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The  system  achieved  simultaneous
removal  of  98%  COD,  98%  sulfate  and
78%  nitrogen.
The  HRTs  and  reflux  ratios  were  key
parameters  for  performance  and  S0

recovery.
60%  S0 reclaimed  from  effluent,  30%
deposited in  reactor  S0 (S0 produc-
tion  ≈ 90%).
Characteristics  of  bio-S0 were  tar-
geted to acquire  high-rate  S0 recov-
ery.
Microbial  community  succession  and
function  were  discussed  at  different
stage.
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a  b  s  t  r  a  c  t

In this  paper,  we  proposed  an  integrated  reactor  system  for simultaneous  removal  of COD,  sulfate  and
ammonium  (integrated  C-S-N  removal  system)  and  investigated  the  key  parameters  of  the  system  for  a
high level  of elemental  sulfur  (S0) production.  The  system  consisted  of 4 main  units:  sulfate  reduction
and  organic  carbon  removal  (SR-CR),  autotrophic  and  heterotrophic  denitrifying  sulfide  removal  (A&H-
DSR),  sulfur  reclamation  (SR),  and  aerated  filter  for  aerobic  nitrification  (AN).  In the  system,  the effects
of  key  operational  parameters  on production  of  elemental  sulfur  were  investigated,  including  hydraulic

2− −

eywords:
ulfate reduction and organic carbon
emoval
enitrifying sulfide removal
lemental sulfur production
erated nitrification
ulfur reclamation

retention  time  (HRT)  of  each  unit,  sulfide/nitrate  (S -S/NO3 -N)  ratios,  reflux  ratios  between  the  A&H-
DSR  and  AN  units,  and  loading  rates  of  chemical  oxygen  demand  (COD),  sulfate  and  ammonium.  Physico-
chemical  characteristics  of  biosulfur  were  studied  for  acquiring  efficient  S0 recovery.  The  experiments
successfully  explored  the  optimum  parameters  for each  unit  and  demonstrated  98%  COD,  98%  sulfate
and  78%  nitrogen  removal  efficiency.  The  optimum  HRTs  for  SR-CR,  A&H-DSR  and  AN  were  12  h,  3 h  and
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3 h, respectively.  The  reflux  ratio  of 3 could  provide  adequate  S2−-S/NO3
−-N ratio  (approximately  1:1)  to

the A&H-DSR  unit  for  obtaining  maximum  sulfur  production.  In  this  system,  the  maximum  production
of S0 reached  90%,  but  only  60%  S0 was  reclaimed  from  effluent.  The  S0 that  adhered  to the  outer  layer  of
granules  was  deposited  in  the bottom  of  the  A&H-DSR  unit.  Finally,  the  microbial  community  structure
of the  corresponding  unit  at different  operational  stage  were  analyzed  by  16S  rRNA  gene based  high
throughput  Illumina  MiSeq  sequencing  and  the  potential  function  of dominant  species  were  discussed.

Abbreviation

Reactors
Integrated C-S-N removal system integrated reactor system

for the simultaneous removal of COD, sulfate and
ammonium

SR-CR unit sulfate reduction and organic carbon removal
unit (the first unit of system)

A&H-DSR unit autotrophic and heterotrophic denitrifying
sulfide removal unit (the second unit of system)

SR unit sulfur reclamation (the third unit of system)
AN unit aerobic nitrification filter (the forth unit of system)
EGSB up-flow anaerobic sludge bed
BAF biological aerated filter

Parameters
COD chemical oxygen demand
TOC total organic carbon
HRT hydraulic retention time
VVS/TSS volatile suspended solids/total suspended solids
S2−-S/NO3

−-N ratios sulfide-S/nitrate-N ratios
Org-C/S2−-S ratios TOC/sulfide-S (molar concentration ratio)
S0 bio-produced elemental sulfur
DS dissolved sulfide
CLR organic loading rate
SLR sulfate loading rate
VFA volatile fatty acid
FA free ammonia

Bacteria
SRB sulfate-reducing bacteria
MPB  methane-producing bacteria
aNR-SOB autotrophic denitrifying sulfide bacteria
hNRB heterotrophic denitrifiers
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AOB ammonia-oxidizing bacteria

. Introduction

Many industries (pharmaceutical companies, food-making fac-
ories, etc.) usually have high concentrations of sulfate, ammonium
nd carbon compounds in their effluents, which can contaminate
he receiving waters, cause eutrophication and endanger life if
hese emissions not well-treated before discharge [1–3].

Conventional treatment of wastewater containing sulfur and
itrogen focus mainly on the removal of ammonium and sul-

ate in separate processes [4–6]. Recent years, some investigations
ave been focused on the autotrophic processes for simultane-
us removal of ammonium and sulfate in a single bioreactor
7–9]. In their studies, they found that sulfate as acceptor of the
lectrons involved in the anaerobic ammonium oxidation (ANAM-
OX) process under inorganic condition. However, it also has been
eported that presence of organic matter adversely affected ANAM-
OX process and could slow down anaerobic ammonium removal

10,11].
© 2013  Elsevier  B.V. All rights  reserved.

However, chemical oxygen demand (COD), ammonium and
sulfate are often discharged together in industrial wastewater.
Therefore, an innovative process capable of simultaneously remov-
ing ammonium and sulfate under organic condition is worthy of
consideration. Wang et al. [12] developed an integrated sulfate-
reduction, autotrophic denitrification and nitrification system
(SANI) to treat the sulfate, ammonium and COD-containing saline
sewage. In their study, COD (lower concentration) was fully used
by sulfate-reducing bacteria (SRB) to produce sulfide in the first
anaerobic zone, an autotrophic denitrification zone subsequently
converted sulfide and nitrate (recycled from an aerobic zone) to sul-
fate and N2. A combined nitrifying/autotrophic denitrifying system
was used by Carmen et al. [13] for the post-treatment of an efflu-
ent (containing sulfide and ammonium) coming from an anaerobic
digester treating the wastewater produced in a fish canning indus-
try. In this system, sulfide in autotrophic denitrifying unit was used
as electron donor to reduce the nitrate generated in the nitrifica-
tion step. However, besides sulfide, a lot of organic acids (such as
acetic and propionic) are often present in the effluent of sulfate
reduction.

Therefore, a subsequent unit that can simultaneous removal of
sulfide, nitrate, and COD will widen its application. Reyes-Avila
et al. [14], Manconi et al. [15] and Chen et al. [16] developed a deni-
trifying sulfide removal (DSR) process which could simultaneously
convert sulfide, nitrate, and COD into elemental sulfur (S0), nitro-
gen gas (N2), and carbon dioxide (CO2) based on the cooperative
work of the autotrophic and heterotrophic denitrifiers. The bio-
produced elemental sulfur, in the form of colloidal micro-particles
in the effluent, is easy to recover by precipitation [17,18]. The pro-
duction of alkalinity in the DSR process can be supplemented for the
post-nitrification process to lower the operational cost. In addition,
alkalinity can keep suspension pH high so to minimize release of
hydrogen sulfide (H2S) from the SR-CR and DSR units. Meanwhile,
the DSR process requires a special influent quality due to TOC/NO3

−

and S2−/NO3
− ratio limitations [14,16].

Based on the above characteristics of the DSR process, we  pro-
posed a novel integrated reactor system for simultaneous removal
of COD, sulfate and ammonium (the description of the system in
Section 2.1). In this system, we can adjust operational parame-
ters of each unit to provide appropriate S/N/C ratios for the DSR
process and widen its practical application. Sulfate reduction can
leads to a low sludge yield because the growth yield of SRB is
only 0.2 g VSS g−1 reduced sulfate [6,19,20]. There is no need to
add a sludge return setup after the integrated system because
autotrophic nitrifying biofilm have low growth yields. All these will
help decrease the operational cost.

The work was  divided into two  phases: first, the synthetic
wastewater was treated by the integrated system on the laboratory
scale. Second, the pilot test of the system treating food indus-
try wastewater will be carried out at the Daoli food factory in
Harbin, China. This paper reports on the laboratory study. The main
objectives of this study were to (1) find a balance between sulfate-
reducing and methane-producing efficiency of the SR-CR unit, (2)
adjust the reflux ratios between A&H-DSR and AN units, (3) recover
elemental sulfur effectively from the system, and (4) analyze the

microbial community structure and function of dominant species
of the corresponding unit at different operational stage.
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. Materials and methods

.1. Experimental setup and startup

Fig. 1 shows the laboratory-scale integrated C-S-N removal sys-
em. It consists of 4 units: (a) sulfate reduction and organic carbon
emoval unit (SR-CR), using expanded granular sludge bed (EGSB)
eactor to reduce sulfate to sulfide and remove COD by methane-
roducing bacteria (MPB) and sulfate-reducing bacteria (SRB); (b)
utotrophic and heterotrophic denitrifying sulfide removal unit
A&H-DSR), also with EGSB reactor for denitrifying sulfide removal.
s the center, the autotrophic denitrifiers (aNR-SOB) converts sul-
de to elemental sulfur using nitrate recirculated from the effluent
f AN unit as an electron acceptor (NO3

− to NO2
−), while the

eterotrophic denitrifiers (hNRB) utilize the residual fatty acids
enerated (VFA) from the SR-CR unit for denitrification (NO2

− to
2); (c) sulfur reclamation unit (SR), a sedimentation tank to col-

ect elemental sulfur before the effluent of the A&H-DSR unit enters
nto the AN unit; (d) aerobic nitrification (AN) unit, biological aer-
ted filter (BAF) was used to nitrify ammonia to nitrate and then
ecirculated to the A&H-DSR unit for denitrifying sulfide removal.

The plexiglass EGSB reactor was a modified version of the reac-
or developed by Chen et al. [21]. The EGSB for A&H-DSR unit was
dentical in appearance and size with the SR-CR unit. The reactor

as 50 mm in diameter and 120 cm high with a working volume
f 5.0 L. A thermostat (SHINKO model no. PCD-33A) automatically
nsured stable measuring temperatures at 30 ± 1 ◦C. A peristaltic
ump (Longer model no. BT100-2J) introduced influent into the
eactor at the column bottom. A gas-washing device collected the
2S gas that was generated at the column top. The gas production

ate was measured in a wet type of gas meter (SHINAGAWA model
o. WS-1A). The biological aerated filter (BAF) was  20 cm in diam-
ter and 30 cm high with a working volume of 5.0 L. As support for
mmobilization of the biomass, 10 mm polyurethane foam cubes

ith an apparent density of 23 kg m−3 and porosity near 95% were
sed. The supporting materials were packed to a filtration layer
epth of 15 cm in the reactor. Wastewater was fed to the reactor

n the up-flow mode using a peristaltic pump (Longer model no.
T100-2J).

.2. Inoculations and synthetic wastewater

.2.1. Inoculations
All reactors were initially inoculated with 3 L of activated

ludge with biomass VSS of 1.75 g L−1 (VVS/TSS (Volatile suspended
olids/Total suspended solids) = 0.72). The activated sludge was
btained from Taiping Wastewater Treatment Plant in Harbin,
hina. Seed sludge was screened using 0.2 mm Tyler mesh to
emove most grids.

.2.2. Synthetic wastewater
The wastewater of Daoli food factory (in Harbin, China)

ainly contain organic matter (average COD concentration of
000 mg  L−1), sulfate (average SO4

2− concentration of 1500 mg  L−1)
nd ammonium (average NH4

+-N concentration of 300 mg  L−1).
uring food processing and storage, sodium lactate is used as anti-

eptic, flavoring and freshening agent, which form main organic
atter in the wastewater.
But, the unstable wastewater is not suitable for the initial

tudy. To simulate the characteristics of the wastewater in terms
f COD, sulfate and ammonium concentration, sodium lactate,
odium sulfate and ammonium chloride was added to tap water

o achieve desired influent concentrations of COD, sulfate and
mmonium (2000 mg  COD L−1, 1500 mg  SO4

2− L−1 (500 mg  S L−1)
nd 300 mg  N L−1 NH4

+-N). This stable wastewater can help pre-
iminary exploration for operational parameters.
 Materials 269 (2014) 56–67

During the period of start-up of SR-CR unit, the sulfate-laden
synthetic wastewater consisting of SO4

2− at 1500 mg L−1 and COD
at 2000 mg  L−1 was  used as the influent to cultivate the func-
tional bacteria. Bicarbonate was  employed to maintain the influent
pH at 8.5 ± 0.3. During the period of start-up of A&H-DSR unit,
the sulfide-laden synthetic wastewater was fed into the A&H-DSR
reactor, including the following composition: 500 mg  L−1 of S2−,
218 mg-N L−1 of NO3

−, 256 mg-C L−1 of acetate. During the period
of start-up of AN unit, tap water with (NH4)HCO3 and K2H(PO4)
added was  used as the ammonium synthetic wastewater. The main
water quality indicators were pH of 6.8–8.5, NH4

+-N concentra-
tion of 300 mg  L−1, initial dissolved oxygen (DO) of 1.5–2.0 mg  L−1,
and temperature of 25 ± 1 ◦C. During the stage of integrative
operation of SR-CR, A&H-DSR and AN units, the synthetic waste-
water containing COD, sulfate and ammonium (2000 mg  COD L−1,
1500 mg  SO4

2− L−1 and 300 mg  N L−1 NH4
+-N) as the influent was

fed into the system.

2.3. Reactor system operating procedures

2.3.1. Stage I: separate operation of SR-CR, A&H-DSR and AN unit
At stage I (1–70 days), the SR-CR and A&H-DSR units were

respectively inoculated by feeding the sulfate-laden and sulfide-
laden synthetic wastewater at HRT of 24 h. Internal circulating fluid
was applied to suspend the sludge and make well mixing conditions
in the reactor. In the same period, the AN unit was continuously fed
with the ammonium synthetic wastewater at HRT of 24 h. In this
stage, when the effluents of the three units became stable, the HRT
would further reduced to improve the operational loading rate. The
operation conditions and performance of the three units in these
runs are shown in Table 1.

2.3.2. Stage II: integrative operation of SR-CR and A&H-DSR unit
At stage II (70–120 days), as the SR-CR and A&H-DSR unit

obtained a stable performance, the A&H-DSR unit was joined to
the SR-CR unit at HRT of 12 h and received its effluent with the
addition of 220 mg  NO3

−-N L−1. When the integration became sta-
ble, the HRT would be further reduced to maximize its loading rate.
Meanwhile, the cultivation of the AN unit was  also continued, the
HRT of the unit was  gradually reduced from 12 h to 6 h to increase
the ammonium loading rate.

2.3.3. Stage III: integrative operation of SR-CR, A&H-DSR and AN
units

The AN unit biomass cultivation lasted for 120 days before the
full nitrification capability was obtained and the unit was  then
connected to the integrated processes of the SR-CR and A&H-DSR
units to establish a completely integrated C-S-N removal system
(see Fig. 1). The complete system was continuously fed with the
synthetic wastewater containing COD, sulfate and ammonium. In
this stage, to provide maximum dissolved sulfide for the A&H-DSR
unit, the SR-CR unit was  operated with a fixed HRT of 12 h which
was determined during the stage II. The overall performance of
the complete system in terms of sulfide and nitrogen removal was
investigated at different reflux ratios between the A&H-DSR unit
and AN unit for improving the nitrogen removal and elemental
sulfur production of the system.

2.4. Analytical methods

The concentrations of nitrate, nitrite, ammonium, sulfate, and
thiosulfate in the collected liquor samples following 0.45-�m fil-

tration were measured by ion chromatography (Dionex model
no. ICS-3000) equipped with a conductivity detector and an Ion-
Pac AG4A AS4A-SC 4 mm analytical column. The total dissolved
sulfide (H2S(aq), HS− and S2−), COD, total suspended solids (TSS)
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Fig. 1. A schematic diagram of the experimental setup of the C-N-S system. (a) Sulfate reduction and organic carbon removal (SR-CR), (b) autotrophic and heterotrophic
denitrifying sulfide removal (A&H-DSR), (c) sulfur reclamation (SR), and (d) aerobic nitrification filter (AN).

Table 1
The operating conditions of each unit under different stage.

Unit Run Stage I Stage II Stage III

SR-CR HRT (h) 24 → 18 → 12 12 → 8 → 12 12
Organic loading rate (kg TOC m−3 d−1) 0.8 → 1.07 → 1.6 1.6 → 2.44 → 1.6 1.6
Sulfate loading rate (kg SO4

2−-S m−3 d−1) 0.5 → 0.67 → 1 1 → 1.5 → 1 1
A&H-DSR HRT (h) 24 → 18 → 12 12 → 8 → 12 See Table 3

Organic loading rate (kg TOC m−3 d−1) 0.19 → 0.25 → 0.38 0.46 → 1.6 → 0.46
Sulfide loading rate (kg S2− m−3 d−1) 0.5 → 0.66 → 1.0 0.9 → 1 → 0.9

−3 −1 0.2
24
0.3
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was increased from 2.00 to 2.67 kg COD m−3 d−1. The COD and TOC
removal increased to 48% and 60%, respectively. The sulfate loading
rate (SLR) was  increased from 0.5 to 0.67 kg SO4

2−-S m−3 d−1, and
90% of sulfate was reduced to dissolved sulfide.

Table 2
The sampling conditions in different stage.

Unit Sample name Sampling time HRT Operation
Nitrate loading rate (kg N m d ) 

AN  HRT (h) 

Ammonium loading rate (kg N m−3 d−) 

nd volatile suspended solids (VSS) were determined according to
tandard methods [22], while available alkalinity was  determined
y direct titration method [23,24]. Total organic carbon (TOC) was
etermined with a TOC analyzer (Shimadzu model no. TOC-VCPH).
educing agents (such as dissolved sulfide ions) interfere with the
OD measurements. TOC can truly reflect the organic strength of
he samples. Volatile fatty acid (VFA) concentrations and species
ere determined by an HPLC system (Shimadzu model no. LC-10A).

 Ph/ORP meter (METTLER TOLEDO model no. FE20) determined
he pH and oxidation–reduction potential (ORP) of the liquid sam-
les. Dissolved oxygen (DO) was measured with a DO meter (Hanna
odel no. HI9146N). The compositions of gas (N2, N2O, CO2 and

H4) were analyzed using a gas chromatography (Agilent, model
o. 6890). Elemental sulfur in the effluent analysis was  determined
y the method described by Jiang et al. [25]. Elemental sulfur in the
ludge was determined by the method mentioned by Ravishankar
t al. [26]. The S0 conversion rate was calculated according to the
ollowing equation (Eq. (1)) [27]:

S0] = [Influent S]-[SO4
2−]-2 ∗ [S2O3

2−]-[HS−] (1)

The equation is used to calculate S0 concentration according to
ulfur balance.

roduced S0 mg−1 L
= [Total S mg−1 L]Influent − [SO4
2−-S mg−1 L

+ 2 ∗ (S2O3
2−)-S mg−1 L + HS−-S mg−1 L]Effluent
2 → 0.3 → 0.44 0.44 → 0.66 → 0.44
 → 18 → 12 12 → 6 See Table 3

 → 0.4 → 0.6 0.6 → 1.2

2.5. Illumina MiSeq sequencing and data analysis

The details for the DNA extraction, 16S rRNA gene PCR amplifica-
tion and Illumina MiSeq sequencing, and data analysis are available
in the Supplemental Material (part 1). Sampling information is
shown in Table 2.

3. Results and discussion

3.1. Separate operation of each unit in the integrated C-S-N
removal system

3.1.1. SR-CR
The performance of the SR-CR unit was reported in Fig. 2a–c.

The SR-CR unit was  initially operated at HRT of 24 h (0–30 days)
and achieved 40% of COD removal rate and 49% of TOC removal rate.
93% of the sulfate was  reduced to dissolved sulfide (DS). The HRT
was then reduced to 18 h (31–50 days), and the COD loading rate
SR-CR SR-CR1 Stage I (day 30) 24 h Separate
SR-CR2 Stage II (day 120) 12 h Integrative

A&H-DSR DSR1 Stage I (day 30) 24 h Separate
DSR2 Stage II (day 120) 12 h Integrative
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F  SR-CR
( N → N

1
4
r
o
C

ig. 2. The performance of separate operation of the SR-CR, A&H-DSR and AN unit.
d)  TOC removal, (e) S2−-S → S0 conversion rate, (f) NO3

−-N removal; AN: (g) NH4
+-

When the HRT of the SR-CR unit was further reduced to
2 h (51–70 days), the COD and TOC loading rate increased to

.00 kg COD m−3 d−1 and 1.60 kg TOC m−3 d−1, respectively. The
eactor gradually began to produce methane, and the production
f methane reached a maximum of 0.31 m3 m−3 d−1. Therefore, the
OD and TOC removal increased to 63% and 70%. Lactate as the
: (a) COD removal, (b) TOC removal, (c) SO4
2−-S → S2− conversion rate; A&H-DSR:

O3
−-N conversion rate.

organic carbon source could be degraded to acetate easily by acid-
forming bacteria. VFAs in the effluent of the SR-CR consisted mainly

of acetate, which accounted for 90% of the total organic carbon
(figure not show). MPB  was  also found to outcompete SRB gradu-
ally at a volumetric loading of approximately 1.3 kg Ac−-C m−3 d−1

[28].
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3.1.3. AN
ig. 3. The performance of integrative operation of SR-CR and A&H-DSR unit. SR-C
emoval, (e) S2−-S → S0 conversion rate, (f) NO3

−-N removal.

Meanwhile, the SLR was increased from 0.67 to 1 kg SO4
2−-

 m−3 d−1, the SR-CR unit still maintained 90% of sulfate reduction.
n this study, converting the majority of the sulfate into dis-
olved sulfide in the SR-CR unit could ensure high S0 production
ate in the A&H-DSR unit. The Org-C/S2−-S ratio in the efflu-
nt of the SR-CR unit was the critical parameter for obtaining
he maximum S0 conversion rate from the A&H-DSR unit. Sul-
de detected in the SR-CR unit contained three species (H2S,
S−, and S2−), and pH adjustment would influence the domi-
ant type of the three species. The undissociated sulfide (H2S)
ould cause the inhibition of SRB and MPB  activity [29]. When
owering the H2S concentration to the threshold in the anaero-
ic reactor, the activity of methanogens could be protected [30].
he toxicity of the sulfide depended critically on the pH value
ecause only the free H2S is able to pass through the cell membrane
31]. When the pH was between 8 and 9, virtually all dissolved
ulfide was in the ionized state. At a neutral pH value, approxi-

ately 20% to 50% of the dissolved sulfide was present as the free
2S.
 COD removal, (b) TOC removal, (c) SO4
2−-S → S2− conversion; A&H-DSR: (d) TOC

3.1.2. A&H-DSR
The performance of the A&H-DSR unit was reported in Fig. 2d–f.

The DSR-EGSB reactor performed well at HRT of 24 h (0–30 days)
and 18 h (31–50 days) because the sulfide removal reached 96% at
loading rates of 0.50 and 0.67 kg S2− m−3 d−1. At this time, this unit
performed by a synergistic relationship of both autotrophic and
heterotrophic denitrifiers. The TOC and nitrate removal reached
96% both at HRT of 24 h and 18 h. 93% of the dissolved sulfide was
converted to elemental sulfur (S0). On day 70, mature granules were
formed in the reactor and developed to 0.5–2.0 mm in diameter,
being covered with a layer of elemental sulfur.

TOC, sulfide and nitrate removal reached over 96% even when
the HRT reduced to 12 h (51–70 days). CO2 and N2 were noted in
the gas phase of the unit. Meanwhile, negligible amounts of N2O
and H2S were detected in the GC spectra.
The performance of the AN unit was reported in Fig. 2g. The
unit was  initially subjected to a continuous feed of ammonium
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ig. 4. The performance of the integrated C-S-N removal system under various recir
emoval, (d) NO3

−-N removal, (e) S2−-S → S0 conversion rate; AN: (f) NH4
+-N → NO

ynthetic wastewater with initial HRT of 24 h (0–30 days) and
radually reduced to 18 h (31–60 days) to increase the NH4

+-N
oading. The unit performed well during the cultivation period as
he nitrification rate reached more than 90% at a loading rate of
.6 kg NH4

+-N m−3 d−1 (61–90 days) When the pH value in the reac-
or was adjusted to 7, the concentration of free ammonia (FA) in the
eactor was less than 5 mg  L−1, and nitrification was  not inhibited.

hen HRT was reduced to 8 h (91–120 days), the production of
itrate decreased from 90% to 80%.

.2. Combination of each unit in the integrated C-N-S removal
ystem

.2.1. Integrative operation of SR-CR and A&H-DSR unit
During period of start-up, high sulfate-reducing and denitrifying
ulfide removal efficiency were obtained in the SR-CR and A&H-DSR
nits, respectively. From day 71 (Fig. 3a–f), the A&H-DSR unit was

oined to the SR-CR unit and received its effluent with the addi-
ion of 218 mg  NO3

−-N L−1. As the integrated operation continued
on ratios. SR-CR: (a) TOC removal, (b) SO4
2−-S → S2− conversion; A&H-DSR: (c) TOC

conversion rate.

(71–90 days), the removal rate for nitrate and TOC in the A&H-DSR
unit increased from 92% and 48% to 96% and 82%, respectively. The
S0 conversion rate increased considerably from 34% to 81%. When
the HRT of the SR-CR and A&H-DSR units was  shortened from 12 h
to 8 h (91–110 days), the TOC removal and sulfate reduction rate
in the SR-CR decreased from 70 to 50% and 93 to 80%. Meanwhile,
the corresponding removal for nitrate and TOC in the A&H-DSR
unit decreased from 96% and 82% to 90% and 49%, respectively.
The S0 conversion rate decreased considerably from 80% to 42%.
The optimum HRT for the SR-CR and A&H-DSR unit was  therefore
12 h (111–120 days). The SR-CR unit could provide appropriate con-
centrations of TOC and dissolved sulfide to realize a maximum S0

conversion rate in the A&H-DSR unit.
Chen et al. [16,21] argued that factors affecting the removal

of TOC, sulfide and nitrite and S0 conversion rate in the DSR

process included the S2−-S/NO3

−-N ratio, TOC/NO3
−-N ratio and

pH. The optimum parameters for the maximum S0 conversion
rate were as follows: pH near 7.5, S2−-S/NO3

−-N ratio near 1:1
and TOC/NO3

−-N ratio near 1.26:1. Chen et al. [32] argued that
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Table  3
The performance of integrated C-S-N removal system under various recirculation ratios.

Parameters I II III IV

Reflux ratios of
nitrification

1:1 2:1 3:1 4:1

HRT  of each unit of the
system (h)
SR-CR; A&H-DSR; AN

12 h; 6 h; 6 h 12 h; 4 h; 4 h 12 h; 3 h; 3 h 12 h; 2.4 h; 2.4 h

Influent TOC of SR-CR
unit (kg TOC m−3 d−1)

1.6 ± 0.01 1.6 ± 0.09 1.6 ± 0.07 1.6 ± 0.05

Effluent  TOC of AN unit
(kg TOC m−3 d−1)

0.13 0.04 0.004 0.1

TOC  removal efficiency
in  system (%)

92 ± 1.4 97 ± 0.7 98 ± 3.1 90 ± 5.6

COD  removal efficiency
in  system (%)

93 ± 2.9 97 ± 1.2 98 ± 2.7 90 ± 7.9

Influent  SO4
2−-S of

SR-CR unit
(kg SO4

2−-S m−3 d−1)

1 1 1 1

Effluent SO4
2−-S of AN

unit
(kg SO4

2−-S m−3 d−1)

0.23 0.14 0.02 0.25

SO4
2−-S removal

efficiency in system
(%)

77 ± 4.4 86 ± 2.7 98 ± 1.8 75 ± 2.4

S0 conversion rate in
DSR unit (%)

80 ± 1.4 89 ± 2.7 99 ± 0.06 78 ± 3.5

Influent  TN of SR-CR
unit (kg N m−3 d−1)

0.6 0.6 0.6 0.6

Effluent TN of AN unit
(kg N m−3 d−1)

0.31 0.2 0.16 0.13

TN  removal efficiency
in system (%)

49 ± 4.1 66 ± 2.9 74 ± 4.2 79 ± 3.7

Nitrification efficiency
in AN (%)

91 ± 5.4 90 ± 7.1 90 ± 4.7 69 ± 9.1

96 ± 7
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Nitrate  removal in
A&H-DSR (%)

94 ± 5.6 

OC/NO3
−-N = 0.75:1 (in mol) was the limiting ratio. At TOC/NO3

−-
 > 2:1, the nitrate removal rate remained at 100%. However, the
OC removal declined from 95% to 60%, and the S0 conversion rate
eclined from 0.46 to 0.17 kg S m−3 d−1. Our study also confirmed
hat when the TOC/NO3

−-N ratio increased to over 2.0 (HRT = 8 h,
1–110 days), the S0 conversion rate decreased from 80% to 40%.
hen TOC was present in excess, heterotrophic denitrifiers dom-

nated the autotrophic denitrifiers for the reduction of nitrate as
lectron donors, thereby yielding a low S0 production rate [13,32].

.2.2. Integrative operation of SR-CR, A&H-DSR and AN units
After 120 days of startup, the AN unit could provide suffi-

ient nitrate to the A&H-DSR unit which was subsequently joined
o the integrated processes of the SR-CR and A&H-DSR units to
stablish a completely integrated C-S-N removal system. In the
ystem, the optimum influent loading of TOC and sulfate was
.6 kg TOC m−3 d−1 and 1 kg SO4

2−-S m−3 d−1 in the SR-CR unit
HRT = 12 h). The A&H-DSR unit simultaneously removed dissolved
ulfide produced in the SR-CR unit and nitrate recycled from the
N unit.

Ammonium could not be degraded in the former two  anaerobic
nits and was  indirectly introduced into the AN unit to generate
itrate via nitrification. Therefore, part of the treated wastewater

rom the AN unit needed to be returned to the A&H-DSR unit. The
ifferent recirculation ratios between the A&H-DSR and AN units
ould directly affect the removal of sulfide and nitrate and the S0

onversion rate in the A&H-DSR unit. The effects of different reflux
atios on the performance of the system were examined, and the

esults are showed in Fig. 4 and summarized in Table 3 (reflux ratio
n) = recirculation flow (nQ)/influent flow of the system (Q)).

As shown in Fig. 4, the reflux ratio variation had little influence
n the nitrate removal of the system. The TOC removal improved
.8 96 ± 3.7 95 ± 2.1

from 65% to 99% in the A&H-DSR unit when R was from 1 to 3Q.
Meanwhile, S0 production rate increased from 69% to 99% in the
A&H-DSR unit. However, when R was improved from 3 to 4Q, the
TOC removal and S0 production rate were reduced to 78 and 79%,
respectively, resulting in a low total nitrogen removal of 62%. The
reason of reduction of total nitrogen removal could be related to
enhanced oxygen input in the AN unit or the occurrence of a short-
cut flow at the higher flow velocity. Hence, S2−-S/NO3

−-N ratio
would be affected by reflux ratios and led to a low S0 production.

The optimum reflux ratio between the A&H-DSR and AN units
was 3:1, and both HRT of the A&H-DSR and AN units were 3 h. Under
these operational parameters, the system successfully demon-
strated 98% COD, 98% sulfate and 78% nitrogen removal efficiency.
At reflux ratio of 3:1, S2−-S/NO3

−-N ratio in the A&H-DSR unit
achieved 1:1 which was the optimum S2−-S/NO3

−-N ratio for
obtaining maximum S0 production.

3.3. Nitrogen, carbon and sulfur balance

Nitrogen, carbon, and sulfur balance and S0 production rate
were investigated under optimal operating parameters mentioned
above. In the system (Fig. 5), an average 90% of SO4

2−-S in the
influent of the SR-CR was reduced to dissolved S2−-S, and 99% of
the S2−-S produced in the SR-CR was converted to elemental sul-
fur in the A&H-DSR. However, only 60% of elemental sulfur was
detected in the effluent of the A&H-DSR on average because por-
tions (30%) of elemental sulfur were attached to the granules and
deposited in the reactor. The granules covered with elemental sul-

fur are shown in Fig. 6. Fig. 7 showed that the sizes of most of the
elemental sulfur particles were between 1 and 101 �m with a mean
size of 27 �m.  The zeta potential value was approximately −19 mV,
between ±30 mV,  indicating that the sulfur colloid was  not stable;
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ig. 5. Performance of S0 production rate in the integrated C-S-N removal sys-
em. Influent SO4

2−-S loading rate (�), influent S2−-S loading rate (©) of A&H-DSR,
ffluent S0 loading rate (�) of A&H-DSR, and S0 production rate (�).

herefore, the biological sulfur was easily coagulated and precipi-
ated. After analysis of various forms of biological sulfur particles,

e found that the biological sulfur particles contained 60% S, 30%
, 9% O, and 1% Mg.

Elemental sulfur in the effluents was collected by using 5 mg  L−1

f polyaluminum chloride (PAC) as a flocculant. After treatment

Fig. 6. Granules in 

Fig. 7. Particle analysis of elemental sul
 Materials 269 (2014) 56–67

by flocculation, nearly 98% of the elemental sulfur was recovered
from the effluent of the A&H-DSR unit. The sulfur balance is shown
in Table 4. The elemental sulfur production rate was 90%, on the
average (the elemental sulfur production efficiency (%) = effluent
S0 loading rate/influent SO4

2−-S loading rate * 100). Hence, the sul-
fur reclamation efficiency was approximately 60% and the loading
rate for S0 reclamation was approximately 0.6 kg S0 m−3 d−1. Reyes-
Avila et al. [14] operated an anaerobic continuous stirred tank
reactor at loadings of 0.29 kg Acetate-C m−3 d−1, 0.2 kg NO3

−-N
m−3 d−1 and 0.294 kg S2−-S m−3 d−1 and obtained 99% of S0 pro-
duction (0.291 kg S0 m−3 d−1) which lower than our work. Chen
et al. [16] achieved simultaneous removal for nitrate, sulfide, and
COD from a single EGSB of 1.45 kg N m−3 d−1, 3.1 kg S m−3 d−1, and
2.77 kg C m−3 d−1, respectively. Approximately 90% of sulfide was
converted to S0 (2.79 kg S0 m−3 d−1) which higher than our work.
These works focused on the process in which nitrate, sulfide, and
COD were converted to N2, S0 and CO2. But, our work mainly
focused on the process in which ammonium, sulfate, and COD were
converted to N2, S0 and CO2, that was poorly reported.

As shown in Table 5, nitrate was reduced to nitrogen gas with a
yield of 0.9 g N2/(g NO3

−-N being consumed). Accumulation of Org-

C and nitrite was not observed in the effluent. Carbon dioxide (CO2)
and nitrogen gas (N2) were noted in the gas phase of the A&H-DSR
reactor. Meanwhile, negligible amounts of N2O gas and H2S gas
were detected.

the DSR unit.

fur in the effluent of the DSR unit.
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Table  4
Sulfur balance in the integrated C-S-N removal system.

Units SO4
2−-S loading

(kg m−3 d−1)
S2O3

2−-S loading
(kg m−3 d−1)

H2Sgas-S loading
(kg m−3 d−1)

S2−-S loading
(kg m−3 d−1)

S0 loading (kg m−3 d−1) S0 production
rate (%)

Influent Effluent Influent Effluent Influent Effluent Sludge 0

SR-CR 1 ± 0.01 0.02 0 0.5 ± 0.03 0 0.9 ± 0.03 0 0 0 0
A&H-DSR 0 0 0.5 ± 0.03 0.92 ± 0.03 0 0 0.6 ± 0.12 0.3 ± 0.07 90
AN  0 0 0 0 0 0 0 0.012 0 0

Table 5
Nitrogen and carbon balance in the integrated C-S-N removal system.

Units TOC loading (kg m−3 d−1) TOC removal (%) HN4
+-N (kg m−3 d−1) NO3

−-N (kg m−3 d−1) N2 prod. (kg m−3 d−1) N removal (%)

Influent Effluent Influent Effluent Influent Effluent

SR-CR 1.61 0.64 ± 0.1 60 0.55 ± 0.1 0.54 ± 0.3 / / / 2%
A&H-DSR 0.64 ± 0.1 0.27 ± 0.11 23 0.54 ± 0.1 0.53 ± 0.1 0.41 ± 0.2 0 0.43 71%

 0
0

3
a

c
c
t
f
(

i
o
t

F
f

AN  0.27 ± 0.11 0.11 ± 0.2 10 0.53 ± 0.1
Whole system 1.61 0.11 ± 0.2 93 0.55 

.4. Microbial community structure and dominant species
nalysis

To understand the microbial community structure and suc-
ession in the SR-CR and A&H-DSR units at different stages, the
lassified OTUs were analyzed at family level (Fig. 8). Meanwhile,
o explain the key role of the dominant functional species in dif-
erent stages, the classified OTUs were also analyzed at genus level
Table 6).

In stage I (separate incubation), the SR-CR unit achieved approx-

mately 90% removal of 0.5 kg S m−3 d−1 for sulfate and 49% removal
f 0.8 kg C m−3 d−1 for TOC. In stage II (integrative operation),
his unit obtained approximately 90% removal of sulfate and 70%

ig. 8. Microbial community structure of SR-CR and DSR unit at family level in different s
amily to the corresponding total sequences for each sample.
.01 0.52 ± 0.1 0.11 0.054 1%

.01 / 0.11 0.43 78%

removal of TOC with loadings increased to 1 kg S m−3 d−1 for sul-
fate and 1.6 kg C m−3 d−1 for TOC. The relatively abundances for
Desulfomicrobiaceae (from 6.21 to 12.69%), Desulfobulbaceae (from
6.55 to 10.13%) and Methanobacteriaceae (from 0.93 to 14.20%)
families were increased with increased loadings. Desulfomicrobium
(from 2.75 to 7.18%) and Desulfobulbus (from 3.15 to 8.01%) species
were capable of reducing sulfate to sulfide [33,34], and gradu-
ally enriched with the increased loadings from stage I to stage II.
Methanobacterium species was  capable of converting VFAs to CH4
[35] and its enrichment (from 0.93 to 14.20%) likely led to the

further degradation of COD in the stage II. All these mentioned
reasons together could explain why  the SR-CR unit can provide
appropriate concentration of TOC and sulfide for the A&H-DSR unit

tages. Relative abundance of each family was  defined as the percentage of the same
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Table 6
Phylogenetic classification of the 16S rRNA gene sequences at genus level (relative abundance >1%) in the SR-CR1, SR-CR2, DSR1 and DSR2.

Phylum Family Genus (%) SR-CR1 SR-CR2 DSR1 DSR2

Proteobacteria Desulfomicrobiaceae Desulfomicrobium 6.09 11.87 0.01 0.03
Proteobacteria Desulfobulbaceae Desulfobulbus 6.22 9.18 0.98 0.19
Euryarchaeota Methanobacteriaceae Methanobacterium 0.87 12.88 0.31 0.11
Proteobacteria Rhodocyclaceae Azoarcus 17.02 0.02 0.21 20.21

Thauera 5.3 0.01 0.01 7.67
Proteobacteria Rhodobacteraceae Paracoccus 1.76 0.65 0.45 9.74
Proteobacteria Helicobacteraceae Sulfurovum 0 0 0.63 14.98
Proteobacteria Burkholderiaceae Thermothrix 0.03 0.03 4.98 9.45
Chloroflexi Anaerolineaceae Bellilinea 5.06 10.08 20.98 6.55

Longilinea 1.05 2.11 13.33 2.09
Levilinea 1.09 2.98 0.67 0.01

Synergistetes Synergistaceae Cloacibacillus 10.43 5.44 17.66 9.89
Synergistes 2.18 3.02 11.01 4.43
Thermovirga 1.80 0.78 2.09 0.22

Firmicutes Clostridiaceae 1 Proteiniclasticum 15.64 1.02 8.03 0.00
Clostridium 3.98 0.32 1.09 0.01

Firmicutes Clostridiales Incertae Sedis XI Tissierella 0.78 1.89 0.21 0.31
Bacteroidetes Porphyromonadaceae Petrimonas 0.01 3.67 0.13 0.01
Firmicutes Peptostreptococcaceae Acetoanaerobium 0.26 1.21 1.01 0

ium 
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Proteobacteria Comamonadaceae Albidiferax 

Firmicutes Eubacteriaceae Acetobacter
Planctomycetes Planctomycetaceae Planctomyc

t this loading rate (1 kg S m−3 d−1 for sulfate and 1.6 kg C m−3 d−1

or TOC). Importantly, these indicated that functional communities
ere well established at appropriate operational conditions.

At the same period of the stage I, the A&H-DSR unit
chieved approximately 96% removal of 0.5 kg S m−3 d−1 for sul-
de, 0.22 kg N m−3 d−1 for nitrate and 0.19 kg C m−3 d−1 for TOC. In
he stage II, this unit was joined to the A&H-DSR unit still main-
ained 96%, 96% and 82% removal of 0.9 kg S m−3 d−1 for sulfide,
.44 kg N m−3 d−1 for nitrate and 0.46 kg C m−3 d−1 for TOC, respec-
ively. The relatively abundances for Rhodocyclaceae (from 0.26
o 30.54%), Rhodobacteraceae (from 0.51 to 10.06%), Helicobacter-
ceae (from 0.79 to 15.74%) and Burkholderiaceae families (from
.3 to 10.44%) were obviously increased after loadings of sulfide,
itrate and TOC increased. At genus level, Azoarcus (from 0.21 to
0.21%), Paracoccus (from 0.45 to 9.74%), Sulfurovum (from 0.63 to
4.98%) and Thermothrix (from 4.98 to 9.45%) species were gradu-
lly enriched from stage I to stage II. Sulfurovum and Thermothrix
pecies are chemolithotrophic bacteria that can use sulfur, sul-
de, or thiosulfate as electron donors and nitrate as an electron
cceptor [36,37]. Azoarcus species was capable of reducing nitrate
ia heterotrophic pathways [38]. Paracoccus species was  capable
f converting nitrite to N2 [39]. Azoarcus and Paracoccus species
ikely acted as the heterotrophs to play a key role, whereas species
rom Sulfurovum and Thermothrix are the autotrophs that required
o generate a high-rate A&H-DSR system. In stage III, the inte-
rated SR-CR and A&H-DSR unit was connected with AN unit at the
perational conditions obtained in stage II. Hence, the microbial
ommunity structures and dominant functional species in stage III
ere highly similar with the stage II (data not shown).

. Conclusions

This study successfully established operating parameters for the
ntegrated C-S-N removal system and demonstrated 98% COD, 98%
ulfate and 78% nitrogen removal efficiency. The optimum HRTs for
R-CR, A&H-DSR and AN were 12 h, 3 h and 3 h, respectively. The
ptimum reflux ratio between the A&H-DSR and AN units was 3. In
he system, sulfur balance analyses indicated the S0 production rate

as 90%. Approximately, 60% of S0 presented in the effluent and

0% attached to the granules and deposited in the A&H-DSR unit.
hysico-chemical characteristics of biosulfur in the effluent indicat-
ng that the sulfur colloid was not stable and was easily coagulated
0.09 2.81 0.26 0.12
0.25 0.24 1.10 0.29
0.23 1.13 0.63 0.21

and precipitated. The S0 reclamation efficiency was approximately
0.6 kg S0 m−3 d−1. This study also provided insights into microbial
community succession and the functional role of dominate species
in the integrated system in response to different operational stages.
The A&H-DSR unit requires appropriate operational parameters,
such as TOC/NO3

− and S2−/NO3
− ratios. The studies on adjustment

of key parameters of this system help to improve the application
of the DSR process. In the future work, integrated C-S-N removal
system will be applied to treating wastewater from food-making
factory.
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