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Abstract 
The replacement of fossil fuels by renewable fuels such as biogas and biohydrogen 
will require efficient and economically competitive process technologies together 
with new kinds of biomass. A two-stage system for biogas production has several 
advantages over the widely used one-stage continuous stirred tank reactor 
(CSTR). However, it has not yet been widely implemented on a large scale. 
Biohydrogen can be produced in the anaerobic two-stage system. It is considered 
to be a useful fuel for the future due to its high energy density and clean 
combustion with the emission of only water vapour. Anaerobic digestion can be 
used to treat wastewater and for energy production, leading to a reduction in 
eutrophication and greenhouse gases. The material remaining after treatment can 
also be used as a fertiliser as long as certain standards are met. The production of 
biogas and biohydrogen from a range of land and marine biomasses was studied 
in this work. The reduction of the heavy metal content of seaweed was also 
studied in order to improve fertiliser quality. 
 
Two-stage, dry anaerobic digestion of mussels, reeds, seaweed, solid cow manure, 
and a mixture of seaweed and manure was studied. The system consisted of a 
leach bed reactor for hydrolysis and an upflow anaerobic sludge blanket (UASB) 
reactor for methane production. The results showed that mussels with shells, 
seaweed, and the seaweed and manure mixture were efficiently digested in the 
two-stage system; 68 to 83% of the methane being produced in the UASB 
reactor. The manure by itself, and reeds, which are slowly degradable, were 
efficiently digested in the one-stage dry leach bed process, in which most of the 
biogas was produced. Seaweed and manure can also be co-digested in the one-
stage dry digestion process, since methanogenic conditions prevailed in the leach 
bed reactor, thus reducing the cost of operating two biogas reactors. Technically, 
both the new feedstocks and the one- and two-stage dry anaerobic systems have 
great potential for biogas production. However, economic evaluations are needed 
to validate practical applicability. 
  
The removal of heavy metals from seaweed hydrolysate was studied in the two-
stage system. The heavy metals Cd, Cu, Ni and Zn were adsorbed using 
iminodiacetic acid Cryogel® carriers. However, removal of the heavy metals 
resulted in low methane yields, possibly due to the removal of micronutrients 
needed for anaerobic digestion. It is therefore suggested that the metals be 
removed after methane production in a UASB reactor. Alkaline and autoclave 
post-treatment of the seaweed digestate resulted in 86% organic matter 
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solubilisation and the leachate may be treated in a UASB reactor, providing a 
means of handling digestate with high heavy metal content. Co-digestion of 
leachates from the leach bed reactor and the post-treatment resulted in a high 
methane yield, 0.34 l/gVSadded in a batch test. Subsequent treatment of the 
leachate from the leach bed reactor resulted in a high methane productivity at a 
loading rate of 20.6 g COD/l⋅day in a UASB reactor. Treatment of the seaweed 
leachate in the UASB reactor resulted in a stable process without the need for 
additional nutrients or buffer. As the seaweed leachate was rich in nutrients and 
buffer capacity, its co-digestion with wheat straw hydrolysate in the UASB reactor 
resulted in a stable process.  
 
Biohydrogen and biogas were co-produced from wheat straw hydrolysate in a 
two-stage system consisting of a CSTR and a UASB reactor, employing the 
thermophile, Caldicellulosiruptor saccharolyticus in the first H2 reactor. Straw 
hydrolysate was efficiently produced by acid-catalysed steam and enzyme 
pretreatment, giving a 95% sugar yield of the theoretical yield. High biofuel 
production rates of 1.8 to 3.5 l H2/l⋅day and 2.6 to 4.0 l CH4/l⋅day were obtained 
under stable operational conditions and treatment efficiencies. However, the cost 
of nutrient supplementation was high, and cheaper nutrient sources will be 
required to make the production cost economically competitive.  
 
This research has demonstrated the versatility of a two-stage system that allowed 
the digestion of new kinds of biomass such as seaweed with sand, mussels with 
shells, reeds, manure and wheat straw. It has also been shown to be possible to 
remove heavy metal from seaweed to improve fertiliser quality. High hydrogen 
and methane production rates were also demonstrated, and the two-stage 
anaerobic system is thus, technically, a promising reactor configuration for the 
production of biofuels. 
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Popular scientific summary 
Peter is a part-time cocoa farmer who produces cocoa beans that are used for 
chocolate production. However, he has always wondered about the efficient 
utilisation of the residual cocoa pods, which seem to contain sugar as they attract 
bees. He discussed this with a student studying a biological process whereby 
organic material can be converted to biogas and a residue that can be used as a 
fertiliser. 
 
This student was studying interesting ways of producing renewable sources of 
energy such as biogas and biohydrogen from organic materials on land and in the 
sea, and also a new method of improving fertiliser quality. Abundant marine 
organic materials such as mussels, reeds and seaweed, which do not compete with 
food grown on agricultural land, were used to produce biogas. Manure, which is 
an abundant waste resulting from intensive animal farming, was also used for 
biogas production. The biogas production system consisted of an anaerobic two-
tank system. The reason for using a two-tank process is to separate the fast-
growing microbes that break down complex organic material from the slow-
growing microbes that produce biogas. In this process, both groups of microbes 
can grow better than if they were mixed in the same tank. The results 
demonstrated that biogas production in a two-tank process was efficient for 
mussels including the shells, seaweed, and a mixture of seaweed and manure, as 
most of the biogas was produced in the second reactor. In the case of the mussels, 
the shells remained in the first tank and were then easily removed. In addition, 
the digestion of a mixture of seaweed and manure reduced the effects of toxic 
substances such as sulphate and ammonia present at high concentrations in each 
of these materials. On the other hand, biogas production from the reeds or the 
manure alone was not efficient in the two-tank process since they degrade slowly. 
Hence, a one-tank process, which is a simple system to operate (even on farm-
scale) could be cost effective for reed digestion. 
 
Biogas production from seaweed and the reduction of contaminating heavy 
metals were also studied. As the seaweed contains high levels of heavy metals, the 
digested residue can not be used as a fertiliser. Biogas production and removal of 
the heavy metals were performed in the two-tank biogas process. During the 
breakdown of organic matter, the liquid produced ferments or sours, due to acid 
production. This process favours the release of metals, which can easily be 
removed. Removal of the metal was performed with a sponge-like material called 
Cryogel®, which is highly porous and has special metal-binding sites. The 
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resulting liquid, with low heavy metal content, was used for biogas production. It 
was found that biogas can be produced from seaweed, and that the seaweed 
liquid, which was rich in nutrients, can replace the nutrients and buffer that are 
usually added to biogas processes. The heavy metals could be reduced using the 
two-tank system, but more research is needed before the residue is used as a 
fertiliser. 
 
Finally, biogas and biohydrogen were produced from wheat straw, which is an 
abundant agricultural residue that does not compete with food cultivation. Since 
straw degrades slowly, and has a structure similar to that of reeds, the material was 
first treated to release the sugars into a liquid. The liquid was then used for 
biohydrogen production, and the resultant waste from this process was in turn 
used for biogas production, thus using most of the sugars contained in the liquid. 
Biohydrogen is produced in a similar, but incomplete process like biogas. The 
processes were very efficient, resulting in high production rates of biohydrogen 
and biogas. The only emission from the combustion of hydrogen is water vapour, 
and the addition of a small amount of hydrogen during the combustion of 
methane significantly enhances combustion. Hence, the production of such fuels 
from cheap renewable resources will be very beneficial for the environment and 
reduce climate change. 
 
In conclusion, exploring land and marine organic materials and the pretreatment 
of slowly degrading materials can increase biogas production. In addition, the 
two-tank biogas process was versatile in handling a wide range of organic 
materials, and can be optimised for the combined production of biohydrogen and 
biogas. This system also offers the possibility of heavy metal removal to improve 
fertiliser quality.  
 
The student’s advice to Peter was, thus, to use the cocoa pods for biogas 
production; providing renewable energy to dry his product especially during the 
rainy season, avoiding the use of firewood. The residue from the biogas process 
can also be used to improve vegetable production in Theresia’s farm hence, 
providing enough vegetables for the family. 
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1. Introduction 
 
Anaerobic digestion (AD) occurs spontaneously in oxygen-free environments such 
as wetlands, paddy fields and landfills, as well as in the gut of ruminants and some 
insects such as termites. In past decades, this process has been explored as a 
method of solid waste and wastewater treatment in municipal wastewater 
treatment plants [1-2]. The process of AD is now being modified in order to help 
meet the increasing energy needs of the world today [3-4]. Fossil fuel depletion 
and the detrimental effects of its utilisation on the environment are the driving 
forces behind renewable energy production. In addition, EU policies such as the 
reduction of landfilling of organic waste by 65% by 2016 [5] and the increase in 
domestic renewable energy consumption by 20% in 2020 [6] have given 
additional impetus. Consequently, there is a fast-growing market for biogas not 
only in the EU, but worldwide [3]. 
 
AD is a commercialised process that offers a benign and relatively cheap method 
of treating organic waste and wastewater. It can also be used to convert energy 
crops to renewable sources of energy in the form of biogas. Other advantages 
include nutrient recycling and reductions in eutrophication and greenhouse gas 
(GHG) emissions [7]. Biogas and the digested residue or liquid, that can be 
utilised as a fertiliser, are the two main products of AD. Biogas is composed of 
about 60% CH4, 40% CO2 and trace amounts of other gases such as H2S and 
water vapour. The gas can be used directly for cooking or combined heat and 
power (CHP) generation, or upgraded to at least 95% CH4 (biomethane) and 
injected into the natural gas grid, as is a current practice in Germany, Sweden and 
Switzerland [3]. Alternatively, biomethane can be compressed and used more 
efficiently as a vehicle fuel [8], and this is becoming popular especially in Sweden. 
Furthermore, biomethane can be liquefied, facilitating its transport. Combustion 
engines utilising biomethane are less noisy and produce less emissions than those 
based on fossil fuels [9]. 
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The effluent, or digestate, of a biogas process is rich in nutrients and can be used 
as a fertiliser. This is true for manure and other wastes with tractable sources, 
which have low or acceptable levels of contaminants [7]. However, sewage sludge, 
for example, is heterogeneous and may contain high levels of contaminants such 
as heavy metals, and its composition must, therefore, be determined before the 
digestate can be applied as a fertiliser [10]. Hence, reducing the content of 
pollutants in the digestate is vital for the sustainable recycling of nutrients to 
agriculture. One aspect of the present work was the improvement of seaweed 
digestate quality, since seaweed contains high levels of toxic heavy metals, 
especially Cd. 
 
Biohydrogen is another renewable fuel that can be produced by the AD of 
carbohydrate-rich materials. It can be produced in a modified anaerobic two-stage 
process, in which the first hydrolytic stage, or dark fermentation (DF), is 
optimised for H2 production. Today, 88% of H2 is produced from fossil fuels and 
4% from the electrolysis of water [11]. Hence, there is growing interest in 
renewable H2 production through biological processes such as DF and 
photobiological processes. In the latter processes, microalgae or photosynthetic 
bacteria harness solar energy using water or organic compounds, respectively. 
Photobiological H2 production is limited by many practical and fundamental 
factors such as the efficient use of sunlight and complex reactor designs [12]. 
Biohydrogen production by DF, on the other hand, is rapid and simple, and any 
carbohydrate-rich organic waste can be utilised [13]. Renewable H2 can also be 
produced using a modified fuel cell [14]. Hydrogen is regarded as a fuel for the 
future as its combustion is very efficient and the only emission is water vapour 
(i.e. zero emission). The combustion of biohythane (a mixture of H2 and CH4) 
with a low C/H ratio, produces lower CO2, CO and nitrous oxide emissions than 
the combustion of methane [15]. There is also a demand for H2 in the chemical 
industry for mineral fertiliser production [11]. 
 
In the present work, strategies for improving biogas and biohydrogen production 
were investigated, including the use of new types of biomass, and a two-stage AD 
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process. The use of marine biomass (mussels, reeds and seaweed), which does not 
compete with agricultural land, was evaluated for biogas production. Biogas 
production from manure was also studied, as it is an abundant material resulting 
from intensive animal farming. In addition, wheat straw, which is a cheap and 
abundant lignocellulosic material and does not compete with food for biofuel 
production, was used for biogas and biohydrogen production. The two-stage 
anaerobic configuration used in this research has been reported to offer benefits 
such as improved process stability, high methane production rates and yields, the 
possibility of high organic loading rates (OLRs) and a low energy demand [16-
18]. Furthermore, leach bed reactors in a two-stage system are useful for the 
digestion of solid organic materials that seldom require pretreatment. 

1.1. Scope of the thesis 
The objective of the work described in this thesis was to experimentally explore 
the benefits of two-stage AD. The research carried out is summarised in Figure 1. 
In particular, the two-stage AD of marine and terrestrial biomass for biogas and 
biohythane production was examined. The separate digestion and co-digestion of 
seaweed and solid cow manure were evaluated using the two-stage AD 
configuration (Paper I). The two-stage system was also used to evaluate the AD of 
mussels with shells and reeds (Paper II). Improvement in the quality of seaweed 
digestate as a fertiliser using iminodiacetic acid (IDA) Cryogel® carriers to remove 
heavy metals was also assessed. The studies presented in Papers III and IV 
describe the hydrolysis of seaweed and heavy metal mobilisation, and also the 
effect of heavy metal removal on methane yield during the treatment of seaweed 
hydrolysate in a UASB reactor. Biogas and biohythane production from acid-
catalysed steam- and enzyme-pretreated wheat straw were also studied (Papers V 
and VI). 
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Figure 1. Schematic diagram showing the processes studied. Rectangles with solid 
lines represent major routes and broken ones alternative routes. 
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2. Feedstocks 
 
The characteristics of the feedstock are important in the design of a biogas 
process. These are examined in this chapter.  

2.1. Seaweed 
Beach cast seaweed in Trelleborg, southern Sweden, is as a result of 
eutrophication of the Baltic Sea (Figure 2). Not only does it create a significant 
waste handling problem for the municipality, but prevents the beaches from 
being used for recreational purposes due to the smell and reduced access. 
Incineration could be used to deal with this seaweed, but that would be expensive 
due to the high water and ash content [19]. At the moment, the seaweed is 
collected by the municipality during the spring and summer, stored under 
controlled conditions, and then returned to the beach in the autumn and winter. 

 
Figure 2. Cast seaweed on the beach at Trelleborg on the coast of Scania, 
southern Sweden, September 2007 (Photo: M. Murto) 
 
The municipality has conducted pilot-scale trials for the production of biogas 
from this material as a means of waste treatment, while producing renewable 
energy [20]. Some sand is collected together with the seaweed, and the 
accumulation of sand in the wet digestion process using a CSTR can be 
problematic. An attractive alternative is, thus, to digest the seaweed in a two-stage 
dry digestion system, where the sand can be easily removed from the first stage 
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leach bed reactor. A major drawback of using seaweed for biogas production is its 
high heavy metal content, which can limit the use of the residue as a fertiliser. 
Another disadvantage is the high sulphate content (see Section 2.6). 
 
The seaweed studied in this work had a low P content compared to manure 
(Paper I), implying that more seaweed would have to be added to farmland in 
order to reach the Swedish standard for fertilisers, which is based on guideline 
values of 100 mg Cd/kg P or 2 mg Cd/kg total solids (TS) [21-23]. Hence, there 
is a risk of the application of high concentrations of heavy metals such as Cd. 
Jogbratt (2011) reported values of 1.84 mg Cd/kg TS (245 mg Cd/kg P) in 
mixed seaweed collected from the west coast of Sweden, rendering it unsuitable as 
fertiliser [24]. Furthermore, the concentrations of heavy metals would be even 
higher per unit TS after AD due to the reduction in the amount of organic 
matter. The challenge therefore lies in reducing the concentration of heavy metals 
so that the nutrient-rich digestate can be recycled on farmland. 

2.2. Mussels 
Mussels are filter feeders and can accumulate nutrients. The cultivation of blue 
mussels (Mytilus edulis) has been reported to be an effective method of nutrient 
removal from the Baltic Sea [25]. Blue mussels have been cultivated in the 
Kalmar Strait in an attempt to reduce eutrophication. Due to the very small size 
of these mussels, they are not suitable as food, but can be used for biogas 
production. Therefore, the AD of these mussels could provide both renewable 
energy and a biofertiliser, however, the high costs of cultivation, harvesting and 
transport are the main hurdles [25]. AD of mussels with shells would cause 
problems in wet digestion systems, and two-stage dry digestion could, therefore, 
be an option.  

2.3. Reeds 
Eutrophication also leads to the establishment and growth of reeds (e.g. 
Phragmites australis) around the coastlines, hindering beach access. Harvesting 
these reeds could improve recreation along the beaches, and provide renewable 
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energy through biogas production. The common reed has been reported to be a 
suitable candidate for renewable energy production using dry anaerobic digestion 
due to its high energy density, i.e. TS content [26]. The high TS content can also 
reduce the cost of transport. However, reeds are not found to be efficient for 
nutrient removal from eutrophied waters [25]. Another problem associated with 
using reeds for biogas production is the high cost of harvesting due to the need 
for special equipment and the difficult terrain. Moreover, reeds are lignocellulosic 
in nature  and degrade slowly under anaerobic conditions [27]. 

2.4. Manure 
Large amounts of manure are generated by intensive animal farming. This 
manure poses a waste handling problem due to the smell, its potential to cause 
GHG emissions, eutrophication and the spread of pathogens. For these reasons, 
the Nordic EU countries have legislation that ensures effective manure 
management, such as stabilisation in storage facilities for six months before use as 
a fertiliser [7]. Manure stabilisation requires a large amount of space and can thus 
be costly. The use of manure for biogas production has been reported to be a 
good method of manure management, as it reduces eutrophication effect and 
GHG emissions, kills pathogens and also provides a nutrient-rich fertiliser and 
renewable energy [7]. 
 
A major concern associated with the use of manure as a feedstock in the biogas 
process is the high transport cost, which is due to the high water content. In the 
region of Scania in southern Sweden, where the present research was performed, 
pipeline transport of manure has been evaluated in a preliminary study [28]. This 
could allow the transport of manure and digestate between farms, and a 
centralised biogas plant might reduce the production cost. Outdoor grazing 
during summer can be another hindrance, which reduces the volume of manure 
available for biogas production. In the current work, the suitability of dry 
anaerobic digestion of solid cow manure was studied (Paper I). 
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2.5. Wheat straw 
Wheat straw is an abundant and cheap lignocellulosic agricultural material which 
does not compete with food for biofuel production. However, this material is 
difficult to degrade to soluble sugars. Lignocellulosic materials have a complicated 
structure of interwoven complexes of cellulose, hemicellulose and lignin. The 
crystalline nature of lignocellulose also prevents access by hydrolytic enzymes 
[29]. The structure of wheat straw is similar to that of reeds. Pretreatment is 
therefore needed to hydrolyse the sugars bound in the straw, which can result in a 
liquid suitable for biohydrogen and biogas production (Papers V and VI). 

2.6. Nutrient composition of the feedstocks 
The nutrient contents of seaweed, solid cow manure, reeds, mussels and wheat 
straw are presented in Papers I, II and V. Biogas processes have special 
requirements regarding macro- and micronutrients, as well as the alkalinity or 
buffering capacity, as discussed in Section 3.2.1. The C/N ratios of wheat straw 
and reed were found to be high (47.7 and 32.5, respectively), while those of 
seaweed and mussels were low (9.2 and 7.4, respectively). The C/N ratio of solid 
cow manure was about 16.9, close to the optimum ratio of 25 recommended for 
AD processes [30]. Thus, co-digestion using these materials could provide a 
means of balancing the C/N ratio. The micronutrients Co, Fe, Ni, Mo, W and Se 
were comparable in wheat straw, solid cow manure and seaweed, and were around 
the levels recommended for AD processes [31-32]. Pretreatment of the wheat 
straw, however, resulted in the loss and dilution of these nutrients, which could 
be costly for the entire AD process due to the need to add nutrients. The 
concentration of Ca in seaweed (5.62 g/kg wet weight ((ww)) was found to be 
high, and is a component of calcium carbonate. This compound dissolves in 
water forming bicarbonate ion, which can reduced the need to add buffering 
compounds to biogas reactors. 
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The seaweed, however, contained high concentrations of heavy metals, which 
might prevent its use as a fertiliser. The concentration of toxic heavy metals such 
as Cd was higher in the seaweed than in the manure and straw (Paper I).  
 
The sulphur content of seaweed was also high, 1.84 g/kg ww. High S content is 
detrimental in AD, as it favours the domination of sulphate reducing bacteria 
(SRB) and the production of H2S, which inhibits the biogas process. Co-digestion 
of seaweed with other organic materials could, therefore, offer a means of 
avoiding the problems associated with a high S content. The concentration of Na 
was high in both the manure (1.2 g/kg) and the seaweed (1.9 g/kg), but low in 
the straw (0.2 g/kg). A Na ion concentration of 3.0 to 16.0 g/l has been reported 
to cause 50% inhibition in AD in the absence of other nutrients or salts [33-34].  
 
In conclusion, seaweed and manure may constitute cheap sources of nutrients for 
the biogas process, but seaweed must be handled with care as it may contain high 
concentrations of heavy metals. Co-digestion of these materials may afford an 
efficient and stable AD process. 
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3. Process concept  
 
The concept of AD, including the two-stage system, pretreatment, heavy metal 
removal and co-production of biogas and biohydrogen, is discussed in this 
chapter. 

3.1. Anaerobic digestion 
A series of metabolic reactions occurs during the anaerobic conversion of organic 
matter to CH4 and CO2, which can be summarised in four main steps: hydrolysis, 
acidogenesis, acetogenesis and methanogenesis (Figure 3). 
 

Particulate organic matter
Carbohydrates, lipids and proteins 

Soluble organic matter
Sugars, fatty acids, amino acids 

Intermediary products 
Alcohols, VFA (e.g. propionic, 
butyric and valeric acids 

Acetate H2 ,CO2 

CH4 , CO2

Hydrolysis 

Acidogenesis

Acetogenesis 

Hydrogenotrophic 
methanogenesis 

Aceticlastic 
methanogenesis 

1st stage

2nd stage

 
Figure 3. Schematic illustration showing the two-stage anaerobic digestion 
process. 
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During hydrolysis, facultative anaerobes secrete extracellular hydrolytic enzymes 
that break down carbohydrates, fats and proteins into their respective monomers. 
These monomers are in turn converted during acidogenesis into alcohols and 
short-chain volatile fatty acids (VFAs) such as acetic, propionic and butyric acids. 
Fermentation is carried out by a spectrum of obligate and facultative anaerobic 
bacteria. This is the fastest step in the degradation of easily hydrolysable organics, 
and the main pathway is via acetate, CO2 and H2 [2, 35]. Reduced fermentation 
intermediates, called electron sinks, can also be formed in another pathway. The 
accumulation of electron sinks (lactate, ethanol, propionate, butyrate and higher 
VFAs) is a bacterial response to high hydrogen concentration in the system [36]. 
The concentration and relative amounts of VFAs produced during this phase are 
essential indicators of the overall performance of the AD process. 
 
Obligate hydrogen-producing bacteria convert the electron sinks produced during 
acidogenesis into additional acetate, CO2 and H2. This step is vital in degradation 
since the methanogens can not utilise the electron sinks directly. Acetogens thrive 
only in an environment with a low partial H2 pressure. This is possible when 
there is a well-functioning syntrophic relationship with the H2-consuming 
methanogens [36-38]. 
 
In the final step, methanogens (Archaea) utilise the acetate, CO2 and H2, and 
sometimes other products such as methanol, methylamine and formate, to 
produce CH4 and CO2. About 70% of the CH4 is produced via the aceticlastic 
pathway by only a small group of methanogens [39]. However, not all microbes 
are capable of producing CH4 through the hydrogenotrophic pathway. The latter 
pathway is beneficial in reducing the partial H2 pressure, which is favourable for 
the acetogens. Gas sparging has been reported to maintain low H2 pressures 
during DF, resulting in improved H2 production [40]. Alternatively, some species 
of H2 producers, such as the extreme thermophilic Caldicellulosiruptor 
saccharolyticus can tolerate high H2 partial pressures [41]. The hydrogen-utilising 
methanogens are amongst the fastest-growing microbes with a generation time of 
6 h, while some slow-growing acetate-consuming methanogens have a generation 
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time of 1 to 12 days [16, 35]. In addition, aceticlastic methanogens are more 
sensitive to environmental changes than the hydrogen-consuming methanogens 
[42]. 

3.1.1. Process parameters 
Operating parameters that influence AD include temperature, nutrients, pH and 
alkalinity, toxins, hydraulic retention time (HRT) and organic loading rate 
(OLR). These are described below. 
 
Full-scale biogas plants are usually operated under mesophilic (25 to 40 ºC) or 
thermophilic (45 to 55 ºC) conditions. Mesophilic processes require lower 
amounts of nutrients and are less sensitive to toxic compounds. Thermophilic 
processes, in contrast, can lead to more pathogen destruction and methane 
production, but require more nutrients and are more sensitive to toxic substances 
[43]. 
 
Both micro- and macronutrients are required for efficient AD. In addition, 
methanogens need key micronutrients such as Co, Fe, Ni, Mo, W and Se [31, 
44]. Nutrient deficiency can be solved by the simultaneous AD of several organic 
materials (co-digestion) [1, 22]. The optimum pH for acidogens and 
methanogens is about 6 and 7, respectively [45]. Bicarbonate is often the main 
buffering species [37] and the range of alkalinity recommended to maintain a 
suitable neutral methanogenic pH in a biogas digester is 2 to 4 g CaCO3/l [46]. 
Some raw materials, such as seaweed, manure and mussels, have inherent 
alkalinity and their co-digestion with carbon-rich organic material can provide a 
feasible alternative to improve the buffering capacity. 
 
Methanogens are sensitive to toxic substances, but this situation can be reversed 
under favourable conditions. Indicators of toxicity in AD include the production 
of H2, low methane yield, low pH and alkalinity, as well as the accumulation of 
VFAs. Several substances can exert toxic effects on the microbes in AD, for 



 13

instance, NH3, HCN, H2S, long-chain fatty acids, heavy metals and other 
aliphatic and aromatic compounds [47]. 
 
The HRT and OLR are operational parameters that determine the feeding rate of 
a biogas digester, and these have to be controlled in order to avoid hydraulic and 
organic overload, which may lead to process failure due to wash-out of microbes 
or VFA accumulation. The HRT is the time the liquid feed is retained in the 
reactor, while OLR is the amount of organic matter added per unit reactor 
volume per unit time. Biogas processes are usually operated below the optimum 
loading rates, although they can accommodate higher loads under stable 
conditions [37]. The reason for this is to ensure a safety margin, since process 
recovery can be time consuming and costly. The application of higher OLRs 
requires online process monitoring and control for safe operation [48]. 

3.1.2. The two-stage process using a leach bed 
and UASB reactor 
The techniques used for biogas production can be classified according to whether 
they are dry or wet, single-stage or two-stage, batch or continuous, or 
combinations thereof [17, 35]. Biogas processes that are operated with a TS 
content of less than 15% are classified as wet processes, while those with a TS 
content ranging between 15 and 35% TS are categorised as dry digestion 
processes [17-18]. The advantages of dry over wet processes are the low costs of 
handling and heating, and higher loading rates. In a one-stage process, all the 
microbial processes: hydrolysis, acidogenesis, acetogenesis and methanogenesis, 
take place in a single reactor. In the two-stage process, hydrolysis and acidogenesis 
take place mainly in the first reactor, while acetogenesis and methanogenesis take 
place in the second, methane reactor.  
 
Acidogens and methanogens differ significantly in their physiology, nutrient 
requirements, growth kinetics and sensitivity to environmental conditions [45], 
and separating these microbes in hydrolytic and methane reactors has been 
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reported to be a good optimisation strategy [16, 45, 49]. Both one- and two-stage 
processes can be operated as a wet or dry process, or a combination of the two. In 
batch processes, the organic material is loaded and allowed to digest for a long 
period of time until the biogas production reaches a preset minimum. Batch 
processes are common in one-stage dry digestion. Continuous dry digestion 
processes operated in plug flow mode also exist [50]. Continuous processes are 
either fed continuously or less frequently (semi-continuous), as in the case of the 
one-stage conventional CSTR. 
 
In a two-stage process, organic matter is broken down into soluble organics, 
mainly VFAs. These soluble organics are subsequently treated in a methane 
reactor [4]. In this set-up, hydrolysis is efficient and methane production can be 
performed at high OLRs, hence, utilising the maximum reactor capacity. In 
practice, the two-stage system is not completely separated as some methane 
production occurs in the leach bed reactor. This is particularly so in the case of 
slowly degradable organic materials, and materials with a high buffering capacity 
[51]. Thus, the use of a leach bed reactor only can be an alternative operation 
unit for biogas production (Figure 4a). 
 
Methane can be produced in the second stage using a CSTR, a methane filter, a 
UASB reactor, an expanded granular sludge bed reactor or another sequential 
leach bed reactor [17, 35]. In this research, a UASB reactor was used (Figure 4b). 
The formation and retention of granular anaerobic sludge is a unique feature of 
UASB reactors and, hence, they can accommodate high OLRs, methane 
production rates and organic matter degradation under stable operational 
conditions [4]. The granules offer protection to the more sensitive methanogens 
in the interior, while the less sensitive microbes are located around the periphery 
[52]. UASB reactors are used in the treatment of both dilute and high-strength 
wastewater that may contain toxic substances. Granular sludge retention over 
time, enables adaptation to toxic compounds and this technology is available on 
an industrial scale [53-54]. 
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Benefits of the two-stage process include process stability, high methane 
production rates and yields, high OLR and low energy demand: as in the case of 
the dry AD leach bed coupled to a high-rate methane reactor [16-18, 35]. The 
one-stage dry digestion system also has its own intrinsic advantages such as the 
direct digestion of organic materials, requiring little pretreatment. One-stage dry 
digestion is also simple to operate, since the material is loaded less frequently, and 
the labour cost is thus lower [17].  
 
The main disadvantages of the two-stage process compared to the widely used 
one-stage CSTR wet digestion process are the loss of inter species and the higher 
capital and operational costs associated with two reactors [17, 37]. These 
disadvantages have limited the implementation of the two-stage process in many 
full-scale processes. For these reasons, the one-stage dry digestion system has 
become popular as farm-scale biogas digesters in Germany [35], and full-scale dry 
digestion equipment such as that marketed by Dranco, Valorga, Linde and 
Kompogas are now available [50, 55-56]. The main drawbacks of the one-stage 
process are the long digestion time, especially for slowly degrading materials, and 
the fact that the process is preferred for the digestion of structured materials that 
facilitate liquid percolation. Co-digestion of municipal solid waste with compost, 
the latter acting as an inert material, has been reported to improve liquid 
recirculation and the general performance of the process [57]. Floating of 
materials such as energy crops in the leach bed reactor is another problem that has 
been reported in association with the one-stage process [50]. Moreover, uneven 
distribution of heat has also been reported in this one-stage system. A remedy to 
this problem is to aerate temporarily, leading to increase temperatures due to 
aerobic metabolism. Aeration technique also prevents the rapid acidification of 
the leach bed reactor when digesting easily degradable organic materials [50].  
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Figure 4. (a) A single-stage leach bed reactor for methane production, and (b) the 
UASB reactor used in the two-stage system. The photograph shows two-stage 
anaerobic digestion of mussels (left) and reeds (right). 
 

3.1.3. Pretreatment for improved biogas 
production 
Some form of pretreatment of the feedstock is usually required prior to digestion 
in a biogas reactor. This may involve the removal of unwanted inert materials 
such as plastics, sanitation (pathogen destruction), size reduction, dewatering in 
the case of very dilute waste streams, or dilution with water or other waste streams 
to facilitate pumping of materials with high TS content [35]. Another type of 
pretreatment is intended to improve the substrate biodegradability, and was 
studied in this research.  
 
Lignocellulosic materials such as wheat straw have a complex interconnected 
structure of cellulose, hemicellulose and lignin. The degradation of lignocellulosic 
material is limited by cellulose crystallinity, the degree of polymerisation, the 
exposed surface area and the lignin and moisture content [58]. Lignocellulose can 
be degraded under anaerobic conditions, but requires a long digestion time, 



 17

which can be expensive in a full-scale process [59]. Pretreatment is therefore 
performed to shorten the digestion time and speed up the conversion of the 
sugars to biofuels [58]. Several efficient methods of lignocellulose pretreatment 
have been reported, an example being steam pretreatment at high temperatures 
(160-240 °C) using a dilute acid catalyst followed by enzymatic hydrolysis [58, 
60]. This treatment results in the dissolution of hemicellulose and then lignin, 
releasing the cellulose fibrils for further enzymatic hydrolysis. The goal of 
pretreatment is to obtain high sugar yields, preserve the sugars, and limit the 
formation of inhibitory compounds; it should also have a low energy demand and 
cost [61]. Although acid-catalysed steam pretreatment is efficient for the release of 
sugars, it results in the formation of inhibitory compounds such as furfurals, 
hydroxymethylfurfural (HMF), and levulinic and formic acid, which inhibit 
fermentative microorganisms [47, 58, 60, 62]. The operation of a steam 
pretreatment unit can be energy demanding, however, the use of heat exchangers 
and process integration with other processing steps in bioethanol production have 
been reported to reduce the energy demand [63]. Furthermore, system integration 
with other CHP industries that produce excess heat can provide a cheap energy 
source for steam pretreatment. Demonstration plants that use steam pretreatment 
techniques in bioethanol production from lignocellulose materials are operational 
or under construction, and their implementation will increase in the near future 
due to the need to increase biofuel production [60, 64]. 
 
Seaweed degrades easily, but its hydrolysis is incomplete. Brown seaweed, for 
instance, has a tendency to form insoluble calcium alginate gels, which limit the 
accessibility of hydrolytic enzymes [65]. Solubilisation of calcium alginate gels 
occurs at high sodium to calcium ion ratios and at temperatures above 100 °C 
[66]. Post-treatment of seaweed hydrolysis residue is therefore necessary for total 
solubilisation and conversion to biogas. The hydrolysis of seaweed in leach bed 
reactors and the post-treatment of the recalcitrant residue were studied in the 
present work (Paper III). 
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3.2. Heavy metal removal using IDA Cryogel 
Heavy metals are defined as those with a density > 4.5 kg/dm3 and atomic 
number 63.5 to 200.6 [67]. Some heavy metals are required at low concentrations 
for the metabolism of living organisms, although higher levels have detrimental 
effects on health and the environment. Some heavy metals are toxic; the threshold 
for toxicity varying among the metals [68]. Techniques for heavy metal removal 
include chemical precipitation, ion exchange, adsorption, membrane filtration, 
coagulation-flocculation, flotation and electrochemical methods [69]. The choice 
of method is dependent on the economy and efficiency, and combining two or 
more methods can reduce the heavy metal concentration to acceptable levels [69]. 
IDA Cryogel® carriers can be used to treat particulate wastewaters due to their 
porous structure, high mechanical stability and high binding capacity [70-72]. 
 
Hydrolysis and acidogenesis of organic matter result in low pH and the 
mobilisation of heavy metals [73]. The mobilised metals can then be removed 
from the hydrolysate before methane production (Figure 5). In the present 
research (Paper IV), IDA Cryogel prepared in Kaldnes carriers was used to bind 
and remove heavy metals from seaweed hydrolysate. 
 

Biogas Biogas

Leach bed  
reactor 

UASB 
reactor 

IDA Cryogel carrier for 
metal removal  

Figure 5. Heavy metal removal from seaweed in the anaerobic two-stage system. 
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IDA Cryogel carriers are produced by cryogelation of a mixture of monomers and 
an initiator. The mixture is poured into a glass cylinder filled with stacked 
Kaldnes carriers (mould) and then frozen rapidly. Most of the water freezes, but 
the rest of the substances are collected in non-frozen regions. It is in this region 
that gelation occurs. Upon thawing, the ice crystals that occupy most of the gel 
melt, leaving behind large interconnected pores with pore sizes between 1 and 
100 μm (Figure 6) [70-71, 74]. The functional ligand, IDA, which is a typical 
ligand for immobilised metal affinity chromatography, is introduced prior to 
gelation to bind divalent metal ions. This gel can be regenerated and reused [71]. 
 

0.5 cm 100 μm 

 
Figure 6. IDA Cryogel in Kaldnes carriers showing the principle of metal binding. 
 

3.3. Biohythane production 
Two-stage AD for hydrogen and methane (biohythane) production is similar to 
two-stage AD for biogas production. However, the first hydrolytic reactor is 
optimised for H2 production (Figure 7). The theoretical yield for the conversion 
of hexoses to H2 when growth is neglected is 33% [75]. This implies that 66% of 
the energy present in hexoses is trapped in acetic acid or other degradation 
metabolites and, hence, a second methane reactor is required to recover the 
remaining energy [76]. A high H2 yield of 4 mol/mol of hexose is achieved when 
the degradation end product is acetic acid. But in practice, there can be the 
production of a mixture of butyric acid, with a yield of 2 mol/mol of glucose, and 
propionic acid, with a yield of 1 mol/mol of glucose. Other degradation end 
products such as lactic acid and ethanol do not result in H2 production, however, 
these compounds contain energy that can be recovered in the biogas process. 
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Figure 7. Co-production of biohydrogen and biogas. 
 
The production of H2 can be improved by heating or chemical inactivation of 
methanogens, pH control and use of specialised microorganisms [77-78]. In the 
present work (Paper VI), the extreme thermophile C. saccharolyticus was used for 
H2 production, which produces a high H2 yield as the end metabolite is mainly 
acetic acid. It can grow under high osmotic and partial H2 pressure, and can also 
utilise complex carbohydrates, thus making it an interesting candidate for 
industrial applications [41]. However, gas sparging is needed to maintain a low 
H2 partial pressure in order to achieve high yields and productivities. On the 
laboratory scale, N2 is often used as a sparging gas due to its low cost, however, its 
separation from H2 is difficult and costly on industrial scale. CO2, on the other 
hand, can be easily separated from H2, but has a detrimental effect on the growth 
of C. saccharolyticus [79]. The biohythane process was modelled by combining 
kinetic models of the fermentation steps (DF and AD) and the gas upgrading unit 
model. Gas upgrading by CO2 removal was performed with an amine solution 
(40% methyldiethanolamine, 10% piperazine and 50% water, by weight). A 
techno-economic analysis of the biohythane process was performed on small scale 
process treating wheat straw at 2 tonne/h. 
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4. Two-stage dry anaerobic 
digestion of solid substrates 
 
The AD of different kinds of substrate, seaweed, manure, mussels and reeds, were 
studied in a two-stage system and in a one-stage leach bed reactor. 

4.1. Effect of substrate type 
Seaweed, seaweed/solid cow manure, mussels with shells and reeds were digested 
in a dry anaerobic two-stage process (Papers I and II). The two-stage system 
consisted of a leach bed reactor and a UASB reactor (as described above). Solid 
manure was also digested in a dry one-stage leach bed process. The results showed 
that the two-stage system was efficient in the digestion of seaweed and mussels, 
since 68 to 80% of the methane was produced in the UASB reactor, while only 
20 to 32% of the methane was produced in the leach bed reactor (Table 1). It was 
therefore beneficial to include a second UASB reactor, allowing for faster methane 
production. Similar results, of high methane production (56%) from a UASB 
reactor in comparison to a leach bed reactor, have been reported for maize, which 
is a widely used crop for biogas production [51]. The one-stage leach bed system 
was, however, efficient for the digestion of manure, seaweed/solid manure and 
reeds, since most of the methane was produced in this reactor. Operation of a 
single reactor can be beneficial, as the capital and operating costs are lower [17, 
80]. Reeds have a higher energy density than the other materials investigated, and 
the methane yield based on ww was 5 to 16 times higher than those from 
seaweed, manure and mussels. The low methane yields based on ww of seaweed 
and manure were due to the high water content, while for the mussels it was due 
to the presence of shells. It therefore suggests that in the design of a biogas plant 
of these materials, transport cost has to be minimised as it may lead to a feasible 
process. High water content may also lead to the design of large reactors, hence, 
leading to higher capital cost. 
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Table 1. Two-stage anaerobic digestion of seaweed, solid cow manure, mussels and reeds. 
 Seaweed Solid cow 

manure 
Seaweed/manure 
(1:1 g VS basis) 

Mussels  Reeds Maize 
[51] 

Duration (days) 24 77 30 44 107 28 
Methane produced in 
leach bed (%)  

20 100 17 32 80 46 

Methane produced in 
UASB reactor (%)  

80 - 83 68 20 54 

Total methane yield 
(l CH4/g VSadded) 

0.16 ± 0.02 0.14 ± 0.01 0.11 ± 0.01 0.33 ± 0.03 0.22 ± 0.02 0.44 

Total methane yield 
(l CH4/g ww) 

0.01 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.03 ± 0.01 0.16 ± 0.01 0.05 

 
 
The two-stage system was very stable for the digestion of seaweed and mussels, 
both of which exhibited a fast rate of hydrolysis in the leach bed reactor, efficient 
solubilisation of solids, and efficient conversion of soluble organics to biogas, as 
evidenced by the low chemical oxygen demand (COD) concentration of < 1 g/l 
in the UASB reactor. Process stability of the two-stage system has previously been 
reported in the literature as a particular feature of this reactor configuration [17, 
49, 81]. 
 
Ammonia inhibition can be a serious problem in the digestion of manure and 
mussels. Initial ammonia inhibition (139 mg/l) was experienced in the digestion 
of manure in the leach bed reactor which, however, was overcome by the lowering 
of pH as hydrolysis proceeded. Long-term treatment of these substrates may 
result in subsequent inhibition due to the accumulation of ammonia. Co-
digestion of manure and seaweed resulted in a favourable process as the ammonia 
concentration was low, about 23 mg/l, and hence, co-digestion could be a cost-
effective method to remedy ammonia inhibition. Ammonia is inhibitory to 
methanogens at concentrations of 100 to 150 mg/l [82], but depends on the 
degree of adaptation of the methanogens [83]. Furthermore, co-digestion of these 
substrates resulted in conditions that were favourable for methane production in 
the leach bed reactor, and the optimisation of this process could be considered in 
future research. 
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The two-stage system in this work proved to be a versatile system, enabling the 
digestion of mussels with shells and seaweed with sand. The shells and sand can 
be easily removed after hydrolysis and the hydrolysate circulated for methane 
production. The accumulation of sand in a CSTR has been reported in the 
digestion of the green algae Ulva [84], while shell removal may be costly if the 
mussels were to be digested in a CSTR. 
 
The two-stage system was efficient for easily hydrolysable materials such as 
seaweed and mussels and this can permit faster methane production in methane 
high rate reactors, thus, exploring its full capacity when several leach bed 
processes are in operation [81]. The one-stage process, on the other hand, was 
efficient for the digestion of reeds which are slowly degradable, and for manure, 
which has a high buffering capacity. Co-digestion of easily hydrolysable materials 
such as seaweed and manure can enable their digestion in a one-stage process, 
hence reducing the capital and operating costs. The need of little of no 
pretreatment is an advantage of the leach bed reactor. However, the structure of 
the materials could reduce liquid percolation. For example, the structure of the 
leach bed was improved when seaweed was co-digested with manure (Paper I). In 
addition, long digestion times would be disadvantageous in the case of slowly 
degrading organic materials such as solid manure and reeds. Another problem 
observed was floatation of the reeds, which would result in dry zones, leading to 
poor digestion (Paper II). Ensuring a constant supply of feedstock to a biogas 
plant, as in the case of mussels, could be problematic due to unforeseen weather 
conditions. Despite the technical advantages offered by the one-stage dry 
digestion and the two-stage systems, economic analyses of the entire process are 
required to investigate the economic feasibility of these processes. 
 
According to the International Energy Agency, the deployment of new and 
efficient biofuel conversion technologies and the exploration of new types of 
biomass are both important measures to decarbonise the transport sector [85]. 
Seaweed and algae have a high biomass yield per hectare, do not compete with 
cultivation on arable land, can grow in fresh, brackish, saline and wastewater, and 
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also have the potential of CO2 and nutrient recycling from polluted streams [85]. 
Another important aspect in the use of marine biomass is the recycling of 
nutrients from the sea and other wastewaters. Today, predictions of phosphorus 
depletion in the next 50 years and also increased extraction cost from non-
renewable phosphorus rocks is a very controversial topic [86]. Phosphorus is a 
vital component of fertiliser, and the sustainable recycling of nutrients is 
important for the future of the agricultural sector.  
 
Therefore, improvement of the two-stage and one-stage dry digestion systems and 
the utilisation of reeds, mussels, manure and seaweed have potential for the 
augmentation of biogas production. 
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5. Biogas production and the 
removal of heavy metals from 
seaweed 
 
Methane production from seaweed was studied in batch mode and in the two-
stage system consisting of a leach bed reactor and a UASB reactor. The efficiency 
of seaweed hydrolysis in a leach bed reactor alone was evaluated. Post-treatment 
of the seaweed residue after hydrolysis in the leach bed reactor was also 
investigated with regard to the release of soluble organics. Another reason for 
hydrolysing seaweed was to release the heavy metals into a liquid so that they 
could be removed using IDA Cryogel carriers. Zn ion mobilisation from the 
solids in the leach bed and also after the post-treatment of the residue was 
investigated. The heavy metals removal from these hydrolysis liquids, and the 
effect on methane production was evaluated. 

5.1. Hydrolysis 
Seaweed hydrolysis was performed in leach bed reactors and the recalcitrant 
residue that was not hydrolysed was post-treated (Paper III).  
 
In the hydrolysis experiments in the leach bed reactors, the effects of mesophilic 
(35 °C) and thermophilic (55 °C) temperatures, alkaline addition and dilution 
with water were evaluated (Table 2). The results showed that leach bed hydrolysis 
at 22 °C with hydrolysate withdrawal and dilution with water (H3 in Table 2) led 
to comparable organic matter solubilisation to hydrolysis at 55 °C and NaOH 
addition without hydrolysate withdrawal and water dilution (H2). Organic 
matter solubilisation was higher in both H2 (0.46 g sCOD/g VSadded) and H3 
(0.43 g sCOD/g VSadded) than in H1 (0.31 g sCOD/g VSadded). 
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Comparisons have been made of the degree of acidogenesis expressed as the ratio 
CODVFA/sCOD, which represents the amount of VFAs in the soluble organics 
[87]. In the present work, this ratio was generally higher in H3, mainly due to the 
dilution of the reactor contents with water, but it was generally lower in H1 and 
H2. This indicates that most of the soluble organics in H3 were converted to 
VFAs, while in H1 and H2 hydrolysis and acidogenesis were inhibited by the low 
pH, of about 5.0 to 5.5, and VFA accumulation, as evidenced by the fairly 
constant VFA profile. A retention time of 10 days may be appropriate for the 
hydrolysis of seaweed in a leach bed reactor since 91% of the process yield in H2 
was solubilised during this period. Agar gel formation was observed in 
thermophilic leach bed hydrolysis (55 °C). It may, therefore, be necessary to 
dissolve this gel to improve the circulation of the hydrolysate in the pipelines of 
full-scale processes. The agar gel may also limit enzyme access, leading to poor 
solubilisation of the organics present in the seaweed [65]. 
 
Table 2. COD solubilisation, methane yield and Zn mobilisation % during seaweed hydrolysis. 

 Process yield  
(g sCOD /g VSadded) 

Methane yield (l 
CH4/g VSadded) 

Zn mobilisation 
(%) 

Leach bed hydrolysis of seaweed 
H1 (37 °C without 
dilution)  

0.31 ± 0.01 0.15 ± 0.01 13-21 

H2 (55 °C + NaOH 
without dilution) 

0.46 ± 0.01 - 40 

H3 (22 °C with water 
dilution)  

0.43 ± 0.01 - - 

Post treatment of seaweed residue 
C1 (Control 1) 0.09 ± 0.01 - - 
C2 (Control 2) 0.21 ± 0.02 - - 
P1 (Dilute H2SO4 + 
autoclaving) 

0.47 - - 

P2 (Dilute NaOH + 
autoclaving) 

0.78 ± 0.10 0.11 ± 0.02 33 

Combined H1 and P2 0.86 ± 0.11 0.34 ± 0.02 54 
C1 control: seaweed soaked for 1 hour in distilled water; C2 control: seaweed soaked for 1 
hour in 0.25% w/v NaOH 

 
 
Post-treatment of the seaweed residue was performed by soaking in acid (P1) or 
base (P2), followed by autoclaving. The alkaline treatment was more effective 
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than the acid treatment, and about 78% of the organics present in the residue was 
solubilised (Figure 8). Insoluble Ca2+ alginate gel has been reported to be soluble 
at increasing Na+/Ca2+ ion ratios [88]. 
 
In summary, leach bed hydrolysis of seaweed followed by alkaline post-treatment 
and autoclaving resulted in about 86% solubilisation of the organic matter. A 
period of 10 to 15 days may be sufficient for the combined treatment procedure, 
and the hydrolysates can then be treated in high-rate methane reactors. 
 

 
Figure 8. Results of post-treatment of seaweed residue. Control C1 (left), acid 
treatment and autoclaving (middle) and alkaline treatment and autoclaving 
(right). 
 
In conclusion, post-treatment of seaweed and subsequent biogas production from 
the hydrolysate may provide a method of disposing of the digestate, which could 
contain high heavy metal concentrations. However, the fate of the heavy metals 
after treatment in a UASB reactor was not studied, and could be an area for 
further research. 
 

5.2. Mobilisation and removal of heavy metals 
The mobilisation of Zn ions was evaluated under the conditions in H1, H2 and 
P2 (Table 2). Zn ions were studied as they were present at high concentrations. 
The objective of improving heavy metal mobilisation is to increase the 
concentration in the liquid and thus maximise the amount that can be complexed 
and removed by the IDA Cryogel carriers. The initial Zn ion concentration in the 
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seaweed was 460 μg/g VS; and 61 ± 7 μg/g VS and 184 ± 11 μg/g VS were 
mobilised under the conditions in H1 and H2, respectively. Hence leach bed 
hydrolysis at 55 °C and NaOH addition with water dilution was more effective 
than hydrolysis at 37 °C. 
 
The combination of leach bed treatment with alkaline and autoclave treatments 
of seaweed (H1 and P2) resulted in 54% Zn mobilisation. The mobilisation was 
21% in H1 and 33% in P2. The mobilisation of Zn ions was low, despite the 
prevailing low pH of 5.0-5.5 in the leach bed reactor. It was suspected that this 
low Zn ion mobilisation was due to sulphide precipitation of the metals and also 
possibly to the presence of chelating groups, which have been reported in seaweed 
[89-90]. Zn ion mobilisation of 56% has previously been reported in maize 
hydrolysis in a leach bed reactor [91]. 
 
Heavy metal removal was performed on the seaweed hydrolysate from the leach 
bed reactor (H1) (Paper IV). The IDA Cryogel was efficient in removing the 
heavy metals, and the percentages removed were 79% Cd, 59% Cu, 70% Ni and 
41% Zn ions. Although toxic metals such as Cd were removed, the IDA Cryogel 
also removed Ni, which is a key nutrient for methanogenesis [31]. It may, 
therefore, be advantageous to use specific ligands (for example, the molecular 
imprinting technique) in order to target particular heavy metals in the seaweed 
hydrolysate. 

5.3. Effect of pretreatment and heavy metal 
removal on methane yield 
The combination of leach bed hydrolysis and post-treatment with an alkali and 
autoclaving resulted in a significant improvement in the methane yield: 0.34 
l/gVSadded, which was 2.8 times higher than that of untreated seaweed. This was 
achieved when the hydrolysate from the leach bed reactor and the post-treatment 
hydrolysate were co-digested at a ratio of 1:1 based on g total COD. Their 
separate digestion resulted in lower methane yields. Co-digestion may have 
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balanced the nutrients and diluted any toxic compounds produced during 
pretreatment. For instance, the ratio of COD/SO4

2- in the post-treatment 
hydrolysate was higher than that in the leach bed hydrolysate. Higher ratios of 
COD/SO4

2- have been reported to favour methane production, while lower ratios 
favour the domination of SRB [92]. Methane production from the digestion of 
seaweed hydrolysates from the leach bed was more rapid than from the raw or 
unhydrolysed seaweed. 
 
A significant reduction in methane potential resulted when the IDA Cryogel was 
used to remove heavy metals from the seaweed hydrolysate. This is thought to be 
due to the removal of key nutrients, such as Ni, needed for methane production. 
Furthermore, the inhibition of methanogens due to H2S toxicity would also 
increase, as the metals were not available to precipitate with the high levels of H2S 
present during the digestion process. 
 
Based on the results of this research, it is recommended that the heavy metal 
removal step be included after AD. As the seaweed already contains sulphate, 
some metals may be precipitated in the leach bed and UASB reactors. The 
capture of metals by extra-polymeric substances used to stabilise the granular bed 
may result in additional reduction in the metal concentration. Finally, IDA 
Cryogel can be used as a polishing step after two-stage AD. Exploring all the 
possibilities of metal removal in this process may keep the level of the Cd below 
the permitted limit and this could be considered for further investigation.  
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6. Biogas and biohydrogen 
production from wheat straw 
 
This section describes the studies carried out on biogas and biohydrogen 
production from wheat straw. Pretreatment of wheat straw was performed in 
order to release the bound sugars into the liquid. 

6.1. Steam and enzyme pretreatment 
The wheat straw was pretreated with steam and an enzyme (Paper V). Figure 9 
shows the wheat straw before and after pretreatment. Dilute phosphoric was used 
as a catalyst in the steam pretreatment instead of the commonly utilised sulphuric 
acid. Sulphuric acid is efficient, but can be problematic in the AD process due to 
the formation of H2S and competition with SRB [93]. Another modification of 
the pretreatment was the use of a more efficient Celluclast enzyme, Cellic C 
Htech (Novozymes, Denmark). The pretreatment was efficient, and 95% of the 
sugars bound in the lignocellulose of the wheat straw were released, which is 
comparable to results in previous studies [94]. Enzyme treatment improved the 
C/N ratio from 47.7 in the wheat straw to 20.1 in the wheat straw hydrolysate, 
and is comparable to the recommended ratio of about 16 for AD [95]. Steam 
pretreatment also led to sterilisation of the organic material, which can be an 
added advantage when using a monoculture for biohydrogen production.  
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Figure 9. The original wheat straw and the sugar-rich liquid obtained after steam 
and enzyme pretreatment. 
 
However, the pretreatment resulted in the production of compounds such as 
HMF and furfurals which are toxic to methanogens [95]. HMF and furfurals can 
be degraded in anaerobic systems for biogas production [96]. Inhibition can be 
reduced by dilution of the high-strength hydrolysate before being used in biogas 
and biohydrogen production. Another drawback of this pretreatment was the loss 
of organic compounds, especially during the soaking step in the dilute acid, but 
also during steam pretreatment and the enzymatic hydrolysis, which was 
performed for 3 days at 50 °C. Volatilisation of organics that could have been 
converted to hydrogen and methane would have been lost in these stages. Soaking 
also resulted in the loss of important nutrients and buffer substances needed for 
efficient AD. Spraying of dilute acid, therefore, appears to be better than soaking. 
Loss of nutrients can be costly, as there is then a need to add nutrients, as has 
been reported previously in a techno-economic evaluation of a combined 
biohydrogen and biogas process based on potato peels [97]. Pretreatment with 
steam and enzymes has been reported to be effective in the hydrolysis of ligno-
cellulosic material [63, 94]. 

6.2. Effect of steam and enzyme pretreatment 
on methane potential 
The effect of pretreatment methods such as cutting, grinding, steam pretreatment 
and combined steam and enzyme pretreatment on wheat straw were evaluated 
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with regard to methane potential (Paper V). Cutting the straw to lengths of 1-2 
cm and grinding had no significant effect. However, a substantial improvement in 
the methane yields was obtained with the steam/enzyme pretreated straw, 0.32 l 
CH4/gVSadded compared to 0.18 l CH4/gVSadded for the untreated wheat straw. 
Comparable results have been reported for wheat straw in previous research [98]. 
The biogas potential of the wheat straw hydrolysate was 11.9 MJ/kg TS, which 
can be compared to the lower heating value of 16.3 MJ/kg TS of the sugars 
bound in the wheat straw. The low energy content of the hydrolysate is due to the 
loss of organics during pretreatment. The separated hydrolysate can be treated in 
high-rate methane reactors, while the lignin, which yielded 4.2 MJ/kg TS, can be 
used for the generation of energy to supplement the heat and power supply of the 
entire process. 
 
Agricultural and forestry residues, which are mainly of lignocellulosic origin, have 
great potential for biogas production. The potential in Sweden has been estimated 
to be about 74 TWh/year, which is equivalent to about 10% of the total energy 
consumption in the country [99]. Hence, expanding biofuel production from 
wheat straw and other lignocellulosic materials would help attain national goals 
and also EU objectives regarding the substitution of fossil fuels with renewable 
fuels. 

6.3. Treatment of seaweed, wheat straw and 
dark fermentation hydrolysates in UASB 
reactors 
The hydrolysates of seaweed, seaweed/wheat straw, wheat straw and the DF 
effluent were efficiently treated in a UASB reactor, resulting in high methane 
production rates, high removal of organic compounds and stable operating 
conditions (Papers IV, V and VI). Table 3 presents the results of the treatment of 
the hydrolysates at high OLRs. The methane production rates ranged from 0.99 

to 3.04 l CH4/l⋅day, and depended on the OLR and HRT. However, the 
methane production rate from seaweed was lower than expected, and this was 
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suspected to be due to the toxic compounds, especially sulphate, present in the 
seaweed [84, 100]. Sulphate can be converted by SRB to H2S, which is toxic to 
methanogens, and SRB also compete with methanogens for organic compounds 
[93]. This effect was also reflected in the low methane yield of 0.21 l CH4/g 

COD at an OLR of 4.9 g COD/l⋅day obtained from seaweed hydrolysate, 
compared with that from wheat straw hydrolysate (Paper V) and the DF effluent 
(Paper VI). No significant improvement was seen in the methane yield in the co-
digestion of seaweed and wheat straw hydrolysate. However, the process can be 

operated at a high OLR of 6.59 g COD/l⋅day. Previous studies have shown that 
low ratios of seaweed to steam-pretreated wheat straw resulted in improved 
methane yields [101]. Further investigations using UASB reactors are therefore 
recommended. 
 
Indeed, the reactors were very stable despite the high OLR rates applied. The 
features of stable operation were high organic matter or COD removal, neutral 
effluent pH, low total VFA in the effluent, and high buffering capacity measured 
as the partial alkalinity. This confirms the versatility of the UASB reactor, which 
has also been reported in the treatment of a wide range of wastewaters [53, 102-
103]. The high settling, and the protective and adaptive nature of the anaerobic 
granules also allow high methane productivity under these stable operating 
conditions [4, 96]. 
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Nutrient and buffer supplementation were necessary for the treatment of wheat 
straw and DF hydrolysates in the UASB reactor. Signs of early process failure 
occurred in the treatment of both wheat straw and the DF effluent. The addition 
of the AD basic medium, described earlier, was therefore needed to sustain 
treatment in the UASB reactors [104]. Seaweed may be a suitable co-substrate, as 
well as manure, due to its rich nutrient and buffer content. The treatment of 
seaweed alone without the addition of nutrients or buffer capacity (AD basic 
medium) was possible in these investigations. In addition, seaweed may constitute 
a cheap source of nutrients and buffer capacity in the treatment of wheat straw 
hydrolysate. Manure is also a suitable co-substrate, however, there is increasing 
competition for this material due to the increasing number of biogas plants [105]. 
In comparison, the treatment of palm oil effluent [34] and methanol condensate 
[103] in a UASB reactor required the addition of AD basic medium, while the 
treatment of slaughter house waste in a similar system did not [106]. The cost of 
adding nutrients to AD systems treating potato peels has been found to be 
significant. Hence, the use of suitable co-substrates could be important in 
reducing the cost of biogas processes [97]. 
 

                              

6.4. Co-production of biohydrogen and 
biomethane 
The wheat straw hydrolysate was used for biohydrogen production in a CSTR, 
and the effluent was subsequently treated in a UASB reactor for methane 
production. Hydrogen production in the CSTR was performed with a 
monoculture of the extreme thermophile, C. saccharolyticus (Paper VI).  
 
The objective of DF for H2 production was to investigate the optimum sugar 
concentrations and the effect of sparging with biogas (60% CH4 and 40% CO2) 
at different dilution rates. In the laboratory experiments, methane was replaced by 
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nitrogen due to safety reasons. Pre-trails showed that replacing methane with 
nitrogen had no significant effect on H2 production, whereas the use of CO2 had 
a negative effect and this effect has been reported previously [41]. 
 
High H2 yields were obtained at 10% hydrolysate concentration (11.4 g/l total 
sugar); fermentation was not possible at higher hydrolysate concentrations. The 
reason for this could be the presence of inhibitors such as HMF and furfurals, as 
this inhibitory effect has been reported previously [107]. Another reason could be 
the high osmolarity of the 20% v/v hydrolysate (0.26 osmol/kg of H2O), which 
was around the critical level of 0.22-0.26 osmol/kg of H2O, reported for C. 
saccharolyticus [79]. Hydrolysate at 10% concentration was then used to 
investigate the effect of sparging with N2 and CO2 at different HRTs in the 

CSTR. High H2 production rates of 1.8 to 3.5 l/l⋅day were obtained at HRTs of 
0.3 to 0.8 days with N2 and CO2 sparging of 6 l/h. For comparison, a low H2 

production rate, 0.8 l/l⋅day has been reported for wheat straw hydrolysate 
(containing about 3 g/l sugars in the feedstock) in a UASB reactor [108-109]. 
Furthermore, comparable, high H2 productivities have also been reported in the 
DF of sugar beet molasses using C. saccharolyticus [110]. The ability of C 
saccharolyticus to tolerate high osmotic and high partial hydrogen pressures and 
also to utilise complex sugars, makes it attractive for industrial applications (Paper 
VI [41]). Additionally, higher substrate concentration reduces the handling cost 
and the reactor volume [97]. It is also beneficial from a life-cycle perspective as it 
reduces the volume of process water required. 
 
The DF effluent was efficiently treated in a UASB reactor, resulting in high 

methane production rates of 2.6 to 4.0 l/l⋅day, indicating that biogas production 
is suitable for harnessing the remaining energy from the DF effluent. A total 
treatment time of approximately 7 days (3 days’ pretreatment of straw, 1 day of 
H2 production and 3 days’ methane production) is required for the conversion of 
wheat straw to biohydrogen and biogas. This is shorter than the treatment time of 
30 days usually employed for the digestion of organic waste in conventional 
CSTRs [22]. 
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Considerably higher energy yields were obtained in the co-production of 
biohydrogen and biogas (9.9 MJ/kg TS) than in the production of H2 only (1.2 
MJ/kg TS), indicating the need for a biogas production step in residual energy 
recovery. Comparable energy yields were obtained in the production of 
biohythane and biogas from the wheat straw hydrolysates (Table 4). The energy 
recovery of the biohythane process was 83% of the energy content of the wheat 
straw hydrolysate and 61% of that in the wheat straw, implying that the 
biohythane process was efficient in recovering the energy of the wheat straw. The 
remaining energy in the straw was contained in the lignin fraction, which can 
replace about 86% of the energy consumption of the biohythane process. 
Therefore, extra energy is needed to supplement the remainder of the energy.  
  

Table 4. Energy yields of the biohythane and biogas process. 
 Case 1: DF + 

ADOLR 10.5 g 

COD/l⋅day (Paper VI) 

Case 2: ADOLR 104 

g COD/l⋅day (Paper 
V) 

Units 

Dark fermentation 1.2 - MJ/kg TS 
AD 8.7 10.0 MJ/kg TS 
Total 9.9 10.0 MJ/kg TS 
Biogas potential of straw 
hydrolysate 

11.9 11.9 MJ/kg TS 

Energy in wheat straw 16.3 16.3 MJ/kg TS 
Products / biogas 
potential of straw 
hydrolysate 

83 84 % 

Products / Energy in 
straw 

61 61 % 

  
The kinetic model of the biohythane process was validated with the experimental 
data showing high productivities and energy recovery efficiencies. The model also 
suggested even higher H2 and CH4 productivities, while maintaining a high COD 
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reduction of 90%. However, further investigations on the stability of the 
fermentation processes should be considered before full-scale implementation. 
 
Techno-economic analyses revealed that the biohythane process was not 
economically feasible. One reason was the small scale of the process (2 tonne/h), 
which resulted in a high capital cost of the steam pretreatment and gas upgrading 
units. Also, the nutrient cost constituted about 55% of the total production cost, 
showing that nutrient cost reduction is important for a feasible process. 
Replacement of expensive additives such as yeast extract in fermentation can 
significantly reduce the cost of nutrient supplementation. Future research should 
include the study of alternative cheap nutrient additives, as reported in a similar 
biohythane process based on potato steam peels [97]. In addition, omission of gas 
sparging in DF fermentation can reduce the cost of the biohythane process. Gas 
sparging improved the H2 yield and productivity, but it is an energy-demanding 
process. Improving amine recovery can also reduce the operating cost since it 
accounts for about 60% of the operational cost. In a previous study, the high cost 
of feedstock, 52-67% of the total production cost, was found to be a major 
contributing factor to the high co-production cost of bioethanol, biogas and CHP 
from industrial hemp [62]. In the present work, the cost of the feedstock ranged 
from 8-18% of the total production cost. Therefore, the use of agricultural 
residues such as wheat straw could lead to a feasible biohythane process. Low risk 
of contamination of the thermophilic monoculture is an advantage of DF, since 
only a small group of microbes can grow at this temperature (70 °C). In addition, 
the wheat straw hydrolysate that results from pretreatment (190 °C for 5 minutes) 
can be used in the biohythane process, as it is sterile. In summary, biohythane 
production from wheat straw has the potential of high yields, productivities and 
energy conversion efficiencies. However, more research is needed to reduce the 
process costs. 
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7. Conclusions and outlook 
 
The utilisation of new biomass such as mussels, manure, reeds, seaweed and cheap 
lignocellulosic agricultural residues, such as wheat straw, and their combinations, 
is vital to increase biogas production so as to attain objectives set by the EU for 
replacing fossil fuels with biofuels. Also, the employment of efficient techniques 
such as co-digestion, two-stage AD systems, one-stage dry digestion and 
pretreatment is important in harnessing the energy contained in biomass. The 
two-stage AD system allowed the reduction of the heavy metal content in seaweed 
using IDA Cryogel carriers. However, conditions in the leach bed reactor did not 
favour the efficient solubilisation and subsequent removal of the metals to levels 
below those acceptable for biofertilisers.  
 
This research has demonstrated the suitability of the UASB reactor in the 
treatment of a range of hydrolysates (seaweed, wheat straw, DF effluent) under 
stable operating conditions, and that it was possible to attain high methane 
production rates and treatment efficiencies. In addition, seaweed hydrolysate 
supplemented the nutrient and buffering capacity needs and could, therefore, 
constitute a cheap nutrient supplement. High biohydrogen and methane 
production rates were achieved in the two-stage system consisting of a CSTR 
combined with a UASB reactor. The use of the thermophile, C. saccharolyticus, 
which displayed interesting characteristics, such as its ability to grow under high 
hydrogen partial pressure, utilisation of complex carbohydrates and growth under 
high osmotic pressures, was important in attaining the high hydrogen 
productivities. 
 
Further optimisation of the operating conditions of the one-stage dry digester, the 
two-stage system and their techno-economic analyses are recommended as topics 
for future studies. In addition, the development of ligands that can target specific 
toxic heavy metals could be investigated. Studies of the growth of C. 
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saccharolyticus on cheap nutrient sources and increasing the biomass concentration 
in the hydrogen reactor could be strategies to further improve the present 
hydrogen productivity. 
 
In conclusion, the use of new feedstocks, two-stage and one-stage dry digestion, 
pretreatment and high-rate bioreactors can improve the production of biofuels 
such as biogas and biohydrogen. However, economic evaluation of the processes 
studied in this thesis is needed before their full scale applicability.  
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ABSTRACT 
Two-stage, dry anaerobic co-digestion of seaweed and solid cow manure was 
studied on a laboratory-scale. The results showed that it was beneficial to operate 
the second stage methane reactor, which produced 83% of the methane, while 
the remainder was produced in the first leach bed reactor. Also, the two-stage 
system was more stable for the co-digestion for these materials when compared 
to their separate digestion. In addition, the initial ammonia inhibition observed 
for manure digestion, and the acidification of the leach bed reactor in seaweed 
digestion, were both avoided when the materials were co-digested. Co-digestion 
of these materials also resulted in improved leach bed structure, which facilitated 
better liquid circulation in the leach bed than when seaweed was digested alone. 
Alternatively, a one-stage dry digestion process will suffice for the co-digestion of 
seaweed and manure, since conditions in the leach bed reactor favour methane 
production. In conclusion, the co-digestion of seaweed and manure in dry 
anaerobic digestion systems provides several benefits. However, the fate of Cd 
and other heavy metal contaminants from seaweed in the effluent were not 
studied and care should be taken in the application of the digestate as a fertiliser. 
Key words: co-digestion; leach bed reactor; manure; seaweed; two-stage process; 
UASB reactor. 
 
1. Introduction 
Anaerobic digestion is a technology employed for waste treatment and also for 
the conversion of biomass into renewable energy. The technology satisfies both 
EU objectives of (i) a 65% reduction in the landfilling of organic wastes by 2016 
(EC, 1999) and (ii) an increase in the proportion of gross domestic renewable 
energy consumption to 20% by 2020 (EC, 2006). These policies, together with 
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the environmental benefits of biogas production, have stimulated biogas markets 
in the EU and also worldwide (Weiland, 2010). Hence, there is a need to increase 
biogas production to meet the set goals and also to satisfy growing market 
demands. Improved process technology and the exploration of new biomass 
types are strategies reported to augment biogas production (Gunaseelan, 1997).  
 
In the Scania region of Sweden, large quantities of solid animal manure are 
available, due to intensive animal farming, which have an estimated biogas 
potential of about 115 GWh/year. In connection to this, the pipeline exchange of 
manure and digestate (fertiliser) between a centralised biogas plant and animal 
farms has also been investigated, and plays a vital role in transport cost reduction, 
since manure has a high water content (Björnsson and Lantz, 2010). Seaweed is 
another abundant organic material in this region, which could be treated together 
with the manure. Marine eutrophication results in seaweed deposits with an 
estimated biogas potential of 103 GWh/year, depending on the collection season 
and the area (Anissimoff, 2009). The anaerobic digestion of these materials 
therefore represents great potential as a source of renewable energy production 
and also as a waste treatment technique.  
 
Manure is an abundant waste material that can be efficiently treated by anaerobic 
digestion. This technique leads to improved fertiliser quality, odour and pathogen 
reduction, and a decrease in greenhouse gas emissions, while producing 
renewable energy in the form of biogas (Holm-Nielsen et al., 2009). During 
biogas production, manure is sometimes used as a co-substrate to supplement 
nutrients and improve the buffer capacity of the process. However, ammonia 
inhibition has been associated with the digestion of manure (Angelidaki and 
Ahring, 1994).  
 
Seaweed, on the other hand, can be a good material for biogas production, with a 
biomass yield greater than any land-based source and which also does not 
compete with agricultural land. It is easily hydrolysable and has a low lignin 
content (Yanagisawa, 2011). The C/N ratio reported for seaweed ranges between 
7 to 31 (Habig et al., 1984), which is within the ratio of about 25 needed for 
efficient anaerobic digestion (Sialve et al., 2009). Seaweed adsorbs nutrients from 
the sea and has been used to stabilise a pilot-scale anaerobic process digesting 
milk waste (Matsui, 2010). However, seaweed also contains compounds, such as 
NaCl, sulphate, heavy metals and tannins, which are potential inhibitors of 
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methanogens (Cecchi et al., 1996; Peu, 2011; Rigoni-Stern et al., 1990). The 
anaerobic digestion of seaweed may, therefore, be restricted by these compounds.  
 
The co-digestion of manure and seaweed can reduce the negative effects of the 
inhibitory compounds present in the latter and also balance nutrient composition. 
Co-digestion of organic materials has been reported to balance nutrients, improve 
the synergistic effects of microbes, reduce inhibition by ammonia or other 
compounds and also increase the buffering capacity in biogas reactors (Bouallagui 
et al., 2009; Lehtomäki et al., 2007).  
 
In the present investigation, the solid cow manure used had a total solids (TS) 
content of 20.6%, while the TS of the seaweed was 31.2%. Consequently, these 
substrates were appropriate for treatment in a dry anaerobic digestion system. 
Such systems are becoming popular at a farm-scale, especially in Germany, for 
organic material with high dry matter contents of 15–30% (Nizami and Murphy, 
2010). Utilisation of the one-stage dry digestion (leach bed) system is less 
expensive and easy to operate at a farm-scale, due to its simple construction and 
handling. Furthermore, most feedstocks can be used in their original form 
without the need for size reduction.  
 
In a two-stage anaerobic digestion system, hydrolysis/solubilisation of solid 
organic materials mostly occurs in the first (leach bed) reactor, which generates a 
leachate with low pH and soluble organic compounds, mainly as volatile fatty 
acids (VFA). This leachate can be subsequently treated in a controlled manner in 
a high-rate methane reactor, in order to achieve high methane productivities 
under stable operational conditions. Alternatively, methane production can also 
occur in the leach bed reactor, especially during the latter part of the digestion 
phase, when hydrolysis becomes rate-limiting, or in the digestion of organic 
materials, which can generate sufficient buffer capacity (Nkemka and Murto, 
2013). Hence, only a one-stage dry digestion process is needed for the digestion 
of such organic materials, representing a lower investment and reduced 
operational costs (Karagiannidis and Perkoulidis, 2009).  
 
The main advantages of using a two-stage dry digestion system include high 
methane yields, low energy demands, the application of high organic loading rates 
(OLR), process stability, less foaming and the fact that the methane reactor is less 
sensitive to toxic shocks and variations in the feedstock (Bouallagui et al., 2009; 
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Lehtomäki et al., 2008; Nizami and Murphy, 2010; Parawira et al., 2008). 
However, the high initial investment required is the major disadvantage of using 
two-stage systems. Continuous stirred tank reactor (CSTR) is a one-stage 
anaerobic digester, widely-used because of its simple construction and operation, 
and low initial investment cost (Mata-Alvarez et al., 2000). The CSTR is designed 
for the treatment of waste streams with low TS content (TS <10%), such as 
sewage sludge and liquid manure (Angelidaki and Ahring, 1994; Nizami and 
Murphy, 2010). Conversely, the disadvantages of the one-stage CSTR are the high 
energy demands and handling costs of dealing with large volumes of liquid 
(Nizami and Murphy, 2010).  
 
The current laboratory-scale investigation evaluated the dry anaerobic digestion 
of seaweed and solid cow manure separately, in addition to their co-digestion. 
The two-stage system used was a leach bed reactor combined with an upflow 
anaerobic sludge blanket (UASB) reactor. The leach bed reactor alone (without 
the UASB reactor) was used to digest the solid cow manure. Biochemical 
methane potential (BMP) batch tests were also performed on these materials for 
comparison. 
 
2. Materials and methods 
2.1. Cow manure 
Solid cow manure was collected from a farm in the east of Scania, Sweden, in 
February 2009 and stored at -20°C until use. The TS of the manure was 20.6%, 
the volatile solid (VS) proportion was 82.4% of the TS, and the NH4+-N content 
was 1.3 g/l.  
 
2.2. Seaweed 
Seaweed was collected from a beach near Trelleborg, Sweden, in May 2008. It 
was reduced by grinding to 2–3 cm pieces and stored at -20°C until use. The TS 
of the seaweed was 31.2%, the VS was 30.0% of the TS, and the NH4+-N content 
was 0.02 g/l.  
 
2.3. Dry anaerobic digestion systems 
Anaerobic dry digestion was performed using a one-stage leach bed reactor, or a 
two-stage system combining a leach bed reactor with a UASB reactor. Seaweed 
and seaweed/solid cow manure combined were digested using a two-stage 
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system. Solid cow manure on its own was digested using only a leach bed reactor. 
Duplicate digestion systems were used in the experiments.  
 
The leach bed reactor was a 1.2 l plastic reactor, 30 cm in height, with an internal 
diameter of 7.5 cm. The UASB reactor had a volume of 1 l, with an active liquid 
volume of 0.85 l. Both reactors were operated under mesophilic (37ºC) 
conditions. The remaining reactor set-up and operation were similar to that 
previously described (Nkemka and Murto, 2013). Internal recirculation of the 
liquid reactor content was achieved using peristaltic pumps at 5 ml/min for both 
the leach bed and UASB reactors. The recirculation was performed from bottom 
to top for the leach bed reactor, but from top to bottom for the UASB reactor. 
Liquid exchange between the reactors of the two-stage system was accomplished 
using a multi-channel peristaltic pump and a timer switch. The effluent from the 
UASB reactor was also recirculated into the leach bed reactor. Prior to the start 
of the experiments, the leach bed reactors were flushed with nitrogen to create 
anaerobic condition.  
 
The volume and composition of the gas, total chemical oxygen demand (tCOD) 
and pH were monitored throughout the course of the experiments. 

 
2.3.1 Methane production from solid cow manure using a one-
stage leach bed reactor 
At the start of the experiment, 94 g (16.0 g VS) solid cow manure and 200 ml tap 
water were placed in the leach bed reactor. The leachate was recirculated over the 
hydrolysis bed as described in Section 2.3. The experiment was conducted for a 
period of 60 days.  

 
2.3.2 Methane production from the co-digestion of seaweed and 
solid cow manure using an anaerobic two-stage process 
Seaweed and solid cow manure were co-digested using a mixture ratio of 
approximately 1:1 grams VS. Consequently, 84 g seaweed (7.9 g VS), 46 g cow 
manure (7.8 g VS) and 200 ml tap water were added in the leach bed reactor. The 
experiment lasted 36 days, with a constant organic loading rate (OLR) of 1.5 g 
COD/l.day applied to the UASB reactor, and corresponded to a varying 
hydraulic retention time (HRT) of 1–9 days. The objective of the operation was 
to avoid organic overload of the UASB reactor, especially during the initial phase 
when a rapid hydrolysis rate was expected. 
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2.3.3 Methane production from seaweed using an anaerobic two-
stage process 
At the start of the experiment, 200 g (15.5 g VS) seaweed (TS = 24.1%; VS = 
32.1% TS) and 200 ml tap water were added in the leach bed reactor. Care was 
taken when adding the seaweed to the leach bed, so as not to pack the bed and 
cause clogging. The experiment was conducted for 24 days at a constant HRT of 
3 days. The OLR decreased progressively from 3.2 to 0.3 g COD/l.day, as the 
hydrolysis and solubilisation became rate-limiting the soluble organics were 
transferred and converted into methane in the UASB reactor. The liquid transfer 
from the leach bed reactor into the UASB reactor was initiated after 1 day of 
hydrolysis.  

 
2.4. Biochemical methane potential tests 
Biochemical methane potential tests (BMP) tests were performed in batches in 
order to validate the methane potentials obtained in the two-stage system and the 
leach bed reactor. Methane production from seaweed, solid cow manure and 
seaweed/solid cow manure combined (1:1 based on grams VS) was evaluated. 
The experimental set-up matched that previously described by (Nges and Liu, 
2009). The methane potential tests were performed in 0.5 l E-flasks, in triplicate, 
for 38 days under mesophilic conditions (37°C). The inoculum/substrate ratio 
was set at 2:1, based on grams VS. The volume and composition of the biogas 
were analysed and the temperature was measured throughout the course of the 
experiments. 

 
2.5. Analytical methods  
TS and VS were analysed according to standard methods (APHA, 1998). The 
biogas composition and volume, tCOD and NH4+-N were analysed as previously 
described by (Nkemka and Murto, 2010). Elemental analyses of seaweed and 
solid cow manure were performed by LMI AB, Helsingborg, Sweden. Elemental 
analyses of nitrogen and carbon were undertaken, from which C/N ratios were 
calculated. Fe, Al, B, Cu, P, S, Zn, Mn, Na, Mg, Ca, K and Si were analysed by 
means of inductive coupled plasma atomic emission spectrometry (ICP-AES), 
while Mo, Cr, W, Se, Ni, Cd, Co, As, Hg and Pb were analysed using inductive 
coupled plasma mass spectrometry (ICP-MS). Kjeldahl-nitrogen (Kj-N) analyses 
were performed on the solid cow manure. Gas volumes were normalised to 0°C 
and 1 atmosphere. Free NH3 concentrations were calculated using the formula 
previously described by (Hansen et al., 1998): 
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Where [NH3] is the concentration of free NH3 in mg/l, [NH4+-N] is the 
concentration of ammonium-nitrogen in mg/l and T the temperature in Kelvin.  
 
3. Results and discussion 
3.1. Elemental composition of solid cow manure and seaweed 
 
The nutrient compositions of the solid cow manure and seaweed were 
comparable, as demonstrated in Table1. Key micronutrients, such as Fe, Co, Ni, 
Mo, Se and W, were all present in concentrations suitable for biogas production 
(Schattauer et al., 2011). The concentration of Fe was in excess in the seaweed, 
being about five times higher than in the manure. The C/N ratio for the seaweed 
was low, although co-digestion with manure can improve this ratio, increasing it 
to a level close to that recommended for biogas production (Sialve et al., 2009). 
 
The concentration of P in the seaweed was also lower than in the manure. The 
manure satisfied Swedish fertiliser quality guidelines (100 mg Cd/kg P), while the 
seaweed exceeded the maximum value by 7.5 times (Otero et al., 2005). As a 
consequence, the seaweed is not suitable as a fertiliser in its present form. The 
digestion of seaweed and the removal of organic compounds can result in even 
higher Cd concentrations. Hence, there is risk of surpassing this limit when 
seaweed digestate is applied as a fertiliser. Further research concerning the fate of 
Cd and other toxic heavy metals after anaerobic digestion is required before the 
application of seaweed digestate as a fertiliser. 
 
The amount of S in the seaweed, 1, 841 mg/kg was very high when compared to 
the manure, 630 mg/kg. Although S is an important element for anaerobic 
digestion, excess amounts are inhibitory, since it results in competition between 
sulphate-reducing bacteria and also the production of H2S, which inhibits 
methanogens (Peu, 2011). The concentration of Na+ ions was higher in the 
seaweed (1.87 mg/kg) than in the manure (1200 mg/kg), which could also inhibit 
the biogas process. However, both substrates can be diluted to some extent, in 
order to attain the required TS content prior to anaerobic digestion. Dilution can 
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therefore reduce concentrations below inhibitory levels, favouring an efficient 
biogas process.  
 
Comparison of the chemical compositions of the seaweed and manure suggested 
that seaweed may be an alternative co-substrate for anaerobic digestion. 
However, care must be taken not to exceed heavy metal concentration limits 
when using the digestate as a fertiliser. Furthermore, the utilisation of both land- 
and marine-based biomass for anaerobic digestion, and the subsequent return of 
the digestate to farmland, is crucial for the sustainability of the agricultural sector. 
In fact, since key nutrients, such as P, are near depletion, research efforts should 
not only be focused on nutrient recycling from land biomass but also from 
marine biomass, where a greater amount of nutrients are lost. 
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Table 1. Elemental composition of solid cow manure and seaweed. 
Metal Solid cow manure (mg/kg) Seaweed (mg/kg) 
Fe 110 530 
Al 40 178 
B 5.2 13.1 
Mo 0.39 0.14 
Hg 0.007 0.012 
Cu 4.7 1.4 
Cr 0.23 0.78 
As 0.04 0.87 
W 0.01 0.02 
Se 0.24 7.49 
Co 0.33 0.20 
Pb 0.12 0.99 
P 830 265 
S 630 1841 
Zn 27 14 
Cd 0.04 0.20 
Mn 34 5.3 
Ni 0.31 1.21 
Na 1200 1872 
Mg 930 562 
Ca 2000 5616 
K 5800 1092 
Si 206 79 
C 105 52 
N  5.6 
N-kj 0.62  
C/N 16.9 9.3 
TS (%) 20.6 24.1-31.2 
VS (% of TS) 82.4 30.0-32.1 
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3.2. Methane production from solid cow manure in a one-stage 
leach bed reactor 
A methane yield of 0.14 l/g VSadded (0.09 l/g TSadded or 0.02 l/gadded) was obtained 
when solid cow manure was digested in a leach bed reactor for 77 days (Table 2). 
The methane yield was low, whether expressed per gram TS or per gram wet 
weight, due to the high water content of the solid manure. Hence, efficient 
transportation of the raw materials is vital if biogas production costs are to be 
kept low. The methane yield of 0.12 l/g VSadded obtained after 38 days in the leach 
bed reactor was similar to that acquired after 38 days from the BMP test. This 
indicates that digestion for an extended period would result in higher methane 
yields.  
 
Methane represented 48% of the total gas produced in the leach bed reactor. The 
methane production rate was insignificant during the first 6 days of digestion, but 
increased subsequently, to reach a maximum on day 20 (Figure 1). A gradual 
decrease in the methane production rate was then observed  
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Figure 1.  (a) Cumulative methane production and ammonia concentration in the 
anaerobic digestion of solid cow manure in leach bed reactors, (b) pH and tCOD 
variation in the leach bed reactor. 
 
until the termination of the experiment on day 77. Furthermore, 83% of the 
methane was produced during the first 35 days of digestion. Macias-Corral et al., 
(2008) reported a methane yield of 0.08 l/g VS from dairy cow manure in a two-
stage anaerobic digestion lasting 70 days, which is similar to the results presented 
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here. In another study, the digestion of cow manure in a CSTR resulted in a high 
methane yield of 0.21 l/g VS, with a HRT of 30 days and OLR of 1.3 g VS/l.day 
(Alvarez and Lidén, 2008). No starter culture or inoculum was added during the 
present study. A faster start-up time and a shortened digestion period can be 
achieved by recycling part of the digestate to act as an inoculum for the next 
batch (Kusch et al., 2008).  
 
The pH was 8.4 at the start of the experiment and therefore above the neutral pH 
that represents suitable conditions for methanogens during efficient biogas 
production (Moosbrugger et al., 1993). The initial concentration of free NH3 (139 
mg/l) was high and thereby close to the inhibitory range of 150 to 200 mg/l 
reported for methanogens (Angelidaki and Ahring, 1994; Gerardi, 2003). 
However, NH3 inhibition is also dependent on methanogenic sludge adaptability 
(Braun et al., 1981). In this study, there was a correlation between initial 
inhibitory levels of free NH3 and the 6-day period of insignificant biogas 
production, indicating ammonia inhibition. Subsequently, pH and NH3 
concentrations decreased as the solid cow manure was solubilised, indicated by an 
increase in tCOD, which reached a maximum of 12.2 g/l on day 3. In turn, the 
soluble organic matter was efficiently converted into biogas as conditions became 
favourable for its production, reflected by the low tCOD concentration (2.7 g/l) 
at the termination of the experiment. The pH increased during the latter period, 
resulting in a progressive increase in free NH3 concentrations from 68 mg/l (day 
24) to 103 mg/l (day 77). This may indicate the possibility of long-term NH4+-N 
accumulation and ammonia inhibition following several rounds of operation. 
 
The adjustment of pH with dilute acid or co-digestion with a carbon-rich organic 
material are recommended strategies to avoid lengthy start-up times and the 
expected long-term ammonia inhibition (Lehtomäki et al., 2007). Moreover, 
Kusch et al., (2008) reported that start-up times can be shortened by the addition 
of 20–30% of inoculum, which introduces buffering compounds and 
microorganisms. 
 
3.3. Methane production from the co-digestion of solid cow 
manure and seaweed using an anaerobic two-stage process  
The methane yield obtained after 30 days of solid cow manure and seaweed co-
digestion in a two-stage anaerobic process was 0.11 l/g VSadded (0.06 l CH4/g 
TSadded or 0.02 l/gadded), which was similar to the yield of 0.13 l/g VSadded obtained 
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after 38 days in the BMP test (Table 2). The methane yield obtained was low. A 
longer digestion time or post-treatment of the slowly-degradable fraction would 
be required to extract the remaining energy bound in the material. A total of 83% 
of the methane was collected from the UASB reactor, while only 17% was 
obtained from the leach bed reactor, indicating that the second stage methane 
reactor was required for the rapid conversion of the soluble organics into biogas 
(Figure 2). Recycling the effluent from the UASB reactor into the leach bed 
reactor resulted in the transfer of some buffering species and microorganisms 
from the former into the latter. As a result, the pH of the leach bed reactor 
increased to about 7 after 7 days, providing pH conditions suitable for 
methanogens, and leading to the onset of biogas production after about 10 days.  
 
During the experiment, tCOD concentrations in the leach bed reactor increased 
to a maximum of about 10 g/l and then gradually decreased to about 1 g/l by the 
end of the experiment as the organics were converted into biogas, mainly in the 
UASB reactor (Figure 2). At the start of the experiment, leachate transfer to the 
UASB reactor was not as efficient as under the operational conditions due to 
clogging. Consequently, the initial methane production rate in the pH-neutral 
UASB reactor was low. Interestingly, conditions in the leach bed reactor were 
favourable for methane production at this time. It is suggested, therefore, that co-
digestion of seaweed and solid cow manure in the correct proportions can lead to 
efficient biogas production in a one-stage leach bed reactor, without the need for 
a second methanogenic reactor. Hence, the investment and operating costs of 
having two reactors can be avoided (Karagiannidis and Perkoulidis, 2009). Briand 
and Morand, (1997) reported a methane yield of 0.17 l CH4/g VSadded and content 
of 55% when a 1:1 ratio of algae and manure were co-digested. 
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Table 2. Methane production in batch tests (BMP), leach bed reactor and anaerobic two-stage processes. 
Substrate Process Duration 

(days) 
Methane yield 
(l/g VSadded) 

Methane 
content (%) 

Seaweed BMP 38 0.17 ± 0.01 49 
Solid cow 
manure 

BMP 38 0.09 ± 0.01 38 

Seaweed/solid 
cow manure  

BMP 38 0.13 ± 0.01 48 

Seaweed Two-stage process 24 0.16 ± 0.02 41a, 65b 
Seaweed/solid 
cow manure  

 Two-stage process 30 0.11 ± 0.01 42a, 43b 

Solid cow 
manure 

Leach bed process 77 0.14 ± 0.01 48 

a: the methane content in the leach bed reactor  
b: is the methane content in the UASB reactor 
Ratio of substrate mix: 1:1 based on g VS   

 
The tCOD concentration in the UASB reactor was about 1 g/l, due to the 
efficient conversion of the transferred soluble organics into biogas (results not 
shown). The pH ranged from 7.4 to 7.7, presenting good conditions for 
methanogenesis. The concentration of NH4+-N was fairly constant (323 mg/l; 
corresponding to 21 mg/l of free NH3 at pH 7.3 and 37 °C) throughout the 
entire experimental period.  
 
The co-digestion of seaweed and solid cow manure provided better leach bed 
structure than was observed during the digestion of seaweed alone, thereby 
improving liquid percolation.  
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Figure 2. (a) Cumulative methane production in two-stage anaerobic digestion of seaweed 
and solid cow manure and the ammonia concentration in the leach bed reactor, (b) pH 
and tCOD variation in the leach bed reactor. Seaweed/solid cow manure 1:1 based on g 
VS in the digestion. 
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3.4. Methane production from seaweed in an anaerobic two-stage 
process 
A methane yield of 0.16 l CH4/g VSadded (0.04 l CH4/g TSadded or 0.01 l 
CH4/gadded) was obtained from the anaerobic digestion of seaweed in a two-stage 
system over 24 days (Table 2), which is similar to that obtained in the BMP test. 
This demonstrates that the two-stage system had a suitable process configuration 
for the dry digestion of seaweed. The methane proportion of the total gas 
produced during the process was 41% in the leach bed reactor and 65% in the 
UASB reactor. The soluble organics transferred into the UASB reactor were in a 
more reduced state, resulting in a higher methane content than in the leach bed 
reactor, where hydrolysis was dominant. Higher pH increases the solubility of 
CO2, thus the higher pH in the UASB also contributed to the higher methane 
content in the gas phase.  
 
Approximately 75% of the total methane produced in the two-stage system was 
collected within the first10 days (Figure 3). In other words, the two-stage process 
produced methane yields comparable to the seaweed BMP test in a short time. In 
addition, 80% of the methane was produced in the UASB reactor and only 20% 
in the leach-bed reactor. Moreover, the methane production rate in the UASB 
reactor attained a maximum on day 3 and then decreased gradually as the 
organics were converted into biogas.  
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Figure 3. (a) Cumulative methane production in two-stage anaerobic digestion of 
seaweed, (b) pH and tCOD variation in the leach bed reactor. 
 
Acidification of the leach bed was reported when seaweed was digested alone. 
Consequently, methane production would take longer if only a leach bed reactor 
was used (Nkemka and Murto, 2010). It is, therefore, advantageous to include a 
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second (UASB) reactor, combined with liquid recycling, in a two-stage digestion 
of seaweed under the operating conditions applied in this study.  
 
Comparable methane yields of 0.13–0.15 l CH4/gVSadded and contents of 65–80% 
were obtained when water hyacinth was digested in a two-stage anaerobic reactor 
(Chanakya et al., 1992; Kivaisi and Mtila, 1998). In another study, this time 
concerned with the anaerobic digestion of marine algae in a two-stage system, 
30% of the biogas was produced from the acidogenic and 70% from the methane 
reactor (Vergara-Fernández et al., 2008), comparable with the results of the 
present study. High methane yields have also been reported in the anaerobic two-
stage process due to phase separation (Ghosh et al., 2000; Lehtomäki et al., 2008). 
The reactors in a two-stage process are optimised to suit the condition of the 
acidogens and methanogens (Ghosh et al., 2000; Nizami and Murphy, 2010).  
 
Seaweed was efficiently solubilised and hydrolysed in the leach bed reactor, 
producing a leachate with a high organic content (9.7 g tCOD/l) during the initial 
phase of the experiment (Figure 3). The soluble organics were then efficiently 
converted into biogas in the UASB reactor, as reflected in the low tCOD 
concentration (1.2 g tCOD/l) and neutral pH in the effluent from this reactor 
(results not shown). The digestion of seaweed in the two-stage process was 
incomplete and thus more time or post-treatment of the recalcitrant fraction 
would be needed to recover the remaining energy bound in the material. 
(Vergara-Fernández et al., 2008) reported similarly-high initial COD 
concentrations (5.3–6.8 g/l) in the hydrolytic reactor prior to methane production 
in an upflow anaerobic filter during the anaerobic digestion of marine algae. 
Furthermore, (Lehtomäki et al., 2008) also described comparable COD 
concentrations (<1g/l) in the effluent of a batch two-stage anaerobic digestion of 
grass silage.  
 
In the current study, the digestion of seaweed in a two-stage process was stable, 
owing to the neutral pH and low tCOD concentrations in the UASB reactor. 
Blockage of the leach bed reactor was experienced during the experiment, which 
could represent a serious problem in large-scale implementation of these 
processes, since it may limit contact between the bacterial biomass and the 
substrate. Although the seaweed was digested under stable operational conditions 
in the two-stage system, not all the material was digested. Efficient seaweed 
hydrolysis strategies, such as dilution of the leach bed reactor content and alkaline 
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and autoclave treatments, which thus improve the overall efficiency of methane 
production, have been described previously (Nkemka and Murto, 2012). In 
addition, several leach bed reactors could be operated in parallel, in order to 
provide a sufficient, constant leachate supply to the UASB reactor, thus 
maximising its optimum OLR capacity and also maintaining constant methane 
production. In a previous study, the treatment of seaweed leachate in a UASB 
reactor at a high OLR of 20.6 g tCOD/l.day has been reported (Nkemka and 
Murto, 2010). However, the resultant biogas quality could be poor, due to high 
H2S concentration, which can be corrosive to engines if not removed, especially 
when the biogas is upgraded and used as a fuel.  

 
4. Conclusions 
Seaweed and manure were co-digested in a dry anaerobic two-stage system using 
a leach bed reactor for hydrolysis and a UASB reactor for methane production. 
The benefits of co-digestion of these materials in a two-stage system were stable 
operational conditions at neutral pH, low tCOD and low NH3 concentrations in 
the digestion system liquids. Although most of the methane was produced in the 
second stage UASB reactor, the process can also be optimised such that the co-
digestion can be performed in only a one-stage leach bed dry digestion system, 
since methanogenic conditions also prevailed in the latter. Another aspect to 
consider is the Cd concentration in seaweed, which is close to the maximum 
levels permissible in fertiliser in Sweden. Thus, application of the digestate as a 
fertiliser would need to be performed with caution in order to comply with the 
recommended limits.  
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Materials and methods
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naerobic nutrient at the start of the experiment. The amount of
dded was 50 g and the TS content in the leach bed reactor was
of ww. The liquid in the leach bed reactor was recirculated for
y before the daily manual transfer started as described in the
ious section. The liquid exchange between the reactors was
ped on day 13, when the conditions became favourable for
as production in the leach bed reactor. On day 15, 400 ml of
d from the UASB reactor was transferred into the leach bed
tor to wet the topmost part of the reed bed that was not
erged as the reed was floating in the reactor. The experiment
performed for 107 days.
he volume and composition of the gas, NHþ

4 -nitrogen, COD and
ere monitored in the reactors during the experiments.

Analytical methods

he TS and VS contents were analysed according to standard
ods [11]. The gas volume and composition, pH, COD, and
-nitrogen were determined according to Nkemka and Murto
0) [12]. The C/N ratio of blue mussel and reed was analysed by
fins (Linköping, Sweden). The temperature around the gas
was recorded when measuring gas production. Methane

mes were normalised to 0 �C, assuming constant pressure
and expressed as m3.

esults and discussion

Two-stage anaerobic digestion of blue mussels

he total methane yield obtained in the two-stage system from
mussels was 0.33 � 0.01 m3/kg VS corresponding to
� 0.01 m3/kg TS and 0.03 � 0.01 m3/kg ww after 44 days of

digestion (Table 2). Methane pr
rapid when the leachate from th
into the UASB reactor. About 85
23 days in the two-stage sy
production (68%) occurred in
methane content of the total gas
reactor and 67% in the UASB
important as the biogas can be
fuel. Fig. 3 shows the accumulat
of blue mussels. A methane yi
obtained after 31 days of digest
the digestion in the two-stage s
production in the batch test wa
two-stage system and about 83
13 days. Although the treatmen
was 44 days at an OLR of 1 g C
treatment time was possible w
a high OLR. There are few publis
mussels. Johansson (2009) [13
0.42 m3/kg VS, in the digestion o
Methane yields of blue mussel
digested with shells due to th
leach bed. The composition of bl
variation in methane yields.

Themeat fraction of the blue
soluble organic compounds. Thi
in the concentration of COD in th
concentration of COD attained
concentration of COD subseque
due to the transfer of the leacha
reactor. The COD concentratio
decreased progressively to less
imental period (Fig. 4a). The de
the UASB reactor was due to t
organic compounds into biogas.
mussels can be easily solubilise
solubilisation of 67% in 4 days.

Optimal biogas production i
ieved by efficient solubilisation
material to obtain soluble organ
transferred to the methane rea
present study, the mussels were
in the high COD concentration in
the methane was produced in t
therewas an efficient transfer of
bed reactor to the UASB reactor.
reactors also led to the trans
microorganisms from the UASB
initiated the rapid onset of m
reactor. A small increase in bi
reactor was observed due to th
the UASB reactor, completely
therefore important for the ent
that no dry zones occur in order

2
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ane yield, methane content, and energy potential of batch and two-stage anaerobic digestion of blue mussel and reed.

strate Process type Duration of experiment (days) Methane yield (m3 CH4/kg VS added) Methane content (%

ssel Batch 31 0.29 � 0.01 50
Two-stage process 44 0.33 � 0.01 58a, 67b

d Batch 31 0.19 � 0.01 42
Batch 127 0.33 � 0.03 47
Two-stage process 107 0.22 � 0.02 48a, 60b

ethane content in total biogas produced in leach bed reactor.
ethane content in total biogas produced in UASB reactor.
tion in the UASB reactor was
ch bed reactor was transferred
the methane was produced in
and most of the methane
UASB reactor (Fig. 2a). The
uced was 58% in the leach bed
or. High methane content is
aded and used as a transport
ethane yields of the batch test
f 0.29 � 0.01 m3/kg VS was
the batch test, showing that
was very efficient. Methane
rapid when compared to the
he methane was produced in
riod of the two-stage process
d in the UASB reactor, a short
perating the UASB reactor at
esults on the digestion of blue
ained a high methane yield,
flesh fraction of blue mussels.
expected to be lower when
ss transfer limitations in the
ussels could also influence the

els was easily hydrolysed into
eflected in the initial increase
ch bed reactor. The maximum
14.0 g COD/l (day 3). The

decreased to 4.4 g/l (day 10)
om the leach bed to the UASB
the leach bed reactor then
1 g/l at the end of the exper-
e in the COD concentration in
fficient conversion of soluble
t al. (2008) [14] reported that
th a soluble COD to total COD

wo-stage system can be ach-
ydrolysis of the solid organic
the leachate that are in turn

for biogas production. In the
olysed efficiently, as reflected
leachate. Furthermore, 68% of
ethane reactor indicating that
nic compounds from the leach
xchange of liquid between the
f some buffer capacity and
e leach bed reactor, and this
nogenesis in the leach bed
production in the leach bed
sfer of liquid on day 31 from
erging the mussel bed. It is
lue mussel bed to be wet, so
plore the full biogas potential
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he material. In addition, a long digestion time is required to fully
ness the biogas potential of the remaining organic materials in
leach bed reactor. Typical problems reported in leach bed

ctors are poor soaking of the bed, channel formation and arid
es that can be significant at a larger scale [15].
The pH in the UASB reactors was between 7.2 and 7.7, within
imal limits for methane production [16]. The NHþ

4 -nitrogen
centration also increased in the UASB reactor from 0.3 to 1.1 g/l
to the mineralisation of organically bound nitrogen in the

tein fraction of blue mussels. The COD concentration out of the
SB reactors was less than 1 g/l when they were in operation,
onstrating that the degradation was effective and occurred

partly be due to dilution duri
reactors.

NHþ
4 -nitrogen concentration

the leach bed reactor due to th
previously described. NHþ

4 -n
microorganisms as well as a b
consider in the digestion of b
NHþ

4 -nitrogen and risk of amm
might occur after several roun
mussels was 7.4; the reported
digestion is about 25 [17]. Ther
digest blue mussels with a car
nitrogen content. Another opti
where multiple leach bed react
reactor, treating different subs
Thus, treatment of a favourable

Fig. 4. pH and COD concentration in th
digestion of mussel (a), and of reed (b).
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2. Accumulated methane yields of the anaerobic two-stage digestion of blue
sel (a), and of reed (b).
er stable conditions. The decrease in concentration may also ficial for the entire two-stage system
in a two-stage process was efficien
the material. However, gas product
low due to the shells. In a previous s
reported when blue mussels wer
mainly due to the high harvesting co
reeds [18]. Furthermore, mussel cu
efficient method for nutrient remov
as a fertiliser, however, depends
compounds, such as heavy metals
investigations are required as muss
accumulate these compounds.

3.2. Two-stage anaerobic digestion o

A total methane yield of reeds
obtained after 107 days of diges
(Table 2). This corresponded to a m
kg TS and 0.16 � 0.01 m3/kg ww.
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e transfer of liquid from both
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ineralisation of the proteins as
en is a nitrogen source for
ring compound. One factor to
ussels is the accumulation of
inhibition of methanogens that
digestion. The C/N ratio of the
that is suitable for anaerobic

, it may be advantageous to co-
rich material that reduces the
n be to utilise a biogas system
re in use combined with a UASB
s with varied nutrient content.
ture of leachates can be bene-
. The digestion of blue mussels

t due to the rapid hydrolysis of
ivity (per reactor volume) was
tudy, no net energy balancewas
e used for biogas production,
st when compared to algae and
ltivation was instead the most
al. Application of the digestate
on the concentration of toxic
and other pollutants. Further
els are filter feeders and might

f reeds

of 0.22 � 0.02 m3/kg VS was
tion in the two-stage system
ethane yield of 0.20 � 0.02 m3/
Fig. 2b shows the cumulative
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was
ane production in the leach bed and UASB reactors. In the
stage system, 80% of the methane was produced in the leach
reactor. Hence, it is important to collect the biogas from this
tor and one-stage dry digestion can suffice in the digestion of
s. Methane production ceased after a few days in the UASB
tor when the liquid transfer was stopped on day 13. The
ane content in the total gas producedwas 48% in the leach bed

tor and 60% in the UASB reactors. A higher methane yield of
� 0.03 m3/kg VS was obtained in the batch test after 127 days
n compared to the two-stage system, indicating that the
stion of reeds was incomplete in the two-stage system (Fig. 3).
methane yield of 0.32 � 0.03 m3/kg VS was obtained in the
h test after 107 days and about 83% of the methane was
uced in 52 days. However, the methane yield (0.19 � 0.01 m3/
S) of reeds in the batch tests was low in the short period of 31
. The methane yield obtained in the batch test from the
lose control was 0.37 m3/kg VS, which can be compared to the
retical yield of 0.415 m3/kg VS calculated using Bushwell’s
ula [19]. Hence, the inoculum contained microorganisms that
essed cellulose degrading activity.
he pH in the leach bed reactor increased from 5.2 to 6.7 and the
concentration decreased from 10.4 g/l to 2.0 g/l during the first
ays (Fig. 4b). After stopping leachate transfer from the leach
to the UASB reactor (day 13), the digestion proceeded in the
bed reactor since conditions became favourable for biogas

uction. The COD concentration decreased to 0.8 g/l at the end
e experimental period. The onset of methanogenesis in the
bed reactor was due to the removal and degradation of the

y hydrolysable compounds, and their conversion into methane
e UASB reactor. Furthermore, the leachate transfer also added
e buffering species and microorganisms into the leach bed
tor. After this period, methane production was gradual since
ydrolysis in the leach bed was rate-limiting due to the slowly
adable lignocellulose fraction of the reeds. The concentration
þ
4 -nitrogenwas below 0.3 g/l throughout the experiment. The

ratio of the reeds was 34.2, which was at the upper limit of the
mmended ratio suitable for anaerobic digestion [17].
uring the 13 days that the UASB reactors were in operation, the
anged from 7.1 to 7.3 and the COD content was below 0.6 g/l,
ating that the degradation was efficient and the UASB reactors
operated under stable conditions.
slight increase in the concentration of COD occurred on day 15
n 400 ml of liquid was transferred from the UASB to the leach
reactor. The slight increase in CODwas reflected in a slight drop
H as a result of increased solubilisation and hydrolysis. This

shows that the entire bed was not in contact with the
erial biomass and a completely soaked bed is important for the
ient digestion of the material. The floating of reed in the leach
reactor can be problematic at full-scale and measures that
re submergence of the reeds are thus of importance.
he composition of reeds has been reported to contain 28e34%
cellulose, 22% of TS hemicellulose and 14% of TS lignin. This

mparable to the composition of straw of 35% of TS cellulose,
of TS hemicellulose and 18% of TS lignin [21]. The similarity in
omposition of reeds and straw is also reflected in the reported
ane yields. Jagadabhi et al. (2011) [22] reported a methane
of 0.26 m3/kg VS when fresh reed was first hydrolysed in

ch bed reactor for 31 days followed by methane production in
SB reactor of the pressed liquid. Methane yields from reeds are
parable to rice straw, which was reported to 0.239 m3/kg VS
ng 89 days of digestion in a pilot-scale [23]. Reeds have a lower
ane yield than the energy crop maize, which has
e0.40 m3/kg VS [24]. Reeds contain lignocellulose, which is
ly degraded and a long digestion time is needed to obtain the
imum biogas potential. The residence time plays an important

role in the design of a full-scale
that the digestion time should
70e90 days, in order to explore
The solubilisation of organic com
indicated by the low COD conce
that the hydrolysis of reeds beca
the digestion of mussels. Fur
productionwas also rapid in the
and 80% of the total methane
reactor. This means that the tw
as in the case of mussels. Thus,
in a one-stage leach bed reacto
obic digestion system, digested
is rich in anaerobic microorgan
fresh material, thereby providin
ering species for a faster start-u
Stable operational pilot-scale dr
municipal solid waste operating
and full-scale dry digestion
16e17 kg VS/m3.d [26] have be
reeds with high TS can be a
freshly harvested reeds could b
while pre-hydrolysing the mate
especially when reed supply is
pretreatment of reeds, for insta
may accelerate the degradation
[27]. Reeds can be a suitable ma
been reported to have the highe
to algae and mussels due to its

3.3. Energy potential of two-stag
mussels and reeds

An estimated amount of 65,
and 6360 tons/year ww of ree
region, Sweden. The VS content
the VS of reeds 76.4% of ww. In
the lower heating value for met
calculated energy potential of
blue mussels and reeds were 16
(Table 2). The biogas potentials
household waste have been e
17 GWh/year, respectively [28].
be a substantial biomass resou
production.

4. Conclusions

The anaerobic digestion of b
was efficient as the meat fra
degraded. The utilisation of a
reactor) is beneficial for faster b
blue mussels with shells resu
volume wet weight of whole b
production capacity per reactor
the economy of a plant. There
mulation and inhibition after
mineralisation of proteins. Co-
containing low levels of nitrogen
inhibition.

The methane yield of reeds
The digestion of reeds was slow
lignocellulose. Pretreatment mi
digestion and lead to faster pro
reeds in the two-stage system
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t. The present study showed
long in a two-stage system,
full potential of the material.
nds of reeds was low and was
on in the leachate. This shows
ate-limiting faster than during
ore, the onset of methane
bed reactor containing reeds
ced was from the leach bed

ge system was not as efficient
ht be possible to digest reeds
digestion). In this dry anaer-

ue from a previous batch that
can be used to inoculate the
th microorganisms and buff-
a stable operational process.

aerobic digestion processes of
n OLR of 11.6 kg VS/m3.d [25]
nergy crops at an OLR of
reviously reported. Although
ble material for combustion,
iled as a preservation method
r easy use in a biogas reactor,
in winter. In addition, steam
could be another option that
btain faster biogas production
for biogas production and has
ergy balance when compared
energy density [18].

aerobic digestion of blue

ons/year ww of blue mussels
n be collected in the Kalmar
emussels was 7.7% of ww and
stimation of energy potential,
, 9.97 kWh/m3, was used. The
stage anaerobic digestion of
d 10.7 GWh/year, respectively
ined from sewage sludge and
ted to be 19 GWh/year and
e, blue mussels and reeds can
for renewable transport fuel

ussels in a two-stage system
of blue mussels was easily
rate methane reactor (UASB
s production. The digestion of
in a low methane yield per
ussels. Hence, the methane

me was low, which will affect
o the risk of ammonia accu-
-term operation due to the
tion with suitable substrates
minimise the risk of ammonia

e compared to that of straw.
depended on the content of
e an option to accelerate the
on of biogas. The digestion of
not as necessary as for blue
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metal  ions  adsorption.  In  this  laboratory-scale  study,  pretreatment  s
hydrolysis  in relation  to  metal  ions  mobilisation  were  evaluated.  Me
also  performed  on  the  resulting  treatment  leachates.  The  results  sho
organic  compounds  were  hydrolysed/solubilised  in  a  leach  bed  reacto
post-treatments.  However,  Zn  ion  mobilisation  was  only  54%  from  t
fold  higher  methane  yield  was  obtained  when  the  seaweed  hydrolysis
leachate  were  co-digested,  compared  to raw  seaweed.  This  study  dem
of  seaweed  for biogas  production,  and  the  partial  heavy  metals  mobilis
for  improved  fertiliser  quality.
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ounts of seaweed are deposited on beaches as a result of
rophication, creating a significant waste handling prob-
This is of peculiar concern in countries around the highly

 Baltic Sea. Anaerobic digestion has the potential as a
tment method for seaweed, and for use in renewable
overy in the form of methane. The use of seaweed and
e as a fertiliser is however, restricted due to high heavy
amination. Seaweed can accumulate heavy metals, form-
oordination complexes with groups, such as carboxyl,
ydroxyl, phenol and sulphonate groups that are con-

their cell wall. In fact, because of this reason, seaweed
sed in heavy metal bioadsorption [4].
on of heavy metal concentration can be performed in
e anaerobic system. In the first hydrolytic stage, solid
e hydrolysed into organic acids that decreases pH, hence
he metal ions mobilisation [5]. Subsequent treatment of
o precipitate or to adsorb the heavy metals can be per-
e resulting leachate with low heavy metal content can
ated in a second stage methane reactor to produce bio-

to remove divalent metal ions such
weed leachate [6] and maize [7], and
quality. Hence, toxic heavy metals 

in seaweed leachate could be reduc
digestion combined with an IDA-cry

The present study investigated 

weed hydrolysis and heavy metals 

ion mobilisation was  studied as it oc
The methane potential from the resu
also evaluated.

2. Materials and methods

2.1.  Seaweed

The seaweed was composed of a mixture
collected  from Trelleborg, Sweden, in Novemb
was ground to a particle size of 2–3 cm and the
seaweed  collected in November 2006 had to
(ww);  volatile solids (VS) was 71.1% of TS. Th
a  TS of 24.6% of ww and a VS content of 30.4%

2.2.  Seaweed hydrolysis in leach bed reactor
e this article in press as: Nkemka VN, Murto M.  Exploring strategies for seaweed hydrolysis: Effect on m
tal mobilisation. Process Biochem (2012), http://dx.doi.org/10.1016/j.procbio.2012.06.022

inodiaacetic acid (IDA) polyacrylamide cryogel carrier,
 supermacroporous adsorbent material, has been used

ding author. Tel.: +46 46 222 83 47; fax: +46 46 222 47 13.
dress: valentine.nkemka@biotek.lu.se (V.N. Nkemka).

Hydrolysis experiments with and without batch di
formed under different conditions on the seaweed coll
experiments were conducted in 1.2 l duplicate plastic
volume of 0.9 l. The leachate was recirculated over the
at  a constant flow rate of 10 ml/min. For all experim
0.6  l of distilled water were added into the reactor. N

– see front matter © 2012 Elsevier Ltd. All rights reserved.
org/10.1016/j.procbio.2012.06.022
s  fertilisers.  Heavy  metal
id  phase  and  subsequent
s  for  enhancing  seaweed
otential  batch  tests  were
about  86%  of  the  soluble
ed  by  alkaline/autoclave

bined  treatments.  A  2.8-
e  and  the  post-treatment

ed  the  efficient  utilisation
 enable  the  metal  removal

er  Ltd.  All  rights  reserved.

, Cu, Ni and Zn in sea-
 at improving fertiliser
ally cadmium) present
g two-stage anaerobic
sorbent.
ies for enhancing sea-
ation. In particular, Zn

 in high concentration.
eatment leachates was

n and red seaweed, and was
nd in May 2008. The seaweed
tored at −20 ◦C until use. The
s (TS) of 21.7 of wet weight
d collected in May 2008 had

lutions with water were per-
ected in November 2006. The

 reactors and with an active
 hydrolysis bed using a pump
ents, 0.3 kg of seaweed and
ethane potential and

o inoculum was  added, and
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ccumulated process yield, (b) pH, (c) total VFA and (d) the ratio of CODVFA/sCOD during seaweed hydrolysis. Hydrolysi
: 37 ◦C; H2: 55 ◦C + NaOH. The initial pH in H2 was  12.4 and was due to NaOH addition. Hydrolysis of seaweed in leach be

sis was  dependent on the bacteria naturally present in the seaweed. The
 composition of the evolved gas was  analysed in all the experiments.
ctors in H1 were operated at 37 ◦C; while H2 reactors were operated at
.3 g NaOH/g VS added. The NaOH was added at the start of the hydrolysis.
ontent in H2 was  recirculated for two  days and the pH was  adjusted from
3 by adding equivalent amount of HCl. The reactors were operated for
hout withdrawing the leachate or diluting with water.
ctors in H3 were operated at 22 ◦C and batch dilutions were performed

ithdrawing 0.5 l of leachate and replacing it with an equivalent amount
ater [8]. This procedure was performed twice (on day 7 and day 14).

eatment of seaweed hydrolysis residue

weed used in these experiments was  collected in May  2008. Seaweed
.8% TS of ww and 27.5% VS of TS) remaining after the hydrolysis of sea-
each bed reactor for 7 days at 37 ◦C was post-treated using different
lkaline post-treatment was performed in a 0.5 l plastic container with
uid volume of 0.3 l. Acid post-treatment (P1) was performed using 10%
olume (w/v) of the seaweed residue with 2% volume by volume (v/v)

 by autoclaving for 20 min  at 121 ◦C and 3 bar. Post-treatment was also
by pre-soaking 10% (w/v) of the seaweed residue in 0.25% (P2) (w/v)

 h [9], followed by autoclaving for 20 min  at 121 ◦C and 3 bar. In the
al  control C1 and C2, 10% (w/v) of the seaweed was pre-soaked for 1 h

ater and 0.25% (w/v) NaOH respectively, and without autoclaving.

e potential batch tests

weed used in these experiments was collected in May 2008. Methane
in batch tests was  performed in triplicates for 35 days under mesophilic
37 ◦C), as earlier reported [10]. Methane production was evaluated on
g fractions: raw seaweed; hydrolysis leachate (HL) from the leach bed

rated at 37 ◦C; alkaline post-hydrolysis treatment leachate (PHL) P2; and
HL and PHL (1:1 g total chemical oxygen demand (tCOD)/g tCOD). The
on of tCOD in HL was  21.9 g/l with a pH of 5.5, and the concentration of

 was  12.2 g/l with a pH of 12.

ical methods

s of TS, VS, soluble chemical oxygen demand (sCOD) and tCOD were
ccording to standard methods [11]. In addition, analyses of sCOD, tCOD,

y acids (VFAs), biogas composition and volume and Zn ions were per-
reviously reported [6]. For Zn ion analysis, 8 g of solid seaweed was

100 ml  4.9 M HNO3 and autoclaved (121 ◦C for 30 min) in acid washed
 resulting liquid was filtered (0.45 �m Minisart, Satorius AG, Göttin-

ny) and Zn ions were analysed. The ratio of CODVFA/sCOD was calculated
e conversion factor of VFA to COD as previously reported [12]. Samples

for SO4
2− were filtered (0.45 �m) and Dr. La

(LCK 353) using a Lasa 100 spectrometer (H

3. Results and discussion

3.1.  Seaweed hydrolysis in leach bed

Temperature and NaOH additio
seaweed hydrolysis without dilut
overall process yield was higher in 

with NaOH addition (H2) (0.46 g sC
to hydrolysis operated at 37 ◦C (H1)
The process yield obtained at 55 ◦

0.37 g sCOD/g VSadded (experimen
of hydrolysis in H2, the process yi
corresponding to 91% of the final
then very slow for the remaining 20
hydrolysis was  sufficient to releas
these conditions. The naturally occ
were active as evidenced by increa
alkaline treatment. NaOH treatme
to improve the degradation degre
and acidogenesis resulted in VFAs a
with a fairly constant low pH dur
Reported pH for optimal acidogen
The VFA concentration varied du
The fairly stable VFA concentration
indicates acidogenesis and acetog
CODVFA/sCOD is an indicator of th
wide range from 0.4 to 0.9 g CODV
this ratio in previous studies [12]. T
was high, and the final ratio was 

that majority of the sCOD was  prese
the system was  still inhibited by 

acidogenesis was lower in H2 (0.42
to H1. One reason for the lower exte
due to gelation observed in these e
were operated at 55 ◦C and the poly
ite this article in press as: Nkemka VN, Murto M.  Exploring strategies for seaweed hydrolysis: Effect on 

etal mobilisation. Process Biochem (2012), http://dx.doi.org/10.1016/j.procbio.2012.06.022
0 35

seaweed in leach bed without
tch dilution H3: 22 ◦C.

 kit was used to analyse SO4
2−

e GmBH, Germany).

r

ts were investigated in
leach bed reactors. The
rolysis operated at 55 ◦C
Sadded), when compared

 sCOD/g VSadded) (Fig. 1).
out NaOH addition was
escribed). After 10 days
s 0.42 g sCOD/g VSadded,
s yield. Hydrolysis was
ndicating that 10 days of
le organic matter under
ydrolytic bacteria in H2

2 production despite the
reen Ulva was reported
5% [3]. Rapid hydrolysis
lation in H1 and H2, and

e rest of the hydrolysis.
vity is about 6.0 [8,13].
he hydrolysis (Fig. 1C).

 latter hydrolysis phase
inhibition. The ratio of
t of acidogenesis, and a
D has been reported for
nt of acidogenesis in H1

CODVFA/sCOD; implying
e form of VFAs, although

 product. The extent of
/sCOD) when compared
idogenesis in H2 may  be
ents. These experiments
rmation may have made
methane potential and
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nt of seaweed hydrolysis residue.

s pH Process yield (g sCOD/g VSadded) 

6.2 ± 0.01 0.09 ± 0.01 

12.46  ± 0.01 0.21 ± 0.02 

0.62  0.47 

12.05 ± 0.02 0.78 ± 0.10 

aweed soaked for 1 h in distilled water; C2 control: seaweed soaked for 1 h in 0.25% (w/v) NaOH; P1 seaweed soaked for 

oaked for 1 h in 0.25% (w/v) NaOH and autoclaved.

for the enzymes to access their substrates; an effect
reviously for brown seaweed digestion [2].
cts of both temperature and dilution of the reactor con-
ater on seaweed hydrolysis in leach bed reactors was

(Fig. 1). Final process yield of batch dilution strategies
t 22 ◦C (H3) was 0.43 g sCOD/g VSadded and it was com-
that obtained in H2. Similar final process yield of 0.39 g
added was also obtained at 37 ◦C and with batch dilution
t not described). A greater fraction of soluble organ-
COD/g VSadded., was released during the first week of

 in H3, and in the second week, the accumulated yield
o 0.40 g sCOD/g VSadded. Hence, the first batch dilution in
ficient to release a greater fraction of the soluble organ-
n of the reactor content with water improved the VFA

 and the release of soluble organics [8,14], by decreas-
centration of VFAs that are less inhibitory to acidogens
ens. The dilution also prevented the low pH as observed
H2 (Fig. 1b). Suitable pH of about 6 was reported for

[13].

eatment of seaweed residue

atment was performed to evaluate the solubilisation
 compounds that remained in the hydrolysed sea-
ue. Autoclave treatment of the seaweed residue with
2SO4, 0.25% (w/v) NaOH in experiments P1 and P2

 process yields of 0.47 and 0.78 g sCOD/g VSadded,
y (Table 1). Alkaline/autoclave treatment of the sea-
ue was more effective at the release of soluble organics
id/autoclave treatment. Almost all the soluble organics
e released under the combined H1 and P2 condi-
as been reported that, increasing the amount of Na+

soluble Ca+ ions alginate gels, leads to formation of
dium alginate gels [15]. Alginates are extracted from
weed and are the most abundant structural compo-
e cell wall and intercellular matrix [16]. Dissolving
n be important in large-scale operations, hence avoid-
g of pipelines and pumps. The CODVFA/sCOD ratio

 lower since the post-treatment was physicochemical
icrobial. Post-treatment of seaweed hydrolysis residue
ed in the release of SO4

2− ions in the leachate which
ibitory in anaerobic processes at high concentrations

ent time of 10–15 days would be sufficient to hydrolyse
d in a leach bed reactor combined with post-treatment.
ious study, a high methane production rate was obtained
tment of seaweed leachate in a UASB reactor; at an
ding rate (OLR) of 20 g tCOD/l day and 2 days hydraulic
ime (HRT) [6]. Hence, about 10–15 days treatment time
to digest seaweed in an anaerobic two-stage process.

 to 11 days, which corresponds to OLRs of 1.1–2.6 g
ay, were reported when digesting green seaweed in a

 stirred tank reactor (CSTR) [18]. Our results show that
f two-stage anaerobic system has a very high treatment
hen compared to the conventional CSTR.

3.3. Mobilisation of Zn ions during hy

The concentration of Zn ions in th
VS. Zn ion mobilisation during the hy
30 days (H1) was  13%, resulting in a c
61 ± 7 �g/g VS (Table 2). Further imp
the seaweed was treated with 0.3 g 

55 ◦C for 30 days (H2). Zn ions mobil
was 40% and the concentration in th
VSadded. Zn ions mobilisation of 54% w
sis of seaweed at 37 ◦C for 7 days in a l
subsequent alkaline/autoclave treatm
sis residue. About 21% of Zn ions we
reactor and 33% in the alkaline/autoc
reported about 56% mobilisation of 

maize in a leach bed reactor. Mobilisa
study, despite the low pH range of 5.0
In our study, the low Zn ions mobilis
cipitation of some of the mobilised m
formation of a black sulphide precipi
bed reactor and in the tubings after ab
seaweed. Another reason for the low
due to metal ions chelation by anion
Furthermore, pH has been shown t
that influences the adsorption of Zn
mum Zn ions adsorption occurred a
ions adsorption was low at pH outsid

It  could be recommended that, r
anaerobic two-stage process could be
methane reactor, and not between 

high-rate methane reactor. Sulphide
tant in the reduction of the heavy
anaerobic two-stage process. IDA-c
used as a polishing step for the rem
heavy metal ions from the effluent:
removal of low metal ions concentra
sibility of recovering the metal ions 

3.4. Methane potential batch tests

The methane yield obtained fro
weed was  0.12 l CH4/g VSadded (Ta
the reported yield of 0.11 l CH4/g VS
methane yield of 0.35–0.48 l CH4/g V

Table 2
Zn  ions concentration in seaweed and se
mobilisation.

Initial conc. of Zn ions
in  seaweed (�g/g VS)

Conc. o
seawee
(�g/g  V

H1 460 61 ±
H2  460 184 ± 1
P2  146 7

H1: hydrolysis at 37 ◦C without dilution; H2
dilution.
e this article in press as: Nkemka VN, Murto M.  Exploring strategies for seaweed hydrolysis: Effect on m
tal mobilisation. Process Biochem (2012), http://dx.doi.org/10.1016/j.procbio.2012.06.022
3

O4
2−(g/l)

.05 ± 0.01

.07 ± 0.01

.62 ± 0.01

 (v/v) H2SO4 and autoclaved;

 experiments

seaweed was 460 �g/g
s of seaweed at 37 ◦C for
ration in the leachate of
ent was achieved when
g VS and hydrolysed at
under these conditions
ate was 184 ± 11 �g/g
ined from the hydroly-
d reactor, coupled with
f the seaweed hydroly-
ilised in the leach bed

atment. Selling et al. [7]
 from the hydrolysis of

 Zn ions was  low in this
 the leach bed reactors.
ight be due to the pre-
s. Consistent with this,
s observed in the leach
ays of hydrolysis of the

s mobilisation could be
ps present in seaweed.

 important parameter
n Ulva fasciata: maxi-

range of 5–6; while Zn
is range [19].

l of heavy metals in an
cted after the high-rate
ch bed reactor and the
itation may  be impor-

l concentration in the
carriers could then be

 low concentrations of
it enables the efficient
nd also offers the pos-
ethane potential and

dx.doi.org/10.1016/j.procbio.2012.06.022
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eld obtained in methane potential batch tests.

 Methane yield
(l  CH4/g tCODadded)

Methane yield based on the
initial amount of raw seaweed
added  (l CH4/g VSadded)

eed 0.12 ± 0.01
0.27 ± 0.03 0.15 ± 0.01
0.17 ± 0.02 0.11 ± 0.02
0.28 ± 0.01 0.34 ± 0.02

sis leachate; PHL: post-treatment leachate.

 of green seaweed [18]. The methane yield obtained in the
tudy was low, and could be due to gelation [2], the pres-
hibitory compounds such as SO4

2− [17], polyphenols [2],
, heavy metals, and the seasonal variations in the com-
nd collection time of seaweed [23]. The methane yield
from seaweed leachate (HL) was 0.27 l CH4/g tCODadded
CH4/g VSadded of initially added seaweed). The methane
ained from HL was comparable to that of raw seaweed.
, the methane production rate from the seaweed leachate
er when compared to that of raw seaweed (results not

 reported methane yield of 0.26 l CH4/g tCODadded was
in the digestion of green seaweed Ulva leachate in an

 fixed bed reactor [3]. Methane production from the
tment leachate (PHL) resulted in a methane yield of

4/g tCODadded (or 0.11 N l CH4/g VSadded of the seaweed
dded), and it was also similar to that obtained from
eed. The methane yield of the PHL was lower than that
from the HL, possibly due to the formation and release
ory compounds during alkaline/autoclave treatment of
ed residue [24]. Co-digestion of HL/PHL at a 1:1 g tCOD/g

o resulted in a methane yield of 0.28 N l CH4/g tCODadded
H4/g VSadded of raw seaweed initially added), and it was
igher than the methane yield of raw seaweed. A methane
.25 N l CH4/g VSadded was reported from autoclaved red

 batch test [25]. Mixing the leachates may  have diluted the
 compounds and also balanced the micro and macronutri-
stment of the pH to 8.1 was achieved when mixing HL (pH
HL (pH 12) and could thus be treated in methane reactors

 pH adjustments. In addition, a neutral pH is preferred
t corrosion in metal pipelines in large-scale processes.

, the use of NaOH in the post-treatment may  increase the
 of Na+ ion inhibition. Alternative bases such as Ca(OH)2

itory to methanogens at higher concentrations than Na+

could substitute for NaOH [26].

sions

ced hydrolysis of seaweed shall facilitate the utilisation
rgy bound in seaweed for methane production. Efficient

s also facilitates the removal of the high heavy metal con-
uction of this heavy metal content is important, since it
e use of the seaweed digestate as a fertiliser. Seaweed
iently hydrolysed in a leach bed reactor combined with
utoclave post-treatment. Despite the high organic mat-

ilisation, Zn ions mobilisation from seaweed was partial
ombined treatments. This could be attributed to the com-

ing onto chelating compounds and sulphide precipitation
bilised metals. Anaerobic digestion of the hydrolysis and
treatment leachates resulted in a higher methane yield

pared to their separate digestion and also to raw sea-

seaweed for high methane product
reactor. Hence, a two-stage system
biogas production from seaweed.
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ste, due to its high content of Cd and the potential to use the
estate as a bio-fertilizer, is restricted. McLaughlin (2001) among
ers reported that, cadmium is toxic to humans at low concen-
tions that is not toxic to plants.
The accumulation of sand which reduces the HRT was reported
one of the problems in the anaerobic digestion of the seaweed
cies Ulva in a continuous stirred tank reactor (CSTR) (Briand and
rand, 1997; Morand and Briand, 1999). Seaweed can be applied
the anaerobic digestion two-stage process. In such a process,
id organic matter is first solubilized/hydrolysed in a leach-bed
ctor to produce a leachate with soluble organic compounds
inly in the form of VFA. The leachate can be subsequently
ulated into a high-rate methanogenic reactor for biogas
duction. In this study, seaweed was first hydrolysed separately
a UASB reactor was used in the treatment of the leachate. UASB

ctors and other reactors with attached biomass have been
orted to withstand higher concentrations of dissolved H2S than
ctors based on suspended biomass (Omil et al., 1995).
Theheavymetal ionspresent in seaweed leachate aremobilized at
lowpHprevailingduringhydrolysis, and canbe removedusing an
orbent. Lehtomäki and Björnsson (2006) reported an improve-
nt in the solubilization of metals at low pH of about 4 in the
erobic two-stage digestion of energy crops (willow, sugar beets
grass silage). The resulting leachate, with lower heavy-metal

tent, can then be used for biogas production in the second phase.
heavy metals are removed using a polyacrylamide cryogel, onto
ich an iminodiacetic acid (IDA) ligand has been introduced to
duce an IDA cryogel (Plieva et al., 2006), by the formation of
plexes between the divalent metal ions and the IDA groups. IDA

ogel can be used to treat wastewater contaminated with particu-
matter containing heavymetals because of its supermacroporous
cture. The use of IDA cryogel in Kaldnes plastic carriers reduces
risk of clogging, and is a novel method of heavy metal removal.
In this study, the production of methane from raw seaweed was
luated in batch tests. Similar tests were then performed to
luate the effect of removing the heavy metals from seaweed
chate. The heavy metals considered in this study were Cd, Cu, Ni
Zn. Finally, the suitability of treating seaweed leachate in

ASB reactor to produce methane, and the effect of heavy metal
oval from the seaweed leachate were evaluated.

Materials and methods

Inoculum

The inoculum used in the batch experiments was collected from
ngewastewater treatment plant in Eslöv, Sweden. The inoculum
d in the UASB reactors was mesophilic granules from a full-scale
SB plant in Denmark treating lactose wastewater.

. Seaweed

The seaweed was collected from the beach at Trelleborg, on the
thern coast of Sweden, on September 2007. The seaweed was
undwith a GRINDOMIX GM 200 blender at 4500 rpm for 20 s to
uce the particle size to 2e3 cm after which it was stored at
0 �C until use. The raw seaweed had total solids (TS) of 21.7% of
t weight, volatile solids (VS) of 71.1% of TS, Cd concentration of
mg/g VS and Zn concentration of 460.3 mg/g VS.

. Production of hydrolysis leachate from seaweed

The leachate was produced by hydrolysing seaweed using a 20 l
stic leach-bed hydrolytic reactor. The active reactor volume was
ut 14 l, and approximately 7 l of distilled water was added to

7 kg seaweed at the start of ea
reactor was circulated at a flow
to obtain efficient contact be
seaweed. The reactor was ope
batches of hydrolysis were pe
after each batch and the tot
ranged from 17 to 21 g/l.

The leachate was centrifug
filtered (mesh size: 125 mm pa
large particulate matter. Samp
soluble chemical oxygen dem
tration of VFAs. This leachat
methane production in batch

2.4. Removal of heavy metals

One fraction of the leacha
remove heavy metals. IDA
reported elsewhere (Plieva et
tions of the IDA cryogel used
carriers were regenerated wi
acid (EDTA) at a pH 7 to 8.

Removal of theheavymetal
seaweed leachate in a 1-L acid
0.09 l IDA cryogel carriers. Trea
with the aid of a magnetic stirr
tionwas allowed to stand next
of time. Sampleswere taken co
heavymetal removal. Themeta

2.5. Methane production in ba

The methane produced from
seaweed leachateswas investig
same as described previously
potential batch tests were perf
mesophilic conditions (37 �C).
and 1:2 g VS/g VS were used in
the ratio of 1:1 g VS/g tCODwa
leachate. NaHCO3 (1.4 g/g CO
present in the seaweed leacha
methanogens. ThepH, tCOD, sC
in Table 1 and the heavymetal
presented in Table 2. The volum
VFAwere analysed during the

2.6. Methane production from

Untreated seaweed leacha
cryogel to remove the heavy m
The experiment was perfor
(37 � 1 �C) in UASB reactors

Table 1
Characteristics of the seaweed leacha

Trea

pH 5.09
sCOD (g/l) 6.3
tCOD (g/l) 9.3
Total VFA (g/l) 4.6
NH4

þ-N (mg/l) 22
SO4

2− (g/l) 3
Dissolved H2S (g/l) 0.06

Average of 8 hydrolysis batches.

V.N. Nkemka, M. Murto / Journal of Environmental Management 91 (2010) 1573e1579
atch hydrolysis. The liquid in the
e of 15 ml/min over the seaweed
n the bacterial biomass and the
d at 37 �C for 10e14 days, and 8
ed. The leachate was collected

emical oxygen demand (tCOD)

t 6000 rpm for 10 min at 4 �C or
e size) to remove sand and other
ere analysed with regard to pH,
(sCOD), tCOD and the concen-

as then used to determine the
and with a UASB reactor.

seaweed leachate

as treated with IDA cryogel to
gel carriers were prepared as
006). The monomer concentra-
10% of the gel. The IDA cryogel

.1 M ethylenediaminetetraacetic

performedby treating 0.6 l of the
shed plastic container containing
twas performed for 10 h at 23 �C
t at 150 rpm. The untreated frac-
e treated one for the same length
ously to evaluate the efficiencyof
s analysedwere Cd, Cu, Ni and Zn.

ests

seaweed, untreated and treated
. Theexperimental set-upwas the
awira et al., 2004). The methane
d for 30 days in triplicates under
lum substrate ratios (ISRs) of 1:1
batch tests of raw seaweed while
ed for the batch tests on seaweed
ed) was used to buffer any VFA
at might cause inhibition of the
nd totalVFA (tVFA)arepresented
entration of Cd, Cu, Ni and Zn are
d composition of the gas, pH and
se of the experiments.

eed leachate in UASB reactors

d the leachate treated with IDA
s were digested in UASB reactors.

under mesophilic conditions
h a working volume of 0.8 l, as
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The concentration of Cd2þ i
VS, which corresponds to 3.2
Cd2þ ions, (0.6 mg/g TS) was
a degree of mobilization of 18%
ions remained in the seaweed r
about 29% of Cd and 56% of
hydrolysing maize in a leach-b

2
val efficiency of heavy metals from seaweed leachate using IDA cryogel
rs.

Cd (mg/l) Cu (mg/l) Ni (mg/l) Zn (mg/l)

reated leachate 19.0 211.7 36.6 1567.3
ated leachate 4.0 87.4 10.9 920.6
oval efficiency (%) 79 59 70 41
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iously described (Parawira et al., 2006). Two UASB reactors were
: onewas fedwith the untreated leachate, and the other was fed metal removal was 25% of Cd and 4
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the treated leachate. The untreated leachate and the treated
atewere diluted to about 10.6 g tCOD/l. The leachateswere then
d in 1-L acid-washed plastic containers at�20 �Cuntil use. Table
sents the characteristics of thedilutedseaweed leachates treated
e UASB reactors. The OLR was increased step-wise from 1.1 to
g tCOD/l/day, by decreasing the HRT from 8.8 to 0.5 days. Both
tors were operated for at least three times the HRT at each OLR
ied and the total treatment period was for 107 days. Samples
taken from the reactors to determine pH, partial alkalinity (PA),
, VFAs, NH4

þ-N, dissolved H2S, and the composition and volume
e gas, to evaluate the performance of the UASB reactors.

Analytical methods

he PA and VFAs (acetate, propionate, i-butyrate, n-butyrate, i-
ate and n-valerate) were determined according to Murto et al.
4). The sCOD and tCOD were measured on filtered (0.45 mm
sart, Sartorius AG, Göttingen, Germany) and unfiltered samples,
ectively, according to standard methods (APHA, 1998). Heavy
ls samples were preserved by acidifying the samples with 65%
entrated HNO3 to pH less than 2, stored in acid-washed plastic
ple tubes and at 4 �C. A graphite furnace atomic absorption spec-
eter (GBC932 AA, Dandenong, Australia), was used to determine
oncentration of heavy metals. For the analysis of Cd2þ ions, 4%
onium dihydrogen phosphate was used as the modifier matrix.
he TS and VS were analysed according to standard methods
A, 1998). The biogas composition was determined using a gas
matograph (6890N Agilent Technologies, CA, USA), equipped
a Hay sep N 80/100, a molecular sieve column (5A 60/100,) and
rmal conductivity detector. Helium was used as carrier gas at

wrateof12ml/min. The injector, ovenanddetector temperatures
105 �C, 60 �C and 150 �C, respectively. The gas volume was

suredusing a100ml glass syringe (furtuna�, Germany).Methane
s were normalized by correcting the gas volume to STP and the
lts expressed as N l CH4/g tCODadded for liquids or N 1 CH4/g
ded for solids. The gas production rate (GPR) was also normalized
expressed as N l CH4/l/day. Dissolved H2S was measured imme-
ly after sampling. Analysis of dissolved H2S and SO4

2− ions was
rmed using a standard turbidometric method (APHA, 1998).
Dr. Lange test kit (LCK 303) was used to analyse NH4

þ-N in the
ed (0.45 mm filter) samples using a Lasa 100 spectrometer (Dr.
o Lange GmbH, Germany).
he means of the methane yields were analysed using the
pendent sample test with SPSS 16.0. The equality of variance
tested with the Levene’s test and the normality of the variables
tested with the normal QeQ plot.

esults and discussion

packed in a column. In the anae
sugar beets and grass silage,
residue was 4.66, 1.52 and 0.56
Björnsson, 2006).

Although the pH of the lea
experiment was low, 5.54 at 3
heavy metals was low. This is
about 50% (in terms of VS) of
lysed. Another reason may be
lized, but were precipitated, e.g
chelating compounds, and wer
liquid phase. The precipitation
been reported to increase w
(Rodríguez et al., 2009). The hig
cell wall polysaccharides, sugg
by changes in the pH of the s
groups are carboxyl groups (Lo
2007). In a study performed b
sorption of Cd using brown
seaweeds was estimated to b
values lower than pKa, the carb
resulting in low Cd uptake. A
functional groups are negativel
Cd ions will bind to them, inc
this study, the functional group
the prevailing pH (>5), thus re

Greger et al. (2007) suggest
used in small amounts on agr
for non-food crops. In the pre
high in the digested material a
and exceeded the Swedish lim
more acidic conditions should
efficient degradation of the
mobilization of heavy metals.
perhaps be reduced making
a fertilizer. Studies are being p
and to investigate the fate of t

3.2. Methane production in bat

Batch tests were conducted
from raw seaweed, and treate
A summary of the results are s
0.12 N l CH4/g VSadded was obt
material at an ISR of 2:1 g VS/g
lower when the ISR was 1:1 g
bition. The inhibition may be d
(Raposo et al., 2009). Another
effect of inhibitory compounds
that were present in the seaw
Removal of heavy metals from seaweed leachate inoculum was used. Ninety percent
stion
VS/
s low
in a
he IDA cryogel was efficient in removing Cd2þ, Cu2þ, Ni2þ and
ions from seaweed leachate, as can be seen in Table 2. The

oval efficiency ranged from 41 to 79% and it was dependent on

within the first 14 days of dige
44% when using an ISR of 2:1 g
the concentration of VFAs wa
study are comparable to that
s is also dependent on the sol-
seaweed.
the raw seaweed was 4.3 mg/g

TS. Only a small fraction of the
ilized in the leachate, giving
implies that 2.7 mg/g TS of Cd2þ

e. Selling et al. (2008) obtained
mobilized in the liquid when
eactor. The corresponding total
0% of Zn using the IDA-cryogel
c two-stage digestion of willow,
admium concentration in the
TS respectively (Lehtomäki and

s at the end of the hydrolysis
, the degree of mobilization of
ably due to the fact that only
eaweed was solubilized/hydro-
the heavy metals were mobi-

h sulphide, or captured by other
refore not present as ions in the
heavy metals as sulphides has
increasing pH above pH 5.5
ntent of ionizable groups on the
that mobilization was affected
on. The dominating functional
et al., 2005; Karthikeyan et al.,
deiro et al. (2005) on the bio-
roalgae, the pKa for different
e4.0. This implies that, at pH
groups are mainly protonated,
values higher than pKa, the

rged and the positively charged
g the Cd uptake. Therefore, in
ll bind the heavy metals due to
ng in low mobilization.
at macroalgal compost could be
ral soils as a valuable nutrient
study, the Cd content was still
he treatment with IDA cryogel,
r fertilizers. In future studies,
sed during hydrolysis or more
eed to achieve more efficient
his way, the level of Cd could
digested material suitable as
rmed to increase the solubility
avy metals during hydrolysis.

sts

aluate the methane production
d untreated seaweed leachate.
in Table 3. A methane yield of
when digesting raw seaweed

The methane yield was slightly
VS, which may indicate inhi-
a high substrate concentration
on may be due to the dilution
as H2S, heavy metals and NaCl
when a larger fraction of the
of the methane was produced
, and the methane content was
g VS. The pH was about 7.6 and
. The results obtained in this
study by Briand and Morand
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97), who reported a methane yield of 0.11 l CH4/g VSadded after
days of batch digestion of Ulva sp. Hansson (1982), reported
igher methane yield, of 0.35e0.48 l CH4/g VSadded, when
esting green algae in batch experiments.
The reason for the low methane yield, compared with that
ained by Hansson (1982), may be due to a recalcitrant fraction
aining after the utilization of the easily hydrolysable organics.
degradation of seaweed may also release other inhibitory
pounds. Tannins, which are present in brown seaweed could be
ased and are potent inhibitors of methanogens (Moen et al.,
7). The seaweed in this study contained high amounts of
phate, which can be reduced under anaerobic conditions by
phate-reducing bacteria (SRB) to H2S, with the expense of
anic matter (O’Flaherty et al., 1998). Hence, not all the available
anic matter in the seaweed was converted into biogas. The
tion effect of adding the inoculummay have made it difficult to
erve any possible inhibition by inhibitory compounds. Seaweed
lected in March usually contains high amounts of proteins and
inic acid, and low amounts of carbohydrates. As photosynthetic
ivity increases during spring, the carbohydrate content
reases, while the ash, protein and alginic acid contents decrease
senberg and Ramus, 1982). Variation in the composition and the
cies of seaweedmay affect themethane yield. The time at which
seaweed is collected from the beach may also influence the
thane yield. If the seaweed is left on the beach for a long time,
ves may wash away the easy degradable fraction.
There was a decrease in the methane yield obtained from the
ated seaweed leachate (0.20 � 0.1 N l CH4/g tCODadded) and the
reated leachate (0.24� 0.1 N l CH4/g tCODadded) (P< 0.05, at 95%
fidence interval). This corresponds to the methane yield of
2 � 0.1 N l CH4/g VSadded of the seaweed initially added. The
thane content obtained from seaweed leachate was 61%
pared to 44% from raw seaweed, which is beneficial if the

gas is to be upgraded. Most of the methane (90%) was produced

methane production from Ulv
was reported by Morand an
tCODadded. Generally, anaero
concentrations of heavy meta
must be bioavailable to cause
supplementation of micronut
where they are deficient ha
effects (Speece et al., 1983; B
micronutrients present after
might have not been sufficien
precipitate H2S that can be in
ulum would have provided a
batch digestion. No inhibition
tions of heavy metals was o
ments. Batch digestionwas no
the removal of heavy metals
leachate in this study. Henc
reactor for the continuous di
seaweed leachate was investi

The methane yield obta
0.24 N l CH4/g tCODadded or 0
initially added. The methan
digestion of seaweed and se
terms of g VSadded, but the t
leachate was shorter than th
hydrolysed to produce the l
contains a substantial amoun
be utilized, but further trea
recalcitrant fraction. The resu
jected to anaerobic digestion.
another strategy for improvin
Co-digestion may reduce the e
and allow the digestion of se
Experiments concerning the

le 3
mary of the results of the methane potential batch tests.

ISRa (g VS/g VS) pH Methane yield
(N l CH4/g VSadded)

M

w seaweed 1:1 7.57 � 0.01 0.09 � 0.01 49
w seaweed 2:1 7.64 � 0.03 0.12 � 0.00 44

(g VS/g tCOD) (N l CH4/g tCODadded)
ntreated leachate 1:1 8.03 � 0.02 0.24 � 0.01 61
eated leachateb 1:1 7.99 � 0.02 0.20 � 0.01 61

ISR inoculum substrate ratio.
Treated with IDA cryogel to remove heavy metals.
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m the seaweed leachate during the first 9 days of digestion. The evaluated.

le 4
es of HRT, OLR, methane yield, methane content and GPR during steady state at each OLR level. UASB 1 digested treated seawe
vy metals and UASB 2 digested untreated leachate.

OLR (g tCOD/l/day) HRT (days) Methane yield
(N l CH4/g tCODadded)

Methane conten

ASB 1 1.1 8.6 0.18 � 0.03 75.1
2.5 3.7 0.20 � 0.01 71.2
4.4 2.1 0.18 � 0.01 70.9
7.1 1.3 0.17 � 0.02 71.1

11.0 0.8 0.15 � 0.02 66.1
18.1 0.5 0.14 � 0.02 63.2

ASB 2 1.2 8.8 0.21 � 0.03 73.7
2.9 3.7 0.23 � 0.03 69.3
4.9 2.1 0.21 � 0.02 68.9
8.1 1.3 0.19 � 0.01 69.1

12.5 0.8 0.20 � 0.02 65.4
20.6 0.5 0.16 � 0.02 62.9
leachate in a packed-bed reactor
iand (1999) to be 0.26 l CH4/g
digestion is inhibited by high
ong and Cheung, 1996), but they
itory effects. On the other hand,
ts such as Co2þ, Ni2þ and Zn2þ

en shown to have stimulatory
et al., 2001). In this case, the

ment with IDA cryogel carriers
efficient biogas production or to
tory to methanogens. The inoc-
ce of micronutrients during the
ulting from the high concentra-
ved during the present experi-
ficient to investigate the effect of
anaerobic digestion of seaweed
further experiment in a UASB
on of the treated and untreated
.
from seaweed leachate was
l CH4/g VSadded of raw seaweed
lds obtained in the anaerobic
ed leachate were the same in
needed to produce biogas from
ith seaweed. When seaweed is
ate, the remaining residue still
organic matter. This residue can
nt is needed to hydrolyse the
leachate can then be also sub-
igestion with other materials is
thane production from seaweed.
s of some inhibitory compounds
d in pre-existing biogas plants.
strategies are currently being

e content (%) VFA (g/l)

0.5 e

1.3 e

0.3 0.25 � 0.02
0.1 0.21 � 0.03
ed leachate using IDA cryogel to remove

t (%) GPR (N l CH4/l/day)

0.19 � 0.02
0.44 � 0.01
0.77 � 0.01
1.14 � 0.03
1.83 � 0.04
2.60 � 0.19

0.22 � 0.01
0.57 � 0.01
0.99 � 0.02
1.38 � 0.04
2.37 � 0.12
3.04 � 0.16
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Methane production from seaweed leachate in UASB reactors

. Methane yield and gas production rate
xperiments were performed to evaluate the suitability of the
ment of seaweed leachate in a UASB reactor. Values of some
ess parameters analysed during steady state at each OLR level
resented in Table 4. One of the UASB reactors was fed with the
ate treated with IDA cryogel carriers to remove the heavy
ls (UASB 1), and the other was fed with the untreated leachate
B 2).
he methane yield was used to compare the efficiency of UASB 1
UASB 2. The highest methane yield obtained in UASB 1 was
� 0.01 N l CH4/g tCODadded, at an OLR of 2.5 g tCOD/l/day, while
ighest yield in UASB 2 was 0.23 � 0.03 N l CH4/g tCODadded, at
LR of 2.9 g tCOD/l/day. There was a significant difference
0.05, at 95% confidence interval) of the effect of removal of
y metals from seaweed leachate when treating it in the UASB
tors during the entire treatment period. Hence, the removal of
y metals from seaweed leachate may have increased the
itory effects of SO4

2− and H2S as less heavymetals were present
low for precipitation and reduce the concentration of H2S.
he methane yield decreased as the OLR was increased. In UASB
emethane yield decreased to 0.14� 0.02 N l CH4/g tCODadded, at
LR of 18.1 g tCOD/l/day and in UASB 2, the methane yield
eased to 0.16 � 0.02 N l CH4/g tCODadded at an OLR of 20.6 g
/l/day. A decrease in the methane yield was expected since the
was very short (12 h), and thus the microorganisms had very
time to convert the organics into biogas. This was reflected in
decrease in the reduction of tCOD as the OLR was increased
le 5). Themethane yields obtained in the UASB reactors were in
ame range as those obtained in the batch tests, showing that
as production in UASB reactors was at least as efficient.
ery little work has been performed on the anaerobic digestion
aweed leachate with high-rate reactors. A methane yield of
N l CH4/g tCODadded was obtained at an OLR of 2.53 g tCOD/l/
when digesting the leachate from green seaweed species Ulva
an anaerobic packed-bed reactor (Morand and Briand, 1999).
ethane yield of 0.23e0.32 N l CH4/g VSadded has also been
rted in anaerobic digestion of seaweed under mesophilic
itions in a CSTR (Hansson, 1982). The methane yields were
alized to STP assuming 25 �C for easy comparison.
lthough the methane yield decreased in both cases as the OLR
increased, the treatment capacity was high, and the GPR can
be used as a measure of the performance of the reactor.

erally, the GPR increased with increasing OLR during the entire
ment period. The GPR was 2.60 N l CH4/l/day in UASB 1 and

reactors. Hence, it was benefi
a UASB reactor since high met
GPR reported by Morand and B
an OLR of 2.5 g COD/l/day usin
A GPR of 5.5 l CH4/l/day at an
reported by Shin et al. (2001) w
food waste in a UASB reactor.

There was a decrease in th
from around 73 and 75% to 64
which was expected. The pH de
7.7 to 7.3. The solubility of CO
bicarbonate PA increased as th
subsequently at higher OLR (T
due to the decreased solubility
amount of CO2 in the gas phas
the biogas.

The main fraction of solubl
during the first 10 days of hyd
ment period required for two
days for hydrolysis in a leach-
reactor, giving a total treatme
(1987) reported a decrease i
a CSTR with an increase in th
VSadded/l/day. A decrease in t
corresponds to an increase in th
in a CSTR, has also been rep
treatment capacity of the tw
implies that a smaller reactor v
with the conventional CSTR,
superior. Evaluation of the inte
a hydrolytic leach-bed reactor

3.3.2. Total COD reduction
The total COD reduction de

was increased from 1.1 to 18.1 g
tCOD decreased from 90 to 81
to 20.6 g tCOD/l/day (Table 5)
metric COD degradation rate
highest OLR applied. A high
possible in both reactors as the
organic matter mainly in the f
verted into biogas. Furthermo
were constantly growing, as ev
the sludge blanket during the

An OLR of 15.8 g COD/l/dayw
was achieved by Shin et al. (20

V.N. Nkemka, M. Murto / Journal of Environmental Management 91 (2010) 1573e1579
N l CH4/l/day in UASB 2 at the highest OLR applied to the waste leachate in a UASB reactor. Fa

5
s of other process parameters in the UASB reactors during steady state at each OLR level.

OLR (g tCOD/l/day) pH tCOD reduced (%) Volumetric degradation
rate (g tCODdegraded/l/day)

To

SB 1 1.1 7.73 89.6 � 1.7 1.0 � 0.1 n
2.5 7.52 � 0.03 81.5 � 1.4 1.7 � 0.1 0
4.4 7.55 � 0.05 85.2 � 2.2 3.7 � 0.1 n
7.1 7.46 � 0.05 80.8 � 2.1 5.4 � 0.7 n

11.0 7.43 � 0.05 79.2 � 2.2 9.3 � 1.2 0
18.1 7.30 � 0.06 78.9 � 1.3 14.3 � 0.3 0

SB 2 1.2 7.70 � 0.02 89.7 � 2.2 1.1 � 0.2 n
2.9 7.54 � 0.02 84.0 � 1.9 2.2 � 0.4 n
4.9 7.52 � 0.05 80.7 � 2.4 3.9 � 0.3 0
8.1 7.49 � 0.04 82.5 � 0.8 6.0 � 0.2 0

12.5 7.45 � 0.02 78.7 � 4.1 9.1 � 1.0 0
20.6 7.37 � 0.13 80.6 � 0.9 14.7 � 1.1 0

not detected.
to digest seaweed leachate in
productivity was attained. The
(1999) was 0.66 l CH4/l/day at
anaerobic packed-bed reactor.
of 15.8 g COD/l/day has been

treating VFA-rich leachate from

thane content in both reactors
66% over the treatment period
sed in both reactors from about
reases at higher pH. Values of
R was increased and decreased
5). The decrease in the PA was
O2. This then led to an increase
ce, a lower methane content of

anic compounds was produced
is of seaweed. The total treat-
e treatment would thus be 10
eactor and 2 days in the UASB
me of 12 days. Hanssen et al.
HRT from 24 to 16 days in
corresponding to 1.7 to 2.6 g

RT from 27 to 11 days, which
R from 1.1 to 2.6 g VSadded/l/day
(Hansson, 1982). The higher

ge anaerobic digestion system
e would be required compared
would thus be economically
d two-stage process combining
UASB reactor is being planned.

sed from 90 to 80% as the OLR
/l/day in UASB 1. In UASB 2, the
he OLR was increased from 1.2
reactors reached a high volu-
round 14 g tCOD/l/day at the
of about 20 g tCOD/l/day was
eed leachate contained soluble
of VFAs, which are readily con-
he mesophilic UASB granules
ced by the increase in height of
d of the experiments.
a COD removal efficiency of 96%
when treating hydrolysed food

1577
ng et al. (1994) also reported an

tal VFA (g/l) PA (g CaCO3/l)

.d. 2.2 � 0.1

.07 � 0.10 2.3 � 0.0

.d 2.6 � 0.0

.d. 2.2 � 0.1

.02 � 0.01 2.4 � 0.0

.03 � 0.02 2.0 � 0.1

.d. 3.0 � 0.1

.d. 3.2 � 0.0

.02 � 0.00 3.4 � 0.0

.01 � 0.01 3.0 � 0.1

.01 � 0.01 3.2 � 0.0

.02 � 0.02 2.9 � 0.1
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of 32 g COD/l/day with a COD removal efficiency of 84% when
ating hydrolysed protein wastewater in a UASB reactor.

.3. VFAs, alkalinity and pH
The tVFA concentration and PAwere affected in both reactors by
nges in the OLR (Table 5). After the first 20 days, the tVFA
centration in UASB 1 decreased below the detection limit of
g/l. During this period, the concentration of tVFA in UASB 2 was
sistently below the detection limit. Both reactors were very
ble in terms of VFA degradation even at high OLRs. When the
was increased the concentration of some VFAs increased, but

se returned to low levels in both reactors as they stabilized at
new OLR level. Individual VFAs found in the reactors were
tic, propionic, n-butyric and n-valeric acids (results not shown).
total concentration of VFAs in the effluent was low, and was
ut 0.03 and 0.02 g/l at an OLR of 18.1 and 20.6 g tCOD/l/day in
SB 1 and 2, respectively. This indicates that an HRT of 12 h was
ficient for the methanogens to convert most of the VFAs into
gas. Some reactors are considered to be overloaded when the
centration of VFAs is above 0.2 g/l (Björnsson et al., 1997), but
level may depend on the material being digested and the type

reactor. In the anaerobic digestion of manure and co-digestion
h other materials a high concentration of VFAs can be tolerated,
to the presence of buffering species, mainly NH4

þ-N (Murto
al., 2004). However in this case, the granules probably
vided a good microenvironment for the sensitive methanogens.
oncentration gradient will be formed in the granule due to the
sumption of VFAs by acidogens and acetogens, and hence the
thanogens are exposed to a lower concentration of VFAs than in
incoming leachate.
Alkalinity is a measure of the buffering capacity or the ability of
ystem to resist pH changes that may be caused by the accumu-
on of VFAs. According to Moosbrugger et al. (1993) the pH in the
ctor should be maintained at about 7, as this is suitable for
thanogens. The pH in the reactors was fairly stable during the
sent experiments. At OLRs of 18.1 and 20.6 g tCOD/l/day in the
pective reactors, the pH was about 7.3 compared with a pH of
ut 5.1 in the incoming seaweed leachate. The main buffering
cies was bicarbonate, which is formedmainly by the dissolution
O2 produced during anaerobic digestion.
The concentration of dissolved H2S was about 0.3e0.5 g/l in
h reactors, in comparison with 0.07 g/l in the incoming
chate (results not shown). The incoming leachate had a high
centration of SO4

2− which was converted, to some extent, to H2S
HCO3

− by SRB, at the expense of organic compounds. The
centration of dissolved H2S that inhibits methanogens has
n reported to be between 0.2 and 1.1 g/l. However, granular
mass was also reported to be able to withstand higher
centrations, of about 0.7e1.0 g/l, than suspended biomass
il et al., 1995). SRB compete with methanogens for H2 and the
petition is dependent on the COD/SO4

2− ratio of the substrate.
thanogens have an advantage of growth at higher ratios than
. In this study, the ratio of COD/SO4

2− was about 3 which fav-
ed the growth of SRB more than the methanogens. The SRB can
press the hydrogenotrophic pathway more than the aceticlastic
hway. The hydrogenotrophic pathway contributes to about 30%
the produced methane. Hence, the SRB cannot totally out
pete the methanogens (O’Reilly and Colleran, 2006). The
sibility of direct inhibition of methanogens by H2S (pKa 7.2)
s low since the pH was over 7.3 during the entire treatment
iod and the prevailing compound was HS− which cannot enter
negatively charged bacterial wall. The inhibitory effect of H2S
ore severe at low pH (Gerardi, 2003). The HCO3

− ions produced
ing the reduction of SO4

2− to H2S also contributed to increasing
buffering capacity of the reactors.

NH4
þ-N was also fairly cons

in both reactors, compared
incoming seaweed leachate (
bonate alkalinity together wi
erably to the alkalinity in t
stability of the reactors, even

4. Conclusions

Two-stage anaerobic diges
heavy metals from seaweed
reduction of high heavy meta
use of the digestate as a fertili
performed with IDA cryogel
removing Cd2þ, Cu2þ, Ni2þ an
The removal efficiency ranged
on the type of heavy metal.
metals from seaweed was low
a high total removal and a hi
heavymetals from the seawee
reduced the methane yield wi
15% in experiments with th
treated leachate. Therefore,
removal might be a more s
methane potential. Comparab
the anaerobic digestion of se
days were required to produc
compared to only 9 days w
treatment time is required in
cient treatment of seaweed lea
with a high GPR of 3.0 N l CH
a smaller reactor volume is r
ment system. This study dem
digestion is promising as a wa
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Abstract 
This research evaluated biogas production in batch and UASB reactors from 
pilot-scale acid catalysed steam pretreated and enzymatic hydrolysed wheat straw. 
The results showed that the pretreatment was efficient and, a sugar yield of 95% 
was obtained. The pretreatment improved the methane yield (0.28 m3/kg VSadded) 
by 57% compared to untreated straw. Treatment of the straw hydrolysate with 
nutrient supplementation in a UASB reactor resulted in a high methane 
production rate, 2.70 m3/m3.d at a sustainable OLR of 10.4 kg COD/m3.d and 
with a COD reduction of 94%. Alternatively, co-digestion of the straw and 
seaweed hydrolysates in a UASB reactor also maintained a stable anaerobic 
process and can thus reduce the cost of nutrients addition. We have shown that 
biogas production from wheat straw can be competitive by pretreatment, high 
methane production rate in UASB reactors and also by co-digestion with seaweed 
hydrolysate. 
Key words: anaerobic digestion; seaweed; steam pretreatment; UASB reactor; 
wheat straw 
 
1. Introduction 
The objective of the European Commission on Renewable Energy Road Map is 
to increase the gross domestic energy consumption from renewable energy 
sources, which amounted to 12.4% in the EU in 2010 (EurObserv’ER, 2011), to 
20% by 2020. Sweden, however, already produces about 30% of its total energy 
from renewable sources, due to its large renewable energy assets and an active 
engagement in energy policies (Swedish-Energy-Agency, 2011). Biogas currently 
contributes 0.4% (3 TWh/year) of energy consumed in Sweden, and this could be 
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increased to 74 TWh/year by using natural waste and forest residues. The use of 
new biomass resources, improved process technology, and energy, agricultural, 
environmental and waste-handling policies that promote sustainable development 
(Lantz et al., 2007) are all important to maximise the use of the energy bound in 
biomass resources and to attain the goal that have been set.  
 
Biogas production can be increased by using abundant lignocellulose materials 
such as agricultural and forest residues (Zeng et al., 2007). However, the complex 
lignocellulose structure limits the accessibility of the sugars in cellulose and 
hemicellulose. This means that pretreatment is necessary to gain access to the 
sugars bound in lignocellulose, and several efficient pretreatment methods for 
lignocellulose material have been developed (Alvira et al., 2010). One example of 
such a method is steam pretreatment in the presence of dilute acid, which results 
to efficient lignocellulose hydrolysis and sterilisation. Building a steam 
pretreatment unit requires a huge initial investment, and the operation of such a 
plant consumes energy. Both of these factors are major drawbacks. However, 
process integration with other heat and power plants that produce waste heat, 
and the use of heat exchangers in the processing steps can substantially reduce 
the requirement for energy input (Ljunggren & Zacchi, 2010). Today, there are 
many operational demonstration ethanol plants that employ steam pretreatment 
and enzyme hydrolysis techniques for lignocellulose degradation (Gnansounou, 
2010). The use of sulphuric acid during steam pretreatment in the presence of 
dilute acid is another drawback. Pretreatment is very efficient when sulphuric acid 
is used, but the acid creates problems downstream due to high sulphate 
concentrations. These can compromise methane production as a result of 
competition between sulphate-reducing bacteria (SRB) and methanogens. 
Moreover, biogas produced in this way and subsequently upgraded to be used as 
a transport fuel would contain high concentration of H2S, which is corrosive to 
engines. We have here used phosphoric acid as an alternative to sulphuric acid, 
hence avoiding the problems of high downstream sulphate concentration.  
 
It has been reported that celluclast enzymes, which hydrolyse polymers to release 
sugars after steam pretreatment, increase the cost of producing biofuel due to low 
efficiency and the high purchase costs of the enzymes. More efficient enzymes 
are now being produced by several companies, and we have here used a new and 
more efficient celluclast enzyme (Cellic C Htech from Novozyme, Denmark). 
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Poor buffer and nutrient content of wheat straw is a further hindrance to the use 
of this material in a biogas process. Co-digestion is a common method used to 
remedy nutrient deficiency and poor buffer capacity in biogas reactors, through 
the synergistic effects that co-digestion can introduce. Treatment of wheat straw 
hydrolysate with manure improves the performance of the upflow anaerobic 
sludge blanket (UASB) technique (Kaparaju et al., 2009). As manure becomes 
scarce due to its increasing use in biogas production, other co-substrates will be 
required. Seaweed generally has a high nutrient content, and is an underexplored 
marine resource. The seaweed Ulva lactuca was not suitable for combustion for 
energy production due to the high ash content (Bruhn et al., 2011). In addition, 
Ulva lactuca is alkaline, and this means that it can be used as a buffer in biogas 
reactors. Seaweed hydrolysate has been used in a UASB reactor at a high OLR, 
20.6 g tCOD/l.day, without adding nutrients or alkaline agents (Nkemka & 
Murto, 2010). 
 
The work presented here has evaluated dilute acid catalysed steam pretreatment 
and enzyme hydrolysis of wheat straw and subsequent biogas production in batch 
and continuous UASB processes. The investigation has evaluated the 
pretreatment of wheat straw and the effect of pretreatment on the methane 
potential in batch tests on several starting materials: wheat straw (pieces of 
lengths 1-2 cm), ground wheat straw, dilute acid catalysed steam pretreatment of 
wheat straw, and such pretreated wheat straw subsequently hydrolysed by 
enzymes. We have also evaluated whether wheat straw hydrolysate is suitable for 
methane production in a UASB reactor. Finally, we have examined the use of 
seaweed hydrolysate as a co-substrate in the treatment of wheat straw hydrolysate 
in a UASB reactor. 

2. Materials and methods 

2.1 Wheat straw 

Wheat straw was collected from a farm in Lunnarp, Sweden, and was harvested in 
August 2009. It had a total solid (TS) content of 96%, of which 94% was volatile 
solids (VS). The wheat straw was cut with a grinding mill (Retsch GmbH, 
Germany), and sieved through a Vibro-screen (SWG Process Engineering Ltd., 
England) to obtain pieces of lengths 1-2 cm. The material was stored at room 
temperature until use. Table 1 presents the composition of the wheat straw. 
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The wheat straw was pretreated by steam pretreatment using an acid catalyst, 
followed by enzymatic hydrolysis. The resulting material was separated into a 
liquid fraction and a solid fraction. Figure 1 shows the pretreatment process, and 
Sections 2.2 and 2.3 will describe the pretreatment conditions. 
 
 

Cutting  
(1-2 cm)

Wheat straw 

AD 

Enzymatic 
hydrolysis 

Steam 
explosion 

(190 °C, 5mins) 

AD 
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B D-S
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Figure 1. Schematic diagram and material flow for biogas production from 
pretreated wheat straw. AD is the fraction used for anaerobic digestion. 
 

2.2 Acid catalysed steam pretreatment of wheat straw 

Ten kilograms of wheat straw (in pieces of lengths 1-2 cm) was pre-soaked for 
one hour in 0.5% H3PO4 of TS. In a pre-trial, steam pretreatment of straw with 
0.2% phosphoric acid was not efficient and as such, the acid concentration was 
increased to 0.5%. The material was then pressed in batches for about 2 minutes 
at 3.0×107 Pa using a press (Tinkturenpressen HP5M, Fischer Maschinenfabrik, 
Germany). The pressed wheat straw was subsequently steam pretreated in a pilot-
scale reactor of volume 10 l at 190 °C for 5 min, in batches of 0.7 kg. The 
procedure used for the steam pretreatment has been previously described (Linde 
et al., 2008).  

 
2.3 Enzymatic hydrolysis of pretreated wheat straw 
The steam-pretreated wheat straw was then enzymatically hydrolysed using the 
celluclast enzyme Cellic C Htech (95 FPU/g, 590 IU β-glucosidase/g enzyme) 
(Novozyme, Denmark). The amount of enzyme added to the steam-pretreated 
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wheat straw was calculated by assuming a content of water insoluble solids (WIS) 
of 10%, and a desired enzyme load of 15 FPU/g WIS. The hydrolysis was 
performed at 50 °C for 72 hours in a reactor of volume 45 l, with continuous 
stirring. The active reactor volume was 25 l. Two batches of enzymatic hydrolysis 
were performed. The pH of the steam-pretreated material was adjusted to about 
4.8 with 50% NaOH before the enzymatic hydrolysis, since this is the optimal pH 
for the activity of Cellic C Htech. The slurry obtained from enzymatic hydrolysis 
was centrifuged (Jouan Centrifugeurs, Switzerland) and then filtered through 
Munktel filter paper grade 5.  
 
Samples for methane potential measurements were taken after each processing 
step and stored at –20 °C until use (Figure 1). 

2.4 Methane potential batch tests 

The inoculum used in the batch tests was collected from a mesophilic full-scale 
biogas plant, Söderåsens Bioenergi AB, Sweden, co-digesting industrial food 
waste and energy crops. The total solid content of the inoculum was 3.7%, of 
which 63.9% was volatile solids. Methane potential tests were performed on the 
fractions (A to D-S) from the process steps shown in Figure 1. All tests were 
performed in triplicate and under mesophilic conditions (37 °C). The experiment 
was performed during 31 days except for the ground and cut wheat straws, which 
were digested further for 127 days. Avicel cellulose (crystalline cellulose) was used 
as a control to assess the cellulase activity of the inoculum, and the methane 
potential of the celluclast enzyme Cellic C Htech was also determined. The 
inoculum:substrate ratio was 2:1, based on VS content. The experimental set-up 
has been previously described (Kreuger et al., 2010). Air-tight bags used for 
biogas collection were produced from the aluminium packaging material 
transofoil (Flextrus AB, Sweden). The volume and composition of the gas 
produced were measured and the temperature recorded during the experiment. 

2.5 Methane production in UASB reactors 

The wheat straw hydrolysate (D-L) was treated in duplicate in UASB reactors. 
Granular anaerobic sludge was obtained from a mesophilic full-scale plant in the 
Netherlands and used as inoculum in the UASB reactors. The TS content of the 
granular sludge was 6.4%, the VS content was 43.5% of TS, and the reactors were 
initially loaded with 250 g of the granules. The UASB reactors had an active liquid 
volume of 0.8 l and were operated under mesophilic (37 °C) conditions as 
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previously described (Nkemka & Murto, 2010). A modified anaerobic basic 
nutrient solution was used to dilute the wheat straw hydrolysate as previously 
reported (Angelidaki et al., 2009). Urea (100 kg/m3) was used instead of 
ammonium chloride in the basic anaerobic medium. Urea is a cheap source of 
nitrogen and is also a buffering species.  
 
Methane production and the treatment capacity were determined by increasing 
the feedstock concentration and by decreasing the hydraulic retention time 
(HRT). The organic loading rate (OLR) was increased by first increasing the 
concentration of the feedstock from 10.0, 19.3, 27.7 and finally to 47.7 kg 
COD/m3 (where “COD” is an abbreviation for “chemical oxygen demand”) at a 
constant HRT of about 8 days. The increase in the feedstock concentration 
corresponded to an increase in OLR of 1.2 to 6.1 kg COD/m3.d (Table 4). The 
next stage of the increase in OLR was a decrease in the HRT from 8.0 to 2.7 
days, carried out when the concentration of the feedstock was 27.7 kg COD/m3. 
This corresponded to an increase in the OLR from 3.5 to 10.4 kg COD/m3.d. 
The total treatment period was 145 days. 
 
The wheat straw hydrolysate was also treated by co-digestion with seaweed 
hydrolysate (SWH) (in a ratio of 1:1 based on kg COD/m3), instead of adding the 
anaerobic basic medium as previously described. The OLR was increased by 
increasing the concentration of the mixed hydrolysates from 9.5 to 18.4 kg 
COD/m3, which corresponds to an increase in the OLR from 3.6 to 6.6 kg 
COD/m3.d at a constant HRT of 2.7 days. The total treatment time was 47 days. 
The seaweed hydrolysate was produced by seaweed hydrolysis, described in 
Section 2.6. 
 
The processes were allowed to run for at least three times the HRT at each OLR 
level, to reach a semi-steady state condition. The composition, temperature and 
volume of the gas produced were monitored during the experiments, as were the 
levels of ammonium-nitrogen, COD, pH and the concentration of volatile fatty 
acids (VFA). 

2.6 Production of seaweed hydrolysate from seaweed 

The seaweed used to produce leachate was collected from the beach at 
Trelleborg, on the southern coast of Sweden in May 2008. The TS level was 
22.3%, of which 32.9% was VS. The seaweed was ground to produce pieces sized 
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2 to 3 cm, which were stored at -20 °C until use. Seaweed leachate was produced 
by hydrolysing the seaweed using four Schott bottles of volume 5 l as hydrolytic 
reactors and were placed in a ventilated hood. At the start of the hydrolysis, 6.3 
kg of seaweed and 6.3 kg of water were added to the four reactors. No inoculum 
was added and the hydrolysis depended on the natural bacterial floral of the 
seaweed (Nkemka & Murto, 2010). Consequently, only the buffer and nutrient 
contribution from the seaweed can be evaluated in the co-digestion of seaweed 
and the straw hydrolysate in the UASB reactor. The reactors were operated at 37 
°C for 12 days. The leachate was subsequently filtered through a sieve of mesh 
size 125 µm to remove sand and other large particles. The pH of the leachate was 
5.76, and it contained 0.21 kg/m3 NH4-N, 2.78 kg/m3 total alkalinity (TA), and 
26.4 kg/m3 COD. The leachate (SWH) was subsequently used as a co-substrate 
during methane production in batch tests and in UASB reactors. 
 

2.7 Analytical methods 

TS and VS were analysed using standard methods (APHA, 1998). Dr. Lange test 
kits LCK 114 or LCK 914 were used for COD analyses and the analyses were 
carried out in a Lasa 100 spectrometer (Dr. Bruno Lange GmbH, Germany). 
Analyses of NH4+-N, partial (PA) and total alkalinity, pH, gas volume and gas 
composition were carried out as previously reported (Nkemka & Murto, 2010; 
Parawira et al., 2006). Acetic acid, ethanol, formic acid, furfural, hydroxylmethyl 
furfural (HMF), lactic acid and sugars were analysed after the pretreatment using 
a high-performance liquid chromatograph (HPLC) (Shimadzu, Kyoto, Japan) 
equipped with a refractive index detector (Shimadzu) and as previously reported 
(Linde et al., 2008). Samples for VFA determination in the effluent of the UASB 
reactors were analysed by HPLC (Jasco, Tokyo, Japan) and as earlier reported 
(Kreuger et al., 2011). The elemental analyses presented in Table 2 were 
performed by LMI AB, Helsingborg, Sweden. Levels of nitrogen and carbon 
were determined and used to determine the C/N ratio. Levels of Fe, Al, B, Cu, P, 
S, Zn, Mn, Na, Mg, Ca, K and Si were determined by inductively coupled plasma 
atomic emission spectrometry (ICP-AES). Levels of Mo, Cr, W, Se, Ni, Cd, Co, 
As, Hg and Pb were determined by inductively coupled plasma mass 
spectrometry (ICP-MS). Levels of total organic carbon (TOC) and Kjedahl-
nitrogen (Kj-N) in the liquid samples were determined. Methane volumes were 
corrected to 0 °C and 1 atm. 
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2.8 Statistical analyses 
The effects of the pretreatment on the methane yield in the batch tests were 
analysed using the statistical software SPSS 16.0. Univariate analyses of variance 
and post hoc (Tukey) tests were performed, and 95% confidence intervals 
determined. 
 
3. Results and discussion 
3.1 Wheat straw composition 
Table 1 presents the sugar and lignin contents of the wheat straw, which were in 
the same range as previously reported (Linde et al., 2008). 
 

3.2 Acid catalysed steam pretreatment and enzymatic hydrolysis of 
wheat straw 

Steam pretreatment in the presence of dilute H3PO4 followed by enzymatic 
hydrolysis using the celluclast enzyme Cellic C Htech was an efficient 
pretreatment of the wheat straw (Table 1). The yield of D-glucose was 35.2 g/100 
g TS and the yield of xylose was 21.4 g/100g TS. The total sugar yield was 95%, 
and the yield of D-glucose was 95% and that of xylose was 94% of the theoretical 
yield. The result of this study was comparable to the total sugar yield obtained 
following steam pretreatment/enzymatic hydrolysis with 0.2% H2SO4 at 190 °C 
for 5 min (Linde et al., 2008). Hence, steam pretreatment with an acid catalyst 
gave a high sugar yield. Sulphuric acid is an efficient acid catalyst for the steam 
pretreatment of lignocellulose materials. However, as earlier mentioned, the high 
concentration of SO42- ions in the hydrolysate in a biogas reactor can be 
problematic in the subsequent biogas process. SRB compete with methanogens 
for H2 and use organic carbon, which may further reduce the methane potential 
of the material. Furthermore, H2S produced under anaerobic conditions can be 
toxic to methanogens at neutral pH and can precipitate valuable micronutrients 
that are needed for anaerobic digestion (Hulshoff Pol et al., 1998). We have used 
H3PO4 acid in the steam pretreatment, as a novel method to circumvent these 
problems. We have also used a more efficient enzyme in the enzymatic hydrolysis 
than those previously used, Cellic C Htech (95 FPU/g enzyme), and this 
contributed to the efficient release of sugars. It was possible to obtain high sugar 
yields with the enzyme that was commonly previously used, Celluclast 1.5 L (60.9 
FPU/g enzyme), but larger amounts were required due to its low specific activity 
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(Sipos et al., 2010). Enzymes are expensive, and the use of small amounts of an 
efficient enzyme can reduce the process cost. 
 
Table 1. Composition of wheat straw and concentrations and yields of sugars, 
lactic acid, acetic acid, ethanol, HMF and furfural in the liquid after the steam 
pretreatment and subsequent enzymatic hydrolysis of wheat straw. 

 
Wheat straw Wheat straw hydrolysate (WSH) 
 Content  

(% of TS) 
 Yield 

(g/100g TS) 
Concentration in 

wheat straw 
hydrolysate D-L 

(kg/m3) 
Glucan 37.0 Cellobiose 3.9 6.97 
Xylan 22.8 D-glucose 35.2 62.37 
Galactan 0.9 Xylose 21.4 37.84 
Arabinan 2.8 Arabinose 2.0 3.47 
Mannan 2.0 Lactic acid 0.21 0.37 
Acid-insoluble 
lignin 

16.4 Glycerol 
3.6 6.34 

Acid-soluble 
lignin 

1.2 Acetic acid 
2.7 4.79 

Water 
extractives 

12.4 Ethanol 
0.2 0.29 

Ethanol 
extractives 

1.0 HMF 
0.1 0.23 

  Furfural 0.6 1.14 
  COD   196 
  pH  4.41 
  TS (%)  12.3 
  VS (%) of TS  98.4 
  NH4-N (kg/m3)  0.04  

 
 
Other compounds, such as acetic acid, ethanol, formic acid and lactic acid, were 
produced in small amounts during the steam pretreatment in the presence of 
dilute acid/enzymatic hydrolysis. Furthermore, furfural and HMF, both of which 
may inhibit methanogens, formed during the steam pretreatment. The 
concentration of furfural that inhibits methanogens ranges from 2.4 to 3.0 kg/m3 
(Raj, 2009). The hydrolysate produced by the pretreatment, however, must be 
diluted before digestion in a methane reactor due to its high COD content, and 
this reduces the risk of furfural inhibiting the methanogens. In addition, Torry-
Smith et al. have reported that furfural and HMF are degraded in UASB reactors 
(Torry-Smith et al., 2003). 
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The pH of the hydrolysate was low, 4.41, and treatment of the hydrolysate for 
biogas production required pH adjustment to a neutral range. The COD content 
was 196 kg/m3, which was higher than the sum (123.8 kg/m3) of all the 
compounds present in the D-L fraction. This shows that other compounds were 
present in the hydrolysate that were not identified and that could contribute to 
methane production. The TS content of the liquid hydrolysate, D-L, was 13.3% 
and the VS content was 98.2% of TS. This liquid hydrolysate is suitable for 
anaerobic digestion in a continuous stirred tank (CSTR) reactor since a TS 
concentration of about 10% is required for processing in a CSTR. Alternatively, 
the hydrolysate may be treated in a methane high-rate reactor, which allows 
higher rates of methane production, and we evaluated this process. 

 
3.3 Mass flow and nutrient variation during steam pretreatment 
and enzyme hydrolysis 
Variation in the total mass during the pretreatment process was caused mainly by 
the addition of process water (Figure 1). Estimation of the volume of process 
water needed is important for subsequent cost estimations. Water is added in the 
process at various stages, such as soaking the wheat straw in dilute H3PO4, as 
steam during the steam pretreatment, and during the enzymatic hydrolysis. Water 
is, on the other hand, lost during the pressing step prior to steam pretreatment. 
This resulted in the loss of organic matter in process steps B (9.00 kg VS) and C 
(8.42 kg VS) that could have been used for methane production. In addition, 
10.13 l of water was lost or evaporated during the enzymatic hydrolysis (50 °C for 
72 hours), and volatile compounds that may contribute to the methane potential 
were also lost at this stage. Moreover, other volatile compounds would have been 
lost during steam pretreatment: it was difficult to account for these losses in the 
present study.  
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Table 2. Compositions of wheat straw, wheat straw hydrolysate (D-L) and 
seaweed hydrolysate (SWH). 
 
Units 
(mg/l) 

Wheat straw Wheat straw 
hydrolysate  
(D-L) 

Seaweed 
hydrolysate 
(SWH) 

Anaerobic 
digestion 
requirement 

Fe 59 1.5 17 1-200a,b 
Mo 1.2 0.026 0.02 0.001-50a,b 
Mn 15.00 0.61 0.93 0.005-55a,b 
Ni 0.62 0.10 0.13 0.005-30a,b 
W 0.42 0.01 0.00 0.018-18.3a,b 
Se 0.11 0.04 3.40 0.008-0.35b 
Co 0.037 0.010 0.020 0.001-20a,b 
Na 170 1200 930  
Mg 620 20 240 67-4800a,b 
Ca 2200 59 670 0.54-89a,b 
K 4400 78 620 0.22a 
Si 1100 67 65  
P 890 390 95 0.34a 
S 610 94 290 0.32-13 000a 
N 8610 - - - 
C 411 000 - - - 
C/N 47.7 20.1 7.3 16-25c 
Kj-N 5800 460 670 - 
TOC - - 4900 - 

a: (Hinken et al., 2008), b: (Schattauer et al., 2011), c: (Bouallagui et al., 2009) 
D-L: wheat straw hydrolysate 196 kg COD/m3, SWH: seaweed hydrolysate 26.4 kg COD/m3  

 
The C/N ratio is an important macronutrient parameter in achieving stable 
anaerobic digestion. The C/N ratio varied during the pretreatment (Table 3), and 
the final ratio obtained with wheat straw, 47.7, was higher than the value of about 
25 that is suitable for anaerobic digestion (Bouallagui et al., 2009). In contrast, the 
C/N ratio of the D-L fraction, 20.1, was low due to the enzyme addition, and this 
fraction was suitable for methane production. The wheat straw contained low 
concentrations of certain micronutrients (Fe, Mo, W, Se, Ni, Co) that are 
necessary for anaerobic digestion (Hinken et al., 2008; Schattauer et al., 2011), 
and the concentrations of these nutrients became much lower due to dilution 
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with process water. Hence, it was necessary to add these nutrients to achieve a 
more balanced anaerobic process. 
 
The concentrations of Mg (620 mg/l), Si (1100 mg/l), K (4400 mg/l) and Ca 
(2200 mg/l) ions were high in the wheat straw, and these ions, together with 
carbonate, are components of ash. The carbonates of these ions are important as 
they provide the buffer capacity that is needed in a biogas reactor. In a previous 
study, the high ash content of the seaweed Ulva lactuca gave a high alkalinity in the 
reaction vessel (Bruhn et al., 2011). The ash component in the present study, 
however, was lost during the soaking and pressing steps before steam 
pretreatment. The amounts of nutrients lost were determined from the metal ion 
concentrations (Table 2) and the volume changes that occurred due to the 
addition of process water (Figure 1). In large-scale steam pretreatment in the 
presence of dilute acid, spraying of phosphoric acid may be preferred to soaking, 
since the latter requires a large vessel and large volumes of water.  
 
The concentration of sodium ions in the wheat straw was low, 170 mg/l. This is 
to be compared with the range 3,000 to 16,000 mg/l that is required to inhibit the 
anaerobic digestion process by 50%, in the absence of other nutrients or salts 
(Feijoo et al., 1995). The concentration of sodium, however, increased during pH 
adjustment in the enzymatic hydrolysis step, and its concentration in the D-L 
fraction was 1,200 mg/l. The concentrations of metals that are toxic to anaerobic 
digestion were generally low in the D-L fraction. Some metals, however, are toxic 
in a very narrow range of concentration. The toxicity of a metal, further, depends 
on several factors, such as metal bioavailability, synergy, and antagonism with 
other metal ions (Chen et al., 2008). 
 
The nutrient contents of the wheat straw hydrolysate D-L, 196 kg COD/m3, and 
of the seaweed hydrolysate (SWH), 26.4 kg COD/m3, are compared to the 
anaerobic nutrient requirements (Table 3). The SWH contained a high 
concentration of Fe (17.0 mg/l) and of other micronutrients, such as Mo, Se, Ni, 
and Co, that are needed for anaerobic digestion. The SWH also contained high 
concentrations of Mg and Ca, which can combine with carbonate to provide 
buffer capacity during the anaerobic digestion of the hydrolysate. High 
concentrations of heavy metals, in contrast, might inhibit the anaerobic process. 
The concentration of sulphate ions was high when using SWH as a co-substrate, 
which is another major drawback of using SWH. The high sulphate concentration 
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may lead to a high concentration of SRB, which has a negative effect on methane 
production, as earlier mentioned. Co-digestion of D-L and SWH can reduce the 
sulphate concentration and in this way lead to a stable anaerobic process. The 
anaerobic digestion of wheat straw hydrolysate, therefore, requires nutrients and 
alkalising agents to be added, or digestion with a suitable co-substrate, in order to 
achieve stable operation. 
 
3.4 Methane potential batch tests 
The methane yields obtained in batch tests after 31 days of digestion (except 
otherwise stated) were determined. Figure 2 presents the methane yields of the 
different materials after the processing steps (processes A to D-S). Volatile 
compounds in the liquid samples from the processing steps have been included 
when calculating methane yields. It has been reported that volatile compounds 
evaporate when measuring TS and VS by oven drying, leading to overestimation 
of the methane yields (Kreuger et al., 2011).   
 
The methane yield from wheat straw pieces of length 1-2 cm (process B) was 0.18 
m3/kg VSadded. Grinding wheat straw into a powder (process A) did not result in a 
significant (p > 0.05) improvement in the methane yield, 0.21 m3/kg VSadded. 
Steam pretreatment in the presence of dilute acid of the wheat straw (process C) 
resulted in a 39% increase (p < 0.05) in the methane yield to 0.25 m3/kg VSadded. 
The methane yield increased further, by 57% from baseline to 0.28 m3/kg VSadded, 
(p < 0.01) following steam pretreatment in the presence of dilute acid and 
enzymatic hydrolysis (process D). The biodegradability and rate of methane 
production from the materials produced in processes C and D were higher than 
those of processes A and B. This was reflected in that about 90% of the methane 
was produced after 17 days in processes C and D. Material from processes A and 
B was digested for 127 days and the methane yields were 0.31 m3/kg VSadded for 
process A (“A-127 days” in Figure 2) and 0.28 m3/kg VSadded for process B 
(results not shown). The methane yield obtained from wheat straw in the present 
study was similar to that reported by Dererie et al. (Dererie et al., 2011). The slow 
rate of methane production from the material after processes A and B was 
expected, since wheat straw contains lignocellulose, which degrades slowly. Steam 
pretreatment in the presence of dilute acid and enzymatic hydrolysis have a 
significant effect on the biodegradability, and thus also the rate of methane 
production. This effect has been earlier reported for lignocellulose hemp 
(Kreuger et al., 2010).  
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The methane yield from the liquid fraction (D-L) was 0.32 m3/kg VSadded (0.27 
m3/kg CODadded). This value was as expected, since the fraction contained easily 
hydrolysable sugars and soluble organic substances (Section 3.2). This confirms 
that treatment by steam and dilute acid followed by enzymatic hydrolysis is 
efficient. The rate of methane production was high, and about 95% of the 
methane had been produced after 17 days. The methane yield from the solid 
fraction (D-S) was 0.14 m3/kg VSadded, which was higher than expected. The solid 
fraction contained lignin, which degrades slowly. However, some sugars would 
have been trapped in the slurry after the separation, and these contributed to the 
methane potential. Therefore, digestion of the process fractions C and D may 
give a high methane production. We suggest that the D-S process fraction should 
be washed in a large-scale process in order to recover the remaining organic 
substances from the solid fraction. These substances can be useful for methane 
production. The liquid process fraction D-L can be used to produce methane in 
high-rate methane reactors, enabling in this way faster treatment. We have 
investigated this idea further.  
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Figure 2. Methane yield after 31 days’ digestion of different processing fractions 
in the steam pretreatment in the presence of dilute acid of wheat straw 
 
The inoculum possessed cellulase activity, as was shown by the fact that the 
methane yield from avicel cellulose, 0.37 m3/kg VSadded, was about 89% of the 
theoretical yield (0.415 m3/kg VSadded). The methane potential of the celluclast 
enzyme was 0.12 m3/kg VSadded after 31 days, and 0.29 m3/kg VSadded after 59 
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days. About 90% of the methane was produced between days 20 and 59. We 
suspected that ammonia was inhibiting the process as the NH4+-N concentration 
was high in the inoculum, and it was 4.8 kg/m3 at a pH of 8.28 after 31 days of 
digestion. Mineralisation of the protein (celluclast enzyme) caused the increase in 
the concentration of NH4+-N. More experiments are needed to investigate the 
inhibition of the digestion by the celluclast enzyme during the methane potential 
batch test. It may be possible to use another source of inoculum to obtain 
inoculum that contains a low concentration of NH4+-N. The pattern of methane 
production achieved when the celluclast enzyme is used allows us to deduce that 
most of the enzyme flows through a methane high-rate reactor untreated, due to 
the short operational HRTs of 2 to 4 days. Hence, the contribution of the 
enzyme to the methane potential of the entire process would be low in such a 
reactor. We estimated that the energy potential of the enzyme added during the 
work presented here was 1.6 to 4.1% of the energy content of the wheat straw 
(16.3 MJ/kg TS). A previous study reported that adding a different enzyme, 
Celluclast 1.5 L from Novozyme, contributed to the overall energy yield (Kreuger 
et al., 2010). 
 
The methane potential of wheat straw was lower than the methane potentials of 
milk and fully ripened maize (0.27 to 0.37 m3/kg VS), which are most often used 
for biogas production (Amon et al., 2007). However, steam pretreatment in the 
presence of dilute acid of lignocellulose crop residues such as wheat straw, 
followed by enzymatic hydrolysis, can result in comparable methane potentials. 
 
3.5 Energy yields of batch methane production from wheat straw 
Figure 3 presents the energy yields from biogas from the materials, taking into 
account the material losses from the different processing pretreatment steps (A to 
D-L). The lower heating value (LHV) of the sugar fraction of wheat straw dry 
matter (TS) was 16.3 MJ/kg TS: the rest of the energy is contained in the lignin 
fraction. The use of cut wheat straw (process B) and powdered wheat straw 
(process A) gave similar energy yields: 7.8 and 9.2 MJ/kg TS, respectively. Higher 
energy yields were obtained from the material after process C, 10.7 MJ/kg TS, 
and after process D, 11.9 MJ/kg TS, than those obtained after processes A and B. 
Digestion of the wheat straw for 127 days (“A-127” in Figure 3) resulted in a high 
energy yield of 13.6 MJ/kg TS. Steam pretreatment in the presence of dilute acid 
and enzymatic hydrolysis gave significantly higher energy yields, and the 
pretreatment method can be recommended for wheat straw. 
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Figure 3. Energy yield after 31 days’ digestion of different processing fractions in 
the steam pretreatment in the presence of dilute acid of wheat straw. 
 
Anaerobic digestion of the solid residue (D-S), which contained mainly lignin, 
gave an unexpectedly high energy yield of 2.5 MJ/kg TS. Soluble compounds 
trapped in the solid fraction may be the cause of this. It is difficult to degrade 
lignin under anaerobic conditions, and the energy potential of the D-S fraction 
was therefore added to the energy potential of the D-L fraction. The lignin may, 
as an alternative, be combusted to produce heat and electricity, in which case the 
estimated energy yield from lignin is 4.2 MJ/kg TS. The energy produced can 
then supplement the heat and power for the biogas process. 

 
Material losses occurred during the processing steps, especially in processes C, D 
and D-L and these losses resulted in lower energy yields. Material was lost in 
process C in the form of organic compounds during the soaking and pressing 
steps and during the steam pretreatment step, as mentioned in Section 3.3. The 
material loss in process D may have been due to evaporation of volatile 
compounds during the enzymatic hydrolysis. Further material was lost in the 
separation process that gave materials D-L and D-S. It is clearly crucial to 
minimise material losses during the processing steps in order to harness as much 
as possible of the energy bound in the wheat straw. 
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3.6 Methane production from wheat straw hydrolysate in UASB 
reactors 
There were early signs of process failure when the wheat straw hydrolysate (D-L) 
was treated in a UASB reactor without adding nutrients or buffer. The pH 
decreased from 7.17 to 6.21 at an OLR of 1.68 kg COD/m3.d after 10 days of 
treatment (data not shown). It was evident that it was necessary to supplement 
the hydrolysate with nutrients and buffering agents, and these were added with 
the anaerobic basic medium described in Section 2.5. 
 
Table 3 presents the results of treating the D-L fraction in the UASB reactors. 
The COD concentration of the D-L increased from 10.0 to 47.7 kg/m3, and the 
concentration of total monomeric sugars from 5.46 to 26.03 kg/m3. Adding 
nutrients and buffering agents to the anaerobic basic medium resulted in an 
increase in the pH of the hydrolysate from 4.14 to 7.01-7.14, which is suitable for 
methane production (Gerardi, 2003).  
 
The methane production rate (MPR) from the D-L fraction increased from 0.32 
to 2.70 m3/m3.d when the OLR increased from 1.2 to 10.4 kg COD/m3.d. The 
methane yield, in contrast, decreased from 0.30 to 0.26 m3/kg COD as the OLR 
was increased. This is approximately the same methane yield as that obtained in 
the methane potential batch test, 0.27 m3/kg COD. Organic material may be 
washed out at very short HRTs and high OLRs, since the microbes have less time 
to convert the organic compounds into biogas. The methane content of biogas 
ranged from 49 to 55% during the entire treatment period. Kaparaju et al. have 
reported a similar methane yield from the treatment of wheat straw hydrolysate in 
a UASB reactor: 0.27 m3/kg COD at an OLR of 2.8 kg COD/m3.d (Kaparaju et 
al., 2009). In the present study, the energy yield decreased from 11.56 to 10.02 
MJ/kg TS as the OLR increased. The energy yield obtained when the D-L 
fraction was treated in the UASB reactor was comparable also to the batch 
methane potentials. The high MPR achieved at an OLR of 10.4 kg COD/m3.d 
may result in a high rate of energy production, in which case the treatment of the 
D-L fraction in a high-rate UASB reactor is beneficial. We have obtained 
methane and energy yields similar to those of Kaparaju et al. (Kaparaju et al., 
2009), and one factor in this is the treatment efficiency of granular anaerobic 
sludge in the treatment of diluted waste streams. Further, the methanogens 
(which are more sensitive than acidogens) are protected inside the granules while 
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the acidogens are concentrated around the periphery of the granules (Torry-Smith 
et al., 2003).  
 
Table 3. Summary of process data in the treatment of wheat straw hydrolysate 
(D-L) and its co-digestion with seaweed hydrolysate (SWH) in UASB reactors. 
The data were obtained under stable operating conditions. 
 

Parameter  D-L D-L D-L D-L D-L D-L/SWH D-L/SWH 
Duration of operation 
(days) 

62 20 18 25 20 33 14 

pH  7.14 7.14 7.14 7.01 7.14 5.79 5.50 
Influent COD (kg/m3) 10.0 19.3 27.7 47.7 27.7 9.5 18.4 
Monomeric sugars 
(kg/m3) 

5.46 10.53 15.12 26.03 15.12 - - 

HRT (days) 7.5 ± 0.7 7.9 ± 1.4 8.0 ± 0.8 7.8 ± 0.7 2.7 ± 0.3 2.7 ± 0.5 2.7 ± 0.3 
OLR (kg COD/m3.d) 1.2 ± 0.05 2.5 ± 0.1 3.5 ± 0.2 6.1 ± 0.6 10.4 ± 1.2 3.6 ± 0.5 6.6 ± 1.4 
MPR ( m3 /m3.d) 0.32 ± 0.01 0.67 ± 0.05 0.89 ± 0.12 1.52 ± 0.02 2.70 ± 0.53 0.82 ± 0.20 1.47 ± 0.43
Methane yield (l 
CH4/g COD) 

0.30 ± 0.01 0.29 ± 0.04 0.28 ± 0.04 0.27 ± 0.02 0.26 ± 0.04 0.22 ± 0.07 0.22 ± 0.04

Methane content (%) 55 ± 2 55 ± 3 51 ± 2 49 ± 2 49 ± 2 56 ± 2 52 ± 4 
Energy yield (MJ/kg 
TS) 

11.56 11.18 10.79 10.41 10.02 - - 

pH of effluent 7.26 7.31 7.34 7.51 7.47 6.91 6.93 
Effluent COD (kg/m3) 0.37 ± 0.03 0.51 ± 0.02 0.87 ± 0.11 1.69 ± 0.16 1.08 ± 0.06 0.46 ± 0.11 0.82 ± 0.13
COD reduction (%) 96 95 94 94 94 95 96 
Partial alkalinity (PA) 
(kg/m3) 

2.4 ± 0.1 4.1 ± 0.1 3.9 ± 0.4 7.5 ± 0.2 5.3 ± 0.2 1.4 ± 0.3 1.2 ± 0.4 

VFA of effluent 
(kg/m3) 

0.03 ± 0.02 0.05 ± 0.02 0.14 ± 0.08 0.12 ± 0.08 0.19 ± 0.01 >0.01 >0.01 

NH4
+-N (kg/m3) 0.38 ± 0.03 0.58 ± 0.02 0.66 ± 0.09 1.04 ± 0.08 0.70 ± 0.11 0.07 ± 0.01 0.04 ± 0.02  

 
 
Treatment of the D-L fraction in the UASB reactors was performed under stable 
operation conditions. Evidence for this comes from stability of the pH, which 
ranged from 7.26 to 7.47 in the period during which the OLR was increased. This 
neutral pH is suitable for anaerobic digestion. The COD concentration in the 
effluent was low, and ranged from 0.37 to 1.08 kg/m3 when the OLR was 
increased from 1.2 to 10.4 kg COD/m3.d, corresponding to a reduction in COD 
that ranged from 94 to 95%. Torry-Smith et al. reported that the COD decreased 
to 84% at an OLR of 14 kg COD/m3.d when treating lignocellulose effluent 
formed during ethanol production in a UASB reactor (Torry-Smith et al., 2003). 
The PA in the UASB reactor was maintained at a high level, as required, during 
the treatment period, and ranged from 2.4 to 7.5 kg/m3, while the NH4+-N 
concentration ranged from 0.38 to 1.04 kg/m3. The OLR was initially increased 
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from 1.2 to 6.1 kg COD/m3.d by increasing the concentration of the feedstock. 
The OLR was further increased by decreasing the HRT from 8.0 to 2.7 days, 
which increased the OLR from 6.1 to 10.4 kg COD/m3.d. The reason for this 
increase was to maintain a low concentration of NH4+-N in the reactor: this 
concentration decreased from 1.04 kg/m3 to 0.7 kg/m3 due to the increase in the 
OLR. Ammonia inhibition can be avoided by maintaining a concentration of 
NH4+-N lower than 1 kg/m3 and a concentration of free ammonia lower than 
0.05 kg/m3. However, Calli et al. have reported that UASB granular sludge can 
adapt to high levels of NH4+-N (1 to 6 kg/m3) after long-term treatment (Calli et 
al., 2005). It is also possible to lower the concentration of NH4+-N by reducing 
the concentration of urea. Sodium hydrogen carbonate and urea were the main 
buffer compounds in the anaerobic basic medium: urea is a cheap source of 
nitrogen and buffer compound, the use of which can reduce operating costs.  
 
The concentration of VFAs was below 0.2 kg/m3 during the treatment of the D-
L hydrolysate, and the VFAs consisted mainly of acetic and propionic acids. A 
VFA concentration lower than 0.1 kg/m3 has been reported at an OLR of about 
10 kg COD/m3.d in a UASB reactor used to treat VFAs and alcohol produced 
from the dark fermentation of food waste (Han et al., 2005). Furthermore, 
increase in the OLR results in the accumulation of VFAs in the reactor. Murto et 
al. have reported well-functioning biogas processes in manure treatment with 
high VFA concentrations, where a high buffering capacity in the reactor ensured 
satisfactory function (Murto et al., 2004). We have controlled the buffer capacity 
by adjusting the feedstock, which enabled the UASB reactor to be operated at a 
much higher OLR. Other difficulties that prevent UASB reactors achieving very 
high OLRs are granule shearing and granule bed disruption due to vigorous gas 
production, which may eventually lead to process failure (Mahmoud et al., 2003).  
 
The granular bed in the reactor grew, and the level of granules in the UASB 
reactor increased from 8.4 to 27.4 g VS during the treatment period. Efficient 
biomass growth allowed sugars and VFAs to be degraded at the high OLR of 
10.4 kg COD/m3.d.  
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3.7 Methane production from wheat straw and seaweed 
hydrolysate in UASB reactors 
The mixture of wheat straw (D-L) and seaweed hydrolysate (SWH) (1:1 based on 
kg COD/m3) was co-digested in a UASB reactor without addition of the 
anaerobic basic medium.  
Methane production from the mixture of D-L and SWH in the UASB was rapid, 
with an MPR that ranged from 0.82 to 1.47 m3/m3.d. The OLR increased from 
3.6 to 6.6 kg COD/m3.d (Table 3). The methane yield, 0.22 m3/kg COD, 
remained almost constant as the OLR increased. The methane yield obtained 
from the co-digestion of D-L and SWH in the UASB reactors was similar to that 
obtained in the methane potential batch test. It has recently been reported that 
synergistic effects arise that improve batch methane yields from seaweed 
(Saccharina latissima) pretreated with steam at 210 °C for 10 minutes and wheat 
straw (Vivekanand et al., 2011). The methane yield was 0.241 m3/kg VS for a 
seaweed:straw ratio of 50:50, and 0.270 m3/kg VS when the ratio was 75:25 
(Vivekanand et al., 2011). We have obtained a methane yield of 0.19 m3/kg VS 
from the treatment of SWH alone, at an OLR of 8.1 kg COD/m3.d, with an 
MPR of 1.38 m3/m3.day (Nkemka & Murto, 2010). Treatment of wheat straw 
and seaweed hydrolysate may improve methane productivity and yield, and 
further studies are required to determine optimum mixture ratios. 
 
The pH increased slightly during co-digestion of D-L and SWH, from 4.14 to lie 
in the range 5.50 to 5.79 in the mixed liquid hydrolysates. The mixture of 
hydrolysates, however, contained some alkalinity that was contributed from the 
SWH, even though the pH was low. The inherent total alkalinity of the SWH was 
2.78 kg/m3, while that of D-L was almost zero. 
 
Treatment of the mixture of D-L and SWH in the UASB reactors was highly 
stable. The pH in the reactor was about 6.9, which is within the range 
recommended for anaerobic digestion (Gerardi, 2003). The COD concentrations 
in the effluent were low and the reduction in COD was comparable to that 
obtained in the treatment of the D-L hydrolysate. The PA was lower than that 
obtained during the treatment of the D-L in the UASB reactor, since no buffering 
compounds were added. The VFA/PA ratio is an important parameter used to 
assess the stability of anaerobic digesters, with a recommended range of 0.07 to 
0.08 (Gerardi, 2003). A ratio greater than 0.5 shows that the process is 
imbalanced and that the process may fail. The VFA/PA ratio in this study was 
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0.01, well below the recommended range. This indicates that the process was 
stable, and that the inherent alkalinity of the SWH was sufficient. We conclude 
that the co-digestion of D-L and SWH in a UASB reactor is a viable process that 
makes it avoids the addition of nutrients or buffering agents and may be 
important in the reduction of the operational costs. 
 
Combustion is a simpler and faster method of producing energy from wheat 
straw than anaerobic digestion. It suffers, however, from several disadvantages: 
problems with ash disposal, emission of NOx, and corrosion in the boilers due to 
the high KCl content of straw. Anaerobic digestion, in contrast, allows nutrients 
of the wheat straw digestate to be recycled to farmland as fertiliser. Competition 
between use for food and use for biofuel production is also avoided. 
Furthermore, biofuel produced from cheap lignocellulose raw material can 
compete more readily with fossil fuel. In Sweden, the lowest CO2 emissions are 
achieved when short-rotation forest, straw and forest residues are used to 
produce renewable energy (Börjesson, 1996). Hence, increasing the share of 
renewable fuel in the transport sector that comes from wheat straw may have a 
significant effect in reducing greenhouse gas emission.  
 
Producing multiple biofuels (ethanol, hydrogen and methane) is a recent trend in 
the production of biofuels. Such co-production ensures the efficient utilisation of 
the energy content of biomass (Dererie et al., 2011; Kreuger et al., 2010). Further 
benefits of multiple fuel production are the production of high-value fuels and 
chemicals, energy security, and stability (both for the environment and for 
society). The high operating cost of multiple fuel production, however, may be a 
limitation. A techno-economic analysis that compared the co-production of 
biohydrogen and biogas with biogas production alone showed that the initial 
investment costs and nutrient requirements are the major contributors to the high 
production cost (Ljunggren & Zacchi, 2010). Moreover, the sole production of 
biogas uses resources efficiently and has several environmental benefits over the 
production of biodiesel and bioethanol (Börjesson & Mattiasson, 2008). Hence, 
direct biogas production from pretreated wheat straw may be an efficient method 
of producing renewable energy and techno-economic analyses of this process is 
recommended for the future. 
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4. Conclusions 
Wheat straw is a lignocellulose residual material that does not compete with land 
used for producing food and can be used for biogas production. Acid catalysed 
steam pretreatment and enzymatic hydrolysis of the straw is efficient and gives 
high methane yields. A high methane production rate was achieved from the 
hydrolysate, supplemented with nutrients, in a UASB reactor. Co-digestion of the 
straw and seaweed hydrolysates in a UASB reactor was efficient and does not 
require the addition of nutrients or buffering agents. The biogas production from 
wheat straw may thus compete economically with production from other non-
lignocellulose feedstocks. 
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energy contained in the glucose still remains in the liquid

acetate. Consequently, acetate must be converted into

itable product or energy carrier.

here are three main strategies for the conversion of

tate to energy: conversion to H2 employing light or elec-

ity, or reduction to CH4 through anaerobic digestion (AD)

This paper focuses on the latter alternative as AD is a faster

simpler process than the other two [2]. In addition, it has

n shown to be an energy-efficient strategy for the

duction of a mixture of H2 and CH4, known as hythane

12]. Hythane can be used as a chemical, or as an energy

ier in gas combustion engines.

owever, before hythane can be used, the CO2 must be

oved. In this study, the removal of CO2 is achieved by an

ne solution consisting of a mixture of 40% N-methyl-

hanolamine (MDEA), 10% piperazine (PZ) and 50% water,

eight. This is a solvent commonly used in industry for the

oval of CO2 in various mixtures of gases, including biogas.

ever, there are also other methods of removing the CO2

g e.g. biological means where the CO2 is converted to

ght after product such as diesel [13] or glycerol [14]. In

ition to CO2, sunlight is required for the production

ing the process complex, which is why this process is not

ssed in this study.

n this study, biohythane production from wheat straw

g a four-step process (pretreatment, DF, AD and gas

rading) was analysed using an adapted kinetic model. The

el was calibrated and evaluated against wet-

erimental data. In addition, the effect of gas recirculation

the AD step to the DF step was experimentally investi-
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rgy yield, while maintaining high H2 yields, COD conver-

efficiency and CO2 removal.

Materials and methods

System analysed in simulations

process investigated consists of four steps, as illustrated

ig. 1, namely: i) pretreatment based on steam explosion

enzyme hydrolysis, ii) H2, CO2 and organic acid produc-

using DF, iii) CH4 production through AD of the acids

duced in the DF step, and iv) gas upgrading using an amine

tion for CO2 removal. The rate of feed used in simulations

2 ton of straw per hour (equivalent to 32 TJ/h or 8.8 MW),

ed on the dry weight of the material. The gas produced in

AD reactor and 97% of the gas from the DF reactor were

med recirculated and used in the DF reactor as a sparging

. The residence times in the two reactors were varied to

ieve optimal productivity and energy yield, while main-

ing 93% COD conversion efficiency.

Experimental set-up

wheat straw was pretreated using steam explosion with

sphoric acid and subsequent enzyme hydrolysis (Cellic C
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Murto for more information [15]. Furthermore, the DF

ent was not treated with the reducing agents Na2S and

eine-HCl since the effluent had already been reduced by

eine-HCl (1 g/L) prior to DF and by dissolved H2 produced

ng DF. Cysteine-HCL (0.5 g/L) and Na2S (0.25 g/L) were

d to the semi-defined medium just before use. The

ent and semi-defined medium were stored at �20 �C
re use, replaced regularly (every second day) and kept cold

) during use to avoid contamination.

Analyses

hydrolysate composition was analysed as described

iously [15]. The sugars, ethanol, VFAs, H2, CO2 and cell

s after DF were monitored and analysed regularly, as

ribed by Willquist et al. [16]. The pH, CH4, COD, NH3,

rs, ethanol and VFA contents were also monitored and

ysed regularly during AD, as described previously [15].

Kinetic model and simulations of the DF and AD
s

DF step was simulated with a model developed specifi-

for C. saccharolyticus [18]. The AD stepwas simulatedwith

del based on ADmodel 1 (ADM1) [19], but adopted for the

ythane process (see Appendix 1 for more information).

wo additional reactions were added to the AD model

unting for lactate oxidation and fermentation. These

assumed to occur by two groups of microorganisms

(Xlac,o and Xlac,f; Eqs. (1)

The annotation of the pa

by Batstone et al. [19].

Lactate oxidation : 3 La

þH

Lactate fermentation :

Oxidation:

r6 ¼ kmlac o
Slac

KSlac;o þ Slac
Xlac;

Fermentation:

r5 ¼ kmlac f
Slac

KSlac;f þ Slac
Xlac;

Where kmlac_o and kmlac_

(mmax/Y) for lactate oxidi

is the lactate concentr

inorganic nitrogen lim

described [19]. The H2 in

tation (IH2,lac) is given by

IH2;lac ¼ Ki;h2;lac

Ki;h2;lac þ SH2;aq

1 e Process flow sheet of the proposed biohythane process: i) pretreatment of 2 ton

g C. saccharolyticus, iii) AD using an undefined mesophilic consortium, and iv) gas u

ase cite this article in press as: Willquist K, et al., Design of a novel biohythane proce
s, International Journal of Hydrogen Energy (2012), http://dx.doi.org/10.1016/j.ijhyden
according to Oyekola et al. [20].

eters is consistent with that used

e�/acetateþ 2 propionate

þHþ DG0 � 169:7 kJ=reaction

(1)

ctateþ 2H2O/2 acetate

CO�
3 þ 4 H2 DG0

8 kJ=reaction (2)

(3)

IH2;lac (4)

the Monod specific uptake rates

and fermenters, respectively, Slac
(kg COD/m3) and Iinlim is the

tion function, as previously

ition function of lactate fermen-

(5)

heat straw hydrolysate, ii) DF

ding using an amine solution.

ith high H2 and CH4 production
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re Ki,h2,lac is the 50% inhibitory H2 concentrations for

ate fermentation and SH2,aq the dissolved H2 concentra-

. VFA inhibition was also included in the model according

avilin et al. [21].

he methane production from unspecified residual

ced carbon derived from yeast extract and the wheat

w hydrolysate (corresponding to 60% in the DF effluent),

ch was measured by soluble COD analysis, but not speci-

in the sugar and acid analyses (residual reduced organic

on, SCODr), was lumped into one reaction (r15) through the

tic expression (r15):

kCODrSCODrYCODr (6)

re kCODr is the rate constant for uptake of SCODr, and YCODr

e yield of SCODr that is converted.

ome of the reduced organic carbon will be converted to

. Therefore, a stoichiometric parameter for CO2 conversion

D) was included in the model (Appendix A, Table A1).

Reactor design for AD

UASB reactor wasmodelled as a stirred-tank reactor since

recirculation stream was 4e13 times higher than the

ing rate. Moreover, the hydraulics of large-scale UASB

tors resembles a tank more than a tubular reactor [22].

he stability of the full-scale AD process was evaluated by

mating the ratio between the loading rate of the rate-

ited substrate (in this case acetate) and dividing it by the

imum uptake rate of that substrate [23]:

R ¼ LR
km � X

(7)

re km is the Monod maximum specific uptake rate of the

-limited reaction (kg COD_S/kg COD_X/d), X is the total

ass concentration (kg COD) and LR is the loading rate (kg

/d) of the rate-limited substrate.

ll volumetric gas productivities were normalized to 0 �C
1 atm. The calculated COD in the feed and the residual

were based on the measured or modelled COD concen-

ions. Carbon balances and the gas productivity of the DF

were calculated as described previously [24].

Design of the gas-upgrading system

odel of the gas upgrading process was developed to aid in

design of a gas-upgrading reactor to remove the CO2 from

biohythane. A standard industrial amine solution for CO2

oval was simulated, and the required dimensions of the

orber, stripper and heat exchangers for 99% CO2 removal

e calculated. The amine solution was assumed to consist

mixture of 40% MDEA, 10% PZ and 50% water, by

ght [25].

reduced version of the model developed by Zhang et al.

, consisting of only two reactions, was used to describe the

tions of CO2 with PZ and MDEA (Eqs. (8) and (9)).

þ PZ$H2O4PZHþ þHCO�
3 (8)

þMDEA$H2O4MDEAHþ þHCO�
3 (9)

The dimensions of t

determined by solving t

then the differential bal

the absorption tower w

incoming and outgoin

incoming and outgoing

solving the mass and e

incoming gas flow was

and AD steps, and used

possible gas flow thro

flooding of the tower, w

established by the manu

maximum gas flow gav

over the column. Finally

estimate the column

temperature profiles o

column height was dete

needed to be removed

absorption equipment

factors were introduced

tower were 10% for the

the column.

The same principle

stripper dimensions. B

with solving the differ

a second short-cut me

height was also applied

height [28]. The strippe

values obtained with th

was used for the diame

applied when using dif

using the short-cut m

empirical relations. The

reboiler duty for the st

condenserwere determi

themass and energy bal

of the heat exchangers

theory [28].

2.7. Techno-econom
scenarios

A techno-economic an

major process steps (pre

as well as auxiliary equi

pumps and compresso

elsewhere [29,30].

2.8. Parameter estim

Most parameter values

Ljunggren et al. [18]. Ho

account the case of n

transfer rate (kLa). With

dependent on the intrin

a value of 3 h�1 (72 d�1)

the reported mass trans

dancewith the value of 5

et al. [19].
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absorber and the stripper were

tegral balances for each unit and

s. Firstly, the integral balances for

olved to estimate the sizes of the

s and liquid streams and the

eratures of the gas and liquid, by

gy balances for the system. The

rmined by simulation of the DF

put to the model. The maximum

the absorption tower, to avoid

etermined by empirical relations

urer of the packing material. This

diameter and the pressure drop

erential calculationswere used to

ht and the concentration and
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ned from the amount of CO2 that

the column. To ensure that the

not under-dimensioned, safety

e safety factors for the absorption

eter, and 100% for the height of

applied to the calculation of the

se of the difficulties associated

l balances for the stripper [27],

based on the theoretical plate

the determination of the stripper

ight used was the higher of the

o methods. A safety factor of 10%

while a safety factor of 100% was

ntial balances, and of 50% when

d, since the latter is based on

ensions of the stripper and the

er and the cooling effect of the

e1 4
e determined using conventional

alysis of the two process

is was carried out including all

tment, DF, AD and gas upgrading)

nt (steam boiler, heat exchangers,

thorough description is given
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he DF model were adopted from

er, this model does not take into

arging, which affects the mass

parging, the mass transfer rate is

as production, and was assigned

ed on model extrapolation using

odel [18]. This value is in accor-

or 120 d�1, estimated by Batstone

ith high H2 and CH4 production
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[32e47]. However, there were no journal publications on
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rence found was an interim report from North Carolina
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ingly, based on the ferm

not seem to be inhibited
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Results and discussion

Verification of the DF model and the effect of
ging

soluble portion of the hydrolysate was used as a substrate

2 production in the DF step. Based on previous knowl-

, the main concerns when designing DF using C. saccha-

icus are the sensitivity of this thermophile to elevated

ls of H2aq and osmotic pressure [3,18]. In addition, inhibi-

in the wheat straw hydrolysate may affect the fermen-

n profile. Therefore, the DF model was used to study the

t of recirculating gas from the AD step to the DF reactor,

to investigate the effects of omitting sparging.

o verify the model, experiments were performed using

heat straw hydrolysate, where the gas recirculation was

icked by sparging the reactor with a N2:CO2 gas mixture

0 v/v) (see Materials & Methods), at a rate of 6 L/L/h. The

riment without sparging was performed on a modified

640 medium [16] with 10 g/L glucose as carbon source. In

tion, data from continuous operation on hydrolysate with

O2 sparging (6 L/L/h) published elsewhere (Pawar S,

mka V, Zeidan A, Murto M, van Niel EWJ. Biohydrogen and

as production fromwheat straw hydrolysate in a two-step

upled process: A proof-of-concept study, manuscript in

aration) were used to verify the model.

rates decreased in the ab

was captured by simula

(Fig. 2EeF). When the re

concentration was well b

while without spargin

approached 2 mM, causi

The model was able

productivity in continu

Zeidan A, Murto M, van

production from whea

uncoupled process: A pr

preparation) with only a

of the dilution rates, 0

(simulation data not s

estimated the sugar con

operation.

3.2. Effect of CO2 in
production in the DF pro

The results described ab

the positive effect of

sparging with CO2 is kn
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illustrated by the mode
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stress occurs immediate
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contrast, when the cultu
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able to predict the fermentation
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the first 30 h (Fig. 2), verifying the

ulate these conditions. Interest-

tion profile, C. saccharolyticus did

he use of hydrolysate, indicating
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pounds present in the hydroly-

d 114mg/L furfural. According to

cells enter a new growth phase

s are consumed and acetate is

s not predicated by the model.

ation of cell mass remained the

cted cell lysis. This finding merits

is diphasic growth would not

nd it would therefore not influ-

odel. The carbon balance closed

the product could originate from

ose accounted for in the model.

ith previously published data on

yticus on the same hydrolysate in

; Pawar S, Nkemka V, Zeidan A,

ydrogen and biogas production

sate in a two-step uncoupled

cept study, manuscript in

results [16], the lactate produc-

acetate and biomass production

ce of sparging (Fig. 2). This effect

the dissolved H2 concentration

r was sparged the dissolved H2

the critical value of 2.2 mM [18],

e dissolved H2 concentration

evere inhibition.

redict the elsewhere reported H2

operation (Pawar S, Nkemka V,

el EWJ. Biohydrogen and biogas

aw hydrolysate in a two-step

of-concept study, manuscript in

t underestimation of (4% and 8%)
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n). However, the model over-
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recirculated gas on hydrogen

and presented in Fig. 2, illustrate

ging the DF reactor. However,

to have negative effects on H2

of C. saccharolyticus [49], as also

. 3A, B). The inhibitory effect of

creased osmotic stress through

ate and caustic agents [49]. This

pon initiation of the experiment

with CO2 approaching the critical

rated in Fig. 3C, which hinders

bits H2 productivity (Fig. 3). In
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olarity is well below the critical value at the beginning of

experiment and does not approach it until the end of the

eriment. This is in accordance with previous observations

wet experiments [49]. Interestingly, sparging with

ixture of CH4 and CO2, instead of 100% CO2, gave an

eased the H2 productivity by a factor of 3 and the biomass

centration by a factor of 23 (Fig. 3). This is due to a dilution

he CO2 leading to lower osmolarity. The positive effect of

rging with CH4/CO2 is slightly less than, but still compa-

e to, that of N2 (Fig. 3). Based on these results the gas-

rculation scenario was used for further investigations of

kinetics of the combined process.

Potential and parameter calibration of the AD
ess

third step of the process is the conversion of acids and

dual sugar by AD. For this purpose the ADM1 model was

d and adapted to the specific conditions of this biohythane

cess (Appendix A). The ADM1 model is well established

has been used in similar AD processes [50]. Interestingly,

reliminary simulation, using the parameters specified

iously [19], indicated that AD could be performed on DF

ent at hydraulic retention times (HRTs) as low as 0.2e0.5

s resulting in elevated CH4 productivities (>4 L/L/d),

without any significant l

implies that the reactor

a potential reduction

parameters, such as tho

are usually substrate-s

each system. Therefore

formed in a UASB reacto

C, E, G, I). The kinetic p

uptake, given in Table 1

propionate data (Fig. 4E

The SCOD constitute

organic carbon in the

Methods). Since the sou

cules have not been spec

order kinetic reaction (r1
concentration was used

methane production fr

(kCOD and the YCOD; Tab

as the sugar uptake and

part of the unspecified r

The effect of SCOD wa

models, one with and o

simulation demonstrat

predictions that agree w

the partial CH4 press
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centration ( ).
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n COD conversion efficiency. This

me could be decreased, leading to

process costs. However, some

overning acetate uptake kinetics,

fic and should be calibrated for

continuous experiment was per-

a semi-defined medium (Fig. 4A,

eters of acetate and propionate

e estimated from the acetate and

significant part of the reduced

F effluent (60%; Materials and

of these reduced organic mole-

, theywere lumped into one first-

. (6)). Themeasured residual COD

etermine the rate and yield of the

the reduced organic molecules

. The SCOD was in the same range

yield was 90%. Hence a significant

ced carbon was converted to CH4.

ustrated by using two different

ithout r15 (Eq. (6)) (Fig. 4A, I). This

hat r15 is essential for accurate

he data. CCOD was estimated from

(PCH4) data. Finally, the CH4
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that predicted by the DF model [18], and kLa was in the

e range as previously reported for a UASB reactor [51].

Verification of the AD model

erify the model of AD in the UASB reactor using DF

ent data obtained in the present studywere used together

data published elsewhere (Pawar S, Nkemka V, Zeidan A,

to M, van Niel EWJ. Biohydrogen and biogas production

wheat straw hydrolysate in a two-step uncoupled

ess: A proof-of-concept study, manuscript in prepara-

). The predictions of themodel correspondedwell with the

sured data, including the residual reduced carbon (Fig. 4B,

, H, J), although it slightly underestimated the residual

ganic nitrogen (Fig. 4H). This could be explained by the

umption of proteins present in the straw, yeast extract

C. saccharolyticus cells, none of which is included in the

el (Appendix A). In addition, the change in productivity at

rent HRTs was not captured by the model since the

uctivity depends on kLa, which in turn depends on the gas

rate [18], which is not accounted for in the ADM1 model

Neither could the model capture the adaptation profile of

AD step at low HRT (Fig. 4B). However, the simulations

values in the same range as the measured data, illus-

ng the applicability of themodel to the conditions used. In

rast, when r15 was excluded, themodel overestimated the

for its abilities to give h

inhibited by H2 than T

found in anaerobic sludg

Thirdly, acetate is

product from the DF pro

the propionate and buty

tion of these acids cou

However, since H2, prop

are low in the AD proce

Fourthly, the methanoge

the biohythane process

separate reactors. H2, pr

and consumed in AD o

completely consumed

extensive in DF (Fig. 7).

Finally, acetoclastic

a rate-limiting step in

imbalance between ferm

is because during fermen

accompanied by a fall

methanogenesis [19]. In

biohythane process desc

the addition of a caustic

did not decrease below

undissociated form of ac

methanogens [54]) is les

in less inhibition and

genesis. By applying the
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underestimated the gas produc-

RT on biohythane productivity

ated AD model and the experi-

preliminary results that the AD

ane process could be operated at

ignificant increase in methane

e productivity increased with

Fig. 4A, B. At an HRT of 1 day the

L/L/day (Fig. 4B). This can be

m another type of biohythane

drolysis effluent of wheat straw,

f 2 L/L/d at the same HRT [10]. In

elsewhere have shown that the

using wheat straw hydrolysate

presence of N2:CO2 sparging (6 L/

mol/L/h; Pawar S, Nkemka V,

el EWJ. Biohydrogen and biogas

aw hydrolysate in a two-step

of-concept study, manuscript in

higher than previously reported

n AD is generally limited by

cy and granule stability [52,53].

ons of the superior gas produc-

ocess are summarized in Fig. 7.

up hydrolysis, which is generally

iogas process [19]. Secondly, the

ccharolyticus, which is recognized

2 and acetate yields, and is less

oanaerobacter species generally

biohythane processes [3,12].

main dissolved fermentation

added to the AD process, while

concentrations are low. Oxida-

e rate-limiting at high PH2 [19].

ate and butyrate concentrations

his is not a significant problem.

is from H2 and CO2 is avoided in

ce DF and AD are performed in

nate and butyrate are produced

when the sugars have not been

or lactate production becomes

hanogenesis generally becomes

biogas process, if there is an

ation and methanogenesis. This

on, the formation of acids is only

H if fermentation is faster than

trast, the pH during DF in the

d here was maintained at 6.9 by

nt, and the pH in the AD process

At this pH, the fraction of the

e (the form inhibiting acetoclastic

n the dissociated form, resulting

e faster acetoclastic methano-

del the NH4
þ concentration could

e1 4 7

ith high H2 and CH4 production
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Process design using the calibrated combined model

nderstand the overall process and the effect of the HRT on

were combined into on

output at different HRT

studied (Figs. 5 and 6).

The complexity of th

HRTDF to the AD step. Fo

a change in the compos
overall H2 and CH4 output, the two models for DF and AD feed to the AD step. This w

tivity, which in turn affects t

This problem was solved ite

HRTDF was chosen bas

productivity, or the “maxim

taining at least a H2 produ

scenario. HRTAD was chose

productivity, while maintai

and an OLR � 24 kg COD/m3

made to avoid instability of t

procedure resulted in two sc

different dimensions of the D

equipment (Table 3). Ana

confirmed the experimenta

biohythane productivity can

ble 1 e Calibrated parameter values. The reference is
r the benchmark value.

rameter Benchmark
value

Estimated
value

Reference

_ac (COD/COD/d) 8 4.0 [17]

_pro (COD/COD/d) 13 4.9 [17]

pro (COD/COD) 0.42 0.22 [17]

OD (COD/d) e 47 e

OD (COD/COD) e 0.90 e

OD (M/COD) e 0.015 e

(d�1) 120 190 [17]

(% of Vliq) 4 5 [16]
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sing this combined model, the

DF (HRTDF) and AD (HRTAD) were

mulation is due to the coupling of

tance, a change in HRTDF will give

of the DF effluent, which is the

ill change the methane produc-

he composition of the DF effluent.

ratively.

ed on either the maximum H2

um” energy yield, while main-

ctivity of 3.2 L/L/d in the latter

n based on the maximum CH4

ning at least 93% COD reduction

/d. The restriction on the OLR was

he AD process [53]. This selection

enarios, which in turn resulted in

F, AD (Table 2) and gas upgrading

lysis of the combined process

l results, i.e., that the potential

be high (6.1 L/L(DFþAD)/d), which

m the model. Note the different
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s the volumes of the reactors to be decreased (Fig. 5;

e 2).

cetate was the main dissolved product of DF in both

arios. The lactate concentration was higher when HRTDF

1 d, and the residual sugar concentrations were, as ex-

ed, higherwhenHRTDF was 0.28 d (Fig. 6A). In the scenario

aximum H2 productivity (HRTDF ¼ 0.28 d), the hydrogen

was 43% of the maximum yield (4 mol/mol) due to

mplete sugar consumption (Table 2). This yield is lower

what can be obtained for C. saccharolyticus, 3.6e4 mol H2/

C6 under optimal conditions [3]. The reason is the is due

igh organic loading; 40 kg COD/m3, which is 4e5 folds

er than the conditions when the optimal yield was ach-

d (1.9e4.4 g/L glucose) [55]. In addition, the CO2 in the

ging gas 0.37e0.37 kPa contributed to increased osmo-

y leading to incomplete substrate conversion (Figs. 5A and

However, to put this in perspective, a value of YSuH2 of

2.5mol/mol corresponds to 0.27e0.34 L H2/g sugar present

e substrate. This can be compared to the previously re-

ed maximum H2 yield of 0.19 L H2/g sugar present in the

substrate with undefined

yields, closer to the theor

be significantly increase

concentration decreased

and hence large reactor

The effect of changin

dissolved acid concentra

cant (Figs. 5 and 6). Ac

conversion of the specifi

both scenarios (Fig. 6B a

organic carbon (SCOD) th

concentration after DF a

of the SCOD could not be

3.7. Process stability

Another important expe

process stability. The sta

studied in detail. Howeve

DF [ 0.4 d and 1 d, respectively.
process at HRTDF 0.4 d a

Concentration of sugar

B & C propionate ( )
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e HRTDF on CH4 productivity and

in the AD process was insignifi-

ing to the simulation, the COD

ugars and acids were efficient in

). It was mainly the unspecified

ontributed to the residual COD

D treatment (Fig. 6B and C). 10%

verted in the AD process.

, acetate ( ), lactate ( ) and in
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of 0.12 days (D¼ 0.35 h�1), did not cause any process instability

during wet experiments with C. saccharolyticus in a CSTR [55].

T

fact

organic loading rate (OLR), iii) upflow velocity, and iv) reactor

volume [53]. In the current study, the substrate used had low

acti

23,52

Fig. 7 e The difference between a conventional AD process and the proposed biohythane process, illustrating the arguments

for the observed superior productivity of the latter.
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Table 2 eDesign of the volume of the DF and AD reactors with the criteria formaximumH2 productivity. The volume of the
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an ORL £ 24 kg COD/d/m3. qH2, qCH4 and qgas are the productivity of H2, CH4 and total gas (H2 D CH4 D CO2), respectively,
kOLR is the percentage of the loading rate of acetate (the rate-limited substrate) divided by the maximum uptake rate of
acetate, and YSuH2 is the molar yield of H2 per unit added sugar.

Criteria Process HRT OLR kOLR Reactor volume qH2 or qCH4 qgas YSuH2 COD conversion
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mmended that the OLR should not exceed 75% of the

imum methanogenic activity [23]. In the two scenarios

ented here, acetoclastic methanogenesis was the rate-

ting step, but the acetate loading rate was 11e19% of the

hanogenesis rate (Table 2), hence the ORL (24 kg/COD/m3/

ble 2) should not cause any instability [23,53]. However, it

ld be noted that this model does not take into account

ular washout, which is possible at high volumetric gas

uctivities [52]. This should be investigated before full-

operations are undertaken.

Upgrading of the biohythane gas

final step of the process was gas upgrading with

ndard industrial amine solution for CO2 removal. This

tion consists of a mixture of 40% MDEA, 10% PZ and 50%

r, by weight. The modelled gas separation step is

gned to remove 99% of the CO2 present in the effluent

resulting from the biological steps. The dimensions of

system and the energy required for gas upgrading are

n in Table 3.

ecause the raw material used is straw, the gas produced

e process is likely to contain small amounts of H2S, due to

hur in the wheat straw. H2S may also be produced from

eine, which is one of the nutrients added to the process,

h may increase the amount of H2S in the gas. The H2S

ent of the gas was not determined, but it can be assumed

low. For instance, during the gasification of biomass, the

unt of H S typically present in the produced gas is below

200 ppm. Absorption of

technique for selective r

may therefore be assum

separation step in the

a filter for sulphur rem

upgrading process.

3.9. Energy recovery

In the scenario in which

net energy yield of the H

straw after pretreatmen

responding to 69% reco

fraction of the original s

maximum H2 productivi

energy yield (7.4 kJ/g str

energy is derived from H

production. This is a low

reported [10], due to low

tivities in this study com

[10], could contribute to

there is generally a trad

[3]. However, the under

the model, which overe

should be considered as

The heat demand of

3300 kW) and does not

scenarios (10%). The DF

despite efficient heat rec

(d) (kg COD/d/m3) (%) (m3) (L/L/d) (m

DF 0.28 41a 760 H2: 7.8

AD 0.60 24b 11 1600 CH4: 4.3

rgy yield DF 1.0 11a 2700 H2: 3.2

AD 0.55 24b 19 1500 CH4: 4.3

he organic loading rate of DF was calculated based on the fermentative sugar (glucose, xylose an

he organic loading rate of AD was calculated based on the modelled effluent sugar, acid and SCOD
he COD conversion efficiency was calculated based on the CODmeasurements in the 10-fold dilute

) and the modelled organic carbon leaving AD.
2

ble 3 e Process design of the gas separation reactor with the criteria for minimum PCO2

hythane gas. The heat exchanger for the internal heat exchanging between stream14 an
d the heat exchanger for the external heat exchanging of stream 21 (see Fig. 1) is labelled
are abbreviated in the table.

teria Absorber Stripper Heat exchangers HEX2

D H D H Reboiler duty Cooling duty Area HEX1 Area HEX2 Cooling du

(m) (m) (m) (m) (kW) (kW) (m2) (m2) (kW)

0.77 3.6 0.76 4.5 870 280 480 290 460

rgy yield 0.81 3.7 0.79 4.5 953 310 528 310 500
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in MDEA solutions is a common

val of H2S from CO2-rich gases. It

that no H2S will escape the gas

elled process. For this reason,

l was not included in the gas

he biohythane process

energy yield was maximized, the

d CH4 produced from the wheat

and AD was 7.7 kJ/g straw, cor-

of the energy from the sugar

(11 kJ/g straw). The scenario for

sulted in a somewhat lower net

Of this, 48e50% of the produced

oduction, and the rest from CH4

net energy yield than previously

H4 yield. Increased gas produc-

red to those previously reported

crease in the energy yield since

f between productivity and yield

ation of the CH4 production by

ates the sugar conversion in DF,

ntributing factor.

process is fairly high (3000 and

r significantly between the two

requires an additional 1800 kW

ry. This is mainly due to the low

) mol/mol (%)

1.7

93c

2.5

93c

binose) content.

ents of the DF and.

eat straw hydrolysate (19.8 kg COD/
(0.005 bar) in the effluent
d 20 (see Fig. 1) is labelledHEX1
HEX2. Diameter (D) and height

Effluent gas Amine flow

ty qgas PH2:PCH4

(m3/h) bar:bar (kg/h)

540 0.46:0.54 16000

640 0.57:0.43 17000
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strate concentration in the feed (11 g/L sugar), requiring

e water flow rate. In addition, sparging the DF reactor

s to extensive water evaporation. In the calculations it

assumed that there was a 5 �C temperature drop in the

recirculation which means that part of the water in the

ent gas is condensed. The pretreatment and gas upgrad-

demands 340 kW and about 900 kWheat, respectively. The

rgy available in the lignin residues separated after the

ymatic hydrolysis is 2600 kW which means that the lignin

e straw can cover only 86e87% of the heat demand of the

cess with the current set up and hence additional fuel is

ired in the burner.

he electricity demand of the process is also high, which is

ost solely due to sparging. Large amount of gas is recir-

which could lead to sub

the equipment (Svensso

of solution of C

Nemethyldiethanolami

preparation). Other sig

process cost are the use

extract, which constitu

and the high demand o

the gas upgrading.

Future studies shoul

of yeast extract. A rece

extract can be omitted

rolyticus can produce a

essential vitamins [56].
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ted, which needs to be compressed to be used as step has not been evaluate

lyse
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s. If
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y to
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sts. Industrial experience has shown

make up is virtually zero in contrast to

ented calculations (personal commu-

pote

s.
arging gas in the DF step. 97% of the effluent gas from the

step is recirculated which means that the stripping gas

rate is more than 32-times that of the gas flow rate to the

upgrading. The electricity demands of the compressors for

two scenarios are 1700e1900 kW; higher for the high

rgy yield scenario due to larger recirculated gas flow rates.

he sparging could be avoided the heat and electricity

ands of the process can be significantly reduced.

. Cost analyses of the biohythane process

two scenarios results in similar production costs as

marized in Table 4. There are two main reasons for this

i) the difference in the energy yield in the two scenarios is

large (7%), ii) the fermenters constitute a minor part of the

l capital cost and a reduction of the size of fermenters has

all impact on the capital costs.

he current process is not cost-effective due a number of

ons. At the small-scale investigated herein (2 ton/h) the

ital costs of the steam-explosion pretreatment unit and

gas upgrading equipment are high. The cost of the gas

rading equipment is largely dependent on the safety

gins, which are large (10e100%), due to the lack of

erimental data on the absorption system employed. With

could possibly be hydro

These improvements w

the cost of the proces

reduced by 80%, the tota

by 44%. Another strateg

avoid sparging the DF re

demand. C. saccharolytic

pressures up to 0.67 b

productivity and yield.

ities in the absence of sp

for biohydrogen produ

species [3,58]. In additio

could be reduced by avo

in the flow), since the am

of the total operating co

that the need for amine

1% assumed in the pres

nications), indicating a

ating cost of the proces

4. Conclusions
e accurate data to determine the necessary parameter

es the size of the safety margins can be greatly reduced,

The novel biohythane proc

Caldicellulosiruptor saccharoly

benefit of being able to pr

productivities (6.1 L/LDF

H2:CH4:CO2, 46:53.6:0.4) and

(66e70% of the energy in the

However, the analysis o

shortcomings that require im

energy and cost efficient. Sp

to be highly energy demand

to be used as a chemical

methane, or the methane m

would increase the produc

future research should focus

in the absence of sparging. N

processes and amine losses

be reduced to improve the

over, by increasing the size

capital costs could be reduce

potential for improvements

esting for future analysis.

ble 4 e Breakdown of the total production cost for the
o scenarios (V/GJ biofuel). Operating cost includes
ater, electricity, straw for burning and chemicals
cept nutrient addition) and other costs includes
surance, maintenance and human resources.

H2 productivity Energy yield

w material 12 11

pital 22 25

trient addition 88 85
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(other than
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36 37

her costs 1.7 1.7

tal production cost 160 157

tal production cost

excluding nutrient addition

72 75
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xpensive nutrients such as yeast

e main part of the nutrient cost

ine solution to make up losses in

us focus on avoiding the addition

ublication has shown that yeast

the DF medium, since C. saccha-

amino acids in the presence of

yeast extract demand of the AD

d, but the C. saccharolyticus cells

d and used as a nutrient source.

have a considerable impact on

the nutrient cost could e.g. be

t of the process would be reduced

reduce the operating costs is to

r, which contributes to the energy

n grow and produce H2 at partial

16], albeit at the expense of H2
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n [57], using Caldicellulosiruptor

he cost of the gas upgrading unit
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solution accounts for almost 60%
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f the process identified several
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arging the DF reactor was shown
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