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Abstract: Ethylthionocarbamates (ETC), which is the most widely used as collectors in the flotation of sulfide, is
known to cause serious pollution to soil and groundwater. The potential biodegradation of ETC was evaluated by
applying a mixed culture of iron-reducing bacteria (IRB) enriched from tailings dam sediments. The results showed that
ETC can be degraded by IRB coupled to Fe(III) reduction, both of which can be increased in the presence of
anthraquinone-2,6-disulfonate (AQDS). Moreover, Fe(III)-EDTA was found to be a more favorable terminal electron
acceptor compared to α-Fe2O3, e.g., within 30 d, 72% of ETC was degraded when α-Fe2O3+AQDS was applied, while it
is 82.67% when Fe(III)-EDTA+AQDS is added. The dynamic models indicated that the kETC degradation was decreased
in the order of Fe(III)-EDTA+AQDS>α-Fe2O3+AQDS>Fe(III)-EDTA>α-Fe2O3, with the corresponding maximum
biodegradation rates being 2.6, 2.45, 2.4 and 2.0 mg/(Lꞏd), respectively, and positive parallel correlations could be
observed between kFe(III) and kETC. These findings demonstrate that IRB has a good application prospect in flotation
wastewater.
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1 Introduction
Ethylthionocarbamates (ETC), which has been
widely used as reagents in sulfide mineral flotation
for many decades [1], is highly toxic and very
difficult to be degraded naturally. And these
flotation reagents that remain in tailings and
flotation effluents can cause severe environmental
pollution and ecological issues [2–4]. The current
flotation wastewater is predominantly controlled
using physical and chemical methods. However,

these methods have significant disadvantages, such
as high energy consumption, high operating cost
and may cause secondary pollution, thereby
limiting their availability in industry. In contrast,
biological strategy has been considered as the most
promising and efficient option to address the
flotation wastewater as it is simple, stable, cost
effective, environmentally friendly properties.
Microbial dissimilatory Fe (III) reduction
techniques have been applied in treating metal
contaminated land and water [5, 6], oxidation of
xenobiotics [7], nutrient release and even the
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generation of electricity from sediments [8, 9].
Compared to other electron acceptors such as NO3–
and SO42–, Fe (III) has much lower toxicity and
does not generate secondary contamination on sites
[10]. Indeed, some reports have indicated that
Fe(III) reduction accounts for up to 65% of the
oxidation of organic matter in anaerobic sediments
and a variety of subsurface environments [9]. As
iron-reducing bacteria (IRB), can utilize Fe(III) as
the terminal electron acceptor and oxidize organic
compounds especially toxic and refractory organic
pollutants [11, 12], much attention has been focused
on the process of dissimilatory iron reduction in
anaerobic environments [11], and Fe(III) oxide,
which can be the most dominant terminal electron
acceptor of IRB, is abundant in mine soil and
floatation wastewater. In addition, IRB is capable of
being readily identified and isolated from
tailings dam sediments and mine soil. Therefore,
IRB has a great potential in bioremediation of ETC
that contaminated in mine soil or floatation
wastewater, using Fe(III) as the terminal electron
acceptor. In the present investigation, the potential
biodegradation of ETC was evaluated by applying a
mixed culture of iron-reducing bacteria (IRB)
enriched from tailings dam sediments under
anaerobic conditions. And the impact of AQDS on
the biodegradation of ETC with different forms of
Fe(III) were also illustrated.

2 Materials and methods
AQDS (>98%) was purchased from SigmaAldrich. ETC was obtained from Zhuzhou Mineral
Processing Reagent Plant (Zhuzhou, China). Yeast
extract was obtained from Sinopharm Chemical
Reagent Beijing Co., Ltd. (Beijing, China).
Deionized water was used in the present work. All
other reagents were analytical grade and were used
as received.
2.1 Microbial source
Anaerobic sludge was obtained from
tailing dam located in Huangshi city and used as a
source of indigenous IRB.
2.2 Enrichment culture
The following composition of basal medium
was used for IRB enrichment: NaHCO3, 2.5 g/L;
NH4Cl, 0.25 g/L; CaCl2ꞏH2O, 0.02 g/L; KCl,
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0.1 g/L; NaH2PO4ꞏH2O, 0.68 g/L; yeast extract,
0.05 g/L; a vitamin solution (1%, v/v) and trace
elements solution (1%, v/v). It should be noted that
trace elements solution contained 30 mg/L of
CoCl2ꞏ6H2O, 0.15 mg/L of CuCl2, 5.7 mg/L of
H3BO3, 20 mg/L of MnCl2ꞏ4H2O, 2.5 mg/L of
Na2MoO4ꞏ2H2O, 1.5 mg/L of NiCl2ꞏ2H2O, and
2.1 mg/L of ZnCl2 [13]. In addition, ETC and
25 mmol/L α-Fe2O3 was added into medium as
carbon source and electron acceptor, respectively.
All media were sterilized by autoclaving for 20 min
and cooled to room temperature under a constant
stream of 80% N2-20% CO2. Enrichment of IRB
was prepared in 500 mL serum bottles containing
100 mL ETC-Fe(III) medium and 100 mL sludge
sample, and the serum bottles were sealed with
butyl rubber stoppers and aluminum caps. The head
space of the bottles was filled with high pure
nitrogen gas (99.99%). The final pH of the medium
was adjusted to 7.0.
During enrichment, the ETC concentration
was gradually increased from 10 to 50 mg/L at a
12-day interval under incubation at 30 °C and 130
r/min. During each step, the mixture was transferred
into new media at a portion of 10% as that of
inoculum (v/v). Two months later, the IRB culture
having capabilities of reducing Fe(III) and
degrading ETC were obtained. Standard anaerobic
techniques were used throughout and the samples
were incubated in an anaerobic chamber with a N2
stream.
2.3 Experimental methods
Experiments were conducted in 500 mL serum
bottles filled with 200 mL medium, then enriched
bacteria were added to obtain a final concentration
of 1.2 g mixed liquid suspended solids (MLSS)/L.
Also, different amounts of ETC, α-Fe2O3 or
Fe(III)-EDTA were added to each microcosm, and
the final concentration was 30 mg/L, 40 mmol/L
and 25 mmol/L, respectively. In addition, AQDS
were added into the serum bottles to estimate its
effect on biodegradation of ETC with different
forms of Fe(III). Finally, the solution pH was
adjusted to 7.0. All of the bottles were flushed with
high purity nitrogen gas for 30 min to maintain an
anaerobic condition [14]. The bottles were sealed
with butyl rubber stoppers and aluminum caps.
Syringes and needles were used for sample
collection. In order to estimate abiotic ETC
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degradation, sterile control experiments were
prepared under the same conditions and autoclaved
for 20 min at 120 °C prior to the addition of ETC.
All experiments were carried out in a
thermostated water bath at 130 r/min and 30 °C for
30 d in the dark. During this period, samples were
periodically
withdrawn
to
measure
the
concentration of ETC and ferrous. All the
experiments were conducted in triplicate.
2.4 Analytical methods
A pH meter (ORZ0N818, USA) was employed
for pH measurement. ETC concentration was
analyzed at 241 nm using a UV-vis
spectrophotometer (Shimadzu, Japan).
The concentration of adsorbed Fe(II) was
determined by 1,10-phenanthroline colorimetric
assay [15, 16] after Fe(II) was extracted from the
samples using 0.5 mol/L HCl for 1.5 h while the
dissolved
Fe(II)
was
determined
by
spectrophotometry after filtrating the mineral and
sorbed Fe(II) from the aqueous phase [17].

3 Results and discussion
3.1 Biodegradation of ETC under different
Fe(III) forms and AQDS
Figure 1(a) shows that the decrease of ETC
was negligible over a period of 30 d for the sterile
control, indicating that the abiotic process did not
play an important role in ETC abatement from the
solution. This further suggests that the
disappearance of ETC was primarily due to the
biological process. ETC was observed to decrease
gradually under unamended condition within 15 d
and nearly leveled off in the following 15 d,
achieving 25.13% degradation. However, when
Fe(III) sources were added, an apparently greater
degradation of ETC was observed, e.g. 55.6% and
72% were observed for the cases with α-Fe2O3 and
α-Fe2O3+AQDS, respectively, probably due to the
fact that α-Fe2O3 can act as a semiconductive solid
that could enhance the interfacial reactions and
electron transfer reaction [18–21]. Although
α-Fe2O3 can stimulate the activity of IRB, the
solubility of α-Fe2O3 at neutral condition is very
low. In addition, numerous researches have
demonstrated that IRB did not produce or release
electron-shuttling compounds [22], therefore, this
amendment cannot fully promote IRB to transfer
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electrons to the α-Fe2O3 surface [22]. However,
AQDS as an electron shuttle is capable of accepting
an electron from an Fe(III)-reducing microorganism
and transferring it to the Fe(III) oxide surface,
following by its regeneration to the oxidized form
[9]. Nevertheless, the degradation of ETC at
α-Fe2O3+AQDS condition is greater than that of
α-Fe2O3 only.
In order to increase the degradation rate of
ETC, soluble chelated Fe(III), which is more
accessible to Fe(III) reductases [9, 23], rather than
Fe(III) oxides was further investigated. Therefore,
the effect of Fe(III)-EDTA as the terminal electron
acceptor on the biodegradation of ETC was also
studied (Figure 1(b)). From Figures 1(a) and (b), it
could be concluded that the degradation rate of
ETC was greater when AQDS was added into the
Fe(III)-EDTA amended system, e.g. 66.67% and
82.67% for Fe(III)-EDTA and Fe(III)-EDTA+
AQDS amended conditions, respectively. The
biodegradation of ETC in different amended
conditions could be described by the pseudo-firstorder kinetics, the biodegradation rate constant(k)
were 0.0691, 0.0525, 0.0437 and 0.033 d–1 under
Fe(III)-EDTA+AQDS, Fe(III)-EDTA+AQDS

Figure 1 Effect of AQDS
and
α-Fe2O3 (a),
Fe(III)-EDTA (b) on biodegradation of ETC
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Fe(III)-EDTA and α-Fe2O3 amended conditions,
respectively, which were 5.8, 4.4, 3.6, 2.8 times
greater than the results without amendment. Under
these four amended conditions, the k values of ETC
were increased as Fe(III)- EDTA+AQDS>α-Fe2O3+
AQDS>Fe(III)-EDTA>α-Fe2O3, the corresponding
maximum biodegradation rate was 2.6, 2.45, 2.4
and 2.0 mg/(Lꞏd), respectively.
3.2 Fe(III) reduction under different amended
conditions
The dissolved Fe(II) and total Fe(II)
production under different amended conditions
were investigated, and the results are shown in
Figure 2.
Figures 1 and 2 show that Fe(III) reduction

Figure 2 Dissolved Fe(II) (a) and total Fe(II) (b)
production under different amended conditions

occurred when ETC degradation happened,
indicating that the ETC degradation was coupled to
Fe(III) reduction. However, in the sterile control
experiments, no Fe(III) reduction was observed,
further suggesting that the reduction of Fe(III) to
Fe(II) is a biological transformation rather than a
chemical reaction.
The dissolved Fe(II) concentrations increased
to 0.8, 2.4, 3.87, 7.05 mmol/L after 21 d under
conditions of α-Fe2O3, Fe(III)-EDTA, α-Fe2O3+
AQDS and Fe(III)-EDTA+AQDS amended,
respectively. At the end of incubation, the highest
dissolved Fe(II) concentrations were obtained in the
presence of Fe(III)-EDTA+AQDS, followed by
α-Fe2O3+AQDS, Fe(III)-EDTA and α-Fe2O3, which
were 0.92, 2.7, 4.02 and 7.3 mmol/L, respectively,
with the corresponding maximum reaction rates
(Vmax) of Fe(III) reduction being 0.458, 0.232, 0.112
and 0.0455 mmol/(Lꞏd), respectively (Table 1).
From Figure 2(a), dissolved Fe(II) concentrations in
the presence of AQDS were significantly enhanced
as compared to that in the absence of AQDS,
illustrating that AQDS can act as an electron shuttle
that would further stimulate the microbial Fe(III)
reduction rate [18, 24]. The reason why electron
shuttles can accelerate the rate of Fe(III) reduction
may be a combination of both processes, with IRB
donating electrons to soluble shuttles substances
that are more available than insoluble Fe(III) oxides.
The microbially reduced intermediates could then
transfer electrons to insoluble Fe(III) oxides more
readily than IRB [16].
The rate of Fe(III) reduction was relatively
lower under the condition of α-Fe2O3 amended, in
comparison to Fe(III)-EDTA amended in the
absence of AQDS, mainly because the reaction rate
of insoluble α-Fe2O3 was limited by the availability
of Fe(III) [16], which indicates that Fe(III)-EDTA
was a more favorable terminal electron acceptor
compared to α-Fe2O3 on the biodegradation of ETC
by IRB.
Monitoring the amounts of total Fe(II)

Table 1 Parameters for logistic models of dissolved Fe(II) accumulation under different amended conditions
Amended condition
α-Fe2O3
α-Fe2O3+AQDS
Fe(III)-EDTA
Fe(III)-EDTA+AQDS

a
0.964
4.062
2.944
7.331

b
12.539
8.711
7.330
10.441

c
0.189
0.228
0.152
0.250

R2

P

Vmax/(mmolꞏ(Lꞏd)–1)

TVmax/d

0.977

3.15×10–9

0.0455

13.380

0.982

4.03×10–10

0.232

9.494

0.954

2.15×10–8

0.112

13.105

0.988

7.88×10–11

0.458

9.383
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produced in the culture under different amended
conditions (Figure 2(b)), not only could have
underestimated total iron reduction, but could
provide direct information that ETC biodegradation
was dependent on the presence of Fe(III) oxide.
After 30 d of inoculation, the total Fe(II) production
with Fe(III)-EDTA amended was significantly
larger than that with α-Fe2O3 amended, with the
Fe(III) reduction ratios of 22.80% and 10.15%,
respectively. In addition, when AQDS was added, a
considerably increase in Fe(III) reduction occurred
with Fe(III)-EDTA and α-Fe2O3, which ranged
from 22.80% to 72.36% and from 10.15% to
49.20%, equivalent to approximately threefold and
fivefold higher than that without AQDS,
respectively. From Figures 2(a) and (b), we found
that under condition of α-Fe2O3, Fe(III)-EDTA,
α-Fe2O3+AQDS
and
Fe(III)-EDTA+AQDS
amended, dissolved Fe(II) production only accounts
for 22.66%, 29.61%, 32.68% and 40.35% of the
total Fe(II) production, respectively, thus it can be
seen that sorbed Fe(II) was the predominant form of
Fe(II) produced from microbial reduction.
The rates of Fe(III) reduction were calculated
using the average Fe(III) reduction rate (denoted as
kFe(III)) under condition of α-Fe2O3, Fe(III)-EDTA,
α-Fe2O3+AQDS
and
Fe(III)-EDTA+AQDS
amended, and the calculated values of kFe(III) were
0.135, 0.304, 0.410 and 0.603 mg/(Lꞏd),
respectively. The relationship between kFe(III) and
biodegradation rate constant of ETC (denoted as
kETC) under different amended conditions are shown
in Figure 3.
Positive parallel correlations could be
observed between kFe(III) and kETC, and higher kFe(III)

indicates a higher kETC. This result further confirms
that the biodegradation of TEC was coupled to
ferric iron reduction.
3.3 Effect of AQDS concentrations on
biodegradation of ETC
Figure 4 indicates that there is no significant
increase of the degradation rate of ETC with
increased AQDS concentrations from 100 to
400 μmol/L under condition of Fe(III)-EDTA
amended (the data of α-Fe2O3 amended was similar
to Fe(III)-EDTA amended and not shown), mainly
because only low concentrations of AQDS could
continue increasing Fe(III)-oxide reduction through
multiple reduction-oxidation cycles.

Figure 4 Effect of
biodegradation of ETC

AQDS

concentrations

on

3.4 Dynamics models
The logistic models were employed to
simulate the relationship between dissolved Fe(II)
accumulation and incubation time under different
amended conditions [11]. And the logistic models
can be expressed as Eq. (1):
Ct 

a

(1)

1  b  e ct

where Ct is the dissolved Fe(II) concentration at
time t, a is the theoretical maximum concentration
of dissolved Fe(II), b and c are constants. The
reaction rate is expressed as Eq. (2):
V

dC t
 C 
 C t  c  1  t 
dt
a 


(2)

where the initial derivative of V is calculated based
on Eq. (3):
Figure 3 Relationship between kFe(III) and kETC under
different amended conditions
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When the initial derivative of V is zero, then Ct
can be calculated and is equal to 0.5 which can then
be used in Eq. (2) to obtain the maximum reaction
rate (Vmax) of Fe(III) reduction, i.e., 0.25ac. The
incubation time to reach the Vmax is TVmax, which can
be calculated from the logistic formula and is equal
to

1
ln b.
c

Table 1 shows that logistic model can
accurately describe the accumulation and
incubation time of dissolved Fe(II) under various
amended conditions. In the logistic model, the
biological meaning of a is the maximum
accumulative concentration of dissolved Fe(II).
Under the condition of α-Fe2O3, Fe(III)-EDTA,
α-Fe2O3+AQDS and Fe(III)-EDTA+AQDS, the
maximum concentrations of dissolved Fe(II) were
0.964, 2.944, 4.062 and 7.331 mmol/L, respectively,
and the corresponding accumulative concentrations
of dissolved Fe(II) were 0.92, 2.7, 4.02 and
7.3 mmol/L at the end of the incubation period,
accounting for 95.44%, 91.71%, 98.97% and
99.58%, respectively. Additionally, we can see
from Table 1 that AQDS addition increased kFe(III) in
the α-Fe2O3 and Fe(III)-EDTA amended, these
results confirm previous conclusion from Figure 1
and Figure 3. The large values of a and Vmax, and
the low values of TVmax indicated that bacteria
reduced Fe(III)-EDTA more rapidly than reduced
α-Fe2O3.

4 Conclusions
1) IRB was capable of degrading ETC using
Fe(III) as an electron acceptor, with the kFe(III) and
kFe(III) being accelerated significantly by the addition
of AQDS.
2) Compared to α-Fe2O3, Fe(III)-EDTA was
found to be a more favorable terminal electron
acceptor to degrade ETC by IRB.
3) Under four amended treatment conditions,
logistic model can accurately describe the dissolved
Fe(II) accumulation and incubation time, and the
were
in
the
order
of
Fe(III)kETC
EDTA+AQDS>α-Fe2O3+AQDS>Fe(III)-EDTA>αFe2O3, with the corresponding maximum
biodegradation rates being 2.6, 2.45, 2.4 and
2.0 mg/(Lꞏd), respectively.
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中文导读
尾矿库底泥沉积物中异化铁还原混合菌群降解乙硫氨酯
摘要：乙硫氨酯是一种广泛使用的硫化矿捕收剂，其大量使用给土壤和水体造成了严重的污染。本文
研究了尾矿库底泥沉积物中的异化铁还原混合菌群对乙硫氨酯的降解能力。结果表明：异化铁还原混
合菌群可以有效地降解乙硫氨酯，并耦联着铁的还原，蒽醌-2,6-二磺酸钠的加入可以有效提高乙硫氨
酯的降解速率和铁的还原速率。相对赤铁矿而言，EDTA 络合铁是更好的电子受体，例如，在异化铁
还原混合菌群降解乙硫氨酯的过程中，加入赤铁矿和蒽醌-2,6-二磺酸钠时，30 d 的乙硫氨酯的去除率
为 72%，而加入 EDTA 络合铁和蒽醌-2,6-二磺酸钠时，30 d 的去除率为 82.67%。在加入 EDTA 络合
铁和蒽醌-2,6-二磺酸钠、赤铁矿和蒽醌-2,6-二磺酸钠、EDTA 络合铁和赤铁矿条件下，乙硫氨酯的最
大生物降解速率分别为 2.6, 2.45, 2.4 和 2.0 mg/(Lꞏd)，铁的还原速率和乙硫氨酯的降解速率常数呈现
很好的正相关性。研究表明异化铁还原菌在浮选废水处理方面具有良好的应用前景。
关键词：乙硫氨酯；生物降解；异化铁还原菌；蒽醌-2,6-二磺酸钠

