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Abstract
Proliferation of filamentous microorganisms frequently leads to operational failure for activate sludge systems. In this study, it was
found that filamentous microorganisms could grow in compact granular structure with 5% sodium chloride in the substrate. In the early
period of experiment, coccoid and rode-like bacteria predominated in the yellowish-brown granules, and later the white and the black
granules were developed by filamentous microorganisms. The filamentous granules exhibited low porosity and fast settling velocity, and
were more compact even than bacteria granules. It was hypothesized that the elevated pH in the later period might be a possible reason
for the compact growth of filamentous granules. However, the bacteria granules showed the high bioactivity in terms of specific oxygen
utilizing rate, and comprised of a wider diversity of compounds based on the thermogravimetric evaluation. The findings in this study
demonstrated that filamentous microbes could form compact granular structure, which may encourage the utilization of filamentous
microorganisms rather than the inhibition of their growth, as the latter is frequently used for sludge bulking control.
Key words: aerobic granule; sludge bulking; filamentous microorganisms; thermogravimetric analysis
DOI: 10.1016/S1001-0742(09)60075-9

* Corresponding author. E-mail: lizhihua@gmail.com

cn

c.

.a

Granular sludge was firstly found in an upflow anaerobic
sludge blanket (UASB) reactor. Now UASB reactors are
installed worldwide for the treatment of chemical and
petrochemical industry effluents, textile industry wastewater, landfill leachates as well as domestic wastewater.
Recently, granulation under aerobic or microaerobic conditions has been received increasing attention because it is
much easier to be started up than the anaerobic granulation.
Intensive studies were carried out on the lab-scale using
synthetic wastewater (Sun et al., 2006; Fang et al., 2009;
Li et al., 2009; Seviour et al., 2009; Song et al., 2009).
It is believed that aerobic granulation largely depends on
the operational conditions, e.g., substrate concentration,
settling time, oxygen level and the length of feeding time.
It has been reported that glucose-fed granules mainly
consisted of coccoid bacteria in the inner part and filaments
on the surface, while the acetated-fed granules was predominated by rod-like bacteria inside and outside (Tay et
al., 2001). The outgrowth of filamentous microorganisms
on the surface of granules frequently leads to a breakage
of granules. For example, aerobic granular sludge which
is able to treat high strength wastewater as anaerobic

granular sludge was used in UASB reactors. However, high
organic loading rates may lead to the instability of aerobic
granules, because of filamentous microorganisms (Moy et
al., 2002; Zheng et al., 2006; Li et al., 2006a). Additionally,
under a low pH feeding condition, fungi could also grow
in the form of granule but rather fluffy (Yang et al.,
2008). Therefore, the growth of filamentous bacteria or
fungi should be well controlled both in conventional and
granular sludge system. Concerning the color of granules,
filamentous microorganisms were white (Li et al., 2006a)
or black (Zheng et al., 2006) whereas the stable granules
were generally yellowish-brown (Su and Yu, 2005; Li
et al., 2006b). However, the coexistent of black, white
and yellowish-brown granules in a single reactor, and the
formation of compact granules by filamentous microorganisms have been scarcely reported.
In the present study, we reported three types of granules
in one sequencing batch reactor by feeding synthetic
wastewater with 5% sodium chloride. The characteristics
of morphology, density, size distribution, porosity, thermogravimetric (TG) properties and bioactivity of these
granules were also evaluated, and importantly, compact
granules have been developed by filamentous microorganisms.
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1 Materials and methods
1.1 Inoculation of aerobic granules
The seed sludge was obtained from an aeration tank in
a wastewater treatment plant with anaerobic/anoxic/oxic
activated sludge configuration. The sludge was cultured
in a sequencing batch reactor (SBR) at (25 ± 1)°C. The
inner diameter of the reactor was 5 cm and the working
height was 100 cm with the corresponding working volume
2 L. The reactor was operated on a 3-hour cycle consisting
of 2 min feeding, 169 min aeration, 5 min settling and 6
min withdrawing. Synthetic wastewater was used in this
study, which was composed as follows (mg/L): sodium
acetate 258, glucose 180.9, MgSO4 ·7H2 O 88.4, NH4 Cl
180.9, KH2 PO4 284, and NaOH 8.4 mg/L and 0.1 mL/L
trace elements, resulting in a COD concentration of 400
mg/L. The composition of the trace elements was (g/L):
CaCl2 5.5, FeSO4 ·7H2 O 5, ZnSO4 2.2, MnCl2 ·4H2 O 5.06,
(NH4 )6 Mo7 O2 ·4H2 O 1.1, and CoCl2 ·6H2 O 1.61. One liter
of substrate was supplied from the top of the reactor during
feeding period, and one liter of effluent was removed
from the middle working height of the reactor during
withdrawing period. The air was supplied from the bottom
of the reactor through a diffusing porous stone with flow
rate 3 L/min, and surface velocity 2.5 cm/sec. The sodium
chloride was added to the substrate as shown in Fig. 1.
1.2 Microscopic observation

then coated with gold.
1.3 Parameters of structure
The density of aerobic granules was determined using
sucrose density gradient centrifugation. The free terminal
settling velocity was measured in a 500-mL cylinder, and
the porosity was calculated based on free terminal settling
test, using the following equation:
s
4gd(1 − ε)(Pp − Pw )
ν=
3ΩCD Pw
where, ν is terminal settling velocity in the free settling
test; g is the acceleration of gravity; d is the diameter of
the granule; ε is the porosity of the granule; Pp is the
density of the granule; Pw is the density of water; Ω is
the effect of fluid goes through the particle; CD is the drag
coefficient. The drag coefficient was calculated according
to a literature (Majumder and Barnwal, 2004).
1.4 Extracellular polymer substances and thermogravimetric analysis
The extracellular polymer substance (EPS) analysis has
been described in a previous work (Li et al., 2006b). To
analyze mature granules, small flocs were removed using
a 60-mesh (250 µm) sieve, and the sieved granules were
then dried at 80°C overnight to completely remove the
free water content. Thermal analysis was then carried out
on a WCT-2A thermogravimetric analyzer (Beijing Optics
Instrument Factory, China) under air atmosphere with a
programmed heating rate of 10°C/min, but retained for 10
and 30 min at 105 and 550°C, respectively.

2 Results and discussion
2.1 General observations
The average sizes of aerobic granules on day 15, 27,
63 and 80 were 294, 285, 475 and 482 µm, respectively.
Figure 2 shows the size distribution of aerobic granular
sludge, which demonstrated that the increase of salinity
resulted in a wider disperse of size distribution. Especially,

Variation of sodium chloride in the substrate.

Fig. 2

Size distributions of aerobic granules.
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Granular biomass images were obtained using microscope BX51 (Olympus, Japan) and digital camera. Images
of randomly selected particles, with a total particle number
more than 500, were measured in diameter for the size
distribution. The granules that sampled for the analysis
of scanning electron microscope (SEM) were fixed in
4% paraformaldehyde for 6 hr at 4°C, and then washed
using phosphate buffer solution. After that, the washed
samples were stored in a mixture of phosphate buffer
solution and ethanol (1:1) at –20°C. Before SEM image
taking (S3400N, Hitachi, Japan), the stored samples were
dehydrated using acetonitrile evaporation overnight and

63

64

Zhihua Li et al.

on day 80, extremely large size granules considerably
occurred in the reactor, indicating that the growth of
granules may be unstable because of the heterogeneously
increase of granule sizes. This was also observed using
microscopic observation, i.e., around day 80, filamentous
emerged on the surface of granules. The mature granules were yellowish-brown, which is the most frequently
observed color of granules with synthetic wastewater.
However, around day 85, we occasionally found the black
particle with naked eyes, and thereafter the black and
white particles considerably developed. Figure 3 shows
the samples from the reactor on day 96, which shows the
three main types of the granules. In order to determine
morphologic characteristics of aerobic granules, color also
can be used as an indicator, i.e., the change of sludge color
frequently associates with the instability of operation. It
was reported that the filamentous aerobic granular sludge
were frequently white or black (Zheng et al., 2006; Li et
al., 2006a; Yang et al., 2008). However, the coexistence of
yellowish-brown, white and black granules was for the first
time found in this study.
2.2 Structure of black, white and yellowish-brown
granules
The yellowish-brown granules could be considered
as the most common aerobic granules developed with
synthetic wastewater. In this study, the yellowish-brown
granules had smooth surface, and the surface was predominated by coccoid and rode-like bacteria (Fig. 4a,
b), which have been reported to dominate the microbial
communities with the NaCl concentration up to 15% (Ng
et al., 2005). The yellowish-brown granules were consisted
of considerable pores as shown in Fig. 4c. The compact
outer layer and loose inner layer found in this study have
also been reported by other researchers (Toh et al., 2003;
Erguder and Demirer, 2005).

Fig. 3
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The filamentous microorganisms predominated both in
white and black granules (Fig. 4 d–i). The photos showed
that the filamentous grown through the entire granules. But
the filamentous microorganisms in the white and black
granules were quite different. The microorganisms in the
white granules were bigger with the diameter approximately 2–3 µm than those in the black ones with the diameter
approximately 1–2 µm. Of great interesting is that special
rings winded the filamentous microorganisms in the white
granules. The rings appeared to be a part of the filamentous
microorganisms as it distributed rather regularly, although
it may be suspected that the rod bacteria coiled the filamentous. In either case, it is reasonable to conclude that
the filamentous microorganisms in white granules were
dramatically different from those in the black granules.
The filamentous microorganisms were frequently reported
to bring about the fluffy granules especially under high
organic loading rates (Moy et al., 2002; Zheng et al., 2006)
or under low pH conditions (Xiao et al., 2008; Yang et al.,
2008). However, in this study, the structure of filamentous
granules (black and white granules) seemed more compact
than the bacteria granules (yellowish-brown granules).
These results suggested that filamentous microorganisms
could be utilized in a granular sludge system.
Table 1 lists the diameter, settling velocity, specific
gravity and porosity of different types of granules. The
average sizes were (1.12 ± 0.99), (1.76 ± 0.54) and (2.68
± 1.03) mm for the yellowish-brown, black and white
granules, respectively. It should be noted that the white
granules could be further divided into two groups: (1)
granules with fluffy and smooth surfaces. The fluffy white
granules were much bigger than the white granules with
smooth surfaces, and the settling velocity of the former was
thus higher. However, those white granules with smooth
surface were denser than the fluffy ones (Table 1). The
filamentous granules (black and white) were much bigger

Different types of aerobic granules (a) and the big filamentous granules (b) in the sequencing batch reactor.
Table 1

Structure parameters of granules

Diameter (mm)

Velocity (m/hr)

Density (g/mL)

Porosity

Yellowish-brown
White fluffy
White smooth
Black

1.12 ± 0.75
3.74 ± 1.02
2.21 ± 1.64
2.83 ± 1.53

38 ± 10
49 ± 12
47 ± 10
92 ± 21

1.051 ± 0.032
1.008 ± 0.022
1.040 ± 0.014
1.027 ± 0.025

0.85 ± 0.06
0.70 ± 0.07
0.76 ± 0.05
0.67 ± 0.07
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Image of granule, its surface and inner part for yellowish-brown granule (a, b, c), white granule (d, e, f), and black granule (g, h, i).

Granules grouped
by color

Protein
(mg/g SS)

Carbohydrate
(mg/g SS)

Yellowish
White
Black

105.0 ± 10.5
62.1 ± 6.3
52.0 ± 4.8

48.0 ± 3.6
24.9 ± 4.4
24.0 ± 2.3
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Extracellular polymer substances (EPS) of different types of
granules

EPS play an important role on aerobic granulation. The
protein and carbohydrate EPS are listed in Table 2. It
has long been recognized that filamentous microorganisms
excrete more EPS than the floc forming microorganisms,
especially in the practice of activated sludge bulking.
However, in this study, the yellowish-brown granules had
the highest EPS concentrations both on protein and carbohydrates, followed by white and black granules, showing
that the filamentous microorganisms produced less EPS
concentrations. In the SEM photos, the lime-like EPS
could be hardly found in the filamentous granules whereas
significant in the bacteria granules (Fig. 4b, e, h). Less EPS
in filamentous fungal granules were also reported (Xiao
et al., 2008). For bacteria granules, two models had been
proposed on granulation. The first model suggests that
filamentous microorganisms entangle each other and thus
form the backbone of granules. The second model sates
that EPS bind each other and thus the aggregates become
stronger, allowing physical enmeshment. With the absence
of filamentous microbes, it has been reported that the
sludge flocs became more elongated with the increase of
salinity (Cousin and Ganczarczyk, 1998). According to the
second model, the change of morphology may be due to the
deficiency of EPS. However, for the filamentous granules,
it appeared that the framework of filamentous granules was
build up by the entanglement of mycelium. Therefore, the
EPS are more important for bacteria granules than for the
filamentous ones.
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Table 2

2.3 Extracellular polymer substances (EPS)

.a

than the bacteria granules in size. Due to the porosities
of the black and the fact that smooth white granules
were smaller than the yellowish-brown granules, it can be
concluded that filamentous granules may be an another
option for aerobic granular sludge concerning on the
compact structure and outstanding settling velocity (Fig. 4
and Table 1). The black granules had the densest structure
among these types of granules with the porosity of 0.67
and the settling velocity of 92 m/hr. Additionally, when we
pressed granules by fingers and then released the external
forces, the black granules were restorable whereas the
white ones broken. Therefore, it seems that the tenacity of
black granules was strong. Specific oxygen utilizing rates
(SOUR) for the yellowish-brown, black and white granules
were 11.52, 7.40 and 7.09 mg O2 /(g SS·hr), respectively.
It has been reported that fungal granules were almost
completely impermeable, although they were fluffy (Xiao
et al., 2008). Therefore, the low bioactivity of filamentous
granules may be due to the denser structure.
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Fig. 5
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pH of effluent (a) and variation of pH (b) during the aeration periods (on day 73 and 107).

2.4 Effluent pH and pH profiles
Sodium acetate and glucose were used as the carbon
source in the synthetic wastewater. The degradation of
sodium acetate may increase the solution pH. In contrast,
the fermentation of glucose results in the organic acid, and
thus decreases the pH. The pH of synthetic wastewater
was adjusted approximately 7.0, and the variations of
effluent are illustrated in Fig. 5a. When the sodium chloride
concentration increased to 5% (60 days later), the pH at the
end of aeration elevated to approximately 8.0, which may
be largely due to the utilization of acetate either from the
synthetic wastewater or from the acidification of glucose.
The pH profiles on different periods (on day 73 and 107)
are recorded in Fig. 5b. Generally, the pH increased within
the first 15 min at the beginning of aeration. The increase
of pH may be due to the utilization of acetate. In order to
validate the effect of organic acid on the pH behavior, the
organic acid was measured on day 106. The relationship
between pH and organic acid is plotted in Fig. 6, which
shows that the change of pH is ascribed to the volatile fatty
acids. In the study of filamentous fungi, high germination
percentage could be found at pH 8.0 (Deng and Suzuki,
2008), and different rates of germination result in different
morphologies of fungi mycelium. In this study, the pH
in the reactor was in the range of 7.0–8.0 in the later
period (Fig. 5). The elevated pH may encourage some

species of filamentous microorganisms to germinate more
and consequently grow in not only the outside but also
inside granules. As a result, compact granules could be
developed in this way. On the other hand, it has been
reported filamentous granules were fluffy under at pH 3.0
(Yang et al., 2008). It is therefore hypothesized that the
elevated pH in this study may contribute to the compact
structure of filamentous granules.
2.5 TG analysis
The TG curves of yellowish-brown, white and black
granules are shown in Fig. 7. The weight loss in different
temperature ranges were noted, where the weight loss from
80 to 105°C could be considered as the strongly physically
bound water. In this study, the black granules exhibited
the smallest bound water with the value of around 1%,
which may be in accordance with its lowest porosity. The
weight loss from 105 to 550°C could be interpreted as the
volatile solids as defined in the standard method (APHA,
1998). It was found that volatile solids of black, white, and
yellowish-brown granules were up to 55%, 53% and 61%,
respectively. As the volatile solid is frequently used as
the index of effective biomass in activated sludge systems,
the effective biomass of yellowish-brown granules was the
highest. The endothermic peaks in the curves of black,
white and yellow-brown granules were occurred at 405,
401 and 429°C, respectively, i.e., the endothermic peaks
of filamentous granules was slightly lower than that of
the bacteria granules. It can thus be inferred that the
component of bacteria granules may be slightly complex
than the filamentous ones, although in the TG curves, the
maximum weight loss rates of the three types of granules
were all occurred around 270°C.

3 Conclusions

Relationship between pH and volatile fatty acids concentration.
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Three types of granules grouped by colors were developed in a sequencing batch reactor with the sodium
chloride concentration of 5%. The filamentous granules
were more compact than the bacteria granules. All the
filamentous granules exhibited low porosities, thus it is
possible to apply filamentous granules in a granular sludge
system. However, the bacteria granules showed high

Granulation of filamentous microorganisms in a sequencing batch reactor with saline wastewater

Thermogravimetric characteristics of yellowish-brown (a), white (b) and black granules (c).
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bioactivity in terms of SOUR, and comprised of a wider
diversity of compound based on the thermogravimetric
evaluation. The elevated pH might be a possible reason for
the compact filamentous granulation.

.a

Fig. 7

67

je
sc

No. 1

