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ABSTRACT

In order to determine how Cu(Il) exposure affects activated sludge, we investigated pollu-
tant removal and recovery of removal efficiency after continuous exposure to Cu(Il) or a
shock dosage of Cu(Il) in a sequencing batch reactor (SBR) system. The continuous exposure
experiment, involving 20 mg L™ Cu(Il), showed that the removal efficiency for chemical
oxygen demand (COD) initially decreased rapidly to 7%, but conspicuously recovered to
78% by the 50th day and then dropped to nearly zero by the 160th day. The removal of
NH;-N was even more conspicuously inhibited and failed to recover during the experimen-
tal period. The continuous dosage of activated sludge with 20 mg L™" of Cu(Il) for nearly
160 d rendered the SBR almost completely unable to remove pollutants. In the shock dosage
(batch) experiment, the removal of both COD and NH3-N was inhibited after shock dosages
of 10, 20, and 40 mg L7! Cu(ll). However, after 24 h, the removal efficiency of COD at each
shock dosage recovered to 81, 60, and 52%, respectively; NH3-N removal efficiency

recovered to 78, 74, and 45%, respectively.
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1. Introduction

Copper, in the form of Cu(l), is widely used in
metallurgy, chemistry, battery manufacturing, and
electroplating, which releases a large amount of cop-
per into aquatic environments or wastewater treat-
ment plants. Trace concentrations of copper are
necessary for micro-organisms to grow, but excessive
amounts of copper cause inhibitory or even toxic
effects to microbes [1-3]. When wastewater containing
more than ~10-20 mg L' Cu(Il) flows into biological
wastewater treatment systems, such as activated
sludge (AS) systems in sewage treatment plants, it
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negatively affects the system’s stability and pollutant
removal efficiency [4].

Many researchers have investigated biosorption
[5,6] and the removal of heavy metals [7]. Others have
focused on the effect of Cu(ll) on the removal of pol-
lutants, oxygen uptake rates, and respiration in AS
[4,8]. In previous studies, the shock dosages of Cu(ll),
at various concentrations, have been added in continu-
ous or batch reactors. However, most studies have
investigated that the toxicity of Cu(Il) shock dosages
have used batch reactors with only trace levels of the
metal [9,10] and over a short period (usually <1 week)
[2,11,12]. Additionally, in AS systems, heavy metals
are not biodegradable and can only be absorbed by
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sludge and transformed into sediments or complexes.
Therefore, heavy metals accumulate in the system and
cause continuous toxicity effects [13]. The performance
of micro-organisms in AS under long-term (>100 d)
exposure to high levels of Cu(ll) has rarely been docu-
mented, and there are even fewer studies comparing
the effects of chronic and acute Cu(Il) toxicity on AS.

Furthermore, most studies have concluded that a
certain concentration of Cu(Il) harms the micro-organ-
isms in AS, but few studies have investigated the abil-
ity of AS to recover its pollutant removal capabilities
after Cu(Il) is no longer applied. Lee et al. found that
by adding 5 mg L' Cu(ll) into a lab-scale continuous-
flow AS reactor for 21 d, nitrification was inhibited
[14]. After that, nitrification recovered when Cu(Il)
was no longer added. However, the tested Cu(Il) con-
centration was relatively low, at less than 10 mg L™".
Therefore, it is necessary to study the effect of Cu(Il)
on the ability of AS to remove pollutants and recover
from Cu(l) toxicity, when it is continuously dosed at
a high concentration of Cu(Il) over a long time.

This study investigated the effects of chronic Cu(Il)
toxicity on AS by continuously exposing AS to Cu(I)
and then measuring the removal of chemical oxygen
demand (COD) and NH3-N in a sequencing batch
reactor (SBR) for approximately 160 d. In addition,
through a Cu(ll) shock dosage experiment, we per-
formed a comparative study on the acute toxic effects
of different concentrations of Cu(Il) (0, 10, 20, and
40 mg L™) on the sludge system. Thus, we explored
different inhibitory effects and the ability of AS to
recover its pollutant removal activity under both long-
and short-term exposure to Cu(Il).

2. Materials and methods
2.1. Continuous Cu(II) exposure in a SBR

Two SBRs were used in this study. One reactor
was used as the control reactor (CR), and the other
reactor (the experimental reactor; ER) was dosed with
copper. Each reactor had a 4.0-L working volume and
was operated at 20°C on a 12-h cycle. Each cycle
included 0.5 h of synthetic wastewater feed, 6 h of aer-
ation, 2 h of settling, 0.5 h of decanting, and 3 h of
idling. The sludge retention time was maintained at
approximately 16 d.

The seed sludge was obtained from a local sewage
treatment plant in Shanghai, China, and was accli-
mated with synthetic wastewater using sodium benzo-
ate (CcH5COONa) as the carbon source, ammonium
chloride (NH4C]) as the nitrogen source, and monopo-
tassium phosphate (KH,PO,) as the phosphorus
source, with COD maintained in the range of
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650-820 mg L™". The COD:N:P ratio of the wastewater
was maintained at 100:5:1, and necessary mineral
nutrients were added in the influent. During the aera-
tion period, dissolved oxygen (DO) was maintained at
2.0-25 mg L', the pH was maintained at 6.5-8.0, and
the concentration of mixed liquor suspended solids
(MLSS) was maintained at 2,000-3,000 mg L™l The
concentrations of COD and NHj3-N in the influent and
effluent were measured regularly. When the removal
efficiency of COD and NH;3-N in the system reached
the steady state, 20 mg L ! Cu(l) was added into the
ER. No Cu(I) was added to the other SBR (the CR).

2.2. Batch experiment with a shock dosage of Cu(II)

The AS used in the batch experiment was taken
from the continuous experiment reactor (SBR, at
steady state), but the batch experiment was performed
using reactors with 1.0-L working volumes. At the
beginning of the batch experiment, 1 L of mixed liquor
was taken from the continuous SBR and immediately
poured into a batch reactor. After settling for 30 min,
the supernatant of the mixed liquor was drained, and
the synthetic water was added to the batch reactor
such that the initial COD and NH;-N concentrations
were 600 mg L' and 40 mg L™, respectively. The pH,
DO, temperature, and other parameters were adjusted
to match those of the continuous exposure experiment.
Next, different Cu(Il) concentrations (0, 10, 20, and
40 mg L") were added into different batch reactors.
Parallel aeration was performed continuously over a
24-h period in all four reactors using an air pump.
Effluent samples were collected and measured for
COD and NH;-N throughout the experiment.

2.3. Analysis methods

The COD, NHs-N, MLSS, pH, and temperature
were analyzed according to the standard methods
[15].

2.4. Data analysis

In the Cu(ll) batch experiment, the inhibition
degree (ID) was calculated using the concentrations of
COD and NHj3-N in the reactors at different sampling
times, according to the following formula [12].

Inhibition degree (ID) = (Cy, — Cs)/Cp x 100% (D

where Cy, is the difference in concentration (mg L™") of
a substrate between the initial time and time f in the
CR (without Cu(ll) shock dosage) and C; is the
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difference in concentration (mgL™') of a substrate
between the initial time and time ¢ in an experimental
batch reactor (containing a Cu(Il) shock dosage).

3. Results and discussion
3.1. Effect of continuous Cu(Il) exposure on AS in SBR

During the 160-d experimental period, 20 mg L™"
Cu(ll) was continuously added to the ER’s influent
stream, starting on the 42nd day. This experiment
allowed us to investigate the effect of continuous
Cu(Il) exposure on the ability of AS to remove pollu-
tants. The removal efficiency of COD and NH3-N from
wastewater is usually used to indicate the changes in
the biological activity of AS in the presence of heavy
metals [8,16-18]. Therefore, by determining the con-
centrations of COD and NH3-N over a long period,
we were able to compare the continuous toxicity of
Cu(II) on AS in both the CR and ER.

3.1.1. The effect of continuous Cu(Il) exposure on the
removal of organic pollutants in SBR

Fig. 1 shows the long-term effect of Cu(Il) on COD
removal. Fig. 1(a) shows that the efficiency of COD
removal remained higher in the CR than in the ER
during the 160-d experiment, with an average of 95%
removal (range: 89-98%). Before Cu(ll) addition, the
average COD concentration in the ER was
37.84 mg L giving a removal efficiency of 94%. This
indicates that, once acclimated, the AS in both the ER
and CR was able to remove organic pollutants effec-
tively. When 20 mg L™" Cu(Il) was added to the ER on
day 42, as shown in Fig. 1(b), the effluent COD drasti-
cally increased from 38.8 mg L™" to 696 mg L™". Four-
teen days later, the COD was 768 mg L™}, and the
COD removal efficiency was reduced to only 2%.
These results demonstrate that the micro-organisms in
the ER were strongly inhibited, which then prevented
them from degrading organic compounds efficiently.
After the 89th day following the start of the experi-
ment, a noticeable recovery in COD removal appeared
in the ER, such that the effluent COD declined to
1426 mg L' and the removal efficiency reached a
maximum of 78%. This recovery probably arose
because the cultivated micro-organisms in the ER had
gradually adapted to the cupric environment. Another
probable reason for the recovery is that continuously
dosing copper may have significantly changed the
microbial community structure, and the micro-organ-
isms containing copper-resistance genes survived [19].
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However, approximately 20 d later, the effluent COD
increased again, and the COD removal efficiency
finally decreased to almost zero. These results suggest
that the ability of AS to degrade organic pollutants in
a SBR was seriously inhibited by long-term, continu-
ous exposure to 20mgL™' Cu(ll). Although COD
removal in the ER recovered 47 d after starting the Cu
(II) exposure, continuous exposure to Cu(Il) eventually
hindered the ability of AS to degrade pollutants in the
SBR.

3.1.2. The effect of continuous Cu(Il) exposure on NH;-
N removal

As shown in Fig. 2, effluent NH3-N was less than
10 mg L™" in the CR during the 160-day experiment,
and the average concentration of NH3-N in the ER
effluent before adding Cu(ll) was 3.7 mg L™". On the
second day after the onset of Cu(ll) exposure, the
effluent NH;-N increased to 23.7 mg L', and after
80 d, the effluent NH3-N fluctuated around 30 mg LY
which was higher than the NHj3-N concentration in
the influent stream. Studies by Gerardi [20] and Julias-
tuti et al. [12] have shown that nitrobacteria are more
sensitive to the medium and to variations in inhibitory
conditions than heterotrophic bacteria are. Cu(Il) dis-
rupted the bacterial cells’ osmotic pressure, which
caused some cells to rupture, such that NH3;-N was
not removed effectively by the micro-organisms. Fur-
thermore, NH3-N concentration in AS increased as a
result of the ruptured cells.

In contrast to the observed recovery of COD
removal, we found that the nitrobacteria-mediated
NH;3-N removal failed to recover during the experi-
mental period. After the onset of Cu(Il) exposure, the
removal of NH;-N in the ER plummeted, showing a
removal efficiency of less than 10%. In addition, the
concentrations of nitrate and nitrite were both below
the detectable limits, indicating that the metabolisms
of nitrobacteria and nitrite bacteria were more seri-
ously inhibited by continuous Cu(ll) exposure than
those of other aerobic, carbon-metabolizing bacteria.

3.2. Effect of Cu(Il) shock dosages on AS pollutant removal
ability in batch experiments

In order to determine the effect of different concen-
trations of a shock dosage of Cu(ll) on the ability of
AS to remove pollutants, we performed a comparative
experiment in which a single dosage of Cu(ll) was
introduced into a batch reactor with acclimated AS.
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3.2.1. Effect of Cu(Il) shock dosage on pollutant
removal

Fig. 3(a) shows that in each batch reactor, the effi-
ciency of COD removal increased rapidly within 0.5 h,
reaching more than 50% efficiency. This probably
occurred because Cu(ll) was adsorbed by the sludge
floc in an early phase of the experiment, such that the
Cu(II) exerted little toxicity on micro-organisms in the
sludge [21,22]. Meanwhile, the biomass adsorbed some
organic pollutants, leading to a rapid rise in the effi-
ciency of COD removal. In the reactor that did not
receive Cu(Il), the effluent COD tended to be constant,
maintaining between 92 and 96% efficiency for 2 h
after the experiment began. As for the other three
reactors, which were given shock dosages of Cu(ll),
the effluent COD increased slightly at 7.5h after

(a)
100 r
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adding the Cu(ll) dose. This may have occurred as a
result of the acute toxicity of Cu(ll), which causes
some bacterial cells to rupture and stimulates some to
secrete extracellular polymeric substances, leading to
the observed increase in COD [23].

After 8h of operation, the efficiency of COD
removal in Cu(ll)-containing reactors  slightly
increased. In the reactor with 10 mg L™' Cu(ll), the
COD removal efficiency increased to 81.5% (at 11 h)
and remained at 80% until 24 h. This finding indicates
that AS markedly recovered its ability to degrade pol-
lutants. The efficiency of COD removal in reactors
containing 20 and 40 mg L' Cu(Il) also recovered, to
60.3 and 52.5%, respectively, indicating that AS recov-
ers differently in different systems. While this experi-
ment was only conducted for 24 h, extending the
exposure may allow micro-organisms to further adapt
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Fig. 3. Effect of different Cu(Il) dosages on COD (a) and NH3-N (b) removal ability in batch reactors.
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to certain metals [24]. The results of our experiment
also demonstrate that micro-organisms acclimated in a
heavy-metal medium may eventually adapt to a cup-
ric environment with continuous aeration. However,
we found that the capacity of AS to recover its COD
removal activity was different depending on how
much Cu(Il) was added during the shock dosage.

In the batch reactor without Cu(ll), during the first
4h of the experiment, the efficiency of NHj;-N
removal significantly increased and then remained at
90%, as shown in Fig. 3(b). Conversely, the effluent
COD in the same reactor became stable after 2 h rather
than 4 h required for NH;-N removal to stabilize. This
indicates that nitrification occurred after carbonization.
At 4 h, the batch reactor without Cu(Il) reached almost
90% efficiency for NH3-N removal. However, the effi-
ciencies of NH3-N removal in the reactors given shock
dosages of Cu(ll) were only 20%—40%, indicating that
the ability of AS to degrade NH3-N is severely inhib-
ited after being exposed to a dose of Cu(Il). After 24 h
of operation, the efficiency of NH3-N removal reached
77.6, 73.5, and 44.8% in reactors dosed with 10, 20,
and 40 mg L™" Cu(Il), respectively.

While the efficiency of NHj3;-N removal was
severely hindered after the Cu(ll) shock dosages, we
did find that AS was able to recover some capacity for
NH;-N removal. Based on the Cu(ll) shock dosages,
we found that the efficiency of NH;3-N removal fol-
lowed a trend at 24h: 10>20>40mgL™" Cu(l)
(Fig. 3(b)). The NH;3-N removal efficiency decreased
with increasing concentrations of Cu(Il). Four hours
after starting the experiment, the batch reactor without
Cu(Il) showed almost 90% NH3-N removal. However,
the batch reactors containing Cu(Il) removed NH;-N
slowly, with 20-40% removal at 4 h, clearly indicating
that the ability of AS to degrade NHj3;-N was
inhibited.

Six hours after the experiment began, the effluent
concentration of NH3-N slowly decreased in the reac-
tor containing 10 mg L™ Cu(l), and its removal effi-
ciency was 78% at 24 h, recovering to 85.7% of that in
the reactor without Cu(l). The efficiency of NH3;-N
removal was consistently below 50% in the reactor
containing 20 mg L™ Cu(I) during the first 11 h, but
it recovered to 74% at 24 h, which was 81.2% of that
in the reactor without Cu(Il). For the reactor contain-
ing 40 mg L' Cu(Il), the acute toxicity of the dosage
inhibited the removal of NH3-N, resulting in an effi-
ciency of 40% after 8 h, which was only half the
removal obtained in the reactor without Cu(l). The
different recovery capabilities of AS exposed to differ-
ent Cu(ll) shock dosages, with respect to NHj;-N
removal, probably occurred because some nitrobacte-
ria may have had a tolerance to Cu(ll) and hence
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successfully degraded NH3;-N [25]. In addition, Tsai
et al. found that some nitrobacteria, like Bacteroidetes,
harbor a tolerance for certain heavy metals [24]. Our
experiment indicated that there exists a certain thresh-
old for sludge tolerance of Cu(Il). The ability of AS to
remove NH3-N was inhibited, but was able to recover,
when it was stressed with a shock dosage of 10 and
20 mg L' Cu(lD); it failed to recover when a shock
dosage of 40 mg L' Cu(Il) was applied.

3.2.2. Assessing and comparing the effects of Cu(II) on
the ability of AS to remove pollutants

The toxicity of heavy metals is a key factor that
influences the ability of AS to remove pollutants.
Generally, a quantitative toxicity assessment of AS in
terms of its ability to remove pollutants can be
obtained by calculating the ID [2,12].

As shown in Fig. 4(a), in the batch reactors given
shock dosages of 10, 20, and 40 mgL™" Cu(D), ID
tended to increase continuously for the first 8 h and
reached a peak at 8 h. After 11 h, the ID of the reactor
containing 10 mg L™ Cu(Il) was below 15%. ID values
exceeding 30% were found in the reactors containing
20 and 40 mg L' Cu(Il). The degree of toxicity to AS
caused by shock dosages of Cu(ll), as measured by
the ability of the AS to remove COD, can be described
as follows: 40 > 20 > 10 mg L™".

Previously, it has been reported that the toxicity to
AS associated with continuous heavy metal exposure
differs from the toxicity arising from a shock dosage
of a heavy metal [26]. In our experiment, we found
that on the 97th day of the continuous Cu(ll) exposure
experiment, COD removal efficiency in the ER reached
a peak value of 78% after 6 h of aeration in that day’s
working period, compared with 83.2% in the CR. Such
a recovery was similar to that seen in the batch reactor
containing a shock dosage of 10 mg L™ Cu(Il). With a
20-mg L' shock dosage of Cu(ll), the COD removal
efficiency was already inhibited and therefore reached
only 57% at 6 h. These results show that AS could
remove COD better when Cu(ll) exposure occurred
over a long period of time compared to when Cu(ll)
exposure occurred as a short-duration shock dosage.
Even though the aeration time was extended to 24 h
in the batch reactor containing 20 mg L™" Cu(l), the
COD removal efficiency only recovered to 60%, which
was less than the 78% COD removal obtained in the
ER in the continuous exposure experiment. This indi-
cates that after long-term exposure to Cu(ll), micro-
organisms in the ER recovered better and could
remove more COD than in the batch experiment.
However, continuing to expose AS to Cu(ll) eventu-
ally caused permanent destruction of the AS system.
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Fig. 4. Inhibition degree of COD (a) and NH3-N (b) removal with different Cu(Il) dosages.

In the reactor containing the 10-mgL™" Cu(Il)
shock dosage, the ID increased to 65% in the first 4 h
and then decreased to nearly 20% at 24 h (Fig. 4(b)). It
shows that both the initial toxicity to micro-organisms
caused by the shock dosage and the recovery of NHj;-
N removal were remarkable. The ID values for the
reactors containing 10, 20, and 40 mg L' Cu(Il) were
similar at 8 h, but prior to this time, their ID values
differed. With a shock dosage of 40 mg L™ Cu(Il), the
AS was strongly inhibited, and its ability to recover
was relatively poor, yielding an average ID of 68.5%.
The average ID related to NH;-N removal during the
24-h experiment was 1.5-2 times greater than that of
COD removal at the same shock dosage. This may
have occurred because nitrobacteria are autotrophic
bacteria, which are relatively fewer in number than
heterotrophic bacteria in AS systems. Furthermore,
nitrobacteria grow slowly, which magnify their nega-
tive effects and make them more susceptible to being
overcome by heterotrophic bacteria [27].

Kim et al. discovered that in sludge exposed to 5,
15, and 30 mg L' Cu() for 9h, the nitrification ID
values were 26.4, 52.1, and 86.4%, respectively [28].
After 8 h in our shock experiment, the ID values were
49, 52.5, and 53.9% in reactors containing shock dos-
ages of 10, 20, and 40 mgL™' Cu(l), respectively.
Therefore, the differences in nitrification ID values
observed here were not as distinct as in previous
studies.

4. Conclusions

In a 160-d experiment involving continuous Cu(II)
exposure in a long-term operating SBR, we found that
the ability of AS to degrade organic pollutants was
seriously inhibited by continuous exposure to
20 mg L™ Cu(Il). Although the AS recovered the abil-
ity to remove COD in the ER 47 days after the onset
of Cu(ll) exposure, continuous exposure to Cu(ll)
severely hindered the ability of AS to degrade
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pollutants in the SBR. The ability of AS to remove
NH;3-N was even more severely inhibited, given that
the efficiency of NH3-N removal was below 40% and
failed to recover during the experimental period. In
the Cu(l) shock dosage experiment, when AS was
exposed to shock dosages of 10, 20, and 40 mgL™"
Cu(), the sludge was able to tolerate Cu(ll) toxicity
to some extent. However, the capacity for AS recovery
was different depending on the shock dosage applied:
10>20>40mgL™" Cu() for COD removal and
10 > 20 mg L™" Cu(Il) for NH3-N removal; AS failed to
recover after a shock dosage of 40 mgL™" Cu(ID.
Moreover, in the shock dosage experiment, the inhibi-
tion degrees for NH3-N removal were all greater than
those for COD removal, and the degree of toxicity
before recovery, measured by the ability of AS to
remove COD, according to shock dosage, was
40>20>10mgL™"
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