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Abstract

Biogas, synthesis and natural gas streams often require treatment because of the presence
of gaseous hydrogen sulphide (H2S). About 25 years ago, a biotechnological gas treatment
process was developed as an alternative to the conventionally applied technologies. This pro-
cess is known as the Thiopaq process and offers a number of advantages compared to the
existing physical-chemical processes. Depending on the process conditions, H2S is oxidized
to elemental bio-sulfur (90-94 mol%) and sulphate (6-10 mol%). In order to enable cost ef-
fective large scale applications, the selectivity for sulfur production should be increased to
more than 97 mol%. Hence, a better understanding of the combined effect of abiotic and
biological reaction kinetics and the relation to hydrodynamic characteristics is required. The
first part of this PhD study focuses on biological reaction kinetics and biological pathways
for sulphide oxidation that occur in the process at haloalkaline conditions. It was found that
two different sulfide oxidizing enzyme systems are present in haloalkaline sulfide oxidizing
bacteria. It has been hypothesized that the different enzymatic routes are determined by the
process conditions. Both enzyme systems were taken into account to propose and validate a
new physiological mathematical model that can handle multi-substrates and multi-products.
In the second part of the thesis, this model was evaluated via a normalized sensitivity method
and it was demonstrated that certain key parameters affect the activity of the biomass at dif-
ferent substrate levels. Furthermore, from CSTR simulations it has been demonstrated that
non-linear effects are of importance when scaling up from lab-scale to full-scale industrial
units. Finally, the developed kinetic models have been incorporated in a full-scale biode-
sulfurization model that includes the effects of turbulent flow regimes and mass transfer of
oxygen. This enables us to better understand the overall process. Moreover, the model can
also be used as a tool to design model-based control strategies which will lead to better overall
process performance, i.e. maximize sulfur production and minimize chemical consumption
rates.
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Chapter 1

General introduction



2 General introduction

1.1 Introduction

The biological sulfur cycle is one of the most active biological nutrient cycles [1]. Sulfur at-
oms occur in nine different oxidation states. Predominantly -2 (H2S), 0 (S0) and +6 (SO4

2−)
are found in nature. Sulfur can also be found in volatile organic sulfur compounds (VOSC)
and makes up about 2% of the dry weight of organisms. Coenzyme A [2] and the nitrogen-
fixing nitrogenase enzymes [3] are examples of natural sulfur-containing organic compounds.

The earliest form of life is attributed to cellular organization, which contained catalytic cen-
ters for the fixation of organic compounds from inorganic gasses, for instance carbon dioxide
and hydrogen sulfide [4]. During an evolution of 3.5 billion years, an assortment of prebiotic
molecules interacted and started to form more sophisticated compounds. At present, active
complex communities of microorganisms drive nutrient cycles, such as the sulfur cycle, un-
der a wide range of different (extreme) environmental conditions [5].

In the biological sulfur cycle, sulfur compounds are used as electron acceptors and elec-
tron donors. Whereas the pioneer bacteria were strictly anaerobic, later species were able to
use oxygen as electron acceptor (aerobic). The bacteria that contribute to the global sulfur
cycle use light (phototrophs) or oxidation of inorganic molecules (chemotrophs) as energy
source. Chemotrophs are found in environments to which sunlight has no access, such as the
deep sea and volcano fields.

A wide variety of microorganisms is capable of sulfur oxidation under a broad range of en-
vironmental conditions, displaying great metabolic diversity [6, 7, 8, 9]. The oxidation of
reduced sulfur compounds yields energy, which enables bacterial maintenance and growth.
On the other hand, when oxidized forms of sulfur diffuse into reducing habitats, it provides an
opportunity for the reduction of sulfur-containing compounds to sulfide. An example is the
dissimilatory reduction of sulfate carried out by Desulfovibrio and related microorganisms,
used for anaerobic respiration [10]. The reduction of sulfate to sulfide also plays a role in the
biosynthesis of proteins, as an assimilatory reduction process [11]. Other microorganisms
carry out dissimilatory reduction of sulfite and elemental sulfur, such as thermophilic archaea
[12], mycobacteria [13] and bacteria in hypersaline sediments [14]. Fig. 1.1 gives a schema-
tic overview of the biological sulfur cycle.

Transformations in the sulfur cycle can also occur as the result of chemical reactions, i.e. in
the absence of microorganisms when pH, temperature and oxidation-reduction conditions are
favorable. An example is the formation of polysulfides (S2−

x ), stable forms of elemental sulfur
at alkaline conditions (pH>8). Other sulfur compounds which can be chemically formed are
inorganic elemental sulfur, thiosulfate (S2O2−

3 ) and polythionates. Chemically formed ele-
mental sulfur has other properties than biologically formed sulfur; a major difference is that
biosulfur is hydrophilic whereas inorganic sulfur is poorly dispersible in water [15].

Major sulfur reservoirs are contained in the oceans and freshwaters, on land and in the at-
mosphere. Sulfur is transported from the oceans to land following the release of mainly
organic sulfur compounds from the sea surface [16]. In natural ecosystems, the sulfur cycle
is generally in balance: equal amounts of inorganic sulfur compounds are being oxidized and
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Figuur 1.1: The basic biological sulfur cycle. Green arrows indicate dissimilatory pro-
cesses; blue arrows indicate assimilatory processes. Adapted from [5].

reduced. While the natural release of sulfur compounds remains important, anthropogenic
emissions are taking over, primarily resulting from the burning of fossil fuels. Global sulfur
dioxide (SO2) emissions in 2008 were estimated at 97 · 109 kg S which anthropogenic emis-
sions accounted for about 66% [17]. Increased SO2 emissions to the atmosphere lead to the
formation of acid compounds, which are deposited by rainfall or dry deposition [18]. This
acid deposition strongly affects the environment as it induces the mobilization of toxic metals
[19] and the acidification of (weakly buffered) ecosystems [20]. Hence, since the 1970s, a
number of emission control strategies have been implemented to desulfurize anthropogenic
waste gas streams such as flue gasses from coal-fired power plants [21].

In view of a future energy-constrained society, more effective power generation technologies
will have to be developed, such as gasification of coal. Coal combustion produces roughly
27% of the world’s energy and, particularly in China, the gasification of coal is becoming in-
creasingly popular. During coal gasification, substantial amounts of S-containing pollutants
are released, mainly in the form of hydrogen sulfide. At the current combustion rates, enough
coal reserves are available to last more than a century. Some future energy demand models,
however, predict an increase of 10% per year for the next thirty years [22]. The market for
effective and cost-efficient desulfurization processes is therefore growing.

1.2 Biological desulfurization processes

Bulk removal of H2S traditionally takes place by the application of physicochemical proces-
ses, such as the Amine-Claus-SCOT train [23]. These processes typically operate at high
temperatures and pressures, and are therefore expensive, particularly in small-scale applica-
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tions (i.e. H2S loads up of to 20 tons day−1). As microbiological sulfide oxidation happens
at ambient temperatures and atmospheric pressures, biological desulfurization is a more cost-
effective alternative [24].

In general, H2S-containing gas or "sour" gas − is first humidified during bed irrigation, after
which it is contacted with microorganisms attached to a fixed bed. Biofilters and biotrickling
filters are often applied, mainly for odor removal as H2S has an unpleasant smell [25]. A ma-
jor drawback of these filters is their relative large footprint. In lab-scale setups, these filters
have removal capacities of up to 300 gram H2S m−3 h−1 [26]. A second drawback of these
systems is the buildup of a pressure drop due to accumulation of biomass and S0 formation.

In the 1980s and 1990s, the basic concept of a high-capacity biodesulfurization installation
was developed at Wageningen University and Delft University of Technology in the Nether-
lands [27, 28]. Paques B.V. advanced this concept into a process for the treatment of biogas,
which is a humid mixture mainly consisting of methane, carbon dioxide and hydrogen sulfide.
The first unit for biogas desulfurization was built in 1993 [29]. Since then, more than 180
applications have been realized worldwide. Currently, the process is also used to treat high-
pressure natural gas and oil refinery gasses. It is known as ThiopaqTM and is commercialized
by Paqell, a joint venture between Shell Global Solutions International B.V. and Paques B.V.
[29].

Figuur 1.2: Flow scheme of the bioscrubber process [21].
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Figure 1.2 presents an overview of the process and its main (oxidation) reactions. The Thio-
paq desulfurization process consists of three integrated sections [21]:

1. Absorption of H2S into a mildly alkaline solution;

2. Sulfide oxidation to S0, sulfate (SO2−
4 ) and thiosulfate (S2O2−

3 ) in microaerophilic bioreac-
tor;

3. Removal of the formed S0 from the suspension.

Sour gas is directed to the bottom section of the absorption column. Hydrogen sulfide is ab-
sorbed in the alkaline washing solution (see Table 1.1, Eq. 1), thereby consuming alkalinity
(see Table 1.1, Eq. 2). At the top of the absorber, the treated or "sweet"gas is sent to the gas
grid for further processing, e.g. dehydration.

After absorption in the washing liquid, the dissolved sulfide (HS−1) is fed to the biologi-
cal reactor. In this reactor, bacteria (e.g. Thioalkalivibrio spp.) primarily oxidize the sulfide
to elemental sulfur (S0; see Table 1.1, Eq. 3). In addition, a relatively small fraction of the
incoming sulfides is oxidized to SO2−

4 ions, typically < 10%mol (see Table 1.1, Eq. 4) [30].
Because of the greater change in the Gibbs free energy, bacteria prefer to oxidize sulfide to
sulfate [27]. However, when sulfide levels are high and/or oxygen levels are becoming limi-
ting, elemental sulfur is formed [31].

Besides biological oxidation, various abiotic oxidation processes can occur during biological
desulfurization. The selectivity for product formation depends on the reactor conditions such
as substrate levels, temperature and pH. S2O2−

3 is the main abiotically formed intermediate
from the oxidation of sulfide and polysulfide (see Table 1.1, Eqs. 5-7) [32, 33].

Tabel 1.1: Main reaction equations occurring in the biological desulfurization process

reaction bio/chem remarks
1 H2S(g)
H2S(l) chem -
2 H2S(l)+OH−
HS−+H2O chem -
3 HS−+ 1

2 O2→S0+OH− bio -
4 HS−+2O2→SO2−

4 +H+ bio -
5 2HS−+2O2→S2O2−

3 +H2O chem -
6 HS−+(x-1) S0�S2−

x +H+ chem pH>8.0
7 S2−

x +1 1
2 O2→S2O2−

3 +(x-2) S0 chem -

The formation of elemental sulfur is preferred for several reasons. First, (thio)sulfate for-
mation leads to the formation of protons and acidification of the medium. Furthermore, the
addition of makeup water is required as (thio)sulfate can only be removed by means of a
bleed stream. Second, elemental sulfur is more suitable for reuse as it can be applied for
agricultural purposes. The formation of (thio)sulfate can be prevented by operating at low
oxygen levels [34, 28] and at pH values between 8.0 and 9.0 [35].
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Tabel 1.2: Composition natural gas and biogas

Component Natural gas (%) Biogas from Biogas from
[37] household waste (%) [38] WWTP sludge (%) [38]

CH4 70 - 90 50 - 60 60 - 75
C2H6-C4H10 0 - 20 0 0
CO2 0 - 8 34 - 38 19 - 33
N2 0 - 5 0 - 5 0 - 1
H2S 0 - 5 0.1 - 0.6 0.1 - 2.8

The reactor effluent is primary recirculated over the absorption column for H2S removal and
a much smaller flow is directed to a gravity settler, in which elemental sulfur particles are
removed. The sulfur slurry is further dewatered in a decanter centrifuge or filter press. The
purity of the recovered sulfur is 95 to 98 wt.%; the remainder consists of biomass and salts
[36]. Nutrients are added to the filtrate before the stream is returned to the bioreactor.

1.3 Haloalkaline biological desulfurization

Natural gas and biogas are mixtures typically consisting of methane (CH4) [37, 38], alkanes
(C2H6-C4H10), carbon dioxide (CO2), nitrogen (N2) and hydrogen sulfide (H2S). The pro-
portions of these components depend on the source of the gas; see Table 1.2). High carbon
dioxide partial pressures will affect the performance of the earlier described bioscrubbing
process because CO2 and H2S compete for alkalinity. To control the pH at mildly alkaline
conditions and enable H2S absorption, elevated NaHCO3 concentrations are required. Hence,
increased salt concentrations (i.e. high-salinity conditions) will dominate.

CO2(g)
 CO2(l) pK = 3.6 (1.1)
CO2(l) + OH− 
 HCO−3 pK = 6.3 (1.2)

HCO−3 + OH− 
 CO2−
3 pK = 10.3 (1.3)

At higher pH levels (i.e. alkaline conditions), H2S absorption is enhanced. As a result, the
gas washers can be more compact so that less liquid needs to be recirculated over the absorber
to treat the sour gas. Especially at high operating pressures in the absorber column, this leads
to considerable savings in pumping costs. This considerably improves the applicability of the
biodesulfurization process for sulfide loads of up to 100 tons per day.

In nature, such "doubly extreme" conditions of high salinity and high alkalinity occur in
soda lakes. These lakes are climate-bound, constrained to arid and semi-arid regions such
as Egypt, Central Asia and Siberia. In soda lakes, evaporation is greater than inflow, which
results in salt levels exceeding those of seawater (>35 gr/L) [39]. As a result, although also
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depending on the type of sedimentary rock, soda lakes generally have high buffer capacities
with pH values of up to 11.

Both aerobic and anaerobic sulfur metabolizers are found in soda lakes as most of these
lakes have high sulfate concentrations. They also have high primary productivity. Conse-
quently, the sulfur cycle is one of its most active element cycles, dominated by the species
Thioalkalivibrio and Thioalkalimicrobium [9, 14]. Thioalkalivibrio strains show high activity
within a broad range of salinity (0.3 to 4 M Na+) and pH (8.5 to 10) [40, 9], and are therefore
ideal candidates for use in the haloalkaline treatment process.

Recently, Wageningen University and Delft University of Technology developed a second
generation of the process described in Section 1.2; it uses a mixed biomass population from
sediments from soda lakes in Mongolia, southwestern Siberia and Kenya [41]. Thioalkalivi-
brio is the dominating genus [42] in these second-generation bioreactors. These are slowly
growing organisms, with a high growth yield and low sulfide oxidation rates in comparison
with neutrophilic bacteria used in other process types [43]. Under steady-state conditions,
biomass activity still allows the formation of 0.22 kg of sulfide per m3 reactor when the bio-
mass concentrations are 150 mg N L−1 [44]. However, at these sulfide-loading rates, oxygen
transfer becomes the limiting factor for the process.

1.4 Research objectives and scope of the thesis

At present, the H2S removal efficiency in bioscrubbers reaches 99.9% sulfide removal; the
maximal selectivity for sulfur production is around 90% [41, 21]. Paqell’s assessment, howe-
ver, is that the selectivity for sulfur production must be increased to values above 97% for
large-scale application (i.e. sulfide loads of up to 100 tons per day). In principle, this can
be achieved by the use of a third anaerobic process step in which the (thio)sulfate in the
bleed stream is converted back to sulfide by sulfate-reducing and thiosulfate-reducing bac-
teria (SRB and TRB) [14, 45]. In this way, significant savings in makeup water and caustic
consumption can be achieved [44]. The application of such a reductive bio-process step is,
however, an expensive solution because it requires a second bioreactor and a reducing com-
pound such as ethanol or hydrogen gas [46].

A better process control strategy for the O2 supply to the sulfide-oxidizing bioreactor is an
easier and far less expensive alternative for maximizing the sulfur production. Abiotic oxi-
dation of sulfide becomes enhanced at higher sulfide concentrations because the biological
oxidation is inhibited under these conditions [30]. Furthermore, the formation of (thio)sulfate
is increased at higher oxygen levels [27, 41, 34]. This implies that fluid mixing characteristics
significantly influence overall system performance. Fluid mixing is achieved by injection of
air into the bioreactor, which also serves to introduce oxygen. Because of this dual function,
a direct relationship exists between fluid mixing and reaction selectivity. Moreover, sulfide
and oxygen gradients over the height of the reactor column play a role in overall reactor
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performance. An optimization-based control strategy is therefore needed that (1) avoids the
formation of (thio)sulfate and (2) combines effective mixing with optimal reaction selectivity.
That means that mathematical models are required that describe both abiotic and biotic re-
action kinetics, implementing the most recent microbiological insights [47, 48].

Given these requirements, the objectives of this PhD research were the following:

• Development of methodology and quantitative models to describe sulfide oxidation re-
action kinetics, including metabolic pathways, of biological processes that occur in gas
desulfurization under haloalkaline conditions, incorporating an (i) understanding of abio-
tic chemistry [15], (ii) experimental data of haloalkaline processes [44] and (iii) integration
of recent microbiological insights;

• Generation of a simplified mathematical model structure, by applying model reduction
techniques to the model for sulfur-producing bioreactor to gain more insight in the basics
of the process and improve controller design;

• Derivation of a process control strategy for optimal O2 supply to maximize elemental sulfur
production and minimize the use of any chemicals.

1.5 Bioprocess control

Over the past decades, the industrial application of biotechnological processes has become
increasingly popular. Major examples can be found in treatment systems for wastewater from
industries and municipalities [49], the manufacture of antibiotics and pharmaceutical agents
[50], and the production of biofuels by algae [51]. The big problem that arises in these in-
dustrial applications is the requirement for monitoring and control in order to optimize the
system as well as detect failure [52]. In practice, most installations are equipped with single
proportional (P) or proportional-integral (PI) controllers while very few are run with (advan-
ced) model-based control strategies that allow optimal process monitoring. Two reasons can
be pointed out. First, biological processes are complex as they involve living microorganisms
of which the characteristics are hard to grasp [53]. Selecting a model structure is an arduous
process as the reproducibility of experimental work is low, which can also prevent the practi-
cal identification of parameters [54]. In addition, parameters can evolve over time as a result
of adaption or natural evolution [55, 56], such as metabolic changes or unforeseeable genetic
alterations in the organisms.

The second major difficulty that prevents the application of accurate model-based control
is the absence of suitable sensors capable of monitoring the physiological functioning of the
biological process. The majority of key variables in the process can only be measured by
using off-line methods that rely on lab analysis. So in practice, the main control strategies
used in industry are very often limited to indirect control of the process by controlling pro-
cess variables such as dissolved oxygen concentration, oxidation-reduction potentials (ORP),
temperature, conductivity and pH [28, 57, 58].
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Figuur 1.3: Schematic representation of advanced bioprocess control system, adapted
from [59]. Each dotted line represents an information flow.

Fig. 1.3 presents an overview of the basic concept of a bioprocess control system [59]. Ty-
pically, the substrate supply rate is a key control input parameter of a bioreactor system, in
addition to temperature and pH. The substrate supply is the output of a control algorithm
that uses the available process information. This information represents, on the one hand, the
state of the process from online sensor measurements and, on the other hand, the available a
priori knowledge. When control objectives are expressed in variables that cannot be measu-
red (e.g. biomass, substrates, and products), a priori process knowledge is used to develop
software sensors [60]. Given reliable process information and specific control objectives, ac-
curate bioprocess control strategies can then be developed. Obviously, the more accurate the
a priori knowledge and sensor measurements are, the more accurate the control strategy and
the better the process performance. Accurate biochemical models are required to achieve
high-performance processes.

1.6 Modeling biochemical processes

A (scientific) model is an abstract, conceptual representation of reality. Basically, models are
used to understand, predict and control (complex) systems. Modeling biochemical processes
is a sophisticated undertaking; physical laws (models) have been in existence for centuries
(e.g. Newton’s and Fick’s law), but biochemical models are frequently based on empirical
expressions [61].

Typically, biochemical models predict bacterial respiration behavior, which leads to bacterial
growth. When growth and decay rates are known, bacterial growth curves can be predicted.
Generally, four phases of bacterial growth can be distinguished in batch reactors. First, bac-
teria go through a lag phase in which the cells adjust to their surroundings and grow only in
size, not in numbers, resulting in a lag time until the bacteria begin to multiply. Subsequently,



10 General introduction

Figuur 1.4: The schematic bacterial growth curve in batch tests [62].

the increase of the bacterial population accelerates and reaches a maximum value (i.e. µmax
in (1/h)). This phase is called exponential growth phase or log phase. Next, the growth rate
decreases in the so-called stationary phase as nutrients become scarce and/or inhibitory pro-
ducts are formed. Finally, bacteria run out of nutrients and die (decay phase). Fig. 1.4 is a
schematic depiction of these growth phases. These curves are not found in continuously ope-
rating systems, as most biological treatment process are operated at low substrate levels (i.e.
µ � µmax) and fluctuating substrate and hydraulic loads. There is therefore a need to model
bacterial growth and decay to predict these dynamic processes in industrial bioreactors.

Monod’s empirical model is the most common expression used to describe bacterial growth
rates [63]. This empirical law was derived from the enzymatic model proposed by Michaelis-
Menten, following

µ = µmax
[S]

KS + [S]
(1.4)

In this expression, µ is the growth rate (1/h), [S] the substrate concentration (g/L), and KS the
half-saturation constant (g/L). Notice from Eq. 1.4 that [S] � KS can be approached by a
zero-order model and [S]� KS with a first-order model. Consequently, also zero-first order
models have been proposed [64].

Inhibition phenomena due to an excess amount of substrate are generally modeled with Hal-
dane’s expression. Andrews (1968) used this empirical expression by drawing parallels with
enzymatic reaction kinetics, according to

µ = µmax
[S]

KS + [S] + [S]2

Ki

(1.5)

in which Ki the inhibition constant (g/L) [65]. Many relations have been established since, all
based on the Monod and Haldane models. Similar approaches were used to model variations
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in microorganisms, temperature and pH. An example is the so-called third-order Haldane
model; a variant of the Monod-Haldane model [66]. This model incorporates the inhibition
term by a third-order term, as follows:

µ = µmax
[S]

KS + [S] + [S]3

K2
i

(1.6)

Another factor, in addition to inhibition phenomena, is that the substrate itself can enhance
the substrate removal rate. In systems biology, the effect of cooperative binding (the enhan-
cement of the binding of a ligand to a macromolecule by the presence of other ligands) is
often described by the Hill equation [67]

q = qmax
[S]n

KS + [S]n (1.7)

Here, q and qmax stand for the consumption rate (g/h). A coefficient of n = 1 indicates com-
pletely independent binding. Numbers greater than 1 indicate positive cooperativity, while
numbers lower than 1 indicate negative cooperativity.

Another general Monod-type model was proposed by Han and Lievenspiel (1988). This
method accounts for substrate stimulation at low concentrations and substrate inhibition at
high concentrations:

q = qmax

(
1 − [S]

[S]m

)n

[S] + KS −
(
1 − [S]

[S]m

)m (1.8)

[S]m is the critical inhibitor concentration above which the reaction stops, and m and n are
constants [68]. Examples to which this model applies are nitrate oxidation by Nitrobacter
and ammonium oxidation by Nitrosomonas [69].

Fig. 1.5 displays various forms of biological specific growth models; µmax = qmax = 1
h−1, Ks = 1 g/L, Ki = 4 g/L, [S]m = 25 g/L, m = 4 and n = 4. Notice that the further
the model differentiates from the basic Monod equation (Eq. 1.4), the more parameters are
introduced. Actually, Holmberg and Ranta (1982) already concluded that the Monod para-
meters are practically unidentifiable [70]. The following rule of thumb is usually applied: the
more parameters, the better the fit, but that frequently also means that the estimation error
and prediction uncertainty are greater [60].

1.7 Double substrate

In the case of aerobic processes, the co-substrate oxygen always affects bacterial growth rates
as well. Frequently, the standard Monod model (Eq. 1.4) is extended with an extra Monod-
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Figuur 1.5: Different forms of Monod-type of equations [63, 64, 66, 67, 68, 65].

type term, thus leading to the following equation [71]:

µ = µmax
[S]

KS + [S]
[O2]

KO2 + [O2]
(1.9)

[O2] is the concentration of dissolved oxygen (g/L) and KO2 the half-saturation constant of
oxygen (g/L). Examples of this expression can be found in the ASM1 model, which descri-
bes processes that remove C and N [72]. The disadvantage of the extended Monod model is
that data are fitted to an empirical model, which consequently loses physical interpretation.
Additionally, the model accuracy over a range of both substrates is questionable. The last
term in Eq. 1.9 is often omitted, under the assumption that the reactor is sufficiently aerated
and that KO2 is very small relative to the concentration of dissolved oxygen in the reactor.

A new form of modeling is metabolic network modeling. The basic principle is that ge-
nome sequences are linked to the physiology of microorganisms [73]. As biological rates are
coupled to both enzyme activities and gene expression levels, an in-depth analysis of mole-
cular mechanisms is now possible [74]. A well studied organism, with the aid of metabolic
network models, is Saccharomyces cerevisiae (a yeast) [75]. Metabolic engineering has at-
tained high production rates of for example ethanol [76]. Other applications of metabolic
network modeling can be found in, for instance, the analysis of synthetic lethality [77] and
predictions of evolutionary outcomes [78]. Metabolic network models are advanced models
as they describe complete organisms. Biological sulfide oxidation, in particular by haloal-
kaliphilic sulfide-oxidizing bacteria (HA-SOB), has not been studied in such detail yet. The
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following section discusses proposed kinetic models for biological sulfide oxidation.

1.8 Modeling biodesulfurization processes

The biological and abiotic kinetics of the reaction between dissolved sulfide and oxygen have
been studied extensively in the past few decades [79, 80, 34, 81, 82, 83, 31, 84, 85, 42, 86, 87,
88, 33, 89, 32, 85, 90]. As mentioned in Section 1.2, two products are formed in the biological
desulfurization process, namely elemental sulfur and sulfate. The reaction kinetics of biolo-
gical sulfide oxidation have been modeled for both neutral Thiobacillus spp. and haloalkaline
Thioalkalivibrio spp. (see Table 1.2). Mainly maximum oxidation rates were proposed as a
measure for the biological activity (with qSO2−

4
and qS0 denoting the maximum oxidation rate

for sulfide to sulfate and for sulfide to elemental sulfur, respectively). Generally, these rates
ranges from 0.035 to 1.19 mM HS− mg N−1 h−1. Differences can be explained by differences
in cultures and experimental setups.

In addition, some authors suggested a Monod or Monod-type model (see Table 1.3). Al-
cántara et al. (2004) suggested a Monod model, with substrate affinity constant KSO2−

4
=0.28

mM. Roosta et al. (2011) proposed an extended model with KSO2−
4

=2.524, KS0 =0.106 and
KO2 =0.203 mM. Other authors included the inhibition of sulfide as well, by way of a Monod-
Haldane model. Gonzales-Sanchez & Revah (2006) found KSO2−

4
=0.07 and Ki=1.19 mM, and

de Graaff et al. (2011) found KSO2−
4

=0.23 and Ki=0.09 mM. Gonzales-Sanchez et al. (2009)
described an extended Monod-Haldane model, in which KSO2−

4
=0.01, KO2 =0.028 mM and

Ki=1.015 mM.

While all maximum oxidation rates are generally in the same order of magnitude, the other
parameters show large differences. As a result, different models predict different behavior of
the biological sulfide oxidation kinetics. These large differences arise because these black-
box models have been fitted to different data sets. Especially Roosta et al. (2011) found
deviating values for the affinity constants, conceivably related to the number of parameters
and the dissimilar model structure.

Several studies show that oxygen and sulfide levels are key parameters in the selectivity for
elemental sulfur [27, 41]. Dissolved oxygen values below 0.1 mg L−1 and high sulfide-
loading rates lead to the biological formation of elemental sulfur [31]. However, at an indu-
strial scale, in-line monitoring of the oxygen levels is very difficult on account of the high
detection limits of the currently available oxygen sensors. To control the oxygen supply, Jans-
sen et al. (1998) suggested the use of in-line measurements of the ORP [28]. In a bioreactor
in which elemental sulfur forms, the ORP is predominately determined by the sulfide concen-
tration. However, Van den Bosch (2008) concluded that sulfate formation is much stronger
related to the sulfide concentration than to the ORP because the ORP also largely depends
on the medium’s pH [44]. Despite these limitations, the air-oxygen dosage in biodesulfuri-
zation systems is currently still based on in-line measurements of the ORP, combined with a
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P/PI control strategy. Model-based schemes provide an alternative to P/PI control and can be
used to determine the oxygen supply rate that results in better performance. Preferably, these
model-based control schemes are built into simple models.

Besides biological sulfide oxidation, also chemical or abiotic oxidation takes place. The
chemical oxidation of sulfide is a complex process, in which a number of reaction products
can form such as sulfur, thiosulfate, sulfite and sulfate. These abiotic reactions are generally
catalyzed by metal ions and the reaction product depends on conditions such as temperature,
sulfide-to-oxygen ratio and salt content. Table 1.4 lists the parameters of several proposed
models. These models have different substrates (i.e. sulfide, polysulfide, or total sulfide).
However, all models are of the standard form suggested by O’Brien et al. [32]:

r = k · [HS−]α · [O2]β (1.10)

In this equation, the sulfide concentration may be replaced by polysulfide or a combination
of sulfide and polysulfide. The kinetic parameters differ per study as they are based on diffe-
rent substrate concentration ranges. Generally, the abiotic oxidation of polysulfides proceeds
faster than that of aqueous sulfide. The formation of polysulfide is highly dependent on the
pH and on the presence of colloidal sulfur particles [33]. Typically, desulfurization proces-
ses operate at a relatively low pH ( 8.5). A pH of 8.5 leads to < 4% sulfide conversion to
thiosulfate whereas a pH of 10 leads to > 15% sulfide conversion to thiosulfate in the overall
process [35]. The models described by Kleinjan et al. (2005) and de Graaff et al. (2011) are
most suitable for describing the haloalkaline biodesulfurization process.



Tabel 1.3: Overview of kinetic parameters of sulfide oxidizing bacteria

Bacteria Reactor pH qSO2−
4

KSO2−
4

qS0 KS0 Ki KO2 Type of model Reference

test (mM HS− (mM) (mM HS− (mM) (mM) (mM)
mg N−1 h−1) mg N−1 h−1)

Thiobacillus sp. chemostat 7 0.75* 0.001 1.015 0.028 extended Gonzales-Sanchez et al., 2009 [79]
Monod-Haldane

Thiobacillus fed-batch 7.4 0.26* 0.095* rate McComas & Sublette, 2001 [80]
denitrificans reactor
Thiobacillus recirculation 7-7.5 0.25* 0.28 Monod Alcántara et al., 2004 [34]

reactor
Thiobacillus W5 chemostat 7.5 0.69* rate Visser et al., 1997 [81]

Thiobacillus fed-batch 8 0.63* 2.524 0.93* 0.106 0.203 extended Roosta et al., 2011 [82]
thioparus Monod
Thiobacillus sp. chemostat 8 0.94 1.9 rate Buisman et al., 1990 [83]

Thiobacillus sp. expanded 8 0.15 rate Janssen et al., 1996 [31]
bed reactor

Thioalkalivibrio sp. chemostat 9 0.33 rate van den Bosch et al., 2009 [84]

Thioalkalivibrio sp. chemostat 9.5 0.35 0.23 0.09 Monod-Haldane de Graaff et al., 2011 [85]
strain K90-mix
Thioalkalivibrio sp. silicon loop 9.5 0.035* rate Sorokin et al., 2008 [42]

stirred reactor
alkaliphilic sulfide chemostat 10 0.69* 0.07 1.19 0.02 Monod-Haldane Gonzalez-Sanchez & Revah, 2006 [86]
oxidizing consortium
Thioalkalivibrio continues 10 0.26* rate Banciu et al., 2004 [87]
versutus chemostat
Thioalkalivibrio continues 10 1.02* rate Sorokin et al., 2002 [88]
thiocyanoxidans chemostat
Thioalkalivibrio continues 10 0.49* rate Sorokin et al., 2002 [88]
paradoxus chemostat
* calculated assuming proteins contain 17% nitrogen
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Tabel 1.4: Overview of kinetic parameters of the chemical oxidation of sulfide

Substrate pH T I k α β Reference
(K) (M) Lα·β mol−α·β s−1 (-) (-)

S2−
x 9 303 0.10 0.80 0.98 0.59 Kleinjan et al., 2005 [33]

HS− 8 298 0.20 0.094 0.597 0.642 Buisman et al., 1990 [89]
HS− 7.55 298 0.155 0.016-0.033 1.02 0.80 O’Brien et al., 1977 [32]
HS− 7.55 298 1.78 0.06 1.02 0.80 O’Brien et al., 1977 [32]
S2−

tot 9.5 303 0.80 0.39 0.51 * de Graaff et al., 2011 [85]
HS− 9.5 928 0.01 0.43 1 1 Jolley & Fortser, 1985 [90]
* [O2]=0.15 mM

1.9 Outline of the thesis

Several aspects of the new biological process for natural gas desulfurization at haloalkaline
conditions were investigated [41]. Chapter 2 explores how the biological oxidation routes
in the haloalkaline process were studied in lab-scale upflow bioreactors. Chapter 3 introdu-
ces and evaluates a physiologically based model, which captures the kinetics of the identified
routes in the biological desulfurization process. This model was calibrated and validated with
the aid of respiration tests and (dynamic) bench-scale gas lift reactor experiments. The ef-
fects of salinity [40, 91], pH [42, 91] and oxygen/sulfide ratios [41, 35] are also discussed.
Effects of temperature on reactor performance are not included. Chapter 4 focuses on the
temperature-dependent operational frame in which the haloalkaline desulfurization process
shows sufficient biological activity. To obtain insight in the suggested model structure, an
overall sensitivity analysis is suggested and evaluated in Chapter 5. Additionally, this chap-
ter investigates system inputs, sulfide load and oxygen transfer through the development of
meta-models. Chapter 6 assesses the performance of full-scale reactors, combining models
and real-time data sets. A discussion of potential optimization routes for the presented bio-
desulfurization process follows in Chapter 7. The work is summarized in the final chapter
(Chapter 8).
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Pathways & Kinetics





Chapter 2

Pathways of sulfide oxidation by
haloalkaliphilic bacteria in
oxygen-limited-gas lift
bioreactors1

Abstract Physicochemical processes, such as the Lo-cat and Amine-Claus process, are com-
monly used to remove hydrogen sulfide from hydrocarbon gas streams such as landfill gas,
natural gas, and synthesis gas. Bio-desulfurization offers environmental advantages, but still
requires optimization and more insight in the reaction pathways and kinetics. We carried out
experiments with gas lift bioreactors inoculated with haloalkaliphilic sulfide-oxidizing bacte-
ria. At oxygen-limiting levels, i.e., below an O2/H2S mole ratio of 1, sulfide was oxidized to
elemental sulfur and sulfate. We propose that the bacteria reduce NAD+ without direct trans-
fer of electrons to oxygen and that this is most likely the main route for oxidizing sulfide to
elemental sulfur which is subsequently oxidized to sulfate in oxygen-limited bioreactors. We
call this pathway the limited oxygen route (LOR). Biomass growth under these conditions is
significantly lower than at higher oxygen levels. These findings emphasize the importance
of accurate process control. This work also identifies a need for studies exploring similar
pathways in other sulfide oxidizers such as Thiobacillus bacteria.

1This chapter has been published as: Klok JBM, van den Bosch PLF, Buisman CJN, Stams AJM, Keesman KJ
and Janssen AJH. Pathways of sulfide oxidation by haloalkaliphilic bacteria in limited-oxygen gas lift bioreactors.
Environ. Sci. Technol. 2012
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2.1 Introduction

Hydrogen sulfide (H2S) is present in many hydrocarbon gas streams such as landfill gas,
biogas, natural gas, refinery gases and synthesis gas. Bulk removal of this toxic, corrosive
compound commonly proceeds by physicochemical processes, such as the Lo-cat and Amine-
Claus process [1]. These processes consume chemicals or are operated at high temperatures
(up to 850◦C) and pressures. An alternative, the bio-desulfurization process, offers environ-
mental advantages as it operates at ambient temperatures (40◦C) and pressures and consumes
considerable less chemicals than the Lo-cat process [2, 3]. Moreover, bio-sulfur can be used
as a soil fertilizer or fungicide. Currently, more than 150 applications, typically treating 100
to 10,000 kilograms of H2S per day, are in use worldwide [4]. The utilization potential of the
bio-desulfurization process is much greater, as the search for new natural gas reservoirs conti-
nues and the exploitation often requires biodesulfurizaton. Bio-desulfurization of gas streams
is usually carried out in bubble column bioreactors which limits the application scope due to
poor oxygen mass transfer. To be able to scale up, we need more insight into the kinetics and
stoichiometry. The objective of the study described in the present paper was to improve our
understanding of the reaction stoichiometry of biological sulfide oxidation in gas lift biore-
actors.

During bio-desulfurization, the H2S first dissolves, releasing a proton to the caustic. In low-
redox and oxygen-limiting conditions, the sulfide is then mostly oxidized into elemental sul-
fur (S0). However, part of the sulfide (typically less than 10%) is oxidized to sulfate (SO2−

4 )
by a mixed population of sulfur-oxidizing bacteria (SOB) [5]. It is important to keep sulfate
formation as low as possible, to prevent having to adjust the pH and having to remove the
sulphate from the system.

Traditionally, the overall biological reactions are given as follows [5, 3]:

2 HS− + O2 → 2 S0 + 2 OH− (2.1)

2 HS− + 4 O2 → 2 SO2−
4 + 2 H+ (2.2)

Additionally, chemical oxidation of sulfide may occur, leading to the formation of thiosulfate
(S2O2−

3 ) [6] (also unwanted).

2 HS− + 2 O2 → S2O2−
3 + H2O (2.3)

The pH and sodium content of the medium are important factors in the process. At a relatively
high pH (>8.5) and at high salt concentrations (2M), the uptake of H2S is enhanced and the so-
dium and potassium carbonate levels buffer the uptake of carbon dioxide. The bacteria used
in haloalkaline biodesulfurization are adapted to these conditions; they are predominantly
haloalkaliphilic sulfur-oxidizing bacteria (HA-SOB) belonging to the genus Thioalkalivibrio
[7]. The complete genome of Thioalkalivibrio sulfidophilus was recently published, and sug-
gests the availability of several enzymes for the oxidation of sulfide to S0 and SO2−

4 [8, 9].

The electrons derived from the sulfide oxidation enter the respiration chain at the level of
c-type cytochromes with the aid of flavocytochrome c oxidoreductase (FCC) [8, 10, 9, 7].
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This enzyme is a part of the respiratory system, and oxidizes HS− to S0 with cytochrome c as
electron acceptor [11].

Another well known enzyme associated with sulfide oxidation is sulfide:quinone oxidore-
ductase (SQR) [12]. The FCC and SQR are related, having a common ancestor and a similar
catalytic (flavin) domain [13]. Based upon the measured decyl-ubiquinone-dependent oxida-
tion of sulfide, activity of SQR in haloalkaliphilic SOB has been suggested [7]. The genomic
sequence of several Thioalkalivibrio species revealed indeed the presence of several ubiquin-
one dependent enzymes. However, the genes encoding for SQR were not identified [8, 9].
Therefore, we hypothesize that because of the absence of SQR, some variants of FCC might
act as SQR, i.e. donates electrons to ubiquinone instead of cytochrome c.

The reduced electron acceptors, cytochrome c and ubiquinone, can be subsequently oxidized
by using oxygen via an oxidase complex, such as cytochrome c oxidase (CCO) and quinol
oxidase (QO) [14, 11]. Eq. 2.1 describes the overall reaction for the oxidation of H2S to S0.

In addition to the route for the oxidation of the reduced quinone pool in Thioalkalivibrio
sulfidophilus, a route has been proposed that is based on the reduction of NAD+ via NADH
dehydrogenase, with ubiquinone as electron donor [8]. Hypothetically, sulfide can be oxidi-
zed without transfer of electrons to oxygen, as NAD+ can be regenerated by carbon fixation,
e.g. for osmolyte synthesis. A consequence of increased levels of osmolyte synthesis would
be a decrease in growth rate [15]. Also, the hypothetical route via the reduction of NAD+ is
energetically less favorable because the midpoint potential of S0/H2S couple is less negative
than that of the NAD+/NADH couple. It would require energy to transport electrons from
sulfide to NAD+ [12]. This implies that this route is not feasible without another energy-
yielding process, i.e. further oxidation of S0 to SO2−

4 . Oxidation of S0 to SO2−
4 is believed to

proceed via a reversed dissimilatory sulfite reductase pathway and sulfite dehydrogenase [8].
The overall equation is given as follows [16, 17]:

S0 + 1.5 O2 + H2O→ SO2−
4 + 2 H+ (2.4)

As this NADH route will consume less oxygen, an increase in oxygen supply to the biode-
sulfurization reactor will lead to a higher SO2−

4 formation rate than follows from Eq. 2.2. For
large-scale process applications, this route would imply higher costs as formation of sulfuric
acid requires neutralization by addition of caustic. Therefore, there is a need to explore the
sulfide and oxygen balance and determine the predominant routes for the biological desulfu-
rization process at S0-forming conditions.

Van den Bosch et al. described the electron balance for sulfide oxidation at haloalkaline
conditions (pH 10) in a fed-batch reactor [5]. Their experiments led to the conclusion that
product formation (i.e. S0, S2O2−

3 , SO2−
4 and biomass) and oxygen consumption do not fully

balance. Therefore, new experiments were performed under haloalkaline conditions at dif-
ferent O2/H2S supply ratios to investigate the relation between product formation and the
electron balance for sulfide and oxygen with an enriched bacterial community originating
from hypersaline soda lakes.
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Previous studies have indicated that formation of unwanted S2O2−
3 increases with increasing

pH values [6]. Hence, we carried out our reactor experiments at pH 8.5 as this is the lowest
pH at which the HA-SOB still show reasonable activity [7].

2.2 Materials and methods

2.2.1 Experimental setup

The reactor experiments were performed in two identical gas lift reactors with a wet vo-
lume of 4.7 L each, as described by Van den Bosch et al. [5]. The same types of analytical
and bench scale equipment (pH and redox electrodes, water baths, H2S, O2 and N2 gas and
mass flow controllers) was used. In addition, the dissolved oxygen (DO) concentration was
monitored via a DO sensor (PSt3 and PSt6, Presens Precision Sensing GmbH, Regensburg,
Germany) with a detection limit of 30 nM. The gas flow (300 L h−1) was completely recycled
to create a closed reactor system and reach low oxygen levels in the gas and liquid phase. To
prevent water vapor condensation and subsequent damage to the compressor, the recycle gas
was dried through cooling at 5±1◦C. The system contained a water lock to allow any excess
gas to be released to a safe location, e.g. in the event of an unforeseen pressure buildup.
Whenever the pressure dropped below atmospheric levels, N2 gas was added to restore the
original pressure. The reactors were operated at 35±1◦C using a thermostat bath. No biomass
support material was supplied.

2.2.2 Medium

The mineral medium consisted of a mixture of a 2M bicarbonate (pH 8.3, 19L) and a 2M
carbonate (pH 12.3, 1L) solution. Both solutions contained 0.66 mol L−1 Na+ and 1.34 mol
L−1 K+. Furthermore, the medium contained 1.0 g L−1 K2HPO4, 0.6 g L−1 urea, 6.0 g L−1

NaCl and 0.20 g L−1 MgCl2 ·6 H2O (all in demineralized water). Trace elements solution
was added as described by Pfennig and Lippert [18]. After addition of all compounds, the pH
of the medium was 8.5-8.6.

2.2.3 Inoculum

The reactors were inoculated with biomass taken from a sulfide-oxidizing gas lift bioreac-
tor [7]. The original inoculum consisted of a mixture of sediments from hypersaline soda
lakes in Mongolia, southwestern Siberia and Kenya and was obtained from Delft University
of Technology. An overview of the physiology of the SOB present in the inoculum is given
elsewhere in the literature (pH range 8.8 - 10.1; 2 M carbonate buffer) [19, 20].
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2.2.4 Reactor operation

First the reactors were filled with medium after which the biomass was added (around 20 mg
N L−1). After temperature stabilization (35◦C), sulfide addition was started at a volumetric
load of 2.13 mmol L−1 h−1. During startup (48 h), biomass growth was stimulated by opera-
ting the reactor at relative high oxidation reduction potential (ORP) levels, i.e. between -100
and 20 mV (Ag/AgCl). After the start phase, the oxygen supply rate was set to a constant
value, which was different for the various experimental runs. The sulfide loading rate was
kept constant throughout all experiments; the O2/H2S supply ratio (mol/mol) was varied by
changing the oxygen supply rate. As the medium was highly buffered, the pH remained con-
stant at 8.5-8.6. The selectivity of the process was determined over a period of at least 55
hours at stable reactor conditions.

2.2.5 Redox control

The ORP was maintained between -360 and -420 mV. The measured ORP is mainly deter-
mined by the dissolved sulfide concentration [21]. At a constant oxygen and sulfide load, a
decreasing ORP corresponds to an accumulation of H2S. From previous work, it is known
that when the ORP becomes more negative than -420 mV (Ag/AgCl), biological inhibition
occurs due to too high sulfide concentrations. If this occurred, we interrupted the reactor run
by shutting off the sulfide addition and increasing the oxygen concentration. This enabled the
removal of sulfide through chemical oxidation to S2O2−

3 .

2.2.6 Analysis

The sulfide was measured as total sulfide (S2−
tot), being the sum of the concentrations of H2S,

HS−, S2−, H2Sx, HS−x and S2−
x . The sulfide detection method was based on a modified me-

thylene blue method as described by Van den Bosch et al. [5]. Ion chromatography (Dionex
DX-600 model 50, Salt Lake City, USA) was applied to determine the concentrations of
SO2−

4 and S2O2−
3 . An IonPac AS19 column was used at 30±1◦C and a flow rate of 1.5 ml

min−1. The high carbonates were bypassed with a carbonate trap. The injection volume was
25µL. The eluent was generated by an eluent generator (EG40, Dionex, Salt Lake City, USA)
equipped with a KOH cartridge, and carried by deionized water. Detection of the ions was
based on conductivity; we used an ASES-ULTRA suppressor to suppress eluent conductivity.

As the formed sulfur particles have a tendency to attach to the reactor wall, it was not possible
to calculate the S0 production rate from the S0 analysis. No other products than S0, SO2−

4 and
S2O2−

3 were identified, so we calculated the production rate of S0 from the following mass
balance:

PS0 = IH2S − PSO4
2− − PS2O3

2− (2.5)
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Here, PS0 , PSO4
2− and PS2O3

2− are the production rates of S0, SO2−
4 , and S2O2−

3 , respectively,
in mmol L−1 h−1 and IH2S is the volumetric H2S influent in mmol L−1 h−1.

2.2.7 Biomass concentration

The biomass concentration was measured as the amount of total N-organic, based on the
absorbance of nitrophenol at 370 nm, with the Lange cuvette test LCK338 (Hache Lange,
Germany). The difference between filtered medium (cellulose acetate filter, Schleicher &
Schuell OE66) and non-filtered medium indicates the total amount of N present in the bio-
mass. Van den Bosch et al. [5] have carried out a study to compare this method against a
traditional destruction method, with good results.

2.2.8 Growth yields

The overall mass balance of oxygen depends on both assimilation and product formation. In
order to quantify the electrons used for bacterial growth on sulfide, consider the following
stoichiometric equation for the HA-SOB [15]:

H2S + HCO−3 + 0.2 NH3 + 0.95 O2 → CH1.8O0.5N0.2 + SO2−
4 + 0.4 H2O + H+ (2.6)

As no biomass growth was observed when SO2−
4 formation was below 5 mol %, it was con-

cluded that the electron mass balance is only compensated for growth when SO2−
4 is formed

[5], as follows:

O
SO2−

4
2 = αH2S · Oas

2 + (1 − αH2S) · Odis
2 (2.7)

Here, O
SO2−

4
2 is the oxygen cost of the overall mass balance to form SO2−

4 in mmol mmol−1,
and Oas

2 and Odis
2 are the oxygen costs in mmol mmol−1 for the assimilation and dissimilation

processes of the biomass. Given the stoichiometry in Eq. 2.6, the fraction of sulfide used for
assimilation (αH2S) is calculated as follows:

αH2S =
Y

0.2 · uN
(2.8)

Here, uN is the molar mass of nitrogen in mg mmol−1 and Y is the growth yield on SO2−
4 in

mg N mmol−1.
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Figuur 2.1: Measured product selectivity at different molar O2/H2S supply ratios for
haloalkaliphilic bioreactors at pH 8.5. The solid line represents the actual O2 supply
and the crosses represent the calculated oxygen consumption according to Eqs. 2.1-2.3
and 2.6, and show a structural discrepancy. The dotted lines are polynomials fitted to
the measured data.

2.3 Results and discussion

2.3.1 Product Selectivity at pH 8.5

A series of experiments was carried out at O2/H2S dosing ratios of 0.6, 0.65, 0.7, 0.8, 0.9
and 1.0 mol/mol, all at pH 8.5. All experiments, except those at a ratio of 0.7 mol/mol, were
performed in duplicate. Figure 2.1 presents the results. It can be seen that an increase in
the O2/H2S ratio resulted in a decrease of S0 formation as already shown in several previous
studies [22, 23, 5]. For a O2/H2S ratio of 0.65 mol/mol, the selectivity for S0 formation
amounted to 85-88 mol% whereas at a ratio of 1.0 mol/mol, only 31-44 mol% of S0 was
formed. The term selectivity is generally applied in chemical engineering to describe the
mole fractions of products that are formed from a substrate. An explanation for the results in
Figure 2.1 is that more oxygen was available at higher O2/H2S dosing ratios and thus more
SO2−

4 was formed. S2O2−
3 was only formed at a O2/H2S dosing ratio of 0.65 mol/mol, 1.0

mol/mol and during the startup phase (data not shown). An explanation for this observation
is that in these circumstances, the biological oxidation capacity is a limiting factor. S2O2−

3
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formation can be attributed to a number of factors, e.g. abiotic (poly)sulfide oxidation and
S0 hydrolysis [24]. At O2/H2S ratios between 0.7 and 0.9 mol/mol, the biological oxidation
rate of S2O2−

3 appears to be higher than the chemical formation rate. HA-SOB are able to
oxidize S2O2−

3 to S0 and SO2−
4 [25]. However, as S2O2−

3 has a higher oxidation state than S0,
its formation will always lead to sulfate formation and is therefore unwanted.

At increasing pH values, the rate of chemical S2O2−
3 formation increased [6]. This resul-

ted in a higher abiotic oxygen consumption which rendered less oxygen available as electron
acceptor for biological sulfide oxidation and as a consequence, the SO2−

4 production rate de-
clined. At a O2/H2S ratio of 0.8 mol/mol, 30.8-32.1 mol% of SO2−

4 was formed (at pH 8.5),
whereas others have found a selectivity for SO2−

4 production of 23.0-29.0 mol% for pH 10
[5]. At O2/H2S ratios of 0.6 mol/mol, the system was not stable. Within 15 minutes, the ORP
decreased to values below −420 mV as a result of sulfide accumulation. This implies the
occurrence of biological inhibition. Several attempts to obtain a stable system at this supply
ratio failed.

2.3.2 Mass balancing

To describe the oxygen balance based on sulfur product formation and oxygen consumption,
oxygen used for biological assimilation is included in the calculations using Eq. 2.7. The
growth yield under full oxidation of sulfide to SO2−

4 was found to be around 0.9 mg N / mmol

H2S [5]. Use of Eqs. 2.2 and 2.6 through Eq. 2.8 produced a value of 1.66 for O
SO2−

4
2 . Accor-

ding to the stoichiometry of 2.2, this implies that 17% of the electrons from sulfide oxidation
are required for biomass synthesis.

Figure 2.1 displays the actual oxygen supply (mol/mol) and the oxygen consumption ratio
according to Eqs. 2.1, 2.3 and 2.7 versus the different O2/H2S ratios, for our pH value of 8.5.
As can be seen, the calculated oxygen consumption is higher than the actual dosing rate sup-
ply for O2/H2S supply ratios above 0.70 mol/mol. Apparently, other oxidants were active in
the system such as dissolved CO2 and bicarbonates. Previous studies have produced similar
results for pH 10 [5]. Any oxidation of sulfide with nitrate or nitrite as electron acceptor is
unlikely because of the use of urea as nitrogen source. Furthermore, hydrolysis of urea does
not play a role in the overall electron balance of the process as it would cover less than 0.5 %
of the overall electron balance.

When the electron gap (∆e−) is entirely attributed to biomass synthesis (Eq. 2.7), i.e. when
we subtract the chemical oxidation routes to S2O2−

3 from the overall electron balance, around
33% of the liberated electrons are needed for biomass formation (at O2/H2S ratios of 1.0
mol/mol). This is unrealistic as it has been known for more than fifty years that approxima-
tely 15% of the total electrons from oxidized sulfur compounds are used for cell assimilation
[26]. Therefore, an additional route of electrons must be considered.

Via the quinone pool, the bacteria are able to reduce NAD+ without direct transfer of electrons
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Figuur 2.2: Proposed reaction pathways that lead to the formation of S0 and SO2−
4 from

the biological oxidation of sulfide [8, 12, 14, 11, 16, 17]. The dotted line represents the
limited oxygen route (LOR) and the solid lines represent the full oxygen route (FOR).
Respectively 17% and 5.2% of all the electrons from sulfide oxidation end up in bi-
omass synthesis via the FOR and LOR. These electron routes are not shown in this
scheme. The UQ-pool = ubiquinone pool, Q/QH2 = oxidized/reduced quinones, cyt-pool
= cytochrome pool.

to oxygen. At oxygen-limiting conditions, this is most likely the main route for oxidizing sul-
fide via S0 to SO2−

4 . Hereafter, we will call this route the limited oxygen route (LOR) and
the route summarized by the overall Eq. 2.2 the full oxygen route (FOR). Evidence of this
existence has been demonstrated by many authors [23, 27, 28]. Figure 2.2 gives a schematic
representation of the possible overall biological routes. The LOR produces less energy and
the growth yield is therefore also smaller than for the FOR. In the LOR, only 1.5 mol of
oxygen is reduced to form 1 mol of SO2−

4 , and the growth yields are around 0.4 mg N / mmol

H2S [5]. According to Eq. 2.7, O
SO2−

4
2 = 1.42 and thus only 5.2% of the electrons from sulfide

oxidation via the LOR end up in biomass synthesis.

2.3.3 Role of Limited Oxygen Route in Oxygen Balance

For Figure 2.3, we calculated the mass balance for oxygen by taking both the LOR and FOR
into account. The results show the actual oxygen supply and the calculated oxygen consump-
tion for pH 8.5 and pH 10. The calculated oxygen consumption is in good agreement with the
actual dosing rate, when the LOR is taken into account. Apparently, any SO2−

4 was not for-
med via the FOR as an electron gap between measured an calculated electron balance (∆e−)
was found.
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Figuur 2.3: Calculated O2/H2S consumption ratio based on product formation via the
LOR, FOR and synthesis of biomass. As the ratio O2/H2S increases, more oxygen is
available and thus more SO2−

4 is formed. The dashed line represents the actual oxygen
supply (measured). The difference between the dotted and dashed line represents the
average electron gap when the electron balance is calculated via the FOR. The data for
pH 10 were calculated using the results of Van den Bosch et al. [5].
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Figuur 2.4: Growth yields in mg N per mmol oxidized H2S for a haloalkaliphilic system
in relation to the O2/H2S supply ratio, calculated from the growth rates reported by Van
den Bosch et al. [5] for pH 10. For comparative reasons, the hypothetical amounts of
electrons are shown by the dashed line. Between a O2/H2S ratio of 1.0 and 2.0 mol/mol,
the transition area between S0 formation and SO2−

4 formation via LOR and FOR is in-
dicated with dotted line, as this area can not be quantified on the basis of the performed
experiments. At higher O2/H2S ratios, the FOR will be the main sulfide oxidation route.

As the bacteria gain less energy from the LOR than from the FOR, biomass growth yields
can be indicative of the used pathway. A linear increase in oxygen consumption should theo-
retically lead to a linear increase of the formation of SO2−

4 and thus of biomass. Furthermore,
biomass yield on the formation of SO2−

4 via the FOR should be higher than when the LOR
is active. Figure 2.4 shows the calculated biomass growth yields, based on the oxidation of
sulfide and using biomass growth rates determined in previous research [5] with a haloalka-
liphilic reactor system operating at pH 10. A gradual increase of the growth yield can be
seen at O2/H2S ratios of 0.5 up to 1.0 mol/mol. Below a ratio of 0.5 mol/mol, no biomass
growth was detected. Above the ratio of 1.50 mol/mol, a larger increase of the growth yield is
visible. The measured growth yield triples between an O2/H2S ratio of 1.50 and 2.0 mol/mol.
This corresponds to the assumption that a pathway shift occurs towards the FOR. Via the
FOR, more electrons are used for assimilation processes. For comparative reasons, Figure
2.3 shows the hypothetical amounts of electrons. It is assumed that 100 mol% S0 formation
takes place at an O2/H2S ratio of 0.5 mol/mol. Furthermore, no energy is assumed available
for biomass growth at this ratio. As the electron balance could only be closed via the LOR
at O2/H2 ratios below 1.0 mol/mol, we take this as an indication that at ratio of 1.5 mol/mol,
sulfide is mainly oxidized via the LOR (5.2% of electrons end up in biomass). Between a
ratio of 1.0 and 2.0 mol/mol, a gradual transition occurs from the LOR to the FOR; at a ratio
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of 2.0 mol/mol, all sulfide is oxidized via the FOR (17% of electrons go into biomass).

2.3.4 LOR in Thiobacillus species

When the bioreactor was run at O2/H2S ratios around 0.65 mol/mol, formation of SO2−
4 was

low due to low levels of oxygen and/or high sulfide concentrations. Our experimental results
show that mainly S0 (more than 80 mol%) was formed (see Figure 2.1). We found that it is
not possible to achieve stable operating conditions at O2/H2S ratios of 0.60 mol/mol or lower
with haloakaliphilic biomass at pH 8.5.

However, systems incubated with a mixture of non-halophilic Thiobacillus species were able
to oxidize sulfide completely at O2/H2S ratios as low as 0.35 mol/mol and pH 8.0 [21]. An
explanation can be found in the higher maintenance requirements of the haloalkaliphilic sys-
tem; more energy is required to maintain homeostasis. Carbon fixation [29] explains the fact
that O2/H2S consumption ratios below 0.5 mol/mol are found for Thiobacillus. It could be an
indication that these bacteria partly oxidize sulfide to S0 by NAD+ reduction, similar as pre-
sented in Figure 2.2. Moreover, Alcántara et al. presented experimental results that provide
evidence for the existence of an alternative electron route [23]. At O2/H2S supply ratios of
1.0 mol/mol, the selectivity for SO2−

4 formation was around 60 mol% in their system, whereas
a value of 33 mol% would be expected according to Eqs. 2.1 and 2.2. In that study, a reactor
system was operating at pH 7.0 to 7.5, incubated with strains of Thiobacillus, with various
O2/H2S supply ratios. These results could be an indication that Thiobacillus bacteria are able
to oxidize sulfide via a route similar to the LOR. Further research should be conducted to
confirm this hypothesis.

2.3.5 Considerations

Our experiments show that haloalkaliphilic sulfur-oxidizing bacteria in bench-scale gas lift
reactors are able to oxidize sulfide to SO2−

4 via several respiration routes. One of the routes,
the LOR, features at limiting oxygen levels. We hypothesize that sulfide is oxidized to S0 via
a variant of FCC acting as SQR (i.e. donating electrons to ubiquinone instead of cytochrome
c) in which the electron acceptor is not oxygen, but NAD+. As a consequence, 25% less
oxygen is consumed for the formation of one mole of SO2−

4 relative to oxidation with oxygen
as the sole electron acceptor. These results may have an impact on process optimization as at
limiting oxygen levels, relatively more SO2−

4 may be formed, which is undesirable. Further-
more, the activity range of the haloalkaliphilic biomass prevents optimization of biological
S0 formation at pH values of less than 8.5. At higher pH values, this biomass shows more
activity at lower O2/H2S ratios. These results emphasize the importance of accurate process
control to secure a high S0 selectivity at haloalkaliphilic conditions.
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Chapter 3

A physiologically based kinetic
model for bacterial sulfide
oxidation1

Abstract In the biotechnological process for hydrogen sulfide removal from gas streams, a
variety of oxidation products can be formed. Under natron-alkaline conditions, sulfide is
oxidized by haloalkaliphilic sulfide oxidizing bacteria via flavocytochrome c oxidoreductase.
From previous studies, it was concluded that the oxidation-reduction state of cytochrome c
is a direct measure for the bacterial end-product formation. Given this physiological feature,
incorporation of the oxidation state of cytochrome c in a mathematical model for the bacterial
oxidation kinetics will yield a physiologically based model structure. This paper presents a
physiologically based model, describing the dynamic formation of the various end-products
in the biodesulfurization process. It consists of three elements: 1) Michaelis-Menten kinetics
combined with 2) a cytochrome c driven mechanism describing 3) the rate determining en-
zymes of the respiratory system of haloalkaliphilic sulfide oxidizing bacteria. The proposed
model is successfully validated against independent data obtained from biological respiration
tests and bench scale gas-lift reactor experiments. The results demonstrate that the model is a
powerful tool to describe product formation for haloalkaliphilic biomass under dynamic con-
ditions. The model predicts a maximum S0 formation of about 98 mol%. A future challenge
is the optimization of this bioprocess by improving the dissolved oxygen control strategy and
reactor design.

1This chapter has been published as: Klok JBM, de Graaff M, van den Bosch PLF, Boelee NC, Keesman KJ and
Janssen AJH. A physiologically based kinetic model for bacterial sulfide oxidation. Wat Res 2012
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3.1 Introduction

Hydrogen sulfide is present in natural and synthetic hydrocarbon gas streams. Bulk removal
conventionally proceeds by applying physicochemical processes, such as the amine-Claus
process [1]. These processes typically perform at high temperature and pressure, and are
therefore expensive particularly for small scale applications (i.e. H2S loads up to 100 tons
day−1). As microbiological sulfide oxidation proceeds at ambient temperatures and atmos-
pheric pressure, biological desulfurization is considered as a cost-effective alternative to the
existing technology [2].

In biological gas desulfurization, dissolved sulfide is oxidized by a mixed population of chem-
olithoautotrophic haloalkaliphilic sulfide oxidizing bacteria (HA-SOB) into elemental sulfur
(S0) under oxygen-limited conditions, whilst a part (typically less than 10%) is oxidized to
sulfate (SO2−

4 ) [3, 4]. Additionally, a fraction of the dissolved sulfide is oxidized abiotically
to thiosulfate (S2O2−

3 ) [5]. In this process, the formation of S0 is preferred, as S2O2−
3 and

SO2−
4 formation will increase the process costs significantly, because of an increased caustic

consumption rate.

In order to scale-up the process up to 100 tons of sulfide per day, more insight in the re-
lation between the associated biological kinetics and hydraulic phenomena is needed. Hence
as a first step, it is essential that bacterial end product formation and growth can be estima-
ted accurately. Bacterial growth kinetics are commonly described by Monod kinetics [6],
while substrate inhibition can, for instance, be described by a Haldane model. A drawback
of these mono-substrate kinetic models is the disability to describe the formation of multiple
end-products. Furthermore, these empirical relationships do not give complete insight into
complex biological processes such as the biological desulfurization process.

The process selectivity (i.e. the relative formation of different end-products) of biological
desulfurization depends on various substrate levels, such as oxygen, sulfide and polysulfides
(Sx

2−) [3, 5]. For the description of the biological formation of S0 and SO4
2− via a Monod-

Haldane model, at least 12 empirical parameters have to be estimated. This would make the
accuracy of such a model over a range of substrate concentrations questionable. Furthermore,
as multiple products can be formed by the HA-SOB, a Monod-Haldane model does not give
insight into the mechanism of the underlying biological processes. Hence, there is a need for
a novel mechanistic description of the process kinetics.

In this study, the concept of combined Michaelis-Menten cytochrome kinetics, based upon
the respiratory enzymes of HA-SOB, is introduced in a mathematical model to describe the
biological sulfide oxidation chain up to SO4

2−. The resulting model is validated against
biological oxygen respiration tests with a mixture of HA-SOB. The validated model is sub-
sequently used to predict the product selectivity in bench scale gas-lift reactor experiments.
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3.2 Materials and methods

3.2.1 Biomass source

HA-SOB were obtained from a bench scale gas-lift reactor inoculated with a mixture of se-
diments obtained from hypersaline soda lakes in Mongolia, southwestern Siberia and Kenya
that where kindly provided by Delft University of Technology. An overview of the physio-
logy of the SOB present in the inoculum is given elsewhere [7, 8].

The bench scale gas-lift reactors were operated for more than a year at pH 8.6 under oxy-
gen limiting conditions to maximize S0 formation. Before washing the biomass, the reactor
samples were stored for at least 7 days to secure the settling of S0. Subsequently, bacterial
cells were separated from the medium by steps of centrifugation (5000 rpm), washing and re-
suspension in a (bi)carbonate buffer, resulting in a cell suspensions with a final concentration
of 1570 mg N L−1.

The biomass concentration was measured as the amount of total N-organic, based on the
absorbance of nitrophenol at 370 nm, with the Lange cuvette test LCK338 (Hache Lange,
Germany). Van den Bosch et al. (2007) have carried out a study to compare this method
against a traditional destruction method [3]. This method was tested by standard addition of
urea and nitrate to reactor samples as well as fresh medium, with and without the presence
of biologically produced sulfur. Presence of biologically produced sulfur did not affect the
results.

3.2.2 Respiration tests

Respiration tests were performed in a thermostated 4 mL glass chamber mounted on a mag-
netic stirrer and closed off with a dissolved oxygen (DO) sensor (PSt3, PreSens Precision
Sensing GmbH, Regensburg, Germany). A small opening allowed injection of substrate. A
schematic representation of the setup is shown elsewhere [9]. While the solution was sa-
turated with oxygen by sparging air for at least 5 minutes, cell suspension was added to a
final concentration of 15 mg N L−1. Experiments commenced by injection of 16 - 230 µL
of sulfide substrate stock solutions. The decrease of DO concentration was measured with
a sampling time of 5 seconds and the initial slope was used as a measure of the oxidation
rate. The maximum oxygen solubility in the buffer at 35 ◦C was found to be 0.15 mmol L−1.
The biomass oxidation rates were determined in triplicate, controls were performed in dupli-
cate with buffer solution only. Oxygen consumption rates were obtained for different sulfide
concentrations, ranging from 0 up to 5 mM.

3.2.3 Bench scale tests

The results of the bench scale tests were obtained with the same bioreactor set-up as described
elsewhere [3, 10]. Also, the same analytical equipment, start-up and analysis were applied.
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The mode of the reactor (i.e. fed-batch or continuous, with or without pH control), sulfide
supply rates as well as concentrations of biomass, SO2−

4 , S2O2−
3 and S0 may vary for various

reactor runs. The oxygen supply rate follows from a proportional controller using the total
sulfide concentration (based on oxidation reduction potential (ORP), (Ag/AgCl)).

3.2.4 Chemicals used

Carbonate buffer was prepared by mixing sodium and potassium (1:2) bicarbonate (pH 8.3)
and carbonate (pH 12.3) buffer solutions. For the respiration tests, a final pH of 8.5 was ob-
tained. For the fed-batch reactor experiments, the final pH range was between 8.3 and 10.2.
Furthermore, the medium for the fed-batch experiments was enriched with macro nutrients
and trace elements similar to previous research [3]. Both buffers contained 1.67 M K+, 0.33
M Na+ as (bi)carbonate.

Sodium sulfide stock solutions for the respiration tests (2.5/15/100 mM) were freshly pre-
pared by dissolution of Na2S·9H2O crystals in de-aerated water by flushing with nitrogen
gas. The sulfide concentrations of the stock solutions were experimentally validated.

3.3 Kinetic model

3.3.1 Stoichiometric relationships

The biological oxidation of sulfide to S0 and SO2−
4 is assumed to proceed according to a num-

ber of subsequent reaction steps [11]. A wide range of enzyme mechanisms are identified in
a variety of SOB, e.g. FCC [12, 13], sulfur oxidizing system (SOX) [14, 15] and sulfite de-
hydrogenase (SOR) [13, 16].

HA-SOB are able to oxidize a number of sulfur species, preferred by the reduction poten-
tial of the component [17]. However, in this paper, the only sulfur containing substrate of the
SOB is sulfide. It is assumed that the performed respiration tests are solely based on sulfide
oxidation, because of the absence of any other sulfur species such as S0 and S2−

x .

In a previous study, it was suggested that haloalkaliphilic SOB contain FCC and some va-
riant of FCC (FQ), oxidize sulfide to intermediate S0 via electron transfer to cytochromes and
quinones respectively [10]. Further oxidation of S0 is possible via several routes in which
both reductases and dehydrogenases have been identified [13]. Several enzymes are involved
in the oxidation of S0, all based on the transfer of electrons to cytochrome c [14, 18, 13].
A schematic overview of the modeled enzymatic processes is shown in Figure 3.1. In this
scheme, a clear distinction is made between the cytochrome system and the non-cytochrome
system (i.e. quinone system). FCC catalyzes electron transfer from hydrogen sulfide to oxi-
dized cytochrome c (cyt+), according to [19]:

H2S + 2 cyt+ → S0 + 2 cyt + 2 H+ (3.1)
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Figuur 3.1: Reaction pathways that lead to the (biological and chemical) formation of
S0, S2O2−

3 and SO2−
4 from the oxidation of hydrogen sulfide. Numbers inside circles refer

to reaction equation numbers mentioned in the text. Notice that biomass growth is not
included in this figure.

Reduced cytochrome c (cyt) is oxidized via the reduction of oxygen to water by the enzyme
cytochrome c oxidase (CcO), according to [20]:

4cyt + 4 H+ + O2 → 4 cyt+ + 2 H2O (3.2)

The reduction of oxygen yields a proton gradient (∆µH+) that enables bacteria to obtain
energy for maintenance and growth [21]. At moderate concentrations, sulfide inhibits CcO.
A functional model has been suggested in [22]. According to this model, it can be derived
that activity of the FCC system is suppressed due to a lack of cyt+ at higher concentrations
of sulfide.

FQ catalyzes the hydrogen sulfide dependent reduction of quinones (Q) [10], according to
[19]

H2S + Q→ S0 + QH2 (3.3)
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Two possible routes were hypothesized in which the bacteria are able to oxidize the quinones:
the ’low oxygen route’ (LOR) and the ’full oxygen route’ (FOR) [10]. Via the FOR, bacteria
transfer the electrons to oxygen via quinol oxidase (QO) [19].

QH2 +
1
2

O2 → Q + H2O (3.4)

Via the LOR, quinones transfer electrons directly to NAD+ via a NADH-oxidoreductase (OR)
[10].

QH2 + NAD+
→ Q + NADH + H+ (3.5)

There are two options to regenerate NAD+, namely via the electron chain and via fixation of
CO2. This last route yields less energy than the FOR and is therefore not preferred by the
bacteria; formation of NADH via the couple H2S/S0 costs energy [19]. The advantage of the
quinone system is that it is less susceptible to sulfide intoxication as compared to the cyto-
chrome system. At higher sulfide levels, it is thus expected that the major oxidation route of
hydrogen sulfide is via FQ. However, the quinone system does not sustain complete oxidation
of (poly)sulfide to SO2−

4 [23].

In the subsequent oxidation from S0 to SO2−
4 , several enzymatic routes are involved [13].

We consider the following overall equation describing the oxidation of S0 to SO2−
4 .

S0 + 6 cyt+ + 4H2O→ SO2−
4 + 6 cyt + 8 H+ (3.6)

Furthermore, as haloalkaliphilic SOB are only able to grow when SO2−
4 is formed [3], part of

the reduced cytochromes is oxidized via the formation of biomass.

The haloalkaliphilic SOB are also able to oxidize S2O2−
3 via the SOX route [13]. To give

a complete overview, the oxidation of S2O2−
3 is included as well. Hence, [14]

S2O2−
3 + 8 cyt+ + 5 H2O→ 2 SO2−

4 + 8 cyt + 10 H+ (3.7)

3.3.2 The influence of the cytochrome pool

The work in [24] suggests that the bacterial end-product of neutrophilic Thiobacillus species
is determined by the reduction degree of the cytochrome pool (F), where F is given by

F =
cyt

cyt + cyt+
(3.8)
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and 0 ≤ F ≤ 1. In what follows, the oxidation rate of sulfide is directly related to F and
thus to the selectivity of end-products. The relation between F and the selectivity for product
formation P(F) is visualized in Figure 3.2. In this figure, information on sulfide loads, sulfur-
compound production and cytochrome reduction degree from Visser et al. [24] are arbitrarily
converted to ’selectivity’-curves for the formation of SO2−

4 (PSO2−
4

) and S0 (PS0 ) as function
of F.

In the figure, F1 is introduced to indicate the ’switch’ points of selectivity for product for-
mation. For F ≤ F1, no O2 limitation occurs, resulting in a complete oxidation to SO2−

4 . For
F>F1, the electron transport capacity becomes limiting, resulting in an interruption of the oxi-
dation chain. The interruption leads to formation of S0. When F = 1, i.e. beyond the sulfide
oxidation capacity of FCC, no SO2−

4 formation occurs. Consequently, bacterial growth will
be strongly limited, as only the FQ system remains available for electron channeling.

The product formation function for S0 (PS0 ) is found from the difference between the (nor-
malized) sulfide oxidation and sulfate formation rates. This seems an appropriate assumption
as no other sulfur products from biological origin have been identified [24]. Consequently,

PS0 (F) = 1 − PSO2−
4

(F) (3.9)

where 0 ≤ PSO2−
4
≤ 1.

3.3.3 Modeling the cytochrome pool

The sulfide oxidation rate for FCC (qFCC) and the total cyt oxidation rate (qCcO) are introduced
in the following combined Michaelis-Menten-cytochrome equations.

qFCC = qFCC,max (1 − F)
[HS−]

KFCC + [HS−]
(3.10)

qCcO = qCcO,maxF
[O2]

KCcO + [O2]
Ki

Ki + [HS−]
(3.11)

in which qFCC,max and qCcO,max represent the maximal reaction rates (mmol mg N−1 s−1 ),
KFCC and KCcO the affinity constants (mmol L−1) and [HS−] the total sulfide concentration,
which is determined by the sum of the concentration of sulfide and S2−

x [3, 25]. The inhibition
term Ki

Ki+[HS−] is included, according to simplifications to the proposed functional model by
Collman et al. [22]. It should be noted that the terms for the reaction rates include the total
cytochrome content of the bacteria, as F denotes a fraction of cytochromes.
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Figuur 3.2: The relative product formation as function of the reduction degree of the
cytochrome pool F. The vertical dashed line represent the boundary conditions (F1) for
the selectivity. These curves are derived from the results of Visser et al. [24].

3.3.4 Modeling the quinone pool

In the oxidation of sulfide via the FQ, the quinone pool is involved. The reduction degree
of the quinone pool (Q) is defined similarly as F in Eq. 3.8. The reduction and oxidation
reactions of Q are given by

qFQ = qFQ,max (1 −Q)
[HS−]

KFQ + [HS−]
(3.12)

qFQox = qFQox,maxQ
[O2]

KFQox + [O2]
(3.13)

with qFQ,max and qFQox,max the maximal reaction rates (mmol s−1 mg N−1), KFQ and KFQox the
affinity constants (mmol L−1). In what follows, it is assumed that the quinone pool changes
instantaneously according to the sulfide and oxygen levels, and thus at quasi-steady state
conditions [26] holds:

dQ
dt

= qFQ − qFQox = 0 (3.14)
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This equation determines the equilibrium of Q (Q†) for given sulfide and oxygen concen-
trations. After substituting Eqs. 3.12 and 3.13 in the equation mentioned above, Q† can be
determined. Substituting Q† in Eq. 3.12 leads to the overall equation of sulfide oxidation by
FQ.

qFQ =
qFQ,max[HS−]

qFQ,max

qFQox,max

( [O2]+KFQox

[O2]

)
[HS−] + [HS−] + KFQ

(3.15)

In respiration tests oxygen levels are high (close to 100%), KFQox � [O2] and thus we can
simplify Eq. 3.15 to

qFQ =
qFQ,max[HS−]

qFQ,max

qFQox,max
[HS−] + [HS−] + KFQ

(3.16)

When both oxygen and sulfide are not limiting (i.e. KFQox � [O2] and KFQ � [HS−]) , Eq.
3.16 can be further simplified to

qFQ =
qFQ,max qFQox,max

qFQ,max + qFQox,max
=

(
1

qFQ,max
+

1
qFQox,max

)−1

(3.17)

which can be interpreted in the context of a serial network.

3.3.5 Modeling product selectivity

The overall oxidation rate of sulfide to S0 (qtot) is determined by the activity of both FQ and
FCC see Figure 3.1. Thus,

qtot = qFCC + qFQ (3.18)

The reduced cytochrome pool is directly related to the product selectivity, such that

qSO2−
4

= PSO2−
4

(F) qtot (3.19)

and
qS0 = PS0 (F) qtot = 1 − PSO2−

4
(F) qtot = qtot − qSO2−

4
(3.20)

with PSO2−
4

(F) and PS0 as in Figure 3.2. According to this kinetic model, the cytochrome pool
determines the model-state for end-product formation. Given the rates qFCC, qSO2−

4
and qCcO,

the rate of the cytochrome reactions (qF) can be described by

qF = 2qFCC + (6 − Y)qSO2−
4
− qCcO (3.21)

The rationale behind this relationship is that two mol cyt+ are reduced to form 1 mol of S0

(Eq. 3.1), 6 mol cyt are reduced to form 1 mol of SO2−
4 (Eq. 3.6) and 4 mol cyt are oxidized

with 1 mol O2 (Eq. 3.2). Furthermore, Y is the number of electrons that is used by the
bacteria for growth. At high oxygen levels (FOR) Y = 1.36, at limiting oxygen conditions
(LOR) Y = 0.32 [10].
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3.4 Results and discussion

3.4.1 Chemical oxidation

In the respiration test, the chemical oxidation of sulfide is determined in the absence of bi-
omass, as shown in Figure 3.3. The general rate equation given by O’Brien and Birkner
[27],

d[O2]
dt

= −kS2O2−
3

[HS−]δ1 [O2]δ2 (3.22)

is fitted to the data. As the respiration tests were evaluated at saturated oxygen levels, δ2
can not be identified. Therefore, δ2 is assumed to be 0.8, as found in previous research by
[27]. The unknown parameters kS2O2−

3
and δ1 were found from the data in Figure 3.3. This

figure also shows the identified chemical curve with kS2O2−
3

= 2.91 · 10−4 mmol L−1 s−1 and
δ1 = 1.02 (see appendix A for details of the parameter estimation routine).

Figuur 3.3: Chemical oxidation rate in respiration tests (line represents model fit).

3.4.2 Biological oxidation

The reduction rates of oxygen in the respiration tests were measured and corrected for che-
mical activity for a range of sulfide concentrations, see Figure 3.4. It appears that the activity
rapidly increases for sulfide concentrations between 0 and 0.15 mM. At sulfide levels of 0.15
up to 0.30 mM an optimum of around 100 nmol O2 mg N−1 s−1 is found for the reduction
rate of oxygen. This corresponds well with the rate of 97 nmol O2 mg N−1 s−1, which was
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Tabel 3.1: Estimated parameters with corresponding bounds or standard deviations

parameter unit estimate σ
kS2O2−

3
mM s−1 2.91·10−4 2.32·10−5

δ1 - 1.02 5.93·10−2

qFCC,max mmol mg N−1 s−1 1.35·10−4 6.26·10−6

qCcO,max mmol mg N−1 s−1 6.71·10−4 1.70·10−4

qFQ,max mmol mg N−1 s−1 1.23·10−4 1.82·10−6

qFQox,max mmol mg N−1 s−1 2.15·10−4 -**
KFCC mM 5.0·10−2 4.0·10−2 - 6.0·10−2*
KCcO mM 2.3·10−3 0 - 4.5·10−3*
Ki mM 6.18·10−2 1.72·10−2

KFQ mM 1.8 1.6 - 2.0*
KFQox mM -** -**
* bounds of the graphically determined parameter
** not identifiable on basis of respiration tests

found by de Graaff et al. [28]. For sulfide concentrations of 0.30 up to 10 mM, the respira-
tion activity gradually decreases. This could be an indication of inhibition of CcO/FCC and
thus sulfide intoxication of the bacteria [22]. Surprisingly, from 1.0 to 5.0 mM sulfide, the
bacterial respiration increases, most likely as a result of adaptation of the bacteria to high
sulfide levels. This sulfide removal activity can be dedicated to the FQ system which is less
susceptible for high levels of sulfide. As sulfide concentrations of 5.0 mM and higher only
occur in heavily overloaded bioreactors, higher concentrations were not tested.

3.4.3 Parameter estimation

Given the proposed model structure and experimental data, a parameter estimation routine
is used to calibrate and validate the model structure (see [29, 30] and appendix A for de-
tails). All unknown parameters (qFCC,max, qCcO,max, qFQ,max, qFQox,max, KFCC, KCcO, Ki, KFQ and
KFQox) were estimated from the average oxygen respiration for each specific sulfide concen-
tration. As we mentioned above, it is assumed that F, as Q, changes instantly according to the
sulfide and oxygen levels. The resulting model fit with optimized parameters appeared to be
satisfactorily. However, an eigenvalue decomposition of the accompanying covariance matrix
revealed large uncertainties in specific parameter combinations. For instance, the substrate
affinity constants and corresponding maximal growth rates were practically unidentifiable, as
already shown in [31]. Therefore KFCC and KFQ were determined graphically on the basis of
the maximal rate for the enzymes FCC and FQ, physiologically interpreted from Figure 3.4.
For FCC this is KFCC=0.05±0.01mM, for FQ this is KFQ=1.8±0.2mM. To obtain the maximal
overall oxidation capacity of FQ, its parameter is extrapolated around the value 240 ± 3 nM
H2S mg N−1 s−1 and thus, given the estimate for qFQ,max, qFQox,max can be determined via Eq.
3.17, as KFQox � [O2] and KFQ � [HS−]. On the basis of the respiration tests only, KCcO
and KFQox are not identifiable, as these experiments take place at approximately 100% DO
levels. These parameters should therefore be determined via dynamic reactor experiments at
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Figuur 3.4: Biological respiration rates RO2 (oxygen removal) and RH2S (sulfide oxi-
dation) in respiration tests A and model predictions A, B & C. In figure A, the average
measured oxygen consumption rate is indicated with triangles and the range of mea-
surements with error bars. Figures B and C are solely based on model predictions.
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limiting oxygen concentrations. However, still the magnitude can be roughly estimated from
the respiration test. For instance, when the DO concentration at the respiration test dropped
below (data not shown) 4.5 µM with an initial sulfide concentration of 0.54 mM, oxygen re-
moval dramatically decreases. As the cytochrome system, and thus CcO, is active at these
sulfide concentrations, it can be concluded that the KCcO should be around 2.3 µM. For KFQox,
the same procedure gives unreliable results as this parameter should be determined at higher
sulfide concentrations. At these concentrations, the curves are heavily influenced by the che-
mical oxidation. For the prediction of selectivity of the bacteria, however, this parameter is
not of influence, as the quinone system only forms S0. Following these physiological based
assumptions, only four parameters (qFCC,max, qCcO,max, qFQ,max and Ki) out of nine were esti-
mated. After reparameterization of the model, the second set of parameters appeared to be
largely uncorrelated and less uncertain (see Table 3.1 and appendix B).

The model results, using the estimated parameter values from Table 3.1 and Appendix B
are shown in Figure 3.4 A. Over the whole range of sulfide concentrations, it appears that
with the proposed model it is possible to estimate the independent data set. This suggests that
the model structure is defined properly.

In Figure 3.4 B, the total sulfide removal according to the model prediction is shown for
the individual oxidation systems FCC and FQ and the total sulfide removal. At low concen-
trations of sulfide, the major respiratory system of the HA-SOB is FCC whereas at higher
concentrations, FQ is the product determining system.

In Figure 3.4 C, the relative product formation is shown as function of the sulfide concen-
tration. According to the model, the selectivity for SO2−

4 of the haloalkaliphilic SOB drops
below 10% at a concentration of 2.1mM sulfide. Under process conditions of biological de-
sulfurization, even less SO2−

4 will be formed as a result of lower oxygen levels.

3.4.4 Model validation

To cross validate the proposed model structure with its estimated parameters, experimental
data, obtained from bench scale gas-lift reactor experiments, were used.
The results of these experiments are shown in Figure 3.5. In this figure, the effect of the
sulfide concentration on the formation of SO2−

4 is shown. Every data point represents the se-
lectivity for SO2−

4 of the bench scale reactor over a period of at least 3 hours of stable reactor
performance, i.e. stable ORP levels. The selectivity for SO2−

4 formation was very low (0 -
0.0016) at sulfide concentrations above 0.25 mM, while at sulfide concentrations below 25
mM, SO2−

4 formation increases with decreasing sulfide concentrations. It is hypothesized in
this paper that a decrease of biological SO2−

4 formation is a result of the inhibition of CcO
(see Eq. 3.11) and as a result, more S0 is formed. Based upon these findings, it seems essen-
tial for the process to operate at sulfide levels above 0.25 mM to obtain a high selectivity for
formation of S0 as the end-product of sulfide oxidation.

The measured oxygen concentration under sulfur forming conditions was always found to
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Figuur 3.5: Experimental results of bench experiments (+) with the model outputs (-) at
oxygen concentration of 5, 10 and 30 nM

be below 0.1 µM (data not shown). A lower oxygen concentration is expected at higher sul-
fide concentrations. The identified model structure was used to predict the process selectivity
at oxygen concentrations of 5, 10 and 30nM. These results are also shown in Figure 3.5. The
experimental results and the model outputs are in good agreement.

At sulfide concentrations lower than 0.15 mM, the model gives an accurate fit for oxygen
concentrations of 10 - 30 nM. At higher sulfide concentrations, it appears that an oxygen
concentration of 5 nM gives a better model fit. The relative selectivity for SO2−

4 appears to
be more sensitive for changes in the oxygen concentration at higher sulfide concentrations
(>0.15 mM) than at lower sulfide concentrations (<0.15 mM).

3.4.5 Effect of disturbances

The selectivity of the biodesulfurization process has been studied at stable reactor conditions
(i.e. reactor operated at constant ORP levels, sulfide and oxygen loading rates) [3, 5, 10]. In
a full-scale reactor, however, conditions may vary over the height of the reactor due to non-
ideal mixing conditions, leading to concentration gradients. This may play an important role,
especially around the sulfide injection points. An (approximate) CFD modeling approach be
able to further describe the micro-mixing, spatial heterogeneity and the resulting effects on
the selectivity, but this is out of the scope of the paper. Moreover, the sulfide levels in the gas
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and gas flow may be fluctuating, resulting in fluctuating sulfide loads. It is very likely that
these dynamics will affect the process selectivity.

To study the effects of fluctuations of the sulfide load in a bench scale reactor, the supply
of both sulfide and oxygen was interrupted three times during reactor operations for a period
of 8 minutes. The results are shown in Figure 3.6 A-C. In Figure 3.6 A both the oxygen and
the sulfide supply are shown. The first period without sulfide and oxygen supply occurred
between t=1.0 up to t=9.0 min, the second period between t=14 and t=22 min and the third
period between t=27 and t=35 min. Before, between and after these interruptions, oxygen
and sulfide were supplied to the reactor at a molar ratio (O2/H2S) of 0.5 mol mol−1.

During the interruptions, the sulfide concentration in the reactor and the oxygen concen-
tration in the gas phase (O2(g)) were decreasing, as can be seen in Figure 3.6 B. This is an
indication that sulfide is oxidized. On the other hand, when sulfide and oxygen were sup-
plied to the reactor, both sulfide levels and oxygen levels were increasing, i.e. more sulfide is
supplied than oxidized. This corresponds with previous research where the reactor could not
operate at O2/H2S supply ratios below 0.6 mol mol−1 [3, 10].

The sulfide consumption rate (consHS− ) of the fed-batch reactor, that includes biological and
chemical oxidation, is calculated from the following mass balance, and shown in Figure 3.6
C,

consHS− = supplyH2S −
d[HS−]

dt
(3.23)

where supplyH2S is the sulfide supply and d[HS−]
dt the accumulation of sulfide in the bioreactor

(mmol L−1 s−1). Notice from Figure 3.6 C that the sulfide consumption rate increases signi-
ficantly when the sulfide supply is switched on. As the substrate levels of the reactor do not
show these abrupt changes (Figure 3.6 B), it can be concluded that these effects are due to in-
jection of substrate. As oxygen mass transfer is more limiting than sulfide transfer, probably
a locally increased sulfide concentration governs the increased activity. When considering
Eq. 3.16 where KFQ=1.8 mM (Table 3.1), it can be concluded that an increase of sulfide
concentration from 0.4 mM (Figure 3.6) to 1.8 mM will lead to at least a four-time increase
of the activity of FQ. In case of the results shown, the average total sulfide consumption rate
with sulfide supply (5.6·10−4 mmol L−1 s−1) is 2.5 times higher than without sulfide supply
(2.3·10−4 mmol L−1 s−1).

To predict the dynamic reactor performance with disturbances in the supply of sulfide and
oxygen, the proposed model with the estimated parameters is implemented in a reactor mo-
del (not shown). As KFQox could not be identified on basis of the respiration test, is is chosen
equally to KCcO. The effect of local high sulfide concentrations is compensated via a hypo-
thetical local increase of the sulfide levels. In case of sulfide supply, the sulfide concentration
used to calculated the biological and chemical reaction rates is multiplied by a factor 2.5 as
mentioned above. The results of the simulation are shown in Figure 3.6 B and D. Figure B
shows the model predictions for both sulfide and oxygen levels in the reactor in comparison
with the online measured reactor data. The model appears to fit the data satisfactorily. Devi-
ations between the model and the online measurements can be explained by the dynamics of
the sensor and delay in biomass (de)activation [32].
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Figure 3.6 D shows the predicted process selectivity. The selectivity of the process can not be
significantly determined on the time scale of 50 minutes, because of the demanding product
analysis. The predicted, abrupt changes in process selectivity seem to be unrealistic, as in
practice more gradual shifts are expected in biological product formation. Notice from Fi-
gure 3.6 D the relative high process selectivity for S2O2−

3 . On basis of previous research, a
selectivity of around 13 mol% is expected at pH 9.4 [5], but the model predicts up to 32 mol%
selectivity. An explanation for this difference is that the bioreactor is operating at the limits
of biological oxidation capacity (O2/H2S supply ratio of 0.5 mol/mol). Despite the trend of
a decrease of sulfide levels (up to t=35 min) an increase in S0 selectivity is predicted. These
results from the cross-validated model emphasize that in order to optimize large scale appli-
cations, both sulfide and oxygen levels determine the selectivity of the process. Furthermore,
the model can be used in model-based control studies, as it is able to predict the dynamics in
the desulfurization process.

3.4.6 Physiologically based modeling in N-cycle

The model presented in this paper describes in a simple and effective way bacterial end-
product formation. The modeling approach has the potential to describe other biological
processes governed by O2 limiting conditions, such as nitrification in the nitrogen cycle.
Ammonium-oxidizing bacteria (AOB) oxidize ammonium at low dissolved oxygen concen-
trations. Via intermediates, NO−2 is formed. Moreover, a similarity with the desulfurization
process is that both cytochromes and quinones are electron acceptors in the pathway of the
full oxidation to NO−2 [33].

A major issue in waste water treatment (WWT) is nitrous oxide (N2O) emission. Even though
N2O is not present as an intermediate in the main catabolic pathway of nitrification, AOB are
known to produce N2O [34]. Existing model approaches, such as the ASM1 model, are ba-
sed on a combination of Monod terms. Unfortunately, these are black-box models that do
not provide insight in the underlying physical-chemical processes. In contrast, the physiolo-
gically based modeling approach allows the description of the formation of products such as
N2O and NO−3 [35]. Hence, the presented model structure could be a good starting point for
minimization of the N2O emission in a WWT.

3.5 Conclusions

From the respiration test it appears that two optima in sulfide oxidation rates can be found.
From subsequent test work [10] it follows that two sulfide oxidizing enzyme systems are ac-
tive in HA-SOB. It is known that at higher sulfide concentrations the CcO/FCC enzymatic
system is inhibited [22]. At sulfide concentrations above 2.0 mM, the SOB still shows high
respiration activity. This sulfide removal activity can be dedicated to the FQ system.

The proposed model, with combined Michaelis-Menten-cytochrome kinetics, is based on a
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Figuur 3.6: Experimental results of the dynamic bench scale experiments. Three times
for 8 minutes, the supply of sulfide and oxygen is interrupted (see figure A). Figure B
shows the levels of sulfide in the reactor and oxygen concentration in the gas phase. The
online measurements are indicated with (·) and the model prediction with a solid line.
The calculated sulfide consumption rate is shown in figure C. In figure D is the model
predicted selectivity shown.
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’mono-substrate’ removal and ’multi-product’ forming concept. The model structure is suc-
cessfully validated on data sets from respiration test and real time reactor experiments. The
presented model is able to predict about 98 mol% of S0 formation. A future challenge will
be the optimization of the biotechnological process for hydrogen sulfide removal from gas
streams, by improving the process design, mixing regime and operation e.g. via advanced
substrate injection and the DO control strategy.
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Chapter 4

Temperature effects on the
biological desulfurization process

Abstract Short term (3 days) temperature effects between 14 and 60oC were performed to in-
vestigate the effect on the biological oxidation rate of dissolved sulfide at haloalkaline process
conditions. At temperatures below 15oC, the biological activity is not sufficient to oxidize
2.12 mmol L−1 h−1 H2S at a molar O2/H2S consumption of 0.70 mol/mol. At temperatures
higher than 48oC, biological activity is irreversibly affected. Our results also show that for a
robust biodesulfurization process, the operating temperature is between 15-40oC.
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4.1 Introduction

Large scale desulfurization of sour gas streams is done by application of the Amine/Claus and
Lo-Cat technologies [1]. As an alternative to these technologies, biodesulfurization of hydro-
carbon gasses with sulfide loads between 0.01-100 tons per day is an attractive option [2]. For
this process, haloalkaline conditions are applied, as at these conditions more hydrogen sul-
fide (H2S) is absorbed than at neutral pH conditions [3]. Hence, for the biological oxidation
of sulfide haloalkaliphilic sulfide oxidizing bacteria (HA-SOB) are the proper catalyst. Such
bacteria are found in alkaline and saline lakes, generally found in arid and semi-arid regions.
Well known salt lakes are located in Egypt (Wadi Naturn lakes), North America (Mono lake,
Soap lake) and Central Asia (Kulunda steppe lakes) [4, 5]. During the annual climate cycle in
these so called ’soda lakes’, large variations in temperature, pH, salinity, oxygen and sulfide
levels occur [6]. Additionally, in winter steep temperature and concentration gradients are
found due to stratification [5]. As a consequence, HA-SOB adapt to large variations in their
habitat which is beneficial for the biological desulfurization process as in these processes
temperatures can be operated all varying climatic zones.

In general, bacterial growth rates vary with changing process conditions. Temperature va-
riations play a role in the biodesulfurization process, e.g. temperature of the treated sour gas
and the occurrence of exothermic reactions. At low temperature, a temperature rise leads to
an increase in metabolic activity and growth, hence the catalytic conversion rates increase
[7]. A general expression that couples the effect of temperature to the catalytic reaction rates
k (mmol L−1 s−1) is given by the Arrhenius equation:

k(T) = A(Tr)e
−EA
RT (4.1)

where A(Tr) is a maximum specific rate (mmol L−1 s−1) at reference temperature Tr (K), EA
the activation energy (J mol−1), R the universal gas constant (8.13 J mol−1 K−1) and T the
temperature (K). However, bacteria have, likewise to pH and salinity, a temperature optimum
for growth and activity. Beyond the temperature optimum, denaturation of enzymes, transport
carriers and other proteins occur [8]. In addition, the lipid bilayers of the bacterial membra-
nes may become disrupted by temperature extremes [9]. When lowering the temperature, i.e.
below a minimum temperature, enzyme activities will become too low to ensure a stable pro-
cess performance. However, the composition of the cell will not necessarily be affected by
low temperatures [10]. Because of these opposing temperature influences, microbial growth
exhibits a characteristic temperature dependency with strict optimum temperatures [11].

The effects of salinity [12, 13], pH [13, 14] and oxygen/sulfide consumption ratio [15, 16]
(and see Chapter 2) on HA-SOB in bioreactors have been studied. However, to the best
of our knowledge, temperature effects on the overall reactor performance were not yet fully
explored. In the overall biological desulfurization process, both chemical and biological reac-
tions occur. The unwanted chemical formation of thiosulfate (S2O2−

3 ), proceeds via oxidation
of both sulfide and polysulfide (Sx

2−) and is stimulated by an increase in temperature [17, 18].
In addition, solubility and thus availability of oxygen decreases at higher temperatures and
will thus affect both chemical and biological oxidation of sulfur compounds. The biological
respiration rate and hence the formation of the metabolic end-products S0 and SO2−

4 , is also



4.2 Materials and methods 67

affected by temperature.

The goal of this study is to assess short-term temperature effects on the biological sulfide
oxidation rate and the associated selectivity for product formation. In bench scale bioreactor
experiments (4.7 L), the temperature operating window of the process was assessed. Additi-
onally, biological respiration tests (20 ml) were performed to study the biomass activity over
a temperature range.

4.2 Materials and methods

4.2.1 Bench scale tests

Fed-batch reactor experiments were conducted in duplicate in two identical gas-lift biore-
actors with a wet volume of 4.7 L each. Analytical procedures and side equipment were
identical to previous research [15]. Throughout all experiments, supply of H2S and O2 was
kept constant at 10 and 7 mmol h−1 respectively. Previous research has shown that at these
supply rates robust process conditions have been ensured and all H2S is oxidized, thereby
forming mainly i.e. 80 mol% S0 [15]. However, at the start-up phase, the O2 supply rate was
set at 15 mmol h−1 to stimulate the growth of biomass. Before measuring the selectivity of
the process after a change in temperature of the reactor medium, a two day acclimatization
period was applied. Per temperature setting the selectivity of the process was monitored over
a period of at least 2.5 days. When ORP levels drop below -420 mV (Ag/AgCl), biological
inhibition will occur due to accumulation of sulfide [19]. As a result of a lack in biological
oxidation capacity, no stable reactor performance could be achieved (see Chapter 2). In these
events, the sulfide supply was interrupted as too much sulfide would accumulate, leading to
a deterioration of the bioreactor performance.

4.2.2 Biomass respiration tests

Respiration tests were performed in a thermostated 20 mL glass chamber mounted on a mag-
netic stirrer and closed off with a dissolved oxygen (DO) sensor (PSt3, PreSens Precision
Sensing GmbH, Regensburg, Germany). While the solution was saturated with oxygen by
sparging air for at least 5 minutes, cell suspension was added to a final concentration of 5 mg
N L−1. Experiments commenced by injection of 20 µL of sulfide substrate stock solutions
via a sealable opening. The decrease in DO concentration was measured with a sampling
time of 5 seconds and the initial slope was used as a measure of the oxidation rate. Biomass
oxidation rates were determined at least in triplicate for each temperature setting, at different
incubation times (ranging from 5 to 30 minutes). In addition, control tests were performed
with buffer solution only (abiotic control). Oxygen consumption rates were obtained at a
sulfide concentration of 0.2 mM.
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4.2.3 Medium

The mineral medium consisted of a mixture of a bicarbonate (pH 8.3, 19 L) and a carbonate
(pH 12.3, 1 L) solution. Both solutions contained 0.66 mol L−1 Na+ and 1.34 mol L−1 K+.
Furthermore, the medium contained 1.0 g L−1 K2HPO4, 0.6 g L−1 urea, 6.0 g L−1 NaCl and
0.20 g L−1 MgCl2 ·6 H2O (all in demineralized water). Trace elements solution was prepared
and added as described by Pfennig and Lippert [20]. After addition of all compounds, the pH
of the medium was set 8.6.

Sodium sulfide stock solution for the respiration tests was freshly prepared by dissolution
of Na2S·9H2O crystals in water that was de-aerated by flushing with nitrogen gas. The sul-
fide concentrations of the stock solutions were experimentally validated. For the respiration
tests, bicarbonate buffer without nutrients were used to avoid any unwanted side effects of
minerals.

4.2.4 Inoculum

The reactors were inoculated with biomass taken from a sulfide-oxidizing gas lift bioreactor
[14]. The original inoculum consisted of a mixture of sediments from hypersaline soda lakes
in Mongolia, southwestern Siberia and Kenya. An overview of the physiology of the SOB
present in the inoculum is given elsewhere [12, 21].

4.3 Results and discussion

Both bioreactors were inoculated with an initial biomass concentration of around 14 mg N
L−1 and operated at 35oC. During the start-up phase, mainly SO2−

4 and some S2O2−
3 were

formed. When biomass concentrations of at least 30 mg N L−1 were reached, the temperature
experiments were initiated. In the first set of tests, the temperature was increased from 35oC
to 48oC. Hereafter, the same procedure was repeated from 30oC down to 14oC. The results
of the temperature experiments are shown in Figure 4.1. The results at 30oC were similar to
those found in previous studies at a pH 8.5, i.e. 83 mol% of the supplied sulfide is oxidized
to S0 (Chapter 2). Furthermore, SO2−

4 is formed (25 mol%). As the total is 107 mol%, it can
be concluded that product formation occurs via both biological oxidation of supplied sulfide
and residual S2O2−

3 that was already present in the system and was formed during the start-
up phase. Biological oxidation rates appear to exceed the chemical formation rates thereby
assuming that S2O2−

3 is only abiotically formed [16] within this interval. This is reflected in
a negative (-7.9 mol%) formation rate. Especially between 25-35oC, S2O2−

3 appears to be a
substrate for the HA-SOB.

An optimum temperature for biological activity is found between 25-35oC. First, an optimum
in the selectivity for SO2−

4 formation is found, which is an indication of increased biological
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Figuur 4.1: Measured product selectivity in a fed-batch bioreactor at different tempe-
ratures with haloalkaliphilic biomass at pH 8.5 and at molar O2/H2S supply ratio of 0.7.
The indicated points are the average of measurements in duplicate, the corresponding
error bars indicate the measurement range. The dotted lines are polynomials fitted to
the measured data.
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activity. Furthermore, while throughout all experiments S2O2−
3 was detectable in solution,

biological oxidation of S2O2−
3 was not affected by an absence of S2O2−

3 . Hence, a decrease
in selective SO2−

4 formation at both higher and lower temperatures is not affected by the sub-
strate levels of S0 and S2O2−

3 . Presumably a decrease in biological activity causes an increase
in sulfide levels and consequently an increase in the chemical oxidation rate leading to a hig-
her S2O2−

3 concentration.

Over the entire temperature range (15-45oC), a stable reactor performance was obtained
where 80 mol% of the sulfide was converted to S0. However, at 14oC, ORP levels drop-
ped below -420 mV, which is indicative for a rapid accumulation of H2S in the solution [19].
Several attempts to obtain a stable reactor operation (e.g. via additional oxygen injection)
failed and thus below 15oC the biological desulfurization process is hampered by sufficient
microbial activity at the prevailing loading rate. Bioreactor temperatures below 15oC are rare
in the desulfurization process, as the oxidation process yields heat. In addition, most gas
streams are humid and warm, and pumping energy contributes to heat formation. However,
in the natural habitat of the HA-SOB, winter temperatures drop far below 15oC, especially at
the Kulunda steppe lakes. It was observed that biomass remains its viability after storage for
more than 9 month at 4oC. Hence, it is unlikely that the HA-SOB are irreversibly affected by
temperatures below 14oC.

At temperatures higher than 45oC, severe S2O2−
3 accumulation was observed (see Figure 4.1).

Compared to biological conversion processes, chemical oxidation rates become predominant
at higher temperatures, which is in agreement with Arrhenius’ law. At 47oC, almost 6 mol%
of sulfide is oxidized to S2O2−

3 . Simultaneously, SO2−
4 formation drops to 15 mol%. These

findings indicate that the biological activity is reduced, as SO2−
4 is only formed when the

respiration chain of HA-SOB is fully active (Chapter 3). Increasing the temperature from
47oC to 48oC resulted in a rapid accumulation of H2S in one of the two reactors, which is in-
dicative for low microbiological activity. The second reactor remained stable for 7 days, but
the selectivity for S2O2−

3 formation was 22 mol% S2O2−
3 , indicating that biological activity is

significantly reduced compared to the performance of the reactor at 47oC.

After 7 days of stable reactor performance of the second reactor, the temperature was increa-
sed from 48oC to 49oC which resulted in a rapid decrease of the ORP levels, which suggests
biological deactivation. After 2 hours of incubation at 49oC, the temperature was set back to
45oC. Several attempts to retain activity (extra aeration) failed. Most likely, the biomass was
irreversibly inactivated. In the natural habitats of mesophilic HA-SOB, temperatures of 49oC
are rare. Hence, from these results, it can be concluded that the biological desulfurization
process should be operated well below the maximum temperature of 47oC.

To assess the specific oxygen removal activity of the HA-SOB, additional batch respiration
tests were performed. The experiments were performed at a relative low sulfide concentration
of 0.2 mM. Previous research had shown that HA-SOB depict the largest respiration activity
at this sulfide level (Chapter 3). In Figure 4.2, a plot of the calculated chemical oxidation
rates for a range of temperatures are presented. The data show a typical Arrhenius’ behavior,
see Eq. 4.1. The dotted line, shown in the figure, is a model fit, based on the Arrhenius law,
with EA = 50.0 kJ mol−1, A = 3.49 mol L−1 s−1 and Tr=35oC. Millero et al. (1989) reported
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Figuur 4.2: Arrhenius plot of the chemical oxidation rate, measured in the respiration
setup

for the activation energy of sulfide oxidation in seawater that EA = 51 kJ mol−1 [22], while
Kleinjan et al. (2005) reported 37.6 kJ mol−1 [17]. However, in both studies the salt levels
were significantly lower than 2M. The chemical oxidation rate, using the Arrhenius model fit
at 35oC (k = 1.18 ·10−5 mmol L−1), is comparable to rates obtained previously at comparable
conditions (i.e. k = 1.23 · 10−5 mmol L−1 where pH = 8.5 and 2M carbonate buffer, see
Chapter 3). As the solubility of oxygen in water decreases with increasing temperatures,
the fitted model (see Figure 4.2) provides an estimate for k at both different temperatures and
varying oxygen saturation conditions.

The Arrhenius plot in Figure 4.2 is used to correct for the chemical sulfide conversions during
the biological assays. The resulting biological oxygen respiration rates are shown in Figure
4.3. The average values are indicated with a diamond, and the corresponding range is indi-
cated with error bars. Despite the fact that at higher temperatures less oxygen is dissolved
(e.g. at 60oC about 30% less oxygen is dissolved compared to 35oC), it is plausible to assume
that this does not affect the maximum oxidation rates of HA-SOB, as the affinity constant of
oxygen is in the order of 0.005 mM (<3.3% dissolved oxygen at 35oC, see Chapter 3). From
25 up to 45oC, a gradual increase in activity can be seen. When considering the Arrhenius
equation (Eq. 4.1), an exponential increase in activity is expected with temperature increase
provided that no thermal inhibition occurs. For temperatures up to 45oC, this trend is found
(see dotted line representing and exponential increase). However, the measurements deviate
from this curve at temperatures higher than 45oC. Furthermore, at these higher temperatures,
a large standard deviation in activities is found.



72 Temperature effects on the biological desulfurization process

Figuur 4.3: Biological oxidation curve of HA-SOB at different temperatures. The aver-
age measurements are indicated with a dot, the measurement range is per indicated by
the error bars

The decline in activity can be attributed to thermal inactivation of biomass. A relationship to
describe this phenomenon is given by

log S(t) = −b(T)tn(T) (4.2)

where S(t) is the momentary survival ratio, and b(T) and n(T) are temperature dependent
coefficients [23]. Hence, inactivation of bacteria is time and temperature dependent. For the
temperatures 52.5, 55 and 60oC the incubation dependent respiration activity is shown in Fi-
gure 4.4. From this figure, it can be seen that the longer the bacteria are exposed to higher
temperatures, the more inactivation occurs [24]. While the inactivation model is described by
a power law Eq. (4.2), an exponential model is fitted to the data (see Appendix C for details).
These measurements are single data points and therefore the curves are only indicative.

To test the impact of heat shocks, an experiment in which biomass was incubated for 10 mi-
nutes at 60oC was performed. Subsequently, respiration activity was measured at 40oC. The
result is shown in Figure 4.3. After 10 minutes of incubation, almost 24% of activity is lost,
i.e. 2.4% of activity per minute. The inactivation process proceeds rather slowly, as other
mesophilic bacteria show faster inactivation rates at 60oC. For instance, Salmonella species
show 90% inactivation within one minute at 60oC [25], Escherichia coli species within 1.5
minute [26]. Activated sludge, containing a mixture of bacteria, shows about 60% of activity
loss when exposed for 10 minutes at 55oC [27]. However, all these bacteria origin from dif-
ferent habitats with respect to salt concentrations and pH regimes.

Based on the results presented in Figures 4.1 and 4.2, temperatures above 45oC are undesi-
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Figuur 4.4: Incubation time dependent respiration of HA-SOB. The data shown are
single measurements Hence, the curves are indicative only

rable in full-scale reactors. However, HA-SOB can be exposed to higher temperatures in the
absorber section where temperatures can be higher in case hot gasses are treated. As contact
time, on the average, is around 3 minutes, about 7% of activity will be lost at 60oC. Further-
more, the heat of reaction, pumping energy and solar radiation are factors which increase bulk
temperatures of the system. Hence, cooling is a prerequisite for robust reactor performance
at temperatures above 45oC.

4.4 Conclusions

Based on both bench scale reactor tests and batch biomass respiration tests, it can be conclu-
ded that the HA-SOB of the biomass used are mesophilic bacteria with Tmin=15, Topt=25-35
and Tmax=47oC. At temperatures below 15oC, the biological activity is reversibly inhibited.
Furthermore, it is tempting to speculate that an optimum in the biological activity (compared
to chemical oxidation rates) can be found between 25-35 oC, as in this temperature range,
S2O2−

3 formation was minimal. At higher temperatures, i.e. temperatures above 48oC, bio-
mass respiration tests show that HA-SOB will be irreversibly inactivated. Hence, for a robust
biodesulfurization process, the recommended temperature operating window ranges from 15-
45oC.
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Chapter 5

Input and parameter sensitivity
analysis of a physiologically based
sulfide oxidation model

Abstract A physiologically based model describing the kinetics of biological sulfide oxida-
tion in reactor systems has been presented in a previous research. In this paper, we study the
sensitivity of substrate concentrations with respect to input variables and kinetic parameter
that are used in this model. A local sensitivity analysis, based on the evaluation of dynamic
sensitivity functions for different sulfide concentration levels, leads to a sensitivity surface.
This sensitivity surface reveals that not all parameters in the above mentioned model can be
estimated accurately via conventional respiration tests and that the parameter sensitivities,
in both magnitudes and sign, could depend on the sulfide concentration level. In addition to
this, using a response surface methodology, approximate meta-models of a biodesulfurization
reactor are derived from the physiologically based model. An important finding is that the
meta-models show that two critical parameters for designing full-scale reactor system, i.e.
the oxygen transfer rate and volumetric sulfide loading rate, interact non-linearly. Therefore,
a linear scale up of the reactor does not automatically result in a linear increase or decrease of
the reactor performance. The study provides a systematic procedure, based on sensitivity and
response surfaces, to evaluate both input and parameter sensitivities in multi-input multi-state
models, like the physiologically based sulfide oxidation model.
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5.1 Introduction

The presence of toxic and corrosive hydrogen sulfide (H2S) in hydrocarbon gasses demands
an effective removal process. Large scale H2S removal commonly proceeds by physicoche-
mical processes, such as the amine-Claus process. These processes typically operate at high
temperatures and pressures and are therefore expensive. Microbiological treatment processes,
on the contrary, are operated at ambient temperatures and pressures and are thus cheaper [1].
For certain applications, microbiological treatment of sulfide containing gasses is considered
as a good alternative to physicochemical processes [2].

The biological desulfurization process is characterized by a variety of chemical and biolo-
gical reactions [3]. The abiotic oxidation of sulfide (HS−) and polysulfide (S2−

x ) to thiosulfate
(S2O2−

3 ) occurs via various routes and depends on the prevailing process conditions, such as
pH, sulfide and dissolved oxygen concentration [4]. The biological oxidation of sulfide is
predominated by chemotrophic sulfur oxidizing bacteria (SOB), which obtain energy from
the oxidation of sulfide to elemental sulfur (S0) and to sulfate (SO2−

4 ) [1]. In the abundancy
of oxygen (O2), sulfate is the end-product [5], whilst at oxygen limiting conditions, S0 will
be the main product formed [3, 2, 6].

The major overall reaction equations are given by [5, 3, 2, 4]

H2S(g)� H2S(aq) (chem) (5.1)
H2S(aq) + OH− � HS− + H2O (chem) (5.2)

HS− +
1
2

O2 → S0 + OH− (bio) (5.3)

HS− + O2 →
1
2

S2O2−
3 +

1
2

H2O (chem) (5.4)

HS− + 1
1
2

O2 + H2O + NAD+
→ SO2−

4 + NADH + 2 H+ (bio) (5.5)

HS− + 2 O2 → SO2−
4 + H+ (bio) (5.6)

HS− + (x − 1) S0 � S2−
x + H+ (chem) (5.7)

S2−
x + 1

1
2

O2 → S2O2−
3 + (x − 2) S0 (chem) (5.8)

where chemical reaction equations are indicated with (chem) and biological reaction equati-
ons with (bio).

The process for biotechnological removal is operated in such a way that primarily S0 is for-
med (>90%) [3, 2]. In addition, SO2−

4 and S2O2−
3 are formed. These products are unwanted

as (1) they are not reusable like S0, (2) the addition of caustic is required to compensate
for the protons formed and (3) the formed side products are removed via a bleed stream for
which make-up water is needed. Maximization of the S0 formation is essential to allow an
economic operation at large scale (i.e. loads of more than 10 tons H2S per day). Given the
complexity of the system, an integrated mathematical model, describing both the kinetics and
hydrodynamics, is required. Such a model can also serve to control the process. The reliabi-
lity of the used model greatly depends on the accuracy of the parameter. Hence, the subject
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of parameter estimation will be addressed.

The kinetics of the chemical oxidation of sulfide and S2−
x have been described extensively

[7, 8, 4, 9], whilst the prevailing biological kinetics are traditionally described by the Monod-
Haldane model [10]. A draw-back of the empirical Monod-Haldane model is that the descrip-
tion of the formation of S0 and SO2−

4 requires at least 12 heavily cross correlated parameters
[11]. Furthermore, the accuracy of the model is questionable when applied over a large range
of substrate concentrations. Recently, a physiologically based kinetic model to describe bac-
terial sulfide oxidation has been proposed. This model, based upon the respiratory system of
haloalkaliphilic sulfur oxidizing bacteria (HA-SOB), was calibrated and validated for a range
of substrate levels and reactor setups [12].

A biological desulfurization reactor is a typical example of a complex non-linear system,
as several chemical and biological reactions with corresponding non-linear kinetics occur
(see Eqs. 5.1-5.8). Sensitivity analysis can be an important tool to understand the dyna-
mic behavior of such a model and to investigate the effect of parameters and inputs on the
states and outputs [13, 14, 15]. Via a local or global sensitivity analysis, governing system
parameters and inputs that drive the process can be identified. A simplification of the model
can be obtained by fixing the non-sensitive parameters at their nominal value. Subsequently,
only dominating parameters are estimated from experimental data sets. In addition to this,
the so called Response-Surface-Methodology (RSM) facilitates a further exploration of the
sensitivity of the responses with respect to parameters and inputs. The obtained results used
to facilitate controller design and derivation of polynomial meta-models for describing the
biological desulfurization reactor system.

Via the meta-models, dominating parameters and/or input variables are directly related to
process responses. The input and parameter sensitivity analysis is an essential step to discri-
minate between sensitive and insensitive parameters and/or input variables, to understand the
model behavior, and to develop an optimal process design of the biological desulfurization
process.

The main objective of this paper is to obtain insight in the governing conversion processes via
a parameter sensitivity analysis of the recently proposed physiologically based kinetic model
for bacterial sulfide oxidation [12]. In this study, an advanced analytical sensitivity approach
is suggested. This approach is based upon the evaluation of dynamic sensitivity functions for
different sulfide concentration levels, leading to a sensitivity surface. The sensitivity surface
is described by a large set of differential equations. The approach combines individual local
sensitivities to obtain lumped sensitivities of the multiple-state multiple-input model. The
effect of two important design parameters of the biological desulfurization process in the
reactor system has been studied using a RSM-based input sensitivity analysis, viz. the volu-
metric oxygen transfer coefficient (kLA) and volumetric sulfide loading rate (loadH2S), with
respect to the S0 selectivity.
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Figuur 5.1: Layout of the model structure. The selectivity of the process is determined
by both chemical and biological reactions. The biological reaction kinetics are influen-
ced by the physiological state of the bacteria (reduction degree of cytochrome pool, F).
As both chemical and biological reaction kinetics are primarily determined by the con-
centrations of sulfide and oxygen in the reactor, both kLA and loadH2S are dominating
model inputs.

5.2 Kinetic models for sulfide oxidation

The formed end-product depend on both chemical and biological reaction kinetics (see Figure
5.1). The kinetics of the chemical oxidation of sulfide and polysulfide (see Eqs. 5.4, 5.7 and
5.8) are generally described by the rate equation law, as suggested by O’Brien et al. [7],

d[O2]
dt

= −kS2O2−
3

[HS−]δ1 [O2]δ2 (5.9)

The chemical kinetic parameters at haloalkaline conditions have been estimated in previous
studies and are shown in Table 5.1 [4, 12]. Recently, the biological kinetics have been
described by a physiologically based model [12]. These kinetics are based on the main res-
piratory enzymes in the electron chain of the bacteria and, as a result, all corresponding
parameters do have a physiological background.

Two sulfide oxidizing enzymes of HA-SOB are flavocytochrome c oxidoreductase (FCC)
[16, 17] and a variant of FCC that transfers electrons to quinones (FQ) [2]. Both enzymes
oxidize sulfide to S0. Further oxidation of S0 depends on the reduction degree of the cyto-
chrome pool (F), which determines implicitly the product formation of the bacteria [12, 18].
Reduced cytochrome c is oxidized by the enzyme cytochrome c oxidase (CcO). This enzyme
is one of the key enzymes in the respiration chain, as it is inhibited by high sulfide concen-
trations. Low sulfide levels lead to the formation of SO2−

4 , whereas high sulfide levels lead to
the inhibition of CcO and consequently S0 is formed.
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Tabel 5.1: estimated parameters

parameter unit nominal value
kS2O2−

3
mM s−1 2.91·10−4

δHS−,1 - 1.02
δHS−,2 - 0.8
kS2−

x ,S2O2−
3

mM s−1 2.91·10−4

δS2−
x ,1 - 1.02

δS2−
x ,2 - 1.02

qFCC,max mmol mg N−1 s−1 1.35·10−4

qCcO,max mmol mg N−1 s−1 6.71·10−4

qFQ,max mmol mg N−1 s−1 1.23·10−4

qFQox,max mmol mg N−1 s−1 2.15·10−4

KFCC mM 5.0·10−2

KCcO mM 2.3·10−3

Ki mM 6.18·10−2

KFQ mM 1.8
KFQox mM -*
* not identifiable

In our previous paper, it was proposed that the enzyme kinetics involved in the biological
sulfide oxidation can be described by the following rate equations [12].

qFCC = qFCC,max (1 − F)
[HS−]

KFCC + [HS−]
(5.10)

qCcO = qCcO,maxF
[O2]

KCcO + [O2]
Ki

Ki + [HS−]
(5.11)

qFQ =
qFQ,max[HS−]

qFQ,max

qFQox,max

( [O2]+KFQox

[O2]

)
[HS−] + [HS−] + KFQ

(5.12)

where q• is the oxidation rate (mmol s−1 mg N−1), q•,max the maximal oxidation rate (mmol
s−1 mg N−1) and K• the substrate affinity constant (mmol L−1) of the enzymes. The substrate
affinity constant KFQox is associated with the oxidation of quinones and Ki with the inhibition
of CcO. It is assumed that F changes almost instantaneously upon changing the sulfide and
oxygen levels. Hence, F is considered to be in quasi steady-state.

The enzymatic rates qFCC and qFQ are used to describe the overall oxidation rate of sulfide by
the bacteria (qtot), according to:

qtot = qFCC + qFQ (5.13)
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qCcO is not directly related to the oxidation rate of sulfide, as it describes the reduction rate
of oxygen. To allow steady-state operation, the reduction rate of oxygen should balance the
oxidation rate of FCC and FQ complexes. When, at intermediate sulfide levels, both biologi-
cal products S0 and SO2−

4 are formed, the product formation function (P) of the bacteria can
be described by the linear equation [12]:

PSO2−
4

(F) = η1 · F + η2, 0 ≥ ¶SO2−
4
≥ 1 (5.14)

with η1 = −2.86 and η2 = 2.86. These parameters are derived from the work of Visser et al.
[18]. It shall be noted that the system used by Visser et al. was operated at neutrophilic con-
ditions with Thiobacillus species. Hence, the estimated value for η1 and η2 can be different
for HA-SOB. This does however not impact on the proposed methodology. Via PSO2−

4
, the

biological formation rates of both S0 and SO2−
4 can be defined as:

qSO2−
4

= PSO2−
4

(F)qtot (5.15)
qS0 = qtot − qSO2−

4
(5.16)

with qtot given by (13). At oxygen saturation and at low sulfide levels, all sulfide is converted
to SO2−

4 . Hence, PSO2−
4

= 0 for F = 1, and PSO2−
4

=1 when F ≤ 0.65. For more details on
the physiologically based kinetic model, we refer to Klok et al. (2012) [12]. As the biomass
growth rate is relatively low compared to the conversion rates of sulfide, it is assumed to be
constant and therefor not taken into account in this research.

5.3 Materials and methods

5.3.1 Input and parameter sensitivity

Sensitivity analysis was carried out on a physiologically based model for biological sulfide
oxidation. This model was calibrated and validated against respiration tests of biomass and
on pilot-scale experiments (4.7 L) [12]. In these respiration tests, oxygen consumption of
HA-SOB was measured at initial dissolved oxygen levels of approximately 100% for dif-
ferent sulfide concentrations. During the tests, the oxygen concentration decreases in time,
which is a measure for the respiration activity.

In general terms, the model structure of the physiologically based model can be represen-
ted by the dynamical equations of the form

d
dt

x(t) = f (x(t);θ), x(0) = x0 (5.17)
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where x(t) is the n-dimensional state vector, f a non-linear vector function of dimension n,
and θ the p-dimensional parameter vector that may include constant inputs. In what follows,
we assume that all states are observed so that y(t) = x(t), with y(t) the output of the system
at time t. In parametric models, the output sensitivity with respect to a specific parameter, θ j,
i.e. ∂y(t)/∂θ j, determines whether the parameter θ j can be estimated from input/output data.

The necessary conditions for this are: ∂y(t)
∂θ j
, 0 and ∂y(t)

∂θ j
,

∑
i, j
λi

∂y(t)
∂θi

on a time interval [t1, t2]

with t2 > t1 and λi a positive or negative real number. Local, first-order sensitivity functions,
S j(t) := ∂y(t)

∂θ j
, can be derived from Eq. 5.17, assuming time invariant θ j, leading to

d
dt

S j(t) =
∂ f
∂x

S j(t) +
∂ f
∂θ j

,S j(0) = 0 (5.18)

where S j is the n-dimensional output sensitivity vector with respect to parameter θ j,
∂ f
∂x the

n x n Jacobi-matrix and ∂ f
∂θ , the n-dimensional direct sensitivity term (see Appendix A for

the derivation of individual sensitivity coefficients). As the desulfurization reactor system
contains n states, p parameters and N sulfide levels, for j = 1, .., p and k = 1, ..,N, an overall
normalized sensitivity term (Son

j,k) can be defined as,

Son
j,k(t) :=

n∑
i=1

| Si, j,k(t) |
maxk | Si, j,k(t) |

(5.19)

Where Son
j,k(t) is the local sensitivity of all states x with respect to parameter θ j and at sulfide

concentration level k, | Si, j,k(t) | is the absolute sensitivity of state xi with respect to parameter
θ j and at sulfide concentration level k. Furthermore, maxk | Si, j,k(t) | is the maximal absolute
sensitivity of state xi with respect to parameter θ j over all sulfide concentration levels. Thus,
Eq. 5.19 can be used as an expression of the overall normalized sensitivity of the process of
biological sulfide oxidation with respect to the model parameters and constant model inputs.

5.3.2 Response surface methodology

In addition to a local sensitivity analysis with sensitivity functions (S j(t)), global sensitivity
analysis based on RSM [14, 19], have been proposed as well. In what follows, in particular
input sensitivities, for model reduction in a region of interest will be explored. As both
chemical and biological reaction kinetics are primarily determined by the concentration of
sulfide and oxygen, two important inputs of the process are kLA and loadH2S (see also Figure
5.1). The oxygen flux is generally defined as

NO = kLA
(

[O2]gas

m
− [O2]

)
(5.20)
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where (NO) is the oxygen flux (mol L−1 s−1), [O2]gas and [O2] the oxygen concentration in
respectively the gas and liquid phase (mol L−1) and m the partition coefficient (-). Hence,
in addition to kLA, the overall oxygen transfer rate depends on the driving force ∆[O]2. In
practice, kLA and ∆[O2] are the result of reactor design and operating conditions. As the oxy-
gen concentrations in both the gas and liquid phase is fixed by process design and operating
conditions (i.e. redox ≤ -400 mV [5], such that [O2]gas

m � [O2] and thus NO = kLA [O2], kLA
can be varied by for example bubble distributions. As such, we consider kLA as an input for
the design of the process.

The values of the process inputs have been systematically varied to determine the effects
on the selectivity for S0 formation. Subsequently, a simple quadratic equation is fitted to the
resulting selectivity for S0 formation:

y = α0 + α1 · x1 + α2 · x2 + α11 · x2
1 + α22 · x2

2 + α12 · x1 · x2 (5.21)

where y is the selectivity for S0, x1 the oxygen transfer rate, x2 the sulfide loading rate and α0
,.., α12 the coefficients that need to be determined from the numerical experimental data. The
coefficients α1,.., α12 are the (partial) sensitivity coefficients of y with respect to x1 (main
factor),.., x1 · x2 (interaction). The model is finally used to predict the performance of a pilot-
scale continuously stirred reactor (CSTR) using a model with (bio)kinetics described by Eq.
5.9-5.17. In matrix notation, the so-called meta-model (Eq. 5.21) as an approximation of the
full dynamic model, can be written as

y = α0 + Ax + xTBx (5.22)

where x=[x1 x2]T, A=[α1 α2] and B =

[
α11

α12
2

α12
2 α22

]
. This type of input sensitivity analysis gives

more information on the selectivity for S0 of the overall process. Especially the matrix B
will can further analyzed, using an eigenvalue decomposition analysis, for interaction effects
between the inputs.

5.4 Numerical results and discussion

5.4.1 Parameter sensitivity

Results of the main effects of local, dynamic parameter sensitivities are shown in Figure 5.2
and Figure 5.3. In Figure 5.2 the normalized (individual) sensitivity (Si, j,k ·

θ̄
x̄i

, where the
overbar denotes nominal values) of a single state (sulfide concentration HS−) to a single pa-
rameter (affinity constant KFCC of the sulfide oxidizing system FCC) is plotted against time
over a range of sulfide concentrations. At low sulfide levels and at 100% dissolved oxygen
levels, a high sensitivity of HS− with respect to KFCC is observed. Hence, this confirms that
under these conditions HA-SOB oxidizes sulfide mainly via the FCC enzyme. At increa-
sing sulfide levels, a decrease in the sensitivity of KFCC for sulfide is seen. From Table 5.1,
KFCC=0.05 mM and thus it is expected that at sulfide levels above 0.25 mM, the sensitivity
of KFCC will not change significantly. The results in Figure 5.2 confirm this reasoning. At
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Figuur 5.2: The normalized SHS−,KFCC of a single state (sulfide concentration) to a single
parameter (affinity constant KFCC of the sulfide oxidizing system FCC) for a range of
sulfide concentrations and 100% dissolved oxygen. Figure A shows the 3D course of
the normalized sensitivity in time and figure B shows a contour plot. At low sulfide
levels (i.e. below 0.05 mM) an increase of the parameter value of KFCC will lead to a
decrease of the biological sulfide oxidation rate. On the other hand, at higher sulfide
levels (i.e. above 0.05 mM) an increase of the parameter value will lead to an increase of
the biological sulfide oxidation rate and above 0.25 mM sensitiviy independent of HS−.

sulfide levels above 0.25 mM, the sensitivity is independent of the sulfide concentration: the
normalized sensitivity decreases in time. At sulfide levels below 0.05 mM, the sensitivity for
sulfide concentration to KFCC shows a different pattern than at higher sulfide levels. The sen-
sitivity increases in time while at higher concentrations the sensitivity decreases with time.
In practice, this means that a decrease of KFCC, i.e. higher affinity for sulfide, at low sulfide
levels will lead to an increase of the sulfide oxidation rate and thus to a decrease of the sulfide
concentration. Surprisingly, at higher sulfide levels an increase in KFCC will also lead to an
increase in sulfide oxidation rates and subsequent decrease of sulfide concentrations. From
these results, it can be concluded that KFCC can be estimated best from respiration tests at
low sulfide concentrations, i.e. at approximately the end of a test. As such, KFCC has been
calibrated correctly in previous research [12].

The calculated overall normalized sensitivities (Son
j,k, see Eq. 5.19) are shown in Figure 5.3

A and B for all parameters in Eqs. 5.9 - 5.12 at time t=10 sec for both saturated oxygen
concentrations (100% DO, figure A) and limited oxygen concentrations (5% DO, figure B).
Although substrate levels are close to initial concentrations in this time frame, large differen-
ces are found for the calculated overall normalized sensitivities.

The calculations were performed up to sulfide concentrations of 5 mM. However, at sul-
fide concentrations above 1 mM, no additional information is found. Notice from this figure
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Figuur 5.3: The calculated overall normalized sensitivity (Son
j,k) at 100% dissolved oxygen

(A) and 5% dissolved oxygen (B). In A four parameters (i.e. qFCC,max, KFCC, qFQ,max and
KFQ) appear to be sensitive towards sulfide, while in B mainly KFQ appears to be a
sulfide sensitive parameter. Thus at decreasing levels of dissolved oxygen, KFQ becomes
a governing parameter.
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that only 4 parameters are sensitive for variations in sulfide concentrations in the respiration
test, i.e. qFCC,max, KFCC, qFQ,max and KFQ. All other parameters, qCcO,max, KCcO, Ki and KFQox
do not show a significant sensitivity towards changes in the sulfide concentration.

Because the respiration of HA-SOB takes place at approximately 100% dissolved oxygen
concentrations (Figure 5.3 A), it is obvious that parameters related to oxygen limiting condi-
tions will not appear to be sensitive in these tests (i.e. saturated oxygen conditions). Notice
the discontinuity of the sensitivities at [HS−]=0.25 for all Son

j . At this sulfide concentration,

a shift in biological product formation occurs from strictly SO2−
4 formation to combined S0

and SO2−
4 formation.

The parameters for the FCC enzyme, i.e. qFCC,max and KFCC show a high sensitivity at lo-
wer sulfide concentrations (below 0.25 mM). This enzyme is mainly active at relative low
sulfide levels [2]. Hence, changes to these parameters will have a major effect on the sulfide
oxidation at low sulfide concentrations.

The parameters for the FQ enzyme. i.e. qFQ,max and KFQ show a high sensitivity over the
whole range of sulfide concentrations. As such, changes to these parameters and correspon-
ding oxidation rate (qFQ) will have an effect on the sulfide oxidation rate at all sulfide levels.

Figure 5.3 B shows Son
j,k at 5% dissolved oxygen. Compared to the systems at 100% dis-

solved oxygen, it can be concluded that the parameters describing the FCC enzyme are less
sensitive. In addition, KFQ shows a higher overall normalized sensitivity. The same para-
meters which are insensitive at 5% are insensitive at 100% dissolved oxygen. Hence, these
parameters can not be accurately estimated via respiration tests. As the biological desulfuri-
zation process under S0 forming conditions occurs at oxygen levels below 0.1 µM (=0.07%
dissolved oxygen) [12], the non-sensitive parameters at 100% and 5% dissolved oxygen, i.e.
qCcO, KCcO, Ki and KFQox, could be sensitive at oxygen depleting conditions. Consequently,
for an accurate estimation of these parameters a different experimental design is required than
the one used in previous research.

5.4.2 Input sensitivity

In addition to the parameter sensitivity study, the approximate effect of fixed control inputs
on model output, e.g. selectivity for S0 of the overall process, can be explored via an input
sensitivity study. Two important control inputs determining the process selectivity are kLA
and loadH2S (see Figure 5.1). In Figure 5.4 steady state results, using the parameter values
from Table 5.1, are shown for an ideally mixed CSTR. In the figure, clearly an optimum of
S0 selectivity can be observed, up to approximately 98 mol% S0 formation. Starting from
the optimum for S0 selectivity, higher sulfide loading rates result in an increase in chemical
S2O2−

3 formation and lower sulfide loading rates will lead to an increase in biological SO2−
4

formation. At small kLA values, not all sulfide is oxidized, especially at large sulfide loading
rates (≥ 1.0 mmol L−1 s−1). Notice in particular the sharp transition between 100 mol% SO2−

4
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Figuur 5.4: The calculated influence of kLA and loadH2S on the formation of S0 in a ide-
ally mixed CSTR bioreactor. When considering the optimum for S0 selectivity, higher
sulfide loading rates result in an increase in chemical S2O2−

3 formation and lower sulfide
loading rates will lead to an increase in biological SO2−

4 formation.
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Figuur 5.5: A derived functional relationship for an optimal design for S0 formation.
The +’s are model calculations where selectivity for S0

≥ 95mol%. The relationship
holds for kLA ≥ 5.0 · 10−4 s−1.

formation, and thus S0 selectivity equal to zero, and combined S0 and SO2−
4 formation. The

steep slope results from the imposed model structure for product formation (see Eq. 5.14).
The transition to chemical S2O2−

3 formation is smoother, especially at larger kLA.

While an increase in loadH2S always affects the selectivity for S0, an increase of kLA mainly
effects the model output at a relative small kLA (up to 1.5·10−3 s−1). At larger kLA, an in-
crease seems hardly to effect to optimum for S0 formation. In practice, this means that at
larger volumetric sulfide loading rates, the sensitivity of S0 formation towards kLA decreases.

From the model evaluations, such as in Figure 5.4, a functional relationship can be deri-
ved for an optimal S0 (≥ 95 mol%). For our specific case, we derive the following fixed
control law (see also Figure 5.5):

loadH2S = p1 +
p2

p3 + e(p4 kLA)
(5.23)

for optimal S0 formation and where p1=1.8·10−4 (mmol s−1), p2=2.8·10−4 (mmol s−1),
p3=0.32 (-) and p4=-1.3·103 (s). It shall be noted that these calculations are performed for
an ideally mixed system without external disturbances. Large scale reactors are however of-
ten characterized by substrate gradients and dead zones. Additionally, loading rates are not
constant. We hypothesize that at large scale conditions a functional relationship like Eq. 5.23
still holds since the underlying reaction kinetics are assumed to be scale independent.
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Figuur 5.6: A comparison between model evaluations of the CSTR (A) and the fitted
meta models (B). Figure B is a combination of two meta models. The first model de-
scribes the competition of biological S0 and SO2−

4 formation (Ybio). The second model
describes the competition between biological S0 formation and chemical S2O2−

3 forma-
tion (Ychem).

To study the main and higher-order effects of parameters and/or inputs on model respon-
ses, the response surface methodology is a valuable tool. In our case, we only evaluated the
effect of fixed inputs on the S0 formation, since the parameter interactions were calculated
from an eigenvalue decomposition of the covariance matrix of the parameter estimates [12].
Two meta-models (see Eq. 5.21), as approximation of the full physiologically based model,
were fitted to the response surface data of Figure 5.4. The first model approximates the rela-
tionship between S0 and kLA, loadH2S under the competition between biological S0 and SO2−

4
formation (Ybio) and the second model approximates this relationship in the region where the
competition between biological S0 formation and chemical S2O2−

3 formation (Ychem) takes
place. The models were fitted to data presented in Figure 5.4 with kLA ≤ 1.5·10−3 s−1) and
where S0 selectivity ≥ 50 mol% (see also Figure 5.6 A). The matrices found (see Eq. 5.22)
are shown in appendix B and the meta-model responses are shown in Figure 5.6 B.
In this figure, it can be seen that the sensitivity of S0 formation with respect to the inputs will
vary per input level. For example, at kLA 1 · 10−3 s−1 and loadH2S = 0.5 mmol L−1 s−1, both
inputs are not sensitive. However, at loadH2S = 1.0 mmol L−1 s−1, the sensitivities for both
input parameters are high. The selectivity for S0 mainly depends on loadH2S.

When considering the terms Ax and xTBx for both meta-models (see Eq. 5.22), both terms
are in the same order of magnitude. Therefore, it can be concluded that the second-order term
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plays a significant role in the selectivity for S0 and as such, the scaling of the system will not
be linear.

An eigenvalue decomposition of the matrix B gives insight into the sensitivity of S0 forma-
tion with respect to combinations of control inputs [14]. As such, Eq. 5.22 provides a static
relationship between output and inputs that can be used in controller design studies, see Eq.
5.23 as an example. In our case with two inputs, the input sensitivity can be evaluated graphi-
cally (see Figure 5.6). The smaller the distance between the contour lines, the large the input
sensitivity. In meta-models with more that two factors (i.e. more inputs/parameters), deter-
mination of eigenvalues and eigenvectors is a simple manner to obtain insight in parameter
interactions [20].

5.4.3 Applications of sensitivity methods

In general, sensitivity analysis aims to obtain information on relevant components that de-
termine model behavior. In this paper, the suggested local, overall normalized parameter
sensitivity method delivered insights in the biological conversion kinetics. The RSM-based
input sensitivity method provided a meta-model for interactions between control inputs and
optimal design of the process. In addition, these methods can also be applied to calibrate
models and design experiments. As such, these are useful tools for process optimization.

This work focused specifically on the biological desulfurization process. This process op-
timum entails unwanted processes, such as chemical oxidation and biological by-product
formation. Tuning the substrate levels of both sulfide and oxygen is essential to optimize the
formation of S0.

The suggested modeling approach has the potential to describe other biological processes
governed by O2 limiting conditions, such as nitrification in the nitrogen cycle. Even though
N2O is not present as an intermediate in the main catabolic pathway of nitrification, AOB are
known to produce the unwanted N2O next to NO−3 [21]. Existing model approaches, such as
the ASM1 model, are still based on a combination of Monod terms and contain a number of
closely related parameters [22]. Via the suggested methods in this paper, a minimization of
the N2O emission can be visualized.

5.5 Conclusions

This study demonstrates that for a wide range of sulfide levels (0.05-5 mM), not all para-
meters in the kinetic equations for the biological desulfurization process can be estimated
accurately via conventional respiration tests, i.e. at oxygen saturation, and additional tests
under oxygen limiting conditions are required.

Via the proposed local, overall normalized sensitivity method, the earlier proposed physiolo-
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gically based model is systematically explored with respect to parameters, input and model
structure. In addition, the overall (normalized) sensitivities are explored over a range of ini-
tial sulfide concentrations, instead of one set of conditions, and lead to a sensitivity surface.
It appears that KFCC affects the activity of the biomass in two extremes at different substrate
levels. At low sulfide levels an increase in KFCC leads to a decrease of the overall sulfide
oxidation rate, while at high sulfide levels, it leads to an increase of the overall sulfide oxida-
tion rate. The overall normalized sensitivity method appears to be a useful tool to investigate
multi-input multi-state processes, such as the presented biodesulfurization process.

It has been demonstrated that up-scaling of the biological desulfurization process from small
lab system to full scale industrial systems will show non-linear effects due to large influences
of the second-order quadratic terms in the approximate meta-models. From the CSTR model
responses it can be concluded that the oxygen transfer rate (kLA) of the reactor system is
mainly determining the selectivity of the process at limiting oxygen transfer conditions. At
relative large kLA, the process selectivity is only determined by the sulfide load (loadH2S).
For optimal S0 formation a fixed control law between kLA and loadH2S has been found. This
control law will facilitate the design of a dynamic control strategy. These results emphasize
that both accurate models and input/parameter sensitivity analysis are essential to understand
and optimize large scale reactor biological desulfurization.
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Chapter 6

Modelling of full-scale
haloalkaline biodesulfurization
systems

Abstract
In the biotechnological full-scale process of gas desulfurization under haloalkaline conditi-
ons, commonly used online measurements to control bioreactor performance are the oxida-
tion reduction potential (ORP), pH and conductivity. The ORP measurements are used to
control oxygen supply to the bioreactor and is governed by the dissolved sulfide concentra-
tion. The pH and conductivity are measured to maintain stable haloalkaline conditions. In
this study, a full scale model is described and validated for dynamic operating data. The
results are promising, as on the basis of online measured ORP, sour gas and air compressor
flow, the dynamic behavior of the system could be explained. Furthermore, selectivity for
formation of S0 was estimated around 92 mol%, which in practice varies between 90-94%.
Hence, the model can be used as a tool to design model-based control strategies which will
lead to better overall process performance, i.e. maximize sulfur production and minimize
chemical consumption rates.
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6.1 Nomenclature

parameter description and unit
A surface area (m2)
CO∗ gas solubility (mmol L−1)
E0

h standard redox potential (mV)
Eh redox potential (mV)
F reduction degree cytochrome pool bacteria (-)
k chemical generic rate constant (mmolα+β−1 L1−α−β s−1)
kLA oxygen transfer coefficient (s−1)
K substrate affinity/inhibition constant (mmol L−1)
n partition coefficient (-)
NO oxygen transfer rate (mmol L−1 s−1)
r biological rate constant (mmol L−1 s−1)
q biological oxidation rate (mmol s−1 mg N−1)
qmax maximum biological oxidation rate (mmol s−1 mg N−1)
Q gas flow (m3 s−1)
t time (s)
u control input air flow (m3 s−1)
vliq liquid velocity (m s−1)
vsup superficial gas velocity (m s−1)
Greek letters description and unit
α & β empirical coefficients chemical kinetics
γ activity chemical compound (-)
ε gas hold-up (-)
κ empirical coefficients apparent viscosity
ψ apparent viscosity (Pa s)
τ time constant (s)
ξ empirical coefficients ORP
subscript description and unit
air air
FCC flavocytochrome c oxidase
FQ flavoquinone oxidase
FQox quinone dehydrogenase
biogas biogas
i inhibition
riser riser
downer downer
bub gas bubbles
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6.2 Introduction

Biogas, synthesis and natural gas streams often require treatment because of the presence of
gaseous sulfur compounds like hydrogen sulfide, disulfides and thiols. Commonly applied
desulfurization processes rely on physicochemical technologies. About 25 years ago, a new
biotechnological gas treatment process was developed as an alternative to these conventio-
nally applied technologies [12]. This biotechnological process offers a number of advanta-
ges, such as (i) applicable operating at a wide range of feed gas pressures, (ii) no production
of sulfide-containing waste streams, (iii) no formation of concentrated H2S gas streams, (iv)
no requirement of chelating agents, (v) low chemical consumption and (vi) formation of re-
usable biosulfur. However, the biotechnological process does require the addition of caustic
to neutralize any formed H2SO4, which is typically less than 6-10 mol% of the hydrogensul-
fide feed, and make-up water to discharge the formed H2SO4. In order to enable cost effective
large scale biotechnological applications, e.g. of H2S loads up to 100 tons per day it is of pa-
ramount importance to minimize the caustic requirements by maximizing the production of
elemental sulfur (S0). The objective of this study is to reach a selectivity for S0 formation of
at least 98 mol%.

In the haloalkaline biotechnological gas desulfurization process, hydrogen sulfide is absor-
bed in a carbonate rich solution and subsequently fed to a micro-aerophilic bioreactor. The
dissolved sulfide (HS−) is oxidized by a mixed population of chemolithoautotrophic haloal-
kaliphilic sulfide oxidizing bacteria (HA-SOB) to elemental sulfur (S0), whilst a relatively
small part (i.e. less than 10 mol%) is oxidized to sulfate (SO2−

4 ). The governing pathways
can be derived from are described in Chapter 2:

HS− +
1
2

O2 → S0 + OH− (6.1)

HS− + 1
1
2

O2 + H2O + NAD+
→ SO2−

4 + NADH + 2H+ (6.2)

The formed NADH can be oxidized via 2 routes, via O2 as electron acceptor or via CO2
fixation:

NADH +
1
2

O2 → NAD+ +
1
2

H2O (6.3)

kNADH + CO2 → CH(k−2 j)O(2− j) + jH2O (6.4)

At oxygen limiting conditions, the governing route will be Eq. 6.4. As a consequence, 25%
less oxygen is consumed for the formation of one mole of SO2−

4 compared to oxidation with
oxygen as the sole electron acceptor (Eq. 6.3).

In addition to these biological oxidation reactions, a fraction of the dissolved sulfide (HS−),
including polysulfide (S2−

x ), is abiotically oxidized to thiosulfate (S2O2−
3 ), according to
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[15, 25]

HS− + O2 →
1
2

S2O2−
3 +

1
2

H2O (6.5)

S2−
x + 1

1
2

O2 → S2O2−
3 + (x − 2) S0 (6.6)

At elevated redox conditions, i.e. typically above -200 mV (Ag/AgCl reference electrode at
35oC), HA-SOB will produce SO2−

4 as an end-product as this route yields the largest change
in Gibbs free energy [14]. However, from an application point of view, the formation of S0

is preferred, as biological sulfur can be used as a raw material, e.g. as soil fertilizer and fun-
gicide. Moreover, both S2O2−

3 and SO2−
4 formation will lead to an increase in operating cost,

because caustic and make-up water are needed to maintain pH and salinity, respectively.

Several studies show that biological S0 formation is enhanced at relative low oxidation re-
duction potential (ORP, i.e. ORP < -350 mV) and oxygen levels [5, 14, 26]. Chemical sulfide
oxidation (see in Eqs. 6.5 and 6.6) is enhanced at increasing dissolved sulfide concentrations
[21], while biological sulfide oxidation is inhibited at relatively high concentrations (Chap-
ter 3). Both biological and chemical sulfide oxidation rates (see in Eqs. 6.5 and 6.6) are
enhanced at increasing oxygen concentrations [26]. Also the degree of liquid mixing in the
bioreactor content will impact on the overall process performance. A high degree of mixing is
required to prevent the occurrence of concentration gradients that will otherwise lead to ele-
vated levels of chemical oxidation. In industrial biological biodesulfurization plants, mixing
of the reactor fluid is mainly achieved by air injection. Depending on the size of the bio-
reactor different reactor systems are in operation, such as bubble columns and gaslift loop
reactors. The air supply rate should be controlled by the O2 demand of the system. Because
of this dual function, a relationship exists between hydrodynamics and product formation.
When fluid mixing velocities are too low, unwanted sulfide and oxygen gradients will appear
along the height of the reactor column which will negatively impact on overall the selectivity
for sulfur formation.

In order to optimize the S0 formation, more insight is needed in the relation between the
prevailing biological and chemical reaction kinetics and the hydraulic mixing regime in the
bioreactor. Mathematical models are needed to provide these insights in a quantitative man-
ner. In a recent study, we propose a physiologically based kinetic model, describing the
formation of the various end-products formed in the biodesulfurization process. The pro-
posed model was successfully validated against independent data obtained from biological
respiration tests and bench-scale gas-lift reactor experiments (Chapter 3). While in practice
the selectivity for S0 ranges between 90-94 mol% H2S, our model predicts a maximum selec-
tivity for S0 formation of about 98 mol% H2S. The selectivity of 98 mol% would make the
biotechnological process better suitable for large scale desulfurization (Chapter 5) as both
caustic and make-up water consumption will be reduced drastically.

In addition to optimize process designs, mathematical models are also required to accura-
tely monitor and control critical process variables such as air injection and biological activity.
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An advanced process control strategy is highly dependent on the successful online measure-
ment of key state variables, e.g. the concentrations of S0, SO2−

4 , S2O2−
3 and O2 to directly

compensate for any disturbances in the dynamic process. Unfortunately, but no robust cost
effective online S0-sensor exists. Furthermore, product formation cannot be accurately mo-
nitored off-line within an acceptable time frame of e.g. a few minutes. In addition to product
formation sensors, commercially available O2 sensors for industrial applications are not suit-
able due to their too high detection limit or relative large resolution, as dissolved oxygen
levels in well operating plant are presumably below 100 nM (Chapter 3). Therefore, the cur-
rently implemented control strategy for oxygen supply is based on the online measurements
of the redox potential (ORP). This strategy was developed at our university and is commonly
implemented in all full scale bioreactor systems [13]. The ORP is a measure for the solution’s
tendency to donate or accept electrons in equilibrium and is thermodynamically described by
Nernst’s equation:

EH = E0
H +

2.303RT
nF

log
( ∏

i oxni∏
j redn j

)
(6.7)

for the half reaction: ni oxi + n e → n j red j, with EH the redox potential (mV) and E0
H the

standard redox potential (mV). It should be noted that the measured value of EH is a result of
a mixture of all dissolved components that donate or accept electrons. Janssen et al. (1998)
showed that in case of oxygen-limiting conditions ORP can be used as the controlled variable
thereby using a classical PI-control strategy [13]. It was concluded that mainly sulfide ions
determine the dynamic response of the ORP-sensors, as oxygen ions have a lower current
exchange density at the redox electrode. At equilibrium conditions a linear relationship bet-
ween log(S)2− and Eh was found. However, the response rate is determined by the specific
electrode surface. Hence, a too low electrode surface prevents a fast response.

Van den Bosch et al. (2007) have shown that also at haloalkaliphilic conditions the selecti-
vity of the biodesulfurization process, at stable reactor conditions, can be related to the ORP
[26]. Generally, the full scale process is operated at ORP values around -350 mV (Ag/AgCl).
In laboratory experiments, it was shown that at ORP values below -400 mV, selectivity of
SO2−

4 formation drops below 2 mol%. However, large variations in the selectivity for SO2−
4

formation was found, ranging from 15 to 35 mol% at higher ORP levels (i.e. above -350 mV).

As online ORP values are used for control of the aeration rate, it is essential to properly
understand the relationship between ORP and the sulfide and oxygen concentration. So far,
the role of oxygen with respect to ORP has not been incorporated in the mathematical model.
In (Chapter 3), we propose the following equation for ORP in terms of oxygen and sulfide,
based on the Nernst equation:

ORP = ξ1 + ξ2 log(γO2 ) + ξ3 log(γHS− ) (6.8)

Where γ describes the activity coefficient of a dissolved compound. In previous research, it
has been shown that ORP is more sensitive to HS− than to O2 [13].
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The objective of this chapter is to develop and validate a mathematical model to describe
a full scale biotechnological desulfurization processes. Based upon our current knowledge
from experimental work, a dynamic simulation model has been developed. The flow rates
and mass transfer coefficients are described by expressions that have been derived from lite-
rature and full-scale experiments. Subsequently, our model is validated using real-time sensor
data, that has been obtained from the full-scale biogas desulfurization plant at "Industiewater
Eerbeek B.V."[12].

6.3 Development of a simulation model to describe a full-
scale biodesulfurization reactor

In this section, the development of a simulation model is described that is based on a com-
bination of biological and abiotic kinetics for sulfide oxidation, oxygen transfer models and
fluid mixing models. The reaction kinetics have been described and validated elsewhere (see
[15] and Chapter 3 of this thesis). The oxygen transfer equation to describe prevailing reac-
tor conditions (i.e. at high salt levels) are based on literature data.

Air-lift loop bioreactors form a distinct group of bioreactors in which fluid mixing is achieved
by air sparging [2]. Typically, air-lift loop reactors are applied in large full scale applications
because of their good mixing properties, the absence of any rotating devices and relatively
their small footprint. Generally, air-lift loop reactors consist of two distinct zones, i.e. a riser
and a downcomer [27]. Both sections are inter connected [1]. Detailed models are available
to described the relationship between the gas hold up (ε), gas/liquid velocities (v) and oxygen
transfer (kLA) [20, 11, 4].

In this study, the liquid flows in the riser and downer sections are described by the combina-
tion of two plug flow models [24]. Both the riser and downcomer section are divided into a
series of ideally mixed segments, whereby mixing between the segments is described by mass
exchange between the various segments (see Figure 6.1 A & B). In each of the segments, a
gas phase and a liquid phase are present. Biological and chemical oxidation reactions occur
in the liquid phase of each of these segments and are driven by sulfide and oxygen levels.

6.3.1 Description of biological and abiotic kinetics

Kinetic equations to model the chemical reaction rates in the presented model were described
in previous studies [21, 17, 15] and in Chapter 3 & 4. Generally, the rate equations can be
expressed as follows:

r• = k•[HS−]α[O2]β (6.9)

where the sulfide concentration may be replaced by polysulfide or a combination of sulfide
and polysulfide. In this equation, r• presents a generic rate constant (mmol L−1 s−1), k• the
chemical reaction coefficient (mmol1−α−β Lα+β−1 s−1) and α,β are empirical coefficients (-).
The constants in Eq. 6.9 are estimated from batch experiments, see [16], Chapter 3 and 4.
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Figuur 6.1: A: schematic overview of the full-scale process, where 1 and 2 are actuators
to control the sulfide load and the air flow, respectively. The dotted line represents
an information flow. For the sake of simplicity, only eight segments are shown in this
scheme. In this study, 20 segments are applied. B: a simplified picture to illustrate the
reactions and mass transfer in a single reactor segment.
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The biological reactions to describe sulfide oxidation by HA-SOB have been proposed in
Chapter 3. The physiologically based kinetic model describes product formation rates of
both S0 and SO2−

4 , based upon bacterial respiration enzyme systems. The model has been
validated at different volumetric scales, i.e. from 5 ml to 5 L and at various static and dynamic
experimental conditions. It has been assumed that the systems studied were always ideally
mixed. The general specific rate expressions for the two active sulfide enzyme systems in
HA-SOB (FCC and FQ) and oxygen reduction enzyme (CcO) are given by:

qFCC = qFCC,max(1 − F)
[HS−]

KFCC + [HS−]
(6.10)

qCcO = qCCO,maxF
[O2]

KCcO + [O2]
Ki

Ki + [HS−]
(6.11)

qFQ =
qFQ,max[HS−]

qFQ,max

qFQox,max

( [O2]+KFQox

[O2]

)
[HS−] + [HS−] + KFQ

(6.12)

where q• is the specific oxidation rate (mmol s−1 mg N−1), q•,max the maximum specific oxi-
dation rate (mmol s−1 mg N−1), K• the substrate affinity/inhibition constant (mmol L−1) of
the enzymes (indicated with •), F the reduction degree of the bacterial cytochrome pool (-).
Based upon the work by Visser et al. [28], it is assumed that F changes instantaneously accor-
ding to changes in the sulfide and oxygen levels (Chapter 3). Consequently, it follows that
F is in quasi-steady state at all times, with values between 0 and 1. Moreover, the selectivity
for S0 and SO2−

4 formation is directly related to the value of F. As product formation depends
on the electron transfer capacity (i.e. oxidation state of the cytochromes), a higher value of
F will lead to more S0 formation and less SO2−

4 production. For more details, we refer to
Chapter 3.

6.3.2 Oxygen and fluid mass transfer

The availability of dissolved oxygen determines the system’s oxidation capacity. Hence, it is
important to maximize the gas to liquid oxygen transfer capacity. The oxygen transfer rate
depends on the mass transfer coefficient and the difference in concentration between the gas
and liquid phase, and is defined as [10]:

NO = kLA
(CO∗

m
− [O2]

)
(6.13)

where NO is the oxygen transfer rate (mmol L−1 s−1), kLA the oxygen transfer coefficient
(s−1), CO∗ the gas solubility (mmol L−1) and m the liquid/gas partition coefficient for oxygen
(-) [8]. CO∗ is determined by the partial oxygen pressure in the gas phase and may therefore
vary over a series of plug flow segments. Furthermore, kLA depends on the total surface area
of the gas bubbles, gas velocities and shear forces. kLA can be calculated according to the
following equation [7]:
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kLA = 123v0.524
sup ψ−0.255Abub (6.14)

where vsup is the superficial gas velocity (m s−1), ψ the apparent viscosity (Pa s) and Abub the
surface area of all gas bubbles (m2) in the riser and downcomer. ψ is of the form [9]:

ψ = κ1vκ2
sup (6.15)

with κ1 and κ2 empirical coefficients. It has been assumed that all injected air dissipates
the reactor via the vent air stream, hence vsup is directly related to the amount of air that
is injected into the system. In practice, only 3-5 mol% oxygen is consumed (Paques B.V.,
personal communication). Additionally, any carbon dioxide that is dissolved in the absorber
will be removed in the reactor via the injected air. Hence, in practice vsup will be slightly
different.

In addition to the equation for kLA (Eq. 6.14), empirical models for gas hold-up (εriser) and
liquid velocity (vliq

riser) in the riser have been defined [9].

εriser = 0.465v0.65
sup

(
1 +

Adowner

Ariser

)1.06

ψ−0.103 (6.16)

vliq
riser = 0.23v0.322

sup

(Adowner

Ariser

)0.97

ψ−0.103 (6.17)

Furthermore, as εriser is known (see Eq. 6.16), εdowner is calculated according to [3]:

εdowner = 0.79εriser − 0.057 (6.18)

Liquid velocities in the downer can be calculated from Eqs. 6.16-6.18, as both liquid volume
and flows are known. Consequently, the overall flow profiles in riser and downer are known.

6.3.3 Industriewater Eerbeek B.V.

The simulation model was calibrated using results obtained from a Thiopaq reactor located at
Industriewater Eerbeek B.V.. This installation is in operation since 1993 and treats a biogas
stream from an anaerobic UASB reactor (typical gas flows ranges between 300 and 500 Nm3

h−1) containing hydrogen sulfide levels ranging from 0.8-1.2% (on average 1%). Hydrogen
sulfide levels are reduced to values below 60 ppm. An overview of the overall process scheme
is given by Janssen et al. (2009) [12]. In Figure 6.1 A a schematic overview of the modeled
process is shown. Rich solvent enters the reactor system via pump 1. The sour biogas flow is
measured online using a gas flow-meter at the outlet of the anaerobic reactor. As the hydrogen
sulfide content in the sour gas and in the liquid feed stream is more or less constant, the sulfide
loading rate to the bioreactor can be calculated online based on gas flow rates. The time delay
between the flow measurement sour gas and actual injection in the bioreactor as a result of
liquid residence time in pipes and absorber, needs to be determined.
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The air injection point is located in the bottom section of the riser. The air flow (Qair in m3

s−1) is online monitored and controlled via a PI controller using the ORP as the controlled
variable. Obviously, changes in air injection rates will lead to changes in the gas hold-up, kLA,
flow patterns and consequently the dissolved oxygen concentration. As the flow dynamics in
Eqs. 6.16-6.18 are defined by static equations, the following first-order response function is
proposed to describe the dynamic response between the air flow and the computed air flow
from the PI controller (u(t)).

Qair(t) =
(
1 + e−

t
τ

)
u(t) (6.19)

The time constant τ, was chosen to be τ=20 sec. Furthermore, any sensor dynamics are
neglected. An overview of additional specific process parameters are shown in Table 6.1.

Tabel 6.1: Description of specific parameters of the Thiopaq reactor model in "Eer-
beek"

design parameter value (unit)
Number of segments 20
Volume reactor 34.3 (m3)
Ariser 2.7 (m2)
Adowner 2.2 (m2)
average bubble diameter (6 mm)
pH 8.5
κ1 0.0141
κ2 0.0410
operation variables unit
Liquid flow m s−1

Qbiogas m3 s−1

Qair m3 s−1

total sulfide mM

6.4 Materials and Methods

6.4.1 Respiration tests

ORP calibration tests were performed in a thermostated 20 mL glass chamber mounted on a
magnetic stirrer and closed off with a dissolved oxygen (DO) sensor (PSt3 / PSt6, PreSens
Precision Sensing GmbH, Regensburg, Germany) and an ORP sensor (ProSense, Ag/AgCl
reference electrode). A small opening allowed for the injection of a sodium sulfide stock
solution (0.1 mol/L). Before sulfide addition, the buffer solution in the reaction chamber
and sensors were flushed with nitrogen gas to remove any dissolved oxygen. Experiments
commenced by injection of 10 - 100 µL of sulfide stock solutions. After injection, a mixed
gas consisting of nitrogen and air, leading to a 1.5% concentration of dissolved oxygen was
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bubbled via a needle in the solution. During aeration, the dissolved oxygen concentration
slightly increased and liquid samples were taken. As chemical oxidation rates are relatively
low at oxygen concentrations below 1µmol/L, it has been assumed that sulfide levels were
constant during 15 minutes of testing (e.g. less than 1% of sulfide is oxidized in 15 minutes
when [HS−1] = 0.5 mM and [O2] = 0.015 mM according to the kinetics (see Chapter 3).

6.4.2 Chemicals used

A carbonate buffer solution was prepared by mixing sodium and potassium (1:2) bicarbonate
(pH 8.3) and carbonate (pH 12.3) buffer solutions, reaching a final pH of 8.5. Sodium sulfide
stock solutions were freshly prepared by dissolution of Na2S·9H2O crystals in de-aerated
water by flushing with nitrogen gas. The sulfide concentrations of the stock solutions were
experimentally validated using Hach Lange tests (LCK653).

6.5 Results and Discussion

6.5.1 ORP models

The results from the lab scale experiments to test the effects of oxygen and sulfide on the
ORP are shown in Figure 6.2. The following sulfide concentrations were tested: 0.0 ,0.01,
0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 mM. The ORP depends on both the oxygen and sulfide
concentrations, as can be seen from the measuring results. Trends are in accordance with
literature data: increasing sulfide levels will lead to decreasing ORP values [13] whilst an
increase in oxygen levels will lead to an increase in ORP values [22].

From Figure 6.2 it also follows that at oxygen concentrations below 0.0010 mM (i.e. when
sulfide is available in excess) and at sulfide concentration above 0.05 mM, the measured ORP
can be predicted using a linear regression method (see Eq. 6.8). Thus, for constant sulfide
concentrations and for oxygen levels smaller than 0.001 mM, ORP is linearly dependent on
log[O2], as a linear relationship can be seen on a logarithmic scale. However, for higher
oxygen levels, a non-linear relationship between ORP and logγO2 is found. The unknown
coefficient ξ1, ξ2 and ξ3 in Eq. 6.8 have been estimated via a least-squares estimation routine,
for oxygen concentrations up to 0.001 mM. When the activity coefficients for both sulfide and
oxygen are assumed to be equal to one, ξ1, ξ2 and ξ3 were estimated at: -332.9 mV , 25.3
mV and -60.36 mV, respectively. Model predictions for [HS−]=0 mM are not shown as this
is beyond the validity range of the model since log(0) does not exist. However, the operation
window for the full-scale process (i.e. ORP < -350 mV, oxygen concentrations < 0.001 mM)
appears to be covered well by the proposed linear regression. The area where the calibrated
model is valid is indicated in the dashed box in Figure 6.2.
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Figuur 6.2: ORP dependency for oxygen and sulfide (semi-logarithmic scale). The sym-
bols represent measured data points, the solid lines represent the model fit, according
to Eq. 6.8
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6.5.2 Full-scale model

The proposed model as described in Eqs. 6.1-6.19 has been implemented in a Matlab Simu-
link routine, whereafter simulations were performed to calculate the dynamic ORP behavior
of the full-scale biodesulfurization reactor at ’Industriewater Eerbeek’. The model consists
of two input values, Qair (control input) and Qbiogas (disturbance input), and ORP as an output
variable. As initial states are unknown for all the individual segments and states, an initial
guess is chosen. As such, the first 6 minutes of the model simulations will not be shown.

The simulation results of a 1 hour operating period are shown in Figure 6.3. The time delay
that has been chosen to mimic the time between the actual flow measurement of the sour gas
stream and the injection of the sulfide rich solution in the bioreactor (liquid residence time)
is 185 seconds. Initially, this number was set 20 seconds. However, increasing this time
delay to 185 seconds resulted a better fit between model and measurement. A larger liquid
residence time would shift the ORP model more to the left in Figure 6.3 A whilst a lower
liquid residence time shifts the ORP model to the right.

In Figure 6.3A both measured and predicted ORP values are shown during the first 0.3h, a
significant difference exists between the predicted and measured ORP. From t = 0.3 h on-
wards, model outputs and measurements show similar behavior, both in magnitude as in
dynamics, except for the period between t = 0.6 h up to t = 0.7 h. Hence it can be concluded
that calculated values are governed by the chosen initial values. The reason for this discre-
pancy is yet unknown. Possibly by assuming modeling inconsistencies (due to assumptions)
or to (temporary) sensor inaccuracy. For instance, for the modeling of the hydrodynamics 20
compartments for liquid circulation in internal loop-reactor airlift reactor systems was cho-
sen. Another assumption is the biological diversity present in the process. Next to HA-SOB,
more bacteria have been found in the biodesulfurization systems at haloalkaline conditions,
e.g. heterotrophic and sulfate reducing bacteria [23]. Hence, the ORP behavior of the system
will be affected as well. Furthermore, as ORP measurements in this ’period remain con-
stant, sensor inaccuracies could also cause differences between model predictions and online
measurements.

The predictions of the product formation over the period t = 0.3 up to t = 1.1 h are for S0,
S2O2−

3 and SO2−
4 formation 92.3 mol%, 2.5 mol% and 5.2 mol%, respectively. However, due

to large hydraulic retention times and inaccuracy of off-line measurements, it is not possible
to accurately determine the process selectivity over such a short time interval. The estimated
selectivity for S0 formation is between 90 and 95 mol%, which is in the range of the predicted
value. Hence, without further fitting any other process parameters (except for the estimated
liquid residence time of 185 seconds in the sump of the absorber and pipes), these results
indicate that the model is able to predict the biological desulfurization process under actual
conditions.

In Figure 6.3B, predicted variations in substrate levels of both dissolved oxygen and sulfide
are shown. The same trends in dynamics are found: that is when sulfide concentrations
increase, oxygen concentrations increase and vice versa. This is a logic consequence of the
implemented control strategy. A general method to test the correlation between model results
is by calculating the cross correlation coefficients. The closer the normalized cross correlation
coefficient to 1, the more correlated the signals are. At lag zero (sulfide and oxygen levels at
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Figuur 6.3: Model results using dynamic data of a full-scale biodesulfurization reac-
tor, showing measured as well as estimated ORP (A) and estimated substrate levels of
oxygen (blue) and sulfide (green) (B). The experimental data are typical for a stable
performance of full-scale biodesulfurization reactor of ’Industrie water Eerbeek’. The
sour-gas stream contains hydrogen sulfide levels ranging from 0.8-1.2% (on average
1%). Hydrogen sulfide levels are reduced to values below 60 ppm.



6.5 Results and Discussion 111

the same time t) the normalized cross correlation coefficient is equal to 0.80. This supports
our observation that the dynamic trends between oxygen and sulfide are largely correlated.
However, the relative variations in concentrations are different. The absolute variations in
sulfide levels are larger (between 0.12 and 0.20 mM) than in oxygen levels (between 11 nM
and 14 nM). Hence, for almost constant oxygen levels, the ORP predictions can be simplified
to:

EH = ξ̃1 + ξ3 log(γHS− ) (6.20)

where the oxygen dependency is lumped into the parameter ξ̃1, with ξ̃1 = ξ1 + ξ2 log(γO2 ).
This model for ORP and dissolved sulfide is in-line with Janssen et al. 1998 [13].

It is assumed from that a mixing point of view the mixing behavior in the full-scale reactor
at "Industriewater Eerbeek B.V."can be modeled by an air-lift loop reactor. In the reactor,
internals are installed to stimulate mixing regime with a riser and downer section. In practice,
however, possibly a combination of both an air-lift loop reactor and a bubble column would
be a more appropriate description of the flow regime in a full-scale plant. Hence, future work
should include CFD modeling and experimental validation to obtain detailed insight in the
hydrodynamics of a full scale plant.

6.5.3 Concluding remarks

In the full-scale processes, the common online measurements concerning bioreactor perfor-
mance are ORP, pH and conductivity. The ORP measurements are used to control the se-
lectivity of the process and is an indirect measure for selectivity for S0 formation. As an
alternative to the existing controlled strategy for oxygen supply, the presented model can be
used in dynamic optimization schemes to calculate the optimal air-oxygen supply. These type
of schemes can be found in so-called receding horizon optimal or model predictive control-
lers [18, 6] and that have been applied at waste water treatment plants [19]. These advanced
process control methods allow both optimization of the current as future plant performance.
Previous research showed that selectivity up to 98% of S0 formation can be reached (Chapter
5). Hence, a large gap exists between current and optimal performance. Especially for large
scale, e.g. processes up to 100 tons of sulfide per day, improvement of the selectivity of the
process will lead to large reduction of operational costs due to a decrease in caustic addition.
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7.1 Introduction

In 1989, Buisman et al. reported that the selectivity for elemental sulfur (S0) formation in
a sulfide-removing bioreactor can reach values as high as 95 mol%, while almost complete
hydrogen sulfide removal takes place [5]. That paper was the basis for the development of a
family of biotechnological processes for gas biodesulfurization. Together with Delft Univer-
sity of Technology, Paques B.V. and Shell, Wageningen University developed and deployed
a range of biological processes that rely on the biological sulfur cycle for the treatment of
sulfur-containing anaerobic effluents and gas streams. The research evolved from the scree-
ning of neutrophilic sulfide-oxidizing bacteria that can form S0 under oxygen-limiting condi-
tions [13] to bioreactor implementation [12], biomass analysis [30], analysis of the chemical
kinetics of sulfide oxidation [4, 14] and finally the development of the haloalkaline process,
which requires less water and energy [20, 29].

Each subsequent research step contributed to the further optimization of the process that is
commercialized today. As a result of this line of research, over 200 full-scale biodesulfuri-
zation installations have been installed worldwide so far (Figure 7.1 Paques B.V., personal
communication).

Figuur 7.1: Cumulative number of Thiopaq installations for biological desulfurization
of gas (biogas, landfill gas and natural gas)

The first process step comprises the absorption of hydrogen sulfide in a slightly alkaline
and carbonate-buffered solution. Subsequently, neutrophilic or haloalkaliphilic (high salt
concentrations > 1M and elevated pH values, i.e. > 8.5) sulfur-oxidizing bacteria oxidize
dissolved sulfide to elemental sulfur (S0). Bench-scale experiments have shown that part of
the sulfide (typically less than 10 mol%) is oxidized to sulfate (SO2−

4 ) [29]. Additionally, a
fraction of the total dissolved sulfides, including polysulfide (S2−

x ), is chemically oxidized to
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thiosulfate (S2O2−
3 ) [14, 28]. The key biological and chemical reactions in this process are as

follows:

HS− +
1
2

O2 → S0 + OH− (bio) (7.1)

HS− + 1
1
2

O2 + H2O + NAD+
→ SO2−

4 + NADH + 2H+ (bio) (7.2)

HS− + O2 →
1
2

S2O2−
3 +

1
2

H2O (chem) (7.3)

HS− + (x − 1)S0
↔ S2−

x + H+ (chem) (7.4)

S2−
x + 1

1
2

O2 → S2O2−
3 + (x − 2) S0 (chem) (7.5)

The formation of S0 (Eq. 7.1) is preferred because S0 can be re-used for agricultural purpo-
ses and therefore has commercial value. Moreover, S2O2−

3 and SO2−
4 formation increases the

caustic consumption and therefore the operating costs. Chemical sulfide oxidation is enhan-
ced at higher sulfide concentrations first of all, because biological oxidation is inhibited under
these conditions. Furthermore, the chemical oxidation depends on only one reactant and can
be described with first-order reaction kinetics as On the other hand, the formation of SO2−

4 is
stimulated at higher oxygen levels [29]. Therefore, there are optimum dissolved sulfide and
oxygen concentrations at which the selectivity for S0 formation is maximized.

In general, bioreactor design and process optimization depend on a variety of interrelated
considerations, as depicted in Fig. 7.2. In-depth knowledge of reaction kinetics, transport
phenomena and mechanical aspects related to the construction of the installation is important
for the successful design and operation of the integrated process [6]. In industrial biodesulfu-
rization plants, mixing of the reactor fluid is mainly achieved by injection of air, which also
serves to supply oxygen to the system. Because of this dual function, there is a direct yet
complex relationship between hydrodynamics and product formation.

The PhD research presented in this thesis builds on the work carried out in our group du-
ring the past two decades, aimed at increasing the selectivity for S0 formation. Initially, this
PhD project focused on the kinetics of biological sulfide oxidation. Later on, the temperature
effects on the overall biological respiration were studied. Furthermore, as there was a need
for a thorough basis for the reaction stoichiometry and kinetics, a biological kinetic model
was proposed. The development and evaluation of this biological kinetic model were suppor-
ted by experiments on the scale of microbiological respiration (4 - 20 mL scale) and on bench
scale(4.7 L). The first chapters of this thesis (Chapters 2 - 4) described these aspects.

The second part of this thesis (Chapters 5 & 6) focuses on the modeling of full-scale sys-
tems. Initially, the developed dynamic biological kinetic models were approximated by static
meta-models describing a simplified, ideally mixed, full-scale reactor. The meta-models were
evaluated with the aid of parameter sensitivity analysis and response surface methodology.
Bioreactor systems also were investigated for dynamic conditions, by comparing modeling
results with data from a full-scale plant.
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Figuur 7.2: bioreactor design considerations [6]

7.2 Reaction pathways and kinetics

7.2.1 Two enzyme systems

A major finding from the respiration experiments was that presumably two enzyme systems
are involved in the oxidation of sulfide (Chapter 3). One of these systems is based on electron
transfer to cytochrome c, the so-called flavocytochrome c oxidoreductase (FCC). This sys-
tem has been described in literature [17, 16], and cytochrome-dependent removal of sulfide
has been demonstrated [22]. Another well-known enzyme associated with sulfide oxidation is
sulfide:quinone oxidoreductase (SQR) [11]. The FCC and SQR enzymes are related, having a
common ancestor and a similar catalytic (flavin) domain [24]. Based on the measured decyl-
ubiquinone-dependent oxidation of sulfide, activity of SQR in HA-SOB has been suggested
[22]. The genomic sequence of several Thioalkalivibrio species confirmed the presence of
several ubiquinone-dependent enzymes, but genes encoding for SQR have not yet been iden-
tified [16, 17]. Therefore, based on an analysis of our experimental reactor data obtained at
different scales, we hypothesize that in the absence of SQR, some variants of FCC (hereafter
called FQ) may act as SQR, i.e. donate electrons to ubiquinone instead of to cytochrome
c, (Chapters 2 & 3). There clearly is a need to investigate SQR and quinine-related enzy-
mes in HA-SOB further. Future research should focus on cultivation conditions (e.g. grow
sulfide-oxidizing bacteria with sulfide, as Muyzer et al. used solely S2O2−

3 as an electron
donor [16, 17]). As no strain has been isolated yet, selective cultivation conditions may be
delicate (i.e. low oxygen concentrations and or higher sulfide concentrations).

Another important result described in this thesis relates to the reaction stoichiometry of SO2−
4

formation. In bench-scale gas lift reactors, HA-SOB appear able to oxidize sulfide to SO2−
4

along several respiration routes (Chapter 2). One of the routes, the limited oxygen route
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(LOR), features under oxygen-limiting conditions. It is hypothesized that sulfide is oxidized
to S0 with the aid of FQ; the electron acceptor would not be oxygen but NAD+. As a conse-
quence, up to 25% less oxygen would be consumed for the formation of one mole of SO2−

4
relative to oxidation with oxygen as the sole electron acceptor. In this case, NADH would be
used for CO2 fixation. These results contribute to a deeper understanding of the process as
at limiting oxygen levels, more SO2−

4 is formed than can be expected on the basis of the full
oxygen route.

7.3 Models

7.3.1 Physically based kinetic model

The work described in this thesis focuses on the development of a mathematical model to de-
scribe biological sulfide oxidation in large-scale reactor systems. Formation of the main end
products, S0 and SO2−

4 , indirectly depends on the substrate concentration, as the intermediate
reactions are mediated by electron transfer chains. In models, biological product formation
(and therefore the microbiological kinetics) depends on the physiological oxidation state of
the involved enzyme systems. The physiological state, in turn, depends on the substrate le-
vels. Hence, the overall kinetics are based on biochemical and microbiological principles
instead of on hypothesized overall chemical reaction equations leading to the frequently pro-
posed Haldane/Monod kinetics [3, 12, 27, 22, 2, 21, 9, 10].

In this thesis research, the biological as well as the abiotic kinetics of sulfide oxidation were
calibrated only once, with the aid of a data set obtained from laboratory respiration experi-
ments (Chapter 3). All the model predictions in this thesis are based on the same estimated
kinetic parameter set. For all scales (respiration, bench and full scale), this parameter set
appeared sufficient to obtain accurate predictions. However, there is a need for multi-scale
modeling to understand the enzyme kinetics and transfer processes (e.g. nano scale) better.

7.3.2 Respiration kinetics

The biological respiration tests described in this thesis do not provide all the necessary in-
formation required to articulate a complete kinetic model for the biodesulfurization process.
The following aspects still need further work:

• The respiration tests are based on both biological and chemical removal of dissolved oxy-
gen under oxygen-saturated conditions. In full-scale plants, however, the oxygen concen-
trations are much lower. Hence, the experimental conditions are not representative of the
field conditions.
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• In addition, the calibrated developed kinetic model is mainly based on the oxygen concen-
tration. The substrate sulfide concentrations in the respiration tests are estimates. In short
periods (i.e. 1-minute intervals), the currently available tests do not determine the sulfide
removal with sufficient accuracy.

• It is still unknown which compound (i.e. oxygen or sulfide) is the limiting factor for the
HA-SOB, in both uptake and enzymatic kinetics. For example, Van den Bosch et al. (2009)
showed that there is a difference in the substrate sulfide and polysulfide [26]. However, the
preferred substrate for both enzymatic systems (FCC / FQ) remains unknown. Further-
more, the mechanism of uptake of the (poly)sulfide and oxygen from the solution by the
bacteria still has not been identified.

• Neutrophilic sulfur-oxidizing bacteria are able to store sulfur in their periplasm [7]. There-
fore, it is likely that also HA-SOB can store sulfur particles in their periplasm, which will
influence the measured respiration in the specific respiration test.

• Another unknown parameter is the actual product formation in the respiration tests. S0

cannot be measured, and therefore product formation cannot be determined accurately.
Furthermore, analytical limitations also make it impossible to measure the formation of
sulfate and thiosulfate within a period of minutes.

• Biomass composition can change in time as a result of adaptation to changing process
conditions. Different biodesulfurization installations will have different biomass compo-
sitions, for example related to differences in feed gas composition or redox levels [22].
It is therefore likely that the ratio between FCC and FQ will also be different. When the
expression of FQ is more pronounced, relative to that of the FCC system, this will also
influence biological kinetics and reaction selectivity.

All these unknowns will greatly affect the overall kinetics of the system. To facilitate greater
microbiological insight and future developments, it is therefore of key importance to come
up with more advanced biological respiration tests.

7.3.3 Sensitivities and surface methodology

Parameter sensitivity analysis is an important tool for 1) understanding the relative impor-
tance of a cluster of parameters deployed in mathematical models, 2) the dynamic behavior
of kinetic models and 3) the effect of parameters and inputs on the states and outputs of the
model [19, 25, 1, 23]. A new procedure was used to study the physiology-based model for its
sensitivity of substrate concentrations with respect to input variables and kinetic parameters
(Chapter 5.) This procedure combines individual local sensitivities to obtain lumped sen-
sitivities of the multiple-input multiple-state model. This revealed that the local parameter
sensitivities, in both magnitude and sign, are governed by sulfide levels when oxygen levels
are elevated. Additionally, it was shown that two parameters that are important at oxygen-
limiting conditions, show very limited sensitivity in a conventional respiration test setup. An
advanced experimental setup is required to determine accurate estimates in all oxygen ranges.

In addition to the local sensitivity analysis, approximate meta-models of a biodesulfuriza-
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tion reactor were derived with the use of a response surface methodology (RSM). RSM ex-
plores the relationship between several control variables and response variables. RSM for
example allows us to explore the effect of air injection on process performance, provided that
a full-scale model is available. As described before, a direct and complex relationship exists
between fluid mixing and reaction selectivity. The selectivity for sulfide oxidation reactions
can be visualized by evaluating different air injection flows with RSM. This requires both
local and global sensitivity analyses to obtain a complete picture of parameter sensitivity.

7.3.4 Dynamic models in bench and full-scale systems

The results of the cross-validation tests (Chapter 3) investigating the effect of the injection of
sulfide and oxygen on overall process performance was surprising. A previous study [29] and
additional work described in this thesis (Chapter 2) did not result in stable reactor perfor-
mance with more than 90 mol% sulfur formation, although these systems are seen as having
an ideally mixed regime. Full-scale reactor systems, on the other hand, can approach up to
94 mol% of S0 formation (Paques B.V., personal communication). Differences between the
two types of system are that in the bench-scale upflow reactor, H2S and oxygen are injected
via the same gas sparger located at the base of the reactor while in a full-scale system, H2S is
first absorbed in a separate absorber and sulfide injection does not occur in the same location
as air injection. As a result of the way sulfide and air are injected into the bench-scale reactor
compared with full-scale systems, sulfide concentrations are locally high (at least 2.5 times
higher), resulting in increased chemical oxidation rates and thus a higher formation rate of
S2O2−

3 (Chapter 3).

Analysis of the bench-scale reactor model shows that S0 formation can be as high as 98
mol% of the supplied sulfide (Chapter 5). Compared with an average of 90-94 mol% S0

formation in full-scale plants, formation of 98 mol% S0 would lead to a 80% reduction in
caustic consumption. This reduction is directly related to a reduction in proton formation.
Additionally, the bleed stream of the overall process would also be smaller as there would
be reduced formation of dissolved sulfur compounds (i.e. SO2−

4 and S2O2−
3 ). However, this

optimum of 98 mol% also entails unwanted phenomena, such as chemical oxidation and bio-
logical by-product formation. These process perturbations will irrevocably lead to a decrease
of S0 formation.

7.3.5 Full-scale model considerations

The presented full-scale model serves as a stepping stone for the development of more ac-
curate models. It can be improved on several points, which will lead to more insight in the
workings of full-scale plants:
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• Carbon dioxide (CO2) plays an important role in the process. First, in the absorption co-
lumn, H2S and CO2 are absorbed simultaneously which acidifies the solvent due to the
consumption of hydroxyl ions. Hence, pH gradients play a role in the process. Further-
more, while dissolved HS− is converted by the bacteria, CO2 is stripped in the bioreactor.
Detailed models for both carbonate buffer systems and CO2 stripping are required. Second,
to maintain the pH at 8.5, additional caustic (NaOH) has to be added when CO2 is present
in the gas; this leads to higher salinities.

• The mixing / fluid models in this thesis are based on rules described in literature. Howe-
ver, there are no good models that describe the mixing and fluid behavior under the high
salinity conditions of the halo-alkaline biodesulfurization process. Hence, process-specific
experiments need to be designed to develop an accurate fluid model.

• The model studies discussed in Chapter 3 revealed that the formation of S2O2−
3 mainly

occurs around injection points, as the sulfide levels are high there compared with the bulk
concentration. A CFD model of the injection points needs to be developed to identify the
impact of sulfide injection in full-scale systems.

• The complex chemistry of the interaction between S0, sulfides and polysulfides is not yet
fully understood. For volatile organic sulfur compounds, the (bio) chemistry is even more
complex [15, 8, 18].

7.3.6 Research objectives

Initially, the work described in this thesis focused on the kinetics and pathways of the biolo-
gical processes in biological gas desulfurization (first objective). It built on work described
in literature and recently obtained experimental data. The governing pathway of sulfate for-
mation under oxygen-limiting conditions turned out to consume less oxygen than previously
described in literature, which therefore was called the limited-oxygen route (LOR). Further-
more, temperature effects and biological respiration of HA-SOB were studied.

Subsequently, these results were used as input for the second research goal, i.e. articula-
tion of a mathematical model describing the processes in a sulfur-producing bioreactor. The
proposed model for describing biological sulfide oxidation by HA-SOB was calibrated, va-
lidated and studied with a newly developed normalized sensitivity method. This provided
several new insights into the biological process.

Using the kinetic models in a simplified full-scale model made it possible to derive approxi-
mate meta-models of a biodesulfurization reactor with the aid of response surface metho-
dology (RSM). Using the response surface instead of an imposed control structure such as a
classical PI or PID controller also yielded a static (feed forward) control law (third objective).
The response surface describes the complex reaction kinetics and mass transfer phenomena.
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7.4 Final considerations

From the developed and validated kinetic models and the static optimization rules derived
from the developed models, it follows that a selectivity for S0 formation of 98 mol% from
the biological oxidation of sulfide is possible. For large-scale industrial processes, this would
mean a significant cost reduction as the current processes produce up to 90-94 mol% S0. Bio-
desulfurization processes yielding to 100 tons of sulfur per day would become economically
feasible. However, optimal control strategies need to be developed and several microbiologi-
cal questions still require answering. Continued research can translate these promising model
results into industrial practice.

On the basis of these new insights in biological desulfurization, namely regarding different
enzymatic activities under haloalkaline conditions, a patent has been filed. For more details:
International patent application PCT/EP2015/051872, Title: A process for the biological con-
version of bisulphide into elemental sulphur, filed 30 January 2015.
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Chapter 8

Summary

Biogas, synthesis and natural gas streams may require treatment to remove toxic and cor-
rosive gaseous sulfur compounds like hydrogen sulfide, disulfides and thiols. Traditionally,
physicochemical processing technologies accomplished this gas desulfurization. However,
about 25 years ago, a biotechnological gas treatment process was developed as an alternative.
It offers a number of advantages, such as high hydrogen sulfide removal efficiency while
operating at a wide range of feed gas pressures, absence of sulfide-containing waste streams
and of concentrated sulfidic streams, and lack of need for chelating agents. However, the
biotechnological process requires the addition of caustic and makeup water to compensate
for any unwanted acidic sulfur components. This means that there is also a bleed stream. For
cost-effective large-scale application of this new biotechnological process, the current set of
design and control rules requires more fine-tuning toward minimizing the addition of caustic
and makeup water by maximizing the elemental sulfur (S0) production at the lowest possible
cost.

Initially, the work described in this thesis focused on the reaction stoichiometries of the
biological oxidation of dissolved sulfide (Chapter 2). Our experimental results show that
haloalkaliphilic sulfur-oxidizing bacteria in bench-scale gas lift reactors are able to oxidize
sulfide to SO2−

4 along several respiration routes. One of the routes features at limiting oxygen
levels. We hypothesize that in the latter route, sulfide is oxidized to S0 with the aid of a variant
of flavocytochrome c oxidoreductase (FCC) acting as sulfide:quinone oxidoreductase (SQR).
We think that in this case, electrons are donated to ubiquinone instead of to cytochrome c and
that the electron acceptor is not oxygen but NAD+. As a consequence, this route consumes up
to 25% less oxygen for the formation of one mole of SO2−

4 relative to oxidation with oxygen
as the sole electron acceptor. These findings may have consequences for the optimization
of S0 formation as at limiting oxygen levels, more SO2−

4 may be formed, which would be
undesirable.

Biological respiration tests also indicated at least two local optima in oxygen removal at
different sulfide concentrations. From the work in Chapter 3, it follows that two sulfide-
oxidizing enzyme systems are active in haloalkaliphilic sulfur-oxidizing bacteria, namely
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FCC and a variant of FCC that acts like SQR. It is known that at higher sulfide concentrati-
ons, the CcO/FCC enzymatic system is inhibited. At sulfide concentrations above 2.0 mM,
however, the SOB still showed high respiration activity in our experiments. This sulfide re-
moval activity must therefore be ascribed to some form of SQR.

Chapter 3 proposes a model on the basis of a concept involving multi-substrate removal
and multi-product formation. The model structure was successfully validated on the basis
of data sets from respiration tests and real-time reactor experiments. The presented model
predicts up to 98 mol% of S0 formation. A future challenge will be to optimize the bio-
technological process to achieve that 98 mol% of S0 formation in practice, by improving the
process design, mixing regime and operation, e.g. through advanced substrate injection and
dissolved oxygen (DO) control strategies.

This thesis also explores the effect of temperature. Chapter 4 describes experiments that
covered a range of temperatures in fed-batch tests (long-term effects) and respiration tests
(short-term effects). The biological activity was reversibly limited at temperatures below
15oC. However, at higher temperatures, i.e. at temperatures above 48oC, stable operation
became impossible as HA-SOB are irreversibly inactivated at such high temperatures. Using
a temperature operation window of 15 - 45oC will therefore likely be required for robust per-
formance of the biodesulfurization process.

Chapter 5 described how the biological respiration tests carried out in this PhD research
were evaluated with the aid of a so-called overall normalized sensitivity method. This eva-
luation showed that for a wide range of sulfide levels (0.05-5 mM), not all parameters in
the kinetic equations for the biological desulfurization process can be estimated accurately
by means of conventional respiration tests, i.e. at oxygen saturation. Additional tests under
oxygen limiting conditions are required. Furthermore, it appears that some parameters affect
the activity of the biomass in two extremes at different substrate levels. In addition, in this
chapter it has been shown that non-linear effects will impact significantly on scaling-up of
the process from lab-scale to a full filed industrial system.

A linear relationship is generally described by a constant ratio between input and output.
However, due to large influences of the quadratic terms in the approximate meta-models, it is
evident that the upscale of the biodesulfurization process will show non-linear effects. This
can be attributed to the combination of biological kinetic reaction rates and the ratio between
oxygen transfer rate and sulfide load of the system. The resulting non-linear effects will play
a significant role in the scaling up of the process from lab-scale to a full-scale industrial sys-
tem in the field. The responses of a continuous stirred tank reactor (CSTR) model led to the
conclusion that it is mainly the oxygen transfer rate of the reactor system that determines the
selectivity of the process under limiting oxygen transfer conditions.

The physiologically-based kinetic model proposed in Chapter 3 was also incorporated in
a full-scale biodesulfurization model that includes the effects of turbulent flow regimes and
mass transfer of oxygen (Chapter 6). This full-scale biodesulfurization model was subse-
quently used to calculate the ORP behavior of a Thiopaq installation located at "Industriewa-
ter Eerbeek B.V.". The results are promising, as the model was able to explain the dynamic
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behavior of the system on the basis of inline ORP measurements, sour gas and air compressor
flow. Furthermore, selectivity for formation of S0 was estimated to be around 92 mol%, but
varies between 90 and 94 mol% in practice. It is therefore likely that, in addition as tools for
better process design, the developed models for ORP, kinetics and full-scale setups can also
be used to develop better real-time, model-based control strategies, and will lead to better
overall biodesulfurization plant performance.





Hoofdstuk 8

Samenvatting

Stromen van biologisch-, synthetisch- en aardgas vereisen mogelijk een behandeling om de
aanwezige giftige en bijtende gasvormige zwavelverbindingen zoals waterstofsulfide, sulfi-
den en thiolen te verwijderen. Traditioneel worden fysisch-chemische technologieën gebruikt
om dit gas te ontzwavelen. Ongeveer 25 jaar geleden werd een alternatief ontwikkeld, geba-
seerd op de biotechnologische behandeling van gas. Deze manier biedt een aantal voordelen.
Er is een hoge waterstofsulfide verwijderingsefficiëntie terwijl dit proces kan opereren bij
een breed gebied van gasdrukken. Hiernaast zijn er geen stromen van sulfide rijk afval en
geconcentreerd zwavelzuur. Tot slot maakt dit proces geen gebruik van chelatoren. Het bi-
otechnologische proces vereist wel de toevoeging van natronloog en make-up water om te
compenseren voor ongewenst gevormde zwavelverbindingen. Dit betekent dat er ook een
spuistroom wordt gevormd. Om de kosteneffectiviteit van een grootschalige toepassing voor
dit biotechnologisch proces te waarborgen is er een belangrijke vereiste. Dit is dat er een ver-
betering wordt doorgevoerd van het huidige ontwerp als mede van de controle regels. Deze
verbetering richt zich op het minimaliseren van de toevoeging van natronloog en make-up
water door het maximaliseren van de vorming van elementaire zwavel (S0) bij de laagst mo-
gelijke kosten.

Dit proefschrift start met een beschrijving van het werk dat is gericht op de reactie stoechio-
metrieën van de biologische oxidatie van opgeloste sulfide (Hoofdstuk 2). De experimentele
resultaten tonen aan dat haloalkalifiele zwavel-oxiderende bacteriën in de bench-scale gas lift
reactoren sulfide kunnen oxideren naar SO2−

4 via verschillende routes. Een van de routes vindt
plaats wanneer opgeloste zuurstof concentraties worden gelimiteerd. We veronderstellen dat
in deze route sulfide wordt geoxideerd tot S0 met behulp van een variant van flavocytochrome
c oxidoreductase (FCC), sulfide: quinone oxidoreductase (SQR). We denken dat elektronen
worden gedoneerd aan ubiquinone in plaats van cytochroom c en dat de elektronacceptor
in plaats van zuurstof, NAD+ is. Dit heeft tot gevolg dat deze route tot 25% minder zuur-
stof verbruikt voor de vorming van één mol SO2−

4 ten opzichte van oxidatie met zuurstof als
enige elektronenacceptor. Deze bevindingen hebben gevolgen voor het optimaliseren van de
vorming van S0 omdat bij beperkte hoeveelheden opgelost zuurstof meer SO2−

4 kan worden
gevormd, hetgeen ongewenst is.
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Uit het werk beschreven in Hoofdstuk 3 volgt dat twee sulfide-oxiderende enzymsystemen
actief zijn in haloalkaliphilic zwavel oxiderende bacteriën, namelijk FCC en een variant van
FCC die zich gedraagt als SQR. De uitgevoerde biologische respiratie testen geven als resul-
taat ten minste twee lokale optima in zuurstofverwijdering bij verschillende sulfide concentra-
ties. Het is bekend dat bij hogere concentraties sulfide, het CCO / FCC enzymatische systeem
wordt geremd. Bij sulfide concentraties boven 2,0 mM vertonen de sulfide oxiderende bacte-
rieën (SOB) echter nog steeds een hoge respiratie activiteit. Deze activiteit van verwijdering
van sulfide wordt toegeschreven aan een vorm van SQR. Tevens wordt in Hoofdstuk 3 een
model beschreven op basis van een concept van multi-substraat verwijdering en vorming van
meerdere producten. De modelstructuur werd succesvol gevalideerd aan de hand van data
sets van zowel de biologische respiratie testen als real-time reactor experimenten. Het gepre-
senteerde model voorspelt tot 98 mol% van S0 formatie. Een uitdaging voor de toekomst zal
zijn om de biologische vorming van S0 te optimalizeren tot 98 mol% in de praktijk door ver-
betering van hetprocesontwerp. Hierbij valt te denken aan menging en operatie, bijvoorbeeld
door middel van geavanceerde substraat injectie en opgeloste zuurstof (DO) regelstrategieën.

Dit proefschrift geeft ook zicht op het effect van de temperatuur. Hoofdstuk 4 beschrijft de
resultaten van fed-batch experimenten (lange termijn) en respiratie experimenten (effecten op
korte termijn). Deze experimenten zijn uitgevoerd onder verschillende operatie temperatu-
ren. De biologische activiteit werd omkeerbaar beperkt bij temperaturen beneden 15oC. Bij
hogere temperaturen, dat wil zeggen bij temperaturen boven 48oC, was stabiele operatie in
de fed-batch experimenten onmogelijk omdat de SOB onomkeerbaar geïnactiveerd wordt bij
dergelijke hoge temperaturen. Het operatie gebied voor een stabiel biodesulfurizatie proces
zal daarom liggen tussen de 15 - 45oC.

In Hoofdstuk 5 wordt beschreven hoe de biologische respiratie testen, die in dit promo-
tieonderzoek zijn uitgevoerd, werden geëvalueerd met behulp van een zogenaamde globale
genormaliseerde gevoeligheids methode. Uit deze evaluatie bleek dat bij een grote variatie
in sulfide niveaus (0,05-5 mM), niet alle parameters uit de kinetische vergelijkingen voor het
biologische ontzwavelingsproces nauwkeurig kunnen worden geschat door middel van de
gebruikelijke condities in de respiratie experimenten, dat wil zeggen bij zuurstofverzadiging.
Aanvullende experimenten onder zuurstof limitatie zijn daarvoor vereist. Bovendien is ge-
bleken dat bepaalde parameters de activiteit van de biomassa beïnvloeden in twee extremen
door verschillende niveaus van het substraat.

Een lineair verband wordt algemeen beschreven door een constante verhouding tussen een
ingangs- en een uitgangssignaal. De grote invloed van de kwadratische termen in de ont-
wikkelde meta-modellen maakt duidelijk dat het ontzwavelingsproces niet-lineaire effecten
vertoont. Dit kan worden toegeschreven aan de combinatie van biologische kinetische reac-
tiesnelheden en de verhouding tussen zuurstof overdrachtssnelheid en sulfide belasting van
het systeem. De resulterende niet-lineaire effecten spelen een belangrijke rol bij het opscha-
len van laboratoriumschaal naar een grootschalig industrieel systeem. De model responties
van een continu geroerde tank reactor (CSTR) model leidde tot de conclusie dat vooral de
zuurstof overdrachtssnelheid van het specifieke reactor systeem bepaalt wat de selectiviteit
van het proces wordt onder S0 vormende condities.
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Het in Hoofdstuk 3 voorgestelde fysiologisch-gebaseerde kinetisch model werd ook toege-
past in een full-scale biodesulfurization model. Dit model omvat de effecten van de turbulente
stroming regimes en massa-overdracht van zuurstof (Hoofdstuk 6). Dit full-scale biodesul-
furization model werd vervolgens gebruikt om het ORP gedrag van een THIOPAQ installatie
"Industriewater Eerbeek BV"te evalueren. De resultaten zijn veelbelovend, omdat het model
het dynamische gedrag van het systeem op basis van de metingen van de ORP, de stroming
van het zure gas en de uitsturing van de luchtcompressor kon verklaren. Bovendien werd
de selectiviteit voor de vorming van S0 geschat op ongeveer 92 mol%, waarbij de praktijk
varieert tussen de 90 en 94 mol%. Het is daarom waarschijnlijk dat, als instrument voor een
betere procesontwerp, de ontwikkelde modellen voor ORP, kinetiek en de full-scale modellen
ook gebruikt kunnen worden voor een ontwikkeling van real-time, modelgebaseerde controle
strategieën. Dit zal uiteindelijk leiden tot een betere werking van het biotechnologische ont-
zwavelings proces.





Part IV

Appendices





Appendix A

Non-linear least-squares
estimation physiologically based
model

The unknown kinetic parameters in the physiologically based model, represented by the vec-
tor θ, are estimated using the experimental data of the respiration tests. The parameter vector
θ is estimated in a (constrained) least-squares sense, which for the single-output case gives

θ̂N = arg minθ∈ D

N∑
k=1

ε([HS−]k | θ)2 (A.1)

where ε(.|θ) = y(k) − ŷ(.;θ) is the output error at time index k with sulfide concentration
[HS−]k, y(k) the measured oxygen respiration at k, ŷ(.;θ) the predicted model output at k
given an estimate of θ (θ̂), D is the prior parameter domain and N the number of data points.
A measure for the model fit is the error variance σ2

ε, which is given by

σ2
ε =

1
N − p

N∑
k=1

ε([HS−]k | θ)2 (A.2)

with p the number of parameters. Local parameter (co)variances around the estimate θ̂N are
given by the covariance matrix of the estimates (COV), defined by

COV θ̂N = σ2
ε(X

TX)−1 (A.3)

where X is the (N x p) ] sensitivity matrix
∂ε(HS−k |θ)

∂θ j
with k = 1, ...,N and j = 1, ..., p. Hence,

the standard deviation of the estimates stdθ̂N
are found after taking the square root of the

diagonal of COV θ̂N. Dominant directions of the estimates in the parameter space, are found
from an eigenvalue decomposition of the covariance matrix, that is

VTCOV θ̂NV = Λ (A.4)



142 Non-linear least-squares estimation physiologically based model

where V is an orthogonal matrix of eigenvectors and Λ is a diagonal matrix with eigenvalues.
A large value of a diagonal element of Λ indicates a relatively large uncertainty in a direction
in the parameter space, defined by the corresponding column of V. For details of the eigen-
value decomposition and its interpretation, we refer to Keesman (2011) [1].
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Appendix B

Parameter estimation results
physiologically based model

The final estimate of parameter vector θ with corresponding covariance matrix COV are
given by

θ̂N =


q̂FCC,max
q̂FQ,max
q̂CcO,max

K̂i

 =


1.35 · 10−4

1.23 · 10−4

6.71 · 10−4

5.87 · 10−2

 (B.1)

COVθ̂N =


3.91 · 10−11

−7.22 · 10−12
−1.02 · 10−10 1.02 · 10−7

−7.25 · 10−12 3.32 · 10−12 2.21 · 10−11
−2.32 · 10−8

−1.02 · 10−9 2.11 · 10−10 2.88 · 10−9
−2.89 · 10−6

1.02 · 10−7
−2.32 · 10−8

−2.89 · 10−7 2.91 · 10−4

 (B.2)

The standard deviation of the estimates stdθ̂N
are found after taking the square root of the

diagonal of COVθ̂N and are given by:

stdθ̂N
=


6.25 · 10−6

1.82 · 10−6

1.70 · 10−4

1.70 · 10−2

 (B.3)

The eigenvalue decomposition of the covariance matrix results in

V =


3.49 · 10−4

−1.12 · 10−1
−9.88 · 10−1 1.00 · 10−1

−7.93 · 10−5
−7.29 · 10−2 1.08 · 10−1 9.91 · 10−1

−9.94 · 10−3 9.90 · 10−1
−1.04 · 10−1 8.43 · 10−2

1.00 9.88 · 10−3
−6.79 · 10−4 8.81 · 10−4

 (B.4)
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Λ =


2.91 · 10−4 0 0 0

0 1.18 · 10−10 0 0
0 0 2.28 · 10−12 0
0 0 0 8.43 · 10−13

 (B.5)



Appendix C

Thermal inactivation

Considering the proposed inactivation equation [1], i.e.

log S(t) = −b(T)tn(T) (C.1)

inactivation can be expressed in terms of the natural logarithm, such that

log S(t)
log e

= ln S(t) = −b′(T)tn(T) (C.2)

with b′(T) = b(T) log e. As S(t) := X(t)/X0, where X(t) is the total amount of active biomass
at time t and X0 is the amount of active biomass at t = 0, the following relationship can be
derived.

X(t) = X0e−b′(T)tn(T)
(C.3)

In case n(T) = 1, the following exponential law results:

X(t) = X0e−b′(T)t (C.4)
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Appendix D

Sensitivity functions

When the following general non-linear, dynamic system is considered

ẋ = f (x,u;θ) (D.1)

where ẋ := dx
dt , a deviation in parameter θ j will lead to

∂
∂θ j

ẋ =
∂
∂θ j

f (x,u;θ) =
∂ f
∂x

∂x
∂θ j

+
∂ f
∂u

∂u
∂θ j

+
∂ f
∂θ

∂θ
∂θ j

(D.2)

with j = 1 · · · p. Consequently, for input u independent of θ j, the sensitivity functions, x an
n-dimensional vector, are given by

∂
∂θ j


ẋ1
ẋ2
...

ẋn

 :=


Ṡ1, j
Ṡ2, j
...

Ṡn, j

 =
[
∂ f
∂x

]
n×n


S1, j
S2, j
...

Sn, j

 +



∂ f1
∂θ j
∂ f2
∂θ j

...
∂ fn
∂θ j


(D.3)

with Si, j = ∂xi
∂θ j

. In matrix notation, for all sensitivities Ṡ1,1 · · · Ṡn,p


Ṡ1,1 · · · Ṡ1,p
...
. . .

...
Ṡn,1 · · · Ṡn,p

 =


∂ f1
∂x1
· · ·

∂ f1
∂xn

...
. . .

...
∂ fn
∂x1
· · ·

∂ fn
∂xn



S1,1 · · · S1,p
...
. . .

...
Sn,1 · · · Sn,p

 +


∂ f1
∂θ1
· · ·

∂ f1
∂θp

...
. . .

...
∂ fn
∂θ1
· · ·

∂ f j

∂θp

 (D.4)

Notice from Eq. D.4 that the calculation of one single sensitivity function (Si, j(t)) would
require the simultaneous simulation of all sensitivities.





Appendix E

Meta models

The following vectors and matrices were found for the meta models (Eq. 5.21), describing
the competition between biological S0 and SO2−

4 formation (Ybio):

Abio = (
−9.8 · 102

2.0 · 103

)
Bbio = (

4.2 · 105
−4.0 · 105

−4.0 · 105
−5.4 · 104

)
And, describing the competition between biological S0 formation and chemical S2O2−

3 for-
mation (Ychem)

Achem = (
1.0 · 103

−6.1 · 102

)
Bchem = (

1.1 · 105
−4.9 · 104

−4.9 · 104 9.4 · 104

)
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