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 Continuous sulfur biotransformation
in AA-SBR involving SR and DSO was
investigated.
 S2 and S0 oxidation occurred
sequentially in anoxic phase.
 SO2
and S0 reduction occurred
4
simultaneously in anaerobic phase.
 S0 in sludge can participated in subsequent sulfur biotransformation.
 Microbes co-participated in sulfur
biotransformation were successfully
enriched.
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The pathways and intermediates of continuous sulfur biotransformation in an anaerobic and anoxic
sequential batch reactor (AA-SBR) involving sulfate reduction (SR) and denitrifying sulﬁde oxidization
(DSO) were investigated. In the anoxic phase, DSO occurred in two sequential steps, the oxidation of
2
sulﬁde (S2) to elemental sulfur (S0) and the oxidation of S0 to sulfate (SO2
to
4 ). The oxidation rate of S
0
S0 was 3.31 times faster than that of S0 to SO2
4 , resulting in the accumulation of S as a desired inter0
mediate under S2-S/NO
3 -N ratio (molar ratio) of 0.9:1. Although, approximately 60% of generated S
0
suspended in the efﬂuent, about 40% of S retained in the sludge, which could be further oxidized or

2
reduced in anoxic or anaerobic phase. In anoxic, S0 was subsequently oxidized to SO2
4 under S -S/NO3 (in
fresh
wastewater)
were
simultaneously
reduced
to
N ratio of 0.5:1. In anaerobic, S0 coexist with SO2
4
2
was 3.17 times faster than that of S0 to S2, resulting in a higher
S2, and the reduction rate of SO2
4 to S
0
production of S0 in subsequent anoxic phase. Microbial community analysis indicated that SO2
4 /S reducing bacteria (e.g. Desulfomicrobium and Desulfuromonas) and S2/S0-oxidizing bacteria (e.g. Paracoccus and Thermothrix) co-participated in continuous sulfur biotransformation in the AA-SBR. A
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conceptual model was established to describe these main processes and key intermediates. The research
offers a new insight into the reaction processes optimization for S0 recovery and simultaneous removal of

SO2
4 and NO3 in an AA-SBR.
© 2019 Elsevier Ltd. All rights reserved.

Abbreviations
AA-SBR
SR
DSO
SRB
SOB
S0RB
S0OB
NRB
TDIS

Anoxic and anaerobic sequential batch reactor
Sulfate reduction
Denitrifying sulﬁde oxidization
Sulfate-reducing bacteria
Sulﬁde-oxidizing bacteria
Sulfur-reducing bacteria
Sulfur-oxidizing bacteria
Nitrate-reducing bacteria
Total dissolved inorganic sulfur

1. Introduction
Sulfate (SO2
4 ) and ammonium are often present in discharge
efﬂuents of many industries such as paper, food, and pharmacy
(Hao et al., 2014; Yuan et al., 2014; Xu et al., 2018). Anaerobic
process is widely applied in industrial wastewater treatment with
low cost and high efﬁciency (Liu et al., 2015; Chen et al., 2018;
Guerrero and Zaiat, 2018). SO2
4 reduction occurring in anaerobic
condition produces sulﬁde (H2S þ HS þ S2), a corrosive, odorous,
and toxic substance (Muyzer and Stams, 2008; Sahinkaya et al.,
2011; Valencia et al., 2012). Nitrate (NO
3 ) is another contaminant
generated from ammonium nitriﬁcation, a common biological unit
in wastewater treatment plants (Yuan et al., 2014; Huang et al.,
2018).
Conventional approach to remove SO2
4 from wastewater consists of two processes: SO2
reduction (SR) and sulﬁde (S2)
4
oxidation (Buisman et al., 1990; Wang et al., 2005; Tang et al.,
2009). SO2
is ﬁrst reduced to S2 by SO2
4
4 -reducing bacteria
(SRB) under anaerobic condition, and S2 is further oxidized to
elemental sulfur (S0) by S2-oxidizing bacteria (SOB) under anoxic
condition. SOB plays a key role during the S2 oxidation process.
Previous research indicated SOB could utilize NO
3 as an electron
acceptor during denitrifying S2 oxidation (DSO) (Reyes-Avila et al.,
2004; Manconi et al., 2006; Chen et al., 2008). The DSO can
simultaneously convert S2, NO
3 , and chemical oxygen demand
(COD) into S0, N2, and CO2 based on the cooperation of SOB and
0
NO
3 -reducing bacteria (NRB). S can be recovered as a raw material
for making sulfur products (such as sulfur fertilizers, sulfuric acid,
and pesticide) and as a substrate for bioleaching of heavy metals
zquez et al., 2016). The DSO has been conducted
(Xu et al., 2013; Bla
in a continuous stirred tank reactors or an expanded granular
sludge bed (EGSB) reactor, which both achieved high S0 conversion
rate (>90%) (Chen et al., 2009). Based on the DSO, we previously
proposed an integrated process for simultaneous removal of SO2
4 ,
ammonium (NHþ
4 ), and COD, and investigated the operating parameters for high S0 production (integrated C-S-N removal process)
(Yuan et al., 2014). The DSO as the center unit of this process can
remove S2 producing in the SR unit and NO
3 recirculating from
the nitriﬁcation unit. A drawback of the integrated C-S-N removal
process is the need for three independent units that increases
capital and operational costs.
Recently, integrated simultaneous desulfurization and

denitriﬁcation process (ISDD) has been considered as a promising

process for treating SO2
4 and NO3 -laden wastewater (Chen et al.,
2014, 2017a). As ISDD combine SR and DSO together in a single
EGSB reactor, the integrated process may simplify technical process
ﬂow and reduce cost. The main drawback of this process is that
bacterial competition may inhibit SOB and result in a low S0 production. Xu et al. (2012) dosed a limited amount of dissolved oxygen (DO) into an ISDD reactor that stimulated activities of SOB,
thereby enhancing S0 production. However, DO is hard to be
controlled within such a narrow range of doses from 0.10 to
0.12 mg/L.
Recent
studies
demonstrated
that
sulfur
biotransformation-associated processes realized sulfur, carbon and
nitrogen removal with low sludge yield (Qian et al., 2018, 2019a,
2019b).
Therefore, to obtain high S0 production from SO2
4 in a single
reactor, SR and DSO occurring sequentially is the key process to
avoid competition of SRB and SOB. SRB and SOB playing their own
role respectively in anaerobic and anoxic conditions are desired.
Ahn et al. (2003), Song et al. (2009), and Díez-Montero et al. (2016)
proposed anaerobic and anoxic sequential conditions in a single
reactor, avoiding the construction of separate units. Intermittent
recirculation of the NO
3 efﬂuent from the nitriﬁcation reactor to
the anaerobic-anoxic sequential batch reactor (AA-SBR) provided
the anaerobic-anoxic alternate conditions. Hence, SR and DSO
occurring sequentially may be achieved in a single reactor by using
an AA-SBR. Previous works had reported the removal of nitrogen
and phosphorus from wastewater by using an AA-SBR (Song et al.,
2010; Díez-Montero et al., 2016). However, the application of AA
0
SBR for the removal of SO2
4 and NO3 for S recovery has not
been reported. The information on continuous sulfur biotransformation under anaerobic-anoxic alternate conditions in an AA-SBR,
which is still lacking, is important for optimizing reaction processes
involving SR and DSO for S0 recovery.
The aim of this research is to demonstrate the reaction processes
and intermediates of the continuous sulfur biotransformation in an
AA-SBR involving SR and DSO. The anaerobic/anoxic batch tests
were conducted to investigate the pathways of sulfur biotransformation. Microbial community analysis was conducted to further
demonstrate the relations between functional microorganisms and
sulfur biotransformation processes. A conceptual model based on
the experimental ﬁndings was proposed to demonstrate predominant pathways of sulfur biotransformation and key intermediates.
2. Materials and methods
2.1. Reactor, inoculum, and inﬂuent
The experiment was carried out using three lab-scale AA-SBRs
(R1eR3) with the same structure and size. The plexiglass reactor
was 7.5 cm in diameter and 25 cm high with a working volume of
4.5 L (Fig. 1). Three sampling ports were evenly distributed along
the column wall of the reactor for taking water and sludge samples.
A gas-washing device collected the H2S generated at the top of the
reactor. The gas production rate was measured in a wet gas meter
(Shinagawa WS-1A, Japan). 8.0 L and 2.0 L of plexiglass airtight
tanks were used to store SO2
wastewater and NO
4
3 solution,
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Fig. 1. Schematic diagram of the lab-scale AA-SBR.


respectively. Peristaltic pumps fed SO2
4 wastewater and NO3 solution into the reactor from the bottom of the column. The inﬂuent
was heated up to 30 ± 1  C in a water bath before being pumped
into reactors. The activated sludge as inoculum was collected from
ChengDong Wastewater Treatment Plant, Yancheng, China. A mixer
was ﬁxed at the top of the reactor for stirring the wastewater and
sludge at a constant speed of 40 rpm.
The seed sludge was screened using 0.2 mm Tyler mesh to
remove most grids. Each reactor was inoculated with 1 L of seed
sludge with volatile suspended solids (VSS) of 5.13 g/L (VSS/total
suspended solids (TSS) ¼ 0.81). The sodium lactate and sodium
sulfate were respectively added to deionized water to prepare
desired inﬂuent COD and SO2
4 concentration of 1000 mg-COD/L
and 200 mg-S/L. The minimal COD requirement for SO2
4 reduction
2
is 1 g of COD consumed per 0.5 g of SO2
4 -S reduced (COD/SO4 -S (g/
g) ¼ 2.0). This COD concentration was employed in this study to
provide sufﬁcient organic matter for SR in anaerobic phase and DSO
in anoxic phase. Sodium bicarbonate of 1e2 g/L was employed to
maintain the inﬂuent pH of 8.5 ± 0.2. The NO
3 solution was prepared by supplementing potassium nitrate to obtain a NO
3 con
centration of 4 g-N/L. The SO2
4 wastewater 6 and NO3 solution
were purged with N2 for 5 min to remove DO before being introduced into airtight tanks. The trace element solution was also
added into the inﬂuent as previously described (Chen et al., 2009).
This stable substrates concentration can help detail exploration for
sulfur transformation processes.

2.2. Reactors operation
The operating periods of the three parallel AA-SBRs were
divided into three phases. The operating conditions of each phase
are shown in Table 1. In phase I, sequential process of SR and DSO in
AA-SBR started up under anaerobic-anoxic alternate conditions.

From day 1 to day 30, the three reactors (R1-R3) were inoculated by
feeding the SO2
4 wastewater continuously at HRT of 16 h, 12 h, and
8 h without adding NO
3 . HRT was controlled by a peristaltic pump.
2
When SO2
4 was sufﬁciently reduced to S , the HRT was further
shortened to improve operating efﬁciency. From day 31 to day 60,
R2 and R3 were fed by SO2
4 wastewater and operated for 8 h, and
then received NO
3 and operated for 4 h. After the start-up, the
continuous sulfur biotransformation was investigated in R2 with
three cycles of an anaerobic-anoxic alternate condition (see Fig. 2a).
To avoid the interference of residual sulfur and nitrogen compounds, cleaning procedures of sludge were conducted to R2 as
follow: The feeding of R2 was stopped for three days to decompose
the residual S0. The S0 in the sludge was measured every day to
examine whether S0 was exhausted. And then, R2 was ﬂushed with
fresh SO2
4 wastewater for three times with stirring to remove
dissolved sulfur and nitrogen species, resulting in a same
biochemical environment with subsequent operation. Nitrate solution was introduced into R2 in anoxic phase of each cycle, making
concentration of 100 mg-N/L in cycle I, 250 mg-N/L in cycle II and
100 mg-N/L in cycle III (see Fig. 2b). During the test, liquor samples
were taken from R2 at a 0.5 h interval for analysis of sulfur, nitrogen, and carbon species.
In phase II, anoxic sulfur biotransformation including S2 and S0
oxidization in R2 and R3 was examined using batch tests. Cleaning
procedures of sludge were conducted to R2 and R3 before the test.
After anaerobic phase (SR), nitrate solution was introduced into R2
and R3, making an initial concentration of 200 mg-N/L. When S2
was fully oxidized to S0, S0 was removal from efﬂuent in R3. R3 was
used to investigate S0 transformation in sludge. S0 was separated
from efﬂuent using the ﬂocculation method described by Yuan et al.
(2014). After S0 separation, the efﬂuent was returned to R3. Liquor
samples were taken at intervals of 0.5 h. Sludge samples were
collected from R2 and R3 before and after the batch test. The anoxic
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Table 1
Operating conditions of each phase.
Phase I

Phase II

Acclimation

Run time
Process
SO24 -S Inf. (mg/L)
COD Inf. (mg/L)
NO
3 Inf. (mg/L)

Phase III

Continuous sulfur biotransformation

Anoxic sulfur biotransformation

Anaerobic sulfur biotransformation

R1 R2 R3

R2 R3

R2 (3 cycles)

R2 R3

R1 R2

1e30 d
SR
200 ± 5.3
1000 ± 8.9
/

31e60 d
SR þ DSO
200 ± 6.2
1000 ± 7.1
100 ± 3.8

1e52 h
SR þ DSO
200 ± 3.3
1000 ± 6.8
100 ± 1.5 / 250 ± 3.8 / 100 ± 2.1

1e12.5 h 1e10 h
DSO DSO
//
//
200 ± 3.3200 ± 3.5

1e8 h 1e8 h
SR SR
200 ± 4.2200 ± 3.4
1000 ± 7.4 1000 ± 8.2
//

batch tests on R2 and R3 were repeated three times.
In phase III, anaerobic sulfur biotransformation including SO2
4
and S0 reduction in R2 was examined using batch tests. In R2, S2
has been fully converted to S0 in the previous anoxic phase. R1 was
used as reference group. R1 and R2 were then ﬁlled with fresh SO2
4
wastewater. Liquor samples were taken at a 0.5 h interval for
analyzing sulfur species. Sludge samples were taken from R1 and
R2 for S0 analysis before and after the batch test. The anaerobic
batch tests on R1 and R2 were repeated three times.

2.3. Analytical methods
2
2

The SO2
4 , sulﬁte (SO3 ), thiosulfate (S2O3 ), NO3 , and nitrite

(NO2 ) in liquor samples following 0.45 mm ﬁltration were determined by an ion chromatography (Dionex ICS-3000, USA) equipped
with an Ion-Pac AS4A-SC column, according to Keller-Lehmann
et al. (2006). A solution of 3.0 mM Na2CO3 was used as the
eluent. The dissolved sulﬁde (S2) was measured using the methylene blue method (Franson, 2005). The total dissolved inorganic
sulfur (TDIS) concentration was obtained by calculating the sum of

Fig. 2. Performance of continuous sulfur biotransformation in AA-SBR involving SR and DSO. (a) Sulfur compounds; (b) Nitrogen compounds.
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2
2
2
SO2
concentrations (Jiang et al., 2009). S0 in
4 , SO3 , S2O3 and S
liquor and biomass samples was measured using the method
described by Jiang et al. (2009). S0 conversion rate was determined
by sulfur balance calculation (de Graaff et al., 2012). The TSS, VSS,
and COD were determined according to standard methods (APHA ,
2012). Sulﬁde in efﬂuent samples can interfere with COD measurement. This was eliminated by acidifying the efﬂuent samples
with 10 N H2SO4 and then purging with N2 for 10 min to strip out
the sulﬁde gas. Volatile fatty acids (VFAs) were determined by a gas
chromatograph (Shimadzu GC-2010 Plus, Japan). The total organic
carbon (TOC) was determined by TOC analyzer (Elementar Liqui
TOC II, Germany). The pH was measured by a pH meter (MettlerToledo FE20, China).

2.4. Microbial community analysis
Microbial community analysis was performed using three
sludge samples, namely Original sludge, R1 sludge, and R2 sludge.
Original sludge (seed sludge of R1 and R2) was collected before the
experiment. The R1 and R2 sludge samples were taken at the end of
experiment. Sampling was repeated three times. Bacterial DNA was
extracted from sludge samples using a PowerSoil DNA Isolation kit
(MoBio Laboratories Inc, USA) according to the manufacturer's
protocols. The extracted DNA samples were stored at 80  C before
ampliﬁcations. DNA samples were sent for PCR ampliﬁcation targeting V4eV5 regions of 16S rRNA gene using primers 515F (50 GTGCCAGCMGCCGCGG-30 ) and 907R (50 -CCGTCAATTCMTTTRAGTTT-30 ) (Caporaso et al., 2012). PCR products were puriﬁed
using a GeneJET™ PCR puriﬁcation kit (Fermentas, USA) and then
sent to an Illumina MiSeq sequencing platform. The obtained sequences from Illumina MiSeq sequencing were analyzed following
the pipelines of Quantitative Insights into Microbial Ecology
(QIIME) software (www.microbio.me/qiime) as previously
described (Caporaso et al., 2010). Taxonomic classiﬁcation of each
phylotype was determined using the SILVA rRNA database project
with over 97% of sequence similarity.
3. Results and discussion
3.1. Performance of continuous sulfur biotransformation in AA-SBR
involving SR and DSO
Fig. 2 shows the performance of continuous sulfur biotransformation in R2 involving SR and DSO (three cycles). It is obvious that
R2 was under anaerobic condition during the ﬁrst 7.5 h and under
anoxic condition during next 5 h (cycle I). During the period of 1st h
to 7.5th h, 95% of SO2
4 was reduced to dissolved sulﬁde. The H2S
was below 3 mg-S/L throughout the test period. Total sulﬁde produced in anaerobic condition is mainly present as three sulﬁde
species (H2S, HS and S2), depending on the pH value. When the
pH was controlled in a range of 8e9, virtually all dissolved sulﬁde
was in the ionized state (Yuan et al., 2014). During the period of 8th
h to 12.5th h, R2 was conducted under anoxic condition with
2
receiving NO
was decreased form 180.5 mg-S/L to 2.2 mg-S/L
3. S
during this period. The removal of S2 was due to S2 oxidation by
NO
3 (Reyes-Avila et al., 2004; Chen et al., 2014).
During cycle II, S2 production was obviously higher than SO2
4
reduction in anaerobic phase (12.5th h to 20th h) even after S2
depletion at the end of cycle I. This indicated that undissolved
sulfur intermediates could possible produced and remained in
sludge during cycle I, which could be reduced to S2 in anaerobic
condition. In anoxic phase, SO2
4 was found to increase gradually
with the decrease of S2. However, the increased SO2
4 was much
lower than the decreased S2, especially during the period of 20th h
to 26th h. This phenomenon can be observed clearly by calculating

TDIS concentration, which decreased from 251.4 mg-S/L to 18.5 mgS/L (20th h to 26th h). The change of TDIS concentration indicated
that undissolved sulfur intermediates produced in the anoxic
condition. These sulfur intermediates were accumulated sharply
after receiving NO
3 and reached a peak accumulation at the 26th h.
The TDIS concentration gradually increased along with the increase
of SO2
4 from 26th h to 39th h. This suggested that these sulfur

intermediates can be converted into SO2
4 in the presence of NO3 ,

resulting in a higher TDIS concentration. Meanwhile, the NO3 was
nearly exhausted during the anoxic phase. Several works suggested
that these intermediates are the S0 particles, which can be produced during the DSO process (Reyes-Avila et al., 2004; Chen et al.,
2009; Xu et al., 2017). The performance of cycle III was similar to
that of cycle I. The S0 biotransformation in anoxic and anaerobic
phase will be further discussed in detail in 3.2 and 3.3.
Lactate was used as the electron donor and carbon source for SR

2
(CH3CHOHCOO þ 0.5SO2
þ H2O).
4 / CH3COO þ CO2 þ 0.5 S
Most of the lactate was fermented to acetate and propionate in
anaerobic phase (Fig. S1). Acetate as a dominant metabolite of SRB
in anaerobic phase can be utilized by NRB in anoxic phase. COD
consumed for SR and DSO were 696.6 mg/L and 213.3 mg/L on
average, which took up 68.9% and 21.1% of inﬂuent COD, respectively (Fig. S2). Accordingly, average 273.2 mg/L of TOC were
consumed during anaerobic phase mainly for SR, while 85.3 mg/L of
TOC were consumed mainly for DSO during anoxic phase (Fig. S3).
3.2. Sulfur biotransformation in anoxic phase
Batch tests were carried out in R2 and R3 to explore the anoxic

S2 oxidation in the presence of NO
3 . R1 without receiving NO3
served as reference group. Fig. 3 shows the results of one typical
batch test. S2 was completely oxidized to S0 within the ﬁrst 4 h in
R2 and R3 (Fig. 3a and c). NO
3 consumption occurred during the
entire batch test as shown in Fig. 3 b and Fig. 3 d. NO
3 was rapidly
consumed corresponding to the rapid oxidation of S2. S0 generation in this period was proceeded by using S2 as the electron
donor and while NO
3 was utilized as the electron acceptor

0

(S2 þ NO
3 þ H2O / S þ NO2 þ 2OH ) (Reyes-Avila et al., 2004;
Chen et al., 2009). NO
2 accumulation was below 3.5 mg-N/L at all
times. Previous works argued that S2-S/NO
3 -N (molar ratio) and
2
Carbon/NO
and NO
3 -N ratio played key roles in removal of S
3 for
0
high S conversion (Yuan et al., 2014; Huang et al., 2015; Xu et al.,

2017). The optimal ratios of S2-S/NO
3 -N and Carbon/NO3 -N for
S0 production were near 1:1 and 1.26:1. NRB could compete with

SOB for NO
3 with Carbon/NO3 -N ratio >3.0 (Chen et al., 2017b). At
initial stage, NRB taken the dominant place and then SOB replaced.
In this research, consumption ratios of S2-S/NO
3 -N and Carbon/
NO
3 -N were 0.9:1 and 1:1, which was closed to the optimal ratios.
Hence, a higher S0 conversion rate (98%) was obtained in the anoxic
phase (Fig. 3 a and 3 c).
At the 4th h, S0 was separated from the efﬂuent in R3, with a S0
recovery efﬁciency of 107.5 mg-S0/L. After that, SO2
4 reached to the
highest concentration of 79.6 mg-S/L at the 10th h (Fig. 3c). However, in R2, SO2
4 gradually increased and reached at 189.8 mg-S/L at
the end of the test at the 12.5th h (Fig. 3a). This conﬁrmed that the
residual S0 in sludge could be oxidized to SO2
4 in the presence of
2
2
NO
3 . Other dissolved sulfur species such as SO3 and S2O3 were
0
negligible during the batch test. This suggested that S was fully
0
oxidized to SO2
4 rather than other sulfur species. S can be oxidized
2

to
SO4
with
NO3
reducing
to
N2
2
þ
(S0 þ 1.2NO
3 þ 0.4H2O/SO4 þ 0.6N2 þ 0.8H ) (Fernandez et al.,
2008; An et al., 2010). The oxidation of S0 to SO2
4 was probably
2
attributed to the application of excess amount of NO
3 under S -S/
0
NO
-N
of
0.5:1
(Fig.
3
b).
The
S
measurement
of
in
sludge
at
the
3
beginning and the end of the test conﬁrmed the consumption of S0
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Fig. 3. Anoxic sulﬁde oxidation with nitrate in R2 and R3. R2: (a) Sulfur compounds, (b) Nitrogen compounds; R3 (c) Sulfur compounds, (d) Nitrogen compounds.
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(26.5 ± 3.1 mg-S0/g-VSS in R2, 29.2 ± 2.3 mg-S0/g-VSS in R3)
(Fig. S4).
In the reference group (R1), the TDIS concentration was nearly
constant throughout the batch tests. There was no S0 produced in
R1 under anaerobic condition. This also suggested that the increase
0
of SO2
4 in R2 and R3 was due to the oxidation of S produced in the
anoxic phase. The results indicated that anoxic S2 oxidation could
be presented as a two-step process of sulfur biotransformation. S2

was ﬁrst oxidized to S0, and then to SO2
4 when NO3 presented in
excess. The oxidation rate of S2 to S0 (44.6 ± 4.9 mg-S/L-h) was
much higher than that of S0 to SO2
4 (13.6 ± 0.5 mg-S/L-h) (Fig. 3a).
Two groups of bacteria (SOB and sulfur-oxidizing bacteria (S0OB))
(Buisman et al., 1991; Zhou et al., 2011) may be involved in the twostep process, which will be further demonstrated in 3.4.

3.3. Sulfur biotransformation in the anaerobic phase
Anaerobic batch tests were conducted in R1 (the reference
2
group) and R2 without receiving NO
3 . A typical test of SO4
reducing to S2 in R1 and R2 is shown in Fig. 4. The average S2
production rate (41.6 ± 6.5 mg-S/L-h) in R2 was 1.39 times higher
2
than SO2
4 reduction rate (29.8 ± 5.6 mg-S/L-h) (Fig. 4a). The S

concentration was increased continuously even after SO2
4 depletion. The changing trends of TDIS concentration during the batch
test were shown in Fig. 4a. The TDIS concentration was increasing
at a constant rate of 9.4 ± 0.5 mg-S/L-h throughout the test.
2
In contrast, in R1, SO2
4 consumption rate was nearly equal to S
production rate, and the TDIS concentration maintained at a constant concentration (Fig. 4b). In R2, S2 production rate was higher
than SO2
4 consumption rate throughout the test due to the fact that
S0 produced during former anoxic phase was reduced to S2 in
anaerobic condition. A decrease of 27.5 ± 2.8 mg-S0/g-VSS during
the entire test was found in the R2 sludge (Fig. S5).
The S0 reduction was not affected by the presence of SO2
4 . This
0
2
suggested that SO2
4 and S could be simultaneously reduced to S
in R2 under anaerobic condition, in which two groups of bacteria
(SRB and the sulfur-reducing bacteria (S0RB)) played a critical role
in S2 production. It seemed that SRB and S0RB could utilize SO2
4
and S0 as an electron acceptor, respectively (Buisman et al., 1991;
Zhou et al., 2011). Several works reported that S0RB could not
0
reduce SO2
4 or other forms of sulfur, and SRB could reduce S only
in rare instances (Barton and Fauque, 2009; Jiang et al., 2009). The
SRB and S0RB could coexist steadily in R2 for simultaneous and
0
independent SO2
4 and S reduction.

Fig. 4. Sulfur biotransformation in R2 (a) and R1 (b) under anaerobic condition.

Y. Yuan et al. / Chemosphere 234 (2019) 568e578

3.4. Functional microbial community involved in continuous sulfur
biotransformation
The microbial communities were determined at steady operation to compare community structure, diversity, and function in R1
and R2. The microbial communities of R2 had a much higher diversity than those in R1, with the Shannon index of 3.87 and 2.98
respectively (Table S1), which indicated that more biochemical
reactions occurred in the R2. The bacterial community abundances
of Original sludge, R1 sludge, and R2 sludge were identiﬁed at the
phylum level (Fig. 5a), and the main difference among them was the
different distribution of phylum Firmicutes, Proteobacteria, Actinobacteria, Bacteroidetes, and Chloroﬂexi. R2 sludge obviously
enriched Proteobacteria (52.4%) compared with R1 (39.6%) and
original sludge (31.3%). At the class level (Fig. 5b), Deltaproteobacteria dominated in R1 and R2, which accounted for 31.1% and 28.3%
of the phylum, respectively. In addition, a higher abundance of
Alphaproteobacteria (17%) and Betaproteobacteria (14%) was
observed in R2 compared with the R1 and original sludge.
To further understand the function of microbial communities in
R1 and R2, the bacterial community abundances were classiﬁed at
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genus level (Fig. 5c). Desulfomicrobium and Desulfobulbus as SBR
were capable of reducing SO2
to S2 in anaerobic condition
4
(Widdel and Pfennig, 1982; Barton and Fauque, 2009), which
accounted for 14.2% and 12.9% in R1 sludge respectively, that was
close to 11.2% and 9.3% in R2 sludge. Desulfuromonas (14.3%) and
Clostridium (12.4%) as S0RB in R2 enriched higher than that in R1
(Desulfuromonas (4.4%) and Clostridium (3.6%)). Desulfuromonas and
Clostridium were reported to reduce S0, generating S2 as the terminal reduction product (Pfennig and Biebl, 1976; Zhou et al., 2011;
Zhang et al., 2018a, 2018b). The results illustrated that SRB and S0RB
could coexist in an anaerobic environment for S2 production. In
addition, Paracoccus (14.2%) and Azoarcus (12.6%) as the known SOB
were predominant in R2, which can use S2 as an electron donors
0
and NO
3 as an electron acceptor to produce S (Uemoto and Saiki,
1996; Song et al., 1999). Azoarcus and Paracoccus in R2 were 3.5 and
4.5 times higher than those in R1, indicating its function during
anoxic phase in R2. Other genera, such as Thermothrix and Thiobacillus, capable of S0 oxidation also maintained certain abundance
in R2. Thermothrix and Thiobacillus are autotrophic S0OB that can
use S0 as electron donors and NO
3 as an electron acceptor
(Odintsova et al., 1996; Wang et al., 2005). Microbial community

Fig. 5. Microbial communities of Original sludge, R1 sludge, and R2 sludge at Phylum (a), Class (b), and Genus (c) levels.
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analysis indicated functional microorganisms co-participated in
continuous sulfur biotransformation were successfully enriched
and coexisted in the AA-SBR.
3.5. A conceptual model for continuous sulfur biotransformation in
AA-SBR involving SR and DSO
Main sulfur species of continuous sulfur biotransformation in
2
0
AA-SBR involving SR and DSO were SO2
4 , S , and S . Contributions
2
2
from other species (H2S, SO3 , and S2O3 ) to the total sulfur balance
could be neglected in the entire test. The main processes of
continuous sulfur biotransformation under anaerobic and anoxic
alternate phases in AA-SBR are summarized in Fig. 6. Table 2 shows
the reaction rates of sulfur biotransformation processes in anoxic
and anaerobic phases. Comparison of these biological reaction rates
reﬂected the capabilities of the same biomass in the AA-SBR.
Denitrifying S2 oxidation rate was 3.31 times higher than
denitrifying S0 oxidation rate. Some research reported that oxidization rate of S2 to S0 was faster than that of S0 to S2, and S0
could accumulate even in the presence of organic matter (ReyesAvila et al., 2004; van der Zee et al., 2007; Xu et al., 2013). This
indicated that S2 produced in anaerobic phase could be rapidly
0
oxidized to S0 with an appropriate S2-S/NO
3 -N in anoxic phase. S
as the desired intermediate can be separated from the efﬂuent by
ﬂocculation or membrane (Yuan et al., 2014; Chen et al., 2016).
Huang et al. (2018) reported that 80.7% of S0 recovery was achieved
in a membrane ﬁltration reactor. Yuan et al. (2014) used 5 mg/L
polyaluminum chloride (PAC) to reclaim the S0 in the efﬂuent from
an integrated C-S-N removal system. In this research, the S0 conversion was approximately 98%, but only 60% was recovered
because the other was retained in the sludge. Guerrero and Zaiat
(2018) injected PAC into the anoxic sulﬁde oxidation zone of a
mixed aerobic-anoxic ﬁxed-bed reactor, S0 accumulated on the
packing material and the walls of the reactor. S0 deposited in the
sludge not only can cause bioreactor plugging, but also can affect
the process of mass transfer between wastewater and sludge (Yuan
et al., 2014). In the AA-SRB, S0 in the sludge could be subsequently
converted into other sulfur species in anoxic or anaerobic phase.
Therefore, both of these problems could be well solved. When NO
3
0
presented in excess, S0 in sludge could be oxidized to SO2
4 by S OB
(e.g. Thermothrix) in anoxic phase (Fig. 6). When NO
3 was at the

Table 2
Reaction rates of main sulfur biotransformation processes under anoxic and
anaerobic phases.
Phases

Biological reactions

Reaction rates (mg-S/L-h)

Anoxic

Denitrifying S2 oxidation
Denitrifying S0 oxidation
SO2
4 reduction
S0 reduction

44.6 ± 4.9
13.6 ± 0.5
29.8 ± 5.6
9.4 ± 0.5

Anaerobic

appropriate dosage, S0 coexisted with SO2
in anaerobic phase
4
were simultaneously reduced to S2 by SRB (e.g. Desulfomicrobium)
and S0RB (e.g. Desulfuromonas) respectively (Fig. 6). The reduction
2
rate of SO2
was 3.17 times faster than that of S0 to S2
4 to S
(Table 2). It may be due to that SRB can outcompete S0RB in the
presence of sufﬁcient organic matter (Sun et al., 2018). Recent articles reported that the reduction rate of S0 to S2 was faster than
2
that of SO2
under carbon-deﬁcient conditions (Zhang et al.,
4 to S
2018a; Sun et al., 2018). The S0 reduction signiﬁcantly increased in
the presence of sulﬁde owing to polysulﬁde formation. This new S0reducing process is considered as a promising alternative to SO2
4
reduction for treating metallurgic and nitrogenous wastewater
deﬁcient in organic matter (Liang et al., 2016; Zhang et al., 2018a,
2018b; Sun et al., 2018). In our study, SO2
and S0 reduction
4
occurred simultaneously in anaerobic phase under carbonsufﬁcient conditions, which implied that the formed polysulﬁde
could be at a lower level. The initial concentration of SO2
4 -S is
much higher than that of S0-S in sludge. Collectively, SO2
4 reduction presented a faster rate compared to the S0 reduction. In this
study, S2 produced by SRB and S0RB in anaerobic phase could be
oxidized to S0 by SOB (e.g. Paracoccus) in subsequent anoxic phase.
It was difﬁcult to recover S0 directly from sludge because S0
attached on the sludge surface. Therefore, we proposed a new way
to realize sulfur recycling use in AA-SRB reactor. The ﬁndings can be
used to optimize reaction processes of continuous sulfur biotransformation for S0 recovery in an AA-SBR involving SR and DSO.
4. Conclusions
Continuous sulfur biotransformation in AA-SBR involving SR
and DSO was investigated by a series of anaerobic/anoxic batch

Fig. 6. A conceptual model for continuous sulfur biotransformation in AA-SBR involving SR and DSO.
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tests. In anoxic phase, S2 and S0 oxidation occurred sequentially,
with the oxidation rate of S2 to S0 much faster than that of S0 to
0
SO2
4 . S produced as the desired intermediate by DSO could be
recovered from the efﬂuent. S0 residue in sludge could be further
2
oxidized to SO2
in anaerobic
4 in the anoxic phase or reduced to S
2
0
phase. In anaerobic phase, SO4 and S reduction occurred simul2
taneously and independently, with the reduction rate of SO2
4 to S
0
2
much faster than that of S to S , resulting in a higher production
of S0 in subsequent anoxic phase. The results of Illumina
sequencing indicated that functional communities co-participated
in continuous sulfur biotransformation were successfully
enriched in the AA-SBR. The AA-SBR is a promising process for

0
efﬁcient removal of SO2
4 and NO3 for S recovery by SR and DSO.
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