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ABSTRACT

The aim of this study was to achieve shortcut biological nitrogen removal (BNR) in a
laboratory-scale continuous-flow anoxic/aerobic process. A BNR reactor and a hybrid bio-
film nitrogen removal (HBNR) reactor fed with low-strength ammonium wastewater were
employed. The pathway of nitrogen conversion in both reactors was also evaluated. Results
showed that effective biological nitrogen removal could be reliably achieved in both reac-
tors, with over 69% total nitrogen (TN) and 95% NHj-N removal efficiencies. HBNR
improved the TN removal efficiency by over 15% relative to conventional BNR. Based on
nitrogen mass balance, the fates of nitrogen in the HBNR and BNR differed, with most
nitrogen removal occurring by SBNR via nitrite in the anoxic tank of the BNR and by
simultaneous nitrification—-denitrification via nitrite in the aerobic tank of the HBNR. The
specific oxygen utilization rate test and real-time quantitative polymerase chain reaction
indicated that ammonia-oxidizing bacteria were dominant in activated sludge and biofilm,
and low dissolved oxygen selected against nitrite-oxidizing bacteria (NOB), even if NOB
was not completely washed out from the reactors.

Keywords: Shortcut biological nitrogen removal (SBNR); Anoxic/aerobic process; Low
ammonium concentration; Wastewater; Hybrid biofilm reactor; Real-time
quantitative PCR (qPCR)

1. Introduction

Many existing municipal wastewater treatment
plants need to be upgraded to meet the increasingly
stringent standards for total phosphorus and nitrogen
in discharged wastewater. Traditional biological nitro-
gen removal (BNR) processes such as anoxic/aerobic
process require relatively long aeration periods and
high oxygen concentrations during nitrification, while
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the denitrification process is limited by the quantity of
organic carbon, which is insufficient in municipal
wastewater treatment plants [1]. Therefore, many
novel biological nutrient removal processes have been
adopted, including shortcut biological nitrogen
removal (SBNR), simultaneous nitrification—denitrifica-
tion (SND), and anammox and denitrifying phospho-
rus removal processes. For example, when compared
with the traditional BNR process, the SBNR process
resulted in a saving of 25% of oxygen supply for
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nitrification while reducing the carbon source require-
ment for denitrification by 40% [2]. Owing to these
advantages, this process has attracted a great deal of
attention for its potential to treat various types of
wastewater [3,4]. However, nitrite accumulation is
difficult to attain because nitrite-oxidizing bacteria
(NOB) generally have higher substrate utilization rates
than ammonia-oxidizing bacteria (AOB) [5].

In recent years, most successful applications of
SBNR have been associated with wastewater contain-
ing high ammonium concentrations, such as anaerobic
sludge digestion liquor and landfill leachate [6,7]. It
has been suggested that the key factors for inhibition
and elimination of NOB in such systems are free
ammonia (FA) and free nitrous acid (FNA). However,
for domestic wastewater, which often has a NHZ-N
concentration lower than 80 mgL™" and a low C/N
ratio, the inhibitory effect of FA and FNA on NOB is
often unavailable [8]. Accordingly, low dissolved
oxygen (DO) concentration [9], high pH [10], and high
temperature [11] are thought to be important factors to
accomplish partial nitrification to nitrite during treat-
ment of low-strength ammonium wastewater. C/N
ratio is one of the most critical parameters for nitrogen
removal because it directly influences the growth of
nitrifiers and denitrifiers.

Two types of systems are usually used for BNR
from wastewater: sequencing batch reactors (SBRs)
and continuous-flow systems. Although SBNR is
recognized as a cost-effective and sustainable BNR
process, nitrite accumulation has been difficult to
achieve in continuous-flow processes treating domestic
wastewater [4]. Most successful scenarios regarding
SBNR have been conducted in SBRs [12,13]. Low DO
is regarded as a key factor to achieve nitrogen
removal via nitrite pathway in continuous-flow
systems for treatment of low-strength ammonium
wastewater [14]. This is mainly because AOB and
NOB have significantly different oxygen affinities.
Specifically, NOB is thought to be more sensitive to
low DO concentration than AOB [15]; therefore, NOB
would be eliminated under the long-term effects of
low DO. However, low DO concentration might lead
to sludge bulking and low nitrification rates [16].

There has been increasing interest in biofilm pro-
cesses for BNR from wastewater. A hybrid shortcut
biological nutrient removal reactor was applied to the
conventional anoxic/aerobic process to achieve partial
nitrification—denitrification for the successful treatment
of ammonium-rich wastewater [17]. In this process,
the aerobic tank was filled with polyvinyl alcohol
sponge media to maximize the hold-up and solids
retention time (SRT) of AOB, and a significant amount
of chemical oxygen demand (COD) was removed by
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shortcut denitrification of nitrite in the anoxic tank.
However, information regarding use of the hybrid
biofilm reactor in continuous-flow mode during the
treatment of low-strength ammonium wastewater
through the partial nitrification pathway is still sparse
[18]. In this study, a hybrid biofilm nitrogen removal
(HBNR) reactor was adopted to retain AOB. The
objectives of the study were (1) to achieve shortcut
BNR from wastewater with a low ammonium concen-
tration (60 mg/L); (2) to evaluate the performance of
hybrid biofilm reactor during continuous-flow anoxic/
aerobic process and compare their nitrogen removal
with that of a conventional BNR reactor under low
DO; and (3) to discuss the mechanisms responsible for
cost-effective BNR.

2. Materials and methods
2.1. Experimental set-up and operational conditions

Two different laboratory-scale continuous-flow
anoxic/aerobic process systems (BNR reactor and
HBNR reactor) containing three compartments with a
working volume of 12 L were used (Fig. 1). Both reac-
tors consisted of a 5 L anoxic tank with a lid, a
mechanical stirrer, a 5 L aerobic tank, and a 2 L set-
tling tank. Strings of sponge carriers (1.00 cm® at 20%,
v/v) were fixed in the aerobic tank of the HBNR to
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Fig. 1. Schematics of HBNR (a) and BNR (b) reactors.
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attach and retain AOB. There was no carrier in the
aerobic tank of the BNR. The DO concentration in the
aerobic tank was maintained by aeration with an air
pump through porous stone diffusers. The aeration
strength was adjusted using rotameters. Influent flow,
sludge return, and internal recycling were all con-
trolled by peristaltic pumps (Lange Co., Ltd., China).

Table 1 shows the operational conditions of two
reactors during three periods. The internal and sludge
recycle ratios were 2 and 1, respectively. The tempera-
ture and pH in both reactors were 28 + 2°C and 7.7
+ 0.1. In the aerobic tank, the DO concentration was
maintained at about 4.0mgL™" during period I
(acclimatization phase, day 1-12), after which it was
decreased to about 1.5 mgL™" during period 1T (day
13-64), and then to below 1mgL™" by lowering the
aeration rate. In the anoxic tank, the DO concentration
was kept at about 0.4 + 0.1 mg L™". SRT was controlled
by the intermittent discharge of waste sludge. The
average SRT in the HBNR reactor and BNR reactor
was calculated as V(X, + X,)/QuwX, and VX./Q.X.
and the average SRT in the BNR reactor. X,, X,, and
Xw were the biomass concentrations attached to the
media, in suspension and in the wasted biomass,
respectively. Q,, was the time-averaged waste-flow
rate. V., was the volume of waste sludge. The influent
flow rate Q ranged from 20 to 24 L d”', resulting in a
hydraulic retention time (HRT) in the bioreactor of
0.5-0.6 d.

2.2. Synthetic wastewater and seed sludge

Our investigation of the water quality of domestic
wastewater in Zhejiang Province, China revealed that
it is characterized by low organic and phosphorus
levels, high nitrogen concentration, a C/N ratio of
approximately 6.1 and a maximum NH; -N concentra-
tion of about 60 mgL™'. In this study, synthetic
wastewater was made of starch, acetate, (NH,4),SOy,,
KH,PO,, and trace elements. The compositions of the
wastewater influents are shown in Table 2. The com-
position of the trace element solution (gL™") was
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Table 2
The composition of synthetic wastewater

Concentration
Compounds (mg-L™)
(NH4)2SO4 60 (as N)
NaHCO; 600
Sodium acetate and soluble 360 (as COD)

starch

NaCl 585
KH,PO, 54.4
Trace element solution 1mL-L7!

ZnSO47H,0, 0.43; HzBO4 0.014; MnCl,.4H,O, 0.99;
NazMOO4'2H20, 022, CUSO4'5H20, 025, COC12'6H20,
0.24; NiCl,-6H,0, 0.19; and EDTA, 10.0. The C/N ratio
of the influent was about 6.0 throughout the experi-
ment. The initial concentration of alkalinity was
558 mg L' (as CaCOs), and the pH of the influent
was not adjusted. The seed sludge was activated
sludge taken from a secondary clarifier of the Qige
Wastewater Treatment Plant in Hangzhou, China. The
initial mixed liquor suspended solids (MLSS) concen-
tration of sludge in the BNR and HBNR was about
3,000 mg L7

2.3. Specific oxygen uptake rate

Specific oxygen utilization rate (SOUR) was deter-
mined using the method described by Chung et al.
[17]. Measurements were conducted using a 1 L closed
respirometric cell made of glass and equipped with an
oxygen electrode (Mettler Toledo, FiveGo) connected
to a recorder. The O, concentration in the cell was
measured over time to determine the rates of uptake,
which were compared with the control. The solution
for the SOUR test for AOB consisted of
30 mg L™'NH; -N and other trace elements (Table 2),
with no organic compounds or nitrite. The solution
for NOB was composed of 30 mg N L™'NO;-N and

Table 1
Overview of operational conditions for HBNR and BNR

Period I Period II Period III
Periods (1-12 d) (13-64 d) (65-120 d)
HRT (d) 0.5 0.5/0.6 0.6
SRT (d) 25 15-20 40
DO in anoxic tank (mg L™") 0.5 0.4 0.3
DO in aerobic tank (mg L™") ~4.0 ~1.5 ~1.0
Nitrogen loading rate (mg m™>d™") 144 144/120 120
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other trace elements (Table 2), with no organic com-
pounds or ammonium. A control test was conducted
using solution that contained only trace elements. A
mixed liquor sample or a detached biofilm suspension
from the reactor was saturated with oxygen by aera-
tion, after which the cell was carefully closed without
leaving air bubbles and the cell suspension was then
stirred with a magnetic stirrer at 150 rpm and 28°C,
respectively. The initial pH value was controlled at
7.6-7.8 and all tests were conducted in triplicate. The
SOUR (mg O, g 'VSSh™") of each sample was equal
to the slope of DO depletion vs. time divided by the
VSS in the cell.

2.4. Analytical methods

Samples were collected from the aerobic tank,
anoxic tank and settling tank and then immediately
filtered through a 0.22 um hydrophilic membrane fil-
ter. Total organic carbon (TOC) was measured by a
TOC analyzer (TOC-L, Shimadzu, Japan). NHj-N,
NO;-N, and NO;-N, alkalinity, MLSS, and mixed
liquor volatile suspended solids were all determined
according to the standard methods (APHA, 1998). pH
and temperature were monitored using a pH electrode
(Mettler Toledo, FiveEasy, Switzerland). DO concen-
tration was detected using a DO electrode (Mettler
Toledo, FiveGo, Switzerland). All samples were mea-
sured in triplicate.

2.5. DNA extraction and real-time quantitative PCR

Genomic DNA was extracted using the fast DNA
spin kit for soil (BioTeke Corporation) according to
the manufacturer’'s protocols. DNA samples were
stored at —20°C for subsequent assays. We confirmed
the intact DNA by 1% agarose gel electrophoresis and
DNA concentrations were determined using a
NanoDrop 2000 spectrophotometer.

To investigate the changes in microbial populations
during the process performance, quantitative poly-
merase chain reaction (QPCR) was used to determine
the abundance of the functional genes, AOB (amoA),
AOA (amoA), NOB (nxrA), and denitrifier (nirK and
nirS), as well as total bacterial 16S rDNA as a refer-
ence. The primer and probe sequences are shown in
Table 3. All gPCRs were conducted in a mixture with
a total volume of 10 pL solution containing 1 puL of
template DNA (10ng), 0.2 uL of each forward and
reverse primer, 5uL of iQ SYBR Green Supermix
(BioRad, Hercules, CA, USA), and 3.6 uL of sterile
water. The qPCR conditions for AOB, NOB, and the
denitrifier were as described by Herrmann et al. [25],
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Wang et al. [20], and Geets et al. [21], respectively. All
qPCR assays were performed in triplicate for each
sample and included standards and a control without
a DNA template. The specificity of each PCR assay
was confirmed by melting curve analysis and agarose
gel electrophoresis. The 27*“T method was used to
calculate relative changes in gene expression deter-
mined from qPCR experiments [26].

2.6. Calculation

The NHI-N removal efficiency, nitrite accumula-
tion ratio (NAR), and total nitrogen (TN) removal
efficiency were calculated as follows:

NH; -Nips — NH; -Nejr

NH; -N removal efficiency =

NH; -Nins

x 100%

1)
NO; -N

AR = 2 1 2
NAR = No; N+ No; N 100% @

T inf T e
TN removal efficiency = MNiat_— TNert x 100% (3)

TNine

3. Results and discussion
3.1. Effective BNR in HBNR and BNR

Fig. 2 shows the concentration profiles of NH; -N,
NO; -N, and NO;-N in the effluent of HBNR (a) and
BNR (b) during the entire course of the experiment.
The NAR, NHI-N, and TN removal efficiencies in
HBNR (a) and BNR (b) throughout the experiment are
given in Fig. 3. In period I (day 1-12), DO concentra-
tions were controlled at about 0.5 and 4.0 mgL™" in
the anoxic tank and aerobic tank, respectively, to
enrich the nitrifying bacteria. In period II (day 13-64),
DO in the aerobic tank was decreased to ~1.5 mg L™
to eliminate or suppress NOB because of the differ-
ences in specific growth rates between AOB and NOB
under limited aeration. In period III (day 65-120), DO
concentrations were switched to 0.3mgL™" in the
anoxic tank and 1.0 mg L™" in the aerobic tank, respec-
tively. Table 4 summarizes the performance of the
HBNR and BNR throughout the experiment.

In the HBNR, nearly complete oxidation of ammo-
nia to nitrate (full nitrification) was achieved quickly
during period I (Fig. 2), during which time 75.6% of
NHI-N was oxidized to NO;-N. Additionally, the
NO;-N concentrations were much higher than the
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Table 3

Primers and probe sequences

Species Primer Sequence (5"-3") Reference

AOB AmoA-1F GGGGTTTCTACTGGTGGT [19]
AmoA-2R CCCCTCKGSAAAGCCTTCTTC [19]

AOA Arch-amoAF STAATGGTCTGGCTTAGA CG [20]
Arch-amoAR GCGGCCATCCATCTGTATGT [20]

NOB F1370-F1 CAGACCGACGTGTGCGAAAG [21]
F2843-R2 TCCACAAGGAACGGAAGGTC [21]

DNB NirK-1F GGMATGGTKCCSTGGCA [22]
NirK-5F GCCTCGATCAGRTTRTGGTT [22]
NirS-cd3AF GTSAACGTSAAGGARACSGG [23]
NirS-R3cd GASTTCGGRTGSGTCTTGA [23]

165 rRNA 165-338 CCTACGGGAGGCAGCAG [24]
165-518 ATTACCGCGGCTGCTGG [24]
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Fig. 2. Concentration profiles of NH;-N, NO;-N, and
NO; -N in the effluent of HBNR (a) and BNR (b).

NO; -N concentrations in the effluent because of the
high DO concentration (4.0 mgL™") in the aerobic
tank; therefore, the NHZ-N removal efficiency was
above 90%, and the average NAR and TN removal
efficiency were 5.87% and 14.9%, respectively (Table 4).
In period II (day 13-64), the DO concentration in the
aerobic tank was decreased to 1.5 mg L™ from day 13

to establish a high nitrite accumulation. In the subse-
quent days, NH;-N removal was unstable and
decreased to 66% on day 38, but the NAR and TN
removal efficiency increased gradually to 87 and 57%,
respectively, on day 38 (Fig. 3), while nitrate
accumulation was reduced significantly from day 26
on (Fig. 2(a)). From day 39, the HRT was changed
from 0.5 to 0.6 d to decrease the hydraulic loading rate
of the reactor, after which the rate of ammonia oxida-
tion recovered to over 90%. During days 43-64, the
NAR and TN removal efficiency reached 61.9 = 11.2%
and 53.0 + 6.6%, respectively. During period III, the
DO concentration was reduced to less than 1 mg L™
in the aerobic tank, resulting in lower effluent concen-
trations of NO, -N and NO;-N (Fig. 2). At the end of
the experiment, the average effluent concentrations of
NO,-N and NO;-N were approximately 2.0 and
1.0 mg L™, respectively. On day 80, the TN removal
efficiency increased to 84%. This may have occurred
because SND in the aerobic tank promoted nitrogen
removal (discussed in detail below). Similar to period
II, NH;-N removal remained at a high level (95.7
+3.2%) during the steady state of period IIl (day
80-120), NAR ranged from 51 to 81%, and TN
removal was stable (88.1 = 5.1%).

As shown in Fig. 2, there was a similar trend in
the concentration profiles of NH;-N, NO;-N, and
NO; -N during period I and period II in the BNR as in
the HBNR, but different patterns during period III
During period I, nitrate was the main product of
ammonia oxidation, and the NHI-N removal effi-
ciency was greater than 97% (Fig. 3(a)). In period II,
NAR increased gradually, reaching more than 60%
from day 37, indicating that partial nitrification via
nitrite had been achieved (Fig. 3(b)). From day 65 to
120, NHI-N removal was stable, and the NAR was
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Fig. 3. Profiles of NH; -N removal efficiency (a), NAR (b),
and TN removal efficiency (c) in the HBNR and BNR.

higher than that of HBNR, but TN removal was low
relative to the HBNR (Table 4).

The above results indicate that shortcut nitrogen
removal can be achieved in the continuous-flow
anoxic/aerobic process under low DO concentration.
The HBNR process improved TN removal by over
15% relative to the conventional BNR process, and
had less nitrite and nitrate in the effluent, although
NAR was lower than that of the BNR process. In addi-
tion, the effluent TN concentration of HBNR in this
study reached levels <10 mg L™, which met the class
A discharge standards (GB18918-2002, China). These
findings are in accordance with those of a study

conducted by Gong et al. [18], who found that an inte-
grated anoxic/aerobic biofilm reactor enhanced TN
removal with an internal cycling rate of 3.

3.2. Fates of nitrogen and COD in HBNR and BNR

To understand the pathway of nitrogen conversion
during the stable effective nitrogen removal process in
the HBNR and BNR, the mass balances of nitrogen
and COD were investigated. Table 5 summarizes the
fates of nitrogen species and COD in both reactors for
period III. The calculations were conducted using the
method described by Chung et al. [17]. Nitrogen and
COD incorporated into biomass were neglected in this
analysis because of the long SRT. During period III,
HBNR and BNR had different fates for nitrogen, but
similar fates for COD. Approximately 94-98% of the
NH; -N in the influent was removed by oxidation to
NO,-N in the aerobic tank of both reactors. In the
HBNR, only 5% of the N exited as NO, in the effluent,
meaning that 93% was denitrified. Of the denitrified
N, 43% was denitrified in the anoxic tank. In the BNR,
20% of the N in the effluent was NO,, while 74% was
denitrified. Most nitrogen removal (about 71%)
occurred in the anoxic tank. In the HBNR, 43% of the
N was denitrified directly in the aerobic tank, leading
to higher nitrogen removal efficiency. Remarkably,
about 2.5-7.5% of the N was denitrified in the clari-
fiers of both reactors. Overall, COD removal was
about 92% in both reactors. Approximately 90% of the
COD was consumed in the anoxic tank, while only
1.3-1.7% of the COD was removed in the aerobic tank
and clarifier by a combination of aerobic oxidation
and denitrification (Table 5). These findings indicated
that most of the COD in the influent was used to
reduce NO, (denitrification) and bacterial growth in
the anoxic tanks of both reactors.

One possible factor contributing to the improved
nitrogen removal in the HNBR was the SND process
in the aerobic tank under low DO concentration. Fig. 4
shows the typical variations in nitrogen species con-
centrations along the HBNR and BNR in the three
periods during steady state operation. When com-
pared with period I and II, the TN removal efficiency
of period III increased significantly in both reactors.
However, nitrogen removal primarily occurred in the
anoxic tank of the BNR, whereas concentrations of
various nitrogen species decreased obviously in the
aerobic tank of the HBNR. The contribution of SND
efficiency in the aerobic tank of HBNR to nitrogen
removal was about 50% during period III. SND was
inferred from the observation that TN losses of up to
30% are frequently reported in aerated tanks during
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Table 4
Summary of performances of HBNR and BNR during the whole experiment
Effluent Effluent Effluent
NH; -N NH; -N removal NO;-N NO; -N TN removal
Reactor Period (mg L™ efficiency (%) (mgL™) (mg L™ NAR (%) efficiency (%)
HBNR I(1-12d) 5.40+£4.86 93.5+4.7 2.35+2.61 412+6.8 587+6.73 149x29
II(13-64d) 774+6.18 86.6 +10.7 7.83 +6.99 12.7+£11.2 423+282 52.0+14.0
I (65-120 d) 2.93+1.86 95.4+3.1 4.19+3.40 2.89£2.99 622+85 83.1+123
BNR I1(1-12d) 1.31+1.73 97.7+3.0 077 £1.11 47.1+57 1.81+2.67 14856
II(13-64d)  720+6.09 87.6+10.8 13.1+£12.2 13.7 £13.0 46.6+27.6 42.6+19.1
III (65-120 d) 3.38 +2.78 94.6 +4.6 9.83+5.13 5.09+2.35 654+83 69.5+10.5
Table 5
The fate of nitrogen and COD in HBNR and BNR for the period III
Average value HBNR BNR

Nitrogen, gN d™" (percent of influent mass load)

(1) NH; -N influent

(2) NH; -N effluent

(3) NH; -N oxidized to NO,-N (=(1)-(2))

(4) NO, -N in effluent

(5) NO; -N in effluent

(6) NO,-N in effluent (=(4)+(5))

(7) Total N in effluent (=(2)+(6))

(8) N denitrified and removed as gaseous nitrogen (=(1)-(7))
(9) N denitrified in anoxic tank?®

(10) N denitrified in aerobic tank

(11) N denitrified in clarifier (=(8)—(9)-(10))

COD, g d™" (percent of influent mass load)

(12) COD in influent

(13) COD in effluent

(14) Overall COD removal (=(11)-(12))

(15) COD in effluent from anoxic tank”

(16) COD removed by denitrification in anoxic tank
(17) COD removal in aerobic tank

(18) COD removal in clarifier (=(14)—(16)—(17))

1.20 (100%) 1.20 (100%)

0.03 (2.5%) 0.07 (5.8%)
1.17 (98%) 1.13 (94%)
0.04 (3.3%) 0.15 (13%)
0.02 (1.7%) 0.09 (7.5%)
0.06 (56.0%) 0.24 (20%)
0.09 (7.5%) 0.31 (26%)
1.11 (93%) 0.89 (74%)
0.51 (43%) 0.85 (71%)
0.51 (43%) 0.01 (0.8%)
0.09 (7.5%) 0.03 (2.5%)
7.20 (100%) 7.20 (100%)
0.60 (8.3%) 0.62 (8.6%)
6.60 (92%) 6.58 (91%)
0.66 (9.2%) 0.66 (9.2%)
6.48 (90%) 6.49 (90%)
0.02 (0.3%) 0.04 (0.6%)
0.10 (1.4%) 0.05 (0.7%)

“This value was obtained by subtracting (NH4 + NO,) concentrations in anoxic tank from the combination of (NH4 + NO,) recycled from

aerobic tank and clarifier and (NHy + NO,) in the influent medium.

This value was obtained by subtracting COD in anoxic tank from the combination of COD recycled from aerobic tank and clarifier and

COD in the influent medium.

the activated sludge process [27]. It is assumed that
the high SND efficiency was mainly due to the low
DO concentration and the existence of biofilm. Low
DO levels and the presence of NO,-N in the early
aeration process may result in the occurrence of deni-
trification [28]. Additionally, it has been shown that
low DO concentration has a positive effect on SND
removal [29,30]. Indeed, up to 78%, SND was realized
under a DO concentration of 0.5 mg L™" using acetate
as a carbon source [31]. Biofilm carriers increased the
SRT for AOB, while low DO concentration promoted
AOB growth and direct denitrification of nitrite in the

aerobic tank. Colliver and Stephenson [32] found that,
during nitrification, increased NO,-N concentrations
led to increased denitrification by AOB because of the
low oxygen concentration, and some NOB strains
were capable of denitrification as well [33]. SND
activities increase at low DO concentration in the aero-
bic tank, as was confirmed in this study. The reduc-
tion of nitrite to nitrogenous gas owing to SND
activities reduces the energy available for NOB,
thereby limiting their growth to some extent. To date,
many studies have shown the good performance of
SND in biofilm processes [34,35]. SND became a



10912

(a) PZ2NH,"N NO,-N BEENO,-N [IN Removal
80
70
-
2 4
g e
® 50 A
3
8 401
£
Q
o 30 4
12 =X
3 N
2 20 >
2 7
s 10 .
Anoxic Aerobic Effluent Anoxic Aerobic Effluent Anoxic Aerobic Effluent
Period | Period Il Period Il
(b) 2 NHA'-N NO,-N ERRINO,-N [N Removal
80
T, 704
j=2}
E 60+
o
S 50
o
o
£ 40
Q
o
2 30
o
g 20
j=2
IS
= 10
i 7 N
0 // 22N

Anoxic Aerobic Effuent

Period Il

Anoxic Aerobic Effuent

Period |

Anoxic Aerobic Effuent

Period IlI

Fig. 4. Typical variation of nitrogen species concentrations
along the HBNR (a), and BNR (b) during three periods in
stable stage.

promising way of controlling effluent TN in A/O
biofilm process [18].

3.3. Mechanism of achieving nitrite accumulation in
HBNR and BNR

Activities and numbers of AOB and NOB in the
HBNR and BNR were investigated by the SOUR test
and qPCR, respectively. Many previous studies have
shown that AOB were more robust toward low DO
than NOB, and their growth rate was about 2.6 times
faster than that of NOB when the DO concentration
was less than 1.0 mg L™ [36-38]. At low DO concen-
trations, partial nitrification to nitrite can be achieved
in a continuous process without sludge retention by
wash out of NOB while retaining AOB [14]. Hence,
oxygen limitation has a greater effect on the activity of
NOB than AOB. The results of SOUR tests to investi-
gate the activities of AOB and NOB in both reactors
are shown in Fig. 5. The biomass was taken from aero-
bic tanks on day 120. In the HNBR, the SOUR values
for AOB (70+09mg O,gVSS™' h™' for activated
sludge and 6.8+ 1.1mg O,gVSS'h™' for biofilm)
were much higher than those for NOB (1.1 + 0.1 mg
0, gVSS™' h™' for activated sludge and 2.0 + 0.9 mg
0, gVSS™' h™' for biofilm). The same trend existed in
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the BNR, with values of 6.9 0.7 mg O, gVSS™ h™!
for AOB and 1.6 +02mg O,gVSS'h™' for NOB
being observed. The SOUR results confirmed that
AOB had an advantage over NOB in the shortcut BNR
process.

Although differences in SOUR for AOB and NOB
were observed (Fig. 5), it should be noted that AOB
requires three times more oxygen to oxidize ammonia
to nitrite than NOB requires that to oxidize nitrite to
nitrate. For the biofilm in the HNBR, the AOB (6.8):
NOB (2.0) ratio was 3.4:1, but a significant amount of
NOB were still in the system and a large portion of
nitrite might have been converted to nitrate. The
SOUR value for nitrite oxidation of biofilm was higher
than that of activated sludge in the HBNR. The bio-
film could hold more nitrifiers, including AOB and
NOB, and the longer SRT of biofilm led to relatively
more NOB being retained in the system. This coin-
cides well with the nitrite accumulation ratio of
HBNR, which was lower than that of the BNR.

qPCR was conducted to quantify the relative abun-
dance of nitrification and denitrification functional
genes (amoA, nxrA, nirK, and nirS), which reflected
changes in the population abundance of AOB, AOA,
NOB, and DNB in the aerobic and anoxic tank of both
reactors throughout the experiment. The relative
changes in abundance of the AOB amoA gene and
NOB nxrA gene in the HBNR and BNR during the
experiment are shown in Fig. 6. In this study, the
AOA amoA gene was not detected in any reactors. The
qPCR result of biomass collected in period I was as
internal control genes. During period II, the abun-
dance of the AOB amoA gene was 1.5 times that of
period I in anoxic tanks of both reactors. Until period
III, the abundance of the AOB amoA gene in the

[ Ammonium oxidizers [l Nitrite oxidizers

10

bl +

SOUR (O,mg g"' VSS h')

m

HBNR-Suspended cells

0

BNR-Suspended

HBNR-Attached cells

Fig. 5. Results of SOUR test in the aerobic tanks of HBNR
and BNR (unit of SOUR is mg O, gVSS™ h™").
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biofilm of the aerobic tank of HBNR dramatically
increased, and it was 4.5-fold that of period I, how-
ever, the abundance of the AOB amoA gene in acti-
vated sludge showed no evident change compared
with period I and II. In the aerobic tank of the BNR,
the abundance of the AOB amoA gene in the activated
sludge was 3.6-fold higher than that in period II. The
AOB amoA gene abundance decreased in the anoxic
tanks of both reactors, probably because of the lower
DO concentration (<0.5 mg/L). In addition, NOB were
not completely eliminated from the BNR and HBNR,
especially in the aerobic tank of the HBNR. When
compared with period I, NOB nxrA gene abundance
in the anoxic tanks of both reactors was obviously
decreased by more than 50% during period II and per-
iod III. However, the NOB nxrA gene density in bio-
film and activated sludge from the aerobic tank of the
HBNR was higher than that of BNR. It is likely that
the biofilm easily retained the biomass, including AOB
and NOB. These findings are concordant with the
results of the SOUR test. Besides, denitrifying enzymes
were detected in the anoxic tank as well as the aerobic
tank of the HBNR, and the abundance of the denitrify-
ing nirS gene from activated sludge and biofilm in the
aerobic tank of HBNR during period III was 4.0 and
3.0 times that during period II, respectively (data not
shown). The gene of nirS is related to aerobic

6 Anoxic tank
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denitrification [39]. Therefore, in HBNR, biofilm
carriers increased the SRT for AOB, while the low DO
concentration promoted AOB growth and direct
denitrification of nitrite in the aerobic tank.

Microbial analysis demonstrated that the nitrite
pathway was established through a substantial
increase in the AOB population in aerobic tanks and
reduction of the NOB population in the BNR and
HBNR. Many studies have shown that in autotrophic
partial nitritation process, significant enrichment in
the biofilm was observed for AOB [40,41]. Wang et al.
[42] also found the abundance of amoA gene (AOB)
was two orders of magnitude higher than the abun-
dance of nxrA gene (NOB) in the membrane-aerated
biofilms; however, the nxrA gene was always detected
during the operation time. Winkler et al. [43] reported
that the theoretical NOB/AOB ratio was 0.5 during
the nitrification process, but the abundance of NOB
compared with AOB is expected to be even lower in
systems in which SND is occurring. Thus, the results
of SOUR and qPCR conducted in this study support
the assumption that HBNR selected more active AOB
under low oxygen concentrations and decreased the
abundance of NOB to promote SND. This phe-
nomenon could be confirmed by testing the propor-
tions of Nitrospira, Nitrobacter, and Nitrosomonas in
future studies.

6 Aerobic tank
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Fig. 6. The relative abundance change of AOB amoA gene and NOB nxrA gene in aerobic and anoxic tanks of HBNR and
BNR during the experiment (H-SG: suspended sludge sample in HBNR; H-AG: attached sludge sample in HBNR; B-SG:

suspended sludge sample in BNR).
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4. Conclusions

(1) Shortcut nitrogen removal in the continuous-flow
anoxic/aerobic process treating low-strength
ammonium  wastewater ~was  successfully
achieved by transition from full nitrification to
partial nitrification by controlling the DO concen-
tration in HBNR and BNR reactors.

(2) The TN removal efficiency of HBNR was signifi-
cantly higher than that of BNR throughout the
experiment. The DO concentration was essential
to nitrite accumulation and nitrogen removal.
Based on nitrogen mass balances, the fates of
nitrogen in the HBNR and BNR were distinct
from one another. One factor contributing to the
improved nitrogen removal in the HNBR was
the higher efficiency of the SND process in the
aerobic tank due to the low DO concentration
and the existence of biofilm.

(3) SOUR and qPCR assays demonstrated that AOB
were dominant in activated sludge and biofilm
when the SBNR process was established, while
low DO concentration promoted AOB growth.
NOB was not completely washed out from the
reactors, but the abundance of NOB decreased in
period III when compared with complete nitri-
fication during period I.
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