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1 

1.1. The need for gas desulfurization 

Sulfur is a key element to sustain life on Earth as it plays a significant role 

in biological and geochemical sulfur cycles. Sulfur has a wide range of oxidation 

states [1]. In its most reduced form, S(-II), it is a constituent of many biologically 

active compounds and therefore involved in many biochemical reactions. In its most 

oxidized form, S(VI), sulfur is present in sulfate (SO42-) ions, which after HCO3- 

and Cl- is the third most abundant anion in rivers and seawater [2].  

The biological and geological sulfur cycles have been significantly perturbed 

by human activities leading to the emission of sulfur dioxide (SO2) into 

the atmosphere. SO2 contributes to the increase of the rainwater acidity and dry acid 

deposition (as sulfates) leading to environmental problems. In Europe, SO2 

emissions are the most dominant ones after carbon dioxide (CO2), carbon monoxide 

(CO) and nitrogen oxides (NOx) (Fig. 1) [3].  

 

 

Figure 1. Annual emission estimates for different pollutants (left) and for sulfur 

dioxide by source (right) for Europe in 2006 [3,4]. VOC - volatile organic compounds. 

 

Around 90 vol.% of the total SO2 emissions originating from land-based 

anthropogenic sources can be contributed to the combustion of fossil fuels 

(Fig. 1) [3]. The sulfur atom is entrapped in organosulfur compounds like thiophenes, 

thiols (RSH) or thioethers (R2S) [5]. Without treatment, burning these sulfur 

compounds leads to SO2 formation. The adverse effects of sulfur pollution are well 

known, such as acid rain, health effects, odor irritation and corrosion of steel [6–9]. 

An example of SO2 pollution is the Great Smog of London in 1952 during which 

almost 5000 people died due to increased concentrations of air pollutants 

in combination with bad weather conditions [10]. Taking into account these negative 
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effects and rapid growth of SO2 emissions in the 1960’s (Fig. 2), governments 

of industrialized nations set up emission control strategies to protect the public health 

and the environment [11]. 

 

Figure 2. Global sulfur dioxide emission levels due to fuel combustion and process 

emissions. Predicted values are given for the period 2015 - 2030 [12,13].  

 

Although a set of emission control strategies stopped the further increase in SO2 

emissions in 1980 (Fig. 2), actual values will remain high i.e. 110 million tons SO2 per 

year in 2015. It is expected that SO2 emissions will remain at this level up to 2030 

(Fig. 2) [13]. The total world petroleum consumption increased from 49.4 in 1971 

to 91.2 million barrels per day in 2013 [4,14], representing a 84% increase. 

Steadily increasing demand for transportation fuels and increasingly stringent 

legislation to mitigate against high SO2 emissions encourage the development 

of innovative and cost-effective technologies that can be applied for the removal 

of sulfur pollutants from crude oil and gas streams. The Thiopaq O&G process 

is an example of such an innovative method for gas desulfurization, in which 

specialized microorganisms are applied to convert dissociated hydrogen sulfide (HS-) 

to elemental sulfur (S8) under ambient pressures and temperatures. This process 

was developed in the early 90’s and after 25 years more than 200 commercial 

installations have been built worldwide thereby reflecting the demand for such 

processes (Fig. 3). 
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Nowadays, biodesulfurization processes mainly focus on the removal of H2S 

but not on organosulfur compounds (VOSC), which can also be present in sour gas 

streams (Section 1.2). VOSCs contribute to air pollution and are much more toxic 

to humans than hydrogen sulfide. They are also notoriously difficult to biodegrade. 

The knowledge about the effects of organosulfur compounds on biodesulfurization 

processes is relatively scarce. In the long term, cost-effective technologies 

are required to remove both H2S and organosulfur compounds to prevent air pollution 

and to meet the required product specifications, e.g. in case of natural gas treatment. 

 

 

Figure 3. Cumulative number of full-scale Thiopaq installations for biogas, refinery 

gas and natural gas biodesulfurization. 

 

1.2. Sulfur compounds polluting gas streams 

Emissions of sulfur oxides are governed by the crude oil sulfur content [15], 

which can range from 0.025 to more than 5 wt% [16]. Thus, the total sulfur content 

is a key parameter in most of petrochemical quality control processes [17]. The new 

US EPA 2010-2015 regulations for highway and non-road fuels reduced 

the maximum allowable sulfur content from 500 ppm(w) down to 15 ppm(w) per 

gallon average [18,19].  
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In sour gas, the main sulfur impurities in sour gas streams are H2S, 

thiols (RSH), diorgano polysulfanes (R2Sx), carbonyl sulfide (COS) and carbon 

disulfide (CS2) as presented in Table 1. Too high concentrations of polluting 

compounds in gases will lead to problems during processing and transportation. 

Typically, H2S has to be below 3 ppm(v) to meet the sales specifications of natural 

gas and synthesis gas [20]. Based on the information in Table 1, it can be seen that 

H2S and methanethiol are the major sulfur impurities in various gas streams. 

The physicochemical properties of H2S and thiols are described in the following 

sections. 

 

1.2.1. Hydrogen sulfide 

Hydrogen sulfide is a colorless gas having a characteristic rotten eggs odor 

(Table 2). Wet H2S is very corrosive to carbon steel which corrosion rates can 

exceed 2.5 mm per year [21]. This rate is dependent on pH, temperature and H2S 

concentration. Hydrogen sulfide is soluble in polar solvents, especially 

in alkanolamines, which are used as scrubbing liquids for H2S removal from gas 

streams [22,23]. Hydrogen sulfide can be oxidized by a number of oxidizing agents, 

from which O2 and SO2 are the most relevant in respectively the production of SO2 

in sulfuric acid plants and for the recovery of elemental sulfur in the Claus 

process [24]. Moreover, H2S causes the precipitation of many heavy metal containing 

salts, which enables the recovery of these compounds from diluted aqueous waste 

streams [25]. Important reactions of H2S with respect to biodesulfurization are 

described in section 1.4.1. 

Inhalation of H2S can lead to serious health problems. Exposure 

to 0.002 - 8 ppm(v) of H2S for 4 - 7 hours causes shortness of breath, nausea, 

headache, throat and eye irritation, while exposure to 1000 ppm(v) for 1 min leads 

to sudden death [26]. Above 100 ppm(v) the sense of smell is deadened, preventing 

that its odor can warn against its presence in the air. An exposed person to H2S may 

become unconscious, with no chance to escape from the contaminated area [27]. 

Because of the above reasons, the American Conference of Governmental Industrial 

Hygienists (ACGIH) established in 2015 the time-weighted average (TWA) 

concentration for H2S at 1 ppm(v) for a conventional 8-hour workday to which 

workers may be exposed without adverse effect (Table 2). 
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1.2.2. Thiols 

Thiols are sulfur analogues of alcohols with a general formula of RSH, 

where R represents an aliphatic chain. The property that distinguishes thiols most 

from other compounds is their unbearable odor (Table 2). For example, 

thiols are used as malodorants in combustible gases to warn for a gas leakage. 

ACGIH set the TWA concentration at 0.5 ppm(v), which is 2 times lower than for H2S 

(Table 2). Thiols react with many rubber-containing materials, e.g. gaskets used 

in flanges [42]. Thus, alternative materials should be considered when working 

with thiols in the laboratory, e.g. Teflon or Viton. Short-chain thiols are weak acids 

with pKa values around 10.4 [43,44]. This enables their removal in gas absorbers 

by strong alkaline solvents under the formation of reactive nucleophiles [45]:  

RSH + OH- → RS- + H2O      (1) 

In contrast to alcohols, which can be oxidized to their corresponding carbonyl 

compounds (e.g. aldehydes or ketones), thiols are not oxidized to thiocarbonyls [46]. 

This is because of the larger size of the sulfur atom compared to the oxygen atom. 

Consequently, oxidation of the thiol group can lead to disulfides, sulfenic, sulfinic 

or sulfonic acids [47]. Symmetric disulfides are formed in exothermic reaction of thiols 

with variety of oxidants, like hydrogen peroxide, oxygen or sulfur [45,48]: 

2 RSH + 0.5 O2 → RS2R + H2O     (2) 

RSH + S8 → RS9- + H+       (3) 

RSH + RS9- → RSnR + Sx2- + H+, with n+x = 10  (4) 

The chemical oxidation rate of thiols decreases with increasing chain length because 

of steric hindrance [49]. The main product from the reaction between elemental sulfur 

and thiols is diorgano pentasulfide, which immediately undergoes interconversion 

reactions to form a complex mixture of organosulfur compounds:  

2 RSnR ↔ RSn-1R + RSn+1R, with n>3    (5) 

Asymmetric sulfides can be formed by exchanging the organic groups or by reaction 

with thiols [45]: 

R1SnR1 + R2SnR2 ↔ 2 R1SnR2     (6) 

R1SH + R2SnR2 ↔ R1SnR2 + R2SH    (7) 

Thiols also readily react with alkenes to form diorgano sulfides [50]: 

R1SH + R2CH=CH2 → R1SCH2CH2R2    (8) 
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Reaction 7 and 8 show that the sulfhydryl can disrupt the intermolecular disulfide 

bonds and double bound in alkenes. These bonds are essential for stability 

of the biological structures, therefore, thiols can result in alteration of enzyme 

structures and its inactivity [62]. Besides thiols, dissociated sulfide anions can disrupt 

the disulfide that generates persulfides: 

RS2R + HS- ↔ RS2H + RS-     (9) 

Persulfides exhibits ambiphilic properties, i.e. can behave as an electrophile 

or a nucleophile, which makes these compounds important in redox biology [63,64]. 

 

1.3. Physicochemical removal of volatile sulfur compounds from gas streams.  

 Atmospheric pollution is a result of anthropogenic activities, among which 

combustion of fossil fuels is a major source (Section 1.1). Emissions of H2S 

and volatile organic sulfur compounds (VOSC) represents a worldwide environmental 

problem. Therefore, a priority nowadays is to minimize emissions of these sulfur 

compounds by desulfurization of sour gas streams, which are defined as streams 

exceeding 4 ppm of H2S [65]. 

Removal of H2S from industrial gas streams is performed on a large scale 

(> 50 tons of sulfur per day) in the natural gas and refining industries. Most 

processes for H2S removal are based on a closed recirculation systems that consists 

of H2S absorption and regeneration of the treating solution, e.g. amine solvent [66]. 

At large scale, H2S is usually removed in a combined process including amine 

treatment and the Claus process (Fig. 4). In the amine treatment, H2S is removed 

from the gas stream in a gas-liquid countercurrent flow contactor (Fig. 4) by a fast 

reaction with the amine to form hydrosulfide species. Key parameters of the amine 

treatment step are the circulation rate and the strength of the washing solution [67]. 

The extracted H2S is stripped from the amine solvent to form a concentrated H2S 

stream, commonly called “acid gas” (Fig. 4). Further, acid gas is sent to the Claus 

sulfur recovery plant (Fig. 4), which is a complex and highly integrated system 

consisting of a high temperature furnace stage and a series of catalytic stages. 

In the Claus process H2S is oxidized to elemental sulfur according the following 

reaction: 

H2S + 0.5 O2 → 1/8 S8 + H2O     (10) 
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Figure 4. Simplified process scheme for the amine sweetening process 

in combination with Claus sulfur recovery process and tail gas unit (TGU). 

 

Around 65 - 70 % of sulfur is recovered in the furnace stage, in which besides sulfur 

also SO2 is formed [68]. Before a sulfur condenser, hot gas from the furnace 

is cooled in a waste heat boiler which generates high pressure steam [68]. Produced 

SO2 is later used to react with H2S in the catalytic stages over an alumina- or titanium 

dioxide-based catalyst. The simplified equation for production of sulfur in the catalytic 

converters is as follows: 

2 H2S + SO2 ↔ 3/8 S8 + 2 H2O     (11) 

The above reaction is an equilibrium reaction and therefore it is not possible 

to convert all incoming H2S into elemental sulfur. For this reason, two or more stages 

are applied to achieve >99% conversion of the inlet H2S to elemental sulfur [66]. 

For improved sulfur recovery (>99.8%), the tail gas unit (TGU) can be applied, such 

as SCOT or Superclaus [69,70]. In TGU, the remaining H2S is selectively oxidized 

to elemental sulfur by applying specific catalysts. 

Besides the Claus process, H2S can also be removed in other 

physicochemical processes, such as Lo-Cat and SulFerox process [71]. In these 

processes, chelate complexes of iron(III) are used as catalysts to oxidize sulfide 

to elemental sulfur. Afterwards, iron(III) is regenerated by oxidation of the formed 

iron(II), by blowing air into the process solution. Systems in which sulfide is oxidized 

in redox processes are characterized by high maintenance costs, frequent process 

disruptions and large volumes of toxic waste products [71]. 

Next to the air pollution caused by H2S, the emission of VOSCs is a major 

environmental problem. Therefore, several chemical processes to remove VOSCs 

from sour gas streams were developed as well, such as Merox, Sulfex, Mericat 
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and Thiolex in combination with a regeneration technology [72]. These processes are 

mainly based on the application of a fiber-film contactor [72], which consist 

of a cylinder packed with metal fibers. This contactor is characterized by a high 

interfacial surface area between gas and liquid phase, which allows VOSCs to easily 

diffuse from the gas to the liquid phase. Technologies applying fiber-film contactors 

require smaller processing vessels. Moreover, they are characterized by lower waste 

generation and up to six times shorter separation times than conventional contactor 

systems [73].  

Merox and Thiolex are the most commonly applied processes for chemical 

removal of VOSCs. More than 200 references of Thiolex systems worldwide are built 

to desulfurize sour gas streams in fields such as gas production, crude distillation 

and fluid catalytic cracking. In the Thiolex process, thiols are removed by caustic 

extraction in a fiber-film contactor (Fig. 5). Typically, the Thiolex process is coupled 

with a technology in which rich caustic streams are regenerated (Fig. 5). 

 

 

Figure 5. Schematic representation of the Thiolex process coupled with a solvent 

regeneration step (Regen) [74]. 
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Extracted thiols in the Thiolex process are converted in the solvent regeneration step 

(Regen process) to diorgano polysulfanes with air (Eq. 2) in the presence 

of a catalyst, such as iron containing chelates [75]. Hereafter, the formed diorgano 

polysulfanes are separated and removed in a second fiber-film contactor. The Merox 

process is similar to the Thiolex process, except a multistage extraction contactor 

is used instead of a fiber-film contactor to enable the contact between untreated gas 

stream and the caustic solvent stream. 

 

1.4. Biological gas desulfurization 

A variety of physicochemical processes can be applied to treat sour gas 

streams. However, these are characterized by high installation and operating cost 

due to high temperatures, pressure and chemical use and, often, relatively high 

residual concentrations. Alternatively, biological processes have been developed, 

which operate under ambient temperature and atmospheric pressure, 

and the chemical consumption is minimal [76]. Next to lower power consumption, 

biological processes are characterized by high rates of pollutants removal, 

much lower residual (tails) concentrations and small footprint [77]. Because of very 

low sulfide concentrations in the off-gas, a TGU is not needed resulting in lower 

investment cost. Moreover, in biological processes emission of CO2 is strongly 

reduced while emission of SO2 is eliminated. 

The use of biological gas desulfurization processes become increasingly 

popular and cover relatively wide range of techniques, e.g. biofilters, biotrickling filters 

gas lift reactors, continuous stirred-tank reactors (CSTR) or membrane reactors. 

Most of these processes consist of two-steps [78], in which the first step is meant 

to transfer pollutants from the gas phase into a liquid phase. In the second step, 

the transferred pollutants are degraded by microorganisms. The individual techniques 

differ in bioreactor configuration and biomass location. Reactors with immobilized 

biomass, like biofilters, are exposed to many factors affecting their performance. 

For example, biomass build-up can result in high back pressures, anaerobic zones 

and decreased reactor performance [79]. Inefficient mixing can lead to pH-gradients, 

which in turn, can affect biological activity and the overall process performance [80]. 

Although in biotrickling filters some of these problems were solved, product 

accumulation can occur, which then can lead to clogging problems, unwanted 
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pressure drops, and therefore, a decreased process performance [81]. Methods 

for solving these problems were described [81–84] but they are not necessarily 

practical. Two-stage reactor systems are proposed to avoid aforementioned 

problems. An example of such a system is a process for biogas desulfurization 

known as Thiopaq O&G [85]. The objective of this thesis is to increase the operating 

window of the Thiopaq O&G process. 

 

1.4.1. Technology and the sulfur cycle 

The Thiopaq O&G process consists of a gas absorber, a bioreactor 

and a sulfur removal unit (Fig. 6). In the gas absorber, H2S is absorbed in an alkaline 

solvent according to [86]:  

H2S(G) ↔ H2S(L)        (12) 

H2S(L) + OH- ↔ HS- + H2O      (13) 

H2S(L) + HCO3- ↔ HS- + CO2 + H2O    (14) 

Dissolved H2S will react with hydroxyl ions (Eq. 13). The operating pressure ranges 

from atmospheric pressure up to 75 bar [87]. Next, the loaded solvent is fed 

to the gas-lift-loop bioreactor (Fig. 6). In the bioreactor, sulfide is biologically oxidized 

to elemental sulfur, referred to as biosulfur according to: 

HS- + 0.5 O2 → 1/8 S8 + OH- (biotic)    (15) 

It can be seen that the acidity produced during the absorption of H2S (Eq. 13) 

is compensated by the formation of hydroxyl ions (Eq. 15). Next to biosulfur particles, 

also small amounts of sulfate are produced [86,88]: 

HS- + 2 O2 → SO42- + H+ (biotic)     (16) 

It shall be noted that the above equations are simplified versions of the underlying 

biochemical pathways [89]. Formation of sulfur and sulfate in the bioreactor is related 

to the O2/H2S supply ratio resulting in a certain equilibrium sulfide concentration, 

which, in turn, results in a particular value of oxidation-reduction potential (ORP) 

of the process liquid [90]. In the final section, elemental sulfur is separated from 

the solvent in the sulfur settler (Fig. 6). The recovered biosulfur is hydrophilic 

and dispersible in water [91], and can be used for sulfuric acid production, as a soil 

fertilizer and as fungicide [92]. It could also be a source of elemental sulfur for large-

scale biosynthetic applications such as the synthesis of methionine. 
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Figure 6. Block process diagram of Thiopaq O&G process for sour gas 

desulfurization. 

 

Besides aforementioned biological sulfide oxidation (Eq. 15 and 16) 

the chemical, i.e. non-biological, oxidation of sulfide proceeds through a chain 

reaction mechanism [93]. In the first step, sulfide is transformed in the presence 

of oxygen to elemental sulfur: 

2 HS- + O2 + 2 H+ → 1/4 S8 + 2 H2O    (17) 

In the second step, sulfide reacts with sulfur to form pentasulfide anions in a two-step 

reaction:  

HS- + S8 ↔ S92- + H+      (18) 

S92- + HS- → 2 S52- + H+      (19) 

The formed pentasulfide anions (Eq. 19) undergo an interconversion reaction 

and a chemical equilibrium will be established [94] according to: 

2 Sx2- ↔ Sx-12- + Sx+12-, x ≥ 2     (20) 

It should be noted that reactions 18 - 20 can take place in the gas absorber as well 

as the bioreactor (Fig. 6) and contribute to dissolution of elemental sulfur, which has 

an autocatalytic effect: 

Sx2- + 1/8 S8 → Sx+12-      (21) 

Finally, the formed polysulfide anions follow an auto-oxidation reaction 

in the presence of molecular oxygen [95]: 

Sx2- + 1.5 O2 → S2O32- + (x-2)/8 S8    (22) 

Reactions 17 to 22 give an overview of chemical sulfide oxidation, 

which in the current thesis will be written in a simplified form: 

HS- + O2 → 0.5 S2O32- + 0.5 H2O     (23) 
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 Polysulfide anions play a significant role in biodesulfurization systems as they 

enhance the physical dissolution of sulfide due to equilibrium reactions [96] and can 

be biologically oxidized to elemental sulfur [97–99]. Speciation of polysulfide anions 

is not affected by pH within the range of polysulfides chemical stability 

(i.e. pH = ~7 - 12) [100]. At lower pH values polysulfide anions react with hydrogen 

ions [101] to form elemental sulfur: 

Sx2- + H+ ↔ HS- + (x-1)/8 S8     (24) 

Moreover, it is known that the total concentration of polysulfide anions increases with 

increasing pH (Fig. 7). This, has a significant effect on the product selectivity 

of the overall biodesulfurization process. For example, with increasing pH, formation 

of thiosulfate (Eq. 22) increases, while formation of biosulfur decreases [102]. It was 

found that the most optimal pH for the process is around 8.5, at which complete H2S 

absorption occur and formation of thiosulfate is minimal [102]. 

 

 

Figure 7. Total concentration of polysulfide anions at different pH values with initial 

sulfide and sulfur concentration of 0.1 and 1 mM, respectively. Calculations were 

made by using OLI Analyzer Studio software (Version 3.1, OLI Systems Inc., NJ). 
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1.4.2. Microorganisms and sulfide oxidation pathway 

The Thiopaq O&G process operates under haloalkaline conditions, 

i.e. at elevated pH values (>8.5) and sodium carbonate concentrations above 1 M 

to ensure high H2S absorption efficiencies and to minimize freshwater requirements. 

Previous studies have shown that certain groups of gammaproteobacterial 

chemolithotrophic sulfur-oxidizing bacteria (SOB) are suitable biocatalysts for sulfide 

oxidation because of their high salt and pH tolerance [97,99]. In particular, 

Thioalkalivibrio sulfidophilus was identified as the dominant SOB species 

in Industriewater Eerbeek B.V., the Netherlands [103,104], which has been used as 

an inoculum for most of the Thiopaq O&G plants. The genus Thioalkalivibrio 

is characterized by a high-salt tolerance between 0.5 - 2 M Na+ and an optimum pH 

for growth and activity of sulfide oxidation between 9 and 10 [97]. The salt 

concentration is the most important driving force influencing the microbial 

composition and survival of haloalkaliphilic SOB [105]. Thioalkalivibrio utilizes 

reduced sulfur compounds, such as sulfide, polysulfide anions, thiosulfate, elemental 

sulfur (all species), tetrathionate and thiocyanate (some species) as electron donor 

[97–99,106]. Its capability for the simultaneous oxidation of both sulfide 

and polysulfide anions, produced in reaction between dissolved H2S and biosulfur 

(Eq. 18 - 21), makes Thioalkalivibrio spp. A highly suitable biocatalyst to be applied 

in the Thiopaq process. 

Thioalkalivibrio spp. can use a range of reduced sulfur compounds as e-donor. 

Based on the genome analysis of Thioalkalivibrio sulfidophilus, a hypothetical 

pathway was proposed for sulfide and thiosulfate oxidation (Fig. 8) [107]. From this 

pathway, it can be seen that sulfide is first transformed to zero-valent sulfur (S°) 

using flavocytochrome c sulfide dehydrogenase (FCC), which contains a flavin-

binding catalytic subunit and a diheme cytochrome c subunit [108]. The active site 

of the former consists of a disulfide bridge that is responsible for binding the sulfide. 

During the dehydrogenation of sulfide electrons are transferred to the respiratory 

c-type cytochromes (cyt). As ubiquinone-depended sulfide oxidation activity have 

also been observed in Thioalkalivibrio [107], it was also suggested that FCC 

additionally may use ubiquinones as electron acceptors [99,109], similar to its more 

ancient sister enzyme, sulfide-quionone oxido-reductase (SQR). Produced proton 

gradients enable SOB to gain energy for growth and maintenance. Depending 
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on the reduction degree of cytochrome c oxidase (CcO), the formed S° can be further 

transformed to sulfite [110], using a reversed dissimulatory sulfide reductase [107]. 

Finally, sulfite can be oxidized to sulfate by the two alternative routes (Fig. 8). 

First is a direct route, which uses sulfite dehydrogenase. Secondly, in an indirect 

route, sulfite is phosphorilated and then oxidized to sulfate in a two stage process 

by action of adenosine phosphosulfate reductase (Apr) and ATP-sulfurilase (Sat). 

In summary, sulfide oxidation to sulfur or sulfate in Thioalkalivibrio sulfidophilus can 

be considered as a single pathway that is redox dependent, i.e. at low redox values 

(high sulfide concentrations) the pathway is mainly limited to sulfur production. 

At higher redox values, zero-valent sulfur is further oxidized to sulfate [110]. 

In the literature these pathways can also be found as limited oxygen route (LOR) 

and full oxygen route (FOR) [111]. Oxidation of sulfide via LOR occurs under limited 

oxygen conditions (low redox conditions) and leads to the sulfur formation, 

whereas oxidation via FOR leads to the sulfate formation. 

 

 

Figure 8. Hypothetical pathway of biological sulfide oxidation in Thioalkalivibrio 

sulfidophilus proposed based on genome analysis [107]. 

 

 

1.4.3. Control of oxygen supply to bioreactor  

In most industrial processes the choice of a proper process control strategy 

is of crucial importance to ensure an efficient process performance. In our sulfur-

producing biodesulfurization process, the oxygen supply has to be accurately 

controlled to minimize the formation of sulfate ions and maximize the sulfur 

production. In addition, the pH and specific conductivity should be controlled 

to ensure optimal conditions for the microbial population. Modern model-based 

control systems can be able to predict a deviation of actual state variables from 
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desired values which can be counteracted by taking appropriate measures to avoid 

loss of process performance [112]. However, when microbial metabolisms 

are involved, this is not a straightforward task due to the complexity of the underlying 

biochemical reactions and non-linear behavior of the system. The likelihood that 

the system changes over time as a result of natural adaptation to changing process 

conditions and lack of understanding of the biochemical mechanisms may result 

in poor mathematical models. In recent years, various publications addressing 

several of these challenges were published [89,113]. 

In case of gas biodesulfurization processes, it is known that the production 

of biosulfur is strongly correlated with the sulfide concentration and the availability 

of oxygen [86,90]. Therefore, the application of a sulfide sensor in control systems 

could be beneficial. However, commercially available sensors for sulfide 

measurements are not robust at pH ≥ 8.5. For example, selective ion electrodes 

and amperometric sensors are characterized by temperature and ionic strength 

sensitivity, and have a short lifetime [114–116]. Because in the absence of other 

strong reductants the ORP is mainly determined by the sulfide concentration [90], 

ORP sensors are commonly applied instead of sulfide sensors. The ORP sensor 

is often used in combination with a proportional-integral-derivative (PID) controller 

to control the oxygen supply (Fig. 9) [117]. The advantage of this control strategy 

is its simplicity while no mathematical models are needed (black box). However, 

the effect of thiols and diorgano polysulfanes on this system is unknown. A spin off 

from this PhD project, is a patent submission for a new type sulfide sensor. 

This sensor overcomes aforementioned drawbacks of conventionally applied sulfide 

sensors [118]. 

 

Figure 9. Schematic representation of a simple feedback control system used 

to control the ORP in a bioreactor suspension.  
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1.5. Scope and outline of the thesis 

 Without treatment the combustion of fossil fuels will contribute considerably 

to air pollution. New bio-based processes have been developed to treat polluted gas 

streams [119,120]. Biological processes used to remove H2S from sour gas stream 

are currently most cost-effective at small and medium scales (less than 50 tons H2S 

per day). Broadening the application window of these processes will have a positive 

impact on air pollution and will allow for further reduction of costs related to gas 

desulfurization. However, the effect of thiols on aerobic bioprocesses is not 

understood while so far only preliminary studies were performed [121,122]. Hence, 

the research described in this thesis focuses on the effect of thiols on bioprocesses 

for H2S removal. The main research tasks are defined as follows: 

• Development of an analytical tool set to measure (in)organic sulfur 

 compounds at low levels; 

• Investigation of the thiols chemistry and fate of thiols in biodesulfurization 

 systems; 

• Assessment of the effect of elemental sulfur particles on the absorption rate 

 of thiols; 

• Investigation of the thiols presence on overall performance 

 of biodesulfurization systems; 

• Development of a strategy to mitigate the adverse effects of thiols 

 on the performance of biodesulfurization systems; 

• Proposition of a new system for combined H2S and thiols removal. 

In Chapter 2 analytical tools are described to quantify individual polysulfide 

anions in high saline matrixes. On the basis of our analysis, the average sulfur chain 

was calculated under different ORP conditions in both laboratory and full-scale 

biodesulfurization systems. The obtained results showed that laboratory systems 

mimics full-scale conditions and can be used for further experiments, 

and furthermore, can be applied in mathematical models describing gas 

biodesulfurization processes. 

 Although thiols exhibit inhibitory effects on SOB, their effect 

on biodesulfurization systems operated under haloalkaline conditions is yet unknown. 

To increase our understanding, the effect of methanethiol on biodesulfurization 

systems was studied under multiple redox conditions (Chapter 3). Our findings 
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suggest different susceptibilities of sulfur and sulfate production due to the presence 

of MT. This observation can be explained by the inhibition of a specific enzyme 

for the sulfate production. 

 Chapter 4 focuses on the inhibition of sulfur production by methanethiol. From 

two most dominant organosulfur compounds present in the bioreactor (methanethiol 

and its derivative dimethyl disulfide), methanethiol is the one responsible 

for the biomass inhibition. Moreover, a mathematical model was proposed to predict 

the bioreactor performance. Finally, a novel approach to measure the enzyme kinetic 

is proposed. 

 The results presented in the previous two chapters show a need to know 

the kinetic parameters describing inhibition of sulfide oxidation by SOB. In Chapter 5, 

the inhibition mode of sulfur and sulfate production is studied for three most common 

thiols and their diorgano polysulfanes. On this basis, the inhibition constants 

for sulfide oxidation were estimated for each inhibitor. The obtained parameters were 

used for validation of developed mathematical model describing sulfide oxidation 

pathway in SOB in independent experiments. 

 To expand the operational window of existing biodesulfurization systems 

for gas streams containing high concentrations of thiols, it is necessary to find 

microorganisms that are tolerant to withstand or convert these toxic compounds. 

In Chapter 6, the haloalkaliphilic SOB biomass originating from a full-scale gas 

desulfurization system fed with thiol-containing gas was adapted to methanethiol 

and used for experiments with higher thiols (ethanethiol and propanethiol). From our 

results it can be concluded that it is possible to remove H2S together with high thiol 

concentration. However, the results also show that new bioreactor controlling 

methods are necessary if feed gas streams contain other than sulfide redox-reducing 

compounds. Moreover, it is shown that the absorption capacity for thiols can be 

effectively enhanced by having biologically produced hydrophilic sulfur particles 

in the recirculating wash liquid. 

 Finally, Chapter 7 provides the summary of the most significant results 

and conclusions from the research chapters in perspective of development 

of the biodesulfurization technology for thiols removal. In this chapter discussion with 

respect to remaining research questions is provided. 
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Abstract 

 

Environmental pollution caused by the combustion of fuel sources containing 

inorganic and organic sulfur compounds such as hydrogen sulfide (H2S) and thiols, 

is a global issue as it leads to SO2 emissions. To remove H2S from gas streams such 

as liquefied petroleum gas (LPG), biological processes can be applied. In these 

processes, polysulfide anions (Sx2-) play a significant role as they enhance 

the dissolution of H2S and act as intermediates in the biological oxidation of hydrogen 

sulfide ion to elemental sulfur. Despite their important role, the distribution 

of the various polysulfide species in full-scale biodesulfurization systems has not yet 

been reported. With conventionally applied spectrophotometric analysis it is only 

possible to determine the total concentration of Sx2-. Moreover, this method is very 

sensitive to matrix effects. In this paper, we apply a method that relies on 

the derivatization of Sx2- to dimethyl polysulfanes. Owing to the instability of higher 

dimethyl polysulfanes (Me2S4 to Me2S8), standards are not commercially available 

and had to be prepared by us. We present a simplified quantification method for 

higher dimethyl polysulfanes by calculating HPLC-UV response factors based on 

the addition of internal standards. The method was subsequently used to assess 

the distribution of polysulfide anions in both a lab-scale and a full-scale 

biodesulfurization unit. We found that the average chain length of polysulfides 

strongly depends on the process conditions and a maximum of 5.33 sulfur atoms per 

polysulfide molecule was found. Results of this study are required by mechanistic 

and kinetic models that attempt to describe product selectivity of sulfide oxidizing 

bioreactors. 
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2.1. Introduction 

Inorganic polysulfides (Sx2-) and their methylated forms (R2Sx) play 

a significant role in biological and geological sulfur cycles [1]. Polysulfides are 

constituents of many biologically active compounds and are therefore involved 

in many biomechanisms [2,3]. Their biological significance in enzyme chemistry has 

been extensively reviewed [4]. Moreover, polysulfides play a crucial role in lithium-

sulfur batteries as they increase the capability rate and the range of operating 

temperatures [5], they are key reactants in industrial processes, e.g. in bioleaching 

of metal sulfides [6]. Polysulfides also are important in gas biodesulfurization 

processes that are used to remove toxic hydrogen sulfide (H2S) and organic sulfur 

compounds from a variety of gas streams (e.g. biogas, natural gas and synthesis gas 

from coal gasification processes). They enhance the dissolution of H2S by increasing 

the physical dissolution of sulfide due to equilibrium reactions [7] and can be 

biologically oxidized to elemental sulfur [8–10]. A two-step biological treatment 

process is often used to remove hydrogen sulfide from sour gas streams [11]. 

In the first step, H2S is absorbed in a mildly alkaline solution; in the second step, 

sulfur-oxidizing bacteria oxidize under oxygen-limiting conditions the hydrogen sulfide 

ions (HS−), hereafter referred to as “sulfide”, to elemental biosulfur. The exact 

mechanism of the underlying biochemical reactions is not yet fully understood 

but the overall reaction can be written in the following simplified form: 

HS- + 0.5 O2 → 1/8 S8 + OH-   (1) 

It has been shown that the biologically produced sulfur particles have different 

properties than standard yellow sulfur flower (S8). The formation of biosulfur 

in the periplasm of the organism relies on the transformation of amorfous sulfur 

compounds into biosulfur crystals that exhibit a hydrophilic character whereas 

standard orthorhombic, hydrophobic S8 crystals are hydrophobic [12,13]. At these 

conditions, polysulfide anions (Sx2-) are easily produced from the abiotic reaction 

between sulfide and the formed biosulfur particles as was described by Kleinjan et al. 

(2005) [14] (Eq. 2). In a biotechnological process for H2S removal this reactions takes 

place in the bottom section of the gas absorber before the sulfide loaded liquid enters 

the bioreactor [15].  

HS- + (x-1)/8 S8 ↔ Sx2- + H+   (2) 
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The product selectivity of the biological oxidation of sulfide is governed 

by the oxidation-reduction potential (ORP) [15,16]. Any change in the sulfide-to-

oxygen supply ratio influences the sulfide and polysulfide concentrations, 

and consequently affects the selectivity for S8, S2O32- and SO42- formation [15].  

In aqueous solutions, polysulfide anions are present as complex mixtures 

of Sx2- with x ≥ 2. Since the various polysulfide species rapidly establish chemical 

equilibrium (Eq. 3) [17], they cannot be separated by ion exchange 

chromatography [18]. Their spectrophotometric determination at a wavelength of 

285 nm is possible, as described earlier by Teder (1967) [19], but this indirect method 

still only determines the total polysulfide concentration. Another disadvantage 

of this method is the significant influence of the aqueous matrix. For example, 

in the presence of thiols (R-SH), diorgano polysulfanes (R-Sx-R) are formed, 

which will also absorb light at a wavelength of 285 nm.  

2 Sx2- ↔ Sx-12- + Sx+12-, x ≥ 2   (3) 

Van Leerdam et al. (2011) [20] studied the combined formation of Sx2- 

and dimethyl polysulfanes from reaction between methanethiol and biosulfur. 

However, this study concerned only a qualitative analysis as no quantification 

of the polysulfide species was possible. 

The aim of current study is to test whether a known method 

for the measurement of polysulfide species in surface water and seawater [21] is also 

suitable for high saline matrices (up to 1.5 M). And then, to describe the speciation 

of the individual polysulfide anions in samples obtained from lab-scale as well as full-

scale biodesulfurization systems. In contrast to small lab-scale reactors with spatially 

homogeneous reactor conditions, spatial and temporal heterogeneity can occur 

in full-scale reactors which will lead to changing ORP values which in turn will have 

an impact on the overall product selectivity. 

 

2.2. Materials and methods 

2.2.1. Experimental setup  

The experiments were performed in a glass falling film absorber that 

is integrated with a bioreactor (Fig. 1). Hydrogen sulfide (99.8 vol.%, 0-17 mL min-1) 

and nitrogen gas (99.995 vol.%, 0-350 mL min-1) were supplied to the gas absorber 
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using mass flow controllers (type EL-FLOW, model F-201DV-AGD-33-K/E, 

Bronkhorst, the Netherlands). The same type of mass flow controller was used 

to feed oxygen gas (99.995 vol.%, 0-30 mL min-1) to the reactor. Carbon dioxide 

(99.99 vol.%) was fed to the inlet of the gas absorber using solenoid valve (125318, 

Burkert, Germany). The oxygen and carbon dioxide supply were controlled 

with a multiparameter transmitter (Liquiline CM442; Endress+Hauser, Germany) 

based on the signals from the ORP sensor with an integrated Ag/AgCl reference 

electrode (Orbisint CPS12D; Endress+Hauser, Germany) and the pH sensor 

(Orbisint CPS11D; Endress+Hauser, Germany). Liquid recirculation (0.166 L min-1) 

between the reactor and the gas absorber was assured by a gear pump (EW-74014-

40, Cole-Parmer, USA). A gas compressor (N-840, KNF Laboport, USA) continuously 

recycled the gas phase (34 L min-1). The reactor and the gas absorber were kept 

at 35 °C with a thermostat bath (DC10-P5/U, Haake, Germany). Liquid samples were 

taken for analysis from two sampling points, located at the outlet of the gas absorber 

and in the bioreactor (Fig. 1). 

 

 

Figure 1. Flow scheme of the experimental setup used for lab-scale experiments.  
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2.2.2. Medium composition  

The carbonate/bicarbonate medium was buffered with 0.051 M Na2CO3, 

0.698 M NaHCO3 and 0.700 M KHCO3. The medium contained 1.0 g K2HPO4, 6.0 g 

NaCl, 0.20 g MgCl2 × 6 H2O, and 0.60 g urea, each per 1 L of demineralized water, 

and trace elements as described elsewhere [22]. The pH of the medium was 

8.50 ± 0.01 at 35 °C. 

 

2.2.3. Inoculum 

The reactor was inoculated with centrifuged biomass (1L before centrifugation) 

from a laboratory bioreactor. The original biomass came from a full-scale system for 

gas biodesulfurization located at Industriewater Eerbeek B.V. in the Netherlands [11]. 

Bacteria isolated from this reactor were recently identified as belonging to the genus 

Thioalkalivibrio [23].  

 

2.2.4. Experimental design  

The experiments were performed in duplicate and at four different ORP values 

(-250, -350, -410 and -450 mV). Each experiment lasted for 24 hours during which 

sampling was done in triplicate at regular time intervals. To maintain the desired ORP 

value, pure oxygen gas was supplied to the gas recirculation loop in the bioreactor. 

The ORP value was the key control variable parameter during each experiment. 

Despite the fact that the medium was highly buffered, pH control was necessary 

because of the continuous stripping of carbon dioxide from the gas absorber. 

To maintain the desired pH, carbon dioxide was supplied to the inlet of the gas 

absorber. Table 1 shows an overview of the process properties and experimental 

conditions. 

 

2.2.5. Sampling from a full-scale unit 

Sampling also took place at the full-scale installation for biogas desulfurization 

at Industriewater Eerbeek, the Netherlands, where the wastewater from three paper 

mills is treated in an anaerobic sludge blanket (UASB) reactor [11]. Liquid samples 

were taken from the loaded wash water after the gas absorber and from 
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the bioreactor. They were collected in glass bottles that were filled without leaving 

a headspace. Time of transport of the samples to the laboratory was about two 

hours. Analyses of samples from full-scale unit were carried out immediately after 

arrival in the lab. 

 

 

Table 1. Overview of the process conditions and properties of the lab-scale system. 

Properties and process conditions  

Reactor Falling Film Absorber 

Total reactor volume [L] 2.3 Temperature [°C] 35 

pH: 8.5 Column diameter [m] 0.011 

Salinity [M]: Column height [m] 0.8 

 Na+ 0.8 Total gas flow [Nm3 s-1] 2.8 × 10-6 

 K+ 0.7 H2S loading [Nm3 s-1] 2.5 × 10-8 

Temperature [°C] 35 Liquid flow [Nm3 s-1] 2.8 × 10-6 

H2S loading [mM d-1] 38.4 Gas velocity [m s-1] 0.035 

ORP set points [mV] (O2/H2S) Liquid velocity [m s-1] 0.186 

 
Run 1 -250 (2.18)   

 

 
Run 2 -350 (1.51)   

 

 
Run 3 -410 (0.63)   

 

 
Run 4 -450 (0.53)   

 
 

 

2.2.6. Analytical techniques  

All reagents were of analytical grade unless stated otherwise.  

Sulfide was measured as total sulfide (S2-tot) using a methylene blue method 

with a cuvette test (LCK653, Hach Lange, USA). Sulfide analysis was carried out 

immediately after sampling (or arrival in the lab), filtration over a 0.22 μm syringe filter 

(Millex G5 filter unit; Merck, Amsterdam, the Netherlands) and dilution with oxygen-

free Milli-Q water at least two times. 
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Dimethyl disulfide (DMDS), dimethyl trisulfide (DMTS) and higher dimethyl 

polysulfanes (Me2S4 to Me2S8) were determined with an HPLC equipped with a UV 

detector (Dionex UltiMate 3000RS, USA). The separation of these fractions was 

performed with an Agilent column (Zorbax Extend-C18 1.8 µm, 2.1 x 50 mm) 

at 20 °C; the UV detector was set to 210 nm. The mobile phase initially consisted 

of a mixture of methanol (15 vol.%) and water (85 vol.%). At 0.72 min, a convex 

gradient developed that led to the methanol concentration of 85% at 10 min. During 

the next 10 min, the conditions were isocratic; in the following 5 min, the methanol 

concentration decreased to 15%. In the final 5 min, the conditions were isocratic. 

The flow rate was maintained at 0.371 mL min-1 and the injection volume 

was 1.25 µL. 

The analysis method for polysulfide anions requires a derivatization of Sx2- 

using methyl triflate (≥98% pure, Sigma-Aldrich, the Netherlands) to form more stable 

dimethyl polysulfanes (Eq. 4) [21].  

Sx2- + 2 CF3SO3Me → Me2Sx + 2 CF3SO3- (4) 

Samples for polysulfide anions analyses were taken with glass syringes only (1010 

TLL SYR, Hamilton, USA) to avoid significant losses of any compounds 

due to adsorption onto plastic pipette tips etc. Sample filtration over a 0.7 μm glass 

fiber filter (AP40, 25 mm, Millipore, USA) enclosed in a metal housing (Microsyringe 

Filter Holder 25 mm, Merck) and subsequent derivatization was carried out 

immediately after sampling (or arrival in the lab) in a glove box to prevent the ingress 

of oxygen (oxygen was less than 0.1 vol.%). Separate Sx2- analyses before and after 

filtration, carried out in triplicate, indicated that the filtration step has no impact 

on the total sum and the average chain length of the polysulfides (xav) 

with the relative standard deviation (RSD) below 3% and 2%, respectively. After 

filtration step, sample was mixed with 60 µL methyl triflate in methanol-water medium 

as described elsewhere [21]. Depending on the type of reactor sample, 

salt precipitates sometimes occurred after addition of methanol. This, however, 

had no influence on the total sum and the average chain length of polysulfides 

as confirmed in tests performed in 0.37, 0.75 and 1.5 M salt medium. For each 

of these salinities, samples were prepared in triplicate and then analyzed. The RSD 

for xav and the total sum of polysulfides was below 2% and 3%, respectively. After 

derivatization step, the internal standard (dibenzo-a,h-anthracene, Supelco 
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Analytical, USA) in benzene (Sigma-Aldrich, the Netherlands) was added to a final 

concentration of 8 mg L-1. To remove the salt precipitates, we centrifuged 

the samples under anaerobic conditions in glass vials at 3300 x g for 10 min. 

Supernatant was analyzed immediately after centrifugation. 

 

2.2.7. Polysulfide standards preparation  

Only DMDS and DMTS are commercially available, as higher dimethyl 

polysulfanes are unstable. We prepared solutions containing higher dimethyl 

polysulfanes according to the following steps. 

1) A mixture of dimethyl polysulfanes ranging from Me2S2 to Me2S11 was 

synthesized according to a description given by Rizkov et al. (2004) [24] with 

the exceptions that hydrazine hydrate was used instead of hydrazine sulfate and that 

no elemental sulfur precipitation occurred in the final step. 

2) The dimethyl polysulfanes Me2S4 to Me2S8 were separated using high-

performance liquid chromatography (Dionex UltiMate 3000RS, USA) with an Alltima 

C18 column (Fisher Scientific; 10 μm, 10 x 250 mm) at 20 °C; the UV detector was 

set to 210 nm. Elution was accomplished with an isocratic mixture consisting 

of 95:5 (v/v) methanol:water at a flow rate of 2 mL min-1 and an injection volume 

of 25 µL. The separated fractions were stable for 24 hours in the case of Me2S4-6 

and 6 hours in the case of Me2S7-8 (data not shown). Acetonitrile and water were 

tested as alternative mobile phases for the separation of dimethyl polysulfanes; 

however, all fractions were unstable at these conditions. 

3) Determination of the dimethyl polysulfane concentration in each fraction was 

carried out after oxidation with nitric acid in a high-pressure vessel for 3 hours 

at 180 °C. The samples were analyzed for their total sulfur content with an inductively 

coupled plasma optical emission spectrometer (ICP-OES) (Perkin Elmer, Optima 

5300 DV, USA). Commercially available DMTS (Sigma-Aldrich, the Netherlands) was 

used to validate the method for determination of the dimethyl polysulfane 

concentration. The difference between the DMTS concentration of prepared solutions 

and the obtained results from ICP-OES analysis was below 1.5% in each of five 

replicates. Knowing the concentration of dimethyl polysulfanes, a three-point 

calibration curves were constructed from dilutions of the separated fractions. 
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2.2.8. Calculation of response factors  

UV response factors (RF) to quantify higher dimethyl polysulfanes for which no 

standards are available were determined through calibration with an internal standard 

(dibenzo-a,h-anthracene), according to Equation 5. 

஺ೄೣ
஼ೄೣ

ൌ RF ஺಺ೄ೅
஼಺ೄ೅

      (5) 

ASx and AIST are the peak areas of dimethyl polysulfane and the internal standard, 

respectively. CSx and CIST are the dimethyl polysulfane and the internal standard 

concentration in the sample. Table 2 lists the derived RFs for the quantification 

of Me2S4 to Me2S8. Detection limits were calculated including residual standard 

deviations and standard deviations of the estimated slopes (Table 2) [25].  

 

 

Table 2. Response factors (RF) with corresponding standard deviation (σ) 

and measuring ranges for various dimethyl polysulfanes relative to internal standard 

dibenzo-a,h-anthracene. 

Compound RF (σ) Measuring range [mg L-1] 

Me2S4 1.0 (0.1) 1.8 - 12.0 

Me2S5 0.97 (0.07) 1.2 - 18.2 

Me2S6 0.59 (0.04) 0.7 - 6.1 

Me2S7 0.38 (0.02) 0.7 - 11.0 

Me2S8 0.178 (0.007) 1.2 - 7.1 

 

 

2.3. Results and discussion 

In our laboratory-scale experiments, polysulfide anions were present 

in the liquid outlet of the gas absorber at all molar O2/H2S supply ratios 

(0.53 - 2.18 mol mol-1), whereas they could only be detected in the reactor 

at the lowest ratio (0.53 mol mol-1). As a result of chemical and biological oxidation 

processes, the total sum of polysulfides in the reactor was 15% lower than 

in the outlet of the gas absorber (i.e. 3.43 ± 0.05 mM S v. 2.93 ± 0.05 mM S). 
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At an O2/H2S supply ratio of 0.53 mol mol-1, too little dissolved oxygen was available 

to oxidize all the sulfide; therefore, the sulfide concentration in the reactor was 

substantially higher under these conditions than at higher O2/H2S supply ratios, 

leading to the formation of more polysulfides (Eq. 2). For the same reason, 

the concentration of sulfide and polysulfide anions in the outlet of the gas absorber 

decrease at increasing O2/H2S supply ratios (Fig. 2). 

 

 

Figure 2. Polysulfide (○) and sulfide (●) concentration in the outlet of the gas 

absorber at different oxidation reduction potentials (▲) and different molar O2/H2S 

supply ratios to the reactor. The H2S supply was 38.4 mM d-1 for all experiments. 

The pH for these measurements was 8.5.  

 

Pentasulfide was the most predominant polysulfide compound at all measured 

ORP values (Fig. 3), which formed according to Eq. 6 and 7: 

HS- + S8 ↔ S92- + H+    (6) 

S92- + HS- → 2 S52- + H+    (7) 
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These pentasulfide ions form complex mixtures of Sx2- with x ≥ 2 (Eq. 3). 

As pentasulfide was in equilibrium with other polysulfide species, the second most 

dominant anions were tetrasulfide and hexasulfide (followed by trisulfide 

and heptasulfide). The percentage of tetrasulfide ions constantly increased with 

increasing ORP values, whereas the higher polysulfide anions became less dominant 

at high O2/H2S supply ratios (Fig. 3). An explanation for this observation cannot be 

provided. 

 

 

 

Figure 3. Percentage of polysulfide species as a function of molar O2/H2S supply 

ratio. The applied sulfide load was 38.4 mM d-1, pH=8.5, T=35 °C. 

 

 

The average chain length can be calculated based on polysulfide speciation. 

In the liquid outlet of the gas absorber, the average polysulfide chain length 

decreased with increasing O2/H2S supply ratios (Fig. 4) what is related to increasing 

ORP values. At an ORP value of -450 mV, xav in the reactor was determined to be 

5.28 ± 0.02. This is in good agreement with the calculated value of xav based on 
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a kinetic model by Kamyshny et al. (2004) [26], which is 5.33 at fully anaerobic 

conditions (O2/H2S = 0). Moreover, there was a good correlation (R2=0.987) between 

xav in the liquid outlet of the gas absorber and the molar O2/H2S supply ratios (Eq. 8). 

௔௩ݔ ൌ െ0.262 ∙
ሾைమሿ

ሾுమௌሿ
൅ 5.334    (8) 

 

 

Figure 4. The average chain length at different molar O2/H2S supply ratios calculated 

based on speciation of polysulfide anions (●) and calculated based on kinetic model 

presented by Kamyshny et al. (2004) [26] for O2-free conditions (○) with fitted 

regression line (solid). The H2S load for all points was constant at 38.4 mM d-1. 

The pH for these measurements was 8.5.  

 

 

Several authors studied xav under similar experimental conditions with respect 

to sulfide and oxygen loading rates, pH, salinity, temperature but with different 

analytical methods [12,24]. Kleinjan et al. (2005) [14] found the polysulfide average 

chain length to be 4.59 ± 0.31, which is lower compared with the results presented 

in this study. However, the large standard deviation in the results of Kleinjan 
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and coworkers indicate that their method is less accurate than the one presented 

here. In addition, their measurements were not carried out in anaerobic conditions 

which likely lowered the average chain length of the polysulfides, owing to oxidation. 

Van den Bosch et al. (2007) [15] reported a value of 5.9 for xav, which is significantly 

higher than the values found by us. However, van den Bosch and colleagues used 

an indirect method to determine the average chain length, which may explain 

the different result. 

Several parameters influence the speciation of polysulfides in desulfurization 

reactors. First, our results show that oxygen has an important effect. Above 180 °C, 

temperature also has a significant effect [27], but this is not a factor in biological gas 

desulfurization processes. No significant effect of salinity on Sx2- speciation was 

found [15,21]. The method presented in this paper is not affected by high dissolved 

salt concentrations (up to 1.5 M), as confirmed by polysulfides analysis in different 

salinity samples (see Materials and methods). Moreover, pH does not affect 

the polysulfide speciation in the range in which polysulfides are stable 

(i.e. pH = 7 - 12) [26]. In situations in which pentasulfide is obtained from the reaction 

between sulfide and elemental sulfur (Eq. 2), the quantities of these substrates can 

be considered important factors as well. When elemental sulfur is not available 

in excess, a secondary reaction takes place, leading to a lower value of xav (Eq. 9). 

S52- + HS- → 2 S32- + H+    (9) 

The nucleophilic attack of the disulfide and trisulfide anions on elemental sulfur 

particles promotes their dissolution, which leads to hexasulfide formation (Eq. 10).  

S22- + 0.5 S8 ↔ S62-     (10) 

Then, the hexasulfide anion immediately disproportionates according to Eq. 3 

resulting in an increase of the value of xav. 

In addition to samples from the lab-scale reactor, also samples from a full-

scale biodesulfurization system were analyzed. To allow a like-for-like comparison 

only laboratory results for an O2/H2S supply ratio of 0.63 mol mol-1 were used 

because at these conditions both systems have the same overall redox value. 

The distribution of polysulfides after the gas absorber was similar for both 

systems (Fig. 5). The average polysulfide chain length in both systems was also 

similar, i.e. 5.18 ± 0.09 for the full-scale unit and 5.17 ± 0.03 for the lab setup. 

The trisulfide anion concentration was above the quantification limit (0.1 mg L-1) 
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in the full-scale unit. This can be explained by the higher volumetric H2S loading 

in the full-scale unit which leads to higher pentasulfide concentrations that serves as 

the precursor for other polysulfides (Eq. 6 and 7). The total sum of polysulfides 

in the outlet of the gas absorber in the full-scale unit was almost eight times higher 

than in the laboratory version (0.69 ± 0.03 mM S v. 5.41 ± 0.39 mM S); 

this is also because of higher H2S loading rates in the full-scale system. In both, 

full-scale and lab-scale bioreactor the O2/H2S supply ratio was above 0.63 mol mol-1 

and the polysulfide concentrations were below the detection limit (Table 2). 

 

 

Figure 5. The distribution of polysulfide species in samples taken from the outlet 

of the gas absorber in the lab-scale setup at an oxidation reduction potential 

of -410 mV and taken from the full-scale unit for biological H2S removal in Eerbeek 

(the Netherlands). 

 

2.4. Conclusions 

In summary, this paper describes the application of a known analytical method 

for dimethyl polysulfanes and polysulfides analysis at elevated salt levels. 

We present simplified quantification of higher dimethyl polysulfanes and Sx2- after 

methylation by calculating response factors based on the regression of the calibration 
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curves with internal standard addition. The method can be used to monitor upset 

situations in gas biodesulfurization systems that contain thiols which are 

characterized by a steep increase in the polysulfide concentration. In such situations, 

conventionally applied spectrophotometric method is biased because of matrix 

effects. Moreover, the method may also be used to measure polysulfides in many 

other fields of science where Sx2- can be present in high saline samples, 

e.g. bioelectrochemical or anaerobic sulfate reduction systems. 

This investigation of polysulfide speciation shows that there is an increase 

in the average chain length with decreasing redox conditions in desulfurization 

bioreactors. In the absorber outlet, the polysulfide average chain length was 

5.17 ± 0.03 at the commonly used ORP value of -410 mV [15]. This is the first study 

presenting the average chain length of polysulfides in biodesulfurization systems with 

such high accuracy. A comparison between the results for the laboratory and full-

scale units shows that the distribution of polysulfide anions is highly comparable; 

this allows performance improvements of full-scale systems to be explored in bench-

scale experiments. Based on the results described here and those presented 

elsewhere [26], it can be concluded that in the described systems, the maximum 

average number of sulfur atoms in polysulfide anions is 5.33. Presented values 

of average number of sulfur atoms in polysulfide species at different ORP values are 

required by mechanistic and kinetic models that attempt to describe product 

selectivity of sulfide oxidizing bioreactors [28,29].  
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Abstract 

 

Inorganic and organic sulfur compounds such as hydrogen sulfide (H2S) and thiols 

(RSH) are unwanted component in sour gas streams (e.g. biogas and refinery gases) 

because of their toxicity, corrosivity and bad smell. Biological treatment processes 

are often used to remove H2S at small and medium scales (˂50 tons per day of H2S). 

Preliminarily research by our group focused on achieving maximum sulfur production 

from biological H2S oxidation in the presence of methanethiol. In this paper 

the underlying principles have been further studied by assessing the effect 

of methanethiol on the biological conversion of H2S under a wide range of redox 

conditions covering not only sulfur but also sulfate producing conditions. 

Furthermore, our experiments were performed in an integrated system consisting 

of a gas absorber and a bioreactor in order to assess the effect of methanethiol 

on the overall gas treatment efficiency. This study shows that methanethiol inhibits 

the biological oxidation of H2S to sulfate by way of direct suppression 

of the cytochrome c oxidase activity in biomass, whereas the oxidation of H2S 

to sulfur was hardly affected. We estimated the kinetic parameters of biological H2S 

oxidation that can be used to develop a mathematical model to quantitatively 

describe the biodesulfurization process. Finally, it was found that methanethiol acts 

as a competitive inhibitor, therefore, its negative effect can be minimized 

by increasing the enzyme (biomass) concentration and the substrate (sulfide) 

concentration, which in practice means operation the biodesulfurization systems 

under low redox conditions. 
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3.1. Introduction 

Inorganic and organic sulfur compounds such as hydrogen sulfide (H2S) 

and thiols (RSH) are abundant in sour gases such as landfill gas, biogas, natural gas 

and refinery gas [1]. These compounds can be removed either by conventional 

physicochemical processes or by employing (haloalkaliphilic) sulfur-oxidizing bacteria 

(SOB) [2–4]. A commonly applied process for the biological removal of H2S consists 

of a gas absorber, a sulfide-oxidizing bioreactor and a gravity settler for the removal 

of the formed sulfur particles (Fig. 1) [5]. The absorbed H2S, hereafter referred to as 

“sulfide”, is biologically oxidized to elemental sulfur (Eq. 1) and to sulfate (Eq. 2) 

but it can also be chemically oxidized to thiosulfate through intermediate polysulfide 

anions [6]; Eq. 3 is a simplified equation for this abiotic oxidation of sulfide. 

HS- + 0.5 O2 → S8 + OH-       (1) 

HS- + 2 O2 → SO42- + H+       (2) 

HS- + O2 → 0.5 S2O32- + 0.5 H2O      (3) 

 

 

Figure 1. Simplified scheme of the process for biotechnological removal of H2S from 

gas streams. A. Gas absorber; B. Bioreactor; C. Sulfur settler. 
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The selectivity for the biological reactions (Eq. 1 and 2) depends on 

the oxidation-reduction potential (ORP) of cytochromes in SOB [7], which can be 

controlled by the ORP of the reactor medium. The latter is primarily governed by 

the sulfide concentration [8], which can be regulated via the oxygen-to-sulfide 

(O2/H2S) supply ratio to the bioreactor. A previous study of biological sulfide removal 

under natron-alkaline conditions shows that, under optimal process conditions 

(O2/H2S = 0.6), about 83 mol% of the absorbed sulfide is biologically oxidized 

to sulfur [9]. Less than 2 mol% is oxidized to sulfate and the remainder, 

about 15 mol%, is chemically converted to thiosulfate [9]. Furthermore, it should be 

noted that at an O2/H2S supply ratio of 0.5 mol mol-1 no oxygen is available for sulfate 

production, while at a ratio of 2 mol mol-1 sulfate is the sole end-product [10].  

Sour gas streams also often contain organic sulfur compounds or thiols, 

which inhibit the SOB [11], leading to lower sulfide oxidation rates. Consequently, 

toxic sulfide will accumulate which, in turn, will lead to the inhibition of reaction (1) 

thereby preventing the formation of hydroxyl ions that are needed to absorb H2S from 

the sour gas. Finally, the system will collapse. The predominant thiol in natural gas 

is methanethiol (CH3SH) [12]. Depending on the design of the absorber column, 

a fraction of the methanethiol is absorbed in the gas washer, and then fed to 

the bioreactor where it is chemically oxidized to dimethyl disulfide (DMDS), according 

to the following reaction: 

2 CH3SH + 0.5 O2 → CH3S2CH3 + H2O     (4) 

Methanethiol can also chemically react with elemental biosulfur particles [13]. 

The main reaction products are polysulfide anions (Sx-2) and their associated 

methylated species, namely dimethyl polysulfanes (Eq. 5 and 6). 

CH3SH + S8 ↔ CH3S9- + H+      (5) 

CH3SH + CH3S9- ↔ CH3SnCH3 + Sx2- + H+ with n+x = 10 (6) 

Promoted by nucleophilic catalysts like HS- or CH3S-, the products of reaction 6 

undergo inter-conversion reactions according to Eq. 7 and 8 [14].  

2 Sx2- ↔ Sx-12- + Sx+12-       (7) 

2 CH3SnCH3 ↔ CH3Sn-1CH3 + CH3Sn+1CH3    (8) 
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Subsequently, the formed polysulfide anions are chemically oxidized to thiosulfate 

and sulfur according to Eq. 9 [15] or biologically oxidized to sulfur in a reaction 

analogous to Eq. 1 [16,17]. 

Sx2- + 1.5 O2 → S2O32- + (x-2)/8 S8     (9) 

Unfortunately, the number of publications describing the effect of thiols 

on biological desulfurization processes is limited. A preliminary study by our group 

focused on achieving maximum sulfur production from biological H2S oxidation in the 

presence of methanethiol [11]. This was assured by maintaining a constant ORP 

value by allowing the system to decrease in O2/H2S supply ratio after methanethiol 

addition to the bioreactor [11]. It was observed that a decrease in O2/H2S supply ratio 

resulted in O2-limiting conditions and hence in a significantly reduced sulfate 

formation rate. In order to be able to gain a better fundamental understanding 

of the effect of methanethiol on sulfur and sulfate formation rates, it is essential 

to perform experiments at wide range of redox conditions as different enzyme 

systems are being used for sulfur and sulfate formation [18]. Hence, in this study 

experiments were carried out at constant O2/H2S supply ratios within each 

experiment [10]. Moreover, to explain our experimental results we studied 

the inhibition of cytochrome c oxidase activity, enzyme responsible for sulfate 

formation, by methanethiol in cell-free extracts obtained from different experiments. 

Finally, we also studied the inhibition mode for sulfide oxidation by estimating 

the unknown kinetic parameters in rate equations. 

To mimic the various reactions that occur in large-scale field installations, 

H2S and methanethiol were added to an absorber located upstream of the bioreactor. 

To the best of our knowledge, such a configuration has not yet been used 

for experimental studies concerning the removal of H2S and thiols from gas streams. 
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Table 1. Dimensions and process conditions of gas absorber for H2S removal in our 

study. 

Dimensions and process conditions 

Column diameter [m] 0.011 

Column height [m] 0.8 

Total gas flow [Nm3 s-1] 2.8 × 10-6 

Empty bed retention time [s] 27 

H2S loading rate [Nm3 s-1] 2.5 × 10-8 

CH3SH loading rate [Nm3 s-1] 0 - 1.7 × 10-10 

Liquid flow [Nm3 s-1] 2.8 × 10-6 

 

 

3.2. Materials and methods 

3.2.1. Experimental setup 

The experimental setup consisted of a falling-film gas absorber and a fed-

batch bioreactor (Fig. 2). A falling-film absorber was chosen to avoid any sulfur 

plugging issues that did occur when we tested a packed column (unpublished 

results). Obviously the removal of H2S and methanethiol from the inlet gas can be 

simply attributed to acid-base reactions. However, the overall purpose of the process 

is that the consumed hydroxyl ions (OH-) in the absorber are regenerated 

in the bioreactor (Eq. 1-2). Table 1 shows the dimensions and process conditions 

of the gas absorber. The liquid volume of the bioreactor was 2.2 L and the volume 

of the gas absorber was 0.2 L. The total liquid volume remained constant throughout 

each experimental run. Oxygen gas (99.995 vol%) was supplied to the bioreactor 

with the aid of a mass flow controller (type EL-FLOW, model F-201DV-AGD-33-K/E, 

0-30 mL min-1, Bronkhorst, the Netherlands) to control the ORP (ORP-stat). 

The same type of mass flow controller was used to feed H2S (99.8 vol%, 

0 to 17 mL min-1), CH3SH (1 vol% in N2, 0 to 8 mL min-1) and N2 gas (99.995 vol%, 

0 to 350 mL min-1) to the gas absorber. The pH was controlled by providing carbon 

dioxide (99.99 vol%) to the inlet of the gas absorber, with the use of a solenoid valve 

(125318, Burkert, Germany). The oxygen and carbon dioxide supply were controlled 

with a multiparameter transmitter (Liquiline CM442; Endress+Hauser, the Nether-
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lands), based on real-time signals from the redox potential electrode (Ag/AgCl 

electrode, Orbisint CPS12D; Endress+Hauser) and a pH sensor (Orbisint CPS11D; 

Endress+Hauser), respectively. A gear pump (EW-74014-40, Metrohm Applikon, 

the Netherlands) was used to recycle the liquid between the bioreactor and the gas 

absorber. The gas phase was continuously recycled (34 L min-1) with a small gas 

compressor (N-840, KNF, Germany). The bioreactor and the gas absorber were kept 

at 35 °C with a thermostat bath (DC10-P5/U, Haake, Germany). We collected gas 

samples from sampling points located at the inlet and outlet of the gas absorber 

and in the bioreactor (Fig. 2). Liquid samples came from a sampling point 

in the middle section of the bioreactor (Fig. 2). 

 

 

Figure 2. Flow scheme of experimental setup used for fed-batch experiments. 
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3.2.1.1. Medium composition 

The reactor medium included a carbonate/bicarbonate buffer including 

0.051 M Na2CO3, 0.698 M NaHCO3 and 0.700 M KHCO3, hereafter referred to as 

“1.5 M [Na+ + K+] buffer”. Furthermore, the medium contained 1.0 g K2HPO4, 6.0 g 

NaCl, 0.20 g MgCl2 × 6 H2O, and 0.60 g urea, each per 1 L of Milli-Q water. A trace 

elements solution (1 mL L-1) was added as described elsewhere [19]. The final pH 

of the medium was kept constant at a value of 8.50 ± 0.01 at 35 °C. 

 

3.2.1.2. Inoculum 

The reactor was inoculated with concentrated biomass obtained by 

centrifugation (30 min at 16,000 x g) of a 1-L culture collected from a full-scale gas 

biodesulfurization installation at Industriewater Eerbeek B.V., the Netherlands [5]. 

The dominant SOB species in this bioreactor is Thioalkalivibrio sulfidophilus [20].  

 

 

Table 2. Overview of experimental runs at different operating conditions. 

Experiment 
number 

CH3SH loading 
rate [mM d-1] 

ORP set point 
[mV] 

O2/H2S 
[mol mol-1] 

1 

0 

-250 ± 14 2.18 ± 0.03 

2 -350 ± 5 1.51 ± 0.04 

3 -410 ± 8 0.63 ± 0.03 

4 -450 ± 5 0.53 ± 0.02 

5 

0.24 

-250 ± 13 1.89 ± 0.03 

6 -270 ± 4 1.65 ± 0.01 

7 -320 ± 4 1.38 ± 0.03 

8 -350 ± 5 1.31 ± 0.01 

9 -370 ± 4 0.81 ± 0.03 

10 
 

-410 ± 5 0.63 ± 0.02 

11 -450 ± 3 0.55 ± 0.06 
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3.2.2. Experimental design 

3.2.2.1. Fed-batch experiments 

Fed-batch experiments were performed in the setup shown in Figure 2. 

We conducted eleven experiments in duplicate under various ORP conditions 

by changing the H2S and O2 supply ratio (Table 2). However, during each experiment 

this ratio remained constant. Experiments 1 to 4 took place in the absence of CH3SH 

in the feed gas. In experiments 5 to 11, CH3SH was supplied at a constant loading 

rate of 0.24 mM d-1 to assess the reactor performance in the presence 

of methanethiol and any formed methylated sulfur species [13]. We always kept 

the H2S loading rate constant at a value of 36.8 mM d-1 (Table 2). Each experiment 

lasted 24 hours during which we took four gas and liquid samples at regular time 

intervals to confirm that the reactor performance was stable. 

 

3.2.2.2. Cytochrome c oxidase activity measurements 

The inhibitory effect of methanethiol on the cytochrome c oxidase activity 

was assessed by measuring the oxidation rate of N,N,N′,N′-tetramethyl-p-

phenylenediamine (TMPD) (Sigma-Aldrich, the Netherlands) spectrophotometrically 

at 610 nm (UV-1650PC, Shimadzu, Japan) as described by Sorokin et al. [21] 

To verify the effect of exposed biomass to methanethiol we used non-pre-exposed 

(3.2.2.2 a) and pre-exposed biomass (3.2.2.2 b) from a laboratory-scale bioreactor 

to assess the cytochrome c oxidase activity. We also performed batch experiments 

with biomass exposed to methanethiol in the absence of any sulfide (3.2.2.2 c) 

to double check the effect of methanethiol on cytochrome c oxidase. 

a) Biomass collected from a bioreactor; not pre-exposed to methanethiol: 

The experimental setup depicted in Figure 2 ran under conditions favorable 

for expression of cytochrome c oxidase, i.e. sulfate-forming conditions 

(ORP = -270 mV), and in the absence of methanethiol. Immediately before 

the start of the activity measurements, 10 µL of a methanethiol solution 

(sodium thiomethoxide, 95% pure, Sigma Aldrich, the Netherlands), 

freshly prepared in oxygen-free Milli-Q water, was added to a sample of cell-

free extract to obtain a final concentration of 0.05 mM.  



Chapter 3 

68 

 

3 

b) Biomass collected from a bioreactor; pre-exposed to methanethiol: 

The reactor conditions were the same as for (a) except that the reactor was 

exposed to methanethiol for a period of 3 days (0.37 mM d-1) before collection 

of the biomass. 

c) Biomass collected from a batch bottle; pre-exposed to methanethiol: 

Biomass was obtained from the reactor described in (a) and placed into 

a batch bottle, in which cells were exposed to 0.2 mM methanethiol 

for 18 hours at 35 °C to double-check the effect of methanethiol on 

cytochrome c oxidase activity. 

For each of these systems, medium with biomass was centrifuged (30 min at 16,000 

x g) and resuspended in 0.5 M [Na+ + K+] buffer at pH 8.5. This step was repeated 

two times to remove elemental sulfur particles. After that, cell-free extract was 

prepared by sonication of the biomass on ice. Unbroken cells and cell debris were 

removed by centrifugation (20,200 x g for 15 min). Total protein content was 

measured spectrophotometrically with the BCA™ Protein Assay Kit (Thermo 

Scientific, the Netherlands). We prepared control samples from biomass that was 

never exposed to methanethiol. All samples were analyzed in triplicate. 

 

3.2.2.3. Determination of the inhibition mode of sulfur oxidizing bacteria 

Respiration tests were performed in order to investigate the inhibition 

mechanism of biological sulfide oxidation in the presence of methanethiol 

in an air-saturated medium ([Na+ + K+]= 1.5 M, pH = 8.5). We used a similar setup as 

described elsewhere [22]; it consisted of a glass mini reactor (60 mL) equipped with 

a magnetic stirrer. The reactor was closed with a Teflon piston to avoid any oxygen 

ingress. We added stock solutions containing sulfide and methanethiol to the reactor 

with a syringe passing through the piston. The sulfide oxidation rate was determined 

by measuring the oxygen consumption rate with a dissolved-oxygen sensor (Oxymax 

COS22D, Endress+Hauser). We calculated the biological sulfide oxidation rate as 

the difference between the total oxidation rate (including biological oxidation) 

and the abiotic oxidation rate (in the absence of biomass). We performed all 

experiments in triplicate at 35 °C (DC10-P5/U thermostat bath, Haake, Germany). 
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The biomass used in these respiration tests was grown as described in section 

3.2.2.2 a). We centrifuged 700 mL (30 min at 16,000 x g) of biomass-containing 

solution and carried out a washing step after re-suspension of the pellet in 25 mL 

1.5 M [Na+ + K+] buffer. The biomass concentration used in these respiration tests 

was always kept at 10 mg N L-1. We prepared separate solutions of sulfide 

and methanethiol by dissolving sodium sulfide nona-hydrate (98% pure, Sigma 

Aldrich, the Netherlands) and sodium thiomethoxide (95% pure, Sigma Aldrich, 

the Netherlands) in 1.5 M [Na+ + K+] buffer. Sulfide concentrations ranged from 0.05 

to 0.4 mM. The biological sulfide oxidation rate was measured in the presence 

of 0 (absence), 0.02 and 0.05 mM methanethiol. 

 

3.2.2.4. Adsorption of dimethyl polysulfanes onto the surface of biosulfur particles 

We investigated the adsorption of dimethyl polysulfanes onto the surface 

of biosulfur particles by measuring of dimethyl di-, tri- and tetrasulfide present in 

the headspace of the closed vials. Samples were prepared by adding a mixture 

of dimethyl polysulfanes (~3 mM S) to a closed glass vial containing purified biosulfur 

(125 mM), suspended in 5 mL of 1.5 M [Na+ + K+] buffer. A mixture of dimethyl 

polysulfanes ranging from dimethyl disulfide to dimethyl octasulfide was prepared 

as described by Rizkov et al. [23]. We applied the following procedure to purify 

the biosulfur suspension and remove any cell residue. First, the suspension was 

cooled to -20 °C to cause cell lysis. Second, a centrifugation step (16,000 x g 

for 30 min) was applied and the supernatant was replaced with Milli-Q water to obtain 

a cell-free biosulfur suspension. We repeated this purification procedure four times 

to ensure a high purity. 

Each biosulfur sample was spiked with dimethyl polysulfanes and vigorously 

shaken for 5 minutes at room temperature, followed by a dimethyl polysulfanes 

headspace analysis. We verified that the mixing time was sufficient to reach 

equilibrium between the gas and liquid phase (data not shown). After gas analysis, 

we concentrated the biosulfur particles by centrifugation (3,300 x g for 10 min) 

and transferred them to a clean glass vial filled with 5 mL of 1.5 M [Na+ + K+] buffer. 

To allow desorption of any adsorbed dimethyl polysulfanes, the sample was 

vigorously shaken for 5 minutes at room temperature, followed by a second 

headspace analysis of the vial. We then calculated the percentage of desorbed 
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dimethyl di-, tri- and tetrasulfide by comparing the peak areas of the compounds 

in the sample, i.e. before and after extraction. Each sample was prepared 

and analyzed in triplicate. 

 

3.2.3. Analytical techniques 

The biomass concentration was measured as the amount of organically bound 

nitrogen that was oxidized to nitrate by digestion with peroxodisulfate (LCK238, Hach 

Lange, the Netherlands). Before analysis, we centrifuged the cells twice at 20,200 x g 

for 10 minutes and washed the formed pellet with organic nitrogen-free medium. 

We did not attempt to remove any biosulfur particles, as their presence does not 

affect the measurements [9].  

We calculated the elemental sulfur concentration by establishing the sulfur 

species mass balance on the basis of the sulfide, thiosulfate and sulfate analyses, 

assuming steady-state conditions as confirmed by analysis of four consecutive liquid 

and gas samples. 

We determined the sulfate and thiosulfate concentrations by ion 

chromatography (Metrohm Compact IC 761, Switzerland) with an anion column 

(Metrohm Metrosep A Supp 5, 150/4.0 mm, Switzerland) equipped with a pre-column 

(Metrohm Metrosep A Supp 4/5 Guard, Switzerland). The ion chromatography 

system included a chemical suppressor (Metrohm, Switzerland), CO2 suppressor 

(853, Metrohm, Switzerland) and conductivity detector (Metrohm, Switzerland). 

In addition, suppressors for eluent conductivity and carbon dioxide were used 

(Metrohm, Switzerland). The mobile phase flow rate was 0.7 mL min-1. The mobile 

phase consisted of 3.2 mM sodium carbonate and 1 mM sodium bicarbonate solution 

and 1% acetone. Before the analyses, we filtered the samples over a 0.22 μm 

syringe filter (Millex G5 filter unit, Merck, the Netherlands) and mixed them with 0.2 M 

zinc acetate in a 1:1 ratio to form ZnS, as its presence prevents abiotic sulfide 

oxidation. We stored the samples at 4 °C. 

Dimethyl disulfide (DMDS), dimethyl trisulfide (DMTS) and polysulfides 

(dimethyl polysulfanes Me2S4 to Me2S8) were determined with an HPLC equipped 

with a UV detector (Dionex UltiMate 3000RS, USA) at a wavelength of 210 nm. 

We separated the organic sulfur compounds with an Agilent column (Zorbax Extend-

C18 1.8 µm, 2.1 x 50 mm, the Netherlands) at 20 °C. The mobile phase consisted 
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of methanol and water. The flow rate was 0.371 mL min-1 and the injection volume 

was 1.25 µL. The purities of the standards were above 98% for DMDS and DMTS 

(Sigma-Aldrich, the Netherlands). 

Polysulfide anions were derivatized to dimethyl polysulfanes with methyl 

trifluoromethanesulfonate (≥98% pure, Sigma-Aldrich, the Netherlands), as follows: 

Sx2- + 2CF3SO3Me → Me2Sx + 2CF3SO3-    (10) 

The sample preparation procedure and derivatization protocol are described 

elsewhere [24].  

The gas phase (H2S, N2, CO2 and O2) was analyzed with a gas 

chromatograph (Varian CP4900 Micro GC, Agilent, the Netherlands) equipped with 

two separate column modules, namely a 10-m-long Mol Sieve 5A PLOT (MS5) 

and a 10-m-long PoraPlot U (PPU). The limit of quantification was 0.1 vol% for all 

compounds. Both column modules were connected to a thermal conductivity detector 

for data acquisition. We used argon as a carrier gas with a flow rate of 1.47 ml min-1. 

The temperature was 80 °C for the MS5, 65 °C for the PPU column, and 105 °C 

at the injection port. 

We measured the gaseous CH3SH and DMDS concentrations with a gas 

chromatograph (Varian CP3900 GC, Agilent, the Netherlands) equipped with 

an Agilent column (VF5-MS, 1 µm x 30 m x 0.25 mm). The limits of quantification 

were 3.6 ppm(v) and 0.2 ppm(v), respectively. The analysis was carried out with 

a flame ionization detector at 300 °C. The initial oven temperature was 35 °C. 

After 5 minutes, we applied a gradient of 4 °C min-1 to obtain 45 °C, followed by 

100 °C min-1 to reach 200 °C, which was held for 1 minute to clean the column. 

We used helium as carrier gas, with a flow rate of 0.9 mL min-1. The injection volume 

was 1 mL. 

To investigate the adsorption of dimethyl polysulfanes onto the surface 

of biosulfur particles, we analyzed dimethyl di-, tri- and tetrasulfide concentrations in 

the headspace by using gas chromatography (6890N, Agilent, the Netherlands) 

coupled with a triple quadrupole mass spectrometer (5975, Agilent, the Netherlands), 

equipped with an Agilent column (HP-5MS, 30 m x 0.25 mm x 0.25 µm, Agilent, 

the Netherlands). Initially, the oven temperature was 50 °C. After 2 minutes, 

a gradient of 12.5 °C min-1 was applied to reach 200 °C. We operated the mass 

spectrometer in SIM mode with a filament voltage of 70 eV and an electron multiplier 
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voltage of 1200 to 2800 V. Helium was the carrier gas, with a flow rate 

of 1.3 mL min-1. The injection volume was 2.5 mL. The syringe temperature was 

50 °C. The equilibration time was 10 minutes at 40 °C and the agitation speed was 

250 rpm. 

 

3.3. Results and discussion 

3.3.1. Methanethiol removal from sour gas 

The gas absorber column (Fig. 2) was fed with a mixed-gas stream containing 

nitrogen gas as a carrier supplemented with H2S (0.9 vol%) and methanethiol 

(0.01 vol%). These sulfur compounds were continuously removed by dissolution into 

the alkaline washing solution. The removal efficiency of H2S and methanethiol 

in the gas absorber was around 99.8% and 70%, respectively.  

Subsequently, the liquid stream loaded with HS- and CH3S- entered the base 

of the reactor where HS- was biologically oxidized to sulfur and sulfate (Eq. 1 and 2); 

also, some sulfide was chemically oxidized to thiosulfate (Eq. 3). Methanethiol was 

abiotically oxidized to dimethyl polysulfanes (Eq. 4 - 6). The bioreactor suspension 

was continuously recycled through the gas absorber where some DMDS was 

stripped off. The DMDS concentration in the outlet of the gas absorber was almost 

constant at 7 ± 1 ppm(v) at ORP values between -410 mV and -250 mV. For these 

ORP conditions, the methanethiol concentration was also almost constant at about 

18.5 ± 2.2 ppm(v). However, at ORP values below -450 mV, the concentration 

of methanethiol at the absorber outlet doubled to 31.3 ± 3.8 ppm(v), whereas no 

more DMDS was detected in the off-gas. Apparently, under these conditions 

insufficient oxygen was available in the bioreactor for the chemical oxidation 

of methanethiol to DMDS (Eq. 4). 

When we compared the methanethiol and DMDS concentration in gas 

samples from the inlet and outlet of the gas absorber, we found a gap of 40 

to 60 mol% in the sulfur balance (absorber in - absorber out). There is no evidence 

that Thioalkalivibrio sulfidophilus, the dominant SOB species in the reactor [20], 

is able to oxidize methanethiol or DMDS. Based on earlier studies, we have strong 

indications that the dimethyl polysulfanes (resulting from Eq. 5 and 6) were adsorbing 

onto sulfur particles [11]. To validate our hypothesis, we added dimethyl polysulfanes 

to a biosulfur suspension in a closed vial. Thereafter, we analyzed the headspace for 
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dimethyl di-, tri- and tetrasulfide. We then removed the biosulfur particles 

by centrifugation, mixed them with fresh 1.5 M [Na+ + K+] buffer in a new vial, 

and carried out a second headspace analysis. We found dimethyl di-, tri- 

and tetrasulfide present at 56, 32 and 5 vol%, respectively. The percentages 

of dimethyl di-, tri- and tetrasulfide released during the washing process indicate that 

the strength of the adsorption of the dimethyl polysulfanes onto the biosulfur particles 

increased with increasing number of sulfur atoms in the dimethyl polysulfide chain. 

The fact that longer-chain dimethyl polysulfanes are more hydrophobic may explain 

this higher affinity for the somewhat hydrophobic sulfur particles [25].  

 

 

Figure 3. Reactor system operated at H2S = 36.8 mM d-1 and methanethiol 

= 0.24 mM d-1. A. Concentration of dimethyl tetrasulfide (■) and dimethyl pentasulfide 

(◊) in the reactor. B. Sum of polysulfides at different oxidation reduction potentials 

for runs with (●) and without (○) methanethiol. C. Concentration of methanethiol (▲) 

(CH3SH) at different oxidation reduction potentials in headspace of reactor. 

D. Concentration of dimethyl disulfide (DMDS) (▲) at different oxidation reduction 

potentials in headspace of reactor. The symbol □ indicates that the concentration was 

below the detection limit. 
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Dimethyl polysulfanes with more than two sulfur atoms form from the abiotic 

reaction between methanethiol and biosulfur particles (Eq. 5 and 6) [13]. As these 

compounds are far less volatile than methanethiol and DMDS, no stripping occurred 

in the upper section of the gas absorber. Instead, we detected accumulation 

in the bioreactor suspension up to a total concentration of ~16 µM S at -450 mV 

(Fig. 3A). Van den Bosch et al. [26] studied the inhibitory effect of DMDS and DMTS 

on the bacterial oxidation of sulfide and found that DMTS is more toxic to SOB than 

DMDS. Besides dimethyl polysulfanes, also inorganic polysulfide anions were 

produced from the reaction between methanethiol and elemental sulfur (Eq. 6), 

as reflected by the somewhat higher Sx2- concentrations in the experiments with 

methanethiol (Fig. 3B). In addition, the Sx2- concentrations were higher at lower ORP 

values because of the increasing sulfide concentrations [9].  

At ORP values above -410 mV, methanethiol and DMDS were continuously 

removed in the gas absorber, and therefore, no accumulation was observed 

in the headspace of the bioreactor (Fig. 3C and 3D). The DMDS concentration 

in the headspace of the bioreactor was around 6 ± 2 ppm(v). As this is comparable 

to the DMDS concentration in the absorber outlet (7 ± 1 ppm(v)) for the same ORP 

conditions, the gas phase and liquid phase in the gas absorber and bioreactor are 

in equilibrium.  

Furthermore, no methanethiol was detected in the bioreactor when the system 

transited from sulfur to sulfate formation, i.e. at ORP values between -370 

and -320 mV (Fig. 3C; see also Section 3.3.2). Most likely, the formation of sulfur 

particles allowed methanethiol to react away under the formation of dimethyl 

polysulfanes (Eq. 5 and 6) as this observed previously by Van Leerdam [13]. 

At an ORP of -450 mV, the methanethiol concentration in the headspace 

of the bioreactor suddenly increased to 20 ppm(v), whereas no more DMDS was 

detected (Fig. 3C and 3D). This is because insufficient oxygen was available to 

oxidize methanethiol to DMDS under these conditions (Eq. 4). As mentioned, we also 

saw this reflected in the concentrations in the gas absorber. 
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Figure 4. Bioreactor performance during experiment runs with (●) and without (○) 

methanethiol: A. sulfur selectivity. B. sulfate selectivity. C. thiosulfate selectivity. 

The area marked in grey is a transition zone between conditions favorable for sulfur 

(left) or sulfate (right) production. 
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3.3.2. Effect of methanethiol on biological sulfide oxidation process 

 Figure 4A and 4B show the two distinct ORP regions we found for sulfur 

and sulfate formation, respectively. Sulfur mainly formed below -370 mV, whereas 

sulfate was the main end product at ORP values above -320 mV. These findings are 

in good agreement with those of Klok et al. [10] and Van den Bosch et al. [9]. 

In the transition zone between -370 and -320 mV (gray area in Figure 4), 

the selectivity for sulfur and sulfate formation was lower (Fig. 4A-B) than outside this 

area; consequently, the rate of abiotic thiosulfate formation was higher 

in this zone (Fig. 4C). Methanethiol had a clear effect on the selectivity for sulfate 

formation in the transition zone (Fig. 4B), e.g. at -350 mV; as methanethiol inhibited 

biological sulfate formation (Fig. 4B), thiosulfate formation increased as a result of 

abiotic sulfide oxidation (Fig. 4C). The drop in biological sulfate formation (Eq. 2) 

resulted in lower oxygen requirements (Eq. 2 v. Eq. 3) as can be seen in Figure 5. 

We measured the effect of methanethiol on the oxidation of sulfide to sulfate under 

two different sulfate-forming conditions, namely -250 mV and -350 mV. At these two 

ORPs, the O2/H2S consumption ratio decreased from 2.18 to 1.89 mol mol-1 and from 

1.51 to 1.31 mol mol-1, respectively, after the start of methanethiol addition (Fig. 5). 

For both ORPs, this corresponds to a drop of 13 vol% in the required O2 supply rate. 

 

 

Figure 5. Molar O2/H2S supply ratio versus oxidation reduction potential for 

experimental runs with (●) and without (○) methanethiol. The load of H2S was 

36.8 mM d-1 and the load of methanethiol was 0.24 mM d-1. 
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 Although methanethiol clearly inhibited biological sulfate formation, the sulfur 

production was hardly affected (Fig. 4A and 4B). This is most likely related 

to the different enzymes that SOB use for the production of sulfur and sulfate, 

respectively. Sulfide oxidation in SOB involves several enzymes [18]. In the first 

stage, sulfide is transformed into intracellular polysulfide. In the second stage, 

depending on redox conditions [7], intracellular polysulfide is either secreted out 

of the cell as solid biosulfur particles or further oxidized to sulfate. Since the oxidation 

to sulfate needs to channel six out of the eight electrons of sulfide to oxygen, 

high activity of the terminal part of respiratory chain, i.e. of cytochrome c oxidase, 

is critical for sulfate formation [7]. Thiols inhibit cytochrome c oxidase by binding to its 

heme iron [27–29] and forming a cytochrome-methanethiol complex; this inhibitory 

effect decreases with increasing steric hindrance of the thiols [29]. As the redox state 

of the involved cytochromes is lowered by the binding of a thiol to cytochrome c 

oxidase, intracellular polysulfide oxidation to sulfate is hampered [7,30]. We studied 

the inhibitory effect of methanethiol on the cytochrome c oxidase activity in more 

detail by measuring the oxidation rate of TMPD (an artificial electron donor for 

cytochrome c oxidase). Figure 6 shows that a strong inhibition of cytochrome c 

oxidase occurred in all samples that were subjected to methanethiol. It was possible 

to calculate the percentage of inhibition by comparing the cytochrome c oxidase 

activity of the control samples with samples exposed to methanethiol. The highest 

inhibition (86%) was observed for cell-free extract spiked with methanethiol (Fig. 6, 

sample A). In this type of sample, the enzymes were not protected by a cell wall; 

therefore, methanethiol had easy access to cytochrome c oxidase, resulting in high 

inhibition. On the other hand, cell-free extract of biomass collected from the sulfide-

oxidizing reactor exposed to methanethiol (Fig. 6, sample B) also showed high 

inhibition (76%). The activity of the enzyme in a sample collected from a batch bottle 

exposed to methanethiol (Fig. 6, sample C) was least inhibited (53%). These results 

(samples B and C), indicate a high binding affinity of methanethiol for the active site 

of cytochrome c oxidase since even after sample preparation (sonication), 

strong inhibition remained. 
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Figure 6. Cytochrome c oxidase activity in cell-free extract of sulfur-oxidizing bacteria 

obtained from: A. a lab-scale sulfide-oxidizing bioreactor that had not yet been 

exposed to methanethiol but the cell-free extract was spiked with methanethiol 

to a final concentration of 0.05 mM. B. a lab-scale sulfide-oxidizing bioreactor 

exposed to methanethiol for 3 days (0.37 mM d-1). C. batch bottles in which cells 

were exposed to 0.2 mM of methanethiol for 18 h. For each category, a control 

sample was analyzed that was not exposed to methanethiol.  

 
 

In our experiments, methanethiol never suppressed sulfate production 

by more than 44% (Fig. 4B), compared to ~99% as observed by Van den Bosch et al. 

[11]. A clear difference with our experiments is that Van den Bosch et al. performed 

their experiments with low O2/H2S supply ratios (0.52 mol mol-1), leading to oxygen-

limiting conditions. Even in the absence of methanethiol, hardly any sulfate would 

have been produced under such conditions [10]. Moreover, the methanethiol loading 

in our experiments was up to seven times higher than those applied by Van den 

Bosch et al., i.e. 240 versus 35 - 79 µM d-1. 

 

3.3.3. Effect of methanethiol on biomass growth 

In the absence of methanethiol, growth of SOB occurred under all ORP 

conditions, ranging from -410 mV to -250 mV (Fig. 7). Growth was seriously 

hampered at -450 mV. According to work by Klok et al. [10], SOB gain most energy 

for their growth from sulfate production (Eq. 2), and much less from sulfur 

formation (Eq. 1). As there was insufficient oxygen for sulfate production (Eq. 2), 

very little growth was possible at -450 mV.  
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 When methanethiol was supplied to the system, it had a significant effect 

on biomass growth (Fig. 7); growth was arrested at all ORP values, 

except at the highest ORP (-250 mV). Also at -250 mV, the sulfate production was 

not affected by methanethiol. Therefore, the arrested growth of the biomass at ORP 

values between -450 and -350 mV can be explained by lower energy obtained from 

sulfate formation inhibited by methanethiol (see Section 3.3.2) as follows from Klok’s 

findings [10]. Limited growth can be acceptable for industrial biodesulfurization 

systems, provided that the biomass minimum growth rate is higher than the wash-out 

rate. 

 

 

Figure 7. Biomass accumulation at different molar O2/H2S supply ratios, with (●) 

and without (○) methanethiol. 

 

 

3.3.4. Inhibition type of methanethiol and kinetic parameters of biological 

sulfide oxidation 

To identify the type of inhibition exercised by methanethiol on biological sulfide 

oxidation, we performed respiration experiments with 20 to 50 μM methanethiol. 

The resulting Lineweaver-Burk plots (Fig. 8) show that the reaction rate (r) increased 

with increasing concentrations of sulfide (CS), indicating that the inhibitory action was 
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somehow mitigated by the substrate. As all lines intersect at the same point 

on the Y-axis and the specific maximal reaction rate (rmax) does not depend 

on the concentration of the inhibitor, methanethiol appears to be a competitive 

inhibitor [31]. With this type of inhibition, the Michaelis-Menten constant (KM) 

is greater because the sulfide concentration necessary to reach rmax is higher, 

which could explain the mitigating effect of the substrate. Thus, the reaction rate as 

given by Eq. 11 changes into Eq. 12, where CI stands for inhibitor concentration. 

ݎ ൌ ௥೘ೌೣ஼ೄ
௄ಾା஼ೄ

         (11) 

ݎ ൌ ௥೘ೌೣ஼ೄ

௄ಾ൬ଵା
಴಺
ೖ೔
൰ା஼ೄ

        (12) 

We estimated the unknown parameters in Eq. 11 and 12 from respiration data, 

by using a non-linear least-squares method [32]. We took the following stepwise 

approach to minimize the error. First, we estimated KM and rmax in Eq. 11 to be 

36 ± 3 µM and 0.324 ± 0.007 mM (mg N)-1 h-1, respectively. Second, these estimated 

parameters (KM and rmax) were introduced into Eq. 12 to estimate the inhibition 

constant (ki) which was found to be 31 ± 5 µM. Appendix A contains the additional 

uncertainty in the estimate of ki as a result of the uncertainty in rmax and KM.  

 

Figure 8. Lineweaver-Burk plot obtained from a kinetic study of biological sulfide 

oxidation in the absence (○) and presence of methanethiol at concentrations 

of 0.02 mM (●) and 0.05 mM (▲). CS is the concentration of sulfide and r 

is the reaction rate. Temperature was 35 °C, pH was 8.5, and salinity was 1.5 M. 
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Very low values of KM and ki represent high binding affinities of sulfide 

and methanethiol for the involved enzymes. This low ki value also means that 

methanethiol is a strong inhibitor. An explanation for this could be the structural 

similarity between CH3S- and HS- [33]. Accordingly, methanethiol would be the most 

toxic of all thiols.  

As methanethiol appears to be a competitive inhibitor of sulfide oxidation 

by SOB, the stability of the biological H2S removal process under field conditions can 

likely be increased by increasing the biomass concentration. Obviously, a greater 

biomass concentration would lead to a greater total cytochrome oxidase 

concentration, hence to a lower ratio of methanethiol to cytochrome oxidase 

and to less biomass inhibition at constant methanethiol loading rates. Also because 

of that methanethiol is a competitive inhibitor, increasing the substrate (sulfide) 

concentration will lower the inhibition. In practice this can be achieved by applying 

lower redox value (e.g. < -390 mV) of the bioreactor suspension, which is correlated 

with the sulfide concentration [8].  

 

3.4. Conclusions 

This study shows that methanethiol inhibits the biological oxidation of sulfide 

to sulfate whereas oxidation to sulfur is hardly affected. It is likely that this is caused 

by way of direct suppression of the cytochrome c oxidase activity in SOB. 

In addition, we determined that dimethyl polysulfanes, resulting from a reaction 

between methanethiol and sulfur, reversibly adsorb onto biosulfur particles. This 

could offer an elegant way for removing those compounds from the bioreactor 

suspension along with the formed biosulfur particles.  

Finally, our findings lead to the conclusion that the inhibitory effect 

of methanethiol in sour gases can be mitigated by increasing biomass concentrations 

and keeping redox conditions below -390 mV.  
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APPENDIX A 

Table A.1. Estimated inhibition constant (kన෡ ) with corresponding standard deviation 

(σ) for specific maximal reaction rate (rmax) and Michaelis-Menten constant (KM). 

rmax [mM h-1 (mg N)-1] KM [mM] kన෡  [mM] σ 

0.324 0.036 0.031 0.005 

0.317 0.033 0.029 0.006 

0.331 0.039 0.032 0.004 

0.317 0.039 0.039 0.008 
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Abstract 

 

Biological removal of H2S from gas streams became popular in recent years because 

of high process efficiency and low operational costs. To expand the scope of these 

processes to gas streams containing volatile organic sulfur compounds, like thiols, 

it is necessary to provide new insights into their impact on overall biodesulfurization 

process. Published data on the effect of thiols on biodesulfurization processes 

are scarce. In this study, we investigated the effect of methanethiol on the selectivity 

for sulfur production in a bioreactor integrated with a gas absorber. This is the first 

time that the inhibition of biological sulfur formation by methanethiol is investigated. 

In our reactor system, inhibition of sulfur production started to occur at a methanethiol 

loading rate of 0.3 mM d-1. The experimental results were also described 

by a mathematical model that includes recent findings on the mode of biomass 

inhibition by methanethiol. We also found that the negative effect of methanethiol can 

be mitigated by lowering the salinity of the bioreactor medium. Furthermore, 

we developed a novel approach to measure the biological activity by sulfide 

measurements using UV-spectrophotometry. Based on this measurement method, 

it is possible to accurately estimate the unknown kinetic parameters in the mathe-

matical model. 
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4.1. Introduction 

Air pollution and acid deposition, also referred as acid rain, are related 

to sulfur emissions released during combustion of hydrocarbon fuel sources 

containing sulfur compounds. Hydrogen sulfide (H2S) is the main sulfur pollutant 

in fuel gasses, where gases exceeding 4 ppm of H2S are considered as sour gas [1]. 

Besides H2S, volatile organic sulfur compounds (VOSC) can be present in sour 

gasses, which next to their negative environmental effects, are also known for their 

toxic and corrosive effects and obnoxious smell [2].  

Treatment of sour gas streams can be achieved by applying biological 

desulfurization processes [3,4]. In a typical biodesulfurization process, product 

selectivity of the H2S oxidation process is controlled by the oxidation-reduction 

potential (ORP), which is related to oxygen and sulfide supply ratios 

to the bioreactor [5]. The specific ratios for sulfur and sulfate production follow from 

the stoichiometry of the simplified biooxidation reactions (Eq. 1-2), which show 

a theoretical O2/H2S molar ratio of 0.5 mol mol-1 for sulfur and 2 mol mol-1 for sulfate 

selectivity [6]. An extended description of Eq. 2 is given by Klok et al. [7] and Muyzer 

et al. [8]. In addition to these biological reactions, thiosulfate can be formed under 

undesired abiotic oxidation of sulfide through polysulfide anions, as described by 

Chen and Morris [9], where the overall reaction can be written in the simplified form 

of Eq. 3. 

HS- + 0.5 O2 → 1/8 S8 + OH-     (1) 

HS- + 2 O2 → SO42- + H+      (2) 

HS- + O2 → 0.5 S2O32- + 0.5 H2O     (3) 

The dominant sulfur oxidizing bacteria (SOB) in full-scale haloalkaline 

biodesulfurization reactors were identified as Thioalkalivibrio sulfidophilus [10]. These 

microorganisms are highly suitable to be applied in the biological H2S oxidation, 

because of their high dissolved salt and pH tolerance [11,12]. Based on the genome 

of Thioalkalivibrio sulfidophilus, Muyzer et al. [8] proposed a hypothetical pathway 

for sulfide oxidation in which various enzymes oxidize sulfide to sulfate with 

(in)organic polysulfide anions and sulfite as intermediates. For SOB, product 

selectivity was found to be dependent on the degree of reduction of the cytochrome 

pool, where along with a decrease in ORP, further oxidation of sulfur is hampered 

due to a limitation in the electron transfer capacity of the sulfur/sulfite couple [13]. 
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Nevertheless, later studies with haloalkaliphilic SOB, dominating in the reactors 

at higher pH, also suggested presence of different mechanism [10].  

A thiol’s sulfhydryl group (-SH), can disrupt the intermolecular disulfide bonds 

and alter enzyme structures or bind to the active site of enzymes leading to catalytic 

inactivity [14]. As an example of this, Van den Bosch et al. [15] observed SOB 

inhibition by VOSCs that were added to an H2S-oxidizing bioreactor. In a previous 

study, we investigated the effect of methanethiol (MT) on the biological conversion 

of H2S under different redox conditions in a novel integrated setup consisting of a gas 

absorber and a bioreactor. Our experiments showed that MT inhibits biological 

sulfate formation already at concentration of 0.6 µM, whilst biological oxidation 

of sulfide to sulfur is hardly affected up to this concentration [16]. However, at higher 

MT loading rates the effect of thiols under conditions favorable for sulfur formation 

(i.e. at low redox) is not known. The assessment of the inhibitory effect of VOSCs 

on sulfide oxidation by SOB can be determined by measuring the IC50 concentration 

at which biotic oxidation of sulfide is inhibited by 50%. The IC50 value 

at [Na+ + K+] = 2 M, pH = 9 and T = 35 °C for MT was found to be 0.05 mM, 

whereas inhibition of dimethyl disulfide (DMDS) and dimethyl trisulfide (DMTS) 

is much less severe, with IC50 values of 1.5 and 1.0 mM, respectively [17].  

Toxicity parameters like IC50 values, kinetic parameters and the inhibition 

mode of SOB are usually determined by measuring the rate of oxygen consumption, 

also referred to as biological oxygen monitoring (BOM) tests [16,17]. However, 

SOB can oxidize sulfide in up to three consecutive steps [8] and therefore results 

from BOM tests are not always unambiguous. For example, we found in previous 

studies that in BOM tests for sulfide oxidation, up to three different oxygen 

consumption rates can be found in a single experiment [16,17]. Consequently, 

the estimated kinetic parameters based on such an experiment can be a mixture 

of two or three different (simplified) reactions, such as Eq. 1 and 2. Besides that, 

and as mentioned before, product selectivity of SOB depends on the redox state 

of the involved enzymes [13]. Therefore, by changing the initial sulfide concentration, 

which is a strong reducing compound, the product selectivity changes significantly. 

To avoid these effects, the BOM test shall be replaced by an alternative test, 

such as the biological sulfide monitoring (BSM) test, in which consumption of sulfide 

is measured instead of oxygen consumption. Such method is new and has never 
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been used to measure the activity of SOB in the presence of organic sulfur 

compounds.  

The aim of the current study is to investigate the effect of MT concentrations 

in the feed gas on the biological sulfur production from the oxidation of HS- 

in a bench scale system that consists of a gas absorber and a bioreactor, and that 

is operated under haloalkaline conditions. Moreover, a novel BSM test for 

the estimation of kinetic parameters of the process has been developed 

and validated. The kinetic parameters obtained from the BSM test and the results 

from the bioreactor experiments were used to validate a mathematical model 

describing the biological H2S oxidation process in the presence of MT. Finally, 

we propose and examine a solution to mitigate the effects of MT in biological gas 

desulfurization systems. 

 

4.2. Materials and methods 

4.2.1. Analytical techniques 

The biomass concentration was measured as the amount of organic nitrogen 

oxidized to nitrate by digestion with peroxodisulphate (LCK238, Hach Lange, 

the Netherlands). Before analysis, the cells were centrifuged twice at 20,000 x g 

for 10 minutes and washed with N-free medium. We did not attempt to remove sulfur 

particles, as its presence does not affect the results [18].  

Sulfide was measured as total sulfide (S2-tot) using a methylene blue method with 

a standard cuvette test method (LCK653, Hach Lange, the Netherlands). Sulfide 

analysis was carried out immediately after sampling and filtration over a 0.22 μm 

syringe filter (Millex G5 filter unit, Merck, the Netherlands). 

We determined the sulfate and thiosulfate concentrations by ion 

chromatography (Metrohm Compact IC 761, Switzerland) with an anion column 

(Metrohm Metrosep A Supp 5, 150/4.0 mm, Switzerland) equipped with a pre-column 

(Metrohm Metrosep A Supp 4/5 Guard, Switzerland). The ion chromatography 

system included a chemical suppressor (Metrohm, Switzerland), CO2 suppressor 

(853, Metrohm, Switzerland) and conductivity detector (Metrohm, Switzerland). 

In addition, suppressors for eluent conductivity and carbon dioxide were used 

(Metrohm, Switzerland). The mobile phase flow rate was 0.7 mL min-1. The mobile 

phase consisted of 3.2 mM sodium carbonate and 1 mM sodium bicarbonate solution 
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and 1% acetone. Before starting the analyses, we filtered the samples over 

a 0.22 μm syringe filter (Millex G5 filter unit, Merck, the Netherlands). To prevent any 

abiotic sulfide oxidation we mixed the filtered sample with 0.2 M zinc acetate (Sigma-

Aldrich, the Netherlands) in a 1:1 ratio in order to remove all dissolved sulfide as ZnS. 

The samples were stored at 4 °C. 

We calculated the elemental sulfur concentration by establishing the sulfur 

mass balance on the basis of sulfide, thiosulfate and sulfate analyses in four 

consecutive liquid samples as described elsewhere [15].  

The gas phase (H2S and O2) was analyzed with a gas chromatograph (Varian 

CP4900 Micro GC, Agilent, USA) equipped with two separate column modules: 

a 10 m long Mol Sieve 5A PLOT (MS5) and a 10-m-long PoraPlot U (PPU). The limit 

of quantification was 0.1% for all compounds. Both column modules were connected 

to a thermal conductivity detector for data acquisition. Argon was used as a carrier 

gas with a flow rate of 1.47 ml min-1. The temperature was 80 °C for the MS5, 65 °C 

for PPU column, and 105 °C at the injection port. 

The gaseous MT and DMDS concentrations were measured with a gas 

chromatograph (Thermo scientificTM Trace GC Ultra with Trace GC Ultra valve oven, 

Interscience, Breda, the Netherlands) equipped with a Restek column (RT®-U-Bond, 

30 m x 0.53 mm di x 20 µm df). The limits of quantification were 0.8 ppm(v) 

and 0.7 ppm(v), respectively. The analysis of sulfur compounds was carried out using 

a flame photometric detector (150 °C) and thermal conductivity detector (160 °C). 

Inlet temperature was 190 °C. Oven temperature of the first 2 min was 70 °C, 

followed by a gradient increase of 40 °C min-1, to final temperature of 190 °C 

and subsequently hold for 5 min. Helium was used as carrier gas with a flow rate 

of 10 mL min-1. Loop temperature was 50 °C and the injection volume was 250 µL, 

where a total sample volume of 2.5 mL was used to flush thoroughly. All tubing was 

of the type Sulfinert®, to prevent absorption and reaction of the sulfur compounds. 

Dissolved oxygen (DO) was measured with an optical trace oxygen sensor 

for inline measurements (OIM-PSt6, PreSens GmbH, Regensburg, Germany). 

The oxygen concentration was recorded by the data logger (Fibox 4 trace, PreSens 

GmbH, Regensburg, Germany) which was corrected for temperature and salinity. 
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Table 1. Dimensions and process conditions of gas absorber for H2S 

and methanethiol (MT) removal in our study. 

Dimensions and process conditions 

Column diameter [m] 0.011 

Column height [m] 0.8 

Specific gas-liquid interfacial area [m2 m-3] 396 

Total gas flow [Nm3 s-1] 2.8 × 10-6 

Empty bed retention time [s] 27 

H2S loading [Nm3 s-1] 2.5 × 10-8 

MT loading [Nm3 s-1] 0.3 - 6 × 10-10 

Liquid flow [Nm3 s-1] 2.8 × 10-6 

 

 

4.2.2. Experimental setup 

The experimental setup consisted of a falling film gas absorber and a fed-

batch bioreactor, both without packing material. For a schematic representation 

of the setup we refer to Roman et al. [19]. Table 1 shows the dimensions 

and the operating conditions of the gas absorber. The liquid volume of the bioreactor 

was 2.2 L and the volume of the gas absorber was 0.2 L. The total liquid volume 

remained constant throughout each experimental run. Oxygen gas (99.995 vol.%) 

was supplied to the bioreactor by using a mass flow controller (type EL-FLOW, model 

F-201DV-AGD-33-K/E, 0-30 mL min-1, Bronkhorst, the Netherlands) to control the 

ORP value. The same type of mass flow controller was used to feed H2S (99.8 vol.%, 

0-17 mL min-1), MT (1 vol.% in N2, 0-8 mL min-1) and N2 gas (99.995 vol.%, 

0-350 mL min-1) to the gas absorber. Carbon dioxide (99.99 vol.%) was fed 

to the inlet of the gas absorber with a solenoid valve (125318, Burkert, Germany) 

to control the pH. The oxygen and carbon dioxide supply were controlled with a multi-

parameter transmitter (Liquiline CM442; Endress+Hauser, the Netherlands) based on 

real-time signals from the redox potential electrode (Ag/AgCl reference electrode, 

Orbisint CPS12D; Endress+Hauser) and a pH sensor (Orbisint CPS11D; 

Endress+Hauser), respectively. A gear pump (EW-74014-40, Metrohm Applikon, 

Schiedam, the Netherlands) recycled the liquid between the bioreactor and the gas 
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absorber. The gas phase from the bioreactor headspace was continuously send 

to the bottom of the bioreactor (34 L min-1) with a gas compressor (N-840, KNF, 

Germany). The bioreactor and the gas absorber were kept at 35 °C with a thermostat 

bath (DC10-P5/U, Haake, Germany). We collected gaseous samples from sampling 

points placed in the inlet and outlet of the gas absorber and in the bioreactor 

headspace. Liquid samples were collected from a sampling point placed in the middle 

section of the bioreactor. 

 

4.2.2.1. Medium composition 

Two different carbonate buffers (0.5 and 1.5 M [Na+ + K+]) were used as 

the bioreactor medium. The 0.5 M [Na+ + K+] consisted of 0.27 M Na+ and 0.23 M K+ 

and the 1.5 M [Na+ + K+] consisted of 0.8 M Na+ and 0.7 M K+. Furthermore, 

the medium contained 1.0 g K2HPO4, 6.0 g NaCl, 0.20 g MgCl2 × 6 H2O, and 0.60 g 

urea, each per 1 L of Milli-Q water. A trace elements solution (1 mL L-1) was added 

as described elsewhere [20]. The final pH of the medium was controlled at a value 

of 8.50 ± 0.01 at 35 °C. 

 

4.2.2.2. Inoculum 

The bioreactor was inoculated with cells obtained by centrifugation (30 min 

at 16,000 x g) of a 1-L culture collected from a full-scale gas biodesulfurization 

installation at Industriewater Eerbeek B.V., the Netherlands [21]. The dominant SOB 

species in this bioreactor is Thioalkalivibrio sulfidophilus [10]. The biomass 

concentration in every experiment was 46 ± 4 mg N L-1. For each experiment, 

we used biomass that had previously not been exposed to MT and DMDS.  

 

4.2.3. Experimental design 

4.2.3.1. Effect of methanethiol on sulfur selectivity 

The inhibitory effects of different MT-loadings on product selectivity were 

determined at both low salinity (0.5 M [Na+ + K+]) and high salinity (1.5 M [Na+ + K+]) 

buffers to assess the salt effect on biological sulfur formation. Eleven experimental 

runs were conducted at various MT loading rates (Table 2) and at sulfur-producing 
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conditions (ORP = -390 mV) in two identical experimental setups (described 

in Section 4.2.2). Each increase in MT loading rate was done alternately in the other 

setup to demonstrate that the perturbed setup itself had no influence on the results 

(Table 2). The H2S loading rate was always kept constant at supply of 61.3 mM d-1 

and before the start of each experiment ORP was constant (± 5 mV), indicating 

steady-state operation of the system. Each experiment lasted 24 hours during which 

four samples at regular time intervals were taken.  

 

 

Table 2. Loading rate of methanethiol to the experimental setup for each experiment 

operated under constant H2S loading rate (61.3 mM d-1) and reduction-oxidation 

potential (-390 mV). Two identical lab-setups (setup 1 and setup 2) were used 

for the experiments. 

Experiment 
number 

1 2 3 4 5 6 7 8 9 10 11 

Setup 1 2 1 2 1 2 1 2 1 2 1 

Methanethiol 
loading rate 

[mM d-1] 
0.05 0.10 0.20 0.29 0.39 0.49 0.59 0.69 0.79 0.89 0.99 

 

 

4.2.3.2. Biological sulfide measurement 

Batch sulfide oxidation experiments were performed in order to investigate 

the SOB inhibition mechanism by MT in a saline medium ([Na+ + K+] = 1.5 M, 

pH = 8.5) and estimate kinetic parameters of this reaction. Biological sulfide oxidation 

was monitored by measuring a decrease in the sulfide concentration measured using 

UV spectrophotometry at 230 nm (UV-1650PC, Shimadzu, Japan). The initial sulfide 

concentration in each experiment was based on the absorbance, with correction 

of absorption for biomass and medium. Moreover, any decrease of absorption was 

corrected for abiotic sulfide oxidation rate (test without cells). Activity was measured 

in quartz cuvette with screw cap in 2.5 mL liquid volume (Z801313, Sigma-Aldrich, 

the Netherlands). Reaction was started by injection of sulfide stock solution (98% 

pure nona-hydrate, Sigma Aldrich, the Netherlands) with a microliter syringe 

(Hamilton, USA). Sulfide concentrations ranged from 5 µM to 100 µM. After injection 
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and mixing by inversion, absorption was measured for 5 min at 230 nm. 

The biological sulfide oxidation rate was measured in both the absence and presence 

of MT (95% pure sodium thiomethoxide, Sigma Aldrich, the Netherlands) added just 

before injection of sulfide solution. All experiments were performed at room 

temperature. 

Biomass used in BSM tests was obtained from the lab-scale H2S oxidizing 

bioreactor operated at sulfur-forming conditions (ORP = -390 mV). The sulfur-free 

biomass solution was prepared by centrifugation of 700 mL of the sulfide-oxidizing 

culture and a washing step after re-suspension of the pellet in 25 mL 1.5 M [Na+ + K+] 

medium. The biomass concentration in the batch experiments was always kept 

at 1 mg N L-1. 

 

 

 

Figure 1. A. Flow scheme of the experimental setup: 1. Absorber gas inlet 

ுଶௌ,ெ்ܥ)
ீ ሺ0ሻ, mol m-3); 2. Absorber gas outlet (ܥுଶௌ,ெ்

ீ ሺܪሻ, mol m-3); 3. Bioreactor 

liquid inlet (ܥுଶௌ,ெ்
ோ,௜௡ , mol m-3); 4. Bioreactor liquid outlet (ܥுଶௌ,ெ்

ோ , mol m-3). 

B. Reactions that occur in the bioreactor related to the sulfide oxidation. 
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4.2.4. Integrated absorber and bioreactor model 

A mathematical model for the two-step biodesulfurization process with 

simultaneous removal of MT and H2S, under alkaline conditions, has been 

developed. As mentioned before, the setup consists of two sections: a gas absorber, 

where H2S and MT are washed from the gas mixture, and a fed-batch sulfide 

oxidizing bioreactor (Fig. 1A). In what follows, material balances for each section, 

assuming steady state conditions, are presented.  

In the setup, liquid from the bioreactor is recycled over the gas 

absorber (Fig. 1A). General spatially distributed H2S mass balances for the gas 

and liquid phase in the gas absorber are represented by Eq. 4 and 5 [22]:  

߶ீ
ௗ஼ಹమೄ

ಸ ሺ௭ሻ

ௗ௭
ൌ െ݇௢௩ுଶௌܽܵ ቀܥுଶௌ

ீ ሺݖሻ െ ஼ಹమೄ
ಽ ሺ௭ሻ

௠ಹమೄ
ቁ   (4) 

߶௅
ௗ஼ಹమೄ

ಽ ሺ௭ሻ

ௗ௭
ൌ ݇௢௩ுଶௌܽܵ ቀܥுଶௌ

ீ ሺݖሻ െ ஼ಹమೄ
ಽ ሺ௭ሻ

௠ಹమೄ
ቁ    (5) 

where 

݇௢௩ுଶௌ ൌ
ଵ

௞ಸ,ಹమೄ
షభାሺ௠ಹమೄ	௞ಽ,ಹమೄሻషభ

     (6) 

Analogous expressions can be derived for MT. The overall mass transfer coefficient 

(kov) is determined by the gas-side and liquid-side mass transfer coefficients (Eq. 6). 

The general mass balances for the gas and liquid phase in the gas absorber are 

solved with the following boundary conditions z = H: 

ுଶௌܥ
ீ ሺݖሻ ൌ ுଶௌܥ

ீ,ு        (7) 

ுଶௌܥ
௅ ሺݖሻ ൌ ுଶௌܥ

ோ        (8) 

 The biological oxidation of sulfide by Thioalkalivibrio is governed 

by subsequent reactions in which sulfide is first transformed into an intracellular 

polysulfur compound ({Sx}) [23], and then to elemental sulfur (Eq. 1), 

which is secreted outside the cell. The polysulfur compound is also transformed 

to sulfite followed by the conversion to sulfate (Eq. 2) [8]. A schematic representation 

of these reactions is given in Figure 1B. From two substrates (sulfide and oxygen), 

the oxygen was excluded from the equations describing biological reactions because 

there is no direct cause and effect relationship on the product formation 

in the presence of MT [16]. Therefore, in order to model the effect of MT 

concentration on the sulfur production, the reaction term in the sulfide mass balance 
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over the bioreactor is only based on the rate of sulfide consumption. Hence, 

the sulfide mass balance, under steady-state conditions, is given by: 

0 ൌ ߶௅ሺܥுଶௌ
ோ,௜௡ െ ுଶௌܥ

ோ ሻ ൅ ௥ܸܴுଶௌ     (9) 

where the molar sulfide consumption rate is described by: 

ܴுଶௌ ൌ െݎௌைସ݉௕ܨௌைସ െ ௌܨௌ݉௕ݎ െ  ௌଶைଷ     (10)ݎ

The selectivity factors for sulfate (FSO4) and sulfur (FS) account for the product 

selectivity under the most optimal conditions for sulfur formation.  

Besides biological sulfide oxidation, the overall mass balance also includes 

the abiotic oxidation of sulfide (Fig. 1B), which is described by Eq. 11 [7,24].  

ௌଶைଷݎ ൌ ݇ௌଶைଷܥைଶ
ோ ଴.଼

ுଶௌܥ
ோ ଵ.଴ଶ

      (11) 

The reaction rates for sulfide consumption for sulfur and sulfate production 

are described by “Michaelis-Menten” equations (Eq. 12-13) for a competitive 

inhibition of SOB inhibition by MT [16], that is: 

ௌݎ ൌ
௥೘ೌೣ
ಹమೄ஼ಹమೄ

ೃ

௄ಾ
ಹమೄቆଵା

಴ಾ೅
ೃ

ೖ೔
ೄఴ ቇା஼ಹమೄ

ೃ
      (12) 

ௌைସݎ ൌ
௥೘ೌೣ
ಹమೄ஼ಹమೄ

ೃ

௄ಾ
ಹమೄቆଵା

಴ಾ೅
ೃ

ೖ೔
ೄೀరቇା஼ಹమೄ

ೃ
       (13) 

It should be noted that, the above reaction rates differ only in their inhibition 

constants. It was found that reactions leading to sulfur and sulfate formation have 

different susceptibilities to MT, which can be related to different enzyme systems 

used during the formation of these products [16].  

The model also includes the chemical reaction between MT and biologically 

produced sulfur particles, in which dimethyl polysulfanes are formed [25]. 

The kinetics of this reaction were described by Van Leerdam et al. [26]. This enables 

us to articulate the steady-state mass balance for MT in the bioreactor as follows: 

0 ൌ ߶௅ሺܥெ்
ோ,௜௡ െ ெ்ܥ

ோ ሻ ൅ ௥ܸܴெ்     (14) 

where 

ܴெ் ൌ െ݇ܥெ்
ோ ଶ.ଵ

ௌܥ
ோ଴.଻଺      (15) 
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4.3. Results and discussion 

4.3.1. Identification of overall inhibition using the BSM test 

We developed the BSM test to study the inhibition of biological sulfide 

oxidation by MT. The millimolar extinction coefficient at maximum absorbance 

of sulfide (230 nm) was found to be 8300 M-1 cm-1 based on Beer-Lambert law, 

which is exactly the same value as has been reported by Fischer et al. [27]. 

The spectrophotometric measurement at wavelength of 230 nm is limited to low 

concentrations of H2S (up to 0.1 mM), because of the maximum absorbance 

of 1 Abs. However, a change of the wavelength to 255 nm allows extending 

the range of applicability to 4 mM. 

 

Figure 2. An example of dissolved oxygen (DO) and sulfide consumption over time 

for the O2/H2S ratio of 0.4 mol mol-1. The DO consumption rate was obtained from 

the biological oxygen measurement at a temperature of 35 °C, medium [Na+ + K+] 

= 1.5 M and biomass concentration = 10 mg N L-1 (see Roman et al. [16]). 

The sulfide consumption rate was obtained from the biological sulfide measurement 

at a temperature of 25 °C, medium [Na+ + K+] = 1.5 M and biomass concentration 

of 1 mg N L-1, which was recalculated to a temperature of 35 °C and the biomass 

concentration of 10 mg N L-1. 
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The BSM test is a direct method to assess the biological oxidation rate 

of sulfide, i.e. the first step in the pathway for oxidation of sulfur compounds by SOB. 

Subsequently, we overlaid the BOM results from a preceding study [16] with the BSM 

results from this work after recalculation to the same biomass concentration 

and temperature (Fig. 2). A temperature correction was made in accordance with 

Van't Hoff Law.  

It can be observed from Figure 2 that after all sulfide is consumed, the oxygen 

consumption rate still changes. Only after 500 s. the oxygen concentration stabilizes 

at 22 µM. It has been assumed that other intracellular processes, related to further 

oxidation of sulfide derivatives ({Sx}), are responsible for the continuous oxygen 

consumption which determines the second oxygen consumption rate. Thus, kinetic 

parameters estimated based on the second part of the oxygen consumption rate 

(from approx. 90 to 530 s.) most likely will be related to other enzymatic processes. 

 

 

Figure 3. Lineweaver-Burk plot obtained from a kinetic study of biological sulfide 

oxidation in the absence and presence of methanethiol, CH2S	 is the concentration 

of sulfide and rS is the reaction rate. Temperature = 25 °C, pH = 8.5, and [Na+ + K+] 

= 1.5 M. 
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The results obtained from the BSM test were validated by assessing 

the inhibition mode of MT on SOB by preparing a Lineweaver-Burk plot (Fig. 3) [28]. 

From this plot, it follows that MT is a competitive inhibitor as at increasing substrate, 

i.e. sulfide, concentrations the inhibition by MT is mitigated. This is in agreement with 

our previous findings [16].  

 

4.3.2. Effect of methanethiol on biological sulfur production 

Process performance of biological sulfide oxidation, in 1.5 M [Na+ + K+] 

medium and at different MT loadings, was monitored in terms of DO, oxygen 

in the bioreactor headspace and O2/H2S consumption ratio (Fig. 4A). Based on these 

results, it can be seen that the bioreactor was stable up to a MT loading rate 

of 0.3 mM d-1, as the selectivity for sulfur and thiosulfate formation remained fairly 

constant. Stable bioreactor operation becomes apparent from a constant sulfur 

production (75 - 82 mol%) and constant selectivity for thiosulfate which is around 

20 mol% (Fig. 4B). These observations suggest that MT has negligible effect 

on sulfur production below a loading rate of 0.3 mM d-1, which is in good agreement 

with our previous findings [16]. Moreover, biological production of sulfur is well 

correlated with the O2/H2S ratio (0.61 ± 0.02 mol mol-1), which corresponds 

to literature values [6,18]. Through all experiments, the sulfate selectivity (Eq. 2) 

remained constant (2 ± 1 mol%). Along with a further increase of the MT loading rate, 

the selectivity for sulfur production decreases. This is caused by inhibition 

of the biological activity, resulting in sulfide accumulation. The increasing sulfide 

concentrations result in a decrease of the ORP at constant oxygen supply rates. 

However, because the system is operated at an ORP setpoint value of -390 mV, 

the oxygen supply rate increases once the ORP value is below the setpoint value. 

Because the additional O2 is not consumed by the bacteria an increase of the DO 

and PO2 in the bioreactor headspace was found (Fig. 4A). As a result, the biotic 

sulfide oxidation rate is overtaken by its abiotic oxidation under the formation 

of S2O32- (Eq. 3). It can be seen that thiosulfate formation becomes significant at MT 

loading rates above 0.5 mM d-1. Moreover, any process deterioration is also obvious 

from the increased standard deviation of product selectivity and oxygen related 

parameters (Fig. 4A). The situation in which sulfide accumulates due to inhibition 

of SOB and when it is not possible to maintain a constant redox by dosing oxygen 
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to the gas recycling loop is in what follows referred to as the “collapse” 

of the bioreactor. For experiments with a medium salinity of 1.5 M [Na+ + K+], 

the bioreactor collapsed under MT loading of 0.59 mM d-1 (Fig. 4B). In a previous 

study, where SOB were exposed to MT, the decrease in sulfur production was never 

observed [15], because these experiments were performed at significantly lower MT 

loading rates (≤ 79.3 µM d-1). 

 

 

Figure 4. Bioreactor performance of experimental runs at different methanethiol 

loadings. A. Oxygen in the headspace of the bioreactor, dissolved oxygen (DO) 

and molar O2/H2S supply. H2S loading rate = 61.3 mM d-1, pH = 8.5 and [Na+ + K+] 

= 1.5 M. B. Sulfur and thiosulfate selectivity with corresponding model predictions. 

The sulfate selectivity was constant during all experiments (2 ± 1 %). The grey area 

corresponds to model output uncertainties as a result of variations in DO 

concentrations. 
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4.3.3. Mathematical model of integrated absorber and bioreactor  

4.3.3.1. Estimation of the unknown parameters 

The unknown parameters (Table 3) were estimated using a non-linear least-

squares method (the Levenberg-Marquardt algorithm) as described by Keesman [29], 

unless otherwise stated. For instance, the distribution coefficient of MT (mMT) in 1.5 M 

[Na+ + K+] medium was estimated based on static headspace measurements, 

as described elsewhere by Iliuta and Larachi [30]. The overall mass transfer 

coefficient for MT (KovMT) was estimated based on absorption measurements 

(Supporting Information). A similar approach could not be applied for the estimation 

of KovH2S, because in all performed experiments H2S was always below the detection 

limit due to high absorption rate. Therefore, KovH2S and mH2S were respectively 

assumed to be 3.5·10-3 m2 s-1 and 1.78 [31], for which a complete absorption 

occurred. To evaluate the sensitivity of these parameters choices, the assumed 

values were evaluated on a range of nominal value ± 10%. Within this range no 

significant effects on the model outputs were observed and thus, in what follows, 

these parameter values were fixed. The selectivity factors for sulfate (FSO4) and sulfur 

(FS) account for the product selectivity under the most optimal conditions for sulfur 

formation. The estimates of FSO4 and FS were found from the fed-batch experiments, 

as presented in Roman et al. [16]. The rate constant k in Eq. 15 for the reaction 

between MT and biosulfur at pH = 8.7 and T = 35 °C was determined graphically 

and is given by k = 0.0373 m5.58 mol-1.86 s-1, according to Van Leerdam et al. [26]. 

The maximum reaction rate of biotic sulfide oxidation (rmaxH2S), Michaelis constant 

(KMH2S) and inhibition constant for sulfur formation (kiS8) were estimated from data 

obtained from the BSM tests (Section 4.3.1). The Michaelis-Menten constant 

(KMH2S = 6 ± 1 µM) and the inhibition constant (ki = 7.6 ± 0.8 µM) were found 

to be comparable to the parameter estimated from the BOM tests (KMH2S = 3.6 ± 0.3 

µM and ki = 3.1 ± 0.5 µM) for the same biomass and medium, but at 35 °C [16]. 

Although the BSM tests were performed at 25 °C and BOM tests at 35 °C, we still 

can compare obtained estimates KM and ki. This holds because SOB 

can be considered as eurythermal species [12], which are known to have a stable Km 

and ki value [32,33]. In contrast to kiS8, it was not possible to estimate the inhibition 

constant for sulfate formation (kiSO4) from data of the BSM experiments, as this test 

only includes the first (sulfide oxidation) step. Therefore, kiSO4 was estimated based 
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on the data from the preceding study [16]. The estimate of kiSO4 was found to be 33 

times lower than kiS8, which is in agreement with the assumption that the selectivity 

for sulfur and sulfate have different susceptibility to MT. On the basis of the same 

study, we also estimated the thiosulfate reaction constant (kS2O3). 

 

 

Table 3. Parameter estimates with corresponding standard deviations. 

Symbol Value Unit 

FS 0.78 ± 0.09 - 

FSO4	 0.192 ± 0.08 - 

kiS8	 7.6 ± 0.8 µM 

kiSO4	 0.23 ± 0.05 µM 

KMH2S	 6 ± 1 µM 

Kov,MT	 1.856E-03 ± 3E-06 m2 s-1 

kS2O3	 21 ± 1 m2.46 mol-0.82 s-1 

mDMDS0.5M	 5.0 ± 0.3 - 

mDMDS1.5M	 4.0 ± 0.2 - 

mMT0.5M	 2.8 ± 0.3 - 

mMT1.5M	 2.00 ± 0.05 - 

rmaxH2S	 3.5E-05 ± 1E-06 mol m-3 s-1 mgN-1 

 

 

4.3.3.2. Validation of the bioreactor model 

 The estimated parameters in Table 3, obtained from literature and lab-scale 

experiments, were used to validate the bioreactor model. Only limited literature data 

were available to describe biological sulfide oxidation in the presence of MT. Hence, 

the model (Eq. 4-15) with parameter values from Table 3, was validated with data 

obtained from the bioreactor experiments described in section 4.3.2. 

In the integrated reactor system, dimethyl disulfide (DMDS) is the end-product 

from the abiotic oxidation of MT. In order to validate the model assumption that 

the gas absorber and the bioreactor are in equilibrium, we measured the DMDS 
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concentration in the absorber outlet and in the bioreactor headspace (Fig. 5). Results 

obtained at stable bioreactor operation (all points except for an MT loading 

of 0.59 mM d-1) show that the DMDS concentrations are indeed the same 

in the bioreactor headspace and in the absorber outlet. This observation confirms 

that the liquid and gas phase are in equilibrium. The DMDS concentration 

in the bioreactor headspace increased significantly after the bioreactor collapsed 

because of an increase in the oxygen concentration (Fig. 4A), which subsequently 

resulted in an intensified oxidation of MT to DMDS. 

 

 

Figure 5. Concentration of dimethyl disulfide (DMDS) in headspace of the bioreactor 

and absorber outlet at different methanethiol loadings. Reactor system operated 

at H2S loading rate = 61.3 mM d-1, temperature = 35 °C, pH = 8.5, and [Na+ + K+] 

= 1.5 M. 
 

 

Results of the model are expressed in terms of the selectivity for sulfur 

and thiosulfate formation in mol% (Fig. 4B). The model also predicts selectivity for 

sulfate, but these results are not included in the graph as they remained fairly 

constant, at a level of 2 ± 1 mol%, which are close to the measured value. 

For the other two selectivities, the model fit is in very good agreement with 

the experimental data (Fig. 4B). It can be seen that the model predicts a stable 



 Chapter 4 

106 

 

4 

bioreactor operation up to MT loading rate of 0.3 mM d-1. Above this value, inhibition 

of biological reactions is predicted and observed, leading to an increase of abiotic 

oxidation of sulfide to form thiosulfate. At MT loading rates above 0.5 mM d-1, model 

output uncertainties increase significantly due to an increased instability 

of the process, e.g. high fluctuations of DO (Fig. 4A). For the highest loading of MT 

(0.6 mM d-1), i.e. the condition under which the bioreactor collapsed, the model does 

not predict the observed complete inhibition of biotic sulfide oxidation. However, 

a strong decline in biological activity is predicted.  

 The proposed model structure with corresponding parameter values allow 

to summarize the experimental results presented in the current study in mathematical 

terms. Furthermore, the model can be used to predict the product selectivity 

of the biological oxidation of sulfide and corresponding uncertainty bounds under 

conditions different from that were measured. Also, given the model, the biomass 

concentration that maintains the production of sulfur at a desired level 

in the presence of a specific concentration of MT can be calculated. 

 

4.3.4. Mitigation of the methanethiol inhibition 

Members of the genus Thioalkalivibrio have a wide salt tolerance ranging from 

0.3 to 4 M total [Na+ + K+] with an optimum concentration between 0.4 and 2 M [34]. 

Within this broad range of salinity conditions, bacteria produce compatible solutes, 

such as glycine betaine, to control their osmotic pressure [8,35]. The concentration 

of individual compatible solutes increases at increasing salt concentrations and may 

constitute up to 9% of the total dry weight depending on the salinity [36]. Synthesis 

of these compounds consumes extra energy. Therefore, we hypothesized that after 

the reduction of the medium salinity from 1.5 to 0.5 M [Na+ + K+], bacteria will be 

under lower salt stress and might have more energy available to cope with MT. 

Especially, under sulfur-forming condition SOB generate limited amount of energy, 

and therefore, even a small change in energy generation might be vital for the SOB. 

Another advantage of lowering the medium salinity is an increase in oxygen 

solubility [37]. This increase can result in improved access of bacteria to oxygen, 

assuring stable operation of the bioreactor. 

The effect of a lower salinity medium (0.5 M [Na+ + K+]) was investigated 

under identical conditions as experiments with the 1.5 M [Na+ + K+] medium, 
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described in section 4.3.2. Lowering the salt concentration resulted in a process less 

vulnerable to MT inhibition, which can be seen by the last stable operation 

of the bioreactor (related to the last stable data point in the graph) at almost two 

times higher loading of MT (0.49 v. 0.89 mM d-1) (Fig. 4B and 6A). The bioreactor 

collapsed at an MT loading rate of 0.99 mM d-1. Unfortunately, neither these nor 

intermediate measurements are available. For each experiment, i.e. under low 

and high salinity conditions, the MT and DMDS concentrations were measured 

in the bioreactor headspace (data not shown). Based on these measurements 

and estimation of the distribution coefficients for MT and DMDS, as described 

elsewhere [30,38], it was possible to calculate the concentration of these compounds 

in the bioreactor liquid (Fig. 6 B-C). From Figures 6B-C, it follows that 

at 0.5 M [Na+ + K+], the system can tolerate 2-3 times higher MT and DMDS 

concentrations compared to salinity 1.5 M [Na+ + K+].  

Figure 6A and 4B show that 50% inhibition of sulfur production in medium 0.5 

and 1.5 M [Na+ + K+] occurs at an MT loading rate of ~0.75 and ~0.49 mM d-1, 

respectively. Under these conditions, the DMDS concentration in the bioreactor liquid 

is 2.5 times higher at 0.5 than at 1.5 M [Na+ + K+] medium (7.0 µM v. 2.8 µM), 

while the MT concentrations are comparable (2.5 and 3.2 µM) for the same 

conditions (Fig. 6 B-C). This means that the sulfur production is inhibited by 50% 

at similar MT concentrations. Moreover, the DMDS concentrations in the bioreactor 

liquid are 300 - 500 times lower for both saline media, than the IC50 concentration 

(1500 µM) found by Van den Bosch et al. [17], while the MT concentrations are only 

17 times lower (~2.9 v. 50 µM). Considering that MT is responsible for the sulfur 

inhibition in our experiments, the lower value of IC50 can be explained by assuming 

that MT is a competitive inhibitor. Therefore, MT competes with sulfide in binding 

to the active place of the enzymes and the binding rate depends on the concentration 

of both of these compounds. The IC50 concentration for MT found by Van den Bosch 

et al. [17] was determined for a sulfide concentration of 8 mg L-1. Thus, lower values 

of the IC50 concentrations for MT in our experiments are related to lower sulfide 

concentrations in the bioreactor, which were below the detection limit (0.1 mg L-1). 

Based on these observations it can be deduced that from two dominant organic 

sulfur compounds (MT and DMDS) present in the bioreactor, MT is the one 

responsible for the sulfur inhibition. 
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Figure 6. A. Product selectivities of stable bioreactor performance at different 

methanethiol loadings operated at H2S loading rate = 61.3 mM d-1, pH = 8.5 

and [Na+ + K+] = 0.5 M. B, C. Methanethiol and dimethyl disulfide (DMDS) 

concentrations respectively, in the liquid phase of the bioreactor at [Na+ + K+] = 0.5 M 

and [Na+ + K+] = 1.5 M. Experimental data for an MT loading 0.99 mM d-1 are not 

shown; impossible to measure. 
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4.4. Conclusions 

 In this paper it was shown for the first time that the biological oxidation 

of sulfide to sulfur was inhibited by MT. The inhibition occurs at an MT concentration 

of 1 µM and above, at MT a loading rate of 0.3 mM d-1 and an H2S loading rate 

of 61.3 mM d-1. Furthermore, a mathematical model has been proposed to describe 

the experimental results. This model is based on recent findings concerning 

the mode of SOB inhibition by MT and kinetic parameters found from BSM tests. 

With this model it is possible to calculate the maximum MT/H2S supply ratio for which 

no inhibition occurs. This ratio also depends on the ORP and biomass concentration. 

The negative effect of MT on the biological formation of elemental sulfur can be 

mitigated by lowering the salinity of the bioreactor medium. Another positive effect 

of a lower salinity is an increased oxygen solubility which lowers the energy 

requirements to aerate the bioreactor. Our results also show that the toxic effect 

of MT can be mitigated by the chemical oxidation of MT to DMDS.  

 Based on the current work it can be concluded that the combined removal 

of H2S and MT can be performed in the conventionally applied three-step process: 

(1) Absorption of sulfur compounds, (2) Oxidation of sulfur compounds 

and (3) Separation of the produced biosulfur particles. However, when the MT toxicity 

level is exceeded a separate absorption of H2S and MT can be considered. A split 

absorber design could be applied in order to remove the majority of the H2S 

in the first absorber and MT in the second absorber with an alkaline solution. 

It should be noted that the partial absorption of MT in the first absorber should be low 

to not exceed any toxic levels in the bioreactor. This can be achieved by adjusting 

the wash water flow over the absorber column. The absorbed MT from the second 

absorber could be transformed to diorgano polysulfanes by a reaction with biosulfur. 

Under anaerobic conditions the formed organosulfur compounds can be converted 

to sulfide and recycled to the sulfide oxidizing bioreactor. The proposed treatment 

process would allow for a complete removal of H2S and thiols. 
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Nomenclature 

Symbol Parameter Unit 

ΦG	 Gas volumetric flow rate m3 s-1 

ΦL	 Liquid volumetric flow rate m3 s-1 

a	 Gas-liquid interfacial area m2 m-3 

CH2SG,z	 Concentration of sulfide in the gas phase mol m-3 

CMTG,z	 Concentration of methanethiol in the gas phase mol m-3 

CH2SL,z	 Concentration of sulfide in the liquid phase mol m-3 

CMTL,z	 Concentration of methanethiol in the liquid phase mol m-3 

CH2SR	 Concentration of sulfide in the liquid outlet mol m-3 

CO2R	 Oxygen concentration in bioreactor mol m-3 

CMTR	 Concentration of the methanethiol in the liquid outlet mol m-3 

CH2SR,in	 Concentration of sulfide in the liquid inlet mol m-3 

CMTR,in	 Concentration of the methanethiol in the liquid inlet mol m-3 

CSR	 Sulfur concentration in bioreactor mol m-3 

FS	 Sulfur selectivity coefficient - 

FSO4	 Sulfate selectivity coefficient - 

H	 Column height m 

k	
Reaction rate constant (reaction between methanethiol 
and biologically produced sulfur) m5.58 mol-1.86 s-1 

kG,H2S	 Gas side mass transfer coefficient for sulfide m s-1 

kG,MT	 Gas side mass transfer coefficient for methanethiol m s-3 

kiS8	 Inhibition constant for sulfur production µM 

kiSO4	 Inhibition constant for sulfate production µM 

kL,H2S	 Liquid side mass transfer coefficient for sulfide m s-2 

kL,MT	 Liquid side mass transfer coefficient for methanethiol m s-2 

KMH2S	 Michaelis constant µM 

Kov,MT	 Overall mass transfer coefficient for methanethiol m2 s-1 

Kov,H2S	 Overall mass transfer coefficient for sulfide m2 s-1 

kS2O3	 Reaction rate constant (chemical oxidation of sulfide) m2.46 mol-0.82 s-1 

mH2S	 Distribution coefficient between gas and liquid for sulfide - 

mMT	
Distribution coefficient between gas and liquid for 
methanethiol - 

mb	 Total amount of biomass in the bioreactor mgN 

RH2S	 Molar consumption rate of sulfide mol m-3 s-1 
rmaxH2S	 Maximal reaction rate of sulfide oxidation mol m-3 s-1 mgN-1 

RMT	 Molar consumption rate of sulfide mol m-3 s-1 

rS	 Sulfide consumption rate for sulfur production mol m-3 s-1 mgN-1 

rS2O3	 Sulfide consumption rate for thiosulfate production mol m-3 s-1  

rSO4	 Sulfide consumption rate for sulfate production mol m-3 s-1 mgN-1 

S	 Column cross sectional area m2 

Vr	 Volume of the bioreactor m3 

z	 Height of column element m 

 

 



 Chapter 4 

114 

 

4 

Supporting Information. The measured methanethiol concentration in the inlet 

and outlet of the gas absorber used for the estimation of the overall mass transfer 

coefficient (KovMT). 
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Abstract 

 

A novel approach has been developed for the simultaneous description of sulfur 

and sulfate formation from the biological oxidation of hydrogen sulfide (H2S) using 

a quick, sulfide-dependent respiration test. Next to H2S, thiols are commonly present 

in sour gas streams. We investigated the inhibition mode and the corresponding 

inhibition constants of six thiols and diorgano polysulfanes on the biological oxidation 

of H2S. A positive and negative linear relationship was found between the calculated 

IC50 values and the lipophilicity of thiols and diorgano polysulfanes, respectively. 

Moreover, a mathematical model was proposed to estimate the biomass activity 

in  the absence and presence of sulfurous inhibitors. The biomass used in 

the respiration tests originated from a full-scale biodesulfurization reactor. A microbial 

community analysis of this biomass revealed that two groups of microorganism are 

abundant, viz. Ectothiorhodospiraceae and Piscirickettsiaceae. 
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5.1. Introduction 

Biological processes to remove hydrogen sulfide (H2S) from gas streams have 

become increasingly attractive in recent years as an alternative to physicochemical 

technologies [1,2]. Key drivers to select biotechnological solutions for the treatment 

of sour gas streams instead of physicochemical processes are the higher H2S 

removal efficiencies, lower operational cost and, most importantly, the simpler 

operating procedures [3]. After the first commercial applications in the oil and gas 

industry, the need has arisen to broaden the operating window of these bioprocesses 

by enabling the removal of thiols next to H2S as these volatile organosulfur 

compounds are regularly present in sour natural gas streams. 

Thiols are considerably more toxic to sulfur oxidizing bacteria (SOB) than 

dissolved sulfide [4,5]. In the presence of oxygen thiols are rapidly oxidized to organic 

disulfides (Eq. 1) [6]. Thiols also react with biologically produced sulfur particles to 

form diorgano polysulfanes (Eq. 2). These organosulfur compounds (with n > 3) are 

unstable and quickly decompose to stable di- and trisulfides [7], according to Eq. 3. 

2 RSH + 0.5 O2 → RS2R + H2O     (1) 

2 RSH + S8 → RSnR + Sx2- + 2 H+, with n+x = 10  (2) 

2 RSnR ↔ RSn-1R + RSn+1R, with n > 3    (3) 

Diorgano di- and trisulfides are found to be the most predominant organosulfur 

compounds in a bioreactor operating at haloalkaline conditions [4]. Clearly, a better 

understanding of the toxic effects of these compounds on SOB is of key importance 

to ensure a stable reactor performance. 

It was shown that Thioalkalivibrio sulfidophilus is the most dominant SOB in 

full-scale Thiopaq installations that are operated at haloalkaline conditions, i.e. at 

pH 9, 1 M total Na+ and at a redox potential below -250 mV to ensure sulfur-

producing conditions [8]. Based on a complete genome analysis Muyzer et al. (2011) 

[9] reconstructed a sulfur oxidation pathway in Tv. sulfidophilus. In this pathway SOB 

oxidize sulfide to sulfate via zero-valent sulfur as an intermediate. In the first step 

Tv. sulfidophilus oxidizes sulfide to a polysulfur-containing compound(s), hereafter 

referred to as {Sx}. {Sx} can be secreted from the periplasm as elemental sulfur 

globules at low redox conditions or oxidized to sulfate via intermediate sulfite 



 Chapter 5 

120 

 

5 

at elevated redox values (Fig. 1). The reactions describing the formation of both 

products can be written in the following simplified form: 

HS- + 0.5 O2 → 1/8 S8 + OH-     (4) 

HS- + 2 O2 → SO42- + H+      (5) 

A more detailed description of the underlying principles of biological sulfide oxidation 

was presented by Klok et al. (2012) [10]. 

Reaction kinetics of the biological sulfide oxidation processes can be studied 

by performing biological oxygen monitoring (BOM) tests, which are based on 

monitoring the decrease of the dissolved oxygen concentration. Recently it was found 

that for biomass samples in which representatives of the genus Thioalkalivibrio were 

identified as the dominating SOB, the oxygen consumption rate can be described 

by two different reaction rates [4]. The first and fast rate (R1) is related to the partial 

oxidation of sulfide to {Sx}, while the second and much lower rate (R2) is related 

to the further oxidation of {Sx} to sulfate ions (Fig. 1) [11]. 

 

 

Figure 1. Schematic overview of the reaction that occurs in the bacterial cell related 

to sulfide oxidation and the corresponding oxygen concentration profile from 

biological oxygen measurements. 

 

We have also shown that by understanding the inhibition mode for a single 

thiol, it is possible to model the performance of the biodesulfurization process in lab-

scale reactors [4]. The aim of the current study is to investigate the inhibitory effects 

of the most common thiols i.e. MT, ethanethiol (ET), 1-propanothiol (PT) and 

the products of their chemical oxidation (Eq. 1-3): DMDS, diethyl disulfide (DEDS) 

and dipropyl disulfide (DPDS) on the biological oxidation rate of dissolved sulfide. 



 Inhibition of a biological sulfide oxidation by thiols and diorgano polysulfanes 

121 

 

5 

The identified modes of inhibition and the associated kinetic parameters will be used 

in a set of mathematical equations to describe the prevailing reaction kinetics 

in integrated systems for the treatment of sulfide and thiols containing gas streams. 

Several authors have presented kinetic models to characterize the aerobic biological 

sulfide oxidation process [12–14]. However, the inhibition by organic sulfur 

compounds was never taken into account despite the fact that thiols are a commonly 

present in sour gas streams [15–17]. Our mathematical model builds on a genomic 

model proposed by Muyzer et al. (2011) [9]. The presented model can be used 

as a tool for designing industrial biodesulfurization installations. 

 

Table 1. Chemicals used to prepare solutions in the current study. All chemicals were 

purchased from Sigma-Aldrich, the Netherlands. 

Compound name CAS no. Chemical formula Solvent 

Sodium sulfide hydrate 1313-84-4 Na2S · 9 H2O Water 

Sodium thiomethoxide  5188-07-08 CH3SNa Water 

Ethanethiol 75-08-1 C2H5SH Methanol 

1-Propanethiol 107-03-9 CH3CH2CH2SH Methanol 

Dimethyl disulfide 624-92-0 CH3S2CH3 Methanol 

Diethyl disulfide 110-81-6 (C2H5)2S2 Methanol 

Dipropyl disulfide 629-19-6 (CH3CH2CH2)2S2 Methanol 

 

5.2. Materials and methods 

5.2.1. Experimental setup  

Respiration tests were performed to assess the kinetic parameters 

of biological sulfide oxidation and the mode of inhibition by thiols and diorgano 

polysulfanes (Table 1) in an air-saturated medium. We used a similar setup 

as described elsewhere [18], which consisted of a glass mini-reactor (60 mL) 

equipped with a magnetic stirrer. The reactor was closed with a Teflon piston to avoid 

any oxygen ingress. We added stock solutions containing the inhibitors and sulfide 

to the reactor with a syringe passing through the piston. The sulfide oxidation rate 

was determined by measuring the oxygen consumption rate with a dissolved-oxygen 

(DO) sensor (Oxymax COS22D, Endress+Hauser). Signals from the DO sensor were 
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recorded using a multiparameter transmitter (Liquiline CM442; Endress+Hauser, 

the Netherlands). All experiments were performed at 35 °C (DC10-P5/U thermostat 

bath, Haake, Germany). 

 

5.2.2. Medium composition 

The reactor medium included a carbonate/bicarbonate buffer of 0.1 M Na2CO3 

and 0.8 M NaHCO3 (1 M total Na+). Furthermore, the medium contained 1.0 g 

K2HPO4, 0.20 g MgCl2 × 6 H2O, and 0.60 g urea, each per 1 L of Milli-Q water. 

A trace elements solution (1 mL L-1) was added as described elsewhere [19]. 

The final pH of the medium was 9.00 ± 0.01 at 35 °C. 

 

5.2.3. Biomass 

In the respiration tests we used biomass sampled from a full-scale gas 

biodesulfurization installation, located at Industriewater Eerbeek B.V., 

the Netherlands which is operated at oxygen-limiting conditions and low redox 

potential values [1].  

A sulfur-free biomass suspension was prepared by centrifugation (30 min at 

16,000 x g) of the sulfide-oxidizing culture followed by a washing step after re-

suspending the pellet in the same medium as described in section 5.2.2. 

DNA extraction from biomass samples taken from a full-scale gas 

biodesulfurization installation were performed as follows. First, the samples were 

washed twice with a buffer of pH 9 and 0.5 M Na+ to prevent the occurrence 

of an osmotic shock. Then, the washing was performed by (1) centrifuging 

the samples at 20,000 x g for 5 min; (2) removal of the supernatant; and (3) addition 

of fresh buffer and mixing with a vortex to re-suspend the pellet. Afterwards, 

Total Genomic DNA was extracted from the washed biomass using 

the PowerBiofilm™ DNA Isolation Kit (MoBio, USA) following the manufacturer's 

instructions. All the above procedures were performed in duplicate. 

For biomass samples from the full-scale gas biodesulfurization installation 

the 16S rRNA gene profiling was performed as following. Illumina 16S rRNA gene 

amplicon libraries were generated and sequenced at BaseClear BV (Leiden, 

the Netherlands). In short, barcoded amplicons from the V3-V4 region of 16S rRNA 
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genes were generated using a 2-step PCR. 10-25 ng genomic DNA was used as 

template for the first PCR with a total volume of 50 µl using the 341F (5’-

CCTACGGGNGGCWGCAG-3’) and the 785R (5’-GACTACHVGGGTATCTAATCC-

3’) primers appended with Illumina adaptor sequences. PCR products were purified 

and the size of the PCR products were checked on a Bioanalyzer (Agilent, CA, USA) 

and quantified by fluorometric analysis. Purified PCR products were used for the 2nd 

PCR in combination with sample-specific barcoded primers. Subsequently, PCR 

products were purified, checked on a Bioanalyzer (Agilent, CA, USA) and quantified, 

followed by multiplexing, clustering, and sequencing on an Illumina MiSeq with 

the paired-end 250 cycles protocol and indexing. The sequencing run was analyzed 

with Illumina CASAVA pipeline (v1.8.3) with demultiplexing based on sample-specific 

barcodes. The raw sequencing data produced was processed by removing 

the sequence reads of too low quality (only "passing filter" reads were selected) 

and discarding reads containing adaptor sequences or PhiX control with an in-house 

filtering protocol. A quality assessment on the remaining reads was performed using 

the FASTQC quality control tool version 0.10.0. 

 

5.2.4. Respiration tests 

Sulfide-dependent O2-consumption rates were measured in a thermostated 

reactor (Section 5.2.1). The biomass concentration was always kept at 10 mg N L-1, 

measured as the amount of organic nitrogen oxidized to nitrate by digestion with 

peroxodisulphate (LCK238, Hach Lange, the Netherlands) in triplicate. The medium 

with biomass was aerated as described elsewhere [5]. Measurements commenced 

after sulfide was injected and lasted for 5 to 14 minutes. All solutions containing 

sulfurous compounds were freshly prepared before each series of experiments. 

Methanol was used as a solvent for hydrophobic inhibitors (Table 1), which had no 

effect on the oxygen consumption rate (data not shown). For all other inhibitors, 

we used Milli-Q water as a solvent. In order to prevent any oxidation of thiols all 

solvents were first purged with 99.99% nitrogen gas for at least 15 min. 

A wide range of sulfide concentrations was applied to estimate the kinetic parameters 

for both biological sulfide oxidation rates (R1 and R2, Fig.1). Sulfide concentrations 

ranging between 0.02 and 0.3 mM were used to estimate kinetic parameters related 

to R1. In this concentration range R2 was more or less constant and ranges around 
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its maximum value. Hence, a reliable estimation of its value was not possible. 

In order to estimate kinetic parameters related to R2 significantly lower sulfide 

concentrations (0.005 - 0.012 mM) were applied. For these ranges of sulfide 

concentrations, we experimentally verified that the contribution of chemical sulfide 

oxidation to biological sulfide oxidation is insignificantly small, and can therefore be 

neglected. 

We performed a series of experiments in the absence of any inhibitor 

to estimate the maximum biological sulfide oxidation (rmax) rate and the associated 

Michaelis constant (KM). The sulfide concentration for R1 varied from 0.2 to 4.0 KM 

and for R2 from 2.0 to 8.0 KM to obtain reliable estimates of KM and rmax [20]. 

The methylene blue method (Cuvette test LCK653, Hach Lange, the Netherlands) 

was used to verify the sulfide concentration in stock solution. All measurements were 

performed in triplicate. We performed respiration tests in the presence of an inhibitor 

to identify the mode of inhibition and the parameters for inhibitors that bind to free 

enzyme (Ki) and enzyme-substrate complex (Kies). In these tests first the inhibitor was 

added and then the substrate. Each series of experiments was carried out 

in duplicate. We tested all inhibitors for both oxidation steps (R1 and R2) at 35 °C 

with an incubation time between 1 and 60 min to determine the time required for 

biomass incubation with an inhibitor at a certain concentration. 

 

5.2.5. Modelling biological sulfide oxidation pathway  

 A mathematical model for describing the biological sulfide oxidation with SOB 

has been developed on the basis of material balances for sulfide, {Sx} and O2. It has 

been assumed that in the absence of inhibitors SOB oxidize sulfide (Eq. 6-7) to {Sx} 

(Eq. 8). The formed {Sx} is transformed to sulfate which results in an additional 

oxygen consumption (Eq. 9). 

ௗ௖ಹೄ
ௗ௧

ൌ െܿ௕ߛோଵ
௥೘ೌೣ
ೃభ ௖ಹೄ

௄ಾ
ೃభା௖ಹೄ

      (6) 

ௗ௖ೀమ
ೃభ

ௗ௧
ൌ െܿ௕

௥೘ೌೣ
ೃభ ௖ಹೄ

௄ಾ
ೃభା௖ಹೄ

       (7) 

ௗ௖ೄೣ
ௗ௧

ൌ ܿ௕ߛோଵ
௥೘ೌೣ
ೃభ ௖ಹೄ

௄ಾ
ೃభା௖ಹೄ

െ ܿ௕ߛோଶ
௥೘ೌೣ
ೃమ ௖ೄೣ

௄ಾ
ೃమା௖ೄೣ

    (8) 

ௗ௖ೀమ
ೃమ

ௗ௧
ൌ െܿ௕

௥೘ೌೣ
ೃమ ௖ೄೣ

௄ಾ
ೃమା௖ೄೣ

       (9) 
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The superscripts ܴ1 and ܴ2 refer to the first and second oxidation rate, as shown 

in Figure 1. The model also includes the endogenous oxygen consumption (ݎ௘௚) [5], 

which was calculated as follows:  

ௗ௖ೀమ
೐೒

ௗ௧
ൌ െݎ௘௚        (10) 

Biomass growth is not included in the model equations as we assume that it remains 

constant during the relatively short time frame (<14 min) of the respiration 

experiments [21]. It should be noted that the terms used for describing the sulfide 

and {Sx} consumption rates have the same unit, because sulfide is transformed 

to {Sx}. The yield coefficients for sulfide (ߛோଵ, mM HS- (mM O2)-1) and {Sx} 

consumption (ߛோଶ, mM HS- (mM O2)-1) account for the conversion of ݎ௠௔௫ for oxygen 

consumption to sulfide consumption. It is not possible to estimate ߛோଵ,ோଶ and ݎ௠௔௫
ோଵ,ோଶ 

independently, as they always appear as the algebraic product ߛ ∙  ,௠௔௫. Thereforeݎ

the values for ߛோଵ,ோଶ were chosen from the stoichiometric equations 4 and 5 and in, 

what follows, only ݎ௠௔௫
ோଵ,ோଶ and the affinity constants in Eq. 6-9 were estimated from the 

experimental data. Furthermore, it is assumed that oxygen is not a limiting factor as 

the medium is air-saturated i.e. there is an excess amount of oxygen available 

and the affinity constant for oxygen-respiring SOB are in the range of a few μM [22]. 

BOM tests with sulfide as substrate showed values of 1.5-2.5 μM O2 for 

the representatives of the genus Thioalkalivibrio (unpublished results). The general 

mass balances for the substrates and {Sx} are solved for the following range of initial 

experimental conditions: 

ܿுௌሺ0ሻ ∈ ሾ0.003, 0.3ሿ       (11) 

ܿௌ௫ሺ0ሻ ൌ 0        (12) 

ܿைଶ
ோଵሺ0ሻ ∈ ሾ0.01, 0.022ሿ      (13) 

ܿைଶ
ோଶሺ0ሻ ൌ 0        (14) 

Furthermore, ܿுௌ, ܿௌ௫ and ܿைଶ are the concentrations (in mM) of sulfide, 

{Sx} and oxygen, respectively. The total oxygen consumption is given by: 

ܿைଶ
௧௢௧ ൌ ܿைଶ

ோଵ ൅ ܿைଶ
ோଶ ൅ ܿைଶ

௘௚      (15) 

An uncertainty assessment of the predicted model output was performed 

by using a Monte Carlo simulation technique with parameters sampled from 

the distribution space of the estimated parameters. For each estimated parameter 

100 samples were drawn, leading to 100 sampled parameter vectors. For each 
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vector, we calculated the corresponding model output trajectory. Based upon the 100 

model output trajectories, the mean and the time-varying standard deviation 

of the model output were calculated. 

 

5.2.6. Estimation of kinetic parameters  

We estimated the kinetic parameters in Eq. 6-9 by using a static approach 

in which a stepwise method was taken to minimize the residual error [20]. Firstly, 

we estimated rmax and KM from experimental data in the absence of an inhibitor for 

both R1 and R2. Secondly, the estimated parameters (rmax and KM) were substituted 

into a modified “Michaelis-Menten” equation that describes the mode of inhibition, 

to estimate the inhibition constants (Ki and Kies). 

To estimate the kinetic parameters related to R2, we had to assume the initial 

sulfide concentrations instead of {Sx} concentrations as it is not possible to measure 

the intracellularly bonded {Sx}. To evaluate the effect of this choice we additionally 

estimated parameters (rmax, KM, and when applicable the inhibition constants: Ki 

and Kies) using a dynamic approach which relies on solving the relevant set of 

differential equations (Eq. 6-10) iteratively. In this approach the {Sx} concentration 

is implicitly calculated from the proposed and validated model (Section 5.3.4). 

In particular, we solved the following optimization problem:  

min ∑(ܿைଶ
௧௢௧ሺݐሻ-	ܿைଶ

௧௢௧	෣ሺݐ,  ሻ)2      (16)ߠ

with ܿைଶ
௧௢௧	෣ the calculated total oxygen concentration (Eq. 15), given the solutions 

to Eq. 6-10 for the set of kinetic parameters (ߠ: rmax, KM). In the presence of inhibitors 

(Eq. 17-19) the set of parameters is extended with the inhibition constants: Ki and 

Kies. Given the observations of ܿைଶ
௧௢௧, the kinetic parameters were estimated using 

a non-linear least-squares method (Levenberg-Marquardt algorithm), as described by 

Keesman (2011) [23].  
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5.3. Results and discussion 

5.3.1. Microbial diversity in a full-scale gas biodesulfurization installation 

Microbial community analysis of biomass collected from a full-scale gas 

biodesulfurization installation in Eerbeek (the Netherlands) showed that the bacterial 

composition (Supplementary Information, Fig. S1) is similar to what has been 

described previously [8]. The dominant bacterial group (approximately 50% of the 

16S rRNA sequences analyzed) belongs to the family Ectothiorhodospiraceae. Within 

this group, 99% of the 16S rRNA sequences belonged to the genus Thioalkalivibrio. 

Also bacteria related to the family Piscirickettsiaceae are abundant, 24.8% and 

26.1% in both replicates. Within this group, approximately 80% of the 16S rRNA 

sequences are closely related to the Thiomicrospira pelophila / Thioalkalimicrobium 

species, which are often present in the full-scale Thiopaq installations [24]. 

 

5.3.2. Determination of incubation time 

A complete saturation of enzymes with an inhibitor is required in order 

to properly determine the inhibition constants (Ki and Kies). Zhang et al. (2001) [25] 

indicated that in the presence of an inhibitor the incubation time needed to reach 

complete saturation is related to the inhibitor concentration which, in turn, is related to 

the degree of inhibition. Due to different susceptibilities of R1 and R2 to the 

inhibitors [21] it was necessary to apply different inhibitor concentrations, i.e. a higher 

and a lower one for respectively R1 and R2 (Fig.1). The concentration of each 

inhibitor was chosen such that only partial inhibition was achieved. An appropriate 

incubation time for each concentration of each inhibitor had to be determined whilst 

taking into account that too long incubation times for thiols shall be avoided in order 

to prevent any chemical oxidation to disulfides (Eq. 1). 

From the results shown in Figure 2 it follows that R1 and R2 require different 

incubation times to reach a complete saturation of the enzymes in the presence 

of an inhibitor. Table 2 shows the inhibitor concentrations and incubation times that 

were selected in the remainder of this study.  
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Figure 2. Incubation test performed to investigate time needed for complete 

saturation of enzymes with inhibitor. A. Inhibition results for the first rate 

of the oxygen consumption rate. Concentrations of methanethiol, ethanethiol, 

propanethiol, dimethyl disulfide, diethyl disulfide, dipropyl disulfide were equal 

to 0.0243, 0.06, 0.08, 0.96, 1.2 and 2.5 mM respectively. The arrow indicates 

the incubation time used in tests with methanethiol. B. Inhibition results 

for the second rate of the oxygen consumption rate. Concentrations of methanethiol, 

ethanethiol, propanethiol, dimethyl disulfide, diethyl disulfide, dipropyl disulfide were 

equal to 0.04, 0.01, 0.04, 0.1, 0.1 and 0.42 mM respectively. In all experiments 

the biomass concentration was 10 mgN L-1, [Na+ + K+] = 1 M, pH = 9 and T = 35 °C. 

 

Table 2. Concentration of inhibitors (Ci) and incubation time (T) used in sulfide-

dependent respiration tests for assessing the oxygen consumption rates R1 and R2. 

Inhibitor 
R1 R2 

Ci [mM] T [min] Ci [mM] T [min] 

Methanethiol 0.024 5 0.005 2 

Ethanethiol 0.061 5 0.025 6 

Propanethiol 0.080 15 0.017 15 

Dimethyl disulfide 0.960 10 0.100 20 

Diethyl disulfide 1.200 10 0.100 15 

Dipropyl disulfide 0.850 25 0.420 10 
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5.3.3. Determination of inhibition mode and kinetic parameters 

The results from sulfide-dependent respiration tests were plotted in double-

reciprocal plots (Supplementary Information, Fig. S2) to identify the inhibition mode 

related to R1 and R2. From this plot it clearly follows that MT, ET and PT act as 

competitive inhibitors for R1. Therefore, the mode of inhibition can be described 

by a modified “Michaelis-Menten” equation: 

௜ݎ
ோଵ ൌ ௥೘ೌೣ

ೃభ ௖ಹೄ

௄ಾ
ೃభቆଵା

೎೔
಼೔
ೃభቇା௖ಹೄ

       (17) 

where ci is an inhibitor concentration. This mode of inhibition is in agreement with our 

previous findings viz. that MT acts as a competitive inhibitor for sulfide oxidation 

by SOB [21]. According to Wilms et al. (1980) [26], this can be explained by 

the structural similarity between sulfide (HS-) and MT (CH3S-). In contrast, diorgano 

disulfides are non-competitive inhibitors for R1 and their inhibitory effects can be 

described as follows: 

௜ݎ
ோଵ ൌ ௥೘ೌೣ

ೃభ ௖ಹೄ

௄ಾ
ೃభା௖ಹೄቆଵା

೎೔
಼೔೐ೞ
ೃభቇ

      (18) 

This type of inhibition is common in multi-substrate reactions (Eq. 4-5) 

in contrast to single-substrate reactions [27]. 

To establish the effect of thiols and diorgano polysulfanes on R2, double 

reciprocal plots were prepared which show a mixed type of inhibition (Supplementary 

Information, Fig. S2), indicating that the inhibitors are able to bind at the active 

and allosteric site of enzymes. The corresponding specific reaction rate is given by: 

௜ݎ
ோଶ ൌ ௥೘ೌೣ

ೃమ ௖ಹೄ

௄ಾ
ೃమቆଵା

೎೔
಼೔
ೃమቇା௖ಹೄቆଵା

೎೔
಼೔೐ೞ
ೃమቇ

     (19) 

It is obvious that equations 17-19 only describe a phenomenological characterization 

of the experimental observation but do not provide any underlying mechanisms. 

However, in section 5.3.4, we will describe that the lipophilicity effects of the inhibitors 

influence the inhibition of sulfide oxidation. Then, the specific reaction rates (Eq. 17-

19) can substitute the generic rates mentioned (Eq. 6-9) to predict the biomass 

activity in the presence of thiols and diorgano polysulfanes. 
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Table 3. Estimated specific maximal reaction rate (rmax), Michaelis-Menten constant 

(KM) and inhibition constants (Ki and Kies) with their corresponding standard deviation 

(σ) for the first (R1) and second (R2) oxygen consumption rate. 

Reaction rate Inhibitor 
Mode of 

inhibition 
Parameter 

Estimated 
value 

σ Unit 

R1 
(HS- → {Sx}) 

Not inhibited reaction 
rmax 600 30 μM O2 (mg N h)-1 

KM 79 9 μM 

MT 

competitive 

Ki 23 2 μM 

ET Ki 46 5 μM 

PT Ki 50 6 μM 

DMDS 

uncompetitive

Kies 1000 90 μM 

DEDS Kies 710 60 μM 

DPDS Kies 440 20 μM 

R2 
({Sx} → SO4

2-) 

Not inhibited reaction 
rmax 103 4 μM O2 (mg N h)-1 

KM 1.9 0.4 μM 

MT 

mixed 

Ki 5 2 μM 

Kies 14 3 μM 

ET 
Ki 8.2 0.8 μM 

Kies 40 3 μM 

PT 
Ki 10 2 μM 

Kies 70 10 μM 

DMDS 

mixed 

Ki 49 6 μM 

Kies 260 20 μM 

DEDS 
Ki 61 6 μM 

Kies 230 20 μM 

DPDS 
Ki 100 10 μM 

Kies 220 10 μM 

 

 

After identification of the inhibition mode for each inhibitor on R1 and R2, it was 

possible to estimate the kinetic parameters in equations 17-19. Estimated values 

of rmax, KM, Ki and Kies and the corresponding standard deviations are shown 

in Table 3. From these parameter estimations it follows that MT is the most toxic thiol 

as it has the lowest Ki value. This is in agreement with our hypothesis that 

the inhibitory effect decreases with increasing steric hindrance of the thiols [21]. 

Estimated values of Kies for R1 and diorgano polysulfanes are strongly correlated with 

their molecular weight (R2 = 0.999). Similar strong correlations are observed for Ki 

and Kies of thiols and for Ki of diorgano polysulfanes for R2. However, Kies of diorgano 

polysulfanes is more or less constant (approximately 0.24 mM), indicating that 

the same non-competitive inhibition mechanism applies. Because the diorgano 
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polysulfanes in our tests only differ in their aliphatic chain length while the number of 

sulfur atoms remains the same, it can be hypothesized that non-competitive inhibition 

(Kies) is related to the sulfur-sulfur bond. 

The results from the parameter estimations show that there is no significant 

difference between the estimated values obtained via the dynamic and the static 

approach (data not shown). However, the dynamic approach yields Km values with 

a higher level of uncertainty in the estimate because the data contained less 

information. 

 

5.3.4. Calculation of IC50 and its correlation with lipophilicity 

 The IC50 value represents the inhibitor concentration at which 50% inhibition 

occurs of an enzymatic reaction at a specific substrate concentration. A mathematical 

relation between the inhibition constants and the IC50 value is described by Yung-Chi 

and Prusoff (1973) [28]. Equations describing this relationship for competitive, 

uncompetitive and mixed inhibition are given by: 

ICହ଴ ൌ ௜ሺ1ܭ ൅
௖ಹೄ
௄ಾ
ሻ       (20) 

ICହ଴ ൌ ௜௘௦ሺ1ܭ ൅
௄ಾ
௖ಹೄ
ሻ       (21) 

ICହ଴ ൌ
௖ಹೄା௄ಾ
಼ಾ
಼೔

ା
೎ಹೄ
಼೔೐ೞ

       (22) 

 Based on the estimated values for the kinetic parameters and the corre-

sponding uncertainties (Table 3), we calculated IC50 values with uncertainty bounds 

for both oxygen consumption rates (R1 and R2) and for each of the inhibitors 

(Fig. 3 A-C). Taking into account that the IC50 value is dependent on the substrate 

concentration, results are plotted in the range of 0-3 mM sulfide. To compare our 

results with available literature data, the IC50 values for MT and DMDS for R1 have 

been reviewed (Table 4). The values for both inhibitors are very similar to previously 

reported data. It can be seen that thiols become less toxic with increasing substrate 

concentrations (Fig. 3A), while the IC50 values for diorgano polysulfanes stabilize 

at around 1 mM for substrate concentrations above 0.5 mM (Fig. 3B). Moreover, 

it can be observed that R2 is more susceptible to the inhibitors at almost all sulfide 

concentrations (Fig. 3C) because of much lower IC50 values. These results support 

our previous findings from lab-scale reactor experiments that biological production of 

sulfate is more vulnerable to inhibitors than the biological production of sulfur [4,21].  
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Figure 3. Calculated IC50 values with corresponding uncertainty bounds at increasing 

concentration of sulfide. A. Methanethiol, ethanethiol and propanethiol for the first 

oxygen consumption rate (R1). B. Dimethyl disulfide, diethyl disulfide and dipropyl 

disulfide (R1). C. All aforementioned inhibitors for the second oxygen consumption 

rate (R2). 
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Table. 4. Calculated IC50 values for methanethiol and dimethyl disulfide, 

and comparison with literature data at sulfide concentration of 0.2 mM. 

IC50 [mM] 
pH [Na+ + K+] Reference 

Methanethiol Dimethyl disulfide 

0.08 ± 0.01 1.4 ± 0.1 9 1 current study 

0.05 1.5 9 2 [5] 

0.11 ± 0.02 N.A. 8.5 1.5 [21] 

0.2 ± 0.6 1.4 ± 0.2 9.5 0.8 [33] 
N.A. - not available 

 It is known that the biological activity of inhibitors can be directly related 

to their physicochemical properties [29]. Hence, we compared their lipophilicity 

expressed as logarithm of octanol-water partition coefficient (log(P)), 

with the measured IC50 values. The estimation of log(P) for the various inhibitors was 

calculated using ALOGPS 2.1 software [30,31]. For thiols the log(P) values ranged 

from 0.4 to 1.2 and for diorgano polysulfanes ranged from 1 to 3. To determine 

whether lipophilicity is correlated with IC50 values at sulfide concentration of 0.2 mM, 

the relationship between log(P) and IC50 values for the particular group of inhibitors 

for both oxidation rates (R1 and R2) was assessed by linear regression (Fig. 4 A-B). 

A clear and positive correlation was found between log(P) and the IC50 values for 

thiols for both R1 and R2, with coefficients of determination of 0.848 and 0.999, 

respectively (Fig. 4A). These correlations show that hydrophobic thiols are less toxic 

to SOB compared to the more hydrophilic ones. This might also indicate that 

inhibition by thiols is related to the hydrophilic interaction in the inhibition 

mechanisms. For diorgano polysulfanes, we found large negative correlations 

between log(P) and the IC50 values with coefficients of determination of 0.995 

and 0.994 for R1 and R2, respectively (Fig. 4B). In contrast to thiols, toxicity of 

diorgano polysulfanes increases with their lipophilicity which suggests involvement 

of hydrophobic interaction in the inhibition mechanisms. This could mean that 

diorgano polysulfanes are affecting enzymes that are embedded in the cell 

membrane which is in agreement with another observation that diorgano 

polysulfanes toxicity is not competitive for R1 because the substrate, i.e. sulfide, 

reacts with enzymes located outside the cell membrane in the periplasm 

or on the external surface of the cell membrane [32]. 



 Chapter 5 

134 

 

5 

 

Figure 4. Relationship between lipophilicity and IC50 values at sulfide concentration 

of 0.2 mM. A. Methanethiol, ethanethiol, propanethiol for the first (R1) 

and the second (R2) oxygen consumption rate. B. Dimethyl disulfide, diethyl 

disulfide, dipropyl disulfide for R1 and R2. 

 

5.3.5. Comparison of the model results with experimental data 

The estimated kinetic parameters in Table 3 were obtained from sulfide-

dependent respiration tests and then used in the above described mathematical 

model (Eq. 6-15). The model predictions were compared with a set of independent 

respirometric results. The biomass used for the validation experiments was taken 

from the same full-scale reactor but two months after biomass sampling 

for the parameter estimation tests. 

The model was experimentally validated in the absence of an inhibitor with 

the initial sulfide concentration ranging from 0.005 to 0.2 mM (Fig. 5A-F). From these 

results, it can be seen that the proposed model predicts the oxygen consumption 

reasonably well for haloalkaliphilic SOB cultivated under O2-limiting conditions. 

For the highest sulfide concentrations the deviation between experimental 

measurements and model predictions increases somewhat which can be attributed to 

a lag phase of the SOB. Nevertheless, an error analysis of ݎோଵ showed that 

the coefficient of variation was always below ± 25%, which is a reasonable margin 

if one takes into account the measurement errors in the dissolved oxygen, sulfide, 

biomass concentrations, liquid volumes and influence of the error propagation. 

Furthermore, the measured and predicted reaction rates seem to correspond 

(Supplementary Information, Fig. S3). The uncertainty in the model output resulting 
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from uncertainties in the estimates for the kinetic parameters (Table 3) is rather small 

because of strong correlations between the identifiable parameter estimates, as also 

follows from the covariance and correlation matrix of the estimates (Supplementary 

Information, S2). In addition, respiration tests with biomass concentration 

of 1 mg N L-1 were performed to validate the model. Although these tests were 

performed with ten times lower biomass concentration than tests used for 

the parameter estimation, no significant differences between the model output 

and the measured oxygen consumption rate were observed, i.e. the coefficient 

of variation was below ± 27%. 

 

 

Figure 5. Comparison between measured and predicted dissolved oxygen (DO) 

consumption rate and model predictions of sulfide (HS-) and polysulfur compound 

{Sx} concentrations, in absence of an inhibitor. Results of the simulation are based 

on estimates from Table 3. The sample interval is 1 s for both measured 

and predicted results. The initial sulfide concentration was 0.005, 0.01, 0.06, 0.08, 

0.12, 0.2 mM in figures A-F, respectively. The biomass concentration 

was 10 mgN L-1, [Na+ + K+] = 1 M, pH = 9 and T = 35 °C. 
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Figure 6. Comparison between measured and predicted dissolved oxygen (DO) 

consumption rate and model predictions of sulfide (HS-) and polysulfur compound 

{Sx} concentration with corresponding model output uncertainties as a result 

of variations in estimated parameters. Results of the simulation are based on 

estimates from Table 3. The sample interval is 1 s for measured results. Respiration 

tests were performed at different concentration of various inhibitors: A. Methanethiol, 

0.02 mM. B. Methanethiol, 0.04 mM. C. Ethanethiol, 0.04 mM. D. Ethanethiol, 

0.08 mM. E. Dimethyl disulfide, 0.5 mM. F. Dimethyl disulfide, 1 mM. DO blank refers 

to an experiment performed without inhibitor. The biomass concentration was 

10 mgN L-1, [Na+ + K+] = 1 M, pH = 9 and T = 35 °C. 

 

 

Hereafter, the model was validated with tests performed at constant initial 

sulfide concentration (0.03 mM) in the presence of MT, ET and DMDS at different 

concentrations (Fig. 6A-F). For this purpose, equations describing the model (Eq. 6-

15) were adjusted with modified “Michaelis-Menten” equations (Eq. 17-19) depending 

on the type of inhibitor. For all measurements, model predictions are in a good 

agreement with the experimental results (on average the difference is 14 ± 4 % 

for R1 and 7 ± 6 % for R2). This allows for an explicit mathematical description 
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and supports double sulfide-dependent oxygen consumption rates by SOB. 

Consequently, the model can be used to predict the biomass activity and to predict 

the accumulation rate of intracellularly produced {Sx}. 

From Figure 6 it can be seen that for biological oxidation of sulfide inhibited 

by MT and ET, the experimental results and the model predictions show almost two 

times lower sulfide consumption rates and significantly lower oxidation rates of {Sx} 

compared to uninhibited reactions. For reactions inhibited by DMDS, the oxidation 

of sulfide is inhibited only slightly (8%, Fig. 6E) and moderately (23%, Fig. 6F), 

while the oxidation of {Sx} is almost completely blocked (Fig. 6E-F). These results 

clearly show that the sulfide oxidation is significantly less vulnerable to these 

sulfurous inhibitors than {Sx} oxidation is. In the presence of an inhibitor model output 

uncertainties increased due to the uncertainty of inhibition constants (Figure 5). 

 

5.4. Conclusions 

 In this study, a novel approach for the simultaneous description of biological 

sulfur and sulfate formation using a quick sulfide-dependent respiration test has been 

presented. By applying this approach, the inhibition of haloalkaliphilic SOB 

by the most common thiols and their corresponding diorgano polysulfanes was 

described. We found that IC50 values are correlated with the lipophilicity 

of the inhibitors. Thiols interfere with the oxidation of sulfide by hydrophilic interaction 

while hydrophobic interaction is the most important mechanism for diorgano 

polysulfanes. This can be related to the ionic and non-ionic form of the various 

inhibitors. For each inhibitor, we identified the inhibition mode and the corresponding 

inhibition constants. Understanding the inhibitory properties of thiols on the biological 

oxidation of sulfide allows designing full-scale systems in which any inhibition 

is prevented e.g. by increasing the biomass or/and substrate concentration.  

Moreover, a mathematical model has been described to calculate 

the biological sulfide oxidizing capacity in the absence or presence of inhibitory thiols 

and their corresponding diorgano polysulfanes. The proposed model can be used 

to design full-scale installations to remove H2S from gas streams in which thiols 

and diorgano polysulfanes are present. 
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Supplementary Information 

S1. Figures: 

 

Figure S1. Relative abundance of the microbial composition based on the 16S rRNA 

gene for the biomass from a full-scale gas biodesulfurization installation [1]. Only 

bacteria with a relative abundance higher than 0.5% are listed (remaining bacteria 

are grouped into “Others”). A and B represents two replicates. 
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Figure S2. An example of results from sulfide-dependent respiration tests plotted 

on double-reciprocal plots for the first (A and B) and the second (C and D) oxygen 

consumption rate, where r is the reaction rate [mM O2 (mg N h)-1] and CHS 

is the sulfide concentration [mM]. The inhibitor concentrations for each oxygen 

consumption rate are given in Table 2. The biomass concentration was 10 mg N L-1, 

pH = 9 and T = 35 °C. 
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Figure S3. Comparison between measured and predicted reaction rate for the first 

rate of the oxygen consumption rate at different initial sulfide concentrations. 
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S2. Covariance and correlation matrix of the estimates 

The parameter estimates related to the first oxygen consumption rate (R1) are given 

by: 

෠ோଵߠ ൌ ൬
௠௔௫ோଵݎ

௠ோଵܭ
൰ ൌ ቀ 0.6

0.079
ቁ 

 

with corresponding covariance and correlation matrices: 

 

෠ோଵߠܸܱܥ ൌ ቀ0.0012 0.0003
0.0003 0.0001

ቁ 

 

ܴఏ෡ೃభ ൌ ቀ 1 0.866
0.866 1

ቁ 

 

Similarly, parameters estimates related to the second oxygen consumption rate (R2) 

are described by: 

෠ோଶߠ ൌ ൬
௠௔௫ோଶݎ

௠ோଶܭ
൰ ൌ ቀ 0.103

0.0019
ቁ 

 

෠ோଶߠܸܱܥ ൌ ቀ0.0000148 0.0000019
0.0000019 0.0000003

ቁ 

 

ܴఏ෡ೃమ ൌ ቀ 1 0.864
0.864 1

ቁ 
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Abstract 

 

Deployment of biological processes to remove hydrogen sulfide (H2S) from sour gas 

streams has been one of the most innovative developments in industrial gas treating 

processes in recent years. After the first commercial applications for treating low 

pressure biogas containing H2S, the need arose to broaden the operating window 

to also enable the removal of organosulfur compounds from high pressure sour 

gases. The current work describes the effect of elevated loading rates 

(2.1 - 9.1 mM d-1) of methanethiol, ethanethiol, and propanethiol on the biological 

conversion of dissolved sulfide to biosulfur. Experiments were performed 

in an integrated laboratory-scale setup consisting of a gas absorber and bioreactor 

operated under haloalkaline conditions. In contrast to our previous studies, we used 

biomass originating from a full-scale desulfurization installation that was fed with high 

pressure natural gas containing H2S and thiols. The effect of thiols on the microbial 

community was investigated by using next-generation sequencing of the 16S rRNA 

gene which showed a shift in the microbial community from Halomonadaceae 

to Halothiobacillaceae members. We also found that absorption of thiols can 

be enhanced by a reaction with biosulfur. The inhibitory effects of thiols 

on the sulfide-oxidizing biomass can be mitigated by removing these compounds 

from the bioreactor medium via gas stripping and via a chemical reaction with 

biosulfur particles. Finally, it was found that a conventional method to control 

the oxygen supply to the bioreactor, i.e. by maintaining a redox potential set-point 

value, was ineffective when thiols were present in the biodesulfurization reactor. 
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6.1. Introduction 

Thiols are analogues of alcohols with a general formula of RSH, where R 

represents an aliphatic chain. These unwanted organosulfur compounds can be 

present in many sour gas streams such as landfill gas, liquefied petroleum gas, 

and natural gas [1–3]. The presence of thiols in gas streams is associated 

with hydrogen sulfide (H2S). Both are corrosive and acidifying compounds that 

contribute to air pollution and are toxic to humans. Hence, H2S and thiols need to be 

removed from sour gas streams by applying either physicochemical or biological 

desulfurization processes [4]. Hydrogen sulfide can be removed by sulfur oxidizing 

bacteria (SOB) [5–7], however, thiols already inhibit SOB at ~0.6 µM [8,9].  

Gas biodesulfurization processes are preferably performed under haloalkaline 

conditions, i.e. elevated pH values (>8.5) and carbonate concentrations (~1 M) 

to ensure high H2S absorption rates by reaction with hydroxyl and (bi)carbonate ions. 

It is known that haloalkaliphilic SOB are a suitable group of microorganisms 

for sulfide oxidation because of their high sulfide-oxidizing capacity at elevated salt 

and pH levels [5,10]. 

Short chain thiols such as methanethiol (MT), ethanethiol (ET), 

and propanethiol (PT) have pKa values around 10.4 [11,12]. As a result, 

the combined removal of thiols and H2S from contaminated gas streams is feasible 

(Eq. 1) under alkaline conditions and after which the dissociated species are sent 

to the bioreactor. Dissociated thiols (RS-) are strong nucleophiles, and therefore, very 

reactive [13]. For example, a reaction between MT and biologically produced sulfur 

particles results in the formation of diorgano polysulfanes (Eq. 2-3) [14]. The first 

reaction product is diorgano pentasulfide, which immediately undergoes 

interconversion reactions to form a mixture of organosulfur compounds (Eq. 4). 

Sulfides originated from different thiols can exchange the organic groups to form 

asymmetric sulfides (Eq. 5) Moreover, thiols can be easily oxidized to diorgano 

disulfides (Eq. 6), where the oxidation rate of thiols decreases with increasing 

molecular weight [15]. 

RSH + OH- → RS- + H2O      (1) 

RSH + S8 → RS9- + H+       (2) 

RSH + RS9- → RSnR + Sx2- + H+, with n+x = 10  (3) 

2 RSnR ↔ RSn-1R + RSn+1R, with n>3    (4) 
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R1SnR1 + R2SnR2 ↔ 2 R1SnR2     (5) 

2 RSH + 0.5 O2 → RS2R + H2O     (6) 

Literature about the effect of thiols on biodesulfurization processes is scarce 

and the growing need to expand the application window of existing biodesulfurization 

systems for thiol removal necessitates more research. This paper describes 

the effect of an increasing loading rate (2.5 - 9.1 mM d-1) of the most common thiols 

(MT, ET, and PT) on the overall performance of gas biodesulfurization processes. 

According to the best of our knowledge, the effect of higher thiols (ET and PT) 

on biological H2S removal process has not yet been studied. In order to find 

an appropriate inoculum for our bench-scale bioreactor we collected biomass from 

a full-scale installation. In this plant a natural gas condensate containing H2S 

and thiols is treated. In the following section, we provide a detailed description of this 

desulfurization plant. SOB have been adapted to MT loading rates of ≤ 9 mM d-1 

for a period of 70 days. The adaptation and the effect of MT, ET and PT on the 

microbial population were monitored by using next-generation sequencing of the 16S 

rRNA gene. Moreover, the toxic effect of thiols has been mitigated by stripping them 

from the bioreactor medium, thereby mimicking full-scale biodesulfurization 

installations in which the vent-air from the bioreactors is sent to atmosphere after 

passing a compost filter [16]. 

 

6.2. Description of full-scale plant for desulfurization of a natural-gas 

condensate 

A small oilfield situated in Southern Illinois, North America, covers less than 

40 km2 and contains more than 300 small production wells. The oilfield produces 

approximately 1500-2000 barrels of oil per day. When crude oil reaches the surface, 

dissolved gases are released which have been flared for more than 70 years 

because gathering and processing was economically not feasible. However, because 

of rising energy costs the presence of extensive amounts of valuable condensable 

hydrocarbon liquids and the desire to reduce CO2 and SO2 emission levels triggered 

the choice to install a liquefied petroleum gas (LPG) recovery system. The main 

hurdle in recovering the LPG is the requirement to remove H2S and volatile organic 

sulfur compounds (VOSC) from the associated gas. The latter are predominantly 
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thiols (methyl-, ethyl-, propyl-, and butylthiols). Around 2005, a biological 

desulfurization process (Thiopaq O&G) was taken into service. 
 

 

 

Figure 1. The full-scale plant scheme indicating the flow of gas (blue), desulfurization 

unit (black), and the mechanical refrigeration unit (red). 

 

 

Table 1. Inlet and outlet gas composition of the full-scale installation used 

to desulfurize a natural-gas condensate. VOSC - volatile organic sulfur compounds. 

Component Inlet gas Outlet gas 

H2S 1-5 vol.% <4 ppm(v) 

VOSCs 50-200 ppm(v) <1 ppm(v) 

CO2 1-3 vol.% <2 vol.% 

CH4 40-50 vol.% 40-50 vol.% 

C2H6 15-20 vol.% 15-20 vol.% 

C3H8 12-17 vol.% 12-17 vol.% 

C4+ 10-15 vol.% 10-15 vol.% 

H2O <2 vol.% saturated 
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Table 2. Composition of the process solution in the full-scale bioreactor used 

in desulfurization process of a natural-gas condensate. 

Ion Cav [mM] 

Na+ 834 

CO32- 21 

HCO3- 463 

SO42- 35 

S2O32- 119 

 

 

 In the oil field, pipelines have been installed to collect the associated gas, 

ranging from approximately 800 up to 1100 Nm3 h-1. This low pressure gas is first 

preconditioned to prevent hydrocarbon liquids from entering the desulfurization 

process. Subsequently, the remaining gas is directed to the two step Thiopaq O&G 

desulfurization process (Fig. 1). In the first step, sour-gas components such as CO2 

and H2S are absorbed in a mildly alkaline process solution (pH = 9.0, (bi)carbonates 

= 0.5 M) in a gas absorber. The inlet and outlet gas compositions are shown 

in Table 1 and the composition of the process solution is shown in Table 2. 

The governing chemical equilibrium reactions in the gas absorber are as follows [5]: 

H2S(G) ↔ H2S(L) (7) 

H2S(L) + OH- ↔ HS- + H2O (8) 

H2S(L) + HCO3- ↔ HS- + CO2 + H2O (9) 

H2S(L) + CO32- ↔ HS- + HCO3- (10) 

CO2(G) ↔ CO2(L) (11) 

CO2(L) + H2O ↔ HCO3- + H+ (12) 

HCO3- ↔ CO32- + H+  (13) 

It can be seen that absorption of H2S in the solution is accompanied by consumption 

of hydroxyl ions. After leaving the gas absorber, the treated gas contains less than 

10 ppm(v) of total sulfur compounds (Table 1). The loaded aqueous solvent is sent 

from the bottom section of the absorber column to an atmospheric bioreactor. 

In the bioreactor section, hydroxyl ions are regenerated by SOB under oxygen 

limiting and sulfur forming conditions: 

HS- + 0.5 O2 → 1/8 S8 + OH- (biotic)    (14) 
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In addition, sulfate [5,7] and thiosulfate (through polysulfide anions [17]) 

are biologically and abiotically produced, respectively: 

HS- + 2 O2 → SO42- + H+ (biotic)     (15) 

HS- + O2 → 0.5 S2O32- + 0.5 H2O (abiotic)   (16) 

To remove elemental sulfur particles from the system a small fraction 

of the circulating process solution is continuously routed to a decanter centrifuge 

wherefrom the recovered sulfur cake is disposed in a landfill whilst the clear filtrate 

is returned to the bioreactor section. The desulfurized gas stream (Table 1) is then 

directed to the LPG recovery section in which the process gas is pressurized 

to approximately 35 bar and then chilled to a temperature of -28 °C in a conventional 

mechanical refrigeration unit. After stabilizing the liquids, the LPG product is stored. 

The clean gas, mainly consisting of methane (~60%) and ethane (~30%), 

is sold to the local distribution grid. 

 

6.3. Materials and methods 

6.3.1. Experimental setup 

The experimental setup consisted of a falling film gas absorber 

and a fed-batch air-lift bioreactor (Fig. 2). A falling-film absorber was chosen to avoid 

any sulfur plugging issues as previously encountered with a packed column. Table 3 

shows the dimensions and process conditions of the gas absorber. The liquid volume 

of the bioreactor was 2.2 L and the volume of the gas absorber was 0.2 L. The total 

liquid volume remained constant throughout each experimental run. Oxygen gas 

(99.995 vol.%) was supplied to the bioreactor by a mass flow controller 

(type EL-FLOW, model F-201DV-AGD-33-K/E, 0-30 mL min-1, Bronkhorst, 

the Netherlands) to control the oxidation reduction potential (ORP) value. The same 

type of mass flow controller was used to feed H2S (99.8 vol.%, 0-17 mL min-1), MT, 

ET, PT (1 vol.% in N2, 0-30 mL min-1), and N2 gas (99.995 vol.%, 0-350 mL min-1) 

to the gas absorber and the bioreactor. Carbon dioxide (99.99 vol.%) was fed 

to the inlet of the gas absorber with a solenoid valve (125318, Burkert, Germany) 

to control the pH of the bioreactor medium. The oxygen and carbon dioxide supply 

rates were controlled with a multiparameter transmitter (Liquiline CM442; 

Endress+Hauser, the Netherlands) based on real-time signals from the redox 

potential electrode (Ag/AgCl reference electrode, Orbisint CPS12D; 



 Chapter 6 

154 

 

6 

Endress+Hauser) and a pH sensor (Orbisint CPS11D; Endress+Hauser), 

respectively. A gear pump (EW-74014-40, Metrohm Applikon, Schiedam, 

the Netherlands) recycled the liquid between the bioreactor and the gas absorber. 

The gas phase from the bioreactor headspace was continuously sent to the bottom 

of the bioreactor (34 L min-1) with a gas compressor (N-840, KNF, Germany). 

The bioreactor and the gas absorber were kept at 35 °C with a thermostat bath 

(DC10-P5/U, Haake, Germany). Gaseous samples were collected from sampling 

points placed at the inlet and outlet of the gas absorber and in the bioreactor 

headspace (Fig. 2). Liquid samples were collected from a sampling point located 

in the middle section of the bioreactor (Fig. 2). 

 

 

 

Figure 2. Flow scheme of experimental setup used for fed-batch experiments. 
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Table 3. Dimensions and process conditions of the gas absorber for H2S and thiols 

removal. 

Dimensions and process conditions 

Column diameter [m] 0.011 

Column height [m] 0.8 

Total gas flow [Nm3 s-1] 2.8 × 10-6 

Empty bed retention time [s] 27 

H2S loading [Nm3 s-1] 4.2 × 10-8 

Thiols loading [Nm3 s-1] 1.7 - 6.2 × 10-9 

Liquid flow [Nm3 s-1] 2.8 × 10-6 

 

 

6.3.1.1. Medium composition 

The reactor medium included a carbonate/bicarbonate buffer of 0.1 M Na2CO3 

and 0.8 M NaHCO3. Furthermore, the medium contained 1.0 g K2HPO4, 0.2 g 

MgCl2 × 6 H2O, and 0.6 g urea per 1 L Milli-Q water. A trace elements solution was 

added (1 mL L-1) as described elsewhere [18]. The final pH of the medium was kept 

constant at 9.00 ± 0.01 at 35 °C. 

 

6.3.1.2. Inoculum 

The bioreactor was inoculated with cells obtained by centrifugation (30 min 

at 16,000 x g) of a 2-L culture sample collected from a full-scale installation used 

to desulfurize a natural-gas condensate containing low concentrations of thiols 

(as described in Section 6.2). 
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Table 4. Loading rate of thiols to the experimental setup for each experiment 

operated under constant H2S loading rate (61.3 mM d-1) and reduction-oxidation 

potential (-390 mV). 

Exp. 
number 

Supplied thiol to 
the gas absorber 

Thiol loading 
rate [mM d-1]

N2 flow over the 
bioreactor [NL h-1] 

Type of 
experiment 

1 

Methanethiol 9.1 

0 (gas-tight reactor) 

Biotic 
(biomass and 
sulfur present) 

2 6 

3 12 

4 18 

5 

Ethanethiol 9.1 

0 (gas-tight reactor) 

6 6 

7 12 

8 18 

9 

Propanethiol 4.5 

0 (gas-tight reactor) 

10 6 

11 12 

12 18 

13 

Methanethiol 2.5 

0 (gas-tight reactor) Ethanethiol 2.5 

Propanethiol 2.5 

14 

Methanethiol 2.5 

18 Ethanethiol 2.5 

Propanethiol 2.5 

15 

Methanethiol 2.5 

0 (gas-tight reactor) 
Abiotic 

(biomass and 
sulfur absent) 

Ethanethiol 2.5 

Propanethiol 2.5 
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6.3.2. Experimental design 

Unless stated otherwise, all experiments were performed in the experimental 

setup as described in section 6.3.1. 

First, we adapted the microbial inoculum biomass originating form full-scale 

installation (described in Section 6.2) to MT, which is the most common and toxic 

of all thiol species. This adaptation was performed under a gradually increasing MT 

loading rate ranging from 0.1 to 9 mM d-1 over a period of 70 days (see Section 6.4.1, 

Fig. 4). During the adaptation period there was no N2 flow over the bioreactor (Fig. 2). 

Second, we studied the effect of stripping MT on the product selectivity 

and VOSCs distribution by sparging the bioreactor with N2 gas (0-18 L h-1). 

An overview of the operating conditions for these experiments is given in Table 4. 

The total MT and ET loading rate of the gas absorber was 9.1 mM d-1, while the PT 

loading rate was 4.5 mM d-1 for experiments in which single thiols were supplied 

to the system. To avoid complete inhibition of the biomass, the loading rate of each 

thiol was lower (2.5 mM d-1) when all three thiols were simultaneously supplied. 

All experimental runs were conducted under sulfur-producing conditions (ORP = -390 

± 5 mV). The H2S loading rate was kept constant at 61.3 mM d-1. Before the onset 

of each experiment the ORP was kept constant within ± 5 mV. Each experiment 

lasted for 24 hours, during which four gas and liquid samples were taken at regular 

time intervals. For experiments described in Table 4, the ionic charge balance was 

established by comparing equivalent amounts of cations and anions (see Section 

6.3.3). The difference was 4 ± 3 % indicating that there was no significant gap 

in the sulfur balance. 

 

6.3.3. Analytical techniques 

Liquid sample preparation and chemical analysis of sulfur compounds (sulfur, 

sulfate, and thiosulfate) and biomass concentration were performed as described 

previously [19]. In addition to sulfur containing anions, we also analyzed Na+ and K+ 

with ion chromatography as described for the anions [19] except that a Metrohm 

Metrosep C4 - 150/4.0 mm column was used with a mobile phase of 0.9 mL 3 mM 

HNO3 min-1. 
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To close the ionic charge balance, the carbonate and bicarbonate ion 

concentrations were calculated using the Henderson-Hasselbalch equation [20] 

on the basis of inorganic carbon determined using high temperature catalytic 

oxidation at 680 °C in a TOC-VCPH/CPN analyzer (Shimadzu, the Netherlands). 

Before starting the analyses, all solids were removed by filtration over a 0.22 μm 

syringe filter (Millex G5 filter unit; Millipore). The samples were subsequently stored 

at 4 °C. 

Concentrations of gaseous compounds (H2S, O2, N2 and VOSCs; i.e. MT, ET, 

n-PT, and their diorgano polysulfanes) were analyzed as described previously [19]. 

To identify VOSCs, we used gas chromatography (6890N, Agilent, the Netherlands) 

coupled with a triple quadrupole mass spectrometer (5975, Agilent, the Netherlands), 

equipped with an Agilent column (HP-5MS, 30 m x 0.25 mm x 0.25 µm, Agilent, 

the Netherlands). Initially, the oven temperature was 50 °C. After 2 min, a gradient 

of 12.5 °C min-1 was applied to reach 200 °C. We operated the mass spectrometer 

in SIM mode with a filament voltage of 70 eV and an electron multiplier voltage 

of 1200 to 2800 V. Helium was the carrier gas, with a flow rate of 1.3 mL min-1. 

The injection volume was 1 mL. 

The morphological and elemental analyses of the bioreactor suspension were 

performed using a scanning electron microscope (JSM 6480 LV, JEOL, 

the Netherlands). We preserved the samples by fixation with a 10% glutaraldehyde 

solution (Sigma-Aldrich, the Netherlands) and subsequent air drying for 24 h. 

Biomass particle size was quantified using laser measurement in a particle 

size and shape analyzer (Eyetech, Doner technologies, Or Akiva, Israel) 

with the Dipa 2000 software (Doner technologies, Or Akiva, Israel). Measurements 

were done in triplicate for 120 s while stirring. 

 

6.3.4. DNA extraction and 16S rRNA gene sequencing 

Biomass samples were collected for microbial community analysis 

of respectively (1) the inoculum; (2) after adaptation to MT; and (3) at the end of each 

experimental run. The samples were washed twice with a buffer of pH 9 

and 0.5 M Na+ to prevent the occurrence of an osmotic shock. The washing was 

performed by (1) centrifuging the samples at 20,000 x g for 5 min; (2) removal 

of the supernatant; and (3) addition of fresh buffer and mixing with a vortex to re-
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suspend the pellet. Afterwards, Total Genomic DNA was extracted from the washed 

biomass using the PowerBiofilm™ DNA Isolation Kit (MoBio, USA) following 

the manufacturer's instructions. All the above procedures were performed 

in duplicate for each sample. 

For the original inoculum and MT adapted biomass the 16S rRNA gene 

profiling was performed as following. Illumina 16S rRNA gene amplicon libraries were 

generated and sequenced at BaseClear BV (Leiden, The Netherlands). In short, 

barcoded amplicons from the V3-V4 region of 16S rRNA genes were generated using 

a 2-step PCR. 10-25 ng genomic DNA was used as template for the first PCR 

with a total volume of 50 µl using the 341F (5’-CCTACGGGNGGCWGCAG-3’) 

and the 785R (5’-GACTACHVGGGTATCTAATCC-3’) primers appended with Illumina 

adaptor sequences. PCR products were purified and the size of the PCR products 

were checked on a Bioanalyzer (Agilent, CA, USA) and quantified by fluorometric 

analysis. Purified PCR products were used for the 2nd PCR in combination 

with sample-specific barcoded primers. Subsequently, PCR products were purified, 

checked on a Bioanalyzer (Agilent, CA, USA) and quantified, followed 

by multiplexing, clustering, and sequencing on an Illumina MiSeq with the paired-end 

250 cycles protocol and indexing. The sequencing run was analyzed with Illumina 

CASAVA pipeline (v1.8.3) with demultiplexing based on sample-specific barcodes. 

The raw sequencing data produced was processed by removing the sequence reads 

of too low quality (only "passing filter" reads were selected) and discarding reads 

containing adaptor sequences or PhiX control with an in-house filtering protocol. 

A quality assessment on the remaining reads was performed using the FASTQC 

quality control tool version 0.10.0. 

For biomass samples taken at the end of the experimental runs with different 

thiols, the 16S rRNA profiling was performed as following. A portion of the 16S rRNA 

gene was amplified using primers 341F and 805R [21] following a modified PCR 

protocol by Hugerth et al. (2014) [22]. Sequencing was carried out at Science for Life 

Laboratory, Sweden (www.scilifelab.se) on the Illumina platform [23]. Sequence data 

were processed using the UPARSE pipeline [24] and annotated against 

the SINA/SILVA database (SILVA 119) [25] before analysis in Explicet 2.10.5 [26]. 
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6.3.5. Effect of diorgano polysulfanes on the redox potential 

 We investigated the effect of dimethyl-, diethyl-, and dipropyl polysulfanes 

on the ORP by using a setup consisting of a glass mini-reactor (60 mL) equipped with 

a magnetic stirrer as described elsewhere [27]. The reactor was closed with a Teflon 

piston. The ORP was measured with a redox potential electrode (Ag/AgCl reference 

electrode, Orbisint CPS12D; Endress+Hauser). A multiparameter transmitter 

(Liquiline CM442; Endress+Hauser, the Netherlands) was used to record the signals 

from the ORP sensor. All the experiments were performed at 35 °C (DC10-P5/U 

thermostat bath, Haake, Germany). 

 Solutions of dimethyl-, diethyl-, and dipropyl polysulfanes were prepared 

by addition of 6 g L-1 biosulfur to 1.2 mM MT, ET, or PT solutions and incubated 

on a shaker for 24 hours at room temperature to allow for complete reaction between 

thiol and biosulfur (Eq. 2-3). Complete conversion of thiols was verified with the GC 

analysis. Solutions of dimethyl and diethyl polysulfanes were injected separately 

to the mini-reactor filled with the medium using a glass syringe with the injection 

volume between 50-150 µL. Each concentration was analyzed in triplicate. 

 

6.4. Results and discussion 

6.4.1. Effect of MT on the microbial population dynamics 

The microbial community in the full-scale bioreactor as described in this paper 

was most similar to that which served as biomass inoculation source, 

located at Industriewater Eerbeek B.V., the Netherlands [28] (Fig. 3). However, 

a slight shift in the population was observed as SOB belonging to Halomonadaceae 

family were dominant in the full-scale plant described in this paper, 

while the Ectothiorhosdospiraceae family was the most dominant one in the Eerbeek 

full-scale plant [29]. This difference in microbial community may be explained 

by the presence of organic compounds in the full-scale plant described in this paper 

(Table 1). The Halomonadaceae family includes heterotrophic sulfide oxidizing 

species which might use these organic compounds [30]. Moreover, these micro-

organisms can oxidize sulfide to tetrathionate in an indirect manner [30]. 

Tetrathionate is unstable under alkaline conditions leading to elevated concentration 

of thiosulfate as observed for the full-scale bioreactor described in this work 

(Table 2) [31]. 
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Figure 3. Relative abundance of the microbial composition based on the 16S rRNA 

gene. DNA was extracted and sequenced from biomass from the sulfide oxidizing 

bioreactors of the Thiopaq full-scale plant in Eerbeek (A) and in Southern Illinois (B); 

and from the laboratory reactor after 20 (C) and 61 days (D) during which the reactor 

was exposed to methanethiol (0.1 - 7 mM d-1). The laboratory reactor was operated 

at oxidation reduction potential of -390 mV, pH = 9 and the H2S loading rate was 

61.3 mM d-1. Only bacteria with a relative abundance higher than 0.5% are listed 

(remaining bacteria are grouped into “Others”). The results represent the average 

value between two replicas. The different replica values can be found in Table S1 

in the supplementary material. 

 

A clear shift in the original microbial community occurred after 3 weeks 

of incubation in the laboratory bioreactor (Fig. 3). At the end of the adaptation period, 

cells from the Halothiobacillaceae family became the dominant phylogenetic group, 

while cells from this family were not detected in the full-scale plant (Section 6.2, 

Fig. 3). A potential cause of this shift was the relatively high methanethiol loading 

applied to the bioreactor (up to 9.1 mM d-1, Fig. 4), which might have given 

a competitive advantage to the SOB from Halothiobacillaceae family. After 8 weeks, 

it was found that the selectivity for sulfur formation was significantly higher compared 

to the original full-scale reactor biomass (day 17 v. 60, Fig. 4). This may have been 

caused by the shift in microbial community during adaptation to higher MT 

concentrations. A possible reason why this shift was already observed after 8 weeks 
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is the approximately 20 fold higher MT loading rate in comparison to the full-scale 

installation. Another difference was lower VOSC concentrations in the full-scale 

bioreactor due to gas stripping compared to the closed laboratory-scale bioreactor. 

Moreover, thiols present in the full-scale feed-gas mainly consisted of higher thiols 

that show less inhibition than MT (Chapter 5). 

 

Figure 4. Product selectivity of biological and chemical oxidation of H2S 

(61.3 mM d-1) under different methanethiol loading rates. Arrows indicate sample 

collection for microbial community analysis and dashed lines represent centrifugation 

of the biomass and replacement with fresh medium. The reactor system was 

operated at oxidation reduction potential of -390 mV, pH = 9 and T = 35 °C. 

 

6.4.2. Effect of MT, ET and PT on biological H2S oxidation 

6.4.2.1. Performance of the gas absorber 

The scrubbing efficiency of H2S and thiols in experiments 1 to 12 (Table 4) 

showed that in all experiments H2S was almost completely absorbed from 

the inlet gas stream (>99.8%), while the scrubbing efficiency of thiols ranged 

between 40 and 70% (Fig. 5A). The difference in scrubbing efficiencies between H2S 

and thiols was caused by the higher solubility of the former, resulting from 

a lower pKa value than those of thiols (7 v. ~10.4) and higher Henry’s law constant 

(0.41 v. ~0.15; values for water at 20 °C) [32].  
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Figure 5. A. Absorption efficiency of hydrogen sulfide and thiols in a falling film gas 

absorber by an alkaline solution (pH = 9) with biosulfur. Gas flow was 

2.8 × 10-6 Nm3 s-1. Liquid flow was 2.8 × 10-6 m3 s-1. B. Concentrations of organo-

sulfur compounds in the outlet of the gas absorber during simultaneous removal 

of methanethiol, ethanethiol, and propanethiol in the presence and absence 

of biosulfur particles in the washing liquid. Reactor system operated at oxidation 

reduction potential of -390 mV, pH = 9 and thiols inlet concentration of 600 ppm(v). 

The error bars represent the standard deviation from triplicate samples. 

 

 

An important factor influencing the absorption capacity of thiols is the reaction 

between thiols and biosulfur particles under the formation of diorgano polysulfanes 

(Eq. 1-5). In experiments 13 and 15 (Table 4), all thiols (MT, ET, and PT) were 

simultaneously supplied to the gas absorber in the presence and absence 

of biologically produced sulfur particles. When sulfur was present in the bioreactor, 

diorgano polysulfanes were formed according to Eq. 2 - 4 which are distributed 

between the gas, liquid, and solid (biosulfur) phases (Supplementary Information, 

Figure S1). Formation of diorgano polysulfanes enhanced absorption of thiols 

from a gas stream (Fig. 5B). In the presence of biologically produced sulfur particles, 

MT was absorbed with the highest efficiency (72%), while ET and PT absorptions 

were less efficient (37 and 22%, respectively). In the absence of biosulfur, thiol 

concentrations in the outlet of the gas absorber were higher, indicating that thiols 

were removed from the gas stream resulting from a homogeneous reaction 

with an alkaline solution (Eq. 1; Fig. 5B). The absorption efficiency of MT, ET, 
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and PT decreased to 40, 18, and 15%, respectively. Higher removal of MT was due 

to its higher solubility in water [33], i.e. thiols absorption decreased with increasing 

hydrophobicity. This result showed that the thiol removal efficiency from sour gas 

streams can be enhanced by heterogeneous reaction with biosulfur particles. 

As the experimental set-up (Fig. 2) does not have any other discharge than the gas 

outlet (experiments 13 - 15, Table 4), the removal efficiency reflects the reaction 

between thiols and sulfur with oxygen (Eq. 2 - 6). The sulfur is present 

in the bioreactor in a large excess (2.5 mM thiol d-1 of v. 61.3 mM H2S d-1) and thus 

adding more sulfur will not result in a higher removal of the thiols. This, however, 

can be done by reducing the concentration of thiols in the bioreactor suspension, 

e.g. by stripping with gas. 

 

Figure 6. Performance of the gas biodesulfurization system fed with H2S 

(61.3 mM d-1) and: A. Methanethiol; loading rate was 9.1 mM d-1. B. Ethanethiol; 

loading rate was 9.1 mM d-1. C. Propanethiol; loading rate was 4.5 mM d-1. D. Mixture 

of methanethiol, ethanethiol, and ethanethiol, loading rate was 2.5 mM d-1, each. 

The reactor system was operated at oxidation reduction potential of -390 mV, pH = 9 

and multiple flows of nitrogen over the bioreactor. The error bars represent 

the standard deviation from quadruple samples. 
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6.4.2.2. Effect of VOSCs stripping on bioreactor performance 

N2 gas was added to the bioreactor suspension as presented in Fig. 2 

to assess the effect of thiols stripping on the bioreactor performance. The VOSC 

concentrations in the bioreactor decreased with increased N2-flow rates (Fig. 6A-D) 

and showed that thiols can be effectively stripped by applying already a low 

volumetric flow rate of an inert gas. Moreover, it can be observed that the sum 

of VOSCs in the bioreactor headspace decreased with increasing thiol hydrophobicity 

(Fig. 6A-C) [32]. 

It was also demonstrated that stripping of VOSCs had a significant effect 

on the selectivity for sulfur product formation when the inlet gas stream was 

supplemented with MT (Fig. 6A). At the highest VOSCs concentration, the selectivity 

for biologically produced sulfur was the lowest (56 mol%) and more thiosulfate 

(38 mol%) was formed. However, at decreasing VOSCs concentration as a result 

of N2 stripping, the selectivity for sulfur formation increased to about 74 mol% 

(Fig. 6A). Lower selectivity for sulfur production at higher VOSC concentrations 

resulted from the inhibitory effect of VOSCs on the biological oxidation 

of sulfide [9,19] which, in turn, leads to an enhancement of the chemical oxidation 

of sulfide to form thiosulfate [17,34]. Hence, the selectivity for chemically produced 

thiosulfate follows an exponential decay with decreasing concentrations of VOSCs. 

Contrary to experiments with MT, experiments with ET (Experiments 5-8, 

Table 4) showed an increase in the selectivity of biologically produced sulfate with 

increasing VOSC concentrations, while the thiosulfate selectivity remained constant 

at around 18 mol% (Fig. 6B). We found that this unexpected change from sulfur 

to sulfate selectivity was a result of the influence of diethyl polysulfanes (Eq. 2-4) 

on the ORP. The principle of controlling biodesulfurization reactors is based 

on that the ORP is mainly determined by the sulfide concentration [35]. However, 

we found that in addition to sulfide, diethyl polysulfanes also lower the ORP, 

which resulted in an additional supply of oxygen to the bioreactor to keep a set point 

of -390 mV. This could be seen in an increased concentration of oxygen 

in the bioreactor (Fig. 6A v. Fig. 6B) and a doubling of the O2/H2S supply ratio 

(from 0.75 to 1.4 mol mol-1) compared to experiments with MT and other 

studies [5,8]. This ratio is related to the total sulfide concentration [36] 

and the stoichiometry of the simplified bio-oxidation reactions (Eq. 14-15) [35]. 
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Therefore, by increasing the O2/H2S supply ratio, the selectivity from sulfur to sulfate 

can be shifted [7,37]. In experiments with only MT, a clear change in product 

selectivity was not seen. An explanation for this observation was that diethyl 

polysulfanes lower the ORP by 36 ± 4 mV more than dimethyl polysulfanes that are 

formed from the abiotic oxidation of MT (Fig. 7). Moreover, diethyl polysulfanes are 

also less volatile than dimethyl polysulfanes [33], which results in a lower stripping 

rate from the bioreactor and thus higher concentrations in the bioreactor suspension 

(data not available). 

 

Figure 7. Relationship between the oxidation reduction potential and the initial thiol 

concentration (C°thiol, mM) in a reaction between thiol and biosulfur leading 

to formation of diorgano polysulfanes. Measurements were performed in a medium 

with [Na+ + K+] = 1 M, pH = 9 and T = 35°C. 

 

The results show that the commonly used method to control the bioreactor 

by the ORP was insufficient as the ORP was no longer determined by the sulfide 

concentration alone. Therefore, to expand the application of biodesulfurization 

processes for gas streams containing ORP-lowering compounds, it is necessary 

to develop a new method to control the O2 supply to biodesulfurization reactors. 

Such a method should not rely on indirect parameters, such as the ORP, but should 

be based on a straightforward measurement of the sulfide and VOSC concentration. 
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 In experiments with PT, the loading rate was lowered from 9.1 to 4.5 mM d-1, 

as the bioreactor appeared to be unstable under the former loading rate. Unstable 

operation of the bioreactor occurred when it was not possible to maintain a constant 

ORP value by dosing O2 to the gas recycling loop (Fig. 2). The reason 

for the bioreactor instability was the same as described above: dipropyl disulfides are 

more reduced compounds than dimethyl disulfides, thereby more effective in lowering 

the ORP (Fig. 7). An additional factor can be higher hydrophobicity and lower 

volatility of dipropyl polysulfanes compared to dimethyl and diethyl polysulfanes [33] 

resulting in higher concentrations in the suspension of the bioreactor. Therefore, 

under a PT loading rate of 9.1 mM d-1, dipropyl disulfides in the bioreactor reached 

a concentration at which it was no longer feasible to control the ORP at a constant 

value of -390 mV. After lowering the PT loading rate to 4.5 mM d-1, no significant 

effects were observed on the product selectivity (Fig. 6C). The sulfur selectivity 

remained constant at about 80 mol% which was also found for a sulfide oxidation 

system that was not impacted by any thiol inhibition [38]. 

The effect of combined supply of all three of thiols (MT, ET, and PT) 

on the product selectivity was investigated by changing N2-flow rates from 0 

to 18 L h-1 (Fig. 6D). At the highest VOSC concentrations, we observed a decrease 

in sulfur selectivity with increased sulfate formation, which was in line with 

experiments in which thiols were individually supplied (Fig. 6A-B). Similarly 

to experiments in which only PT was supplied (Fig. 6C), no inhibitory effects were 

observed at the lowest VOSC concentration. 

 

6.4.2.4. Effect of thiols on the adapted biomass 

The microbial community analysis revealed that various thiols had a different 

impact on the microbial community composition (Fig. 8). The presence of thiols 

appeared to provide a competitive advantage to different populations when 

compared with previous studies with sulfide oxidizing bioreactors at haloalkaline 

conditions [29]. When MT and ET were supplied, the fraction of populations 

belonging to the family Halothiobacillaceae significantly increased, which was also 

observed in the biomass adaptation experiments. In this family, the only described 

haloalkaliphilic autotrophic sulfide oxidizing species is Thioalkalibacter 

halophilus [39]. The predominance of strains from the Halothiobacillaceae family was 
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in contrast with samples analyzed from full-scale biodesulfurization plants treating 

gas without thiols whereby species belonging to the genus Thioalkalivibrio (family 

Ectothiorhodospiraceae) are dominant [29]. There is no information available that 

explains why populations aligning within the Halothiobacillaceae family became more 

abundant in the presence of MT and ET. It might be that they have higher tolerance 

to thiols than the other haloalkaliphilic SOB species. However, in the presence of PT 

the increased dominance of SOB related to the Halothiobacillaceae was not 

observed. On the contrary, it became less abundant than in the inoculum. The fact 

that PT was supplied in lower concentrations compared to MT and ET might explain 

the difference. At these PT concentrations, other bacteria might still be tolerant 

to thiols, taking away the selective advantage of bacteria belonging to the Halothio-

bacillaceae family. 

 

 

Figure 8. Relative abundance of the microbial composition based on the 16S rRNA 

gene. DNA was extracted and sequenced from the inoculum and biomass taken 

at the end of MT, ET, and PT experiments. The laboratory reactor was operated 

at oxidation reduction potential of -390 mV, pH = 9 and the H2S loading rate was 

61.3 mM d-1. Only bacteria with a relative abundance higher than 0.5% are listed 

(remaining bacteria are grouped into “Others”). The results represent the average 

value between two replicas. The different replica values can be found in Table S2 

in the supplementary material. 
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Another interesting observation was the increased abundance of bacteria 

related to the family Idiomarinaceae in the ET and PT experiments but not in the MT 

experiment. Within the Idiomarinaceae family, the only genus identified in this study 

was Aliidiomarina in which mainly heterotrophic aerobic bacteria are described [40]. 

To the best of our knowledge, there is no information available about their possible 

sulfide oxidizing capacity or use of VOSCs. Thus, the role of these bacteria 

and the reason for their increased dominance in the bioreactors where ET and PT 

was supplied remains unknown. 

 

6.4.2.5. Coagulation of biosulfur in the presence of thiols 

During the bioreactor operation with thiols, we have observed coagulation 

of colloidal biosulfur particles. Formed diorgano polysulfanes in reaction between 

thiols and biosulfur (Eq. 2 - 3) are hydrophobic. Therefore, these compounds adsorb 

onto somewhat hydrophobic biosulfur particles resulting in a coagulation of biosulfur 

and significantly increased particle size (Fig. 9A). Increased settling rate is important 

from the technological point of view as it allows easy separation of biosulfur from 

liquid. Also, we observed that coagulated sulfur forms hydrophobic aggregates which 

attract biomass (Fig. 9B). Attraction of biomass by biosulfur particles has a negative 

effect as it can lead to lowering the biomass concentration in bioreactor 

and therefore, lower process efficiency. 

 

 

Figure 9. A. Biosulfur particle size distribution. B. Scanning electron microscope 

(SEM) picture of biosulfur aggregate exposed to thiols with attracted bacteria on its 

surface (indicated with arrows). 



 Chapter 6 

170 

 

6 

6.5. Conclusions 

In this study we applied relatively high thiol loading rates compared 

to a full-scale plant (9.1 v. 0.4 mM d-1) and other studies (0.079 mM d-1) [38]. 

The obtained results showed that under such high loading rates it was possible 

to reach a stable operation of the bioreactor which demonstrates the high potential 

of such biodesulfurization systems. This study describes the combined removal 

of H2S and thiols from gas streams at haloalkaline conditions. The effect of thiols 

on the biological oxidation of sulfide was minimized by the occurrence of a chemical 

reaction between thiols and biosulfur and gas stripping of the remaining thiols. 

The reaction between thiols and biosulfur leads to the formation of diorgano 

polysulfanes, which are less toxic than thiols, but these are stronger reductants 

and therefore interfere with the measured ORP that is an essential input parameter 

to control the oxygen supply rates. We recommend that future research focuses 

on finding alternatives to control the biodesulfurization processes. These could not 

only be based on the ORP but also on the actual sulfide and VOSC concentration. 

Also more research is needed to investigate the technological application 

of the reactions between thiols and biosulfur. An example of such direction can be 

looking at biological conversion of biosulfur with bounded diorgano polysulfanes. 
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Supporting Information 

Table S1. Relative abundance of microorganisms in the biomass from the sulfide 

oxidizing bioreactors of the Thiopaq full scale plant in Eerbeek (A) and in North 

America (B), as well as from the laboratory bioreactor after 20 days (C) and 61 days 

(D). Others are represented by all the families with less than 0.5 % relative 

abundance. 1 and 2 represent duplicates. 

Family 

Relative abundance [%] 

A B C D 

1 2 1 2 1 2 1 2 

Ectothiorhodospiraceae 50.8 50.3 28.0 27.8 5.4 0.5 20.5 21.6 

Piscirickettsiaceae 24.8 26.1 0.0 0.0 3.3 0.1 0.0 0.0 

Bacillaceae 8.3 12.7 12.7 13.0 28.0 23.4 0.4 0.2 

Halomonadaceae 7.7 8.9 49.8 52.7 52.6 57.3 11.1 10.8 

Marinicellaceae 4.5 0.2 0.0 1.8 0.0 0.0 0.0 0.0 

Campylobacteraceae 2.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Idiomarinaceae 0.6 0.1 0.0 0.0 0.3 0.3 0.1 0.0 

Clostridiaceae 0.1 0.0 2.4 2.8 0.5 0.6 0.1 0.3 

Erysipelotrichaceae 0.1 0.0 0.5 0.8 8.0 7.3 0.0 0.1 

Chrysiogenaceae 0.0 0.0 6.3 0.2 0.0 0.0 0.1 0.0 

Halothiobacillaceae 0.0 0.0 0.0 0.0 1.3 4.7 67.3 67.0 

Others (< 0.5%) 0.6 1.7 0.2 0.8 0.7 5.8 0.2 0.1 
 

 

 

Table S2. Relative abundance of microorganisms in the inoculum and final biomass 

after experiments with methanethiol, ethanethiol, and propanethiol. Others are 

represented by all the families with less than 0.5 % relative abundance. A and B 

represent duplicates. 

Family 

Relative abundance [%] 

Inoculum Methanethiol Ethanethiol Propanethiol 

A B A B A B A B 

Halothiobacillaceae 15.8 15.1 30.8 37.6 28.5 21.9 5.1 4.2 

Ectothiorhodospiraceae 6.3 6.2 6.9 6.0 3.0 3.9 6.9 7.9 

Idiomarinaceae 8.1 6.8 1.4 2.2 30.6 23.9 15.1 12.1 

Halomonadaceae 8.7 9.8 2.9 3.5 8.1 6.7 7.0 5.7 

Clostridiaceae 0.2 0.6 4.7 1.7 0.4 8.7 10.1 12.0 

Others 60.8 61.5 53.3 48.9 29.4 35.0 55.8 58.0 
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Figure S1. Chromatogram of the bioreactor headspace during experiments where 

methanethiol, ethanethiol, and propanethiol were simultaneously supplied 

to the laboratory system for gas desulfurization. 
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7.1. Introduction 

 The need for desulfurization of sour gas streams, such as biogas, landfill gas, 

refinery gases and natural gas became urgent after the US EPA set a maximal 

allowable sulfur content for fuels [1,2] in order to reduce emissions of sulfur dioxide 

to the atmosphere. A variety of physicochemical and biological processes have been 

applied to desulfurize sour gas streams but for some hydrocarbon streams biological 

processes can be economically more attractive as these are operated under ambient 

temperature and pressure conditions leading to lower investment and operating 

cost [3,4]. However, biological processes are typically used to remove hydrogen 

sulfide (H2S), whilst other volatile sulfur compounds such as thiols are only partially 

removed (Chapter 3 - 5). Broadening the application range of these processes will 

have a positive impact on air pollution and will allow for further cost reductions. 

Therefore, the aim of this thesis is to describe the effect of thiols on the biological 

removal of H2S from sour gas streams. The main research tasks are defined 

in Chapter 1. 

 In this thesis, gas biodesulfurization is performed under haloalkaliphilic 

conditions to assure high absorption rates of sulfurous pollutants and provide 

appropriate bioreactor conditions for sulfur oxidizing bacteria (SOB). Under 

the prevailing conditions no clear evidence was found that haloalkaliphilic SOB can 

degrade thiols. Moreover, we found that organosulfur compounds inhibit SOB 

and thus need to be removed down to concentrations at which no inhibition occurs. 

In the current chapter an overview is provided of ways to mitigate any inhibitory 

effects caused by the presence of thiols. A modified process to remove H2S 

and thiols is presented. The last section includes recommendations for further 

research. 

 

7.2. Mitigation strategies to prevent the inhibitory effects of thiols on biode-

sulfurization systems 

In this thesis several ways to mitigate the adverse effects of thiols 

in biodesulfurization systems are proposed: 

 1) Increase of the biomass concentration and maintaining a low redox 

potential. In Chapter 3 and 5 it was demonstrated that thiols act as competitive 
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inhibitors on the biological oxidation of sulfides. Therefore, the inhibitory effects 

caused by thiols can be mitigated by increasing the biomass concentration, 

i.e. the enzyme concentration and by increasing the sulfide concentration 

in the bioreactor. This can be achieved by operating the system at a somewhat lower 

redox potential [5]. We recommend to control the redox potential below -390 mV 

(Ag|AgCl reference electrode). In Chapter 4 and 5 two complementary mathematical 

models to describe the biodesulfurization process have been proposed. The first 

model (Chapter 4) describes an integrated reactor system for the combined removal 

of H2S and MT and the subsequent biological oxidation of the absorbed sulfide. 

The second model (Chapter 5) describes sulfide oxidation pathways in SOB 

and the inhibitory effects of thiols and diorgano polysulfanes. By introducing rate 

equations which are corrected for the type of inhibition (Chapter 5) to the model 

structure described in Chapter 4, it is possible to calculate the maximum allowable 

H2S to methanethiol supply ratio at which maximum sulfur production occurs (Fig. 1).  

 

 

Figure 1. Calculated molar selectivity for sulfur formation at different biomass 

concentrations and H2S/methanethiol supply ratios. The graph represents the output 

of model combination from Chapter 4 and 5. The presented output space has been 

experimentally validated. 
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In Figure 1, it can be seen that the selectivity for sulfur formation mainly depends 

on the biomass concentration and on the inhibition rate. Therefore, by applying high 

biomass concentrations and low redox conditions, the bioprocess is less vulnerable 

to MT. It should be noted that the remaining oxidation product of sulfide oxidation 

is thiosulfate, which is formed from the abiotic reaction between dissolved sulfide 

and oxygen (Chapter 1, eq. 17 - 22) due to biomass inhibition by MT. 

 2) Control of the salinity of the bioreactor medium. In Chapter 4 it was 

found that the suppression of the biomass activity by MT can be decreased 

by lowering salinity (from 1.5 to 0.5 M Na+). Apparently more metabolic energy 

is available which can be used by the microorganisms to withstand MT. Especially 

under sulfur-forming conditions limited amounts of energy are released from 

the oxidation of sulfide, while high maintenance requirements exist to control 

the osmotic pressure over the cell membrane. Hence, a small change in the energy 

balance, e.g. by increasing the salinity, can be detrimental for the SOB activity. 

 3) Enhancement of the chemical oxidation of thiols to diorgano 

polysulfanes. In the presence of sulfur or oxygen, thiols can be chemically oxidized 

to their corresponding and less toxic diorgano polysulfanes (Chapter 1, Eq. 14 - 16). 

These hydrophobic compounds adsorb onto biosulfur particles in a reversible 

manner. We found that the absorption affinity increases with increasing sulfur-chain 

length (Chapter 3). The total thiol oxidation yield can be increased by increasing 

the contact time between thiols and biosulfur in the gas absorber. This offers 

an elegant way for removing these compounds from the bioreactor suspension along 

with the formed biosulfur particles.  

 4) Stripping of thiols from the reactor suspension. The inhibitory effects 

of thiols on the sulfide-oxidizing biomass can be mitigated by lowering their 

concentration in the bioreactor medium via gas stripping (Chapter 6). Selectivity 

for biosulfur production was increased up to 40% by stripping thiols from 

the bioreactor suspension. 
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7.3. Description of a modified process for combined H2S and thiols removal 

 Based on the findings described in this thesis it can be concluded that, 

in principle, the combined removal of H2S and thiols from sour gas streams 

is feasible by a combination of biochemical and physicochemical reactions. However, 

to prevent any inhibition of SOB by thiols, their concentration shall be lowered 

to below their toxicity threshold levels, which can be achieved by air stripping 

or stimulating a chemical reaction with biosulfur particles. Based on these principles 

a modification of a conventionally applied three-step biodesulfurization process 

(Chapter 1, Fig. 6) has been proposed (Fig. 2). In the modified process, 

H2S is removed from the gas stream by washing the sour gas with a mildly alkaline 

solution in an absorption column (A). It shall be noted that the partial removal of thiols 

in the absorber (A) should be low in order to avoid any toxicity in the bioreactor 

section (C). This can be achieved by adjusting the wash water flow over the absorber 

column and the pH as H2S (pKa ≈ 7) is a stronger acid than e.g. CH3SH 

(pKa ≈ 10) [6,7]. Thiols will be partly removed in a bioreactor section (C) by air 

stripping. However, if the concentration of dissolved thiols would become too high 

and start to impact on the process performance they can be removed in a stripping 

vessel (B) (Chapter 6). Here, thiols can be stripped with a small volume of recycled 

clean gas. It should be noted that stripping of H2S can be neglected because of high 

pH conditions at which H2S is mainly in its dissociated form. Produced biosulfur taken 

from bioreactor (C) is separated from the liquid in a gravity settler (D) or in another 

removal step such as a decanter centrifuge. In case the sour gas contains high levels 

of thiols, a split absorber design could be applied to remove the majority of the H2S 

in the first absorber (A) whilst thiols are removed in the second absorber (E) 

by reaction with an alkaline medium and biosulfur. A similar concept has been 

proposed by Kijlstra et al. [8]. The absorbed thiols from the second absorber are 

chemically transformed to diorgano polysulfanes by a reaction with biosulfur 

(Chapter 6). Biosulfur particles covered with adsorbed diorgano polysulfanes can be 

disposed or sent to an anaerobic bioreactor (F) where these organosulfur 

compounds, together with sulfur, are converted to sulfide and recycled to the sulfide 

oxidizing bioreactor (C). The spent gas from the bioreactor C and F is discharged 

to atmosphere after passing a compost filter (G) to remove traces of odorous sulfur 

compounds. 
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Figure 2. Scheme for combined H2S and thiols removal process. 

 

 

 In the anaerobic reactor (F) three different processes may need to be taken 

into account: (1) coagulation of biosulfur by diorgano polysulfanes (Chapter 6); 

(2) biological conversion of biosulfur and diorgano polysulfanes to sulfide; 

(3) chemical formation of polysulfide anions from the reaction between produced 

sulfide and biosulfur. Under anaerobic conditions, the formed polysulfide anions can 

be biologically converted to sulfide [9–11] or oxidized to biosulfur in aerobic 

reactor [12,13]. Anaerobic degradation of dimethyl disulfide (DMDS) does not require 

an electron donor [14,15], but in its presence the degradation is faster and higher 

concentrations of substrate can be treated [16]. The effect of coagulated sulfur 

on the process performance requires further investigations. It may pose operational 

issues such as clogging but on the other hand, diorgano polysulfanes are immo-

bilized onto biosulfur particles which can result in increasing biodegradation rates. 
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7.4. Recommendations for future research 

 In this thesis, topics from various disciplines, ranging from analytical chemistry 

and microbiology to bioprocess engineering, were studied to broaden the application 

window of an existing gas biodesulfurization process for the removal of H2S 

and thiols from sour gas stream. During this PhD project a number of knowledge 

gaps were identified which require further studies in order to build a robust process 

for total gas desulfurization. In the next sections directions for future research 

are proposed. 

 

7.4.1. Combined removal of H2S and thiols from gas streams 

 In section 7.3, a new system for the combined removal of H2S and thiols 

process has been described (Fig. 2). The proposed system can be readily tested 

under laboratory conditions. Integration of an anaerobic reactor in the process line-up 

(Fig. 2; F) would allow for a complete treatment of the gas streams with minimal 

waste production. Investigations of this anaerobic process should focus 

on the characterization of biosulfur particles covered with a layer of diorgano 

polysulfanes. Also the biological reduction of biosulfur covered with a layer 

of diorgano polysulfanes should be studied whilst the optimal conditions for reduction 

should be assessed. 

In Chapter 6 it was shown that a standard way to control the selectivity 

of biological sulfide oxidation is insufficient when other compounds than sulfide 

are present that influence the redox potential. Further investigations should focus 

on the development of a new controlling system. This system should be based 

on the direct measurement of dissolved sulfide. A new sulfide sensor was proposed 

[17] that can be implemented in such controlling system. However, further research 

should be performed to find out whether the proposed solution will work under 

the prevailing process conditions. 

 Furthermore, another area for research concerns the coagulation of biosulfur 

particles (Chapter 6) and its effect on the process performance. 

Based on the data presented in Chapters 3, 4 and 6, it can be seen that when 

thiols are present in the feed gas stream, the main organosulfur compounds present 

in the bioreactor are diorgano polysulfanes. These form a complex mixture ranging 
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from disulfide up to octasulfide, where pentasulfide is the most dominant 

compound [18]. Further research on the effect of these organosulfur compounds 

on sulfur oxidizing bacteria is necessary. Unfortunately, due to the instability 

of diorgano polysulfanes consisting of more than three sulfur atoms, they are not 

commercially available, which means that these compounds should be synthesized 

in the laboratory (Chapter 2). Another possibility is to perform tests with stable 

diorgano polysulfanes, e.g. with dimethyl sulfide, disulfide and trisulfide where after 

an extrapolation for higher polysulfanes may be possible. 

 

7.4.2. Sulfide oxidation pathway 

 More research is needed to understand the underlying metabolic principles 

to properly describe the biological sulfide oxidation pathways. For this purpose 

analysis of product formation within the living single cell using Raman spectroscopy 

could be helpful [19] and more advanced genomic and metabolomic tools can be 

applied. However, a new experimental setup for these tests has to be designed 

to keep dissolved oxygen constant even at micro-molar concentrations. Dissolved 

oxygen should be measured with the highest accuracy using a sensor that can detect 

micro-molar concentrations. The setup should also be equipped with a UV-sensor as 

proposed [17] to measure consumption rate of sulfide. 

 In Chapters 3 and 5 it is shown that the biological production of sulfate 

is much more susceptible to inhibitors than the biological sulfur production. 

Especially, sulfate production is easily affected by hydrophobic inhibitors, 

like diorgano polysulfanes, while sulfide production is easily affected by more 

hydrophilic inhibitors, like thiols (Chapter 5). An interesting proposition is to 

investigate the effect of hydrophobic compounds on maximization of sulfur production 

by suppressing sulfate production, i.e. validation weather hydrophobic compounds 

can act as selective inhibitors. From our laboratory experiments (Chapter 6) it follows 

that the selectivity for sulfur production increases in the presence of hydrocarbons. 

 

7.4.3. Investigation of thermodynamic properties 

The thermodynamic properties of organosulfur compounds are required 

as input parameters for many models that rely on describing phase behavior 
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e.g. for designing absorption columns. Unfortunately, data in literature are 

incomplete. Therefore, further research should focus on determining basic data such 

as Henry coefficients for thiols under the prevailing process conditions (salinity, pH, 

temperature). It is advised to apply the static synthetic method using high pressure 

autoclaves [20], which is less susceptible to analytical errors compared to the static 

headspace method. Furthermore, sorption isotherm of biosulfur for diorgano 

polysulfanes can be determined to assess the adsorption capacity. 

 

7.4.4. Application of biosulfur 

Another interesting field of research is the broadening of the application 

of biosulfur as a raw material. As stated in Chapter 1, biosulfur can be used 

as a fertilizer or as a substrate in sulfuric acid production. Unfortunately, a common 

practice is to dispose the recovered biosulfur in a landfill. To contribute 

to a sustainable circular economy, new application strategies for biosulfur should be 

developed. 
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