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ABSTRACT

Chromium (Cr) is a toxic compound in wastewater and can cause inhibitory effects on
nitrification in a biological treatment system. However, different long-term inhibitory
effects of Cr(VI) on ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB)
were seldom investigated in activated sludge systems. In this study, the influences of
1-10mg/L Cr(VI) on bioactivities and quantities of AOB and NOB in long-term inhibition
and recovery periods were investigated. The transformation of inorganic nitrogen, fluores-
cence in situ hybridization assay for analyzing micro-organism population, and specific
oxygen uptake rates of activated sludge were examined. Results show that the inhibitory
effect of Cr(VI) on nitrification increased with the Cr(VI) loading concentration and running
cycle. The inhibited nitrification can be gradually recovered in a recovery period despite of
a high accumulation of Cr (including Cr(VI) and Cr(Il)) in activated sludge. AOB were
more sensitive than NOB to Cr(VI). AOB recovered fast both in activity and quantity. NOB
recovered more slowly than AOB.
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1. Introduction

Chromium is widely used as raw material in
petroleum refining, leather tanning, silver staining, and
textile manufacturing. The chromium concentration in
industrial wastewater is usually high. It was reported
that the total chromium concentration of a primary
settling effluent of tannery wastewater was as high as
40-65mg/L [1]. Hexavalent chromium (Cr(VI)), which
has been reported to be mutagenic and carcinogenic [2],
is one of major stable forms of chromium. Cr(VI) exists
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in association with oxygen as chromate or dichromate
in neutral wastewater. Cr(VI) is highly mobile and per-
meable through the bacterial cell membrane and therein
is reduced by glutathione or other reducing matters to
Cr(ID [3-5]. Cr(IIl) cannot be discharged out of the cell
and further reacts with intracellular biomolecules to
inhibit bioactivities of micro-organism [6,7]. An ineffi-
cient removal of Cr(VI) from industry wastewater usu-
ally results in a high Cr(VI) loading into municipal
sewage systems and causes toxic effects on the biologi-
cal treatment system.
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Nitrification, which involves a sequential conver-
sion of ammonium (NHZ) to nitrite (NO;), and
further to nitrate (NOj), is a controlling step in the
biological nitrogen removal process. Nitrifying micro-
organism include ammonia-oxidizing bacteria (AOB)
and nitrite-oxidizing bacteria (NOB). Generally,
nitrifying micro-organisms in activated sludge appear
to be more vulnerable to Cr(VI) than heterotrophic
bacteria [8,9]. The influence of Cr(VI) on nitrification
in activated sludge systems has been studied widely,
which has been reviewed by Vaiopoulou and Gikas
[9]. Vakova et al. [10] reported that a 1-h ECsy value
(EC5p is an effective concentration, which caused a
50% inhibition on the respiration rates) of Cr(VI) on
the biomass respiration activity was in a range of
40-90mg/L. Madoni et al. [11] found that a 1-h expo-
sure of activated sludge to a concentration of 83 mg/L
Cr(VD reduced the specific oxygen uptake uptake rate
(SOUR) by 21.5%. Cegen et al. [12] found that Cr(VI)
had low biosorption in a nitrifying sludge system, and
thus caused relatively low inhibition on nitrification
with a 4 h-ICs, of 83.61 mg/L and a 21 h-ICsy of 38.97
mg/L (ICsy is an impact concentration, which caused
a 50% inhibition on O, and CO, consumptions). On
the other hand, high biosorption and bioaccumulation
of Cr(VI) by micro-organism [13-16] and high inhibi-
tory effects have been widely reported. Stasinakis
et al. demonstrated that 0.5mg/L Cr(VI) reduced 74%
of the ammonia uptake rate [5]. These controversial
results from the previous studies are due to different
experimental conditions, sludge concentrations,
organic substances, and other factors.

Most of the studies on toxic effects of Cr(VI) on
nitrification were mainly carried out by short-term
shock loading batch assays. Only a limited number of
studies investigated the inhibitory effects of a
sustained Cr(VI) loading on nitrification and nitrifier
activities. It was reported that a long-term Cr(VI)
loading led to a prolonged inhibition of Cr(VI) on
nitrification [5,17], and thus could result in failure in
meeting the effluent discharge standards after the Cr
(VD) loading. Stasinakis et al. [5] investigated the
effects of continuous loadings of 0.5, 1, 3, and 5mg/L
Cr(VD in a continuous-flow activated sludge reactor.
They found that the inhibitory effect was significant
on nitrification but minor on the organic substrate
removal. Cr(VI) reduced the filament abundance and
disperse growth of activated sludge. After termination
of Cr(VI) addition, the ammonia removal rate recov-
ered from 30% to 57% in 30d. In their study, the
increasing loading of Cr(VI) was conducted in one
continuous-flow reactor, so the effects of different Cr
(VD) concentrations cannot be separately compared. In
another study, continuously feeding of 5, 10, and 25
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mg/L Cr(VD) into sequencing batch reactor (SBR)
systems decreased the NH;-N removal efficiencies
from 93.6-98.8% to 42.2, 24.1, and 20.3%, respectively
[17]. After the termination of the Cr(VI) loading, the
NH; -N removal efficiencies improved slightly from 30
to 33%, 21.4 to 27.3%, and 19.1 to 24.2%, respectively,
in 9d [17]. The activity of an electron transport system
was examined and showed a well correlation with the
inhibitory rates of Cr(VI) on the substrate removal.
However, the activity of the electron transport system
is a specific indicator for respiration of aerobic micro-
organisms [18]. The indicator only indicates the
combined activities of heterotrophic aerobic bacteria
and AOB, but cannot differentiate the inhibitory
effects of Cr(VI) on the two species of bacteria. More-
over, few studies separately investigated the inhibition
of Cr(VI) to AOB and NOB in an activated sludge sys-
tem with a long-term Cr(VI) loading. AOB and NOB
should have different sensitivities to Cr(VI), which
could influence the inhibitory or recovery rates of
nitrification. If the different responses of AOB and
NOB to Cr(VI) were revealed, it could benefit
researchers and engineers in developing effective
recovery strategies for Cr(VI) inhibition.

Thus, the aim of this study was to reveal the
different influences of Cr(VI) on AOB and NOB dur-
ing a long-term inhibition and a recovery period in
activated sludge systems. The bioactivities of AOB
and NOB were examined by measuring the removal
of ammonia, formation of nitrite and nitrate, SOUR
values of ammoxidation, nitrite nitrogen oxidation,
and heterotrophic bacteria in five identical SBRs. More
important, the quantities of AOB and NOB were
examined by fluorescence in situ hybridization (FISH)
assays. Additionally, the distribution of Cr in the
activated sludge system was examined.

2. Materials and methods
2.1. Synthetic domestic wastewater and activated sludge

A synthetic wastewater with 500 mg/L COD and
50mg/L NH;-N was prepared by dissolving the
following chemicals (mg/L): glucose (483), NH4CI
(190), KH,PO, (30), NaHCO; (205), MgSO,47H,0 (20),
FeSO,7H,O (2.5), ZnSO,7H,O (0.25), CaCl,-2H,0O
(10), CoCly-6H,O (0.05), and MoO; (1.50ug/L) in
ultrapure water. The pH of the influent was adjusted
to 7.7+0.2 using a sodium hydroxide solution. A
Cr(VD-contaminated wastewater was prepared by
adding a proper volume of a K,Cr,O; stock solution
(10.00g/L as Cr(VI) into the synthetic wastewater.
Activated sludge was collected from an aerobic tank
of a local sewage treatment plant, which employs a
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AZ%/O treatment system with a solid retention time
(SRT) of 22-33d and a hydraulic retention time of
23h. The collected activated sludge was screened
through a 2-mm sieve to remove coarse particles
before activation in lab.

2.2. SBR process

The schematic for one of the SBRs is shown in
Fig. 1. The SBRs were operated sequentially in a 6-h
cycle: influent filling (20min), aeration (240 min),
settling (75min), and effluent withdrawal (15min)
(there was a 5-min idle time after influent filling and
effluent withdrawal, respectively). During each cycle,
2.5 L of wastewater was treated. The mixed-liquor sus-
pended solids (MLSS) were kept at around 6,000 mg/L
by discharging excess sludge from reactors periodically
and consequently a SRT of about 6 d was obtained in
these reactors. The temperature and dissolved oxygen
were kept at 25+1°C and above 2.0mg/L, respec-
tively, using a water bath. The sustained Cr(VI) load-
ing experiment began when the effluent NH;-N
concentration was stable at less than 0.5 mg/L.

The five identical SBRs ran simultaneously. One of
them, as a control reactor, was fed with the synthetic
wastewater without Cr(VI) all through the test. For
other four SBRs, it was divided into three phases:
phase I (cycles 1-12), the four SBRs were fed with the
synthetic wastewater without Cr(VI); phase II (cycles
13-57), the four SBRs were fed with the synthetic
wastewaters containing Cr(VI) concentrations of 1, 3,
5, and 10mg/L, respectively; and phase III (cycles
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Fig. 1. Schematic of the SBR.
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58-90), the four SBRs were fed with the synthetic
wastewater without Cr(VI) again to simulate a
long recovery period. The four SBRs were called as
Cr(VD-fed reactors in phase II and phase III,
respectively, in section 3.

At the end of the aeration period in cycles 57 and
83, activated sludge from the five reactors was
collected for analyses of SOUR, Cr distribution, and
populations of AOB and NOB.

2.3. SOUR analyses

Ammoxidation SOUR (SOURyp4), nitrite nitrogen
oxidation SOUR (SOURNe2), and heterotrophic SOUR
(SOURrg.c) were measured using a respirometer. Two
30-mL parallel samples of mixed liquor were collected
from the five batch assay setups for measurement of
SOUR in the ends of the phase II and phase III. The
procedure for determinations of SOURNps, SOURNo2,
and SOUR;c was based on a previous study [19].
An inhibition rate of micro-organism activity was
calculated as following;:

Inhibition rate (%) =(SOUR¢entro1 — SOUR;)/
SOUR control X 100% 1)

where SOURniro1 Was measured in the control reactor
and SOUR(, was measured in Cr(VI)-fed reactors.

2.4. Distribution of chromium in SBRs

In the activated sludge system, Cr(VI) could be
reduced to Cr(Ill), which mainly deposits in activated
sludge [7]. However, Cr(VI) and Cr(Il) were not
separately detected in this study, but simultaneously
measured as Cr using a flame atomic absorption spec-
troscopy (Model WFX-130, Beijing Rui-Li Co., China).
A 10-mL activated sludge solution was collected from
the SBR and was directly digested according to a stan-
dard acid digestion method [20] for measurement of
the total Cr concentration in the activated sludge
solution. Another 50-mL activated sludge solution was
collected and filtrated through a 0.45pm membrane.
Then, Cr in the filtrate was directly measured as solu-
ble Cr. The left activated sludge on the membrane
was collected and washed with a modified washing
procedure [21,22]. Briefly, the collected activated
sludge was re-suspended in a 30-mL washing solution
(Immol/L EDTA, pH 7.0, and 0.1mol/L NaCl),
agitated at 150rpm for 30min, and centrifuged at
1,600 g for 5min, followed by two cycles of washing,
centrifugation, and supernatant removal. Then, the
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washed sludge was digested with the standard acid
digestion method for measurement of intracellular
Cr. The concentration of surface-bound Cr was
calculated by subtracting the soluble Cr and intracellu-
lar Cr from the total Cr concentration of the activated
sludge solution.

2.5. Other analysis methods

In the FISH assay, samples fixation and hybrid-
ization steps were carried out according to a stan-
dard hybridization protocol [23] with two kinds of
oligonucleotide probe, namely NSO1225 [24] (for
AOB) and Ntspa662 [25] (for NOB), which are
authorized to compose by Invitrogen Inc. Concentra-
tions of NH;-N, NO,-N, NO;-N, and COD were
detected according to the standard methods [20].
MLSS and pH were measured with a MLSS analyzer
(HACH Txpro-2) and a pH meter (HACH HQ-30d),
respectively.

3. Results and discussion

3.1. Inhibition of nitrification with the sustained Cr(VI)
loading

As shown in Fig. 2(a), the sustained Cr(VI) loading
inhibited the nitrification performance, and the inhibi-
tory effect became more and more significant as the
loading concentration of Cr(VI) and running cycle
increased. In the 1mg/L Cr(VD)-fed reactor, the
removal rate of NH; -N began to decrease in cycle 35,
and subsequently decreased to 48.5% in cycle 45.
While in the 3, 5, and 10 mg/L Cr(VD-fed reactors, the
removal rates of NH;-N began to decrease in cycles
15, 13, and 13, respectively, and subsequently
decreased to 67.2, 60.0, and 49.9%, respectively, in
later six cycles. In cycles 49—57, the removal efficien-
cies of NH; -N were 43.0 +4.1% in the four Cr(VD)-fed
reactors. The inhibition degree of Cr(VI) on the ammo-
nia removal in this study is close to Cheng et al. [17]
because of similar SBR systems and SRTs. The lowest
Cr(VI) concentration used in Cheng's study was
relatively high (6mg/L Cr(VD) [17], so the gradual
increase of inhibitory effects caused by a low Cr(VI)
loading (e.g. 1 or 3mg/L Cr(VI)) was not observed.

The concentrations of effluent NO; -N were all lower
than 1.0 mg/L in the four Cr(VI)-fed reactors in phases I
and II (Fig. 2(b)). The concentrations of NO3-N in
effluents dropped faster in the reactors with the higher
Cr(VI) loading (Fig. 2(c)), and dropped to 1.3 +0.7 mg/L
in cycles 49-57 in the four Cr(VI)-fed reactors.

H. Zhang et al. | Desalination and Water Treatment 54 (2015) 1981-1989

—<-0mg/L 5 1mgL —A3mg/L —<5mgL —6-10mgL
Phase II : Phase 111

—_~
o
~
~
=
=
173
o

[} w
- S}
T

Effluent NH, -N
>

Concentration (mg/L)

o0
T

(b) hse 1

N
T

Effluent NO, -N
(=2}

Concentration (mg/L)
)

w
T

—_~
o
~
=1

5 =N

=)
T

Concentration (mg/L)

Effluent NO; -N

o~
T

o

0 15 30 45 60 75 90
Running cycle

Fig. 2. Performance of the SBRs: (a) effluent NH;-N
concentration, (b) effluent NO;-N concentration, and
(c) effluent NO3 -N concentration effluents.

3.2. Recovery of nitrification after the sustained Cr(VI)
loading

As shown in Fig. 2(a), after the termination of
Cr(VID) loading, the NH;-N concentrations in effluent
decreased gradually in the four Cr(VI)-fed SBRs. This
phenomenon agrees with the findings in literatures
[17,26]. In the 1, 3, 5, and 10mg/L Cr(VI)-fed SBRs,
NH;-N removal efficiencies recovered back to 95.0,
73.6, 66.2, and 65.4%, respectively, at cycle 90. An
accumulation of NO;-N was observed in the four
SBRs, and significantly increased as the running cycle
increased (Fig. 2(b)), while the NO3-N concentration
in effluent increased with the running time. Accord-
ingly, the inhibitory effect of Cr(VI) on nitrification
can be partially recovered and the recovery rates were
faster in the reactors with lower Cr(VI) loadings. The
accumulation of NO;-N after the termination of
Cr(VD) addition was seldom reported [5,9,16,17]. The
accumulation of NO;-N is a piece of important
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information. It indicates that the activity of NOB was
still in a low level while the AOB began to recover.

3.3. SOUR with and after the sustained Cr(VI) loading

Fig. 3(a) shows the values of SOURnps and
SOURNeoz of activated sludge in cycle 57. The
SOURNps and SOURpo, in the control reactor were
0.147 and 0.107 mgO,/(gMLSSmin), respectively.
The inhibition ratios of SOURyp4 in the 1, 3, 5, and
10mg/L Cr(VI)-fed reactors were 93.9, 94.5, 94.6, and
95.6%, respectively, whereas the inhibition ratios of
SOURNo, were 61.0, 61.6, 72.0, and 85.1%, respectively.
In cycle 83, SOURnps and SOURne, in the control
reactor were 0.149 and 0.115 mgO,/(g MLSS min),
respectively. The inhibition ratios of SOURNp4 in the 1,
3, 5, and 10mg/L Cr(VD-fed reactors decreased and
were 47.0, 46.3, 57.7, and 63.2%, respectively (Fig. 3(b)),
whereas the inhibition ratios of SOURyo, were 50.6,
54.1, 64.4, and 77.3%, respectively.

3.4. Effect of the sustained Cr(VI) loading on AOB and
NOB populations

In the FISH assays, the activated sludge sample
collected in cycle 83 from the control reactor was
chosen as the control sample to examine the propor-
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Fig. 3. Effects of Cr(VI) loading concentrations on

SOURNo2, SOURNp4, and SOURgc in (a) cycle 57 and
(b) cycle 83.
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tions of AOB and NOB. The relative proportions of
AOB and NOB in total bacteria were statistically
counted with an Image-Pro Plus software according
to the FISH assay pictures (Figs. 4 and 5).The
proportions of AOB and NOB in the control reactor
in cycle 83 were 9.9 and 10.1%, respectively. In the
1, 3, 5, and 10mg/L Cr(VD-fed reactors, the propor-
tions of AOB decreased to 2.3, 19, 1.5, and 1.4%,
respectively, and the proportions of NOB decreased
to 2.4, 1.5, 0.8, and 0.5% in cycle 57. In cycle 83, the
proportions of AOB were 6.9, 5.3, 4.9, and 3.7% in
the 1, 3, 5, and 10mg/L Cr(VI)-fed reactors, respec-
tively, and the proportions of NOB were 3.9, 3.9,
1.5, and 1.6%, respectively.

3.5. Distribution of Cr in the SBR system

As shown in Fig. 6, Cr was significantly accumu-
lated inside of activated sludge in phase II. In the 1, 3,
5, and 10mg/L Cr(VI)-fed reactors, total amounts of
17.5, 41.7, 63.5, and 156.2 mg/L Cr(VI) were detected,
respectively. Of the total amount of Cr, 78, 87, 91, and
55% were inside the activated sludge and 19.6, 11.4,
8.5, and 44.2% were surface-bound. The total adsorbed
amounts of Cr (including intracellular and surface-
bound Cr) in activated sludge were 85.3, 204.5, 316.6,
and 771.6mg (cycle 57), which accounted for 73.5,
58.7, 54.5, and 68.6% of the total addition amount of
Cr, respectively. Accordingly, the sorption uptakes of
Cr by activated sludge in the four Cr(VI)-fed reactors
were 3.1, 7.1, 11.7, and 25.8 mg/g MLSS, respectively.

In cycle 83, although the activated sludge in the
four Cr(VD-fed reactors had been fed with the
synthesized wastewater without Cr(VI) for 26 cycles,
high levels of Cr were still detected (Fig. 6). In the 1,
3, 5, and 10mg/L Cr(VD-fed reactors, 13.5, 35.5, 60.9,
and 130.1mg/L of Cr were remained in the system;
11.7, 33.0, 51.5, and 75.1mg/L of Cr were inside
activated sludge; 1.7, 2.2, 9.3, and 54.8 mg/L were
surface-bound; the sorption uptakes of Cr by
activated sludge were 2.4, 6.0, 10.6, and 22.6 mg/g
MLSS, respectively. In comparison with the levels in
cycle 57, 13.8, 8.8, 11.1, and 11.9% of the intracellular
Cr were removed, respectively. Most of the Cr
adsorbed into or onto the activated sludge were hard
to be released back to water and very likely to have
been reduced to Cr(IIl) [7].

3.6. Sensitivities of AOB and NOB to Cr(VI)

The results mentioned above show that AOB were
more sensitive than NOB to Cr(VI). In the 1mg/L
Cr(VD)-fed reactor, the removal efficiency of NH;-N
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1 mg/L Cr(VI) Total bacteria 1 mg/L Cr(VI) AOB 1 mg/L Cr(VI) NOB
3 mg/L Cr(VI) Total bacteria 3 mg/L Cr(VI) AOB 3 mg/L Cr(VI) NOB
5 mg/L Cr(VI) Total bacteria 5 mg/L Cr(VI) AOB 5 mg/L Cr(VI) NOB
10 mg/L Cr(VI) Total bacteria 10 mg/L Cr(VI) AOB 10 mg/L Cr(VI) NOB

Fig. 4. FISH assay pictures of bacteria flora in SBRs with the different Cr(VI) loadings.

decreased from 99.3 to 93.9%, respectively, from cycle the transformation of NH;-N to NO,-N had been
33 to 37, and meanwhile the effluent concentrations of retarded, whereas the transformation of NO;-N to
NO;-N and NOj3-N changed little. It indicates that NO35-N had not been influenced. In other words, the
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activities of AOB were inhibited earlier than NOB. In
the recovery period, the accumulation of NO; -N indi-
cates that Cr(VI) caused different prolonged impacts
on the activities of AOB and NOB. The recovery rates
of AOB and NOB in the four Cr(VI)-fed SBRs were
evaluated by determining apparent increasing rates of
NO;-N (knoz) and NO3 -N (knos) using Egs. (2-3):

knoz = dCnoz/dt )
knos = dCno3/dt (3)
where Cnop is the sum of concentrations of NO;-N

and NOj3-N, Cnos is the concentration of NO; -N, and
t is the cycle number.
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As shown in Fig. 7, the recoveries of AOB and
NOB both included slow and rapid stages. In the slow
recovery stage, activities of AOB and NOB recovered
in close rates and thus no NO;-N accumulation was
observed. As the running cycle increased, activities of
AOB (knop of 0.65-0.94 mg/(L cycle)) recovered faster
than NOB (knyos of 0.13-021mg/(L cycle)), so
accumulation of NO;-N in effluent kept increasing in
phase IIL

The results of SOURNp4 and FISH further proved
that AOB were more sensitive than NOB to the pres-
ence and absence of Cr(VI). The inhibition rates of
SOURNps in the four Cr(VI)-fed reactors were all
greater than 93% at the end of phase II, so the activi-
ties of AOB were almost suspended by the toxic effect
of Cr(VI). However, 23, 19, 15, and 14% of the original
AOB remained in the 1, 3, 5, and 10 mg/L Cr(VD)-fed
reactors, respectively. The remaining portion of AOB,
which lost activities, should be inactivated but still
alive. Subsequently, AOB quickly recovered both in
activity and quantity when the influent changed to
wastewater without Cr(VI). For NOB, the change
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Fig. 7. Increasing rates of NO,-N and NO3;-N in phase III
in the SBRs inhibited by (a) 1mg/L Cr(VI), (b) 3mg/L
Cr(VD), (c) 5mg/L Cr(VI), and (d) 10 mg/L Cr(VD).
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trends of SOURne, with the Cr(VI) loading concentra-
tion were similar to those of the relative population of
NOB. It indicates that NOB lost their activities most
likely due to the reduction of NOB population. As a
result, NOB recovered with a slower rate and lower
extend than AOB in phase IIL

Another possible reason for the different sensitivi-
ties of AOB and NOB to Cr(VI) was the different
spacial distribution characteristics of AOB and NOB in
activated sludge. It was reported that AOB located
mainly in the outer part of granular activated sludge,
whereas NOB existed in the inner part [26,27]. The
spacial distribution of AOB and NOB in amorphous
activated sludge should be similar to that in granular
activated sludge. Therefore, AOB contacted with Cr
(VD) earlier than NOB and as a result, AOB responded
more quickly than NOB to the loading of Cr(VI).

4. Conclusion

The inhibitory effect of the sustained Cr(VI) loading
on nitrification increased with the loading concentra-
tion of Cr(VI) and running cycle. The inhibitory effect
of Cr(VI) on nitrification can be recovered gradually
despite a high accumulation of Cr(VI) in activated
sludge. AOB were more sensitive than NOB to the pres-
ence and absence of Cr(VI). AOB recovered fast both in
activity and quantity in the recovery phase, whereas
NOB recovered more slowly than AOB.

Our findings suggested the different sensitivities of
AOB and NOB to Cr(VI) should be considered in
improving the nitrification efficiency after a shock or
sustained loading of Cr(VI). Methods for activating
AOB and enriching NOB in a nitrification-inhibited
system could be effective to achieve a fast recovery.
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