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ABSTRACT

The aim of this study is to evaluate the effectiveness of dehydrogenase activities as an early
warning indicator in wastewater treatment process under the impact of Cu(Il). The substrate
removals in sequencing batch reactors (SBR) on different Cu(Il) concentrations (0, 5, 10, and
20 mg L") were investigated during long-term operation. Meanwhile, the dehydrogenase
activities of activated sludge taken from SBR were observed in short-term bioassays. The
results indicate that the inhibitory rates of Cu(Il) on substrate removal efficiencies increased
along with an increment of Cu(Il) concentration. The dehydrogenase activities demonstrated
similar trend. Logarithmic curves were used to describe the inhibitory effect of Cu(Il) on
dehydrogenase activities. Positive correlations were then obtained between the substrate
removal efficiencies during long-term operation and dehydrogenase activities in short-term
bioassays. Thus, 2-(p-iod-phenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium chloride (INT)-dehy-
drogenase activity test can be applied as an effective method to alert the activated sludge
system performance under the impact of heavy metal. In addition, median inhibitory con-
centration (IC50) by INT-dehydrogenase test after 1-h and 24-h Cu(Il) exposure (5.93 mg L™"
for 1h exposure and 5.45 mg L' for 24 h exposure) were obtained. These results showed
that IC50 after 24 h of Cu(Il) exposure appeared more sensitive to copper than that after
1 h. Therefore, INT-dehydrogenase test after 24 h Cu(ll) exposure could be better fit for the
early warning of wastewater treatment performance.
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1. Introduction

Copper is a kind of common heavy metal in sew-
age, which is mainly contained in effluent of electro-
plating, printed circuit boards manufacturing, paints
production, and plastic and alloy manufacturing [1,2].
As a key constituent of respiratory enzyme, different
concentrations of copper have significant impacts on
the biological systems. On one hand, microbial meta-
bolism may be enhanced by low concentrations of
copper. Carotenogenesis of Blakeslea trispora [3] and
carotenoid yield of Rhodotorula strain [4] were
improved by adding trace amounts of Cu(Il). 1-2 umol
amount of copper greatly stimulated exopolyphos-
phatase activity in cell extracts from Acidithiobacillus
ferrooxidans [5]. In activated sludge systems, copper
(0.5 and 1mgL™") increased the maximum specific
growth rates [6] and biomass yields [7]. On the other
hand, high concentrations of copper can cause the
inhibition of microbial activity and growth. Wu and
Rodgers [8] demonstrated that copper inhibition
occurred at 0.07 mg L™" in enhanced biological phos-
phorous removal system. The results of Zhou et al. [9]
indicated that copper (1.0 mgL™) was toxic to the
micro-organism in the biofilm after 24 h of exposure.
In Anammox bioreactor, the half maximal inhibitory
concentration of Cu(Il) (1.9 mg L™") was calculated by
an exponential inhibition model [10]. Higher inhibi-
tory concentrations of copper were reported in fer-
mentative methane production of anaerobic reactors
[11,12], Anammox mixed culture [13], fixed microbial
film leachate treatment systems [14], and activated
sludge processes [15-18]. Owing to the important role
of copper in microbial metabolism, the impacts of cop-
per on biological systems have attracted many
researchers’ attentions.

It is vital to evaluate copper toxicity in wastewater
treatment process. A large number of methods have
been proposed for the assessment of copper toxicity in
microbial systems. Respiratory rate is one of the most
common indicators for toxicity assessment in aerobic
micro-organism. Madoni et al. [19] used the response
of specific oxygen uptake rate for studying the inhibi-
tory effects of copper on activated sludge micro-organ-
isms. Similar methods for copper toxicity assessment
were utilized by other researchers [20-22], and espe-
cially oxygen concentration profile obtained by micro-
electrodes proved to be a reliable indicator in
inhibition analysis [9]. Besides respiratory rate, micro-
bial growth parameters [15,19,23] and substrate
degradation kinetics [2,8,24,25] are also extensively
used in biological wastewater treatment processes.
The processes included the organic carbon removal,
ammonium oxidization, nitrification, denitrification
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[2,14,18], phosphorous uptake [8], methane production
[12], and Anammox [10]. Moreover, dehydrogenase
activity test presents as an effective toxicological
method [26]. Generally, three kinds of tetrazolium
salts, 5-cyano-2,3-ditolyl tetrazolium chloride (CTC),
2,3,5-triphenyltetrazolium  chloride (TTC), and
2-(p-iod-phenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium
chloride (INT) are commonly used in dehydrogenase
activity test. Das et al. [27] applied CTC test to evalu-
ate the effect of silver nanoparticles on metabolic
activity of natural aquatic bacterial communities. CTC
activity of bacteria in wastewater treatment plant [28],
rivers [28], and seas [29] was also studied in detail
previously. For TTC test, Wang et al. [30] observed
the TTC activity of aerobic granules with a supple-
ment of 5mgL™" Cu(l) for 2months. During the
period, a significant reduction of TTC activity was
found after 2 d. Moreover, the relationship between
Cu(I) concentrations and TTC activity inhibition was
given by Bestawy et al. [31].

Although the effects of copper on micro-organisms
in biological wastewater treatment process were stud-
ied, limited results demonstrated the relationship
between Cu(ll) concentration and dehydrogenase
activity clearly. Not so much attention has been paid
closely to the validity of dehydrogenase activity acting
as an early warning indicator. Comparing these three
methods for dehydrogenase activity test, CTC test
turns out to be hard to perform at most wastewater
treatment plant in China, since some of the essential
equipment is too expensive such as fluorescence
microscope and flow cytometry. By contrast, the
equipment for TTC- and INT-dehydrogenase test is
much cheaper and user-friendly. For the TTC test, the
oxidation reduction potential (ORP) is up to +460 mV,
which means TTC has low electron affinity, resulting
in a weaker capability to obtain electrons than oxygen.
Therefore, the excess oxygen needs to be removed
during TTC-dehydrogenase test. Additionally, TTC-
dehydrogenase test is not suitable for anaerobic and
denitrifying sludge. In contrast, INT has lower ORP
(+90 mV), which makes INT-dehydrogenase test free
from the faults of TTC-dehydrogenase test. Hence,
microbial activity in aerobic, anaerobic, and denitrify-
ing systems can be measured by INT-dehydrogenase
test [32]. Above all, INT-dehydrogenase activity is
selected to reflect microbial activity in our study due
to its simple procedures and wide application proper-
ties. Both the performance of sequencing batch
reactors (SBRs) during long-term operation and the
INT-dehydrogenase activities of activated sludge in
short-term bioassays were investigated under different
Cu(I) concentrations. Based on the analysis, the
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relationships between the SBRs performances and
INT-dehydrogenase activities of activated sludge were
established. Besides, median inhibitory concentrations
(IC50) determined by INT-dehydrogenase tests were
further discussed under various Cu(Il) exposure times.
The results would be useful to gain an effective alert-
ing method for the activated sludge system under
impact of copper.

2. Materials and methods
2.1. Reactor setup

Four identical SBRs were used to evaluate long-
term inhibitory effects of Cu(Ill) on the substrate
removal performance in activated sludge processes.
Each reactor with a working volume of 4 L was made
of clear acrylic plastic. SBRs were all operated in
cycles of 6h each, consisting of five stages: FILL
(30 min), REACT (240 min with aeration), SETTLE
(60 min), DRAW (20 min), and IDLE (10 min). The
volumetric exchange rate of the four reactors was uni-
form by 50%.

2.2. Wastewater and sludge

The seed sludge was taken from an aeration tank of

Jiangning Development Zone Wastewater Treatment
Plant located in Nanjing. Synthetic wastewater was used
to simulate the composition of real domestic wastewater.
The chemical composition of the influent was as follows:
sucrose 647.1 mg L', NH,;HCO; 263.4 mg L™, K,HPO,
204mgL™, KH,PO, 493mgL™', MgClL6H,O 3.7
mg L™, FeCl,2H,0 3.7mglL”', CaCl,2H,O 3.7
mg L™!, MnSO, 0.057 mg L™, H,MoO, 0.031 mg L,
ZnSO, 0.046 mg L™!, CoSO, 0.049 mg L™". During the
experiment, the influent COD, NHj-N, PO?[, and
pH were 586+69mgL™", 658+78mgL™!, 14.8
+1.1mg L} and 6.7 + 1.3, respectively.

2.3. Experimental procedures

Activated sludge was cultivated in the four reac-
tors (SBR 1, SBR 2, SBR 3, and SBR 4). The SBRs were
fed with synthetic wastewater. Cu(Il) was added in
the form of CuSO4-5H,0 to provide a concentration of
0, 5,10, and 20 mg L7 ! in different reactors. The mixed
liquor suspended solid (MLSS) in each SBR was
around 5gL™". Each reactor was operated at solids
retention time of 6 d by discharging excess sludge.
The temperature of the reactor was kept at 20 +1°C
by a thermostatic bath. An air pump and a pipe joined
to a porous stone in the bottom of the reactor were
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used to provide the dissolved oxygen (DO) at the level
above 5.0 mg L™'. The pH of SBRs was maintained at
7.0+ 0.5 by adding a phosphate buffer. During the
experimental period, COD and NH; -N concentrations
of influent and effluent were measured everyday.
Activated sludge taken from the control system (SBR 1)
was poured into the batch reactors for short-term
batch assays where the dehydrogenase activities were
analyzed under different Cu(Il) concentrations.

2.4. Dehydrogenase activities assays

Batch assays were conducted in 10 identical cylin-
drical containers. Each container with a liquid volume
of 1L was kept in thermostatic water batch. The
chemical composition of influent, temperature, DO,
and volumetric exchange rate of containers were all
the same as those in SBRs experiment. The initial con-
centrations of Cu(Il) in the containers were 0, 1, 2, 4,
5 8, 10, 16, 20, and 32 mg LY respectively. In the
experiment, sludge was regularly sampled for dehy-

drogenase activity test. Dehydrogenase activity
(DHA), measured by 2-(p-iod-phenyl)-3-(p-nitro-
phenyl)-5-phenyltetrazolium chloride (INT), was

determined by Martinez [33] in the experiment. Total
dehydrogenase activity (total DHA), which is related
to the substrate removal efficiency, is the product of
INT-dehydrogenase activity and MLSS in the
container. Each test was replicated for three times.

2.5. Analytical methods

Measurements of COD, NH;-N and MLSS were
determined in accordance with the standard methods
[34]. DO values were measured daily with an Orion
830A (Thermo Electron Company, USA).

The inhibitory rates of Cu(Il) on the system perfor-
mance and the inhibitory rates of Cu(ll) on dehy-
drogenase activity were calculated by the following
equation [35]:

IR = ((Ro — R)/Ro) x 100% (1)

where IR is the inhibitory rate, %; Ry is the substrate
removal efficiency or DHA of activated sludge in con-
trol reactor without Cu(ll) feeding; and R is the corre-
sponding value in the other reactors with Cu(ll)
feeding.

Linear and nonlinear regressions were applied in
statistical analysis. The profile of COD or NH;-N
removal inhibitory rate with copper dosage was deter-
mined by nonlinear logistic regression model. The
regression equations were also employed to estimate
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median inhibitory concentration (IC50). In addition,
we used linear correlation analysis to build relation-
ships between the dehydrogenase activities and sub-
strate removal efficiencies. All statistical analyses were
processed in Excel 2007 and Origin 8.5.

3. Results and discussion
3.1. Inhibitory effects of Cu(Il) on the performance of SBR

Fig. 1 shows the removal efficiencies of COD and
ammonia nitrogen (NH;-N) in SBRs under different
Cu(II) concentrations. The control system without Cu
(I addition exhibits high removal efficiency (above
90%) of COD and NH;-N during the whole experi-
mental period. When the Cu(Il) dosage was 5 mg L™,
no remarkable variations were observed in the
NH;-N removal efficiencies, while approximately
about 15% drops of COD removal efficiencies were
found. Both COD and NH; -N removal efficiencies sig-
nificantly decreased with the Cu(ll) addition high up
to concentrations of 10 and 20 mg L™".

The average substrate removal efficiencies and the
inhibitory rates of substrate removal efficiency were
calculated for further analysis (Fig. 2). In Fig. 2,
increases in Cu(Il) concentration had a negative effect
on substrate removal and resulted in the growth of
the inhibitory rates on substrate removal efficiency.
Without feeding Cu(ll), the average removal efficien-
cies of COD and NH;-N were 93.16 and 99.89%,
respectively. When Cu(l) concentration increased to
5mg L', the average removal efficiencies of COD and
NH; -N dropped to 77.92 and 98.06%, respectively.
Meanwhile, the inhibitory rates of COD and NH;-N
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Fig. 1. The performance of SBRs under different Cu(I)
concentrations: (a) COD removal efficiency (%); (b) NH; -N
removal efficiency (%).
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Fig. 2. The average substrate removal efficiency and inhibi-
tory rate in SBRs under different Cu(Il) concentrations.

removal efficiency were 16.36 and 1.83%. Low average
substrate removal efficiencies (64.91% for COD and
65.20% for NH; -N) were showed due to further addi-
tion of Cu(I) to 10mgL™". The minimal substrate
removal efficiencies (57.76% for COD and 56.18% for
NH;-N) were observed when Cu(Il) concentration
reached 20 mgL™'. Correspondingly, the maximal
inhibitory rates of substrate removal efficiency were
obtained (38.0% for COD removal and 43.75% for
NH; -N removal).

The inhibitions of Cu(Il) on substrate removal were
determined by the concentration of Cu(ll). Since cop-
per is a basic component in enzymes related to nitri-
fication, such as the primary enzyme, ammonia
monooxygenase [36,37], the nitrification process does
not deteriorate at a low concentration of Cu(Il) [2,18].
However, significant inhibition of Cu(Il) on nitrifica-
tion was observed at a high concentration of Cu(Il).
These can be attributed to the inhibition of Cu(Il) on
the growth and activity of nitrifying bacteria [2,31]. As
for the degradation of organics, the inhibition started
at relatively low concentrations of Cu(ll). When the
concentration of Cu(ll) reached relatively high level,
serious instability would be observed in the biochemi-
cal system [15]. Our results compared well with some
previous researchers [18,28,38]. The inhibition of Cu
(I) on organic removal is due to cell damage and
respiration inhibition of aerobic heterotrophic micro-
organism [39,40]. It is commonly accepted that all
aerobic cells generate free radicals constantly in bio-
logical processes [41]. Excessive concentration of Cu
(I) can simulate the production of free radicals mostly
as reactive oxygen species, which will damage
proteins, lipids and DNA of cells [42,43].
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It was also found in Fig. 2 that the inhibitory rates
of Cu(ll) on the COD removal were lower than that
on the NH;-N removal at high concentrations of Cu
() (10 and 20 mg L™"). These results indicated that
high concentrations of Cu(ll) led to smaller inhibitory
effects on the organic substrate removal process than
the effects on the nitrification process. It was widely
accepted that biological inhibition of nitrogen oxida-
tion was more pronounced than that for organic car-
bon [2,14]. Our findings support this view at high
concentrations of Cu(ll), while opposite results were
observed at low concentrations of Cu(ll) (5 mgL™).
The phenomena may be likely ascribed to the role of
copper in microbial growth and metabolism. In this
case, it can be concluded that inhibition of Cu(Il) on
aerobic heterotrophs is greater than that on nitrifier
under low concentrations of Cu(Il).

3.2. Inhibitory effects of Cu(Il) on the dehydrogenase
activity

Fig. 3 demonstrates the inhibitory effect of Cu(Il) on
the INT-dehydrogenase activity and inhibitory rate after
1 and 24 h of Cu(Il) exposure. It can be clearly observed
that the INT-dehydrogenase activity significantly
dropped with the increasing of Cu(Il) concentrations. In
the batch reactors, the lowest INT-dehydrogenase activ-
ity (11.48 and 19 pg mg ' h™") were observed on Cu(Il)
concentration of 32 mg L' after 1 and 24 h of Cu(Il)
exposure, respectively. It exhibited a dramatic growth
of inhibitory rates with the increasing Cu(Il) concentra-
tions. When the Cu(Il) concentration became 1 mg L™/,
the lowest inhibitory rates (1.10% for 1 h of Cu(Il) expo-
sures and 19.85% for 24 h) were obtained. The largest
inhibitory rates were obtained with the highest level of
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Fig. 3. Inhibitory effects and inhibitory rates of Cu(l) on

(b) under 24 h exposure.
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Cu(Il) concentration (32 mg L™"). These findings were in
agreement with those reported by Bestawy et al. [31] in
activated sludge processes and Wang et al. [30] in aero-
bic granules reactor.

Logarithmic curves illustrated wusing following
equations preferably describe the mode of Cu(Il) inhi-
bitory impact on dehydrogenase activities after 1 and
24 h of Cu(l) exposure, which was similar to the
results obtained by Yin et al. [32]:

IRy, = 0.2623 M) 1 0.03326 R? = 0.937 )

IRpqp = 0.1428 ™ +0.2576  R? = 0.949 €)
where IR; , and IRy, 1, are the inhibitory rate of Cu(Il)
on the INT-dehydrogenase activity after 1 and 24 h of
Cu(I) exposure respectively, and [Cu(Il)] represents
the Cu(Il) concentration in the influent.
Dehydrogenase enzyme is a kind of important
intracellular enzyme for microbial metabolism. The
INT-dehydrogenase activity deserves much attention
when studying cellar respiratory processes in aerobic
and anaerobic reactions [44]. Rising of Cu(Il) concen-
tration negatively impacts the cellar respiration of
microbe [45]. Due to the inhibition of microbial meta-
bolism, the INT-dehydrogenase activity jumped down.
The differences in INT-dehydrogenase activity
between 1 and 24 h of Cu(ll) exposures could be
explained as the ability of microbial adaptation [18].

3.3. Relationships between biological activities and the
performance in SBR

The relationships between the INT-dehydrogenase
activities and substrate removal efficiencies are also
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the INT-dehydrogenase activity: (a) under 1 h exposure;
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Table 1

17841

Correlations between the substrate removal efficiencies and dehydrogenase activities

INT-dehydrogenase

activity (1 h)® activity (1 h)°

Total INT-dehydrogenase

INT-dehydrogenase
activity (24 h)°

Total INT-dehydrogenase
activity (24 h)*

NH;-N* Y =121.08x —53.316 Y = (1.0696x — 0.4766) x 10° Y = 76.762x — 19.751 Y = (0.6856x — 0.1866) x 10°
R?=0.7997 R? =0.8029 R?=0.6013 R*=0.6109

COoD? Y = 193.54x — 98.786 Y = (1.7074x — 0.8765) x 10° Y = 135.98x — 58.331 Y = (1.2087x — 0.5269) x 10°
R?=0.9859 R? =0.9870 R?>=0.9104 R?=0.9160

*The removal efficiency of NH; -N and COD, percent.
"The INT-dehydrogenase activity, ug mg ™ h™".
“The total INT-dehydrogenase activity, ug L' h™".

shown in Table 1. The dehydrogenase activity illus-
trates the microbial oxygen uptake in aerobic metabo-
lism [46]. Therefore, positive correlation is identified
between the substrate removal efficiency and dehy-
drogenase activity.

Total INT-dehydrogenase activity was correlated
with substrate removal efficiency too. Because of the
effects of microbial concentration, total INT-dehy-
drogenase activity demonstrated better correlations
with substrate removal efficiency than INT-dehydroge-
nase activity. Moreover, the correlation coefficient of
INT-dehydrogenase activity and COD removal effi-
ciency was higher than that of INT-dehydrogenase
activity and NH; -N removal efficiency. These differ-
ences might result from different adaptability of auto-
troph and heterotroph under various concentrations of
Cu(ID.

The inhibitory concentrations (IC;o, ICsp, and ICg)
obtained from INT-dehydrogenase test after 1 and
24 h of Cu(ll) exposure are shown in Table 2. The
median inhibitory concentrations (ICsp) of Cu(ll) via
INT-dehydrogenase test after 1 and 24 h of exposure
were 593 and 545mgL~, respectively. The value
range was consistent with previous researches. Ander-
son et al. [47] showed that ICsy of Cu(ll) for INT-dehy-
drogenase activities was 2.5-5.1 mg L% Yin et al. [32]
indicated that ICs, of Cu(ll) was 552mgL™"' for
INT-dehydrogenase activities and 1.52mgL™" for
TTC-dehydrogenase activities. Additionally, IC50 via
INT-dehydrogenase test after 1h of exposure was
higher than that after 24 h of exposure. This result
showed that IC50 after 24 h of exposure was more

Table 2
The inhibitory concentrations of Cu(Il) for dehydrogenase
activities (mg L™")

INT-dehydrogenase activity 1Cyo | (@) ) (@FF)
1 h of exposure 1.89 5.93 18.6
24 h of exposure 0.67 5.45 44.7

sensitive to copper than it after 1 h of exposure. Based
on the comparison, INT-dehydrogenase test after 24 h
of Cu exposure could be better fit for the early warn-
ing of wastewater treatment performance.

4. Conclusion

When the Cu(Il) concentration increased from 0
to 20 mg L', the inhibitory effects of copper on sub-
strate removal efficiency and dehydrogenase activity
increased. Meanwhile, the relationships between the
concentration of Cu(ll) and dehydrogenase activity
of activated sludge can be described well as loga-
rithmic curves model. Hence, meaningful findings
demonstrate positive correlations between the dehy-
drogenase activity and the substrate removal
efficiency. These kinds of correlations prove that
INT-dehydrogenase activity analyzing in short-term
bioassays can be applied as an effective method to
alert the activated sludge system performance under
loading of heavy metal. In addition, comparison of
ICs5p presents that INT-dehydrogenase test after 24 h
of Cu exposure can be better fit for the early alert
of wastewater treatment performance. However, dif-
ferent correlations and formulas of dehydrogenase
activity and substrate removal may be obtained in
activated sludge system treating practical wastewa-
ter, due to the variation of some parameters such as
organic toxicant, pH, and temperature. Further
works are needed in activated sludge system treat-
ing practical wastewater.
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