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ARTICLE INFO ABSTRACT

Editor: Li Gao This article presents an original and detailed study of semi continuous lab-scale anaerobic bioreactors subjected

to Sulfate Loads Rates (SLRs) >130 mgSO%’/day.L,eacm. At these sulfate inputs, hydrogen sulfide yield by

Keywords: bacterial conversion can reach concentrations above 400 mg/L in the liquid phase and more than 25,000 ppm in
Biogas gas phase, respectively. Both values comprise significant technical challenges in biogas plants as well as health
Is_ll;l(f;;zen sulfide and environmental concerns.

SRB In order to control sulfide in liquid phase, two bioreactors were treated with opposite ferric dosing strategies:
Iron one underwent five consecutive cycles of shock precipitation of hydrogen sulfide, reducing peak levels from

~400 mg/L to <40 mg/L; the other involved the application of a more continuous and fine-tuned dosing strategy
to manage sulfide concentrations across different stepwise levels: 400-300, 300-200, 200-100, and 100 to <10
mg/L. A third bioreactor, without iron addition, stabilized at ~250 mg/L HaS and 10,000 ppm in biogas over
140 days. A detailed sulfur mass balance enabled analysis of sulfate-to-sulfide conversion rates, Henry’s con-
stants between liquid and gas phases, and Fe>*/52~ molar ratios for both strategies. Values of 0.99 and 0.65 were
obtained, matching with the stoichiometry of FeS during shock precipitation and FeS + S° and/or Fe,S3 in
stepwise precipitation, respectively. High-throughput sequencing of the 16S rRNA gene revealed subtle yet
significant changes in the microbial community structures within bioreactors subjected to high sulfate loads and
iron addition. Furthermore, the authors characterized the late-stage microbial response following methanogenic
process inhibition and the cessation of biogas production.

1. Introduction

In the circular-economy context, agro-industrial effluents are valu-
able resources, with many components upcyclable into other products
through green chemistry or fermentation. When these strategies are
unfeasible, anaerobic digestion (AD) remains an effective alternative,
recovering chemical energy from organic matter and reducing the
environmental impact of effluent discharge. However, certain agro-
industrial wastewaters with high sulfate concentrations pose chal-
lenges for AD bioreactor stability. Sulfate stimulates the dissimilative
sulfur pathway, promoting sulfate-reducing bacteria (SRB) that compete
with methanogens for key substrates. SRB use hydrogen and low

molecular weight organic compounds as electron donors to reduce sul-
fate to sulfide (Eq. (1)), which inhibits methane production and reduces
the efficiency of biogas generation [1].

Hydrogen sulfide in aqueous solutions exists in three forms: non-
ionized HaS;ig, ionized bisulfide HSjg, and Sﬁ; , depending on pH and
temperature [2]. Non-ionized H,Sjq, predominant at pH <7 (pKa; =
6.99 at 25 °C), is particularly toxic to methanogenic archaea and other
microorganisms due to its ability to diffuse across microbial cell mem-
branes and inhibit metabolic activity [1]. This often results in the
accumulation of intermediates, such as volatile fatty acids (VFAs),
acidifying the bioreactor and reducing Chemical Oxygen Demand (COD)
removal efficiency, leading to system failure [3]. In contrast, Sﬁ,}
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concentration in aqueous solutions is negligible under typical conditions
(pKaz = 14.6 at 25 °C) [4].

To counteract sulfide formation and its side effects, several strategies
are employed, including micro-aeration [5], and the addition of iron
compounds to precipitate insoluble sulfides [6]. Iron salts are particu-
larly effective, as their cations not only remove sulfides from both the
liquid phase and biogas [7] but also enhance methanogenesis by
providing essential trace elements for methanogenic archaea growth
[8]. In this scenario, ferrous cations (Fe2+) react directly with bisulfide
(HSjig) to form ferrous sulfide (FeS), as shown in Eq. (2). Conversely,
ferric cations (Fe3+) must first be reduced to their ferrous form before
precipitating as sulfide. This reduction can occur chemically, through
the oxidation of bisulfide to elemental sulfur (S°), as described in Eq. (3)
[9], or biologically, via chemoautotrophic bacteria that use Fe* as a
terminal electron acceptor. Alternatively, Fe3* can also react with
bisulfide to form ferric sulfide, as indicated in Eq. (4) [6].

SO;% +2H" & H,S + 20, @
Fe*' + HS™ < FeS+H" (2)
2Fe*t 4 HS™ < 2Fe*" +S° + H* 3
2Fe*" +3HS™ < 2Fe,Ss + 3H' 4

To effectively implement this strategy, iron dosing must align with
the sulfide levels present in the bioreactor’s liquid phase. However,
determining the optimal dosage is influenced by several interacting
factors—such as pH, redox potential, and temperature—that interact in
complex, partially understood ways, often causing deviations from the
stoichiometric relationships in Egs. (2), (3), and (4) [6,10]. Among ferric
salts, FeCls is particularly advantageous due to its high solubility in
aqueous solutions (0.92 g/mL at 20 °C), cost-effectiveness, and its ability
to retard dissimilatory sulfate reduction by acting as an alternative
electron acceptor [11]. In aqueous environments, FeCls forms an acidic
Fe(OH);3 dispersion that readily reacts with sulfides to precipitate
insoluble iron sulfides. Recommended dosages, according to Erdir-
encelebi and Kucukhemek [12], range between 1.17 and 3.5 g of Fe’t
per gram of sulfide precipitated.

Despite extensive research, to the best of the authors’ knowledge, no
comprehensive study has yet been conducted on sulfur tracking and
sulfide control in biogas reactors subjected to SLRs exceeding 100
mgSO%’/day.Lreactor. Under anaerobic conditions, such sulfate overloads
can yield sulfides above 400 mg/L in the liquid phase and H5S levels
exceeding 25,000 ppm in biogas. These values involve critical technical
challenges in biogas plants as well as health and environmental
concerns.

In a previous study, the authors explored the early-stage response of
lab-scale biogas reactors to multiple SLRs using a sulfate-rich agro-in-
dustrial effluent [13]. A detailed discussion on HsS in biogas was pre-
sented, addressing sulfur input, the quantification of volatile sulfide
compounds (VSCs) and the resulting changes in the microbial
community.

In the present article, the authors investigated the long-term effects
of bioreactor instability caused by inhibition and acidification when
exposed to SLR up to 136.1 mgSO%’/day.Lreacmr. More important, two
sulfide precipitation strategies were assessed in separate bioreactors:
one involving periodic shock precipitation, and the other applying a
continuous, stepwise dosing approach. A third bioreactor, used as a
control, was stabilized at a lower SLR (71.83 mgSO%’/day.LreaCmr)—
nearly half that of the treated systems—for over 140 days without Fe>*
addition. The study evaluated sulfate-to-sulfide conversion, Henry’s
constants for liquid-gas phase transfer, and Fe>*/$2~ molar and mass
ratios across different conditions and dosing strategies. Microbiological
structure of the ferric-treated bioreactors and the late-stage response
after methanogenic inhibition and biogas cessation were also examined.
High throughput 16S rRNA sequencing and bioinformatics analysis
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revealed subtle yet compelling shifts in microbial community composi-
tion among diverse conditions.

2. Materials and methods
2.1. Analytical techniques

All samples were transported to the laboratory under refrigeration
and protected from light and air exposure. COD, pH, sulfide and sulfate
determinations were carried out according to APHA Standard Methods
[14]. For sulfide quantification, the procedure specifically targeted the
dissolved fraction, including the non-ionized and ionized forms (H2Sq/
HSj;¢) but not insoluble sulfides. To this end, samples were centrifuged at
7000g for 5 min, and the resulting supernatant was utilized for analysis.

2.2. Collection of inoculum and substrates

The inoculum was sourced from a local biogas facility processing
agro-industrial liquid residues from vegetable oils, biodiesel, dairy, and
food industries. It was seeded into lab-scale bioreactors and stabilized
for over two weeks prior to the experiments, preserving the original
multi-feed composition and the Organic Load Rate (OLR) of 2000
mgCOD/day.Lyeactor-

The Sulfate Substrate (SS) was wastewater obtained from a local
company producing vegetable olein (i.e., a mixture of fatty acids derived
from the chemical refining of soybean and sunflower oils), making it
suitable for biogas-based energy recovery due to its high organic COD
(Table 1). However, it also contains sulfate concentrations typically
between 15,000-25,000 mgSO3 /L, being strongly acidic (pH ~2).
Main organic components include mono-, di-, and triglycerides, free
glycerol, fatty acids, and phospholipids.

Conversely, the Base Substrate (BS), serving as both background and
diluent, consisted of the same wastewater mixture fed to the biogas plant
from which the microbial inoculum was sourced. Mainly derived from
vegetable oil processing and the biodiesel industry, the BS contains low
sulfate concentrations (<300 mgSO%’/L) (Table 1).

2.3. Experimental setup

Experiments were carried out in three 10 L lab-scale bioreactors
made of borosilicate glass and PTFE (Figmay, Cérdoba, Argentina). Each
unit included a brushless motor driving a vertical paddle stirrer (0-120
rpm), and a jacketed electric heating system with a PT100 probe and PID
controller (Novus LogBox, Brazil) to set temperatures up to 80 °C. Di-
gesters featured a bottom valve for solids discharge, a Graham
condenser for biogas collection in 10 L Tedlar® bags, and a top port with
a rubber stopper allowing feeding and digestate removal via peristaltic
pumps. Reactors ran in semi-continuous mode under constant agitation
and temperature control.

2.4. Bioreactor operation

Each bioreactor was loaded with 8.5 L of inoculum, leaving a 1.5 L
headspace. Systems operated at 55 rpm and 31 + 1 °C (mesophilic
conditions). Daily, digestate was extracted to maintain a constant liquid
volume, followed by the corresponding feed addition. Biogas production
was registered each day using the liquid displacement method by the gas

Table 1
Physicochemical parameters of the inoculum (I) and substrates: base substrate
(BS) and sulfate-rich substrate (SS).

COD (mg/L) pH Total S (mg/L) Sulfide (mg/L) Sulfate (mg/L)

I 1300 7.5 16.3 ~4 49
BS 67,027 5.0 84.7 <1 254
SS 237,623 1.7 6214 <1 18,620
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collected in Tedlar® bags, while its composition (%CH4, %COs, %0, and
H,S concentration) was determined using an Optima 7 Biogas Analyzer
(MRU Instruments, USA). To operate within the instrument’s H,S
detection limit of 2000 ppm, dilutions with Ny 5.0 (Linde, Argentina)
were conducted when necessary, using high-volume gas-tight syringes
(Hamilton, USA). All syringes, connectors, and tubing were made of
glass and PTFE to maintain integrity and prevent contamination.

During the startup and stabilization phase, all bioreactors, named
R1, R2, and R3, were uniformly fed with BS. The OLR was gradually
increased from 0 to 2000 mgCOD/day.Lyeactor OVer the first two weeks.
After 15 additional days of stabilization, “day zero” was established,
marking the beginning of new feeding compositions for R1 and R2, as
shown in Table 2. From that point, while maintaining a constant OLR,
R1 was fed entirely with SS, whereas R2 received an equal COD
contribution from SS and BS—corresponding to approximately 50 % of
R1’s SLR. On day #43, R3 also transitioned from BS to 100 % SS.

R2 served as an untreated reference, operating without iron addition.
R1 was subjected to a shock ferric dosing strategy, aimed to promptly
reduce peak sulfide concentrations from ~400 mg/L to <40 mg/L. In
contrast, from day #82 onward, R3 followed a stepwise ferric dosing
approach, to manage sulfide levels between: 400 to 300, 300 to 200, 200

M
Amass Sp®? = VolR*A{ [8037], . i* ws + [H2S/HS ], i *

5] out liq MW Soﬁ—

to 100, and 100 to <10 mg/L). Both protocols employed a 10 % w/v
FeCls-6H0 stock solution.

2.5. Sulfur mass balance. Calculations

The analysis monitored the sulfur input, as sulfate (SO?{), its con-
version to sulfides, and—when iron was added—the estimative forma-
tion of iron sulfides (FexSy). Changes within the bioreactors and outputs
from the system—either as SO?{ or H3Sjiq/HSjjq in the digestate, or as
HjS, in the biogas—were quantified.

To determine the sulfur mass input, the concentration of SO%~ in
each feed substrate was measured. The result was then multiplied by the
daily feed volume and expressed in terms of atomic sulfur mass (Eq. (5)).
SLR can then be obtained by dividing this value by the bioreactor
volume.

MWS

mass Sin g = Volin 1g*[ SO3 |, liq*]m

5)

The total sulfur mass output in the liquid phase (i.e., digestate)
was estimated by quantifying both SO%’ and H»S;;4/HSj;q concentrations
in the daily purged volumes, expressed in terms of atomic S, and added
as shown in Eq. (6). As measurements were not performed daily, inter-
polation was applied when necessary to estimate the intermediate
values.

Table 2
Feeding composition and applied loads from day zero in each reactor.
Feeding parameter R1 R2 R3 (<day R3 (>day
#43) #43)
OLR (mgCOD/day.Lreactor) 2000 2000 2000 2000
1 2
% vol SS/BS 00/ 0/ 0/100 100/0
0 80
% COD contribution (SS/ 100/ 50/
BS) 0 50 0/100 100/0
SLR (mgSO3%~/day.Lreactor) 136.1 71.83 7.58 136.1

., MWwWs ’ ®
outlis \TW H,S/HS~ .
1
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. MWS
mass Sout lig =Volou lig { [ SO‘Z‘_] out lig W
4

MWS ©
H H - . k_ T -
+[ 2S/ S ]out lig MWst/Hs* }
The sulfur released in the biogas was calculated by using the daily
biogas volume and the measured HyS, volumetric concentration,
assuming ideal gas behavior (Eq. (7)). As before, it can be integrated
over a time interval and then averaged per day.

p* Vbioga.s * [Hss}g
RT

" P Vas, "
mass Sourg = MW S*ny s, = MW S* RT =MW S* ()

where P =1.013 * 10° Pa (1 atm), T = 298 K, MW S = 32.06 g * mol !, R
=8.314J *K ! * mol~! and n is the number of moles (i.e., 1 mol of S per
mol of HaSg).

The changes in sulfur content within the bioreactor were calcu-
lated by comparing two different days (e.g., tz and t;), based on the S
mass variations related to the SO%’ and H,S;;,/HSj;q concentrations over
the entire liquid bioreactor’s volume (Eq. (8)).

As in Eq. (5), the values obtained from Egs. (6) and (7) can be
accumulated over a time interval, as outlined in Eq. (8). These accu-
mulated values can then be expressed on a per-day basis and further
normalized by the bioreactor volume to enable future work
comparisons.

Therefore, the mass balance analysis involved the integration be-
tween two different days (whether consecutive or not) by comparing the
results of the sum of quantities from Eq. (5) with the sum of Egs. (6), (7)
and (8) over the same period.

t2 t2 t2
Z mass Sin g = Z mass Sour tig + Z mMass Sout ¢ -+ Amass Sg;* 9
tl tl tl

In iron-treated bioreactors, an imbalance arose in Eq. (9). The un-
recovered sulfur mass on the right side of Eq. (9) was assumed to be
precipitated and was then compared to the amount of Fe*' added.
Nonetheless, a more accurate and direct relationship was obtained by
comparing sulfide concentrations on the same day—immediately before
and 1 h after Fe3* addition—based on two independent measurements.

2.6. Henry's constant calculations

Henry’s constant was calculated based on the concentration of non-
ionized hydrogen sulfide in the liquid phase. As previously mentioned,
the methylene blue method yields total dissolved sulfide concentration
(i.e., the sum of both non-ionized HSj; and ionized or bisulfide form
HSjig). This equilibrium is primarily influenced by pH and temperature,
while conductivity plays a minor role [2]. Therefore, at a given tem-
perature, the molar ratio between both species is given by Eq. (10).

{Hsl;q]
[stliq}

log =pH —pKa 10)

The pKa; is ~6.99 at 25 °C [14], and around 6.86 at 31 °C—the
operational temperature of the bioreactors [4,13]. Accordingly, the
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fraction of non-ionized H»S;;; was estimated based on the total sulfide
concentration and corresponding pH. Subsequently, the gas’s partial
pressure (Py,s,) was calculated by determining the H»S concentration in
the gas phase. Henry’s constant (H,) at 31 °C was calculated using the
Eq. (11).

[HaSiig] /MWys

Hp=-—F"—""= 11
cp PHgSg ( )

where MWyag represents the molecular weight of H,S. Correction to
25 °C (298 K) can be done by applying the temperature dependence
described by Sander [15], resulting in a 2.28 % increase in the calculated
values at 31 °C compared to those at 25 °C.

2.7. DNA extraction, sequencing, and taxonomic assignment

Biomass samples for DNA extraction and microbiological analysis
were collected from reactor R3 on days #41, #82, and #117, and from
R1 on day #105. Briefly, 2 mL of sludge were centrifuged at 7000 g for 5
min, and 250 mg of the resulting pellet was used for total DNA extraction
using the DNeasy PowerSoil Pro Kit (Qiagen, Germany), following the
manufacturer’s instructions. The yield and integrity of all DNA samples
were assessed by electrophoresis on 1 % (w/v) agarose gels. 16S rRNA
gene PCR amplification and sequencing were conducted by Macrogen
(Korea). The V3-V4 region of prokaryotic 16S rRNA gene was amplified
with primers Bakt 341F (5-CCTACGGGNGGCWGCAG3’) and
Bakt_805R (5-GACTACHVGGGTATCTAATCC-3'), and the amplicon li-
brary was sequenced on the Illumina MiSeq platform (Illumina, Inc.).
Demultiplexed FASTQ sequences were pre-processed with cutadapt,
trimming reads at both the 5' and 3 ends to ensure a minimum Phred
score of Q20. The remaining data were analyzed using the DADA2
plugin within QIIME 2™, which performs paired end read joining,
chimera filtering, and clustering into amplicon sequence variants
(ASVs). Furthermore, ASVs representing less than 0.001 of the mean
sequence count were excluded. Taxonomy was assigned using a classi-
fier trained on the SILVA 16S rRNA database (release 132).

2.8. Correlation analysis

Principal component analysis (PCA) and correlation analysis were
performed using Python libraries. PCA was carried out with scikit-learn
library after data standardization with StandardScaler. Correlation
analysis was visualized as a heatmap using Seaborn, with NumPy-based
triangular masking to highlight key correlations.

3. Results and discussion
3.1. Biogas production and composition

Fig. 1a and b presents the daily biogas production and composition
from the three lab-scale bioreactors, beginning at “day zero”. Following
a stabilization period, the bioreactors were differentiated according to
their feeding compositions (Table 2) and sulfur control strategies. As
reported by Weiland [16] and Olivera et al. [13], a noticeable change in
the CH4/CO5, ratio was observed immediately after the feeding compo-
sition was altered (Fig. 1a).

The reactor fed exclusively with BS, represented by R3 until day #43,
maintained a CH4/CO; ratio of ~2.8 (composed of approximately 67 %
CH4 and 24 % COy). In contrast, R2 and R1, which received 50 % and
100 % COD from the SS substrate (see Table 2), exhibited lower ratios of
~2.1 and ~1.6, respectively. On the other hand, biogas production
increased from 6.5 L/day in R3 to ~8 L/day in R1 and R2 (Fig. 1b), likely
due to higher CO, production. After day #43, R3 changed its feed
composition to match R1’s, resulting in a decline in its CH4/COx3 ratio to
comparable levels, indicating a similar response to the SS. Meanwhile,
R2’s operation remained consistent, reaching a steady-state behavior.
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3.2. Sulfur control strategies and iron dosing. Bioreactors parameters
analysis

R1, which received 100 % SS from day zero, showed a marked in-
crease in both liquid and gaseous sulfide concentrations (i.e., HaSjq/
HSj;; and HaSg). Within the first two weeks, levels reached ~500 mg/L in
the liquid phase and ~ 25,000 ppm in the gas phase (Fig. 1c and d). A
pre-estimated dose of Fe3* was added then to reduce the sulfide con-
centration by at least one order of magnitude. One hour later, the liquid
sulfide concentration fell to 15 mg/L. Similarly, the H,S, concentration
dropped to ~5400 ppm on the next biogas sampling day (i.e., note this
value is positively biased, as it included nearly 24 h of sulfide
accumulation).

Following the 1st cycle, ending with the iron shock on day #13,
sulfide concentrations in R1 gradually increased again as the SLR
remained unchanged, reaching peak levels that triggered a 2nd cycle
with its own iron shock. In total, five cycles were completed with iron
shocks on days #13, #26, #49, #69, and #97. From the 3rd cycle on-
ward, however, the recovery rate of both H,S;;/HSj;q and HjS, con-
centrations decreased. Moreover, each iron shock caused a stepwise pH
reduction (Fig. 1e), consistent with the high solubility of FeCls, which
forms Fe(OH); and releases 3H"/mol. After the 5th shock on day #97,
the pH dropped below 7, leading to system destabilization and cessation
of biogas production.

Conversely, SOF~ concentration in R1 remained quite stable
throughout the experiment (Fig. 1f, 950 + 183 mg/L), suggesting that
sulfate conversion was unaffected by sulfide precipitation during iron
shocks or the associated pH decline. Furthermore, each iron shock
caused an immediate increase in biogas volume observed the following
day, attributed to the release of additional CO5 into the biogas. From day
zero onward, COD values reflected the transition from BS to SS as feed
substrate, stabilizing around 3000 mgCOD/L with a gradual upward
trend (Fig. 1g). After the 5th iron shock (day #97), COD increased
abruptly, potentially linked to the final pH drop preceding bioreactor
collapse (see biogas volume decline in Fig. 1b).

R2 was operated with the same OLR as R1, but received equal con-
tributions from SS and BS, resulting in an SLR of 71.83 mgS05 /day.
Lreactor —approximately half that of R1 (see Table 2). Initially, both
H1Siiq/HSjiq and HaS, concentrations increased in proportion to the SLR,
showing trends similar to those observed in R1. As reported in [13], the
system reached a sulfide steady-state stage between days 15 and 17.
Once equilibrium was established, H2Sg and HSjiq/HSji levels remained
relatively constant at 10,497 + 1467 ppm and 249.5 + 21.8 mg/L,
respectively. No major peaks were observed, suggesting that the SLR was
effectively balanced by SRB activity, thus preventing sulfate accumu-
lation during transient stage. This was further reflected in the average
SO3~ concentrations of 507.9 + 59.1 mg/L—nearly half that of R1. The
pH stabilized at 7.53 + 0.02, and COD levels remained around 2385 +
327 mg/L, following an upward trend similar to that observed in R1.

R3 was initially fed with BS until day #43. As shown in Fig. 1c, d, and
f, the concentrations of HySjiq/HSjiq, H2S, and SO?{ remained minimal,
reflecting the BS’s low sulfur content. This was aligned with favorable
biogas parameters (Fig. 1a and b). During this period, pH and COD
stayed consistent at ~7.5 and below 2000 mgCOD/mL, respectively
(Fig. 1le and g). After switching to 100 % SS on day #43, the concen-
trations of HySy;4/HSj;g and HaSg began to mirror R1’s. Interestingly, the
sulfide accumulation rate in the liquid phase was lower than expected,
resembling R1’s 4th cycle rather than its 1st (Fig. 1c). Likewise, HSg in
the biogas rose more gradually, surpassing 20,000 ppm at a slower pace
(Fig. 1d).

On the other hand, SO3~ accumulated in R3 (Fig. 1f), exceeding
3000 mg/L—over three times the equilibrium level in R1. This behavior
could be explained by a relatively high Oxidation-Reduction Potential
(ORP) in R3, potentially above —150 mV—a level known to inhibit or
slow sulfate reduction. Optimal ORP conditions for this process typically
range between —200 and — 300 mV [6]. By day #83, H2Sjiq/HSjiq and



V. Girardi et al. Journal of Water Process Engineering 77 (2025) 108405

R2

MO’\M
0
b)
5 APt etz
\
S 4 \'
2
V.ot 1 of ?

f) 4000
— R2
_ 3000 e
3 —e— R3
= 2000
8 ////,//' 4__i:>k(""““*~/'
1000

6000

5000 = R2

COD (mg/L)
w oo
S o
S oS
o o

2000 o e e
1000
0

20 40 60 80 100 120 140
Time (days)

Fig. 1. (a) CH,/CO; ratio and (b) daily biogas production volume. (c) Sulfide concentration in the liquid as HaS;;4/HSj;q (mg/L), (d) hydrogen sulfide in biogas H2Sg
(ppm,) measured after 24 h of accumulation, (e), (f) and (g) pH, sulfate concentration (mg/L) and COD (mg/L) in the liquid, respectively. R1 involved iron shock
dosing aimed at complete sulfide precipitation, R2 served as a control without iron addition, and R3 applied a stepwise iron dosing strategy to progressively
remove sulfide.
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H,S, concentrations achieved 400 mg/L and 25,000 ppm, respectively.
At this point, a new iron dosing strategy was implemented in R3. Instead
of a single large-dose to precipitate almost all the available sulfide at
once, smaller, periodic doses were added to decrease the HS;;q/HSjyq
concentration by A ~ —100 mg/L each time, followed by a free recover
from ~300 back to ~400 mg/L. This was repeated several times until
day #96, marking the 1st step. This approach was performed in a 2nd,
3rd and 4th steps, with sulfide levels varying between ~300-200 mg/L
(days 97-111), ~200-100 mg/L (days 112-124), and ~ 100-<10 mg/L
(days 125-140), respectively.

During the 1st step, the initial ferric addition likely lowered the ORP,
creating favorable conditions for sulfate reduction by SRB. Therefore,
the entire sulfate stock in the bioreactor—around 25,500 mg (~3000
mgS03~/L)—began to be rapidly consumed, along with the daily load (i.
e., SLR of 136.1 mgS03~/day.Lreactor). Once the process was unlocked,
this great excess of SOZ~ likely exerted pressure on the biological ac-
tivity of the SRB population, boosting the conversion rate. Conse-
quently, the recovery of those ~100 mg/L of sulfides precipitated by the
iron addition was achieved in ~24 h (see Fig. 1c, interval day 83-96).
Conversely, once the sulfate stock was depleted and only the SLR
remained as input, recovering the same ~100 mg/L took approximately
72 h in the following 2nd, 3rd and 4th steps. As previously discussed,
sulfate conversion and its equilibrium concentration appeared to be
dependent on the sulfate pressure rather than sulfide levels.

Periodic iron dosing in R3 also caused a gentler drop in pH compared
to R1. However, by day #125, the tendency seemed to be broken
through pH < 7, resulting in the ceasing of biogas production by day
#134. Despite this, both the feeding and the iron dosing were main-
tained, and H3S;;q/HS;;y measurements continued until day #140.

a)

N
o
L

w
o
s

N
o
s

Sulfur mass (mgS/day-Leactor)
.
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3.3. Sulfur mass balance

Fig. 2 shows the sulfur mass balances for R1, R2, and R3 over
different time intervals. The y-axis displays total sulfur (S) in mg,
averaged daily and normalized per liter of reactor to facilitate compar-
isons across intervals, reactors, and future studies. The first column in-
dicates the amount of atomic S introduced as SO‘Z( (Eq. (5)). The second
and third columns show the S removed from the system (Eq. (6)), either
as sulfides (H2Sy;4/HSjiq) or unchanged sulfates (SO?{). The fourth col-
umn reflects the S released as biogas (HaSg, Eq. (7)). The fifth and sixth
columns represent the variation in sulfur content, expressed as mass, due
to changes in sulfide and sulfate concentrations within the reactor vol-
ume, between a time interval (Eq. (8)). The last column sums all outputs
and internal changes (Eq. (9)).

For R1, two-time intervals (i.e., 2nd and 4th cycles) are shown as
examples (see Fig. 1¢). The percentages in the last column reflect the S
mass recovery relative to the input (i.e., the first column). As previously
mentioned, iron shocks were applied on the last day of each cycle,
allowing mass balance calculations before and after sulfide precipitation
in the liquid phase. This effect is illustrated in the last two columns,
where downward arrows and dashed areas indicate the substantial
impact of these iron shocks on sulfide concentrations within the
bioreactor.

Since SO~ levels in the bioreactor remained close to 1000 mg/L
during each cycle, over 90 % of the SLR was efficiently converted to
sulfides, with about half released as HyS, in the biogas. The shock
strategy implemented in R1, successfully reduced the accumulated
amount of HaS;;q/HSj;q in the liquid phase. However, it had no impact on
the above-mentioned gasified fraction of HjS; already released in the
biogas during each prior interval day.

The mass balance for R2 was integrated over the full experiment (up
to day #140). As shown in Fig. 2b, about 95 % of the loaded sulfur was
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Fig. 2. Elemental S mass balances according to Eq. (9), in terms of its oxidation form (sulfide or sulfate) and Egs. (5) to (8), at different time intervals. (a) R1: iron
added by shocks at the last day of interval. Effects are indicated by arrows. (b) R2: no iron added. (c) R3: iron added stepwise after change in fed at day #43. The
percentages indicate S mass recuperation (Eq. (9)/Eq. (5)). Imbalance to 100 % was then related to iron sulfide precipitation (see Fig. 1c).
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recovered, confirming the reliability of the analysis. In this steady-state
bioreactor, ~78 % of sulfur was converted into sulfides by SRB: 52 %
was released as HSy and 26 % remained in solution as HaSy;/HSj;y and
purged with the digestate.

For R3 (Fig. 2c¢), the 0-43 day interval (i.e., 100 % BS feed), showed
~90 % sulfur recovery (Eq. (9)). About 49 % of the load was converted
into sulfides: 37 % released as HyS; and 12 % remained dissolved
(H2S1iq/HSig) and purged with the digestate. From the next interval on,
the shift to 100 % SS feed increased the SO7 ™ input, as shown by the
height of the first column (Eq. (5)). The 44-96 day interval included
SO?{ accumulation, consumption, and the initial 1st step of iron dosing
(Fig. 1c, d and f). As iron additions continued in each subsequent in-
terval, the sulfur content in the liquid phase (HaSyq/HSj,), represented
by Egs. (6) and (8), gradually decreased. This decline directly affected
the amount of sulfur released as biogas (H,S,, Eq. (7)), following the
liquid-gas equilibrium described by Henry’s law (Eq. (11)). Finally, the
lower recovery percentages observed in the mass balance —except for
the first interval with the BS substrate—were linked to the amount of
iron added, since the missing sulfur was retained as precipitated sulfide.

3.4. Henry'’s constant analysis

Each bioreactor demonstrated different trends in Hg, values,
reflecting the unique physicochemical conditions in each system (Sup-
plementary material Fig. S1). In R2, the H,, values remained fairly stable
at 1.137 * 10> + 0.207 * 10”3 mol/m3 * Pa, indicating consistent gas-
liquid equilibrium conditions and showing good agreement with com-
pilated Henry’s law constants for hydrogen sulfide [15]. In contrast, R1
exhibited a scattering in H, values, mainly a consequence of iron
addition. Toward the end of the experiment, as the reactor became
acidified, higher H, values were obtained —suggesting that lower pH
enhances gas release by reducing the solubility of undissociated gas in
the liquid phase. Despite the fluctuations from the non-steady sulfide
control, the average H, in R1 was 1.369 * 1073+ 0.664 * 10~3 mol/m®
* Pa. In R3, H, values were initially low (0.700 * 10~° + 0.097 * 1073
mol/m® * Pa) until day #43, when the feed was switched to 100 % SS.
This change resulted in a drop in pH (Fig. 2c), and the H, slightly
increased (1.324 * 1073 + 0.263 * 1073 mol/m> * Pa). Upon the addi-
tion of iron on day #82, R3 displayed a related scattering in H, values,
averaging 1.492 * 103 + 0.461 * 103 mol/m® * Pa.
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3.5. Iron-sulfide relationships

Total sulfide concentrations were measured both before and 1 h after
each iron addition: in R1, after the five shock treatments, and in R3,
during each gradual dose across the four steps. In R1, linear regression
revealed that 1.72 g of iron were required to remove 1 g of sulfide (R =
0.99). In contrast, in R3, only 1.14 g of iron were needed to remove 1 g of
sulfide (R = 0.98) (Fig. 3). When expressed as mole ratios, this corre-
sponds to 0.99 and 0.65 mol of Fe3t per mole of sulfide in R1 and R3,
respectively, which is remarkably consistent with the stoichiometry
formation of FeS and Fe,S3. However, since Fe,Sg is reported to be un-
stable [17] and was not directly detected in this study, it can be inferred
that when shock dosing is applied, part of the ferric iron (Fe>*) might be
consumed in other oxidative processes, leading to the formation of
ferrous sulfide (FeS) as the main product (Eq. (2)). When a stepwise
dosing of Fe? is applied, Egs. (3)+(2) or even Eq. (4) seemed to
represent the formation of FeS + S°, or Fe,Ss, yielding a Fe:S molar ratio
of ~0.66.

From both economic and operational perspectives, the R3 gradual
dosing method demonstrated improved cost-efficiency by reducing the
Fe3" consumption by approximately 580 kg per ton of sulfide removed
compared to the R1 strategy. Additionally, R3 simplifies process control
by mitigating challenges related to managing hydrogen sulfide con-
centrations exceeding 20,000 ppm in the biogas, as would occur in the
R1 strategy.

3.6. Metagenomics analysis

Microbial community shifts in the bioreactors were analyzed by high
throughput 16S rRNA sequencing. Samples were taken from R3 on days
#41, #82, and #117 (R3-41, R3-82, R3-117) and from R1 on day #105
(R1-105). A total of 398,164 partial sequences were obtained, with an
average of ~99,500 reads per sample. Rarefaction curves were gener-
ated to evaluate library representativeness, with all samples reaching
the plateau before 2000 reads, which indicated adequate sequencing
depths. Alpha diversity was highest in R3-41 (BS feed). It dropped in
R3-82 with sulfide buildup and declined further in R3-117 and R1-105
as pH fell, reflecting lower richness and evenness (Supplementary
Table S1).

The samples revealed a clear shift in microbial composition, marked
by bacterial dominance. In R3-41, bacteria accounted for 84 % and

Fe3+* dosed (g)

00 05 1.0 1.5

20 25 30 35 4.0

H>S/HS™ removed (g)

Fig. 3. Relationship between Fe>" dosage and sulfur removal as sulfides in bioreactors R1 (with 5 iron shocks achieving almost total sulfide precipitation), and R3
(with iron addition inducing multiple sulfide precipitations of ~—100 mg/L, across different step levels). Linear regression analysis yielded Fe>'/S ratios of 1.72

gFe®t/gS and 1.14 gFe®t/gS, respectively.
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archaea for 16 %. As conditions changed, bacterial abundance grew to
93 % in R3-82 and R3-117, and further to 97 % in the acidified R1-105,
where archaea dropped to 3 %. This trend may result from substrate
competition between methanogenic archaea and SRB, along with the
greater sensitivity of archaea to sulfide toxicity [18].

All samples presented a similar bacterial community structure,
dominated by six main phyla: Firmicutes (38.63 % — 53.89 % of the total
contigs), Synergistetes (4.59 % — 42.69 %), Bacteroidetes (5.27 % — 10.29
%), Spirochaetes (0.86 % — 7.30 %), Chloroflexi (1.18 % — 6.27 %), and
Proteobacteria (2.47 % — 5.99 %). According to Riviere et al. [19], mi-
croorganisms affiliated with Synergistetes, Proteobacteria, Bacteroidetes,
and Chloroflexi are key members of a core group of phylotypes usually
found in most anaerobic digesters. Synergistetes tend to thrive under high
sulfur loads and low pH, often forming syntrophic relationships with
SRB [20]. On the other hand, the Archaea domain, represented by the
phylum Euryarchaeota, accounted for 2.75-15.18 % of the total contigs.

Taxonomic analysis identified 61 bacterial genera with relative
abundances above 1 % in at least one sample (Fig. 4a). Among the most
abundant were uncultured members of the Eubacteriaceae family
(2.33-27.42 % of total bacterial contigs), Christensenellaceae R-7_group
(0.17-7.72 %), uncultured members of the Anaerolineaceae family
(0.85-6.23 %), Syner-01 (2.84-4.73 %), and Syntrophomonas (2.08-4.22
%). Aminobacterium and Sporanaerobacter were only found in R1, rep-
resenting 29.11 % and 7.44 % of the total bacterial contigs, respectively.

In R3-82 and R3-117, uncultured genera from the Eubacteriaceae
family showed a marked increase, accounting for nearly 30 % of the
bacterial community—considerably higher than in R3-41. This shift
likely indicates their involvement in acid fermentation and acetogenesis,
potentially driven by the introduction of SS. In contrast, the Christense-
nellaceae R-7 group, which was dominant in R3-41, declined in R3-82
and R3-117 and was undetectable in R1-105, possibly due to acidic
conditions, elevated sulfide concentrations, and competition with SRB
and fermentative bacteria such as Eubacteriaceae.

Alternatively, R1-105 exhibited a marked increase in the relative
abundance of Aminobacterium and Sporanaerobacter, both known for
fermenting amino acids into VFAs. Additionally, Sporanaerobacter in-
cludes species such as S. acetigenes, which are capable of sulfur reduc-
tion, suggesting a potential role in extracellular electron transfer [21].
These genera appear to be well-adapted to, or capable of withstanding,
the acidified, VFA-rich conditions characteristic of environments like
R1-105.

The archaeal community showed considerably lower diversity, with
all sequences assigned to just 10 genera (Fig. 4b). Dominant taxa
included Methanobrevibacter (36.21-56.76 % of total archaea contigs),
Methanospirillum (4.37-35.80 %), Candidatus Methanoplasma (0-27.98
%), and Methanobacterium (6.34-26.11 %).

A key difference in the archaeal community was the notable increase
in the relative abundance of Methanobacterium in R3-82 and R3-117,
both exposed to high sulfate loading. These hydrogenotrophic metha-
nogens exhibit enhanced sulfide tolerance and may help maintain
community stability under sulfide-induced stress. Similarly, Li et al.
[22], reported that Methanoculleus, though initially sensitive to sulfide,
recovered after prolonged exposure. In this study, its abundance drop-
ped below detection in R3-82 but grew again in R3-117 after 30 days of
gradually declining sulfide levels. Candidatus Methanoplasma, a meth-
ylotrophic archaeon, also increased in R3-82. Although this taxon has
been scarcely studied as an essential methanogen in the AD process, it
has been linked to lower methane production [23], a phenomenon
associated with the SS input in the bioreactors.

In R1-105, Methanospirillum, Candidatus Methanoplasma, and Meth-
anobrevibacter dominated, with the first two showing notable increases
in their relative abundances. Methanospirillum, in particular, is often
found in reactors facing organic overloading and high sulfide concen-
trations [24].

SRB population dynamics were analyzed given their key role in
sulfidogenic anaerobic processes (Fig. 4c). Although overall abundance
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remained low (<7 %), a slight increase was detected in R3-82 and
R1-105. In R3-82, growth likely responded to high sulfate availability,
while in R3-117 it appeared sustained solely by the daily SRL (Fig. 1f).

All identified SRB belonged to the delta-Proteobacteria and Synergistia
classes, with most sequences (30.87-50.40 % of total SRB contigs)
affiliated with the genus Desulfovibrio. Known for its metabolic versa-
tility, Desulfovibrio can exploit a wide range of electron donors and ac-
ceptors, forming syntrophic relationships with methanogenic archaea
[25]. Its high affinity for sulfate likely accounts for its dominant pres-
ence across nearly all samples analyzed [26]. In R3-41, the SRB com-
munity was mainly composed of SEEP-SRB1, a genus known for its role
in forming consortia with anaerobic methane-oxidizing archaea, thereby
facilitating anaerobic methane oxidation (AOM) [27]. R3-82 showed
both higher SRB relative abundance and diversity, with genera like
Desulfobulbus and Desulfobotulus becoming detectable, among others. In
R3-117, SRB relative abundance declined compared to R3-82, possibly
due to reduced sulfide availability caused by iron addition (Fig. 1f).
However, Desulfomicrobium slightly increased, probably linked to its
syntrophic interaction with Methanolinea, also enriched in this reactor
(Fig. 4b) [28]. In the acidified reactor R1-105, the relative abundance of
Dethiosulfovibrio increased markedly. This obligately anaerobic,
fermentative bacterium thrives in sulfide-rich environments by metab-
olizing organic compounds under anoxic conditions [29].

3.7. Correlation analysis

Operational parameters and analytical measurements were inte-
grated with the metagenomic data through PCA (Fig. 5a). A correlation
heatmap was also constructed to illustrate relationships between vari-
ables (Fig. 5b).

PCA revealed that the first three components accounted for 50.82 %,
29.82 %, and 19.36 % of the total variance, respectively. The samples
were distinctly distributed in the 3D plot, forming a spatial tetrahedron
that highlights the compositional differences among R3-41, R3-82,
R3-117, and R1-105.

Sample R3-41 was located away from sulfur-related variables and in
proximity to methane-related parameters, such as CHy in biogas and
methanogenic archaea (e.g., Methanimicrococcus, Methanobrevibacter),
suggesting that the BS feeding condition promoted methane production.
This was further supported by the correlation heatmap (Fig. 5b), which
showed strong positive correlations between CH4 and Meth-
animicrococcus (r = 0.95) as well as Methanobrevibacter (r = 0.99). As
expected, both methanogens were negatively correlated with sulfur
species, including HjSjiq/HSj;q concentration (r = —0.74 and —0.70),
H3S, concentration (r = —0.75 and —0.68), and S input (r = —1.00 and
—0.92). R3-41 also showed a strong association with SEEP-SRB1, which
exhibited significant positive correlations with Methanobrevibacter (r =
0.98) and Methanimicrococcus (r = 0.94), suggesting potential syntrophic
interactions, like those described for SEEP-SRB1a and ANME-2 archaea
[30]. Additionally, sample R3-41 was associated to Christensenella-
ceae_R-7 group, whose abundance declined with decreasing pH (r =
0.73) and was undetectable in R1-105.

The sample R3-82 was located at the upper-corner of the tetrahedral
figure in the PCA plot, highly related to SO~ concentrations, reflecting
its accumulation in the system (Fig. 1f). It was also situated close to
H2S;iq/HS}iq and HaSg vectors. As expected, R3-82 showed strong asso-
ciations with SRB such as Desulfobotulus, Desulfobulbus and Desulfo-
curvus, whose relative abundances notably increased in this sample
(Fig. 4c).

R3-117, in the lower-corner of the PCA plot, was linked to Meth-
anoculleus and, to a lesser extent, Methanobacterium. The addition of
Fe®' helped mitigate sulfide toxicity, leading to an increase in the
relative abundance of Methanoculleus (Fig. 4b). This trend was supported
by its negative correlation with HySj;q/HSjiq (r = —0.84) and HyS, (r =
—0.83) concentrations. Desulfomicrobium was also present and associ-
ated with R3-117. The strong positive correlation observed between
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Genus
Uncultured (Family: Eubacteriaceae) Izimaplasmataceae
Aminobacterium Intestinimonas
Others Uncultured (Family: uncultured)
Christensenellaceae_R-7_group Uncultured (Family: Peptococcaceae)
Sporanaerobacter Treponema_2
Uncultured (Family: Anaerolineaceae) Uncultured (Family: uncultured)
Syner-01 Catabacter
Syntrophomonas Brassicibacter
Uncultured (Family: Christensenellaceae) Clostridiales_vadinBB60_group
EBM-39 DMER64
Lachnospiraceae_NK3A20_group Blvii28_wastewater-sludge_group
Sphaerochaeta Pedosphaeraceae
Uncultured (Family: Ruminococcaceae) SEEP-SRB1
Proteiniphilum Breznakia
Ruminococcaceae_UCG-008 Uncultured (Family: uncultured)
Bacteroidetes_vadinHA17 Raoultibacter

Thermovirga
Uncultured (Family: Synergistaceae)
Uncultured (Family: uncultured)

[Eubacterium]_coprostanoligenes_group
Tepidanaerobacter
Uncultured (Family: uncultured)

Desulfovibrio Desulfobulbus

Ercella Family_XIV

Pseudoramibacter Anaerosalibacter

WCHB1-41 p-1088-a5_gut_group

Uncultured (Family: Rikenellaceae) Uncultured (Family: Acidaminococcaceae)
Lactobacillus Ruminococcus_1

Uncultured (Family: Syntrophomonadaceae) Flexilinea

Tepidimicrobium Mesotoga

Ruminococcaceae_NK4A214_group
Dethiosulfovibrio
Sediminispirochaeta

mlel-8

M2PB4-65_termite_group
WS6_(Dojkabacteria)
GZKB75

Ruminococcaceae UCG-010

(R LR LQUNAROR N RN RUWNARUNAR Huy N AN A0 A

Genus
Methanobrevibacter
Methanospirillum
Candidatus_Methanoplasma
Methanobacterium
Methanoculleus
Uncultured (Family: Methanomethylophilaceae)
Methanocalculus
RumEn_M2
Methanimicrococcus
Methanolinea
Methanofollis
Uncultured (Family: uncultured)
Others

Genus
Desulfovibrio
uncultured: Family Desulfobacteraceae
Dethiosulfovibrio
SEEP-SRB1
Desulfobulbus
Desulfobotulus
Desulfomicrobium
Desulfocurvus
Desulfuromonas

Fig. 4. Taxonomic classification at genus level for bacteria (a), archaea (b), and SRB (c) in bioreactor R3 (R3-41, R3-82 and R3-117), as well as in R1 (R1-105). For
(a) and (b), sequences representing less than 1 % of the population were grouped under the category “Others.”
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Methanobacterium and Desulfomicrobium (r = 0.97) suggests a potential
syntrophic relationship between these hydrogenotrophic methanogens
and SRB.

Finally, R1-105 in the remaining corner of the PCA plot, was aligned
with H3S;;q/HSjiq and H,S, concentrations, underscoring—as previously
discussed—the strong influence of sulfide-related variables at this stage.
R1-105 exhibited a notable association with Aminobacterium, Spor-
anaerobacter, and Dethiosulfovibrio. Its placement opposite the pH vector
highlights the acidic conditions that characterized this sample. This was
further supported by the heatmap, which revealed negative correlations
between these genera and pH (r = —0.98, —0.98, and — 0.99, respec-
tively). The proximity of Methanospirillum and Candidatus Meth-
anoplasma to R1-105 suggests that hydrogenotrophic methanogenesis
played a prominent role under these conditions, likely as an adaptation
to the acidic and sulfide-rich environment. Both methanogens exhibited
strong negative correlations with pH (r = —0.95 each), and positive
correlations with Dethiosulfovibrio (r = 0.98 and 0.94, respectively) and
Desulfuromonas (r = 0.99 and 0.95, respectively), also closely related to
R1-105. However, Methanospirillum and Candidatus Methanoplasma
showed moderate negative correlations with CH4 production (r = —0.52
and — 0.69, respectively), suggesting that although they thrive under
acidic conditions, their abundance may be inversely related to methane
yield. Moreover, R1-105 was closely associated with Thermovirga, a
genus capable of utilizing elemental sulfur—generated during sulfide
oxidation mediated by Fe>™ —as an electron acceptor [31]. Notably,
Thermovirga exhibited a strong positive correlation with Fe>* addition (r
= 0.91) and S input (r = 0.83), reinforcing its reliance on these sub-
strates for growth. Conversely, it was negatively correlated with pH (r =
—0.85) and CHy in biogas (r = —0.96), reflecting both its adaptation to
acidic conditions and its prevalence in environments with diminished
methane production.

Both R1-105 and R3-117 were related to the Fe®" addition vector,
which itself displayed a negative correlation with pH (r = —0.86),
further highlighting the acidifying effect of iron treatment on reactor
conditions.

4. Conclusions

This study evaluated the performance of two ferric dosing strategies
for sulfide control in anaerobic bioreactors subjected to high sulfate
loads. The stepwise-dosing approach required a lower Fe3*/S%~ molar
ratio (0.65) compared to shock-dosing (0.99), suggesting the formation
of insoluble FeS + S° and/or Fe,S3 instead of only FeS. While iron
addition effectively mitigated sulfide accumulation, it also induced
acidification, which ultimately inhibited methanogenesis and biogas
production. The sulfur mass balance highlighted that sulfate pressure
accelerated the SRB activity. At a low SLR of 7.58 mgSO%’/day.Lreactor,
only 49 % of sulfate was converted into sulfides, whereas higher SLRs of
71.83 and 136.1 mgSO?f/day.Lreactor led to conversions of 78 % and 90
%, respectively. Acidification also resulted in a slight increase in Henry’s
constants. High-throughput sequencing analysis revealed a decline in
alpha diversity, especially in environments characterized by increased
acidity and elevated sulfide levels. SRB communities thrived under
sulfate-rich conditions, while methanogenic archaea were progressively
inhibited under the acidic environment induced by ferric iron dosing.
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