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Abstract

Aerobic granulation (AG) and membrane bioreactor (MBR) are two promising, novel environmental biotechnological processes that draw

interest of researchers engaging work in the area of biological wastewater treatment. Membrane fouling in the combined, AGMBR process was

investigated in this work. The fouling layer formed on hollow-fibre membranes in both reactors were for the first time directly observed with the

multiple staining and confocal laser scanning microscope (CLSM) technique. Fouling layers in both reactors presented a rather heterogeneous

fouling layer, with that on SMBR much more redundant than that on AGMBR. The EPS in the AGMBR fouling layer was principally consisted of

proteins, a-polysaccharides, and lipids, with few b-polysaccharides or cells. In SMBR, large quantity of DNA was probed in the fouling layer.

Over-deposition of fouling layer on hollow-fibre membrane may assist preventing occurrence of irreversible fouling, which is beneficial to long-

term operation of the AGMBR.
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1. Introduction

Aerobic granules are considered to be a special case of

biofilm composing of self-immobilized cells. The first patent

was granted by Heijnen and Loosdrecht van (1998). de Kreuk

et al. (2007) and Adav et al. (2008a) provided comments on

state of the art for the aerobic granulation process. Compact

structured, biologically efficient aerobic sludge granules with

wide diverse microbial species and excellent settling capabil-

ities have been developed in sequencing batch reactors (SBRs)

(Adav et al., 2007b; Beun et al., 1999; Liu and Tay, 2004; Tay

et al., 2001; Yang et al., 2003). Because of the unique granule

attributes, the aerobic granulation technology has recently been

developed for treating high-strength wastewaters containing

organics, nitrogen, phosphorus, toxic substances and xenobio-

tics (Adav et al., 2007a,b,c,d,e, 2008b; Adav and Lee, 2007,

2008a,b; Jiang et al., 2002; Lin et al., 2003; Moy et al., 2002).

Smith et al. (1969) first reported on the combined use of

membranes in biological wastewater treatment. The main
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advantage of using membrane bioreactor (MBR) technology

over using other conventional biological processes is to produce

quality water from municipal wastewater for reuse, meeting the

need for saving water, particularly in regions of water shortage.

Yamamoto et al. (1989) developed the first submerged type

MBR that are in wide use today. Membrane fouling results in

flux decline and fouling increases pressure drop across the

membrane (Chen et al., 2008). Sridang et al. (2005) analyzed

the fouling potential of a membrane utilizing different module

configurations and hydrodynamic environments. Seo et al.

(2005) determined that the hydrophobic fraction of organic

compounds fouled the membrane more than did hydrophilic

fraction. Jarusutthirak et al. (2002) indicate that polysaccharide

colloids accounted for most fouling of UF and NF membranes.

Cho et al. (1999) argued that polysaccharides and related

substances are the principal foulants of UF and NF membranes.

Rosenberger et al. (2005) indicated the impact of soluble or

colloidal fractions in organic substances, particularly poly-

saccharides, on membrane fouling, and thereby arguing for

characterizing liquid-phase compositions when monitoring

membrane process performance. Ramesh et al. (2006, 2007)

revealed the potentials of individual components in EPS to foul

the MBR membrane.
Published by Elsevier B.V. All rights reserved.
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Recent development in aerobic biogranulation technology is

reviewed and presented in this paper. Factors affecting granu-

lation, granule characterization, granulation hypotheses, effects

of different operational parameters on aerobic granulation, res-

ponse of aerobic granules to different environmental conditions,

their applications in bioremediations, and possible future trends

are delineated. Applications in treating municipal and toxic

industrial wastewaters as well as useful information on exploring

the underlined mechanisms are also highlighted. The review aims

at providing a deeper understanding on aerobic granulation using

newly employed confocal laser scanning microscopic techniques

and microscopic observations of granules.

Advanced wastewater treatment technologies were exten-

sively developed (Chang et al., 2007; Chiang et al., 2007; Chu

et al., 2007; Liu and Lee, 2007; Shi and Lee, 2007; Wang and

Liu, 2007; Yang and Lee, 2007; Yu and Stanford, 2007).

Granular bioreactors can couple with other treatment units to

complement benefits from both processes. For instance, Tay

et al. (2008) proposed a new process, named aerobic granular

sludge membrane bioreactor (AGSBR) that combined MBR

and aerobic granule technology for wastewater treatment. The

system indicated excellent membrane permeability with

aerobic granules in a four months operation compared with

the conventional MBR, and it was claimed that low membrane

fouling was induced by the high strength of the aerobic granules

in surface cake. Jun et al. (2007) also noted enhanced

filterability for aerobic granular membrane over conventional

biofloc systems. The authors concluded that the main

components for fouling are proteins and polysaccharides in

water. Thanh et al. (2008) utilized a baffled membrane filtration

unit as the post-treatment unit of an aerobic granular sludge

process. These authors noted that the soluble polysaccharides

content increases with increasing organic loadings, and

contributes most of the membrane resistance during filtration

of effluent from aerobic granular process. Wang et al. (2008)

developed their aerobic granular sludge membrane bioreactor

(GMBR), which showed good organics removal (TOC removal

>84.7%) and simultaneous nitrification and denitrification

(SND) performances for synthesized wastewater. These authors

noted that the SND capacity was yielded by the aerobic

granules, while the large granules were disintegrated when

being transferring from SBR to GMBR system.

No study exists to the authors’ best knowledge on the direct

observation of the fouling layer on a hollow-fibre membrane of

the AGSBR and the corresponding activated sludge system.

This work provided the first observation on the so-yielded

fouling layers and compared their difference on membrane

fouling behavior.

2. Experimental

2.1. Aerobic granular sludge

Aerobic granules were cultivated with the procedures

described by Adav et al. (2007b). Stable granules formed in

three weeks. The cultivated, mature granules were washed with

pure water and then stored at 8 8C for 60 days in reagent bottles
containing synthetic wastewater with compositions the same as

those used by Adav et al. (2007b) combined with 250 mg/L

phenol and 400 mg/L peptone.

2.2. Membrane bioreactor

Two laboratory-scale MBRs (800 mL) were utilized in the

present study. The membrane module was made of poly-

ethylene hollow-fibre membranes of 500 mm diameter and

0.4 mm pores, provided by Mitsubishi Rayon Co. (Tokyo,

Japan). The specifically prepared membrane module had a

working surface of 0.03 m2. Coarse bubbles were produced

below the membrane module at a flow rate of 3 L/min.

A synthetic substrate with phenol as sole carbon source was

prepared with the following composition (g/L): phenol 2.5,

NH4Cl 1.0, K2HPO4 8.25, KH2PO4 6.75, and MgSO4�7H2O

0.65. The prepared substrate has the COD contribution of

3000 mg COD/L. The substrate was continuously fed at the

bottom of the MBR at 1.2 mL/min. The effluent was drawn at

an on–off mode of 15–15 min partition.

2.3. Analytical methods

To probe the internal structure of granules, the present work

employed the confocal laser scanning microscope (CLSM,

OLYMPUS BX50) equipped with an image processor (OLYM-

PUS FV5 PSU) and an argon laser source to stimulate the

fluorescence. The granule was imaged with a 10� objective with

the software FLUOVIEW version 3.0. All probes were purchased

from Molecular Probes (CA, USA). SYTO 63 (20 mM) was used

to stain the nucleic acid in granule, then the stained sample was

placed on the shaker table for 30 min. FITC was used to staining

the amine-reactive compounds like protein in sample. 0.1 M

sodium bicarbonate buffer was first added to sample to maintain

the amine group in non-protonated form, then FITC solution

(10 mg/mL) was added to incubate the sample for 1 h at room

temperature with continuous stirring. The Concanavalin A label

tetramethylrhodamine, after centrifugation to remove solids, was

used to probe glycol-conjugates like a-mannopyranosyl and a-

glucopyranosyl residues in granule. After each staining for

30 min, the sample was washed twice to remove extra stain by

phosphate buffered saline (PBS). Finally, the sample was

embedded in low-melting-point agar (with melting point of

75 8C and gelling point of 38 8C) for observing. The FITC probe

was detected by excitation with an argon laser at 488 nm and a

band-pass filter (500–550 nm). A helium–neon green laser at

543 nm with a band-pass filter (550–560 nm) was used to detect

Concanavalin A conjugate. The fluorescence of SYTO 63 was

detected by excitation with a helium–neon laser at 633 nm and a

band-pass filter (650–700 nm).

3. Results and discussion

3.1. Reactor performance

Fig. 1 shows the changes in transmembrane pressure (TMP)

for AGMBR and SMBR. The AGMBR was seeded with the



Fig. 1. Transmembrane pressure of AGMBR and SMBR as a function of testing

time.
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cultivated granules while the SMBR was seeded with activated

sludge from a local wastewater treatment plant. The TMP was

low (<3 kPa) up to min 11,000. What follows is an increase

phase in TMP, accompanied with regular membrane back-

washing. During min 11,000–15,050 the simple backwashing

effectively cleaned up the membrane, yielding a complete

restoration of the TMP following washing. Restated, reversible

fouling was established on the hollow-fibre membrane in

SMBR. However, the fouling occurred rapidly after washing,

acquiring another backwashing in 20 min of operation. On min

16,000 and after, the physical backwashing no longer restored

completely the filtration behavior with the incorporation of

irreversible fouling. This occurrence is evidenced by the fact

that the TMP after washing remained >35 kPa, suggesting that

certain clogged pores were not cleaned up. Up to min 22,000

the filtration flux could not be maintained and the system finally

shut down on min 23,500.
Fig. 2. The CLSM images for the fouling layers on single hollow-fibre membran

polysaccharides; yellow: lipids; red: cells; pink: dead cells. Bottom and right: combin

reader is referred to the web version of the article.)
The TMP–time curve for AGMBR revealed a different

pattern. The TMP jump was noted until >16,000 min,

indicating that the foulants could not effectively clog the

membrane with the presence of granules. However, once

fouling occurred to some extent, irreversible fouling domi-

nated. The backwashing could never completely restore the

TMP after fouling. Bachwashing only achieved a TMP of

around 60 kPa; while the period for keeping sustainable flux

was only 8–10 min, shorter than that noted for the SMBR

(20 min).

3.2. Fouling layers

Fig. 2 presents the fluorescent staining results of fouling

layer on the central fraction of a single fibre positioned close at

the central regime of the AGMBR. A cross-sectional view is

noted. A rather heterogeneous fouling layer was attached on the

membrane. A sticky curtain-like aggregate of thickness of 200–

300 mm and length of about 1.1 mm attached at one side of the

membrane. Most of the surface presented some clusters of EPS.

The EPS in the fouling layer was principally consisted of

proteins, a-polysaccharides, and lipids. Few b-polysaccharides

or cells were detected in the fouling layer.

Fig. 3 presents the fluorescent staining results of fouling

layer on the central fraction of a single fibre positioned close at

the central regime of the SMBR. Avery heterogeneous and very

thick (up to 800 mm) fouling layer covered the entire membrane

surface. Unlike the AGMBR, redundant cells were noticeable

in the fouling layer, with the live cells sitting mainly outside and

the dead cells inside the biofilm. Proteins and lipids distributed

uniformly over the biofilm; while the a-polysaccharides were

detected associated with the live cells layer.
e in AGMBR. Green: proteins; light blue: a-polysaccharides; deep blue: b-

ed image. (For interpretation of the references to color in this figure legend, the



Fig. 3. The CLSM images for the fouling layers on single hollow-fibre membrane in SMBR. Green: proteins; light blue: a-polysaccharides; deep blue: b-

polysaccharides; yellow: lipids; red: cells; pink: dead cells. Bottom and right: combined image. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of the article.)
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3.3. Fouling layers and irreversible fouling

Experimental results revealed that the quantity of fouling

layer on membrane does not necessarily correlate with the

significance of irreversible fouling. The bulky fouling layer

built up in SMBR yielded early TMP rise, but delayed

irreversible fouling (Fig. 1). The slender fouling layer in

AGMBR could not produce reversible fouling resistance, but

could not prevent penetration of fine foulants into the

membrane. The membrane ‘‘sludging’’ reduces effective

membrane for filtration, but hinders easy clogging of internal

pores by fines.

In both reactors, b-polysaccharides were little detected in

the fouling layer. Adav et al. (2008) noted the accumulation of

b-polysaccharides inside the aerobic granules to form its

backbone supporting the cells. Apparently these integrants

were not released to the suspension as membrane pollutants for

AGMBR, hence were not detected in the fouling layer.

Conversely, the lacking of b-polysaccharides in SMBR was not

attributable to the screening action of bioaggregates from

contacting the membrane. The b-polysaccharides hence likely

were produced by the cells in aerobic granules but in the

activated sludge.

Prevention of irreversible fouling is one of the main

obstacles to practical use of the AGMBR.

4. Conclusions

The AGMBR and SMBR were tested with phenol-contain-

ing synthetic wastewater with TMP data probed over time. The

SMBR has an early TMP rise, principally owing to the build-up

of reversible fouling resistance which can be removed by
backwashing. Irreversible fouling occurred afterwards,

increased mildly over time. Conversely, the AGMBR exhibited

a delayed TMP rise. However, once occurred, irreversible

fouling dominated the resistance. Backwashing removed

minimal irreversible fouling.

Fouling layer on hollow-fibre membrane in SMBR and

AGMBR was directly observed for the first time using

fluorescent staining technique. Fouling layers in both reactors

presented a rather heterogeneous fouling layer, with that on

SMBR much more redundant than that on AGMBR. The EPS in

the AGMBR fouling layer was principally consisted of

proteins, a-polysaccharides, and lipids, with few b-polysac-

charides or cells. In SMBR, large quantity of DNA was probed

in the fouling layer. The redundancy of fouling layer does not

correlate with the significance of irreversible fouling. Mem-

brane sludging reduces effective membrane for filtration, but

may assist preventing membrane clogging in an irreversible

manner.
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