


jes
c.a

c.c
n

ISSN 1001–0742 Journal of Environmental Sciences Vol. 25 No. 4 2013

CONTENTS

Aquatic environment

Speciation of organic phosphorus in a sediment profile of Lake Taihu I: Chemical forms and their transformation

Di Xu, Shiming Ding, Bin Li, Xiuling Bai, Chengxin Fan, Chaosheng Zhang · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 637

Flow field and dissolved oxygen distributions in the outer channel of the Orbal oxidation ditch by monitor and CFD simulation

Xuesong Guo, Xin Zhou, Qiuwen Chen, Junxin Liu· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 645

Removal of Cu(II) from acidic electroplating effluent by biochars generated from crop straws

Xuejiao Tong, Renkou Xu · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 652

Optimisation of chemical purification conditions for direct application of solid metal salt coagulants:

Treatment of peatland-derived diffuse runoff

Elisangela Heiderscheidt, Jaakko Saukkoriipi, Anna-Kaisa Ronkanen, Bjørn Kløve · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 659

Removal of nitrogen from wastewater with perennial ryegrass/artificial aquatic mats biofilm combined system

Chongjun Chen, Rui Zhang, Liang Wang, Weixiang Wu, Yingxu Chen · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 670

Microbial community characterization, activity analysis and purifying efficiency in a biofilter process

Hong Xiang, Xiwu Lu, Lihong Yin, Fei Yang, Guangcan Zhu, Wuping Liu · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 677

Performance of a completely autotrophic nitrogen removal over nitrite process for treating wastewater with different substrates

at ambient temperature

Xiaoyan Chang, Dong Li, Yuhai Liang, Zhuo Yang, Shaoming Cui, Tao Liu, Huiping Zeng, Jie Zhang · · · · · · · · · · · · · · · · · · · · · · · · · · 688

Performance study and kinetic modeling of hybrid bioreactor for treatment of bi-substrate mixture of phenol-m-cresol in wastewater:

Process optimization with response surface methodology

Sudipta Dey, Somnath Mukherjee · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 698

Analysis of aerobic granular sludge formation based on grey system theory

Cuiya Zhang, Hanmin Zhang · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 710

Ethyl thiosemicarbazide intercalated organophilic calcined hydrotalcite as a potential sorbent for the removal of uranium(VI) and

thorium(IV) ions from aqueous solutions

T. S. Anirudhan, S. Jalajamony · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 717

Atmospheric environment

Observed levels and trends of gaseous SO2 and HNO3 at Mt. Waliguan, China: Results from 1997 to 2009

Weili Lin, Xiaobin Xu, Xiaolan Yu, Xiaochun Zhang, Jianqing Huang · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 726

Influence of SO2 in incineration flue gas on the sequestration of CO2 by municipal solid waste incinerator fly ash

Jianguo Jiang, Sicong Tian, Chang Zhang · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 735

Seasonal variation and source apportionment of organic and inorganic compounds in PM2.5 and PM10 particulates in Beijing, China

Xingru Li, Yuesi Wang, Xueqing Guo, Yingfeng Wang · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 741

Emissions of particulate matter and associated polycyclic aromatic hydrocarbons from agricultural diesel engine

fueled with degummed, deacidified mixed crude palm oil blends

Khamphe Phoungthong, Surajit Tekasakul, Perapong Tekasakul, Gumpon Prateepchaikul,

Naret Jindapetch, Masami Furuuchi, Mitsuhiko Hata· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 751

Ground-high altitude joint detection of ozone and nitrogen oxides in urban areas of Beijing

Pengfei Chen, Qiang Zhang, Jiannong Quan, Yang Gao, Delong Zhao, Junwang Meng · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 758

Environmental biology

Characterization of Methylocystis strain JTA1 isolated from aged refuse and its tolerance to chloroform

Tiantao Zhao, Lijie Zhang, Yunru Zhang, Zhilin Xing, Xuya Peng · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 770

Allelopathic effects of gallic acid from Aegiceras corniculatum on Cyclotella caspia

Yu Liu, Fei Li, Qixin Huang · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 776

http://www.jesc.ac.cn


jes
c.a

c.c
n

Journal of Environmental Sciences 2013, 25(4) / Contents

Environmental health and toxicology

Toxicity detection of sodium nitrite, borax and aluminum potassium sulfate using electrochemical method

Dengbin Yu, Daming Yong, Shaojun Dong · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 785

Environmental catalysis and materials

A comparative study of Mn/CeO2, Mn/ZrO2 and Mn/Ce-ZrO2 for low temperature selective catalytic reduction of NO with NH3

in the presence of SO2 and H2O (Cover story)

Boxiong Shen, Xiaopeng Zhang, Hongqing Ma, Yan Yao, Ting Liu· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 791

Removal of benzotriazole by heterogeneous photoelectro-Fenton like process using ZnFe2O4 nanoparticles as catalyst

Junfeng Wu, Wenhong Pu, Changzhu Yang, Man Zhang, Jingdong Zhang · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 801

Metal loaded zeolite adsorbents for hydrogen cyanide removal

Ping Ning, Juan Qiu, Xueqian Wang, Wei Liu, Wei Chen · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 808

Preparation and evaluation of Zr-β-FeOOH for efficient arsenic removal

Xiaofei Sun, Chun Hu, Jiuhui Qu · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 815

Application of red mud as a basic catalyst for biodiesel production

Qiang Liu, Ruirui Xin, Chengcheng Li, Chunli Xu, Jun Yang · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 823

Amino-functionalized core-shell magnetic mesoporous composite microspheres for Pb(II) and Cd(II) removal

Yulin Tang, Song Liang, Juntao Wang, Shuili Yu, Yilong Wang · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 830

Electrochemical detection and degradation of ibuprofen from water on multi-walled carbon nanotubes-epoxy composite electrode

Sorina Motoc, Adriana Remes, Aniela Pop, Florica Manea, Joop Schoonman · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 838

Serial parameter: CN 11-2629/X*1989*m*211*en*P*25*2013-4

http://www.jesc.ac.cn


jes
c.a

c.c
n

JOURNAL OF
ENVIRONMENTAL
SCIENCES

ISSN 1001-0742

CN 11-2629/X

www.jesc.ac.cn

Available online at www.sciencedirect.com

Journal of Environmental Sciences 2013, 25(4) 710–716

Analysis of aerobic granular sludge formation based on grey system theory

Cuiya Zhang, Hanmin Zhang∗

Key Laboratory of Industrial Ecology and Environmental Engineering, School of Environmental Science and Technology, Dalian University of
Technology, Dalian 116024, China. E-mail: shuiye5202006@126.com

Received 07 June 2012; revised 26 July 2012; accepted 22 August 2012

Abstract
Based on grey entropy analysis, the relational grade of operational parameters with aerobic granular sludge’s granulation indicators was
studied. The former consisted of settling time (ST), aeration time (AT), superficial gas velocity (SGV), height/diameter (H/D) ratio and
organic loading rates (OLR), the latter included sludge volume index (SVI) and set-up time. The calculated result showed that for SVI
and set-up time, the influence orders and the corresponding grey entropy relational grades (GERG) were: SGV (0.9935) > AT (0.9921)
> OLR (0.9894) > ST (0.9876) > H/D (0.9857) and SGV (0.9928) > H/D (0.9914) > AT (0.9909) > OLR (0.9897) > ST (0.9878).
The chosen parameters were all key impact factors as each GERG was larger than 0.98. SGV played an important role in improving
SVI transformation and facilitating the set-up process. The influence of ST on SVI and set-up time was relatively low due to its dual
functions. SVI transformation and rapid set-up demanded different optimal H/D ratio scopes (10–20 and 16–20). Meanwhile, different
functions could be obtained through adjusting certain factors’ scope.

Key words: aerobic granular sludge; grey system theory; operational impact factor; granulation process
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Introduction

Aerobic granular sludge has a dense microbial structure,
high bioactivity, excellent settling ability, and is capable
of dealing with high-strength wastewater that contains
organics, nitrogen and phosphorus substances (Jiang et
al., 2002; Liu and Tay, 2004; Moy et al., 2002; Zheng
et al., 2005). Compared to traditional activated sludge
treatment approaches, aerobic granular sludge technology
with sequencing batch reactor (SBR) is now considered to
be a new and promising wastewater treatment approach
since it could cut the investment and operating costs
as well as space requirements (Lee et al., 2010; Liu et
al., 2010; Mosquera-Corral et al., 2005). However, the
factors that impact the granulation process are numerous
and the influencing mechanism is obscure, which makes
it difficult to control and predict the set-up process for
aerobic granular sludge, and further limits the practical
application of this technology.

The grey system theory (GST) method was proposed by
Deng Julong in 1982; it included grey relational analysis
(GRA) and grey models (Pai et al., 2007). GRA, denot-
ed by the grey relational coefficients (GRCs) and grey
entropy relational grade (GERG), could investigate the

* Corresponding author. E-mail: zhanghm@dlut.edu.cn

relationship between reference sequences and compared
sequences. The GRA approach could quantify the obscure
and complex relationship among multi-parameters, and
distinguish the impact order of the chosen parameters on
a certain reference parameter, which is especially suitable
for cases that contain a small amount of representative
data. Generally speaking, as a powerful analysis technique,
the GST method is able to cope with complex, uncertain
or fragmented systems by means of a reliable calculation
process (Hsiao and Tsai, 2004).

GST theory had been applied to a variety of fields, such
as engineering classification and control systems (Chang et
al., 2000; Peng and Kirk, 1999) as well as environmental
systems (Li et al., 2003). However, no research articles on
the cultivation of aerobic granular sludge based on this
theory have been reported. Although the parameters that
affect the characteristics of aerobic granular sludge are
complicated, GST provides an alternative to quantitatively
describe their relationships. In this article, based on data
obtained from different studies, the GERG generated from
a series of correlation function calculations was used to
describe the relational grade and reflect the impact order
of each chosen operational factor on certain aerobic gran-
ulation indicators, thereby, distinguishing the key impact
factors and providing the optimal scope. It is hoped that
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the information generated from this article could be useful
to optimize the cultivation of aerobic granules in SBRs.

1 Research methods

1.1 Reference parameters and operational impact fac-
tors

For the set-up process of an aerobic granular sludge sys-
tem, sludge volume index (SVI) could effectively indicate
the granulation degree and the granular sludge’s settling
ability, and the granulation speed could be intuitively
expressed by the set-up time. Both SVI and set-up time
would be eventually influenced, whether directly or not,
by the operational impact factors. Hence, SVI and set-up
time were chosen as the reference parameters.

Aerobic granulation is closely related to operating con-
ditions. Up to now, published results indicate that the
operational factors that play a significant role in influenc-
ing the granulation process in the SBR mainly consist of
five parameters: settling time (ST), superficial gas velocity
(SGV), aeration time (AT), height/diameter (H/D) ratio
and organic loading rates (OLR). ST serves as a hydro-
dynamic selection pressure by keeping the sludge with
good setting ability in the reactor and washing out light
flocs (Qin et al., 2004). The hydrodynamic shear force,
caused by aeration and generally measured as SGV, would
stimulate bacteria to secrete more polysaccharides (Tay et
al., 2001b). Moreover, it provides a detachment pressure
to force the cells to detach from the granule surface until
a dynamic equilibrium between detachment and biomass
growth is reached, and imposes the dissolved oxygen
concentration (Mosquera-Corral et al., 2005; Zhang et al.,
2011). For AT, on the one hand, it reflects the length of the
hydrodynamic shear force, on the other hand, its period is
indirectly associated with the starvation time. As reported,
the nutrients would be consumed within 30 min of aeration
(Li et al., 2006), leaving a long period of starvation
time at longer AT. A certain period of starvation time
could balance the concentration of extracellular polymeric
substances (EPS) and initiate the aerobic granulation (Li
et al., 2006). In SBR, a high H/D ratio could select for
better settling ability of granules due to an improved
hydrodynamic selection pressure (Beun et al., 1999, 2002).

Different OLR would influence the growth rate of the
microorganisms, thereby providing a microbial selection
pressure for aerobic granulation (Li et al., 2008; Moy et
al., 2002). Hence, the five factors mentioned above were
chosen as operational impact factors.

1.2 Data acquisition

To avoid unnecessary errors, the chosen aerobic granular
sludges were all cultivated in SBRs, with the exchange
ratio of liquid volume of 50% at the end of each cycle, and
the operating cycle only contained four phases: feeding,
aeration, settling and efflux. Meanwhile, the inoculated
sludge was flocculent sludge. SVI was defined as SVI30
here. Table 1 shows the original data from different
references (Adav et al., 2010; Chen et al., 2008; Guo et
al., 2011; Kong et al., 2009; Li et al., 2006, 2008; Liu et
al., 2007; Liu and Tay, 2008; Mosquera-Corral et al., 2011;
Wang et al., 2007).

1.3 Grey system theory

In grey relational space, a system contains many series
with k entities:

X0∗
i =
{
X0∗

i (k) |i = 1, 2, · · ·,m, k = 1, 2, · · ·, n
}

(1)

X∗j =
{
X j
∗ (k) | j = 1, 2, · · ·, r, k = 1, 2, · · ·, n

}
(2)

where, Xi
0∗ is the reference sequence, X j

0∗ is the compared
sequence, m, r and n stand for the number of the reference
parameter, compared parameter, and total experiments, re-
spectively. In this study, SVI and start-up time were chosen
as reference parameters, compared parameters consisted
of ST, SGV, AT, H/D ratio and OLR, and the data were
acquired from 18 experiments. Thus, m = 2, r = 5 and n =
18.

Since the units of the sequences varied widely from each
other, the series data were subjected to pre-processing nor-
malization as shown below before calculating the GRCs.

X0
i (k) =

X0∗
i (k)

1
n

n∑
k=1

X0∗
i (k)

(3)

Table 1 Original experimental data

Sequence number

1a 2b 3b 4b 5c 6d 7e 8e 9f 10g 11g 12g 13h 14h 15h 16h 17i 18j

H/D ratio 24 20 20 20 2.5 30 10 10 20 13.3 13.3 13.3 24 16 8 4 20 20
AT (min) 220 78 228 468 171 169 225 225 215 230 230 230 227 227 227 227 223 236
SGV (cm/sec) 3 2.4 2.4 2.4 1.6 2.5 3.2 2.4 3.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 1 2.4
OLR (kg COD/(m3·day)) 3 8.0 3 1.5 1.8 8 6 6 9 1.5 3 4.5 3 3 3 3 6 6
ST (min) 10 2.0 2 2 3 5 5 5 5 2 2 2 3 3 3 3 7 1
SVI30 ( mL/g) 65 60 30 50 40 32 27 41 34 38.2 43 57 49 43.2 57.3 57.5 53 52
Set-up time (day) 35 30 33 35 58 13 40 40 40 50 25 12 35 35 35 35 35 60

a Liu et al., 2007; b Liu and Tay, 2008; c Mosquera-Corral et al., 2011; d Li et al., 2006; e Chen et al., 2008; f Adav et al., 2010; g Li et al., 2008; h Kong
et al., 2009; i Guo et al., 2011; j Wang et al., 2007.
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X j (k) =
X∗j (k)

1
n

n∑
k=1

X∗j (k)
(4)

Then, the reference sequence and compared sequence
transform to the following forms:

X0
i =
{
X0

i (k) |i = 1, 2, k = 1, 2, · · ·, n
}

(5)

X j =
{
X j (k) | j = 1, 2, · · ·, 5, k = 1, 2, · · ·, n

}
(6)

The GRCs calculation between the reference sequence
Xi

0(k) and the compared sequence X j(k) at point k is
defined as:

ζi j (k) =
min

j
min

k

∣∣∣X0
i (k) − X j (k)

∣∣∣ + ρmax
j

max
k

∣∣∣X0
i (k) − X j (k)

∣∣∣∣∣∣X0
i (k) − X j (k)

∣∣∣ + ρmax
j

max
k

∣∣∣X0
i (k) − X j (k)

∣∣∣
(7)

where, ρ ∈ [0, 1], acting as the coefficient of
max

j
max

k

∣∣∣X0
i (k) − X j (k)

∣∣∣, is the distinguishing coefficient.

Since max
j

max
k

∣∣∣X0
i (k) − X j (k)

∣∣∣ is used to describe the

integrity of a system, ρ is typically taken as 0.5 to con-
trol the resolution between max

j
max

k

∣∣∣X0
i (k) − X j (k)

∣∣∣ and

min
j

min
k

∣∣∣X0
i (k) − X j (k)

∣∣∣.
Actually, GRC is used to indicate the relational grade

between the reference sequence Xi
0 and the compared

sequence X j
∗ at point k. As the optimal scope of an impact

factor is defined as the range of the original value whose
GRC is larger than a certain value, it could be obtained
through comparing the GRC of j on i. To take all impact
factors’ GRC value into account, the minimal GRC value
was set at 0.75, since all the impact factors’ optimal scopes
could be obtained under this condition, and certain impact
factor’s optimal scopes would be narrowed down when the
minimal GRC value was larger than 0.75. Thus, 0.75 was
chosen to be the minimal GRC value.

To make full use of the abundant information supplied
by GRCs and avoid being misled by larger GRCs, GERG
is adopted to determine the key operational impact factors
and rank them by relational grade.

The map value of the GRCs distributed map is the
relational coefficient distribution density (pi j), which is
given as:

pi j (k) =
ζi j (k)

n∑
k=1
ζi j (k)

(8)

The grey relational entropy of the operational impact
factor j on the reference parameter i can be calculated as:

S i j = −
n∑

k=1

[
pi j (k) ln pi j (k)

]
(9)

The GERG (Ei j) for the operational impact factor j on
the reference parameter i is defined as:

Ei j =
S i j

S max
(10)

where, Smax is the sequence maximum entropy, which is
a constant (lnn) that only associates with the number of
the element when the value of elements contained in each
series equals to each other. Strong relevance between the
reference sequence and compared sequence corresponds
to large Ei j, and the key operational impact factor and
the influence order can be acquired by comparing the
calculated GERG of each compared sequence.

2 Results and discussion

2.1 Sludge volume index analysis

In SBRs, the SVI of active sludge flocs mainly fluctuated
between 80 and 150 mL/g. A decrease in SVI, driven by
the combined stress supplied by all the factors, indicates
that the structure of the aggregates becomes more dense
and compact. In other words, lower SVI means settling
ability is being effectively improved. Therefore, SVI is
an effective measure indicator to describe the degree of
granulation in the process. In this part, the reference
sequence was SVI (X1

0∗), and the compared sequences
were: H/D ratio (X1

∗, j = 1), AT (X2
∗, j = 2), SGV (X3

∗, j
= 3), OLR (X4

∗, j = 4) and ST (X5
∗, j = 5). GRCs, GERG,

and the optimal scope of each operational impact factor on
SVI are listed in Tables 2 and 3, respectively.

According to the GST, the GRCs reflect the relational
grade of the reference sequence and compared sequence
at point k. A large GRC corresponds to a high relational
grade. As Tables 2 and 3 show, the GRC of SGV at 2.4
and 3.0 cm/sec were as high as 0.9515 and 0.7884, and
the highest GRC value on SVI (0.9515) was SGV at 2.4
cm/sec, which indicated that a relatively high level of SGV
(2.4–3.0 cm/sec) could efficiently improve the aerobic
granular sludge’s settling ability and contribute greatly to
reduce SVI. Additionally, the optimal scope of AT, OLR,
ST and H/D were 169–227 min, 3–6 kg COD/(m3·day),
2–3 min and 10–20, respectively.

The calculated GERGs of the five factors, displayed in
Table 3, were all above 0.98, implying that the five factors
chosen above were all key impact factors for the aerobic
granulation process. As E13 (0.9935) > E12 (0.9921) >
E14 (0.9894) > E15 (0.9876) > E11 (0.9857), it could be
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Table 2 GRCs of SVI and set-up time

Sequence number

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

SVI
H/D ratio 0.8902 0.9315 0.5348 0.8101 0.4908 0.3676 0.9541 0.7210 0.5738 1.0000 0.8751 0.6299 0.6189 0.9218 0.4798 0.4071 0.8779 0.8541

AT 0.6134 0.4177 0.6563 0.4085 0.8661 0.9287 0.6252 0.8660 0.7621 0.7836 0.8899 0.7627 0.9154 0.9109 0.7461 0.7426 0.8133 0.8982

SGV 0.7884 0.6875 0.6717 0.8796 0.7613 0.6732 0.4840 0.8778 0.5091 0.8309 0.9515 0.7226 0.9427 0.8853 0.7642 0.7605 0.4817 0.8330

OLR 0.4849 0.5715 0.9617 0.4797 0.5939 0.3789 0.4688 0.5924 0.3438 0.5849 0.7335 0.7638 0.6370 0.7301 0.5502 0.5482 0.7651 0.7470

ST 0.3350 0.4784 0.8794 0.5642 0.9530 0.4985 0.4619 0.5813 0.5148 0.7155 0.6451 0.5013 0.7401 0.8688 0.6254 0.6230 0.4651 0.4461

Set-up time
H/D ratio 0.6327 0.6860 0.7328 0.7677 0.3810 0.3731 0.6463 0.6463 0.8715 0.6159 0.8698 0.6439 0.6327 0.9759 0.6541 0.5535 0.7677 0.6800

AT 1.0000 0.6476 0.9078 0.4493 0.5120 0.6990 0.8865 0.8865 0.8493 0.7075 0.7355 0.5672 0.9666 0.9666 0.9666 0.9666 0.9854 0.5903

SGV 0.7842 0.8562 0.9303 0.9873 0.4821 0.5743 0.8167 0.8773 0.7598 0.6808 0.7667 0.5856 0.9446 0.9446 0.9446 0.9446 0.6149 0.5681

OLR 0.7542 0.4782 0.7912 0.5864 0.4245 0.3819 0.7842 0.7842 0.4917 0.4607 0.9845 0.5667 0.7542 0.7542 0.7542 0.7542 0.6992 0.7447

ST 0.3337 0.7617 0.7113 0.6812 0.5338 0.4679 0.7695 0.7695 0.7695 0.5172 0.8638 0.8044 0.8623 0.8623 0.8623 0.8623 0.4828 0.3919

Table 3 Importance order, GERG, and optimal scope of each factor on SVI and set-up time

Parameter SVI Parameter Set-up time
Importance order E1 j Optimal scope Importance order E2 j Optimal scope

SGV (cm/sec) 1 0.9935 2.4–3.0 SGV (cm/sec) 1 0.9928 2.4–3.4
AT (min) 2 0.9921 169–227 H/D ratio 2 0.9914 16–20
OLR (kg COD/(m3·day)) 3 0.9894 3–6 AT (min) 3 0.9909 215–228
ST (min) 4 0.9876 2–3 OLR (kg COD/(m3·day)) 4 0.9897 3–6
H/D ratio 5 0.9857 10–20 ST (min) 5 0.9878 2–3

concluded that the operational impact factors’ influence
order on SVI was SGV > AT > OLR > ST > H/D ratio,
which meant that SGV can be listed in first place among
the key impact factors associated with the active sludge
transformation and granulation process most closely.

2.1.1 Superficial gas velocity
The aerobic granulation process experiences the adhe-
sion phase first, and the bacteria metabolism (e.g. the
production of EPS) then promotes the adhesion process
(Hermansson, 1999). SGV provides the essential environ-
ment for this phase as the air introduced at the bottom
of the reactor would enhance the turbulence of the mixed
liquid, and strengthen the interaction between the gas
and liquid phases. Additionally, under high hydrodynamic
shear force, cells also secrete more sticky polysaccharide
EPS (Tay et al., 2001a). In short, all of the conditions
created by SGV played positive roles in facilitating the
adhesion of the aggregates.

Subsequently, SGV works as a modifier along with the
granulation process. Under given conditions, high hydro-
dynamic stress could reduce substrate transfer resistance
into the granules (Lee et al., 2010), enhance the activity
of the inner microorganisms and avoid the cavities caused
by cell autolysis. Meanwhile, at the outside of the granule,
the detachment force drives fragments departing from the
granule surface, and makes the granules become more
dense and compact. The final matured aerobic granules
with a spherical outer-shape and a stable size indicated
that the balance between the growth of the bacteria and
the detachment force was achieved.

Up to now, it has been widely accepted that high SGV
above 1.0–1.2 cm/sec was a requisite factor to ensure the
successful granulation of active sludge. Tay et al. (2001a)

found that flocs dominate in the SBR when SGV was less
than 0.3 cm/sec, while aerobic granular sludge occurred
and gradually became mature when SGV was larger than
1.2 cm/sec. Although aerobic granules were successfully
obtained under low SGV (0.63 cm/sec) (Wan et al., 2009),
the operational condition was quite different from the
traditional SBRs since an anoxic phase was added before
aeration, which made the reaction mechanism in their
SBR more complex, and consequently led to a different
granulation process. However, SGV should not be set at
a high level either; when SGV was 5.3–7.08 cm/sec, the
larger hydraulic shear stress made the sludge experience
the morphology of floc-part particle-floc, and the sludge
ultimately disintegrated (Liu et al., 2011). Since SVI was
closely related to the formation and granulation grade of
the aerobic granular sludge as discussed above, in SBRs,
SGV thus dominated the transformation trend of the SVI,
which distinguished it from other key impact factors.

2.1.2 Aeration time and organic loading rate
AT and OLR were listed in the second and third place,
and the optimal scope was 169–227 min and 3–6 kg
COD/(m3·day), respectively, illuminating that short AT
or low OLR was not appropriate for SVI reduction. As
discussed above, the hydrodynamic shear force generat-
ed from aeration significantly influences the granulation
process. In addition, according to Li et al. (2006), in the
initial adhesion stage, the metabolism of microorganisms
was active as the nutrient supply was abundant compared
with the relatively low biomass concentration; as a con-
sequence, plenty of EPS would be secreted. The result
generated from their study showed that the protein EPS
strongly and positively correlated with surface negative
charge, with correlation coefficient r of 0.91, and both
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protein and carbohydrate EPS strongly and negatively
correlated with relative hydrophobicity (r = –0.98, –0.99).
In order to enhance hydrophobicity and reduce surface
negative charge for aerobic granulation at the first adhesion
phase, the excess amount of EPS should be consumed to
keep it to a reasonable amount. When the adhesion period
was finished, EPS at moderate levels worked as a matrix
for the granulation process. As an anaerobic environment
was initially unavailable, it was the starvation time that
acted as an essential trigger to reduce the production
of EPS, but short AT or low OLR corresponded to a
short starvation time, and would eventually frustrate the
granulation process. However, both AT and OLR should
not be set at high level either. As is known, the nutrient
would be depleted within a short period, leaving a long
starvation time during the rest cycle if AT was too long. In
the meantime, an immoderate modification process would
also block the nutrient passage of the formed granules,
and under such conditions, the organisms residing in the
granules would consume the matrix EPS excessively and
slash the density of the granules, perhaps even leading
to the cells’ autolysis. Consequently, this would result in
a loosened structure and bad settling ability. For OLR, a
high rate favored the growth of heterotrophic microbes,
which contributed to irregular structure (Moy et al., 2002),
and further impeded the granulation process. Therefore,
to obtain better conditions for granulation, AT and OLR
needed to be adjusted to certain levels.

2.1.3 Settling time
The relational grade of ST with SVI was relatively low due
to its seemingly contradictory dual function. Although the
light flocs could be effectively washed out when the ST was
short, a huge loss of sludge and newly formed aggregates
made the biomass per volume decrease seriously as the
initial formation of the granule was slow, consequently
leading to OLR increment, which might be likely to cause
sludge bulking during long operation. On the contrary, long
ST was also unfavorable for granulation as it could not
efficiently supply biological selection pressure to screen
heavy aggregates with good settling ability. Perhaps these
were the reasons why the influence of ST on SVI was
relatively inferior compared to that of SGV, AT and OLR.
However, this did not mean that its influence should
be neglected, as its GERG was still as high as 0.9876.
Actually, short ST was the decisive factor responsible
for aerobic granulation. Qin et al. (2004) indicated that
during an aerobic granulation process, SVI was indeed
determined by the degree of aerobic granulation in the
process. Moreover, SVI was closely related to the settling
time, and a relative high hydrodynamic selection pressure
supplied by short ST was necessary in particular.

2.1.4 H/D ratio
By contrast, the GERG of H/D ratio on SVI was the
smallest one. With a given ST, a high reactor H/D ratio

demanded that the aggregates have a relative fast settling
velocity in order not to be washed out of the reactor,
and it was reported that the minimal settling velocity
needed to be above 10 m/hr for granulation (Beun et al.,
2002). However, the inoculated sludge mainly consisted
of flocs along with the seed, so that under a high H/D
ratio, the newly formed aggregates were not dense or
large enough to be stable, and in order to remain in the
reactor, they tangled with flocs occupying a lot of space but
with light mass compared to the granules, and as a result,
obstructed the reduction of SVI. Thus, no matter how high
the H/D ratio was set at the beginning, there was relatively
low influence on SVI. Kong et al. (2009) proposed and
confirmed this assumption as they successfully developed
aerobic granules with similar physical properties in four
reactors with different H/D ratios of 24, 16, 8 and 4, and
the SVI of the four reactors mainly fluctuated between 40–
50 mL/g. In any case, an excessively high reactor H/D
ratio was basically unfeasible in pilot or full-scale reactor
operation as well.

2.2 Set-up time analysis

In this Section, the reference sequence was set-up time:
X2

0∗, and the compared sequences were the same as
mentioned in Section 2.1.

According to the GRCs listed in Table 2, the optimal
scope of SGV, H/D ratio, AT, OLR and ST was 2.4–3.4
cm/sec, 16–20, 215–228 min, 3–6 kg COD/(m3·day), and
2–3 min, respectively. The GERGs of the five factors were
also larger than 0.98, with E23 = 0.9928, E21 = 0.9914,
E22 = 0.9909, E24= 0.9897 and E25 = 0.9878 (Table 3),
indicating that, for the set-up time, the chosen factors were
all key impact factors as well, and the influence sequence
in decreasing order was SGV > H/D > AT > OLR > ST.
The SGV still occupied the first place here.

The optimal scope of H/D ratio, AT and OLR reflected
the fact that keeping these factors in a certain range
was necessary for rapid aerobic granulation. Although
aerobic granular sludge also formed at 1.05–1.68 kg
COD/(m3·day), the whole granulation process consumed
one entire year, which was thoroughly unsuitable for
practical application since its set-up time was too long
(Wang et al., 2009). Similarly, ST remained listed in the
last place due to its contradictory functions as discussed
above. However, its GERG was still as high as 0.9878,
illustrating that the influence of ST should not be ne-
glected. When ST was short, the organisms automatically
adjusted their metabolism manner, increased the relative
hydrophobicity of cell surfaces and further enhanced the
cell aggregation. As has been reported (Gao et al., 2011),
the granulation process was rapid under short ST, and the
matured granules showed a better settling property and
higher storage stability.

As shown in Table 3, except for H/D ratio, the impact
order of SGV, AT, OLR and ST on set-up time was same

http://www.jesc.ac.cn


jes
c.a

c.c
n

No. 4 Analysis of aerobic granular sludge formation based on grey system theory 715

as for SVI. The relational grade of H/D ratio on set-up
time was stronger than for SVI, and the optimal scope
was larger as well (16–20 and 10–20), which meant that,
compared to SVI, a relatively high H/D ratio was beneficial
for rapid granulation. Under certain ST, a high H/D ratio
provided more collision opportunities for microbial cells
to aggregate. Moreover, aided by shear force, a high H/D
ratio extended the modification length for newly formed
aggregates, and in the meantime, provided biological pres-
sure to wash out the light flocs (Kong et al., 2009), and as a
consequence, promoting the formation of granules. Beun et
al. (2002) proposed that the SBAR should have a relatively
high H/D ratio for practical application since a high ratio
could improve selection of granules by the difference in
settling velocity. Moreover, without an external settler, a
high H/D led to a small footprint reactor, making efficient
use of the SBR volume.

The results generated in this article mainly focused on
the aerobic granules which were cultivated under certain
conditions (mentioned in Section 1.2). As the aerobic gran-
ular sludge was mainly cultivated under such conditions,
it was worth distinguishing the priority and the optimal
scope of the major impact operational factors for aerobic
granulation process under this cultivation condition.

To acquire granules with certain functions, the result
generated from this article could act as a reference. For
instance, much attention should be paid to SGV, OLR,
ST, H/D ratio and AT when SVI and/or set-up time are
concerned. However, each impact factor and its adjusting
scope need to be chosen separately since different impact
factors and optimal scopes corresponded to different SVI
and set-up time.

3 Conclusions

Grey system theory was shown to be suitable for assessing
the priority and providing the optimal scope of each op-
erational impact factor with respect to aerobic granulation
process indicators. For SVI and set-up time, the influence
order were SGV >AT >OLR > ST >H/D and SGV >H/D
> AT > OLR > ST. The chosen parameters were all key
impact factors as every calculated GERG was above 0.98.
The optimal scopes of SGV, AT, OLR, ST, and H/D on SVI
was 2.4–3.0 cm/sec, 169–227 min, 3–6 kg COD/(m3·day),
2–3 min and 10–20. While, for set-up time, the optimal
scopes turned out to be 2.4–3.4 cm/sec, 215–228 min, 3–6
kg COD/(m3·day), 2–3 min and 16–20, respectively.

During aerobic granulation, the transformation of SVI
and rapid set-up of the reactor were the result of the co-
operation of multi-factors. Single or several factors could
not improve the activated sludge’s SVI and/or facilitate the
set-up time alone. However, grasping the impact factor’s
influence degree and priority order could provide a deep
understanding of the process of aerobic granulation. Addi-
tionally, in order to acquire granules with certain functions,

the results generated could also serve as guidance to
indicate the adjustment scope of each operational impact
factor.
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