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ABSTRACT

The simultaneous nitrogen and phosphorus removal performance of the Johannesburg-Sulfur
autotrophic denitrification (JHB-SAD) system was investigated in this study. The results showed
that the JHB-SAD system achieved maximum removal efficiencies of 86.5, 96.0, 96.4 and 90.7%
for COD, TN, NH;-N and TP, respectively, with average effluent concentrations of 27.7, 1.26, 0.99
and 0.18 mg L7, respectively. These results indicate that the nutrients could be almost completely
removed by the JHB-SAD system if NH;-N was sufficiently oxidized and that the JHB-SAD sys-
tem could be a promising alternative to remove nutrients from municipal wastewater with a low
COD/TN ratio. Meanwhile, bacterial communities in the JHB-SAD system were investigated using
high-throughput sequencing technology. Taxonomic analysis found that 8 abundant phyla in the
JHB-SAD system accounted for 86.8-91.1% of the total effective sequences, which were Proteobac-
teria (34.7-57.5%), Bacteroidetes (11.7-23.4%), Planctomycetes (8.71-20.1%), Chloroflexi (3.08-9.42%),
Firmicutes (1.83-3.00%), Verrucomicrobia (0.41-1.81%), Gemmatimonadetes (0.44-1.27%) and Chlorobi
(0.30-1.05%). In addition, redundancy analysis (RDA) showed that the phyla Bacteroidetes, Chlo-
robi, and Firmicutes were related to COD, NH,;-N concentration and COD removal, and the phyla
Gemmatimonadetes and Chloroflexi were related to the SOZ- concentration in the SAD reactor due to
autotrophic denitrification.
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1. Introduction

With the development of industry and agriculture,
the excessive discharge of nutrients (particularly nitro-
gen and phosphorus) has attracted increasing attention
globally [1-3]. Nutrients can cause eutrophication of the
water environment and deterioration of water quality,
thus posing a threat to human health [4-6]. Therefore,
more stringent effluent quality standards are being imple-
mented that require more effective nutrients removal for
municipal wastewater treatment plants (WWTPs). How-
ever, the ratio of chemical oxygen demand to total nitro-
gen (COD/TN) in WWTP influent is usually low (4-6),
which is a disadvantage for effective nutrients removal.
Nutrients removal in conventional WWTPs involves sev-
eral complex biochemical reactions, such as biodegrada-
tion, nitrification, denitrification, anaerobic phosphorus
release and aerobic phosphorus uptake [7,8]. There are
three main contradictions in simultaneous nitrogen and
phosphorus removal via an anaerobic-anoxic-aerobic sys-
tem: the shortage of organic carbon in the influent; NO;-N
in the return sludge; and the conflicting sludge retention
time (SRT) between nitrifiers and polyphosphate-accumu-
lating organisms (PAOs) [9-11]. Although widely applied
in existing WWTPs, several biological nutrients removal
(BNR) processes are unreliable in the simultaneous
removal of nitrogen and phosphorus pollutants due to the
shortage of organic carbon.

Advanced wastewater treatment technologies and
processes, such as the signal reactor for high-activity
ammonia removal over nitrite (SHARON) [12,13], shortcut
nitrification—denitrification [14,15] and anammox [16,17],
have been developed to solve the problem of nitrogen
removal from wastewater with a low COD/TN ratio.
However, these processes require precise operational
conditions, including pH, alkalinity, temperature and dis-
solved oxygen [16-18]. In addition, phosphorus removal
has been neglected in advanced wastewater treatment.
Furthermore, the efficiency of nitrogen removal via con-
ventional nitrification-denitrification or shortcut nitrifica-
tion—denitrification cannot reach 100% even with sufficient
amounts of influent organic carbon, because the nitrogen
removal efficiency depends on the nitrate recycling ratio
(r) and the sludge return ratio (R), which is (R+r)/(1+R+7).
Although the five-stage Bardenpho process is theoretically
capable of achieving complete nitrogen removal, it is dif-
ficult to realize in practice without an influent TKN/COD
ratio greater than 0.09 mgN/mgCOD [11]. In contrast, the
anammox process can remove a maximum of only 88.7%
nitrogen based on chemometrics [11].

Recently, Li et al. [19] developed an efficient nitro-
gen removal system that integrated the Johannesburg
process (JHB) and the sulfur autotrophic denitrification
process (SAD) to treat municipal wastewater with a low
COD/TN ratio. In this novel system, the JHB process was
primarily employed for organic carbon biodegradation,
nitrification and heterotrophic denitrification. Mean-
while, the SAD process was employed for autotrophic
denitrification to further remove the nitrate that is not
removed in the JHB process due to a shortage of organic
carbon. The average nitrogen removal efficiency of the
JHB-SAD system could reach 94% under a COD/TN ratio
of 4-5. However, no study on the phosphorus removal

performance of the JHB-SAD system has been performed.
Moreover, H* was produced during the SAD process. In
addition, the composition of the bacterial community in
the JHB-SAD system was required for a thorough inves-
tigation to better understand the characterization of the
bacterial ecosystem.

In this study, the simultaneous removal of nitrogen
and phosphorus pollutants in the JHB-SAD system was
analyzed via calculation of the material balance. More-
over, limestone and dolomite were filled into SAD reac-
tors to adjust the pH value of SAD effluent. In addition,
high-throughput sequencing, which is considered a pow-
erful method to investigate the microbial community in
sludge samples of various wastewater treatment pro-
cesses [20,21], was performed in different zones of the
JHB-SAD system to evaluate the bacterial communities.
The relationship between the phylum abundance and the
environmental parameters was also evaluated by redun-
dancy analysis. The objective of this study is to provide
a firm understanding of the novel JHB-SAD system for
the treatment of municipal wastewater with a low COD/
TN ratio.

2. Experimental methods and materials
2.1. Experimental system set-up

According to the discharge standard of pollutants for
a municipal wastewater treatment plant in China (GB-
18918-2002), Shenyang north wastewater treatment plant
must be upgraded. Based on the original SDAO system,
the JHB-SAD system was set up in the Shenyang north
wastewater treatment plant in Shenyang City, Liaoning
Province, China, to effectively remove organic matter,
nitrogen and phosphorus from municipal wastewater
with a low COD/TN ratio. The layout and schematic dia-
gram of the JHB-SAD system are shown in Fig. 1. The
JHB system consisted of a pre-anoxic zone (PAN, volume
of 0.83 mY, an anaerobic zone (ANA, volume of 1.61 m?),
an anoxic zone (ANO, volume of 1.16 m?®), an aerobic
zone (AE, volume of 2.77 m?), and a secondary settler
(SES, working volumes of 1.07 m®. The ANA and PAN
in the JHB process were derived from the primary settler
and the sludge recovery zone in the original wastewater
treatment system. Due to a shortage of organic carbon
for heterotrophic denitrification, the SAD process was
proposed to improve nitrogen removal performance.
The effluent of the JHB process was pumped into four
up-flow SAD reactors. The height and inner diameter
of all SAD reactors were 75 cm and 14 cm, respectively.
The packing height of all SAD reactors was 70 cm. SAD
reactor S1# was filled with granular sulfur (equivalent
diameter of 3-4 mm), with a porosity of 47.3%. Due to
the H* produced by the SAD process, limestone and dolo-
mite were filled into SAD reactors S2#-54# with granular
sulfur. The neutralizing H* effect of limestone was inves-
tigated via SAD reactors S2#-S3#. Granular sulfur (3—4
mm) and limestone (0.8-1.2 mm) were filled into SAD
reactors S2# (mass ratio 2:1) and S3# (mass ratio 1:1) with
the porosity of 45.7 and 43.5%, respectively. However,
Ca* was produced in the neutralization because the main
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Fig. 1. Layout (a) and schematic diagram (b) of the JHB-SAD sys-
tem. PAN: pre-anoxic zone; ANA: anaerobic zone; ANO: anoxic
zone; AE: aerobic zone; SES: secondary settler; SAD: sulfur au-
totrophic denitrification reactor.

composition of limestone is calcium carbonate. Simulta-
neously, sulfate was produced in the SAD process. A cal-
cium sulfate covering was formed on the granular sulfur
surface if the sulfate concentration was high. Therefore,
dolomite was used as an alternative because it is mainly
composed of calcium carbonate and magnesium carbon-
ate (CaCO,-MgCOQO,). The neutralizing effect of dolomite
was investigated via SAD S4# reactor. SAD reactor S4#
was filled with granular sulfur (3-4 mm) and dolomite
(0.8-1.2 mm), and the mass ratio of sulfur to dolomite
was 2:1 with a porosity of 45.7%.

2.2. Wastewater source and seed sludge

The experiment was conducted at the Guodian Shen-
yang northern wastewater treatment plant in Shenyang
City, Liaoning Province, China. The raw wastewater from
the WWTP sewer line was pumped into the pilot-scale
JHB-SAD system. The characteristics of raw wastewater
were as follows: chemical oxygen demand (COD) of 145.3 +
39.2 mg L, total nitrogen (TN) content of 30.9 + 4.0 mg L,
ammonia (NO;-N) content of 25.4 + 4.8 mg L™, and phos-
phate (TP) content of 1.72 + 0.77 mg L. The influent COD/
TN ratio was approximately 4-5, which is typical of munic-
ipal wastewater with alow COD/TN ratio. The seed sludge
of JHB and SAD reactor S1# were collected from the full-
scale wastewater treatment system where the nutrients
removal was inefficient. The seed sludge of SAD reactors
S2#-S4# were collected from S1#.

2.3. Analytical methods

Nitrate (NO;-N), nitrite (NO,-N), NH;-N, TN, TP,
sulfate (SOZ) and mixed liquor suspended solid (MLSS)
were analyzed according to standard methods [22]. COD

was measured using a Lian-hua COD quick-analysis
apparatus (Lian-hua Tech Co., Ltd, China). Dissolved
oxygen (DO) and temperature were determined using a
WTW Oxi 3310 meter with DO and temperature probes
(WTW Company, Germany). The pH value was moni-
tored by a WITW Multi 3420 meter with a pH electrode
(WTW Company, Germany).

2.4. Experimental procedure

From December 18, 2013 to May 12, 2014, the pilot sys-
tem was operated for 137 d, including four experimental
phases. In phase I (days 1-31) and phase II (days 32-76),
the performance of the JHB-SAD system and step-feed JHB-
SAD system was evaluated for efficient nitrogen removal
from municipal wastewater with a low COD/TN ratio.
In phase III (days 77-104) and phase IV (days 105-132),
sodium acetate (COD of 40 mg L) was added to improve
the nutrients removal performance of the JHB-SAD system
and the step-feed JHB-SAD system.

The inflow was maintained at 0.56 m® h™ during the dif-
ferent experimental periods. The MLSS were controlled at
2500-2700 mg L. Using discharging waste sludge, the SRT
was controlled on days 17-23 with sodium acetate dosing
and on days 27-33 for normal operation. The nitrate recy-
cling ratio (1) and sludge return ratio (R) were set to 200 and
100%, respectively, during the experimental phases. DO was
controlled at 2.0-2.5 mg L™ in the aerobic zone. The influ-
ent distribution ratio of the pre-anoxic zone and anaerobic
zone was 30 and 70%, respectively, for the JHB-SAD system
(phase I and phase III). For the step-feed JHB-SAD system
(phase II and phase IV), the influent distribution ratios of
the pre-anoxic zone, anaerobic zone and anoxic zone were
30, 40 and 30%, respectively.

The acclimation process of SAD reactors is briefly
described in here. First, the tap water was used to make up
the SAD influent. Then, half tap water and half second set-
tler effluent were mixed and used to make up the SAD influ-
ent. The influent nitrate concentration was maintained at 15
mg L, and the actual hydraulic retention time (AHRT) was
set to 25 min during sludge acclimation. When the nitrate
content was decreased to 2-3 mg L™, the next acclimation
step was performed. In the experimental phase, JHB and
SAD processes were integrated to treat municipal wastewa-
ter with a low COD/TN ratio. The AHRT of SAD reactor
S1# was set to 25 min (days 1-7). Then, it was decreased
to 15 min for days 8-19 and 10 min for days 20-31. During
phase II-phase IV, SAD reactors S2#-S4# were run to regu-
late the pH of the JHB-SAD system effluent. The AHRT of
all four SAD reactors was 10 min. the AHRT was calculated
according to formula (1).

Vxn

AHRT = )

where V is the empty bed working volume of SAD reactors;
Q represents the influent flows of the SAD reactor; and n
denotes the porosity of the SAD reactors. AHRT shows the
actual reaction time of the SAD process.
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2.5. The calculations of pollutant removal capacity in different
zones of the [HB-SAD system

Based on the material balance, the COD, nitrogen and
TP removal capacity along the JHB-SAD system were calcu-
lated according to Egs. (2)—(7):

Pre-anoxic zone:

Qpan “Cinten,p +Qr Cspscen,p = o)
(QPAN + QR) “Cpance,N,pHASpan.cN,p

Anaerobic zone:

Qana “Cinf.onpe + (QPAN * QR) “Cpanc,N,p= 3)

(QPAN +QaNa t QR) “Canac,N,p +ASanac,N,p

Anoxic zone:

Qano Cinten,p + (QPAN +Qanat QR)
Canac N+ Capenp = )
(QPAN +Qana TQano +Qr +Q, ) :

Canoc,N,p FASano.c,N,P

Aerobic zone:

Qano *Cinten,p + (QPAN +Qana +QR)
CanacN e+ Capenp = ®)
(QPAN +Qana TQano +Qr + Qr)

Cano.cN,p +ASano.Cc NP

Secondary settler

(QPAN +Qana TQano + QR) Capc,np = ©)

(QPAN +Qana T Qano +Qr ) “Csese,n,p +ASsesc N, p

SAD reactor:

(Qpan +Qana +Qano) Cses.cn,p = )

(Qpan +Qana +Qano) Csapcn,p +ASsap.cn,p

where Q,,., Q,,, and Q, , are the influent flows of the
pre-anoxic, anaerobic and anoxic zones, respectively; Q,
and Q, represent the sludge return flow and nitrate recy-
cling flow, respectively; C CPAN‘C’N’P, Con ACNP C ANOCN.P
Correnp CSES,C,N,P’ and C, ADCNP denote pollutant concen-
trations in the influent, pre-anoxic zone, anaerobic zone,
anoxic zone, aerobic zone, secondary settler and SAD
reactor, respectively; and ASPAN_C,N,P, AS ANACNP AS ANO.CNP
AS AECNP ASSES_CNP, and AS, Apcnp ATe the capacity of pollut-
ants changed in the pre-anoxic zone, anaerobic zone, anoxic
zone, aerobic zone, secondary settler and SAD reactor,
respectively. Eqns. (2)—(7) were used in Fig. 5 to calculate
the amount of COD and nitrogen and TP removal in the
different units of the JHB-SAD system.

inf.C,N,P’

2.6. Bacterial community analysis
2.6.1. DNA extraction, PCR amplification and sequencing

To investigate the bacterial community in the JHB-SAD
system, sludge samples of the pre-anoxic zone, anaerobic
zone, anoxic zone, aerobic zone and SAD reactor S3# were
obtained on day 132. The genomic DNA was extracted from
0.2 g sludge samples using an E.Z.N.A. Soil DNA Kit D5625-
01 (Omega, USA) according to the manufacturer’s protocol.
To confirm the dosing quantity of DNA in the PCR reaction,
DNA was accurate quantified using a Qubit 2.0 DNA Assay
Kit Q10212 (Life, USA).

The V3-V4 region 16S rRNA genes were amplified
from the genomic DNA via primer pairs 341F/805R for
bacteria containing the Miseq sequencing platform univer-
sal adaptors. The fusion primer pairs 341F and 805R were
5’-ccctacacgacgctcttecgatctg CCTACGGGNGGCWGCAG-3’
and  5-gactggagttccttggeacccgagaattccaGACTACHVGG-
GTATCTAATCC-3’, where the adaptors are shown in low-
ercase letters. The nucleotide barcodes that allow sample
multiplexing during the sequencing were inserted between
the adaptors and the primers. The first-round PCR reactions
were performed in 50 pl of PCR mixture containing 5 pl of 10
x PCR buffer, 0.5 pl of 10 nM dNTPs, 10 ng of genomic DNA,
0.5 ul of each primer (50 uM), 0.5 pl of 5U/pl Platinum Taq
DNA Polymerase Ep0406 (Thermo, USA) and ddH, added
to 50 pl. The conditions of the first-round PCR were listed as
follows: 94°C for 3 min, followed by 5 cycles at 94°C for 30
s, 45°C for 20 s, 65°C for 30 s, then 20 cycles at 94°C for 20s,
55°C for 20 s, 72°C for 30 s and a final extension at 72°C for 5
min. The second-round PCR reactions were then performed
in 50 pl of PCR mixture containing 5 pl of 10 x PCR buffer,
0.5 ul of 10 nM dNTPs, 20 ng of DNA, 0.5 ul of each primer
(50 uM), 0.5 pl of 5U/pl Platinum Taq DNA Polymerase
Ep0406 (Thermo, USA) and ddH2O add to 50 pl. The condi-
tions of the second-round PCR were as follows: 95°C for 30
s, followed by 5 cycles at 95°C for 15's, 55°C for 15 s, 72°C for
30 s and a final extension at 72°C for 5 min.

The PCR products were pooled and purified by a San-
Prep DNA Gel Extraction Kit SK8192 (Sangon Biotech,
China), and the concentrations of purified products were
quantified by a Qubit2.0 DNA Assay Kit Q10212 (Life, USA)
and then were mixed in equal amounts based on DNA con-
centration, followed by sequencing on the Miseq sequenc-
ing platforms (Illumina, USA) by Sangon Biotech (Sangon
Biotech (Shanghai) Co., Ltd., China). After sequencing, the
low-quality sequences, adapter primers, barcodes and prim-
ers were removed from the resulting sequences. The treated
sequences were then checked, and the chimeric sequences
were filtered out by a Chimera Slayer in the Mothur package.
The remaining sets of sequences were formed into effective
sequences. Sequencing produced 23,941 (pre-anoxic zone),
16,387 (anaerobic zone), 25,398 (anoxic zone), 22,077 (aero-
bic zone) and 20,832 (SAD reactor S3#) high-quality V3-V4
regions of the 16S rRNA gene for bacteria.

2.6.2 Biodiversity analysis and phylogenetic taxonomy

The effective sequences were clustered into operational
taxonomic units (OTUs) by setting a 97% similarity using
the Ribosomal database project (RDP) classifier. Based on the
OTUs, the coverage percentage, abundance-based coverage
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estimator (ACE), Chaol richness estimator and Shannon
diversity indices were calculated in the Mothur software pro-
gram for each sample. To identify the species, the representa-
tive sequences from each OTU were compared to the entries
in the SILVA database with a confidence threshold of 80%. In
addition, redundancy analysis (RDA) [23] was used to evalu-
ate the relationship between the phylum abundance and the
environmental parameters via the R software program.

3. Results and discussion
3.1. Performance of the processes
3.1.1. Pollutant removal in the [HB-SAD system

The COD and nutrients removal performance of the
JHB-SAD system in phases I-II are shown in Fig. 2. Fig.
2(a) and Fig. 2(b) indicate that the performance of COD and
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NH;-N removal was excellent in phases I-II. The average
influent COD and NH4*-N concentrations were 138 mg L™
and 24 mg L7, respectively. The average JHB-SAD system
effluent concentrations of COD and NH4*-N were 21.9
mg L7 and 1.0 mg L, respectively, with corresponding
removal efficiencies of 84.1 and 95.8%. The COD was effec-
tively removed and was maintained at a low level. More-
over, the NH4*-N concentration observably decreased to
1-2 mg L™ in the aerobic zone (Fig. 3(a, b)). In addition,
approximately 9 mg L COD and 0.6 mg L™ NH4*-N were
removed by the filtration of sulfur granules and the assimi-
lation of sulfur autotrophic bacteria under the SAD process
(Fig. 2(a, b)).

Fig. 2(c) and Fig. 3 show that the JHB process efflu-
ent TN and NO;-N concentrations were 13.8 mg L1, 11.6
mg L7 (phase I) and 14.3 mg L7, 11.9 mg L™ (phase II),
respectively. In the units of the JHB process, the TN con-
centration was maintained at 11 to 14 mg L™ (Fig. 2(c)).
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Fig. 2. Performance of (a) COD removal, (b) NH4*-N removal, (c) TN removal and (d) TP removal in the JHB-SAD system during

phase I-phase IV.
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However, the TN compositions were different in each
zone, as shown in Fig. 3(a, b). The NH;-N concentrations
in the pre-anoxic zone, anaerobic zone, anoxic zone, and
aerobic zone were 5.8, 11.9, 6.7, 1.6 mg L~ (phase I) and
6.5, 11.3, 7.6, 1.7 mg L (phase II), respectively. Mean-
while, the NO;-N concentration in each zone was 5.6,
0.6, 5.5, 11.5 mg L' (phase I) and 5.9, 1.2, 5.9, 11.9 mg L!
(phase II), respectively. The TN removal efficiency of the
JHB process was 52.5 % (phase I) and 53.3 % (phase II;
Fig. 2(c)). However, it was noticed that the promotion of
NO;-N removal by step-feed technology was inconspic-
uous in phase II. This was caused by insufficient influ-
ent COD and DO brought to the anoxic zone by nitrate
recycling. Due to an electron donor shortage, NO;-N
represented a major proportion of effluent TN in the JHB
process. Therefore, the SAD process was proposed to fur-
ther improve NO;-N removal. For the SAD process, the
influent concentrations of TN and NO;-N in phase [ were
13.8 mg L' and 11.6 mg L7, respectively. The SAD effluent
concentrations of TN and NO;-N were reduced to 1.4 and
0.8 mg L7, respectively, with the TN removal efficiency
of the JHB-SAD system reaching 95.1%. During phase II,
limestone and dolomite were added separately to regu-
late the pH in the SAD reactors. Fig. 2(c) shows that the
removal performance of NO,;-N was analogous to SAD
S1#, although part of the sulfur was replaced by limestone
or dolomite. Thus, sulfur would supply enough electrons
for autotrophic denitrification in the SAD process. The
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removal rate of NO;-N may rely on the activity of sulfur
autotrophic denitrifying bacteria. Meanwhile, the effluent
NO;-N in SAD S1#-54# decreased from 8.7 mg L™ to 2.6
mg L™ after 7 days of acclimation in phase II, which indi-
cated that the start-up process of the SAD reactor was a
saving-time process. Moreover, the SAD process obtained
a short AHRT compared to that in the previous reports
[24,25]. This could be primarily attributed to two aspects.
First, the nitrate concentration of the SAD reactors influ-
ent was averagely maintained at 11.6 mg L™ (phase I) and
11.9 mg L™ (phase II) which was lower than the previ-
ous reports [6,24,25]. Second, nitrite, which is harmful to
microorganisms, was not accumulated in the SAD pro-
cess. The results suggested that the nitrogen removal per-
formance was obviously improved, and the TN removal
efficiency reached 95.1% with an influent COD/TN ratio
of 4-5 when the SAD process was applied. In the JHB-SAD
system, the JHB process was used for maximum nitrogen
removal by utilizing influent organic carbon, and then,
SAD utilized sulfur as an electron donor for autotrophic
denitrification to enhance nitrate removal. Thus, the JHB-
SAD system was beneficial for nitrogen removal from
wastewater with a low COD/TN ratio. Nitrogen could be
almost completely removed by the JHB-SAD system if the
NH;-N was sufficiently oxidized. The nitrogen removal
performance of the JHB-SAD system is attractive com-
pared with other low COD/TN ratio nitrogen removal
processes (Table 1).
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The TP removal performance of JHB-SAD is shown in
Fig. 2(d) and Fig. 3. During phases I-II, the average influent
TP concentrations were 1.70 mg L™ and 1.67 mg L, respec-
tively, with corresponding effluent concentrations of 1.73
mg L and 1.67 mg L on average. The results indicated
that the JHB-SAD system would not significantly enhance
the removal performance of TP with the influent of a low
COD/ 1IN ratio. Although there was an anaerobic zone in
the JHB process, phosphorus release could not be accom-
plished (Fig. 3(a, b)). Insufficient influent COD prevented
PAOs from obtaining enough organic carbon for phospho-
rus release. Furthermore, NO;-N (approximately 6 mg L)
from the pre-anoxic zone entered the anaerobic zone, which
resulted in competition between denitrifying heterotrophs
and PAOs for organic carbon.

3.1.2. Pollutant removal in the [HB-SAD system with added
sodium acetate

Although the TN removal performance was excellent in
phase I and phase 1II, the TP removal performance of the
JHB-SAD system was insufficient due to the shortage of
organic carbon. Therefore, sodium acetate (COD of 40 mg
L) was added to enhance the TP removal performance in
phase III and phase IV.

During phase III-1V, the effluent concentrations of COD
and NH;-N in the JHB-SAD system were 26.1 mg L™ and
1.29 mg L™ on average, respectively, with corresponding
removal efficiencies of 87.2 and 95.2%, as shown in Fig.
2(a, b). The COD was effectively removed before inflowing
into the aerobic zone, even though the influent COD was
increased by adding sodium acetate. Meanwhile, the JHB
process maintained excellent NH;-N removal performance.
However, Fig. 2 shows that the SAD effluent concentrations
of COD were approximately 2-10 mg L™ lower than the sec-
ondary settler effluent. The SAD S3# reactor effluent COD
concentration was the lowest, which resulted in the filtra-
tion of sulfur granules and limestone. NH;-N effluent con-
centrations were approximately 0.3-0.5 mg L™, which were
lower than those in the JHB process effluent. This result was
found because the assimilation of sulfur autotrophic bac-
teria and NH;-N served as a nitrogen source. The results
revealed that the COD and NH;-N removal performances
in phase III and phase IV were analogous to the perfor-
mance from phase I to phase IL

The TN removal performances of the JHB-SAD system
during phase IIl and phase IV are illustrated in Figs. 2 and 3.
The influent TN content was approximately 31.6 mg L™ and
was primarily composed of NH;-N (86.1%). The JHB pro-
cess effluent TN and NO,-N contents were 12.3 mg L™ and
9.3 mg L (phase III) and 9.3 mg L™ and 7.6 mg L (phase
IV), respectively. Compared to phase I and phase II, the TN
removal performances of the JHB process were improved by
adding sodium acetate (COD of approximately 40 mg L™).
The corresponding TN removal efficiencies of the JHB pro-
cess were increased from 52.5 % (phase I) and 53.0 % (phase
IT) to 62.7% (phase III) and 70.5% (phase IV). Principally, the
NO;-N concentrations in the pre-anoxic zone were 1.64 mg
L' and 0.57 mg L in phase III and phase 1V, respectively.
Compared to phase I and phase II, the NO;-N concentra-
tion was obviously decreased before inflowing into the
anaerobic zone, which was favorable for PAOs to release

phosphorus. Moreover, the denitrification was enhanced by
step-feed technology, and the NO;-N concentration in the
anoxic zone was decreased from 3.5 mg L' (phase III) to 0.8
mg L™ (phase IV), with 30% influent flowing into the anoxic
zone. To further enhance the nitrogen removal performance,
the SAD process was used to remove NO;-N from the JHB
process effluent during phase III and phase IV. The TN and
NO;-N concentrations in SAD reactors’ effluent were 1.09-
1.66 and 0.22-0.59 mg L7, respectively. The results revealed
that the TN removal performances were analogous among
the SAD S1#-S4# reactors at the same AHRT of 10 min.
When the SAD process was applied to wastewater treat-
ment, it was recommended to add limestone or dolomite to
the SAD reactor because either of these additives could neu-
tralize the H* produced in the SAD process. The nitrogen
removal rate of SAD was quite fast (SAD AHRT of 10 min),
which means that the SAD process was space-saving. When
it was not necessary to completely remove the nitrogen pol-
lutant, WWTPs only needed to treat part of the JHB effluent
via the SAD process, and then, the untreated JHB process
effluent and the SAD process effluent were mixed to control
the nitrogen pollutant concentration at an acceptable level.
In addition, the step-feed ratio of the anaerobic zone can be
increased appropriately for the phosphorus release process
because nitrate removal could be enhanced by SAD process,
which may present a solution to the problem of denitrifying
heterotrophs and PAOs competing for organic carbon.

During phase III-1V, the TP removal performance was
obviously improved by adding sodium acetate. Fig. 2(d)
shows that the influent TP concentrations were 1.72 mg L™
and 1.88 mg L™ on average. The TP contents in JHB pro-
cess effluent were 0.07 mg L and 0.05 mg L™ with corre-
sponding removal efficiencies of 95.7 and 97.2%. Fig. 3(c,
d) show that the TP concentrations in the pre-anoxic zone,
anaerobic zone, anoxic zone, and aerobic zone were 1.11,
8.38, 2.87, 0.11 mg L™ (phase III) and 0.47, 8.53, 1.86, 0.04
mg L™ (phase IV), respectively. The results revealed that the
phosphorus release process occurred in the anaerobic zone.
This was because the NO;—N concentration was sufficiently
low and was not an inhibition factor of phosphorus release
in the anaerobic zone. Meanwhile, sodium acetate is a vol-
atile fatty acid and a product of fermentable COD, which
was utilized by PAOs to generate polyhydroxyalkanoates
(PHA). Supposing that there was excessive NO;-N in the
anaerobic zone, denitrifying heterotrophs would compete
with PAOs for organic carbon, and net phosphorus release
would not occur until completion of the denitrification
process [11]. However, the TP effluent concentration of the
SAD process (approximately 0.14-0.21 mg L) was higher
than that of the JHB process effluent. This was because
phosphorus was the second compound to be released in the
anoxic environment of the SAD process. Fig. 2 shows that
the JHB-SAD system effluent concentration of COD, TN
and TP was 27.1, 1.28 and 0.18 mg L™ on average during
phases III-1V, respectively. The results suggested that the
JHB-SAD system with added sodium acetate (COD of 40
mg L) successfully achieved efficient nutrients removal
when treating municipal wastewater with a low COD/TN
ratio (COD 146.7 mg L', TN 31.5 mg L' and TP 1.79 mg L™).
The nutrients removal performance of the JHB-SAD system
is attractive compared with other low COD/TN ratio nutri-
ents removal processes (Table 1).
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3.1.3. Changes in pH and SO

The changes in pH and SO throughout the JHB-
SAD system were investigated and are shown in Fig. 4.
The influent pH was approximately 7.35-7.50 (phases I-II)
and slightly increased in phase III and phase IV (approx-
imately 7.64-7.75), due to the hydrolytic equilibrium of
sodium acetate.

During phases I-1V, the pH values in the pre-anoxic
zone were 7.20, 7.05, 7.74 and 7.85. Compared with the
influent, the pH values in the pre-anoxic zone decreased
in phases I-II but increased in phases III-IV. This was
because the denitrification process was enhanced by add-
ing sodium acetate in the pre-anoxic zone. Compared to
the pre-anoxic zone, the pH in the anaerobic zone increased
to 7.32 (phase I) and 7.15 (phase II). Due to the shortage
of organic carbon in phases I-II, nitrate in sludge return
could not be completely removed in the pre-anoxic zone.
The denitrification process continuously removed residual
nitrate while producing OH" in the anaerobic zone. In con-
trast, the pH decreased to 7.71 and 7.77 from the pre-an-
oxic zone to the anaerobic zone in phase III and phase IV
because nitrate was completely removed in the pre-anoxic
zone, and phosphorus released with the production of H*
played a dominant role in the anaerobic zone, as shown in
Fig. 3(c, d). In summary, different biochemical reactions
that occurred in the anaerobic zone led to different pH
responses. The pH initially increased in the anoxic zone
then decreased in the aerobic zone during phases I-IV
because denitrification and nitrification were the primary
biochemical reactions in the anoxic zone and aerobic zone,
respectively.

Because of the H* produced by the SAD process, lime-
stone and dolomite were added to the SAD S2#-S4# reac-
tors with granular sulfur. Fig. 4(a) shows that the pH values
of S1#-S4# were 6.70, 6.83, 6.98 and 6.84 in phase II, respec-
tively. Afterwards, SAD influent pH values in phase III and
phase IV were higher than those in phase II. This indicated
that more OH™ was utilized to neutralize the H* produced
by the SAD process in phases III-IV, which decreased
the effect of limestone and dolomite on the pH values, as
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shown in Fig. 4(a). The result indicates that limestone and
dolomite could appropriately increase the pH values. How-
ever, the difference in pH among SAD reactors S1#-S4# was
very small, which could be attributed to three aspects. First,
the AHRT of the SAD process was short; thus, the neutral-
ization effect of limestone and dolomite was not obvious.
Second, the additive amount of limestone and dolomite
is small. Third, the neutralization effect of limestone and
dolomite was reduced when the pH value was high. On
the other hand, nitrogen removal performance was almost
not affected by H* produced during the SAD process. The
reasons were attributed to three aspects. First, the nitrate
concentration was relatively low (7-12 mg L™ in phase I-1V)
in the SAD influent, so the amount of H* produced was
relatively small. Second, the total alkalinity in the waste-
water was high compared to surface water and ground-
water, which alleviated the negative effect of H* on the
SAD process. The total alkalinity was among 123-155 mg
L™ (CaCO,) in SAD influent, and then that was decreased
to 75-117 mg L (CaCO,) in SAD reactors effluent. Third,
the pH values of SAD reactors effluent were all above 6.5,
which almost not affect the nitrogen removal efficiency of
SAD process [31].

The change in SO?- concentration throughout the
JHB-SAD system is presented in Fig. 4(b). The SO;- con-
centration varied between 65.7 and 93.0 mg L™ through-
out the JHB process during phase I-phase IV. The effluent
SO;" concentration was increased when SAD was applied
to enhance nitrate removal. The SOZ’ concentration in the
JHB-SAD system effluent was approximately 129.8-178.4
mg L. Because sulfur served as an electron donor in the
SAD process, as more nitrate was removed by the SAD
process, more SO?” was produced. The average ratio of
SOZ‘ production to NO;-N removal was 7.54, which was
similar to the value in another report [32]. The change
of NO;-N in the SAD process was slight, and the con-
centration was maintained at 0.02-0.05 mg L. Therefore,
SO} production was barely affected by nitrite variation
in this study.
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Fig. 4. Variations of (a) pH and (b) SO42-- in each zone of the JHB-SAD system during phase I -phase IV. PAN: pre-anoxic zone; ANA:
anaerobic zone; ANO: anoxic zone; AE: aerobic zone; SES: secondary settler; S1#-S4#: sulfur autotrophic denitrification reactor
(SAD) 1#-4#.
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3.2. Material balance and pollutant removal mechanisms in the
JHB-SAD system

3.2.1. COD removal

The COD and nutrients utilization performances of the
JHB-SAD system during phases I-IV are shown in Fig. 5.
This figure reveals that the COD removal efficiencies of the
non-aerobic zone in the JHB process were 84.0, 88.1, 78.7
and 82.3%, and the removal efficiencies of the aerobic zone
were 8.5, 2.2, 13.5 and 11.6% during phases I-IV, respec-
tively. The COD concentration in the secondary settler efflu-
ent increased from 22-29 mg L™ to 30-36 mg L', due to the
suspended solid and activated sludge outflow; however,
2-10 mg L COD was removed by the filtration of sulfur
granules in the SAD process. The results indicated that COD
was effectively consumed when the influent flowed into
the JHB-SAD system. This was because COD was utilized
by the denitrification process in the pre-anoxic and anoxic
zones to remove nitrate and was assimilated by PAOs in
the anaerobic zone for phosphorus release. The capacity of
COD removal in the aerobic zone was small because the
COD concentration remained at a low level when the mix-
ture flowed into the aerobic zone. This could explain why
the COD did not substantially change much in the JHB-
SAD system effluent, although the influent COD fluctuated
in the range of 100-250 mg L™ during phases I-IV.

3.2.2. Nitrogen removal

Fig. 5 shows that the capacity of NH;-N removal in
the aerobic zone was 272.6 g d*, 312.1 g d™, 336.8 g d™!
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and 351.1 g L with corresponding removal efficiencies of
87.8,93.8, 95.0 and 94.3% during phases I-1V, respectively.
These results indicated that NH;-N was mainly removed
by the nitrification process in the aerobic zone with nitrate
formation. The outstanding NH;-N removal obtained by
the JHB-SAD system could be primarily attributed to two
aspects. First, COD was effectively consumed before flow-
ing into the aerobic zone, which would benefit the metab-
olism of nitrifying bacteria and avoid the inhibitory effect
caused by the excessive COD. Second, the SRT of the JHB
process was controlled at 27-33 d (phases I-1I) and 17-23 d
(phases III-IV), which benefited the enrichment of the nitri-
fying bacteria.

During phases I-II, TN was mainly removed by the
denitrification process in the pre-anoxic zone, anaerobic
zone and SAD reactors, as shown in Fig. 5. The capacities
of TN removal in the pre-anoxic zone, anaerobic zone and
SAD reactors were 101.1 g d™* (25.9%), 105.5 g d™! (27.0%),
and 166.2 g d' (42.6%) in phase I and 98.9 g d' (23.4%),
89.8 g d' (21.2%), and 153.7 g d™! (36.4%) in phase II. Due
to the shortage of organic carbon, heterotrophic denitri-
fication could not effectively remove the nitrate carried
by return sludge in the pre-anoxic zone, and the residual
nitrate was removed in the anaerobic zone. Subsequently,
only 7.8% (phase I) and 10.3% (phase II) TN removal was
obtained in the anoxic zone. The results showed that
the nitrogen removal performance was ineffective in the
anoxic zone because limited organic carbon was provided
for the anoxic denitrification process in phase I, and 7.8%
TN removal was attributed to endogenous respiration
denitrification. However, 30% influent, which flowed
into the anoxic zone in phase II, indistinctively improved
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nitrogen removal performance. This was because the DO
brought to the anoxic zone by nitrate recycling would
have consumed organic carbon prior to the denitrifica-
tion process. In the aerobic zone, ammonia was converted
into nitrate by nitrifying bacteria, and COD remained at a
low level. Therefore, nitrate accounted for the major pro-
portion of effluent TN in JHB effluent. Based on the char-
acteristics of the effluent from the JHB process, the SAD
process was proposed to further remove nitrate. In the
SAD process, the average TN removal performance was
166.2 g d' (42.6%) and 153.7 g d™' (36.4%) during phases
I-11, respectively.

During phases III-IV, TN removal mainly took place
in the pre-anoxic zone, anoxic zone and SAD reactors with
added sodium acetate (COD of 40 mg L) as shown in
Fig.5. The capacity of TN removal in the pre-anoxic zone,
anoxic zone and SAD reactors was 139.2 g d (32.7%),
98.6 g d™' (23.2%) and 147.1 g d' (34.6%) in phase III and
128.6 g d! (30.3%), 192.8 g d! (45.4%) and 108.3 g d*
(25.5%) in phase IV. It was notable that only 11.7% (phase
III) and 0.2% (phase IV) TN contents were removed in the
anaerobic zone because most of the nitrate carried by the
sludge return was effectively removed in the pre-anoxic
zone with the corresponding NO;-N concentration of
1.64 mg L™ (phase III) and 0.58 mg L™ (phase IV). A low
NO;-N concentration in the pre-anoxic zone effluent was
beneficial to phosphorus release in the anaerobic zone
because NO;-N could result in competition for organic
carbon between denitrifying heterotrophs and PAOs. In
phase III, nitrate and phosphorous were removed simul-
taneously with 23.2% TN removal in the anoxic zone,
although organic carbon was not provided for denitrifi-
cation by the influent. The TN removal performance of
the anoxic zone in phase III was obviously higher than
the 7.8% TN removal in the anoxic zone during phase I,
which indicated that part of the nitrate was removed in
the anoxic zone via denitrifying phosphorous removal.
Based on step-feed technology, 30% influent flowed into
the anoxic zone in phase IV, which increased the TN
removal from 98.6 g d™' (phase III) to 192.8 g d™! (phase
IV). This result indicates that improved TN removal was
obtained by step-feed technology with added sodium
acetate (COD of 40 mg L™). The improved TN removal
obtained by the JHB-SAD system in phase IV was mainly
attributed to two aspects. First, 30% influent flowed into
the anoxic zone, which provided electron donors for the
denitrification process and enhanced nitrate removal in
the anoxic zone. Second, the effect of DO on denitrifica-
tion efficiency, which was derived from nitrate recycling,
was eliminated by higher influent COD concentration
during phase IV. DO could have caused the consumption
of organic carbon prior to the denitrification process, but
surplus COD was utilized by denitrification in the anoxic
zone. In the SAD reactors, nitrogen was further removed
by the autotrophic denitrification process with the JHB-
SAD effluent TN concentration of 1-2 mg L during
phases III-1V.

3.2.3. Phosphorous removal

In phases I-1II, the phosphorous removal performance
of the JHB-SAD system was inefficient. Although the

anaerobic zone existed in the JHB process, phosphorous
release did not occur due to a shortage of organic carbon
and nitrate flowing into the anaerobic zone. In phases III-
IV, the phosphorous removal performance was obviously
improved by adding sodium acetate. The capacity of anaer-
obic phosphorus release was increased to 189.7 g d™' and
176.7 g d™!, accounting for 837.2 and 698.4% of influent TP,
respectively. As shown in Fig. 3(c, d), the nitrate content
was low in the anaerobic zone. Moreover, sodium acetate
was added as external organic carbon. Therefore, PAOs can
take full advantage of volatile fatty acid from the influent
to synthesize PHAs and to release phosphorus. It is notable
that 101.0 g d' (phase III) and 97.8 g d™' (phase IV) phos-
phorus was removed in the anoxic zone, which is associated
with denitrifying phosphorus removal. Afterwards, 121.3 g
d and 97.8 g d! phosphorus was further removed in the
aerobic zone during phases III-IV.

3.3. Bacterial community
3.3.1. Richness and diversity of bacterial communities

The numbers of OTUs, coverage percentage, ACE,
Chaol and Shannon indices were calculated for the
sludge samples of the JHB-SAD system (Table 2). The
results showed that the Good’s coverage of the five
sludge samples ranged from 73.0 to 88.1%, indicating
that the sequence libraries constructed in this study could
cover the diversity of the bacteria community. The OTU
numbers were 5716 (pre-anoxic zone), 5936 (anaerobic
zone), 5608 (anoxic zone), 4268 (aerobic zone) and 4694
(SAD reactor S3#), which were consistent with those in
a previous report [33] but were higher than those found
by Zhang et al. [21]. The patterns of Chaol and the ACE
values in the anaerobic zone sludge sample were the larg-
est, and the richness values varied by 2-3 times among
the five samples. These results demonstrated that the
pre-anoxic, anaerobic and aerobic zones displayed higher
bacterial diversity than did the aerobic zone and the SAD
reactor, which could be mainly attributed to two factors.
First, bacterial communities were diverse in the influ-
ent, and the most dominant bacteria were different from
activated sludge [33], indicating that a variety of bacte-
ria were imported via the influent and resulted in higher

Table 2
Richness and diversity estimators of the microbial community
in the JHB-SAD system

Good’s
Samples OTU  coverage Chaol ACE Shannon
PAN 5716 0.840 16837 29755 719
ANA 5936 0.730 21747 45271 7.52
ANO 5608 0.857 15556 26245 713
AE 4268 0.881 10776 17416 691
SAD 4694 0.861 11288 17771 7.03
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bacterial diversity in the pre-anoxic, anaerobic and anoxic
zones than in the aerobic zone and SAD reactor S3#. Sec-
ond, more diverse biochemical reactions were performed
in the pre-anoxic, anaerobic and anoxic zones, such as
fermentation, heterotrophic denitrification and anaerobic
phosphorus release. In contrast, nitrification and phos-
phorus uptake processes were mainly conducted in the
aerobic zone and autotrophic denitrification in the SAD
process as discussed in section 3.2. The higher diversity
of bacterial communities in the pre-anoxic, anaerobic and
anoxic zones could be due to the diversity of the primary
biochemical reactions.

3.3.2. Bacterial taxonomic identification

To evaluate the bacterial construction of the JHB-SAD
system, the effective bacterial sequences in each sam-
ple were assigned to different taxa levels (from phylum
to genera) by the RDP Classifier at an 80% threshold. At
the phylum level, 25 phyla were detected in five sludge
samples, with 8 dominating phyla (>1% abundance
in any sludge sample from the JHB-SAD system) (Fig.
6(a)). These 8 phyla accounted for 86.8-91.1% of the total
effective bacterial sequences: Proteobacteria (34.7-57.5%),
Bacteroidetes (11.7-23.4%), Planctomycetes (8.71-20.1%),
Chloroflexi (3.08-9.42%), Firmicutes (1.83-3.00%), Verru-
comicrobia (0.41-1.81%), Gemmatimonadetes (0.44-1.27%)
and Chlorobi (0.30-1.05%). These were similar to the major
phyla reported in previously studies [20,21]. The majority
of these phyla, particularly Proteobacteria and Bacteroidetes,
are ubiquitous and widely exist in WWTPs and waste-
water; however, their relative abundances were different
in various environments. For example, the abundance of
Planctomycetes was higher in this study than in previous
reports [20,33]. In addition, the abundance of Verrucomi-
crobia in the JHB process was higher than that in the SAD
reactor, whereas the abundances of Gemmatimonadetes and
Chloroflexi in the SAD reactor were obviously higher than
those in the JHB process.

At the class level, 53 bacterial classes were detected
in the five sludge samples. The 17 dominant classes (>1%
in at least one sample) accounted for 85.8-90.2% of the
total effective bacterial sequences, as shown in Fig. 6(b).
Among the 17 classes, Alphaproteobacteria, Betaproteobacte-
ria, Gammaproteobacteria, Deltaproteobacteria, Anaerolineae,
Sphingobacteriia, Flavobacteriia and Planctomycetacia were
commonly shared by all five sludge samples from the
JHB-SAD system. The other 5 classes with at least a 1%
abundance appeared in two or more zones of the JHB-
SAD system, including Caldilineae, Bacilli, Verrucomicro-
biae, Clostridia and Phycisphaerae. A few classes, including
Gemmatimonadetes, Epsilonproteobacteria, Ignavibacteria and
Cytophagia, were the major (abundance >1%) classes in
only one unit of the JHB-SAD system. Sphingobacteriia was
the most abundant class (8.56-20.4%, averaging 16.0%) in
the JHB-SAD system, and the abundance of Sphingobac-
teriia in the JHB process (averaging 17.9%) was higher
than that in the SAD reactor (8.56%). Within Proteobac-
teria, Alphaproteobacteria was the most dominant class in
the aerobic zone. In the anaerobic zone and SAD reactor,
Betaproteobacteria was the most dominant Proteobacteria,

and Gammaproteobacteria was the most abundant Proteo-
bacteria in the pre-anoxic and anoxic zones. This result
indicates that the most abundant class within Proteobacte-
ria was different in units of the JHB-SAD system, even in
the same wastewater treatment process. Previous studies
[21,33] reported that the most abundant class of Proteobac-
teria was not only different in various WWTPs but also
different in the influent, active sludge and effluent of the
same WWTP.

At the order level, 110 bacterial orders were identified
in the JHB-SAD system, 24 of which were dominant (>1%
in at least one sample), as shown in Fig. 6(c). The 24 abun-
dant orders accounted for 80.6-84.2% of the total effec-
tive bacterial sequences. Among them, Burkholderiales,
Rhizobiales, Anaerolineales, Flavobacteriales, Rhodocyclales,
Xanthomonadales, — Pseudomonadales, — Sphingobacteriales,
Myxococcale and Planctomycetales were the orders com-
monly shared by all five sludge samples. However,
Sphingobacteriales, Planctomycetales and Chromatiales were
significantly more abundant in the JHB process, whereas
Anaerolineales, Rhodocyclales, Hydrogenophilales, and Desul-
fobacterales were more abundant in the SAD reactor. In
addition, Pseudomonadales was more abundant in the
pre-anoxic zone.

At the family level, 210 bacterial families were detected
in the five sludge samples, and 26 abundant families (>1%
in any of the five sludge samples) accounted for 73.6-78.7%
of the total effective bacterial sequences, as shown in Fig.
6(d). Based on the analysis, Moraxellaceae, Comamonada-
ceae, Chitinophagaceae, Planctomycetaceae, Saprospiraceae,
Rhodocyclaceae, Anaerolineaceae, Hyphomicrobiaceae, and
Xanthomonadaceae were shared by all five sludge samples,
whereas the other 17 families appeared in one or more
units of the JHB-SAD system. Among the 26 dominant
families, Planctomycetaceae, Saprospiraceae, Chromatiaceae,
and Verrucomicrobiaceae were more abundant in the JHB
process, whereas Rhodocyclaceae, Anaerolineaceae Desulfob-
ulbaceae and Xanthomonadaceae were more abundant in the
SAD reactor, and Moraxellaceae was more abundant in the
pre-anoxic zone.

A total of 619 genera were identified in the JHB-SAD
system, 129 of which were shared by all five sludge sam-
ples, accounting for 46.4-53.0% of total effective bacterial
sequences. Among these 619 assigned genera, 47 abundant
genera (>0.5% in any of the five sludge samples) accounted
for 38.3—48.0% of the total sequences, and 20 abundant gen-
era (>1% in any of the five sludge samples) accounted for
28.4-35.5% of the total sequences. The 20 abundant gen-
era were selected and compared with their abundances in
other samples as shown in Fig. 6(e). Among the 20 selected
genera, Acidovorax, Planctomyces, Azospira and Acinetobacter
were abundant in all five sludge samples, and Solitalea,
Methylocystis, Gemmata and Hyphomicrobium were com-
monly shared by the JHB process, whereas Ferritrophicum,
Thiobacillus, Desulfocapsa, Hyalangium and Sulfuritalea were
more abundant in the SAD reactor.

3.3.3. Relationships between pollutant removal and commu-
nity structure

RDA analysis was used to reveal the relationship
between the abundance of bacterial phyla and pollutant
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removal as shown in Fig. 7. The first and second canoni-
cal axes were 11.1 and 84.1% of variation, respectively. The
triplet analysis showed that the phyla Bacteroidetes, Chlorobi,
and Firmicutes were related to COD, NH;-N concentration
and COD removal, and the phyla Gemmatimonadetes and
Chloroflexi were related to SO} concentration in the SAD
reactor due to autotrophic denitrification. Because of the
anaerobic phosphorus release, the TP concentration pos-
itively responded to the anaerobic zone, whereas NH;-N
removal and NO;-N concentration were positively cor-
related with the aerobic zone due to nitrification. NO;-N
removal was passively correlated with the aerobic zone, and
nitrogen pollutant removal was achieved in the pre-anoxic
zone, anoxic zone and SAD reactor according to the RDA
analysis and the material balance calculation. In addition,
TP removal had a mixed correlation with anaerobic phos-
phorus release and phosphorus uptake in the anoxic and
aerobic zones according to the material balance calculation
and RDA analysis. By comparing the positive relationship
between TP removal and phosphorus uptake in the anoxic
and aerobic zones, anaerobic phosphorus release had a
more negative effect on TP removal.

4. Conclusions

This study explored a novel and efficient nutrients
removal technology that integrated the JHB process and
the SAD process. The result demonstrated that the JHB-
SAD system achieved efficient removal of nitrogen and
carbon pollutants when treating municipal wastewater
with a low COD/TN ratio. Furthermore, the phosphorus
removal performance of the JHB-SAD system improved
with the addition of sodium acetate (COD of 40 mg L™).
Most importantly, the JHB-SAD system can almost com-
pletely remove nitrogen if NH;-N is sufficiently oxidized.
Additional, it was found that the phyla Proteobacteria, Bacte-
roidetes, Planctomycetes, Chloroflexi, Firmicutes, Verrucomicro-
bia, Gemmatimonadetes and Chlorobi constituted the majority
of the bacteria in the JHB-SAD system.
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Symbols

Qv Quna and Q,  , — the influent flows of the pre-an-
oxic, anaerobic and anoxic zones, respectively;
Q,and Q, — the nitrate recycling flow and sludge return
flow, respectively;
C C C

Cinf,C/N,P' CPAN.C,N/P’ CANA.C,I\]/P’ {ANO,C,N/P' 4 SES.C,N,P SAD.C,I\{,I’
and — pollutant concentrations in the influent, pre-anoxic

zone, anaerobic zone, anoxic zone, aerobic zone, secondary
settler and SAD reactor, respectively;
AS and

ASPAN.C/N/P’ ASANA.C,N,P"ASANO.C/N/I” ASAE.C.N,P/ SES.C,I\{,P
AS — the capacity of pollutants changed in the

SAD.C,N,P
pre-anoxic zone, anaerobic Zone, anoxic zone, aerobic zone,

secondary settler and SAD reactor, respectively.
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