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ABSTRACT

A novel gravity selector was firstly introduced between the aerobic zone and clarifier in an anaero-
bic/anoxic/oxic (A?/O) reactor to reduce severe filamentous sludge bulking to limited filamentous
bulking (LFB). By regulating the aeration periods of operation cycles of the selector and other param-
eters, lighter filamentous bulking sludge was gradually washed out, reducing the sludge volume
index (SVI) from 418 to 210 mL/g. A stable LFB state was achieved in 80 d with pollutant removal
efficiencies of 90.1%, 93.7%, 87.9% and 88.5% for COD, NH,*-N, TP and TN, respectively. Thiothrix
and Beggiatoa, with extended filaments, dominated the filamentous bacterial population of the first
phase, whereas Haliscomenobacter hydrossis, with ingrown, thin, and short filaments, dominated the
LFB state. Therefore, the bulking control of the gravity selector relied on the different settling veloc-
ities of bacteria with different filament morphologies during sedimentation periods in the gravity
field. The bacteria with long, outstretched filaments settled slowly and were preferentially washed
out via the upper outlet. The LFB state was realised at low DO contents of 0.5~1.0 mg/L and a long
sludge retention time (SRT) of 28 d with considerable denitrifying dephosphatation, indicating that
the gravity selector can improve pollutant removal and energy utilisation.

Keywords: Limited filamentous bulking; Domestic sewage; Biological nutrient removal; Nitrification;

Haliscomenobacter hydrossis

1. Introduction

Several technologies are used for wastewater treat-
ment, including adsorption [1,2], photocatalysis [3] and
bioremediation technologies. The activated sludge process
of bioremediation is the most commonly used method for
nitrogen (N) and phosphorus (P) removal in municipal
wastewater treatment worldwide. However, filamentous
sludge bulking hinders the stable operation of wastewa-
ter treatment plants (WWTPs) that adopt this process, and
various methods have been used to attempt to control this
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bulking [4]. The overgrown filamentous bacteria in sludge
flocs are the main reason for filamentous bulking; their long
filaments become attached to the many gas bubbles that
form due to denitrification or digestion in the clarifier, caus-
ing the activated sludge to expand and float [5,6]. Severe
filamentous bulking leads to massive loss of biomass and
a dramatic reduction in pollutant treatment performance.
There are two ways to prevent the excess proliferation of
filamentous bacteria: specific (e.g., the adjustment of oper-
ating parameters and the installation of anaerobic, anoxic or
oxicbio-selectors to create an unfavourable environment for
specific filamentous bacteria; the accumulation of Lecanein-
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ermis rotifers to reduce Haliscomenobacter hydrossis) [7,8] and
non-specific methods (the application of chlorination and
ozonation to kill most types of filamentous bacteria and the
addition of flocculants to promote sludge sedimentation)
[9-11]. However, the effects of these strategies are not ideal
due to the complexity and diversity of filamentous micro-
organisms.

Guo et al. [12] developed an innovative technique in
the operation of a real WWTP that utilised the limited bulk-
ing of filamentous sludge to improve pollutant removal in
sewage, providing a new understanding of filamentous
sludge bulking. Limited filamentous bulking (LFB) was
defined as a stable state with the limited growth of filamen-
tous bacteria in activated sludge induced by decreasing the
dissolved oxygen (DO) concentration. The sludge volume
index (SVI) ranged from 150 to 250 mL/g, and the nutrient
removal efficiencies increased the non-bulking condition
[12]. The inflated LFB flocs facilitated the simultaneous
nitrification-denitrification inside as well as the capture of
pollutant particulates in the sedimentation basin. Therefore,
effluent quality was improved at a lower energy cost. Con-
crete implementation methods of inducing LFB have been
reported previously [12,13] and successfully achieved in
laboratory-scale systems. Dominant filamentous bacteria,
such as Eikelboom Type 0041, Sphaerotilusnatans, Microthrix-
parvicella and Haliscomenobacter hydrossis, have also been
identified [13-16]. However, all the existing research started
from non-bulking systems with the purposes of enhancing
treatment effect and saving energy; no LFB system achieve-
ment induced from a serious filamentous bulking system
was reported. Considering the negative consequences of
bulking, it is desirable to develop an approach to treat a
severe filamentous bulking system such that it achieves an
LFB state.

The anaerobic/anoxic/oxic (A?/O) process, a clas-
sic simultaneous biological N- and P-removal technology
adopted in WWTPs, is at risk of filamentous sludge bulk-
ing frequently due to its function of nutrient removal [22].
This process has a high energy cost for carbon sources
and aeration consumption. Therefore, an LFB process that
could prevent or remedy filamentous bulking in A?/O sys-
tems would have valuable applications. There is limited
potential for the use of non-specific methods to induce a
severe filamentous bulking A?/O process into an LFB state
because of economic factors and the difficulty of accurately
controlling the dose of bactericides in WWTPs [17]. Specific
methods are also impractical for an A?/O process because
3 types of filamentous bacteria may adapt to and survive
in the altered anaerobic/anoxic/oxic environment that are
detrimental to common filamentous bacteria: (a) fermenta-
tive and polyphosphate (poly-P)-accumulating bacteria that
use carbon sources in the anaerobic zone; (b) bacteria able
to utilise nitrogen oxide (NO_") as the final electron accep-
tor; and (c) bacteria that prefer low organic concentrations
in the oxic zone, which is indispensable and large in A*?/O
system used for nitrification [18]. These reasons increase the
difficulty of limiting filamentous bacteria and inducing LFB
in an A?/O-like process.

Light weight and difficult sedimentation are common
features of filamentous sludge because of the loose struc-
ture and long filaments of filamentous bacteria. Although
relationships between operation conditions and the types

of filamentous organisms they favour have been identified,
solutions to correct the identified conditions are not always
feasible [19]. However, it is possible that a gravity selec-
tor could be introduced to wash out the excessive bulking
sludge from an A%/O reactor. Abundant filamentous bacte-
ria that cannot be easily settled could be discharged from
the overflow port during sedimentation cycles, reducing
the amount of bulking sludge retained in the system for LFB
induction. To evaluate this concept, a post-gravity selector
with an intermittent aeration cycle (IAC) was designed and
installed between the oxic zones and the clarifier. Each IAC
was 1 h, comprising an aeration period of a few minutes
and a sedimentation period for the remaining time. The
pathways of the recycling sludge and operation methods
in the A?/O reactor were altered for sludge selection and
LFB induction. The intermittent aeration also served as
agitation to remove the numerous gas bubbles attached to
filaments, which might prevent the normal sludge-water
separation.

The aims of this study were to investigate the follow-
ing: 1) the feasibility and principle of eliminating severe
filamentous bulking from an A?/O system and creating an
LFB state by introducing a gravity selector, 2) the effects of
the LFB A?/O process on pollutant removal, and 3) the vari-
ation in the dominant filamentous bacteria in the different
operational phases of the experiment.

2. Materials and methods
2.1. Experimental A%/O reactor with a gravity selector

The configuration of the experimental reactor is shown
in Fig. 1. The reactor was made of plastic steel with a work-
ing volume of approximately 180 L. The main reaction
chamber was divided by perforated flashboards to create
5 compartments along the flow direction: anaerobic zone,
anoxic zone, oxic zone 1, oxic zone 2 and gravity selec-
tor. The VOlume ratio was Vanaerobic: anoxic: oxicl: nxicZ: selector =
1:2:1.5:1.5:3. Three diffuser discs were installed at the bot-
tom of the oxic zones and gravity selector, and the aeration
intensity could be adjusted by glass gas rotameters con-
nected to an air compressor. One of these aeration appara-
tuses in the gravity selector was triggered accurately by an
electromagnetic valve connected to a microcomputer timer
to establish the IAC. The sludge was stirred during the aer-
ation period of each IAC to promote the release of gas bub-
bles and then settled hierarchically; light excessive bulking
sludge was discharged from the upper overflow, whereas
non-bulking sludge and less-bulking sludge were recycled
in the selector from the bottom. The reactor process was
converted from an A?/O process to an A?/O-gravity selec-
tor process by opening and closing certain valves, as shown
in Fig. 1 (the real reactor was demonstrated in Fig. S1).

2.2. Experimental procedures

The experimental reactor was processed for 130 d at
room temperature (23+2°C) with 4 phases according to dif-
ferent IACs, including 7 runs. The operation parameters are
provided in Table 1. In phase I, the reactor was operated as
an A?/O process for filamentous bacteria inoculation and
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Fig. 1. Schematic diagram of the A2/O reactor with the gravity selector. (1: peristaltic pump; 2: agitator; 3: anaerobic zone; 4: anoxic
zone; 5: oxic zone 1; 6: oxic zone 2; 7: gravity selector; 8: clarifier; 9: sludge dashboard; 10: diffuser disc; 11: microcomputer timer; 12:
air compressor; 13: gas flowmeter; 14: nitrified liquid reflux valve 1 (NRV 1); 15: NRV 2; 16: NRV 3; 17: sludge return valve 1 (SRV1);
18: sludge outlet 2; 19: SRV 2; 20: SRV 4; 21: SRV 3; 22: sludge outlet 1).

Table 1
Experimental parameters, operations and objectives of the different phases
Phase Run Time OLR DO (mg/L) SRT IAC Operations and objectives
(d) (kg COD/  5ic Gravity (d)  (aerationmin/
kg MLSS-d) , oo celector sedimentation min)
I 1 1-10  0.27-029 2.0 2.0 10 - Induce severe filamentous bulking inA?/O mode

by inoculating filamentous bacteria without the
gravity selector start-up

I 2 11-20  0.55-0.69 2.0 2.0 10 2/58 Investigate the LFB control when OLR was
increased under the A?/O-gravity selector mode
because of MLSS loss in phase I. SRV 4 was closed,
and sludge was discharged from both outlet 1 and
2 to maintain SRT = 10 d.

3 21-40 0.28-0.35 20 2.0 16 2/58 Investigate the LFB control when MLSS and SRT
were increased under the A%/
O-gravity selector mode by discharging sludge
only from outlet 1

I 4 41-60 0.26-0.28 2.0 2.0° 22 1/59 Investigate the LFB control when the aeration

period of IAC was also decreased under the
A?/0O-gravity selector mode. Excess sludge was
discharged only from outlet 1.

5 61-80 0.25-0.27 2.0 0.5 22 1/59 Investigate the LFB control when the DO
concentrations were also decreased, which
occurred gradually. Excess sludge was discharged

6 81-100 0.23-0.26 1.0 0.5 22 1/59 only from outlet 1.
v 7 101-  0.21-0.23 1.0 0.5 28 0.5/59.5 Investigate the LFB control when the aeration
130 period of IAC was further decreased and the SRT

was prolonged by returning a fraction of the settled
sludge in the clarifier. SRV 4 was opened, and excess
sludge was discharged only from outlet 1.

DO concentration under intermittent aeration
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severe bulking cultivation, and the diffuser disc in the grav-
ity selector continued aerating without timing. The oper-
ation in this phase was achieved through opening NRV 1
(14), NRV 3 (16), SRV 2 (19), SRV 3 (21) and SRV 4 (20) and
closing NRV 2 (15) and SRV 1 (17); sludge was discharged
from outlet 1 (22) only (Fig. 1). The volume ratio of A?/O in
this phase was V.V ..V . =1:2:6. The large volume
of the oxiczones stimulated the reproduction of filamentous
bacteria. In phase II, the reactor was operated in A*/O-grav-
ity selector mode for filamentous bulking control, and the
aeration in the selector occurred intermittently according
to the IAC (see Table 1). The operation in phases II and III
involved opening NRV 1 (14), NRV 2 (15), SRV 1 (17), SRV 2
(19) and SRV 3 (21) and closing NRV 3 (16) and SRV 4 (20);
sludge was discharged from outlet 1 (22) and outlet 2 (18)
(Fig. 1). In phase IV, SRV 4 (20) (Fig. 1) was also opened for
additional sludge return. The influent flow rate was held
constant at 15 L/h. The internal reflux (recycled nitrifying
liquid) ratio and external reflux (recycled sludge) ratio were
300% and 90%, respectively.

2.3. Wastewater and sludge

Raw sewage from a residential septic tank was pumped
and stored in a 2 m® water reservoir as experimental waste-
water. The pollutant concentrations in the influent during
the experiment were as follows: chemical oxygen demand
(COD): 350+50 mg/L; ammonia nitrogen (NH,*-N): 78.5+8.2
mg/L; total Kjeldahl nitrogen (TKN): 103.2+7.6 mg/L; total
nitrogen (TN): 109.6+6.83 mg/L; total phosphorus (TP):
5.2+#2.1 mg/L; nitrite nitrogen (NO,-N): 0.5+0.2 mg/L;
nitrate nitrogen (NO,-N): 1.3+0.5 mg/L; pH: 7.35+0.15; and
alkalinity (CaCO,): 50025 mg/L.

Inoculated filamentous bulking sludge was obtained
from another pilot A?/O reactor in the same laboratory
suffering from serious filamentous bulking because of the
prolonged incorrect operation of a low sludge load and
inhomogeneous aeration; the 30 min activated sludge vol-
ume (SV,) and SVI were 95% and 450 mL/g, respectively.
The reactor in A?/O process mode before inoculation exhib-
ited regular COD, TN and TP removal efficiencies using the
same sewage, with values of approximately 90%, 90% and
85%, respectively. The SVI of the sludge was 130 mL/g.

2.4. Analytical methods

COD, NH,*-N and TP were detected using a 5B-6C
multi-parameter water quality analyser (LianHua Envi-
ronmental Instrument Institute, Langzhou, PR China).
TKN was measured with an L6250-type automatic azo-
tometer (Behr, Germany). The NO,-N, NO,-N, mixed
liquor suspended solid (MLSS), SV,, and SVI values
were all determined according to standard Chinese NEPA
methods (Chinese NEPA, 2002). TN was calculated as
the sum of TKN, NO,-N and NO,-N. The pH, DO, and
temperature were determined using a pH/Oxi 340i metre
with pH and DO probes (WTW, Germany). The ratio of
denitrifying phosphate-accumulating bacteria to phos-
phate-accumulating bacteria (DPAO/PAO) in the sludge
was determined based on the method recommended by
Wachtmeister et al. [20].

2.5. Examination and identification of filamentous microorganisms

The water-sludge mixed liquid was collected from
oxic zone 2, and smears were made for observation using
an Olympus BX51/52 (Japan) every two days. The domi-
nant filamentous bacteria were identified by morphology
observation, Gram and Neisser staining reactions and sul-
phur deposit tests according to the methods presented by
Eikelboom [21] and Jenkins et al. [22]. The filament index
(FI), a subjective assessment of the size of filamentous pop-
ulations, was used to represent the abundance of filamen-
tous bacteria on a scale ranging from FI = 0 (no filaments)
to FI = 5 (very many filaments) [22]. The surface structure
of the washed-out and LFB sludge was treated for scanning
electron microscopy (SEM) (5-3400N, HITACHI Company,
Japan) observation using the method described by Luongo
and Zhang [23].

2.6. High-throughput pyrosequencing of LFB sludge

An LFB sludge sample from run 6 was centrifuged at
10,000 rpm for 15 min to concentrate it and then stored at
—20°C before DNA extraction. A soil biological genomic
extraction kit (Sangon Biotech Co., Ltd., Shanghai, China)
was used for genomic DNA extraction according to the
manufacturer’s protocol. The product was purified using
a DNA purification kit (Sangon). Then, the purified DNA
was submitted to the commercial service provider Sangon
Biotech Co. for high-throughput sequencing on an Illumina
MiSeq platform (San Diego, CA, USA). Finally, non-target
sequences and chimaeras were removed, and the RDP Clas-
sifier tool was used to assign the available sequences to dif-
ferent operational taxonomic units by matching the data to
data in the Ribosomal Database Project at 97% identity.

3. Results and discussion
3.1. Settling ability variation of activated sludge

In run 1 of phase I (Table 1), 3 L of concentrated fila-
mentous bulking sludge (MLSS = 5750 mg/L) from another
A/O reactor in the filamentous bulking condition was
added to the sewage reservoir and blended with influent to
feed the experimental reactor for continual 3-d inoculation.
During run 1, the reactor was operated in A?/O mode by
opening and closing certain valves (see 2.2) to cause severe
filamentous bulking. Several important sludge properties,
including the MLSS, SV, and SVI, were determined over
the entire experiment and are shown in Fig. 2. Both the SVI
and SV, of the sludge exhibited dramatic growth, from 102
mL/g to 410 mL/g and from 30% to 98%, respectively, by
the end of this phase due to the intentional cultivation of fil-
amentous bacteria in the A?/O mode. The MLSS decreased
from 2,800 mg/L to 2,250 mg/L; a considerable amount of
biomass was lost, representing the magnitude of the fila-
mentous bulking outbreak in this reactor.

In run 2 of phase II, due to NRV 3 (16) and SRV 4
(20) (Fig. 1) being the only closed values and the inflow
rate being maintained at 15 L/h (Table 1), the aeration
in the gravity selector changed from continuous to inter-
mittent. This change caused the volume of the reaction
zones to decrease to 120 L (V = 1:2:3) in the

anaerobic’ " anoxic®  oxic
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Fig. 2. Variation in sludge settling during the experiment.
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Fig. 3. SEM image of the sludge of the selector: sludge washed out from the upper outlet, 500x (a); 3000x (b) and 6000x (c); sludge

returned from the bottom, 500x (d); 3000x (e) and 6000x (f).

A?/O-gravity selector mode during run 2. Furthermore, the
MLSS in this run was thin due to biomass loss in phase I.
Therefore, the sludge organic loading rate (OLR) increased
significantly from 0.28 to 0.65 kg COD/ (kg MLSS-d). With
the positive effects of the pollutant concentration gradient
[24] and gravity selection on bulking control, the MLSS
recovered to 2,700 mg/L by the end of run 2. The SVI and
SV, also decreased, with final values of 290 mL/g and 70%,
respectively (Fig. 2). The sludge settling ability improved to
some extent.

In phase II, the gravity selector was activated, and the
sludge was blended and selected during the sedimenta-
tion periods of the IAC. The severe bulking sludge of light

weight and slow sedimentation velocity settled on the sur-
face of the sludge layer and was preferentially discharged
from the upper outlet during each IAC. A considerable
number of scattered sludge flocs were found floating on the
water surface to be washed out. Figs. 3a, 3b and 3c illus-
trate that these floating flocs had more filaments extending
out of them than did the settled flocs and a loose structure.
Less-bulking sludge settled rapidly to the bottom with high
sedimentation velocity relative to that of the severe bulk-
ing sludge and was returned back to the system from the
bottom of the selector in run 3 once SRV4 (20) (Fig. 1) was
closed. Figs. 3d, 3e and 3f show the appearance and interior
of the bottom-settled sludge, which had a smoother sur-
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face than the severe bulking sludge, and filaments curved
and grew inside of this space. During these processes, the
sludge settling ability consistently improved.

The TAC of the selector was set at 2/58 (aeration min/
sedimentation min) in phase II; consequently, the severe
bulking sludge was eliminated through the upper out-
let to the clarifier during and after 2 min of each aeration
period. Therefore, the sludge retention time (SRT) could be
controlled by discharging the settled sludge in the gravity
selector (outlet 2) and/or the clarifier (outlet 1). In run 2,
SRT was maintained at a low duration of 10 d through dis-
charging excess sludge from both sludge outlets 1 and 2.

To accumulate more biomass and increase the treatment
capacity of the system, the SRT was extended to 16 d in
run 3 by discharging sludge only from outlet 1. In this run,
NRV3, SRV 4 and outlet 2 were closed (see 2.2). The SRT and
biomass of the system increased considerably, as shown in
Fig. 2.

gThe MLSS increased to 3,200 mg/L by the middle of
run 3 and then stabilised until the end. This phenomenon
indicated that periodically intermittent aeration did not
influence the stabilisation of MLSS in the main reaction
zone, which might be due to the short aeration time and
rapid recovery of the MLSS of the concentrated sludge set-
tling to the bottom of the selector. A balance between the
input of nutrients into the system and the sludge discharge
was established gradually. SV, and SVI showed significant
drops to 65% and 210 mL/g, suggesting that the settling
ability of the sludge improved continuously; this improve-
ment is credited to the constant washout of filamentous
sludge in the gravity selector.

When the experiment entered run 4 of phase III,
which was similar to run 3 in that NRV3 and SRV4 were
closed and excess sludge was discharged only from out-
let 1, the aeration period of the IAC was decreased to 1
min, less excess sludge was discharged, the SRT was pro-
longed to 22 d, and the MLSS increased to 3,700 mg/L.
The SV, and SVIrose to 82% and 260 mL/g, respectively,
and the settling ability of the sludge improved slightly
due to the shortened intermittent aeration periods for fil-
amentous sludge discharge and washout. Due to the sup-
pressive effects of certain filamentous microorganisms
on DO concentrations [25], the DO concentrations in the
oxic zones and gravity selector (during aeration period)
decreased from run 4 to run 5 of phase III from 2.0 and
2.0 mg/L, respectively, to 2.0 and 0.5 mg/L, respectively,
and then decreased in run 6 to 1.0 and 0.5 mg/L, respec-
tively (Table 1). The MLSS increased to 4,200 mg/L. The
SV,, and SVI decreased from run 4 to run 5 and then sta-
bilised in run 6 at mean values of 80% and 195 mL/g,
respectively. The index of settling ability was in the LFB
range of approximately 200 mL/g [12].

However, excessive bulking appeared again when
the experiment entered run 7 of phase IV, during which
the aeration period of the IAC was further reduced to 0.5
min (Table 1). The MLSS, SV, and SVI all increased, and
the values of SV, and SVI increased to over 95% and 230
mL/g, respectively, by the end of this phase. These changes
occurred due to the continuously reduced intensity of wash-
out for filamentous sludge in the selector; the low OLR also
stimulated filamentous bacteria. Thus, an excessively long
SRT of over 28 d and a short intermittent aeration period of

less than 1 min each hour were disadvantageous to filamen-
tous bulking recovery and LFB achievement in this novel
system.

3.2. Characteristics of pollutant removal

Fig. 4 presents the influent and effluent concentration
variations of COD, TP and various N pollutants (NH,"-N,
NO,-N, NO,-N and TN) in the experimental reactor
during different phases. The removal of COD, TP and TN
decreased considerably during phase I of filamentous bulk-
ing induction; the average removal efficiencies were only
74%, 35% and 80% with effluent COD, TP, and NH,*-N con-
centrations of 60, 2.5 and 20 mg/L, respectively.

With the start of the gravity selector and increased bio-
mass in phase II, the COD and TN removal efficiencies of
the A?/O reactor began to recover in run 2, with their val-
ues increasing to 80% and 70%, respectively. There was no
noticeable improvement in TP removal; the removal effi-
ciency was still 40% during run 2. This lack of improvement
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Fig. 4. Pollutant removal performance of COD, N and P.
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might have occurred because phosphate-accumulating
organisms (PAOs) comprise numerous complex communi-
ties, making them more difficult to recover than other func-
tional microorganisms [26].

A continuous increase in the pollutant removal efficien-
cies was observed in run 3 for the MLSS accumulation and
bulking control in the reactor; the COD, TP and TN removal
efficiencies increased to 85%, 45% and 86%, respectively.
However, the TP and NH,*-N concentrations in the effluent
were still not sufficiently low to meet the discharge stan-
dard of pollutants for municipal WWTPs in China (TP < 0.5
mg/L, NH,*-N < 5 mg/L), although the sludge indexes of
settling ability were within the range of LFB.

In run 4 of phase III, the slight decrease in sludge set-
tling ability did not impact the treatment of COD, NH,*-N
and TN; the effluent concentrations of COD, NH,*-N and
TN were reduced to below 50, 8 and 15 mg/L, respectively.
This lack of change in treatment efficiency is due to the con-
stant maintenance of biomass in this system by reducing
the sludge discharge to prolong the SRT. The selector with
intermittent aeration could also be regarded as a supple-
mental reactor, which could purify the effluent from A?/O.

The gradual decrease in DO concentration during runs
5 and 6 did not influence the removal of COD and TN; the
removal efficiencies reached 90% and 89%, respectively,
by the end of phase III. The effluent NH,*-N concentration
decreased from 7.2 mg/L to 2.5 mg/L, which indicated the
ideal nitrification effect of the system. However, the dom-
inant component of effluent TN was NO,-N instead of
NO,-N, which dominated in previous phases. The nitrosa-
tion rate (NO,-N/NO,-N) increased to approximately 60%
because nitrifying bacteria are composed of two groups:
ammonia-oxidising bacteria (AOB) and nitrite-oxidising
bacteria (NOB). The latter could promote the transforma-
tion of oxide nitrite, the product of NH,"-N oxidised by
AOB, into nitrate under sufficiently high aeration condi-
tions. Under alow DO concentration, the stepwise nitrifying
reaction stopped at AOB oxidisation with nitrite accumu-
lation [27]. The involvement of short-cut denitrification in
the system would benefit synchronous N and P removal
with lower carbon sources and energy. Interestingly, the
TP removal efficiency decreased considerably, from 42% to
30%, at the beginning of this phase and then grew to 88% by
the end of run 6. Conventional PAOs favour short SRTs [28];
thus, the TP removal efficiency decreased initially. The sub-
sequent recovery of the TP removal rate can be attributed to
the proliferation of denitrifying phosphorus-accumulating
organisms (DPAOs) in the system. DPAOs favour adequate
NO,-N electron acceptors [29], long SRTs [30], and low OLR
[31] and DO [32]; these conditions are in accordance with
the operational conditions of the latter part of phase III. The
DPAO/PAOQ ratio of the sludge in run 6 was calculated as
the maximum anoxic P uptake rate to oxic P uptake rate.
The resulting value was approximately 90%, which indi-
cated that the TP removal relied mainly on DPAOs with a
long SRT of 22 d. Thus, the A?/O process was able to trans-
form severe filamentous bulking into a stable LFB condition
with an adequate SVI and sufficiently low effluent pollutant
concentrations.

The deterioration of the sludge settling ability in run
7 led to turbid effluent and slightly decreased COD and
TP removal efficiencies. The excessively long SRT of 28 d

caused the sludge to age and disintegrate, and the DPAOs
became inactivated because of competition from glyco-
gen-accumulating organisms (GAOs) under the long SRT
[33]. The nitrosation rate also decreased to approximately
50%, and the TN removal rate decreased slightly. This trend
occurred because NOB with a long generation time had
recovered at the SRT and outcompeted AOB, which led to
the increase in the effluent NO,-N concentration. Increased
NO,-N production would require a larger carbon source
for N removal by denitrification; hence, the TN removal
decreased under the same COD conditions in the influent.

There was no discernible sludge loss during the experi-
ment even though the sludge was bulking, and the interface
of sludge-water separation in the selector was consistently
clear. These conditions occurred due to the periodic agita-
tion by aeration for sludge reshuffling and the elimination
of microbubbles attached to the filaments to prevent sludge
caking and floating. The retention of adequate biomass in
the reactor ensured the pollutant treatment effect.

3.3. Development of filamentous populations

Four main types of filamentous bacteria were dominant
in the 4 different experimental phases. The population sizes
of these bacteria are provided in Table 2, which indicates a
clear development characteristic.

Thiothrix grew excessively in phase I (Fig. 5a), followed
by Beggiatoa (Fig. 5b). No nocardioforms or Haliscomeno-
bacter hydrossis were observed in the start phase. Thiothrix
and Beggiatoa are both sulphur bacteria that favour low
DO concentrations and abundant H,S [21,34]. In this reac-
tor, these two types of filamentous bacteria were inocu-
lated from the bulking A/O reactor, which was operated
with inadequate aeration and putrefactive sewage. Long
extended filaments (100-500 pm) were the main compo-
nent of these filamentous bacteria bodies [21], which easily
attached to the gas bubbles from denitrification and led to
sludge flotation. Sludge flotation was the main reason why
the MLSS was lost and treatment decreased in this phase.

With the introduction of the gravity selector, Thiothrix
and Beggiatoa began to disappear during phase II. Beggiatoa
disappeared more rapidly than Thiothrix (Table 2). The final
absence of these two types of filamentous bacteria is relevant
to their common morphology of long filaments out of the
flocs. Although the gas bubbles on the filaments were peri-
odically excluded from the gravity selector, outstretched long
filaments continued to slow the settling velocity of flocs and
had tobe eliminated. Asshown in Table 2, Thiothrix was absent
starting in phase IV, whereas Beggiatoa could not be observed
by the end of phase II. This difference between the two types

Table 2
Population sizes (FI) of the dominant filamentous bacteria
during the experiment

Bacteria Day 10 Day 40 Day 100 Day 130
Thiothrix 1 4 3 1 0
Nocardioforms 0 0 1 2
Beggiatoa spp. 3 0 0 0
Haliscomenobacter hydrossis 0 1 3 4
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Fig. 5. Evolution of the morphology of filamentous flocs during filamentous bulking control: a) Thiothrix in phase I, b) Beggiatoa in
phase I, ) sludge flocs on day 10, d) sludge flocs on day 40, e) sludge flocs on day 100, and f) sludge flocs on day 140.

of bacteria might be because Beggiatoa always glided freely in
water (Fig. 5b), whereas Thiothrix was smoothly curved and
frequently grew on the surface of thick and solid substances
as a bouquet, which improved its settling velocity and pre-
vented it from being washed out quickly.

In contrast to the case discussed above, the abun-
dance of nocardioforms and Haliscomenobacter hydros-
sis increased gradually from phase II. Haliscomenobacter
hydrossis was dominant in the LFB state (Figs. 5e and f and
Fig. 6), which corresponds well to previous studies [13].
Its coiled ingrowth is in accordance with a previous report
on the morphology of LFB bacteria [16]. These two types
of filamentous bacteria favour long SRTs, low DO and low
OLR [21], which were the operational conditions of runs 6
and 7. Furthermore, the filaments of these bacteria did not
stretch out considerably. The nocardioforms were curved
and grew within the flocs [21]. Haliscomenobacter hydrossis
was thin (filament diameter = 0.5 ym) and short (10-100
pm), making it difficult to observe the extended filaments

[21,22]. Therefore, the structures improved the tightness
and settling ability of the sludge to protect it from being
readily washed out. Haliscomenobacter hydrossis domi-
nance has been reported to be correlated with enhanced
nutrient removal [35]. The loose and swollen sludge flocs
benefited from simultaneous nitrification and denitrifica-
tion; therefore, the LFB state (run 6) exhibited high pol-
lutant removal rates. The low level of nocardioforms in
the LFB state might have been observed because these
bacteria cause foaming [36]; once these bacteria grew to
a certain extent, they would have been eliminated from
the selector.

Overall, the balance between the washout for over-
proliferation and the growth of filamentous bacteria in
the system guaranteed the stability of MLSS and SVI
in the stable LFB phase. Through analysing the charac-
teristics of the main genera (Table 3), it could be found
that the LFB sludge contained abundant various bacte-
ria responsible for nutrient removal except filamentous
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Genus Percentage(%a)
| unclassified 36.09
| Methylocapsa 5.32
O Haliscomenobacter 4.60
O TM7-genera-incertae-sedis 4.22
B Sediminibacterinm 310
B Ohtachkwangia 1.95
B Terrimonas 1.93
O Caldilinea 1.90
W Brevundimonas 1.72
B Sphingomonas 1.60
@ Armatimonadetes_gp3 1.49
B Vampirovibrio 1.47
O Srereidobacter 1.46
O Lewinella 1.39
O Ferruginibacter 1.38
B [gnavibacterinm 1.38
O Frateuria 1.26
@ Comamonas 1.18
B Longilinea 1.16
B Sulfuritalea 1.04
W other 24.3

Fig. 6. Genus-level bacterial population distribution in the LFB sludge.

Table 3
The characteristics of important genera in LFB state

Genus of bacteria Characteristics

Methylocapsa

Haliscomenobacter
reactors. [38]

TM7_genera_incertae_sedis

Methane-oxidizing bacteria, they typically coupled with N and COD removal. [37]
Filamentous bacteria, they belong to Bacteroidetes, abundant in enhanced P removal

The genus contains some types of filamentous bacteria, familiar invarious

activated-sludge treatment systems. [39]

Sediminibacterium, Ohtaekwangia, Terrimonas
and Lewinella

Brevundimonas

These genera belonging to Bacteroidetes which is a phylum plays a key role in
hydrolysis and acidification. [40]

The genus is potential PAOs within Alphaproteobacteria. [41]

bacteria, which ensure the favourable treatment perfor-
mance of the system.

4. Conclusion

Severe filamentous bulking in an A?/O reactor could
be treated and recovered to a stable LFB state by installing
a gravity selector after the oxic zones. The settling ability
of sludge in the system was significantly improved. The
pollutant treatments were also enhanced under the LFB
state with long SRT and low aeration in the oxic zones;
this nutrient removal involved with AOB and DPAOs. The
principle of the gravity selector was persistent washout of
overgrown filamentous bacteria with extended long fila-
ments that settled slowly on the surface, while the filamen-
tous bacteria with filaments curved inside were retained
for LFB induction. Haliscomenobacter hydrossis dominated
the LFB state.

Acknowledgments

This work was supported by the [Key Higher Educa-
tion Institution Research Project of Henan Province] under
Grant [number 18A560001] and [Science and Technology

Research Project of Henan Province] under Grant [number
172102310697, 162102310095, 172102310243].

References

[1] G.Sharma, M. Naushad, D. Pathania, A. Kumar, A multifunc-
tional nanocomposite pectin thorium (IV) tungstomolybdate
for heavy metal separation and photoremediation of malachite
green, Desal. Water Treat., 57 (2016) 19443-19455.

[2] G.Sharma, M. Naushad, A. Kumar, S. Rana, S. Sharma, A. Bhat-
nagar, FJ. Stadler, A.A. Ghfar, M.R. Khan. Efficient removal of
coomassie brilliant blue R-250 dye using starch/poly (alginic
acid-cl-acrylamide) nanohydrogel, Process Safety Env. Pro-
tect., 109 (2017) 301-310.

[3] A. Kumar, M. Naushad, A. Rana, G. Sharma, A.A. Ghfar, FJ.
Stadler, M.R. Khan, ZnSe-WO3 nano-hetero-assembly stacked
on Gum ghatti for photo-degradative removal of Bisphenol A:
Symbiose of adsorption and photocatalysis, Int. J. Biol. Macro-
mol., 104 (2017) 1172-1184.

[4] A.M.P. Martins, K. Pagilla, J.J. Heijnen, M.C. van Loosdrecht,
Filamentous bulking sludge—a critical review, Water Res., 38
(2004) 793-817.

[5] P.Madoni, D. Davoli, G. Gibin, Survey of filamentous microor-
ganisms from bulking and foaming activated-sludge plants in
Italy, Water Res., 34 (2000) 1767-1772.

[6] N. Ganidi, STyrrel, E. Cartmell, Anaerobic digestion foam-
ing causes — a review, Bioresour. Technol., 100 (2009) 5546—
5554.



186

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

[16]

(17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

Y. Luo et al. / Desalination and Water Treatment 135 (2018) 177-187

E. Kowalska, E. Paturej, M. Zielinska, Use of lecaneinermis for
control of sludge bulking caused by the haliscomenobacter
genus, Desal. Water Treat., 57 (2015) 1-8.

V. Ferreira, C. Martins, M.O. Pereira, A. Nicolau, Use of an
aerobic selector to overcome filamentous bulking in an acti-
vated sludge wastewater treatment plant, Environ. Technol., 35
(2014) 1525-1531.

V. Agridiotis, C.F. Forster, C. Carliell-Marquet, Addition of
Al and Fe salts during treatment of paper mill effluents to
improve activated sludge settlement characteristics, Bioresour.
Technol., 98 (2007) 2926-2934.

J. Guo, Y. Peng, Z. Wang, Z. Yuan, X. Yang, S. Wang, Control
filamentous bulking caused by chlorine-resistant Type 021N
bacteria through adding a biocide CTAB, Water Res., 46 (2012)
6531-6542.

L. Leven, E. Wijnbladh, M. Tuvesson, C. Kragelund, S. Hallin,
Control of Microthrixparvicella and sludge bulking by ozone
in a full-scale WWTP, Water Sci. Technol., (2016) 866—872.

J.H. Guo, Y.Z. Peng, CY. Peng, SY. Wang, Y. Chen, HJ. Huang,
Z.R. Sun, Energy saving achieved by limited filamentous bulk-
ing sludge under low dissolved oxygen, Bioresour. Technol.,
101 (2010) 1120-1126.

W.D. Tian, W.G. Li, H. Zhang, X.R. Kang, M.C. van Loosdrecht,
Limited filamentous bulking in order to enhance integrated
nutrient removal and effluent quality, Water Res., 45 (2011)
4877-4884.

J. Guo, Y. Peng, S. Wang, X. Yang, Z. Wang, A. Zhu, Stable
limited filamentous bulking through keeping the competi-
tion between floc-formers and filaments in balance, Bioresour.
Technol., 103 (2012) 7-15.

M. Jiang, Y. Zhang, X. Zhou, Y. Su, M. Zhang, K. Zhang, Simul-
taneous carbon and nutrient removal in an airlift loop reactor
under a limited filamentous bulking state, Bioresour. Technol.,
130 (2013) 406—-411.

X. Yang, Y. Peng, N. Ren, J. Guo, X. Tang, J. Song, Nutrient
removal performance and microbial community structure in
an EBPR system under the limited filamentous bulking state,
Bioresour. Technol., 144 (2013) 86-93.

J. Van Leeuwen, A review of the potential application of
non-specific activated sludge bulking control, Water SA, 18
(1992) 101-106.

J. Wanner, P. Grau, Filamentous bulking in nutrient removal
activated sludge systems, Water Sci. Technol., 20 (1988) 1-8.
PE. Strom, D. Jenkins, Identification and significance of fila-
mentous microorganisms in activated sludge, J. Water Pollut.
Contr. Fed., 56 (1984) 449-459.

A. Wachtmeister, T. Kuba, M.C.M. Van Loosdrecht, ].]. Heijnen,
A sludge characterization assay for aerobic and denitrifying
phosphorus removing sludge, Water Res., 31 (1997) 471-478.
D.H. Eikelboom, Process Control of Activated Sludge Plants by
Microscopic Investigation, IWA Publishing, London 2000.

D. Jenkins, M.G. Richard, G.T. Daigger, Manual on the Causes
and Control of Activated Sludge Bulking, Foaming, and Other
Solids Separation Problems, IWA Publishing, London 2004.
L.A. Luongo, XJ. Zhang, Toxicity of carbon nanotubes to the
activated sludge process, ]. Hazard. Mater., 178 (2010) 356-362.
M.A. Cardete, J. Mata-Alvarez, J. Dosta, R. Nieto-Sanchez,
Sludge settling enhancement in a pilot scale activated sludge
process treating petrochemical wastewater by implementing
aerobic or anoxic selectors, ]J. Environ. Chem. Eng., 5 (2017)
3472-3482.

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

X. Zhang, S. Zheng, X. Xiao, L. Wang, Y. Yin, Simultaneous
nitrification/denitrification and stable sludge/water separa-
tion achieved in a conventional activated sludge process with
severe filamentous bulking, Bioresour. Technol., 226 (2017)
267-271.

S. He, D.L. Gall, K.D. McMahon, “Candidatus Accumuli-
bacter” population structure in enhanced biological phos-
phorus removal sludges as revealed by polyphosphate kinase
genes, Appl. Environ. Microbiol., 73 (2007) 5865-5874.

Y.Z. Peng, G. Zhu, Biological nitrogen removal with nitrifica-
tion and denitrification via nitrite pathway, Appl. Microbiol.
Biotechnol., 73 (2006) 15-26.

G.J.F. Smolders, ].M. Klop, M.C.M. Van Loosdrecht, ].]. Heijnen,
A metabolic model of the biological phosphorus removal pro-
cess: L. Effect of the sludge retention time, Biotechnol. Bioeng,,
48 (1995) 222-233.

Y. Chen, C. Peng, ]. Wang, L. Ye, L. Zhang, Y. Peng, Effect of
nitrate recycling ratio on simultaneous biological nutrient
removal in a novel anaerobic/anoxic/oxic (A2/0)-biological
aerated filter (BAF) system, Bioresour. Technol., 102 (2011)
5722-5727.

D.S. Lee, C.O. Jeon, ]. M. Park, Biological nitrogen removal with
enhanced phosphate uptake in a sequencing batch reactor
using single sludge system, Water Res., 35 (2001) 3968-3976.

J. Fan, T. Tao, J. Zhang, G. You, Performance evaluation of a
modified anaerobic/anoxic/oxic (A2/O) process treating low
strength waste water, Desalination, 249 (2009) 822-827.

M.K. deKreuk, J.J. Heijnen, M.C. vanLoosdrecht, Simultaneous
COD, nitrogen, and phosphate removal by aerobic granular
sludge, Biotechnol. Bioeng., 90 (2005) 761-769.

RJ. Seviour, T. Mino, M. Onuki, The microbiology of biolog-
ical phosphorus removal in activated sludge systems, FEMS
Microbiol. Rev., 27 (2003) 99-127.

T.M. Williams, R.F. Unz, The nutrition of Thiothrix, type 021N,
Beggiatoa and Leucothrix strains, Water Res., 23 (1989) 15-22.
D. Dionisi, C. Levantesi, V. Renzi, M. Majone, PHA storage
from several substrates by different morphological types in an
anoxic/aerobic SBR, Water Sci. Technol., 1-2 (2002) 337-344.

H. Stratton, B. Seviour, P. Brooks, Activated sludge foaming:
what causes hydrophobicity and can it be manipulated to con-
trol foaming? Water Sci. Technol., 37 (1998) 503-509.

R. Conrad, The global methane cycle: recent advances in
understanding the microbial processes involved, Environ.
Microbiol. Rep., 1 (2009) 285-292.

L. Mehlig, M. Petzold, C. Heder, S. Giinther, Biodiversity of
polyphosphate accumulating bacteria in eight WWTPs with
different modes of operation, J. Environ. Eng., 139 (2013) 1089-
1098.

P. Hugenholtz, GW. Tyson, R.I. Webb, A.M. Wagner, Investi-
gation of candidate division TM7, a recently recognized major
lineage of the domain Bacteria with no known pure-culture
representatives, Appl. Environ. Microbiol., 67 (2001) 411-419.

J. Forss, J. Pinhassi, M. Lindh, U. Welander, Microbial diversity
in a continuous system based on rice husks for biodegradation
of the azo dyes Reactive Red 2 and Reactive Black 5, Bioresour.
Technol., 130 (2013) 681-688.

L. Mehlig, M. Petzold, C. Heder, S. Giinther, Biodiversity of
polyphosphate accumulating bacteria in eight WWTPs with
different modes of operation, J. Environ. Eng., 139 (2013) 1089-
1098.



Y. Luo et al. / Desalination and Water Treatment 135 (2018) 177-187 187

Supplementary

Fig. S1. The configuration of real experimental reactor.



