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Abstract

Biogas, synthesis and natural gas streams often require treatment because of the presence
of gaseous hydrogen sulphide (H,S). 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, H,S 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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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 (H,S), 0 (S°) and +6 (SO427)
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 (S3), stable forms of elemental sulfur
at alkaline conditions (pH>8). Other sulfur compounds which can be chemically formed are
inorganic elemental sulfur, thiosulfate (SZO§‘) 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



1.2 Biological desulfurization processes 3

sulfate 5042' sulfur
reduction oxidation
(assimilatory) i

(aerobic + anaerobic)
(phototrophic + chemotrophic)

Organic sulfur sulfate

reduction
(dissimilatory)

sulfur
reduction

mineralization

H,S

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 (SO,) emissions in 2008 were estimated at 97 - 10° kg S which anthropogenic emis-
sions accounted for about 66% [17]. Increased SO, 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 H,S 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. H,S loads up of to 20 tons day™'). As microbiological sulfide oxidation happens
at ambient temperatures and atmospheric pressures, biological desulfurization is a more cost-
effective alternative [24].

In general, HpS-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 H;S 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 H,S m=3 h™! [26]. A second drawback of these
systems is the buildup of a pressure drop due to accumulation of biomass and S° 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 Thiopaq™ and is commercialized
by Pagell, a joint venture between Shell Global Solutions International B.V. and Paques B.V.
[29].

™ cas out

NaOH

nutrients water

gasin

absorber reactor sulfur recovery

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 H,S into a mildly alkaline solution;

2. Sulfide oxidation to S°, sulfate (SO2) and thiosulfate (S,0%") in microaerophilic bioreac-
tor;

3. Removal of the formed S° 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™') is fed to the biologi-
cal reactor. In this reactor, bacteria (e.g. Thioalkalivibrio spp.) primarily oxidize the sulfide
to elemental sulfur (S°; see Table 1.1, Eq. 3). In addition, a relatively small fraction of the
incoming sulfides is oxidized to SOZ‘ 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. SzOé_ 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 H,S(g)=H>S(1) chem -
2 H,S(1)+OH =HS™+H,0 chem -
3 HS_+§Oz—>SO+OH_ bio =
4 HS™+20,—S0* +H* bio -
5 2HS_+202—>SZO3_+H20 chem -
6  HS +(x-1) S'2S2-+H* chem  pH>8.0
7 ST +150,-8,03 +(x-2)S”  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
C,Hg-C4Hip 0-20 0 0
CO, 0-8 34 - 38 19 - 33
Ny 0-5 0-5 0-1
H,S 0-5 0.1-0.6 0.1-2.8

The reactor effluent is primary recirculated over the absorption column for H,S 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 (CHy) [37, 38], alkanes
(CyHg-C4Hyp), carbon dioxide (COj), nitrogen (N3) and hydrogen sulfide (H,S). 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 CO, and H,S compete for alkalinity. To control the pH at mildly alkaline
conditions and enable H, S absorption, elevated NaHCO3 concentrations are required. Hence,
increased salt concentrations (i.e. high-salinity conditions) will dominate.

CO,(g) = COx(l) pK =3.6 (1.1)
COy(I) + OH™ = HCO; pK =63 (1.2)
HCO; + OH™ = CO;” pK =103 (1.3)

At higher pH levels (i.e. alkaline conditions), H,S 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 m® reactor when the bio-
mass concentrations are 150 mg N L~! [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 H,S removal efficiency in bioscrubbers reaches 99.9% sulfide removal; the
maximal selectivity for sulfur production is around 90% [41, 21]. Pagell’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 O, 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 O, 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,
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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. Upax
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.
U << Umay) 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

s8]
e+ 18]

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

(1.4)

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

[S]

— (1.5)
Ks +[S] + %

U= HUmax

in which K; 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:

[S]

_ (1.6)
[sP
Ks + [S] + Kiz

U= Hmax

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]

[sr"

q = Gmax Ks + [S]”- (1.7)

Here, g and g4y 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:

-8

[ST+Ks - (1 -~ )m

q = Gmax (1.8)

[S], 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; iy = Gmax = 1
h™, K =1¢g/L,K; =4g/L,[Sly, =25¢/L,m =4andn = 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]:

B 1 [0
H = Hmex g ¥ IS1 Ko, + [04]

(1.9)

[O5] is the concentration of dissolved oxygen (g/L) and K, 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 Ko, 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 ggm2- and gso 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~! h~!. 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-
céntara et al. (2004) suggested a Monod model, with substrate affinity constant KSOzf =0.28
mM. Roosta et al. (2011) proposed an extended model with Ksozf—Z 524, Kgo=0. 106 and
K0,=0.203 mM. Other authors included the inhibition of sulfide as Well by way of a Monod-
Haldane model. Gonzales-Sanchez & Revah (2006) found KSOZ- =0.07 and K;=1.19 mM, and
de Graaff et al. (2011) found KSOzf =0.23 and K;=0.09 mM. Gonzales-Sanchez et al. (2009)
described an exte