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Abstract: One of the best technologies available for metal removal from mining effluents is the
precipitation of metals as sulfides. However, the high cost and difficulty in managing reagents limit
its widespread application. Recent literature suggests the use of sulfur-reducing bacteria (S◦RB)
as a safe and effective alternative to producing H2S. Nevertheless, direct substrates for S◦RB are
high-cost low molecular compounds. This research aimed to evaluate the ability to produce sulfides
by sulfur-reducing consortia in fixed-bed bioreactors using complex organic substrates. Consortia
enriched using cellulose or Spirulina as electron donors were phylogenetically characterized by
fluorescent in situ hybridization. Microorganisms belonging to Bacteria and Archaea were involved,
being the most representative of the δ-Proteobacterias. The results obtained in test tube culture
indicated that these consortia could use cellulose and Spirulina in alkaline conditions, resulting in
high sulfide production. Upflowed fixed-bed bioreactors were implemented to establish optimal
parameters., resulting in H2S volumetric productivities ranging from 1.94 to 2.94 mol/m3·day. In
conclusion, an active biomass with significant sulfidogenic activity can be generated in bioreactors
under an upflowed regime using cellulose or Spirulina.

Keywords: sulfur reducing bacteria; elemental sulfur; hydrogen sulfide; metal removal; bioreactors;
bioprocess

1. Introduction

Surface and groundwater sources are exposed to many contamination threats. It
is for this reason that industrial and agricultural activity has as its main challenge the
integral management of wastewater generated in its processes [1,2]. The composition of the
residual liquids varies depending on the type of manufacturing and processes conducted.
One of the main problems of industrial wastewater is its high concentration of heavy
metals in effluents. Unlike organic contaminants, heavy metals are non-biodegradable and
tend to accumulate in living organisms, with many heavy metal ions known to be toxic
or carcinogenic. Examples of these heavy metals include zinc, copper, nickel, mercury,
cadmium, lead and chromium.

Various methods and technologies are being used to remove heavy metal ions, includ-
ing chemical precipitation, ion exchange, adsorption, membrane filtration, electrochemical
treatment technologies, and more [3–5]. Among the most important and established meth-
ods for removing metals in polluted waters is the precipitation of metals in the form of
sulfides, being an effective method for extracting and enriching metals from contaminated
effluents [3,6]. The solubility of the metal sulfide precipitates is lower than hydroxide
precipitates. An example of this is the theoretical metal ion solubilities (mg/L) for Cd,
Co and Cu as sulfide are 6.7 × 10−10, 1.0 × 10−8 and 5.8 × 10−13, respectively, while as
hydroxide are 2.3 × 10−5, 2.2 × 10−1 and 2.2 × 10−2, respectively [7]. Therefore, sulfide
precipitation has a great advantage, as it can achieve a high degree of metal removal over a
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broad pH range compared with hydroxide precipitation. Additionally, metal sulfide sludge
exhibits better thickening and dewatering characteristics than the corresponding metal
hydroxide sludge [3].

However, the hazards and costs associated with the transport, handling and storage
of sulfides, such as Na2S, NaSH, CaS, FeS and H2S, have prevented its widespread use [8].
Because of these limitations, the search for alternatives has led to the use of microorganisms
to generate these sulfur species. This has been facilitated by advances in our understanding
of their role in biogeochemical cycles [5,9–12]. Special attention has been given to the
development and optimization of microbial processes that separate valuable metals like
metal sulfides from contaminated effluents. In this area, sulfate and sulfur-reducing bacteria
(SRB and S◦RB, respectively) can play a critical role in these processes due to their ability to
reduce sulfur compounds to produce hydrogen sulfide as metabolic waste [13]. They can be
used to precipitate heavy metals in the form of metal sulfides [1,5,8] and play a crucial role
in the final degradation of organic matter (electron donors) in anoxic environments [14].
In the last decade, several bioprocesses based on the use of S◦RB for the treatment and
recovery of heavy metals have been developed [15–18]. However, there are few publications
on the production of sulfides using S◦RB, with the main disadvantage being the insufficient
content of carbon sources in domestic sewages to maintain a high H2S production rate in
the sulfidogenic bioreactor [8,16–18]. Since S◦RB are the main group in reducing elemental
sulfur and the final oxidation of organic macromolecules requires the participation of a
complex anaerobic microbial consortium, the selection of an appropriate configuration
and operation of a robust system for the start-up of an effective sulfidogenic bioprocess
becomes critical.

This study evaluated the efficacy of hydrogen sulfide formation by a sulfur-reducing
microbial consortium during the operation of fixed bed columns using complex substrates.
The results obtained can be useful in generating an efficient technology for the treatment
of polluted industrial waters, using alternatives, non-traditional and lower-cost carbon
sources, such as cellulose (a model substrate of vegetable waste) and Spirulina (easily
cultured cyanobacteria) for the metal removal and recovery from contaminated effluents.

2. Materials and Methods
2.1. Microbial Consortium

The microbial consortium used in this study was obtained from an environmental
sample with sulfurogenic activity (saline lake). The consortium was initially enriched using
a modified Postgate C medium [19]. The medium consisted of K2HPO4 (0.5 g/L), NH4Cl
(1.0 g/L), CaCl2 × 6H2O (0.1 g/L), MgCl2 (2.0 g/L), NaCl (30.0–70.0 g/L, depending
on the operating conditions of the bioreactor), yeast extract (0.5 g/L), FeCl3 × 6H2O
(0.5 g/L), and sulfur (S◦) (1.0 g/L). The carbon sources used to grow the consortium
were cellulose (microcrystalline cellulose Sigmacell purchased from Sigma-Aldrich (Sigma-
Aldrich, St. Louis, MS, USA)) (40 g/L) or Spirulina (purchased from General Nutrition
Centers, Pittsburgh, PA, USA) (3 g/L) in 0.25, 0.50, 0.75 and 1.00 g substrate/g sulfur ratios.
All cultures were incubated at 28 ◦C.

2.2. Bioreactors

The bioreactors used consisted of one glass column with a useful volume of 500 cm3

(49 cm high and 3.6 cm diameter) and one Teflon column with a useful volume of 410 cm3

(49 cm high and 3.3 cm diameter). In two experiments, the bioreactors were packed with
Celite R-635 (Celite Corp. Lompoc, CA, USA) as a support material. Celite R-635 is a
thermally and chemically stable cylindrical pellet of diatomaceous earth (6.35 × 12.7 mm,
pore diameter of approximately 20 µm).

2.3. Characterization of Microbial Consortia by Fluorescence In Situ Hybridization

Fluorescence in situ hybridizations (FISH) was used to characterize the different
microbial. Various probes were utilized for FISH, as detailed in Table 1 [20]. The procedure
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commenced with the collection of 100 µL of culture, which was then resuspended in 900 µL
of PBS, centrifuged for 5 min at 13,400× g, and the supernatant was discarded. The pellet
was subsequently resuspended in 900 µL of PBS and then centrifuged for 3 min at 2062× g.
50 µL of supernatant was deposited onto a slide to fix the sample with heat. Following
fixation, 20 µL of formaldehyde (37%) was added, and the sample was allowed to stand for
20 min. Subsequently, 50 µL of hybridization solution was added to each sample (according
to Table 2), containing 20 ng of probe (Table 1). The slides with the samples were then
incubated for 90 min at 45 ◦C, then washed with the respective wash solution for 30 min at
45 ◦C (Table 3). After washing, the slides with the fixed samples were allowed to dry at
room temperature. They were then stained with 20 µL of 4′,6-diamidino-2-phenylindole
(DAPI) (50 µg/mL) for 10 min, after which the excess DAPI was rinsed with distilled
water to remove the excess DAPI. Finally, the samples were observed in a Zeiss Axioskop
epifluorescence microscope, equipped with a Zeiss #20 filter for CY3-labeled probe and
a Zeiss #09 filter for DAPI-labeled bacteria. Samples were photographed using a Canon
PowerShot sx110 IS camera and captured with Remote Capture v.3.0.1.8 software. The
images were analyzed using ImageJ software [21] to count labeled microorganisms with
the respective probe versus total microorganisms labeled with DAPI.

Table 1. Probes for FISH, their sequence, specificity, and position (regards to rRNA 16S of E. coli) in
the rRNA [20].

Probes Specificity (rRNA, Position) Sequence

EUB338 Bacteria (16S, 338–355) GCTGCCTCCCGTAGGAGT
Archaea Archaea (16S, 915–934) GTGCTCCCCCGCCAATTCCT
ALF1b α-Proteobacteria (16S, 19–35) CGTTCGYTCTGAGCCAG
BET42a β-Proteobacteria (23S, 1027–1043) GCCTTCCCACTTCGTTT

GAM42a γ-Proteobacteria (23S, 1027–1043) GCCTTCCCACATCGTTT
SRB385 δ-Proteobacteria (16S, 385–402) CGGCGTCGCTGCGTCAGG
CF319a Cytophaga-Flavobacterium (16S, 319–336) TGGTCCGTGTCTCAGTAC

Table 2. Composition of hybridization solutions used for FISH.

Probes Formamide
[%]

NaCl
[M]

Tris/HCl (pH 7.2)
[mM]

SDS
[%]

ALF1b/EUB338/Archaea 20 0.9 20 0.01
BET42a/GAM42a/

CF319a/SRB385 35 0.9 20 0.01

Table 3. Composition of washing solutions used for FISH.

Probes Tris/HCl (pH 7.2) [mM] SDS [%] NaCl [M] EDTA [mM]

ALF1b/EUB338/Archaea 20 0.010 180 5
BET42a/GAM42a/

CF319a/SRB385 20 0.021 40 5

2.4. Culture Media

To grow the microbial consortium, test tubes (20 mL) were used, containing 10 mL
of modified Postgate C medium [19] supplemented with either cellulose or Spirulina as
electron donors. The pH of the medium was adjusted between 5.5 and 10.0, depending on
the specific experiment. Anaerobic conditions were established by covering the medium
with sterile paraffin oil, and 0.1 g/L of thioglycolic acid (0.1 g/L) was added as a reducing
agent. The culture media were inoculated with 200 µL of the preculture and were kept at
28 ◦C. Culture times are indicated in the Figures.
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2.5. Batch Cultures

Batch cultures were carried out in capped 300 mL bottles filled with modified Postgate
C medium to inoculate the bioreactors. The bottles were inoculated with 20 mL of precul-
tures, and thioglycolic acid (0.1 g/L) was added. To minimize oxygenation, the bottles
were filled to the top with medium and incubated at 28 ◦C. Culture times are indicated in
the Figures.

2.6. System Setup and Operation

Three fixed-bed bioreactors were constructed as columns (Table 4, Figure 1). Each
column had two lower and two upper inlets, which were filled with the support material,
culture medium, and an electron donor and autoclaved at 110 ◦C for 30 min. The bioreac-
tors were inoculated with 100 mL of precultures from the bottles and sealed to maintain
anaerobic conditions. Thioglycolic acid (0.1 g/L) was added to enhance the anaerobiosis.
The bioreactors were pumped (Masterflex Group, Gelsenkirchen, Germany) with fresh
medium to obtain a chemical oxygen demand/S◦ ratio of 1.0 through one of the lower
inputs while the effluent was removed from one of the upper outlets. The remaining two
inputs (upper and lower) were used to maintain an upward recirculation. Tygon Tubing
L/S 14 (Cole-Parmer, Vernon Hills, IL, USA) with low gas permeability was employed. The
bioreactors were maintained at 28 ◦C. Operation times are indicated in the figures.

Table 4. Characteristics and substrates (electron donors) used in the bioreactors.

Bioreactor Substrate Support Working
Volume (mL)

Dimensions
(cm)

Operation
Time (Days)

R1 Cellulose Celite™ R-635 410 49 × 3.3 233
R2 Spirulina – 410 49 × 3.3 205
R3 Spirulina Celite™ R-635 496 49 × 3.6 126

Figure 1. Simplified flowchart of the fixed bed bioreactor used in the three assays. Each bioreactor
was filled with the respective support.

2.7. Determination of Hydrogen Sulfide in Culture Media

The determination of hydrogen sulfide (H2S) in the culture media was based on
the production of methylene blue production by reacting H2S with N,N-dimethyl-1,4-
phenylenediamine oxalate and FeCl3. To quantify H2S, 5 mL of the sample was taken,
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to which 500 µL of a solution of N, N-dimethyl-1,4-phenylenediamine oxalate (6.75 g/L)
and 150 µL of FeCl3 (1500 g/L) were added. After 5 min, (NH4)2HPO4 (500 g/L) was
added to eliminate the interference of excess iron (III) chloride. Finally, the absorbance was
measured at 664 nm (using a spectrophotometer Jenway 6320D, United Kingdom). All
quantitative measurements were made in the culture medium without iron to determine
the total sulfide produced by the cultures [22].

2.8. Quantification of Chemical Oxygen Demand

The quantification of chemical oxygen demand (COD) was performed using the
HI 93754A-25 LR COD kit from Hanna, which is based on the procedure outlined in
Standard Methods for the Examination of Water & Wastewater, 1997. Organic matter was
oxidized with K2Cr2O7 in an H2SO4 medium. In this case, the sample was diluted at
least 40 times, and 2 mL of the diluted sample was mixed with the tubes supplied for the
kit, then heated for 2 h at 150 ◦C. The tubes were cooled to room temperature, and the
COD concentration was determined by colorimetry in a photometer at 420 nm (using a
multiparameter photometer Bench C99 model from Hanna, Italy) [22].

2.9. Determination of the Grow Capacity of the Microbial Consortium in Bioreactors

The capacity of the microbial consortium to grow in three bioreactors was evaluated.
Bioreactor R1 contained 200 g of Celite ™ R-635. Bioreactor R2 contained no carrier material.
The added Spirulina acted as a support material for the microorganisms added. Bioreactor
R3 contained 200 g of Celite™ R-635 as biomass immobilization material. The three
bioreactors contained a modified Postgate C culture medium with 1 g/L of each substrate
(as detailed in Table 4). They were kept in batches during the first stage and then fed
semi-continuously for the total operation time. Once the H2S concentration was stabilized,
the operational conditions were changed to obtain better H2S volumetric productivity, as
detailed in Tables 5–7. The dissolved sulfide levels (blue methylene method) and pH were
determined daily.

2.10. Analysis of Data

All analytical measurements were conducted in triplicate, unless otherwise indicated.
The data were subjected to statistical analysis using the Infostat v.2011e software. Analysis
of variance (ANOVA) was employed to determine the presence of significant differences,
with a significance level of 95% (p < 0.05).

2.11. Operation Parameters

Hydraulic retention time (HRT), feed flow, and organic loading rate were calculated
using the following equations:

HRT = Vr
Ql

= Hydraulic retention time (h)
Ff = rpm× 13

60 = Feeding Flow (mL/min)
Qr =

Ql × CODf
Vr

= Organic loading rate (g DQO/L× h)

where:
Vr = reactor volume (L)
Ql = volumetric flow (mL/min)
CODf = chemical oxygen demand in feed (g/L)
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Table 5. Operating conditions for the bioreactor R1.

Experimental Period

Parameter I II III IV V VI VII VIII IX X XI XII XIII
Type of feeding * Batch Batch RC 10% Batch 10% 10% 20% 30% Batch RC 30% 30% 30% 30%

Operation time (days) 0–30 31–47 48–68 69–97 98–113 114–155 156–167 168–174 175–194 195–210 211–222 223–225 226–233

Operating Conditions

Flow (mL/min) - - 1.08 - 1.95 1.95 1.95 1.95 - 1.95 1.52 1.73 1.52
HRT recirculated (h) - 48 24 - 24 24 24 24 22 22 18 12 4.5

pH 7.1 7.1 7.1 7.1 7.1 8.5 8.9 8.9 8.9 8.9 8.9 8.9 8.9

* The percentage represents the equivalent feed volume of the bioreactor. RC: recirculated; HRT: Hydraulic retention time.

Table 6. Operating conditions for the bioreactor R2.

Experimental Period

Parameter I II III IV V VI VII VIII IX X XI XII XIII
Type of feeding (a) Batch Batch RC 10% Batch 10% 10% 20% 30% Batch RC 30% 30% 30% 30%

Operation time (days) 0–18 19–25 26–37 38–69 70–88 89–127 128–139 140–147 148–166 167–182 183–194 195–197 198–205

Operating Conditions

Flow (mL/min) - - 1.08 - 1.95 1.95 1.95 1.95 - 1.95 1.52 1.73 1.52
HRT recirculated (h) - 48 24 - 24 24 24 24 22 22 18 12 4.5

pH 7.1 7.1 7.1 7.1 7.1 8.5 8.9 8.9 8.9 8.9 8.9 8.9 8.9
(a) The percentage represents the equivalent feed volume of the bioreactor. RC: recirculated; HRT: Hydraulic retention time.
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Table 7. Operating conditions for the bioreactor R3.

Experimental Period

Parameter I II III IV V VI VII VIII IX X XI
Type of feeding (a) Batch Batch RC 10% 10% 20% 30% Batch RC 30% 30% 30% 30%

Operation time (days) 0–6 7–9 10–16 17–48 49–60 61–67 68–87 88–103 104–115 116–118 119–126

Operating Conditions

Flow (mL/min) ND ND 1.08 1.08 1.95 1.95 ND 1.95 1.52 1.73 1.52
HRT recirculated (h) - 48 24 24 24 24 22 22 18 12 4.5

pH 7.1 7.1 7.1 8.5 8.9 8.9 8.9 8.9 8.9 8.9 8.9
(a) The percentage represents the equivalent feed volume of the bioreactor. RC: recirculated; HRT: Hydraulic retention time. ND: Not Determined.
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3. Results
3.1. Growth of the Microbial Consortium and Determination of H2S Generation

The development of sulfur-reducing bacteria was determined by the appearance of a
black precipitate in the culture media with cellulose and Spirulina as the electron donor. The
generation of H2S by the microbial consortium grown at pH 7.1 was measured (Figure 2).
Higher sulfide production was observed in media grown with Spirulina, whereas with
cellulose, there was a significantly lower sulfide production (according to Duncan’s test,
p < 0.05).

Figure 2. Production of H2S by the microbial consortium, grown with cellulose and Spirulina for 14
and 8 days, respectively. The values are plotted as the means ± standard deviation. The averages
had significantly different (Duncan, p < 0.05).

3.2. Microbial Consortium Characterization

In situ hybridizations were performed to characterize the microbial consortia of cul-
tures developed in test tubes, using media with cellulose or Spirulina as organic substrate.
This study allowed us to determine the relative microbial diversity of the microorganisms
present in each consortium. In the microbial consortium cultivated in a medium with
cellulose as the electron donor, it was observed that 47.8% of the microorganisms were
identified as Bacteria, while 3.8% corresponded to Archaea (Figure 3A). On the other hand,
the δ-proteobacteria were the most represented subclass with 15.7%. We also observed
the presence of α and β-proteobacteria, as well as microorganisms from the Cytophaga-
Flavobacterium group, each with less than 10% of the total of microorganisms. As shown
in Figure 3A, the sum of the percentages of Proteobacteria α, β and δ, in addition to the
Cytophaga-Flavobacterium group, corresponded to 38.2%, a lower percentage of microor-
ganisms labeled with the Bacteria probe.

When analyzing the microbial consortium grown in Spirulina as the only electron donor,
it was observed that the Bacteria domain corresponded to 59.0% of the labeled microorganisms,
while 4.3% were Archaea (Figure 3B). It was observed that the most represented subclass
was δ-Proteobacteria with 17.8%, followed by the Cytophaga-Flavobacterium group with
10.6% and finally, the subclasses α and β-Proteobacteria with 8.4 and 8.2%, respectively. The
sum of the percentages of the studied groups was 45.0%, much lower than the percentage of
microorganisms marked with the Bacteria probe.

3.3. Effect of NaCl on H2S Generation by the Microbial Consortium

Since the sample to enrich the S◦RB was obtained from a saline lake, it was necessary to
know the effect of NaCl on the behavior of microbial consortia. In the microbial consortium
grown with cellulose as a substrate (Figure 4), the highest H2S production was observed
between 40 and 50 g/L of NaCl for the different days evaluated, with a maximum H2S
yield at 40 g/L on day 7 of culture. However, there were no significant differences found
between the average sulfide production and the studied NaCl concentrations.
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Figure 3. Hybridization in situ of the sulfur-reducing microbial consortium in a culture medium
with cellulose (A) and Spirulina (B). The percentages of each of the groups, labeled with the specific
probes, are shown relative to the total microorganisms labeled with DAPI. Values are plotted as the
means ± standard deviation between the percentages of probe-labeled microorganisms obtained
from at least three distinct images.

Figure 4. Effect of NaCl on the H2S production by the microbial consortium grown with cellulose
as a substrate during 10 days of culture. Symbols: #, day 4; �, day 7 and ∆ day 10. The values are
plotted as the means ± standard deviation. No significant differences were observed, according to
Duncan’s test (p < 0.05).

Similarly, in the microbial consortium grown with Spirulina as a substrate (Figure 5),
the maximum H2S production was observed at 30 g/L NaCl on day 7 of the culture. An
increase in NaCl concentration resulted in a decrease in H2S production. However, no
significant differences were found between the average sulfide production at the NaCl
concentrations studied.

3.4. Effect of pH on H2S Production by the Microbial Consortium

The effect of pH on H2S production by the microbial consortium was investigated in
culture media without FeCl3, using different electron donors as substrates. The pH range
evaluated was 5.2 to 9.4. In the consortium grown with cellulose as a carbon source, a
maximum trend of H2S production was observed at alkaline pH (8.9 and 9.4) for all the
analyzed days (Figure 6). Additionally, on day 14, there was a peak production at pH 6.6.
The H2S production on day 21 at pH 9.4 was significantly higher compared to the other pH
values analyzed.
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Figure 5. Effect of NaCl on the H2S production by the microbial consortium grown with Spirulina
as a substrate during 10 days of culture. Symbols: #, day 4; �, day 7 and ∆ day 10. The values are
plotted as the means ± standard deviation. No significant differences were observed, according to
Duncan’s test (p < 0.05).

Figure 6. Effect of pH on the H2S production by the microbial consortium grown with cellulose as a
substrate during 21 days of culture. Symbols: #, day 5; �, day 8; ♦, day 14 and ∆, day 21. The values
are plotted as the means ± standard deviation. (a) Means determined on the same day followed by
equal letters are not statistically different, according to Duncan’s test (p < 0.05).

Similarly, the evaluation of H2S production in media with Spirulina as an electron
donor indicated a higher production at alkaline pH for all days evaluated, with a significant
difference in sulfide levels on the media at pH 9.4 to the other pH values, for all the studied
days (Figure 7). An exception was observed on day 21 of culture, where no significant
differences were observed between the different pHs evaluated (according to Duncan’s test,
p < 0.05).

In brief, higher sulfide production was observed in cultures grown using Spirulina
as an organic substrate in media with alkaline pH (9.4). However, there were no major
differences in productivity at lower pH. A similar trend was observed in media with
cellulose but with smaller production ranges.
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Figure 7. Effect of pH on the H2S production by the microbial consortium grown with Spirulina as a
substrate during 21 days of culture. Symbols: #, day 5; �, day 8; ♦, day 14 and ∆, day 21. The values
are plotted as the means ± standard deviation. (a, b) The average values with the same letter are not
statistically different, except the means of day 21 of culture (Duncan, p < 0.05).

3.5. Determination of the Growth Capacity of the Microbial Consortium in Bioreactors

The growth capacity of the microbial consortium to develop in three bioreactors (R1,
R2 and R3) was studied under different operating conditions. R1 was filled with Celite™
R-635 and fed with cellulose, while R2 had no support material inside and was fed with
Spirulina and R3 was filled with Celite™ R-635 and fed with Spirulina. The operating
conditions for the three bioreactors are detailed in Tables 5–7.

3.5.1. Bioreactor R1 Filled with Celite™ R-635 and Fed with Cellulose

R1 was operated under the operating conditions comprising the experimental periods I,
II and III, detailed in Table 5. During the first batch maintenance phase, hydrogen sulfide
levels reached values close to 7 mg/L H2S (Figure 8). Subsequently, the H2S levels gradually
decreased until they reached non-quantifiable values. After the start of feeding with
10% of the equivalent volume of the bioreactor, there was a slight increase in dissolved
sulfide levels near day 50 of operation, which then gradually decreased until reaches non-
quantifiable values were reached. Additionally, after the start of feeding with a culture
medium at pH 7.1, a constant decrease in the pH of the effluent was observed, reaching
levels close to pH 6.4. The sulfide production appears to be directly related to changes in
pH and organic matter delivery. As sulfidogenic productivity increases, there is a gradual
decrease in pH levels in the effluent.

The performance of bioreactor R1 was studied in a subsequent stage of the operation,
as shown in Figure 9. During this stage, the bioreactor was run under a semi-continuous
regime, as specified in Table 5. Initially, the feed volume was 10% of the total bioreactor
volume (day 98), which resulted in a slight increase in H2S concentration until day 112.
Subsequently, the pH of the feed medium was increased to 8.5, leading to a significant rise in
H2S production until day 155. The sulfide concentration and pH remained relatively stable,
while COD levels tended to decline. Between days 156 and 167, both pH in feed (pH 8.9)
and feed volume (20% of the total volume) were increased, resulting in increased H2S
productivity. Thereafter, the feed was raised again to 30% until day 174. A recirculated batch
operation was then initiated, lasting until day 194 (without feeding), after which the feed
medium was returned with 30% of the total volume. In the subsequent periods, only the
HRT was decreased to increase the volumetric productivity until the end of the bioreactor
R1 operation. Overall, an increase in the volumetric productivity of the sulfides generated
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in the bioreactor was observed, driven primarily by the changes in the pH of the feed,
variations in the supplied volumes and a decrease in the HRT. The final H2S concentration
was 210 mg/L, corresponding to volumetric productivity of 1.94 mol/m3·day. Despite the
high volumes of feed and pH supplied, the pH in the effluents could not rise, indicating
clear acidification of the internal environment by the microbial sulfidogenic consortium.

Figure 8. The performance profile of bioreactor R1 (Celite R-635 and cellulose fed) during the
first stage of start-up of the bioreactor. The concentration values of H2S have been plotted as
means ± standard deviation. The vertical line and the upper box in each figure represent the change
in operating mode and the feed rate relative to the total volume of the bioreactor. Symbols: –––,
concentration of H2S; − − −, pH in feed; — effluent pH. RC: recirculated bioreactor.

3.5.2. Bioreactor R2 without Support Material and Fed with Spirulina

The bioreactor R2 was operated under the conditions described in Table 6 (Figure 10)
for the experimental periods I, II and III. During the batch phase (days 0–18), the levels of
hydrogen sulfide reached a maximum of approximately 22 mg/L and gradually decreased
to 7 mg/L (days 18–27). Upon feeding with 10% of the equivalent volume of the bioreactor,
the dissolved sulfides gradually increased, reaching concentrations close to 33 mg/L. The
increase in the fresh medium feed may be related to the reactivation of the sulfidogenic
activity of the consortium after more than 34 days of cultivation.

The bioreactor R2 was subjected to a semi-continuous regime in the second stage of
operation with operating conditions spanning periods V through XIII (Table 6). The pH
and HRT were modified in response to sulfidogenic productivity. During this stage, the
bioreactor was initially fed with fresh medium at a pH of 7.1, representing 10% of the total
volume of the bioreactor on day 70 (Figure 11). The H2S concentration increased gradually
until day 86, at which point, the pH of the feed was increased to pH 8.5 due to stagnant
sulfidogenic productivity. This change resulted in a gradual increase in the concentration
of H2S and pH of the effluent until day 128. In period VII (days 128–139), the volume of
feed was increased to 20%, and the pH of the supplied medium was increased to pH 8.9,
resulting in a considerable increase in productivity. The feed volume was increased again
to 30% of the total volume until day 147. After this period, a recirculated batch maintenance
phase was initiated, extending until day 167, after which the feed was resumed with 30% of
the total useful volume of the bioreactor. The HRT was reduced in the subsequent periods
to increase both the substrate/consortium contact and the volumetric productivity of H2S.
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Figure 9. The performance profile of bioreactor R1 (Celite R-635 and cellulose fed) during the second
stage of start-up of the bioreactor. Concentration of H2S, HRT and COD (A). Effluent pH and pH
in feed (B). The concentration values of H2S have been plotted as means ± standard deviation.
The continuous vertical line and the upper box in each figure represent the change in the mode of
operation and the percentage of feed with respect to the total volume of the bioreactor. The interval
(//) represents a recirculated batch operation time in which there was no parameter determination.
Symbols: –––, concentration of H2S; − − −, HRT; • COD; ···, pH in feed; −·−, effluent pH.

Figure 10. The performance profile of bioreactor R2 (without the support and Spirulina fed) during
the first stage of start-up of the bioreactor. The concentration values of H2S have been plotted as
means ± standard deviation. The continuous vertical line and the upper box in each figure represent
the change in the mode of operation and the percentage of feed with respect to the total volume of
the bioreactor. Symbols: –––, concentration of H2S; − − −, pH in feed; — effluent pH.
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Figure 11. The performance profile of bioreactor R2 (without the support and Spirulina fed) during
the second stage of start-up of the bioreactor. Concentration of H2S, HRT and COD (A). Effluent pH
and pH in feed (B). The concentration values of H2S have been plotted as means± standard deviation.
The continuous vertical line and the upper box in each figure represent the change in operating
mode and the feed rate relative to the total volume of the bioreactor. The interval (//) represents
a recirculated batch operation time in which there was no parameter determination. Symbols: –––,
concentration of H2S; − − −, HRT; • COD; ···, pH in feed; −·−, effluent pH.

These findings suggest that the sulfides production was influenced by the percentage
of fresh medium feed and its pH, the quantity of organic matter present in the feed and
the HRT of the recirculation. H2S production gradually increased, peaking at 310 mg/L,
which corresponds to volumetric productivity of 2.75 mol/m3·day. Effluent pH values
suggest clear acidification in the internal environment, which may be linked to fermentation
processes generated by the microbial consortium.

3.5.3. Bioreactor R3 Filled with Celite™ R-635 and Fed with Spirulina

The third bioreactor, R3, was operated under three different regimes: batch, recircu-
lated batch, and semi-continuous. The operating conditions for each experimental period
are presented in Table 7. The batch and recirculated batch phases lasted only nine days,
where H2S levels near 40 mg/L were reached (Figure 12). This reduction in start-up time
was achieved thanks to the experience acquired in the operation of bioreactors R1 and R2.
On day 10, feeding with 10% of the total volume began, resulting in an increase in sulfide
concentration and a decrease in effluent pH. Subsequently, feeding with a pH of 8.5 began
on day 17, leading to an increase in sulfidogenic activity and a decrease in COD on day 46.
At this time, the feed volume and pH were increased to 20% and 8.9, respectively, resulting
in an improvement in H2S productivity. The feed volume was again increased to 30%. On
day 67, a recirculated batch feeding period began, which lasted until day 88. After this
period, the supply was resumed with the fresh medium of 30% of the total volume of the
bioreactor. In the later stages, the HRT was decreased, leading to an increase in both the
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substrate/consortium contact and the volumetric productivity of H2S. Therefore, sulfide
production is clearly related to the feed volume of the medium (organic matter available)
and the supplied pH, while recirculation HRT is crucial for increasing sulfidogenic activity.
Acidification of the medium was also observed in this bioreactor. A gradual increase in the
H2S volumetric productivity was observed, reaching a maximum of 2.94 mol/m3·day.

Figure 12. The performance profile of the R3 bioreactor (Celite R-635 and Spirulina fed) during the
bioreactor start-up phase. Concentration of H2S, HRT and COD (A). Effluent pH and pH in feed (B).
The concentration values of H2S have been plotted as means ± standard deviation. The continuous
vertical line and the upper box in each figure represent the change in operating mode and the feed
rate relative to the total volume of the bioreactor. The interval (//) represents a recirculated batch
operation time in which there was no parameter determination. Symbols: –––, concentration of H2S;
− − −, HRT; • COD; ···, pH in feed; −·−, effluent pH.

4. Discussion

This study has demonstrated the potential of a microbial sulfur-reducing consortium
for the biogenic production of hydrogen sulfide during the start-up phase of bioreactors
with immobilized biomass. This process presents a cost-effective alternative for metal
recovery through the generation of sulfides using elemental sulfur as the final electron
acceptor and complex organic compounds as a source of carbon and energy.

The current literature mainly focuses on finding new complex carbon and energy
sources for sulfate-reducing bacteria. However, information is scarce on the case of sulfur-
reducing bacteria. Some of the electron donors for the SRB include cellulose waste, wood
chips, sawdust, manure, sugarcane waste, mushroom compost, cut rice straw, creek sedi-
ment, algae, peat moss, waste from the wine industry, cheese whey, and molasses [23–32].
These sources have yielded high volumetric productivities of H2S (ranging from 3 to
677 mol/m3·day) [24]. It is important to note that volumetric productivity depends on
various factors, such as bioreactor design, inoculum origin, operating conditions and
substrate used.
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In this study, we assessed the potential use of two organic substrate models as electron
donors in S◦RB, such as cellulose and Spirulina. Serial subcultures were conducted to
enrich the sulfur-reducing consortia. Cellulose was used as a model substrate of vegetable
waste [33]. Spirulina is a photosynthetic cyanobacterium used mainly as a supplement
due to its high nutritional value, with a high percentage of proteins and, to a lesser extent,
carbohydrates, fatty acids, and minerals [34].

It is known that the complex substrates studied cannot be used directly by the sul-
fate and sulfur-reducing bacteria [1,13]. Therefore, it can be inferred that in the different
enriched microbial consortia, there should be one or more bacterial groups capable of
hydrolyzing and degrading these compounds to generate easily degradable substrates
for S◦RB. In this work, the quantitative analysis of H2S production showed a significantly
higher production for Spirulina (27.43 ± 4.23 mg/L) compared to cultures grown in cellu-
lose (14.66 ± 2.21 mg/L) during the days of maximum sulfidogenic productivity.

A thorough understanding of the microbial community structure is crucial for the
development of an efficient bioprocess for hydrogen sulfide production by a microbial
consortium using different complex substrates. Previous studies have highlighted the
importance of the composition of the microbial community composition for anaerobic
reactor stability and performance [12,35]. Therefore, in this study, the microbial community
present in the sulfidogenic consortium was determined using FISH for the different organic
substrates tested. The presence of halophilic Archaea is essential since the culture medium
had high salinity, which favors the development of these microorganisms [36,37]. However,
the presence of methanogenic Archaea cannot also be ruled out, mainly due to the culture
conditions of the consortium [35,38]. Proteobacteria comprise the largest and most diverse
group of bacteria of the microbial consortium [20,39]. Furthermore, bacteria from the
Cytophaga-Flavobacterium group were also detected, which includes bacteria capable of
degrading cellulosic compounds [36]. While most of the identified microorganisms may
allow the degradation of complex organic substrates, it is difficult to attribute a specific role
to the identified bacterial groups. Notably, the dominant group in the bacterial consortium
for all the substrates studied is the δ-Proteobacteria group, as most of the sulfidogenic
microorganisms belong to this group [1,14]. However, the presence of other bacterial
groups, different from sulfur reducers, must also be considered since they may influence the
sulfur reduction process through competition or syntrophy [12]. These findings highlight
the need for a detailed study of the microbial diversity within the consortium and the
possible structural manipulation of the microbial community to produce a more robust
start-up stage.

The anaerobic hydrolysis of organic matter is a crucial step in its degradation [1]. Spir-
ulina, which contains polysaccharides and free sugars, is expected to be easily de-gradable
due to its composition. However, during cultivation, a significant decrease in sulfidogenic
productivity was observed. Conversely, cultures with cellulose showed lower productivity
but sustained it over time due to the complex catabolic process involved in the anaerobic
degradation of cellulose, which requires the participation of many microorganisms [40–43].

The production of hydrogen sulfide was not affected by NaCl concentrations between
0 and 120 g/L, indicating that the microbial consortium used in this study is halotolerant.
The study results allowed the identification of the optimal NaCl concentrations in which
the microbial consortium achieved the highest sulfidogenic productivity for the studied
substrates. The optimal concentrations were 40 g/L for cellulose and 30 g/L for Spirulina.
The amount of energy generated during the dissimilatory metabolism and the mode of
osmotic adaptation used are the main factors determining whether a microorganism can
grow under high concentrations of NaCl [37,44].

To achieve a high yield in H2S productivity, it was necessary to manage the culture
parameters, with a particular focus on controlling pH levels. Generally, optimal growth pHs
for sulfur-reducing bacteria (SRB) range from neutrality to relatively acidic pH, resulting in
the majority of sulfidogenic bioreactors operating within this pH range [1,45,46]. However,
it is of particular importance to study microbiology in environments with high salt concen-
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trations and high pH, as there are currently many studies on sulfur-dissimilating bacteria
in alkaline lakes and soils with pH levels of 9–10 [37,47,48]. Therefore, we determined the
effect of pH on the production of H2S by the sulfurogenic consortium in test tubes using the
different substrates studied. Under all pH conditions analyzed, it was possible to quantify
H2S, indicating that the microbial consortium could grow and generate sulfides using
the two substrates studied within a wide pH range (5.17–9.40). The H2S concentration
at pH 9.40 was higher in Spirulina (84.0 mg/L) than in cellulose (5.0 mg/L H2S). When
Spirulina was used as an electron donor, a clear trend of maximum sulfide production was
observed at high pH (9.40). This effect on sulfidogenic productivity could be attributed
to several factors, such as (i) the oxidation of organic molecules, with elemental sulfur
acting as a reductant, is energetically more efficient at high salt concentrations and alkaline
pH [37,47,48], (ii) the dominant sulfur species in a system with alkaline pH is the ionized
form HS-, which favors the formation of polysulfides (the reactive species in the sulfur
reduction process) [8,49–52], and (iii) the ionic form HS- has the lowest toxicity among
sulfides (H2S, HS−, S2−) at the studied pH levels [1,6,52]. It has also been reported that pH
is one of the factors influencing the efficiency of sulfate-reducing bioprocesses, affecting the
growth and activity of SRB, such that at high pH (>8), these microorganisms are favored
over methanogens [52].

In this study, Celite R-635 was chosen as an inert support for establishing the sul-
fidogenic consortium in bioreactors due to its innocuous nature towards the microbial
consortium, and it has been reported as one of the most suitable materials for biomass
immobilization in the literature [53,54]. The formation of microbial biofilms on supports
provides significant advantages to the bioprocess, such as an increase in biomass within a
bioreactor, making solids retention times (SRT) independent of hydraulic retention times
(HRT), which improves mixing and contact between effluent and biomass [1,52,55]. In
addition, the high population density and the spatial distribution of the microbial biofilms
facilitate syntrophic metabolism and provide a protective microenvironment for the mi-
croorganisms [56]. The support material’s ability to retain a large amount of biomass is
crucial for the design of a fixed bed bioreactor, affecting both its volumetric productivity
and rapid establishment, which reduces the start-up period of the bioreactor [52,54].

During the first operational stage of the bioreactors, optimal parameters and times
were determined for the establishment of an active biofilm of the sulfur-reducing consor-
tium. It has been reported that the biofilm’s maturation over long periods determines the
performance of the system [35,57]. In the second stage, the factors involved in the increase
in H2S production were investigated by progressively increasing the daily organic load
to stimulate both the growth of the biofilm and the volumetric productivity of H2S. A
conventional strategy used to increase the organic load without increasing shear stress
was to progressively increase the feed volume to the bioreactors, which promoted the
accumulation of biofilms and minimized detachment [54]. However, the increase in organic
load must be carefully monitored to avoid overloading the system with organic matter,
leading to sulfidogenic inhibition and the subsequent failure of the start-up process [14,57].
Another method used to refine the operational parameters of the bioreactors was to de-
crease the HRT in the final periods of their operation, which promoted competition for the
substrate between the suspended or planktonic biomass and the biofilm biomass [14,57].

In broad terms, the hydrogen sulfide levels in the bioreactors gradually increased after
biofilm establishment and the associated operational changes. This study was able to achieve
H2S volumetric productivities of approximately 3 mol/m3·day of H2S, which are comparable
to those described in the literature that uses complex organic substrates [24]. It was also
possible to reduce the start-up times of the sulfidogenic bioreactors. However, low pH values
in the effluents were one of the challenges encountered. Acid metabolites produced by
the degradation and fermentation of complex organic substrates (such as polysaccharides)
contributed to the increase in acidity in the bioreactor culture medium [58,59].

In conclusion, this research successfully enriched sulfidogenic microbial consortia
with the potential to degrade complex organic compounds, such as cellulose and Spirulina,
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achieving high volumetric productivity. This biological sulfur reduction system has great
potential for developing technology to treat industrial effluents contaminated with heavy
metals. Therefore, there is a need to continue studying this bioprocess, focusing mainly on
increasing sulfidogenic productivity, and improving knowledge of start-up periods.
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