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Abstract A combined ABR–MBR process consisting of

an anaerobic baffled reactor (ABR) combined with an

aerobic membrane bioreactor (MBR) treating municipal

wastewater was investigated at controlled pH range 6.5–8.5

and at constant temperature 25 ± 1 �C. Total nitrogen

(TN), ammonia (NH4
?–N), total phosphorus (TP), and

chemical oxygen demand (COD) removal performances

were evaluated by analyzing the mechanism for efficient

nutrient removal. The results showed that the average

removal rates of COD, NH4
?–N, TN, and TP reached 93,

99, 79, and 92 %, respectively, corresponding with the

COD, NH4
?–N, TN, and TP effluent of 24 (18–31), 0.4

(0–0.8), 10.6 (8.8–12.9), and 0.31 (0.1–0.5) mg/L under the

operational condition of hydraulic retention time (HRT)

7.5 h, recycle ratio 200 %, and dissolved oxygen 3 mg/L.

The MBR enhanced NH4
?–N, TN, and TP removal rates of

13, 10, and 18 %, respectively, and the membrane retention

reduced TP 0.17 mg/L. The process was able to maintain a

stable performance with high-quality effluent. Analysis of

the results by fluorescence in situ hybridization showed

that the abundance of ammonia-oxidizing bacteria, nitrite-

oxidizing bacteria, and phosphorus accumulating organ-

isms as percentages of all bacteria in each compartment

was stable. The enriched microorganisms in the system

appear to be the main drivers of the process efficient for

nutrient removal.

Keywords Anaerobic processes � Aerobic processes �
Membrane bioreactors � Optimization � Municipal

wastewater � Nutrient removal

Introduction

Nutrient enrichment could lead to the outbreak of nuisance,

toxic cyanobacterial blooms and decreases the quality of

water used for drinking, industrial, agricultural, recrea-

tional, and other purposes (Chuai et al. 2012; Hong et al.

2012). Biological nutrient removal is an important aspect

of municipal wastewater treatment and reuse processes (Su

et al. 2011; Strosnider et al. 2011; Monclús et al. 2010).

However, it is a very complicated process, including

nitrification, denitrification, anaerobic phosphorus release,

aerobic phosphorus uptake, and other processes. Biological

nutrient removal needs a large number of co-proprietary

microorganisms to complete in suitable environmental

conditions. Because nitrifying bacteria are sensitive to

environmental change and grow slowly, nitrification

becomes the restrictive step in biological treatment pro-

cesses (Satoshi et al. 1999). However, membrane bioreac-

tor (MBR) is considered as an important means of solving

the problem of insufficient nitrification in traditional pro-

cesses and can retain activated sludge due to efficient

retention, preventing the loss of organisms (Suwa et al.

1992; Yamagishi et al. 2001).

In recent decades, considerable studies and efforts to

improve the water quality have been conducted since algal

blooms in Taihu lake began to occur much more frequently

due to the large amounts of nutrients discharged into rivers

and transported to the lake (Tian et al. 2012). In this regard,

the MBR was used as a post-processing reactor to treat the

anaerobic baffled reactor (ABR) effluent on municipal
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wastewater treatment. Because the MBR has high retention

efficiency of microorganisms such as ammonia-oxidizing

bacteria, nitrite-oxidizing bacteria, nitrification under aer-

obic conditions can be fully achieved. Denitrification can be

completed in the first compartment of the ABR by recycling

the nitrification liquor in that compartment. Total phos-

phorus concentration increased to maximum in the second

compartment of the ABR as a result of P-release by recycled

phosphorus accumulating organisms and then decreased in

the anoxic zones due to the dilution by the recycling stream

and P-uptake by the denitrifying polyphosphate accumu-

lating organisms in the third compartment of the ABR.

Subsequently, phosphorus was further taken up by phos-

phorus accumulating organisms, and complete biological

phosphorus removal was achieved in the aerobic zones.

Therefore, phases of nitrification, denitrification, phospho-

rus uptake, and phosphorus release were separated in dif-

ferent compartments of the combined ABR–MBR process

(CAMBR), while the large size granular sludge at the bot-

tom of each compartment did not participate in sludge

recycling, which further stabilized the original function of

the compartment. Finally, nutrient removal was strength-

ened through sludge discharge. The objectives of the study

were (1) to determine COD, NH4
?–N, NO3

-–N, NO2
-–N,

TN, and TP in each compartment to analyze the mechanism

of nutrient removal in the CAMBR, (2) to relate percentages

of the community composition to treatment process per-

formance, and (3) to assess the similarity of the bacterial

communities in each compartment of the CAMBR. The

study was done at the key laboratory of environmental

science and engineering of Jiangsu province in Suzhou of

China from March 2012 to July 2012.

Materials and methods

Synthetic wastewater

The selected synthetic wastewater was based on the char-

acteristics of the municipal wastewater in the Suzhou

wastewater treatment plant (Suzhou, China). The compo-

sition of the wastewater from a WWTP (Suzhou, China)

was as follows (mg/L): COD, 366 ± 77; NH4
?–N,

32 ± 12; TN, 44 ± 16; TP, 4 ± 3; and suspended solids

(SS), 277 ± 151. The reactor feed contained glucose,

ammonium chloride, dipotassium hydrogen phosphate, and

potassium dihydrogen phosphate, which were used as the

primary organic, nitrogenous, and phosphorous compo-

nents. A solution of the trace elements solution H3BO3

50 mg, CuCl2 30 mg (NH4)6Mo7O24�4H2O 50 mg, ZnCl2
50 mg, NiCl2�6H2O 50 mg, CoCl2�6H2O 50 mg, Na-

SeO4�10H2O 100 mg, MnSO4�H2O 500 mg, and EDTA

1,000 mg per liter was added to sustain the microbial

growth (Chu et al. 2006; Gong et al. 2008). Raw waste-

water from a campus housing facility’s sewer line was

pumped into a storage tank for sedimentation and then

mixed into the synthetic wastewater. The composition of

the raw wastewater was as follows (mg/L): COD,

210 ± 114; NH4
?–N, 16.7 ± 9.3; TN, 26.3 ± 20.5; TP,

2.1 ± 2.0; and SS, 154.1 ± 90.6. The influent was a mix of

raw and synthetic wastewater (1:1) with an average COD

concentration of approximately 400 mg/L and ammonium-

nitrogen concentration of 35 mg/L, total nitrogen concen-

tration of 50 mg/L, and TP concentration of 4 mg/L.

CAMBR configuration

The CAMBR configuration used is shown in Fig. 1. The

reactor was made of perspex with a total effective volume of

15 L. It consisted of three parts: an ABR with 3 compart-

ments, an aerobic tank, and an MBR tank. The ABR was

inoculated with anaerobic sludge which had a mixed liquor

suspended solids (MLSS) concentration about 22 g/L,

mixed liquor volatile suspended solids (MLVSS) concen-

tration about 10 g/L. The aerobic tank and the MBR tank

were inoculated with aerobic sludge which had a MLSS

concentration about 5 g/L, MLVSS concentration about

2 g/L. Both two kinds of seed sludge were collected from the

municipal wastewater treatment plant (Suzhou, China). The

sludge retention time (SRT) was controlled at 15–20 days by

sludge wastage. The sludge production yield versus organic

loading rates were varied from 0.21 to 0.38 kg MLSS/kg

COD after day 90. It was consistent with the results of Uan

et al. (2013). While the operation of the CAMBR was stable,

the MLSS in the MBR tank was kept around 8 g/L. The

temperature of the reactor was maintained at 25 ± 1 �C. A

hollow fiber membrane module (PVDF, hydrophilic, pore

size: 0.1 lm, area of membrane: 0.15 m2) was immersed in

the MBR. For all operations, the MBR mixed liquor, with a

recycle ratio of 200 %, was introduced to the first com-

partment of the ABR, while the MBR mixed liquor, kept at a

constant flow rate of 50 % influent, was introduced to the

third compartment of the ABR. A peristaltic pump was

connected to the membrane module. The suction pump was

operated in a timing sequence consisting of 10-min switched

on and 2-min backwashing.

Experimental approach

This experiment consisted of two approaches. For the first

approach, the CAMBR was operated before day 90 with a

hydraulic retention time (HRT) of 10 h at a recycle ratio of

200 % and dissolved oxygen (DO) at 3 mg/L. For the

second approach, the mechanism of nutrient removal in the

CAMBR was investigated with HRT of 7.5 h at recycle

ratio of 200 % as DO of 3 mg/L during day 90 to day 102.
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In the MBR tank, phosphorus was removed by means of

the biological uptake of phosphorus by the activated sludge

bacteria (Kim et al. 2010; Peng and Ge 2011). In this study,

a steady-state condition was considered to be reached when

the variation of the measurements was less than 10 %. The

average values of the data obtained under steady-state

condition were used for further calculations.

Chemical analysis

The samples from each compartment were membrane fil-

tered (0.45 lm) before analysis. COD, NH4
?–N, NO2

-–N,

NO3
-–N, TN, and TP concentration were measured regu-

larly according to standard methods, as set out by the

American Public Health Association/American Water

Works Association/Water Environment Federation (APHA-

AWWA-WEF 2005). DO was continuously monitored by

WTW, pH/oxi340i meter with DO probes (WTW Company,

Germany). The pH and temperature were measured online by

using WTW level 2 pH meters (WTW Company, Germany).

Statistical analysis

T-test was performed using Microsoft Excel 2007, and

significance level (p) was determined.

Fluorescence in situ hybridization analysis

For in situ hybridization, the samples were taken from each

compartment and treated as described by Röske et al. (1998).

All in situ hybridizations were performed according to the

standard hybridization protocol (Amann 1995). All oligonu-

cleotide probes were obtained from TaKaRa (Dalian, China):

The domain-specific EUB338 labeled with the fluorescence

dye Cy3, and other oligonucleotide probes labeled with fluo-

rescein isothiocyanate (FITC). After hybridization, the slides

were rinsed with distilled water and air-dried. Finally, the

slides were immediately analyzed under a fluorescence

microscope (Nikon Microphoto-SA, Japan). The information

of oligonucleotide probes [EUB338 (50-GCTGCCTCCCGTA

GGAGT-30), Non 338 (50-ACTCCTACGGGAGGCAGC-30),
Nso190 (50-CGATCCCTGCTTTTCTCC-30), Nit3 (50-CCTG

TGCTCCATGCTCCG-30), CNit3 (50-CCTGTGCTCCAGG

CTCCG-30) and PAOMIX (PAO462 (50-CCGTCATCTAC

WCAGGGTATTAAC-30), PAO65 l (50-CCCTCTGCCAA

ACTCCAG-30), PAO846 (50-GTTAGCTACGGCACTAA

AAGG-30)] along with different concentration of NaCl and

formamide correspondingly referred to Crocetti, Egli, and

Coskuner’s work (Crocetti et al. 2000; Egli et al. 2003;

Coskuner et al. 2005). Microscopy was performed using an

epifluorescence microscope (OlympusCX41, Japan) together

with the standard software package delivered with the

instrument (version 6.0). The abundance of ammonia-oxi-

dizing bacteria, nitrite-oxidizing bacteria, and phosphorus

accumulating organisms as percentages of all bacteria (as area

occupied by Probe-binding cells) was calculated from the

images as the number of pixels with a positive signal from the

specific probe and the EUB338 probe compared to the number

of pixels with a positive signal from the EUB338 probe. The

mean values of cells were calculated by examining at least 10

visual fields. The measurements were performed in triplicate

for each probe.

Results and discussion

Removal of COD

Total COD is composed of colloidal, particulate, and sol-

uble COD. Parts of the soluble COD were consumed by

microbial assimilation, and others were used as a carbon

source for nitrogen and phosphorus removal. Particulate

Fig. 1 Schematic diagram of the experimental CAMBR. 1 Feed tank; 2 screen; 3 pump; 4 flow meter; 5 influent; 6 ABR effluent; 7 recycle; 8

membrane model; 9 effluent; 10 air pump; 11 pressure meter; 12 ABR; 13 aerobic tank; 14 air diffuser; 15 MBR tank
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and colloidal COD are retained by MBR, have a longer

time to be degraded in the aeration tank, become part of

activated sludge, and then are removed through the sludge

discharge. Soluble microbial products (SMP) are main

organic component of the effluent, but are also the main

component of the effluent COD (Jarusutthirak and Amy

2007), which is a major cause of membrane fouling

(Okamura et al. 2009).

Chemical oxygen demand removal efficiencies are

shown in Fig. 2a. The results showed that COD concen-

trations of the ABR effluent fluctuated slightly, indicating

that the ABR has a strong ability to adapt to changes in

operating conditions. The improvement of ABR effluent

quality simultaneously decreased the CAMBR effluent

COD. The CAMBR run was stable with the average effluent

COD of 24 mg/L and COD removal efficiency of 94 %.

The COD concentrations in different tanks are shown in

Table 1, COD consumption significantly decreased along

the CAMBR (p \ 0.05), and the ABR consumed a large

amount of COD with the COD removal efficiency of 73 %.

COD removals in ABR occurred in two main ways: one

way was the anaerobic microbial metabolism, and the other

was the result of a higher percentage of COD being

removed as carbon source of denitrification or phosphorus

release. COD in the aerobic tank or the MBR were con-

sumed by two main processes: aerobic metabolism and

carbon source for denitrification.

Removal of nitrogen

Figure 2c presents NH4
?–N removal efficiencies in the

CAMBR. The ABR effluent NH4
?–N concentration is

relatively steady. Although the system effluent NH4
?–N

concentrations were increased, while the HRT changed on

day 90, the system effluent NH4
?–N concentration gradu-

ally decreased after day 94, indicating that the CAMBR run

was stable, and the aerobic tank and the MBR pool had a

good nitrification with average effluent NH4
?–N 0.4 mg/L

and removal rate of 99 %.

Total nitrogen removal efficiencies in the CAMBR are

shown in Fig. 2d. On day 90, total nitrogen removal effi-

ciency of the ABR decreased to 43 %, while TN removal

efficiencies of aerobic tank and MBR were 31 % with TN

removal efficiency of 74 % in the CAMBR. Because of the

change of operating condition, denitrification in the ABR

gradually improved as well as nitrification in aerobic tank

Fig. 2 COD (a), TP (b), NH4
?–N (c) and TN (d) variations as well as removal efficiencies in the CAMBR
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and MBR, stabilizing the effluent TN of the system. The

average TN removal efficiency in the ABR was 52 %,

while the CAMBR TN removal efficiency was 79 % with

effluent TN of 10.6 mg/L on day102. This suggests that the

large fluctuations in operating condition should be avoided,

and disturbance should be reduced in the environment for

nitrifying bacteria and denitrifying bacteria group to ensure

good nitrogen removal.

Removal of phosphorus

The CAMBR removal efficiencies of TP are shown in

Fig. 2b. Phosphorus removal performance was gradually

improved during the start-up. After day 40, effluent TP of the

CAMBR was lower than 1 mg/L. When the operating con-

dition was changed on day 90, NOx
-–N in the ABR was not

completely removed by denitrification and was as high as

0.4 mg/L. Therefore, it is a priority for denitrification; thus,

activities of phosphorus accumulating organisms are inhib-

ited (Kuba et al. 1996), as they lead to insufficient phos-

phorus release in the ABR as well as phosphorus uptake in

the aerobic tank and the MBR, resulting in relative low TP

removal efficiency. However, denitrification in the ABR

improved during the operation, and nitrate or nitrite was

removed completely, and then, the phosphorus release and

phosphorus uptake gradually stabilized. Finally, phosphorus

release in the ABR and phosphorus uptake in both aerobic

tank and the MBR gradually increased, with the effluent TP

of 0.31 mg/L, and the average removal efficiency of 92 %.

Analysis of methanation impact on denitrification

As denitrification competes with methanation for the common

organic substrate as a carbon source, and denitrifying bacteria

and methanogenic bacteria are two diverse microorganisms,

denitrification and methanation are two relatively independent

processes; therefore, they are difficult to occur simultaneously

(Aguilera et al. 2005). Moreover, according to McCarty’s

(1966) yield algorithms, while carbon dioxide or nitrate used

as electron acceptor and carbohydrates as electron donor, the

growth rates of bacteria were 0.208 g VSS/g and

0.534 g VSS/g, respectively. Furthermore, when carbon

dioxide was used as the electron acceptor, the generation

growth time of bacteria was 16 times slower than that of nitrate

as electron acceptor, indicating that it is conducive to deni-

trification in the competitive process of denitrification and

methanogenesis. Thus, organic carbon will be a priority for

denitrifying bacteria to produce nitrogen. Ruiz et al. (2006)

also found that when nitrate and organic carbon both exist, it is

mainly resulted in denitrification and did not produce meth-

ane. EI-Mahrouki and Watson-Craik (2004) found that

methanation can occur after the end of denitrification, because

denitrification produces intermediates, and NOx
-–N has a

certain inhibition on methanogenic bacteria. Therefore,

denitrification still performed well and was not affected by

methanation, even though the carbon source was insufficient.

Mechanism of nitrogen removal in the CAMBR

Table 1 shows variations of NH4
?–N, TN, NO3

—N, and

NO2
-–N along the CAMBR. The nitrogen removal

mechanism can be revealed by determining the concen-

trations of NH4
?–N, NOx

—N, and TN in every compartment

of the CAMBR. The results showed that, as the nitrification

liquor recycled, NH4
?–N concentration significantly

decreased in compartment 1 due to dilution (p \ 0.05).

However, ammonia concentration in compartment 2 was

higher than in compartment 1, which may be due to

NH4
?–N which derived from the degradation of nitrogen-

containing organic compounds by anaerobic microorgan-

isms which were more than needed for microorganisms’

growth. Subsequently, ammonia concentration decreased in

compartment 3, which may be related to the use of

ammonia as a nitrogen source for synthesis of amino acid

through anaerobic microbial assimilation and dilution.

From the analysis of the CAMBR, it can be seen that the

reason why the system used two aerobic nitrification pro-

cesses is that the ammonia which is not removed in the

aerobic tank can be further removed in the MBR.

Ammonia concentration decreased sharply in the aerobic

tank, indicating that the aerobic nitrifying bacteria in the

aerobic tank have a strong capacity of nitrification. The

ABR effluent NOx
-–N concentration dropped significantly

(p \ 0.05), revealing that denitrifying bacteria in the ABR

Table 1 Variations of COD, NH4
?–N, NO3

-–N, NO2
-–N, TN, and TP concentration along the CAMBR

Influent ABR-tank 1 ABR-tank 2 ABR-tank 3 Aerobic tank MBR tank Effluent

COD 404 ± 8 282 ± 7 184 ± 6 109 ± 5 67 ± 4 44 ± 3 24 ± 2

NH4
?–N 36.1 ± 1.82 22.1 ± 1.17 23.6 ± 1.21 20.3 ± 1.09 5.7 ± 0.24 3.1 ± 0.15 0.4 ± 0.02

NO3
-–N 0.35 ± 0.2 4.4 ± 0.19 0.4 ± 0.02 0 ± 0 6.8 ± 0.35 7.5 ± 0.49 6.7 ± 0.34

NO2
-–N 0.1 ± 0.01 0.2 ± 0.01 0 ± 0 0 ± 0 0.3 ± 0.02 0.2 ± 0.01 0.1 ± 0.01

TN 50.7 ± 2.44 35.3 ± 1.93 29.4 ± 1.56 24.9 ± 1.38 16.1 ± 0.87 12.4 ± 0.72 10.6 ± 0.55

TP 4.19 ± 0.02 4.53 ± 0.02 14.93 ± 0.74 7.19 ± 0.45 1.06 ± 0.08 0.48 ± 0.02 0.31 ± 0.02

Mean ± SD (N = 3)
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also had a strong denitrification capacity. The concentra-

tion of NOx
-–N in the MBR increased 0.6 mg/L above that

of the effluent in the aerobic tank, but was about 1.9 mg/L

lower than the NH4
?–N reduction (2.5 mg/L), showing that

denitrification occurred in the MBR; the effluent NOx
-–N

concentration was lower than NOx
-–N concentration in the

MBR, indicating the existence of denitrification in the

membrane module, thereby enhancing the overall nitrogen

removal in the CAMBR. This may be due to an external

aerobic zone and an internal anaerobic zone in the mem-

brane module caused by the DO concentration gradients;

thus, part of the NOx
-–N components were removed by

denitrification in the anaerobic zone. Nitrate or nitrite were

not detected in the ABR effluent, and the CAMBR effluent

NH4
?–N concentrations were as low as 0.4 mg/L, indi-

cating that a good balance between nitrification and deni-

trification was obtained in the CAMBR. This is mainly due

to the long sludge retention time exceeding the generation

time of ammonia-oxidizing bacteria and nitrite-oxidizing

bacteria, it will not affect nitrification. Moreover, the

microenvironment of low organic loading and high dis-

solved oxygen was conducive to the growth and accumu-

lation of autotrophic nitrifying bacteria (Baikun et al. 2007;

Chen and LaPara 2008) in the MBR. In addition, the effi-

cient microorganism retention of the membrane ensures

that autotrophic nitrifying bacteria with a long generation

time were retained in the process, which improved the

overall nitrification. Furthermore, sufficient carbon source

ensured adequate denitrification, and NOx
-–N can be fully

converted to nitrogen gas through denitrification. While the

MBR mixed liquor introduced to the third compartment of

the ABR, NOx
-–N was further utilized by denitrifying

polyphosphate accumulating organisms. Biological deni-

trification mainly occurred in the ABR, but the TN con-

centration in the aerobic tank reduced, indicating the

existence of simultaneous nitrification and denitrification

here, which may be relevant to high MLSS (8 g/L) uneven

aeration (Peng and Ge 2011). Total nitrogen concentration

in aerobic tank and TN removal rate of the aerobic tank

was 16.1 mg/L and 17 %, respectively. The MBR also

improved the level of simultaneous nitrification and deni-

trification, which results in a further TN removal.

Mechanism of phosphorus removal in the CAMBR

The DO in the aerobic tank and in the MBR was controlled

at 3 mg/L that was desired to achieve better TP removal

(Meng et al. 2012). The variations of TP concentration

along the CAMBR are shown in Table 1. The recycled

nitrification liquor was mixed with the raw water in com-

partment 1 first, and then, denitrification completed.

Phosphorus release occurred in compartment 1, which may

be due to nitrate and nitrite were consumed to sufficiently

low levels in the compartment 1. The amount of released

phosphorus increased in compartment 2, with TP concen-

tration of 14.93 mg/L. While as the MBR mixed liquor was

introduced to the third compartment of the ABR, denitri-

fying polyphosphate accumulating organisms utilized

nitrates to further take up phosphorus, and TP concentra-

tion significantly decreased to 7.19 mg/L (p \ 0.05). Total

phosphorus concentration in the aerobic tank was signifi-

cantly decreased to 1.06 mg/L (p \ 0.05), indicating that

the P-uptake activity of phosphorus accumulating organ-

isms was effective. Total phosphorus concentration

decreased 0.48 mg/L in the MBR and was ultimately

removed through sludge discharge (Lesjean et al. 2002),

further strengthening the role of P-uptake. It was mainly

due to the full microorganism retention of the membrane

that increased the total amount of phosphorus accumulating

organisms. The CAMBR effluent TP concentration was

0.17 mg/L lower than the TP concentration in the MBR,

and the TP removal by membrane retention was 4 %,

enhanced TP removal of the CAMBR.

Analysis of fluorescence in situ hybridization

In recent years, FISH technology has been successfully

used in the study of ammonia-oxidizing bacteria, nitrite-

oxidizing bacteria, and phosphorus accumulating organ-

isms and has revealed many new physiological character-

istics and functions of these bacteria. This has helped our

further understanding of the principles of biological nutri-

ent removal in wastewater, thus improving the performance

of the existing systems and the development of new tech-

nology. To assess the composition of the sludge in the

steady state, FISH was performed with the 16S rRNA

targeting oligonucleotide probes NSO190, Nit3 and

EUB338. NSO190 targeted ammonia-oxidizing bacteria,

while Nit3 targeted nitrite-oxidizing bacteria, and PAO-

MIX targeted phosphorus accumulating organisms,

respectively, EUB338 targeted the eubacteria cluster

(Fig. 3). The results of the proportion of ammonia-oxi-

dizing bacteria, nitrite-oxidizing bacteria, and phosphorus

accumulating organisms to all eubacteria in the CAMBR

are shown in Fig. 4. The three detected bacteria in each

compartment had small fluctuations in the proportion of

eubacteria, in which the proportion of ammonia-oxidizing

bacteria and nitrite-oxidizing bacteria varied from 17 to

23 % and from 6 to 11 %, respectively, with the smallest

fluctuations in the proportion of phosphorus accumulating

organisms from 19 to 22 %. In addition, the percentages of

ammonia-oxidizing bacteria and nitrite-oxidizing bacteria

in compartment 3 were lowest of all, while the largest was

in the MBR, which may be due to the fact that the larger

granular sludge in the bottom of the ABR do not participate

in the sludge recycling, and the microbial populations in

1616 Int. J. Environ. Sci. Technol. (2014) 11:1611–1618
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the larger granular sludge of the ABR were different from

the microbial populations in the aerobic sludge. When the

aerobic sludge mixed with the larger granular sludge in the

ABR, the percentages of ammonia-oxidizing bacteria and

nitrite-oxidizing bacteria decreased slightly. Overall, the

proportions of the three kinds of bacteria in the CAMBR

did not change significantly due to the quick sludge

recycling. The three types of microorganisms were enri-

ched in the system and the sum of the percentages of the

three types of bacteria was high (Koch et al. 2001; Yang

et al. 2010). This may be the underlying reason why the

CAMBR is efficient for simultaneous nitrogen and phos-

phorus removal.

Conclusion

When the nitrification liquor was recycled to compartment 1

with the HRT of 7.5 h at the recycling ratio of 200 % and

the DO at 3 mg/L under the average MLSS concentration

about 8,000 mg/L in both the aerobic tank and the MBR,

simultaneous nitrification and denitrification enhanced

nitrogen removal in the CAMBR. The ammonia removal

rate was about 99 % with TN removal rate of 79 %. The

CAMBR effluent NH4
?–N and TN concentrations were

0.4 mg/L and 10.6 mg/L, respectively. Taking characteris-

tics of anaerobic phosphorus release, denitrifying poly-

phosphate accumulating organisms P-uptake and further

aerobic phosphorus uptake of phosphorus accumulating

organisms together, the total phosphorus ultimately

removed through sludge discharge with the CAMBR

effluent TP of 0.31 mg/L. The membrane retention removed

TP 0.17 mg/L, enhanced biological phosphorus removal

with the CAMBR TP removal of 92 %. The MBR enhanced

NH4
?–N, TN and TP removal rates of 14, 10 and 17 %,

respectively. The CAMBR achieved stable and efficient

nutrient removal performance with good quality effluent

and can be suitably used to satisfy the demand in the lake

Taihu area. The results of FISH analysis have shown that

three types of detected bacteria in each compartment had

small fluctuations in the proportion of eubacteria. The three

types of enriched microorganisms in the system appeared to

be the underlying reason of the CAMBR is efficient for

nutrient removal.

Fig. 3 Fluorescence in situ hybridization micrographs of sludge in

MBR hybridized with FITC-labeled NSO190, Nit3, PAOMIX and

CY3-labeled EUB338. NSO190 targeted ammonia-oxidizing bacteria

(a), Nit3 targeted nitrite-oxidizing bacteria (b), and PAOMIX targeted

phosphorus accumulating organisms (c). Bar = 100 lm

Fig. 4 Bacterial composition of the activated sludge in each compart-

ment of the CAMBR. AOB, ammonia-oxidizing bacteria; NOB, nitrite-

oxidizing bacteria; and PAO, phosphorus accumulating organisms
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