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Advances Granulation Mechanism Characteristics and Application of Aerobic

Sludge Granules
PENG Yong-zhen WU Lei MA Yong WANG Shu-ying LI Ling-yun

Key Laboratory of Beijing for Water Quality Science and Water Environmental Recovery Engineering College of Environmental and
Energy Engineering Beijing University of Technology Beijing 100124 China
Abstract Aerobic sludge granules with compact structure wide diverse microbial species and excellent settling capabilities have drawn
interest of researchers engaging in work in the area of biological wastewater treatment. This review provides recent advances on aerobic
biogranulation technology and application. Granulation mechanism characteristics and its microbial phase influence of different
environmental factors granulation model and its application in treating the municipal and toxic industrial wastewater were discussed.
Then a prospect concerned for future research is also put forward.
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Table 1~ Application of aerobic granula sludge in wastewater treatment
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73.0 mg/ g+ h i
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39.6 mg/ g h
MTBE MTBE 15 ~50 pg/L 99.9% 63
50% COD N P 90% 80% 67% 64
cCoOD TP 98% TN  VSS 97 % 65
COD TOC PO;” -P NH; -N TN 80% 70% 11% 92% 47% 66
Cu®*  Zn®* 246.1 mg/g 180 mg/g 67
0.95 g/L MLSS COD 50% COD 80% 68
pH1~6 <lh 6 ~100 mg/L 69
218 +2 mg/g
1 PNP MTBE
DO
) ®
SBR
® AGSBR @
DO

1 Mishima K  Nakamura M. Self-immobilization of aerobic

activated-sludge—a pilot-study of the aerobic upflow sludge
blanket process in municipal sewage-treatment R

Kyoto

Japan 15th Biennial Conf of the International Assoc on Water



279

14

15

Pollution Research and Control 1990.

Liu Y Tay J H. The essential role of hydrodynamic shear force
in the formation of biofilm and granular sludge J Water
Research 2002 36 7 1653-1665.

Chen MY Lee D J Tay J H. Distribution of extracellular
polymeric substances in aerobic granules ] Applied
Microbiology and Biotechnology 2007 73 6 1463-1469.
Chen MY Lee DJ Tay J H et al. Staining of extracellular
polymeric substances and cells in bioaggregates J Applied
Microbiology and Biotechnology 2007 75 2 467-474.

Chen MY LeeDJ YangZ et al. Fluorecent staining for study
of extracellular polymeric substances in membrane biofouling
layers J . Environmental Science and Technology 2006 40
21 6642-6646.

Tay J H Liu Q S Liu Y. Microscopic observation of aerobic
granulation in sequential aerobic sludge blanket reactor J
Journal of Applied Microbiology 2001 91 1 168-175.

Wang X H Zhang HM Yang F L et al. Improved stability and
performance of aerobic granules under stepwise increased
selection pressure J . Enzyme and Microbial Technology 2007
41 3 205-211.

Tay JH YangSF Liu Y. Hydraulic selection pressure-induced
Applied
332-337.

nitrifying granulation in sequencing batch reactors J .
Microbiology and Biotechnology 2002 59 2-3
Liu Y Yang S F Tay J] H et al. Cell hydrophobicity is a
triggering force of biogranulation J Enzyme and Microbial
Technology 2004 34 5 371-379.

Liu Y Q LiuY Tay J H. The effects of extracellular polymeric

substances on the formation and stability of biogranules J

Applied Microbiology and Biotechnology 2004 65 2
143-148.
I 2004 24 5 623-626.

Tay J H Liu Q S Liu Y. Characteristics of aerobic granules
grown on glucose and acetate in sequential aerobic sludge blanket
reactors J . Environmental Technology 2002 23 8 931-936.
Chen W Westerhoff P Leenheer J A et al. Fluorescence
excitation-Emission matrix regional integration to quantify spectra
for dissolved organic matter J Environmental Science and
Technology 2003 37 24 5701-5710.

Adav S S Lee D J. Extraction of extracellular polymeric
substances from aerobic granule with compact interior structure
J . Journal of Hazardous Materials 2008 154 1-3

1120-1126.

Sheng G P Yu H Q. Characterization of extracellular polymeric
substances of aerobic and anaerobic sludge using three-
matrix  fluorescence

excitation and  emission

. Water Research 2006 40 6

dimensional
spectroscopy J 1233-1239.
Adav S S Tee D J Lai J Y. Effects of aeration intensity on
formation of phenol-fed aerobic granules and extracellular
Applied

175-182.

polymeric  substances J Microbiology  and

Biotechnology 2007 77 1

17

18

20

21

22

23

24

25

26

27

28

29

30

31

Chiu Z C Chen M Y Lee D J et al. Diffusivity of oxygen in
aerobic granules J . Biotechnology and Bioengineering 2006
94 3 505-513.
ChiuZ C Chen MY Lee D] etal. Oxygen diffusion in active
layer of aerobic granule with step change in surrounding oxygen
levels J . Water Research 2007 41 4 884-892.
ChiuZ C Chen MY Lee D J et al. Oxygen diffusion and
consumption in active aerobic granules of heterogeneous structure
J . Applied Microbiology and Biotechnology 2007 75 3
685-691.
Jiang HL Tay ] H Maszenan A M et al. Bacterial diversity
and function of aerobic granules engineered in a sequencing batch
reactor for phenol degradation ] Applied and Environmental
Microbiology 2004 70 11 6767-6775.
Jiang H L Tay ] H Maszenan A M et al. Enhanced phenol
biodegradation and aerobic granulation by two coaggregating
bacterial strains J .

40 19 6137-6142.

Environmental Science Technology 2006

Jiang HL Tay ST L. Maszenan A M et al. Physiological traits

of bacterial strains isolated from phenol-degrading aerobic

granules ] FEMS Microbiology Ecology 2006 57 2
182-191.
Jiang H L. Maszenan A M Tay ] H. Bioaugmentation and

coexistence of two functionally similar bacterial strains in aerobic
granules J . Applied Microbiology and Biotechnology 2007 75
5 1191-1200.
Adav S S Chen MY Lee D J et al. Degradation of phenol by
aerobic granules and isolated yeast Candida tropicalis ]
Biotechnology and Bioengineering 2007 96 5 844-852.
Jiang Y WenJP LiHM eral. The biodegradation of phenol
at high initial concentration by the yeast Candida tropicalis J .
Biochemical Engineering Journal 2005 24 3 243-247.
Weber S D Ludwig W  Schleifer K H et al. Microbial
composition and structure of aerobic granular sewage biofilms
J . Applied Environmental Microbiology 2007 73 19 6233-
6240.
Williams J C de los Reyes Iii F L. Microbial community
structure of activated sludge during aerobic granulation in an
annular gap bioreactor J . Water Science Technology 2006 54
1 139-146.
Toh SK TayJH Moy BY P et al. Size-effect on the physical
characteristics of the aerobic granule in a SBR J Applied
Microbiology Biotechnology 2003 60 6 687-695.
Lemaire R Yuan Z Blackall L L et al. Microbial distribution
of Accumulibacter spp. and Competibacter spp. in aerobic
granules from a lab-scale biological nutrient removal system J .
Environmental Microbiology 2008 10 2 354-363.
McSwain B S Irvine R L Hausner M et al. Composition and
distribution of extracellular polymeric substances in aerobic flocs
and granular sludge J Applied Environmental Microbiology
2005 71 2 1051-1057.

Adav S S Lee DJ Ren N Q. Biodegradation of pyridine using



280

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

aerobic granules in the presence of phenol J . Water Research

2007 41 13 2903-2910.
Adav S S Lee DJ Tay ] H. Extracellular polymeric substances

and structural stability of aerobic granule J . Water Research

2008 42 6-7 1644-1650.

Tay S T L Ivanov V. Yi S et al. Presence of anaerobic
bacteroides in aerobically grown microbial granules J
Microbial Ecology 2002 44 3 278-285.

Zhu J R Wilderer P A. Effect of extended idle conditions on
structure and activity of granular activated sludge J Water
Research 2003 37 9 2013-2018.

Adav S'S Lee D J Tay J H. Activity and structure of stored
aerobic granules J . Environmental Technology 2007 28 11
1227-1235.

de Kreuk M K Kishida N van Loosdrecht M C M. Aerobic
granular sludge-State of the art J . Water Science Technology
2007 55 89 75-81.

Kreft J U Picioreanu C  Wimpenny J W T

Microbiology 2001 147

et al. Individual-
based modelling of biofilms J
2897-2912.

Xavier ] B De Kreuk M K Picioreanu C et al. Multi-scale
individual-based model of microbial and bioconversion dynamics
Science

Environmental

sludge ]
Technology 2007 41 18 6410-6417.

in aerobic granular
NiBJ Yu H Q Sun Y J. Modeling simultaneous autotrophic
and heterotrophic growth in aerobic granules J Water
Research 2008 42 6-7 1583-1594.

Ni BJ YuHQ Xie W M. Storage and growth of denitrifiers in
aerobic granules Part II. Model calibration and verification J .
Biotechnology and Bioengineering 2008 99 2 324-332.
Ni B J Yu H Q. Storage and growth of denitrifiers in aerobic

granules  Part 1. Model
Bioengineering 2008 99 2

development ] Biotechnology
314-323.
de Kreuk M K Picioreanu C Hosseini M et al. Kinetic model

Influences on nutrient removal J

801-815.

of a granular sludge SBR
Biotechnology Bioengineering 2007 97 4
Wilen B M Onuki M Hermansson M et al. Microbial
community structure in activated sludge floc analysed by
fluorescence in situ hybridization and its relation to floc stability
J . Water Research 2008 42 8-9 2300-2308.

Zita A H M. Determination of bacterial cell surface
hydrophobicity of single cells in cultures and in wastewater in situ
J . FEMS Microbiol Lett 1997 18 299-306.

Tsuneda S Nagano T Hoshino T et al. Characterization of
nitrifying granules produced in an aerobic upflow fluidized bed
reactor J . Water Research 2003 37 20 4965-4973.

Jiang H L. Tay J H Liu Y et al. Ca®* augmentation for
enhancement of aerobically grown microbial granules in sludge
blanket reactors J Biotechnology Letters 2003 25 2
95-99.

Moy BY P Tay ] H Toh S K et al. High organic loading

influences the physical characteristics of aerobic sludge granules

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

J . Letters Applied Microbiology 2002 34 6 407-412.
Liu QS Tay J H Liu Y. Substrate concentration-independent
aerobic granulation in sequential aerobic sludge blanket reactor

J . Environmental Technology 2003 24 10 1235-1242.
Yang SF Li XY Yu H Q. Formation and characterisation of
fungal and bacterial granules under different feeding alkalinity
and pH conditions J . Process Biochemistry 2008 43 1
8-14.
Yang S F Tay J H Liu Y. Inhibition of free ammonia to the
formation of aerobic granules J Biochemical Engineering
Journal 2004 17 1 4148.
Liu Y Q TayJ H. Influence of cycle time on kinetic behaviors of
steady-state aerobic granules in sequencing batch reactors J
Enzyme and Microbial Technology 2007 41 4 516-522.
Sutherland 1 W. Polysaccharases for microbial exopolysaccharides
1999 38 4 319-328.

Bashan Y.

J . Carbohydrate Polymers
Starvation-induced

FEMS

Castellanos T  Ascencio F
changes in the cell surface of Azospirillum lipoferum J .
Microbiology Ecology 2000 33 1 1-9.

Sanin S L Sanin F D Bryers J D. Effect of starvation on the
adhesive properties of xenobiotic degrading bacteria J . Process
Biochemistry 2003 38 6 909-914.

Liu Y Q Tay J H. Characteristics and stability of aerobic
granules cultivated with different starvation time J Applied
Microbiology Biotechnology 2007 75 1 205-210.

de Kreuk M Heijnen J J van Loosdrecht M C M. Simultaneous

COD  nitrogen and phosphate removal by aerobic granular

sludge J . Biotechnology Bioengineering 2005 90 6
761-769.
SBR
1. 2001 22 2 87-90.
SBR
I 2008 28 6
512-516.

Tay JH PanS He Y X et al. Effect of organic loading rate on
Characteristics of aerobic granules ]

2004 130 10

aerobic granulation. II
Journal of Environmental Engineering-Asce
1102-1109.

Tay J H Jiang H L Tay S T L. High-rate biodegradation of
phenol by aerobically grown microbial granules J . Journal of
Environmental Engineering 2004 130 12 1415-1423.

Yi S Zhuang W Q Wu B e al. Biodegradation of p-
Nitrophenol by aerobic granules in a sequencing batch reactor
J . Environmental Science Technology 2006 40 7

2396-2401.

Wang S G Liu X W Zhang HY et al. Aerobic granulation for

2 4-dichlorophenol biodegradation in a sequencing batch reactor
J . Chemosphere 2007 69 5 769-775.

Zhang LL Zhu RY Chen JM et al. Biodegradation of methyl

tert-butyl ether as a sole carbon source by aerobic granules

cultivated in a sequencing batch reactor J

Biosystems Engineering 2008 31 6 527-534.

Bioprocess



281

64

65

66

Schwarzenbeck N Borges ] M Wilderer P A. Treatment of dairy
effluents in an aerobic granular sludge sequencing batch reactor
J . Applied Microbiology Biotechnology 2005 66 6

711-718.

Cassidy D P Belia E. Nitrogen and phosphorus removal from an
abattoir wastewater in a SBR with aerobic granular sludge J
Water Research 2005 39 19 4817-4823.

Wang F' LuS Wei Y et al. Characteristics of aerobic granule
and nitrogen and phosphorus removal in a SBR ]

Hazardous Materials 2009 164 2-3 1223-1227.

. Journal of

67

68

69

XuH Tay J H Foo S K et al. Removal of dissolved copper
I and zinc 1
Science Technology 2004 50 9

by aerobic granular sludge ] Water

155-160.

Schwarzenbeck N Erley R Mc Swain B S et al. Treatment of

malting wastewater in a granular sludge sequencing batch reactor
SBR ] Acta Hydrochimica et Hydrobiologica 2004 32
1 16-24.

Nancharaiah Y V. Joshi H M Mohan T V K et al. Aerobic

a novel biomaterial for efficient uranium

. Current Science 2006 91 4 503-509.

granular biomass

removal ]





