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a b s t r a c t
In this work, a stoichiometry-driven heuristic feedforward control strategy is proposed for controlling
the oxygen supply to a biological gas desulfurization process that treats biogas, landfill, and highpressure natural gas containing H2 S and volatile organic sulfur compounds (VOSC). Traditionally, PI or
PID feedback control is used when the feed gas contains H2 S only. Because the oxidation–reduction
potential (ORP) is mostly dominated by the dissolved sulfide concentration, the feedback controller
maintains a constant sulfide concentration in the bioreactor by maintaining an ORP setpoint value
through controlling the oxygen supply. However, when the feed gas also contains VOSCs, e.g., thiols,
it appears from our research that controlling ORP at a fixed value does not lead to stable process
performance. Hence, an alternative control strategy is proposed, which controls the O2 /H2 S supply
ratio based on the stoichiometry of the dominant chemical reaction and experimental experience. The
heuristic feedforward control strategy was validated by a fluctuating supply of H2 S (26.5 to 126.5 mM
S day−1 ) in the absence and presence of ethanethiol (0.8 to 1.16 mM S day−1 ). A sulfur selectivity
above 95 mol%, and complete removal of H2 S, was achieved at an O2 /H2 S supply ratio of about 0.63
mol mol−1 compared to 56 mol% when a PI/PID controller was used at a randomly varying, stepwise
H2 S dosing rate This work shows that fluctuations in the H2 S loading rate and presence of ethanethiol
in the feed gas of full-scale systems can be controlled by applying the heuristic feedforward control
strategy. However, online measurements of the H2 S concentration in the feed gas are required to
implement the proposed strategy in full-scale installations successfully.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction
In general, the objective of all industrial production processes
is to ensure safe and stable process performance while maximizing product yields and minimizing energy and chemical consumptions. This objective is usually achieved by the implementation and optimization of process control strategies based on
sensor technologies [1]. The control of bioprocesses can be challenging due to the complex nature of biological processes resulting in non-linear responses to external disturbances. Moreover,
steady-state conditions are often not reached because of continuous changes in the biological matrix of the microbial community.
Hence, various monitoring and control strategies are available
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to measure and control process variables of interest. The most
commonly used sensors in bioprocesses are temperature, pH,
redox (also known as oxidation–reduction potential or ORP), and
dissolved oxygen (DO). Amongst these variables, dissolved oxygen is known to be a challenging variable, as sometimes the
optimal operating window for DO is tight. In addition, DO sensors
are often subjected to delayed responses because of (1) fouling
of the probes and (2) because oxygen transfer rates depend
on other sometimes slow physical processes such as separation
of gas, liquid and solid phases. For example, in fermentation
processes, it is crucial to accurately control the DO values in
the process solution to avoid under and over oxidation of the
desired products [2]. Moreover, to obtain high product yields of
polyhydroxyalkanoate (PHA), the DO needs to be controlled at
microaerophilic conditions [3]. The latter is challenging because
often, the desired DO levels are below the sensor’s detection
limits [4]. As an alternative, an oxygen supply strategy can be
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based on ORP measurements. It is known that ORP measurements
can be sensitive to more dominating and reducing dissolved
compounds present in the process solution or in wastewater
treatment systems [5–7].
In the described process, the DO should be controlled at values below the detection limit of commercially available oxygen
sensors. In the mid-nineties, as an alternative, an ORP sensor
was implemented for the described biodesulfurization process
by Janssen and co-workers to allow the biological sulfide oxidation in a bioreactor to proceed at micro-aerophilic conditions [8,
9]. Gas biodesulfurization is a biotechnological process, which
focuses on the removal of H2 S from sour gas streams and subsequently converts it into predominantly elemental sulfur by
haloalkaliphilic sulfur-oxidizing bacteria (SOB) [10,11]. Through
years of development of the biodesulfurization process, it was
shown that sulfide oxidation and formation of sulfur is highly
dependent on dissolved oxygen levels in the process solution.
In 1995 Janssen et al. investigated the process of sulfide oxidation in a fed-batch system, where they found that sulfur was
formed between an O2 /H2 S consumption ratio of 0.6 and 1 mol
mol−1 [8]. They also found that higher oxygen supply resulted
in an increased formation rate of sulfate, as more energy is
gained for bacterial growth than from sulfur formation. In general, the O2 /H2 S consumption ratio can lead to three main endproducts that are formed in the biological desulfurization process,
i.e., elemental sulfur (S0 ), sulfate (SO24− ) and thiosulfate (S2 O23− ):
H2 S + 1/2O2 → S0 + H2 O
H2 S + O2 → /

1 2S O2−
2 3

+ /

1 2H O
2

H2 S + 2O2 → SO24− + 2H+

(1)

+H

+

(2)
(3)

Based on these reaction equations, it can be noticed that the
closer the O2 /H2 S consumption ratio to 0.5 mol mol−1 , the more
S0 is produced as an end-product. The formation of S0 is preferred as (a) no protons are formed upon oxidation from sulfide,
i.e., no acidification of the process medium like in reactions 2
and 3, (b) the formed S0 particles can be separated from the
solution as crystals, which (c) can be reused as a soil fertilizer
and fungicide. [12,13].
However, the overall O2 consumption of the process is not
only correlated to the formation of oxidation products of sulfide,
as shown in the equations mentioned above. For example, SOB
cells consume O2 for endogenous respiration, i.e., oxidation of
other compounds that bind on their membrane [14–16]. In addition, Klok et al. found that, under oxygen-limiting conditions,
a part of the electrons which are obtained from the oxidation of
sulfide to sulfate do not end up in oxygen but in biomass [17].
Another factor affecting the O2 /H2 S consumption ratio is the
presence of VOSCs in the feed gas to a biological desulfurization
reactor. In case VOSCs enter these systems, fast oxidation occurs,
leading to an increase in the O2 consumption rates [18,19]. Therefore, the overall O2 /H2 S consumption ratio will not precisely be
at 0.5 mol/mol.
To enable a high selectivity for the formation of elemental
sulfur, the supply of oxygen/air must be carefully controlled.
As DO levels for optimal sulfur formation rates are below the
DO detection limits, current state-of-the-art full-scale systems
are equipped with ORP sensors [9]. This sensor is connected
to a proportional–integral–derivative (PID) feedback controller
to steer the oxygen/air supply to the system [20]. In full-scale
installations, the ORP feedback control strategy shows, in general,
good operational stability and reliability when treating the gas
stream. That is, installations remove sufficient H2 S from the feed
gas stream and convert the absorbed sulfide into elemental sulfur.
However, it has been found that several process disturbances
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affect the stability of the control strategy. For instance, variations in (1) the inflow of the feed gas and (2) in H2 S feed gas
concentration may cause oscillations in the ORP signal, which,
in turn, may trigger instabilities in the process and hence in
the product formation. Another substantial disturbance that affects the measured ORP is the presence of thiols and diorgano
polysulfanes in the bioreactor suspension. Roman and co-workers
found that when thiols (RSH) and di-organo polysulfanes (R2 Sx ;
DOPS) are present in the gas feed, the efficiency and stability
of the process drops significantly [21]. This was caused by the
negative impact of thiols on the signal received from the ORP
probe, i.e., DOPS, formed from thiols autoxidation, affected the
ORP measurements, triggering the oxygen supply to maintain
the desired ORP levels [19]. Finally, we recently found that SOB
influence the measured ORP value [22]. SOB were found to have
a charge shuttling capacity, where they pick up sulfide under
anaerobic conditions and then produce an electrical current in the
presence of an anode that is acting as an electron acceptor [22].
The conclusion from our investigations was that the ORP signal is
influenced by the above-mentioned factors, and hence a setpoint
based feedback controller for O2 dosage will not work efficiently.
In practice, the biological desulfurization systems are operated
such that the H2 S concentration in the treated gas does not
exceed threshold levels; thus, higher ORP setpoints are chosen
to buffer for process disturbances. While this ultimately leads to
effective removal of H2 S from the gas stream, as the process solution is effectively regenerated at higher ORP setpoints and thus
higher O2 loading rates, the efficiency towards sulfur formation is
affected. As classical ORP-based feedback control generally leads
to an overdose of O2 to the bioreactor to guarantee effective H2 S
removal, an alternative control strategy is required to overcome
variations in the gas feed and process matrix and to optimize
end-product formation.
In this paper, we present a new stoichiometry-driven heuristic
feedforward control strategy that manipulates the oxygen supply
such that, on average, a desired O2 /H2 S dosing ratio is achieved
(Fig. 1). This controller requires continuous monitoring of the
H2 S concentration in the sour gas. From previous experimental
studies, it followed that at an O2 /H2 S dosing ratio of 0.6 mol
mol−1 , the sulfur selectivity was between 90–100 mol% [8,19,
23,24]. Hence, a setpoint value of 0.6 ± 0.05 mol mol−1 was
taken to compute the oxygen supply rate at various sulfide dosing
patterns. In addition, we tested the feedforward control strategy
for the combined addition of H2 S and ethanethiol.
2. Materials and methods
2.1. Reactor operation
The laboratory setup consisted of a falling film gas absorber
connected to two bioreactors in series, i.e., an anaerobic reactor
for process stabilization followed by an aerobic reactor for sulfide
oxidation (Fig. 2). The composition of the feed-gas was controlled
using mass flow controllers (type EL-FLOW, model F-201DV-AGD33-K/E, Bronkhorst, the Netherlands). For the supply of hydrogen
sulfide, a 0–17 mL min−1 mass flow controller was used, for nitrogen 0–350 mL min−1 , for oxygen 0–30 mL min− 1, carbon dioxide
0–40 mL min−1 and for ethanethiol 0–60 mL min−1 . Hydrogen
sulfide and nitrogen gas were continuously supplied, whereas
the supply rate of oxygen and carbon dioxide was pulse-wise
controlled with a multiparameter transmitter (Liquiline CM4421102/0, Endress+Hauser, Germany). When using the conventional
feedback control strategy, oxygen supply was controlled based on
the signal from an ORP sensor, equipped with an internal Ag/AgCl
reference electrode (Orbisint 12D-7PA41; Endress+Hauser, Germany). The pH was controlled by supplying carbon dioxide gas
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Fig. 1. Block scheme of the feedforward control strategy with VOSC the volatile organic sulfur compounds.

Fig. 2. Laboratory scale fed-batch experimental setup used for the experiments. (A) block diagram of the setup, G = gas sampling point, L = liquid sampling point,
C2 H5 SH = ethanethiol (ET). The blue area indicates liquid. (B) real view laboratory setup, blue circles indicate liquid sampling points, and a red circle indicates gas
inlet. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

to the recirculating gas flow based on signals from a pH sensor
(Orbisint 11D-7AA41; Endress+Hauser, Germany). A fiber-optic
oxygen probe PSt 3 was used to monitor the oxygen concentration in the headspace of the aerobic bioreactor (PreSens Precision
Sensing GmbH, Regensburg, Germany). More details on the used
equipment can be found in [25].
To assess the process performance samples were taken from
both the gas and liquid phases. Three liquid samples were taken:
at the bottom section of the absorber, between bioreactors and
inside the aerobic bioreactor. Gas-phase samples were taken from
four locations: gas inlet, bioreactors headspaces, and absorber
outlet at regular time intervals. Sampling was done in triplicate
for liquid samples and single measurements for gaseous samples.
We conducted three sets of experiments (Table 1). First, we
operated the process using a conventional feedback control strategy with ORP as a control variable and oxygen supply as a
manipulated variable at different H2 S supply patterns: constant,
pulse wave, triangle wave, and a randomly varying stepwise
signal. The Ziegler–Nichols’ closed-loop tuning method was used
for tuning the PID controller [26,27]. In the constant supply mode,
the H2 S flow rate was constant at 2.5 NmL min−1 (N stands for
normal conditions, meaning T = 293 K and P = 1 × 105 Pa). The
pulse wave supply alternates between 2.5 and 5 NmL min−1 every
50 h, this supply mode mimics process start-up and emergency
shut off the unit. The triangle wave supply mode comprises a
stepwise increase of the H2 S supply rate from 1.5 to 9.5 NmL
min−1 with 20 min for each step. This supply mode mimics the
slow process start-up. In the last tested mode, the H2 S supply
rate randomly varied between 2.5 to 9.5 NmL min−1 with 5 min
for each step. Subsequently, we tested the heuristic feedforward
strategy for oxygen supply, where the same H2 S supply patterns
were evaluated. The duration of the experiments was determined
either by the acidification rate of the medium or the accumulation
rate of biosulfur particles. In the case of sulfate formation rates
are relatively high, the proton formation rates are relatively high
as well. The operation of the system was terminated when pH

dropped below values of 8.0, as these conditions are considered
inappropriate for haloalkaliphilic sulfide oxidizing bacteria. Moreover, in our reactor setup at pH < 8.0, not all sulfide can be
absorbed into the alkaline solvent. In case the acidification rates
were limited, after about 15 days, the fed-batch operation was
stopped as the process solution became saturated with biosulfur
particles.
In addition, we validated the feedforward control strategy
after the addition of ethanethiol (ET) (Table 1). For this last
experiment, we chose the randomly varying stepwise H2 S supply
pattern, as this was the most challenging feed pattern in our experiments for achieving a stable process operation. The randomly
varying supply pattern may occur at natural gas production sites
due to the shutting or taking into operation of gas wells. In
anaerobic water treatment plants, this pattern can occur when
the gas buffer for collecting biogas is emptied.
In the ORP-based feedback control, the O2 /H2 S ratio was constantly monitored. Two O2 /H2 S ratios can be determined: supplied and actual ratios. The supplied ratio is equal to the amount
of oxygen passed through the mass flow controller per supplied
sulfide, whereas the actual or consumed O2 /H2 S ratio is calculated based on the formed products and how much oxygen is
required for their formation. In experiments with the O2 /H2 Sbased feedforward control strategy (Run 2 and 3), ORP was not
controlled. However, ORP measurements were used to enable a
comparison between the various runs 1–3. In what follows, ORPbased feedback control will be referred to as feedback control and
O2 /H2 S-ratio based feedforward control as feedforward control.
2.2. ORP-based feedback control
In the ORP-based feedback control strategy, a proportional–
integral–derivative (PID) feedback controller was implemented.
This controller automatically steers the oxygen supply (output)
in the biodesulfurization process based on continuous ORP measurements. Selection and tuning of respectively the P, I, and D
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Table 1
Overview of the process conditions of the experimental setup.
Parameter

Run 1
Feedback control

Run 2
Feedforward control

Run 3
Feedforward control

Active liquid volume, L
pH setpoint
Ethanethiol, mM S day−1
Salinity, Na+ M
Temperature, ◦ C
ORP setpoint, mV
O2 /H2 S supply ratio, mol mol−1

2.5
8.50 ± 0.05
0
1
35
−390
Not applicable

2.5
8.50 ± 0.05
0
1
35
Not applicable
0.63

2.5
8.50 ± 0.05
0.8–1.16
1
35
Not applicable
0.63

actions is a challenge in bioprocess control applications as it does
not account for changes in a microbial activity such as natural
adaptation [28–31], resulting from complex and often unknown
underlying biochemical processes. Nonetheless, we frequently
use PID controllers in bioprocesses, especially in lab-scale installations. To eliminate the sensitivity of the D-action with respect
to high frequent process noise, different filters can be applied
to damp the effect of noise. The built-in PID controller in the
Endress and Hauser multichannel transmitter also contains an
anti-windup scheme for limiting the integrator [32].
2.3. Medium composition
The haloalkaline medium was buffered with 0.045 M Na2 CO3
and 0.91 M NaHCO3 . The medium contained 1.0 g K2 HPO4 , 0.20 g
MgCl2 × 6H2 O, and 0.60 g urea, each per 1 L of ultrapure water
(Millipore, ISO 3696) and trace elements solution as described
in [33]. The pH of the medium was 8.5 ± 0.05 at 35 ◦ C.
2.4. Inoculum
A biomass inoculum was prepared by mixing different biomass
sources originating from three biodesulfurization installations:
Oilfield-1, Oilfield-2, and Pilot plant [25]. The names of biomasses
are denoted as the industry that a biodesulfurization installation
treats gas from. The Oilfield-1 full-scale installation treats associated gas containing low concentrations of thiols 50–200 ppm and
1%–5% of H2 S, whereas Oilfield-2 treats acid gas with 10%–20%
of H2 S and thiols [16,34]. Biomasses were mixed in a proportion
2:1:2, consequently the cells were concentrated by centrifugation
(15 min at 16,000 g), and the cell pellet was used to inoculate the
5 L bioreactor.
The biomass mix was used to inoculate the lab-scale biodesulfurization system for the first experimental run (Run 1, Table 1).
Afterwards, developed biomass was used as an inoculum for the
second and third experiment (Run 2 and Run 3, Table 1).
2.5. Analytical techniques
In total, two types of liquid samples were prepared, filtrated,
and precipitated with zinc acetate for anions measurements and
non-filtrate for biomass quantification and TOC analysis. All liquid
samples were stored at 4 o C before being analyzed (about three
days).
The biomass quantification was based on the amount of organically bound nitrogen that was oxidized to nitrate by digestion with peroxodisulfate (LCK238 and LCK338, Hach Lange, the
Netherlands). Prior to the analysis, we washed the cell pellet
twice at 20,238 g for 5 min with the nitrogen-free medium.
Washing was performed to exclude the quantification of the
nitrogen present in the medium in the form of urea.
We determined the concentrations of sulfate and thiosulfate
by ion chromatography (Metrohm Compact IC 761, Switzerland)
with an anion column (Metrohm Metrosep A Supp 5, 150/4.0 mm,
Switzerland) equipped with a pre-column (Metrohm Metrosep A

Supp 4/5 Guard, Switzerland). Before the analyses, all solids were
removed by filtration over a 0.45 µm membrane syringe filter
(HPF Millex, Merck, the Netherlands). Subsequently, the filtered
sample was mixed with 0.2 M zinc acetate in a 1:1 ratio to form
ZnS and to prevent chemical sulfide oxidation. In addition to
sulfur-containing anions, cations Na+ and K+ concentration were
also measured with ion chromatography as described earlier for
the anions [35]. The mobile phase for the Metrohm Metrosep
C4-150/4.0 mm column was 0.9 mL 3 mM HNO3 min−1 .
The biological sulfur concentration was calculated from the
sulfur mass balance based on the supplied sulfide and the actual
sulfate and thiosulfate concentrations, according to:

[S0 ]t = ∆t(H2 S supplied/Vliquid ) − [SO24− ]t − 2 ∗ [S2 O23− ]t − (S2x− )t ,
where the initial sulfur concentration is assumed to be zero.
This is a general method to establish the sulfur mass balance to
calculate sulfur selectivities [18,24,35,36]. For the overall process
selectivity, i.e., the average selectivity over the entire period
of operation, the same data set was used, and a linear regression analysis was performed. Concentrations of dissolved sulfide,
polysulfides, and possible volatile organosulfur compounds were
not taken into account, as their combined contribution to the
total concentration of sulfur species is negligible [18]. We also
assume ‘pseudo’ steady-state conditions of the system, which was
confirmed by the consecutive liquid and gas samples [16,21,37].
Sulfide was measured as total sulfide using a methylene blue
method with a cuvette test (LCK653, Hach Lange, USA). Sulfide
quantification was carried out immediately after sampling, and
samples were diluted in oxygen-free Milli-Q water (sparged with
N2 stream for 30 min) to exclude chemical oxidation.
To close the electron balance, carbonate and bicarbonate ion
concentrations were calculated using the Henderson–Hasselbalch
equation [38]. Hence, liquid samples were analyzed for the total
inorganic carbon concentrations using high-temperature catalytic
oxidation at 680 ◦ C with TOC-VCPH/CPN analyzer (Shimadzu, the
Netherlands).
The gas-phase (H2 S, N2 , CO2 , and O2 ) was analyzed with
a gas chromatograph (Varian CP4900 Micro GC, Agilent, the
Netherlands). The gaseous ethanethiol (ET) and diorgano polysulfanes concentrations were measured with a gas chromatograph (Thermo scientificTM Trace GC Ultra with Trace GC Ultra
valve oven, Interscience, Breda, the Netherlands) equipped with
R
a Restek column (RT⃝
-U-Bond, 30 m × 0.53 mm di × 20 µm
df). To enable meticulous flushing total sample volume was 3 mL.
R
All tubing was of the type Sulfinert⃝
, to prevent absorption and
reaction of the sulfur compounds.
The liquid ET and diorgano polysulfanes concentrations were
measured with the same gas chromatography as gaseous samples, but the injection was done to the liquid port. Samples
preparation followed with liquid–liquid extraction, where the
sample was mixed with n-hexane (Sigma-Aldrich, the Netherlands) and international standard (IST) stock solution in the ratio
of 10:9:1 (sample: n-hexane: IST stock solution). Beforehand, the
IST stock solution was prepared with 187.5 µL of thioanisole
(TAS) (Sigma-Aldrich, the Netherlands) into 49.8 mL of hexane.
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TAS concentration in the stock solution was 1023 ppm S. To
allow complete desorption of organosulfur compounds from the
sulfur particles surface, the preparation with the sample, IST in
n-hexane was extracted on a rotary shaker (600 rpm) during
30 min afterward, the upper liquid phase was sampled with a
glass syringe, and 0.8 µl were injected using a sandwich method.
A detailed description of the method and other used analytical
techniques are described in [25].
3. Results and discussion
3.1. Derivatization of the feedforward control strategy
From previous studies, it is known that the amount of oxygen supplied to the bioreactor should be proportional to the
amount of supplied sulfide gas to maximize the production of
sulfur [9,39]. Therefore, we decided to base the oxygen supply on
maintaining a constant average O2 /H2 S supply ratio (Fig. 3(A)).
From the stoichiometric reaction equation, it can be seen that
at a theoretical molar O2 /H2 S supply ratio of 0.5, the yield for
sulfur formation is maximal (see Eq. (1)). However, from previous
studies, we know that the actual maximal sulfur selectivity is
achieved at a slightly higher O2 /H2 S supply ratio, e.g., O2 /H2 S ratio
of about 0.60–0,65 mol mol−1 and that the sulfur selectivity is
between 90 to 100 mol% [8,19,37] while 0–10 mol% H2 S is converted to unwanted side products, mainly S2 O23− and SO24− . Hence,
we calculated the oxygen supply in this heuristic feedforward
strategy based on an average O2 /H2 S ratio of 0.63 mol mol−1 .
The heuristic feedforward controller was implemented in
FlowPlot software V3.35 to control the oxygen supply rate under
varying H2 S supply rates and at a constant O2 /H2 S supply ratio.
For example, 2.5 NmL min−1 of H2 S will result in ∼1.6 NmL min−1
of oxygen. Initially, we operated the system at a constant oxygen
supply flow rate, and we found that the measured ORP values in
the aerobic bioreactor started decreasing from −395 mV to values
less than -450 mV. Based on our previous research, we know that
this means that sulfide accumulates in the solution, which will
ultimately result in complete inhibition of the biological oxidation
capacity [15]. Therefore, to avoid such inhibition of biological
sulfide oxidation, we heuristically altered the oxygen supply, as
shown in Fig. 3(A).
The reasoning for choosing the oxygen supply step pattern is
to maintain biological activity and maximize sulfur selectivity in
the process solution, which is dependent on the reaction kinetics
and mixing regime in the bioreactors. First, the microbiological
community which performs the conversions is dynamic, i.e., both
kinetic parameters and composition are varying over time. In
addition, oxygen is supplied with air, which also serves to mix
the process solution. As a result, dynamic substrate gradients
may exist, which depend on the mixing regime in the bioreactor.
Klok et al. modeled the biological desulfurization processes and
showed that an optimal selectivity for sulfur formation exists,
depending on both the oxygen and sulfide supply rates [40].
Under or overdose of oxygen at a given H2 S load will lead to
increased chemical thiosulfate or biological sulfate formation, respectively. In case of a slight under dosage, the biological activity
will be limited as sulfate formation is minimized. Thus, some
additional O2 was dosed to avoid any limitations in the biological
activity and for the buildup of oxygen in the headspace of aerobic
bioreactor. To compensate for the overdosed oxygen, supply was
stopped for 50–60 s at the end of each 5 min control cycle.
On average, each cycle and sum of cycles does still result in an
average dosing ratio of 0.63 mol mol−1 .

3.2. Sensitivity towards oxygen
To compare the traditional feedback control strategy with
the newly proposed feedforward control strategy, several experiments were performed with the same H2 S loading patterns
without the addition of VOSCs. Initially, feedback control was
investigated at a constant sulfide loading, where the feedback
controller accurately manipulated the oxygen supply to maintain
a desired ORP setpoint value of −395 ± 5 mV [25]. Immediately
upon applying perturbations in the sulfide loading, an increase
in oxygen concentration was triggered (Fig. 4(A)). While ORP
was maintained at a stable set point (Fig. 4(B)), oxygen levels
increased from 1.7% to 12% in the headspace of the aerobic
bioreactor. At this latter high oxygen concentrations, product
formation shifted towards sulfate selectivity, which resulted in
a decrease of sulfur selectivity and more rapid acidification of
the process solution. From these results, it follows that maintaining the ORP setpoint with feedback control can effectively
remove H2 S but cannot optimize sulfur selectivity when H2 S
concentration in the feed gas fluctuates strongly (Fig. 4(A)).
Klok and co-workers formulated a model, which describes the
relationship between dissolved oxygen concentration, dissolved
sulfide, and ORP-value under halo-alkaline conditions (Appendix
A, Fig. A1), which in turn can be used to calculate the selectivities
for the various end-products (Appendix A, Fig. A2) [17]. From
these calculations, it follows that when the ORP sensor is sensitive
to reduced sulfur compounds, i.e., sulfide, sulfur selectivity becomes very sensitive to DO concentration. Moreover, ORP-based
control cannot guarantee a high sulfur selectivity, as it cannot
control oxygen concentration at fluctuating gas feeds. Given these
outcomes, the use of feedback control is insufficient to secure
high sulfur selectivity at fluctuating sulfide gas feeds, as shown
in Fig. 4(A).
In comparison with feedback control, the proposed feedforward controller shows more stable oxygen concentrations
(2 ± 0.5%) in the headspace of the aerobic bioreactor (Fig. 4(C)).
However, the measured ORP values show more variations, with
an average of −405 ± 10 mV, compared to the feedback control
strategy. Based on the achieved sulfur selectivity, it seems that
these occurred fluctuations in ORP have boosted biological sulfide
oxidation to sulfur by affecting the enzyme system of SOB. Moreover, it can be noticed that ORP values varied between −390 mV
and -410 mV. Previous studies show a logarithmic relationship
between ORP values and sulfide concentration [9], meaning that
the ORP becomes less sensitive at increasing sulfide concentrations, which correspond to lower ORP values. Therefore, the
process operates at low ORP values, i.e., below -400 mV becomes
more challenging, and dissolved sulfide may accumulate [19,41].
As a result, the SOB respiration rates will drop significantly,
leading to full respiration inhibition. Inhibited microbial activity
leads to sulfide accumulation and process medium acidification
that, in the end, will cause a total process deterioration.
However, during experiments with feedforward control, no
dissolved sulfide was detected in the process solution, even at an
ORP value of −420 mV. Hence, the use of the feedforward control allows to operate gas biodesulfurization process at low ORP
values, thereby removing H2 S from the feed gas to sufficiently
low H2 S levels in the gas leaving the absorber. The finding that
all H2 S is removed at ORP values below -420 mV indicates that
ORP values are only partly sensitive to sulfide concentrations,
whereas biological product formation is susceptive to oxygen
concentration. Therefore, in the gas biodesulfurization process
with large fluctuations in H2 S feed (Fig. 4(A)), ORP might still
be used as a controlled variable, for instance, in a model-based
(predictive) or feedforward-feedback control strategy that also
includes product formation.
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Fig. 3. Oxygen supply as derived from the basic feedforward pattern (A) with respect to the supplied H2 S pattern: (A) constant, (B) pulse wave, (C) triangle wave,
and (D) a randomly varying stepwise signal. The supply of H2 S and O2 is presented in NmL min−1 .

Fig. 4. A fragment of the measured oxygen concentration profile in the headspace of the aerobic bioreactor and corresponding readings from the oxidation–reduction
potential (ORP) sensor in the experiments with (A–B) ORP-based feedback control and (C–D) O2 /H2 S ratio-based feedforward control during a randomly varying
stepwise supply of sulfide.
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Table 2
Average product selectivity in the experiments with ORP-based feedback and O2 /H2 S ratio-based feedforward control at various sulfide supply patterns and ethanethiol†
(ET) addition (0.8–1.16 mM S day−1 ).
H2 S supply
pattern
Constant
Pulse wave
Triangle wave
Randomly varying signal
a

Feedforward control + ET†

Feedback control

Feedforward control

SO24−
a

S2 O23−

S8

SO24−

S2 O23−

S8

SO24−

7.0 ± 1.1
33.7 ± 1.0
28.1 ± 3.6

2.1 ± 0.1
0.0 ± 0.1
0.1 ± 1.2

92.2 ± 0.8
66.3 ± 1.0
71.9 ± 3.8

8.1 ± 0.3
2.2 ± 0.2
4.0 ± 0.1

0.2 ± 1.6
0.1 ± 3.0
0.1 ± 7.0

91.7 ± 1.6
97.7 ± 3.0
95.9 ± 7.1

Not tested

43.7 ± 0.6

0.0 ± 0.1

56.3 ± 0.6

2.7 ± 0.2

0.1 ± 1.5

97.2 ± 1.5

4.4 ± 1.7

S2 O23−

S8

0.0 ± 0.0

95.6 ± 1.7

Process operation data of the ORP-based control with constant H2 S flow is presented in Appendix B, Fig. B1.

3.3. Process performance
A comparison in terms of process performance was also made
between the conventional ORP-based feedback control versus
the newly proposed O2 /H2 S ratio feedforward control. In both
cases, similar H2 S dosing patterns were applied. At fluctuating
H2 S supply rates, the sulfur selectivity showed more variations
with the conventional controller (Fig. 5(A)) than was found for
the feedforward controller (Fig. 5(B)). At the constant supply
of H2 S, the sulfur selectivity was similar between both control
strategies (Table 2; see also Appendix B, Fig. B1). Initially, with
the use of ORP-based feedback control, the sulfur selectivity was
about 90 mol% and then decreased to about 60 mol% (Fig. 5(A)).
The observed decrease in sulfur selectivity corresponds with an
increase in the O2 /H2 S supply ratio, which ranged from 0.8 to
1.4 mol mol−1 . An increased O2 /H2 S supply ratio resulted in
higher selectivity for sulfate as more oxygen was available. Subsequently, sulfate selectivity increased with increasing SOB biomass
activity. Thus, any chemical oxidation of sulfide to thiosulfate was
low or even absent. However, it is also possible that any formed
thiosulfate was further oxidized to sulfate [16,23].
After the experiments using the ORP-based control strategy,
we initiated experiments with the feedforward strategy, from the
results in Fig. 5(B) and (C), it can be noticed that the product
formation was stable. On average, the selectivity for sulfur selectivity is about 97 ± 2 mol%. During the start of the experiments
with feedforward control, we applied a constant H2 S feed with
an altering oxygen supply pattern (Fig. 3(A)). The O2 /H2 S ratio
was gradually decreased from 0.84 mol mol−1 0.70 mol mol−1 by
reducing the oxygen supply. By the end of day five, we managed
to develop an oxygen supply pattern that fits the 0.63 mol mol−1
ratio. At this ratio with constant H2 S supply pattern (Fig. 3(A)),
the change from constant to any of the other three patterns
resulted in a lower sulfur selectivity of 92 ± 2 mol% and higher
sulfate selectivity 8 ± 0 mol% (Table 2). Sulfur selectivity during
the constant, triangle wave, and randomly varying H2 S supply
were all around 96 mol% with about 4 mol% of sulfate. Based on
these results, we concluded that the feedforward control strategy
in the gas biodesulfurization process results in a more stable
process operation with higher selectivities for sulfur formation as
compared with the ORP-based feedback control strategy (Table 2).
To test the robustness of the novel feedforward control strategy, we continued our experiments with a randomly varying
H2 S feed pattern and with the addition of ethanethiol (ET) to
the gas biodesulfurization setup (Fig. 6). In this experiment, we
used the oxygen supply pattern of Fig. 3(A) with an average
O2 /H2 S ratio of 0.63 mol mol−1 . After 10 days of stable process
operation, the sulfur selectivity in the presence of ET was, on
average, 96 ± 2 mol%, with 4 ± 2 mol% of sulfate (Table 2).
Moreover, the process operation was stable, with a daily sulfur
selectivity consistently above 90 mol%. Whereas in our previous
studies, the process operation was less stable, because the oxygen
supply was affected by a drift of the ORP sensor due to the
presence of diorgano polysulfanes [16,25,35]. It is important to
mention that the biomass concentration in the presence and

absence of ethanethiol is comparable (Figs. 5 and 6). This shows
that possibly the SOB biomass adapted to ethanethiol. Also, the
biomass activity did not decrease, because supplied ethanethiol
concentration (with a loading rate of 1.16 mM day−1 ) is less than
IC50 reported before [15].
We found ethanethiol and its autoxidative products diethyl
disulfide and diethyl trisulfide in the headspace of both bioreactors and gas outlet (Appendix C). However, no organic sulfur
compounds were determined in the liquid, possibly due to the
high volatility and low concentration of ethanethiol. Nonetheless,
the presence of ethanethiol and diorgano polysulfanes did not
affect process performance when the feedforward control strategy was used. This observation indicates the robustness of the
feedforward control in the presence of thiols or other volatile
organic compounds that can affect the ORP of the medium. Nevertheless, the O2 /H2 S ratio-based feedforward control strategy
requires measurements of the concentration of sulfide feed to
the gas biodesulfurization installation. Hence, sensors for H2 S
measurements are required to be installed in the feed gas line so
that the oxygen supply can be calculated based on the incoming
sulfide.
In addition to the requirement of online measurements of
the feed gas, feedforward control without feedback action might
result in problems when modeling errors appear over time in the
form of errors in the plant model. In such a case, the chemical reaction equations (1–3) or in the form of disturbances not
considered in the feedforward strategy. Hence, some feedback
actions need to be included in (full-scale) bioreactors, which are
operated on the longer term (Fig. 7). For example, ORP measurements with corresponding feedback control might still be
used to keep the process in operation, i.e., maintaining high H2 S
removal efficiencies. Furthermore, while full-scale systems are
primarily controlled by air/oxygen dosing, also some other online
measurements (e.g., treated gas specifications, gas, and liquid
flow) and offline measurements (e.g., process solution analysis)
may be used. Another option is to update the basic feedforward
pattern (Fig. 3(A)) using online and/or offline measurements,
leading to so-called learning feedforward control. Future work
should identify which type of feedback action is most suitable to
be implemented in the control strategy of a full-scale biological
gas desulfurization process.
4. Conclusions
Our findings show that, in principle, the O2 /H2 S ratio-based
feedforward control for oxygen supply is a promising alternative
to the traditionally used ORP-based feedback control, especially
when sulfide loadings strongly vary or when other volatile organic sulfur compounds such as thiols and diorgano polysulfanes
are present in the feed gas. With the application of stoichiometrydriven heuristic feedforward control, in addition to complete
H2 S removal, the overall selectivity for sulfur formation was
increased, mainly because the addition of oxygen was less prone
to variations during upset process conditions, i.e., fluctuating
sulfide loading rates and there is no need to rely on the solution’s
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Fig. 5. Process performance using (A) ORP-based feedback control and (B–C) O2 /H2 S ratio-based feedforward control for oxygen supply in the double bioreactor gas
biodesulfurization line-up. Presented data points are averages of the analyzed triplicates. The system was operated at pH = 8.5, T = 35 o C. Vertical dashed lines
indicate a change in H2 S supply pattern: I — constant (H2 S loading 58.2 mM S day−1 ), II — pulse wave (116.3 mM S day−1 ), III — triangle wave (126.5 mM S
day−1 ), IV — randomly varying signal (26.5 mM S day−1 ). S8 is elemental sulfur that is shaped into a crystal form from S0 .

Fig. 6. Performance of the laboratory bioreactor with feedforward control for oxygen supply in the presence of ethanethiol (ET). Presented data points are averages
of the analyzed triplicates. The system was operated at pH = 8.5, T = 35 o C and randomly varying signal pattern for H2 S supply. S8 is elemental sulfur that is shaped
into a crystal form from S0 .

Fig. 7. Block scheme of the proposed heuristic feedforward-feedback control strategy for a full-scale biological gas desulfurization process in the presence of the
volatile organic sulfur compounds (VOSC).
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oxidation–reduction potential (ORP). In addition, it is essential to
maintain the oxygen concentration in the aerobic bioreactor at
low levels and at low ORP to achieve high sulfur selectivity >
90 mol%. Furthermore, O2 /H2 S ratio-based control shows good
results in the presence of thiols. However, more research is required to identify the limits of the feedforward control at higher
loading rates of various thiols. For the implementation in fullscale installations, robust and reliable sensors are required for
H2 S and thiol detection in the gas or liquid streams, to regulate
oxygen/air supply based on the incoming H2 S flow/concentration.
Finally, the implementation of some type of feedback action will
still be required.
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