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Summary 

Accumulation of large masses of algae on the beaches may happen seasonally as a result of 

green tides phenomenon. Long term resident of algal piles on the beaches would seriously 

cause inconveniences regarding recreational aspects of coastlines as well as negative 

environmental impacts. Occurrences of various insects in the piled masses and domination of 

anaerobic conditions leading to emissions of unpleasant smell (including hydrogen sulfide’s 

smell) are the most straight forward results of the phenomenon. Anaerobic digestion of algae 

can be a beneficial process which not only is capable of solving the pollution problem 

mentioned above, but also has a potential to produce amounts of energy as biogas. 

On the way towards anaerobic digestion of algae, in a continuous implementation, crucial 

problems have to be faced and handled. Availability of algae year-round, collection, 

preparation, and finally its efficient digestion have significant challenges. In this study, it was 

tried to suggest an applicable method for pretreatment in addition to coping with hydrogen 

sulfide generation and its impact on digestion processes at thermophilic (55°C) and 

mesophilic (35°C) temperatures. 

Enzymatic pretreatment of algae – by means of cellulose degrading enzyme – was evaluated 

through lab-scale and pilot-scale experiments. The degradation efficiency of the enzyme 

depended on the initial physical quality of the algae. The fresh algae collected in February 

2012 was found to be resistant against enzymatic attacks, whereas already degraded algae, 

collected in April 2012, was further degraded by the enzyme resulting an efficiency of 40% 

regarding the solids content. 

Lab-scale batch anaerobic digestion experiments showed comparatively low methane 

potential for the pretreated algae at both mesophilic and thermophilic temperatures. However, 

the raw algae (cut into small pieces) were found to be hardly hydrolysable. The methane 

potential of raw algae in thermophilic and mesophilic digestion was about 17 NmL/gVS and   

− 36 NmL/gVS (negative value) respectively. Presence of inhibitory agent(s) was obvious at 

both temperatures. 

Very fast growth of sulfate-reducing bacteria was noticed in the continuous digestion, so that 

in less than 20 days, hydrogen sulfide concentrations over 10000 ppm were observed in both 

meso- and thermophilic reactors. Inhibition of methanogenesis in the thermophilic reactor 

occurred at unionized dissolved sulfide concentration of about 22 mg/L (10000 ppm in the 

biogas) while it was mainly non-SRB acetogens that were inhibited in the mesophilic reactor 

at unionized sulfide concentrations as high as 50 mg/L (17000 ppm in the biogas). This shows 

that thermophilic digestion is more prone to be inhibited at high sulfide concentrations 

regarding methanogenesis. 

Micro-aeration was found to be more efficient in the thermophilic reactor while its effect on 

the mesophilic process was negligible. Addition of iron (III) chloride substantially decreased 

the sulfide level in the headspace of the reactors but the amount of sulfide reduction in the 

biogas (in the gas collector) was relatively lower. This could be accounted for different 



 

reaction rates of sulfidogenesis and sulfide oxidation. In this case high amounts of sulfide are 

generated and consequently transported into the gas collector while the overpressure in the 

headspace of the reactors does not allow backflow of hydrogen sulfide to the reactor for 

further oxidation, meanwhile major portion of the sulfide in the reactor can be oxidized. 
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1. Background 
Recent elevated demand for renewable energy as a substitute for fossil fuels has 

conducted attentions towards anaerobic digestion so that over 750 anaerobic digestion 

plants were installed between 1982 and 2002 all over the world (Kassam et al., 2003). 

However, obstacles such as hydrogen sulfide, high carbon dioxide content, presence of 

water vapor, slow hydrolysis rates under anaerobic conditions, and high sensitivity of 

anaerobic bacteria to changes in wastewater composition; restrict the full industrial 

application of biogas (Noyola et al., 2006; Leitao et al., 2006). Different treatment 

processes needed for the produced biogas based on its application is shown in Table 1-1. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Different groups of microorganisms grow under anaerobic conditions. Amino acids 

fermentators, sugar fermentators, long-chain fatty acids (LCFA) oxidizers, propionate 

oxidizers, acetotrophic methanogens (A-MPB), and hydrogenotrophic methanogens (H-

MPB) play the required roles in methane production according to the conversion model 

suggested by Gujer and Zehnder (1983) - Figure 1-1. However, intermediate products (i.e. 

Application Removal of H2O Removal of CO2 Removal of H2S 

Electricity generation (turbine or engine) P-C N-P-C P-C 

Heating P N N-P-C 

Co-generation P-C N-P-C P-C 

Vehicle fuel C C C 

Introduction to a natural gas grid C C C 

N: No treatment; P: partial removal; C: complete removal 

Table 1-1. Treatment processes of biogas for different applications (Noyola et al., 2006) – 

adopted with permission. 

Degradable 
Particulates

Degradable
Carbohydrates

Degradable
Proteins

Degradable 
Lipids

Inerts

Amino acids, Sugars LCFA

Propionate

Hydrogen

Methane

Acetate

Total COD

Inert 
ParticulatesDissolved COD

2) Hydrolysis

Fermentation of
  3) Amino acids
  4) Sugars

5) Anaerobic oxidation of LCFA6) Anaerobic 
oxidation of propionate

7) Acetotrophic 
methanogenesis

8) Hydrogenotrophic 
methanogenesis

Figure 1-1. Total COD Flow and conversion processes in anaerobic digestion based on Gujer 

and Zehnder (1983) - reproduced with permission from IWA publishing. 
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acetate, propionate, and hydrogen) are commonly used by methanogens and sulfate-

reducing bacteria when sulfur/sulfate is present in the substrate. Consumption of 

hydrogen, acetate and propionate leads to undesired decrease in methane whereas toxic 

hydrogen sulfide is produced. 

Hydrogen sulfide production in the biogas from sulfur (sulfate)-rich wastewaters 

(substrates) may cause serious problems in application of biogas. Hydrogen sulfide, 

besides its unpleasant smell and corrosive nature which reduces the lifespan of pipework 

and other different installations in biogas industry, is also highly toxic to living beings. 

Among those living beings, microorganisms that produce methane through anaerobic 

digestion are more vulnerable since they are openly exposed to sulfide concentrations. 

Thus, high concentrations of hydrogen sulfide may harm the digestion process prior to 

any other living organisms. So it is crucial to look for applicable methods and techniques 

in order to solve the hydrogen sulfide issue to be able to introduce new substrates into 

anaerobic digestion.  

Accumulation of large piles of seaweed on beaches (Figure 1-2) may cause unpleasant 

odor (Charlier et al., 2007) due to predomination of anaerobic conditions hence formation 

of gaseous sulfur-containing compounds such as hydrogen sulfide. The problem with 

accumulation of algae is not only restricted to bad odor but also some health problems 

may be caused by such emissions due to continuous inhalation of sulfide (Peu et al., 

2011). In order to meet the problem authorities collect the piled up seaweed on the 

beaches and store it temporarily during spring and summer and later on in autumn and 

winter release them back into the sea. Algae, however, can be used as fertilizer via spread 

on agricultural lands but its salinity, sometimes high cadmium (Cd) content and high 

amount of trapped sand limit such an application. Algae are introduced as toxic wastes in 

Sweden because of their sometimes high Cd content (Nkemka and Murto, 2010).  

Figure 1-2.  Piled seaweed on the Baltic coast, southern Sweden (Skåre). 
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Additionally, the conflict that unwanted algae during summer time cannot be used on 

agricultural fields (due to existence of crops) increases the long-term storage costs (Peu et 

al., 2011). As an alternative, different species of marine macro-algae has been studied as 

a potential source of energy during recent years. Anaerobic digestion of macro-algae is 

experimented in various ways with respect to digestion techniques and/or algal species. 

Different species of brown, blue, green, and red algae are studied for methane production. 

As it is repeatedly reported, methane yield from anaerobic digestion of different species 

of macro-algae barely exceeds 0.3 m
3
 kg

-1
 VSfed (Yuan et al., 2011; Chynoweth and 

Srivastava, 1980; Ghosh et al., 1981; Toriano et al., 1976; Hanssen et al., 1987; Habig et 

al., 1984; Hanisak, 1981; Rigoni-Stern et al., 1990; Hansson, 1981), thereby alternative 

methods are suggested. For example in specific case of Ulva sp. pressing the seaweed and 

digestion of the extracted juice (Briand and Morand, 1997; Morand et al., 2006), 

digestion of ground dried algae (Briand and Morand, 1997; Bruhn et al., 2011), and co-

digestion of algae with other substrates such as livestock manure (Briand and Morand, 

1997) are suggested. Nkemka and Murto (2010) used a two-stage process by which 

produced leachate from algae (first stage) was then digested in a UASB reactor (second 

stage). Furthermore, enzymatic pretreatment of macro-algae for anaerobic digestion 

seems to be an undiscovered area which is investigated to some extent in this study. 

Deposits of sand present in the fed algae may affect the hydraulic retention time (HRT) in 

continuously-stirred tank reactors (CSTR) in case the substrate has high trapped sand 

content (Briand and Morand, 1997; Morand and Briand, 1999). Marine algae are usually 

associated with high concentrations of sulfate which during anaerobic digestion yields 

high concentrations of hydrogen sulfide (Amanieu et al., 1975; Viaroli et al., 1995 and 

1996; Castel et al., 1996; Cecchi et al., 1996; Briand and Morand, 1997; Zamalloa et al., 

2012; Nedergaard et al., 2002). This is specifically important in digestion systems with 

suspended cultures such as CSTR which are more susceptible to sulfide toxicity in 

comparison with attached biomass reactors like UASB (Omil et al., 1995). However, 

regarding utilization of produced biogas it is recommended to be treated before 

combustion if hydrogen sulfide concentration is above 250 ppm (Gayh et al., 2010). 

Considering obstacles stated above and low density of algae (causing severe problems in 

feeding the CSTR) and high refractory content (Briand and Morand, 1997), macro-algae 

are classified as difficult substrates for anaerobic digestion via continuously-stirred tank 

reactors (CSTR). 

1.1. Aim 
In this study, technical feasibility of digestion of marine macro-algae through continuous 

anaerobic digestion was looked into. Different problems from collection and preparation 

of algae to the digestion process and produced biogas - both in quantity and quality - were 

taken into consideration. Additionally, evaluation of the problems caused by hydrogen 

sulfide was considered as a major aim in this study. 

Since sulfide production is a biological process done by sulfate-reducing bacteria (SRB) 

which consume mutual substrates with methane-producing bacteria (MPB); changing 
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process parameters such as solids retention time (SRT), temperature, pH, organic loading 

rate (OLR) for driving the competition towards the interest of methane producing bacteria 

(MPB), seemed to be extraordinarily interesting. However due to practical difficulties and 

limited available time, precipitation of sulfide via addition of external agents such as iron 

chloride and oxygen (micro-aeration) were tested. 
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2. Literature study 

2.1. Origin of hydrogen sulfide 
Depending on the composition of the substrate, different groups of microorganism are 

potentially capable of multiplication. One of the major anaerobic species is sulfate-

reducing bacteria (SRB) which grow in presence of sulfate, sulfite, or thiosulfate: 

Trophic reactions: 

CH3COOH + SO4
2–

 → 2CO2 + 2H2O + H2S       (Thauer et al., 1977) 

4H2 + SO4
2–

 2H
+
      → H2S + 4H2O                    (Thauer et al., 1977) 

 

Dissimlatory reactions: 

4SO3
2-

 + 2H
+
             → 3SO4

2-
 + H2S                  (Widdel and Hansen, 1992) 

S2O3
2-

 + H2O             → SO4
2-

 + H2S                    (Widdel and Hansen, 1992) 

Sulfate reducing bacteria (SRB) are reportedly capable of utilizing not only methanogenic 

substrates such as hydrogen, acetate, formate, pyruvate, and methanol (Bock et al., 1994) 

but also propionate, succinate, fumarate, butyrate, higher and branched fatty acids, 

malate, lactate, ethanol and higher alcohols, and aromatic compounds (Colleran et al., 

1995). Different reactions conducted by SRB, methane producing bacteria (MPB), and 

syntrophic bacteria are shown in Table 2-1. Sulfide, as a product of SRB activity in 

digestion of sulfate-rich substrates is distributed among different forms as S
2-

, HS
-
, and 

dissolved H2S as follows: 

H2S (l)  HS
-
 + H

+
 

HS
-
      

 
 S

2-
 + H

+
 

Figure 2-1. Distribution of different sulfide forms based on pH (Lens et al., 1998) – used with 

permission. 
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Consequently, the concentration of sulfide’s different forms is significantly controlled by 

the pH of the solution (Figure 2-1). As it can be seen, in neutral pH only first dissociation 

of hydrogen sulfide - pKa = 6.9 at 30°C – (Lide, 1993) is of importance while di-anion 

sulfide emerges at pH above 8. Also the ratio between dissolved H2S and gas phase 

follows Henry’s law assuming static conditions in the reactor which is discussed in 

section 3.2. 

Considering the stoichiometry suggested by Thauer et al. (1977), SRB compete with both 

acetogenic and methanogenic bacteria over the available substrate. Many studies have 

concluded that SRB are able to stimulate propionate degradation (McCartney and 

Oleszkiewicz, 1991; Parkin et al., 1990; Qatibi et al., 1990; Harada et al., 1994; Colleran 

et al., 1995); whereas addition of propionate enhances sulfate reduction as well (Ueki et 

al., 1988, 1992). Also it is well described that sulfate reducing bacteria (SRB) and 

methane producing bacteria (MPB) compete over the same substrate, i.e. molecular 

hydrogen and acetate, for survival (Figure 2-2).  

 

 

 

 

  

Reactants Products ∆G°′ 
(Kj/mol) 

Sulfate-reducing reactions   

4H2 + SO4
2-

 + H
+
 → HS

-
 + 4H2O -38.1 

Acetate + SO4
2-

 → HS
-
 + 2HCO3

-
 -47.6 

Propionate + ¾SO4
2-

 →¾ HS
-
 + Acetate

- 
+ HCO3

- 
+ ¼H

+ 
-37.7 

Propionate + 7/4SO4
2-

 + ¼H2O →7/4 HS
-
 + 3HCO3

-
 + ½H

+
 + ¼OH

-
 NR 

Butyrate + ½SO4
2-

 →½ HS
-
 + 2 Acetate

- 
+ ½H

+
 -27.8 

Butyrate
 
+ 5/2SO4

2- 
+ ¼H2O →5/2 HS

-
 + 4HCO3

-
 + ¾ H

+
 + ¼OH

-
 NR 

Acetogenic reactions   

Propionate
 
+ 3H2O → Acetate

- 
+ HCO3

- 
+ H

+
 + 3H2 +76.1 

Butyrate + 2H2O → 2 Acetate
- 
+ H

+
 + 2H2 +48.3 

Methanogenic reactions  

 

 

 

4H2 + HCO3
-
 + H

+
 →CH4 + 3H2O -33.9 

Acetate + H2O →CH4 + HCO3
-
 -31.0 

Note: NR, Not reported   

Table 2-1.  Bio-chemical reactions for sulfate-reducing, acetogenic, and methanogenic 

reactions (Lens et al., 1998) – reproduced with permission. 

Figure 2-2. Common use of hydrogen and acetate by sulfate reducing 

bacteria and methanogens (Gerardi, 2003) – used with permission. 
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2.2. Competition over hydrolytic bacteria 
Reportedly, SRB are not capable of degrading biopolymers such as starch, lipids, and 

protein. Consequently no competition is likely to occur in the hydrolysis step in anaerobic 

digestion (Hansen, 1993). The effect of sulfide toxicity on hydrolytic bacteria is not 

widely included in the literature. 

2.3. Competition over intermediates 
All types of SRB are able to utilize propionate which is found to be a key intermediate in 

anaerobic digestion (Chen et al., 2008). Degradation of propionate by SRB leads to 

production of acetate, sulfide and carbon dioxide which is considered as an incomplete 

conversion to acetate (O’Flaherty et al., 1998a; Thauer et al., 1977). High affinity of SRB 

to propionate and their faster growth rate is demonstrated in different studies (Parkin et 

al., 1990; Uberoi and Bhattacharya, 1995; Omil et al., 1996a). This privilege can be 

supported by relatively higher maximum growth rate (μmax) and lower half saturation 

constant (Ks) of SRB than those of syntrophic bacteria i.e. 0.15d
-1

 and 23 mg/L for SRB 

and 0.05d
-1

 and 34 mg/L for syntrophic bacteria, respectively (O’Flaherty  et al., 1997, 

1998b). Such a kinetic superiority makes sulfidogenic oxidation to be the main 

degradation pathway of propionate (Mulder, 1984; Ukei et al., 1988; Qatibi et al., 1990; 

Hepner et al., 1992; Colleran et al., 1994, 1998; O’Flaherty et al., 1997, 1998a). 

2.4. Competition over mutual substrates 

2.4.1. Hydrogenotrophic methanogens versus SRB 

The studies concerning the competition of SRB and MPB over hydrogen are quite 

consistent. It is shown that H-SRB (hydrogen utilizing sulfate-reducing bacteria) 

outcompete H-MPB (hydrogenotrophic methane producing bacteria) in presence of 

sufficient concentrations of sulfate (Mulder, 1984; Rinzema et al., 1986; Rinzema and 

Lettinga, 1988a; Visser et al., 1993c; Harada et al., 1994; Uberoi and Bhattacharya, 1995; 

Omil et al., 1996a). Predominance of H-SRB is mainly accredited to kinetic and 

thermodynamic advantages of H-SRB over H-MPB. It is also concluded that H-SRB need 

much lower hydrogen threshold concentration than their methanogenic rivals (Lovely, 

1985; Oude Elferink et al., 1994; Colleran et al., 1995). 

In contrast, there have been few cases in which predominance of H-MPB was reported. 

Colleran and Pender (2002) found temperature to be affecting the outcome of the 

competition. They witnessed the predominance of H-SRB at mesophilic temperature 

(37°C) while H-MPB outcompeted H-SRB at thermophilic temperature (55°C). Strocchi 

et al. (1991, 1994) observed predominance of H-MPB in digestion of human feces at 

mesophilic temperature (37°C). 

2.4.2. Acetotrophic methanogens versus SRB 

Both predominance of acetate utilizing SRB  (Alphenaar et al., 1993; Stucki et al., 1993; 

Gupta et al., 1994) and successful competition of acetotrophic methane producing 

bacteria (Hoeks et al., 1984; Mulder, 1984; Rinzema et al., 1986; Isa et al., 1986a,b; 
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Polprasert and Haas, 1995; Omil et al., 1996a; Oude Elferink et al., 1994; Colleran et al., 

1998; O’Flaherty et al., 1998a; De Smul et al., 1999; Colleran and Pender, 2002) are 

reported in the literature . Such severe contradictory results from the outcome of the 

competition between A-SRB and A-MPB have led to different anticipations. Different 

parameters are suggested by authors that are believed to determine the outcome of 

competition over acetate: 

Feed composition and acetate concentration – According to Polprasert and Haas (1995) 

there is a direct relation between glucose/acetate ratio and SRB activity expressed as 

share of COD removal. Omil et al. (1996a) observed that higher acetate concentrations 

favor MPB but it was not practically possible to shift the competition substantially by 

changing the influent composition. 

In the same manner, Yoda et al. (1987) reported faster multiplication of MPB in case 

acetate concentration was above 8 mg/L. In contrast, predominance of A-SRB was 

reported to be independent of acetate concentration (Oude Elferink et al., 1994). 

Sulfate and sulfur concentrations – Obviously sulfate concentration is the limiting 

parameter for SRB growth, hence dominance of MPB is more likely at low sulfate 

availability. On the other hand, it is also reported that among different types of SRB, 

acetate-utilizing SRB are poor competitors for the available sulfate (Laanbroek et al., 

1984; Uberoi and Bhattacharya, 1995); thus it is outcompeted by other SRB (non-acetate-

utilizing) while available acetate is consequently left for A-MPB. This is the reason why 

different substrate/sulfate ratios are introduced to govern the competition. Choi and Rim 

(1991) found that COD/SO4
2-

 ratio equal to 2.7 is the minimum value which results in 

predominance of A-MPB; while it is A-SRB that dominates the reactor if the ratio is 

below 1.7. They also observed an active competition between A-SRB and A-MPB when 

the COD/SO4
2-

 ratio is between 1.7 and 2.7.  A similar logic is also described by Gerardi 

(2003) indicating that the substrate/sulfate ratio above 3.0 favors A-MPB while for ratios 

below 2 they are A-SRB that predominate the system. For ratios in between occurrence of 

an intensive competition is suggested by Gerardi (2003). However, the term “substrate” 

used by Gerardi (2003) does not stand for a clear reference such as COD, BOD, VFA, or 

etc. 

Similarly, COD/S ratio is also found to be crucial in the overall process of anaerobic 

digesters (Isa et al., 1986a, b; Mizuno et al., 1994; Parkin et al., 1990; Vavilin et al., 

1994). Reportedly, higher COD/S ratios favor methanogens while at ratios below 10.0 

both SRB and MPB activities are inhibited (Parkin et al., 1990; Vavilin et al., 1994). 

Iron concentration – High demand of SRB for iron uptake is also reported as a governing 

parameter (Postgate, 1984) but addition of iron by 2 g/L did not result in any positive 

progress in SRB activity as reported by Isa et al. (1986a, b). However iron can also 

restrict the bioavailability of sulfur by precipitation of FeS which can in return favor the 

A-MPB. 
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Immobilization properties – Isa et al. (1986a, b) accredited the predominance of A-MPB 

to their comparatively better attachment properties. As they reported, weaker 

immobilization of A-SRB to inert particles as well as sludge granules makes them prone 

to be washed out. Such a competitive advantage was also reported in continuous flow 

reactors regardless of total sulfide concentration (Yoda et al., 1987; Koster et al., 1986; 

Thiele and Zeikus, 1988; Nielsen, 1987; Pichon et al., 1988). In contrast, other studies 

(Yoda et al., 1987; Alphenaar et al., 1993; Visser et al., 1993d) found similar attachment 

capacities for both A-SRB and A-MPB in UASB reactors; claiming that it is mainly 

kinetic growth properties of the bacteria that governs the outcome of the competition. 

Type of seed sludge and experimental runtime – Duration of acclimation to high sulfate 

concentrations is also reported as a factor affecting the outcome of competition between 

A-SRB and A-MPB (McCartney and Oleszkiewicz, 1991; Harada et al., 1994). 

According to Visser  et al.(1993c) it takes about 400 days for A-SRB to increase their 

share of acetate consumption from 50 to 90% in case acetate is fed into UASB reactors. 

The corresponding period is found to be 250 days for UASB reactors fed with a VFA 

mixture (Visser et al., 1993c). Due to such long periods needed for predominance of one 

species, the initial count of each group seems to be of utmost importance (Visser et al., 

1993c). In other words, inoculum used in the startup of an experiment plays an important 

role in the outcome of competition along with other environmental parameters. 

pH – It is known that SRB and MPB have similar optimum pH ranges; 7.3 ~ 6.7 for A-

SRB and 6.5 ~7.8 for A-MPB (Widdel, 1988; Vogels et al., 1988). However, according to 

Visser et al. (1996) pH values above 7.7 favor A-SRB; while in contrast for pH below 6.9 

A-MPB outcompete A-SRB successfully. It should be noted that acidic pH intensifies 

sulfide toxicity by elevating sulfide concentration. For example pH reduction from 8 to 7 

resulted in increase of H2S concentration from 50 to 240 mg/L which had a considerable 

effect on the fraction of COD consumed by MPB in a UASB reactor which was fed with 

a VFA mixture with a COD/SO4
2-

 equal to 0.5 (Lens et al., 1998). 

Temperature – Similar to the optimal pH ranges, SRB and MPB grow in similar 

temperature ranges and therefore have identical reactions against temperature changes 

between 10°C and 50°C (Visser et al., 1992). According to a study done by Visser et al. 

(1993b) it was shown that SRB are less sensitive to high-temperature shocks compared to 

MPB. Also Shin et al. (1996) found that reduction of the temperature of a continuous 

reactor from 35°C to 25°C, in the long term, increases the COD fraction degraded by SRB 

from 43 to 80%. It can be concluded that temperature shocks may play an important role 

in alteration of the competition between SRB and MPB. 

2.5. Sulfide toxicity (inhibitory behavior) 
Sulfide toxicity is mainly believed to be caused by unionized H2S since it is able to 

permeate the cell membrane (Schlegel, 1981; Tursman and Cork, 1988). Unionized 

hydrogen sulfide is toxic to methanogens as well as to sulfate-reducing bacteria. However 

different studies have found both unionized and total sulfide concentrations important in 

inhibition of the mentioned groups of microorganisms. According to Koster et al. (1986) 
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unionized sulfide concentration drives the inhibition of acetoclastic methanogenesis in pH 

range of 6.4 ~7.2 while at higher pH (7.8 ~8.0) the correlation is observed with respect to 

total sulfide concentration.  A similar trend is also introduced by O’Flaherty et al. (1998b) 

suggesting that unionized sulfide concentration is the main cause of inhibition in pH 

range of 6.8 ~7.2 while for exceeding pH values it is mainly total sulfide that causes the 

inhibition. However, Hilton and Oleszkiewicz (1990) showed that SRB inhibition 

correlates with total sulfide concentration while it is only unionized sulfide concentration 

that affects inhibition of methanogens.  

There are varieties of studies suggesting contradictory inhibitory levels of sulfide against 

different trophic groups. Due to the fact that most of the experiments were performed by 

addition of sulfide rather than sulfate, the interaction between SRB and non-SRB was 

completely ignored (Parkin et al., 1990). Additionally many studies do not include 

records of pH levels making it very difficult to come to trustable conclusions on the 

inhibition caused by sulfide (Chen et al., 2008). The reported levels of IC50 (median 

inhibition concentration) for methanogens are 50-125 mg H2S/L at pH 7~8 (suspended 

sludge); 250 and 90 mg H2S/L at pH 6.4 ~ 7.2 of and pH 7.8 ~8, respectively (Parkin et 

al., 1983; Koster  et al., 1986; Oleszkiewicz et al., 1989; McCartney and Oleszkiewicz, 

1993; Maillacheruvu et al., 1993; O’Flaherty et al., 1998a). Results from some of the 

studies about the inhibitory levels of H2S and total sulfide concentrations towards 

methanogenesis and sulfate reduction are illustrated in Table 2-2 (on the next page). It is 

found that fermentative microorganisms are less prone to be affected by sulfide toxicity in 

comparison with SRB and MPB (McCartney and Oleszkiewicz, 1991; Maillacheruvu et 

al., 1993). However acetogens and SRB are more or less similarly affected by certain 

sulfide concentration and are more resistant than MPB (O’Flaherty et al., 1998b). 

Acclimatization of MPB to free H2S was also reported in literature especially in reactors 

with fixed biomass. According to Isa et al. (1986a) acclimated acetotrophic and 

hydrogenotrophic methanogens were unsubstantially inhibited at concentrations above 

1000 mg/L of H2S. 
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Sludge type Substrate Temp. 

(°C) 

pH H2S 

(mg/L) 

Total 

sulfide 

(mg/L) 

Reference 

Methanogenesis       

Sludge suspension Ace. 35 6.5-7.4 125 NR Oleszkiewicz et al. (1989) 

   7.7-7.9 100 NR  

Sludge suspension Lac./Ace. 35 7.2-7.6 NR 240 McCartney and Oleszkiewicz 

(1991) 

Sludge suspension Lac. 35 7.0 100 270 McCartney and Oleszkiewicz 

(1993) 

   8.0 100 1258  

Sludge suspension Ace. 55 6.3-6.4 18 33 Visser et al. (1993a) 

   7.1-7.2 21 78  

   7.9-8.0 24 400  

Sludge granules Ace. 30 6.4-6.6 246 357 Koster  etal. (1986) 

   7.0-7.2 252 810  

   7.8-8.0 90 841  

Sludge granules Ace. 30 7.2-7.4 184 564 Visser et al. (1996) 

   8.1-8.3 38 590  

Sludge granules Ace. 55 6.3-6.4 54 81 Visser et al. (1993a) 

   7.1-7.2 75 338  

   7.9-8.0 24 450  

Biofilm Ace. 35 7.7 >1000 NR Isa et al. (1986b) 

 Ace./Ethnl.  7.3 >1000 NR  

Sulfate reduction       

Desulfovibrio 

desulfuricans 

Lac. 35 7.0 250 500 Okabe et al. (1992) 

Sludge suspension Lac./Ace. 35 7.2-7.6 NR 83 McCartney and Oleszkiewicz 

(1991) 

Sludge suspension Lac. 35 7.0 >300 NR McCartney and Oleszkiewicz 

(1993) 

   8.0 185 2244  

Sludge granules Ace. 30 7.2-7.4 171 615 Visser et al. (1996) 

   8.1-8.3 57 1125  

Specific substrates       

Sludge suspension Prop. 35 6.5-7.4 100 NR Oleszkiewicz et al. (1989) 

   7.7-7.9 60 NR  

Sludge suspension Buty. 35 6.5-7.4 235 NR Oleszkiewicz et al. (1989) 

   7.7-7.9 >200 NR  

Sludge suspension Lac. 35 6.5-7.4 320 NR Oleszkiewicz et al. (1989) 

   7.7-7.9 390 NR  

Sludge granules Prop. 30 7.0-7.5 140 NR Rinzema and Lettinga (1988b) 

       

Note: NR: Not reported; Ace.: Acetate; Lac.: Lactate; Ethnl: Ethanol; Prop.: Propionate; Buty.: 

Butyrate 

 

  

Table 2-2. Unionized and total sulfide concentrations resulting in a 50% inhibition (IC50) of 

methanogenesis, sulfate reduction and intermediate substrates (Lens et al., 1998) – reproduced with 

permission. 
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2.6. Reduction of hydrogen sulfide via external agents 

2.6.1. Precipitation 

Addition of divalent metals such as iron, copper, cobalt and zinc leads to precipitation of 

dissolved hydrogen sulfide via reaction stated below (Khanal, 2008): 

 

Fe
2+ 

+ HS
-
 → FeS

- 
+ H

+
 

 

Also Fe (III) also reacts with sulfide forming elemental sulfur and Fe (II), resulting in 

sulfide removal through the pathway shown below (Wei and Osseo-Asare, 1996): 

 

a) 2Fe
3+ 

+ HS
-
 → 2Fe

2+
+ S

0
 + H

+
 

 

b) Fe
2+ 

+ HS
-
 → FeS

- 
+ H

+ 

 

It can be seen that one mole of Fe (III) ion ultimately removes 1.5 moles of sulfide, either 

as ferrous sulfide or elemental sulfur. It should be mentioned that continuous precipitation 

of ferrous sulfide in the reactor can increase the total solids (TS) content in the reactor. 

 

2.6.2. Sulfide oxidation 

Oxidation of sulfide occurs under aerobic conditions, by means of sulfide-oxidizing 

aerobic bacteria (Janssen et al., 1997). The product of oxidation depends on the 

availability of the reactants so that under oxygen limiting conditions (i.e. [O2] <0.1 mg/L) 

elemental sulfur is produced while sulfate is the main product under sulfide limiting 

conditions (Khanal, 2008), as follow: 

2HS
-
 + O2 → 2S

0
 + 2OH

-
           (oxygen limiting condition) 

2HS
-
 + 4O2 → 2SO4

2-
 + 2H

+
      (sulfide limiting condition) 

Thiosulfate (S2O3
2-

) is likely to be produced as well under oxygen limiting conditions (i.e. 

[O2/S
2-

] <0.5), through a chemical reaction stated below (Janssen et al., 1995): 

2HS
-
 + 2O2 → S2O3

2-
 + H2O 

High dosages of oxygen (i.e. [O2/S
2-

] > 1.0) pushes the produced elemental sulfur towards 

further oxidation and sulfate formation: 

2S
0 

+ 3O2 →2SO4
2-

 + 2H
+ 

Since elemental sulfur is the desired product of the above stated processes, it is very 

important to dose sufficient amount of oxygen (neither low nor high) in order to obtain 

efficient selective sulfide oxidation to elemental sulfur (Khanal, 2008). The optimum 

molar ratio of oxygen to sulfide is reported to be about 0.7 in order to achieve maximum 

sulfide oxidation to sulfur (Janssen et al., 1997). 

Aerobic conditions can be very toxic to methanogens as a strict anaerobe group of 

microorganisms (Whitman et al., 2006). However, enhanced methane production and 
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COD removal under micro-aerobic conditions are also reported (Jagadabhi et al., 2010; 

Jenicek et al., 2008, 2010) as well as effective sulfide removal (Tartakovsky et al., 2011). 

Increased hydrolysis rate due to micro-aerobic conditions was suggested to be the reason 

for better performance of reactor (Tartakovsky et al., 2011). 

2.7.  Sulfide dissociation 
Assuming static conditions in the reactor at the measurement time, it can be said that 

dissolved hydrogen sulfide (in the reactor) is in an equilibrium with the gas phase. The 

equilibrium between dissolved free sulfide and the gas phase follows the Henry’s law. 

Henry’s constant varies with temperature so that less gas can be dissolved in water at 

higher temperatures. For hydrogen sulfide various studies are carried out to define its 

Henry’s constant as well as temperature dependency (Lide and Frederikse, 1995; de 

Bruyn et al., 1995; Dean, 1992; Edwards et al., 1978; Wilhelm et al., 1977). The most 

repeated result was employed for calculation of dissolved free sulfide concentration 

according to the concentration measured in the biogas as follows: 

                                       [ 
   

     
]  (Wilhelm et al., 1977) 

           

  
 

 
 

                                      [  ]  (Wilhelm et al., 1977) 

Hence Henry’s constant for hydrogen sulfide can be estimated using Eq.1 (Rolf Sander, 

1999): 

               

           

 (
 
 
)

 (
 

 
 

 

      
)

  [
   

     
]        (Eq.1) 

                 (
 

 
 

 

      
)  [

   

     
]  

Also non-dimensional form of Henry’s constant can be calculated as: 

     
   

   

    
               (Eq.2) 

Where:  

T: temperature [  ] 

R: gas constant, 0.08205746  
     

     
 

Caq: dissolved concentration (mg/L, mol/L …) 

Cgas: concentration in gas phase (mg/L, mol/L …) 

pKa1 for dissociation of hydrogen sulfide in water (i.e. H2SH
+
+HS

-
 ) is a temperature 

dependent parameter as well. In this study the empirical formula suggested by Hershey et 

al. (1988) was adopted (Eq.3). 
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                           (Eq.3) 

Where: 

T: temperature [  ] 

So the concentration of HS
-
 can be calculated by Eq.4. 

[   ]  [       ]           ,         (Eq.4) 
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3. Methodology 

3.1. Material and method 

3.1.1. Reactors 

Two pilot-scale reactors located at Sjölunda wastewater treatment plant (Malmö) were 

used in the study operated at mesophilic (35°C) and thermophilic (55°C) temperatures. 

The reactors were equipped with stirrer operated continuously at a constant speed. 

Feeding substrate and withdrawal of digested matter were done manually once a day at a 

certain time. The temperature in the reactors was regulated by a thermostat connected to a 

heater. The digestion chamber was surrounded by a water bath which heated up the 

reactors. Produced biogas was collected in a bell-shape gas collector filled with water. 

Change in the water level inside the gas bells represented the differential pressure of the 

produced biogas. Schematic drawing of the reactors is shown in Figure 3-1. For 

operational parameters of the reactors refer to Table 3-1. 

 

 

3.1.2. Analyses and measurements 

Some parameters of the digestion process as well as operational characteristics were 

measured in-situ at the location of pilot-scale reactors. pH of the digested matter from the 

Reactor Sludge Volume 

(Liters) 

Temperature (°C) SRT (days) 

55TH20 20 55 10 

35MS20 20 35 10 

Table 3-1. Operational characteristics of the reactors. 

Figure 3-1. Schematic of the pilot-scale reactors used in the experiment (see Appendix V for 

an enlarged view). 
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reactors was measured using a digital pH-meter (pH 3110 SET 2 incl. SenTiz® 41) 

calibrated based on a two point-calibration at pH levels of 4 and 7. Gas fractions – 

including methane, carbon dioxide, oxygen and hydrogen sulfide (up to 2000 ppm) - were 

measured using a portable gas-meter SEWERIN SR2-DO. For higher hydrogen sulfide 

contents (above 2000 ppm), Dräger tube Hydrogen Sulfide 0.2%/A with order code of 

CH28101 was employed (range from 0.2 vol.-% to 7 vol.-%.)  

Samples of digested matter as well as substrate were taken to the laboratories at Chemical 

Engineering Department / Lund University for further analyses. HACH LANGE test 

tubes were used for measuring COD (LCK 114), ammonium (LCK 303), sulfate (LCK 

153), iron (LCK 320), and phosphate (LCK 049). Prepared tubes were analyzed with 

HACH LANGE spectrophotometer (model DR 2800). 

All the samples stated above were centrifuged for 15 minutes at the speed of 10000 rpm 

and filtrated through Munktell general purpose filter papers with 6~10μm pore size before 

further analysis. 

Furthermore, TS content of digested matter and the substrate were measured after 

samples were dried for 24 hours at 105°C. VS content was estimated after burning the 

samples at 550°C in 2 hours (SIS, 2000). 

Methane production in lab-scale batch reactors was measured with gas-chromatograph -

Varian 3800 Gas Chromatograph- equipped with TCD (thermal conductivity detector) 

and a column with the dimensions: 2.0m x ⅛ inch x 2.0mm. Volatile fatty acids (VFA) 

content of samples were analyzed with gas-chromatography using Agilent 6850 Series 

GC System equipped with FID (flame ionization detector) and a column with the 

dimensions:  25m x 0.32μm x 0.5μm. 

3.1.3. Inoculation 

 The inoculum for the mesophilic reactor was taken from Öresundsverket WWTP/BGP 

(operated at 35°C) and the thermophilic inoculum was collected from Kävlinge 

WWTP/BGP (operated at 55°C). The analysis data on the inoculum is presented in Table 

3-2. 

3.1.4. Substrate  

Needed algae for the experiment were collected at Skåre harbor, approximately 7 

kilometers west of Trelleborg, southern Skåne – Sweden. Collected algal mass consisted 

of various species such as fucus vesiculosus, fucus serratus, furcellaria lumbricalis, 

polysiphonia sp., ceramium sp. and zostera marina (not classified as algae) (Figure 3-2). 

Reactor COD 

(mg/L) 

NH4
+ -N 

(mg/L) 

SO4 
2- 

(mg/L) 

Fe2+/Fe3+ 

(mg/L) 

PO4
3- pH Acetate  

(mg COD/L) 

Propionate 

(mg COD/L) 

TS  VS  

Thermophilic 

inoculum 

845 740 55 10.78/6.10 15 8.1 30 < 20 1.53% 0.97% 

Mesophilic 

inoculum 

680 485 40 12.42/3.90 90 7.6 < 20 < 20 2.32% 1.66% 

 

Table 3-2. Operational characteristics of the reactors. 
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Mixture of algae had a TS of 15-25% from which between 75-80% was measured as VS 

fraction, depending on the moisture content of the batch.  

3.2. Pretreatment  
As mentioned in previous sections, alga is considered as a difficult substrate to be 

employed in continuous digestion due to its physical characteristics. The most important 

task in preparation of algal substrate is to make it appropriate to be fed into the digesters. 

Two different techniques were tested in this study to obtain free-flowing algal substrate – 

cutting algae into small pieces and enzymatic pretreatment.   

3.2.1. Cutting algae 

Various tools were employed to grind the algae to smaller particles. Food grinder, kitchen 

grinder and hand blender were all tested for cutting. Unfortunately none of the above 

could achieve the goal due to severe blade jam. Ultimately, algae were manually chopped 

into pieces of less than 3 cm-long in order to make feeding possible (Figure 3-3) using 

knives and cutting-boards. 400 g of chopped algae was diluted up to 1330 ml to maintain 

loading rate of 3 kgVS/day∙m
3
. During the operation it was realized that the amount of 

water would not be sufficient to force the algae into the reactor. Hence it was decided to 

half the loading rate down to 1.5 kgVS/day∙m
3
. 

Consequently 200 g of cut algae was to be diluted up to 1330 ml mixture as substrate. 

However, physical characteristics of algae made it almost impossible to feed the reactors 

with chopped algae without any air contamination risk. Aeration of reactors, even at 

micro levels, could manipulate the study due to the fact that micro-aeration leads to 

A: Furcellaria lumbricalis (Kräkel) 

B: Fucus vesiculosus (Blåstång) 

C: Fucus serratus (Sågtång) 

D: Zostera marina (Ålgräs) 

E: Filamentous/Fibrous red algae 

(Fjäderslick) 
Figure 3-2. Different species of algae included in the experiment. 
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oxidation of sulfide to sulfate/elemental sulfur, as described previously. Consequently the 

chopping technique was abandoned. 

3.2.2. Enzymatic pretreatment 

Enzymatic pretreatment of marine algae was carried out using Cellic® CTec2. Cellic 

CTec2 enzyme converts cellulose and hemicellulose, containing polymeric forms of 

sugar, into hydrolyzed fermentable monomers (Novozyme, 2010). According to 

Novozyme (2010) peak performance of the enzyme is obtained at 45~50°C and pH 5~5.5 

as shown in Figure 3-4.  

Figure 3-4. Relative performance of Cellic® CTec2 versus temperature and pH variations 

(Novozyme, 2010). 

Figure 3-3. Cutting algae into small pieces. 
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Pretreatment of marine algae using Cellic CTec2 was tested in lab-scale before pilot-scale 

implementation. The algae were kept at -25±2°C before pretreatment experiment. Lab-

scale batches were consisted of a 2-liter glass reactor, stirrer (mixer), and water bath for 

regulating the temperature at 45°C, as seen in Figure 3-5. Four reactors were set up at 

45°C and loaded with 450 g of frozen algae diluted up to 1500 ml with tap water, in order 

to evaluate the enzyme’s effect on algal mass. The activity analysis of enzyme showed 

activity of 97 FPU/g as well as 274 g/l of sugar (glucose) as stabilizing agent. Dosages of 

enzyme were added proportional to total dry solids content of the algae as 13.5, 26.95, 

40.41 FPU/gTS. One of the reactors ran without any enzyme dosed in order to study the 

temperature effect on hydrolysis of algae (as reference). 

Lab-scale pretreatment was carried out for 5 days and the content was sieved through 4 

mm-pore sieve in order to obtain a homogenous substrate after being diluted back to 1500 

ml volume to compensate the evaporation effect. The in-hand substrate was later used to 

evaluate methane potential at mesophilic (37°C) and thermophilic (55°C) temperatures 

via lab-scale anaerobic batch reactors (2-liter glass bottles) as shown in Figure 3-6. 

Pilot-scale pretreatment of algae using enzyme was carried out in a larger tank as shown 

in Figure 3-7 at about 50°C. The pretreatment reactor is heated by a water-bath while the 

temperature is regulated by a thermostat. Unfortunately the stirrer of the reactor stopped 

working in the first day of full-scale pretreatment due to heavy load of added algae. 

Preparation process of pretreated substrate was same as mentioned in lab-scale 

experiment. 

 

 

Figure 3-6. 2-liter batch bottles 

with air-tight rubber septum. 

Figure 3-5. Batch reactors used for lab-scale enzymatic 

pretreatment of algae. 
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3.3. Micro-aeration method 
In order to create micro-aerated conditions in the reactor in order to enable the aerobic 

sulfide oxidizers to grow addition of air into the reactor (not the gas collector) is needed. 

For this reason the hose connecting the reactor to the gas collector was chosen for 

injection. Compressed air by means of a pump and an airtight tube with a manometer 

(Figure 3-8: used for dissolved air floatation method’s demonstration) was injected in the 

hose while the hose was clamped on the side towards gas collector (Figure 3-9). 

Clamping the hose prevents the air flow into the gas bell so that the injected air will be 

present in the bio-reactor. 

Figure 3-7. Pretreatment reactor used in full-scale experiment (Volume = 170 liters). 

Figure 3-8. Pump and the airtight tube used for 

compression of air. 
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Figure 3-9.The hose connecting the digester to the gas collector was used for injection of air. The 

way towards gas collector was clogged using a clamp to prevent airflow into the gas collector. 
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4. Results and discussions 

4.1. Enzymatic pretreatment of algae (lab-scale) 
Frozen algae were used for evaluation of enzymatic pretreatment in a lab-scale 

experiment as described in section 3.2.2. Distilled water was added into the reactors after 

pretreatment ended in order to compensate the effect of evaporation; afterwards the 

content was sieved through 4 mm pore size sieve in order to obtain a homogenous matter. 

The results from the experiment (after 5 days of pretreatment) are presented in Table 4-1. 

According to the results, higher dosages of enzyme have positive impacts on TS and VS 

content while a certain amount of COD and ammonium is obtained at all cases. 

Surprisingly it can be observed that less sulfate is present in the reactors with higher 

dosages of enzyme. The same trend can be seen for acetate as well. Similar decreasing 

trends for sulfate and acetate can probably be a sign for presence of A-SRB utilizing both 

substrates to produce hydrogen sulfide. This has to be investigated furthermore because 

no anaerobic conditions were guaranteed during the experiment. 

In order to evaluate the salinity of pretreated algae (with enzyme), electric conductivity of 

the slurry was measured (data not shown). According to a conversion table provided by 

Stockholm University (Baltic Nest Institute – see References for the link), salinity of 

samples varied between 9 to 11 mS/cm which corresponds to the range 6 to 7 practical 

salinity units (PSU). 

Enzymatic pretreatment will probably help the digestion towards predominance of MPB 

via higher COD/sulfate ratio, which is believed to be a key parameter in governing the 

competition between MPB and SRB. 

As mentioned previously, the substrate from enzymatic pretreatment was then digested in 

batch experiment at mesophilic (37°C) and thermophilic (55°) temperatures according to 

the method for estimation of biomethane potential (BMP) suggested by Hansen et al.  

(2004). Lab-scale batch digestion went on for approximately 50 days and the resulting 

methane yields are presented as Figures 4-1 and 4-2. The results of the experiment 

suggest very low net methane potential for both mesophilic digestion (12 Nml/gVSin) and 

thermophilic (101.5 Nml/gVSin) in comparison with municipal sewage sludge which 

normally gives yields around 400 Nml/gVSin (Davidsson, 2007). It should be noted that 

the yield values mentioned above are net values exclusive of the yield contributed by the 

Reactor Added 

enzyme 

(FPU/g TS) 

NH4
+-N 

(mg/L) 

SO4
2- 

(mg/L) 

Acetate    

(mg /L) 

as COD 

Propionate 

(mg /L)  

as COD 

pH SCOD* 

(mg/L) 

TCOD*  

(mg/L) 

TS 

(%) 

VS 

(%) 

0Enz5 0 125 1330 30 <20 8.5 4200 13000 1.6 0.7 

15Enz5 13.5 81 830 1700 <20 5.1 10000 26000 2.8 1.9 

30Enz5 26.95 81 626 1200 <20 4.2 10000 26000 4.4 3.0 

45Enz5 40.41 84 318 550 <20 4.3 10000 31000 4.8 3.5 

*Effect of the enzyme with approximately 700 gCOD/Lenzyme is excluded in the results 

 

Table 4-1. Results from lab-scale enzymatic pretreatment of algal mass after being sieved. 
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added enzyme and of the inoculum (refer to Appendix I for calculations of theoretical 

methane yield of added enzyme). 

Observations as presented in figures above, demonstrate the presence of strong inhibitory 

agent in the substrates. As it can be noticed in Figure 4-1, no considerable methane yield 

is found at mesophilic digestion of enzyme pretreated algae and the process was inhibited 

after 8 days of digestion when the yield reaches 82 Nml/gVSin.  
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Figure 4-1. Accumulative methane production from mesophilic batch experiment (the enzyme 

pretreated algae comes from 30Enz5 reactor). About 40 Nml/gVSin of the found methane 

potential is contributed by the added enzyme. 

Figure 4-2. Accumulative methane production from thermophilic batch experiment (the 

enzyme pretreated algae comes from 45Enz5 reactor). About 40 Nml/gVSin of the found 

methane potential is contributed by the added enzyme. 
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Digestion of untreated algae at mesophilic temperature was inhibited constantly leading 

to the methane potential of −36 Nml/gVSin. This illustrates stronger inhibitory effect of 

the inhibition source in the untreated substrate. 

At thermophilic batch digestion of enzyme pretreated algae, maximum yield is observed 

after 5 days of digestion about 135 Nml/gVSin (Figure 4-2). Digestion of untreated algae 

at thermophilic temperature was also inhibited in the start of the process but later on 

showed a tendency for recovery as positive yields – although very small – were obtained. 

Several sources can be mentioned for the reason for the observed inhibitions stated above. 

Sulfide can be the cause of inhibition since the amount of sulfate released into the reactor 

without any enzymes is much higher while sulfate concentration decreases at higher 

dosages of enzyme (see Table 4-1). Hence, considering the COD/SO4
-2

 of lab-scale 

pretreatment and the substrate added to mesophilic and thermophilic batches, sulfide can 

potentially be the source of inhibition. However not so fast inhibitory effect is expected 

from sulfide – as observed in mesophilic digestion of untreated algae - due to the fact that 

no sulfide generation was observed in the reactors which the inoculum where taken from. 

This means that not considerable counts of SRB were already available in the inoculum in 

order to generate hydrogen sulfide immediately.  

Salinity of the substrate (i.e. Na
+
) can also be a source of inhibition (Soto et al., 1991). 

Different values for sodium concentration, ranging from 3.5 to 53 g/L, are reported in the 

literature – depending on acclimatization period, substrate and digestion properties - 

leading to inhibition of methanogenesis (Chen et al., 2008). Assuming that the salinity of 

substrate is the source of inhibition in this experiment, our observations will be in contrast 

with the literature which report higher sensitivity of thermophilic digestion to salinity 

(Soto et al., 1991, 1992). Accordingly, severe inhibition observed in mesophilic digestion 

would decrease the reliability of the hypothesis. 

Reportedly, different derivatives of lignin, specifically aldehyde groups and those with 

apolar side chain, can be highly toxic to methanogens (Benjamin et al., 1984; Sierra-

Alvarez and Lettinga, 1991; Chen et al., 2008). Presence of true lignin cells in a specific 

species of red algae - Calliarthron cheilosporioides – was reported by Martone et al. 

(2009) for the first time. Although there is a chance that lignin causes the inhibition; lack 

of data regarding cellular structure of the digested algae as well as degradability of lignin 

by means of the employed enzyme, makes it impossible to draw reliable conclusions. 

Nevertheless analyses of reactors’ content after digestion period of about 60 days indicate 

no inhibition of acetotrophic groups due to thorough VFA consumption in the batches 

with untreated frozen algae (see Table 4-2). 
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In order to justify the phenomenon, two different speculations presented below may be 

considered: 

a) SRB outcompeted methanogens in competition over acetate due to higher amounts 

of sulfate released from un-pretreated algae-i.e. lower COD/SO4
2-

 ratio (see Table 

3-1). On the other hand due to the fact that the methane yield in mesophilic reactor 

is negative could be another argument for the hypothesis. This could be in 

agreement with Shin et al. (1996) who demonstrated that at lower temperatures 

the amount of COD degraded by SRB increases. However it is not possible to 

verify the hypothesis since no hydrogen sulfide production was measured in the 

batches. 

b) Hydrolysis is reported to be the limiting step in anaerobic digestion. It seems very 

probable that the un-pretreated frozen algae have not been hydrolyzed sufficiently. 

Ocular examination of digestates from the batches also proved that not much was 

happened to the structure of the fed algae. Therefore it could be speculated that 

insufficient hydrolysis of algal mass (perhaps due to protective membranes) may 

have led to very low methane yield in thermophilic and negative yield for 

mesophilic batches. 

4.2. Enzymatic pretreatment of algae (pilot-scale) 
Two full-scale batches of enzymatic pretreatment were done in order to provide the 

substrate for the entire experiment. Enzyme dosage equal to 15 FPU/gTS was selected to 

be implemented in the full-scale experiment. The amount water (tap water) added was 

maintained about 2.29 Lwater/kgalgae in both batches. The amount of water was selected 

based on the average proportions from lab-scale experiment stated in previous section. 

The pretreatment continued for 9 days for batch No. 1 and 5 days for batch No. 2. 

However extension of pretreatment period did not lead to further substantial degradation 

of algal matter (see Figure 4-3). 

Comparing the results from lab-scale experiment with those from pilot-scale, revealed 

that lack of stirrer in the full scale experiment has led to lower TS, VS, and SCOD 

(compare Tables 4-1 and 4-3 for 15Enz5 and 1-2012/03/24) in spite of higher 

pretreatment temperature and longer retention time. 

Better degradation of second batch (2-2012/04/19) can be accredited to the initial physical 

conditions of the collected algae. The analyses show about 70% higher VS content and 

Table 4-2. Chemi-physical properties of the batch content after 60 days of digestion. 

Reactor pH Decreased VS 

(g) 

Conductivity 

(mS/cm) 

Ammonium 

(mg-N/L) 

Sulfate 

(mg/L) 

Acetate  

(mg COD/L) 

Propionate 

(mg COD/L) 

Mesophilic – PTA 7.22 6.86±0.22 9.82 927.5 77.2 < 20 < 20 
Mesophilic - 

Unpretreated 
7.51 2.03±0.19 8.92 877.5 55.7 < 20 < 20 

Thermophilic – PTA 7.36 4.75±1.46 8.24 762.5 82 < 20 < 20 
Thermophilic - 

Unpretreated 
7.76 1.50±0.12 7.36 680.0 53.4 < 20 < 20 
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20% dissolved COD from the pretreatment of the 2
nd

 batch in comparison with the first 

batch despite of lower enzyme dosage. The reason for the mentioned difference can 

probably be found in the qualities of collected algae.  

The algae pretreated in the first batch were collected on 14
th

 February 2012 at Skåre 

harbor at about -5°C. The algae looked very fresh and sound with an intact structure so 

that it was simply possible to separate and identify different species. In contrast, second 

batch was collected in warmer period (17
th

 April 2012) when the temperature was about 

+7°C. As the quality difference in batches can be noticed in Figure 3-4, the second batch 

seemed to be partly hydrolyzed and fragile with a damaged structure. 

 

Although collection of hydrolyzed algae (2
nd

 batch) was very difficult and time 

consuming – not much could be hunted using garden rake and basket – the pretreatment 

process was done more conveniently. During pretreatment of 2
nd

 batch, manual stirring 

(mixing) of the pretreatment reactor was much easier as well as no unpleasant odor was 

emitted, and no floatation of algae on the surface occurred. The odor problem was so 

severe in the first pretreated batch that it caused extreme inconveniences during the 

operation. 
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Figure 4-3. COD and VFA variations during enzymatic pretreatment (Batches 

No.1 and 2). The drop in the VFA content of the Batch No. 1 after the 5
th
 day of 

pretreatment is due to some degradation because of formation of anaerobic 

conditions in the pretreatment reactor (no mixing was present). 

Batch No. - 

date 

Added 

enzyme 

(FPU/g TS) 

Mean 

NH4
+-N 

(mg/L) 

Mean 

SO4
2- 

(mg/L) 

Mean 

Acetate    

(mg /L) 

as COD 

Mean 

Propionate  

(mg /L)  

as COD 

pH SCOD 

(mg/L) 

TS 

(%) 

VS 

(%) 

1 – 2012/03/24 13.5 119 815 437 38 6.25 13580 1.6 0.9 

2 – 2012/04/19 11.1 82.5 1310 320 34 3.95 16440 2.32 1.54 

 

Table 4-3. Results from pilot-scale enzymatic pretreatment of algal mass. 
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However as the outcome of a mass balance of the 2
nd

 pretreatment batch it was found that 

about 38% of the solid content of the collected algae was available in the prepared 

substrate (sieved through 4 mm sieve) thanks to the physical weakness of the collected 

mass. 

 

4.3. Continuous digestion of pretreated algae 
Two digesters set at mesophilic (35°C) and thermophilic (55°C) temperatures where 

inoculated and fed with 2 liters of enzyme pretreated algae on daily basis. Loading rate of 

the reactors varied during the experiment as shown in the timeline of the continuous 

experiment (Figure 4-5). During the first week, only 1 liter substrate was fed per reactor 

(i.e. SRT = 20 days) but from day no. 8 until the end of experiment 2 liters per day was 

fed continuously (i.e. SRT = 10 days). It should be noted that neither of the reactors were 

fed on day 23 in order to ease off the occurred inhibition (discussed later). From day 23 

on, OLR increased up to around 1.6 Kg VS/m
3
∙day due to better pretreatment results 

obtained from batch no. 2. 

Figure 44-4. Physical difference in quality of batches of algae collected for the experiment (Left: 

collected on 2012/02/14 (1
st
 batch); Right: collected on 2012/04/17 (2

nd
 batch). 
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Disregarding the data from first 10 days, temperatures of the reactors were maintained 

throughout the experiment at 36.01±0.49 (°C) and 55.05±0.71 (°C) for mesophilic and 

thermophilic reactors, respectively (Figure 4-6). As it can be noticed the temperature in 

thermophilic reactor was increased by about 5 degrees from 50 to about 55°C during the 

first 10 days in order to acclimatize the microorganism to the new digestion conditions.   

 

 

 

4.3.1. Initiation of inhibition (day 1 to 25) 

Furthermore, methane production reached about 7 NL/day after 10 days of inoculation in 

both reactors (see Figure 4-7). The thermophilic reactor produced slightly lower methane 

in comparison with the mesophilic one. Haghighatafshar et al. (2012) also reported lower 

gas production in thermophilic digesters. The low gas production may be a result of mal-

adaptation of thermophilic methanogens, temperature stability and etc. However, it is not 

reasonable to draw conclusions due to the fact that none of the reactors reached stable 

conditions regarding VFA levels before inhibition (see Figure 4-12). 
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In order to better understand the process in the reactors it is needed to normalize the gas 

production against OLR. Figure 3-8 illustrates the normalized methane production per 

day per gram of VSfed. As measured, the methane yield levels out at about 400 

NmL/gVSfed for a very short period (about 7 to 10 days) before the digestion is inhibited 

due to high hydrogen sulfide concentration on days 18 and 22 in thermophilic and 

mesophilic reactors respectively. 

Sulfide is produced by a specific group of microorganisms called Sulfate reducing 

bacteria (SRB) that use sulfate and acetogenesis products as substrate. Observations 

indicate that SRB are able to grow very fast so that after about two weeks since the start 

of experiment the concentration of hydrogen sulfide in the produced biogas exceeded 

10000 ppm. Figure 4-9 illustrates the equivalent volume of the hydrogen sulfide gas as 

NmL produced per day. 

 

 

 

 

 

 

 

Despite of low solubility of sulfide in thermophilic reactor, due to higher temperature, the 

amount of sulfide produced in the gas phase was much lower than in the mesophilic 

reactor. However, analyses for sulfate concentration in the reactors did not leave any 

reliable results to be used as an argument here although it could be seen that the 

concentrations are very low in both reactors. It is anticipated that measurement of sulfate 
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Figure 4-8. Methane yield as NmL/gVSfed for thermophilic and mesophilic reactors. 

Figure 4-9. H2S production throughout the experiment.  
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using HACH LANGE test tubes (LCK 153) is very uncertain for samples with low sulfate 

content (i.e. no dilution is needed) since the results are strongly affected by the natural 

color and turbidity of samples. Figure a-1 in Appendix IV shows the variation of sulfate 

concentration in the thermophilic reactor whereas no reasonable results were found for 

the mesophilic reactor due to high turbidity of the centrifuged/filtrated sample. 

However, studying the sulfide generation only reveals that SRB are more efficient in 

mesophilic in comparison with thermophilic conditions. This is naturally in contrast with 

higher methane production in mesophilic reactor since the amount of COD consumed by 

SRB is higher. This contradiction could be justified by studying the TS/VS reduction 

performance of reactors. However, since no steady-state was achieved in either of 

reactors it was not possible to draw reasonable speculations over the solids reduction 

potential of the reactors (Figure 4-10). 

  

Sulfide inhibition is believed to be due to high concentrations of free hydrogen sulfide 

(dissolved unionized form of sulfide). The concentration of unionized hydrogen sulfide in 

the reactor was calculated based on Henry’s law and presented in Figure 4-11 below.  

 

 

 

Figure 4-11 Concentration of unionized H2S in the reactor calculated based on Henry's law 

assuming stable (static) conditions in the reactor. The inhibition occurred at 50 mg/L of 

unionized sulfide in the mesophilic reactor while it was around 22 mg/L in the thermophilic 

reactor. 

Figure 4-10. Total solids reduction in the reactors presented as percentage. Solids reduction 

increases in the beginning of the process but later –from day 20 on- tends to decrease. Based on 

the recorded data it is not viable to differentiate either the decrease is due to sulfide inhibition of 

hydrolytic bacteria or increased TS of fed substrate (refer to Table 4-2 and Figure 4-6). 
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Considering the data on methane yield (presented in Figure 4-8) it can be noticed that the 

major inhibition in the thermophilic reactor has occurred on day 18 while the significant 

drop in methane yield of the mesophilic reactor occurred a few days later on day 21 

corresponding to about 22 mg/L (10000 ppm in gas phase) and 50 mg/L (17000 ppm in 

gas phase) of unionized dissolved sulfide, respectively.  Earlier inhibition of methanogens 

in the thermophilic reactor, in spite of its lower sulfide content, demonstrates that 

methanogens are more prone to sulfide inhibition at thermophilic temperatures. However, 

stronger resistance of mesophilic reactor against higher sulfide concentrations can also be 

a sign of acclimatization of the methanogens to high sulfide levels. This is very likely to 

be the reason in this case, since the inoculum for mesophilic reactor was taken from 

Öresundsverket which have had relatively high hydrogen sulfide content in the produced 

biogas for a long period of time. 

The change in the VFA concentrations of the reactors also shows that acetate is 

accumulated in the thermophilic reactor since the 15
th

 day of the experiment (Figure 4-

12(a)) reaching slightly over 3500 mg COD/L. However, no acetate is accumulated in the 

mesophilic reactor. 

 

Figure 4-12. Volatile fatty acids concentration during the experiment. The pH level in the 

thermophilic reactor decreases substantially because of acetate accumulation as shown in Figure 

2-a, Appendix IV, accompanied with a drop in the total alkalinity (Figure 5-a, Appendix IV). Also, 

compare the above figures with Figure a-3, Appendix IV to see the variations in the measured 

total dissolved COD in the reactors. 
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V(NL) = 7.1134 t(day) - 0.2907 
R² = 0.9997 
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Figure 4-13. Accumulated methane production in thermophilic and mesophilic reactors. As it can 

be seen major inhibition occurred in the thermophilic reactor around day 20. 

V(NL) = 5.6745 t(day) – 11.309 

R2 = 0.9894 

The total amount of acetate accumulated from day 15 until day 30 corresponds to the lost 

methane production. The amount of lost methane can be estimated from the accumulated 

methane production graph (Figure 4-13). As it is noted on the graph, the accumulated 

amount of methane should have been around 159 NL at 30
th

 day in case no inhibition 

occurred- see the linear regression on Figure 3-13 - while only about 125 NL is produced. 

On the other hand 3533 mg COD/L of acetate accounts for 1.46 moles of methane gas 

which at STP conditions would be equivalent to about 33 NL. So the amount of 

accumulated acetate (33NL) added to the current methane produced (125 NL) is, to an 

acceptable extent, equal to the estimated expected methane production (159 NL) – refer to 

Appendix II for calculations. This shows that meanwhile methanogens were inhibited by 

sulfide toxicity, SRB have been able to consume acetate far from any significant 

disturbance. 

Considerable consumption of acetate in the mesophilic reactor reveals that either both or 

at least one of the acetotrophic groups – methane producing bacteria or sulfate reducing 

bacteria – are not affected significantly by sulfide toxicity throughout the experiment. 

Studying the propionate variation during the first 30 days of the experiment (Figure 4-12 

(b)) suggests that propionate oxidation is also partly inhibited, perhaps because of high 

sulfide content (see Figure 4-11). Considering the argument that main propionate 

degradation pathway is through sulfate reducing reactions (see section 2.3), it can be 

claimed that accumulation of propionate is probably because of the inhibition of SRB. 

Since the amount of propionate in the thermophilic reactor is not considerable (700 mg 

COD/L), it can be mentioned that SRB are not considerably affected by sulfide toxicity. 

This is in agreement with the discussion from the acetate balance presented previously. 

On the other hand, propionate accumulation in the mesophilic reactor is observed on day 

27 and tends to increase up to about 1500 mg COD/L in 3 days (day 30). Also, a 

considerable drop in methane yield of the mesophilic reactor is noticed on day 22. The 
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drop in methane yield (Figure 4-14) can therefore be linked to lack of acetate meaning 

that not sulfide toxicity, but insufficient oxidation of propionate causes the starvation of 

methanogens. In other words, if inhibition of SRB is the reason for accumulation of 

propionate then a significant decrease in sulfide yield should have occurred as well. 

Nevertheless, normalizing the amount of hydrogen sulfide against the amount of sulfate 

fed per day (Figure 4-15) shows that no significant reduction in sulfide yield is happened. 

This shows that no inhibition of SRB was taken place in the reactor. 
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Figure 4-15. Sulfide formation normalized against amount of sulfate fed per day. 
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Figure 4-14. Accumulated methane production against accumulative VS fed is illustrated in this 

figure. This illustration is the best format to indicate different hindrances in methane production 

process since amount of VS fed directly affects the methane yield. As it can be noticed, major 

inhibitions occur on 18
th
 and 21

st
 day of the experiment in thermophilic and mesophilic digesters 

respectively. Attend the declines in the slopes of the trends. 
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Consequently, accepting that lack of acetate -due to incomplete oxidation of propionate- 

is the cause of methane yield drop, the effect of sulfide toxicity on non-SRB acetogens 

may be the reason (see Table 2-1). It is also reported that under sulfate rich conditions 

(small propionate/sulfate ratios) acetate is most favored by SRB (Uberoi and 

Bhattacharya, 1995). This, somehow, explains high degradation level of acetate in the 

mesophilic reactor. 

It shall be mentioned that the ammonium levels in this study (Figure a-4, Appendix III) 

were not as high to be able to contribute any inhibitory effect - via corresponding free 

ammonia - to the methanogenesis process (Haghighatafshar et al., 2012). 

4.3.2. Sulfide treatment, a micro-aeration study (day 26 to 52) 

Micro-aeration was chosen to be implemented as a sulfide treatment method as described 

in section 2.6. The method of aeration is described in section 3.3. Implementation of 

micro-aeration started on day 23. Injection of air into the reactors followed a gradual 

inclination so that 0.83 liter of air was injected for two days; 1.67 liter for next 3 days; 

and finally 2 liters from day 28 until 49.  

Since precipitation of sulfide via micro-aeration is a biological process its immediate 

impact on sulfide was not expected. The decrease in sulfide concentration started five 

days later on day 28 of the experiment. 

It should be emphasized that the amount of sulfide dissolved in the reactor depends on the 

sulfide concentration in the gas phase and not the produced volume. Therefore, the data 

must be presented as sulfide fraction measured in the gas phase (Figure 4-16). 

As it can be seen from the data presented in Figure 4-16, the thermophilic reactor had a 

better efficiency in sulfide reduction via aeration. Hydrogen sulfide fraction decreased 

considerably in about 12 days from about 18000 ppm down to 10000. It should be noted 
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Figure 4-16. Hydrogen sulfide content of produced biogas measured as parts per million (ppm). 

For concentrations below 2000 ppm portable gas meter was used while for higher concentrations 

Dräger tubes as described in section 2.1.2 were employed. 
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that the inhibition in thermophilic reactor due to sulfide toxicity occurred at around 10000 

ppm. 

During the same period (from day 23 to 35), the methane yield was leveled out at about 

65 Nml CH4/gVSfed more or less unaffected (see Figure 4-8). After this period, methane 

yield tended to increase gradually until day 50, having recovered the yield to about 330          

Nml CH4/gVSfed. Simultaneously hydrogen sulfide production in the thermophilic reactor 

increased as well.  

Unlike the thermophilic reactor, the effect of micro-aeration in the mesophilic reactor is 

negligible. The decrease observed in hydrogen sulfide content of biogas can be linked to 

the dilution of gas due to injection of air (about 13%). However the amount of oxygen 

consumed per day was calculated about 300 NmL/day (approximately 75% of the injected 

oxygen was consumed while the value for the thermophilic reactor was found to be about 

62%). The methane yield for the mesophilic reactor remained unchanged during micro-

aeration period (see Figure 4-8). 

It was also speculated that micro-aeration enhances the TS and VS reduction. This could 

be linked to the improved hydrolysis rate under micro-aeration conditions as reported by 

Tartakovsky et al. (2011). The data shows an interesting correlation between TS 

reduction efficiency and sulfide production (compare Figures 4-10 and 4-16). It seems 

that it is the developed TS reduction that leads to rises in methane yield and sulfide 

production. However, further investigations are needed to check whether it is the positive 

effect of micro-aeration on TS reduction or it is simply adaptation of new substrate with 

higher TS content.  

4.3.3. Short term trials for sulfide reduction 

Increased aeration rate 

As the final step of aeration, the volume of injected air was raised to 4 liters from day 50 

to 52. In this period a considerable drop in hydrogen sulfide production was observed in 

both reactors while no improvement in methane yield occurred (see Figures 3-8 and 3-9). 

However due to the short period of the implementation of increased aeration it is not 

feasible to draw any conclusions. Therefore, prolonged implementation of the study 

seems to be necessary. 

Decreased aeration rate (thermophilic reactor) 

The aeration rate in the thermophilic reactor was cut down to 1 liter per day to study its 

response from day 53 to 55. Higher residual oxygen oxidizes the produced sulfide to 

sulfate, making it available for SRB to consume it once more. The initial idea was to 

check if it was the over dosage of air in the reactor that caused an increase in sulfide 

production. 



37 

 

As a result of the decreased aeration, sulfide production was raised quickly meaning that 

at the rate of 1 liter air per day, it was still oxygen that limited the sulfide oxidation. It is 

suggested that aeration with higher rates shall be tried in future. 

Addition of FeCl3 (mesophilic reactor) 

Addition of iron chloride to the mesophilic reactor took place in the period of day 53 to 

55 with a dose of 7.32 g FeCl3∙6H2O/day (See Appendix III for calculations).  A drastic 

drop in produced sulfide level (Figure 4-15) was observed on day 54 while the reductions 

in the following days were not as substantial. Refer to Figure a-7, Appendix IV- for 

variations in the iron concentration in the reactor. Nevertheless, no positive effect of 

addition of iron chloride on methane yield was observed. A prolonged study of iron 

chloride addition on sulfide reduction is needed to investigate its effect on methane yield 

in a wider time scale. 

Shock load of FeCl3 in both reactors 

On the last day of experiment a shock load of iron chloride equal to 24 g 

FeCl3∙6H2O/reactor was added to both reactors (see Appendix III for calculations as well 

as Figures a-6 and a-7, Appendix IV for changes in the iron content of the reactors). The 

following day hydrogen sulfide concentration was decreased by 5000 ppm in both 

reactors (H2S was about 10500 ppm in the mesophilic; and 7000 ppm in the thermophilic 

reactor) although the dosage was calculated to precipitate the total available sulfide in the 

reactors. Hydrogen sulfide content of the gas in the headspaces of the reactors was also 

measured. It was found that the hydrogen sulfide was considerably low in the headspaces 

i.e. below 1400 ppm. The considerable difference between hydrogen sulfide content of 

gas collector and headspace can be justified by the following speculations: 

a) It should be noted that the amount of sulfide dissolved in the water of the gas 

collector was not taken into consideration. It is likely that the amount of 

precipitated sulfide is compensated by sulfide emissions from dissolved form – in 

the gas collector – to the gas phase in the collector, leading to higher hydrogen 

sulfide concentrations than the expected levels. 

b) The reaction rate for sulfate reduction – i.e. sulfide production – is higher than that 

of iron chloride dissociation and/or S
0
 (FeS

-
) formation. Consequently, due to the 

overpressure existing in the reactors’ headspace the produced sulfide transported 

into the gas collector would not be able to move backwards in to the reactor to get 

precipitated. This will cause an unbalanced gas system which may be resolved by 

gas circulation in the collector-reactor system. 
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5. Conclusions 
Preparation of marine macro algae for continuous anaerobic digestion was found to be 

problematic so that none of the mechanical methods used in this study – i.e. manual 

cutting, using kitchen grinder, kitchen mixer, and blender - were applicable in larger 

scale. Enzymatic pretreatment of algae – using cellulose degrading enzyme – was found 

to be mainly dependent on the initial physical characteristics of the collected algae, while 

duration of pretreatment longer than one day did not lead to further significant 

degradation. The efficiency of enzyme pretreatment of the 2
nd

 batch was about 40% 

(based on the solids content) due to already partly hydrolyzed conditions of the collected 

algae.  

Comparative batch experiments with enzyme pretreated algae and untreated frozen cut 

algae, revealed that hydrolysis of untreated algae takes place at minor rates, especially at 

mesophilic temperatures. Additionally presence of an inhibitory agent in digestion of 

untreated algae was suggested. The methane potential measured in batch digestion for 

enzyme pretreated algae was found to be very low in comparison with methane potential 

of municipal wastewater sludge. 

Digestion of enzyme pretreated algae in continuous digestion showed relatively 

acceptable methane yields (about 400 NmL CH4/gVSfed) for both thermophilic and 

mesophilic reactors before inhibition occurred due to high hydrogen sulfide levels. 

Inhibition of methanogens by sulfide toxicity was only observed at the thermophilic 

reactor despite the fact that the level of dissolved sulfide was lower according to Henry’s 

law at thermophilic temperatures. Methanogenesis inhibition in the thermophilic reactor – 

linked to considerable acetate accumulation - was initiated at dissolved sulfide 

concentration of 22 mg/L (10000 ppm H2S in gas phase) while the SRB were found to be 

unaffected. No sulfide toxicity on SRB was observed in the mesophilic and thermophilic 

reactors. Relatively more resistant methanogens in the mesophilic reactor may have been 

a result of acclimatization. 

Micro-aeration of the thermophilic reactor at the rate of 2 liters of air per day led to 

improvement of methane yield up to about 330 NmL CH4/gVSfed although smaller 

amounts of dissolved oxygen were expected. Oppositely, the mesophilic reactor remained 

more or less unaffected regarding the methane yield during the micro-aeration period.  

Addition of iron chloride considerably decreases the hydrogen sulfide level, especially in 

the reactors’ headspace, but no positive effect on methane yield was observed. 
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6. Future studies 
Application of enzymes in pretreatment of algae is quite an undiscovered field, needing 

more in-depth investigations. The enzyme used in this study (Cellic® CTec2) was 

probably not the best choice for pre-hydrolysis of algae. Since the performance of 

enzymes is mainly driven by the cellular structure of the substrate’s cell wall composition 

hence an in-depth investigation of cellular structure of the algal species included in the 

study can be of utmost importance. Perhaps a mixture of different enzymes with different 

proportions could result in better degradation of the algal mass. 

Further investigation of micro-aeration method for sulfide oxidation with higher doses of 

air is suggested. However, since the elemental sulfur and sulfate – as products of micro-

aeration – can both be re-consumed by SRB; it is recommended to design and implement 

a new set-up for aeration of biogas in a separate gas chamber. 

It should be indicated that the implementation of sulfide treatment methods tested in this 

study, all faced severe discrepancies because of practical limitations. Since the amount of 

produced biogas was measured as the volume of displaced water, considerable 

concentrations of biogas (specifically hydrogen sulfide) were dissolved in the water of the 

gas collector. This made it impossible to have a more precise evaluation of sulfide 

generation. A digester with its headspace as the gas chamber could probably help the 

evaluation. However, a system able to recirculate the biogas from the collector into the 

reactor and vice versa could also give better results regarding micro-aeration and iron 

chloride addition. 

As stated before, the HACH LANGE test tubes for sulfate (code LCK 153) were found to 

be quite uncertain. This is perhaps due to natural color and/or turbidity of the digested 

sludge liquor; hence adoption of another sulfate measurement method is suggested. 
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Appendix I 

Pretreated algae from reactor 30Enz5 were fed into mesophilic batch bottles while the 

output of 45Enz5 was used for thermophilic batch experiment. In order to be able to 

calculate the net methane potential of enzyme pretreated algae, it is necessary to have an 

estimation of the enzyme’s methane potential. For this reason Buswell formula  

(Buswell and Neave, 1930) – simplified for exclusion of nitrogen (Davidsson, 2007) – 

was employed as below: 
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For calculation of total glucose in each reactor we can use the following equation: 

                        

                                    

 
                      

                 
 

For 274 g/L glucose in the enzyme (refer to 2.2.2) and enzyme’s density equal to 1158 

g/L (measured in lab) we have: 

Total glucose in reactor 30Enz5:     
 

 
 

            

     
 

 

                 

Total glucose in reactor 45Enz5:     
 

 
 

            

     
 

 

                 

Assuming that all the added enzyme is later passed through the sieve, the concentration of 

sugar in the substrate is: 

 

Glucose in sieved - pretreated algae (30Enz5):  
       

       
         

         

 
 

Glucose in sieved - pretreated algae (45Enz5):  
      

       
         

         

 
 

Average amount of glucose in the batches has been: 

Mesophilic experiment              
         

 
                              

          

Thermophilic experiment         
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The above amounts of glucose would then be converted into methane according to the 

Buswell formula as: 

Mesophilic:                                                    

Thermophilic:                                                    
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Appendix II 

Maximum amount of acetate accumulation in the thermophilic reactor accounts for 3533 

mg COD/L which is equivalent to 4302.3 mg/L of acetate as presented below: 

         
 ⁄   

      
→                  

1 mole of actetae is oxidized by 1.5 moles of oxygen. So 3533 mg COD/L which is equal 

to 110.41 mmol O2/L oxidizes 73.61 mmol/L acetate. 

Since the effective volume of the reactor is 20 liters (Table 2-1) total amount of 

accumulated acetate will be: 

73.61 mmol/L x 20 L = 1472.2 mmol 

Equivalent methane yield can be calculated based on the stoichimetry of acetate 

conversion to methane: 

           
      
→             

 
 

Assuming complete conversion of acetate to methane, 1472.2 mmol of methane is 

expected to be formed which under STP conditions a volume of about 33 NL as presented 

below: 

Molar volume of gases at STP (1 atm, 0 °C) = 22.414 liters/mol 

1472.2 mmol = 1.4722 moles → 1.4722x 22.414   33 NL 

 

3533 mg COD/L as acetate yields 33 liters of methane under STP conditions. 
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Appendix III 

 

Calculation of aeration dosage 

Amount of sulfate fed at the time was about 1310 mg/L. Considering that 2 liters of 

substrate are fed per day, the total amount of ingoing sulfate is then 2620 mg/day. 

This value is equivalent to 27.275 mmol/day. 

According to the stoichiometry, one mole sulfate is converted to one mole sulfide so 

that similarly 27.275 mmol/day shall be produced in its most efficient state. 

Considering the reactions stated in section 1.7.2, the amount of needed volume can be 

calculated for two different conditions: 

2HS
-
 + O2 → 2S

0
 + 2OH

-
           (oxygen limiting condition) 

2HS
-
 + 4O2 → 2SO4

2-
 + 2H

+
      (sulfide limiting condition) 

For oxygen limiting conditions: 13.638 mmol O2/day                 

For sulfide limiting conditions: 54.55 mmol O2/day                 

Due to the fact that oxygen limiting condition is mostly favored; assuming 20% 

oxygen in the air, the volume of the injected air is calculated as 1.51 NL/day.  

However, 2 liters per day of aeration rate was selected to compensate the losses which 

are caused by transportation of injected oxygen to the gas collector (non sulfide-

oxidizing oxygen). 

Calculation of FeCl3 dosage 

 Following the stoichiometric equations presented in section 1.7.1 and considering 

the the amount of expected sulfide to be produced (see above section) the amount 

of FeCl3∙6H2O added per day is calculated as: 

27.275 mmol/day needs 18.183 mmol iron (III) to be precipitated. Therefore the 

amount of iron needed to precipitate the potential sulfide production is about 5 

g/day [i.e. 18.183mmol x 270.33 (mg FeCl3∙6H2O/mmole) = 4915.4 mg]. About 

50% higher dosage was implemented as 7.32 g FeCl3∙6H2O/day in order to get 

more rapid decrease. 

 The maximum total amount of sulfide present in the reactor was estimated to be 

about 3000 mg including gas phase and liquid phase. 2500 mg of sulfide 

approximately corresponds to about 74 mmol. Following the calculation 

procedure presented above the amount of needed FeCl3∙6H2O is calculated about 

20 g FeCl3∙6H2O/reactor. 
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Figure a-1. Sulfate concentration in the thermophilic reactor. Data for the mesophilic reactor is 

not presented in this report due to high unreliability of measurements as described in the text. 

Figure a-2. pH variations during the experiment are shown in this figure. As shown, pH tends to 

decrease severely in the thermophilic reactor from day 18th because of accumulated acetate while 

the pH drop in the mesophilic reactor id found to be insabstantial. 
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Figure a-4. Ammonium levels during the anaerobic digestion of enzyme pretreated algae. 
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experiment. As it is seen, the concentration of Fe (III) is about 10 mg/L after addition of 

shock load of iron chloride while the concentration of Fe (II) is maintained at about previous 

levels. This is in agreement with findings of Khanal (2008) introducing divalent metals as 

suitable sulfide precipitators. 
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Figure a-7. Variations of Fe (II) and Fe (III) in the mesophilic reactor during the experiment. 

As described in the caption of Figure a-6, the amount of Fe (III) is higher than that of Fe (II) 

showing higher affinity of Fe (II) to sulfide. However, the trend during the last 3 days before 

addition of shock load is completely different showing higher concentrations of Fe (II). 
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Abstract 

Enzymatic pretreatment of algae – by means of cellulose degrading enzyme – was evaluated 

through lab-scale and pilot-scale experiments. The degradation efficiency of the enzyme depended on 

the initial physical quality of the algae. Lab-scale batch anaerobic digestion experiments showed 

comparatively low methane potential for the pretreated algae at both mesophilic and thermophilic 

temperatures. However, the raw algae (cut into small pieces) were found to be hardly hydrolysable. 

The methane potential of raw algae in thermophilic and mesophilic digestion was about 17 NmL/gVS 

and   − 36 NmL/gVS respectively. Presence of inhibitory agent(s) was obvious at both temperatures. 

Very fast growth of sulfate-reducing bacteria was noticed in the continuous digestion, so that in less 

than 20 days, hydrogen sulfide concentrations over 10000 ppm were observed in both meso- and 

thermophilic reactors. Inhibition of methanogenesis in the thermophilic reactor occurred at unionized 

dissolved sulfide concentration of about 22 mg/L (10000 ppm in the biogas) while it was mainly non-

SRB acetogens that were inhibited in the mesophilic reactor at unionized sulfide concentrations as 

high as 50 mg/L (17000 ppm in the biogas). This shows that probably thermophilic digestion is more 

prone to be inhibited at high sulfide concentrations regarding methanogenesis. Micro-aeration was 

found to be more efficient in the thermophilic reactor while its effect on the mesophilic process was 

negligible. 

Keywords: Anaerobic digestion, Sulfate, Hydrogen sulfide, Enzymatic pretreatment, Marine macro-

algae, Micro-aeration

Introduction 

Recent elevated demand for renewable 

energy as a substitute for fossil fuels has 

conducted attentions towards anaerobic 

digestion so that over 750 anaerobic digestion 

plants were installed between 1982 and 2002 

all over the world [1]. However, obstacles such 

as hydrogen sulfide, high carbon dioxide 

content, presence of water vapor, slow 

hydrolysis rates under anaerobic conditions, 

and high sensitivity of anaerobic bacteria to 

changes in wastewater composition; restrict the 

full industrial application of biogas [2][3].  

Hydrogen sulfide production in the biogas 

from sulfur (sulfate)-rich wastewaters 

(substrates) may cause serious problems in 

application of biogas. Hydrogen sulfide, 

besides its unpleasant smell and corrosive 

nature which reduces the lifespan of pipework 

and other different installations in biogas 

industry, is also highly toxic to living beings. 

Among those living beings, microorganisms 

that produce methane through anaerobic 
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digestion are more vulnerable since they are 

openly exposed to sulfide concentrations. 

Thus, high concentrations of hydrogen sulfide 

may harm the digestion process prior to any 

other living organisms. So it is crucial to look 

for applicable methods and techniques in order 

to solve the hydrogen sulfide issue to be able 

to introduce new substrates into anaerobic 

digestion. 

Accumulation of large piles of seaweed on 

beaches (Figure 1) may cause unpleasant odor 

[4] due to predomination of anaerobic 

conditions hence formation of gaseous sulfur-

containing compounds such as hydrogen 

sulfide. The problem with accumulation of 

algae is not only restricted to bad odor but also 

some health problems may be caused by such 

emissions due to continuous inhalation of 

sulfide [5]. In order to meet the problem 

authorities collect the piled up seaweed on the 

beaches and store it temporarily during spring 

and summer and later on in autumn and winter 

release them back into the sea. Algae, 

however, can be used as fertilizer via spread on 

agricultural lands but its salinity, sometimes 

high cadmium (Cd) content and high amount 

of trapped sand limit such an application. 

Algae are introduced as toxic wastes in 

Sweden because of their sometimes high Cd 

content [6].  

 

Aim 
In this study, technical feasibility of 

digestion of marine macro-algae through 

continuous anaerobic digestion was looked 

into. Different problems from collection and 

preparation of algae to the digestion process 

and produced biogas - both in quantity and 

quality - were taken into consideration. 

Additionally, evaluation of the problems 

caused by hydrogen sulfide was considered as 

a major aim in this study. 

Since sulfide production is a biological 

process done by sulfate-reducing bacteria 

(SRB) which consume mutual substrates with 

methane-producing bacteria (MPB); changing 

process parameters such as solids retention 

time (SRT), temperature, pH, organic loading 

rate (OLR) for driving the competition towards 

the interest of methane producing bacteria 

(MPB), seemed to be extraordinarily 

interesting. However due to practical 

difficulties and limited available time, 

precipitation of sulfide via addition of external 

agents such as iron chloride and oxygen 

(micro-aeration) were tested. 

Materials and methods 

Two pilot-scale reactors located at 

Sjölunda wastewater treatment plant (Malmö) 

were used in the study operated at mesophilic 

(35°C) and thermophilic (55°C) temperatures. 

The reactors were equipped with stirrer 

operated continuously at a constant speed. 

Feeding substrate and withdrawal of digested 

matter were done manually once a day at a 

certain time. The temperature in the reactors 

was regulated by a thermostat connected to a 

heater. The digestion chamber was surrounded 

by a water bath which heated up the reactors. 

Produced biogas was collected in a bell-shape 

gas collector filled with water. Change in the 

water level inside the gas bells represented the 

differential pressure of the produced biogas. 

Schematic drawing of the reactors is shown in 

Figure 2.  

Figure 1. Piled seaweed on the Baltic coast, 

southern Sweden (Skåre) 
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Some parameters of the digestion process 

as well as operational characteristics were 

measured in-situ at the location of pilot-scale 

reactors. pH of the digested matter from the 

reactors was measured using a digital pH-

meter (pH 3110 SET 2 incl. SenTiz® 41) 

calibrated based on a two point-calibration at 

pH levels of 4 and 7. Gas fractions – including 

methane, carbon dioxide, oxygen and 

hydrogen sulfide (up to 2000 ppm) - were 

measured using a portable gas-meter. For 

higher hydrogen sulfide contents (above 2000 

ppm), Dräger tube Hydrogen Sulfide 0.2%/A 

with order code of CH28101 was employed 

(range from 0.2 vol.-% to 7 vol.-%.)  

Samples of digested matter as well as 

substrate were taken to the laboratories at 

Chemical Engineering Department / Lund 

University for further analyses. HACH 

LANGE test tubes were used for measuring 

COD (LCK 114), ammonium (LCK 303), 

sulfate (LCK 153), iron (LCK 320), and 

phosphate (LCK 049). Prepared tubes were 

analyzed with HACH LANGE 

spectrophotometer (model DR 2800). 

All the samples stated above were 

centrifuged for 15 minutes at the speed of 

10000 rpm and filtrated through Munktell 

general purpose filter papers with 6~10μm 

pore size before further analysis. 

Furthermore, total solids (TS) content of 

digested matter and the substrate were 

measured after samples were dried for 24 

hours at 105°C. Volatile solids (VS) content 

was estimated after burning the already dried 

samples at 550°C in 2 hours [7]. 

Methane production in lab-scale batch 

reactors was measured with gas-

chromatograph -Varian 3800 Gas 

Chromatograph- equipped with TCD (thermal 

conductivity detector) and a column with the 

dimensions: 2.0m x ⅛ inch x 2.0mm. Volatile 

fatty acids (VFA) content of samples were 

analyzed with gas-chromatography using 

Agilent 6850 Series GC System equipped with 

FID (flame ionization detector) and a column 

with the dimensions:  25m x 0.32μm x 0.5μm. 

The inoculum for the mesophilic reactor 

was taken from Öresundsverket wastewater 

treatment plant (WWTP)/ biogas plant (BGP) 

(operated at 35°C) and the thermophilic 

inoculum was collected from Kävlinge 

WWTP/BGP (operated at 55°C).   

Figure 2. Schematic of the pilot-scale reactors used in the experiment 
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Needed algae for the experiment were 

collected at Skåre harbor, approximately 7 

kilometers west of Trelleborg, southern Skåne 

– Sweden. Collected algal mass consisted of 

various species such as fucus vesiculosus, 

fucus serratus, furcellaria lumbricalis, 

polysiphonia sp., ceramium sp. and zostera 

marina (not classified as algae). Mixture of 

algae had a TS of 15-25% from which between 

75-80% was measured as VS fraction, 

depending on the moisture content of the 

batch.  

Enzymatic pretreatment of marine algae 

was carried out using Cellic® CTec2. Cellic 

CTec2 enzyme converts cellulose and 

hemicellulose, containing polymeric forms of 

sugar, into hydrolyzed fermentable monomers 

[8]. Accordingly, peak performance of the 

enzyme is obtained at 45~50°C and pH 5~5.5. 

Results and discussions 

Frozen algae were used for evaluation of 

enzymatic pretreatment in a lab-scale 

experiment. The pretreatment was done at 

50°C for five days. Distilled water was added 

into the reactors after pretreatment ended in 

order to compensate the effect of evaporation; 

afterwards the content was sieved through 4 

mm pore size sieve in order to obtain a 

homogenous matter. According to the results, 

higher dosages of enzyme have positive 

impacts on TS and VS content while a certain 

amount of COD and ammonium is obtained at 

all cases. Surprisingly it was observed that less 

sulfate is present in the reactors with higher 

dosages of enzyme. The same trend was seen 

for acetate as well. Similar decreasing trends 

for sulfate and acetate can probably be a sign 

for presence of acetotrophic sulfate-reducing 

bacteria utilizing both substrates to produce 

hydrogen sulfide. This has to be investigated 

furthermore because no anaerobic conditions 

were guaranteed during the experiment. 

The substrate from enzymatic 

pretreatment was then digested in batch 

experiment at mesophilic (37°C) and 

thermophilic (55°) temperatures according to 

the method for estimation of bio-methane 

potential (BMP) suggested by [8]. Digestion 

went on for approximately 50 days and the 

resulting methane yields are presented as 

Figures 3 and 4. The results of the experiment 

suggest very low net methane potential for 

both mesophilic digestion (12 Nml/gVSin) and 

thermophilic (101.5 Nml/gVSin) in comparison 

with municipal sewage sludge which normally 

gives yields around 400 Nml/gVSin [9]. It 

should be noted that the methane potential 

values mentioned above are net values 

exclusive of the yield contributed by the added 

enzyme and of the inoculum. 
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Figure 4. Accumulative methane production from 

mesophilic batch experiment (the enzyme pretreated algae 

comes from 45Enz5 reactor). About 40 Nml/gVSin of the 

found methane potential is contributed by the added enzyme. 
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Figure 3. Accumulative methane production from 

thermophilic batch experiment (the enzyme pretreated algae 

comes from 30Enz5 reactor). About 40 Nml/gVSin of the 

found methane potential is contributed by the added enzyme. 
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Observations as presented in figures 

above, demonstrate presence of strong 

inhibitory agent in the substrates. As it can be 

noticed in Figure 4, no considerable methane 

yield is found at mesophilic digestion of 

enzyme pretreated algae and the process was 

inhibited after 8 days of digestion when the 

yield reaches 82 Nml/gVSin.  

Digestion of untreated algae at mesophilic 

temperature was inhibited constantly leading to 

the methane potential of −36 Nml/gVSin. This 

illustrates stronger inhibitory effect of the 

inhibition source in the untreated substrate. 

At thermophilic batch digestion of enzyme 

pretreated algae, maximum yield is observed 

after 5 days of digestion about 135 Nml/gVSin 

(Figure 3). Digestion of untreated algae at 

thermophilic temperature was also inhibited in 

the start of the process but later on showed a 

tendency for recovery as positive yields – 

although very small – were obtained. 

Reportedly, different derivatives of lignin, 

specifically aldehyde groups and those with 

apolar side chain, can be highly toxic to 

methanogens [11][12][13]. Presence of true 

lignin cells in a specific species of red algae - 

Calliarthron cheilosporioides – has also been 

reported [14]. Although there is a chance that 

lignin causes the inhibition; lack of data 

regarding cellular structure of the digested 

algae as well as degradability of lignin by 

means of the employed enzyme, makes it 

impossible to draw reliable conclusions. 

Nevertheless analyses of reactors’ content 

after digestion period of about 60 days indicate 

no inhibition of acetotrophic groups due to 

thorough VFA consumption in the batches 

with untreated frozen algae. In order to justify 

the phenomenon, two different speculations 

presented below may be considered: 

a) SRB outcompeted methanogens in 

competition over acetate due to higher 

amounts of sulfate released from un-

pretreated algae-i.e. lower COD/SO4
2-

 

ratio. On the other hand due to the fact 

that the methane yield in mesophilic 

reactor is negative could be another 

argument for the hypothesis. This 

could be in agreement with another 

study [15] demonstrating that at lower 

temperatures the amount of COD 

degraded by SRB increases. However 

it is not possible to verify the 

hypothesis since no hydrogen sulfide 

production was measured in the 

batches. 

b) Hydrolysis is reported to be the 

limiting step in anaerobic digestion. It 

seems very probable that the un-

pretreated frozen algae have not been 

hydrolyzed sufficiently. Ocular 

examination of digestates from the 

batches also proved that not much was 

happened to the structure of the fed 

algae. Therefore it could be speculated 

that insufficient hydrolysis of algal 

mass (perhaps due to protective 

membranes) may have led to very low 

methane yield in thermophilic and 

negative yield for mesophilic batches. 

Two digesters set at mesophilic (35°C) 

and thermophilic (55°C) temperatures where 

inoculated and fed with 2 liters of enzyme 

pretreated algae on daily basis. Disregarding 

the data from first 10 days, temperatures of the 

reactors were maintained throughout the 

experiment at 36.01±0.49 (°C) and 55.05±0.71 

(°C) for mesophilic and thermophilic reactors, 

respectively. Methane production reached 

about 7 NL/day (about 400 NmL/gVSfed) after 

10 days of inoculation in both reactors. 

Meanwhile the concentration of hydrogen 

sulfide in the produced biogas was increasing 

rapidly so that over 10000 ppm was reached in 

less than 20 days (Figure 5). 
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Considering the data on methane yield 

(Figure 6) and accumulated methane 

production (Figure 7) it can be noticed that the 

major inhibition in the thermophilic reactor has 

occurred on day 18 while the significant drop 

in methane yield of the mesophilic reactor 

occurred a few days later on day 21 

corresponding to about 22 mg/L (10000 ppm 

in gas phase) and 50 mg/L (17000 ppm in gas 

phase) of unionized dissolved sulfide, 

respectively.  Earlier inhibition of 

methanogens in the thermophilic reactor, in 

spite of its lower sulfide content, demonstrates 

that methanogens are more prone to sulfide 

inhibition at thermophilic temperatures. 

However, stronger resistance of mesophilic 

reactor against higher sulfide concentrations 

can be a sign of acclimatization of the 

methanogens to high sulfide levels. This is 

very likely to be the reason in this case, since 

the inoculum for mesophilic reactor was taken 

from Öresundsverket which have had 

relatively high hydrogen sulfide content in the 

produced biogas for a long period of time. 

Considerable consumption of acetate 

(Figure 8(a)) in the mesophilic reactor reveals 

that either both or at least one of the 

acetotrophic groups – methane producing 

bacteria or sulfate reducing bacteria – are not 

affected significantly by sulfide toxicity 

throughout the experiment. Studying the 

propionate variation during the first 30 days of 

the experiment (Figure 8 (b)) suggests that 

propionate oxidation is also partly inhibited, 

perhaps because of high sulfide content. Since 

the amount of propionate in the thermophilic 

reactor is not considerable (700 mg COD/L), it 

can be mentioned that SRB are not 

considerably affected by sulfide toxicity. On 

the other hand, propionate accumulation in the 

mesophilic reactor is observed on day 27 and 

tends to increase up to about 1500 mg COD/L 

in 3 days (day 30). Also, a considerable drop in 

methane yield of the mesophilic reactor is 

noticed on day 22. The drop in methane yield 

(Figure 6) can therefore be linked to lack of 

acetate meaning that not sulfide toxicity, but 

insufficient oxidation of propionate causes the 

starvation of methanogens. In other words, if 

inhibition of SRB is the reason for 
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accumulation of propionate then a significant 

decrease in sulfide yield should have occurred 

as well. Nevertheless, normalizing the amount 

of hydrogen sulfide against the amount of 

sulfate fed per day shows that no significant 

reduction in sulfide yield is happened. This 

shows that no inhibition of SRB was taken 

place in the reactor. 

Consequently, accepting that lack of 

acetate -due to incomplete oxidation of 

propionate- is the cause of methane yield drop, 

the effect of sulfide toxicity on non-SRB 

acetogens may be the reason. It is also reported 

that under sulfate rich conditions (small 

propionate/sulfate ratios) acetate is most 

favored by SRB [16]. This, somehow, explains 

high degradation level of acetate in the 

mesophilic reactor. 

As a sulfide treatment method, micro-

aeration started to be applied at the rate of 2 

liters air per day, injected into the reactors’ 

headspaces starting on day 23. As it can be 

seen from the data presented in Figure 5, the 

thermophilic reactor had a better efficiency in 

sulfide reduction via aeration. Hydrogen 

sulfide fraction decreased considerably in 

about 12 days from about 18000 ppm down to 

10000 ppm. It should be noted that the 

inhibition in thermophilic reactor due to sulfide 

toxicity occurred at around 10000 ppm. 

During the same period (from day 23 to 

35), the methane yield was leveled out at about 

65 Nml CH4/gVSfed more or less unaffected 

(see Figure 6). After this period, methane yield 

tended to increase gradually until day 50, 

having recovered the yield to about 330 Nml-

CH4/gVSfed. Simultaneously hydrogen sulfide 

production in the thermophilic reactor 

increased as well.  

Unlike the thermophilic reactor, the effect 

of micro-aeration in the mesophilic reactor is 

negligible. The decrease observed in hydrogen 

sulfide content of biogas can be linked to the 

dilution of gas due to injection of air (about 

13%). However the amount of oxygen 

consumed per day was calculated about 300 

NmL/day (approximately 75% of the injected 

oxygen was consumed while the value for the 

thermophilic reactor was found to be about 

62%). The methane yield for the mesophilic 

reactor remained unchanged during micro-

aeration period (see Figure 6). 

It was also speculated that micro-aeration 

enhances the TS and VS reduction. This could 

be linked to the improved hydrolysis rate under 

micro-aeration conditions as reported by [17]. 

It seems that it is the developed TS reduction 

that leads to rises in methane yield and sulfide 

production. However, further investigations are 

needed to check whether it is the positive 

effect of micro-aeration on TS reduction or it is 

simply adaptation of new substrate with higher 

TS content. 

Conclusion 

Comparative batch experiments with 

enzyme pretreated algae and untreated frozen 

cut algae, revealed that hydrolysis of untreated 

algae takes place at minor rates, especially at 
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mesophilic temperatures. Additionally 

presence of an inhibitory agent in digestion of 

untreated algae was suggested.  

Digestion of enzyme pretreated algae in 

continuous digestion showed relatively 

acceptable methane yields (about 400 NmL 

CH4/gVSfed) for both thermophilic and 

mesophilic reactors before inhibition occurred 

due to high hydrogen sulfide levels. Inhibition 

of methanogens by sulfide toxicity was only 

observed in the thermophilic reactor despite 

the fact that the level of dissolved sulfide was 

lower according to Henry’s law at thermophilic 

temperatures. Methanogenesis inhibition in the 

thermophilic reactor – linked to considerable 

acetate accumulation - was initiated at 

dissolved sulfide concentration of 22 mg/L 

(10000 ppm H2S in gas phase) while the SRB 

were found to be unaffected. No sulfide 

toxicity on SRB was observed in the 

mesophilic and thermophilic reactors. 

Relatively more resistant methanogens in the 

mesophilic reactor may have been a result of 

acclimatization. 

Micro-aeration of the thermophilic reactor 

at the rate of 2 liters of air per day led to 

improvement of methane yield up to about 330 

NmL CH4/gVSfed although smaller amounts of 

dissolved oxygen were expected. Oppositely, 

the mesophilic reactor remained more or less 

unaffected regarding the methane yield during 

the micro-aeration period.  
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