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� An A/A/O process coupled with sludge
ozonation and P recovery was
developed.
� The sludge solubilization efficiency

was 35.5% at about
100 mg O3 g�1 MLSS.
� The maximum sludge reduction

efficiency reached 85% in the
combined treatment system.
� Ozonated sludge recycle impacted

slightly the removal of pollutants
(except P).
� The influent P was recovered by 29%

from the supernatant of ozonated
sludge.
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This study investigated the long-term operation performance of an anaerobic/anoxic/oxic (A/A/O) process
coupled with sludge ozonation and phosphorus (P) recovery at pilot scale with a treatment capacity of
1.0 m3 d�1. Batch experiments of sludge ozonation showed that the release of organic substances
(expressed as chemical oxygen demand (COD)), nitrogen (N), and P from disintegrated microbial cells
was enhanced with an increasing ozone dose. The optimal ozone dose was about 100 mg g�1 MLSS
(mixed liquor suspended solids), at which a sludge solubilization efficiency of 35.5% was achieved. The
pilot-scale treatment system was continuously operated for 141 days and a maximum sludge reduction
efficiency of 85% was reached. Ozonated sludge recycle (OSR) affected slightly the COD and N removal,
mixed liquor volatile suspended solids to MLSS ratio, and sludge activity in the bioreactor, and signifi-
cantly improved the sludge settleability. However, P removal was obviously inhibited because of the
reduced discharge of excess sludge. The mass balances of COD and N indicated that OSR improved both
organic mineralization and denitrification. The influent P could be recovered by 29% from the supernatant
of ozonated sludge, thus notably enhancing its removal in the pilot-scale treatment system. This study
demonstrates the operational feasibility of the A/A/O process coupled with excess sludge reduction by
ozone and P recovery.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

The large amount of excess sludge produced in activated sludge
processes has long been a serious problem for wastewater treat-
ment plants (WWTPs) worldwide. In China, the annual production
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Nomenclature

Abbreviations
COD chemical oxygen demand
DO dissolved oxygen
MLSS mixed liquor suspended solids
MLVSS mixed liquor volatile suspended solids
N nitrogen
Ns sludge load
ON organic nitrogen
OSR ozonated sludge recycle
P phosphorus
SCOD soluble chemical oxygen demand
SRT sludge retention time
SVI sludge volume index
TCOD total chemical oxygen demand
TN total nitrogen
TP total phosphorus

Symbols
b specific decay rate (d�1)
C COD concentration (mg L�1)
D mass ratio of excess sludge to MLSS in the bioreactor

E mass ratio of sludge subjected to ozonation to MLSS in
the bioreactor

k MLSS production ratio caused by ozonated sludge re-
cycle

Ls mass ratio of COD removed to MLSS in the bioreactor
M ozone dose (mg g�1 MLSS)
Q flow rate (L d�1)
t time (d)
V volume (L)
X MLSS concentration (g L�1)
Yobs observed sludge yield coefficient (g MLSS g�1 COD)
g sludge solubilization efficiency (%)
r sludge reduction efficiency (%)
re sludge reduction efficiency expected to achieve (%)

Subscripts
br bioreactor
ef effluent
in influent
or ozonation reactor
os ozonated sludge
d daily excess sludge discharge
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of excess sludge is expected to reach 30 million tons in 2015, given
an increasing amount of wastewater to be treated and more strin-
gent standards to be enforced for effluent discharge [1]. The dis-
posal of excess sludge not only increases significantly the total
operating cost of WWTPs [2,3], but also poses a great threat to
the environment.

Physical, chemical, and biological methods have been devel-
oped for sludge reduction based on lysis–cryptic growth, uncou-
pling metabolism, maintenance metabolism, and predation of
microbes [4–6]. Compared with other sludge solubilization tech-
niques such as thermal, ultrasonic and alkaline treatments, ozona-
tion is considered as a promising technology for sludge reduction
[4,7]. The sludge solubilization efficiency, affected principally by
ozone dose and sludge properties, could vary from 20% to 70%
[6]. Some sludge characteristics (e.g., pH, zeta-potential, and parti-
cle size) were altered significantly during ozonation [8–10]. Excess
sludge reduction could be achieved within the activated sludge
system by combining activated sludge process with sludge ozona-
tion based on lysis–cryptic growth [11–13]. Different combined
systems (e.g., anoxic/oxic process coupled with sludge ozonation,
sequenced batch reactor coupled with sludge ozonation) have been
tested with sludge reduction efficiency of 40–100% [6]. In our pre-
vious work, a conventional activated sludge process coupled with
sludge ozonation was operated continuously for 45 days at bench
scale without excess sludge discharge at an ozone dose of
100 mg g�1 MLSS (mixed liquor suspended solids) [14]. Moreover,
the microbial activity in the bioreactor may be affected by ozonat-
ed sludge recycle (OSR) because of the change in the sludge loads
(Ns) of the main wastewater quality indicators and the possible
inactivation of microbes by ozone. The effluent concentrations of
chemical oxygen demand (COD) and total nitrogen (TN) could
increase to some extent, whereas that of total phosphorus (TP)
could increase significantly, as a result of the reduced discharge
of excess sludge [14–16]. In addition, the organic substances
released upon sludge solubilization could be used as an internal
carbon source for denitrification [17,18], thus reducing wastewater
treatment costs.

The large amount of phosphorus (P) rich excess sludge pre-
sents a serious challenge to the anaerobic/anoxic/oxic (A/A/O)
process, which has been widely employed to reduce nitrogen
(N) and P simultaneously in WWTPs. On the one hand, sludge
ozonation leads to a reduced discharge of excess sludge. Since P
can only be removed through excess sludge discharge in biologi-
cal treatment processes, it will continuously accumulate in the
bioreactor until the treatment process collapses eventually. On
the other hand, the gradual depletion of P resources [19] and
the undesirable disturbance on aquatic environment (e.g., eutro-
phication) induced by excessive input of P to water bodies have
called for the recovery of P in WWTPs. Therefore, P recovery is
necessary for the A/A/O process if excess sludge is reduced by
ozonation.

In this study, an A/A/O process coupled with sludge ozonation
and P recovery was operated to investigate sludge reduction effi-
ciency and wastewater treatment performance. Batch experiments
of sludge ozonation were first carried out to determine the optimal
ozone dose and the change of sludge characteristics post ozona-
tion. A pilot-scale treatment system was then run for 141 days
with different operation phases to examine the sludge reduction
efficiency and the fluctuation of effluent quality. With mass bal-
ance model calculations, this study demonstrates the feasibility
of excess sludge ozonation and P recovery in the A/A/O process
at pilot scale.

2. Materials and methods

2.1. Mass balance model

An overall mass balance model was developed for a bioreactor
coupled with sludge reduction by ozone according to Yasui and
Shibata [11] after certain modifications:

Vbr
dXbr

dt
¼ Yobs;brðQ inCin � Q ef Cef Þ þ kQorXor � Q dXd � Q orXor

� bXbrVbr � Qef Xef ð1Þ

Under steady-state conditions, Eq. (2) can be derived (see Text
S1 for detailed information):

Yobs;brLs ¼ bþ Dþ gE ð2Þ



164 Z. Qiang et al. / Chemical Engineering Journal 268 (2015) 162–169
Hence, the sludge reduction efficiency (r) and the net observed
sludge yield coefficient (Yobs,N) of the combined treatment process
can be calculated as follows:

r ¼ 1� DM

D0
¼ 1� Yobs;br;MLs;M � bM � gMEM

Yobs;br;0Ls;0 � b0
ð3Þ

Yobs;N ¼
Yobs;br;MLs;M � gMEM

Ls;M
ð4Þ

All the symbols and subscripts in the above equations are
defined in the Nomenclature section.

2.2. Sludge ozonation

Sludge ozonation was carried out in a cylindrical stainless steel
reactor (inner diameter 20 cm, height 120 cm) in batch mode to
optimize the ozone dose as well as clarify the effects of ozonation
on sludge characteristics and the release of COD, N, and P from
extracellular polymer degradation and cell lysis. Ozone gas, gener-
ated from pure oxygen with an ozone generator (Tonglin, Beijing,
China), was bubbled into the sludge through a diffuser disc
installed at the reactor bottom. Gaseous ozone concentrations at
the inlet (controlled at 45 mg L�1) and outlet of the ozonation reac-
tor were both monitored with two ozone meters (Ideal, Zibo,
China); the flow rate was set at 1.6 L min�1. The exhaust ozone
was treated by a catalytic ozone destructor (Jiahuan, Guangzhou,
China). Sludge (10 L), with 7.20 g L�1 MLSS and pH 6.20, was col-
lected from the settling tank of the A/A/O module and then sub-
jected to ozone treatment in the ozonation reactor (Fig. 1).
Sludge solubilization efficiency (g) and ozone dose (M) were calcu-
lated according to Eqs. (S4) and (S13), respectively. The effect of
ozone dose on the release of organic substances from disintegrated
microbial cells was examined in terms of the mineralization, solu-
bilization (i.e., liquid-phase), and residual (i.e., solid-phase) ratios
of COD (Text S2).

2.3. Pilot-scale combined treatment system

The pilot-scale combined treatment system comprised three
modules, namely, A/A/O, sludge ozonation, and P recovery
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Fig. 1. Schematic diagram of the pilot-scale combined treatment system consis
(Fig. 1). The A/A/O module consisted of a bioreactor (anaerobic
tank 105.6 L, anoxic tank 105.6 L, and oxic tank 316.8 L) and a ver-
tical-flow settling tank (50 L). Wastewater temperature was con-
trolled using several thermostats (Jebo, Guangdong, China)
installed in the bioreactor and the influent storage tank. The flow
rates of the influent, internal recycle, and sludge return were reg-
ulated through diaphragm metering pumps (Iwaki, Shanghai,
China). The P recovery module consisted of two settling tanks, a
P recovery reactor, a Ca(OH)2 tank for P precipitation, and a sludge
storage tank for sludge recycle to the anoxic tank.

Synthetic wastewater containing 328 mg L�1 glucose
(350 mg L�1 COD), 134 mg L�1 NH4Cl (35 mg L�1 TN) and
13 mg L�1 KH2PO4 (3 mg L�1 TP) was prepared with tap water.
Trace metals were added as follows: 50 lg L�1 Mo, Mn, Zn, Co, B,
Ni and Al; 30 lg L�1 Cu; 20 lg L�1 Mg and Ca; 18 lg L�1 K; and
15 lg L�1 Fe. Alkalinity was supplied with 0.15 g L�1 NaHCO3,
and pH was controlled at 7.0–7.5. The returned sludge from a
municipal wastewater treatment plant (Qinghe, Beijing), with
8603 mg L�1 MLSS, 6185 mg L�1 mixed liquor volatile suspended
solids (MLVSS), and pH 6.76, was used as the seeding sludge.

The collected seeding sludge (70 L) was added to the bioreactor
and cultivated with the synthetic wastewater. The pilot-scale com-
bined treatment system was continuously operated for 141 days,
which could be divided into five phases. In the startup phase (1–
60 d), the sludge return ratio, internal recycle ratio and excess
sludge discharge were adjusted to achieve a steady operation sta-
tus, under which the average MLSS concentration in the bioreactor
remained in the range of 3.0–4.0 g L�1 and the effluent quality con-
formed to Grade 1-A of the Discharge Standard of Pollutants for
Municipal Wastewater Treatment (GB 1898-2002) in China [20].
The A/A/O module was operated under the following conditions:
influent flow rate = 1.0 m3 d�1, hydraulic retention time = 12 h
(anaerobic tank 2.5 h, anoxic tank 2.5 h, and oxic tank 7 h), sludge
retention time (SRT) = 25 d, sludge return ratio = 33%, internal
recycle ratio = 100%. The dissolved oxygen (DO) concentrations in
the oxic and anoxic tanks were controlled at about 2.0 and
0.5 mg L�1, respectively. In Phase I (61–95 d), conventional opera-
tion strategy was adopted for the A/A/O module (i.e., without
sludge ozonation and P recovery) as experimental control. In
Phases II (96–110 d) and III (111–125 d), a certain portion of excess
P
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sludge, calculated according to different sludge reduction efficien-
cies expected to achieve (re) (Table S1), was withdrawn from the
settling tank, treated in the sludge ozonation module, and then
recycled to the bioreactor. The sludge reduction efficiency and
treatment performance of the A/A/O module were examined under
OSR. In Phase IV (126–141 d), the P recovery module was added
after the sludge ozonation module, to precipitate P from the super-
natant of ozonated sludge by Ca(OH)2 at a Ca/P molar ratio of 10.
After P recovery, the ozonated sludge was recycled to the
bioreactor.

During the entire pilot-scale operation period, the A/A/O mod-
ule was run continuously, while the sludge ozonation and P recov-
ery modules were run intermittently each day. The detailed
experimental conditions of different operation phases are summa-
rized in Table S1. The excess sludge volumes subjected to ozona-
tion and discharge were calculated according to Eqs. (S11) and
(S12) (Text S2), respectively.
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2.4. Analysis

MLSS, MLVSS, and sludge volume index (SVI) were measured
according to the Standard Methods [21]. Supernatant was obtained
by filtering the sludge through 0.45 lm glass-fiber filters to deter-
mine the concentrations of soluble COD (SCOD), TN, ammonia
(NH4

+-N), nitrite (NO2
�-N), nitrate (NO3

�-N), TP, and phosphate
(PO4

3�-P). Hach methods were used to determine the concentra-
tions of COD (method 8000), TN (methods 10,071 and 10,072),
NH4

+-N (methods 10,023 and 10,031), NO2
�-N (method 10,019),

NO3
�-N (methods 10,020 and TNT 836), TP (methods 10,127 and

8190), and PO4
3�-P (method 8000) with a DR2800 UV–Vis spectro-

photometer and a DRB200 digestion device (Hach, Shanghai,
China). The wastewater temperature and DO concentration were
monitored online with a mercurial thermometer and a portable
DO meter (WTW, Munich, Germany), respectively. All the analyses
were performed in duplicate.
0

10

Ozone dose (mg g−1 MLSS)

0 51 101 155 207
0

Fig. 2. Changes of sludge solubilization efficiency (a), COD (b), N (c), and P (d) with
ozone dose during sludge ozonation. Error bars represent the standard deviation of
triplicate experiments.
3. Results and discussion

3.1. Excess sludge ozonation

The change of sludge solubilization efficiency (g) and the
release of COD, N and P as a function of ozone dose are shown in
Fig. 2. The results indicate that the g increased quickly to 35.5%
as the ozone dose increased to 101 mg g�1 MLSS; afterwards, a
slow increase was observed as the ozone dose further increased
to 207 mg g�1 MLSS (Fig. 2a), which was attributed to the
enhanced competition of soluble components for ozone against
particulate matter [22] and the inhibition on indirect oxidations
by radical scavengers (e.g., lactic acid) released from disintegrated
microbial cells [8]. The optimal ozone dose was about 100 mg g�1 -
MLSS, as a tradeoff between g and treatment cost.

Fig. 2b shows that in the ozone dose range of 0–101 mg g�1 -
MLSS, the total COD (TCOD) concentration remained almost con-
stant, with a slight increase in the COD mineralization ratio from
0% to 1.2%; however, the SCOD concentration increased remarkably
from 34 to 2650 mg L�1, in correspondence to a rapid increase in
the COD solubilization ratio from 0.4% to 29.1%. When the ozone
dose was further increased to 207 mg g�1 MLSS, the COD mineral-
ization ratio increased relatively fast to 7.2%, whereas the COD sol-
ubilization ratio increased relatively slowly to 32.4%. The results
indicate that below 101 mg O3 g�1 MLSS, ozone was mainly con-
sumed for sludge solubilization; while above this value, ozone
was mainly consumed for sludge mineralization. The residual
sludge became more refractory to oxidation as ozone dose
increased; meanwhile, the organic substances released into the
supernatant were partially mineralized by ozone. However, there
is no need to mineralize the soluble organic substances because
they can provide additional carbon source to promote denitrifica-
tion in the A/A/O process [23].

The concentrations of TN, NH4
+-N and NO3

�-N increased rapidly
from 4.8, 3.7 and 0.1 mg L�1 to 220, 15.9 and 16.8 mg L�1 in the
ozone dose range of 0–101 mg g�1 MLSS, respectively, and then
increased slowly to 255, 18.8 and 19.6 mg L�1 at 207 mg O3 g�1

MLSS; while the NO2
�-N concentration always maintained at a

low level (<2.3 mg L�1) (Fig. 2c). The main N species released into
the supernatant was organic nitrogen (ON), whose proportion
reached 85% of TN at 101 mg O3 g�1 MLSS and then remained
almost constant. In addition, the concentrations of TP and PO4

3�-P
increased remarkably from 3.0 and 2.8 mg L�1 to 46.2 and
40.6 mg L�1 in the ozone dose range of 0–101 mg g�1 MLSS, respec-
tively, and then increased slowly with an increasing ozone dose
(Fig. 2d). The main P species released into the supernatant was
PO4

3�-P (e.g., 88% of TP at 101 mg O3 g�1 MLSS), which could facili-
tate P recovery.

The effect of ozone dose on sludge characteristics is manifested
in Table S2. The sludge pH dropped obviously from 6.2 to 4.2 as the
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ozone dose increased from 0 to 207 mg g�1 MLSS, because ozona-
tion of organic substances could produce various organic acids
[24]. The MLVSS/MLSS ratio decreased from 90.6% to 86.4%, imply-
ing that a certain portion of the organic content of sludge was min-
eralized by ozone. The SVI gradually decreased from 77.8 to
62.6 mL g�1 with an increasing ozone dose, indicating an improved
settleability of the ozonated sludge.
3.2. Effluent quality of the pilot-scale treatment system

Fig. 3 shows the effluent quality and the removal efficiencies of
COD, TN, NH4

+-N, and TP in the pilot-scale treatment system over
the entire operation period. In Phase I, the mean effluent concen-
trations of COD, TN and TP were measured to be 17, 10.9, and
0.33 mg L�1, respectively; while the effluent concentration of
NH4

+-N decreased gradually and reached stable at 0.4 mg L�1 in
the last six days. In Phases II and III, different proportions of excess
sludge (i.e., re = 50% and 70%, respectively) were withdrawn from
the settling tank, ozonated, and then recycled to the bioreactor.
The effluent concentrations of COD, TN, and NH4

+-N remained sta-
ble with mean concentrations of 18, 11.3, and 0.3 mg L�1, respec-
tively. However, the effluent concentration of TP kept increasing
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Fig. 3. Continuous operation performance of the pilot-scale treatment system in
terms of COD (a), TN (b), NH4

+-N (c), and TP (d). Phase I: A/A/O; Phase II-III: A/A/
O + sludge ozonation; Phase IV: A/A/O + sludge ozonation + P recovery.
until it became quite stable in the last few days of Phases II
(1.46 mg L�1) and III (2.10 mg L�1). It is seen that P accumulated
in the bioreactor because of the OSR and the reduced discharge
of excess sludge. In Phase IV, a P recovery module was added
between the A/A/O and the sludge ozonation modules, which could
remove most of the supernatant P (>85%) in the ozonated sludge. P
recovery had an insignificant influence on the effluent concentra-
tions of COD, TN, and NH4

+-N; while the effluent concentration of
TP decreased gradually until a new stable level was reached in
the last four days (i.e., 1.14 mg L�1).

The removal efficiencies of COD, TN, and NH4
+-N showed small

fluctuations during the entire operation period, probably because
of the relatively constant sludge loads (Ns) of these wastewater
quality indicators (Table S3). This result coincides with those
reported by other researchers, who found no or only a slight
change in the effluent COD and TN concentrations after OSR [25–
27]. The OSR did not inhibit the nitrification and denitrification
in the bioreactor, as supported by the facts that the effluent con-
centration of TN maintained nearly constant and NO3

�-N was
always its predominant species in Phases II–IV (87–98%). However,
although the Ns of TP remained quite stable during the entire oper-
ation period (1.5–1.9 g kg�1 d�1), (Table S3), a significant decline in
P removal was observed in Phases II and III because P can only be
removed through excess sludge discharge in biological processes.
Hence, the P recovery module is necessary for sustainable and
long-term operation of the A/A/O process coupled with excess
sludge reduction by ozone.

3.3. Sludge reduction efficiency and sludge characteristics of the pilot-
scale treatment system

Table 1 shows the calculated values of the sludge reduction effi-
ciency (r) and the observed sludge yield coefficient (Yobs) in differ-
ent operation phases according to the mass balance model (Text
S1). The calculated sludge reduction efficiencies (r1), if the varia-
tion of MLSS in the bioreactor was considered, were 59%, 72%,
and 85% from Phase II to IV, respectively. These values were higher
than those expected (re, Table S1). If the variation of MLSS was
ignored, the sludge reduction efficiencies (r2; specifically, 48%,
66% and 72%) approached the re values more closely in Phases
II–IV (Table 1).

The observed sludge yield coefficients of the pilot-scale treat-
ment system (Yobs,C) in different operation phases could be
obtained through linear fitting of the accumulated sludge produc-
tion vs. the accumulated COD removal (Fig. 4). The results indicate
that the Yobs,C decreased stepwise from Phase I to IV (i.e., 0.24, 0.11,
0.08, and 0.04 g MLSS g�1 COD), which was approximately equal to
the net observed sludge yield coefficient (Yobs,N, Table 1) theoreti-
cally calculated according to Eq. (4). If Phase I was taken as a refer-
ence, the reduction percentages of Yobs,C from Phase II to IV were
calculated as 54%, 67%, and 83%, respectively, which were quite
close to the corresponding r1 values (Table 1). These results
Table 1
The calculated values of Yobs and r in different operation phases.

Parameters Phase I Phase II Phase III Phase IV

r1 (%)a 0 59 72 85
r2 (%)a 0 48 66 72
Yobs,br (g MLSS g�1 COD)b 0.24 0.21 0.22 0.19
Yobs,N (g MLSS g�1 COD)b 0.24 0.10 0.07 0.04

a r1 and r2 represent the calculated sludge reduction efficiencies according to the
mass balance model with and without the consideration of MLSS variation,
respectively.

b Yobs,br and Yobs,N represent the theoretically calculated observed sludge yield
coefficients for the bioreactor and the combined process according to the mass
balance model, respectively.
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confirm that the developed mass balance model was well applica-
ble to evaluate the sludge reduction efficiencies during different
operation phases of the pilot-scale treatment system.

The effect of OSR on sludge characteristics in the bioreactor was
also examined. The MLSS and MLVSS concentrations in the bioreac-
tor kept increasing from the startup to Phase III and then decreased
slightly in Phase IV after the P recovery module was added
(Table S1). However, the ratio of MLVSS/MLSS remained nearly
constant in all the three chambers (i.e., anaerobic, aerobic, and
oxic) of the bioreactor throughout the entire operation period;
meanwhile, a notable decrease in SVI was observed in each cham-
ber, indicating an improved sludge settleability through OSR
(Fig. S1). In addition, the similar observed sludge yield coefficients
in the bioreactor (Yobs,br) among different operation phases reveal
that the sludge activity was well maintained (Table 1), which
explains the stable COD removal throughout the entire operation
period as aforementioned.

3.4. Mass balance of the pilot-scale treatment system

Fig. 5 illustrates the overall mass balances of COD and N in dif-
ferent operation phases of the pilot-scale treatment system. The
Phase I EffluentInfluent

CO2 (8.20)
67%

N2 (0.60)
50%

Excess sludge

COD (12.19)
100%

N (1.22)
100%

COD (0.60)
5%

N (0.38)
31%COD (3.39)

28%
N (0.24)

19%

Phase III EffluentInfluent

CO2 (4.39)
84%

N2 (0.33)
61%

Excess sludge

N (0.54)
100%

COD (0.29)
5%

N (0.17)
32%COD (0.56)

11%
N (0.04)

7%

COD (5.24)
100%

Fig. 5. Overall mass balances of COD and N in different operation phases of th
outputs of COD and N comprised three pathways: gas emission
(CO2 and N2), effluent discharge, and excess sludge discharge.
The ratios of 0.8 g MLSS g�1 TCOD (determined in this study) and
0.07 g N g�1 TCOD [28] were adopted to evaluate the amounts of
COD and N discharged with excess sludge, respectively. From
Phase I to II, the emitted proportions of COD and N increased nota-
bly by 16% and 9%, respectively, indicating that OSR could improve
both organic mineralization and denitrification. The proportions of
COD and N discharged with excess sludge decreased accordingly
because the excess sludge was partially reduced by ozonation.
The effluent proportions of COD and N had little change if the influ-
ent quality fluctuation was considered, indicating that OSR had an
insignificant influence on the removal of COD and N. From Phase II
to IV, the three proportions of COD and N only exhibited small vari-
ations. The ozonated sludge was recycled to the anoxic tank which
had an insufficient carbon source (COD/TN < 5). The improved
denitrification demonstrated that the organic substances released
upon sludge ozonation could be used as an additional carbon
source by denitrifying bacteria, as also reported in previous studies
[29,30].

The daily mass balance of P in different operation phases is
shown in Fig. 6. The output of P consisted of two pathways
(i.e., effluent discharge and excess sludge discharge) from Phase
I to III, and three pathways (i.e., effluent discharge, excess sludge
discharge, and P recovery) in Phase IV. The P/MLSS mass ratio of
3.7% (determined in this study) was used to calculate the amount
of P discharged with excess sludge. In Phase I, the input and out-
put of P were roughly balanced. However, from Phase II to IV, the
balance was disturbed by excess sludge reduction and P recovery.
The effluent P increased obviously in Phases II and III, and then
decreased gradually in Phase IV until it reached a fairly stable
level in the last few days. This balance disturbance arose from
the accumulation and release of P in the bioreactor. According
to our measurement data, about 29% of the influent P was
removed in the P recovery module. If 100% of excess sludge
reduction was achieved at an ozone dose of about 100 mg g�1

MLSS, the P recovery module could remove 41% of the influent
P. Note that P recovery from the supernatant of ozonated sludge
was controlled by the ozone dose applied and the amount of
excess sludge treated, which reached maximum when a complete
sludge reduction was achieved. To further enhance its removal in
the combined treatment system, P may also be recovered from
Phase II EffluentInfluent

CO2 (4.36)
83%

N2 (0.30)
59%

Excess sludge

COD (5.26)
100%

N (0.51)
100%

COD (0.26)
5%

N (0.17)
32%COD (0.64)

12%
N (0.04)

9%

Phase IV EffluentInfluent

CO2 (4.86)
86%

N2 (0.34)
60%

Excess sludge

COD (5.64)
100%

N (0.57)
100%

COD (0.36)
6%

N (0.20)
35%COD (0.42)

8%
N (0.03)

5%

e pilot-scale treatment system (unit of the parenthesized numbers: kg).
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the supernatant of anaerobic tank [31], in addition to the super-
natant of ozonated sludge.
4. Conclusions

This study investigated the long-term operation performance of
an A/A/O process coupled with excess sludge ozonation and P
recovery at pilot scale. Based on the experimental results obtained,
the following conclusions can be drawn:

� The release of COD, N and P from cell lysis during sludge ozon-
ation was enhanced as ozone dose increased. The optimal ozone
dose was about 100 mg g�1 MLSS, at which a sludge solubiliza-
tion efficiency of 35.5% was achieved.
� The pilot-scale combined treatment system achieved a maxi-

mum sludge reduction efficiency of 85%. OSR had little effect
on COD and N removal, MLVSS/MLSS ratio, and sludge activity
in the bioreactor, and significantly improved the sludge settlea-
bility. However, it obviously increased the effluent TP
concentration.
� The mass balances of COD, N, and P showed that OSR could

improve both organic mineralization and denitrification in the
bioreactor, and the P recovery module could recover 29% of
the input P.
� Future studies will focus on P recovery from the supernatants of

both anaerobic tank and ozonated sludge, so as to further
enhance its removal in the pilot-scale combined treatment
system.
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