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Abstract 
Aim 

Hydrogen sulfide is a major occupational hazard in agriculture, industry, and sewage 

processing; its presence leads to corrosion. Thus, hydrogen sulfide removal is obligatory. 

These investigations aim to evaluate the temperature (25-10 ○C) and N/S ratio influence 

on simultaneous NO3
- and H2S removal and products distribution. The dynamics of 

microbial communities under temperature stress was examined and a method for 

indirect H2S measurements was developed. 

 Materials and methods 

The experimental work was performed in an expanded granular sludge bed (EGSB) 

reactor in two trials. Before the start of each trial, an acclimatization period of around  

1 month has been assured to obtain stable conditions when the test started. The reactor 

was continuously fed with laboratory prepared synthetic wastewater that consisted of 

nitric acid (HNO3) as the electron acceptor and sodium sulfide nonahydrate (Na2S·9H2O) 

as the electron donor. The electron acceptor and donor solutions were prepared  

and supplied in separate tanks. A pH buffer was supplied together with the electron 

donor while macro-, microelements, and vitamins were supplied dissolved together with 

the electron acceptor. The first short-term trial was focused on the evaluation whether 

the process can run at frequent temperature changes (25-10 ○C) and elemental sulfur (S0) 

can be accumulated in the granular sludge (details are given in Article I). The main trial 

was performed over 150 days (excluding the acclimatization period). During this trial,  

the temperature impact (25-10 ○C) in a longer time span and different N/S ratios (0.35-

1.30) were studied (details are given in Articles II-IV). The obtained results were analyzed 

considering Gibbs free energy and electron balance. The microbial communities in 

biomass samples were also examined to better understand the observed temperature 

adaptation. 
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Results and discussion 

Performed experimental studies on temperature and feed composition impact show that 

the granular sludge bed autotrophic denitrification process can operate in the 25-10 ○C 

temperature range with high HS- removal rate and extent from 98 % (at 25 ○C) to 89.2 % 

(at 10 ○C) with a complete NO3
- removal. Feed N/S ratio can be tuned to enhance  

the sludge associated S0 accumulation, so that S0 enriched sludge can be harvested.  

The temperature influence was not only limited to changes in HS- removal. Changes in 

temperature also influenced the product characteristics under invariable feeding 

conditions. Increased SO4
2- production and decreased of S0 was observed with decreasing 

temperature. The average S0 yield ranged from 83.7 % at 25 ○C to 67 % at 10 ○C, while 

the SO4
2- presence increased from 14.4 % (25 ○C) to 22.1 % (10 ○C).  

The Gibbs free energy analysis revealed that the changes in HS- removal and products 

distribution between S0 and SO4
2- allowed the microbial community to maintain similar 

reaction energy (for catabolism) at each temperature. This metabolic shift allowed 

biomass to obtain more energy per HS- consumed. It is hypothesized to be a microbial 

response to compensate for the temperature changes.  

The observed metabolic shift could be due to changes in metabolism within  

the microorganisms or changes in the microbial community. A significant population shift 

was confirmed by the microbial community analysis at 25 and 10 ○C which showed that 

under mesophilic conditions (25 ○C) Thauera sp. and Alicycliphilus sp. (both β-

Proteobacteria) prevailed and comprised over 57 % of all identified sequences, while ε-

Proteobacteria (mostly Sulfurimonas sp., 31.3 %) predominated under psychrophilic 

conditions (10 ○C). Changes in relative abundance of these Proteobacteria classes are 

similar to the relative changes in product composition, particularly in case of S0
acc. Its 

production decreased 2.5 times from 25 to 10 ○C, while the presence of β-Proteobacteria 

(Thauera sp. and Alicycliphilus sp.) decreased by 2.3 times. Thus, it can be suggested that 

their presence is connected with the HS- oxidation to S0 and its accumulation. 
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Effects of different N/S ratios (0.35, 0.40, 0.60, and 1.30) were studied under 

psychrophilic conditions (10 ○C). The HS- removal was the highest at the lowest and 

highest studied N/S ratios, 89.2 % and 89.6 %, respectively. Lower HS- removal was 

obtained at N/S=0.40 and 0.60 with the lowest 76.9 % at N/S=0.60. Product formation 

deviated from the theoretical predictions, suggesting that the reactions in continuous 

flow bioreactors are more complex than assumed in the standard stoichiometric 

models. Increasing N/S feed ratio increased the SO4
2- production and decreased of S0. 

The S0 accumulated at low N/S feed ratio was utilized at higher N/S leading to higher SO4
2- 

production. This phenomenon can explain the lower removal of HS- at mid-N/S ratios and 

the higher total effluent sulfur concentration than fed at N/S=1.30.  

Keywords: autotrophic denitrification; elemental sulfur recovery; N/S ratio impact; sulfide 

removal; temperature impact 
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Popular scientific summary 
The controlled stabilization of organic matter is one of the solutions for carbon footprint 

reduction. One of the methods for organic matter stabilization is the biogas production by 

anaerobic digestion. Biogas is mainly a mixture of methane and carbon dioxide, but it also 

contains small amounts of other gases like hydrogen sulfide. Hydrogen sulfide causes 

corrosion and is a major occupational hazard in agriculture, aquaculture, biogas processing, 

industry, and sewage processing. Thus, its removal is necessary.  

We have investigated a biological method for hydrogen sulfide removal using nitrate as  

an electron acceptor in a granular sludge bed. The method is an autotrophic denitrification 

process producing a low amount of sludge. Proposed concept overcomes the complexity of 

physicochemical methods, enabling the granular sludge to accumulate elemental sulfur that 

can be harvested for recovery.  

The experiments were performed in a high rate reactor, demonstrating the efficiency of  

the approach. Experimental work was focused on the temperature impact on the process, 

important for cold-climate countries like Norway. Effects of the ratio between feed nitrate 

and hydrogen sulfide on sulfur accumulation were also investigated.  

The process is much more sensitive to nitrate and hydrogen sulfide ratio changes than 

temperature. The feed ratio between nitrate and hydrogen sulfide that enhance  

the elemental sulfur accumulation was experimentally determined. Higher feed ratios caused 

the oxidation of earlier accumulated elemental sulfur as sulfate.  

Hydrogen sulfide removal decreased with temperature but was still efficient at the lowest 

investigated level (10 ○C). It implies that the autotrophic sulfide removal can be a feasible 

option in cold climates. Elemental sulfur accumulation decreased with temperature more 

than sulfide removal, which can be explained by a temperature induced changes in microbial 

communities. There was less microbial diversity at lower temperature implying that fewer 

psychrophilic than mesophilic organisms are involved in the autotrophic sulfide oxidation. 

Mesophilic dominating (25 ○C) microorganisms β-Proteobacteria (Thauera sp.  

and Alicycliphilus sp.) were replaced by ε-Proteobacteria (Sulfurimonas sp.) at 10 ○C. 
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Populærvitenskapelig sammendrag  
En kontrollert stabilisering av organisk materiale er en av løsningene for å redusere 

karbonutslipp. En av metodene for stabilisering av organisk materiale er biogassproduksjon 

gjennom anaerob utråtning. Biogass er hovedsakelig en blanding av metan og karbondioksid, 

men inneholder også andre gasser i små mengder, som hydrogensulfid. Hydrogensulfid fører 

til korrosjon og er en stor yrkesfare i landbruk, fiskeoppdrett, biogassanlegg, prosessanlegg 

og ved rensing av kloakk. Derfor er det nødvendig å fjerne hydrogensulfid i mange ulike 

sammenhenger. 

Vi studerte en biologisk metode for fjerning av hydrogensulfid ved å bruke nitrat som  

en elektronakseptor i en kultur som vokser i granuler. Metoden er en autotrof 

denitrifikasjons-prosess som produserer lite slam. Det foreslåtte konseptet unngår 

kompleksiteten av fysisk-kjemiske metoder. Det granulære slammet kan akkumulere 

elementær svovel som kan hentes ut for gjenvinning. Eksperimentene ble utført i en 

høyhastighetsreaktor, som demonstrerer effektiviteten av metoden.  

Eksperimentelt arbeid var fokusert på temperaturenes påvirkning av prosessen, viktig for 

land med kaldt klima som i Norge. Effekten på svovelakkumuleringen som følge av forholdet 

mellom matet nitrat og hydrogensulfid ble også undersøkt. 

Prosessen er mye mer sensitiv til endringer i forholdet mellom nitrat og hydrogensulfid enn 

temperaturendringer. Mateforholdet mellom nitrat og hydrogensulfid som maksimerer 

akkumulering av elementær svovel ble eksperimentelt bestemt. Høyere mateforhold 

forårsaket oksidasjon av tidligere akkumulert svovel til sulfat. 

Fjerningen av hydrogensulfid ble redusert med fallende temperatur, men var fortsatt effektiv 

ved 10 ○C, den laveste temperaturen som det ble undersøkt. Dette impliserer at autotrof 

fjerning av sulfid kan bli et effektivt alternativ i kaldt klima. Elementer svovelakkumulering ble 

redusert mer enn fjerningen av sulfid med fallende temperatur, forklart gjennom endringer  

i kulturen. Det var mindre mikrobielt mangfold ved lavere temperaturer, noe som antyder at 

færre psychofile enn mesofile organismer kan være involvert i autotrof sulfidoksidasjon. 

Dominerende mesofile (25 ○C) mikroorganismer, β-Proteobacteria (Thauera sp.  

og Alicycliphilus sp.), ble erstattet av ε-Proteobacteria (Sulfurimonas sp.) ved 10 ○C. 
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1 Introduction - literature review 

1.1 Hydrogen sulfide properties, sources, and role in sulfur cycle 

1.1.1 Properties and presence 

Hydrogen sulfide (H2S) is a colorless, easily soluble, and heavier than air toxic gas, with a 

characteristic smell of ‘rotten eggs.’ The solubility of H2S in water is equal  

to 150 mM/L at 10 ○C and decreases with temperature (Carroll and Mather, 1989).  

Depending on pH, H2S dissociates forming HS- (pKa1=7.04) and S2- (pKa2=11.96),  

as presented in Figure 1.1. The aqueous, non-ionized H2S is characterized by its instability 

and can be released to the gas phase. The release of H2S is correlated with a mass transfer 

between gas and liquid. Since the investigations carried out in this thesis were focused 

on HS- removal from the liquid phase, the experiments were conducted at pH>8.0 to 

minimize the H2S-gas release. 

 

Figure 1.1: pH dependence of sulfide speciation (adapted from Chen et al., 2015). 
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High H2S concentrations can be found naturally in sulfur-laden mineral springs.  

The presence of H2S in most wastewater streams is moderately low. Domestic 

wastewater typically has a HS- content of around 10 mg/L (Pikaar et al., 2011). Taking into 

account that wastewater pH is usually neutral, the fraction of non-ionized H2S is around 

50 %, which causes the unpleasant odor release.  

The H2S-containing gases and wastewaters are present in many branches of industry like 

fish, food, mining, oil, paper, and tannery (Cai et al., 2008). Their presence is also typical 

for biogas plants, landfills, and livestock manure. H2S concentration in wastewater 

treatment plants has been reported to be around 1000 ppm; however, concentrations 

up to 10000 ppm can be reached (Rasi et al., 2011). Biogas can contain from 500 ppmv 

up to 20000 ppmv of H2S (Pokorna and Zabranska, 2015). Their presence and abundance 

depend on various factors, e.g., pH, carbon source, and operational conditions.  

1.1.2 Sources 

H2S in wastewaters originates from both proteins degradation and sulfate (SO4
2-) 

reduction. Amino acids like cysteine and methionine comprise a thiol (–SH) group that is 

liberated under protein decomposition caused by, e.g., pH changes. During the SO4
2- 

reduction, SO4
2- serves as an electron acceptor used by sulfate reducing bacteria (SRB) 

under anaerobic conditions (Hao et al., 1996). This reduction often requires  

a source of organic carbon. The organic carbon uptake by SRB in anaerobic digestion 

reduces the biogas yield. The reaction below is presented according to Tchobanoglous et 

al. (2003): 

organic carbon + SO4
2- → S2- + H2O + CO2 (1.1) 

S2- + 2H+ → H2S (1.2) 

The reaction mentioned above usually occurs in wastewater treatment plants during 

influent pretreatment and sludge treatment (e.g., stabilization, dewatering) where O2 is 

depleted (Colomer et al., 2012; Rasi et al., 2011). A typical composition of Norwegian 
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wastewater facilitates formation of H2S where around 20 mg SO4
2-/L and 150 mg BOD7/L 

can be found (Ødegård, 1992). 

SO4
2- and organic matter rich wastewaters are typically present in the industry. It was 

shown that SO4
2- is often found as a co-contaminant of NO3

- in wastewaters from,  

e.g., aquaculture, mining processes, petroleum industry, and others (Chen et al., 2017; 

Hubert et al., 2009; Keränen et al., 2015). 

1.1.3 Toxicity and corrosivity 

The toxicity of H2S is mainly related to its non-ionized form. H2S can diffuse through a cell 

membrane and react with heavy metals, e.g., Fe cytochromes inhibiting the oxidative 

phosphorylation (Chen et al., 2010). 

Given the characteristic smell (perceptible at >0.02 ppm) and lack of accumulation in the 

human body, the deadly toxic effect of H2S is uncommon. However, the prolonged 

exposure to low H2S concentrations can lead to eye irritation and olfactory nerve 

paralysis. High concentrations (>500 ppm) usually found in the industry have a more 

severe impact, where the loss of consciousness and subsequent death is immediate 

(Hendrickson et al., 2004).  

H2S is corrosive due to the biological production of SO4
2- that damages, e.g., concrete 

walls, gas boilers, and piping (De Gusseme et al., 2009). The corrosion of concrete walls 

can reach up to 10 mm per year, generating high maintenance costs (Zhang et al., 2008). 

Worldwide maintenance costs of the degraded concrete structures amount to several 

billion of dollars per year (Huber et al., 2016). Gas motors fueled by H2S-containing gases 

like, e.g., unupgraded biogas, emit SOx shortening the service life of motor (Gayh et al., 

2010). To avoid corrosion of heat and power generation units (commonly used for biogas 

combustion), the H2S concentration in biogas should not exceed 300 ppm (Bayrakdar et 

al., 2016). Due to these adverse properties, the H2S removal is deemed to be necessary. 
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1.1.4 Inhibition of biological processes 

Apart from toxic and corrosive properties, H2S can be inhibitory towards biological 

processes under certain conditions (Visser et al., 1993). The negative H2S influence is 

mainly correlated with its non-ionized form. Two stages of microorganisms inhibition by 

H2S were distinguished: denaturation of native proteins and interference of the sulfur 

assimilatory metabolism (Zehnder, 1988).  

The H2S concentrations above 200 mg/L have been reported as inhibitory 

(Tchobanoglous et al., 2003). However, other reports state that both ionized and non-

ionized forms can decrease the efficiency of biological processes. The concentrations of 

100-800 mg HS-/L and 50-400 mg H2S/L were found inhibitory, indicating that  

ionized HS- is less severe than H2S (Parkin et al., 1990). Interestingly, the H2S presence 

can negatively influence the process responsible for its generation by reduction of SRB 

activity (Moosa and Harrison, 2006).  

Several studies on the H2S inhibition towards specific processes are found. The H2S 

presence at 60 mg H2S/L in anaerobic metabolism of polyphosphate-accumulating 

organisms (PAO) limits the acetate uptake to 50 % (Saad et al., 2017). Nitrification can 

also be negatively influenced by HS-; at 100 µM of HS-, nitrification was reduced  

by 100 % where the process recovery was slow (Joye and Hollibaugh, 1995). The IC50 of 

HS--S for anaerobic ammonium oxidation (ANAMMOX) was reported to be equal  

to 264 mg/L at initial total nitrogen of 200 mg/L (ratio between NH4
+:NO2

-=1:1) (Jin et al., 

2013).  

The concentrations range for H2S inhibition towards biological processes is wide  

and variable depending on process parameters. Thus, the establishment of a single value 

above which the processes are inhibited is not possible, especially taking into account 

that some microorganisms possess the ability to adapt to H2S (Cohen et al., 1986). 
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1.1.5 Sulfur cycle 

Sulfur (S) has an important role in the environment and living organisms. Historically,  

the properties of S gained a noticeable interest. S0 has been known and used for several 

thousands of years. In Genesis, it was referred to as brimstone, while Homer used it for 

disinfection. Chinese used S0 as a gunpowder ingredient around 2000 years ago.  

S is one of the six major elements making up the composition of biomolecules. Plants, 

algae, and many microorganisms assimilate S from SO4
2- as –SH to build proteins.  

The direct assimilation of S2- into proteins has been reported as impossible due to its 

inhibitory properties (Atlas and Bartha, 1981). S is present in many substances crucial for 

living organisms, like glutathione, thiamine, biotin, lipoic acid, coenzyme A, etc. (Siegel, 

1975).  

Large S reservoirs are found in metal rocks (e.g., CaSO4 and FeS2), S0 deposits, and fossil 

fuels, while the oceans are the most significant reservoir of SO4
2-. Due to the human 

activity, including strip mining and fossil fuels burning, a part of these reservoirs is 

released, leading to pollution. 

The broad presence of S is related to its wide range of oxidation states. This makes  

the biological sulfur cycle more complex than, e.g., the nitrogen cycle. The oxidation 

states of S range from –II to +VI, giving 8 electrons (e-) difference between the most 

reduced to the most oxidized form (Table 1.1). SO4
2- is the most oxidized S compound, 

while the most reduced ones are H2S and –SH.  

Table 1.1: Oxidation states of sulfur compounds. 

Compound Oxidation state 

Organic S (R–SH)/H2S -II 

S0 0 

S2O3
2- -II/+VI 

SO2/SO3
2- +IV 

SO4
2- +VI 
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Depending on the oxidation state, S compounds can serve as an electron acceptor  

or donor. Thus, even if the environmental S concentrations are reported as low, the sulfur 

fluxes are high (Shao et al., 2010). This unique property is used in the SANI (sulfate 

reduction, autotrophic denitrification, nitrification integrated) process, where S 

compounds play both role of electron acceptor (heterotrophic SO4
2- reduction)  

and electron donor (autotrophic denitrification) (Wang et al., 2009). In terms of oxidation 

and reduction, the transitions in the biological sulfur cycle take place in anoxic and oxic 

environment (Figure 1.2). 

 

Figure 1.2: The biological sulfur cycle (adapted from Muyzer and Stams, 2008). 
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H2S is used as the electron donor by chemolithotrophic sulfide oxidizing bacteria (SOB) 

like Thiobacillus under both the aerobic and anaerobic conditions yielding in S0  

and SO4
2-. Similarly, S0 can be oxidized by SOB to SO4

2-. One of the consequences of the 

high production of SO4
2- can be drastic environment acidification. Besides SOB, the 

oxidation of H2S can be performed by green and purple phototrophic bacteria (Madigan 

et al., 1997).  

SO4
2-, as a product of H2S oxidation, can be reduced anaerobically back to H2S by sulfate 

reducing bacteria (SRB) that are auto- and heterotrophic, like Desulfovibrio, sulfate 

reducing archaea, Desulfobacter, and hyperthermophilic archaea (Schicho et al., 1993; 

Taylor and Parkes, 1983). Due to low organic carbon availability in the oceans, the SO4
2- 

reduction is limited.  

The organic forms of S compounds like dimethyl sulfide (DMS), dimethyl disulfide 

(DMDS), and dimethyl trisulfide (DMTS) are present and cycled in the environment. The 

most abundant one is DMS that is produced in marine environments. DMS, similarly to 

DMDS and DMTS can be released during zooplankton grazing on phytoplankton and 

decay (Dacey and Wakeham, 1986). It was estimated that 90 % of the total sulfur flux 

from marine comes from organosulfur compounds (e.g., DMS) yielding in H2S (Ibañez et 

al., 2010).  

In addition to the biologically maintained transformations in the S cycle, metals can 

selectively precipitate HS-. HS- reacts violently with many metal oxides, especially with 

transition metals, such as lead (IV) oxide (PbO2), nickel (II) oxide (NiO), chromium (III) 

oxide (Cr2O3), and iron (II) oxide (FeO). 

Historically, a common method for H2S removal was to use the iron sponge impregnated 

on wood chips. The H2S combines with Fe2+ to form iron (II) sulfide (FeS) that is insoluble 

in water. The iron salts, typically iron (III) chloride (FeCl3) are used to precipitate dissolved 

HS-. These salts are supplied in liquid form, which facilitates simple storage. In addition to 

Fe2+, the combinations of other metal cations like Cu2+ or Zn2+ are also used  

(Costa et al., 2017). 
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According to Wei et al. (2017), the S2- precipitated with Fe2+ can be further used for 

biological denitrification as a source of electron donor (Eqs. 1.3, 1.4). 

10FeS + 18NO3
- + 16H2O → 9N2 + 10 Fe(OH)3 + 10SO4

2- + 2H+ (1.3) 

10Fe(OH)2 + 2NO3
- + 6H2O → 10Fe(OH)3 + N2 + 2OH-  (1.4) 

1.2 Biological removal of hydrogen sulfide 

The biological treatment methods have many advantages over the physicochemical 

treatment. The latter is expensive, safe only under limited conditions (temperature  

and pressure) and generates a sludge that is difficult to handle. Sludge from chemical H2S 

precipitation may consist of a high amount of heavy metals, e.g., iron (Fe) or other metal 

cations used for precipitation. The chemicals supplied in physicochemical treatment can 

lead to aggressive corrosion and often need to be replaced or dosed in high quantities. 

On the other hand, the physicochemical methods are characterized by high removal 

efficiencies and stable operational performance. Biological methods have lower 

operational costs as a result of the operation at ambient temperatures, atmospheric 

pressure, less chemicals addition, less sludge production and in terms of HS- oxidation 

the resource (S0) can be recovered (Li et al., 2016). 

In biological processes, microorganisms are used to remove contaminants by performing 

the redox reaction through which they derive energy. Chemotrophic microorganisms 

obtain energy from chemicals. Depending on the carbon source, chemotrophs can be 

divided into chemolithotrophs (autotrophs) which use CO2 to synthesize new organic 

matter and chemoorganotrophs (heterotrophs) that use organic compounds as a carbon 

source (Madigan et al., 1997). The microorganisms that can grow either auto-  

or heterotrophically are called mixotrophs. Aerobes derive energy only under O2 

presence as the source of the electron acceptor. Others, capable of obtaining energy only 

in the absence of O2 are called anaerobes. Facultative aerobes can gain energy both 

under the aerobic and anaerobic conditions. In this thesis, inorganic carbon was supplied 
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for simultaneous NO3
- and HS- removal; thus, chemolithotrophs were cultivated during 

this work. 

The redox reaction conducted by microorganisms leads to energy generation. An electron 

donor is used by microorganisms as the source of energy. Electrons are transferred from 

the electron donor to the electron acceptor to provide energy for maintenance  

and growth. That leads to the electron donor oxidation and electron acceptor reduction. 

The electrons portion used to synthesize biomass from organic carbon is much higher 

than for inorganic carbon. This is because a considerable amount of energy has to be used 

by autotrophs to reduce inorganic carbon (oxidation state +IV) to approximately 

oxidation state 0 (pyruvate) (Rittmann and McCarty, 2001). Consequently, the biomass 

synthesis, measured as biomass yield from electron donor consumed, in the aerobic 

processes is always higher than from the anaerobic ones. Thus, depending on  

the microbial metabolism, the growth yield will differ (Table 1.2). 

Table 1.2: Typical synthesis yield coefficients (Tchobanoglous et al., 2003). 

Growth condition Electron donor Electron acceptor Synthesis yield 

Aerobic Organic compound Oxygen 0.40 g VSS/g COD 

Aerobic Ammonia Oxygen 0.12 g VSS/g NH4
+-N 

Anoxic Organic compound Nitrate 0.30 g VSS/g COD 

Anaerobic Organic compound Organic compound 0.06 g VSS/g COD 

Anaerobic Acetate Carbon dioxide 0.05 g VSS/g COD 

1.2.1 Electron acceptors 

A few electron acceptors promoting the microbial activity for biological H2S removal can 

be distinguished: NO2
-, NO3

-, and O2. Usually, the methods related with electron acceptor 

supplementation require the prior retention of gaseous H2S in the liquid. That can be 

achieved by, e.g., pH elevation using a gas scrubbing. 
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1.2.1.1 Electron acceptors comparison 

So far, O2 is the most widely used electron acceptor in the biological H2S removal. Chen 

et al. (2006) suggested that HS- oxidation in the presence of O2 is thermodynamically 

more favorable than NO3
-. However, O2 supply into biological processes faces a few 

constraints like mass transfer limitations and proper dosing. Lab-scale biotricking filters 

used at short contact time (under 120 seconds) for H2S removal (concentrations up to 

12000 ppmv), showed that the mass transfer was a limiting factor in H2S removal with O2 

(Fortuny et al., 2011). Excessive supply of O2 may lead to negative effects like pH decrease 

as well as the biogas quality and yield deterioration. The biogas flammability limits can be 

exceeded at too high O2 presence. Thus, the O2 supply must be carefully controlled. 

Due to the high reactivity of H2S, the O2 presence can lead to its simultaneous biological 

and chemical oxidation (Díaz and Fdz-Polanco, 2012). Ramos et al. (2013) confirmed that 

the control between the biological and chemical removal with O2 is challenging.  

Limitations with mass transfer and possible increase in biogas flammability are absent 

when NO3
- is used. On the basis of the physical properties, O2 has a much lower solubility 

compared to NO3
- (Figure 1.3). Therefore, NO3

- can be an alternative electron acceptor to 

O2 such as when high concentrations of H2S need to be treated. 

 

Figure 1.3: Solubility of electron acceptors in water. 
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O2 inhibits NO3
- removal (denitrification) deteriorating the activity of denitrifiers with  

an inhibition threshold of 0.1 mg O2/L (Oh and Silverstein, 1999). Nevertheless, studies 

combining and comparing these two electron acceptors have been performed.  

The combination of NO3
− and O2 was found to enhance the S0 production (Wang et al., 

2015; Xu et al., 2017).  

The combination of NO2
- and O2 seems to be even more promising than a combination 

of NO3
- and O2. The NO2

- reductase appeared to be less sensitive to O2 inhibition than 

NO3
- reductase, with an inhibitory threshold of 2.5 mg O2/L (Korner and Zumft, 1989). 

NO2
- supplementation studies were performed by Doǧan et al. (2012) where it is reported 

that at HRT between 8.4-2.0 h the HS- removal reached over 80 % with a load of  

0.47-2.16 kg S/m3·d. Conversely, NO2
- was found as inhibitory on denitrification at 

concentrations of 36-60 mg NO2
--N/L (Fajardo et al., 2014). 

1.2.1.2 Oxygen 

The electron acceptor dosage plays a crucial role in biological H2S oxidation not only due 

to the increased flammability of biogas (in case of O2 supply) but also due to the level of 

H2S oxidation. Under micro-aerobic (O2 limited) conditions, the oxidation of H2S is 

incomplete and leads to S0 production as the main product, while at higher O2 

concentrations, SO4
2- is produced (Eqs. 1.5-7). 

H2S + 0.5O2 → S0 + H2O (1.5) 

S0 + H2O + 1.5O2 → SO4
2- + 2H+ (1.6) 

H2S + 2O2 → SO4
2- + 2H+ (1.7) 

The way of O2 supply can be different; it can involve air, pure oxygen or oxygen obtained 

from electrolysis during the MFCs operation (Díaz et al., 2010; Lee et al., 2012; Zhang  

and Angelidaki, 2015).  

Proper control of O2 dosage, at a right ratio between the electron acceptor and donor is 

challenging due to a variable concentration of the influent H2S. The control of O2 dosage 
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can be performed by redox measurements. The optimal redox potential range for S0 

formation has been reported between -147 and -137 mV (H2 reference electrode, 30 ○C, 

pH 8) (Janssen et al., 1998). This control protocol was used in a reverse fluidized loop 

reactor (RFLR) for S0 recovery, where the S0 recovery reached up to 95 % at  

11 kg HS-/m3·d (Krishnakumar et al., 2005). 

The studies on O2 were performed at different configurations where O2 supply was 

implemented in separate units, directly or its generation was in situ.  

Several studies on separate units for biological desulfurization with O2 have been carried 

out. In the fluidized bed reactor, the introduction of low airflow (0.7-0.9 m3/m3·d) at O2/S 

molar ratio between 8-10 resulted in H2S reduction to an undetectable level producing 

S0, S2O3
2-, and polysulfides, implying that the reaction proceeds faster at higher O2/S 

molar ratio (van der Zee et al., 2007). The external chamber for micro-aerobic 

desulfurization reached the removal of H2S up to 94 % while 60 % of S was recovered as 

S0 (Ramos et al., 2013). Similar studies were performed in the airlift reactor, where the S0 

recovery reached up to 95 % at DO<0.2 mg/L (Zytoon et al., 2014). The most well-known 

industrial application of O2 for H2S removal is the THIOPAQ® process, which includes H2S 

scrubbing in alkaline solution and controlled O2 supply (Cline et al., 2003).  

The direct O2 supply creating micro-aerobic conditions inside the anaerobic digesters has 

also been studied. It has been reported that at HRT=20 d and 0.25 NL of O2/L of feed 

sludge, the removal of H2S was higher than 98 %, resulting in S0 production where  

the methane concentration in biogas was not affected (Díaz et al., 2011, 2010). Similar 

positive effects of micro-aeration were reported in up-flow anaerobic sludge blanket 

(UASB) reactor used for brewery wastewater removing 73 % of H2S without affecting  

the COD removal and methanogenic activity (Krayzelova et al., 2014). 

The electrochemical HS- oxidation by O2 produced in situ is frequently studied. Anodic HS- 

oxidation to S0 coupled with cathodic caustic recovery has been reported, where the high 

current density results in more oxidized sulfur species (Vaiopoulou et al., 2016). Pikaar  

et al. (2011) obtained the highest HS- removal rate at 11.8 ± 1.7 g S/(m2 of anode 
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surface·h), wherein the final oxidation products were SO4
2-, S2O3

2-, and S0. Another study, 

combining SO4
2- reduction and HS- oxidation on hexacyanoferrate cathodic electrode 

reported a total removal of HS- up to 98 % and acetate up to 46 % (Rabaey et al., 2006).  

Due to the fact that SOB such as Thiobacillus denitrificans has a very good immobilization 

capability, various packing materials were tested to enhance the removal of H2S with O2 

(Ma et al., 2006). Materials such as activated carbon, porous lava, ceramics, peat, 

dolomite, and polymers were examined by Midha et al. (2012). Pall rings were also used 

as a packing material for biotrickling filtration of biogas (Montebello et al., 2013).  

The relationship between different carriers in carrier-packed biological deodorization 

(CPBD) reactor was studied concluding that cylindrical carriers with high porosity were 

the most efficient (Shinabe et al., 2000). Thus, high porosity (large surface) enhances the 

process efficiency, where higher loads can be treated. 

1.2.1.3 Nitrate 

The interest in NO3
- as an alternative electron acceptor for H2S removal was already 

expressed over 80 years ago. One of the first industrial applications of NO3
- for HS- 

removal in paper mills was reported by Fales (1929), while Allen (1949) described the 

NO2
- usage for the same purpose. However, the aforementioned trials encountered  

a problem with the lack of an electron acceptor dosing control leading to overdosing.  

Nowadays, the two commercially used NO3
- salts for H2S removal are: calcium nitrate 

Ca(NO3)2 and iron (II) nitrate Fe(NO3)2 known under the trade name Nutriox®  

and Anaerite 263®, respectively. Both these compounds are supplied with complete 

systems including a chemical feed pump, control unit, and storage tanks. The controlled 

dosage of NO3
- salts proved to be effective in the H2S control and increased the BOD 

removal (Bentzen et al., 1995). It has been reported that dosing of Ca(NO3)2 resulted in 

maximum H2S removal (>94.7 %) in both gas and liquid phase (Garcia de Lomas et al., 

2006). 

The autotrophic biological oxidation of H2S with NO3
-, which constitutes the topic of this 

thesis, leads to simultaneous denitrification and desulfurization as a clear advantage of 
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this approach. In the denitrification process, the dissimilatory transformation of NO3
- to 

N2 takes place (Knowles, 1982). Usually, denitrification is performed with organic carbon 

as an electron donor. In autotrophic denitrification, the organic carbon is not required 

that leads to cost savings on organic carbon supply (e.g., methanol), lower sludge 

production, and process maintenance (Bayrakdar et al., 2016). 

Economic reports show that the upgrading cost of 1 m3 of biogas using FeCl3 and chemical 

scrubbing ranges between 0.024 and 0.30 €/m3, while the cost of anoxic biofiltration 

approximates 0.016 €/m3 (Lebrero et al., 2016). The life cycle assessment indicates that 

in comparison with commodity chemicals, nitrate/free nitrous acid (FNA) production 

from urine for HS- control would lower operational costs by approximately 2/3  

and greenhouse gas emission by 1/3 in 20 years (Zheng et al., 2017). The denitrification 

process supplemented by reduced sulfur compounds, instead of the commonly used 

organic carbon source is much cheaper, whereas the prices of S0 and methanol were 

reported as 0.1 and 0.7/0.91 $/kg, respectively (Park and Yoo, 2009; Yang et al., 2017). 

However, so far, autotrophic denitrification for H2S removal is not a widespread 

technology.  

Similarly as for O2, the products formation (level of H2S oxidation) depends on the NO3
- 

availability (Eqs. 1.8, 1.9). Better solubility than O2 makes it easily applicable for sewer 

systems and point-H2S-emission sources (Auguet et al., 2016). 

HS- + 0.4NO3
- + 1.4H+ → S0 + 0.2N2 + 1.2H2O (1.8) 

HS- + 1.6NO3
- + 0.6H+ → SO4

2- + 0.8N2 + 0.8H2O (1.9) 

The stable isotope fractioning of HS- showed that its oxidation under NO3
- presence was 

a biological process (De Gusseme et al., 2009). This implies that the oxidation of HS- with 

NO3
- is controlled only by microorganisms.  

On the basis of catabolic reactions, at N/S=0.40, HS- is oxidized to S0 that is stored in  

the microbial inclusion bodies (Shively, 1974). HS- can be oxidized to the highest oxidation 
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state (to SO4
2-) at catabolic N/S=1.60. The ratios within the discussed range can lead to 

mixed products composition (S0 and SO4
2-) (Cai et al., 2008).  

Feed ratios out of the 0.40<N/S<1.60 range lead to incomplete NO3
- removal (too high 

N/S ratio) or incomplete HS- removal (too low N/S ratio) (Dolejs et al., 2015). The excess 

of NO3
- in drinking water can cause the ‘blue-baby’ syndrome, carcinogenic compounds 

formation, and eutrophication (Knobeloch et al., 2000; McIsaac et al., 2001). NO3
− 

presence can inhibit volatile fatty acids (VFAs) production, methanogens,  

and consequently methane production (Auguet et al., 2016; Wong and Lee, 2011; Zhou 

et al., 2012).  

In systems rich in organic matter, the depletion of NO3
- leads to the reduction of SO4

2- 

and S0 to HS- (Jiang et al., 2009). However, organic carbon supply can enhance  

the denitrification rate with HS- (Cardoso et al., 2006; Wei et al., 2018). 

To fully account for the process, the biomass production should be taken into account. 

Kleerebezem and Mendez (2002) used the ‘energy dissipation’ method developed by 

Heijnen (2002) and proposed the following stoichiometric equations (Eqs. 1.10, 1.11) for 

autotrophic denitrification with HS- as electron donor. 

3HS-+3.9NO3
-+0.2NH4

++HCO3
-+1.7H+ → CH1.8O0.5N0.2+1.95N2+3SO4

2-+2.3H2O (1.10) 

14.5HS-+5NO3
-+0.2NH4

++HCO3
-+20.3H+ → CH1.8O0.5N0.2+2.5N2+14.5S0+17.4H2O (1.11) 

The extended reactions show that the N/S ratio for S0 is equal to 0.35, while for SO4
2- to 

1.30. These N/S ratios derived from the combined anabolic and catabolic reactions were 

applied in this work. 

The NO3
- supply for HS- removal was extensively studied at different reactor 

configurations, conditions, and feeding properties. Operating parameters such as 

dissolved oxygen, loading rate, pH, and sludge retention time (SRT) do not only influence 

the removal and activity but also result in long term succession of community structure 

and diversity (Cardoso et al., 2006; Lu et al., 2014).  
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Since this thesis was focused on the operational parameters like N/S ratio and 

temperature at specific pH range, these issues are elaborated in Chapter 1.3 (Factors 

influencing the simultaneous nitrate and sulfide removal).  

1.2.2 Reactor design 

Two main reactor configurations for a simultaneous NO3
- and HS- removal have been 

reported: packed bed and fluidized bed (Di Capua et al., 2015).  

The packed bed reactors are used to enhance performance by keeping a high biomass 

concentration in the attached biofilm. Fernández et al. (2013) supplied NO3
- to a 

biotrickling filter packed with polypropylene Pall rings to remove H2S from biogas 

reaching 99 % removal efficiency at 120 g S/m3·h. Pall rings and hollow plastic balls were 

also used by Deng et al. (2009) for H2S removal from biogas originating from swine 

wastewater (using NO3
- and NO2

-) where the hollow plastic balls proved to be more 

efficient. In a biotrickling filter packed with open-pore polyurethane foam, the loads up 

to 130 g S/m3·h could be treated with 99 % of H2S removal (Fernández et al., 2014). 

Another packing material like sponge cubes was used in an anaerobic attached-growth 

bioreactor (AAGBR) for biogas desulfurization, completely removing H2S at loads 0.1-1.8 

g S/L·d and short HRT (2.67 h) converting 88.4 % of HS- to S0 (Li et al., 2009). The 

comparison studies on immobilization materials showed that an alginate matrix exhibits 

better performance than polyurethane foam or granular activated carbon (Ravichandra 

et al., 2009). The accumulation of S0 in packed bed reactors causes clogging of packing 

material, decreasing its lifetime (Fortuny et al., 2008).  

The second most commonly used configuration (fluidized bed reactor) is usually 

employed as up-flow anaerobic sludge blanket (UASB) reactor. The concept was 

developed in the 1970s and became the most popular high-rate reactor for biological 

wastewater treatment (Lettinga et al., 1980). The fluidized bed reactors can tolerate high 

loading rates up to 6.09 kg S/m3·d and short hydraulic retention time down to 3.12 h  

in simultaneous NO3
- and H2S removal (Cai et al., 2007; Chen et al., 2008b). Regarding S0 

recovery, the fluidized bed reactors can handle the accumulation and retrieval of S0 by 
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the removal of granular sludge excess. It has been reported that by shortening the height 

and consequently the volume of UASB reactor, the S0 recovery rate can be improved from 

7.4 to 78.8 %, while complete removal of acetate, HS-, and NO3
- was achieved  

(Huang et al., 2016). 

The studies performed in fluidized bed reactors often report that the collected effluent 

samples are visually characterized by a yellow ‘straw’ color, suggesting unattached  

and freely dispersed elemental sulfur/polysulfides (Chen et al., 2008a; Krishnakumar et 

al., 2005).  

1.2.3 Involved microorganisms and their properties 

Chemolithotrophic SOB (also known as colorless sulfur-oxidizing bacteria) can derive 

energy from reduced sulfur compounds (H2S, S2O3
2-, S0). Most of these microorganisms 

are members of Proteobacteria phylum and were frequently demonstrated as  

a dominant group in laboratory-scale bioreactors performing the studied process (Chen 

et al., 2008a; Ontiveros-Valencia et al., 2014). The species belonging to α-, β-, γ-, and ε-

Proteobacteria classes showed the ability to perform autotrophic denitrification (Shao et 

al., 2010). 

The most studied microorganism carrying out autotrophic denitrification using reduced 

sulfur compounds is Thiobacillus denitrificans (β-Proteobacteria class) that is a strictly 

autotrophic and facultative anaerobe (Mohseni-Bandpi et al., 2013; Sublette  

and Sylvester, 1987). Sulfurimonas denitrificans (ε-Proteobacteria) is also often reported 

in autotrophic denitrification, its metabolism is versatile and it has been demonstrated as 

a major hydrothermal vent chemolithotroph (Shao et al., 2010). The HS- oxidizers can 

oxidize it to S0 and SO4
2-.  

The studies on different feeding conditions and working parameters showed that  

the microbial community composition usually changes within a Proteobacteria phylum. 

The α-, β-, and γ-Proteobacteria were found as most active denitrifiers in mature reactors 

(Tan et al., 2016; Viviantira et al., 2012). β-Proteobacteria and ε-Proteobacteria are 

especially abundant in S0 regeneration (Wang et al., 2015). The denitrifying β-
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Proteobacteria are considered the most efficient bacteria in breaking down aromatic 

compounds in various environments (Viviantira et al., 2012).  

To enhance the S0 regeneration Tan et al. (2016) used Thiopseudomonas denitrificans X2 

for HS-, NO3
-, and acetate removal increasing S0 recovery from 20-37 %  

to 45-70 %. Another method for enhancing the S0 accumulation was reported by 

Borkenstein and Fischer (2006), where the mutant Allochromatium vinosum  

(γ-Proteobacteria) strain 21D was used. The studied strain contained an inactivated dsrB 

gene that makes the further oxidation of stored S0 to SO4
2- impossible.  

Changes in salinity impact the microbial diversity. It has been reported that  

in simultaneous acetate, HS- and NO3
- removal at 0 g NaCl/L Thauera prevailed (21 %), 

while at high salinity (75 g/L) its presence diminished to 13 % and the Halomonas was 

predominant (40 %) (Liu et al., 2016). According to Zhou et al. (2017), the changes in up-

flow velocity within 0.25-3.3 m/h does not impact the microbial structure, while at  

7.7 m/h, the presence of Thiothrix (γ-Proteobacteria) increased to 10 %. The N/S ratio 

studies performed by increasing NO3
- concentration (500 and 3500 mg/L) enriched  

γ-Proteobacteria (Pseudomonas) and ε-Proteobacteria (Arcobacter and Sulfurospirillum) 

while the share of SRB (Desulfobulbus) decreased (Chen et al., 2017). In another study 

focused on N/S ratio impact, Thiobacillus denitrificans and Thiomicrospira denitrificans 

were detected at low abundance (lower than 5 %) using fluorescent in situ hybridization 

(Dolejs et al., 2015).  

Many of Proteobacteria are facultative; SOB, e.g., Sulfurosirillum has an ability to use NO3
- 

and O2 under microaerobic conditions (Kodama and Watanabe, 2004; Oyarzún et al., 

2003). Studies using NO3
- and O2 for HS- oxidation to S0 under heterotrophic conditions 

showed that microbial community comprised SRB (Desulfomicrobium sp.), heterotrophic 

(Pseudomonas aeruginosa and Sulfurospirillum sp.), and autotrophic denitrifiers 

(Sulfurovum sp. and Paracoccus denitrificans), where at higher NO3
- and HS- load the SRB 

activity decreased (Chen et al., 2008a). The studies on the competition between organic 

and inorganic carbon in a culture enriched with Thiomicrospira sp. CVO show that under 
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the presence of acetic acid, the chemolithotrophic denitrification occurs and is followed 

by heterotrophic NO3
- reduction after HS- depletion (An et al., 2010). 

Depending on the hydraulic properties of the reactor, stratification of Proteobacteria 

through the sludge bed can be obtained. In experiments conducted in the UASB reactor 

focused on microbial stratification in the sludge bed, Azoarcus (28.8 %) and Thauera  

(23.9 %) dominated in the lowest 10 cm while Thiobacillus was dominant both at 20  

(65.4 %) and 30 cm (73.8 %). This indicates that the microbial community responded to  

the chemical gradient (Huang et al., 2017). Relatively fast development of Thauera  

and Azoarcus has been observed when non-efficient seeding sludge using quinole 

adapted within 6-weeks reaching 74 % abundance, while their presence in seeding sludge 

was minor (4 %) (Liu et al., 2006). 

It has been reported that microorganisms oxidizing S0 and other reduced sulfur 

compounds generating SO4
2- can solubilize and convert the insoluble phosphorus 

compounds to a simple plant-available phosphorus compounds (Ullah et al., 2014). 

However, the presence of potassium phosphate made Acidithiobacillus thiooxidans 

(former Thiobacillus thiooxidans) cells more hydrophobic and less adhesive to S0 

(Takeuchi and Suzuki, 1997).  

Besides colorless bacteria, phototrophic purple sulfur bacteria oxidize HS- to S0 and store 

it in cellular sulfur globules (Madigan et al., 1997). 

1.2.4 Resource recovery 

Facilitation of biological S0 production has been suggested as the best way to break  

a sulfur cycle yielding an insoluble product (Kuenen and Robertson, 1992). The 

production of S0 is more sustainable than the one of SO4
2-, which can lead to corrosion or 

be reduced back to H2S in low redox environments. This approach can be used for 

complete S removal (Reyes-Avila et al., 2004). 

Under the already mentioned conditions, the production and storage of S0 in bacterial 

inclusion bodies (internal or external) can occur (Dahl and Prange, 2006; Shively, 1974). 
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Winogradsky gave the first descriptions of these phenomena in 1887 where the build-up 

and disappearance of sulfur inclusion bodies by Beggiatoa was described. Microbial S0 

globules can reach up to 1 μm and are deposited as cell oxidize and grow in H2S presence. 

The inclusion bodies are often surrounded by a protein envelope to be purely structural 

in function (Berg et al., 2014). S0 globules can be deposited both extra- and intracellularly. 

Thermothrix thioparus, deposits sulfur globules extracellularly (Caldwell et al., 1976), 

while Thermotrix azorensis forms globules intracellularly in the presence of S2O3
2-  

and pH>7.0 (Odintsova et al., 1996). After depletion of reduced sulfur compounds, SOB 

oxidize the accumulated elemental sulfur to SO4
2-, deriving energy from this process 

(Schedel and Trüper, 1980). However, the mechanism involved in the formation  

and oxidation of sulfur globules remains unknown (Holkenbrink et al., 2011). 

The biologically produced S0 has to be recovered; usually, physical and physicochemical 

methods like sedimentation, centrifugation, membrane separation, extraction,  

and coagulation are used for this purpose (Cai et al., 2017). The S0 incorporated into 

inclusion bodies is characterized by a lower density and different crystalline structure 

than the orthorhombic sulfur, increasing the buoyant density (Berg et al., 2014; Mas  

and van Gemerden, 1987). The main difference between chemically and biologically 

obtained S0 is related to water interaction: the chemical S0 is hydrophobic, while the 

biological S0 is hydrophilic (Holkenbrink et al., 2011; Janssen et al., 2009). These 

characteristics facilitate the use of biological S0 as a soil fertilizer or fungicide (Tan et al., 

2016).  

Kleerebezem and Mendez (2002) suggested that the capacity of partial HS- oxidation is 

species specific and that the biomass capacity for S0 retention is limited. Different S0 

recovery yields are reported in the literature. Values like 50, 71, 79, and 88 % are reported 

by Cardoso et al. (2008), Huang et al. (2016), Krishnakumar and Manilal (1999) and Li et 

al. (2009a), respectively.  

The biologically produced S0 can also be further used as an alternative electron donor for 

denitrification due to its hydrophilicity and high specific surface area (Di Capua et al., 

2016; Wang et al., 2011). Particulate S0 were colonized by sulfur oxidizers, reaching 
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maximum NO3
- removal of 90 % at neutral pH (Moon et al., 2004). It has been reported 

that the oxidation rate of S0 to SO4
2- is 15 % faster than the one of HS- to S0 (Jiang et al., 

2009).  

1.2.4.1 Kinetics 

The production of S0 is not the only possibility for resource recovery from H2S oxidation. 

For example, other reduced sulfur compounds, e.g., S2O3
2- obtained by H2S oxidation, can 

serve as a further electron donor in autotrophic or heterotrophic denitrification. Studies 

comparing different sulfur reduced compounds reported that the highest denitrification 

rate can be obtained with S2O3
2- and follows the order: S2O3

2->S2->>S0 (Cardoso et al., 

2006). Another, the more recent study reports the following order: S2O3
2->biogenic-

S0>chemically-synthetized S0 powder>S0 lentils (Di Capua et al., 2016). According to 

Trouve et al. (1998), the denitrification rate of S0 is lower than with FeS and FeS2. Due to 

the high denitrification rate of S2O3
2- it has been used in autotrophic denitrification of 

micro-polluted water (Zhou et al., 2016).  

The electron acceptor source has also been reported as important for desulfurization 

rate; the utilization rate of NO3
- was reported as 2.5 times higher than NO2

- in S2O3
2- 

presence (Campos et al., 2008).  

The kinetic parameters of autotrophic denitrification with HS- were studied.  

The maximum specific growth rate (µmax) was reported in the wide range from 0.45 to 

4.25 d-1, depending on the experimental conditions and estimation method (An et al., 

2010; Wang et al., 2010; G. Xu et al., 2016). Similarly, for a half-saturation constant of 

NO3
- and HS-, it ranged from 0.01 to 110 mg NO3

--N/L and from 1.5 to 58 mg S2-/L. 

1.2.4.2 N2O emissions 

N2O was detected during H2S-driven autotrophic denitrification studies. The N2O 

emissions can cause a greenhouse effect that is more potent than CO2. Its presence 

increases when the N/S ratio increases (Yang et al., 2016). Thus, the conditions facilitating 

the S0 recovery through denitrification may decrease the N2O emissions. It has been 

reported that N2O reductase enzyme can be inhibited by the S2- concentration above 200 
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mg/L (Fajardo et al., 2014). However, in heterotrophic denitrification, the N2O emissions 

are higher than in autotrophic reaching up to 14.6 % of nitrogen load (Kampschreur et 

al., 2009). The studies on S0-driven mixotrophic denitrification reported that longer 

sludge retention time (SRT) and higher influent COD/N ratio reduces N2O emissions (Liu 

et al., 2017). The N2O emissions during heterotrophic denitrification are also dependent 

on the pH (Pan et al., 2013). 

1.3 Factors influencing the simultaneous nitrate and sulfide 

removal 

1.3.1 N/S molar ratio 

The N/S molar ratio is a critical factor determining the products formation in HS- 

oxidation. Redox equations refer to the N/S=0.40 for S0 production and 1.60 for SO4
2-, 

while in case of a reaction including anabolism and catabolism – 0.35 for S0 and 1.30 for 

SO4
2-. Several studies focused on N/S ratio impact; usually, batch experiments or separate 

continuous experiments were performed. It has been reported that at the N/S ratio 

higher than 0.80 (e.g., 1.10 and 1.70), HS- is oxidized to SO4
2-, while at lower than 0.80, 

HS- was oxidized to S0 accumulating in sludge (Dolejs et al., 2015). In the study conducted 

in a sequence mode, at N/S ratio 1.0 the 26.5 % influent S was converted to S0 (250-300 

mg S2-/L) (Xu et al., 2018). At similar N/S ratio (1.0), An et al. (2010) reported that HS- was 

completely oxidized to SO4
2-, while at ratio lower than stoichiometric (0.32) only 4.4 % of 

HS- was converted to SO4
2-. Doǧan et al. (2012) reported that at N/S above 1.48 (NO2

- as 

electron acceptor), SO4
2- is the main product, while below, the mixture of SO4

2- and S0 

was obtained. The complete oxidation of HS- to SO4
2- was observed at ratios equal or 

exceeding stoichiometric requirements (Garcia de Lomas et al., 2006).  

In addition to the HS- oxidation level, the N/S ratio affects the H2S removal efficiency.  

It has been reported that when the N/S ratio increased from 0.28 to 1.43 (biotrickling 

filter), the removal efficiency of H2S was raised from 66 to 100 %, while the NO3
- removal 

decreased from 100 to 70 % (Li et al., 2016). 
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In this work, the studies on different N/S ratios applied in continuous flow EGSB reactor 

were performed showing a possible release of the earlier accumulated S0. The detailed 

description is given in Article IV.  

Besides the N/S ratio, in heterotrophic denitrification the CH3COO-/NO3
- ratio was 

reported as an important parameter for the H2S oxidation to either S0 or SO4
2- (Cardoso 

et al., 2008). 

The studies on S0 recovery reported different levels of S0 recovery at various N/S ratios. 

It should be mentioned that the analytical methodologies differ between studies  

and the balances for S0 calculation are based on more or less detailed effluent sulfur 

speciation. Huang et al. (2017) reported 77.9 % of S0 recovery when the ratio between 

acetate/NO3
-/HS- was set to 1.9/1.6/0.7 kg/m3·d. The recovery of 68 ± 16 % was reported 

at N/S=0.46 by Fernández et al. (2013).  

The studies coupling the denitrifying ammonium oxidation (DEAMOX) with autotrophic 

denitrification and ANAMMOX were performed, suggesting the S0 accumulation  

at N/S=1.0 molar ratio according to the stoichiometry proposed by Liu et al. (2015):  

S2- + NO3
- + H2O → S0 + NO2

- + 2OH- (1.12) 

Alternatively, novel processes assuming simultaneous nitrogen and sulfur removal for S0 

recovery combining, ANAMMOX and autotrophic desulfurization-denitrification have 

been described by Guo et al. (2016): 

2NH4
+ + 2.64NO2

- + 1.3S2- + 0.132HCO3
- + 3.38H+ → 2.3N2 + 1.3S0 + 

0.132CH2O0.5N0.15 + 5.62H2O 
(1.13) 

1.3.2 Temperature 

The optimal temperature for denitrification was reported within 20-30 ○C (Grady Jr et al., 

2011). Biological processes are very sensitive to temperature and their transitions.  

In anaerobic digestion process, it is therefore recommended to limit the temperature 

variation to less than 1 ○C (Grady Jr et al., 2011). Temperature strongly influences  
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the rates of conversion, activity of microbial groups, and the structure of microbial 

consortia (Bialek et al., 2012; Rebac et al., 1995; Sumino et al., 2012). Almost all full-scale 

biological treatment systems operate under mesophilic or thermophilic conditions.  

The temperature requirements are variable depending on the microorganism.  

The optimal temperature of Thiobacillus denitrificans growth for denitrification was 

reported as 32.8 ○C (Kelly and Wood, 2000). The other most commonly reported 

autotrophic denitrifier Sulfurimonas denitrificans exhibits the optimum growth at 22 ○C 

(Takai et al., 2006). Microorganisms conducting autotrophic denitrification are mostly 

mesophilic and thermophilic (Syed et al., 2006).  

The optimum temperature for autotrophic denitrification is 33-35 ○C (Oh et al., 2000). 

The studies on low temperatures related to the simultaneous NO3
- and HS- removal are 

rarely performed. Temperature studies in batch cultures in the range of 15-30 ○C were 

performed by Y. Xu et al. (2016) where complete NO3
- removal was obtained. A few 

studies, dealing with other reduced sulfur compounds like S2O3
2- and S0 have been found 

as well. Batch experiments on denitrification under the S2O3
2- presence comparing 

different temperatures revealed that a few Thiobacillus denitrificans strains are capable 

of denitrifying at 10 and 5 ○C (Trouve et al., 1998). It has been reported that a complete 

S2O3
2--driven denitrification in 3-20 ○C temperature range can be performed. On the 

other hand, at low temperatures, the bed expansion, and cell detachment were 

observed, not affecting the denitrification performance (Di Capua et al., 2017). In S0-

driven autotrophic denitrification, the temperature lower than 10 ○C led to the decrease 

in denitrification efficiency to 60-70 % (Sahinkaya et al., 2014). In this work, the 

temperature studies in EGSB reactor were performed in the range of 25-10 ○C and are 

presented later in this thesis. 

Temperature is not only related to appropriate microbial growth conditions but also to 

the economic feasibility. Substantial energy input is required to heat a bioreactor to  

the treatment temperature. It has been reported that heating of wastewater prior to 

treatment, can consume up to 30 % of the energy produced in the anaerobic digestion 
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(Scully et al., 2006). The operation at low temperatures (or temperatures equal to  

the influent temperature) can reduce the heating requirements. 

Temperature has an impact on the physical parameters of water. As the temperature 

drops, the water density, and viscosity increases, limiting the substrate diffusion into  

the biofilm (Sumino et al., 2012) (Figure 1.4). Low temperatures affect the cellular 

processes like cell membrane fluidity, mass transfer, and protein folding (D’Amico et al., 

2006). Thus, the proteins structure and cell membrane characteristic substantially differ 

at low temperatures. The membranes fluidity can be improved at low temperatures 

through changes in the membrane lipid composition and synthesis of ‘cold-shock’ 

proteins to sustain a regular protein synthesis (McKeown et al., 2012).  

 

Figure 1.4: Kinematic viscosity of water in temperature (adapted from Kestin et al., 

1978). 

The low temperatures are always related to low biomass regeneration. It has been 

reported that at temperatures <15 ○C the hydraulic washouts of psychroactive sludge can 

occur (Lettinga et al., 1999; Yamamoto-Ikemoto et al., 2000). The hydrolysis rate of 

entrapped organics in UASB reactor is also affected by temperature, decreasing from  

58 % at 25 ○C to 33 % at 10 ○C, simultaneously reducing the methanogenic activity  
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and leading to granules autolysis (Uemura and Harada, 2000). Earlier granular sludge bed 

studies report that the granule diameter decreases under the psychrophilic conditions 

(10-12 ○C) and it was argued as being related to the erosion phenomenon (Rebac et al., 

1995). A more recent study reported that the settling velocity of granule increases around 

1.7-1.8 times from 5 and 40 ○C (Winkler et al., 2012). These observations may explain why 

the start-up of granular sludge reactors at low temperatures is long and troublesome.  

To overcome this limitation zeolite was used as a carrier material for enhancing the start-

up process of autotrophic denitrification, shortening it by 50 %; the process was carried 

out at an uncontrolled temperature (Montalvo et al., 2016). 

However, certain successful operations at low temperatures have been reported.  

The continuous operation of the EGSB reactor led to the efficient treatment of 

wastewater at 10 ○C (Syutsubo et al., 2008). Some studies indicate that the anaerobic 

degradation can be possible even at 2 and 1 ○C at reduced conversion rate (Scully et al., 

2006; Zou et al., 2016).  

The acclimation of mesophilic biomass to low temperatures may be achieved through 

successive changes in the community structure, showing a selective pressure of 

psychroactive microorganisms (McKeown et al., 2012). Psychrophiles can proliferate  

at low temperatures and higher water viscosity, overcoming the reduced enzyme activity, 

decreased membrane fluidity, altered nutrient and waste transport, decreased rates of 

transcription, translation, cell division, protein denaturation, inappropriate protein 

folding, and intracellular ice formation (D’Amico et al., 2006). The successive changes in 

community structure are slow; thus, the changes in temperature in engineered systems 

using granular sludge without carrier material should be imposed slowly.  

1.3.3 pH 

One of the most important factors considered during the design and operation of 

biological treatment reactors is pH. The biological processes are highly vulnerable to pH 

fluctuations affecting the reactor performance and even causing their failure; pH affects 
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the stability of enzymes, state of substrates, transport of substrate through the cell 

membrane, ATP synthesis, and other biological processes (J. Xu et al., 2016). 

During the denitrification process, the pH value increases in systems without a good 

buffer capacity. Alkalinity savings can be obtained by using NO2
- (Chung et al., 2014).  

HS- as the electron donor source reduces the alkalinity requirements in comparison to S0 

where the protons need to be neutralized, e.g., using limestone (Yang et al., 2017). To 

ensure proper pH and an increase in alkalinity, the studies on effect of eggshell addition 

(consisting almost entirely of CaCO3) to autotrophic denitrification with HS- were reported 

(Y. Xu et al., 2016). Eggshells could maintain neutral conditions in a pH range of 7.05-7.74, 

revealing better properties than either the oyster shell or limestone. The combination of 

autotrophic and heterotrophic denitrification that produces CO2 can positively influence 

the pH stability (Park and Yoo, 2009). 

The optimum pH range for autotrophic denitrification was reported to be around 6.5-7.5 

(Oh et al., 2000). Microorganisms involved in autotrophic denitrification like Thiobacillus 

denitrificans can grow in a wide pH range (4.0-9.5) with an optimum at pH between 6-7. 

However, even an alkaliphilic group performing autotrophic denitrification was found 

within γ-Proteobacteria (Shao et al., 2010; J. Xu et al., 2016). Other studies state that 

near-neutral pH (7.5-8.0) and a weak base (8.5-9.0) are efficient for desulfurization under 

NO3
- presence (Krishnakumar and Manilal, 1999; J. Xu et al., 2016). Bacterial communities 

are more sensitive to acidic pH in comparison to alkaline pH. Mahmood et al. (2008) 

reported that the NO3
- and HS- removal dropped at acidic pH=3, while the highest 

performance was obtained at pH=8. Studies with O2 as the electron acceptor for H2S 

reveal the same phenomena. 

The studies on autotrophic denitrification with HS- shows a higher sensitivity to pH shocks 

than to the substrate shocks while the recovery from pH shocks was reported as faster 

than from the substrate shocks (Cai et al., 2010).  
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2 Aim, objectives, and approach 

The experimental studies concerning the biological oxidation of H2S with NO3
- are 

discussed in this thesis. The main aim of this work is to better understand the process 

conditions and mechanisms to increase the robustness of autotrophic microbial H2S 

oxidation.  

The objective of these investigations was to evaluate the temperature (25-10 ○C) and N/S 

ratio influence on the simultaneous NO3
- and H2S removal. Additionally, the dynamics of 

microbial communities under temperature stress were examined, and a method for 

indirect H2S measurements was developed. 

The scope included literature studies related to the biological H2S removal, construction 

and operation of the EGSB reactor, and statistical analysis of obtained data. 

In Article I, the short-term temperature impact was evaluated including the scanning 

electron microscopy (SEM) investigations. The temperature impact in the long-term 

experiment and description of microbial community dynamics is described in Articles II 

and III. Article IV focuses on the N/S ratio impact on the process under psychrophilic 

conditions. Temperature and N/S ratio impacts were modeled in Article V. In addition, 

unpublished results give a more detailed description of the developed method for H2S 

measurements used in these investigations.  
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3 Materials and methods 

A brief overview of the research strategy, organization, materials and methods is included 

here. More detailed descriptions can be found in the attached Articles. 

3.1 Research strategy and organization 

The study began with a literature review on H2S removal methods. From a multitude of 

removal methods, the research was focused on the biological methods where the NO3
- is 

supplied as the electron acceptor for H2S removal. Before the experimental studies on 

temperature and N/S ratio started, the analytical methods and experimental setup had 

to be designed, developed, and built. A flow diagram of the research strategy is provided 

in Figure 3.1. 

The experimental work, along with the majority of analytical work, was conducted  

at University of South-Eastern Norway (USN), campus Porsgrunn. Part of the analytical 

work was performed in cooperation with external partners. The microbial community 

analyses were performed at the University of Warmia and Mazury (Poland), while  

the SEM analyses were carried out at the Lublin University of Technology (Poland).  

The experimental work was performed in an expanded granular sludge bed (EGSB) 

reactor in two trials. Each trial was preceded with the acclimatization period of around 1 

month.  

The first short-term trial was focused on the evaluation whether the process can run  

at frequent temperature changes (25-10 ○C) and S0 can be stored on granular sludge.  

The results are described in Article I.  

The main trial was performed over the 150 days (excluding acclimatization period). 

During this trial, the temperature impact (25-10 ○C) in a longer time span and different 

N/S ratios (0.35-1.30) were studied. Obtained results were analyzed based on chemical 

markers and by using Gibbs free energy and electron balance. The microbial communities 

in biomass samples at different temperatures were examined. The results from the main 

trial are included in Articles II-IV.  
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Additionally, the preliminary attempt to the mathematical modeling of the data obtained 

from the main trial is described in Article V.  

 

Figure 3.1: Research strategy flow diagram.  
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3.2 Reactor configuration 

The EGSB reactor used in this research was designed and built at USN. The laboratory-

scale reactor made of polycarbonate had an effective volume of 0.5 L with 32 mm inner 

diameter and 620 mm effective height (Figure 3.2). The reactor was equipped with gas, 

sample, and sludge removal valves. A recirculation loop, effluent, and feed were 

connected to the reactor; the recirculation loop and feed were equipped with peristaltic 

pumps. Due to the focus on the temperature impact, the reactor temperature was 

maintained by a cold plate cooler (TE Technology, Inc., Traverse City, MI, USA) attached 

before the reactor inlet. Additionally, the recirculation loop was equipped with a pH 

meter for continuous measurements. The detailed overview of the reactor working 

parameters is given in Articles. 

 

Figure 3.2: Experimental setup. 
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3.3 Influent and analytical methods 

The reactor was continuously fed with laboratory-prepared synthetic wastewater that 

consisted of nitric acid (HNO3) as the electron acceptor and sodium sulfide nonahydrate 

(Na2S·9H2O) as the electron donor. Sources of the electron acceptor and donor were 

prepared and supplied in separate tanks. The pH buffer, macro-, microelements,  

and vitamins were supplied. The detailed feeding parameters are given in Articles. 

Samples obtained from experiments were analyzed immediately for nitrate (NO3
-), sulfate 

(SO4
2-), sulfide (HS-), and thiosulfate (S2O3

2-). The presence of nitrite (NO2
-) was only 

qualified, however, during the experimental periods its presence was not detected. 

Before analysis, samples were filtered and diluted.  

The analyses were performed by ion chromatography (Dionex ICS-5000) using potassium 

hydroxide (KOH) as the eluent. The used method was developed prior to the experimental 

period and was improved between the trials. Sample separation and elution in the main 

trial was performed by using an IonPac AS11-HC 2mm analytical column. Analysis started 

at 22 mM KOH, gradient started at 6 min, ramped up in 3 min to 45 mM and kept at that 

concentration for another 4 min. The data acquisition time was 13 min, while the 

injection volume was 10 µL and the flow rate 0.3 mL/min. A chromatogram is presented 

in Figure 3.3. 

 

Figure 3.3: Chromatogram of the employed analytical method. 
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The developed method for anions analysis was expanded to build an indirect method for 

HS- determination described in Chapter 4.6 (Unpublished results – Indirect analysis of 

sulfide in environmental samples).  

Anion analysis was the key measurement method used during these studies. However, 

other analytical methods and measurements like total solids (TS), volatile solids (VS), 

microbial community analysis, and SEM were also used. The detailed description of 

microbial community analysis and SEM is given in Articles.  
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4 Summary of results 

In this section, the research leading to the five papers, key findings, and method 

development are summarized. 

4.1 Article I – Short-term temperature impact on simultaneous 

biological nitrogen-sulphur treatment in EGSB reactor 

This study is focused on the short-term temperature effect (25-10 ○C) on an expanded 

granular sludge bed (EGSB) reactor for HS- removal using NO3
- as an electron acceptor. 

The reactor was run at N/S ratio of 0.35 and pH of 8.5-9.0. Temperature variations had 

an impact on the product distribution. The S2O3
2- and SO4

2- increased with decreasing 

temperature. HS- conversion to S0 amounted up to 76 %. At the temperature range of 15-

10 ○C, the effluent sulfur concentration exceeded the influent sulfur concentration, 

suggesting the loss of earlier accumulated sulfur from the granular sludge bed.  

Sulfur and iron were found on the granular sludge surface by using SEM. It was 

hypothesized that FeS and S0 are present on the granular sludge surface, confirming S0 

accumulation. Additionally, struvite was found inside the granules. 

4.2 Article II – Metabolic divergence in simultaneous biological 

removal of nitrate and sulfide for elemental sulfur 

production under temperature stress 

In this article, the simultaneous removal of NO3
- and HS- at temperature stress (25-10 ○C) 

in EGSB reactor in the longer timespan was evaluated. The EGSB reactor was run over 

120 days at N/S molar ratio of 0.35 (for S0 production) under constant sulfur loading rate 

of 0.4 kg S/m3d.  

The simultaneous removal of NO3
- and HS- was achieved under the applied conditions. 

Average HS--S removal varied from 98 % at 25 ○C to 89.2 % at 10 ○C, with complete NO3
- 

removal. The temperature changes did not have a strong impact on substrates removal, 

while the relative presence of effluent sulfur components was more affected.  
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The temperature drops caused a decrease in the granular sludge S0 accumulation by 

nearly 2.5 times from 45.2 % at 25 ○C to 18.3 % at 10 ○C. Simultaneously, the SO4
2- 

production increased from 14.4 % at 25 ○C to 22.1 % at 10 ○C. 

Changes in products distribution with temperature decrease leading to lower S0  

and higher SO4
2- production were explained as metabolic divergence. At lower 

temperatures, the more exergonic reaction (SO4
2- production) was increasing its share. 

On the basis of the substrate metabolism analysis and Gibbs free energy calculations, it 

was observed that the changes in metabolism allowed the microbial communities to 

obtain more energy per HS- consumed.  

The overall Gibbs free energy, including the removal rate of substrates remained nearly 

constant over the whole temperature range due to the decreasing HS- removal, complete 

NO3
- removal and increasing SO4

2- production. It is hypothesized that the metabolic shift  

is a natural response of microorganisms to compensate for the temperature-induced 

changes in energy requirements. It is also hypothesized that the temperature drop 

induced the changes in microbial community structure, which influenced changes in 

products distribution and substrates removal. 

4.3 Article III – Temperature-induced changes in microbial 

community under autotrophic denitrification with sulfide 

The objective of this study was a further investigation of the temperature impact on 

simultaneous NO3
- and HS- removal with focus on changes in microbial communities.  

High throughput sequencing indicated that the transition from methanogenic conditions 

(inoculum sludge) to the imposed experimental conditions led to the development of 

Proteobacteria share in microbial community. Proteobacteria comprised 72.1 and 71.0 % 

of all sequences obtained from the biomass at 25 and 10 ○C, respectively, while the share 

of Proteobacteria in the inoculum was minor (4.8 %). Changes in temperature reveal that 

the Shannon-Wiener diversity index of biomass was highest in the inoculum (7.19), lower 

at 25 ○C (6.60) and the lowest at 10 ○C (6.19). A similar tendency was observed for 
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evenness index. Even with lower diversity, the bacterial community was evidently capable 

of utilizing the supplied inorganic feed throughout the studied temperature range.  

The β-Proteobacteria (mainly Thauera sp. and Alicycliphilus sp.) predominated at 25 ○C 

(64 %) when the S0 accumulation was the highest (45 %). Decreasing the temperature to 

10 ○C reduced both the abundance of β-Proteobacteria (to 28 %) and the accumulation 

of S0 (to 18 %). At 10 ○C, chemolithoautotrophic sulfide-oxidizing bacteria belonging 

mainly to ε-Proteobacteria (Sulfurimonas sp.) were abundant in the biomass (over 31 % 

of all sequences) and SO4
2- production increased slightly. Increased presence of  

ε-Proteobacteria implies their competitive advantage at low temperatures.  

Based on the comparison of the most abundant Proteobacteria classes and effluent sulfur 

compounds, the reactor effluent characteristics, especially in S0 accumulation, appeared 

to be associated with the microbial community. The 2.5 times lower S0
acc  

at 10 ○C (compared to 25 ○C) was reflected in the β-Proteobacteria presence that 

diminished to a similar degree as S0
acc (nearly 2.3 times) from 64 % at 25 to 28 % at 10 ○C. 

4.4 Article IV – Effects of N/S molar ratio on products formation 

in psychrophilic autotrophic biological removal of sulfide 

This study aimed to evaluate the effects of different N/S molar ratios as a strategy to 

control sulfur products distribution in an EGSB reactor at 10 ○C.  

Four different N/S molar ratios (0.35, 0.40, 0.60, and 1.30) were tested through the 60 

days of the experiment. Efficient psychrophilic HS- removal with sulfur products oxidation 

control by NO3
- supply is documented.  

The highest HS- removal was obtained at N/S=0.35 and 1.30 (89.1 ± 2.2  

and 89.6 ± 2.9 %). Removal of HS- was lesser at mid-N/S with the lowest value (76.9 ± 

2.6 %) at N/S=0.60. NO3
- removal remained high for all N/S ratios (98.7 ± 2.8 %). N/S 

molar ratio influenced the sulfur products distribution. Each increase in NO3
- resulted 

in a SO4
2- concentration rise, depletion of S0 fractions and pH drop, even in case of 

N/S=0.40 (based on a catabolic reaction, Eq. 1.8). Results clearly indicate that the 
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appropriate N/S ratio for S0 production is lower than that reflected in the catabolic 

reaction.  

At the highest studied N/S ratio (1.30), the sum of sulfur components in the effluent 

was 22 % higher than in the influent during this period. The excess of effluent sulfur is 

explained by the oxidation of previously accumulated elemental sulfur (S0
acc).  

The observed phenomena must have a temporary nature until the S0
acc in the granules 

is exhausted. Oxidation of accumulated S0 under the presence of unreacted HS- can be 

explained by culture flexibility in utilizing the available resources for energy gain.  

Obtained experimental results show the offset form theoretical values with good 

match only at N/S=1.30.  

4.5 Article V – Modeling N/S ratio and temperature effects in 

simultaneous biological denitrification and sulfide oxidation 

This article was focused on N/S ratio and temperature modeling based on the obtained 

experimental results. Modeling can facilitate further understanding and optimization of 

simultaneous biological NO3
- and HS- removal. So far, models related to autotrophic 

denitrification are based on fixed stoichiometry or yield values. 

The developed model, which includes variable process stoichiometry, attempts to predict 

the distribution of sulfur oxidation products. Stoichiometric coefficients are based on 

combined experimental results from temperature (25-10 ○C) and N/S ratio (0.35-1.30) 

studies. The model can be used as a prediction tool for autotrophic denitrification with 

HS-. S0 production is included in the mathematical model, however, its accumulation  

and release (as SO4
2-) with increasing N/S ratio (e.g., leading to higher effluent than feed 

total sulfur mass at N/S=1.30) is not simulated. A conceptual model accounting for  

the biological accumulation and release of elemental sulfur is proposed here as a next 

step in refining the model. 
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4.6 Unpublished results – Indirect analysis of sulfide in 

environmental samples 

Sulfides generation in natural waters and wastewaters is mainly related to sulfate 

reduction by sulfate reducing bacteria (SRB). Hydrogen sulfide (H2S) is characterized by  

a strong odor of rotten eggs, lipophilicity, and toxic properties (Whiteman et al., 2011). 

Due to the adverse impact of sulfide and their gaseous derivatives, the measurements of 

sulfide are of great interest. Many dissolved inorganic forms of sulfur exist in natural 

waters. Sulfates (SO4
2-), sulfides (H2S, HS-, and S2-), elemental sulfur (S0), and thiosulfates 

(S2O3
2-) seem to prevail in aquatic systems (Hurse and Abeydeera, 2002). Substrates of 

sulfur oxidation, such as S2- and S2O3
2- exhibit high reactivity and instability that leads to 

their decomposition or oxidation. Due to these properties, determination of S2- and S2O3
2- 

is difficult. Analytical methods for S2- determination include classical, chromatographic, 

electrochemical, and spectrophotometric techniques (Lawrence et al., 2000). Currently, 

the common methods for S2- determination in environmental analyses are the iodometric 

method and the methylene blue method, which represent classical  

and spectrophotometric methods, respectively (Patnaik, 2010). Both of these methods 

face problems related to their standardization procedure, where for classical titration 

losses of sulfur during the titration process are significant and the potential presence of 

S2O3
2- can lead to overestimation of the final result (Florence and Farrar, 1980). 

Additionally, the spectrophotometric method gives inappropriate results in the presence 

of PO4
3- and in case of colored samples (Percheron et al., 1996). The EPA does not 

recommend any method for dissolved S2- measurements (Reese et al., 2011).  

Chromatographic methods like ion chromatography (IC) allow for S2- measurements by 

means of a UV detector, where the usage of conductivity detector is not possible. To 

detect and quantify S2- with a conductivity detector, it is necessary to transform S2- into 

a stable form which would prevent losses to the gas phase or other transformations.  

Complete oxidation of S2- present in the liquid sample will result in the formation of SO4
2- 

that is an equivalent to S2-. Among the common oxidizing agents, we can distinguish 
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chromate (CrO4
2-), hydrogen peroxide (H2O2), perchlorate (ClO4

-), and manganate (VII) 

(MnO4
-).  

Potassium manganate (VII) (KMnO4) is used to remove iron and H2S from wastewater 

through manganese filters (Jang et al., 2003; Zhang et al., 2015). The potential of KMnO4 

can also be adapted in analytical methods. The reaction of unstable forms of sulfur  

(S2- and S2O3
2-) with KMnO4 leads to the oxidation of sulfur species to SO4

2- (Eqs. 4.1, 4.2). 

4H2O + 3S2- + 8MnO4
- → 8MnO2 + 3SO4

2- + 8OH- (4.1) 

H2O + 3S2O3
2- + 8MnO4

- → 8MnO2 + 6SO4
2- + 2OH- (4.2) 

In this work, ion chromatography with conductivity detector was proposed for 

determination of S2-, S2O3
2-, and SO4

2-, where S2- is measured indirectly as an increase in 

the SO4
2- concentration caused by the oxidation with KMnO4. 

4.6.1 Materials and methods 

Reagents 

All reagents were prepared from analytical-reagent grade chemicals. Deionized water 

with a specific resistance of 18.2 mΩ was used to prepare the solutions (Thermo 

Smart2Pure, USA). All stock solutions were prepared on a daily basis.  

Stock solutions preparation 

Calibration solutions were prepared for SO4
2- and S2O3

2- by dilution in deionized water. 

Solutions for SO4
2- calibration (9.38-150 mg/L) were prepared by dilution of a standard 

solution, which contains 1000 mg/L of SO4
2- (as Na2SO4) (Merck Millipore, Germany). 

S2O3
2- calibration solutions (6.25-100 mg/L) were prepared by diluting 0.0113 N  

of the Na2S2O3 standard solution (Hach Lange, Germany).  

A stock solution containing 100 mg/L of S2- was prepared by dissolving 0.749 g of 

Na2S·9H2O (Alfa Aesar, Germany) with deionized water to 1000 mL in the nitrogen-
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sparked volumetric flask. The working standards (6.25-50 mg/L) were carefully diluted 

and mixed with deionized water.  

The working standards of S2O3
2- (10-40 mg/L) were made by diluting the 0.0113 N of 

Na2S2O3 standard solution (Hach Lange, Germany).  

Solutions of KMnO4 (Merck Millipore, Germany) were prepared by dissolving in deionized 

water. Their concentrations depended on the concentration of S2- and S2O3
2- in  

the working solution, in accordance to Eqs. 4.1 and 4.2 with 5 % excess. 

Working standards were oxidized by addition of KMnO4 solution. It resulted in blackish 

manganese dioxide (MnO2) solids precipitate that was removed with 0.45 µL filter  

(first 2 mL of filtrate was removed) and subsequently transferred to 1.5 mL PP vials to be 

measured immediately.  

Instrumentation 

Dionex ICS-5000 ion chromatograph equipped with a Dionex IonPac AG11-HC (2x50 mm) 

guard, IonPac AS11-HC (2x250 mm) separating column (23 ○C) and a conductivity 

detector (30 ○C) was used in the experiment. Dionex ASRS 300 2mm suppressor (17 mA) 

was attached in front of the conductivity detector. The samples were injected with  

a Dionex AS-AP autosampler. The data processing was done with Chromeleon 7.1 

software (Thermo Scientific Dionex, USA). A potassium hydroxide (KOH) gradient was 

applied with automatic eluent generator using an EluGen cartridge (EGC II KOH, Dionex, 

USA). 

Experimental design 

Working solutions of S2- (6.25, 12.5, 25, and 50 mg/L) and S2O3
2- (10, 20, 40, and 80 mg/L) 

were measured after oxidation in 3 replications. Analysis started at 22 mM KOH, gradient 

began after 6 minutes and within the following 4 minutes, it increased to 45 mM, 

maintaining this concentration for another 4 minutes. The data acquisition time  

was 13 minutes. The injection volume was 10 µl and the flow rate 0.3 mL/min. Obtained 

SO4
2- concentrations were recalculated on the S2- and S2O3

2- equivalents. 
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4.6.2 Results and discussion 

The direct measurements of S2- on an IC equipped with a conductivity detector are not 

possible, as no signal is obtained during S2- analysis. Suppressor converts S2- to H2S  

and consequently, the analyte is not charged when it passes through the conductivity 

detector (Keller-Lehmann et al., 2006). However, the determination of SO4
2- and S2O3

2- 

on IC equipped with a conductivity detector is possible. The oxidation process was 

adapted for the detection of S2- using an IC equipped with a conductivity detector.  

Sulfide and thiosulfate oxidation – method evaluation 

Oxidation of S2- and S2O3
2- by KMnO4 was performed in the presented studies. During  

the experiment preparation, hydrogen peroxide (H2O2) was briefly tested as an oxidizing 

agent. The obtained results (under the excess of H2O2) have shown the problems 

associated with H2O2 excess decomposition (H2O2 → H2O + ½O2) which led to sample 

concentrating and pressurizing in sample vials. Possible further H2O2 decomposition after 

sample injection can cause problems in a detector cell. The above-mentioned adverse 

effects do not occur with KMnO4 excess. The result of the reaction between KMnO4  

and S2- or S2O3
2- is MnO2 precipitate (Mn+VII → Mn+IV) and SO4

2- (S-II → S+VI) which act as 

the equivalent of the oxidized sulfur compounds (Fig. 4.1).  
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Figure 4.1: Standard solution chromatogram of S2O3
2- (dashed line) and S2O3

2- 

oxidized to SO4
2- (solid line). 

The chromatograms of the same S2O3
2- concentration (20 mg/L) with and without 

oxidation show that peak height and peak area representing S2O3
2- after oxidation  

(as SO4
2-) is nearly two times larger (AreaSULFATE/AreaTHIOSULFATE=1.81) than before 

oxidation. This feature can positively influence the method sensitivity. 

Additionally, the presented method allows a simultaneous elution of Cl-, NO2
-, NO3

-  

and PO4
3- (data not shown). The presence of carbonate (CO3

2-) and high concentration of 

Cl- may induce a modification in SO4
2- peak shape due to the close elution of CO3

2- 

between Cl- and SO4
2- peaks (Giuriati et al., 2003). It may lead to difficulties with proper 

quantification. However, appropriate dilution of a particular sample may overcome this 

adverse impact of adjacent peaks.  

Retention time for SO4
2- equaled 4.9 min, whereas, for S2O3

2-, it was 11.5 min. The use of 

gradient allowed shortening the S2O3
2- retention time.  

Oxidation process with 5 % excess of oxidizing agent proceeded satisfactorily, confirming 

the theoretical assumptions. A linear correlation was obtained between the expected  

and found concentration of SO4
2- with a determination coefficient 0.9998 (S2-) and 0.9999 

(S2O3
2-) (Fig. 4.2; Table 4.1 and 4.2).  
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Figure 4.2: Expected vs. found SO4
2- concentration after HS- oxidation (left), after 

S2O3
2- oxidation (right). 

Table 4.1: Results of S2- determination after KMnO4 oxidation. 

Sample spiked (mg/L) Found (mg/L) 
Recovery (%) 

S2- KMnO4 S2- 

50 197.32 

49.77 99.54 

49.67 99.33 

49.74 99.47 

25 98.66 

24.64 98.58 

24.68 98.71 

24.75 99.02 

12.5 44.33 

11.99 95.95 

12.02 96.13 

12.01 96.05 

6.25 24.66 

6.23 99.66 

6.21 99.28 

6.21 99.28 
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Table 4.2: Results of S2O3
2- determination after KMnO4 oxidation. 

Sample spiked (mg/L) Found (mg/L) 
Recovery (%) 

S2O3
2- KMnO4 S2O3

2- 

80 315.71 

81.39 101.74 

80.48 100.61 

78.65 98.31 

40 157.85 

40.28 100.7 

40.08 100.2 

39.98 99.94 

20 78.93 

19.74 98.72 

19.70 98.48 

19.67 98.37 

10 39.46 

9.63 96.29 

9.58 95.83 

9.57 95.65 

S2- recovery was between 95.95-99.66 %, the lowest recovery was obtained  

for 12.5 mg S2-/L. S2O3
2- recovery ranged between 95.65-101.74 %, with the lowest 

recovery for 10 mg/L of S2O3
2-. Obtained deviation in recovery (<98 %) may be caused by 

manual preparation and dilution of samples.  

Recommended procedure 

The application of the presented method in liquid environmental samples containing 

several forms of dissolved sulfur and S2- should be based on a dual procedure (Fig. 4.3). 

A sample should be divided into two sub-samples. The first sub-sample ought to be 

oxidized (KMnO4). Obtained result would represent the total sulfur concentration  

(as SO4
2-

OX), whereas the second sub-sample ought to be analyzed without oxidation 

(SO4
2-, S2O3

2-). The utmost diligence should be maintained in connection with the rapid 

oxidation of S2- and possible transfer to the gas phase as H2S. Data obtained from two 
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sub-samples can be recalculated regarding S2- concentration based on Eqs. 4.3  

and 4.4.  

[SO4
2--SOX] = [SO4

2--S] + [S2O3
2--S] + [S2-] (4.3) 

[S2-] = [SO4
2--SOX] – [SO4

2--S] – [S2O3
2--S] (4.4) 

The examples of sulfide-containing samples preservation have been previously described 

(García-Calzada et al., 1999, Keller-Lehmann et al., 2006). Sulfide antioxidation buffer 

(SAOB) usually comprises an alkaline solution (NaOH) and complexing agents (EDTA, citric 

acid, ascorbic acid). In anion exchange chromatography, hydroxides (OH-) are used  

as eluents; thus, the addition of OH- would lead to peak overlapping and differences in 

peak area, peak shape, and retention time in accordance to the calibration procedure 

excluding SAOB impact (Fritz et al., 1987). The composition of universal SAOB is difficult 

to determine due to the varying characteristic of environmental samples. Therefore, 

while using this method on environmental samples, an emphasis should be placed on  

the mentioned aspect, especially when the time between sampling and analysis is 

extended. Uncontrolled sample oxidation may cause overestimation of SO4
2- and S2O3

2-, 

while the S2- will be underestimated. 

 

Figure 4.3: Recommended procedure for S2- and S2O3
2- determination. 

Sample (S2- containing)

Sub-sample + 
KMnO4

Filtration 

(0.45 µm)

Analysing

(SO4
2-

OX)

Sub-sample 
(preserved)

Analysing

(SO4
2-, S2O3

2-)
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5 Conclusions 

The biological method for autotrophic hydrogen sulfide removal using nitrate as  

an electron acceptor in a granular sludge bed reactor, established and investigated in this 

study, proved to be efficient and controllable. The experimental work was performed in 

a high rate reactor, demonstrating the efficiency of the approach compared to standard 

industrial methods. This chapter summarises the overall research findings regarding  

the two critical parameters: temperature and N/S ratio, their significance, implications 

and future aspects.  

5.1 Temperature 

The temperature impact studies are usually limited to the most favorable temperature 

range for SOB. Here, the temperature effects were studied in a high rate continuous flow 

reactor in the 25-10 ○C temperature range and invariable feeding properties. High HS- 

removal rates at the range from 98 % (25 ○C) to 89.2 % (10 ○C) were obtained at both 

meso- and psychrophilic conditions. The decreasing temperature did not affect the NO3
- 

removal (not detected in the effluent samples). Thus, the autotrophic HS- removal can be 

performed with satisfactory results at temperatures often encountered in colder 

climates. Consequently, the temperature maintenance costs can be reduced. 

The temperature influenced the products distribution more than substrates removal.  

A step-wise temperature decrease caused a change towards more oxidized products.  

At lower temperatures SO4
2- production increased while the S0 accumulation decreased. 

The average S0 yield ranged from 83.7 % at 25 ○C to 67 % at 10 ○C while the SO4
2- presence 

increased from 14.4 % (25 ○C) to 22.1 % (10 ○C).  

Further evaluation of the obtained results was focused on Gibbs free energy analysis  

and microbial community analysis at different temperature levels. The goal of these 

analyses was to explain the changes in products composition and HS- removal. The Gibbs 

free energy analysis revealed that the changes in removal rate and product 

characteristics allowed microorganisms to maintain a similar reaction energy  

(for catabolism) at each temperature. This metabolic shift allowed the biomass to obtain 
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more energy per HS- consumed by higher production of SO4
2-. That is hypothesized to be 

a natural response of microbiota to compensate for the temperature-induced changes.  

5.2 Microbial communities 

The observed metabolic shift as an adaptation to psychrophilic conditions is supported 

by the microbial community analysis. The microbial communities analyzed at 25 and 10 
○C differed significantly. Thauera sp. and Alicycliphilus sp. (both β-Proteobacteria) 

prevailed and comprised over 57 % of all identified sequences under mesophilic 

conditions (25 ○C). ε-Proteobacteria (mostly Sulfurimonas sp., 31.3 %) dominated under 

psychrophilic conditions (10 ○C).  

Changes in the relative abundance of these Proteobacteria classes were similar to  

the changes in product composition. Especially, in case of S0
acc, which production 

decreased 2.5 times from 25 to 10 ○C while the presence of β-Proteobacteria  

(Thauera sp. and Alicycliphilus sp.) decreased by 2.3 times. This suggests that their 

presence is related to the HS- oxidation to S0 and its accumulation. 

5.3 N/S molar ratio 

The different N/S ratios (0.35, 0.40, 0.60, and 1.30) were examined under psychrophilic 

conditions (10 ○C) after the temperature studies. The HS- removal was influenced more 

by the N/S ratio changes than by the temperature changes. The highest HS- removal was 

obtained at the lowest and highest studied N/S ratios, 89.2 and 89.6 %, respectively. 

Lower HS- removal was obtained at intermediate N/S ratios with the lowest, 76.9 % 

obtained at N/S=0.60. Products distribution followed the general stoichiometric trend 

with more oxidized products as more NO3
- was available. The concentrations deviated 

from theoretical predictions, implying that the reactions in continuous flow sludge bed 

bioreactors are more complicated than accounted for in stoichiometric models.  

Increasing N/S feed ratio caused, as expected, an increase in SO4
2- production. Depletion 

of stored S0 was, however, also observed during this change even though literature claims 

that such oxidation occurs only when reduced sulfur compounds are depleted. 
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Apparently, the S0 accumulated during the low N/S feed ratio was utilized at higher N/S, 

serving as an electron donor reserve. This utilization of stored energy led to SO4
2- 

production and total effluent S concentration higher than total influent S. This can explain 

the lower removal of HS- at mid-N/S ratios and high sulfur concentration obtained in  

the effluent at N/S=1.30.  

Loss of the earlier accumulated S0 (observed as higher effluent than feed sulfur 

concentration) emphasizes the importance of feed N/S ratio control in continuous 

process performance with variable inlet HS- and NO3
-. The presence of S0 was confirmed 

by SEM analysis where sulfur and iron on the granular sludge surface (as FeS and S0) were 

observed. Struvite was also found, implying that the investigated process can combine 

efficient sulfide removal with minerals precipitation where electron acceptor supply has 

a strong impact on product quality. 

5.4 Future aspects 

On the basis of the experience from the presented work, a few future aspects can be 

addressed enabling to further develop practical applications and give deeper insight into 

the biological HS- oxidation with NO3
-. 

Further investigations related to the studied process ought to be focused on the product 

quality/purity. The investigations focused on the decrease of SO4
2- production at N/S 

ratios referring to S0 production and increasing the S0 accumulation both under 

mesophilic and psychrophilic conditions should be performed. To achieve this goal, the 

working parameters like HRT, vertical velocity, slight N/S ratio corrections and reactor 

design should be investigated. Investigations ought to be followed with microbial 

community analysis, such as the relationship with S0 accumulation and specific 

microorganisms can be found as in this study. Naturally, the scaling up from laboratory 

scale to, e.g., pilot scale is necessary for the process development. 

The oxidation of accumulated S0 was observed during this work. However,  

the mechanisms of this oxidation remain unknown. It occurs in contradiction  
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to the literature stating that oxidation of accumulated S0 occurs only when reduced sulfur 

compounds are depleted. Here, it was observed that the bacteria oxidized accumulated 

S0 in the presence of reduced sulfur compounds, probably to recover energy stored as 

sulfur. Further experiments focused on S0 oxidation shall be performed to better 

understand this phenomenon. Such investigations should also lead to an improved 

mathematical model and process simulations since such S0 release is not accounted for 

in the current models.  

Since granular SOB sludge can accumulate S0, such granular sludge can be harvested to 

maintain a stable sludge bed should be investigated in the future. Struvite was also 

observed to accumulate in the granules. Minerals precipitated in such granules may have 

a certain value and improve the environmental and economical attractiveness of  

the studied process, and should, therefore, be studied further. The obtained granular 

sludge consisting of S0 and struvite may even serve as a fertilizer without further 

processing.  
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Metabolic divergence in simultaneous biological removal 
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under temperature stress 

 

Michal Sposob, Rune Bakke, & Carlos Dinamarca 
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