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1.1 Why do we need gas desulfurization?

Hydrogen sulfide (H2S) and thiols are toxic and malodorous compounds, which have 
a low odor threshold and highly corrosive nature. These sulfur compounds are formed 
in the pulp industry, wastewater facilities, sewer systems, landfill sites, and are highly 
abundant in natural gas and crude oil [1,2]. The release of formed H2S and thiols 
from the industrial sites into the environment has been regulated since 1970 by the 
Environmental Protection Agency (EPA) as it constitutes to severe health problems and 
causes the formation of sulfur dioxide (SO2). SO2 is a well-known gas that contributes 
to environmental pollution and affects health and Earth’s biodiversity [3,4]. Therefore, 
all industries should comply with the set emission regulations by removing all sulfur 
components from the gas streams [5]. Through the years, regulations on sulfur emissions 
became even more stringent with the decreasing permitted emission limits. For instance, 
the most recent legislation caps the global sulfur content of shipping fuels at 0.5 % 
with a maximum for ships in EU ports at 0.1 % of sulfur. This regulation will be in 
force in 2020 [6] and will put pressure on the petrochemical industry to improve the 
desulfurization of crude oil and natural gas in order to comply with emission regulations.

1.2 Characteristics of hydrogen sulfide and thiols

Under ambient conditions, H2S and methanethiol (MT) are gasses. H2S is a colorless 
and flammable gas that has a distinctive smell of rotten eggs, and exposure to and 
above 500 ppm can be lethal [7]noting information gaps that may require further 
investigation. Several recommendations are listed for possible consideration for either 
toxicological research or additional short- and long-term tests. Two bibliographies 
have been provided to assist in locating references considered in this report: (1. H2S is 
soluble in water; its solubility depends on conditions such as temperature, salinity, pH, 
partial gas pressure, and solvent content. Even when dissolved, H2S remains volatile and 
equilibrates between the gas and aqueous phase. In the aqueous phase, H2S equilibrates 
further with its anion forms HS- and S2- (Eq. 1) as it is a weak acid [8]. The pKa values 
are 6.90 for HS- and 12.92 for S2- in pure water at 25 ºC. 
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In addition, it reacts with metals such as iron with which it can form insoluble iron-

sulfhydryl group (R-SH), in which R can be an alkylic or aromatic group. Methanethiol (CH3

can cause severe issues in the food industry [9]

desired provided they remain below their sensory threshold value as they c

fruit, and blackcurrant aromas [10]. 

 (Eq. 1)
H2S can react with oxidants, e.g., oxygen and nitrate, to form polysulfanes, sulfite, 
thiosulfate, and sulfate. In addition, it reacts with metals such as iron with which it can 
form insoluble iron-sulfide complexes. 

Thiols are analogs of alcohol, in which the oxygen molecule is substituted by a 
sulfur atom creating a sulfhydryl group (R-SH), in which R can be an alkylic or aromatic 
group. Methanethiol (CH3SH) is the most common thiol. All thiols are notorious for 
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their obnoxious smell, low odor threshold, and toxicity (Table 1), which can cause 
severe issues in the food industry [9]. For example, in the wine industry, certain thiols 
are considered desired provided they remain below their sensory threshold value as they 
contribute to pleasant grapefruit, passion fruit, and blackcurrant aromas [10].

Th e behavior and properties of thiols are determined by the properties of their 
hydrocarbons and weak acid gas components. For example, the longer the hydrocarbon 
chain is, the greater the hydrophobicity of a thiol. All thiols are weaker acids in 
comparison to H2S, with a pKa of 10.6 vs. 7.0 at 25 ºC [11]. Similar to HS-, thiolates 
(the RS- groups in thiols) are strong nucleophiles and poor bases [12]. Th erefore, thiols 
easily undergo oxidation and form disulfi des (Eq. 2):

12 
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H2S and thiols can also react and form hydrodisulfi de (Eq. 3), as well as it can reduce 
oxidized thiol/disulfi de via nucleophilic displacement mechanism (Eq. 4) [13]: 
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Table 1 Properties of some thiols and associated diorgano polysulfanes.

Compound Chemical formula Odor threshold,b ppb Smell

Methanethiol 0.3 – 8.5

Ethanethiol 1.1

Dimethyl sulfide 0.6 – 40

Dimethyl disulfide 0.1 – 3.6

Dimethyl trisulfide 0.1

Diethyl sulfide 0.93 – 18 Garlic

Diethyl disulfide 4.3 – 40

a[14], b[15]

1.3. Sulfur recovery technologies

Nowadays, various desulfurization technologies are available to remove H2

them

niches: small-size (<0.05 tons per day (TPD) of H2S), medium-size (0.5 to 20 TPD), and large-

These categories are based on the applicability of different desulfurization techniques. 

For low H2

sulfide, such as polyamines 

 (Eq. 4)

Table 1 Properties of some thiols and associated diorgano polysulfanes.
Compound Chemical formula Odor threshold,b ppb Smell

Methanethiol 0.3 – 8.5 Rotten egg, fi sh, cabbage, garlic

Ethanethiol 1.1 Onion, rubber, putrefaction

Dimethyl sulfi de 0.6 – 40 Cabbage, asparagus, corn, molasses

Dimethyl disulfi de 0.1 – 3.6 cooked cabbage, asparagus, onions

Dimethyl trisulfi de 0.1 Cabbage, onions, cooked vegetables

Diethyl sulfi de 0.93 – 18 Garlic

Diethyl disulfi de 4.3 – 40 Garlic, onion, burnt rubber

a[14], b[15]

1.3 Sulfur recovery technologies

Nowadays, various desulfurization technologies are available to remove H2S from gas 
streams and convert them into elemental sulfur (Fig. 1). Most of these sulfur recovery 
processes can be roughly divided into three niches: small-size (<0.05 tons per day (TPD) 
of H2S), medium-size (0.5 to 20 TPD), and large-size (>20 TPD). Th ese categories are 
based on the applicability of diff erent desulfurization techniques. 
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For low H2S loads (< 0.05 TPD), liquid and solid scavengers are applied. Various solvents 
are used to absorb sulfide, such as polyamines (triazines), nitrite, and caustic. Caustic 
scavengers are often applied to absorb sulfide from acid gas streams resulting in the 
formation of spent caustic waste streams. The advantage of the use of a scavenger is that 
the capital expenditure (CAPEX) is relatively low. However, as the liquid in scavengers is 
not reusable, they are not suitable for large sulfur loads given the high operating expense 
(OPEX) (i.e., $5200 per ton processed H2S) [16]. 

For H2S loadings of up to 20 TPD, regenerable processes are the most cost-effective, 
such as Thiopaq (H2S loading of to 70 TPD) and liquid redox processes (see Section 1.4 
for biodesulfurization). Liquid redox processes with an OPEX between $1000 - $2000 
per ton of processed H2S [16], use an alkaline solution with high valent metal ions, 
such as iron (LoCat and Sulferox). Iron ions convert dissolved sulfide into elemental 
sulfur and are then regenerated by oxidation with air. As the formed elemental sulfur is 
hydrophobic, process malfunctions can occur, such as caused by plug formation in tubing 
and foaming [17]. An alternative for liquid redox processes is CrystaSulf technology. It is 
a catalytic oxidation process that uses a non-aqueous hydrocarbon solvent that contains 
SO2 [18]. The process solution comes into contact with H2S, and elemental sulfur and 
water are formed. Afterward, the formed sulfur is dissolved in the solvent, followed by 
precipitation in a crystallizer. This step was designed to overcome issues of plugging 
and foaming. However, it increases solvent use, resulting in higher costs for larger-scale 
operations or high sulfide loads [19]. 

Fig. 1. Schematic overview of (A) available desulfurization technologies that produce elemental sulfur from 
different sulfide loadings (adapted from [20] and (B) operational window of Thiopaq O&G based on feed 
gas flow and H2S concentrations in the feed gas. AGRU = acid gas removal unit, SRU – sulfur recovery 
unit (Claus), TGTU = tail gas treatment unit, SCOT = Shell Claus Off-gas Treating process (personal 
communication Paqell BV, 2019). 
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For H2S loading rates above 20 TPD, the AGRU-SRU-TGTU process is vastly applied 
(Fig. 1B). Th e process starts in the acid gas removal unit (AGRU), using amine-based 
solvents to absorb H2S from the sour gas.  An acid gas mixture is stripped in the 
regenerator; it contains H2S, CO2, thiols, and some hydrocarbons [21]. In the next step, 
the acid gas is routed to the Claus unit for sulfur recovery (SRU). Th e Claus process is 
a two or three-stage process, with a thermal stage in which one-third of the H2S gas is 
burned to SO2 (Eq. 5), followed by one or two thermal-catalytic stages in which H2S 
and SO2 react and form elemental sulfur (Eq. 6).

14
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Th e Claus process is a highly cost-effi  cient process for large scale H2S conversion and 
is vastly applied in the industry, with an OPEX of $3 to $4 per ton of processed H2S 
[22]. Downsides of this process are a) relative complex process schemes to optimize heat 
integration resulting in high CAPEX and b) that the H2S removal and process recovery 
effi  ciency is limited to about 95 to 97 % due to the equilibrium of the catalyzed reactions 
(Eq. 6) [23]. Meeting the stringent regulations for SO2 emissions generally requires a 
sulfur recovery of more than 99 %. Hence, off -gas that leaves the Claus process needs to 
be treated as well. In general, the Shell Claus off -gas treating (SCOT®) unit is installed 
after the Claus process to achieve 99.9 % effi  ciency. Th is SCOT process converts all 
sulfur compounds to H2S which is subsequently rerouted to the thermal stage of the 
Claus process. Th e gaseous effl  uent stream of the SCOT® process still contains <200 
ppmv H2S, which is incinerated to avoid release of H2S into the environment. CAPEX 
of SCOT unit is almost similar to Claus process, what makes removal of the last 3-5 % 
of H2S same expensive as the fi rst 95 %. 

Several chemical processes were developed for the combined removal of H2S gas 
and volatile organic sulfur compounds (VOSCs). One of the most commonly used 
technologies applied for the removal of VOSCs, and particularly thiols, is the MeroxTM

process [24]. Th is process is based on the catalytic oxidation of thiols to disulfi des, 
which are separated from the solvent and reused in other application areas [25]. For 
instance, dimethyl disulfi de is used as a soil fumigant [26,27].

Th e available technologies for the removal of H2S and thiols are effi  cient and fi nd 
their niches on the market. Nevertheless, these technologies are neither fl exible nor cost-
eff ective for small to medium sulfur load. Th iopaq O&G, on the other hand, is a fl exible 
biotechnological process with minimized operational costs and chemical consumption. 
In the world that is packed with human waste and battles global warming, sustainable 
technologies are a must, to decrease the human footprint on nature. 
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1.4. Biotechnological sulfi de removal 

1.4.1. Th iopaq process concept 
Th e traditional Th iopaq gas biodesulfurization process consists of a gas absorber, 

a bioreactor, and a sulfur recovery section (Fig. 2). Supplied H2S and CO2 are absorbed 
by the haloalkaline solvent in an absorber, and the resulting sulfi de solution is fed to an 
aerobic bioreactor, in which haloalkaline sulfur-oxidizing bacteria (SOB) biologically 
oxidize the sulfi de to sulfur and sulfate:
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Fig. 2. Schematic representation of the classical (i.e., 1-stage) Th iopaq process technology.

Sulfur is the preferred end-product as the formed hydroxyl ions (Eq. 7) neutralize the 
process solution, which allows its reuse in the gas absorber. Th is results in a decrease 
in chemical consumption and OPEX, and therefore higher sustainability [29]. Th e 
formation rate of sulfur and sulfate is related to the amount of oxygen/air that is supplied 
to the system per sulfi de (O2/H2S ratio), which determines the oxidation-reduction 
potential (ORP) of the process solution [30]. Th e formed bio-sulfur is separated from 
the solvent by the decanter centrifuge in the fi nal stage of the process (Fig. 2). Th e 
recovered bio-sulfur is hydrophilic and can be used as a fertilizer, for chemical processing, 
metal manufacturing, and rubber vulcanization [31–33]. Th us, through decades of 
scientifi c research by our research group, key process parameters have been identifi ed 
and optimized in order to achieve higher sulfur selectivity. Th e largest limitations for 
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achieving sulfur selectivity above 85 - 90 mol% are a) the SOB biomass inoculum b) 
their inability to withstand the toxicity of thiols and c) oversupply of oxygen, due to the 
bias of the ORP sensor towards thiols and diorgano polysulfanes [34–38].

1.4.2. Sulfur-oxidizing bacteria 
Haloalkaline SOB are microorganisms that are naturally occurring in highly 

saline and alkaline environments such as soda lakes [39,40]. Th ese SOB can grow 
chemolithoautotrophically using inorganic sulfur compounds as electron donors and 
CO2 as a carbon source (Fig. 3) [41]. Because of their metabolism, these SOBs are 
employed in biotechnological processes to remove H2S from industrial gas streams 
[42,43]. Recently, haloalkaliphilic SOB have also found an application for sulfi de 
removal and hydrogen production in bioelectrochemical systems [44]. 

Fig. 3. Schematic representation of the biogeochemical sulfur cycle in the gas biodesulfurization process 
(adapted from [45]). 

In the Th iopaq process solution, the SOB community composition is complex and 
species-rich, consisting of microorganisms involved in both anaerobic and aerobic 
processes [29]. Such microbial communities are known for their metabolic fl exibility 
and resilience. Th erefore, SOB community compositions have been studied under 
diff erent conditions in full- and lab-scale installations to unveil their structure and 
sulfur metabolism with the aim of enabling higher sulfur selectivity. Th e dominant 
SOB species found in systems treating H2S gas are Th ioalkalivibrio sulfi diphilus [29,46–
48]. Th ese species belong to the genus of haloalkaliphilic and chemolithoautotrophic 
Th ioalklivibrio (0.2 – 4 M Na+ at pH 10), of which the members use reduced sulfur 
compounds, such as sulfi de, polysulfi de, thiosulfate and elemental sulfur, as an energy 
source [49]. A peculiar feature of Tv. sulfi diphilus is its complete sulfi de specialization 
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with no thiosulfate oxidizing activity [50]. The SOB community in full- and lab-
scale installations treating various gas compositions can undergo changes in microbial 
composition and abundance based on process conditions and SOB species metabolism. 
This means that changes in the composition are usually accompanied by changes in sulfur 
and sulfate selectivity. The significant changes in SOB communities were found to occur 
when methanethiol (MT) was added to the feed gas. It was found that Thioalkalibacter 
halophilus species proliferate under conditions of elevated MT concentrations, whereas 
there is a drastic abundance decrease of usually dominating Tv. sulfidiphilus [48]. As 
soon as the abundance of Thb. halophilus increases, the sulfur selectivity starts to increase 
as well. These community changes show that different process conditions also require 
different SOB inocula to enable high sulfur selectivities. However, no clear causal 
correlation is known yet between SOB community composition/inoculum and sulfur 
selectivity.

1.4.3. Thiol toxicity effect on biological sulfide oxidation
Thiols are highly toxic compounds not only for humans but also for 

microorganisms. Research groups at Technical University Delft, Radboud University, 
in cooperation with Warwick University studied cycling of organic sulfur compounds 
in microbial ecosystems. For example, bacteria was isolated from microbial mats 
[51,52] or freshwater sediments [53–55] and characterized on the oxidation capacity of 
organic sulfur compounds (i.e., thiols, DMS and DMDS), and cycling of these sulfur 
compounds in different ecosystems. The first insights into the effect of volatile organic 
sulfur compounds on the gas biodesulfurization process was assessed by Van den Bosch 
et al. who investigated the effect of MT and dimethyl polysulfanes on biological sulfide 
oxidation at relatively low MT loading rates, without addressing SOB community 
dynamics [34,35]. The investigation of the effect of MT on the gas biodesulfurization 
process (performance) was continued by Roman et al., who studied the effect of thiols 
in the traditional Thiopaq setup and found that sulfur selectivity is negatively affected 
by thiols and their concentrations [36,38]. Roman et al. (2016c) assessed the toxicity 
of thiols and corresponding diorgano polysulfanes to understand how inhibition of 
biological sulfide oxidation occurs and at which level; they found that thiols inhibit sulfur 
formation (Fig. 4 R1), whereas the formed diorgano polysulfanes (DOPS) selectively 
inhibit sulfate formation (Fig. 4 R2). Giving this, it may be possible to engineer the gas 
biodesulfurization process to avoid SOB poisoning and achieve higher sulfur selectivity. 
Furthermore, sulfate selectivity may be minimized by selective inhibition with DOPS.
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Fig. 4. Schematic representation of biological sulfi de oxidation by SOB. R1 – reaction 1, R2 – reaction 2 
(adapted from [37]).

Th e inhibition of sulfi de oxidation occurs in the SOB cell at the beginning of the electron 
transport chain, when thiol binds to the sulfi de oxidizing enzyme fl avocytochrome 
c oxidase (FCC), leading to SOB deactivation and prevalence of chemical sulfi de 
oxidation. However, not all SOB are inhibited. Some SOB use a diff erent enzyme for 
sulfi de oxidation, i.e., sulfi de-quinone oxidoreductase (SQR). Th us, these SOB species 
will dominate the SOB community [36]. To answer why certain SOB species proliferate 
in the presence of thiols and others decline with certainty, more detailed information on 
the gene level is required.

1.4.4. Control of oxygen supply to achieve higher sulfur selectivity
Th e selectivity for sulfur formation is not only determined by biological factors, 

but also by the availability of oxygen in the bioreactor. Oxidation of sulfi de to sulfur 
is highly sensitive to oxygen concentration [30,42]. Th erefore, to enable higher sulfur 
selectivity and eliminate overoxidation of sulfi de to sulfate, the oxygen supply should be 
accurately controlled. 

In biodesulfurization, the process solution’s ORP is mainly determined by 
the sulfi de concentration [30]. Hence, pairing an ORP sensor with a proportional 
integral derivative (PID) controller allows controlling the oxygen supply to the aerobic 
bioreactor (Fig. 5). Th e advantage of this control strategy is its simplicity. However, 
volatile organic sulfur compounds such as thiols and diorgano polysulfanes aff ect the 
ORP of the solution by reducing it more [48]. Hence, the ORP of the process solvent is 
no longer determined by only the sulfi de concentration, which makes the use of ORP-
based system control for oxygen supply challenging. 
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Fig. 5. Schematic representation of the ORP-based PID feedback control for oxygen supply in the gas 
biodesulfurization process.

1.5 Aims and thesis outline

This thesis aims to study H2S removal from sour gas streams in the presence of thiols 
in the new gas biodesulfurization line-up called Thiopaq Ultra. The traditional gas 
biodesulfurization line-up was modified to overcome the above-mentioned limitations 
and facilitate higher sulfur selectivities (Fig. 6). In this setup, an anaerobic bioreactor 
is added between the absorber and the aerobic bioreactor. This makes it possible to 
increase the SOB retention time in the sulfide-rich process solution that comes from the 
absorber. This increased retention time (0 vs. 15 min, in a lab-scale system) allows the 
reduction of sulfate and thiosulfate selectivity, consequently increasing sulfur selectivity 
[56]. De Rink et al. also found that the microbial community changed after 73 days 
of continuous process operation; the regularly dominating Thioalkalivibrio sulfidiphilus 
was replaced by Alkalilimnicola ehrlichii. These results provided the first insights into 
the capacity and efficiency of the Thiopaq Ultra lineup, whereas the process efficiency 
in the presence of thiols was still unknown. Therefore, to widen the operational window 
of Thiopaq Ultra and to enable biodesulfurization of feed gases containing thiols, the 
effect of thiols on sulfur selectivity had to be investigated. For my Ph.D. research, I 
studied the underlying biochemical processes and factors that govern SOB community 
dynamics in the Thiopaq Ultra line-up in the presence of thiols. The main question was 
whether it is possible to achieve higher sulfur selectivities (>95 mol%) at elevated thiol 
concentrations?
To achieve this goal, several research tasks were defined:

• Investigation of the process operation dependency on the origin of the SOB biomass 
and sulfur selectivity in order to develop a methodology for SOB biomass selection 
to start-up full-scale installations;

• Method development for an absolute SOB key-species quantification;
• Evaluation of the dual biodesulfurization line-up in the presence and absence of 

thiols, understanding underlying biochemical reactions of H2S oxidation and SOB 
community dynamics; 
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• Investigation of the selective inhibition of sulfate formation by the addition of 
dimethyl disulfide;

• Development of an alternative oxygen supply control strategy to enable stable 
process operation with high sulfur selectivity (>95 mol%) in the presence of thiols.

Fig. 6. Schematic representation of the Thiopaq Ultra process.

Chapter 2 describes the effects of SOB microbial composition and kinetics of biological 
sulfide oxidation on the efficiency of the traditional gas biodesulfurization process. 
To unveil the dependencies between SOB composition, SOB kinetics, and process 
operation, a physiologically based kinetic model was developed and applied to the four 
studied SOB inocula. The model was calibrated by measuring biological sulfide oxidation 
rates for different inocula obtained from four full-scale biodesulfurization installations 
fed with gases from various industries. The model relies on a ratio of two key enzymes 
involved in the sulfide oxidation process, i.e., flavocytochrome c oxidase and sulfide-
quinone oxidoreductase (FCC and SQR). However, most of the SOB contain both 
enzyme systems. Therefore, we introduced a new model parameter α, which describes 
the ratio between the expression levels of FCC and SQR. 

When working with a biotechnological process, it is crucial to understand why the 
microbial community changes over time, and how it influences process performance. 
Moreover, will we be able to find key SOB species that enable safe and stable process 
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operation in the presence of thiols? To be able to relate SOB community dynamics and 
process operation conditions, my colleagues and I developed a quantitative PCR assay 
(qPCR) with designed target-specific primers (Chapter 3). The developed assay allowed 
me to monitor absolute species abundance of the three most dominant haloalkaliphilic 
SOB species found in full- and lab-scale biodesulfurization installations so far: 
Alkalilimnicola ehrlichii, Thioalkalivibrio sulfidiphilus, and Thioalkalibacter halophilus.

Chapter 4 is a follow-up to the study by Roman et al. [37], who looked into 
inhibition modes of commonly present thiols and diorgano polysulfanes. Thiols were 
found to inhibit biological sulfide oxidation from sulfide to sulfur, whereas diorgano 
polysulfanes were selectively inhibiting sulfate formation. To explore this finding further, 
I studied the effects of dimethyl disulfide (DMDS) on sulfate selectivity in the dual-
bioreactor lab-scale gas biodesulfurization setup in order to maximize sulfur formation. 
In addition, I monitored the SOB community composition dynamics. Moreover, this 
chapter presents a new analytical method developed in-house for the detection and 
measurement of organic sulfur compounds in liquid and gas phases.

Chapter 5 describes the continuation of the work with volatile organic sulfur 
compounds, a study of the effects of MT addition on the process performance and 
dynamics of the SOB microbial community. We were interested to find out whether 
sulfur selectivity can be increased in the presence of thiols in a dual-bioreactor setup in 
comparison with a traditional single-bioreactor. Our results show that with the use of 
a dual-bioreactor setup, the sulfur formation can be increased by 10 mol%. Moreover, 
the sulfur formation can be enhanced by the preselection of SOB. For instance, a higher 
abundance of Thiolakalibacter halophilus and Alkalilimnicola ehrilichii at the start-up of 
the process will enable more stable process operation and higher sulfur formation in the 
presence of thiols. However, the results also show a re-occurring issue with the process 
control strategy, as in the presence of volatile organic sulfur compounds ORP-based 
feedback control strategy is compromised. 

Chapter 6 details how we developed and tested an alternative feedforward process 
control strategy based on the O2/H2S supply ratio. 

Finally, Chapter 7 provides a general discussion of the topics covered in this thesis 
and an outlook for future research.
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2CHAPTER 2



Development and validation of a 
physiologically based kinetic model 
for starting up and operation of the 
biological gas desulfurization process 
under haloalkaline conditions

Abstract 
Hydrogen sulfide is a toxic and corrosive gas that must be removed from gaseous 
hydrocarbon streams prior to combustion. This paper describes a gas biodesulfurization 
process where sulfur-oxidizing bacteria (SOB) facilitate sulfide conversion to both sulfur 
and sulfate. In order to optimize the formation of sulfur, it is crucial to understand the 
relations between the SOB microbial composition, kinetics of biological and abiotic 
sulfide oxidation and the effects on the biodesulfurization process efficiency. Hence, 
a physiologically based kinetic model was developed for four different inocula. The 
resulting model can be used as a tool to evaluate biodesulfurization process performance. 
The model relies on a ratio of two key enzymes involved in the sulfide oxidation 
process, i.e., flavocytochrome c and sulfide-quinone oxidoreductase (FCC and SQR). 
The model was calibrated by measuring biological sulfide oxidation rates for different 
inocula obtained from four full-scale biodesulfurization installations fed with gases from 
various industries. Experimentally obtained biological sulfide oxidation rates showed 
dissimilarities between the tested biomasses which could be explained by assuming 
distinctions in the key-enzyme ratios. Hence, we introduce a new model parameter α 
to whereby α describes the ratio between the relative expression levels of FCC and SQR 
enzymes. Our experiments show that sulfur production is the highest at low α values.

This chapter has been published as: Kiragosyan K., Klok J.B.M., Keesman K.J., Roman 
P., Janssen A.J.H. (2019) Development and validation of a physiologically based kinetic 
model for starting up and operation of the biological gas desulfurization process under 
haloalkaline conditions. Water Res X 4:100035. doi: 10.1016/j.wroa.2019.100035
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2.1 Introduction

During the anaerobic treatment of wastewater, biogas is produced from organic matter 
[1,2]. When sulfate is present in the wastewater, this will be converted to sulfide, 
and a fraction hereof will transfer to the biogas. H2S concentrations in the biogas 
generally range between 100 and 40 000 ppm(v) [2]. To be able to use this biogas, 
strict specifications have to be applied with respect to hydrogen sulfide (H2S) levels. In 
natural gas, the H2S concentration has to be below 3 ppm(v). The release of H2S to the 
environment is regulated due to its toxic and corrosive properties [3,4]. Thus, removal 
of H2S is required. 

Nowadays, a variety of desulfurization processes are available to remove H2S 
from sour gas streams. Among these technologies, the biological conversion of H2S 
is the most environmentally friendly because no toxic chemicals are required, and the 
process is operated at ambient conditions, i.e. no high pressures or temperatures. A 
biotechnological process for the removal of H2S was developed in the 1990s, which 
has been applied in different industrial sectors worldwide [2,5]. The process is based on 
the absorption of H2S from sour gas streams in an haloalkaline solvent with a salinity 
between 0.5 – 2 M Na+ and a pH between 8 – 10 [6,7]. 

The dissolved bisulfide (HS-) is subsequently directed to a bioreactor where 
haloalkaline sulfur-oxidizing bacteria (SOB) consume reduced sulfur ions and produce 
elemental sulfur  (S8) as the end-product (Eq. 1) [8]. 
HS- + ½ O2 → ⅛ S8 + OH-  (Eq. 1) 
In addition, a small part of the sulfide is oxidized to sulfate according to:
HS- + 2 O2 → SO4

2- + H+ (Eq. 2)
Next to biological sulfide oxidation, chemical oxidation can take place:
HS- + O2 → ½ S2O3

2- + ½ H2O  (Eq. 3)
The formation of sulfur is preferred as hydroxide ions are re-generated, which are 
required to absorb hydrogen sulfide from the gas stream [2]. In addition, the formed 
sulfur particles can be used as a fertilizer and for sulfuric acid production [9]. On the 
other hand, (thio)sulfate production leads to acidification of the reactor suspension, 
which requires the addition of sodium hydroxide to maintain the pH for the bacterial 
optimum conditions and adsorption of sulfide. Hence, in order to optimize the 
formation of sulfur, the oxygen supply should be carefully controlled [10]. 

Haloalkaline SOB are naturally occurring microorganisms that can be found 
in alkaline and highly saline environments, such as soda lakes [11,12]. Most known 
haloalkaline SOB are members of the Gammaproteobacteria class, belonging to the 
genera Ectothiorodospira, Thioalkalivibrio, Thioalkalimicrobium, and Thioalkalispira 
[13]. Bacteria from Ectothiorodospira genus are phototrophic sulfur purple bacteria, 
whereas the other three genera are obligate chemolithoautotrophs using various reduced 
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inorganic sulfur compounds as an electron donor (Ghosh and Dam 2009). SOB can 
use two groups of enzymes for sulfide oxidation: the periplasmic FAD-containing 
flavocytochrome c (FCC) and the membrane-bound sulfide-quinone oxidoreductase 
(SQR) donating electrons to the UQ pool [15]. When (bi)sulfide oxidation is mediated 
by FCC, (bi)sulfide is oxidized to sulfane (S0), using oxidized cytochrome c (cyt +) as an 
electron acceptor [15,16]: 
HS- + 2 cyt+ → S0 + 2 cyt + H+  (Eq. 4)
Subsequently, the reduced cytochrome c (cyt) is oxidized through the reduction of 
oxygen to water and governed by cytochrome c oxidase [17]:
4 cyt + 4 H+ + O2 → 4 cyt+ + 2 H2O (Eq. 5)
However, the role of FCC as the major responsible enzyme for sulfide oxidation has 
been questioned as many SOB species lack this protein [18]. The SQR pathway is 
energetically more favorable and less sensitive to inhibition by toxic compounds, for 
example, methanethiol [19]. The SQR mediated sulfide oxidation end-product is a 
soluble polysulfide [20]. The SQR route prevails when sulfide oxidation takes place at 
oxygen-limiting conditions [21]. In addition, it is postulated that SOB may contain 
both enzymes and the environmental conditions regulate which enzyme activity prevails 
[22]. To be able to grow, the haloalkaliphilic chemolithoautotrophic SOB must have 
specially adapted bioenergetics [23].

In full-scale gas biodesulfurization installations differences between microbial 
community compositions were observed [24]. Expression of sulfide-oxidizing routes, 
which define reaction kinetics, and observed bacterial growth rates influence the process 
efficiency. The aim of this study is to understand the relation between the bacterial 
community composition, biological sulfide oxidation kinetics and the biodesulfurization 
process efficiency to optimize sulfur formation.

2.2 Materials and Methods

2.2.1 Experimental setup and design 
The laboratory setup consisted of a falling film gas absorber integrated with 

a gas-lift reactor (Fig. 1) [25]. Gases were supplied to the gas absorber using mass 
flow controllers (type EL-FLOW, model F-201DV-AGD-33-K/E, Bronkhorst, the 
Netherlands). For each gas, a mass flow controller was selected based on the dosing 
rate, for hydrogen sulfide 0-17 mL min-1 was used, for nitrogen 0-350 mL min-1, 
for oxygen 0-30 mL min-1 and carbon dioxide 0-40 mL min-1. Hydrogen sulfide and 
nitrogen gas were continuously supplied, whereas the oxygen and carbon dioxide dosing 
rates were pulse-wise controlled with a multiparameter transmitter (Liquiline CM442-
1102/0 Endress+Hauser, Germany) based on the signals from a redox sensor, equipped 
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with an internal Ag/AgCl reference electrode (Orbisint 12D-7PA41; Endress+Hauser, 
Germany) and a pH sensor (Orbisint 11D-7AA41; Endress+Hauser, Germany).

Fig. 1. Schematic representation of the experimental setup, operated in the fed-batch mode, used for the 
experiments (adapted from [26]).

A digital gear pump was used to assure liquid recirculation between the bioreactor and 
the gas absorber (EW-75211-30, Cole-Palmer, USA) at a constant flow of 0.166 L min-1. 
A gas compressor (N-820 FT.18, KNF Laboport, USA) was used to continuously recycle 
gas (20 L min-1) over the bioreactor. The gas absorber and the bioreactor temperature 
were regulated at 35 ˚C by a thermostat bath (DC10, Thermo Haake, Germany). The 
system was sampled in gas and liquid phases. Liquid samples were taken from two 
sampling points located at the bottom section of the absorber and in the bioreactor (Fig. 
1). Gas phase samples were taken from three locations: gas inlet, bioreactor headspace, 
and absorber outlet. 

We conducted four similar experimental runs under stable operating conditions 
(Table 1) with different inocula (section 2.2). Each experimental run lasted for about 
six days during which a stable reactor performance was achieved. Sampling was done in 
technical triplicates at regular time intervals. In our experiments, pH and temperature 
were kept constant. Oxidation-reduction potential (ORP) setpoint value was chosen at 
-390 mV to suppress sulfate formation [24].
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Table 1 Overview of the process conditions.
Total liquid volume, L 2.5 

pH 8.50 ± 0.05

Salinity, Na+ M 1

Temperature, °C 35.0 ± 0.1

H2S loading, mM S day-1 58.2 

ORP setpoint, mV -390 

2.2.2 Biomass sources 
Biomass samples for inoculation were collected from four different full-scale 

systems for gas biodesulfurization, which have been in operation for more than ten 
years. Each biomass was studied separately (one-by-one) under similar experimental 
conditions. The lab-scale setup was inoculated with cells obtained by centrifugation 
(15 min at 16 000 x g) of a 2.5 L culture collected from full-scale installation. These 
full-scale systems were selected based on the feed gas composition it treats and on the 
industry of application.

Table 2 provides a brief overview of the selected installations. Two full-scale 
systems, which treat sour gas from the anaerobic digestion of the wastewater from the 
paper pulp industry were sampled. In this paper, the various biomasses will be denoted 
by the location of the sampling installation.

Table 2 A brief description of the origin and averaged operational parameters of the chosen installations.
Location Industry Sour gas composition Sour gas 

load, m3 h-1
ORP set-
point, mV

Na+, M K+, 
mM

Eerbeek (NL)1 Paper mill biogas, 0.7 % H2S 418 -335 0.8 0.7
Zuelpich (DE)2 Paper mill biogas, 0.5 % H2S 700 -370 0.9 1.5
Amersfoort (NL) Landfill waste landfill gas, 0.3 % H2S NA NA 1.3 1.6
Southern Illinois 
(USA)3

Oil and gas associated gas, 1-5 
% H2S, 50-200 ppm 
VOSC

800-1100 NA 0.9 3.7

1 - [27], 2 - [2], 3 - [24].

2.2.3 Medium composition 
The haloalkaline medium for inoculum was buffered with 0.045 M Na2CO3 and 

0.91 M NaHCO3. The medium contained 1.0 g K2HPO4, 0.20 g MgCl2 x 6H2O and 
0.60g urea, each per 1 L of ultrapure water (Millipore, the Netherlands) and trace 
elements solution as described in Pfenning and Lippert [27]. The pH of the medium 
was 8.50 ± 0.05 at 35 ˚C. For the respiration test, the medium contained carbonate/
bicarbonate buffer only. Trace elements were excluded because they enhance the chemical 
oxidation of sulfide [28]. 
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2.2.4 Respiration test 
Respiration tests, also known as biological activity monitoring (BOM) tests, were 

performed to measure biological sulfide oxidation reaction rates in an air saturated 
medium. A similar setup was used by Roman et al. [29], consisting of a glass mini-
reactor (45 mL), a magnetic stirrer, and a Teflon piston to avoid any oxygen ingress 
(Fig. 2). Sulfide was added to the reactor, from a freshly prepared stock solution (Na2S x 
9H2O, Sigma Aldrich, the Netherlands), with a glass syringe passing through the piston. 
The concentration of the prepared stock solution was verified with a sulfide Methylene 
blue cuvette test (LCK653). If the stock was used for several days, the concentration of 
the stock was verified every time before use. The sulfide oxidation rate was calculated 
from measuring the oxygen removal rate with a dissolved-oxygen (DO) sensor 
(Oxymax COS22D, Endress+ Hauser, Germany). The DO concentration was recorded 
using a multiparameter transmitter (Liquiline CM442-1102/0, Endress+Hauser, 
the Netherlands). All experiments were performed at 35 ˚C (DC10, Thermo Haake, 
Germany) which is in agreement with the conditions in the lab-scale fed-batch setup. 
As temperature and medium composition were similar to previous studies, a proper 
comparison of our results can be performed [21,29–31].

Fig. 2. Schematic representation of the thermostated batch reactor used for the respiration tests.

At the end of each fed-batch bioreactor run the tested biomass was collected to measure 
specific biomass activities. Biomass was centrifuged and separated from sulfur particles, 
salts by washing with a 1 M carbonate/bicarbonate buffer. Hereafter biomass was ready 
to be used for the respiration tests at constant concentration 2 mg N L-1. Firstly, biomass 
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was aerated as described elsewhere [30]. Experiments started by injection of sulfide and 
the initial slope of the recorded oxygen consumption profile was used to calculate the 
oxygen consumption rate. Biological reaction rates were determined by subtracting 
the chemical oxidation rates from the measured overall oxygen consumption rates. 
Chemical rates were measured in the absence of biomass. In addition, we calculated the 
endogenous oxygen consumption rate based on the respiration measurements without 
sulfide addition [30]. 

2.2.5 Application of a physiologically based kinetic model
The proposed model describes both oxidation rates of sulfide through FCC and 

SQR enzymes, i.e. primary dehydrogenases involved in biological sulfide oxidation, 
and the effect on end-product formation, i.e. sulfur and sulfate [21]. The calculated 
maximum sulfide oxidation rate (µ) of the involved enzymes was determined by the 
results from respiration tests.

The electrons released from HS- are transferred to the oxidized form of 
intermediate acceptors, i.e. either cytochrome c or ubiquinones. The reduced co-factors 
are subsequently oxidized through other enzymes, such as cytochrome c-oxidase (CCO) 
and quinol oxidases (SQRox) [21]. Irrespective of the type of sulfide dehydrogenase 
employed, part of the electrons is transferred to oxidized nicotinamide adenine 
dinucleotide (NAD+). The kinetic model contains expressions for the rates of four 
respiratory enzymes (µFCC, µSQR, µCCO, µSQRox in mmol S mg N-1 h-1) and the associated 
affinity constants (KFCC, KSQR, KCCO, KSQRox in mM). In addition, CCO is inhibited by 
sulfide and therefore an inhibition constant is included (Ki in mM). Lastly, the reduction 
degree (F) of cytochrome c and quinone (Q) pool is included in the rates equations, 
which change instantaneously according to sulfide and oxygen levels (i.e. quasi-steady 
state) [21]. The rates for the oxidation of dissolved (bi)sulfide and reduction of dissolved 
oxygen are described by:

oxygen consumption rate. Biological reaction rates were determined 

from the measured overall oxygen consumption rates. Chemical rates were measured 

In addition

without sulfide addition [30].  
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with q in mmol S mgN-1 h-1, [HS-] in mM and [O2] in mM. 
Expression levels for both FCC and SQR were estimated from respiration tests for all 
tested biomasses described in Table 2. The maximum rates for sulfide oxidation through 
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FCC, i.e. µFCC and µCCO, and SQR, i.e. µSQR and µSQRox, were estimated using a non-
linear least-squares estimation routine. As FCC and SQR expression levels do not 
describe the reduction of oxygen, it was assumed that increased expression levels of the 
sulfide-oxidizing enzyme systems would lead to a homologous increase of expression 
levels of the oxidase enzymes associated with the oxidizing sulfide enzymes, i.e. CCO 
is associated with FCC and SQRox is associated with SQR. The affinity constants for 
sulfide and oxygen remained equal to the parameters estimated by [21] (Table 3). More 
details concerning the parameter estimation and associated standard deviations can be 
found in Appendix B. 

The reduction degree of CCO dictates the formation rate of sulfate in the kinetic 
model. The stronger the oxidation degree of the cytochrome pool (i.e. smaller F), the 
higher the potential for the formation of sulfate [21,32]. We hypothesize that the ratio 
of expression of oxidation routes of sulfide through either FCC (requiring cytochrome 
c as a cofactor) and SQR (require quinones as a cofactor) is an indicator for the sulfate 
forming (and thus sulfur forming) potential of SOB under oxygen-limiting conditions. 
Hence, we postulate that the ratio of µFCC and µSQR is a predictor of sulfur forming 
potential. Therefore, we introduce the parameter α, defined as α = 

-limiting conditions. Hence, we postulate that the ratio of 𝜇𝜇𝜇𝜇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 

α, defined as  𝛼𝛼𝛼𝛼 = 𝜇𝜇𝜇𝜇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
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was based on the amount of organic nitrogen that was oxidized to nitrate by 

-free medium to remove any nitrogen present in the medium.  

. Based on the 
dependencies between sulfate formation, the overall biological activity under oxygen-
limiting conditions and the oxidation state of the cytochrome system, we hypothesize 
that the smaller the value of α, the higher the potential for sulfur formation as the end-
product. 

Table 3 Parameters for the physiologically based kinetic model (adapted from [21]).

Affinity constants

KFCC, mM 0.05

KSQR, mM 1.80

KCCO, µM 2.30

KSQRox, µM 0.23

Inhibition constants

Ki, mM 0.62

2.2.6 Analytical techniques
Two types of samples were prepared, i.e. filtrated and precipitated with zinc 

acetate for anions measurements and non-filtrate for biomass quantification and TOC 
analysis. All liquid samples were stored at 4 ºC before being analyzed (about three 
days).  

Biomass quantification was based on the amount of organic nitrogen that was 
oxidized to nitrate by peroxodisulphate (LCK238 and LCK338, Hach Lange, the 
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Netherlands). The cell pellet was washed twice at 20,238 x g for 5 min with the 
nitrogen-free medium to remove any nitrogen present in the medium. 
Sulfate and thiosulfate were measured 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). Immediately after sampling all solids were removed by filtration over a 
0.45 μm membrane syringe filter (HPF Millex, Merck, the Netherlands) and mixed 
with 0.2 M zinc acetate in a 1:1 ratio to prevent any chemical sulfide oxidation. 
Produced and accumulated sulfur concentration was calculated from the molar sulfur 
mass balance, which is based on the supplied sulfide load and measured sulfate and 
thiosulfate concentrations at each sampling time point by following this equation:
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d[S0] = d(H2S supplied/ Vliquid) – d[SO42-] – 2*d[S2O32-] - Sx2-                                                                      

not taken into a

[33,34]. 

Sulfide and bisulfide were measured as total sulfide (S2-tot

samples were diluted in oxygen-free Milli-Q water (sparged with N2 

oxidation [35].  

 (Eq. 10)
Initial sulfur concentration is assumed to be “0”. Concentrations of dissolved sulfide 
and polysulfides were not taken into account, as their combined contribution to the 
total concentration of sulfur species is negligible [33,34].

Sulfide and bisulfide were measured as total sulfide (S2-
tot) using the methylene 

blue method with a cuvette test (LCK653, Hach Lange, USA). Total sulfide 
quantification was carried out immediately after sampling and samples were diluted 
in oxygen-free Milli-Q water (sparged with N2 stream for 30 min) to exclude chemical 
sulfide oxidation [35].

In addition to sulfur-containing anions, sodium and potassium concentration 
were measured with ion chromatography as described earlier [29]. Using a Metrohm 
Metrosep C4−150/4.0 mm column with three mM HNO3 as the eluent at 0.9 mL 
min−1.

To close the electron balance as described by [24] carbonate and bicarbonate ions 
concentration were established using the Henderson-Hasselbalch equation [36]. For 
that, liquid samples were analyzed on total inorganic carbon using high-temperature 
catalytic oxidation at 680 ºC with TOC-VCPH/CPN analyzer (Shimadzu, The 
Netherlands).

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). 

2.2.7 DNA extraction and 16S rRNA sequencing
Biomass samples were collected for microbial community analysis at the beginning 

and the end of each experimental run. The samples were washed twice with a buffer solution 
of pH 8.5 and 0.5 M Na+ to prevent the occurrence of an osmotic shock. Afterward, the 
genomic DNA was extracted from the washed biomass using the DNeasy PowerLyzer 
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PowerSoil Kit (Qiagen) following the manufacturer’s instructions. All the above procedures 
were performed in technical duplicates for each sample, and average values with standard 
deviations are presented. Library construction and Next-generation sequencing were 
carried out at the European genome and diagnostics center Eurofins GATC Biotech 
GmbH (Constance, Germany). The workflow started from 16S rRNA gene amplification 
in the V3-V5 variable region using 357F (5`- CCTACGGGAGGCAGCAG - 3`) and 
926R (5`- CCGTCAATTCMTTTRAGT - 3`) primer set, afterward merging read pairs 
by overlapping was performed using FLASh [37] with maximum mismatch density of 
0.25. The next step was to cluster sequences based on the similarity with chimera removal 
with UCHIME [38]using a full length, good quality, and non-chimeric 16S rRNA 
reference database. Cleaned and clustered sequences were BLASTn [39] analyzed using 
non-redundant 16S rRNA reference sequences with an E-value cutoff of 10-6. Only good 
quality and unique 16S rRNA sequences were taxonomically assigned to the operational 
taxonomic unit (OTU) to the clusters. The taxonomic classification was based on the 
NCBI database (www.ncbi.nlm.nih.gov/taxonomy). The EMBL-EBI accession number 
for presented 16S rRNA sequencing set is PRJEB27163.

2.3 Results 

2.3.1 Biodesulfurization process performance
An overview of the results is shown in Table 4. The calculated selectivities for sulfur, 

sulfate, and thiosulfate are presented as an average value. The term “selectivity” describes 
the mol fractions of products formed from a reactant or substrate. Detailed information 
on the obtained experimental data and determination of product selectivities can be 
found in Appendix C. The lowest selectivity for thiosulfate formation (0.8 ± 0.2 mol%) 
was obtained for experiments with Landfill biomass and the highest with Paper mill - 1 
biomass (17.6 ± 0.3 mol%). Sulfate selectivity was the lowest for Paper mill - 1 system 
operation (1.1 ± 0.1 mol%), and the highest for Paper mill - 2 and Landfill operation 
with (7.2 ± 0.4 mol%) and (7.0 ± 0.9 mol%) respectively. The highest sulfur selectivity 
was achieved with biomass from installations treating Landfill and Oilfield gasses, 92.2 
± 0.9 mol% and 91.0 ± 0.2 mol% respectively. 

The O2/H2S supply ratio is a critical parameter to control product formation [7]. 
This parameter can be calculated from the supplied gas flows, as no accumulation of O2 
nor H2S was observed, indicating that all supplied compounds are indeed were consumed. 
The O2/H2S supply ratio is compared with the value obtained from the formed products 
based on the reaction’s stoichiometry. The electron balance was validated by comparing 
the O2/H2S ratios versus the formed products and that no significant differences were 
found (Table 4). 



Biological gas desulfurization process under haloalkaline conditions

2

|   39   

Table 4 Product selectivity for four different inoculates measured in the lab-scale biodesulfurization set-up 
for about six days.

Parameter            Inoculate Paper mill - 1 Paper mill - 2 Oilfield Landfill

Selectivity for SO4
2- formation, mol% 1.1 ± 0.1 7.2 ± 0.4 3.1 ± 0.1 7.0 ± 0.9

Selectivity for S2O3
2- formation, mol% 17.6 ± 0.3 6.2 ± 0.2 5.9 ± 0.2 0.8 ± 0.2

Selectivity for S8 formation, mol% 81.3 ± 0.3 86.7 ± 0.5 91.0 ± 0.2 92.2 ± 0.9

O2/H2S supplied ratio, mol mol-1 0.60 ± 0.01 0.59 ± 0.03 0.65 ± 0.07 0.63 ± 0.04

O2/H2S based on formed products, mol mol-1 0.60 ± 0.04 0.60 ± 0.01 0.54 ± 0.15 0.57 ± 0.01

Biomass concentration at the beginning, 
mg N L-1 47 ± 2 33 ± 2 32 ± 3 4 ± 1

Biomass concentration at the end, mg N L-1 49 ± 1 76 ± 17 54 ± 8 40 ± 7

Observed biomass growth, mg N L-1 h-1 0.02 ± 0.01 0.34 ± 0.03 0.25 ± 0.07 0.52 ± 0.03

Rmax, mM O2 (mg N)-1 h-1 0.64 ± 0.03 0.53 ± 0.05 0.79 ± 0.03 0.30 ± 0.02

Specific loading rate at the end, mM H2S (mg 
N)-1 h-1

1.2 0.8 1.1 1.5

Hence, we conclude that the mass balance for sulfur compounds is closed albeit that 
at very low concentrations compounds could be formed that were not analyzed by us. 
We studied the rates of underlying biological and chemical reactions by performing 
respiration tests to better understand the formation of various end-products. Therefore, 
biological kinetic rates were measured using respiration tests. Our results show that 
the highest maximum biological oxidation rate (Rmax) was achieved with Oilfield 
biomass 0.79 ± 0.03 mM O2 (mg N)-1 h-1, and the lowest Rmax value was achieved 
with Landfill biomass 0.30 ± 0.02 mM O2 (mg N)-1 h-1. Nevertheless, both biomasses 
showed about 90 mol% of sulfur formation in the lab-scale experiments. In addition, 
the specific substrate loading rate of bacteria is in the same order of magnitude. 
Hence, the achieved end-product selectivities cannot be solely explained by Rmax. 
Next to maximum rates, the observed reaction kinetics are controlled by substrate 
affinities [40]. In respiration tests, oxygen levels are typically elevated (100 % of DO), 
i.e. [O2] > KCCO, whereas in gas biodesulfurization process DO levels are below the 
detection limit, i.e. [O2] < KCCO. Hence, we have applied a physiologically based kinetic 
model to describe sulfide oxidation under oxygen-limiting conditions. Moreover, to 
correlate biological kinetics obtained from respiration tests to values measured in the 
biodesulfurization process, parameter α was introduced. This parameter is defined as 
α=

33 
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-limiting conditions. Moreover, to correlate biological 

in the biodesulfurization process, parameter 𝛼𝛼𝛼𝛼 was 

𝛼𝛼𝛼𝛼 = 𝜇𝜇𝜇𝜇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

, and indicates the relative expression levels of sulfate formation 

 levels of the µFCC and CCO resulted in higher production of sulfate, which in 

 81.3 ± 0.3 86.7 ± 0.5 91.0 ± 0.2 92.2 ± 0.9 
-1 0.60 ± 0.01 0.59 ± 0.03 0.65 ± 0.07 0.63 ± 0.04 

-1 0.60 ± 0.04 0.60 ± 0.01 0.54 ± 0.15 0.57 ± 0.01 

 
47 ± 2 33 ± 2 32 ± 3 4 ± 1 

-1 49 ± 1 76 ± 17 54 ± 8 40 ± 7 
-1 h-1 0.02 ± 0.01 0.34 ± 0.03 0.25 ± 0.07 0.52 ± 0.03 

0.64 ± 0.03 0.53 ± 0.05 0.79 ± 0.03 0.30 ± 0.02 

2S (mg 1.2 0.8 1.1 1.5 

, and indicates the relative expression levels of sulfate formation routes. High 
relative expression levels of the µFCC and CCO resulted in higher production of sulfate, 
which in turn is responsible for cytochrome c pool re-generation. Whereas high levels of 
the µSQR yield in the high formation of sulfur [21]. 

The parameters in the physiologically-based model proposed by Klok et al. [21] 
were recalibrated for four inocula originated from full-scale installations based on the 
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obtained respiration data (Table 5, Fig. 3). Results show that Paper mill - 1 biomass 
has a high potential for sulfate formation (α at 1.23 ± 0.17). Hence, using Paper mill 
- 1 biomass under oxygen-limiting conditions (ORP -390 mV) results in low biomass 
activity and consequently in high chemical oxidation rates (17.6 ± 0.3 mol%). The 
other three biomasses showed significantly lower α values, indicating a higher potential 
for sulfur formation under oxygen-limiting conditions. In addition, the calibrated 
model was used to predict sulfur selectivities for four tested biomasses at various oxygen 
concentrations (Appendix D).

Table 5 Parameters calculated by the physiological kinetic model.

Parameter                                       Inoculate Paper mill - 1 Paper mill - 2 Oilfield Landfill

µFCC, mmol S (mg N)-1 h-1 1.37 ± 0.14 1.14 ± 0.03 1.43 ± 0.09 0.50 ± 0.05

µSQR, mmol S (mg N)-1 h-1 1.11 ± 0.08 1.40 ± 0.13 2.00 ± 0.13 1.04 ± 0.12

µCCO, mmol S (mg N)-1 h-1 6.53 ± 0.68 5.44 ± 0.15 6.82 ± 0.41 2.41 ± 0.23

µSQRox, mmol S (mg N)-1 h-1 1.92 ± 0.14 2.43 ± 0.23 3.46 ± 0.23 1.80 ± 0.21

α, - 1.23 ± 0.17 0.81 ± 0.10 0.71 ± 0.07 0.48 ± 0.12

µ is the maximum sulfide oxidation rate for the enzymes FCC, SQR, CCO, and SQRox respectively α the 
ratio between rates of µFCC and µSQR.

Fig. 3. Biological oxidation rates at different concentrations of HS- in oxygen saturated buffer at pH 8.5, 1 
M Na+ and 35 ˚C. Measured data points are average values of the experimentally measured duplicates. The 
solid lines indicate the estimated physiologically-based kinetic model.
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2.3.2 Bacterial community analyses 
Total DNA was extracted and analyzed using next-generation sequencing of the 

16S rRNA gene, at the beginning and at the end of the experimental runs to enable 
monitoring of the microbial community change. The most dominant species of the 
microbial communities in the Paper mill - 1, Paper mill - 2 and Landfill inocula were 
Thiolalkalivibrio sulfidiphilus with an estimated abundance of 92.6 %, 96.5 %, and 
82.7 %, respectively (Fig. 4). In contrast, in the Oilfield inoculum, a heterotrophic 
gammaproteobacterium Halomonas shengliensis was the most abundant species with 
43.1 % in comparison to 39.3 % of Tv. sulfidiphilus (Fig. 4). Halomonas species become 
abundant when organic hydrocarbons are present in the feed streams [41]. Oilfield 
biomass is fed by a gas stream originating from crude oil extraction, which can explain 
the presence of Halomonas species. In Landfill biomass, the second dominant species was 
an anoxygenic purple nonsulfur producing alphaproteobacterium Roseibaca ekhonensis 
with 15.5 % abundancy, whereas its population decreased by a factor of two at the 
end of the process operation. The least abundant in Paper mill - 1 biomass inoculum 
were lithoautotrophic SOB Thiomicrospira thyasirae and heterotrophic Halomonas 
meridiana with only 3 % and 2.3 % respectively. In Paper mill - 2 prominent biomass 
species were Halomonas campaniensis 1.3 %, and two haloalkaliphilic anaerobes (0.7 
% each) – sulfur-reducing Desulfurispirillum alkaliphilum and fermentative clostridium 
Anoxynatronum sibiricum. Desulfurispirillum has been described previously as a 
dominant sulfur-reducing bacterium in the Eerbeek plant (Paper mill - 1) [42], while a 
close relative of Anoxynatronum sibiricum has been enriched and isolated in pure culture 
from Eerbeek plant in 2009 using thiosulfate as electron acceptor (Sorokin, unpublished 
results). This indicates that a full sulfur cycle might be functional in micro-aerophilic 
biodesulfurization bioreactors maintaining highly negative redox potential. 

Minor changes in the microbial composition were noticed in the samples 
collected at the end of the experiments with Paper mill - 1, Paper mill - 2 and Landfill 
biomass. In Landfill biomass, R. ekhonensis abundance decreased to 7.8 %, but the 
other two species Thiomicrospira thyasirae and Thioalkalimicrobium sibiricum became 
detectable with 1.3 % and 1.2 %. Microbial compositions in Paper mill - 1 and 
Paper mill - 2 biomass at the end of the experiments were similar to the inoculum. 
In contrast, the Oilfield biomass underwent a profound shift in the microbial 
community during the performed experiments: the population of Halomonas 
shengliensis decreased from 43.1 to 3.8 % and was overtaken by lithoautotrophic 
Thiolalkalivibrio sulfidiphilus (66 %). Also, two other haloalkaliphilic SOB species 
proliferated - Thioalkalimicrobium sibiricum and Roseibaca ekhonensis with 16.6 % 
 and 6.0 %, respectively. Changes in the microbial composition of the Oilfield biomass 
are probably caused by a change in the feed gas composition that was lacking an organic 
carbon source.
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Fig. 4. Microbial composition profile of OUTs showing the relative abundance of the species in the 
inoculum and at the end of each experiment. Oilfield, Paper mill - 1, Paper mill - 2, and Landfill denote 
biomass origin. Only bacteria with a relative abundance higher than 0.5 % are listed (remaining species are 
clustered into “Others”).

2.4 Discussion

From our experiments, it can be seen that the sulfur selectivity was above 90 mol% for 
biomasses that originates from Oilfield and Landfill full-scale installations whilst the 
consortia that come from Paper mill - 1 shows lower sulfur selectivity and a significantly 
higher thiosulfate formation. In gas biodesulfurization systems thiosulfate is usually 
formed chemically when the enzymatic oxidation capacity is limited. Thus, it can be 
used as an indication of limited biological oxidative capacity [43]. Chemically formed 
thiosulfate can be further oxidized to sulfate by SOB [44]. However, in our lab-scale gas 
biodesulfurization set-up thiosulfate only accumulated in the process liquid when the 
abiotic formation rates of thiosulfate were higher than the biological oxidation rates.

To understand the observed differences in formed end-products by different 
biomasses, we investigated the underlying biological reaction mechanism and kinetics, 
such as maximum biological respiration rates. Our results of the kinetic experiments 
are in good agreement with reported literature. Our measurements of  Rmax (0.64 mM 
O2 (mg N)-1 h-1) corresponds to data reported by [30,35,45], who tested Paper mill - 1 
biomass in their studies and observed Rmax in the order of 0.3 – 0.6 mM O2 (mg N)-1 
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h-1. Differences between these reported values can be explained by fluctuations in the 
operating conditions over time. For example, at Paper mill - 1 we learned that the 
solutions’ pH buffer capacity, sulfide concentration in the gas feed, and ORP setpoint 
fluctuated significantly in the period before the inoculum was collected (personal 
communication with the plant manager). It is known that variations in ORP setpoint 
value in time will vary the oxygen supply rates and thus the O2/H2S ratio. This, in turn, 
will affect the selectivities for the various end-products [7]. For example, in the work of 
Roman et al. (2015) Paper mill - 1 inoculum was also used. In their studies, thiosulfate 
selectivity was reported two times lower than found in this study. A possible explanation 
is the observed operational fluctuations (since 2016) at the Paper mill - 1 full-scale 
installation that affected the potential of the biomass for sulfate and sulfur formation at 
different ORP setpoints. 

It can be expected that changes in the biological activity are explained by the differences 
in microbial physiology. In this study, parameter α is introduced to link physiology of 
biological sulfide oxidation and formation of end-products in the biodesulfurization 
process. In Fig. 5, the relation between the formed products and α is presented for 
systems operated at oxygen-limiting conditions (ORP = -390 mV). It can be seen that the 
highest selectivity for sulfur formation (92.2 mol%) was found for the lowest α values, 
i.e. 0.35 – 0.7, whilst the highest selectivity for sulfate formation (7.2 mol%) was found 
for the highest α value (above 0.8). The highest α was found for Paper mill - 1 biomass 
(1.23 ± 0.17), which correlates to a high potential for sulfate formation. However, under 
oxygen-limiting conditions Paper mill - 1 biomass has low biomass activity. Thus, the 
formation of thiosulfate is high (17.6 mol%), and sulfate is almost not formed due 
to oxygen limitation. From these, it follows that α can be an effective parameter to 
screen biomasses, which are able to generate elemental sulfur under oxygen-limiting 
conditions.

Fig. 5. Relationships between sulfur products selectivity and enzymatic ratio α.
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Higher biomass growth rates were found at increasing selectivities for sulfate 
formation because more energy is liberated from sulfide oxidation compared to 
the sulfur formation [21,46,47]. However, growth rates are also dependent on the 
microbial community composition, as different species have different growth rates 
and oxidation capacities. For example, the highest measured biomass growth (0.52 
± 0.03 mg N L-1 h-1) was observed for Landfill biomass, but the highest measured 
selectivity for sulfate production (7.2 ± 0.4 %) was observed for Paper mill - 2 biomass 
(Table 4). As well as, growth rates of Oilfield and Paper mill - 2 are similar, but 
selectivity for sulfate is two-fold different. This deviation is possibly caused by the 
abundance of Thioalkalimicrobium sibiricum in Oilfield biomass. Thioalkalimicrobium 
species are known for their high capacity for sulfide oxidation and fast but inefficiently 
opportunistic growth during short periods of substrate excess [11]. In contrast, highly 
abundant Thioalkalivibrio species in Paper mill - 1 are slow growing with high growth 
yield and survive longer during substrate limitation [42]. Hence, in the absence of 
sulfate formation, the relatively low energy yield from sulfide oxidation was used for 
cell maintenance rather than Paper mill - 1 biomass growth.

To deepen our understanding of the process performance, a relation between 
microbial composition and process conditions need to be established. Microbial 
community composition was determined with 16S rRNA amplicon sequencing and 
showed that Thioalkalivibrio sulfidiphilus was the dominant SOB species in samples 
from Paper mill - 1, Paper mill - 2, and Landfill. Also, Sorokin et al. found that 
Thioalkalivibrio sulfidiphilus was dominant in Paper mill - 1 [48]. The gas composition 
fed to the Paper mill - 1 and Paper mill - 2 full-scale plants are almost the same, but 
operating conditions differ (Table 2). Microbial composition of the Landfill biomass 
was different from that to Paper mill - 1 and Paper mill - 2. It is known that feed gas 
composition at landfill installations contains hydrocarbons impurities [49]. Hence, 
it possibly triggered a shift in the microbial composition of the Landfill biomass. A 
second dominant species in the inoculum is Roseibaca ekhonensis described as marine 
aerobic, heterotrophic and alkalitolerant alphaproteobacterium [50], which also might 
have taken advantage of the presence of organic compounds in the Landfill plant. As 
supplied gas composition in the lab-scale setup differs from the full-scale installation, 
we observe a microbial composition shift with the reduction of heterotrophs in favor 
of chemolithoautotrophic SOB.

In comparison to the three tested biomasses, the Oilfield original community 
changed the most (Fig. 4). Inoculum from the full-scale Oilfield plant contained about 
43.1 % of Halomonas shengliensis – alkalitolerant heterotroph capable of utilizing 
hydrocarbons that are present in the feed gas [51]. Its relative abundance drastically 
decreased as feed gas composition at lab-scale biodesulfurization system contained 
sulfide only. Second dominant species was Tv. sulfidiphilus with an abundance of 39.3 
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%. It is known that Tv. sulfidiphilus is the most dominant SOB in gas biodesulfurization 
bioreactors when the only sulfide is supplied [25,44]. Thus, at the end of the process 
operation abundance of Tv. sulfidiphilus increased (65 %). In addition, a fast-growing 
haloalkaliphilic SOB Thioalkalimicrobium sibiricum also proliferated as it grows in the 
presence of thiosulfate and sulfide [52]. 

2.5 Conclusions

In this work, we show that α can be used as a screening parameter that is applied for 
the biomass selection in order to predict process performance. Thus, to achieve desired 
products formation Factor α represents the ratio between the rates of two enzymatic 
routes for sulfide oxidation. We found that this parameter is a good indicator for 
the assessment of the end-product formation under oxygen-limiting conditions. In 
practice, this means that the biomass composition is linked to the process performance 
and sudden changes in process conditions (e.g., mixing) will not instantaneously 
change the S8 forming potential of the biomass. In addition, α will be more determined 
by the process conditions rather than the bacterial community composition, as 
process conditions will eventually structure the community composition. Moreover, 
using process parameters, such as oxygen and sulfide concentration, together with 
biomass concentration and its activity, its possible to predict the relative formation of 
biological end-products: sulfate and sulfur. Despite showed variations in four tested 
biomasses at the inoculum stage, it is expected that under the similar experimental 
conditions all microbial communities will converge to a similar end composition. 
We further calibrated an existing kinetic model based on the measured sulfide 
oxidation rates in batch experiments. The kinetic model relies on a ratio of two key 
enzymes involved in sulfide oxidation, i.e. flavocytochrome c and sulfide-quinone 
oxidoreductase (FCC and SQR). The updated kinetic model can be used as a tool to 
evaluate process performance, estimate relative formation of biological end-products, 
and as an indicator, to select inocula for full-scale installations. 
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Appendix A - Nomenclature.

Symbol Parameter

HS- Bisulfide anions 

H2S Sulfide

SO4
2- Sulfate anions

S2O3
2- Thiosulfate anions

S8 Biological sulfur

O2 Oxygen 

Rmax Maximum reaction rate

SOB Sulfur-oxidizing bacteria

FCC Flavocytochrome c 

SQR Sulfide-quinone reductase

µFCC Maximum enzyme rate of flavocytochrome c 

µSQR Maximum enzyme rate of sulfide-quinone reductase

µCCO Maximum enzyme rate of cytochrome c oxidase

µSQRox Maximum enzyme rate of sulfide: quinone reductive oxidase

α Ratio between maximum enzyme rates of flavocytochrome c and sulfide-quinone reductase

KFCC Affinity constant for flavocytochrome c

KSQR Affinity constant for sulfide-quinone reductase

KCCO Affinity constant for cytochrome c oxidase

KSQRox Affinity constant for sulfide-quinone reductive oxidase

Ki Affinity constant for inhibition 
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Appendix B - Non-linear least squares estimation of the kinetic model 
describing biological sulfide oxidation. 

The unknown parameters in the kinetic model for sulfide oxidation under halo-alkaline 
conditions, represented by the parameter vector θ, are estimated using the experimental 
data of the respiration test also known as biological oxygen monitoring tests. Via a least 
square routine, the estimated single-output gives:
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QQRR Affinity constant for sulfide-quinone reductase 

CCOO Affinity constant for cytochrome c oxidase 

QQRRooxx Affinity constant for sulfide-quinone reductive oxidase 

Affinity constant for inhibition  

 - Non-linear least squares estimation of the kinetic model describing biological sulfide oxidation.  

The unknown parameters in the kinetic model for sulfide oxidation under halo-alkaline conditions, 

 𝜃𝜃𝜃𝜃, are estimated using the experimental data of the respiration test also known 

-output gives: 

Eq. (B.1)  𝜃𝜃𝜃𝜃�𝑁𝑁𝑁𝑁 = arg𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃 ∑ 𝜀𝜀𝜀𝜀([𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻−]𝑘𝑘𝑘𝑘|𝜃𝜃𝜃𝜃)2𝑁𝑁𝑁𝑁
𝑘𝑘𝑘𝑘=1  

Where  𝜀𝜀𝜀𝜀(∙ |𝜃𝜃𝜃𝜃) = 𝑦𝑦𝑦𝑦(𝑘𝑘𝑘𝑘) − 𝑦𝑦𝑦𝑦�(∙ |𝜃𝜃𝜃𝜃) is the output error at time index 𝑘𝑘𝑘𝑘 with sulfide concentration[𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻−], 𝑦𝑦𝑦𝑦(𝑘𝑘𝑘𝑘) 

𝑘𝑘𝑘𝑘, 𝑦𝑦𝑦𝑦�(∙ |𝜃𝜃𝜃𝜃) the predicted model output at 𝑘𝑘𝑘𝑘 given estimate of 

�), 𝐷𝐷𝐷𝐷 is the prior parameter domain. The error variance𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2, a measure for the model fit, is given by 

Eq. (B.2)  𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2 = 1
𝑁𝑁𝑁𝑁−𝑝𝑝𝑝𝑝

∑ 𝜀𝜀𝜀𝜀([𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻−]𝑘𝑘𝑘𝑘|𝜃𝜃𝜃𝜃)2𝑁𝑁𝑁𝑁
𝑘𝑘𝑘𝑘=1  

With 𝑝𝑝𝑝𝑝 the number of parameters. The vector with standard deviations for each parameter is found, after 

𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶), which is defined by 

Eq. (B.3) 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶𝜃𝜃𝜃𝜃�𝑁𝑁𝑁𝑁 = 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2(𝑋𝑋𝑋𝑋𝑇𝑇𝑇𝑇𝑋𝑋𝑋𝑋)−1 

Where 𝑋𝑋𝑋𝑋 is the (N x p) sensitivity matrix with elements 𝜕𝜕𝜕𝜕𝜀𝜀𝜀𝜀�[𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
−]𝑘𝑘𝑘𝑘�𝜃𝜃𝜃𝜃�

𝜕𝜕𝜕𝜕𝜃𝜃𝜃𝜃𝑗𝑗𝑗𝑗
 with k = 1, …, N and j = 1, …, p. 

FCC and µSQR follow from the estimation routine, the standard deviation for 

α=𝜇𝜇𝜇𝜇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

 is given by 

 Eq. (B.1)

Where ε(∙|θ)=y(k)-y (∙|θ) is the output error at time index k with sulfide concentration [HS-], 
 y(k) the measured sulfate / thiosulfate concentrations at k, y (∙|θ) the predicted model 
output at k given estimate of θ (θ), D is the prior parameter domain. The error variance 
σε

2, a measure for the model fit, is given by
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𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

 is given by 

 Eq. (B.2)

With p the number of parameters. The vector with standard deviations for each 
parameter is found, after taking the square root of the diagonal of the covariance matrix 
of the estimates (COV), which is defined by
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Where X is the (N x p) sensitivity matrix with elements 
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Where 𝑋𝑋𝑋𝑋 is the (N x p) sensitivity matrix with elements 𝜕𝜕𝜕𝜕𝜀𝜀𝜀𝜀�[𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
−]𝑘𝑘𝑘𝑘�𝜃𝜃𝜃𝜃�

𝜕𝜕𝜕𝜕𝜃𝜃𝜃𝜃𝑗𝑗𝑗𝑗
 with k = 1, …, N and j 

While the standard deviation for the µFCC and µSQR 

the parameter α=𝜇𝜇𝜇𝜇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

 is given by 

 with k = 1, …, 
N and j = 1, …, p. While the standard deviation for the µFCC and µSQR follow from the 
estimation routine, the standard deviation for the parameter α=

 

SSQQRR  -

KKCCCCOO Affinity constant for cytochrome c oxidase 

KKSSQQRRooxx Affinity constant for sulfide-

KKii Affinity constant for inhibition  

 

Appendix B - Non-

represented by the parameter vector 𝜃𝜃𝜃𝜃

Eq. (B.1)  𝜃𝜃𝜃𝜃�𝑁𝑁𝑁𝑁 = arg𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃 ∑ 𝜀𝜀𝜀𝜀([𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻−]𝑘𝑘𝑘𝑘|𝜃𝜃𝜃𝜃𝑁𝑁𝑁𝑁
𝑘𝑘𝑘𝑘=1

Where  𝜀𝜀𝜀𝜀(∙ |𝜃𝜃𝜃𝜃) = 𝑦𝑦𝑦𝑦(𝑘𝑘𝑘𝑘) − 𝑦𝑦𝑦𝑦�(∙ |𝜃𝜃𝜃𝜃) 

the measured sulfate / thiosulfate concentrations at 𝑘𝑘𝑘𝑘

𝜃𝜃𝜃𝜃 (𝜃𝜃𝜃𝜃�), 𝐷𝐷𝐷𝐷 is the prior 

Eq. (B.2)  𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2 = 1
𝑁𝑁𝑁𝑁−𝑝𝑝𝑝𝑝

∑ 𝜀𝜀𝜀𝜀([𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻−]𝑘𝑘𝑘𝑘|𝜃𝜃𝜃𝜃)2𝑁𝑁𝑁𝑁
𝑘𝑘𝑘𝑘=1  

With 𝑝𝑝𝑝𝑝 

Eq. (B.3) 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶𝜃𝜃𝜃𝜃�𝑁𝑁𝑁𝑁 = 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2(𝑋𝑋𝑋𝑋𝑇𝑇𝑇𝑇𝑋𝑋𝑋𝑋)−1 

Where 𝑋𝑋𝑋𝑋 is the (N x p

While the standard deviation for the µFCC and µSQR 

the parameter α=𝜇𝜇𝜇𝜇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

 is given by  is given by

Eq. (B.4) 𝜎𝜎𝜎𝜎𝛼𝛼𝛼𝛼2 = � 𝜕𝜕𝜕𝜕𝛼𝛼𝛼𝛼
𝜕𝜕𝜕𝜕µ𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

�
2
∙ 𝜎𝜎𝜎𝜎µ𝐻𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 + � 𝜕𝜕𝜕𝜕𝛼𝛼𝛼𝛼

𝜕𝜕𝜕𝜕µ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
�
2
∙ 𝜎𝜎𝜎𝜎µ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2   

Which results in 

Eq. (B.5) 𝜎𝜎𝜎𝜎𝛼𝛼𝛼𝛼2 = �𝜇𝜇𝜇𝜇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

�
2
∙ 𝜎𝜎𝜎𝜎µ𝐻𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 + � 1

𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
�
2
∙ 𝜎𝜎𝜎𝜎µ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2  

 - Non-linear least squares estimation of formation rates.  

The formation rate of both SO42- and S2O32- in the fed-batch experiments were estimated via a linear 

 

Eq. (C.1)  𝑦𝑦𝑦𝑦 (𝜃𝜃𝜃𝜃)� = 𝜃𝜃𝜃𝜃(1) ∙ 𝑥𝑥𝑥𝑥1 + 𝜃𝜃𝜃𝜃(2) ∙ 𝑥𝑥𝑥𝑥2 

Where  𝑦𝑦𝑦𝑦 (𝜃𝜃𝜃𝜃)�  is the vector containing the predicted model outputs of either sulfate or thiosulfate, 𝜃𝜃𝜃𝜃(1) the 

/ thiosulfate, 𝜃𝜃𝜃𝜃(2) the estimated initial concentration of sulfate / thiosulfate, 𝑥𝑥𝑥𝑥1 a vector 

𝑥𝑥𝑥𝑥2  a vector of ones with length N. 

The unknown parameters vector [θ (1) θ (2)]T was estimated using a non-linear estimation routine, which 

-output case gives 

Eq. (C.2) 𝜃𝜃𝜃𝜃�𝑁𝑁𝑁𝑁 = arg𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃 ∑ 𝜀𝜀𝜀𝜀(𝑘𝑘𝑘𝑘|𝜃𝜃𝜃𝜃)2𝑁𝑁𝑁𝑁
𝑘𝑘𝑘𝑘=1  

 Eq. (B.4)

Which results in

Eq. (B.4) 𝜎𝜎𝜎𝜎𝛼𝛼𝛼𝛼2 = � 𝜕𝜕𝜕𝜕𝛼𝛼𝛼𝛼
𝜕𝜕𝜕𝜕µ𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

�
2
∙ 𝜎𝜎𝜎𝜎µ𝐻𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 + � 𝜕𝜕𝜕𝜕𝛼𝛼𝛼𝛼

𝜕𝜕𝜕𝜕µ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
�
2
∙ 𝜎𝜎𝜎𝜎µ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2   

Which results in 

Eq. (B.5) 𝜎𝜎𝜎𝜎𝛼𝛼𝛼𝛼2 = �𝜇𝜇𝜇𝜇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

�
2
∙ 𝜎𝜎𝜎𝜎µ𝐻𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 + � 1

𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
�
2
∙ 𝜎𝜎𝜎𝜎µ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2  

 - Non-linear least squares estimation of formation rates.  

The formation rate of both SO42- and S2O32- in the fed-batch experiments were estimated via a linear 

 

Eq. (C.1)  𝑦𝑦𝑦𝑦 (𝜃𝜃𝜃𝜃)� = 𝜃𝜃𝜃𝜃(1) ∙ 𝑥𝑥𝑥𝑥1 + 𝜃𝜃𝜃𝜃(2) ∙ 𝑥𝑥𝑥𝑥2 

Where  𝑦𝑦𝑦𝑦 (𝜃𝜃𝜃𝜃)�  is the vector containing the predicted model outputs of either sulfate or thiosulfate, 𝜃𝜃𝜃𝜃(1) the 

/ thiosulfate, 𝜃𝜃𝜃𝜃(2) the estimated initial concentration of sulfate / thiosulfate, 𝑥𝑥𝑥𝑥1 a vector 

𝑥𝑥𝑥𝑥2  a vector of ones with length N. 

The unknown parameters vector [θ (1) θ (2)]T was estimated using a non-linear estimation routine, which 

-output case gives 

Eq. (C.2) 𝜃𝜃𝜃𝜃�𝑁𝑁𝑁𝑁 = arg𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃 ∑ 𝜀𝜀𝜀𝜀(𝑘𝑘𝑘𝑘|𝜃𝜃𝜃𝜃)2𝑁𝑁𝑁𝑁
𝑘𝑘𝑘𝑘=1  

�

 Eq. (B.5)

̂
̂

̂
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Appendix C - Non-linear least squares estimation of formation rates. 

The formation rate of both SO4
2- and S2O3

2- in the fed-batch experiments were estimated 
via a linear regression model given by:

Which results in 

Eq. (B.5) 𝜎𝜎𝜎𝜎𝛼𝛼𝛼𝛼2 = �𝜇𝜇𝜇𝜇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

�
2
∙ 𝜎𝜎𝜎𝜎µ𝐻𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 + � 1

𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
�
2
∙ 𝜎𝜎𝜎𝜎µ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2  

 - Non-linear least squares estimation of formation rates.  

The formation rate of both SO42- and S2O32- in the fed-batch experiments were estimated via a linear 

 

Eq. (C.1)  𝑦𝑦𝑦𝑦 (𝜃𝜃𝜃𝜃)� = 𝜃𝜃𝜃𝜃(1) ∙ 𝑥𝑥𝑥𝑥1 + 𝜃𝜃𝜃𝜃(2) ∙ 𝑥𝑥𝑥𝑥2 

Where  𝑦𝑦𝑦𝑦 (𝜃𝜃𝜃𝜃)�  is the vector containing the predicted model outputs of either sulfate or thiosulfate, 𝜃𝜃𝜃𝜃(1) the 

/ thiosulfate, 𝜃𝜃𝜃𝜃(2) the estimated initial concentration of sulfate / thiosulfate, 𝑥𝑥𝑥𝑥1 a vector 

𝑥𝑥𝑥𝑥2  a vector of ones with length N. 

The unknown parameters vector [θ (1) θ (2)]T was estimated using a non-linear estimation routine, which 

-output case gives 

Eq. (C.2) 𝜃𝜃𝜃𝜃�𝑁𝑁𝑁𝑁 = arg𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃 ∑ 𝜀𝜀𝜀𝜀(𝑘𝑘𝑘𝑘|𝜃𝜃𝜃𝜃)2𝑁𝑁𝑁𝑁
𝑘𝑘𝑘𝑘=1  

Where  𝜀𝜀𝜀𝜀(∙ |𝜃𝜃𝜃𝜃) = 𝑦𝑦𝑦𝑦(𝑘𝑘𝑘𝑘) − 𝑦𝑦𝑦𝑦�(∙ |𝜃𝜃𝜃𝜃) is the output error at time index 𝑘𝑘𝑘𝑘 with operation time 𝑥𝑥𝑥𝑥1, 𝑦𝑦𝑦𝑦(𝑘𝑘𝑘𝑘) the 

𝑘𝑘𝑘𝑘, 𝑦𝑦𝑦𝑦�(∙ |𝜃𝜃𝜃𝜃) the predicted model output at 𝑘𝑘𝑘𝑘 given an estimate of 𝜃𝜃𝜃𝜃 

𝐷𝐷𝐷𝐷 is the prior parameter domain. The error variance 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2, a measure for the model fit, is given by 

Eq. (C.3) 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2 = 1
𝑁𝑁𝑁𝑁−𝑝𝑝𝑝𝑝

∑ 𝜀𝜀𝜀𝜀(𝑥𝑥𝑥𝑥1𝑘𝑘𝑘𝑘|𝜃𝜃𝜃𝜃)2𝑁𝑁𝑁𝑁
𝑘𝑘𝑘𝑘=1  

With 𝑝𝑝𝑝𝑝 the number of parameters. The vector with standard deviations for each parameter are found, after 

𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶), which is defined by 

Eq. (C.4) 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶𝜃𝜃𝜃𝜃�𝑁𝑁𝑁𝑁 = 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2(𝑋𝑋𝑋𝑋𝑇𝑇𝑇𝑇𝑋𝑋𝑋𝑋)−1 

Where 𝑋𝑋𝑋𝑋 is the (N x p) sensitivity matrix with elements  𝜕𝜕𝜕𝜕𝜀𝜀𝜀𝜀�𝑥𝑥𝑥𝑥1𝑘𝑘𝑘𝑘�𝜃𝜃𝜃𝜃�
𝜕𝜕𝜕𝜕𝜃𝜃𝜃𝜃𝑗𝑗𝑗𝑗

 and with k = 1, …, N and j = 1, …, p, 

X = [x1 x2]. While the standard deviation for both sulfate (𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) and thiosulfate (𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) 

balance according 

dS0 = (dH2Ssupplied/Vliq) – dSO42- – dS2O32- 

As a result, the standard deviation for sulfur formation (𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) can be determined from the variance: 

Eq. (C.5) 𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 = 𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 

The experiment using the Oilfield seed sludge as well as Paper mill - 1, consisted out of two runs with a 

 as an average of both experiments. Hence, the standard deviation for both sulfate as 

 

Eq. (C.6)  𝜎𝜎𝜎𝜎2 = 𝜎𝜎𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟12+𝜎𝜎𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟22

2
 

 Eq. (C.1)

Where 

Eq. (B.4) 𝜎𝜎𝜎𝜎𝛼𝛼𝛼𝛼2 =
𝜕𝜕𝜕𝜕µ𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

∙ 𝜎𝜎𝜎𝜎µ𝐻𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 + 𝛼𝛼𝛼𝛼
𝜕𝜕𝜕𝜕µ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

∙ 𝜎𝜎𝜎𝜎µ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2   

Which results in 

Eq. (B.5) 𝜎𝜎𝜎𝜎𝛼𝛼𝛼𝛼2 = �𝜇𝜇𝜇𝜇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
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𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
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∙ 𝜎𝜎𝜎𝜎µ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2  

 

Appendix C - Non-linear least squares estimation of formation rates.  

The formation rate of both SO42- and S2O32- in the fed-

regression model given by: 

Eq. (C.1)  𝑦𝑦𝑦𝑦 (𝜃𝜃𝜃𝜃)� = 𝜃𝜃𝜃𝜃(1) ∙ 𝑥𝑥𝑥𝑥1 + 𝜃𝜃𝜃𝜃(2) ∙ 𝑥𝑥𝑥𝑥2 

Where  𝑦𝑦𝑦𝑦 (𝜃𝜃𝜃𝜃)�  is the vector containing the predicted model outputs of either sulfate or thiosulfate, 𝜃𝜃𝜃𝜃(1

formation rate of sulfate / thiosulfate, 𝜃𝜃𝜃𝜃(2) the estimated initial concentration of sulfate / thiosulfate, 𝑥𝑥𝑥𝑥1 

of length N containing sampling times and 𝑥𝑥𝑥𝑥2  a vector of ones with length N. 

The unknown parameters vector [θ (1) θ (2)]T was estimated using a non-

for the single-output case gives 

Eq. (C.2) 𝜃𝜃𝜃𝜃�𝑁𝑁𝑁𝑁 = arg𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃 ∑ 𝜀𝜀𝜀𝜀(𝑘𝑘𝑘𝑘|𝜃𝜃𝜃𝜃)2𝑁𝑁𝑁𝑁
𝑘𝑘𝑘𝑘=1  

Where  𝜀𝜀𝜀𝜀(∙ |𝜃𝜃𝜃𝜃) = 𝑦𝑦𝑦𝑦(𝑘𝑘𝑘𝑘) − 𝑦𝑦𝑦𝑦�(∙ |𝜃𝜃𝜃𝜃) is the output error at time index 𝑘𝑘𝑘𝑘 with operation time 𝑥𝑥𝑥𝑥1, 𝑦𝑦𝑦𝑦(𝑘𝑘𝑘𝑘

measured sulfate / thiosulfate concentrations at 𝑘𝑘𝑘𝑘, 𝑦𝑦𝑦𝑦�(∙ |𝜃𝜃𝜃𝜃) the predicted model output at 𝑘𝑘𝑘𝑘 

(𝜃𝜃𝜃𝜃�), 𝐷𝐷𝐷𝐷 is the prior parameter domain. The error variance 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2, a measure for the model fit, is given by 

Eq. (C.3) 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2 = 1
𝑁𝑁𝑁𝑁−𝑝𝑝𝑝𝑝

∑ 𝜀𝜀𝜀𝜀(𝑥𝑥𝑥𝑥1𝑘𝑘𝑘𝑘|𝜃𝜃𝜃𝜃)2𝑁𝑁𝑁𝑁
𝑘𝑘𝑘𝑘=1  

With 𝑝𝑝𝑝𝑝 the number of parameters. The vector with standard deviations for each parameter are 

taking the square root of the diagonal of the covariance matrix of the estimates (𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶), which is defined by 

Eq. (C.4) 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶𝜃𝜃𝜃𝜃�𝑁𝑁𝑁𝑁 = 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2(𝑋𝑋𝑋𝑋𝑇𝑇𝑇𝑇𝑋𝑋𝑋𝑋)−1 

Where 𝑋𝑋𝑋𝑋 is the (N x p) sensitivity matrix with elements  𝜕𝜕𝜕𝜕𝜀𝜀𝜀𝜀�𝑥𝑥𝑥𝑥1𝑘𝑘𝑘𝑘�𝜃𝜃𝜃𝜃�
𝜕𝜕𝜕𝜕𝜃𝜃𝜃𝜃𝑗𝑗𝑗𝑗

 and with k = 1, …, N and j 

in case of A.1 X = [x1 x2]. While the standard deviation for both sulfate (𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) and thiosulfate (𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆
follows from the estimation routine, the selectivity for sulfur formation follows from the mass 

to: 

dS0 = (dH2Ssupplied/Vliq) – dSO42- – dS2O32- 

As a result, the standard deviation for sulfur formation (𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) 

Eq. (C.5) 𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 = 𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 

The experiment using the Oilfield seed sludge as well as Paper mill - 

thiosulfate was estimated 

thiosulfate can be calculated from the variance 

Eq. (C.6)  𝜎𝜎𝜎𝜎2 = 𝜎𝜎𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟12+𝜎𝜎𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟22 

 is the vector containing the predicted model outputs of either sulfate or 
thiosulfate, θ(1) the formation rate of sulfate / thiosulfate, θ(2) the estimated initial 
concentration of sulfate / thiosulfate, x1 a vector of length N containing sampling times 
and x2 a vector of ones with length N.
The unknown parameters vector [θ (1) θ (2)]T was estimated using a non-linear 
estimation routine, which for the single-output case gives

 

Eq. (B.5) 𝜎𝜎𝜎𝜎𝛼𝛼𝛼𝛼2 = �𝜇𝜇𝜇𝜇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

�
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∙ 𝜎𝜎𝜎𝜎µ𝐻𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 + � 1

𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
�
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∙ 𝜎𝜎𝜎𝜎µ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2  

 - Non-linear least squares estimation of formation rates.  

The formation rate of both SO42- and S2O32- in the fed-batch experiments were estimated via a linear 

 

Eq. (C.1)  𝑦𝑦𝑦𝑦 (𝜃𝜃𝜃𝜃)� = 𝜃𝜃𝜃𝜃(1) ∙ 𝑥𝑥𝑥𝑥1 + 𝜃𝜃𝜃𝜃(2) ∙ 𝑥𝑥𝑥𝑥2 

Where  𝑦𝑦𝑦𝑦 (𝜃𝜃𝜃𝜃)�  is the vector containing the predicted model outputs of either sulfate or thiosulfate, 𝜃𝜃𝜃𝜃(1) the 

/ thiosulfate, 𝜃𝜃𝜃𝜃(2) the estimated initial concentration of sulfate / thiosulfate, 𝑥𝑥𝑥𝑥1 a vector 

𝑥𝑥𝑥𝑥2  a vector of ones with length N. 

The unknown parameters vector [θ (1) θ (2)]T was estimated using a non-linear estimation routine, which 

-output case gives 

Eq. (C.2) 𝜃𝜃𝜃𝜃�𝑁𝑁𝑁𝑁 = arg𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃 ∑ 𝜀𝜀𝜀𝜀(𝑘𝑘𝑘𝑘|𝜃𝜃𝜃𝜃)2𝑁𝑁𝑁𝑁
𝑘𝑘𝑘𝑘=1  

Where  𝜀𝜀𝜀𝜀(∙ |𝜃𝜃𝜃𝜃) = 𝑦𝑦𝑦𝑦(𝑘𝑘𝑘𝑘) − 𝑦𝑦𝑦𝑦�(∙ |𝜃𝜃𝜃𝜃) is the output error at time index 𝑘𝑘𝑘𝑘 with operation time 𝑥𝑥𝑥𝑥1, 𝑦𝑦𝑦𝑦(𝑘𝑘𝑘𝑘) the 

𝑘𝑘𝑘𝑘, 𝑦𝑦𝑦𝑦�(∙ |𝜃𝜃𝜃𝜃) the predicted model output at 𝑘𝑘𝑘𝑘 given an estimate of 𝜃𝜃𝜃𝜃 

𝐷𝐷𝐷𝐷 is the prior parameter domain. The error variance 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2, a measure for the model fit, is given by 

Eq. (C.3) 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2 = 1
𝑁𝑁𝑁𝑁−𝑝𝑝𝑝𝑝

∑ 𝜀𝜀𝜀𝜀(𝑥𝑥𝑥𝑥1𝑘𝑘𝑘𝑘|𝜃𝜃𝜃𝜃)2𝑁𝑁𝑁𝑁
𝑘𝑘𝑘𝑘=1  

With 𝑝𝑝𝑝𝑝 the number of parameters. The vector with standard deviations for each parameter are found, after 

𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶), which is defined by 

Eq. (C.4) 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶𝜃𝜃𝜃𝜃�𝑁𝑁𝑁𝑁 = 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2(𝑋𝑋𝑋𝑋𝑇𝑇𝑇𝑇𝑋𝑋𝑋𝑋)−1 

Where 𝑋𝑋𝑋𝑋 is the (N x p) sensitivity matrix with elements  𝜕𝜕𝜕𝜕𝜀𝜀𝜀𝜀�𝑥𝑥𝑥𝑥1𝑘𝑘𝑘𝑘�𝜃𝜃𝜃𝜃�
𝜕𝜕𝜕𝜕𝜃𝜃𝜃𝜃𝑗𝑗𝑗𝑗

 and with k = 1, …, N and j = 1, …, p, 

X = [x1 x2]. While the standard deviation for both sulfate (𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) and thiosulfate (𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) 

balance according 

dS0 = (dH2Ssupplied/Vliq) – dSO42- – dS2O32- 

As a result, the standard deviation for sulfur formation (𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) can be determined from the variance: 

Eq. (C.5) 𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 = 𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 

The experiment using the Oilfield seed sludge as well as Paper mill - 1, consisted out of two runs with a 

 as an average of both experiments. Hence, the standard deviation for both sulfate as 

 

Eq. (C.6)  𝜎𝜎𝜎𝜎2 = 𝜎𝜎𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟12+𝜎𝜎𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟22

2
 

 Eq. (C.2)

Where ε(∙|θ)=y(k)-y (∙|θ) is the output error at time index k with operation time x1, 
y(k) the measured sulfate / thiosulfate concentrations at k, y (∙|θ) the predicted model 
output at k given an estimate of θ (θ), D is the prior parameter domain. The error 
variance σε

2, a measure for the model fit, is given by

 

Eq. (B.5) 𝜎𝜎𝜎𝜎𝛼𝛼𝛼𝛼2 = �𝜇𝜇𝜇𝜇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
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𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
�
2
∙ 𝜎𝜎𝜎𝜎µ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2  

 - Non-linear least squares estimation of formation rates.  

The formation rate of both SO42- and S2O32- in the fed-batch experiments were estimated via a linear 

 

Eq. (C.1)  𝑦𝑦𝑦𝑦 (𝜃𝜃𝜃𝜃)� = 𝜃𝜃𝜃𝜃(1) ∙ 𝑥𝑥𝑥𝑥1 + 𝜃𝜃𝜃𝜃(2) ∙ 𝑥𝑥𝑥𝑥2 

Where  𝑦𝑦𝑦𝑦 (𝜃𝜃𝜃𝜃)�  is the vector containing the predicted model outputs of either sulfate or thiosulfate, 𝜃𝜃𝜃𝜃(1) the 

/ thiosulfate, 𝜃𝜃𝜃𝜃(2) the estimated initial concentration of sulfate / thiosulfate, 𝑥𝑥𝑥𝑥1 a vector 

𝑥𝑥𝑥𝑥2  a vector of ones with length N. 

The unknown parameters vector [θ (1) θ (2)]T was estimated using a non-linear estimation routine, which 

-output case gives 

Eq. (C.2) 𝜃𝜃𝜃𝜃�𝑁𝑁𝑁𝑁 = arg𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃 ∑ 𝜀𝜀𝜀𝜀(𝑘𝑘𝑘𝑘|𝜃𝜃𝜃𝜃)2𝑁𝑁𝑁𝑁
𝑘𝑘𝑘𝑘=1  

Where  𝜀𝜀𝜀𝜀(∙ |𝜃𝜃𝜃𝜃) = 𝑦𝑦𝑦𝑦(𝑘𝑘𝑘𝑘) − 𝑦𝑦𝑦𝑦�(∙ |𝜃𝜃𝜃𝜃) is the output error at time index 𝑘𝑘𝑘𝑘 with operation time 𝑥𝑥𝑥𝑥1, 𝑦𝑦𝑦𝑦(𝑘𝑘𝑘𝑘) the 

𝑘𝑘𝑘𝑘, 𝑦𝑦𝑦𝑦�(∙ |𝜃𝜃𝜃𝜃) the predicted model output at 𝑘𝑘𝑘𝑘 given an estimate of 𝜃𝜃𝜃𝜃 

𝐷𝐷𝐷𝐷 is the prior parameter domain. The error variance 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2, a measure for the model fit, is given by 

Eq. (C.3) 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2 = 1
𝑁𝑁𝑁𝑁−𝑝𝑝𝑝𝑝

∑ 𝜀𝜀𝜀𝜀(𝑥𝑥𝑥𝑥1𝑘𝑘𝑘𝑘|𝜃𝜃𝜃𝜃)2𝑁𝑁𝑁𝑁
𝑘𝑘𝑘𝑘=1  

With 𝑝𝑝𝑝𝑝 the number of parameters. The vector with standard deviations for each parameter are found, after 

𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶), which is defined by 

Eq. (C.4) 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶𝜃𝜃𝜃𝜃�𝑁𝑁𝑁𝑁 = 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2(𝑋𝑋𝑋𝑋𝑇𝑇𝑇𝑇𝑋𝑋𝑋𝑋)−1 

Where 𝑋𝑋𝑋𝑋 is the (N x p) sensitivity matrix with elements  𝜕𝜕𝜕𝜕𝜀𝜀𝜀𝜀�𝑥𝑥𝑥𝑥1𝑘𝑘𝑘𝑘�𝜃𝜃𝜃𝜃�
𝜕𝜕𝜕𝜕𝜃𝜃𝜃𝜃𝑗𝑗𝑗𝑗

 and with k = 1, …, N and j = 1, …, p, 

X = [x1 x2]. While the standard deviation for both sulfate (𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) and thiosulfate (𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) 

balance according 

dS0 = (dH2Ssupplied/Vliq) – dSO42- – dS2O32- 

As a result, the standard deviation for sulfur formation (𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) can be determined from the variance: 

Eq. (C.5) 𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 = 𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 

The experiment using the Oilfield seed sludge as well as Paper mill - 1, consisted out of two runs with a 

 as an average of both experiments. Hence, the standard deviation for both sulfate as 

 

Eq. (C.6)  𝜎𝜎𝜎𝜎2 = 𝜎𝜎𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟12+𝜎𝜎𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟22
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 Eq. (C.3)

With p the number of parameters. The vector with standard deviations for each parameter 
are found, after taking the square root of the diagonal of the covariance matrix of the 
estimates (COV), which is defined by

 

Eq. (B.5) 𝜎𝜎𝜎𝜎𝛼𝛼𝛼𝛼2 = �𝜇𝜇𝜇𝜇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

�
2
∙ 𝜎𝜎𝜎𝜎µ𝐻𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 + � 1

𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
�
2
∙ 𝜎𝜎𝜎𝜎µ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2  

 - Non-linear least squares estimation of formation rates.  

The formation rate of both SO42- and S2O32- in the fed-batch experiments were estimated via a linear 

 

Eq. (C.1)  𝑦𝑦𝑦𝑦 (𝜃𝜃𝜃𝜃)� = 𝜃𝜃𝜃𝜃(1) ∙ 𝑥𝑥𝑥𝑥1 + 𝜃𝜃𝜃𝜃(2) ∙ 𝑥𝑥𝑥𝑥2 

Where  𝑦𝑦𝑦𝑦 (𝜃𝜃𝜃𝜃)�  is the vector containing the predicted model outputs of either sulfate or thiosulfate, 𝜃𝜃𝜃𝜃(1) the 

/ thiosulfate, 𝜃𝜃𝜃𝜃(2) the estimated initial concentration of sulfate / thiosulfate, 𝑥𝑥𝑥𝑥1 a vector 

𝑥𝑥𝑥𝑥2  a vector of ones with length N. 

The unknown parameters vector [θ (1) θ (2)]T was estimated using a non-linear estimation routine, which 

-output case gives 

Eq. (C.2) 𝜃𝜃𝜃𝜃�𝑁𝑁𝑁𝑁 = arg𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃 ∑ 𝜀𝜀𝜀𝜀(𝑘𝑘𝑘𝑘|𝜃𝜃𝜃𝜃)2𝑁𝑁𝑁𝑁
𝑘𝑘𝑘𝑘=1  

Where  𝜀𝜀𝜀𝜀(∙ |𝜃𝜃𝜃𝜃) = 𝑦𝑦𝑦𝑦(𝑘𝑘𝑘𝑘) − 𝑦𝑦𝑦𝑦�(∙ |𝜃𝜃𝜃𝜃) is the output error at time index 𝑘𝑘𝑘𝑘 with operation time 𝑥𝑥𝑥𝑥1, 𝑦𝑦𝑦𝑦(𝑘𝑘𝑘𝑘) the 

𝑘𝑘𝑘𝑘, 𝑦𝑦𝑦𝑦�(∙ |𝜃𝜃𝜃𝜃) the predicted model output at 𝑘𝑘𝑘𝑘 given an estimate of 𝜃𝜃𝜃𝜃 

𝐷𝐷𝐷𝐷 is the prior parameter domain. The error variance 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2, a measure for the model fit, is given by 

Eq. (C.3) 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2 = 1
𝑁𝑁𝑁𝑁−𝑝𝑝𝑝𝑝

∑ 𝜀𝜀𝜀𝜀(𝑥𝑥𝑥𝑥1𝑘𝑘𝑘𝑘|𝜃𝜃𝜃𝜃)2𝑁𝑁𝑁𝑁
𝑘𝑘𝑘𝑘=1  

With 𝑝𝑝𝑝𝑝 the number of parameters. The vector with standard deviations for each parameter are found, after 

𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶), which is defined by 

Eq. (C.4) 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶𝜃𝜃𝜃𝜃�𝑁𝑁𝑁𝑁 = 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2(𝑋𝑋𝑋𝑋𝑇𝑇𝑇𝑇𝑋𝑋𝑋𝑋)−1 

Where 𝑋𝑋𝑋𝑋 is the (N x p) sensitivity matrix with elements  𝜕𝜕𝜕𝜕𝜀𝜀𝜀𝜀�𝑥𝑥𝑥𝑥1𝑘𝑘𝑘𝑘�𝜃𝜃𝜃𝜃�
𝜕𝜕𝜕𝜕𝜃𝜃𝜃𝜃𝑗𝑗𝑗𝑗

 and with k = 1, …, N and j = 1, …, p, 

X = [x1 x2]. While the standard deviation for both sulfate (𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) and thiosulfate (𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) 

balance according 

dS0 = (dH2Ssupplied/Vliq) – dSO42- – dS2O32- 

As a result, the standard deviation for sulfur formation (𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) can be determined from the variance: 

Eq. (C.5) 𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 = 𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 

The experiment using the Oilfield seed sludge as well as Paper mill - 1, consisted out of two runs with a 

 as an average of both experiments. Hence, the standard deviation for both sulfate as 

 

Eq. (C.6)  𝜎𝜎𝜎𝜎2 = 𝜎𝜎𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟12+𝜎𝜎𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟22
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 Eq. (C.4)
Where X is the (N x p) sensitivity matrix with elements 

Eq. (B.5) 𝜎𝜎𝜎𝜎𝛼𝛼𝛼𝛼2 = �𝜇𝜇𝜇𝜇𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

�
2
∙ 𝜎𝜎𝜎𝜎µ𝐻𝐻𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 + � 1

𝜇𝜇𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
�
2
∙ 𝜎𝜎𝜎𝜎µ𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹2  

 

Appendix C - Non-linear least squares estimation of formation rates.  

The formation rate of both SO42- and S2O32- in the fed-

regression model given by: 

Eq. (C.1)  𝑦𝑦𝑦𝑦 (𝜃𝜃𝜃𝜃)� = 𝜃𝜃𝜃𝜃(1) ∙ 𝑥𝑥𝑥𝑥1 + 𝜃𝜃𝜃𝜃(2) ∙ 𝑥𝑥𝑥𝑥2 

Where  𝑦𝑦𝑦𝑦 (𝜃𝜃𝜃𝜃)�  is the vector containing the predicted model outputs of either sulfate or thiosulfate, 𝜃𝜃𝜃𝜃(

formation rate of sulfate / thiosulfate, 𝜃𝜃𝜃𝜃(2) the estimated initial concentration of sulfate / thiosulfate, 𝑥𝑥𝑥𝑥1 

of length N containing sampling times and 𝑥𝑥𝑥𝑥2  a vector of ones with length N. 

The unknown parameters vector [θ (1) θ (2)]T was estimated using a non-

for the single-output case gives 

Eq. (C.2) 𝜃𝜃𝜃𝜃�𝑁𝑁𝑁𝑁 = arg𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃 ∑ 𝜀𝜀𝜀𝜀(𝑘𝑘𝑘𝑘|𝜃𝜃𝜃𝜃)2𝑁𝑁𝑁𝑁
𝑘𝑘𝑘𝑘=1  

Where  𝜀𝜀𝜀𝜀(∙ |𝜃𝜃𝜃𝜃) = 𝑦𝑦𝑦𝑦(𝑘𝑘𝑘𝑘) − 𝑦𝑦𝑦𝑦�(∙ |𝜃𝜃𝜃𝜃) is the output error at time index 𝑘𝑘𝑘𝑘 with operation time 𝑥𝑥𝑥𝑥1, 𝑦𝑦𝑦𝑦(𝑘𝑘𝑘𝑘

measured sulfate / thiosulfate concentrations at 𝑘𝑘𝑘𝑘, 𝑦𝑦𝑦𝑦�(∙ |𝜃𝜃𝜃𝜃) the predicted model output at 𝑘𝑘𝑘𝑘 

(𝜃𝜃𝜃𝜃�), 𝐷𝐷𝐷𝐷 is the prior parameter domain. The error variance 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2, a measure for the model fit, is given by 

Eq. (C.3) 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2 = 1
𝑁𝑁𝑁𝑁−𝑝𝑝𝑝𝑝

∑ 𝜀𝜀𝜀𝜀(𝑥𝑥𝑥𝑥1𝑘𝑘𝑘𝑘|𝜃𝜃𝜃𝜃)2𝑁𝑁𝑁𝑁
𝑘𝑘𝑘𝑘=1  

With 𝑝𝑝𝑝𝑝 the number of parameters. The vector with standard deviations for each parameter are 

taking the square root of the diagonal of the covariance matrix of the estimates (𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶), which is defined by 

Eq. (C.4) 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶𝜃𝜃𝜃𝜃�𝑁𝑁𝑁𝑁 = 𝜎𝜎𝜎𝜎𝜀𝜀𝜀𝜀2(𝑋𝑋𝑋𝑋𝑇𝑇𝑇𝑇𝑋𝑋𝑋𝑋)−1 

Where 𝑋𝑋𝑋𝑋 is the (N x p) sensitivity matrix with elements  𝜕𝜕𝜕𝜕𝜀𝜀𝜀𝜀�𝑥𝑥𝑥𝑥1𝑘𝑘𝑘𝑘�𝜃𝜃𝜃𝜃�
𝜕𝜕𝜕𝜕𝜃𝜃𝜃𝜃𝑗𝑗𝑗𝑗

 and with k = 1, …, N and j 

in case of A.1 X = [x1 x2]. While the standard deviation for both sulfate (𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) and thiosulfate (𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆
follows from the estimation routine, the selectivity for sulfur formation follows from the mass 

to: 

dS0 = (dH2Ssupplied/Vliq) – dSO42- – dS2O32- 

As a result, the standard deviation for sulfur formation (𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) 

Eq. (C.5) 𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 = 𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 + 𝜎𝜎𝜎𝜎𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 

The experiment using the Oilfield seed sludge as well as Paper mill - 

thiosulfate was estimated 

thiosulfate can be calculated from the variance 

Eq. (C.6)  𝜎𝜎𝜎𝜎2 = 𝜎𝜎𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟12+𝜎𝜎𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟22
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 and with k = 1, …, N 
and j = 1, …, p, in case of A.1 X = [x1 x2]. While the standard deviation for both sulfate 
(σsulfate) and thiosulfate (σthiosulfate) follows from the estimation routine, the selectivity for 
sulfur formation follows from the mass balance according to:
dS0 = (dH2Ssupplied/Vliq) – dSO4

2- – dS2O3
2-

As a result, the standard deviation for sulfur formation (σsulfur) can be determined from 
the variance:

 - Non-linear least squares estimation of formation rates.  

The formation rate of both SO42- and S2O32- in the fed-batch experiments were estimated via a linear 
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/ thiosulfate, 𝜃𝜃𝜃𝜃(2) the estimated initial concentration of sulfate / thiosulfate, 𝑥𝑥𝑥𝑥1 a vector 

𝑥𝑥𝑥𝑥2  a vector of ones with length N. 

The unknown parameters vector [θ (1) θ (2)]T was estimated using a non-linear estimation routine, which 
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The experiment using the Oilfield seed sludge as well as Paper mill - 1, consisted out 
of two runs with a small interruption due to the system maintenance and medium 
refreshment. The selectivity for sulfate and thiosulfate was estimated as an average of 
both experiments. Hence, the standard deviation for both sulfate as thiosulfate can be 
calculated from the variance

 - Non-linear least squares estimation of formation rates.  

The formation rate of both SO42- and S2O32- in the fed-batch experiments were estimated via a linear 
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The standard deviation of sulfur follows subsequently from Eq. (C.5). In the following 
subsections, for each experiment a regression model is identified. The corresponding 
estimates with standard deviations can be found in Table 4.

Appendix D – Predicted sulfate and sulfur selectivities

To be able to predict the formation of biological products of sulfide oxidation (sulfate 
and sulfur) it is essential to know ɑ value that was calculated based on the performed 
respiration tests. In addition, it is required to know the concentration of biomass, sulfide 
loading, and ORP setpoint, as oxygen concentration will be determined by ORP value. 
More details can be found in [21]. 

In this supplementary material, we present three figures. On these figures, we 
predict sulfate and sulfur selectivity at different oxygen concentrations for four analyzed 
biomasses. For the prediction we consider ɑ values calculated for each biomass, biomass 
concentration (see Table 4), sulfide loading rate (58.2 mM S day-1) and ORP setpoint 
(-390 mV). 

Fig. D1. Predicted sulfate and sulfur selectivities at (A) high oxygen concentration (200 nM), (B) at elevated 
oxygen concentration (100 nM), and (C) at limiting oxygen concentration (10 nM).
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Development of quantitative PCR 
for the detection of Alkalilimnicola 
ehrlichii, Thioalkalivibrio sulfidiphilus 
and Thioalkalibacter halophilus in gas 
biodesulfurization processes

Abstract 
Chemolithoautotrophic sulfur-oxidizing bacteria (SOB) are crucial key players in 
biotechnological processes to remove hydrogen sulfide from sour gas streams. Several 
different haloalkaliphilic SOB have been detected and isolated from lab- and full-
scale facilities, which all performed differently considering end product yields (sulfur 
and sulfate) and conversion rates. Understanding and regulating bacterial community 
dynamics in biodesulfurization processes will enable optimization of the process 
operation. We developed quantitative PCR (qPCR) assays to quantify haloalkaliphilic 
sulfur-oxidizing gammaproteobacterial species Alkalilimnicola ehrlichii, Thioalkalivibrio 
sulfidiphilus, and Thioalkalibacter halophilus that dominate bacterial communities 
of biodesulfurization lab- and full-scale installations at haloalkaline conditions. The 
specificity and PCR efficiency of novel primer sets were evaluated using pure cultures 
of these target species. We further validated the qPCR assays by quantification of 
target organisms in five globally distributed full-scale biodesulfurization installations. 
The qPCR assays perform a sensitive and accurate quantification of Alkalilimnicola 
ehrlichii, Thioalkalivibrio sulfidiphilus and Thioalkalibacter halophilu, thus providing 
rapid and valuable insights into process performance and SOB growth dynamics in gas 
biodesulfurization systems.

This chapter has been published as: Kiragosyan K., van Veelen P., Gupta S., 
Tomaszewska-Porada A., Roman P., Timmers P.H.A., Development of quantitative 
PCR for the detection of Alkalilimnicola ehrlichii, Thioalkalivibrio sulfidiphilus and 
Thioalkalibacter halophilus in gas biodesulfurization processes, AMB Express. 9 (2019) 
99. doi:10.1186/s13568-019-0826-1.
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3.1. Introduction

Sulfur-oxidizing bacteria (SOB) are microorganisms that naturally occur in highly 
saline and alkaline environments such as soda lakes [1,2]. SOB are known to be 
present in complex and species-rich consortia of microorganisms involved in both 
anaerobic and aerobic processes [3] and can grow chemolithoautotrophically using 
inorganic sulfur compounds as electron donor and CO2 as carbon source [4]. These 
chemolithoautotrophic SOB are specifically enriched in biotechnological processes to 
remove hydrogen sulfide (H2S) from industrial gas streams by producing sulfur [5,6]. 
Biodesulfurization processes of the Thiopaq® family are operated under haloalkaline 
conditions, i.e. high pH ( ≥ 8.5) and high soda concentrations (1 M Na+) [5]. 

Since 2009, the number of gas biodesulfurization installations increased globally 
[7]. All full-scale installations operate at different process conditions i.e. pH, salinity, 
oxidation-reduction potential (ORP) and treat feed gas of a various compositions (i.e. 
presence of different organic carbon compounds or contaminants such as thiols and 
BTEX) [8]. To investigate which factors ensure stable process operation, a number 
of lab- and full-scale gas biodesulfurization installations have been monitored on the 
microbial community composition and process conditions. In sulfide-fed lab-scale 
installations, Thioalkalivibrio sulfidiphilus was the dominant SOB [8,9]. In other lab-
scale installations with sulfide feed gas supplemented with thiols, Alkalilimnicola sp. and 
Thioalkalibacter sp. were found to dominate [10]. The addition of these toxic thiols not 
only affected SOB community composition, but alterations of the biodesulfurization 
process conditions can also cause a community change. For example, changes in the 
bioreactor design or addition of an extra bioreactor can also result in SOB community 
composition shift [11]. 

In most cases, these SOB community dynamics were monitored using 16S rRNA 
gene amplicon sequencing. This method provides only estimates of relative taxon 
abundances and it is time consuming and costly. Monitoring SOB dynamics with 
quantitative PCR (qPCR), would provide absolute numbers of key SOB species in 
biodesulfurization processes, and is relatively fast, less costly and results can be analyzed 
and interpreted with ease. The ability to monitor SOB species dynamics rapidly and 
inexpensively will help to monitor the key population dynamics and to optimize 
biodesulfurization process efficiency. qPCR is widely used for microbial quantification 
in many types of environmental studies [12], but so far no SOB-specific primers are 
currently available to monitor dynamics of relevant SOB species. The qPCR specificity 
for different SOB species depends on several parameters: the  primer sequences for the 
target, time and temperature of primer annealing, annealing, amplicon product size, 
concentration of Mg2+, dNTPs, fidelity of enzymes, and the purity of the DNA sample 
[13]. 
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In this work we designed target-specific primers and developed specific qPCR assays to 
monitor absolute abundances of the three most dominant haloalkaliphilic SOB species 
found in operational biodesulfurization Thiopaq® installations until now: Alkalilimnicola 
ehrlichii, Thioalkalivibrio sulfidiphilus and Thioalkalibacter halophilus. The resulting 
quantitative measures provide insights in species growth dynamics and interactions. 
Hence, developed quantitative PCR assays can be used to establish relationships 
between the operational conditions and the biological community in biodesulfurization 
processes in order to establish stable SOB communities that ensure predictable and 
stable process conditions. 

3.2. Materials and methods

3.2.1. Microbial sludge sampling and sample preparation
Biomass from a lab-scale, fed-batch biodesulfurization system, which was fed 

with H2S and methanethiol gas, was obtained after 76 days of continuous operation. 
H2S gas was continuously supplied at a loading rate of 58.15 mM S day-1, whereas 
methanethiol loading rate was stepwise (add steps from 0 to 2 mM) increased for 
biomass acclimatization during the 76 days to a maximum concentration of 2 mM S 
day-1. On the last day of operation, microbial sludge was sampled and centrifuged for 
15 min at 16,000 g to obtain the cell pellet. The cell pellet was washed twice with 0.5 
M Na+ buffer solution (pH 8.5) to prevent cell lysis and was subsequently stored at -80 
ºC until DNA extraction. 

3.2.2. DNA isolation and purification
Genomic DNA was extracted using the DNeasy PowerLyzer PowerSoil Kit 

(Qiagen, Venlo, the Netherlands) following the manufacturer’s instructions. After 
DNA extraction, DNA was purified with the DNA Clean & Concentrator kit (Zymo 
Research, Irvine, CA, USA). Extracted DNA was quantified using the QuantiFluor 
dsDNA system on a QuantusTM fluorometer (Promega, Leiden, the Netherlands). DNA 
quality was evaluated using gel electrophoresis.  

3.2.3. Clone Library Construction and Sequencing 
To design primers targeting the most dominant SOB species present in the 

established mixed SOB population, full-length 16S rRNA gene sequences recovered from 
the community DNA. The full 16S rRNA gene was amplified from the extracted and 
purified DNA using universal bacterial primers 27F (5’-GTTTGATCCTGGCTCAG-3‘) 
[14] and 1492R (5’-CGGCTACCTTGTTACGAC-3’) [15]. The PCR program started 
with initial denaturation (95 ºC for 2 min) followed by 30 cycles of denaturation for 30 
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sec at 95 ºC, annealing for 40 sec at 52 ºC, elongation for 1.30 min at 72 ºC, and with 
a final 7 min elongation at 72 ºC. The PCR products were again purified with the DNA 
Clean & Concentrator kit and ligated into the pGEM-T Easy Vector System, according 
to the manufacturer’s instructions (Promega, City, the Netherlands). The ligation 
mixture was used to transform Escherichia coli JM109 competent cells (Promega, City, 
the Netherlands). Colonies were picked and DNA was extracted and sent for Sanger 
sequencing to BaseClear B.V. (Leiden, the Netherlands). Obtained forward ansd reverse 
sequences were assembled into contigs, and ends were quality trimmed with the DNA 
Baser software (v4, Heracle Biosoft, www.DnaBaser.com, Romania). Subsequently, 
sequences were cleaned by cutting off primer sequences and were screened for vector 
conatmination using VecScreen (NCBI, MD, USA).

3.2.4. Target species-specific primer design
The full length 16S rRNA gene sequences were aligned and taxonomically classified 

using the SINA alignment tool (v1.2.11) according to the global SILVA alignment 
[16]nucleic acid based detection and quantification of microbial diversity. The ARB 
software suite with its corresponding rRNA datasets has been accepted by researchers 
worldwide as a standard tool for large scale rRNA analysis. However, the rapid increase 
of publicly available rRNA sequence data has recently hampered the maintenance of 
comprehensive and curated rRNA knowledge databases. A new system, SILVA (from 
Latin silva, forest). Sequence identity was also investigated with the online nucleotide 
BLAST tool [17]. Aligned sequences of the species of interest (Thioalkalivibrio 
sulfidiphilus, Alkalilimnicola ehrichii and Thioalkalibacter halophilus) were merged with 
the SILVA 16S rRNA gene database version SSU rl 28 [18] using the ARB software 
package (arb-6.0.6) [19]. Primer sets were designed based on the highest specificity 
(100 % with 0 mismatches) for Alkalilimnicola ehrlichii and Thioalkalibacter halophilus 
species. For Thioalkalivibrio spp., primers were designed to target the Thioalkalivibrio 
denitrificans cluster (highlighted in Fig. 1). The designed primers were then validated 
in silico using the TestProbe and TestPrime services of Silva [20], Primer-BLAST [21] 
and in silico PCR (http://insilico.ehu.es/user_seqs/). After validation, designed primer 
sequences were ordered from Biolegio (Nijmegen, the Netherlands). 

3.2.5. In vitro primer evaluation on target species pure cultures
To be able to test the specificity of the designed primers and to optimize the 

qPCR protocol, every designed primer set was tested using pure cultures. Two strains 
used in this study were obtained from the German Collection of Microorganisms and 
Cell Cultures (DSMZ): Alkalilimnicola ehrlichii strain MLHE-1 (DSM-17681) and 
Thioalkalibacter halophilus strain ALCO 1 (DSM-19224). Thioalkalivibrio sulfidiphilus 
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strain HL-EbGr7 was provided from the personal collection of Prof. Dr Gerard Muyzer 
(Amsterdam University, the Netherlands). 

Fig. 1. Phylogenetic position of Thioalkalivibrio sulfidiphilus in the cluster for which primers for 
Thioalkalivibrio spp. were designed (adapted from [22]). Bar indicates 2 % sequence divergence.

3.2.6. qPCR assay optimization 
For the optimization of qPCR assays the workflow was as follows:

1. Firstly, the annealing temperature was optimized based on the theoretical melting 
temperature (Tm) via gradient PCR (± 10 ºC). In this step, pure cultures were used 
as positive controls for the selected primer sets. After each temperature gradient run, 
gel electrophoresis (GE) was performed to confirm the size of the PCR product(s) 
based on expected insert lengths of the developed primer sets. 

2. For each primer set, primer specificity for a target species was assessed by simultaneous 
testing against the non-target cultured pure strains (Thioalkalivibrio sulfidiphilus 
strain HL-EbGr7, Thioalkalivibrio denitrificans strain ALJD (DSM-13742), 
Alkalilimnicola ehrlichii strain MLHE-1 and Thioalkalibacter halophilus strain 
ALCO 1) and cultured clones found in our cloned biomass (Thioalkalimicrobium 
spp, Halomonas sp. HB. Br (GU228481)) at the selected optimal annealing 
temperature for each primer set. When bright bands of the positive target strain 
were visible on GE and no bands of non-target strain negative controls appeared, 
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fine-tuning of the optimal annealing temperature was continued with a narrower 
temperature gradient ranging between ± 3 ºC. 

3. To further assess primer specificity, melting curve analysis was performed (50 – 95 
ºC, with 0.5 ºC increments) using quantitative PCR (Bio Rad CFX96 TouchTM, City, 
the Netherlands) with SYBR® Green fluorescent dye (Bio Rad, the Netherlands). 
The qPCR reaction volume was 20 µl with 0.33 pmol µl-1 of forward and reverse 
primers. Melt curves revealed target-specific product formation at the determined 
optimal annealing temperatures for all three primer sets (Appendix A, Fig. A1, A2 
and A3). The optimal annealing temperatures for cultured positive control strains 
were then applied in the qPCR analysis of bioreactor experimental samples. For 
primer set Thioalkalivibrio spp. Thio-6F and Thio-8R, the optimal Tm was 55 ºC, 
for Alkali-4AF and Alkali-6BR Tm was 53 ºC, and for Tab-137-G_F and Tab-210R 
best Tm was at 66 ºC.

4. To verify that our developed primer sets specifically amplified the target species in 
our experimental samples, melting curves of experimental samples were analyzed 
for qPCR amplicon specificity, and then a random subset of (n = 4 to 6 per primer 
set) qPCR products were sent for Sanger sequencing to BaseClear B.V. (Leiden, 
The Netherlands). Sequences were assembled using the DNA Baser software (v4, 
Heracle Biosoft, www.DnaBaser.com, Romania) and identified with BLAST [17]. 
When qPCR amplicons from the experimental samples were positively identified as 
the target species, we continued with the preparation of standard curves using the 
DNA of the pure cultures. 

5. As a positive control, cultured pure strains were used in target species-specific qPCR 
assays to establish a standard curve in order to quantify each of their copy numbers 
in the experimental samples. The concentrations of the positive control DNA 
were measured using QuantiFluor dsDNA systems and a QuantusTM fluorometer 
(Promega, the Netherlands). Positive controls were then serially diluted in 10-fold 
dilutions ranging between 106 to 101 copies ∙ ul-1 of the 16S rRNA gene. These serial 
dilutions were used to generate standard curves which allowed minimal reaction 
efficiencies of 90-100 % and 0.997 < R2 < 0.999. 

3.2.7. Validation of the developed qPCR assay 
To validate the developed qPCR methods, we used biomass from different five 

full-scale gas biodesulfurization installations (Table 1). Additional research focusing 
on the microbial community compositions of these full-scale installations was based 
on 16S rRNA gene amplicon sequencing [8]. The applicability of the qPCR assay was 
validated by comparing qPCR-based relative target abundances with relative abundances 
obtained from the 16S rRNA gene amplicon sequence data. To calculate relative target 
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abundances, total bacterial 16S rRNA gene copy abundance was quantified using the 
universal bacterial primer set 338F/518R [15,23] and an in-house protocol [24].

Table 1 A brief description of the full-scale biodesulfurization installations, and averaged operational 
parameters.

Location Industry Sour gas composition Sample ID

Eerbeek (NL) Paper mill biogas, 0.7 % H2S Paper mill – 1
Zülpich (DE) Paper mill biogas, 0.5 % H2S Paper mill – 2
Amersfoort (NL) Landfill waste landfill gas, 0.3 % H2S Landfill
Southern Illinois (USA) Oil and gas associated gas, 1-5 % H2S, 50-200 ppm VOSC* Oilfield – 1
Sulawesi (ID) Oil and gas acid gas 80 – 90 %, 10 – 20 % H2S, X ppm thiols Oilfield – 2

*VOSC – volatile organic sulfur compounds, e.g., thiols and diorganopolysulfides.

3.2.8. Accession number
The EMBL-EBI accession numbers of the full-length 16S rRNA clonal gene 

sequences of Alkalilimnicola ehrlichii, Thioalkalivibrio sulfidiphilus and Thioalkalibacter 
halophilus are LR214448 - LR214450 in the project number PRJEB30777. 16S rRNA 
gene amplicon sequences from the full-scale installations are deposited under EMBL-
EBI project accession number PRJEB27163 and PRJEB32000. 

3.3. Results 

3.3.1. Primers evaluation and qPCR assay optimization
For each of the three targets, we designed three primer sets for which we 

subsequently optimized the qPCR protocols. The properties of the primers that were 
tested in silico and in vitro are summarized in Table 2. 

Table 2 Description of designed species-specific primers description.
Primer ID Primer sequence E. coli 

position
Theoretical 
Tm, ºC

Length, bp GC content, %

Thio-6F AGG GCT AGA GTT TGG TAG 647 52 18 50
Thio-8R AGA GGC ATA ATC CTC CCA 834 54 18 50
Alkali-4AF GTT AAT AGC CGT GGG TCT 462 54 18 50
Alkali-6BR TAC CAG ACT CTA GCC CGA 646 56 18 56
Tab-137-G_F CTT AGG TGG GGG ATA ACA CG 137 57 20 55
Tab-210R ATC CTT TGG CGC GAG GTC CG 210 65 20 65

F- forward; R- reverse; Thio - Thioalkalivibrio spp.; Alkali - Alkalilimnicola ehrlichii; Tab - Thioalkalibacter 
halophilus.

In silico amplification demonstrated that primer set Thio-6F/Thio8-R quantified Tv. 
sulfidiphilus and closely related Tv. denitrificans. Empirical qPCR experiments and 



Chapter 364   |

subsequent melt-curve analysis on DNA extracted from pure cultures of Tv. sulfidiphilus 
and Tv. denitrificans correspondingly showed amplification of both species at the same 
annealing temperature (Appendix A, Fig. A1). qPCR assays for Alk. ehrlichii and Th. 
halophilus showed species-specificity in silico and in vitro (Fig. A2 and A3). Yet, our 
temperature gradient experiment conducted for the Alk. ehrlichii-targeting primer set 
Alkali-4AF/Alkali-6BR suggested amplification of non-target DNA at temperatures 
exceeding 55 ºC. Melt curve analysis of this temperature gradient demonstrated 
that non-target amplification reduced with decreasing temperatures. A subsequent 
temperature gradient including lower temperatures revealed that at 53 ºC, the desired 
specificity for Alkalilimnicola ehrlichii was reached. Optimal reaction parameters for 
the developed qPCR assays were initial denaturation for 5 min at 95 ºC followed by 
30 amplification cycles of denaturation for 10 sec at 95 ºC, annealing for 30 sec at 53 
ºC for Alkalilimnicola ehrlichii, 55 ºC for Thioalkalivibrio sulfidiphilus and 66 ºC for 
Thioalkalibacter halophilus. 

Fig. 2. Comparison of relative taxon abundances using 16S rRNA gene amplicon sequencing (NGS) and 
species-specific qPCR from five full-scale gas biodesulfurization installations. The results represent the 
average value per full-scale biodesulfurization installation for each of the target species that was positively 
detected. Error bars represents the standard deviation of technical duplicates. Amplicon sequence data are 
modified from [8]. 
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3.3.2. Validation of the developed qPCR assay
To validate the applicability of the developed qPCR assays, we quantified absolute 

abundances of the target species and total bacteria in five full-scale gas biodesulfurization 
installations geographically distributed across Europe, Asia, and North America (Table 
1). Our results demonstrated that the qPCR-based relative species abundances (i.e. 
ratio species-specific to total bacterial 16S rRNA amplicon count) are analogous to 
the relative abundances obtained by16S rRNA gene amplicon sequencing (i.e. ratio 
taxon-specific to total read count) of the microbial community structure in the full-scale 
biodesulfurization installations (Fig. 2). In both Paper mill installations, the relative 
abundance of Thioalkalivibrio spp. quantified by qPCR and amplicon sequence data 
are of the same magnitude. However, in three other full-scale installations quantified 
abundances by qPCR assays differed from amplicon sequencing data. Relative abundances 
of Thioalkalivibrio spp. detected by qPCR in Oilfield and Landfill plants were two times 
less than the relative abundance of Tv. sulphidophilus in amplicon sequencing data 
(Fig. 2). The same two-fold difference was found for less abundant Th. halophilus in 
Oilfield - 2 installation (0.22 % vs. 0.09 %) (Fig. 2). Collectively, these results indicate 
that the developed qPCR assays can be applied for detection and quantification of 
Alkalilimnicola ehrlichii, Thioalkalivibrio sulfidiphilus and Thioalkalibacter halophilus in 
various gas biodesulfurization installations. 

3.4. Discussion

Developed qPCR assays for fast and accurate quantification of Alkalilimnicola ehrlichii, 
Thioalkalivibrio sulfidiphilus and Thioalkalibacter halophilus were optimized to achieve 
maximal specificity and sensitivity to detect potentially low abundance of target species. 
For Alk. ehrlichii and Th. halophilus, the designed primers achieved 100% specificity by 
allowing 0 mismatches in the primer binding region. For Thioalkalivibrio spp., primers 
were designed for a subcluster of this genus (Fig. 1). Thioalkalivibrio sulfidiphilus HL-
EbGR7 is genetically related to another Tv. sulfidiphilus ALJ17 and to Tv. denitrificans 
[22,25]. Hence, we can conclude that the designed primer set quantified Tv. sulfidiphilus 
in the samples as it is the only Thioalkalivibrio species detected and dominantly present 
at low salt conditions in the gas biodesulfurization lab- and full-scale installations. The 
targeted sub-cluster contains other two closely related species, which are Tv denitrificans 
and Tv. thiocyanodenitrificans [22]. The designed primer set Thio6F/Thio8R is specific 
for Tv. sulfidiphilus and Tv. denitrificans, whereas Tv. thiocyanodenitrificans was not 
tested (Appendix A, Fig. A1). However, Tv. denitrificans and Tv. thiocyanodenitrificans 
have never been detected as thiodenitrifying conditions are not provided in the full-
scale biodesulfurization process. It is therefore confirmed that the primer set Thio6F/



Chapter 366   |

Thio8R only quantified Thioalkalivibrio sulfidiphilus in the experimental samples from 
biodesulfurization full- and lab-scale installations.

Optimization of the quantitative real-time PCR protocols enhanced the specificity 
of the designed primer sets in experimental samples. Conventionally, regular PCR 
temperature gradients are advisable to be performed with subsequent visualization 
of product bands using gel electrophoresis. However, the detection by agarose gel 
electrophoreses is limited for low (expected) product concentrations [26,27]. For 
the Alkali-4AF/Alkali-6BR primer set targeting Alkalilimnicola ehrlichii, we reached 
specificity at a lower than expected annealing temperature. Similarly, Sipos et al. 
[28] found that three universal bacterial primers showed better performance at lower 
temperatures based on temperature gradients with varying annealing temperatures (47 to 
61 ºC). Furthermore, Ishii and Fukui [29] also found that at low temperatures, mismatch 
biases of primers were reduced. Apparently, decreasing annealing temperatures can yield 
improved target specificity of qPCR assays, which proved a beneficial property for the 
Alkalilimnicola ehrlichii assay. In addition, the reverse primer with relatively high GC 
content Alkali-6BR (56 %, Table 2), was more specific for detection of Alkalilimnicola 
ehrlichii at lower temperatures.

Sequencing based methods give the possibility to resolve the community 
composition of complex experimental samples, where further qPCR assay can be 
complementary applied to answer more profound questions on population dynamics 
of a specific target organism. In our work, we showed that with use of both techniques 
similar results can be achieved, which confirms the accuracy of the developed qPCR 
assays. Relative abundance estimates for dominant species between qPCR and 16S 
amplicon sequence data were comparable in both Paper mill installations, while in 
other full-scale installations there was a two-fold diffrence. Observed difference might 
be caused by the use of different universal primer sets for 16S rRNA gene quantification 
in qPCR and NGS, because no primer set is truly universal [30]. Primers have different 
affinity for different taxonomic groups what prevents detection of certain operational 
taxonomic units (OTUs) in NGS [31]. This results in biased relative abundances 
especially within complex samples [32]. In addition, variation between qPCR and 
NGS counts can be explained by a PCR bias (in NGS) introduced by less dominant 
species [33]. Hence, we suggest that it is reasonable to expect that the final number of 
reads for the target species is higher using universal primers after a defined number of 
exponential amplification cycles. Detection limits of rare taxa are strongly dependent 
on the sequencing depths of sample (i.e. number of sequence reads per sample). In 16S 
rRNA gene amplicon sequencing methods, competition for primers occurs between 
rare and abundant taxa, where most likely abundant taxa outcompete amplification of 
rare taxa [34]. With qPCR however, species-specific absolute quantification of rare and 
abundant taxa can be done. 
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The development of three novel qPCR assays allows for accurate, sensitive, fast 
and cost-efficient quantification of Alkalilimnicola ehrlichii, Thioalkalivibrio spp. 
and Thioalkalibacter halophilus in complex samples, such as lab- and full-scale 
gas biodesulfurization installations. The presented qPCR assays will have ample 
applicability for monitoring dynamics of key SOB species in the gas biodesulfurization 
process, especially in the presence of common process perturbations such as thiols. 
Moreover, established dynamics will allow us to expand our understanding of the gas 
biodesulfurization process and thus, will enable us to improve process performance. 
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Appendix A – Melting curves. 

Fig. A1. Melting curve analysis of qPCR products of 16S rRNA gene of Thioalkalivibrio genus with use of 
SYBR Green.

Fig. A2. Melting curve analysis of qPCR products of 16S rRNA gene of Alkalilimnicola ehrlichii with use 
of SYBR Green.
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Fig. A3. Melting curve analysis of qPCR products of 16S rRNA gene of Thioalkalibacter halophilus with 
use of SYBR Green.
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Effect of dimethyl disulfide on the 
sulfur formation and microbial 
community composition during the 
biological H2S removal from sour gas 
streams

Abstract 
Removal of organic and inorganic sulfur compounds from sour gases is required because 
of their toxicity and atmospheric pollution. The most common are hydrogen sulfide 
(H2S) and methanethiol (MT). Under oxygen-limiting conditions about 92 mol% of 
sulfide is oxidized to sulfur by haloalkaliphilic sulfur-oxidizing bacteria (SOB), whilst 
the remainder is oxidized either biologically to sulfate or chemically to thiosulfate. MT 
is spontaneously oxidized to dimethyl disulfide (DMDS), which was found to inhibit 
the oxidation of sulfide to sulfate. Hence, we assessed the effect of DMDS on product 
formation in a lab-scale biodesulfurization setup. DMDS was quantified using a newly, 
in-house developed analytical method. Subsequently, a chemical reaction mechanism was 
proposed for the formation of methanethiol and dimethyl trisulfide from the reaction 
between sulfide and DMDS. Addition of DMDS resulted in significant inhibition of 
sulfate formation, leading to 96 mol% of sulfur formation. In addition, a reduction in 
the dominating haloalkaliphilic SOB species, Thioalkalivibrio sulfidiphilus, was observed 
in favor of Thioalkaibacter halophilus as a more DMDS-tolerant with the 50% inhibition 
coefficient at 2.37 mM DMDS.

This chapter has been published as: Kiragosyan, K., Picard, M., Sorokin, D.Y., 
Dijkstra, J., Klok, J.B.M., Roman, P., Janssen, A.J.H., 2020. Effect of dimethyl disulfide 
on the sulfur formation and microbial community composition during the biological 
H2S removal from sour gas streams. J. Hazard. Mater. 386. https://doi.org/10.1016/j.
jhazmat.2019.121916
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4.1 Introduction

Natural gas and other sour gas streams often contain (organo)sulfur compounds, such 
as hydrogen sulfide (H2S) and thiols [1]. Sulfide and volatile organosulfur compounds 
(VOSCs) are highly toxic, corrosive, and malodorous compounds, which have adverse 
effects on animal and human health as well as the environment [2]. Hence, the removal 
of these pollutants is needed before the gas streams can be utilized further. This triggered a 
number of technological developments for efficient H2S and VOSC removal [3]. Nowadays, 
a variety of desulfurization technologies is commercially available for the removal and 
conversion of sulfurous compounds among which the biological gas desulfurization 
technology described in this paper that has been developed by our group in collaboration 
with industry [4]. 

The technology studied relies on naturally occurring haloalkaliphilic sulfur-oxidizing 
bacteria (SOB). The process was first developed for the removal of H2S from biogas 
generated by anaerobic digestion processes in wastewater treatment plants and landfills 
[5]. Subsequently, the process was further upgraded to treat high-pressure natural gas 
streams and refinery gas streams, often containing a number of other toxic compounds 
such as BTEX hydrocarbons, hydrogen cyanide, ammonia [6]. This process, also known 
as Thiopaq O&G, consists of an alkaline absorber column to remove H2S from the gas, a 
microaerophilic bioreactor for dissolved sulfide oxidation to insoluble sulfur, and a gravity 
settler for the removal of the formed biosulfur particles [7]. Recently, the line-up was 
improved by the addition of an anaerobic bioreactor for achieving higher sulfide-to-sulfur 
bioconversion efficiencies [8].

In the biodesulfurization process, H2S and thiols are counter-currently absorbed 
from gas streams into an alkaline aqueous solution (~1 M sodium bicarbonate) at a 
pH between 8 - 9 [9,10]. The loaded liquid containing bisulfide (HS-) and thiols (RS-) 
is subsequently directed to an anaerobic bioreactor to allow the microbial enzyme systems 
to reach a fully reduced redox state and to dissolve any small sulfur particles into polysulfides 
[11]. From our previous studies, it follows that the addition of an anaerobic reactor increases 
the overall sulfide conversion efficiency to elemental sulfur [10]. The dominating biological 
reactions are the conversions of HS- into respectively elemental sulfur (S0) and sulfate 
(SO4

2-) under oxygen-limiting conditions (Eq. 1 and 2) [12]. Simultaneously, a number of 
chemical oxidation reactions occur mainly resulting in the formation of thiosulfate (S2O3

2-

) either directly from the oxidation of sulfide or indirectly via autooxidation of polysulfide 
anions (Sx

2-) (Eq. 3 and 4) [10]. Sx
2- anions are chemically stable at high pH values in the 

absence of O2, but in the presence of O2 they are rapidly oxidized chemically to thiosulfate 
or by SOB to sulfur and sulfate (Eq. 5) [11]. It was also found that formation rates of 
sulfate and sulfur depend on the SOB community composition and their activity status 
and the prevailing process conditions in the bioreactors [13]. When thiols are present, a 
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rapid reaction with O2 will take place leading to the formation of diorgano polysulfanes 
(DOPS) (Eq. 6) [14]. In addition, diorgano polysulfanes (n > 3) will be formed from 
the reaction between thiols and biosulfur (Eq. 7). Subsequently, DOPS and diorgano 
polysulfanes will react to meta-stable intermediates that will quickly decompose to stable 
di- and trisulfides (Eq. 8) [10,15]. 

2 HS- + O2 → 2 S0 + 2 OH- (Eq. 1)

HS- + 2 O2 → SO4
2- + H+ (Eq. 2)

HS- + 2 O2 → ½ S2O3
2- + ½ H2O (Eq. 3)

Sx
2- + 1 ½ O2 → S2O3

2- + (x-2) S0 (Eq. 4)
1/2  S2O3

2- + O2 + ½ H2O → SO4
2- + H+ (Eq. 5)

2 RSH + 1/2 O2 → RS2R + H2O (Eq. 6)

2 RSH + 8 S0 → RSnR + Sx
2- + 2 H+, with n + x = 10 (Eq. 7)

2 RSnR ↔ RSn-1R + RSn+1R, with n > 3 (Eq. 8)

Several studies showed that the toxic effect of thiols, and especially methanethiol, on 
SOB result in a decrease of the sulfur formation rates [10,16]. Roman et al. unveiled 
the toxic effects of various thiols and DOPS on the activity of haloalkaliphilic SOB 
[17]. From this study, it follows that formation of sulfate as end-product of biological 
oxidation of sulfide is mostly affected by DOPS (dimethyl disulfide, diethyl disulfide, 
and dipropyl disulfide), while formation of sulfur as end-product is mainly affected by 
thiols [17]. In this paper, we studied the most commonly present DOPS, i.e. dimethyl 
disulfide (DMDS), in full-scale biodesulfurization reactors [13]. Therefore, this study 
aims to evaluate the effect of DMDS on both the reactor performance and SOB 
community composition with the objective to minimize sulfate formation and possibly 
maximize sulfur formation. 

4.2 Materials and Methods

4.2.1 Experimental setup and experimental design 
The laboratory setup consisted of a counter-current falling film gas absorber 

and two bioreactors in series; the first one is an anaerobic reactor for reducing the 
bacterial cytochromes followed by an aerobic reactor for sulfide oxidation (Fig. 1). The 
composition of the feed-gas was controlled using mass flow controllers (type EL-FLOW, 
model F-201DV-AGD-33-K/E, Bronkhorst, the Netherlands). For each type of gas, a 
dedicated mass flow controller was selected based on the gas supply rates. For hydrogen 
sulfide a range of 0-17 mL min-1 was used; for nitrogen gas, the selected range was 
0-350 mL min-1; for O2 0-30 mL min-1 and carbon dioxide 0-40 mL min-1. Hydrogen 
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sulfide and nitrogen gas were continuously supplied, whereas O2 and carbon dioxide 
dosing rates were pulse-wise controlled with a multiparameter transmitter (Liquiline 
CM442-1102/0, Endress+Hauser, Germany). Supply of O2 to the aerobic bioreactor 
was regulated based on a feedback controller (PID) receiving input signals from a redox 
sensor equipped with an internal Ag/AgCl reference electrode (Orbisint 12D-7PA41; 
Endress+Hauser, Germany). CO2 was supplied through the gas inlet, but the dosing rate 
was regulated based on signals from a pH sensor located in aerobic bioreactor (Orbisint 
11D-7AA41; Endress+Hauser, Germany). Dimethyl disulfide (Sigma-Aldrich, the 
Netherlands) was supplied to the anaerobic bioreactor with a diaphragm metering pump 
(Simdos 10, KNF Lab, the Netherlands). The concentration of the DMDS was stepwise 
increased, starting from 0.15 up to 0.6 mM day-1 (Table 1). The oxidation-reduction 
potential (ORP) setpoint was chosen at -390 mV to suppress sulfate formation [13]. 

A digital gear pump was used to assure liquid recirculation between the aerobic 
bioreactor and the gas absorber (EW-75211-30, Cole-Palmer, USA) at a constant 
flow of 10 L h-1. A gas compressor (N 820 FT.18, KNF Laboport, USA) was used 
to continuously recycle gas (20 L min-1 at atmospheric pressure) over the aerobic 
bioreactor. The anaerobic bioreactor was equipped with a stirrer to assure mixing. The 
gas absorber and the bioreactors temperatures were controlled at 35 ºC by a thermostat 
bath (DC10, Thermo Haake, Germany). Both gas and liquid samples were taken from 
the experimental system. Liquid samples were taken in triplicate from two sampling 
points located at the bottom section of the absorber and in the bioreactor (Fig. 1). Single 
gas phase samples were taken from three locations: gas inlet, bioreactor headspace, and 
absorber outlet. 

Fig. 1. Schematic representation of the experimental setup used for the experiments. G – gas sampling 
point, L – liquid sampling point, DMDS – dimethyl disulfide. Blue area indicates liquid.
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Table 1 An overview of the process conditions in the experimental setup.
Parameter Value

H2S loading rate, mM S day-1 58.15 

DMDS, mM S day-1 0.15 – 0.6 

Salinity, M Na+ 1.0

Carbonate alkalinity, M 1.0

pH setpoint 8.5 ± 0.05

Temperature, ºC 35 ± 1

ORP setpoint, mV 390

4.2.2 Medium composition
The haloalkaline medium was buffered with 0.045 M Na2CO3 and 0.91 M 

NaHCO3. The fresh medium contained 1.0 g K2HPO4, 0.20 g MgCl2 x 6H2O and 0.60g 
urea, per 1 L of ultrapure water (Millipore, ISO 3696) and a trace element solution as 
described in Pfenning and Lippert [18]. The pH of the medium was controlled at 8.5 
± 0.05 at 35 ºC.

4.2.3. Inoculum 
The bioreactor inoculum consisted of a mix of different biomass sources, 

originating from four different biodesulfurization installations: Oilfield - 1, Oilfield 
- 2, Landfill and Pilot plant [19,20]. By preparing a mix of inoculum we enabled a 
higher microbial diversity and increased the chances for the best suitable organisms to 
become the dominating species. The inocula were mixed in the following volumetric 
ratio: 2:1:1:2. After mixing, the cells were concentrated by centrifugation (15 min 
at 16,000g). Hereafter the collected pellets containing the bacteria (and also a small 
fraction of sulfur) were used to inoculate 5 L experimental system. The description of 
the biomasses reflects the various industries where the installations are located. Oilfield 
- 1 full-scale installation treats associated gas from an oil production site containing low 
concentrations of thiols 50-200 ppm and 1-5 % of H2S, whereas Oilfield - 2 treats acid 
gas from an amine installation, containing 10 - 20 % of H2S and 20-500 ppm(v) thiols 
[20]. The landfill installation treats landfill gas containing 0.3 % of H2S whilst the pilot 
plant treats pure (100%) H2S gas [8]. 

4.2.4 Respiration tests
Respiration tests, also known as biological oxygen monitoring or activity tests, 

were performed to assess reaction rates of biological sulfide oxidation in an air-saturated 
carbonate/bicarbonate buffer. The setup and detailed test performance are described 
in [19]. In the current study, we measured the effect of DMDS on both sulfide and 
thiosulfate oxidation in thermostated batch reactors. The experiments were first carried 
out at a sulfide concentration of 0.12 mM because in our previous studies the maximum 
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reaction rate was reached at this concentration [15,19]. Then the experiments were 
repeated at thiosulfate of 0.12 mM and finally in the presence of both sulfide and 
thiosulfate at a total concentration of 0.12 mM. Although this concentration was below 
the normally measured values in the bioreactor, the experiments allowed us to estimate 
whether any thiosulfate oxidation would takes place as the affinity constant for thiosulfate 
oxidation, Ks, is significantly lower, i.e. 6+/-3 µM) [21]Russia. All stock solutions were 
freshly prepared and before usage the sulfide concentration was confirmed using the 
methylene blue test (LCK653, Hach Lange, Tiel, the Netherlands). Respiration tests 
were immediately performed after completion of the lab-scale bioreactor experiments 
using SOB cell pellets. 

In addition, biological sulfide oxidation kinetics (in the presence and absence 
of DMDS) were studied with a pure culture of Thioalkalibacter halophilus, as this 
species proliferated in the presence of DMDS in our lab-scale bioreactor experiments. 
Based on the obtained data, we calculated IC50 values for DMDS. The obligate 
chemolithoautotrophic haloalkaliphilic SOB Thioalkalibacter halophilus ALCO 1 
strain was obtained from the German Collection of Microorganisms and Cell Cultures 
(DSMZ). 

4.2.5 Analytical techniques 
Biomass quantification was based on the amount of organic nitrogen that was 

oxidized to nitrate by ammonium persulphate (LCK238 and LCK338, Hach Lange, 
Tiel, the Netherlands). Sample (1 mL) for biomass quantification contained both 
elemental sulfur particles and biomass. After centrifugation at 20 238 x g, we washed 
and resuspended the pellet with 0.5 M sodium carbonate solution to separate sulfur 
and any dissolved N-containing salts from the sample. In the washing procedure, we 
mainly picked up biomass pellets and minor amounts of sulfur particles with a pipette 
and transferred them to another Eppendorf tube where the sample was resuspended 
and then allowed to settle by centrifugation. As biomass has a lower density than 
sulfur, it settles on top of the heavier sulfur particles and forms a separate pellet. After 
three cycles, sulfur particles were almost absent from the biomass sample. By using the 
before mentioned protocol, no sulfur was observed. Furthermore, we also would like 
to state that proteins attached to the sulfur are also considered biomass, even though 
they are extracellular. Moreover, data from our experiments on biomass concentration 
are compatible with results from our colleagues [13,22]. Sulfate and thiosulfate 
were measured by ion chromatography (Compact IC 761, Metrohm Nederland, 
Barendrecht, the Netherlands) with an anion column (Metrohm Metrosep A Supp 
5, 150/4.0 mm, Metrohm Nederland, Barendrecht, the Netherlands) equipped 
with a pre-column  (Metrohm Metrosep A Supp 4/5 Guard, Metrohm Nederland, 
Barendrecht, the Netherlands) to eliminates any particles. Immediately after sampling 
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all solids were removed by filtration over a 0.45 μm membrane syringe filter (HPF 
Millex, Merck, Amsterdam, the Netherlands) and mixed with 0.2 M zinc acetate in 
a 1:1 ratio to prevent chemical sulfide oxidation. The biological sulfur concentration 
was calculated from the sulfur mass balance based on the cumulative amount of 
supplied sulfide and the actual sulfate and thiosulfate concentrations, according to: 
[S0]t = (Δt (H2S supplied)/ Vliquid) – [SO4

2-]t – 2*[S2O3
2-]t – x*[Sx

2-]t  
The initial sulfur concentration is assumed to be zero. This is a general method to 
establish the concentration of accumulated sulfur per time interval (Δt) [8,9,15,23]. 
Concentrations of dissolved sulfide, polysulfides, and possible volatile organosulfur 
compounds were not taken into account, as their combined contribution to the total 
concentration of sulfur species is negligible [9]. We also assume pseudo ‘steady-state’ 
conditions of the system, which was confirmed by consecutive liquid and gas samples 
[13,19,24]. 

Sulfide and bisulfide were measured as total sulfide (S2-
tot) using the methylene 

blue method with a commercially available method (LCK653, Hach Lange, Tiel, the 
Netherlands). Total sulfide quantification was carried out immediately after sampling 
and samples were diluted in oxygen-free Milli-Q water (sparged with N2 gas for 30 
min) to exclude any chemical sulfide oxidation [17]. 

In addition to sulfur-containing anions, sodium and potassium concentrations 
were measured with ion chromatography as described earlier [19]. A Metrohm 
Metrosep C4−, 150/4.0 mm column, was used with 3 mM HNO3 as the eluent at 
0.9 mL min−1.

To close the electron balance as described by [13], carbonate and bicarbonate ion 
concentrations were established using the Henderson-Hasselbalch equation [25]. For 
that, liquid samples were analyzed for total inorganic carbon using high-temperature 
(680 ºC) catalytic oxidation with a TOC-L CPH analyzer (Shimadzu Benelux, 
‘s-Hertogenbosch, the Netherlands).

In total, two types of liquid samples were prepared: (1) filtrated and precipitated 
with zinc acetate for anions measurements and (2) non-filtrate for biomass 
quantification and TOC analysis. All liquid samples were stored at 4 ºC before being 
analyzed (about three days).  

The various gas phases, i.e. absorber inlet and outlet and bioreactor gas recycle, 
were analyzed for H2S, N2, CO2, and O2) with a gas chromatograph (CP4900 Micro 
GC, Varian, Middelburg, 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).



Chapter 482   |

4.2.6 Analysis of DMDS using Gas Chromatography with Flame Photometric 
Detector (GC-FPD)

4.2.6.1 GC-FPD system and calibration and gas samples analysis
The Thermo Scientific Trace GC Ultra GC-FPD system consisted of a gas 

sampling valve (GSV) mounted in a valve oven, a split/splitless injector with a purge-
and-trap adaptor as an interface for the GSV, a programmed temperature oven and 
an FPD detector (all supplied by Interscience, Breda, the Netherlands). An Agilent 
Technologies HP-5MS analytical column (Agilent Technologies, Amstelveen, the 
Netherlands) was used to separate the mixture of sulfur compounds with a constant 
helium flow of 1.3 mL min-1. 

The GC-FPD system was calibrated using a two-channel gas mixing device, 
the Alytech GasMix Aiolos II (Da Vinci Laboratory Solutions, Rotterdam, the 
Netherlands). Hydrogen sulfide was connected to channel 1 (volumetric flow range 
1 - 50 NmL min-1), and nitrogen was connected to channel 2 (volumetric flow range 
30 - 2000 NmL min-1). Calibration standards of 30, 50, 100, 150, 200, 300, 400 and 
600 ppm mol H2S were prepared and injected in triplicate to create the quadratic 
calibration curve, which is characteristic for FPD detectors. Limits of detection (LOD) 
and quantification (LOQ) were determined as described by [25], using a target RSD 
of 20% for LOQ; LOD and LOQ were found to be 2.25 and 7.50 ppm mol of H2S, 
respectively. It should be noted that an FPD detector has equimolar sensitivity for 
sulfur atoms, which allowed us to use H2S as a calibration standard for DMDS and, 
if needed, all other sulfur species. All stainless-steel gas lines going in and coming out 
of the GasMix as well as all gas lines in the GC-FPD system were Sulfinert treated by 
Restek (Bellefonte, USA) to prevent sulfide adsorption to the bare steel.

For identification of other VOSCs, the GC method parameters, as well as the 
analytical column, were transferred to an Agilent Technologies GC-MS system, 
consisting of a 6890N GC and a 5975 inert XL mass spectrometer (Agilent 
Technologies, Amstelveen, the Netherlands). The mass spectrometer allowed 
identification of all peaks based on their mass spectrum, which was compared with a 
mass spectrum library (NIST MS Search version 2.0d, 2005).

4.2.6.2 Liquid samples analysis
All reagents were of analytical grade unless stated otherwise. Thioanisole (TAS), 

methanethiol, and DMDS were supplied by Sigma Aldrich (Zwijndrecht, the 
Netherlands), while n-hexane was purchased from VWR International (Amsterdam, 
the Netherlands). Hydrogen sulfide gas (2500 ppm mol; balanced by nitrogen), 
nitrogen 5.0 and helium 5.0 were obtained from Linde Gas Benelux (Schiedam, the 
Netherlands). Colloidal particles of biologically produced sulfur were obtained and 
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purified as described elsewhere [10]. Matrix composition of all samples described in 
this section is the same as the reactor medium (section 4.2) unless stated otherwise.

4.2.6.3 Liquid-liquid extraction and sample injection 
An in-house developed liquid-liquid extraction of sulfuric compounds was used 

because other analytical techniques such as GC analyses will suffer from the high 
content of sulfur particles and salts present in the bioreactor samples. The extraction 
was performed as follows: 500 µL of the liquid sample was added to 500 µL of 
thioanisole (388 mg L-1) in hexane, which is equivalent to 0.1 g S L-1, in a closed 
silanized glass vial using a glass syringe (Hamilton model 750, VWR International, 
Amsterdam, the Netherlands). Then, the vial was placed in a shaker for 30 minutes at 
600 rpm. After removing the sample from the shaker, it was left to stand for at least 
5 minutes to allow for phase separation to complete. During the process of method 
optimization, the efficiency of the extraction was found dependent on the extraction 
time (Appendix A).

Subsequently, 0.80 µL of the top hexane layer was injected into the GC-
FPD system with a 10 µL Hamilton 1800 series gastight glass microsyringe (VWR 
International, Amsterdam, the Netherlands) for sulfur species quantification. During 
method optimization, an optimum injection volume was found to achieve a complete 
recovery (100 %) and a small relative standard deviation (1 %) (Appendix A).  The 
‘sandwich’ injection technique was employed: (a) first 1 µL of air was drawn into the 
syringe, followed by (b) 2 µL of extraction solvent from the sample vial. The next step 
was (c) to closely monitor the meniscus of the hexane inside the barrel of the syringe 
while the syringe needle still resided in the sample vial until meniscus was stagnant 
- indicating the gaseous headspace above the hexane in the barrel had been saturated 
with hexane vapors. Afterward, (d) the plunger was returned to the 1 µL mark, thereby 
expelling all liquid hexane from the syringe barrel, next (e) 0.8 µL of hexane was drawn 
into the syringe. Finally (f ), the needle of the syringe was raised above the liquid level 
inside the sampling vial, and 1 µL of air was drawn into the syringe, resulting in a 
small hexane column sandwiched between two columns of gas. The syringe was then 
removed from the sample vial and transferred to the GC inlet, where it was quickly 
injected into the hot inlet. Because the sandwich technique was used, there was no 
direct contact of hexane with the hot inlet when penetrating the inlet septum with the 
needle, thus minimizing injection volume losses. Injection volume losses were further 
compensated by using thioanisole (TAS) as injection volume correction standard: the 
response factor (RF) of the pure extraction solvent containing 388 mg L-1 TAS was 
determined from the average of 10 replicate injections. Subsequently, this average 
RF was used to correct the results for all compounds of every injection of extraction 
liquid. To close the mass balance in a gas-liquid system, we converted the detected gas 
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concentrations (ppm mole H2S) into mM S and vice versa by multiplying the ppm 
mole with the conversion factor as described in Appendix B.

4.2.7 DNA isolation and purification
Samples for genomic DNA extraction were taken at two-time points: inoculum 

and end of the process operation with DMDS. Taken 100 ml of the process medium 
from the bioreactor was centrifuged to obtain bacterial cells and washed with 0.5 
M Na+ solution to prevent osmotic shock. Washed and concentrated cell pallet was 
divided into three equal aliquots to obtain representative data. These triplicates are 
highly dependent as they originate from the same system. Thus, they are technical and 
not biological replicates. 

Genomic DNA was extracted using the DNeasy PowerLyzer PowerSoil Kit 
(Qiagen) following the manufacturer’s instructions. Extracted DNA was quantified 
using QuantiFluor dsDNA systems and a QuantusTM fluorometer (Promega, The 
Netherlands). DNA integrity was evaluated with gel electrophoresis.

4.2.8 16S amplicon sequencing and qPCR
16S rRNA gene amplicon sequence libraries were sequenced on an 

Illumina MiSeq using the V3 chemistry to generate 300 bp paired-end 
reads with 515f (5’-GTGCCAGCMGCCGCGGTAA-3‘) [27] and 926r 
(5’-CCGYCAATTYMTTTRAGTTT-3‘) [28] primer-set at MrDNA Molecular 
Research LP, Shallowater, TX, USA [29]. Sample identifier barcode sequences 
were extracted from forward and reverse reads in QIIME [30]. We then used the 
bioinformatics toolkit implemented in QIIME2 (version 2018.2 and 2018.11) to 
perform quality control and filtering of sequence data [31]. Briefly, samples were first 
demultiplexed, and primer sequences were then trimmed from sequence reads using 
cutadapt [32]. Subsequently, a feature table and a list of representative sequences for 
each unique amplicon sequence variant (ASV) were constructed after quality control 
of paired-end reads (i.e., denoising, error-correction, and chimera removal) using 
DADA2 version 2018.2.0 [33]. Quality control warranted a minimum quality Phred 
score of 30 by removal of the first ten bases of all reads and trimming of forward 
and reverse reads at 210 and 240 bases, respectively. Representative sequences for 
each ASV were de novo aligned using MAFFT [34]. The alignment was subsequently 
filtered to construct a phylogenetic tree using Fasttree2 [35]. Taxonomy assignment 
was performed on representative sequences using the scikit-learn naive Bayesian 
classifier [36] trained on full 16S rRNA sequences from the SILVA database version 
132 [37]. The pre-trained classifier is publicly available from qiime2.org/2018.11/
data-resources. Data analysis was performed using phyloseq version 1.22.3 [38] 
in R statistical software version 3.5.0 [39]. QIIME and R scripts are available as 
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supplementary information. The EMBL-EBI accession number for presented 16S 
rRNA sequencing set is PRJEB31230.

For absolute quantification of three species of interest, qPCR was used with 
designed species-specific primers. Detailed method description can be found in [20]. 

4.3. Results and discussion

4.3.1 Effect of DMDS on biological sulfide oxidation and product formation
In order to develop a performance baseline, the first experimental run only 

contained H2S in the feed gas. Hereafter the effect of DMDS was studied under similar 
conditions. The H2S experimental run lasted for 15 days, and the calculated average 
selectivities for sulfur, sulfate and thiosulfate formation were 91.5 ± 1.2 mol%, 6.7 ± 
1.1 mol% and 1.8 ± 0.3 mol%, respectively (Fig. 2A). Then, DMDS was supplied for 
six days at a rate of 0.2 - 0.6 mM S day-1. From day 1-4, the formation of thiosulfate 
was 8 ± 1 mol% while no sulfate (i.e. 0 mol%) was formed (Fig. 2B). This shows an 
immediate inhibition of sulfate formation by DMDS. On day five and six, the DMDS 
supply rate was at its maximum value of 0.6 mM S day-1, the thiosulfate formation 
was 9 ± 0.5 mol%, and sulfate formation was about 1.0 mol%. The root-cause for 
sulfate formation can be found in the ORP probe. Previous studies show that for sour 
gas streams that only contain H2S, the measured ORP is governed by the dissolved 
sulfide concentration [40]. However, in the presence of DOPS, the measured ORP 
is affected by the DOPS [13]. Hence, we have tested the effect of dipropyl disulfide 
on the measured ORP, and our results show a decrease of 20 mV. Consequently, the 
supply of O2 to the system increased in order to reach the ORP setpoint value, which 
resulted in increasing O2/H2S supply ratios from 0.60 mol mol-1 on day 1 to 0.85 
mol mol-1 on day six. Because significantly more oxygen is available, a part of the 
sulfide will be oxidized to sulfate as observed in many other studies [7,10,41]. From 
previous studies we know that a reduction of the ORP setpoint value to -450 mV does 
not lead to the desired O2/H2S supply ratio because the probe becomes somewhat 
insensitive, which is similar to controlling pH at very low or very high values. Clearly, 
in future studies an alternative oxygen supply strategy should be developed to ensure 
the formation of elemental sulfur in the presence of organic sulfur compounds. 

After six days of operation with DMDS in the feed stream, an average of 90.0 ± 
0.5 mol% of sulfur formation was achieved with 9.0 ± 0.5 mol% of thiosulfate and 
1.0 ± 0.2 mol% of sulfate. Hence, the addition of DMDS decreased sulfate formation, 
which was accompanied by increased rates of thiosulfate formation, resulting in a net-
zero increase in sulfur formation. Increased thiosulfate formation was also observed in 
previous studies with organic sulfur compounds, which were found to severely inhibit 
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SOB and ultimately lead to a complete drop-in biological sulfide-oxidizing activity 
[10,15,17]. Generally, thiosulfate accumulation is commonly found in both full-scale 
and lab-scale biodesulfurization installations due to the chemical oxidation of (poly)
sulfides [24], according to (Eq. 9-10) [42,43]: 
(x-1) S0 + HS- ↔ 2 Sx

2- + H+  (Eq. 9)
Sx

2- + 1 1/2 O2 → S2O3
2- + (x-2) S0 (Eq. 10)

Fig. 2. Performance of the laboratory bioreactor during (A) experiment 1 - the addition of H2S and (B) 
experiment 2 - the addition of H2S + DMDS addition. The system was operated at ORP setpoint of -390 
mV, pH setpoint of 8.5, T setpoint of 35 ºC and the H2S loading rate was 58.15 mM S day-1. 

Two reasons can be found to explain the production and accumulation of thiosulfate: 
Firstly, inhibition of biological thiosulfate oxidation to sulfate, according to Eq. 5 
[44]. Secondly, inhibition of biological sulfide oxidation leading to enhanced abiotic 
oxidation rates of (poly)sulfides to thiosulfate [10]. To study the prevailing mechanism, 
we performed respiration tests with sulfide and thiosulfate as the sole substrates and 
SOB cells grown in the presence and absence of DMDS. Results from respiration tests 
show that the maximum specific biological sulfide oxidation capacity of biomass grown 
in the experiment with DMDS addition was almost a factor of three lower than for 
biomass grown in the experiment with H2S only, i.e. 0.32 ± 0.02 mM O2 (mg N h)-1 
and 0.86 ± 0.04 mM O2 (mg N h)-1 at 0.12 mM of sulfide (Appendix C, Fig. C1). 
Due to this decreased capacity for sulfide oxidation rate, more thiosulfate formation 
occurred in the presence of DMDS. This means that full scale systems treating sour 
gas streams containing both H2S and DMDS have to be larger to accommodate for 
the reduced oxidation capacity, or alternatively, should be operated at higher biomass 
concentrations. In addition, to the observed differences in biological sulfide oxidation 
rates, specific loading rates also varied. In the experiment with DMDS addition the 
observed specific loading rates for sulfide oxidation are almost a factor three higher than 
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during H2S addition only, 2.54 mM H2S (mg N)-1 h-1 vs. 0.94 mM H2S (mg N)-1 h-1. 
The difference in specific loading rates is a result of different biomass concentrations 
that can be noted in the Fig 2A and B.  In addition, performed respiration tests indicate 
a slight decrease in the oxidation rates of both sulfide and thiosulfate in the presence of 
DMDS, i.e., a decrease of 19 % and 23 %, respectively (Fig. 3). In addition, we studied 
the simultaneous oxidation of sulfide and thiosulfate to identify sequence of reactions. 
From the recorded O2 consumption profiles it appears that the initial maximum rates 
found for the simultaneous oxidation of thiosulfate and sulfide were in a similar order of 
magnitude as for HS- oxidation only (Appendix C, Fig. C2). Thus, sulfide oxidation is 
the prefered oxidation reaction by SOB [45]. This is in accordance with Ang et al. [46], 
which reported that thiosulfate oxidation not occurred in a number of SOB as long as 
dissolved sulfide is present in solution. When analyzing the overall measurements of 
the simultaneous oxidation of sulfide:thiosulfate, it can be found that when all sulfide 
was consumed, similar oxidation rates were found for biological thiosulfate oxidation. 
The ability of bacteria to utilize two substrates is known as diauxy [47]. The order of 
substrate consumption depends on several factors such as amount of energy gained, 
toxicity of the compound [48], and by the ORP potential in case of sulfide/thiosulfate 
pair. Furthermore, lab- and full-scale biodesulfurization process operation is performed 
at a relatively low ORP value (i.e. -390 mV) at which SOB are induced for sulfide 
oxidation. Hence, in case of a combined sulfide/thiosulfate substrate, sulfide would be 
preferentially oxidized, and only in its absence, thiosulfate proceeds. This corresponds 
with our findings, i.e. the oxidation rates for sulfide are three times higher than those of 
thiosulfate as follows from the O2 consumption profiles in Appendix C.

Fig. 3. Average reaction rates for sulfide (0.12 mM) and thiosulfate (0.12 mM) oxidation by the developed 
SOB biomass in the presence and absence of 0.30 mM of DMDS. The biomass was adapted to DMDS. The 
respiration tests vessel was operated at T = 35 ºC and with carbonate/bicarbonate buffered medium. The 
pH was 8.5. Error bars indicate the standard deviation between measured triplicates. 
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We found that both the aforementioned reasons can contribute to thiosulfate 
accumulation. However, based on the established order of sulfide and thiosulfate 
oxidation and reaction rates, we conclude that the primary reason for thiosulfate 
accumulation is chemical (poly)sulfide oxidation. In order to increase the biological 
conversion rates at the expense of the chemical oxidation rate of (poly)sulfide we 
increased the biomass concentration (from 23 ± 1 mg N L-1 to 51 ± 3 mg N L-1) and 
started another experiment with H2S and DMDS as feed compounds. At increasing 
biomass concentrations, no thiosulfate formation (i.e. 0 mol%) was found, while the 
selectivity for sulfur formation was increased to 96 ± 1 mol% at 0.6 mM S day-1 
supplied DMDS (Appendix D, Fig. D1). Moreover, we found that only 4 ± 1 mol% 
of sulfate was formed. 

The composition of the liquid in both bioreactors was analyzed for the presence 
of diorganic polysulfides using our newly developed GC-FPD method. No significant 
differences were found between the anaerobic and aerobic bioreactor, assuming that 
no conversion of DMDS taking place. Next, to DMDS, dimethyl trisulfide and MT 
were detected in the process solution (Fig. 4A and B). In Figure 4, only the results 
of the anaerobic bioreactor are presented, since concentrations of DMDS, DMTS, 
and MT were identical in both reactors. The DMDS concentration in the liquid of 
anaerobic bioreactor was on average 0.65 ± 0.03 mM S and, in the headspace, 0.41 ± 
0.01 mM S, regardless of an increase in the DMDS supply. This not a full absorption 
of DMDS can be explained by the saturation of the alkaline process medium.

In Figures 4A and B, it can be seen that during startup of the experiments, DMDS 
and DMTS were present in the process solution. The measured concentrations at the 
onset of the experimental run were two times higher than expected from the influent 
concentrations. To explain this phenomenon, we first reconfirmed the concentration 
in the DMDS stock solution to assure that no experimental errors were made. We 
also checked if the stock solution would contain any DMTS. As this was not the case, 
a likely explanation for the higher DMDS concentration is the presence of minor 
amounts of DMDS and DMTS attached on sulfur particles surface, which remained 
from previous experiments as dioragno polysulfanes have a high affinity for sulfur. 
For instance, Roman et al. tested the ability of dimethyl polysulfides (dimethyl di-, 
tri- and tetrasulfide) to adsorb onto the surface of biosulfur particles [10]. They found 
desorption of DOPS from sulfur particles into the vial headspace. From the result of 
gaseous DMDS, DMTS and MT (Fig. 4A), it follows that our experimental system 
was in equilibrium as the DMDS, DMTS and MT concentrations in the headspace 
of aerobic bioreactor and absorber outlet were identical.
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Fig. 4. Concentrations of A. dimethyl disulfide (DMDS), B. dimethyl trisulfide (DMTS) C. methanethiol 
(MT) in liquid and gas samples and D. loading rate of DMDS. Concentration is expressed per the molecule 
of sulfur (mM S) to enable comparison.

The DMDS and DMTS concentrations were almost similar, i.e., about 0.5 mM (Fig. 
4A and B). Typically, both compounds are formed during the chemical oxidation 
of methanethiol (MT) (Eq. 6 - 8). Because no MT was added to the lab-scale 
biodesulfurization system, and biological degradation of DMDS was not feasible as 
electron donor was lacking for the reaction (Fig. 4C). Hence, a different reaction occurred, 
leading to DMTS formation. In the lab-scale biodesulfurization setup, significant levels 
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of sulfide and DMDS were present in the anaerobic bioreactor. It is known that sulfide is 
a strong nucleophile that can open sulfur-sulfur bonds, e.g., in S8 rings [49]. In addition, 
sulfide can react with diorgano polysulfanes to form persulfides (Eq. 10). We found 
that in the presence of trace amounts of O2 and at alkaline conditions, this reaction 
will lead to the formation of multiple products. For example, MT, dimethyl trisulfide, 
dimethyl tetrasulfide, and sulfite anions were formed when DMDS was exposed to 
sulfide (Appendix F). Therefore, it is proposed that this reaction can proceed with Bunte 
salts [50] as an intermediate product in the following steps:

H3C
S

S
CH3HS + CH3S +H3C

S
S H+ (Eq. 10)

H3C
S

S
+ 3/2 O2 H3C

S
SO3

(Eq. 11)
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CH3
+ H3C
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S

S CH3
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Where the overall equation can be written as follows:
3 HS- + 3 CH3S2CH3 + 3/2 O2 → 4 CH3S- + CH3S4CH3 + 3 H+ + SO3

2-  (Eq. 14)
However, formed sulfite (SO3

2-) will fast react with oxygen and form sulfate (Eq. 15), 
and will react with formed biosulfur particles to thiosulfate (Eq. 16):
O2 + 2 SO3

2- → 2 SO4
2- (Eq. 15)

S0 + SO3
2- ↔ S2O3

2- (Eq. 16)
The obtained results did not confirm the formation of dimethyl tetrasulfide, probably 
due to a low concentration. However, we found that methanethiol, dimethyl trisulfide, 
and dimethyl tetrasulfide formed from sulfide and DMDS in the batch test (Appendix 
F). For the Eq. 14, the free energy change at standard conditions (ΔGR°) is -341 kJ 
reaction-1, indicating a spontaneous forward reaction. ΔGR° value decreases linearly [51] 
with an increasing number of sulfur atoms in diorgano polysulfanes reaching -738 kJ 
reaction-1 for the reaction between sulfide and dimethyl octasulfide. This could indicate 
that sulfide will react with longer diorgano polysulfanes more readily. 

As a result of the reaction between sulfide and DMDS, less volatile and more 
hydrophobic diorgano polysulfanes are formed that can be better removed from the 
bioreactor suspension by adsorption onto the surfaces of biosulfur particles [13].

4.3.2 Effect of DMDS on the microbial community composition
To elucidate any long-term effects of DMDS addition on the composition of the SOB 

community in the biodesulfurization setup, we collected biomass samples before and after 
DMDS addition (0.6 mM S day-1). We performed 16S rRNA gene amplicon sequencing 
to establish the microbial composition and additionally performed qPCR to establish 
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absolute counts of the three haloalkaliphilic SOB key-players. From the results of amplicon 
sequencing, it appears that the presence of DMDS provided a competitive advantage to the 
Thioalkalibacter genus. The only described species in this genus is a moderately halophilic 
and facultatively alkaliphilic obligate chemolithoautotrophic Thioalkalibacter halophilus 
[21]. This SOB species has a relatively low growth yield but relatively high growth rate 
(µmax 0.09-0.1 h-1) over a broad range of pH and salinity [21]. Figure 5 shows that the 
gammaproteobacterial genera Thioalkalivibrio, Thioalkaimicrobium, Alkalilimnicola, and 
Halomonas, were abundant in the inoculum, but their numbers decreased after the DMDS 
addition. The genera Thioalkalivibrio and Thioalkalimicrobium (currently reclassified as 
Thiomicrospira) are obligate chemolithoautotrophic haloalkaliphilic SOB dominating in 
soda lakes and desulfurization bioreactors operating at haloalkaline conditions [52,53], 
which have different growth strategies. Thioalkalimicrobium species are characterized 
by low growth yield but high growth rates and extremely high sulfide and thiosulfate 
oxidizing activity, whereas Thioalkalivibrio species are relatively slowly growing organisms 
with at least two times higher specific growth yield on sulfide or thiosulfate [52,54]. Based 
on its highly specialized sulfide oxidation activity, Thioalkalivibrio sulfidiphilus is the 
dominant member of Thioalkalivibrio genus that was consistently found to dominate in 
the biogas desulfurization installations operating at low red-ox potential and haloalkaline 
conditions [55,56]. In previous studies, it was also found that Tv. sulfidiphilus was 
abundant in sulfide removing bioreactors in lab- and full-scale gas biodesulfurization 
systems in the absence of any organic sulfur compounds [8,10,19,20,57] Other two 
genera, Halomonas, and Alkalilimnicola, that were identified in the inoculum and end 
samples, are commonly found in the haloalkaline environments containing both organic 
and reduced sulfur compounds [58]. Alkalilimnicola species, particularly Alkalilimnicola 
ehrlichii, are haloalkaliphilic facultative chemolithoautotrophic SOB, some of which can 
utilize sulfide, CO and formate as the electron donors and O2 or nitrate as e-acceptor [59]. 
Alk. ehrlichii was previously found in gas biodesulfurization systems [8,13]. Halomonas 
species are aerobic or facultative anaerobic chemoorganotrophic halo- and haloalkaliphilic 
gammaproteobacteria that utilize a wide range of organic substrates, whilst inorganic sulfur 
compounds, particularly thiosulfate, are incompletely oxidized to tetrathionate [60,61].

The most important finding from the community profiling is that proliferation of 
Thb. halophilus occurred already after a short-term (i.e. 6 days) exposure to DMDS. This 
suggests the importance of Thb. halophilus in the gas biodesulfurization process in the 
presence of VOSCs. This conclusion was confirmed in a different study in which a qPCR 
protocol with target-specific primers was used [20]. In addition, we have analyzed the 
absolute abundance of Tv. sulfidiphilus and Alk. ehrlichii in the samples, as they are known 
to be key players in the biodesulfurization process as well [10,13,57]

The most important finding from the community profiling is that proliferation of 
Thb. halophilus occurred already after a short-term (i.e. 6 days) exposure to DMDS. This 
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suggests the importance of Thb. halophilus in the gas biodesulfurization process in the 
presence of VOSCs. This conclusion was confirmed in a different study in which a qPCR 
protocol with target-specific primers was used [20]. In addition, we have analyzed the 
absolute abundance of Tv. sulfidiphilus and Alk. ehrlichii in the samples, as they are known 
to be key players in the biodesulfurization process as well [10,13,57].

Results of the qPCR showed a significant increase of one log-scale of 16S rRNA gene 
copies (ng DNA)-1 of Thb. halophilus after exposure to DMDS (Fig. 5A). This indicates 
a preferential development of this SOB species in the presence of DMDS. Moreover, the 
results allow us to explain the findings in previous studies, where the increased relative 
abundance of Thb. halophilus was associated with thiol addition [13]. As a result, we have 
established the effect of DMDS on the microbial community. Thus, it can be concluded, 
that in the previous study formed DMDS from the oxidation of MT gave advantage to 
Thb. halophilus. Results for Tv. sulfidiphilus and Alk. ehrlichii showed a slight reduction 
in the 16S rRNA gene copies (Fig. 5A), which corresponds with an observed decrease 
in relative abundance. Several studies have been performed on DMDS elimination in 
a biotrickling filter, including microbial community analyses. For example, Arellano-
Garcia et al. found Thioalkalivibrio sulfidiphilus as a dominant species (44.2 %) in the 
alkaline biotrickling filter that was used to simultaneously treat DMDS and H2S [62]. 
Other studies did not observe proliferation or a high abundance of either Thioalkalivibrio 
sulfidiphilus nor presence of Thb. halophilus and Alk. ehrlichii [63,64].

Fig. 5. A. Quantified 16S rRNA gene copies of Thioalkalivibrio sulfidiphilus, Thioalkalibacter halophilus 
and Alkalilimnicola ehrlichii before and after the addition of 0.60 mM S day-1 DMDS to the lab-scale gas 
biodesulfurization system. Presented data points are average values of measured triplicates, whereas each data 
point is a technical replicate at each time point. Error bars indicate the standard deviation between duplicates. 
B. The relative abundance of the microbial composition at the inoculum stage and after addition of 0.60 mM 
S day-1 of DMDS (End) based on partial 16S rRNA gene amplicon could. The lab-scale gas biodesulfurization 
bioreactor system was operated at a low oxidation-reduction potential of -390 mV (against an Ag/AgCl 
reference), pH 8.5, and H2S loading rate was 58.12 mM S day-1. Only bacteria with a relative abundance 
higher than 0.5 % are listed (remaining species are clustered into “Others”). Results represent the average value 
between three pseudo-replicates, and the error bar represents the standard deviation. 
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To confirm the capacity of the pure culture of Thb. halophilus for sulfide oxidation in the 
presence of DMDS, we performed a respiration test at different DMDS concentrations. 
The obtained data were used to calculate an IC50 value, indicating the DMDS 
concentration at which 50 % inhibition occurs at a given sulfide concentration [17]. 
Results showed that Thb. halophilus maximum sulfide oxidation rate was reached at 0.12 
mM sulfide, and the IC50 value was reached at 2.37 ± 0.1 mM of DMDS (Appendix 
G, Fig. G1). In comparison, the obtained IC50 value for Thb. halophilus was almost 
two times higher than for Tv. sulfidiphilus (1.4 ± 0.1 mM) [17]. This finding prove the 
ability of Thb. halophilus to withstand high DMDS concentrations, which is relevant for 
industrial applications. 

To understand the underlying cause for the inhibitory effects of DMDS on 
biological sulfide oxidation, we looked into the respiratory oxidases involved in the 
electron transport chain of the SOB species present in our lab-scale reactor system. For 
instance, Thioalkalivibrio species are known to only contain cytochrome c oxidases of 
the heme-copper superfamily, mostly of the cbb3 type [65–67]B-, and C-type oxidases. 
The C-type oxidases (cbb3 cytochromes. Also enzymology studies of Alkalilimnicola spp. 
showed the presence of cytochrome c oxidase, which may be of the cbb3 type as well [68]. 
The same conclusion can be drawn from the analysis of publically available genome of 
Alkalilimnocola ehrlichii. In contrast, the genome of Thioalkalibacter halophilus strain 
ALCO1 encodes a quinol oxidase of the bd type (CydBAD) in addition to the cytochrome 
c oxidase cbb3 (CooNOQPHG) (our unpublished data). It is known that organic sulfur 
compounds inhibit cytochrome c oxidases [13], while the quinol oxidases, particularly 
of the bd type, are less prone to the commonly known cytochrome c oxidase inhibitors, 
such as cyanide and CO [69]. For instance, Thioalkalibacter halophilus ALCO1 has 
been enriched over the commonly dominating Thioalkalivibrio in high salt alkaline 
medium from soda lakes in the presence of 50 % CO in the gas phase [21]Russia. This 
could explain why Thb. halophilus is more resistant to the presence of DMDS.

Finally, we performed a serum bottle experiment to assess the ability of Thb. 
halophilus to biodegrade DMDS under both anaerobic and aerobic conditions. We 
measured methanethiol production from the reduction of DMDS. This is a known 
reaction studied by [70–72]. It is an oxygen-independent and reversible reaction where 
a molecule of DMDS is split by DMDS reductase to produces 2 mol of MT [73]. The 
results of the tests were negative, which clearly indicated the inability of Thb. halophilus 
and developed biomass to directly degrade DMDS, while still being active in sulfide 
oxidation in its presence. 

Overall, the qPCR, amplicon sequencing, and respiration tests conclude that Thb. 
halophilus preferentially developed in the lab-scale gas biodesulfurization system in the 
presence of DMDS and most probably due to the presence of an alternative (quinol) 
oxidase of the bd type. 
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4.4 Conclusion 

A critical success factor for the further development of the ascribed process for sour gas 
desulfurization is the quantification of DMDS, together with the formed degradation 
products, like methanethiol, dimethyl tri- and tetrasulfide. Hence, a new GC-FPD 
method was developed to gain more insights into the biochemistry of the prevailing gas 
biodesulfurization process. Moreover, the newly developed method can also be used in 
oil and gas operating sites to identify the presence of liquid DOPS in, e.g. produced water 
and gas condensates. Our studies show that DOPS will inhibit the sulfate formation 
rates and increase sulfur selectivity to 96 mol% at high biomass concentration (51 ± 3 
mg N L-1). Hence, organic sulfur compounds could be supplied to an oxidizing sulfide 
bioreactor to increase the yield of sulfur formation. A disadvantage is that DMDS 
decreases the rate of biological sulfide oxidation, what subsequently triggers an increase 
in thiosulfate formation. This means that full scale systems that treat sour gas streams 
containing both H2S and DMDS will have to be larger to accommodate for the reduced 
oxidation capacity, or alternatively, should be operated at higher biomass concentrations. 
Addition of DMDS not only affected the product formation but also triggered changes 
in the microbial community. Thioalkalibacter halophilus proliferated as we found 
that it was highly resistant to elevated DMDS concentrations (2.37 ± 0.10 mM). In 
addition, a reduction of the dominating species Tv. sulfidiphilus and Alkalilimnicola 
ehrlichii was observed. In conclusion, we recommend that at the start-up of full-scale gas 
biodesulfurization installations the inoculum is abundant in Thioalkalibacter halophilus, 
to achieve a stable process operation and minimize the chemical consumption and 
formation of a diluted bleed stream.
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Appendix A - Optimization of the GC-FPD method 

The current method is prepared to analyze the DMDS concentration in samples 
containing colloidal sulfur particles. Therefore, we investigated the extraction time needed 
to obtain steady concentration of DMDS in the extract, in the absence and presence 
of colloidal biologically produced sulfur particles (5 g L-1). Concentration of sulfur in 
these experiments corresponds to expected concentration in analyzed samples. At least 
24 hours before starting the extraction in experiments with sulfur particles, DMDS was 
injected to sulfur-containing solution to obtain sulfur-DMDS saturated solution. From 
the results shown in Fig. A1 it follows that samples with and without sulfur particles 
require different extraction times. In absence of sulfur particles, extraction time required 
to obtain steady concentration of DMDS in the extract is 15 min (extraction efficiency 
95 ± 1%), while in the presence of sulfur particles, the extraction time is extended 
to 30 min (extraction efficiency 87 ± 3%). Such high extraction efficiencies are result 
of high ratio between aqueous and organic layer, high partition coefficient of DMDS 
[15], and high salt content in samples. Increased extraction time for sulfur-containing 
samples is related to adsorption of DMDS on a surface of sulfur particles as observed 
earlier [7] and resulting equilibrium between liquid and solid phase. It can be noted that 
sulfur particles present in sample are dissolved in hexane and also can be quantified by 
the current method. Thus, in the presence of sulfur particles, the retention time of the 
method should be long enough to let sulfur elute form the analytical column.

Fig. A1. Extraction efficiency at different extraction time. For extraction samples were kept on shaker at 
600 rpm.
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During method optimization, various injection volumes were tested using a standard 
solution of 120 mg L-1 DMDS (equivalent to 82 mg S L-1) and 388 mg L-1 TAS in 
hexane. A volume of 0.8 µL was found to be optimal: recovery was 106% and relative 
standard deviation (RSD) was 1% over 5 replicate injections. It should be noted that 
TAS did show a significant deviation in accuracy, but from literature it is known that 
aromatic compounds have a quenching effect on the FPD response [53].

Higher diorgano polysulfanes (containing 4 ≤ sulfur atoms) are unstable under 
high temperatures [10]. Therefore, to use described method to analyze samples 
containing such compounds, temperature of the liquid injection port should be lowered, 
and the method should be validated further. We investigated distribution of diorgano 
polysulfanes, formed in reaction between sulfur and methanethiol, at temperatures 
of the injection port ranging from 130 to 210 ºC (Fig. A2). Obtained results at the 
injection port temperature of 150 ºC, provide the highest average length of the sulfur 
chain of 4.9, which is close to the typical distribution of 5.28 in gas biodesulfurization 
systems [8].

Fig. A2. Distribution of dimethyl polysulfanes and average length of the sulfur chain (xav) at different 
temperatures of injection port of the GC-FPD system.
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Appendix B - Factor for conversion of ppm mole H2S to mM S

Since injection volumes differ when injecting gaseous (headspace/calibration) or liquid 
(extracts) samples, conversion factor had to be applied to properly close the mass balance 
in a gas-liquid system. When injecting gas samples to the GC-FPD system, a 250 µL 
loop (thermostated at 50 ºC) is filled and subsequently switched in line with the carrier 
gas flow, which means the actual injection volume is equal to the loop volume. The 
absolute number of moles H2S (e.g. 200 ppm S) injected into the GC-FPD system is 
equal to:

84 
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Therefore, to recalculate from gas calibration units (ppm mol) to mM S in liquid, one 
simply multiplies the ppm mole with the factor F. Gaseous samples can also be converted 
to mM S (provided that the molecule has one sulfur atom) by dividing the ppm mole by 
a factor of 1000, e.g. 200 ppm mol equals to 0.2 mM S.



Chapter 4104   |

Appendix C – Respiration tests

Respiration tests have been performed to check effect of DMDS on biological sulfide 
oxidation rates. Thus, we compared biological sulfide epoxidation rates for SOB 
biomass used in the experiment with H2S supply only, and with SOB biomass used in 
the experiments with DMDS addition.

Fig. C1. Biological oxidation rates at different concentrations of HS- in oxygen saturated buffer at pH 8.5, 
1M Na+ and 35 °C. Measured data points are average values of the experimentally measured duplicates.

Concentrations of sulfide and thiosulfate used in the experiment for reaction order 
(0.027 and 0.054 mM S). 

Fig. C2. An oxygen consumption profile in the presence of various substrates: sulfide, thiosulfate and 
sulfide together with thiosulfate, by the developed biomass in the biodesulfurization process with addition 
of DMDS.
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Appendix D – Th e lab-scale gas biodesulfurization process performance at 
high biomass concentration and addition of DMDS.  

Fig. D1. Performance of the laboratory bioreactor at high biomass concentration during addition of H2S + 
DMDS addition. Th e system was operated at ORP setpoint of -390 mV, pH setpoint of 8.5, T setpoint of 
35 ºC and the H2S loading rate was 58.15 mM S day-1. 

Appendix F – Reaction between sulfi de and dimethyl disulfi de in the 
bioreactor medium

Reaction products between sulfi de and DMDS were checked in the batch bottles 
experiments. To identify formed products, samples were analyzed using ion 
chromatography (Fig. F1) and high-performance liquid chromatography (Fig. F2). 

Fig. F1. Ion chromatography chromatograms from (A) HS- 1.03 mM and (B) HS- + DMDS of 1.03 mM 
and 0.35 mM respectively. Solutions were prepared in the process medium. Peaks identifi cation: 1 - nitrate 
(NO3

-), 2 - sulfi te (SO3
2-), 3 - sulfate (SO4

2-), 4 - thiosulfate (S2O3
2-). Detected thiosulfate is a chemical 

product of sulfi de oxidation.
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Fig. F2. High-performance liquid chromatography chromatograms from (A) HS- 5 mM (B) DMDS 10 
mM (C) process medium blank and (D) reaction between HS- + DMDS of 1.03 mM and 0.35 mM 
respectively. Solutions were prepared in the process medium. Peaks identification: 5 - MT(CH3SH), 6 – 
DMDS (CH3S2CH3), 7 – DMTS (CH3S3CH3), 8 – dimethyl tetrasulfide (CH3S4CH3). Fig.F2 D varies 
from others as the older method for thiols was used on HPLC. 
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Appendix G – Finding IC50 value for Thioalkalibacter halophilus strain 
ALCO-1 

To calculate IC50 value for Thioalkaibacter halophilus pure culture, we started from 
measuring oxidation reaction of 0.12 mM sulfide at eight concentration of DMDS (Fig. 
G1). Measured oxidation rates were fitted with exponential function where the equation 
of the fit was obtained. By using this equation, it is possible to derive IC50 value. 

Fig. G1. Oxidation reaction rates of 0.12 mM sodium sulfide by a pure culture of Thioalkaibacter halophilus 
ALCO-1 in the presence of dimethyl disulfide (DMDS). 
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Effect of methanethiol on the growth 
dynamics of sulfur-oxidizing bacteria 
and sulfur formation in the dual 
bioreactor gas biodesulfurization 
line-up
Abstract 
Removal of thiols and hydrogen sulfide from sour gas streams is required to reduce 
atmospheric pollution and to prevent negative health effects. Several physical-chemical 
processes are commercially available for simultaneous thiols and hydrogen sulfide 
removal. In addition, there are biotechnological processes available, amongst which the 
gas biodesulfurization - Thiopaq O&G. This technology uses naturally occurring sulfur-
oxidizing bacteria (SOB) for sulfide oxidation to sulfur and sulfate. The objective of the 
process is to maximize sulfide oxidation and to solely form elemental sulfur. However, 
our previous research revealed that sulfur formation is highly susceptible to the presence 
of thiols, especially methanethiol. Thiols are toxic sulfur compounds that inhibit the 
microbial sulfur metabolism albeit that it is possible to grow a mixed population that 
can withstand moderate levels of thiols rendering sulfide oxidation feasible. In this paper 
we studied the effect of methanethiol on the SOB community dynamics and sulfur 
formation in the Thiopaq O&G Ultra setup. Moreover, we were interested in the SOB 
community dynamics in response to process perturbations. Results show an increased 
sulfur selectivity up to 90 mol% at 2 mM S day-1 and 0.3 mM S of methanethiol, and 
highly decreased selectivity for sulfate formation, i.e. only 0.6 mol%, due to presence of 
dimethyl disulfide. This was accompanied with a shift in SOB community composition. 
The usually dominating Thioalkalivibrio sulfidiphilus was firstly outcompeted by 
Alkalilimnicola ehrlichii, and, when the methanethiol supply reached 2 mM S day-1, 
Thioalkalibacter halophilus became the most abundant haloalkaliphilic SOB species. 

A modified version of this chapter has been submitted for the publication as: 
Kiragosyan K., Picard M., Timmers P.H.A., Sorokin D.Y., Klok J.B.M., Roman P., Janssen 
A.J.H. Effect of methanethiol on the process performance differences, selectivity and 
dynamics of sulfur-oxidizing bacteria in the dual bioreactor gas biodesulfurization line-up.
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5.1 Introduction

Amongst many reduced sulfur compounds, sour gas streams may contain thiols (RSH) 
and hydrogen sulfide (H2S). Treatment of sour gas streams may be required in the 
processing of landfill gases and natural gases [1,2]. Thiols and H2S need to be removed due 
to the obnoxious smell, low odor threshold, contribution to atmospheric pollution and 
corrosive nature. Various techniques are available for the simultaneous removal of thiols 
and H2S, such as physicochemical acid/alkali scrubbing [3] and biological conversion 
[4]. Physicochemical methods for sour gas treatment are efficient but unsustainable, 
whereas biological conversion is environmentally friendly and cost-effective [5]. 

A gas biodesulfurization technology that has been recently developed by our team 
and commerciallized as the “Thiopaq O&G” process is based on the adsorption of thiols 
and H2S in a highly buffered alkaline solution, followed by an oxidation step where 
haloalkaliphilic sulfur-oxidizing bacteria (SOB) oxidize inorganic sulfur compounds to 
elemental sulfur and sulfate at oxygen-limiting conditions. The non-utilized fraction 
of sulfide can be chemically oxidized to thiosulfate through intermediate polysulfide 
formation. Elemental sulfur is the preferred end-product in comparison to the sulfate 
formation, because this will regenerate hydroxide ions and decrease air, energy and 
caustic consumption [6]. When thiols are also present in the feed-gas along with H2S, 
a sequence of complex abiotic reactions will take place as these will react with produced 
bio-sulfur particles (S8) to form diorgano polysulfanes (Eq. 1-2). Diorgano pentasulfide 
is the predominant productsuch as H2S and SOx [7], will lead to the unwanted 
formation of acid rain. In order to prevent this, biological processes can be employed 
to treat sulfur-containing gas streams. In this study, we describe a way to investigate 
the speciation of polysulfide anions in biodesulfurisation systems, which might enable 
further understanding and development of these processes. Abstract Environmental 
pollution caused by the combustion of fuel sources containing inorganic and organic 
sulfur compounds such as hydrogen sulfide (H2S, which subsequently decompose to a 
mixture of organosulfur compounds (Eq. 3). Moreover, thiols will also be chemically 
oxidized in the presence of oxygen and by the formed biosulfur to form diorgano 
disulfides (Eq. 2 and 4).
CH3SH + 1/8 S8 ↔ CH3S9

- + H+ (Eq. 1)
CH3SH + CH3S9

- → Sx
2- + H+ + CH3SnCH3, with n+x = 10 (Eq. 2) 

2 CH3SnCH3 ↔ CH3Sn-1CH3 + CH3Sn+1CH3, with n>3 (Eq. 3)
2 CH3SH + ½ O2 → CH3S2CH3 + H2O (Eq. 4)
Previous studies revealed that the formation of biological sulfur is highly susceptible 
to the presence of thiols [8,9] because they cause SOB inhibition. Thus, to improve 
the gas biodesulfurization process under development, Roman et al. tested the effects 
of various thiols and their oxidation products such as diorgano polysulfanes (DOPS) 
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on the SOB activity. They found that SOB activity was inhibited by short chain thiols 
(methane-, ethane- and propanethiol) at already very low concentrations, i.e. 0.6 µM 
[10]. To mitigate any negative effects of thiols and to make the biodesulfurization 
process more robust, thiol-resistant SOB were enriched to withstand the most prevalent 
and toxic thiol for microorganisms, namely methanethiol (MT). During two months 
of continuous process operation at gradually increasing MT supply rates, Roman et 
al. [11] found that the initial SOB microbial community drastically changed and a 
MT-resistant SOB became dominant. However, the measured sulfur selectivity was still 
low, i.e.75 mol% at 2 mM S day-1 of MT whilst the process operation was unstable. To 
expand the operating window and to facilitate higher sulfur selectivity the process was 
modified by addition of an anaerobic bioreactor [12]. Therefore, the objective of this 
study is to investigate SOB composition dynamics in relation to process perturbations 
such as addition of MT, in order to identify the MT-resistant SOB population, which 
can ensure stable sulfide removal in the presence of high MT concentration. 

5.2 Materials and Methods

5.2.1 Reactor operation
The laboratory experimental setup consisted of a falling film gas absorber followed 

by an anaerobic bioreactor and an aerobic bioreactor in series [13]. The purpose of the 
anaerobic reactor is to facilitate higher sulfur selectivities. The composition of the feed-gas 
was controlled by using mass flow controllers (type EL-FLOW, model F-201DV-AGD-
33-K/E, Bronkhorst, the Netherlands). For each type of gas, a mass flow controller was 
selected with an appropriate orifice to precisely control the required dosing rate. For the 
supply of hydrogen sulfide a 0-17 NmL min-1 mass flow controller was used. For nitrogen 
the flow range was 0-350 NmL min-1, for oxygen 0-30 NmL min-1 and carbon dioxide 
0-40 NmL min-1. Hydrogen sulfide and nitrogen gas were continuously supplied. Oxygen 
and carbon dioxide supply was controlled with a multiparameter transmitter (Liquiline 
CM442-1102/0, Endress+Hauser, Germany), which was paired with ORP sensor to control 
oxygen supply (Orbisint 12D-7PA41; Endress+Hauser, Germany) and with pH sensor 
to control carbon dioxide supply (Orbisint 11D-7AA41; Endress+Hauser, Germany). A 
digital gear pump was used to assure liquid recirculation between the aerobic bioreactor 
and the gas absorber (EW-75211-30, Cole-Palmer, USA) at a constant flow of 10 L h-1. 
A gas compressor (N-820 FT.18, KNF Laboport, NJ, USA) was used to continuously 
recycle gas (20 L min-1) over the aerobic bioreactor. The anaerobic bioreactor was equipped 
with a stirrer to ensure mixing. The gas absorber and the bioreactors’ temperature were 
controlled at 35 ºC by a thermostat bath (DC10, Thermo Haake, Germany). 
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Gas and liquid phase samples were collected for analyses. Liquid samples were taken 
from three different sampling points: one located at the bottom section of the absorber, 
second in the anaerobic bioreactor and third in the aerobic bioreactor. Gas-phase 
samples were taken from four different locations: gas inlet, both bioreactor headspaces, 
and absorber outlet. Sampling was done in triplicate for liquid samples while single 
samples were taken for gas analyses at regular time intervals. For microbial community 
analysis, a 50 ml aliquot from the aerobic bioreactor culture was centrifuged to obtain a 
cell pellet for further DNA extraction.

Two sets of experiments were conducted (Table 1). Firstly, we established a baseline 
by operating the system in the absence of MT and with H2S as the sole S-compound 
in the feed-gas (Run 1). Subsequently, MT was stepwise supplied over a 77 days period 
at a constant H2S load of 58.15 mM S day-1 (Run 2). Due to the accumulation of 
biosulfur particles, the system became more difficult to operate due to poor separation 
of the liquid, gas and solid phases, resulting in entrainment of sulfur particles in the 
recirculation gas stream. Hence, a partial exchange of the medium was performed to 
lower the sulfur content. The aerobic bioreactor (2.5 L) was emptied and replenished 
with fresh medium and obtained biomass was returned to the bioreactor after removal 
of the sulfur particles.

The haloalkaline medium was buffered with 0.045 M Na2CO3 and 0.91 M 
NaHCO3. Detailed description of medium can be found in [13]. The pH of the medium 
was 8.5 ± 0.05 at 35 ºC.

5.2.2 Inoculum
A “super mix” inoculum was prepared by mixing biomass samples, originating from 

four different full-scale biodesulfurization installations, namely Oilfield - 1, Oilfield - 2, 
Landfill and Pilot plant [14,15]. The names of biomasses are on the application and feed 
gas compositions. “Oilfield – 1” is a full-scale installation treating associated gas from oil 
production wells containing low concentrations of thiols 50-200 ppm and 1-5 % of H2S, 
whereas “Oilfield – 2” treats acid gas from an amine regeneration unit with 10 - 20 % 
of H2S and thiols [14,15]. The Landfill installation treats landfill gas containing  0.3 % 
of H2S, and the Pilot treats the synthetically prepared gas that represents amine acid gas 
with 4.45 % of H2S [12]. Biomasses were mixed in the following volumetric proportion: 
1:0.5:0.5:1, followed by a centrifugation step (15 min at 16,000g) to concentrate the 
suspended cells. The obtained cell pellet was used to inoculate a 5 L system (2.5 L per 
bioreactor).

The biomass mix served to inoculate the system for the first experimental run (Run 
1, Table 1). After completing the first experiment the eveloped biomass was harvested 
and used as an inoculum for the second experiment (Run 2, Table 2).
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Table 1. Overview of the process conditions of the experimental setup.
Parameter Run 1 (H2S supply) Run 2 (H2S + MT supply)

Active liquid volume, L 2.5 2.5 

Total liquid volume, L 5 5

pH setpoint 8.50 ± 0.05 8.50 ± 0.05

Salinity, Na+ M 1 1 

Temperature setpoint, ˚C 35 35

H2S loading, mM S day-1 58.15 58.15

CH3SH loading, mM S day-1 0 0 – 2

ORP setpoint, mV -390 -390

5.2.3 Microbial sludge sampling, sample preparation, and DNA extraction
During both experiments, SOB biomass samples were collected at equal time 

intervals. In operation with H2S (Run 1), five samples were taken in triplicate over 
15 days. In Run 2 15-time points were collected in triplicates over 77 days, yielding 
45 samples. For this, the bioreactor samples were centrifuged (15 min at 16,000g) to 
separate the SOB biomass from the reactor suspension. Hereafter, the bacterial cells 
were washed two times with a 0.5 M Na+ bicarbonate buffer solution at pH 8.5. All 60 
biomass samples were stored at -80 ºC awaiting DNA extraction.

Genomic DNA was extracted using the DNeasy PowerLyzer PowerSoil Kit 
(Qiagen) following the manufacturer’s instructions. Extracted DNA was quantified 
using the QuantiFluor dsDNA system on a QuantusTM fluorometer (Promega, the 
Netherlands). DNA integrity was evaluated with gel electrophoresis. 

5.2.4 qPCR
qPCR was performed on all (60) samples, collected from Run 1 and Run 2. Samples 

were analyzed based on the absolute abundance of three SOB species of interest, including 
Alkalilimnicola ehrlichii, Thioalkalivibrio sulfidiphilus and Thioalkalibacter halophilus 
by using specifically developed species-specific primers [15]. For Thioalkalivibrio 
sulfidiphilus, primers were designed for a subcluster of this genus, as Thioalkalivibrio 
sulfidiphilus HL-EbGR7 is genetically related to another Tv. sulfidiphilus ALJ17 and to 
Tv. denitrificans [16,17]. However, our cloning results of the biodesulfurization process 
sludge and finding of Sorokin et al. indicate that only Tv. sulfidiphilus was found in the 
lab- and full-scale installations [15]. Hence, we concluded that the designed primer 
set quantified Tv. sulfidiphilus in the samples as it is the only Thioalkalivibrio species 
detected and dominantly present at low salt conditions in the gas biodesulfurization 
lab- and full-scale installations. In addition, we generated estimates of total bacterial 16S 
rRNA gene copy abundance using the universal bacterial primer set 338f/518r [18,19] 
to calculate relative target species abundances according to the quantification protocol 
described by [20].
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5.2.5 Bacterial community analyses
Extracted DNA samples from each time point were amplified in triplicate 

using primers 515f (5’-GTGYCAGCMGCCGCGGTAA-3’) and 926r 
(5’-CCGYCAATTYMTTTRAGTTT-3’) with a barcoded forward primer. This primer 
set covers the 16S rRNA gene V4-V5 variable region, which was sequenced 2x300 bp 
[21]. Amplification was done using the HotStarTaq Plus Master Mix Kit (Qiagen, USA) 
under the following conditions: 94 °C for three minutes, followed by 30 cycles of 94 °C 
for 30 seconds, 53 °C for 40 seconds and 72 °C for 1 minute, with a final elongation 
step at 72 °C for five minutes. After amplification, PCR products of three separate 
reactions of each sample were pooled, and PCR products were checked on a 2 % agarose 
gel to determine the success of amplification products and their relative intensity of 
bands. Then, multiple samples were pooled together (e.g., 100 samples) in equimolar 
amounts based on their molecular weight and DNA concentrations. Pooled samples 
were purified using calibrated Ampure XP beads (Beckman Coulter, Indianapolis, IN, 
USA). Sequencing was performed at MR DNA (www.mrdnalab.com, Shallowater, 
TX, USA) on a MiSeq following the manufacturer’s guidelines. Sequencing data were 
processed using the MR DNA analysis pipeline (MR DNA, Shallowater, TX, USA). In 
summary, barcodes were removed, and paired sequences were joined. Then, sequences 
<150bp and with ambiguous base calls were removed. Sequences were denoised, 
operational taxonomic units (OTUs) were generated, and chimeras were removed. 
OTUs were defined by clustering at 3 % divergence (97 % similarity), and final OTUs 
were taxonomically classified using BLASTn against a curated database derived from 
RDPII and NCBI (www.ncbi.nlm.nih.gov, http://rdp.cme.msu.edu). Demultiplexed 
sequences were submitted to the European Nucleotide Archive (ENA) EMBL-EBI with 
the project number PRJEB32001. 

5.2.6 Statistical analysis 
16S rRNA sequencing data were analyzed in R studio (version 1.2.1335) using the 

Microbiome R package [22]. Only OTUs with a minimum of 100 reads in all samples 
were kept, and total read abundance tables were used for statistical analysis. Ordination 
was done with multidimensional scaling (NMDS) to find mayor trends in the microbial 
community. 

To evaluate whether absolute qPCR-based bacterial count estimates were 
dependent on process operations, we constructed a linear mixed-effects model to 
control for pseudo-replication of technical replicates. The linear mixed-effects model 
was constructed with bacterial species, process operation time, and their interaction 
as fixed effects and technical replicate as a random effect using the lme4 package [23] 
with R version 3.5.2. [24] in Rstudio software (Version 1.1.456). Denominator degrees 
of freedom were approximated using the Satterthwaite procedure in lmerTest package 
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[25] by overloading the anova and summary functions by providing p values for tests 
for fixed effects. We have implemented the Satterthwaite’s method for approximating 
degrees of freedom for the t and F tests. We have also implemented the construction 
of Type I-II ANOVA tables. Furthermore, one may also obtain the summary as well as 
the anova table using the Kenward-Roger approximation for denominator degrees of 
freedom (based on the KRmodcomp function from the pbkrtest package and species-
specific temporal slope estimates were inferred using the phia package [26]. To assess the 
relationships between bacterial abundance and process performance parameters (sulfate, 
thiosulfate, and MT concentrations), we used linear regression analysis. For this analysis 
of variance, we used the average values of technical triplicates because we had only a 
single measurement of the process performance parameters for each sample.

5.2.7 Analytical techniques
The biomass quantification was based on the amount of organically bound nitrogen 

that was oxidized to nitrate by digestion with peroxodisulphate (LCK238 and LCK338, 
Hach Lange, the Netherlands). Before the analysis, the cell pellet was washed from the 
residual urea and ammonia twice with the nitrogen-free medium with centrifugation at 
20,238 x g for 5 min.

Sulfate and thiosulfate were quantified 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. Before the analyses, all solids were removed by filtration 
over a 0.45 μm membrane syringe filter (HPF Millex, Merck, the Netherlands). To 
prevent chemical sulfide oxidation the filtered sample was subsequently mixed with 0.2 
M zinc acetate in a 1:1 ratio to form ZnS. Afterward, the sample was centrifuged to 
separate fractions of ZnS and supernatant.  

The biological sulfur concentration was calculated from the sulfur mass balance 
based on the supplied amount of sulfide and the actual sulfate and thiosulfate 
concentrations, according to: 
[S0]t = (Δt(H2S supplied)/ Vliquid) – [SO4

2-]t – 2*[S2O3
2-]t – (Sx

2-)t, 
where the initial sulfur concentration is assumed to be zero. This is a general method 
to calculate the concentration of accumulated sulfur [8,12,27,28]. Concentrations of 
dissolved sulfide and possible volatile organosulfur compounds were not taken into 
account, as their combined concentrations in comparison to the total concentration 
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of sulfur species is negligible [8]. We also assume a pseudo “steady-state” conditions of 
the system, which was confirmed by the consecutive liquid and gas samples [11,14,29]. 

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

a cuvette test (LCK653, Hach Lange, USA). Sulfide quantification was carried out 
immediately after sampling and samples were diluted in oxygen-free Milli-Q water 
(sparged with N2 stream for 30 min) to exclude chemical oxidation. To see if sulfur 
balance is closed, we performed total S measurements on ICP-OES and compared 
concentration of measured sulfur with sum of sulfate and thiosulfate (data and full 
description can be found in Appendix A). 

In addition to sulfur-containing anions, cations Na+ and K+ concentrations were 
measured with ion chromatography as described above for the anions. However, the 
mobile phase for a Metrohm Metrosep C4−150/4.0 mm column was 0.9 mL 3 mM 
HNO3 min−1.

In order to close the electron balance, the carbonate and bicarbonate ion 
concentrations need to be established using the Henderson-Hasselbalch equation [30]
this article examines the evolution of the Henderson-Hasselbalch equation and presents 
a critical evaluation of its usefulness. The discussion centers on the titration of a weak 
acid with sodium hydroxide. Approximate pH values obtained from the Henderson-
Hasselbalch equation are compared with exact hydrogen ion concentrations and the 
percentage errors are displayed as a function of the acid dissociation constant and 
buffer composition (titration mixture. Hence, liquid samples were analyzed on the 
total inorganic carbon using high-temperature catalytic oxidation at 680 °C with TOC-
VCPH/CPN analyzer (Shimadzu, The Netherlands).

In total, two types of liquid samples were prepared, (1) filtrated and precipitated 
with zinc acetate for anions measurements and (2) unfiltered for biomass quantification 
and TOC analysis. All liquid samples were stored at 4 °C before being analyzed (about 
three days).

High-pressure liquid chromatography (HPLC) was used to determine dimethyl 
disulfide (DMDS), dimethyl trisulfide (DMTS) and polysulfides (dimethyl polysulfanes 
Me2S4 to Me2S8). For the quantification, polysulfide anions were derivatized to methyl 
polysulfanes with methyl trifluoromethanesulfonate (≥98 % pure, Sigma-Aldrich, the 
Netherlands) as follows:
Sx

2- + 2 CF3SO3Me → Me2Sx + 2 CF3SO3
- (Eq. 5)

HPLC was equipped with a UV detector (Dionex UltiMate 3000RS, USA) at a 
wavelength of 210 nm. An Agilent column (Zorbax Extend – C18 1.8 µm, 2.1 x 50 
mm, the Netherlands) was used to separate the organic sulfur compounds at 20 °C. 
The mobile phase consisted of water and methanol. The flow rate was 0.371 mL min-1, 
and the injection volume was 1.25 µL. The purity of the standards was above 98% 
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for DMS, DMDS, and DMTS (Sigma-Aldrich, the Netherlands). The detailed sample 
preparation and derivatization procedure are described in [7].

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 required sample volume was 3 ml.

The gaseous MT and diorgano polysulfanes 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 performed using a 
flame photometric detector (150 °C) and thermal conductivity detector (160 °C). Inlet 
temperature was 190 °C. The oven temperature was gradually increased: first 2 min it 
was 70 °C, followed by an increase of 40 °C min-1 by reaching 190 °C, and subsequently 
finished with a temperature hold for 5 min. Helium was used as a carrier gas with a flow 
rate of 10 mL min-1. Loop temperature was 50 °C, and the injection volume was 250 
µL. To enable meticulous flushing total sample volume was 3 mL. All tubing was of the 
type Sulfinert®, to prevent absorption and reaction of the sulfur compounds.

The concentration of MT and diorgano polysulfanes in the liquid phase were 
measured right after sample preparation with the same gas chromatography as gaseous 
samples, but the injection was done to the liquid port. Sample preparation followed 
with liquid-liquid extraction, where the sample was mixed with n-hexane (Sigma-
Aldrich, the Netherlands) and internal standard (IST) stock solution in the ratio of 
10:9:1 (sample: n-hexane: IST stock solution). Beforehand, the IST stock solution was 
prepared with 187.5 μL of thioanisole (TAS) (Sigma-Aldrich, the Netherlands) into 
49.8 mL of hexane. TAS concentration in the stock solution was 1023 ppm S. To allow 
complete desorption of organosulfur compounds from the sulfur particles surface, the 
sample mixed with the IST in n-hexane was extracted on a rotary shaker (600 rpm) 
during 30 min, the upper liquid phase was sampled with a glass syringe, and 0.8 µl were 
injected using a sandwich method. A detailed description of this method can be found 
in [13].

5.3. Results and Discussion 

5.3.1 Effect of methanethiol on process performance
To establish a stable baseline performance the feed during the first experimental 

run only consisted of H2S, i.e., no MT was added to the system. This allowed us to 
assess the selectivity for sulfate, sulfur, and thiosulfate formation. After 15 days of stable 



Chapter 5118   |

process operation, the selectivity of biologically produced sulfur was, on average, 91.5 ± 
1.2 mol% with 6.7 ± 1.1 mol% of sulfate and 1.8 ± 0.3 mol% of thiosulfate [13], which 
is similar to the achieved sulfur selectivity in the traditional gas biodesulfurization setup, 
consisting of a gas absorber and aerobic reactor, i.e. no anaerobic reactor [14]. The term 
“selectivity” describes the mol fractions of products formed from a reactant or substrate. 
Hereafter, additional dosing of MT to the feed-gas was initiated. MT was supplied over 
77 days of the process operation, whilst the loading rate was gradually increased from 0 
to 2 mM S day-1. 

We experienced that operation of the setup in the fed-batch mode without a sulfur 
removal step has some serious limitations. For instance, the accumulation of sulfur 
particles results in poor gas, liquid and solid phase separation and hence oxygen buildup 
in the headspace of aerobic bioreactor. To enable stable process operation for a long-
duration experiment, the process medium was exchanged four times to reduce the solids 
content.  Thus, we calculated the average product selectivity for sulfate, thiosulfate, and 
sulfur per medium exchange in the experiment with MT addition (Fig. 1). The highest 
sulfur selectivity was 90 mol% that was achieved during the highest MT loading (day 
29 to 44) while the lowest value 79 mol% was measured immediately after the startup 
of the process (day 1-11). The lower S production after start-up results from increased 
levels of thiosulfate and sulfate selectivity, 13 mol%, and 8 mol%, respectively. During 
days 45 to 77, the sulfur selectivity slightly dropped to 85 mol% with 6 mol% of sulfate 
and 9 mol% of thiosulfate formation. Thiosulfate selectivity decreased and stabilized 
at 9 mol% for the rest of the experiment. The observed thiosulfate selectivity in the 
presence of MT is almost five times higher than in the experiment with H2S only, i.e. 9 
mol % vs. 1.8 mol%. One of the reasons is the decreased biological rate of (poly)sulfide 
oxidation by SOB in the presence of MT (Appendix B, Fig. B1). The biological sulfide 
oxidation rate decreased by a factor of three, 0.9 ± 0.04 vs. 0.3 ± 0.01 mM O2 (mg N 
h)-1 at 0.12 mM of sulfide, after SOB biomass had been exposed to MT for 77 days. 
Because of the reduced biological oxidation capacity, there is more room for chemical 
sulfide oxidation, leading to the formation of thiosulfate, at elevated H2S loading rates. 
Conversely, more thiosulfate will be formed at a constant H2S loading upon increasing 
MT dosing rates. Moreover, any biological thiosulfate oxidation will be suppressed in 
the presence of DODS [10,13]. To overcome thiosulfate formation in the presence of 
MT, it is suggested to start process operation with a higher SOB biomass concentration. 

In our biodesulfurization process, sulfate is formed from sulfide and thiosulfate 
oxidation by SOB (Eq. 2 and 5), albeit that the specific oxidation rates for each substrate 
are different. In our previous studies, we found that SOB oxidation rates of thiosulfate 
were three times lower than for sulfide oxidation, 0.09 ± 0.01 vs. 0.32 ± 0.02 mM O2 
(mg N h)-1 [13]. Hence, we assume that the primary source for sulfate formation is 
biological (poly)sulfide oxidation. The addition of MT contributed to a decrease in 
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sulfate selectivity. At MT loading rates below 1.4 mM S day-1, the selectivity for sulfate 
formation was about 8 mol% and started to decrease at higher MT loading rates (Fig. 
1) and reached 0.6 mol% at the highest MT supplied. This indicates the effect of the 
MT loading rate on the sulfate formation. In previous studies, it was found that sulfate 
formation was inhibited in the presence of VOSCs [31]. Less than 0.5 mol% sulfate 
selectivity was observed 15 mol% of thiosulfate, and 85 mol% of sulfur. In subsequent 
studies Roman et al. found that the sulfate selectivity was ~ 5 mol% with ~20 mol% 
of thiosulfate and 75 mol% of sulfur [11]. Furthermore, from our previous study, it 
can be concluded that the product of MT oxidation – DMDS - selectively inhibits 
sulfate formation. For instance, at a higher MT loading rate more DMDS was produced 
(Appendix C, Fig. C1). 

Fig. 1. An average product selectivity and the formation rates of sulfate, thiosulfate, and dimethyl disulfide 
(DMDS) during the lab-scale biodesulfurization process operation with the addition of methanethiol 
(MT). Numbers in the bars indicate the time frame: 1 – day 1 to 11, 2 – day 12 to 29, 3 – day 29 to 44, 
and 4 – day 44 to 47. 
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We found that the formed DMDS selectively inhibited sulfate formation as follows 
from a decrease in selectivity from 8 mol% to 0.6 mol% at 29 to 44 days and triggered 
a slight increase in the thiosulfate formation rate (Fig. 1). This result is in line with our 
previous findings [13], where it was confirmed that sulfate formation is susceptible to 
the presence of DMDS. In addition to the detected DMDS, we also measured MT and 
other (diorgano)polysulfides (tri- and tetrasulfides). From the results of liquid GC-FPD 
analysis, it followed that the second most abundant diorgano polysulfane was dimethyl 
trisulfide (DMTS). Dimethyl tetrasulfide was detected only in the last days of process 
operation, while any MT was not detected (Appendix C, Fig. C1). In addition, the 
headspaces of both bioreactors and the outlet of the absorber were analyzed to detect 
any sulfur-containing gases. The concentration of DMDS in the headspace of the 
aerobic bioreactor and the gas outlet increased along with an increase of the MT loading 
rate (Appendix C, Fig. C2). This dependency confirms that the liquid and gas phases 
were in pseudo-equilibrium. The same correlation was observed in the traditional gas 
biodesulfurization system by Roman et al. [27]. However, the concentration of DMDS 
in the headspace of the anaerobic bioreactor remained constant, regardless of the increase 
of the MT loading rate (Appendix C, Fig. C2). This result indicates that the liquid and 
gasseous phases in the laboratory setup are in equilibrium. 

Fig. 2. Average Sum of polysulfides and their length in the process liquid to the supplied methanethiol 
(MT) loading rate to the lab-scale biodesulfurization setup.  

In addition to diorgano polysulfanes, also inorganic polysulfides were detected in the 
bioreactor suspension (Eq. 4 and 7). The average chain length of the polysulfides xav 
was found to be 4.8 ± 0.2 S atoms (Fig. 2). This is in good agreement with the values 
reported by Roman et al. [7]. The sum of polysulfides was constant for about 25 days 
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(0.6 ± 0.1 mM S) until the MT loading was increased to 2 mM S day-1. The increase 
in MT loading rate possibly triggered an increase in the sum of polysulfide species (Eq. 
7) on days 29 to 44 and day 60 to 75; this was also observed by Roman et al [9]. As 
mentioned before, polysulfides are formed from the reaction between produced bio-
sulfur and sulfide (Eq. 4). Hence, the sulfide concentration in liquid and the sum of 
polysulfide species were similar. This indicates that all supplied sulfide immediately 
reacted with sulfur to form polysulfides. From this observation, we conclude that the 
electron donor in our lab-scale biodesulfurization setup was polysulfide. 

5.3.2 Effect of methanethiol on sulfur-oxidizing bacterial community dynamics
The biomass grown in the experiment fed with sulfide alone was subsequently 

used as the inoculum for the experiment with sulfide and MT as feed gases. Thus, 
a relative abundance of SOB community and absolute 16S rRNA copy number of 
Alkalilimnicola ehrilichii, Thioalkalivibrio sulfidiphilus, and Thioalkalibacter halophilus 
were of the similar value at the end of the experiment with sulfide and at the beginning 
of the experiment with sulfide+MT (Fig. 3A and B). From the results of 16S amplicon 
sequencing and qPCR, it appears that the presence of MT provided a competitive 
advantage to Thioalkalibacter genus with a significant change in its 16S rRNA log 
copies number (p=3.814*10-16). The only described species in this genus is the obligate 
chemolithoautotrophic facultative alkaliphile Thb. halophilus [32]. The presence of 
DMDS, and not the MT itself, proved to be a direct factor for the proliferation of 
Thb. halophilus [13], as assumed before. The second in abundance was a haloalkaliphilic 
SOB Alkalilimnicola ehrlichii, which became dominant in Run 1 and was dominant 
in the experiments with MT. However, on the 44th day of the process operation, when 
the highest MT loading rate was reached (2 mM S day-1), the relative abundance of 
Alkalilimnicola drastically declined (Fig. 3B). The intoxication of the bacteria with MT/
DMDS and competition with a more thio-adapted Thioalkalibacter could be the cause 
of this outcome.

Moreover, the bacterial community composition entirely shifted when the MT 
loading reached 2 mM S day-1 at day 29 (Appendix D, Fig. D1). These included 
gammaproteobacterial genera, including Thioalkalimicrobium, Halomonas, and 
Thioalkalivibrio, were also detected in the inocula in both experimental runs. Halomonas 
species are aerobic or facultative anaerobic chemoorganotrophic haloalkaliphilic SOB 
that can utilize a wide range of organic substrates (such as fatty acids and sugars, but also 
hydrocarbons) and oxidize inorganic sulfur compounds incompletely to tetrathionate 
[33,34]. From the beginning of the experiment with sulfide, the relative abundance of 
Halomonas declined and continued to decrease with introduction of MT. A possible 
reason is the low concentration of available organics in the feed gas and the inability of 
Halomonas to withstand methanethiol toxicity [31].
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Fig. 3. The relative abundance of the microbial composition (top) and quantified 16S rRNA gene copies 
(bottom) of Thioalkalivibrio sulfidiphilus, Thioalkalibacter halophilus, and Alkalilimnicola ehrlichii during 
(A) H2S and (B) H2S + methanethiol (MT) supply. Only bacteria with a relative abundance higher than 0.5 
% are listed (remaining species are clustered into “Others”). Relative abundance results represent the average 
value, and the error bar represents the standard deviation of the three biological replicates. 16S rRNA gene 
log copies are an average value of the measured technical duplicates, whereas each data point is a biological 
replicate at each time point. Error bars indicate the standard deviation between technical duplicates. The 
lab-scale gas biodesulfurization bioreactor system was operated at a low oxidation-reduction potential of 
-390 mV, pH 8.5, and H2S loading rate was 58.12 mM S day-1. 

In comparison to Halomonas, the genera: Thioalkalivibrio and Thioalkalimicrobium are 
obligate chemolithoautotrophic haloalkaliphilic SOB that dominate in natural soda lakes 
[35]. The relative abundance of Thioalkalimicrobium and Thioalkalivibrio was constant 
during the sulfide supply only, whereas in the experiment with addition MT supply, the 
relative abundance of Thioalkalimicrobium drastically decreased within first 10 days of 
MT supply. In addition, the relative abundance of Thioalkalivibrio slightly decreased 
from 14 to 1.8 % during 29 days of the process operation and reached a minimum on 
the 44th day at the highest MT supply. The most probable explanation for the apparent 
low tolerance of Tv. sulfidiphilus to thiols is the fact that its only cytochrome oxidase is 
of the cbb3 type, which is highly sensitive to inhibition by organic sulfur compounds 
[9,10,13,27,31]. Thus, a decline in the relative abundance of Tv. sulfidiphilus is associated 
with the presence of organosulfur compounds. More to that, the drop in the relative 
abundance of Tv. sulfidiphilus provided an advantage for the growth of Thb. halophilus 
and Alk. ehrlichii. However, with the results from 16S amplicon sequencing, we cannot 
answer questions on species interaction and dynamics. Thus, qPCR was performed to 
monitor growth dynamics and establish absolute 16S rRNA counts of the three SOB 
key-players: Thb. halophilus, Tv. sulfidiphilus and Alk. ehrlichii.
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qPCR results showed that throughout process operation, the absolute abundance of 
Thb. halophilus rRNA increased with 2 log copies (ng DNA)-1, and Thioalkalivibrio 
sulfidiphilus decreased with 2.3 log copies (ng DNA)-1 by the end of the process operation 
with MT (Fig. 3B). These estimates of absolute abundance corroborate the observed 
pattern of relative abundances of the genera Thioalkalibacter and Thioalkalivibrio. 
However, while the absolute abundance of Alk. ehrlichii only marginally decreased by 
about 0.6 log copies (ng DNA)-1, its relative abundance decreased drastically by 46 % 
when the highest MT loading rate was reached (2 mM S day-1) (Fig. 3B). The absolute 
quantity of total bacterial 16S rRNA log copies (ng DNA)-1 remained almost constant 
over 29 days of process operation, with only a slight decline at a high MT concentration. 
These seemingly discrepant estimates of Alk. ehrlichii between qPCR and amplicon 
sequencing might be caused by different Alk. ehrlichii-specific amplification efficiencies 
of the universal 335F/518R primer set (amplicon sequencing) and the highly species-
specific primer set (qPCR) [36].

Moreover, this discrepancy may further be enhanced by primer binding 
competition, and PCR bias as 16S rRNA amplicon sequence counts depend on the 
abundance of other detected species in the sample [37]. This problem is thus particularly 
pertinent for relatively low abundant species. In contrast to 16S amplicon sequencing, 
the qPCR outcome does not depend on the abundance of other detected species and 
is conventionally used as a proxy for the absolute bacterial count [38] though well-
known, still insufficiently addressed and can potentially lead to a completely different 
interpretation of experimental results. This review provides a critical assessment of next 
generation sequencing (NGS). 

We further analyzed a possible correlation between the SOB key species and 
process performance parameters, including sulfate and thiosulfate concentrations, as 
well as MT loading rate, to evaluate whether these SOBs were responsible for sulfate 
and thiosulfate formation. After we have corrected for pseudo-replication and the 
accumulation of thiosulfate and sulfate, only methanethiol loading rate was having a 
significant effect on the species absolute counts (Appendix E, Fig. E1 and E2). MT 
concentration predicted species growth and lapse: MT positively affected Thb. halophilus 
growth (lmer Bonferroni adjustment, p=2×10-16), whereas MT negatively affected the 
growth of Tv. sulfidiphilus (lmer Bonferroni adjustment, p=2×10-16) and Alk. ehrlichii 
(lmer Bonferroni adjustment, p=0.04) (Fig. E1). These results are in concordance with 
our previous study, where Thb. halophilus abundance rapidly increased within five days 
of DMDS addition, and where growth dynamics of Tv. sulfidiphilus and Alk. ehrlichii 
did not change from the inoculum stage (Kiragosyan et al., unpublished data). The 
difference in the growth dynamics of SOB key species between the additions of MT and 
DMDS likely depends on the differential toxicity of these compounds and their effects 
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on bacterial activity. MT is known as a competitive inhibitor for the bacterial sulfide 
oxidation, while DMDS is non-competitive (Appendix C, Fig.C1) [10].

Nevertheless, in both cases, Thb. halophilus growth was enhanced, and one of 
the main reasons is the presence of the highly inhibitor-resistant quinol oxidase bd in 
addition to cytochrome c oxidase cbb3 (according to the genomic data) of Thb. halophilus 
[39]. As a comparison, inhibitor-sensitive cytochrome oxidase cbb3 (heme-Cu family) 
is the only oxidase present in the genome of Tv. sulfidiphilus and other dominant SOB 
species in the gas biodesulfurization systems [27,40]. These results provide valuable 
information on the application and use of Thioalkalibacter halophilus species in the gas 
biodesulfurization system to achieve high sulfur selectivity and stable process operation 
in the presence of thiols.

5.4 Conclusions

Modification of the traditional gas biodesulfurization line-up with the addition of an 
anaerobic bioreactor resulted in the enhancement of sulfur selectivity up to 90 mol% 
during 29 to 44 days of process operation. This selectivity was achieved when MT 
loading was still being increased, whereas at a constant MT loading of 2 mM S day-1 
only 85 mol% of sulfur selectivity was reached (day 44 to 77) and the sulfate selectivity 
increased from 0.6 mol% to 6 mol%. Low achieved sulfate selectivity of 0.6 mol% is the 
result of selective suppression of sulfate formation by chemically formed DMDS from 
MT oxidation. 

The high selectivity for the sulfur formation and stable gas biodesulfurization 
process operations depends on the composition of the SOB community. In a single 
reactor system with the only H2S in the feed gas Thioalkalivibrio sulfidiphilus is the 
dominant SOB. In the dual reactor line-up, we found that Alkalilimnicola ehrlichii 
became the dominant organism. However, after the addition of MT Thioalkalibacter 
halophilus became the most abundant haloalkaliphilic SOB species. These shifts in SOB 
community composition indicate a resilence of the mixed microbial communities to 
withstand process perturbations and, therefore, broadening the operational window of 
the gas biodesulfurization system. The overall outcome of this work provides a deeper 
understanding of the microbial sulfide oxidation and community composition dynamics 
in a gas biodesulfurization process for H2S and methanethiol. 
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Appendix A – Closing sulfur balance 

During the measurements of sulfate and thiosulfate on ion-chromatography and 
analysis of the same samples on total sulfur with ICP-OES, we found that there was a 
gap between sum of sulfate and thiosulfate and total measured sulfur. Moreover, when 
we restarted lab-scale setup with a refreshed medium in aerobic reactor we observed 
reoccurring trend of sulfide concentration decrease (Fig. A1). We tried to understand 
the underlying mechanism and found out that a decrease in sulfide concentration 
was strongly correlated with a gap in the sulfur balance (Fig. A1). To trace if the gap 
increased with a similar rate every time setup was restarted, we calculated rates of the 
sulfur gap increase and found that the highest rate was observed during the first 11 days 
of operation 14.6 mM S day-1. Afterward, a gap rate decreased to 9.2 mM S day-1 (12 - 
29 days) with a followed further decrease to 8.6 mM S day-1 (day 29 - 44). During 44 
to 77 days gap rate increased to 11.5 mM S day-1. To identify the cause of the increasing 
gap, we initially investigated whether the gap is coming from the ICP analysis itself. 
Results showed no detection of extra sulfur through any possible contamination from 
nitric acid and the equipment itself. Furthermore, as the ion balance was closed, we can 
assume that the compound that is contributing to the gap is neutrally charged. However, 
to have full certainty in identifying the missing compound, more research is required. 

Fig. A1. Measured sulfide concentration and a sulfur gap in the liquid of the lab-scale biodesulfurization 
setup.
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Appendix B – Respiration tests

Respiration rates of SOB biomass were measured after process operation with H2S and 
after run with H2S+MT. A detailed description of the performed test can be found in 
[13]. 

Fig. B1. Biological oxidation rates at different concentrations of HS- in oxygen saturated buffer at pH 8.5, 
1 M Na+ and 35 ºC. Measured data points are the average values of the experimentally measured duplicates. 
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Appendix C – GC-FPD analysis of liquid and gas samples from the 
biodesulfurization lab-scale setup 

Fig. C1. Measured concentrations of methanethiol, dimethyl di- (DMS2), -tri- (DMS3) and -tetrasulfide 
(DMS4) in the process liquid from (A) the anaerobic and (B) the aerobic bioreactors during 77 days 
of biodesulfurization process operation with a gradual increase of methanethiol supply. The system was 
operated at ORP of -390 mV, pH = 8.5, T = 35 ºC and the H2S loading rate was 58.15 mM S day-1.

Fig. C2. The detected gas concentrations of dimethyl disulfide (DMDS) in the headspace or the anaerobic, 
the aerobic bioreactors, and the gas outlet during biodesulfurization process operation with a gradual 
increase of methanethiol supply. The system was operated at ORP of -390 mV, pH = 8.5, T = 35 ºC and 
the H2S loading rate was 58.15 mM S day-1.
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Appendix D – Non-metric multidimensional scaling of 16S amplicon sequences 

To understand how the bacterial community composition changes, a non-metric 
multidimensional scaling (NMDS) on the 16S rRNA amplicon sequencing results was 
performed (Fig. D1). Clear differentiation between 45 samples taken in the experiment 
with methanethiol (MT) can be noticed, where three clusters can be distinguished. The 
first cluster has a similar community structure (samples MT1 to MT21) as MT loading 
rate was relatively low (0 to 30 days). The second cluster includes only one data point 
(MT22 – MT24), which samples were taken at day 44 after several days of the process 
operation at a high MT loading rate of 2 mM S day-1. The third cluster includes the 
rest of the samples that were taken after the previous high MT loading rate (MT25 – 
MT45). 

Fig. D1. Non-metric multidimensional scaling (axes NMDS1 vs. NMDS2) of the bacterial community at 
the lab-scale biodesulfurization setup loaded with sulfide and methanethiol. Dots denote samples, including 
time point triplicates, which were taken at 15 different time points. The system was operated at ORP of 
-390 mV, pH = 8.5, T = 35 ºC and the H2S loading rate was 58.15 mM S day-1.
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Appendix E – Statistical analysis of the qPCR results 

We have used generalized linear mixed models (GLMM) approach with lmer function 
to analyze qPCR data and to fi nd dependencies between variables of interest (thiosulfate 
and sulfate formation, methanethiol loading rate represented as time). We have expressed 
methanethiol loading over time, as both variables are highly dependent. After we have 
corrected for pseudoreplication (technical replicates) and accumulation of thiosulfate 
and sulfate, only methanethiol loading rate was having a signifi cant eff ect on the species 
absolute counts. 

Fig. E1. Generalized linear mixed eff ect model (LMER) predictions for the absolute species abundance 
counts over time. Lines indicate signifi cant model predictions and 95 % confi dence interval (CI). Th e 
system was operated at ORP of -390 mV, pH = 8.5, T = 35 ºC and the H2S loading rate was 58.15 mM S
day-1.

In addition, we checked the relation between three key-species from the experiment with 
MT (Fig. E2). Furthermore, all three interactions were highly signifi cant (< 2.2 × 10-16). 
Taking into account the observed dynamics of all three species, it can be concluded that 
Th b. halophilus proliferation aff ected decrease of Alk.ehrlichii abundance. In addition, 
intoxication by MT most likely played a role in the decrease of Alk.ehrlichii. Together, 
Alk. ehrlichii and Th b. halophilus outcompete Th ioalkalivibrio sulfi diphilus. 
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Fig. E2. Relations between three SOB key-species. Lines indicate significant model predictions and a 95 
% confidence interval. The system was operated at ORP of -390 mV, pH = 8.5, T = 35 ºC and the H2S 
loading rate was 58.15 mM S day-1.
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A feedforward control strategy 
for oxygen supply in a gas 
biodesulfurization process

Abstract 
In this work, a feedforward control strategy is proposed for the oxygen supply to a gas 
biodesulfurization process for the treatment of biogas, landfill and high-pressure natural 
gas. Traditionally, PI or PID feedback control is used when the feed gas contains H2S 
only. The oxidation-reduction potential (ORP) is largely dominated by the dissolved 
sulfide concentration. Therefore, the feedback controller maintains a constant sulfide 
concentration in the bioreactor by maintaining an ORP setpoint by controlling 
the oxygen supply. However, when the feed gas also contains volatile organic sulfur 
compounds, i.e. thiols, this process control becomes unfeasible, as absorbed thiols 
disturb the ORP measurement. Hence, an alternative control strategy is proposed, 
which controls the O2/H2S supply ratio. The alternative feedforward control strategy was 
validated by a variable supply of H2S (26.5 to 126.5 mM S day-1) and in the presence 
of ethanethiol (0.8 to1.16 mM S day-1). We achieved sulfur selectivity above 95 mol% 
at an O2/H2S supply ratio of about 0.63 mol mol-1. This work shows that fluctuations in 
the H2S loading rate in full-scale systems can be controlled by applying the alternative 
control strategy. For this strategy, the online measurement of the H2S concentration if 
the feed gas is required.

This chapter has been submitted for the publication as: Kiragosyan K., Roman P., 
Keesman K.J., Janssen A.J.H., Klok J.B.M. A feedforward control strategy for oxygen 
supply in a gas biodesulfurization process.
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6.1 Introduction

In general, the objective of all industrial production processes is to ensure safe and 
stable process performance while maximizing product yield and minimizing energy and 
chemical consumptions. This objective is usually achieved by the implementation and 
optimization of process control strategies, based on sensor technology [1]. The control 
of bioprocesses can be challenging due to the complex nature of biological processes, 
as these, in general, do not reach steady-states due to changes in the biological matrix. 
Hence, various monitoring and control strategies are available to measure and control 
process variables of interest. The most commonly used sensors in bioprocesses are 
temperature, pH, redox (also known as oxidation-reduction potential or ORP) and 
dissolved oxygen (DO). Amongst these parameters, dissolved oxygen is known to be 
a challenging parameter, as sometimes the optimal operation window for DO is tight. 
In addition, DO sensors are subjected to delayed responses and/or oxygen transfer is 
coupled to other physical processes such as separation of gas, liquid and solid phases. 
For example, in fermentation processes, it is crucial to accurately control the DO values 
in the process solution to avoid under and over oxidation of the desired products [2]. 
Similarly, to obtain high product yields of polyhydroxyalkanoate (PHA), the DO needs 
to be controlled at microaerophilic conditions [3]. The latter is challenging because 
often the concentrations are below the sensor’s detection limits [4]. As an alternative, 
an oxygen supply strategy can be based on ORP measurements. It is known that ORP 
measurements can be sensitive to more dominating and reducing dissolved compounds 
present in the process solution, or in wastewater treatment systems [5–7]. 

The ORP sensor was also implemented for the biodesulfurization process by 
Janssen and co-workers, to control biological sulfide oxidation in a micro-aerated 
bioreactor [8,9]. The gas biodesulfurization is a biotechnological process, which removes 
H2S from sour gas streams and subsequently converts it into predominantly elemental 
sulfur by haloalkaliphilic sulfur-oxidizing bacteria (SOB) [10,11]. When DO levels 
exceed thresholds (100 nmol L-1) [12], sulfide is oxidized to sulfate, which requires 
caustic addition to maintain pH levels of the process solution. Hence, the end product 
of biological sulfide oxidation is strongly determined by the amount of oxygen (O2) that 
is supplied and consumed by the SOB [8], as shown in the following equations:
H2S + 1/2 O2 → S0 + H2O (Eq. 1)
S0 + 1 1/2 O2 + H2O → SO4

2- + H+ (Eq. 2)
To enable a high selectivity for the formation of elemental sulfur, the supply of oxygen/
air must be carefully controlled. As DO levels for optimal sulfur formation rates are 
below the DO detection limits, current state-of-the-art full-scale systems are equipped 
with ORP sensors [9]. This sensor is connected to a proportional-integral-derivative 
(PID) feedback, closed-loop, controller to steer the oxygen/air supply to the system [13]. 
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In full-scale installation, the ORP feedback control strategy shows, in general, a good 
operational stability and reliability. However, several process parameters affect the 
stability of the control strategy. For instance, variations in the inflow of the feed gas 
and concentration of H2S in the feed gas will cause oscillations in the ORP signal, 
which in turn triggers instability in process and product formation. A second parameter 
that affects the ORP is the presence of thiols and diorgano polysulfanes in the process. 
Roman and co-workers found that when thiols (RSH) and di-organo polysulfanes 
(R2Sx; DOPS) are present in the gas feed, efficiency and stability of the process dropped 
significantly [14]. This was caused by the negative impact of thiols on the signal from 
the ORP probe, i.e. DOPS were formed from thiols autoxidation that affected the ORP 
measurements. Hence, triggering the oxygen supply to maintain the desired ORP levels 
[17]. A third parameter affecting the ORP values was recently found, i.e. the SOB 
themselves [15]. SOB were found to have a charge shuttling capacity, where they pick 
up sulfide under anaerobic conditions and then produce an electrical current in the 
presence of an anode that is acting as an electron acceptor [15]. Giving these aspects, 
using only ORP measurements are not sufficient to control the biodesulfurization 
process when also thiols are present. Hence, an alternative control strategy is required to 
overcome variations in the gas feed and process matrix. 

In recent work, a process adjustment was suggested to optimize the process of 
the biological desulfurization process. An extra anaerobic bioreactor was added to the 
existing Thiopaq O&G process line-up, called Thiopaq O&G Ultra [16]. This reactor 
was placed between the absorber column and the aerobic bioreactor to suppress the 
biological formation of sulfate and to increase the efficiency in sulfide-to-sulfur 
bioconversion [16]. An extra benefit of this anaerobic reactor is the damping of large 
fluctuations in the H2S feed to the system, resulting in more stable process performance 
and hence, improved product selectivity [17]. Nonetheless, some form of feedforward 
control is required to ensure high sulfur formation rates. 

In this paper, we present a feedforward control strategy that manipulates the 
oxygen supply that is based on maintaining a constant O2/H2S dosing ratio. This 
controller requires a continuous monitoring of the H2S concentration in the sour gas. 
From previous studies, it followed that at an O2/H2S dosing ratio of 0.6 mol mol-1 the 
sulfur selectivity was between 90-100 mol% [18–20]. Hence, a setpoint value of 0.6 
± 0.05 mol mol-1 was taken to compute the oxygen supply rate at various sulfide load 
patterns. In addition, we tested the feedforward control strategy under the addition of 
ethanethiol. 
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6.2 Materials and Methods

6.2.1 Reactor operation 
The laboratory setup consisted of a falling film gas absorber connected to two 

bioreactors in series, i.e., an anaerobic reactor for process stabilization followed by 
an aerobic reactor for sulfide oxidation (Fig. 1). The composition of the feed-gas was 
controlled using mass flow controllers (type EL-FLOW, model F-201DV-AGD-33-
K/E, Bronkhorst, the Netherlands). For the supply of hydrogen sulfide, a 0-17 mL min-1 
mass flow controller was used, for nitrogen 0-350 mL min-1, for oxygen 0-30 mL min-1, 
carbon dioxide 0-40 mL min-1 and for ethanethiol 0-60 mL min-1. Hydrogen sulfide and 
nitrogen gas were continuously supplied, whereas the supply rate of oxygen and carbon 
dioxide was pulse-wise controlled with a multiparameter transmitter (Liquiline CM442-
1102/0, Endress+Hauser, Germany). When using the conventional feedback control 
strategy, oxygen supply was controlled based on the signal from an ORP sensor, equipped 
with an internal Ag/AgCl reference electrode (Orbisint 12D-7PA41; Endress+Hauser, 
Germany). The carbon dioxide supply was controlled by the signals sent from a pH 
sensor (Orbisint 11D-7AA41; Endress+Hauser, Germany). A fiber-optic oxygen probe 
PSt 3 was used to monitor the oxygen concentration in the headspace of the aerobic 
bioreactor (PreSens Precision Sensing GmbH, Regensburg, Germany). More details on 
the used equipment can be found in [17]. 

During process operation the system was sampled in both gas and liquid phases. 
Liquid samples were taken from two sampling points located at the bottom section of 
the absorber and in the aerobic bioreactor. Gas-phase samples were taken from three 
locations: gas inlet, bioreactor headspace, and absorber outlet at regular time intervals. 
Sampling was done in triplicate for liquid samples and single measurements for gaseous 
samples. 

Table 1 Overview of the process conditions of the experimental setup.

Parameter Run 1
Feedback control

Run 2 
Feedforward control

Run 3
Feedforward control

Active liquid volume, L 2.5 2.5 2.5

pH setpoint 8.50 ± 0.05 8.50 ± 0.05 8.50 ± 0.05

Ethanethiol, mM S day-1 0 0 0.8 – 1.16

Salinity, Na+ M 1 1 1

Temperature, ˚C 35 35 35

ORP setpoint, mV -390 Not applicable Not applicable

O2/H2S supply ratio, mol mol-1 Not applicable 0.63 0.63
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Fig. 1. Laboratory scale fed-batch experimental setup used for the experiments. Blue circles indicate liquid 
sampling points, and a red circle indicates gas inlet. Block diagram of the setup can be found [17].

We conducted three sets of experiments (Table 1). First, we operated the process with 
ORP as a control variable and oxygen supply as a manipulated variable at diff erent H2S 
supply patterns: constant, pulse wave, triangle wave, and a randomly varying signal (Fig. 
2). To tune the PID controller of our fed-batch lab-scale gas biodesulfurization setup, 
we used the Ziegler-Nichols’ closed-loop tuning method [21,22]. In the constant supply 
mode, H2S fl ow rate was constant at 2.5 NmL min-1 (N stands for normal conditions). 
Th e pulse wave supply alternates between 2.5 and 5 NmL min-1 every 50 h, this supply 
mode mimics process start-up and emergency shut off  the unit. Th e triangle wave supply 
mode comprises a stepwise increase of the H2S supply rate from 1.5 to 9.5 NmL min-1 

with 20 min for each step. Th is supply mode mimics slow process start-up. In the last 
tested mode H2S supply rate randomly varied between 1.5 to 9.5 NmL min-1 with 5 min 
for each step. Subsequently, we tested the alternative feedforward strategy for oxygen 
supply, where the same H2S supply patterns were evaluated. In addition, we validated 
the feedforward control strategy after the addition of ethanethiol (ET) (Table 1). For 
this last experiment, we chose the randomly varying H2S supply pattern, as this is a very 
challenging feed pattern for stable process operation. Randomly varying supply pattern 
is unlikely to occur in the natural gas sites. However, it can occur in the anaerobic water 
treatment, where produced biogas is collected in a gas buff er that is irregularly emptied.
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Fig. 2. Oxygen supply as derived from the basic feedforward pattern (A) with respect to the supplied H2S 
pattern: (A) constant, (B) pulse wave, (C) triangle wave, and (D) randomly varying signal. The supply of 
H2S and O2 is presented in NmL min-1. 

In the ORP-based feedback control, the O2/H2S ratio was constantly monitored. Two 
O2/H2S ratios can be determined: supplied and actual ratios. The supplied ratio is equal 
to the amount of oxygen passed through the mass flow controller per supplied sulfide, 
whereas actual or consumed O2/H2S ratio is calculated based on the formed products 
and how much oxygen is required for their formation. In experiments with the O2/H2S-
based feedforward control strategy (Run 2 and 3), ORP was not controlled. However, 
ORP measurements were used to enable a comparison between the various runs 1-3.

In what follows, ORP-based feedback control will be referred to as feedback control 
and O2/H2S-ratio based feedforward control as feedforward control. 

6.2.2 ORP-based feedback control 
A proportional-integral-derivative (PID) feedback controller was implemented. 

This controller automatically steers the oxygen supply (output) in the biodesulfurization 
process on the basis of continuous ORP measurements (input). Selection and tuning of 
respectively the P, I, and D actions is a challenge in bioprocess control applications as it 
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does not account for changes in microbial activity such as natural adaptation [23–26], 
resulting from complex and often unknown underlying biochemical processes. However, 
it is possible to re-tune PID controller once the steady state is reached. Nonetheless, we 
frequently use PID controllers in bioprocesses, especially in the lab-scale installations. 
To eliminate the sensitivity of the D–action with respect to high frequent process noise, 
diff erent fi lters can be applied to damp the eff ect of noise. Th e built-in PID controller in 
the Endress and Hauser multichannel transmitter also contains an anti‐windup scheme 
for limiting the integrator [27].

6.2.3 Alternative feedforward control 
From previous studies, it is known that the amount of oxygen supplied should 

be proportional to the amount of sulfi de gas supplied, and when SOB biomass activity 
is high an ORP value can be maintained that is close to the setpoint value [9,28]. 
Th erefore, we decided to base the alternative oxygen supply on maintaining a constant 
average O2/H2S ratio of 0.63 mol mol-1 (Fig. 2A). Moreover, from previous studies and 
chemical reactions on sulfi de oxidation (Eq. 1 – 2) we know that sulfur selectivity is 
higher at lower O2/H2S ratio and at O2/H2S ratio of about 0.60 ± 0.05 mol mol-1 sulfur 
selectivity is between 90 to 100 mol% [18,29]operating at natronophilic conditions, 
formation of thiosulfate (S2O3

2-). Giving this, we calculated the oxygen supply in the 
feedforward strategy from an O2/H2S ratio at around 0.63 mol mol-1, which is a little 
bit higher than the theoretical ratio of 0.5 mol mol-1 (Eq. 1), but such that high sulfur 
selectivity can be achieved. 

Fig. 3. Block scheme of the feedforward control strategy with VOSC the volatile organic sulfur compounds.

To enable feedforward control, we wrote an algorithm in FlowPlot software V3.35 to 
calculate the oxygen supply under varying H2S supply rates (Bronkhorst, the Netherlands), 
where oxygen supply was calculated based on the supply of H2S. For example, 2.5 NmL 
min-1 of H2S will result in ~ 1.6 NmL min-1 of oxygen. However, it can be noticed in 
Fig. 2 that the implemented oxygen supply is not constant but comprised of a repetitive 
pattern. Th is pattern was created due to the system’s slow response and traveling time 
of the supplied sulfi de from the absorber to the aerobic bioreactor (retention time ~ 15 
min). Hence this occurred delay due to the liquid retention time allows to maintain 
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stable oxygen concentration and continuous sulfide inflow. At the beginning of the 
pattern, we slightly overdosed the system with oxygen to be able to distribute oxygen in 
the bioreactor before sulfide enters, and afterward decreased it. The pattern consists of 
six steps, which on average gives an O2/H2S supply ratio of 0.63 mol mol-1. The pattern 
was achieved by trial and error adjustments of the oxygen supply. Whenever the oxygen 
supply changed, we calculated the resulting O2/H2S supply ratio to see if it fits into the 
desired ratio and if ORP oscillating within a range of ± 10 mV. When both conditions 
were fulfilled, we let the calculated oxygen supply pattern run for several cycles for 
about four hours to see if the pattern suffices for longer-term experiments. After some 
modifications we just fixed the oxygen supply pattern. The average O2/H2S ratio of 0.63 
mol mol-1 and corresponding heuristic control pattern (Fig. 2A) were maintained over 
the process operation at various H2S supply patterns. 

6.2.4 Medium composition
The haloalkaline medium was buffered with 0.045 M Na2CO3 and 0.91 M 

NaHCO3. The medium contained 1.0 g K2HPO4, 0.20 g MgCl2 x 6H2O, and 0.60g 
urea, each per 1 L of ultrapure water (Millipore, ISO 3696) and trace elements solution 
as described in [30]. The pH of the medium was 8.5 ± 0.05 at 35 ˚C.  

6.2.5 Inoculum
Biomass mix was prepared by mixing four different biomasses, originating from 

three biodesulfurization installations: Oilfield - 1, Oilfield - 2, and Pilot plant [17]. 
Names of biomasses are denoted as the industry that a biodesulfurization installation 
treats gas from. The Oilfield - 1 full-scale installation treats associated gas containing low 
concentrations of thiols 50-200 ppm and 1-5 % of H2S, whereas Oilfield - 2 treats acid 
gas with 10 - 20 % of H2S and thiols [31,32]. Biomasses were mixed in a proportion 
2:1:2, consequently the cells were concentrated by centrifugation (15 min at 16,000g), 
and the cell pellet was used to inoculate the 5 L bioreactor. 

The prepared biomass mix was used to inoculate the lab-scale biodesulfurization 
system for the first experimental run (Run 1, Table 1). Afterwards, developed biomass was 
used as an inoculum for the second and third experiment (Run 2 and Run 3, Table 1).

6.2.6 Analytical techniques
The biomass quantification was based on the amount of organically bound nitrogen 

that was oxidized to nitrate by digestion with peroxodisulfate (LCK238 and LCK338, 
Hach Lange, the Netherlands). Prior to the analysis, we washed the cell pellet twice at 
20,238 g for 5 min with the nitrogen-free medium. Washing was performed to exclude 
the quantification of the nitrogen present in the medium in the form of urea. 
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We determined the concentrations of sulfate and thiosulfate 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). Before the analyses, all solids were removed by filtration 
over a 0.45 μm membrane syringe filter (HPF Millex, Merck, the Netherlands). 
Subsequently, the filtered sample was mixed with 0.2 M zinc acetate in a 1:1 ratio to 
form ZnS and to prevent chemical sulfide oxidation. 

Produced biological sulfur concentration was calculated from the sulfur mass 
balance based on the supplied sulfide and the actual sulfate and thiosulfate concentrations, 
and is given by: 
[S0]t = Δt(H2S supplied/ Vliquid) – [SO4

2-]t – 2*[S2O3
2-]t – (Sx

2-)t, 
where the initial sulfur concentration is assumed to be zero. This is a general method 
to establish the sulfur mass balance to calculate sulfur selectivities [16,20,33,34]. 
Concentrations of dissolved sulfide, polysulfides, and possible volatile organosulfur 
compounds were not taken into account, as their combined contribution to the total 
concentration of sulfur species is negligible [34]. We also assume ‘pseudo’ steady-state 
conditions of the system, which was confirmed by the consecutive liquid and gas samples 
[14,29,32]. 

Sulfide was measured as a total sulfide using a methylene blue method with a cuvette 
test (LCK653, Hach Lange, USA). Sulfide quantification was carried out immediately 
after sampling, and samples were diluted in oxygen-free Milli-Q water (sparged with N2 
stream for 30 min) to exclude chemical oxidation. 

In addition to sulfur-containing anions, cations Na+ and K+ concentration were 
also measured with ion chromatography as described earlier for the anions (Roman et al. 
2015). However, the mobile phase for a Metrohm Metrosep C4−150/4.0 mm column 
was 0.9 mL 3 mM HNO3 min−1.

In order to close the electron balance, carbonate and bicarbonate ions concentration 
were calculated using the Henderson-Hasselbalch equation [35]. Hence, liquid samples 
were analyzed on the total inorganic carbon using high-temperature catalytic oxidation 
at 680 ˚C with TOC-VCPH/CPN analyzer (Shimadzu, The Netherlands).

In total, two types of liquid samples were prepared, filtrated, and precipitated with 
zinc acetate for anions measurements and non-filtrate for biomass quantification and 
TOC analysis. All liquid samples were stored at 4 ºC before being analyzed (about three 
days).

The gas-phase (H2S, N2, CO2, and O2) was analyzed with a gas chromatograph 
(Varian CP4900 Micro GC, Agilent, the Netherlands). The gaseous ethanethiol (ET) 
and diorganopolysulfanes 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 
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mm di x 20 µm df ). To enable meticulous flushing total sample volume was 3 mL. 
All tubing was of the type Sulfinert®, to prevent absorption and reaction of the sulfur 
compounds. 

The liquid ET and diorganopolysulfanes concentrations were measured with the 
same gas chromatography as gaseous samples, but injection was done to the liquid port. 
Samples preparation followed with liquid-liquid extraction, where the sample was mixed 
with n-hexane (Sigma-Aldrich, the Netherlands) and international standard (IST) stock 
solution in the ratio of 10:9:1 (sample: n-hexane: IST stock solution). Beforehand, the 
IST stock solution was prepared with 187.5 μL of thioanisole (TAS) (Sigma-Aldrich, 
the Netherlands) into 49.8 mL of hexane. TAS concentration in the stock solution was 
1023 ppm S. To allow complete desorption of organosulfur compounds from the sulfur 
particles surface, the preparation with the sample, IST in n-hexane was extracted on a 
rotary shaker (600 rpm) during 30 min afterward, upper liquid phase was sampled with 
a glass syringe, and 0.8 µl were injected using a sandwich method. A detailed description 
of the method and other used analytical techniques are described in [17].

6.3. Results and Discussion 

6.3.1. Importance of oxygen concentration 
In the biological oxidation process of sulfide and in the absence of thiols, a feedback 

control allowed us to accurately manipulate the oxygen supply in order to maintain the 
desired ORP setpoint at -395 ± 5 mV at randomly varying H2S supply (Fig. 4A). Except, 
when applying perturbations in the sulfide loading, an increase in oxygen concentration 
was triggered. In the headspace of the aerobic bioreactor, oxygen increased from 1.7 
% to 12 %, while maintaining a stable ORP setpoint (Fig. 4A). At this latter high 
oxygen concentrations, product formation shifted towards sulfate selectivity, which 
resulted in a decrease of sulfur selectivity. From these results, it follows that maintaining 
the ORP setpoint with feedback control cannot optimize sulfur selectivity when H2S 
concentration in the feed gas fluctuates strongly (Fig. 4A).

Klok and co-workers formulated a model, which describes the relationship 
between dissolved oxygen concentration, dissolved sulfide, and ORP-value under halo-
alkaline conditions (Appendix A, Fig. A1), which in turn can predict biological end-
product formation (Appendix A, Fig. A2) [12]. From these predictions it follows that 
sulfur selectivity is more sensitive to DO concentration when ORP sensor is sensitive to 
reduced sulfur compounds, i.e. sulfide. Moreover, ORP-based control cannot guarantee 
a high sulfur selectivity, as it cannot control oxygen concentration at fluctuating gas 
feeds. Given these outcomes, the use of feedback control is insufficient to secure high 
sulfur selectivity at fluctuating sulfide gas feeds, as shown in Fig. 4A.
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Fig. 4. A fragment of the measured oxygen concentration in the headspace of aerobic bioreactor and 
corresponding readings from oxidation-reduction potential (ORP) sensor in the experiments with (A-
B) ORP-based feedback control and (C-D) O2/H2S ratio-based feedforward control during a randomly 
varying supply of sulfide. 

In comparison with feedback control, the proposed feedforward controller showed 
stable oxygen concentrations (2 ± 0.5 %) in the headspace of the aerobic bioreactor 
(Fig. 4C). Moreover, measured ORP values show more substantial variations, with 
an average of -410 ± 10 mV after a week of process operation, than with the use 
of feedback control. Moreover, it can be noticed that ORP values varied between 
-390 mV and -410 mV. Previous studies showed a logarithmic relationship between 
ORP values and sulfide concentration [9]. This relationship results in insensitivity 
of ORP sensor at high sulfide concentrations, or at low ORP values. Therefore, 
process operation at low ORP values, i.e. below  -400 mV, becomes challenging, i.e., 
as dissolved sulfide accumulates in the process solution [18,36]. As a result, SOB 
respiration rates decrease and drop below supply rates. Moreover, due to gas-liquid 
equilibrium, substantial concentration of sulfide will also be present in the gas-phase, 
which subsequently will lead to increased levels of sulfide in the treated gas. 

However, during experiments with feedforward control, no dissolved sulfide was 
detected in the process solution, even at an ORP value of -420 mV. Hence, use of 
the feedforward control allows to operate gas biodesulfurization process at low ORP 
values. This finding indicates that ORP values are more sensitive to sulfide levels, 
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whereas biological product formation is susceptive to oxygen concentration. Therefore, 
in the gas biodesulfurization process with large fluctuations in H2S feed, ORP might 
be still used as a controlled variable in, for instance a model-based (predictive) control 
strategy.

6.3.2. Process performance 
A comparison in terms of process performance was also made between the 

conventional ORP-based feedback control versus the newly proposed O2/H2S ratio 
feedforward control. In both cases, similar H2S dosing patterns were applied. It can be 
seen that with the conventional controller, the sulfur selectivity showed more variations 
(Fig 5A) at fluctuating H2S supply than was found for the feedforward controller (Fig 
5B). At constant H2S supply, sulfur selectivity was similar between control strategies 
(Table 2; see also Appendix B, Fig. B1). Initially, sulfur selectivity was about 90 
mol% and then decreased to about 60 mol% (Fig. 5A). The observed decrease in 
sulfur selectivity corresponds with the increase of O2/H2S supply ratio, which ranged 
from 0.8 to 1.4 mol mol-1. Increased O2/H2S supply ratio resulted in the higher 
selectivity for sulfate as more oxygen was available. Subsequently, sulfate selectivity 
increased with increasing SOB biomass activity. Thus, chemical oxidation of sulfide 
to thiosulfate was absent or low, resulting in 0 mol% thiosulfate selectivity. However, 
it is also possible that thiosulfate was formed and was further oxidized to sulfate. 
Furthermore, the reason why selectivity for thiosulfate was still 0 mol% is that rates 
for thiosulfate formation and its oxidation were similar [19,32]. Same low thiosulfate 
selectivity 0 mol% was observed by Van den Bosch and co-workers when fed-batch 
lab-scale biodesulfurization setup was operated at high oxygen concentrations and a 2 
mol mol-1 O2/H2S ratio resulted in 100 mol% of sulfate selectivity [29].

Table 2. Average product selectivity in the experiments with ORP-based feedback and O2/H2S ratio-based 
feedforward control at various sulfide supply patterns and ethanethiol† (ET) addition (0.8 to 1.16 mM S day-1). 

H2S supply pattern Feedback control Feedforward control Feedforward control + ET†

SO4
2- S2O3

2- S8 SO4
2- S2O3

2- S8 SO4
2- S2O3

2- S8

Constant *7 ± 1 2 ± 0 92 ± 1 8 ± 0 0 ± 2 92 ± 2

Not testedPulse wave 34 ± 1 0 ± 0 66 ± 1 2 ± 0 0 ± 3 98 ± 3

Triangle wave 28 ± 4 0 ± 1 72 ± 4 4 ± 0 0 ± 7 96 ± 7

Randomly varying signal 44 ± 1 0 ± 0 56 ± 1 3 ± 0 0 ± 1 97 ± 1 4 ± 2 0 ± 0 96 ± 2

* Process operation data of the ORP-based control with constant H2S flow is presented in Appendix B, Fig. B1.

After the experiment using the ORP-based control strategy, we initiated experiments 
with the feedforward strategy. From the results in Fig. 5B and C, it can be noticed 
that the product formation was stable. On average the selectivity for sulfur selectivity 
is about 97 ± 2 mol%. During startup of the experiments with feedforward control we 
started with constant H2S feed and altering the oxygen pattern (Fig. 2A). 
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Fig. 5. Process performance using (A) ORP-based feedback control and (B-C) O2/H2S ratio-based 
feedforward control for oxygen supply in the double bioreactor gas biodesulfurization line-up. Presented 
data points are averages of the analyzed triplicates. Th e system was operated at pH = 8.5, T = 35 ºC. Vertical 
dashed lines indicate a change in H2S supply pattern: I – constant (H2S loading 58.2 mM S day-1), II – pulse 
wave (116.3 mM S day-1), III – triangle wave (126.5 mM S day-1), IV – randomly varying signal (26.5 mM 
S day-1). S8 is elemental sulfur that is shaped into a crystal form from S0.

We started from 0.84 mol mol-1 O2/H2S ratio and slowly decreased it to 0.70 mol 
mol-1 by reducing the oxygen supply. By the end of day fi ve, we managed to come up 
with an oxygen supply pattern that fi ts the 0.63 mol mol-1 ratio. At this ratio with 
corresponding H2S supply pattern (Fig. 2A) the change from constant to any of the 
other three patterns also resulted in lower sulfur selectivity 92 ± 2 mol% and higher 
sulfate selectivity 8 ± 0 mol% (Table 2). Sulfur selectivity during the constant, triangle 
wave, and randomly varying H2S supply were all around 96 mol% with about 4 mol% 
of sulfate. Based on these results we concluded that the feedforward control strategy in 
the gas biodesulfurization process results in a more stable process operation with higher 
selectivity for sulfur formation as compared with the ORP-based feedback control 
strategy (Table 2).

To test the robustness of the novel feedforward control strategy, we continued 
experiments at randomly varying H2S feed pattern and with the addition of ethanethiol 
(ET) to the gas biodesulfurization setup (Fig. 6). For randomly varying oxygen supply 
we used an O2/H2S ratio of 0.63 mol mol-1. After 10 days of stable process operation, 
the sulfur selectivity in the presence of ET was, on average, 96 ± 2 mol%, with 4 ± 2 
mol% of sulfate (Table 2). Moreover, the process operation was steady, with a daily 
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sulfur selectivity always above 90 mol%. Whereas, in our previous study the process 
operation was less stable, as the oxygen supply was aff ected by drifting of the ORP sensor 
due to the presence of diorgano polysulfanes [14,17,33]. It is important to notice that 
biomass concentration in the presence and absence of ethanethiol (Fig. 5 and 6) is more 
or less similar. Th is shows that possibly SOB biomass adapted to ethanethiol. Hence, 
the biomass activity did not decrease, because supplied ethanethiol concentration (with 
loading rate of 1.16 mM day-1) is less than IC50 reported before [17,37]. 

We found ethanethiol and its autoxidative products diethyl disulfi de and diethyl 
trisulfi de in the headspace of both bioreactors and gas outlet (Appendix C). However, 
no organic sulfur compounds were determined in the liquid, possibly due to the high 
volatility and low concentration of ethanethiol. Nonetheless, the presence of ethanethiol 
and di-organo polysulfanes did not aff ect process performance when the feedforward 
control strategy was used. Th is observation indicates the robustness of the feedforward 
control in the presence of thiols or other volatile organic compounds that can aff ect 
the ORP of the medium. However, the O2/H2S ratio-based control strategy requires 
measurements of the concentration of sulfi de feed to the gas biodesulfurization 
installation. Hence, sensors for H2S measurement are required to be installed in the 
feed gas line, so that oxygen supply can be calculated based on the incoming sulfi de. 
Existing sensors for sulfi de measurements in liquid, such as amperometric microsensors, 
might be applied. However, presence of biosulfur and other inorganic and organic sulfur 
compounds might interfere. 

Fig. 6. Performance of the laboratory bioreactor with feedforward control for oxygen supply in the presence 
of ethanethiol (ET). Presented data points are averages of the analyzed triplicates. Th e system was operated 
at pH = 8.5, T = 35 ºC and randomly varying signal pattern for H2S supply. S8 is elemental sulfur that is 
shaped into a crystal form from S0.
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6.4 Conclusions

Our findings show that, in principle, the O2/H2S ratio-based feedforward control for 
oxygen supply could be a promising alternative to the traditionally used ORP-based 
feedback control, especially when sulfide loadings strongly vary or when other reducing 
compounds such as thiols and diorgano polysulfanes are present in the feed gas. With the 
application of a feedforward control strategy, the overall selectivity for sulfur formation 
is enhanced, mainly because it is less prone to variations during upset process conditions, 
i.e. fluctuating sulfide loading rates. In addition, it is important to maintain the oxygen 
concentration in the aerobic bioreactor at low levels and at low ORP to achieve high 
sulfur selectivity > 90 mol%. By achieving high sulfur selectivities, the selectivities for 
sulfate and thiosulfate formation remain low. This results in a reduction of the caustic 
consumption and in the decreased formation of waste streams. Furthermore, O2/H2S 
ratio-based control shows good results in the presence of thiols. However, more research 
is required to identify limits of the feedforward control at higher loading rates of various 
thiols. For the implementation in full-scale installations, robust and reliable (hardware/
software) sensors are required for H2S detection in the gas or liquid streams, with a 
connection to an oxygen/air mass flow controller to regulate oxygen supply based on the 
incoming H2S flow/concentration.  
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Appendix A – A dependency of ORP on sulfide concentration and oxygen 
concentration

Figure A1 illustrates how ORP of the process medium will change in response to the 
oxygen and sulfide concentration. To predict ORP values at various concentrations of 
oxygen and sulphide, we propose the following equation for ORP, based on the Nernst 
equation: 
ORP = ξ1 + ξ2log(γO2) + ξ3log(γHS-) (Eq. A1)
Where ξi is an empirical ORP coefficient and γ describes the activity coefficient of the 
dissolved compound. 

Fig. A1. ORP dependency for oxygen and sulfide concentration (semi-logarithmic scale) (adapted from 
Chapter 6 of Klok’s PhD thesis [41]. The symbols indicate measured data points and solid lines indicate the 
model fit based on the equation Eq. A1.

Fig. A2. The dependency between oxygen concentration and formation of sulfur and sulfate at two 
oxidation-reduction potential (ORP) setpoints. S8 is an elemental sulfur that is shaped into a crystal form 
from S0.
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Appendix B – Gas biodesulfurization process performance with use of ORP-
based feedback control for oxygen supply 

Fig. B1. Product formation during H2S oxidation in (A) the traditional and (B) the double bioreactor gas 
biodesulfurization line-ups. Th e system was operated at ORP of -390 mV, pH = 8.5, T = 35 ºC and the H2S 
loading rate was constant at 58.15 mM S day-1.
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Appendix C – Concentrations of inorganic and organic sulpfur compounds 
in the liquid and gas samples from the lab-scale gas biodeuslfurization setup 
operation with ethanethiol addition. 

Fig. C1. Th e detected gas concentrations in the headspace or the anaerobic, the aerobic bioreactors and the 
gas outlet during biodesulfurization process operation with a gradual increase of ethanethiol supply. Th e 
system was operated at pH = 8.5, T = 35 ºC and the randomly varying supply of  H2S (26.5 mM S day-1).  
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Summary and general discussion



7.1. Introduction

The growth of the global population and its associated increased demands for energy, 
food, and water has resulted in the intensification of industry and land use and hence loss 
of biodiversity and climate change. The overuse of natural resources, anthropogenic gas 
emissions and wastewater discharges into open waters cause environmental pollution, 
which, as a chain reaction, trigger changes in the natural habitats of flora and fauna 
[1–3]. Moreover, accumulation of CO2, N2O, CH4 and SO2 gases in the atmosphere 
cause health problems for millions of people and accelerate climate change [4]. 

To sustain a global population of 7.7 billion people and manage their 
environmental footprint sustainably, the industry should transition towards a 
circular economy by using renewable resources and implementation of sustainable 
technologies. One such technology is the gas biodesulfurization process developed by 
our group in the Department of Environmental Technology at Wageningen University 
in cooperation with Delft University of Technology, University of Amsterdam, and 
industrial partners: Paqell B.V, Paques B.V and Shell. This technology emerged in 
the early 1990s when physicochemical desulfurization processes were dominating the 
market. Our biodesulfurization technology distinguishes itself because of its reduced 
operational and capital expenditures, and smaller environmental footprint. Since then, 
gas biodesulfurization has been intensively studied in order to facilitate higher sulfur 
recovery rates (>90 mol%) and stable process operations while treating a variety of 
gas feed streams. A high selectivity for sulfur is preferred because this will regenerate 
hydroxide ions, which are consumed when H2S is removed from gas streams. In addition, 
the consumption of air, energy, and caustic at sulfur-producing conditions are lower 
relative to the formation of sulfuric acid [5]. Furthermore, the recovered sulfur slurry 
can be used as fertilizer and as fungicide [6]. To maintain a stable sulfur selectivity, the 
biodesulfurization process operation should remain stable as well, especially when gas 
feed composition and sulfide concentration fluctuate. The composition of the feed gas 
depends on the industry that generates the sour gas. For example, biogas formed from the 
anaerobic digestion of wastewater in paper mill facilities has a relatively low amount of 
H2S (0.7 vol.%), whereas sour gas streams in the oil and gas industry are composed of up 
to 95 vol.% of H2S, a fraction of CO2, hydrocarbons, and thiols. The H2S concentration 
can vary greatly, not only between industries but also during the operation of a single 
installation. The daily H2S loading rate between Thiopaq installations may range from 
10 kg day-1 up to 150 ton day-1. Therefore, the aim of this research was to achieve more 
sulfur formation and stable process operation in the presence of thiols; see Chapter 1 for 
main research questions. In the following section we will discuss which measures can be 
applied to increase process stability and sulfur formation under variations in gas feeds.
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7.2. Achieving optimal process performance

In the studies described in this thesis, we made use of a variety of scientific disciplines 
ranging from molecular biology, toxicology, process technology to process modeling 
and process control in order to better understand the four key elements required for 
achieving optimal process requirements. These elements are described below:
1. Development of a methodology for selecting SOB biomass to start up a full-

scale gas biodesulfurization installation. SOB have two enzymatic routes for 
sulfide oxidation that have been known so far. The majority of SOB were found 
to use flavocytochrome c oxidase to transfer electrons to cytochrome c. This route 
is called FCC that converts HS- to S8. The second route that is used by some SOB 
species, i.e. Alkalilimnicola, is sulfide-quinone reductase (SQR) that uses quinones 
as electron carriers. It was found that SQR pathway is more energetically favorable 
and less sensitive to toxic compounds such as thiols [7]. Furthermore, Klok and 
colleagues found that SQR route prevails when sulfide oxidation takes place under 
oxygen limiting conditions and stimulates elemental sulfur formation [8]. Therefore, 
finding ratio between expression rates of sulfide oxidation enzyme routes FCC and 
SQR will enable to understand capacity of the chosen SOB form sulfur and sulfate. 
This FCC/SQR ratio is derived from the respiration rate data and introduced as an 
α value. In our study, we found that at α < 0.8, sulfur formation prevailed in the 
process, whereas product formation shifted towards sulfate formation at α > 0.8 
(Chapter 2). This dependency between α, sulfate and sulfur formation can be used 
as an assessment tool for a process engineer/installation operation to assess product 
formation rates and develop debottlenecking strategies for full-scale installations. In 
addition, it can be used to evaluate a chosen inoculum on its potential for sulfur and 
sulfate formation before starting the process. 

2. Evaluation of the dual biodesulfurization line-up in the presence and absence of 
thiols by investigating underlying biochemical reactions of H2S oxidation and 
SOB community dynamics. In our study, we achieved a sulfur selectivity of ~92 
mol% in both the double-bioreactor setup and the traditional line-up during short-
term experiments of about 2 weeks of operation (Chapters 2 and 4). However, we 
noticed that the addition of a second, anaerobic, bioreactor to the line-up resulted 
in the increase of the process operability as both formation rates and ORP values 
were more stable in that setup. It appeared that the added anaerobic bioreactor in 
the double-bioreactor line-up was damping fluctuations of the sulfide-rich solution 
flow into the aerobic bioreactor. The ORP sensor readings showed that the values 
measured in anaerobic bioreactor were consistently more negative than in the 
aerobic bioreactor (~-430 mV vs. ~-390 mV), meaning that no oxygen was present 
in the anaerobic bioreactor and that conditions in the anaerobic bioreactor were 
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more reduced. This difference in the ORP values and oxygen availability affects the 
state of bacterial cells, more importantly state of the enzymatic routes for biological 
sulfide oxidation [9]. Moreover, the addition of an anaerobic bioreactor increased 
the biomass retention time and the interaction of SOB with organic and inorganic 
sulfur compounds. These improvements prompted us to study the effect of thiols 
on the process operation of the double bioreactor setup (Chapter 5). In this work, 
we identified that almost all sulfide supplied to the system in the feed gas was in the 
form of polysulfide. This indicates that, in our experimental setup, the dominating 
electron donor for SOB was polysulfide. Moreover, we found that when the double 
bioreactor was added to the process line-up, we were able to increase the selectivity 
for sulfur formation up to 90 mol% when methanethiol (MT) was supplied at a 
loading rate of 2 mM S day-1, whereas in the traditional line-up, the maximum for 
sulfur formation was 75% [10]. 

In addition to the above, we observed that the anaerobic bioreactor provided selective 
pressure on the SOB microbial community. To asses SOB dynamics, we initially 
performed 16S rRNA gene amplicon analyses on samples collected at equal time 
intervals during experiments with and without MT addition (Chapters 4 and 5). The 
output of amplicon sequencing provides the relative abundance of microbial species 
present in the community at the moment of sampling. These abundances are relative as 
they depend on an abundance of other species within the SOB community. Therefore, 
in addition, a quantitative assay was performed to answer more profound questions on 
species interactions, dependency of the process performance and growth dynamics. We 
cloned our sludge and identified the three most dominant SOB species: Thioalkalivibrio 
sulfidiphilus, Alkalilimnicola ehrlichii, and Thioalkalibacter halophilus. For these species, 
we developed species-specific primers and qPCR assay (Chapter 3). The qPCR results 
show that proliferation of Thioalkalibacter halophilus and decrease of Thioalkalivibrio 
sulfidiphilus was strongly correlated to the presence of MT and/or its oxidation product 
dimethyl disulfide (DMDS). IC50 values of Thioalkalibacter halophilus confirmed its 
high tolerance to dimethyl disulfide (IC50 value at 2.37 mM of DMDS) (Chapter 4).
3. Selective inhibition of sulfate formation by DMDS addition. The idea for this 

experiment originated from the findings of Roman et al. (2016b), describing the 
inhibition modes of organic sulfur compounds. In this study, we found that DMDS 
inhibits the oxidation of internal poly sulfur compounds into sulfate. The first 
experimental run showed a strong reduction of sulfate formation. The quantified 
sulfate selectivity of about ~ 1 mol% was reduced with ~7 mol% compared with 
sulfate formation in the absence of DMDS (Chapter 4). However, no differences 
were found for sulfur formation in the absence or presence of DMDS, i.e. both 
runs showed selectivity for sulfur formation of ~90 mol%. The remaining sulfide 
was chemically converted to thiosulfate at ~9 mol%. Chemical oxidation rates of 
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dissolved sulfide increased when biological sulfide oxidation rates were suppressed. 
To prove that thiosulfate formation can be reduced by increasing biological activity, 
we performed a test with a doubled biomass concentration. We achieved 0 mol% 
thiosulfate formation with ~96 mol% sulfur formation. In Chapter 4, we also 
presented a new method developed in-house for the quantification of organic 
sulfur compounds in liquid samples. With this method, we could identify diorgano 
polysulfanes which formed in the process medium. The identification of formed 
diorgano polysulfanes resulted in the proposition of the novel reaction between 
sulfide and dimethyl disulfide, which leads to the formation of longer-chain 
diorgano polysulfanes, i.e., dimethyl trisulfide and dimethyl tetrasulfide. 

4. Development of an alternative oxygen supply control strategy to enable stable 
process operation with high sulfur selectivity (>95 mol%) in the presence of 
thiols. Most of the industrial processes use automated control to steer product 
formation and operational parameters such as pH, dissolved oxygen, alkalinity, and 
ORP. In the current gas biodesulfurization process, an integrated PID feedback-
based controller is used, which regulates the air supply based on input signals from 
the ORP sensor. To increase the sulfur formation rate and to overcome fluctuations 
of H2S and thiols concentration in the feed gas, we developed an alternative, 
feedforward control strategy for oxygen supply (Chapter 6). This strategy is based 
on a fixed O2/H2S supply ratio to the aerated bioreactor. In the past, this ratio was 
used by our research group to assess the system’s performance. In our study, we used 
this parameter as a control variable. Based on the available set of previous studies, 
we knew that the highest selectivity for sulfur formation was achieved at an O2/H2S 
supply ratio of ~0.60 mol mol-1 [5,12,13]. Therefore, we selected a control value 
for the feedforward control of ~0.60 mol mol-1. The results of our experiments with 
feedforward control show stable process performance and high sulfur selectivity 
of ~96 mol% at the randomly varying H2S supply. Preliminary results also show 
that the high sulfur formation rate of ~95 mol% is not affected by the presence of 
ethanethiol (1.16 mM S day-1). 

By the completion of all experimental runs. We found out that process operation 
in terms of sulfur selectivity was higher than 90 mol%, when lab-scale set-up was 
inoculated with SOB biomass from the full-scale facilities that operate well. Chapter 
2 shows differences in process operation with four SOB biomasses taken from four 
different full-scale installations. Sulfur selectivity was higher when the SOB biomass 
was taken from a full-scale installation that was operating well. By “operating well”, 
we mean stable process operation for a prolonged period of time with a sulfur 
selectivity of ~90 mol%. Moreover, SOB composition was also found to determine 
process performance. Therefore, to be able to optimize process performance, the SOB 
community should be able to withstand feed gas composition. For instance, in the 
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experiments with addition of DMDS (Chapter 4) and MT (Chapter 5) the inoculum 
consisted of a mix of SOB from various installations: 40% was from the Oilfield - 1 
installation, which treats associated gas with low concentrations of thiols 50-200 ppm 
and 1-5 % of H2S. Another 40% was SOB biomass from a pilot plant,  which treats the 
synthetically prepared gas that represents amine acid gas with 4.45 % of H2S  where a 
high abundance of Alkalilimnicola ehrlichii was found [14]. 10% was from Oilfield – 2 
installations located in South-East Asia where the feed gas contains next to H2S also a 
high concentration of thiols. The final 10% was from an installation treating landfill gas, 
with a SOB biomass showed high sulfur selectivity in the presence of sulfide (Chapter 2). 
By preparing a mixture of the inocula, we increased the chances of developing a SOB 
community that would be able to oxidize sulfide in the presence of MT and DMDS. After 
enrichment, we identified two important species that are vital to enable stable process 
performance in the presence of MT: Thioalkalibacter halophilus and Alkalilimnicola 
ehrlichii. By contrast, in the absence of MT, Thioalkalivibrio sulfidiphilus species are 
essential to enable stable process operation. 

7.3. Identified knowledge gaps

Throughout 30 years of research by our group, numerous studies have been performed 
to understand and optimize the biological desulfurization process. Many analytical tools 
and microbiological identification methods have been developed to analyze biological 
systems that are now commercially available. Therefore, new questions can be addressed 
and studied in more depth, such as the ecophysiology of the species within the SOB 
community and which enzyme system is used by the SOB for sulfide oxidation in the 
presence and absence of VOSCs. Furthermore, it might be possible to find SOB species 
that are not only able to withstand thiols but also perform conversion of thiols. 

Another issue that requires more investigations is the robustness and up-scaling of 
the developed feedforward control. In the described research, we observed significant 
differences between feedback and feedforward control with fluctuating H2S load. 
Feedforward control could be beneficial in gas biodesulfurization systems to achieve 
better operational stability and potentially higher sulfur selectivity in the presence of 
thiols. Therefore, further studies should aim at investigating the robustness of feedforward 
control at the elevated thiol loading rates. In addition, a feedforward control strategy 
should be implemented in a pilot installation and perform fully automated control by 
quantification of H2S in the gas feed. As a first step, H2S sensors need to be screened and 
tested for high robustness and reliability. 
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7.3.1 Ecophysiology of the species within SOB community
In bioprocesses, the emphasis is often centered on product formation and on 

maximizing yields or recovery factors of the compounds of interest. However, major 
changes occur within, especially, mixed bacterial communities. Furthermore, it is 
essential to link microbial activity and engineering performance, as well as to gain 
knowledge on the physiology of the species makeup of the SOB community as it enables 
optimal use of the community in bioprocesses [15]. Nowadays, bioprocess engineers 
usually perform 16S rRNA amplicon sequencing to determine community structure and 
to associate process performance with the generally most abundant species. However, 
the dominant organisms may not necessarily play the critical role in the community 
structure as well as in product formation [16]. Therefore, only performing 16S sRNA 
analysis is not enough to answer more profound questions such as why certain products 
were formed, and why one bacterial species proliferates at certain conditions.

In the era of genomics, various assays have been already developed (Table 1) 
that can help us understand the dynamics and structure of SOB communities under 
certain process conditions [17]. Moreover, these -omics assays can provide crucial 
information on the sulfur metabolism of each species in the SOB community, as we 
may not even know what these species can do more of. Currently, the S-metabolism 
of only a few SOB species is known, and more importantly what their capacities are 
and what those species actually do in the gas biodesulfurization process. Therefore, the 
S-metabolism of other SOB species in the gas biodesulfurization process needs to be 
unraveled as well, to gain a better understanding of which bacteria are responsible for 
which activity. This will enable us to tailor the inoculum to fit the gas feed composition 
and facilitate higher process efficiencies. For instance, in our research, we found two 
bacterial species highly abundant in the presence of MT and DMDS: Thioalkalibacter 
halophilus and Alkalilimnicola ehrlichii. However, little is known about their role in 
gas biodesulfurization, their S-metabolism, oxidation capacity and why they are able 
to thrive in the presence of MT. What makes the number of other species decrease 
drastically in the presence of MT? That is why more insight is required into the genomes 
of SOB species and their -omics. 
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Table 1 Various -omics technologies to assess functionality of the bacterial community.
Metagenomics Metatranscriptomics Metaproteomics Metabolomics

DNA RNA Protein Metabolites

assesses the density of 
microbial communities 
and their genetic and 
functional diversity1.

concentrates on expressed genes in 
the entire microbial community 
and provides a view of the active 
functions of the community of 
microorganisms2.

assesses the “expressed” 
metabolism and 
physiology of microbial 
community members, 
the functioning of 
ecosystem3.

provides information 
on the metabolites 
(composition), which 
helps to understand the 
functional dynamics 
infl uencing community 
and host interactions1. 

1 – [19],  2 – [20], 3 – [21].

7.3.2 Development of molecular tools to monitor expression of FCC and SQR 
enzymes
Apart from using -omics assays, which are time-consuming and comparatively 

costly, real-time PCR (RT-PCR) allows fast analyses of environmental samples on 
singular or multiple gene expression [18]. Th e genes of interest are the ones that encode 
the fl avocytochrome c oxidase (FCC) and sulfi de-quinone oxidoreductase (SQR) 
pathways that are used by SOB for sulfi de oxidation (Fig. 1). It is of high importance to 
understand which enzymatic route SOB species are using in the presence of thiols. Th is 
may also provide information on the mechanism of detoxifi cation. 

Fig. 1. Schematic representation of the chemolithotrophic electron transport chain from sulfi de during 
bacterial respiration (adapted from [22]fl avocytochrome c and sulfi de-quinone reductase. Sulfi de-quinone 
reductase (SQR).
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7.3.3 Robustness of the feedforward control at thigh thiol loadings 
Th e presented feedforward control shows promising results for the gas 

biodesulfurization process control resulting in an increase in sulfur formation of to 96 
mol% However, before implementing feedforward control in full-scale installations, 
it needs to be implemented and tested in a larger pilot installation. In addition, the 
robustness of the feedforward control needs to be tested with addition of thiols, BTEX 
and other compounds that are present in the gas feed in full-scale installations. 

In addition, it might be possible to combine feedforward control into model 
predictive control (MPC). Th e idea is to pair sulfi de readings from the gas feed, with a 
computer, and have a software perform in-line calculations of the required oxygen supply 
based on the set O2/H2S ratio limits. Th e oxygen/air valve could then be controlled this 
way, and oxygen supplied to the aerobic bioreactor as needed. In addition to setting 
O2/H2S ratio limits, it might be possible to integrate MPC with control objective 
prioritization, symptom-aided diagnosis [23,24]. 

Fig. 2. Schematic representation of the basic structure of model predictive control. 
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