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Biological sulfidogenic systems are advantageous over hydroxide precipitation methods to recover base metals
from hot and acidic metallurgical streams. Sulfide precipitation is not widely used in the hydrometallurgical
industry for the high operational and capital expenses associated with compartmentalizing the sulfidogenic and
metal precipitation process. A single-stage elemental sulfur-reducing process in which sulfidogenesis and metal
precipitation occur concurrently could significantly decrease these costs. This study examines the effect of metals
on the sulfidogenic activity of an adapted thermoacidophilic sulfur-reducing culture. Batch tests were conducted
with Cu2+, Ni2+, and Zn2+ in concentrations up to 100, 570, and 525 mg L− 1, respectively. All metal ions were
completely precipitated (LOQ < 0.1 mg L− 1) with higher volumetric sulfide production rates than in the ex
periments without metals. Dissolved metals appear to stimulate the sulfur reduction metabolism in a redoxdependent process. Additionally, we investigated the use of an unadapted microbial inoculum from a fullscale anaerobic reactor as a fast start-up inoculum for a sulfidogenic process under high temperature (80 ◦ C),
low pH (pH 3), and high Cu2+ concentrations (up to 1143 mg L− 1). After seven days of operation, we found
equivalent sulfidogenic rates to those obtained after 75 days of adaptation with the same inoculum. These results
encourage the development of a single-stage metal precipitation and sulfur-reducing process under conditions
suitable for thermoacidophilic microorganisms.

1. Introduction
Sulfide precipitation for metal recovery is advantageous over hy
droxide precipitation, the most widespread method for metal recovery
in hydrometallurgical processes (Lewis and Van Hille, 2006; Simate and
Ndlovu, 2014). The solubility product of metal sulfides is lower than
that of hydroxides, achieving a higher degree of metal removal over a
broad pH range and resulting in a denser more stable sludge (Fenglian
et al., 2014; Neculita et al., 2007). Additionally, the solubility product of
metal sulfides differs significantly for each metal across the pH spec
trum, allowing for selective metal recovery (Lewis, 2010). Despite the
benefits of metal sulfide precipitation over metal hydroxide precipita
tion, sulfidogenic systems remain underutilized in the metallurgical
industry, for the sulfide generation costs persist as a prohibitive eco
nomic constraint.
Elemental sulfur-reducing sytems (Eq. 1) theoretically decreases the
electron donor consumption by 75% compared to sulfate-reducing sys
tems (Eq. 2). However, a significant economic hindrance lies within the
process scheme itself. Current biological sulfidogenic systems for metal

recovery compartmentalize the sulfidogenic and metal precipitation
processes in two stages (Florentino et al., 2016). A biological compart
ment where microbial sulfidogenesis occurs under controlled conditions
without direct contact with the metallurgical stream. The chemical
compartment is a contactor unit where sulfide is dissolved and reacts
with the metals in the metallurgical stream (Johnson and Hallberg,
2005). To contact the hydrogen sulfide with the hydrometallurgical
process waters, the hydrogen sulfide is extracted from the biological
compartment by injecting a carrier gas, commonly nitrogen, and carried
into the chemical compartment (Florentino et al., 2016). While this
process scheme provides optimum control over the biological and
chemical compartments, the removal and injection of sulfide is a highly
energy-demanding process that significantly increases operational and
capital costs (Holanda and Johnson, 2020).
S0 + 2H + + 2e− →H2 S

(1)

SO2−4 + 10H + + 8e− →H2 S + 4H2 O

(2)
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A single compartment sulfidogenic process, in which reduction of
elemental sulfur and precipitation of metal sulfide occurs in the same
stage, is a cost-efficient architecture for implementing metal sulfide
precipitation systems in the hydrometallurgical industry (Jameson et al.,
2010; Johnson et al., 2006; Villa-Gomez et al., 2011). Furthermore, this
reactor architecture can be used in combination with chemical metal
recovery steps for optimal metal recovery (Hedrich et al., 2018b).
However, a major drawback of this configuration is that the biomass is in
direct contact with the metal-laden acidic process streams (pH <4),
which are frequently at 40–80 ◦ C (Hedrich et al., 2018a; Kaksonen et al.,
2003; Norris, 1997), and therefore compartmentalized systems are
preferred (Holanda and Johnson, 2020). Metal ion concentration is a
critical parameter for developing a single-stage system considering base
metal ion concentrations in hydrometallurgical process waters are often
inhibitory for microbial life. In hydrometallurgical streams, concentra
tions of base metal ions such as Cu2+, Ni2+, and Zn2+ range from hun
dreds to thousands of milligrams per liter, depending on the ore
composition (Li et al., 2021; Ochoa-Herrera et al., 2011). Cytotoxic ef
fects of base metal ions in sulfidogenic microorganisms is reported to
range from nanograms per liter (Sani et al., 2001; Sani et al., 2003) to as
much as 112 mg L− 1 (Kaksonen and Puhakka, 2007; Utgikar et al.,
2002).
Sulfur reduction is an energy-yielding metabolism commonly found
within extremophiles (Amend and Shock, 2001). Microbial sulfide
generation significantly affects metal ion toxicity as hydrogen sulfide
promptly reacts with metal ions forming sulfide salts that have reduced
solubility compared to their acid counterparts (eq. 3) (Jameson et al.,
2010). Ergo, sulfide-producing microorganisms exhibit a higher degree
of metal tolerance than non-producers (Barton et al., 2015; Karri et al.,
2006). Although microbial acidophilic sulfide generation has been
described earlier (Florentino et al., 2015; Guo et al., 2019; Hidalgo-Ulloa
et al., 2020; Jameson et al., 2010), the effect of metal ions at hydro
metallurgical stream concentrations is unclear.
+
H2 S(aq) + Me2+
(aq) →MeS(s) + 2H(aq)

of 3.0 ± 0.1 with sulfuric acid, and the bottles were left in an anaerobic
hood overnight to ensure anoxic conditions. The bottles were closed
with butyl stoppers, and the headspace was flushed with a mixture of
hydrogen and carbon dioxide (80/20%v/v). The bottles were incubated
at 80 ◦ C for eight days without metals for microbial sulfidogenic activity
assessment. After sulfidogenic activity was assessed, sulfide was
removed by replacing the bottles’ headspace with hydrogen and carbon
dioxide in 12 cycles. The dissolved sulfide was measured to ascertain
complete sulfide removal. Afterward, we tested the effect of copper,
nickel, and zinc independently, adding these metals from stock solutions
of CuSO4, NiCl2⋅6H2O, and ZnSO4⋅7H2O, respectively. Inhibitory metal
concentrations reported for sulfidogenic microorganisms were selected
as the baseline for the experiments with low metal ion concentrations
(Florentino et al., 2015; Neculita et al., 2007; Utgikar et al., 2002), with
increasing concentrations aiming to test a wide range of metal tolerance
for this inoculum. The final concentrations of the metal ions added to the
experiments are summarized in Table 1.
The mineral medium composition for the batch experiments was (in
mM): CaCl2⋅2H20, 0.75; KH2PO4, 3.01; (NH4)2SO4, 2.8; NaCl, 5.13;
MgSO4⋅7H2O, 0.49; and 0.1 g L− 1 yeast extract. A trace element solution
(1 mL per liter of culture medium) was also added which contained (in
mM): ZnSO4⋅7H2O, 3.48; CuSO4⋅5H2O, 8.01; MnSO4⋅H2O, 5.92;
NaMoO4⋅2H2O, 2.28; CoCl2⋅6H2O, 2.47; Na2SeO2, 2.78; Fe2(SO4)3⋅H2O,
3.75; H3BO4, 1; NiCl2⋅6H2O, 4.21. The biological sulfur was originated
from a full-scale sulfide oxidizing bioreactor treating biogas of a food
waste digester. The preparation of the sulfur used in this study is
described in detail by Hidalgo-Ulloa et al. (2020).
2.2. Chemical sulfur reduction and sulfur disproportionation controls
We performed chemical and sulfur disproportionation controls to
evaluate the possible metal precipitation with the medium contents and
chemical sulfide formation, respectively. These controls followed the
same preparation procedure as the biological experiments with the
proviso of the following modifications:
Chemical precipitation controls were carried out in 250 mL bottles
with 150 mL of mineral medium, 1.3 g L− 1 of sulfur, and H2/CO2 (80/
20%v/v). These controls did not contain inoculum. The chemical con
trols were incubated for eight days, sulfide production was evaluated,
and metals were added as in the biological controls procedure afore
mentioned. An additional set of chemical controls was included, where
metals were not added after the initial eight days of inoculation to
evaluate further chemical sulfide formation during the experiment.
Sulfur disproportionation controls were prepared in 250 mL batch bot
tles with 150 mL of mineral medium and 1.3 g L− 1 of sulfur. These
controls were performed with and without inoculum and with and
without the addition of metals. Hydrogen was substituted with nitrogen
in the headspace to evaluate sulfur disproportionation.

(3)

Here we aim to evaluate the effect of metals on a thermoacidophilic
elemental sulfur-reducing culture. We previously inoculated a gas-lift
reactor with an anaerobic sludge from a sulfate-reducing up-flow
anaerobic sludge blanket (UASB) reactor located at an industrial
chemical plant in Emmen, Netherlands, showing sulfidogenic activity at
80 ◦ C and pH of 3.5 (Hidalgo-Ulloa et al., 2020). We continued the study
of this inoculum toward a consolidated sulfidogenesis and metal re
covery process. We evaluated the effect of Cu2+, Ni2+, and Zn2+ in the
sulfur-reducing process for this adapted inoculum at low pH (3.0) and
high temperature (80 ◦ C). Additionally, the biomass concentration and
volume of the adapted inoculum do not suffice to support a scaled-up
procedure. As a result, this research evaluated the sulfide productivity
of the wet granular Emmen industrial sludge under copper pressure in a
4 L gas-lift reactor as a possible fast start-up inoculum for a sulfurreducing process.

2.3. Fast start-up inoculum essay

2. Materials and methods

To investigate the use of the original sludge as a fast start-up inoc
ulum for this process, we inoculated wet granular sludge originating
from the industrial chemical plant (Emmen, the Netherlands) in a 4 L
gas-lift reactor. The reactor was operated in batch and fed with 1.5 L h− 1

2.1. Batch inoculation and metal precipitation screening
We inoculated 250 mL batch bottles with an enriched microbial
inoculum that originated from a laboratory sulfur-reducing gas-lift
bioreactor operated at 80 ◦ C and pH 3.5 (Hidalgo-Ulloa et al., 2020). The
reactor was initially inoculated with an industrial wastewater sludge
obtained from a sulfate-reducing UASB reactor located at an industrial
chemical plant in Emmen, the Netherlands. The gas-lift reactor had been
operated for 60 days when the inoculum was taken.
The biological experiments were inoculated with 3 mL of the gas-lift
reactor liquor. This inoculum was cultivated with 150 mL of mineral
medium and 1.3 g L− 1 of biological sulfur. The pH was corrected to a pH

Table 1
Concentrations of copper, nickel, and zinc tested in batch bottle experiments.
Experiment #

Cu2+
(mg L− 1)

Ni2+
(mg L− 1)

Zn2+
(mg L− 1)

1
2
3

24
42
100

20
300
570

55
265
525

Each metal and metal concentration was tested separately from each other. All
experiments were elaborated in duplicates.
2

A. Hidalgo-Ulloa et al.

Hydrometallurgy 213 (2022) 105950

of hydrogen and 0.5 L h− 1 of carbon dioxide as electron donor and
carbon source, respectively. Biological elemental sulfur was suspended
in the reactor at a sulfur concentration of 10 g L− 1. The pH, ORP, and
temperature of the reactor were monitored using an InPro3250i/SG/225
sensor (Mettler-Toledo, Switzerland), and the pH was maintained at 3.1
± 0.1 using NaOH 0.5 M. Detailed specifications of the reactor are
described in Hidalgo-Ulloa et al. (2020).
The reactor was prepared two hours prior to inoculation, adding
mineral medium and biological sulfur. The culture medium in the
reactor was sparged with nitrogen gas (O2 < 0.5 mL m− 3, Linde Gas
Benelux B.V., the Netherlands) at a rate of 25 mL s− 1 for 20 min per liter
of medium. Subsequently, nitrogen was substituted with hydrogen gas,
and the medium was sparged with hydrogen and carbon dioxide with a
gas flow rate equal to the operation conditions for 1 h. Meanwhile, 80 g
of wet granular sludge (5 g dry weight) was suspended in 500 mL of
demineralized water, and the pH of the suspension was corrected to 3.1
using a 1 M H2SO4 solution to neutralize the sludge alkalinity. The
sludge suspension was sparged with 25 mL s− 1 of nitrogen gas for 20 min
to remove any sulfide traces that could have originated from the sludge.
The granular sludge suspension was used to inoculate the reactor, and
upon inoculation, Cu2+ was added. We tested two copper concentra
tions: 603 and 1143 mg L− 1. The effect of each Cu2+ concentration on
the volumetric sulfide producing rates (VSPR) was evaluated indepen
dently. Therefore, the reactor contents were emptied, and the reactor
was chemically cleaned prior to the evaluation of the following copper
concentration. The reactor’s chemical cleaning consisted of 24 h oper
ation with 10% aqua regia solution (HCl:HNO3 3:1) at 80 ◦ C. After the
cleaning procedure, the reactor was rinsed with demineralized water.
The phosphate and ammonia contents of the mineral medium in this
section were modified. To avoid any possible metal-phosphate precipi
tation, phosphate concentration in the medium was decreased to 0.6 mM
of KH2PO4 for this part of the study. The ammonia concentration was
also decreased to 0.55 mM (NH4)2SO4 to maintain the nitro
gen‑phosphorus ratio.
Chemical and disproportionation controls were prepared in the
reactor to determine the chemical precipitation of copper and sulfur
disproportionation. These controls were tested with 623 mg L− 1 Cu2+.
Chemical and disproportionation controls followed the same prepara
tion procedure as the reactor’s biological controls with the following
modifications: A) the chemical controls did not contain granular sludge
as inoculum; B) in the disproportionation controls nitrogen gas replaced
hydrogen and carbon dioxide from the influent gas.

2.5. Total sulfide determination and volumetric sulfide production rate
(VSPR)
Data of total sulfide concentration introduced here is the result of
adding the masses of sulfide in the form of metal sulfide precipitates and
free sulfide in the liquid and gas matrices. This value is expressed as total
sulfide concentration in the liquid matrix (Eq. 4):
CTH2S =

CgtH2S • Vgt
+ CltH2S + CmtH2S
Vlt

(4)

Where CTH2S is the total sulfide concentration expressed in the
remaining liquid matrix at time (t), Vgt is the volume of the headspace
(L), Vlt is the volume of the liquid (L), and CgtH2S, CltH2S, CmtH2S are the
concentrations of sulfide in the gas, liquid, and metal sulfide precipi
tated (mg L− 1) at time (t), respectively. No free dissolved sulfide was
found when the dissolved metal concentration exceeded the limit of
quantification (LOQ); hence CTH2S = CmtH2S. Sulfide content in the
precipitates was calculated over a mass balance of the metal precipitated
and the characterization of the solid metal sulfide formed. Free sulfide in
the gas matrix was determined from the free dissolved sulfide concen
tration in the liquid matrix, and the Henry constant for hydrogen sulfide
corrected for temperature (Sander, 2019).
The VSPR was derived from the slope of the linear regression over the
total sulfide accumulation data. The data were considered linear when
the R2 ≥ 0.9. The VSPR data were segregated in two periods based on
whether the dissolved metal concentration was above or below the LOQ.
In instances where the dissolved metal concentration was under the LOQ
in less than or equal to 3 measurements, the VSPR in that period is re
ported as minimum VSPR, for the metal precipitated as metal sulfide
swiftly to provide a more accurate estimation.
3. Results and discussion
3.1. Sulfidogenic activity and metal precipitation
We screened the elemental sulfur-reducing activity in the presence of
metal ions of a microbial culture adapted to high temperature (80 ◦ C)
and low pH (≤3.5) conditions. We incubated serum bottles with this
inoculum with hydrogen as electron donor for seven days at a pH of 3
and 80 ◦ C without adding metal ions. The inoculated experiments
accumulated 25 ± 11 mg L− 1 of dissolved sulfide during the initial seven
days of incubation, confirming sulfidogenic activity in these experi
ments. On day 8, the sulfide was removed from the bottles to <4.8 mg
L− 1 by flushing the headspace with nitrogen gas; subsequently, the
headspace was flushed with a gas mixture of hydrogen and carbon di
oxide (80:20%v/v). We evaluated the sulfidogenic activity and tolerance
of the inoculum for three metals at three concentration levels: 24, 42,
100 mg L− 1 for Cu2+; 20, 300, 570 mg L− 1 for Ni2+, and; 55, 265, 525
mg L− 1 for Zn2+.
In the biological experiments, all the metals added precipitated
below the limit of quantification (LOQ < 0.1 mg L− 1), except for the
experiment containing 525 mg L− 1 of Zn2+, which remained partially in
solution (Fig. 1). Zinc precipitation below the LOQ in the experiments
with Zn2+ concentrations of 55 and 265 mg L− 1 was found after 2 and
22 days of metal addition, respectively. In experiments with Cu2+, the
metal precipitated under the LOQ within four days for the experiment
with the highest concentration of Cu2+, and within one day for the other
two experiments with lower Cu2+ concentrations. In experiments with
Ni2+, concentrations of 20 and 300 mg L− 1, the metal precipitated below
LOQ after 13 days of metal addition, while at 600 mg L− 1, Ni2+ con
centration was under LOQ on day 29 after metal addition.
Only Cu2+, Ni2+, and Zn2+ sulfide precipitates were identified in the
solid phase through XRD. Copper and zinc precipitates were identified in
the monosulfides form of covellite (CuS) and sphalerite (ZnS), while
nickel precipitated as its disulfide vaesite (NiS2) (Supplementary Mate
rial, Fig. A). The VSPR of the experiments with metal ions was higher

2.4. Chemical analyses and phase identification
Free dissolved sulfide was analyzed using a Hach Lange kit LCK-653
(Hach, Germany). Samples were diluted and preserved using a solution
of sodium hydroxide and zinc acetate. Dissolved metals, sulfate, and
headspace gas composition were analyzed through ICP-OES, ion, and
gas chromatography, respectively. Detailed procedures and equipment
used for these analyses are described in Hidalgo-Ulloa et al. (2020).
We characterized the solid phase precipitates through X-ray
diffraction (XRD). Solid-phase samples from the batch and reactor ex
periments and controls were dried in a VTR-5022 vacuum oven (Her
aeus, Germany) at 25 ◦ C and 40 KPa (vacuum). The dried samples were
stored in anaerobic conditions until phase characterization. The XRD
diffractograms were obtained using a Bruker D8 Advance diffractometer
(Bruker Axs, United States of America) with Cu-Kα radiation generated
at 40 kV - 40 mA. The data was collected using a 10–90◦ (2ϴ) diffraction
angular range with a step size of ±0.02◦ and an acquisition time of 0.5 s
or 1 s per step. The X-ray diffractograms were identified using the
DIFFRAC.EVA V5 software (Bruker Axs).
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Fig. 1. Metal sulfide precipitation mediated by a microbial inoculum using hydrogen as electron donor incubated at 80 ◦ C with an initial pH of 3. The metal ions
tested were A. copper, B. nickel, and C. zinc, added after eight days of inoculation to confirm microbial activity. Data points represent the average of duplicates, and
error bars show the standard deviation.

However, in the experiments loaded with Ni2+ and Zn2+, the increase in
the VSPR was independent of the metal ion concentration.
The removal of free dissolved sulfide from solution is a possible
explanation for the increased VSPR observed in experiments with metal
ions compared to those without metal ions. Undissociated free dissolved
sulfide (H2S) can inhibit microbial growth by permeating the cell
membrane and forming cross-link between polypeptide chains, causing

than that of the biological experiments without metal ions. The increase
in the VSPR in the experiments was metal-dependent. The experiments
with Cu2+ presented the highest increase in VSPR, while Zn2+ experi
ments presented the lowest increase in VSPR compared to the experi
ments without metals (Table 2). Additionally, the VSPR increase in
experiments with Cu2+ depended on the concentration of Cu2+, in which
the higher Cu2+ concentrations resulted in a higher VSPR (Table 2).
4

A. Hidalgo-Ulloa et al.

Hydrometallurgy 213 (2022) 105950

Table 2
Change of the volumetric sulfide producing rates (VSPR) in the biological batch experiments with copper, nickel, and zinc.
Conditions
/Performance

Experiments with metal ions

Me2+
conc. (mg L− 1)
VSPR period Me2+ > LOQ (mg L−

Cu2+
24
10.1 a
±5.2
3.8
±0.7

VSPR period Me2+ < LOQ (mg L−

1

d− 1)

1

d− 1)

42
22.6 a
±2.2
1.9
±0.2

100
41.2 a
±11.3
1.1
±0.1

Experiments with no metal ions
Ni2+
20
7.8
±1.3
5.6
±1.3

300
22.3
±3.8
10.1
±2.3

570
22.3
±0.9
-b

Zn2+
55
5.7 a
±2.1
4.3
±0.7

265
5.5
±0.5
-b

525
4.3
±0.5
-b

0
4.0
±0.3

a

Minimum VSPR.
Metal ions remained in solution or precipitated at the end of the analyzed period (day 37).
±
Indicates the standard deviation resulting from calculating the slope of the linear regression.
b

protein alteration and oxidative damage, or by binding with metal ions,
causing metalloenzyme inactivation (Fu et al., 2018; Mendes et al.,
2021). Chalcophile metals act as sulfide scavengers, removing the free
dissolved sulfide out of solution and thus preventing sulfide inhibition
(Eq. 3). However, the differences in VSPR among experiments with
metal ions suggest that sulfide removal due to metal ion addition is
unlikely the underlying cause behind the increase in VSPR in the ex
periments with metal ions.
At the pH of this experiment (Supplementary Material, Fig. B),
copper, nickel, and zinc indistinctively act as sulfide scavengers,
removing sulfide from solution and reducing the potential effects of
sulfide inhibition. Avoiding the inhibition effects of sulfide by metal ion
addition would have produced a homogeneous VSPR across all the ex
periments with metal ions, unless metal toxicity was attained. Metal
toxicity was not reached in these experiments, evidenced by the VSPR of
the experiments with high metal concentrations that were greater than
or equal to the VSPR of the experiments with lower metal concentrations
and without metals (Table 2). Furthermore, under the conditions of this
study, sulfide inhibition effects for this inoculum start at a free dissolved
sulfide (H2S) concentration of 62 ± 3 mg L− 1 (Hidalgo-Ulloa et al.,
2020). This is in agreement with the non-metal experimental data in this
study, where there is no decrease in the sulfidogenic activity before a
free dissolved sulfide concentration of 65 ± 7 mg L− 1 (Fig. 2). Conse
quently, neither prevention of sulfide inhibition effects nor metal
toxicity were the limiting factors underpinning the differences in VSPR
observed among experiments with metal ions. Nonetheless, the observed
differences in the VSPR in the presence of metal ions appear to be
dependent on the type of metal ions added (Table 2).
The experiments with metal ions with a higher standard reduction
potential resulted in a greater stimulus to the sulfidogenic metabolism.
In the biological experiments with Cu2+, Ni2+, and Zn2+, the apical
VSPR was 41.2, 22.3, and 5.7 mg L− 1 d− 1, respectively. Analogously, the
standard reduction potential of these metal ions is +340 mV, − 228 mV,
and − 755 mV (Bratsch, 1988). In akin reactor experiments described
above with wet granular sludge, we determined the shift in the redox
potential in the medium after including these metals. The redox po
tential of the medium shifted to +335 ± 18 mV, +180 ± 9 mV, and + 32
± 3 mV after the inclusion of Cu2+, Ni2+, and Zn2+. Therefore, we hy
pothesize that the dissimilatory sulfidogenic metabolism was stimulated
in response to the specific changes in redox potential driven by the metal
ions added to the medium. Dissolved metal species disrupt microbial
redox homeostasis, interfering with protein functions and DNA stability
(Okegbe et al., 2014). With the removal of hydrogen sulfide and the
subsequent metal addition at the initial stage of these experiments,
metal ions unavoidably alter the redox potential of the medium. Hence,
the higher the redox potential, the greater the stimulus of the sulfido
genic metabolism. The produced sulfide could act as an extracellular
electron transfer molecule that neutralizes the toxic metal ion effects,
allowing the microorganisms to modulate and maintain bacterial ho
meostasis. This finding is consistent with the stimulatory metal effects
on the sulfidogenic metabolism of sulfate-reducing bacteria (SRB)
reviewed by Neculita et al. (2007). Likewise, our results further support

the idea of Zhang et al. (2021), who argues that adding extracellular
redox mediators or conductive materials could result in feasible strate
gies to improve the microbial sulfur conversion. A note of caution is due
here since the VSPR in the experiments with copper was not sustained
after the metal precipitated below the LOQ, suggesting that the
enhancement of the sulfidogenic metabolism is limited to the potential
metal inhibitory effects. Further research should be undertaken to assess
the long-term microbial sustentation of the VSPR under the conditions of
this study. A detailed account of the VSPR variation after metal pre
cipitation is given in the following section.
None of the chemical or disproportionation controls produced any
detectable amount of free sulfide (H2S < 4.8 mg L− 1). Also, there were
no significant variations in the soluble metal ion concentration in these
controls after 47 days (Supplementary Material, Fig. C), discarding
chemical sulfidogenesis and any metal sorption mechanism such as
adsorption, metal complexation, or polymerization with sulfur or in
inorganic support. Similar to the experiments, there was no significant
variation in soluble phosphate and sulfate concentrations in the chem
ical and disproportionation controls, revealing that neither metalphosphate precipitation nor disproportionation occurred. Additionally,
no metal precipitation occurred in the disproportionation controls
containing microbial inoculum, discarding metal polymerization on
solid organic matter originating from the inoculum.
3.2. Total sulfide accumulation and effect of metal ions
Total sulfide accumulation in the experiments with metal ions was
equal to or higher than the biological experiments without metal ions,
except for the experiments with Cu2+. Free hydrogen sulfide accumu
lation promptly started in the experiments with metal ions after pre
cipitation of metal ions below LOQ (Supplementary Material, Fig. D).
However, the VSPR observed during the period where metal ion con
centrations were above LOQ was not sustained in the period after the
metal ions precipitated under the LOQ (Table 2).
After complete metal sulfide precipitation in the experiments with
Ni2+ and Zn2+, the VSPR decreased but remained equal to or higher than
that of the biological experiments without metals, allowing a higher
total sulfide accumulation (Fig. 2). Compared to the biological experi
ments without metals, the VSPR in the experiments with 20 and 300 mg
L− 1 of Ni2+ sustained a 1.4 and 2.5-fold increase, respectively. Zinc
precipitated under the LOQ in the experiments with 55 mg Zn L− 1. In
this experiment, after complete precipitation of Zn2+, the VSPR was at
4.3 mg L− 1 d− 1, a marginal increase compared to the VSPR of the bio
logical experiments without metals. No free sulfide was expected in the
experiments with 265 and 525 mg L− 1 of Zn2+, for Zn2+ remained in
solution.
Conversely, total sulfide accumulation was lower in the experiments
with Cu2+ than in the biological experiments without metals after 37
days of incubation (Fig. 2). In these experiments, after Cu2+ precipita
tion, the VSPR was substantially lower than the one of the biological
experiments without metals. The VSPR decrease was larger in the con
ducted experiments with higher Cu2+ concentrations (Table 2). Once
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Fig. 2. Total sulfide accumulation in the biological experiments containing A. copper, B. nickel, and C. zinc. Free sulfide accumulation in the biological experiments
without metals was added as reference on each plot. Total sulfide accumulation is the addition of all sulfide species in the gas, aqueous, and solid matrixes (eq. 4). On
day eight, the bottles were flushed with H2/CO2 (80/20%v/v) to remove the sulfide, and metals were added.

Cu2+ was below LOQ, the VSPR of the experiments with 24, 42, 100 mg
L− 1 of Cu2+ had a 1.1, 2.1, and 3.6 fold decrease compared to the bio
logical experiments without metals, respectively, resulting in a higher
sulfide accumulation in the experiments without metals on day 37.
The VSPR after metal precipitation was lower than that observed in
the presence of the dissolved metal species (Table 2). The VSPR was
negatively affected in the experiments with Cu2+, where the VSPR after

the metal precipitated under LOQ decreased by 5–73% compared to the
VSPR in the non-metal experiments. The latter indicates that Cu2+ has
an irreversible toxic effect that is concentration-dependent. On the
contrary, Ni2+ and Zn2+ have a stimulant effect on the sulfidogenic
microbial activity at higher molar concentrations of these metals than
Cu2+. In a study addressing the toxicity of copper, zinc, and lead in
Desulfovibrio desulfuricans, copper reported a toxic effect at lower molar
6
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concentrations than zinc and lead, significantly decreasing the microbial
growth rates (Sani et al., 2001). In that study, although all the metals
resulted in inhibitory effects over the microorganism, copper caused a
toxic effect in concentrations of 16 μM, while similar concentrations of
zinc and lead resulted in reversible inhibitory effects. Therefore, dis
solved metal concentrations in the medium could prove helpful for the
improvement of a sulfidogenic process, as long as the metal toxicity
threshold for the microorganisms involved is not reached. This could
hold the key to increasing the microbial activity of this culture when
metal ions were present.
The pH decreased over time in the experiments with metals due to
the formation of metal sulfides (Supplementary Material, Fig. B). With
the metal sulfide formation, acidification of the medium occurs for two
protons are released as a product of this reaction (Moodley et al., 2018).
Consequently, the pH remained constant in the experiments without
metals and in the chemical and disproportionation controls (Supple
mentary Material, Fig. B). The pH decrease in the experiments with
metal ions ceased when the dissolved metal ion concentrations were
below LOQ. In the experiments with metal ions, the acidification of the
medium coincides with the complete precipitation of metal sulfide and
subsequent decrease in VSPR. Nevertheless, the acidification of the
medium in these experiments is unlikely the basis for the decrease in
VSPR after the precipitation of dissolved metal ions under the LOQ. The
experiments with the highest concentration of metal ions displayed the
highest pH decrease. However, these experiments also sustained an
equivalent or higher VSPR than those conducted without metal ions,
except for experiments with Cu2+. For instance, in the experiment with
570 mg L− 1 of Ni2+, where the pH had the largest decrease (1.92 ± 0.04,
Supplementary Material, Fig. B), the medium acidification did not
negatively affect the VSPR. In that experiment, the VSPR remained
stable at 22.3 mg L− 1 d− 1, the highest VSPR observed in the batch bottle
experiments and experiments without metals (Table 2). Similarly, in the
experiment with 300 mg L− 1 of Ni2+, with the second largest decrease in
pH (2.19 ± 0.00, Supplementary Material, Fig. B), the VSPR remained
higher after Ni2+ precipitated under the LOQ than in the experiments
with Cu2+ and Zn2+, and the experiment without metals (Table 2).
Therefore, the changes in VSPR observed hold no correlation with the
changes in pH but rather with the metal ions added. This result agrees
with our previous findings reported with these microorganisms, where
the pH ranging between 2 and 3 did not significantly affect the microbial
activity (Hidalgo-Ulloa et al., 2020).

the Emmen industrial chemical plant as a fast start-up inoculum under
metal stress in a 4 L gas-lift reactor. The effect of copper on the sulfi
dogenic activity of the fresh sludge was tested with copper concentra
tions of 603 and 1143 mg L− 1. Minor elements were added to the reactor
as constituents of the granular sludge (Supplementary Material,
Table E). In both experiments, copper precipitated under the quantifi
cation limit (Cu < 0.1 mg L− 1). The XRD analyses of the solid phase
determined covellite (CuS), cyclooctasulfur (S8), and sodium sulfate
precipitates (Na2SO4) (Supplementary Material, Fig. F). Through
covellite precipitation, sulfide was the only product of microbial activity
determined in these experiments. No methane or volatile acid formation
was found. The presence of sodium sulfate precipitates in the solid phase
was due to the crystallization of this salt during the drying process
originating from the samples’ liquid matrix rather than precipitates
present in the sample.
The VSPR in these experiments was stimulated by higher dissolved
copper concentrations, agreeing with the aforementioned batch bottle
results. At Cu2+ concentrations of 603 and 1143 mg L− 1, the metal
removal rates were 103.4 and 139.7 mg L− 1 d− 1, respectively (Fig. 3).
Consequently, the VSPR in these experiments was at 52.1 mg L− 1 d− 1
and 70.5 mg L− 1 d− 1, respectively. This VSPR value is equivalent to that
we reported using this culture under comparable conditions (HidalgoUlloa et al., 2020). However, we achieved these rates within days of
operation under metal stress, whereas in our prior work, we achieved
similar rates after 75 days of operation. The increase in the VSPR
introduced here is linked to the stress of dissolved metal ions, in
agreement with the results aforementioned. However, redox potential is
an intensive property, and as a result, an increase in Cu2+ concentration
would not produce a higher redox potential to stimulate the microbial
dissimilatory sulfidogenic metabolism further.
Under acidic conditions the microbial reduction of Cu2+ to Cu+,
which is significantly more toxic for acidophile microorganisms than
Cu2+ species, has been reported coupled with Fe3+ reduction using H2 as
electron donor (Johnson et al., 2017). The formation of Cu+ species
could have hampered microbial growth and therefore decreased the
VSPR in the experiments with low concentrations of Cu2+. Although the
conditions in this study matched the favorable conditions for microbial
Cu2+ reduction, the occurrence of Cu+ has not been determined here.
Chalcophile metals, such as Cu2+, Ni2+, and Zn2+, swiftly react with
unbonded sulfide species, instantly precipitating as sulfides out of so
lution under the pH conditions tested here (eq. 3). In the case of Cu2+
reduction to the Cu+ form, the reaction product of copper and sulfide
would have resulted in Cu2S (chalcocite). However, other than covellite,
no other copper precipitate was found in the solid characterization of the
precipitates (Supplementary Material, Fig. F). Furthermore, the

3.3. Industrial granular wet sludge as fast inoculum
We tested the sulfidogenic capacity of the wet granular sludge from

Fig. 3. Copper precipitation in the sulfidogenic gas-lift reactor at 80 ◦ C and pH 3 using a mesophile microbial inoculum from a full-scale reactor.
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identical conditions for all Cu2+ concentrations tested would have
resulted in equal or higher concentrations of Cu2+ reduction in the ex
periments with higher Cu2+ concentrations, resulting in equal or higher
decreases in VSPR in those experiments. Nonetheless, the experiments
with higher Cu2+ concentrations resulted in the highest VSPR. There
fore, the differences in VSPR in the Cu2+ experiments appear to be
dependent on the Cu2+ concentration having an additional stimulant
effect along with the redox potential discussed previously, rather than
increased Cu2+ toxicity through reduction of the Cu2+ to Cu+.
Likewise, we elaborated controls for sulfur disproportionation (eq. 5)
and chemical sulfide formation for these experiments. The final copper
concentration of these controls was 623 and 645 mg Cu L− 1, respec
tively. In the disproportionation control experiment with fresh sludge as
inoculum, where the electron donor and carbon donors were replaced
from the gas influent with nitrogen, we found similar results as the
controls with H2 and CO2. At Cu2+ concentrations of 623 mg L− 1, we
found a Cu2+ precipitation rate of 109.5 mg L− 1 d− 1 (Fig. 3). X-ray
diffractograms of the precipitates of the disproportionation controls
revealed the same crystal composition as those of the biological controls
described above (Supplementary Material, Fig. F). The soluble sulfate
concentration continuously increased during Cu2+ precipitation. The
final sulfate concentration increased by 6 ± 1% of the initial sulfate
concentration at a soluble Cu2+ concentration below the LOQ for both
Cu2+ concentrations tested, suggesting the occurrence of sulfur dispro
portionation (Supplementary Material, Fig. G).
In the presence of dissolved hydrogen sulfide in the system, sulfur
disproportionation is not thermodynamically feasible (Findlay and
Kamyshny, 2017; Finster, 2008). However, dissolved Cu2+ acted as a
sulfide scavenger in these controls, swiftly reacting with hydrogen sul
fide and removing the sulfide from the solution (Eq. 3). The removal of
sulfide from solution thermodynamically allows sulfur disproportion
ation. Similarly, disproportionation is thermodynamically feasible in the
batch bottle experiments with Cu2+, Ni2+, and Zn2+, for these metals
would act as sulfide scavengers. However, the reactor experiments and
controls were inoculated with fresh granular sludge, whereas the batch
bottle experiments were inoculated with an enrichment originating from
the same sludge. Prior to inoculation in the batch bottle experiments, the
enrichment inoculum used was exposed to high temperature (80 ◦ C) and
low pH (3.5) conditions for 60 days (Hidalgo-Ulloa et al., 2020).
Therefore, the microbial community of the enrichment was likely
different from that of the fresh sludge, and presumably, sulfur
disproportionation-capable biomass had significantly decayed before
inoculation in the bottles. Nevertheless, the absence of disproportion
ation evidence in the biological batch bottle experiments and in the
chemical and disproportionation batch bottle controls, points toward
biological disproportionation in the reactor experiments with wet
sludge.
Despite disproportionation occurring in the wet sludge experiments
and controls (Eq. 5), disproportionation alone was not sufficient to
precipitate the added copper mass. The mass balance over the sulfate
accumulated in these experiments and controls (Eq. 6) indicates that
disproportionation accounts for 54 ± 1% of the total sulfide production
required to precipitate all the copper added. We presume the reduction
of elemental sulfur as the origin of sulfide produced, which in turn
precipitate the remainder of copper not precipitated through sulfur
disproportionation. Dissimilatory sulfate reduction (Eq. 2) under rele
vant conditions to this study has been reported in natural sourcing
inoculum reporting VSPR in the order of ng L− 1 d− 1 (Chernyh et al.,
2020; Frolov et al., 2016). Therefore, if dissimilatory sulfate reduction
had occurred in our experiments, its contribution is likely negligible.
4S0 + 4H2 O→SO2−4 + 3HS− + 5H +

mSO2−4 t = mSO2−4

t0

+ rSO2−4 d • Δt|tt0

(6)

1

In contrast to sulfur disproportionation, where no electron con
sumption occurs (eq. 5), in the elemental sulfur reduction two external
electrons are consumed (eq. 1). Since hydrogen was not supplied in the
sulfur disproportionation controls, the electron donor could have orig
inated from the decay of unviable biomass from the sludge. Under the
severe conditions the microorganisms were exposed to in these experi
ments, the biomass unable to overcome the selective conditions applied
sharply decays. The biomass decay starts an anaerobic digestion process,
where complex organic materials are degraded into fatty acids, carbon
dioxide, and hydrogen (Solera et al., 2001). As a result of the biomass
degradation, the hydrogen produced could serve as an electron donor for
the viable thermoacidophilic biomass able to reduce sulfur. Considering
the milder origin conditions of the inoculum, we hypothesize that the
bulk of the biomass in the wet sludge decayed due to the lack of an
adaptation period and the exposure of microorganisms to severely se
lective conditions of the reactor; thus, providing sufficient electron
donor to sustain microbial sulfur reduction.
In the chemical controls, no decrease in dissolved copper concen
trations occurred, nor were pH changes encountered. Furthermore, we
found no changes in the dissolved phosphate and sulfate concentrations
(Supplementary Material, Fig. G). Consequently, no chemical sulfide
formation, metal complexation, or polymerization with sulfur or the
medium components is expected.
In the reactor experiments and disproportionation controls with wet
sludge, the soluble phosphate concentration decreased at a maximal rate
of 4.1 mg L− 1 d− 1 during the first half of reactor operation time at both
copper concentrations. However, the soluble phosphate concentration
increased during the second half of the operation period until reaching
the initial phosphate concentration (Supplementary Material, Fig. G).
Changes in soluble phosphate concentration are likely due to complex
ation with metal ions. Although phosphate precipitates could have been
formed, their significance in the Cu2+ removal rates is negligible.
Assuming the formation of Cu3PO4, the richest non-hydroxylated cop
per-phosphate molecule possible, at the observed phosphate precipita
tion rate of 4.1 mg L− 1 d− 1, the maximum Cu2+ precipitation rate
feasible via phosphate complexation is 8.2 mg L− 1 d− 1 (6–8% of the
metal precipitation rate reported). However, phosphate is a weak metalcomplexing agent, and therefore these precipitates are unlikely to
remain stable under the reported conditions (Ku and Peters, 1988).
Phosphate concentrations in these experiments increased after half of
the reactor operation time, indicating that any possible copperphosphate complex was released and replaced with copper sulfide.
This agrees with the solid phase characterization results, in which no
precipitates containing phosphate were found. Additionally, the pH of
the process was controlled at 3.1 ± 0.1 with a 0.5 M NaOH solution. The
mass balance over the sodium hydroxide consumed to maintain the
reactor pH (eq. 7) equaled the neutralization of the proton production
derived from the formation of covellite (eq. 8), unequivocally asserting
that no other copper precipitate was formed in these experiments
(Supplementary Material, Fig. H).
H + + NaOH→H2 O + Na+

(7)

Cu2+ + H2 S→CuS + 2H +

(8)

The effect of phosphate in a closed copper-sulfide system has been
reported (Ku and Peters, 1988). In that report, phosphate increased the
residual dissolved copper concentrations (<1 mg L− 1) and interfered
with the copper sulfide crystal growth. However, no significant metal-

(5)

1
2−
2mSO42- is the mass of SO24 at time t, rd
SO4 is the SO4 mass rate of formation
via eq. 5, and Δt the differential of final (t) and initial (t0) operation time.
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phosphate concentrations of this complex (Cu <1 mg L− 1) had been
reported to remain stable in a sulfide-rich system. The variation in
phosphate concentration may be attributable to biomass growth and
decay. However, the constant sulfidogenic rates throughout the process
and the absence of other microbial metabolites other than sulfide sug
gest minor changes in the active biomass concentration to influence the
variation of phosphate concentrations significantly.
Sulfide was the only product of microbial metabolization found in
our experiments. Sulfur is an electron acceptor that microorganisms can
use to sustain growth, yet carbon dioxide provides another platform that
microorganisms can use as a terminal electron acceptor to support
growth. Acetogenic and methanogenic microorganisms have been re
ported as competitors for the same electron donor with sulfur reducers
(Fenchel et al., 2012). However, to our knowledge, thermoacidophilic
methanogenesis and acetogenesis under relevant conditions applied
here have not been reported previously. The absence of methane and
volatile fatty acids indicates the high degree of selectivity of these
conditions for sulfur reducers. We attempted DNA extraction for mi
crobial community determinations of the batch bottles and reactor ex
periments. However, low biomass concentrations in these experiments
and interferences with the high metal ion and suspended solids con
centrations yielded low DNA concentrations, precluding the obtention of
this data in our experiments.

the data collection and Henk Dijkman, Lot van der Graaf, and Irene
Sanchez-Andrea for the valuable discussions on this research.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.hydromet.2022.105950.
References
Amend, J.P., Shock, E.L., 2001. Energetics of overall metabolic reactions of thermophilic
and Hyperthermophilic Archaea and Bacteria. FEMS Microbiol. Rev. 25 (2),
175–243.
Barton, L.L., Tomei-Torres, F.A., Xu, H., Zocco, T., 2015. Metabolism of metals and
metalloids by the sulfate-reducing bacteria. In: Bacteria-Metal Interactions. Springer,
pp. 57–83.
Bratsch, S., 1988. Standard electrode potentials and temperature coefficients in water at
298.15K. J. Phys. Chem. Ref. Data 18 (1), 21.
Chernyh, N.A., et al., 2020. Dissimilatory sulfate reduction in the archaeon ‘Candidatus
Vulcanisaeta moutnovskia’ sheds light on the evolution of sulfur metabolism. Nat.
Microbiol. 5 (11), 1428–1438.
Fenchel, T., King, G.M., Blackburn, T.H., 2012. Bacterial Metabolism, pp. 1–34.
Fenglian, F., Wang, Q., Fu, F., Wang, Q., 2014. Removal of heavy metal ions from
wastewaters: a review. J. Environ. Manag. 92 (3), 407–418.
Findlay, A.J., Kamyshny, A., 2017. Turnover rates of intermediate sulfur species (Sx2-,
S0, S2O32-, S4O62-, SO32-) in anoxic freshwater and sediments. Front. Microbiol. 8,
2551.
Finster, K., 2008. Microbiological disproportionation of inorganic sulfur compounds.
J. Sulfur Chem. 29 (3–4), 281–292.
Florentino, A.P., Weijma, J., Stams, A.J.M., Sánchez-Andrea, I., 2015. Sulfur reduction in
acid rock drainage environments. Environ. Sci. Technol. 49 (19), 11746–11755.
Florentino, A.P., Weijma, J., Stams, A.J.M., Sánchez-Andrea, I., 2016. Ecophysiology and
Application of Acidophilic Sulfur-Reducing Microorganisms. Springer International
Publishing Switzerland, pp. 141–175.
Frolov, E.N., et al., 2016. Sulfate reduction and inorganic carbon assimilation in acidic
thermal springs of the Kamchatka peninsula. Microbiology 85 (4), 471–480.
Fu, L.-H., et al., 2018. Hydrogen sulfide inhibits the growth of Escherichia coli through
oxidative damage. J. Microbiol. 56 (4), 238–245.
Guo, J., Wang, J., Qiu, Y., Sun, J., Jiang, F., 2019. Realizing a high-rate sulfidogenic
reactor driven by sulfur-reducing bacteria with organic substrate dosage
minimization and cost-effectiveness maximization. Chemosphere 236, 124381.
Hedrich, S., Joulian, C., Graupner, T., Schippers, A., Guézennec, A.G., 2018a. Enhanced
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