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a b s t r a c t

Batch ultrasonic treatments (sonication) were performed on two waste activated sludge (WAS) samples,
BNR-WAS from the biological nitrogen removal unit and BNPR-WAS from the biological nitrogen and
phosphorus removal unit of two Shanghai municipal WWTPs, to determine the effects of sonication
time and intensity on the amount and distribution of the organic, N and P species released from the
samples. The concentration profiles of COD, TOC fractions in different molecular weight (MW) ranges
(<2 kDa, 2–100 kDa, and >100 kDa), TN, organic-N, NH3-N, TP and PO4-P were monitored during the
treatment at three sonication intensity levels (0.167, 0.330 and 0.500 W/mL). Species releases increased
with sonication time and/or intensity; the release rates were accelerated when the sonication intensity
was above a critical level between 0.330 and 0.500 W/mL. After 1 h of treatment, 37.9%, 37.5% and 50.8%
of the organic content (measured as COD) of BNR-WAS were released, while the same for BNPR-WAS
were 40.9%, 55.3% and 56.9%. It also resulted in the release of 40.9%, 38.7%, and 52.1% of total nitrogen
from BNR-WAS, relative to 46.2%, 61.6%, and 70.4% of the same from BNPR-WAS; most released nitrogen

were organic-N (65.0% and 84.9%), followed by NH3-N (34.7% and 14.9%) and trace amounts of nitrate
and nitrite. More total phosphorus of a higher orthophosphate content was released from BNRP-WAS
(>60% release after 1 h of sonication, 80% was PO4-P) than from BNR-WAS (<50% release, 40% was PO4-P).
The differences in the releases as well as the molecular weight distribution pattern of the soluble TOC
species were due to the different structure and composition of the sludge samples. Sonication is a viable

whe
t the
sludge treatment process
the released PO4-P so tha

. Introduction

Various forms of the aerobic activated sludge process are
mployed in more than 700 municipal wastewater treatment
lants (WWTPs) in China with a combined treatment capacity of
bout 2534 × 104 m3/day [1]. The large amounts of activated sludge
enerated from those WWTPs pose a significant threat to ecologi-
al environment. Proper treatment and disposal of waste activated
ludge (WAS) are very costly; they would present an unaffordable
urden to most WWTP owners. To minimize the production of WAS,
any sludge treatment processes have been proposed, including

echanical treatment [2], ultrasonic treatment (sonication) [3–5],

zonation [6,7] and chemical treatment [8,9]; among them, sonica-
ion and ozonation are attractive because they are environmentally
enign and controllable.

∗ Corresponding author at: College of Resource and Environmental Engineering,
ast China University of Science and Technology, No. 130, Mei Long Road, Xuhui
istrict, Shanghai 200237, China. Tel.: +86 21 64253533; fax: +86 21 64252737.
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n it is combined with a phosphorus recovery process to remove most of
supernatant may be returned for further biological treatment.

© 2009 Elsevier B.V. All rights reserved.

Ultrasound is a pressure wave that propagates through a
medium with a vast amount of energy dissipation generating
numerous gas and vapor bubbles which may grow, and then col-
lapse violently at high speeds to cause acoustic cavitation [10].
Cavitation occurs more readily at a frequency of 20–40 kHz [11].
High temperature and pressure developed inside the collapsing
bubbles may produce many physico-chemical effects [12]. Under
sonication, large and stable activated sludge flocs are disintegrated
[13] and that a portion of the insoluble organic matter may be dis-
solved [14]. Sonication of WAS is capable of destroying the flocs
holding extracellular polymeric substances (EPS) to result in much
smaller flocs due to the hydro-mechanical shear force created in
the reactor [15] and also producing highly oxidative •OH in the
amount that increases with treatment time and intensity [16].
Along with floc disintegration and cell lysis, many organic, nitro-
gen and phosphorus constituents of WAS are dissolved, hydrolyzed

and released, especially when it came from a biological nutri-
ent removal process. Recycling of the ultrasonic treated sludge to
the existing biological treatment unit will therefore expect to sig-
nificantly increase its organic, nitrogen and phosphorus loadings.
Although many literature reports have documented releases of the

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:lvshuguang@ecust.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.10.115


3 ardous Materials 176 (2010) 35–40

o
o
p
r
W
t
h
s
m
o
a
p
r
e
u
g

2

2

b
C
f
f
p
t
C
w
C
t
s
p
r
p
m
r
t
a
q

2

a
c
e

T
C

6 X. Wang et al. / Journal of Haz

rganic constituents of WAS under sonication, few have focused
n the investigation of concurrent releases of nitrogen and phos-
horus species. Sonication causes different degrees of cell lysis and
eleases of organic and nutrient species when it is performed on

AS of different forms of activated sludge process [17,18]. Given
he more stringent requirements for nutrient removal, a compre-
ensive understanding of nitrogen and phosphorus releases under
onication is essential to design a cost effective ultrasonic treat-
ent system for the WWTP WAS reduction program. The objectives

f this study were to (1) determine the effects of sonication time
nd intensity on amount and distribution of organic, nitrogen and
hosphorus species released, (2) the role of WAS origin on the
eleases, (3) assess the potential impacts of extra organic and nutri-
nt loadings of the sonicated WAS, and (4) propose a cost effective
ltrasonic treatment system for the WWTP WAS reduction pro-
ram.

. Materials and methods

.1. WAS samples

Two different types of WAS samples were collected from the
iological treatment units of two municipal WWTPs in Shanghai,
hina. BNR-WAS came from a WWTP with a primary treatment

ollowed by a biological nitrogen removal unit; BNPR-WAS came
rom another WWTP employing a biological nitrogen and phos-
horus removal unit. The samples are representative of WAS from
he two most common aerobic biological treatment processes in
hina for removing most organic and nutrient constituents of the
astewater to prevent eutrophocation of the receiving water body.
haracteristics of the WAS samples are listed in Table 1. Total COD,
otal nitrogen and total phosphorus of the WAS sample were mea-
ured after it was completely mixed using a magnetic stirrer; liquid
hase COD, total nitrogen (TN), organic-N, NH3-N, total phospho-
us (TP), and ortho-P were measured for the supernatant (liquid
hase) after the sample centrifugation at 4000 rpm for 20 min. All
easurements were conducted within 2 h after sampling to be rep-

esentative of a fresh WAS sample. Reported values are averages of
he duplicates; the experimental data were within ±8% of the aver-
ge value. Table 1 data show that the two WAS samples were indeed
uite different.

.2. Experimental methods
The key unit of the ultrasonic treatment system (Fig. 1) was
homogeneous sonicator (JYD-650L, Shanghai Zhixin Inc., China),

onsisted of the ultrasound generator and a probe (10 mm diam-
ter), with an operating frequency of 20–25 kHz and a maximum

able 1
haracteristics of the two WAS samples (unit: mg/L, expect pH and VS/TS).

Parameter BNR-WAS BNPR-WAS

Liquid phase (supernatant)
pH 6.82 ± 0.06 7.50 ± 0.15
COD 40.7 ± 10.9 32.7 ± 5.5
Total Nitrogen 31.08 ± 2.07 13.70 ± 1.67
Organic-N 1.91 ± 0.32 6.25 ± 1.34
NH3-N 29.09 ± 1.82 3.94 ± 0.45
Total phosphorus 2.78 ± 0.98 1.11 ± 0.24
Ortho-P 2.13 ± 0.58 0.25 ± 0.06

Whole sample (overall)
TS 6780 ± 360 6730 ± 390
VS/TS 0.61 0.69
COD 7310 ± 550 7540 ± 450
Total nitrogen 523 ± 48 448 ± 67
Total phosphorus 250 ± 30 552 ± 107
Fig. 1. Schematic diagram of the ultrasonic treatment system.

power input of 650 W. Batch treatment runs were carried out in
400 mL beakers containing 300 mL the WAS sample in each under
mixing of a magnetic stirrer. The tip of the probe was 15 mm below
the sample surface. During the treatment, the sonication intensity
was controlled at one of the three power input levels of 0.167, 0.330
and 0.500 W/mL. The sonicated WAS sample was centrifuged at a
speed of 4000 rpm for 20 min, and the concentrations of organic,
nitrogen and phosphorus species of the liquid phase were mea-
sured.

2.3. Analyses

Analyses of COD, BOD5, TN, NH3-N, NO2
−-N, NO3

−-N, TP, ortho-
P, total solids (TS) and volatile solids (VS) were performed according
to the Standard Methods [19]. Total organic carbon (TOC) was mea-
sured by a TOC analyzer (LiquiTOC, Elementar Analysensyteme Co.,
Germany) and pH by pH analyzer (Delta 320, Mettler Toledo Co.).

Molecular weight (MW) distribution of the TOC constituents of
the liquid phase before and after sonication was determined by UF
membranes (SCM model) with MW cut-offs of 2 kDa and 100 kDa.
Membranes were first rinsed several times with ultra-pure water
in a beaker 12 h before use. Nitrogen gas (99.999%) pressure was
controlled at 0.15–0.25 MPa to promote filtration. After rinsing, fil-
trate of the primary filter (0.45 �m) before and after sonication was
pressurized; the permeate was collected from each MW cut-off for
TOC measurement. The results were expressed as percentage of the
total TOC for each of its three fractions (MW <2 kDa, 2–100 kDa, and
>100 kDa).

The percentage of COD released was calculated by:
(CODi − CODo) × 100/CODs, where CODi and CODo are COD of
the liquid phase after and before sonication and that CODs is COD
of the WAS sample. The release percentages of TN and TP were
calculated similarly.

3. Results and discussion

3.1. Organic matter release

It was well known that sonication can disintegrate the struc-
ture of sludge flocs and solubilize some of the cellular organic
substances. The changes in COD concentration of the liquid phase
during sonication (COD release profiles) for the two samples at
three power input levels are shown in Fig. 2a (cumulative COD

release) and Fig. 2b (cumulative % COD released). As the intensity
increased three folds from 0.167 to 0.500 W/mL, the 1 h cumula-
tive % COD release increased only 34.0% for BNR-WAS and 39.1% for
BNPR-WAS. The much smaller differences in COD releases between
the two lower intensity levels relative to the two higher levels sug-
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Fig. 2. COD release profiles of the liquid phase: (a) cumul

ests that the release rates were accelerated when the sonication
ntensity was above a critical level between 0.330 and 0.500 W/mL.

2820, 2720 and 3830 mg/L of COD (37.9%, 37.5% and 50.8% of the
otal WAS COD) was released from BNR-WAS after 1 h treatment at
.167, 0.330 and 0.500 W/mL intensities, respectively. For BNPR-
AS, the comparable releases were slightly higher at 2930, 3850

nd 4840 mg/L (40.9%, 55.3% and 56.9% of the total). Such results
ere much higher than those reported by Chu et al. [3] showing that

0% of the WAS COD was released after 2 h of sonication (20 kHz,
.44 W/mL).

.2. Molecular weight distribution of solubilized organic matter

To ensure the sonicated WAS can be beneficially recycled to the
WTP, the BOD5/COD ratios of the liquid phase before and after

he treatment were assessed. The higher ratios of the sonicated
amples (0.33–0.37 vs. 0.13–0.14 for BNR-WAS and 0.33–0.68 vs.
.01–0.07 for BNPR-WAS) suggest that most of the organic species
eleased will be biodegraded in the existing biological treatment
nit of the WWTP.

To further characterize the released organic species, series
f filtration runs were conducted to obtain distributions of
rganic fractions (MW <2 kDa, 2–100 kDa, and >100 kDa) released
y sonication. Table 2 shows specific amount of TOC released
mg TOC/g TS) from the two WAS samples during sonication at the
hree intensities, and Fig. 3 exhibits the distribution profiles of the
hree TOC fractions for the two sonicated WAS samples.

TOC concentrations of the liquid phase before sample soni-
ation were 14.6 and 8.8 mg/L, respectively, for BNR-WAS and
NPR-WAS. Table 2 shows specific amount of TOC release increased
ith sonication time and ultrasonic intensity and that organic con-
tituents of BNPR-WAS were more readily dissolved; 18.5, 21.3,
nd 36.4 mg TOC/g TS were released from BNR-WAS after 1 h of
onication at 0.167, 0.330, and 0.500 W/mL, respectively, relative
o the much higher releases of 54.7, 65.0, and 114.9 mg TOC/g TS

able 2
pecific amount of TOC released (unit: mg TOC/g TS).

Ultrasonic intensity level (W/mL) Sonication time (min)

10 20 30 40 50 60

BNR-WAS
0.167 9.2 9. 5 10.9 13.9 14.2 18.5
0.330 10.9 12.0 14.0 16.0 16.8 21.3
0.500 11.1 13.1 22.4 23.7 27.7 36.4

BNPR-WAS
0.167 10.3 24.2 23.1 35.2 38.2 54.7
0.330 13.1 22.7 29.2 50.6 56.2 65.0
0.500 22.9 38.9 60.2 85.3 100.3 114.9
elease of COD, and (b) cumulative percent COD released.

from BNPR-WAS. The difference was primarily due to the fact that
large organic polymers and colloidal organic matter released were
excluded by the primary filter (0.45 �m) employed to prepare the
liquid phase samples for TOC measurements and that such exclu-
sion was likely to be much more for BNR-WAS than BNPR-WAS
since organic constituents of the latter were more soluble after the
treatment (Fig. 2). Another minor reason was the higher organic
content of the latter as evidenced by its higher VS/TS (Table 1). The
presumed presence of a high density of phosphorus accumulating
organisms (PAOs) in BNPR-WAS might have also been the reason for
its much higher total phosphorus content (552 mg/L vs. 250 mg/L).

Fractionating the TOC constituents of the liquid phase to differ-
ent MW size fractions provides detailed information about their
characteristics helpful for selecting effective treatment technolo-
gies [20,21]. Fig. 3 shows that organic species of MW < 2 kDa were
most abundant in all samples and that the distribution profile was
dependent on the sample type and sonication time and intensity.
For BNR-WAS (Fig. 3a–c), the <2 kDa fraction declined while the
2–100 kDa fraction increased with sonication time at the two lower
intensity levels of 0.167 and 0.330 W/mL and that this trend was
more notable at the higher intensity. Some of the small organics
of MW < 2 kDa were oxidized by the highly oxidative •OH radicals
produced during sonication, while breaking down of larger organic
constituents increased percentage TOC of the smallest fraction. At
0.500 W/mL level, the dominant fraction of MW < 2 kDa increased
further (82.3–91.8%) with sonication time.

The organic release patterns presented in Table 2 show that
the net cumulative organic release was slow at both 0.167 and
0.330 W/mL because the ultrasonic energy was insufficient to cause
a significant degree of cell lysis. At 0.500 W/mL, the change in the
MW distribution was quite different; the fraction of organic species
of 2 kDa < MW < 100 kDa increased initially and then declined,
indicating that those organics were broken into smaller organ-
ics as the treatment continued at the high intensity level; such
hypothesis was consistent with the profile of the smallest frac-
tion (MW < 2 kDa). The above observations coupled with the lower
VS/TS of BNR-WAS suggested that most of the released organics
came from the EPS content of the sample.

The distribution profiles of the three TOC fractions for BNPR-
WAS were different, as illustrated in Fig. 3d–f. At 0.167 and
0.330 W/mL intensity levels, the distribution profiles of MW < 2 kDa
was not much changed during the treatment. At these intensity
levels, the floc holding EPS were solubilized releasing organic con-
stituents of 2–100 kDa MW which were then broken down to keep

the smallest fraction (MW < 2 kDa) at nearly the same level. At
0.500 W/mL intensity level, the smallest fraction declined from
94.6% to 53.2% while the largest fraction (MW > 100 kDa) increased
from 2.7% to 44.5% during the 1 h treatment. This different pattern
of TOC fraction distribution profiles compared to BNR-WAS sample



38 X. Wang et al. / Journal of Hazardous Materials 176 (2010) 35–40

ree TO

(
c
t
t
u
t
a
m
W
d
t
o
c

s
d
w
r
t

B
t
w
u

3

s
T
i
p
l
m
l
r
p
W
0

Fig. 3. Distribution profiles of the th

Fig. 3c) could be explained by the following reasons. As the spe-
ific TOC release from BNPR-WAS (114.9 mg TOC/g TS) was more
han three folds of that from BNR-WAS (36.4 mg TOC/g TS) after 1 h
reatment at 0.500 W/mL intensity, much more net amounts of sol-
ble TOC with MW < 2 kDa were released from BNPR-WAS sample
han those from BNR-WAS sample. Therefore, with the sonication
t high intensity the generated •OH radicals would be trapped
ore easily for organic matters with MW < 2 kDa during BNPR-
AS treatment, hence resulting in the percentage of MW < 2 kDa

ecline and MW > 100 kDa increase. On the other hand, it is deduced
hat floc disintegration occurred significantly and the fragments
f cells increased along with large release of the cellular organic
onstituents at 0.500 W/mL intensity level, as shown in Table 2.

The above observations are consistent with the hypothesis that
onication at an intensity above the critical level would cause a high
egree of cell destruction [3,22]. The critical intensity for this study
as likely to be within 0.330–0.500 W/mL for the two WAS samples

ecognizing their different characteristics would affect the sonica-
ion performance, such as the dissolution of inorganic constituents.

Generally the low MW organics are more biodegradable [23].
ased on BOD5/COD data of the liquid phase and the fractional dis-
ribution profiles (Fig. 3), the organic species of the sonicated WAS
ould mostly be biodegraded in the front end biological treatment
nit.

.3. Nitrogen release

Along with the release of the organic compounds, many nitrogen
pecies were also released during sonication of the WAS samples.
he cumulative release profiles of TN of the liquid phase are shown
n Fig. 4a and the cumulative percentage of TN release profiles are
resented in Fig. 4b. Similar to the COD release patterns, the cumu-

ative TN release increased gradually and that BNPR-WAS released
ore TN to the liquid phase than BNR-WAS. After 1 h of treatment,
iquid phase TN concentrations of all sonicated samples were in the
ange of 200–300 mg/L relative to the initial TN of <31 mg/L. The
ercentages of the TN release reached 40.9%, 38.7%, 52.1% for BNR-
AS and 46.2%, 61.6%, 70.4% for BNPR-WAS at 0.167, 0.330 and

.500 W/mL, respectively. Organic-N accounted for most of the TN
C MW fractions of the liquid phase.

released. The ratio of organic-N to TN of the liquid phase increased
to 65.0% and 84.9%, respectively for BNR-WAS and BNPR-WAS after
1 h of treatment, while the ratio of NH3-N to TN declined to 34.7%
and 14.9% (Fig. 4c and 3d). Under the contribution of oxidative
effect of •OH, the concentration of nitrate and nitrite (NOx-N) in the
supernatant slightly increased with sonication time and intensity.
However, the amounts of NOx-N in the supernatants for both BNR-
WAS and BNPR-WAS after 1 h sonication treatment were less than
1.40 mg N/L, which could be completely neglected when compared
with organic-N and NH3-N amounts.

It has been stated that extra nitrogen loading would have no
adverse effect on the biological nitrogen removal performance if
the resulting COD/TKN is over 9 [24]. In this study, the sonica-
tion resulted in a rapid increase in COD/TKN of the liquid phase
(from 1.4 to 1.6 before the treatment) although the rate of increase
slowed down after 30 min. After 1 h of treatment, the COD/TKN
ratios were 10, 12 and 14 at 0.167, 0.330 and 0.500 W/mL, respec-
tively, for BNR-WAS and 13, 13 and 16 for BNPR-WAS. Therefore,
with the necessary modifications, the existing biological treatment
unit can accommodate the extra organic and nitrogen loadings
of the recycled sonicated WAS. Since most domestic wastewaters
have a rather low C/N ratio in southern part of China, the recycling
of sonicated WAS may in fact enhance the biological treatment per-
formance since it will result in a more favorable C/N ratio for the
influent. Optimization studies should be performed if sonication
treatment of WAS is considered to reduce the sludge production of
the WWTP.

3.4. Phosphorus release

The cumulative release profiles of TP of the liquid phase are
shown in Fig. 5a and cumulative percent TP release profiles are
presented in Fig. 5b. Based on the average of five replicate measure-
ments, the TP contents were 3.4–3.9% for BNR-WAS and 7.5–9.0%

for BNPR-WAS. For the former, there were no significant differences
for TP of the liquid phase (95.6–122.7 mg/L) after 1 h treatment at
the three intensities due perhaps to its relatively small phosphorus
content. For the latter, much higher and different TP concentrations
of the liquid phase of 371.3, 402.3 and 448.0 mg/L, corresponding
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Fig. 4. Nitrogen release profiles of the liquid phase: (a) cumulative release

o 61.4%, 78.1% and 88.2% of TP release (Fig. 5b), were observed
fter 1 h of treatment at 0.167, 0.330 and 0.500 W/mL, respectively.
uch results were consistent with literature reports of phospho-
us release by thermal heating [25,26]. Fig. 5c illustrates that the

pecific amount TP released (TP released per TS) increased only
lightly for BNR-WAS during the treatment, while it increased sig-
ificantly for BNPR-WAS reaching 55.0, 59.7 and 66.6 mg/g TS after
h sonication treatment at 0.167, 0.330 and 0.500 W/mL, respec-

ively. Ortho-P was the predominant form (over 80%) of TP released

ig. 5. Phosphorus release profiles of the liquid phase: (a) cumulative release of TP, (b) cum
, (b) cumulative percent TN released, (c) organic-N/TN, and (d) NH3-N/TN.

from BNPR-WAS due most likely to its high density of PAOs; far
less ortho-P was found in TP released from BNR-WAS (about 40%)
because of its much lower total phosphorus content (Table 1).

Unlike nitrogen removal which can be accomplished by

the nitrification–denitrification process, biological phosphorus
removal of a wastewater depends on the PAOs function. Direct
recycle of the sonicated WAS would significantly increase the phos-
phorus loading and result in a high phosphorus concentration of
the effluent which might exceed the effluent discharge standard.

ulative percent TP released, (c) specific amount of TP released, and (d) ortho-P/TP.
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uch an adverse effect has been reported for the SBR system pro-
ucing an effluent with 6.0 mg/L of TP, or three to four folds of its
ormal effluent TP concentration, after the sonicated sludge was

ncluded in the feed [27]. Therefore, the extra loading of ortho-P
eleased from sonication of a high TP WAS should be substantially
educed before the ultrasound treated WAS can be recycled to the
iological treatment unit. Studies of phosphate recovery by pre-
ipitation or crystallization should be performed to design a cost
ffective sludge reduction process incorporating both sonication
nd phosphate recovery units in WWTP with biological nitrogen
nd phosphorus removal system.

. Conclusions

Series of batch ultrasonic treatment (sonication) experiments
ere performed on two WAS samples, BNR-WAS from a biologi-

al nitrogen removal unit and BNPR-WAS from another biological
itrogen and phosphorus removal unit, to determine the effects
f sonication time and intensity on the amount and distribution of
olubilized organic matter, nitrogen and phosphorus. The following
onclusions are presented based on the results and discussions.

1) From the release amounts and percentages of COD, nitrogen and
phosphorus, sonication time is more important to the release
of cell lysis compared with sonication intensity. However, the
release rates could be accelerated when the sonication inten-
sity was above a critical level between 0.330 and 0.500 W/mL.
Sonication at an intensity below the critical level, the releases
came primarily from dissolution of many EPS constituents; and
above it, some cellular constituents were also dissolved.

2) After 1 h of treatment at 0.167, 0.330 and 0.500 W/mL intensi-
ties, 37.9%, 37.5% and 50.8%, respectively, of the organic content
(measured as COD) of BNR-WAS were released, while the same
for BNPR-WAS were 40.9%, 55.3% and 56.9%. It also resulted in
the release of 40.9%, 38.7%, and 52.1% of TN from BNR-WAS,
relative to 46.2%, 61.6%, and 70.4% from BNPR-WAS. Organic-N
accounted for the most (65.0% and 84.9%), followed by NH3-N
(34.7% and 14.9%) and negligible amounts of nitrate and nitrite
for BNR-WAS and BNPR-WAS.

3) The high C/N ratio of the sonicated WAS suggests that most of
the released organic and nitrogen species will be removed in
the front end biological treatment unit of the WWTP through
nitrification–denitrification after the necessary system mod-
ifications to accommodate the extra organic and nitrogen
loadings associated with the recycling of sonicated WAS. The
recycle may enhance the performance of biological treatment
of some influents with a low C/N ratio.

4) More TP of a higher orthophosphate content was released from
BNRP-WAS (>60% release after 1 h of sonication, 80% was PO4-
P) than from BNR-WAS (<50% release, 40% was PO4-P). The
differences in the releases as well as the molecular weight
distribution pattern of the soluble TOC species were due to
the different structure and composition of the sludge samples
tested in this study.
5) Sonication is a viable sludge treatment process when it is com-
bined with a phosphorus recovery process to remove most of
the released PO4-P so that the supernatant may be returned
for biological treatment in fulfillment of sludge reduction in
WWTP.
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