph was used to analyse gas samples. 

This model was a Varian CP-4900 Gas Chromatograph (Varian, Walton on Thames, UK). 

The GC was equipped with two columns, a "molecular sieve 5A plot" (10 m x 0.32 mm) 

(Varian) running at 150°C and 30 psi for the detection of hydrogen, nitrogen and methane, 

and a "Porapack Q column" (10 m x 0.15 mm) running at 60°C and 20 psi for the detection 

of carbon dioxide. The carrier gas in both columns was argon. This machine was able 

to analyse the methane, nitrogen, carbon dioxide, and hydrogen content of the gas sample 

simultaneously and with no need for multiple samples to be taken from the bio-reactor. The 

machine was calibrated every three months using gas mixtures of known proportions. A 

quality control sample was run before each day of use and consisted of a gas mixture of 

known proportions.
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2.2.2 Volatile fatty acids

VFAs were measured according to the method of Cruwys et al. (2002) using a Perkin Elmer 

headspace gas chromatograph (Model number HS40XL, Perkin Elmer, Beaconsfield, UK) 

in conjunction with a flame ionisation detector (FID) and a "Nukol" free fatty acid phase 

(FFAP) column (30 m x 0.32 mm) (Supelco Ltd, Poole, UK) running at 190°C and 14 

psi. The carrier gas was nitrogen. The gas chromatograph was connected to a headspace 

auto-sampling system (Perkin Elmer, Beaconsfield, UK). The machine was calibrated using 

standards of acetic, propionic, isobutyric, n-butyric, isovaleric and n-valeric acids with con 

centrations in the range of 0 mg L" 1 to 1000 mg L" 1 . In their paper Cruwys et al. state that 

the detection limit for these acids was below 4 mg L" 1 and analysis of replicates samples 

yielded a coefficient of variation between 0.039 and 0.065.

Preparation of samples followed the method in Cruwys et al. (2002). A 22.3 ml glass vial was 

used with a PTBE septum and a proprietary sealing system (Perkin-Elmer, Beaconsfield, 

UK). 1 ml of sample was pipetted into the vial together with 1 ml of deionised water, 1 ml 

of NaHSO4 and 0.1 ml of 2-ethylbutyric acid (1800 mg L" 1 ) as an internal standard.

2.2.3 Solids

Total solids of sewage biosolids samples was determined by drying at 103°C-105°C until a 

stable weight is achieved as according to the methods described by the American Public 

Health Association (APHA) (Clesceri et al, 1999). Pyrex beakers were placed in an electric 

furnace (Carbolite, Sheffield, UK) at 500 ±50°C for 1 hour to pretreat the beakers before 

being cooled in a desiccator until they reached room temperature. The beakers were then 

weighed to an accuracy of four decimal places. Between 5 g and 15 g of sample was then
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placed in each beaker and the mass determined to four decimal places. Each beaker was 

then placed in a convection oven (Gallenkamp, Leicester, UK) at 103°C to 105°C and dried 

until its mass remained stable. The stable mass of the beakers was then recorded to four 

decimal places. The percentage of dry solids in the sample was then calculated according to 

the formula below.

Ts = x 100 (2.1)

Where:

Ts: Total solids in sample (%)

A: Mass of beaker (g).

B: Mass of beaker and sample before drying at 103°C-105°C (g).

C: Mass of beaker and sample after drying at 103°C-105°C (g).

After determining total solids content the volatile solids content was determined by incinerat 

ing the samples in a furnace (Carbolite, Sheffield, UK) at 500±50°C for Ihour in accordance 

with APHA methodology (Clesceri et al, 1999). The samples were then cooled to room 

temperature in a desiccator and their mass measured to 4 decimal places. Volatile solids 

content was then determined according to the follwing formula.

Ts = 5^4 x 100 (2.2)

Where: Vs: Volatile solids in sample (%)
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A: Mass of beaker (g).

B: Mass of beaker and sample before drying at 103°C-105°C (g).

D: Mass of beaker and sample after incineration at 500±50°C (g).

2.2.4 Carbohydrates

The carbohydrate content of samples was measured using a phenol sulphuric acid assay 

(Chaplin and Kennedy, 1986). Prior to analysis samples were diluted to bring their carbo 

hydrate levels within the range of this assay (20 to 200 mg L" 1 ). In most cases a dilution 

factor between 10 and 100 was sufficient to achieve this. Samples were analysed for total 

carbohydrate and soluble carbohydrate. To determine soluble carbohydrate the particulates 

were removed from the sample by centrifuging with a relative centrifugal force (RCF) of 

11,000 x g for 5 minutes in a bench top centrifuge (MSE Scientific Instruments, Crawley, 

UK). Each time the assay was performed a calibration was performed by analysing glucose 

standards. The standards were prepared by dissolving glucose in deionised water at concen 

trations from 50 to 200 mg L"1 . The R2 value of this curve was 0.99 or greater. Sample 

calibration data is given in the appendix (section 12.5).

Samples were analysed by combining 400 /j,L of diluted sample or standard with 400 /iL of 

5% phenol solution (Sigma, and 2 ml of 98% sulphuric acid (Fisher Scientific, Loughborough, 

UK). The samples were allowed to cool for 10 minutes at room temperature and were then 

vortexed for 10 seconds. The samples were then incubated at room temperature for a further 

30 minutes and their absorbencies at 490 nm were measured using a spectrophotometer 

(Model UV1, Unicam, Cambridge, UK). The calibration data was then used to determine 

the carbohydrate concentration in each sample.
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2.2.5 Lipids

The lipid content of sewage biosolids samples was determined using chloroform methanol 

extraction (Bligh and Dyer, 1959). 3.6 g of sample was combined with 4 ml of chloroform 

(Sigma, Poole, UK) and 8 ml of methanol (Sigma, Poole, UK) in a glass centrifuge tube 

(Fisher Scientific, Loughborough, UK) and shaken vigorously for 20 seconds. Subsequently 

a further 4 ml of chloroform was added followed by 20 seconds of shaking, then 4 ml of 

deionised water was added and the mixture was once again shaken for 20 seconds. The 

mixture was then centrifuged at 3000 g in a bench top centrifuge (Model: Sorvall Legend T, 

Kendro Laboratory Products Pic, Bishop's Stortford, UK). After centrifuging, a yellow zone 

consisting of dissolved lipids is clearly visible and 3 ml of this was removed and transferred to 

a clean glass vial which had been weighed to four decimal places. The vial was then heated 

to 50°C in an electric heating block and evaporated under a stream of nitrogen gas until dry. 

The glass vial was then weighed again and the mass of the dried lipid residue determined. 

The lipid content of the sample was then calculated according to the following equation.

/ = ~ (2.3)

Where: 1: mass of lipid in sample.

a: Mass of lipid in aliquot.

b: Volume of chloroform layer (8 in these experiments).

c: Volume of aliquot (3 ml in these experiments).
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2.2.6 Protein

Samples were analysed for protein using an "RC DC Protein Assay" kit (Bio-Rad, Kernel 

Hempstead, UK) the kit is based on a modified Lowry assay (Lowry et a/., 1951). Samples 

were diluted so that their protein levels fell within the range of the assay (0.2 to 1.5 mg ml" 1 ) 

in most cases this required a dilution factor of 10 to 100. Soluble protein was also determined 

for each sample by centrifuging at 11,000 g for 5 minutes in a bench top centrifuge (MSE 

Scientific Instruments, Crawley, UK). The instructions supplied with the kit were followed 

for each analysis. Briefly the assay causes a colour change in the sample proportional to the 

concentration of protein in the sample. The colour change can be quantified by measuring 

absorbance at 750 nm using a spectrophotometer (Model UV1, Unicam, Cambridge, UK). 

The calibration data was then used to determine the protein content in each sample. Each 

time the assay was run a set of samples was analysed to construct a calibration curve. The 

samples were solutions of bovine serum albumin (Sigma, Poole, UK) in deionised water at 

concentrations ranging from 0.5 to 1.5 mg ml" 1 . The R2 value of the calibration curve was 

always greater than 0.99. Sample calibration data is given in the appendix (section 12.6).

2.2.7 Hydrogen yield

During continuous fermentation the hydrogen yield per mole of carbohydrate fed into the 

bio-reactor was calculated according to the following equation.

- ( } 
22.4c-/ V '
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Where: y: Yield of hydrogen (moles of hydrogen per mole of carbohydrate fed into the

bio-reactor).

g: Average biogas gas production rate over a 3 minute period (L min" 1 ).

h: Concentration of hydrogen in the biogas (ml hydrogen ml" 1 biogas).

c: Concentration of carbohydrate in feedstock (g L" 1 ).

f: Volume of feedstock added to bio-reactor per hour (L).

m: Molecular weight of glucose (g).

During batch fermentation the hydrogen yield per mole of carbohydrate in the bio-reactor 

was calculated according to the equation below.

y. Yield of hydrogen (moles of hydrogen per mole of carbohydrate in the bio-reactor).

g: Total biogas production (L).

h: Concentration of hydrogen in the biogas (ml hydrogen ml" 1 biogas).

c: Concentration of carbohydrate in bio-reactor (g L" 1 ).

v: Volume of reactor contents (L).

m: Molecular weight of glucose (g).
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2.3 Biosolids

2.3.1 Feedstock

Feedstock sewage biosolids were obtained from a local sewage treatment works serving the 

city of Cardiff in the UK. Two types of feedstock were used in these experiments. Primary 

sewage biosolids consist of the solids settled out from raw sewage and thickened to between 

4% and 6% using a belt press thickener. Zetag polyelectrolyte was added to the biosolids 

to aid dewatering. The second feedstock was a mixture of primary sewage biosolids and 

waste activated sludge. Waste activated sludge (WAS) comprises the solids and biomass 

separated from the liquid phase of raw sewage after it has undergone aerobic biological 

treatment to reduce its biological oxygen demand. The waste activated sludge was also 

thickened to between 4% and 6% using a belt press thickener and was also dosed with Zetag 

polyelectrolyte. The ratio of primary to WAS in the second feedstock was 70:30 by volume. 

Feedstock biosolids were collected in plastic barrels and stored at 2-8°C for no more than 

two weeks before use.

2.3.2 Inoculum

Material from the sewage treatment works described in section 2.3.1 was also used as a 

source of inoculum for all experiments. The inoculum was taken from an anaerobic digester 

and stored at room temperature for up to 2 weeks prior to use. The inoculum was passed 

through a 1.18 mm soil sieve and then heated to 110°C for 20 minutes using a domestic 

pressure cooker fitted with a weight sufficient to generate a pressure of 6 psi. Heat treatment 

has been shown to inactivate methanogenic organisms in the inoculum that would otherwise 

consume the hydrogen produced during fermentation (Hawkes et a/., 2007b). Recently,
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Hawkes et al. (2007a) used heat treated digested sludge as an inoculum when producing 

hydrogen from a wheat flour industry co-product.

2.4 Pretreat merits

inIn some experiments the feedstock was subjected to a range of different pre-treatments 

an effort to improve hydrogen production. These pretreatments are detailed below.

2.4.1 Heat treatment

To heat treat the feedstock a 15 L plastic tub was fitted with a domestic kettle element and a 

thermostat device. Ten litres of feedstock was heated in the tub whilst stirring with a plaster 

stirrer attached to a Heidolph stirring unit (Cole Farmer, London, UK). The biosolids were 

heated to 70° C for 1 hour and then allowed to cool to room temperature before being stored 

at 2 to 8°C. The biosolids were used within 7 days of being heat treated.

2.4.2 Enzymatic degradation

In some experiments an enzyme mixture was used to break down complex carbohydrates 

in the feedstock biosolids. The enzyme mixture used was Cellulase 13L (Biocatalysts, Pon- 

typridd, UK) and is used to process foodstuffs such as fruit juices. It is known to contain 

the enzyme cellulase at a concentration of 1500 unit L" 1 (One unit of enzyme activity is 

defined as that amount of enzyme which causes the release of one micromole of equivalents 

per minute at pH 4.6 and 40°C). In addition the product is known to contain a mixture 

of other enzymes capable of degrading complex carbohydrates but which are not assayed
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by the manufacturer. This product also contains carbohydrates which were added during 

manufacture as a preservative; these were either removed via ammonium sulphate precipi 

tation (in chapter 2) or by the manufacturer, using ultra-filtration (chapters 7, 8 and 9). In 

chapter 6 no carbohydrate removal was performed and instead its presence was accounted 

for mathematically when measuring the carbohydrate content of biosolids samples.

2.5 Experiments

2.5.1 Operation of digester in batch mode

As the first phase of bio-reactor design and construction was completed it became possible 

to perform batch fermentations. Three such fermentations were conducted and are detailed 

below. During each fermentation the pH of the bio-reactor was maintained at a pH of 5.2 

±0.2 via the addition of 1M sodium hydroxide or 1M hydrochloric acid. The temperature 

was maintained at 35±loC.

Experiment 1

In this experiment the bio-reactor was operated in batch mode and at the start, was filled 

with 5 L of feedstock. The feedstock was mix of primary sewage biosolids and waste activated 

sludge in a ratio of approximately 70:30 (see section 2.3.1).
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Experiment 2

In this experiment the bio-reactor was again operated in batch mode. At the start the bio- 

reactor contained 5 litres of feedstock of the type used in experiment 1. This feedstock was 

heated to 70°C for 1 hour as described in 2.4.1.

Experiment 3

This experiment the bio-reactor was filled with 4.5 L of heat treated biosolids (of the type 

used in experiment 2) and 0.5 L of inoculum 2.3.2.

2.5.2 Operation of digester in semi-continuously fed mode

Completion of the second phase of the bio-reactor construction allowed semi-continuously 

fed digestion experiments to be performed. Three digestion experiments were conducted to 

evaluate the effect of using different hydraulic retention times (HRT). In experiment 1 the 

digester was operated at a HRT of 36 hours then, with out shutting down the bio-reactor, 

the HRT was reduced to 24 hours for experiment 2. Experiment 3 was conducted at a 

HRT of 48 hours after first shutting down and emptying the bio-reactor to perform essential 

maintenance.

During start up the bio-reactor was filled with 5 L of feedstock. The feedstock was mix 

of primary sewage biosolids and waste activated sludge in a ratio of approximately 70:30 

(see section 2.3.1). This feedstock was not heat treated. Feedstock was then fed into the 

bio-reactor at two hour intervals in quantities sufficient to maintain the desired HRT. Each 

experiment was continued until a degree of biological stability was observed; experiments
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lasted a minimum of 6 HRTs. During each fermentation the pH of the bio-reactor was 

maintained at a pH of 5.2±0.2 via the addition of 1M sodium hydroxide or 1M hydrochloric 

acid. The temperature was maintained at 35±loC.

2.5.3 The effect of heat treatment and substrate availability

In this phase of the study, four experiments were conducted to assess the impact of heat inac- 

tivation of feedstock and the availability of carbohydrate in the bio-reactor. In experiment 1 

heat treated effluent from a mesophilic anaerobic digester was used as inoculum (as detailed 

in section 2.3.2). The feedstock was a mixture of primary and waste activated sludge as 

described in section 2.3.1. This feedstock was heated to 70°C for 1 hour as described in 

section 2.4.1. The contents of the bio-reactor at start up were

• 500ml of inoculum.

• 50g of sucrose.

• 4.5 litres of feedstock biosolids.

The digestion proceeded in batch mode until gas production was observed. At this point, 

the bio-reactor was fed at 2 hour intervals with sufficient feed to maintain a HRT of 1.5 days. 

The bio-reactor was then fed in this way until the fermentation process was observed to be 

stable for 3 HRTs, or until indications were that fermentation had ceased. The pH in the 

reactors was maintained at or above pH 5.5 as described in section 2.1.6. On the fourth 

day of the experiment, an additional 50 g of sucrose dissolved in water was added to the 

bio-reactor.
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Experiment 2 was conducted in the same way as experiment 1. However the feedstock 

biosolids were heated to 110°C for 20 minutes using a domestic pressure cooker fitted with a 

42 g weight. No additional sucrose was introduced into the bio-reactor during the experiment, 

other than the 50 g added during start up.

Experiment 3 was conducted in batch mode. The inoculum was prepared as described in 

section 2.3.2. The feedstock was a mix of primary sewage biosolids and waste activated 

sludge as described in section 2.3.1. The feedstock was heated to 110°C for 20 minutes 

in a domestic pressure cooker fitted with a weight sufficient to generate 6 psi of pressure. 

After heat treatment, the feedstock was incubated at 35°C for 24 hours, with Cellulase 13L 

(section 2.4.2). The enzyme had been purified via ammonium sulphate precipitation and 

added to the feedstock biosolids at a concentration of 1% W/V. Experiment 4 was conducted 

in the same way as experiment 3. However the feedstock was not incubated with Cellulase 

13L prior to fermentation.

2.5.4 Effect of pre-treatment on feedstock biosolids composition

In this section of the study, various pre-treatment regimes were applied to the feedstock 

biosolids and their effect on biosolids composition was recorded. The pre-treatment of pri 

mary sewage biosolids and surplus activated sludge (SAS) were investigated separately. Two 

experiments were conducted, in the first experiment the effect of enzymatic degredation was 

investigated and in the second, the effect of other pre-treatments was studied.

In experiment 1, the following pre-treatments were applied to to both primary sewage 

biosolids and to SAS:

• No pre-treatment - The biosolids were not subjected to any pre-treatment, a 40 ml
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sample was transferred to a plastic centrifuge tube (Corning, UK) and sodium azide 

was added at a concentration of 0.01% W/V in order to prevent any microbial growth.

• Heat treatment - 300 ml of biosolids was transferred to a pyrex container and heated 

to either 70°C for 1 hour in a water bath (Grant, UK) or to 110°C for 20 minutes in a 

domestic pressure cooker fitted with a 42 g weight.

• Enzymatic degradation - After heat treatment at either 70°C or 110°C as described 

above, 40 ml of the biosolids was transferred to a plastic centrifuge tube and Cellulase 

13L (Biocatalysts, Pontypridd, UK) was added to a concentration of 0%, 1%, 2% or 5% 

W/V. Sodium azide was added at a concentration of 0.01% W/V, in order to prevent 

microbial activity and the samples were then mixed and placed in an orbital shaking 

incubator at 35°C for 24 hours. The carbohydrate present in Cellulase 13L was not re 

moved prior to its use in these experiments; instead it was measured and accounted for 

mathematically when determining the carbohydrate content of the biosolids samples.

In experiment 2 the following pretreatments were applied to both primary biosolids and SAS:

• No pre-treatment - The biosolids were not subjected to any pre-treatment. As in 

experiment 1, a 40 ml sample was transferred to a plastic centrifuge tube (Corning, 

UK) and sodium azide was added at a concentration of 0.1 % W/V in order to prevent 

any microbial growth.

• Heat treatment - As in experiment 1, 300 ml of biosolids was transferred to a pyrex 

container and heated to either 70°C for 1 hour in a water bath (Grant, UK) or to 

110°C for 20 minutes in a domestic pressure cooker.

• Freeze/thaw - After heat treatment at either 70°C or 110°C 40 ml of biosolids was 

transferred to a plastic centrifuge tube and frozen at -20°C for 24 hours. The samples
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were then thawed out in a 35° C water bath and mixed thoroughly. Sodium azide was 

added at a concentration of 0.1% W/V, in order to prevent microbial activity.

• Alkaline pre-treatment - 300 ml of primary biosolids or SAS was transferred to a 

pyrex container. The pH of the biosolids was increased to 13.0 by adding 15M sodium 

hydroxide solution. The biosolids were then heated to either 70°C or 110°C as described 

above. After the biosolids had cooled to room temperature the pH was reduced to 7.0 

using concentrated hydrochloric acid. Sodium azide was then added at a concentration 

of 0.01% W/V, in order to prevent microbial activity.

In experiments 1 and 2, the results of pre-treatment were measured by analysing total and 

soluble carbohydrate, total and soluble protein, lipid content, total solids, and volatile solids. 

The methodology for these analyses is given in section 2.2.

2.5.5 Effect of pH during acid phase fermentation

In this section of the study fermentation took place in a redesigned anaerobic bio-reactor 

(Bio-reactor B) which is described in section 2.1.1. The use of this bio-reactor allowed pH, 

redox potential and temperature within the bio-reactor to be continuously monitored and 

recorded. In all the experiments the bio-reactor contents were maintained at 35°C. Gas flow, 

methane content, carbon dioxide content and hydrogen content were measured continuously 

using the methodology described in section 2.1.1.

Eight fermentation experiments were performed during this study. Different parameters were 

varied in each experiment in order to evaluate the effect of operational pH, and the two types 

of pre-treatment, enzymatic pre-treatment and heat treatment at 70 °C. The parameters 

applied in each experiment are shown in table 2.1. In all experiments 500 ml of inoculum
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and 4.25 L of feedstock biosolids were added to the bio-reactor along with either 250 ml 

of Cellulase 13L or 250 ml of deionised water. In experiment 7, no Cellulase 13L was used 

during fermentation. Prior to its use in these experiments, carbohydrate was removed from 

the Cellulase 13L by the manufacturer, using ultrafiltration. In experiment 8, gas production 

was measured using water displacement instead of using a flow meter. This allowed the total 

volume and overall composition of the biogas to be determined. From these data a hydrogen 

yield was calculated. All experiments were allowed to continue until gas production had 

ceased. During all experiments, samples were taken from the bio-reactor at the start and 

at the end of fermentation. These samples were analysed to determine total and volatile 

solids, total and soluble carbohydrate and VFA content. From these data VFA production 

and carbohydrate removal for each experiment were determined.

Table 2.1. Parameters used during batch fermentation experiments performed at a 

five litre scale.

Experiment 

Number

1

2

3

4

5

6

7

8

Feedstock 

Batch

3

2

2

3

1

1

3

3

pH

of 

Bio-reactor

4.5

5

5.5

6

6.5

7

5.5

5.5

Cellulase 

13L 

Added

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

Feedstock 

Heat 

Treated

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes
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The biosolids used in these experiments were obtained in the manner described in section 

2.3. The feedstock used was primary sewage biosolids. Inoculum was also used in all eight 

experiments. Prior to use, the inoculum was heated to 110°C for 20 minutes (section 2.3.2). 

Due to the length of the study and to storage limitations, three batches of feedstock biosolids 

had to be collected from the sewage treatment works in order to complete all the experiments 

performed in this investigation. Each was characterised individually prior to use, and the 

batch used in each experiment is given in table 2.1.

Two types of pre-treatment were applied to the primary sewage biosolids used as feedstock; 

heating to 70 °C for 1 hour, and enzymatic pre-treatment. The enzyme preparation used 

in this study was Cellulase 13L (Biocatalysts Ltd., Pontypridd, UK) and is used to process 

foodstuffs such as fruit juices. The product normally contains some soluble carbohydrate as 

a preservative but this was removed via ultra filtration by the manufacturer prior to delivery. 

In all cases the processed Cellulase 13L was added at a concentration of 5% by volume to 

the bio-reactor at the start of the experiments. In order to assess the effect of the enzyme 

on carbohydrate solubilisation 20 ml samples of heat treated primary sewage biosolids were 

incubated at 35 °C for 24 hours with either the enzyme added at a concentration of 5% 

or an equivalent amount of deionised water. Sodium azide was added to all samples at a 

concentration of 0.01% w/v to prevent microbial utilisation of carbohydrate during incuba 

tion. Total carbohydrate, soluble carbohydrate, total solids (TS) and volatile solids before 

and after heat pre-treatment were determined, as were the total and soluble carbohydrate 

content after enzymatic pre-treatment.

Total Solids (TS) and volatile solids were determined in triplicate as described in section 

2.2.3. Total and soluble carbohydrate were also measured in triplicate using the phenol 

sulphuric assay described in section 2.2.4. VFAs were measured using the methodology 

described in section 2.2.2.
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2.5.6 Effect of hydraulic retention time on fermentative hydrogen 

production

In this phase of the study, the effect of hydraulic retention time (HRT) on hydrogen produc 

tion was investigated by operating the bio-reactor in a continuously fed mode as described in 

section 2.1.4. Automatic feeding of the bio-reactor took place at hourly intervals throughout 

these experiments.

The feedstock used in these experiments was thickened, primary sewage biosolids as described 

in section 2.3. The feedstock was heated to 70 °C for 1 hour before use, as described in section 

2.4.1. Due to storage limitations, different batches of feedstock were used in each experiment. 

These were characterised with regard to total solids, volatile solids, carbohydrate content, 

and VFA content. A single batch of inoculum was used for all eight experiments. Prior to 

use, the inoculum was heated to 110°C for 20 minutes (see section 2.3.2).

Four fermentation experiments were performed at hydraulic retention times of 18h, 24h, 36h 

and 48h. The same start up procedure was used for each fermentation experiment. 500 ml 

of inoculum was added to the bio-reactor, along with 4.25 L of feedstock, and 250 ml of 

Cellulase 13L. The head space in the bio-reactor was then flushed with nitrogen gas for 5 

minutes to displace any oxygen. In all experiments, the bio-reactor contents were maintained 

at 35 °C and stirred continuously. pH, temperature, redox potential, gas production and gas 

composition were all monitored continuously throughout each experiment.

Fermentation continued in batch mode (without additional feeding) until production of hy 

drogen gas was observed. At this point, the automatic addition of feedstock and Cellulase 

13L took place every hour. The amount of feedstock added each hour was determined by 

the desired HRT in each experiment. Cellulase 13L was added along with the feedstock at a
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concentration of 5% v/v. Prior to its use in these experiments, carbohydrate was removed 

from the Cellulase 13L by the manufacturer, using ultrafiltration. Each fermentation exper 

iment was permitted to continue until gas production had ceased. The bio-reactor contents 

were sampled at regular intervals throughout each experiment and analysed to determine 

total and volatile solids, carbohydrate content and VFA content.

2.5.7 Continuous two phase digestion of sewage biosolids

In this section of the study the feasibility of coupling an anaerobic digester, producing hy 

drogen from sewage biosolids, to a second, anaerobic, methanogenic digester was evaluated. 

Two phase digestion experiments were performed, in both experiments, the hydrogen pro 

ducing digester was operated with a HRT of 1 day. The HRT of the methanogenic stage was 

6 days in the first experiment and 10 days in the second experiment.

The feeding of the hydrogen digester was accomplished automatically in both experiments, as 

described in section 2.1.4. However, in the first experiment, the effluent from the hydrogen 

digester was not pumped directly to a waste reservoir but was instead pumped into the 

methanogenic digester. The effluent from the methanogenic digester was then pumped in 

the waste reservoir. In the second experiment, feeding of the hydrogen digester proceeded 

exactly as described in section 2.1.4. The methanogenic digester was fed manually, two 

times per day from the contents of the waste reservoir.

The feedstock used in these experiments was primary sewage biosolids , of the type detailed 

in section 2.3. In both experiments the feedstock biosolids were pretreated by heating them 

to 70 °C for 1 hour prior to use, this is described in section 2.4.1. The inoculum was also 

prepared as described in section 2.3. For each experiment the feedstock and inoculum were 

characterised with regards to total solids, volatile solids, total and soluble carbohydrates and
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VFA content.

The start up procedure for each experiment was the same. For the hydrogen digester, 500 ml 

of inoculum was added to the digester along with 4.25 L of feedstock and 250 ml of Cellulase 

13L. Prior to its use in these experiments, carbohydrate was removed from the Cellulase 13L 

by the manufacturer, using ultrafiltration. the headspace in the digester was then flushed 

with nitrogen gas for 5 minutes to displace any oxygen. The contents of the digester were 

maintained at a temperature of 35°C and a pH above 5.5. The pH, temperature and redox 

potential of the digester contents were monitored continuously, as was hydrogen, carbon 

dioxide, methane and overall biogas production. In the methanogenic digester, start up was 

performed by filling the digester with untreated, anaerobically digested sewage biosolids and 

flushing the head space with nitrogen gas. The pH of the digester contents was kept above 

7.0 and their temperature was maintained at 35°C. As with the hydrogen digester, the pH, 

temperature and redox potential of the digester contents were monitored continuously, as 

was hydrogen, carbon dioxide, methane and overall biogas production.

In both experiments, fermentation continued in batch mode (with no additional feeding of 

the digesters) until hydrogen gas production was observed in the hydrogen digester. At 

this point automatic feeding of the hydrogen bio-reactor occurred every hour along with 

the addition of Cellulase 13L at a concentration of 5% v/v. Feeding of the methanogenic 

digester also commenced either automatically or manually, as discussed above. The bio- 

reactor contents were sampled at regular intervals throughout each experiment and analysed 

to determine total and volatile solids, carbohydrate content and VFA content.
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Chapter 3

Batch digestion of sewage biosolids

The methods and materials referred to in this section are presented in section 2. The fermen 

tation experiments described here were all carried out in batch mode. No additional feeding 

of the bio-reactor took place after the experiment had begun. The aim of these fermentation 

experiments was to establish whether heat treatment of the feedstock biosolids and or the 

addition of inoculum were necessary in order to achieve fermentative hydrogen production in 

batch mode. To this end, three experiments were performed under the following conditions

• No heat treatment of feedstock and no addition of inoculum

• Heat treatment of feedstock but no addition of inoculum

• Both heat treatment of feedstock and addition of inoculum

During fermentation liquid samples were withdrawn from the bio-reactor at regular intervals 

and analysed for volatile fatty acids (VFA) content. Gas samples were also regularly taken 

and analysed for hydrogen content. At this point in the study methane and carbon dioxide
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were measured online, but the online hydrogen sensor described in section 2.1.8 was not yet 

in use.

The feedstock biosolids used in these experiments was characterised with respect to total 

solids, volatile solids, total carbohydrate, total lipids and VFA content. The protein assay 

described in section 2.2.6 was not used at this stage as it was still under evaluation.

3.1 Composition of feedstock biosolids

The feedstock biosolids were characterised in two states, not heat treated (as used in experi 

ment 1, and after heating to 70° C for 1 hour (experiments 2 and 3). Due to storage and time 

constraints two different batches of biosolids were used, one for experiment 1 and another 

for experiments 2 and 3. The results are shown in table 3.1 below. The figures presented 

in the table are the mean of 3 replicates except in the case of volatile solids where only one 

sample was analysed.
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Table 3.1. Characterisation of feedstock biosolids

Batch 1 Batch 2 Batch 2

Non Heat Non Heat 70° C for

Treated Treated 1 Hour

Total solids (%)

Volatile solids (%)

Carbohydrates (nig L" 1 )

Lipids (mg L" 1 )

Total VFA (mg L~ l )

6.27

4.95

15824

7739

5728

6.69

5.35

18546

8313

3840

5.76

4.59

19864

7033

3338

3.2 Experiments 1 to 3

Three experiments were conducted as described in section 2.5.1. In each experiment the pH 

was maintained at 5.5 and the temperature at 35°C

3.2.1 Experiment 1

Figure 3.1 is a graph detailing the production of volatile fatty acids (VFAs) during exper 

iment 1. In this experiment VFA concentrations were higher than in experiments 2 and 

3. The final VFA concentration was 14880 mg L~l after 5 days. This was a rise of over 

9000 mg L-1 . In addition the graph shows that the VFA concentration was continuing to 

rise when the experiment ended. Figures 3.2 and 3.3 show the changes in methane and 

carbon dioxide production during fermentation. In this experiment methane production
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reached a peak of 0.125 cm3 min l and carbon dioxide reached a peak production rate of 

2.5 ml min"1 . The concentration of carbohydrate in the bio-reactor was measured at the 

start of the experiment and at the end. Over the five day period when the bio-reactor was 

running, total carbohydrate decreased from 15824 mg L" 1 to 12240 mg L" 1 . This was a 

reduction of 3584 mg Lr 1 , or 22.6%.

Figure 3.1. Changes in VFA concentration during experiment 1
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Figure 3.2. Methane production during experiment 1
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Figure 3.3. Carbon dioxide production during experiment 1
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3.2.2 Experiment 2

Figure 3.4 is a graph detailing the production of volatile fatty acids (VFAs) during the course 

of experiment 2. The final VFA concentration in the bio-reactor rose from 3338 mg L" 1 to 

4162 mg L" 1 , an increase of 4825 mg L" 1 over the 7 day period. There was a peak in VFA 

production between day 1 and day 2. The final VFA concentration in the bio-reactor was 

4162 mg Lr 1 and the predominant type of VFAs were acetic, propionic and n-butyric. During 

experiment 2 there was no detectable gas production. The carbohydrate concentration in the 

bio-reactor fell from 19864 mg L" 1 to 12306 mg L" 1 . This was a reduction of 7558 mg L" 1 

or 38%.
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Figure 3.4. Changes in VFA concentration during experiment 2
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3.2.3 Experiment 3

Figure 3.5 is a graph detailing the production of volatile fatty acids (VFAs) during experiment 

3. As with experiment 2 there is only a moderate increase in total VFA concentration 

during the course of the experiment. In this experiment the VFA concentration increased 

from 3876 mg Lr 1 to 6276 mg Lr 1 , an increase of 2400 mg Lr 1 . The most abundant 

VFAs were acetic acid, propionic acid and n-butyric acid. No gas production was detected 

during experiment 3. Carbohydrate levels fell from 18875 mg Lr 1 13401 mg L" 1 , a drop of 

5473 mg L" 1 or 29%.
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Figure 3.5. Changes in VFA concentration during experiment 3

3.3 Discussion

The physical and chemical characteristics of the digester influent used are similar to those 

reported by other researchers (Elefsiniotis and Oldham, 1994b; Higgins et al, 1982). Varia-
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tions between data reported here and the results of other researchers are likely to arise from 

differences in catchment areas of the sewage treatment works concerned, onsite treatment 

processes and the ratio of primary biosolids to waste activated sludge in the digester influent.

In experiment 1 where heat treatment was not used VFA and gas production were observed, 

as was a drop in carbohydrate concentration, all of which indicate that some biological 

activity was taking place. The main components of the biogas were methane and carbon 

dioxide which is consistent with conventional anaerobic digestion. However, as the VFA 

concentration increased and the pH dropped, gas production fell and eventually ceased. It 

is known that methanogenesis is inhibited when pH is much below 6.0 and this may account 

for some of the reduction in biogas production. The composition of the VFAs observed also 

seemed to be of significance in explaining the reduction in production of gases other than 

methane. The most predominant acids were acetic acid and propionic acid, both can be 

produced at the expense of CO2 and or H2 according to the equations below (Fenchel and 

Finlay, 1995):

Propionic acid production

C6H1206 + 2H2 -> 2CH3CH2COOH + H2 O (3.1)

Acetic acid production (homoacetogenesis)

2C02 + 4#2 -> CHZCOOH + 2H2O (3.2)
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Because methane production is not desirable and may occur at the expense of hydrogen yield, 

heat treatment of the feedstock and the addition of heat treated inoculum were employed 

to inhibit it and increase hydrogen yield. However the data collected during experiments 

2 and 3, showed that very little biological activity had occurred. There was no observable 

gas production and the VFA concentration increased by only 824 mg L" 1 in experiment 2 

and 2400 mg Lr 1 in experiment 3. The reason in both cases may well be the heat treating 

of the feedstock. It was originally reasoned that this treatment would allow preferential 

selection of the more heat resistant clostridial species (Hawkes et al, 2002) which is one 

of the main hydrogen producing groups (Zehnder, 1988). It is possible however, that the 

clostridial species were induced to sporulate by the heating process and subsequently failed 

to germinate during fermentation although the reason for this lack of germination is unclear.

The slightly increased VFA production during experiment 3 could have been due to the 

addition of inoculum to the bio-reactor. The inoculum would contain a high concentration 

of both acidogenic and methanogenic microorganisms which may explain the slight increase 

in biological activity during experiment 3. If this is the case it may indicate that there is 

an insufficient concentration of microorganisms in the heat treated feedstock for successful 

fermentation to take place, thus suggesting that inoculum is required during the start up 

phase.

3.4 Conclusion

Without employing heat treatment to inactivate the methanogens naturally present in the 

feedstock, methane and carbon dioxide production predominate during fermentation and no 

detectable hydrogen production is observed. Consequently, in subsequent experiments heat 

treatment or an alternative means of suppressing methanogenesis will need to be employed.
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Heat treatment of the feedstock, with or without the addition of inoculum, resulted in no 

detectable gas production. The inoculum of the kind used in these experiments has been 

successfully used to produce hydrogen from simpler substrates such as glucose and sucrose 

(Hawkes et a/., 2007b) as well as from a wheat flour industry co-product (Hawkes et ai, 

2007a). It is likely that the feedstock is in some way not amenable to digestion by the 

microbes present in the inoculum or that it does not provide suitable conditions for their 

germination. Consequently some form of feedstock pre-treatment will need to be used in 

order to address this.
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Chapter 4

Operation of digester in continuous 

mode

The rate at which a bio-reactor is fed is a vital consideration when attempting hydrogen 

production via anaerobic digestion. This parameter is usually expressed as a hydraulic 

retention time (HRT) and is given by the formula:

HRT = volume of bio-reactor / flow rate

If the HRT of a bio-reactor is too great then microorganisms may become starved of sub 

strate which limits their growth rate and in turn negatively affects overall digestion as well 

as production of hydrogen. Long HRTs can also permit the growth of hydrogenotrophic 

organisms such as methanogens, which will significantly reduce the overall hydrogen yield.

On the other hand a HRT that is too small can seriously inhibit anaerobic digestion and 

hydrogen production. For the most part this is because if the dilution rate (due to feeding) 

is higher than the growth rate of the organism under the environmental conditions in the
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bio-reactor, the population of microbes will eventually be 'washed out' of the bio-reactor. 

The dilution rate at which this begins to occur is called the critical dilution rate and can be 

derived from the growth rate of the microorganism (Waites, 2001). In an undefined mixed 

population however the growth rate of one specific organism is difficult if not impossible to 

characterise. Thus, in these circumstances the optimal HRT is determined experimentally, 

often using the production of a desired metabolite such as hydrogen as an indicator of 

digestion efficiency.

One of the advantages of using a continuously fed bench scale bio-reactor to model anaerobic 

digestion of sewage biosolids is that it is possible to vary the HRT in this manner and 

therefore determine the optimal HRT for hydrogen production. Such an experiment could 

not be performed using batch digestion.

In the following experiments a continuously fed bench scale anaerobic digester was used to 

investigate the relationship between HRT and hydrogen production. The effect of HRT on 

other variables related to anaerobic digestion was also evaluated.

The results from chapter 3, showed that the highest level of biological activity was observed 

when the bio-reactor was started up solely with feedstock which had not been heat treated. 

However when this was done, a considerable amount of methane is produced (see Chapter 

3). It is known that methanogenic bacteria are relatively slow growing and for this reason 

usually require a hydraulic retention time of 10-15 days in a full scale mesophilic anaerobic 

digester fed with sewage biosolids. If a small enough HRT were used then the slow growing 

methanogens may be washed out of the bio-reactor as outlined above thus inhibiting methane 

production observed during batch studies. Accordingly, the following digestion experiments 

were performed:

• Experiment 1-36 hour HRT
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• Experiment 2-24 hour HRT

• Experiment 3 - 48 hour HRT

The experiments were performed as detailed in section 2.5.2. Experiments 1 and 2 were 

run back to back without restarting the bio-reactor, instead, at the end of experiment 1, the 

feeding rate was increased in order to reduce the HRT. Prior to conducting experiment 3, 

the bio-reactor was shut down and emptied in order to perform essential maintenance. In all 

three experiments the bio-reactor was maintained at a pH of 5.5 and a temperature of 35°C

The feedstock biosolids, along with samples withdrawn from the bio-reactor at regular inter 

vals were characterised with respect to total solids, volatile solids, total carbohydrate, total 

lipids, total protein and VFA content.

4.1 Composition of feedstock biosolids

Two batches of feedstock biosolids were used during these experiments. These batches were 

characterised and the results are shown in table 4.1 below. The figures presented in the table 

are the mean of 3 replicates except for VFA concentration. Batch 1 was used in experiments 

1 and 2, batch 2 was used in experiment 3.
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Table 4.1. Characterisation of feedstock biosolids

Feedstock batch

1 2

x a x a

Total solids (%) 4.57 0.054 4.71 0.014

Volatile solids (%) 2.88 0.807 3.75 0.014

Total carbohydrates (mg L'1 ) 10456 2660 16435 3495

Soluble carbohydrates (mg L" 1 ) 425 114.2 115 28.9

Lipids (mg L'1 ) 8235 681.3 6156 508.8

Protein (mg L" 1 ) 5062 485.1 5509 325.7

Total VFA (mg L" 1 ) 1178 1450

4.2 Experiment 1 36h HRT

Figure 4.1 shows the change in concentration of each of the VFA species monitored during 
this experiment. Acetic acid and propionic acid were produced in the greatest quantities 
with peak concentrations of 3962 mg L' 1 and 3248 mg L' 1 respectively, n-butyric acid 

levels fluctuated throughout the experiment reaching a peak of 1282 mg Lr1 . Overall, VFA 
production increased from 1178 mg L" 1 to 8130 mg L'1 , an increase of 6952 mg LT 1 .
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Figure 4.1. Changes in VFA concentration during experiment 1

Figures 4.2 and 4.3 show the changes in methane and carbon dioxide production during 

this experiment. These figures show that both methane and carbon dioxide production 

rose sharply during the first two days of operation and then dropped to a much lower level. 

Methane production peaked at 2.19 cm3 min" 1 and carbon dioxide peaked at 2.32 cm3 min" 1 . 

Both had fallen to less than 0.25 cm3 min"1 by day five. No hydrogen production was 

detected during this experiment.
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Total carbohydrate, total solids and volatile solids were measured in the feedstock biosolids 

and in the bio-reactor at the end of the experiment. These measurements are shown in 

table 4.2. The concentration of carbohydrates in the feedstock was 10456 mg Lr 1 and in the 

bio-reactor at the end of the experiment it was 3389 mg Lr 1 , a 67.6% reduction. Totals solids 

were reduced from 4.57% in the feedstock to 3.92% in the bio-reactor, a 14.1% reduction, 

similarly volatile solids were reduced from 3.58% to 3.0460%, a 15.0% reduction.

Table 4.2. Changes in biosolids composition during experiment 1

Feedstock Bio-reactor Contents 

x a x a

Carbohydrate (mg L~l ) 10456 1419 3389 523

Total Solids (%) 4.57 0.05 3.92 0.03

Volatile Solids (%) 3.58 0.04 3.05 0.03

4.3 Experiment 2 24h HRT

Figure 4.4 shows the change in VFA concentration during experiment 2. As with experiment 

1, the dominant VFAs produced were acetic acid and propionic acid. During the course of 

this experiment VFA concentrations decreased from the levels observed in experiment 1 and 

then appeared to stabilise. Acetic acid stabilised between 3000 mg L~ l and 4000 mg L" 1 

whereas propionic acid stabilised between 2000 mg L'1 and 3000 mg L' 1 . The concentration 

of the other VFAs remained at 1000 mg L~ l or below throughout this experiment. Overall, 

the VFA concentration increased from 1178 mg L~ J in the feedstock to 7412 mg L~l in the 

bio-reactor effluent, an increase of 6423 mg Lr 1 .
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Figure 4.4. Changes in VFA concentration during experiment 2

Figures 4.5 and 4.6 depict the changes in methane and carbon dioxide concentration during 

experiment 5. Neither gas was produced in quantities greater than 0.1 cm3 min" 1 during 

this experiment.
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Figure 4.5. Methane production during experiment 2

0.1 q

^ 0.09 J

| 0.08 :

-E 0.07 \ 
& 0.06 '-.
£ :
w 0.05 J

- m
': *

*k J5 Pi — n u a m 
U. OB b B n

c c >» % a -i 
t B 4^ 4_ S »

K " _ „ '•» c^1 H a

1r.D B .B »° if» " *
•° nI 0 -04 ! A A \s V :L sr. -

o 0.03 ^ £ i JB * 1 IK " \& £ "> • . B

| 0.02 '-.

* 0.01 :
•

"t" HF ^% ^lc S s° 0 - •;V W ^ l\ ••-"•-'
r U o ^g *

^ n D 
r i i i , i _i_ i _j — 1_ i — i — i —— i — i — | — i — i —— | — | — | — | — | —— | — | — | — | — | —— |_3^BC — | — | —— | — | —

1°
WVI

1 1 1 1 1 10 - — t —— I —— I —— I —— I —— I —— I —— I —— I —— I —— I —— I —— I —— 1 —— 1 —— 1 —— 1 —— 1 —— 1 —— 1 —— 1 —— 1 —— 1 —— 1 —— 1 —— r- 1 —— r i —r i ,,,,,...,

0 2 4 6 8 10 12 14 16

Time (Days)

Figure 4.6. Carbon dioxide production during experiment 2

Total carbohydrate had fallen from 10456 mg L' 1 in the feedstock to 9498 mg L in the
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bio-reactor at the end of the experiment, a reduction of 9.2%. Total solids and volatile solids 

were also measured for both the feedstock and the bio-reactor contents. These data are 

presented in table 4.3. The table shows that total solids fell from 4.57% in the feed stock to 

4.26% in the bio-reactor at the end of experiment 2, a reduction of 6.9%. Similarly, volatile 

solids fell from 3.58% to 3.31% a reduction of 7.7%.

Table 4.3. Changes in biosolids composition during experiment 2

Feedstock Bio-reactor Contents 

x a x a

Carbohydrate (mg L" 1 ) 10456 1419 9498 899

Total Solids (%) 4.57 0.05 4.26 0.05

Volatile Solids (%) 3.58 0.04 3.31 0.04

4.4 Experiment 3 48h HRT

As in experiment 1 and 2, the concentration of VFAs in the bio-reactor was measured at 

regular intervals. Figure 4.7 shows how VFA concentrations varied during this experiment. 

It can be seen that acetic acid and propionic acid were produced in higher concentrations 

than the other VFAs measured. After six days acetic acid had reached a concentration of 

3468 mg LT 1 and remained at approximately this level for the remainder of the experiment. 

The concentration of propionic acid in the bio-reactor had risen to 2486 mg L" 1 by day six 

and also remained stable at around this level for the rest of the experiment. No other species 

of VFAs were present at a concentration greater than 1000 mg L' 1 during this experiment. 

The concentration of acetic acid rose from 1090 mg L" 1 in the feedstock to 3578 mg L~l
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in the bio-reactor at the end of this experiment. Propionic acid rose from 174 mg L" 1 to 

2564 mg L-1 . The total VFA concentration rose from 1178 mg L' 1 in the feedstock to 

7974 mg L" 1 in the bio-reactor efnuent,an increase of 6796 mg L" 1 .
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Figure 4.7. Changes in VFA concentration during experiment 3

Figures 4.8 and 4.9 show the changes in methane and carbon dioxide production during 

experiment 3. Production of both these gases rose sharply during the first two days of the 

experiment. Methane production reached a peak of 0.58 cm3 min" 1 and carbon dioxide 

reached a peak of 0.57 cm3 min" 1 . From the second day onwards, methane and carbon 

dioxide production began to fall, eventually reaching a level less than 0.1 cm3 min" 1 . No 

hydrogen production was detected during this experiment.
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Figure 4.8. Methane production during experiment 3
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Figure 4.9. Carbon dioxide production during experiment 3

As with experiment 1 and 2, total carbohydrate, total solids and volatile solids were mea-
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sured in both the feedstock and in the bio-reactor at the end of the experiment. These 

measurements are shown in table 4.4. The table shows that carbohydrate content in the 

bio-reactor was 17% lower than in the feedstock and that total solids and volatile solids were 

5.7% and 7.4% lower respectively.

Table 4.4. Changes in biosolids composition during experiment 3

Feedstock

Carbohydrate (mg L" 1 )

Total Solids (%)

Volatile Solids (%)

x

16435

4.51

3.60

a

1253

0.08

0.07

Bio-reactor

x

13505

4.25

3.33

Contents

a

326

0.10

0.08

4.5 Discussion

When attempting continuous fermentation of sewage biosolids at bench scale, the traditional 

approach has been to manually remove a portion of the bio-reactor contents and replace them 

with fresh feedstock at regular intervals; often referred to as drawing and filling. In addition 

to being labour intensive, this approach inevitably means that the bio-reactor will be fed only 

a few times per day, will probably not be fed overnight and will be fed even less frequently 

on weekends.

The infrequent, large feeds which result from this manual feeding can cause instability in a 

bio-reactor because a steady state is not reached with regard to substrate concentration. It 

has been shown that many of the organisms in the bio-reactor including species of Clostridium
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cancan sporulate if the substrate concentration becomes too low (Cohen et al, 1985). This 

lead to large shifts in the bio-reactor's microbial populations and may even result in desirable 

species being washed out of the bio-reactor altogether (Hawkes et al., 2002)

A better solution would be to design a bio-reactor in which the drawing and filling occur 

automatically. This would allow draw/fill cycles to occur more frequently with less material 

being withdrawn and added in each cycle. This would prevent the large perturbations in the 

bio-reactor's substrate concentrations which may be detrimental to the microbial population. 

Automating the feeding of the bio-reactor also means that feeding cycles occur regularly 

outside of normal working hours.

The design and construction of just such an automated system at lab scale was one of the 

principal goals of this study and represents a considerable technical challenge. The bio- 

reactor design used in this study was able to meet the requirements outlined above and 

enabled automatic feeding on an hourly basis for several weeks at a time. Automatic feeding 

of a bench scale hydrogen producing bio-reactor with sewage biosolids has not been reported 

in any previously published studies.

It was envisioned that the combination of low pH and short hydraulic retention time (HRT) 

would be sufficient to inhibit methanogenesis in these experiments. Methanogenesis has been 

shown to be inhibited at pH levels below 6.1 (Lay et al, 1997; Kirn et al., 2004). Additionally, 

since most methanogens are known to be slow growing organisms, it was thought that a HRT 

of 1-2 days would result in a dilution rate sufficient to wash these organisms out of the bio- 

reactor. Avoiding such a scenario is one of the reasons that full scale methane producing 

digesters are operated with a HRT of between 12-15 days (Tchobanoglous et al, 2002).

Nonetheless, in all three experiments, methane production was detected in the biogas pro 

duced by the bio-reactor. It is possible that this methane production occurred at the expense
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of hydrogen production since one of the principal pathways by which methanogenesis occurs 

involves utilisation of hydrogen (Fenchel and Finlay, 1995).

Another form of methanogenesis which may have occurred in these experiments requires 

acetic acid as a precursor. Acetoclastic methanogenesis produces one mole of carbon dioxide 

per mole of methane, which would explain why changes in methane production were closely 

mirrored by changes in carbon dioxide during each experiment.

Except for peaks in production during the start up of the bio-reactor, the production of 

methane and carbon dioxide was similar in all three experiments. Concentrations stabilised 

between 0-0.5 cm3 min" 1 in each experiment. The peaks in gas production seen during 

start up are likely to have occurred because the substrate concentration is higher when the 

bio-reactor is filled with fresh feed stock (as it is at start-up) than it is when a steady state 

is reached through continuous feeding.

The presence of VFAs in the bio-reactor is a good indicator of the potential for anaerobic 

digestion, since VFAs are one of the principal products resulting from the fermentation of 

carbohydrate. The type of VFAs produced in the bio-reactor also provide an insight into the 

biochemical pathways operating within the bio-reactor, for example, fermentative hydrogen 

production is often associated with the production of acetic acid and/or n-butyric acid.

At the end of each experiment the difference in total VFA concentration between the bio- 

reactor contents and the feedstock biosolids was determined. The greatest difference was 

observed when the bio-reactor was operated at a HRT of 36 hours (Experiment 1), suggesting 

that this HRT was more conducive to fermentation than either a 24 hour or 48 hour HRT. 

In all three experiments the VFA composition was broadly similar; acetic acid and propionic 

acid were produced in the greatest concentration while other VFAs were produced in much 

lower concentrations.
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The presence of acetic acid is consistent with the hypothesis that hydrogen was being 

produced during these experiments but was subsequently being consumed by other micro 

organisms. This is because the production of acetic acid may occur as a result of fermentative 

hydrogen production. However since acetic acid may be formed through a number of differ 

ent biochemical pathways, it is not possible to say with certainty that its presence is a result 

of fermentative hydrogen production.

Propionic acid can also be produced in more than one way during anaerobic fermentation. 

It may be produced via pathways that consume hydrogen, but it can also be produced via 

pathways that would effectively compete for substrate with fermentative hydrogen produc 

tion (Gallert and Winter, 2008; Vavilin et al., 1995). In either circumstance, the presence of 

propionic acid in the bio-reactor can be interpreted as detrimental to fermentative hydrogen 

production.

No hydrogen production was detected during any of the three experiments. This may be due 

to the failure of hydrogen producing organisms to grow in the bio-reactor, the failure of these 

organisms to produce hydrogen rather than other end products, or the consumption of the 

hydrogen by other microbes in the bio-reactor. The reduction in carbohydrate concentration, 

together with the production of acetic acid and butyric acid (albeit in small amounts) are 

consistent with what is known about fermentative hydrogen production. Many compounds 

known to be produced at the expense of hydrogen were found in the bio-reactor including 

methane and propionic acid. This too, suggests that hydrogen could have been produced 

and then subsequently consumed. However, methane, propionic acid and acetic acid can all 

be produced from precursors other than hydrogen and so their presence does not guarantee 

that fermentative hydrogen production took place during these experiments.
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4.6 Conclusion

The disadvantages of manual feeding during the study of sewage biosolids digestion at bench 

scale were successfully overcome. A 5 litre automatically fed sewage biosolids fermenter was 

operated for a period of several weeks. No hydrogen was produced during any of the three 

experiments discussed here. This may have been because hydrogen producing biochemical 

pathways were not in operation during these experiments, or because hydrogen was produced 

but then subsequently consumed by other organisms such as methanogens.

It was envisioned that a HRT of between 1 and 2 days would be sufficient to inhibit the 

production of methane, since methanogens are generally slow growing organisms. This was 

not the case since methane was detected during all three experiments. It may be that in 

subsequent experiments the feedstock biosolids will need to be heat treated in order to inhibit 

methane producing microorganisms.

Despite the fact that no hydrogen production was observed in these experiments, some con 

clusions can be drawn from measurement of variables linked to hydrogen production. Biogas 

production, VFA production and carbohydrate production all suggest that fermentation 

proceeds more readily at a HRT of 36 hours than at a HRT of 24 or 48 hours.
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Chapter 5

Effect of heat treatment and substrate 

availability

Although evidence of fermentation was observed during the experiments presented in chapter 

4, no hydrogen production was detected. It was speculated that this may be due to one or 

more factors, including:

• A lack of hydrogen producing organisms in the bio-reactor.

• The consumption of hydrogen by other microorganisms in the bio-reactor, such as 

methanogens.

The first of these factors, a lack of hydrogen producing organisms, may have occurred because 

a separate inoculum was not used. It was reasoned that the feedstock biosolids would contain 

sufficient numbers of hydrogen producing microbes. It is possible that this assumption was 

incorrect, so in the following experiments, a separate inoculum (material from a mesophilic 

anaerobic digester) was added to the bio-reactor at start up. The presence of this inoculum
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should ensure that adequate numbers of hydrogen producing microbes are present in the 

bio-reactor, since this kind of inoculum has been successfully used to produce hydrogen from 

other substrates (Hawkes et al., 2007b).

The second factor, consumption of hydrogen by other microbes was supported by the obser 

vation of methane production during the experiments in chapter 4. Other researchers, have 

heat treated their inoculum in order to inactivate hydrogenotrophic microbes (Hawkes et al, 

2002). The data from chapter 4 (where a separate inoculum was not used) clearly indicates 

that methanogens are present in feedstock biosolids also, so the experiments presented in 

this chapter were conducted using feedstock biosolids that had been heat treated.

Additionally, it is possible that hydrogen producing microorganisms were present in the 

bio-reactor during the experiments in chapter 4 but that the carbohydrate present in the 

feedstock biosolids was too structurally complex to be utilised by the hydrogen producing 

microbes. In order to investigate this possibility, the first two experiments presented in this 

chapter involved adding sucrose to the bio-reactor during fermentation. In experiment 1 

sucrose was added at start up and at day 4 of the experiment. In experiment 2 sucrose was 

added solely at start up. Sucrose is a simple form of carbohydrate and is readily converted 

to hydrogen during fermentation as demonstrated by other researchers (Hussy et al., 2005; 

Kyazze et al., 2007). In the third experiment an enzyme mixture is added to the feedstock 

in order to break down the complex carbohydrates into a simpler form. The end products 

of this enzymatic degradation should also be readily converted to hydrogen.

Four fermentation experiments were carried out to investigate the importance of the factors 

discussed above and are detailed in section 2.5.3. These experiments are summarised in 

Table 5.1.

95



Table 5.1. Summary of experiments

Experiment

1

2

3

4

number pre-treatment Sucrose added

70°C for Ih

110°C for Ih

110°C for Ih

110°C for Ih

50gx2

50g

No

No

Cellulase 13L Added

No

No

1% (v/v)

No

5.1 Experiments 1 and 2 use of heat treatment and 

addition of sucrose

Table 5.2 shows the changes in feedstock characteristics which occurred as a result of heat 

treatment in experiment 1 (where the feedstock was heated to 70°C for 1 hour). The most 

notable change in composition was the increase in soluble carbohydrate from 62 mg Lr1 to 

1041 mg L" 1 after heat treatment. Large changes were not observed in the other parameters 

measured.
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Table 5.2. Composition of feedstock biosolids used in experiment 1

Parameter Untreated 70°C for 1 Hour

x a x a

Total Solids % 5.23 0.19 5.03 0.03

Volatile Solids % 4.24 0.15 4.10 0.04

Carbohydrate (mg L' 1 ) 15533 150 20926 4852

Soluble Carbohydrate (mg L" 1 ) 62 29 1041 20

Protein (mg L" 1 ) 6313 727 4993 256

Lipids (mg L" 1 ) 5569 452 5673 148

Total VFA (mg L" 1 ) 4404 - 4554

A similar situation occurred in experiment 2 where the feedstock was held at 110°C for 20 

minutes. The changes in feedstock composition are shown in table 5.3. As with experi 

ment 1 the largest change was in the amount of soluble carbohydrate, which increased from 

167 mg L~ J to 755 mg Lr1 .
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Table 5.3. Composition of feedstock biosolids used in experiment 2

Parameter Untreated 110°C for 20

Minutes

x a x a

Total Solids % 3.64 0.0420 3.14 0.91

Volatile Solids % 2.90 0.0420 2.57 0.73

Carbohydrate (mg L^ 1 ) 18593 2706 11003 2452

Soluble Carbohydrate (mg L" 1 ) 167

Protein (mg L" 1 )

Lipids (mg L" 1 )

Total VFA (mg L' 1 )

4934

5868

1668

33

621

524

-

755

5859

5239

1490

16

997

507

-

Figure 5.1 is a graph showing hydrogen production in during experiment 1. Two periods 

of hydrogen production can be observed approximately two days apart. These periods of 

hydrogen production correspond to the points at which sucrose solution was added to the 

bio-reactor. During both periods, hydrogen production reached a peak of between 12 and 

15 cm3 min" 1 . The carbon dioxide produced in this experiment is shown in figure 5.2. It 

can be seen from this graph that two periods of carbon dioxide production occurred at the 

same time as the hydrogen production with production rates reaching a peak of between 10 

and 12 cm3 min"1 . A further period of hydrogen and carbon dioxide production occurred 

after 6 days of fermentation. At this time hydrogen production reached 3-5 cm3 min- 1 and 

carbon dioxide reached 2-4 cm3 min-1 . No methane production was observed during this 

experiment.
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Figure 5.2. Carbon dioxide produced during experiment 1.

Figures 5.3 and 5.4 depict hydrogen and carbon dioxide production during experiment 2. A
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period of gas production commenced approximately 12 hours after the start of the experi 

ment. Production of both hydrogen and carbon dioxide were observed. Hydrogen production 

reached a peak production rate of approximately 15 cm3 min" 1 whereas carbon dioxide rose 

to a peak of approximately 50 cm3 min" 1 .
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Figure 5.3. Hydrogen production during experiment 2.
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Figure 5.4. Carbon dioxide production during experiment 2.

Figure 5.5 shows the VFA production during experiment 1. The dominant VFAs pro 

duced were initially acetic acid and n-butyric acid. Levels of acetic acid reached a peak 

of 3516 mg L" 1 and the concentration of n-butyric acid rose to 5714 mg L" 1 . The highest 

levels of these two VFAs were observed 5 days after the start of fermentation. This coincided 

with the second peak in hydrogen production observed during the experiment. The concen 

tration of prop ionic acid began rising prior to day six of this experiment, reaching a peak of 

4354 mg L" 1 between days six and seven. The rise in propionic acid production coincided 

with the third peak of hydrogen production observed during the experiment.
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Figure 5.5. VFA production during experiment 1.

In experiment 2, production of n-butyric acid, acetic acid and propionic acid was observed, 

as shown in figure 5.6. Production of these VFAs commenced between 12 and 24 hours after 

start up. This was approximately the same time at which a peak in hydrogen production 

was observed. Both acetic acid and propionic acid concentrations continued to increase 

throughout the course of the experiment, and were still increasing when the experiment 

was stopped two days after all gas production had ceased. At this point acetic acid had 

reached a concentration of 1130 mg L" 1 and propionic acid had reached a concentration of 

1170 mg I/" 1 , n-butyric acid also continued to increase during the experiment but did so at 

a lower rate, ultimately reaching a concentration of 410 mg L" 1 .
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Figure 5.6. VFA production during experiment 2.

Table 5.4 shows compositional data for the heat treated feedstock biosolids and the bio- 

reactor contents sampled at the end of experiment 1. The table shows decreases in all 

parameters with the exception of carbohydrate which was found to be higher in the bio- 

reactor contents at the end of fermentation, than in the feedstock.
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Table 5.4. Composition of Feedstock biosolids after heat treatment, and bio-reactor 

contents sampled at the end of experiment 1.

Parameter Feedstock Bio-reactor

	Contents

x a x a

Total Solids % 5.04 0.03 4.48 0.18

Volatile Solids % 4.10 0.04 3.62 0.14

Carbohydrate (nog L~ l ) 20926 4852 24901 1531

Protein (mg L" 1 ) 4993 256 4159 123

Lipids (mg L-1 ) 5673 148 5385 294

The difference between the feedstock biosolids and the bio-reactor contents at the end of 

experiment 2 are shown in table 5.5. The table shows decreases in total solids, protein 

and lipids, but increases in volatile solids, and carbohydrate. However, the change in each 

parameter (with the exception of protein) was associated with a relatively high standard 

deviation.
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Table 5.5. Composition of feedstock biosolids after heat treatment, and bio-reactor 

contents sampled at the end of experiment 2.

Parameter Feedstock Bio-reactor

	Contents

x a x a

Total Solids % 3.14 0.91 2.62 0.27

Volatile Solids % 2.57 0.73 3.39 1.37

Carbohydrate (mg L"1 ) 11003 2452 18863 889

Protein (mg L- 1 ) 8193 872 3773 776

Lipids (mg L" 1 ) 18509 1522 17055 1425

5.2 Experiments 3 and 4 use of heat treatment and 

Cellulase 13L

Table 5.6 shows how the composition of the feedstock changed as a result of pre-treatment 

during experiment 3. In this experiment, the feedstock was held at 110°C for 20 minutes 

then incubated with an enzyme mixture to break down complex carbohydrates. As with 

experiments 1 and 2, the most notable effect of heat treatment was to increase soluble 

carbohydrate from 156 mg L" 1 to 687 mg L" 1 . Enzymatic pre-treatment caused a large 

drop in total carbohydrate, from 18333 mg L" 1 to 10231 mg L" 1 but also caused an increase 

in soluble carbohydrate from 687 mg L" 1 to 1501 mg L" 1 . In experiment 4, the only notable 

change in feedstock composition after heat treatment was, once again, an increase in soluble
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carbohydrate from 243 mg L" 1 to 578 mg Lr 1 . These data are shown in table 5.7. 

Table 5.6. Composition of feedstock biosolids used in experiment 3

Parameter Untreated 110°C for Cellulase

	20 Minutes 13L

x a x a x a

Total Solids % 3.57 0.06 3.91 0.08 3.88 0.06

Volatile Solids % 2.98 0.03 3.29 0.06 3.00 0.01

Carbohydrate (mg L" 1 ) 21126 752 18333 6430 10231 1586

Soluble Garbs (mg L" 1 ) 156 45 687 62 1501 79

Protein (mg L' 1 ) 4933 124 3017 1401 5374 124

Lipids (mg L" 1 ) 5223 103 7647 408 8509 551

Total VFA (mg L" 1 ) 2312 - 2364 - 2880
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Table 5.7. Composition of feedstock biosolids used in experiment 4

Parameter Untreated 110°C for 20

	Minutes

x a x a

Total Solids % 4.43 0.11 4.89 0.08

Volatile Solids % 3.51 0.09 3.92 0.07

Carbohydrate (mg L" 1 ) 18515 6127 23989 900

Soluble Carbohydrate (mg L" 1 ) 243 18 578 77

Protein (mg L" 1 ) 9052 1900 8193 872

Lipids (mg L" 1 ) 19843 1356 18509 1522

Total VFA (mg L" 1 ) 5374 - 5402

Hydrogen and carbon dioxide production during experiment 3 are shown in figures 5.7 

and 5.8. In this experiment a period of hydrogen production was observed, starting ap 

proximately 18 hours after start up and reaching a peak production rate of 13.5 cm3 min" 1 . 

This was accompanied by carbon dioxide production which occurred at the same time and 

reached a peak of 17 cm3 min- 1 . During this experiment no methane production was de 

tected.
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Figure 5.7. Hydrogen production during experiment 3.
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Figure 5.8. Carbon dioxide production during experiment 3.

In experiment 4, where the feedstock was heat treated but enzymatic digestion was not
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employed, no gas production was observed. The experiment was eventually stopped after 7 

days.

Figure 5.9 shows the VFA production which occurred during experiment 3. A sharp increase 

in the concentration of acetic acid, n-butyric acid, propionic acid and n-valeric acid was 

observed approximately 18 hours after start up. This coincides with the period of hydrogen 

and carbon dioxide production, observed in this experiment.
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Figure 5.9. VFA production during experiment 3.

The VFA production during experiment 4 is shown in figure 5.10. The initial VFA content 

of the feedstock was found to be higher than in previous experiments, however, no notable 

increase in VFA concentrations was observed during fermentation.
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Figure 5.10. VFA production during experiment 4.

The differences in composition between the pretreated feedstock biosolids and the bio-reactor 

contents at the end of experiment 3 are presented in table 5.8. A notable reduction was 

observed in all the parameters measured. In particular, the carbohydrate content of the 

bio-reactor contents at the end of the experiment was approximately 60% lower than that of 

the feedstock biosolids.
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Table 5.8. Composition of feedstock biosolids after heat treatment, and bio-reactor 

contents sampled at the end of experiment 3.

Parameter Feedstock Bio-reactor 

Contents

x a x a

Total Solids % 

Volatile Solids % 

Carbohydrate (mg 

Protein (mg L" 1 ) 

Lipids (mg L"1 )

3.88 0.06 2.73 0.18

3.00 0.01 1.66 0.15

10231 1586 4066 216

5374 124 3788 5462

8509 551 3568 302

Table 5.9 shows the changes in biosolids composition over the course of experiment 4. In this 

experiment the difference in carbohydrate content between the feedstock biosolids and the 

bio-reactor contents at the end of the experiment was much lower than in experiment 3 and 

is associated with a standard deviation higher than the mean difference between the samples. 

Larger reductions in lipid content and protein content were observed in this experiment than 

were observed in experiment 3.
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Table 5.9. Composition of feedstock biosolids after heat treatment, and bio-reactor 

contents sampled at the end of experiment 4.

Parameter Feedstock Bio-reactor

	Contents

x a x a

Total Solids % 4.89 0.08 3.49 0.34

Volatile Solids % 3.92 0.07 2.70 0.34

Carbohydrate (mg L' 1 ) 23989 900 21610 5883

Protein (mg L"1 ) 8193 872 6167 498

Lipids (mg L" 1 ) 18509 1522 10980 998

5.3 Discussion

Heating the feedstock biosolids to 70°C or 110°C both prevented methane from being pro 

duced in any of the experiments presented here. This is consistent with the findings of 

researchers investigating fermentative hydrogen production from other substrates who also 

report that heat treatment effectively inhibits methanogenic activity during fermentation 

(Kraemer and Bagley, 2007; Oh et al., 2003). Tables 5.2 and 5.3 show that heating to 

70°C for an hour resulted in a higher degree of carbohydrate solubilisation than heating for 

110° for 20 minutes. Figures 5.1 and 5.3 show that the different heating regimes did not 

result in different hydrogen production rates. It would seem therefore that with regards 

to fermentative hydrogen production, heating to 70°C for 1 hour is as effective as heating 

to 110° for 20 minutes. Additionally, heating to 70°C for 1 hour is a proceedure already 

used to treat sewage biosolids and other feedstocks on an industrial scale in order to reduce
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pathogen numbers (Bagge et al., 2005; Nielsen and Petersen, 2000) . Consequently, this form 

of pre-treatment is a proven, practical option.

Experiments 1 and 2 both showed that if carbohydrate was present in a suitable form (in 

this case as sucrose), then the other environmental variables used in these experiments, such 

as pH and temperature were conducive to hydrogen production. However in experiment 4, 

when the bio-reactor was fed with just heat treated biosolids, no hydrogen production was 

observed, in spite of the fact that conditions were suitable and a population of hydrogen pro 

ducing microorganisms were present. It seems probable therefore, that the lack of hydrogen 

production was due to the absence of available carbohydrate in the feedstock biosolids. This 

hypothesis is supported by the observation that hydrogen production resumed in experiment 

1 when more sucrose was added to the bio-reactor.

Analysis of the feedstock biosolids showed that a considerable amount of carbohydrate is 

present but that very little of it is present in a soluble form, indicating that it is proba 

bly present as structurally complex molecules such as cellulose or hemicellulose. If sewage 

biosolids are to be used as a feedstock for fermentative hydrogen production, they will need to 

be processed in order to solubilise the carbohydrate they contain. This finding is consistent 

with those of researchers working with other feedstocks who found that using pre-treatments 

designed to break down complex carbohydrates increased hydrogen production during fer 

mentation (Lin and Chang, 1999; Yanez et al, 2006; Zhang et al, 2007).

Further evidence for this hypothesis came from experiments 3 and 4 where fermentations were 

performed with and without the addition of a cellulose degrading enzyme. When pretreated 

with the enzyme, the soluble carbohydrate in the feedstock biosolids increased dramaticallly 

from 687 mg L" 1 to 1501 mg L" 1 and hydrogen production was observed during fermen 

tation. The sample of feedstock was also found to contain less total carbohydrates after
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incubation with this enzyme, this is thought to be due to the consumption of the solublilised 

carbohydrates by indigenous micro-organisms during incubation. In subsequent evaluations 

of enzymatic pretreatment sodium azide was added to the samples prior to incubation to 

inhibit microbial activity. When the enzyme was not used, soluble carbohydrate remained 

low and no hydrogen production was observed. These findings underline the importance of 

ensuring that carbohydrate is present in a soluble, easily metabolised form in the feedstock.

In experiments 1, 2 and 3 where hydrogen production was observed, production of volatile 

fatty acids also took place. Three types of VFA predominated in these experiments, acetic 

acid, propionic acid and n-butyric acid. Acetic acid and n-butyric acid have been pos 

itively associated with fermentative hydrogen production by researchers using other sub 

strates (Hussy et a/., 2005), however propionic acid may be produced in competition with, 

or at the expense of hydrogen production (Fenchel and Finlay, 1995). It is possible that sub- 

optimal fermentation conditions could have caused a metabolic shift away from hydrogen 

production towards propionic acid production. Alternatively, conditions in the bio-reactor 

may have selected against hydrogen producing organisms causing a population shift towards, 

propionic acid producing species. Propionic acid accumulation has been associated with sub- 

optimal fermentation by other researchers (Han et ai, 2005).

5.4 Conclusion

The the results presented here lead to two important conclusions. Firstly, heat treatment of 

the feedstock biosolids effectively prevents methanogenesis during fermentation. Moreover, 

heating to 70°C for 1 hour is as effective as heating to 110°C for 20 minutes in this regard. 

Secondly, feedstock quality, specifically, the amount of soluble carbohydrate available is a 

critical factor when using sewage biosolids as a feedstock for hydrogen production.
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Having established the need to improve substrate availability in order to produce hydrogen, 

the next task will be to identify a practical and efficient means of achieving this. Many 

forms of pre-treatment exist for conditioning sewage biosolids. Those most likely to increase 

carbohydrate solubility should be compared and the most effective should be adopted in 

subsequent fermentation experiments.
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Chapter 6

Effect of pre-treatment on the 

composition of sewage biosolids

In the previous chapter of this study, two important conclusions regarding the fermentation 

of sewage biosolids were put forward. These were:

1. Heat treatment of the feedstock biosolids and of the inoculum effectively prevented the 

growth of hydrogenotrophic microorganisms such as methanogens during fermentation. 

Moreover, heating to 70°C for 1 hour, was as effective as heating to 110°C for 20 minutes 

in this regard.

2. The composition of the feedstock , specifically, the amount of soluble carbohydrate 

they contain is a critical factor when attempting fermentative hydrogen production 

from sewage biosolids.

Results from chapter 5 show that over 98% of carbohydrate in the feedstock is present in an 

insoluble form. Consequently, the work presented here has focused on determining the most
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effective form of pre-treatment which can be applied with respect to increasing the soluble 

carbohydrate faction.

Other researchers have published the results of several methods by which the breakdown of 

complex carbohydrate can be achieved (Cai et al., 2004; Panter, 2002; Wang et al, 2003b, 

1999). This study sought to compare some of these pre-treatments with the unusual strategy 

of using a commercially available enzyme preparation normally used in the food processing 

industry. In all instances the pretreatments in this study were applied in conjunction with 

one of two heat treatment regimes. This is because previous work in this project has iden 

tified heat treatment as a necessary prerequisite for hydrogen generation since it prevents 

methanogenesis. Therefore prospective pre-treatments must be effective when combined with 

these heat treatments.

Many existing publications make use of soluble chemical oxygen demand (SCOD) as a general 

indicator of a pre-treatment's effectiveness. In this study a number of parameters were 

determined separately, these were:

• Total and soluble carbohydrate

• Total and soluble protein

• Total solids

• Volatile solids

• Lipids

An in depth assessment of a pre-treatment's effect is useful since it indicates which com 

ponents of the sewage biosolids are being altered, and to what degree. This is important 

because in fermentative hydrogen production, some substrates such as carbohydrates are
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used more readily than others such as lipids (Fenchel and Finlay, 1995). A generic observa 

tion such as an increase in in SCOD does not distinguish between changes in these different 

components so is of less use in evaluating effective pretreatments.

In the previous chapter, enzymatic saccharification was performed using a commercially 

available cellulose degrading enzyme (Cellulase 13L, Biocatalysts, Pontypridd, UK) in order 

to facilitate fermentative hydrogen production from sewage biosolids. In the first experiment 

presented in this chapter, the effect of Cellulase 13L at different concentrations is evaluated. 

Sewage biosolids were incubated for 24 hours with varying amounts of the enzyme as de 

scribed in materials and methods section 2.5.4

The second experiment in this chapter compares the effect of other pre-treatments that 

have been used to improve the digestiblity of sewage biosolids; these include alkaline pre- 

treatment, freezing and thawing and acidification. This experiment is also detailed in sec 

tion 2.5.4 of materials and methods. In both experiments the effect of pre-treatment on 

primary biosolids and surplus activated sludge (SAS) was examined separately. This al 

lowed for a more in depth evaluation of each pre-treament.

6.1 Experiment 1 - use of enzymatic saccharification

The compositional data of the Cellulase 13L is shown in Table 6.1. The Cellulase 13L 

contains a high level of carbohydrate and protein all of which is in soluble form. Some 

lipids are present but at a much lower concentration. The compositional data relating to 

Cellulase 13L was used to adjust the the measurments taken of samples where it was used 

as a pre-treatment.
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Table 6.1. Composition of Cellulase 13L

x

Total Carbohydrate mg L" 1 240617 2613

Total Protein mg L" 1 196123 24799

Lipid mg L" 1 3790 1070

Figure 6.1 and Figure 6.2 are graphs showing the proportion of carbohydrate in soluble 
form in primary biosolids and SAS after heat treatment followed by digestion with Cellulase 
13L at different concentrations. Biosolids which have received no treatment, or no enzymatic 
digestion were included in the experiment as controls.

In the case of primary biosolids, a clear pattern is discernible, with the higher concentrations 
of Cellulase 13L resulting in a greater proportion of soluble carbohydrate in the pre-treated 
biosolids. The greatest degree of carbohydrate solublisation occured when the biosolids were 
incubated with 5% Cellulase 13L; this resulted in biosolids with 18.9% of carbohydrate in 
a soluble form. In contrast, the biosolids sample which received no pre-treatment had only 
0.6% of it carbohydrate in a soluble form. There was little notable difference in carbohydrate 
solubilisation in biosolids heated to 70°C for 1 hour, and those heated to 110°C for 20 
minutes. At Cellulase 13L concentrations of 2% and 5% heating to 70°C resulted in greater 
carbohydrate solubilisation whereas at a 1% concentration carbohydrate solubilisation was 

greater after heating to 110°C.

The effect of Cellulase 13L on carbohydrate solubilisation in SAS is less clear. Overall in 
cubation with Cellulase 13L resulted in less carbohydrate solubilisation than it did with
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primary sewage biosolids. The highest degree of solubilisation occured when the SAS was 

heated to 110°C for 20 minutes and the incubated with Cellulase 13L added to a concen 

tration of 1%. Sludge treated in this way had 5.0% of its carbohydrate in a soluble form. 

However simply heating the sludge to 110°C for 20 minutes alone resulted in a sludge with 

3.6% of carbohydrate in a soluble form. 0.67% of the carbohydrate in the untreated SAS 

was present in a soluble form.
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Figure 6.1. The effect on carbohydrate solubility in primary sewage biosolids as a 

result of enzymatic saccharification with Cellulase 13L
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Figure 6.2. The effect on carbohydrate solubility in surplus activated sludge (SAS) as 

a result of enzymatic saccharification with Cellulase 13L

The proportion of protein in soluble form was measured for biosolids incubated with different 

levels of Cellulase 13L, the results of this analysis for primary sewage biosolids are shown in 

Table 6.2. The results exhibit a great deal of variability and no clear relationship between 

the concentration of Cellulase 13L and the solubilisation of protein was evident. Negative 

values in this table are the result of subtracting the soluble protein known to be present in the 

Cellulase 13L. The greatest degree of protein solubilisation occurred when the biosolids were 

incubated with Cellulase 13L added to a concentration of 5%, preceded by heat treatment 

at either 70°C or 110°C. This resulted in up to 44.3% of the protein being present soluble 

form; the standard deviation of this measurement was itself 15.3%.
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Table 6.2. The effect on protein solubility in primary sewage biosolids as a result of 

enzymatic saccharification with Cellulase 13L

Treatment Proportion of Protein 

in Soluble Form (%)

x a

Primary 2.62 0.65

Primary 70°C 3.31 0.72

Primary, 110°C 3.28 0.23

Primary 70°C + 0% Enzyme 3.77 0.68

Primary 70°C + 1% Enzyme 0.34 8.40

Primary 70°C + 2% Enzyme -10.48 1.91

Primary 70°C + 5% Enzyme 43.43 21.95

Primary, 110°C + 0% Enzyme 3.86 0.04

Primary, 110°C + 1% Enzyme -3.19 0.68

Primary, 110°C + 2% Enzyme -5.82 2.47

Primary, 110°C + 5% Enzyme 44.30 15.39

A similar situation occured when the effect of Cellulase 13L on protein solubilisation in SAS 

was determined as can be seen in Table 6.3. Here again a great deal of variability was 

observed between treatments and no discernible relationship between the concentration of 

Cellulase 13L and the proportion of protein in soluble form was observed. Again, negative 

values in this table are the result of subtracting the soluble protein known to be present in 

the Cellulase 13L. However, as with primary sewage biosolids, the greatest degree of protein
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solubilisation occurred when Cellulase 13L was used at a concentration of 5% although only 

when preceded by heat treatment at 70°C for 1 hour. As with the results from primary 

sewage biosolids, the variation associated with these measurements was considerable.

Table 6.3. The effect on protein solubility in surplus activated sludge as a result of 

enzymatic saccharification with Cellulase 13L

Treatment Proportion of Protein

in Soluble Form (%)

x a

SAS

SAS 110°C

SAS 70°C

SAS 110°C +

SAS 110°C +

SAS 110°C +

SAS 110°C +

SAS 70°C + (

0% Enzyme

1% Enzyme

2% Enzyme

5% Enzyme

)% Enzyme

SAS 70°C + 1% Enzyme

SAS 70°C + 2% Enzyme

SAS 70°C + £>% Enzyme

0.78

7.70

2.27

6.78

-1.79

-9.10

3.76

2.28

-2.46

-5.53

25.09

0.20

2.19

0.35

2.64

2.06

10.81

6.76

0.15

1.66

5.18

19.71

Figures 6.3 and 6.4 show the lipid content of primary sewage biosolids and SAS after heat 

treatment and incubation with different concentrations of Cellulase 13L. There is no clear
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relationship between the concentration of Cellulase 13L used and the amount of lipid in the 

treated biosolids. Almost all the pretreatments investigated in this experiment seemed to 

reduce the concentration of lipids in both primary biosolids and SAS. However the variability 

associated with these measurements made it difficult to determine if these reductions were 

significant.
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Figure 6.3. The effect on lipid content in primary sewage biosolids of digestion with 

Cellulase 13L
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Figure 6.4. The effect on lipid content in SAS of digestion with Cellulase 13L

Figures 6.5 to 6.8 depict the effect of heat treatment and incubation with Cellulase 13L 

on the solids content of primary sewage biosolids and SAS. In the case of primary biosolids, 

the data shows no clear relationship between the concentration of Cellulase 13L used and 

the amount of total or volatile solids in the treated biosolids. In the case of SAS however, 

increasing the concentration of Cellulase 13L used, resulted in an increase in both total and 

volatile solids.
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No Heat Only 0% 1% 2% 5% 
Treatment Enzyme Enzyme Enzyme Enzyme

Treatment

Figure 6.5. The effect on total solids content (TS) in primary sewage biosolids of 

digestion with Cellulase 13L

No Heat Only 
Treatment

0% 1% 2% 5% 
Enzyme Enzyme Enzyme Enzyme 

Treatment

Figure 6.6. The effect on volatile solids content (VS) in primary sewage biosolids of 

digestion with Cellulase 13L
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No Heat Only 0% 1% 2% 5% 
Treatment Enzyme Enzyme Enzyme Enzyme

Treatment

Figure 6.7. The effect on total solids content (TS) in SAS of digestion with Cellulase 

13L
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Figure 6.8. The effect on volatile solids content (VS) in SAS of digestion with Cellulase 

13L
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6.2 Experiment 2 - other pre-treatments

Figures 6.9 and 6.10 show the effect of the pretreatments investigated on the the pro 

portion of soluble carbohydrate in both primary sewage biosolids and SAS. In the case of 

primary biosolids, heating to 70°C for 1 hour, or to 110°C for 20 minutes both resulted 

in a notable increase in soluble carbohydrate. Combining heat treatment with other pre 

treatments increased the proportion of soluble carbohydrate still further. The most effective 

pre-treatment was heating to 110°C for 20 minutes, followed by freezing and thawing. This 

resulted in 9.9% of the carbohydrate being present in a soluble form, as opposed to untreated 

primary biosolids, where just 0.3% of carbohydrates were present in a soluble form.

In the case of SAS, heat treatment alone also increased the proportion of soluble carbohy 

drate; and as with primary, further pretreatments also resulted in further increases in soluble 

carbohydrate. Unlike primary sewage biosolids however, the most effective pre-treatment was 

heating to 70°C for 1 hour combined with alkaline pre-treatment. This resulted in 6.0% of 

its carbohydrate being present in a soluble form whereas the untreated SAS contained just 

0.7% of carbohydrate in a soluble form.
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Figures 6.11 and 6.12 show the effect of the different pre-treatment regimes on protein
solubility in primary sewage biosolids and SAS. In the case of primary sewage biosolids,
heat treatment at either 70°C or 110°C resulted in only a small increase in soluble protein.
Combining heat treatment with freezing and thawing did not increase the proportion of
soluble protein. However combining heat treatment with alkali pre-treatment resulted in a
large increase in soluble protein. When heat treatment at 110°C for 20 minutes was combined
with alkaline pre-treatment, 32.2% of its protein was found to be present in a soluble form.
In contrast, untreated primary biosolids contained only 0.8% of their protein in soluble
form. The same pattern was observed in the case of SAS. Here heat treatment alone did not
result in a large increase in soluble protein. However, heat treatment combined with alkali
pre-treatment did. Heat treatment of SAS at 110°C combined with alkaline pre-treatment
resulted in a sludge with 27.4% of its protein in soluble form as opposed to just 0.2% in
untreated SAS.
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Figure 6.11. The effect of different pre-treatment strategies on protein solubility in 

primary sewage biosolids
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Figure 6.12. The effect of different pre-treatment strategies on protein solubility in

SAS

Figures 6.13 and 6.14 show how the lipid concentration varied as a result of pre-treatment 

in both primary biosolids and SAS. It is clear from both graphs that there is little difference 

in lipid content between the treated and untreated biosolids when the variability associated 

with the measurements is taken into consideration.
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Figure 6.13. The effect of different pre-treatment strategies on lipid concentration in 

primary sewage biosolids
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Figure 6.14. The effect of different pre-treatment strategies on lipid concentration in

SAS
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The effects of the different pretreatments on the solids content of primary sewage biosolids 

and SAS are shown in Figures 6.15 to 6.18. In the case of both primary sewage biosolids 

1 SAS, nearly all the pretreatments had no notable effect on the amount of total or volatileand I

solids. When applied to primary biosolids, heating to 70°C for 1 hour in combination with 

freeze-thaw pre-treatment did result in a notable increase in the amount of total solids.
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Figure 6.15. The effect of different pre-treatment strategies on total solids content 

(TS) in primary sewage biosolids
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Figure 6.16. The effect of different pre-treatment strategies on volatile solids content 

(VS) in primary sewage biosolids

5 -i

4 -

o0 
v>

1 -

o 4

|70°C 
H10°C

No Treatment Heat Only Alkaline Freeze Thaw

Treatment

Figure 6.17. The effect of different pre-treatment strategies on total solids content 

(TS) in SAS
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No Treatment Heat Only Alkaline Freeze Thaw
Treatment

Figure 6.18. The effect of different pre-treatment strategies on volatile solids content 

(VS) in SAS

6.3 Discussion

During the course of this work a survey was made on the effects of several pre-treatment 

strategies on the two types of biosolids most commonly found in sewage treatment works. 

In addition the effects of these pre-treatment strategies were evaluated by measuring several 

different parameters. Most notably carbohydrate, proteins and lipids were measured indi 

vidually. In contrast most existing surveys concerning the pre-treatment of sewage biosolids 

use a more general measure of effectiveness such as soluble chemical oxygen demand (SCOD) 

(Bougrier et a/., 2006; Neyens and Baeyens, 2003). It is considered important that individual 

components of the biosolids be measured since not all organic fractions are equally amenable 

to fermentative conversion to hydrogen. Broadly speaking the suitability of organic frac-
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tions for fermentative hydrogen production follows the order carbohydrate > protein > lipid 

(Fenchel and Finlay, 1995). Consequently, a truly effective pre-treatment should produce an 

increase in soluble carbohydrate and not just an overall increase in SCOD. In addition, since 

heat treatment of the sewage biosolids is necessary to inhibit methanogenesis, an under 

standing of the pre-treatment's effectiveness in combination with potential heat treatment 

regimes was also necessary.

In this chapter the effectiveness of enzymatic saccharification was also determined. The 

product used was an enzyme preparation called Cellulase 13L, obtained from a company that 

markets it for use in food processing, chiefly for breaking down vegetable matter during the 

production of fruit and vegetable drinks. Since the majority of this vegetable matter, and the 

bulk of the carbohydrate in sewage biosolids is composed of complex polysaccharides such as 

cellulose and hemicelluloses it was speculated that this enzyme product could increase soluble 

carbohydrate in sewage biosolids. Enzymatic saccharification has been studied extensively by 

other researchers with a view to degrading cellulosic material in a variety of waste materials 

(Karam and Nicell, 1997) and has also been evaluated as a method of enhancing anaerobic 

digestion (Barjenbruch and Kopplow, 2003; Gavala et a/., 2004; Li and Chen, 2007). It 

has not previously been evaluated as pre-treatment for producing hydrogen from sewage 

biosolids.

One drawback of this enzyme product from a research point of view is that it contains a great 

deal of soluble carbohydrate itself, over 200 g LT 1 (See Table 6.1). This can be accounted 

for when determining carbohydrate solubilisation and all the data concerning enzymatic 

saccharification presented in this study have been corrected accordingly. However if the 

enzyme product were used in digestion experiments it would be difficult to establish that a 

successful fermentation was due to the activity of the enzyme in breaking down recalcitrant 

substrates and not due simply to the addition of soluble carbohydrate present in the enzyme
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product. The carbohydrate present in the Cellulase 13L will therefore need to be removed 

prior to its use in further digestion experiments.

As mentioned above, the most important parameter in this study with regard to pre- 

treatment efficacy is the degree to which it can solubilise complex carbohydrate since carbo 

hydrate is the primary substrate for clostridial fermentative hydrogen production. Figures 

6.1 and 6.2 show very clearly that enzymatic digestion was very effective in this regard. 

Adding the enzyme at a concentration of 5% resulted in over 18% of the carbohydrate being 

present in a soluble form compared with just 0.6% in untreated sludge. The effect was more 

pronounced in the case of primary sewage biosolids than SAS. This may be because SAS 

contains a higher proportion of microbially derived carbohydrate which is often not cellulose 

based and is therefore less amenable to degradation by cellulytic enzymes. Consequently the 

most effective enzyme pre-treatment produced a sludge with just 5% of its carbohydrate in 

a soluble form.

When applied to primary biosolids, the pretreatments investigated in experiment 2, namely, 

freezing and thawing, heat treatment only (at 70°C or 110°C) and alkaline pre-treatment, 

all resulted in a degree of solubilisation but to less of a degree than enzymatic digestion. 

The most effective of these pretreatments was freezing/thawing in conjuction with heating to 

110°C for 20 minutes, resulting in a sludge with 9.9% of its carbohydrate in a soluble form. 

Although this is consistent with the finding of Wang et al. (2003b) who reported successful 

hydrogen production from sewage sludge using freezing and thawing, this pre-treatment was 

less than half as effective as the best enzyme pre-treatment evaluated. In the case of SAS 

however, alkaline pre-treatment combined with 70°C heat treatment, resulted in a sludge 

with 6% of its carbohydrates in a soluble form. This was slightly higher than the most 

effective enzyme treatment. The effect of combining high temperature and pH to pretreat 

SAS has been reported on by other researchers who found that this form of pretreatment
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could increase soluble COD by over 400% (Vlyssides and Karlis, 2004). Other researchers 

have also reported that alkaline pretreatment can increase soluble carbohydrate in waste 

activated sludge (Chen et a/., 2007).

Although not the main substrate for clostridial, hydrogen producing fermentation, there are 

routes by which protein can be converted, anaerobically to hydrogen (Cai et al, 2004; Gujer 

and Zehnder, 1983). Consequently, knowledge of a pre-treatment's potential to solubilise 

protein is of some importance.

In the case of primary sewage biosolids the enzyme product added at a concentration of 

5% resulted in a considerable degree of protein solubilisation. This was true whether the 

enzymatic digestion followed 70°C or 110°C heat treatment. In SAS the enzymatic sacchar- 

ification at 5% resulted in a notable increase in soluble protein following heat treatment at 

70°C only. However there is a great degree of variation in the results relating to enzymatic 

digestion. The cause of this variation is not clear but since the enzymes in Cellulase 13L are 

themselves proteins it is possible that their presence somehow interferes with the analysis 

despite the fact that the protein content of the enzyme was measured and used to correct 

the results displayed in Tables 6.2 and 6.3.

The variation observed in the enzymatic pretreatments is so severe that after correcting the 

data for amount of soluble protein observed in the enzyme product, many of the enzymatic 

pretreatments seemed to result in a net decrease in soluble protein. Since this effect was 

more pronounced when lower concentrations of the enzyme were used it is hypothesised that 

the degree of protein solubilisation in these treatments was so small that it is masked by 

the errors associated with measuring the protein content of the enzyme and the subsequent 

correction of the solubilisation data. In other words the amount of soluble protein produced 

in these pretreatments is less than the standard deviation associated with the measure of
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the soluble protein in the enzyme added to the biosolids.

The results from experiment 2 show that in both types of biosolid, alkaline pre-treatment 

resulted in a high degree of protein solubilisation. In addition the standard deviation associ 

ated with these data is much less than that associated with the enzymatic saccharification. 

This did not come as a surprise since it is has long been known that increasing pH is an 

effective means of achieving protein solubilisation and is commonly used in the food industry 

particularly with regard to seafood processing (Yoshida et al, 2003). In the case of both 

primary biosolids and SAS little effect on protein solubilisation was observed as a result 

freezing and thawing or heating alone.

Research has shown that lipids can be anaerobically converted into hydrogen (Broughton 

et al, 1998; Mackie et al., 1991) albeit less readily than carbohydrate or protein. Additionally 

it is not clear that pre-treatment of sewage biosolids would increase the amenability of lipids 

to anaerobic digestion. Nevertheless since some lipids are present in sewage biosolids, their 

fate during pre-treatment is of relevance to this study. However results of experiments 1 and 

2 show that the overall level of lipids in the SAS or primary biosolids shows no discernable 

pattern with regard to pre-treatment type.

Total and volatile solid levels were measured when investigating the pretreatments and 

broadly speaking very little change in either parameter was observed. It was not expected 

that any of the pretreatments studied would result in the reduction of solids in the sam 

ple, since the desired effect was simply to change volatile solids from a complex to a simple 

form. However, in the case of SAS, it was noticed that the enzymatic pretreatments con 

sistently resulted in slightly higher total solids values as the concentration of Cellulase 13L 

was increased; the reason why this might be so is not clear.

Heat treatment was incorporated into the pre-treatment regimes ostensibly because previous
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work indicated that it was necessary to prevent the growth of hydrogenotrophic microorgan 

isms. However, in these experiments it was observed that heat treatment also resulted in 

the solubilisation of certain organic fractions, most notably carbohydrate and protein. Two 

different heat treatments were employed, 70°C for 1 hour and 110°C for 20 minutes. The 

former requires a lower input of energy and has been shown to be capable of eliminating 

the majority of hydrogenotrophic microorganisms of chief concern to this project, includ 

ing methanogens and sulphate or nitrate reducing bacteria. A 110°C heat treatment will 

also eliminate deleterious microorganisms but requires greater energy input. One important 

consideration when evaluating these two heat treatment regimes was their ability to break 

down complex organic molecules into a simpler (soluble) form. In this regard no consistent, 

notable differences between 70°C or 110°C heat treatment with respect to soluble carbohy 

drate, soluble protein or total lipids was found. Consequently there seems little justification 

for expending extra energy on heating the biosolids to 110°C as opposed to 70° C. More 

over, heating feedstock biosolids to 70°C for 1 hour (or pasteurisation) prior to anaerobic 

digestion is a common practice since it reduces pathogen numbers in the digester effluent. 

Consequently, there is a pre-existing rational for this heat treatment regime, meaning that 

the associated energy costs need not solely be justified on the grounds of increasing hydrogen 

yields.

6.4 Conclusion

The principal substrate involved in hydrogen production via clostridial type fermentation 

is carbohydrate; and previous work in this study has shown that this needs to be present 

in a simple form. Bearing this in mind the main criteria for an effective pre-treatment 

is one which can solubilise carbohydrate effectively. In this regard it seems clear that pre-
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treatment with Cellulase 13L at a concentration of 5% outperformed the other pretreatments 

investigated. Prom a research point of view, the product used needs to be purified to reduce 

its carbohydrate content since this may bias digestion experiments.

With regards to the other organics fractions the most notable results from pre-treatment 

occurred in the case of protein solubilisation. Here alkaline pre-treatment also proved most 

effective, but since protein availability is of secondary concern in clostridial hydrogen pro 

duction, and since it was less effective at carbohydrate solubilisation it does not compare 

favourably with enzymatic digestion as a pre-treatment strategy.

When heat treatment at 70°C was compared with treatment at 110°C no consistent benefit 

in terms of substrate mobilisation was observed. This suggests that heat treatment at 70°C 

is the preferred pre-treatment option since it confers the same benefits but requires a lower 

energy input.

6.5 Further work

Having established the efficacy of enzymatic saccharification as a pre-treatment strategy, 

digestion experiments should be conducted which make use of this pre-treatment. These 

should be performed using a bench scale bio-reactor for the following reasons:

• A bio-reactor better approximates continuous flow conditions which would occur on an 

industrial scale than smaller scale sealed vial experiments.

• Using a bench scale bio-reactor allows the use of more sophisticated process monitor 

ing including hydrogen production methane production, and redox potential. These 

variables can also be monitored and logged continuously.
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Establishing successful hydrogen production in a bench scale bio-reactor is an impor 

tant precursor to producing hydrogen from sewage biosolids via continuous fermen 

tation. Successful hydrogen production from a continuously fed bio-reactor is itself 

an important step toward a full scale process for producing hydrogen from sewage 

biosolids.
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Chapter 7

Effect of pH and enzymatic 

degradation on fermentative hydrogen 

production

Experiments conducted so far in this study have shown that successful fermentative hydrogen 

production from sewage biosolids relies upon a number of factors including:

• Absence of hydrogenotrophic organisms.

• Mobilisation of substrate; in particular the breaking down of complex carbohydrates 

into smaller subunits.

Previous work carried out during this study also indicates that heat treating the inoculum 

to 110°C for 20 minutes, and the feedstock to 70°C for 1 hour is sufficient to inactivate 

methanogenic organisms. Furthermore, of the different pre-treatment regimes investigated,

143



enzymatic pre-treatment was found to result in the greatest degree of carbohydrate solubil- 

isation.

As well as the above factors, work by other researchers has consistently identified that the 

correct pH is also an important factor for successful fermentative hydrogen production (Fang 

and Liu, 2002; Hwang et of., 2004; Khanal et al, 2004; Lay, 2000). Consequently the aim 

of the work presented here is to conduct a series of fermentation experiments using both 

heat inactivation and enzymatic saccharification (using an enzyme product which itself has 

been purified to remove any carbohydrate). These experiments will be conducted at a range 

of pH values in order to determine which level is optimal. Two additional experiments 

were conducted, one in which enzymatic saccharification was not used and one in which all 

the bio-gas produced was collected in order to determine hydrogen yield. The details of 

these experiments are given in section 2.5.5 of materials and methods. A summary of the 

experiments is given in table 7.1 below
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Table 7.1. Sumary of fermentation experiments performed in this chapter.

Experiment 

Number

1

2

3

4

5

6

7

8

Feedstock 

Batch

3

2

2

3

1

1

3

3

pH 

of 

Bio-reactor

4.5

5

5.5

6

6.5

7

5.5

5.5

Cellulase 

13L 

Added

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

Bio-gas 

Capture

No

No

No

No

No

No

No

Yes

7.1 Results

7.1.1 Biosolids composition

Heat treated inoculum, untreated feedstock and pretreated feedstock were analysed prior 

to their use in fermentation experiments. Total solids, volatile solids, total carbohydrate 

and soluble carbohydrate were all measured; these results are shown in Table 7.2. Heating 

the feedstock biosolids to 70 °C for 1 hour did not result in a notable change in either 

carbohydrate or solids levels wherease incubating with Cellulase 13L for 24 hours at 35 °C 

resulted in a large increase in soluble carbohydrate. As a result of the enzyme breaking
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down the insoluble carbohydrate, the proportion of soluble carbohydrate in soluble form 

rose from 2.6% of total carbohydrate to 13.5% of total carbohydrate.The inoculum used 

in these experiments was also characterised and was found to contain 1229 mg Lr 1 total 

carbohydrate, 196 mg Lr 1 soluble carbohydrate, 1.6% total solids and 0.8% volatile solids.
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Table 7.2. Carbohydrate and solids in untreated and pre-treated feedstock sludge. 

Figures are mean values of 3 replicates. Figures in brackets denote standard deviation.

Sample

Untreated

Batch 1

Batch 2

Batch 3

After Heat

Treatment

Batch 1

Batch 2

Batch 3

After Heat

Treatment and

Enzyme

Batch 3

Total

Carbohydrate
(mg L- 1 )

x a

23864 786

24979 1173

21483 2648

23830 1630

22003 3550

16733 935

18047 1014

Soluble Total Volatile

Carbohydrate Solids Solids

(mg L- 1 ) (%) (%)

x a x <j x a

286 23 4.3 0.2 3.5 0.2

399 49 3.6 0.1 3.0 <0.1

386 21 3.1 0.1 2.4 0.1

333 95 3.2 <0.1 2.6 <0.1

308 22 3.7 0.1 3.0 0.1

435 16 3.1 0.1 2.4 <0.1

2436 51 -
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7.1.2 Gas production

In experiments 1 to 6, the feedstock biosolids were heat treated and Cellulase 13L was added 

to the bio-reactor during fermentation. These six experiments were conducted at a range of 

pH values (See Table 2.1 in materials and methods). The experiments in which fermentation 

took place at pH values of 5.0, 5.5 and 6.0 (Experiments 2-4 respectively) resulted in peak 

carbon dioxide and hydrogen production levels of between 1 and 3.75 cm3 min" 1 (Figures 7.1 

to 7.3). The experiments in which fermentation took place at pH values of 4.5, 6.5 and 

7.0 (Experiments 1, 5 and 6 respectively) resulted in peak hydrogen and carbon dioxide 

production levels lower than 0.2 cm3 min" 1 . Although methane production was monitored 

during all six experiments, none was detected.
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Figure 7.1. Hydrogen and carbon dioxide production during experiment 2 (pH 5.0 

with heat treatment of feedstock biosolids and addition of Cellulase 13L).
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Figure 7.2. Hydrogen and carbon dioxide production during experiment 3 (pH 5.5 

with heat treatment of feedstock biosolids and addition of Cellulase 13L).
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Figure 7.3. Hydrogen and carbon dioxide production during experiment 4 (pH 6.0 

with heat treatment of feedstock biosolids and addition of Cellulase 13L).
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In experiment 7 fermentation occurred at a pH of 5.5 with no Cellulase 13L added. In 

this experiment no gas production was observed during fermentation. In experiment 8 a 

pH of 5.5 was used, Cellulase 13L was added, and the feedstock was heat treated. In this 

experiment all the gas produced was captured via water displacement and its composition 

determined via gas chromatography. During fermentation 6.9 L of gas was produced in 

total and this gas was found to contain 3.28 L of hydrogen and 2.49 L of carbon dioxide. 

No methane was detected in the gas collected. Knowing the amount of hydrogen produced 

during fermentation, and the amount of carbohydrate present in the bio-reactor prior to 

fermentation enables a hydrogen yield to be calculated. This was found to be 0.37 moles H2 

mol" 1 hexose this was equivalent to 18.14 L H2 kg^ 1 dry solids.

7.1.3 Sample analysis

Samples were taken from the bio-reactor at the beginning and the end of each experiment. 

These samples were analysed to determine TS and VS content, total carbohydrate content 

and total VFA content. From these measurements the TS and VS reduction could be derived 

as could carbohydrate reduction and VFA production. These values are presented in Table 

7.3. The table shows that at pH levels where hydrogen production occurred (pH 5.0 to 6.0), 

VS and carbohydrate removal was also high, as was total VFA production. At pH levels 

where little or no hydrogen was produced the pattern of substrate degradation was less clear. 

VFA production was lower except at pH 7.0 where the production rate was 1782 mg L" 1 . 

Carbohydrate removal was again lower outside the pH range 5.0 to 6.0, but at pH 7.0 the 

removal rate was 4979 mg L" 1 . Finally, VS reduction was lower but at pH 4.5 a reduction 

of 37.7% was observed , higher than that observed at pH levels 5.0 to 6.0.
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Table 7.3. Analysis of bio-reactor contents at the start (T0 ) and at the end (T/)of 
fermentation

Experiment pH VS Carbohydrate Total VFA

(mg L- 1 ) (mg L-1 ) (mg L" 1 )

_____________TQ Tf TQ T/ TQ T/

1 4.5 2.8 2.4 25573 20177 878 1814

2 5.0 2.6 2.2 14885 12628 1582 3214

3 5.5 2.8 2.4 19719 11299 1466 3460

4 6.0 2.2 2.0 25247 14194 2254 4406

5 6.5 2.5 2.5 17260 13854 1568 2852

6 7.0 2.3 2.2 22830 17851 1336 3118

7 5.5 2.3 2.1 21170 15993 2206 3654

8 5.5 2.9 2.0 23712 10267 818 5954

During each experiment the VFA composition of the bio-reactor at the start and end of 

fermentation was also determined. From these data the production rates of individual VFAs 

was calculated. These data are represented in Figure 7.4. n-butyric acid production was 

greatest over the pH range 5.0 to 6.0; the same pH range at which the most hydrogen was 

produced. Acetic acid and propionic acid were produced in the highest levels where little 

or no hydrogen was produced. The remaining VFAs, i-valeric, i-butyric and n-valeric, where 

produced in much lower amounts and their production did not correspond to changes in pH 

or hydrogen production.
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Figure 7.4. Chart showing the production of individual VFAs during fermentation at 

different pH levels. VFA production in the experiment where no Cellulase 13L was 

used is also represented.

7.2 Discussion

Initial analysis of the primary sewage biosolids used as feedstock confirms that it contains 

a significant amount of carbohydrate (over 21g L" 1 fresh weight) that could be used to 

produce hydrogen fermentatively. Crucially however it seems that only 1.8% or less of this 

carbohydrate is present in a soluble form. It is probable that the bulk of the carbohydrate 

is therefore present in a complex form such as cellulose or hemicellulose.The results pre 

sented here are consistent with the findings of the previous chapter which indicated that 

heat treatment only results in a small increase in soluble carbohydrate, whereas the use of 

enzymatic saccharification can increase it much further, to as much as 13.5%. Moreover in
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the experiment where heat treatment was used but Cellulase 13L was not added, no hydrogen 

production was observed, suggesting that some means of increasing carbohydrate availability 

is necessary for successful hydrogen production. Work in this area to date has shown that 

increasing the soluble carbohydrate component has a positive effect on digestibility, using 

both sewage biosolids (Wang et al, 2003a,b; Xiao and Liu, 2006) and other feedstocks (Li 

and Chen, 2007; Yanez et al, 2006; Zhang et al., 2007).

Although enzymatic saccharification has proved effective in promoting fermentative hydro 

gen production in this study, research grade saccharolytic enzymes would be prohibitively 

expensive if used on a large scale. However, in this study a product called Cellulase 13L was 

used. This product was developed for use on a large scale in the food processing industry 

and can be purchased for a fraction of the price of research grade enzymes. At the time of 

writing this Cellulase 13L can be purchased for less than 2.5 pence per 5000 units (a unit is 

defined as the amount of enzyme which causes the release of 1 micromole of equivalents per 

minute at 40 °C at pH 4.6) if used at the concentrations in this study the cost of pretreating 

a litre of sewage biosolids with this product would be 3.25 pence. In contrast an equivalent 

research grade product (Cellulase from Trichoderma reesei, Sigma UK) cost approximately 

£6.34 per 5000 units (a unit being defined as the amount of enzyme that will liberate one 

micromole of glucose from cellulose in one hour at pH 5.0 at 37 °C).

As well as ensuring adequate substrate availability, the results presented here demonstrate 

that pH levels during fermentation are also important for successful hydrogen production 

during fermentation. The results presented here seem to indicate that when carbohydrate 

destruction, VS destruction, gas production and VFA production are all considered, then a 

pH of 5.5 seems to be optimal for fermentative hydrogen production. This finding agrees 

with much of the work published regarding fermentative hydrogen production (Lay 2000; 

Fang and Liu 2002; Khanal, Chen et al. 2004) although small scale batch studies conducted
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by Lin et al identified a starting pH of 6.5 as optimal when xylose is used as a substrate 

(Lin et al, 2006).

The VFA production data collected in these experiments indicated that within the optimal 

pH range for hydrogen production (pH 5-6) the main VFA components being produced were 

n-butyric acid and acetic acid. When the pH was outside this range VFA production shifted 

predominantly to acetic acid alone. This production of acetic and butyric acid is consistent 

with our current understanding of the biochemical pathways involved in clostridial type 

fermentative hydrogen production. Acetic acid/butyric acid fermentation has also been 

observed when other substrates have been fermented to produce hydrogen (Fan et al., 2006; 

Hawkes et al, 2007a; Zhu and Beland, 2006).

The results presented in this chapter show that if both heat inactivation, saccharification 

and a pH of 5.5 are used during fermentation then hydrogen yields of up to 18.14 L H2 kg" 1 

DS can be obtained. This yield is comparable to those reported by others working on fer 

mentative hydrogen production from sewage biosolids (Wang et al, 2003a,b). In this study 

however, hydrogen production was accomplished using effluent from a mesophilic anaerobic 

digester (MAD) as an inoculum, instead of a pure microbial culture as in previous studies. 

MAD digesters are commonplace in wastewater treatment facilities and therefore this form 

of inoculum can be used cheaply and easily. In contrast, preparing and storing sufficient 

amounts of pure bacterial culture to treat thousands of litres of wastewater would be im 

practical and prohibitively expensive. Additionally, the yield reported in this study was 

obtained from a continuously stirred 5 L bio-reactor whereas in previous studies unstirred, 

125 ml sealed serum bottles were used. This suggests that it may be possible to scale up the 

process further and offers the prospect of switching from batch fermentation to continuous 

fermentative hydrogen production, a process more akin to that used at sewage treatment 

works.
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7.3 Conclusion

The results presented here indicate that fermentative hydrogen production from sewage 

biosolids is possible in a 5 litre, continuously stirred bio-reactor using mesophilic anaerobi- 

cally digested sewage biosolids as an inoculum. Hydrogen production from sewage biosolids 

has not been reported using this type of inoculum or at this scale before. These experiments 

demonstrate that at least three different criteria must be met if hydrogen is to be produced. 

Competing organisms such as methanogens must be inactivated, carbohydrate availability 

to the hydrogen producing organisms must be improved, and bio-reactor pH must be op 

timised. This work also demonstrates that if these criteria are met to some degree then 

hydrogen yields of 18.14 L H2 kg" 1 DS can be achieved.

7.4 Further work

The results presented above would indicate that fermentative hydrogen production from 

sewage biosolids is possible, albeit in conjunction with heat inactivation and substrate mo 

bilisation, and accordingly, these findings have now been published (Massanet-Nicolau et al, 

2008) (paper reproduced in appendix). The following questions now need to be addressed.

• Can these results be reproduced using a continuously fed bio-reactor?

• What factors may influence continuous fermentative hydrogen production?

• Can the effluent from this fermentation process itself be fermented to produce methane? 

Would the HRT of such a second phase bio-reactor be less than that of a conventional 

methanogenic digester?
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To answer these questions the hydrogen producing fermenter has been adapted to run in a 

continuously fed mode and another fermenter has been built to enable a second fermentation 

stage to be carried out and analysed.
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Chapter 8

Effect of hydraulic retention time on 

fermentative hydrogen production

As demonstrated previously in this study, fermentative hydrogen production from sewage 

biosolids is possible if certain pre-requisites are met, these include:

• The inactivation of hydrogen consuming organisms in the feedstock biosolids.

• The solubilisation of the carbohydrate present in the feedstock biosolids.

• The maintenance of a suitable pH during fermentation.

Having successfully produced hydrogen via batch fermentation of sewage biosolids, it is 

necessary to investigate the feasibility of operating a hydrogen producing bio-reactor in a 

continuously fed mode as this is an important step towards developing a full scale process 

for the production of hydrogen from sewage biosolids. Continuous fermentation of sewage 

biosolids at lab scale is usually achieved by feeding a bio-reactor not more than 3 times per
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day (Ahn and Speece, 2006; Kim et al, 2008; Sosnowski et a/., 2003). This type of feeding 

greatly simplifies the design of the bio-reactor but can cause instability during fermentation. 

This instability occurs because substrate depletion can occur in the large gaps between 

feeding times. For example if a bio-reactor is feed at the beginning and end of a working 

day, then an overnight a gap of 14-16 hours between feeding would result. If this substrate 

depletion is severe then hydrogen production will be affected.

In this set of experiments a fermenter with a novel, computer controlled feeding system which 

is capable of feeding a bio-reactor once every hour was used. Frequent, smaller feeds of this 

kind will better approximate full scale operating conditions and should prevent instability 

in the bio-reactor resulting from substrate depletion.

The objective of these experiments is to determine the optimal hydraulic retention time 

(HRT) for continuous fermentative hydrogen production from sewage biosolids. In a com 

pletely mixed bio-reactor the HRT of a bio-reactor is defined as:

_ Volume of Bioreactor 
Feeding Rate

If the HRT is too great then the substrate in the bio-reactor may become depleted, lead 

ing to a reduction in hydrogen production and potentially, a shift towards other metabolic 

pathways. Conversely, a HRT which is too small may result in the hydrogen producing mi 

croorganisms being displaced from the bio-reactor because their growth rate is insufficient 

to overcome the dilution effect caused by continuously feeding the bio-reactor.

Four continuous fermentation experiments were carried out as described in section 2.5.6 of 

materials and methods. The experiments were conducted at HRTs of 18h, 24h, 36h and 

48h. During all experiments samples were taken from the bio-reactor at regular intervals.
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These samples were analysed to determine the total and volatile solids, total and soluble 

carbohydrate and volatile fatty acid (VFA) content, as described in section of materials and 

methods. These data were used to calculate solids reduction, carbohydrate utilisation and 

VFA production during each experiment. In all experiments, pH, temperature and redox 

potential were measured continuously as were the production of hydrogen, carbon dioxide 

and methane.

8.1 Results

8.1.1 Biosolids composition

A different batch of feedstock biosolids was used for each fermentation experiment. For each 

batch, the total and volatile solids, total and soluble carbohydrate, and volatile fatty acid 

content was determined. The results of these analyses are given in Table 8.1 The figures 

given are a mean of three replicates, the standard deviation is also given. The same batch 

of inoculum was used in all four experiments. This was found to contain 0.94% total solids, 

0.47% volatile solids, 3004 mg L" 1 total carbohydrate and 421 mg L" 1 soluble carbohydrate. 

The VFA content of the inoculum was 166 mg L" 1 .
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Table 8.1. Carbohydrate and solids in untreated and pre-treated feedstock biosolids.

Sample Total Soluble Total Volatile 

carbohydrate Carbohydrate Solids Solids

mg L" 1 mg L" 1 % %

x ox a x a x a

VFAs 
mg L" 1

x

18h HRT

Untreated 29715 1099 819 43 5.21 0.217 4.29 0.19 3174 

70°C for Ih 21821 222 470 25 3.62 0.17 3.01 0.14 1338

24h HRT

Untreated 32988 1672 414 142 5.32 0.22 3.85 0.19 1514 

70°C for Ih 11740 1552 479 64 3.11 0.14 2.2 0.13 1368

36h HRT

Untreated 25313 1979 623 28.1 3.56 0.11 2.90 0.10 2656 

70°C for Ih 22890 3068 681 45 3.73 0.25 2.91 0.14 1746

48h HRT

Untreated 25313 1979 623 28.1 3.56 0.11 2.90 0.10 2656 

70°C for Ih 28671 3972 695 40 4.03 0.22 3.16 0.14 1392

8.1.2 Gas production

Gas production and composition was monitored continuously in each of the four fermentation 

experiments. Figures 8.1 to 8.4 show the production of hydrogen and carbon dioxide 

throughout each experiment. Methane production was also measured but was not detected 

during any of the experiments.
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Figure 8.4. Hydrogen and carbon dioxide production during continuous fermentation 

at a HRT of 48 hours

At HRTs of 18, 24 and 36 hours, peak production rates of 8.9 cm3 min" 1 and 8.3 cm3 min"" 1 

and 9.2 cm3 min" 1 respectively, were observed. At a HRT of 48 hours the peak production 

rate had dropped to 4.9 cm3 min" 1 . The longest period of hydrogen production occurred 

at a HRT of 24 hours; here hydrogen was produced for over 3 days after continuous feeding 

had commenced. At this HRT the mean hydrogen production rate was 4.16 cm3 min" 1 

and the mean hydrogen yield was 21.86 L H2 kg" 1 VS . At the other HRTs investigated 

hydrogen production had ceased within 3 days or less. The mean hydrogen yields during 

continuous fermentation at HRTs of 18h, 36h and 48h were 29.73, 28.78 and 32.68 L H2 kg" 1 

VS respectively.

Also noticeable in the graphs are initial peaks in both hydrogen and carbon dioxide produc 

tion. These occur as a result of starting the bio-reactor in batch mode as described in section
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2.5.6 of materials and methods. Biogas production then falls, due to substrate depletion, 

until the commencement of continuous feeding. In some of the graphs hydrogen production is 

seen to stop altogether during the experiment. These too, are artefacts, caused by blockages 

in the tubing which carries the biogas from the bio-reactor to the gas sensors.

8.1.3 Volatile fatty acid production

During all experiments samples were taken from the bio-reactor at regular intervals and 

their VFA content determined. These data are shown in Figures 8.5 to 8.8. In each 

experiment, the VFAs produced in the greatest quantity were n-butyric acid and acetic acid. 

In each experiment, n-butyric acid is initially produced in greater quantity, but its production 

eventually decreases and is overtaken by that of acetic acid. A small increase in propionic 

acid is observed towards the end of each experiment, but it is not produced in as great a 

quantity as either n-butyric acid or acetic acid.

6000

_5000 ^

|MOOO 

.1 3000

acetic
propionic
i-butyric
n-butyric
i-valeric
n-valeric

Time (Days)

Figure 8.5. VFA production during continuous fermentation at a HRT of 18 hours
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8.1.4 Changes in biosolids composition

By comparing the composition of the feedstock biosolids used in each experiment, with that 

of the bio-reactor contents at the end of the experiment, the change in key characteristics 

was measured. These data are presented in table 8.2.
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Table 8.2. Analysis of bio-reactor contents during fermentation experiments

Treatment Carbohydrate Total solids Volatile Solids VFA

(g L- 1 ) (%) (%) (mg L- 1 )

_________F E F E F E F E

18h HRT 21.82 6.67 3.62 3.12 3.02 2.24 1338 9128

24h HRT 11.74 7.61 3.11 3.55 2.27 2.34 1368 6802

36h HRT 22.89 5.89 3.73 2.38 2.91 1.69 1746 7410

48h HRT 28.67 6.17 4.03 5.23 3.16 1.73 1392 5982

Carbohydrate reduction was observed in all experiments and was highest at a HRT of 48 

hours, volatile solids were reduced at all HRTs except at 24 hours where a relatively small 

reduction in volatile solids was observed. The greatest volatile solids reduction was observed 

at a HRT of 48 hours. VFA production took place in all experiments and overall, was greatest 

at a HRT of 18 hours. An increase in total solids was observed at HRTs of 24 and 48 hours.

8.2 Discussion

In previous experiments it was demonstrated that hydrogen could be produced fermentatively 

from sewage biosolids using a 5 litre, continuously stirred bio-reactor. The data presented 

here demonstrates that hydrogen can also be produced from such bio-reactor operated in
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a continuously fed mode. This more closely resembles the way in which full scale sewage 

biosolids digesters are operated (Tchobanoglous et al., 2002).

The HRT at which the bio-reactor was operated affected the rate of hydrogen production as 

well as its stability. Hydrogen production was most stable when the bio-reactor was operated 

with a HRT of 24 hours. At this HRT, a mean hydrogen production rate of 4.16 cm3 min"1 

was sustained for over 3 days after continuous feeding had commenced. Operating the bio- 

reactor with a greater HRT resulted in a greater hydrogen yield but a lower production rate, 

whereas using a smaller HRT resulted in a smaller hydrogen yield but a higher production 

rate. Additionally, running the bio-reactor with a HRT greater or smaller than 24 hours 

had a negative impact on stability, causing hydrogen production to cease less 3 days after 

continuous feeding commenced.

There are no published results for continuous, fermentative production of hydrogen from 

sewage biosolids, so these data cannot easily be compared with the findings of others. A HRT 

of 24 hours is somewhat greater than that commonly used for the continuous fermentation 

of chemically simple substrates such as glucose and sucrose (Hawkes et al., 2007b; Kyazze 

et al., 2006; Zhang et al., 2006). However other researchers working with substrates that are 

chemically more complex such as food waste have also reported optimal HRTs greater than 

those associated with the fermentation of simple sugars (Liu et al., 2006; Shin et al., 2004). 

This may well be due to the slower growth rates associated with the metabolism of more 

complex carbohydrates.

The patterns of VFA production observed during fermentation give an insight into the bio 

chemical pathways operating in the bio-reactor. At all HRTs investigated, a pattern was 

observed in which the production of butyric acid predominates early on then falls, to be 

superseded by the production of acetic acid. In all experiments, the concentration of propi-
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onic acid in the bio-reactor also increased steadily during fermentation. Theoretically, the 

highest yield from fermentative hydrogen production of carbohydrate occurs when acetic 

acid is produced. In practice however, several researchers have found that the optimum pro 

duction rate of hydrogen is often associated with the production of acetic acid and butyric 

acid (Hussy, 2005; Kyazze et a/., 2006).

At the HRTs investigated here a rise in acetic acid concentration, coupled with a fall in 

butyric acid concentration coincided with a reduction or cessation of hydrogen production. 

This may indicate that acetogenic processes other than fermentative hydrogen production 

are eventually taking over in the bio-reactor. One such process is homoacetogenesis whereby 

acetic acid is produced at the expense of hydrogen and carbon dioxide as shown in the 

formula below.

2CO2 + 2H2 -» CH3COOH + 2H2 O

Continuous, fermentative hydrogen production will not be stable for long periods unless a 

way can be found to inhibit biochemical pathways such as this, which consume hydrogen or 

compete with its production.

8.3 Conclusion

Fermentative hydrogen production from sewage biosolids has been demonstrated in a five 

litre, continuously fed bio-reactor for the first time. This is a significant step towards full scale 

hydrogen production from sewage biosolids. A comparison of different HRTs showed that 

hydrogen production was most stable at a HRT of 24 hours. At all HRTs studied, acetic
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acid production eventually superseded butyric acid production and a decline in hydrogen 

production occurred. This may be due to homoacetogenesis, and if not addressed will cause 

instability in the fermentative production of hydrogen from sewage biosolids.

8.4 Further work

Having produced hydrogen from sewage biosolids in a continuously fed bio-reactor, it is 

now possible to add a second fermentation stage operating as an anaerobic, mesophilic, 

methanogenic bio-reactor. The effect on overall retention time required to treat biosolids in 

such a two stage system could be investigated, as could the production of biogas, and the 

effect on biosolids composition. This would give valuable insight into the application of such 

a technology on a larger scale.
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Chapter 9

Continuous two phase Digestion of 

sewage biosolids

The experiments conducted so far in this study indicate that not only is fermentative hydro 

gen production from sewage biosolids possible; it can also be performed in a continuously 

fed fermentation vessel. The results presented in the previous chapter indicate that when 

continuous fermentation is used to produce hydrogen from sewage biosolids, a hydraulic re 

tention time (HRT) of 1 day is optimal with regards to hydrogen production and process 

stability.

The ability to produce hydrogen via continuous fermentation of sewage biosolids makes it 

possible to evaluate a laboratory scale, two stage fermentation system wherein the effluent 

from a hydrogen producing bio-reactor is fed into a more conventional, methanogenic bio- 

reactor. The environment in each digestion vessel can be optimised to promote the specific 

kind of microbial activity required at each stage of digestion. In theory, this could lead to 

a digestion system with a lower overall HRT requirement, and possibly a greater yield of
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energetic biogas.

Two dual stage continuous fermentation experiments were performed. The objective of these 

experiments was to evaluate the stability and biogas production from a two stage fermen 

tation system producing hydrogen and methane from sewage biosolids. The fermentation 

experiments were carried out as described in section 2.5.7 of materials and methods.

In these experiments the hydrogen bio-reactor was operated at a HRT of 1 day. During 

feeding all the effluent displaced from the hydrogen bio-reactor was fed into the methane 

bio-reactor, consequently both bio-reactors had the same feeding rate. The methane bio- 

reactor had a volume 6 times larger than that of the hydrogen bio-reactor, therefore it had 

a HRT of 6 days. The transfer of effluent from the hydrogen bio-reactor to the methane 

bio-reactor occurred every hour and was computer controlled.

During both experiments, samples were take from the reactors at regular intervals. These 

samples were used to determine total and volatile solids, total and soluble carbohydrate and 

VFA content as described in materials and methods. Environmental parameters within the 

reactors such as temperature and pH were also monitored as was the production of hydrogen, 

carbon dioxide and methane.

9.1 Results

9.1.1 Biosolids composition

A different batch of feedstock biosolids was used for each of the two experiments in this 

chapter. Samples were taken from each batch and measurements made of total and volatile 

solids, total and soluble carbohydrate and VFA concentration. The results are shown below
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in Table 9.1. The results are the mean of 3 replicates (except VFA measurements). 

Table 9.1. Composition of untreated and pre-treated feedstock biosolids.

Sample Total Soluble Total Volatile VFAs

carbohydrate Carbohydrate Solids Solids mg L" 1

mg L- 1 mg L- 1 % %

______________*____a x a x a x a x

Experiment 1

Untreated 18120 1566 721 22 3.10 0.63 2.75 0.944 1206 

70°C for Ih 24083 876 833 42 4.18 0.23 3.49 0.22 1366

Experiment 2

Untreated 25973 802 288 40 3.75 0.26 3.16 0.25 1964 

70°C for Ih 19347 1055 683 36 5.01 0.15 3.96 0.14 2460

As with the feedstock biosolids, separate batches of inoculum were used for each experiment. 

Table 9.2 below, shows the composition of each batch.

Table 9.2. Composition of inoculum.

Sample Total Soluble Total Volatile VFAs

carbohydrate Carbohydrate Solids Solids mg L" 1

mg L- 1 mg L- 1 % %

x a x & x a x a x

Experiment 1 4947 444 469 42 2.51 0.21 1.87 0.045 152 

Experiment 2 9373 2050 449 68 3.41 0.23 2.12 0.17 126
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9.1.2 Gas production

Gas production and composition was monitored continuously throughout each experiment 

in both the hydrogen and methane digesters. Figures 9.1 to 9.4 below show the production 

of carbon dioxide and hydrogen in the hydrogen bio-reactor; and the production of carbon 

dioxide and methane in the methane bio-reactor. Hydrogen production was not monitored 

continuously in the methane bio-reactor but regular measurements were made of head space 

composition using a gas chromatograph (materials and methods section )and no hydrogen 

was detected.
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Figure 9.1. Hydrogen and carbon dioxide production in the hydrogen bio-reactor 

during experiment 1
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Figure 9.3. Hydrogen and carbon dioxide production in the hydrogen bio-reactor 

during experiment 2
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Figure 9.4. Methane and carbon dioxide production in the methane bio-reactor during 

experiment 2

In both experiments, hydrogen production in the hydrogen bio-reactor reached a peak of 

around 12 cm3 min"1 after approximately 1 day of operation in batch mode. Hydrogen 

production then fell until continuous feeding commenced, at which point it was observed to 

stabilise for between 2 and 4 days after continuous feeding commenced, before eventually 

declining to less than 0.1 cm3 min" 1 (the lower detection limit for on-line gas measurement).

In experiment 1 the pattern of carbon dioxide production in the hydrogen bio-reactor mir 

rored that of hydrogen production. For a period of 1.5 days after the commencement of 

continuous operation, it was maintained at approximately 6 cm3 min" 1 . Although carbon 

dioxide production did decline at the same time as hydrogen production, it did not fall to
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an undetectable level during continuous operation.

In experiment 2, the pattern of carbon dioxide production in the hydrogen bio-reactor did not 

closely resemble that of hydrogen production during continuous feeding. Whereas hydrogen 

production remained stable for a number of days before declining, carbon dioxide production 

rose as the experiment progressed, eventually reaching a production rate of approximately 8 

cm3 min"1 by the end of the experiment.

In experiment 1 methane production was observed in the hydrogen bio-reactor only in very 

low quantities. For the majority of the experiment the production rate was less than 0.1 

cm3 min" 1 and at no point did it exceed 0.6 cm3 min" 1 . In experiment 2 however, a higher 

degree of methane production was observed in the hydrogen bio-reactor. Furthermore, it 

was observed to increase steadily throughout the experiment, in much the same way as 

carbon dioxide production. At the end of the experiment, methane production had reached 

approximately 2 cm3 min" 1 .

In both experiments, methane production in the methane bio-reactor initially rose and then 

fell, during the period prior to the start of continuous feeding. This rise and fall was more 

pronounced during experiment I. In both experiments, the commencement of continuous 

feeding caused an increase in methane production. In experiment 1 methane production 

then began to decline and eventually dropped to less than 0.1 cm3 min" 1 between days 4 

and 5 of the experiment. In experiment 2, methane production occurred in a series of peaks 

and troughs during continuous feeding. This is likely to be an artefact associated with the 

relatively large periods of time which inevitably occur between feeding cycles when manual 

feeding is used see section 2.5.7. However, the average level of methane production appeared 

to remain stable throughout the experiment.

In experiment 1 the production of carbon dioxide in the methane bio-reactor did not closely
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match that of methane production. Instead, it recovered only slightly after the commence 

ment of continuous feeding, and by day 2 of the experiment had dropped to below 0.1 cm3 

min" 1 . In experiment 2, carbon dioxide production in the methane bio-reactor followed 

a similar pattern to that of methane production. It showed the same peaks and troughs 

associated with larger feeding intervals, but maintained a relatively stable average level of 

production throughout the experiment.

9.1.3 Volatile fatty acid production

In each experiment, liquid samples were drawn from both bio-reactors at regular intervals. 

These were analysed to determine volatile fatty acid content. The results of these analyses 

are shown in figures 9.5 to 9.8 below.
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Figure 9.5. Volatile fatty acid (VFA) production in the hydrogen bio-reactor during 

experiment 1

181



Time (Days)

-•- acetic
-•- propionic 
n i-butyric
-•- n-butyric
-a- i-valeric
-•- n-valeric

Figure 9.6. Volatile fatty acid (VFA) production in the methane bio-reactor during 

experiment 1
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Figure 9.7. Volatile fatty acid (VFA) production in the hydrogen bio-reactor during 

experiment 2
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Figure 9.8. Volatile fatty acid (VFA) production in the methane bio-reactor during 

experiment 2

In both experiments, the VFA levels in the hydrogen bio-reactor followed a similar pattern. 

The most prominent VFA species observed in the bio-reactor were acetic acid and n-butyric 

acid. These two acids increased in concentration throughout both experiments. Propionic 

acid and i-valeric acid were also produced in both experiments but at a lower rate than 

acetic or n-butyric. Other VFA species were produced in relatively small amounts in both 

experiments.

The pattern of VFA production in the methane bio-reactor was less clear. In both exper 

iments acetic acid and propionic acid were observed in relatively large amounts but the 

concentration of these acids fluctuated throughout the experiment. Other VFAs were ob 

served in much smaller amounts. Overall, the VFA concentration in the methane bio-reactor
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was approximately 1 order of magnitude smaller that that in the hydrogen bio-reactor, in 

both experiments.

9.1.4 Changes in biosolids composition

The composition of the feedstock biosolids was compared with that of the effluent from the 

hydrogen and methane bio-reactors. These data are presented in table 9.3.
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In the hydrogen bio-reactor, carbohydrate reduction and VFA production was observed to 

a similar degree during both experiments. The changes in total and volatile solids were 

less consistent. In experiment 1 an increase was observed in solids content, whereas in 

experiment 2 a decrease was observed. In the methane bio-reactor, production was very low 

in both experiments. Carbohydrate was reduced in experiment 1 but increased in experiment 

2. Total and volatile solids reduction was consistently greater in experiment 2 than in 

experiment 1.

9.2 Discussion

In previous chapters, it was demonstrated that, with the correct form of pre-treatment, 

sewage biosolids can be fermented anaerobically to produce hydrogen gas. Furthermore, it 

was demonstrated that this fermentation could take place in a continuously fed bio-reactor. 

Previous experiments have also shown that the effluent from a hydrogen producing bio- 

reactor of this kind is high in VFAs such as acetic acid. Consequently it was reasoned 

that a hydrogen producing bio-reactor could be combined with a methanogenic bio-reactor 

in a two stage fermentation process. Two phase anaerobic digestion has been successfully 

demonstrated at full scale using sewage biosolids as a feedstock (Asaadi and Marsh, 2004), 

and two phase digestion producing hydrogen has been demonstrated using other substrates 

(Kyazze et a/., 2007). The purpose of the experiment presented in this chapter is to see if a 

methanogenic bio-reactor could be successfully operated by feeding it with the effluent from 

a hydrogen producing fermenter and to investigate the potential impact on the hydraulic 

retention time necessary in the methanogenic fermenter.

When fed with effluent from a bio-reactor producing hydrogen from sewage biosolids, at a 

HRT of 6 days (half that normally used for methanogenic fermentation of sewage biosolids),
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the production of methane was found to be unstable, with methane and carbon dioxide 

halting by day 4 of the fermenter's operation. In contrast when the fermenter was operated 

at a HRT of 10 days (2-5 days less than in a conventional methanogenic fermenter) methane 

production persisted throughout the experiment. This indicates that it is indeed possible to 

run a methanogenic fermenter in a continuous mode, with effluent from a hydrogen producing 

fermenter, and that, furthermore, the HRT of the methanogenic fermenter can be reduced 

to 10 days without any indications of instability. The coupling of an anaerobic hydrogen 

producing fermenter with an anaerobic methane fermenter, both of which are operating in 

a continuously fed mode, has not previously been reported when using sewage biosolids as a 

feedstock. Although no signs of instability were detected during the 10 day HRT experiment 

it should be noted that the experiment was halted after 7 days due to the decline of hydrogen 

production in the hydrogen bio-reactor. A longer fermentation experiment would be required 

to confirm that the methane stage remained stable at a HRT of 10 days.

As well as gas production, evidence that methanogenic fermentation of the effluent from a 

hydrogen producing fermenter was feasible, came from measuring the VFA levels in each bio- 

reactor. In both experiments the effluent from the hydrogen fermenter contained VFA levels 

greater than 3000 mg Lr 1 . Whereas in the methane producing fermenter VFA levels were 

an order of magnitude lower at approximately 100 mg Lr1 . No accumulation of VFA levels 

was observed in the methane producing bio-reactor, which would be expected if the VFAs 

were not being metabolised. Solids reduction in the methanogenic bio-reactor was observed 

in both experiments but to a greater degree in experiment 2. This would be expected if the 

6 day HRT had lead to instability in the methane producing bio-reactor.

These two phase fermentation experiments were only run for a period of seven days. This 

was partly due to time constraints but more fundamentally because the decline in hydrogen 

production in the hydrogen bio-reactor indicated that its operation was not stable beyond
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this point (This was discussed in chapter 8). This makes it difficult to assess the stability of 

the methane producing fermenter, which should be observed for several HRTs. However, even 

without running the fermenter for this length of time, it is possible to conclude that a HRT 

of 6 days led to a decline and eventual cessation of methane production whereas a HRT of 10 

days, although less than that used in a conventional methane fermenter, resulted in methane 

production that was stable for the duration of the experiment. To make a more detailed 

assessment of this type of two phase digestion, the stability of hydrogen production in the first 

stage will need to be addressed and the experiment run for at least 3 HRTs. Other researchers 

have reported success in improving fermentative hydrogen production in continuously fed bio- 

reactors by sparging. Mizuno et al. (2000) reported a 68% increase in hydrogen yield via 

sparging with nitrogen gas and demostrated stable continuous fermentation for a period of 8 

weeks. Kim et al. (2006) showed that carbon dioxide could be used a sparging gas as well as 

nitrogen and, based on 16S rDNA analysis, hypothesized that carbon dioxide sparging has 

an inhibitory effect on acetogenic bacteria which can consume hydrogen in the bio-reactor. 

These findings suggest that sparging, either with nitrogen or carbon dioxide, could have a 

beneficial effect on the stability of fermentative hydrogen production from sewage biosolids; 

however, since sparging would require extensive modifications to the apparatus used in these 

experiments it is beyond the scope of this project.

9.3 Conclusion

The following conclusions can be drawn from the results presented in this chapter:

• The effluent from a hydrogen producing bioreactor fed with sewage biosolids can be 

used as a substrate in a methanogenic bioreactor.
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• When the methanogenic bio-reactor was fed with such effluent at a HRT of 10 days, 

no indication of instability was observed after 7 days of operation.

• When the methanogenic bio-reactor was operated at a HRT of 6 days using the same 

effluent, instability occured within 6 days.

9.4 Further work

Time constraints in this study and a lack of stability in the hydrogen producing bio-reactor 

meant that it was only possible to study two different HRTs over a period of 7 days. While 

some useful conclusions can be drawn from these experiments it would be necessary to 

conduct experiments using a wider range of HRTs and to operate the bio-reactors for several 

weeks in order to establish an optimum HRT for for two stage fermentation and to fully 

evaluate process stability. To accomplish this the instability of hydrogen production in the 

hydrogen bio-reactor must first be addressed.
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Chapter 10

Conclusions

• The feedstock used in these studies contains an indigenous population of methanogens. 

Consequently, unlike most feedstock considered for biohydrogen production, sewage 

biosolids requires some form of pre-treatment to inactivate hydrogen consuming methanogens.

• Heat treatment of the feedstock biosolids and inoculum resulted in no detectable gas 

production during fermentation. Heat treated inoculum used in this study has suc 

cessfully been used to produce hydrogen from sucrose and glucose. Furthermore, since 

methane can be produced from the feedstock biosolids if heat treatment is not used 

it is likely that the biosolids are not amenable to complete digestion solely by those 

organisms which survive heat treatment.

• It was shown that, with the correct apparatus and control procedures, an anaerobic 

fermenter could be automatically fed with sewage biosolids on an hourly basis. This 

has advantages over relatively infrequent manual feeding since it eliminates prolonged 

periods (e.g. overnight)where feeding does not take place. Prolonged starvation can 

cause instability in a bio-reactor due to sporulation.
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• It was envisioned that since methanogenic bacteria are relatively slow growing, that 

operating a continuously fed fermenter with a short HRT of 1-2 days may, in combi 

nation with a sub-optimal pH, be sufficient to prevent their growth. This proved not 

to be the case since methanogenic activity was observed when fermenters were oper 

ated in such circumstances. This adds weight to the conclusion that inactivation of 

methanogens present in the inoculum and the feedstock will be necessary for hydrogen 

production.

• The fermentation experiments conducted in chapter 5 show that when heat treatment 

is used to inactivate methanogens, and a supply of readily available carbohydrate 

is added to the bio-reactor, then hydrogen production is observed whereas methane 

production is not. When heat treatment is used in the absence of sucrose, no gas 

production is observed. Additionally, if an enzyme is used to degrade the carbohydrate 

in the feedstock biosolids then hydrogen is produced. These results indicate that heat 

treatment renders the microbes in the bio-reactor incapable of producing hydrogen 

from complex carbohydrates.

• When a number of pre-treatment types were compared in various combinations, it 

was found that enzymatic degradation was the most effective means of solubilising the 

carbohydrate in primary sewage biosolids. Its effect on the solubility of protein and 

lipids was less apparent, as was its effect on carbohydrate solubility when applied to 

surplus activated sludge (SAS).

• Heat treatment, although proven effective at inactivating methanogens, did not result 

in a great deal of carbohydrate solubilisation. For this reason, a combination of heat 

and enzymatic degradation was adopted as an effective pre-treatment for bio-hydrogen 

production from sewage biosolids.

• Experiments demonstrated that fermentative hydrogen production from sewage biosolids
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is possible if heating and enzymatic degradation are used as pre-treatments. This is 

consistent with these pre-treatment's effects on methanogen inactivation and carbohy 

drate solubilisation.

• When the effect of pH on hydrogen production was investigated, a pH optimum of 5.5 

was identified. At this pH, a hydrogen yield of 0.37 moles H2 mol" 1 glucose equivalents 

was observed. This result demonstrates the feasibility of hydrogen production from 

sewage biosolids in a continuously stirred bio-reactor.

• Using a combination of heat treatment and enzymatic degradation, fermentative hy 

drogen production from sewage biosolids in a continuously fed bio-reactor was demon 

strated for the first time. Continuous hydrogen production of this type is a necessary 

step towards the production of hydrogen from sewage biosolids at full scale. Producing 

hydrogen via continuous fermentation also makes possible the coupling of a hydrogen 

producing digester and a methanogenic digester in a two stage fermentation system.

• It was demonstrated that an anaerobic, hydrogen producing fermenter can be linked 

to a methanogenic fermenter to treat sewage biosolids. Using this two stage process 

it was found that the methanogenic bio-reactor was unstable when operated at a 6 

day HRT, but was stable when operated at a 10 day HRT, which is still less than 

the 12-15 day HRT usually applied to the methanogenic digestion of sewage biosolids. 

This finding suggests that a two stage sewage biosolids digestion process, producing 

hydrogen and methane with a lower overall HRT, has the potential to be used in place 

of a conventional, single phase methanogenic digestion process.
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Chapter 11

Further work

• Longer term studies of the fermentation process should be conducted. To assess the 

stability of hydrogen fermentation from sewage biosolids, fermenters should be allowed 

to run for periods of several weeks. This would be of particular use when assessing two 

stage fermentation since the larger HRT of the methanogenic stage makes its stability 

difficult to study over short time periods.

• The ability to produce hydrogen from surplus activated sludge (SAS) should be further 

evaluated. Existing research has shown that SAS is less digestible than primary sewage 

biosolids, however it is often co-digested with primary biosolids at sewage treatment 

works. The impact of different SAS to primary biosolids ratios on hydrogen yield, 

process stability and other experimental parameters should be evaluated, as should 

the effect of enzymatic pretreatment on fermentative hydrogen yields from SAS.

• The optimum HRT for the methanogenic fermenter in a two stage process should be 

evaluated. Some work on this subject was presented in this study, however, a larger 

range of HRTs would need to be evaluated in order to determine which value is optimal.
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. The use of techniques other than heat treatment to inhibit methanogenesis should be 

evaluated. Other researchers have identified other techniques to inhibit methanogenic 

activity, including the use of 2-Bromoethanesulfonate, chloroform and acetylene. This 

study has shown that heat treatment restricts the type of carbohydrates from which 

microbes are able to produce hydrogen. It is possible that other methods for preventing 

methane production do not have this effect. This may mean that less pre-treatment 

of the sewage biosolids would be required. The impact of other forms of methanogen 

inhibition on the methanogenic stage of a two phase digestion system would also need 

to be investigated.

• Hydrogen production from sewage biosolids should be evaluated at a larger scale. The 

effect on hydrogen yield and process stability could be investigated when fermentation 

takes place in a pilot scale bio-reactor (1 m3 or larger). Such a bio-reactor would need 

to be located at a sewage treatment works in order to be practical. However, depending 

on the types of pre-treatment used, construction and operation of such a bio-reactor 

would incur significant cost.

• The applicability of additional pre-treatment processes should be investigated. Al 

though the performance of several such pre-treatment processes were investigated in 

this study, there are others that may have a positive impact on hydrogen yield or 

process stability. Treatments worthy of consideration include chemical pre-treatments 

such as acid hydrolysis, and thermal pretreatments such as the CAMBI thermal hy 

drolysis process. Both of these pre-treatment forms are currently being studied with a 

view to improving the digestibility of sewage biosolids.
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Chapter 12

Appendix

12.1 Gas flow measurement
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Figure 12.1. Calibration data relating to gas flow sensors
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12.2 Hydrogen measurement
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Figure 12.2. Calibration data relating to hydrogen sensors
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12.3 Carbon dioxide measurement
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Figure 12.3. Calibration data relating to carbon dioxide sensors
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12.4 Methane measurement
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Figure 12.4. Calibration data relating to methane sensors
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12.5 Carbohydrate assay
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12.6 Protein assay
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12.7 Hydrogen production from sewage sludge using 

mixed microflora inoculum: Effect of pH and en 
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Abstract

Hydrogen was successfully produced by fermenting primary sewage sludge which had been both heat treated and digested with a com 
mercially available enzyme preparation. When either heat treatment or enzymatic digestion were not used, no hydrogen was produced 
during fermentation. Heat treated mesophilic anaerobic sludge was used as an inoculum rather than a pure microbial culture. Fermen 
tation was conducted at pH levels ranging from of 4.5 to 7.0. When fermentation took place at pH 5.5 a peak hydrogen production rate 
ofSJSmlmin" 1 was observed. At this pH the hydrogen yield was 0.37 mol r^mo!" 1 carbohydrate, equivalent to 18.14L I^kg" 1 dry 
solids. 
© 2007 Elsevier Ltd. AH rights reserved.

Keywords: Biohydrogen; Hydrogen; Fermentation; Enzyme; Sewage

1. Introduction

The increasing cost of fossil fuels, combined with con 
cerns about their impact on our environment has led to a 
renewed interest in hydrogen as a clean, sustainable alter 
native. Hydrogen can be produced anaerobically from bio- 
mass with either acetate or butyrate as co-products 
(Hawkes et al., 2002).

Using sewage sludge as the substrate for fermentative 
hydrogen production offers several advantages over the 
use of other biomass sources. It is available at little or no 
cost. The supply is plentiful and can be found wherever 
there are human settlements, with 1.3 million tonnes (dry 
solids) per year currently being produced in the UK alone 
(www.wateruk.org, 2006). Also, in most developed coun 
tries an infrastructure already exists, enabling sewage 
sludge collection and centralised processing. Sewage sludge 
is already commonly processed via anaerobic fermentation, 
therefore the technology and expertise for large scale 
anaerobic treatment is already in place. Additionally, the

Corresponding author.
E-mail address: jmassane@glam.ac.uk (J. Massanet-Nicolau).

micro-organisms responsible for the above fermentation 
reactions are known to include members of the genus Clos- 
tridium, many of which are indigenous in sewage sludge 
(Lin and Chang, 1999).

Developing a hydrogen producing fermentation process 
for sewage sludge also allows for the possibility of coupling 
it with a second, mesophilic anaerobic digestion process 
which should enhance methane production (Ghosh, 
1991). Since much of the methane produced in conven 
tional anaerobic digesters is derived from volatile fatty 
acids such as acetate (Lovley and Klug, 1986), the effluent 
from a hydrogen producing reactor could be an ideal sub 
strate. This idea has been successfully applied to the fer 
mentation of sorghum extract (Antonopoulou et al., 
2008). Other researchers have used the effluent from a 
hydrogen producing fermenter as a feedstock for photo- 
fermentation, which would produce additional hydrogen 
(Tao et al., 2007).

So far, very little work on fermentative hydrogen pro 
duction from sewage sludge has been conducted. Huang 
et al. (2000) have reported yields of 0.16g H2 kg~' from 
waste activated sludge, whereas Wang et al. (2003b,c) 
reported yields equivalent to 0.9-6.3 g H2 kg~' DS

0960-8524/S - see front matter © 2007 Elsevier Ltd. All rights reserved. 
<ioi:10.1016/j.biortech.2007.12.012
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depending on the pretreatment applied to the sewage 
sludge . However, it should be noted that so far all these 
studies used pure cultures of bacteria as inoculum. 
Although this may result in higher yields it would be 
expensive and impractical to attempt at full scale due 
to the time, cost and energy requirements of preparing 
and storing enough bacterial biomass to seed a digester 
containing thousands of litres of sewage sludge. Despite 
this limitation however, work published so far has dem 
onstrated the feasibility of producing hydrogen fermenta- 
tively from sewage sludge.

Wang et al. (2003b) also demonstrated that applying dif 
ferent pretreatment to sewage sludge prior to fermentation 
can have a significant effect on hydrogen yield. In particu 
lar, sterilisation of the sewage sludge at 121 °C consistently 
improved hydrogen production and reduced the produc 
tion of methane which can have a negative impact on 
hydrogen yield.

In the work reported here, the inoculum used to initiate 
hydrogen production was heat treated effluent sludge from 
a conventional mesophilic anaerobic digester (MAD) of the 
type used at many sewage treatment works and the feed 
stock was thickened, primary sewage sludge. Inoculum 
derived from anaerobic sewage sludge has been successfully 
used to produce hydrogen from a variety of substrates 
including glucose (Kotay and Das, 2007), wheat flour co- 
product (Hawkes et al., 2007) and mixtures of sewage 
sludge and food waste (Kim et al., 2004).

The aim of this study was to assess the feasibility of pro 
ducing hydrogen fermentatively from sewage sludge, using 
a mixed culture inoculum in a continuously stirred reactor. 
The effect of pH on hydrogen production under these 
conditions will also be investigated. This study also aims 
to evaluate the ability of a novel enzymatic pretreatment 
to increase the solubility of carbohydrate in the feed sludge, 
since it is known that carbohydrate is the primary substrate 
for clostridial fermentation (Fenchel and Finlay, 1995). 
Heat treatment of the feedstock sludge to inhibit methano- 
genesis was also evaluated at a lower temperature (70 °C) 
than in previously published studies, in order to make 
the fermentation process more energy efficient and cost 
effective.

2. Methods

2.1. Hydrogen producing reactor

A continuously stirred, bench scale reactor (5.5 L 
including a head space of 0.5 L) was designed and built spe 
cifically for the production of hydrogen from sewage 
sludge. The reactor was equipped with instrumentation 
allowing pH, redox potential, and temperature within the 
reactor to be continuously monitored. The reactor was also 
equipped with sensors for continuous measurement of both 
gas flow and H2, CO2 and CH4 content. These variables 
were recorded using a desktop pc (AMD XP 3000+) 
equipped with a data acquisition (DAQ) card and a custom

monitoring program written using the Lab View program 
ming package (National Instruments Newbury, UK). The 
contents of the reactor were maintained at 35 °C via a 
water jacket used in conjunction with a thermostatically 
controlled flow heater.

Gas flow was monitored with a mass flow meter (Cole 
Farmer, London, UK) these meters measure differential 
pressure across a laminar flow sensor and exhibit a sensitiv 
ity as low as O.Smlmin" 1 . The meter was calibrated by 
connecting them to a pump whose flow rate had been 
determined by measuring the rate of water it displaced 
from a burette. Carbon dioxide and methane in the biogas 
were measured continuously using Gascard II infra-red gas 
sensors (Edinburgh Sensors, Livingston, UK). This instru 
ment measures the infra-red energy absorbed by the gas 
sample at a characteristic wavelength which correlates with 
the concentration of carbon dioxide or methane in the gas 
stream. The apparatus is calibrated at the point of manu 
facture and was checked in this laboratory by measuring 
several carbon dioxide standards (100% - Messer, Cardiff, 
UK, 40% and 1% - BOC, Guilford, UK) or methane stan 
dards (100% - Messer, Cardiff, UK, 40% - BOC, Guilford, 
UK). The hydrogen content of the biogas produced during 
fermentation was measured online using a sensor from 
H2Scan (Valencia, California, USA). The readings from 
this sensor were compared with off-line measurements 
made with a gas chromatograph and thermal conductivity 
sensor. It was found that these two methods correlated well 
at hydrogen levels between 0% and 100% (,R2 > 0.97) 
(Hussy, 2005).

2.2. Biosolids

Biosolids were obtained from a local sewage treatment 
works serving a large metropolitan area. The feedstock 
sludge used in these experiments consisted of thickened pri 
mary sewage sludge, and the inoculum sludge was effluent 
taken from a mesophilic anaerobic digester being operated 
at a HRT of 15 days. The biosolids were stored in a refrig 
erator between 2 and 8 °C for a maximum of 14 days. Prior 
to use, the inoculum sludge was heated to 110°C for 
20 min.

Due to length of the study and to storage limitations, 
three batches of feed sludge had to be collected from the 
sewage treatment works in order to complete all the exper 
iments performed in this investigation. Two types of pre 
treatment were applied to the primary sludge used as 
feedstock; heating to 70 °C for 1 h and enzymatic pretreat 
ment. The enzyme preparation used in this study was cellu- 
lase 13 L (Biocatalysts Ltd., Pontypridd, UK) and is used 
to process foodstuffs such as fruit juices. It is known to 
contain the enzyme cellulase at a concentration of 
1500 units L" 1 (one unit of enzyme activity is defined as 
the amount of enzyme which causes the release of one 
micromole of glucose equivalents per minute at pH 4.6 
and 40 °C). In addition the product is known to contain 
a mixture of other enzymes capable of degrading complex
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carbohydrates but which are not assayed by the manufac 
turer. The product also contained some soluble carbohy 
drate as a preservative but this was removed via ultra 
filtration by the manufacturer prior to delivery. In all cases 
the processed cellulase 13 L was added at a concentration 
of 5% by volume to the reactor at the start of the experi 
ments. In order to assess the effect of the enzyme on carbo 
hydrate solubilisation 20ml samples of heat treated 
primary sludge were incubated at 35 °C for 24 h with either 
the enzyme added at a concentration of 5% or an equiva 
lent amount of deionised water. Sodium azide was added 
to all samples at a concentration of 0.01% w/v to prevent 
microbial utilisation of carbohydrate during incubation. 
Total carbohydrate, soluble carbohydrate, total solids 
(TS) and volatile solids before and after heat pretreatment 
were determined, as were the total and soluble carbohy 
drate content after enzymatic pretreatment.

2.3. Fermentation experiments

Nine fermentation experiments were performed during 
this study. Different parameters were varied in each exper 
iment in order to evaluate the effect of operational pH, and 
the two types of sludge pretreatment, enzymatic pretreat 
ment and heat treatment at 70 °C. The parameters applied 
in each experiment are shown in Table 1. In all experiments 
500 ml of inoculum sludge and 4.25 L of feedstock sludge 
were added to the reactor along with either 250 ml of cellu 
lase 13 L or 250 ml of deionised water. In experiment 9, gas 
production was measured using water displacement instead 
of using a flow meter. This allowed the total volume and 
overall composition of the biogas to be determined. From 
this data a hydrogen yield was calculated. All experiments 
were allowed to continue until gas production had ceased. 
During all experiments, samples were taken from the reac 
tor at the start and at the end of fermentation. These sam 
ples were analysed to determine total and volatile solids, 
total and soluble carbohydrate and VFA content. From 
these data VFA production and carbohydrate removal 
for each experiment were determined.

2.4. Off-line analysis

Total solids (TS) and volatile solids were determined in 
triplicate by standard methods (Clesceri et al., 1998). Total 
and soluble carbohydrate were measured in triplicate using 
a phenol sulfuric assay (Chaplin and Kennedy, 1986). 
VFAs were measured using a Perkin Elmer head space 
gas chromatograph (Model number HS40XL) in conjunc 
tion with a flame ionisation detector (FID) and a Nukol 
free fatty acid phase (FFAP) column (30 m x 0.32 mm) 
(Supleco) running at 190 °C and 14 psi with nitrogen as a 
carrier gas (Cruwys et al., 2002).

3. Results

3.1. Biosolids characterisation

Heat treated inoculum sludge, untreated feedstock and 
pretreated feedstock sludge were analysed prior to their 
use in fermentation experiments. Total solids, volatile sol 
ids, total carbohydrate and soluble carbohydrate were all 
measured. The inoculum sludge was found to contain 
1229 mgL~' total carbohydrate, 196mgL~' soluble car 
bohydrate, 1.6% total solids and 0.8% volatile solids. The 
results for the feedstock sludges are shown in Table 2. 
Heating the feedstock sludges to 70 °C for 1 h did not 
result in a notable change in either carbohydrate or solids 
levels where as incubating with cellulase 13 L for 24 h at 
35 °C resulted in a large increase in soluble carbohydrate. 
As a result of the enzyme breaking down the insoluble car 
bohydrate in the feedstock sludge, the proportion of solu 
ble carbohydrate in soluble form rose from 2.6% of total 
carbohydrate to 13.5% of total carbohydrate.

3.2. Gas production

In experiments 1-6, the feedstock was heat treated and 
cellulase 13 L was added to the reactor during fermentation.

Table 1
Parameters used during the nine fermentation experiments performed in
this investigation
Experiment 
number

1
2
3
4
5
6
7
8
9

Feed 
sludge 
batch
3
2
2
3
1
1
3
3
3

pH of 
reactor

4.5
5.0
5.5
6.0
6.5
7.0
5.5
5.5
5.5

Type of gas 
measurement

Flow meter
Flow meter
Flow meter
Flow meter
Flow meter
Flow meter
Flow meter
Flow meter
Water
displacement

Cellulase 
13 L 
added
Yes
Yes
Yes
Yes
Yes
Yes
No
No
Yes

Feed sludge 
heat treated

Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes

Table 2
Composition of feedstock sludges before and after pretreatment. Figures
in brackets denote standard deviation

Sample Total
carbohydrate
(mglT 1 )

Soluble 
carbohydrate

Total 
solids

Volatile 
solids

Primary sludge untreated
Batch 1 23,864 (786) 286 (23) 4.3 (0.2) 3.5 (0.2) 
Batch 2 24,979(1173) 399(49) 3.6(0.1) 3.0(<0.1) 
Batch 3 21,483(2648) 386(21) 3.1(0.1) 2.4(0.1)

Primary sludge after heat treatment
Batch 1 23,830(1630) 333(95) 3.2(<0.1) 2.6(<0.1) 
Batch 2 22,003(3550) 308(22) 3.7(0.1) 3.0(0.1) 
Batch 3 16,733(935) 435(16) 3.1(0.1) 2.4(<0.1)

After heat treatment and enzyme
Batch 3 18,047 (1014) 2436(51)___________________
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These six experiments were conducted at a range of pH val 
ues (see Table 1). The experiments in which fermentation 
took place at pH values of 5.0, 5.5 and 6.0 (experiments 
2-4, respectively) resulted in peak carbon dioxide and 
hydrogen production levels of between 1 and 3.75 ml min" 1 
(Fig. 1). The experiments in which fermentation took place 
atpH values of 4.5, 6.5 and 7.0 (experiments 1, 5 and 6, 
respectively) resulted in peak hydrogen and carbon dioxide 
production levels lower than 0.2 ml min" 1 . Although meth 
ane production was monitored during all six experiments, 
none was detected.

In experiments 7 and 8, fermentation occurred at a pH 
of 5.5. In experiment 7, no cellulase 13 L was added and 
in experiment 8 the feed sludge was not heat treated nor 
was cellulase 13 L added. In experiment 7 no gas produc 
tion was observed during fermentation. In experiment 8 
both methane and carbon dioxide were produced with a 
peak production rate of between 2 and 2.5 ml min~'. These 
data are represented in Fig. 2.

In experiment 9, a pH of 5.5 was used, cellulase 13 L 
was added, and the feed sludge was heat treated. In this 
experiment all the gas produced was captured via water 
displacement and its composition determined via gas chro- 
matography. During fermentation 6.9 L of gas was pro 
duced in total and this gas was found to contain 3.28 L 
of hydrogen and 2.49 L of carbon dioxide. No methane 
was detected in the gas collected. Knowing the amount of 
hydrogen produced during fermentation, and the amount 
of carbohydrate present in the reactor prior to fermenta 
tion enables a hydrogen yield to be calculated. This was 
found to be 0.37 mol H2 mol~' hexose which is equivalent 
to 18.14 L H2 kg" 1 dry solids.

3.3. Sample analysis

Samples were taken from the reactor at the beginning 
and the end of each experiment. These samples were ana 
lysed to determine TS and VS content, total carbohydrate 
content and total VFA content. From these measurements 
the TS and VS reduction could be derived as could carbo 
hydrate reduction and VFA production. These values are 
presented in Table 3. The table shows that at pH levels 
where hydrogen production occurred (pH 5.0-6.0), VS 
and carbohydrate removal was high, as was total VFA pro 
duction. At pH levels were little or no hydrogen was pro 
duced the pattern of substrate degradation was less clear. 
VFA production, carbohydrate reduction and volatile sol 
ids reduction were generally lower outside the pH range 
5.0-6.0. However, at pH 7.0 VFA production was lower 
and carbohydrate removal was higher. Additionally at 
pH 4.5 volatile solids reduction was higher than it was at 
the pH range 5.0-6.0.

During each experiment the VFA composition of the 
reactor at the start and end of fermentation was also deter 
mined. From this data the net production rate of individual 
VFAs was calculated. These data are represented in Fig. 3. 
n-Butyric acid production was greatest over the pH range 
5.0-6.0; the same pH range at which the most hydrogen 
was produced. Acetic acid and propionic acid were pro 
duced in the highest levels where little or no hydrogen 
was produced; the highest levels of both these acids were 
observed in the experiment where neither heat treatment 
of the feed sludge or addition of cellulase 13 L took place. 
The remaining VFAs, z'-valeric, j-butyric and n-valeric, 
were produced in much lower amounts and their

15 
Time (Hours)

Fig. 1. Hydrogen and carbon dioxide production occurring at pH 5.0-6.0.
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Fig. 2. Methane and carbon dioxide production during experiment 8 (pH 5.5 with no heat treatment of feedstock sludge and no addition of cellulase 
13 L).

Table 3
Analysis of reactor contents during fermentation experiments

Experiment

1
2
3
4
5
6
7
8
9

TS reduction 
(mgL- 1 )

1992
3408
3014
1433
652
234

2300
3456
7040

VS reduction 
(mgL- 1 )

4069
3597
3568
2336

116
928

2127
3717
9239

Carbohydrate 
reduction 
(mg L~')

2395
2257
8420

11,052
3406
4979
5177
7119

13444

Total VFA 
production 
(mgL- 1 )

468
816
997

1076
646
891
718

3116
2563

production did not correspond to changes in pH or hydro 
gen production.

4. Discussion

Many researchers have succeeded in producing hydro 
gen, fermentatively, from simple substrates such as glucose, 
sucrose and even from well defined polysaccharide sub 
stances such as starch and cellulose (Chen and Lin, 2003; 
Fang and Liu, 2002; Hussy et al., 2005). However, applying 
these findings to the fermentation of actual waste streams 
such as sewage sludge involves several difficulties. The sub 
strate itself is more complex, and heterogeneous making it 
more recalcitrant than simple, defined substrates. Sewage 
sludge also contains a substantial microbial population of 
its own, including species that will either inhibit hydrogen

production or directly consume it before it can be recov 
ered from the reactor. From a practical point of view, the 
physical characteristics of sewage sludge mean that work 
ing with it at laboratory scale is difficult and time consum 
ing and it is notable that most lab scale work on 
fermentative hydrogen production from sewage sludge 
has been done at a millilitre scale (Wang et al., 2003b,c). 
In this paper we have investigated procedures which 
address these difficulties and have consequently demon 
strated fermentative hydrogen production from sewage 
sludge in a 5 L reactor; a scale at which hydrogen produc 
tion from sewage sludge has not yet been reported. The use 
of a novel enzyme product was also investigated in this 
paper and found to have a significant, positive effect on 
hydrogen production from sewage sludge.

Initial analysis of the primary sludge used as feed in this 
investigation confirmed that it contained a significant 
amount of carbohydrate (over 21 g L" 1 fresh weight) that 
could be used to produce hydrogen fermentatively. Cru 
cially however it seems that only 1.8% or less of this carbo 
hydrate was present in a soluble form. It is probable that 
the bulk of the carbohydrate is therefore present in a com 
plex form such as cellulose or hemicellulose. Work in this 
area to date has shown that increasing the soluble carbohy 
drate component has a positive effect on hydrogen produc 
tion from sewage sludge (Wang et al., 2003a,b). The results 
presented here indicated that heating to 70 °C only 
increases soluble carbohydrate to around 2.6% of total car 
bohydrate whereas the use of an enzymatic pretreatment 
can increase it much further, to as much as 13.5%. If used 
at the concentrations in this study the cost of pretreating a
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Fig. 3. Chart showing the production of individual VFAs during fermentation at different pH levels. VFA production in the experiments where no 
celtolase 13 L was used and where no heat treatment or cellulase 13 L was used are also represented.

litre of sewage sludge with this product would be 3.25 UK 
pence.

As well as ensuring adequate substrate availability, 
maintaining an optimal pH level during fermentation also 
seems to be important in promoting hydrogen production 
during fermentation. The greatest levels of hydrogen gas 
production occurred over the pH range 5-6. Within this 
pH range hydrogen production was an order of magnitude 
greater than in the other experiments. This finding agrees 
with much of the work published regarding fermentative 
hydrogen production in which a pH value between 5.0 
and 6.0 is favourable (Fang and Liu, 2002; Khanal et al., 
2004; Lay, 2000).

Additionally, it was found that if no heat treatment of 
the feedstock sludge was performed, as was the case in 
experiment 8, then hydrogen production was not observed 
but methane and carbon dioxide production was. This is 
consistent with the finding of many researchers who report 
that it is necessary to inactivate hydrogenotrophic metha- 
nogens in sewage sludge prior to using it as an inoculum; 
these researchers often utilise heat treatment to accomplish 
this (Lay, 2000; Van Ginkel et al., 2001; Cohen et al., 
1985). In experiment 7, where heat treatment was used 
but cellulase 13 L was not added, no hydrogen production 
was observed, suggesting that, in addition to heat treat 
ment, some means of increasing carbohydrate availability 
was necessary for successful hydrogen production.

When fermentation at pH 5.5 was repeated and the bio- 
gas collected and analysed it was found that a hydrogen 
yield of 0.37 mol H2 mor 1 hexose was obtained. This 
lower than yields reported from simpler substrates such 
as glucose or sucrose (Van Ginkel and Logan, 2005) who

reported yields of up to 2.4 mol H2 mol ' hexose . As men 
tioned previously however, sewage sludge is chemically and 
structurally more complex and much work still remains if 
hydrogen is to be produced from it with greater efficiency. 

The yield obtained in this study is closer to those 
reported by others working on fermentative hydrogen pro 
duction from more complex feedstocks. The yield of 
18.14ml f^g" 1 dry solids obtained in this study is some 
what lower than the 64 ml H2 g" 1 dry solids obtained from 
wheat co-products (Hawkes et al., 2007) , but comparable 
with the 10.4 ml H2 g" 1 obtained from sorghum (Antonop- 
oulou et al., 2008). The yields obtained in this study com 
pare favourable with those reported for hydrogen 
production from sewage sludge Huang et al. (2000) 
reported yields of 1.72 ml H2 g~' dry solids, whereas Wang 
et al. (2003b) reported yields ranging from 10.8 to 70.56 ml 
H2 g" 1 dry solids. It should be noted however that the 
yields reported from sewage sludge involved the use of pure 
microbial cultures as an inoculum as opposed to the mixed 
culture inoculum used in this study.

5. Conclusion

The results presented here indicate that fermentative 
hydrogen production from sewage sludge is possible in a 
5 1, continuously stirred reactor using mesophilic anaerobi- 
cally digested sewage sludge as an inoculum. Hydrogen 
production from sewage sludge has not been reported using 
this type of inoculum or at this scale before. These experi 
ments demonstrate that at least three different criteria must 
be met if hydrogen is to be produced. Competing 
organisms such as methanogens must be inactivated,
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carbohydrate availability to the hydrogen producing 
organisms must be improved, and reactor pH must be opti 
mised. This work also demonstrates that if these criteria are 
met to some degree then hydrogen yields of at least 
0.37 mol Hzmor 1 hexose (18.14L H2 kg-> dry solids) 
can be achieved.
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