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A B S T R A C T   

For over 30 years, biological gas desulfurization under halo-alkaline conditions has been studied and optimized. 
This technology is currently applied in already 270 commercial installations worldwide. Sulfur particle sepa
ration, however, remains a challenge; a fraction of sulfur particles is often too small for liquid-solid separation 
with conventional separation technology. In this article, we report the effects of a novel sulfidic reactor, inserted 
in the conventional process set-up, on sulfur particle size and morphology. In the sulfidic reactor polysulfide is 
produced by the reaction of elemental sulfur particles and sulfide, which is again converted to elemental sulfur in 
a gas-lift reactor. We analyzed sulfur particles produced in continuous, long term lab-scale reactor experiments 
under various sulfide concentrations and sulfidic retention times. The analyses were performed with laser 
diffraction particle size analysis and light microscopy. These show that the smallest particles (< 1 µm) have 
mostly disappeared under the highest sulfide concentration (4.1 mM) and sulfidic retention time (45 min). Under 
these conditions also agglomeration of sulfur particles was promoted. Model calculations with thermodynamic 
and previously derived kinetic data on polysulfide formation confirm the experimental data on the removal of the 
smallest particles. Under the ‘highest sulfidic pressure’, the model predicts that equilibrium conditions are 
reached between sulfur, sulfide and polysulfide and that 100% of the sulfur particles <1 µm are dissolved by the 
(autocatalytic) formation of polysulfides. These experiments and modeling results demonstrate that the insertion 
of a novel sulfidic reactor in the conventional process set-up promotes the removal of the smallest individual 
sulfur particles and promotes the production of sulfur agglomerates. The novel sulfidic reactor is therefore a 
promising process addition with the potential to improve process operation, sulfur separation and sulfur 
recovery.   

1. Introduction 

Sulfur is the 10th most abundant element in the universe and plays a 
vital role in the Earth’s ecosystem through the (bio)chemical sulfur cycle 
(Palme et al., 2014). The element can be present in various oxidation 
states, from sulfide (S2− ) being the most reduced state (− 2) to sulfate 
(SO4

2− ) being the most oxidized state (+6). Elemental sulfur (S with an 
oxidation state of zero), can be recovered from (bio)gas streams using 
biological desulfurization (BD). Sulfur is present in this (bio)gas as toxic 
and corrosive H2S. By removing H2S, corrosion of pipes, toxicity to 

humans and the ecosystem and the generation of acid rain are prevented 
(Guidotti, 2010; Likens and Bormann, 1974; Pope et al., 2007; Smith 
et al., 2011). Main advantages of BD in comparison with chemical and 
physical alternatives are operation at ambient pressure and tempera
ture, and without toxic chemicals (Cline et al., 2003; Van Den Bosch 
et al., 2007). In BD under halo-alkaline conditions, H2S present in sour 
gas (gas with substantial amounts of H2S) is absorbed in a moderately 
alkaline solution, reacts to soluble bisulfide and is subsequently oxidized 
in a gas-lift reactor by a mixed culture of sulfide-oxidizing bacteria 
(SOB) to elemental sulfur (Eq.1) 
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HS− + 1
/

2O2→S0 + OH− (1) 

At ambient temperatures and pressures elemental sulfur exists in 
rings and polymeric chains of different sizes (Sn). In BD under halo- 
alkaline conditions, eight S0 atoms form a ring (S8) and crystallize to 
the most stable configuration in aqueous systems which is orthorhombic 
α-S8 (Mol et al., 2020). Next to formation of elemental sulfur, oxidized 
by-products such as sulfate and thiosulfate are formed due to over
exposure to dissolved oxygen. Sulfate is formed biologically while 
thiosulfate is formed abiotically. These compounds are undesirable as 
they lead to acidification and consequently addition of chemicals is 
needed to neutralize the process solution. Moreover, elemental sulfur is 
the preferred S-species as it is stable, easy to separate, transport, store 
and re-use due to its solid properties. Biologically produced sulfur is 
known to have hydrophilic properties, which makes it more suitable for 
applications in water in comparison with chemically produced sulfur 
(Janssen et al., 2009). In this study, we further refer to elemental sulfur 
as ‘sulfur’, describing the solid, elemental material. 

Although BD under halo-alkaline conditions has been intensively 
studied and is already largely applied on a commercial scale (>270 in
stallations worldwide in 2017) (Buisman et al., 1990; De Rink et al., 
2019; Janssen et al., 1999; Kiragosyan et al., 2019; Klok et al., 2017, 
2013, 2012; Van Den Bosch et al., 2007), the sulfur settleability is still a 
major challenge. In recent years the scale of BD installations has 
increased due to their application for natural gas desulfurization. This 
trend makes certain operational parameters, such as sulfur separation, 
even more important. Even though sulfur separation in larger in
stallations often happens with a decanter centrifuge or hydrocyclone, a 
concentration step of the reactor suspension before entering the 
centrifuge is still beneficial for operation of the centrifuge. For smaller 
installations a centrifuge is often not economically viable, so sulfur 
separation relies solely on the settleability of the sulfur particles. Due to 
the lack of control over sulfur particle properties, such as size and 
morphology, the sulfur particles sometimes settle poorly. In this study, 
we use the term ‘particle’ as an umbrella term, including colloids, 
crystals, intergrown crystals, aggregates, agglomerates etc. unless 
otherwise specified. In this case, a particle is any shape the elemental 
sulfur can take, as long as in a sedimentation context it settles as one 
unit. Differences in settleability between various industrial reactors 
were found in an earlier study (Mol et al., 2020). In this earlier study, we 
described that small, non-settling sulfur particles with a median diam
eter of 0.3 µm could account for at least 13.6% of the total number of 
particles. Additionally, it was reported that in industrial BD installations 
settleability of the produced sulfur can fluctuate over time (L. Feenstra, 
Industriewater Eerbeek, personal communication, 7 September 2021). 
Poorly settleable sulfur may lead to hampered process operation, as it 
accumulates in the system. Accumulated sulfur can cause clogging of 
pumps and pipes, and, under high concentrations, foaming as well 
(Kleinjan et al., 2006). Moreover, small sulfur particles are more prone 
to side reactions, such as oxidation, due to their larger relative surface 
area. Another reason why sulfur needs to be recovered effectively is that 
sulfur as raw material is expected to become more important in the 
future. Not only is sulfur an essential nutrient for agriculture, but there is 
also an emerging market for sulfur in other applications such as capacity 
cathode material in rechargeable batteries, advanced materials, metal 
bioleaching or as electron donor in autotrophic denitrification (Di Capua 
et al., 2016; Eriksen et al., 2004; Florentino et al., 2015; Lim et al., 2015; 
Roig et al., 2004; Seidel et al., 2006; Soares, 2002; Ucar et al., 2020; Zhu 
et al., 2019). Therefore, it is relevant to improve sulfur recovery. 

Sulfur particle recovery is a challenge. As a solution, we propose a 
new process design to remove the smallest particles (< 1 µm) from the 
reactor liquid. This new design was used in two earlier studies, but with 
a different experimental purpose (De Rink et al., 2019; Kiragosyan et al., 
2020). The design consists of a sulfidic reactor in which the smallest 
sulfur particles are dissolved to polysulfides by a reaction with sulfide. 
The formed polysulfides can then again be (biologically) oxidized to 

elemental sulfur upon exposure to oxygen in the gas-lift reactor. The 
sulfidic reactor is placed between the absorber and the gas-lift reactor 
and the reactor content (buffered medium, SOB, sulfur particles, dis
solved sulfur species) is continuously circulated over all reactor com
partments of the set-up. The retention time in the absorber and sulfidic 
reactor can be called ‘Sulfidic’ Retention Time (SuRT). SuRT is defined 
as the amount of time the reactor content is retained under sulfidic, 
anoxic conditions before being pumped to the gas-lift reactor. 

In this study, we have investigated the effect of various Total Dis
solved Sulfide (TDS) concentrations and SuRTs on the presence of sulfur 
particles with a diameter <1 µm in the solution. This was tested by long 
term, continuous, lab-scale bioreactor experiments. The results were 
validated with a model based on physical and chemical laws, describing 
the effect of TDS concentration and SuRT on polysulfide formation rates 
and particle dissolution. 

2. Materials and methods 

2.1. Experimental set-up 

A lab-scale reactor set-up was used with an absorber (A) and gas-lift 
reactor (C) (Fig. 1). For extended configuration, two additional reactor 
compartments were added: a sulfidic reactor (B) between the absorber 
and the gas-lift reactor and a settler (D) after the gas-lift reactor. Reactor 
A had a height of 27 cm and an inner diameter of 4.5 cm, reactor B had a 
height of 75 cm and inner diameter of 12.5 cm, reactor C had a height of 
85 cm and inner diameter of 12.5 cm, and reactor D had a height of 55 
cm and upper inner diameter of 10 cm and bottom inner diameter of 3.2 
cm. Reactor A was not stirred but mixed by the liquid in-and outflows. 
Reactor B was mechanically stirred with a stainless-steel stirrer. Reactor 
C was a gas-lift reactor which was stirred by the downer-riser flows 
created by the introduction of gas in the bottom of the reactor. The inner 
column was 8 cm in diameter and had a height of 44.5 cm. Reactor D was 
not stirred. The sulfidic reactor is a zone with retention time of reactor 
content (buffered medium, SOB, sulfur particles, dissolved sulfur spe
cies) under anoxic, (poly)sulfidic pressure. The absorber by itself is also 
a small sulfidic zone. The liquid volumes of the set-ups with and without 
the sulfidic reactor were 9.1 and 5.6 L, respectively (both with settler). 
Without settler (but with sulfidic reactor) the wet volume was 7.6 L. The 
volume of the gas-lift reactor was 3.7 L. The gas flow was recycled over 
the headspace of gas-lift reactor with a vacuum pump to prevent any 
release of the H2S gas and to reach low oxygen concentrations. The gas 
was introduced with a porous stone to the bottom of the inner column of 
the gas-lift reactor to ensure proper oxygen transfer and mixing. Pure 
H2S gas and oxygen were supplied by mass flow controllers (Brooks, 
5850E series, 0–100 nml/min and 0–20 nml/min for oxygen and H2S 
during the experiment with the middle and lowest H2S loading, Brooks 
Instrument LLC, Hatfield, USA). In case of pressure build-up, excess gas 
was discharged via a water-lock saturated with zinc acetate to capture 
any potentially present H2S. The reactors were operated at 35 ◦C using a 
thermostat bath and climate-controlled cabinet. 

2.2. Medium composition 

The medium consisted of a buffer with 6.6 g L − 1 Na2CO3 and 69.3 g 
L − 1 NaHCO3 in demineralized water at pH 8.5. Fresh buffer was sup
plied at a constant flow to maintain enough alkalinity in the system. 
Furthermore, a nutrient stock was supplied for biological growth con
taining (in g per 1 L of demineralized water): K2HPO4, 0.1; MgCl2 6H2O, 
0.0203; NaCl, 0.6; CH4N2O, 0.06 and 2 mL L − 1 trace element solution as 
in Pfenning and Lippert (Pfennig and Lippert, 1966). 

2.3. Experimental operation 

The experiments carried out with the various conditions are 
numbered Exp. 1–4. An overview of the operational conditions per 
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experiment is provided in Table 1. A settler was included for the ex
periments with the highest H2S loading rate to prevent sulfur accumu
lation in the system, i.e. to avoid operational issues such as foaming and 
clogging due to sulfur build-up. Experiments with lower H2S loading 
rate were conducted without the settler to collect a sample in which all 
particles that were produced under the specific experimental conditions 
were present, without removing any particles with the settler. We as
sume that the removal of the largest, settling particles does not impact 
the presence of the smallest particles in the process solution. The latter is 
studied in this paper. Reactors were filled with medium and inoculated. 
In all experiments, the set-up was operated in continuous mode without 
interruption. Throughout all experiments, the H2S supply was kept 
constant for that experiment. The H2S load was used to set the TDS 
concentration in the sulfidic reactor. To keep the conversion efficiency 
from sulfide to sulfur high, the oxidation–reduction potential (ORP) was 
set at − 360 mV vs. Ag/AgCl, which is a representative set-point for in
dustrial reactors. The ORP set-point was controlled by a proportional- 
integral (PI) controller. The PI controller regulated the oxygen supply 
rate. Samples (well-mixed reactor content with sulfur particles, medium 
and microorganisms) were taken for analysis at a sampling port in the 
middle of the sulfidic reactor (Exp. 3–4) and the gas-lift reactor (all 
experiments). The sampling tubes from the reactor were flushed three 
times prior to sampling to obtain a representative sample. 

2.4. Inoculum 

Exp. 1 was inoculated with centrifuged microorganisms (to remove 
excess sulfur) from a lab-scale sulfur-producing gas-lift bioreactor, 

operated under continuous conditions, like the conditions applied in this 
experiment. The original inoculum of this reactor was obtained from a 
well-characterized industrial scale BD facility under halo-alkaline con
ditions of Industriewater Eerbeek B.V. (Eerbeek, The Netherlands, 
hereafter referred to as ‘Eerbeek’) (Janssen et al., 2009). To remove the 
sulfur, the reactor content was centrifuged at 4500 RPM for 20 min 
(FirLabO, Froilabo, Paris, France). A pellet was formed with two layers: 
a bottom layer of elemental sulfur and a layer with microorganisms on 
top. The layer with microorganisms was carefully washed off. Exp. 4 was 
inoculated with centrifuged microorganisms directly taken from Eer
beek. Exp. 2 and 3 were inoculated with microorganism-rich process 
solution from Exp. 1 and 4 as described in Table 1. 

2.5. Analysis 

Reactors were equipped with sensors for temperature and ORP 
(Triple Junction, platinum rod, glass electrode equipped with an inter
nal Ag/AgCl reference electrode, ProSense, Oosterhout, The 
Netherlands). Methods to measure sulfate and thiosulfate concentra
tions, sulfur particle size distribution (PSD), alkalinity, conductivity, pH 
and total sulfur concentration were previously described elsewhere 
(Mol et al., 2020). PSD can be expressed both volumetrically and 
numerically; in a volumetric based particle size distribution, larger 
particles have a heavier weight as, due to their size, they often comprise 
a larger percentage of the total solid volume. In a numeric based dis
tribution, each particle has an equal weight, independent of the particle 
size. According to common practice, when a PSD had to be represented 
by a single value, the median (D50) of the PSD was reported to show the 
particle size development over time. The median has a better way of 
representing the central location of the data in a non-normal distribution 
than the mean and is relatively unaffected by outliers (Field, 2009) . 

The microorganism concentration was measured as the amount of 
total nitrogen as in De Rink et al. (2019). This method is based on the 
absorbance of nitrophenol at 345 nm and performed with the TNTplus™ 
826 persulfate digestion method (Hach Company, Loveland, Colorado, 
United States). Presence of biologically produced sulfur did not affect 
the measured nitrogen concentration (Van Den Bosch et al., 2007). 
Analysis of sulfur particles with light microscopy was performed ac
cording to Mol et al. (2020). Process selectivity for elemental sulfur was 
calculated by the mass balance based on H2S supply and the measure
ment of dissolved sulfur products formed (De Rink et al., 2019). In our 
study when the term ‘HS− ’ is used, we refer to the sum of TDS (H2S, HS−

and S2− ) as most of the dissolved sulfide is present as HS− at pH 8.5. 
Operational reactor data can be found in SI Table 1. 

Fig. 1. Experimental set-up. A) absorber, B) sulfidic reactor, C) gas-lift reactor, D) settler and S) sampling port. For the line-up without the sulfidic reactor, the liquid 
from the absorber was introduced in the bottom of the gas-lift reactor. For the line-up without the settler, the solution was recirculated through the connection where 
nutrients and medium were added. Dashed lines are gas streams. Solid lines are liquid streams. 

Table. 1 
Experimental conditions.  

Process condition Exp. 1 Exp. 
2 

Exp. 
3 

Exp. 4 

Sulfidic reactor no yes yes yes 
Sulfidic retention time 

(min) 
4.8 45.0 38.7 38.7 

TDS concentration in 
sulfidic zone (mM) 

8.3 4.4 1.9 1.0 

S-loading rate (g S L − 1 

gas-lift reactor day− 1) 
4.4 4.4 2.0 1.0 

Total system volume a (L) 5.6 9.1 7.6 7.6 
Duration (days) 31 28 16 41 
Inoculum Enriched from 

Eerbeek in lab-scale 
reactor 

Exp. 
1 

Exp. 
4 

Eerbeek  

a Volumes of reactor compartments can vary slightly. 
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2.6. Mathematical model 

A mathematical model of a continuous stirred-tank reactor (CSTR) 
was developed to simulate the polysulfide formation in the sulfidic zone 
of the experimental setup. It is assumed that this zone is ideally mixed, i. 
e. pH and temperature are constant. The mass balances, in terms of a set 
of differential equations, are given by: 

dCs

dt
=

Q
V

⋅
(
CS,in − CS

)
− (x − 1)⋅RSx (2)  

dCSx

dt
= −

Q
V

⋅CSx + RSx (3)  

dCHS

dt
=

Q
V

⋅
(
CHS,in − CHS

)
− RSx (4) 

Whereby Cs is the concentration of sulfur present in small sulfur 
particles in the sulfidic zone (Fig. 1, reactor B) (mol-S•L − 1), CS,in the 
concentration of sulfur present in small sulfur particles in the feed to the 
sulfidic zone (Fig. 1, concentration in flow from reactor A and C to B) 
(mol-S•L − 1), Q the volume flow to the sulfidic reactor (flow from 
reactor A and C to B) (L•s − 1), V the volume of the sulfidic zone (reactor 
B) (L), x the average chain length of polysulfide, RSx the average for
mation rate of polysulfide (for all possible values of x) (mol•L − 1•s − 1), 
CSx the concentration of polysulfide (mol•L − 1), CHS the concentration 
of TDS in the sulfidic zone and CHS,in the concentration of TDS in the feed 
of the sulfidic zone (mol-S •L − 1). The term ‘− 1′ in Eq. (2) represents the 
‘S’ that originates from HS− in the reaction with elemental sulfur or 
polysulfide, and thus does not contribute to the mass balance of zero 
valent elemental sulfur. 

While polysulfide formation is known to be a sequence of reaction 
steps, after which long chain polysulfides S9

2− can rearrange to shorter 
chain length, we assume for the sake of simplicity that all polysulfides 
that are formed have an average chain length x, which is calculated 
based on the thermodynamic expressions by Kamyshny et al. (2004). 
The calculated value of x for the experimental conditions is 5.05, which 
is in agreement with reported measurements under similar conditions by 
Roman et al. (i.e. 5.17 and 5.18) (2014) . 

The polysulfide formation rate is generally described by both unca
talyzed and catalyzed reactions, slightly adjusted from Kleinjan et al. 
(2005a): 

RSx =
Ac⋅(CSx − CSx)

CH+

⋅
(
k∗1⋅(CSx − CSx)+ k∗2⋅CSx

)
(5) 

Where Ac is the concentration of the specific surface area of sulfur 
(m2•m − 3), k∗

1 and k∗
2 the uncatalyzed and catalyzed reaction rates 

respectively (s − 1), CH+ the concentration of protons (mol •L − 1) and CSx 

the equilibrium concentration of polysulfide (mol •L − 1). The latter term 
is adjusted to describe the dynamic equilibrium and is obtained via the 
equilibrium constant for average polysulfide chain length, Kx, according 
to Kleinjan et al. (2005b): 

CSx = Kx⋅
CHS−

CH+

(6) 

We hereby assume that the TDS concentration does not go to zero. A 
list with parameters is provided in the Supplementary Information (SI 
Table 2) 

3. Results and discussion 

3.1. Particle size 

Four long term (16–41 days), continuous lab-scale reactor experi
ments were performed at different TDS concentrations and SuRTs i.e. 
using an additional sulfidic process step. Sulfide was successfully con
verted to elemental sulfur under all four applied conditions, leading to 

the presence of sulfur particles in the reactor solution. Operational 
reactor performance data on parameters such as product formation, 
bacteria concentration etc. can be found in SI Table 1. Particle size 
distributions (PSD) of sulfur particle samples at the end of each exper
iment taken from the gas-lift reactor during the experiments are shown 
in Fig. 2. 

In general, the number-based particle size distributions ranged from 
0.1 to 50 µm. This is a typical size distribution for biologically formed 
sulfur particles in these types of systems (Janssen et al., 1996; Kleinjan 
et al., 2005a; Leerdam et al., 2011; Li et al., 2020; Mol et al., 2020; Mu 
et al., 2021; Roman, 2016). The particles had a unimodal distribution, 
except for Exp. 3 where the distribution had a bimodal tendency. The 
particles from Exp. 1 had a median particle size of 0.6 µm. The particles 
from Exp. 2 are considerably larger with a median diameter of 3.8 µm. 
From previous work it is known that the peak of Exp. 2 likely belongs to 
sulfur agglomerates and the peaks of Exp. 1, 3 and 4 to single particles or 
a mix thereof (Mol et al., 2020). For the samples from Exp. 3 and 4 the 
median particle sizes were 0.9 and 0.7 µm respectively. 

Fig. 3 provides an overview of the median particle diameters of 
particles from all four experiments over time. As the range on the y-axis 
does not allow for details to be visible for Exp. 1, 3 and 4, the same data 
can be found in SI Fig. 1 with a y-axis range of 0–2 µm. 

The conditions in Exp. 2 were found to be optimal for the removal of 
the smallest particles. In this experiment the TDS concentration was 
relatively high in the sulfidic reactor (4.4 mM) and SuRT was the longest 
of all experiments (45.0 min). This combination of high TDS con
certation and long SuRT lead to high ‘sulfidic pressure’. During the 
entire experiment, Exp. 2 is dominated by larger particles (3.5 ± 1.9 
µm), whereas the particles from the other experiments are considerably 
smaller. In Exp. 2, submicron (<1 µm) particles have almost completely 
disappeared. A likely explanation is that they have reacted to poly
sulfides. At higher TDS concentration (8.3 mM), but much shorter SuRT 
(4.8 min) the particles had an average median diameter of 0.3 ± 0.2 µm 
(Exp. 1). At a moderate TDS concentration (1.9 mM), but with similar 
SuRT as Exp. 2, the median particle diameter was 0.5 ± 0.2 µm (Exp. 3). 
The median particle diameter of Exp. 3 is thus also smaller than the 
median particle diameter of Exp. 2. Interestingly, the particles in Exp. 3 
seemed to grow towards the end of the experiment (Fig. 4). At day 13, an 
elbow-shaped peak appears after 1 µm and the peak below 1 µm shifts to 
the right and becomes smaller. This shows that small particles are dis
appearing. However, at day 10, the particle size on average again 
became smaller. A peak appeared at 50–100 nm in one of the triplicate 
measurements. Possibly the particles causing this peak were freshly 
formed sulfur nuclei. Perhaps they were only present in smaller amounts 
and therefore were not measured on other PSDs, such as on day 3. On the 
last day, day 16, the median particle diameter was 0.9 µm. This final 
median particle diameter is considerably larger than average median 
particle diameter of Exp. 3. The hydraulic retention time (HRT) in Exp.3 
was 25 days and as the set-up used in Exp. 3 did not have a settler, the 

Fig. 2. PSD for the experiments. Samples were taken on day 28 of the 
respective experiment (except Exp. 3 at day 16). Lines are average of triplicate 
measurements with average maximum deviation of 0.9%. Exp.1 median=0.6 
µm, Exp. 2 median= 3.8 µm, Exp. 3 median =0.9 µm and Exp. 4 median =
0.7 µm. 
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HRT was assumed to be equal to the retention time of particles in the set- 
up. The slow dynamics of the behavior of particle size along time in 
Exp.3 were due to this long HRT and relatively low sulfide loading rate. 
Interestingly, in Exp.4, which has a similar HRT of 23 days, no growth at 
all was observed likely due to the even lower sulfide loading rate. 

In addition, in the gas-lift reactor the particles were significantly 
larger than in the sulfidic reactor towards the end of the experiment (see 
SI Fig. 1 for a figure with smaller range on y-axis). This is likely due to 
the partial breakdown of particles in the sulfidic reactor, which are then 
rebuilt due to new sulfur formation by (poly)sulfide oxidation in the gas- 
lift reactor. In Mol et al. (2021, 2022) the agglomeration process was 
studied in more detail. It was shown that the agglomerates are shaped 
through a balance between build-up by freshly formed particles and 
breakdown of particles to polysulfide. For Exp. 4, at the lowest TDS 
concentration (1.0 mM), the particle size remained stable throughout 

the experiment with a median diameter of 0.5 ± 0.1 µm, probably 
because the HS− concentration was limiting the dissolution of sulfur. 
Evidently, the addition of a sulfidic reactor leads to the removal of the 
smallest submicron particles if the TDS concentration is sufficiently 
high. It seems that Exp. 3 was operated at boundary conditions, as we 
observe just a slight effect on particle size, and only at the end of the 
experiment. 

3.2. Particle size and morphology analysis with light microscopy 

The sulfur particles formed under the various experimental condi
tions had distinctively different morphologies as observed with light 
microscopy (Fig. 5). Sulfur particles were distinguished in the light 
microscopy pictures as light, radiant particles (single particles) or darker 
patches with light, radiant edges (agglomerated particles). The black 
spots in the background were microorganisms as they showed move
ment and on occasion, a dividing ‘black spot’ was observed. Further
more, the appearance of SOB is similar in light microscopy pictures in 
other publications (Marnocha et al., 2016; Sorokin et al., 2006). 

In the pictures of Exp. 1 and 4, many small individual (sub)micron- 
sized sulfur particles were visible, which is in good agreement with the 
particle size distribution (Fig. 5a, d). In Exp. 1 also large agglomerates 
(~20 µm) were present in seemingly low concentration. The concen
tration was likely too low to be visible in the number-based particle size 
distribution. In Exp.1 and 4 the particles seemed mainly globular (rough 
and smooth) and around a size of 1 µm. 

In Exp. 2, however, small (sub)micron particles were hardly visible 
(Fig. 5b). Also, in Exp. 3 not a lot of these particles seemed present, at 
least not as many as in Exp.1 and 4 (Fig. 5c). Larger, agglomerated, 
sulfur particles were observed in the pictures of Exp. 2 and 3. In both 
experiments large agglomerates were visible of 20–30 µm, but also 
smaller ones of 5–10 µm. The center of the agglomerates appeared dark 
due to the thickness of the sample, which could be observed while 
focusing the microscope. No microorganisms were observed attached to 
the agglomerates, as they could easily be distinguished as small black 
spots of around 1 µm in the sample. It is possible that due to mixing 
during PSD measurement, the larger aggregates were slightly broken 

Fig. 3. Influence of operational parameters on median sulfur particle diameter. The median particle diameters of Exp. 1–4 were measured over the entire course of 
the experiments. For Exp.3–4 samples were also analysed from the sulfidic reactor. For Exp. 2 this was not done, and Exp. 1 did not have a sulfidic reactor. 

Fig. 4. Particle size development in Exp. 3. Particle size distributions are av
erages of triplicate measurements. Particles are getting bigger over time with a 
large shift from day 13 onwards, likely due to the dissolution of the smallest 
particles to polysulfides. At day 10, also a peak below 0.1 um appears in one of 
the triplicates. This peak could be attributed to freshly formed sulfur nuclei. 
Maximum deviation between triplicates day 3 = 0.2%, day 10=11.6%, day 
13=1.1% and day 16=3.0%. 

A.R. Mol et al.                                                                                                                                                                                                                                   



Water Research 227 (2022) 119296

6

down, and thus not measured. In addition, since the PSD is number 
based, the small particles weigh just as heavy in the distribution as the 
larger ones, and there are clearly more small particles than larger ones in 
terms of numbers. However, the larger ones were more visible in the 
microscopy picture. From the rough, lumpy edges of the agglomerates it 
was observed that they were composed of many small individual crystals 
(see 1000x magnification pictures for more detail in SI Fig. 2). It is very 
likely that the addition of the sulfidic reactor also influenced the for
mation of these agglomerates. Yet, from the light microscopy pictures it 
became clear that the smallest individual particles were hardly present 
in Exp. 2 and only to some extent in Exp. 3. Therefore, as a result of the 
dissolution of the smallest particles, and the enhanced agglomeration 
observed by addition of the sulfidic reactor, we measured a larger par
ticle size in the gas-lift reactor. In Mol et al. (2021) we elaborated on the 
agglomeration mechanism. The agglomeration is a result of the balance 
between dissolution and formation of elemental sulfur. 

It is argued that a potential change in biomass composition did not 
affect the sulfur particle properties. We reported the hydraulic retention 
times (HRT) of the total reactor set-up in SI Table 1. Hereby we assume 
that the mean cell residence time (MCRT) is equal to the HRT as the 
biomass is suspended. For example, Exp.1 and 2 had similar HRTs (8 and 
12 days) and durations (31 and 28 days) but the sulfur particle prop
erties were very different. In another publication (Mol et al., 2021) we 
show similar experiments where we followed the relative abundance of 
species in the reactor, and we did not see a large change in composition, 
whereas the properties of the sulfur particles did change within the 
measured timeframe. In another study it was shown that after 73 days of 
operation, the biomass composition did change, whereas this change 
was not yet visible after 19 days (De Rink et al., 2019). 

3.3. Role of polysulfide formation in removal of the smallest particles 

The removal of the smallest particles in the experiments was likely 
due to the formation of polysulfides in the sulfidic reactor. During the 
SuRT, sulfur reacted with dissolved bisulfide, and an equilibrium is 

established with polysulfides (Eq. (7)). 

HS− + S8⇆HS−
9 ⇆S2−

9 + H+ (7)  

S2−
9 + HS− ⇆2S2−

5 + H+ (8) 

The long chain polysulfides can rearrange to shorter polysulfides by 
reacting with another HS- ion (Eq. (8)). Polysulfides are known to have 
an autocatalytic effect on the rate of sulfur dissolution in aqueous sulfide 
solutions (Hartler et al., 1967; Kleinjan et al., 2005a). This means that 
once polysulfide is formed, subsequent formation is accelerated as the 
polysulfide (like the HS− ion) can also break open the S8 ring and 
‘dissolve’ the elemental sulfur. The general formula for polysulfide can 
be described as Sx

2− . The chain length x can vary between 2 and 9, but at 
moderately alkaline conditions, chain lengths of 4, 5, and 6 are domi
nant (Kamyshny et al., 2004; Roman et al., 2014). Polysulfides are 
yellow to orange (Kamyshny et al., 2006; Kleinjan et al., 2005c). By the 
yellow color of the sulfidic reactor, it was deduced that indeed poly
sulfides were formed (SI Fig. 3). The degree to which polysulfide for
mation takes place in the BD process under halo-alkaline conditions is 
mainly dependent on the amount of available HS− and sulfur as well as 
time under anoxic conditions (Kleinjan et al., 2005a; 2005b). In the 
conventional process reactor line-up, this condition is only met in the 
absorber. Often the liquid retention time in the absorber is kept short to 
ensure proper removal of H2S from the gas by chemical absorption in the 
mildly alkaline solution. Thus, polysulfide formation takes place only in 
moderate amounts in the current BD process under halo-alkaline con
ditions (Roman et al., 2014). However, polysulfide formation should be 
stimulated as we hypothesize that its formation dissolves the small 
non-settleable sulfur particles. 

To verify whether our observations fit with known thermodynamic 
and previously reported kinetic data on polysulfide formation 
(Kamyshny et al., 2004; Kleinjan et al., 2005a;2005b), we created a 
mathematical model to assess the obtained data. The model inputs were 
the volume based average PSD of the four experiments and the opera
tional conditions under which these particles were produced (Fig. 6 and 

Fig. 5. Light microscopy pictures (400x magnification) of gas-lift reactor suspension with sulfur particles and microorganisms under different experimental con
ditions. a.) Exp. 1 (day 21), b.) Exp. 2 (day 20), c.) Exp. 3 (day 14) and d.) Exp. 4 (day 34). In Exp. 1 and 4 (a, d) mainly single, small particles are observed, whereas 
in Exp. 2 and 3 (b, c) mainly agglomerates are visible. 

A.R. Mol et al.                                                                                                                                                                                                                                   



Water Research 227 (2022) 119296

7

SI Table 3). The PSD data was not from the experiments in steady-state 
phase, but were averages of collected PSD data along the course of the 
experiments. 

From these PSDs, the volume fraction of particles with a diameter 
<1 µm was calculated. By multiplying this volume fraction by the 
average measured concentration of elemental sulfur in the experiments, 
the total concentration of particles <1 µm was calculated. Then, three 
outputs were calculated: the percentage of S0 that could be converted to 
Sx

2− under the specific conditions from the volume fraction of particles 
<1 µm, the percentage of Sx

2− that could be formed out of the maximal 
Sx

2− concentration at equilibrium and the absolute concentration of Sx
2−

that could be formed (Fig. 7). 
Our modeling results support the experimentally obtained findings 

that the smallest sulfur particles dissolve in the sulfidic zone, due to 
polysulfide formation, to the extent allowed by the conditions. Equi
librium between sulfur, TDS and polysulfide was reached for Exp. 2, 3 
and 4 (Fig. 7, gray bars). From the model calculations it can thus be 
concluded that a longer SuRT would not have led to more polysulfide 
formation for these experiments. In the same way, it is not expected that 
a longer SuRT would lead to more particle dissolution. In Exp. 1 little 
polysulfide formation was expected due to the short SuRT, which agrees 
with the large amount of submicron particles found in the corresponding 
laboratory experiment. These particles would have been the ones most 
prone to react to polysulfide, due to their high surface-to-volume ratio. 
Exp. 2 was the only experiment in which sulfur particles with a diameter 
<1 µm were nearly absent in the end product. It means that if particles 
with a diameter < 1 µm were formed somewhere in the process, they are 
all dissolved in the sulfidic reactor. The model results also supported this 
finding as 100% of the S0 present in particles < 1 µm could be converted 
to Sx

2− . As one of the model assumptions is that sulfur was present in 
excess, we calculated, under the process conditions of Exp. 2, the 
maximum capacity of dissolving sulfur particles. While in total 0.93 mg 
L − 1 of particles with a size <1 µm was present in the gas-lift reactor, 
128 mg L − 1 of particles could be dissolved when polysulfide 

concentrations reached equilibrium. This is almost 140 times more 
sulfur which could be dissolved in Exp. 2. Consequently, more than 0.93 
mg L − 1 sulfur dissolved, and this probably led to the dissolution of some 
larger particles. Hence, the model agrees with the experimental data 
that almost all small particles were dissolved in this experiment. 
Although equilibrium is reached in Exp. 3 and 4, the model predicted 
that not enough sulfide was present to dissolve all submicron sulfur 
particles. This was also shown with the experimental data, as in these 
experiments submicron particles were still present. 

3.3.1. Sensitivity analysis 
In addition to experimental validation, we performed a model 

simulation to explore the effects of typical operational parameters on 
polysulfide formation in the BD process. The main factors that we 
identified to be the most influential on polysulfide formation are: 

1.) Sulfidic retention time (SuRT): sufficient time in an oxygen-free 
environment is needed to reach the equilibrium between TDS, sulfur 
and polysulfide and consequently the maximum achievable polysulfide 
concentration (Kleinjan et al., 2005a). 

2.) Total dissolved sulfide concentration: the higher the concentra
tion, the more polysulfide can be formed (assuming elemental sulfur is in 
abundance) and the faster the equilibrium is reached due to the auto
catalytic effect of polysulfide formation (Hartler et al., 1967). In this 
study, the S0:HS− ratio was different in each experiment. The S0:HS−

ratios were 1.6, 6.7, 33.7 and 63.8 for Exp.1–4 respectively based on the 
TDS concentration in the sulfidic zone (Table 1) and elemental sulfur 
concentration (SI Table 1) . However, in Exp.1, equilibrium was not 
reached, which means that not all of the polysulfide that potentially 
could be formed under the given ratio indeed was formed. 

3.) Particle size: the smaller the particles, the more rapid the for
mation of polysulfides is due to the higher specific surface area (Klein
jan et al., 2005a). 

4.) pH: the higher the pH, the more the equilibrium between total 
dissolved sulfide and polysulfides shifts towards polysulfides (Kleinjan 
et al., 2005b; Van Den Bosch et al., 2008). In our study, the pH was kept 
constant at around 8.5 and therefore it is expected not to have influ
enced the outcome of this study. 

5.) Temperature: a higher temperature will lead to more rapid pol
ysulfide formation (Kamyshny et al., 2004; Kleinjan et al., 2005a). 
However, the temperature limit for the BD process is around 40 ◦C. 
Above 45 ◦C irreversible thermal inactivation of the SOB occurs (De Rink 
et al., 2020). On the other hand, if the temperature is too low (i.e. below 
25 ◦C), the metabolism of the SOB will be reduced such that not enough 
activity remains to carry out desulfurization adequately. In our experi
ments, temperature was kept constant at around 35 ◦C and therefore is 
not expected to have influence the results. 

As an example, we show the simulation of the dependency of two 
parameters (TDS and SuRT) on the steady state polysulfides concen
tration in a CSTR under sulfidic conditions, assuming all other param
eters remain constant (Fig. 8). We choose these parameters as they have 
most potential for adjustment in the current process during operation. 
The polysulfide concentration in steady state depends proportionally on 
the TDS concentration (Fig. 8A). At the highest concentration of TDS (4 
mM), the highest polysulfide concentration is reached (close to 1 mM). 
This in turn affects the amount of sulfur that can be dissolved to poly
sulfide. The more sulfur is dissolved, the more likely it will be that all 
poorly settleable particles are dissolved. The SuRT at which polysulfide 
equilibrium concentrations are reached also strongly depends on the 
total dissolved sulfide concentration: the higher the concentration, the 
quicker the equilibrium is reached (Fig. 8B). This pattern does not show 
a proportional effect. In contrast, the lower the TDS concentration in the 
sulfidic reactor, the exponentially longer it takes to reach equilibrium. 
This can be attributed to the autocatalytic effect of polysulfide formation 
described earlier. 

For the BD process, it can thus be concluded that two variables are 
the most important for sulfur particle dissolution: how much polysulfide 

Fig. 6. Average volume-based PSD of all four experiments.  

Fig. 7. Modelled concentrations of% of S◦ from particles <1 µm in Sx2− (white 
bars),% of Sx2− that is in equilibrium with HS− and S0 (gray bars) and ab
solute Sx2− formed in the sulfidic reactor (blue, diagonally striped bars). 
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will be formed at equilibrium and the rate at which equilibrium is 
reached. The amount of polysulfide that will be formed is mainly 
dependent on the TDS concentration and, when equilibrium is not 
reached, SuRT (assuming equal pH and temperature). The rate at which 
equilibrium is reached is mainly influenced by TDS (assuming equal 
temperature). One would expect a higher formation of thiosulfate due to 
chemical oxidation of the increased polysulfide concentration. However, 
it was shown by de Rink et al. (2019) that addition of the sulfidic reactor 
did not lead to extra thiosulfate formation. The product selectivity for 
thiosulfate was only 2.0%. The thiosulfate selectivity in our experiments 
was also not significantly different between experiments and on average 
below 4.3%. In addition, Avetisyan et al. (2021) showed that at pH 8.5 
chemically almost no thiosulfate was formed. Based on these results it is 
hypothesized that the oxidation of polysulfide is not chemical but bio
logical, hence not leading to thiosulfate formation (Eq. (9)) 

S2−
x + 1

/
2O2 + H+→ xS0 + OH − (9) 

This reaction also ensures that polysulfide formation itself as shown 
in Eqs. (7) and 8 does not lead to an overall acidification and thus is pH 
neutral. 

3.4. Future research 

Sulfur is a strongly hydrophobic, molecular crystal with extremely 
low solubility (5 µg L − 1) (Boulègue, 1978), which makes its crystalli
zation quite complex to study, especially in continuous, biological 
reactor systems where local sulfur concentrations may vary. As shown in 
our experiments, the polysulfide formation in the sulfidic reactor leads 
to a substantial amount of sulfur dissolution. This means that in the BD 
process, not only sulfur particle formation is important for the particle 
size distribution, but also the particle dissolution. However, the sulfur 
which has been ‘dissolved’ to polysulfides, is oxidized (again) once it 
reaches the gas-lift reactor, and thereby sulfur is produced again. To 
understand this process better, polysulfide concentration and speciation 
should be determined during reactor experiments. Furthermore, in 
relation to polysulfide formation, it should be investigated what the 
boundary conditions are to remove of the smallest sulfur particles and to 
produce large enough agglomerates for proper settling. This could be 
achieved by experiments varying the S0:HS− ratio and SuRT, but 
modeling work could also help to predict what these boundary condi
tions would be. 

4. Conclusion 

In this paper, we investigated the effect of the addition of a sulfidic 
reactor on the properties of sulfur particles formed in the BD process. 
With this novel process design the smallest particles (<1 µm) were 
dissolved to polysulfides. This almost complete removal of particles only 
occurred when the SuRT was long enough to reach polysulfide 

equilibrium concentration and when TDS levels were sufficiently high 
that enough polysulfide could be formed. These results have great im
plications from an engineering perspective. Model calculations with 
thermodynamic and kinetic data on polysulfide formation support the 
experimental findings. The novel line-up is thus a promising reactor 
configuration that allows for improved sulfur recovery due to the 
removal of the smallest sulfur particles.  
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