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ARTICLE INFO ABSTRACT

Editor: Jianhua Guo We investigated the effect of polysulfide formation on properties of biologically produced elemental sulfur (Sg)

crystals, which are produced during biological desulfurization (BD) of gas. The recent addition of an anoxic-

K.eywords: o sulfidic reactor (AnSuR) to the BD process resulted in agglomerated particles with better settleability for Sg
bmdesmfunz*{tmn separation. In the AnSuR, polysulfides are formed by the reaction of bisulfide (HS") with Sg and are subsequently
hy;iroglz-; sulfide oxidized to Sg in a gas-lift reactor. Therefore, sulfur particles from the BD are shaped (i.e. morphology and
polysulfide

particle size) both by formation and dissolution. We assessed the reaction of HS™ with Sg particles in anoxic,
abiotic experiments in a batch reactor using two Sg samples from industrial BD reactors. Under these conditions,
the sulfur particle surface became coarser and more porous, and in addition the smallest particles disappeared.
Agglomerates initially fell apart but were reformed at a later stage. Moreover, we found different observed
polysulfide formation rates for each Sg sample, which was related to the initial morphology and size. Our findings
show that particle properties can be controlled abiotically and that settleability of Sg is increased by increasing
both the HS-Sg ratio and retention time.

particle size analysis
settleability

1. Introduction

Various types of microorganisms have the capacity to oxidize
hydrogen sulfide (H5S) to elemental sulfur (Ghosh and Dam, 2009). This
oxidation reaction is particularly useful in technologies that desulfurize
gas (Gonzalez-Cortés et al., 2021; Buisman et al., 1990). Biological
desulfurization (BD) technologies remove the toxic and corrosive HaS
from sour gas streams to produce clean gas, while simultaneously pro-
ducing a commodity: elemental sulfur. Commercial users of these
technologies prefer to produce elemental sulfur from the H,S instead of
sulfate or thiosulfate. Elemental sulfur is a solid and can therefore be
easily separated from the process by sedimentation. Moreover the pro-
duction of elemental sulfur does not lead to acidification of the process
solution, as opposed to the formation of sulfate and thiosulfate, and the
elemental sulfur is suitable to use as a fertilizer or fungicide (Janssen
et al., 2001; Van Zessen et al., 2004; Fertipaq Natural Solutions, Ferti-
paq, 2021; Ceradis Crop Protection, 2021). Especially the small particle

size and hydrophilicity of the biologically produced elemental sulfur are
benefits for application.

In BD under halo-alkaline conditions (1 M Na't, pH 8-9), the
oxidation reaction is performed by chemolithoautotrophic sulfide
oxidizing bacteria (SOB) that use O, as terminal electron acceptor (Eq.
1). Although the culture is open and mixed, the main thriving species in
these reactors are of the genus Thioalkalivibrio (Kiragosyan et al., 2019;
Muyzer et al., 2011; Sorokin et al., 2008; De Rink et al., 2019).

HS + %0, — S +OH €))

Strict redox potential control is needed to prevent overdosing the
microorganisms with O,, which would lead to sulfate production
(Janssen et al., 1998). Therefore, the main part of these reactors oper-
ates at very low O, concentration (Fig. 1). In addition, BD installations
also have anoxic zones, such as the gas absorber. In these zones, sulfide
is present, which originates from the sour gas stream. In the
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Fig. 1. Conceptual schematic of continuous recycling of sulfur particles over
anoxic-sulfidic zone and low oxygen zone. In the anoxic-sulfidic zone, sulfur
dissolution by polysulfide formation is the principal process. In the low oxygen
zone, sulfur formation is the principal process.

anoxic-sulfidic zones, the produced elemental sulfur and the sulfide
from the sour gas stream are mixed. The elemental sulfur is mainly
present as cyclooctasulfur (Sg): rings of eight sulfur atoms. During this
anoxic-sulfidic retention time, polysulfides are formed. This reaction has
been described and studied in detail (Kafantaris and Druschel, 2020;
Hartler et al., 1967; Avetisyan et al., 2019; Kleinjan et al., 2005a, 2005b;
Kamyshny et al., 2004). Initially, the Sg ring is opened by the strong
nucleophile (species with an unshared electron pair, or Lewis base) HS
(Kleinjan et al., 2005a) (Eq. 2). The resulting long chain polysulfides
rearrange to shorter chain polysulfides by the reaction with another HS
ion (Eq. 3).

HS™ + Sgs HS¢ 5S¢> + HT )
Se¥ + HS 5 2 Ss> +H' 3)

Recently it was found that the sulfur particles change in size and
morphology when the anoxic-sulfidic zone is extended by the addition of
an anoxic-sulfidic reactor (AnSuR) in order to optimize the biological
and process selectivity (De Rink et al., 2019; Kiragosyan et al., 2020).
Particles formed in a set-up with an AnSuR are more agglomerated, the
agglomerates have a stable and uniform size and moreover show good
and stable sedimentation capacity. The agglomerates have a disorga-
nized morphology, contrary to the often found smooth bipyramidal
shaped crystals (Mol et al., 2021).

It is not clear what is causing this change in particle morphology and
size. We want to unravel the effect of two processes that play a central
role in the system: sulfur formation and sulfur dissolution. Regarding
sulfur formation, the chemical species (sz'in addition to HS") that are
available to the microorganisms for oxidation influence the sulfur for-
mation rate. With an approximated average polysulfide chain length of
x = 5 under typical reaction conditions, Sg production rate from poly-
sulfide is expected to be at least 5x higher than from sulfide (Roman
et al., 2014). This is supported by two studies that indicated that bio-
logical oxidation of polysulfide takes place at a higher rate than the
biological oxidation of sulfide and is not limited by higher concentra-
tions of polysulfide (Banciu et al., 2004; Van Den Bosch et al., 2009). In
addition, a shift in microbial population due to the applied conditions
might lead to a higher abundance of species with different sulfur me-
tabolisms, which could influence the rate of sulfur formation (Sorokin
et al., 2003). The sulfur formation rate is expected to influence the de-
gree of elemental sulfur supersaturation, which has a strong impact on
the size and morphology of the sulfur particles. Concerning sulfur
dissolution, the reaction of HS and S¢> at the surface of the sulfur
particles might also drastically change the morphology and particle size.
Especially the surface properties (e.g. roughness, hydrophilicity) are
expected to change as a result of sulfur dissolution. The nucleophilic
dissolution rate of elemental sulfur depends on the specific surface area.
The specific surface area is thus rate determining for polysulfide
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formation (Kafantaris and Druschel, 2020; Avetisyan et al., 2019;
Kleinjan et al., 2005a; Kamyshny et al., 2003). Part of the smallest sulfur
particles can also completely dissolve in the AnSuR depending on the
operational conditions such as H,S loading rate and retention time in the
AnSuR (Mol et al., 2021).

In this study, we performed batch reactor experiments to assess the
effect of sulfide addition on the sulfur particle morphology and size
distribution in an anoxic environment. With these experiments we
separated the sulfur dissolution step from the biological formation step.
Thus, in this study we investigated the contribution of only the disso-
lution reaction on the sulfur particle properties. We reported changes in
particle size and morphology at different polysulfide formation rates for
two different industrial BD sulfur samples. Moreover, the reaction of
elemental sulfur with (poly)sulfide changed surface properties of the
particles. The different results in particle size distribution (PSD) and
morphological development and polysulfide formation rate for the
elemental sulfur samples appear to be related to the initial shape and
size of the particles. The results of this study address the effect of
increasing the anoxic zone and can help to control sulfur particle
properties to increase their settleability in BD technology.

2. Materials and methods
2.1. Chemicals used

Experiments were performed in a solution with conditions that are
typical for the BD process. A buffer solution was prepared by adding
6.67 NapCO3 and 69.4 NaHCO3 gram (analytical grade) per liter distilled
water and had a pH of 8.52 and conductivity of 51.9 mS cm! at 35 °C.
This buffer solution was used to prepare elemental sulfur suspensions,
polysulfide stock solutions and sulfide stock solutions. Sulfide stocks
were prepared by adding hydrated sodium hydrosulfide salt
(NaHSexH>0) to 100 mL of the buffer solution. We used a hydrated form
of the sodium hydrosulfide salt because anhydrous sodium hydrosulfide
hydrolyzes by atmospheric moisture to HaS. The hydrated form is more
stable. NaHSexH,0 was used instead of NayS because it is more pH
neutral. During the experiments, two stocks were used of approximately
0.2 and 0.4 M HS'. For these stocks 1.5124 g and 2.9650 g were dis-
solved in approximately 100 mL buffer solution. Prior to adding the
hydrosulfide salt, the buffer solution was flushed for at least 10 min with
nitrogen gas (N3) to remove most of the dissolved oxygen. The sodium
hydrosulfide stock was kept in an air-tight batch bottle with rubber
stopper. Before each experiment, the concentration of the bisulfide stock
was determined by titration with a solution of 0.1 M AgNOs, using a
Titrino Plus Titrator (Metrohm, Herisau, Switzerland) (De Rink et al.,
2019). The titration was performed by adding 100 pL sulfide stock to
80 mL NaOH (5%) and 10 mL NHj (2.5%) to stabilize the dissolved
sulfide. Polysulfide (S,2) standards for spectrophotometric analysis
were prepared by adding elemental sulfur (chemically produced
analytical grade) to an excess (molar S ratio of 1:10) of NaHSexH70 in
the buffer solution. The resulting solution was placed in a shaker at
35 °C until all elemental sulfur was visibly dissolved to S, Based on the
concentration of elemental sulfur in the solution, the total amount of
zero-valent sulfur atoms in polysulfide ions [S0 in sz-] was 76 mM.
Calculation with OLI Studio (OLI Systems, Inc. Cedar Knolls, NJ, USA)
showed that this is equal to a total polysulfide concentration of
23.5 mM. However, this is an underestimation as OLI Studio did not
include S¢2 and S, This concentrated S4> solution was diluted with N
flushed buffer in air-tight batch bottles to S, standards with intended
concentrations of 0.2, 0.4, 0.6, 1.0 and 2.0 mM S° in S, A batch bottle
was filled with buffer solution, flushed with Ny and weighed. A needle
and syringe were flushed with N3, with which subsequently a small
volume was taken from the concentrated polysulfide stock and added to
the batch bottle. The plunger of the syringe was moved up and down
three times to flush the syringe with buffer before it was removed from
the batch bottle. The flushing made sure that all concentrated
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Fig. 2. Light microscopy pictures of biologically produced sulfur from PM1 (a, b) and PM2 (c, d) at 400x (a, c; scale bar right bottom of each picture: 50 um) and
1000x magnification (b, d; scale bar: 20 um). White arrows indicate single crystals (b) and agglomerates (d).

polysulfide stock ended up in the batch bottle. After addition, the batch
bottle was vigorously shaken to make sure the solution was properly
mixed. Then, the bottle and content were weighed again to know exactly
how much concentrated polysulfide stock was added. Exact concentra-
tions of the standards and their linear calibration curve are reported in
the Supplementary Information (SI Table 1 and SI Fig. 1).

For the experiments simulating the AnSuR, biologically produced
sulfur was obtained from two different industrial BD facilities in the
Netherlands: paper factory SCA (now Essity) in Cuijk, hereafter called
‘Paper mill 1’ (PM1) and wastewater treatment plant Industriewater
Eerbeek in Eerbeek, hereafter called ‘Paper mill 2° (PM2) (Janssen et al.,
2009; Mol et al., 2020). The obtained sulfur suspensions were washed to
remove salts and microorganisms. The washing procedure was per-
formed by centrifuging the suspension, discarding the supernatant and
layer with microorganisms on the sulfur pellet and resuspending the
sulfur pellet with distilled water. These steps were repeated until the
supernatant conductivity was below 1 mS cm™’. Subsequently, the sulfur
was dried overnight at 50 °C. Then, a 1 L suspension was prepared by
weighing the dried sulfur and adding buffer solution. The suspension
was stirred with a magnetic stirrer overnight to completely suspend the
sulfur and to break down any attachments that were formed as a result of
drying the sulfur. Prior to the dissolution experiments, the biologically
produced sulfur from two industrial BD installations was characterized
by light microscopy (Fig. 2). For PM1, the particles had a defined
bipyramidal crystal habit, which is typical orthorhombic a-Sg (Fig. 2a,
b). PM2 appeared more agglomerated and particles in the sample lacked
a defined crystal shape (Fig. 2c, d).

2.2. Analysis

Sulfur particle size distribution (PSD) was analyzed using laser

diffraction (SALD-2300, Shimadzu, Kyoto, Japan) with a refractive
index of 2.0 for a-Sg (Mol et al., 2020; Lide, 2005). Laser diffraction is a
commonly used technique to measure PSD in the size range of the par-
ticles in our study. In our previous study, we have shown that PSD is a
representative parameter to assess differences in sulfur particle sizes
(Mol et al., 2020). For calculations of PSD, the software from the laser
diffraction itself was used (WingSALD-II, Shimadzu, Kyoto, Japan).
Sulfur particle morphology was analyzed with a Nikon Eclipse E400
light microscope (Nikon, Tokyo, Japan) and pictures taken with an
Euromex CMEX 18-PRO camera (Euromex Microscopen bv, Arnhem,
The Netherlands). In addition, Scanning Electron Microscopy (SEM) was
used to analyze particle morphology. The pictures from Fig. 5 were
taken with a Phenom XL G2 Desktop SEM (Thermo Fisher Scientific,
Waltham, Massachusetts, USA). The samples were mounted on carbon
adhesive tabs and analyzed at 10 kV and 60 Pa. The pictures from
Figs. 9-10 were taken according to (Mol et al., 2020). Particle compo-
sition was studied by X-ray diffraction (XRD) according to (Mol et al.,
2020). The concentration of polysulfide was determined spectrophoto-
metrically at A =285 nm. At this wavelength, the concentration of
zerovalent sulfur atoms in sz- ([S0 in sz']) can be determined,
approximately independent of pH and the ratio between [S° in S,27] and
[Sz'] (Teder, 1967; Danielsson et al., 1996). The device used was a Tecan
Infinite M200 Pro (Tecan Group ltd., Ménnedorf, Switzerland) that
equipped Hellma Type 100-QS quartz cuvettes of 10 mm in diameter
(Hellma GmbH & Co. KG, Miillheim, Germany). Calibration over a time
span of 4.5 months showed a stable single of the UV lamp (SI Fig. 2),
which eliminated the necessity of performing time-consuming re-cali-
bration each time polysulfide analyses were performed. Samples were
filtered through a 0.20 pm cellulose acetate membrane filter to remove
elemental sulfur particles, after which they were diluted 10x with Na
flushed buffer. The time between sampling and spectrophotometric
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Fig. 3. Picture (left) and schematic drawing (right) of batch reactor set-up.

analysis was kept as short as possible to prevent oxidation with air of the
(poly)sulfides. Maximum observed sz' formation rates were calculated
by applying a linear relation to (at least) three S> concentration data
points that formed the steepest slope in the sample’s dataset. These rates
were used as an indication of the relative formation rates of polysulfides
between samples. Both the first order reaction rate (Eq. 2) and the
autocatalytic reaction rate (Eq. 3) contributed to the total observed
polysulfide formation rate.

2.3. Experimental set-up

The set-up consisted of a 250 mL glass reactor with a double glass
wall connected to a water bath with a thermostat at 35 °C (Fig. 3). The
reactor liquid was actively stirred by a magnetic stirring bar at a con-
stant rate of 100 rpm. Samples were taken through a sampling port with
a syringe. The lowest point of the sampling port was positioned halfway
into the reactor liquid to obtain a representative sample. After sampling,
leftover liquid in the sampling port was pushed back into the stirred
reactor with a syringe filled with Ny. Subsequently, a valve in the
sampling was closed to secure that no O3 diffused into the reactor. In

Table 1
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addition, there was an inlet for Ny flushing, which provided light
overpressure inside the reactor to prevent O, diffusion into the reactor
liquid as well. A water-lock containing a saturated solution of zinc ac-
etate kept the system airtight and free of pressure build-up. Zinc
captured any potentially released HjS. All ports were closed off airtight
by a screwcap with a septum fitted to the tubing going through it.

2.4. Experimental design

A total of 10 batch reactor experiments were performed: five for each
industrial sulfur sample (Table 1). To follow the reaction of biologically
produced sulfur with sulfide in detail, a high sampling frequency and
direct sample analysis were needed. Separated experiments were dedi-
cated to i) assess the change in morphology and size distribution of the
biologically produced sulfur particles upon addition of sulfide (PM1:1-2
and PM2:1-2) and ii) to estimate polysulfide formation/sulfur dissolu-
tion rates by spectrophotometric analysis of polysulfide concentration
(PM1:3-5 and PM2:3-5). The concentrations of biologically produced
sulfur and sulfide were based on ratios applied in industry (De Rink
et al., 2019; Roman et al., 2014). In addition, three experiments (PM1:2
and PM2:1-2) were performed with an excess of sulfide in the process
solution.

2.5. Experimental operation

The bottle with sulfur suspension was shaken to homogenize the
suspension and subsequently the suspension was poured in the batch
reactor. The reactor content was flushed for 30 min with N, to create
anoxic conditions. After flushing, a time zero-measurement sample was
taken from the reactor. For the PSD and morphology experiments, the
PSD and morphology were analyzed directly after sampling. For the
polysulfide formation experiments, the polysulfide concentration was
also measured directly after sampling. After the time zero-measurement,
sulfide stock solution was injected to initiate the reaction, which marked
the start of the experiment. Five minutes after sulfide injection, another

Experimental conditions applied to study particle size distribution and morphology development and/or polysulfide formation rates.

PSD + morphology

PSD + polysulfide formation

Experiment PM1: 1 PM1: 2 PM2: 1 PM2: 2 PM1: 3 PM1: 4 PM1: 5 PM2: 3 PM2: 4 PM2: 5
[HS] (mM) 9.2 13.9 13.8 13.8 6.0 5.5 10.4 6.0 5.5 5.6
[$°-Sg] (mM) 27.3 14.2 14.0 14.1 28.8 28.9 28.5 29.4 29.0 29.0
Sulfide-sulfur ratio 0.3 1.0 1.0 1.0 0.2 0.2 0.4 0.2 0.2 0.2
9 25
b 0.6pum
8
7
—_— 6 _
S 2
] 5 &
£ 2
34 E
o S
> 3 4
2

Particle Diameter (um)

Particle Diameter (um)

Fig. 4. Volume- (a) and number- (b) based particle size distributions of PM1 (4) and PM2 (o). Triplicate measurements showed good reproducibility with average
ranges of 0.02% (PM1 volume-based), 0.03% (PM2 volume-based), 0.03% (PM1 number-based) and 0.25% (PM2 number-based). Modal particle diameters are

indicated in the figures.
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Fig. 5. Scanning Electron Microscopy pictures of biologically produced elemental sulfur from PM1 (a-b) and PM2 (c-d). Scale bars: 20 pm.
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Fig. 6. Development of volume- (a, ¢) and number- (b, d) based particle size distribution of Paper mill 1 after addition of sulfide in two different sulfur: sulfide ratios
(PM1:1; 0.3 and PM1:2; 1.0).
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Fig. 7. Development of volume- (a, c¢) and number- (b, d) based particle size distribution of Paper mill 2 after addition of sulfide at a sulfur-sulfide ratio of 1.0 (PM2:1

and PM2:2).

sample was taken. For the remainder of the experiment, samples were
taken every 30 min for the PSD and morphology experiments and every
10-15 min for the polysulfide formation experiments. The PSDs of the
time zero-measurement of PM1:1 and PM2:3 contained some larger
particles than the other time zero-measurements, due to improper
mixing of the sulfur stock suspension before loading the batch reactor.
As a result, some larger particles remained in the last 200 mL of sus-
pension in the bottle. The number-based distributions for PM2 also
varied a little (SI Figs. 8-10), but unfortunately, we do not have a clear
explanation for this. However, we argue that this discrepancy does not
influence our main conclusions as the trends in PSD change are still the
same as in the other experiments.

3. Results
3.1. Detailed characterization of biologically produced elemental sulfur

Prior to the dissolution experiments, the biologically produced
elemental sulfur samples from the industrial BD installations were
further characterized. The volume-based modal diameters for Paper mill
1 (PM1) and Paper mill 2 (PM2) were 7 um and 15 um (Fig. 4a).
Furthermore, a small peak was observed in PM1 at 0.5 um, which
comprised 3% of the volume of the sulfur. These particles all had a
diameter <1 um. In PM2 these particles only comprised 0.2% of the
volume. The number-based modal diameters were similar: 0.6 and
0.7 um (Fig. 4b). For PM1 almost all particles (96%) were <1 pym. For
PM2 also a peak was found with a modal diameter of 2 um. Therefore,

for PM2 only 54% of the particles was <1 um.

In addition, detailed morphological differences were observed be-
tween the biologically produced sulfur particles (Fig. 5). The differences
between the samples as observed by light microscopy and SEM agreed
with the PSD: PM1 contained mostly bipyramidal single crystals and
PM2 contained predominantly agglomerates. The bipyramidal crystals
from PM1 were 1-25 um in length and 1-10 um in width. The crystals
either had smooth crystal facets or a hollow ‘hoppered’ shape (Desar-
naud et al., 2018). Some crystals appeared broken at either the corners
or in the middle of the crystal halfway through. From some crystal
surfaces another crystal appeared to be growing. This growth process
could have led to a type of crystal twinning or skeletal hopper growth,
where two bipyramids were connected either at a facet or at a corner.

The agglomerates from PM2 were up to 40 um in size, although the
boundaries of the agglomerates were difficult to distinguish in the SEM
pictures. Some small loose crystals and crystal fragments were present in
the sample as well. The agglomerates seemed to have predominantly
formed by the growth of crystals on the facets of other crystals. No
hopper growth was observed in PM2. From the SEM pictures it also
seems that the specific surface area of PM2 is higher than that of PM1
since the agglomerates are composed of many small particles.

The crystal structure of the two samples was analyzed with powder-
XRD. Both samples were identified as orthorhombic a-Sg (SI Fig. 3). The
crystallinities as calculated with the XRD software were almost iden-
tical: 92.3% for PM1 and 91.6% for PM2. Moreover, no significant dif-
ferences were found between the crystallite sizes (smallest single
crystals) of the sulfur crystals from both samples.
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Fig. 8. Light microscopy pictures of PM1:2 at time 0 min (a), 5 min (b) and 95 min (c) and PM2:2 at time 0 min (d), 5 min (e) and 65 min (f). Scale bar: 50 pm.

3.2. Batch reactor experiments

3.2.1. Particle size and morphology development

After characterization, the sulfur particles in a buffer solution were
exposed to sulfide. Their PSD and morphology were analyzed during the
first four experiments (PM1:1-2 and PM2:1-2). In general, we found
that the smallest particles were no longer detected when sulfide was

added to the experiments. This result was found for both biologically
produced elemental sulfur samples (Figs. 6-7). For PM1 the shift in PSD
was most evident for the number-based distributions (Fig. 6b, d). The
modal particle diameters gradually shifted from 0.7 to 2 and 7 um. For
PM1:1 at time 0 min, 65% of the particles was smaller than 3.2 pm. After
110 min, no more particles were present below 3.2 ym. For PM1:2 the
results were comparable; at time 0 min 50% of the particles was smaller

Fig. 9. Surface of elemental sulfur particles before (a, ¢) and after (b, d) dissolution with HS". After dissolution the surface appears coarser and more porous. PM1:

b, PM2: c-d.
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Fig. 10. Detail of surface of PM2 before (a) and after (b) dissolution with HS".

S%in S,z (mM)
o
A )

0 20 40 60 80 100 120 140
Time (minutes)

Fig. 11. Polysulfide formation during PM1-1. The maximum observed rate was
estimated from the steepest part the curve indicated by the red dashed line.

than 1 um, but at time 95 min no particles smaller than 1 um were
detected anymore. Regarding the volume-based distributions, only a
slight shift in particle size was observed (Fig. 6a, c).

For PM2 the modal diameters also shifted from 0.7 to 7 um for the
number-based distribution (Fig. 7b, d). At time 0 for PM2:1 50% and for
PM2:2 67% of the particles were smaller than 3 pm. After 65 min, all
these particles had disappeared. For the volume-based distribution also
a shift in particle size was observed. The modal particle diameters
shifted from 15 to 20 and 26 um. A remarkable shift in particle size was
observed in the PSD of PM2:1 and 2 (Fig. 7a, ¢). At 5 min the peak
shifted to the left as the bulk of the particles became smaller, but at 35
and 65 min the peak moved to the right again as the bulk particle size
increased.

To clarify the PSD observations, light microscopy pictures were
taken at the various time points (0, 5 and 65 or 95 min) of the experi-
ments. The samples consisted of both loose particles and agglomerates
particles. In general, the agglomerated particles disappeared during the
experiments. Instead, loose particles were observed, that either stayed
loose or re-agglomerated. Specifically, for PM1:2 (Fig. 8a-c) the ag-
glomerates at the start of the experiments (0 min) had completely dis-
appeared at the end of the experiment at 95 min. In addition, at 95 min
the smallest particles were also no longer visible (Fig. 8c), which agrees
with the PSD (Fig. 6d). Similarly, for PM2:2 (Fig. 8d-f) particle
agglomeration decreased, but after 65 min agglomerates were observed
again. The agglomerates detected after 65 min are larger and denser
than the agglomerates observed at O min. This ‘re-agglomeration’
agreed with the observed changes in PSD. In addition, like in PM1:2, also
in PM2:2 the smallest particles were absent at the end of the experiment.
Light microscopy pictures of PM2:1 showed comparable results (SI
Fig. 4).

The surface structure of the elemental sulfur particles also changed

Table 2
Maximum observed polysulfide formation rates for the polysulfide formation
experiments.

Experiments Sulfide- %S, in S, in Maximum Average
sulfur equilibrium observed S, maximum
ratio formationrate  observed S,>

(mM min™) formation rate
(mM min™)

PM1:1 0.3 28 0.159 0.08

PM1:2 1.0 80 n.a.

PM1:3 0.2 17 0.036

PM1:4 0.2 16 0.037

PM1:5 0.4 30 0.108

PM2:1 1.0 81 n.a. 0.15

PM2:2 1.0 80 n.a.

PM2:3 0.2 17 0.202

PM2:4 0.2 16 0.086

PM2:5 0.2 16 0.180

due to the dissolution reaction with HS™ (Fig. 9). For both samples, the
surface appeared coarser and more porous at the end of the experiment,
although the surface of the untreated elemental sulfur samples was also
quite rough. Especially the surface of PM2 appeared much rougher
(Fig. 10b): a network of globules (100-200 nm) became visible. This
structure was also visible in the untreated sample, but not as explicitly
(Fig. 10a).

3.2.2. Polysulfide formation

During each experiment, polysulfide was formed by the reaction of
sulfide with elemental sulfur particles. In experiments 3-5 of both
samples and experiment 1 of PM1 the polysulfide concentration was
measured spectrophotometrically. Maximum observed polysulfide for-
mation rates were estimated from the measured polysulfide concentra-
tions. A typical S-curve for the autocatalytic formation of polysulfides
was observed (Fig. 11).

The rates indicated the relative polysulfide formation rate per sam-
ple. For PM1 the rates ranged from 0.036 to 0.159 mM min™ with an
average of 0.08 mM min’! (Table 2). The rates of PM2 were on average
almost two times higher; they ranged between 0.086 and
0.202 mM min™! with an average of 0.15 mM min™’.

For these experiments the PSD was also analyzed. However, the
sulfide-sulfur ratio was too low to observe any changes in PSD (SI
Figs. 5-10). For the low sulfide-sulfur ratio, 16% of the elemental sulfur
was converted to polysulfide. For the high sulfide-sulfur ratio this was
80%. Only in experiment PM1:5 the PSD changed and followed a similar
pattern as the PSD from experiment PM1:1 (SI Fig. 7). Likely the pattern
was the same because of the similar sulfide-sulfur ratio (0.4, 30% of the
elemental sulfur to polysulfide).
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4. Discussion

In a previous study, we found that the properties of the produced
elemental sulfur particles changed by addition of an AnSuR to the BD
process (Mol et al., 2021). Due to this environment, the particles were
more agglomerated and had a disorganized structure. Up to now, the
effect of the nucleophilic dissolution reaction on the particle properties
was not clear, as the changed particle properties could also result from a
combination of the sulfur formation and dissolution. Therefore, we
assessed the effect of sulfide addition on elemental sulfur particle size
distribution (PSD) and morphology in an anoxic, sulfidic environment in
this study. In line with our hypothesis, we found that dissolution of
elemental sulfur by (poly)sulfide changed the PSD and morphology.
Hereby we show that these changes are caused by abiotic reactions
between sulfur and (poly)sulfide only, i.e. not caused by biological
(poly)sulfide oxidation. Moreover, we discovered for each sample a
different observed maximum polysulfide formation rate which is related
to the difference in the initial morphology and size distribution.

In experiment 1-2 for both samples (3 out of 4 with high sulfide-
sulfur ratio), PSD gradually changed after the addition of sulfide. In
general, the modal particle size increased because the smallest particles
(below 1 or 3 um) disappeared (Figs. 6-7). In contrast, in the experi-
ments with the lowest sulfide-sulfur ratio, little change in PSD occurred
(SI Figs. 5-10). Whether the dissolution caused a change in particle
properties was thus dependent on the sulfide-sulfur ratio. Moreover, the
changes were gradual. This meant that before equilibrium was reached,
only a certain amount of the total elemental sulfur was converted to
polysulfide. We calculated that for the experiments with a sulfur: sulfide
ratio of 1, when equilibrium was reached, 80% of the elemental sulfur
was present as polysulfide. For the experiments with a sulfide-sulfur
ratio of around 0.2, this was only 16% in equilibrium. The depen-
dence on the sulfide-sulfur ratio and reaction time has far-reaching
implications for the industrial application of the AnSuR. If the
elemental sulfur concentration is high, for example due to poor settle-
ability, relatively more sulfide or a long reaction time is needed to reach
a similar effect as opposed to when the total sulfur concentration is
lower.

PSD and light microscopy results showed that agglomerates that
were initially present in PM2 fell apart 5 min after sulfide addition
(Figs. 7 and 8d-f). Noticeably, they were formed again later (at 65 min)
in the experiment. The break-up of the agglomerates was not caused by
sheer forces from stirring, as the samples had been stirred overnight
prior to the experiments. Therefore, we hypothesize that the process was
caused by the presence of (poly)sulfide. It is likely that the sulfur
dissolution weakened the junctures between the sulfur particles in the
agglomerates. By adding sulfide, these junctures were likely to be
affected, which enervated the junctions between particles in the
agglomerate, causing them to fall apart. It is unclear what caused the re-
agglomeration observed at 65 min. A possible explanation for the re-
agglomeration is that the surface properties of the biologically pro-
duced elemental sulfur particles changed as an effect the nucleophilic
dissolution with sulfide. Biologically produced sulfur is more hydro-
philic that chemically produced sulfur (Janssen et al., 1996), but due to
the nucleophilic dissolution, the surface might have become less hy-
drophilic. The layer of adsorbed organic groups which caused the hy-
drophilic properties of the biosulfur could have been partially removed
by the nucleophilic dissolution reaction. However, the agglomeration
might be different under different stirring conditions. In the BD set-up,
particles are mixed by gas bubbles instead of an impeller as in these
experiments. Yamaguchi et al. (2021) found that mixing by gas bubbles
instead of an impeller limits agglomeration, because agglomerates break
down due to gas stirring (Yamaguchi et al., 2021). Thus, the contribu-
tion of abiotic agglomeration in the BD set-up could this be less than
found in this study. Yet, sulfur particle agglomeration tendency has been
shown strong enough as agglomerated sulfur particles have been found
on numerous accounts in BD systems despite the gas stirring.
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Additionally, the equilibrium reaction between sulfide and poly-
sulfide (Eq. 2) could have continuously provided dissolved Sg, which
could have contributed to re-agglomeration as well. However, the rate of
this back reaction has not been quantified before (only noted to be very
fast by (Teder, 1967)), and would be more likely to take place under pH
conditions where the reaction is more thermodynamically viable,
generally lower pH conditions (Kafantaris and Druschel, 2020). The
mechanism at which Sg is formed from S, likely proceeds by the hy-
drolytic cleavage of the reduced sulfane atom. Concerning chain lengths
of 8 or lower, it is unknown but unlikely that the same equilibrium re-
action takes place, as homocyclic rings of e.g. S¢ and Sy are unstable
under our reaction conditions (Steudel, 1996). In the case that a
homocyclic S-ring of 7 or lower would be formed, it would rapidly
convert to Sg. To observe if there was any (amorphous) freshly formed
sulfur present, it would have been relevant to measure the crystallinity
of final product. This would have been interesting as it would provide
valuable information about the crystallization process. However, our
attempts to measure crystallinity by X-Ray Diffraction in suspension
were unsuccessful. We could have measured crystallinity of dried final
product, but we did not do this as drying likely would change any
amorphous phase of the freshly formed material.

In addition, the dissolution reaction made the surface rougher.
Rougher surfaces have been described to be more ideal substrates for
particle attachment than smooth surfaces (De Martin and Ommen, 2013;
Katainen et al., 2006). These surface modifications might have stimu-
lated re-agglomeration. Yet, it is remarkable that the sulfur particles of
PM1 did not re-agglomerate (Figs. 6 and 8a-c). A likely explanation is
the seemingly different crystal structures that were observed from the
SEM pictures (Fig. 5): PM1 had more single bipyramidal crystals (which
is typical for orthorhombic a-Sg) with smooth surface, although hop-
pered, whereas PM2 had agglomerates of crystals and rounded particles
with an already rougher surface. In general, hoppered growth is char-
acteristic of a high growth rate. However, agglomerated particles are
known to grow in an even higher crystallization rate regime. This was
described in a previous study: when typical individual bipyramids are
formed, the crystals are grown under lower crystallization rates,
whereas the agglomerated particles are grown in a higher crystallization
rate regime (Mol et al., 2021). Therefore, the sulfur crystals in PM1 were
presumably formed at a lower growth rate than those of PM2. Due to
being agglomerated, it seemed that PM2 had a higher specific surface
area. The higher specific surface area that was already present in the
original sample might have amplified agglomeration. It thus seemed like
polysulfide formation stimulated re-agglomeration, particularly in par-
ticles that were already more agglomerated. Moreover, PM2 was more
polydisperse than PM1. Polydisperse particles have a higher agglomer-
ation rate than monodisperse particles, which conceivably contributed
to the re-agglomeration that was found for PM2 (Yamaguchi et al.,
2021).

An S-shaped curve was found for polysulfide formation, which is
typical for autocatalytic reactions (Hartler et al., 1967; Kleinjan et al.,
2005a). Moreover, different observed maximum polysulfide formation
rates were found. PM1 had an average maximum observed rate of
0.08 mM min'l, whereas the almost the double (0.15 mM min™") was
found for PM2. The different maximum observed rates might be
attributed to the more agglomerated particles of PM2 as observed by
SEM (Fig. 5). The increased surface area of the agglomerates presumably
stimulated polysulfide formation. This is in tandem with other studies
that found the same relation between the polysulfide formation rate and
the specific surface area (Kafantaris and Druschel, 2020; Avetisyan et al.,
2019). However, these studies examined the initial reaction rates of
bisulfide with elemental sulfur and did not study the rates under influ-
ence of autocatalysis. Hartler et al. and Kleinjan et al. did investigate the
autocatalytic reaction and found a surface dependence on the poly-
sulfide formation rate (Hartler et al., 1967; Kleinjan et al., 2005a). The
study by Kleinjan et al. is most comparable to our experiments as the
experiments therein were also performed with biologically produced
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Fig. 12. Processes in the settleability interfering (a) and promoting cycles (b). In the settleability interfering cycle, small single sulfur crystals are poorly settleable,
leading to high sulfur concentrations in the reactor system. Thereby the ratio between HS™ and Sg is low. This in turn produces more poorly settleable small single
sulfur crystals. In the settleability promoting cycle, larger crystal agglomerates settle well, leading to a low sulfur concentration in the reactor system. Thereby the
ratio between HS™ and Sg is high. This in turn stimulates crystal agglomeration, leading to good settleability.

sulfur from an industrial BD installation. However, they first removed
the largest particles by using settling differences. Therefore, the rates
found in our study might be more comparable to rates found in indus-
trial reactors.

The results of our study will help to control the properties of the
elemental sulfur produced in BD. The results suggest that the BD process
is governed by a set of autocatalytic processes; not only polysulfide
formation, but also particle agglomeration and subsequent particle
settling (Fig. 12). Single crystals have been shown to have poor settle-
ability, predominantly because they stay small as growing them larger
requires sulfur formation rates that are often too low for industrial BD
reactors (Mol et al., 2020, 2021). Poor settleability itself also restricts
good settleability. Poorly settleable single sulfur crystals accumulate in
the process solution, which makes the sulfide-sulfur ratio extremely low
and thereby not enough polysulfide is formed to enhance agglomeration.
This is described as the ‘settleability interfering cycle’ (Fig. 12a). On the
other hand, agglomeration is stimulating good settleability, as the par-
ticle agglomerates show better settleability than single crystals. More-
over, polysulfide formation stimulates settleability as it promotes
particle agglomeration and removes the smallest particles in the AnSuR.
Good settleability itself is also promoting settleability. When the sulfur
had good settleability, the total sulfur concentration in the process so-
lution will be low, leading to high sulfide-sulfur ratios. In this way
enough polysulfide may be formed to stimulate agglomeration. This is
described as the ‘settleability promoting cycle’ (Fig. 12b). The settle-
ability promoting processes are stimulated by the added AnSuR. This
implies that when the AnSuR is added, the instigated processes will
stimulate a good particle settleability. For practical implementation, the
sulfide-sulfur ratio should be high enough and the retention time should
be long enough. Models and additional experimental work could help
define these boundaries.

As the sulfur particles are continuously formed and dissolved in the
overall process, it is not expected that their size remains the same
throughout the entire retention time in the reactor system. However,
when the particles have grown large enough, they will be removed with
a settler or decanter centrifuge, and after this recovery step, the particle
size is no longer important for process operation. Particle size distribu-
tion of a sample in suspension remained stable for 3 years at 4 °C, and
dried samples stayed visibly unchanged (data not shown).

5. Conclusion

We performed batch reactor sulfur dissolution experiments on two
different biologically produced elemental sulfur samples from industrial
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BD installations, one with loose crystals and one with agglomerated
crystals. We simulated the effect of the AnSuR on the sulfur particle
morphology and size distribution by the addition of sulfide. We found
that dissolution of elemental sulfur by (poly)sulfide changed the particle
size distribution and morphology. The surface became coarser and more
porous, and small individual particles completely disappeared. Ag-
glomerates fell apart in the beginning of the equilibrium reaction but,
depending on initial morphology, were formed again likely as a result of
the dissolution reaction. Thus, we have found a method to increase the
size of biologically formed sulfur particles. To our best knowledge this is
the first time that polysulfide formation is used to enhance agglomera-
tion of sulfur to improve settleability. Moreover, we discovered that for
each sample the morphology and particle size change happened at a
different observed maximum polysulfide formation rate. For practical
implementation of the dissolution reaction to remove small particles and
induce agglomeration, the sulfide-sulfur ratio should be high enough
and the retention time should be long enough. Hereby we show that
these changes occurred purely due to abiotic reactions and were not
caused by biological (poly)sulfide oxidation. If we can use the method
from this study to control the particle size, the BD process can be opti-
mized. This innovation applies to an already existing and industrialized
process, which adds largely to the scope at which the innovation will be
applied.
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