
RESEARCH ARTICLE

Investigation of the accumulation of ash, heavy metals,
and polycyclic aromatic hydrocarbons to assess the stability
of lysis–cryptic growth sludge reduction in sequencing batch
reactor
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Abstract The accumulation of ash, heavy metals, and poly-
cyclic aromatic hydrocarbons (collectively called potential ac-
cumulating substances, PAS) was evaluated to ascertain the
stability of lysis–cryptic growth sludge reduction process
(LSRP) for municipal sludge treatment. One sequencing batch
reactor (SBR) incorporated with homogenization was run to
test the LSRP and another SBR as a control. The continuous
monitoring results for 2 months showed that the ash and heavy
metals slightly increased, and the polycyclic aromatic hydro-
carbons decreased by 18.0%, indicating that there may be
negligible accumulations during the LSRP. Their accumula-
tions met pattern I, as demonstrated by statistical analysis,
proving no PAS accumulation for LSRP. This was further
confirmed by sludge activity and system performance.
Moreover, the mechanism for no PAS accumulation was
discussed. It was concluded that the LSRP was stable with

no worries about PAS accumulation under the operational
conditions.

Keywords Sludge reduction . Lysis–cryptic growth .

Accumulation . Heavymetals . Polycyclic aromatic
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Introduction

Municipal sludge is a worldwide environmental problem for
its enormous production and huge disposal cost (Amudha
et al. 2016; Yan et al. 2016). Lysis–cryptic growth sludge
reduction process (LSRP) is a biotechnique to reduce sludge
production on-site in municipal wastewater treatment plant
(MWWTP) (Foladori et al. 2015; Lv et al. 2016). Much atten-
tion has been paid to LSRP because of its easy implementa-
tion, high sludge reduction efficiency, and remarkable mini-
mization of odor production in sludge transportation and dis-
posal. Moreover, LSRP has been proved economically sus-
tainable (Lan et al. 2013; Wang et al. 2015) and is available
for practical application and commercialization (Laurent et al.
2011). The process includes two steps. First, excess sludge is
disrupted by chemical, physical, or biological methods for cell
lysis to release intracellular matter. Second, the disrupted
sludge is back flowed to the bioreactor and then metabolized
by activated sludge, thus resulting in mineralization of organic
matter by cryptic growth. Here, the biomass growth on its own
lysis and leakage products is termed as cryptic growth to dis-
tinguish it from the growth on original organic substances
(Anthony Mason and Hamer 1987). During the process, ex-
cess sludge can be reduced by more than 40% (Wang et al.
2015; Lv et al. 2016), even with no excess sludge discharge
(Lee et al. 2005; Sakai et al. 1997).

Responsible editor: Angeles Blanco

* Yongyou Hu
350527256@qq.com

1 Guangdong Provincial Key Laboratory of Microbial Culture
Collection and Application, Guangdong Institute of Microbiology,
Guangzhou 510070, People’s Republic of China

2 State Key Laboratory of Applied Microbiology, Southern China,
Guangzhou 510070, People’s Republic of China

3 Ministry of Education Key Laboratory of Pollution Control and
Ecological Remediation for Industrial Agglomeration Area, College
of Environment and Energy, South China University of Technology,
No. 382, East Waihuan Road, Guangzhou Higher Education Mega
Center, Guangzhou 510006, People’s Republic of China

4 State Key Lab of Pulp and Paper Engineering, College of Light
Industry and Food Science, South China University of Technology,
Guangzhou 510640, People’s Republic of China

Environ Sci Pollut Res (2017) 24:24147–24155
DOI 10.1007/s11356-017-0042-y

mailto:350527256@qq.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-017-0042-y&domain=pdf


Ash, heavy metals, and polycyclic aromatic hydrocarbons
(PAHs) that standing for inert inorganic materials and refrac-
tory organic matters are collectively called potential accumu-
lating substances (PAS) in the current study, because of their
properties of accumulation in MWWTP (Delgadillo-Mirquez
et al. 2011; Liu et al. 2011; Sakai et al. 1997). Although a
MWWTP is designed for the removal of pollutants such as
chemical oxygen demand (COD), total nitrogen (TN), and
total phosphorus (TP) in wastewater, it also deals with PAS.
A significant portion of PAS is transformed into the excess
sludge and is discharged out of MWWTP by sludge wasting
(Laurent et al. 2011; Low and Chase 1999; Stringfellow and
Alvarez-Cohen 1999). In general, the removal efficiency for
PAS is satisfactory, and the MWWTP undergoes normal run-
ning. However, a backflow of the disrupted sludge containing
PAS undoubtedly imposes a burden on the bioreactor in a
MWWTP during LSRP, and the minimization of sludge dis-
charge multiplies the burden (Hirooka et al. 2009; Sakai et al.
1997). This leads to a risk of PAS accumulation. Numerous
studies have shown that high ash content in activated sludge
decreases sludge activity, and high heavy metals and PAH
contents in activated sludge inhibit sludge activity (Ke et al.
2012; Sakai et al. 1997; Sponza and Gok 2012). Thus, PAS
accumulation could trigger the breakdown of the bioreactor in
a MWWTP.

Previous studies mainly focused on sludge reduction and
effluent quality for LSRP, and few works on PAS
accumulation have been reported. For ash accumulation,
Sakai et al. (1997) found a few inorganic substances accumu-
lation (increased from 13 to 19%) in a full-scale MWWTP
with no excess sludge production and observed a decrease of
endogenous respiration rate by 32% in the process. In a dairy
wastewater treatment plant, the membrane bioreactor (MBR)
was incorporated with nozzle cavitation for excess sludge re-
duction, leading to a sludge minimization by 80%; although
the organic materials in the nozzle-treated sludge were well
biodegraded, the inorganic materials accumulated in the acti-
vated sludge, with ash percentage increasing from 15 to 24%
(Hirooka et al. 2009). For heavy metal accumulation, Sakai
et al. (1997) also found small accumulation of Hg, As, Zn, Cr,
Cu, Cd, Pb, and Ni in activated sludge during LSRP (from
0.19, 63, 240, 10, 130, 1.6, 15, 4.0 mg/kg SS to 0.32, 78, 410,
17, 230, 2.0, 37, 8.0 mg/kg SS, respectively). Zhang et al.
(2009) evaluated heavy metals accumulation in a sequencing
batch reactor (SBR) achieving a sludge reduction of 54% and
reported that the sludge concentration of Ni increased by
141% while As decreased by 53%. Further study on artificial
wastewater with heavy metals showed that various heavy
metals behaved very differently (Ni, Cu, Cd increased by 14,
44, 19% and As, Pb decreased by 11, 33%), while the total
sludge heavy metal content increased only by 3.5%, but the
accumulation of heavy metals decreased the oxygen utiliza-
tion rate by 57% (Ke et al. 2012). Laurent et al. (2011)

investigated heavy metals accumulation at a laboratory scale
activated sludge process coupling thermal (90 °C) sludge
disruption and observed that Cu slightly increased and Cd
doubled. For PAH accumulation, no literature has been
available, though Sakai et al. (1997) and Hirooka et al.
(2009) mentioned a possibility of inert organic materials ac-
cumulation. In summary, it is clear that the PAS may tend to
accumulate in activated sludge during LSRP and would affect
the process stability. However, these studies lack information
about accumulation time trend and accumulation pattern dur-
ing LSRP, which is critical for an improved understanding of
the accumulation problem to ascertain the process stability.

In our previous works, chlorine dioxide, chlorine dioxide-
ultrasound, and homogenizer incorporated into the pilot SBRs
were all effective in sludge reduction, with 58, 55, and 42%
reduction in excess sludge production, respectively; the efflu-
ent quality and sludge activity were not affected (Lan et al.
2013; Lin et al. 2012; Wang et al. 2011). But we have been
worried about the PAS accumulation in activated sludge,
which will affect the running of LSRP. Therefore, the present
study provides a comprehensive characterization of the PAS
during LSRP, aiming to observe the accumulation (especially
accumulation time trend and accumulation pattern) and assess
the process stability. Meanwhile, sludge activity and system
performance are used to indirectly reflect the accumulation,
and the accumulation mechanism is also discussed.

Materials and methods

Lysis–cryptic growth sludge reduction process and sample
collection

Two identical pilot SBRs with working volume of 1260 L
were employed to test LSRP. One SBR incorporated with a
homogenizer (called test SBR) was implemented for LSRP
(Fig. 1). The other SBR served as the control (called control
SBR). Both SBRs were filled with municipal wastewater
(with a fraction of industrial wastewater) obtained from the
primary settling tank of aMWWTP in Foshan city, China. The
main characteristics of the wastewater during the operational
period of the current study are shown in Table 1. Both SBRs
were operated at six equally separated cycles per day. The
distributions of each 4 h cycle followed Table 1. Airflow rate
in aeration period was fixed at 700 L/h to maintain the DO at
approximately 2–3 mg/L. Sludge discharge was carried out
once a day in the idle period. After manual stirring, the
completely mixed liquor was partly discharged through a
mud hole at the bottom of SBR to maintain a mixed liquor
suspended solids (MLSS) concentration of approximately
3000 mg/L and a sludge retention time (SRT) of 10 days.
The discharged excess sludge was recorded in dry weight.
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For LSRP, 66.7% of the excess sludge obtained from the
mud hole of test SBR was pretreated once a day using a high-
pressure homogenizer (JN-02HC, China). The percentage of
excess sludge for treatment was determined empirically,
which was appropriate for a stable system (Lin et al. 2012;
Wang et al. 2015). The optimized operational conditions for
the homogenizer were working pressure 70 MPa and excess
sludge concentration 35,000mg/L (by gravity settling for 12 h
to gain this concentration), which was determined by the ho-
mogenizer performance as detailed in our previous study (Lan
et al. 2013). The sludge disruption by homogenizer resulted in
an increase of organic and inorganic substances in the super-
natant, with soluble COD from 30 to 1727 mg/L, soluble TN
from 13 to 180 mg/L, soluble TP from 2.0 to 39.6 mg/L,
soluble protein from 3.2 to 693.3 mg/L, and soluble polysac-
charide from 6.9 to 68.0 mg/L. The BOD/COD (biochemical
oxygen demand/chemical oxygen demand) ratio of the final
supernatant was 0.5. This disrupted sludge with high biode-
gradability was subsequently returned to the test SBR in the
filling period for lysis–cryptic growth.

Every week, 20 L of the completely mixed liquor was
obtained from the mud hole of SBR during the idle period,
settled for 4 h. The supernatant was discharged, and the solid
was air-dried in darkness at room temperature. The dry sample
was crushed and sieved through 2 mm mesh and stored at

− 20 °C until the subsequent analysis of heavy metal and
PAH contents (Belkessam et al. 2005; Kao et al. 2006). All
samples were periodically collected in the same manner.

Analysis of PAS in the sludge samples

Ash content analysis was conducted under 600 °C for 60 min
in a muffle furnace.

For heavy metals analysis, Cu, Cd, and Pb were selected as
targets because of their frequent occurrence in the MWWTP
and their limit control in municipal sludge for land application
according to China’s framework directive (GB 18918-2002).
Acidic digestion in a sand bath (HNO3 + HClO4 + HF) was
performed on a sludge sample of approximately 0.5 g
(Scancar et al. 2000). The digested solution was made a con-
stant volume 25 mL with 10% HNO3 solution and then was
filtered through a 0.45-μm membrane prior to analysis by
inductively coupled plasma-atomic emission spectrometry
(iCAP6500Duo, USA). The detection limits of Cu, Cd, and
Pb were 0.001, 0.001, and 0.003 mg/L, respectively. The anal-
ysis of each samplewas conducted in triplicate, the differences
between replications were maintained at <3%, and their mean
value was considered as the final result. The value was
expressed as milligrams of metal per kilogram of dry sludge.

For PAH analysis, the 16 PAHs in the list of priority pol-
lutants published by the Environmental Protection Agency
(EPA, USA) were considered (Liu et al. 2011). The analysis
was conducted using a sludge sample of approximately 15 g.
Sample extraction and cleanup were performed using modi-
fied USEPA 3540C and 3630C methods, respectively; PAHs
were analyzed via gas chromatography–mass spectrometry
GC–MS (Agilent 5975B/6890N) according to method of
USEPA 8270C as detailed in the study of Cai et al. (2007),
where QA/QC measures and performances were also execut-
ed. The separation column was a 30.00- to 0.25-mm I.D. DB-
5 column (J&W Scientific, Folsom, CA, USA). The experi-
ment results were expressed as micrograms of PAHs per kilo-
gram of dry sludge.

Definition of accumulation and accumulation pattern

In the present study, when the PAS in activated sludge of the
test SBR (Ctest SBR) is higher than that of the control SBR
(Ccontrol SBR), an accumulation happens. Thus, accumulation
value (△a) in Eq. (1) is a positive value. Otherwise, the accu-
mulation does not happen.

△a ¼ Ctest SBR−Ccontrol SBR ð1Þ

The accumulation may follow three possible accumulation
patterns during LSRP. Pattern I: the time trend of the PAS
concentrations for the test SBR is parallel to that of the control
SBR, with little disparity. In this case, the system is adaptive

Table 1 The wastewater characteristics and the cycle distributions for
SBR

Wastewater
characteristics

Unit (mg/L) Cycle
distributions

Unit (min)

Suspended solids (SS) 176 Filling period 25

COD 148 Aeration period 90

TN 20 Settling period 40

TP 3.9 Drainage period 60

NH3–N 12.7 Idle period 25

Fig. 1 Scheme of using two identical SBRs for testing lysis–cryptic
growth sludge reduction process, a difference between control SBR and
test SBR is the latter incorporated with homogenizer
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under the operational conditions, even with the recycle of
pretreated sludge. The accumulation is negligible (no accumu-
lation) and would not put an impact on the system. Pattern II:
the time trend of the PAS concentrations for the test SBR is
that it increases initially, then stabilizes in a new balance and
becomes parallel to the control SBR at last. In this case, the
system is not adaptive under the operational conditions but
becomes adaptive after a period of acclimatization. Although
the accumulation has put an acceptable impact on the system,
it is still controllable. Pattern III: the time trend of the PAS
concentrations for the test SBR shows an increase all the time.
In this case, the system is out of control, and the accumulation
is too serious to achieve a new balance, which would finally
result in a breakdown of the bioreactor inMWWTP for a long-
term run. These accumulation patterns are depicted in Fig. 2.

Statistical analysis

Statistical analysis was used to demonstrate the difference
between the test SBR and control SBR. First, the assumption
of normality for the two data sets of both groups was tested
with the Shapiro–Wilk test for normality prior to any addition-
al analysis. If the two data sets met the assumption of normal-
ity, then t test was administered on the data. Second, since the
difference values between the two groups also met the as-
sumption of normality, paired-samples t test was employed
to identify any significant difference between the two groups.
And a probability of p < 0.05 was set as a level of significance
for all comparisons. All the statistical analyses were carried
out using the Statistical Package for the Social Sciences soft-
ware of SPSS 17.0, Inc., Chicago, IL, USA (Norman and
Streiner 2008).

Results

Sludge reduction efficiency during lysis–cryptic growth
sludge reduction process

In the operational period of the current study (a continuous
monitoring of PAS for 2 months), 9448 g sludge (in dry
weight) was discharged from the test SBR, whereas
16,404 g sludge from the control SBR, indicating a sludge
minimization of 6956 g. This suggested a sludge reduction
efficiency of 42.4%, which agreed well with the literature data
(Lin et al. 2012; Lv et al. 2016; Wang et al. 2015).

In the meantime, 30,641.5 g COD was removed in the test
SBR, whereas 29,891.1 g COD in the control SBR. Based on
the calculation method adopted by Velho et al. (2016), the
observed biomass yield (Yobs) of the test SBR was
0.308 kg TSS/kg CODremoved, and the Yobs of the control
SBR was 0.549 kg TSS/kg CODremoved. Hence, the observed
sludge yield was decreased by 43.9% in the LSRP.

PAS accumulation during lysis–cryptic growth sludge
reduction process

Ash accumulation

Ash percentage indicates a composition of activated sludge
and is related to sludge activity and system operation. The
average ash percentage in the control SBR and the test SBR
were 58.67 and 59.97%, respectively, indicating that ash may
slightly accumulate. Also, it could be seen from the △a with
small positive values in almost all cases (Fig. 3).

Fig. 2 Scheme of accumulation pattern for potential accumulating
substances (ash, heavy metals, and polycyclic aromatic hydrocarbons)
in the bioreactor during the lysis–cryptic growth sludge reduction
process. a Pattern I. b Pattern II. c Pattern III. The full line is the test
SBR, and the dashed line is the control SBR
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Nevertheless, the time trend of ash percentage in the test
SBR was parallel to that of the control SBR with little dispar-
ity (Fig. 3), indicating an accumulation pattern I. The statisti-
cal analysis results did suggest that it cannot be considered as
significant differences between the two groups for ash

percentages (t = − 1.585, p = 0.174). This indicated that the
time trend of ash in the test SBR was similar to that in the
control SBR (pattern I). Therefore, the ash accumulation was
negligible.

Heavy metal accumulation

Heavy metals in the MWWTP have attracted much attention
because of their noticeable toxicity to activated sludge. The
heavy metal accumulation in activated sludge at certain con-
centrations can negatively affect sludge activity and system
operation. In the control SBR, the average sludge heavy
metals content was 911.9 mg/kg, whereas that in the test
SBR was 919.6 mg/kg. The increase was not evident, indicat-
ing that heavy metals may only slightly accumulate. Also, it
could be seen from the △a with positive values in some cases
(Fig. 4a).

The average Cd, Cu, and Pb contents of activated sludge in
the control SBR were 2.6, 789.5, and 119.8 mg/kg, respec-
tively, whereas those in the test SBR were 2.6, 794.9, and
122.1 mg/kg, respectively. The results revealed increases of
0.7 and 1.9% in Cu and Pb, respectively. The differences of

Fig. 3 Negligible accumulation of ash during the lysis–cryptic growth
sludge reduction process. Here, △a is the accumulation value

Fig. 4 Negligible accumulation of heavymetals during the lysis–cryptic growth sludge reduction process. aHeavymetals (∑Cd, Cu, Pb). bCd. cCu. d Pb.
Here, △a is the accumulation value
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those heavy metals were attributed to their different physical
and chemical properties. It can be seen that in some cases,
negative accumulation happens for the heavy metal species
(Fig. 4b–d), which illustrated the slight accumulation of the
total heavy metals (Fig. 4a).

Nevertheless, the time trend of heavy metals in the test
SBR was parallel to that of the control SBR, with little dispar-
ity (Fig. 4), which also met pattern I. The statistical analysis
results did show that it cannot be considered as significant
differences between the two groups for heavy metal contents
(t = − 0.237, p = 0.822). This indicated that the time trend of
heavy metals in the test SBR was similar to that in the control
SBR (pattern I). Therefore, the heavy metal accumulation was
negligible.

PAH accumulation

PAHs are ubiquitous in the MWWTP, and their removal is a
hot research topic because they may give rise to environmen-
tal problems for their transfer ability and mutagenic and car-
cinogenic properties. PAHs are refractory to biodegradation
and may tend to accumulate in activated sludge during
LSRP, but there have been no reports about this. In the present
study, the ∑16PAHs varied from 164 to 439 μg/kg during the
operational period in the control SBR (Fig. 5a), with an aver-
age value of 242.3 μg/kg. The ∑16PAHs ranged from 44 to
355 μg/kg in the test SBR, with an average value of
198.7 μg/kg. A decrease of 18.0% was observed, indicating
a removal of PAHs. Also, it could be seen from the △a with
negative values in most cases (Fig. 5). This result did not
support our hypothesis: PAHs would remain in the test SBR
and may accumulate in activated sludge due to their slow
biodegradation. Here, the fact was that the application of
LSRP resulted in a clear decrease by 18.0% for PAHs.

PAHs with different rings were also removed similar to the
∑16PAHs (Fig. 5b–f). Their average sludge contents in both
SBRs and their removal rates are shown in Table 2. The
four-ring and five-ring PAHs were removed more efficiently
than the two-ring and three-ring PAHs. The removal rates of
four-ring PAHs (benzanthracene, benzofluoranthrene, and
benzofluoranthrene) were higher than 20% (data not shown).
It was worthy to mention that in some cases, positive accumu-
lation may happen for PAHs during the operational period
(Fig. 5b, e), but there were no positive accumulation for the
total PAHs during LSRP (Fig. 5a).

Despite a negative accumulation for PAHs, it was still clear
that the time trend of PAHs in the test SBR was parallel to that
in the control SBR, with little disparity (Fig. 5), which was the
same as that of ash and heavy metals. Hence, the negative
accumulation of PAHs also met pattern I. The statistical anal-
ysis results did prove that it cannot be considered as signifi-
cant differences between the two groups for PAHs contents
(t = 2.110, p = 0.089). This indicated that the time trend of

PAHs in the test SBR was similar to that in the control SBR
(pattern I). Therefore, the removal of PAHs (negative accumu-
lation) was negligible.

Linking sludge activity and system performance with PAS
accumulation

The change of sludge heavy metals content will affect the
sludge activity as well as system performance. Thus, sludge
activity and system performance can be used to reflect the
accumulation. So far, studies connecting sludge activity data
and accumulation data are limited but are of great importance
in improving the understanding of accumulation. As reported
in our previous study, there was no noticeable difference in
SOUR between the control SBR and the test SBR (3.64 and
3.47mg O2/gMLSS h) in the operational period of the current
study (Lan et al. 2013). This reflected no accumulation of inert
inorganic materials and refractory organic matters in the bio-
reactor during LSRP.

In order to further reflect the accumulation, the system
performance was also investigated. As detailed in our previ-
ous study (Lan et al. 2013), the removals of COD, TN, NH3–
N, TP, and SS in the test SBR (90.5, 50.0, 93.7, 91.6, and
93.8%) were similar to that in the control SBR (88.3, 50.5,
94.6, 93.1, and 95.0%). This also reflected no accumulation of
inert inorganic materials and refractory organic matters in the
bioreactor during LSRP.

Mechanism of accumulation and transport of PAS

The PAS in the bioreactor has a mass balance taking into
account the quantity of influent (Qinfluent), the accumulation
within the bioreactor (Qaccumulation), and the losses in treated
effluent (Qeffluent) and sludge discharge (Qdischarge) as de-
scribed in Eq. (2). On the one hand, the Qaccumulation is related
to the Qinfluent and Qeffluent. Actually, the Qinfluent and Qeffluent

are usually fluctuating as a result of PAS concentrations
change in influent for the MWWTP treating real wastewater.
And the Qaccumulation also changes mainly caused by the dy-
namic absorption and desorption, which takes place between
the activated sludge and PAS. Therefore, the Qaccumulation is
often within a dynamic equilibrium, which is clearly observed
in this paper. On the other hand, the Qaccumulation is linked to
the Qdischarge. In case the Qinfluent and the Qeffluent are not fluc-
tuating, a low Qdischarge would certainly lead to a high
Qaccumulation. Nevertheless, how is it when the Qinfluent and
the Qeffluent are fluctuating just like the situation in the current
study? Here, we try to answer the question.

Qinfluent ¼ Qaccumulation þ Qdischarge þ Qeffluent ð2Þ

In the present study, 42.4% of sludge reduction was
achieved. It meant the Qdischarge decreased by 42.4% in the
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test SBR. Since the Qinfluent in the test SBR was equal to that
of the control SBR, the sum of theQaccumulation and theQeffluent

should rise by 42.4% in the test SBR if it desired a mass
balance as that in the control SBR. In fact, 23% increase
of effluent SS in the test SBR was observed in our
study, which was enough to make a big rise of the
Qeffluent. Because heavy metals and PAHs distributed

more in the particulate phase (SS) when compared to
the dissolved phase in wastewater, such as Cu with a
distribution of 70 and 30%, respectively (Karvelas et al.
2003), it will undoubtedly raise the Qeffluent. It was also
indicated by Laurent et al. (2011). Thus, no change of
the Qaccumulation could exist, which illustrated the negli-
gible PAS accumulation during LSRP.

Fig. 5 Negative accumulation of PAHs during the lysis–cryptic growth sludge reduction process. a The 16 PAHs. b Two-ring PAHs. c Three-ring PAHs.
d Four-ring PAHs. e Five-ring PAHs. f Six-ring PAHs. Here, △a is the accumulation value
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Discussion

Negligible PAS accumulation during lysis–cryptic growth
sludge reduction process

For ash accumulation, Sakai et al. (1997) found inorganic
substances (sand and silt) in activated sludge increased from
13 to 19% in an activated sludge process with no excess
sludge production. Hirooka et al. (2009) also detected an ash
accumulation (ash percentage increased from 15 to 24%) after
an adoption of 80% sludge reduction in the MBR treating
dairy wastewater. The ash accumulations in both literatures
were higher than this paper (from 58.67 to 59.97%), which
may be caused by their higher sludge reduction percentages.
Therefore, the ash accumulation can be negligible under the
operational conditions in the present study.

For heavy metal accumulation, Ke et al. (2012) reported
that the total heavy metal sludge concentration in the bioreac-
tor implementing sludge reduction process is similar to that in
the control bioreactor, with only a negligible increase of 3.5%
even at a high heavy metals load. This result is in accordance
with this paper. The accumulation order (with Pb > Cu > Cd)
was also determined by Sakai et al. (1997), but Laurent et al.
(2011) and Zhang et al. (2009) found a different accumulation
situation with Cd > Cu, which was probably due to the usage
of different pretreatment methods (ozone, thermal, and ultra-
sonic) in those studies. However, this standpoint deserves
closer inspection in the future study. Despite in some cases
negative accumulation happening for the heavy metal species,
there is invariably accumulation for the total heavy metals
during LSRP (Ke et al. 2012). Ke et al. (2012) also studied
the time trend of sludge heavy metals content during the son-
ication–cryptic growth sludge reduction process at a laborato-
ry scale and observed the same accumulation pattern.
Therefore, the heavy metal accumulation is negligible.

For PAHs, the removal rates of four-ring and five-
ring PAHs were a little higher than others, because the
four-ring and five-ring compounds have the highest bio-
availability (Oleszczuk 2008), and bioavailability is a
crucial parameter in the biodegradation of PAHs
(Barret et al. 2010). Nevertheless, the PAH removal
(negative accumulation) is still negligible as indicated
by the statistical analysis result.

Usage of sludge activity and system performance to reflect
PAS accumulation

Sludge activity was used to reflect an accumulation of inor-
ganic substances including ash and heavy metals (Ke et al.
2012; Sakai et al. 1997). In the current study, the sludge ac-
tivity and system performance data were linked to the accu-
mulation data, demonstrating that there was no PAS
accumulation.

PAS transport during lysis–cryptic growth sludge
reduction process

There was only a slight increase in ash and heavy metals in the
sludge. It has been reported that part of the inorganic matter sol-
ubilized in the effluent to compensate for the decrease in excess
sludge output (Hirooka et al. 2009). The same to ash, the solution
of heavy metals in the effluent may also exist in the present study
to compensate for the decrease in excess sludge output. This has
been demonstrated by Laurent et al. (2011). Therefore, the accu-
mulation can be negligible through an effluent leakage.

A decrease in sludge PAHswas observed. Studies showed that
PAHs in the MWWTP were removed by the effluent SS adsorp-
tion and the activated sludge biodegradation (Liu et al. 2011). In
the present work, PAHs may be adsorbed by SS and would leak
through the effluent. Meanwhile, highly biodegradable organic
matter released from excess sludge by homogenization pretreat-
ment can serve as a nutrient to promote the degradation process
through cometabolism (Delgadillo-Mirquez et al. 2011).

All these mechanisms served the dynamic equilibrium of the
system. However, a potential leak of PAS into aquatic ecosys-
tems exists, and special attention should be paid to the outflow
of heavy metals and PAHs (Laurent et al. 2011). In most situ-
ations, their concentrations in municipal wastewater are ade-
quately low; thus, any leakage would not significantly affect
aquatic ecosystems and can be ignored. Otherwise, leakage
should be controlled by subsequent treatments, such as activat-
ed carbon adsorption and constructed wetland treatment.

To sum up, LSRP is stable with no worries about PAS
accumulation under the operational conditions. Together with
high sludge reduction efficiency, simple implementation, and
favorable economic sustainability, LSRP is applicable for on-
site excess sludge reduction in the MWWTP.
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Table 2 Average PAH content with different rings in activated sludge
in both SBRs and their relative removal efficiency as observed in the
comparison of the test SBR and the control SBR

2-ring 3-ring 4-ring 5-ring 6-ring

Control SBR (μg/kg) 24.99 79.14 118.26 13.67 6.25
Test SBR (μg/kg) 21.51 66.09 94.59 11.18 5.28
Removal rate (%) 13.9 16.5 20.0 18.2 15.5
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