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a b s t r a c t

The shock load effect of heavy metals (Cu (II)) on the behavior of poly-phosphate-accumulating organisms
(PAOs) was investigated with respect to the transformations of poly-P, intracellular polyhydroxyalka-
noates (PHAs) and glycogen. The PAOs biomass was exposed to different concentrations of Cu (II)
at various pH and biomass levels. The results showed that when the mixed liquor suspended solid
(MLSS) concentration was 2500–4000 mg/L, the P removal was not adversely affected by spiking with

2+
eywords:
opper
nhanced biological phosphorus removal
oly-phosphorus-accumulating organisms
oly-P

2 mg Cu /L; however, it deteriorated completely after a Cu (II) shock concentration of 4 mg/L. Neverthe-
less, the tolerance of PAOs biomass to Cu (II) shock could be enhanced by increasing the MLSS. Moreover,
in the presence of 2 mg Cu2+/L, the P removal efficiency was highest at an initial pH of 6.2 and lowest at
an initial pH of 6.9, indicating that the Cu inhibitory effect was reduced by increasing the pH to 7.6. The
inhibition by Cu (II) was related to the transformation of intracellular storage compounds of PAOs. Specif-

migh
emov
olyhydroxyalkanoates
lycogen

ically, poly-P degradation
eventually led to poor P r

. Introduction

Enhanced biological phosphorus removal (EBPR) characterized
y cycling anaerobic and aerobic reactions is a widely applied tech-
ology in wastewater treatment facilities to remove phosphorus

rom wastewater. The EBPR process is based on the enrichment
f activated sludge with poly-phosphate-accumulating organisms
PAOs), which are able to take up volatile fatty acids (VFAs) anaer-
bically and convert them to intracellular polyhydroxyalkanoates
PHAs). The energy for these biotransformations is primarily gen-
rated by degradation of poly-phosphate (poly-P) and the release
f phosphate from the cells [1]. Aerobically, PAOs are able to use
heir stored PHA as an energy source for biomass growth, glyco-
en replenishment, P uptake and poly-P storage [2]. Since EBPR
as first discovered in the 1960s, there have been numerous stud-

es conducted to investigate the mechanisms and to optimize this
rocess [3].

Successful operation of the EBPR process depends on numerous
rocess operational factors, particularly the variation in wastewa-
er quality. Metals in both inorganic and organic form are known

o affect the quality of wastewater treatment [3]. This is because

etals are toxic to most microorganisms at specific concentrations
4] and have been detected in significant concentrations in vari-
us wastewater streams [5,6]. Specifically, shock loads of metals in

∗ Corresponding author. Tel.: +86 21 65984275; fax: +86 21 65984275.
E-mail address: yayi.wang@tongji.edu.cn (Y. Wang).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.11.007
t be inhibited, which reduced the energy available for PHA production and
al.

© 2010 Elsevier B.V. All rights reserved.

influent can lead to a loss in sludge viability, changes in the sludge
community structure, loss of floc structure, and even complete fail-
ure of biological processes [7–9].

Heavy metals have been reported to inhibit nitrification and
denitrification processes [6,10,11], as well as to reduce the micro-
bial oxidation of organic compounds [12,13]. Moreover, monitoring
of a full-scale advanced municipal wastewater treatment plant
(WWTP) showed that the P removal efficiency decreased dramati-
cally after tin (Sn) levels in the solids fraction of the MLSS exceeded
4 �g Sn/L [14]. Their study was the first to provide information
regarding the effects of metal on the EBPR process; however, a pos-
sible mechanism for the Sn inhibition of the PAOs was not provided.

Previous studies have also demonstrated that toxic effects of
heavy metals correlate well with pH [13,14]. The pH of the system
has long been considered the most important operating parameter
influencing metal solubilization and toxicity [15]. In an activated
sludge system, an increase in pH can reduce the availability of
heavy metal fractions, which in turn reduces heavy metal toxicity
to microorganisms [5]. However, no detailed description of heavy
metal toxicity to PAOs at various pHs has been reported to date.

Most previous studies of metal toxicities toward wastewater
microorganisms have been directed toward the COD removal or
nitrification efficiencies, and few have been devoted to the EBPR.

Accordingly, extremely little is known about the metal interaction
with PAOs biomass, especially from the intracellular storage com-
pounds transformation point of view. Therefore, this study was
conducted to investigate the shock load effect of heavy metals (Cu
(II)) on the release and uptake of phosphorus from the biomass of

dx.doi.org/10.1016/j.jhazmat.2010.11.007
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yayi.wang@tongji.edu.cn
dx.doi.org/10.1016/j.jhazmat.2010.11.007
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AOs and to correlate these effects with the anaerobic and aero-
ic metabolism of PAOs. The PAOs sludge was exposed to different
oncentrations of Cu (II) at various pH levels and biomass concen-
rations. The heavy metal investigated in this study was copper
ecause of its widespread industrial use and documented toxicity
oward microorganisms.

. Materials and methods

.1. Sludge

The experimental sludge used in this study was obtained from a
aboratory scale plug-flow anaerobic–aerobic (A/O) reactor with a

orking volume of 32 L. A more detailed description of this system
an be found in Wang et al. [16]. The EBPR biomass was enriched
sing acetate as the sole carbon source. The experiments reported
elow were conducted when the A/O process reached steady state.

.2. Synthetic wastewater

The influent solution consisted of NaAc (400 mg COD/L), KH2PO4
15 mg P/L), NH4Cl (25 mg/L), MgSO4·7H2O (150 mg/L), CaCl2
18 mg/L), and trace elements 0.4 mL/L. The mineral salt solution
as reported in Wang et al. [16]. The temperature was maintained

t 18–22 ◦C.

.3. Batch experiments with PAOs sludge

Batch tests were conducted in 2 L jacketed magnetically stirred
lass reaction vessels. The sludge (15 L) for the batch tests was taken
rom the final aerobic compartment of the A/O system on days 133,
56 and 200. The sludge was then washed three times with tap
ater, after which it was transferred into the reaction vessels.

.3.1. Batch Cu (II) toxicity experiments (Expt. I)
The washed sludge was resuspended with the synthesis water

ontaining the trace elements to a volume of 18 L and then evenly
ivided into nine batch reactors. The experiment was divided into
hree runs according to the different Cu (II) concentrations, and
ach run was operated three times. CuCl2 was added with differ-
nt initial Cu (II) concentrations of 2 and 4 mg/L, respectively, and
blank test in which no Cu (II) was added. At the beginning of the
naerobic period, acetate and KH2PO4 were added into each batch
eactor rapidly to reach initial concentrations of 300 mg COD/L and
0 mg PO4

3−-P/L, respectively. The mixed liquor was then incu-
ated for 2 h under anaerobic conditions by injecting nitrogen gas
bove the water surface, after which it was exposed to aerobic con-
itions for 3–4 h. The initial pH of the mixed sludge in the reactors
as controlled below 8.0 during both the anaerobic and aerobic
eriods by a one-way controller through dosing with 1.0 M HCl.

.3.2. Batches at different initial pH values in the presence of
mg Cu2+/L (Expt. II)

The washed biomass was resuspended to a volume of 2 L using
he procedures described for Expt. I. The experiment was divided
nto three runs according to the different pH levels, and each run

as conducted three times. At the beginning of each cycle, acetate,

H2PO4 and CuCl2 were added into the reactors to reach the initial
oncentrations of 300 mg COD/L, 10 mg PO4

3−-P/L and 2 mg Cu2+/L,
espectively. The initial solution pH was adjusted to the desired
alues of 6.2, 6.9 and 7.6, respectively, by adding either 1.0 M HCl
r 1.0 M NaOH.
Materials 186 (2011) 313–319

2.3.3. Batch different biomass in the presence of Cu2+

experiments (Expt. III)
The washed sludge was evenly divided into three parts, and each

part was further divided into three subparts according to a volume
proportion of 1:2:3 to give different biomass levels. After being
transferred to 2 L batch reactors, the sludge was resuspended with
the same effluent to a volume of 2 L. Acetate, KH2PO4 and CuCl2
were added into each batch reactor to give initial concentrations of
270 mg COD/L, 10 mg PO4

3−-P/L and 2 mg Cu2+/L, respectively.

2.4. Analytical methods

The liquid samples were immediately filtered through Millipore
filter units (0.45 �m pore size) for analysis of phosphate (PO4

3−-
P). The PO4

3−-P, NH4
+-N, NO3

−-N, NO2
−-N, MLSS, mixed liquor

volatile suspended solid (MLVSS) and biomass-P content were ana-
lyzed in accordance with the standard methods [17]. VFAs (acetate,
HAc) were measured using an Agilent 6890N gas chromatograph
(GC) equipped with a 30 m × 0.53 mm × 1 �m (length × ID × film)
DB-WAXetr column and a flame ionization detector (FID) at 220 ◦C.
Intracellular glycogen was analyzed using the method described
Jenkins et al. [18].

Poly-�-hydroxybutyrate (PHB) and poly-hydroxyvalerate (PHV)
were measured according to a modification of the method
described by Oehmen et al. [19]. Briefly, weighed freeze-dried sam-
ples of biomass were put into screw-topped glass tubes and 2 mL
of chloroform, 2 mL of an acidified methanol solution (3% H2SO4)
and 0.1 mL benzoic acid methanol solution were added (2 g of ben-
zoic acid dissolved in 100 mL methanol was used as an internal
standard). The samples were then digested for 4 h at 100 ◦C. After
cooling, 1 mL of distilled water was added and mixed vigorously
with each sample. When the phases were separated, approximately
1 mL of the bottom organic layer was transferred to the GC vials for
analysis. It should be noted that PH2MV was not analyzed because
acetate was added as the sole carbon source, which resulted in the
synthesis of very little PH2MV. The total PHA in the samples was
calculated as the sum of the measured PHB and PHV.

On-line monitoring was installed in the batch reactor with DO
(WTW inoLab Oxi level 2 oxygen meters), pH and ORP (WTW
pH/Oxi 340i) sensors. The temperature was measured by a probe
incorporated into the DO probe.

3. Results and discussion

3.1. Effect of Cu (II) concentrations on P removal

Lower and higher levels of the metals were selected based on the
tolerance of the PAOs biomass to Cu (II) when compared with the
blank test. The MLSS and MLVSS concentrations were maintained
at around 3400 and 2300 mg/L, respectively.

3.1.1. Phosphorous release and uptake linked to HAc uptake by
PAOs

Typical phosphorus release and uptake patterns of an EBPR were
observed in the blank test and in response to 2 mg Cu2+/L shock,
but these levels began diminishing as the Cu (II) concentration
increased to 4 mg/L (Fig. 1a). For the case of 2 mg Cu2+/L shock, the
P release and uptake rates decreased slightly when compared with
those of the blank test, indicating that Cu (II) did not produce a
significant toxic effect on the EBPR process at this concentration.

However, as the Cu (II) dose increased to 4 mg/L, the net released-
P was reduced by approximately 25% when compared with that
measured in the blank test.

In the subsequent aerobic phase, for the 4 mg/L Cu (II) test, there
was less P release, followed by a plateau, during which HAc uptake
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ig. 1. Variations in phosphate, acetate and glycogen in batch reactors with different
u (II) shock loads.

nd PHA synthesis occurred (Figs. 1 and 2); after the HAc uptake
eased at approximately 210 min, a slow P uptake was observed,
ith an uptake rate of 0.19 mmol P/g MLVSS h (Fig. 1). Conversely, in

he control and the 2 mg/L Cu (II) reactors, the aerobic P uptake rates
ere 0.27 mmol P/g MLVSS h and 0.41 mmol P/g MLVSS h, respec-

ively. Obviously, the P uptake was severely inhibited in response
o 4 mg Cu2+/L shock, even though the corresponding PHA was suf-
cient (Fig. 2c). As a result, the mean effluent P concentration in
he 4 mg/L Cu (II) test was much higher (112 mg/L) than the P con-
entration in the feed (10 mg P/L) (Fig. 1a). Indeed, this was typical
ehavior of a toxic effect of elevated levels of Cu (II) on the activity

f PAOs.

A gradual decrease in the HAc uptake rate was observed in
esponse to the 4 mg Cu2+/L shock during the anaerobic phase,
ventually resulting in incomplete HAc consumption (Fig. 1b and

able 1
hosphorus release and uptake rate, HAc uptake rate, PHA and glycogen consumption and
alues).

Experiment I (Cu (II) (mg/L)) E

Blank (0) 2 4 6

P-release rate (mmol P/g VSS h) 0.87 0.78 0.65 0
C-uptake rate (mmol C/g VSS h) 1.59 1.39 0.98 1
PHA-produced rate (mmol C/g VSS h) 0.70 0.36 0.26 0
Glyc-degraded (mmol C/g VSS h) 0.50 0.51 0.71 0
P-uptake rate (mmol P/g VSS h) 0.62 0.54 −0.05 0
PHA degradation rate (mmol C/g VSS h) 0.65 0.40 0.04 0
Glycogen synthesis rate (mmol C/g VSS h) 0.24 0.37 0.28 0

ote: All rates were calculated based on 2 h of anaerobic reaction and 3 h of aerobic react
a Cu (II) load: mg Cu2+/g MLSS.
Time (min)

Fig. 2. PHA variations in batch reactors with different Cu (II) shock loads.

Table 1). Overall, approximately 48% of the influent HAc was resid-
ual to the subsequent aerobic phase. Nevertheless, the HAc uptake
still occurred during the aerobic phase (Fig. 1b). When comparing
the conversion rate of acetate to PHA, it was 0.27 and 0.20, respec-
tively, in the anaerobic and aerobic phases (Table 2). These findings
suggest that not all of the consumed acetate during the aerobic
phase is linked to phosphorus release and glycogen degradation,
and that a fraction is oxidized for energy requirements.

3.1.2. Effect of Cu (II) concentrations on the synthesis and
consumption of PHA and glycogen by PAOs

The greatest anaerobic PHA storage was observed in the con-
trol, while the lowest value was observed in the case of 4 mg Cu2+/L
shock (Fig. 2), indicating that 4 mg Cu2+/L induced the suppression
of the PHA synthesis (Fig. 2c). This was consistent with the corre-
sponding P release in that the lowest P release also occurred in the
4 mg Cu2+/L test (Fig. 2). Similar phenomena have been described
previously, with a lower P release being found to lead to lower PHA
production because the energy for PHA formation is produced by

poly-P hydrolysis and P release [1].

It should be noted that the level of glycogen hydrolysis was
clearly reduced from the 4 mg Cu2+/L shock test to the blank test,
which was not similar to the variations of the PHA synthesis.

synthesis rates calculated using the experimental data from batch reactors (mean

xperiment II (pH) Experiment III (MLSS (mg/L))

.2 6.9 7.6 4080 (0.49)a 2600 (0.77)a 1360 (1.47)a

.46 0.41 0.50 0.45 0.47 0.44

.02 1.29 1.18 1.31 1.91 2.39

.35 0.38 0.47 1.48 1.18 1.17

.44 0.54 0.71 0.41 0.59 0.86

.30 0.20 0.27 0.41 0.46 0.37

.29 0.25 0.33 1.31 1.08 0.65

.80 0.66 0.92 0.11 0.361 0.50

ion.
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Table 2
Ratios and rates obtained in the batch experiments conducted in this study (mean values).

Experiment I (Cu (II) (mg/L)) Experiment II (pH) Experiment III (MLSS (mg/L))

Blank (0) 2 4 6.2 6.9 7.6 4080 (0.49)g 2600 (0.77)g 1360 (1.47)g

PHA-produced/C-uptakea 0.44 0.27 0.27 0.34 0.29 0.39 1.13 0.61 0.49
aerobic C-uptake rateb (mmol C/g VSS h) 1.77 1.28 1.02 2.48 2.05 2.56 0.36 1.20 1.43
PHA-produced/C-uptakeb – 0.55c 0.20d 0.04c 0.15e 0.10c – – 0.42f

a Anaerobic period.
b Aerobic period.
c Ratio calculated based the reaction of 120–130 min.
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an initial pH of 6.9. Our findings are partially inconsistent with those
of Liu et al. [23], who found that a higher initial pH of wastewater
was associated with a lower P removal efficiency. It is possible that
the increase in pH may decrease the inhibitory effect of the added

6.2

6.4
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6.8
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7.2

7.4

7.6

7.8

8.0

8.2

8.4
Aerobic

pH

 pHinitial=6.2
 pHinitial=6.9
 pHinitial=7.6

Anearobic
d Ratio calculated based the reaction of 120–210 min.
e Ratio calculated based the reaction of 120–150 min.
f Ratio calculated based the reaction of 120–240 min.
g Cu (II) load: mg Cu2+/g MLSS.

or the 4 mg Cu2+/L shock test, the greatest glycogen hydrolysis
f 1.42 mmol C/g MLVSS was accompanied by the smallest PHA
roduction. However, for the control, the degraded-glycogen was
.99 mmol C/g MLVSS, but accompanied by higher PHA produc-
ion (Fig. 1c). The higher conversion of glycogen to PHA in the
mg Cu2+/L shock test during the anaerobic period may have been
ue to the maintenance adenosine triphosphate (ATP) required by
he cell.

With respect to the aerobic phase, the PHA degradation and
lycogen production displayed very similar transformation trends
n the control and 2 mg Cu2+/L shock test (Figs. 1 and 2). However,
he level of the PHA degradation decreased in both the 2 mg Cu2+/L
nd 4 mg Cu2+/L treatments when compared with the control. It
hould be noted that, for the 4 mg Cu2+/L shock, PHA accumula-
ion instead of degradation occurred along with HAc uptake and a
light P release (Figs. 1 and 2), although the conversion of HAc to
HA decreased when compared with that observed in the anaero-
ic phase (Table 2). After the HAc was depleted, a slight phosphorus
ptake that was linked with PHA degradation and glycogen synthe-
is occurred (Figs. 1 and 2). Similar findings have been reported
n several previous studies [20,21], and these results have been
xplained by PAOs having the ability to take up acetate under aer-
bic conditions, linking this consumption to phosphorus release,
HA formation and the growth of PAOs.

Nevertheless, for the 4 mg Cu2+/L shock test, although PHA syn-
hesis occurred in the aerobic phase and achieved a maximum
alue of 3.84 mmol C/g MLVSS at approximately 210 min, it was still
pproximately 25% lower than that of the control (Fig. 2a and c).
his corresponds well with the lower P uptake that was observed
n the 4 mg Cu2+/L shock case (Fig. 1a), as an energy source for the
hosphorus uptake is provided by the anaerobically formed PHA
22].

Additionally, as shown in Fig. 2, the anaerobic PHA production
ccurred and displayed similar trends in all cases; however, the PHA
egradation had completely different characteristics. These find-

ngs suggest that the aerobic PHA degradation was more affected
y the Cu (II) inhibition than the anaerobic PHA synthesis.

.2. Anaerobic and aerobic metabolism of PAOs at different initial
H values in the presence of 2 mg/L Cu (II)

.2.1. pH variations in batch reactors
In the anaerobic phase, different trends in the pH variation were

bserved among the three treatments (Fig. 3). In systems having
ith an initial pH of 6.2 and 6.9, an increasing trend was evident
uring the anaerobic phase. However, systems with an initial pH of

.6 did not exhibit a similar trend; rather, the pH decreased from
.6 to 7.3. Clearly, all pH values were near neutral at the end of
he anaerobic phase, regardless of whether the initial pH was alka-
ine or acidic. Our findings agree well with those of Liu et al. [23],

ho reported that the EBPR system has the buffering capacity to
automatically adjust its pH to around 7.0. From the microbiological
point of view, the pH in the cell for most bacteria is maintained rel-
atively constant in a rather narrow neutral range, and can decrease
or increase when the bulk pH is below or above their cell pH [24,25].

Additionally, a rapid increase in pH occurred in all tests at the
beginning of the aerobic period, which may have been due to the
stripping of CO2 after intensified aeration.

3.2.2. Effect of 2 mg/L Cu (II) shock on the P transformation at
various initial pH values

The addition of 2 mg/L Cu (II) did not significantly inhibit the
release of P (Fig. 4). The highest phosphate release occurred at an
initial pH of 7.6, followed by pH values of 6.2 and 6.9 (Fig. 4 and
Table 1). According to equation ˛PAO = 0.16 × pHout − 0.7985 [26],
the higher P release was due to the higher energy demand for active
uptake of VFA (�PAO) at the higher pH, which caused more poly-
P degradation for the production of more ATP [26]. Conversely, a
minor released occurred at an initial pH of 6.9, but not 6.2, primarily
because cell acidification led to leakage of phosphate from the cell
or extracellular polymeric substances (EPS) [23,25].

During the aerobic period, the influence of 2 mg Cu2+/L shock
on P uptake at various pH values behaved differently from the P
release, indicating that pH impacted the Cu inhibitory effect on the
P uptake. As shown in Figs. 4a and 5a, the mean P removal efficiency
decreased from 83% to −60% as the initial pH increased from 6.2 to
7.6, and the poorest P removal of −124% was achieved in the case of
360300240180120600
6.0

Time (min)

Fig. 3. pH variations in batch reactors at different initial pH values in the presence
of 2 mg/L Cu (II).
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he availability of heavy metal fractions by precipitating metals as
ydroxide, which can in turn reduce heavy metal toxicity toward
icroorganisms [14].
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3.2.3. Effect of 2 mg/L Cu (II) shock on acetate anaerobic
transformation at various initial pH values

As Figs. 3 and 4b showed, there was no obvious relationship
between the HAc uptake rate and pH in the presence of 2 mg Cu2+/L.
Similar observations were also found by Filipe et al. [2,26], who
examined VFA uptake rates using the entire stage pH controlling
strategy, and concluded that the acetate uptake rate was inde-
pendent of pH. Conversely, Liu et al. [23] employed an initial pH
controlling strategy similar to that used in the present experi-
ment and obtained that the acids uptake increased as the initial
pH increased from 6.4 to 8.0. The discrepancy between our find-
ings and those of Liu et al. [23] may have been due in part to the
different acclimated sludges used in the experiments as well as the
addition of Cu (II) in the present experiment.

3.2.4. Effect of 2 mg/L Cu (II) shock on the PHA and glycogen
transformations at various pH values

The highest PHA accumulation was observed when the initial pH
was 7.6 and the lowest occurred when the initial pH was 6.2, with
mean PHA storage values of 1.92, 1.96 and 2.71 mmol C/g MLVSS
being observed at the end of the anaerobic phase when the initial
pH values were 6.2, 6.9 and 7.6, respectively. These findings cor-
respond well with the variations in the P release shown in Fig. 5a,
which was likely because the anaerobic phosphate release and PHA
accumulation are metabolically linked, and a higher P release gen-
erally leads to higher PHA synthesis if the substrate is sufficient
[25]. Additionally, the lowest PHA synthesis was observed when
the initial pH was 6.2, which may have been due to the fact that
intracellular acidification inhibits PHA formation as proposed in a
previous study [25]. The amount of glycogen degradation increased
from 0.88 ± 0.24 to 1.42 ± 0.28 mmol C/g MLVSS as the pH increased
from 6.2 to 7.6 (Figs. 3 and 4).

During the aerobic phase, the transformation of the intra-
cellular storage compounds displayed a pattern different from
that obtained in the anaerobic phase (Table 1). The degradation
of PHA decreased from 2.16 to 1.93 mmol C/g MLVSS as the pH
increased from 6.2 to 6.9, which was followed by an increase to
2.59 mmol C/g MLVSS with pH up to 7.6. The glycogen production
showed a trend similar to that of the PHA transformation with
the smallest glycogen production of 1.98 mmol C/g MLVSS being
observed when the initial pH was 6.9.

3.3. Endurance of PAOs biomass to Cu (II)

The endurance of the PAOs biomass to Cu (II) was examined
using sludge samples with MLSS concentrations of 4080 ± 86 mg/L,
2600 ± 334 mg/L and 1360 ± 47 mg/L, respectively.

As shown in Fig. 6, the inhibition level of Cu (II) was strongly
dependent on the MLSS concentrations. The anaerobic released-P
decreased with increasing Cu (II) loading from 0.49 mg Cu2+/g MLSS
to 1.47 mg Cu2+/g MLSS (Fig. 5). At Cu (II) loading levels lower than
0.49 mg Cu2+/g MLSS, the inhibitory effect of Cu (II) on the release of
P was not significant and the specific P release rate was maintained
at approximately 0.45 mmol P/g VSS h (Table 1), indicating that
PAOs can tolerate Cu (II) loadings as high as 0.49 mg Cu2+/g MLSS.
However, after Cu (II) loading up to 1.47 mg Cu2+/g MLSS, both the
anaerobic P release and the aerobic P uptake were inhibited, result-
ing in the effluent P concentration being greater than that of the
influent. This situation could potentially lead to failures of EBPR
systems (Fig. 6a). Moreover, these results showed that the toxic-
ity of a heavy metal could be minimized by increasing the MLSS in

activated sludge wastewater treatment systems.

The specific PHA synthesis and degradation rates increased as
the MLSS concentrations increased (Table 1 and Fig. 6). Similar to
the results of Expt. I, the aerobic PHA synthesis was also observed in
the case of lower MLSS value of 1360 ± 47 mg/L, concurrent with a
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ig. 6. Variations in phosphate, acetate and glycogen in batch reactors with different
LSS concentrations in the presence of 2 mg/L Cu (II).

igher uptake of acetate. These findings indicate that the inhibition
f 2 mg/L Cu (II) at a lower MLSS resulted in incomplete HAc con-
umption, which indirectly affected the subsequent aerobic PHA
egradation and P uptake. Indeed, the lower MLSS concentration
esulted in a higher metal uptake density, which led to poorer P
emoval efficiencies and lower PHA transformation rates (Table 1).

.4. Mechanisms for Cu (II) (heavy metal) inhibition of the
etabolism of PAOs

It has been reported that the toxicity of heavy metal in activated
ludge depends primarily on metal species and concentration [13].
or Expts. I and III in our study, HAc was not depleted during the
naerobic phase when suffering elevated Cu (II) shock addition;
herefore, the PHA synthesis occurred aerobically. These different

etabolic patterns may in part explain the higher sensitivity shown
y PAOs exposed to toxic substances.

It is generally believed that the toxic effects of metals primar-
ly occur through interaction with intracellular functional groups,

hich destroys protein structure and function [27]. However, Hu
t al. [11] reported that Cu has a unique mode of action that involves
apid loss of membrane integrity. Their findings were also con-
rmed by other researchers, who found that disruption of the
ytoplasmic membrane was the major mechanism of Cu microbial
oxicity [28,29]. Moreover, some researchers have suggested that
eavy metals could cross the cell membrane to interact with the

ntracellular enzymes; thus, interfering with some essential cellular
etabolism of bacteria [30]. For EBPR processes, the synthesis and

egradation of poly-P, PHA and glycogen in PAO are known to be
nvolved in a number of enzymes. For example, poly-P kinase (PPK)
nd exopolyPase (PPX) have been found to play a role in poly-P
etabolism. PPK induces the synthesis of an exopoly-phosphatase

nd is associated with the bacterial membrane in some organisms

31]. PPX is an extracellular enzyme and is involved in poly-P degra-
ation [32]. As Cu may cause serious damage to the cell membrane,
PK and PPX could both be destroyed by Cu.

Conversely, little is known about how PHA/glycogen synthesis
nd degradation are regulated and which enzymes are involved
Time (min)

Fig. 7. PHA variations in batch reactors with different MLSS concentrations in the
presence of 2 mg/L Cu (II).

in their regulation. If the active sites of enzymes involved in PHA
and glycogen transformations are also located near the outside of
the cytoplasmic membrane similar to PPK, the addition of Cu (II)
may not only inhibit the activity of enzymes, but also destroy the
location of these enzymes.

There are three possible mechanisms of the Cu inhibiton of P
removal based on the results of this study. First, the anaerobic
degradations of poly-P and glycogen are inhibited by Cu (II). As
discussed above, a higher concentration of Cu may cause severe
damage to the cell membrane; thus, destroying enzymes such as
PPX. Consequently, the poly-P degradation is reduced, leading to
insufficient energy available for PHA synthesis. This would directly
lead to a subsequent reduction in PHA utilization, and could also
indirectly cause reduced P removal efficiency due to energy limi-
tation. In contrast, the hydrolysis of glycogen, which is a source of
reducing power for the PHA synthesis, did not change greatly in
response to spiking with Cu (II) (Figs. 1b, 2b and 3b), suggesting
that the inhibition of glycogen degradation may not be the main
cause of the Cu inhibition to PAOs.

Second, the present experimental results show that Cu (II) has
a more severe inhibitory effect on aerobic PHA degradation than
on anaerobic PHA synthesis. Therefore, it is likely that the PHA
degradation enzyme is directly inhibited by Cu (II), which leads to
reduced PHA available for subsequent energy sources for growth,
and for the need to assimilate phosphate to synthesize poly-P.

Finally, the enzymes involved in P-uptake, such as PPK, may have
been inhibited by Cu (II). Previous studies mentioned that PPK may
be destroyed by Cu (II), because Cu (II) can destroy the cell mem-
brane. As shown in Figs. 1a, 2c, 6a and 7a, during the aerobic phase,
the P uptake greatly declined in response to the elevated Cu (II)
addition, although the corresponding PHA was sufficient for PAOs
to degrade and produce energy available for P uptake. This could
mean that the PAOs capacity for P-uptake and poly-P formation was
lost, resulting in inhibition in response to the addition of Cu (II).
4. Conclusions

The presence of Cu (II) changed the anaerobic and aerobic
metabolism of PAOs by modifying the transformation patterns of
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