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ARTICLE INFO ABSTRACT

Keywords:
Elemental sulfur reduction

Sulfidogenesis is a promising technology for the selective recovery of chalcophile bulk metals (e.g. Cu, Zn, and
Co) from metal-contaminated waters such as acid mine drainage (AMD) and metallurgy waste streams. The use
of elemental sulfur (S°) instead of sulfate (SOF ") as electron acceptor reduces electron donor requirements four-
fold, lowering process costs, and expanding the range of operating conditions to a more acidic pH. We previously
reported autotrophic S° reduction using an industrial mesophilic granular sludge as inoculum under thermoa-
cidophilic conditions. Here, we examined the effect of pH on the S° reduction performance of the same inoculum,
in a gas-lift reactor run at 30°C under neutral (pH 6.9) and acidic (pH 3.8) conditions, continuously fed with
mineral media and Hy and CO,. Steady-state volumetric sulfide production rates (VSPR) dropped 2.5-fold upon
transition to acidic pH, from 1.79 + 0.18 g S>~L7%.d™! to 0.71 + 0.07 g S>~-L 1.d"!. Microbial community
composition was analyzed using 16S rRNA gene amplicon sequencing. At neutral pH (6.9), the high relative
abundance of the $%reducing genus Sulfurospirillum, previously known only for heterotrophic members, com-
bined with the presence of Acetobacterium and detection of acetate, suggests an important role for heterotrophic
S° reduction facilitated by acetogenesis. Conversely, at acidic pH (3.9), S? reduction appeared autotrophic, as
indicated by the high relative abundance of Desulfurella.

Microbial sulfur reduction
Microbial diversity changes
Biological resource recovery
Evaluation process conditions

1. Introduction hydrometallurgical industry, partly due to the operational expenditure

(OpEX) related to substrate requirements (Sun et al., 2020a). Substrate

Metal removal from metalliferous waters such as acid mine drainage
and hydrometallurgical streams through metal sulfide precipitation is
advantageous over more commonly used chemical neutralization
methods, as it enables pH-dependent selective metal recovery at suffi-
cient purity for recycling (Lewis, 2010). Microbial sulfide production
(biosulfidogenesis) is a preferred source of hydrogen sulfide (HyS), as it
can be carried out on-site and modified to meet process demands
(Johnson and Sanchez-Andrea, 2019). Although biosulfidogenic pro-
cesses have been commissioned on an industrial scale (Adams et al.,
2008; Huisman et al., 2006), predominantly based on sulfate (S0%7) as
the electron acceptor, the technology is not widely used in the

utilization can be lowered by using elemental sulfur (S°) instead of SOF
as electron acceptor, as this enables a theoretical fourfold decrease in the
electron donor consumption for generation of an equimolar amount of
H5S (Florentino et al., 2016b).

Further process optimization and reduction of the OpEx and CapEx
(capital expenditure) can be achieved by integrating biosulfidogenesis
and metal recovery in one reactor unit, where H5S is produced in the
hydrometallurgical process waters (Kumar et al., 2021). Given the
frequent high acidity (pH < 4) and, in some cases, elevated temperatures
(40 — 80°C) of these waters, which arise from the upstream processing of
the material, successful integration of sulfidogenesis and metal

Abbreviations: HRT, hydraulic retention time; LOD, limit of detection; S° elemental sulfur; TOC, total organic carbon; VFA, volatile fatty acids; VSPR, volumetric

sulfide production rates.
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precipitation necessitates a microbial community adept at surviving in
such extremophilic conditions.

We previously reported a S°-reducing continuous gas-lift bioreactor
operated at thermoacidophilic conditions (pH 3.6, 60°C), using a
neutrophilic industrial granular sludge as inoculum, and fed with Hy and
CO as sole electron donor and carbon sources, respectively (Hidal-
go-Ulloa et al. 2023). Under these conditions a maximum volumetric
sulfide producing rate (VSPR) of 270 mg S2~-L™1.d ! was achieved. This
is up to fivefold lower than those obtained in other studies at mesophilic
temperatures, both at acidic (pH 6.5 - 2.1) (Sun et al., 2020b) and
neutral pH (Sun et al., 2018; Zhang et al., 2018b). Although differences
in system configuration do not allow direct comparison, previous studies
also reported higher VSPR under mesophilic compared to thermophilic
conditions (Azabou et al., 2007; Segerer et al., 1985; Takai et al., 2003).
Thermophilic conditions can furthermore lead to operational compli-
cations such as bioreactor corrosion and unintended formation of sec-
ondary minerals, causing the re-precipitation of valuable leached
elements and the decrease of the metal recovery yield (Batty and Rorke,
2006; Hedrich et al., 2018). Focusing on process optimization at mes-
ophilic temperatures would thus present an opportunity to improve the
VSPR and enhance overall process design.

Therefore, we followed up on our previous study by investigating
reactor performance at mesophilic temperature (30°C) at both neutral
(6.9 + 0.1) and acidic pH (3.8 £ 0.1), using the same neutrophilic
granular sludge industrial as inoculum. By comparing the VSPR at
steady-state achieved in this study with those achieved under ther-
moacidophilic conditions, we aimed to identify possible limitations of
our system. Furthermore, we investigated changes in the microbial
community composition through 16S rRNA gene amplicon sequencing
in the two pH regimes.

2. Materials and methods
2.1. Reactor configuration and inoculum preparation

A glass gas-lift reactor with a working volume of 4 L was inoculated
with wet granular sludge from a SO7 -reducing bioreactor with low
methane production at the industrial chemical plant Getec park
(Emmen, the Netherlands) (Hulshoff et al., 2001). The reactor was
operated at 30°C and supplied with low phosphate mineral media
(Hidalgo-Ulloa et al., 2022), with Hy and CO; as sole electron and car-
bon donors. Influent media was continuously sparged with N3 (O2 < 0.5
ppmv, Linde Gas Benelux B.V., the Netherlands). Settleable solids and
suspended biomass were retained using a 1.1 L glass settler. Further
description of the reactor configuration and equipment used is provided
elsewhere (Hidalgo-Ulloa et al. 2023). The VSPR was estimated from the
change in sulfide concentration (ACZGg)* in the gas effluent scrubber
(5M NaOH) over time (Atg,+1,)) (eq. 1), expressed per liter of reactor
volume (Vg) in g [ e i

ACSZ’SCBt VSCB
VSPR = —>——.— (€8]
At(n+l—n) VR

Upon start-up, mineral media (3 L) was added to the reactor. After
sparging with Ny gas for 1 h (25 mL No-s™1), N gas was substituted with
a mixture of Hy (>99.999%, Linde Gas Benelux B.V) and CO5 (>>99.99%,
Linde Gas Benelux B.V) with a gas rate equal to the initial operating
conditions (1 h). Concurrently, 10 g SO.L 1 of biological elemental sulfur
(henceforth S°) was added to the reactor.

Prior to inoculation, 400 g (32 g dry weight) of the industrial wet
granular sludge (henceforth Emmen sludge) was suspended in 500 mL of

Change in sulfide concentration (AC3cpy) in the effluent scrubber over time,
Vscg is the scrubber volume (1.8 L), Vg is the effective working reactor volume
(4 L), and t, and t,, . ; are the sampling time (day) at the initial time (n) and final
sampling time (n+1), respectively.
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demineralized water, and the pH of the suspension was adjusted to 6.9
with 1 M H3SO4. The sludge suspension was sparged with 25 mL Np-s~!
for 60 minutes before inoculation of the reactor.

After initial operation in batch mode for six days, operation was
switched to continuous mode at a constant hydraulic retention time
(HRT) of 2.5 days. Operational conditions were maintained, except
during instances of technical disruptions (Supplementary information,
S.1.1). During the continuous operation, S° was added to the reactor in
batch through a feed port. The amount of s? supplied was based on a
mass balance over the HsS produced. After 38 days of operation, we
identified ammonium (NHZ) deficiency in the reactor; thus, we
increased the concentration of (NH4)2SO4 from 0.55 mM to 2.53 mM to
satisfy the microbial demand. The origin and preparation of the S° used
is described in detail by Hidalgo-Ulloa et al. (2023).

This research intended to examine the sulfidogenic capacity of the
granular sludge at neutral (6.9 + 0.1) and acidic (3.8 £+ 0.1) pH. Oper-
ation started at neutral pH, during which a 0.1 M NaOH solution was
used to maintain a constant pH. Once steady-state’ conditions were
reached, the reactor pH was decreased to 3.8 using a 0.1 M H3SO4 so-
lution. After the initial 14 days at pH 3.8, the pH control solution was
replaced with 0.1 M HCI to limit the contribution of SO~ reduction to
the VSPR. Additionally, different influent Hy, and CO- flow rates were
tested. The reactor was initially fed with 2.8 L-h™! of Hy and 0.7 L-h ™! of
CO,. The H, inflow rate was increased to 5.6, 11.2, and 28 L-h™}, and
then lowered to 8 L-h ™! until reaching steady-state. Likewise, the inflow
rate CO5 was increased to 2 L-h~! and afterward decreased to 0.7 L-h ™
until reaching steady-state.

2.2. Microbial community analysis

The microbial community was analyzed through 16S rRNA gene
amplicon sequencing. Triplicate samples were collected from the
anaerobic sludge and the washed S°, both of which were harvested by
centrifugation and stored at -20°C until further processing. The anaer-
obic sludge, collected from the Emmen plant in January 2018, was kept
in a 10 L container at 4°C. In March 2020, samples from this batch were
prepared for DNA extraction. Samples for microbial community analysis
were taken in triplicate during reactor operation on days 24, 59, 73, 101,
118 and 130. Reactor sampling, DNA extractions, PCR amplification,
library preparation and sequencing were performed as described pre-
viously (Hidalgo Ulloa et al. 2023). The V4-V5 region from the 16S rRNA
gene was amplified using PCR with barcoded revised Earth Microbiome
Project (EMP) primers: 515F (GTGTGYCAGCMGCCGCGGTAA) and
806R (CCGGACTACNVGGGTWTCTAAT) (Thompson et al., 2017).

Paired-end amplicon sequences were processed using NG-Tax 2.0 on
the Galaxy platform (https://ngtax.systemsbiology.nl) (Poncheewin
et al., 2020) as described previously (Hidalgo Ulloa et al. 2023). Tax-
onomy was assigned using the SILVA SSU rRNA reference database v138
(Quast et al., 2013; Yilmaz et al., 2014), and sequences were further
analyzed with R (Core Team, 2021) in RStudio, with the phyloseq
(McMurdie and Holmes, 2013), microbiome (Lahti and Shetty, 2017),
ggplot2 (Wickham, 2008), ggpubr (Kassambara, 2020) and dplyr
packages in the tidyverse (Wickham et al., 2019). Alpha diversity was
calculated on rarefied data (sample size 22050). Beta diversity was
calculated on non-rarefied relative abundance data. Sequences are
available at the European Nucleotide Archive (ENA) at EMBL-EBI under
project number PRJEB50572, and submission number ERA8814161.

2.3. Chemical analysis
Sulfate, phosphate, and thiosulfate were measured by ion
t Steady-state was considered reached when the standard deviation of the

average VSPR remained within a 10% deviation during ten consecutive oper-
ational days (4x HRT).
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chromatography on a Dionex ICS 6000 equipped with an IonPac AS17-C
analytical column (4x2550 mm), and a AS17-C guard column (Dionex,
USA) eluted at 30°C with potassium hydroxide (5 mM, 0.25 mL-min~1).
Volatile fatty acids (VFAs) were measured with a GC system Agilent
7890B equipped with a flame ionization detector and an HP-FFAP col-
umn (25m x 0.32mm). Total organic carbon (TOC) measurements
during steady-state were performed using a TIC-TOC analyzer (TOC-L
CPH/CPN series, Shimadzu, Japan), equipped with a non-dispersive
infrared detector (NDIR). The autosampler settings for inorganic car-
bon removal required sample acidification with 1 M H3SOy, flushing
with synthetic air (CxHy<1 ppm, Linde Gas Benelux B.V), and sample
injection at 720°C. Free dissolved sulfide and NH were analyzed using
Hach Lange kits LCK-653 and LCK-303 (Hach, Germany), respectively.
Free sulfide samples were diluted in anaerobic water and preserved
using a NaOH (12 mM) and zinc acetate solution. Headspace gas
composition was analyzed through gas chromatography. Further
description of the procedures and equipment follow those by Hidal-
go-Ulloa et al. (2020).

3. Results
3.1. Sulfidogenic productivity

In the neutral pH regime (maintained at 6.9 + 0.1), steady-state was
reached on day 92 of operation, with an average VSPR of 1.787 + 0.177
g 21 1l.a! (Fig. 1). In this period, S° reduction accounted for 98.5 %
of the VSPR, while reduction of SO?{, present in the media, accounted
for the remaining 1.5 + 0.5 % of the VSPR at steady-state conditions (98
% reduction of the SO3~ loaded). In addition, thiosulfate formation was
detected in the reactor liquor in this period (Supplementary informa-
tion, S.I1.2).

Upon concluding steady-state under neutral pH conditions (days 92-
103), the reactor pH was decreased to 3.8 + 0.1 (day 103) (Fig. 1).
Steady-state conditions were reached 17 days after the pH decrease (day
120) and sustained through day 130. The VSPR in the steady-state at low
pH dropped to 0.705 + 0.068 g S2~-L~*.d"!, a 2.5-fold decrease of the
VSPR observed during operation at neutral pH. During the initial
operation at acidic conditions, the pH was controlled using a 0.1 M
HS04 solution. However, on day 118, this solution was replaced with
0.1 M HCI to limit the contribution of SOF~ reduction to the VSPR
(Fig. 1). SO%’ reduction accounted for 5.1 4+ 0.2 % of the total VSPR
during this regime. Despite the relative increase of SO%  reduction
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Fig. 1. Volumetric sulfide production rates (VSPR) of the Emmen sludge in the
4L gas lift reactor (secondary axis, red markers) contrasted with the pH changes
(primary axis, black markers) and SO?{ loading rate in the influent (primary
axis, yellow markers) and effluent (primary axis, turquoise triangles).
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during operation at acidic pH, the absolute SO5~ reduction remained
equivalent to that at neutral pH. At acidic conditions, the VSPR from
SO%~ reduction accounted for 0.334 g $2~-L"1.d~! while at neutral pH
was 0.329 g $2~-L71.d L. No thiosulfate was detected during operation
at acidic pH (Supplementary information, S.1.2).

3.2. VFA, NHj and biomass concentration changes across pH regimes

During the initial operation in the neutral pH regime, we observed an
increase in the VFA concentration, reaching up to 1474 mg VFA-L ™! (day
48). Subsequently, VFA concentrations decreased to below the limit of
detection (LOD < 2.5 mg VFA~L_1) on day 64 (Fig. 2). Acetate accounted
for 97 + 5 % of total VFA concentration (Supplementary information, S.
1.3). On day 27 of operation, the NHj concentration in the effluent was
below detection (LOD < 0.1 mg NHZ-L™!) (Fig. 2), indicating NHZ
limitation. This lasted until day 38, when the NHJ concentration in the
influent was increased. During this period the VSPR fluctuated, reaching
a maximum of 4.26 g 2 L7 ld! (day 66).

The granular sludge was noted to degrade over time, with complete
degranulation in the reactor liquor observed by day 84. Total organic
carbon (TOC) was used as proxy for biomass concentration during the
steady-state in both pH regimes, since VFA concentrations were below
LOD in these periods. During steady-state at pH 6.9 (day 92 — 103), the
TOC concentration was 26.5 & 1.7 mg TOC-L™}, while during steady-
state at acidic pH 3.8 this was 18.6 + 1.0 mg TOC-L™!. The TOC con-
centration was converted into biomass concentrations using the median
empirical biomass formula for prokaryotes (CH; 09 4Ng.2) (Rittmann
and McCarty, 2020). This resulted in estimated biomass concentrations
of 50.4 + 3.2 mg,-L ! and 35.3 + 1.8 mg,-L ™! in the neutral and acidic
pH regimes, respectively.

3.3. Assessment of Hy and CO_ flow rates in the VSPR

Possible limitations in mass transfer of the electron (Hy) and carbon
(COy) sources were assessed by increasing Hy and CO, influent flow
rates. Four different Hy flow rate regimes were tested: 5.6 (day 23 — 34),
11.2 (day 34 - 64), 28.0 (day 64 — 80), and 8.0 (day 80 — end) L Hy-h ™.
Similarly, two CO3 gas flow regimes were evaluated 0.7 (day 1 - 80, day
86 — end) L-h! and 2.0 (day 80 — 86) L CO,-h™ L. During steady-state
operation in both pH regimes, the H, and CO5 remained at 8 and 0.7
L Hy-h™" respectively. Although changes in VSPR were observed upon
increasing the Hj flow rate on day 64, these changes were not consistent
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Fig. 2. Total volatile fatty acid (VFA) concentration in the reactor (primary
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(secondary axis, red markers). Dotted line indicates the switch from neutral to
acidic pH.
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and did not lead to an increased steady-state VSPR (Fig. 3). Likewise,
increments in the CO5 flow rate did not lead to an immediate effect on
the VSPR.

3.4. Microbial community composition and shifts throughout reactor
operation

To assess the effect of the pH decrease on microbial community
composition, reactor samples from days 24, 59, 73, and 101 (neutral pH,
6.9) and days 118 and 130 (acidic pH, 3.8) were analyzed with 16S
rRNA gene amplicon sequencing. After filtering and quality control,
between 22058 and 696963 reads remained per sample (Supplementary
information, S.1.4). The alpha diversity decreased upon lowering the pH:
at pH 3.8, the dominance was 0.69 + 0.05, compared to 0.42 + 0.07 at
pH 6.9 (Fig. 4A). For the inoculum and the S° a dominance of 0.23 +
0.03 and 0.28 + 0.03 was calculated, respectively. Comparison of the
beta diversity indicated a clear separation between reactor samples from
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the two pH regimes, the inoculum, and the S° (Fig. 4B). Even though
steady-state was reached only on day 92, the beta diversities on day 24
and day 101 were already highly similar (Fig. 4B).

Different taxa were detected at pH 6.9 compared to pH 3.8 (Fig. 5),
and the dominant taxa in samples from both regimes differed from the
original inoculum and the added S° (Supplementary information, S.L5).
Of the ten most abundant taxa detected at both pH regimes (Fig. 5),
Sulfurospirillum, Sulfurovum, Desulfovibrio, Acetobacterium, and an un-
known genus from the order OPB41 within the Coriobacteria class
(Actinobacteria phylum) were abundant at pH 6.9, but decreased to
below detection at pH 3.8. Conversely, Thiomonas and Thermode-
sulfobium were abundant at pH 3.8, but not detectable (Thermode-
sulfobium) or only present at 1.0 + 0.2 % (Thiomonas) during operation
at pH 6.9. Reads classified as Desulfurella, Methanobacterium, and
Microbacter, were present throughout both pH regimes, with Desulfurella
becoming highly dominant at pH 3.8.

During operation at pH 6.9, reads assigned to the genus Sulfurospir-
illum were most abundant, increasing from 21.2 + 5.0 % on day 24 to
44.4 £ 6.7 % on day 73, then slightly decreasing to 35.0 & 4.7 % on day
101 before dropping to 0.25 + 0.1 % upon the transition to pH 3.8.
Similarly, reads assigned to the genus Sulfurovum increased in relative
abundance during operation at pH 6.9, from 2.3 + 1.1 % on day 24 to
17.1 £+ 2.5 % on day 101, but dropped to below LOD upon the decrease
in pH. The relative abundance of Desulfovibrio and Acetobacterium
decreased throughout the neutrophilic regime, from 5.1 + 0.8 % and 5.5
+ 2.5 % on day 24 to 2.9 £ 2.8 % and 0.8 = 0.7 % on day 101,
respectively, and dropped below LOD at acidic pH. Sequences classified
as Thermodesulfobium were not detected at pH 6.9, and sequences related
to Thiomonas were detected only at low abundance, between 0.04 +
0.08 % on day 24 to 1.0 + 0.2% on day 101. However, upon the tran-
sition to pH 3.8, reads assigned to Thermodesulfobium and Thiomonas
increased to 14.2 &+ 0.7 % and 8.2 + 1.2 %, respectively, by day 130.

Of the three top ten taxa present in both pH regimes, Meth-
anobacterium and Microbacter were already detected on day 24. The
abundance of Methanobacterium decreased during operation at pH 6.9,
from 27.5 + 23.7 % on day 24 to 10.5 £ 6.9 % on day 101, whereas the
abundance of Microbacter remained approximately constant, between
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Fig. 4. (A) Alpha diversity of samples from S°, inoculum (Emm), and the S3-reducing reactor at pH 6.9 and pH 3.8 expressed as McNaughtons Dominance. Statistical
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Analysis (PCoA) plot comparing the beta diversities (Bray-Curtis dissimilarity index) between samples from S° (red), inoculum (Emm, blue), and the S3-reducing
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remainder grouped under "others’. Colors represent the relative abundance of sequenced reads assigned to the taxa indicated on the y-axis. Individual replicates from
triplicate samples are shown, grouped per day of sampling. The black line indicates the separation of the neutrophilic (days 24 — 101) and acidophilic (day 118 &

130) regimes. o_: order; g_: genus.

12.2 + 2.0 % on day 24 and 7.2 + 0.8 % on day 101. Desulfurella, also
detected at both pH values, accounted for < 0.1 % of reads on day 24,
and then increased to 11.5 + 2.4 % on day 101. Upon the switch to
acidic pH, Desulfurella became the dominant taxon in the sequenced
reads, accounting for 66.4 & 1.8 % of total sequenced reads on day 118
and 56.3 + 2.3 % on day 130.

4. Discussion
4.1. Autotrophic and heterotrophic S° reduction at neutral pH

The detection of acetate and its apparent consumption indicates the
occurrence of heterotrophic S° reduction in this bioreactor. This is
supported by the microbial community composition observed in this
period. Acetobacterium, with the type strain A. woodii, is a well-studied
acetogen, capable of acetate production from Hy and CO5 (Balch et al.,
1977). The dominant $%-reducing taxa detected in the sequenced reads
during operation at pH 6.9, Sulfurospirillum, Sulfurovum, Desulfurella and
Desulfovibrio, support the occurrence of both heterotrophic and auto-
trophic S° reduction. While Sulfurovum, Desulfurella, and Desulfovibrio
species are capable of autotrophic S° reduction, Sulfurospirillum species
described to date, such as S. arcachonense (Finster et al., 1997; Stolz
etal., 1999) S. deleyianum (Schumacher et al., 1992; Wolfe and Pfennig,
1977), and S. Diekertiae (Jin et al., 2023) are capable of S0 reduction
with Hj as electron donor but cannot use CO as carbon source. Instead,
they require organic compounds such as acetate, supporting the hy-
pothesis that the VFA were used as organic carbon source (Fig. 6).
Previous studies of neutrophilic S’-reducing bioreactors fed with glucose
and acetate also detected Sulfurospirillum as one of the dominant
S0-reducing taxa (Qiu et al., 2017). So far, no acidophilic Sulfurospirillum
species have been described, explaining their disappearance during
operation at acidic pH.

While Sulfurospirillum was the dominant genus between day 24 and
day 73, steady-state was only reached on day 92, with a VSPR lower than
observed in the period before steady-state. At steady-state on day 101,
Sulfurospirillum remained a dominant community member, with an
increased abundance of Sulfurovum. Several Sulfurovum species are
capable of autotrophic S reduction with Hy and CO,, e.g. Sulfurovum
aggregans and Sulfurovum sp. NBC37-1 (Mino et al., 2014; Nakagawa
et al., 2005; Yamamoto et al., 2010). Together with Desulfurella these
likely accounted for autotropic S° reduction during steady state. The
sharp decrease in NH4 consumption and in the relative abundance of
reads assigned to Acetobacterium during steady-state could indicate that
the availability of organic carbon limited growth of Sulfurospirillum. The

decrease of Acetobacterium could be related to increasing H»S concen-
trations, as was observed in homoacetogenic mixed cultures at con-
centrations above 3.3 mM (Ntagia et al., 2020). In summary, while
heterotrophic S° reduction was dominant in the first 80 days, autotro-
phic S° reduction appeared to be dominant during steady-state.

During operation at neutral pH, the VSPR exhibited a sinusoidal
pattern before reaching steady-state. The changes observed in the VFA
concentrations, predominantly acetate, suggest that these could be
driving the fluctuations in VSPR. Prior to reaching steady-state, acetate
concentrations increased up to 1440 mg AcO~-L~! by day 48, and then
decreased, coinciding with a peak in the VSPR (4.260 g S>~-L™1.d™!) by
day 66.

The link between fluctuations in VSPR and VFA oxidation appears to
be supported by the observed changes in the NH4 consumption rates. On
day 27, the NH} concentration in the effluent was below LOD (0.1 mg
NHj-L™1), indicating it was potentially limiting microbial growth. The
subsequent increase in NHj concentration in the influent (day 38) led to
a surge in the NHZ consumption rate from 11 mg NH-L~!.d~! (day 38)
to 31 mg NH;-L~1.d ™! (days 41-45), suggesting an increase in microbial
biomass. The mass balance analysis over the metabolite production,
presuming Hy as the sole electron donor, indicated that the observed
increase in biomass was primarily driven by acetogenesis. Specifically,
up to 59 % of the electron donor consumption was allocated for acetate
formation (day 41), highlighting the competitive dynamics between
acetogenesis and sulfidogenesis under these conditions.

This sinusoidal pattern continued until day 80, with fluctuations in
the NHJ consumption rates followed by a transient spike in the VSPR
and decreasing concentrations of VFA’s. However, the amplitude and
frequency of the fluctuations progressively decreased, until reaching
steady-state with stable VSPR and NHZ consumption rates (1.78 + 0.17
g $27.L71.d7% 6.95 + 0.65 mg NH4-L~*.d"!) and VFA concentrations
below LOD. The simultaneous decrease in acetate concentration and rate
of NHJ consumption in the reactor compared to the values observed
before reaching steady state suggests a decreased activity of acetogenic
microorganisms.

4.2. CO2 and H; limitations during circumneutral pH operation

We found no correlation between the VSPR and the influent gas flow
rates. In the interval from days 41 to 52, during the first Hy flow rates
increase, previously adjusted to 11.2 L Hy-h™! on day 34, the VSPR
remained similar to those observed under lower Hy inflow conditions
(days 23 - 34). This finding suggests that the relationship between Hy
flow rates and VSPR might be more complex and that other factors, such
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as the dynamics between VFA production and oxidation discussed
above, influenced the VSPR.

From days 55 to 64, despite the absence of further modifications to
the H, flow, the VSPR increased, to 3.8 g $>~-L 1.d! by day 64. This
trend continued after the increase in H, flow to 28 L-h ™! initiated on day
64, increasing the VSPR to a peak of 4.2 g S2~-L"1.d~! by day 66. This
peak, rather than being a direct consequence of the increase in Hj flow
rate, appears to be a continuation of increasing trend noted earlier,
suggesting that VSPR dynamics are influenced by more factors than Hy
supply alone.

The subsequent decline in VSPR post-peak, despite the sustained
increase in Hj flow, could suggest carbon limitation, potentially due to
the unadjusted CO, flow rates (day 66, Fig. 3). An increase in Hy inflow
can dilute CO-, partial pressure, potentially impacting both autotrophic
S° reduction and the production of VFAs necessary for heterotrophic S°
reduction. This potential limitation is challenged, however, by the
observed NHZ consumption rates, which serve as indicators of microbial
growth. Specifically, NHf consumption rates increased from 8 mg
NHZ-L71.d"! on day 62 to 15 mg NH-L~'-d ! by day 69, indicating an
increase in microbial activity and an increased requirement for COy
fixation for new biomass production, thereby suggesting that CO, was
not a limiting factor during this timeframe. Moreover, a subsequent
increase in CO2 inflow rates between days 80 and 86 did not notably
influence the VSPR, further supporting that gas inflow rates were not the
primary drivers of the observed changes in VSPR. Taken together, this

underscores the need to consider the intricate interplay among gas
flows, microbial metabolism, and environmental conditions when
analyzing the factors influencing VSPR in sulfidogenic bioreactors.

4.3. Shifting of the microbial community upon acidification

A clear change in microbial community diversity (Fig. 4) and
composition (Fig. 5) was observed in the reactor samples upon the
switch from neutral (pH 6.9, days 0 - 101) to acidic conditions (pH 3.8,
days 101 - 130). The absence of Sulfurospirillum and Sulfurovum from the
sequenced reads after the shift to acidic pH is in line with the reported
neutrophilic physiology of Sulfurospirillum (Finster et al., 1997; Stolz
et al., 1999) (Schumacher et al., 1992; Wolfe and Pfennig, 1977) and
Sulfurovum species (Inagaki et al., 2004; Mino et al., 2014; Nakagawa
et al., 2005; Yamamoto et al., 2010). Upon the switch to acidic pH,
Desulfurella became the dominant S°-reducing genus according to the
sequenced reads. Desulfurella was already one of the dominant
S%-reducing taxa during operation at pH 6.9, suggesting an important
role for this genus throughout reactor operation. Closer inspection of the
individual amplicon sequence variants (ASV) classified as Desulfurella
showed that 31 different ASVs were detected throughout reactor oper-
ation, of which 13 occurred in samples from both pH 6.9 and pH 3.8, 2
were unique to samples from pH 6.9, and 16 were unique to pH 3.8.
Although 1 ASV consistently accounted for 77 to 100 % of reads clas-
sified as Desulfurella in all samples, the variation among the other ASVs
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could indicate that another, more acidophilic Desulfurella species
became dominant at pH 3.8. All Desulfurella species, both neutrophilic
and acidophilic, are capable of S° reduction, with D. acetivorans (Bon-
ch-Osmolovskaya et al., 1990), D. kamchatkensis and D. propionica
(Miroshnichenko et al., 1998), and D. multipotens (Miroshnichenko et al.,
1994) growing between pH 6.7 and 7.2, and D. amilsii at pH 3.8 - 6.9
(Florentino et al., 2016a). Desulfurella species can utilize both organic
and inorganic substrates as carbon and energy sources. This versatility is
reflected by the dominance of Desulfurella in experiments performed
under different conditions, such as acidophilic S°-reducing enrichments
using either acetic acid, methanol, or Hy/CO; as energy and carbon
source (Florentino et al., 2015) and in heterotrophic (Guo et al., 2021;
Guo et al., 2019) and autotrophic reactors (current study) at neutral and
acidic pH.

Next to Desulfurella, reads assigned to Thiomonas and Thermode-
sulfobium increased in relative abundance at pH 3.8. Thiomonas was
already observed at low abundance on the final day of sampling at
neutral pH, but Thermodesulfobium remained below detection before the
switch to acidic pH. Thiomonas species have been isolated predomi-
nantly from acid mine drainage sediments and hot spring environments
(Akob et al., 2020), and grow at acidic pH, with minimum pH 3.0 for
T. metallidurans (Akob et al., 2020), to neutral pH, with a maximum pH
of growth of 8.5 for T. bhubaneswarensis (Panda et al., 2009). Further-
more, T. islandica is capable of autotrophic growth on Hy, and utilization
of organic and inorganic energy and carbon sources (Vésteinsdottir
et al., 2011). However, chemolithotrophic growth with Hy was not
confirmed with S°, raising the question of which energy metabolism is
utilized by the Thiomonas species detected in the reactor. Like Thio-
monas, Thermodesulfobium species were reported to grow chemo-
lithoautotrophically with Hy/CO», using oxidized sulfur compounds
such as 50‘21_ or thiosulfate as electron acceptors, but were not able to
use S° (Frolov et al., 2017; Mori et al., 2003). Its potential role as 50‘2{
reducer could be further supported by the observation that SO~ con-
centrations again started decreasing 19 days after the pH decrease
(Fig. 1).

The high relative abundance of reads assigned to Methanobacterium
at neutral pH could indicate the occurrence of methanogenesis from Hj
and CO,. However, methane was not monitored during operation at pH
6.9 and its formation in the first 103 days can therefore not be
confirmed. Furthermore, Methanobacterium species are capable of sulfur
reduction in the presence of elemental sulfur, accompanied by meth-
anogenesis (Stetter and Gaag, 1983), suggesting they could have
contributed to sulfidogenesis at pH 6.9. More recently, Meth-
anobacterium was implicated as the S°-reducing species responsible for
unwanted H,S formation from S° formed in an H,S removal process
(Zhou et al., 2011). During operation at pH 3.8 Methanobacterium was
detected at low relative abundance in the sequenced amplicons. Even
though the gas composition was measured during operation at acidic
pH, on day 104 and day 129, no CH4 was detected. It is possible that
methane production occurred but remained below detection, as acido-
philic Methanobacterium species have been reported previously (Kot-
syurbenko et al., 2007; Sanz et al., 2011), however this remains
speculative and requires further investigation.

4.4. Implications of the acidification for the VSPR

As previously discussed, upon the transition from pH 6.9 to pH 3.8, a
2.5-fold decrease in the VSPR at steady-state was observed, accompa-
nied by a change in relative microbial community composition and a
reduction of diversity. The decrease in relative abundance of reads
assigned to the inferred S%-reducing genera Sulfurospirillum, Desulfurella,
Sulfurovum, Desulfovibrio, and Methanobacterium from 77.9 % on neutral
pH steady-state (day 101), to 60.1 % on the acidic steady-state (day 130)
could partly explain the decrease in VSPR. However, since no absolute
abundance data was obtained, this finding should be considered indic-
ative rather than conclusive. Nevertheless, the VSPR changes are likely
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the result of a larger multifactorial effect, as further discussed below.

TOC measurements indicated a decrease in estimated biomass con-
centrations from 50.4 + 3.2 mg,-L ! at the steady-state at neutral pH to
35.3 & 1.8 mg,-L ! during the steady-state at pH 3.8. Interestingly, the
rates of NHJ consumption were similar in both steady-states (6.95 +
0.65 mg NHf-L™1.d!, days 92— 103; 6.97 + 0.78 mg NHf-L!-d !, days
120 — 130). The decrease in biomass concentration, together with a
decrease in VSPR but a similar NH; consumption rate upon the acidi-
fication, can likely be explained by the increased cellular maintenance
energy requirements for acid stress resistance mechanisms such as active
proton export and selective membrane permeability required for sur-
vival at low pH (Guan and Liu, 2020; Hu et al., 2020).

Furthermore, it has been hypothesized that microbial $° conversion
rates are limited due to the low S° solubility in water (53.8 nM, 28°C)
(Florentino et al., 2015) rendering it predominantly solid in water
(Kamyshny, 2009). Because polymeric sulfur chains exhibit a bonding
energy that is 2.4 kJ-mol~! lower than cyclooctasulfur bonds (Franz
et al., 2007), it has been suggested that polysulfides (S2) are the pri-
mary terminal electron acceptor in $%-reducing processes (Hedderich
et al., 1998; Schauder and Miiller, 1993). However, S2~ chain length is
limited under acidic conditions resulting in a low polysulfide concen-
tration. While at neutral pH the average S2~ chain length is four to six
sulfur atoms (S‘zf - sé*), at acidic conditions this is limited to two sulfur
atoms (S-S%7) (Kamyshny et al., 2007). Moreover, HS, might be the
dominant polysulfide form under acidic conditions, which has been re-
ported to be almost insoluble in water (Steudel, 2020). Hence, it remains
to be determined whether the limitation in microbial S°-reduction at
acidic pH is due to the bioavailability of S° forms utilized by acidophilic
S%-reducers or by limitations in the S° transfer rate (Boyd and Druschel,
2013; Florentino et al., 2016a; Takahashi et al., 2010).

By using the same reactor set-up and anaerobic sludge as inoculum as
in our prior work (Hidalgo-Ulloa et al., 2023), we aimed to determine
the extent to which S° availability influenced the VSPR. The VSPR in this
study showed a 2.6-fold increase under the acidic conditions compared
to that reported under equivalent pH conditions but at higher temper-
ature (0.27 g $2~171.d7! at 60°C) (Hidalgo-Ulloa et al., 2023). These
differences appear despite the solubility of S° increases by one order of
magnitude at 60°C relative to the temperature in the current study
(Kamyshny, 2009), suggesting increased bioavailability and thereby
enabling higher rates. However, the industrial sludge used as inoculum
originated from a process operated at mesophilic conditions. Therefore,
the S° conversion limitations under thermoacidophilic conditions were
likely the result of microbial growth limitations rather than limitations
on S° availability.

Nevertheless, the VSPR in this study aligns closely with other
documented S°-reducing processes under similar conditions. For
instance, Guo et al. (2021) reports VSPR reaching 0.888 g S>~-L1.d ! at
pH 3.8 and 25°C while Sun et al. (2020b) found VSPR up to 0.881 g
$2-.L71.d7! at pH 3.5 and room temperature (unspecified). Further-
more, the VSPR at the circumneutral pH is also in the same order of
magnitude of those reported from research performed at
laboratory-scale (Escobar et al., 2007; Zhang et al., 2018a) and indus-
trial applications (Gonzalez-Contreras et al., 2016), under comparable
pH and temperature conditions. This consistency in VSPR across studies,
transcending differences in inoculum, electron donor, S0 source, oper-
ational parameters, reactor configurations, and scale, hints at an
intrinsic limit in microbial S°-reduction rates. Specifically, under acidic
conditions (pH < 4), the VSPR from S%-reduction appears to plateau in a
107! g $27.L71.d ! order of magnitude, while at neutrophilic conditions
(pH 6.8 - 7.5), this seems to extend to a 10° g $2~.L71.d"! order of
magnitude.

5. Conclusions

The findings of this study, along with our previous reports of this
inoculum at high temperature and acidic conditions, suggest that
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temperature has a more pronounced effect on the VSPR than pH when
using the Emmen granular sludge as inoculum. While at mesophilic
temperatures the VSPR dropped 2.5-fold when the pH was decreased
from 6.9 to 3.8, this was still around 2.6-fold higher than the VSPR
observed at thermoacidophilic conditions (pH 3.5, 60°C). Although the
differences in VSPR are likely related to the original growth conditions
of the inoculum, the VSPR at acidic conditions corresponds well with
findings from other studies, suggesting an intrinsic limit on the micro-
bial reduction of elemental sulfur.

During the initial operation stages at neutral pH, both autotrophic
and heterotrophic sulfidogenesis occurred, despite the chemoautotro-
phic operating conditions. Upon the switch to acidic conditions, the
microbial community became dominated by Desulfurella. Analysis of
individual ASV assigned to this taxon suggests the presence of different
species from that at pH 6.9.
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